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ABSTRACT Escherichia coli K-12 and some other strains have been reported to be
capable of utilizing 3-(3-hydroxyphenyl)propionate (3HPP), one of the phenylpro-
panoids from lignin. Although other enzymes involved in 3HPP catabolism and their
corresponding genes from its degraders have been identified, 3HPP 2-hydroxylase,
catalyzing the first step of its catabolism, has yet to be functionally identified at bio-
chemical and genetic levels. In this study, we investigated the function and charac-
teristics of MhpA from E. coli strain K-12 (MhpAy_;,). Gene deletion and complemen-
tation showed that mhpA was vital for its growth on 3HPP, but the mhpA deletion
strain was still able to grow on 3-(2,3-dihydroxyphenyl)propionate (DHPP), the hy-
droxylation product transformed from 3HPP by MhpA, ,,. MhpA,,, was overex-
pressed and purified, and it was likely a polymer and tightly bound with an approxi-
mately equal number of moles of FAD. Using NADH or NADPH as a cofactor, purified
MhpA,_,, catalyzed the conversion of 3HPP to DHPP at a similar efficiency. The
conversion from 3HPP to DHPP by purified MhpA,_;, was confirmed using high-
performance liquid chromatography and liquid chromatography-mass spectrometry.
Bioinformatics analysis indicated that MhpA,,, and its putative homologues
belonged to taxa that were phylogenetically distant from functionally identified
FAD-containing monooxygenases (hydroxylases). Interestingly, MhpA,_,, has approxi-
mately an extra 150 residues at its C terminus in comparison to its close homo-
logues, but its truncated versions MhpA,_;,%°° and MhpA,_;,*%° (with 154 and 74
residues deleted from the C terminus, respectively) both lost their activities. Thus,
MhpA,_,, has been confirmed to be a 3HPP 2-hydroxylase catalyzing the conversion
of 3HPP to DHPP, the initial reaction of 3HPP degradation.

IMPORTANCE Phenylpropionate and its hydroxylated derivatives resulted from lignin
degradation ubiquitously exist on the Earth. A number of bacterial strains have the abil-
ity to grow on 3HPP, one of the above derivatives. The hydroxylation was thought to be
the initial and vital step for its aerobic catabolism via the meta pathway. The significance
of our research is the functional identification and characterization of the purified 3HPP
2-hydroxylase MhpA from Escherichia coli K-12 at biochemical and genetic levels, since
this enzyme has not previously been expressed from its encoding gene, purified, and
characterized in any bacteria. It will not only fill a gap in our understanding of 3HPP
2-hydroxylase and its corresponding gene for the critical step in microbial 3HPP catabo-
lism but also provide another example of the diversity of microbial degradation of plant-
derived phenylpropionate and its hydroxylated derivatives.

KEYWORDS 3-(3-hydroxyphenyl)propionate, 3-(2,3-dihydroxyphenyl)propionate,
phenylpropionate, catabolism, MhpA, 2-hydroxylase, Escherichia coli K-12

icrobes play a vital role in the carbon cycle of phenylalkanoic acids and their
hydroxylated derivatives ubiquitously exist, which is largely resulted from the
catabolism of lignin and other plant-derived phenylpropanoids and flavonoids on the
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FIG 1 (A) Proposed pathway for 3HPP degradation by E. coli K-12 via the meta pathway, together with the catabolic reactions catalyzed by the
mhp gene products in vivo. (B) Comparison of the genetic organization of 3HPP catabolic clusters from three 3HPP utilizers. As shown in panel
A, mhpB encoded 2,3-dihydroxyphenylpropionate 1,2-dioxygenase (21), MhpR was a regulatory protein induced by 3HPP (22), and mhpT encoded
an energy-dependent 3HPP transporter (1). In panel B, the arrows indicate the size and direction of transcription of each gene or open reading
frame. Three functionally identified catabolic gene clusters, including mhpA and its homologues, for the entire 3HPP degradation pathway are
present in the three identified 3HPP utilizers (7, 8, 20), respectively.

