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Abstract—An aspartic proteinase, rhizopuspepsin (EC 3.4.23.21), from Rhizopus hangchow was purified. The M, and
isoelectric point were determined as ca 37000 and 4.5, respectively. The first 19 amino acids in the N-terminal region
were SGSGVVPMTDYEYDIEYYG. The contents of the a-helix, §-structure and random coil were calculated to be ca
7.5, 88.9 and 2.7%, respectively. The enzyme can activate trypsinogen at pH 3.0. The activity was completely
inactivated by pepstatin A. The specificity and mode of action of the enzyme were investigated with oxidized insulin B-
chain at pH 3. The enzyme hydrolysed primarily two peptide bonds, the Leu!*~Tyr'® bond and the Tyr'®-Leu'’
bond, while additional cleavage of the bonds, Ala!*-Leu!® and Phe?*-Phe?® was also noted.

INTRODUCTION SDS-PAGE and FPLC with Superose 12, respectively.
The isoelectric point was 4.5 by isolectric focusing. The
CD spectrum of the enzyme is shown in Fig. 1. The
contents of a-helix, B-structure and random coil of the
enzyme were calculated to be ca 7.5, 88.9 and 2.7%,

It is well known that aspartic proteinase is widely dis-
tributed in various organisms [1]. Previous work in this
laboratory led to the characterization and mode of action
of the aspartic proteinase, aspergillopepsin I (EC .
3.4.23.18), from Aspergillus saitoi [2-10]. The M, value of respectively.

34 302 was deduced from data on the nucleotide sequence d The N ';erml?la] pep t“;f sequgnce (l)f the fe nhzyme was
of the aspergillopepsin I gene, apnS, from Aspergillus etermined as shown i Fig. 2. Homology of the enzyme

saitoi [10]. Aspergillopepsin I exhibits trypsinogen ac- was compared with otber rhizopuspepsins from R. chzn-
tivation at pH 3 [11, 12]. Of the aspartic proteinases from ensis [23, 24] and R. nveus [25], andothat of N-terminal
Rhizopus chinensis [13, 14] and R. niveus [15], rhizopus- sequence was, respecm{ely 74 z.md 68%; sequence homo-
pepsins (EC 3.4.23.21) act on various proteins and syn- logy with other aspartic proteinases was low.

thetic substrates. Aspergillopepsin I [11, 12, 16], penicil-
lopepsin (EC 3.4.23.20) [17-22] and rhizopuspepsin [18]
exhibit trypsinogen activation at acidic pH.

We have now obtained a purified preparation of an
aspartic proteinase, rhizopuspepsin, from R. hangchow
and here describe its molecular and enzymatic properties. 5000
Homology of N-terminal peptide sequence of the enzyme
was compared with other aspartic proteinases. Specificity

10000

T

—_
of the enzyme for the oxidized B-chain of insulin was e
recognized. of
RESULTS AND DISCUSSION
This purified aspartic proteinase obtained by succes- 5000 . )

sive chromatography migrated as a single band on PAGE 200 220 240 260
at pH 7 gel and SDS-PAGE, respectively. Specific activ-
ity of the enzyme for casein was 11x 1073 katkg™!
protein at pH 3. Yield of the enzyme was ca 8%. M, Fig. 1. CD spectrum of the aspartic proteinase from Rhizopus
values of 37600 and 36000 were obtained by hangchow in the region of 200260 nm.
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Fig. 2. N-Terminal peptide sesquence determination of the
aspartic proteinase from Rhizopus hangchow and homology of
the enzyme with those of other aspartic proteinases. 1, Rhizopus
hangchow aspartic proteinase; 2, R. chinensis aspartic proteinase
[23, 24]; 3, R. niveus aspartic proteinase [15]; 4, Penicillium
Jjanthinellum aspartic proteinase [20, 21]; S, Aspergillus saitoi
aspartic proteinase [ 107; 6, Cryphonectoria parasitica (Endothia
parasitica) aspartic proteinase [28]; 7, Rhizomucor pusillus (Mu-
cor pusillus) aspartic proteinase [29]; 8, Irpex lacteus aspartic
proteinase [30]; 9, porcine pepsin [27].

