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We attempted to alter the substrate preference of aminopeptidase from Streptomyces septatus TH-2
(SSAP). Because Asp198 and Phe221 of SSAP are located in the substrate binding site, we screened 2,000
mutant enzymes with D198X/F221X mutations. By carrying out this examination, we obtained two en-
zymes; one specifically hydrolyzed an arginyl derivative, and the other specifically hydrolyzed a cystinyl
derivative (65- and 12.5-fold higher k_,, values for hydrolysis of p-nitroanilide derivatives than those of the

wild type, respectively).

Chiral amino acids are useful building blocks for the synthe-
sis of analogs of biologically active peptides and versatile chiral
starting materials or chiral auxiliaries for other synthetic pur-
poses. In our previous study, we identified an aminopeptidase
secreted by Streptomyces septatus TH-2 (SSAP) (EC 3.4.11.10)
and succeeded in overproducing it using recombinant Esche-
richia coli (1). SSAP belongs to the M28 family (MEROPS
ID: M28.019), in which peptidases have two cocatalytic zinc
atoms in their active site (14, 22, 23, 24). The M28 family
includes bacterial aminopeptidases and human proteins,
such as the prostate-specific membrane antigen and gluta-
mate carboxypeptidase II (13, 15, 20). Zinc ions in their
active site tetrahedrally cocoordinate with three amino acid
ligands and activated water (8). The bacterial aminopepti-
dases of this family are considered to be available for the
synthesis of chiral amino acids in industrial applications
because of their strict enantioselectivity, high thermal sta-
bility, and ability to function as amidases and esterases (2, 3,
7, 26). Although they are stable and easy to handle, their
abilities as synthetic catalysts are limited by their substrate
preference bias toward hydrophobic amino acid derivatives.
Therefore, the alteration of their properties may expand
their use in new fields in the synthesis of pharmaceuticals or
chiral building blocks.

Aminopeptidase from Streptomyces griseus is considered a
representative enzyme of the M28 family, and its catalytic
mechanism has been extensively studied (4, 9, 10, 11, 12, 19).
The sequence of SSAP is 71% identical to that of the enzyme
from S. griseus; therefore, SSAP is considered to have a three-
dimensional structure similar to that of the enzyme from S.
griseus. In the predicted structure of SSAP, there are several
residues in direct contact with the side chain of the bound
substrate (Fig. 1A). Among these residues, we have shown that
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two residues of SSAP, namely, Asp198 and Phe221, are asso-
ciated with substrate specificity (2, 5). Although both residues
are conserved, with functionally the same residues among
aminopeptidases from Streptomyces, some other bacterial en-
zymes possess residues with a different function (Fig. 1B). Our
previous study demonstrated that both residues are considered
to be associated with the environment around the side chain of
the bound substrate. In this study, we first examined the sub-
strate preference of wild-type SSAP and 38 SSAP variants with
the D198X or F221X mutation toward several aminoacyl-p-
nitroanilides (pNAs). Next, we constructed various D198X/
F221X mutants to transform SSAP into an aminopeptidase
with a different substrate preference.

Activities of wild-type, D198X, and F221X SSAPs toward
aminoacyl-pNAs. The plasmid pET-SSAP:His (4) (ssap gene
inserted into Ncol-BamHI gap of pET-KmS2 [16]) was used
in expressing wild-type SSAP. The plasmids pET-SSAP:
His[D198X] (5) and pET-SSAP:His[F221X] (2) (D198X or
F221X mutant ssap gene inserted into Ncol-BamHI gap of
pET-KmS?2) were used in expressing D198X SSAP and F221X
SSAP, respectively. Wild-type and single-mutant SSAPs were
purified from the culture supernatant of the E. coli BL21(DE3)
strain harboring the constructed plasmid as described by
Arima et al. (2, 5). Using purified enzymes, we first examined
these SSAP activities toward several aminoacyl-pNAs, in-
cluding the oxidized form of cysteine-pNA, cystinyl-pNA, to
investigate the effect of mutations on substrate preference.
The activities toward aminoacyl-pNAs were determined by
the increase in absorbance at 405 nm caused by the release
of p-nitroaniline per minute at pH 8.0 and 37°C (extinction
coefficient of absorbance at 405 nm is 10,600 M~ cm ™’
(18). For cystinyl-pNA hydrolysis, an assay was performed at
pH 6.0 because of its poor solubility at pH 8.0.

