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ABSTRACT Recent papers have reported dipeptides containing D-amino acids to
have novel effects that cannot be observed with LL-dipeptides, and such dipeptides
are expected to be novel functional compounds for pharmaceuticals and food addi-
tives. Although the functions of D-amino acid-containing dipeptides are gaining more
attention, there are few reports on the synthetic enzymes that can accept D-amino acids
as substrates, and synthetic methods for D-amino acid-containing dipeptides have not
yet been constructed. Previously, we developed a chemoenzymatic system for amide
synthesis that comprised enzymatic activation and a subsequent nucleophilic substitu-
tion reaction. In this study, we demonstrated the application of the system for D-amino
acid-containing-dipeptide synthesis. We chose six adenylation domains as targets ac-
cording to our newly constructed hypothesis, i.e., an adenylation domain located up-
stream from the epimerization domain may activate D-amino acid as well as L-amino
acid. We successfully synthesized over 40 kinds of D-amino acid-containing dipeptides,
including LD-, DL-, and DD-dipeptides, using only two adenylation domains, TycA-A from
tyrocidine synthetase and BacB2-A from bacitracin synthetase. Furthermore, this study
offered the possibility that the epimerization domain could be a clue to the activity of
the adenylation domains toward D-amino acid. This paper provides additional informa-
tion regarding D-amino acid-containing-dipeptide synthesis through the combination of
enzymatic adenylation and chemical nucleophilic reaction, and this system will be a use-
ful tool for dipeptide synthesis.

IMPORTANCE Because almost all amino acids in nature are L-amino acids, the func-
tioning of D-amino acids has received little attention. Thus, there is little information
available on the activity of enzymes toward D-amino acids or synthetic methods for
D-amino acid-containing dipeptides. Recently, D-amino acids and D-amino acid-
containing peptides have attracted attention as novel functional compounds, and
D-amino acid-activating enzymes and synthetic methods are required for the devel-
opment of the D-amino acid-containing-peptide industry. This study provides addi-
tional knowledge regarding D-amino acid-activating enzymes and proposes a unique
synthetic method for D-amino acid-containing peptides, including LD-, DL-, and DD-
dipeptides.

KEYWORDS adenylation domain, D-amino acid, dipeptide synthesis, nonribosomal
peptide synthetase

The chemical and physical properties of L-amino acids and D-amino acids are nearly
identical, but they have different bioactivities. Also, dipeptides that contain a

D-amino acid moiety in their structures (called D-amino acid-containing dipeptides in
this paper) have different biological properties from peptides comprising only L-amino
acids. For instance, D-Glu-D-Trp, D-�-Glu-D-Trp, D-Glu-L-Trp, and D-�-Glu-L-Trp inhibit the
proliferation of CFU-spleen cells in intact bone marrow, while the dipeptides containing
only L-amino acids, such as L-Glu-L-Trp and L-�-Glu-L-Trp, have no effect on their
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proliferation (1). Cyclo(D-Tyr-D-Phe), a cyclic dipeptide isolated from the fermented
broth of Bacillus sp., had greater antibacterial and anticancer activities than cyclo(L-Tyr-
L-Phe) (2). Some kinds of DD-diketopiperazines, such as cyclo(D-Pro-D-Phe), inhibit the
growth of Vibrio anguillarum more effectively than other stereoisomers (3). An inter-
esting report revealed that cyclo(L-Trp-D-Pro) increased the heart rate, whereas cyclo(D-
Trp-L-Pro) reduced the heart rate (4). These reports are great examples that show the
potential of D-amino acid-containing dipeptides as new bioactive molecules.

Dipeptides can be synthesized chemically or enzymatically. Almost all dipeptides
can be synthesized by chemical reactions, but multistep reactions for protection,
condensation, and deprotection are required. Enzymatic methods provide one-pot
procedures for dipeptide synthesis. Many enzymatic methods for synthesizing LL-
dipeptides have been reported, but insufficient methods for D-amino acid-containing-
dipeptide synthesis have been proposed. Using the reverse reaction of amidohydrolase
from Streptomyces sp. strain 82F2, various D-amino acid-containing dipeptides were
successfully synthesized (5). However, the enzyme was not suitable for DD-dipeptide
synthesis, and also, the substrates should be methyl or benzyl ester because of the
substrate specificity of the amidohydrolase (5). Aminoacyltransferase from Saccha-
rothrix sp. strain AS-2 is a unique enzyme for D-amino acid-containing-dipeptide
synthesis, but some of the substrates should be methyl esters (6). D-Alanine-D-alanine
ligase is also a useful enzyme, but only D-Ala can be used as the N terminus of the
dipeptide (7). Still, a process for synthesis of D-amino acid-containing dipeptides from
free amino acids using these conventional enzymatic methods has not been con-
structed due to the restricted substrate specificities of the enzymes involved.

