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Pseudomonas is a very large bacterial genus in which several
species can use D-malate for growth. However, the enzymes that
can metabolize D-malate, such as D-malate dehydrogenase,
appear to be absent in most Pseudomonas species. D-3-Phospho-
glycerate dehydrogenase (SerA) can catalyze the production of
D-2-hydroxyglutarate (D-2-HG) from 2-ketoglutarate to support
D-3-phosphoglycerate dehydrogenation, which is the initial
reaction in bacterial L-serine biosynthesis. In this study, we show
that SerA of the Pseudomonas stutzeri strain A1501 reduces
oxaloacetate to D-malate and that D-2-HG dehydrogenase
(D2HGDH) from P. stutzeri displays D-malate– oxidizing activ-
ity. Of note, D2HGDH participates in converting a trace amount
of D-malate to oxaloacetate during bacterial L-serine biosynthe-
sis. Moreover, D2HGDH is crucial for the utilization of D-malate
as the sole carbon source for growth of P. stutzeri A1501. We
also found that the D2HGDH expression is induced by the exog-
enously added D-2-HG or D-malate and that a flavoprotein
functions as a soluble electron carrier between D2HGDH and
electron transport chains to support D-malate utilization by
P. stutzeri. These results support the idea that D2HGDH evolves
as an enzyme for both D-malate and D-2-HG dehydrogenation in
P. stutzeri. In summary, D2HGDH from P. stutzeri A1501 par-
ticipates in both a core metabolic pathway for L-serine biosyn-
thesis and utilization of extracellular D-malate.

L-Serine is a central intermediate that plays important roles
in many biological processes (1). Three enzymes, D-3-phospho-
glycerate dehydrogenase (SerA),2 phosphoserine aminotrans-
ferase (SerB), and phosphoserine phosphatase (SerC), are

responsible for the bacterial L-serine synthesis (2, 3). The SerA-
catalyzed dehydrogenation of D-3-phosphoglycerate (D-3-PG)
is a thermodynamically unfavorable reaction. Recently, we
found that SerA combines the reaction of D-2-hydroxyglutarate
(D-2-HG) production from 2-ketoglutarate (2-KG) to overcome
the thermodynamic barrier of D-3-PG dehydrogenation.
D-2-HG dehydrogenase (D2HGDH) is functionally tied to
L-serine synthesis through the conversion of D-2-HG back to
2-KG (4). D-Malate is a dicarboxylic acid with close structural
homology to D-2-HG (four carbon backbone instead of five).
The endogenous formation of D-malate from gentisate, male-
ate, or oxaloacetate (OAA) has been described (5–7). Various
microorganisms can use D-malate as the carbon and energy
source for growth (8 –10). For example, D-malate dehydro-
genase, a �-decarboxylating dehydrogenase that catalyzes
the oxidative decarboxylation of D-malate to pyruvate, is
induced by D-malate and allows Escherichia coli to use this
compound for growth (11). Interestingly, D-malate dehydro-
genase of E. coli is also a generalist enzyme that is active on
isopropylmalate. When expressed in the presence of
D-malate, D-malate dehydrogenase is capable of comple-
menting L-leucine auxotrophy in a mutant strain lacking the
paralogous isopropylmalate dehydrogenase (12).

Pseudomonas is a vast bacteria genus in which various spe-
cies have the ability to utilize D-malate for growth. The homo-
logs of D-malate dehydrogenase appear to be absent in most
Pseudomonas species. In this study, we characterized in detail
the function of D2HGDH in Pseudomonas stutzeri A1501.
D2HGDH displayed D-malate– oxidizing activity. The mutant
strain lacking the D2HGDH lost the D-malate utilization ability.
These results indicate that D2HGDH plays a dual role in L-ser-
ine biosynthesis and D-malate utilization.

Results

SerA catalyzes production of D-malate from OAA

L-Serine biosynthesis is initiated by D-3-PG dehydrogenation
to 3-phosphohydroxypyruvate (3-PHP) that is catalyzed by
SerA. SerA also catalyzes the reduction of 2-KG and 3-PHP
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(Table 1) (13–17) The “promiscuous” activity of 2-KG reduc-
tion to D-2-HG is required for SerA to overcome the thermo-
dynamic barrier and regenerate the NAD� for D-3-PG dehy-
drogenation (4, 18, 19). PdxB is a homolog of SerA, which
catalyzes the oxidization of 4-phospho-D-erythronate to
2-oxo-3-hydroxy-4-phosphobutanoate (20). Like SerA,
PdxB also requires 2-keto acids that serve as oxidants to
regenerate the NAD� and sustain multiple turnovers. Inter-
estingly, 2-KG, OAA, and pyruvate are equally reduced by
PdxB (7). We tested the activities of SerA in P. stutzeri A1501
in the reduction of 2-KG, OAA, and pyruvate. As shown in
Table 1, 2-KG and OAA were reduced by SerA. Pyruvate was
barely reduced by SerA. The kcat/Km value of OAA was lower
than that of 2-KG.

