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INTRODUCTION

The secreted Saccharomyces cerevisiae mating pheromone a-factor
is a 12-mer peptide that is unusual among extracellular signaling
molecules in that it is prenylated and carboxylmethylated, making
it highly hydrophobic (5). Mature a-factor is synthesized by yeast
cells of the MATa haploid mating type and is derived from a pre-
cursor with an N-terminal extension and a C-terminal CAAX mo-
tif (“C” is cysteine, “A” is often an aliphatic amino acid, and “X” is
any residue) (37, 184, 185, 207). “CAAX processing” comprises an
ordered series of posttranslational biochemical reactions that re-
sult in prenylation of the cysteine residue of the CAAX motif,
endoproteolysis of the AAX tripeptide, and carboxylmethylation
of the prenylated cysteine. Historically, the a-factor precursor
served as a valuable model for the discovery and functional anal-
ysis of the enzymes that mediate these CAAX-processing reactions
(17, 19, 41, 99, 279).

In this review, we discuss in detail the three modules compris-
ing the biogenesis pathway of a-factor, including (i) C-terminal
CAAX processing, (ii) two sequential N-terminal cleavage steps,
and (iii) export by a nonclassical mechanism mediated by the ATP
binding cassette (ABC) transporter Ste6. We also discuss the in-
teraction of a-factor with its receptor, Ste3, on the surface of cells
of the opposite mating type, MAT�. The small size of a-factor and
its hydrophobicity, due to the prenyl and methyl posttranslational
modifications, present unique challenges as well as distinct advan-
tages for biochemical analysis. We discuss how these properties
can be exploited for experimental analysis and how they can be
applied to the discovery of novel signaling molecules. As an exam-
ple, we provide data for L-factor, a previously uncharacterized
pheromone secreted by the fungal species Saccharomycodes lud-
wigii. The a-factor-like pheromones of other yeasts, both Ascomy-
cetes and Basidiomycetes, are also briefly covered here.

The enzymes that perform the steps of a-factor biogenesis are
interesting in their own right. They are conserved from yeast to
mammals, and are important for the maturation and proper func-
tion of a wide variety of proteins that play many different cellular

roles in all eukaryotes. In particular, we discuss how a-factor stud-
ies led to the discovery of the zinc metalloprotease Ste24 and its
mammalian homolog ZMPSTE24, which cleave prenylated a-fac-
tor in yeast and the prenylated C-terminal tail of the nuclear scaf-
fold protein lamin A in mammalian cells, respectively (24, 94, 203,
255). Mutations in the lamin A gene affecting the ZMPSTE24
processing site result in the aberrant and persistent prenylation of
lamin A, which leads to the premature-aging disorder Hutchin-
son-Gilford progeria syndrome (HGPS) (78, 87). Likewise, muta-
tions that alter the ZMPSTE24 gene and diminish cleavage of the
prenylated lamin A tail cause a spectrum of premature-aging-re-
lated disorders (2, 19, 20, 190, 279). Cleavage of the lamin A tail by
ZMPSTE24 may also be important for normal human aging (178,
208, 217).

Recent intriguing evidence discussed here suggests that the en-
tire a-factor pathway, including all three a-factor biogenesis mod-
ules, appears to be used in the Drosophila embryo to produce a
prenylated, secreted signaling molecule that serves as an attractant
in germ cell migration (213, 214). This finding raises the possibil-
ity that a molecule resembling a-factor may also contribute to
mammalian germ cell migration and suggests that additional pre-
nylated a-factor-like signaling molecules with roles in other, as-
yet-unknown metazoan processes await discovery.

THE YEAST MATING PHEROMONES a-FACTOR AND �-FACTOR
DEFINE DISTINCT PARADIGMS FOR THE BIOGENESIS AND
SECRETION OF SIGNALING MOLECULES

The Saccharomyces cerevisiae peptide mating pheromones a-factor
and �-factor are small peptide signaling molecules, secreted by
haploid cells of opposite mating types (MATa and MAT�, respec-
tively), that promote mating and diploid formation in yeast
(Fig. 1). The pheromone secreted by one haploid cell type binds to
a specific receptor on the surface of the opposite cell type to stim-
ulate a G-protein-coupled mating response pathway. Upon acti-
vation of this pathway, MATa and MAT� cells undergo G1 cell
cycle arrest, cell-cell fusion, and nuclear fusion to form a MATa/
MAT� diploid. The topics of the yeast mating pathway, mating
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type determination, cell-cell signaling, and intracellular signaling
during mating have been reviewed extensively (13, 14, 41, 67, 86,
110, 153, 157, 175, 246, 268).

The yeast mating pheromones, a-factor and �-factor, are both
synthesized as precursors (36 and 38 amino acids long for the
functionally redundant MFA1 and MFA2 gene products, respec-
tively, and 165 and 120 amino acids for the MF�1 and MF�2 gene
products, respectively). The precursors encoded by MFA1/MFA2
and MF�1/MF�2 undergo multiple steps of posttranslational
modification and proteolytic cleavage prior to their secretion (41,
97, 153, 245, 246). The study of the very different biogenesis path-
ways of the a-factor and �-factor precursors has provided the
opportunity for cell biologists to identify novel posttranslational
processing enzymes and to investigate distinct secretory mecha-
nisms, as discussed below. In general, the enzymes that mediate
pheromone biogenesis in yeast also perform important functions
in mammalian cells. Many of the genes encoding these enzymes
were first discovered through yeast screens for mating-defective
sterile (ste) mutants, facilitating the identification of their mam-
malian counterparts.

Although the a-factor and �-factor pheromones have analo-
gous functions in stimulating signaling through their interaction
with a cell surface receptor on the opposite cell type, these two
secreted pheromones differ significantly from one another in their
chemical properties. Whereas the a-factor 12-mer peptide is
highly hydrophobic, due to its C-terminal farnesyl lipid and car-

boxylmethyl modifications, �-factor is a hydrophilic and unmod-
ified 13-mer peptide. Importantly, the a-factor and �-factor pre-
cursors exemplify two different paradigms for how cells carry out
the biogenesis and secretion of signaling molecules (Fig. 1), as
discussed in detail in the sections below.

Biogenesis of �-Factor: an Overview

The hydrophilic �-factor pheromone uses the “classical” secretory
pathway for its biogenesis and secretion (Fig. 1). Secreted mature
�-factor is derived from one of two similar precursors encoded by
the MF�1 and MF�2 genes (152, 154). The MF�1 precursor is 165
amino acids long and is the better studied of the two. It contains an
N-terminal signal sequence, a “pro” region, and four tandem cop-
ies of the �-factor 13-mer, separated by spacers that contain cleav-
age sites for multiple proteases (154). The MF�1 precursor under-
goes posttranslational translocation across the endoplasmic
reticulum (ER) membrane, followed by signal sequence cleavage
and N-linked glycosylation on three asparagine residues on its
“pro” region in the ER lumen (48). Upon vesicular transport from
the ER to the Golgi apparatus, the glycan chains of the MF�1
precursor are remodeled in the Golgi lumen and three proteolytic
cleavage steps occur within the MF�1 spacers, mediated by the
Kex1, Kex2, and Ste13 enzymes, to yield four copies of the mature
unmodified �-factor 13-mer (81, 127–129). Secretory transport
vesicles that contain the fully processed �-factor bud from the
Golgi apparatus and fuse with the plasma membrane (PM) to
release �-factor to the external milieu (Fig. 1). The �-factor bio-
genesis pathway has been extensively reviewed previously (97,
246).

The �-factor precursor has been an important model molecule
for dissection of the classical secretory pathway both in vivo and in
vitro (12, 48, 227, 234). Notably, �-factor is particularly advanta-
geous for in vitro studies of vesicular transport due to the fact that
it is posttranslationally translocated into the ER, rather than
cotranslationally translocated, and can thus be translated and
radiolabeled in vitro and subsequently added to microsomes or
permeabilized cells (12, 107, 227). The reconstruction of the
�-factor precursor vesicular transport step from the ER to the
Golgi apparatus in vitro, using gently lysed spheroplasts and exog-
enously added radiolabeled �-factor precursor, represented an
important breakthrough that permitted the development of func-
tional assays to purify and measure the activity of many important
secretory components (12, 227). These include molecules that
regulate transport vesicle formation and vesicle coat proteins
(124).

Significantly, studies of the �-factor proteolytic processing en-
zymes, and in particular Kex2, have also had an impact on mam-
malian cell biology. Kex2 was the first discovered member of an
enzyme family called the proprotein convertases (PPCs), also
known as the kexins or furin proteases (97, 216). Kex2 is the pro-
totype member of this family of highly conserved subtilisin-like
serine proteinases. The PPCs have multiple regulatory functions,
including mediating key roles in the posttranslational processing
of several mammalian hormone precursors (216, 240, 241). Thus,
from the several examples above, it is evident that studies using
yeast �-factor as a model molecule have led to an understanding of
many different cell biological processes shared by all eukaryotes.

FIG 1 Overview of the biogenesis and secretion of a-factor and �-factor.
MATa cells (left) secrete a-factor, a farnesylated and carboxylmethylated pep-
tide. The a-factor precursor undergoes a series of biogenesis steps prior to
export, including farnesylation, carboxylmethylation, and several proteolytic
cleavages, to yield mature a-factor. These steps occur in the cytosol or on the
cytosolic face of intracellular membranes. Export of a-factor occurs via a “non-
classical” secretory mechanism, mediated by the ABC transporter, Ste6. MAT�
cells (right) secrete �-factor, which is synthesized as a precursor containing
multiple tandem copies of �-factor. The �-factor precursor traverses the clas-
sical secretory pathway and undergoes glycosylation in the ER (irregular tan
shape), followed by proteolytic processing in the Golgi apparatus (tan ovals) to
yield mature �-factor that travels in vesicles to the plasma membrane and is
secreted. During the response of haploid yeast to mating pheromones, cells
undergo morphological alterations, becoming polarized toward one another
and exhibiting distinct projections, as shown. Such cells are termed shmoos.
The mating machinery is localized to the shmoo tip; during mating, cells fuse
at these shmoo tips to form MATa/MAT� diploid cells.

Michaelis and Barrowman

628 mmbr.asm.org Microbiology and Molecular Biology Reviews

http://mmbr.asm.org


Biogenesis of a-Factor: an Overview

In contrast to �-factor, a-factor does not use the classical secretory
pathway (Fig. 1) (150, 179, 181). The precursor and mature forms
of a-factor encoded by MFA1 are 36 and 12 amino acids long,
respectively, and are shown in Fig. 2. The detailed biogenesis path-
way of a-factor is shown in Fig. 3. The a-factor precursor under-
goes a sequential series of six steps during biogenesis, which in-
volve three separate modules. These are the three C-terminal
CAAX-processing steps (prenylation, proteolysis, and carboxyl-
methylation [steps 1 to 3]), two sequential N-terminal proteolytic
processing events (steps 4 and 5), and export using an alternative
“nonclassical” export mechanism mediated by the ATP binding
cassette (ABC) transporter Ste6 (step 6) (116, 181, 183, 201, 253,
279) (Fig. 3).

As already noted, the classical secretory pathway per se is not
directly involved in a-factor processing, as first suggested by the
lack of an N-terminal hydrophobic signal sequence in the a-factor
precursor and the finding that extracellular a-factor activity and
mating can still be detected in secretion-defective (sec) mutants at
the nonpermissive temperature, albeit at a decreased level (150,
179). Thus, although many of the enzymes that mediate a-factor
processing are located in the ER membrane (Fig. 3), a-factor is at
no point translocated across the ER membrane, in contrast to
�-factor and other secreted signaling molecules. Instead, a-factor
transport across the membrane occurs after the completion of
biogenesis, rather than preceding it. While the processing of a-fac-
tor is completely unaffected in temperature-sensitive sec mutants,
the somewhat decreased levels of mating and a-factor observed in
sec mutants are likely due to an indirect effect on the trafficking of
the a-factor transporter Ste6 (58).

In the sections below, we discuss the role of a-factor studies in
the CAAX processing field and review in detail each “module” of
the a-factor biogenesis pathway. Like �-factor, a-factor has served
as an important model molecule for the study of conserved cell
biological processes, distinct from those involved in �-factor bio-
genesis.

YEAST a-FACTOR AS A “PROTOTYPE” FOR THE
IDENTIFICATION OF CAAX-PROCESSING ENZYMES

Yeast a-factor holds an important place in the field of protein
prenylation. Our current understanding of CAAX processing can
be traced to the discovery of prenylation as a common posttrans-
lational modification, shared by two unrelated classes of proteins:
fungal mating pheromones and Ras oncoproteins, in yeast and
mammalian cells. Identification of the genes encoding CAAX-
processing enzymes, through genetic screens in S. cerevisiae,
played a key role in this field. Elucidation of the CAAX-processing
pathway provided an early example of the commonality of cell

biological processes in eukaryotic organisms ranging from yeast to
humans (60).

Obscure Fungal Pheromones Lead to the Discovery of
Protein Prenylation and Carboxylmethylation

The original scientific report of prenylation as a novel protein
modification that exists in nature came from the structural anal-
ysis of what we now know to be “a-factor-like” pheromones se-
creted by several obscure species belonging to a class of fungi
called the Basidiomycetes. Note that S. cerevisiae belongs to a dif-
ferent class of fungi, called the Ascomycetes. In a landmark dis-
covery in 1979, a pheromone (rhodotorucine A) secreted from the
red yeast Rhodosporiduim toruloides was shown by mass spectrom-
etry to comprise an 11-amino-acid-long peptide containing a
novel lipid modification. This modification was the 15-carbon
isoprenoid farnesyl, covalently linked to the C-terminal cysteine
residue of rhodotorucine A by a thioether linkage (131–133).

FIG 3 Model for the biogenesis of a-factor. The modules (CAAX processing,
N-terminal cleavage, export, and receptor binding), biosynthetic intermedi-
ates (P0, P0*, P1, P2, MI, and ME), and enzymes (colored shapes) involved in
the maturation of a-factor are indicated here and discussed in the text. Post-
prenylation CAAX modifications and the first step of N-terminal processing
are carried out by integral membrane proteins (Rce1, Ste14, and Ste24) local-
ized in the ER membrane, presumably with their active sites facing the cytosol.
It is not known how a-factor is subsequently shuttled to the plasma membrane,
where it is transported out of the cell by the ABC transporter protein Ste6.
Extracellular a-factor binds to the receptor Ste3 on the cell surface of MAT�
cells. It should be noted that the cellular location of Axl1 and its site of a-factor
processing have not been firmly established.

