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Role of Yeast Insulin-Degrading Enzyme
Homologs in Propheromone Processing
and Bud Site Selection

Neil Adames, Kelly Blundell, Matthew N. Ashby, Charles Boone*

The Saccharomyces cerevisiae AXL1 gene product Axl1p shares homology with the
insulin-degrading enzyme family of endoproteases. Yeast ax/7 mutants showed a defect
in a-factor pheromone secretion, and a probable site of processing by Axl1p was identified
within the a-factor precursor. In addition, AxI1p appears to function as a morphogenetic
determinant for axial bud site selection. Amino acid substitutions within the presumptive
active site of AxI1p caused defects in propheromone processing but failed to perturb bud
site selection. Thus, AxI1p has been shown to participate in the dual regulation of distinct
signaling pathways, and a member of the insulinase family has been implicated in propep-

tide processing.

Peptide hormones secreted by higher eu-
karyotes are synthesized as larger precursors
and released in mature form by the action of
specific processing proteases (1). Analogous
proteolytic maturation occurs for Saccharo-
myces cerevisiae pheromones involved in the
mating response of haploid a and « cells
(2). The pheromone produced by a cells,
a-factor, is one of a growing number of
secreted proteins, such as interleukin-la
(IL-1a), IL-1B, and some fibroblast growth
factors (such as FGF-1 and FGF-2) (3), that
are processed from precursors before export
through a nonclassical secretory pathway.
The proteolytic maturation of progenitor
a-factor (pro—a-factor) is not well under-
stood and provides an opportunity to iden-
tify novel eukaryotic processing enzymes.
Here we present genetic evidence implicat-
ing yeast homologs of human insulin-de-
grading enzyme (hIDE), encoded by AXLI
and STE23, in the specific processing of
pro-a-factor.

Pro—a-factor is encoded by two genes,
MFAI and MFA2, with products that are 36
and 38 amino acids in length, respectively
(4, 5). These precursors contain a single
copy of the mature a-factor peptide, with an
NH,-terminal extension and a COOH-ter-
minal CAAX consensus sequence (C is cys-
teine, A is usually aliphatic, and X can be
various amino acids). The cysteine residue of

N. Adames, K. Blundell, C. Boone, Institute of Molecular
Biology and Biochemistry, Simon Fraser University,
Burnaby, British Columbia, V5A 1S6, Canada.

M. N. Ashby, Department of Molecular and Cell Biology,
University of California, Berkeley, CA 94720, USA.

*To whom correspondence should be addressed.

464

CAAX proteins is isoprenylated within the
cytoplasm; such lipid-modified proteins be-
come localized in the membrane, then un-
dergo endoproteolysis of the three terminal
AAX residues and methylesterification of
the free carboxylate group on the prenylated
cysteine (6). The genes encoding most of the
enzymes responsible for these modifications
have been characterized (7, 8), and muta-
tions in these genes abolish a-factor secre-
tion, leading to an a-specific mating defect
(7, 8). After COOH-terminal processing,
the a-factor precursor undergoes two sequen-
tial NH,-terminal endoproteolytic events (8,
9). The final NH,-terminal cleavage gener-
ates mature a-factor, a 12—amino acid li-
popeptide (10, 11). Ultimately, the STE6
product, an adenosine triphosphate—hydro-
lyzing transport protein related to the mam-
malian multidrug resistance protein (Mdrl),
mediates a-factor transport across the cell
surface (12).

To identify genes required for pro-a-
factor maturation, we mutagenized a cells
and screened for strains that showed a re-
duced mating efficiency as well as a defect
in secreted a-factor activity (13). A mutant
allele, designated ste22-1, identitied a novel
gene required for normal amounts of secret-
ed a-factor activity (Fig. 1A). In crosses to a
wild-type « strain, we found that the steril-

ity cosegregated with this reduced phero- -

mone production and that o ste22-1 cells
mated with normal efficiency (Fig. 1A). A
similar but more severe a-specific pheno-
type was associated with a strain from
which the a-factor structural genes MFAI
and MFA2 were deleted (Fig. 1A). Thus,
20 OCTOBER 1995

SCIENCE ¢ VOL. 270 e

ste22-1 mutants exhibited an a-specific
mating defect that appeared to be caused by
reduced secretion of active pheromone.

