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GATCCGTCGAACATGCGGTCTTTTTGTGCAGTATTACTTAACACAACTTTTCACAGTAGCCGTTATCTATCTATGTAGAATTCTCCTAAT
ATAACTTGACOTTTATCTCAGGCOCTTAAATAACATGTOCTTATTTTCTTCATCITFGCAGCTAGCTACACTGTATATATATGGGTCT
TCATCGGAGTTCGACAGACATTCACATAAATGGAGAGGCATCAATTACTAGCAAGCGAACAAATTAACAGTrAAGTAATCAAATTG
TACAATGTTrCAAGTAATTTCCGGTAAAATGCTTACATTGATrATTTTAATGGAAACACTTTGGAATACGTTATGTGCATTAAGCT
ACTACGCTACAATACCTTrA&ATGTATAATGAATTTTFAACGTTGCAAAAGGGATrrCCITTGGATATGAAAGGATTATAACGAAGTT
GCTGTTAAAAGAAAATACGAAAAAGTCATTTAACGAGTTCGGTTCATGAATGCGTCAACTAAGCCGCGAATGGCTTAAACCGCGGATTAC
GTTGATGTGAAATTCTGOGGGGCACATACTTTGACCAGAGCAAACTACATTAAAGCAGGCGGAAACGCATACACCGTCTATTAGTTTGGA
AGAAAACCAAAGCTTGTTGTTGCTCTGATTAATAACATrCTAATCAATATAATAATATGAAGGCTTCTTCTTGTATTGCAATTTCT
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TATGATCATGTGGCGAGGAAACTGGAACGTACCAMGTACTGAACAAGCGCGATTCTTCGGGATATCCAGTGTTGGATCTTGAGTACACT
Y D H V A R K L E R T K V L N K R D S S G Y P V L D L E Y T

GATGCTGGCGGTTATCGCTACCTTACCrrGGGCAGCATGAAGAGTCTATTCTCTCACTTTGGATACTGGTAGTCCTTATATGG
D A D G Y F A N L G S N E R V Y S L T L © T G S P Y I W

V T A KN I TAL S A S E I W S D T D G V D A G R S T S D I

CGTACTAATGCTTGTACCAACTACACOTGTTTTGATTATTCCAGCACTACCGCCAGGCGTACCAACTCCAGCACCATTGGATTTTTGGCT
R T N A C T NYT C F D Y S S T T A R RTNS S T I F L A

TCCTATGOCOACAACACCACCGTCCTTGGCTACAATATGGTGGATAACOCTTATTTCGCCGGTCTTACCCTACCTGGCTTTGAATTTGGA
S Y N TT V L G Y N M V D N A Y F A G L T L P G F E F G

L A T R E Y D S S Q I S V T P G I I G L S V A M T I T G I S

TCTGATGACAAGGTCGTTGCTTTTACTCCCCCTACCATTGTTGATCAATTGGTAAGCGCAAATGTOATCGACACCCCCGCGTTTGGAATT
222 S D D K V V A F T P P T I V D Q L V S A N V I D T P A F G I

754 TATrGOAATGAAGATGTrGGTGAACTArA GGTGGTTrATGATAAGGCAAAAATCAATGGATCTGTTCACTGGGTCAACATCTCTTCC
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TCCTCTAAGACATTGAGGTCAACACCACTGTCACmGOATACTGGTACTGTTrTATArATTTACCTGAGGATACTOTTGAGTCCATC
S S K D I E V NT TV T L ® T G T V Y I Y L P E D T V E S I

OCCGATCAATACCAAGGTATTGTAAGTOAGTATGGATGTTGTTATTTATTGCGACTTTCTC AGArrCTGATTACATTTCTTTTAAC
A D Q Y Q G I V S E Y G Y V V I Y C D S F S D S D Y I S F N

F G S D A D F H V S V N D L V I Y R Q E S T S G D I C Y L A

L F E G D T S S Y L L G Q Y F L Q Y V Y S I Y D W D A Q K I

GGTCTTGCTGCTTTAAATAOTAACGCAACCAGTACTGCCAATCATCAAATTTTGAACATTAACTCTGCTTTGCGTAGCGTCACTAGCGGT
G L A A L N S |N A Tl S T A N H Q I L N I N S A L R S V T SI

