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Abstract-Tenuazonic acid (3-acetyl 5-set-butyl pyrrolidine-2,4-dione) is a metabolite produced by the fungal 
pathogen of rice Pyriculariu oryzae. It inhibits growth of plants by interferring with protein synthesis at the ribosome 
level. We have synthesized analogues of tenuazonic acid with various substituents at C-3 and C-5. Substituents at C-5 
other than set-butyl or n-propyl, decrease the phytotoxicity of the analogues. But substitutions at C-3 abolish the 
toxicity. Thus, tenuazonic acid seems to have the optimal structure for phytotoxicity. 

Tenuazonic acid induces rice leaf defence reactions (browning) of reactive varieties which are resistant to P. oryzue. 
Some of the analogues synthesized have a low level of phytotoxicity and are able to induce this leaf browning of the 
reactive rice varieties. Thus different structural features are required for phytotoxicity and for leaf browning. 

Ii3TRODUCTION 

Tenuazonic acid (5S, 6S-3-acetyl 5-set-butyl pyrrolidine- 
2,4-dione: TA) is a fungal metabolite with a broad toxicity 
spectrum. First detected as a growth inhibitor of tumour 
cells [l-3], TA was shown to have viricide [4], bactericide 
[2] and insecticide activities [5] and to be toxic to 
mammals [6,7] and chicken [8]. Its toxicity to plant cells 
was discovered later, after it had been isolated from 
culture filtrates of phytopathogenic fungi (Akernaria 
lonqipes [9] and, Pyricularia oryzae [lo, Ill). The in- 
hidition by TA of growth of mammal and plant cells is 
thought to come from the inhibition of protein synthesis 
[12,13] at the ribosome level [ 14,151. Detailed studies on 
isolated mammal ribosomes have showed that the forma- 
tion of the peptide bond is the main step inhibited by TA 
[16]. It has been shown that TA has a ribosome binding 
site, for it inhibits the binding of radioactive protein 
synthesis inhibitors (anisomycine and trichodermin) on 
the ribosome [17, 181. Synthesis of tenuazonic acid from 
L-isoleucine [19, 201 allowed studies on its 
structure-activity relationship. When synthetic analogues 
were tested for their growth inhibition of tumour cells, 
almost all the compounds were less active than TA [3, 
21-231. The analogue with the D-isoleucine configuration 
was inactive on tumour cell growth [3]. From these 
studies a new inhibitor has been discovered [24,25]. This 
inhibitor of eukaryotic cell growth is a Schiff base of an L- 
phenylalanine analogue of TA, which interacts with 
tubulin [26, 271. TA has a low bactericidal activity. 
Attempts to raise its toxicity showed that TA derivates 
must have a long saturated chain at C-3 with a small 
substituent linked to C-5 [28-301. Other modifications 
such as phenyl linked to C-5 or to nitrogen also raised 
bactericidal activity [3, 201. Comparisons of the viricide 
activity of TA analogues showed that the 

thiosemicarbazone SchilT base of the L-valine analogue of 
TA has the most specific activity against viruses [31,32]. 
From these results, it is clear that different modifications 
of the TA structure are required to improve its toxicity to 
bacteria or viruses, but none gives inhibitors as toxic to 
mammal cells as TA. 