As shown in Fig. 1A, when active SerA was added in the
reaction mixture containing OAA and NADH, biotransforma-
tion resulted in the production of a new compound that had a
retention time of 14.22 min, which corresponded to the peak of
authentic malate. Malate exists in two stereoisomeric forms:
L-malate and D-malate. As shown in Fig. 1B, D-malate was effi-
ciently catalyzed by D-malate dehydrogenase from E. coli,
whereas L-malate was not, under the same assay condition.
When reaction products of the SerA were added in the assay
mixture, high D-malate dehydrogenase activity was detected
(Fig. 1B), indicating that the product obtained from OAA by
SerA was not L-malate, but D-malate.

D2HGDH has D-malate– oxidizing activity

The D2HGDHs in P. stutzeri, Saccharomyces cerevisiae, and
Arabidopsis thaliana catalyze the conversion of D-2-HG to
2-KG (Table 2) (4, 21, 22). The N-terminal His-tagged
D2HGDH in P. stutzeri A1501 was purified by nickel-affinity
chromatography as described previously (4). The dehydroge-
nase activity of D2HGDH in the presence of the artificial elec-
tron acceptor 2,6-dichlorophenol-indophenol (DCIP) on dif-

ferent 2-hydroxy acids was assayed. D2HGDH showed high
activities with D-2-HG and D-malate (Table 2) but no detectable
activity on L-2-hydroxyglutarate, D-lactate, and other 2-hy-
droxy acids. The rates of dehydrogenation of substrates cata-
lyzed by the D2HGDH followed Michaelis–Menten kinetics.
Double-reciprocal plots of the initial rates plotted against the
concentrations of D-2-HG and D-malate yielded Km values of
0.17 � 0.02 and 3.61 � 0.14 mM, respectively. kcat was estimated
to be 7.90 � 1.05 and 11.70 � 0.39 s�1, respectively, with DCIP
as the electron acceptor (Table 2).

The prosthetic group of D2HGDH was previously experi-
mentally confirmed to be FAD (22). The UV-visible absorbance
spectra of D2HGDH displayed maxima centered at 378 and 450
nm, consistent with the presence of a flavin cofactor bound to
the protein (Fig. 2A). Robust and persistent decreases in the
absorbance at 378 and 450 nm were detected when the reaction
mixtures containing D2HGDH, D-2-HG, or D-malate were
flushed with nitrogen prior to spectral analysis (Fig. 2, B and C).
These observations showed that FAD bound to D2HGDH acts
as an intermediate electron acceptor during the oxidation of
D-2-HG and D-malate. The effect of metal ions on the activity of
the D2HGDH toward D-2-HG and D-malate was tested by add-
ing metal salts (final concentration of 10 �M or 10 mM) to the
assay buffer. As shown in Fig. 3 (A and B), Zn2� positively influ-
enced the D2HGDH activity at a concentration of 10 �M but
inhibited D2HGDH activity at a concentration of 10 mM. Ca2�

also positively affected D2HGDH activity at a concentration of
10 mM. Fe2� and Co2� inhibited D2HGDH activity at a concen-
tration of 10 mM. EDTA partially inhibited D2HGDH activity.
Thus, 10 �M Zn2� was added in the reaction mixture used for
assaying the activity of D2HGDH.

D2HGDH catalyzes �-dehydrogenation of D-malate to OAA

Purified D2HGDH was incubated in the presence of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,

Table 1
Steady-state kinetic parameters of SerA toward different substrates
The reactions with the reported kinetic parameters of SerA from several representative species are listed. NR, not reported.

Reaction Km Vmax kcat kcat/Km

mM units mg�1 s�1 M�1

SerA of P. stutzeria

2-KG reduction 0.13 � 0.01 2.59 � 0.03 7.75 � 0.13 s�1 (5.81 � 0.41) � 104

OAA reduction 1.10 � 0.02 0.19 � 0.01 0.57 � 0.01 s�1 (5.17 � 0.08) � 102

Pyruvate reduction 8.62 � 0.85 (3.56 � 0.13) � 10�2 0.11 � 0.01 s�1 12.49 � 0.91
SerA of E. coli

2-KG reductionb 0.042 NR 7.7 s�1 1.8 � 105

2-KG reductionc 0.088 11,100 33.3 s�1 3.8 � 105

3-PG oxidationc 1.2 183 0.55 s�1 5.0 � 102

3-PHP reductionc 0.0032 9,270 27.8 s�1 8.7 � 106

SerA of Mycobacterium tuberculosis
3-PHP reductiond (170 � 50) � 10�3 NR 2461 � 281 s�1 1.5 � 107

SerA of Homo sapiens
3-PHP reductione (127 � 66) � 10�3 NR 311 � 55 s�1 0.24 � 107

3-PHP reductionf (3 � 1) � 10�3 NR 41 � 5 s�1 1.4 � 107

3-PG oxidationg 0.26 � 0.034 NR 0.18 � 0.01 min�1 NR
2-KG reductiong 10.1 � 1.8 NR 4.7 � 0.9 min�1 NR
OAA reductiong 6.5 � 1.3 NR 10.6 � 1.6 min�1 NR

a The values are the means � S.D. (n � 3).
b Data from Ref. 13.
c Data from Ref. 14.
d Data from Ref. 15.
e Data from Ref. 16, determined in 200 mM KPO4 buffer.
f Data from Ref. 16, determined in 50 mM MOPS buffer.
g Data from Ref. 17.
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4 mM) and 2.5 mM D-malate, and the reaction mixtures were
analyzed by HPLC after 40 min. D-Malate consumption corre-
lated with the production of two compounds that had the same
retention times as those of OAA and pyruvate (Fig. 4A),
respectively.

