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ABSTRACT Phenylpyruvate decarboxylase (PPDC) is a crucial enzyme that plays important
roles in 2-phenylethanol (2-PE) biosynthesis. In our previous study, we screened a highly ef-
ficient PPDC KDC4427 from the novel 2-PE-producing strain Enterobacter sp. CGMCC 5087.
Meanwhile, its decarboxylation activity of indolylpyruvate (IPyA) was also higher than other
indolylpyruvate decarboxylases (IPDCs) reported so far. In this study, KDC4427 protein was
purified and characterized, and its catalytic mechanisms were analyzed by biological meth-
ods. The optimum pH and temperature of KDC4427 was pH 6.5 and 35°C, respectively. The
enzyme activity was relatively stable between pH 6 and 8 and over the range of tempera-
tures from 25°C to 45°C. KDC4427 showed the highest catalytic efficiency on phenylpyruvic
acid (PPA); meanwhile, it also showed high activity for IPyA and 2-ketobutanoic acid, and it
was found that KDC4427 belongs to IPDCs by phylogenetic tree analysis. The coverage of
the three-dimensional structure of KDC4427 and EcIPDC from Enterobacter cloacae was
96%. Leucine 542, one of the residues in the substrate-binding pocket, is replaced by isoleu-
cine in KDC4427 compared with EcIPDC. Site-directed mutagenesis showed that the transi-
tion from leucine to isoleucine was unlikely to make KDC4427 have high catalytic activity
for PPA and IPyA; the mutants at glutamate 468 almost completely lost catalytic activities
for both PPA and IPyA, indicating that this glutamate was essential for the catalytic activity.
Additionally, alanine 387 plays an important role in the substrate selectivity of KDC4427.

IMPORTANCE Compared with the chemical synthesis of 2-phenylethanol (2-PE) by con-
densation of ethylene oxide and benzene, the biological synthesis of 2-PE is a potential
method to replace the traditional process. This makes biotransformation gradually become
the main way to produce high-quality 2-PE. Phenylpyruvate decarboxylase (PPDC) is the
critical enzyme in 2-PE biosynthesis, and it is a momentous point of penetration to
increase the production of 2-PE. In this regard, KDC4427 can catalyze phenylpyruvic acid
(PPA) to phenylacetaldehyde more efficiently than any other PPDC previously reported.
Moreover, it has high activity of indolepyruvate decarboxylases (IPDCs), which will be a
great breakthrough in the synthesis of indole-3-acetic acid (IAA). With this study, we offer
insights into the KDC4427 catalytic mechanism and significantly expand the toolbox of
available a-ketoacid decarboxylases for application in biosynthesis.

KEYWORDS 2-phenylethanol, phenylpyruvate decarboxylase, KDC4427,
indolepyruvate decarboxylase

The compound 2-phenylethanol (2-PE), a compound with rose-like aroma and stable
physicochemical properties, naturally exists in the flowers and leaves of plants or

the essential oils extracted from them (1); it is widely used in food, daily chemical
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products, and even medicine (2). Furthermore, 2-PE is a significant material in the man-
ufacture of styrene, phenylethylacetate, and other widely used substances (3). The syn-
thetic methods of 2-PE include chemical methods and biological methods. At present,
there are two main chemical synthesis methods of 2-PE, one is the hydrogenation of
styrene oxide and the other is the synthesis of benzene and ethylene oxide (4, 5).
However, there are some defects in the two chemical synthesis methods, such as low
purity of products and more byproducts (6). The phenylpyruvate and Ehrlich pathways
are the main pathways of 2-PE synthesis in microbes, and phenylpyruvate decarboxyl-
ase (PPDC) is the main rate-limiting enzyme (7).

