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Abstract-Photosynthesis experiments with 14C02 established that of 16 Droseraceae species tested Drosophyl- 
lur?~ lus~amtum mcorporated the highest amount of label mto plumbagm (2-methyl-5-hydroxy-1,4-naphtho- 
qumone) Tyrosme-[b-‘4C] fed to Drosophyllum was shown to label plumbagm efficiently (20% mcorporation) 
Extensive chemical degradation of the labeled naphthoqumone showed, however, that the mcorporation of tyro- 
sine was indirect, the label being distributed throughout the molecule It was established that plumbagm and 
the closely related 7-methyljuglone are blosynthesized via the acetate-polymalonate pathway Tyrosme 1s broken 
down to acetate m this tissue via the homogentisate pathway, wtnch was demonstrated by feeding and mcorpor- 
ahon of label mto plumbagm of intermediates such as homogentlsate-[“‘Cl, maleyl- and fumarylacetoacetate- 
FcJ Simuitaneous appiicatlon ot^tyrosine-[lf-“s and. cc,cc’%lpyrld~i, an mhi6itor ofthe homogentisate oxi- 
genase, led to an accumulation of homogentlsate-[‘4C] wlthm the tissue The degradation of tyrosme to acetate 
by Drosophyllum IS not due to epiphytlc bacteria Smce rmg cleavage of tyrosme and formation of plumbagm 
from breakdown products occurred both within sterile grown plants and sterile cell suspension cultures In tissue 
kept m darkness, plumbagm undergoes a slow turnover with a half life of about 400 hr 

INTRODUCTION 
THREE different pathways are presently known in higher plants for the formation of the 
naphthoqumone carbon skeleton. Naphthoquinones are formed either by direct incorpor- 
ation of shlklmate’ via o-succinylbenzoic acid,’ by the toluhydroqumone3 pathway, or by 

the p-hydroxybenzoate-mevalonate pathway. 4*5 The naphthoquinones plumbagm (1) and 
7-methyljuglone (2) both occur m Drosera’ and can be used as chemotaxonomlc markers 
in this genus.6 The possible biosynthetic routes to plumbagm m Drosera offered some m- 
terestmg alternatives. It could be visualized as either a C-methylation7 of juglone (3) m 
a manner reminiscent of vltamm K, biosynthesls,8 or as a demethylatlon and hydroxyl- 
atlonofshiklmate’ via o-succmylbenzolcacld’, by the toluhydroqumone3 pathway, or by the 
two possibilities, feeding experiments with 14C-labeled precursors were carried out. If 

* A prehmmary account of part of tins work has been published m Tetrahedron Letters lW1, 3009 
1 THOMSON, R H (1971) Naturally Occurrmg Qumones, Academic Press, London 
’ DANSETTE, P and AZERAD, R (1970) ho&em Bmphys Res Commun 40, 1090 
3 BOLKART, K H and ZENK, M H (1969) Z Pflanzenphys~ol 61, 356 
4 SCHMID, H V and ZENK, M H (1971) Tetrahedron Letters 44, 4155 
5 ZENK, M H (1972) Hoppe-Seyler’s 2 Phystol Chem 353, 123 
6 ZENK, M H , FURBRINGER, M and STEGLICH, W (1969) Phytochemntry 8, 2199 
’ TEUSCHER, E (1970) Pharmakognosle, Vol II, pp 245-246, Akademle, Berhn 
s JACKMAN, L M , O’BRAIN, J G , Cox, G B and GIBSON. F (1967) Btochm B~ophys Acta 141, 1 

1483 



14x4 R DI!RA*UU and M H Zr IK 

plumbagm IS formed via Juglone. shlklmate-[7-‘4C] should be Incorporated” and the 2- 
methyl group would probably be derived from methlonme-S-[‘4Me] On the other hand. 
if the blosynthesls proceeds via the intermediate tbrmatlon of~chlmaphllm, tyrosme-i-/J: 
14C] should be Incorporated while mcvalonate-[2-‘4C] should not, since this carbon atom 
represents the C-7-methyl group of chlmaph~lm which would be lost during the transfor- 
mation of chlmaphllm to plumbagm 

Plumbagln ( 1) 7-Methyljuglone (2 ) Juglone ( 3 ) Chimaphllln (4) 