Earth (1-5). It has already been reported that phenylpropionate and its hydroxylated
derivatives, an important group of phenylpropanoid compounds, were degraded by a
number of bacterial strains in previous studies (3, 6-10). Particularly, strains from
Escherichia coli (including strain K-12) (3), Rhodococcus globerulus (strain PWD1) (7), and
Comamonas testosteroni (strain TA441) (8) could utilize 3-(3-hydroxyphenyl)propionate
(3HPP), a key member of the phenylpropanoids, for their growth. As described below,
a single hydroxylation has been proved to be the initial step for the aerobic degrada-
tion of various 3-hydroxyaromatic acids by different strains. Enzyme 3-hydroxybenzoate
6-hydroxylase catalyzed the reaction of 3-hydroxybenzoate (3HBA) to gentisate in
Polaromonas naphthalenivorans CJ2 (11), Klebsiella pneumoniae M5a1 (4), Pseudomonas
alcaligenes NCIMB 9867 (12), and Rhodococcus sp. strain NCIMB 12038 (13), whereas
3-hydroxybenzoate 4-hydroxylase catalyzed the conversion of 3HBA to 3,4-dihydro-
xybenzoate in Comamonas testosteroni (14, 15) and Aspergillus niger (16). For the initial
reaction of catabolism of 3-hydroxyphenylacetate (3HPA), its hydroxylation was cata-
lyzed by 3HPA 4-hydroxylase to 3,4-dihydroxyphenylacetate in various E. coli strains
excluding strain K-12 (17), while 3-hydroxyphenylacetate 6-hydroxylase catalyzed the
hydroxylation of 3HPA to 2,5-dihydroxyphenylacetate in Flavobacterium sp. strain JS-7
(18) and Aspergillus nidulans (19). Finally, for the 3HPP catabolism, it was proved via
3-(2,3-dihydroxyphenyl)propionate (DHPP) for the subsequent ring-cleavage reaction in
E. coli K-12 (3, 20), Rhodococcus globerulus PWD1 (7), and Comamonas testosteroni
TA441 (8), indicating that the hydroxylation catalyzed by 3HPP 2-hydroxylase (3HPP
2-monooxygenase) was also the initial and vital step for aerobic degradation of 3HPP
(Fig. TA). The specific activity of 3HPP 2-hydroxylase was assayed directly by crude cell
extracts of wild-type E. coli K-12 using NADH as the cofactor (3) and indirectly with an
oxygen electrode by intact washed cells of E. coli K-12 (10). The product DHPP resulting
from cell extract with a 2,2'-bipyridyl-inhibited reaction was identified by using thin-
layer chromatography (3). However, unlike enzymes for all pathways for 3HBA and
3HPA degradation, the hydroxylase catalyzing the initial reaction for 3HPP catabolism
has not been purified and characterized.
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During a previous study on the 3HPP degradation by E. coli K-12, the expression
of a 9.8-kb fragment containing mhpRABCDFE (accession number D86239, Fig. 1B)
from strain K-12 conferred a heterologous host the ability of growing on 3HPP,
suggesting that the mhp cluster alone was adequate for the entire 3HPP catabolism to
central intermediates (20). Among the mhp genes, mhpB encoded 2,3-dihydro-
xyphenylpropionate 1,2-dioxygenase (21), mhpR was functionally identified to encode
a regulatory protein required for mhp genes transcription, which was induced by 3HPP
(22), and mhpT encoded an energy-dependent 3HPP transporter and was necessary for
the growth of strain K-12 on 3HPP under basic conditions (1). Although MhpA from
strain K-12 (MhpA,_,5 accession number BAA13052) was annotated as a 3HPP
2-hydroxylase (20), its function is yet to be identified. In another 3HPP degrader,
Rhodococcus globerulus PWD1, hpp genes (hppA and hppCBKR) (accession number
U89712), homologous to the aforementioned mhp genes from strain K-12, were also
proposed to be involved in 3HPP degradation (7). However, no 3HPP 2-hydroxylase
activity was detected from the cell extracts of the 3HPP-grown strain PWD1 with NADH
or NADPH as a cofactor, and no identification of 3HPP 2-hydroxylase gene (hppA) was
reported either (7). On the other hand, the 3HPP catabolism by Comamonas testosteroni
TA441 was thought to be encoded by another mhp gene cluster (accession number
AB024335) (8). MhpA;a.4, (@ccession number BAA82878) was similar to its homologue
MhpA._;» and HppAp\wp: (@ccession number AAB81312) (8), but there was no report for
its hydroxylase activity (8). The authors working on strain PWD1 proposed that the
failure to functionally identify this hydroxylase involved in the initial reaction of 3HPP
catabolism in multiple cases was probably due to its special and unknown nature (7).

So far, all the enzymes involved in the catabolism of 3HPP have been functionally
identified, except for the one catalyzing the initial reaction. The lack of functional
identification and characterization of 3HPP 2-hydroxylase has hampered the recogni-
tion of its catabolic role. This study, therefore, reports the functional expression,
purification, and characterization of MhpA,_;,, confirming its identity as a 3HPP
2-hydroxylase catalyzing the hydroxylation of 3HPP to form DHPP in 3HPP degradation.
This will fill a gap in our understanding of 3HPP 2-hydroxylase and its corresponding
genes for the initial and critical step in microbial catabolism of phenylpropionate and
its hydroxylated derivatives at biochemical and genetic levels.

RESULTS

mhpA is vital for 3HPP catabolism in E. coli K-12. mhpA was deleted and
complemented to identify its possible role in 3HPP degradation in E. coli K-12 W3110.
Wild-type strain W3110, mutant strain W3110 AmhpA, and complemented strain W3110
AmhpA(pRK415-mhpA) grew in minimal medium (MM) with 2 mM 3HPP or DHPP at
37°C, respectively. Growth data are shown in semilog plots (Fig. 2), and the maximum
specific growth rates (., h~") of the above strains were determined (Table 1). Mutant
strain W3110 AmhpA completely lost the ability to utilize 3HPP for growth, but the
complemented strain W3110 AmhpA(pRK415-mhpA) regained the growth ability on
3HPP with a growth rate similar to that of the wild-type strain W3110 (Fig. 2 and Table
1). In contrast, when DHPP was used as a substrate, the absence of mhpA had no effect
on the growth of mutant strain W3110 AmhpA. The mutant exhibited a growth rate
similar to those of wild-type strain W3110 and complemented strain W3110
AmhpA(pRK415-mhpA). Nonetheless, the maximum specific growth rates of strains
W3110 and W3110 AmhpA(pRK415-mhpA) growing on 3HPP were approximately two
times higher than those growing on DHPP.

