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Archaeoglobus fulgidus, a hyperthermophilic, archaeal sulfate reducer, is one of the few organisms that can
utilize p-lactate as a sole source for both carbon and electrons. The A. fulgidus open reading frame, AF0394,
which is predicted to encode a p-(—)-lactate dehydrogenase (DId), was cloned, and its product was expressed
in Escherichia coli as a fusion with the maltose binding protein (MBP). The 90-kDa MBP-DId fusion protein
was more efficiently expressed in E. coli when coexpressed with the E. coli dnaY gene, encoding the arginyl tRNA
for the codons AGA and AGG. When cleaved from the fusion protein by treatment with factor Xa, the
recombinant DId (rDld) has an apparent molecular mass of 50 kDa, similar to that of the native A. fulgidus Dld
enzyme. Both the purified MBP-DId fusion protein and its rDId cleavage fragment have lactate dehydrogenase
activities specific for p-lactate, are stable at 80°C, and retain activity after exposure to oxygen. The flavin
cofactor FAD, which binds rDld apoprotein with a 1:1 stoichiometry, is essential for activity.

Dissimilatory sulfate reducers inhabit aquatic and terrestrial
sediments and play an essential role in the biogeochemical
sulfur cycle. These strict anaerobes reduce sulfate to H,S (35),
which either is released into the environment or is assimilated
by other organisms as a substrate for growth. Members of the
genus Archaeoglobus are the only known sulfate reducers that
are hyperthermophilic, and they belong to the domain Ar-
chaea. Archaeoglobus spp. have been isolated from ocean and
terrestrial oil deposits, where they likely account for the for-
mation of H,-contaminated “sour oil,” particularly at high
temperatures. The key enzymes involved in sulfate reduction,
including ATP sulfurylase (7), adenylylsulfate reductase (22,
33), and sulfite reductase (8), are conserved evolutionarily in
Archaeoglobus and resemble the enzymes characterized from
bacterial sulfate reducers (17, 34).

In Archaeoglobus fulgidus, the type species, sulfate reduction
occurs at 83°C, the optimal temperature for its growth. A4.
fulgidus thrives in anaerobic environments and can use either
D- or L-lactate as a sole carbon and electron source. When
grown on lactate, dissimilatory sulfate reducers obtain energy
by using a lactate dehydrogenase to complete the conversion to
pyruvate with the transfer of electrons to the anaerobic respi-
ratory chain. The electrons removed from lactate are trans-
ferred through intermediate carriers, such as cytochromes and
quinones in the membrane. The cytochrome-dependent lactate
dehydrogenase enzymes are used during anaerobic respiration
to generate a proton motive force for growth (23).

Lactate dehydrogenases (Ldhs) convert p- or L-lactate to
pyruvate and are found in almost every organism (11, 13).
Traditionally, they have been classified into families by their
ability to transfer electrons to various electron acceptors in
vitro, including NAD ™" (EC 1.1.1.27 and 1.1.1.28), cytochrome
(EC 1.1.2.3 and 1.1.2.4), and cytochrome css; (EC 1.1.2.5).
Ldhs are also classified into subfamilies depending on their
substrate specificities (D-lactate versus L-lactate). The best-
characterized lactate dehydrogenase is the NAD-dependent
yeast enzyme, which catalyzes the reduction of pyruvate to
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lactate to regenerate NAD and thereby restore the NAD™-
NADH balance during fermentation.

In contrast, the D-lactate dehydrogenases (cytochrome) (EC
1.1.2.4.) are poorly understood. Only a few p-lactate dehydro-
genases (cytochrome) have been characterized from yeast and
bacteria, and these have been shown to be NAD-independent,
membrane-associated proteins (5, 12, 26, 28, 29) that use FAD
and Zn>" for electron transfer reactions (5, 11, 12, 29). The
63-kDa Kluyveromyces lactis DLD protein and its close relative,
the 64-kDa S. cerevisiae D-LCR (p-lactate ferricytochrome ¢
oxidoreductase) protein, are both mitochondrial enzymes (23,
24). These enzymes are thought to transfer electrons to cyto-
chromes in vivo because they do so in vitro (5, 12, 27, 28).

To understand the pathway of energy production that ini-
tiates with D-lactate in A. fulgidus, an open reading frame
(ORF) (AF0394) (18) whose predicted product resembles the
S. cerevisiae and K. lactis D-lactate dehydrogenases was cloned.
Expression of AF0394 as part of a fusion protein with maltose-
binding protein (MBP) in E. coli results in a stable product,
which has activity in an assay coupling the oxidation of D-
lactate with the reduction of the artificial acceptor phenazine
methosulfate (PMS).

MATERIALS AND METHODS

Reagents and vectors. PCR and plasmid DNAs were purified with reagents
from Qiagen. Restriction enzymes and DNA-modifying enzymes, from New
England Biolabs (Beverly, Mass.), were used under recommended conditions.
The antibiotics and chemicals were from Aldrich, Fisher, and Sigma. E. coli
JM107 (38) was used as the host for the cloning and manipulation of DNA and
for the purification of recombinant proteins. Strains of JM107 carrying plasmids
were grown in Luria-Bertani (LB) medium supplemented with ampicillin (100
wg/ml) and/or kanamycin sulfate (40 wg/ml). The pMALc expression vector and
factor Xa protease were obtained from New England Biolabs. Vector pUBS520
(Kan") was a gift from Peter Buchner (Boehringer Mannheim, Mannheim, Ger-
many).

