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The PRB1 gene of Saccharomyces cerevisiae encodes the vacuolar endoprotease protease B. We have
determined the DNA sequence of the PRBI gene and the amino acid sequence of the amino terminus of mature
protease B. The deduced amino acid sequence of this serine protease shares extensive homology with those of
subtilisin, proteinase K, and related proteases. The open reading frame of PRB1 consists of 635 codons and,
therefore, encodes a very large protein (molecular weight, >69,000) relative to the observed size of mature
protease B (molecular weight, 33,000). Examination of the gene sequence, the determined amino-terminal
sequence, and empirical molecular weight determinations suggests that the preproenzyme must be processed
at both amino and carboxy termini and that asparagine-linked glycosylation occurs at an unusual tripeptide
acceptor sequence.

The lysosomelike vacuole of the yeast Saccharomyces
cerevisiae contains a number of the major hydrolases of the
cell, including protease A, protease B, carboxypeptidase Y,
the large aminopeptidase, repressible alkaline phosphatase,
and at least one RNase (39, 42, 75). Most, if not all, of the
vacuolar hydrolases are glycoproteins that are synthesized
first as inactive precursors (2, 27). Like externally secreted
proteins, precursors to vacuolar hydrolases pass through the
endoplasmic reticulum and the Golgi body. The vacuolar
hydrolase precursors are sorted from secreted proteins
within the Golgi body and are transported to the vacuole
(62).

Protease B, a single-subunit glycoprotein, is a serine
endoprotease with a pH optimum near neutrality. Estimates
of molecular weight (MW) range from 31,000 to 44,000 (8, 17,
23, 25, 31, 41, 56, 70); however, the larger size estimates may
be incorrect, owing to the affinity of endogenous peptide
inhibitors for protease B (25). In kinetic experiments, a
20-min pulse of spheroplasts with [35S]methionine allowed
the detection of a larger, 42,000-MW precursor (44). Proc-
essing of this precursor to a 33,000-MW mature enzyme
requires the action of protease A, the product of the PEP4
gene (3, 45, 77). Carbohydrate comprises about 10% of the
33,000-MW mature protease B, with mannose and amino
sugars being present in a 15:2 ratio (31). The composition
and size of the carbohydrate moiety are about those ex-
pected for the endoglycosidase H (endo H)-sensitive, aspar-
agine (Asn)-linked oligosaccharide chains found on other
yeast vacuolar hydrolases (44, 69). However, although the
addition of tunicamycin results in the synthesis of a smaller,
ca. 39,000-MW precursor to protease B, it has no effect on
the activity or size of the mature enzyme (44), and treatment
with endo H does not affect the size of the protease B
molecule (44; data not shown; see references 2 and 27 for
reviews). Since Saccharomyces cerevisiae does not make
glycosidic side chains of the complex type found in animal
cells, the resistance to endo H presumably indicates that the
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carbohydrate is not Asn linked and may be linked to
hydroxyl groups (see reference 5 for a review).
We have recently isolated the structural gene for protease

B, PRBI, and have described its transcription pattern (47).
We report here the DNA sequence and DNA-derived amino
acid sequence of the gene and gene product and our finding
that protease B belongs to the subtilisin family of serine
proteases. A pathway for the processing of the preproen-
zyme is proposed.

MATERIALS AND METHODS
Materials. Concanavalin A-Sepharose 4B, a-methylman-

noside, and phenylmethylsulfonyl fluoride (PMSF) were
purchased from Sigma Chemical Co., St. Louis, Mo.; DEAE
and carboxymethyl cellulose were purchased from What-
man, Inc., Clifton, N.J.; Sephadex G-100 was purchased
from Pharmacia, Inc., Piscataway, N.J.; YM-10 membrane
and Centricon 10 filtration devices were purchased from
Amicon Corp., Danvers, Mass.; bakers' yeast was pur-
chased from Red Star Yeast, Pittsburgh, Pa.
DNA sequencing. Cloning of the PRBI gene has already

been described (47). The DNA was sequenced across both
strands by the method of Maxam and Gilbert (43).

Protein purification and sequencing. Protease B was puri-
fied from bakers' yeast by the "alternative" method of Huse
et al. (25) followed by concanavalin A-Sepharose 4B affinity
chromatography. Bakers' yeast (1 kg) was extracted with
chloroform, and after adjustment of the pH to 7.0, the
extract was incubated overnight at room temperature. After
precipitation with 50% ammonium sulfate, the supernatant
solution was adjusted to pH 5 and incubated overnight at
4°C. Following centrifugation, the retained supernatant so-
lution was made 90% in ammonium sulfate. The precipitated
sample was dialyzed against buffer A (0.01 M sodium phos-
phate [pH 7.0], 0.1 M NaCl) and applied to a DEAE-
cellulose column equilibrated in buffer A. The breakthrough
fraction was concentrated with 90% ammonium sulfate,
dialyzed against buffer A, and batch extracted with
carboxymethyl cellulose as previously described (25). The
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unbound enzyme solution was concentrated by ultrafiltration
(YM-10 membrane) to 6 to 9 ml. This sample was applied to
a Sephadex G-100 column (2.5 by 85 cm) and eluted with
buffer A at 15 to 20 ml/h. The active fractions were pooled
and loaded directly onto a column of concanavalin A-
Sepharose 4B equilibrated in buffer A. The column was
washed extensively with 0.01 M sodium phosphate (pH
7.0)-0.5 M NaCl until the A280 was <0.03. Bound protein
was eluted with the same buffer containing 0.5 M a-methyl-
mannoside. Activity was assayed by using the Azocoll assay
(28), and then 1 mM PMSF was added to active fractions to
prevent autoproteolysis. Portions corresponding to some of
the most active fractions were pooled, concentrated to
approximately 1 ml by using a Centricon-10 microconcentra-
tor, and adjusted to 0.1% sodium dodecyl sulfate (SDS). This
mixture was dialyzed extensively against 0.1% SDS-1 mM
PMSF and lyophilized. Protein was electroeluted (24) from a
preparative SDS-polyacrylamide gel and sequenced with a
gas-liquid solid-phase sequenator (model 470A; Applied
Biosystems) (22).
Computer analysis of protein sequence. The preproprotease

