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Plant-derived phenolic gallic acid (GA) is an import-
ant raw material for antioxidants and food addi-
tives.  Efforts to ferment GA using microbial pro-
cesses have aimed at minimizing production costs 
and environmental load using enzymes that hydrox-
ylate p-hydroxybenzoate and protocatechuate 
(PCA). Here, we found a p-hydroxybenzoate hydrox-
ylase (PobA) in the bacterium Hylemonella gracilis 
NS1 (HgPobA) with 1.5-fold more hydroxylation 
activity than that from Pseudomonas aeruginosa 
PAO1 and thus converted PCA to GA more effi-
ciently. The PCA hydroxylation activity of HgPobA 
was improved by introducing the amino acid sub-
stitutions L207V/Y393F or T302A/Y393F. These 
mutants had 2.9- and 3.7-fold lower Km 

app for PCA 
than wild-type HgPobA. An Escherichia coli strain 
that reinforces shikimate pathway metabolism and 
produces HgPobA when cultured for 60 h generated 
0.27 g L-1 of GA. This is the first report of ferment-
ing glucose to generate GA using a natural enzyme 
from the PobA family. The E. coli strain harboring 
the HgPobA L207V/Y393F mutant increased GA 
production to 0.56 g L-1. During the early stages of 
culture, GA was fermented at a 10-fold higher rate 
by a strain producing either HgPobA L207V/Y393F 
or T302A/Y393F compared with wild-type HgPobA, 
which agreed with the high kcat 

app/Km 
app PCA values 

of this mutant. We enhanced a PobA isozyme and 
its PCA hydroxylating function to efficiently and 
cost-effectively ferment GA.
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Introduction

The phenolic compound 3,4,5-trihydroxybenzoic acid 
(gallic acid; GA) is derived from gallnuts, sumac, hazel, 
tea leaves, and oak bark (Haslam and Cai, 1994). Due to 
its polyhydric phenol structure, GA has antioxidant and 
antibacterial properties, and it is a raw material for food 
additives, antiseptics, cosmetics, and pharmaceuticals 
(Badhani et al., 2015; Diaz-Gomez et al., 2013). Propyl 
gallate and other gallate esters also serve as food additives 
(Aruoma et al., 1983), and GA derivatives are found in 
adhesives, coatings, and electronic components (Kinugawa 
et al., 2016; Sileika et al., 2013). Pyrogallol is a decarbox-
ylated product of GA used as a dye and in the organic 
synthesis of valuable compounds (Kim et al., 2011). Gallic 
acid is currently hydrolyzed from plant-derived tannins 
during a process where acids and bases are catalysts, which 
burdens environmental loads. Therefore alternative cata-
lysts have been developed such as anionic resins and 
enzymes (Lara‑Victoriano, 2017; Luo et al., 2018; Rommel 
and Wrolstad, 1993).

The fermentation of GA using genetically engineered 
bacteria is a potential alternative method for producing 
GA (Chen et al., 2017; Chen et al., 2022; Kambourakis et 
al., 2000), which is a useful material for bio-based pyro-
gallol (Huo et al., 2018; Wang et al., 2018). One strategy 
for microbial GA production applies genetically manipu-
lated Escherichia coli that produces chorismate pyruvate 
lyase (4-hydroxybenzoate synthase) to convert the endog-
enous shikimate pathway intermediate, chorismate, to 
ferment glucose and produce para-hydroxybenzoate 
(pHBA) (Chen et al., 2017). Another strategy also mediates 
the shikimate pathway to heterogeneously produce 
3-dehydroshikimate dehydratase that converts the pathway 
intermediate 3-dehydroshikimate (DHS) to protocatechuic 



acid (PCA) (Fig. 1) (Chen et al., 2022; Kambourakis et 
al., 2000). The final step in both of these strategies is facil-
itated by pHBA hydroxylases (E.C. 1.14.13.2) produced 
in the same strains to convert pHBA or PCA to GA.

