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SUMMARY: Yeast Saccharomyces cerevisiae KEX2 gene previously isolated, was
characterized as the gene encoding a calcium-dependent endopeptidase required
for processing of precursors of oa-factor and killer toxin. 1In this study, we
report the amino acid sequence of the KEX2 gene product deduced from
nucleotide sequencing. Our results indicate that the KEX2 gene contains a
2,442-bp open reading frame encoding a polypeptide of 814 amino acids. The
deduced amino acid sequence contains a region extensively homologous to the
members of subtilisin-like serine protease family near the N-terminus. A
putative membrane-spanning domain near the C-terminus was also detected. These
facts indicate that the KEX2-encoded protein may function as a membrane-bound,
subtilisin-like serine protease.  © 1988 Academic Press, Inc.

Many Dbioactive peptides are processed from their precursors by
proteolytic cleavage at paired basic residues. However, little is known about
the endopeptidases that are physiologically involved in precursor processing

(1) . Yeast Saccharomyces cerevisiae cells synthesize and secrete a-factor and

killer toxin, which are also processed from larger precursors by specific
cleavage at paired basic residues (2,3). Therefore, yeast may provide a simple
model system for the study of prohormone processing in higher eukaryotic
cells. Yeast kex2 mutants are defective in proteolytic processing of
precursors for o-factor and killer toxin (4). Reintroduction of the normal
KEX2 gene into deficient strains restored both processing activity and
endopeptidase activity specific for cleaving on the carboxyl side of paired
basic residues, indicating that the KEX2 gene product may be an endopeptidase
involved in precursor processing (4,5). The KEX2 gene product was found to
exhibit unique enzymatic properties, including membrane-association, Ca2+-—

dependency, and substrate specificity toward paired basic residues (4,5).

Abbreviations: MCA, 4-methylcoumaryl-7-amide; AMC, 7-amino-4-methylcoumarin;
PMSF, phenylmethylsulfonyl fluoride; DFP, diisopropyl fluorophosphate; pAPMSF,
p-amidinophenylmethylsulfonyl fluoride.
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Enzymes with properties similar to those of the KEX2 protease were partially
purified by Wolf's group (6,7) and ours (8). To understand the molecular
mechanisms of this unique proteolytic action of the enzyme, it was essential
to elucidate its primary structure. 1In a recent review, Fuller, et al. showed
the schematic depiction of the structure of the KEX2-encoded protease (9);
however, no data regarding its primary structure had as yet been available. In
this paper, we report the complete amino acid sequence of the KEXZ2-encoded

protein deduced from nucleotide sequencing.

MATERIALS AND METHODS

Strains and DNA: Saccharomyces cerevisiae K16~57C (MATa leu2 trpl ura3 kex2-8)
was used for the kex2 mutant host. The kex2~8 mutation of K16-57C derived from
strain 399 was obtained from Dr. Reed Wickner. R27-7C (MATo leu2 trpl ura3
his3) was used for the KEX2 wild type strain. The genomic DNA used for
isolation of the KEX2 gene was prepared from X2180-1B (10).

Recombinant DNA techniques: Ligation, T4 DNA polymerase and restriction
endonuclease treatment were performed according to Maniatis, et al. (11).
Plasmid: DpYE vector, carrying the selection marker gene TRPl and one of the
inverted repeat sequence of 2um DNA which contains the replication origin, was
used for the high copy number plasmid. YCple vector, carrying the selection
marker gene LEU2, CEN4 and ARSl, was used for the single copy number plasmid.
Both vectors have pBR322 replication origin and ampicillin-resistant gene.
Transformation: Transformation of yeast was carried out by using the lithium
acetate technique (12). Transformation of E,coli was performed as described
before (13).

Bioassay for killer activity: To isolate the KEX2 gene, the transformants were
screened for the secretion of active killer toxin. Agar diffusion assay for
killer activity was performed on a lawn of the sensitive indicator 5 x 47
(MATa/MATa hisl/+ trpl/+ ura3/+) (14), according to the procedure of Wickner
and Leibowitz (15).