We have focused on the mechanism of nonribosomal peptide synthetase (NRPS).
NRPS is a multimodule synthetase that produces secondary metabolites like tyrocidine,
bacitracin, and paenibacterin. NRPS catalyzes three consecutive reactions: (i) the
L-amino acid is activated by the adenylation domain and (ii) is then thioesterized with
the phosphopantetheine group that is connected to the thiolation domain, before (iii)
being finally coupled to the amino acyl or peptidyl intermediate by the condensation
domain (8). When a D-amino acid is used as the member of the secondary metabolite,
the L-form substrate is converted into the D-form by the epimerization domain before
condensation (9). Previously, we focused on the function of the adenylation domain
and constructed a chemoenzymatic method for amide synthesis. In this mechanism, a
free amino acid was activated by the adenylation domain to be aminoacyl-AMP, and
the amide bond was formed with the subsequent nucleophilic attack by the amine (10).
Using this system, various amines, such as linear amines, cyclic amines, and amino
acids, can be used as nucleophiles and various amides can be synthesized (11).

We assumed that various D-amino acid-containing dipeptides, such as LD-, DL-, and
DD-dipeptides, could be synthesized using an adenylation domain that can activate
D-amino acids. Because few studies describing such adenylation domains have been
reported, the goal of this study was to identify adenylation domains that activate
D-amino acids and to extend the application of these systems to D-amino acid-
containing-dipeptide synthesis.

RESULTS
Substrate specificity of TycA-A. Previously, we constructed a novel colorimetric

assay for evaluation of the substrate specificities of adenylation domains, in which we
found that TycA-A could activate a number of L-amino acids (10). Here, we tested the
activity of TycA-A toward D-amino acids. The results revealed that TycA-A could activate
D-Ala, D-Leu, D-Met, D-Phe, D-Tyr, and D-Trp (Fig. 1), confirming that TycA-A had broad
substrate specificity. This result indicated that TycA-A had the potential to synthesize
D-amino acid-containing dipeptides. Our interest moved to the screening of D-amino
acid-activating adenylation domains from a pool of adenylation domains in nature.

Identification of D-amino acid-activating adenylation domains. The adenylation
domain chosen as the target should activate D-amino acids. Enough information about
adenylation domains that activate L-amino acids has been reported, such as the amino
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acid residues around the catalytic site and crystallization (12–15). However, there are
few reports about the D-amino acid-activating adenylation domains, and we needed to
screen adenylation domains. We hypothesized that an adenylation domain located
upstream from the epimerization domain, which is the key domain incorporating
D-amino acid into the secondary metabolite, may activate D-amino acids in addition to
L-amino acids. The process of derivation of this hypothesis is described in Discussion.
According to this hypothesis, we additionally chose the following five adenylation
domains: BacB2-A and BacC4-A in bacitracin synthetase from Bacillus licheniformis strain
NBRC 12199 (16) and PbtA1-A, PbtB2-A, and PbtB3-A in the paenibacterin synthetase
homologs from Paenibacillus alvei strain NBRC 3343. PbtA1-A, PbtB2-A, and PbtB3-A in
this study were paenibacterin synthetase homologs of previously reported paenibac-
terin synthetase from Paenibacillus thiaminolyticus strain OSY-SE (17). All the targets,
including TycA-A, were located upstream from the epimerization domain (Fig. 2).
BacB2-A, BacC4-A, PbtA1-A, PbtB2-A, and PbtB3-A are the adenylation domains in the
modules that incorporate D-Orn, D-Asp, D-Orn, D-Lys, and D-Ser, respectively, into the
secondary metabolite (16–18).