Archaeoglobus growth and DNA preparations. A. fulgidus VC-16 (DSM4304)
was obtained from Karl Stetter (Lehrstuhl fiir Mikrobiologie, Universitit Re-
gensburg) (14). The cells were grown at 83°C in anaerobic sulfate-thiosulfate-
lactate (STL) medium gassed with N,. STL medium was modified from medium
3 of Balch et al. (2) as follows: 20 mM PIPES (piperazine-N,N’-bis(2-ethanesul-
fonic acid) buffer was substituted for NaHCO3, 11.2 mM sodium lactate was
substituted for sodium acetate, 0.5 g of yeast extract/liter was substituted for
Trypticase and vitamins, and 0.11 mg of NiSO, - 6H,O/liter was added. The
medium was reduced with 1 mM Na,S and 1 mM Na,S,05 and then inoculated
with 5% (vol/vol) of logarithmic-phase A. fulgidus cells. Growth was monitored as
the change in absorbance at 600 nm with a Milton-Roy Spectronic 21D spectro-
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photometer. Large-scale cultures of A. fulgidus were grown in a 45-liter glass
carboy, heated with a drum heating belt (Barnstead Thermolyne, Dubuque,
Iowa), stirred continuously, and sparged with 0.07 liters of N,/min. Glacial acetic
acid was added periodically to maintain a pH of <8.0. The cells were harvested
initially with an S3Y100 spiral ultrafiltration cartridge (Amicon, Beverly, Mass.)
and then by centrifugation at 16,000 X g for 15 min at 4°C and then lysed by
passage through a French pressure cell at 20,000 Ib/in®> and centrifuged at
14,000 X g for 30 min. NaCl was added to 150 mM to the supernatant of the
low-speed centrifugation, which was then centrifuged at 230,000 X g for 1 h at
4°C in a Sorvall S100ATS rotor; the supernatant was used for subsequent assays.

To prepare A. fulgidus genomic DNA, 50 ml of cells at 5 X 10%/ml were
harvested by centrifugation at 10,000 X g for 10 min and resuspended in 0.5 ml
of 25% sucrose and 10 mM Tris (pH 7.5). The cells were incubated with 0.25 ml
of lysis solution (5% sodium dodecyl sulfate [SDS], 0.125 M EDTA, 0.5 M Tris,
pH 9.4) for 1 h at 55°C. Pronase E was added to a final concentration of 2 mg/ml,
and incubation was continued at 37°C overnight. Potassium acetate (pH 5.0) was
added to 0.5 M, and the sample was incubated for 10 min at 37°C and then for
1 h at 4°C and centrifuged at 10,000 X g for 15 min at 4°C. Two volumes of
ethanol were added to the supernatant, and DNA was spooled with a glass rod,
washed four times (70% ethanol, 10 mM Tris, 10 mM MgCl,, 1 mM EDTA, pH
8.0), allowed to dry, and resuspended in 200 pl of TE (10 mM Tris and 0.1 mM
EDTA, pH 8.0).

Cloning and expr of A. fulgidus genes. The ORFs AF0394 and AF0868
were amplified by PCR with A. fulgidus chromosomal DNA as a template. The
oligonucleotide primers 5" GCTCTAGAATGAGCTGGATTGATGAG and 5’
ACCTGCAGTCATAGTTTGCGAACAACCTTG included Xbal and PstI sites
(underlined) designed to generate an in-frame fusion between AF0394 and malE
in the vector pMALc. The oligonucleotide primers 5" GGAATTCACCATGGT
GATAGCCATCGAAAAAGTT and 5" AACTGCAGTCACAGCATCACCCC
CCTGTTGAG included EcoRI and PstI sites (underlined) designed to generate
an in-frame fusion between AF0868 and malE. The conditions for PCR were 30
cycles consisting of 30 s at 95°C, 30 s at 55°C, and 3 min at 72°C in a reaction
mixture containing 2 U of Deep Vent polymerase, 200 uM (each) deoxynucle-
otide triphosphate, 250 nM (each) primer, PCR buffer, and 0.3 pg of 4. fulgidus
chromosomal DNA.

A single PCR product of about 1.4 kb was obtained for both reactions,
purified, digested with Xbal (or EcoRI) and PstI, and ligated with plasmid
pMALc cut with the same enzymes. DNA was extracted with phenol-chloroform,
ethanol precipitated, and resuspended in TE. DNA fragments were purified on
a 0.7% agarose gel, excised, purified through a glass wool spin column, precip-
itated with ethanol, and resuspended in TE. The plasmids were recovered in E.
coli after electroporation and selection for recombinants on LB agar with am-
picillin (30). After restriction analysis to identify vectors carrying AF0394 and
AF0868, plasmids pDR4 and pDR3, respectively, were used for subsequent
studies.

Induction of the MBP-DId fusion protein in E. coli. To determine if an
MBP-DId fusion protein of the expected size is produced in E. coli, strain IM107
carrying either pDR3 or pDR4 was induced with IPTG (isopropyl-B-p-thioga-
lactopyranoside) and cell extracts were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) for the appearance of a 90-kDa protein. Overnight
cultures were grown at 37°C in LB medium with antibiotics and 0.2% glucose,
diluted 1:100 in LB-glucose plus antibiotic, and grown at 33°C for 2 h until the
optical density at 600 nm reached 0.25. The culture was divided, half was sup-
plemented with IPTG to a final concentration of 0.2 mM, and the cultures were
incubated for 2 h at 33°C. Samples were harvested by centrifugation at 4,000 X
g for 15 min, and the pellets were resuspended in buffer A (10 mM Na,HPO,, 30
mM NacCl, 0.25% Tween 20, 10 mM 2-mercaptoethanol, 10 mM EDTA, 10 mM
EGTA [pH adjusted to 8.0 with NaOH]) and stored at —80°C.