Q S V S A T P T V S M S I A A T S F G S S L V L T A S A S P

TCCTCCACTTCTGTTGATGGCAGCAGCTCTTCGGATTCTAGTGAAGCATCTGGAGCCGCTAGTGTTGGCGTTTCGATCAGTGCTATTGTT
S S T S V D G S S S S D S S E A DG A A S V G V S I S A I V

CTGTGCCTCGACTCTGATCTCTTrACTTTTCGCTTGAGTGCGGTTACTTTTAAAACTAACCTCAGCCTTTCTCTTCTAAuAAGCTT
L C A S T L I S L L F A .

1654 AAAATTFAAATrACAAAACAGCAGTCTFrCGTTACACTOCCGOCTTrrCOTTTCGTrrAACCTCCATGTACAATTGTACTrTTrM
1744 AAAGCCTrrATCTATrGOTAnFrrAGATCTATAATCTATAArrAOGTrCGTrTACTTCAGCrrCCTCTACTTCACTTCArATTrMGT
1834 1TTAAATTCAAAACC0ATGOACTCATAATAATAGOTrrCTrATGTTATATACCAAAAAAGTGC-1TrArrTGAGOTTATCTCTCAGCTG

FIG. 4. Nucleotide sequence of sxalJ and its deduced amino acid sequence. The sequence of a 2.6-kb Sau3AI-PvuII fragment that carries
the sxal+ gene is shown. The sxal ORF consists of 1,599 nucleotides encoding 533 amino acids. Numbering starts from the first methionine
codon of the ORF. Possible TATA boxes are underlined. Ten possible N-linked glycosylation sites are boxed, and two possible active aspartyl
residues are circled.

with lysosomal j3-galactosidase and neuraminidase (6, 15),
was most similar to the sxa2 gene product (24.7% identity
and 38.6% similarity in a 427-amino-acid overlap). Barley
carboxypeptidase I (45), S. cerevisiae carboxypeptidase Y
(46), and the S. cerevisiae KEXI gene product (7) also
showed significant similarity to the sxa2 gene product. A
sequence of four amino acids (Gly-Glu-Ser-Tyr) at the active
catalytic site of carboxypeptidase Y (19) was conserved in
the Sxa2 protein, suggesting that it indeed has serine car-
boxypeptidase activity.

Expression of sxa2, but not sxal, is induced by the mating
pheromone. RNA was prepared from log-phase and nitrogen-
starved cultures, and expression of the sxal and the sxa2
genes was examined by RNA blot analysis (Fig. 7). The sxal
gene was transcribed into a 2.0-kb mRNA, the quantity of
which was nearly the same in any cell type. Under nitrogen
starvation conditions, a two- to threefold increase in its
amount was observed, again irrespective of the mating type
of the cell.
The sxa2 mRNA was 1.7 kb in length and was strongly

induced by nitrogen starvation in homothallic haploid cells.
However, only a very small amount of this transcript, if any,
could be detected in heterothallic haploid cells (Fig. 7),

suggesting that mating pheromone signaling is required for
induction of sxa2. Diploid cells heterozygous for the mating
type genes also expressed sxa2 under nitrogen starvation
conditions (Fig. 7). It has been suggested that in S. pombe,
unlike in S. cerevisiae, mating pheromone signaling is essen-
tial both for initiation of mating in haploid cells and for
initiation of meiosis in diploid cells (32, 38). Sporogenic
diploid cells (h+/h-) indeed appear to produce mating phe-
romones and to respond to them (our unpublished data).
Thus, it is likely that expression of the sxa2 gene depends on
the presence of the mating pheromone(s). Nitrogen starva-
tion is apparently necessary for sxa2 expression, but this
may be an indirect effect because production of the phero-
mone(s) requires nitrogen starvation.
No direct involvement ofsxal and sxa2 in the rasl pathway.