We cloned STE22 by complementation
of the mating defect of ste22-1 cells, using a
yeast genomic library. Four plasmids, with
overlapping genomic inserts, that comple-
mented both the sterility and the reduced
a-factor production were isolated. Subclon-
ing and sequence analysis revealed that
STE22 was identical to AXLI (14). Thus,
AXLI rescued the mating defect of ste22-1
cells (Fig. 1B). The AXLI product is re-
quired for generation of the axial budding
pattern displayed by haploid cells (14) and
shares sequence similarity with members of
a family of endoproteases whose archetypes
are hIDE and Escherichia coli protease III
(15)—metalloproteases with a preference for
small peptide substrates (16, 17). In vivo,
hIDE is implicated in the degradation of
intracellular insulin, whereas the physiolog-
ical substrate of protease Il remains un-
known (16, 17). Another member of the
hIDE family, rat N-arginine dibasic conver-
tase (NRDC), is proposed to function as a
prohormone processing enzyme (18). A
highly conserved domain is present in
hIDE-like sequences that is likely to be
important both for proteolysis and for metal
binding (Fig. 2A) (17).

An axll::URA3 disruption was con-
structed (Fig. 2B) and introduced into a
diploid strain that was heterozygous for
ste22-1. Sporulation and tetrad analysis re-
vealed that axll::URA3 was tightly linked
to ste22-1 (19). Moreover, the axll::URA3
phenotype was comparable to that of
ste22-1 (Fig. 1A). These data confirmed
that ste22-1 was a mutant allele of AXLI.
Mutations in AXLI cause haploid cells to
bud with a bipolar pattern that is normally
displayed by diploid cells (14). Because the
genetic background of the strain we used for
the mutant isolation is defective for bud site
selection (20), we constructed an axll dis-
ruption in a haploid strain normal for axial
budding, EG123. This axll::URA3 mutant
showed both a bipolar budding pattern and
a mating defect associated with reduced
a-factor secretion (19).

Because insulinase homologs can func-
tion as specific endoproteases (18), Axllp
may act as a propheromone processing en-
zyme. We tested an axl] mutant for defects
in COOH-terminal CAAX-proteolysis and
found it to be unaffected (21). To address
the possibility that Axllp is involved in
NH,-terminal processing, a-factor proteins
were labeled with [**S]cysteine in a pulse-
chase protocol, then immunoprecipitated
from both intracellular and extracellular
fractions and subjected to polyacrylamide
gel electrophoresis (PAGE). Three differ-
ent intracellular a-factor peptides were ob-
served in cells containing a functional



AXLI gene (Fig. 2C). The largest form,
designated P1, has been assigned to a pro-
pheromone molecule with a completely
modified COOH-terminus, yet retains an
unprocessed NH,-terminal extension (Fig.
2D) (8, 9). The P2 propheromone is de-
rived from P1 through proteolytic cleavage

Fig. 1. Mating efficiency A

and secreted a-factor Mating

a phenotype

within the NH,-terminal domain of the
precursor (8, 9). The species designated M
corresponds to mature a-factor, which re-
sults from a second cleavage event within
the NH,-terminal region of P2 (8, 9). Only
the mature pheromone is efficiently export-
ed across the plasma membrane and recov-

o phenotype B
Mating

activity associated with

ste22 (ax/7) mutants. Wild-type
Mating and secreted a-

factor assays were de- ste22-1
termined for a set of co-

isogenic strains that dif- mfaiA
fered only at the indicat- mfa2A
ed loci (30) as described axi1-URAZ

previously (28). The mat-
ing efficiency is reflected
by the formation of diploid colonies, which appear white
on the black background. 70« (thr3) served as the fertile
MATa mating tester strain. We assayed secreted a-fac-
tor activity by patching MATa cells onto a lawn of MAT«
cells, SY2014 (ste3A306 sst24), which show hypersen-
sitivity to a-factor. Secretion of bioactive a-factor arrest-
ed the growth of the surrounding lawn of cells, creating a
clear zone or halo. (A) Mating tests were conducted for
the following MATa strains: wild-type (SY2625), ste22-1
(Y49), mfalA mfa2A (Y115), and ax/1.:URA3 (Y142).
Mating tests were also conducted for the following MA T«
strains: wild-type (Y199), ste22-1 (Y278), mfalA mfa2A
(Y195), and ax/1::URA3 (Y197). (B) Test for mating and
secreted a-factor activity of ste22-1 cells carrying AXL7