Substrate specificities of other adenylation domains. The substrate specificities
of BacB2-A, BacC4-A, PbtA1-A, PbtB2-A, and PbtB3-A toward D-amino acids and L-amino
acids were evaluated with a previously reported colorimetric assay for the adenylation
domains (10). Three adenylation domains activated D-Lys and no other D-amino acids:
BacB2-A, PbtA1-A, and PbtB2-A (Fig. 3). This result indicated that these adenylation
domains have the potential to synthesize D-amino acid-containing dipeptides. Inter-
estingly, our assay indicated that BacB2-A and PbtA1-A have no activity toward L-Orn
and D-Orn (Fig. 3; Fig. S1 in the supplemental material), even though the two are
adenylation domains in the modules that incorporate D-Orn into the secondary me-

FIG 1 Substrate specificity of TycA-A. Results shown are those of hydroxamate-based colorimetric assays. Filled
bars indicate the absorbances at 490 nm (ABS490) of reaction mixtures with TycA-A, and open bars indicate those
of reaction mixtures without TycA-A. Error bars indicate the standard deviations based on the results of three
independent experiments.

FIG 2 Locations of the six adenylation domains in the NRPS modules. TycA-A in tyrocidine synthetase (a), BacB2-A and BacC4-A in bacitracin synthetase (b),
and PbtA1-A, PbtB2-A, and PbtB3-A in paenibacterin synthetase (c). All six adenylation domains are located upstream from the epimerization domains. Domain
labeling is as follows: T, thiolation domain; C, condensation domain; E, epimerization domain; and Te, thioesterase domain. The three-letter code represents
the adenylation domain and amino acid as its substrate (e.g., Phe represents the adenylation domain whose amino acid substrate is phenylalanine).
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tabolites (17). The other two adenylation domains activated only L-amino acids:
BacC4-A activated L-Asp, and PbtB3-A activated L-Ser (Fig. S1).

Synthesis of LD-, DL-, and DD-dipeptides by TycA-A and BacB2-A. We demon-
strated LD-, DL-, and DD-dipeptide synthesis using these adenylation domains. BacB2-A,
PbtA1-A, and PbtB2-A have the same substrate specificity, so BacB2-A was chosen as a
representative for dipeptide synthesis. As a result, under all conditions, the assumed
dipeptide was detected through high-performance liquid chromatography (HPLC),
mass spectrometry (MS), and tandem MS (MS/MS) analysis (Table 1), which indicated
that various kinds of D-amino acid-containing dipeptides could be synthesized through

FIG 3 Substrate specificities of BacB2-A (a), BacC4-A (b), PbtA1-A (c), PbtB2-A (d), and PbtB3-A (e) toward D-amino
acids. Filled bars indicate the absorbances of reaction mixtures with the enzymes, and open bars indicate those of
reaction mixtures without enzymes. Error bars indicate the standard deviations based on the results of three
independent experiments.

TABLE 1 LD-, DL-, and DD-dipeptide synthesis

Adenylation domain Substrate Nucleophile Retention time (min) Parent ion (m/z)

TycA-A D-Ala D-Pro 7.70 187.1085
D-Ala L-Pro 8.52 187.1082
L-Ala D-Pro 8.47 187.1084
D-Leu D-Pro 3.45 229.1555
D-Leu L-Pro 4.60 229.1535
L-Leu D-Pro 4.57 229.1529
D-Met D-Pro 1.59 247.1118
D-Met L-Pro 3.27 247.1116
L-Met D-Pro 3.19 247.1118
D-Phe D-Pro 4.89 263.1396
D-Phe L-Pro 6.28 263.1396
L-Phe D-Pro 6.29 263.1396
D-Tyr D-Pro 2.73 279.1348
D-Tyr L-Pro 3.61 279.1347
L-Tyr D-Pro 3.65 279.1396
D-Trp D-Pro 6.35 302.1507
D-Trp L-Pro 6.97 302.1503
L-Trp D-Pro 6.96 302.1501

BacB2-A D-Lys D-Pro 14.06 244.1661
D-Lys L-Pro 11.94 244.1661
L-Lys D-Pro 12.00 244.1663
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this chemoenzymatic method. Because homodipeptides, such as D-Trp-D-Trp, were
detected as by-products, we further performed the dipeptide synthesis using different
concentrations of nucleophiles. When 0, 10, 20, 50, 100, 200, or 300 mM D-Pro was
added, D-Trp-D-Pro was more efficiently produced as the D-Pro concentration increased,
and the by-product, D-Trp-D-Trp, was more successfully suppressed (Fig. 4).

