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Abstract

The amino acid sequence of the earthworm-serine protease, isozyme C, which shows not only elastase-like activity but also
trypsin-like activity, was determined. The catalytic triad of the trypsin family, His, Asp, Ser, was conserved in isozyme C, but
the primary substrate determinant of trypsin, Asp, was missing in isozyme C, the same as in elastase. One of the two Gly at
the entrance of the substrate-binding pocket of trypsin was replaced by Val as in elastase, however, the other was replaced by
Ser whereas Thr is present in elastase. Furthermore, isozyme C also showed esterase-like activity, which was applicable for
the synthesis of useful substances.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction to use the same mechanism for catalyj§s They

are widely distributed in nature and have diverse sub-

Proteolytic enzymes are ubiquitous in occurrence, strate specificity. Trypsin, chymotrypsin, and elastase

being found in all living organisms, and essential for are major serine proteases which catalyze the hydrol-
cell growth and differentiation. There is renewed in- Ysis of peptide bonds on the carboxyl side of the Lys
terest in the study of proteolytic enzymes, mainly due and Arg residues, aromatic amino acid residues, and
to the recognition that these enzymes not only play uncharged nonaromatic amino acid resid{@ss].
an important role in the cellular metabolic processes Alignment analysis of the amino acid sequences and
but have also gained considerable attention in the three-dimensional structure analysis indicated that the
industrial community as a biocatalyst for the prepa- catalytic activity is mediated by the conserved His,
ration of useful compoundfl—4]. Serine proteases Asp, and Ser residues and the substrate specificity
are members of proteolytic enzymes which require is determined by the different sets of amino acid
the amino acid serine at their active site and appear residues which are composed of the substrate-binding

pocket[5,9,10] Amino acid mutagenesis showed the
"+ Corresponding author. Tek:81-86-424-1661: po.ssibility of Iimiting or altering the substrate .s_peci—
fax: +81-86-434-1249. ficity of the native enzymes, however, the activity of
E-mail addressmanabus@rib.okayama-u.ac.jp (M. Sugimoto). the mutated enzymes was low compared to that of the
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native enzyme$11-13] These results suggest that a [23] and pyridylethylated4]. The formerS-alkylated

number of changes in the amino acid residue in the protein was digested by endoproteinase Lys-C (Roche

structure of the binding pocket should be required to Diagnostics, Switzerland) and the latter by endopro-

alter the substrate specificity and it is advantageous toteinase Asp-N (Roche Diagnostics). The peptides

compare the protein structure of the native enzymes obtained by proteolytic digestion were separated

having various substrate specificities in order to clar- by reverse-phase HPLC on a Sephasil C18 column

ify the relationship between the substrate specificity (Amersham Pharmacia Biotech, Japan) or Wakopak

and protein structure. Navi C22-5 column (Wako, Japan) by monitoring at
Earthworms secrete serine proteases that degrade 214 nm. The sequences of the purified peptides were

wide variety of proteins including fibrin, collagen, and analyzed by the automated Edman degradation using a

elastin, and the therapeutic effects of the earthworm- model 476A protein sequencer (Applied Biosystems,

fibrinolytic enzymes have recently been reported USA).

[14-16] To date, we have characterized alkaline ser-

ine proteases with a potent fibrinolytic activity from 2.3. Enzymatic synthesis of aromatic acid

the earthworml.umbricus rubellusand demonstrated  vinyl ester

that the proteases are composed of six isozymes (iso-

zymes A, B, C, D, E, and A)L7-22] Isozymes A, B, To 20 ml of EtOH was added the acetylated aromatic

D, E, and F represent trypsin- and chymotrypsin-like acid vinyl ester {, 10 mmol), isozyme C (20 mg), and

activities, however, isozyme C shows not only molecular sieves 4A (250 mg, heat-drig@p]. The

elastase-like activity but also trypsin-like activity. reaction mixture was stirred for 48h at 3Z. The
Though a large number of serine protease struc- mixture was filtered and washed with EtOH, then con-

tures have been reported, the structure of the serinecentrated under reduced pressure. The crude mixture

proteases which show multiple substrate specificity was purified by silica-gel chromatography-texane:

like isozyme C have not been described. Furthermore, EtOAC) to afford a white powder.

