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Abstract: 4-Diphosphocytidyl-Z-methyl-p-erythritol serves as an intermediate in the nonmevalonate pathway

of isoprenoid biosynthesis. The compound has been

prepared in millimole quantity by a sequence of one-pot

reactions using®C-labeled pyruvate and dihydroxyacetone phosphatéelabeled glucose as starting materials

and recombinant enzymes of the nonmevalonate iso
for the preparation of various 4-diphosphocytidg-gne

Introduction

Terpenes are one of the largest groups of natural products,
and include numerous medically important compounds such as
cholesterol, vitamin A, carotenoids, and paclitaxel (Taxdf).
animals, fungi, and archaea, the universal terpene precursors
isopentenyl pyrophosphate and dimethylallyl pyrophosphate, are
biosynthesized via the mevalonate pathway, which has been
studied in considerable detail®

More recently, the research groups of Rohmer and Arigoni
independently observeC-labeling patterns in terpenoids of
certain bacteria such aRhodopseudomonas palustréd

prenoid pathway as catalysts. The method has been used
thylD-erythritol isotopomers in high yield.

Escherichia coliwhich could not be explained via the meva-
lonate pathway (refs-68; for reviews, see also refs-41). The
data suggested that pyruvate and a triose serve as substrates of
an alternative pathway. Arigoni and co-workers also showed
that exogenous 1-deoxyxylulose is utilized efficiently for
terpenoid biosynthesis via this alternative pathwand that
plants use both isoprenoid pathways for the biosynthesis of
different terpenoids?

Several enzymes of the nonmevalonate isoprenoid pathway
have recently been obtained from microorganisms and plants.
1-Deoxyb-xylulose 5-phosphate synthase, specified bydtke
gene, catalyzes the formation of 1-demarylulose 5-phosphate
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(7) from pyruvate 6) andp-glyceraldehyde 3-phosphats).{3-16 Scheme 1

The enzyme product is converted int€-Enethylp-erythritol Ho o o
4-phosphates) by a reductoisomerase specified by the gene o 2l _o jb\ b
of Escherichia colt” The branched polyd is converted into 1 i OH 0° \’7[ °
4-diphosphocytidyl-Z-methyl-o-erythritol (9) by the catalytic > Eo
action of the 4-diphosphocytidyl€methylb-erythritol syn- l

thase specified by thispD (yghP) gene ofE. coli.’® [ ’

Isotope-labeled precursors were crucial in the relatively short 0 OH OH

H o
history of the investigation of the alternative terpenoid pathway 2 O_T;OW°‘g‘°S
=]

I} e
7. A HO o—p-0 4
which involved the reassessment of numerous erroneous claims ° OH O é I /j:(\ 0°

on the universality of the mevalonate pathway. The possibility
to prepare in isotope-labeled form in a very high overall yield
should benefit future studies in the area. More specificiiy;
labeled 9 will be helpful for in vivo and in vitro studies
identifying further downstream metabolites as well as the
mechanisms of the novel nonmevalonate pathway enzymes.

Results

This paper describes the use of recombinant enzymes of the
nonmevalonate isoprenoid pathway for the efficient preparation
of 13C- and!C-labeled 4-diphosphocytidyl2methylp-eryth-
ritol (9) in millimole quantity. The synthesis can be performed
as a one-pot reaction usimgglyceraldehyde 3-phosphatB) (
and pyruvate §) as starting materials (Scheme 1). Using the
methods described below, a wide variety of isotopomer8 of
could also be prepared from commercially available starting
materials such as glucos® (respectively, pyruvatesy labeled
with 13C or 14C (Table 1).

Unlabeled dihydroxyacetone phosphatewas obtained from
dimeric dihydroxyacetone phosphate ethyl hemiac&)a? and
was further converted into unlabel&dby the catalytic action
of triose phosphate isomerase. Isotope-labeled samples@fe
obtained from isotopomers @fusing enzymes of the glycolytic
pathway which are commercially available. Crigieom these
respective starting materials could be converted enzymatically
into 9 without prior isolation.

