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Proteinase A was purified by an improved large scale procedure and split into fragments by means of trypsin,
cyanogen bromide, hydroxylamine, and o-iodosobenzoic acid. On the basis of high degrees of homology with
cathepsin D and pepsin its amino acid sequence was determined. Proteinase A contains 329 amino acid residues,
and in addition 8.5% neutral sugar and 1% glucosamine, attached to asparagines in positions 67 and 267. Proteinase
A contains two disulfide bonds, as opposed to three in mammalian aspartic proteinases. Comparison with the
tertiary structure of pepsin indicates, that the two catalytically essential aspartic acid residues, and the residues
corresponding to their surroundings, are conserved. The sequence shows 46% identity with porcine cathepsin D and
40% with porcine pepsin. An aspartic proteinase from Saccharomyces carlsbergensis had the same N-terminal 40
amino acid sequence as proteinase A. Immunological cross-reactivity between proteinase A and calf chymosin was
demonstrated by immune blotting assay.

1. INTRODUCTION unspecific proteolytic functions, e.g. protein
The occurrence of proteolytic enzyme activity degradation during nitrogen starvation (51).
in an acid yeast lysate was recognized as early as Proteinase A is a glycoprotein with a molecular
1889 (41), and the enzyme responsible for this weight of approx. 41,500, and the amino acid
activity, proteinase A, was isolated in 1967 (19, composition shows similarities with other aspar-
30). The_enzyme is classified as an aspartic tic proteinases: pepsin, penicillopepsin, cathep-
proteinase, due to its proteolytic activity at low sin D and chymosin (35). Cathepsin D, which is
pH and inhibition by 1,2-epoxy-3-(p-nitrophe- the only other intracellular aspartic proteinase
noxy)propane (EPNP) and diazoacetyl-D,L-nor- that has been sequenced, exhibits structural
leucine methyl ester (DAN) (32, 49). Proteinase features which are thought to be significant for
A is located in the lysosome-like vacuoles of the processing and targeting of a lysosomal enzyme
yeast, together with the serine proteases, protein- (12, 44). The primary structure of proteinase A
ase B and carboxypeptidase Y (31). The three may generate some insight into the correspond-
vacuolar enzymes have been implicated with ing processes for vacuolar enzymes (11, 26).

Abbreviations: DAN = diazoacetyl-norleucine methyl ester; DPCC = diphenyl carbamyl chloride; EPNP:
1,2-epoxy-3-(p-nitrophenoxy) propane; FPLC = fast protein liquid chromatography; HPLC = high performance
liquid chromatography; PMSF = phenyl methylsulfonyl fluoride; SDS-PAGE = sodium dodecylsulphate-polyacryl-
amide gel electrophoresis; TEA = triethylamine; TFA = trifluoroacetic acid.
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The present paper describes an improved
purification procedure of proteinase A from
Saccharomyces cerevisiae, based on anion-ex-
change and hydrophobic-interaction chromato-
graphy, and the complete sequence of 329
amino acid residues has been determined by
automated Edman degradation of fragments
obtained by chemical and enzymatic cleavages.
The sequence of proteinase A is compared to the
known primary structures of porcine cathepsin
D (44), human renin (21), porcine pepsin (43),
bovine chymosin (13) and penicillopepsin (22),
with emphasis on residues corresponding to
catalytically and structurally important residues
in the enzymes with known three-dimensional
structure.

An aspartic proteinase was isolated from Sac-
charomyces carlsbergensis, which had the same
N-terminal amino acid sequence as proteinase
A, and immunological studies revealed com-
plete cross-reactivity between these two. en-
Zymes.

2. MATERIALS

Baker’s yeast (Saccharomyces cerevisiae) was
obtained from De Danske Spritfabrikker, Den-
mark, and Brewer’s yeast (Saccharomyces carls-
bergensis) was obtained from the Carlsberg
Breweries, Denmark. Sephadex G100, Sepha-
dex G200 (superfine), Phenyl-Sepharose and a
“Mono Q” anion-exchange column were ob-
tained from Pharmacia, Sweden. Bio-Gel P4, P6
and P60 were from Bio-Rad Lab., USA and
DE-52 anion-exchange cellulose from What-
mann, U.K. An affinity resin for carboxypepti-
dase Y, ((N-g-aminocaproyl)-p-aminobenzyl)
succinyl-Sepharose (CABS-Sepharose) (24) and
carboxypeptidase II from malt was kindly do-
nated by K. BREDDAM. Hog pepsin, DPCC-
treated trypsin, carboxypeptidase A and B,
PMSF, sperm whale myoglobin, pepstatin,
DAN and EPNP were purchased from Sigma,
USA, and 2-vinylpyridine was from Janssen,
Belgium. Extracts of calf chymosin, porcine
pepsin and the aspartic proteinases from Mucor
miehei, Mucor pusillus and Endothia parasitica,
as well as the antisera against the first four of
these enzymes, were a kind gift from Christian
Hansens Laboratories, Denmark. Peroxidase

conjugated goat anti-rabbit antibodies were ob-
tained from Dako, Denmark. All other che-
micals were analytical grade.

3. METHODS
3.1. Isolation and characterization of aspartic
proteinases from yeast
3.1.1. Aspartic proteinase from Saccharomyces
carlsbergensis

An aspartic proteinase from Saccharomyces
carlsbergensis was purified as earlier described
(5), by a modification of MEUSSDOERFFER et
al.’s procedure (35). The enzyme was stored in
solution, 5 mg/ml in 0.05 M-ammonium acetate
pH 5.0, at -23 °C.

