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A unique enzyme with some properties favorable for the synthesis of D-amino acid-con-
taining peptides has been purified from the culture broth of Saccharothrix sp. AS-2. The
purification steps included ammonium sulfate fractionation, chromatographies on CM-
Toyopearl 650M and ProtEx Butyl, and sucrose density-gradient isoelectric focusing.
The enzyme, consisting of four subunits of 56 kDa, showed its Trm-simnm transfer activ-
ity at around pH 8.2 and 35'C, and had an isoelectric point of 5.8. The enzyme yielded
homooligomers from methyl esters of D-Asp(OMe), D-Met, D-Phe, D-Trp, D-Tyr, and L-
Glu(OMe), but showed no hydrolytic activity toward any of the D- or L-amino acid meth-
yl esters tested. The homooligomers were not formed from the corresponding free amino
acids. The reaction of Ac-D-Phe-OMe with DL-Ala-NH,,, DL-Leu-NHj, DL-Phe-NHj, or DL-
Trp-NHj was effectively catalyzed by the enzyme, both the DD- and DL-stereoisomers of
the expected iV-acetyldipeptide being yielded. The resulting dipeptides remained unhy-
drolyzed even after 48 h incubation. Also, it showed no detectable hydrolytic activity
toward casein, diastereomers of diAla, diMet, and diPhe, D-/L-amino acid amides, or D-/L-
amino acid p-nitroanilides, indicating that the enzyme had no peptidase activity leading
to secondary hydrolysis of the growing peptide. The enzyme activity was strongly de-
pressed by phenylmethanesulfonyl fluoride, but not by penicillin G or ampicillin, sug-
gesting that the protein is a serine enzyme lacking penicillin-binding ability. These ob-
servations lead us to the conclusion that the enzyme from Saccharothrix sp. AS-2 char-
acterized in this study is a new type of aminoacyltransferase with an amino acid ester
as the acyl donor, and has potential utility as a catalyst for the synthesis of D-amino
acid-containing peptides.

Key words: aminoacyltransferase, D-amino acid-containing peptides, enzymatic peptide
synthesis, Saccharothrix sp.

There is increasing evidence that oligopeptides play impor-
tant roles in physiological, immunological, and sensory re-
sponses (1-4). As a result, the development of methods suit-
able for their production on a large scale has attracted
much interest in recent years. The application of enzymes
to oligopeptide synthesis has a number of well-documented
advantages over conventional chemical methods (5-11). In
particular, enzymatic synthesis avoids racemization, dis-
penses with the requirement for side chain protection, and
allows the use of mild, nonhazardous reaction conditions.
Actually a number of oligopeptides, such as ahgiotensin,
dynorphin, and enkephalins, have been prepared using a
combination of enzymatic and chemical methods (12-15).
However, the enzymatic synthesis, in which proteases have
exclusively been used, suffers from some drawbacks includ-
ing an unfavorable thermodynamic equilibrium, narrow
substrate- and stereospecificities, and undesirable proteoly-
sis of the growing peptide. Although the first disadvantage
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has been alleviated by using proteases' in biphasic aqueous
organic mixtures, reverse micelles, or rioriaqueous media,
the other problems remain, due to the physiological func-
tion of proteolytic enzymes. Also, the number of biologically
important D-amino acid-containing peptides, in which a
single D-amino acid is a requisite for the biological activity,
has increased in the last decade (16-22). Great efforts have
consequently been made to solve the problems mentioned
above (23-25). The employment of high concentrations of
organic solvents in_ the reaction system, sometimes an an-
hydrous environment, has been found to relax the ste-
reospecificity and to suppress the secondary hydrolysis.
However, proteases are generally unstable in such an envi-
ronment, and are not always adopted for practical peptide
synthesis.

Recently, several D-amino acid-specific peptidases were
isolated and characterized (26-36). Although some of them
were shown to form peptides of the DD-configuration, no
examples have been reported of the synthesis of peptides of
the DL-configuration using these enzymes. Although some
reports have appeared on the isolation of bacterial a-
amino-acid-esterases (37-40), no data are available for
their use in peptide synthesis. In our previous paper we
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reported a novel a-amino-acid-esterase from Bacillus (B.)
mycoides, and showed that the enzyme, although devoid of
peptidase activity, was capable of synthesizing peptides of
the DD- and DL-configurations (41). These properties are
highly desirable for peptide synthesis, but there remains
the drawback that the enzyme shows high hydrolytic activ-
ity toward amino acid esters used as substrates. We report
here the purification and characterization of a unique ami-
noacyltransferase from Saccharothrix sp. AS-2 lacking
hydrolytic activity, and its use in the synthesis of D-amino
acid-containing peptides.