Assay for protease activity: Permeabilization of yeast cells with Brij 58 was
carried out by the methods described previously (4). Protease activity was
measured as follows (8): Twenty nanomoles of Boc-Gln-Arg-Arg-MCA were
incubated for 1 hr at 37°C with the permeabilized cells in 250 ul of 0.4 M
Tris-HC1 buffer (pH 7.0) containing 0.1% Lubrol, 1 mM EGTA, pepstatin
(lmg/ml), and bestatin (lmg/ml) in the presence or absence of 2 mM CaCl_. The
amounts of AMC released from the substrate were measured by a fluoreScence
spectrophotometer with excitation at 380 nm and emission at 460 nm. . Calcium-
dependent endopeptidase activity was evaluated after the addition of CaCl,.
Sequencing: DNA seguence analysis was carried out by the dideoxy method after
subcloning suitable restriction fragments into M1l3mpl8 and M13mpl9 vectors
(16). The DNA sequence was determined for both strands, and across all
restriction sites used for subcloning.

RESULTS AND DISCUSSION

The KEX2 gene was previously isolated by Julius, et al. (4). They
described that the functional KEX2 gene was located on a 3.5Kb EcoRI fragment.
According to their description, we isolated the 3.5Kb EcCORI fragment capable
of complementing the kex2-8 mutation from X2180-1B genomic DNA (Fig.lA).
However, the nucleotide sequence analysis revealed that the 3.5 Kb EcoRI
fragment contained one long open reading frame without a stop codon. To
determine the complete coding sequence of the KEX2 gene product, the 5.0 Kb

EcORI~Sall fragment capable of complementing the kex2-8 mutation was newly
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Fig.l (A) Upper: Physical map of KEX2 gene previously reported (4). Middle
and lower: Physical maps of KEX2(RI) and KEX2(5.0) isolated in this study.
E;EcoRI, N;NsiI, H;HindIII, B;BamHI, §;Sall, Bg;BglII. (B) Strategy for
sequencing cloned DNA. The restriction map shows only the relevant restriction
sites. Protein coding region is indicated by a closed box. Arrows under each
clone indicate direction and extent of sequence determination. Dashed line
indicates the region of PUC18.

isolated. As shown in Fig.lA, the restriction maps of these two isolated genes
(named KEX2(RI) and KEX2(5.0)) were identical to that of the KEX2 gene
previously reported (4). Transformants of the kex2-8 mutants containing the
cloned genes on a single~ or multi~copy number plasmid regained both killer
activity and Ca2+—dependent endopeptidase activity (Table 1). Hence, these

+ . . R
genes probably encode a Ca2 -dependent endopeptidase required for maturation

Table 1. Killer and endoprotease activity of the normal and kex2 mutant cells

Inserting direction Killer Endoprotease
Strain of KEX2 gene activity activity
K16-57C (non) - 0.5
K16-57C[pYE-KEX2 (RI)a] + 22.9
K16-57C{pYE-KEX2(RI)b] — == GD eIt + 50.3
K16-57C{pYE-KEX2(5.0)b] + 78.8
K16-57C[YCpLe~KEX2(RI)a] + 5.0
K16-57C[YCpLe~-KEX2(RI)b] — = RERRD) e SR + 11.1
R27~7C (non) + 7.2
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of active killer toxin. Two plasmids containing overlapping segments of the
yeast genome were analyzed for nucleotide sequence by the dideoxy method,
according to the strategy indicated in Fig.1B.

Fig.2 shows the 2,848-nuc1eotide sequence of the KEX2 gene and the
deduced amino acid sequence of the KEX2 gene product. The sequence contains
one long open reading frame corresponding to 814 amino acid residues. The
translational initiation site is tentatively assigned to the methionine codon
at nucleotides 1 to 3, because this is the first ATG triplet that appears
downstream from the nonsense codon TAA (nucleotides =57 to -55) found in-
frame. A translation stop codon (TGA) occurs in-frame after the 814th codon
specifying serine. A putative polyadenylation site AATAAA is present at
position 2,616 to 2,621. Thus the KEX2 gene appears to encode a polypeptide of
814 amino acid residues with a calculated molecular weight of 89,997.