Overexpression and purification of MhpA, _,,. mhpA was overexpressed in strain
E. coli Rosetta(DE3)pLysS(pET-28a-mhpA) as a C terminus His-tagged fusion protein.
SDS-PAGE analysis indicated that the purified MhpA,_,, with a single polypeptide was
approximately 61.0 kDa in molecular weight (Fig. 3C). Compared to the protein
standards, the molecular mass of MhpA,_,, was about 669 kDa as deduced from
detection using a BioLogic DuoFlow system (Bio-Rad) equipped with column Superdex
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FIG 2 Growth curves of E. coli K-12 W3110 and its mhpA deletion and complementary strains on
3HPP and DHPP. Strains were grown in MM [containing 6 mM (NH,),SO, (pH 7.2)] (1) with 2 mM 3HPP
and DHPP on a Bioscreen C MBR at 37°C, respectively. N,, initial number of cells; N, number of cells.
The growth curves were fitted by the modified Gompertz equation (49) with OriginPro (version 9.1)
software, and all points represent mean values of three parallel experiments. The maximum specific
growth rates (u,,., h~') were also calculated based on mean values from three parallel experiments
(Table 1).

200 10/300 GL (GE Healthcare) (see Fig. S1 in the supplemental material), suggesting
that MhpA,_,, is likely a polymer.

MhpA,_,, catalyzes the hydroxylation of 3HPP to DHPP. The purified MhpA,_;,
had the ability to catalyze the hydroxylation of 3HPP to DHPP. A time course assay of
3HPP hydroxylation catalyzed by purified MhpA,_,, (Fig. 4) was monitored by high-
performance liquid chromatography (HPLC). As shown in Fig. 4, the substrate 3HPP
gradually reduced and the product DHPP gradually increased in the presence of NADH.
The consumption of 3HPP (45.0 uM) was almost equal to the accumulation of DHPP
(44.5 uM) after 14 min of incubation, indicating a stoichiometry conversion of 3HPP to
DHPP. Samples incubated for 4 min in the time course were withdrawn to confirm the
identities of the substrate 3HPP and the product DHPP by liquid chromatography-mass
spectrometry (LC-MS). The authentic 3HPP (m/z = 165.0553) and DHPP (m/z = 181.0486)
both contained the stable deprotonated ion of [M-H]- in mass spectrum (Fig. 5A and B), and
the product converted from 3HPP (m/z = 165.0548) by MhpA,_,, was confirmed as DHPP
(m/z = 181.0503) (Fig. 50).

TABLE 1 Maximum specific growth rates of E. coli K-12 W3110 and its two variants on
3HPP and DHPP

Maximum specific growth rate (p,,,. h=")

E. coli strain 3HPP (2 mM) DHPP (2 mM)
K-12 W3110 0.213 0.071
K-12 W3110 AmhpA 0.008 0.069
K-12 W3110 AmhpA(pRK415-mhpA) 0.182 0.066
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FIG 3 Spectrophotometric scan of authentic 3HPP (A) and DHPP (B), SDS-PAGE of purified MhpA,_,, (C),
spectrophotometric changes in the hydroxylation of 3HPP by purified MhpA,,, with NADH as a cofactor
(D). (A and B) The concentrations of 3HPP and DHPP standards were both 0.2 mM in the sample cuvettes,
and 50 mM phosphate buffer (pH 7.4) was used as the negative control. (C) Lane 1, purified MhpA,,,
(~61.0 kDa in molecular weight); lane 2, molecular mass standards (molecular masses are indicated on
the right). (D) The 0.5-ml reaction mixtures in the cuvettes contained 50 mM phosphate buffer (pH 7.4),
200 uM NADH or NADPH, 10 uM FAD, and 180 ug of purified MhpA,_,, proteins. All assays were initiated
with 0.3 mM 3HPP added to the sample cuvettes. The UV spectra at 220 to 400 nm were measured at
regular time intervals (30 s) by a Lambda 25 UV/VIS spectrometer (Perkin-Elmer). The arrows indicate the
direction of spectral changes at 275 and 340 nm.

Biochemical properties of MhpA, _,,. The maximum absorbance of authentic 3HPP
and DHPP appeared at 272 and 275 nm, respectively (Fig. 3A and B). The slightly higher
absorbance for DHPP compared to 3HPP at the same concentration (Fig. 3A and B)
indicates that the molar extinction coefficient of DHPP is a bit larger than that of 3HPP.
This makes possible to observe the conversion of 3HPP to DHPP, although the hy-
droxylation activity determination was based on the NADH consumption. When puri-
fied MhpA,_;, was used to determine the enzyme activity, NADH was consumed in the
sample cuvette, and negative absorbance at 340 nm appeared, as shown in Fig. 3D.
Meanwhile, the absorption peak of 275 nm also slightly rose due to the consumption
of 3HPP and the accumulation of DHPP being largely overlapped and similar molar
extinction coefficients between the substrate and the product (Fig. 3D). As shown in
Table 2, the purified MhpA,_,, contained the specific activities of 0.94 * 0.06 and
0.61 = 0.08 U mg~" with NADH and NADPH as cofactors, respectively. This indicated
that NADH was a more suitable cofactor than NADPH for MhpA,_,,-catalyzed 3HPP
hydroxylation. The kinetic assays also revealed that the K, (381.10 = 72.41 uM for
NADH and 436.70 = 67.40 uM for NADPH) and k. (41.47 = 5.49 min—" for NADH and
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FIG 4 Time course assay of 3HPP hydroxylation catalyzed by purified MhpA,.,,. The system was carried
out using 20 ml of 50 mM phosphate buffer (pH 7.4) containing 45 wM 3HPP, 200 uM NADH, 10 uM FAD,
and 215 pg of purified MhpA,.;,. Samples were withdrawn at the indicated time points from this system
and treated immediately as described in the text. The consumption of 3HPP and the accumulation of
DHPP were quantified by HPLC. All points represent the mean values of triplicate trials, with error bars
denoting standard deviations.

