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TDP~(Thymidine diphosphate)-glucose 4,6-dehydratase
(EC 4.2.1.46), which converts TDP-glucose to TDP-4-
keto-6-deoxyglucose, is a common essential enzyme in
the biosynthesis of all types of 6-deoxyhexose. Genes that
encode TDP-glucose 4,6-dehydratase are found within
gene clusters that contain biosynthetic genes for natural
products containing 6-deoxyhexose moieties. The genes
that are required for the biosynthesis of secondary
metabolites, lipopolysaccharide, and O-antigen are also
usually clustered in the genome in competent organisms
[Kim et al., 2000]. In our previous work, we therefore
designed oligonucleotide primers to amplify DNA
fragments of the genes for actinomycetes TDP-glucose
synthase, which could then be used to efficiently amplify
and isolate the genes for sugar moiety biosynthesis in
actinomycetes [Hyun et al., 2000]. This method was
applied to the cloning of genes for TDP-glucose 4,6-
dehydratase in S. rimosus. The expression of the cloned
genes and the biochemical analysis of the expressed
proteins are important steps in confirming the biological
function of the cloned genes. Therefore, this report
describes the overexpression of the TDP-glucose 4,6-
dehydratase gene and the biochemical characteristics of
the expressed protein in an E. coli system.
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To isolate the TDP-glucose 4,6-dehydratase gene,
which generally exists near the TDP-glucose synthase
gene in the 6-deoxysugar biosynthetic gene cluster, 0.3-
kb PCR fragments of the S rimosus TDP-glucose
synthase gene were DIG-AP labeled and used to identify
cross-hybridizing bands in a Southemn blotting experiment
with S rimosus ATCC14827 genomic DNA that had
been digested with several restriction enzymes. We found
that the 7.0-kb BamHI fragment hybridized with these
homologous probes under high-stringency conditions.
Based on these data, S. rimosus chromosomal DNA was
digested with BamHL. Fragments, 5-8 kb in length, were
isolated and ligated into pUC18 that was previously
digested with the same restriction enzyme. The resulting
ligation products were used to transform E. coli, and
colonies containing DNA that hybridized to the 0.3-kb
TDP-glucose synthase probes (S. rimosus parD gene)
were identified by colony hybridization. Screening of
plasmid DNA isolated from a sub-library of 5.0-8.0 kb
BamHI fragments of S. rimosus genomic DNA yielded
one positive clone that contained a 6.5-kb DNA fragment.
By primer walking, we sequenced and further analyzed a
1.8 kb locus. CODON PREFERENCE analysis showed
that there is one partial open reading frame (ORF) and
one complete ORF in this region, which has the characteristic
codon usage pattern for Streptomyces DNA [Bibb et al.,
1984]. The parE gene, the complete ORF, is transcribed
in the same direction as the incomplete ORF, parD. The
954-nucleotide (nt) parE ORF starts with ATG at position
802 and terminates with TGA at position 1755. This ORF
is predicted to encode 317-amino-acid protein with a
calculated molecular mass of 34.7 kDa. The 14-nt region
at the 5'-end of the first codon of the parE gene has a high
degree of complementarity to the 3'-end of S. coelicolor
16S rRNA (5'-GAUCACCUCCUUUCU-3') and could
serve as the ribosomal binding site [Bibb and Cohen,
1982]. The PrmE protein strongly resembles TDP-D-
glucose 4,6-dehydratases from various antibiotic pathways:
SgcA (65% identity, 78% similarity) from the C-1027
pathway [Liu and Shen, 2000; Liu et al., 2002]; orf24
(68% identity, 77% similarity) from the ECO-02301
pathway [McAlpine et al., 2005]; and GilE (66% identity,
77% similarity) from the gilvovarcins pathway [Fischer
et al., 2003]. Near the amino terminus, the PrmE protein
has an amino acid sequence (7GGAGFIG13) that corresponds
to the GXGXXG motif, which has been described as a
444 fold with an NAD-binding motif. This nucleotide is a
required cofactor for dTDP-D-glucose 4,6-dehydratase
activity in S. erythraea and for other dehydratases in
anthracycline-producing actinomycetes [Linton ef al.,
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Fig. 1. SDS-PAGE of purified wild-type PrmE enzymes.
Lane 1, non-induced cell-free extracts; Lane 2, IPTG-
induced cell-free extracts of clone pHCG1213; Lane 3, 4;
purified wild-type PrmE.

