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Abstract

Aminoacyl prolines (Xaa-Pro) are valuable materials because they exhibit antihypertensive and
hypoglycemic activities. We had previously developed a novel method of amide bond formation using
the adenylation domain of nonribosomal peptide synthetase that enabled us to synthesize Xaa-Pro
enzymatically. However, this method has two significant issues - the supply of ATP for amino acid
activation and inhibition of the adenylation reaction caused by pyrophosphate released from the
reaction. To address both of these issues, we focused on pyruvate phosphate dikinase (PPDK), which
converts AMP, pyrophosphate, and phosphoenolpyruvate to ATP, phosphate, and pyruvate. We
constructed an ATP regeneration system using AaPPDK, a PPDK from Acetobacter aceti NBRC
14818T, and applied this system to L-Trp-L-Pro synthesis by the adenylation domain of tyrocidine
synthetase A (TycA-A). Using this system, L-Trp-L-Pro production from 1 mM ATP increased to 1.83
mM (2.7-fold), and 0.94 mM L-Trp-L-Pro was synthesized from 1 mM AMP. Moreover, optimization
of the enzyme concentrations increased L-Trp-L-Pro production supplemented with 1 mM ATP or
AMP to 3.18 mM or 2.19 mM, respectively. AaPPDK successfully reduced ATP addition by converting
AMP to ATP and increased the reaction rate by removing PPi. Therefore, we established an efficient
production method for Xaa-Pro coupled with the ATP regeneration system from AMP employing
AaPPDK.
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Introduction
Aminoacyl prolines (Xaa-Pro) are dipeptides that contain a
proline residue at the C-terminus. These dipeptides exhibit
various physiological activities, including antihypertensive
activity based on inhibition of angiotensin I-converting enzyme
[1,2], hypoglycemic activity based on inhibition of dipeptidyl
peptidase IV [3,4], and taste [5]. Xaa-Pro possess great
potential for use as pharmaceuticals or functional food
additives because of their useful bioactivities.

Various methods of peptide bond formation have been
developed to date [6]. Solid-phase peptide synthesis (SPPS) [7]
is the most typical chemical method and is well established,
produces high yields, and can be used to synthesize a wide
range of peptides including Xaa-Pro. However, chemical
methods have several drawbacks, including a requirement for a
condensation reagent [8], protection and deprotection
procedure, and equal amount of byproduct per desirable
peptide. Several enzymatic or chemoenzymatic methods were
also developed, including reverse reaction of peptidases or
proteases [9,10], aminolysis reaction by hydrolases [11,12], and
ATP-dependent ligases [13-15]. Although various kinds of
dipeptides can be catalytically synthesized by diverse enzymes,
Xaa-Pro could not be synthesized by any conventional
enzymes.

Nonribosomal peptide synthetase (NRPS) is another enzyme
that catalyzes peptide bond formation and is involved in the
synthesis of secondary peptide metabolites in bacteria or fungi
[16]. The adenylation domain (A domain), one of the essential
domains of NRPS, plays a critical role in recognition and
activation of amino acid substrates incorporated into a peptide
chain [16,17]. Peptide bond formation was reported not only
with the NRPS system in its entirety, but also with the
truncated A domain alone [18]. Recently, we developed a novel
method for catalyzing amide bond formation using the A
domain of NRPS [19,20]. In this reaction, the A domain
initially activates the amino acid substrate using ATP to form
an aminoacyl adenylate intermediate and pyrophosphate (PPi).
Following a nucleophilic acyl substitution reaction with various
nucleophilic amines, aminoacyl-N-alkylamide is formed with
releasing AMP thereafter. This method enabled us to synthesize
Xaa-Pro using proline as a nucleophile. However, there are two
significant issues in this reaction mechanism and they have
been mentioned below.

