
HbzF Catalyzes Direct Hydrolysis of Maleylpyruvate in the Gentisate
Pathway of Pseudomonas alcaligenes NCIMB 9867

Kun Liu,a,b Ting-Ting Liu,a Ning-Yi Zhoua

Key Laboratory of Agricultural and Environmental Microbiology, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, Chinaa; University of Chinese
Academy of Sciences, Beijing, Chinab

HbzF from Pseudomonas alcaligenes NCIMB 9867 was purified to homogeneity as a His-tagged protein and likely a dimer by
SDS-PAGE and gel filtration. This protein was demonstrated to be a novel maleylpyruvate hydrolase, catalyzing direct hydrolysis
of maleylpyruvate to maleate and pyruvate, and belongs to the fumarylacetoacetate hydrolase superfamily. This study reveals the
genetic determinate for the direct maleylpyruvate hydrolysis in the gentisate pathway, complementary to the well-studied
maleylpyruvate isomerization route.

Gentisate (2,5-dihydroxybenzoate) is an important ring-cleav-
age intermediate present in the bacterial catabolic pathway of

many aromatic compounds. In this pathway, gentisate 1,2-dioxy-
genase (GDO) catalyzes the ring-cleavage oxidation of gentisate to
yield maleylpyruvate, which is further degraded by either isomer-
ization to fumarylpyruvate and subsequent hydrolysis to fumarate
and pyruvate (1) or direct hydrolysis to maleate and pyruvate (Fig.
1) (2). In the isomerization route, glutathione-, mycothiol-, and
L-cysteine-dependent maleylpyruvate isomerases have been bio-
chemically and genetically characterized in Gram-negative (3, 4),
high-G�C Gram-positive (5, 6), and low-G�C Gram-positive
(7) strains, respectively. Maleylpyruvate hydrolase, which cata-
lyzes the direct hydrolysis of maleylpyruvate, was previously pu-
rified from Pseudomonas alcaligenes NCIMB 9867, exhibiting two
polypeptides with molecular masses of 33 and 50 kDa on SDS-
PAGE (8). However, neither its encoding gene nor its amino acid
sequence has been reported.

HbzF catalyzes the hydrolysis of maleylpyruvate. An hbz gene
cluster (GenBank accession number DQ394580) was recently re-
ported to be involved in the gentisate pathway in strain NCIMB
9867, and the hbzE gene was identified to encode a strictly induc-
ible GDO (9). Among the remaining open reading frames, hbzF
was annotated to encode a maleylpyruvate isomerase (9), imply-
ing that this cluster encodes a classic isomerization route for the
gentisate pathway. However, our bioinformatics analysis shows
that HbzF exhibits no more than 14% identity with all function-
ally identified maleylpyruvate isomerases, and it belongs to the
fumarylacetoacetate hydrolase superfamily (FAA hydrolase su-
perfamily; conserved domain database accession number
cl11421), which includes fumarylpyruvate hydrolase. In addi-
tion, HbzF also exhibits low identities (18 to 28%) to functionally
identified fumarylpyruvate hydrolases. This stimulated our inter-
est in investigating its biochemical function.

The hbzF gene was amplified from strain NCIMB 9867
genomic DNA using the primer pair F-22b-F (5=-GAC CAT ATG
CAA TCG AGT CGG TTG CTC C-3=) and F-22b-R (5=-AAA CTC
GAG CAC CGA GCG GAT GGC AAT-3=), with NdeI and XhoI
sites incorporated into their respective 5= ends. The amplified
hbzF fragment was cloned into pET22b (Novagen, Madison, WI),
in frame with the His6 coding sequence to produce pET22b-hbzF,
resulting in the expression of a C-terminal His6-tagged HbzF.
Escherichia coli BL21(DE3) cells carrying pET22b-hbzF were

grown in lysogeny broth at 37°C to an optical density at 600 nm of
0.6 and then induced for 8 h by the addition of 0.1 mM isopropyl-
�-D-thiogalactopyranoside at 16°C. Cell extracts were prepared by
sonication in an ice-water bath for 60 cycles of 5 s with 5-s inter-
vals, after which cell debris was removed by centrifugation at
13,000 � g for 1 h at 4°C. Maleylpyruvate (�max [wavelength of
maximum absorption] � 330 nm) and fumarylpyruvate (�max �
340 nm) were prepared as described previously (10). After the
addition of 5 �g cell extracts to 60 �M maleylpyruvate, a rapid
disappearance at 330 nm was observed on a spectrophotometer (Fig.
2), indicating the presence of maleylpyruvate hydrolase activity. The
same cell extracts containing HbzF did not catalyze the hydrolysis of
fumarylpyruvate, and no activity was detected during the same pro-
cedure performed with cell extracts of E. coli BL21(DE3) harboring
pET22b with no insert.