MATERIALS AND METHODS

Materials—Peptone and casein were purchased from
Nissui Pharmaceuticals (Tokyo) and Merck (Darmstadt,
Germany), respectively. Phenylmethanesulfonyl fluoride
(PMSF), trichloroacetdc acid (TCA), and Quick CBB (Coo-
massie Brilliant Blue solution) were obtained from Wako
Pure Chemical Industries (Osaka). A protein assay kit was
obtained from Bio-Rad (Hercules, USA). D-/L-Ala, D-/L-
Arg(NO2), D-/L-Asp(OMe), L-Cys(Bzl), DVL-Glu(OMe), r>/L-
His, L-Ile, D-/L-Leu, D-/L-Lys(Z), D-/L-Met, D-/L-Phe, Ac-D-/L-
Phe, D-/L-Pro, D-/L-Ser, D-/L-Thr, D-/L-Trp, D-/L-Tyr, and D-/L-
Val, their methyl esters, and amides of D-/L-Ala, L-Arg, L-
AspOiHj), D-/L-Gln, L-GluQSfHj), L-His, L-De, D-/L-Leu, h-
Lys, L-Met, r>/L-Phe, I>7L-Pro, L-Ser, L-Thr, L-Trp, L-Tyr, L-
Val, and Gly were obtained from Bachem (Bubendorf, Swit-
zerland). Amides of D-Arg, D-Asn, D-Gln, D-His, D-Ile, D-Lys,
D-Met, D-Ser, D-Thr, D-Trp, D-Tyr, and D-Val were prepared
by the method of Wang and McMurray (42). The p-nitro-
anilides of D-/L-Ala, D-/L-Leu, and D-/L-Phe, and the di-
astereomers of diAla, diMet, and diPhe were also from
Bachem. Pharmalyte 3-10, and the molecular mass stan-
dards for gel filtration and SDS-PAGE were products of
Amersham Pharmacia Biotech (Uppsala, Sweden). All
other reagents were of analytical grade.

Aminoacyltransferase Assay—Aminoacyltransferase ac-
tivity was routinely assayed at pH 7.0 using a mixture of
200 mM Ac-D-Phe-OMe and 200 mM L-Phe-NHj dissolved
in 50 mM phosphate, pH 7.0. The reaction was started by
the addition of 5 (jJ of the enzyme (0.4 unit) to 95 \s.\ of the
substrate, allowed to proceed for 5 min at 25°C, and stop-
ped by the addition of 5 (xl of twice-distilled 2 N HC1. The
decrease in the amount of the substrate was monitored on
a Cadenza CD-C18 column (4.6 x 75 mm; Imtakt, Kyoto)
connected to a LC-9A HPLC system equipped with a SPD-
6A uv detector set at 220 run (Shimadzu, Kyoto). Samples
were eluted with a mobile phase of 5—49% CHjCN contain-
ing 0.05% TFA at the flow rate of 1.0 ml/min. One unit of
aminoacyltransferase was denned as the activity producing
1 jimol of Ac-D-Phe-L-Phe-NHj per min under the above
conditions. The above HPLC system was also used in other
assays.

Other Enzyme Assays—Activities of the enzyme other
than proteolysis were assayed at 25"C with 95 jJ of amino
acids, their methyl esters, amides, p-nitroanilides, or dia-
stereomers of diAla, diMet, and diPhe dissolved in 50 mM
phosphate, pH 7.0, to which 5 (J (0.4 unit) of the enzyme
was added. Esterase activity was assayed with either 1 mM
fatty acid esters of p-nitrophenol according to the method of
Somorin and Skorepa (43), or 200 mM amino acid methyl
ester, which had been passed through a column of Dowex

