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5-Phosphate Reductoisomerase in the Nonmevalonate Pathway for

Terpenoid Biosynthesis
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Abstract.

Fosmidomycin inhibited i-deoxy-D-xyluiose 5-phosphate reductoisomerase in an alternative nonmevalonate
== W erpeno s ¢l TN ~FQ N WA A 1000 T 1 ATE

p d.y lUl ter pelr lU UlUSyllulelb Wil Iy 50 Ol 6.2 1. © 1998 Elsevier Science Lid. All rlgnm reserved.

l(ﬂvwnrrlc Inhibitor, Fosmi (_‘!Qmw_m

2-C-methylerythrose 4-phosphate, 1-Deoxy-D-xylulose 5-phosphate reducioisomerase
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Since the initial discovery of the mevalonate pathway, it was widely accepted that
isopentenyl diphosphate (IPP), a fundamental unit in terpenoid biosynthesis, was only formed
through the ubiquitous mevalonate pathway. However, it has been disclosed recently that
organisms 1 i 1 chi {

including several bacteria, green algae and chloroplasts of higher plants use an
alternative mcvalonate-independent pathway (nonmevalonate pathway) for the formation of
IPP." "

Recent studies revealed that the initial step of this pathway is the formation of 1-deoxy-D-
xylulose 4-phosphate 1 (DXP) by condensation of pyruvate and glyceraldehyde 3-phosphate
(Fig. 1A).” In the second sten the intramolecular rearrangement of 1 was assumed to give a
hypothetical rearrangement intermediate 2-C-methylerythrose 4-phosphate 2 which was then
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converted to 2-C-methyl-D-eryt hrlto 4-phosphate 3 by an unspec1f1ed reduction process,
L

as the reaction intermediate were totally unsuccessful.
The following reactions leading from 3 to IPP, however, have not been described to date.
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In addition, distribution of the nonmevalonate pathway among living organisms has rcmained as
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Figure 1. (A) Alternative nonmevalonate pathway for TPP biosynthesis and structures of fosmidomycin, FR-
900098 and FR-33289. (B) Ketol acid reductoisomerase reaction.

Since specific inhibitors of the nonmevalonate pathway were expected to be useful tools to
address these unsolved issucs, we attempted by database search to find antibiotics active against
E. coli'”® and Bacillus subtilis” with the nonmevalonate pathway, but inactive against
Staphylococcus aureus'® possessing the mevalonate pathway with an expectation that such
inhibitors might have already been reported as antibacterial substances. As a result,

fosmidomycin (FR-31564) showing the expected antibacterial spectrum came up as a candidate
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Fosmidomycin (3-(N-formyl-N-hydroxyamino)propylphosphonic acid) has a potent
antibacterial activity against most Gram-negative and some Gram-positive bacteria.'”"” Due to
the inhibition of both menaquinone and carotenoid biosynthesis in Micrococcus luteus by the
antibiotic, it had been proposed that the lethal effect of the antibiotic lied in the biosynthetic
pathway for terpenoids.” From these pioneering studies on fosmidomycin, we assumed that the
antibiotic may inhibit DXP reductoisomerase in the nonmevalonate pathwav
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n order to evaluate the activity of fosmidomycin, he purified recombinan C
DXP reductoisomerase which was prepared as described previously."'* The DXP

reductoisomerase assay system consisted of 100 mM Tris-HCI (pH 7.5),

MY A TN Y [ vt Anlaa 1 1 13,14 -

NADPH and 0.3 mM enzymatically synthesized 1" in a final volume 1
was initiated by adding the enzyme solution to the complete assay mixture. The oxidation of
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NADPH was monitored at 340 nm with a

1004 Benchmark Microplate Reader (BIORAD)
adjusted at 37 °C.

L e As expected, fosmidomycin strongly inhibited

\ the DXP reductoisomerase activity in the dose

50 \ dependent manner with an IC,, value bcmg 8.2 1M
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Figure 2. Inhibition of the DXP reductoisomerase activity by fosmidomycin.
Data are expressed relative to the enzyme activity (9.2 U/mg protein)’” without fosmidomycin.

We next investigated the antibacterial activity of fosmidomycin against E. coli. The growth
was completely inhibited by 3.13 pg/ml fosmidomycin. However, the inhibitory effect of the
antibiotic on the growth of E. coli was suppressed by addition of 0.025 % 2-C-
methylerythritol,* the free alcohol of 3, into the growth medium. In addition, fosmidomycin

had no effect on the growth of an E. coli DXP reductoisomerase disruptant** in the presence of
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0.025 % 2-C-methylerythritol. No effect of fosmidomycin on the disruptant is interpreted by
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It should be emphasized that fosmidomycin and 2, a hypothetical rearrangement
intermediate of DXP reductoisomerase (Fig. 1A), have close structural similarities with each
other in that they possess the formyl and phosphonate (or phosphate) functions separated by five
chemical bonds. It is interesting to note that fosmidomycin was first prepared by synthesis
during chemical optimization of structurally related FR-33289 and FR-900098% with an N-
d that the antibiotic was later detected as a minor product of Streptomyces

The DXP reductoisomerase reaction proceeds presumably in a similar manner to the ketol

acid reducioisomerase reaction (Fig. 1B). Interestingly 2-oxo-3-hydroxyisovalerate, a
compound with a carbonyl function, which is estimated to be an analog of a hypothetical

biosynthetic intermediate 2, inhibited ketol acid reductoisomerase.” This fact may support that

fosmidomycin inhibits DXP reductoisomerase as an analog of 2. If so, fosmidomycin and its

structural analogs such as FR-33289 and FR-900098 may be useful tools for elucidating the

detailed reaction mechanism of DXP reductoisomerase.

