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S. POMBE PROTEASES RELATED TO THE MATING RESPONSE

CAGCTGTGTTTGTTTGCAATGTTTTTTTTGGTGCACCAAGTTACTATTCATTCTAGGACGGATATAAATATTAATAGAAACTGTCTTTCG
AACATGAAAACAACAAACTGAAGCTCTTTTTACC! MAAAAGH‘I‘CATGATAAG'I'!’!‘['I’TCATGCM‘H‘GCMTMTITCTATACTATMT
TCAAGAACGGATCAACAGAAAAATTGAGCTACATGGCTAGAAATCCGCCATTGTGTGTTTTAACCATGCTTTAAGAAACATTTATTITIT
TCATTTAATTAATCACTATGTTTATTAGTATATTGTATATATAATTTTTAATTTTTITCTTTTTCTTTATATTTTTATATTTATTTATTT
TTATTAGTTTTTAAGTTTCTCACATAATATTTCAAGGTCTTTAAAAAGAAATAGTGTTACTAATATATAAATGTATTTATATTTTTTTAA
TTTAGTTATTTCTTATTTTTCATTAATACAACTAAATTATTTGACATTGATTTTTTCTTGTTATCTATCTATTTTTTATTTTATTTCTTT
ATTTCTAAGGGCTAAAGCCTTCATAGCAAAAGTCAAATTATTCGATTCCACCGGTCATAAAACAATCAATTTTCTCCATTCTTTGAGTCG
CCTCGCATTGTTAAGCATTAAGAATGCATAAATGATCGCTGCTGAAATAAGCTGGTTTTCGATTTAAACAGACCATAGGTTATTCTAGTC
CTACCCTATTCACTTGCCGCGTAAACGAAACAATTGGTTTTTTCATTAAGGACTATTGTGTTGAAAAACTTAAATGAATTAGCCTATTAC
TAGTAAATGGTACTTCGCTGGGTGTCTTTGTTGCCCATCTCTATTGTTGTTGATTGTAAACAATGGACAATGCTAATCTATTCAAGTGAA
TCCCCATTATTATGTATTATCATATATAGCATGCAACTCTTATGAAAATGAATCAGATAAACAATCCGGTTTCTTTATTCGAGTAAGTCA
TAGCATTTTCACATTTTTCGAAATACTGAAGCGTATAAAATTATAGTCACTTTTCAAGAATTGTTTCGAAACTGAATACATCAATATATT
CCAAATATGATAAATATTATATTTAATTTAGCGCTAACGCTTTTCTCATAGGCTCAAAATCATTGTCTCTCTTTTCAATGCTGTCTTTAT

M L S L F

TTTTGAAATCTCTTTTTGCTATTATAATAATTGAATTGACTATCATTCACGCTTTACCAACTTACACTGTACATTGGAAATGCAGTATAC
L KSsSLF AI 111 ELTTITIMHALUPTTYTV HWIKTCS STIAQ

AACAAGCCANCACGAGTTCTCTTCCTCOANTCAGACTGTTCAACCTAGACAACACGCTGCTCCTTCTTCGGATCOAATTARATCACTTC
QA S AS Q Q

CTGAATTTAAGGGATCATTACCGGAATTATATTCTGGATACTTGGAAGCGAATTCCGATAAATCACTTTTTTATACATATGCCCCTGCTG

E F K G S LPEVLTYSGYULEANSUDTI KT ST LTFTYTYAPA AWV
TTGTTGATTCGGAAACTTTCATAGTATGGCTTCAAGGAGGACCTGGATGCGCTGGAACATTAGGCTTTTTCAGTGAAAATGGACCCATTG
v DS ETTFIV WULQGGPGCAGTTULTGTFTFSENGEGTEP

AAATATCCCAAAGTAGCCCCTCACCATCCCTTAATCCTGAATCTTGGACAAACTTCGCCAACATGTTATGGTTAGATCAGCCATTTGGTA
1 S Q S S PSP SLNWPESWTNTFANMLUW¥WLDAQPTFGT

CGGGGTACTCCCAAGGACAGGCGGCATATACAACTACGATTGAAGAAGCTTCTTCAGATTTTGTAAATGCCCTGAAATCATTTTACCAAA
G Y S QG QA AYTTTTI1EEA ASTSDTFVNALIKS ST FYQHK

AGTTTCCCCACTT. MTGAAGMAAAGCTCTACCTT GTCGGCGAA(.;)GCTACGGTAGCATATGGAGCGCCM‘ITITGCAGAGGCA'ITAC’I‘T‘I‘
F P H L M KK K

CTGMCCATCﬂTGAATATAMTmATGGGCGTGGGAATCG’I‘CAGTGGACTI‘ACGGCGGACT ACGMAC‘I‘CMGMCAMTFACTGCTI‘
E P S L N I N M G V G I Q E QI T A