a-factor

pAXL1 f
Vector

pAXL1

Vector

Cc

Mating a-factor

Wild-type
axl1::URA3

ste23A::URA3

axl1::URA3
ste23A::URA3

(pAXLT) or the vector (pRS316) (23). (C) Mating efficiency and secreted a-factor activity associated with
ste23 mutants. Mating and a-factor assays were conducted for the following MATa strains: wild-type
(8Y2625), ax/1::URA3 (Y142), ste23A::URA3 (Y221), and the ax/1::URAS ste23A::URA3 double mutant

(Y220) (30).

Fig. 2. AXL7 disruption construct A

* * %

and an alignment of amino acid se- Axl1p
qguences from within the proposed hiDE
activg site domain of the insulin-de- ,';'r%?gase m
grading enzyme family of metalloen- Ste23p

54 GSHNDPEKDIAGLAHLCEHMILSAGSKKYP
94 GSLSDPPNIAGLSHFCEHMLF-LGTKEKYP

230 GSFADPDDLPGLAHFLEHMVF-MGSLEKYP

74 GSLEDPEAYQGLAHYLEHMSL-MGSKKYP
104 GAFEDPENLPGLAHFCEHLLF-MGSEKFP

doproteases. (A) Alignment of a highly
conserved sequence found within the
insulin-degrading enzyme family of
endoproteases (29). Asterisks mark

|_Hpa lm
[—Sal |

L_Hpa |
I—Bam HI
|— Sst |
—Eco RI
|- Xho |
—Sall
|- Eco RI

key residues of the HXXEH motif that

are required for proteolysis by hiIDE

and protease lll (7 7). GenBank acces-

sion numbers for these sequences are D17787 (Axi1p),
M21188 (hIDE), L27124 (NRDC), X06227 (protease lll), and
U19729 (Ste23p). (B) The ax/1::URA3 disruption construct
(23). (C) Processing of the MFA1 a-factor precursor in wild-
type and axiT mutant cells. Wild-type (SY2625) and
axl1::URAS3 cells (30) containing YEpMFAT (23) were labeled
with [3%S]cysteine for 5 min and chased with an excess of
unlabeled cysteine and methionine (8). Samples were taken
at the indicated number of minutes after the chase. The
a-factor peptides were immunoprecipitated from intracellu-
lar and secreted fractions by means of polyclonal antibodies
that were specific for the peptide found within mature a-fac-
tor (77). The immunoprecipitated material was subjected to
SDS-PAGE analysis and visualized by autoradiography as
described previously (8). P1 designates the a-factor precur-
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P1 .
[ " T

M

axl1::URA3
5 15 30 60 120

sesee

(9]
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Secreted Intracellular

o

3. Ax'” p famesyl
MQPSTATAAPKEKTSSEKKDNYIIKGVFWDPAC-Methyl

sor with a fully modified COOH-terminus, P2 designates the precursor with the first seven amino acids removed
(8, 9), and M designates mature a-factor. (D) The structure of the a-factor propheromone P1. Arrowheads
indicate the proposed positions of cleavages that would generate P2 (9) and mature a-factor (underlined). The

latter cleavage is AXL7-dependent.
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ered from the extracellular fraction (8, 9).
In axll::URAS3 cells, the P1 propheromone
was processed to the P2 form at a normal
rate, but the P2 intermediate was processed
inefficiently and remained relatively stable
for the duration of the chase period (Fig.
2C). Consequently, axll::URA3 mutants
produced small amounts of exported pher-
omone (Fig. 2C). Thus, the sterility of axlI
cells largely resulted from a defect in P2
propheromone processing and reduced se-
cretion of mature a-factor.