Only few of the synthetic TA analogues have been 
tested for their plant cell toxicity [33, 341 and from these 
different experiments it is not possible to deduce whichare 
the structural features necessary for plant cell toxicity. 
Our interest in the comprehension of the mode of action 
of TA on rice cells, has led us to study the physicochemical 
properties of TA and its structure-activity relationships. 
TA is known to form metal complexes, but iron and 
magnesium components of its natural salt, are not able to 
reverse or to increase its toxicity to rice roots [35]. We 
have studied the influence of other metals on TA toxicity, 
and have synthesized one TA analogue which was unable 
to form metal complexes. TA analogues with different 
radicals linked to C-5 of the pyrrolidine-2,4-dione cycle 
have been synthesized. From the comparison of the 
biological activity of these compounds, we may identify 
the structural characteristics necessary for toxicity. Of 
these analogues, the L-valine derivative is a natural fungal 
metabolite produced by Alternuricl sp. strains in con- 
taminated grains [36]. But its toxicity to plants has never 
been measured. We have also synthesized analogues with 
different radicals linked to C-3 of the heterocyclic ring, 
since this part of the molecule is involved in metal 
complexation by TA. TA has another biological activity 
towards rice leaves. It induces a leaf browning of some P. 
oryzae resistant rice varieties. This browning is a barrier of 
pigmented cells around the toxin application point [37]. 
Such leaf browning is associated with rice defence reac- 
tions to P. oryzue 138,391. We have compared the toxicity 
and the browning induction ability of TA analogues to see 
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Tenuazonlc acid is an amorphous product which is 
difficult to purity by chromatography on the preparative 
scale. We have examined the Jill’errnt nnpurities which 
can occur during its synthesis. First. we found that one of‘ 

the synthetic TAs was contammated by a red coloureti 

pigment. We did not find any signal of thjs impurity in the 
‘t! KMK apcctra ofthecrutie product and UC wereablt: to 

separate it from TA by partltlon with pen~ane III u hlch it IX 
insoluble. We then compared the toxicit of the crude 
product and the dzcoloured 1A. Both ha\e the hame 
toxicity to roots and the bame Ieal‘ browning induction 
capacities. Secondly. we hale lound in another synthetic 
TA. small amounts of’ UP’-absorbing compounds which 
could only be derected by anion IIPLC Thq uere 

quantified bq their absorptwn at 2X0 nm and represented 

at most 5 “o ot -IA absorbance a: 30 nm it should bz 

noted that crystallization o1 -IA as a copper complex did 
not rrmoic these impurities. TA wltii 0r without de- 
tectable amounts ol’these rmpurities has the same toxicit) 
to rooks and the same lea! browning induction capacities. 

Frc,m these exynnznts IL is clear that ihc mpurities we 

ha\c Jcts1ctcd do not rntorferc wth -I A bioiogical acts\ it) 

toward rice. WC hale lound dillerenccs between the 

optical rotatinm ot‘ the synthetic 7 :A. ranging 1 ram - lOti 
to -~ 170 Thcsv dill’erences might bc the result of the 
epimrrisation OI 1-A tlurlng its \)nthecc\. which gibe5 a 

nl!xture of I -~I A and n-oi/~-~~ ,\ i &?o. 3.3 ] In order 
to detect the rr-~riic~-7 A f’orrncd. we: have cynthcsized 
the rcterence compounds I.-~/lo-TA and r>-Tri to find the 
characteristic signals of’ the alio configuratron of the .SPC’- 
butyl side chain, tor some tht’f’erenccs in the NMR spectra 
of’ the ‘1-A diastcreoisomers hare already been reported 
(H-51 1.331. C’omparIson of high fielci ‘kl NMK qectra ot 
t,-TA and I.-cJ&I-~-,h shous that three resonanccs~ arc 
diflkxnt betv,,een the Iwo dlastereotsorrlers i Ii-.5. H-X and 
H-9: Table 1). These signals have been used itr detect and 
quantify the ~-~ll&T‘/i in the d~tterent s_vnthetic r.4 As 
and to check the optical purity of lbe I -dicAA and IF TA 
synthesized (Table 21. The eplmerisation <jicurs probably 
during the last step 01‘ the synthesis as the sLtmc non- 
cyclized precursorcan g~\‘e.after difl‘ercntcqcllz;itions.-1’A 
with different optical rotatmns. The rcactlon iime did not 
aft‘ect the epimzrzition. (‘ychzatmn with oni” equ1~&2nt 

o!‘scxiium nieth>late at X0 lor J.3,6. or 9 hr gakr I J.4 
samples uirh the kame percentage (31‘ fj-i;il<a-‘l ‘4. Ru! !he 