FIG 2 Comparison of the precursor and mature a-factor molecules. Mature
a-factor and the precursor encoded by MFA1 are shown. The a-factor precur-
sor undergoes C-terminal modification of its CAAX motif, followed by pro-
teolytic cleavages that remove the N-terminal extension.
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Prior to this study, farnesyl-cysteine had not been known as a
biological entity.

Additional secreted farnesylated pheromones were subse-
quently identified in other fungi, including the jelly fungi Tremella
mesenterica (tremerogens A-10 and a-13) (187, 228, 229) and Tre-
mella brasiliensis [factors A(Ia) and A(Ib)] (120, 121). Impor-
tantly, at least two of these mating factors, tremerogens A-10 and
A(Ia), were also found to be �-carboxylmethylated on the same
cysteine residue that was farnesylated, thus heralding the discov-
ery of a second novel posttranslational modification, carboxyl-
methylation (120, 228, 229). The discovery of two new types of
protein modifications, farnesylation and �-carboxylmethylation,
on a single C-terminal cysteine residue provided the starting point
for our current understanding of CAAX processing.

Studies of S. cerevisiae a-Factor and Ras Connect
Prenylation and Carboxylmethylation of Cysteine to the
CAAX Motif

Discovery of the RAM1 gene suggests an unexpected link be-
tween a-factor and Ras proteins through their common CAAX
motif. The knowledge that proteins can be prenylated and car-
boxylmethylated might have remained buried in the literature,
had it not been for a series of intriguing observations with yeast
calling attention to the “CAAX motif,” which we now know
directs the addition of these modifications. A key finding was
an unanticipated genetic connection between two otherwise
unrelated yeast proteins, a-factor and Ras. For activity, both
proteins were shown to share the requirement for a gene called
RAM1 (so named because it is involved in Ras and a-factor
maturation) (207). It was also pointed out in this early study
that both a-factor and Ras proteins also share a C-terminal
CAAX motif, although at the time, the role of this motif was not
known.

The knowledge that Basidiomycete pheromones are farnesy-
lated and carboxylmethylated on a C-terminal cysteine (120, 228,
229), together with the finding that a specific set of human pro-
teins incorporate a compound derived from mevalonate (170,
235a), led investigators to examine whether mammalian Ras pro-
teins are also farnesylated and carboxylmethylated. Ultimately,
both yeast and mammalian Ras proteins, yeast a-factor, and the
mammalian nuclear scaffold protein lamin B (all derived from
precursors with a C-terminal CAAX motif) were shown to contain
a farnesylated and carboxylmethylated C-terminal cysteine resi-
due, just like tremerogens from the Basidiomycetes fungi (5, 60,
61, 88, 106, 232, 249, 274). Furthermore, the ram1 mutant was
shown to be biochemically defective for prenylation (233). These
findings solidified what is now common knowledge, namely, that
in all eukaryotes the CAAX motif directs a series of modifications:
prenylation, endoproteolyis of the AAX, and carboxylmethylation
of the farnesylated cysteine residue of the CAAX motif (23, 99,
113, 274, 281).

CAAX proteins can be farnesylated or geranylgeranylated,
depending on the identity of the AAX residues. CAAX process-
ing is a common posttranslational modification, as approximately
2% of proteins encoded in the genomes of yeast and other eu-
karyotes terminate with a CAAX motif, and many of these have
been directly demonstrated to be prenylated (23, 99, 232, 274,
281). The C-terminal residue, X, of the CAAX motif dictates the
type of prenyl group that is added to a protein: generally, if X is any
amino acid except Phe or Leu, the 15-carbon isoprenoid moiety

farnesyl is added by farnesyltransferase (FTase), while if X is Phe
or Leu, the 20-carbon isoprenoid geranylgeranyl is added by pro-
tein geranylgeranyltransferase type I (GGTase I) (23, 50, 161).
FTase and GGTase I are heterodimeric enzymes that share a �
subunit (Ram2) but contain distinct � subunits, Ram1 and Cdc43,
respectively (91, 198). Geranylgeranylation can also be carried out
at other C-terminal motifs (CC or CXC), which are present on
Rab proteins, and in these cases is mediated by geranylgeranyl-
transferase type II. GGTase II is encoded by the BET2 and BET4
genes (125, 198).

The prenylation field has benefited from the study of fungal
pheromones and yeast a-factor in particular. In retrospect, the
trail of evidence which led to the discovery of prenylation and the
CAAX-processing pathway provided an early example that clues
drawn from different organisms and types of proteins (secreted
fungal pheromones, mammalian oncoproteins, and mammalian
nuclear scaffold proteins) can be effectively pieced together to
inform researchers about common eukaryotic pathways. In terms
of a-factor studies, as will become clear in the sections below,
several fields have benefited from the knowledge of a-factor bio-
genesis. These include postprenylation CAAX processing, ABC
transporter function, and mammalian nuclear lamin A process-
ing. It is likely that other areas of research, as yet unknown, will
also benefit from our knowledge of a-factor. An early hint that this
is so comes from the studies of germ cell migration in Drosophila
discussed at the end of this review.

BIOGENESIS PATHWAY OF a-FACTOR

Structures of the Precursor and Mature Forms of a-Factor

The two similar versions of the S. cerevisiae a-factor precursor
encoded by the homologous genes MFA1 and MFA2 are function-
ally redundant and differ by only a few residues (37, 184). Most
studies of a-factor biogenesis have been carried out with the
MFA1-encoded precursor (Fig. 2, top). The mature bioactive
form a-factor is a farnesylated and carboxylmethylated peptide, 12
amino acids long, with a molecular mass of 1.6 kDa, as determined
by mass spectrometry (5) (Fig. 2, bottom). The a-factor precursor
is itself quite short compared to most proteins (36 amino acids for
Mfa1 and 38 amino acids for Mfa2). The mature portions of the
a-factor precursors encoded by MFA1 ((Fig. 2, shaded) and MFA2
are flanked by a hydrophilic N-terminal extension and the C-ter-
minal CAAX motif.

To the extent that it has been examined, the Mfa2 precursor has
been found to undergo the same biogenesis pathway as Mfa1 (56).
It is worth noting that the MFA2 mRNA transcript, which is un-
stable, has served as a valuable model molecule for studying
mRNA processing and stability, which has led to the identification
of a number of mRNA processing factors (239).

The a-Factor Biogenesis Pathway Involves Three Modules:
C-Terminal CAAX Processing, N-Terminal Cleavage, and
Nonclassical Export

The a-factor biogenesis pathway, beginning with the precursor
and culminating in mature secreted a-factor, is shown in Fig. 3
along with the a-factor biosynthetic intermediates and the cellular
machinery that mediates each step of biogenesis. As noted above,
the a-factor biogenesis pathway can be conveniently viewed as
involving three distinct and ordered modules (116): module 1,
C-terminal CAAX modification of the a-factor precursor (com-
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prised of enzymatic steps 1 to 3); module 2, proteolytic removal of
the N-terminal extension (proteolytic steps 4 and 5); and module
3, export, mediated by the ABC transporter Ste6 (step 6). Also
indicated in Fig. 3 is the interaction of extracellular a-factor with
its receptor, Ste3, on the surface of MAT� cells (step 7). A variety
of approaches, including genetic, biochemical, and cell biological
studies, have revealed the identities, cellular locations, and bio-
chemical features of the enzymes that mediate a-factor biogenesis,
as summarized below and discussed in detail in the following sec-
tions.

Briefly, in module 1 (C-terminal CAAX processing), a cytosolic
farnesyltransferase consisting of two subunits, Ram1 and Ram2,
recognizes the CAAX motif of the a-factor precursor (P0), and
mediates the first posttranslational processing step, namely, farne-
sylation (108, 207, 233) (Fig. 3, step 1). Subsequently, either of the
two ER-bound proteases, Rce1 or Ste24, mediates the endoprote-
olysis or “AAXing” of the three C-terminal amino acids of the
CAAX motif (VIA for a-factor) (Fig. 3, step 2). Rce1 and Ste24 are
partially functionally redundant enzymes with regard to proteol-
ysis of the CAAX motif (33, 34, 254, 255). Finally, the isoprenyl
cysteine carboxyl methyltransferase (ICMT), Ste14, adds a car-
boxylmethyl group to the farnesylcysteine of a-factor (Fig. 3, step
3), resulting in the fully C-terminally modified a-factor precursor
(P1) (112–114).

In module 2, N-terminal processing occurs in two sequential
steps. The zinc metalloprotease Ste24 cleaves the P1 form of a-fac-
tor between residues T7 and A8 to yield the P2 intermediate (Fig.
3, step 4) (94, 237, 254, 255). Subsequently, a second cleavage
event, mediated by another zinc metalloprotease, Axl1, takes place
between residues N21 and Y22 (Fig. 3, step 5), yielding mature
intracellular a-factor (MI) (1, 94). The reason that N-terminal
processing occurs in two steps is not understood, but it is clear that
Axl1 cannot cleave without prior proteolysis by Ste24 (116). No-
tably, Ste24 plays two distinct a-factor biogenesis roles, first in
C-terminal AAXing (Fig. 3, step 2) and second in the first step of
N-terminal processing (Fig. 3, step 4). The dual roles of Ste24 are
discussed in detail in the sections below.

In module 3, a-factor is exported from the cell via a nonclassical
secretory mechanism. Ste6, a member of the ATP binding cassette
(ABC) transporter superfamily (26, 150, 179, 181), carries out this
export step, resulting in mature extracellular a-factor (ME) (Fig. 3,
step 6). After export, secreted a-factor diffuses through the exter-
nal milieu to interact with the G-protein-coupled receptor Ste3 on
the surface of MAT� cells (Fig. 3, step 7), stimulating the mating
responses that ultimately lead to cell and nuclear fusion (98, 105,
246).

The a-factor pheromone from S. cerevisiae and similar phero-
mones from other fungi (discussed below) are unique among sig-
naling molecules in two ways: first, they are prenylated, and sec-
ond, they utilize an ABC transporter for export. The connection
between these two unique properties remains only partially un-
derstood. An interesting possibility, discussed further at the end of
this review, is that other signaling molecules, aside from fungal
pheromones, also exist and use similar conserved molecular ma-
chinery.

Identification of the a-Factor Biosynthetic Intermediates

Several key experimental approaches have been effectively utilized
in the investigation of the a-factor biogenesis pathway. These in-
clude genetic studies to identify mating-defective sterile (ste) mu-

tants (1, 94, 166, 167, 270, 271), biochemical analyses to determine
the activity corresponding to the mutant gene (7, 18, 33, 108,
112–114, 136, 186, 233, 237, 255), pulse-chase metabolic labeling
experiments to determine which step of a-factor biogenesis is
blocked in mutant cells (1, 26, 56, 94, 116, 150, 231), and muta-
tional analysis of MFA1 to define the residues of a-factor required
for recognition by the biogenesis enzymes (43, 44, 56, 116, 172,
260). Most commonly, SDS-PAGE has been used to examine the
35S-labeled a-factor biosynthetic intermediates present in intra-
cellular and extracellular fractions from wild-type and mutant
cells (Fig. 4) (94, 116, 231). The a-factor biosynthetic intermedi-
ates that can be distinguished by differences in gel mobility by
SDS-PAGE (P0, P1, P2, and M) are indicated in Fig. 3 and 4.
Thin-layer chromatography (TLC) has also been employed to an-
alyze a-factor intermediates, but it lacks optimal resolution prop-
erties for a-factor intermediates and is not currently in widespread
use (44, 233).

Properties of a-factor biosynthetic intermediates. Three ma-
jor intracellular a-factor biosynthetic intermediates (P1, P2, and
M) can be detected by metabolic labeling of wild-type cells with
[35S]cysteine, immunoprecipitation with a-factor antibodies, and
SDS-PAGE (Fig. 4 [note that Fig. 4 shows the a-factor species
present after a 5-min pulse-labeling period]). The identity of each
species has been ascertained by amino acid sequence analysis,
mass spectrometry, and fractionation of cell lysates (farnesylated
species are in the 100,000 � g pellet, and nonfarnesylated species
are soluble) (56). The full-length unmodified a-factor precursor
(P0) is so quickly converted to the fully CAAX-modified interme-
diate P1 that very little P0 is present at any given moment in a
wild-type strain (thus, only a minor P0 band is seen in Fig. 4, and
this is not always detectable) (56, 116). However, this unmodified
P0 precursor species is the sole species present in a ram1 mutant or
when analyzing a mutant version of a-factor in which the CAAX
motif cysteine is altered (C33S) (56, 108).

A typical feature of most biosynthetic pathways is the complete
conversion of a precursor species to its mature final form, as oc-
curs for �-factor biogenesis. The biogenesis of a-factor is unusual
in this regard, in that considerable amounts of the P1, P2, and M
intracellular species accumulate in pulse-chase experiments that
do not chase to mature extracellular a-factor (56, 116). The per-
sistence of such stable unconvertible intracellular intermediates
may reflect the fact that these a-factor species are in the incorrect
location to be further processed or are in an improper configura-

FIG 4 Gel analysis of a-factor biosynthetic intermediates. The precursor (P0,
P1, and P2) and mature (M) forms of a-factor are resolved on a 16% SDS-
polyacrylamide gel, as discussed in the text (see also Fig. 3). Cells were pulse-
labeled for 5 min with Tran35S-label, intracellular (I) and extracellular (E)
fractions prepared, and proteins immunoprecipitated with a-factor antibod-
ies. (Reprinted from reference 56.)
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tion to be converted to mature a-factor. Attempts to “mobilize”
these species for more efficient maturation, for instance, by
promoting mating conditions (by addition of MAT� cells or of
synthetic �-factor) do not improve their conversion efficiency
(56).

Discovery of the P2 intermediate was unanticipated and fore-
shadowed the discovery of the Ste24 protease. The P2 species of
a-factor (Fig. 3 and 4) was not originally predicted from a com-
parison of the precursor and mature forms of a-factor. Instead,
P2 appeared unexpectedly in pulse-chase experiments (as illus-
trated in Fig. 4) and was shown by Edman degradation to cor-
respond to a form of the a-factor precursor lacking the N-ter-
minal 7 amino acids (56). The existence of this novel
intermediate provided the first indication that N-terminal en-
doproteolytic cleavage of a-factor involves an obligatory two-
step process (Fig. 3, steps 4 and 5).

We now know that Ste24 mediates the first of these steps to
yield P2 (94, 237). Thus, surprisingly, Ste24 plays dual roles in
a-factor biogenesis, first mediating C-terminal CAAX processing
redundantly with Rce1 (Fig. 3 step 2) and then carrying out N-ter-
minal proteolysis, where it alone acts (Fig. 3, step 4) (33, 34, 237,
254, 255). The ability of Ste24 to recognize two distinct cleavage

sites in the a-factor precursor is a notable and not well understood
feature, since proteases generally have specific recognition sites for
cleavage.