The hydropathicity profile of the deduced amino acid sequence revealed
two hydrophobic segments., One is at the N-terminus of the protein and may
function as a signal sequence to direct the KEX2 protein into endoplasmic
reticulum. The other segment, consisting of 21 hydrophobic residues (residue
679 to 699) near the C-terminus of the protein, may function as a membrane-
spanning domain, as was generally found in many transmembrane proteins. There
are five potential sites for N-linked glycosylation, that is, Asn~X-Ser/Thr,
where X can be any amino acid except proline (Fig. 2).

When the amino acid seguence deduced for the KEX2 gene product was
compared with the known polypeptide sequences stored in the NBRF data bank,
significant homology was found with members of subtilisin-like serine protease
family (17). Fig.3A shows an alignment of the respective amino acid sequences
of the KEX2 gene product and subtilisin BPN' (18). When the region of amino
acid residues [152-410] of KEX2 gene product was compared with the sequence
[9-246] of subtilisin BPN', 28% was found to be occupied by identical residues
and 22% by conservative residues. The active site of subtilisin BPN' was
assigned to the triad consisting of residues Asp-32, His-64, and Ser-221 (18).
The KEX2 protein also contains these three residues at homologous positions
(Asp-175, His-213 and Ser-385). The extensive homology of the amino acid
sequence observed between KEX2 protein and subtilisins, especially in the
region around the active site residues (Fig.3B), strongly suggests that the
KEX2 protein may physiologically function as a serine protease in a manner

similar to that of the subtilisins. Subtilisins are classified into a serine-

Fig.2 Nucleotide sequence of KEX2 gene and predicted amino acid sequence of
KEX2 gene product. Nucleotides are numbered from the presumed initiator ATG.
Amino acid residues are numbered starting at Met-l. The potential N-
glycosylation sites are underlined. The residues corresponding to the active
site of subtilisin are boxed. Two hydrophobic domains situated at the N-
terminus and near the C-terminus are indicated by dashed lines. The AATAAA
sequence is doubly underlined.
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T GCA TAA TIC TGT CAT AAG CCT GTT ~-145

=144 CTT TTT CCT GGC TTA AAC ATC CCO TTT TOT AAA AGA GAA ATC TAT TCC ~-97
~86 ACA TAT TTC ATT CAT TCG GCT ACC ATA CTA AGG ATA AAC TAA TCC CGT ~-19
~-48 TGT TTT TTG GCC TCG TCA CAT AAT TAT AAA CTA CTA ACC CAT TAT CAG -1
I Met Lys Val Arg Lys Tyr 1la Thr Leuy Cys Phe Trp Trp Ala _Ple Ser 16