RESULTS 

For the selection of the most suitable experimental material, It was necessary to survey 
the biosynthetic capacity of different DTO.WI.U species for the formatlon of the qumones 
plumbagm and 7-methyljuglone Detached shoots or leaves of plants were exposed to 
14C02 and photosynthesls was allowed to proceed for a period of 24 hr. The naphtho- 
qulnones were Isolated by ether extraction and subsequently purified to constant specific 
activity by procedures already published ’ As shown in Table 1, ‘“CO, labels the naphtho- 
qumones present m these plants and the IncorporatIon varies from as little as 002?, m 
n !,!!2L1$6l to about 5”,; __ 111 young a!Iro!lmg leaves of n Ibl.?‘Uil!!!C!I!!? ThE latter plant was 
therefore chosen for all subsequent experiments on the biosynthesis of plumbagm while 

D cupcrzs~s was found to be more suited for the studies on the biosynthesis of 7-methJlJug- 
lone Plumbagm occurs m D~soph~4lurn as the free qumone m the form of long needlehke 
crystals No naphthohydroqumone glucoslde could be detected The yield of plumbagm 

from this plant ranged from I X to 3.3 blrnol per leaf (13-~27 jrmol lg fr wt) The extent of 

Species 
Plant 
organ Qumone found 

D 
D 

D 
D 
D 
D 
D 
D 
D 
D 
D 

D 
D 
D 

s11oot 

Shoot 
Shoot 
Shoot 
Shoot 
Shoot 
Shoot 
Shoot 
ShWl 
Shoot 
Shoot 
Shoot 
Shoot 

Leaces 

7-Mcthylluglone 
Plumh;$n- 
Plumhagm 
7-Methjl~uglone 
7-MethqlJuglone 
Plumhdgln 
Plumhagm 
Plumhagm 
Plumhdgm 
Plumhagm 
Plumbdgm 
7-Methylluglone 
Plumbagm 
7-Methyljuglonr 
Plumhagm 

0 ih I 0 x IO” II 
35 

422 
9 

60 
42 

Xl4 
103 
76 
15 
4 

I3 
‘715 
10.3 
347 
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incorporation of labeled precursors mto the naphthoqumone was strikingly dependent on 
the season of the year. Usually, the highest mcorporations were obtamed during the spring 
and summer months. 

In order to establish the pathway for the biosynthesis of plumbagm a series of i4C- 
labeled potential precursors was fed to young Drosophyllum leaves and the degree of mcor- 
poration was measured. Neither shikimate-[7-14C] nor methionme-[14Me] were mcor- 
porated to any sigmficant extent (Table 2) thus excluding the possibility that plumbagin 
is formed by methylation ofIuglone (Scheme la). 

TABLE 2 INCORPORATION OF POTENTIAL “C-~~~~~~D PRECURSORS I~WTO PLUMBAGIN IN YOUNG LEAVES OF Droso- 
phyllum luslrunrcum DURING 24 HR IN THE DARK 

Precursor apphed 

o-Shlklmlc acld-[7-‘4C] 05 
L-Methlonme-[‘“Me] 04 
Cmnamlc acld-[U-14C] 04 
Cmnamlc acld-[rmg-U-‘4C] 06 
p-Coumarlc acid-[2-“YZ] 13 
DL-Phenylalanme-[/?-‘4C] 10 
DL-Phenylalanine-[ring-l-‘4C] 04 
DL-Tyrosme-[j?-‘4C] 07 
DL-Mevalonic acid-[2-“‘Cl 04 

Total 
act. 

(dpm) 

Incorp Sp act 

(?A) (dpm/pmol) 

84 x lo6 004 
55 x lo6 006 
77 x lo6 0 12 
46 x lo6 031 
20 x lob 0 14 
1 1 x lo7 013 
17x 10’ 002 
1 1 x IO’ 2010 
1 I x 10’ 004 

Plumbagm 

Dllutlon 

27 x 10’ 63396 
39 x lo2 35714 
18x IO4 1064 
10x 103 7591 
81 x lo2 1897 
13x IO4 866 
18x lo3 23352 
14x lo5 116 
38 x lo* 72944 

None of the differently labeled cmnamic acids, nor phenylalanme, was sigmficantly m- 
corporated, which excludes the p-hydroxybenzoic acid pathway.4 However, DL-tyrosme- 
[p-‘“Cl showed a remarkably high mcorporation (20%), quite unusual for tracer exper- 
iments in higher plants. This finding was in agreement with the proposal that plumbagin 
might be formed via chimaphilin or a similar pathway mvolvmg mcorporation of tyrosine 
with the retention of the j-C-atom as the methyl group of plumbagm. However, mevalonic 
actd-[2-‘4C] was not mcorporated mto plumbagin, as might be expected in the above 
scheme. To examme these results more critically, highly labeled plumbagm was isolated 
from Drosophyllum leaves after application of oL-tyrosine-[j?-‘4C] for 24 hr and subjected 

