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Abstract

N-acyl-p-amino acid amidohydrolases can be classified into three types based on substrate spedcifititpacylase has
been reported to occur in a very few bacteria sucRssmudomonastreptomycesandAlcaligenesN-acyl-p-aspartate ami-
dohydrolaserf-AAase) has been reported in oljcaligenes xylosoxydassibspxylosoxydané-6 (AlcaligenesA-6) while
N-acyl-p-glutamate amidohydrolase-AGase) has been isolated in two stainfPeéudomonasp. 5f-1 andAlcaligenesA-6.
The physiological roles of these enzymes in these microbes are not clear. They are individually characteristic in their substrate
specificities, inducer profiles, inhibitors, isoelectric points, metal dependency, and some physicochemical properties. The
primary structures of all the three typesdhcyl-n-amino acid amidohydrolases frofsicaligenesA-6 were determined from
their nucleotide sequences. Comparison of their primary structures revealed high homology (46-56%) between the different
enzymes. The three enzymes showed 26—27% sequence homologyasiiinoacylases froBacillus stearothermophilys
porcine, and human. Chemical modification and site-directed mutagenesis identified the histidyl residues essential for cataly-
sis. TheAlcaligenes Nacyl-p-amino acid amidohydrolases share significant sequence similarities with some members of the
urease-related amidohydrolase superfamily proposed by Holm and Sander [L. Holm, C. Sander, Proteins: Structure, Function
and Genetics 28 (1997) 72]. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction (p-AAase) are specific foN-acyl-p-glutamate and\-
acyl-p-aspartate, respectively. Unlikeaminoacylase
N-acyl-p-amino acid amidohydrolase catalyzes the (N-acyl--amino acid amidohydrolase EC 3.5.1.14)
hydrolysis of N-acyl derivatives of variou®-amino [1], the physiological roles of théN-acyl-p-amino
acids top-amino acids and fatty acids (Fig. 1). This acid amidohydrolases are currently unknown, but
type of enzyme is classified into three types ac- the enzyme is industrially important for producing
cording to substrate specificitp-aminoacylase cat-  D-amino acids fronpL-amino acids. Several methods
alyzes the hydrolysis di-acyl derivatives of neutral  have been developed for the preparatioraimino
p-amino acids.N-acyl-b-glutamate amidohydrolase acids, e.g. optical resolution of the racemate [2], the
(p-AGase) and N-acyl-p-aspartate amidohydrolase use of hydantoinase [3,4], and the use of coenzyme
pyridoxal B-phosphate-dependent enzymes [5,6].
" Corresponding author. Tekt81-97-554-7891 The resolution ofpL-amino acids has commercigl
fax: +81-97-554-7890. importance and has been performed by physico-
E-mail addressmmorigu@cc.oita-u.ac.jp (M. Moriguchi). chemical, chemical, and enzymatic methods. The
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GOOH © COOH 0 [28], A. faecalis DAl (AlcaligenesDA1) [29], A.
H=G—NH—C—R: + H0 — > H—C—NH: + R,—C—OH denitrificans subsp.xylosoxydanaMi-4 (Alcaligenes
R1 R1 : ini
R functional group of D-amino acid MI-4) [30], and Alcal|gene§A—6 [31]) containing

Rz:H-, CHs, CHsCHz, etc. these enzymes have been isolated.

In general, p-aminoacylases are induced by
acetylp-amino acids om-amino acids.N-acetyln-
valine and N-acetylp-leucine are good inducers
physicochemical and chemical methods which have for the enzymes fronPseudomonasStreptomyces
been used, however, are not suitable for industrial res- and Alcaligenes The ability of various hydrophobic
olution. At present, enzymatic methods are the most p-amino acids and their acetyl derivatives to induce
useful and convenient. One enzymeaminoacylase  thesep-aminoacylases was examined Atcaligenes
has been immobilized on DEAE-Sephadex and is MI-4 and AlcaligenesA-6. Two new inducers have
utilized in industry [7]. been found: the-leucine analogy-methylp-leucine