1-X2 anion-exchange resin (Dow Chemical, MI, USA) to
remove remaining free amino acids. Methanol released
from the ester was quantified on a Daisopak SP-120-5-
ODS-BP column maintained at 40°C, which was connected
to a Hitachi HPLC system equipped with a L-7100 pump
and a L-7490 differential refractometer (Hitachi, Tokyo). A
mobile phase of 100 mM phosphate (pH 3.8) was used at
the flow rate of 0.7 ml/min. One unit of esterase activity
was defined as the activity producing 1 |xmol of p-nitrophe-
nol or methanol per min under the above assay conditions.
In the case of homooligomer formation, esterase activity
was assayed by measuring the resulting free amino acid
with an ALC-1000 amino acid analyzer (Shimadzu) accord-
ing to the method of Ishida et al. (44). Amidase activity was
measured with 200 mM amino acid amide under the same
conditions as those for the esterase assay. Ammonia re-
leased from an amide was determined by the method of
Weatherburn (45). One unit of amidase activity was defined
as the activity releasing 1 (junol of ammonia per min under
the above conditions. Peptidase activity was assayed with
10 mM dipeptide in the same manner as above, and hydro-
lysis was monitored with the LC-9A HPLC system or the
ALC-1000 amino acid analyzer. When necessary, D-/L-amino
acid analysis was performed with the LC-9A HPLC system.
Samples were hydrolyzed with twice-distilled HC1 for 16 h
at 105'C, and then derivatized with o-phthalaldehyde and
iV-isobutyryl-L-cysteine (46). Proteolytic activity was mea-
sured according to the method of Wilcox with some modifi-
cation using casein as the substrate (47). One rnilliliter of
the enzyme solution was added to 5 ml of 0.6% (w/v) casein
in 50 mM Tris-HCl, pH 7.2. After incubation at 25*C for an
appropriate time, the reaction was stopped by the addition
of 5 ml of a mixture composed of 36 ml of 50% TCA, 220 ml
of M CTLCOONa, and 330 ml of M CH3COOH. The reac-
tion mixture was allowed to stand for a further 20 min. The
resulting precipitate was removed by filtration through a
filter paper No. 131 (Advantec Toyo, Tokyo), and then the
absorbance of the filtrate at 275 nm was measured with a
UV-1600 spectrophotometer (Shimadzu) against a control
prepared by mixing the enzyme, TCA and the substrate in
that order. One unit of proteolytic activity was defined as
the activity yielding soluble peptides equivalent to 1 jimol
of L-tyrosine per min under the above conditions.

Cultivation of the Microorganism—Saccharothrix sp. AS-
2 was isolated from a soil sample and then aerobically culti-
vated in 500-ml flasks, each containing 150 ml medium
composed of 2% peptone, 1% corn steep liquor, 0.2%
KHjPO,, and 0.2% NaCl, pH 7.0, for 3 days at 27'C.

Purification of Aminoacyltransferase—All operations dur-
ing the enzyme purification were carried out at 15"C unless
otherwise indicated. A total of 7.2 liters of the culture broth
was centrifuged at 10,000 xg for 20 min. To the superna-
tant was added solid (NH^O. , to 70% saturation. The
resulting precipitate was allowed to settle overnight and
then recovered by filtration through Celite. The crude en-
zyme was dissolved in a minimal amount of water, dialyzed
against 5 mM acetate, pH 5.0, and then put on a CM-Toyo-
pearl 650M column (2.5 x 22 cm; Tosoh) equilibrated with
the same buffer. After the column had been washed with
1,000 ml of the acetate buffer, proteins were eluted with a
linear gradient of 0-800 mM NaCl at the flow rate of 25 ml/
h. The active fractions were collected and concentrated 10-
fold by ultrafiltration with a membrane with a nominal
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molecular mass cutoff of 10 kDa. The concentrated enzyme
solution was then subjected to sucrose density-gradient iso-
electric focusing in a 110 ml-volume column with Pharma-
lyte 3-10 as the carrier ampholytes. The electrophoresis
was performed at 400 V for 40 h at 2°C, and proteins were
collected with a fraction collector at 1 ml per tube. The
active fractions were pooled, concentrated and then sub-
jected to hydrophobic interaction chromatography on a Pro-
tEx Butyl column (8 x 10 cm, especially prepared by
Mitsubishi Chemicals, Tokyo) preequilibrated with 50 mM
acetate, pH 5.6, containing 20% saturated (NH^jSCv Pro-
teins were eluted by linearly decreasing the salt concentra-
tion to 0% saturation.

Determination of the Molecular Mass of the Enzyme—
The molecular mass of the native enzyme was estimated by
gel filtration on a Superdex 200 HR 10/30 column (1 x 30
cm; Amersham Pharmacia Biotech) using 50 mM phos-
phate, pH 7.0, containing 150 mM NaCl. Ferritin (470
kDa), alcohol dehydrogenase (150 kDa), bovine serum albu-
min (67 kDa), ovalbumin (43 kDa), and chymotrypsinogen
A (25 kDa) were used for calibration. The molecular mass
of the denatured enzyme was estimated by SDS-PAGE
according to the method of Laemmli on a 9% polyacryl-
amide gel (48). The marker proteins used were phospho-
rylase b (94 kDa), bovine serum albumin (67 kDa),
ovalbumin (43 kDa), carbonic anhydrase (30 kDa), and
trypsin inhibitor (20.1 kDa). After the electrophoresis, the
gel was stained with Quick CBB.