-18.2% (16.7%) 

17 9% 
(16.7%) 

STRUCTURE lhtrlthtion pattern ofradioactlvity within the pium6agm moiecuie atfer iieding DL-tyro- 
sme-[fi-‘4C] to Drosophyllum leaves Numbers m brackets mdlcate percentage of label expected if the 

acetate-polymalonate pathway 1s operative 

to extensive chemical degradation. Kuhn-Roth oxidation was used to determine the 
radioactivity in carbon atoms C-2 and C-l 1 and oxidation with alkaline hydrogen per- 
oxide to give 3-hydroxyphthahc acid, which was further degraded accordmg to known 
procedures.’ If the toluhydroquinone or a similar pathway is involved m the biosynthesis 
of plumbagm, all the radioactivity should reside m the methyl carbon atom (C-l 1) after 
a tyrosine-[fi-14C] feeding experiment. 
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TARLE 3 DISTRIBUTION OE RAIXOACTIVITY IN CHEMICAL IJLGRAUATIO~ PRODUCTS or PLI MBAWN (SP AC? HFFORI- 
IXLIJTIOU I 56 x IO* dpm,‘mmol, DILUTION 1 47 8. TOTAL ACT 5 0 x IO’ dpm) $~N~~rIslzt 1) I-ROM I)L-TYKOSIYI 

[&‘“C] IN YOL’YCJ LI AVES OF Drotophvih /utrtu)lrt LIUI 

Degradation product (dpm/mmoi) 

ni.-T~rosrnc-[B-‘lC] 
dS prccu, SOT 

Theor! Found 

(“J (“,,I 

Plumbagm (=C-I-C-I I) 
C-2 (Kuhn- Roth) 
C-l I (Kuhn Roth) 
3-Hydroxyphthallc dcrd 
(=C- 1, 4- IO) 
C-3 (by drfference) 
CO2 ex 3-Hydroxyphthdhc 
acrd (=C-4) 
wH)droxybenzorc acid 
(X-1, 5m IO) 
wHydroxyben7olc acid after dllutron 
(1 350) 
CO? ex rn-H>droxyhenzolc 
acid (=C- I) , 
Plcrlc dud 
(=C-5 ~10) 
Pwrc dud after dllutlon (1 5) 
CO2 ex prcrlc actd 
(=C-5. 7, Y) 
CBr,NO, C,H,2N, 
(=C-6 8, IO) 

326 x 1Oh 
3 60 x IO4 
52 x 10’ 

211 X IO” 

600x IO’ 

2 10 X 10” 

600x IO3 

I 00 X I o3 

500x IO” 
100x 10’ 

0 

100x IO” 

66 6 
10 7 

0 0 

66 6 64 5 

66 6 

16 7 

50 0 
50 0 

0 0 

500 

The distrlbutlon pattern of the radloactlvity wlthm the plumbagm molecke is shown 
m Table 3. Much to our surprise, C-l 1 of the plumbagm labeled from tyrosme-[fl-14C], 
contained not 100% but only 16 35; of the total radioactlvlty 111 the molecule. almost 
exactly l/6 This euggested that the label IS distributed on alternative carbon atoms m the 
molecule and further degradation showed that this 1s indeed the case Carbon atoms I. 
3, 6, 8, 10 and 11 of the plumbagin were labeled while carbon atoms 2. 4. 5. 7 and 9 were 
devoid of radioactivity. This dlstrlbutlon pattern as shown m the structure 1s rcmmlscent 
of the acetate-polymalonate pathway, which 1s used for the formation of the fungal naph- 

thoqumones molhsm’” and Javamcm ” The labeling pattern from tyrosmc-[/I-‘“C] m 
plumbagm mdlcated that the homogentlsate rmg-cleavage pathway might be opcratlve in 
Dwsophyllum. In this case the /i-‘4C-atom of tyrosme would become C-2 of homogentl- 
sate, and after ring-cleavage of this intermediate, C-2 of acetoacetate and finally the methyl 
group of acetate. If this pathway functions m plants as m animals and mlcroorganlsms ” 
To test this hypothesis differently labeled acetate, malonate and acetogemc ammo actds 
were fed to Drosophyllunz Indeed, acetate-[I-‘“C] and [I!-‘“Cl as well as malonate-[2- 
‘“<‘I and proplonatc-[2-‘“C] are excellent precursors of plumbagm III this tissue (Table 