Synthesis of D-Trp-D-Xaa and D-Lys-D-Xaa by TycA-A and BacB2-A. A previous
study showed that various kinds of amines, such as linear amines, cyclic amines, cyclic
amino acids, and derivatives, could be used as nucleophiles for amide synthesis (11).
Here, our results suggested that all the D-amino acids could be used for nucleophiles
in this system; thus, we demonstrated dipeptide synthesis using general D-amino acids
as nucleophiles. As a result, under all conditions tested, the expected dipeptides were
detected with HPLC, MS, and MS/MS analyses (Tables 2 and 3). MS/MS fragment
patterns are shown in Fig. 5, which are similar to those in the previous study (11). When

FIG 4 Relations between concentrations of D-Pro and production levels of dipeptides D-Trp-D-Trp (open
bars) and D-Trp-D-Pro (filled bars). Error bars indicate the standard deviations based on the results of three
independent experiments.

TABLE 2 Products synthesized by TycA-A

Product

Parent ion (m/z) MS/MS ion fragment (m/z)a:

Calculated Detected 1 2 3 4

D-Trp-Gly 262.1192 262.1198 130.0657 131.0455 159.0923 102.0208
D-Trp-D-Ala 276.1348 276.1350 130.0654 145.0613 159.0922 116.0366
D-Trp-D-Val 304.1661 304.1670 130.0659 173.0920 159.0925 144.0568
D-Trp-D-Leu 318.1818 318.1820 130.0662 187.1096 159.0926 158.0842
D-Trp-D-Ile 318.1818 318.1822 130.0662 187.1113 159.0925 158.0848
D-Trp-D-Ser 292.1297 292.1301 130.0658 ND 159.0923 132.0275
D-Trp-D-Thr 306.1454 306.1461 130.0649 175.0734 159.0924 146.0477
D-Trp-D-Cys 308.1069 308.1074 130.0657 177.0330 159.0923 148.0041
D-Trp-D-Met 336.1382 336.1389 130.0659 205.0646 159.0925 176.0442
D-Trp-D-Pro 302.1505 302.1511 130.0658 171.0704 159.0924 142.0486
D-Trp-D-Asn 319.1406 319.1412 130.0659 188.0706 159.0925 159.0454
D-Trp-D-Gln 333.1563 333.1566 130.0640 202.0828 159.0924 173.0520
D-Trp-D-Asp 320.1246 320.1253 130.0658 189.0513 159.0924 160.0189
D-Trp-D-Glu 334.1403 334.1406 130.0656 203.0622 159.0923 174.0465
D-Trp-D-Lys 333.1927 333.1932 130.0659 202.1197 159.0924 173.0971
D-Trp-D-Arg 361.1988 361.1990 130.0658 230.1257 159.0924 201.0988
D-Trp-D-His 342.1566 342.1568 130.0659 211.0900 159.0921 182.0624
D-Trp-D-Phe 352.1661 352.1667 130.0659 221.0918 159.0925 192.0658
D-Trp-D-Tyr 368.1610 368.1612 130.0657 237.0898 159.0923 208.0615
aMS/MS fragments are depicted in Fig. 5. ND, not detected.
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amino acids that could be activated by TycA-A, such as D-Phe, were used for the C
terminus of the product, the expected D-Trp-D-Phe, D-Phe-D-Trp, and D-Phe-D-Phe
dipeptides were synthesized (Fig. S2). Also, homodipeptides, such as D-Trp-D-Trp and
D-Lys-D-Lys, were detected in almost all samples. Considering all these results, although
there are still some points to improve, over 20 kinds of D-amino acid-containing
dipeptides could be synthesized through this hybrid reaction mechanism using only a
single adenylation domain.

Activity of BacB2-A toward D-Orn. When D-Orn is incorporated into bacitracin,
L-Orn is activated by BacB2-A and is converted into D-Orn by the downstream epimer-
ization domain (9, 16). Therefore, BacB2-A should activate L-Orn at least, but the result
of the hydroxamate-based colorimetric assay indicated that BacB2-A activated L-Lys and

TABLE 3 Products synthesized by BacB2-A

Product

Parent ion (m/z) MS/MS ion fragment (m/z)a:

Calculated Detected 1 2 3 4

D-Lys-Gly 204.1348 204.1352 84.0814 ND 129.1030 74.0268
D-Lys-D-Ala 218.1505 218.1507 84.0815 116.0360 129.1027 88.0403
D-Lys-D-Val 246.1818 246.1817 84.0811 144.0621 129.1025 116.0713
D-Lys-D-Leu 260.1974 260.1974 84.0815 158.0828 129.1025 130.0858
D-Lys-D-Ile 260.1974 260.1974 84.0812 ND 129.1031 130.0863
D-Lys-D-Ser 234.1454 234.1444 84.0814 132.0218 129.1023 104.0391
D-Lys-D-Thr 248.161 248.1612 84.0815 146.0462 129.1028 118.0549
D-Lys-D-Cys 250.1225 250.1228 84.0824 147.9908 129.1015 120.0120
D-Lys-D-Met 278.1538 278.1542 84.0814 176.0419 129.1028 148.0455
D-Lys-D-Pro 244.1661 244.1660 84.0812 142.0518 129.1027 114.0555
D-Lys-D-Asn 261.1563 261.1563 84.0816 159.0387 129.1031 131.0510
D-Lys-D-Gln 275.1719 275.1719 84.0810 173.0522 129.1024 ND
D-Lys-D-Asp 262.1403 262.1405 84.0811 ND 129.1029 132.0318
D-Lys-D-Glu 276.1559 276.1559 84.0814 ND 129.1028 146.0456
D-Lys-D-Arg 303.2145 152.0876b 84.0815 230.1219 129.1030 173.1073
D-Lys-D-His 284.1723 284.1728 84.0805 182.0543 129.1041 154.0724
D-Lys-D-Phe 294.1818 294.1820 84.0813 192.0709 129.1027 164.0713
D-Lys-D-Tyr 310.1767 310.1769 84.0818 208.0622 129.1024 180.0598
D-Lys-D-Trp 333.1927 333.1928 84.0814 231.0796 129.1025 203.0820
aMS/MS fragments are depicted in Fig. 5. ND, not detected.
b[M � 2H]2� was detected.

FIG 5 Fragmentation patterns of the synthesized dipeptides. D-Trp-D-Xaa (a) and D-Lys-D-Xaa (c) could be detected
as the four fragments shown in panels b and d, respectively.
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D-Lys instead of L-Orn and D-Orn. Thus, in an additional study, 10 mM D-Orn, 100 mM
D-Pro (acyl acceptor), 20 mM ATP, 20 mM MgSO4, 50 mM Tris-HCl (pH 8.0), and
1.0 mg/ml BacB2-A were mixed and incubated at 37°C for 24 h. As a result, as shown by
the results in Fig. 6a and b, the cyclized amide was detected instead of the dipeptide
in both cases of the reaction, with and without nucleophiles. Therefore, it was assumed
that D-Orn could be activated by BacB2-A and that an intramolecular nucleophilic
reaction proceeded more promptly than the intermolecular nucleophilic attack by
hydroxylamine or D-Pro (Fig. 6c). When D-Lys was used as the substrate, the expected
dipeptides were successfully synthesized, but the cyclized D-Lys was detected as well
(Fig. S3). Thus, the cyclization of D-Lys would be less prompt than the cyclization of
D-Orn. We estimated this difference is derived from the stability of the transition state;
the seven-membered cyclic amide from D-Lys may be less stable than the six-
membered cyclic amide from D-Orn.

DISCUSSION

In this paper, the combined reaction of the enzymatic adenylation of amino acids
and the subsequent chemical reaction with nucleophiles was applied to provide a
broad range of D-amino acid-containing dipeptides. The previous studies using this
system undertook the synthesis of amide compounds (10, 11) or LL-dipeptides (19–21).
Here, we extended and verified this application to D-amino acid-containing-dipeptide
synthesis.

Many articles and reviews about NRPS engineering have been published to date (12,
22–28). In most of the previous studies about NRPS, substrate specificity evaluation was

FIG 6 Activity evaluation of BacB2-A toward D-Orn. (a and b) LC-MS chromatograms of the reaction mixture containing D-Orn without nucleophiles (a) and with
D-Pro (b). (c) The results in panels a and b indicate that the reaction mechanism could produce the cyclic amide as shown.
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performed using an ATP-PPi exchange assay toward the whole module. However, the
module accepts restricted substrates because of the strict substrate specificity of both
the adenylation domain and the condensation domain. Recent research has tended to
analyze the adenylation domain alone (10, 13, 17) but has not tested substrate
specificity toward D-amino acids. Thus, there is still little information about the adeny-
lation domain itself.