The enzyme-assisted synthetic reactions can be monitored
conveniently in real time b$2C NMR when!*C-labeled starting
materials are used, since the label enhances both the sensitivity
and the selectivity of NMR diagnosis. Figure 1 shows the
relevant sections offC NMR spectra from an experiment for
the preparation of [1,2-methyl,3,413Cs]-9 from [U-13C¢]-1 and

[2,3-13C,]-6. Spectrum A was obtained at the start of the enzyme DT
reaction, and spectrum B was recorded prior to the addition of D D
1-deoxyb-xylulose 5-phosphate reductoisomerase. In Figure 1B, D
signals reflecting thé3C-labeled starting materials ([JCq]- D
glucose and [2,33C;]pyruvate) have virtually disappeared, and
the spectrum is dominated by the signals of'fi0s]1-deoxy- P B
p-xylulose 5-phosphate7). The resulting [U3Cs]-7 can be p
further converted into [1,2,2-methyl,314cs]-9, without prior Ju..../
isolation, by the sequential addition of 1-decxylulose y g
(13) Sprenger, G. A.; Schken, U.; Wiegert, T.; Grolle, S.; deGraaf, A. l_;pm z;o Y ' ' ' 5'0 ' ' ' 5'(7/ ' g'o
ﬁéa-gésg?;" SSV M%%%I%a E.zlgéFBrllgggrz-.I\/Ieyer, S-; Sahm, Rtoc. Natl. Figure 1. Parts of'®*C NMR spectra of a mixture containing [U€g)-
(14) Lois, L. M.; Campos, N.; Putra, S. R.; Danielsen, K.; Rohmer, M.; 1 and [2,313C,]-6 prior to the addition of enzymes (A) and after
Boronat, A.Proc. Natl. Acad. Sci. U.S.A998 95, 2105-2110. incubation with hexokinase, glucose 6-phosphate isomerase, fructose
(15) Lange, B. M.; Wildung, M. R.; McCaskill, D.; Croteau, Rroc. 6-phosphate kinase, aldolase, triose phosphate isomerase, and 1-deoxy-
Na?i G?C;‘L?z'u?/gr'ng;sffl'?'gﬁa%?: f/ll.;O(')l'_aZIja?:;shi, S.: Seto,HBacteriol. D-xylulose 5-phosphate synthase (B). Signals arising from gludse (
2000 182, 891-897. pyruvate 6), and 1-de_oxya-xy|u|o_se 5-phosph§t§}( are indicated by
(17) Takahashi, S.; Kuzuyama, T.; Watanabe, H.; Setc®idc. Natl. G, P, and D, respectively. ¥ Tris hydrochloride.

Acad. Sci. U.S.A1998 95, 9879-9884.
(18) Rohdich, F.; Wungsintaweekul, J.; Fellermeier, M.; Sagner, S.; Herz, 5-phosphate reductoisomerase and 4-diphosphocytichyhéeth-

S-gKEignggsg”lri’i%‘ér\’i’i;%gc“e“ A.; Zenk, M. Rroc. Natl. Acad. Sci. — y|.p_erythritol synthase, together with their respective cosub-
(19) Mizuno, M.; Masuda, S.; Takemaru, K.. Hosono, S.; Sato, T.. Strates.

Takeuchi, M.; Kobayashi, YMicrobiology 1996 142, 3103-3111. The overall yield of [1,2,2-methyl,3,%Cs]-9 was 60% based
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Table 1. Preparation of3C-Labeled
4-Diphosphocytidyl-Z-methylo-erythritol (9) from Pyruvate §),
Glucose 1), and Glyceraldehyde 3-Phosphak (

C, precursor G precursor product
[2,313C;]-6 [U-13Cq]-1 [1,2-methyl,3,4%Cs]-9
[2,3-3C,)-6 5 [2,2-methyl#3C;]-9

6 [1,2,333Cq]-19) [1,3,44%C]-9

a Equimolar mixture of [183C]-, [2-13C,]-, and [3+3C,]-1.

