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The gene fgd, which codes for F,,,-dependent glucose-6-phosphate dehydrogenase (FGD), was cloned from
Mycobacterium smegmatis, and its sequence was determined and analyzed. A homolog of FGD which has a very
high similarity to the M. smegmatis FGD-derived amino acid sequence was identified in Mycobacterium tuber-
culosis. FGD showed significant homology with F,,-dependent N°,N'°-methylene-tetrahydromethanopterin re-
ductase (MER) from methanogenic archaea and with several hypothetical proteins from M. tuberculosis and
Archaeoglobus fulgidus, but FGD showed no significant homology with NADP-dependent glucose-6-phosphate
dehydrogenases. Multiple alignment of FGD and MER proteins revealed four conserved consensus sequences.
Multiple alignment of FGD with the hypothetical proteins also revealed portions of the same conserved se-
quences. Moderately high levels of FGD were expressed in Escherichia coli BL21(DE3) carrying fgd in pBluescript.

Each year, there are ~10 million new cases of tuberculosis in
the world (mostly in developing countries), one-third of which
cause death (49). In the developed world, ~50% of AIDS pa-
tients ultimately suffer from debilitating Mycobacterium avium
infections (4, 26). However, there are major problems in the treat-
ment of these diseases due to inherent or acquired drug resis-
tance and to serious side effects of the drugs used (4, 5, 8, 22,
26). We have begun to examine coenzyme F,,-dependent reac-
tions in mycobacteria to determine if such reactions are impor-
tant for this group of pathogens. If so, specific enzymatic steps
can be identified as targets for chemotherapy. It is likely that
drugs aimed at F,,-related targets would act by mechanisms
completely different from those of the more widely used drugs.

Coenzyme F,,, is a two-electron transfer coenzyme. It was
first discovered in methanogenic archaea (14, 15), where it is
involved in several reactions in methane biosynthesis. At least
five methanogenic enzymes are F,,, dependent: F,,,-depen-
dent methylene-tetrahydromethanopterin dehydrogenase (24,
39, 40), methylene-tetrahydromethanopterin reductase (MER)
(34, 60), formate dehydrogenase (29, 53), F,,-reducing hydro-
genase (19, 28), and alcohol dehydrogenase (6, 61). In non-
methanogenic archaea, F,,, is found in Halobacterium (13, 33),
Thermoplasma (33), Sulfolobus (33), and Archaeoglobus (38)
species. In the bacterial domain, F,,, has been found in Strep-
tomyces species (10, 12, 37), Anacystis nidulans (18), Nocardia
aurantia (12), and several Mycobacterium species (12, 41, 47).
Scenedesmus acutus, a green alga and a member of the domain
Eucarya, also contains F,,, (17). Some steps in tetracycline
(37) and lincomycin (10) biosynthesis by Streptomyces species
require F,,,. Coenzyme F,,, is a component of the DNA
repair photolyase in several microorganisms (16, 17, 30, 36).

Although the presence in Mycobacterium species of an un-
known compound with spectral properties very similar to those
of F,,, was reported in 1960 (11), and F,,, was clearly identi-
fied in these organisms in the 1980s (12, 41), any role of this
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coenzyme in these organisms remained unknown until recent-
ly. A study to determine the function of F,,, in Mycobacterium
smegmatis led us to the discovery of a novel glucose-6-phos-
phate dehydrogenase which specifically uses F,,, as its electron
acceptor (47). This enzyme was named FGD, for F,,,-depen-
dent glucose-6-phosphate dehydrogenase. Not all F,,,-contain-
ing organisms possess FGD. So far, FGD has been found only
in Mycobacterium and Nocardia species and in Gordona ama-
rae (48).

We also observed that in addition to FGD, Mycobacterium
species possess an NADP-dependent glucose-6-phosphate de-
hydrogenase (47, 48), which is consistent with previous reports
(2, 3). NAD- or NADP-dependent glucose-6-phosphate dehy-
drogenases are commonly found in many organisms and are
named ZWFs (for zwischenferment) (20). Many zwf genes
from bacteria, yeasts, animals, and humans have been cloned
and sequenced (21, 32, 42, 44, 51). The deduced amino acid
sequences of these enzymes have been compared, and con-
served regions have been identified. There is high homology
between ZWF amino acid sequences from diverse sources.
Conserved regions have been hypothesized to be sites for co-
enzyme (NAD or NADP) and substrate (glucose-6-phosphate)
binding and for catalysis. We were interested to know the
structural relationship between ZWFs and FGD since these
two types of enzymes catalyze similar reactions, differing prin-
cipally in the electron acceptor used. By using the NH,-termi-
nal amino acid sequence of the purified FGD, a mixture of
oligonucleotides was designed and used as a probe to isolate
the gene for FGD. Here we describe the molecular character-
ization of fgd from M. smegmatis mc?155 and its functional
expression in Escherichia coli.

(A preliminary version of some of this work has been pre-
sented in a poster format [46].)

MATERIALS AND METHODS

Chemicals and enzymes. Restriction enzymes, T4 DNA ligase, and calf intes-
tine alkaline phosphatase were purchased from New England Biolabs (Beverly,
Mass.). The oligonucleotide labeling kit Genius no. 3, alkaline phosphatase-
conjugated antidigoxigenin antibody, nitroblue tetrazolium (NBT), 5-bromo-4-
chloro-3-indolylphosphate (BCIP), and DNase-free RNase were from Boehr-
inger Mannheim Biochemicals (Indianapolis, Ind.). DNA molecular weight
markers (1-kb ladder) and TRIzol were from Gibco-BRL Life Technologies
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(Grand Island, N.Y.). Qiagen tips (for plasmid preparation) and Qiaquick col-
umns and accessories (for purification of DNA fragments from agarose gels)
were from Qiagen Inc. (Chatsworth, Calif.). Coenzyme F,,, was purified from
Methanobacterium thermoautotrophicum Marburg, using 70% ethanol extraction
at 4°C and DEAE and C,g column chromatography (45).