4). Plumbagm derived from an acetate-[I-‘“C] feeding experiment was subjected to exten- 
sive chemical degradation. It was found, that only carbon atoms 2. 4. 5. 7 and 9 were 
labeled and that between 18 and 21?b (theory 200,,) of total radloactlvity was located m 
each of these carbon atoms Plumbagm which was labeled from ai-etate-[2-‘“Cl gave 
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exactly the same labeling pattern as found after tyrosine-[p-i4C] feedmg. If tyrosme is 
bemg degraded via the homogentisic acid pathway, radioactivity from tyrosine-[l-i4C] 
should not be incorporated into plumbagm since the intermediate p-hydroxyphenylpyru- 
WC acid is decarboxylated, releasmg the labeled carbon atom as COz. This is, in fact, the 
case (Table 4). The small amount of radioactivity which IS found in plumbagm is most 
likely due to refixation of the 14C02 evolved from the origmal carboxyl group of tyrosme. 
A far higher incorporation is found with DL-tyrosine-[cc-14C], L-tyrosme-[ring-U-i4C] and 
D-tyrosine-[b-‘4C]. These results lend much support to the proposal that homogentisic 
acid is an intermediate between tyrosme and acetate. The Kuhn-Roth degradation of the 
labeled molecules m this study give results consistent with this assumption. The results 
also indicate (Table 4) that L-leucine and L-isoleucme are likewise converted to acetate and 
incorporated mto plumbagm. These amino acids are therefore acetogenic m higher plants 
as well 

TABLE 4 INCORPORATIONOFPOTENTIAL~~C-LABELEDACETOGENICPRECURSORSINTOPLUMBAGININYOUNGLEAVES 

OF Drosophyllum lusUamcum AFTER 24 HR IN THE DARK 

Plumbagm 
l‘+C m C-2 + C-l 1 

by Kuhn-Roth 
degrad 

Incorp Sp act Found Theory 
Precursor applied (pmol) Total act (%) (dpm/pmol) Dilution (%) (%) 

Acetate-[l-14C] 13 1 1 x lo* 1890 163x 10” 519 184 200 
Acetate-[2-14C] 09 1 1 x 10s 1990 182x lo6 672 157 167 
Malonate-[2-‘4C] 04 1 1 x lo7 19 10 484 x lo5 57 
Proplonate-[2-14C] 05 1 1 x 10’ 1475 258 x 10’ 85 
L-Leucme-[U-‘4C] 05 1 1 x 10’ 3 10 354 x lo4 622 186 182 
L-Isoleucme-[U-‘4C] 05 1 1 x 10’ 2 19 249 x IO4 884 184 182 
DL-Tyrosme-[l-‘4C] 21 1 1 x 10’ 002 674 x IO’ 7772 16 00 
DL-Tyrosine-[a-‘4C] 05 1 1 x lo7 1380 971 x lo4 227 194 200 
D-Tyrosme-[fi-14C] 05 98 x lo6 1600 1 34 x lo4 146 17 1 167 
oL-Tyrosme-[rmg-U-‘4C] 0 5 26 x lo6 5 75 933 x IO’ 557 182 182 

Feeding experiments with acetate-[2-14C] (2pmol) m the presence of unlabeled 
malonate (12 pmol) showed that C-2 and C-l 1 of plumbagm had a sigmficantly higher 
radioactivity (22%) than in control experiments (Table 4); the reverse was true if malonate- 
[2-i4C] (2 pmol) was fed to differentiated plants in the presence of unlabeled acetate 
(12 pmol), m this case C-2 and C-l 1 were less radioactive (10%) than in the control exper- 
iments (Table 4). This suggests, that acetate (acetyl-CoA) serves as a starter umt for carbon 
atoms 2 and 11 durmg the biosynthesis of plumbagm. 