1995; Lombo et al., 1997]. Also, the high affinity of
NAD for the enzyme is thought to be due to its interaction
with the e-amino group of Lys-152, as in the dehydratases
and epimerase [Gerratana et al., 2001]; this lysine residue
is also conserved in PrmE. The nucleotide sequence
reported here was deposited in the GenBank database
under accession number AF144042.

To express ParE protein, PCR was performed with
plasmid template pSH1201 (parDE locus in pUC18) and
primers designed to introduce the Ndel (PrmE-Ndel; 5'-
ccttcceccatatgaagace-3') and EcoRI (PrmE-EcoRI: 5'-
atcacacgcecgaattegtgt-3') restriction sites flanking ParE.
The final reaction volume was 50 mL and contained 100
pmol of each primer, 50 ng of pSH1201 plasmid DNA,
0.25 mM dNTP, 4 pmol of each oligonucleotide, 2 units
of Taq polymerase, and 1 x buffer (Takara, Kyoto, Japan).
Amplification was performed in a thermal cycler (Model
480, Perkin-Elmer, Foster City, CA) by denaturing the
samples at 94°C for 3 min, subjecting them to 30 cycles
of denaturing (98°C, 20 sec) and annealing (68°C, 1 min),
and then a final elongation at 72°C for 10 min. [Hyun and
Suh, 1999]. An expected 0.96-kb PCR product with Ndel
and EcoRI sites was recovered by 1% agarose gel
electrophoresis and ligated into pT7Blue (Novagen,
Madison, WI) to produce pSH1211. This supercoiled
recombinant vector was digested with Ndel and EcoRI
and ligated into the restriction-digested pET28a expression
vector to yield pSH1213.

E. coli BL21 (DE3) cells harboring pSH1213 or
pET28a (control) plasmids were grown at 37°C in LB
medium to an Ay, of 0.6. Expression was induced by
adding IPTG (isopropyl-thio-f3-D-galatoside) to a final
concentration of 1 mM; growth was then allowed to
continue for 4 h. As determined by SDS-PAGE, a 34-kDa
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Fig. 2. Effects of pH on enzyme activity. A standard
enzyme activity assay was performed in a reaction mixture
of 100 mM Tris/Cl (pH 7.6), dTDP-D-glucose (1 mM),
NAD (1 mM), and enzyme solution. The mixture was
incubated for 30 min at 37°C. At the end of this incuba-
tion, the reaction was terminated by adding 0.1 N NaOH
and incubated for 20 min at 37°C. The extinction differ-
ences between reaction and control reaction mixtures were
measured at 340 nm.
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protein was produced by induction of T7-polymerase in
the strain carrying pSH1213. However, this protein was
not induced in the strains carrying the vector only (Fig.
1). PrmE protein was purified as the His-tagged fusion
protein.

The following enzymatic characteristics of dTDP-
glucose 4,6-dehydratase from S. rimosus were examined:
(1) substrate specificity, (2) kinetic parameters, (3)
optimum pH, and (4) optimum temperature. A standard
enzyme activity assay was performed in a reaction
mixture of 100 mM Tris/Cl (pH 7.6), dTDP-D-glucose
(1 mM), NAD (1 mM), and enzyme solution. The mixture
was incubated for 30 min at 37°C. At the end of this
incubation, the reaction was terminated by adding 0.1 N
NaOH and incubated for 20 min at 37°C. The extinction
differences between reaction and control reaction mixtures
were measured at' 340 nm. Product formation was
determined using an ¢ of 6,500 M L™ for dTDP-4-keto-
6-deoxyglucose. One unit of enzyme activity corresponds
to the formation of 1 pmol of product per hour under
standard assay conditions, and the specific activities are
reported as units per milligram of protein. The dTDP-
glucose 4,6-dehydratase activity of the purified protein
was examined with ADP-glucose, CDP-glucose, GDP-
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Fig. 3. Effects of temperature on enzyme activity.
dTDP-glucose 4,6-dehydratase activity was assayed at vari-
ous temperatures. Although the enzyme showed activity
over an unusually broad range of temperatures, its appar-
ent temperature optimum was 60°C.

glucose, and TDP-glucose (Sigma Co.). Among these
possible substrates, only TDP-glucose served as a substrate.
The K, and V,, values were determined for dTDP-
glucose from the Lineweaver-Burk double-reciprocal
plots of the enzyme reactions over a range of dTDP-
glucose concentrations. The K, and V,, values for
dTDP-glucose were determined as 11.24 mM and 0.67
mM/min.