Bacterial strains, plasmids, media, and growth conditions. M. smegmatis
mc?155 (a gift from W. Jacobs, Jr., Albert Einstein College of Medicine, New
York, N.Y.) was grown in Middlebrook 7H9 medium supplemented with 0.2%
glycerol and 0.05% Tween 80. For cloning and sequencing, E. coli XL1-Blue and
pBluescript IT SK+ (Stratagene, La Jolla, Calif.) were used as recombinant host
and vector, respectively. E. coli BL21(DE3) was used as a host for protein
expression. E. coli strains were grown at 37°C on solid medium or in liquid
Luria-Bertani (LB) medium. Ampicillin (100 pg/ml) was incorporated into LB
medium to select for recombinants. For protein expression studies, E. coli strains
were grown as described before (57), with 0.4 mM isopropyl-B-p-thiogalactopy-
ranoside (IPTG) as an inducer.

Molecular biology techniques. M. smegmatis chromosomal DNA was purified
as described by Husson et al. (27). Recombinant plasmids from E. coli XL1-Blue
were purified by using Qiagen tips as instructed by the manufacturer. Restriction
enzymes and DNA-modifying enzymes were used according to the manufactur-
er’s protocols. Standard molecular biology protocols for cloning, subcloning, and
protein expression in E. coli (52) were used throughout.

Southern and colony hybridization was performed as specified by the manu-
facturer (Boehringer), using a completely degenerate oligonucleotide, 5'GCRA
AYTGYTCNGCNGANGCYTTRTANCCNAGYTT3' (R=A+ G, Y=C+
T,N = A + G + C + T), complementary to the NH,-terminal amino acid
sequence from residues 3 to 15 of FGD (LKLGYKASAEQFA). This 35-mer was
labeled at its 3" end by digoxigenin-ddUTP, using a Genius labeling kit. Prehy-
bridization and hybridization were at 50°C, and posthybridization washes were at
room temperature. Hybridizing bands or colonies were detected by alkaline
phosphatase-conjugated antidigoxigenin antibody and colorimetric substrates
NBT and BCIP.

A combination of subcloning and primer walking methods was used for DNA
sequencing. Universal primer (SK+) was used for the first round of sequencing.
DNA sequencing was done at the University of Iowa DNA Facility by using an
Applied Biosystems model 373A DNA sequencer.

Insertional mutagenesis of cloned fgd was conducted by using a kanamycin
resistance (Kan") cassette (Pharmacia Biotech, Piscataway, N.J.).

Computer analysis of sequences. Sequence comparisons of the derived amino
acid sequences to entries in the protein database were performed by using the
BLASTP program of the National Center for Biotechnology Information
(NCBI) (1). When appropriate, sequences were compared with each other by
using the BestFit and PileUp programs of the Genetics Computer Group pack-
age and the ClustalW and Pima programs at the Human Genome Center at the
Baylor College of Medicine (54, 58).

Detection of FGD activity in recombinant E. coli. Cell extracts of E. coli strains
were prepared by cell breakage in a French pressure cell (5,000 1b/in?). The
resulting cell lysates were centrifuged at 10,000 X g for 15 min. The proteins from
these extracts were precipitated with ammonium sulfate at 90% saturation (0°C)
and resolubilized in 20 mM Tris HCI (pH 7.0). These solutions were assayed to
determine FGD activities and protein content as described before (47).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported here appear in the GenBank nucleotide sequence database under acces-
sion no. AF041061.

RESULTS AND DISCUSSION

Cloning, subcloning, and sequencing of M. smegmatis fgd.
Southern analysis of M. smegmatis DNA that was completely di-
gested with BamHI, using the degenerate oligonucleotide com-
plementary to the NH,-terminal sequence of FGD, showed a
positive hybridization signal of ca. 7 kb. Accordingly, M. smeg-
matis DNA was digested completely with BamHI and electro-
phoresed in a 0.8% agarose gel; DNA fragments of ca. 6 to 8
kb were recovered and purified by using Qiaquick columns.
These DNA fragments were ligated into BamHI-digested, de-
phosphorylated pBluescript II SK+. The ligation mixture was
used to transform competent cells of E. coli XL1-Blue, and
recombinants were screened for an fgd clone by colony hybrid-
ization. Two colonies out of ca. 400 screened showed positive
hybridization signals, both of which carried plasmids with in-
serts of the same size and restriction patterns. One of these two
recombinant strains was preserved and used for further work,
and the corresponding plasmid was designated pEP7000. The
restriction map of the 7-kb fragment obtained by using various
restriction enzymes is shown in Fig. 1A. Shown in Fig. 1B
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FIG. 1. Restriction maps of pEP7000 and various subclones. Symbols: B,
BamHI; Bg, Bglll; P, Pstl; A, Accl; S, Smal; aph, aminoglycoside phosphotrans-
ferase, which imparts Kan'; fgd, F,,,-dependent glucose-6-phosphate dehydro-
genase gene; orfR, possible regulatory gene. Restriction sites at the ends of the
subclone fragments indicate the boundary of M. smegmatis DNA in the plasmid
inserts, not necessarily the restriction sites used for the final subcloning step (see
text for descriptions of construction).

are the maps of various subclones described in more detail
below.

The 1.1-kb Smal fragment was subcloned into the Smal site
of pBluescript, giving plasmid pEP1088. This plasmid was used
for the first round of sequencing. Further sequencing was per-
formed by primer walking using pEP7000. The gene for FGD
was located ca. 2 kb away from one end of the 7-kb insert of the
primary clone and in the same direction as and downstream of
the T7 promoter of the vector.