B amino acid sequence deduced from the PRBI DNA
sequence was compared with all of the sequences in the
National Protein Information Resource by using the FASTP
program of Lipman and Pearson (40). Hydropathy predic-
tions were determined by the method of Kyte and Doolittle
(37) by using the Pustell Sequence Analysis Package from
International Biotechnologies, Inc. Protein secondary struc-
ture predictions were determined by the method of Chou and
Fasman (11) by using a program written by William E.
Brown, Carnegie Mellon University.

RESULTS

Sequence of the gene. The sequence of 2,387 bases of the
DNA that encodes protease B is shown in Fig. 1. We
previously reported that an uninterrupted, 2.3-kilobase
mRNA is transcribed from this region (47). The 5' and 3'
ends of the mRNA, determined by Si nuclease mapping (7),
align at the positions shown on the sequence in Fig. 1.
The open reading frame (ORF) contained within the

relevant DNA sequence is 1,905 base pairs long and encodes
a 635-amino-acid polypeptide. The calculated MW of the
deduced peptide is 69,619. This peptide is much larger than
the only reported protease B precursor of 42,000 MW, which
has been identified in pulse-chase experiments (44). This
precursor accumulates in a pep4 mutant, which also is
known to accumulate a larger precursor of another vacuolar
hydrolase, carboxypeptidase Y (21, 45). When N-linked
glycosylation is blocked by the addition of tunicamycin, the
MW of the protease B precursor is reduced to 39,000 (44).
The first 19 residues of the deduced polypeptide sequence

(codons -280 to -262; by convention, the amino-terminal
residue of the mature protease is designated codon 1) contain
characteristics common to known hydrophobic leader se-
quences (72). This is not surprising, since protease B, like
the vacuolar hydrolases carboxypeptidase Y (62) and prote-
ase A (S. Garlow and E. Jones, unpublished data), probably
passes through the endoplasmic reticulum and Golgi body in
transit to the vacuole. The remaining 261 amino acids
between the leader and the N terminus (described below) are
presumably removed during processing of the prepro-
enzyme. Since an EcoRI deletion that fuses the codon for
Glu -200 to the codon for Glu 332 in frame leads to no
obvious phenotypic change beyond protease B deficiency
(47), we infer that this long pro region probably has no other

function. The predicted polypeptide contains five potential
acceptor sites for Asn-linked glycosylation, four of which
occur between the N terminus of the mature protein and the
end of the ORF. Four have the sequence Asn-X-Ser at Asn
-68, Asn 107, Asn 143, and Asn 181, and one has the
sequence Asn-X-Thr at Asn 314.

Purification and N-terminal sequence of the protein. To
enable the identification of the amino acid residues within
the PRBJ-encoded polypeptide that correspond to the N
terminus of the mature enzyme, we purified protease B from
bakers' yeast by the alternative method of Huse et al. (25),
except that purification over a concanavalin A-Sepharose 4B
affinity column proved necessary to obtain a homogeneous
protein. A typical profile for the Sephadex G-100 column and
the stained gel from SDS-polyacrylamide gel electrophoresis
(38) of the final PMSF-inactivated protein preparation used
for N-terminal sequencing are shown in Fig. 2. The MW
estimated from the column was 25,000, and that estimated
from SDS-polyacrylamide gel electrophoresis was 32,000.
The discrepancy in these two MW estimates probably re-
flects ionic interaction between protease B and Sephadex, as
has been observed with homologous enzymes (10; compare
references 13 and 26). Sequencing of the N terminus of this
protein yielded the 15-amino-acid sequence underlined in
Fig. 1, starting at amino acid 1. Immunoblots of rapidly
extracted S. cerevisiae cells prepared by using antibody
raised to the 14-amino-acid N-terminal peptide revealed an
antigen of about 31,000 MW, indicating that the enzyme
purified by the procedure described above is probably au-
thentic protease B (data not shown). The polypeptide en-
coded by the PRBI ORF from codon 1, corresponding to the
mature N terminus, to codon 356, the stop codon, has a
predicted MW of 38,140. When 2,900 kiladaltons of carbo-
hydrate is added to that (31), mature protease B has a
predicted MW of 41,000, in contrast to the observed MW of
32,000 to 33,000.
The sequenced PRBI gene was cloned from strain AB320

(50, 51), a laboratory strain that is related to strain X2180 and
that has bakers' yeast in its pedigree (48), while the protein
was purified from bakers' yeast. The 15-amino-acid se-
quence we determined is a perfect match of the DNA-
derived amino acid sequence for amino acids 1 to 15. It has
been previously reported that the amino acid compositions
for the proteases B from strain X2180 and bakers' yeast are
quite comparable (31; see Table 1 for these data as well).
Unexpectedly, however, the amino-terminal glutamic acid
that we found was different from the amino-terminal glycine
reported for bakers' yeast and strain X2180 in the previous
work (31).
Homology between protease B and subtilisins. When we

compared the PRBI coding sequence with all of the se-
quences in the National Protein Information Resource pro-
tein sequence database, we discovered that mature protease
B shares significant homology with subtilisins (Fig. 3). The
homology to the fungal member of this protease family,
proteinase K (26), is even more striking. Within the region of
overlap of protease B with proteinase K, 118 of 277 or 43%
of the residues are identical. Corresponding values for the
homology of protease B to thermitase and the secreted
subtilisins are 33 to 35% and to the intracellular subtilisin
30% (30). The active-site residues (55, 78) aspartate (Asp 45
in protease B), histidine (His 77), and serine (Ser 239) are
embedded in long stretches of homology. Like proteinase K
(26) and thermitase (46), protease B has a cysteine residue
(Cys 81) in close proximity to the active-site histidine
residue. The most striking difference between the protease B
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MCACACCCG CGATAAAGAG CGCGATGAAT ATAAAAGGGG GCCAATGTTA CGTCCCGTTA TATTGGAGTT CTTCCCATAC AAACTTAAGA GTCC1MATTAG CTTCATCGCC
AATAAAAAAA CAAACTAAAC CTAATTCTAA CAAGCAAAG