Efficient production of GA requires amino acid substi-
tutions in pHBA hydroxylases (PobA); these enable high 
turnover of PCA hydroxylation to generate GA, because 
native PobA preferentially hydroxylates pHBA over PCA 
as a substrate (Spector and Massey, 1972). The active site 
mutant Y385F of Pseudomonas aeruginosa PobA (PaPobA) 
hydroxylates PCA more rapidly than native PaPobA 
(Entsch et al., 1991). This mutant ferments GA in meta-
bolically engineered E. coli using glucose as the raw 
material (Kambourakis et al., 2000). The authors found 
T294A/Y385F and L199V/Y385F mutations that increased 
the PCA hydroxylation rate 16- and 29-fold more than 
native PaPobA (Chen et al., 2017; Moriwaki et al., 2019). 
Recent random mutagenesis studies have discovered 
PaPobA mutants with more hydroxylation activity against 
PCA (Chen et al., 2022; Maxel et al., 2020). More effort 
has been directed towards PaPobA and its mutants for 
microbial GA fermentation, than to exploring novel 
enzymes that could efficiently catalyze PCA hydroxylation.

This study mined genomic databases and found a novel 
PobA from Hylemonella gracilis NS1 (HgPobA) that had 
1.5-fold higher hydroxylation activity against PCA than 
PaPobA. We constructed H. gracilis L207V/Y393F and 
T302A/Y393F mutants with 3- and 2-fold lower Km 

app 
values for PCA. We also designed a biosynthetic pathway 
to produce 3-dehydroshikimate dehydratase and HgPobA 
or its derivatives in E. coli (Fig. 1) that fermented up to 
0.56 ± 0.01 g L-1 GA.

Material and methods
Strains and media.  We prepared plasmids, produced 
recombinant proteins, and fermented GA (Wako Pure 
Chemical Industries, Osaka, Japan) in E. coli using NEB 
turbo (New England Biolabs, Ipswich, MA, USA), BL21 
Star (DE3) (Invitrogen, Carlsbad, CA, USA), and NST37 
(DE3) (Masuo et al., 2016), respectively. Cells were 
cultured in Luria Bertani (LB) medium (10 g tryptone, 5 
g yeast extract, and 10 g NaCl/ L-1 ) and GA was fermented 
in medium containing 10 g tryptone, 5 g yeast extract, 24 g 
Na2HPO4, 12 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 0.5 g 
MgSO4 7H2O, 15 mg CaCl2, 50 mg thiamine-HCl, 2 mL/ L-1  
of Hutner’s trace element solution (Hutner, 1950), and 1% 
glucose (Fujita et al., 2013). The plasmids were maintained 
in media containing 30 mg L-1 kanamycin sulfate and 40 
mg L-1 ampicillin sodium.

Plasmid construction.  A DNA fragment of the hgpobA 
gene (NCBI accession number, WP_131280663) was 
chemically synthesized, and amplified by PCR using the 
primers HgF and HgR (Table 1). The amplified fragment 
was cloned into pRSFduet-1 that had been digested with 
EcoRⅠ and HindIII using NEBuilder HiFi DNA Assembly 
Master Mix (New England Biolabs) to yield pRSF-hgpobA. 
A fragment encoding papobA was amplified from the total 
DNA of P. aeruginosa JCM 14847 (RIKEN Bioresource 
Center, Wako, Japan) using the primers PaF and PaR 
(Table 1), and cloned into pRSFduet-1 to generate 
pRSF-papobA. Thereafter, mutant pRSF-hgpobA was 
amplified by PCR using \ circularized pRSF-hgpobA as a 
template and the primers Y393F_F and Y393F_R, L207V_F 
and L207V_R, and T302A_F and T302A_R for mutagen-
esis of Y393F, L207V, and T302A, respectively (Table 1). 

