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Isoprenoids are chemically diverse in nature, ubiquitous in
living organisms, and crucial in biological processes. The bio-
synthesis of such isoprenoids proceeds through mevalomade
non-mevalonate pathwaddepending upon organisms and cellular

organella, isopentenyl diphosphate (IPP) being a key intermediate
in both cases. Metabolic engineering and control of these pathway

should thus provide new opportunities to study the intriguing
chemistry and biochemistry involved and to develop selective

chemotherapeutic agents and isoprenoid-related materials. Thi
paper describes a new practical approach for the preparation o
highly deuterated isoprenoids, such as zeaxanthin, and their

potential for analyzing the biosynthetic mechanism of isoprenoids
based on the metabolic engineerind=stherichia coli Deuterium-

labeled compounds are invaluable in biochemical and bioorganic

as well as physicochemical research.

The non-mevalonate pathway, but not the mevalonate pathway,

is now known to function irE. coli. Recently, Seto et &1* and
Boronat et aP described the construction of doubly engineered
E. coliwith the disruption of a gene of a certain enzyme involved

in the non-mevalonate pathway and the introduction of the genes
responsible for the key enzymes in the mevalonate pathway. Thes

sort of transformant cells can survive only with supplementation
of metabolic intermediates in the mevalonate pathway. Impor-
tantly, this warrants that all of the IPP formed in the cetlast

be derived from the supplemented intermedi&tecoli DK223°
(pTMV20,” pACCAR25AcrtX) was constructed in this manner,
but was actually triply engineered. That is, the 1-deoxyylulose
5-phosphate reductoisomeraskri gene was disrupted, and a

*To whom correspondence should be addressed. Re8d—3—5734—
3713. E-mail: kakinuma@chem.titech.ac.jp.

T Department of Chemistry, Tokyo Institute of Technology.

* Department of Chemistry and Materials Science, Tokyo Institute of
Technology.

§ Kirin Brewery.

"'University of Tokyo.

(1) (@) Bochar, D. A.; Friesen, J. A.; Stauffacher, C. V.; Rodwell, V. W.
In Comprehensie Natural Products ChemistryCane, D. E., Ed.; Elsevier
Science Ltd.: Oxford, UK, 1999; Vol. 2, pp #58l4 and references therein.
(b) Wilding, E. M.; Brown, J. R.; Bryant, A. P.; Chalker, A. F.; Holmes, D.
J.; Ingram, K. A,; lordanescu, S.; So, C. Y.; Rosenberg, M.; Gwynn, M. N.
J. Bacteriol 200Q 182, 4319-4327.

(2) (a) Rohmer, M. IlComprehensie Natural Products ChemistrZane,
D. E., Ed.; Elsevier Science Ltd.: Oxford, UK, 1999; Vol. 2, pp4& and
references therein. (b) Takahashi, S.; Kuzuyama, T., Setd, Bacteriol
1999 181, 1256-1263. (c) Jomaa, H.; Wiesner, J.; Sanderbrand, S.; Altincicek,
B.; Weidemeyer, C.; Hintz, M.; Tibachova, |.; Ebert, M.; Zeidler, J.;
Lichtenthaler, H. K.; Soldati, D.; Beck, ESciencel999 285 1573-1576.

(3) Kuzuyama, T.; Takagi, M.; Kaneda, K.; Seto, Fétrahedron Lett200Q
41, 703-706.

(4) Takagi, M., Kuzuyama, T., Takahashi, S., Seto,JHBacteriol 200Q
182 4153-4157.

(5) Rodriguez-Conceptin M.; Campos, N.; Lois, L. M.; Maldonado, C.;
Hoefller, J.-F.; Grosdemange-Billiard, C.; Rohmer, M.; Boronat,F&BS
Lett 200Q 473 328-332.

S

?somerase reaction and accordingly at the C-4 methylene group

J. Am. Chem. So@001,123,1238-1239

plasmid pTMV20 carrying the genes of three enzymes responsible
for the formation of IPP was introduced. In addition, another
plasmid pACCAR2AcrtX was introduced, which carried the
crtE, crtB, crtl, crtY, andcrtZ genes required for the synthesis of
zeaxanthirf. This strain survived and produced a yellow pigment
of zeaxanthin in the presence of exogenous mevaldnate.

Fully deuterated mevalonolactodg-(MVL-dg), which had
been synthesized as described previolfslyas supplemented to
the culture of the above triply engineer&dcoli.!* The biosyn-
thesized zeaxanthin was extracted and purified to homogeneity
by repeated chromatography. The molecular ion"\Mf the
purified product was observed as a cluster of isotopomer ions
betweemvz 605-622. No trace of an ion atvz 568 (nonlabeled
M*) was detected. All of the zeaxanthin formed was proved to
be derived only from the supplemented M\é&y- This was the
first example of such highly and multiply deuterated zeaxanthin
and clearly demonstrates the significant potential of the present
approach for the preparation of various isotope-labeled iso-
prenoids.

As to the biosynthetic mechanism, the fact that zeaxanthin was
biosynthesized in the above engineekedoli appears to suggest
that the whole mevalonate pathway including IPP isomerase was
viable!? In addition, the clustered Mion clearly implies variable
deuterium content from molecule to molecule. This appears to
be due to the exchange of hydrogen at the methyl group of
intermediary dimethylallyl diphosphate (DMAPP) during the

of IPP as well. Thus, once a proton is incorporated into the freely
rotating C-4 methyl group of DMAPP, the reverse reaction from

" DMAPP to IPP should affordH)- and ¢)-protonated IPP equally

as shown in Figure 1.

