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Proceeds via the Glyceraldehyde 3-phosphate/Pyruvate Pathway
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Abstract: Incorporation of [1- LJ and |U-"Cslglucose indicates that the biosynthesis of
cagmitarman sl rnfmhavamana  Aarivntiva i maunaechioal harlay emmto mrmsande via tha
DCDL‘UILGIPCIIU(U byblUllCACllUllC UCllVdLlVCb i lll)’bUlllllLal vairicy TUUw lJlUbCCUb via LI

glyceraldehyde 3-phosphate/pyruvate non-mevalonate pathway.
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Arbuscular mycorrhizal (AM) fungus-colonized cereals and various other members of the Poaceae
accumulate sesquiterpenoid cyclohexenone derivatives in their roots.'? This seems to be a widespread

phenomenon in the tribes Aveneae, Poeae and Triticeae.” The most prominent component of the cyclohexenone
- 3
derivatives was found to be blnmertml (1\ re. 9-0- (2 0-8-g OIucuronw !)—ﬁ—glacnpvranosrdc of blumengl C

unknown. However, its blosynthebm mlght be related to the formatlon of abscisic acid (ABA) mvolvmg a
dioxygenase-catalyzed cleavage of a carotenoid as a potential precursor’ (‘carotenoid pathway’). However,
formation of ABA by cyclization and modification of farnesyl diphosphate might be an alternative ‘non-
carotenoid pathway’.

In a first attempt to elucidate the biosynthesis of blumenol C and to study the AM fungus-induced
expression of the genes encoding the enzymes involved, we ran various feeding expenments using [1,2-
“Clacetate (Sigma-Aldrich Chemie, Deisenhofen, Germany) and [1-"C]- and [U-"Cg]glucose (Cambridge
Isotope Laboratories, Andover, MA, USA) (99% BC atom excess) with mycorrhizal barley plants (Hordeum
vulgare L. cv. Salome inoculated with Glomus intraradices Schenk & Smith). Determination of the degree of
"*C abundance in labeled positions of blumenol C should reveal the origin of its most probable biological Cs
precursor, Hopcntcnyl dlphoqphatc (IPP) cnthcr formcd via the well known acetate/mevalonate pathway or the

hontamad0 ood graan algaa’B hae nau haan framnantly damancteatad to accne in higha

CUUalellCl Cllll.l if leDll cus?u: nad 11uw Ubell llbl.lublllly ucinuliduaicild w UL ur 11 1“511\/1 p
recently in the formation of chloroplast-bound isoprenoids in primary leaves of barley. o

In our feeding experiments, 15 pots containing 10 barley plants each were supplied with 2 g of Be-
labeled compounds, i.e. 133 mg/pot, during 47 days of mycorrhiza development. Aliquots of the compounds
were supplied in 20 ml per pot at days 16, 20, 23, 28, 33 and 37. Control plants were grown without feeding the
labeled compounds. The plant material, AM fungus inoculation, extraction of blumenin and analytical HPLC a:,
well as the evaluation of the degree of fungal colonization achieved (approx. 70%) is described elsewhere.'
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Freshly harvested roots from 150 barley plants from both those grown with and those without the labeled
compounds, were washed with water, cut into small pieces, transferred into 600 ml of aqueous methanol,
treated for 1 min with an Ultra Turrax homogenizer, and allowed to stand for 30 min with continuous stirring.
The extract was filtered and the residue re-extracied tv'v'G times. The combined extracts were evaporated in
sidue re-dis d on a polyamide column (perlon
CC6, 170 x 17 mm i.d.; MdCh€ ev—Nagel Duren Germanv) using water for the elution of blumenin. The water
eluate was reduced in vacuo to a small volume and subjected to preparative HPLC (System Gold; Beckman
Instruments, Miinchen, Germany) equipped with a Nucleosil 100-10 C;g column (VarioPrep, 10 um, 250 x 40
mm i.d.; Macherey-Nagel, Diiren). Blumenin was separated at a flow rate of 10 ml min” with a linear gradient
within 50 min from solvent A (1% aqueous formic acid) to 50% of soivent B (methanol) in (A and B), foliowed
by isocratic elution for another 60 min.
NMR measurements were performed on a Bruker AVANCE DRX 500 spectrometer at 125.75 MHz
(*C) and 500.13 MHz (‘H) in methano] dy. The spectra were referenced to TMS. 3C chemical shifts of