PPDC is an a-ketoacid decarboxylase and is thiamine diphosphate (ThDP) depend-
ent. It catalyzes phenylpyruvic acid (PPA) to produce phenylacetaldehyde and is indis-
pensable in the process of microbial synthesis of 2-PE. It is widely present in plants,
fungi, and some bacteria (8–11). At present, only the PPDCs of Saccharomyces cerevi-
siae and Azospirillum brasilense have been identified for their biochemical functions
(12, 13). Aro10 from S. cerevisiae has a wide range of substrate specificity and also cata-
lyzes decarboxylation of indolylpyruvate (IPyA) (13, 14). Indolylpyruvate decarboxylase
(IPDC) is the main rate-limiting enzyme in indole-3-acetic acid (IAA) biosynthesis.
Among the reported IPDCs, the activity of EcIPDC from Enterobacter cloacae was the
highest, and the enzyme characterization and structure analysis were carried out in
vitro (15). However, PPA was hardly decarboxylated by EcIPDC (16).

In recent years, researchers have heterologously expressed related genes in Escherichia
coli, and great progress has been made in the production of 2-PE (11, 17–19), indicating
that bacteria have potential applications and research value in 2-PE synthesis. However,
there are few studies on the biosynthesis pathway of 2-PE in bacteria, especially the identi-
fication and research of PPDC. Therefore, finding novel PPDCs, especially those from bacte-
ria with high activity and specificity, is an important strategy to improve the biosynthesis
of 2-PE. Recently, a novel PPDC composed of two subunits was found in Streptomyces vir-
giniae (20). Enterobacter sp. CGMCC 5087, a 2-PE-producing strain, was identified in our
previous study (21). The strain was able to de novo synthesize 2-PE through the phenylpyr-
uvate pathway. We have previously reported that KDC4427 had PPDC activity, and it was
found that the activity of KDC4427 was higher than Aro10 from S. cerevisiae (22).
Furthermore, in our unpublished work, we demonstrated that it has higher activity of
PPDC and IPDC and is essential for Enterobacter sp. CGMCC 5087 to produce 2-PE and IAA.

Based on the above, this study analyzes the biological characteristics of KDC4427,
including enzymatic properties, phylogenetics, substrate specificity, and three-dimen-
sional structure simulation. Furthermore, the catalytic mechanism of KDC4427 was elu-
cidated by site-directed mutagenesis, which provided theoretical guidance for the
directed evolution of KDC4427.

RESULTS
Expression and purification of KDC4427. KDC4427 protein was expressed in BL21

(DE3) cells with an N-terminal 6�His tag. The soluble protein was detected by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). According to the detec-
tion results, KDC4427 is well expressed in the bacteria, and almost half of the protein is
in soluble form in the cell-free fraction, which is conducive to the purification of the pro-
tein (Fig. 1A). The band in lane 3 represents the purified KDC4427; it can be seen that
the purity of KDC4427 reaches the standard of enzyme activity reaction (Fig. 1A). On the
basis of SDS-PAGE, the molecular mass of KDC4427 is approximately 62.7 kDa, corre-
sponding well to the one expected. The concentration of purified KDC4427 was deter-
mined by a bicinchoninic acid (BCA) protein quantitative kit, and the standard curve was
drawn. The measured protein concentration was 0.9 mg/mL.

Effects of pH and temperature on enzyme activity. To investigate the optimum
pH and temperature of KDC4427, the activity and stability of KDC4427 were tested at
different pH values and temperatures. As can be seen from Fig. 2A, the activity of
KDC4427 is the highest at pH 6 to 6.5. When the pH was lower than 5 or higher than 8,
the enzyme activity was only 30% and 20% of the maximum activity, respectively. This
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is consistent with the characteristics of ThDP-dependent enzymes (23). The effect of
temperature on KDC4427 enzyme activity is shown in Fig. 2B. The optimum tempera-
ture was 37°C, and when the temperature was below 25°C or above 50°C, the enzyme
activity was only 70% and 30% of the highest activity.

KDC4427 was relatively stable between pH 6 and 8, and the activity of KDC4427
decreased significantly when the pH was lower than 6.0 (Fig. 2C). When the pH was
5.0, the residual enzyme activity was only 33.8%. Over the range of temperatures from
25°C to 50°C, the thermostability of purified KDC4427 was tested. The enzyme activity
was stable when the temperature was below 45°C and gradually decreased when the
temperature rose to 45°C. Only 41% of the residual activity was detected after incuba-
tion at 50°C for 1 h (Fig. 2D).

