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YgaF, a protein of previously unknown function in Escherichia coli, was shown to possess noncovalently
bound flavin adenine dinucleotide and to exhibit L-2-hydroxyglutarate oxidase activity. The inability of anaer-
obic, reduced enzyme to reverse the reaction by reducing the product a-ketoglutaric acid is explained by the
very high reduction potential (+19 mV) of the bound cofactor. The likely role of this enzyme in the cell is to
recover a-ketoglutarate mistakenly reduced by other enzymes or formed during growth on propionate. On the
basis of the identified function, we propose that this gene be renamed /hgO.

The ygaF gene of Escherichia coli is located immediately
downstream of csiD, which encodes a crystallographically
characterized protein of unknown function (4), and just up-
stream of the gabDTP operon and csiR, which encode succinic
semialdehyde dehydrogenase, y-aminobutyric acid (GABA)
transaminase, a GABA-specific permease, and a repressor
(Fig. 1). The first five genes, and perhaps all six (30), are
coregulated by CsiR repression and cyclic AMP-cyclic AMP
receptor protein and o® induction acting at csiD,, during carbon
starvation and at stationary phase (14, 18). Expression of
gabDTP is additionally controlled by ¢® binding to gabD,,,, which
is triggered by multiple-stress induction (18), and by Nac/a”°
interaction with gabD,, in response to nitrogen starvation (30).
YgaF is not obviously involved in GABA metabolism (30), and
its role is unknown.

On the basis of its amino acid sequence, YgaF is likely to be
a flavoenzyme. It has been estimated that 1 to 3% of the
identified proteins in prokaryotic and eukaryotic cells contain
flavin (5) and these abundant enzymes catalyze a wide range of
reactions with a diverse set of substrates, including alcohols,
aldehydes, ketones, amines, dithiols, amino acids, and hydroxy
acids (34). Most of these enzymes transition between the fully
oxidized and two-electron reduced forms of their cofactor, but
in some cases, the one-electron reduced semiquinone species is
stabilized. Reoxidation of the reduced flavin coenzyme can
take place via several processes, including the reaction with
oxygen, as in the case of flavin oxidases. The flavin cofactors
(generally, flavin mononucleotide [FMN] or flavin adenine
dinucleotide [FAD]) often are tightly bound to these enzymes,
and in selected examples, the coenzyme is covalently attached
to the protein (11). Sequence comparisons of YgaF reveal this
422-amino-acid E. coli protein to be homologous to human
mitochondrial L-2-hydroxyglutarate dehydrogenase (41% iden-
tity over 398 residues) (28), Helicobacter pylori malate:quinone
oxidoreductase (24% identity over 421 residues) (33), Bacillus
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sp. strain B-0618 creatinase and sarcosine oxidase (23% iden-
tity over 255 residues) (32), human mitochondrial dimethyl-
glycine dehydrogenase (24% identity over 227 residues) (2),
Bacillus subtilis glycine oxidase (25% identity over 146 resi-
dues) (9), human peroxisomal L-pipecolic acid oxidase (21%
identity over 219 residues) (6), and many other flavoenzymes.
This list includes both dehydrogenases and oxidases, and some
representatives have covalently bound flavin (6, 7, 12) while
others do not. Here, we describe the cloning and overexpres-
sion of ygaF, the purification and characterization of the en-
coded protein, and the demonstration that it is an oxidase that
possesses noncovalently bound FAD. Moreover, we show that
YgaF is an L-2-hydroxyglutarate oxidase and we discuss the
potential relevance of this activity to E. coli.

MATERIALS AND METHODS

Materials. L-2-Hydroxyglutarate, as its zinc salt, was obtained from City Chem-
icals LLC (West Haven, CT). p-2-Hydroxyglutarate (disodium salt) and 3-phos-
pho-p-glycerate were from Sigma-Aldrich. S-5-Amino-2-hydroxyvalerate and
R-5-amino-2-hydroxyvalerate were synthesized from L-ornithine and p-orni-
thine - HCI (Sigma-Aldrich, St. Louis, MO) by following a previously pub-
lished procedure (31).

