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ABSTRACT

a-Keto acids are central metabolic intermediates that serve as precursors for a broad range of valuable com-
pounds, including alcohols, organic acids, and alkanes. Therefore, efficient biosynthesis of a-keto acids from
a-amino acids is essential for microbial production of a-keto acids-derived products. While transaminases have
traditionally been employed for this conversion, their dependence on a-ketoglutarate and reversibility can
impose metabolic burdens and limit yield. Recently, amino acid deaminases (AADs) have been used for con-
version of amino acids to a-keto acids, because AADs catalyze irreversible oxidative deamination without any co-
substrate and thus may offer advantages for a-keto acid production. Here, we experimentally demonstrated the
superiority of AADs over transaminases in amino acid-to-a-keto acid conversion for the first time, using the
production of indole-3-acetic acid from tryptophan as a case study. Escherichia coli cells expressing AAD genes
from Proteus myxofaciens or P. mirabilis exhibited higher production of indole-3-acetic acid and indole-3-pyruvic
acid, which is a direct product from tryptophan and an intermediate for indole-3-acetic acid production, than
transaminases. Our kinetic analysis revealed that AADs exhibited higher affinity towards tryptophan than
transaminases, contributing to higher production rate. This is the first report to demonstrate the superiority of
AADs over transaminases for a-keto acids production. Furthermore, AADs showed better performance in the
bioconversion of leucine, valine, and phenylalanine to their corresponding a-keto acids than transaminases.
These findings establish AADs as promising biocatalysts for a-keto acid synthesis, supporting their use in
pathway design for bioproduction of a-keto acid-derived compounds.

1. Introduction

as metabolic hubs that serve as branching points in microbial meta-
bolism, enabling the synthesis of a diverse range of products. a-Keto

Microbial cell factories have emerged as powerful platforms for the
sustainable production of a wide variety of valuable compounds,
including fuels, natural bioactive chemicals, pharmaceuticals, and
commodity chemicals (Cowan et al., 2023). Advances in metabolic en-
gineering and synthetic biology have enabled microorganisms such as
Escherichia coli, Corynebacterium glutamicum, and Saccharomyces cer-
evisiae to efficiently synthesize products like isoamyl acetate, isobutanol,
1,3-propanediol, L-glutamate, and an anti-malarial agent artemisinin
(Rumpl et al., 2025; Smith and Chekan, 2023; Wendisch et al., 2016;
Wong and Jantama, 2022). Some of these compounds are produced even
on an industrial scale.

In metabolic pathways for bioproduction, several molecules function

acids (KAs) are important metabolic hubs, which are highly related to
metabolism of several a-amino acids (AAs) (Fig. 1A). KAs can be con-
verted to their corresponding aldehydes by decarboxylase, and then
reduced to alcohols by alcohol dehydrogenase in Ehrlich pathway
(Atsumi et al., 2008). An intermediate aldehyde is also metabolized to
carboxylic acids or alkanes by aldehyde dehydrogenase or aldehyde
deformylating oxygenase, respectively (Atsumi et al., 2010; Ha et al.,
2025; Marsh and Waugh, 2013; Zhang et al., 2011). For example, py-
ruvate has been used as a substrate to produce isobutanol through
a-ketoisovaleric acid (KIV) formation in bacteria and yeast (Gu et al.,
2023; Hasegawa et al., 2020; Wess et al., 2019). a-Ketoisocapronic acid
(KIC) is used as a substrate to synthesize isoamyl alcohol, which is
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suitable to be an additive or alternative to gasoline (Tashiro et al., 2015).
2-Phenylethanol produced from phenylpyruvate (Ppyv) is an important
flavoring agent (Zheng et al., 2024). The most common natural plant
hormone of the auxin class, indole-3-acetic acid (IAA) is synthesized
from tryptophan through indole-3-pyruvic acid (IPA) as an intermediate
(Fig. 1B) (Guo et al., 2019).