Comparative analysis of physicochemical properties of amino acids from
KDC4427, Aro10, and EcIPDC. Isoelectric point (pI) is the pH value of a protein or a
specific molecule without net charge (electronegativity). The amino acid sequence of
KDC4427 has more negatively charged residues than positively charged residues,
which makes the enzyme weakly acidic (pI , 7.0); this may be the main reason for the
high activity of KDC4427 in weak acid environments. Both EcIPDC and Aro10 are also
weakly acidic, but the pI value of EcIPDC is closer to KDC4427 (Table 1). Instability index
(II) is used to measure the stability of protein (24). The II values of the three enzymes
were less than 40, indicating that the enzyme was stable under natural conditions. The
relative volume of aliphatic side chains in protein is defined as aliphatic index (AI),
which represents the thermal stability of protein (24). The AI value of KDC4427 is 93.38,
which indicates that KDC4427 contains more fatty acid side chains, which may be one
of the main factors affecting the temperature adaptability of KDC4427. The AI value of

FIG 1 SDS-PAGE was used to verify protein expression and purification. (A) Verification of expression and purification of KDC4427 in
BL21(DE3) cells. (B) Expression of wild-type KDC4427 in KDC4427-null strains. (C to F) Expression of KDC4427 mutants in KDC4427-
null strains; M, molecular mass of the protein; S, the supernatant after bacterial fragmentation; P, the precipitation after bacterial
fragmentation; purified, purified protein.
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EcIPDC was only 1.37 lower than that of KDC4427, while that of Aro10 was 4.37 lower,
indicating that Aro10 had relatively fewer fatty acid side chains. The grand average of
hydropathicity (GRAVY) reflects the interaction between protein and water (24), and
the GRAVY values in the sequences were less than 0, indicating that KDC4427, EcIPDC,
and Aro10 are hydrophilic proteins, and Aro10 is more hydrophilic.

Activity and substrate specificity analysis. In order to investigate the activity and
substrate specificity of KDC4427, the purified protein was reacted with different sub-
strates, and the catalytic efficiency of different substrates was measured and calcu-
lated. As shown in Table 2, PPA is the preferred substrate for KDC4427, followed by 2-
ketobutanoic acid and IPyA. According to the Km value, IPyA has the highest affinity for
KDC4427, although the decarboxylation is more slow than PPA and 2-ketobutanoic
acid; 2-ketobutanoic acid, the substrate derived from glutamate, had a similar affinity
and decarboxylation efficiency as PPA for KDC4427. The substrate 2-ketopentanoic
acid had approximately 40-fold lower affinity than IPyA but was decarboxylated more
quickly, with a kcat value approaching 130 s21. Similar results were obtained for the
substrate 2-ketohexanoic acid. The affinity of 3-methyl-2-ketobutanoic acid derived
from valine was twice that of PPA, but its kcat value was much lower than that of PPA.

TABLE 1 Physicochemical properties of amino acids

Source Asp+ Glu Arg+ Lys pIa IIb AIc GRAVYd

KDC4427 59 43 5.73 37.28 93.38 20.030
EcIPDC 59 42 5.67 38.29 92.01 20.017
Aro10 70 63 6.10 33.61 89.01 20.216
apI, isoelectric point.
bII, instability index.
cAI, aliphatic index.
dGRAVY, grand average of hydropathicity.

FIG 2 Enzymatic properties of KDC4427. (A) Determination of the optimum pH of KDC4427. (B)
Determination of the optimum temperature of KDC4427. (C) Stability of KDC4427 protein under
different pH conditions. (D) Stability of KDC4427 protein at different temperatures. The stability of the
enzyme was determined after incubation for 1 h under different conditions. Each point represents
the mean 6 standard error of the mean (SEM) of three independent test results.
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In contrast, pyruvic acid from alanine was a much worse substrate for KDC4427. In gen-
eral, these data indicated that the substrates derived from aromatic amino acids were
significantly better than those of aliphatic amino acids and confirmed that the
KDC4427 gene product was an effective aromatic a-ketoacid decarboxylase.

