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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 AXLl gene product Axllp shares homology with the 
insulin-degrading enzyme family of endoproteases. Yeast ax11 mutants showed a defect 
in a-factor pheromone secretion, and a probable site of processing by Axll p was identified 
within the a-factor precursor. In addition, Axll p appears to function as a morphogenetic 
determinant for axial bud site selection. Amino acid substitutions within the presumptive 
active site of Axll p caused defects in propheromone processing but failed to perturb bud 
site selection. Thus, Axll p has been shown to participate in the dual regulation of distinct 
signaling pathways, and a member of the insulinasefamily has been implicated in propep- 
tide processing. 

Pep t lde  hormones secreted hy hiqher eu- 
karyotes are synthes~zed as larqer precursors 
and releaseii In mature form by the action of 
speclflc processing proteases ( I ) .  A n a l o g o ~ ~ s  
proteolyt~c ~na t~ l ra t ion  occurs for Saccharo- 
rnyces cerezlsiae pheromones ~nvolved in the  
matinq response of haploicl a and ct cells 
(2 ) .  T h e  pherolnone proiluced hy a cells, 
a-factor, is one of a groalng number of 
secreted proteins, such as ~n te r l euk in - l a  
( I L - l a ) ,  IL-1P, ancl some flhrohlast groat11 
factors (such as FGF-1 and FGF-2) (3 ) ,  that 
are processed from precursors before export 
through a ~lo~lclassical secretory path\vay. 
T h e  proteolyt~c maturat~on of progenitor 
a-factor (pro-a-factor) 1s not well under- 
stood anc1 prov~des a n  opportunlt\- to iden- 
t ~ f y  novel eukaryotic processing enzymes. 
Here we oresent eenetic evidence imnl~cat-  
i rg  yeast homologs of human ~ n s ~ ~ l i n - d e -  
grading en:\-me (hIL>E), encoded by AXL1 
and STE23, 111 the specific processing of 
pro-a-factor. 

Pro-a-factor is encoded by t\vo genes, 
M F 4 1  and MFA2, ~ ~ : l t h  p rod~~c t s  that are 36 
anil 38 allllno ac~cls 111 length, respectively 
(4 ,  5 ) .  These precursors contain a slngle 
copy of the mature a-factor peptlde, ~vlt1-1 an  
NH2-term~nal  extension and a COOH-ter- 
n l~na l  CAAX consensus sequence ( C  1s cys- 
telne, A is usually al~phatlc,  and X can he 
various anl i~lo  aclds). T h e  cyste~ne residue of 

CAAX nroteins 1s isonrenvlatecl witllin the 
c\-top1a"n; S L I C ~ I  lipid-;llod'fled proteins he- 
come localized in the membrane, then LIII- 

dergo endoproteolysis of the three ter~llinal 
AAX residues and metl~\-lesterificatio~l of 
the free carhoxylate group o n  the pen\-lated 
cystelne (6).  T h e  qenes encoc-1i11g 111ost of the 
en:\-mes responsible for these ~nodif~catlons 
have heen characterlzed 17. 8). and muta- 
tions 111 these genes ahol~sh a-factor secre- 
tion, lead~ng to an  a - spec~f~c  mating defect 
(7 ,  8). After COOH-term~nal  processing, 
the a-factor precursor undergoes two seiluen- 
t ~ a l  NH,-terminal endoproteolytic events (8,  
9 ) .    he-f~nal NH,-terminal cleavage gener- 
ates mature a-factor, a 12-am~no acid li- 
popeptide (1C. 11). Ultimately, the STE6 
product, a n  adenosine tr~l>l~ospl~ate-hydro- 
lyz~nq transport protein related to the m a n -  
malian m ~ ~ l t ~ d r u g  resistance p ro te~n  (Mdr l ) ,  
medlates a-factor tr;rnsport across the cell 
surface ( 12). 

T o  iclentlfy genes required for pro-a- 
factor maturation. Lye mutairen~zed a cells 
and screened for strains that shon~ecl a re- 
duced m a t ~ n q  cff~clency as well as a defect 
111 secreted a-factor act iv~ty (13) .  A mutant 
allele, designated ste22-1, ~dentii ied a novel 
gene requ~red for nor~llal  anlounts of secret- 
ed a-factor act~vi ty  (Flq. 1A).  In crosses to a 
w ~ l d - t y ~ e  ct strain. \ye found that the  sterll- 
ity coseqregated with t h ~ s  reduce~l pl~ero-  
lnolle production and that oc ste22-1 cells 

N Adames K. Blundel C Boone, l n s t ~ t ~ ~ t e  of Molecular lnateJ \\itll norlllal efflclency (Fig, 1A) .  A 
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Universty of Caforna, Berkeley CA 9'720 USA. which the  a-factor structural genes MFA1 
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ste22-1  nuta ants exh~h l t ed  a n  a-speciflc 
m a t ~ n q  defect that appeared to he caused hy 
reduced secretloll of actlve pheromone. 