Cloning and expression of ygaF. The gene that encodes YgaF was amplified by
PCR with E. coli MG1655 DNA as the template, Pfu polymerase, and primers
(5'-CAA AGG AAT TGA GCA TAT GTA TGA TTT TG-3" and 5'-GCT ACA
TCC TGT TTT CAA AAG CTT TTG ATT AAA TGC GGC GTG-3') that
introduce Ndel and HindIII sites into the 5’ and 3’ ends of the gene, respectively.
Ligation of the 1,269-bp Ndel- and HindIII-digested PCR product into pET42b
(Novagen) provided a region that encodes an in-frame C-terminal His, tag. The
ligation reaction products were transformed into MAX Efficiency E. coli DH5a
competent cells (Invitrogen, Carlsbad, CA), and the resulting pET42b-ygaF
plasmid was transformed into E. coli C41(DE3) cells (20) and BL21(DE3) cells.

The transformants were plated onto Luria broth agar containing 50 pg/ml
kanamycin. A single colony was used to inoculate 50 ml of Luria broth medium
containing 50 pg/ml kanamycin, and the culture was grown overnight at 37°C. A
portion (15 ml) of the overnight growth was used to inoculate 1 liter of Terrific
broth (Fisher Biotech) containing 50 pg/ml kanamycin, and this was incubated at
30°C to an optical density at 600 nm of 0.7. Isopropyl-B-p-thiogalactopyranoside
(IPTG) was added (1 mM final concentration), and the growth continued at 30°C
overnight. The cells were harvested by centrifugation at 7,500 X g for 10 min and
resuspended in 30 ml of lysis buffer (30 mM imidazole, 300 mM NaCl, 50 mM
Na,HPO,, 20% glycerol, 50 uM FAD, 0.5 mM phenylmethylsulfonyl fluoride,
pH 7.2). Cells were broken by sonication (Branson Sonifier, five repetitions, each
of 1 min, at 30 W of output power and 50% duty cycle) and centrifuged at
100,000 X g for 1 h at 4°C.
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FIG. 1. Location of ygaF and regulation of the csiD-ygaF-gabDTP-
csiR gene cluster. The gene that encodes YgaF is positioned down-
stream of and is coregulated with csiD, in part through the action of
CsiR. Although located immediately upstream of the gabDTP operon,
it is not involved in GABA metabolism.

Purification of His-tagged YgaF. The cell extracts were loaded onto a Ni-
charged nitrilotriacetic acid (NTA)-Sepharose 6 fast-flow column (2 cm in length
by 2.5 cm in diameter; GE Healthcare) which had been equilibrated with buffer
A (30 mM imidazole, 300 mM NaCl, 50 mM Na,HPO,, 20% glycerol, pH 7.2).
The column was washed with buffer B (100 mM imidazole, 300 mM NaCl, 50 mM
Na,HPO,, 20% glycerol, pH 7.2) in order to remove any weakly bound protein
from the resin, and YgaF was eluted with buffer C (500 mM imidazole, 300 mM
NaCl, 50 mM Na,HPO,, 20% glycerol, pH 7.2). To enhance its stability, YgaF
was immediately exchanged into buffer D (25 mM HEPES, 100 mM NaCl, 5 mM
EDTA, 1 mM dithiothreitol [DTT], 20% glycerol, pH 8.2) by using a Superdex
G-25 column that had been equilibrated with this buffer. The fractions were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with a
12% polyacrylamide gel (10). Molecular weight markers included phosphorylase
b, bovine serum albumin, ovalbumin, carbonic anhydrase, trypsin inhibitor, and
lysozyme (97.4, 66.2, 45, 31, 21.5, and 14.4 kDa, respectively; Bio-Rad Labora-
tories, Hercules, CA). Protein concentrations were determined by use of the
Bradford assay (3).

Spectroscopic studies. Absorption spectra were obtained at room temperature
with a Shimadzu UV-2401 UVAisible light spectrophotometer. For analyses
requiring the absence of oxygen, anaerobic cuvettes (1 ml or 200 pl; Hellma,
Plainview, NY) were used. YgaF was made anaerobic by 10 cycles of vacuum-
argon flushing while keeping the protein on ice to avoid precipitation and reduce
evaporation. In some cases, trace amounts of oxygen were eliminated from the
buffers by including protocatechuic 3,4-dioxygenase (PCD) at 0.04 U/ml and its
substrate protocatechuic acid (PCA) at 80 uM (both obtained from Sigma-
Aldrich). Additives were prepared in sealed serum vials and similarly treated by
alternate cycles of vacuum and argon flushing. Solutions were added with gas-
tight syringes.