Phylogenetic analysis. According to the activity characteristics of KDC4427, it can
be seen that it has high decarboxylation efficiency for PPA and IpyA. Therefore, phy-
logenetic tree analysis of KDC4427 and reported a-ketoacid decarboxylase was car-
ried out. Phylogenetic tree analysis showed that the closest genetic relationship with
KDC4427 was the EcIPDC of E. cloacae; the amino acid identity was 94% (Fig. 3). It can be
seen that KDC4427 belongs to IPDCs. The amino acid similarity between KDC4427 and
Aro10 of S. cerevisiae was only 31%. The a-ketoacid decarboxylase with the farthest rela-
tionship to KDC4427 was AbPPDC of A. brasiliense; the amino acid identity was 29%.

Sequence homology analysis and homology modeling. In order to predict the
key amino acid residues of KDC4427, the amino acid sequence of KDC4427 was com-
pared with that of EcIPDC (Fig. 4). The a-helix and random coil are the main secondary
structural elements, in which random coil accounts for 40%, a-helix accounts for
37.64%, extended strand accounts for 17%, and b-fold accounts for 5.09% of propor-
tions. Sequence alignment showed that KDC4427 had the same ThDP-binding site as
EcIPDC and also had two successive histidines in one peptide chain, which is called an
“HH-motif.” In the three-dimensional structure simulation, KDC4427 and EcIPDC have a
high coincidence degree (the coverage rate is 96%, and the confidence is 100%) of
stereostructure and generally formed a tetramer and had two ligands, ThDP and Mg21.
This is confirmed by the homologous model built with the phyre v2.0 server (Fig. 5A).
The KDC4427 monomer model consists of three domains: the PYR domain (residues 3
to 180), intermediate domain (residues 181 to 340), and PP domain (residues 356 to

TABLE 2 Substrate specificity and kinetic parameters of KDC4427

Substrates Km (mM)a kcat (s21)a
kcat/Km

(mM21 s21)
Amino
acid %b

Phenylpyruvic acidc 0.606 0.02 186.946 0.39 311.76 Phe 100
2-Ketobutanoic acid 0.666 0.08 185.776 3.08 255.09 Glu 81.82
Indole-3-pyruvic acidc 0.0156 0.002 3.76 0.6 247 Trp 79.23
2-Ketopentanoic acid 0.656 0.02 128.776 2.35 198 63.51
2-Ketohexanoic acid 0.526 0.01 78.846 0.51 152.25 48.84
3-Methyl-2-ketobutanoic acid 0.316 0.07 34.886 1.86 115.55 Val 37.06
3-Methyl-2-ketopentanoic acid 0.726 0.06 29.426 0.86 40.95 Ile 13.14
Pyruvic acid 0.866 0.15 22.316 2.79 26.1 Ala 8.37
aAll data represent mean6 standard deviation of three replicates.
bkcat/Km of phenylpyruvate was taken as the percentage.
cThe data of PPA and IPyA were cited from our unpublished paper.

FIG 3 Phylogenetic tree of KDC4427. Accession numbers are shown in Table S2 in the supplemental
material. The amino acid sequences of the above enzymes were compared by Mega 6 software, and
the EcIPDC closest relatives with KDC4427 was used as the homologous model for the following
research.
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FIG 4 Amino acid sequence comparison of KDC4427 and EcIPDC. Amino acids with black borders represent ThDP-binding sites. The “HH-
motif” is marked with a black asterisk.
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551). The N terminus and C terminus are in the pyrimidine (PYR) and pyrophosphate
(PP) domains, respectively. The domains PYR and PP are responsible for binding to
ThDP and the phosphoric acid parts of some cofactors, respectively. In the superposition
of stereostructure, the difference between KDC4427 (green) and EcIPDC (cyan) was con-
centrated mainly in the middle domain and the middle part with the PP domain
(Fig. 5B). In the analysis of binding sites, the 542 isoleucine of KDC4427 replaces the leu-
cine of EcIPDC (Fig. 5C), which may be responsible for the different substrate specificity
of KDC4427.

