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Abstract Methylobacterium sp. MB200 capable of pro-
ducing glyoxylate from methanol was obtained by enrich-
ment culture using a medium containing methanol as the
sole carbon source. A hpr gene that encodes a hydroxy-
pyruvate reductase (HPR) was cloned from this strain and
was ligated into the vector pLAFR3 to obtain the recombi-
nant plasmid pLAFRh, which was transferred into M. sp.
MB200 to generate an recombinant strain MB201. Homol-
ogous expression of hpr under the control of the lacZ pro-
moter led to the enhanced glyoxylate accumulation in
cultures of Methylobacterium sp MB201. The yield of gly-
oxylate reached 14.38 mg/mL, representing nearly a two-
fold increase when compared with the wild-type strain.

Keywords Methylobacterium · hpr · Hydroxypyruvate 
reductase · Glyoxylate · Metabolic engineering · Strain 
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Introduction

Methylotrophic bacteria are a group of microorganisms that
are able to use compounds containing one-carbon as well as
multi-carbons as energy and carbon sources. According to the
range of carbon compounds utilized, the methylobacteria can
be divided into three subgroups: the obligate methylotrophs
that grow only on single-carbon (C1) compounds; the

restricted facultative methylotrophs that use not only C1 com-
pounds but also a limited range of more complex organic
compounds; and the typical facultative methylotrophs that can
grow not only on C1 compounds but also on a wider range of
multi-carbon compounds [3, 5]. Most methylotrophic bacteria
use a serine cycle to metabolize C1 compounds to supply the
energy and intermediates for their growth. In the industry,
these bacteria have been studied extensively for the produc-
tion of amino acids, industrial enzymes and cofactors, polyhy-
droxyalkanoates (PHAs), polysaccharides, and carotenoids
from C1 compounds [21, 22, 27, 29]. Methylobacterium
strains are facultative methylotrophs that have been isolated
and studied in diVerent countries [8, 9, 17]. Especially, the
genetics and metabolic pathways of Methylobacterium extor-
quens AM1 have been studied in detail by Lidstorm and co-
workers. They, along with others, have developed ways that
allow manipulation of Methylobacterium genes in vivo, which
facilitate the metabolic engineering of the metabolic path-
ways. They identiWed hpr, a gene encodes a hydroxypyruvate
reductase in M. extorquens AM1 [2]. It is a key genetic com-
ponent of the serine cycle (Fig. 1). HPR catalyzes the revers-
ible reaction of hydroxypyruvate to D-glycerate. The enzyme
has also been puriWed and characterized from several organ-
isms including humans [15–18].

Glyoxylate is an essential intermediate in the serine
cycle. This compound is commercially important in the
manufacture of perfume and as an intermediate in drug and
pesticide manufacture [31]. Because of the expanded appli-
cations and market in recent years, glyoxylate has been a
kind of commodity in short supply. Enzymatic and chemi-
cal means of glyoxylate production have been extensively
investigated [4, 11, 13, 19]. It is currently manufactured by
the nitric acid oxidation of glyoxal or via a three-step reac-
tion involving ozonolysis of dimethyl maleate, hydrogena-
tion of the resulting hydroperoxide intermediate, and the
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hydrolysis of the resulting methyloglyoxylate hemiacetal
[31]. The enzymatic method for producing glyoxylate has
also been investigated. It was mainly through spinach gly-
colate oxidase (GO) catalyzing the oxidation of glycolate
[14, 20, 25]. But, to date, the feasibility of microbial syn-
thesis of glyoxylate has not been demonstrated.

An important strategy to develop a method to synthesize
commercial chemicals and materials by bacteria is to dereg-
ulate and increase the levels of gene expression, especially
to increase the copy number of genes, by genetic engineer-
ing. In this report, a hpr gene was over-expressed under the
control of lacZ promoter in the pLAFR3 vector in M. sp.
MB200 to produce glyoxylate.