In order to further test the hypothesis that the homogentisate ring-cleavage pathway 
is operative m Drosophyllum a number of suspected intermediates labeled with 14C were 
prepared from oL-tyrosine-[j?-‘4C] using cell free preparations from rat liver.13 All inter- 
mediates were rigorously purified by preparative paper chromatography. The results of 
feeding these compounds to Drosophyllum are shown m Table 5. 

p-Hydroxyphenylpyruvic acid-[3-‘4C] is surprisingly poorly mcorporated (5%) into 
plumbagm as compared to the more remote precursor tyrosme. However, the low value 
may reflect the relative lability of this compound or a divergence in metabolism. Homo- 

I3 KNOX, W E (1955) Methods m Enzymoloyx (COLOWICK, S P and KAPLAN, N 0, eds ), Vol II, pp 287-300, 
Academic Press, New York 

PHIT” 13:s-hl 



1488 R DURAW and M H ikw 

Precursor applied 

Plu mbagln 
lJC In C-2 + C-l I 
by Kuhn Roth 

degrad 
Total act Incorp sp act Found Theory 

(pmol) (dpm) (‘3 (dpm,/Fmol) Dtlution (‘I,,) (“0) 

p-Hydroxyphenyl- 
pyruwc acid-[3-‘V} 
Homogentwc acid- 
[2-‘4C] 
4-Mdkylacetoacetlc- 
acid-[2-‘“Cl 
4-Fumarylacetoacettc- 
acld-[2-L“C] 
Malerc acld-[2,3-“%Z} 
Fumarrc acld-[2.3-“V} 
Fumarlc dud-[ 1 4’“Cl 
Eth~lacetwcctlc 
acid-[3-“(‘1 

19 17 x 1oi 560 17x 10’ 

0 5 64 x IO’ 20 90 2 I x IO4 

0 2 10x IO’ 29 IO I9 x IO’ 

02 10 x 10’ 30 90 20 x 10’ 
05 I 1 x 10’ 8 so 14x 104 
22 1 1 x 10’ 470 1 7 x rv 
0 x 9 0 x IO” 0 OS 26 x IO’ 

0 9 xx x lo* ii 20 3 8 x IOJ 23 I 

gentlslc acid-2-14C, the central intermediate m the pathway, showed an mcorporatlon 
which was about equal to that of tyrosine and was surpassed only by those of the ahphatlc 

Intermediates 4-maleyl- and 4-fumarylacetoacetlc acid which should be formed after the 
oxldative cleavage of the aromatlc rmg of homogentlsic acid. For higher plants 307; IS a 
rather high rate of mcorporatlon and one 1s forced to assume that both isomers are directly 
involved m the degradation of tyrosme to acetate. Maleic and fumaric acid-[2.3-‘“C] when 
fed to Drosophyllum leaves showed only l/6 of the extent of mcorporatlon of the foregoing 
compounds Malelc acid could be formed possibly from maleylacetoacetlc acid, while 
fumarlc acid IS most hkely formed according to the classical homogentlslc acid rmg-clea- 
vage pathway. The low mcorporatlon could be a consequence of the compartmentatlon 
of either the tyrosme degradation or the plumbagm synthesis Fumarlc acid-[1.4-“C] IS 

only slightly incorporated Into the naphthoqumone. This IS consistent with the assumption 
of an Intact cltnc-acid cycle and a conversion of either mahc or oxalacetlc acid to pyruvlc 
(or phosphoenolpyruvlc) acid which 1s decarboxylated to acetyl-CoA The label from 
fumarlc acld-[l,4-‘4C] is thereby entirely lost, while that of fumarlc acld-[2,3-‘4C] is 
retamed and yields uniformly-labeled plumbagm. Fmally, acetoacetlc acld-[3-‘4C] (as Its 
ethyl ester) 1s incorporated mto plumbagm thus suggesting that tyrosme degradation m 
this higher plant tissue operates the same way as It 1s known from animals and micro- 
organisms. In slmllar experiments, the same pathway for the blosynthesls of 7-methyljug- 
lone was established. 