To assess whether the flavin chromophore was covalently attached to the
enzyme, two approaches were used (1). In initial experiments, YgaF (600 ul of
23 uM enzyme) was treated for 1 h on ice in the dark with 10% trichloroacetic
acid (19). After centrifugation at 10,000 X g for 10 min to separate the protein
pellet from the solution, the spectrum of the protein-free sample was compared
to that of the original enzyme solution. Because of concern that the acidic
conditions in this first procedure may have hydrolyzed the native form of the
flavin cofactor, a second experiment was performed in which the cofactor was
released from YgaF by heat treatment at 100°C for 1 min in unbuffered water.
The resulting solution was passed through a Centricon-10 ultrafilter (Millipore)
to remove the protein. Matrix-assisted laser desorption-ionization mass spec-
trometry (MS) was used to identify the flavin released from enzyme by the
trichloroacetic acid and thermal treatments. The samples were mixed with a
matrix containing 2,5-dihydroxybenzoic acid and analyzed with an Applied Bio-
systems Voyager System 4148.

The effect of dithionite on the YgaF spectrum was examined. Anaerobic YgaF
(10 pM in 25 mM HEPES [pH 8.2] buffer containing 100 mM NaCl, 1 mM DTT,
and 20% glycerol) in a 200-p.1 cuvette was made anaerobic by successive vacuum-
argon filling cycles, incubated with PCD and PCA for 10 min at 4°C to ensure the
removal of all residual oxygen, and titrated with an anaerobic solution of sodium
dithionite (2 mM). The reaction was monitored spectroscopically, and the fully
reduced sample was mixed with an equal volume of buffer equilibrated with
100% oxygen. The concentration of dithionite was calibrated by titration of a
solution of authentic FAD (Sigma-Aldrich).

Photoreduction of YgaF was analyzed. Anaerobic enzyme (40 wM) was incu-
bated with PCD, PCA, and 5-deazaflavin (4 uM, generously provided by Dave
Arscott) on ice for 10 min, adjusted to 30 mM EDTA, and exposed to light (with
a 50-W halogen spotlight at a distance of 6 in.) at 4°C. Spectra were monitored
over time. A similarly treated sample of enzyme (500 pl of a 66 M concentra-
tion) was used to test the rate of reoxidation of reduced YgaF. The photoreduced
protein was anaerobically transferred to a cuvette containing 2 ml of rapidly
stirring air-saturated buffer D while monitoring the average absorbance in a
range of 440 to 460 nm in a model USB4000 spectrophotometer (Ocean Optics).
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Preliminary tests with FMN demonstrated an approximately 500-ms mixing time
with this setup.

The effect of sulfite addition on the spectrum of YgaF was investigated. YgaF
was exchanged into a mixture of 25 mM HEPES, 100 mM NaCl, 5 mM EDTA,
1 mM DTT, and 20% glycerol, pH 7.0. Sodium sulfite (Baker Analyzed Re-
agents) was dissolved in the same buffer and used to titrate the enzyme (15 uM),
allowing the mixtures to equilibrate for 2 min before monitoring their spectra.
The dissociation constant (K,;) of sulfite was calculated by using the equation

A4 = (Ao [LD/K, + [L]) 1

In this equation, A4 is the observed change in absorbance at 450 nm, A4, is
the maximum change in absorbance, and [L] is the concentration of free ligand
(in this case, sulfite).

Potential substrates were examined spectroscopically for the capacity to re-
duce the FAD (or oxidize the previously reduced FAD) of YgaF. Putative
substrates were prepared as stock solutions (5 to 20 mM) in a mixture of 25 mM
HEPES, 100 mM NaCl, 5 mM EDTA, 1 mM DTT, and 20% glycerol (pH 8.2)
and made anaerobic by vacuum-argon cycling. To test whether these chemicals
were capable of reducing the enzyme flavin, anaerobic YgaF in the same buffer
was titrated with the test chemicals while monitoring the spectral changes. To
test whether the compounds would oxidize the bound FAD in its reduced form,
the anaerobic enzyme was first treated with sufficient dithionite to reduce the
flavin and then titrated with the potential oxidants.

Fluorescence spectra were acquired with a SpectraMax M5 (Molecular De-
vices, Sunnyvale, CA).