Table I ’ ti NM K signals ot 1.--i 4 and : -,iijf,- 
7A 

iv I-l-5(di Me-X(r) Me-i)(d) 

LTl (5X 6.S) 3 84 0 o<: 0% 
L -dloJ -1 I’.)‘. 
6K) ‘\.92 0 ‘15 [)‘7< 

<‘1>3OD. 250 .x4 117. mlium \211\ 
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Table 3. Biological activities of TA diastereoisomers 

Root growth 

inhibition Leaf assay ( 10 m M) 
___.~_ --___ 

ttk * to50 910 [kdf, 

necrosis 
- 

L-.TA 0.12 0.04 +++ +++ 
L -al/o-l-A 0.50 0.17 + 0 

D-TA 0.60 0.10 0 0 
- 

* IDs,,: 80”, inhibition dose (mM). 

-t BIC: Leaf browning induction capacities. 

and D-TA have nearly the same IDse and ID,~ (0.5 mM 

and 0.16 mM). They are both less toxic than TA, the 
difference being statistically significant at 1% of error. L- 

a/lo-TA and D-TA were less able to induce leaf browning 
than L-TA for they only induced a slight browning at 
10 tnM, without necrosis. From these experiments we can 
conclude that changes in the configuration at C-5 or C-6 
of the see-butyl chain of L-TA decreases its IDso to one- 
fifth of that of L-TA. These results are different from those 
obtained by Mikami [333 who finds the same level of 
toxicity to lettuce seedlings for L-TA and D-TA. Since D- 
TA is inactive against mammal cells [3], we can conclude 
that different structural features are involved in phyto- 
toxicity and in mammal cell toxicity. 

Comparison of’ the biologicul activities of 5-substituted 
analogues of TA 

We have compared the toxicity to roots of TA 
analogues with different hydrophobic or polar side chains 
linked to C-S of the pyrrolidine-2,4-dione cycle. These side 
chains have been chosen to point out the simplest 
structure needed for toxicity. The results are given in 
Table 4. Analogues with side chains shorter or longer than 
that of TA had a low toxicity. They were 10 times less toxic 
than TA (ID&. The analogues with the shortest (4, one 
carbon long) or the longest (13, four carbons long) side 
chain were the least toxic of all. Analogues with a three 
carbons linear side-chain (substituted or not) were the 
most toxic, but still they were significantly less toxic than 
TA. Among them, the analogue with a S-n-propyl chain 
was the most toxic to roots and induces a leaf browning 
similar to that of TA. Thus, the phyto- 
toxicity of 3-acetyl pyrrolidine-2,4-diones varies with the 
length of the side chain linked to C-5 of the cycle. This 
length must be of three linear carbons. Substitutions on 
this side chain other than that of TA (5S, 6S, set-butyl) 
decrease the phytotoxicity compared to TA. This suggests 
that the side chain of TA fits into a ‘receptor site’ which 
recognizes the 5s. 6s. set-butyl configuration, and that 
this interaction is necessary for phytotoxicity. 
Modifications of the see-butyl chain might lower the 
affinity of the analogues for this ‘site’ and thus decrease 
their toxicity compared to TA. 

Comparison ofthe biological actiuities of 3-substituted TA 
analogues 

We have compared the biological activities of 5-sec- 
butyl pyrrolidine-2,4-diones with different substituents at 

C-3. The 3-acetyl group is conjugated with two other 
carbonyl groups. This conjugation is necessary for ioniz- 
ation and it is responsible for the acid and metal 
complexing properties of TA. The oxime (15) and the 
Schiff bases derived from TA (16, 17) might have metal 
complexation properties different from those of TA. We 
have also synthesized an analogue without metal com- 
plexing properties (18, H,-3). Some of the 3-substituted 
analogues tested (14, 15, 16, 18) had a low toxicity, the 
least toxic being analogue 18 (H,-3) (Table 5). Analogues 
which were able to complex iron, as shown by their ability 
to form red coloured (14) or purple coloured (15, 16) 
complexes with FeCI,, were much less phytotoxic than 
TA. From these results it might be concluded that metal 
complexation of not essential for phytotoxicity, though 
these analogues might have a lower affinity for iron than 
TA. Other changes introduced by the formation of an 
oxime or a Schiff base might be responsible for the 
decrease in toxicity. First, changes in the equilibrium 
constants between the Z and E forms are produced by 