Little attention has been directed towansmino and its acetyl derivative [32]. Fig. 2 shows that in-
acids because they are not components of protein.duction increased with an increase in the carbon
However, it has been demonstrated thatmino chain length ofp-amino acids. The relationship be-
acids are important constituents of the natural peptide tween substrate reactivity and inducing ability was
antibiotics [8] and neuropeptides (e.g. dermorphin) determined. ForAlcaligenes A-6 p-aminoacylase,
[9,10]. Some of them are important as industrial N-acetyley-methylb-leucine, a poor substrate, was
materials of semisynthetic antibiotics, bioactive pep- the best inducer [31], but forAlcaligenes MI-4
tides, and other physiologically active compounds. p-aminoacylasey-methylo-leucine, the product, was
Recently, there has been renewed interest-amino the best inducer [32] (Table 1). High-level production
acids, stemming from the fact thataspartate accu-  of enzyme inAlcaligenesA-6 was also observed when
mulates with age in the human tooth, eye lens, and N-acetylp-allo-isoleucine, an inhibitor of enzyme
brain [11-15]. It has been also reported that various activity and an inert substrate, was used [31]. Poor
free p-amino acids are present in Mammalia [16-21]. substrates N-acetylp-valine for the enzyme from

In this review, we summarize recent progress in the
study of uncharacterizetll-acyl-p-amino acid ami- Table 1
dohydrolases from various microbes. The enzymatic Comparison of inducers on the production of theminoacylases
properties ob-aminoacylasep-AGase, and-AAase  1om AlcaligenesA-6 and AlcaligenesMI-4

Fig. 1. Deacylation oN-acyl-p-amino acid amidohydrolase.

from AlcaligenesA-6, and the molecular cloning and  Inducer Specific activity
nucleotide sequencing of the genes encoding the three Alcaligenes Alcaligenes
enzymes, are described. A-62 Mi-4b
N-acetyl-y-methylp-leucine 5.34 0.25
. o ] vy-Methyl-p-leucine 0.9 2.16
2. Enzymatic characterization of N-acyl-p-amino N-acetyltert-nL-leucine 0.65 0.02
acid amidohydrolases tert-n-leucine NDY 0.12
N-acetylp-leucine 2.52 0.12
. p-leucine 1.78 0.09
2.1. p-aminoacylase N-acetylpL-leucine 2.43 0.30
pL-leucine 0.95 0.19
p-aminoacylase was first isolated from soil bacte- N-acetylor-norleucine 0.06 0.05
ria by Kameda et al. [22] and has been reported to PL-norleucine ND 0.38
i few bacteria includir@seudomonas N-acetylo-methionine 0-32 0.13
occurin a very ) ) a p-methionine 0.57 0.11
Streptomycesand Alcaligenes Two strains ofPseu- N-acetyl-valine 0.98 0.08
domonassp. 1158 [23,24] and AAA6029 [25], two  p-valine 0.84 0.11
strains ofStreptomyceS. O“V_aceu$26] ands._tylrus aExpressed agmol of p-leucine per min per mg of protein.
[27], and four strains oAlcaligenes(A. denitrificans b Expressed agmol of p-methionine per mg of protein.

subsp. denitrificans DA181 (Alcaligenes DA-181) ¢ND, not determined.
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Fig. 2. Relationship between logarithm of specific activity and the number of carbon atoms in side chain of amino acid. The chemical
formula of side chain (R-group) of the respectiweamino acid is given in the figurep-Leu: p-leucine; p-Met: p-methionine;p-Val:
p-valine; andp-Ala: p-alanine.

AlcaligeneDA181 [28] andN-acetylp-phenylglycine have high stereospecificity and broad substrate
for the enzyme fron®. tuirus[27]) were also strong  specificity. Although the relative activities towards
inducers. The relationship between the structure and substrates differed among the respective enzymes,
induction ability of these inducers is not clear. En- N-acetylp-methionine, N-acetylp-leucine, and N-
zyme induction is specific for the-form of these acetylp-phenylalanine were the preferred substrates
compounds. Tha-form repressed the induction of for all of the enzymes.N-acetyl derivatives of
the p-aminoacylases of bottlcaligenesA-6 and p-tryptophan, p-norleucine, p-alanine, p-valine,
AlcaligenesDA181 [31]. D-tyrosine, p-asparagine and-phenylglycine also
The enzymes from Pseudomonassp. 1158 functioned as substrates for these enzynfdsali-
[23], PseudomonasAAA6029 [25], Alcaligenes genesMI-4 enzyme was only slightly active toward
DA181 [33], Alcaligenes DA1 [29], Alcaligenes the N-acetyl derivatives ofb-alanine andp-valine,
MI-4 [34], AlcaligenesA-6 [31] and S. olivaceus but when theN-chloroacetyl derivatives of these
[26] are monomeric, with molecular masses of amino acids were used, these substrates were consid-
100, 45, 58, 55, 51, 58 and 45kDa, respec- erably hydrolyzed [34]. On further examination of
tively. The isoelectric points were determined to the acyl moiety specificities of thAlcaligenesA-6
be 4.95, 4.4, 5.4, and 5.2 for the enzymes from andAlcaligenesdMli-4 enzymes, the activities towards