Yeast a-Factor Biogenesis Enzymes Are Highly Conserved

In the sections below, we discuss each of the enzymes involved in
a-factor biogenesis. We review the historical context of their dis-
covery, as well as what is currently known about their biochemical
activities, topologies, and cellular localizations. Many, but not all,
of these enzymes are membrane proteins, and their topologies are
indicated in Fig. 5 and Fig. 6. For all of the enzymes discussed
below, mammalian homologs are known. For many cases, includ-
ing those of Ram1, Rce1, Ste24, and Ste14, the yeast protein was
the founding member of their respective enzyme family, and re-
search on these yeast enzymes provided the groundwork for fur-
ther studies in mammalian cells. Special emphasis is placed on
Ste24 and its metazoan homolog ZMPSTE24, which have led to
insights into several arenas, including mammalian lamin A bio-
genesis, the premature-aging disorder Hutchinson-Gilford prog-
eria syndrome (HGPS), and the related progeroid disorders man-
dibuloacral dysplasia (MAD) and restrictive dermopathy (RD)
(19, 279).

C-TERMINAL CAAX MODIFICATION OF a-FACTOR IS
MEDIATED BY Ram1/2, Rce1 OR Ste24, AND Ste14

Farnesylation by Ram1/2, the Heterodimeric
Farnesyltransferase

Genetic screens yielded the RAM1 and RAM2 genes. The het-
erodimeric yeast farnesyltransferase (FTase) enzyme consists of
the � and � subunits Ram1 and Ram2, respectively (108, 185, 198,
207, 232, 233) (Fig. 5 and 6). The Ram1/Ram2 FTase covalently
joins the 15-carbon-long isoprenoid moiety farnesyl to the cys-
teine sulfhydryl in CAAX proteins, via a thioether bond. Ram2 can
alternatively heterodimerize with Cdc43 to form the GGTase I
enzyme, which joins the 20-carbon isoprenoid geranylgeranyl to
proteins in which the last residue of the CAAX motif is either Leu
or Phe (23, 50, 91, 198).

(i) Ram1, the � subunit of FTase. The identification of the gene
encoding Ram1, the FTase � subunit in yeast, contributed an im-

FIG 5 Topology of a-factor biogenesis components. The predicted or dem-
onstrated membrane topology of each integral membrane biogenesis compo-
nent is shown and is discussed in the text. Rce1, Ste24, and Ste14 are in the ER
membrane of MATa and MAT� haploid cells and MATa/MAT� diploid cells,
Ste6 is in the plasma membrane of MATa cells only, and Ste3 is in the plasma
membrane of MAT� cells only. The Ram1/Ram2 prenyltransferase and the
Axl1 zinc metalloprotease do not contain predicted transmembrane spans. In
Ste24, the HEXXH zinc metalloprotease motif and the KKXX ER retrieval
motif are indicated.

FIG 6 Is there an escort/ER delivery protein involved in CAAX processing? The components and cell biological features of CAAX processing are discussed in the
text. Prenylation is carried out by Ram1/2 in the cytosol. The potential existence of an escort or chaperone protein (question mark) that shields the lipophilic
prenyl group of a newly prenylated protein and delivers it to the postprenylation processing enzymes in the ER membrane is discussed in the text.
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portant clue to the early views of a-factor processing. RAM1 was
identified in two unrelated and independent yeast mutant hunts,
one for sterile (ste) mutants defective in a-factor activity (yielding
a mutation called ste16), and another for a suppressor of a hyper-
active allele of RAS2 (yielding a suppressor called supH that was
temperature-sensitive [Ts�] for viability). The ste16 mutant had
an unanticipated growth rate defect that was not expected for a
mutant defective solely in a-factor production, while the supH
mutant had a defect in a-factor production resulting in MATa-
specific sterility, which was not expected for a Ts� mutant defec-
tive solely in Ras production (185, 207, 271). Thus, the two mu-
tations, ste16 and supH, caused similar phenotypes (compromised
viability and a lack of a-factor) and were shown by functional and
positional tests to represent alleles of a single gene, renamed
RAM1 (for Ras and a-factor maturation) (207). A third indepen-
dent screen yielded a mutation leading to mutant defective in both
Ras processing and a-factor production (dpr1), which also repre-
sented an allele of the RAM1 gene (96). In ram1 mutants, Ras and
a-factor both fail to undergo a characteristic gel mobility shift,
which was eventually shown to be due to a complete lack of CAAX
processing (96, 207, 233). The striking genetic connection be-
tween the otherwise unrelated proteins Ras and a-factor, and the
observation that both contained a CAAX motif (which was then of
unknown function), was a significant clue to understanding this
motif.

However, it took a number of years to determine that Ram1
mediates prenylation. At the time that the ram1 mutant was iden-
tified, in 1986, prenylation had been observed in only a few ob-
scure fungal species and was not widely appreciated (101). The
posttranslational modifications of a-factor had not yet been
shown. Furthermore, the Ras proteins H-Ras and N-Ras were
known to be palmitoylated (palmitate is a 16-carbon-long fatty
acid, which is very different in structure from farnesyl). Thus,
Ram1 was originally suggested to mediate palmitoylation of both
Ras and the lipophilic a-factor (207). Indeed, in a yeast ram1 mu-
tant, palmitoylation of Ras did not occur (96, 207). However,
subsequent biochemical and mass spectrometry studies revealed
that both a-factor and Ras are indeed farnesylated and that farne-
sylation is a prerequisite for palmitoylation of Ras (5, 106), thus
leading to the revised hypothesis that Ram1 is involved in farne-
sylation. The purification of the mammalian farnesyltransferase as
a heterodimeric enzyme (57, 212) containing a subunit homolo-
gous to Ram1 and the demonstration that prenylation was defec-
tive in a ram1 mutant (108, 233) provided definitive proof that
Ram1 is a subunit of the yeast FTase.

(ii) Ram2, the � subunit shared by the FTase and GGTase I.
Ram2 was identified as a temperature-sensitive mutant in a di-
rected two-part genetic screen for strains defective in both Ras and
a-factor activity (108). First, the Ras-based screen that had yielded
the supH allele of RAM1 was repeated, and additional suppressors
of hyperactive Ras2 that mapped to complementation groups dif-
ferent from RAM1 were identified. Subsequently, these mutants
were screened for a MATa-specific mating defect, leading to iden-
tification of the RAM2 gene. FTase enzymatic activity was detected
in extracts prepared from Escherichia coli coexpressing RAM1 and
RAM2 (or by mixing E. coli extracts expressing these individually),
demonstrating conclusively that Ram1 and Ram2 together com-
prise the yeast FTase (108).

(iii) Historical interplay between yeast and mammalian stud-
ies. Soon after yeast RAM1 provided the initial link between a-fac-

tor and Ras, yeast FTase studies were eclipsed by dramatic ad-
vances from the Brown and Goldstein groups (57, 212), who
purified the mammalian FTase � and � subunits. Ultimately, the
purification, biochemical characterization, crystallization, and
structural analysis of the mammalian FTase advanced the field
significantly and prompted the development of farnesyltrans-
ferase inhibitors (FTIs) that initially held great promise as poten-
tial chemotherapeutic agents for Ras-based cancers (21, 23, 29, 99,
156). FTIs have undergone clinical trials for cancer chemotherapy,
but for Ras-based cancers they have been less effective than hoped,
most likely due to the alternative geranylgeranylation of Ras by
GGTase in FTI-treated tumor cells (156). Clinical trials to deter-
mine the efficacy of FTIs for treating progeria are now under way
and are discussed below.

Farnesylation is required for a-factor biogenesis: fate of a-fac-
tor in ram1 and ram2 mutants. Prenylation is the first step in
a-factor biogenesis (Fig. 3, step 1). Analysis of a-factor biogenesis
in ram1 and ram2 mutants permitted the assessment of the fate of
the nonprenylated a-factor precursor, P0. In both mutants, P0 is
soluble, undergoes no subsequent a-factor processing steps, and is
not stable (56). Similarly, a Cys-to-Ser substitution mutation in
the a-factor CAAX motif (C33S) leads to the same fate (56). Thus,
prenylation is obligatory for stability and for all subsequent steps
in a-factor biogenesis. One possibility to explain the need for pre-
nylation in a-factor biogenesis is that without its prenyl group,
a-factor cannot reach the membrane, where most other process-
ing enzymes reside (Fig. 3). In addition, the prenyl group appears
to be directly required for the recognition of a-factor by its pro-
cessing enzymes (41, 44, 112, 172, 231). Interestingly, when a-fac-
tor is forced to undergo geranylgeranylation instead of farnesyla-
tion (by mutation of its CAAX motif from CVIA to CVIL), there is
no impact on a-factor processing, export, or mating, indicating
that either form of prenylation is sufficient for maintaining the
biological properties of a-factor (43).

Viability of ram1 and ram2 mutants. A ram1 deletion mutant
is viable at 30°C, albeit significantly sick, whereas a ram2 deletion
mutant is inviable (108, 207). Since numerous farnesyltransferase
substrates, including Ras proteins, are essential for viability in
yeast, the viability of the ram1 mutant seems surprising at first
glance. Most likely, the cross-prenylation of essential proteins
such as Ras and others by the Cdc43/Ram2 GGTase I in the ab-
sence of FTase can account for the viability of the ram1 mutant
(261). Indeed, overexpression of Cdc43 partially suppresses
growth defects of the ram1 mutant, and the capability to cross-
prenylate has been demonstrated for both the Cdc43/Ram2
GGTase I and the Ram1/Ram2 FTase (261).

Notably, the slow-growing ram1 mutant throws off suppres-
sors that permit enhanced growth but are still unable to produce
bioactive prenylated a-factor (108; S. Michaelis, unpublished
data). The gene that is altered in these suppressor strains is not
known. Although they are unable to promote prenylation of a-fac-
tor, it remains possible that these suppressors can directly or in-
directly enhance cross-prenylation of certain CAAX substrates,
such as Ras1 and Ras2 by the yeast GGTase I, but not other sub-
strates, such as a-factor. Not surprisingly, given the critical role of
Ram2 as a common subunit of both the GGTase I and FTase
enzymes, yeast ram2 deletion mutants are fully inviable, and sup-
pressors do not arise (108).
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Rce1 and Ste24 Are the Founding Members of Two Distinct
Families of CAAX Endoproteases, both Localized to the ER
Membrane

All of the postprenylation CAAX-processing enzymes discussed
below (Rce1, Ste24, and Ste14) were first identified through ge-
netic and biochemical studies of yeast a-factor. Because the yeast
and mammalian genes encoding them are so highly conserved,
studies of the yeast enzymes have paved the way for understanding
how their mammalian counterparts function. There is currently
considerable interest in identifying small-molecule inhibitors of
these enzymes, as they represent potentially new chemotherapeu-
tic agents (29, 99).

Ste24 and Rce1 were identified through directed genetic stud-
ies of a-factor. Genes encoding the CAAX endoprotease enzymes
(also called AAXing enzymes) were not identified in standard
yeast screens for fully sterile mutants. In hindsight, this is under-
standable, as we now know that there are two functionally redun-
dant enzymes, Rce1 and Ste24, that can mediate processing of the
a-factor CAAX motif CVIA (8, 33, 34, 94, 254). Thus, a single
mutant would not have had a completely AAXing-defective phe-
notype. The existence of two functionally related AAXing activi-
ties, each with distinct enzymatic properties, also confounded bio-
chemical attempts to identify a single CAAX endoprotease in yeast
and mammalian cells (8, 10, 11, 278).

The discovery of the two yeast CAAX proteases, Ste24 and
Rce1, relied on a set of targeted screens performed by Rine and
coworkers (33). To identify STE24 (also called AFC1, for a-factor-
converting enzyme), these investigators made use of an mfa1 mfa2
deletion strain transformed with a plasmid expressing a mutant
form of a-factor with an altered CAAX motif (CAMQ). We now
know that the CAMQ motif, from rabbit muscle glycogen phos-
phorylase kinase, is recognized well by Ste24 and poorly by Rce1
(33, 109). Using this strain and an autocrine arrest selection
scheme, a loss-of-function mutation in STE24 was identified. The
second gene, RCE1 (for Ras-converting enzyme), was found by
two additional genetic screens in the same study by Rine and co-
workers. In one case, a mutation that blocked the residual a-factor
activity in a ste24 mutant was found. In parallel, high-copy-num-
ber plasmids that could partially restore a-factor production in a
ste24 mutant expressing solely the CAMQ form of a-factor were
sought (33). Both screens identified the same gene, RCE1.

While Rce1 and Ste24 can function redundantly to produce
bioactive a-factor, Rce1 is solely responsible in vivo for the AAXing
of yeast Ras1 and Ras2 (whose CAAX motifs are CIIC and CIIS).
Disruption of the RCE1 gene, but not of STE24, leads to a defect in
Ras localization and signaling in yeast (33, 279). Other small
GTPases also appear to be substrates for Rce1 and not Ste24 (8, 99,
137, 199). Interestingly, physiological substrates for Ste24, apart
from a-factor, are not known in yeast, although several studies
indirectly suggest that the HSP40 CAAX protein, Ydj1, may be a
substrate of Ste24 (188, 260; Michaelis, unpublished data).

Ste24 and Rce1 have nonidentical but partially overlapping
substrate specificities for differing CAAX motifs. The substrate
specificity of Ste24 versus Rce1 for distinct CAAX motifs has been
examined using a-factor constructs with altered CAAX motifs
(260). Such constructs are expressed from a plasmid transformed
into a series of yeast strains (wild type, ste24� mutant, rce1� mu-
tant, and ste24� rce1� double mutant) in which both, one, or
neither of the AAXing enzymes is present (note that these strains

are also deleted for the chromosomal a-factor genes). Thus, the
amounts of a-factor produced by these strains, assayed by the halo
or mating assays discussed below, reflect the efficacy of AAXing. In
this setting, certain CAAX motifs are found to be strictly Rce1
specific (i.e., CTLM from Ste18, the � subunit of a yeast G pro-
tein), some are Ste24 specific (i.e., CAMQ from rabbit muscle
phosphorylase kinase), and some can be AAXed by either Rce1 or
Ste24 (i.e., CVIA from a-factor) and others by neither (147, 204,
260, 279). Definitive predictive rules concerning Ste24 versus
Rce1 dependency have not yet emerged, as all possible CAAX mo-
tifs have not yet been tested in this assay (260).