LVe cloned STE22 hy complementation 
of the matlnq defect of ste22-1 cells, usinq a 
yeast genonlic lihrary. Four plasm~ds. 11'1th 
overlapping genonllc inserts, that comple- 
mented hot11 the s t e r ~ l ~ t y  and the  reduced 
a-factor productLon were ~solated. Suhclon- 
lng and sequence anal\-sls revealed that 
STE22 [vas ident~cal  to AXLl (14) .  Thus, 
AXL1 rescued the matlng defect of ste22-1 
cells (Fiq. 1R). T h e  AXL1 product 1s re- 
i lu~reJ  for generatloll of the  axla1 huddlng 
pattern displayed hy haploid cells (14) and 
shares sequence sl~lli lar~ty with ~nenlhers of 
a farn~ly of endoproteases whose archet\-pes 
are hIDE and Escherichii~ coli protease 111 
(15)-metallo~>roteases with a preference for 
slllall peptide s~lhstrates (16, 17).  In  v ~ v o ,  
hIDE is implicated In the  degradation of 
~ntracellular ~nsul in ,  whereas the ph\-s~olog- 
ical substrate of protease 111 remains un- 
knoa.n (16, 17).  Another  Inemher of the 
hIDE famil\-, rat hT-arginlne dlhas~c conver- 
tase (NRDC) ,  1s proposed to function as a 
prohormone processmg enzyme ( 18) .  A 
h~gh l \ -  conserved domain 1s present in 
hIL3E-l~ke sequences that 1s likely to he 
important hot11 for proteolysls and for metal 
h ~ n d i n q  (Fig. 2A) (1 7). 

A n  ax1 1 : : LTRA.3 disruptlo11 \\as co11- 
structeii (Fly. 2B) and ~ntroiluced into a 
d~plold  stram that was heterorygo~~s for 
ste22-1. Spor~llation and tetrad analysis re- 
vealed that ax11 ::CRA3 was tightly lmked 
to ste22-1 (1 9 ) .  Moreover, the ax11 : : LTRA3 
phenotype [vas co~nparahle to that of 
ste22-1 (Fig. 1A) .  These data confir~ned 
that ste22-1 was a mutant allele of AXLI. 
hjlutat~ons in AXL1 cause haploict cells to 
bud ~ v ~ t h  a hlpolar pattern that 1s nonnall\- 
displa\-ed hy diplo~d cells (14) .  Recause the  
genetic hackground of the strain we used for 
the mutant isolat~on is defective for hud site 
selection (ZC), \ye constructed an  ax11 dis- 
r u p t ~ o n  111 a haploid strain ~lornlal for axial 
hudding, EG 123. T h ~ s  ax11 :: CRA3 mutant 
shon,ed hot11 a hipolar huddlng pattern and 
a nlating defect associated with reduced 
a-factor secretion (19).  

Because ~ n s ~ ~ l i n a s e  homologs can func- 
tion as s p e c ~ f ~ c  endoproteases (18) ,  A x l l p  
may act as a prophero~none processing en- 
zyme. W e  tested a n  ax11 mutant for defects 
in COOH-terminal CAAX-proteolys~s and 
founcl it to he unatfectecl (21 ). T o  address 
the poss~txlity that A s l l p  1s ~nvolved in 
NH,- term~nal  processing, a-factor protelns 
were laheled u ~ t h  ['iS]cysteine 111 a pulse- 
chase protocol, then ~mmunopreclpitated 
from hot11 ~ntracellular and extracellular 
fractions and subjected to polyacrylanlide 
gel electrophoresis (PAGE).  Three d~ffer- 
ent  ~ntracellular a-factor peptliies were oh- 
served in cells c o n t a ~ n ~ n q  a f~lnctional 



AXLJ gene (Fig. 2C). The largest form, within the NH2-terminal domain of the 
designated PI, has been assigned to a pro- precursor (8, 9). The species designated M 
  her om one molecule with a com~letelv corres~onds to mature a-factor. which re- 
modified COOH-terminus, yet retains an sults from a second cleavage event within 
unprocessed NH2-terminal extension (Fig. the NH2-terminal region of P2 (8,9). Only 
2D) (8, 9). The P2 propheromone is de- the mature pheromone is efficiently export- 
rived from P1 through proteolytic cleavage ed across the plasma membrane and recov- 

Fig. 1. Mating efficiency A a phenotype a phenotype B 
and secreted a-factor Mating a-factor Mating 
act~v~ty assoc~ated w~th 
ste22 (ax11) mutants 
Matlng and secreted a- 
factor assays were de- ste22- I Vector : 
termtned for a set of co- 
lsogenlc strains that dlf- mfalA 
fered only at the ~nd~cat- rnfa2A 
ed loc~ (30) as descr~bed 