4414 *+ 2.80 min~' for NADPH) values were similar with NADH and NADPH (Table 2).
These results proved that the two cofactors have similar affinities for purified MhpA, ;..

MhpAy_,, was proposed to contain an FAD domain according to its protein se-
quence alignment. The light yellow-brown color of purified MhpA,_,, proved this
bioinformatics prediction. The presence of FAD in purified MhpA,_,, was confirmed at
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FIG 5 Mass spectra of authentic 3HPP (A), authentic DHPP (B), and the substrate 3HPP and the product DHPP from the hydroxylation catalyzed by MhpA,_;,
(Q). The standards of 3HPP (m/z = 165.0553) (A) and DHPP (m/z = 181.0486) (B) both contained the stable deprotonated ion of [M-H]- in the mass spectrum,

and the product of 3HPP (m/z = 165.0548) was confirmed as DHPP (m/z = 181.0503) (C).
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TABLE 2 Characteristics of MhpA,_;, with NADH and NADPH as cofactors
Mean =+ the SEM

Cofactor Sp act (U mg~") K, (uM) K ae (Min=7) Keat/Kry (M~ min—1)
NADH 0.94 = 0.06 381.10 = 72.41 4147 = 549 0.11 = 0.08
NADPH 0.61 * 0.08 436.70 = 67.40 44.14 = 2.80 0.10 = 0.04

445 nm by HPLC with the same retention time (9.61 min) as for the FAD standard. A
quantification analysis indicated that 1 mol of purified MhpA,,, was bound with
0.81 mol of FAD, suggesting that approximately equal number of moles of FAD was
tightly bound to MhpA, ;..

When the derivatives of 3HPP were used as substrates, MhpA,_,, showed no
activity in response to phenylpropionic acid, 3-hydroxybenzoate, cis-cinnamic acid,
trans-cinnamic acid, and benzoate and had extremely weak activity in response to
3-hydroxycinnamic acid.

Phylogenetic analysis reveals divergent origins of FAD-containing mo-
nooxygenases. MhpA, ,, is a single-component enzyme containing the FAD-binding
domain. A distance UPGMA (unweighted pair-group method with arithmetic averages)
tree was constructed using the MEGA package (version 5.0) to elucidate the phyloge-
netic relationship between MhpA,_;, and the other FAD-containing monooxygenases
(hydroxylases) (Fig. 6). The other FAD-containing monooxygenases (hydroxylases) in
the phylogenetic tree include (i) putative 3HPP 2-hydroxylases (accession numbers
AAZ59652, BAA82878, ABB81312, AEI82814, AGI74442, CDO14979, AUR37237,

977 AAZ59652 putative 3-(3-hydroxyphenyl)propionate 2-hydroxylase
100 D— BAAR82878 putative 3-(3-hydroxyphenyl)propionate 2-hydroxylase
— BAA13052 3-(3-hydroxyphenyl)propionate 2-hydroxylase (MhpAx-12)
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L AAW63416 3-hydroxybenzoate-6-hydroxylase
91 BAA61829 2-hydroxybenzoate 1-hydroxylase
—100\_: AAZ08064 2-hydroxybenzoate 1-hydroxylase
100 ABH07020 2-hydroxybenzoate 1-hydroxylase
P20586 4-hydroxybenzoate 3-monooxygenase
ABB20530 3-hydroxyphenylacetate 6-hydroxylase
1007 AAC23548 chlorophenol-4-; ygenase p t2
AAMS55214 2,4,6-trichlorophenol monooxygenase
100 (— BAD30042 4-nitrophenoal monooxygenase oxygenase p
w_[ AANO08754 putative chlorophenol monooxygenase large subunit
100 ABL75143 4-nitrophenol yg

1.2 1.0 0.8 0.6 0.4 0.2 0.0

Rhod pacus SAO101

Pseudarthrobacter chlorophenolicus
Arthrobacter sp. JS443

FIG 6 Phylogenetic relationships of MhpA, ;. and other FAD-containing monooxygenases (hydroxylases). All protein sequences were aligned by Clustal W, and
the distance UPGMA tree was created by the MEGA package (v5.0); bootstrap confidence limits are expressed as percentages and indicated at the nodes. The
group of 3HPP 2-hydroxylases belonged to phylogenetically distant taxa and were distantly related to 2HBA, 3HBA, 3HPA, and nitro- or chloro-aromatic

monooxygenases (hydroxylases).
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FAD-binding domain 3HPP hydroxylase
Nl ] c activity
MhpAk12 [\ /85422 S N +
(wild type)
MhpAx-1#° [, S48 062 -
(mutant)
MhpAx.13% =
(mutant)

FIG 7 MhpA,,, and its C-terminal truncated proteins MhpA,_ ,,%°° and MhpA,_,,*¢°. There was a
FAD-binding domain spanning 400 amino acid residues from the N terminus of MhpA,_;,. MhpA,_,,4%,
MhpA,;, with a 154-residue deletion from the C terminus; MhpA,_,,*8°, MhpA,_,, with a 74-residue
deletion from the C terminus. Only MhpA,_,, possessed 3HPP 2-hydroxylase activity, and the two
truncated mutants lost enzyme activity.