In addition to pEP1088, three more subclones were devel-
oped by using pBluescript IT SK+ (Fig. 1B): pEP1300, carrying
the 1.3-kb Accl/PstI fragment (fgd with 244 bp upstream and 36
bp downstream); pEP3000, carrying the 3-kb PstI fragment of
pEP7000 (fgd with ca. 2,000 bp upstream and 36 bp down-
stream; the downstream Pstl site is shown in Fig. 1B, and the
upstream PstI site is in the pBluescript multicloning site); and
pEP5000, containing the equivalent of the 5-kb Smal/BamHI
fragment of pEP7000, which was constructed by the ligation of
the 0.8-kb product of an EcoRI/BglII double digest of pEP1088
and the 7.3-kb fragment of an EcoRI/Bg/II double digest of
pEP7000 (fgd with 250 bp upstream and approximately 3.9 kb
downstream; the EcoRI site is upstream of fgd in the multi-
cloning site, and the Bg/II site is in fgd). These plasmids were
used for enzyme expression studies.

Southern hybridization of M. smegmatis DNA, which had
been cut with various restriction enzymes, with oligonucleotide
probe that precisely complemented the 5’ end of fgd showed
one hybridizing band from each restriction digest, which indi-
cates that only one copy of fgd was present in the M. smegmatis
genome. The sequence of fgd from M. smegmatis and its flank-
ing regions are shown in Fig. 2. The gene fgd consisted of 1,008
bases, corresponding to 336 amino acid residues. The NH,-
terminal amino acid sequence of purified FGD (47) precisely
matched the deduced amino acid sequence of the NH, termi-
nus, with alanine as the first amino acid. This finding indicates
that the initiation codon was GTG, which codes for valine.
Thus, the ATG which immediately precedes the GTG is not
translated. TGA was the stop codon. In E. coli, GTG rarely
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-72 TGGACGCGGTCGGTGATCTTGTTC
—>FGD
1 GTGGCTGAATTGAAGCTAGGTTAC
V A E L K L G Y
73 GTTTTGGCCGAGTCGGCAGGTATG
vV L A E S A G M
145 GGGCATGCGCCGTTCTCGCTGGCG
G H A P F S L 2a
217 TCGGTGCTGACGCCGACGTTCCGG
s v L. T P T F R
289 TATCCGGGGCGGATCTTCCTCGGT
Y P G R I F L G
361 GAGTGGCCGGAGTTCAAGGAGCGG
E W P E F K E R
433 GGGGACCGGGTCGATTTCGACGGC
G D RV D F D G
505 GGCATCCCGGTGTACATCGCCGCG
G I P V Y I A A
577 ATCTGCACCTCGGGCAAGGGTGAG
I ¢ T S G K G E
649 GCCGCCGATCGCGACGCCGACGCG
A A D R D A D A
721 TTGGCGCTGGAGAACACCCGGTTC
L A L E N TR F
793 CCGATCGAGATGGAGAAGGCTGCC
P I EM E K A A D A L P I
865 GACCCCGACGAGGCGGTCGAGAAG
D P D E A V E K
937 CCGGGCCATGACCAGCGTCGATTC
P G H D Q R R F
1009 TGATTCTGGCCTGATTCTGGGCAC
stop
1081 GGTCGCTCACGCGCCGCGAGCGTG
1153 TCGCGGTGCAGGGTGACGCTGCGC
1225 CGACGGTGCCGTGGCTCGTCGCGG
vV T G H 8 T A T
1297 GCCTGCCCGTGTCGTCGCGGGTCA
R 6 T D DR T V R T I
1369 GGGCCTCGCGGGGGCTGGCGCTGA
A E R P S A S V vV E I
1441 CCTGCAGCAGTTCGTAGAGCGACC
Q L L E Y L S G
1513 AGGCGAGGTCCACCGACAGGGGCA
A L DV S L P V
1585 GGGGCACTTCGAGGGCCTCGGCCT
P V EL A E A E
1657 TGGTGTGCCCGCCGCTGTGCAGGC
T H G G S H L R
1729 CCCGCACGAACGTGCCGCCGTTGC
R VvV F T G G N R
1801 CGCTGCGCAGGGTGGACCGCGACA
S R L T S R S V
1873 GACGCAGCATGCCCTGGGCCAGCA
R L M G 0 A L M S L I
1945 TCTCCTCCAT
E E M
&— ORFR