IH NMR spectra were then taken under deuterium decoupled
conditions to look at the zeaxanthin formation more closely
(Figure 2)* First, no proton incorporation was observed at H-10
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(a) Proton exchange process in the mevalonate pathway. ylene group has recently been demonstrated fortheoli IPP
oG O wed no WP DC pp PP DC DD isomerase and farnesyl diphosphate synthase by Poulte*ét al.
oo Ao " [)Moppisomerase DNOp;smerase(mNopp Since the ring formation from lycopene is triggered by the
g " g ~—~ 5, 0D "o b () OH electrophilic attack of a proton to the terminal double bond, one
o PP DMAPP IPP protium (originated from the medium) must reside at C-2 of the
(b>s'*gzg:;§$s$§; Zeaxanthin biosynthesis. Only protonation sites are resulting zeaxanthin. Accordingly, the proton signal due to H-2
/_\p ) observed at) 1.41, together with the hydroxy signal at0.73
(Z)MPP (H)\%\Zj\ow — E:Mopp - (DO exchangeable), are logical internal intensity references. The
* ( DH A C-18, -19, and -20 methyl signals appeared as a weak singlet of
approximately 6% protium incorporation, which correspond well

IS SSCON G ONNENNopp with the originalPH content of the supplemented M\ Olefinic

signals were observed only for H-8@6.32 and H-12 ab 6.47,
both of which are singlets with 23% protium-incorporation. The
C-4 protons were observed as two singlets of equal intensity at
1.96 and 2.20 and a pair of doubletsdat.98 and 2.22J= 17
Hz). Total incorporation was 23%, in which half of the incorpo-
M J\ " rated protium was ascribed to the singlets. These results suggest
. %ﬁ“g’% . CHte that the C-4 methylene group of IPP in the metabolic pool of
‘”’ “ < this particular culture was 23% protium-labeled and that no
" “ ° stereochemical differentiation took place. Apparently, the sig-
nificant equilibrium between IPP and DMAPP afforded a statisti-
cally averaged incorporation of protium into the methylene group.
Further, despite the fact that the C-17 methyl signal was not
identified due to signal overlapping, the C-16 methyl signal was
observed as a cluster of three singletsyat.04 (CHD, 56%
protium-incorporated), 1.06 (GB, 79%), and 1.08 (Ck 40%).
High turnover between IPP and DMAPP was verified by the
extensive incorporation of protium at the C-16 methyl group.
The cryptic stereochemistry of the cyclization of lycopene to
p-carotene was elucidated without difficulty (Figure 1). Essentially
no protium was incorporated into the equatorial position at C-2,
the signal of which should have appeared, if any, at aratnd
1.6. Instead, as mentioned above, an intense singlet signal, which
was ascribable to the axial proton, was observedlatl. Further,
the protium-incorporated methyl group at C-1 was determined to
) be axially oriented after comparison with the nonlabeled specimen.
Figure 1. It appeared therefore that protonation to idace of the C-1/
C-2 double bond and the subsequent backside attack of the C-5/

W% v i (e

Lycopene

(A) 1 C-6 double bond, followed by deprotonation at C-6, gave the well-
establisheg-carotene ring system. These results were completely
s 12 8 consistent with that previously reporté&d.
115 7

The present study clearly demonstrates the high potential of
metabolically engineered microorganisms at least for two aspects.
Particularly, the triply engineeref. coli, in which the pathway
of isoprenoid biosynthesis was switched from the non-mevalonate

(B ‘
5 pathway to the mevalonate pathway and a series of biosynthetic

genes were introduced, allowed us to produce useful labeled
isoprenoid zeaxanthin. A similar approach uskgcoli lacking
10 ppm the crtZ gene of the final oxidation enzyme appears to conve-

Figure 2. (A) 'H NMR spectrum of nonlabeled zeaxanthin; (B) deuterium niently afford highly deuterated and other isotopically labeled

decoupledH NMR spectrum of labeled zeaxanthin (500 MHz, benzene- ﬁ-carotene (prqvitamin A). .SUCh hig.hly deuterated garotenoids
do). and derived retinoids can stimulate diverse research in areas such

as materials science and photochemistry as well as in the
biochemistry of this class of isoprenoitfsin addition, straight-
and H-14 of zeaxanthit, again confirming that no endogenous forward stereochemical analysis of isoprenoid biosynthesis was
nonlabeled IPP was formed. This implies that the stereochemistry demonstrated by one-shot labeling @htiNMR spectroscopy?
of deprotonatior-reprotonation at C-2 of IPP, catalyzed by the = Precise analysis of the simplified proton spectra of highly
IPP isomerase, and that of deprotonation, catalyzed by prenyldeuterated isoprenoids, especially under the deuterium decoupled
transferase affording geranylgeranyl diphosphate, must be theconditions, may well be beneficial for mechanistic enzymology,

same. Removal of thproR proton on the corresponding meth- ~ particularly, for the key transformation involving proton attack
and proton quench as observed in the terpene cyclase reactions.
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