The first issue is a supply of ATP for the activation of amino
acids. The industrial utilization of this mechanism is limited
due to the high cost of ATP. To address this issue, an ATP
regeneration system from AMP is advantageous and several
methods employing this technique have been reported. For
example, one method involved the conjugation of
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polyphosphate-AMP phosphotransferase (PAP) and adenylate
kinase [21]. Another method employed conjugation of PAP and
polyphosphate kinase 1 [22]. In addition, we previously
focused on a class III polyphosphate kinase 2, which had been
reported to phosphorylate both AMP and ADP using
polyphosphate [23] and constructed a simpler system than the
one mentioned above [24]. The second issue is that inhibition
of adenylation reaction caused by accumulation of PPi released
from the reaction. It is well known that adenylation catalyzed
by NRPS A domain is reversible, and the reverse reaction
proceeds under excess PPi [25]. In previous research, we
overcame this issue by supplementation of inorganic
pyrophosphatase, which hydrolyzes PPi to phosphate (Pi) [26]
for improved reaction rate and productivity [24]. Although
each issue could be solved individually, multiple enzymes were
required to address both issues collectively.

We focused on pyruvate phosphate dikinase (PPDK) as the
essential enzyme for the system, as it had several ideal
characteristics. PPDK catalyzes conversion from AMP, PPi,
and phosphoenolpyruvate (PEP) to ATP, Pi, and pyruvate
(Pyr). This unique reaction would accomplish both ATP
regeneration from AMP and removal of PPi by a single
enzyme. PPDK could be used in the production process;
however, there have only been reports of bioluminescent
assays based on luciferase to date [27-29]. In this study, we
introduced PPDK to Xaa-Pro synthesis by an A domain of
NRPS. Therefore, we established a simpler system for Xaa-Pro
production with reduced ATP addition and improved
productivity.

Materials and Methods

Chemicals
All chemicals used in this work were reagent-grade and
obtained from Fujifilm Wako Pure Chemical (Osaka, Japan),
Kanto Chemical (Tokyo, Japan), and Sigma-Aldrich (St. Louis,
MO, USA).

Plasmid construction
The plasmid carrying the gene encoding the A domain of
tyrocidine synthetase A (pET/TycA-A) was used as previously
described [19]. The gene encoding PPDK from Acetobacter
aceti NBRC 14818T (AaPPDK) was amplified from genomic
DNA using a specific primer pair (5´-ACC CAT ATG ACG
AAA TGG GTT TAC AGC TTC G-3´ for forward and 5´-
AAC GAA TTC GAT GAG GCT TTT GCC TTT TTA GC-3´
for reverse) and then inserted into the NdeI and EcoRI sites of
pET-21a(+). The resulting plasmid was designated as pET/
AaPPDK.

Recombinant protein expression and purification
Escherichia coli BL21(DE3) cells were transformed with each
of the expression plasmids. The recombinant E. coli were
grown in Luria-Bertani medium (10 g/L Bacto tryptone, 5 g/L
Bacto yeast extract and 10 g/L NaCl) containing 50 μg/mL
ampicillin and 100 μM isopropyl-β-D-thiogalactopyranoside

(IPTG) at 25°C for 18 h. The cells were harvested by
centrifugation (4°C, 3,000 × g, 10 min) and resuspended in
binding buffer for purification. The cells were disrupted by
sonication and centrifuged (4°C, 20,000 × g, 30 min). The
resulting supernatants were used for enzyme purification with a
HisTrap HP 5 mL column (GE Healthcare, Chicago, IL, USA)
equipped ÄKTA prime plus (GE Healthcare). The eluates of
each enzyme were desalted using a PD-10 column (GE
Healthcare) and eluted in 50 mM Tris-HCl buffer (pH 8.0). The
expression and purification of the enzymes were confirmed by
SDS-PAGE analysis.

Assay of AaPPDK activity
ATP-producing and ATP-consuming reactions by purified
AaPPDK were measured. For the ATP-producing reaction, the
reaction mixture contained 1 mM AMP, 1 mM PEP, 1 mM PPi,
10 mM MgSO4, and 0.1 mg/mL AaPPDK in 50 mM Tris-HCl
buffer (pH 8.0). For the ATP-consuming reaction, the reaction
mixture contained 1 mM ATP, 1 mM Pyr, 1 mM Na2HPO4, 10
mM MgSO4, and 0.1 mg/mL AaPPDK in 50 mM Tris-HCl
buffer (pH 8.0). Each reaction was initiated by the addition of
enzyme and performed at 37°C for 120 min. The reaction was
stopped by heating at 80°C for 10 min and then centrifuged
(4°C, 20,000 × g, 10 min). The supernatant was subsequently
analyzed by a LaChrom L-7000 series HPLC system (Hitachi
High-Technologies, Tokyo, Japan). A method to quantify ATP,
ADP, and AMP was described previously [24].