&—

AGGGCTACTGCCATGCCGTGAGTT

AAGGCATCTGCGGAGCAGTTTGCT
K A S A E QO F A

TAGGCATTGGAGTAGAAACGAATG

CCTCGCGAGTTGGTCGAGTTGGCG
P R F LL V E L A

GACAGTGCGACTGTCAGTGATCAT
D s A TV 8§ D H

TGGATGACCGCGGTGGGCGAGCGC
WM T A V G E R

TACAACCCGGCGGTGATCGCCCAG
Y N P A V I A Q

GTGGGCACCGGTGAGGCGCTCAAC
vV G T G E A L N

TTCGCGCGGCTACGCGAATCGGTG
F A R L R E S8 V

GAGTACTACCGCACCAAGGGCGCG
E Y ¥ R T K G A

GGTGGTCCGGTGGTGGCCAAGTAC
G G P V V A K Y

GAGCTCTATGCCGAGAAGCTGATC
E L Y A E K L I

ATCGACCGGATGATCGAGATCAAG
I D R M I E I K

TGGGCGCCGCTGTCGTTGACCGCC
W A P L S L T A

GACGCGTTGCCCATCGAGCAGGTC
E Q V

GTCGGCCAGTACGTCAAGTGGGGG
vV 6 ¢ Y V K W G

CTCGAGCTGTTCAAACGCGATCTG
L E L F K R D L

TCGTGCGGGTGCTCGCGCGAGCTG

CGCGCAGCGCTGCTGATTCGCGGT

GGTGCGCGGTGACTCAGGCGGTGE
stop A T T

TGAGACGCACGCGGTCGGCGCGGA
L R V R D A R F

CCCGCGTGATCGCCAGCAGCGGTT
A L L P K

CCACCTCGATGGTCTCGGTCGTGG
T E T T T

CGCCGAGCGGCTGTTCCAGCAGGT
G L P Q E L L D

CCCCGTCGGCGAACCGCAACCGCC
G DA F RL R R

CGATGGCGGTCGCGGGCCTGCGGT
I A T A P R R D

GTGCGGGCAGACCGACCAGCTCGG
A P L G V L E A

GGCCGGTGCGACGCTCCAGCACAC
G T R R E L V G

CCGCGAAGGTCTCCGCCATCTCGC
A F T E A M E R

TCGACAAAATCCGGCGGCGTACGT
R R R V D

TTCCAGCCGTGGCGTCACGAAGGT
F O P W R H E G

ACCAAGAACCTGGTGCTGGGGACG
T K N L v L G T

GCGTTCGCGACGATGGGATGTCTG
A F A TMG C L

GAGATCGCGACCGGGTATGCCGGC
E I A T G Y A G

CGGTTGATGCGTGAGCTGTGGCTG
R L M R E L WL

TCGATCTATGACGTGCCCGAGGGT
S I Y b V P E G

GCCGGCCGTGCCGGTGACGGGTTC
A G R A G D G F

CCGGCGGTCAAGGAGGGTGCTGCG
P A V K E G A A

ATCTCCTATGACACCGATCCCGAG
I s Y D T D P E

GAGCAGAAGCATTCGATCGACGAT
E Q K H 8 I DD

GCCAAGCGCTGGATCGTCGCGTCG
A K R W I V A S

CTGAACCACCTGGTGTTCCACGCC
L N H L V F H A

GAACCGCGGTTGCGCAAGCTGGCC
E P R L R K L A

CAGTGCTCGCGCGCGCGTTCACGC

GCGTCGGGCAGCAGACCCGCACGC

TGCTGACAGAGCGCTGCACGGCAC
S V S R Q V A G

ACAGGTCGTAGGCGTATTCGAACG
L DY A Y E F P

TGCGATGCGCGACATCGAGCCACT
R H A V D L W Q

TGGCGGGTGTCAGACCGTAGCGCA
A P T L G Y R V

CGTTCATGCGTCCGGCGACGAAGC
N M R G A V F C

GGATCGTGAAAATGTCTGTGCCCA
I T F I DT G L

CGGTGCCCAGTACACGGCTGGTGC
T G L V R S T 8

CGGCATTGCGCTGCACCACGTCGG
A N R Q V V D A

CGGCCTGGCTCAACGGCAGCAGGG
A Q 8 L P L L A

GCTCGGTGCCCAGCCGCGAACCCG
E T G L R 8 G P

CTTCGGCCACCGGACCGCCCGACG
E AV P G G S T

J. BACTERIOL.

FIG. 2. Nucleotide sequence of fgd and some of its flanking regions, and deduced amino acid sequences of FGD and the possible regulatory protein ORFR. Un-
derlined, NH,-terminal amino acid sequence determined from purified FGD; —, direction of fgd transcription; <, direction of transcription of genes adjacent to fgd.

functions as an initiation codon, and when it does it is less
efficient than ATG (23). However, Mycobacterium species use
GTG as the initiation codon for many genes (9, 25, 35, 59). The
G+C content of fgd was 65%, which is in the range of the G+C

content of Mycobacterium chromosomes (62 to 70%). The
FGD molecular mass predicted from the deduced amino acid
sequence was 37,148 Da, slightly lower than the subunit mo-
lecular mass of ca. 40,000 Da determined for the purified
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M. smegmatis protein by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) (47). The theoretical
pI value for FGD was 5.20.

Comparative sequence analysis. The complete amino acid
sequence of FGD showed a very high homology (BLAST
score, 1,592; probability, 4.4¢~2'") with a hypothetical protein
(g1817673) from Mycobacterium tuberculosis (1). BestFit anal-
ysis of these two proteins showed 89% identity and 93% sim-
ilarity, providing strong evidence that this is FGD in M. tuber-
culosis, given that FGD activity is present in M. tuberculosis
(48). A BestFit analysis of the two fgd nucleotide sequences
showed 80% identity.

While writing this report, we became aware of related work.
A gene that was involved in the activation of an experimental
antituberculosis drug called NAP (nitroimidazole pyran; also
called PA-824) in Mycobacterium bovis BCG had been discov-
ered and sequenced (55, 56). If this gene is deleted or mutated,
M. bovis BCG becomes NAP resistant. The derived amino acid
sequence of the product of the gene that complemented NAP
resistance of M. bovis BCG was identical with that of FGD
from M. tuberculosis (56). Thus, FGD is involved in some way
in the activation of NAP.

No good sequence homology was observed when the com-
plete amino acid sequences of ZWFs from E. coli, Leuconostoc
mesenteroides, and human cells were individually compared
with that of FGD by using the BestFit program. The percent
identities of FGD with these ZWFs were 17 to 19%, much
lower than the average percent identities seen between ZWFs
themselves. For example, Rowland et al. showed that a multi-
ple alignment of 13 known ZWF sequences from various or-
ganisms has a mean conservation of 39% (50). A multiple
alignment of FGD from M. smegmatis with ZWF gene prod-
ucts from E. coli, L. mesenteroides, Saccharomyces cerevisiae,
and human cells showed very little sequence conservation, and
in particular key conserved regions found in all ZWFs were not
present in the few areas of FGD that do align with ZWF (data
not shown).

