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Abstract—The specificity and mode of action of penicillolysin, a metalloproteinase from Penicillium citrinum, were
investigated with several bioactive-oligopeptides. The enzyme showed a high affinity toward the Pro-X (X = Gin, Lys,
Leu or Arg) bonds of substance P, dynorphin A (1-13), neurotensin and chicken brain pentapeptide, and the R-R
bonds in dynorphin A and neurotensin. Preferential cleavages of bonds by the enzyme with hydrophobic amino acid
residues at the P, position were observed on the peptides used. The specificity of penicillolysin differs from that of other
metalloproteinases. The M, and pI were determined as 18 000 and 9.6, respectively. The first 50 amino acids in the N-
terminal region were TKETCSNASRKSALEKALSNTVKLANAAATAARSGSASKFSEYEKTTSSS. CD spectra

on the hollo- and apo-enzymes of penicillolysin were studied.

INTRODUCTION

Previous work in this laboratory led to the identification
and purification of a metalloproteinase from Penicillium
citrinum [1]. The purified enzyme migrated as a single
band on SDS-PAGE at pH 9.4. The enzyme was found to
contain 1 g-atom of zin¢ per mol of enzyme (M, 17000).
The enzyme showed a distinct mode of action and unique
specificity towards the oxidized insulin B-chain at pH 7.0
[1]. The most susceptible bond at the initial site of
cleavage was between Tyrl6 and Leul7, and additional
cleavage of the bonds Glu13-Alal4 and Alal4-Leul5 was
noted. The activity of the enzyme was inhibited by 2 mM
EDTA and o-phenanthroline. A remarkable pH-depend-
ency on inactivation of the enzyme by EDTA was ob-
served. The enzyme was completely inactivated by EDTA
at acidic pH values below 5.0, but the inactivation was
slight at alkaline pH values such as 8.0.

The important feature of a protease is its specificity at
various levels. Since neprilysin (EC 3. 4. 24. 11} {2], thimet
oligopeptidase (EC 3. 4. 24. 15) [3], envelysin (EC 3. 4. 24.
12) [4], neurolysin (EC 3. 4. 24. 16) [5] and thermolysin
(EC 3. 4. 24. 27) can each hydrolyse the peptide bonds of
bioactive-peptides and share some cornmon mechanistic
features, we compared the specificity of metalloproteinase
from P. citrinum.

The inactive Zn?*-free apoenzyme was reactivated by
Co**, Zn?* and Mn?"*, whereas Mg?*, Fe?* and Ca?*
were ineffective. CD spectral studies were performed with
native, apo-, and Co?*-reconstructed enzymes. The

tAuthor to whom correspondence should be addressed.

amino terminal sequence for the first 50 amino acids of
the metalloproteinase was analysed.

The present work confirmed that the metalloproteinase
from P. citrinum is a new type of metalloproteinase with a
distinct mode of action and unique specificity. The trivial
name penicillolysin is suggested for this new type of
metalloproteinase.

RESULTS

Specificity of penicillolysin towards bioactive oligopeptides

A summary of the action of penicillolysin on oligopep-
tides is shown in Fig. 1. The enzyme degrades a variety of
peptides which possess various amino acids at the P,
position, including proline, basic arginine and hydro-
phobic amino acids such as tryptophan, phenylalanine,
tyrosine and leucine. Penicillolysin most rapidly degra-
ded substance P and dynorphin A (1-13). A characteristic
feature of penicillolysin was the hydrolysis of Pro-X (X
= Gln, Lys, Leu, or Arg) bonds in substance P, dynor-
phin A, neurotensin and chicken brain pentapeptide. The
Pro-X cleaving activity is the specific action of prolyl
oligopeptidase (post-proline cleaving enzyme, EC 3.4. 21,
26), a serine proteinase from vertebrates, plants and
Flavobacterium.

Penicillolysin recognizes a structural feature in dynor-
phin A and neurotensin. The enzyme showed a high
affinity towards the Arg®-Arg’ bond in dynorphin A
(1-13) and the Arg®-Arg® bond in neurotensin.