Determination of the YgaF FAD redox potential. The reduction potential of
the FAD cofactor of YgaF was determined spectroscopically by reductive titra-
tion of a mixture of the protein and each of several redox dyes. The most useful
indicators were methylene blue (MB) and phenazine methosulfate (PMS), with
reduction potentials of —5 mV (23) and +65 mV (24), respectively, at pH 7.5.
YgaF (10 pM) and the selected redox dye (10 pM) were placed into an anaerobic
cuvette along with PCD in 25 mM HEPES buffer, pH 7.5, containing 100 mM
NaCl, 1 mM DTT, and 20% glycerol. The mixtures were degassed, and PCA was
added to eliminate any traces of oxygen. The samples were titrated with freshly
prepared dithionite (calibrated by titration of free FAD) while monitoring the
changes in the spectrum after allowing time to achieve redox equilibration. The
reduction potential of the system (E) was calculated by using the Nernst equation

2.3RT [dye,]

E=Ent = 108 (e ] @

where E, is the midpoint potential of the redox dye, R is the gas constant (8.314
Jmol ™! K1), T'is the temperature in K, n is the number of electrons transferred,
and F is the Faraday constant (96.5 J mV ™" mol™"). By plotting log([YgaF.]/
[YgaF,.4]) versus E, the E,, of the YgaF flavin was calculated.

OPDA assay. A series of 2-hydroxy acid compounds were tested as substrates
of YgaF by using ortho-phenylenediamine (OPDA), which is known to react with
many a-keto acids (8), the potential products of the YgaF reaction. In addition,
this reagent was used to determine the kinetic parameters of L-2-hydroxyglu-
tarate oxidation in comparison with authentic a-ketoglutarate. For the latter
experiments, a freshly prepared stock solution containing 10 mg OPDA in 10 ml
of 1 M phosphoric acid was adjusted to pH 2 and 25 ul B-mercaptoethanol was
added. Samples (7.76 ml) of 1 pM YgaF (in 25 mM HEPES, pH 7.0, buffer
containing 100 mM NaCl, 5 mM EDTA, 1 mM DTT, and 20% glycerol) were
mixed with L-2-hydroxyglutarate (0 to 400 pM) and incubated at room temper-
ature. At selected time points, aliquots (0.97 ml) were transferred to glass tubes
containing OPDA (280 pl of 8.9 mM), which quenched the reactions. To monitor
the amount of product generated, samples were boiled for 3 min and cooled and
the absorbance at 340 nm was determined.

Oxygen electrode assay. To assay any potential oxidase activity of YgaF, the
enzyme was mixed with various compounds while monitoring O, consumption
with a Clark-type oxygen electrode (YSI Inc., Yellow Springs, OH). The exper-
iments were carried out at room temperature with air-saturated buffer (25 mM
HEPES, 100 mM NaCl, 5 mM EDTA, 1 mM DTT, 20% glycerol, pH 8.2), 2 pM
YgaF, and the potential substrate at 1 mM in a 5-ml solution.

Organic acid high-pressure liquid chromatography (HPLC) analysis. Reac-
tion mixtures (1 ml) containing 1 pM enzyme and 500 wM L-2-hydroxyglutarate
in a mixture of 25 mM HEPES buffer (pH 8.2), 100 mM NaCl, 5 mM EDTA,
20% glycerol, and 2 mM DTT were incubated at room temperature for 4.5 h.
Aliquots (300 wl) were quenched with 5 pl of 6 M sulfuric acid and centrifuged
at 10,000 X g for 5 min, and 250-pl portions of each supernatant were filtered
(Amicon ultrafree-MC from Millipore) at 10,000 X g for 1 min. Samples (200 .I)
were analyzed by using a Waters Breeze HPLC system equipped with an organic
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acid column (Bio-Rad) that had been equilibrated with 13 mM sulfuric acid and
monitoring the refractive index. The concentrations of L-2-hydroxyglutarate
(eluting at 23.0 min) and a-ketoglutarate (20.1 min) were determined by com-
parison to standards.

RESULTS

Purification of YgaF. YgaF containing a C-terminal His, tag
was purified by Ni-NTA-Sepharose 6 fast-flow chromatog-
raphy from soluble extracts of E. coli C41(DE3) containing
pET42b-ygaF. Immediately after elution, the protein was ex-
changed into imidazole-free buffer to enhance its stability.
Glycerol, EDTA, and DTT further stabilized the protein (data
not shown). Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (data not shown) revealed the protein to be ~95%
homogeneous with a molecular mass in agreement with that
predicted from the sequence (47.64 kDa for the His-tagged
protein). A 1-liter culture typically provided 55 to 65 mg of
YgaF after Ni-NTA-Sepharose column chromatography or 30
to 40 mg after Sephadex G-25 chromatography. Purified YgaF
was stored in buffer D at 4°C, a condition under which activity
was stable for several weeks.