Purification and biochemical properties of HbzF. HbzF-His6

was overexpressed and purified by Ni Sepharose High Perfor-
mance (GE Healthcare, Uppsala, Sweden) affinity chromatogra-
phy. When 55 mg of cell extract protein with a specific activity of
1.2 U/mg was applied to 4 ml of affinity chromatography beads,
2.4 mg of HbzF-His6 was purified with a specific activity of 2.0
U/mg. A single band at an apparent molecular mass of 33 kDa was
detected by SDS-PAGE (Fig. 3), and its native molecular mass, as
determined on gel filtration chromatography, was 77 kDa by a
previously described method (11), indicating that the native HbzF
was likely a homodimeric protein.

Maleylpyruvate hydrolase activity was measured by the de-
crease of absorption at 330 nm. The molar extinction coefficient of
maleylpyruvate was taken as 13,000 M�1 cm�1 (3). One unit of
maleylpyruvate hydrolase activity was defined as the amount re-
quired for the disappearance of 1 �mol of maleylpyruvate per min
at 23°C. Specific activities are expressed as units per milligram of
protein, and the values are expressed as means � standard devia-
tions calculated from triplicate assays. Protein concentration was
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determined according to the Bradford method, with bovine serum
albumin as the standard. For kinetic analysis, three independent
sets of experiments were performed with at least six substrate con-
centrations ranging from 10 to 150 �M. The purified HbzF-His6

displayed typical Michaelis-Menten kinetics, and its Km value was
19.9 � 0.8 �M for maleylpyruvate, calculated by nonlinear regres-
sion analysis (Origin 8.0). This is similar to the Km value (14 �M)
of maleylpyruvate hydrolase purified from strain NCIMB 9867
(8). Maximum activity of HbzF-His6 was observed at pH 7.6 when
tested in 50 mM Tris-HCl buffer and its optimal activity exhibited
at 30°C. Partial inhibition of HbzF-His6 was observed when the
concentration of Ni2�, Cd2�, Co2�, or Cu2� was 50 or 100 �M,
and complete inhibition was evident when 1 mM these ions were
present. Addition of Mn2� at a concentration of 50 or 100 �M
enhanced its activity by 30%. These biochemical properties are
generally consistent with those of the purified maleylpyruvate hy-
drolase described previously (8). After 20 days storage at �80°C
with 50% glycerol, the enzyme retained 62% of its original activity,
and 27% of the activity remained after 50 days. When stored at 4°C
with 5% glycerol, 50% and 21% activities remained after 10 and 40
days, respectively.

Identification of products formed from HbzF-catalyzed
maleylpyruvate hydrolysis. Both maleate and pyruvate were
identified as products of maleylpyruvate hydrolysis in the system
containing purified HbzF-His6 by comparison with standards on

a high-performance liquid chromatography (HPLC) system as
described previously (3), with 5 mM H2SO4 as the eluant at a flow
rate of 0.6 ml/min. Their retention times were 8.3 and 9.2 min,
respectively, which could be easily distinguished from that of fu-
marate (retention time, 15.6 min). In a quantitative-analysis sys-
tem containing 200 �M maleylpyruvate and 10 �g purified HbzF-
His6, almost equimolar amounts of maleate (178 �M) and
pyruvate (189 �M) were produced following the completion of
maleylpyruvate hydrolysis determined by spectrophotometer, af-
ter incubation at 30°C for 30 min. This indicated the stoichiomet-
ric production of maleate and pyruvate from maleylpyruvate.
During the analysis by liquid chromatography-mass spectrometry
(LC-MS), performed with an UltiMate 3000 RSLC series system
(Dionex, Sunnyvale, CA) coupled with a Bruker micrOTOF-Q II
mass spectrometer (Bruker Daltonics, Bremen, Germany), two
compounds appeared at retention times of 1.4 and 2.3 min, giving
an [M-H]� ion at m/z 87.0086 and an [M-H]� ion at 115.0040,
corresponding to pyruvate and maleate standards, at m/z 87.0096
and 115.0038, respectively.