The preferential cleavage by penicillolysin of bonds
with hydrophobic amino acid residues at the P, position
was observed for Phe®-Gly® in substance P, Leu®-Tyr’ in
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neutrotensin, Phe®-Ser® in bradykinin, Trp3-Ser* and
Tyr>~Gly® in luteinizing hormone releasing hormone
(LHRH), Trp!®-Gly!?, Tyr>-Ser® and Phe’-Arg® in a-
melanotropin (x-MSH), and Leu3-Arg® and Phe*-Leu’®
bonds in a-neoendorphin. Penicillolysin shows no prefer-
ential cleavage specificity for bonds with hydrophobic
amino acid residues at position Py, and its specificity is
different from that of microbial metalloproteinases such
as thermolysin (EC 3. 4. 24. 27) [6] and Aspergillus oryzae
neutral protease I [6]. Penicillolysin was unable to
hydrolyse angiotensin I, angiotensin II, or cholecysto-
kinin (CCK)-octapeptide (26-33).

I 1
Substance P RPKF’TQQFFTGTLMNHz
I 1
Dynorphin-A YGGFLRRIRPKLK
(1-13)
i {4
Neurotensin <QLYENKPRRPYIL
Tt
!
Chicken brain LPLRFNH:
pentapeptide 1
!
Bradykinin RPPGFSPFR
T
1
LHRH <QHWTSYTGLRPGN"'2
i Lol
a-Melanotropin ACSYTSMETHI?RWTGKPVNHR
1
a-Neoendorphin YGGETLTRKYPK
Angiotensin i DRVYIHPF
Anglotensin | DRVYIHPFHL
CCK-octapeptide DYMGWMDFNH:

(26-33)

Fig. 1. Summary of cleavage specificity of penicillolysin to-
wards various oligopeptides. The arrows above and below the
sequences indicate cleavages for 1 hr hydrolysis and 24 hr hy-
drolysis by the enzyme, respectively. The degree of hydrolysis
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Molecular properties

A M, value of 18 000 was obtained by laser small angle
scattering method [7]. A value of 17000 had been deter-
mined by SDS-PAGE previously [1]. The pI value was
found to be 9.6. The N-terminal sequence of penicillolysin
was determined as shown in Fig. 2. Homology of the
enzyme was compared with other microbial metallopro-
teinases such as Aspergillus oryzae neutral protease II [8]
and thermolysin [9]. The homology of penicillolysin with
that of A. oryzae neutral protease II was 52 %, and only a
low degree of sequence homology with thermolysin was
found.

The specific activities of penicillolysin for clupeine and
casein hydrolysates were 3.04 x 10! and 5.23 x 1073
kat kg™! protein at pH 7.0, respectively. The rate of
clupeine hydrolysis was 60-fold greater than that for
casein hydrolysis. When zinc is removed, the enzyme is
completely inactive, and readdition of zinc restores the
dual activities towards clupeine and casein (Table 1).
Depending on the casein substrate, the cobalt-penicillo-
lysin could be up to ca 1.6 times more active than the
native zinc enzyme. On the other hand, in clupeine-
hydrolysis, the cobalt-enzyme is about 70 % as active as
the native enzyme. Thus, replacement of the zinc-penicil-
lolysin with cobalt markedly decreases the activity
towards clupeine while it increases it towards casein.

The curve in Fig. 3A shows the CD spectrum of
penicillolysin. The a-helix and f-structure content of
penicillolysin were ca 19 and 58 %, respectively. The CD
curve of the apoenzyme is shown in Fig. 3B and is notably
different from that of the native one. The a-helix and the
f-structure content of the apoenzyme were ca 9 and 61 %,
respectively. About 50 % of the a-helix was destroyed in
the conformational changes from native to apoenzyme.
The CD curve of Co?* -reconstructed enzyme is shown in

Table 1. Specific activities of penicillolysin, and Zn?*- and
Co?*-penicillolysin at pH 7.0

Enzyme Specific activity
(katkg™! protein)
Clupeine Casein
Native 3.04 x 1071 (100)  5.23 x 1073 (100)