D-Malate dehydrogenase in E. coli catalyzes the �-decar-
boxylating dehydrogenation of D-malate to produce pyruvate,
with OAA as a reaction intermediate. To identify whether
D2HGDH also has OAA-decarboxylating activity, purified
D2HGDH was incubated in the presence of 2.5 mM OAA. The
reaction mixture with heat-inactivated D2HGDH was used as
the control. As shown in Fig. 4B, pyruvate was detected with an
identical amount in the reaction mixtures with both active
and heat-inactivated D2HGDH. This result indicated that

D2HGDH did not have OAA-decarboxylating activity. The
detection of pyruvate in the reaction mixture might be due to
the spontaneous decarboxylation of OAA. D2HGDH catalyzes
the �-dehydrogenation of D-malate to OAA but not the �-de-
carboxylating dehydrogenation of D-malate to pyruvate.

D2HGDH couples with electron transfer flavoprotein (ETF) for
efficient oxidization of D-malate

Multiple turnover of D2HGDH requires continuous electron
transfer. In a previous work, we confirmed that ETF functions
as a soluble electron carrier between D2HGDH and electron
transport chains (4). P. stutzeri A1501 ETF was expressed, puri-
fied, and added in the reaction mixture containing D2HGDH,
D-malate, and DCIP. As shown in Fig. 5, the addition of ETF
strongly favored D-malate oxidation. As the ETF concentration
increased, the Vmax values also increased continuously (Table
3). When ETF was considered as the substrate for D2HGDH
catalyzed D-malate dehydrogenation, the Km and Vmax values
were measured as 4.71 � 0.03 �M and 2.71 � 0.03 units mg�1,
respectively (Table 2). During the oxidation of D-malate cata-
lyzed by D2HGDH, ETF could also play a role as the mediator of
electron transfer.

D2HGDH is required for D-malate utilization of P. stutzeri
A1501

The D2HGDH mutant strain showed high accumulation of
extracellular D-2-HG, indicating a high flux toward 2-KG
reduction in P. stutzeri A1501. Metabolomic analysis also indi-
cated a 4.5-fold change of intracellular malate (4). However, the
D2HGDH mutant did not have extracellular accumulation of
D-malate. 2-KG and OAA could serve as substrates of SerA, but
the intracellular concentration and kcat/Km for 2-KG were
much higher than those of OAA (Table 1). That might be the
reason why only extracellular D-2-HG can be detected in the
D2HGDH mutant strain.

Given the high activity of D2HGDH detected on D-malate,
we hypothesized that D2HGDH could be involved in D-malate
utilization. P. stutzeri A1501 could use D-malate as the sole car-
bon source for growth. Compared with the P. stutzeri A1501
and A1501-�d2hgdh-d2hgdh�, A1501-�d2hgdh exhibited lit-
tle ability to assimilate D-malate (Fig. 6A), demonstrating that
D2HGDH is critical in D-malate metabolism. The same result
was obtained in a medium containing D-2-HG as the sole car-
bon source (Fig. 6B).

We also determined the in vivo role of ETF in D-malate catab-
olism. An ETF mutant abolished growth in a medium contain-
ing D-malate. Complementation of this ETF mutant with a
plasmid (pBBR1MCS-5) containing etf (P. stutzeri A1501-
�etf-etf�) restored growth in a medium containing D-malate
(Fig. 6A). These results indicated that ETF can mediate the
electron transfer process during D-malate catabolism.

The growth of P. stutzeri A1501, A1501-�d2hgdh-d2hgdh�,
A1501-�d2hgdh, A1501-�etf, and A1501-�etf-etf� in media
containing OAA or 2-KG was also assayed. As shown in Fig. 6
(C and D), all of the strains grew in the presence of OAA or
2-KG as the sole carbon source. The decreased biomass and
growth rate of P. stutzeri A1501-�d2hgdh and A1501-�etf
that was observed might be because the accumulation of

Figure 1. SerA can catalyze the production of D-malate from OAA. A, HPLC
analysis of the product of SerA-catalyzed OAA reduction in the presence of
NADH. Control, the reaction mixture containing OAA (2.5 mM), NADH (4 mM),
heat-inactivated SerA (4.5 �M) in 50 mM Tris-HCl (pH 7.4), incubated at 30 °C
for 1 h. Sample, the reaction mixture containing OAA (2.5 mM), NADH (4 mM),
active SerA (4.5 �M) in 50 mM Tris-HCl (pH 7.4), incubated at 30 °C for 1 h. B,
enzymic assay of the SerA-produced malate using D-malate dehydrogenase
of E. coli. The reactions using authentic D-malate, L-malate, or SerA-produced
malate as substrates were conducted using a UV-visible spectrophotometer.
Sample, the product of SerA-catalyzed OAA reduction in the presence of
NADH. The reactions without addition of substrate (no substrate) or D-malate
dehydrogenase of E. coli (no enzyme) were used as the controls. D-MT,
D-malate; L-MT, L-malate.
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D-2-HG that occurs in these mutants could influence L-ser-
ine biosynthesis.