Materials and methods

Bacterial strains, plasmids, media and growth conditions

Bacterial strains and plasmids used in this study are listed in
Table 1. M. sp. MB200 was grown at 32 °C in an ammonium

mineral salt medium supplemented with 1.2% methanol as the
sole carbon source [7]. Escherichia coli strains DH5� and
Tuner (DE3) were cultivated in LB medium at 32  and 37 °C,
respectively. Antibiotics were added to the medium at the fol-
lowing Wnal concentrations: 50 �g/mL ampicillin, 25 �g/mL
kanamycin, 200 �g/mL carbencillin, 50 �g/mL chorampheni-
col, 50 �g/mL nalidixic acid, and 75 �g/mL tetracycline.

Screening for glyoxylate-producing strains

The basal isolation medium (MM), pH 7.0, consisting of 0.3%
(NH4)2HPO4, 0.2% K2HPO4, 0.1% NaCl, 0.02%
MgSO4·7H2O, 0.001% FeSO4·7H2O, and 0.0005%
MnSO4·6H2O was supplemented with thiamine·HCl (1 �g/
100 mL), riboXavin (2 �g/100 mL), calcium pantothenate
(2 �g/100 mL), pyridoxine·HCl (2 �g/100 mL), biotin
(0.1 �g/100 mL), and aminobenzoic acid (1 �g/100 mL). Soil
samples were suspended in the mineral, salt medium contain-
ing methanol as the sole carbon source and incubated at 32 °C
for 3 days. An aliquot of the resulting culture was inoculated
into fresh medium and incubated as before; this was repeated
two more times. An aliquot of the Wnal culture suspension was
transferred to the same medium supplemented with agar
(1.6%) and incubated at 32 °C. Representative colonies were
obtained for further physiological, nutritional, and biochemi-
cal testing using standard methodologies according to the
general procedure of Bergey’s Manual of Systematic Bacteri-
ology and 16S rDNA sequence analysis.

IdentiWcation of glyoxylate

Cells were harvested and washed once with phosphate
buVer (pH 7.0), suspended in the same solution to the con-
centration of 200 mg wet cells per mL, and lysed by sonica-
tion. The cell-free supernatant obtained by centrifugation at

Fig. 1 The serine cycle in methylotrophic bacteria

Table 1 Plasmids and strains 
used in this study

Strain/Plasmid Relevant characteristics Source

Bacteria strains

Methylobacterium sp. MB200 Wild type strain, Nmr Laboratory stock

Methylobacterium sp. MB201 MB200 containing pLAFR3-hpr This study

Escherichia coli

DH5� SupE44,�lacU169(�80lacZ�M15)hsdR17 
RecA1 endA1 gyrA96 thi-1 relA1

[23]

Tuner(DE3) Expression strain, Carbr, Ampr Novagen

Plasmids

pGEM–T easy T-A cloning vector, Ampr Promega

pET-blue Expression vector, Cmr Novagen

pRK2013 Helper plasmid, Mob+, ColE1, Kmr, Tra+ [6]

pLAFR3 Broad-host range cloning vector, Mob+, 
Tra¡, cosmid, Tcr

[28]

pLAFR pLAFR3 containing hpr gene This study
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14,000g was used for glyoxylate analysis on a Waters 2695
high performance liquid chromatography system (Waters,
Milford, MA, USA) equipped with an Inertsil ODS-3 col-
umn (4.6 £ 150 mm, 5 �m; GL Sciences, Torrance, CA,
USA). The column was eluted with 0.04 M (NH4)2HPO4

(pH 2.7) at a Xow rate of 1.0 mL/min and the eluents were
detected by UV at a wavelength of 220 nm.

DNA manipulation

Chromosomal DNA and plasmid were isolated using a
commercially available kit (Qiagen, Valenica, CA, USA).
DNA ligation and digestion were performed according to
the suppliers’ instructions. Other DNA manipulations were
done by standard procedures [1].

hpr cloning and expression

M. sp. MB200 hpr was ampliWed by polymerase chain reac-
tion (PCR) using the genomic DNA of M. sp. MB200 as the
template. Primers ph1/ph2 (5�-GGCAGGGGTT TTGTG
AGC-3�/5�-CTCTGGCCGGTTGTTCAT-3�) were designed
according to the hpr gene sequence of M. extorquens AM1
(Genbank accession number is L27235.1). The PCR condi-
tions were one cycle of 95 °C for 2 min; 30 cycles each of
94 °C for 40 s, 53 °C for 40 s, and 72 °C for 60 s; and one
cycle of 72 °C for 3 min. The PCR products were puriWed
by using a DNA puriWcation kit and then cloned into the
pGEM T-easy vector (named pGEM-T:hpr). The sequence
of the cloned DNA fragment was determined by DNA
sequencing on an ABI 377 sequencer (AME Bioscience,
Toroed, Norway).