Determinants other than the CAAX motif may also be able to
influence AAXing specificity, at least for certain proteins. Notably,
we have observed that the CAAX motif of Ras2 (CIIS), when
placed at the C terminus of a-factor, can be processed by either
Rce1 or Ste24 in vivo (Michaelis, unpublished data). However, in
the context of Ras2 itself, Rce1 appears to be solely responsible for
AAXing, as Ras2 localization in yeast is completely disrupted in
the rce1� mutant and is unaffected in the ste24� mutant (33, 279).
Thus, the commonly employed a-factor swap assay discussed
above in which the a-factor CAAX motif is replaced by a “test”
CAAX motif may not always provide a completely accurate assess-
ment of inherent Rce1 or Ste24 specificity for a particular CAAX
protein (188). It should be noted that a few CAAX motifs that can
be cleaved independently of Rce1 or Ste24 have also been identi-
fied (147), for which the protease remains unknown.

Commonalities and differences between Ste24 and Rce1:
Ste24 is a bona fide zinc metalloprotease, but whether Rce1 is
itself a protease is not completely clear. Ste24 and Rce1 both
contribute to a-factor CAAX processing in yeast and are multi-
spanning membrane proteins localized in the ER membrane (236)
(Fig. 3, 5, and 6). Ste24 has also been shown to localize to the inner
nuclear membrane (INM), a location contiguous with the ER
membrane (15), and this is also likely the case for Rce1. Such a
dual location in the ER membrane and the INM would ensure that
Ste24 and Rce1 can proteolyze both cytosolic and nuclear CAAX
substrates. Ste14, the CAAX methyltransferase, also exhibits dual
ER and INM localization (15).

Endoproteolysis of the a-factor CAAX motif by either Rce1 or
Ste24 is strictly dependent on prior prenylation of the CAAX motif
cysteine (33). Surprisingly, Rce1 and Ste24 are not homologous,
share no features in common (aside from multiple transmem-
brane [TM] spans), and may have very different mechanisms of
action from one another. Purified Ste24 has been demonstrated to
be a zinc metalloprotease (255), as discussed in detail below.
Rce1, on the other hand, has been refractory to purification and
lacks a recognizable protease motif (33, 199, 204, 206). Thus, it
remains possible that Rce1 may be necessary, but not sufficient,
for AAXing, functioning to activate an as-yet-unidentified pro-
tease. Resolving this issue will be important given the current
interest in Rce1 as a potential anticancer drug target for Ras-
based tumors (99, 272). The individual biochemical and cell
biological features of the Ste24 and Rce1 proteins are discussed
in more detail in the following sections.

Cell biological features of Ste24. Ste24 is a 52-kDa (453-ami-
no-acid) integral membrane protein (17, 19, 33, 94, 236, 255).
Ste24 is predicted by hydropathy analysis to possess 7 TM spans
(Fig. 5). The N terminus of Ste24 appears to be luminal and the C
terminus cytosolic, based on protease protection studies using N-
and C-terminally hemagglutinin (HA)-tagged versions of Ste24
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(255) (Fig. 5). The C terminus of Ste24 contains a canonical
dilysine ER retrieval motif (KKXX). Mutational analysis indicates
that this motif is not required for ER localization of Ste24 in yeast
(94), although it could play an important role to retrieve a low
percentage of Ste24 molecules that may escape to the Golgi appa-
ratus. As noted above, Ste24 is also found in the inner nuclear
membrane, where it could act on nuclear CAAX proteins (15).

Ste24 contains a conserved zinc metalloprotease consensus
motif (HEXXH), placing it in the M48A family of Zn metallopro-
teases (18). The HEXXH motif lies within a large cytosolic loop
between the predicted TM spans 6 and 7 (Fig. 5) (255). Mutations
in the conserved His and Glu residues in this motif (H335A and
E336A) abolish Ste24 activity (94). The predicted location of this
active site in the cytosol, but close to the membrane, is appropriate
for the endoproteolytic cleavage of a membrane-bound preny-
lated substrate such as a-factor. As discussed in more detail below,
Ste24 is notable in that it is responsible for two distinct activities in
the biogenesis of a-factor (Fig. 3, steps 2 and 4) (17, 19, 34, 254): (i)
C-terminal AAXing of a-factor, in which it is functionally redun-
dant with Rce1 (Fig. 3, step 2), and (ii) the first step in N-terminal
cleavage of a-factor (Fig. 3, step 4). The ability of Ste24 to recog-
nize two completely different sites for processing makes it unusual
among proteases.

Purification of Ste24 and demonstration of its protease activ-
ity. The purification of Ste24 was a particularly important achieve-
ment, as it led to the unambiguous demonstration that Ste24 pos-
sesses proteolytic activity in and of itself, rather than acting
indirectly to activate another protease(s) (255). The purification
of a multispanning membrane protein such as Ste24 presents chal-
lenges, requiring the identification of a detergent that can both
extract the protein from the membrane and also maintain its en-
zymatic activity. The strategy involved one-step purification of a
His-tagged version of Ste24p from detergent-solubilized yeast
membranes (115, 255). An optimal detergent was found to be
dodecyl-maltoside.

Purified Ste24 was shown to efficiently mediate the endopro-
teolytic cleavage of a synthetic farnesylated version of a-factor
containing an intact CAAX motif. The identity of the VIA peptide
resulting from Ste24 cleavage was confirmed by mass spectrome-
try (255). Ste24 was shown to act in a zinc-dependent manner.
This original study demonstrated that Ste24, on its own, possesses
CAAX proteolytic cleavage activity (255). Purified Ste24 was also
shown to directly mediate the first N-terminal processing step in
a-factor biogenesis (Fig. 3, step 4) (237, 255).

In addition to its use in the direct mass spectrometry assay
described above, synthetic a-factor with an intact farnesylated
CAAX motif can also be used in two convenient, albeit indirect,
assays for AAXing activity. In one of these, C-terminal AAXing by
Ste24 can be measured in a 2-step coupled AAXing and carboxyl-
methylation assay (10, 11, 114, 255). In this assay, the extent of
carboxylmethylation is determined after the AAXing reaction is
completed, using radiolabeled S-adenosylmethionine (SAM) as a
methyl donor and membranes as the source of the Ste14 carboxyl-
methyltransferase. Radiolabeled carboxylmethyl groups are
quantitated by a base hydrolysis/vapor diffusion assay and re-
flect the prior level of AAXing by Ste24. Alternatively, because
AAXing and subsequent carboxylmethylation of the farnesy-
lated synthetic a-factor yield biologically active a-factor, a
quantitative halo dilution assay (see below) can be used to

determine the relative amount of AAXing activity present in
the original test sample (255).

When Ste24 was purified, it represented the first eukaryotic
multispanning membrane protein known at that time to possess
intrinsic protease activity (255). Since then, a class of integral
membrane proteases, called the intramembrane cleaving pro-
teases (I-CLIPs), has been well-characterized biochemically (155).
I-CLIPs include the S2P metalloprotease (required to cleave the
membrane-anchored transcription factor SREBP, which is in-
volved in cholesterol biosynthesis), the Rhomboid family of serine
proteases (which mediate epidermal growth factor release), and
two aspartyl proteases, the signal peptide peptidase (SPP) (which
is involved in clearance of cleaved signal sequences) and �-secre-
tase (which generates the peptides implicated in causing Alzhei-
mer’s disease) (155). The I-CLIPs contain their catalytic subunits
within transmembrane spans and likewise hydrolyze peptide
bonds within their substrates’ transmembrane domains. Like the
I-CLIPs, Ste24 is a multispanning membrane protease. However,
in contrast to I-CLIPS, Ste24’s site of cleavage on prenylated sub-
strates is proximal to the prenyl anchor, rather than within a trans-
membrane domain.

Ste24 is present in all eukaryotes. Homologs of STE24 from a
number of eukaryotic organisms, including mammals, plants, and
parasites, encode enzymes that are functionally similar to Ste24, in
that when heterologously expressed in yeast they can mediate
AAXing of the a-factor CAAX motif (35, 36, 39, 40, 93, 100, 188,
254). Mammalian ZMPSTE24 (for zinc metalloprotease Ste24) is
the best-characterized homolog (19). Quite strikingly, like yeast
Ste24, human ZMPSTE24 (also called HsSte24 or FACE-1) can
mediate both C- and N-terminal processing of a-factor in yeast, as
evidenced by mating and halo assays (254). The characterization
of the zmpste24�/� knockout mouse led to the discovery that
ZMPSTE24 is the lamin A endoprotease (24, 203). Mammalian
ZMPSTE24 and the role of mutations in this gene in human prog-
eroid disorders are discussed further below.

Rce1 remains refractory to purification, precluding the dem-
onstration that it is in fact a protease. Rce1 (Ras-converting
enzyme) is a 36-kDa (315-amino-acid) integral membrane pro-
tein, predicted to contain 6 transmembrane spans (Fig. 5). How-
ever, the topology of Rce1 has not been experimentally investi-
gated. CAAX processing of Ras proteins appears to be solely
dependent on Rce1 in vivo, while that of a-factor can be mediated
by either Rce1 or Ste24 (33).

Whether Rce1, like Ste24, possesses protease activity or
whether Rce1 simply activates another protease remains an open
question, since the purification of Rce1 in an active form has not
yet been achieved. Rce1 lacks a defined protease motif for any of
the four standard categories of proteases: aspartyl, cysteine, ser-
ine/threonine, or metal dependent. At least one report has sug-
gested that Rce1 is a cysteine protease (82), but the sole Cys residue
in Rce1 is not required for enzyme function (204). Other reports
have suggested that Rce1 may be a noncanonical zinc metallopro-
tease (202). Several residues important for activity have been iden-
tified by mutational analysis but do not provide further clarifica-
tion of the protease category to which Rce1 belongs (204), nor do
standard protease inhibitor studies (206). Until Rce1 can be puri-
fied, it will not be possible to know whether it is solely responsible
for endoproteolysis or instead whether it requires a binding part-
ner or stimulates another protease.

Rce1 is specifically required for the maturation and activity
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of Ras proteins. Because the oncoprotein Ras is mutated in
many cancers, small-molecule inhibitors of Rce1 are of clinical
and therapeutic interest (99, 272). Several of these have been
identified, including those from a compound library screening
effort (77, 171, 206). Of the latter inhibitors, some are specific
for Rce1, while others inhibit both Rce1 and Ste24. It remains
to be determined if such compounds could be useful for cancer
treatment.

Ste14, the Founding Member of the Isoprenylcysteine
Carboxylmethyltransferase Family, Carries out the Final
Step of CAAX Processing

Ste14 is the founding member of the isoprenylcysteine carboxyl-
methyltransferase (ICMT) family of enzymes (9, 112–114, 219,
220, 231). Ste14 mediates carboxylmethylation of endoproteo-
lyzed CAAX proteins by transferring a methyl group from S-
adenosylmethionine (SAM) to the free carboxyl of the prenylated
cysteine residue (7). The STE14 gene was identified in a mutant
hunt for MATa-specific sterile mutant (271). Membranes from
wild-type yeast were shown to possess ICMT biochemical activity,
and this activity was lacking in membranes from a ste14 mutant
(112, 113, 174).

Ste14 is 239 amino acids in length, with a molecular mass of 28
kDa. Topology studies suggest that Ste14 contains six transmem-
brane spans (Fig. 5), with the last two spans comprising a hairpin
turn with no extracellular loop. A substrate binding domain has
not yet been identified; however, a conserved tripartite consensus
motif is located in the C-terminal region of Ste14 and includes
transmembrane domains 5 and 6 and the hydrophilic regions just
N and C terminal to these spans (219).

Production of active ICMT activity in E. coli heterologously
expressing the STE14 gene provided the first evidence that Ste14 is
the sole component required for ICMT activity (113, 114). Subse-
quently, purification of detergent-solubilized Ste14 from yeast
and its reconstitution into artificial lipid vesicles led to unambig-
uous proof that Ste14 is both necessary and sufficient for ICMT
activity. Ste14 was shown to be a zinc-dependent enzyme (7).

Ste14 carboxylmethylation activity can occur independently of
any peptide context, as reflected by the fact that a commonly used
substrate for Ste14 is N-acetyl farnesylcysteine (N-AFC) (7, 112,
113). Recent evidence suggests that Ste14 forms a dimer or other
higher-order oligomer through a GXXXG motif in its first trans-
membrane span (104, 218). Heterologous expression of either the
Schizosaccharomyces pombe STE14 homolog, Mam4, or the mam-
malian ICMT can functionally complement a yeast ste14� mu-
tant, indicating that distant homologs have conserved function
(68, 220).

Ste14 is located in the ER membrane, although neither ER re-
tention signals nor ER retrieval motifs are evident (220, 236). In-
terestingly, adding an HA epitope tag to Ste14, at either the N or C
terminus or internally, disrupts ER localization and results in
transport of Ste14 to the Golgi membrane (220). Ste14 is also in
the inner nuclear membrane, as is the case for Ste24, where it can
mediate the carboxylmethylation of nuclear CAAX proteins (15).

Ras and a-factor are the two best-characterized cellular sub-
strates of Ste14 in yeast. In a ste14� mutant, the lack of Ste14
activity results in biologically inactive a-factor (hence, a sterile
phenotype), and the localization of Ras is altered from the plasma
membrane to puncta in the cytosol (113, 231, 279). In a ste14�
mutant, nonmethylated a-factor is processed at its N terminus by

Ste24 and Axl1 (116, 231). However, this nonmethylated, but oth-
erwise fully processed, a-factor cannot be exported by the Ste6
transporter, either because it cannot be recognized by Ste6 or be-
cause Ste6 cannot support the transport of a-factor in its non-
methylated form (231). The nonmethylated form of a-factor that
is present internally in a ste14� strain is highly unstable (231).
Even if nonmethylated a-factor were exported, it would be essen-
tially biologically inactive, based on the finding that a synthetic
version of a-factor that is farnesylated but lacks the carboxyl-
methyl group cannot stimulate the Ste3 receptor on MAT� cells
(41, 44). Thus, carboxylmethylation plays multiple important
roles for a-factor and is required for its intracellular stability, ex-
port, and receptor activation (41, 231). Notably, a ste14� mutant
is viable, with no observable growth defects, suggesting that lack of
carboxylmethylation does not affect the activity of Ras or other
essential CAAX proteins, at least under standard growth condi-
tions (231).

Ste24 AND Axl1 MEDIATE SEQUENTIAL STEPS IN THE N-
TERMINAL CLEAVAGE OF a-FACTOR

The First Step in N-Terminal Cleavage of a-Factor Is
Mediated by Ste24

Following C-terminal CAAX processing, a-factor undergoes N-
terminal cleavage, involving two sequential steps (Fig. 3, steps 4
and 5). The first cleavage is between residues T7 and A8, and the
second is between residues N21 and Y22. The latter processing
event was predicted from comparison of the precursor and ma-
ture forms of a-factor (Fig. 2). However, the first step was unex-
pected and was revealed by the presence of an unanticipated bio-
synthetic intermediate, P2, discovered in metabolic labeling
experiments to identify a-factor biosynthetic intermediates, as
discussed above (Fig. 4) (56). P2 was shown to contain A8 as its
N-terminal amino acid by Edman degradation (56). Mutants with
mutations at or near the P1 to P2 cleavage site (A8G, A8T, and
A9P) are defective for this first N-terminal cleavage step and block
production of mature a-factor (94, 116).