CDM77056, KJIK61003, VCT90923, and AAY16572) from either bacteria or fungi (7-9,
23-26), (ii) functionally identified FAD-binding monooxygenases (hydroxylases), such as
3-hydroxyaromatic acid hydroxylases (accession numbers AAW63416, ADT78162,
NP_602220, BAF34928, ABB20530) (4, 13, 14, 19, 27-29), (iii) nitro- or chloro-aromatic
hydroxylases or monooxygenases (accession numbers P27138, ABS81534, P42535,
AAM55214, BAD30042, and AAC23548) (30-36), etc. The results indicated that MhpA,_;,
in this study was only most closely related to the putative 3HPP 2-hydroxylases. The
group of 3HPP 2-hydroxylases was distantly related with 2HBA, 3HBA, 3HPA, and nitro-
and chloro-aromatic monooxygenases (hydroxylases), which belong to a phylogeneti-
cally distant multiorigin taxa. It suggested that the group of 3HPP 2-hydroxylases had
a divergent origin with the other FAD-containing monooxygenases (hydroxylases).

Truncated MhpA,_,, mutants exhibited no 3HPP 2-hydroxylase activity. De-
spite the fact that all 3-hydroxyaromatic acid hydroxylases contained FAD-binding
domain in the N terminus, they vary significantly in protein size. Apart from MhpA,_;,
containing 554 amino acids in this study, the other functionally identified one-
component 3-hydroxyaromatic acid hydroxylases, namely, 3HBA 6-hydroxylase MhbM
(accession number AAW63416) from Klebsiella pneumoniae (4), NarX (accession number
ADT78162) from Rhodococcus sp. strain NCIMB 12038 (13), Ncgl2923 (accession number
NP_602220) from Corynebacterium glutamicum (27, 28), 3HBA 4-hydroxylase MobA
(accession number BAF34928) from Comamonas testosteroni KH122-3s (14, 29), and
3HPA 6-hydroxylase PhacB (accession number ABB20530) from the fungus Aspergillus
nidulans (19), contained 397, 400, 442, 569, and 517 residues, respectively.

Interestingly, upon comparing the amino acid sequence of MhpA,_,, to its homo-
logues from the NCBI database and the five identified 3-hydroxyaromatic acid hydroxy-
lases listed above, we found that they all have FAD-binding domain in the N
terminus. The 154 residues in the C terminus of MhpA,_;, have no similarity to the
known domains of enzymes, so these 154 residues seem to be superfluous. How-
ever, MhpA,_,,%°° (with 154 residues deleted from the C terminus) and MhpA,_,;,*8°
(with a 74-residue deletion) both virtually lost the ability to catalyze the hydroxylation
of 3HPP to DHPP (Fig. 7). This indicated that the 154 amino acid residues in the C
terminus of MhpA,_,, played important roles in its hydroxylation activity.

DISCUSSION

It is well known that phenylpropionate and its hydroxylated derivatives mostly result
from lignin degradation, exist broadly on the Earth, and can be degraded by a number
of bacterial strains from different genera (3, 6-10), including some 3HPP utilizers (3, 7,
8, 20). Although 3HPP 2-hydroxylase activity was detected directly in the crude cell
extracts of wild-type E. coli K-12 (3) and indirectly with an oxygen electrode using intact
washed cells of E. coli K-12 (10) in the 1980s, the purification of this enzyme has not
been reported, and there are no appropriate biochemical characterizations of this
enzyme. On the other hand, the 3HPP catabolic gene clusters from E. coli K-12 (20), R.
globerulus PWD1 (7), and C. testosteroni TA441 (8) (Fig. 1B) were reported in the late
1990s, but no 3HPP 2-hydroxylase was functionally expressed from its encoding gene
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in any of aforementioned three clusters. In this study, we have successfully expressed
and purified 3HPP 2-hydroxylase from its E. coli K-12 encoding gene mhpA. Indeed,
many other MhpA-like proteins from either bacteria or fungi were also annotated as
putative 3HPP 2-hydroxylases in the NCBI database (9, 23-26, 37), indicating the
widespread dissemination and importance of 3HPP degraders in the environment.