Pseudomonassp. 1158 [23], Alcaligenes DA181, formyl and chloroacetyl groups were higher than
AlcaligenesDA1, andAlcaligenesA-6, respectively. those toward the acetyl group [31,34]. Thus, when the
The p-aminoacylases fromicaligenes[29,31,33, preferred chloroacetyl group is usedMcyl deriva-

34], Pseudomonaf24,25], andStreptomycef26,27] tives in the case of substrates with low reactivity, an
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efficient optical resolution of ther-amino acid is
obtained.L-aminoacylases fronBacillus stearother-
mophilus [35] and human kidney [36] hydrolyzed
N-acetyli-glutamate, in addition tdN-acyl deriva-
tives of neutralL-amino acids. Fon-aminoacylase
from human kidneyN-acetyli-methionine was the
best substrate, followed byN-acetyli-glutamate
(relative activity of about 20%)N-acetyli-leucine,
N-acetyli-alanine, and N-acetyli-valine [36].
N-acetyli-glutamate (relative activity of 1.5% toward
N-acetyli-methionine) was only slightly hydrolyzed
by B. stearothermophilus.-aminoacylase [35]As-
pergillus and B. thermoglucosidus.-aminoacylases
were inert toward N-acetyli-glutamate [37,38].
On the other handp-aminoacylase did not act on
N-acetylp-glutamate. The hydrolysis rate of the
optically inactive substrate,N-acetylglycine, by
L-aminoacylase fromPseudomonassp. 1158 was
1.6-fold higher than that oN-acetyli-methionine
[24]. Thep-aminoacylase fror®Rseudomonasp. 1158
had 30% relative activity folN-acetylglycine com-
pared to N-acetylb-methionine [24], whereas the
p-aminoacylases frorRseudomona8AA 6029 [25],
and AlcaligenesA-6 (Wakayama et al., unpublished
result) and MI-4 [34], were inert (relative activity of 0
or less than 1% foN-acetylglycine) b-aminoacylase
and L-aminoacylase both slowly hydrolyzed some
peptides. Dipeptidase froB. stearothermophiluglso
acted on a variety oN-acyl-1.-amino acids with rates
of 3—30% of those for dipeptidase [3®}peptidase S
from Nocardia orientalishadp-aminoacylase activity
in addition to dipepitase activitiN-acetyl derivatives
of p-phenylalanine, p-tyrosine, p-tryptophan, and
p-leucine were hydrolyzed at the rates of 33, 22, 22
and 14% of that fob-leucyl-b-leucine [40].
Thevr-aminoacylases fromAspergillus oryzag27],
pig kidney [41], andB. stearothermophilu§35] are
activated by C&", and contain Zfit as a pros-
thetic metal. Activation ob-aminoacylases by metal
ions was not observed [24,25,31,33,34]2Can the
p-aminoacylase o08. olivaceusvas thought to act to
protect the enzyme from denaturation, although the
enzyme’s metal content has not been reported [26].
AlcaligenesDA181 p-aminoacylase contained about
2.1g atom of Zn per mole of enzyme. The inacti-
vation of this enzyme by EDTA was reversed fully
by CA*™ and partially by ZA™. The enzyme activity
from AlcaligenesMI-4 was not affected by metal ions
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(Ba?t, Zrn?t, Mg?t, C?t, and C&* at 1 mM each),
but was inhibited 44% by Nit, and was completely
inhibited by C#* and Hg*. 1,10-Phenanthroline
strongly inhibitedAlcaligenesMI-4 p-aminoacylase
(residual activity 10%, 1.0mM). Moreover, the
substrate,N-acetylp-methionine (5mM), protected
the enzyme from inactivation (40% protection) by
1,10-phenanthroline (1 mM) (Wakayama et al., un-
published result). The enzyme froAicaligenesA-6
was inhibited 20-30% by R, Cc?t, and Fét
(1mM), and 92 and 90% by Zi and Cd* (1 mM),
respectively [31]. Furthermore, enzyme activity was
completely lost after treatment with 5mM EDTA for
50 min. However, addition of Zt, Mn?t, Cé?t, and
Ni%t (0.2 mM) to apoenzyme restored 48, 40, 30 and
19% of the enzyme activity, respectively. The enzyme
contained about 2.3gtom of Zn per mole [42].
p-aminoacylase fronAlcaligenesMI-4 was com-
pletely inactivated by iodoacetate (10 mM), phenyl-
glyoxal (10 mM), 2,3-butanedione (5 mM) and dietyl
pyrocarbonate (DEPC) (5 mM), suggesting that reac-
tive cysteine, arginine and histidine are required for
catalysis (Wakayama et al., unpublished data).