Ste24 mediates this first N-terminal cleavage of the a-factor pre-
cursor and was first identified in our laboratory in a mutant hunt
for “leaky” sterile mutants (94). Shortly thereafter, Ste24 was in-
dependently identified as a CAAX endoprotease that functions
redundantly with Rce1, as discussed above (33). While Ste24’s
apparent role in two completely different steps of a-factor biogen-
esis appeared at first to be contradictory, the dual role of Ste24 was
confirmed by genetic and biochemical studies (34, 254, 255). Be-
cause of the overlapping roles of Rce1 and Ste24 in CAAX
proteolysis, only the N-terminal cleavage step of a-factor biogen-
esis is blocked in a ste24� mutant (94, 116). It is notable that the
sterile phenotype of a ste24� mutant is only partial, resulting in
residual mating. This is because a small percentage of a-factor (2
to 5%) is N-terminally cleaved to mature a-factor, even in the
absence of Ste24, likely due to the ability of Axl1 or its homolog
Ste23 (see below) to either bypass or substitute for Ste24 (116).

The fact that Ste24 promotes cleavage at two sites in a-factor
(C-terminal CAAX processing and N-terminal cleavage) has been
amply demonstrated (34, 237, 254, 255). Such a dual role is un-
precedented among proteases, particularly because the cleavage
sites in a-factor bear little resemblance to one another. The C-ter-
minal CAAX cleavage occurs between a prenylated cysteine (C33)
and valine (V34), and the N-terminal Ste24 cleavage site is be-
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tween threonine (T8) and alanine (A9) (Fig. 3 and 4). While it has
been suggested that there may be multiple active sites within Ste24
that allow it to mediate cleavage of a-factor at two very different
sites (66), this seems unlikely, since a mutation in the HEXXH zinc
metalloprotease domain of Ste24 disrupts both C-terminal and
N-terminal processing of a-factor (33, 237). It is possible that
although there is a single catalytic site, there could be two substrate
recognition regions within Ste24.

It is notable that the dual roles for Ste24 appear to be conserved
throughout evolution, as mammalian ZMPSTE24 expressed in a
ste24� yeast mutant can complement for both activities (254). In
addition, ZMPSTE24 also mediates two processing steps for an-
other protein, the mammalian lamin A precursor. These two steps
are C-terminal AAXing and endoproteolytic cleavage of the lamin
A tail, 15 residues away from the prenylated C-terminal cysteine
(note that in a-factor, the site of Ste24 N-terminal cleavage is 26
residues away from the prenylated cysteine) (19, 24, 160, 203; S.
Michaelis and C. Hrycyna, unpublished data). Processing of lamin
A by ZMPSTE24 is discussed in more detail below.

Axl1 Is a Predicted Zinc Metalloprotease That Generates
Mature a-Factor

Axl1 possesses an inverted zinc metalloprotease motif. The final
step in N-terminal processing of a-factor (Fig. 4, step 5) is carried
out by the zinc metalloprotease Axl1 (1, 94, 186). Axl1 cleaves
between residues N21 and Y22 of the a-factor precursor, but only
after Ste24 has removed the first seven residues of the N-terminal
extension. AXL1 was identified in a screen for partially sterile mu-
tants and was originally called ste22 (1). The final step of a-factor
N-terminal cleavage was shown to be defective in the axl1 mutant,
resulting in accumulation of the P2 a-factor intermediate (Fig. 3
and 4) (1, 94). Axl1 possesses an “inverted” zinc metalloprotease
motif (HXXEH), strongly suggesting it directly mediates a-factor
proteolysis, although definitive proof that Axl1 acts alone awaits
its purification and the demonstration of proteolytic activity in
vitro. The HXXEH motif is critical for Axl1 function, since muta-
tions in this motif block the production of mature a-factor (1).
The reason that an axl1� mutant is not fully sterile and has resid-
ual a-factor activity is that yeast encodes an Axl1 homolog, Ste23,
that can partially compensate for a-factor processing when Axl1
activity is absent (1). Ste23 also possesses an HXXEH motif. Both
Axl1 and Ste23 are members of the M16A subfamily of zinc met-
alloproteases (140, 186).

Recognition determinants for Axl1 may be complex. A number
of mutations that alter residues flanking the Axl1 cleavage site in
the a-factor precursor are defective in processing (116). Point mu-
tations and deletions elsewhere in the N-terminal extension can
also block Axl1-mediated cleavage of a-factor (116). In an axl1�
mutant, a-factor remains incompletely processed and cannot be
exported by Ste6 (1, 94, 116). This could be due to the failure of
Ste6 to recognize forms of a-factor such as P2 that are too long, or
alternatively, it could be that Axl1 is required for the delivery of
a-factor to the Ste6 transporter.

Additional cellular roles and cell biological properties of
Axl1. Interestingly, Axl1 has a cellular role in haploid MATa and
MAT� cells that appears to be completely unrelated to a-factor
biogenesis. Axl1 was first discovered and named based on its role
in promoting an axial budding pattern in haploid yeast, and it was
shown to be expressed exclusively in haploid cells and not in dip-
loid cells (95). It is notable that Axl1 mutants defective in the

HXXEH zinc metalloprotease motif are not defective in axial bud-
ding, suggesting that the role of Axl1 in haploid bud site selection,
in contrast to its role in a-factor biogenesis, does not involve pro-
teolysis (1).

Axl1 is a large protein of 1,208 amino acids (138 kDa). The
cellular site where the Axl1 processing of a-factor occurs is not
known. The Ste24-mediated N-terminal cleavage step that occurs
prior to Axl1 cleavage takes place on the cytosolic face of the ER
membrane (Fig. 3 and 5). However, Axl1 is not predicted to con-
tain any transmembrane spans and thus could be a soluble protein
(Fig. 5). One report shows that Axl1 can localize to the mother-
bud neck junction which could occur through protein-protein
interactions (164) and would be consistent with Axl1’s role in
budding but not necessarily in a-factor processing. Whether Axl1
is present at sites in the cell other than the mother-bud neck junc-
tion is not known. The steady-state level of Axl1 is diminished in a
yeast mutant deleted for the YDJ1 gene, which encodes a cytosolic
Hsp40 chaperone in yeast. Interestingly, Ydj1 is required both for
Axl1 mRNA accumulation and for Axl1 protein stabilization.
However, the biological significance of these two forms of regula-
tion of Axl1 by Ydj1 is not understood (180).

Axl1 is homologous to the mammalian insulin-degrading en-
zyme (IDE), also called insulysin (1). IDE has broad substrate
specificity and can cleave numerous physiologically significant
small molecules, including insulin and the A� peptide, which is
implicated in Alzheimer’s disease (90). Interest in this enzyme has
grown, as IDE deficiency correlates with an increased risk for type
2 diabetes and Alzheimer’s disease, although the physiological im-
portance of IDE1 for human health and disease remains to be
firmly established (159). Mammalian IDE heterologously ex-
pressed in yeast can substitute for Axl1 to mediate a-factor bio-
genesis (140). Thus, yeast may provide a tractable model system
for studying the functional properties of human IDE1.

Ste6, AN ABC TRANSPORTER, MEDIATES THE
NONCLASSICAL EXPORT OF a-FACTOR

Ste6 Is a Dedicated Pump for a-Factor and a Model Protein
for ABC Transporter Function

The export of a-factor out of the cell by the ABC transporter pro-
tein Ste6 represents an unconventional mode of export, distinct
from the classical secretory pathway (150, 179, 181). The STE6
gene was identified in a search for MATa-specific sterile mutants.
DNA sequence analysis revealed that Ste6 is 1,290 residues long
and belongs to the ATP binding cassette (ABC) transporter super-
family (182, 201, 253). Ste6 was one of the earliest members of this
important class of transporters to be identified (26, 150, 179, 181).
The STE6 gene and the two a-factor genes, MFA1 and MFA2, are
transcriptionally coregulated. All three genes are expressed in
MATa cells but not in MAT� or diploid cells (270). This coregu-
lated expression of Ste6 and a-factor, along with the fact that the
sole phenotype of a ste6� mutant is a lack of extracellular a-factor,
suggests that Ste6 serves as a dedicated, cell-type-specific pump for
a-factor (149, 150, 181).

Ste6 is a prototypical ABC transporter. Members of the ABC
superfamily share a conserved overall architecture, consisting of
two homologous halves, each with multiple (usually 6) trans-
membrane domains and an ATP nucleotide binding domain
(NBD) that couples nucleotide hydrolysis to substrate transport
(201, 253). Ste6 also exhibits this canonical domain organization
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(Fig. 5) and has been useful as an experimental model for struc-
ture-function studies of ABC transporters. In early studies, spe-
cific residues within the NBD consensus sequences of Ste6 were
probed by mutational analysis, providing evidence for the func-
tional importance of many of them (26). Coexpression of Ste6
partial molecules (half and quarter molecules) yielded insights
into the flexible domain structure of this class of transporters (26,
27). Another ABC family member is the mammalian cystic fibro-
sis transmembrane conductance regulator (CFTR), an ion chan-
nel that is defective in individuals with cystic fibrosis. Mutational
studies of STE6-CFTR chimeras expressed in yeast have been im-
mensely valuable for providing insights into CFTR structure (75,
200, 256, 257). The detection of translational read-through of pre-
mature termination codons (PTC) in STE6 by Bedwell and col-
leagues (89) has had implications for the development of drugs to
treat genetic diseases caused by PTC (134).

In most cases, the only known substrates for ABC transporters
are xenobiotic compounds and not physiological native ones. The
closest mammalian homolog of yeast Ste6 is the P-glycoprotein
multidrug resistance (MDR) protein, encoded by the mammalian
MDR1 gene (4, 182, 201, 253). The MDR1 transporter can medi-
ate the efflux of numerous chemically distinct hydrophobic drugs
that diffuse into mammalian cells, thereby promoting multidrug
resistance in those cells (4). In contrast to mammalian MDR1,
Ste6 represents one of the few examples of an ABC transporter for
which a specific physiological substrate, namely, a-factor, is
known.

The mechanism of recognition between ABC transporters and
their substrates is an intriguing area of study but remains unclear.
It is notable that functional complementation of a yeast ste6�
strain for mating by expression of mouse MDR3 demonstrated
that this mammalian transporter could promote a-factor export
in yeast, albeit at a significantly lower level than STE6 itself (210,
211). Interestingly human MDR1 was found to be unable to com-
plement a yeast ste6� mutant (151). Several reports seemed to
provide evidence that a Plasmodium falciparum MDR3 homolog
and the mammalian multidrug resistance-related protein MRP1
could also substitute for Ste6 to mediate the export of a-factor
when heterologously expressed in yeast (222, 224, 226, 264). How-
ever, these reports could not be substantiated, and several of them
were ultimately retracted (221, 223, 225). The reason why some,
but not all, eukaryotic MDR proteins can complement a ste6�
mutant for mating is not understood at this point, but ultimately
these findings could provide clues to the mechanism of ABC
transporter substrate recognition.

Role of a-factor CAAX modifications in Ste6 recognition. De-
fects in the prenylation, AAXing, or carboxylmethylation of a-fac-
tor all result in a lack of a-factor export. For instance, as noted
above, in a ste14 mutant, in which mature but unmethylated a-
factor is generated, the export of a-factor by Ste6 is blocked (231).
Thus, carboxylmethylation may be crucial for recognition of a-
factor by Ste6. Not surprisingly, export of a-factor is also lacking in
an rce1� ste24� double mutant, since AAXing is required for sub-
sequent methylation (116).

Prenylation is also required for a-factor export by Ste6, but
since prenylation is also required for all steps of a-factor localiza-
tion and processing, including methylation, it is not possible to
conclude that the prenyl group per se is a direct recognition deter-
minant for Ste6 (56). The length of a-factor could also be a recog-
nition determinant for Ste6. In mutants blocked for the Axl1-

mediated N-terminal cleavage of a-factor, the resulting P2 form of
a-factor (which retains the 14-amino-acid-long extension that is
N terminal to the mature 12-mer) accumulates within the cell due
to a lack of export (1, 94, 116). Thus, the existing evidence suggests
that the farnesyl, carboxylmethyl group, and length of a-factor are
all critical for export. However, whether these features reflect spe-
cific recognition determinants for the binding of a-factor to Ste6
or, alternatively, whether they reflect the intracellular accessibility
or deliverability of a-factor to Ste6 is not clear.

Role of a-factor amino acids in Ste6 recognition. It is likely that
the recognition of a-factor by Ste6 does not rely on a highly se-
quence-specific amino acid recognition code. Several pieces of
evidence support this view. First, when Ste6 is heterologously ex-
pressed in Schizosaccharomyces pombe, it can export the 9-amino-
acid-long M-factor pheromone, which is prenylated and carbox-
ylmethylated but otherwise shares little homology with a-factor
(59). Second, and conversely, when the Candida albicans STE6
homolog HST6 is expressed in S. cerevisiae, it can transport a-fac-
tor, even though its native C. albicans pheromone substrate is
different from a-factor (209). Third, several prenylated phero-
mones from the Basidiomycete fungus Schizophyllum commune
can be exported by Ste6 when expressed in S. cerevisiae, even
though these pheromones share no homology with a-factor (92).
Interestingly, the genomes of Basidiomycetes can encode up to
hundreds of different pheromones and receptors, but multiple
transporters have not been reported. Finally, even the mouse STE6
homolog mdr3 can complement a yeast ste6 mutant for a-factor
export and mating, as noted above (210, 211), further suggesting a
low level of specificity between a-factor and its transporter.

There are, however, a few amino acid substitutions in MFA1
that are not allowable for a-factor export. These cause either a
complete (G26V) or partial (G26C, P31Q, and A32K) block in
export (116). These nonallowable amino acid changes may ulti-
mately help to provide insight into any “rules” of recognition that
may exist between Ste6 and its transport substrate a-factor.