The key point in this research was to identify adenylation domains that activate
D-amino acids in addition to L-amino acids. As a starting point, we proposed a
hypothesis: adenylation domains located upstream from the epimerization domain
activate not only L-amino acids but also D-amino acids. Generally, most adenylation
domains activate only L-amino acids, not D-amino acids, because L-amino acids are
natural sources and exist abundantly in bacteria. Even if D-amino acids were required
as a component of a secondary metabolite, L-amino acids were activated by the
adenylation domain, were converted into the D form by the epimerization domain, and
were then incorporated into the structure by the condensation domain (9). Taking this
into consideration, activation of D-amino acids is a misrecognition, and this is a problem
for the biosynthesis of secondary metabolites. If general adenylation domains acciden-
tally activate D-amino acids, the biosynthesis of secondary metabolites will stop be-
cause of the strict substrate specificity of the condensation domain. On the other hand,
in the case of an adenylation domain in the D-amino acid-incorporating module,
D-amino acid may be acceptable because the downstream condensation domain will
accept the D-amino acid, and biosynthesis will proceed successfully. Thus, we assumed
that the epimerization domain could be the mark of the chiral substrate specificity of
the adenylation domain. Previous reports followed this hypothesis as well. For example,
another adenylation domain in tyrocidine synthetase, TycB3-A from Bacillus brevis strain
ATCC 8185, accepted D-Phe as well as L-Phe (18), and NpnC3 in nostophycin synthetase
from cyanobacterium Nostoc sp. strain 152 activated D-allo-Ile as well as L-Ile and
L-allo-Ile (29).

The results of the colorimetric assay revealed that four adenylation domains, TycA-A,
BacB2-A, PbtA1-A, and PbtB2-A, obey our hypothesis and could activate D-amino acid
(Fig. 1 and 3). We compared the amino acid sequences of these adenylation domains
with those of other general adenylation domains, but a unique sequence for D-amino
acid activation was not found. The biological meaning of this unique characteristic is
still unknown, and there is room to revise this hypothesis. We believe the hypothesis
could be a significant hint toward understanding the NRPS system.

Still, this system has a few problems to be solved. TycA-A has a very broad substrate
specificity, a characteristic that sometimes results in by-production. Although D-Trp-D-
Phe is the desired product, D-Phe-D-Trp will be produced as well, because both D-Trp
and D-Phe can be accepted by TycA-A (Fig. S2). Thus, we should pay attention and
choose the appropriate adenylation domain to avoid by-production. Also, as described
in Results, BacB2-A was assumed to be able to activate D-Orn, and it was indicated that
the intramolecular nucleophilic reaction was dominant rather than the intermolecular
reaction (Fig. 6). Thus, this hybrid system cannot be applied to the synthesis of the
dipeptide that has D-Orn at its N terminus. Another problem is the low yield. A previous
study indicated that the reason for the low efficiency was the accumulation of PPi

released by substrate activation (21). The improved hybrid system using the adenyla-
tion domain and pyrophosphatase was more effective in the synthesis of dipeptides
(21). Because Escherichia coli has its own pyrophosphatase, we are sure that the
whole-cell reaction was preferred to the purified enzymatic reaction. Moreover, pro-
teases and peptidases in bacteria cannot degrade the D-amino acid-containing dipep-
tides; thus, the D-amino acid-containing dipeptide is expected to be produced by the
whole-cell reaction as well.

This study proposed a unique system for the synthesis of various kinds of dipeptides
containing D-amino acids with a single adenylation domain. Now, further improvement
and application of this system is proceeding in our laboratory.
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MATERIALS AND METHODS
Reagents. All chemical reagents were purchased from Fujifilm Wako Pure Chemical (Osaka, Japan),

Kanto Chemical (Tokyo, Japan), and Tokyo Chemical Industry (Tokyo, Japan). The host strains used in this
study were Escherichia coli JM109 for the cloning process and Escherichia coli BL21(DE3) for protein
expression. Bacillus licheniformis NBRC 12199 and Paenibacillus alvei NBRC 3343 were purchased from the
Biological Resource Center, NITE (Tokyo, Japan).