Figure 2 shows the hydrolytic activity of mutants toward
several aminoacyl-pNAs. Except for the cystinyl-pNA hydro-
Iytic activities of F221X SSAPs, several single-mutant SSAPs
showed a higher activity than the wild-type SSAP. Apparently,
the activities were more susceptible to the mutation of Phe221
than to that of Asp198.
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FIG. 1. Predicted local three-dimensional structure of SSAP around bound substrates and alignment of SSAP sequence around Asp198 and
Phe221 with the corresponding regions of other bacterial aminopeptidases. (A) All residues and substrates are shown using stick models. The
residues surrounding the side chain of the substrate are shown in gray and the bound substrates (free Leu and Phe) in dark gray. (B) The two
residues mutated in this study are indicated by black arrowheads. *, conserved residues; :, conservative substitutions; ., semiconservative
substitutions in all sequences. Proteins: S. griseus, aminopeptidase from Streptomyces griseus; S. coelicolor, putative aminopeptidase from
Streptomyces coelicolor; S. avermitilis, putative aminopeptidase from Streptomyces avermitilis; S. fradiae, aminopeptidase from Streptomyces fradiae;

S. exfoliatus, aminopeptidase from Streptomyces exfoliatus; S. sp.KK565, aminopeptidase from Streptomyces sp. strain KK565; P. aeruginosa, a
secreted aminopeptidase from Pseudomonas aeruginosa; M. tuberculosis, aminopeptidase from Mycobacterium tuberculosis; B. subtilis, extracellular
aminopeptidase from Bacillus subtilis; A. proteolytica, leucine aminopeptidase from Aeromonas proteolytica. Multiple sequence alignments were
performed with the CLUSTAL algorithm (http://www.ddbj.nig.ac.jp/search/clustalw-j.html).

Combination of mutations that exhibit largest increases in
activity. We next constructed several D198X F221X double
mutants that were expected to have higher activities than the
wild-type and single-mutant SSAPs. For example, D198F and
F2211 SSAPs had the highest Leu-pNA hydrolytic activities in
the groups of D198X SSAPs and F221X SSAPs, respectively
(Fig. 2A). Therefore, we predicted that a further increase in
Leu-pNA hydrolytic activity could be obtained by combining
two mutations (D198F and F221I) in the same enzyme.

As shown in Fig. 2A, D198F F2211 SSAP exhibits the highest
Leu-pNA hydrolytic activity among wild-type and mutant en-
zymes. However, in the hydrolysis of Phe- and Arg-pNAs, the
constructed double mutants, namely, D198S F221A and
D198E F221E SSAPs, showed activities lower than that of the
single-mutant enzyme, with the highest activity among single
mutants (Fig. 2B and C).

Screening for enzymes with high performance. We further
attempted to obtain enzymes with high performance by con-
structing mutant SSAPs with random combinations of residues
at positions 198 and 221. The internal domain of the ssap gene,

in which Asp198 was substituted with 19 other residues, and
the 3’-end domain, in which Phe221 was substituted with 19
other residues, were amplified by PCR from pET-SSAP:His
[D198X] and pET-SSAP:His [F221X], respectively. The former
was digested with Sacll and Pvul and the latter with Pvul
and BamHI. All of the resulting fragments were then mixed
and ligated to the Sacll and BamHI gap of pET-SSAP:His.
The colonies obtained by the transformation of E. coli JM109
using a ligated sample were mixed, and cells were then har-
vested. Plasmids were prepared from the harvested cells to
obtain the pET-SSAP:His[D198X/F221X] mixed plasmid li-
brary.