Protein Determination—The protein concentrations of
the samples were determined using a protein assay kit
from Bio-Rad (Hercules, USA) with bovine serum albumin
as the standard. Chromatographic elution patterns were
monitored in terms of the absorbance at 280 nm.

Inhibitory Assay—An enzyme solution was mixed with
each inhibitor, and then the mixture was incubated for 1 h
at 25°C in 50 mM phosphate, pH 7.0, before the enzyme
assay. The reagents and their final concentrations were 1
mM PMSF, 1 mM 7V-ethylmaleimide (NEM), 1 mM trans-
epoxysuccinyl-L-leucylamido-{4-guanidino)-butane (E-64), 1
mM pepstatin, 1 mM HgCL,, 5 mM EDTA, 10 mM penicil-
lin G, and 10 mM ampicillin. The action of the enzyme on
penicillin G and ampicillin was also checked by HPLC at
220 nm by monitoring the generation of 4-aminopenicil-
lanic acid.

Enzymatic Peptide Synthesis—Homooligopeptdde synthe-
sis was carried out with 200 mM amino acid or the methyl
ester as the substrate. Ninety-five microliters of the sub-
strate was incubated with 5 |jJ (0.4 unit) of the enzyme at
25"C for 10 min in 50 mM phosphate, pH 7.0. The reaction
was followed by monitoring the decrease in the amount of
the substrate. The ability of the enzyme to form diastereo-
mers of Ac-Phe-Ala-NH,, Ac-Phe-Leu-NHj, Ac-Phe-Phe-
NHj, and Ac-Phe-Trp-NHj was examined as above, using a
mixture of 200 mM Ac-D7L-Phe-OMe and 400 mM DL-Ala-
NH,, DL-Leu-NrL,, DL-Phe-NH, or DL-Trp-Nri,. The mixture

was dissolved in 50 mM phosphate, pH 7.0, containing 20%
dimethylfbrmamide (DMF) to dissolve the acylated amino
acid ester. The reaction products were analyzed with the
LC-9A HPLC system using a mobile phase of 5-49%
CHgCN containing 0.05% TFA at the flow rate of 1.0 ml/
min, as described under "Aminoacyltransferase Assay."

Matrix-Assisted Laser Desorption Ionization Time-of-
Flight (MALDI-TOF) Mass Spectrometry—Enzymatdcally
synthesized peptides were isolated by HPLC, and then
their masses were measured with a Voyager linear DE-SY
MALDI-TOF mass spectrometer (PerSeptive Biosystems,
CA, USA) using ot-cyano-4-hydroxycinnamic acid as the
matrix.

RESULTS

Purification of the Enzyme—Table I summarizes the
purification of the aminoacyltransferase. The enzyme was
purified approximately 152-fold with a yield of 2% of the
initial activity. CM-Toyopearl 650M chromatography elimi-
nated most of the colored materials, and increased the spe-
cific activity of the enzyme effectively. Subsequent electro-
focusing was also effective in removing acidic contaminants
(Fig. 1). The enzyme preparation after the hydrophobic
interaction chromatography was homogeneous, as judged
on SDS-PAGE, which gave a single protein band corre-
sponding to molecular mass of 56 kDa (Fig. 2). Gel filtra-
tion on a Superdex 200 column gave a value of 230 kDa as
the molecular weight of the enzyme, suggesting that the
enzyme is a tetrameric protein.

Properties of the Enzyme—The isoelectric focusing of the
enzyme after the cation-exchange chromatography afforded

20 40 60 80 100
Fraction No. (1.2 ml / tube)

Fig. 1. Sucrose density-gradient isoelectric focusing of ami-
noacyltransferase. The enzyme preparation after cation-exchange
chromatography was subjected to electrofocusing on a 110 ml-col-
umn with Pharmalyte 3-10 as the carrier ampholytes. The electro-
focusing was performed at 400 V for 40 h at 2'C. o, absorbance at
280 nm; •, aminoacyltransferase activity measured with a mixture
of 200 mM Ac-D-Phe-OMe and 200 mM L-Phe-NH, at pH 7.0; —, pH.

TABLE I. Purification of aminoacyltransferase from Saccharothrix sp. AS-2.
Step

Culture supernatant
10-70% (NH4)jSO4

CM-Toyopearl 650M
Isoelectric focusing
ProtEx Butyl

Total protein (mg)

96,100
10,800

520
98

7

Tbtal activity (units)

53,200
20,200
8,500
4,800
1,064

Specific activity (units/mg)

0.55
1.87

16.3
49.0

152

Yield (%)

100
38
16
9
2
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a single active peak corresponding to a pi of 5.8 (Fig. 1).
The optimum pH and temperature of the enzyme esti-
mated with a mixture of Ac-D-Phe-OMe and L-Phe-NI^ as
substrates were around 8.2 and 35°C, respectively. The
effects of some typical inhibitors and two fl-lactams were
also investigated (Table II). Out of these chemicals, only
PMSF at 1 mM had a drastic inhibitory effect, suggesting
that the enzyme was a serine hydrolase. Incubation of the
enzyme with 10 mM penicillin G or ampicillin caused nei-
ther en-zyme inhibition nor substrate hydrolysis.