:URA3 Vector 
prevtously (28) The mat- 
Ins eff~c~encv ts reflected 
bythe formation of diploid colonies, which appear w l ~ ~ t e  
on the black background. 70a (thr3) served as the fertile c 
MATct mating tester strain. We assayed secreted a-fac- Mating a-factor 

tor activity by patching MATa cells onto a lawn of MATu 
cells, SY2014 (ste3A306 sst24, which show hypersen- Wild-type 
sitivity to a-factor. Secretion of bioactive a-factor arrest- 
ed the growth of the surrounding lawn of cells, creating a axll::URA3 
clear zone or halo. (A) Mating tests were conducted for 
the following MATa strains: wild-type (SY2625), ste22- 7 
(Y49), mfa 1 1  mfa21 (Y115), and ax17::URA3 (Y142). Ste23Ac:URA3 

Mating tests were also conducted forthe following MATu 
strains: wild-type (Y 199). ste22- 7 (Y278). mfa 1 l mfa2A s t e ~ ~ ~ f ~ ~ ~ ~  
(Y195). and axll::URA3 (Y197). (B) Test for mating and 
secreted a-factor activity of ste22- 7 cells carrying AXLl 
( W L  7 )  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 
(SY2625), axl7::URA3 (Y142), ste23A::URA3 (Y221), and the axll::URA3 ste23l::URA3 double mutant 
(Y220) (30). 

Fig. 2. AXLl disruption construct A ** 
and an alignment of amino acid Se- ~ ~ 1 1 ~  5 4 G S R N D P K D I A G L A R L C E H M I L S A G S K K Y P  

qUeflCeS from within the proposed hlDE 94GSLSDPPNIAGLSHFCEHMLP-LGTKKYP 
2 3 0 G S F A D P D D L P G L A H F L E H M V F - M G S L K Y P  active site domain of the insul~n-de- ,, GS LEDPEAYQGLAHYLEHMSL- MGSRRYP 

grading enzyme family of metalloen- Ste23p 1 0 4 G A F E D P K N L P G L A H F C E H L L P - M G S E K F P  

doproteases. (A) Alignment of a highly 
B - 

conserved sequence found within the - -1 h - - 
IT 

insulin-degrading enzyme family of m =  a m  C. ~4 x m  O =  w o V w x m m  G 
endoproteases (29). Asterisks mark I I  I 1 1  I 

key residues of the HXXEH motif that - - 
are required for proteolysis by ~ I D E  K L  '"" I kb 

and protease 111 (7 7). GenBank acces- URA3 
sion numbers for these sequences are Dl7787 (Axllp), 

Wild-type axl1::URAS M21188 fhlDE), L27124 (NRDC). X06227 (protease Ill). and C , ,, ,, ,, ,,, , ,, 30 M) lZO 
U19729 (Ste23p). (B) The axll::UR43 disruption construct , 
(23). (C) Processing of the MFA7 a-factor precursor in wild- 2 p l  
type and ax17 mutant cells. Wild-type (SY2625) and 2 ~ 2  4 
aul7::URAS cells (30) containing YEpMFA7 (23) were labeled 2 

%@@18 
with TSlcysteine for 5 mtn and chased with an excess of ; 
unlabeled cysteine and methionine (8). Samples were taken 2 
at the indicated number of minutes after the chase. The $ 
a-factor peptides were irnmunoprecipitated from intracellu- 
lar and secreted fractions by means of polyclonal antibodies 
that were specific for the peptide found within mature a-fac- D 

? A x l l  p 
tor ( 7  1). The ~mmunoprecip~tated material was subjected to v v Famesyl 

SDS-PAGE analysis and visualized by autoradiography as MQPSTATAAPKEKTSSEKKDNY'lKGvFWDPACCMethyl 

described previously (8). P1 designates the a-factor precur- 
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 PI.  Arrowheads 
indicate the proposed positions of cleavages that would generate P2 (9) and mature a-factor (underlined). The 
latter cleavage is AXLI -dependent. 

ered from the extracellular fraction (8, 9). 
In ax11 ::LIRA3 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, ax11 :: URA3 mutants 
produced small amounts of exported pher- 
omone (Fig. 2C). Thus, the sterility of ax11 
cells largely resulted from a defect in P2 
propheromone processing and reduced se- 
cretion of mature a-factor. 