Preparation of the adenylation domains. The targeted genes coding for adenylation domains were
amplified from genomic DNA by PCR using KOD Plus Neo polymerase (Toyobo, Osaka, Japan). The
amplicons were digested using restriction enzymes (Nippon Gene, Tokyo, Japan) and were ligated into
the digested pET-21d(�) (Novagen, Madison, WI, USA). The plasmid with the TycA-A gene inserted was
constructed previously (10), and other genes were cloned in this study. Primer sequences and restriction
enzymes are listed in Table 4.

E. coli BL21(DE3) harboring each plasmid was cultivated in 300 ml Luria-Bertani (LB) medium
(10 g/liter Bacto tryptone, 5 g/liter Bacto yeast extract, and 10 g/liter NaCl) containing 50 �g/ml ampicillin
and 100 �M isopropyl-�-D-thiogalactopyranoside at 25°C for 18 h. The culture medium was centrifuged
(4°C, 3,000 � g, 10 min), and then bacteria were resuspended in 5 ml binding buffer (the composition is
described below) and sonicated with a UD-200 ultrasonic disruptor equipped with a microtip TP-040
(Tomy Seiko, Tokyo, Japan). After the sonication, the crude solution was centrifuged (4°C, 20,000 � g,
30 min) and the recombinant protein was purified using a HisTrap HP 5-ml column (GE Healthcare, Tokyo,
Japan) on an ÄKTA prime plus instrument (GE Healthcare). The composition of the binding buffer was
50 mM imidazole, 20 mM Na2HPO4, and 500 mM NaCl (pH 7.0, adjusted using HCl); the composition of
the elution buffer was 500 mM imidazole, 20 mM Na2HPO4, and 500 mM NaCl (pH 7.0, adjusted using
HCl). After that, the eluent was desalted using a PD-10 column (GE Healthcare). The expression and
purification of the adenylation domains were confirmed by SDS-PAGE analysis (Fig. S4 in the supple-
mental material).

Substrate specificity evaluation of the adenylation domains. Substrate specificity evaluation was
carried out according to the method of the previous study using a hydroxamate-based colorimetric assay
(10). Concentrations of 5 mM D-amino acid (acyl donor), 200 mM hydroxylamine (acyl acceptor), 10 mM
ATP, 10 mM MgSO4, 50 mM Tris-HCl (pH 8.0), and 1.0 mg/ml enzyme (16.5 �M TycA-A, 16.5 �M BacB2-A,
16.3 �M BacC4-A, 16.7 �M PbtA1-A, 16.4 �M PbtB2-A, or 16.7 �M PbtB3-A) were mixed and incubated at
37°C for 24 h. The volume of the reaction mixture in all experiments, including dipeptide synthesis, was
200 �l. After incubation, the reaction was quenched by 100 �l 8% trichloroacetic acid, and 100 �l 3.4%
FeCl3 in 2 M HCl was added as a color reagent. The mixture was centrifuged (4°C, 20,000 � g, 10 min), and
the absorbance at 490 nm of 100 �l supernatant was measured with a model 550 96-well microplate
reader (Bio-Rad, Hercules, CA, USA).

Dipeptide synthesis by TycA-A and BacB2-A. For the DL-, LD-, and DD-dipeptide synthesis evalua-
tion, 10 mM substrates, 100 mM D-Pro or L-Pro (acyl acceptor), 20 mM ATP, 20 mM MgSO4, 50 mM Tris-HCl
(pH 8.0), and 1.0 mg/ml enzyme (16.5 �M TycA-A or 16.5 �M BacB2-A) were mixed and incubated at 37°C
for 24 h. The substrates were D-Ala, D-Trp, D-Tyr, D-Phe, D-Leu, D-Met, L-Ala, L-Trp, L-Tyr, L-Phe, L-Leu, or
L-Met for TycA-A and D-Lys or L-Lys for BacB2-A. The mixture volume was 200 �l as well. After incubation,
the reaction was quenched by heating at 80°C for 10 min, and the mixture was centrifuged (4°C,
20,000 � g, 10 min). The supernatant was stored at �20°C until HPLC and MS analysis.

For the D-Trp-D-Xaa and D-Lys-D-Xaa dipeptide synthesis, 10 mM D-Trp for TycA-A or D-Lys for BacB2-A,
10 mM D-amino acid (acyl acceptor), 20 mM ATP, 20 mM MgSO4, 50 mM Tris-HCl (pH 8.0), and 1.0 mg/ml
enzyme (16.5 �M TycA-A or 16.5 �M BacB2-A) were mixed and incubated at 37°C for 24 h. The process
after incubation was identical to that described for the DL-, LD-, and DD-dipeptide synthesis evaluation
above.