2.2. N-acylp-glutamate amidohydrolase

D-AGase was first discovered in cell-free extracts
from Alcaligenes A-6 and Pseudomonassp. 5f-1
[43,44]. Though its physiological role iAlcaligenes
and Pseudomonass not clear, it can be utilized for
the resolution ofprL-glutamate. To date, enzymes
hydrolyzing N-acyl1-glutamate have been found
in Pseudomonasspp. [45-48], andStreptomyces
coelicolor [49]. One of them N-formyl-L-glutamate
amidohydrolase1r(FGase) fromP. putida catalyzes
the terminal reaction in the five-step pathway of his-
tidine metabolism [45-49] and is induced hy-
formyl-L-glutamate and urocanate, the first product in
the histidine pathway [47]. The othéd:acetyli-glu-
tamate amidohydrolase-AGase) fromP. aeruginosa,
is believed to be involved in the arginine biosynthetic
pathway [46], and is induced hy-acetyli-glutamate
andL-glutamate, but not by-ornithine, an interme-
diate in arginine biosynthesis [46h-AGase from
Alcaligene#A-6 was induced biN-acetylnp-glutamate,
but not byN-acetyli-glutamateN-acetylp-aspartate,
N-acetyli-aspartate, p-glutamate, L-glutamate,
D-aspartater.-aspartate, or thBl-acetyl derivatives of
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neutralp- or L-amino acids [43]. Whereas-AGase
from Pseudomonassp. 5f-1 was induced by the
p-isomers ofN-acetyl-glutamate, glutamate, aspartate,
and asparagine, but not biracetylp-(or L)-aspartate,
N-acetyli-glutamate, L-aspartate, orr-asparagine
[44]. Thep-AGases fromAlcaligenesA-6 and Pseu-
domonassp. 5f-1 differed in inducer specificity as
described above.

AlcaligenesA-6 produced twa-AGases (I and I1)
which were separated on a Mono Q HR 5/5 column
[49]. The two p-AGases have been purified to ho-
mogeneity. The final specific activities ofAGases
I and Il were 1120 and 1000 U/mg, respectively. The
isoelectric points ob-AGase | andb-AGase |l from
AlcaligenesA-6, and then-AGase fromPseudomonas
sp. 5f-1 were 5.5, 5.1 and 8.8, respectively. Rheali-
genesA-6 p-AGases (I and Il), and theseudomonas
sp. 5f-1 p-AGase were monomers with molecular
masses of 59, 59, and 55kDa, respectively. Ahe
caligenesA-6 p-AGases (I and Il) were highly specific
to N-acyl derivatives ofp-glutamate, and also hy-
drolyzed the dipeptide, glycyb-glutamate.N-acetyl
derivatives ofL-glutamate and- or L-aspartate, and
of neutral p-amino acids such as alanine, methio-
nine, leucine, phenylalanine, and tryptophan, were
inert towardsp-AGases | and Il [50]. ThePseudo-
monassp. 5f-1p-AGase was active towards various
N-acyl derivatives ofp-glutamate and the dipep-
tide, glycylnp-glutamate. N-acetyli-glutamate and
N-acetylp- or N-acetyli-derivatives of aspartate, ala-
nine, phenylalanine, valine, tryptophan, and methio-
nine did not act as substrates [44]. Although the two
D-AGases are highly specific féd-acyl-p-glutamate,
they differ in acyl moiety specificity. Th®-AGase
activity from AlcaligenesA-6 decreased with increas-
ing N-acyl chain length; formyl (relative activity of
100%), chloroacetyl (91%), acetyl (22%), propionyl
(5%), and butyryl (1.7%) [50], whereas tiheAGase
activity from Pseudomonassp. 5f-1 decreased in
the order of formyl (relative activity of 100%),
acetyl (58%), propionyl (21%), butyryl (16%), and
chloroacetyl (7.5%) [44].