Although MhpA, ,, is relatively closely related to the putative 3HPP 2-hydroxylases
in a constructed phylogenetic tree, shown in Fig. 5, their identities vary significantly
(ranging from 20 to 80%), indicating the presence of possible multiple evolutionary
ancestors. Since the widespread distribution of 3HPP in the environment and the
hydroxylation being the initial and vital step for the aerobic degradation of
3-hydroxyaromatic acids, the genes for putative 3HPP 2-hydroxylase and other en-
zymes in the entire 3HPP degradation pathway are mostly ubiquitous in microbial
genomes through natural evolution, as determined from data mining the NCBI data-
base. Furthermore, some putative 3HPP 2-hydroxylases annotated in the NCBI database
exhibited low identities with MhpA,_,,, such as MhpA proteins from marine bacterium
Mpycobacterium marinum E11 (accession number CDM77056, with 28% identity) and the
fungus Aspergillus parasiticus SU-1 (accession number KJK61003, with 20% identity), but
these two strains also contained other genes encoding putative enzymes for the entire
3HPP degradation pathway. This research indicated that mhpA-like genes in strains
from terrestrial and marine habitats had different origins, as did bacteria and fungi.
On the other hand, HppA,\yp, from strain PWD1 (7), MhpA 154 (@ccession number
AAZ59652) from Cupriavidus pinatubonensis (originally Cupriavidus necator) JMIP134 (9),
and MhpA;a4., from strain TA441 (8) showed moderate identities (56.7, 55.1, and
47.9%, respectively) to MhpAy_,,. In contrast, MhpA,,, (accession number CDO14979)
from Klebsiella pneumoniae (25) showed high identity (79.3%) with MhpA,_,,, reflecting
their close taxonomic relationship. The widespread presence of 3HPP catabolic clusters
in phylogenetically divergent species particularly shows that their important roles in
the carbon cycle of intermediates resulted from lignin degradation.

Although the 3-hydroxyaromatic acids 3HPP, 3HBA, and 3HPA are structural ana-
logues, their hydroxylases involved in their catabolism have evident differences in
protein sequence, component number, and substrate specificity. Despite being a
one-component hydroxylase, MhpA,_,, in this study is distantly related to other
functionally identified one-component hydroxylases (Fig. 6), exhibiting low identities
(no more than 20%) to 3HBA 6-hydroxylases MhbM (4), NarX (13), Ncgl2923 (27, 28),
3HBA 4-hydroxylase MobA (14, 29), and 3HPA 6-hydroxylase PhacB (19). In contrast to
these enzymes, MhaAB from P. putida is a two-component 3HPA 6-hydroxylase (38). In
addition, previous reports proved that studied 3-hydroxyaromatic acid hydroxylases
possess narrow substrate specificity (11, 13, 27-29), and MhpA,.,, in the present study
is no exception. This indicates that although 3-hydroxyaromatic acids all contained
aromatic ring and hydroxyl group substituted at the same position, the different
carboxylic acid groups require specific enzymes with different spatial structures to
make individual hydroxylation happen. Although the crystal structure of several
3-hydroxyaromatic acids and other FAD-binding hydroxylases have been resolved (14,
39-42), the simulation structure of MhpA,_;, could not be established. This is because
all known model templates of aforementioned enzymes in SWISS-MODEL (https://www
.swissmodel.expasy.org/), including PnpA (p-nitrophenol 4-monooxygenase) from Pseu-
domonas putida DLL-E4 (42), MobA (3HBA 4-hydroxylase) from C. testosteroni (14, 40),
and 2-hydroxybiphenyl 3-monooxygenase from Pseudomonas azelaica (43), showed
very low identities (no more than 20%) with MhpA,_,,. The spatial structure of
MhpA_,, and the role of those ~150 extra but critical residues in the C terminus will
be thoroughly elucidated by the crystallographic structural analysis in our future
investigations.

MATERIALS AND METHODS

Strains, plasmids, primers, media, chemicals, and general growth conditions. All strains and
plasmids are shown in Table 3, and all primers are listed in Table 4. The substrates 3-(3-hydroxy-
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TABLE 3 Bacterial strains and plasmids used in this study

Applied and Environmental Microbiology

Reference or

Strain or plasmid Relevant characteristics source

E. coli strains
DH5« SupE44 lacU169(p80lacZAM15) hsdR17 recAl endAT gyrA96 Athi relA1 Gibco, BRL
Rosetta(DE3)pLysS F~= ompT hsdSg (rg mg) gal dem lacY1 (DE3)pLysSRARE? (Cm') Novagen, USA
K-12 W3110 3-(3-Hydroxyphenyl)propionate utilizer; Kms Tcs 48
K-12 W3110 AmhpA E. coli K-12 W3110 with DNA fragment encoding mhpA deletion This study
K-12 W3110 E. coli K-12 W3110 AmhpA complemented with mhpA This study

AmhpA(pRK415-mhpA)

Plasmids
pKD46 Temperature-sensitive vector; Ap" 47
pRK415 Broad-host-range expression vector (IncQ, RSF1010 replicon); Tc, Ptac, lacld, Tra— Mob™ 52
pRK415-mhpA PCR fragment containing mhpA inserted into pRK415 at the EcoRI/Hindlll restriction sites This study
pET-28a Expression vector; Km® Novagen, USA
pET-28a-mhpA Km?"; pET-28a derivative for the expression of mhpA This study
pET-28a-mhpA400 Km'; pET-28a derivative for the expression of mhpA#% (mhpA being deleted 465 bp from the 3’ end) This study
pET-28a-mhpA4+80 Kmr; pET-28a derivative for the expression of mhpA#8° (mhpA being deleted 225 bp from the 3’ end) This study