L-Trp-L-Pro synthesis by purified recombinant
enzymes
The reaction mixture contained 10 mM L-Trp, 100 mM L-Pro,
1 mM ATP or AMP and PPi, 20 mM MgSO4, 0.1 mg/mL
TycA-A, and 0.1 mg/mL AaPPDK in 50 mM Tris-HCl buffer
(pH 8.0). The reaction was initiated by the addition of enzymes
and performed at 37°C for 72 h. The reaction was stopped by
heating at 80°C for 10 min and then centrifuged (4°C, 20,000 ×
g, 10 min). The supernatant was subsequently analyzed using a
LaChrom L-7000 series HPLC system. A method to quantify
L-Trp-L-Pro and L-Trp was described previously [24].

Results

Selection and overexpression of PPDK
In general, PPDK catalyzes the conversion from AMP, PPi, and
PEP to ATP, Pi, and Pyr in a reversible manner [30]. For ATP
regeneration from AMP, PPDK should favor the ATP-
producing reaction over the ATP-consuming reaction. We
therefore searched for PPDK satisfying this requirement and
focused on a report characterizing PPDK from Acetobacter
aceti NCIB 8554 [31]. According to the report, the Km value
for AMP is much lower than for ATP, and the Vmax value for
the ATP-producing reaction was higher than the ATP-
consuming reaction [31]. Therefore, we selected AaPPDK
from A. aceti NBRC 14818T, a species identical to A. aceti
NCIB 8554. The gene encoding AaPPDK was cloned and
overexpressed in E. coli. Upon SDS-PAGE analysis, we
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determined that recombinant AaPPDK was expressed as a
soluble protein and purified homogenously.

PPDK activity of AaPPDK
We first investigated the PPDK activity of AaPPDK, as well as
the direction of the reaction favored by AaPPDK. The
activities towards both the ATP-producing and ATP-
consuming reactions were assayed. In the ATP-producing
reaction, 0.56 mM of ATP was formed from AMP for 60 min,
and moderately increased to 0.62 mM at 120 min (Figure 1A).
In contrast, 0.20 mM AMP was formed from ATP for 30 min
and AMP was constant after the 30 min-reaction in the ATP-
consuming reaction (Figure 1B). These results showed that
AaPPDK preferred the ATP-producing reaction and would
maintain a high ATP concentration. Therefore, we decided to
use AaPPDK for ATP regeneration from AMP.

Figure 1. Assay of PPDK activity. (A) ATP-producing reaction using
1 mM AMP, PPi, and PEP each, as substrates. (B) ATP-consuming
reaction using ATP, Pi, and Pyr as substrates. Symbols: circles, ATP;
triangles, ADP; squares, AMP. Data show means ± standard
deviations of three independent experiments.

L-Trp-L-Pro synthesis coupled with ATP regeneration
ATP regeneration system using AaPPDK was applied to L-Trp-
L-Pro synthesis using TycA-A, which is an A domain of
tyrocidine synthetase A from Brevibacillus parabrevis IAM
1031. When 1 mM ATP was supplemented as an ATP source,
the reaction rate decreased after 24 h, and 0.68 mM L-Trp-L-
Pro was synthesized after 72 h in the absence of ATP
regeneration. By introducing the ATP regeneration, L-Trp-L-
Pro production increased to 1.83 mM (2.7-fold) at 72 h, which
exceeded the initial ATP concentration (Figure 2A). Moreover,
0.94 mM L-Trp-L-Pro was synthesized with supplementation
of 1 mM AMP in the presence of the ATP regeneration,
although no L-Trp-L-Pro was synthesized in the absence of the
ATP regeneration (Figure 2B). These results indicated that the
ATP regeneration system that employed AaPPDK was
functioning effectively.

Optimization of L-Trp-L-Pro synthesis
To improve L-Trp-L-Pro productivity, enzyme concentrations
were optimized. First, TycA-A was fixed at 0.1 mg/mL and
AaPPDK varied between 0–0.2 mg/mL. L-Trp-L-Pro
production was the highest when AaPPDK was 0.01 or 0.05
mg/mL and decreased with increasing PPDK concentration
(Figure 3A). Next, AaPPDK was fixed at 0.01 or 0.05 mg/mL

and TycA-A varied between 0.1–1.0 mg/mL. At 0.01 mg/mL
PPDK, L-Trp-L-Pro production decreased with increasing
TycA-A concentration. At 0.05 mg/mL PPDK, L-Trp-L-Pro
production increased with increasing TycA-A concentration
and was the highest at 0.5 mg/mL TycA-A (Figure 3B). From
these results, we decided that the optimal conditions were 0.5
mg/mL TycA-A and 0.05 mg/mL AaPPDK.