Although propheromone processing was
greatly impaired, axll mutants were able to
secrete residual levels of bioactive a-factor
(Fig. 1), which implied that S. cerevisiae con-
tains a functional homolog of Axllp. The
chromosome XII sequencing project has iden-
tified a sequence, 1L8084.12 (22), which we
call STE23, encoding a new member of the
insulin-degrading enzyme family (Fig. 2A).
To assess the function of STE23, we created a
ste23A::URA3 deletion mutation (23). When
introduced into strains with a wild-type AXLI
gene, the ste23A::URA3 mutation failed to
perturb mating efficiency or secreted a-factor
activity (Fig. 1C). In contrast, experiments
with the axll::URA3 ste23A::URA3 double
mutant clearly showed that ste23A::URA3
accentuated both the mating and secreted-
pheromone defects of axll::URA3 cells
(Fig. 1C). Pulse-chase studies indicated
that the a-factor precursor was processed
normally in ste23A::URA3 cells; however,
as observed for axll::URA3 cells, the
axll::URA3 ste23A::URA3 double mutant
accumulated the P2 propheromone intra-
cellularly (19). Thus, our findings are con-
sistent with the possibility that Ste23p is
responsible for the residual propheromone
processing displayed by axll mutants. We
also examined the effect of ste23A::URA3
on bud site selection by means of a micro-
colony assay and calcofluor staining of bud
scars (24). EG123 ste23A::URA3 cells bud
with an axial pattern, and the axll::URA3
ste23A::URA3 double mutant generates the
bipolar pattern also observed for axll::
URA3 cells (19). Therefore, Ste23p does not
appear to participate in bud site selection.

Both hIDE and protease Il contain a
sequence motif with two invariant histidine
residues and a glutamate, HXXEH (17). Sub-
stitutions for either of the histidine residues
cause a loss of proteolytic activity as well as
a defect in metal binding (17). The gluta-
mate residue is also important for proteolysis,
and by analogy with the function ascribed to
a similar motif found in thermolysin, the
carboxylate side chain of the glutamate is
expected to participate in catalysis (25). By
site-specific mutagenesis, we generated three
variants of the HXXEH sequence found
within Axllp (Fig. 2A) that correspond to
substitutions of the first histidine (axll-
H68A), and the glutamate residue (axll-
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Fig. 3. (A) Mating efficiency, secreted a-

factor activity, and bud site selection were A

Bud site selection (%)

Mating a-factor  Axial Bipolar Random
determined for ax/TA::LEUZ2 ste23A:;LEU2 :
double mutant cells carrying sybstitutions Vector 35 g2 3
that alter the proposed active site of Axl1p.
Cells were transformed with HA epitope— AXL1
tagged versions of AXL1, axIT-HE8A, ax!1- 91 8 1
E71A, and ax/1-E7 1D (p151, p162, p161,
and p163, respectively), or with the vector axl1-HE8A 90 9 1
(YEp352) (37). Mating and secreted pher-
omone assays (28) were conducted with axI1-E71A 92 74 1
Y231 transformants, and bud site selec-
tion assays (24) were conducted with Y272 axI1-E71D 92 7 1
transformants (30). Before these assays,
the cells were grown on selective medium
to maintain plasmids. For bud site selection, actively growing cells were B =
spread on agar slabs, and scored at the two-cell-two-bud stage for an & r ¥
axial, bipolar, or random pattern. At least 600 microcolonies were observed £ QS? Q'I\\ ,\‘9
for each transformant. (B) Steady-state levels of Axl1p proteins with sub- R &

stitutions in the metalloprotease active site consensus sequence. Crude
extracts prepared from ax/1A::LEUZ cells (Y173) expressing the indicated

AXL1 alleles, either with an HA tag (p151, AXL1; p161, ax/1-E71A; p162,
axl1-HE68A; p163, ax/1-E71D) or without an HA tag (p129, no tag) (37) were analyzed by immunoblotting

with 12CA5 antibodies (Boehringer Mannheim).

E71A and axlI-E71D). Both the axl1-H68A
and axll-E7 1A alleles failed to restore pher-
omone production and mating to an axll
ste23 double mutant, whereas the more con-
servative substitution associated with axll-
E71D complemented these mutant pheno-
types (Fig. 3A). The loss of function associ-
ated with axl1-H68A and axl1-E7 1A was not
due to reduced product expression or stabil-
ity, because epitope-tagged versions of the
altered proteins were detected at steady-state
levels that were identical to that of the wild-
type protein (Fig. 3B). It is likely that Axl1p
functions as a metalloprotease involved in
propheromone processing with the participa-
tion of His®® and Glu”! in a thermolysin-like
mode of proteolysis.