Although initial experiments showed that plasmids pDR3 and pDR4 make a
fusion protein of the expected size, the yield of protein was low. We tested
whether a higher yield of the fusion protein could be obtained from an E. coli
host that also carried a copy of pUBS520, which expresses the E. coli dnaY gene
from the tac promoter. pUBS520 carries a Kan" (kanamycin resistance) deter-
minant and can be maintained in the same host as pDR3 (pDR4), which carries
an Amp" determinant (4), if both plasmids are selected simultaneously.

Purification of the MBP-DId fusion protein. The purification of the 90-kDa
MBP-DId fusion protein from E. coli was carried out at 4°C. Frozen cells resus-
pended in buffer A were thawed, freeze fractured with liquid N,, and lysed by
passage through a French pressure cell at 19,000 Ib/in® three times. Samples were
centrifuged at 230,000 X g for 30 min, and the supernatants were diluted 1:32
with buffer B (10 mM sodium phosphate, 0.5 M NaCl, 1 mM EGTA, pH 7.2) and
loaded onto an amylose column equilibrated in buffer B at a rate of about 0.3
ml/min. After the column was washed with 3 volumes of buffer B, the fusion
protein was eluted with 25 mM maltose in buffer B. The eluate was concentrated
by ultrafiltration with a Microcon YM10 membrane (Amicon), and the maltose
was removed by dialysis against 4 changes of buffer C (10 mM Tris, 100 mM
NaCl, 1 mM EGTA, pH 8.2), each at a volume 100 times the sample volume. The
fusion protein was concentrated again by ultrafiltration, purified by gel filtration
on a Superose 12 HR 10/30 fast protein liquid chromatography column, equili-
brated with buffer D (100 mM NaCl, 20 mM Tris, pH 8.0), and concentrated by
ultrafiltration. To liberate the DId fragment, 100 wg of MBP-DId was cleaved by
proteolysis with 1 g of factor Xa for 5 days at 4°C in buffer D with 2 mM CaCl,.
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The C-terminal recombinant DId (rDId) fragment was then separated from the
N-terminal MBP fragment by passage through a second amylose affinity column.
rDld, detected in the column flowthrough, was concentrated by ultrafiltration.

The protein concentration was determined by the Bradford method (3), with
bovine serum albumin and gamma globulin as standards. Proteins were boiled in
Laemmli buffer and separated by 10% Tricine SDS-PAGE (21, 31). The gels
were stained with Coomassie GelCode Blue staining reagent (Pierce).

Enzyme assays. Samples were assayed for p-lactate dehydrogenase activity by
a gel assay. E. coli cells were centrifuged, suspended in buffer D, frozen, thawed,
and incubated with lysozyme (200 pg/ml) at 25°C for 10 min and then at 4°C for
30 min. After 12 sonication pulses (5 s; 5 W) at 4°C, the samples were centrifuged
at 14,000 X g for 10 min to remove debris. The supernatants were separated
through Tris-glycine nondenaturing polyacrylamide gels anaerobically at 25°C
(21). The gels were incubated at 83°C in 10 mM Tris (pH 8.3 at 25°C), 10 mM
MgSO,, 2 mM b-lactate, 65 uM PMS, and 240 uM 3[4,5-dimethylthiazol-2,yl]-
2,5,diphenyl tetrazolium (MTT) in an anaerobic chamber. After 30 min the
reaction was stopped by addition of HCI to a concentration of 0.1 M. Enzyme
activity was detected by the appearance of dark bands, which form as MTT is
reduced to formazan, an insoluble blue compound (10).

Spectrophotometric enzyme assays were done at 60°C in anaerobic quartz
cuvettes (Starna) on a dual-beam Perkin-Elmer Lambda 12 UV/VIS spectro-
photometer equipped with a PTP-6 temperature block. Anoxic assay mixtures (1
ml) contained 25 mM Tris (pH 8.5 at 25°C), 50 mM NaCl, 10 mM b-lactate, 65
M PMS, 120 pM MTT, and 0.5 pg of protein. Enzyme activity was monitored
as the increase in absorbance at 578 nm due to the formation of formazan.
Reduction of dimethylnaphthoquinone (DMN) was monitored at 270 nm as
described elsewhere (25).

Cofactor analysis. Spectra of rDId were taken from 200 to 900 nm with a
Perkin-Elmer Lambda 12 UV/VIS spectrophotometer supported by a Dell Op-
tiplex XMT590 work station and UV-Winlab software. Fluorometric analysis of
rDld was done with a Photon Technology Ratiomaster fluorescent spectropho-
tometer with a PTI Felix software package. Excitation was at 451 nm, and
emission was monitored from 455 to 600 nm.

To identify the cofactor, cofactor released from purified protein was analyzed
by ascending paper chromatography as described previously (16). rDId (1 pg)
was heated to 100°C for 3 min and then centrifuged at 10,000 X g for 10 min to
remove denatured protein. The supernatant from the denatured rDId sample,
flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and ribofla-
vin controls were spotted on Whatman no. 1 paper, air dried, and chromato-
graphed, in the dark, separately, with 5% aqueous Na,HPO, and n-butanol-
acetic acid-H,O (4:1:5). Sample positions were identified with a 365-nm-
wavelength UV light.

The FAD/enzyme ratio was determined from the absorbance maxima of DId
at 370 and 450 nm. Because the MBP-DId recombinant protein was expressed
under conditions where the amount of cofactor might be limiting, we tested
whether purified MBP-DId could bind more FAD. MBP-DId fusion protein (100
pg) was incubated with FAD at 4°C overnight, dialyzed against 3 changes of
buffer D (pH 8.5), each at a volume 2,000 times the sample volume, to remove
excess FAD, and then examined spectrophotometrically and assayed for activity.