Synthesis of KAs from primary metabolites like AAs would be one of
promising strategies for efficient production of various valuable com-
pounds derived from KAs (Fig. 1A). Enzymes, which catalyze the con-
version of AAs to KAs, include transaminase (TA, EC 2.6.1.-), amino acid
dehydrogenase (AADH, EC 1.4.1.-), amino acid oxidase (AAO, EC
1.4.3.2), and amino acid deaminase (AAD, EC 1.4.99. B3) (Fig. 2). TA is
a large family of pyridoxal 5-phosphate (PLP)-dependent enzymes and
catalyzes the reversible transamination reaction between one AA and
one KA, thus TA requires a-ketoglutarate (aKG) as a receptor of amino
group from its substrate AAs (Koper et al., 2022). AADH, AAO, and AAD
catalyze similar reactions, which is oxidative deamination. All three
enzymes harbor FAD as a cofactor and oxidize amino group in their
substrate AAs to imine group, followed by hydrolysis to carbonyl group
(Pollegioni et al., 2013; Schriek et al., 2009). AADH, whose oxidative
deamination reaction is reversible, dehydrogenizes the amino group
with the aid of NAD(P)* (Li et al., 2012; Smith et al., 2019). AAO oxi-
dizes AAs, in which molecular oxygen functions as an electron acceptor,
to generate hydrogen peroxide as a byproduct, which is potential to be
toxic when heterologously expressed in a conventional microbe for
bioproduction (Pollegioni et al., 2013). AAD, which has a trans-
membrane domain in its N-terminus to associate cellular membrane,
oxidizes AAs to KAs using a cytochrome b-like membrane protein as a
direct electron acceptor (Molla et al., 2017).

Among them, TAs are best characterized and thus have been often
utilized for KA production from AA, especially aromatic amino acids like
tryptophan. For example, an aspartate transaminase-encoding gene aspC
from E. coli or S. cerevisiae aromatic transaminase gene ARO8 have been
expressed in E. coli (Guo et al., 2019; Romasi and Lee, 2013). The re-
combinant strains have successfully produced IAA in combination with
enzymes responsible for further reaction like decarboxylase and alde-
hyde dehydrogenase (Guo et al., 2019; Romasi and Lee, 2013). TAs like
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B-alanine-pyruvate transaminase or o-transaminases, which use f-amino
acids or w-amino acids as an amino donor, respectively, have also been
employed for the production of valuable compounds (Liu et al., 2025;
Nieto-Dominguez et al., 2024).

Recently, AAD, one of the other three enzymes to catalyze oxidative
deamination, has been applied to synthesize KAs from AAs. E. coli strain
expressing AAD gene derived from Proteus mirabilis or Proteus vulgaris
was used for the conversion of phenylalanine to phenylpyruvate or
methionine to a-keto-y-methylthiobutyric acid, respectively, as a whole-
cell biocatalyst (Hossain et al., 2014; Hou et al., 2016).

One of the reasons why AADs are thought to be better than TAs for
KA production would be that TAs require aKG as an amino group re-
ceptor for their transamination reactions, which is an important meta-
bolic intermediate involved in central metabolic pathway like TCA
cycle, as researchers mentioned (Song et al., 2016). An excess rate of
transamination reactions is likely to lead to a reduction in aKG level,
causing metabolic imbalances. However, there has been no experi-
mental evidence to directly demonstrate the performance of AADs is
superior to TAs in KA synthesis under controlled experimental condi-
tions. Such comparative analysis is essential to inform rational enzyme
selection for biosynthetic pathway design and industrial-scale
production.

In this study, we experimentally examined the hypothesis that AADs
outperform TAs in the production of KAs from AAs, using the production
of IAA from tryptophan as a case study. The E. coli cells expressing AAD
genes exhibited higher production levels of not only IPA but also IAA
from tryptophan than those expressing TA genes. Our kinetic analysis of
purified enzymes demonstrated that AAD has higher affinity to trypto-
phan than TAs. These results suggest that not only aKG requirement but
also the difference of substrate affinity make AADs better than TAs as KA
producing enzymes from AA.

2. Methods
2.1. Strains, plasmids, and medium

The Escherichia coli strain DH5a (F~, ®80dlacZAM15, A(lacZYA-
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Fig. 1. Bioproduction using KAs as hubs. (A) Production of various valuable compounds via the conversion from AAs to KAs. (B) IAA production pathway from

tryptophan through three enzymatic reactions.
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Fig. 2. Four enzymes catalyzing the conversion from AAs to KAs. (A) transaminase (TA), (B) amino acid dehydrogenase (AADH),(C) amino acid oxidase (AAO),

(D) amino acid deaminase (AAD) synthesizes KAs from AAs.

argF)U169, deoR, recAl, endA1, hsdR17 (rg mg), phoA, supE44, \™, thi-1,
gTA96, relAl) or BL21 (DE3) (F~ ompT hsdSg (rg mp) gal dem (DE3))
were used for the plasmid construction or enzyme production, respec-
tively. AADs from Proteus myxofaciens (PmyxAAD, NCBI Reference
Sequence ID: WP_066749310.1) and P. mirabilis (PmirAAD, GenBank ID:
HBC6705881.1) were used in this study. An indolepyruvate decarbox-
ylase IpdC from Enterobacter cloacae (GenBank ID: ADF63262.1) and an
aldehyde dehydrogenase PuuC from E. coli BL21 (DE3) strain (GenBank
ID; QNG32311.1) were also used for IAA production. The two AAD-
encoding genes, IpdC-encoding gene (ipdC), and PuuC-encoding gene
(puuC) were synthesized by Gene Synthesis Service from GenScript
Biotech Corporation with codon optimization for E. coli.