3.1.2. Proteinase A from Saccharomyces
cerevisiae

Proteinase A from Saccharomyces cerevisiae
was obtained by a simplified procedure, omit-
ting the ammonium sulfate precipitation and
addition of mercuric chloride in the earlier
procedure (5). The initial steps followed the
procedure for isolating carboxypeptidase Y
(CPD-Y)(24): 15 kg of baker’s yeast was crushed
and mixed with 1.5 1 ether, which liquefied the
yeast, 15 | water was added, pH was adjusted to
7.4, and cell autolysis was allowed to proceed for
21 hoursat 20 °C. After centrifugation at 7500xg
for 30 min, pH of the supernatant was adjusted
to 5.0 with 30% (v/v) acetic acid, and the
solution was kept at 30 °C for 20 hours with
stirring. This treatment activated proteinase A
and after clarification by centrifugation, CPD-Y
was removed from the solution by passing it
through a 20 ml CABS-Sepharose column,
equilibrated with 10 mM-sodium acetate, pH
5.0. This and all subsequent steps were per-
formed at 4 °C. The run-off (25 1) was dialysed
against 10 mM-sodium acetate, pH 5.0, and
concentrated to 10 1 in a Millipore Pellicon
Ultrafiltration system, with a PTGC membrane
with cut-off level 10,000 dalton. Two liters of
anion-exchange cellulose DE 52, was added and
after stirring for 20 min the gel was transferred to
acolumn (10x25 ¢cm), and washed with 10 10f 10
mM-sodium acetate pH 5.0. Enzymatic activity
was eluted in one step with 0.3 M-KCl in the
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same buffer. Fractions containing enzymes were
diaconcentrated to 1250 m! against 10 mM-so-
dium acetate, pH 5.0, and applied to a second
DE 52 column (10x12.5 cm), equilibrated with
the same buffer. The column was eluted with a
10 1 linear gradient from 0-0.3 M-KCl in the
buffer, flow 400 ml/h. Fractions containing acid
proteolytic activity were pooled and applied.at
1000 ml/h directly to a Phenyl-Sepharose col-
umn (10x12.5 cm), which had been equilibrated
with 50 mM-sodium acetate, pH 5.0. The gel was
washed with 51 of 50 mM-sodium acetate, pH
5.0, and eluted with a 3 1 linear gradient from
0-90% (v/v) ethylene glycol in the same buffer,
flow 200 mi/h. Fractions corresponding to the
UV-absorbing peak eluted with 85% (v/v)
ethylene glycol were pooled and diaconcen-
trated against 10 mM-sodium acetate, pH 5.0, to
50 ml on a high pressure Amicon cell witha YM
10 membrane. Finally the concentrate was ap-
plied to a Sephadex G100 column {2.5x90 cm)
in the same buffer, 9 ml/h. Fractions with acid
proteolytic activity were pooled and concen-
trated before storage in solution at -18 °C.

3.1.3. Molecular weight and isoelectric point
determination

The molecular weights of proteinase A and the
Saccharomyces carlsbergensis proteinase were
estimated by gel filtration on a Sephadex G 200
(superfine) column (1.6x90 c¢cm) in 0.1 M-am-
monium acetate pH 5.5, and by electrophoresis
in a 10% (w/v) SDS-polyacrylamide gel (29).

Isoelectric focusing was performed in a 0.5
mm 5% (w/v) polyacrylamide slab gel contain-
ing a pH gradient from pH 2.5 to 5.0 created by
ampholytes. Polymerization of the acrylamide
in this pH interval was made possible by the
addition of 0.3% (w/v) silver nitrate. Marker
proteins were used to standardize the methods.

3.1.4. Amino acid analysis

Samples were hydrolyzed with 6 N-HCl at 110
°Cin evacuated tubes for 24 hours, in some cases
also for 48 and 72 hours. Hydrolysates were
analyzed by a Durrum D500 amino acid ana-
lyzer. Tryptophan was determined by the meth-

od of EDELHOCH (10) and halfcystine as cysteic
acid after performic acid oxidation according to
Hirs (20).

3.1.5. Carbohydrate analysis

An estimation of the total content of neutral
carbohydrate in proteinase A and the Saccharo-
myces carlsbergensis proteinase was obtained by
means of the phenol-sulphuric acid procedure
(7), using mannose as standard. Glucosamine
was determined on the Durrum amino acid
analyzer after hydrolysis in 6 N-hydrochloric
acidat 110°Cin vacuofor 2,4 and 6 hours, using
glucosamine as standard,

3.1.6. Activity measurements

The proteolytic activities of proteinase A and
the aspartic proteinase from Saccharomyces
carlsbergensis were measured with acid dena-
tured tritium-labeled bovine hemoglobin, as
described by DREYER et al. (5). A 125 pl sample,
diluted in 0.1 M-glycine-HCl buffer, pH 3.5, 37
°C, wasadded to 125 pl 2% (w/v) tritium labelled
hemoglobin in this buffer. After 30 min at 37 °C,
250 pul 10% (v/v) trichloroacetic acid, 4 °C, was
added. The mixture was kept at 4 °C for 45 min
to complete precipitation. After centrifugation
400 pl supernatant was mixed with 5 ml Dimi-
lume 30 and counted in a liquid scintillation
counter. Since different batches of hemoglobin
showed variable digestability a sample of pu-
rified homogenous proteinase A was used to
standardize each assay, and the activity is ex-
pressed as pg proteinase A.