Table 2. 13C NMR Data of'3C-Labeled9 Using D;O as Solvent

[2,2- [1,2,2-
5 15c methyl3C;]-9 [1,3,44%C,]-9  methyl,3,41°C;]-9

position ppm JeyHz JecHz JocnHz Jep HZ Jen Hz Jecc HZ Jep HZ

1 66.25 141 142 40

2 73.75 40 n.d.
2-methyl 18.13 127 40 127 38

3 73.28 n.d. 7 135 nd. n.d.
4 66.86 n.d. 6 135 39 5

an.d., not determined due to signal overlapping.
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Figure 2. 13C NMR signals of [1,2,2-methyl,3,%Cs]-9 (A), [1,3,4-
13C]-9 (B), and [2,2-methylC;]-9 (C). 13CT3C and3C3P coupling
constants are given in Table 2.

on 13C-labeledl. [2,2-Methyl!3C;]-9 and [1,3,413C,]-9 were

prepared from [2,33C,]-6 and [1,2,313C]-1, respectively, in
similar yields. The purity of the compounds was assessed by

NMR (Table 2, Figure 2) and mass spectrometry.

No specific adaptations are required for the preparation of
different isotopomers since a wide variety &iC-labeled
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The enzymes used in this study are either commercially available
(hexokinase, glucose 6-phosphate isomerase, fructose 6-phos-
phate kinase, aldolase, and glucose dehydrogenase) or can be
prepared by recombinant DNA techniquéd#16.17

One limitation for the scale-up of the procedure is the
necessity to purify the final product by chromatographic
procedures. The purification of 1 mmol 8fusing semiprepara-
tive HPLC columns (2x 25 cm) requires about 15 h. The
efficient purification of larger batches would be possible using
preparative scale HPLC columns.

The method can be scaled down to very small volumes to
prepare radiolabeled samples of high specific activity. Thus,
radioactive labels can be introduced irflovirtually without
dilution. As an example, 7.4umol of [2-1%C]-9 have been
prepared from [24C]pyruvate at a specific activity of 15.8 mCi
mmol~ with a yield of 47%.

Synthetic procedures for the preparation of intermediates of
the nonmevalonate pathway were reported in the literature for
1-deoxyp-xylulose 5-phosphat&(?1-22and Z-methyl-d-eryth-
ritol 4-phosphateq).2324The chemical synthesis &finvolves
14 step# and can be used for the preparation of theé?til-
isotopomer with high specific activity, but the introduction of
isotopes at other positions would not be achieved easily. In
contrast, a wide variety of isotopomers carrying stable or
radioactive labels in the methylerythritol moiety 8fcan be
obtained with the method reported in this paper.

Experimental Section

Materials. ATP, CTP, NADPH, and TPP were purchased from
Sigma (Deisenhofen, Germany). 1aGi]-, [2-1°Cy]-, [3-%°Cy]-, and
[U-13Cg]glucose were obtained from Omicron, South Bend, IN. [2,3-
13C,]Pyruvate was purchased from Isotec, Miamisburg, OH4(Z-
Pyruvate was obtained from NEN, Boston, MA.

Proteins. Hexokinase from yeast (E.C.2.7.1.1), glucose 6-phosphate
isomerase from yeast (1.1.1.49), fructose 6-phosphate kinase from rabbit
muscle (E.C.2.7.1.11), aldolase from rabbit muscle (E.C.5.3.1.1),
glucose dehydrogenase fraacillus megateriunfe.C.1.1.1.47), triose
phosphate isomerase from rabbit muscle (E.C.5.3.1.1), and inorganic
pyrophosphatase fro. coli (E.C.3.6.1.1.) were purchased from Sigma
(Deisenhofen, Germany). Recombinant 4-diphosphocyti@yi¥ethyl-
p-erythritol synthase fromE. coli was prepared by a published
procedures® The preparation of recombinant 1-deomysylulose
5-phosphate synthase froB. subtilis and recombinant 1-deoxy-
xylulose 5-phosphate reductoisomerase fi®neoli will be published
elsewere.

General Procedures NMR spectra were obtained using a Bruker
AVANCE DRX 500 spectrometer (Karlsruhe, Germany). Chemical
shifts were referenced to external trimethylsilylpropane sulfonate or
85% ortho-phosphoric acid, respectively. UV/VIS spectra were deter-
mined with an Ultrospec 2000 spectrometer (Amersham Pharmacia
Biotech, Heidelberg, Germany). ESI mass spectra were recorded on a
LCQ Finnigan mass spectrometer (San Jose, CA) in the negative ion
detection mode. Optical rotation was measured on a Perkin-Elmer 241
MC polarimeter (Weiterstadt, Germany).