2.85 x 1071 ( 94)
2.10 x 107 ( 69)

520 x 1073 ( 99)
8.26 x 1073 (158)

Zn?*-penicillolysin
Co? *-penicillolysin

being: ¢ >1>1. The relative activity is shown in parentheses.
10 20 40 50
1 K E SNASRKEIAME K v Y s
BiE VERD CKGDAE[ZISIMT T A
3 1 TG STVGVGRGVGDQKNINTTYSTY TYDAKYRTTL

Fig. 2. N-Terminal sequence determination of penicillolysin and homology of the enzyme with those of other
metalloproteinases. 1, Penicillolysin from Penicillium citrinum; 2, Aspergillus oryzae neutral protease IT [8]; 3,
thermolysin [9].
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Fig. 3. CD spectra of penicillolysin, apoenzyme and Co?*-
penicillolysin in the region of 190-260 nm. (A) Penicillolysin; (B)
apoenzyme; (C) Co?*-penicillolysin.

Table 2. Secondary structure content (%) in penicillolysin,
apoenzyme and Co?* -penicillolysin

Enzyme a-Helix  B-Structure Turns Random
Penicillolysin 19 58 3 21
Apoenzyme 9 61 2 28
Co?”-penicillolysin 20 58 2 20

Fig. 3C. The contents of the a-helix and S-structure were
ca 20 and 58 %, respectively. This CD curve was almost
the same as that of the native enzyme. Parameters of
the secondary structure of penicillolysin are shown in
Table 2.

DISCUSSION

Metalloproteinases, which are most active at neutral
pH and are sensitive to metal-chelating agents such as
EDTA or o-phenanthroline, but not against DFP and
sulphydryl reagents, are widely distributed in micro-
organisms [6], together with serine alkaline proteinases.
The M,s of these enzymes are 35000-40000, i.e. greater
than those of serine alkaline proteinases. The pls of the
Bacillus subtilis, Pseudomonas aeruginosa and Streptomy-
ces naraensis enzymes are at pH 9.0, 59 and 4.2 {6],
respectively. So far as determined, these are zinc enzymes.

Zinc is fairly universal in its choice of ligand atoms,
coordinating with oxygen, nitrogen and sulphur atoms,
and its rates of ligand substitution are fast. It is a strong
Lewis acid, and yet does not hydrolyse readily at neutral
pH to form hydroxy-derivatives [10].

The most common role for zinc in metalloproteinase
(EC 3.4.24.—)1s its direct participation in catalysis; other
functions are structural or regulatory. The zinc atom is
indispensable to the catalytic activity of penicillolysin,
which contains 1 g-atom of the Zn?* per M, of 17000 1.
To the native enzyme, the zinc atom is indispensable to
both catalytic activity and structural function. Com-
parison of the CD spectral data of zinc penicillolysin and
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the apoenzyme reveals the features of their metal-protein
interaction showing both similarities and specific charac-
teristic differences. The ultraviolet CD spectrum of
cobalt-penicillolysin above 190 nm is identical with that
of zinc-penicillolysin. Minor differences among the spec-
tra may reflect differences in the specific activity changes
towards clupeine and casein hydrolysis.

Neutral protease I (Np II) from Aspergillus oryzae [8]
is a zinc-containing metalloproteinase with smaller M,,
which consists of 177 amino acid residues. Aspergillus
sojae neutral protease I contains 1 g-atom of zinc and
2 g-atoms of calcium per molecule with M, of 19800 [11].

The specificity of penicillolysin differs from other met-
alloproteinases so far characterized [12] in respect to
both substrate size and amino acid sequence. Highly
purified penicillolysin has features which are similar to
those of prolyl oligopeptidase (EC 3. 4. 21. 26) [13, 14],
site specific endopeptidase [15] and chymotrypsin (EC 3.
4. 21. 1). Peptide bonds involving proline residues are
often resistant to the action of endo- and exo-peptidases.
The specificity of proline-specific endopeptidase activity
of penicillolysin, ie. preferential cleavage of the Pro-X
bond, is similar to that of prolyl-oligopeptidase (EC 3. 4.
21. 26) as shown in Fig. 1.