The hbzF gene is cotranscribed with hbzE, and 3-hydroxy-
benzoate enhanced its transcription. Extraction of total RNA,
reverse transcription (RT)-PCR, and real-time PCR were carried
out as described previously (7). It was reported that the hbzE-
encoded GDO was strictly inducible by 3-hydroxybenzoate, gen-
tisate, or 2,5-xylenol (9, 12). Since hbzF was located upstream of

FIG 1 Two alternative routes for maleylpyruvate catabolism in the gentisate
pathway. GDO, gentisate 1,2-dioxygenase; MPH, maleylpyruvate hydrolase
(HbzF in this study); MPI, maleylpyruvate isomerase; and FPH, fumarylpyru-
vate hydrolase.

FIG 2 Spectrophotometric changes during the transformation of maleyl-
pyruvate catalyzed by cell extracts of E. coli BL21(DE3)[pET22b-hbzF] ex-
pressing HbzF.

FIG 3 SDS-PAGE of purified HbzF-His6. Lane 1, molecular mass standards
(molecular masses are indicated on the left in kDa); lane 2, 5 �g purified
HbzF-His6.

FIG 4 Agarose gel electrophoresis of RT-PCR analysis of total RNA obtained
from 3-hydroxybenzoate-induced cells of P. alcaligenes NCIMB 9867. Primers
(FE-RT-F and FE-RT-R) used in this experiment are indicated by small hori-
zontal arrows, with a PCR product of 459 bp. Lane M, DNA marker; lane RT�,
product of PCR carried out without RT; and lane RT�, product of PCR carried
out with RT.
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hbzE, RT-PCR analysis of total RNA isolated from a 3-hydroxy-
benzoate-grown culture of strain NCIMB 9867 was carried out
using a primer pair, FE-RT-F (5=-GGC AGA ACG CCA ATA CC
A-3=) and FE-RT-R (5=-GCA ACA CCG AAC GCA ACG-3=), that
spanned across the hbzF and hbzE genes. The correctly sized am-
plified product (Fig. 4) indicates that hbzF is cotranscribed along
with hbzE, and hbzF-encoded maleylpyruvate hydrolase is also
strictly inducible by 3-hydroxybenzoate. Relative quantification
analysis was carried out using the 2�		CT method (13), with a
154-bp fragment of the 16S rRNA gene of strain NCIMB 9867 as
an internal control. The calculated result from real-time quanti-
tative PCR suggested that, 2 h after 3-hydroxybenzoate induction,
hbzF was transcribed at a level 16-fold higher than in the nonin-
duced cells.

Phylogenetic analysis of HbzF. The amino acid sequence of
HbzF was aligned using CLUSTAL W (14) with other functionally
identified FAA hydrolase superfamily proteins and also with ma-
leylpyruvate isomerases. A distance neighbor-joining tree by a
previously described method (15) was constructed using the
MEGA5 package (16) based on the aligned sequences. As shown in
Fig. 5, HbzF is located in an unrelated branch with maleylpyruvate
isomerases and most closely related to the hydrolases for different
substrates. However, experimental evidence showed that recom-
binant HbzF had no hydrolase activity against fumarylpyruvate.
The native maleylpyruvate hydrolase purified from this strain also
did not catalyze the hydrolysis of fumarylpyruvate (8).

In conclusion, we have demonstrated that the hbzF gene from
Pseudomonas alcaligenes NCIMB 9867 encodes a functional
maleylpyruvate hydrolase. The kinetic parameter and biochemical
properties are generally consistent with those of the strictly induc-
ible maleylpyruvate hydrolase from this strain (8, 17). These re-
sults lead us to speculate that the purified maleylpyruvate hydrolase
from strain NCIMB 9867 (8) was encoded by hbzF and the 50-kDa
band in the previous study was a contaminating polypeptide. This
study, for the first time, reveals the genetic determinate for the direct
maleylpyruvate hydrolysis in the gentisate pathway, complementary
to the well-studied maleylpyruvate isomerization route (3, 5, 7).

Nucleotide sequence accession number. The 16S rRNA gene
of strain NCIMB 9867 has been deposited in GenBank under the
accession number JX867714.
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