phenyl)propionate (3HPP) (purity grade, =98%) and 3-(2,3-dihydroxyphenyl) propionate (DHPP) (purity
grade, =97%) were purchased from Amatek Scientific Co., Ltd. (Zhangjiagang, China). Other aromatics
were purchased from Sigma-Aldrich Co. (St. Louis, MO). Methanol (Adamas-beta) was purchased from
Adamas Reagent, Ltd. (Shanghai, China). High-fidelity DNA polymerase was purchased from Vazyme
Biotech Co., Ltd. (Nanjing, China). T4 DNA ligase and all restriction enzymes were purchased from New
England Biolabs, Ltd. (Beijing, China). DNA gel extraction and plasmid DNA extraction kits were pur-
chased from Omega Bio-Tek, Inc. (Doraville, GA). E. coli strains DH5« (Gibco, BRL) and Rosetta(DE3)pLysS
(Novagen) were used as hosts for the cloning and overexpression experiments, respectively. All E. coli
strains were grown at 37°C in lysogeny broth (LB) (44, 45) on a rotary shaker (180 rpm) or in MM
[containing 6 mM (NH,),SO, (pH 7.2)] (1) with 2 mM 3HPP or DHPP on Bioscreen C MBR (Transgalactic,
Ltd., Vantaa, Finland). Ampicillin, tetracycline, and kanamycin were used at final concentrations of 100,
20, and 50 pg/ml, respectively, when necessary. Finally, 0.1 mM (final concentration) IPTG (isopropyl-$-
p-thiogalactopyranoside) was used as an inducer.

mhpA disruption and complementation. Plasmid DNA was isolated by plasmid DNA extraction kits
according to the alkaline lysis method (46). pKD46, a temperature-sensitive vector (47), was introduced
into strain W3110 (48) to prepare competent cells. A kanamycin resistance gene was amplified from pKD4
(47) by PCR with the primers mhpA-dF and mhpA-dR (Table 4), which separately contained 51-bp 5’ and
3’ homologous arms of mhpA. After being sequenced to confirm without mutations by Sangni Biology
Technologies Co., Ltd. (Shanghai, China), the PCR fragment was electroporated into competent cells of
strain W3110(pKD46) for the deletion of gene mhpA, modified as previously described (47). After 1 h of
incubation in 1 ml of LB, shocked cells were then spread onto an agar plate with kanamycin to select
transformants. Next, strain W3110 AmhpA resulted after the confirmed transformants were incubated in
liquid LB for 2 h at 42°C to eliminate the pKD46. Meanwhile, mhpA was amplified with the primer pair
mhpAT1F and mhpA1R (Table 4) from the genomic DNA of strain W3110. After being sequenced to
confirm without mutation, the PCR product (digested with Pstl and EcoRI) was fused to pRK415 (digested
with Pstl and EcoRl). Then, pRK415-mhpA was introduced into strain W3110 AmhpA for complementation.

Bacterial growth determination on 3HPP and DHPP. The growth on 3HPP or DHPP of strain
W3110 and its gene deletion and complementary variants was monitored with an optical density at
600 nm (ODg,,) by using a Bioscreen C MBR. Similar results were obtained in three parallel experi-

TABLE 4 Primers used in this study

Primer Sequence? (5'-3') Purpose

mhpA-dF atggcaatacaacaccctgacatccagectgctgttaaccatagegttcagatatgaatatcctecttag Forward primer for kanamycin resistance gene
with the homologous arm of mhpA

mhpA-dR tcaggctaccttttcgacagaaacgtcggcatcagggcgggtcagegtcattgtaggctggagetgcttcg Reverse primer for kanamycin resistance gene
with the homologous arm of mhpA

mhpA1F ccgctgcagatggcaatacaacaccctga Forward primer for mhpA

mhpA1R cgcgaattctcaggctaccttttcgacag Reverse primer for mhpA

mhpA2F gaacatatgatggcaatacaacaccct Forward primer for mhpA

mhpA2R gaagaattcggctaccttttcgacagaaa Reverse primer for mhpA without a stop codon

mhpA3R gaagaattcgtaatattgcggcatcggct Reverse primer for mhpA being deleted 465 bp
from the 3’ end

mhpA4R gaagaattcatgaatttgcacttccggca Reverse primer for mhpA being deleted 225 bp

from the 3" end

aThe introduced restriction sites are indicated in boldface, and the homologous arms of mhpA are underlined and italic.
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ments. The growth data for the above three E. coli strains were converted into their corresponding
cell numbers to plot their growth curves. The growth curves were fitted using the modified
Gompertz equation (49), and all points represent the mean values of three parallel experiments. The
maximum specific growth rates (u,,., h~") were also calculated based on the mean values of three
parallel experiments.