Fig. 1.  Gallic acid fermentation strategy.
Solid and dashed arrows indicate endogenous and heterogeneous reactions, respectively. DAHP, 3-deoxy-D-arabinoheptulosonate 
7-phosphate; DHS, 3-dehydroshikimic acid. FoYcjR, ycjR encoding DHS dehydratase from Fusarium oxysporum f. sp. 
Lycopersici; HgPobA, pobA encoding p-hydroxybenzoate hydroxylase from Hylemonella gracilis NS1.

Table 1.  Primer sequences (5′ → 3′) .

Primer Sequence 

HgF ATCACCACAGCCAGGATCCGAATTCAAGCTACCCCACCCGTAC
HgR TTAAGCATTATGCGGCCGCAAGCTTCAGGCGCCGAAATCCAAG
PaF ATCACCACAGCCAGGATCCGAATTCAAAGACTCAAGTCGCCATC
PaR TTAAGCATTATGCGGCCGCAAGCTTCTCGATTTCCTCGTAGGG
Y393F	(F) GTGGCCGAGAACTTCGTCGGCCTGCCC 
           	(R) GGGCAGGCCGACGAAGTTCTCGGCCAC
L207V	(F) GTGCACCACGAGGTGATCTACGTGAAC
           	(R) GTTCACGTAGATCACCTCGTGGTGCAC
T302A	(F) CATCGTGCCGCCCGCGGGGGCCAAGGGCC
           	(R) GGCCCTTGGCCCCCGCGGGCGGCACGATG

F, forward; R, reverse.
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The resulting DNA fragments were digested with DpnI 
and transformed into E. coli NEB turbo to yield 
pRSF-hgpobA L207V/Y393F and hgpobA T302A/Y393F.

Preparation of recombinant HgPobA.  Escherichia coli 
BL21 Star (DE3) cells harboring pRSF-hgpobA and its 
derivatives were cultured overnight in 5 mL of LB medium 
containing 30 mg L-1 kanamycin sulfate at 37°C. Portions 
(1 mL) were inoculated into 100 mL of the same medium, 
and stirred at 120 rpm at 37°C until the optical density 
(OD) at 600 nm reached 0.6. Thereafter, 0.4 mM isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was added to the 
medium, and the culture was stirred at 120 rpm at 20°C 
for 12 h. The cells were sedimented by centrifugation, 
suspended in 20 mM Tris-HCl, pH 7.9 (buffer A), and 
disrupted by ultrasonication. Cell debris was removed from 
the sonicate by centrifugation at 10,000 × g for 15 min, 
then proteins were purified using a HisTrap FF column 
(Cytiva, Marlborough, MA, USA) equilibrated with buffer 
A containing 20 mM imidazole. Bound proteins were 
washed with 10 column volumes of buffer A containing 
20 mM imidazole, then eluted from the column with buf-
fer A containing 300 mM imidazole. Eluents were concen-
trated, suspended in buffer A, then passed through Amicon 
Ultra-0.5 mL filters with a 10 kDa cutoff (Merck, 
Darmstadt, Germany). Protein concentrations in the filtrate 
were determined by the Bradford method using Protein 
Assay Dye Reagent (Bio-Rad Laboratories, Hercules, CA, 
USA) as described by the manufacturer.

High-performance liquid chromatography.  We analyzed 
pHBA, PCA, and GA and cofactors by high-performance 
liquid chromatography (HPLC) using an Agilent 1260 
Infinity system (Agilent Technologies, Santa Clara, CA, 
USA), a Purospher Star RP-18 endcapped column with a 
particle size of 5 µm (Millipore-Merck, Billerica, MA, 
USA). The mobile phase comprised 20 mM phosphoric 
acid pH 2.5 (solvent A) and methanol (solvent B) at a flow 
rate of 1.0 mL min-1 and the column temperature was 30°C.

Purified HgPobA was boiled for 3 min, and the super-
natant was analyzed with a mobile phase comprising a 
60:40 ratio of solvent A: solvent B) to determine cofactors. 
The column temperature was 30°C, and absorption was 
monitored at 450 nm.