In order to confirm this hypothesis we attempted to trap any homogentlslc acid formed 
from DL-tyrosine-[fi-‘4C] within the leaf tissue Only a small amount of the free acid (l.S:, 
of the total activity of the extract) was found however. after chromatography of an alcoho- 
lic extract of the labeled leaf In order to increase the pool of free homogentlslc acid. use 
was made of the fact that rmg-cleavage of homogentlsic acid IS carried out by an n-on- 
contammg enzyme which 1s inhibited 1~ cifro by x,x’-bipyrldyl I4 Prehmmary experiments 
showed that Drosoph~llunz leaves were able to tolerate 001 M r.r’-blpyrldyl for at least 

I4 SWA. M. TAKI-IX Y SCJISHI, K dnd TAxALA. T (19.51) J L?~~x~~w 38. 297 
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24 hr. Leaves were therefore allowed to take up 0.01 M a,a’-bipyridyl for 6 hr and were 
then transferred to a solution of oL-tyrosine-[fi-‘4C] in 0.01 M a,a’-bipyridyl. These leaves, 
and those of a control experiment fed only tyrosine-[/?-14C], were allowed to metabolize 
for 24 hr. The results (Table 6) show that in the presence of the chelating agent mcorpor- 
ation of label into plumbagin was reduced to l/10 of the control value, which is m accor- 
dance with the operation of the homogentisic acid pathway in Drosophyllum. A control 
experiment in which leaves were allowed to photosynthesize r4C02 in the presence and 
absence of a,cr’-bipyridyl showed that the incorporation of label from 14C02 into plumba- 
gm was insignificantly reduced. This experiment also shows that the endogenous precursor 
of plumbagin is not tyrosine but rather acetate or acetyl-CoA formed directly from carbo- 
hydrate metabolism 

TABLE 6 SPECIFIC INHIBITION OF TYROSINE INCORPORATION INTO PLUMBAGIN IN Drosophyllum lusaznxum BY 

TREATMENT WITH a,d-BIPYRIDYL(IO-2 M)DURING 24HR IN THE DARK 

Precursor apphed @moU 
Tot act. 

(dpm) 

Plumbagm 
Incorp. Sp act 

(%) (dpmlpmol) Ddutlon 

DL-Tyrosine-[/?-“+C] 
DL-Tyrosine-[&‘4C] + 
a,a’-blpyrldyl 
‘4C02 
14C02 + a,a’- 
blpyrldyl 

05 92x lo6 19 3 81 x lo4 226 

05 92 x lo6 25 15x lo4 1220 
9.8 11 x 10s 3.1 4.1 x lo5 24 

98 1 1 x IO8 22 26 x 10’ 43 

Leaves fed tyrosine-[/Sr4C] in the presence of cr,or’-bipyridyl were extracted after 24 hr 
with 80% ethanol and the extract was chromatographed. Chromatography showed sub- 
stantial amounts of free homogentisic acid to be present (135% of the total radioactivity). 
The labeled homogentisic acid was isolated and rigorously purified by recrystallization 
with authentic homogentisic acid, formation of derivatives [2,5dimethoxyhomogentisic 
acid methyl ester (sp. act. 330 dpm/pmol) which was converted to 2,5-dimethyoxyhomo- 
gentisic acid (sp. act. 310 dpm/pmol)] and radiogas chromatography Thus, homogentisic 
acid is formed from tyrosine m this tissue when its normal catabolism is blocked by a,~‘- 
bipyridyl, and that under these conditions formation of plumbagin from tyrosme is also 
severely depressed. 

It is noteworthy that plumbagin shows a slow turnover in plants kept m the dark. Pulse 
feeding of tyrosine-[!I-r4C] for 1.5 hr to Drosophyllum leaves which were kept subsequently 
in the dark showed that plumbagin had a half life of about 400 hr under these conditions. 

One major uncertainty m these experiments is that they were conducted with nonsterile 
plants. Thus it could not be excluded that epiphytic bacteria living on Drosophyllum plants 
were causing the breakdown of labeled tyrosme and its catabohtes, although the high per- 
centage of incorporation of tyrosine into plumbagin made this possibility unlikely. In 
order to exclude this possibility completely, Drosophyllum plants were grown in test tubes 
on an inorganic mineral salt agar medium, starting with sterilized seeds. Two-month-old 
plants were checked for their sterility by incubating portions of leaves on nutrient agar 
(Merck II). There was no indication of any contamination. The shoot was then excised 
under sterile conditions and allowed to metabolize under rigorously sterile conditions a 
sterile solution of oL-tyrosine-[/?-‘4C] (5.0 &i, @5 pmol). After 24 hr the plant had res- 
pired 1.1% of the radioactivity as COZ and 4.8% was incorporated into plumbagin (sp. 
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act 92000dpm/~mol, dllutlon. 239) only l/5 of the mcorporatlon found with nonsterlle 

plants. We attrlbute the lower mcorporatlon to the poor physlologlcal condltlon of the 
test tube grown sterile plant Clearly, however, sterile tissues of higher plants are able to 