ATG MG TTA GM MT ACT CTA TTT ACA CTC GGT GCC CTA GGG AGC ATC TCT GCT GCT TTG GTC ATC CCA MT CTT GM MT GCC GCC GAC
MET Lys Lou Glu Asn Thr Leu Phe Thr Leu Gly Ala Lou Gly Ser Ile Ser Ala Ala Leu Val Ile Pro Asn Leu Glu Asn Ala Ala Asp -251

CAC CAC GM CTG ATT MC MG GM GAT CAC CAC GAG AGA CCC AGA AAA GTG GM TTC ACT MG GAC GAT GAT GAG GAG CCA TCT GAC TCT
His His Glu Leu Ile Asn Lys Glu Asp His His Glu Arg Pro Arg Lys Val Glu Phe Thr Lys Asp Asp Asp Glu Glu Pro Ser Asp Ser -221

GM GAT AAA GM CAT GGA MG TTC CAT MG MG GGC CGC MG GGC CM GAC MG GAG TCT CCG GM TTC MC GGT AAA CGT GCA AGT GGC
Glu Asp Lys Glu His Gly Lys Phe His Lys Lys Gly Arg Lys Gly Gln Asp Lys Glu Ser Pro Glu Phe Asn Gly Lys Arg Ala Ser Gly -191

TCT CAT GGG AGC GCC CAC GAG GGA GGA MG GGC ATG MG CCT MG CAT GM AGT TCC MT GAT GAT GAT MT GAT GAT MG MG MG MG
Ser His Gly Ser Ala His Glu Gly Gly Lys Gly Met Lys Pro Lys His Glu Ser Ser Asn Asp Asp Asp Asn Asp Asp Lys Lys Lys Lys -161

CCT CAC CAT MG GGT GGC TGC CAC GM MT MG GTG GAG GAG MG MG ATG AAA GGT MG AAA GTC MG GGC MG MG CAC CAC GM MG
Pro His His Lys Gly Gly Cys His Glu Asn Lys Val Glu Glu Lys Lys Met Lys Gly Lys Lys Val Lys Gly Lys Lys His His Glu Lys -131

ACG TTG GAG AAA GGG AGG CAC CAC MC AGG CTG GCT CCT CTC GTG TCC ACT GCA CM TTC MC CCA GAC GCG ATC TCC AAG ATC ATC CCC
Thr Leu Glu Lys Gly Arg His His Asn Arg Leu Ala Pro Leu Val Ser Thr Ala Gln Phe Asn Pro Asp Ala Ile Ser Lys Ile Ile Pro -101

MC CGC TAC ATT ATA GTC TTC MG AGA GGT GCC CCT CM GM GAG ATC GAT TTC CAC MG GM MtC GTC CAG CAG GCA CM CTT CM TCC
Asn Arg Tyr Ile Ile Val Phe Lys Arg Gly Ala Pro Gln Glu Glu Ile Asp Phe His Lys Glu Asn Val Gln Gln Ala Gln Leu Gln Ser -71

GTA GAG MC TTA TCT GCC GM GAC GCT TTC TTC ATT TCT ACT AAA GAC ACC TCC TTG TCC ACC TCT GAG GCT GGC GGT ATC CAG GAC TCA
Val Glu Asn Leu Ser Ala Glu Asp Ala Phe Phe Ile Ser Thr Lys Asp Thr Ser Leu Ser Thr Ser Glu Ala Gly Gly Ile Gln Asp Ser -41

TTC MC ATC GAT MT CTT TTC TCC GGT TAC ATC GGT TAC TTC ACC CM GAG ATT GTC GAC TTG ATA CGT CAA MC CCA TTA GTA GAC TTT
Phe Asn Ile Asp Asn Leu Phe Ser Gly Tyr Ile Gly Tyr Phe Thr Gln Glu Ile Val Asp Leu Ile Arg Gln Asn Pro Leu Val Asp Phe -11

GTT GAG AGA GAC TCT ATT GTC GAG GCT ACA|GM TTT GAC ACT CM MT AGC GCC CCA TGG GGG TTG GCC CGT ATT TCC CAC AGA GAG CGC
Val Glu Arg Asp Ser Ile Val Glu Ala ThrLGlu Phe Asp Thr GIn Asn Ser Ala Pro Trp Gly Leu Ala Arg Ile Ser His Arg Glu Arg 20

*
CTC MC CTG GGG TCC TTC MC MG TAT CTC TAC GAT GAT GAT GCC GGT CGC GGT GTC ACG TCC TAT GTT ATT GAC ACG GGT GTC AAC ATC
Lou Asn Leu Gly Ser Phe Asn Lys Tyr Leu Tyr Asp Asp Asp Ala Gly Arg Gly Val Thr Ser Tyr Val Ile Asp Thr Gly Val Asn Ile 50

*
MC CAC MG GAC TTC GM MG AGA GCC ATT TGG GGG AAA ACC ATC CCA CTT MC GAC GM GAT CTC GAC GGT MC GGC CAC GGT ACC CAC
Asn His Lys Asp Phe Glu Lys Arg Ala Ile Trp Gly Lys Thr Ile Pro Leu Asn Asp Glu Asp Leu Asp Gly Asn Gly His Gly Thr His 80