Reactions (100 µL) containing 20 mM Tris-HCl (pH 7.9), 
5 mM NADPH, 10 μM FAD, 1 mM pHBA or PCA, and 
10 µg purified PobA were incubated at 30°C for 5 min, 
terminated by adding 100 µL of 2 M HCl, and analyzed 
by HPLC to determine pHBA, PCA, and GA. The column 
temperature was 30°C and the mobile phase comprised 
90:10 solvent A: solvent B. Absorption at 210 nm was 
quantified.

Steady-state kinetics.  Reactions (100 μL) were started by 
adding 0‒1 mM pHBA (Wako Pure Chemical Industries, 
Osaka, Japan) or PCA (Oriental Yeast Tokyo, Japan) to 20 
mM Tris-HCl (pH 7.9) containing 10 μM FAD, 0.25 mM 
NAD(P)H, and purified PobAs. Absorbance at 340 nm was 
monitored at 25°C using a U3900 spectrophotometer 
(Hitachi). We quantified NAD(P)H (Oriental Yeast) using 
a molar absorption coefficient of 6300 M-1 cm-1. The ini-
tial velocity of NAD(P)H consumption was determined in 
triplicate, and fitted to a Michaelis-Menten equation to 

calculate apparent Michaelis (Km 
app) and kinetic (kcat 

app) 
constants.

Fermentation of GA.  Bacterial strains were constructed 
as follows. The cDNA of the ycjR gene from Fusarium 
oxysporum f. sp. Lycopersici (UniProt accession no: 
A0A0D2XXI8) was synthesized and cloned into 
pRSFduet-1 to generate pRSF-foycjR. Plasmid RSF-hgpobA 
and its derivatives were digested with EcoRⅠ and HindⅢ, 
and their inserted sequences were cloned into pETduet-1 
that was previously digested with the same restriction 
enzymes to generate pET-hgpobA, hgpobA L207V/Y393F, 
and hgpobA T302A/Y393F. The plasmids were transformed 
into E. coli NST37 (DE3) harboring pRSF-foycjR and 
rotary shaken at 180 rpm overnight in 5 mL of LB medium 
at 37°C to generate E. coli G1, G2, and G3 strains. There-
after, cultures (1 mL) were inoculated into 100 mL of fer-
mentation medium containing 1% glucose in 500-mL con-
ical flasks. When the OD reached 0.6, 1 mM IPTG was 
added and the cells were further incubated at 28°C and 
shaken at 120 rpm for 60 h. Glucose (2 mL; 500 g L-1) was 
added every 24 h. Glucose concentrations were quantified 
using glucose  CII test kits (Fujifilm Wako Pure Chemical 
Corporation, Osaka, Japan). The signal intensity of gels 
was quantified using ImageJ software (Schneider et al., 
2012).

Results

Identification and characterization of HgPobA
We predicted PobA proteins with 60%‒70% amino acid 

sequence similarity to PaPobA using BlastP and the NCBI 
database. We identified a PobA-like protein from H. gracilis 
NS1 (HgPobA) with 63% similarity. Recombinant HgPobA 
was prepared, and SDS-PAGE confirmed its calculated 
purity and molecular mass (Fig. 2A). The protein spectrum 
showed absorption peaks at 375 and 450 nm (Fig. 2B). 
The HPLC findings showed that HgPobA contained FAD 
and negligible amounts of FMN (Fig. 2C), indicating that 
HgPobA uses FAD as a prosthetic group. Since the FAD 
content was 0.52 mol/mol protein, we measured the enzyme 
activity against an excess of FAD (10 µM). Specific activ-
ities for pHBA- and PCA-dependent NADPH oxidation 
were 6.9 ± 0.1 and 1.5 ± 0.1 µmol min-1 mg-1, respectively 
(Table 2). Those for 2,4-dihydroxybenzoate and 
4-aminobenzoate were 1.0 ± 0.2 and 0.061 ± 0.003 µmol 
min-1 mg-1, respectively (Table 2). The HgPobA activity 
for PCA was 3.5-fold higher than that of PaPobA, and 
replacing NADPH with NADH resulted in activity of 
< 0.01 μmol min-1 mg-1.