To determine if flavin is essential for activity, apoprotein was prepared and
assayed in the presence and absence of different flavin molecules. rDId (10 pg)
was denatured by incubation at 100°C for 3 min in sample buffer and then
separated by electrophoresis on SDS-10% polyacrylamide. rDId was renatured
in the gel after two 1-h incubations in 20 mM Tris (pH 8.5) at 25°C to remove
SDS.

Analysis of ions. To assay for metals associated with the MBP-DId fusion, 1.8
mg of protein was diluted in deionized water, filtered with a 0.45-wm-pore-size
nylon filter, and acid hydrolyzed. Metal and ion concentrations were determined
by Leeman inductively coupled plasma (ICP) atomic emission spectroscopy.

To determine if the MBP-DId fusion protein had been expressed under con-
ditions with low metal and ion availability, we tested whether the catalytic activity
of MBP-DId was increased by the addition of ions that had been detected at
stoichiometric or substoichiometric amounts by ICP. Fusion protein (25 pg) was
dialyzed for 4 h against elements [0.1 mM (each) CaCl,, MgCl,, ZnCl,,
Cd(C,H;0,),, BeSO,, Fe(NH,),(SO,),, and CuCl,] in buffer E (1 mM NaCl, 20
mM Tris, pH 8.4), dialyzed overnight to remove the excess, and assayed for
activity. Parallel experiments performed with rDId yielded similar results.

RESULTS

A. fulgidus can use either D- or L-lactate as its sole electron
donor and carbon source. This hyperthermophilic sulfate re-
ducer likely makes either two different lactate dehydrogenases,
each specific for D-lactate or L-lactate, or one lactate dehydro-
genase and a D- or L-lactate racemase. To identify the lactate
dehydrogenases of A. fulgidus, cell extracts were prepared,
separated by nondenaturing gel electrophoresis, and assayed
for activity with the artificial electron acceptors PMS and
MTT. When gels were incubated with p-lactate, a single in-
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FIG. 1. A. fulgidus produces p- and L-lactate-specific dehydrogenases. (A)
Analysis of enzyme activity in extracts of A. fulgidus cells grown on D- and
L-lactate (500 mg per lane) after separation on continuous nondenaturing 6%
PAGE as described in Materials and Methods. Lanes: 1, no lactate; 2, with
D-lactate; 3, with p- and L-lactate; 4, with L-lactate. (B) Activity of lactate
dehydrogenases was assayed spectrophotometrically under anaerobic conditions
with a 200-mg A. fulgidus sample and either p- or L-lactate with PMS and MTT
(lanes 1 and 2) or DMN (lanes 3 and 4).

tense band was seen near the bottom of the gel (Fig. 1A, lanes
2 and 3). In contrast, when gels were incubated with L-lactate,
a different band was seen near the top of the gel (Fig. 1A, lanes
3 and 4). Lactate dehydrogenase activities in A. fulgidus cell
extracts were also assayed spectrophotometrically with p- or
L-lactate as an electron donor and PMS plus MTT or DMN as
acceptors (Fig. 1B). As with the gel assay, with PMS plus MTT
as electron acceptors, two forms of lactate dehydrogenase were
detected. In contrast, with DMN as the electron acceptor, only
one (L-lactate) dehydrogenase activity was detected. These re-
sults show that A. fulgidus makes at least one lactate dehydro-
genase specific for p-lactate and another enzyme specific for
L-lactate.

The A. fulgidus protein band with p-lactate dehydrogenase
activity was excised from the nondenaturing gel and electro-
phoresed on a second SDS-PAGE gel to determine the appar-
ent molecular mass of the protein. As shown in Fig. 2A, two
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FIG. 2. The active form of p-lactate dehydrogenase from A. fulgidus has an
apparent molecular mass of about 50 kDa and requires FAD. (A) Coomassie
blue-stained denaturing gel showing the DId from A. fulgidus in lane 2 and
prestained protein markers in lane 1. Partially purified A. fulgidus DIld was
separated on a nondenaturing gel, assayed for DId activity, excised from the gel,
and electrophoresed through a 10% denaturing gel. (B) Partially purified A.
fulgidus DId was heat denatured in Laemmli buffer and electrophoresed by
SDS-PAGE, incubated in Tris (pH 8.5), and then assayed with Tris (pH 8.3),
MgSO,, PMS, MTT, FAD, and p-lactate at 80°C. Lanes: 1, Benchmark protein
standard (Gibco-BRL); 2, DId sample.

proteins, about 50 and 57 kDa, were detected. When this gel
was incubated in buffer without SDS at room temperature to
renature the proteins and then assayed in the presence of
FAD, only the 50-kDa protein had DId activity (Fig. 2B).
Hence, the A. fulgidus DId should correspond to a gene of
about 1,400 bp.

The annotated sequence of the A. fulgidus (18) genome has
three ORFs, AF0394, AF0808, and AF0868, predicted to en-
code proteins related to p-lactate dehydrogenases. A BLAST
(Blosum62) alignment (1) of the predicted products of these
ORFs with the K lactis KIDLD gene product shows that
AF0394 has 30% identity and 48% similarity with KIDLD,
whereas AF0808 has 29% identity and 46% similarity, and
AF0868 has 25% identity and 42% similarity. All three ORFs
contain domains with an essential histidine (GEHGD) (13, 15)
conserved in enzymes that bind lactate. AF0394 and AF0868
contain an NAD-FAD binding motif (GXGX,GX,,D/E) (37).
Because D-lactate dehydrogenases typically have FAD as a
cofactor (6, 9, 12, 27, 29) and AF0808 lacks a strong binding
site for FAD, AF0394 and AF0868 were chosen as candidates
for the 50-kDa DId in A. fulgidus.