The AAD-encoding genes, PmyxAAD and PmirAAD, were cloned into
the plasmid pET28a (4) (Novagen) or pRSFDuet-1 (Novagen) by PCR
and InFusion reaction (Clontech) following the manufacturer's protocol,
generating the resultant plasmid pET-PmyxAAD, pET-PmirAAD, pRSF-
PmyxAAD, and pRSF-PmirAAD. The AAD-encoding genes were also
cloned into pETDuet-1 (Novagen), in which the coding regions for N-
terminal 27 amino acids of PmyxAAD and N-terminal 29 amino acids of
PmirAAD were removed, by PCR and InFusion reaction, resulting in the
plasmid pET-PmyxAADdN27 and pET-PmirAADdN29. The TA-encoding
genes from E. coli (aspC) and Saccharomyces cerevisiae (ARO8), which
were amplified by PCR from the genome of E. coli MG1655 strain and
S. cerevisiae BY4741 strain, were cloned into pET28a (+) and pRSFDuet-
1 by PCR and InFusion reaction, generating the plasmid pET-aspC, pET-
ARO8, pRSF-aspC, and pRSF-AROS. ipdC and puuC were cloned into a
multi cloning site-1 and -2 of the plasmid pACYCDuet-1 (Novagen) by
PCR and InFusion reaction, respectively, resulting in the plasmid
PACYC-ipdC-puuC. The tyrB gene encoding an aromatic amino acid
transaminase TyrB or the ilvE gene encoding a branched chain amino
acid transaminase IIVE was cloned from the genome of E. coli MG1655
strain into the pRSFDuet-1 plasmid, which generates the plasmid pRSF-
tyrB or pRSF-ilvE, respectively.

LB medium consisting of 0.5% yeast extract, 1% tryptone, and 1%
NaCl, or M9CA medium, which was prepared using 5 x BD Difco™ M9
Minimal Salts (Becton Dickinson) following the manufacturer's proced-
ure, supplemented with 2% of Acid Hydrolysate of Casein (Solabia
Biokar Diagnostics) were used to culture E. coli strains.

The plasmids used in this study were listed in Table S1.

2.2. Bioconversion of AA to a-keto acid

The E. coli BL21 (DE3) strain harboring pET28a (+), pET-PmyxAAD,
PET-PmirAAD, pET-aspC, or pET-ARO8 was cultured in LB medium
supplemented with 100 pg/mL carbenicillin at 37 °C overnight. The
fresh LB + kanamycin medium inoculated with the 1/100 volume of
preculture was cultivated at 37 °C for 4.5 h, and then 100 pM isopropyl-
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B-D-thiogalactopyranoside (IPTG) was added, followed by further in-
cubation at 37 °C for 18 h for gene overexpression. After induction, cells
were pelleted, washed with, and suspended in 100 mM Tris-HCl (pH
7.5). Cell suspensions were incubated at 30 °C for 72 h in the presence of
10 mM of tryptophan and 10, 20, or 50 mM of aKG. Supernatants after
centrifugation of cell suspensions were subjected to high performance
liquid chromatography (HPLC) analysis to determine the IPA
concentration.

For the bioconversion from phenylalanine, leucine, and valine to
Ppyv, KIC, and KIV, the E. coli BL21 (DE3) cells harboring the plasmid
PACYCDuet-1 and pRSFDuet-1, pRSF-PmyxAAD, pRSF-PmirAAD, pRSF-
tyrB, or pRSF-ilvE were cultured in LB + 25 pg/mL kanamycin and 10
pg/mL chloramphenicol overnight. The 1/100 volume of preculture was
inoculated to fresh LB medium with kanamycin and chloramphenicol
and then cultured at 37 °C for 3 h. The gene expression was induced by
the addition of 100 uM IPTG at 37 °C for 24 h. Harvested cells were
washed with and resuspended in 100 mM Tris-HCl (pH 7.5) and further
incubated in the presence of 10 mM of AAs and 10, 20, or 50 mM of aKG
at 30 °C for 24 h. Supernatants after centrifugation of cell suspensions
were subjected to derivatization, followed by HPLC analysis.