We analyzed PCA and GA production by HgPobA in 
5-min reactions containing an excess of NADPH (5 mM). 
The reaction generated 760 and 25 µM of PCA and GA 
respectively (Fig. 3A‒C), with 1 mM pHBA as the sub-
strate, and 140 µM GA with 1 mM PCA as the substrate. 
Reactions of PaPobA under the same conditions generated 
820 µM of PCA and 6.1 µM of GA, but only 40 µM of GA 
when PCA was the substrate, which was less than that 
generated by HgPobA (Fig. 3D). These results indicated 
that HgPobA, unlike PaPobA, is a novel hydroxylase for 
pHBA and PCA that prefers PCA.

Fitting the pHBA and PCA-dependent NADPH oxidation 
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rates to the Michaelis-Menten equation indicated that the 
apparent Michaelis (Km 

app) and rate (kcat 
app)-constants for 

the reaction using pHBA were 35 ± 14 µM and 5.6 ± 0.6 
s-1, compared with those of PaPobA (24 ± 7 µM and 4.7 
± 0.3 s-1; Fig. 2D, Table 3). The apparent Km 

app and kcat 
app 

for PCA were 260 ± 30 µM and 0.74 ± 0.03 s-1, respec-
tively, and the apparent kcat 

app
 was 1.5-fold higher than 

that of PaPobA (0.51 ± 0.02 s-1, Table 3). These findings 
indicated that the higher turnover of HgPobA could partly 
explain the relatively greater PCA hydroxylation activity 
compared with that of PaPobA.

Efficient coupling of HgPobA and PCA
The PaPobA reactions often uncouple NADPH oxidation 

and the hydroxylation of non-preferred substrates such as 
PCA to spontaneously reduce O2 to hydrogen peroxide 
(Eshchrich et al., 1993; Moriwaki et al., 2019).  Our find-
ings were consistent with these in that the HgPobA reaction 
was not stoichiometric and generated less PCA and GA 
than oxidized NADPH (Fig. 3A). We compared NADPH 
oxidation with PCA and GA production to determine the 
stoichiometry of the reaction. After the complete consump-
tion of 0.5 mM NADPH, we quantified the amount of 

Fig. 2.  Biochemical characterizations of HgPobA.
A. Proteins resolved by SDS-PAGE.  M, molecular weight marker; 1, recombinant HgPobA; 2, recom-
binant HgPobA L207V/Y393F; 3, recombinant HgPobA T302A/Y393F; 4, recombinant PaPobA (1 µg 
each). B. Absorption spectra of HgPobA (54 µM) (solid line), and FAD (26 µM) (dashed line) in 20 
mM Tris-HCl (pH 7.9). C. Analysis of cofactors in HgPobA. Purified HgPobA was boiled, centrifuged, 
and supernatants analyzed by HPLC are shown as absorption at 210 nm. D. Specific activities of 
HgPobA for various concentrations of pHBA and 0.25 mM NADPH in 20 mM Tris-HCl (pH 7.9). Data 
were fitted to the Michaelis-Menten equation.

Table 2.  Specific activity of HgPobA and PaPobA for various aromatic compounds.

Enzyme
Specific activity (µmol min-1 mg-1)

pHBA PCA 2-Hydroxy-
benzoate

2,4-Dihydroxy-
benzoate

4-Amino-
benzoate

HgPobA 6.9 ± 0.1 1.5 ± 0.1 < 0.01 1.0 ± 0.2 0.061 ± 0.003
PaPobA 7.0 ± 0.5 0.43 ± 0.07 < 0.01 0.34 ± 0.08 0.021 ± 0.004