1 ATG AAA GTG AGG AAA TAT ATY ACT TTA TGC TTT TGG TGG (GCC TTT TCA 48
17 Thr Ser Ala Leu Val Ser Ser Gln Gln Ile Pro Ley Lys Asp Hia Thr 32
49 "ACA TCC GCT CTT GTA TCA TCA CAA CAA ATT CCA TTG AAG GAC CAT ACG 96
33 Ser Arg Gln Tyr Phe Ala Vsl Glu Ser Asn Glu Thr Leu Ser Arg lLeu 48
87 TCA CGA CAG TAT TTT GCT OTA GAA AGC AAT GAA ACA TTA TCC CGC TTG 144
49 Glu Glu Met His Pro Asn Trp Lys Tyr Glu Hlis Asp Val Ard Gly Leu 64
145 GAG OAA ATO CAT CCA AAT TGG AAA TAT GAA CAT GAT GTT CCA GGG CTA 192
65 Pro Asn ilis Tyr Val Phe Ser Lys (Glu Leu Leu Lys Leu Gly Lys Arg 80
193 CCA AAC CAT TAT GTT TTT TCA AAA GAG TTG CTA AAA TTG GGC AAA AGA 240
81 Ser Ser Leu Glu Glu Leu Gln Gly Asp Asn Asn Asp llis Ile Leu Ser 96
241 TCA TCA TTA GAA GAG TTA CAU GGG OAT AAC AAC GAC CAC ATA TTA TCT 288
97 Val His Aap Leu Phe Pro Arg Asn Asp Leu Phe Lys Arg Leu Pro Val 112
289 GTC CAT GAT TTA TTC CCG CGT AAC GAC CTA TTT AAG AGA CTA CCG GTG 336
113 Pro Alas Pro Pro Met Asp Ser Ser lLeu Leu Pro Val Lys (Glu Ala Glu 128
337 CCT GCT CCA CCA ATG GAC TCA AGC TTG TTA CCG GTA AAA GAA GCT GAG 384
129 Asp Lys Leu Ser Ile Asn Asp Pro Leu Phe Glu Arg Gln Trp His Leu 144
385 GAT AAA CTC AGC ATA AAT GAT CCC CTT TTT GAG AGO CAG TGG CAC TTG 432
145 vVal Asn Pro Ser Phe Pro Gly Ser Asp Ile Asn Val Leu Asp Leu Trp 160
433 GTC AAT CCA AGT TTT CCT GGC AGT GAT ATA AAT GTT CTT GAT CTG TGG 480
161 Tyr Aan Aan Ile Thr Gly Ala Gly Val Val Ala Ala Ile Val{Asp{Asp 176
481 TAC AAT AAT ATT ACA GGC GCA GGG GTC GTG GCT GCC ATT GTT]GAT|GAT 528
177 Gly Leu Asp Tyr Glu Asn Glu Asp l.eu Lys Agap Asn Phe Cys Ala Glu 192
5§29 GGC CTT GAC TAC GAA AAT GAA GAC TTG AAG GAT AAT TTT TGC GCT GAA 576
193 Gly Ser Trp Asp Phe Aan Asp Asu Thr Asn Leu Pro Lys Pro Arg Leu 208
577 GOGT TCT TGG GAT TTC AAC GAC AAT ACC AAT TTA CCT AAA CCA AGA TTA 624
209 Ser Asp Asp Tyr|liis|Gly Thr Arg Cys Ala Gly Glu Ile Ala Ala Lys 224
625 TCT GAT GAC TAC|CAT]GGT ACG AGA TGT GCA GGT GAA ATA GCT GCC AAA 672
225 Lys Gly Asn Asn Phe Cys Gly Val Gly Val Gly Tyr Asn Ala Lys Ile 210
673 AAA GCT AAC AAT TTT TGC GUGT GTC GGG GTA GGT TAC AAC GCT AAA ATC 720
241 Ser Gly Ile Arg Tle Leu Ser Gly Asp Ile Thr Thr Glu Asp Glu Ala 256
721 TCA GGC ATA AGA ATC TTA TCC GGT GAT ATC ACT ACG GAA GAT GAA GCT 768
257 Als Ser Leu Ile Tyr Gly Leu Asp Val Asn Asp lle Tyr Ser Cys Ser 272
769 GCG TCC TTG ATT TAT GGT CTA GAC GTA AAC GAT ATA TAT TCA TGC TCA 816
273 Trp Gly Pro Ala Asp Asp Gly Arg His Leu Gln Gly Pro Ser Asp leu 288
817 TGG GGT CCC GCT GAT GAC GGA AGA CAT TTA CAA GGC CCT AGT GAC CIG 861
289 Val Lys Lys Ala lLeu Val Lys Gly Val Thr Glu Gly Arg Asp Ser Lys 304
865 GTC AAA AAG GCT TTA GTA AAA GUGT GTT ACT GAG GUGA AGA GAT TCC AAA 912
305 Gly Ala Ile Tyr Val Phe Ala Ser Gly Asn Gly Gly Thr Arg Gly Asp 320
913 GGA GCG ATT TAC GTT TTT GCC AGT GGA AAT GGT GGA ACT CGT GGT GAT 960
321 Asn Cys Asn Tyr Asp Gly Tyr Thr Asn Ser Ile Tyr Ser Ile Thr Ile 336