The enzyme exhibited aminoacyltransfer activity toward
selected D- and L-amino acid methyl esters (Table IH), L-
Glu(OMe)-OMe being the only L-amino acid ester recog-

nized by the enzyme. However, it did not act on any of the
free amino acids tested. In addition, the enzyme exhibited

TABLE II. Effects of inhibitors on aminoacyltransferase.

Inhibitor Remaining activity (%)"

None
lmMPMSF
1 mMNEM
lmME-64
1 mM pepstatin
1 mMHgClj
5mMEDTA
10 mM penicillin G
10 mM ampicillin

100
2
94
96
90
85
105
101
96

•After incubation for 1 h at 25*C, pH 7.0. Remaining activity was
expressed as a percentage of the activity without an inhibitor

kDa

94

67

43

30

20.1

I

Fig. 2. SDS-PAGE of the purified aminoacyltransferase. SDS-
PAGE was performed on a 12% gel. Lane 1, molecular weight
marker proteins consisting of phosphorylase b (94 kDa), bovine se-
rum albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30
kDa), and soybean trypsin inhibitor (20.1 kDa); lane 2, purified en-
zyme. The gel was stained with Quick CBB.

TABLE HI. Aminoacyltransferase activity toward a-amino
acid methyl esters.

Substrate Activity (%)•

D-Phe-OMe
L-Phe-OMe
D-Asp(OMe)-OMe
L-Asp(OMe)-OMe
D-Trp-OMe
L-Trp-OMe
D-Tyr-OMe
L-Tyr-OMe
D-Met-OMe
L-Met-OMe
D-Glu(OMe)-OMe
L-Glu(OMe)-OMe

100
0

91
0

14
0

12
0
5
0
0

33
"Activity was measured as described under "Enzymatic Ptptide
Synthesis' and was expressed as a percentage of the activity ob-
tained with D-Phe-OMe as the substrate. Other amino acid methyl
esters, including E>VL-Ala, D-/L-Arg(NO2), L-Cys(Bzl), Gly, D-/L-His, L-
Ile, D-/L-Leu, D-/L-Lys(Z), D-/L-PTO, D-/L-Ser, DVL-Thr, and D-/L-Val,
were inert as substrates.

(A)
D-Asp(OMe)-OMe

(B)
D-Met-OMe

(C)
D-Phe-OMe 5

5 10 15 0 5 10 15 0

Time (min) Time(min)

5 10 15

Time (min)

(D)
t>-Trp-OMe

II

5 10

Time(min)

15 0

(E)
D/Tyr-OMe

9
i

5 10

Time (min)

(F)
L-Glu(OMe}-OMe

/

10

15 0" 5 10 15

Time (min)

Fig. 3. HPLC of reaction products derived
from n-amino acid esters. Reaction products
were derived from (A) D-Asp(OMe)-OMe, (B) D-
Met-OMe, (C) D-Phe-OMe, (D) D-Trp-OMe, (E)
D-Tyr-OMe, and (F) L-Glu(OMe)-OMe. The re-
action was conducted by incubating 95 (JLI of
200 mM D-amino acid methyl ester with 5 JJJ
(0.4 unit) of the enzyme for 10 min at pH 7.0
and 25"C. The numbered peaks indicate those
subjected to amino acid analysis and MALDI-
TOF mass spectrometry.
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no detectable hydrolytic activity toward p-nitrophenyl ace-
tate, butyrate, caproate, caprylate, laurate, or palinitate, p-
nitroanilides of D-/L-Ala, D-/L-Leu, and D-/L-Phe, or amino
acid amides of D-/L-Ala, D-/L-Arg, D-ZL-AspCNHj), D-/L-Gln, D-
/L-GIUCNHJ), D-/L-His, DTL-Ile, D-/L-Leu, D-/L-Lys, D-/L-Met,
L-Phe, D-/L-Pro, D-/L-Ser, D-/L-Thr, D-/L-Trp, 1>7L-Tyr, D-/L-
Val, and Gly. None of the dipeptddes including DD-, DL-, LJ>,
LL-diPhe, and DD-, or LL-diAla were hydrolyzed by the
enzyme. Similarly, casein did not undergo enzyme-cata-
lyzed hydrolysis even after 16 h incubation.