As mentioned above, very little is known about the distribution of the nonmevalonate
a

pathway in bacteria. This was duc to the lack of reliable and convenient analytical methods to
detect the presence of the nonmevalonate pathway in microorganisms. Wzth fosmidomycin in



hand, it has become possibie to classify efficiently the microorganisms into two groups, one
using the mevalonate pathway and the other using the nonmevalonate. This classification now in
progress in our laboratory is very important from not only biological but also pharmaceutical
views, because DXP reductoisomerase could be a necw molecular target for
chemotherapeutically useful drugs.”’

Acknowledgments. We thank Fujisawa Pharmaceutical Co., Ltd. for a sample of fosmidomycin. This work was supported in part by
a Grant-in-Aid for Encouragement of Young Scientists from The Ministry of Education, Science, Sports and Culture, Japan (09760114
to T. K.), by a grant from The Moritani Scholarship Foundation, Tokyo, Japan and by Research for the Future Program from The Japan
Society for the Promotion of Science (JSPS), JSPS-RFTF96100301 to H. S.

References and Notes

Flesch G, Rohmer M. Eur. J. Biochem. 1988;175:405-411.

Rohmer M, Knani M, Simonin P, Sutter B, Sahm H. Biochem. J. 1993;295:517-524.

Lichtenthaler HK, Schwender J, Disch A, Rohmer M. Biochem. J. 1996:316:73-80.

Seto H, Watanabe H, Furihata K. Tetrahedron Lett. 1996;37:7979-7982.

Rohmer M, Seeman M, Horbach S, Bringer-Meyer S, Sahm H. J. Am. Chem. Soc. 1996;118:2564-2566.
Duvold T, Bravo JM, Pale-Grosdemange C, Rohmer M. Tetrahedron Lett. 1997,38:4769-4772.

Duvold T, Cali P, Bravo JM, Rohmer M. Tetrahedron Lett. 1997;38:6181-6184.

Putra SR, Lois LM, Campos N, Boronat A, Rohmer M. Tetrahedron Lett. 1998;39:23-26.

Orihara N, Furihaia K, Seio H. J. Aniibiot. 1997:5(:579-981.

0. Endler K, Schuricht U,. Henning L., Welzel P, Holst U, Aretz W, Bottger D, Huber G. Tetrahedron Lett. 1998;39:13-16.
1. LiS-M, Henning S, Heide I Tetrahedron Lett, 1998;39:2717-2720.

&S.-ivi, 26 8100 L. L v it e I

12, Orihara N, Kuzuyama T, Takahashi S, Furihata K, Seto H. J. Antibiot. 1998;51:676-678.

-—‘—“ID?‘:-JO*UI&’.NN-—

13. Kuzuyama T, Takahashi S, Watanabe H, Seto H. Tetrahedron Lett. 1998;39:4509-4512.
14. Takahashi S, Kuzuyama T, Watanabe H, Seto H. Proc. Natl. Acad. Sci. USA. in press.
15.  DXP reductoisomerase genes were found in E. coli, and B. subtilis,'* indicating that thesc organisms usc thc nonmevalonate

pathway.

o

St. carnosus uses the mevalonate pathway for terpenoid biosynthesis,? indicating that a specific inhibitor of the

nonmevalonate pathway does not show antibacterial activity against this genus including St. aureus.

17. Iguchi E, Okuhara M, Kohsaka M, Aoki H, Imanaka H. J. Antibiot. 1980;33:18-23.

18. Okuhara M, Kuroda Y, Goto T, Okamoto M, Terano H, Kohsaka M, Aoki H, Imanaka H. J. Antibiot. 1980;33:24-28.

i9. Kuroda Y, Okuhara M, Goto T, Okamoto M, Terano H, Kohsaka M, Aoki H, Imanaka H. J. Aniibioi. 1980;33:29-35.

20. Shigi Y. J. Antimicrob. Chemoth. 1989;24:131-245.

21. Kuzuyama T, Takahashi S, Shimizu T, Seto H. to be published elsewhere,

22, One unit (1]) of DXP reductoisomerase activity is defined as the amount of enzyme that causes the oxidationof 1 imol of NADPH
per min.

23, 2-C-methylerythritol is used by E. coli in place of 3.’

24. Kuzuyama T, Takahashi §, Seto H. to be published elsewhere.

25. Hemmi K, Takeno H, Hashimoto M, Kamiya T. Chem. Pharm. Bull. 1982;30:111-118.

26. Satyanarayana T, Radhakrishnan AN. Biochim. Biophys. Acta. 1965;110:380-388.

27. Fosmidomycin has low toxicity in animals,”

28. Horbach S, Sahm H, Welle R. FEMS Microbiol. Lett. 1993;111:135-140.