L-AGase fromP. aeruginosawas a dimer with an
apparent molecular mass of 90kDa. The isoelectric
point of L-AGase was 5.2. In addition t§-acetylq -
glutamate,N-acetyli-glutamine, N-acetyli-methio-
nine, N-acetylglycine, andN-acetyli-alanine were

substrates of the enzyme, with rates of about 20, 18,
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16, and 10% ofN-acetyli-glutamate. The enzyme
showed no peptidase activity. The order of reactiv-
ity of L-AGase with the variouqN-acyl moieties of
L-glutamate was acetyl (relative activity of 100%
formyl (88%) > fluoroacetyl (42%) > propionyl
(22%) > butyryl (4%) [46].

The molecular mass of-FGase fromP. putida
was 50 kDa, this enzyme was a monoméformyl-L-
glutamate was a substrate foFGase, buN-acetyli-
glutamate was not [47].

The role of metal ions inp-AGase has been
characterized in detail by use of the enzyme from
Pseudomonasp. 5f-1. Pseudomonasp. 5f-1 en-
zyme was a zinc-metalloenzyme which contained
2.06-2.61 g atom of Zn per mole of enzyme. Dialysis
of EDTA-treated enzyme removed the metal to give
the apoenzyme, which was devoid of enzyme activity,
and the restoration of the activity by the addition of
Zn?t indicates that Zfit is essential for catalysis.
Cc*t is able to substitute for 2 to restore activity,
as reported for other zinc-metalloenzymes [51]. Ther-
mostability increased about 10 in the presence of
Zn?t or Co**. Furthermore, when the enzyme was
purified in the presence of 0.05mM Zh (added as
stabilizer), its final specific activity was three-fold
greater than that in the absence ofZr{52]. These
results suggest that 2h has a role in maintaining
the stability of the enzyme. The catalytic activities of
L-AGase and.-FGase depended on &g although
their metal content was not determined [46,47].

Pseudomonasp. 5f-1 p-AGase was inhibited by
DEPC, phenylglyoxal, phenylmethylsulfonyl fluoride,
and tosylt.-phenylalanine chloromethyl ketone (1 mM
each, 86, 46, 40 and 39% inhibition, respectively).
It was shown that the inactivation of the enzyme by
DEPC is due to the modification of a histidine residue.
The substrateN-acetylp-glutamate, and a competi-
tive inhibitor, sodiuma-ketoglutarate, protected the
enzyme against the inactivation by DEPC, suggesting
the presence of an essential histidine residue at or near
the active site of the enzyme [53].

2.3. N-acylp-aspartate amidohydrolase

We foundp-AAase in a cell-free extract dlcali-
genesA-6 [43]. The enzyme was a monomer with a
molecular mass of 56 kDa, and an isoelectric point
of 4.8. This pl value is low compared to that of the
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Pseudomonasp. 5f-1 p-AGase, which has a pl of
8.8 [44], but close to that dklcaligenesA-6 p-AGase
(pl 5.5) [50]. p-AAase was induced b-acetyln-
aspartate, but not big-acetylp-glutamate N-acetyl-
L-glutamate, N-acetyli-aspartate, b-glutamate,
L-glutamate, p-aspartate,L-aspartate, andN-acetyl
derivatives of neutralp- or r-amino acids [43].
D-AAase was specific foN-acyl derivatives ofp-
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3. Primary structure of N-acyl-p-amino acid
amidohydrolases

3.1. Cloning and expression of N-aaylamino acid
amidohydrolase genes

As described in previous sections, the enzymatic
and physicochemical properties df-acyl-p-amino

aspartate. No measurable activities were obtained with acid amidohydrolase fronPseudomonas Strepto-

N-carbobenzoxys-aspartate, N-acetyli-aspartate,
N-acetylp-glutamate, andN-acyl derivatives of neu-
tral p-amino acids. Enzyme activity decreased with
increasing size of theN-substituent ofp-aspartate:
formyl (relative activity of 100% > acetyl(36%) >
propionyl(8.7%) > butyryl(4.3%). Similar speci-
ficity for N-acyl chain length was observedirAGase
from AlcaligenesA-6. Both p-AAase andp-AGase
had a very high structural specificity for the amino
acid moiety and low specificity toward the acyl moi-
ety, butp-aminoacylase had low structural specificity
toward both moieties. Enzyme activity was completely
inhibited by C&*t, Ni%t, and Hgt (each at 2mM)
and EDTA (10mM), and was 37, 59, 61, 73 and
80% with C&+, Mn?t, F&t, Zn?*, and C&+ (each