The optimal pH of the enzyme for trypsinogen activa-
tion was 3—4, and the specific activity of the enzyme for
this activation was 13.9 x 1073 katkg™! protein. The
activity was retained up to 45° at pH 3 for 5 min, and the
enzyme was completely inactivated at 50°. When the
enzyme was incubated at pH 9 and 5° for 18 hr, ca 50% of
the activity was retained. The activity was completely
inactivated by 1 uM pepstatin A and about 56% of the
activity was inhibited with N-diazoacetylnorleucine-
methyl ester (DAN) at 14° for 40 min (enzyme/DAN-
/Cu?*; 1:5:100 mol mol ™). Inhibition studies indicate
that the enzyme was a member of the pepsin family; it had
milk clotting activity (data not shown).

Investigation of the peptide bond specificity towards
the B-chain of insulin at pH 3 by the enzyme revealed
cleavage of two major bonds, Leu'>-Tyr!® and
Tyr'®-Leu'”, and two additional bonds, Ala'4-Leu'?
and Phe?*-Phe?’ (Fig. 3).

Twenty-six aspartic proteinases of the pepsin family
are listed in the ‘Enzyme Nomenclature’ [26]. Those are
most active at acidic pH and are sensitive to specific
inhibitors of pepsin such as pepstatin (hexapeptide), DAN
and 1,2-epoxy-3-(-p-nitrophenoxypropane) (EPNP) [1].
These aspartic proteinases are all characterized by an M,
of 35000, and pH optima for catalytic action in the range
of 1.5-5.0. The characteristic active site residues are Asp
32 and Asp 215 (porcine pepsin numbering [27]) which
are in close proximity to each other. In the enzymatically
active pH range of 2-3, Asp 32 is ionized and Asp 215 is
unionized. The aspartic proteinases include fungal peni-
cillopepsin (EC 3.4.23.20) [20-22], which serves as a
model, mammalian pepsin (EC 3.4.23.1), cathepsin D (EC
3.4.23.5), renin (EC 3.4.23.15), chymosin (EC 3.4.23.4) and
certain fungal proteinases, aspergillopepsin I (EC
3.4.23.18), and endothiapepsin (EC 3.4.23.22). The mech-
anism of activation of bovine trypsinogen by the fungal
enzymes, penicillopepsin [17, 18] and aspergillopepsin I
[11, 12, 16] is identical with catalytic activation and
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Fig. 3. Summary of the specificity of the aspartic proteinase
from Rhizopus hangchow and other proteinases towards the
oxidized B-chain of insulin at pH 3 and 30°. (A) The enzymatic
digest of the chains was directly separated with HPLC. Abbrevi-
ations of the amino acids follow the alphabetical system. C*
indicates cysteine sulphonic acid. The sign (<) shows the
peptides recovered. Perpendicular arrows (4, 1, 1) indicate the
bond split, the degree of hydrolysis being: 4 > 1> *. (B) 1,
Aspartic proteinase from Rhiozopus hangchow; 2, R. chinensis
aspartic proteinase [ 14]; 3, Aspergillus saitoi aspartic proteinase
[8]; 4, A. sojae aspartic proteinase [34]; 5, Pencillium janthin-
ellum aspartic proteinase [19]; 6, Cryphonectoria parasitica
(Endothia parasitica) aspartic proteinase [31}; 7, Rhizomucor
pusillus (Mucor pusillus) aspartic proteinase [35]; 8, human
pepsin 3 [36]; 9, human pepsin 5 (36); 10, human non-pepsin
proteinase [37].

involves the cleavage of the Lys®-Ile” bond with the
liberation of the hexapeptide Val-(Asp),-Lys.