TGT GCC GGT ACT ATC GCT TCC AAA CAC TAC GGT GTC GCT AAA MT GCC MC GTT GTT GCG GTG AM GTC TTG AGA TCA AAC GGG TCT GGT
Cys Ala Gly Thr Ile Ala Ser Lys His Tyr Gly Val Ala Lys Asn Ala Asn Val Val Ala Val Lys Val Leu Arg Ser Asn Gly Ser Gly 110

m
ACC ATG TCT GAT GTC GTC AAA GGT GTC GM TAT GCC GCA MG GCG CAC CAA AAA GM GCC CM GAA MG AAA MG GGG TTC AAA GGT TCC
Thr Met Ser Asp Val Val Lys Gly Val Glu Tyr Ala Ala Lys Ala His Gln Lys Glu Ala Gln Glu Lys Lys Lys Gly Phe Lys Gly Ser 140

ACA GCC MT ATG TCG CTT GGT GGT GGC MG TCC CCA GCT TTG GAC TTG GCT GTT MT GCA GCC GTT GM GTC GGT ATT CAC TTT GCC GTG
Thr Ala Asn Met Ser Leu Gly Gly Gly Lys Ser Pro Ala Leu Asp Leu Ala Val Asn Ala Ala Val Glu Val Gly Ile His Phe Ala Val 170

GCT GCT GGT MC GM MC CM GAC GCT TGT MT ACC TCC CCA GCT TCT GCT GAC MG GCC ATC ACC GTC GGA GCT TCC ACG TTG AGC GAT
Ala Ala Gly Asn Glu Asn Gln Asp Ala Cys Asn Thr Ser Pro Ala Ser Ala Asp Lys Ala Ile Thr Val Gly Ala Ser Thr Leu Ser Asp 200

GAC AGA GCC TAC TTT TCC AAC TGG GGT MG TGT GTC GAC GTT TTC GCC CCA GGT TTA MC ATT TTG TCC ACC TAC ATT GGA AGT GAT GAC
Asp Arg Ala Tyr Phe Ser Asn Trp Gly Lys Cys Val Asp Val Phe Ala Pro Gly Leu Asn Ile Leu Ser Thr Tyr Ile Gly Ser Asp Asp 230

* _
GCC ACC GCC ACT TTA TCG GGT ACC TCA ATG GCT TCC CCT CAC GTT GCT GGT TTG TTG ACC TAC TTT TTG TCT TTG CM CCA GGT TCT GAT
Ala Thr Ala Thr Leu Ser Gly Thr Ser Met Ala Ser Pro His Val Ala Gly Leu Leu Thr Tyr Phe Leu Ser Leu Gln Pro Gly Ser Asp 260

AGT GM TTT TTC GM TTG GGC CAG GAT TCT TTG ACT CCT CAG CM TTG AAA AAG MG CTA ATT CAT TAC AGT ACA MG GAC ATT TTG TTC
Ser Glu Phe Phe Glu Leu Gly Gln Asp Ser Leu Thr Pro Gln Gln Leu Lys Lys Lys Leu Ile His Tyr Ser Thr Lys Asp Ile Leu Phe 290

GAT ATC CCT GM GAC ACT CCA MT GTT TTA ATC TAC MC GGT GGT GGT CM GAT TTG TCC GCT TTC TGG MT GAT ACC AAA MG TCC CAT
Asp Ile Pro Glu Asp Thr Pro Asn Val Leu Ile Tyr Asn Gly Gly Gly Gln Asp Leu Ser Ala Phe Trp Asn Asp Thr Lys Lys Ser His 320

TCA TCT GGT TTC MG CM GM TTG MC ATG GAT GM TTC ATT GGA TCA MG ACC GAT TTA ATC TTT GAT CM GTG AGA GAT ATT CTT GAT
Ser Ser Gly Phe Lys Gln Glu Leu Asn Met Asp Glu Phe Ile Gly Ser Lys Thr Asp Leu Ile Phe Asp Gln Val Arg Asp Ile Leu Asp 350

AM TTG MT ATT ATT TM
Lys Leu Asn Ile Ile.

TTCTTCATTT AGAAAAATTT CAGCTGCTTT TTTTTTTCTT TTTCTTTCCT TAGGCGTCTC GAGGTTACM GTCGGAGTCC CTCTTCACTA TCGTTTGTCC ACTTTTTTTA
TATCCCCATT ATTTTCMTC TGMTTTCAT TTTTTTTTTT TMTTCATGA MTTTATATG TCCCACGTAT TACTACATAT TTGCGTTTTT MTTAAATM ATMCTGTTA
CTTTIATTAT ATCTTATTTG CAGATCACTT ATCTGATCM ATGTTTTCGT TTTCGTGTGT GGTGACGATG TATTAGGTAC GCGAAATAM CAACAAAC AMCAAGGCC

FIG. 1. Sequence of the PRBJ gene and its flanking regions from strain AB320 (50, 51). The DNA sequence is shown together with the
predicted amino acid sequence of the PRBJ-encoded protein. (It is assumed that the first AUG codon of the transcript is used as the start of
translation.) The vertical arrow marks the amino terminus of the mature enzyme. The underlined sequence of 15 amino acids corresponds to
the N-terminal sequence found by analysis of protease B purified from bakers' yeast. Asterisks identify the aspartic acid, histidine, and serine
residues corresponding to active-site residues in the homologous subtilisins. Wavy underlining identifies cysteine residues. Diamonds identify
the positions of potential signals for asparagine-linked glycosylation (Asn-X-Thr or Asn-X-Ser) (63). Horizontal arrows identify the beginning
and end of the PRBI mRNA, as determined by S1 nuclease mapping (7).
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FIG. 2. Size estimates for protease B (PRB). Protease B was
purified as described in Materials and Methods. (A) Typical elution
profile from the Sephadex G-100 column. MW standards were
ferritin (V0), excluded; bovine serum albumin (BSA), 67,000;
ovalbumin (OV), 43,000; and cytochrome c (CYTO C), 14,400. The
total volume (VT) was calculated by the formula VT = irr2h. (B)
Coomassie blue-stained gel from SDS-polyacrylamide gel electro-
phoresis (16% acrylamide) of the final PMSF-inactivated protein
preparation (lane 2) used for N-terminal sequence analysis. Lane 1,
MW markers: phosphorylase b, 94,000; BSA, 67,000; OV, 43,000;
carbonic anhydrase, 30,000; soybean trypsin inhibitor, 20,100; and
CYTO C, 14,400.