Initial velocity of NADPH consumption was measured in 20 mM Tris-HCl (pH 7.9) containing 0.25 mM NADPH, 10 μM FAD, 
1 mM aromatic substrate, and purified PobA protein at 25°C. Data are shown as means ± standard deviation (n = 3).
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generated PCA and GA using HPLC and estimated that 
the coupling ratios of the reaction (mol PCA and GA/mol 
NADPH) were 83% and 24% for pHBA and PCA, respec-
tively (Table 3). These ratios were comparable between 
PaPobA for pHBA (76%) and quite low (2.2%) for PCA 
(Table 3), indicating that NADPH oxidation and PCA 
hydroxylation were more efficiently coupled by HgPobA 
than PaPobA. This finding was consistent with the 
increased production of GA by HgPobA, compared with 
PaPobA (Fig. 3A).

Kinetic properties of HgPobA mutants
The PaPobA L199V/Y385F and the T294A/Y385F 

mutants hydroxylate PCA faster than wild-type (WT) 

PaPobA (Chen et al., 2017; Moriwaki et al., 2019). The 
L199, T294 and Y393 residues of PaPobA respectively 
corresponded to L207, T302 and Y393 of HgPobA. There-
fore, we constructed HgPobA mutants harboring 
L207V/Y393F and T302A/Y393F mutations. The specific 
activities for the pHBA- and PCA-dependent NADPH 
oxidation of HgPobA by the L207V/Y393F mutant were 
1.4 ± 0.2 and 1.3 ± 0.5 µmol min-1 mg-1, respectively. The 
Km 

app
 and kcat app

 values of the HgPobA L207V/Y393F 
mutant reactions were 21 ± 14 µM and 0.86 ± 0.19 s-1 for 
pHBA, and 90 ± 26 µM and 0.76 ± 0.060 s-1 for PCA, 
respectively (Table 3). This mutation lowered the kcat app

 
value for pHBA 6.5-fold and decreased the Km 

app value 
for PCA by 2.9-fold. The Km 

app
 and kcat app

 values of the 

Table 3.  Steady-state kinetics of reactions between WT and mutant enzymes and substrates.

Enzyme Substrate Km 
app

(µM)
kcat app

(s-1)
kcat app/Km 

app

(µM-1 s-1)
Coupling ratio 

(%)

HgPobA WT pHBA 35 ± 14 5.6 ± 0.6 0.16 ± 0.04 83 ± 1
PCA 260 ± 30 0.74 ± 0.03 0.003 ± 0.001 24 ± 1

L207V/Y393F pHBA 21 ± 14 0.86 ± 0.19 0.041 ± 0.014 66 ± 1
PCA 90 ± 26 0.76 ± 0.06 0.008 ± 0.002 59 ± 1

T302A/Y393F pHBA 35 ± 8 4.3 ± 0.3 0.12 ± 0.02 78 ± 1
PCA 76 ± 16 2.3 ± 0.1 0.031 ± 0.005 58 ± 1

PaPobA WT pHBA 24 ± 7 4.7 ± 0.3 0.20 ± 0.04 76 ± 1
PCA 130 ± 20 0.51 ± 0.02 0.004 ± 0.009 2.2 ± 0.5

Initial velocity of NADPH consumption was measured in 20 mM Tris-HCl (pH 7.9) containing 0.25 mM NADPH, 10 μM FAD, 
0‒1 mM pHBA or PCA, and purified PobA protein at 25°C. Data are shown as means ± standard deviation (n = 3).

Fig. 3.  High-performance liquid chromatography of enzyme products.
Analyses of products generated by 10 µg HgPobA WT (A), HgPobA L207V/Y393F (B), HgPobA 
T302A/Y393F (C), or PaPobA (D) after reaction at 30℃ for 5 min in 20 mM Tris-HCl (pH 7.9) 
containing 10 μM FAD, 5 mM NADPH, and 1 mM PCA.
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reaction by the HgPobA T302A/Y393F mutant were 
respectively 35 ± 7.7 µM and 4.3 ± 0.28 s-1 for pHBA 
(Table 3), whereas these values for PCA were 76 ± 16 µM 
and 2.3 ± 0.10 s-1 and 2.4-fold higher and 6.3-fold lower 
than those of WT HgPobA. These results indicated that 
compared with the WT, both HgPobA mutants preferred 
PCA.