Table 4. Biological activities of S-substituted TA analogues 

Root growth Leaf assay 
inhibition (10 mM) 

Substituent 

(analogue number) ‘Ds0 * 
t&o BICt necrosis 

SS-Methyl (4) 4.20 0.90 0 0 

5S, Ethyl (5) I so 0.38 0 0 

5S-iso-Propyl (6) 1.30 0.37 + + 0 

SS-n-Propyl (7) 0.36 0.10 + + + 
5S, 6S-see-Butyl (L-TA, 1) 0.12 0.04 +++ ++ 
SS-iso-Butyl (8) 0.97 0.28 + + 0 
SR-iso-Butyl (9) 0.36 0.13 0 + 
SS-n-Butyl (IO) 1.80 0.60 + 0 

SS-Benzyl (11) 3.40 1.50 + 0 

SS-2-Carboxy-ethyl (12) 3.30 1.80 + 0 

SS-4-Amino-butyl (13) 10 < 3.00 0 0 

*IDsa: 80’:; inhibition does (mM). 
+ BIC: Leaf browning induction capacities. 

Table 5. Biological activities of 3substituted TA analogues 

Substttuent 

(analogue number) 

Root growth Leaf assay 

inhibition (IO mM) 
____ 

t&l0 * 
'DSO BICt necrosis 

Acetyl (Tkl) 0.12 0.04 + + + + + 

(Carboxy-methyl) (14) 10 < 10.0 0 0 

2-(Hydroxy-imino)-ethyl (15) 6.00 2.00 + 0 

2-(Methyl-imino)-ethyl (16) 4.00 1.00 0 + 
2-(Thiosemicarbazone- 

imino)-ethyl (17) 0.50 0.12 0 + + 

3-Dihydro (18) 10 < 5.00 +$ 0 

*IDA<,: 80% inhibition dose (mM). 
t BIC: Leaf browning induction capacities. 
t Non-specific browning induced on both TA-reactive 

(IRATl3) and TA-non-reactive (Maratelli) rice varieties. 



these 3-substitutions. as shown by the mtensities ot‘their 
‘H NMR signals (H-5 and H-l 1) which correspond LO 
ratios different f’rom that ot’ TA. Secondly, these ana- 
logues might have ionization properties diflerent lrom 
that of TA. Thus. it is difficult to understand why these 
analogues are less phytotoxic Therc!ore. ,vc CX~ concl~rdc 
that the acetyl group linked to the (‘“3 01‘ ihc qcic I\ 

essential to phytotoxicity as its motiiticst~on\ lcad to lrsa 
toxic analogue% 

Comparison hefuren rhr t~~xicir~ mi ihc, !iw! hrm rfirki 
indurtion cnpwir~ o/ 7iz unahguc~\ 

Rice leaf browning is a mechanism o! &fence agamst 
various agressions (t’ungl. bacteria. chemicals). It can be 
induced by sc\eral inhibitors structurally unrelated to IA. 
such as protein synthesrs inhrhitork ranrscmigcitic. 
cyclohexnnidr). sulphydryi reagents imdvacetic ac~c! 
[38]). But the browning induced b) !~ICNL’ zht’n~icai~ is noi 
as specific as Khat oi T’A for ri 1.x induf_cd on all rlzc 
varieties. T.4 (IO jti. i mMl induzc\ 3 ::ir‘:~! 1-D h!-I :in<i 
intense lea6 hroihnmg only :bri som: ~IL‘L I ;::‘iLlt;ii\ rcsistan: 