An acidic proteinase from R. hangchow is a member of
the aspartic proteinase family. Its homology with R.
chinensis [23, 24] and R. niveus [25] was 74 and 68%,
respectively, while it was 37, 37 and 21% with aspergillo-
pepsin I [10], penicillopepsin [20-22] and endothiapep-
sin [28]; the enzyme had only a low degree of sequence
homology with mucorpepsin [29], Irpex pepsin [30],
endothiapepsin (EC 3.4.23.22) (31) and porcine pepsin
[27].

The results in the CD spectrum suggest that the
enzyme contains 88.9% f-structure, 7.5% «-helix and
2.7% random coil. Judging by earlier findings on ORD
values of rhizopuspepsin from R. chinensis {32] and
aspergillopepsin I from A. saitoi [4, 5], the two fungal
enzymes and chymosin [33] contain little or no o-
structure. We previously concluded [4, 5] that aspergillo-
pepsin 1 was devoid of a complete a-helical strand, as
judged from the UV ORD curve at the 233 and 198
spectral zone; the conformation of aspergillopepsin I was
apparently converted by the anionic detergent, Na-lauryl
sulphate (Na-dodecyl sulphate, SDS) into a partially -
helical conformation.

Rhizopuspepsin from R. chinensis [14] cleaved the B-
chain of oxidized insulin at 12 sites of the peptide linkages
and a certain similarity in the specificity was observed
among penicillopepsins [19]. The present studies indicate
that the sites of the oxidized B-chain of insulin attacked
by the enzyme are different from rhizopuspepsin from
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R. chinensin [14]. The aspartic proteinase from R. hangc-
how shows a specificity similar to those of aspergillopep-
sins I from A. saitoi [8] and A. sojae [34], and to
mucorpepsin [35]. In conclusion peptide bonds which
have hydrophobic amino acids such as alanine, leucine,
tyrosine or phenylalanine in the P;, P,” and P,’ positions
(as defined by Schechter and Berger [38]) are preferen-
tially cleaved by the enzyme from R. hangchow.

EXPERIMENTAL

Materials. Oxidized B-chain of insulin was purchased
from Sigma. Butyl-Toyopearl 650M, DEAE-Toyopearl
650S and SP-Toyopearl 650M were from Tosoh Co., Ltd.
Folin—Ciocalteu’s reagent was from Wako Junyaku Co.
Bis-acrylamide was from Nacalai. Pepstatin A and N-
benzoyl-L-arginine-4-methylcouraryl-7-amide (Bz-Arg-
MCA) were from Peptide Institute, Inc., Ina, Minoh-shi,
Osaka. Trypsinogen and trypsin were from Sigma. Milk
casein (Hammersten) was from Merck.

Enzyme source. A crude enzyme prepn obtained
from a commercial product ‘Peptidase R’ from the Rhizo-
pus hangchow No. 3545 of Amano Pharmaceutical Co.,
Nishikasuga-gun, Aichi Prefecture, was used in this
study.

Assay of aspartic proteinase activity. The proteolytic
activity with milk casein was used at pH 3 following the
previous method [6]. One katal of the aspartic proteinase
is defined as the amount of enzyme yielding the colour
equivalent of 1 mol tyrosine sec ™! with Folin—Ciocalteu’s
reagent using milk casein as a substrate at pH 3 and 30°.
Specific activity is expressed in kat kg ™! of protein by the
method of ref. [8].

Assay of trypsinogen activation activity. The assay of
the enzyme was based on its ability to activate trypsin-
ogen at pH 3. Trypsin formed was assayed at pH 8
according to the method described in ref. [ 18], except that
the substrate, Bz —~Arg—-MCA, was used. Fluorometric
amidase activity of trypsin formed by the free 7-amino-4-
methylcoumarin (AMC) in the enzymatic hydrolysate at
pH 8 was measured with a Hitachi fluorescence spectro-
photometer model F-3000 as in refs [39, 40]. Excitation
and emission wavelengths were 360 and 440 nm, respect-
ively.

Protein concn. Protein concns were estimated by the
method of ref. [41].