Expression of A. fulgidus genes in E. coli. To determine if
either AF0394 or AF0868 encodes a protein with DId activity,
each gene was expressed in E. coli. Chromosomal DNA, pre-
pared from A. fulgidus cells, was used as a template to amplify
the AF0394 and AF0868 genes by PCR. PCR products of the
expected size were obtained and cloned into the expression
vector pMALc to generate plasmids pDR4 and pDR3, which
fuse AF0394 and AF0868, respectively, with a truncated malE
gene, which encodes MBP without a signal peptide. AF0394
and AF0868 are predicted to encode products of 443 and 446
amino acids, respectively, and each should produce a fusion
protein of about 90 kDa.

Cultures of E. coli JIM107 carrying plasmid pDR3 or pDR4
were induced with IPTG, and proteins present in the induced
cells were analyzed by SDS-PAGE. In both cases, a fusion
protein band with an apparent mass of 90 kDa was detected.
The fusion protein, which is made only by strains with pDR3
(data not shown) and pDR4 (Fig. 3, compare lanes 1, 3, and 5),
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FIG. 3. Addition of dnaY enhances the expression of the fusion protein. The
expression of proteins in E. coli strains carrying pMAL or pDR4 was analyzed in
the presence (+) and absence (—) of pUBS520 (dnaY). The cells were harvested
2 h after the addition of IPTG, and equivalent amounts of sample were analyzed
by SDS-PAGE. Lanes: 1 and 2, E. coli cells; 3 and 4, E. coli cells with pMAL; 5
and 6, E. coli cells with pDR4. The samples in lanes 2, 4, and 6 contained the
dnaY gene, which encodes an arginyl tRNA. The positions of the 92-kDa malE-
AF0394 fusion product and the malE product (MBP) are indicated.

reacts with anti-MBP antibody by immunoblot analysis (data
not shown).

The yield of fusion protein in induced samples was disap-
pointingly low. Attempts to increase the yield of fusion protein
by decreasing the growth temperature, or changing the condi-
tions of growth and induction, failed to improve the yield of
protein. Although the G+C content of DNA in A. fulgidus
(49%) is similar to that of the E. coli chromosome (52%), the
codon usage in A. fulgidus differs from that in E. coli. For
example, the AF0394 gene contains several AGR (R repre-
sents A or G) codons for arginine, and E. coli produces limiting
amounts of a single isoacceptor arginyl-tRNA species (DnaY)
that recognizes AGR codons. Hence, expression of foreign
genes rich in AGR codons often is translationally impaired. To
overcome this problem, plasmids pDR3 and pDR4 were intro-
duced into an E. coli strain carrying the plasmid pUBS520,
which expresses the E. coli dnaY gene at high levels after
induction with IPTG (4). In the presence of plasmid pUBS520
(dnay), the yield of the fusion protein after induction in E. coli
increased (Fig. 3 shows results with pDR4; similar results were
obtained with pDR3).

AF0394 produces a Dp-lactate dehydrogenase. Proteins
present in extracts of E. coli cells from induced and uninduced
samples were separated on nondenaturing polyacrylamide gels
to determine if either fusion protein has DId activity. When
gels were incubated at 83°C with p-lactate, PMS, and MTT, a
single, intense band of activity was detected in lanes loaded
with extract from E. coli cells expressing the fusion protein
from pDR4. When an equivalent amount of the malE-AF0868
fusion protein from pDR3 was assayed in parallel, it was inac-
tive with p-lactate, PMS, and MTT. These results show that
AF0394 encodes a protein with lactate dehydrogenase activity.

As described above, the A. fulgidus D1d uses p-lactate, but
not L-lactate, as its substrate. To determine the substrate spec-
ificity of the MBP-DId fusion protein, samples expressing the
malE-AF0394 protein were separated in nondenaturing gels
and incubated with Dp-lactate, p- and L-lactate, L-lactate, and
pyruvate. Whereas the 90-kDa fusion protein reduces MTT to
formazan in the presence of D-lactate, L-lactate is neither a
substrate for the enzyme nor an inhibitor of its D-lactate de-
hydrogenase activity.

To confirm that the product of AF0394 is the DId enzyme
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FIG. 4. Purification of rDld. (A) rDId activity was assayed with Tris (pH 8.3),
MgSO,, PMS, MTT, and p-lactate after separation of 20-ul aliquots of E. coli
samples through 10% nondenaturing gels. Lanes: 1, extract from IPTG-induced
E. coli IM107 host; 2, extract from IPTG-induced E. coli IM107 with pMAL; 3,
extract from IPTG-induced E. coli IM107 with pDR4 and pUBS520; 4, eluate
from the initial amylose affinity column used to enrich for MBP-DId; 5, sample
containing MBP and rDId after gel filtration purification of the amylose eluate
and treatment with protease factor Xa; 6, purified rDIld was obtained after
cleaved material was chromatographed over a second amylose column to remove
MBP. (B) Aliquots (200 pl) of the same E. coli samples shown in panel A were
separated by SDS-PAGE and stained with Coomassie blue. The molecular
masses of the Benchmark protein standards are indicated.

identified in A. fulgidus extracts, a protein band corresponding
to the protein band with p-lactate-specific dehydrogenase ac-
tivity was excised from polyvinylidene difluoride membranes
and analyzed for N-terminal sequence. Repeated attempts to
obtain the N-terminal sequence of DIld were unsuccessful even
though good sequence data were obtained from the same sam-
ple for a protein that copurifies with DId. This, and the fact
that N-terminal sequence could be obtained for a minor con-
taminant (glutamyl-tRNA amidotransferase; AF2329) of one
of the DId samples, suggests that the N terminus of DId is
blocked.