Crude [U-13Cg]1-DeoxyD-xylulose 5-PhosphateA reaction mix-
ture containing 120 mM Tris hydrochloride, pH 8.0, 6 mM MgQ&1
mM ATP, 1.6 mM thiamine pyrophosphate, 15 mM [€Gg]glucose,

30 mM [2,343C;]sodium pyruvate, 174 U of hexokinase, 106 U of
glucose 6-phosphate isomerase, 48 U of fructose 6-phosphate kinase,
26 U of aldolase, 284 U of triose phosphate isomerase, and 2.8 mg

(20) Effenberger, F.; Straub, Aletrahedron Lett1987 28, 1641.

(21) Thiel, R.; Adam, K.-PTetrahedron Lett1999 40, 5307-5308.

(22) Proteau, P. J.; Woo, Y.-H.; Williamson, R. T.; Phaosiri,(@g.
Lett. 1999 1, 921—-923.

(23) Kis, K.; Wungsintaweekul, J.; Eisenreich, W.; Zenk, M. H.; Bacher,
A. J. Org. Chem200Q 65, 587-592.

(24) Koppisch, A. T.; Blagg, B. S. J.; Poulter, C. Org. Lett.200Q 2,

pyruvate and glucose isotopomers are commercially available.215-217.
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(6.2 U) of 1-deoxyp-xylulose 5-phosphate synthase in a total volume Pure9 was obtained as a white powder with an overall yield of about
of 122 mL was incubated at 3. The pH was maintained at 8.0 by  60%. Analytical data o® were as follows: exss = 7410 Mt cm™!
the addition 6 1 M NaOH. The formation of 1-deoxp-xylulose (pH 7.0); [o]sse, = 9.5° (¢ 0.3 g 100 mL* in H,O). Mass spectrom-
5-phosphate was monitored Bz NMR and was found to be virtually etry: 9 (unlabeled)m/e 520.4; [1,2,2-methyl,3,43Cs]-9, m/z 525.6;
complete after 22 h. [2,methyl+3C;]-9, m/z 522.6; [1,3,4%3C4]-9, m/z 521.4.

Crude [3,4,543C,]1-DeoxyD-xylulose 5-Phosphate([3,4,5+°Cy]- 1H, 13C, and®P NMR data agree with previously published restits.
7 was prepared as described above with an equimolar mixture of \pore specifically, the presence of a cytidyl moiety was gleaned from
[1-1C1]-, [2-7°Cy]-, [3-*°Cy]glucose and unlabeled pyruvate as starting  the 1H NMR data. The¥P NMR spectrum displayed two doublets at

materials. . o —7.2 and—7.8 ppm with 3PP couplings of 20 Hz reflecting the

Crude [1,2-°C5]1-Deoxy-d-xylulose 5-PhosphateDimeric dihy- diphospho moiety. Thé3C NMR data and the coupling patterns of
droxyacetone phosphate ethyl hemiacetal (barium salt, 1.9 g, 3.2 mm0|)[2,2-methyl-13C2]-, [1,2,2-methyl,3,45Cq)-, and [1,3,41C;]-9 are sum-
was treated with 19 mL of Dowex 50 WX8 resin (Horm) in 44 mL marized in Table 2.

of water at 65°C for 4 h. The resin was filtered off, and the pH of the
solution was adjusted to 8 by the additidiildV NaOH 1° The solution
was added to 70 mL of a solution containing 150 mM Tris hydrochlo-
ride, pH 8.0, 57 mM sodium [2,8C;]pyruvate, 10 mM MgGJ, and
2.5 mM thiamine pyrophosphate. Triose phosphate isomerase (17 00
U) was added, and the solution was incubated for 105 min &C37
1-Deoxyb-xylulose 5-phosphate synthase (3.3 mg, 7.4 U) was adde
The reaction was found to be virtually complete after 8 h.
[2,2-methyl-*C;]-, [1,2,2-methyl,3,433Cs]-, and [1,3,443C,]4-
Diphosphocytidyl-2C-methyl-p-erythritol. Crude [U23Cs)-, [3,4,5-
13Cy]-, or [1,2-13C;]- 7 obtained by either of the two procedures described
above can be used for the following steps without purification. Glucose
(0.66 g, 3.7 mmol), 46 U of glucose dehydrogenase, 51.5 mg of NADP
(0.5 mmol), and 4 mM MgGlwere added to a solution containing
approximately 3.7 mmol of. The mixture was incubated for 5 min at - -
37°C, and a solution (1.4 mL) containing 2.6 mg (18 U) of 1-deoxy- 6.0, at a flow rate of 0.75 mL mirt. The column was developed with