3.1.7. Immunological procedures

Rabbit antiserum raised against purified pro-
teinase A from S. cerevisiae, was produced and
isolated as described by HARBOE and INGILD
(17). The antiserum was specific for proteinase
A, as judged from the occurrence of a single
immune stained band on a nitrocellulose filter
with yeast extract, electroblotted from SDS-
PAGE. This antiserum was used to examine
proteinase A and the Saccharomyces carlsberg-
ensis proteinase for immunological homology
by tandem crossed immunoelectrophoresis (28),
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in 1% (w/v) agarose gel in Tris-veronal buffer pH
8.6, containing antiserum, 0.6 u! per cm’. Elec-
trophoretic blotting and immune assay was
performed by means of SDS-PAGE according to
LAEMMLI(29). Immediately dfter completion of
the electrophoretic run, the polypeptides were
transferred to a nitrocellulose filter, as described
by TowBIN et al. (50). The nitrocellulose filter
was cut into strips, and incubated with antibo-
diesat pH 10.2, according to BJERRUM et al. (2).
Bands were visualized using peroxidase conju-
gated goat anti-rabbit antibodies and 3-amino-
9-ethylcarbazole as described by GRAHAM et al.
(15).

3.2. Amino acid sequence
3.2.1. HPLC-separation of peptides

Peptides from enzymatic and chemical cleav-
ages of proteinase A were purified by reverse-
phase HPLC applying a 7.8x300 mm steel
column with Synchropak RP-P wide pore C-18
material, packed according to the dynamic
slurry packing technique described by KELLER
et al. (27). 2-10 mg peptide mixtures were
separated employing Waters HPLC equipment:
two Model 600A pumps, a WISP sample injec-
tor, a Model 660 solvent programmer, a Model
450 var. wavelength UV detector and a Model
420 fluorescence detector together with an LKB
2210 2-channel recorder and an LKB 2211
“Superrac” fraction collector. Gradient elution
was achieved with continuously increasing con-
centrations of acetonitril in 0.05% (v/v) TFA,
0.05% (v/v) TEA. The eluent was monitored at
220 nm, supplemented with fluorescence detec-
tion at 375 nm after excitation at 280 nm, to
detect tryptophan containing peptides. Peaks
containing more than one peptide were rechro-
matographed either in the same system with a
flatter gradient, by using a Novapak column
with gradients of acetonitril in 0.1% TFA, or by
employing the Pharmacia FPLC system with
Mono Q anion-exchanger and 20-30 min gra-
dients from 0.05 - 0.4 M-ammonium bicar-
bonate, pH 7.9, flow | ml/min.

3.2.2. Reduction and 2-pyridylethylation
Proteinase A, 200 mg in 10 ml 7 M-guanidi-
nium-HCl, 0.2 mM-Tris, pH 7.6, 5 mM-EDTA,

was flushed with nitrogen and reduced by adding
2 ml 0.23 M-dithiothreitol. After 30 min the
cysteine residues were alkylated with 3x70 pl
2-vinylpyridine (14). After 2 hours the pH of the
solution was adjusted to 4.0 with acetic acid, and
it was dialysed against 2% acetic acid with 5%
ethanol. A precipitate was formed, and the
suspension was lyophilized.

3.2.3. Chemical cleavages

Cyanogen bromide cleavages of reduced and
alkylated proteinase A, or tryptic peptides, were
performed in 70% (v/v) trifluoroacetic acid at 21
°C for 20 hours with a 250 fold molar excess of
CNBrover methionine. 2 M-hydroxylamine was
used to cleave Asn-Gly bonds (3) in 6 M-guanidi-
nium hydrochloride, adjusted and kept at pH
9.0 with LiOH, during 4 hours reaction at 45 °C.
After desalting on Bio-Gel P4 in 0.05 M-ammo-
nium bicarbonate the fragments were separated
by reverse-phase HPLC using Synchropak RP-P
and gradients of acetonitril in 0.1% (v/v) TFA.

Cleavage after tryptophans was performed
using o-iodosobenzoic acid (33), 20 mg/ml, and
tyramine hydrochloride, 4 mg/ml, in 4 M-guani-
dintum hydrochloride and 80% (v/v) acetic acid.
After reaction of the enzyme, 3.5 mg/ml, with
this mixture at 21 °C for 22 hours in the dark, the
solution was desalted on Bio-Gel P6 in 30% (v/v)
acetic acid, and the fragments were separated on
Bio-Gel P60 (1x90 ¢m) in 0.2 M-ammonium
bicarbonate.

3.2.4. C-terminal determination

The C-terminal sequence was established af-
ter addition of carboxypeptidase A (3 uM) to
proteinase A (500 uM) in 0.05 M-N-ethylmor-
pholine buffer, pH 8.5. Aliquots were withdrawn
after2, 6,20 and 60 min, 5 ul 1 M-HCl was added
to each aliquot to stop the hydrolysis. Carboxy-
peptidase B was then added (3 uMm) and aliquots
withdrawn after further 2, 6, 20 and 60 min
incubation time for inactivation with 5 pl 1
M-HCI. Liberated amino acids were determined
in samples applied directly to the amino acid
analyzer.

A tryptic peptide TS5 (410 uM) was digested
with malt carboxypeptidase II (1.6 1iM) in 0.05
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M-sodium acetate pH 4.0, and 30 pl aliquots
were withdrawn after 5,25 and 120 min. To each
of these 5 pl 1 M-HCl was added before direct
injection in the amino acid analyzer.