A 945-bp DNA fragment containing the coding region of
M. sp. MB200 hpr was ampliWed by PCR using pGEM-
T:hpr as the template and primers P1/P2[(5�-ATGGATCC
GATGACAAAGAAAGTGG-3�/5�-ATAAGCTTGCCTCG
ACGACGTTCTG-3�) (HindIII and BamHI sites are under-
lined)], which were designed according to the coding
sequence of M. sp. MB200 hpr. The PCR conditions were
one cycle of 95 °C for 2 min; 30 cycles each of 94 °C for
30 s, 53 °C for 30 s, and 72 °C for 50 s; and one cycle of
72 °C for 3 min. The PCR products were cloned into
pGEM-T:hpr. After conWrmation by sequencing, the 945-bp
DNA fragment was excised from the vector using HindIII
and BamHI and cloned into the expression vector pET-blue.
The resulting plasmid (pET:ohpr) was introduced into
E. coli Tuner (DE3) to generate the expression host strain
Tuner-(pET:ohpr).

Tuner-(pET:ohpr) was induced by isopropyl �-D-1-
thiogalactopyranoside to express the main proteins. Cells
were harvested by centrifugation and lysed by sonication
with a JY92-II ultrasonic cell disrupter (Ningbo Kesheng
Instrument Factory, Ningbo, China) operating at a power

level of 300–400 W, in 30 cycles of 10 s bursts separated
by 30 s intervals. After centrifugation at 14,000g, the cell-
free supernatant was transferred to another tube and stored
at 4°C until analyzed.

HPR was puriWed using a Ni-NTA column (Novagen,
Madison, WI, USA) according to the manufacturer’s
instructions, and the puriWed protein was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and stored at 4 °C.

Triparental mating to construct Methylobacterium 
sp. MB201 strain

The hpr gene digested by BamHI and HindIII was ligated
into the pLAFR3 vector to obtain the recombinant plasmid
designated as pLAFRh, which was transferred into E. coli
DH5�. M. sp MB200 was cultured in MM with nalidixic acid
at 32 °C for 48 h. E. coli strain HB101 containing plasmid
pRK2013 and DH5� containing pLAFRh were both culti-
vated in LB with kanamycin (for HB101) and tetracycline
(for DH5�) at 37 °C overnight. Volumes of the cultures
(200 �L of M. sp MB200 and 50 �L of HB101 and DH5�)
were co-cultured on a MM plus 20% LB plate and grown at
32 °C for 2 days. Representative colonies of each organism
were spread onto tetracycline- and nalidixic acid-amended
MM and incubated for 3–4 days at 32 °C. pLAFRh was con-
jugated from E. coli DH5� into M. sp. MB200 to generate the
recombinant strain designated as M. sp. MB201.

Enzyme assay

HPR activity was assayed in 1 mL standard assay mixture
containing 50 mM MOPS buVer (pH 5.5), 0.3 mM
NADPH, 3.5 mM lithium hydroxypyruvate, and appropri-
ate amount of enzyme. The reaction was started by the
addition of the enzyme solution to the reaction mixture.
The decrease of absorbance at 340 nm, which indicated the
consumption of NADPH, was followed with time. One unit
of enzyme activity was deWned as the amount of the
enzyme that catalyzed the oxidation of 1 �mol NADPH per
min under the optimum conditions.

Activity measurements for M. sp. MB200 and M. sp.
MB201 HPR were determined as described above using
cells that had been collected from culture, cultivated for
3 days, washed once with 50 mM MOPS buVer (pH 5.5),
and lysed by sonication as detailed above.