Figure 2. L-Trp-L-Pro synthesis by TycA-A coupled with ATP
regeneration from AMP using AaPPDK. Reaction mixtures contained
1 mM ATP (A) or 1 mM AMP and PPi (B) as ATP sources. Symbols:
open, with ATP regeneration; closed, without ATP regeneration. Data
show means ± standard deviations of three independent experiments.

Figure 3. Optimization of enzyme concentrations for L-Trp-L-Pro
synthesis. (A) TycA-A concentration was fixed at 0.1 mg/mL and the
AaPPDK concentration was in the range of 0–0.2 mg/mL. (B)
AaPPDK was fixed at 0.01 mg/mL (gray) or 0.05 mg/mL (black) and
TycA-A varied between 0.1–1.0 mg/mL.

Figure 4. L-Trp-L-Pro synthesis under the optimized conditions.
Reaction mixtures contained 1 mM ATP (A) or 1 mM AMP and PPi
(B) as ATP sources. Symbols: open, 0.5 mg/mL TycA-A and 0.05
mg/mL AaPPDK (optimized); closed, 0.1 mg/mL TycA-A and 0.1
mg/mL AaPPDK (original); circles, L-Trp-L-Pro; squares, L-Trp.
Data show means ± standard deviations of three independent
experiments.
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The L-Trp-L-Pro synthesis reaction supplemented with 1 mM
ATP or AMP was conducted under the optimized conditions.
L-Trp-L-Pro production increased from 1.45 mM to 3.18 mM
with ATP and increased from 0.72 mM to 2.19 mM with AMP
for 72 h (Figure 4). Optimization delivered better results for L-
Trp-L-Pro synthesis with respect to the yield and reaction rate.

Discussion
In this paper, we constructed an ATP regeneration system from
AMP employing AaPPDK in order to address the two issues
associated with Xaa-Pro synthesis using A domain of NRPS.
We demonstrated the advantages of AaPPDK for L-Trp-L-Pro
synthesis as a model reaction.

Although some methods for ATP regeneration from AMP have
been reported to date, they required multiple steps and
enzymes [21,22]. In contrast, PPDK could convert AMP to
ATP in one step, using a single enzyme. This reaction
mechanism allowed us to develop a simpler ATP regeneration
system than the one mentioned above. AaPPDK from A. aceti
NBRC 14818T used in this study favored the ATP-producing
reaction over the ATP-consuming reaction (Figure 1). This was
an ideal characteristic for the ATP regeneration and
successfully functioned in the L-Trp-L-Pro synthesis (Figure
2). Notably, a slight amount of ADP was detected in AaPPDK
assay, and this ADP could not be converted to ATP by PPDK;
therefore, the ADP formation we observed presents a limitation
of the system.

The adenylation reaction in the Xaa-Pro synthesis was
inhibited by accumulated PPi [23-25]. AaPPDK uses PPi as a
substrate for ATP synthesis, therefore PPi in the coupling
reaction might decrease, and the L-Trp-L-Pro production rate
improved (Figure 2A). Even though the effect of PPi removal
by AaPPDK was weaker than pyrophosphatase, which
hydrolyzes PPi to Pi irreversibly, PPi removal was another
beneficial effect of AaPPDK on Xaa-Pro synthesis.

Conclusion
In conclusion, we demonstrated two significant effects of
AaPPDK on L-Trp-L-Pro synthesis, that is, ATP regeneration
from AMP and improving reaction rate by removal of PPi. We
previously reported three A domains displaying different
substrate specificities and that seven types of Xaa-Pro could be
synthesized, including L-Trp-L-Pro. In addition, A domains
activating each proteogenic amino acid might exist in nature.
Therefore, we speculate that various Xaa-Pro can be
synthesized efficiently by introducing the ATP regeneration
system from AMP by employing AaPPDK.
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