3.2.5. Trypsin digestions

Two procedures were used. In the first 100 mg
reduced and 2-pyridylethylated proteinase A
was dissolved in 20 ml 0.1 M-sodium bicar-
bonate, pH 8.0, and digested with 1 mg DPCC-
trypsin at 37 °C for 3 hours. In the second the
buffer used was 0.02 M-N-ethyimorpholine-ace-
tic acid, pH 8.0, DPCC-trypsin was added in the
ratio 1:50 and digestion proceeded for 30 min at
12 °C (16). In both cases the reaction was
terminated by the addition of PMSF in 50%
£XCEsS.

Modification of the primary amino groups of
lysine residues in reduced and alkylated protein-
ase A with citraconic anhydride was performed
according to the procedure of DIXON and
PERHAM (4), and the subsequent tryptic diges-
tion took place in 0.1 M-sodium bicarbonate, pH
8.0, 37 °C for 3 hours with an enzyme to
substrate ratio of 1:100.

3.2.6. Isolation of tryptic peptides

Peptides from tryptic digestion of reduced,
2-pyridylethylated proteinase A were separated
on a column (2.6x90 cm) of Bio-Gel P60 in 0.2
M-sodium bicarbonate pH 7.6. Four resolved
peptide pools were obtained, three of which were
largely soluble after lyophilization in 0.1% (v/v)
TFA, 5% (v/v) acetic acid, whereas a small high
molecular weight pool was insoluble even in
30% (v/v}) acetic acid. Subsequent isolation of
peptides from the three pools were performed
with semi-preparative reverse-phase HPLC (see
section 3.2.1). All peptides were lyophilized
immediately after the chromatographic runs.

3.2.7. Sequencing

Aminoacid sequences were determined either
with a Beckman 890C spinning-cup sequencer,
(9, 25), or with an Applied Biosystems gas phase
sequencer Model 470A, using the programme
provided by the company. Phenylthiohyd-

antoins were identified by reverse-phase HPLC,
as described by SVENDSEN ct al. (48).

4. RESULTS
4.1. Isolation of proteinase A from
Saccharomyces cerevisiae

The purification procedure outlined in sec-
tion 3.1.2, is a simplification and improvement
of the purification procedure previously used for
the aspartic proteinase from Saccharomyces
carlsbergensis (5). Ammonium sulfate precipita-
tion is replaced by a diafiltration step after
the ether plasmolysis. Hydrophobic-interaction
chromatography preceeds anion-exchange in
the earlier procedure, while the order is reversed
in the present procedure, to take advantage of
the higher binding capacity of the DE cellulose.

The purification procedure of proteinase A
includes an activation step where the specific
proteinase A inhibitor 1% is digested by other
proteolytic enzymes in the yeast (40). In order to
obtain high yields, it is important to separate
proteinase A from these other proteolytic en-
zymes immediately after the activation. Carbo-
xypeptidase Y is removed with the CABS-Se-
pharose, and the second anion-exchange on DE
52, separates proteinase A from an earlier elut-
ing peak containing proteinase B, as judged by
the ability to release a 520 nm absorbing trichlo-
roacetic acid soluble dye from the substrate
azocoll at pH 7.0 (39). Hydrophobic-interaction
chromatography on Phenyl-Sepharose removes
most of a dark brown pigment which does not
bind to the column under the conditions de-
scribed. The final gel filtration isolates protein-
ase A from a high molecular weight brown
contaminant, which is presumably an aggregate
of proteinase A and pigments, as judged from the
amino acid composition, which is similar to
proteinase A. Lyophilization of proteinase A is
avoided, as this frequently leads to inactivation
of the enzyme. The purification procedure is
summarized in Table 1.

The stability of proteinase A in frozen solution
at 5-25 mg/ml is high, the specific activity
remains almost constant for 6 months.

During later purifications, run-offs from an
affinity column used for commercial production
of carboxypeptidase Y, were kindly donated by
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Table 1. Purification of proteinase A from Saccharomyces cerevisiae

Volume Protein Spec. act. Yield
ml mg ug prot.A/ %
mg protein

Activated extract, pH 5.0 25,000 307,500 16 100
Run-off from CABS-Sepharose 25,000 307,500 16 100
After ultrafiltration 10,000 84,300 19 30
DE 52 anion-exchange, one step elution 1,250 9,000 86 14
DE 52 anion-exchange, gradient elution 2,100 4,120 150 11
Phenyl-Sepharose 50 680 691 9
Sephadex G100 41 430 1000 8

Pharmacia, Denmark. This run-off was equiva-
lent to the above described in all subsequent
purification steps, and resulted in a high yield of
pure proteinase A.

4.2. Isolation of aspartic proteinase from S.
carlsbergensis

The amount of carlsbergensis enzyme isolated
from each kg of veast was approx. half of the
amount of proteinase A isolated from Saccharo-
myces cerevisiae. This was partially due to a very
high content of dark pigments that bound irre-
versibly to chromatographic columns and filters
leading to reduced capacity, prolonged separa-
tion times, and increased losses, and partially to
a lower content of aspartic proteinase in the S.
carlsbergensis. The specific activity of the carls-
bergensis enzyme, based on amino acid analysis,
was approx. 20% lower than the activity of
proteinase A, probably because the preparation
contained some denatured or damaged enzyme.