Enzymatic Peptide Synthesis—Of the free amino acids,
amino acid esters and amino acid amides tested, six methyl
esters, i.e. those of D-Asp(OMe), D-Met, D-Phe, D-Trp, D-Tyr,
and L-Glu(OMe), gave some products on incubation with
the enzyme (Fig. 3). The structures of the products were
confirmed by amino acid analysis and mass spectrometry
(Table TV). As can be seen, the enzyme synthesized methyl
esters of oligopeptides under the reaction conditions. The
products derived from D-Asp(OMe)-OMe were separated
into at least 20 peaks on HPLC, indicating the formation of
many different species of oligopeptides. In contrast, only
one product was obtained from L-Glu(OMe)-OMe. Its mass
spectrum exhibited two extra signals besides those appear-
ing for the control (Fig. 4). Interpretation of the two signals
as those derived through the addition of H+ (M = 287.3) or
Na+ (M = 309.3) to the product led to the conclusion that
the product is a cyclic dimer of the amino acid ester.

When a mixture of Ac-D-Phe-OMe and DL-Ala-NHj, DL-
Leu-NH;, DL-Phe-NHj, or DL-Trp-NHj was incubated with
the enzyme, two new peaks appeared on HPLC. Parallel to
these experiments, each enantiomer of these amino acid
amides was used instead of the racemic mixture to assist
the identification of the dipeptides obtained above. All the
new peaks were then isolated, and subjected to amino acid
analysis and mass spectroscopy. They were confirmed to be
the expected Ac-DD- and Ac-DL-stereoisomers. Table V sum-
marizes the retention time, mass, yield after 10 min, and
proposed structure of each product, and the ratio of the ini-
tial rates of formation of the two stereoisomers. The ratio
varied appreciably with the amide used, ranging from 0.74
for Ac-D-Phe-DTL-Leu-NHj to 8.12 for Ac-D-Phe-D-/L-Trp-
NHj. On the other hand, when Ac-L-Phe-OMe was used as
the acyl donor, it did not react with any of the amino acid
amides tested.

Figure 5 shows HPLC of the reaction product from Ac-D-
Phe-OMe and DL-Trp-NH^ It indicates that the DL-stereo-
isomer was synthesized much faster than the DD-isomer.
With DL-Trp-NH;, as the amine component, crystals ap-
peared after 15 min-reaction, which were collected, dis-
solved in DMF, and then subjected to HPLC (Fig. 6). They
were identified as Ac-D-Phe-L-Trp-NH^

TABLE IV. Retention times, molecular masses, and proposed
structures of the reaction products from D-Asp(OMe)-OMe,
D-Met-OMe, D-Phe-OMe, D-Trp-OMe, D-Tyr-OMe, and L-G1U-
(OMe)-OMe.

Peak No.'

1
2 '
3
4
5
6
7
8
9

10

Retention
timeb (min)

2.7
3.1
5.7
8.8
9.6

10.2
8.1
8.9
6.3
4.1

Molecular
mass* (Da)

290.3
419.4
230.3
644.9
798.2
915.4
809.2

1,003.4
- 1,216.6

286.3

Yield"

15
24
7.1
2.1

• 1.6
0.9

Structure*

(D-Asp(OMe))2-OMe
(D-Asp(OMe)),-OMe
(D-Met)2-OMe
(D-Phe)4-OMe
(D-Phe)5-OMe
(D-Phe)6-OMe
(D-Trp^-OMe
(D-Trp)j-OMe
(D-Tyr)7-OMe
(L-Glu(OMe))2-OMe

•Peak number shown in Fig. 3. bRetention time in Fig. 3. "Mea-
sured by MALDI-TOF mass spectrometry. dEstimated from the ab-
sorbance at 220 nm in Fig. 3 for aromatic peptides. 'From results
of amino acid analysis and MALDI-TOF mass spectrometry.

h
4)

I
* 0

309.3
287.3

100 200 300 400 500
Mass (m/z)

Fig. 4. MALDI-TOF mass spectrum of the product obtained
from L-Glu(OMe)-OMe. Ninety-five microliters of 200 mM L-fflu-
(OMeMDMe was incubated with 5 uj (0.4 unit) of the enzyme for 10
min at pH 7.0 and 25'C. The product was isolated by HPLC, and
then subjected to TOF mass spectrometry. The signals with aster-
isks are due to the matrix used.