Detection of KDC4427 mutant activity. The putative binding site amino acid resi-
dues I542 and A387 and catalytic residue E468 were used to investigate the function of
these residues in KDC4427 catalysis. KDC4427 and mutants I542A, I542L, A387Q,
E468A, and E468L were expressed in vivo, and the activities were examined. As shown
in Fig. 1, the wild-type KDC4427 and all the mutants were expressed well, and the mo-
lecular masses observed on SDS-PAGE gels were consistent with the expectation.

The substrate-binding sites of EcIPDC were the Thr-Ala-Leu triad (15), and the corre-
sponding amino acids of KDC4427 were Thr-Ala-Ile. In order to confirm the function of
Ile542 in KDC4427, I542A and I542L mutants were constructed. In EcIPDC, amino acid
residue L542 increased the hydrophobicity of the binding cavity, thus stabilizing the
zwitterionic intermediate (15). In KDC4427, the activity of mutant I542L for IPyA is
almost unchanged, indicating that the high IPyA activity of KDC4427 is not due to the
transition of I542 (Fig. 6A). Although, the decrease of decarboxylation activity of

FIG 5 Prediction and analysis of KDC4427 tertiary structure. (A) KDC4427 homology model. The PYR (N-terminal) domain, PP (C-terminal) domain, and
middle domain are shown in red, green, and blue, respectively. (B) Superposition of the tertiary structure of KDC4427 (green) and EcIPDC (cyan; PDB:
1OVM). (C) Superposition of active sites between KDC4427 (green) and EcIPDC (cyan).

FIG 6 Activity detection of KDC4427 mutants. (A) The production of IAA in various mutants cultured
for 24 h. (B) The production of 2-PE in various mutants cultured for 24 h. After the mutants were
cultured at 37°C and 200 rpm for 24 h, the levels of secreted IAA and 2-PE were determined. Error
bars indicate standard deviation (n = 3).
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KDC4427 for PPA is higher than IPyA, KDC4427 still has more than 80% enzyme activ-
ity, which is enough to show that the replacement of I542 is not the major associated
reason leading to its PPDC activity (Fig. 6B). When I542 was mutated to alanine, the
enzyme activity decreased about 60%, indicating that I542 was essential in substrate
binding. Isoleucine is also a hydrophobic amino acid, which can increase the hydro-
phobicity of the active site, which is in line with the above conclusion. A387 is one of
the amino acids that affects substrate specificity in EcIPDC (25). After A387 was mutated
to glutamate, the catalytic activities of PPA and IPyA decreased 40%, respectively, sug-
gesting that A387Q had the same selectivity to the above two substrates, and the reason
for the decrease of activity might be that glutamine makes the substrate-binding cavity
narrow. The Asp-His-Glu catalytic domain is the conserved catalytic active site of the
“HH-motif” decarboxylase (25). Among them, only leucine or alanine substituted glu-
tamic acid (26, 27) in the catalytic triad of AbPPDC. The corresponding catalytic site of
KDC4427 is still Asp-His-Glu. In order to confirm whether Glu468 is the main amino acid
affecting the decarboxylation activity of KDC4427, mutants E468A and E468L were con-
structed, and their activities were determined. The mutation of E468L did not increase
the decarboxylation activity of PPA but almost completely lost the two catalytic activ-
ities, as did the mutant E468A. This result demonstrated that E468 plays a key role in the
catalysis of KDC4427.

DISCUSSION

In recent years, biological synthesis of 2-PE has attracted extensive attention of
researchers worldwide (2). It has been reported that 2-PE was produced by heterol-
ogous expression of related genes in E. coli (19). This indicates that bacteria have
potential application and research value in 2-PE synthesis. PPDC is a rate-limiting
enzyme in the biosynthesis of 2-PE. KDC4427 is a PPDC with high activity from
Enterobacter sp. CGMCC 5087. In this study, we characterized the enzymatic properties
of KDC4427, and the substrate specificity was analyzed by enzyme activity assay.
Meanwhile, the catalytic mechanism of KDC4427 was further clarified by sequence
alignment, structural simulation, and site-directed mutation.