When the FGD sequence was compared by BLAST analysis
with protein sequences in the NCBI databank, regions of this
protein showed homology with the F,,,-dependent MER from
several methanogens (7, 43, 60) and Archaeoglobus fulgidus
(31). FGD also had regions that showed homology to at least
eight hypothetical proteins from M. tuberculosis and one from
A. fulgidus and to the product of the ImbY gene of unknown
function from Streptomyces lincolnensis. Aside from the M.
tuberculosis and M. bovis FGD homologs, an unknown hypo-
thetical protein from M. tuberculosis (1877257) showed the
highest similarity, with an identity of 37%. The percentage
identities of FGD with MERs were 23 to 28%. The other
group of M. tuberculosis hypothetical proteins had identities of
24 to 29%. These values were all higher than the percent
identities seen between FGD and several ZWFs (17 to 19%).
Similarities with other F,,,-utilizing enzymes were not seen in
the BLAST analysis, except for the short NH,-terminal frag-
ment of the F,,,-dependent alcohol dehydrogenase from
Methanogenium liminatans (6); unfortunately, the full se-
quence of this protein is not yet known.

Both ClustalW and Pima multiple alignments of FGD were
conducted with MER proteins, most of the homologous un-
known proteins identified by the BLAST search, and four
F,,o-using enzymes (methylene-tetrahydromethanopterin de-
hydrogenase, hydrogenase 3 subunit, formate dehydrogenase
B subunit, and photolyase). FGD and MER showed significant
homology in alignments using both programs, characterized by
four conserved segments (identified by ClustalW) that are
shown in Fig. 3. These segments were in the NH,-terminal
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two-thirds of the molecule. FGD-MER consensus sequence 2
identified MER and several of the mentioned unknown pro-
teins in a BLAST search of the NCBI database. Sequence 4
identified MER and one unknown protein, while sequence 3
identified only MER. Sequence 1 did not identify homologous
sequences, probably due to its short length. Consensus se-
quences 1 to 4 did not identify in a BLAST analysis any known
enzymes that do not use F,,, as a coenzyme. Areas with con-
served amino acids in the carboxy one-third were less similar
than the four identified in the NH,-terminal region and are not
underlined in Fig. 3; they may be of significance, but their
consensus sequences did not lead to the identification of any
proteins in BLAST searches. Aside from MER and the alcohol
dehydrogenase, no F,,-utilizing enzymes that had similarities
to FGD were detectable by ClustalW or Pima multiple align-
ments.

When FGD was compared by multiple alignment to seven
unknown proteins (six from M. tuberculosis and one from
A. fulgidus) that had been identified in a BLAST search, con-
sensus sequences similar to those of the FGD-MER align-
ments were found. Figure 4 presents an abbreviated alignment
with the most relevant and most homologous sections shown.
FGD-unknown consensus sequence 2 was the strongest in sim-
ilarity to an FGD-MER consensus sequence and led to the
identification of FGD, MER, and unknown proteins in a
BLAST search. The other consensus sequences in this com-
parison were not as strong in their similarity to the FGD-MER
comparison. We hypothesize that a conserved site important in
F,,,-dependent catalysis is defined by one or more of the four
FGD-MER consensus sequences in Fig. 3 and that other F -
dependent enzymes not similar to FGD (hydrogenase, formate
dehydrogenase, methylene-tetrahydromethanopterin dehydro-
genase, and photolyase) have a different type of F,,,-reactive
site. We also hypothesize that the unknown hypothetical pro-
teins in M. tuberculosis interact with F,,; the number of these
proteins (six) suggests that study of F,,, metabolism in myco-
bacteria may be very fruitful in the discovery of novel enzymes.
Proof of our hypotheses concerning conserved sites for inter-
action with F,,, will require considerable further biochemical
examination of MER, FGD, and the unknown proteins.

Identity of sequences adjacent to fgd. Analysis of the se-
quence downstream of fgd showed an open reading frame
(called orfR) encoding a hypothetical protein (ORFR) of 254
amino acids which should be transcribed in the direction op-
posite that of fgd (Fig. 1). The DNA and corresponding protein
sequences of ORFR are shown in Fig. 2. ORFR had good
homology with several hypothetical regulatory proteins of the
GntR family with helix-turn-helix motifs. The highest BLAST
score (157, probability of 5.6e ~'¥) was seen with a hypothetical
regulatory protein in E. coli (accession no. P31453); there were
18 other hypothetical regulatory proteins with BLAST scores
>100. Sequence comparison of ORFR to this protein with the
BestFit program revealed an identity of 25% and similarity of
39%. The consensus sequence of the GntR family matched
perfectly with the sequence of ORFR at positions 35 to 56
(EREMAETFAVSRSTLRSALLPL). The fact that BLAST
analysis did not reveal a highly similar protein in M. tubercu-
losis (for which the complete genome is available) suggests this
protein is not ubiquitous within the mycobacteria.