TABLE V. Retention times on HPLC, masses, yields, and yield ratios of the products obtained from mixtures of Ac-D-Phe-OMe
(acyl donor), and DL-Ala-NH,, DL-Leu-NH^ DL-Phe-NH,, DL-Trp-NH, (acyl acceptors).'

N-component Product1' Retention time" (min) Mass (Da) Yield" (%) Yield ratio" (DLiDD)

DL-Ala-NHj

DL-Leu-NHj

DL-Phe-NHj

DL-Trp-NHj

Ac-D-Phe-L-Ala-NH,
Ac-D-Phe-n-Ala-NHj
Ac-D-Phe-L-Leu-NHj
Ac-D-Phe-D-Leu-NHj
Ac-D-Phe-L-Phe-NH,
Ac-D-Phe-D-Phe-NHj
Ac-D-Phe-L-Trp-NHj
Ac-D-Phe-D-Trp-NH,

5.5
5.0
8.1
7.4
8.6
8.0
8.5
8.2

353
353
319
319
353
353
392
392

15.4
3.8

10.2
13.8
26.7
20.1
27.6
3.4

4.05

0.74

1.33

8.12

•[Ac-D-Phe-OMe] = 200 mM, [amino acid amide] = 400 mM, with 0.4 unit of enzyme for 10 min at pH 7.0 and 25'C in the presence of 20%
DMF. '•Structure determined from the results of amino acid analysis and mass spectrometry KDbtained on HPLC. dEstimated by HPLC on
the basis of the amount of Ac-D-Phe-OMe invested. The ratio of the initial rates of formation.
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Ac-D-Phe-o-Trp-N H2

Ac-D-Phe-L-Trp-N H2

5 10
Time (min)

15

c
38 5
CD

Ac-o-Phe-L-Trp-N H2

415.8

Lin

100 300
Mass (m/z)

500

Fig. 5. HPLC (upper) and mass spectrum (lower) of the reac-
tion product derived from Ac-D-Phe-OMe and DL-Trp-NH,. A
mixture of 200 mM Ac-D-Phe-OMe and 400 mM DL-Trp-NHj was in-
cubated with 5 (j.1 (0.4 unit) of the enzyme for 10 min pH 7.0 and
25"C in the presence of 20% DMF. After the reaction, the products
were separated from the substrates by HPLC, and then subjected to
MALDI-TOF mass spectrometry. The signals with asterisks are due
to the matrix used. Peaks 1, 2, and 3 are DMF, L-Trp-NH,, and Ac-D-
Phe-OMe, respectively.

DISCUSSION

We have isolated a Saccharothrix sp. from soil that extra-
cellularly produces a novel enzyme acting on several D- and
L-amino acid esters to yield their oligomers. Since the cul-
ture broth showed hydrolytic activity toward both D- and L-
amino acid esters, complete enzyme purification was neces-
sary to determine if the activity was due to a single en-
zyme. The purification work demonstrated that the homo-
oligopeptide-fonning activity in the culture broth was
attributable to a single enzyme. As far as the activity to-
ward a-amino acid ester is concerned, hydrolase and ami-
noacyltransferase should be taken into account. Actually,
beef liver esterase (49), leucine aminopeptidase (50), tryp-
sin (51), chymotrypsin (52), Ochrobactrum anthropi ami-
nopeptidase (53), and B. mycoides a-amino-acid-esterase
(41) have been reported to form oligopeptides from a-amino
acid esters. However, unlike the enzymes cited above, the
enzyme from Saccharothrix sp. AS-2 should not be referred
to as a hydrolase because it lacks hydrolytic activity toward
a variety of a-amino acids, their esters, amides, several
dipeptides, casein, and carboxylic acid esters of p-nitrophe-
nol. From the results of inhibition experiments involving (3-
lactam antibiotics, the enzyme was considered not to be a
penicillin-binding protein, as many of the D-amino acid-spe-
cific proteases so far isolated are. The catalytic function and

E
c
o
CM
CM

15

I
ra
•e
o -i—r~

Ac-D-Phe-L-Trp-NH2

10 15
Time (min)

Fig. 6. Crystals (upper) obtained from a mixture of Ac-D-Phe-
OMe and DL-Trp-NHp and their HPLC (lower). Crystals were
obtained by incubating 95 JJLI of a mixture of 200 mM Ac-D-Phe-OMe
and 400 mM DL-Trp-NH, with 5 jxJ (0.4 unit) of the enzyme for 30
min at pH 7.0 and 25'C in the presence of 20% DMF. They were sep-
arated from the supernatant, dissolved in 50% Cr^CN, and then
subjected to HPLC. Peaks 1 and 2 are Ac-D-Phe-OMe and Ac-D-Phe-
D-Trp-NHj, respectively.