Figure 2 shows the dTDP-glucose 4,6-dehydratase
activity at various pH values. The optimum pH was about
7.5 in Tris-Cl buffer; almost all actinomycetes dTDP-
glucose 4,6-dehydratases have been reported to have
similar pH optima. dTDP-glucose 4,6-dehydratase activity
was also assayed at various temperatures. Although the
enzyme showed activity over an unusually broad range of
temperatures, its apparent temperature optimum was
60°C (Fig. 3).

Acknowledgments. This research was supported by the
Regional Technology Innovation Program (RTI04-02-07),
which was conducted by the Ministry of Commerce
Industry and Energy of the Korean Government.

References

Bibb MJ and Cohen SN (1982) Gene expression in Strepto-
myces: construction and application of promoter-probe
plasmid vectors in Streptomyces lividans. Mol Gen Genet

187, 265-277.

Bibb MJ, Findlay PR, and Johnson MW (1984) The rela-
tionship between base composition and codon usage in
bacterial genes and its use for the simple and reliable
identification of protein-coding sequences. Gene 30, 157-
166.

Fischer C, Lipata F, and Rohr J (2003) The complete gene
cluster of the antitumor agent gilvocarcin V and its
implication for the biosynthesis of the gilvocarcins. J Am
Chem Soc 125, 7818-7819.

Gerratana B, Cleland WW, and Frey PA (2001) Mechanis-
tic roles of Thr134, Tyrl60, and Lys164 in the reaction
catalyzed by dTDP-glucose 4,6-dehydratase. Biochemis-
try 40, 9187-9195.

Hyun CG, Kim S8, Sohng JK, Hahn JJ, Kim JW, and Suh
TW (2000) An efficient approach for cloning the dNDP-
glucose synthase gene from actinomycetes and its appli-
cation in Streptomyces spectabilis, a spectinomycin pro-
ducer. FEMS Microbiol Lets 183, 183-189.

Hyun CG and Suh JW (1999) Development of PCR-based
screening methods for macrolide type polyketide in acti-
nomycetes. Agric Chem Biotechnol 42, 119-124.

Kim SS, Bang JH, Hyun CG, and Suh JW (2000) A New
deoxyhexose biosynthetic gene cluster in Strepfomyces
griseus ATCC10137: heterologous expression of dTDP-
D-glucose 4,6-dehydratase gene. Agric Chem Biotechnol
43, 136-140.

Linton KJ, Jarvis BW, and Hutchinson CR (1995) Cloning
of the genes encoding thymidine diphosphoglucose 4,6-
dehydratase and thymidine diphospho-4-keto-6-deoxyglu-
cose 3,5-epimerase from the erythromycin-producing
Saccharopolyspora erythraea. Gene 153, 33-40.

Liu W and Shen B (2000) Genes for production of the ene-
diyne antitumor antibiotic C-1027 in Streptomyces glo-
bisporus are clustered with the cagd gene that encodes
the C-1027 apoprotein. Antimicrob Agents Chemother
44, 382-392.

Liu W, Christenson SD, Standage S, and Shen B (2002)
Biosynthesis of the enediyne antitumor antibiotic C-
1027. Science 297, 1170-1173.

Lombo F, Siems K, Brana AF, Mendez C, Bindseil K, and
Salas JA (1997) Cloning and insertional inactivation of
Streptomyces argillaceus genes involved in the earliest
steps of biosynthesis of the sugar moieties of the antitu-
mor polyketide mithramycin. J Bacteriol 179, 3354-
3357.

McAlpine JB, Bachmann BO, Pirace M, Tremblay S,
Alarco AM, Zazopoulos E, and Farmet CM (2005)
Microbial genomics as a guide to drug discovery and
structural elucidation: ECO-02301, a novel antifungal
agent, as an example. J Nat Prod 68, 493-496.