at 2mM), respectively.N-ethylmaleimide, iodoac-
etate, dithiothreitol, andp-chloromercuribenzoate
(each at 2mM) inhibited enzyme activity 74, 76,
85 and 88%, respectively [54]. The properties of
Dp-AAase are similar to those of theAGases from
AlcaligenesA-6 [50] and Pseudomonasp. 5f-1 [44]
with respect to molecular mass, subunit composi-
tion, pH optima, and inhibitors. The feature that
distinguishesp-AAase from p-AGase is substrate
specificity.

N-acyli-aspartate amidohydrolase L-fAAase)

myces and Alcaligeneshave been reported, but no
information on the structures of these enzymes, in-
cluding primary structure, has been obtained. The
genes of thredN-acyl-p-amino acid amidohydrolases
from AlcaligenesA-6 were cloned inEscherichia
coli JIM109 [57-59]. The transformants which con-
tained theN-acyl-p-amino acid amidohydrolase genes
were isolated by activity staining usingamino acid
oxidase from pig kidney and-aspartate oxidase
from Fusarium sacchariver. elongatum[60] with
o-dianisidine. The complete nucleotide sequences of
the genes were determined by the dideoxy terminator
method [61]. The coding region af-aminoacylase
comprised 1452 nucleotides starting with ATG and
terminating in TGA, and an amino acid sequence of
484 amino acids was deduced from the nucleotide se-
guence. The molecular weight nfaminoacylase was
calculated to be 51,918 on the basis of the nucleotide
sequence. The open reading framepefAAase con-
sisted of 1494 base pairs, and encoded a protein of
498 amino acids with a molecular weight of 53,581.
The open reading frame af-GAase was comprised
of 1464 bp, and encoded a protein of 488 amino acids
with a molecular weight of 51,490. The codon usage
of the three genes was biased towards codons with
cytidine or guanosine in the third position ¢&C con-

(aspartoacylase, EC 3.5.1.15), which has an almosttent, 70.5-72.3%). The three enzymes are inducibly

absolute specificity folN-acyl1-aspartate, has been
characterized from hog kidney [55], and bovine
brain [56].L-AAase from bovine brain was a 58 kDa
monomer. Enzyme activity was stimulated 20-40%
by divalent cations such as Zh (0.001 mM), Mrf+
(0.01mM), Mgt (1.0mM), and C&" (1.0mM).
Metal chelators (5 mM) such as EGTA and EDTA did
not have any effect on the enzyme activity. Sulfhydryl

produced by the addition of their substrates, the sub-
strate derivatives, or inhibitors iAlcaligenesA-6
cells [31,50,54]. None of the recombinant enzymes
were, however, inducibly produced i&. coli cells

by the addition of their substrates to the medium,
but all were inducibly produced by the addition of
isopropyl3-thiogalactopyranoside. But, the expres-
sion level of the three enzymes B coli was low,

agents such as dithiothreitol and 2-mercaptoethanol and at almost the same level as those foundligali-

stabilized the enzyme [56].
The properties of thé&-acyl-p-amino acid amido-
hydrolases are summarized in Table 2.

genesA-6 (0.2—1.0 U/mg). The sequences of putative
promotors and ribosome-binding sites of the mRNA
encoding the enzymes have relatively weak homology



Table 2

Some properties of N-acyl-D-amino acid amidohydrolases®

Source name Alcaligenes Pseudomonas Alcaligenes Alcaligenes Alcaligenes
xylosoxydans A-6 sp. 5f-1 denitrificans M1-4  faecalis DA1 denitrificans DA181
D-AGase D-Aaase D-ANase D-AGase D-ANase D-ANase D-ANase

Substrate N-Ac-p-Glu N-Ac-D-Asp N-Ac-p-Leu N-Ac-p-Glu N-Ac-p-Leu N-Ac-p-Met N-Ac-p-Met