blumenin were assigned based on "H NMR, 13 C NMR, 'H-'H COSY, HMQC and HMBC experiments. The data
obtained are listed in Table 1.
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Table 1. '’C NMR analysis of blumenin (1) from mycorrhizal barley roots after feeding of
13C-labeled precursors
[1,2-"ClAcetate  [1-""C]Glucose [U-"*Cg]Glucose
Chemical shift 3C-Abundance  '*C-Abundance Satellite signal Jcce
Position S % 3C % 3C % Bchc Hz" Position?
1 373 1.10* 1.10°* 26.2 36.7 12
2 48.2 1.18 1.04 33.0 38.9 3
3 202.5 1.17 1.74° 28.1 38.9 2
4 125.4 1.04 0.85 9.9
5 170.0 1.13 1.11 25.1 40.7 13
6 524 1.25 1.17 274 33.6 7
7 26.6 1.12 1.43 29.8 33.6 6
8 37.8 1.15 1.15 12.5
9 75.6 1.10 1.22 34.0 394 10
10 194 1.15 1.49 35.0 39.4 9
11 29.1 1.22 1.21 9.1
12 27.6 1.24 1.55 30.0 36.7 H
13 25.0 1.15 1.46 30.5 40.7 5
*The signal of C-1 was not enriched according to the control and was therefore used as reference. *The numbers in bold

type represent significant 'C incorporation from | l-”Clglucose ‘Coupling constants were determined from the e
spectrum of blumenin obtained from the experiment with [U-" Celglucose. ‘Coupling partners were determined by careful
inspection of the coupling constants from the 'H-decoupled '*C NMR and 2D INADEQUATE experiments.
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"H-decoupled *C NMR spectra of non-labeled (natural abundance) and 3C-labeled blumenin samples
(3.8 mg each in 100 ul of methanol-d,) were measured on a 2.5 mm microprobe head under identical conditions
(125.75 MHz; 27°C; 24,000 scans; acquisition time 2.26 s) using standard Bruker software. The relative Bc

ahiindance of individiial carkon atame (G BC in Tahla 1) wace calenlated ae fallawe The £
avunaaiice of ifigiviaual caroon atoms (7o "C iii 1avi€ 1) Was caiCiiiatea as follows. The fraction of the mtegral
of an individual *C signal of the non-labeled sample relative to fbc imPgra! of the corresponding Be signal of

the labeled samnle were multiplied with 1.10 (natural abundance of *C).

[1,2-"*C]Acetate was not incorporated in a significant extent into any carbon atom of the blumenin
aglycone (blumenol C) nor in the disaccharide moiety. Surprisingly, under the non-sterile experimental
conditions and the long incubation time, no significant scrambling of label from [1,2-"*Cacetate was found.

The intact incorporation of [1-'*Clglucose into the diglycoside part of blumenin was indicated 'by a
B¢ abundance of 2.06% in C-1’ and 1.81% in -1, while no enhancement of label was observed in other
carbon atoms of the sugar moiety (data not shown). However, integrals of signals C-3, C-7, C-10, C-12, and
C-13 (bold type in Table 1) of the aglycone (blumenol C) were clearly enhanced in comna,mon with the
correspondmg sngnal integrals of the non-labeled blumenin. The labeling pattern derived from [1-" *Clglucose
as shown in the structure 2 is inconsistent with the acetate/mevalonate pathway but rather indicate the
alternative GAP/pyruvate pathway. This conclusion is based on the well known metabolism of glucose in

plants.
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R = 27-0-B-D-glucuronosyl-f-D-glucopyranoside

The GAP/pyruvate pathway of blumenol C has further been substantiated as follows. In the 'H-
decoupled '*C NMR spectrum of blumenin from the [U-">Cs]glucose feeding experiment the fraction of multi-
labeled isotopomers (% '~ C'3C in Table 1) was calculated as the fraction of *C'3C-coupled satellites relative to
the mtegral of the entire C sxgnal of the respcctlve carbon atom. Couplmg constants listed in Table 1 were
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standard 2D INADEOUATE exoenment was camed tto detect dlrect couplmg of contiguous '
biosynthesized from [U- %C]glucose, that confirmed the occurrence of five pairs of contiguous *C-labeled
isotopomers (structure 3). Four of these pairs can be assembled into two isoprenoid moieties while C-9/C-10
might be the remainder of another isoprenoid unit of a hitherto hypothetical sesquiterpene precursor of
blumenol C.
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In summary, the present communication affords a further example of an isoprenoid shown to be formed

via thc GAP/pyruvate pathway in higher plants. Examples inciude isoprene monoterpenoidqu
diterpenoids'z'”, as well as carotenoids, prenyl chdm:, of ch]orophylls and pldstoqumone -9.° The pivotal

tormaadiota thic mathuony wae chawgn ta ha lll;nl ng tha

I
condensation product of GAP and pyruvate, that is converted through struct

QiCiisalivig PRttt AT AVLOAUE Wi
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D-erythritol 4-phosphate'*'® to the branched carbon skeleton of LPP Whether blumenol C denves directly via
these intermediates from a sesquiterpene precursor or from degradation of a carotenoid structure awaits further
studies.
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