Production of glyoxylate

One loopful of the recombinant strain M. sp. MB201 and
the wild strain M. sp. MB200 were inoculated into a test
tube containing 10 mL medium with 1.2% methanol and
0.1% glycine. Cultures were incubated at 32 °C for 2 days
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with reciprocal shaking (250 strokes/min). An aliquot
(0.2 mL) of this seed culture was transferred to a triangular
Xask (the volume was 250 mL) with 50 mL fresh medium
and incubated at 32 °C with reciprocal shaking (250
strokes/min). After cultivation for 12 h, the absorbance of
the cultures at 600 nm was determined. Cells were har-
vested from the culture by centrifugation every 3 h, washed
once with phosphate buVer (pH 7.0), and suspended in the
same solution to the concentration of 200 mg wet cells per
mL. The Wnal suspension was lysed by sonication as
described above, and the cell-free supernatant obtained fol-
lowing centrifugation was stored at ¡70 °C until analyzed.

Results

Screening and taxonomic studies of a glyoxylate-producing 
strain

A total of 20 strains grew well on agar with methanol as the
sole carbon source. Among them, the strain MB200 toler-
ated methanol the best at high methanol levels (up to 3.0%)
and displayed the highest absorbance at 610 nm. Its cell-
extraction had a high peak at the same retention time as the
authentic glyoxylate in HPLC (Fig. 2). Therefore, the strain
MB200 was used in the following investigations.

MB200 colonies were circular and smooth. The organ-
ism was found to be a Gram-negative non-spore forming
rod, formed pink colonies, and exhibited fastest growth at
about 32 °C. 16S rDNA obtained from the organism was
99% identical to the 16S rDNA of M. extorquens AM1
(Accession no. M29027.1). MB200 grew on media contain-
ing methanol and other multi-carbon compounds as the car-
bon source. According to these characteristics, the strain
should be a member of the genus Methylobacterium.

MB200 hpr gene sequence analysis

Sequence analysis showed that the PCR ampliWed 1.1 kb
DNA fragment containing hpr gene had 98% identity to
the hpr region of M. extorquens AM1. Furthermore, ORF

prediction results showed that the 1140-bp fragment con-
tained a 945-bp ORF showing 98% identity to the hpr of
M. extorquens AM1 at the nucleotide level and 99%
identity at the amino acid level (Fig. 3). Three amino acid
residues at positions 50, 236 and 305 were diVerent among
these two sequences, I50, V236, S305 in MB200, while
V50, A236, A305 in AM1.Conserved domains analysis
through NCBI showed that these residues have no much
eVect on the HPR function or structure.

Expression of HPR of M. sp. MB200

To determine if the product of M.sp MB200 hpr was a
hydroxypyruvate reductase, the ORF containing hpr was
ligated into the vector pET-blue to generate the expression
vector pET:ohpr. The recombinant plasmid pET:ohpr was
transformed into expression host strain Tuner(DE3) to gen-
erate the expression strain Tuner (pET:ohpr). Finally, a
His-tagged protein was puriWed from Tuner (pET:ohpr).
SDS-PAGE analysis indicated that the puriWed protein had
a molecular weight of 34 kDa (Fig. 4). HPR activity of the
puriWed protein from E. coli Tuner (pET:ohpr) was deter-
mined and found to be approximately 901 units per milli-
gram of puriWed protein.

Construction of the recombinant strain MB201 

The hpr gene was cloned into pLAFR3 and the resulting
plasmid (pLAFRh) was transferred into E. coli DH5�,
which was used as a donor in triparental mating with M. sp.
MB200. Tcr transconjugant MB201 was selected for further
characterization and study of HPR activity. HPR activities
of the wild strain MB200 and the recombinant strain
MB201 cultivated with two carbon sources (methanol and
succinate) were determined. The results demonstrated that
the use of succinate invariably produced HPR activity in
both strains. In the presence of methanol, the HPR activity
in cell-free extracts of MB200 was about 107 units per mil-
ligram, while in cell-free extracts of MB201 it was about
226 units, which represented an approximately twofold
increase over the activity displayed by MB200.

Fig. 2 HPLC chromatograms 
of the standard glyoxylate a and 
glyoxylate produced by MB200 
b. The sample was separated on 
an Inertsil ODS-3 column, elut-
ed with 0.04 M (NH4)2HPO4 
(pH2.7) at a Xow rate of 1.0 mL/
min, and detected at a wave-
length of 220 nm
123
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Time course of glyoxylate accumulation

Figure 5 shows a typical time course of glyoxylate accumu-
lation by strain MB200 and MB201. Compared with the

parent strain MB200, the recombinant strain MB201
showed the same culture-phase but higher yield of glyoxy-
late. The highest content of glyoxylate in both MB200 and
MB201 was produced in the logarithm phase. After cultiva-
tion for 33 hours, MB201 accumulated 14.38 mg/ml gly-
oxylate, representing nearly a twofold increase in the yield
of the wild-type strain.