Inducer N-Ac-p-Glu N-Ac-D-Asp N-Ac-p-Leu D-Asp Y¥-Me-D-Leu N-Ac-p-Leu N-Ac-D-Val

Molecular weight 59,000 54,000 52,000 55,000 51,000 55,000 58,000

Op. pH 7.5 7.5 7.0 7.0 7.8 8.0 7.5

Stable pH 7.0 8.0 7.5 9.0 7.8 5.0-11.0 6.0-11.0

Op. Temperature (°C) 55 50 50 45 50 45 45

Stable temperature (°C) 50 45 40 48 40 40 55

Ky (mM) 0.13 25 9.8 6.7 14.1 1.0 0.48

Vmax (U/mg) 1100 175 990 662 264 580 2380

Inhibitor Co?t, Cu®*, EDTA Cu?*, Zn?t, EDTA Cu?t, Zn**, EDTA  Cu?*, Zn?t, EDTA  Cu?t, Hg*" Zn?t, EDTA EDTA

pl 5.0 4.8 5.2 8.8 - 5.4 4.4

N-terminal amino acid MQEKLDLVCE TDRSTLDDAP SQSDSQPFDL AGNTPVALNL AQSDSQPFDL - SQPDATPFDY

2 p-AGase: N-acyl-p-glutamate amidohydrolase; D-AAase: N-acyl-D-aspartate amidohydrolase; D-ANase: D-aminoacylase; Ac: acetyl; D-Glu: D-glutamate; D-Asp: D-aspartate;

Dp-Leu: D-leucine; D-Met: D-methionine; D-Val: D-valine; y-Me: y-methyl; —: not determined.
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W|t_h_the canonlca_ll sequences. This might not al!ow for MR ATV~ - . e
efficient expression of the genes Nfacyl-n-amino MTDRSJEDAPAQADWW-@R@GD
acid amidohydrolases fromAlcaligenesA-6 in E. LD H OB RO 1L OGHTL TG SH OB AT Y BOR- RIRAT O
coli cells. To achieve a higher level of expression of E-l-\- - ---D) AGGRIVAFGFTDHHEHDY-
H : H H H AHAHGVPV RGL{-A----LAPGFIDSHTHDL -

these genes i&. coli cells, high-expression plasmids LED AAF ¥ TRVDY SG1]- - - Vv APGF IDSHTHDENYL LRRRD -
were constructed using pKK223-3 or pET23HJ( 101

. . . . TEQGITSVVVGNCGISGARA=~~ ~~HLPGNTAAALALLGD 'AD)
as expression vectors, and introducing an appropri- VRRQ i e Pﬁgﬂ;ﬁ;
ate Shine-Dalgarno (SD) sequence upstream of the EQGYTTVVIGNC GTSIAPT AR RREPAP-=~~ LDLUNBGGS YRFER A
R IMeOp--[aalop:
aE @TG%Dﬁ_E%
[VMPDLQ. ~ATD)|
H - AR

initiation codon (ATG). The high expression plas- 15! ﬁg___ aile
R -
:iﬁ,r___
i

[=]

mid containing thep-aminoacylase gene was desig-
nated pKNSD2. A cell-free extract of a transformant
haboring pKNSD2 exhibited a specific activity of
162 U/mg, which is over 150-fold higher than that of
the parent strain [62]. A relatively high expression
level of p-AAase inE. coli cells was achieved using
the pET system. The ho&. coli, BL21(DE3)pLysS,
was transformed by a pET derivative containing the
p-AAase gene, pETADL. This transformant exhib-
ited a specific activity of 8.3U/mg, a value which is 351
32 times greater than that produced Aicaligenes
A-6 [58]. In the case ob-AGase, a plasmid allow-
ing for relatively high expression levels, pKGSD2,
was constructed by introducing the canonical SD
sequence (AAGGAG) and using the tac promotor 4s;
of pKK-223-3. A transformant haboring pKGSD2

S

AANQ TE| ADLVL{FDPA

exhibited a specific activity of 22.0U/mg, 22 times i ADLVVEDPA
greater than that oklcaligenesA-6 (Wakayamaetal.,  **' rasac3 F

unpublished data). %%ﬁ

551 —-SR

3.2. Comparison of primary structures of SORE
N-acylp-amino acid amidohydrolases ws

DYL)|
201

1
Al
5|

IDEALQAG.

401

The deduced amino acid sequences of the three'9: 3- Comparison of the amino acid sequencet-ayl-n-amino
acid amidohydrolases fromlcaligenesA-6. Dashes indicate gaps

N-acyl-b-amino acid amidohydrolases frolcali- introduced into the sequences so that the higher homology may
genesA-6 showed good homology (46-56%), and be obtained. Amino acids that are conserved in all or two of three
some local regions were highly conserved (Fig. 3) enzymes are boxed. Upper laneAgase; middle lanep-Aaase;
[59]. These results strongly suggest that these en-lower lane:p-aminoacylase.

zymes have evolved from a common ancestral gene.