Although sxal, sxa2, andgapl mutants were simultaneously
isolated as being hypersensitive to the mating pheromone,
thus being phenotypically similar to the raslV1417 mutant
(13, 36), sxal and sxa2 cells always elongated fewer conju-
gation tubes than rasJVal17 cells, whereas gapl cells elon-
gated more. Because it has been shown that both raslJval7_
and gapl-defective mutations are epistatic to ste6 and ral2
mutations, which are apparently defective in activation of
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CAGCTGTGTTTGTTTGCAATGTTTTTTT=GGTGCACCAAGTTACTATTCATTCTAGGACGGATATAAATATTAATAGAAACTGTCTTTCG
.AACATGAAAACA.ACAAACTGAAGCTCTTTTTACCAAkAAAAGTTTCATGATA.AGTTTTTTCATGCAATTGCAAT.AATTTCTATACTATAAT
TCAAGAACGGATCAACAGAAAAkATTGAGCTACATGGCTAG.AAATCCGCCATTGTGTGTTTTAACCATGCTTTAAGAAACATTTATTrTT'rT
TCATTTAATTAATCACTATGTTTATTAGTATATTGTATATATAATTTTTAATTTTTTCTTTrrTCTTTATATTTTTATATrTAT1TATTT
TTArrAGTTTTITAAGTTTCTCACATAATATTTCAAGGTCTTTAAAAAGA.AATAGTGTTACTAATATATAAATGTATTTATATI1TFFAA
TTTrAGTTrATTT-CTTATTI-rCATTAATACAACTAAATTATTITGACATTGATTIrrCTTGTrTATCTATCTATTTTTTA1-I-1-ATI-rCl-1-
ATmCTAAGGGCTAAAGCCTTCATAGCAAAAGTCAA1-ATTATCGArrCCACCGGTCATAAAACAATCAATTTTCTCCATTCTTGAGTCG
CCTCGCATTGTTAAGCATTAAGAATGCATAAATGATCGCTGCTGAAATAAGCTGGTTTCGATTTAAACAGACCATAGGTTATTCTAGTC
CTACCCTATTCACrrGCCGCGTAAACGAAACAATTGGTTrTTTTCATT2AAGGACTArr2GTGTTGAAAAACTT2AAATGAATTAGCCTATTAC
TAGTAAATGGTACTTCGCTGGGTGTCTTTGTTGCCCATCTCTATTGTTGTTGATTGTAAACAATGGACAATGCTAATCTATTCAAGTGAA
TCCCCATTATTATGTATTATCATATATAGCATGCAACTCTrATGAAAATGAATCAGATAAACAATCCGGTTTCTTATTCGAGTAAGTCA
TAGCA1TTTCACATTTrrCGAAATACTGAAGCGTATAAAATTATAGTCACTTTTCAAGAATTGITrCGAAACTGAATACATCAATATArr
CCAAATATGATAAATATTATATTTAATTTAGCGCTAAC-GCTTTTCTCATAGGCTCAAAATCATTGTCTCTCTTTTCAATGCTGTCTTTAT

M L EL F

14 TTTTGAAATCTCTTrGCTATTATAATAATTGAATTGACTATCATTCACGCTTTACCAACTTACACTGTACATTGGAAATGCAGTATAC
6 L K S L F A I1111 EL T I I H ALFP T Y T V H W K C S I Q
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QA N S SA SS N V Q F R Q H A A FEE D R I KE L F

CTGAATTTAAGGGATCATTACCGGAATTATATTCTGGATACTTGGAAGCGAATTCCGATAAATCACTTTTTTATACATATGCCCCTGCTG
E F KG SLP E L YS G YL E AN E D KS L F YT YA PA V

264 TTGTTGATTCGGAAACTTTCATAGTATGGCTTCAAGGAGGACCTGGATGCGCTGGAACATTAGGCTTTTTCAGTGAAAATGGACCCATTG
96 V D S E T F I V W L Q G G F G C A G T L G F F S E N G F I E
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I S Q SESP P S L N F EE W T N F A N M L W L D Q PFF0 T

CGGGGTACTCCCAAGGACAGGCGGCATATACAACTACGATTGAAGAAGCTTCTTCAGATTTTGTAAATGCCCTGAAATCATTTTACCAAA
G Y E Q G QA A YT TT IREE A SS D F V N A L K S F Y Q K