For the screening of enzymes with high performance, E. coli
BL21(DE3) transformants harboring pET-SSAP:His[D198X/
F221X] were cultivated in 0.5 ml of a synthetic medium (16)
using 96-well cultivation plates at 22°C for 36 h with 24 h of
induction with 0.5 mM isopropyl-B-thiogalactopyranoside.
Then, culture supernatants were used for screening, and har-
vested cells were stored at —20°C for use in the preparation of
plasmids.
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FIG. 2. Hydrolytic activities of wild-type and mutant SSAPs toward Leu-pNA (A), Phe-pNA (B), Arg-pNA (C), and cystinyl-pNA (D). The
hydrolytic activities of the wild-type SSAP toward substrates are indicated by black bars and those of mutant enzymes by gray bars. The data are
expressed as the means * standard deviations for three independent experiments. WT, wild type.

When we screened 2,000 supernatant samples of the culture
medium, we obtained several double-mutant enzymes with sub-
strate specificities different from those of the wild-type and single-
mutant enzymes. The relative activities of the obtained mutants
are shown in Table 1. Among the obtained double-mutant en-
zymes, there were two high-performance mutants, namely, D198P
F221E and D198I F221W SSAPs. As shown in Fig. 2C, the
D198P F221E mutations resulted in a marked increase in Arg-
PpNA hydrolytic activity, although the substitution of Asp198 of
the wild type with Pro led to a decrease in activity. A similar effect
was observed with the D198I F221W mutations, that is, cystinyl-
PNA hydrolytic activity was highly increased by this mutation (Fig.
2D), whereas the substitution of Phe221 with Trp resulted in a
decrease in activity compared with that of the wild type. These
results indicate that there is an ideal combination of the two
residues for the hydrolysis of specific substrates.

Substrate preference of obtained double mutants. We com-
pared the activities of the obtained high-performance double
mutants, namely, D198F F2211, D198P F221E, and D198I
F221W SSAPs, toward aminoacyl-pNAs. Interestingly, the sub-
strate preferences of these double mutants were all extremely
specific. For D198F F2211 SSAP, although its Leu-pNA hydro-
lytic activity was increased by the double mutation, its activities
toward other aminoacyl-pNAs were decreased (Fig. 3). Simi-
larly, the substrate preferences of D198P F221E and D198I
F221W SSAPs were also completely switched from Leu-pNA
to Arg-pNA and cystinyl.pNA by the mutations, respectively.
From these results, the environment around the bound sub-
strate introduced by these mutations is considered to be spe-
cifically modified for hydrolyzing these substrates.

Kinetic analysis. We also characterized the kinetics of the
mutants, and the results are summarized in Table 2. In the case
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TABLE 1. Relative activities of wild-type and obtained mutant enzymes toward aminoacyl-pNAs

SSAP variant

Relative activity (% of maximum) toward pNA derivative®?

Sp act toward aminoacyl-pNA

with highest hydrolytic

Leu Phe Lys Arg Ala Cystine activity (pmol/min/mg)¢
WT* 100 23 24 3 1 10 68 = 1.3 (Leu-pNA)
D198A F221T 21 100 12 8 13 5 22 + 1.8 (Phe-pNA)
D198F F221D 20 81° 50 100 28 <1 5.9 £ 0.2 (Arg-pNA)
D198H F221N 23 100 4 6 19 <1 5.4 = 0.4 (Phe-pNA)
D198I F221W¢ 15 12 <1 <1 <1 100 82 = 1.8 (pNA-CysCys-pNA)
D198L F221M 88 100 70 27 24 <1 5.2 £ 0.3 (Phe-pNA)
D198L F221W 69 83 4 5 7 100 42 = 3.5 (pNA-CysCys-pNA)
D198L F221T 11 100 8 4 14 3 18 = 1.4 (Phe-pNA)
D198L F221E 10 19 24 100 17 1 8.9 = 0.7 (Arg-pNA)
D198M F221A 26 100 5 5 19 <1 49 + 4.8 (Phe-pNA)
D198M F221G 33 100 2 1 3 2 45 = 1.3 (Phe-pNA)
D198M F221V 42 100 13 8 38 3 12 = 0.2 (Phe-pNA)
D198M F221W 100 78 11 6 18 18 22 = 0.8 (Leu-pNA)
D198P F221E 2 <1 4 100 3 2 48 + 0.5 (Arg-pNA)
D198S F221IN 34 100 10 7 34 <1 31 = 1.9 (Phe-pNA)
D198S F221E 52 43 13 100 13 <1 17 = 0.9 (Phe-pNA)
D198V F221D 38 89 100 93 67 5 4.2 £ 0.9 (Lys-pNA)
D198V F22IN 53 100 23 15 59 17 5.5 0.2 (Phe-pNA)
D198W F221D 6 92 35 100 28 <1 6.8 = 0.1 (Arg-pNA)