convert tyrosme via acetate to plumbagm In order to substantiate this. tissue cultures of 
D lusztur~cum were established Callus grown on solid agar was transferred to a liquid 
medium and after about 13 transfers and selectlon for naphthoqumone production a good 
growing dedlfferentlated suspension culture was obtained which produced plumbagm (CLI 
7 pmol/g fr wt). The culture was routinely checked for contammatlon. Usmg this sterile 
suspension culture, the experiments with labeled tyrosme and Its catabolltes were repeated, 
with qualltatlvely ldentlcal results (Table 7) The extent of mcorporation of these precur- 
sors mto plumbagm IS lower than m the case of the dlffcrentlated tissue. but the reason 
for this may be the lower metabolic capacltg of the undifferentiated tissue. The dilution 
factors were comparable to the dllutlon factors obtained with the intact leaf tissue 

Precursor apphed bmol) 

Plumbagm 
Totnl dct Incorp 

Idpm) (“,,b 

Sp act 
(dprn/~m~ol) 

DI-Tyrosn~e-[‘b~~C] 
I,-Tyroslne-[P-‘4C] 

p-Hydroxyphenvl- 
pyruwc ac,d-L3-V’sCj 
Homogentwc acld-[2-‘4C] 
4-Malevlacetoacetlc acid- 
[I-‘y-j 
4-Fumarylacetoacetlc 
acld-r2-1GC1 
Acetak-[lLi’C] 
Acetate-[2-“?Z] 
Malelc dcid-[&j-‘?j 
Fumaric acid-17 3-“CJ -. 
Ethylacetoacetlc acld-[SL4C] 

3 6 
3 6 

47 
35 

37 

37 
41 
40 
39 
56 
40 

3 Y x 10’ 
I 2 x IOh 

17x lOi 

0 51 
0 45 

1 54 
0 79 

701 

I 4X 
0 97 
I 65 
0 43 
09X 
1 70 

l _ 
:H,--CO* - - 

CH,’ 

HO 

TyRWnfZ Homogenhsote Acetate Plumbogm 

Thus It has been established that higher plants possess a catabolic pathway for the 
breakdown of tyrosme to acetate via homogentlsate (Scheme 1). AsJudged from precursor 
feeding experiments this catabolic route IS identical to the homogentlsate ring-cleavage 
pathway known to occur m a number of animals and mlcroorgamsms. Rigorous proof, 
however, requn-es the lsolatlon of enzymes of this pathway from sterile grown plant mater- 
ial. which has been successful and ~111 be published elsewhere 
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DISCUSSION 

In 19.59 Zaprometov ’ 5 drew attention to the fact that plants are able to degrade pheno- 
lit compounds and that obviously plants, like microorgamsms and animals, possess path- 
ways to cleave the benzene rmg. This suggestion was confirmed in recent years especially 
by feeding ring-[14C] labeled aromatic compounds to sterile plant tissue and monitoring 
the respired i4C02 which served as an indicator for rmg degradation (literature in r6). Up 
to now, however, no complete pathway was demonstrated m higher plants by which the 
ring-cleavage of the aromatic nucleus is achieved. In this paper, it has been shown that 
D. lusztan~um possesses the homogentisic acid ring-cleavage pathway for tyrosine degra- 
dation. Plants grown under sterile and nonsterile conditions as well as m cell suspension 
cultures are able to degrade tyrosine to acetate. By means of precursor feeding exper- 
iments, it was shown that homogentisate and its aliphatic ring-cleavage products are con- 
verted to a large extent to acetate. The acetate molecules thus formed are mcorporated 
into the naphthoqumones plumbagin and 7-methyljuglone according to the acetate-poly- 
malonate pathway, a hexaacetyl chain bemg Involved as a likely intermediate. The high 
efficiency of the conversion of the carbon atoms of tyrosine into plumbagm can presently 
only be explained by the assumption that degradation of tyrosine and biosynthesis of 
plumbagin are highly compartmentalized within the plant cell. Despite the high rate of 
conversion (up to 200/J, only a small percentage of the labeled carbon atoms of tyrosine 
was liberated as r4C02; this demonstrates that measurement of 14C02 set free from 
labeled aromatic precursors, as an indicator for ring-cleavage can give misleading results 
and that this method should only be used in a qualitative manner. 