sequence and those of the other members of this family is the
62-amino-acid extension of the PRBI ORF C terminus
relative to all the other C termini save that of intracellular
subtilisin.
The DNA sequence for the protease B precursor contains

four cysteine codons corresponding to amino acids -154, 81,
180, and 211, the last three of which reside within the mature
protease B polypeptide. Kominami et al. (31) reported
titration by 5,5'-dithiobis (2-nitrobenzoic acid) of 0.85 mol of
cysteine per mol of purified protease B, raising the possibil-
ity that two may be in a disulfide bond. Since Kominami et
al. (31) also reported that p-hydroxymercuribenzoate elimi-
nated the reaction of the active-site serine with diisopropyl-
fluorophosphate, the most likely candidate for the free
cysteine is Cys 81, located near the active-site His 77.
Proteinase K contains five cysteine residues, one free at the
position corresponding to Cys 81 of protease B and the
remaining four in two disulfide bonds. None of the other
cysteine residues of protease B and proteinase K are found
in homologous positions (26). The single cysteine in
thermitase is homologous to Cys 81 (46).
The glycine residue at position 166 (165 in our numbering

in Fig. 3) is invariant in extracellular subtilisins and forms an
important part of the binding cleft. Varying the residue at
this position by in vitro mutagenesis had profound effects on
substrate specificity (14). Interestingly, this portion of the
primary sequence corresponds to a two-amino-acid gap in
the fungal and actinomycete sequences.
The protease B primary sequence shows no homology to

those of the trypsin-chymotrypsin family of serine proteases.
Not surprisingly then, the pattern of cleavage of the oxidized
3 chain of insulin catalyzed by protease B (32) closely
resembles those of the subtilisins (34, 54) and proteinase K
(34) but differs from those of chymotrypsin (57) and trypsin
(73). The DNA-derived amino acid sequences of two cloned
genes for subtilisins reveal that they are synthesized as
preproenzymes (61, 71, 74, 76). Although the two prepro-
enzyme sequences are virtually identical for the subtilisins,
they show no primary sequence homology to the corre-
sponding region of the protease B precursor (data not
shown).
The primary, secondary, and tertiary structures of the

subtilisins have been studied extensively. Computer-gener-
ated predictions of the hydropathy (37) and the secondary
structure (11) of the PRBJ-encoded protein are shown in Fig.
4. Not unexpectedly, since protease B is a vacuolar
hydrolase and presumably follows the route through the
endoplasmic reticulum and Golgi body to the vacuole like
other vacuolar hydrolases (62), there is an initial hydropho-
bic leader. It is followed, however, by a very hydrophilic
stretch of amino acids. Between residues -250 and -121,
there are 29 negatively and 51 positively charged residues.
Whether or how the cell accomplishes transport of this
sequence through the membrane into the lumen of the
endoplasmic reticulum awaits resolution. Within most of the
pro sequence, as well as the leader sequence, extended
regions of a helix are predicted, including one that ends near
residue 1, the N-terminal glutamic acid of the mature
polypeptide. Little secondary structure is predicted within
the polypeptide sequence of the mature enzyme, and most of
this predicted secondary structure in short stretches. How-
ever, the a helices predicted for Met 112-Lys 134, Ser 151-Ile
166, and Ala 241-Leu 253 are found in positions that corre-
spond to those of a helices found in the crystal structure of
subtilisin BPN' from Bacillus amyloliquefaciens (D, Glu
103-Asn 117; E, Ser 132-Ser 145; and F, Thr 242-Asn 252,
respectively) (78). Likewise, the predicted 3-pleated sheet
segments Ser 41-Ile 44, Val 98-Arg 105, and Val 164-Val 170
appear to be counterparts of Val 28-Asp 32, Ala 89-Lys 94,
and Val 148-Ala 152, respectively, in the subtilisin BPN'
crystal structure (78). Interestingly, the F ot helix presents
the serine (239 for protease B) to the active site, and the Ser
41-Ile 44 1-pleated sheet is adjacent to the active-site Asp 45.
Conspicuously absent from the prediction for protease B is
the C a helix in subtilisin BPN' (His 64-Ala 73) that runs
from the active-site His 64 (His 77 in protease B). A cysteine
residue (Cys 81) is present in the protease B sequence within
this otherwise quite homologous segment.