961 AAT TGC AAT TAC GAC GGC TAT ACT AAT TCC ATA TAT TCT ATT ACT ATT 10608

337 Gly Ala Ile Asp llis Lys Asp Leu lilis Pro Pro Tyr Ser Glu Gly Cys 352
1009 GGG GCT ATT GAT CAC AAA GAT CTA CAT CCT CCT TAT TCC GAA GGT TGT 1056

353 Ser Ala Val Met Ala Val Thr Tyr Ser Ser Gly Ser Gly Glu Tyr Ile 368
1057 TCC GCC GTC ATQ GCA GTC ACG TAT TCT TCA GGT TCA GGC GAA TAT ATT 1104

369 His Ser Ser Asp Ile Asn Gly Arg Cys Ser Asn Ser His Gly Gly Thr 84
1105 CAT TCOG AGT GAT ATC AAC GGC AGA TGC AGT AAT AGC CAC GGT GGA ACG 1152

385 |SerjAla Als Ala Pro Leu Ala Ala Gly Val Tyr Thr Leu Leu Leu Glu 400
1163 | TCTJGCG GCT GCT CCA TTA GCT GCC GOT GTT TAC ACT TTG TTA CTA GAA 1200

401 Ala Asn Pro_Asn Leu Thr Trp Arg Asp Val Gln Tyr Leu Ser Jle leu 416
1201 GCC AAC CCA AAC CTA ACT TGG ACA GAC GTA CAG TAT TTA TCA ATC TTG 1248
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417 Ser Ala Val Gly lLau Ulu Lys Asn Ale Asp Gly Asp Trp Arg Asp Ser 452
1249  TCT GCU QTA GOG TTA GAA AAG AAC GCT UAC GOA GAT TGO AGA GAT AGC 1296

433 Ale Met Gly Lys Lys Tyy Ser lifa Arg Tyr Gly Phe Gly Lya 1le Asp 448
1297 QCC ATG GGG AAG AAA TAC TCT CAT CUC TAT GGC TUF GGT AAA ATC GAT 1344

449 Ale WNis Lys lLeu 1le Glu Met Ser Lys Thy Trp Glu Asn Val Asn Aln 164
1345  QCC CAT AAG TTA ATT GAA ATG TCC AAUG ACC TGO GAG AAT OFT AAL GCA 11392

465 QGln Thr Trp Phe Tyr Leuw Pro Thr Leu Tyr Val Ser Glu Ser Thr Asn 480
1393 CAA ACC TGUG TTT TAC CTG CCA ACA TTG TAT GTT TCC CAG TCC ACA AAC 1140

481 Ser Thr Glu Glu Thr Leu (Glu Ser Val Ile Thr Ile Ser Giu Lys Ser 4196
1441  TCC ACG GAA GAUG ACA TTA GAA TCC GTC ATA ACC ATA TCA GAA AAA AGT 1488

497 Leu Gin Asp Ale Aan Phe Lys Arg lle Glu Hlia val Thr Val Thy Val 512
1489 CTT CAA GAT GCT AAC TTC AAG AGA ATT GAG CAC GTC ACG GFA ACT GTA 1536

513 Asp lle Asp Thr Glu Ile Arg Gly Thr Thr Thr Val Asp Leu lle Ser 528
1537  GAT ATT GAT ACA GAA ATT AGG GGA ACT ACG ACT GTC GAT TTA ATA TCA 1584

529 Pro Ala Gly lle lle Ser Asn Leu Gly Val Val Arg Pro Arg Asp Val 544
i685 CCA GCG GGG ATA ATT TCA AAC CTI'l GGC GTT GTA AGA CCA AGA GAT GIT 1632