to P. or)‘zw [3-T]. The response oi’oiher idriclieh I\ weaker 
and occurs later (> 3 days). When appi~c~i at hlghcr 
concentration.; (1U /il. IIJ mM), 1 Z ai IiiiiliCCS a lual 

neorosij on aIf rice varieties aj well a., the bi-c~ii ning 01 the 
edge of the dead area on rCDCIICC \arict~,. ihus. r\e hait 
tested theleaftoxicity (necrosib)unri thy! ipcc~iic browning 
Induction capacities 01 ali !hc IA anaioguL,,+ \~nthesizcd. 

by treating TICC.’ JL’~\cs with drops OI ,t I!5 niM \olnti<ril 01 
each analogue ThC majonty of the anaiogues Marc not 
toxic for the ica\cs. anti honit Ad n*>t tnduir lcal 
bronning (Table 6). ‘4 large number ueri’ :iblz to induce a 

weak browning ( + 1 which correspond& to ;L ~naii brov\n 
spot located at the application polnl iit i!i;: ;!rop~ 011 the 

leaves. Three analogues were able tc? :nduie a clear 
browning 1 -t +-- ). but oniy one oi them Induced the \amc 
symptoms as TA. ‘1 he analogue der!\ed irorn I.-saline (6) 
induced a brown ring at 0.5 to ! cm from the application 
point without a necrotic area. The analopui- Jcr~~cd lion 
L-leucine (8) mducetl a lai-pz hrllen ,.tri‘i 12 4 ~IIJU’I 

without necrosis. Thr analogue dcrlbcd 1r13n: 1..nor\aimc 
(7) induced a symptom which wah ~~rniia: *I) Lh,lt LB! 1‘4. 
with a central nrcrotrc zone surroc;nd~ci :)- ;ln I~ICII~C 
brown ring. the dlttercnLe being 3 .~n:iii~r 1:2<i<)il< ,~rea 
than TA. Lcat’braMningcan bc mc!ucc:d b) ~CN (11 the 7 A 

analogues, whatecrr iheir phjt<bt<?xlci:> iLV1 rit;ai 

necrosis. ID,,,). Sume of the anal~.gucs artt: d. kiucr 

Table (> Dlstrihutmn <.)I the 1 *i ;~nal~;gu~~ IOI 
their leat briiwnrng Inducnon capac~iiu, ,.~il:ii ti~~lr 

phyrotoxIcit~ (iear ,ltCri~\,ii 
__~. _. ~.~.~ 

Lear tfz-i)*ning i~iiluclr<:r~ i i:~ ill \I! 

!tiler. 
Leaf newxii huonct U/d. me&ire Intcrw: 

(10 mM) lOI !-+I /-~.:;-. 2: 

None 101 .t* 6 \I 
Weah f -t I 1 ii :, 
intensz 1 +. 4-j .‘ (1 ;/ ’ \ 

*Number 01 analogue\ i:i eniti ~j;i..~ IX 
unclassified 
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= 3 HZ, H-5,35565jb, Z-E); DCIMS (NH3)90 eV, m/z (rel. int.): 

213 [M + HI+ (lOO), 197 (12), 156 [M + H - butyl]+ (7); (Found: 
C, 56.72; H, 7.55; N, 12.71. CIOHlbNL03 requires: C, 56.6; H, 7.54: 
N, 13.21 %.). 