Purification of proteinase. All purification procedures
were done at 4°. The crude enzyme soln was dialysed
against 10 mM Na-citrate buffer, pH 5.2, with 2mM
Ca(MeCO,), and was centrifuged at 15000 g for 20 min.
The supernatant was salted out with 35% (NH,),SO,,
centrifuged at 10000 g for 20 min, and applied for hydro-
phobic chromatography on a Butyl-Toyopearl 650M
column (3.7 x 24 cm) equilibrated with the same buffer.
The enzyme was eluted with 10 mM Na-citrate buffer, pH
5.2, with a linear gradient (NH,),SO, from 35 to 0% soln,
and the eluate was dialysed against 10 mM citrate buffer,
pH 5, with 2 mM Ca(MeCO,),. DEAE-Toyoperal 650S
(3.7 x 24 cm) was used for the next step in the purification.
The enzyme was eluted with the same buffer containing

0.5 M Na(l, and the eluate was dialysed with Na-citrate
buffer, pH 3. In the final stage of purification SP-
Toyoperal 650M (3.7 x 24 cm) was used. The enzyme was
eluted with the same Na-citrate buffer, pH 3, with 0.75 M
NacCl.

Polyacrylamide gel electrophoresis (PAGE). Performed
using 10% polyacrylamide gel at pH 7 following the
method in ref. [42].

Molecular weight. M, was determined by SDS-PAGE
as described in ref. [43]. Marker proteins of cytochrome ¢
from horse and cross-linked cytochrome ¢ oligomers were
monomer (12.4 k), dimer (24.8 k), trimer (37.2 k), tetramer
(49.6) and hexamer (74 k); the values in parentheses are
the respective M,s. Markers for gel filtration of FPLC
with Superose 12 were f-galactosidase (460 k), amylase
(200 k), aldolase (158 k), bovine serum albumin (67 k),
ovalbumin (43 k) and soybean trypsin inhibitor (20 k)
from Boehringer.

Circular dichroism. CD measurements were made on a
JASCO automatic recording spectrophotometer, model
J-600, at room temp. (22°) with a | mm path length quartz
cell from 200 to 260 nm. A circular dichroism scale setting
of 0.001 m° cm ™! was used in all experiments. Spectra
were connected to baseline shifts by a running scale of
solvent buffer. Results are expressed as mean residue
ellipticities () in deg cm? mol ™ !. The contents of a-helix
and f-structure of the aspartic proteinase were calcd
according to the SSE-338 Program given in ref. [44].

N-Terminal sequence determination. The enzyme puri-
fied by SDS-PAGE was transferred to PVDF mem-
brane, then subjected to N-terminal sequence determina-
tion on an Applied Biosystem 473 protein sequencer with
610A data analysis system.

Hydrolysis of oxidized insulin B-chain. The oxidized
insulin B-chain (40 nmol) was dissolved in 80 ul of 5 mM
Na-citrate buffer, pH 3, and the pH was adjusted to 3,
0.5 pmol of the aspartic proteinase (enzyme/substrate = 1:
80000, m/m ratio) was added to the soln. The mixt.
was incubated at 30° for 5, 20 min or 18 hr. One drop of
conc NH,OH was added to inactivate the enzyme. The
sample of hydrolysate was dried in vacuo. The dried
digests of oxidized insulin-B-chain were dissolved in
milli-Q H,0.

Sepn and identification of peptides. Sepn and identifica-
tion of the peptides in the dried digests was done by
HPLC as described previously [45]. HPLC was per-
formed on a column (4 mm x 25 mm) of ODS-120T
(Tosoh) equipped with a Hitachi model L-6200 delivery
system. Chromatographic recording was performed at
216 nm with a Shimadzu chromatopac C-RLB.

Peptide analysis. Peptides isolated by HPLC were
dissolved in 25 pul 20% acetonitrile and were subjected to
sequence determination on an Applied Biosystems 377A
protein sequencer.
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