4.3. Physical and chemical properties
SDS-PAGE indicated molecular weights of
proteinase A and the aspartic proteinase from
Saccharomyces carlsbergensis of 41,000 and
43,000, respectively, while gel filtration resulted
in 43,000 and 45,000, respectively. The content
of neutral carbohydrate was estimated to 10%
(w/w) in the cerevisiae enzyme and 8.5% (w/w)
in the carlsbergensis enzyme while glucosamine
contents of 1.0% and 1.7%, respectively, were

found after acid hydrolysis. These values for
proteinase A are in close agreement with those
reported for this enzyme by MEUSSDOERFFER et
al. (35).

In the isoelectric focusing gel, proteinase A
and the aspartic proteinase from Saccharomyces
carlsbergensis both displayed 3-4 distinct bands
in a narrow range between pH 4.0 and pH 4.1,
which is approx. 0.4 pH units lower than the
earlier reported tsoelectric point of proteinase A
{33).

R S \“m"f"

Figure 1. Tandem crossed immunoelectrophoresis of
proteinase A from Saccharomyces cerevisiae and as-
partic proteinase from Saccharomyces carlsbergensis,
using antiserum against proteinase A. Well I contained
23 pg proteinase A from Saccharomyces cerevisiae and
Well [ contained 7.5 pug Saccharomyces carlsbergensis
proteinase.
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Figure 2. Cross-reactivity between proteinase A and
rabbit antisera raised against other aspartic protein-
ases. 1: Amidoblack staining of proteinase A on nitro-
cellulose filter. 2: Immuno-staining of proteinase A
after incubation with antiserum against the aspartic
proteinases from Mucor miehei (2) and Mucor pusillus
(3), bovine chymosin (4) and porcine pepsin (5).

The amino acid compositions of proteinase A
(not shown) was similar to the earlier reported
composition (35). The proteolytic activity of
proteinase A towards acid denatured hemoglo-
bin was inhibited by DAN, EPNP, pepstatin and
15, as previously observed (35). The aspartic
proteinase from Saccharomyces carlsbergensis
revealed similar behaviour in inhibition assays
(results not shown). The pH optimum towards
acid denatured hemoglobin was 3.2 for both
enzymes, and they retained more than 80% of
the initial activity after incubation for 48 hours
at pH between 3.5 and 7.0 (results not shown).
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Figure 3. Elution profile of tryptic digest of reduced and
alkylated proteinase A (37 °C, 3 hours) on Bio Gel P60
(2.5%x90 c¢m) in 0.2 M-sodium bicarbonate. Flow 9
ml/h,

4.4. Immunological properties

Proteinase A and the Saccharomyces carls-
bergensis proteinase formed, in tandem crossed
immunoelectrophoresis with the proteinase A
antiserum, immune precipitates which comple-
tely fused, and thus suggested identity between
the two enzymes (see Figure 1).

The immunological relationship between
proteinase A and other aspartic proteinases was
investigated by immune blotting. Proteinase A
was allowed to react with antisera against calf
chymosin, porcine pepsin and aspartic protein-
ases from Mucor miehei and Mucor pusillus.
Only the anti-chymosin antiserum cross-
reacted, indicating common antigenic deter-
minants on proteinase A and chymosin (see
Figure 2). However, antiserum raised against
proteinase A did not cross-react with calf chy-
mosin, porcine pepsin or the aspartic protein-
ases from Mucor miehei, Mucor pusillus and
Endothia parasitica.

4.5. Amino acid sequences

Reduced and vinylpyridinylated proteinase A
was sequenced through residue 44 on the Beck-
man spinning-cup sequencer, with the sequence
shown in Figure 6. The N-terminal sequence of
aspartic proteinase from Saccharomyces carls-
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Figure 4. Fractionation of peptide pools 2 — 4 on a
reverse-phase widepore HPLC column, Synchropak
RP-P(7.8x300 mm). The gradients were acetonitril, A:
15%-60% (v/v), B: 10%-40% (v/v) and C: 5%-40% (v/v)
in 0.05% (v/v) TFA plus 0.05% (v/v) TEA. The flow
rate was 4 ml/min, and the eluent was monitored at 220
nm.

bergensis from residue 1 to residue 40, was

identical to the sequence of proteinase A.
Digestion of reduced and alkylated proteinase

A with carboxypeptidase A and carboxypeptid-
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Figure 5. Rechromatography of the first eluting peak in
Figure 4A, on a Mono Q anion-exchange column. The
gradient wasammonium bicarbonate, 0.05 M -0.40 M,
in 20 min, flow rate { ml/min. The first three peaks had
identical amino acid composition, corresponding to
peptide T1, and they all contained carbohydrate.

ase B, suggested the same C-terminal sequence,
-Ala-Lys-Ala-Ile-OH, as in chymosin (13) (see
Figure 7).

Proteinase A contains 2 methionines, which
should give 3 peptides after cyanogen bromide
cleavage. However, the reaction mixture was
partially insoluble, and only 2 fragments were
isolated: One was the N-terminal fragment, and
the other a fragment, CB2, of which 27 residues
were sequenced, see Figure 6. Gel filtration of
fragments from o-iodosobenzoic acid cleavage
of proteinase A yielded a complex pool of
unresolved high molecular weight peptides, and
a low molecular weight pool, from which frag-
ment IBA1 was sequenced.