Spectroscopic and MS analyses of YgaF. Purified YgaF is
yellow in color, and its spectrum (maxima at 378 and 450 nm
with a shoulder at 476 nm) is consistent with that of a flavopro-
tein. To distinguish whether the flavin is covalently attached to
YgaF, as has been reported for several sequence-related en-
zymes (6, 7, 12), the protein was precipitated with trichloro-
acetic acid or by heat treatment. The proteins were separated
from the yellow supernatants, thus demonstrating that the co-
factor is not covalently attached to YgaF. MS analysis of the
sample obtained by acid denaturation revealed features at m/z
458.1 and 379.1, consistent with the values expected for FMN
and riboflavin (data not shown). In contrast, the MS results of
the heat-denatured sample were consistent with the YgaF co-
factor being FAD (m/z 784.5), not FMN. FAD was expected on
the basis of the sequence alignment of YgaF to dimethylglycine
oxidase (a structurally characterized protein with PDB acces-
sion code 1pj5) and the observed conservation of residues that
interact with the AMP portion of the cofactor. The presence of
FAD was confirmed by measuring the fluorescence (450-nm
excitation, 520-nm emission) of the released cofactor before
and after treatment with phosphodiesterase (data not shown),
where an 8.5-fold increase was observed to result from the
conversion of FAD to FMN (13). These results indicate that
long-term exposure to trichloroacetic acid leads to decompo-
sition of the YgaF FAD, as previously noted for other enzymes
(13).

Chemical reduction of YgaF with dithionite led to a smooth
transition to the two-electron reduced species, requiring 1.6
equivalents of dithionite (data not shown). No anionic or neu-
tral semiquinone species was observed during the titration.
Similarly, photoreduction of YgaF in the presence of EDTA
and S-deazaflavin (15, 17) led directly to the fully reduced
cofactor, with no semiquinone intermediate observed (data not
shown). The addition of an equal volume of buffer equilibrated
with 100% oxygen to dithionite-reduced enzyme led to the
immediate reoxidation of the FAD to half of the starting spec-
tral intensity, as expected for an oxidase. In an effort to better
define the rate of reoxidation by oxygen, photoreduced YgaF
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FIG. 2. Titration of YgaF with sulfite. (A) YgaF (15 pM) was
titrated with 25, 50, 75, 100, 125, 150, 200, 250, 500, and 700 wM sulfite
in 25 mM HEPES buffer, pH 7.0, containing 100 mM NaCl, 5 mM

EDTA, 1 mM DTT, and 20% glycerol. (B) Absorbance change (AAbs)
at 450 nm versus the concentration of free sulfite.

was mixed with a fourfold volume of air-saturated buffer. The
reduced enzyme was observed to reoxidize within the 500-ms
mixing time of the experiment (data not shown), allowing es-
timation of the apparent second-order rate constant for reac-
tion with oxygen of =23 mM ™! s~ ",

Many flavin-containing oxidases are bleached by the forma-
tion of a complex between sulfite and FAD (16). The addition
of sulfite to YgaF resulted in loss of the FAD absorbance (Fig.
2A), providing a sulfite K, of 102 = 7 uM at pH 7 (Fig. 2B). A
correlation has been noted (21) between the measured K, of
sulfite binding to oxidases and the enzyme redox potentials;
extrapolation of those data allowed us to estimate the redox
potential of the YgaF flavin as approximately —25 mV at pH 7,
a relatively high potential compared to that of free flavin
(=210 mV).

To more directly determine the reduction potential of the
YgaF-bound FAD, reductive titrations were carried out in the
presence of redox dyes. To illustrate, YgaF was mixed with MB
(En = =5 mV at pH 7.5), made anaerobic, and titrated with
increasing levels of dithionite (Fig. 3A). By monitoring the
concentration of oxidized MB (M., = 666 nm with €, =
35,440 M~* cm™%; its reduced form has essentially no absor-
bance at this wavelength) (22), the system reduction potential
(E) after each addition could be determined by using equation
2. A comparison of E versus the log of the ratio of oxidized to
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FIG. 3. Analysis of YgaF flavin reduction potential. (A) An anaer-
obic mixture of YgaF and MB (10 uM each) was titrated with sodium
dithionite while monitoring the absorption spectrum. The changes in
the relative concentrations of the reduced and oxidized forms of MB
were used to deduce the system reduction potential (E) for each
condition. (B) Correlation of E with the log(FAD,,/FAD,.,) of YgaF.