AGTTTCCCCACTTAATGAAGAAAAAGCTCTACCTTGTCGGCGAAAGCTACGGTAGCATATGGAGCGCCAATTTTGCAGAGGCArrACTTT
F FRH L M K K K L Y L V G E®()Y GE 1IW S AN F A E A LL S

CTGAACCATCTTTGAATATAAATTTT-ATGGGCGTGGGAATCGTCAGTGGACTTACGGCGGACTACGAAACTCAAGAACAAATTACTGCTT
E F E L N I N F M G V G IVE G L T A D YE T Q E Q I T A S

734 CTATTTGGGTGGAACATATCAGCAAACTTGGATACTATTTTAATAATACTTCTTCCACAATATCTGAAGAGTT-rAAAAAGCGCAATAAAG
246 I W V E H I S K L G Y Y F IN N T S~ S T I S E E F K K R N K E

824 AATGTCAATATGATTCAGrTTTGAACAGATTGACGTTCCTACTGAACAATACCCAATATGGAGACCAGAGTACAACTTTAGCACATCTA
276 C Q Y D S V L N R L T F F T E Q Y F I W R F E Y FN F EI T S T

914 CTTCTCTAAGGAAGCGGGAAGCTCTCGATGGTGAAGACATTGGGAATGTATTTAATTCAATTTCTGGATGTGACTTGTATTCCCTTTCTA
306 5 L R K R E A L D G E D I G N V F N S I S G C D L Y S L S N

1004 ACTTTrMACTTTATCTAGAGAACAGCTGTGTCATAACTTATGATGTTAGCCTTrGATTGTAGI1CAATGAGTATAATGATCCCTTrAATCA
336 F L L Y L E N S C V I T Y D V S L D C S F N E Y N D F L I T

1094 CATACCTGAACAGAGAAGATGTTCGCTCTTCTTTACATGCTACGAAAGCTTCAACTGCGTTGACAAGCGGCGAGGGTGTCTTCGCAGACG
366 Y L N R E D V R 5 5 L H A T K A S T A L T 5 G E G V F A D G

1184 GAGAATTATAAAAAATTATAACTGACGTTGTAAATCAGTACGAATC
396 C N F D L Y K K I V S N N V E S V L V E I I F R L T E K Y K

1274 AAGTGTCTTTCTTAGCTGGGGCATTGGATCTTCAAATTCTTTGGACCGGAACTCTTTTGGCATTGC.AAAATACAACATGGAATGGATGGC
426 V S F L A G A L D L Q I 1. W T G T L L A L Q N W N G W Q

1364 AGGTCCCATTCG-.GTAAA..C..TGTTCTGAGAG.kCTGCTAATTCATG
456 G F T Q S P G 5 L E T T N I F T L D E R N L A F T L S N S V

1454 TTGGGCACATGGCTCCATCT.'AAGACCCTCkA.ATGGTTAGAG.A.ATGGCTTG.AA.AATACGTTGCTTTATTk4A.AGTTTAATATCGGAAAAT
486 G 1i M A P 5 K D F Q M4 V H E W L E N T L L Y-

1544 TTAAAATACAAGTTT-ATTrGACTT-ACCACTGATGTGGTATATCAATAAATAACTA,TCGTTT-ATGAWCTCGGAACGATAATrAGATC

FIG. 5. Nucleotide sequence of sxa2' and its deduced amino acid sequence. The sequence of a 2.8-kb PvuII-Sau3AI fragment that carries
the sxa2' gene is shown. The sxa2' ORF consists of 1,521 nucleotides encoding 507 amino acids. Numbering starts from the first methionine
codon of the ORF. Possible TATA boxes are underlined. Six possible N-linked glycosylation sites (two of which overlap) are boxed, and a
possible active serine residue is circled.

the Rasl protein (14, 26, 27), we examined the ability of sxal
and sxa2 mutations to suppress ste6 or ral2. These mutations
could suppress neither ste6 nor ral2 (data not shown). Thus,
the hypersensitivity to the mating pheromones conferred by
sxal and sxa2 mutations is unlikely to be due to persistent
activation of the rasi pathway.