Thermolysin has a strong preference for Phe, Tyr, Leu
and Ile at the P,’ position of the substrate. According to
the specificity of thermolysin, the rate of hydrolysis of the
Xaa-Phe bond is 40-fold greater than of the Xaa-Leu
bond. The Pro’-Phe® in bradykinin and the Pro”-Phe® in
angiotensin I are cleaved by thermolysin [4]. Neprilysin
(EC 3. 4. 24, 11) has a similar cleavage specificity on the
Pro’-Phe® bond in bradykinin [2]. Specific cleavage of
the Pro'®-Tyr!! bond in neurotensin is reported by
neurolysin (EC 3. 4. 24. 16) [5]. Procoliagen N-endo-
peptidase (EC 3. 4. 24. 14) cleaves N-propeptide of
procollagen chain o 1(I) at Pro-Gln [15]. Envelysin (EC 3.
4. 24. 12) cleaves the Pro”-Phe® bond in both bradykinin
and angiotensin I, and the Pro*Gln® bond in [Sar®] -
substance P [4]. Thermolysin is unable to hydrolyse the
Pro-X bonds in substance P, dynorphin A (1-13) and
neurotensin [4], and envelysin cannot hydrolyse the Pro-
X bond in dynorphin A (1-13) [4]. Thimet oligopeptidase
(EC 3. 4. 24, 15) is unable to hydrolyse any of the Pro-X
bonds in several bioactive oligopeptides [3].

Davidson et al. [16] reported that Ca-dependent acidic
endopeptidase one (type I) cleaves exclusively on the C-
terminal side of Arg®'-Arg®? (B-chain/C-peptide junc-
tion); the other (type II) preferentially cleaves on the C-
terminal side of Lys®*-Arg®® of proinsulin (C-peptide/A-
chain junction). Penicillilysin, on the other hand, prefer-
entially cleaves the peptide bond in a pair of basic amino
acid residues, Arg-Arg, in dynorphin A and neurotensin.
The specificity of penicillolysin is different from that of
site specific endopeptidase type I in the strict sense.
Thimet oligopeptidase (EC 3. 4. 24. 15) has a similar
cleavage specificity of the Arg®-Arg® bond in neurotensin
[3], while neprilysin (EC 3. 4. 24. 11) is unable to
hydrolyse the Arg®-Arg’ bond in dynorphin A (1-9) [2].
Envelysin cannot hydrolyse the Arg®-Arg?® in neurotensin
or the Arg®-Arg’ bond in dynorphin [3].
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The preference of chymotrypsin (EC 3. 4. 21. 1) for a
bulky hydrophobic group at the P, position is supported.
Similar preferential bond cleavages by penicillolysin with
hydrophobic amino acid residues at the P, position were
observed as shown in Fig. 1: Trp-Gly, Trp-Ser, Phe-Leu,
Phe-Gly, Phe-Ser, Phe-Arg, Tyr-Gly, Tyr-Ser, Leu-Tyr
and Leu-Arg bonds.

Penicillolysin shows a V-8 protease-like specificity
towards the Glu®-His® bond in a-MSH.

It can be concluded that penicillolysin, a metallopro-
teinase from P. citrinum, has a specificity unique from
those of other metal proteinases.

EXPERIMENTAL

Materials. Penicillolysin was purified from a com-
mercial ‘protease B’ [17] from Penicillium citrinum of
Amano Pharmaceutical Co. Ltd, Aichi Prefecture, as
described [1]. Bioactive-oligopeptides were obtained
from the Peptide Institute Inc., Minoh-shi, Osaka, Japan.