DISCUSSION

Maturation of protease B. Mature protease B is a
glycoprotein with an MW of approximately 32,000 to 33,000
(8, 17, 23, 25, 31, 41, 56, 70; this study), of which 8 to 9% is
estimated to be tunicamycin- and endo H-insensitive carbo-
hydrate (31), leaving a polypeptide MW of about 29,000 to
30,000. Kinetic studies have detected a larger, 42,000-MW
precursor to protease B that contains a tunicamycin-
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C IAIA L - D N T T G V LIG V AIP S V S L YIA V K V L NrIB1- SIG S GI Y §G IVS G IIr;AI

dAAL- DNTTGVLGVAPNMVSLYA[WKVLND - SGCSG ~YISAIyS GI EWATn IAIA L - N N S I G V LIG V AIP SL,ES L YIA V K V LIG A - DIG S G Y S W I I NIGIIIEIUIAII
S |A|A L - N N S I G V L|G V A|P S S A L Y AV K V L Dff- T G S GIQ Y IW I I N G IIE W A I

AAL-DN GGIG CA PESSALYAIVKVLD J-TGSGQYEWIINUGIEWAiLAN - D S N G G I A|G V A|P EEJSL L GGE SIQYEWIIN V
C 80 90 100 110

B 130 140 150 160
B K A H Q K E A Q E K K K GFAj7VS T|A N M S L G G G -KjSP A LID L A E V H
k S D K N - - - - - N R N C PIGV V LS L G GG- Y VN SAAAR L Q S SGM
t D Q G A - - - - - - - - - - - - K V I S L G GTV G N SJ QQQAVYAW N KIGIS V
C T N G M - - - - - - - - - - - - D V I S L G G|A S G T EK Q A V DN A Y A R GE V
d Q N G L - - - - - - - - - - - - D V I|NM S L G GIP S GISIT KQA A VIDKAAYA SIGXJV
n A N N M - - - - - - - - - - - - D V IIN M S L G GIP S GISIA K AA VID K A A S G V
s S N N M - - - - - - - - - - - - D V I N S L G GIP S GISITI LK T:!VID KIA VIS SIG MV
IEQKV-- D~~~~~~IISKLCPSDVP LEEIAVKNAVKNViEQKV--- -- - -- - -- - DI IAMSzL G GPSD VKNAVK NV L

c 120 130 140

B 170 180 190 200
B FIA V A A GN E-QDACNT---SP A SA K TV G A S|T L DfRFY W
k VAV A A G NN -NADARN - A E P S T V G A S|D RYjRfRiS S|F S NY
t V V AAA A GINITAPtN Y - - - jPAY S NIA I AV ASTD Q NN K S SIF S Y
C V V A|A A G N|S G NS G S T N- I G Y|P K Y SVI A VAV D S N S N RAS F S|S V
d V V AIA A G NIS G S S G S QINTI- I G YIP K Y S V I A V G AIV D S N K NIR A S F SIS V
n V V A|A A G NEG T S G S S T1 - V G Y P K Y P S V|I|A|V G A|V D S N Q R A|S|F S|S V
S VEAA A G N E|G S S G S S S- V G YIP AK Y P S TIIIAIV G AV N SSN QIRASF SSA
i VVC!AAGNEGDGE]ERTEELSYPAAYNEVAVG|SVSVARELS EFSA
c 150 160 170 180 190

B 210 220 230 * 240 250
B |CV D V F A P G|L|N I L S T Y I G S|D D A T L S G T S M A S P H V A G L LT F
k SGVjD[F1FIP GT D- -|S I GIS -T_ S G T S M ArP H V A GLAAYL M
t G|S V DV A4A P G S W Y|S T YP T T - - AL S G T S M AWP H V A G A G L L A
C GA E L VjMjA P G1A G V YIS T YIP T N T Y A T LNG T S M A S P H V A G A A LI[L
d IGIA E L EV M A P G|V S V Y|S T YP S N T Y NIG T S M A S P H V A GIA A A L I|L|
n AGP E LEV MA P G|V SYMQS TJPSN K - Y G A Y N|G T S M A S P H V A G A A L I|LI
S GSELDVMAPGVSISTLP GT- -YGAYNGTSMATPHVAG AAALIU

EI LVIAPGENILSTLPNKK- -YGKEQTIGTSMAAPHVISA1GjALIK
c 200 210 220 230
B 260 270 280 290
B FS lQ[PG[OD S E F F E L G Q DgJLn.P Q Q L K K KZI H Y Sm K D I L F D I P E D T[fNk LG K T T A A S A C R - Y I A D T A N K G - D L S NWP F GV N L A Y N N Y Q A*
t S Q G R S - - A S N I R A A I E N T A D K I S G T G T Y W A K G R V N A Y K A V Q Y*
C S|K HPN L S A S Q V R N R L SmT A T Y L - G S S F Y Y G K G L I N V E A A A Q *
d SIK YIPIT L S A S Q V R N R L SWT A T N L - G D S F Y Y G K G L I N V E A A A Q *
n SIK HIPIN W T N T Q V R S S L E N TinT K L - G D S F Y Y G K G L I N V Q A A A Q *
S K H PT W T N A Q V R D R L E jJT A T Y L - G D S F Y Y G K G L I N V Q A A A Q *

i UY E E EiF Q R K L S E S E V F A Q L I R R T L PEID I A KDL A G N G F L Y L T AJD
c 240 250 260 270

B 300 310 320 330 340 350
B V I Y N G G G Q DQ S A F W NDT SHSSG FKQEL NMDEF IGSKT DLIFD QVRDI LDKLN II*
i E A E K A E Q S H L T L *

FIG. 3. Homology of protease B with other subtilisin family proteases. B, Protease B of S. cerevisiae; k, Tritirachium album Limber
proteinase K (26); t, Thermoactinomyces vulgaris thermitase (46); c, Bacillus subtilis Carlsberg subtilisin (60); d, B. subtilis DY subtilisin (52);
n, B. amyloliquefaciens subtilisin (also called BPN') (74); s, B. subtilis subsp. amylosacchariticus subtilisin (35); i, B. subtilis intracellular
subtilisin (30). Boxes enclose residues identical to the corresponding protease B residue. The active-site aspartic acid, histidine, and serine
residues are marked by asterisks. The sequences presented begin with the known N-terminal residues and proceed to the end of the protein
or ORF.
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FIG. 4. Computer-aided secondary structure analysis of the predicted PRBI polypeptide. Hydrophilicity is represented by the solid line
(determined by the method of Kyte and Doolittle [37] by using a segment length of nine). The a-helix (loops) and P-sheet (wavy lines)
conformations predicted by the method of Chou and Fasman (11) are also shown. The locations of the four cysteine residues are shown.
Potential Asn-linked glycosylation acceptor sequences are indicated ( )k ). The position of the N-terminal glutamic acid is located at the
junction between the blocks designated "PRO" and "MATURE." The inferred end of the signal sequence is located at the junction between
the blocks designated "PRE" and "PRO." A mark below the block designated MATURE corresponds to the position of the C termini of the
homologous subtilisins.