Purification of the A4. fulgidus DId from E. coli. The 90-kDa
MBP-DId fusion protein from E. coli was enriched by amylose
affinity chromatography and purified to homogeneity by gel
filtration. Purified MBP-DId was incubated with factor Xa pro-
tease to yield MBP (about 40-kDa) and DId (about 50-kDa)
products (Fig. 4, lane 5). The MBP portion of the MBP-DId
fusion protein was removed by passing the cleaved material
over an amylose column. The eluate contained a single protein
of 50 kDa with DId activity, designated rDId to indicate that it
is a recombinant DId cleavage product (Fig. 4, lane 6).

rDId is a Zn*? flavoprotein. Like other flavin-containing
proteins, purified rDId has an intense yellow color. Spectro-
photometric analysis of rDld reveals absorption maxima at 370
and 450 nm with a shoulder at 480 nm, which indicate the
presence of a flavin. When excited at 451 nm, the protein
fluoresces with an emission maximum of 518 nm, also charac-
teristic of proteins with bound flavin cofactors.

Each of the two yeast DIld enzymes that are related to the A.
fulgidus enzyme contains a bound FAD moiety. This, and the
presence of the adenine and ribityl binding sites predicted for
the A. fulgidus DId protein, suggest that the flavin bound by A.
fulgidus D1d is FAD. To confirm that rDId contains FAD, and
not FMN or riboflavin, the cofactor was removed from rDld by
boiling and compared with FAD, FMN, and riboflavin stan-
dards by thin-layer chromatography. As shown in Table 1,



7584 REED AND HARTZELL

TABLE 1. R, values of flavins by ascending paper chromatography”

Ry value

Solvent Flavin standard
DId cofactor”
FMN Riboflavin FAD
A 0.50 0.28 0.35 0.34
B¢ 0.23 0.39 0.09 0.10

“ Samples were separated on Whatman no. 1 paper as described in the text.

b 1DId cofactor was released by boiling. Apoprotein was removed by centrif-
ugation.

¢ Solvent system A; 5% disodium hydrogen phosphate in H,O.

 Solvent system B; n-butanol-acetic acid-H,O (4:1:5).

the R, value for the rDId cofactor is similar to that of FAD,
confirming that the active form of rDld contains an FAD
cofactor. These results also show that, although the cofactor
is tightly associated with the enzyme, it is not covalently
attached.

The rDId apoprotein was assayed in the presence and ab-
sence of flavin molecules to determine if FAD is required for
rDId function and if F,,,, a deazaflavin that A. fulgidus pro-
duces, or other flavins, such as FMN, could substitute for FAD.
Purified rDId was denatured by boiling and separated on de-
naturing gels. The enzyme was renatured and assayed in situ
with buffer or buffer plus the deazaflavin F,,, or flavin. Only
rDId renatured in the presence of FAD was active, whereas
renatured apoprotein or apoprotein renatured in the presence
of FMN, riboflavin, or F,,, was inactive (Fig. 5).

The stoichiometry of FAD (g,5, = 11,300 M~ ! cm™') was
estimated to be 0.2 FAD to 1 rDId by measuring the absorption
maxima for purified protein. Because the amount of FAD per
molecule of enzyme subunit is expected to be a positive inte-
ger, these results suggested that a portion of the bound flavin
was in the reduced state or that a substantial fraction of the
sample was rDId apoprotein without bound FAD. When the
rDId was treated with persulfate to oxidize any FADH, to
FAD and reexamined, the increased absorbance at 450 nm
yielded a ratio of 0.5 FAD to 1 rDld. When aliquots of rDld
(ratio 0.2:1) were incubated with excess FAD and then dia-
lyzed to remove unbound FAD, the ratio of FAD to rDId
increased to 1:1.

When the rDId loaded with FAD was compared with the
untreated rDId sample (0.2 FAD to 1 rDId) in the standard
D-lactate dehydrogenase assay, the enzyme activity increased
only slightly, suggesting that the activity of rDId might be
limited for a second component. When rDId was incubated
with excess FAD and dialyzed against a buffer containing the

kDa
- 1— 84
— 62
N l<—Dld
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FIG. 5. Reconstitution of active rDId after extraction of cofactor. rDld was
electrophoresed under denaturing conditions, allowed to renature with or with-
out flavin cofactor, and then assayed as described in Materials and Methods.
Lanes: 1, renaturation with FMN-riboflavin; 2, renaturation with F,,,; 3, no
cofactor added; 4, renaturation with FAD; 5, Benchmark protein standards.
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FIG. 6. Effect of pH on rDId activity. rDId was assayed spectrophotometri-
cally at 60°C as described in Materials and Methods. The final pH ranged from
5t0 9.5 (measured at 60°C) in 25 mM Tris.

ions zinc, calcium, magnesium, cadmium, beryllium, iron, and
copper, the activity of the enzyme increased threefold. Zinc is
tightly bound to DLD from yeast and is thought to be essential
for catalytic activity. To determine if rDId contained stoichio-
metric amounts of a metal cofactor, rDId was analyzed by ICP.
rDId contains 1 mol of Zn** per mol of protein, suggesting
that Zn>" may also be essential for activity. The divalent cat-
ions Mg®" and Ca*" were also detected at significant levels
and may be important for the catalytic activity or stability of
the protein.