2.3. Bioproduction of IAA from tryptophan

The E. coli BL21 (DE3) strain harboring the plasmid pACYC-ipdC-
puuC and pRSF-PmyxAAD, pRSF-PmirAAD, pRSF-aspC, or pRSF-ARO8
were cultured in LB + 25 pg/mL kanamycin and 10 pg/mL chloram-
phenicol overnight. The fresh LB + kanamycin and chloramphenicol
medium, which contained 5 mM of tryptophan and 5, 10, or 25 mM of
oKG, inoculated with the 1/100 volume of preculture was cultivated at
37 °C for 4 h, and then 100 pM IPTG was added, followed by further
incubation at 37 °C for 24 h. Supernatants after centrifugation to remove
cells from culture was analyzed by HPLC.

2.4. Derivatization of a-keto acid for HPLC analysis

Samples containing Ppyv, KIC, or KIV were derivatized following the
previous report with slight modifications (Fujiwara et al., 2020). Equal
volume of samples and the derivatization solution, which consisted of
7.1 mM 1,2-diamino-4,5-methylenedioxybenzene dihydrochloride, 7%
2-mercaptoethanol, and 700 mM HCI, were mixed and incubated at
85 °C for 50 min. Subsequently, the resultant solutions were analyzed by
HPLC after fivefold dilution with 87.5 mM NaOH. Serial dilutions of
Ppyv, KIC, or KIV were derivatized in the same method to draw the
standard curve.
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2.5. HPLC

HPLC was performed using an HPLC system Nexera-i LC-2040C MT
plus equipped with a fluorescence detector RF-20 A XS (Shimadzu).
HPLC to quantify IPA was performed with a Kinetex 2.6 ym EVO C18
100 A (100 mm x 2.1 mm) (Phenomenex) by the following gradient
system with a flow rate of 0.4 mL/min, using 0.1% acetic acid and
methanol as a solvent A and B (time, % of solvent A): 0 min, 90%; 1.2
min, 90%; 3 min, 65%; 7.2 min, 40%; 9.6 min, 40%; 9.61 min, 90%; 12
min, 90%. For IAA analysis, HPLC was performed with a Kinetex 2.6 pm
€8 100 A (100 mm x 2.1 mm) (Phenomenex) by the following gradient
program with a flow rate of 0.4 mL/min, using 2.5% potassium acetate
(pH 3.8) and 80% acetonitrile as a solvent A and B (time, % of solvent A):
0 min, 100%; 2 min, 100%; 10 min, 80%; 12 min, 50%; 13 min, 0%; 15
min, 0%; 15.01 min, 100%; 17 min, 100%. HPLC to determine the
concentration of Ppyv, KIC, and KIV was conducted with a Kinetex 2.6
pm EVO C18 100 A (100 mm x 2.1 mm) by the following gradient
system with a flow rate of 0.6 mL/min, using 20 mM potassium phos-
phate (pH 2.5) and acetonitrile as a solvent A and B (time, % of solvent
A): 0 min, 90%; 4 min, 90%; 15 min, 70%; 20 min, 70%; 20.01 min,
90%; 25 min, 90%.

2.6. Expression and purification of AAD and TA

The E. coli BL21 (DE3) strain harboring pET-PmyxAADdN27 was
cultured in M9CA supplemented with 100 pg/mL carbenicillin and 200
pM riboflavin at 37 °C until OD600 = 0.6, and then the gene expression
was induced with 100 pM IPTG at 18 °C for 18 h. Harvested cells were
washed with and suspended in Buffer A consisting of 20 mM sodium
phosphate (pH 7.4) and 500 mM NacCl, followed by cell disruption with
sonication using an ultrasonic disruptor UD-200 (Tomy). Supernatant
after centrifugation was subjected to affinity purification using Ni
Sepharose™ 6 Fast Flow (Cytiva) following the previous report with
slight modifications, in which 25 mM of imidazole was used to wash
contaminant proteins from resin (Nasuno et al., 2013). Eluates con-
taining high concentrations of protein were pooled and dialyzed against
20 mM HEPES-Na (pH 7.4) containing 150 mM NaCl and 5% glycerol,
using Slide-A-Lyzer™ MINI Dialysis Devices, 20 K MWCO (Thermo-
Fisher Scientific).