Ste6 as a Model Protein for Studies of Endocytosis and ER
Quality Control

In addition to serving as a model protein for ABC transporters,
Ste6 has also been an important model protein for cell biological
studies, in particular for dissecting the processes of endocytosis
and ER quality control. Ste6 is localized to the plasma membrane
in yeast, and from this site it undergoes endocytosis into endo-
somes, followed by either recycling to the plasma membrane or
delivery to the vacuole, where it is degraded (25, 135, 142, 148,
162). Targeting to the vacuole involves an intermediate step, in
which Ste6 is incorporated into intraluminal vesicles within the
multivesicular body, mediated by the ESCRT pathway (25, 135,
141–143, 162). Ste6 endocytosis studies were among the first to
establish the role for monoubiquitination as a key endocytic sort-
ing signal for plasma membrane proteins and also as a key signal
for recruitment to the ESCRT pathway (25, 135, 141–143, 148,
162, 165). Ste6 studies were also important for defining several
components of the ESCRT pathway (146).

In terms of ER quality control, Ste6 mutants were specifically
sought that were rapidly degraded by ER-associated degradation
(ERAD) and could serve as defined substrates for this process
(163). One such mutant protein is designated Ste6* (also called
the ste6-166 mutant). Ste6* fails to reach the plasma membrane
(PM) (163). Instead, it is retained in the ER membrane and un-
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dergoes ubiquitin-proteasome-mediated proteolysis by ERAD.
Accordingly, Ste6* has been useful as a model in defining the
ERAD machinery and demonstrating that there are several ERAD
pathways (117, 118, 194, 263).

Ste6* and additional ste6 mutants have provided evidence for
another aspect of ER quality control, namely, the existence of a
novel ER quality control compartment called the ER-associated
compartment (ERAC) (117). The ERAC is adjacent to the ER and
is directly connected to it. Misfolded forms of Ste6 are concen-
trated in the ERAC. It remains to be determined whether the
ERAC is identical to other recently defined ER-associated struc-
tures, i.e., the juxta-nuclear quality control compartment (JUNQ)
(130) or the compartment called the ER-containing autophago-
somes (ERA) (28). Preliminary data from our laboratory indicate
that ERACs and JUNQs may represent the same compartment
(280).

Ste3, THE RECEPTOR FOR EXTRACELLULAR a-FACTOR

Ste3 is the receptor for extracellular a-factor on the surface of
MAT� cells (105) (Fig. 3). It is a classical G-protein coupled re-
ceptor with seven transmembrane spans (Fig. 5). Upon interac-
tion with a-factor (Fig. 3, step 7), Ste3 stimulates an intracellular
signal transduction pathway that promotes cell-cell fusion be-
tween MAT� and MATa cells, followed by nuclear fusion and
diploid formation (Fig. 1) (157, 246). MAT� cells lacking Ste3 are
sterile.

Both the primary sequence of a-factor and its CAAX modifi-
cations contribute to optimal activation of Ste3. Numerous mu-
tational alterations of residues within the mature portion of a-fac-
tor prevent the activation of Ste3, without affecting the biogenesis
or export of a-factor (44, 116). Synthetic versions of a-factor lack-
ing the methyl group, the farnesyl group, or both are significantly
defective in the mating and halo assays discussed below, possess-
ing 1%, 0.1%, and 0.0025%, respectively, of the activity level of
fully CAAX-modified a-factor (41, 172). Small alterations of the
farnesyl moiety can also influence a-factor activity (74). Notably, a
synthetic a-factor analog containing a D-Ala5 instead of L-Ala5
acts in a hyperactive fashion, presumably due to its improved
interaction with Ste3 (42). Simply exchanging the farnesyl group
on a-factor with a geranylgeranyl group does not have a dramatic
impact on activation of Ste3 (43).

The interaction interface between Ste3 and a-factor remains
undefined, in part because a-factor is so hydrophobic that it ad-
heres to membranes nonspecifically, complicating binding stud-
ies. In contrast, the hydrophilic �-factor exhibits specific binding
to its receptor Ste2 (193), and residue-to-residue contact sites be-
tween a new cross-linkable version of �-factor and Ste2 have re-
cently been reported (262). By analogy, recent studies involving
improved methods for preparing photoaffinity-labeled a-factor
could potentially lead to advances in the ability to probe the inter-
actions of a-factor with its receptor Ste3 and its transporter Ste6
(192).

UNANSWERED QUESTIONS RAISED BY THE UNUSUAL
BIOGENESIS PATHWAY AND PROPERTIES OF a-FACTOR

As evident in Fig. 3 and from the sections above, we now have a
relatively comprehensive overview of the a-factor biogenesis path-
way, and we understand many individual steps in detail. Even so,
a number of important and interesting questions remain to be
answered. For instance, whether a-factor requires certain escort

proteins to travel through the cell and to diffuse in the external
environment is not known. Also, it is not known whether other
factors are required to optimize the a-factor pheromone gradient.
These issues are discussed below. The answers to these questions
may ultimately help us to understand why such an elaborate bio-
genesis pathway has evolved to produce a secreted molecule as
small and as lipophilic as a-factor.

Intracellular Trafficking of a-Factor: Is There a CAAX-
Processing Chaperone?

FTase is a soluble enzyme and is thought to carry out prenylation
in the cytosol. How, then, are prenylated CAAX proteins such as
a-factor efficiently delivered to the surface of the ER membrane,
where the postprenylation processing enzymes are located (236)?
One possibility is that a chaperone or escort protein that has yet to
be identified may aid in this process (Fig. 6). Such a postulated
chaperone for farnesylated a-factor might be similar to the
RabGDI or REP proteins, which regulate the activity and intracel-
lular trafficking of geranylgeranylated Rab proteins (161). It is
possible that analogous factors could be identified in comprehen-
sive screens for MATa-specific sterile mutants.

As mentioned above, where in the cell a-factor is processed by
Axl1 remains unclear. Furthermore, we do not know how fully
processed mature a-factor reaches its transporter Ste6 on the
plasma membrane. Mature a-factor may travel on the surface of
intracellular vesicles, as can occur for Ras proteins (274), or alter-
natively, a protein chaperone may escort a-factor to Ste6 at the
plasma membrane. The Ste6 transporter itself reaches the plasma
membrane by transiting through the secretory pathway, and it
also exists on endosomes (25, 135, 148). Thus, whether a-factor is
transported by Ste6 across the plasma membrane, or possibly
across an intracellular membrane, has not been firmly established.

Is There an Extracellular a-Factor Protease?

An optimal gradient of pheromones must be detected by MATa
and MAT� partner cells to maximize the efficiency of mating (122,
123, 126). To ensure that the concentration of �-factor is not in
excess, MATa cells secrete an aspartyl protease called barrier fac-
tor, encoded by the BAR1 gene, that cleaves and inactivates �-fac-
tor, thereby influencing the �-factor pheromone gradient (54,
126, 168). Evidence for an analogous protease, called “a-fac-
torase,” that cleaves a-factor in the culture medium and/or the cell
surface of MAT� cells has been reported. However, the gene en-
coding this putative protease has not been identified, nor has the
activity been purified (41, 173, 247). The confirmation of such an
a-factor-degrading enzyme activity would be of interest, as it may
help us to understand how signaling between mating partners is
optimized.

Is Extracellular a-Factor Always in a High-Molecular-Mass
Complex?

Gel filtration of a-factor isolated from a yeast culture supernatant
reveals that extracellular a-factor (1.6 kDa) appears to be part of a
high-molecular-mass complex (�600 kDa) (30, 196). It has been
suggested that this may reflect an association of a-factor with car-
bohydrates (30). Alternatively, a-factor may be in micelles, mem-
brane vesicles, or complexed with an extracellular carrier pro-
tein(s). It is not known whether the high-molecular-mass a-factor
complex is generated intracellularly prior to export by Ste6,
whether the complex forms only outside cells, or whether it is
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simply an experimental artifact that is generated only in specific
media or under particular purification conditions.

It is noteworthy that chemically synthesized a-factor, which is
not part of a complex, is nevertheless capable of efficiently stimu-
lating G1 cell cycle arrest and the mating response in MAT� cells
and of producing an a-factor halo (5, 44, 172). This finding sug-
gests that the components in the high-molecular-mass complex
are not necessary for a-factor activity and rather may aid in diffu-
sion or solubility.

It would be of interest to gain a better understanding of the
precise physical form of extracellular a-factor. It is notable that
extracellular a-factor is surprisingly diffusible, as indicated by the
sizeable a-factor “halo” seen in agar petri plate assays for a-factor
(see Fig. 7 and 8 and the next section). Future studies of the phys-
ical nature and/or associations of extracellular a-factor could pro-
vide insights relevant to lipid-modified signaling molecules in
mammalian cells, such as Hedgehog and Wnt, that mediate long-
range signaling in various tissues (248). Interestingly, exogenous
a-factor has been variably reported to restore or not to restore
mating to an a-factor-less (mfa1� mfa2�) strain (172, 184). What
accounts for these differences is not well understood.

BIOASSAYS FOR a-FACTOR ACTIVITY

Two sensitive bioassays, the “mating” and “halo” assays, can be
used to measure a-factor activity. These are based on the ability of
a-factor to stimulate mating responses in MAT� cells and can be
performed in a quantitative or qualitative way (Fig. 7) (196). In the
mating assay shown here (Fig. 7, left panel), wild-type and mutant
MATa strains are patched onto a lawn of MAT� cells spread on
synthetic depleted (SD) medium that lacks added amino acids or
nucleotides. The MATa and MAT� mating partners contain com-
plementary auxotrophies, so that diploids that result from mating
of cells within the patch can grow on the SD medium, while the
unmated haploids in the patch and lawn cannot grow. In Fig. 7,
mating is seen for the wild-type strain but not for the ste6, ste14, or
ram1 a-factor-defective mutant. This mating assay can also be
performed in a quantitative manner by mixing MATa and MAT�
cells, allowing a 4-hour mating period, and plating selectively for
diploids at dilutions that allow quantitation of mating efficiency.
Remarkably, the quantitative mating assay is accurate over at least
six orders of magnitude, and thus it has been extensively used to
test mutations in the a-factor biogenesis machinery and the im-
pact of mutations that alter residues in a-factor itself (26, 116,
196).

In the halo assay (Fig. 7, right panel), patches of wild-type or
mutant MATa cells are replica plated onto a lawn of MAT� sst2
cells. An early step in the mating response pathway is G1 cell cycle
arrest, which is followed by cell cycle recovery. In response to the
a-factor secreted by the cells in the patch, the MAT� cells contain-
ing the hypersensitizing sst2 mutation become permanently G1

arrested and fail to grow (53, 54). The zone of growth inhibition in
the lawn surrounding these patches is referred to as an a-factor
“halo.” The width of the halo roughly reflects the amount of active
a-factor that is secreted. Inclusion of a low concentration of Triton
X-100 in the lawn helps to promote a-factor diffusion and results
in optimal halos (116). The a-factor halo assay is extremely sensi-
tive, such that even strains producing 1 to 5% of the wild-type level
of a-factor show a significant halo in this assay (26, 196). In Fig. 7
(right), the wild-type patch is surrounded by a significant a-factor
halo, whereas the ram1 and ste14 mutants show no halo whatso-
ever, as expected, due to a lack of CAAX-processed a-factor. The
small residual halo surrounding the ste6 mutant is due to lysis of a
small percentage of cells in the patch and liberation of the intra-
cellular a-factor that is properly processed but not exported (196).
The cells that lyse to produce this residual halo are no longer alive
and thus cannot mate. The phenomenon of cell lysis occurs on
petri plates, but not during liquid growth, so no extracellular a-
factor is detected in liquid cultures of ste6 mutants (196).

Halo tests for a-factor can also be done in a quantitative man-
ner. In this case, cell-free culture supernatant from MATa cells or
synthetic a-factor is serially diluted and spotted onto the sst2 lawn.
The a-factor titer is deduced from the highest dilution that pro-
duces a spot of growth inhibition (26, 172, 255). Quantitative halo
tests have been useful to test the severity of mutant forms of a-fac-
tor or mutant biogenesis components and to deduce the titers of
synthetic versions of a-factor. It should be noted that synthetic
a-factor can stimulate Ste3 in the halo assay, but it does not effi-
ciently support mating to wild-type MAT� cells, possibly because
a key aspect of normal mating involves a pheromone gradient
generated between the a-factor-producing cells and the respond-
ing cells (172, 184). Current evidence suggest that there are two
mating modes, “chemotropic” and “default,” and that these two
types of mating involve distinct but overlapping pathways (83, 84,
122, 123).

The a-factor mating pheromone was initially identified based
on its ability to cause MAT� cells to undergo a morphological
change called shmooing, which can be microscopically observed
(85). Shmoos are cellular projections formed when a pheromone
from one cell type binds to receptors on the cell surface of the
opposite mating type (Fig. 1). This shmoo assay is not easily quan-
tifiable and is thus not in standard use. In contrast, halo and mat-
ing assays can be easily performed and are more commonly used
(26, 172, 184, 196, 255).

BIOCHEMICAL ANALYSIS OF a-FACTOR

The extremely small size of both the mature and precursor forms
of a-factor can present challenges for the experimentalist working
with a-factor. These challenges are amplified by a-factor’s hydro-
phobic posttranslational modifications. Alternatively, these same
properties of small size and hydrophobicity can be used to great
advantage, for instance, in facilitating a-factor purification. In the
sections below, we discuss various biochemical procedures used to
analyze and purify a-factor and their utility for purifying mole-
cules that resemble a-factor.

FIG 7 Qualitative mating and halo assays to measure a-factor activity. Mating
and halo assays are shown for a wild-type (WT) strain and the indicated mu-
tants. For the mating assay, MATa cells are patched onto a lawn of MATa
mating tester cells spread onto SD medium, on which only diploids can grow.
For halo assays, the MATa cells are patched onto a lawn of a MATa sst2 halo
tester cells on rich medium. The extent of growth inhibition of the underlying
lawn reflects the amount of a-factor present and is called an a-factor halo. The
assays are discussed in the text.
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Technical Aspects Regarding Detection of a-Factor
Biosynthetic Intermediates

The hydrophobic properties of a-factor make it “sticky.” Its
farnesyl and carboxylmethyl modifications render a-factor ex-
tremely “sticky,” promoting its efficient adherence to the walls of
standard plastic or glass tubes and pipette tips, thereby resulting in
variable recovery. If it is important to maintain a-factor activity
for quantitation purposes, methanol washes can be performed to
remove a-factor from these surfaces. The a-factor can subse-
quently be dried down and reconstituted in dimethyl sulfoxide
(DMSO) without loss of activity (55, 56, 196). Alternatively, an
excess of blocking protein, generally bovine serum albumin
(BSA), can be added to the culture medium as a competitor to
prevent a-factor sticking to plastic surfaces (196). If activity is not
an issue for the researcher but quantitative recovery is nevertheless
important (for instance, for SDS-PAGE analysis), a detergent such
as SDS can be used to efficiently solubilize a-factor from plastic
surfaces (56).