Kinetic analysis. The K,, of rDId for p-lactate was deter-
mined with PMS and MTT as electron acceptors. Double-
reciprocal plots of the initial rates versus the concentration of
D-lactate were linear at a fixed concentration of these acceptors
and yielded a K,,, of 150 uM at 60°C. The V. was estimated
to be 1.4 uM min ' in the direction of p-lactate reduction with
PMS plus MTT.

rDld reduces dichlorophenolindophenol (DCIP) and MTT,
and reduction is stimulated by the addition of PMS. In con-
trast, methylene blue, DMN, NAD, and horse heart cyto-
chrome c¢ did not serve as electron acceptors for the purified
rDId. When the concentration of p-lactate was fixed at 10 mM
(at a p-lactate concentration of 4 mM, the reaction proceeds at
maximum velocity), the specific activity of the homogeneous
rDId enzyme at 60°C was 1.4 wmol of MTT reduced per mg per
min (€555 = 13 mM ! cm ™), and it had a pH optimum at 8.0
in a 25 mM Tris buffer at 60°C (Fig. 6). At higher concentra-
tions of Tris (>30 mM), the activity was inhibited slightly. The
reaction rate was about 60% of the optimum in 25 mM potas-
sium phosphate and 35% of the optimum in 25 mM sodium
acetate at pH 8.2 in assays performed at 60°C. The detergents
Triton X-100, CHAPS {3-[(3-cholamidopropyl)-dimethyl-
ammonio]-1-propanesulfonate} and n-dodecyl B-p-malto-
side stimulated activity about twofold. The addition of Tris-
buffered oxalate (1 mM) to a reaction mixture inhibited
activity.

An Arrhenius plot shows that the rDId has maximum cata-
lytic activity at 90°C with the activation energy increasing 5.1
kJ/mol in the range of 80 to 90°C (Fig. 7) (32). The rDld is
active from 25 to 95°C, and at 83°C, the half-life of the enzyme
was about 105 min (Fig. 8). At 25°C, the activity was about 8%
of the activity at 90°C.



VoL. 181, 1999

-II II]I III[III]IIIIIIIII IIIII LBLI ll-

2.0F .
2% 0 :
Z é N -
S i 34 ]
<o (E ]
.2 g : i E .
= = » > w30 .
5 3 1.0¢ W B .
g E L et E F r
w2 5. : = 26 :
i 28 30 327

i —— CKte 107) ]

O_ -Il ||‘! ] IIEIIIIEIIIlIIIIIIII 1 IIII Il-

40 60 80 100

°C

FIG. 7. Effect of temperature on rDId activity. The activity of rDId (0.5 ug)
was monitored at 578 nm by MTT reduction at the temperatures indicated. The
assay contained saturating amounts of p-lactate (20 mM). (Inset) Data plotted
according to the method of Arrhenius.

DISCUSSION

The enzymes involved in activation and reduction of sulfate
to H,S have been purified, revealing that the enzymology of
sulfate reduction in the hyperthermophilic archacon A. fulgidus
is very similar to the enzymology of sulfate reduction in me-
sophilic eubacteria. During dissimilatory reduction of sulfate,
electrons are obtained from substrates such as lactate. Hence,
lactate dehydrogenases, which oxidize lactate to pyruvate, are
essential for the growth of dissimilatory sulfate reducers on
lactate as a sole electron source.

In contrast with what is known about the enzymology of
sulfate reduction, the initial steps of electron transfer from
substrates, such as lactate, to the sulfate acceptor are poorly
understood. The first step in this process, the conversion of
lactate to pyruvate, is mediated by membrane-associated lac-
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FIG. 8. Thermal stability of rDld. rDId (1 mg/ml) was incubated at 83°C in 10
mM Tris (pH 8.0). At the times indicated, aliquots were removed and assayed at
60°C as described in Materials and Methods. Data from three independent
experiments are presented. The half-life was estimated at 105 min.
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tate dehydrogenases, but the proton and electron acceptors for
these reactions are not known. Although both p- and r-lactate
dehydrogenases have been described in eubacterial sulfate re-
ducers, they have not been purified, nor is sequence informa-
tion available for the genes that encode these enzymes. Both
soluble and membrane-associated Ldhs that can transfer elec-
trons to either rubredoxin or cytochrome ¢ in other organisms
have been described. The second step in archaeal electron
transfer involves the conversion of pyruvate to acetate and is
mediated by pyruvate-ferredoxin oxidoreductase, which has
been purified from eubacterial sulfate reducers and A. fulgidus
(20).

The complete sequence for A. fulgidus is available, making it
possible for the first time to look for genes encoding lactate
dehydrogenases in a sulfate reducer. Based on similarity with
the p-lactate dehydrogenase (KIDLD) from K. lactis, several
ORFs, AF0394, AF0808, and AF(0868, from the A. fulgidus
genome were identified as candidates for dld. Because AF0808
lacks motifs predicted to be critical for the activities of other
DId enzymes, such as FAD and lactate binding, AF0394 and
AF0868 were chosen for further study.

When extracts with fusion proteins were assayed with D-
lactate with PMS as an electron acceptor, only the 90-kDa
MBP-AF0394 fusion protein was able to oxidize D-lactate. This
activity was specific for p-lactate, showing that AF0394 en-
codes a D-lactate dehydrogenase (DId). rDld is active over a
wide range of temperatures, and activity is optimal at 90°C,
slightly above the optimal temperature for growth (83°C) for 4.
fulgidus (35).

Expression of the MBP-AF0394 fusion protein initially re-
sulted in low levels of fusion protein in E. coli, despite the fact
that transcription of its gene is controlled by the strong, IPTG-
inducible fac promoter. A. fulgidus genes, like yeast genes, are
rich in codons AGA and AGG for arginyl tRNA, which are
rare in E. coli. Because these rare codons might prevent effi-
cient translation, a plasmid carrying the dnaY (tRNA-Arg)
gene was introduced into strains expressing the malE-AF0394
fusion proteins. Coexpression of dnaY resulted in an increase
in the yield of fusion protein and a 1.5- to 4-fold increase in
enzyme activity. Thus, this technique may be more generally
useful for the increased production of gene products from
archaea in a bacterial host.