reduced YgaF was used to determine an E, for YgaF of
approximately +27 mV (Fig. 3B). Analogous studies (data not
shown) were carried out with PMS (+65 mV at pH 7.5), which,
upon reduction, exhibits a sharp absorption feature at 388 nm
(g5 = 21,390 M~ ! cm™'). The E,, for YgaF, calculated by
using PMS, was approximately +11 mV. By taking into ac-
count both experiments, we conclude that the YgaF redox
potential is 19 = 8§ mV.

Identification of substrates of YgaF. Several compounds
were tested as potential substrates of YgaF by assaying for the
ability to (i) reduce FAD or oxidize the reduced FAD in
anaerobic enzyme, (ii) stimulate oxygen consumption, or (iii)
react with OPDA, a reagent for detecting a-keto acids. Signif-
icantly, neither the reduced nor the oxidized form of NAD™ or
NADP™" affected the flavin spectrum; thus, YgaF is not a nic-
otinamide-dependent enzyme. No spectroscopic changes or O,
consumption activity was detected when YgaF was incubated
with GABA or several compounds that could plausibly be used
in GABA production (agmatine, putrescine, glutamic acid, glu-
tamine, and the R and § isomers of 5-amino-2-hydroxyvaleric
acid). Similarly, no activity was detected for selected methyl-
ated compounds (dimethylglycine, sarcosine), a representative
aldehyde (butyraldehyde), or a 3-hydroxy acid (3-hydroxybu-
tyric acid). Furthermore, most 2-hydroxy acids were ineffective
as substrates, including r-malic acid, pL-malic acid, pL-lactic
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FIG. 4. Titration of anaerobic YgaF with L-2-hydroxyglutarate.
(A) Anaerobic YgaF (47 uM in 25 mM HEPES, pH 8.2, containing
100 mM NaCl, 5 mM EDTA, 1 mM DTT, and 20% glycerol) was
adjusted to contain 19, 38, 57, 95, 133, and 171 pM L-2-hydroxyglu-
tarate. (B) Fractional change in absorbance at 450 nm as a function of
the concentration of free substrate in the solution.

acid, L-mandelic acid, p-mandelic acid, and 2-hydroxycaproic
acid. In contrast, robust activity was detected in the case of
L-2-hydroxyglutaric acid.

The behavior of L-2-hydroxyglutarate as a substrate of YgaF
was examined in greater detail. As illustrated in Fig. 4, the
addition of increasing concentrations of L-2-hydroxyglutarate
to an anaerobic solution of YgaF resulted in successive reduc-
tion of the FAD (the feature at 410 nm was a contaminant in
this particular preparation), with a fully reduced sample re-
quiring about 1.5 equivalents of substrate. Analysis of the con-
centration-dependent changes in the difference spectra by use
of equation 1 yielded an L-2-hydroxyglutarate K, of 20 = 4 uM.
Furthermore, L-2-hydroxyglutarate was shown to be a substrate
of YgaF according to both the oxygen electrode and OPDA
assays (with the latter providing a K,,, of 95 = 26 puM, a V.,
of 113 = 14 nmol min~! mg of protein™', and a turnover
number, k.., of 0.08 s*). The product of the reaction of YgaF
with L-2-hydroxyglutarate was expected to be a-ketoglutarate
on the basis of the OPDA reactivity and the oxidase activity
with this substrate. The production of a-ketoglutarate was di-
rectly confirmed by HPLC (330 pM a-ketoglutarate produced
from 380 wM substrate). Although a-ketoglutarate is the prod-
uct of the enzymatic reaction, the addition of this oxo acid to
anaerobic YgaF (with its FAD reduced by dithionite) did not
result in flavin oxidation; these results indicate that the reac-
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FIG. 5. Time course of a-ketoglutarate («KG) production for the
reaction of YgaF with the two enantiomers of 2-hydroxyglutarate.
YgaF (1 nM) was incubated with D-2-hydroxyglutarate (300 wM) in 25
mM HEPES buffer containing 100 mM NaCl, 1 mM DTT, and 20%
glycerol at pH 8.2 at 25°C. Aliquots of 970 wl were collected from the
reaction mixture at 1, 3, 5, 10, and 25 min and treated with OPDA
(square symbols). The remaining reaction mixture was separated into
two equal portions. Additional D-2-hydroxyglutarate (300 wM) was
added to one portion (triangle symbols), and L-2-hydroxyglutarate (300
wM) was added to the other (circles). Aliquots of 970 ul were collected
from both reactions at 1, 3, 5, 10, 20, and 40 min and treated with
OPDA.

tion is essentially irreversible, in agreement with the high re-
duction potential of the flavin.