(SS, 6S)-3-[2-(methyl-imino)ethyI] S-set-Butyl pyrrolidine-2,4- 

dione (16). L-TA (0.4 g, 2 mM) was dissolved in MeOH (4 ml) 
with two equivalents of methylamine (0.35 ml of a 33 ‘i; ethanolic 

soln). The mixture was refluxed for 2 hr and coned. 
Recrystallization from hexane-MeOAc (1: 1) gave white crystals 

with 50% yield (0.2 g, 1 mM). Mp 116‘; UV Af;t& nm (log a): 240 

(4.0), 300 (4.27); ‘H NMR (CDCI,): SO.75 (3H, d, J = 7 Hz, H-9), 

0.95 (3H, r,J = 7 Hz, H-8), 1.3 (2H, m, H-7), 1.93 (H, m, H-6), 2.54 

and 2.56 (3H, s, H-11, SCrSO:/,, Z-E), 3.02 and 3.08 (3H, d, H-13, 
SO-SO%, Z-E), 3.70 (H, m, H-5); GCEIMS 70 eV, m/z (rel. int.): 
210 [Ml’ (7) 154 [M -561 (100); (Found: C, 62.12; H, 8.59; N, 

12.45. C,,H,,N,O, requires: C, 62.85; H, 8.57; N, 13.33;$). 
(SS, 6S)-3-[2-(Thiosemicurbazone-imino)elhyl] 5-sec-butylpyr- 

rolidine-2,4-dione (17). L-TA (0.2 g, 1 mM), was treated with one 

equivalent of thiosemicarbazide (0.1 g, 1 mM) in 70” EtOH 

(10 ml) and refluxed for 1 hr. Et,0 was added to the coned soln 

and the ppt. was recrystallized from 50‘ EtOH with a yield of 5 ijO 
(O.l4g, 0.5 mM). mp 170”, lit. [31] 143-147”; ‘HNMR 

(CD,OD): 60.8 (3H, r, J = 7 Hz, H-8) 1.0 (3H, d, J = 7 Hz, H-9), 
1.30 (?H, m, H-7), 1.85 (H, m, H-6),2.5 (3H,s, H-11). 3.72 (H,d, J 
= 3 Hz, H-5), DCIMS (NH,) 90 eV, m/z (rel. int.): 271 [M + H] + 

(100) 254 (8) 214 CM + H - butyl]+ (14), 197 (40); (Found: C, 

48.5;H,6.7l;N,20.04;S, 11.68.Ci,H,sN,O,Srequires:C,48.88; 
H, 6.66; N, 20.74; S, 11.86”/,.). 

Biological assays. Roof growth inhibition. Sterilized rice seeds 
(variety Irat obtained from CIRAD-IRAT, Montpellier, 

France) were pregerminated in the dark, for 3 days at 28”. Ten 
germinations were selected at random and distributed in each 

Petri dish (150 mm diameter) containing 10 ml of the soln to be 

tested, buffered with 0.01 M MES, pH 6. An aliquot of 40 roots 

was measured with a ruler to calculate the initial mean root 

length. After 2 days at 28‘, the root lengths were measured and the 

increase in length calculated. Each treatment (compound-dose) 
had three replicates (Petri dish) within each of three independent 

experiments. The dose-inhibition curve was estimated by linear 

regression with the following transformed variables: Y = arc 

sin(,/[L/lOO]) and X = log,,(M) where I was the growth 

inhibition percentage and M was the molar concentration of the 

compound [35]. IDs0 and 1~~~ were estimated by interpolations 
of the linearised dose-inhibition curve. 

Leaf toxicity and browning induction. All the analogues were 

tested on rice leaves of plants at the 5-leaf stage (25530 days old) 

cultivated in a greenhouse (20” min). The varieties lrat 13 (TA 

highly reactive) and Maratelli (TA weakly reactive) 1371 were 

used. The last developed leaves were kept llat and treated with 

10 ~1 drops of the sodium salt of each analogue (pH 6, without 

buffer) at two concentrations, 10 mM and 3 mM. The whole 
plants were kept in a humid chamber for 24 h. In each exper- 

iment, TA was used as a control of the plant reaction since the 

browning capacity of the leaves varies with the season [37]. After 

5-8 days, leaves were scored for their reaction according to the 

following scales. Browning: weak ( + ). intermediary ( + + ), 
intense ( + + + ). Necrosis: weak (small lesion: + ), intense (large 

lesion: + +). 
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