Aligned hydropathy profiles, which are of value in p-glutamate. Comparing the profile pfaminoacylase
predicting secondary structural features, of the three with that ofp-AAase anc-AGase, however, there are
N-acyl-p-amino acid amidohyrolases, with some four regions that show distinct opposite hydropathy;
gaps, are compared in Fig. 4 [63]. The profiles as i.e. 120-145, 325-340, 360—-380, and 480-500. These
a whole resemble each other. There are some smallfour sites may be related to the recognition of the dif-
segments which show prominent opposite hydropathy ference between neutral amino acids and acidic amino
in p-AAase andp-AGase; from residue numbers acids. Thex-helical and3-sheet regions of these three
45-60, 105-130, 460-485, and 500-510. The sequen-enzymes were calculated by analyzing the amino acid
ces of these segments may be responsible for the dis-sequences with Chou and Fasman’'s method [64];
crimination betweerN-acyl-n-aspartate andN-acyl- p-AAase @, 47%; B, 34%), p-GAase &, 57%; B,
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Fig. 4. Comparison of hydropathy profiles facyl-b-amino acid amidohydrolases froAdcaligenesA-6. Consecutive hydropathy averages
are plotted for a five-residue window advancing from titeto C-terminus. Relative hydrophilicity and hydrophobicity were recorded in
the range+2.0 to —2.0 for each of three sequencesH——,p-AGase; —— ——p-Aaase; — — —p-aminoacylase), which had been aligned

by introducing gaps (see Fig. 3).

24%), p-aminoacylased, 53%; B, 27%). These re-

ical modification study using DEPC has revealed

sults suggest that the three enzymes have similar secthat the threeN-acyl-o-amino acid amidohydrolases

ondary structure arrangements. TNeacyl-p-amino
acid amidohydrolases frorAlcaligenesA-6 showed
sequence homology with-aminoacylase (26—27%)
from B. stearothermophilysporcine, and human
[35,65,66] and withN-carbamylt-amino acid ami-
dohydrolase (26—27%) frorRseudomonasp. strain
NS671 [67]. Moreover, interestingly, a consensus
pentapeptide (—-Gly—X-Ser—X-Gly-), which is con-

from AlcaligenesA-6 also require at least one his-
tidine residue for catalysis [42]. Alignment of the
primary structures of the three enzymes fréeali-
genesA-6 has revealed that eight conserved histidine
residues exist and among them, and that three en-
zymes show significant similarity or identity in amino
acids up- and down-stream of the histidine residues
in both the Asp—X—His;,—Xo>—His,—Asp—Asp and

served in lipase, esterase, and serine protease [68]Ser—His—Hisq—Lys sequences. The conserved his-

is also conserved im-aminoacylasep-AAase, and
p-AGase at nearly equivalent positions (Fig. 3).
A sequence analogous to this motif is present in
other acyl-group releasing enzymes; i.e. LQSFG
(L-aminoacylase fromB. stearothermophilys[35],
VTSTG (L-aminoacylase from porcine and human)
[65,66], GASLF (amido-peptidase T frohermus
aquaticus YT-1) [69], GGSHG (acyl-peptide hy-
drolase from rat) [70], and GLSGG (cephalosporin
acylase fromPseudomonasp.) [71]. It is of in-
terest to know whether this motif is important for
structure and function. As mentioned in a previous

tidine residues described above were individually
replaced by asparagine (Asn) or isoleucine (lle) via
site-directed mutagenesis, and the properties of Asn-
and lle-mutant enzymes were investigated. Hiad
His; appears to be essential for the catalytic event,
and Hig, appears to be necessary for maintaining or
forming the higher-order structure of the enzyme.
The p-aminoacylase fronflcaligenesA-6 has been
reported to be a Zn enzyme [42]. Some Zn-dependent
enzymes such as carbonic anhydrase [F2&ctamase
[73], and dihydroorotase [74], require histidyl residues
as Zn-binding ligands, and the His—X—His sequence,

section, it has been suggested that at least one his-which has been suggested to be one of zinc-binding
tidine residue is necessary for the catalytic event motifs in some metal enzymes, is conserved in the
in p-AGase fromPseudomonasp. 5f-1. A chem- three enzymes oAlcaligenesA-6 and Zn-dependent
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