sensitive glycosidic side chain (44). The maturation step that
converts the 42,000-MW precursor to the 33,000-MW en-
zyme requires the action of protease A, the product of the
PEP4 gene (3, 77), and is presumed to occur by removal of
a polypeptide. In pep4 mutants, a 42,000-MW precursor
accumulates (45).
The ORF that includes sequence information for protease

B predicts a 635-amino-acid polypeptide with an MW of
69,619, much larger than the known 42,000-MW precursor
(44). The estimated MW for the 355-amino-acid polypeptide
extending from the N terminus to the end of the ORF is

38,140 (Fig. 5). With the addition of two types of carbohy-
drate moieties, one (probably distributed over more than one
linkage) with an MW of about 2,900 for the 15 mannose, 2 to
3 hexosamine, tunicamycin-insensitive component corre-
sponding to the carbohydrate found in the mature enzyme
(31) and one with an MW of about 3,000 for the 16 mannose,
2 acetylglucosamine, tunicamycin-sensitive component that
was reported to be part of the 42,000-MW precursor but not
the mature enzyme (44), an MW of around 44,000 would be
obtained. This MW is tantalizingly close to the observed
precursor MW of 42,000. Moreover, cleavage of the

314
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FIG. 5. Proposed processing pathway of preproprotease B. The open bars correspond to the primary sequence of the polypeptide forms.
Dotted lines indicate positions of cleavages to follow. The pro designation includes all amino acids (aa) between the initial methionine and
the N-terminal glutamic acid of the mature protein. Two classes of carbohydrate side chains (CHO) are indicated, one resistant to tunicamycin
(TuniR) and endo H (Endo HR) and the other sensitive to tunicamycin (Tunis). See the text for other details.
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42,000-MW precursor at position 293, corresponding to the
C termini of the homologous subtilisins, proteinase K, and
thermitase, would result in the removal of 62 amino acids
(MW, 7,007) as well as a tunicamycin-sensitive, Asn-linked
glycosidic side chain on Asn 314 (MW, 3,000). This would
leave a 293-amino-acid polypeptide with an MW of 31,134
containing tunicamycin- and endo H-insensitive carbohy-
drate with a total MW of 2,900, giving a protein with an MW
of 34,034, very close to the observed MW of 32,000 to 33,000
(Fig. 5) (see Table 1).
Kominami et al. (31) have reported the amino acid com-

positions of protease B purified from bakers' yeast and from
a standard laboratory strain, X2180. In Table 1 we have
compared the reported compositions of these two prepara-
tions to the DNA-derived compositions of the 355- and
293-amino-acid polypeptides discussed above. It is clear that
the reported compositions agree more closely with the
composition of the 293-amino-acid polypeptide. The sim-
plest hypothesis to reconcile the size estimates for the
product of the ORF, the known precursor, and the mature
enzyme is that translation and glycosylation result in
an as-yet-undetected precursor with an MW of 75,500
(69,619-MW polypeptide plus 5,900-MW carbohydrate) that
is processed to yield the 42,000-MW precursor reported by
Mechler et al. (44). We propose that the 42,000-MW precur-
sor possesses the same N terminus as mature protease B.
This 42,000-MW protein is then further processed by prote-
ase A at or near amino acid 293 to yield the 293-amino-acid
protease B with the mature C terminus. This hypothesis
would account for the finding that the 42,000-MW precursor
accumulates in the pep4-3 mutant (45).
The consensus tripeptide sequences for Asn-linked glyco-

sylation are Asn-X-Thr/Ser(Cys) (63). The postulated proc-
essing pathway assumes that the Asn-X-Thr sequence at Asn
314 is an acceptor for Asn-linked (and therefore
tunicamycin- and endo H-sensitive) glycosylation but that
the Asn-X-Ser sequences at Asn -68, Asn 107, Asn 143, and
Asn 181 are not. In Table 2 we summarize data on acceptor
sites for Asn-linked glycosylation for glycoproteins in S.
cerevisiae. The preponderance of the tripeptide acceptors
are of the Asn-X-Thr type. For vacuolar hydrolases, exclud-
ing protease B, all known sites are of the Asn-X-Thr type,
and all are used. For secreted proteins, both types of
tripeptide acceptor are present. Comparison of the known
number of glycosidic side chains with the number of poten-
tial tripeptide acceptor sites of each type requires that
Asn-X-Thr be an acceptor for glycosylation on secreted
proteins. Where Asn-X-Thr and Asn-X-Ser tripeptides are
both present, the number of chains found is fewer than the
number of tripeptide acceptors present. There is only one
instance, that of killer toxin, in which Asn-X-Ser is known to
be used as an acceptor (19). It is possible then that the four
Asn-X-Ser sequences at Asn -68, Asn 107, Asn 143, and
Asn 181 in the protease B polypeptide are not used and that
the tunicamycin- and endo H-insensitive glycosidic residues
are hydroxyl linked. Certainly in in vitro studies with calf
liver microsomal fractions, Asn-X-Thr is a much better
acceptor than is either Asn-X-Ser or Asn-X-Cys (6). The
only observation unaccounted for by the hypothesis is the
reported presence of hexosamine in mature protease B (31),
for all hexosamine is normally present in Asn-linked
chitobiose residues in S. cerevisiae (5). This hypothesis does
not address the question of glycosylation at Asn -68.
An alternative, albeit less tidy, hypothesis would place a

glycosylated Asn -68 in the 42,000-MW precursor, with
protease A-mediated maturation occurring at the N terminus