D2HGDH in P. stutzeri A1501 and D-malate dehydrogenase in
E. coli are not mutually replaceable

D-Malate dehydrogenase of E. coli can catalyze the �-decar-
boxylating dehydrogenation of D-malate to produce pyruvate.
Because D-2-HG is a structural homolog to D-malate, the activ-
ity of D-malate dehydrogenase in E. coli toward D-2-HG was also
assayed. As shown in Fig. 7C, no increase of absorbance at 340 nm
was detected when D-2-HG was added in a reaction mixture con-
taining D-malate dehydrogenase and NAD�. When D-malate de-
hydrogenase was expressed in P. stutzeri A1501-�d2hgdh, the
strain P. stutzeri A1501-�d2hgdh-dmlA was still not able to utilize
D-2-HG as the sole carbon source (Fig. 7A), and accumulation of
D-2-HG during the utilization of glucose and other carbon sources

was detected. Thus, the D-malate dehydrogenase in E. coli cannot
compensate the role of D2HGDH in P. stutzeri A1501.

D2HGDH in P. stutzeri A1501 catalyzes the �-dehydrogena-
tion of D-malate and D-2-HG to produce OAA and 2-KG,
respectively (Fig. 4, A and C). As shown in Fig. 7D, decreased
absorbance at 600 nm was detected when D-malate or D-2-HG
was added in a reaction mixture containing D2HGDH and DCIP,
respectively. E. coli K-12 MG1655-�dmlA with the deletion of the
D-malate dehydrogenase–encoding gene could not grow on a
medium containing D-malate as the sole carbon source. When
D2HGDH was expressed in E. coli K-12 MG1655-�dmlA, the
strain P. stutzeri A1501-�dmlA-d2hgdh was still not able to utilize
D-malate as the sole carbon source (Fig. 7B). This might have been
because D2HGDH also requires ETF as its mediator for electron
transfer. Thus, the D2HGDH in P. stutzeri A1501 cannot compen-
sate the role of D-malate dehydrogenase in E. coli.

Table 2
Steady-state kinetic parameters of D2HGDH toward different substrates
The reactions with the reported kinetic parameters of D2HGDHs from several representative species are listed. NR, not reported.

Substrate Km Vmax kcat kcat/Km

mM units mg�1 s�1 s�1 mM�1

D2HGDH of P. stutzeria

D-2-HGb 0.17 � 0.02 4.56 � 0.60 7.90 � 1.05 45.39 � 1.52
D-Malate 3.61 � 0.14 6.87 � 0.23 11.70 � 0.39 3.25 � 0.02
ETF (4.71 � 0.03) � 10�3 2.71 � 0.03 4.62 � 0.04 980.82 � 9.95

D2HGDH of A. thalianac

D-2-HG �0.58 NR �0.8 �1.37
Dld2 of S. cerevisiaed

D-2-HG (28 � 8) � 10�3 NR 0.18 � 0.03 7.0 � 1.2
Dld3 of S. cerevisiaed

D-2-HG (130 � 9) � 10�3 NR 6.6 � 0.5 50 � 2
a The values are the means � S.D. (n � 3).
b Data from Ref. 4.
c Data from Ref. 21.
d Data from Ref. 22.

Figure 2. Spectral analysis of purified recombinant D2HGDH. A, the mixture containing 20 mM Tris-HCl (pH 8.0), 5 �M ZnCl2, and purified D2HGDH (1 mg
ml�1) was flushed for 5 min with N2 in a quartz glass cuvette. The absorbance spectra were recorded at 30 °C. B and C, after addition of D-2-HG (B) and after
addition of D-malate (C) at a final concentration of 250 �M, the changes of absorbance spectra were followed over different times using a UV-visible spectro-
photometer. D-MT, D-malate.
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D2HGDH is induced during D-malate utilization

The expression of D-malate dehydrogenase in E. coli is
induced by D-malate (11). It can only complement leucine aux-

otrophy in a �leuB strain in media containing D-malate (12).
D2HGDH in P. stutzeri A1501 is involved in L-serine biosynthe-
sis, which is a crucial metabolic process. Presently, P. stutzeri
A1501 was cultured with OAA, 2-KG, D-2-HG, D-malate, glu-
cose, or pyruvate as the sole carbon source, and the specific
activities of D2HGDH were examined. D2HGDH activities
were detectable in cells grown in different types of media
including glucose, pyruvate, OAA, and 2-KG at any growth
period (Table 4). However, the specific activities were much
higher in crude cell extract prepared from P. stutzeri A1501
grown in D-2-HG or D-malate than those in other carbon
sources.

The effect of D-2-HG or D-malate on D2HGDH expression
was also assessed by a �-gal assay. A 199-bp fragment upstream
translation initiation site of d2hgdh was PCR-amplified from

Figure 3. Effect of metal ions on the activity of the D2HGDH toward D-2-HG and D-malate. The D-2-HG dehydrogenase activities (A) and D-malate
dehydrogenase activities (B) of D2HGDH were assayed spectrophotometrically in the absence or presence of 10 �M or 10 mM of the chloride salts of the
indicated metal ions and with 1 mM D-2-HG (A) and 10 mM D-malate (B) as substrates. The effect of EDTA at a final concentration of 1 mM was also tested. Control
reactions without metal ion were run for background correction. The values shown correspond to means � S.D. from three independent replicates.