One can speculate that there might be an ecological function for the occurrence of this 
pathway in carnivorous plants. Drosophyllum as other Droseraceae occurs on notoriously 
nitrogen-poor soil. Perhaps the carnivorous habit has developed to supplement the 
nitrogen supply of these plants by proteolytic breakdown of protein of their prey.” The 
nitrogen of the ammo acids obtained from the insect is most likely removed and used for 
synthetic reactions within the plant. The carbon skeleton of the amino acid is subsequently 
broken down to acetate by the plant and reused for biosynthetic processes such as naph- 
thoquinone formation. This hypothesis is supported by the fact, that m Drosophyllum ace- 
togemc amino acids like tyrosme, leucine and isoleucine are readily degraded to acetate. 
The naphthoqumone plumbagin is toxic to certain microorgamsms’ 8*1 9 and it is possible 
that the relatively water-soluble plumbagin formed by the Droseraceae serves an ecologi- 
cal function by preventing excessive microbial growth on the trapped msects, thereby 
excluding competition for the valuable nitrogen 

EXPERIMENTAL 

Plant muterlnl Plants were grown in a greenhouse at 18” day aqd 15” night temp at a relative humidity of 
70 + 15% Young, not yet completely unrolled leaves (length 7 + 1 cm) of Drosophyflum hmtanmun were used 
for feedmg experiments Three mdlvldual leaves were used for mcubatlons whmh were carried out at 21” + I” 
and m complete darkness In order to enhance uptake of the tracer solunon the leaves were exposed to a con- 
tinuous stream of au Sterrle plants were grown from surface sterlhzed seeds m test tubes on a mmeral salt 

I5 ZAPROMETOV, M N (1959) Ber Akad Wws UDSSR 125, 1359 
I6 ELLIS, B E (1973) Hunta 111, 113 
I7 SCHMLJCKER, T and LINNEMANN, G (1959) Handbuch der Pflanzenphys~ologw (RUHLAND, W , ed ), Vol XI, 

198-283, Sprmger-Verlag, Berlm 
‘* PARIS R and DENIS, J C (1967) Ann Pharm Fr 15, 145 
l9 VAN I&.R VIJVFR, L M and LOTTER, A P (1971) Phytochemstry 11, 3247 

PP 
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medmm20 at room temperature and 4100 Ix Suspensron cultures of Drosophyllum were prepared from callus tts- 
sue which was grown m essentrally the same medmm as that developed by Gamborg et al ,‘I strains were selected 
for high naphthoquinone production 

Radtoactrve compounds Isotoptc compounds were purchased from commercial sources o-shtkrmlc acid-[7- 
14C] and L-tyrosme-[rmg-U-r4C] were synthesrzed m thus laboratory 22~23 p-Hydroxyphenylpyruvtc acrd-[3-r%] 
and homogentrstc acid-[2-r‘%] were prepared from oL-tyrosme-[j3-‘4C],*4 whereas maleylacetoacettc acid-[2- 
14C] and fumarylacetoacetic acid-[2-r4C] were prepared from homogentrslc actd-[2-‘4C] ‘s ” Derrvattves of 
homogentrsic acid were prepared and radtogas chromatography was performed according to Bondurant et cd*’ 

Isolatron and pur$icatm ofnaphthoqutnones. Plant material was extracted exhausttvely wrth Et20 The naph- 
thoqumones m the ether extract were purified by preparative TLC on Sthca gel G plates m C,H, (plumbagm 
R, 647 and 7-methylJugfone R, 0 38) cyclohexane-Et;0 (4 1) containing 3 drops HbAc per 100 ml (R, 0 5 and 
0 37) and toluene-Me,CO (19.1) (R, 0 79 and 0 70) So act of the naohthoqumones staved constant from the 
second TLC step on Concentratronk of plumbagm were determined spectrophotometrtcal~y m MeOH at 425 nm 
[c = 3 98 x 10h cm’/mol] and 7-methylmgione at 414 nm [e = 3 83 x IO” cm’!mof] 

Degradation o~plumbagln Labeled plumbagm was diluted with unlabeled carrier material (total 150 pmol) and 
subJected to an alkalme H,Oz oxrdatron’whrch yrelded 3-hydroxyphthahc actd The phthahc acrd was degraded 
further accordmg to known procedures ’ 

Bromoprcrm was rsoiated and counted as us hexamethylene tetramme derivative ” Kuhn-Roth oxrdatron dnd 
degradation of acetate was performed accordmg to standard procedures ‘* 
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