The TA production was induced as follows. The E. coli BL21 (DE3)
strain harboring pACYCDuet-1 and pRSF-aspC or pRSF-ARO8 was
cultured in LB medium containing 50 pg/mL kanamycin and 20 pg/mL
chloramphenicol at 37 °C overnight. The preculture was inoculated to a
fresh same medium and cultivated at 37 °C for 3 h, followed by the gene
induction by 100 pM IPTG at 37 °C for 18 h. Harvested cells were
washed with and suspended in 10 mM potassium phosphate (pH 7.5)
and mixed with 1/9 volume of FastBreak™ Cell Lysis Reagent, followed
by incubation at 4 °C for 30 min. Supernatant after centrifugation was
used as a crude extract for following the TA activity assay. Cell pellets
prepared by the same protocol were used for TA purification, following
the same protocol as AAD, as described above.

The purified enzymes were subjected to SDS-PAGE, followed by
Coomassie brilliant blue (CBB) staining to examine their purities. The
protein level of AAD or TA in crude extract was estimated by SDS-PAGE
and CBB staining, followed by densitometry using ImageJ (Schneider
et al., 2012).

2.7. Engymatic activity assay of AAD and TA using crude extract of
E. coli cells

The solution containing 50 mM potassium phosphate (pH 7.5), 5 pM
1-methoxy-5-ethylphenazinium ethylsulfate (mPES) as an electron
mediator, 10 pM resazurin whose reduced form emits fluorescence, AAs,
and the purified enzymes were incubated and the fluorescence with an
excitation wavelength of 553 nm and an emission wavelength of 598 nm
over time, for AAD activity assay. Twenty-two kinds of AAs containing
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20 proteinogenic AAs, ornithine, and citrulline were used as substrates
to analyze the substrate selectivity of AADs at the concentration of 5
mM, except for tyrosine and tryptophan, for which the concentration
was 2.5 mM. Kinetic analyses were performed using varied concentra-
tions of tryptophan as a substrate.

The solution containing 50 mM potassium phosphate (pH 7.5), 5 mM
tryptophan, 5 mM oKG, 10 pM PLP, and a crude extract was incubated
and absorption at 327 nm was monitored over time, to determine the
specific activity for TA. The varied concentrations of tryptophan and
purified TA were used for kinetic analysis. Same solutions lacking a
crude extract but containing various concentrations of IPA were pre-
pared and absorption at 327 nm was measured to draw the standard
curve to determine the IPA concentration.

The Michaelis-Menten constant K, was determined using curve
fitting with GraphPad Prism 9 (GraphPad Software).

3. Results
3.1. Bioconversion of tryptophan to IPA

First, the conversion of tryptophan to IPA was performed to examine
the hypothesis described in the introduction (Fig. 1B). The E. coli cells
expressing AAD gene or TA gene were incubated with 10 mM trypto-
phan and varied concentration of aKG (10, 20, or 50 mM) for 72 h at
30 °C and the production of IPA, which is a KA directly synthesized from
tryptophan, was analyzed by HPLC (Fig. 3A). The result indicated that
the E. coli cells producing PmyxAAD or PmirAAD synthesized more than
12 mM of IPA, regardless of aKG supplementation. On the other hand,
cells harboring an empty vector, those producing an aspartate trans-
aminase AspC derived from E. coli, and strain expressing ARO8 gene
encoding an aromatic transaminase from S. cerevisiae hardly synthesized
IPA in the absence of aKG. When 10 mM of aKG was supplied, the IPA
production level by the strain harboring an empty vector, expressing
aspC, and expressing AROS8 increased to 5, 8, or 8 mM, respectively.
However, the IPA produced by these three strains did not increase
significantly even though the aKG contents increased to 20 or 50 mM.
These results indicate that AADs are more capable of converting tryp-
tophan to IPA than TAs. Furthermore, the fact that cells expressing AAD
genes synthesized more IPA than cells expressing TA genes even in the
presence of excess aKG, and that aKG supplementation enhanced the
IPA production in the strains expressing TA genes, suggests that AADs
are superior to TAs for KA production via not only the oKG independence
but also additional mechanisms.