HPLC and LC-MS analyses. HPLC analysis was performed using a Chromaster HPLC system (Hitachi
High-Technologies, Tokyo, Japan) to detect and purify the dipeptides synthesized by TycA-A. Solvent A
was 0.1% (wt/vol) formic acid in water, and solvent B was 0.1% (wt/vol) formic acid in acetonitrile. The

TABLE 4 Primer sequences used in this study

Adenylation domain Direction Primera Restriction site

BacB2-A Fw CCCCCATGGCCCTTTCAGAAGAAGAAAGACACACAG NcoI
Rv AAAGCGGCCGCGACGTCTCCGGCAGGTTC NotI

BacC4-A Fw CATGCCATGGCGCACATGCCGTTGAGCGAC NcoI
Rv AATCTCGAGCGGCGGTTCGGTTCGTATTCCGTCTC XhoI

PbtA1-A Fw CCCCCATGGCCAGCGATAAAGAGGCCCAAACG NcoI
Rv AAAGCGGCCGCTGCTTGTCCGGATGGAGC NotI

PbtB2-A Fw CCCCCATGGCCACACAGGAAGAACAAGAACAGATTC NcoI
Rv AAAGCGGCCGCACCGCCTTCCGGAGCCG NotI

PbtB3-A Fw CCCCCATGGCCACTGAAGCAGAGAAAGCGGAG NcoI
Rv AAAGCGGCCGCAAGGCTTCTCTCTGGAGCCG NotI

aUnderlined regions indicate the restriction site.
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column was an XTerra MS C18 IS column (Waters, Milford, MA, USA). The pump program was the
following: solvent A-solvent B were used at a gradient of 100:0 to 80:20 for 15 min, at 0:100 for 2 min,
and at 100:0 for 3 min. The flow rate was 1.0 ml/min, and the absorbance at 214 nm was detected.
Because L-Ala-D-Pro, D-Ala-L-Pro, and D-Ala-D-Pro produced by TycA-A could not be detected with this
HPLC method, these samples were analyzed with LC-MS program 2 described below.

LC-MS analysis was performed using an Acquity ultraperformance liquid chromatography (UPLC)
system (Waters) and Xevo G2-XS QTof quadrupole-time of flight MS system (Waters). Two programs were
used in this study. Program 1 was used to detect the dipeptide purified using the HPLC method
described above, and program 2 was used to detect the dipeptide synthesized by BacB2-A. In program
1, the column was an Acquity UPLC BEH C18 column (1.7 �m, 2.1 � 100 mm; Waters), solvent A was 0.1%
(wt/vol) formic acid in water, and solvent B was 0.1% (wt/vol) formic acid in acetonitrile. The pump
program was the following: solvent A-solvent B at 95:5 for 1 min, at a gradient of 95:5 to 80:20 for 15 min,
at 5:95 for 3 min, and at 95:5 for 3 min. The flow rate was 0.25 ml/min. The conditions for MS analysis
were as follows: capillary, 0.5 kV; sampling cone, 20; source temperature, 120°C; desolvation temperature,
450°C; desolvation gas flow, 800 liters/h; and collision energy, 6. In program 2, the column was an Acquity
BEH amide column (1.7 �m, 2.1 � 100 mm; Waters), solvent C was 10 mM ammonium acetate solution
(pH 10.0, adjusted with ammonia water) in organic solution (95:5 acetonitrile/water), and solvent D was
10 mM ammonium acetate solution (pH 10.0, adjusted with ammonia water) in organic solution (40:60
acetonitrile/water). The pump program was the following: solvent C-solvent D at 80:20 for 1 min, at a
gradient of 80:20 to 28:72 for 15.0 min; at 28:72 for 6 min, and at 80:20 for 6 min. The flow rate was
0.2 ml/min. The conditions of the MS analysis were as follows: capillary, 0.5 kV; sampling cone, 20; source
temperature, 120°C; desolvation temperature, 300°C; desolvation gas flow, 1,000 liters/h; collision energy,
6. The data were analyzed using MassLynx (Waters).

SUPPLEMENTAL MATERIAL
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