On the basis of the homology shared
with hIDE, it has been suggested that Axl1p
contributes to bud site selection through a
proteolytic mechanism (14). As a test of
this hypothesis, we examined the budding
pattern resulting from expression of axll
alleles altered in the metalloprotease active
site consensus sequence. Although defec-
tive for a-factor secretion and mating, we
found that cells expressing axll-H68A and
axl1-E7 1A budded with a normal axial pat-
tern (Fig. 3A). Thus, these mutations ge-
netically separated the pheromone process-
ing and bud site selection functions associ-
ated with AXLI, which suggests that par-
ticipation of Axllp in axial budding does
not require proteolysis.

We have demonstrated a processing
phenotype for axll mutants that is consis-
tent with Axllp acting as a specific endo-
protease involved in pro-a-factor matura-
tion. These results combine with those of
Fujita et al. (14) to implicate AXLI in the
dual regulation of intercellular signaling
during the yeast mating response and intra-
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cellular signaling for axial bud site selec-
tion. Our findings imply that the proteolyt-
ic activity of Axllp is required to process a
farnesylated and membrane-bound form of
pro—a-factor (8) to generate mature phero-
mone for secretion by Ste6p (26); therefore,
we suggest that Axllp may localize to the
inner surface of the plasma membrane. Sur-
face localization would also allow Axl1p to
contribute to bud site selection through
interaction with the products of other genes
required for axial budding, including Bud3p
and Bud4p, or components of the Rsrlp
(Budlp) Ras-like guanosine triphosphatase
cycle (27). These interactions could in-
volve proteolysis, but our results suggest
that Axllp contributes to axial budding
through a nonproteolytic mechanism. Re-
gardless of the role for Axllp in bud site
selection, its requirement for pro-a-factor
maturation supports the notion that insuli-
nase homologs function as eukaryotic
propeptide convertases (18).
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Single-letter abbreviations for the amino acid resi-
dues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,
Trp; and Y, Tyr.

A W303 1A derivative, SY2625 (MATa ura3-1 leu2-3,
1121trp1-1ade2-1 can1-100 sst1A mfa2A::FUST- lacZ
his3A::FUS1-HIS3), was the parent strain for the mutant
search. SY2625 derivatives for the mating assays, se-
creted pheromone assays, and the pulse-chase exper-
iments included the following strains: Y49 (ste22-1),
Y115  (mfa1A:LEU2), Y142  (axI1::URA3), Y173
(axI1ALEU2), Y220 (ax!1::URA3 ste23A::URAS), Y221
(ste23A::URA3), Y231 (axITALLEU2 ste23A::LEU2),
and Y233 (ste23A:LEU2). MATo derivatives of
SY2625 included the following strains: Y199
(SY2625 made MATa), Y278 (ste22-1), Y195
(mfa1A:LEU2), Y196 (ax/1A:LEU2), and Y197
(ax/1::URAQ). The EG123 (MATa leu2 ura3 trp1 cant
his4) genetic background was used to create a set of
strains for analysis of bud site selection. EG123 de-
rivatives  included the following strains: Y175
(axITALEU2), Y223 (ax!1::URA3), Y234 (ste23A::
LEU2), and Y272 (axITA:LEU2 ste23A::LEU2).
MATa derivatives of EG123 included the following
strains: Y214 (EG123 made MATa) and Y293
(axITA:LEU2). All strains were generated by means
of standard genetic or molecular methods involving
the appropriate constructs (23). In particular, the ax/7
ste23 double mutant strains were created by cross-
ing of the appropriate MATa ste23 and MATw axl/1
mutants, followed by sporulation of the resultant dip-
loid and isolation of the double mutant from nonpa-
rental di-type tetrads. Gene disruptions were con-
firmed with either PCR or Southern (DNA) analysis.
p129 is a YEp352 [J. E. Hill, A. M. Myers, T. J. Ko-
emer, A. Tzagoloff, Yeast 2, 163 (1986)] plasmid con-
taining a 5.5-kb Sal | fragment of pAXL7. p151 was
derived from p129 by insertion of a linker at the Bgl Il
site within AXL 7, which led to an in-frame insertion of
the hemagglutinin (HA) epitope (DQYPYDVPDYA) (29)
between amino acids 854 and 855 of the AXLT prod-