We determined the coupling ratios of the mutant reac-
tions. The comparative coupling ratios of the L207V/Y393F 
and the T302A/Y393F mutants with pHBA compared with 
WT HgPobA and WT PaPobA were 66%–78% and 76%–
83% (Table 3), indicating that pHBA is a good substrate 
for these PobAs. The coupling ratio was 2.4-fold higher 
(58%) for the reaction between PCA and the mutants than 
for WT HgPobA and much higher than that between PCA 
and PaPobA. These results indicated that the mutants 
increased the preference of HgPobA for PCA.

Fermentation of GA using HgPobA
The finding that HgPobA prefers PCA indicated that it 

could be useful in an efficient microbial process to produce 
sugar-based GAs. We therefore constructed an E. coli strain 
that fermented glucose to produce PCA. The foycjR gene 
of the fungus Fusarium oxysporum encodes a putative DHS 
dehydratase that converts the endogenous shikimate path-
way intermediate, DHS, to PCA (Fig. 1). The cDNA of 
this dehydratase was introduced into E. coli NST37 (DE3), 
which has a genetically modified shikimate pathway to 
maximize DHS production (Masuo et al., 2016) and 
generate PCA (Fig. 1). Thereafter, HgPobA, HgPobA 
L207V/Y393F, and HgPobA T302A/Y393F were produced 
in E. coli NST37 (DE3) to obtain the G1, G2, and G3 
strains, respectively.

The G1 strain produced 0.27 ± 0.02 and 0.012 ± 0.003 
g L-1 of GA and PCA, respectively after incubation for 60 
h (Fig. 4A). The lower accumulation of PCA indicated that 
HgPobA hydroxylated PCA to GA. The G2 and the G3 
strains accumulated 0.56 ± 0.01 and 0.22 ± 0.02g L-1 of 
GA after the 60-h culture (Fig. 4B, C).  The G1, G2, and 
G3 strains consumed 28, 29, and 26 g L-1 of glucose, and 
respectively yielded  1.0%, 1.9%, and 1.3% GA (vs. glucose) 
during a 60-h incubation. We profiled GA fermentation by 
the strains during by culture periods. The G2 and G3 strains 
incubated for 12 h produced 10-fold more GA than the G1 
strain incubated for 12 h (0.36 ± 0.01 and 0.33 ± 0.02, 
respectively, vs. 0.032 g L-1; Fig. 4B and C). This finding 
indicated that the HgPobA mutants increased the PCA 
hydroxylation rate at the early stages of culture. Intracel-
lular levels of HgPobAs during incubation for 12 h esti-
mated from images of SDS-PAGE gels (Fig. 4D) did not 
significantly differ. These results coincided with the high 
activity of the HgPobA mutants towards PCA (Table 2), 
indicating the mutations of HgPobA positively affected 
GA fermentation.

After incubation for 12 h, GA accumulation decreased 
in the G2 and G3 strains over the next 12 h. Glucose avail-
ability for producing GA was limited, and a dark brown 
pigment accumulated, suggesting that some GA 
oxygen-labile was oxidized (Osawa and Walsh, 1995).  
During this period, the G1 strain continued to consume 
glucose and produce GA without accumulating the pig-
ment. These findings are consistent with the notion that 
culture under glucose-limited conditions accelerates GA 
degradation. After incubation for 24 h, glucose was added 
every 24 h to the medium. The G1 and G2 strains gradually 
accumulated GA during this period, whereas strain G3 did 