Analyzing the protein level of each KA producing enzyme in E. coli by
SDS-PAGE using whole cell extract, PmyxAAD and PmirAAD exhibited
not only the band showing the theoretically predicted size of band but
also the smaller size of band, which suggests the degradation of these
AADs during this analysis (Fig. 3B). The protein quantification by
densitometry suggested the relative protein level of full length Pmyx-
AAD, full length PmirAAD, AspC, and Aro8 were 1.1, 1.0, 2.8, and 1.6,
which suggests that the better capability of AADs for IPA production
from tryptophan to TAs are not due to the protein level in cells.

To confirm that AspC and Aro8 were produced as functional proteins,
the transaminase activity of each TA toward tryptophan was measured
in crude extract of E. coli expressing aspC or ARO8 (Fig. 4). As a result,
the cells expressing aspC or ARO8 exhibited a clear tryptophan trans-
aminase activity. These indicate that both TAs, AspC and Aro8, were
functionally produced in E. coli cell, even though their capacities to
convert tryptophan to IPA were significantly less than AADs as shown in
Fig. 3A.

3.2. Bioproduction of IAA from tryptophan
IAA production from tryptophan by three enzymatic reactions in

E. coli was performed, in which IPA produced by AADs or TAs was
further converted to IAA through decarboxylation by IpdC and
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Fig. 3. Bioconversion of tryptophan to IPA by E. coli cells expressing AAD or TA genes. (A) IPA production in culture supernatant of E. coli strains over-
expressing AAD or TA genes, in the presence or absence of «KG. Empty indicate the cells harboring an empty vector. The values are means and standard errors of at
least four independent experiments. (B) The protein level of each enzyme was demonstrated by SDS-PAGE. Empty indicate the cells harboring an empty vector. The
protein bands corresponding to full length of PmyxAAD and PmirAAD were indicated by arrowheads. The protein level of each enzyme of interest (full length
PmyxAAD, full length PmirAAD, AspC, and Aro8) was quantified by densitometry using ImageJ and the relative protein levels were indicated.
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Fig. 4. TAs activities in crude extract of E. coli cells expressing TA genes. Specific activity of crude extract from each strain towards tryptophan. Empty indicate
the cells harboring an empty vector. The values are means and standard errors of three independent experiments.

dehydrogenation by PuuC (Figs. 1B and 5). The cells expressing Pmyx-
AAD or PmirAAD produced around 200 or 170 pM IAA, on the other
hand, the cells expressing aspC or ARO8 synthesized 20 pM IAA, which
was comparable to the IAA production by the strain harboring an empty
vector, under the condition without aKG supplementation. When 5 mM
of aKG was added to medium, the production level of IAA by E. coli
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harboring an empty vector or expressing TA-encoding genes increased to
almost 5-folds. Importantly, the IAA production levels by the strains
expressing AAD genes were still higher than those by the TA-producing
strains. Furthermore, under the conditions containing 10 or 25 mM of
aoKG, the TA-producing strains accumulated 180 pM of IAA, which is
identical to the level accumulated by the AAD-producing strains.
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However, these conditions are not realistic situations. These results
suggest that AADs are suitable enzymes to produce KAs or KA-derived
compounds from AAs than TAs.

3.3. Kinetic analysis of AADs and TAs

It has been discussed that TA is not able to convert AAs to KAs so
efficiently particularly in cell because it requires aKG, which is an
important intermediate involved in several metabolic pathways. How-
ever, our bioconversion experiments indicated that AADs produced
more IPA from tryptophan than TAs in E. coli cells even aKG was
exogenously supplied, regardless of its concentration (Fig. 3A). This
suggests that further mechanisms contribute to the superiority of AADs
to TAs for KA production, in addition to the aKG independence of AADs.
Therefore, we performed kinetic analyses of purified PmyxAAD and TAs
to investigate additional mechanisms. The purified PmyxAAD, AspC,
and Aro8 proteins exhibited almost single band in SDS-PAGE, indicating
that they were pure enough for subsequent analyses (Fig. S1). Addi-
tionally, the purified PmyxAAD showed a characteristic UV-Vis spec-
trum, indicating the enzyme binding to its essential cofactor FAD
(Fig. S2). As a result of our kinetic analysis, PmyxAAD exhibited 1.18
(£0.19) mM of K, value to tryptophan, while K, of Aro8 toward
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tryptophan was 5.00 (+0.52) mM (Fig. 6A and B). Furthermore, K, of
AspC was not determined because the activity of AspC increased as
tryptophan concentration increased linearly in the range of tryptophan
concentration tested here (Fig. 6B). This implies Ky, value of AspC to
tryptophan is much higher than 5 mM, which is the highest concentra-
tion of tryptophan used in this assay. These results indicate that AADs
have higher affinity to tryptophan than TAs, which would contribute to
the superior characteristics of AADs for IPA production from tryptophan
in cell, regardless of aKG.

