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Abstract

2-Phospho-4-(cytidine’sdiphospho)-2c-methyl-D-erythritol was transformed to @-methyl-p-erythritol 2,4-
cyclodiphosphate by a nov&scherichia colienzyme involved in the nonmevalonate pathway. © 2000 Elsevier
Science Ltd. All rights reserved.
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Isopentenyl diphosphatk a building block of isoprenoids, is biosynthesized through the nhonmeva-
lonate pathway in many eubacteria, green algae and the chloroplasts of higher plants ¥Figel).
initial step of this pathway is the formation of 1-deoryxylulose 5-phosphate (DXR)by condensation
of pyruvate andb-glyceraldehyde 3-phosphate catalyzed by DXP syntfdsia the second stef is
converted to 22-methyl-D-erythritol 4-phosphate (MER3 by DXP reductoisomerase as demonstrated
in our study>® Compound3 is then cytidylylated by MEP cytidylyltransferase to give 4-(cytidifle 5
diphospho)-2c-methylD-erythritol (CDP-ME)4,”8 which is phosphorylated by CDP-ME kinase to
afford 2-phospho-4-(cytidiné&iphospho)-2c-methylb-erythritol (CDP-ME2PB.210We have recen-
tly succeeded in the cloning of MEP cytidylyltransferase and CDP-ME kinase gene&fdmerichia
coli and demonstrated unequivocally that these enzymes are essential for the formatiom thie
nonmevalonate pathw&y-° The following reactions leading tbfrom 5, however, remain unknown.
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Fig. 1. The nonmevalonate pathway for IPP biosynthesis

In previous papefst® we reported the cloning of several coli genes that complemented the defects
of blocked mutants in synthesizinty from 3.¥ This paper shows conversion &finto 2-C-methyl-
D-erythritol 2,4-cyclodiphosphate (MECDR) by an enzyme encoded by one of these gepgbB
(DDBJ/EMBL/GenBank accession number AB038256), which is located at 61.8 min on the chromosome
map ofE. coli.

Incubation of theygbB gene product (2 m§)with 5 (50 mg) at 37°C for 2 h in 50 ml of 10 mM
Tris—HCI (pH 8.0) containing 1 mM MgGlresulted in the decrease 6fand appearance of a new
peak identified as cytidine’5nonophosphate (CMP) in HPLC with an Asahipak GS-320 HQ column
(7.8 300 mm, Showa Denko, Tokyo, Japdr)his decrease db was proportional to the increase of
CMP formation and occurred only in the presence ofytpeBgene product.

The reaction product was purified with the assistance and guidantd¢ NMR spectroscopy. The
reaction mixture was diluted to 100 ml with.B, subjected to Dowex 1-X8 (Cltype, 2 6 cm)
chromatography and eluted with 1% NaCl aqg. (100 ml). All fractions showing a methyl proton singlet
at 1.43 ppm were combined, concentrated and chromatographed on a Sephadex G-10 colub@® (1.8
cm) and eluted with water only. Fractions showing this proton singlet were combined and freeze-dried to
afford a pure reaction product (1.4 mg).

* These mutants were derived from &n coli transformant with the mevalonate kinase, phosphomevalonate kinase and
pyrophosphomevalonate decarboxylase activities. Thus, this transformant can utilize the partial mevalonate pathway for IPP
biosynthesis only by supplementation of mevalonate. Therefore, these mutants, which can grow only in the presence of
mevalonate, are concluded to be deficient in the nonmevalonate pathway (see Ref. 8).