645 Ser Ser Glu Gly Phe Lys Asp Trp Thr Phe Met Ser Val Ala ilis Trp $60
1633 TCA TCA GAG GGA TTC AAA GAC TGG ACA TTC ATG TCT GTA GCA CAT TGG 1680

6§61 Gly Glu Asn Gly Val Gly Asp Trp Lys lle Lys Val Lys The Thr Glu 576
1681 GGT GAG AAC GGC GTA GGT GAT TGG AAA ATC AAG GTT AAG ACA ACA GAA 1728

577 Asn Gly Mis Arg Ile Asp Phe llis Ser Trp Arg leu Lys lLeu Phe Gly 592
1729 AAT GGA CAC AGG ATT GAC TTC CAC AGT TGG AGG CTG AAG CTC TTT GGG 1776

593 Glu Ser Ile Asp Ser Ser Lys Thr Glu Thr Phe Val Phe Gly Asn Asp 608
1777  GAA TCC ATT GAT TCA TCT AAA ACA GAA ACT TTC GTC TTT GGA AAC GAT 1824

609 Lys Glu Gliu Val Glu Pro Ala Ala Thr Glu Ser Thr Val Ser Gln Tyr 624
1825 AAA GAG GAG GTT GAA CCA GCT GCT ACA GAA AGT ACC GTA TCA CAA TAT 1872

625 Ser Als Ser Ser Thr Ser Ile Ser Ile Ser Ala Thr Ser Thr Ser Ser 640
1873 TCT GCC AGT TCA ACT TCT ATT TCC ATC AGC GCT ACT TCT ACA TCT TCT 1920

641 1le Ser Ile Gly Val Glu Thr Ser Alos 1le Pro Gln Thr Thr Thr Ale 656
1921 ATC TCA ATT GGT GTG GAA ACG TCG GCC ATT CCC CAA ACG ACT ACT GCG 1968

657 Ser Thr Asp Pro Asp Ser Asp Pro Asn Thr Pro Lys Lys Leu Scr Ser 672
1969 AGT ACC GAT CCT GAT TCT GAT CCA AAC ACT CCT AAA AAA CTT TCC TCT 2016
673 Pro Arg Gln Ala Met Ilis Tyr_Phe Leu Thr 1le Phe Leu Ile Gly Ala 688
2017 CCT AGG CAA GCC ATG CAT TAT TTT T'TA ACA ATA TYT TTG ATT GGC GCC 2064

689 Thr_Phe Leu Val Leu _Tyr P'he Met Phe Phe Met [Lys Ser Arg Arg Arg 704

1
2065 ACA TTT TTG GTG TTA TAC TTC ATG TTT TIT ATG AAA TCA AGG AGA AGG 2112

705 1le Arg Arg Ser Arg Aln Glu Thr Tyr Glu Phe Asp Ile lle Asp Thr 120
2113  ATC AGA AGG TCA AGA GCG GAA ACG TAT GAA TTC GAT ATC ATT GAT ACA 2160

721 Asp Ser Glu Tyr Asp Ser Thr Leu Asp Asn Gly Thr Ser Gly Ile The 736
2161 GAC TCT GAU TAC GAT TCT ACT TTG GAC AAT GGA ACT TCC GGA ATT ACT 2208
737 Glu Pro Giu Glu Val Glu Asp Phe Asp Phe Asp lLeu Ser Asp Glu Asp 752
2209 GAG CCC GAA GAG GTT GAG GAC TTC GAT TIT GAT TTG TCC GAT GAA GAC 2256
753 MNis Leu Ala Ser lLeu Ser Ser Ser Glu Asn Gly Asp Ala Glu HWis Thr 768
2257 CAT CTT GCA AGT TTG TCT TCA TCA GAA AAC GGT GAT GCT GAA CAT ACA 2304
769 1Ile Asp Ser Val Leu Thr Asn Glu Asn Pro Phe Ser Asp Pro Ile Lys 184
2305  ATT OAT AGT GTA CTA ACA AAC GAA AAT CCA TTT AGT GAC CCT ATA AAG 2352