3.4. Bioconversion of other AAs to the corresponding KAs

To demonstrate the superiority of AADs to TAs as an enzyme to
convert other AAs to KAs, we analyzed the bioconversion efficiency of
AADs using other AAs as substrates. First, the substrate preference of the
purified AADs towards 22 AAs was examined (Fig. S1 and 7). Both
PmyxAAD and PmirAAD exhibited clear activity toward all of the tested
AAs, with especially strong activity to aromatic and hydrophobic AAs.
Such broad substrate selectivity of AADs were consistent with the pre-
vious study (Motta et al., 2016).

Subsequently, we measured and compared the bioconversion activ-
ity of AADs and TAs from phenylalanine, leucine, and valine to their
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Fig. 6. Kinetic analysis of purified PmyxAAD, Aro8, and AspC. Michaelis-Menten plot of the purified (A) PmyxAAD, (B) Aro8, or AspC towards tryptophan. The

values are means and standard errors of three independent experiments.
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Fig. 7. AAD activity towards 22 amino acids. The enzymatic activity of the purified PmyxAAD (gray bar) and PmirAAD (black bar) towards 22 amino acids.
Proteinogenic AAs are indicated in the usual three-letter code. Cit: citrulline, Orn: ornithine. Activity was expressed as an arbitrary unit (A. U.), calculated by
normalizing the observed increment in fluorescence over time in the AAD assay by the protein level in the assay.

corresponding KAs. E. coli strain expressing PmyxAAD or PmirAAD
produced around 540 or 340 pM Ppyv from phenylalanine, respectively,
while cells expressing tyrB, which encodes an aromatic amino acid
transaminase derived from E. coli, scarcely produced Ppyv in the
absence of aKG, same as the empty vector-harboring strain (Fig. 8A).
The addition of aKG altered the Ppyv production, however, the cells
expressing AAD genes always exhibited the higher Ppyv accumulation
than those expressing tyrB. Considering the protein level in cell shown
by SDS-PAGF, the higher Ppyv production by the strain expressing AAD
genes should be caused by their enzymatic properties but not the protein
levels (Fig. 8B). These suggest that PmyxAAD and PmirAAD are more
capable of producing Ppyv from phenylalanine than TyrB, regardless of
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Using valine as a substrate, E. coli strains producing PmyxAAD or
PmirAAD synthesized almost 290 or 230 pM KIV, while cells harboring
an empty vector or expressing ilvE hardly synthesized KIV, without aKG
supplementation (Fig. 8C). The addition of aKG increased the KIV
accumulation of cells expressing ilvE and no significant differences were
observed in the KIV production level between the strains expressing
AAD genes and those expressing ilvE in the presence of 10, 20, or 50 mM
of aKG. These suggest that AADs are suitable for converting valine to KIV
because of their independence on oKG, while AADs would possess more
capability for KIV production regardless of aKG, comparing the protein
levels of PmyxAAD, PmirAAD, and TyrB in E. coli cell (Fig. 8B).
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Fig. 8. Bioconversion of phenylalanine, leucine, and valine by strains expressing AAD- or TA-encoding gene. The corresponding KA production from (A)
phenylalanine, (C) valine, and (D) leucine in culture supernatant of each strain, in the presence or absence of aKG. The values are means and standard errors of at
least three independent experiments. (B) The protein level of each enzyme was demonstrated by SDS-PAGE. Empty indicate the cells harboring an empty vector. The
protein level of each enzyme of interest (PmyxAAD, PmirAAD, TyrB, and IIVE) was quantified by densitometry using ImageJ and the relative protein levels

were indicated.
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When leucine was used as a substrate, E. coli expressing PyxAAD or
PmirAAD produced more than 1.2 mM of KIC, while cells harboring an
empty vector or those expressing the ilvE gene, which encodes a
branched chain amino acid transaminase synthesized 0.2 or 0.1 mM of
KIC, in the absence of aKG (Fig. 8C). The aKG supplementation drasti-
cally decreased the differences in KIC accumulation levels of each
strains, cancelling the superiority of AAD to TA for KIC production;
especially, the ilvE-expressing strain produced significantly higher con-
centration of KIC than the strain expressing PmyxAAD or PmirAAD.
These suggest that AADs are superior to TAs for KIC production due to
their independence from oKG.