§ Protein expression and purification of thgbBgene product: ThggbBgene was cloned into the expression vector pQE30
(Qiagen) to give pPQECMERESscherichia coliM15 containing pREP4req lacl] (Qiagen) was used as a host for expression

of the ygbB gene.Escherichia coliM15 (pREP4, pQECMEP) was cultured at 37°C in 100 ml of a Luria—Bertani medium
containing 50 g/ml kanamycin and 200 g/ml ampicillin for 5 h with 0.1 mM isopropyl--D-thiogalactopyranoside upon
reaching an optical density at 660 nm of 0.8. Cells were harvested by centrifugation and resuspended in 100 mM Tris—HCI
(pH 8.0). After brief sonication, the lysate was centrifuged at 10 @Dfbr 20 min and the supernatant was collected. A 50%
slurry of Ni-nitrilotriacetic acid (NTA) agarose resin (Qiagen) was added into the supernatant and stirred on ice for 60 min.
The resin was washed with 50 mM imidazole in 200 mM Tris—HCI (pH 8.0) and then the protein which bound to the Ni-NTA
agarose resin was eluted with 200 mM imidazole in 100 mM Tris—HCI (pH 8.0). The eluate was used as the ygbiied

gene product in the subsequent experiments. The purified enzyme afforded a homogeneous protein band on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis with a subunit size of 22 kDa.

T Decrease 0 was monitored at 280 nm with an Asahipak GS-320 HQ column, eluted with 10 mMPRIHpH 2.5) at the

flow rate of 1.0 ml/min at 30°C. In this HPLC condition, CMP ghd/are eluted at 9.6 and 11.6 min, respectively.
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The structure of the purified product was deduced by spectroscopic methods. The molecular formula
was determined to besEl1009P2Nay by HR-FABMS [m/z344.9481 (M+Na), -1.2 mmu]. The'H,
13C and3P NMR spectra of the purified product unequivocally established its structur€aaéthyl-
D-erythritol 2,4-cyclodiphosphat@[*H NMR (500 MHz):  4.21 (m, H-4a), 4.13 (m, H-4b), 4.13 (m,
H-3), 3.77 (d,J=12.5 Hz, H-1a), 3.62 (d]=12.5 Hz, H-1b), 1.43 (s, 2-Me}3C NMR (125 MHz):
84.3 (d,J=8.5 Hz, C-2), 68.9 (dJ=<3.0 Hz, C-3), 67.4J=4.5 Hz, C-1), 66.2 (dJ=6.5, C-4), 16.8
(J=5.5 Hz, 2-Me);*’P NMR (202 MHz):  10.9 (d,J=23.2 Hz), 14.9 (d,J=23.2 Hz)]X Thus, the 2-
C-methylerythritol skeleton i was proved to be present asSiy *H and'3C NMR spectral analysis.
The large3C-31P splittings observed with C-2 and C-4 signals indicated that these positions were
phosphorylated. The characteristic high fiél# signals at 10.9 and 14.9 ppm showing &'P-31p
coupling with each other proved the presence of a diphosphate diester funcioh is interesting to
note that6 had been isolated from the fermentation broth of a Gram-negative ana&weddfovibrio
desulfuricang'! The NMR spectral data & are in complete agreement with the reported values.

These results clearly demonstrate that the elimination of the CMP moiety from the CDP-ME2P
molecule is concomitant with the formation of the cyclic diphospledteig. 2). We propose to designate
this enzyme 2=-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MECDP synthase).
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Fig. 2. MECDP synthase reaction

Although an accumulation @fwas also found in some bacteria includi@grynebacterium ammonia-
genesunder oxidative stress conditions caused by treatment of benzy! violdgenreports have been
available to date on the role 6fin the nonmevalonate pathway. We have clearly showed in this study
that6 is an intermediate in the nonmevalonate pathway for IPP biosynthesis.

TheygbBgene product showed significant homologies to hypothetical proteins with unknown func-
tions present iquifex aeolicusThermotoga maritimagSynechocysti8acillus subtilis Mycobacterium
tuberculosisHaemophilus influenzaklelicobacter pylorj Treponema pallidupChlamydia trachomatis
andChlamydia pneumoniaghich are known to utilize the nonmevalonate pathway for IPP biosynthesis.
Similar distribution patterns in eubacteria are observed with DXP synthase, DXP reductoisomerase, MEP
cytidylyltransferase and CDP-ME kinase, which are involved in the nonmevalonate pathway. These data
corroborate that thggbBgene is essential for this pathway.
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