SDS-PAGE conditions for the optimal separation of a-factor
species. Critical for understanding the a-factor biogenesis path-
way has been the biochemical analysis of a-factor biosynthetic
intermediates present in mutants defective in particular steps of
biogenesis compared to those in wild-type cells. The detection of
a-factor biosynthetic intermediates is generally carried out in the
following way: cellular proteins are metabolically labeled by add-
ing 35[S]cysteine and/or 35[S]methionine to growing cells (either
by pulse-labeling or by steady-state labeling), extracellular and
cellular fractions are collected separately, cells are lysed, proteins
in both fractions are concentrated by trichloroacetic acid (TCA)
precipitation, the radiolabeled a-factor species are immunopre-
cipitated with a-factor antibodies, and the a-factor species are an-
alyzed by SDS-PAGE and phosphorimager analysis. In this way,
a-factor biogenesis intermediates, as well as the intracellular and
extracellular forms of mature a-factor, can be visualized in wild-
type or mutant strains (Fig. 4) (1, 26, 56, 94, 108, 116, 231).

However, achieving ideal resolution of a-factor biosynthetic
intermediates is complicated, due to the small size of a-factor (1.6
kDa and 4.3 kDa for the mature and precursor species, respec-
tively) and its lipophilic nature. These properties render separa-
tion by SDS-PAGE challenging (56, 58, 116). We have found,
counterintuitively, that running gels rapidly at high voltage min-
imizes diffusion of these small species and results in tight gel
bands, even though the gel becomes quite hot (56, 58). For reasons
that are unclear, despite the expectation that heat would promote
diffusion of small species and cause bands to be less sharp, this is
apparently not the case for a-factor. We have also found that 16%
acrylamide gels are optimal for visualizing a-factor intermediates,
with gel bands becoming less sharp when either higher or lower
acrylamide percentages are used. Furthermore, we have observed
that that pH of the bottom buffer in an SDS-polyacrylamide gel
can make an enormous difference in being able to detect discrete
a-factor bands, such that differences as small as a few tenths of a
pH unit from the standard Laemmli resolving gel buffer can cause
smearing of bands. These issues are discussed in more detail else-
where (56, 58).

Finally, it is worth noting that some intermediates in CAAX
processing are difficult to reliably distinguish from one another,
even under optimized conditions. For instance, the prenylated but
non-AAXed and nonmethylated precursor is difficult to distin-

guish by gel migration from the fully C-terminally modified P1
species (Fig. 4) (44, 56, 116, 231). Like most other prenylated
proteins, the farnesylated form of a-factor migrates more rapidly
on SDS-PAGE than the nonfarnesylated form, presumably due to
alteration in SDS binding properties (56). For intermediates that
differ in AAXing or carboxylmethylation status, gel migration dif-
ferences can occasionally be detected between fully CAAX-pro-
cessed a-factor (P1) and either the nonmethylated species (pro-
duced in a ste14� mutant) or non-AAXed and nonmethylated
a-factor (produced in an rce1� ste24� double mutant); however,
these differences are not reproducibly seen (94, 231).

Challenges of performing a-factor immunoblotting. The
small size of a-factor intermediates renders them difficult to cap-
ture on either nitrocellulose or polyvinylidene difluoride (PVDF)
membranes. Thus, transfer times must be kept brief (�10 min) to
prevent migration of these species through the membrane. Inter-
estingly, a-factor is able to migrate through even the smallest pore
sizes of nitrocellulose membranes. However, PVDF membranes
are capable of capturing a-factor efficiently (56). As an alternative
method, thin-layer chromatography can sometimes be helpful for
distinguishing certain a-factor intermediates (44, 233).

The small size of a-factor distinguishes it from other secreted
molecules and facilitates its direct visualization in the culture
medium. Conveniently, the small size of a-factor is a feature that
distinguishes it from most other secreted proteins. Thus, radiola-
beled a-factor from the culture supernatant can be detected on its
own, running near the dye front, without the use of antibodies and
immunoprecipitation (Fig. 8) (55). As can be seen in Fig. 8 (left
panel), a-factor is in the culture fluid of MATa cells and is absent
from the culture fluid of haploid MAT� or diploid MATa/� cells.
The combined features of a-factor’s unique small size and ease of
metabolic labeling of the CAAX motif cysteine with 35S has al-
lowed the direct identification not only of a-factor but also of

FIG 8 Identification of a secreted S. ludwigii mating pheromone similar to
a-factor. Log-phase cultures of the indicated species of haploid and diploid
cells were radiolabeled with [35S]cysteine for 30 min. Proteins in the culture
media were concentrated by TCA precipitation, directly run on a 16% SDS-
polyacrylamide gel, and analyzed by autoradiography.
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other small extracellular lipidated molecules, such as L-factor and
an a-factor-related peptide (AFRP) (55, 195) (discussed below).

Purification Methods for a-Factor

The fully processed and secreted a-factor pheromone exists in a
high-molecular-mass complex, as discussed above (30). Conve-
niently, this property allows a-factor to be highly concentrated by
the use of high-molecular-mass ultrafiltration cutoff filters such as
Centricon filters. Thus, despite the fact that the molecular mass of
a-factor on its own is 1.6 kDa, when isolated from the culture fluid
it is completely retained by filters with a molecular mass cutoff of
30 kDa, permitting a significant degree of concentration (26, 196).

Another way to concentrate a-factor is to use Amberlite XAD2
resin (55, 196, 251), which consists of polymeric beads that are
commonly used to extract nonpolar, hydrophobic compounds
from aqueous or polar solutions containing organic compounds.
XAD2 resin can be added to “conditioned medium” obtained by
the removal of cells from a yeast culture grown to saturation (55,
196, 251). The beads are incubated with cell-free culture medium
for several hours, during which any hydrophobic molecules in the
medium, including a-factor, stick quantitatively to the beads. Af-
ter the beads are collected and washed with water, the a-factor can
be rinsed off with a small amount of n-propanol, permitting many
orders of magnitude of concentration. Concentrated material can
then be fractionated by high-pressure liquid chromatography
(HPLC) and analyzed by mass spectrometry. This methodology
was used to determine the structure of a-factor and an a-factor-
related peptide (AFRP) (5, 55). Importantly, this technique can be
used to identify small secreted prenylated proteins from any eu-
karyote and does not require that such a molecule be part of a
high-molecular-mass complex.

Purification of a Novel Fungal Pheromone,
Saccharomycodes ludwigii L-Factor: Application of Lessons
Learned from a-Factor Studies

Our laboratory has used the methods described above (XAD2
resin, HPLC, and mass spectrometry) to purify a novel lipophilic
pheromone that we have called L-factor (195). L-factor is secreted
by the yeast Saccharomycodes ludwigii, a fungal species that divides
by an unusual mode of bipolar budding and is not closely related
to S. cerevisiae (148). S. ludwigii has two haploid mating types
(275), which we have designated MAT-L and MAT-�, by analogy
with S. cerevisiae MATa and MAT�. L-factor, secreted by S. lud-
wigii MAT-L cells, elicits a mating-type-specific zone of growth
inhibition, or “halo,” on a lawn of S. ludwigii MAT-� cells, as
shown in Fig. 9D, but not on a lawn of MAT-L cells (data not
shown). Interestingly, L-factor can also elicit a mating-type-spe-
cific response in the unrelated yeast S. cerevisiae, producing a halo
on a lawn of MAT� cells (Fig. 9B), similar to an a-factor halo (Fig.
9A). This finding suggested the composition of L-factor could be
similar to that of a-factor (148). Note that unlike L-factor, S.
cerevisiae a-factor acts solely on S. cerevisiae cells and not on S.
ludwigii cells (Fig. 9C), indicating that a-factor and L-factor must
not be identical. Just as extracellular a-factor can be detected di-
rectly without the need for antibodies (Fig. 8, left panel), we can
detect L-factor as a discrete low-molecular-mass protein species
secreted from S. ludwigii MAT-L simply by direct SDS-PAGE
comparison of the culture supernatants from haploid MAT-L and
MAT-� and diploid MAT-L/� cells after metabolic labeling of cells
with [35S]cysteine and methionine (Fig. 8, right panel).

The gene that encodes L-factor has not been identified, and
therefore the L-factor primary amino acid sequence is unknown.
We purified L-factor based on its activity, using Amberlite XAD2
resin and HPLC, as discussed above (195). Mass spectrometry
revealed that L-factor is a farnesylated and carboxylmethylated
12-mer with considerable homology to a-factor (6 of 12 position-
ally conserved residues are identical, and 3 of 12 are similar) (148;
S. Michaelis and S. Carr, unpublished data). Apparently, this level
of similarity is sufficient for L-factor to interact with S. cerevisiae
Ste3 and to elicit a mating-type-specific response (Fig. 9). Inter-
estingly, S. cerevisiae a-factor does not effectively interact with the
S. ludwigii L-factor receptor, since no halo is observed (Fig. 9).

Purification of a-Factor-Related Peptide

We have also used the methods discussed above to purify and
determine the composition of a novel secreted molecule in S.
cerevisiae, which we discovered during our a-factor studies, called
a-factor-related peptide (AFRP) (55). AFRP is a prenylated and
carboxylmethylated species present in the culture medium of
MATa cells, in equal abundance to a-factor itself (note that the gel
resolution in Fig. 8 is not sufficient to resolve a-factor and AFRP).
Certain a-factor antibodies recognize AFRP, but others do not
(55). We have shown that AFRP is derived from the a-factor pre-
cursor and undergoes CAAX processing but, surprisingly, does
not require Ste6 for its export (55). Mass spectrometry analyses
indicate that AFRP corresponds to the C-terminal seven residues
of a-factor, including the prenylated and carboxylmethylated Cys
residue, but AFRP neither stimulates nor inhibits a-factor activity
(55). Thus, the function of AFRP and its mode of export remain
intriguing and unsolved questions.

The same methodology that we used here for AFRP and L-fac-
tor studies is likely to have general utility for the analysis of se-
creted prenylated signaling molecules from other fungi and pos-
sibly from metazoan species, where such secreted a-factor-like
signaling molecules could exist.

LIPOPHILIC PHEROMONES ARE COMMON AMONG FUNGI

Prenylated secreted pheromones are a common feature of the two
best-studied fungal classes, Ascomycetes and Basidiomycetes (32,
38, 51, 52). These classes differ based on their mode of spore gen-
eration, either inside (Ascomycetes) or outside (Basidiomycetes)
of the mother cell. Recent studies indicate they also differ in the
types of pheromone precursors they secrete, with Ascomycetes
producing both hydrophobic and hydrophilic pheromones and

FIG 9 S. ludwigii produces a pheromone with an activity similar to that of S.
cerevisiae a-factor. Halo assays were performed by patching the indicated
strains onto a lawn of MAT� S. cerevisiae or MAT� S. ludwigii cells. The se-
creted L-factor from S. ludwigii is recognized by the receptor on S. cerevisiae,
but not vice versa, as discussed in the text.
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Basidiomycetes producing solely hydrophobic ones such as a-
factor (32, 38, 41, 51, 79, 269). This issue is discussed in detail
below.

The Ascomycetes Secrete Both Hydrophobic (Prenylated)
and Hydrophilic (Unmodified) Pheromones, Analogous to
S. cerevisiae a-Factor and �-Factor

Similar to the case for S. cerevisiae, most Ascomycetes examined to
date encode both hydrophobic (a-factor-like) and hydrophilic (�-
factor-like) pheromones, expressed by two opposite mating types
(41, 79, 138, 269). In general, in cases where the DNA sequence is
known, the precursors for the lipophilic pheromones are relatively
short, ranging in length from 	23 to 45 amino acids (138). The
single shared sequence feature among the lipophilic pheromone
precursor genes is a C-terminal CAAX motif. It is notable that
when the coding sequence for these fungal precursors are com-
pared to one another, generally neither the N-terminal extension,
cleavage sites, nor mature coding portions of their coding se-
quences exhibit obvious similarities (138). Thus, due to lack of
homology and a very small gene size (	150 bp), it is difficult to
scan open reading frames (ORFs) of fungal genomes and pick out
those that could encode a-factor-like precursors.

Species of the Ascomycetes for which putative prenylated pre-
cursors have been reported in the literature include the following:
the fission yeast Schizosaccharomyces pombe (69–71, 266), the hu-
man pathogen Candida albicans (79), the filamentous fungi Neu-
rospora crassa (31, 138) and Sordaria macrospora (176, 205), the
chestnut blight fungus Cryphonectria parasitica (282), the rice
blast pathogen Magnathorpe grisea (242), the white blight patho-
gen Gibberella zeae (139, 158), and the cellulase producer Hypo-
crea jecorina (238). For H. jecorina, the precursor is unusual, shar-
ing commonalities with S. cerevisiae a-factor and �-factor
precursors. The H. jecorina precursor contains three adjacent
CAAX peptides separated by Kex2-like protease sites, implying a
requirement for an initial processing step to generate C-terminal
CAAX motifs (238). Pheromones from several additional filamen-
tous Ascomycetes have been compared (31, 138). As discussed
above and illustrated in Fig. 8 and 9, we have shown that the
ascomycete S. ludwigii also produces a prenylated pheromone,
L-factor, which bears substantial similarity to S. cerevisiae a-factor
(195). In at least one case for the Ascomycetes, that of S. pombe
M-factor, a synthetic prenylated and carboxylmethylated 9-mer
peptide has been demonstrated to have bioactivity (266).

The issue of why Ascomycetes of opposite mating types produce
two distinct types of pheromones, one lipid soluble like a-factor
and the other water soluble like �-factor, is not understood (38,
51, 103, 269). This comes at some cost, as cells must express
unique and complex processing machinery for the production of
each pheromone. Differences in the solubility and diffusibility of
the two pheromone types are likely to be biologically important. It
is possible that the existence of two distinct chemical types of
pheromones ensures that mating partners of the ascomycete fungi
will be able to communicate, no matter whether they find them-
selves on the waxy lipophilic surface of a fruit or washed off that
surface by the rain into a water-based (hydrophilic) milieu. In
either case, at least one of the mating partners will secrete a phero-
mone that can efficiently reach the other partner to elicit mating
responses. Once the mating response has been initiated in the
mating partner responding to the more environmentally favored
pheromone, this would in turn lead to the upregulation and in-

creased secretion of the more environmentally challenged phero-
mone in the partner of the opposite mating type (86, 157, 250). In
this way, the initiation of a mating response could help to com-
pensate for, and overcome, conditions that clearly favor one pher-
omone over another. This issue has been discussed by Whiteway
and colleagues (79, 269).