These results imply that AADs are superior to TAs not only for IAA
production but also for various KAs production from their precursors
AAs, although the underlying mechanisms differ depending on the
substrates AAs.

4. Discussion

Our kinetic analyses demonstrated that the affinity of PmyxAAD to
its substrate tryptophan is higher than that of TAs, Aro8 and AspC. In
contrast, TAs generally have more specific selectivity to the substrate
AAs than AADs. For example, it has been shown that AspC or TyrB
exhibited a clear activity to only five AAs, aspartate, glutamate, tryp-
tophan, phenylalanine, and tyrosine among 17 proteinogenic AAs
tested, whose catalytic efficiency kcat/Km were higher than 0.1% of that
of their best substrate, aspartate or phenylalanine, respectively (Hayashi
et al., 1993). Aro8 has been reported to convert four proteinogenic AAs
to their corresponding KAs (Karsten et al., 2011). The previous study
reported the transamination activity of IIvE toward five proteinogenic
AAs with 0.1% or higher specific activity compared with that of its best
substrate isoleucine (Lee-Peng et al., 1979). On the other hand, Motta
et al., reported that PmyxAAD exhibited its enzymatic activity toward
17 AAs among 20 proteinogenic AAs with higher than 0.1% of specific
activity compared to that of its most preferred substrate phenylalanine
(Motta et al., 2016). Therefore, AAD is an enzyme harboring both high
affinity and broad selectivity, which appear to be contradictory in na-
ture each other at first glance. It could be that AAD strongly recognizes
and binds to the common moiety of its substrate AAs, such as a-car-
boxylic and a-amino groups, while the recognition of side chain is
relatively loose, even though the 3D structure of AAD bound to its
substrate has not been determined experimentally.

We showed that the higher affinity of AADs than TAs made AADs
superior to TAs for KAs production, in addition to that TAs require aKG
as an amino group acceptor. However, considering the reaction mech-
anisms and characteristics of each enzyme, further mechanisms for
AADs’ superiority could be raised. TAs catalyzes the reversible trans-
amination between AAs and KAs, in contrast the reaction by AADs is
irreversible. Therefore, the intracellular concentration of glutamate,
which is a byproduct of transamination reaction from AAs to oKG
catalyzed by TAs, should affect the conversion rate from AAs to the
corresponding KAs and also total yield of final products. AAOs also
catalyze the irreversible reaction, however, the cytotoxicity mediated by
their byproduct HyO5 is an important issue to be addressed. Totally,
AADs would be most suitable for the production of KAs from AAs among
the metabolic enzymes reported so far.

Here, we developed high throughput assay system to measure the
AAD activity using mPES and resazurin as an electron mediator and a
fluorescence electron probe, respectively. The measurement system to
analyze the enzymatic activity of oxidoreductase by monitoring the
absorbance at 340 nm derived from NAD(P)H has been used for many
kinds of enzymes. However, this method is suitable only for enzymes
using NAD(P)* or NAD(P)H. Our developed methods are suitable for all
enzymes catalyzing oxidative reactions theoretically.

For Bioproduction, too broad substrate selectivity of enzymes used
for designed pathways would have adverse effects by unexpectedly
affecting metabolic pathways. Therefore, one of the potential problems
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to be solved in the usage of AADs for KA production is an enzyme pro-
miscuity of AAD reaction. In this study, though no quantitative growth
analysis was performed, no apparent growth defect was observed upon
AAD gene overexpression under the conditions tested. However, various
AAs other than tryptophan would be metabolized by PmyxAAD and
PmirAAD during IAA production, potentially resulting in AA starvation
and resultant growth defect. Our IAA production assay was performed in
LB medium containing various AAs and peptides, which protects cells
from starving AAs. When cells producing AADs were cultured in mini-
mal medium and/or the activity of AADs were highly enhanced by en-
gineering, the promiscuity of AADs is potential to exert cytotoxicity or
lead to growth defects. Engineering to increase not only enzymatic ac-
tivity but also substrate specificity to its target AA is highly desired for
further usage of AADs for bioproduction.

5. Conclusions

In this study, we demonstrated that AADs are more suitable to syn-
thesize KAs or their related compounds from the corresponding AAs
than TAs experimentally. We also indicated that the aKG independence
and/or the higher substrate affinity of AADs contributes to AAD's su-
periority to TAs. To our best knowledge, this is the first report to
demonstrate the superiority of AADs to TAs for the production of KAs
and its mechanisms. Our results should contribute to rational enzyme
selection for KA biosynthetic pathways.
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