DISCUSSION

A number of small peptides, including mammalian hor-
mones, neurotransmitters, and yeast mating pheromones,
are known to be enzymatically degraded, although specific
proteases responsible for degradation of such peptides have
not been identified in most cases. The budding yeast S.
cerevisiae has two mating types, a and at, and each cell type
produces a protease that degrades the mating pheromone
secreted by cells of the opposite mating type. Cells of the a
mating type produce an extracellular protease, called barrier
activity, that may itself degrade a-factor and is encoded by
the BARJISSTJ gene (33). Recently, it was shown that ax
cells produce a cell-associated protease that degrades a-fac-
tor (35).
The deduced sxal gene product is a member of the

aspartyl protease family and was found to be most similar to
the S. cerevisiae BARJISSTJ gene product. Mutations in
sxal affected fertility of h' cells specifically, suggesting that
the sxal gene product could be a protease that cleaves the
mating pheromone M-factor. However, expression of sxal
was seen in cells of both mating types and did not appear to
be affected by mating pheromones, whereas the BARJISSTJ
gene is transcribed only in a cells and is induced by ae-factor
(30). Furthermore, unlike Barl/Sstl protease, diffusion of
the sxal gene product has not been detected so far. This may
render the straight equivalence of the two proteases doubt-
ful.
An alternative possibility suggested by sequence similarity

is that Sxal and S. cerevisiae proteinase A, which is encoded
by the PEP4 gene and resides in the vacuole, may have
parallel roles. An interesting observation in this regard is
that a-factor is internalized but not degraded in a pep4
mutant (42).
We admit, however, that Sxal has not been proven

conclusively to be engaged in degradation of the mating
pheromone. It has been shown that S. cerevisiae Pep4/
proteinase A is required for processing of vacuolar zy-
mogens (20, 50). Thus, the possibility that Sxal is involved
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a
Sxal
Barl
Pep4
Pepl
RNAP
pepsin
cathepsin E

chymosin
renin

76: wNRVVNR
45: AT PSQS L

91: QTD PQN I N
7 5: L FGQKLQ:D 3

82: 3E PGIKLD
76: PAQDj78: PQ 1
7 4: PPQ I E D
86: rE PPQT K'VF

-219aa-
-212aa-
-17 3aa-
-177aa-
-17 1aa-
-17 1la-
-17 3aa-
-17 Oaa-
-17 3aa*-

b
Sxa2 89 wPV S---PAV GT IE
PPR 65: - VESQK~N~ESQ SL ,
CPI 39 VVESE PGKDPVSFFI NF*G -
Prcl 144: -ESR AKDP SLT S
Kexl I 8 NDSNGN-VDRP SM L
consensu:s T ES DP FVILWLNGGPGCSS DG E OPF S PD P L NP

Sxa2 138 N F Al-
PPR .11 LI S - DDK U~D
CPI 94: Y VS . S- KNVSD TD-.'NTF' K.
Prcl 193: Y SN6;T aV N SS- n3-5A3YEL D
Klex EL 12 .GTS ,^-Dllz :;E127KIF1)EJAIDKN1FDE 3DKIt jD FJ NdR
consensus YSW A L LDQP GVGFSYS G Y T D E A F FL FF

Sxa2 185: L!KM- SAN --
PPR 163: Y N-N IPTLVLQ--Q -
Ci 143: F'ISN PLSC2P I 13: , 3SNP-F a fPTLS }{WNW: I GijGaAXPEC

Prcl 240: 0YP ENkRI- - --

Kexl 183: I - Ii-i Qb IP - - -C--N
consenstus FP K L GESYAG YIP FA L N NF G IGIFL