substrate specificity of the Saccharothrix sp. AS-2 enzyme
led to the idea that it is a member of the aminoacyltrans-
ferase [EC 2.3.2] family. At present there are fifteen ami-
noacyltransferases registered (54). Out of them, D-gluta-
myltransferase, 7-glutamyltransferase, lysyltransferase, 7-
glutamylcyclotransferase, aspartyltransferase, agaritine 7-
glutamyltransferase, protein-glutamine -y-glutamyltrans-
ferase, D-alanine 7-glutamyltransferase, and glutathione 7-
glutamylcysteinyltransferase accept free amino acids as
substrates, while the remaining aminoacyltransferases
accept aminoacyl-tRNAs. Hence we conclude that the en-
zyme from Saccharothrix sp. AS-2 is a new type of aminoa-
cyltransferase, by which amino acid esters are recognized
as acyl donors.

The fact that the enzyme was strongly inhibited by 1 mM
PMSF suggested an important role of serine residues) in
the catalysis. As is well-known, serine and cysteine pepti-
dases have the ability to synthesize peptides from amino
acid esters or amides through a kinetic approach (5, 6, 11).
We thus examined if the enzyme from Saccharothrix sp.
AS-2 could catalyze the peptide synthesis. As was expected,
it formed oligopeptides from some of the D-amino acid
esters although it did not act on free D- or L-amino acids.
Out of the methyl esters tested, those of D-Asp(OMe), r>
Met, D-Phe, D-Trp, D-Tyr, and L-Glu(OMe) were accepted
for homooligopeptdde formation (Fig. 3 and Table HI). As
regards D-Asp and L-Glu esters, not the a- or p(7>-mono-
ester but only the a-,p(7)-diester was accepted. The active
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site of the enzyme may not accommodate negatively
charged amino acid esters.

It has been well documented that there are many biologi-
cally important peptides containing a single D-amino acid,
which is a requisite for activity. In conventional protease-
catalyzed peptdde synthesis, the enzymes are very specific
for L-amino acids as acyl donors. The amine component is
more flexible, both L- and D-amino acids being acceptable,
although D-amino acids usually react about one-tenth as
fast as the L-counterparts (20-22). Thus, the synthesis of a
peptide of the LD-configuration can be accomplished with-
out much difficulty. On the contrary, peptides of the DL-con-
figuratdon are much more difficult to synthesize. Although
the enantioselectivity of the enzyme catalysis can be
altered by solvent engineering, as typically shown for the
synthesis of Ac-D-Phe-L-Phe-NfL, involving subtilisin in an-
hydrous fert-amyl alcohol (23), the approach is not always
applicable to all proteases owing to their general instability
or ineffectiveness in such an environment.

In the last decade, an increasing number of enzymes act-
ing on D-amino acid—containing peptides has been isolated
and their mode of action clarified (55). Some of these en-
zymes were shown to hydrolyze peptides of the DL- as well
as the DD-configuration. On the other hand, no examples
have been reported of the synthesis of peptides of the DL-
configuration using these enzymes, although the synthesis
of peptides of the DD-configuration has been reported. Quite
recently we found that an a-amino-acid-esterase from B.
mycoides could easily form peptides of the DL-configuration
(41). However, the enzyme showed high hydrolytic activity
toward amino acid esters, which led to a limited peptide
yield. In contrast, the enzyme in this study showed no hy-
drolytic activity toward any of the amino acid esters tested.
We attempted to use Ac-D-Phe-OMe as the acyl donor, and
D/L-Ala-NIL,, D/L-Leu-NrL,, D/L-Phe-NIL,, or D/L-Trp-NIL, as
the amine component. Although the methyl esters of L-Ala,
L-Leu, L-Phe, L-Trp, and L-Tyr were all unacceptable for
homooligopeptide formation, we expected they could be
used as amine components. In fact, the enzyme synthesized
both DD- and DL-dipeptddes without secondary hydrolysis of
the products. The fact that the enzyme produces a crystal-
line precipitate of Ac-D-Phe-L-Trp-NHj from a mixture of
Ac-D-Phe-OMe and DL-Trp-NHj suggests the usefulness of
the enzymatic synthesis and separation of a particular
diastereomer.

All these observations, together with the finding that
several oligopeptides were formed only from D- and L-
amino acid methyl esters, indicate that the enzyme has a
broader specificity as compared with other known amino-
acyltransferases, and indicate its potential usefulness for
the synthesis of D-amino acid—containing peptides. Further
studies on the stereospecificity and structure-function rela-
tionship of the enzyme are now in progress for a better
understanding of the reaction mechanism.
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