The activity of KDC4427 was the highest at pH 6.5 and decreased sharply at pH 7 to
7.5. This may be due to the pH-dependent association of KDC4427 subunits. In previous
reports, EcIPDC existed mainly in the form of a tetramer at pH 5.6 to 6.0 and rapidly dis-
sociated into a dimer at pH 6.7 to 7.4 (28). In the presence of ThDP and Mg21 (cofactors)
in the buffer, EcIPDC was stable at 50°C after incubation for 30 min (16), while KDC4427
had low stability and only 40% of activity after incubation for 1 h without cofactors
(Fig. 2D); it appears that the presence of cofactors may improve the thermal denatura-
tion resistance of KDC4427. According to the amino acid AI value (Table 1), it can be
inferred that the thermal stability of KDC4427 with cofactors is stronger than that of
EcIPDC. The residual activity of previously reported PmKDC, a ThDP-dependent a-ketoa-
cid decarboxylase from Proteus mirabilis JN458, at 25°C is about 30% (29), while
KDC4427 has about 70% residual activity (Fig. 2B). At the same time, the stability of
KDC4427 at 25°C is more than 85% of activity (Fig. 2D); it can be seen that KDC4427 is an
enzyme with high adaptability to low temperature. Low temperature-adapted enzymes
are a promising source for the pharmaceutical, agricultural, and chemical industries (30)
because the biosynthesis of vulnerable pharmaceutical compounds requires low temper-
ature conditions to avoid side effects and save energy (31).

According to the current data analysis, as a PPDC, KDC4427 has higher catalytic effi-
ciency for a variety of substrates than Aro10. The affinity of Aro10 for PPA is 6-fold higher
than that of KDC4427, and the kcat value of KDC4427 for PPA is 9-fold higher than that of
Aro10 (Table S3 in the supplemental material). Moreover, KDC4427 showed a relatively
higher catalytic efficiency for PPA than AbPPDC. These data suggested that KDC4427 is
the PPDC with the highest catalytic activity so far. For KDC4427, as an IPDC, in the reac-
tion with IPyA, the affinity to the substrate was 2-fold higher than that of Aro10 and
0.25-fold higher than that of EcIPDC (Table S3); it has the highest indole pyruvate
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decarboxylation activity. EcIPDC does not have PPDC activity, although KDC4427 has
high homology with it.

The phylogenetic tree showed that KDC4427 was closely related to EcIPDC from E.
cloacae and belongs to IPDCs. This confirmed that KDC4427 belongs to both PPDCs and
IPDCs and also has these two catalytic activities. The primary cause of this phenomenon
may be the distinctive tertiary structure or amino acid sequence. It was found that
KDC4427 and EcIPDC had very high similarity, which was unprecedented in the previous
report of a-ketoacid decarboxylase. However, it was found that the intermediate domain
(also known as the TH3 domain) has a huge difference, which is consistent with the over-
all characteristics of ThDP-dependent decarboxylases (32). In addition, KDC4427 has two
histidine residues on the same polypeptide chain, which is called the “HH-motif.” The
enzymes containing HH-motifs include pyruvate decarboxylase, IPDC, PPDC, and
branched a-ketoacid decarboxylase. In addition to two histidine residues, these enzymes
also contain a completely conservative aspartic acid residue and a glutamate residue
(28), which is exactly the same as KDC4427. The X-ray structure of a pyruvate decarboxyl-
ase mutant from S. cerevisiae and pyruvate complex showed that there was a hydrogen
bond between pyruvate decarboxylase and Glu477 of “HH-motif” (33). This report sup-
ports the fact that the mutants E468L and E468A almost completely lost their decarbox-
ylation activity in this study. The difference of tetramer packing, the exchange of several
amino acids in the substrate-binding pocket, and the varied structure of C-terminal helix
covering the active site are regarded as the reasons for the different specificity of
a-ketoacid decarboxylase (28). I542 serves as the only different amino acid in binding
sites between KDC4427 and EcIPDC; I542 has no significant change in the catalytic activ-
ity of IPyA and PPA after being mutated to leucine. Therefore, I542 is not the main rea-
son for which KDC4427 has both phenylpyruvate decarboxylation activity and indole py-
ruvate decarboxylation activity. Perhaps the answer can be found in the intermediate
domain or diverse different construction of the C-terminal helix.