“ Relative activity of enzyme toward aminoacyl-pNA; the highest hydrolytic activities are underlined and in bold.
® Relative activities of mutant enzymes toward aminoacyl-pNAs exceeding 50% of their highest hydrolytic activity are in bold.

¢ SSAP mutations in bold are those of high-performance double mutants.

4 The final concentrations of the enzymes and substrates in this assay were 10 wg/ml and 1 mM, respectively. The increase in absorbance at 405 nm caused by the
release of p-nitroaniline was monitored continuously using a SUNRISE THERMO microplate reader (TECAN).

¢ WT, wild type.

of D198F F2211 SSAP, the K,,, values for Leu-pNA hydrolysis
were higher than that of the wild type, though the activity with
Leu-pNA was threefold higher than that of the wild type.
Similar results were obtained with D198P F221E SSAP (65-
fold higher k., value and 7.5-fold higher K, value than those
of the wild type) (Table 2). In contrast, for D198I F221W
SSAP, the k., and K,,, values for cystinyl-pNA hydrolysis were
12.5-fold higher and 2-fold lower than those of the wild type,
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FIG. 3. Substrate specificities of wild-type, D198F F2211, D198P
F221E, and D198I F221W SSAPs. The hydrolytic activities of the
wild-type SSAP toward the substrates are indicated by white bars (top
of the bar is light gray). Those of D198F F2211, D198P F221E, and
D198I F221W SSAPs toward Leu-pNA, Arg-pNA, and cystinyl-pNA,
respectively, are indicated by dark gray bars, and others are indicated
by gray bars. The values are representative of three independent ex-
periments. In all cases, the standard deviation was less than 5% of the
mean. WT, wild type.

respectively. By this investigation, we found high k_,, values to
be common among the mutants. This indicates that the muta-
tions positively affect the catalytic cycle rather than the affinity
toward substrates.

Esterase activities of mutant enzymes. Our previous study
demonstrated that the activities of bacterial aminopeptidases
toward aminoacyl derivatives are affected by the flanking moi-
ety (2, 3). For example, the wild-type SSAP exhibited a three-
fold-lower activity toward Leu-methyl ester (OMe) than to-
ward Leu-pNA (Table 3) (2). To test the effect of the
mutations on activities toward other aminoacyl derivatives, we
investigated the activities of the wild-type, D198F F2211,
D198P F221E, and D198I F221W SSAPs toward Leu-, Arg-,
and cystinyl-OMes. In the assay, an enzyme solution (0.1 ml;
0.1 to 1 mg/ml) and a substrate solution (0.1 ml; 100 mM) were
added to 0.8 ml of 100 mM Tris-HCI (pH 8.0), and the mixture
was incubated at 37°C for 60 to 120 min. For cystinyl-OMe
hydrolysis, an assay was performed using 100 mM acetate

TABLE 2. Kinetic parameters for wild-type and high-performance
mutant SSAPs”

Substrate SSAP variant  kq, (s7V) K, (mM) (S,If‘:“‘/nﬁ\’/'i,l)
Leu-pNA WT 413 €26 057 =*0.14 72.5
DI198F F2211 128 =11  1.15*=0.22 111
Arg-pNA WT 126 £0.2 1.00 £0.28 1.26
D198P F221E 82.0 =55 7.51 23 10.9
Cystinyl.pNA WT 37112 0.11 £0.01 329