After tryptic digestion and gel filtration the
chromatogram shown in Figure 3 was obtained.
3 peptide pools, 2, 3 and 4 were soluble in 0.1%
(v/v) TFA, 5% (v/v) acetic acid after lyophiliz-
ation, and further separated by reverse-phase
HPLC. Figure 4A shows the elution profile of
peptide pool 2, in which the large fragments T1,
T2 and T3 were separated. Since peptide T'1 was
poorly soluble at acid pH, it was dissolved in 20
mM-ammonium bicarbonate, pH 7.8, and pu-
rified by anion-exchange on a Mono Q column
as shown in Figure 5. From peptide pool 3
reverse-phase HPLC separated tryptic peptides
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T4-T9 (Figure 4B), of which T4, T7 and T9
needed no further purification before sequenc-
ing. T5, T6 and T8 had to be rechromatographed
as described in section 3.2.1. Peptide pool 4 was
separated into the smaller tryptic peptides T10-
T15 (Figure 4C).

Using this fractionation scheme the two diges-
tion procedures (section 3.2.5) gave different
yields of the tryptic peptides: T1, T7 and T10
were preferentially obtained from 30 min, 12 °C
digestion, while TS, T6 and T8 were obtained in
higher yields from the 3 hours, 37 °C digestion.

The reaction mixture after tryptic digestion of
citraconylated proteinase A was insoluble in 0.2
M-sodium bicarbonate, but partially soluble in
30% (v/v)acetic acid. Gel filtration on Sephadex
G100 (1.5%100 cm) led to isolation of three
peptides TC1 (identical to T3), TC2 (N-ter-
minus equal to T13) and TC3.

The tryptic peptide T1 was glycosylated in
position 2, as judged by carbohydrate deter-
mination and the absence of detectable PTH
amino acid after Edman degradation. An aspar-
agine placed in this position is justified from the
amino acid composition of T1, and the presence
of a threonine in position 4. T3 contained
asparagine linked carbohydrate in position 14,
as judged by the same criteria. T4 had the
N-terminal sequence Asp-Thr-Glu-Asn- and a
total of 17 residues, but the amount of released
amino acid was abruptly reduced after step 3,
with only traces of Asn in step 4, which indicated
an Asn-Gly peptide bond. Hence, the peptide
was treated with hydroxylamine, and this
yielded the peptide NG T4, sequencing of which
completed T4. The four C-terminal residues of
T5 were -Ala-Phe-Gly-Lys, according to the
digestion.with carboxypeptidase II from malt,
which successively released Lys, Gly, Phe, Ala,
Phe and Thr. T6 — T10 were sequenced to the
C-terminal basic residues. T11 was a tryptic
fragment identical with position 2 - 3 in TC3,
from citraconylated proteinase A. T13 and TC2
had the same N-terminal sequences, and the
arginine prior to the N-terminal phenylalanine
was inferred from the tryptic cleavage, also when
lysines were blocked by citraconic anhydride.

Sequences of the fragments accounted for 327
residues, and overlap of T15 with the C-terminal
sequence -Ala-Lys-Ala-Ile establishes a total of

329 residues. The N-terminal sequence of pro-
teinase A linked residues 1 to 56 (T3 and T7),
while cyanogen bromide fragment CB2, o-iodo-
sobenzoic acid fragment IBA1 and the tryptic
fragment of citraconylated proteinase A, TC3,
linked residues 179-310 (T14, IBAI1, TC3, T2,
CB2, T12, and T3).

The assembly of the tryptic fragments, a
cyanogen bromide peptide and an o-iodosoben-
zoic acid peptide shown in Figure 6, was based
on sequence homologies of 8 tryptic peptides, 10 -
to 33 residues in length, with porcine cathepsin
D (44) and porcine pepsin (43).

While the present sequence determination
was near completion, we learned from EW.
JONES and T.H. STEVENS (personal communi-
cations), that two groups, independently, had
isolated and sequenced two genes from Saccha-
romyces cerevisiae, coding for a protein, which
presumably was an aspartic proteinase (46, 52).
Comparison of the amino acid sequences
derived from these gene sequences with the
present chemically determined proteinase A
sequence, revealed identity.

5. DISCUSSION

The proteinases isolated from Saccharomyces
cerevisiae and Saccharomyces carlsbergensis ex-
hibited optimum pH, stability and physical
properties similar to the previously described
proteinase A from baker’s yeast (19, 30, 35). The
inhibition by EPNP, DAN and pepstatin con-
firm that the two proteinases are aspartic pro-
teinases, with a catalytical apparatus consisting
of two aspartic acid residues.

The primary structure of proteinase A from
Saccharomyces cerevisiae, in Figure 6, consists
of 329 residues with a molecular weight of
35,770, calculated from the amino acid compo-
sition. When the carbohydrate content of 10% is
taken into account, this agrees reasonably well
with the molecular weight estimate of 41,000-
43,000 by gel chromatography and SDS-PAGE.

The primary structure of proteinase A is, in
Figure 7, compared with the primary structures
of porcine cathepsin D, human renin, porcine
pepsin, bovine chymosin and penicillopepsin.
The amino acid sequences are aligned to maxi-
mize sequence homologies, using the number-
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1 10 20
Gly-Gly-His-Asp-Val-Pro-Leu-Thr-Asn-Tyr-Leu-Asn-Ala-Gln-Tyr-Tyr-Thr-Asp-Ile-Thr-Leu-Gly-Thr-Pro-Pro-Gln-Asn-Phe-Lys~
N N-terminal
' T8

30 40 50
Val-Ile~Leu-Asp-Thr-Gly-Ser-Ser-Asn-Leu-Trp-Val-Pro-Ser-Asn-Glu-Cys-Gly-Ser-Leu-Ala—-Cys~Phe-Leu-His-Ser-Lys-Tyr-Asp—