FIG. 6. (a) Comparison of the amino acid sequences around the aspartyl residues forming the enzymatic active sites in the sxal gene product
(Sxal) and members of the aspartyl protease family. The assignment of the sites for the sxal gene product depends only on the sequence homology.
Amino acid sequences of the following aspartyl proteases are included: Barl, the gene product of S. cerevisiae BARl/SSTI (33); Pep4, S. cerevisiae
proteinase A or the PEP4 gene product (1, 49); Pepl, the gene product of Saccharomycopsisfibuligera PEP1 (22); RNAP, Rhizopus niveus aspartic
proteinase (25); pepsin, human pepsin A (44); cathepsin E, human cathepsin E (2); chymosin, calf chymosin (18); and renin, human renin (23).
Amino acids identical for Sxal and at least one other aspartyl protease are shown in white against black, while those conserved between them are
shown in white against grey. Conserved amino acid substitutions are grouped as follows: V, L, I, M; F, Y, W; K, R; E, D; Q, N; S, T; and A, G.
Asterisks indicate the active-site aspartyl residues. Numbering of amino acids is based on the primary translation products. (b) Alignment of the
amino acid sequences of the sxa2 gene product (Sxa2) and some serine carboxypeptidases. PPR, human protective protein (15); CPI, barley
carboxypeptidase 1 (45); Prcl, the S. cerevisiae PRCI gene product or carboxypeptidase Y (46); Kexl, the S. cerevisiae KEXI gene product (7).
Amino acids are marked as described for panel a. The asterisk indicates the active-site serine residue assigned in carboxypeptidase Y (19).
Numbering of amino acids is based on the primary translation product except for barley carboxypeptidase I. A consensus sequence is deduced:
amino acids common to all of the proteins are shown in roman type, and those common to three or four proteins are shown in italic type.

in processing of zymogens that are required for zygote
formation is not excluded.
The sxa2 gene product has two similar serine carboxypep-

tidases in S. cerevisiae: carboxypeptidase Y and the KEX1

1 2 3 4 5 6 7 8

sxal--_______

sxa2- w

FIG. 7. Expression of the sxal and the sxa2 genes. Total cellular
RNA was isolated from either log-phase (lanes 1, 3, 5, and 7) or
nitrogen-starved (lanes 2, 4, 6, and 8) cultures of the S. pombe
strains, as follows. Lanes 1 and 2, JY1 (h-); lanes 3 and 4, JY2 (h+);
lanes 5 and 6, JY3 (h90); lanes 7 and 8, JY919 (hIlh-). Each RNA
preparation (10 ,ug) was run in a formaldehyde-agarose gel and
analyzed by RNA blot analysis by using probes containing the sxal
or the sxa2 ORF. The bottom panel shows the ethidium bromide-
stained patterns of rRNA, which verifies approximately equal load-
ing of RNA in the eight lanes.

gene product. Carboxypeptidase Y, encoded by the PRCI
gene, resides in the vacuole and is involved in degradation of
small peptides (28). Kexl is a membrane-associated protease
involved in processing of the precursors of killer toxin and
a-factor (4, 7). However, the Sxa2 protein may be extracel-
lular, although the possibility that the diffusible factor is
another molecule(s) whose production is dependent on sxa2
function has not been excluded. Furthermore, a mutation in
sxa2 conferred phenotypes different from those conferred by
mutations in the homologous S. cerevisiae genes. These
results suggest that Sxa2 may play a role different from the
roles of its S. cerevisiae homologs. A defective sxa2 muta-
tion made h- cells hypersensitive to the mating pheromone
P-factor. Thus, we can postulate that the sxa2 gene product
is a protease that degrades P-factor.
However, it is also possible to assume that Sxa2 is not an

enzyme which degrades the mating pheromone. The se-
creted factor whose production depends on the sxa2 function
may process cell surface proteins to facilitate formation of
zygotes, a lack of which prevents shutoff of the response to
the mating pheromone. Another alternative is the following.
The mammalian protective protein, which has extensive
homology with Sxa2, is necessary for stabilization of p-ga-
lactosidase and activation of neuraminidase (24, 47). Thus,
Sxa2 may be required for stabilization of enzymes that are
essential for zygote formation. Of interest in this regard is

MOL. CELL. BIOL.
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the report that a fraction of the 54-kDa precursor of the
mammalian protective protein is recovered extracellularly
(6).
To determine conclusively whether Sxal and Sxa2 prote-

ases indeed degrade the pheromones will require precise
investigation of cellular localization of these enzymes and
their substrate specificities. Genes coding for the putative
P-factor receptor (29), for the putative M-factor receptor
(45a), and for a G-protein a subunit that may be coupled with
these receptors (38) have been identified and characterized
recently. Purification and biochemical characterization of
M-factor is also in progress (5). Further analysis of the Sxa
proteases, in concert with analysis of the other important
factors, will certainly shed light on the molecular events that
proceed during the mating reaction.
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