) ) : .15 mL of 10 mM tetran-butylammonium hydrogen sulfate, pH 6.0,
gf)%lg[?;t?eigg 0\322 a;eogﬁgrgéosﬁgeﬁa%ﬁiz ?/3:;3 ?COJ:; tf(;)rtr:;atlonfollowed by a linear gradient of -842% (v/v) methanol in 45 mL of
virtually complete after 18 h. 10 mM tet.ran-butylgmmoniun_w hydrogen sulfate, pH 60 The effluent

CTP (2.0 g, 3.6 mmol) was added. The pH of the solution was was monitored using a radlodet_ector (Beta-RAM, Biostep GmbH,
brought to 8.0 wit 2 N NaOH. A solution (3 mL) containing  Jahnsdorf, Germany). The retention volume of2}-9 was 29 mL.
4-diphosphocytidyl-2-methylo-erythritol synthase (2.1 mg, 51 U) was After 8 h the reaction was stopped by passing the solution through a
added. The reaction mixture was incubated for 15 h and was then Nalnosep 10 K membrane (Pall Gelman, Rondorf, Germany). Crude
lyophilized. [2- 4C]—9_ was purified by semipreparative HPLC using a column of

The crude lyophilized product (8 g) was dissolved in 80 mL of 100 Nucleosil SB5 (20x 250 mm, CS-Chromatographie Service GmbH,
mM ammonium formate containing 40% methanol. Aliquots of several Langerwehe, Germany). The column was equilibrated and developed

milliliters were placed on a HPLC column of Nucleosil SB10 (Macherey with 100 mM ammo”‘%*m forme_lte as elu_ent ata flowrate of 5 mLThin
& Nagel, Germany: 2 25 cm) which was developed with 100 mM The effluent was monitored using a radiodetector. The retention volume

ammonium formate containing 40% methanol at a flow rate of 10 mL ©f [2-1C]-9 was 606-650 mL. Fractions were combined and lyo-

min—L. The effluent was monitored photometrically (270 nm). The Philized. [24C]-9 (15.8 mCi mmot) (7.4 umol) was obtained from

retention volume o8 was about 150 mL. Fractions were combined [2-“Clpyruvate with a yield of 47%.

and lyophilized. One millimole of product could be processed in about

25 runs requiring a total time of about 15 h. Acknowledgment. This work was supported by the Deutsche
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[2-1“C]4-Diphosphocytidyl-2C-methyl-p-erythriol . A reaction mix-
ture containing 150 mM Tris hydrochloride, 5 mM dithiothreitol, 21.7
mM dihydroxyacetone phosphate, 17 mM NADPH, 1.6 mM thiamine

0pyrophosphate, 18.8 mM CTP, 15.8 mM {&]pyruvate (15.8 mCi
mmol?%), 406 U of triose phosphate isomerase, 1.3 U of inorganic
d pyrophosphatase, 178y (0.4 U) of 1-deoxys-xylulose 5-phosphate

" synthase fromB. subtilis 70 ug (0.5 U) of 1-deoxys-xylulose
5-phosphate reductoisomerase fr@m coli, and 100ug (2.4 U) of
4-diphosphocytidyl-2-methyl-p-erythritol synthase fronf. coliin a
total volume of 1 mL was incubated at 3T. At intervals of 1 h,
aliquots (50uL) of the reaction mixture were retrieved and applied to
a Multospher 120 RP 18-5 column (4:6 250 mm, CS-Chromatog-
raphie Service GmbH, Langerwehe, Germany) which had been
equilibrated with 10 mM tetra-butylammonium hydrogen sulfate, pH