FAD has been shown to be the cofactor for DId from yeast
and Megasphaera elsdenii (6, 12, 29). The predicted product of
the dld gene has conserved motifs for FAD binding which
consist of an N-terminal glycine-rich region and a ribityl bind-
ing site. When a C-terminal DId fragment was purified from
the fusion protein, the resulting 50-kDa protein, rDId, had an
intense yellow color and spectral features characteristic of
FAD. The observations that the flavin cofactor, FAD, copuri-
fies with MBP-DId and that this protein has activity like that of
the A. fulgidus Dld when assayed at temperatures of >80°C
shows that the rDId portion of the fusion protein folds properly
when expressed in E. coli at 33°C.

Although rDId contains substoichiometric levels of bound
FAD, it is possible to increase the ratio of FAD to rDlId to 1:1
by incubating the protein with FAD. However, the enzyme
activity does not increase despite the increased FAD binding.
However, if a cocktail of ions, including those that are impor-
tant for the growth of A. fulgidus in defined medium, are
preincubated with the enzyme plus FAD, the activity of the
enzyme increases threefold. These results suggest that a metal
cofactor is required in addition to FAD. When rDld was ana-
lyzed by ICP, Zn*", Mg**, and Ca®* were detected in stoichio-
metric quantities. Like the yeast Dlds, rDId contains about 1
Zn** atom per mol of protein. Zinc is thought to enable the
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FAD moieties of flavoproteins to interact with substrates that
do not react with free flavin. When rDId is heat treated to
remove cofactor(s), some activity is restored when FAD is
added back to the renatured protein, indicating that some of
the protein contains zinc which is not removed by heat treat-
ment and dialysis. This is consistent with the finding that Zn**
is tightly bound to the S. cerevisiae DId (12).

Kinetic analyses show that rDld has a K,,, of 150 uM for
D-lactate, which is comparable to that of the K. lactis DId,
which has a K,,, of 285 uM (12). Ldhs differ in their abilities to
donate electrons to artificial acceptors. Many Llds (EC 1.1.2.3;
cytochrome type) can use DMN, DCIP, and methylene blue as
artificial electron acceptors, whereas Dlds (EC 1.1.2.4; cyto-
chrome type) prefer PMS as an artificial acceptor. Consistent
with this, rDId is active with PMS, but does not use DMN or
methylene blue as an acceptor.

Electrons transferred to FAD from p-lactate during oxida-
tion must ultimately be passed to another electron acceptor
before they reach the terminal acceptor, sulfate. Potential ac-
ceptors include cytochromes or quinones. A. fulgidus produces
b- and c-type cytochromes (19, 29a), and a 7-menaquinone
(36), which might accept electrons from DId. Although rDId
did not transfer electrons to horse heart cytochrome c, it may
transfer electrons to a cytochrome from Archaeoglobus. The
partially purified DId (EC 1.1.2.5) from the eubacterial sulfate
reducer Desulfovibrio vulgaris is specific for cytochrome csss,
which it produces (28), but the enzyme does not reduce cyto-
chrome ¢ from other sources. Similarly, the yeast DId is able to
reduce its own cytochrome and some commercial preparations
in vitro but not all cytochromes from other organisms (12).

The recombinant enzyme has a temperature optimum of
90°C. Although the enzyme was routinely assayed at lower
temperatures (60°C) to minimize nonspecific reduction of
PMS and MTT, the specific activity of the enzyme was en-
hanced by preincubating the enzyme at 83°C prior to assay at
60°C. This suggests that temperatures closer to the optimal
growth range of A. fulgidus may stimulate rDId activity. As
expected for an enzyme involved in electron transfer reactions,
DId activity is found in the membrane fraction of A. fulgidus
and the activity of rDId from E. coli is stimulated by detergents.
However, a significant portion of the enzyme activity is de-
tected in the soluble fraction, and the addition of NaCl to cell
extract releases some of the enzyme from the membrane frac-
tion. These results suggest that DId is associated with the
membrane.

Although A. fulgidus is a strict anaerobe, DId and rDId are
relatively stable under aerobic conditions at 4°C. As expected,
DId is heat stable and rDId is also heat stable. The purified
enzyme has a half-life of 1.5 to 2 h at 83°C, which is not due to
the hydrolysis of FAD at 83°C, because the addition of FAD
does not restore enzyme activity after prolonged heat denatur-
ation.

Several attempts were made to verify that the N terminus of
the DId protein prepared from A. fulgidus corresponds with the
predicted product of AF0394. Because we were successful at
obtaining sequence for other A. fulgidus proteins prepared in
parallel, this suggests that the N-terminus of the DId protein
has been modified. Nevertheless, we conclude that the DIld
from A. fulgidus is the product of AF0394 because expression
of AF0394 in E. coli generates a protein that is indistinguish-
able from DId in size, cofactor requirement, and kinetic prop-
erties. Only one enzyme with D-lactate specific activity is de-
tected in A. fulgidus cell extracts, which is consistent with the
fact that only one gene with a predicted product with p-lactate
dehydrogenase homology is found in the A. fulgidus genome.

This study provides new insights into the structure, function,
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and mechanism of the archaeal DId (cytochrome) group of
dehydrogenases that have primary catabolic roles in sulfate
reducers. Future studies aimed at identifying the proteins with
which DId interacts will provide a better understanding of the
electron transfer reactions that are essential for growth on
D-lactate during the anaerobic respiration of the hyperthermo-
philic sulfate reducer A. fulgidus.
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