Figure 4. D2HGDH catalyzes the �-dehydrogenation of D-malate to OAA and D-2-HG to 2-KG. A, the HPLC analysis of the product of D2HGDH-catalyzed
D-malate conversion in the presence of MTT. Control, the mixtures containing D-malate (2.5 mM), MTT (4 mM), heat-inactivated D2HGDH (4.5 �M) in 50 mM

Tris-HCl (pH 7.4), incubated at 30 °C for 30 min. Sample, the mixtures containing D-malate (2.5 mM), MTT (4 mM), native D2HGDH (4.5 �M) in 50 mM Tris-HCl (pH
7.4), incubated at 30 °C for 30 min. B, D2HGDH did not have OAA-decarboxylating activity. Control, the mixtures containing OAA (2.5 mM), MTT (4 mM),
heat-inactivated D2HGDH (4.5 �M) in 50 mM Tris-HCl (pH 7.4), incubated at 30 °C for 30 min. Sample, the mixtures containing OAA (2.5 mM), MTT (4 mM), native
D2HGDH (4.5 �M) in 50 mM Tris-HCl (pH 7.4), incubated at 30 °C for 30 min. C, the HPLC analysis of the product of D2HGDH-catalyzed D-2-HG conversion in the
presence of MTT. Control, the mixtures containing D-2-HG (2.5 mM), MTT (4 mM), heat-inactivated D2HGDH (4.5 �M) in 50 mM Tris-HCl (pH 7.4), incubated at 30 °C
for 30 min. Sample, the mixtures containing D-2-HG (2.5 mM), MTT (4 mM), native D2HGDH (4.5 �M) in 50 mM Tris-HCl (pH 7.4), incubated at 30 °C for 30 min. D-MT,
D-malate; Pyr, pyruvate.

Figure 5. D2HGDH coupled with ETF for efficient oxidization of D-malate.
The effect of ETF (0 – 4.25 �M) on D2HGDH-catalyzed DCIP (100 �M) reduction
in the presence of a fixed concentration of D-malate (2.5 mM) was assayed. The
reaction mixtures with no D2HGDH (red line) and no D-malate (black line) were
taken as control.

Table 3
Kinetic parameters of D2HGDH for D-malate under several fixed con-
centrations of ETF
The values are the means � S.D. (n � 3).

ETF Km Vmax

mM units mg�1

0 �M 0.85 � 0.11 20.63 � 1.16
0.25 �M 1.09 � 0.04 24.67 � 0.65
0.5 �M 0.97 � 0.08 30.47 � 1.38
2.0 �M 1.94 � 0.21 32.63 � 0.38

Dual role of D-2-hydroxyglutarate dehydrogenase
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P. stutzeri A1501 genomic DNA. The PCR product was ligated
into the pME6522 to generate pME6522-Pd2hgdh, which carried
the Pd2hgdh–lacZ transcriptional fusions. Much higher �-gal
activities were observed when P. stutzeri A1501-pME6522-
Pd2hgdh was grown in the presence of D-2-HG or D-malate (Fig.
8). These results further confirmed that D2HGDH is induced
during utilization of exogenous D-malate.

Discussion

D-2-HG is a five-carbon dicarboxylic acid. It often accumu-
lates in patients with the rare neurometabolic disorder of D-2-
hydroxyglutaric aciduria (23–25). Mutation in isocitrate dehy-
drogenase with high 2-KG–reducing activity and accumulation
of D-2-HG have also been detected in several types of cancer
(26 –33). D-2-HG is a key effector that promotes oncogenesis
and D-2-hydroxyglutaric aciduria. Therefore, D-2-HG is sus-
pected to be an abnormal metabolite, and it requires D2HGDH,
a “metabolite repair enzyme,” for maintenance of a low level. In
this study, we identified that the D2HGDH plays a dual role in
L-serine biosynthesis and D-malate utilization of P. stutzeri.
During the L-serine biosynthesis of P. stutzeri, D-2-HG is pro-

duced to overcome the thermodynamic barrier of D-3-PG dehy-
drogenation. D2HGDH is constitutively expressed at a low level
to convert D-2-HG to 2-KG, preventing the inhibitory effect of
D-2-HG on SerA and maintaining sufficient pools of 2-KG
for L-serine biosynthesis. SerA can also catalyze the re-
duction of OAA to D-malate with low efficiency. Thus,
D2HGDH also plays a role in converting a trace amount of
D-malate to OAA during L-serine biosynthesis. D-Malate is
distributed in different habitats and can also be produced
during the bacterial utilization of various chemicals, such as
gentisate, maleate, and OAA. D-Malate utilization might be
an important metabolic process of different bacteria. When
D-malate is used as the sole carbon source, D2HGDH will be
induced to a higher level, converting D-malate into OAA.
OAA will then be utilized to support the growth of
P. stutzeri. Because L-serine is also required during D-malate
utilization, D2HGDH also plays a role in supporting L-serine
biosynthesis (Fig. 9).