In conclusion, among the reported a-ketoacid decarboxylases, KDC4427 has the
highest catalytic activities of PPDC and IPDC, and the catalytic mechanism is similar to
EcIPDC. Through the above work and research, we have a more comprehensive under-
standing of the function of this enzyme, which provides scientific data for expanding
understanding of the molecular mechanism of 2-PE synthesis, provides theoretical
guidance for the directed evolution of PPDC, and provides a solid foundation for pro-
moting the biosynthesis of 2-PE.

MATERIALS ANDMETHODS
Strains and culture. E. coli DH5a was used to construct and amplify vectors, and E. coli BL21(DE3)

was used to express recombinant proteins (22). Strains were grown in Luria-Bertani (LB) medium con-
taining 50 mg/mL ampicillin at 37°C and 200 rpm.

Enterobacter sp. CGMCC5087-DKDC4427 (Table S1 in the supplemental material) was cultured in LB
medium with spectinomycin at a final concentration of 100 mg/mL. The strains that express KDC4427
and KDC4427mutants in KDC4427-null strains were cultured at 37°C and 200 rpm.

Prokaryotic expression and purification. The expressed strain that BL21(DE3) containing the expres-
sion plasmid pETDuet-1-KDC4427 was cultured in 5 mL of liquid LB medium with ampicillin antibiotics at
37°C and 200 rpm for 12 h. Three milliliters of culture broth was inoculated into 100 mL of liquid LB medium
and grown at 37°C until it reached a turbidity (600 nm) of 0.6 (2 to 3 h). After isopropyl-b-D-thiogalactopyra-
noside (IPTG) was added to induce protein expression, the supernatant was extracted and purified by nickel-
nitrilotriacetic acid (Ni-NTA) His bind resin (Novagen) column. The column was washed with binding buffer
(50 mM NaH2PO4, 300 mM NaCl, and 10 mM imidazole) to balance the column. The impure proteins were
washed away with wash buffer (20 mM imidazole and 8% glycerol), and the eluent was reacted with G250
to verify whether the impure protein was washed clean. Elution buffer (250 mM imidazole and 10% glycerol)
was used to elute the protein. The purity and molecular mass of the protein were verified by polyacrylamide
gel electrophoresis. The purified KDC4427 protein was determined by the BCA (Solarbio, China, Beijing)
standard curve method for determination of protein concentration.

Enzymatic assays. To characterize the effect of different pH values on the activity of KDC4427, the pH
was varied from 5 to 8 by using sodium citrate, sodium phosphate buffers. The 1-mL reaction system
(0.2 mM ThDP, 0.1 mM MgSO4, and 24 mg/mL KDC4427) was prepared in buffer solution with different pH
values, and 2 mM PPA was added to start the reaction. The mixture was incubated for 30 min at 37°C. The
reaction products were filtered with 2-mm sterile membranes and then divided into liquid-phase vials. The
detection method of phenylacetaldehyde by high-performance liquid chromatography (HPLC) refers to
the content previously reported (22). Authentic phenylacetaldehyde (Aladdin, China, Shanghai) was used
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as the standard. In the determination of the optimum temperature of enzyme activity, the reaction system
was prepared in phosphate buffer solution at pH 7.0. The reaction was carried out at 25°C, 30°C, 35°C,
40°C, 45°C, and 50°C for 30 min, and then the enzyme activity was determined as described above.

Enzyme stability. The purified protein was incubated under different pH values (5.0, 5.5, 6.0, 6.5,
7.0, 7.5, and 8.0) and temperatures (25°C, 30°C, 35°C, 40°C, 45°C, and 50°C) for 1 h, respectively. Then,
0.2 mM ThDP, 0.1 mM MgSO4, and 2 mM PPA were added successively, and the reaction time was
30 min at 35°C and pH 6.5. The activity of KDC4427 at the optimum pH and temperature was used as a
blank control, and the determination method was the same as above. The residual activity was calcu-
lated with the blank control as 100%.