785 Glun Lys Phe Pro Asn Asp Ala Asn Ala Glu Ser Ala Ser Asn Lys bLeu 800
2353  CAA AAG TTC CCA AAT GAC GCC AAC GCA GAA TCT GCT TCC AAT AAA TTA 2400
Pro
ccT

801 Gin Glu Leu Gin Pro Asp Val

Pro Ser Ser Gly Arg Ser $¢%
2401 CAA GAA TTA CAG CCT GAT GTT

CCA TCT TCC GGA CGA TCG TGA T1C 24438

2449 GAT ATG TAC AGA AAG CTT CAA ATT ACA AAA TAG CAT TTT TTT CTT ATA 2496
2497 QAT TAT AAT ACT CTC TCA 'TAC GTA TAC GTA TAT GTG TAT ATG ATA TAT 2544
2645 AAA CAA ACA TTA ATA TCC TAT TCC TIC CAT TTG AAA TCC CTA TGA TGT 2592
2593  ACT TTOU CAT TUT TTG CAC CCG CGA_ATA_AAA TGA AAA CTC CGA ACC GAT 2640
2641 ATA TCA AGC ACA TAA AAG GGG AGG GTC CAA TTA ATG CAT
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(A)
150 160 170 180 199 200
KEX2 -—-LVNPSFPGSDINVLDLWYNNITGAGVVAAIVIIDGLDYENEDLKDNFCAEGSWDFNDNTNL
SUB BPN' AQSVPYGVSQIKAPALHSQGYTGSNVKVAVIDSGIDSSHPDLK--~VAGGASMVPSETN-
i 10 20 30 4 50
210 220 230 240 250 260
KEX2 PKPRLSDDYRAIGTRCAGE IAAKKGNNFCGVGVGYNAKISGIRILSGD I TTEDEAASLIYGL
SUB BPN' --PFQDNNSHGTHVAGTVAALN-NSIGVLGVAPSASLYAVEVLGAD-=------ GSGQYSW
60 70 80 90 100
270 280 290 300 310 320
KEX2 DVNDIYSCSWGPADDGRHLQ-GPSDLVKKALVKGVTEGRDSKGAIYVFASGNGGTRGDNC
SUB BPN' IINGI---EWATANNMDVINMSLGGPSGSAALKAAVDKAVASGVVVVAAAGNEGTSGSSS
110 120 =130 146 150 160
330 340 350 360 370 380
KEX2 NYDGYTNSIYS-ITIGAIDHKDLHPPYSEGCSAVMAVTYSSGSGEYIHSSDINGRCSNSH
SUB BPN' T-VGYPGKYPSVIAVGAVDSSNQRASFS-SVGPELDVM~~~APGVS iQéT—LQéNKYGAY
170 180 190 200 210
390 400 410 420 430
KEX2 GGTEAAAPLAAGVYTLLLEANPNLTWRDVQYLSILSAVGLEKNADGDWRDS AMGKKYS - -
SUB BPN' NGTISMASPHVAGAAALILSKHPNWTNTQVRSSLENTTTKLGDSFYYGKGLINVQAAAQ
220 230 240 250 260 270
(B)
170 180 210 220 380 390
1) ~~TGAGVVAA IVIDDGLDYENEDL~~-~LSDDYHG TROAGE IAAK-—~~NSHGGT] LAAGVYTLLL-~
2) ~- BGSGAKIA IVDTGVQSNHPDL--~~QNGNGHGTHOAG IAAAV~-—-ASLSGTSMAT PHVAGVAGLLA~~
3) -~AGQGSCVYV IDTGIEASHPEF~~-~RDGNGHGTHORGTVGSG-~~-RSI SGTSMATPHVAGLARYLM~=
4) ~-KGANVKVAVLDITGIQASHPDL-~~-TDGNGHGTHVAGTVAAL --~~ATLNGTISMASPHVAGAAAL I L -~
5) =~KGANVKVG I IDTGIAASHTDL~ -~ TDGNGHGTHVAGTVAAL~~=--TSLNGTSMAS PHVAGARALIL~~
6) =~ TGSNVKVAVIDISG IDSSHPDL-~--QDGS SHE THVAGT IAAL~---GAYNGTISMAT PHVAGAAAL IL -~
7) ~~TGSNVKVAVIHSGIDSSHPDL~~-~0DGS SHETHVAGT IAAL ~~~~GAYNGTSMATPHVAGAAAL L ~~
8) ~—TGSNVKVAVISG IDSSHPDL--~~QDNNSHE THVAGTVAAL -~~-GAYNGTISMA SPHVAGAAAL IL—~
30 40 60 70 220 230