As a generalist enzyme, D-malate dehydrogenase in E. coli is
also active in the leucine biosynthesis pathway by catalyzing
isopropylmalate to 2-ketoisocaproate. It also has tartrate dehy-

Figure 6. Growth curves of different P. stutzeri strains in the medium with D-malate (A), D-2-HG (B), oxaloacetate (C), and 2-KG (D) as the sole carbon
source. The values are the means � S.D. of three independent experiments.
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drogenase activity, but E. coli could not use tartrate as a sole
carbon source for growth, likely because of a lack of membrane
transporters for tartrate (12). D2HGDH in P. stutzeri could
not catalyze the dehydrogenation of tartrate or isopropyl-
malate. Actually, there is an isopropylmalate dehydroge-
nase– encoding gene in P. stutzeri A1501, and this strain
could not use tartrate as a sole carbon source. D2HGDH will
not participate in tartrate or isopropylmalate metabolism in
P. stutzeri A1501. Tartrate dehydrogenase has been reported
in some Pseudomonas strains, such as Pseudomonas putida
(34). This enzyme also has D-malate dehydrogenation activ-
ity (35, 36). The specific functions of tartrate dehydrogenase
and D2HGDH in metabolism (especially D-malate utiliza-
tion) of these strains with the two enzymes warrant detailed
study.

All the reported D2HGDHs have both D-malate and D-2-HG
dehydrogenation activities. This might be because D-malate
and D-2-HG may be simultaneously produced by the same
enzyme, such as SerA and PdxB (4, 7). The major task of
D2HGDH is the conversion of D-malate and D-2-HG to OAA
and 2-KG, respectively. Thus, D2HGDH is selected for
D-malate and D-2-HG dehydrogenation and has been main-
tained as a generalist during evolution. Another piece of evi-
dence supporting the selective evolution of the dual role of
D2HGDH is that the expression of D2HGDH is induced by
D-malate or D-2-HG.

In addition to SerA, PdxB in E. coli (a key enzyme in pyridox-
ine biosynthesis) also has 2-KG and OAA reduction activities
(7). Thus, there should be a high carbon flux flowing through
D-2-HG and D-malate during metabolism of E. coli. D-Malate

Figure 7. D2HGDH in P. stutzeri A1501 and D-malate dehydrogenase in E. coli are not mutually replaceable. A and B, growth tests were performed on
solid media supplemented with D-malate as the sole carbon source. Quadrant 1, P. stutzeri A1501 WT; quadrant 2, P. stutzeri A1501-�d2hgdh; quadrant 3,
P. stutzeri A1501-�d2hgdh-dmlA�; quadrant 4, P. stutzeri A1501-�d2hgdh-d2hgdh�; quadrant 5, E. coli K-12 MG1655 WT; quadrant 6, E. coli K-12 MG1655-
�dmlA; quadrant 7, E. coli K-12 MG1655-�dmlA-d2hgdh�; and quadrant 8, E. coli K-12 MG1655 �dmlA-dmlA�. C, dehydrogenation reaction catalyzed by purified
recombinant DmlA in E. coli K-12 MG1655 toward different substrates. The activities were measured by detecting the increase of absorbance at 340 nm relating
to NADH formation. D, dehydrogenation reaction catalyzed by purified recombinant D2HGDH in P. stutzeri A1501. The activities were measured by detecting
the decrease of absorbance at 600 nm relating to DCIP reduction. IPM, isopropylmalate; D-MT, D-malate.

Table 4
The specific activities of D2HGDH in P. stutzeri A1501 during growth in medium containing different carbon sources
The values are the means � S.D. (n � 3). The initial concentration of carbon source is �4 g liter�1.

Medium
D-Malatea D-2-HGb

WT �d2hgdh �d2hgdh-d2hgdh� WT �d2hgdh �d2hgdh-d2hgdh�

milliunits mg�1 milliunits mg�1

OAA 0.73 � 0.01 Undetected 1.54 � 0.04 3.39 � 0.09 Undetected 2.45 � 0.17
2-KG 1.61 � 0.03 Undetected 0.74 � 0.01 1.65 � 0.09 Undetected 6.76 � 1.79
Pyruvate 22.90 � 6.42 Undetected 7.55 � 3.67 26.66 � 9.44 Undetected 16.33 � 7.45
Glucose 16.25 � 1.64 Undetected 1.44 � 0.79 27.83 � 2.54 Undetected 6.13 � 0.35
D-2-HG 187.00 � 0.13 Not determined 152.00 � 9.83 64.23 � 7.39 Not determined 46.43 � 2.55
D-Malate 282.00 � 9.98 Not determined 123.00 � 6.58 80.97 � 2.91 Not determined 36.15 � 4.85

a Activities were examined with 10 mM D-malate.
b Activities were examined with 1 mM D-2-HG. DCIP was used as the electron acceptor.
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dehydrogenase in E. coli can catalyze the dehydrogenation of
D-malate, but not the dehydrogenation of D-2-HG. This is
understandable because D-malate dehydrogenase is a �-decar-
boxylating dehydrogenase, whereas there is no �-hydroxy
group in D-2-HG. Actually, there is no D2HGDH homolog in
E. coli, indicating the existence of other unknown enzymes
involved in the D-2-HG catabolism. D-2-HG synthase activity,
which produces D-2-HG from propionyl-CoA and glyoxylate,
has been described in E. coli (37, 38). The splitting reaction
catalyzed by D-2-HG synthase might participate in the D-2-HG
metabolism of E. coli. This speculation could be validated when
the genes associated with the reported bacterial D-2-HG syn-
thase have been identified.