uct. pC225 is a KS+ (Stratagene) plasmid containing
a 0.5-kb Bam HI-Sst | fragment from pAXL 7. Substi-
tution mutations of the proposed active site of Axl1p
were created with the use of pC225 and site-specific
mutagenesis involving appropriate synthetic oligonu-
cleotides (ax/1-HE8A, 5'-GTGCTCACAAAGCGCT-
GCCAAACCGGC-3'; axI1-E71A, 5'-AAGAATCAT-
GTGCGCACAAAGGTGCGC-3'; and axI1-E71D, 5'-
AAGAATCATGTGATCACAAAGGTGCGC-3').  The
mutations were confirmed by sequence analysis. Af-
ter mutagenesis, the 0.4-kb Bam HI-Msc | fragment
from the mutagenized pC225 plasmids was trans-
ferred into pAXL 1 to create a set of pRS316 plasmids
carrying different AXL7 alleles, p124 (ax/1-H68A),
p130 (axI1-E71A), and p132 (ax/1-E71D). Similarly, a
set of HA-tagged alleles carried on YEp352 were cre-
ated after replacement of the p151 Bam HI-Msc |
fragment, to generate p161 (ax/1-E71A), p162 (ax/1-
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HE8A), and p163 (ax/1-E71D).
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Quantitative Monitoring of Gene Expression
Patterns with a Complementary DNA Microarray

Mark Schena,” Dari Shalon,*t Ronald W. Davis,
Patrick O. Browni

A high-capacity system was developed to monitor the expression of many genes in
parallel. Microarrays prepared by high-speed robotic printing of complementary DNAs on
glass were used for quantitative expression measurements of the corresponding genes.
Because of the small format and high density of the arrays, hybridization volumes of 2
microliters could be used that enabled detection of rare transcripts in probe mixtures
derived from 2 micrograms of total cellular messenger RNA. Differential expression
measurements of 45 Arabidopsis genes were made by means of simultaneous, two-color

fluorescence hybridization.

The temporal, developmental, topographi-
cal, histological, and physiological patterns
in which a gene is expressed provide clues to
its biological role. The large and expanding
database of complementary DNA (cDNA)
sequences from many organisms (1) presents
the opportunity of defining these patterns at
the level of the whole genome.

For these studies, we used the small flow-
ering plant Arabidopsis thaliana as a model
organism. Arabidopsis possesses many ad-
vantages for gene expression analysis, in-
cluding the fact that it has the smallest
genome of any- higher eukaryote examined
to date (2). Forty-five cloned Arabidopsis
c¢DNAs (Table 1), including 14 complete
sequences and 31 expressed sequence tags
(ESTs), were used as gene-specific targets.
We obtained the ESTs by selecting cDNA
clones at random from an Arabidopsis
cDNA library. Sequence analysis revealed
that 28 of the 31 ESTs matched sequences
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in the database (Table 1). Three additional
cDNAs from other organisms served as con-
trols in the experiments.

The 48 cDNAs, averaging ~1.0 kb,
were amplified with the polymerase chain
reaction (PCR) and deposited into indi-
vidual wells of a 96-well microtiter plate.
Each sample was duplicated in two adja-
cent wells to allow the reproducibility of
the arraying and hybridization process to
be tested. Samples from the microtiter
plate were printed onto glass microscope
slides in an area measuring 3.5 mm by 5.5
mm with the use of a high-speed arraying
machine (3). The arrays were processed by
chemical and heat treatment to attach the
DNA sequences to the glass surface and
denature them (3). Three arrays, printed
in a single lot, were used for the experi-
ments here. A single microtiter plate of
PCR products provides sufficient material
to print at least 500 arrays.

Fluorescent probes were prepared from
total Arabidopsis mRNA (4) by a single
round of reverse transcription (5). The Ara-
bidopsis mRNA was supplemented with hu-
man acetylcholine receptor (AChR) mRNA
at a dilution of 1:10,000 (w/w) before cDNA
synthesis, to provide an internal standard for
calibration (5). The resulting fluorescently
labeled cDNA mixture was hybridized to an
array at high stringency (6) and scanned
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