little information is known about the application of

the earthworm protease for the organic synthesis. It

is of great interest to clarify the molecular basis of 3. Resultsand discussion

these particular properties of isozyme C as a new

biocatalyst. We report here the amino acid sequence3.1. Structure and function of isozyme C

of isozyme C in comparison to those of trypsin and

elastase, and its esterase-like activity which is appli- The amino acid sequence of the earthworm-serine
cable for the synthesis of useful substances such asprotease, isozyme C, obtained by arranging the amino
optically active compounds. acid sequences of 18 peptide fragments, is shown in

Fig. L The sequence data appear in the SWISS-PROT

data bank under the accession number P83298 (N.
2 Materials and methods Nakajima and M. Sugimoto). Isozyme C comprises
242 amino acid residues with a calculated molecular
mass of 24,836 Da which is very close to that of the
native enzyme, 24,664 Da, estimated by ionspray-MS
[17].

The sequence similarities of isozyme C with porcine
elastas§26] and bovine trypsifi27] were 33 and 31%,
respectivelyFig. 2illustrates the alignment of isozyme
C, the active form of trypsin and elastase. The catalytic
2.2. Amino acid sequencing triad, His57, Asp10Z, and Serl195 (asterisks show

chymotrypsinogen numberin@8]) of trypsin corre-

The purified isozyme C, inactivated by 4-(2-amino- sponding to His44, Asp93, and Ser191 of isozyme C,
ethyl)-benzensulfonate fluoride, was aminoethylated respectively, showing that isozyme C belongs to the

2.1. Purification of isozyme C

The earthworm-serine protease, isozyme C, was pu-
rified to homogeneity according to the previously de-
scribed proceduregd 7,20]
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VIGGTNASPGEFPWQLSQQRQSGSWSHSCGASLLSSTSALSASHCVDGV

LPNNIRVIAGLWQQSDTSGIQTANVDSYTMHENYGAGTASYSNDIAILH

LATSISLGGNIQAAVLPANNNNDYAGITCVISGWGRTDGTNNLPDILQK

SSIPVITTAQCTAAMVGVGGANTWDNHICVQDPAGNTGACNGDGGPLNC

PDGGTRVVGVISWVVSSGLGTCLPDYPSVYTRVSAYLGWIGDNSR

Fig. 1. Amino acid sequence of the earthworm protease (isozyme
C) from L. rubellus The lines indicate the N-terminal and internal
amino acid sequences of the protein by Edman degradation.

trypsin family. A comparison of the substrate-binding

Gly216 and Gly226 of trypsin, which lie at the en-

trance of the substrate-binding pocket, are replaced by

Val209 and Thr221 in elastag29,30] These extra
side chains in elastase interfere with the entry of bulky

aromatic side chains into the substrate-binding pocket.

Furthermore, Asp18%f trypsin, which lies at the bot-
tom of the substrate-binding pocket, forms hydrogen
bonds with the Lys and Arg residues of the substrate,
resulting in the specific binding of trypsin to positively

pocket structure of elastase and trypsin suggests that
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charged amino acid residues, whereas the correspond-
ing residue is replaced by Serl82 in elastase.

These results restrict the substrate specificity
of elastase to uncharged nonaromatic amino acids
residues. From the alignment analysis, the amino
acid residue of isozyme C corresponding to Asp189
is Gly185, and those corresponding to Gly2ighd
Gly226° were Val212 and Ser226, both of which
have extra side chains. These structural similarities
of isozyme C with elastase should show elastase-like
activity. The unique characteristic of isozyme C is to
show the trypsin-like activity of which the specific
activity is 33% of the elastase-like activity. At the
entrance of the substrate-binding pocket, Val212 and
Ser226, which have large side chains, lie in isozyme
C, however, Ser226 is replaced by Thr221 in elastase.
The difference in an extra methyl group between
Ser226 and Thr221 might cause a space at the en-
trance of the substrate-binding pocket in isozyme C
that might allow entry of Lys and Arg into the pocket.
The replacement of Asp18®y Gly182 in isozyme C
should decrease the activity for Lys or Arg residues of
peptide bonds, resulting in the substrate specificity of
isozyme C which shows multiple substrate specificity
[17,19,20]