TABLE 1. Amino acid composition of protease B

No. of residues/mol of enzyme in:

AB320b
Amino acid Bakers' X2180a Amino Amino

yeasta acids 1 acids 1
to 355 to 293

Aspartic acidc 44.1 44.3 52 39
Threonine 21.1 20.1 21 18
Serine 23.7 23.2 31 26
Glutamic acidc 18.2 19.5 25 19
Proline 10.2 10.4 10 9
Glycine 27.0 27.3 34 29
Alanine 28.0 29.4 33 32
Half-cystine 1.3 NDd 3 3
Valine 17.5 19.3 21 19
Methionine 1.8 ND 4 3
Isoleucine 11.4 12.8 19 13
Leucine 21.1 22.0 29 23
Tyrosine 8.0 7.8 10 9
Phenylalanine 9.1 9.6 15 11
Lysine 20.4 17.3 26 21
Histidine 8.4 7.5 10 9
Arginine 6.0 5.7 8 7
Tryptophan 2.3 ND 4 3

a Data are from Kominami et al. (31) and are based on an MW of 33,000.
The composition is derived from the DNA sequence. AB320 is related to

X2180 (48).
rAspartic acid plus asparagine and glutamic acid plus glutamine,

respectively.
d ND, Not determined.

of mature protease B. This alternative hypothesis is less
likely for three reasons. First, according to this model, the N
terminus of the precursor that accumulates in the pep4-3
mutant must be found at or before Asn -68. Therefore, the
predicted MW of this precursor would be 53,000 or greater,
as opposed to the observed MW of 42,000. Second, it follows
from the first reason that mature protease B would have a
predicted MW of 44,000, as opposed to the observed MW of
32,000 to 33,000. Third, this alternative model would require
glycosylation at the less commonly used tripeptide acceptor
sequence (Asn-X-Ser) rather than the more commonly used
one (Asn-X-Thr) (Table 2).

Several of the S. cerevisiae tripeptide acceptor sequences
in Table 2, including the Asn-Asp-Thr sequence at Asn 314
in the protease B precursor sequence, have aspartic acid as
the middle amino acid. On statistical grounds, Struck and
Lennarz (63) have inferred that aspartic acid may be unac-
ceptable in the center position. Because all of the S. cerevi-
siae proteins in Table 2 are known to be glycosylated and
hence to pass through the compartments in which glycosyl-
ation occurs, a direct determination of whether Asn-Asp-Thr
or Asn-Asp-Ser serves as a glycosylation acceptor is now
possible.

Protease homology. Protease B of S. cerevisiae is a
33,000-MW glycoprotein whose primary sequence shows
striking homology to those of the subtilisins, proteinase K,
and thermitase. Like proteinase K and thermitase, but unlike
the subtilisins, protease B is a serine protease that contains
a free cysteine residue that presumably is near the active
site. It is very likely that other eucaryotes produce related
serine proteases. Protease B of Candida albicans, the alka-
line proteases of Aspergillus species, and thermomycolin
from Malbranchea pulchella seem likely candidates for
homologous enzymes. Protease B of C. albicans is sensitive
to diisopropylfluorophosphate and mercurial compounds
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TABLE 2. Acceptor sites for Asn-linked glycosylation in yeast glycoproteins

No.a of:
Glycoprotein Asn-X-Thr Asn-X-Ser Carbohydrate Referenceb

sites sites side chains

Vacuolar hydrolases
Carboxypeptidase Y 4 0 4 PS (65); C (20, 67)
Protease A 2 0 2 PS (12); DS (3, 77); C (12)
Alkaline phosphatase 2 0 2 DS (Y. Oshimna, personal

communication); C (53)
Protease B 1 (1) 4 1 or 2C DS (this work); C (31, 44)

Secreted proteins
Mating factor a 3 0 3 DS (36); C (29)
Killer toxin 2 1 3 DS (9, 59); C (19)
Invertase 10 (2) 3 (1) 9c DS (66); C (68)
Acid phosphatase 9 (2) 3 8c DS (4); C (33)
Lysine-arginine-cleaving 5d le 3 or 4C DS (R. Fuller, and

endopeptidase J. Thorner, personal
communication); C
(R. Fuller and J. Thorner,
personal communication)

a-Galactosidase 7 (1) 1 8f DS (64); C (64)
a Numbers in parentheses represent the numbers of tripeptide acceptors with aspartic acid as X.
I PS, Protein sequence data; DS, DNA sequence data; C, number of glycosidic chains found.
c When the number of acceptor asparagines used is fewer than the number of acceptors available, it is unknown which asparagines are used.
d One of the five is beyond the C-terminal transmembrane domain.
' X is proline, which is expected to be unacceptable (63).
f Data are inconclusive.

and catalyzes a subtilisinlike cleavage of the oxidized ,B
chain of insulin (15). Thermomycolin (18) produces a
subtilisinlike cleavage pattern of insulin, is retarded in gel
filtration like protease B and proteinase K (10, 13, 26, 55),
has an N-terminal sequence homologous to those of protein-
ase K and protease B (18), and has an active-site sequence
for the serine residue corresponding to that of the subtilisin
family rather than to that of the trypsin-chymotrypsin family
(18). The alkaline serine proteases of Aspergillus species
likewise have the substrate specificity (18) and active-site
serine sequences (49) of the subtilisin family. Interestingly,
some of these contain cysteine residues, and others do not
(49). The sulfhydryl reagent-sensitive serine proteases of
Phycomyces species (16) and Neurospora crassa (1, 58) are
other possible homologous enzymes.
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