It is of interest that in a recent study, S. cerevisiae was “repro-
grammed” to generate exclusively lipid-modified pheromones or
hydrophilic pheromones and their cognate receptors, rather than
one of each (103). In either case, when both partners secreted
a-factor-like or �-factor-like pheromones, mating was observed.
Although mating occurred with significantly reduced efficiency,
this study suggests that the expression of two physically distinct
pheromone types is not an absolute requirement for mating in
Ascomycetes (103, 269).

The Basidiomycetes Secrete Exclusively Hydrophobic
(Prenylated) Pheromones

In Basidiomycetes, all known pheromones appear to be of the
lipophilic prenylated (a-factor-like) type (38, 51, 269). Basidi-
omycete species can exist as multiple mating types, ranging from
two to thousands. In all cases, the pheromones of Basidiomycetes
are encoded as precursors with a C-terminal CAAX motif. Exam-
ples of species for which such pheromones are known include
Tremella mesenterica (229), Tremella brasiliensis (120), and Rho-
dosporidium toruloides (132, 133) (as discussed above, farnesyla-
tion was discovered as a posttranslational modification in phero-
mones secreted by these species). For R. toruloides, the precursor
gene encodes multiple copies of the pheromone, and an initial
processing step is required to reveal C-terminal CAAX motifs for
each (3, 63). Other Basidiomycetes for which pheromones are
known are Usitlago maydis (32, 144, 244, 252), Usitlago hordei (6,
145), Cryptococcus neoformans (72, 177, 189, 243), Schizophyllum
commune (92, 267), Coprinus cinereus (38, 52, 197), and Sporiso-
rium reilianium (235). For S. reilianium, at least 8 pheromone
precursor genes have been identified, ranging in size from 10 to 74
residues, all encoding CAAX motifs. Multiple pheromone precur-
sors are also known for C. cinereus and S. commune (38, 52, 92,
215). Notably, S. commune pheromone-receptor gene pairs have
been expressed in S. cerevisiae and can substitute for the endoge-
nous S. cerevisiae receptors and pheromones (92). Genetic and
biochemical evidence supports the importance of prenylation for
several Basidiomycete pheromones (145), and a few of these
pheromones have been purified and/or synthesized to demon-
strate their activity (6, 144, 197).

The reason why Basidiomycetes produce exclusively lipophilic,
water-insoluble pheromones, in contrast to Ascomycetes, which
produce hydrophilic and hydrophobic mating factors, is not
known. However, having a single type, versus two pheromone
types, may reflect differences between the two classes of fungi in
terms of their distinct sexual life cycles. The pheromones of Basid-
iomycetes may be constrained to being lipophilic because of the
specific roles they play in cell fusion, nuclear fusion, and/or nu-
clear migration in this fungal class (52).

How Prevalent Are Lipophilic Signaling Molecules?

A particularly intriguing question is whether eukaryotes other
than fungi can also secrete prenylated signaling molecules. For
instance, do secreted prenylated hormones exist in higher eu-
karyotes such as mammals? This question remains unanswered, as
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such signaling molecules could be challenging to detect directly.
Hormones are present in the bloodstream in vanishingly small
amounts. Furthermore, a hypothetical prenylated hormone might
be so hydrophobic that it is readily adsorbed to circulating poly-
peptides or to the surfaces of the tubes or pipette tips used by
researchers to manipulate samples for the purpose of detecting
such novel components.

Searching for potential a-factor-like signaling molecules by
genomic methods also has drawbacks. The small size of the MFA1
and MFA2 genes encoding a-factor precursors in S. cerevisiae (108
or 114 nucleotides), and likewise those of other fungal species,
often precludes them from being annotated as ORFs (37, 79, 184).
While it should theoretically be possible to identify short ORFs
terminating with a CAAX motif in any organism, the overabun-
dance of candidates makes this type of analysis challenging, even
in species with small genomes, as most candidate short ORFs
would likely not be translated. Ultimately, comparative genomics
and the development of methods such as ribosome profiling (119)
could provide a means of identifying short translated ORFs that
encode novel prenylated signaling molecules, even within the
larger genomes of mammalian cells.

KNOWLEDGE OF a-FACTOR BIOGENESIS PROVIDES
INSIGHTS INTO SEEMINGLY UNRELATED MOLECULES:
MAMMALIAN LAMIN A AND A DROSOPHILA GERM CELL
CHEMOATTRACTANT

The a-factor biogenesis pathway comprises three modular steps
(C-terminal CAAX modification, N-terminal processing, and
nonclassical export). Two fascinating examples suggest that some
or all of these modules may be used to generate other kinds of
biologically important prenylated molecules, namely, the mam-
malian nuclear scaffold component lamin A, defects in which re-
sult in the premature aging disorder Hutchinson-Gilford progeria
syndrome (HGPS) (19, 279), and a secreted chemoattractant in-
volved in germ cell migration in Drosophila (214). These proteins

provide powerful examples of the how the knowledge of a-factor
biogenesis has suggested specific candidate genes required for the
activity of other prenylated proteins, thereby significantly acceler-
ating the pace of discovery in two very different areas of research.

Role of Defective Zmpste24-Mediated Processing of Lamin
A in Progeria and Related Diseases

The mammalian nuclear scaffold proteins lamin A and lamin B
were among the first proteins determined to undergo prenylation,
in addition to fungal pheromones and Ras (22, 88, 111, 265).
Nuclear lamins are intermediate filament proteins that polymer-
ize to form the meshwork that underlies the nuclear envelope,
presumably providing membrane support and a platform for the
organization of heterochromatin, transcription factors, and nu-
clear pore complexes. While lacking in yeast, lamins are present in
all metazoans (80, 273).

There are two main types of lamins, B type and A type. The
B-type lamins (encoded by two different genes) undergo CAAX
modification and are not further processed, retaining their hydro-
phobic farnesyl and carboxylmethyl modifications that may serve
to anchor them to the nuclear envelope (76, 80, 273). The A-type
lamins consist of two splice isoforms, lamin A and lamin C (en-
coded by a single gene, LMNA). Lamin C is a short isoform that
does not terminate in a CAAX motif. Lamin A, however, is syn-
thesized as a precursor, prelamin A, that undergoes CAAX pro-
cessing, followed by an additional endoproteolytic cleavage event
that occurs 15 residues upstream of the prenylated Cys residue,
resulting in the cleavage of the modified tail from the protein (Fig.
10) (16, 22). This cleavage event is reminiscent of the N-terminal
processing of a-factor by Ste24 (26 residues from the prenylated
Cys residue) (Fig. 10) and provided the impetus for experiments
to examine lamin A processing in zmpste24�/� mouse embryonic
fibroblasts. These studies showed that the product of the mouse
Zmpste24 gene, (called ZMPSTE24 in humans) mediates the final
step of lamin A processing (Fig. 10) (24, 203). The reason why cells

FIG 10 Comparison of yeast a-factor processing and mammalian nuclear lamin A processing in healthy cells and disease cells defective in the ZMPSTE24
processing step. The processing pathway of the nuclear protein lamin A (middle) is analogous to that of yeast a-factor (left), as shown. Following CAAX
processing, the modified lamin A tail is removed by ZMPSTE24, the mammalian homolog of yeast Ste24. Defective processing of pre-lamin A that leads to
progeroid diseases is also shown (right). As discussed in the text, the failure to remove the tail due to the absence of the ZMPSTE24 cleavage site within pre-lamin
A causes Hutchinson-Gilford progeria syndrome (HGPS). Failure to remove the tail due to mutations in ZMPSTE24 lead to the related progeroid disorders
mandibuloacral dysplasia type B (MAD-B) and restrictive dermopathy (RD).
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modify the lamin A tail only to subsequently cleave it off is not
clear. However, this step in lamin A biogenesis is important for
human health and longevity, since mutational alterations of ei-
ther lamin A or ZMPSTE24 that diminish lamin A cleavage by
ZMPSTE24 cause a spectrum of progeroid disorders (45, 73, 279).
Apparently, the persistently prenylated form of lamin A causes
problems in a variety of tissues by a mechanism that is not yet
understood.

Among progeroid disorders, the best-studied is Hutchinson-
Gilford progeria syndrome (HGPS), a rare and devastating disease
that causes children to age prematurely and rapidly (45, 73). Chil-
dren are asymptomatic at birth but begin to manifest features of
premature aging at about 1 year of age. Symptoms include failure
to thrive, hair loss, thin skin, lipodystrophy, and cardiovascular
disease. These children typically die in their mid-teens from com-
plications of atherosclerosis. HGPS is caused by a point mutation
in LMNA that alters splicing and leads to production a form of
lamin A that contains a 50-amino-acid in-frame deletion (78, 87).
This mutant form of lamin A, called progerin, lacks the Zmpste24
cleavage site, resulting in its persistent prenylation, which in turn
causes disease (Fig. 10). While it remains unclear how the persis-
tently prenylated lamin A molecule elicits disease, farnesyltrans-
ferase inhibitors (FTIs), which were originally tested for treatment
of Ras-based cancers, have shown promising results in cell culture
and mouse models of progeria (46, 47, 102, 169, 259, 276, 277).
The results of the first clinical trial testing the efficacy of FTIs in
children with HGPS will soon be reported.

Mutations in ZMPSTE24 also cause progeroid disorders, either
lesser or greater in severity than HGPS. Restrictive dermopathy
(RD) is more severe than HGPS. RD is fatal in utero or shortly
after birth and results from a complete ZMPSTE24 null pheno-
type, due to truncation or frameshift mutations in both alleles of
ZMPSTE24 (191). All of the lamin A produced in the cells of
individuals with RD is predicted to exist in the permanently pre-
nylated toxic form. In contrast, the disease mandibuloacral dys-
plasia type B (MAD-B) is milder than HGPS but shares with it
generalized lipodystrophy and skeletal abnormalities (2). The ma-
jority of MAD-B patients have one null and one partially active
ZMPSTE24 allele, thus impeding but not totally preventing
ZMPSTE24 cleavage of the lamin A tail. Taken together, the cur-
rent data suggest that MAD, HGPS, and RD represent a spectrum
of similar diseases of increasing severity that correlates with in-
creasingly greater amounts of the persistently prenylated form of
lamin A (19, 20, 45, 73). Mammalian ZMPSTE24 can complement
a yeast ste24� rce1� mutant for a-factor activity. Thus, yeast mat-
ing and halo assays can be used to assess the severity of human
ZMPSTE24 disease alleles (2, 20).

Drugs that inhibit ZMPSTE24 through off-target effects have
now also been suggested to be associated with progeroid symp-
toms (49, 64, 65). Drug cocktails used to treat HIV patients in-
clude rationally designed protease inhibitors (PIs) that target the
HIV retroviral aspartyl protease (62). However, it has been dem-
onstrated in cell culture systems that some of these drugs can also
reduce ZMPSTE24 zinc metalloprotease activity, leading to an
accumulation of the prenylated uncleaved form of lamin A (49,
64, 65). These HIV PIs also inhibit yeast Ste24 in vitro (115).
Whether or not the toxic lamin A is the direct cause of the prog-
eroid and lipodystrophy symptoms experienced by some HIV pa-
tients taking PI cocktails is currently unclear, but this remains a
potential explanation.

Finally, there is evidence that Zmpste24 cleavage of lamin A
may be important during normal aging. Zmpste24 activity is di-
minished in blood vessel smooth muscle cells from aged individ-
uals, possibly due to downregulation of Zmpste24 (208). In addi-
tion, the progerin form of lamin A, which cannot be cleaved by
Zmpste24, is present in increased amounts in skin biopsy speci-
mens from old versus young individuals and in in vitro aged tissue
culture cells, suggesting that Zmpste24 cleavage of lamin A may
play a role in physiological aging (178, 217). The discovery of
Ste24 based on its a-factor-processing activity in turn led to its
demonstration as the lamin A endoprotease and has provided a
striking example of the unexpected implications of a-factor bio-
genesis research.

Drosophila Germ Cell Migration: Biogenesis of a Germ Cell
Attractant Involves a Pathway Similar to That for a-Factor

Germ cell migration is a process that may involve a signaling mol-
ecule analogous to a-factor. Primordial germ cells in the embryos
of metazoans migrate from their site of origin to a specific meso-
dermal location in the gonad, where they develop into mature egg
and sperm (214). While chemoattractants are commonly hydro-
philic secreted molecules, evidence from two model organisms,
zebrafish and Drosophila, suggests that in both cases germ cell
migration is guided in part by a secreted attractant that is gera-
nylgeranylated. This conclusion is based on the findings that mu-
tations or pharmacological treatments that diminish Drosophila
or zebrafish GGTase I prenylation activity cause a defect in germ
cell migration (213, 230, 258).

Recently, Ricardo and Lehmann have provided genetic evi-
dence that a pathway strikingly similar to that of a-factor biogen-
esis is implicated in the production of the proposed prenylated
germ cell migration factor in Drosophila (213). Mutations in Dro-
sophila homologs for genes in each of the three a-factor biogenesis
modules cause germ cell migration defects. These include Dro-
sophila genes likely to mediate CAAX processing (�ggt1 and
Dme1/ste14), N-terminal cleavage (Dme1/ste24), and export
(mdr49). Strikingly, mdr49 is the closest homolog in Drosophila to
the yeast ABC transporter gene STE6, and expression of yeast
STE6 in the Drosophila mdr49 mutant restores proper germ cell
migration (213).

An ex vivo germ cell migration assay established by the Leh-
mann group has been utilized to probe the genetic requirements
for the secretion of this prenylated chemoattractant (213). In this
assay, germ cells are scored for their ability to migrate to an adja-
cent chamber containing conditioned medium from wild-type or
mutant Drosophila tissue culture (KC) cells. Wild-type KC cells
secrete the chemoattractant and prompt the migration of germ
cells, but the mutant KC cells that are defective in the CAAX-
processing enzymes or the ABC transporter mdr49 do not. Secre-
tion of the chemoattractant is not inhibited in secretory mutants,
suggesting that like for a-factor, an unconventional export route
may be utilized. The identity of the germ cell migration chemoat-
tractant has not yet been determined. However, the fractionation
of conditioned culture medium should allow the purification of
the intriguing secreted and prenylated chemoattractant. The use
of biochemical methods, including capture on the XAD2 resin to
which a-factor and other small hydrophobic molecules readily
bind (55, 251), should facilitate purification of the germ cell at-
tractant.

Clearly, the thorough understanding of the a-factor biogenesis
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pathway provided important groundwork for the characterization
of the Drosophila germ cell attractant. It is of interest to note that a
common pathway appears to be important in both yeast and flies
for processes that are essential for reproduction in both organ-
isms. Whether a prenylated ABC transporter-dependent che-
moattractant also plays a role in mammalian germ cell migration
is now a fascinating possibility to explore.
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