3.2. Application of esterase-like activity
of isozyme C

Isozyme C, potentially degraded various proteins
such as elastin, collagen, and fibrin, and some peptides

20 30 40 50 60 70 80 90 100
BT  IVGGYTCGANTVPYQVSL- - -N-S-GYHFCGGSLINSQWVVSAAIICYKSGIQVRL - - - -G-EDNINVVEGNEQFISASKSIVHPSYNS- -NTLN
C VIGGTNASPGEFPWQLSQQRQSGS-WSHSCGASLLSSTSALSASIICVDGVLPNNIRVIAG-LWQQSDTSGT-QTANVDSYTMHENYGAGTASYS 91
EL  VVGGTEAQRNSWPSQISLQYRSGSSWAHTCGGTLIRQNWVMT, VDRELTFRVVVGEH-NLNQNDGT-E-QYVGVQKIVVHPYWNTDDVAAG 91
110 120 130 140 150 160 170 180

BT IMLIKLKSAASLNSRVASISLP-TSC-ASAGTQCLISGWGNTKSSGTSYPDVLKCLKAPILSDSSCKSAYP- - -GQ- ITSNMFCAGYLEG--
C TATLHLATSISLGGNIQAAVLPANNNNDYAGTTCVISGWGRTD-GTNNLPDILQKSSIPVITTAQCTAAMVGVGGANIWDNHICVQDPAGNT 184
EL TALLRLAQSVTLNSYVQLGVLPRAGTILANNSPCYITGWGLTR-TNGQLAQTLQQAYLPTVDYAISSSSSY - -WGSTVKNSMVCAGG-DGVR 181

120 200 210 220 230 240 245

* *

BT  GKDSCQGDEGGPVVCSGK- - - -LQGIVSWGS- - - - GCAQKNKPGVYTKVCNYVSWIKQTIASN
C - -GACNGDNGGPLNCPDGGTR-VVGVTSWVVSSGLGRCLPDYPSVYTRVSAYLGWIGDNSR-- 242
EL  --SGCQGDYGGPLHCLVNGQYAVHGVTSFVS--RLGCNVTRKPTVFTRVSAYISWINNVIASN 240

Fig. 2. Sequence alignment of isozyme C (C), bovine trypsin (BT), and porcine elastase (EL). The numbering shown above the sequence
of BT is based on that according to the chymotrypsinogen numbering sy@&mThe amino acid residues of the catalytic triad are
represented by reversal letters. The primary substrate specificity determinant of trypsin, /Aapd83ly216 and Gly226 at the entrance

of the substrate-binding pocket is indicated by asterisks.
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Table 1
Enzymatic regioselective deacylation dfin EtOH?

? Prot ? Q
R N0 ias,e R N0 R N-""OH
EtOH +
AcO 1 HO 2 HO 3
a: R=H, b: R= MeO-

Protease la 1b
2a (%)° 3a (%)° 2b (%)P 3b (%)°
Isozyme C 55 0 48 0

@|ncubated in EtOH at 37C for 48 h.

b|solated yield.

¢ The isolated yield of the by-product (also hydrolysis of vinyl
ester moiety).

such ag-amyloid[19,20] The isozyme preferentially

cleaved the peptide bonds consisting of neutral or hy-

drophobic amino acids, besides the hydrolysis of the

bonds on the carboxyl side of the Lys and Arg residues

[19].

To further investigate the catalytic functions of
the protease, the ester-bond hydrolyzing activity of
isozyme C was determined. As a result, the hydroly-
zing activity for ethyl acetate, glucose acetgkjtro-
phenyl acetatep-nitrophenyl butyrate, and tosyl-
Lys-OMe were found to be the same as isozyme
A [20]. Isozyme C was also applicable for the re-
gioselective deacylation ol [25]. The hydrolysis
by isozyme C exclusively produced the deacetylated
vinyl ester 2 (aromatic acid vinyl ester) as shown
in Table 1 Isozyme A and B also showed the simi-
lar esterase activity. Recently, the application of the
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