Although propheromone processing was 
greatly impaired, ax11 mutants were able to 
secrete residual levels of bioactive a-factor 
(Fig. l ) ,  which implied that S. cerevisiae con- 
tains a functional homolog of Axllp. The 
chromosome XI1 sequencing project has iden- 
tified a sequence, L8084.12 (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 AXLJ 
gene, the ste23A::URA3 mutation failed to 
perturb mating efficiency or secreted a-factor 
activity (Fig. 1C). In contrast, experiments 
with the ax11 ::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 axlJ::URA3 cells, the 
ax11 : : URA3 ste23A: : URA3 double mutant 
accumulated the P2 propheromone intra- 
cellularly (1 9). Thus, our findings are con- 
sistent with the possibility that Ste23p is 
responsible for the residual propheromone 
processing displayed by ax11 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 axlJ::URA3 
ste23A::URA3 double mutant generates the 
bipolar pattern also observed for axll:: 
URA3 cells (1 9). Therefore, Ste23p does not 
appear to participate in bud site selection. 

Both hIDE and protease 111 contain a 
sequence motif with two invariant histidine 
residues and a glutamate, HXXEH (1 7). 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- 

SCIENCE VOL. 270 20 OCTOBER 1995 465 



" ' - * V £ * *-- * * .yV * **• a *~~- «es»tf «*^pspr ^ ^ 

Mating a-factor 

Bud site selection (%) 
Axial Bipolar Random 

62 

8 

1 

Fig. 3. (A) Mating efficiency, secreted a 
factor activity, and bud site selection were 
determined for ax!1A;:LEU2 ste23b:;LEU2 
double mutant cells carrying substitutions 
that alter the proposed active site of AxM p. 
Cells were transformed with HA epitope-
tagged versions of AXL1, axi1-H68A, ax!1-
E71A, and axl1-E71D (p151, p162T p161, 
and p163, respectively), or with the vector 
(YEp352) (37). Mating and secreted pher-
omone assays {28) were conducted with 
Y231 transformants, and bud site selec
tion assays {24) were conducted with Y272 
transformants {30). Before these assays, 
the cells were grown on selective medium 

to maintain plasmids. For bud site selection, actively growing cells were 
spread on agar slabs, and scored at the two-cell-two-bud stage for an 
axial, bipolar, or random pattern. At least 600 microcolonies were observed 
for each transformant. (B) Steady-state leveis of Axil p proteins with sub
stitutions in the metalloprotease active site consensus sequence. Crude 
extracts prepared from ax!1A::LEU2 cells (Y173) expressing the indicated 
AXL1 alleles, either with an HA tag (p151, AXL1\ p161, axil-E71A; p162, 
axl1-H68A\ p163, ax!1-E7lD) or without an HA tag (p129, no tag) {31) were analyzed by immunoblotting 
with 12CA5 antibodies (Boehringer Mannheim). 
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E71A and axll-E7lD). Both the axll-H68A 
and axll-E7lA alleles failed to restore pher-
omone production and mating to an axil 
ste23 double mutant, whereas the more con
servative substitution associated with axll-
E71D complemented these mutant pheno-
types (Fig. 3A). The loss o{ function associ
ated with axil -H68A and axil -E71A 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 Axllp 
functions as a metalloprotease involved in 
propheromone processing with the participa
tion of His68 and Glu71 in a thermolysin-like 
mode of proteolysis. 

On the basis of the homology shared 
with hIDE, it has been suggested that Axllp 
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 axil 
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 
axll-E7lA 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 AXL], which suggests that par
ticipation of Axllp in axial budding does 
not require proteolysis. 

We have demonstrated a processing 
phenotype for axil 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 AXL] in the 
dual regulation of intercellular signaling 
during the yeast mating response and intra

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 Axllp 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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Quantitative Monitoring of Gene Expression 
Patterns with a Complementary DNA Microarray 

Mark Schena," Dari Shalon,"? Ronald W. Davis, 
Patrick 0. Brown$ 

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. 

T h e  temporal, developmental, topographi- 
cal, histological, and physiological patterns 
in  which a gene is expressed provide clues to 
its biological role. T h e  large and expanding 
database of complementary D N A  (cDNA)  
sequences from many organisms (1 ) presents 
the  opportunity of defining these patterns a t  
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 
cDNAs (Table I ) ,  including 14 complete 
sequences and 3 1 expressed sequence tags 
(ESTs), were used as gene-specific targets. 
W e  obtained the  ESTs by selecting cDNA 
clones a t  random from a n  Arabidobsls 
cDNA library. Sequence analysis revealed 
that 28 of the  3 1 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. 

T h e  48 cDNAs, averaging -1.0 kb, 
were amplified with the  polylnerase 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 on to  glass microscope 
slides in  a n  area measuring 3.5 mm by 5.5 
m m  with the  use of a high-speed arraying 
machine (3). T h e  arrays were processed by 
che~n ica l  and heat treatment to  a t tach the  
D N A  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 m late of - 
PCR products provides sufficient material 
to  print a t  least 500 arrays. 

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