In contrast to the results obtained with L-2-hydroxyglutarate,
no flavin reduction was detected with p-2-hydroxyglutarate and
only very low levels of activity were detected for this compound
by the OPDA procedure. As illustrated in Fig. 5, the low-level
reactivity of Dp-2-hydroxyglutarate was transient and was re-
peated when another aliquot of the substrate was added; thus,
we conclude that p-2-hydroxyglutarate contains a low concen-
tration of contaminating L isomer.

DISCUSSION

We demonstrated that YgaF contains a noncovalently
bound FAD and exhibits oxidase activity toward L-2-hydroxy-
glutarate. Whereas the reaction of reduced enzyme with oxy-
gen is quite fast (an apparent second-order rate constant of
>23 mM ! s71), the overall reaction is slow (k,,, ~0.08 s~ 1)
indicating slow electron transfer from the substrate to the
enzyme-bound FAD. The use of L-2-hydroxyglutarate as a sub-
strate was not surprising given the close sequence similarity
(41% identity) between this E. coli protein and human L-2-
hydroxyglutarate dehydrogenase. Furthermore, the finding
that YgaF is an oxidase rather than a dehydrogenase is con-
sistent with the ability of the protein to generate a complex
with sulfite. The sulfite K, (102 nM) was used to approximate
the reduction potential of the protein (=25 mV at pH 7). This
value is close to the reduction potential measured spectroscop-
ically when using MB and PMS as redox dyes (+19 mV at pH
7.5) and suggests that E, increases with increasing pH. The
relatively high reduction potential of this flavoprotein explains
the apparent irreversibility of the reaction (i.e., the inability of
reduced YgaF to reduce a-ketoglutarate under anaerobic con-
ditions) when monitored spectroscopically.
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FIG. 6. The reaction catalyzed by YgaF.

It is instructive to compare the bacterial FAD-containing
YgaF to the related mammalian enzyme L-2-hydroxyglutarate
dehydrogenase, for which evidence also suggests an FAD de-
pendence (27, 28). The K,,, of YgaF for L-2-hydroxyglutarate
(95 uM) is lower than that reported for L-2-hydroxyglutarate
dehydrogenases from either humans or rats (800 and 150 pM,
respectively) (27). In mammalian cells, L-2-hydroxyglutarate
has been suggested to arise from the nonspecific reduction of
a-ketoglutarate by L-malate dehydrogenase. Thus, the physio-
logical role of the human enzyme is proposed to be a metab-
olite repair enzyme to prevent accumulation of this compound
in tissues (29). Mutation of the gene that encodes human
L-2-hydroxyglutarate dehydrogenase (in particular, mutations
associated with K81E and E176D variants or deletion of exon
9 [27]) leads to this accumulation, a disease state that is known
as L-2-hydroxyglutarate aciduria and is characterized by ataxia,
mental deficiency with subcortical leukoencephalopathy, and
cerebellar atrophy (28). It is possible that L-malate dehydro-
genase catalyzes similar aberrant chemistry in E. coli. SerA,
which catalyzes the reversible oxidation of 3-phospho-p-glyc-
erate to form 3-phosphohydroxypyruvate with NAD™ as a co-
factor, also is known to reduce a-ketoglutarate to form both
p-2-hydroxyglutarate and L-2-hydroxyglutarate (36). In addi-
tion to the reductases that could produce L-2-hydroxyglutarate,
hydroxyglutarate (of undefined enantiospecificity) has long
been known to derive from the condensation of propionyl
coenzyme A and glyoxylate for propionate-grown cells (25, 26,
35). We propose that E. coli uses YgaF to oxidize the meta-
bolically generated L-2-hydroxyglutarate to recover a-ketoglu-
tarate, as illustrated in Fig. 6. Given the role of YgaF as an
L-2-hydroxylglutarate oxidase, we propose that the ygaF gene
be renamed /hg0.
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