Fig.3. (A) Alignment of the amino acid sequences of the KEX2 protein (upper)
and subtilisin BPN' (lower) (19). Sets of identical residues are marked with
two dots. Gaps (~) have been inserted to achieve maximum homology. The
residues constructing the active site are boxed and the substrate binding site
of subtilisin is doubly underlined. (B) Comparison of the amino acid sequences
around the active site residues. The residues constructing the active site and
the putative free cysteine residues are boxed. Only the residue numbers of
KEX2 protease and subtilisin BPN' are specified in the figqure. 1) KEX2
protease, 2) thermitase, 3) proteinase K, 4) subtilisin Carlsberq, 5)
subtilisin DY, 6) subtilisin 1168, 7) subtilisin from Bacillus
amylosaccariticus, 8) subtilisin BPN'.

protease superfamily, but are not related to the chymotrypsin-like serine-
protease family, the latter being considered to have evolved independently.
Sequence comparison led us to classify the KEX2 protease as a subtilisin-like
serine-protease.

It has been reported that KEX2 protease activity was inhibited by
thiol-directed reagents such as monoiodoacetate and heavy metal ions but not
by PMSF, a general serine-protease inhibitor (4,5). Similar results were

obtained with membrane-bound proteases in yeast, as reported by Wolf's group
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and by ours (6-8). As had been known, two fungal subtilisin-like serine
proteases, proteinase K and thermitase, are inactivated by thiol-directed

reagents. They have a free cysteine residue located immediately adjacent to a

histidine residue in the active site (19). KEX2 protein contains eight Cys
residues, one of which (Cys—~217) is situated in a homologous position
(Fig.3B}). TInactivation of KEX2 protease by thiol-reagents may be due to the

blockage of this free Cys residue. Our preliminary study showed that KEX2
protease was inactivated by inhibitors for serine protease, such as PMSF, DFP,
and pAPMSF, at a high concentration of 10 mM. (Details will be reported
elsewhere.) These results, taken together, further support the conclusion that
KEX2 protease belongs to the serine protease family, as also suggested by
Fuller, et 3&. (9.

KEX2 protease activity exhibits Ca2+—dependency (5-8), analogous to
calcium-activated neutral protease (calpain) found in mammalian tissues.
However, the KEX2 product does not contain sequences with obvious resemblance
to calpains or other calcium-binding proteins. Further studies are necessary
to understand the molecular mechanisms by which calcium regulates the enzyme.

The structural organization of KEX2 protein is similar to those of
other processing enzymes ever characterized, including yeast KEXl-encoded
carboxypeptidase B-like protease (20), and peptide C-terminal o~amidating
enzymes from Xenopus laevis skin (21) and bovine pituitary (22). These enzymes
have in common two hydrophobic regions, a putative signal sequence at the N-
terminus and a putative membrane-spanning domain near the C-terminus, both of
which may function to localize and anchor them to the intracelluler target
organelles. The active domain of each enzyme, situated at the N-terminal side
of the membrane-spanning domain, should be oriented inside the secretory
vesicles.

Paired basic residues are conserved on various bioactive peptide
precursors to serve as sites of proteolytic processing in a wide range of
eukaryotic species from yeast to mammals. This fact suggests a possibility
that endopeptidases similar to KEX2 gene product may be involved in precursor
processing in mammalian tissues (23,24). The cloned KEX2 gene may serve as a

probe for searching these enzymes, which have not yet been well-characterized.
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