C‘l‘A‘l'I'l‘GGG‘I’GGMCATATCAGCAAAC’!'I‘GGATACTATTTI‘MTMTAC“CTTCCACMTAT(_’I‘GMGAGTITMAMGCGCMTAAAG
I1 W VE H I S KL G Y Y F[NNTS s TTI1ISETETFKIKR E

MTGTCMTATGATTCAGTT[T GMCAGATTGACG’I’IT CCTACT GMCMTACCCMTATGGAGACCAGAGT ACAAC'ITI‘AGCACATCTA
cC QY T Q N F S| T

C'I‘TCTCTAAGGMGCGGGMGCT CTCGATGGTGAAGACATTGGGAATGTATTTAATTCAATTTCTGGATGTGACTTGTATTCCCTTTCTA
LRKREALUDSGETDTIGNVFNJ STISGTCDTULYSIL SN

ACTTTTTACTTTATCTAGAGAACAGCTGTGTCATAACTT. ATGATG’I'I‘AGCC‘I'PGATTGTAGTI'I‘CMTGAGTATMTGATCCCTTMTCA
F L L YLENSTCVITYUDJVSLDTCSTFNETYNTD

CATACCTGAACAGAGAAGATGTTCGCTCTTCTTTACATGCTACGAAAGCTTCAACTGCGTTGACAAGCGGCGAGGGTGTCTTCGCAGACG
Y L NREDV RS SL HATI KA ASTA ALTSGETGVF ADG

GATGCAATTTTGACTTATACAAAAAGATTGTGAGTAACAACGTAGAATCAGTTCTCGTTGAAATAATTCCACGCTTAACAGAAAAATACA
C N F DLYKI KT VS NNUVETSUVLVETITUWPRILTEIK]TYK

AAGTGTCTTTCTTAGCTGGGGCATTGGATCTTCAAATTCTTTGGACCGGAACTCTTTTGGCATTGCAAAATACAACATGGAATGGATGGC
VS F L AGALTUDTILA QITILUW®TGTTULTULALA QNTT wNGUWaQ

AGGGATTCACTCAATCTCCTGGAAGTTTAGAGACAACTAATGGATTTACTTTGGATGAACGTAACTTAGCCTTTACATTGTCCAACTCGG
G F T QS P G S L ETTNGTFTULUDETRNTILATFTTILSNS V

TTGGGCACATGGCTCCATCTAAAGACCCTCAAATGGTTAGAGAATGGCTTGAAAATACGTTGCTTTATTAAAAGTTTAATATCGGAAAAT
G H M A P S KDP QM V R E WL ENTLL Y e

TTAAAATACAAGTTTATTGACTTACCACTGATGTGGTATATCAATAAATAACTATCGTTTATGAAACTCGGAACGATAATTAGATC
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FIG. 5. Nucleotide sequence of sxa2* and its deduced amino acid sequence. The sequence of a 2.8-kb Pvull-Sau3Al 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 sze6 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 o, 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 BARI1/SSTI gene (33). Recently, it was shown that o
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 BAR1/SSTI gene product. Mutations in
sxal affected fertility of ™ 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 BARI/SSTI
gene is transcribed only in a cells and is induced by a-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 76: P
Barl 45: D
Pep4 91: S
Pepl 75: SD
RNAP 82: SD
pepsin 76: S
cathepsin E 78: S
chymosin 74: ISD
renin 86: S

b
Sxa2 89:

PPR 65:
CPI 39:
Prcl 144: |
Kexl 78:
consensus
Sxa2 138:
PPR 115
CPI 94:
Prcl 193
Kexl 127
consensus
Sxa2 185:
PPR 163:
CPI 143:
Prcl 240:
Kexl 183:

consensus L GESYAG YIP FA IGNGL

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 BARI/SSTI (33); Pep4, S. cerevisiae
proteinase A or the PEP4 gene product (1, 49); Pepl, the gene product of Saccharomycopsis fibuligera PEPI (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 I (45); Prcl, the S. cerevisiae PRCI gene product or carboxypeptidase Y (46); Kexl, the S. cerevisiae KEX1 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

gene product. Carboxypeptidase Y, encoded by the PRCI
gene, resides in the vacuole and is involved in degradation of
small peptides (28). Kex1 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

2345678

Sxal- = e - o 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-

sxa2- - e tion made A~ 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

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 (h7); lanes 3 and 4, JY2 (h™);
lanes 5 and 6, JY3 (h°°); lanes 7 and 8, JY919 (h*/h~). Each RNA
preparation (10 pg) was run in a formaldehyde-agarose gel and
analyzed by RNA blot analysis by using probes containing the sxa/
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.

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 B-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
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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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