N-terminal T10
T7 ¢

-

60 CHO 70 80
His-Glu-Ala-Ser-Ser-Ser-Tyr-Lys-Ala-Asn-Gly-Thr-Glu~Phe-Ala-Ile-Gln~Tyr-Gly-Thr-Gly-Ser-Leu-Glu-Gly-Tyr-Ile-Ser—-Gln-
T10

-
1

K T1
F

20 100 110
Asp-Thr-Leu-Ser-Ile-Gly-Asp-Leu-Thr-Ile-Pro-Lys~-Gln-Asp-Phe-Ala-Glu-Ala-Thr-Ser-Glu-Pro-Gly-Leu-Thr~Phe-ARla-Phe—Gly-
N 75

-4

T1

120 130 140
Lys-Phe-Asp-Gly-Ile~Leu-Gly~Leu-Gly-Tyr-Asp-Thr-Ile-Ser-Val-Asp~Lys-Val-Val-Pro-Pro-Phe-Tyr-Asn-Ala-Ile-Gln-Gln-Asp-
T5, TS
T6

I __Qﬁ

150 160 170
Leu-Leu-Asp=-Glu~-Lys-Arg-Phe-Ala-Phe-Tyr-Leu—Gly-Asp~Thr-Ser-Lys-Asp-Thr-Glu-Asn-Gly-Gly-Glu-Ala-Thr-Phe-Gly-Gly-Ile-
T9 T4
_ e
T13 NGT4

i
TC2 ! f

——
=7 ________________________________
180 190 200
Asp-Glu-Ser-Lys-Phe-Lys-Gly-Asp-Ile-Thr~Trp-Leu-Pro-Val-Arg-Arg-Lys -Ala-Tyr-Trp-Glu-Val-Lys-Phe-Glu-Gly-Ile-Gly~-Leu-
T4 T14 TC3

~{} | —
NGT4 ! | IBAT ! ! _ 4 L T2
_____{ L - ¥

210 220 230
Gly-Asp-Glu-Tyr-Ala-Glu-Leu-Glu-Ser-His-Gly-Ala-Ala-Ile-Asp-Thr-Gly-Thr-Ser-Leu-Ile-Thr-Leu-Pro-Ser-Gly~Leu-Ala-Glu-

240 250 260
Met-Ile-Asn-Ala-Glu-Ile-Gly-Ala-Lys-Lys~Gly-Trp-Thr-Gly-Gln-Tyr-Thr-Leu-Asp-Cys-Asn-Thr-Arg-Asp-Asn-Leu~Pro~Asp-Leu-

T2 b T2 a1 T3 TC1

CHO 270 280 290
Ile-Phe-Asn-Phe-Asn-Gly~Tyr-Asn-Phe-Thr-Ile-Gly-Pro-Tyr-Asp-Tyr-Thr-Leu-Glu-Val-Ser-Gly-Ser-Cys-Ile-Ser-Ala-Ile-Thr-
T3 TCt

300 310
Pro-Met-Asp-Phe-Pro-Glu-Pro-Val-Gly~Pro-Leu-Ala-Ile-Val-Gly-Asp~Ala-Phe-Leu-Arg-Lys-Tyr-Tyr-Ser-I le-Tyr-Asp-Leu-Gly-
T15

320
Asn-Asn-Ala~Val-Gly-Leu-Ala-Lys~Ala-Ile
T15 .
1
I N ANy S S

Figure 6. Amino acid sequence of proteinase A from Saccharomyces cerevisiae. Tryptic peptides are assigned Tn,
cyanogen bromide peptides CBn and o-iodosobenzoic acid peptides IBAn. Peptides from hydroxylamine and
cyanogen bromide cleavage of tryptic peptides are assigned NGTn and CBTn, respectively. Solid lines indicate
sequenced sections of peptides, dashed lines indicate non-sequenced sections. Arrows indicate residues determined
by C-terminal digestion. CHO indicates N-linked carbohydrate. The residues are numbered continuously.
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ing of pepsin (43), which is also used in the
following.

Proteinase A shows 46% sequence identity
with porcine cathepsin D, 40% with porcine
pepsin and 38% with human renin. The homol-
ogy with cathepsin D is increased to 63% if
conservative replacements among acid, basic,
hydrophobic and hydroxy-amino acids are dis-
regarded. Proteinase A and bovine chymosin,
which are immunologically related (see Figure
2), show 37% sequence identity. The sequence
homology with penicillopepsin and endothia-
pepsin (38) is 25% and 26%, respectively. It is
striking, that the enzyme with closest homology
with proteinase A, cathepsin D, is the only other
intracellular enzyme on the list, suggesting that
specific functional requirements on intracellular
aspartic proteinases restrict possibilities for
structural diversifications. The amino acid se-
quence of proteinase A does not, however,
include the four-residue insertions found in
cathepsin D at positions 91A-91D and 280A-
280D, which have been proposed to have a
processing function for the lysosomal enzyme
(11). Cleavage occurs in the insertion 91A-91D
in porcine cathepsin D during conversion from
the one-chain to two-chain form of the enzyme
(44). The gene sequence of human cathepsin D
also reveals an insertion in position 91A-91K
(12)and mouse submandibulary renin s cleaved
in an insertion 280A-280D (36). The signi-
ficance of this proteolytic processing in cathep-
sin D and renin is not established, and there is no
evidence for a corresponding two-chain form of
the intravacuolar yeast proteinase A.