The sequence upstream of fgd showed an ORF encoding a
protein of 248 amino acids which should be transcribed in the
direction opposite of fgd. This protein showed high homology
(BLAST score of 434, probability of 1.8e'°!) to an unknown
protein from M. tuberculosis (g1817672). The gene for this hy-
pothetical protein, g1817672, was also located directly up-
stream of fgd (g1817673) in M. tuberculosis. The second-high-
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mermc j 47 MALEAIAHNTNKIKLGPGVTNPYV S . NI T)NSINI)SNL DEL SGleBlA vV
mermtm 44 ETLALIAEGTETIKLGPGVTNPYV S . pPNI TINSINI QWL DEL SN[eBlA T
meraf-1 44 SML ILALKTRTIKLGPGVTNPYBIS.PALTASAIQTINEISGGRAV
mermpk 47 LM LAAVINSKIKINIPGITNEIYTIIH. BHILI T)INSNISdLDWI scleBlaT T
fgdmtb 56 SWMWAVGERMNRLEL LT S WL T T F iy N EFN INQINFIESNM GCL YPNBIVF
fgdmsmeg 56 AWMMWAVGERPKNL Ve T S WL T T F )Y N 28N INQINFESYM GCL YP[PII F
consensus 56 i
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mermc j 101 ATFDALMEIEW..............VKRPVTTLREISIEVIRRMALABERFEsYEARV VK
mermtm 98 ATFDAL[EJIEW. .. ¢ 2c22.....VREKPVSTIEIDATIAMM THLACMEKT ... ... .E
meraf-1 98 VTFERI[E(JITW. .. .2 222220 ...EKPLEKRMIESAAVEIT QITE[EJKANMAKYDI[EI FK
mermpk 101 ATFDKMGLPFPCKIPIWNPEAEDEVGPATAIREVKEVIYQYLEGGPVEY!GKYVK
fgdmtb 111 LNEIAT[EYEG... .. ... .AWPEFKERFARL)SASVGLM QW S[EDR\WADFD[EIDY YR
fgdmsmeg 111 LNEIAT[gYAG..... ... .EWPEFKERFARLESISVRLMEIEMWLIEDRMDFDEIEY YR
consensus 111 G 31re i vir 1 G v yeg k
mermc j 142 IAQaALAVKPIQ.KA,Z MMMCINQO[BIKMLET)NeIM TAPBI]VLINASNPK. .DFIJAAIP
mermtm 132 SG@»LHGVKAVQ.EK;P‘Y?QAQGPMILKTAGEISDGALINASNPK..Dr AAVP
meraf -1 139 FNGAKLGFKPG...S%P?YéGAQGPKHLQLA§ELGDGVLINASHPK..DF VAKE
mermpk 156 ! JNO[BATMLKTINE IAN[JVLVNASNP. . . .. ... ..
fgdmtb 157 G ‘YHMAGGPAVAKYAGRBGDGFICTSGKGEELYTEKLMF
fgdmsmeg 157 TK(ASIYDVPEG..GIPfYIAAGGPVVAKYAGRAGDGFICTSGKGEELYAEKLIP
consensus 166 ga 1 4vPvagA GP m Ag adG 1 e
mermc j 194 LIKK[EENE AR GREMBERIVvAAYACMEVEIRNADKNRQAAVPVVARIAAGEPPVVLER
mermtm 184 LSKEGAEAAGL IADEIVAAYTCCHEIIPDIEBIA AAJNANAAKIVVARIIAAGEPPPVFER
meraf-1 189 NIDA[LAKINGESIRPIAFBITVAYASMEVBIKPIR DKINRNAARIVVAPRIVAGHEPPTVLER
mermpk 201 ..EE[\KEIGR LDEIDVAAYTCFSIDKDEﬁKAIEATKIVVAFIVMGSPDVVL!R
fgdmtb 210 AVRE[FNAAIND REJVPBIGBIKMIEIKIEYBIPPIP ELENLNNTR . .. .3WAPLE . LTAEQK
fgdmsmeg 210 AVKEGAAAADRDADAIDRMIEIKISYDTDP!LALENTR....FWAPLS.LTAEQR
consensus 221 i Ga A rs 4 iD Ss D d 4 a k F s r
mermc j 249 GZDMEKVEAIRNELK....SGNFPEAFKNVDDTHLEA?S:YGTP;DVV& CKKL
mermtm 239 GEPAQTGKKFGELLG....KGDFGGAIGAVDDALMEA#SVVGTPDSFxPwIEAL
meraf-1 24 4 GLSEﬁAVNAVREALNNAFTKGDWGGVAKSVTDE&IDIFSISGTPD)VL
mermpk 254 GIDTEKAEQIAEAIG....KGDFGTAIGLVDEDgIEA?SIAGDPDTVV, IEEL
fgdmtb 260 SID.DPIEMEKAIIDA........LPIE.....QIAKRWIVASD}IIEAVEISVGQY
fgdmsmeg 260 SID.DPIEMEKAADA........LPIE.....QVAKRWIYASDPDEAV& YGQY
consensus 276 H i e a m £ i Pdd veki

AGS. IFJPNKETAIKHIGKRVIEALKE. .

mermc j 300 AEMEVTQI [
mermtm 290 GEMEVTQYWAGSP I[HPPIKEKS IKMLG. EVIASF. . ..
meraf-1 299 SKA[VTQ? AGSPIGPDKKKSXQLIGK!IIPKLK...
mermpk 305 LEKA[EVTQ® VGSPIGPDKE*AIELVGQEVLPHFKE..
fgdmtb 301 VTW NHL FHA.PGHDQRRFQELFQSQBLPRLRRLG
fgdmsmeg 301 VEKW[ELNHL FHA. P[JHPJQ RRFLEMFKRDLEPJRLRKLA
consensus 331 Gv iv G d k i L ev p

FIG. 3. Multiple alignments of FGD with MER. Identical amino acids are highlighted in black, and similar amino acids are highlighted in grey. The solid bar below
the consensus sequence indicates areas of significant similarity, corresponding to FGD-MER consensus sequences 1 through 4 as labeled adjacent to each bar. For
presentation purposes, the eight NH,-terminal amino acids of Methanococcus jannaschii MER were not included in the alignment. ClustalW (58) was used to align the
sequences, and Boxshade (0.9 setting) was used to determine the degree of residue shading. Sequences, from top to bottom: Methanococcus jannaschii MER (GenBank
accession no. E64491), Methanobacterium thermoautotrophicum MER (S66529), A. fulgidus MER (2649522), Methanopyrus kandleri MER (1002714), M. tuberculosis
FGD (e301455), and M. smegmatis FGD (AF041061).

est sequence similarity (BLAST score of 134, probability of strains carrying pEP7000 and pEP1300 expressed very low FGD

3.3¢ 7 '%) was with a B-lactamase L1 precursor from Xanthomo- activities (0.001 pmol/min/mg of protein), and no detectable
nas maltophilia. Most other proteins showing weak sequence activity was observed with pEP1088. This low level of expres-
similarities were hypothetical. Thus, it is not clear what this sion of pEP7000 and pEP1300 was thought to be a result of
gene might code for in mycobacteria. inefficient transcription of fgd in E. coli. To explore this possi-