Discussion

Glyoxylate, an essential compound in the chemical indus-
try, is currently manufactured mainly by chemical synthe-
sis. But, yields are low due to the formation of by-products.
To overcome this shortcoming, enzymatic methods that use
glycerol oxidase from Aspergillus japonicus [10] and spin-
ach [16] have been developed. However, these methods
have some drawbacks owing to the complex reaction and
undesirable properties of the enzymes.

Methylotrophic bacteria have been exploited for the con-
version of methanol for a long time. Such metabolic engi-
neering allows the production of amino acids, industrial
enzymes and cofactors, PHAs, and carotenoids. Especially
in methylotrophic bacteria that possess the serine cycle, ser-
ine, glyoxylate, and glycine are produced from methanol
[12, 21, 22, 27, 30]. HPR has been demonstrated to play a
central role in the metabolism of C1 compounds. It has
been identiWed and characterized in bacteria, plants and
mammals [15, 16, 24]. In the present study, M. sp. MB200
hpr was cloned and sequenced. Three amino acid residues
at position 50, 236 and 305 were diVerent among MB200
and AM1 HPR sequences, I50, V236, S305 in MB200,

Fig. 3 Alignment of HPR pro-
tein sequences from M. extorqu-
ens AM1 and M. sp. MB200. 
The alignment was performed 
with Clustalw software. The 
shaded characters indicate 
substitution

Fig. 4 SDS-polyacrylamide gel electrophoresis of the puriWed
hydroxypyruvate reductase Lanes M and 1 indicate size marker and the
puriWed hydroxypyruvate reductase, respectively. The numbers in the
right indicate the molecular masses of the marker proteins
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while V50, A236, A305 in AM1. But conserved domains
analysis performed using NCBI resources showed that
these residues should have no much eVect on the HPR func-
tion or structure. The gene product (HPR) was puriWed, and
the enzyme activity was determined.

No signiWcant diVerence in cell growth between the
wild-type M. sp MB200 and the recombinant M. sp
MB201, which contained HPR expression plasmids, was
observed. But the utilization of methanol and the yield of
glyoxylate diVered between the two strains. When the two
strains were grown in the presence of the same concentra-
tion of methanol, the remaining methanol in M. sp. MB200
cultures always exceeded that in cultures of M. sp. MB201,
suggesting that methanol was used more eVectively by the
MB201 strain. The HPR enzymatic activity and the yield of
glyoxylate were higher in the MB201 strain.

The addition of glycine aVected not only the production
of glyoxylate but also the growth of cells. A glycine level
of 0.1% increased the yield of glyoxylate since glycine is
essential for the serine cycle. But the growth of culture was
suppressed upon glycine addition, agreeing with earlier
observations [26].

Glyoxylate metabolism in the cells is complex. To our
knowledge, there is still no report about the metabolism of

glyoxylate in microorganisms at the present day. In our
study, glyoxylate was not detected in the medium; we spec-
ulate that it is mainly due to the fact that glyoxylate is a
metabolism intermediate in cells. It will be metabolized by
the glyoxylate cycle or through other pathways to other
molecules when the content of glyoxylate is high. It is pre-
cisely as a result of this phenomenon, the output of glyoxy-
late was low, even though the yield of glyoxylate was
improved by nearly twofold in our study. The future work
will be to study the mechanism of glyoxylate metabolism
and optimize the conditions of fermentation to improve the
yield of glyoxylate.

The biosynthesis of glyoxylate by M. sp. MB200 bacte-
ria with methanol as the starting material is a promising
strategy, because it saves resources and it is a simpler
method than chemical synthesis and enzymatic methods.
We overexpressed HPR in the MB201 strain and achieved a
twofold increase in the yield of glyoxylate. Further genetic
and metabolic manipulations are however needed in order
to increase the yield.
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