In position 159 a three residue insertion (in
reference to pepsin) was necessary. This inser-
tion occurs in a position corresponding to a
beta-hairpin loop, from residue 157-159, in the
penicillopepsin, endothiapepsin and pepsin
structure. Similar insertions occur at position
159 in mouse submandibulary renin (one resi-
due), cathepsin D (two residues) and human
renin (four residues). It was furthermore neces-
sary to introduce a deletion at position 209, ina
region where the homology between the aspartic
proteinases is low.

One of the three disulphide bridges in mam-
malian aspartic proteinases, Cys206-Cys210, is
lacking in proteinase A, which in this regard

resembles the fungal aspartic proteinases. The
other halfcystines in proteinase A are in con-
served positions, suggesting conservation of the
disulfide bridges Cys45-Cys50 and Cys250-
Cys283, found in pepsin (43) etc. These two
disulfide bridges are also retained in an aspartic
proteinase from Mucor miehei (1), while endo-
thiapepsin and penicillopepsin possess only
cystine (Cys250-Cys283) (22, 38).

In aspartic proteinases from Endothia parasi-
tica and Penicillium janthinellum (23, 37) the
two catalytically essential aspartic acid residues,
Asp32 and Asp215, are arranged in a symmet-
rical hydrogen bonded network involving
Asp32, Thr33, Gly34, Ser35 and Asp2l5,
Thr216, Gly217 and Thr218. The conservation
of these residues in proteinase A, as well as in all
other sequenced aspartic proteinases, strongly
suggests a common catalytic mechanism and
active site structure of these enzymes. Asp304,
which is hydrogen bonded to the peptide oxygen
of Thr 216 in the fungal proteinases, is also
conserved, like Tyr75 in the flap region, which
projects above the active site. JAMES and
SIELECKI {23) have emphasized a hydrophobic
patch in the penicillopepsin binding cleft, adja-
cent to Asp32 and Asp2l5, which might be
essential for interactions with the hydrophobic
residues in substrates cleaved by aspartic pro-
teinases (6, 8). The corresponding residues in
proteinase A comprise Tyr275, 1e284, Leu220,
Thr222, Gly297, Leu299, 1le301, Ala2l3,
Tyr189, and Ile128, which also are predomi-
nantly hydrophobic.

Another structural relationship between pro-
teinase A and e.g. pepsin, is the remarkable
conservation of hydrophobic residues corre-
sponding to the molecular core (22, 45, 47).
These residues are in positions 4,6,14,18,20,
27,29,31,38-42,45,56,71,73,80,84,89,91,94,101,
119-125,137,145,151-155,165,170,175, 179,
194,197,199,212-214,221,223,228,232, 236,
238,246, 248, 250,256,259, 261, 268,270,275,
277,283,292,300,307,311,314, and 321-324.
The conservation of glycines in positions 21,
34,76,78,82,92,119,122,168,217,237,297,303,
and 322 indicates a common structural restric-
tion on the size of the side chain in these
positions, which are predominantly at beta-hair-
pin loops in the structure of e.g. penicillopepsin.
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In contrast to this, the distribution of charged
residues in proteinase A differs considerably
from the distribution in other aspartic protein-
ases. Glu81, Asp93, Aspl00, Asp126, Argl50,
Glul72, Asp 178, Argl8S, Glul91, Asp201,
Arg253, and Glu294 correspond to uncharged
residues in other aspartic proteinases. Residues
Ala60, Tyr138, and Leu316 are hydrophobic
like in penicillopepsin, while residues in these
positions are charged in all mammalian aspartic
proteinases. Such alterationsin the charge distri-
bution might influence substrate binding, and
hence the specificity of proteinase A relative to
the other aspartic proteinases.

The high number of paired or tripled basic
residues in proteinase A (149-150, 185-187,
239-240 and 308-309) is remarkable, and in this
respect proteinase A resembles human renin,
which also possesses four such combinations
(239-242, 280D-281, 308-309, and 316-317).

There are two glycosylated asparagines in
proteinase A. One is in position 67, which is also
glycosylated in cathepsin D and human renin
(21, 44), the other is in position 267, which is a
glycosylation site thus far unique to proteinase
A. Both residues correspond to surface regions
on penicillopepsin, where the two sites are facing
away from the active site. The role of the
carbohydrate moiety is not well established. In
mammalian cells the glycosylation of lysosomal
hydrolases has been shown to direct the tran-
sport from the Golgi body to the lysosomes (18),
but results of experiments with yeast treated to
inhibit glycosylation with tunicamycin, indicate
that this targeting mechanism is not essential in
yeast (42). Furthermore, correct processing of
the precursor of proteinase A is apparently
independent of glycosylation (34). However, the
conservation of glycosylation site 67 in intracel-
lular aspartic proteinases from species as
distantly related as an unicellular yeast and
mammals, suggests a critical role of this carbohy-
drate moiety.

The occurrence of 3 peaks containing glycosy-
lated tryptic peptide T1 after ion-exchange (Fig-
ure 5), and 3-4 close bands of proteinase A on the
isoelectric focusing gel between pH 4.0 and 4.1
might be explained from possible inhomogene-
ity of the carbohydrate moiety.

The aspartic proteinase isolated from Saccha-

romyces carlsbergensis did not reveal significant
differences from proteinase A with respect to
molecular weight, isoelectric point, proteolytic
activity and stability, and the identical 40 amino
acid N-terminal sequences and complete immu-
nological cross-reactivity, suggest that these en-
zymes have similar structures.
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