Expression of FGD in recombinant E. coli. Initially, E. coli bility, pEP7000 and pEP1300 were transformed into E. coli
XL1-Blue strains containing recombinant plasmids pEP7000, BL21(DE3), a lysogen that contains a T7 RNA polymerase
pEP1300, and pEP1088 were assayed for FGD activity. The gene in the chromosome. As shown in Table 1, fgd was ex-



VoL. 180, 1998 F,,,-DEPENDENT GLUCOSE-6-PHOSPHATE DEHYDROGENASE GENE 2217
fgdmtb 1 ELRI\WVAA AHGMESATVSDHFQ?WRHQGGHAP ...... e s e e o s e e .FSLSWMT
fgdmsmeg 1 ELINWVLAPRISAEIMP]S AT VSPRIFQPWRHEGGHAP. . .. ¢ ¢ ¢ cee coeeee . FSLAWMT
ukmtb1877 1 AHINQAAPRQA[JFRYVWASPREILOQPWQDNEGHSM. . ¢« ¢ ¢ ¢ 0 00 oo e+ «FPWLTLA
ukmtb1403 1 AFINQAVIJAA[IFPBIVLAFPPRALVPSV S. . ¢ ¢ cceoeoeeoeeeceeeeeessP FAGAT
ukmtb1781 1 AQINREAIJAA[]YPIS LF VMPRAFYQLPMLGTPDQPML. . .« ¢« e c e e+ ... .EAYTALG
ukmtb1694 1 SSMAAATVMEAPS YWVGEBEILNALVPRSIATSEYLGIAAKFVPKIDANYEPWTMLG
ukaf26506 1 KTINKRMIJEK[IYBA IWVAPRE{LMGWY PHDLWKETIFAMR. . .YPSCHMFYDAFCEIC
ukmtb1524 1 PLINKAAJJAA[JYSSMT IPPSIAYPFESDSKYPYTPDGNRE.FMDGKPFIETFVLTA
ukmtb1723 1 DAINWVAL RNGFEGGWTA&ASHDP...........................FLPLL
consensus 1 a 1e G d dh w m
fgdmtb 39 AVGERW. NRALL[ETSWULTPTFIYNIJAVIINQAFATMGCLYPNNRIVFIAAVITHEALNE
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ukmtb1877 39 LVGNSid. SSILFEITGWYTCPIYRIYHIFATVINQAFASLAILNP[BAVF|AL[ET[EIERL NE
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ukmtb1694 56 NLAFGLP SRMRL[EVCWMTDAGR|I. NIFJAVTENQAAATLHLL TR{EBIAINGI [GVIGERE GN
ukaf26506 53 YAAPAW. ERIKF[TS\UYTEVFRIY.HIFAVLLQQAVTANHATK[BAFT AL [GA[]EAENTI
ukmtb1524 55 ALGAVid. TRARFNFF)LRKLPI|Y.PEALVINKQAGSLAALIGNRIVGIAYVIITS PWP ED
ukmtb1723 29 LALEHT.SRLELETNILVAFAR.NPMIV NVGWDLQTY SK[BILIReL[ETQIRPHI
consensus 56 t rl g v R P via tm 1 gR LGVG g

°2
IATGYEGAWPEFKERFARILR
IATGYAGEWPEFKERFARILR
QAA. .TDTFGNYRERHDJJLI
YDAA.GITFDSGATRVARILI
HRQL .GFEFGTFSDRFNJJLE
EPYG.....VEWTKPVARIFE
VPYG.....IDFSKPVARILE
YELMG....VPFAKRGKEIID

fgdmtb
fgdmsmeg
ukmtb1877
ukmtb1403
ukmtb1781
ukmtb1694
ukaf26506
ukmtb1524

sveLMRlQLWS . .
SVRLMMELWL. .
AIVLIJOLWS. .
SAHLIBJALLD. .
ALQILEPMVK. .
ALATIEFALWNS.

B

.[HERISIIT[HYFRT. . DELKL

.EDRVDEIDEID YfJRL . . KGASTI
.[DRVDREID[EE YPYRT . . KGASTI
.AEPVD}ID[EIQ H}{R VHAEAGSL

ERPTIJPF[DWNT T . . ESAMA
ELISRESPYFPLHNALFDL

ukmtb1723
consensus

HOOOKHKWV®WVLWVLL
RNOOAOOUUIWWW

(=Y

EKRFS....MPWGHPAREKIMR
£ Rl E v 1lmr 1

N
AVEVMELMLNSDY
c:EIvEGLTT...

Q

EPINYEFKFF{RL..EDAVF
FVAAL

DY FERIHEIEF}{DI .. PKTKM
D[ETK LCIJE[]JE FM{THKIMTPMF
gd v £ g vy

AIWLAW

fgdmtb 142 v
fgdmsmeg 142 YDVIE.GGINJ.VY
ukmtb1877 140 YDTPA.MPPP.IFVA'SG
ukmtb1403 135 {P B
ukmtb1781 143 EPRYR.DRI
ukmtb1694 158

ukaf26506 153 DIK|FAI.SEI
ukmtb1524 153 TPAET.QPI
ukmtb1723 133 TPE}EIQPYPV
consensus 166 P vp v iaa g
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4

FIG. 4. Multiple alignments of FGD and unknown hypothetical proteins initially identified by BLAST search with FGD. Identical amino acids are highlighted in
black, and similar amino acids are highlighted in grey. The solid bar below the consensus sequence indicates areas of significant similarity which correspond to
FGD-MER consensus sequences 1 through 4 shown in Fig. 3. For presentation purposes, short sections of NH,- or carboxy-terminal amino acid sequences of proteins
are not included in the alignments. ClustalW (58) was used to align the sequences, and Boxshade (0.8 setting) was used to determine the degree of residue shading.
Sequences, from top to bottom: M. tuberculosis FGD (e301455), M. smegmatis FGD (AF041061), M. tuberculosis unknown proteins (1877257, 1403414, 1781192,

1694883, 1524222, and 1723065), and A. fulgidus unknown protein (2650688).

pressed at a ca. 15- to 523-fold-higher level in E. coli
BL21(DES3) than in E. coli XL1-Blue, consistent with improved
transcription in E. coli BL21(DE3).