In summary, the present investigation of D2HGDH provides
a better understanding of this novel enzyme. It can accommo-
date D-malate and D-2-HG as substrates and utilize ETF as its
electron mediator. D-2-HG has been viewed as an abnormal
metabolite. D2HGDH-catalyzed D-2-HG conversion to 2-KG
seems to be a process of metabolite repair, and D2HGDH is a
metabolite repair enzyme, which maintains D-2-HG at low lev-
els. Compared with other typical metabolite repair enzymes,
the most distinctive feature of D2HGDH is the additional
D-malate dehydrogenation activity, which is crucial for D-
malate utilization. To our knowledge, the present study pro-
vides the first experimental example of a metabolite repair
enzyme that supports a core metabolic pathway (L-serine bio-
synthesis) and extracellular compound (D-malate) utilization in
addition to its metabolite repair function (Fig. 9). To further
understand the roles of metabolite repair enzymes, more
information, especially their possible multiple functions, are
required.

Experimental procedures

Chemical

D-Malate, L-malate, pyruvate, 2-KG, OAA, isopropylmalate,
L-tartrate, D-tartrate, meso-tartrate, D-2-HG, D-lactate, L-2-HG,

MTT, isopropyl-�-D-1-thiogalactopyranoside, and phenyl-
methanesulfonyl fluoride were purchased from Sigma. Yeast
extract powder and tryptone were obtained from Oxoid Lim-
ited (Basingstoke, United Kingdom). Other chemicals were of
analytical reagent grade.

Bacteria and culture conditions

Bacterial strains used in this study are listed in Table S1. The
minimal medium for Pseudomonas was supplemented with dif-
ferent carbon sources as described previously (4). The
P. stutzeri A1501 was cultured in minimal medium at 30 °C,
with shaking at 200 rpm, and the cell density (A600) of the cul-
tures was measured at various time points. E. coli strains were
grown in LB medium at 37 °C. Agarose (1.5%) was added to
obtain solid medium. Antibiotics were used, when appropriate,
at the following concentrations: ampicillin, 100 �g ml�1; kana-
mycin, 50 �g ml�1; and gentamycinsulfate, 30 �g ml�1.

Expression and purification of recombinant enzymes

The plasmids and primers used in this study are listed in
Table S1 and S2. The D-malate dehydrogenase– encoding gene
dmlA was PCR-amplified from E. coli K-12 MG1655 genome
with the high-fidelity DNA polymerase TransStart FastPfu
(TransGen) using primers PD1 and PD2 (Table S2). The PCR
product was double-digested with NcoI and BamHI and then
ligated into similarly treated pET-28a(�) to form the expres-
sion construct pET-dmlA, in which a His6 tag– encoding
sequence was fused into dmlA. Its sequence was verified by
DNA sequencing. pET-d2hgdh, pET-etfAB, and pET-serA plas-
mids were created as described previously (4). The obtained
plasmids were transformed into BL21 (DE3) cells for protein
expression.

The recombinant E. coli strains were cultured in LB medium
(50 �g ml�1 kanamycin) at 37 °C to an A600 of 0.5– 0.7 and
induced at 16 °C with 1 mM isopropyl-�-D-1-thiogalactopyra-
noside for 10 h. The cells were harvested and washed twice with
buffer A (20 mM sodium phosphate, 500 mM NaCl, pH 7.4) by
centrifugation at 6,000 rpm for 10 min at 4 °C and then
resuspended in the same buffer containing 1 mM phenyl-
methanesulfonyl fluoride and 10% glycerol (v/v). The cells
were broken by ultrasonic (Sonics 500 W; 20 kHz) on ice and
centrifuged at 12,000 rpm for 40 min at 4 °C. The superna-
tant (the crude extract) was loaded onto a 5-ml HisTrap HP
column (GE Healthcare Life Sciences) equilibrated with
buffer A and washed with 10% elution buffer B (20 mM

sodium phosphate, 500 mM imidazole, 500 mM NaCl, 10%
glycerol, pH 7.4) to remove any weakly bound protein and
then eluted with different gradients of elution buffer at a flow
rate of 5 ml min�1. The fractions containing target enzymes
were concentrated by ultrafiltration and then stored at
�80 °C.

Spectral characterization of D2HGDH

The UV-visible absorbance spectra of the purified recom-
binant D2HGDH proteins were recorded in a UV-visible
Ultrospec 2100 pro spectrophotometer (GE Healthcare) in
2-nm steps and with a slit width of 1 nm. The experiments
were performed at 30 °C in 1-ml anaerobic cuvettes closed

Figure 8. Expression of Pd2hgdh–lacZ transcriptional fusions in P. stutzeri
A1501 when cultured in different carbon source. The �-gal activities were
measured in logarithmic phase. The values are the means � S.D. of three
independent experiments.
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with a rubber stopper and filled with 0.8-ml reaction mix-
tures. The assay mixture (0.8 ml) contained 20 mM Tris-HCl
(pH 8.0), 5 �M ZnCl2, and 0.8 mg D2HGDH, before and

after addition of D-2-HG or D-malate at a final concentration
of 200 �M. To minimize interference with oxygen, the
cuvette with the reaction mixture and the substrate solution

Figure 9. The D2HGDH plays a dual role in L-serine biosynthesis and D-malate utilization of P. stutzeri. A, the coupling between D2HGDH and SerA makes
the robust interconversion between D-2-HG, 2-KG, D-malate, and OAA to overcome the thermodynamic barrier of D-3-PG dehydrogenation and facilitate the
biosynthetic process of L-serine. B, D2HGDH participates in external D-malate utilization (orange shading) and OAA and 2-KG regeneration in TCA cycle in vivo
(green and blue shading) during L-serine synthesis. CIT, citrate; ICIT, isocitrate; SUC, succinate; MAL, L-malate; D-MT, D-malate.
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were kept under a constant flow of nitrogen for at least
5 min.