Substrate specificity and kinetics. The decarboxylation activity of KDC4427 to different substrates
was monitored by the coupling analysis described previously (34). Preparation of the enzyme reaction
system (1 mL) included 20 mM sodium phosphate buffer (pH 7.0), 0.35 mM NADH, 0.2 mM thiamine
pyrophosphate, 0.1 mM MgSO4, 1 U/mL yeast alcohol dehydrogenase, 2 mM PPA, and 24 mg/mL
KDC4427 purified protein. The reaction time was 15 min at 37°C. The absorption peak of NADH was
detected at 340 nm (reaction of IPyA as the substrate needs to be determined at 366 nm) by an enzyme
labeling instrument, and then the PPA activity of KDC4427 was calculated. The catalytic activity of
KDC4427 to various substrates was determined according to the same detection principle.

Under standard conditions, different concentrations of PPA were used for the enzyme reaction. The
Michaelis-Menten curve was drawn by nonlinear fitting, and the Km and kcat values were calculated.

Analysis of physicochemical properties of KDC4427 amino acids. The physicochemical properties
of KDC4427 amino acids were analyzed by using the website ExPASy-ProtParam tool.

Phylogenetic analysis. Nine genomic sequences of a-ketoacid decarboxylase were downloaded
from GenBank. The phylogenetic tree of KDC4427 was constructed by the Mega 6 program. The similar-
ity of amino acid sequences was compared by the NCBI website.

Sequence homology analysis and homology modeling. The sequence homology of KDC4427 and
EcIPDC was analyzed by using the website https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi.

Using indole-3-pyruvate decarboxylase (Protein Data Bank [PDB]: 1OVM) as the template, the homol-
ogy modeling of KDC4427 was carried out online by using the website protein psychology/analysis rec-
ognition enginev 2.0 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index).

Cloning and site-directed mutagenesis. The KDC4427 gene was amplified with 4427-Spe I-F and
4427-EcoR I-R primers (Table S4) using pETDuet-1-KDC4427 vector as the template. After the pTargetF
plasmid (35) was double digested with EcoR I and Spe I, the KDC4427 gene was ligated with a
ClonExpress II one-step cloning kit (Vazyme, China, Nanjing). The ligation product was transformed
into DH5a competent cells by electrotransformation, and the positive recombinants were screened by
spectinomycin resistance. Using pTargetF-KDC4427 plasmid as the template, primers with mutated
amino acid sites (Table S4) were used to amplify it. The PCR products were digested with Dpn I to elim-
inate background pTargetF plasmid. Then, the digestion products were transformed into KDC4427-
knockout competent cells and verified by sequencing to obtain mutants I542A, I542L, A387Q, E468A,
and E468L.

Assay of mutant activity. The wild-type Enterobacter sp. CGMCC 5087 and mutant strains with an
optical density at 600 nm (OD600) of 0.1 were cultured at 37°C and 200 rpm for 24 h, and then 500 mL of
bacterial solution was added with equal volume of n-heptane to extract 2-PE. Then, the extracted bacte-
rial solution was filtered and analyzed by gas chromatography (GC) to quantify the concentration of 2-
PE. The method of 2-PE detection by GC was slightly adjusted on the basis of a previous report (23). The
standard curve was drawn, and sample concentration was calculated by using a group of 2-PE standard
samples with different concentrations.

The wild-type Enterobacter sp. CGMCC 5087 and mutant strains with an OD600 of 0.1 were cultured at
37°C and 200 rpm for 24 h. The yield of IAA was determined by Salkowski’s method as follows (36).
Bacterial solution (300 mL) was centrifuged at 13,000 rpm for 3 min, and 200 mL of supernatant was
mixed with 400 mL of Salkowski reagent and incubated in the dark at room temperature for 25 min.
Then, the absorbance value was detected at 530 nm by a microplate reader. The standard curve was
drawn with different concentrations of IAA.

Data availability. The sequence of the KDC4427 gene has been deposited in the GenBank database
under accession number PWI79650.1.
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