Assay of the penicillolysin. Routine assay of penicillo-
lysin employed 2% clupeine previously denatured at
100° for 30 min in 100 mM NaPi buffer, pH 7.0, as
substrate. The heat denatured clupeine soln (150 ul) was
dissolved in 0.4 ml 100 mM NaPi buffer, pH 7.0, and
incubated for 20 min at 30° with 50 ul of penicillolysin.
The reaction was stopped with 0.6 ml 12.5% TCA. An
aliquot (0.1 ml) of the supernatant soln was dissolved in
2 ml 0.5 M citric acid buffer, pH 5.0, and 2 ml ninhydrin
reagent. A ninhydrin assay [ 18] was then carried out on
these filtrates. One katal of the penicillolysin is defined as
the amount of enzyme which yields the colour equivalent
of 1 mol of tyrosine sec™! with the ninhydrin reagent
using clupeine as a substrate at pH 7.0 and 30°. Specific
activity is expressed in kat kg~ ! of protein by the method
of ref. [19].

Hydrolysis of peptides by penicillilysin. The peptides
were dissolved to 1 mM in 100 mM NaPi buffer, pH 7.0.
Substance P and «-MSH were dissolved in 100 mM
Tris-HCI buffer, pH 7.5. CCK-octapeptide was dissolved
in 10% DMSO soln. For hydrolysis of neurotensin,
chicken brain peptapeptide, angiotensin I, angiotensin II,
and CCK-octapeptide, the enzyme/substrate ratio was
1: 50 (mol: mol). For hydrolysis of substance P, dynor-
phin A, LHRH, a-neoendorphin and a-MSH, the enzyme/
substrate ratio was 1: 400 (mol: mol). The reaction was
started by adding 24 ul of enzyme soln in NaPi buffer to
72 ut of soln, and the mixt. was incubated at 30° for 1 or
24 hr, The reaction was terminated by freezing at —20°
followed by lyophilization.

Isolation of hydrolysis products. The lyophilisate was
dissolved in 200 ¢ H,O, and 150 ul was loaded on a
reverse-phase TSK gel ODS 120-T column and eluted
with a linear gradient of MeCN in 0.1% TFA at room
temp. The absorbance was monitored at 215nm on a
Shimadzu L.C-3A liquid chromatograph. An adequate
gradient was chosen for each peptide to achieve the best
resolution of the product fragments. Each peak was
collected with care so as not to lose those of low
absorbance due to the absence of aromatic amino acid
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residues. The peak fractions were lyophilized and used for
the following analysis.

Amino acid analysis. The purified peptides were hydro-
lysed by the method of ref. [20]. After dabsylation
[21], amino acids were analysed with a Beckman System
Gold Programmable Solvent Module 126 analyser. Tryp-
tophan was determined by the NBS titration method of
ref. [22].

N-Terminal sequence determination. The peptides puri-
fied by reverse phase chromatography were subjected to
N-terminal sequence determination on an Applied Bio-
system 473A protein sequencer with a 610A data analysis
system.

Molecular weight. M, was determined by low-angle
laser light-scattering photometry and precision differ-
ential refractometry combined with gel-filtration HPLC
(LALLS-HPLC). LALLS-HPLC was performed es-
sentially according to ref. [7]. Samples were applied
to a TSK-gel G3000SWy; column (0.78 cm x 30 cm,
TOSOH) equilibrated with 50 mM NaPi buffer (pH 7)
and containing 0.2 N NaCl according to ref. [17].

Isoelectric focusing (IEF). 1IEF of the enzyme was
carried out on agarose gel. An IEF gel kit of pH 3.5-9.5
from ACI Japan was used. The following prepns were
used as standard proteins: phycocyanin (4.65), f-lactoglo-
bulin B (5.1), bovine carbonic anhydrase (6.0), human
carbonic anhydrase (6.5), horse myoglobin (7.0), whale
myoglobin (8.05), a-chymotrypsin (8.8), and cytochrome ¢
(9.6); the values in parentheses are the respective pls.

Circular dichroism (CD). CD measurements were
made on a JASCO automatic recording spectrophot-
ometer, model J-720, at room temp. (22°) and a 1 mm
path length quartz cell from 200 to 260 nm. A CD scale
setting of 0.001 m°cm ™! was used in all experiments.
Spectra were connected to the baseline shift by a running
scale of solvent buffer. Results are expressed as mean
residue ellipticities (0) in deg cm? dmol ™ '. The contents of
a-helix and p-structure of the enzyme were calculated
according to the SSE-338 program given in ref. [23].
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