Expression was higher with pEP1300 than with pEP7000.
Induction with IPTG increased expression only slightly. The
specific activity of FGD in E. coli BL21(DE3) carrying pEP1300
in the absence of IPTG increased as the culture aged and was
highest at the stationary phase. We do not understand why
IPTG did not result in a higher level expression, but this may
have been due to inefficient translation of fgd in E. coli
BL21(DES3). In these constructs, translation was expected to
initiate from the mycobacterial sequence; however, the se-
quence upstream of fgd did not show strong homology with
typical Shine-Dalgarno consensus sequences. It has been re-
ported before that there is always a basal level of T7 RNA
polymerase in E. coli BL21(DE3) without IPTG induction
(57). This basal level of T7 RNA polymerase might be enough
to express fgd at the levels which were observed in noninduced
cells. Thus, the translation rate was possibly limiting for FGD
expression in E. coli BL21(DE3). This argument might also

explain why the increase in fgd message by IPTG induction did
not result in increased FGD levels. It is also possible that FGD
expression is tightly regulated in E. coli.

In pEP1088, a construct used for initial sequencing, fgd was
truncated at its 3’ end (deletion of 82 bp, corresponding to
deletion of 28 amino acids at the FGD carboxy terminus).
FGD was expressed from this construct in BL21(DE3), al-
though the level was only 3% of that from pEP1300. This result
indicates that this carboxy-terminal portion of FGD is not
essential for catalysis.

Despite high FGD activities in BL21(DE3) cells, when ex-
tracts of recombinant E. coli BL21(DE3) were examined by
SDS-PAGE, no intense band for FGD at ~40,000 Da was
seen, indicating that FGD was not overexpressed. The forma-
tion of inclusion bodies by overexpression of FGD was not
thought to be responsible for the lack of overexpression, since
(i) E. coli BL21(DE3) carrying pEP1300 grown at 25°C (with
and without IPTG) had FGD activities that were twofold lower
than those in the corresponding 37°C cultures, (ii) microscopic
(phase-contrast) examination did not show any sign of inclu-
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TABLE 1. Specific activities of FGD expressed from
recombinant plasmids in E. coli BL21(DE3)

Mean FGD sp act (wmol of F,, reduced/min/mg

E. coli of protein) = SD
BL21(DE3) 2 he 15w
carrying:
No IPTG With IPTG No IPTG With IPTG
pEP7000 0.014 = 0.002 0.018 = 0.002 0.030 = 0.003 0.011 = 0.001
pEP5000 0.011 = 0.002 0.010 = 0.001 0.017 = 0.002 0.005 = 0.001
pEP3000 0.173 = 0.018 0.254 = 0.012 0.410 = 0.014 0.187 = 0.015
pEP1300 0.238 = 0.014 0.277 = 0.024 0.523 = 0.033 0.224 = 0.022
pEP1088 0 0 0.015 = 0.001 0
pEP1300::Kan" 0 0 0 0

“ Cells were harvested 2 h after addition of IPTG.
? Cells were harvested 15 h after addition of IPTG.

sion bodies in cells which were grown in the presence of IPTG,
and (iii) SDS-PAGE of SDS-lysed whole cells (which would
include proteins in inclusion bodies) did not reveal bands in-
dicative of overexpression.

To clarify the differences in the levels of FGD expression
from pEP7000 and pEP1300, we created two more plasmids
(pEP3000 and pEP5000 [Fig. 1]). As shown in Table 1, the
expression of fgd from pEP3000 was approximately the same as
with pEP1300. Similarly, pEP5000 and pEP7000 gave compa-
rable results: ca. 15- to 25-fold lower activities than pEP3000
and pEP1300. Since the level of expression from pEP5000 was
comparable to that from pEP7000, and that from pEP3000 was
comparable to the level of expression from pEP1300, it is
possible that the sequences downstream of fgd, or the corre-
sponding gene products, were responsible for the reduced ex-
pression of FGD in E. coli. This regulation might be due to a
putative repressor protein encoded by orfR that is immediately
downstream of fgd; ORFR has high sequence homology with
regulatory proteins, as discussed above. We have no data on
the ability of this gene to affect transcription in M. smegmatis.
It is possible that in E. coli, ORFR binds to a putative myco-
bacterial promoter region upstream of fgd or to the T7 pro-
moter region further upstream. Further experimental evidence
is needed to determine the true reason for the large differences
in expression seen with the different constructs.

The cloned FGD was partially purified from E. coli by using
ammonium sulfate precipitation (the active fraction was recov-
ered in the supernatant after treatment with ammonium sul-
fate at 60% of saturation and then precipitated by ammonium
sulfate at 90% saturation) followed by desalting with a Cen-
triplus-10 filter and finally F,,,-affinity column chromatogra-
phy (47). The protein at this stage of purity had the same
denatured molecular mass, and temperature and pH optima
for FGD activities, as the native enzyme from M. smegmatis.
Thus, the enzyme can be expressed in a fully functional form in
E. coli and does not need Mycobacterium-specific cofactors or
other mycobacterial proteins for activity.

Insertional mutagenesis of cloned fgd in E. coli was con-
ducted by using the Kan® gene (aph, for aminoglycoside phos-
photransferase). The 1.3-kb BamHI fragment of the Kan" cas-
sette was inserted into the Bg/II site of fgd in pEP1300,
resulting in pEP1300::Kan". No FGD activity was detected in
E. coli BL21(DE3) carrying pEP1300::Kan".
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