Construction of mutants or complementary strains

P. stutzeri A1501-�d2hgdh, A1501-�etf, A1501-�d2hgdh-
d2hgdh�, and A1501-�etf-etf� were obtained as described pre-
viously (4). Plasmids pBBR1MCS-5 and pMMB66EH were
applied to overexpress dmlA or d2hgdh. The dmlA gene was
amplified from the E. coli K-12 MG1655 genome by PCR with
high-fidelity DNA polymerase TransStartFastPfu (TransGen)
and cloned between the BamHI and HindIII sites of the vector
pBBR1MCS-5 and pMMB66EH to generate pBBR-dmlA and
pMM-dmlA. The d2hgdh gene was amplified from the P.
stutzeri A1501 genome by PCR and cloned between the BamHI
and HindIII sites of the vector pMMB66EH to generate pMM-
d2hgdh. The primers used are listed in Table S2. The pBBR-
dmlA was introduced into P. stutzeri A1501-�d2hgdh to gen-
erate P. stutzeri A1501-�d2hgdh-dmlA� by electroporation.
The pMM-dmlA and pMM-d2hgdh were introduced into
E. coli K-12 MG1655-�dmlA to generate E. coli K-12 MG1655-
�dmlA-dmlA� and E. coli K-12 MG1655-�dmlA-d2hgdh� by
electroporation.

Enzymic assays

The D2HGDH activity was assayed by recording the reduc-
tion of DCIP spectrophotometrically at 600 nm in a reac-
tion mixture containing 50 mM Tris-HCl buffer (pH 7.4),
phenazinemethosulfate (200 �M), 100 �M DCIP, and variable
concentrations of substrate at 30 °C. The double-reciprocal
plot method was used to estimate the kinetic constants of
D2HGDH. One unit of D2HGDH activity was defined as the
amount of enzyme that reduced 1 �mol of DCIP/min.

The SerA activity was assayed by recording the decrease of
NADH spectrophotometrically at 340 nm (� � 6,220 M�1

cm�1) in a reaction mixture containing 50 mM Tris-HCl buffer
(pH 7.4), 0.2 mM NADH, and variable concentrations of sub-
strate incubated at 30 °C. One unit of enzyme activity was
defined as the amount that oxidizes 1 �mol of NADH/min. All
the assays were carried out in quartz cuvettes (1-cm light path)
filled with 0.8 ml of reaction mixture at using a UV-visible spec-
trophotometer (Ultrospec 2100 pro; Amersham Biosciences).

Reporter plasmid construction and �-gal assay

DNA fragments of 199 bp covering the intergenic regions
upstream of the d2hgdh were synthesized by PCR using the
following pairs of oligonucleotides 6522D1 and 6522D2 to
generate pME6522-Pd2hgdh (Table S2). The reporter plasmid
pME6522-Pd2hgdh was transferred into the WT strain P. stutzeri
A1501 to generate P. stutzeri A1501-pME6522-Pd2hgdh.

For measurement of �-gal activities, P. stutzeri A1501-
pME6522-Pd2hgdh was grown in the medium containing differ-
ent carbon sources. The initial concentration of carbon source
is �4 g liter�1. The recombinant strains were cultured to an
A600 of 1.5–1.8 and harvested 1�2 ml by centrifugation at 8,000
rpm for 5 min. Bacteria were resuspended in 1 ml of Z buffer,
and then 100 �l of chloroform and 50 �l of 0.1% (w/v) SDS were
added. After mixing, the mixture was equilibrated at 30 °C for
10 min. The lysates were centrifuged (4 °C), and the super-

natants were immediately used for �-gal activity measure-
ments, basically as described by Miller (39) using o-
nitrophenyl-�-D-galactopyranoside as the substrate subse-
quent quenching of the reaction with Na2CO3.

The conformation identification of SerA-produced malate

The reaction mixture (1 ml) contained 50 mM Tris-HCl (pH
7.4), 10 mM NADH, 40 mM OAA, and 100 �M SerA incubated at
30 °C for 4 h. The purified DmlA was used to define the config-
uration of the SerA-produced malate. The reaction mixtures
(0.8 ml) contained 0.2 mM NAD� and 4 mg of DmlA in 50 mM

Tris-HCl (pH 7.4) at 30 °C. To initiate the reactions, 40 �l of 1
mM authentic D-malate, 1 mM authentic L-malate, or SerA-pro-
duced malate was added, and the reactions were monitored at
340 nm using a UV-visible spectrophotometer.

Analytical methods

The OAA, D-malate, pyruvate and D-2-HG were analyzed by
HPLC (Agilent 1100 series; Hewlett-Packard) using a refractive
index detector as described (4). Generally, a Bio-Rad Aminex
HPX-87H column was used, and the mobile phase (10 mM

H2SO4) was pumped at 0.4 ml min�1 (55 °C).
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