Protein expression and purification. mhpA (without stop codon), mhpA4%° (with 465 bp deleted
from the 3’ end), and mhpA#8° (with 225 bp deleted from the 3’ end) were amplified using three pairs
of primers—mhpA2F/mhpA2R, mhpA2F/mhpA3R, and mhpA2F/mhpA4R (Table 4)—from strain W3110,
respectively. The DNA fragments were sequenced without any mutation. The verified PCR products (all
digested with Pstl and EcoRI) were then fused to pET-28a (digested with Pstl and EcoRI) to produce
expression plasmids pET-28a-mhpA, pET-28a-mhpA+°, and pET-28a-mhpA+89. The cells of strain
Rosetta(DE3)pLysS were transformed by standard procedures (46). C-terminal His-tagged MhpA,_,.,
MhpA,_,,%°°, and MhpA,_,,*8° were thus overexpressed in the strains Rosetta(DE3)pLysS(pET-28a-mhpA),
Rosetta(DE3)pLysS(pET-28a-mhpA4%), and Rosetta(DE3)pLysS(pET-28a-mhpA?e°), respectively. These
three strains were grown separately in LB with 50 ug ml~" kanamycin at 37°C to an ODg,, of 0.4. The cells
were incubated for another 4 h, adding 0.1 mM IPTG at 30°C. The cells were then broken by ultrasonic
treatment as previously described (50) and centrifuged at 19,000 X g at 4°C for 50 min, before the cell
supernatant was filtered through a 0.45-um-pore membrane filter and used for protein purification.
According to the manufacturer’s instructions, the three His-tagged proteins were purified by using the
AKTA start system (GE Healthcare) with a 5-ml HisTrap HP column (GE Healthcare), respectively. The
elution buffer used in the purification consisted of 50 mM phosphate buffer containing 135 mM NaCl,
10% glycerol, and 250 mM imidazole (pH 7.4). The purified proteins were desalted using HiTrap 5-ml
desalting (GE Healthcare) with 50 mM phosphate buffer containing 135 mM NaCl and 10% glycerol (pH
7.4). The purified proteins were then stored at —80°C before being assessed by SDS-PAGE. All of the
purification procedures were performed at 4°C, as previously described (51).

Enzyme activity assay. To assay 3HPP hydroxylation to DHPP mediated by 3HPP 2-hydroxylase
MhpA,.,, and its truncated proteins MhpA,.,,%°° and MhpA,_,,*8°, we used reaction mixtures in cuvettes
containing 50 mM phosphate buffer (pH 7.4), 200 uM NADH or NADPH, 10 uM FAD, and 180 ug of the
purified proteins MhpA,.;,, MhpA,_,,%°°, or MhpA, _,,*8°. All assays were initiated by 0.3 mM 3HPP being
added into the sample cuvettes. The UV spectra at 220 to 400 nm were measured at regular time intervals
(30s) by a Lambda 25 UV/VIS spectrometer (Perkin-Elmer, Waltham, MA). The molar extinction coeffi-
cients at 340 nm for NADH and NADPH were both 6.22 X 103 M~'cm~" (50). One unit (U) of enzyme
activity was defined as the amount required for the disappearance of 1 umol of NADH or NADPH per min
at ambient temperature. Specific activities were defined as units per milligram of protein. All experiments
were repeated three times.

Time course assay of 3HPP hydroxylation catalyzed by purified MhpA,_,,. A time course assay
for the conversion of 3HPP to DHPP was performed by purified MhpA, ;.. For the time course assay for
the MhpA, ,,-catalyzed reaction, the procedure was carried out with 20 ml of 50 mM phosphate buffer
(pH 7.4) containing 45 uM 3HPP, 200 uM NADH, 10 uM FAD, and 215 ug of purified MhpA, _,,. At 0.5, 1.5,
and 4 min and at regular time intervals (2 min) from 4 to 14 min thereafter, 1-ml samples were also taken,
mixed with 1 ul of HCl immediately, and then extracted with an equal volume of ethyl acetate. All ethyl
acetate layers collected by centrifugation were analyzed by HPLC or LC-MS to identify or quantify 3HPP
and DHPP. All experiments were repeated three times.

Compound identification using HPLC and LC-MS. To separate and identify 3HPP and DHPP, a
Waters €2695 separation module with a 2998 PDA detector and a reverse-phase LP-C,4 column (5 um,
4.6 X 250 mm) was used at 30°C. The mobile phase contained solvents A (0.1% acetic acid aqueous
solution) and B (methanol). The injection volume was 40 ul, the flow rate was 1.0 ml min—’, and the
detection wavelength was 275 nm. During the monitoring, solvent A started at 70%, increased to 80%
from 0 to 17 min, dropped to 70% from 17 to 21 min, and then held at 70% from 21 to 40 min. For this
gradient program, the retention times of 3HPP and DHPP were 29.5 and 17.5 min, respectively. Com-
pound identification analysis using an LC-MS system (Surveyor; Thermo Fisher Scientific, San Jose, CA)
equipped with a diode array detector and an HILIC amide column (2.1 X 150 mm, 3 um; Welch, China)
was performed using the same gradient program and detection wavelength by HPLC, but the injection
volume and the flow rate were 10 ul and 0.2 ml min—", respectively.

To identify and quantify the FAD in the purified MhpA,_,,, we used HPLC at 445 nm, modified as
described previously (29). The retention time of the FAD standard was 9.61 min. The calibration curve was
calculated by detecting the indicated concentrations of the FAD standard. All experiments were repeated
three times.

Molecular weight and aggregation form determination. The molecular weight and the aggrega-
tion form of MhpA, ,;, were determined using SDS-PAGE and the BioLogic DuoFlow system (Bio-Rad)
equipped with column Superdex 200 10/300 GL (GE Healthcare), respectively.

Data availability. No new sequence data, protein structures, etc., have been reported in this study.
GenBank accession numbers are provided in the text for all mentioned proteins and genes.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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