D198I F221W 46.7 = 8.9 0.056 * 0.01 833

“K,, and k., values were calculated from a nonlinear regression fit to the
Michaelis-Menten equation, using initial estimates from double-reciprocal plots.
The values are means * standard deviations for three independent experiments.
WT, wild type.
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TABLE 3. Hydrolytic activities of wild-type and high-performance mutant SSAPs toward aminoacyl pNA and OMe derivatives

Activity of WT

Substrate

Activity of mutant enzyme
Mutations of high-

V* (wmol/ Relative to that performance enzyme V' (nmol/ Relative to that

min/mg) with pNA min/mg) with pNA
Leu-pNA 68 = 1.3 1 D198F F2211 188 £ 2.3 1
Leu-OMe 20 £0.9 0.3 D198F F2211 39 +26 0.2
Arg-pNA 2.0+ 0.1 1 D198P F221E 48 = 0.5 1
Arg-OMe 25+0.2 1.3 D198P F221E 11 +£0.5 0.2
Cystinyl-pNA 6.2 +0.2 1 D198I F221W 82 +1.8 1
Cystinyl-OMe 0.18 £ 0.04 0.03 D198I F221W 1.9 £0.1 0.02

“V, velocity of hydrolytic activity.

buffer (pH 6.0) because of its poor solubility at pH 8.0. Specific
activities toward aminoacyl-OMes were determined by moni-
toring the decrease in absorbance at 225, 228, or 230 nm per
min caused by the cleavage of methyl ester. The initial activity
rate was determined from the linear portion of the optical
density profile (extinction coefficients of absorbance at 225,
228, and 230 nm are 79.8, 51.4, and 47.8 M~ ! cm ™" for Arg-
OMe, cystinyl-OMe, and Leu-OMe, respectively).

As shown in Table 3, similar to the hydrolysis toward
aminoacyl-pNA derivatives, the mutant enzymes showed
higher activities toward methyl esters than the wild type. In
terms of the ratio of the activity toward aminoacyl-pNA to
those toward methyl ester derivatives, the activity of D198F
F2211 SSAP toward Leu-OMe is one-fifth lower than that
toward Leu-pNA. D198I F221W SSAP also was observed to
have an approximately 50-fold lower activity toward cystinyl-
OMe than toward cystinyl-pNA. These decreases in activity
are quite similar to those observed with the wild type (the
ratios of activity on -pNA to that on methyl ester derivatives
are 0.3 and 0.03 for Leu derivatives and cystinyl derivatives,
respectively) (Table 3). These similar ratios of activity sug-
gest that there are no effects of the D198F F2211 and D198I
F221W mutations on the binding of the flanking moiety of
substrates. In contrast, the wild type has a 1.3-fold-higher
activity toward Arg-OMe than toward Arg-pNA, whereas
D198P F221E SSAP has fivefold-lower activity toward Arg-
OMe than toward Arg-pNA. This result suggests that the
D198P F221E double mutation affects not only the binding
of the Arg side chain but also the binding of the flanking
moiety.

There are many reports on techniques of altering the sub-
strate specificity of peptidases, such as subtilisin (21), chymo-
trypsin (25), and methionine aminopeptidase (27). In this
study, we also demonstrated a method of changing the sub-
strate preference of aminopeptidase by introducing an envi-
ronmental change around the bound substrate. We speculate
that the reconstruction of enzymes with a wide range of sub-
strate preferences for use in the synthesis of chiral amino acids
is possible by introducing mutations of residues associated with
the environment around the bound substrate.

Besides their use in synthesis of chiral amino acids, amino-
peptidases have been demonstrated to be useful in the prepa-
ration of debittered protein hydrolysates (17) and the synthesis
of dipeptides (6). In this class of enzymes, we consider the
possibility that there is a region associated with the recognition
of the flanking moiety of the substrate. Thus, further studies of

the recognition of the penultimate residue by SSAP are needed
to modify SSAP for use in industries.

This research was supported in part by grants from the Noda Insti-
tute for Scientific Research.
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