Fig. 4.  Fermentation of GA using genetically engineered E. coli strains G1 (A), G2 (B), and G3 (C).
A–C. Time-course of GA production by E. coli strains cultured in fermentation medium (100 mL) 
containing 1% glucose in 500-mL conical flasks. ●, GA; ▲, PCA; ■, OD600; ♦, Glucose. Data are 
presented as means ± standard deviation (n = 3). D. SDS-PAGE of HgPobA WT and its mutants in the 
G1, G2, and G3 strain at 12 h of incubation. M, molecular weight marker; 1, 2, and 3 cell-free extracts 
(CFEs) of G1, G2, and G3 strains (5 µg each).
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not, presumably due to missing a factor for GA production. 
During this incubation period, the G2 and G3 strains con-
sumed 20 and 16 g L-1 glucose, respectively (Fig. 4B and 
C). This implied that strain G3 consumed 1.3-fold less 
glucose than strain G2, and used less carbon and energy 
sources for GA production. This could explain the appar-
ent discrepancy in the lower GA production by strain G3 
despite producing HgPobA T302A/Y393F, which has a 
higher kcat/Km value for PCA than HgPobA L207V/Y393F 
produced by strain G2 (Table 3).

Discussion

We discovered a novel pHBA hydroxylase in H. gracilis 
NS1, HgPobA. This enzyme was active against PCA with 
Km 

app and kcat app values for pHBA similar to those of 
PaPobA that typically hydroxylates pHBA. These findings 
indicated that HgPobA functions as a PCA hydroxylase. 
The ability to hydroxylate PCA is a unique enzymatic fea-
ture of known PobAs including PaPobA. A pHBA hydrox-
ylase in the Cupriavidus necator JMP134 (NCBI accession 
number, WP_011301134) belongs to the same order 
(Burkholderiales) as H. gracilis, but PCA hydroxylation 
activity has not been elucidated (Westphal et al., 2018). 
Comamonas testosteroni, like H. gracilis belongs to the 
family Comamonadaceae in the order Burkholderiales and 
produces a PobA-like 3-hydroxybenzoate 4-hydroxylase 
that generates PCA (Hiromoto et al., 2006) that does not 
serve as a reaction substrate. The amino acid similarities 
of the Cupriavidus necator JMP134 and Comamonas 
testosteroni hydroxylases and HgPobA were 64% and 15%, 
indicating that their structures and functions are diverse 
among these bacteria.

The crystal structure of PaPobA showed that PCA binds 
at the active site in a non-productive configuration. That 
is, the 5-carbon atom of the bound PCA does not face the 
redox center of the enzyme, which could explain its low 
kcat for PCA (Schreuder et al., 1988). Our kinetic analyses 
showed that HgPobA reacts with PCA with a high kcat

app 
(Table 3), which is in line with the notion that HgPobA 
binds PCA in a productive configuration that facilitates 
appropriate hydroxylation (Moriwaki et al., 2019). This is 
also supported by the higher coupling ratio of NADPH 
oxidation and PCA hydroxylation by HgPobA than PaPobA 
(Table 3). These results imply that PCA recognition sites 
are differently organized between HgPobA and PaPobA, 
which is consistent with the ability of HgPobA to utilize 
2,4-dihydroxybenzoate and p-aminobenzoate, neither of 
which are preferred substrates for PaPobA.

This is the first description of efficient GA fermentation 
using PobA without artificial amino acid substitution. The 
recombinant bacteria fermented GA using glucose as a 
carbon source in a distinctly different process from the 
bacterial PaPobA that converted either pHBA or PCA to 
very low levels of GA (Chen et al., 2017). The fermenta-
tion process developed herein was based on two contra-
dictory reactions: the involvement of and requirement for 
oxygen in the unfavorable degradation of GA, and for 
hydroxylating PCA, respectively. This can be overcome 
by controlling the dissolved oxygen concentration during 
culture in jar fermenters, which would further enhance GA 

production using E. coli strains.
That HgPobA effectively produced GA through fermen-

tation indicated that GA could be produced by identifying 
and applying novel natural enzymes that hydroxylate PCA. 
In fact, the UniProt database contains > 8000 potential 
microbial PobAs among which, some natural PCA hydrox-
ylases might facilitate GA production and should be the 
next target of enzymology and fermentation studies.
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