
HETEROCMLES, Val 15, No 2, 1981 

BIOSYNTHESIS OF CYCLOHEXIMIDE 

STEREOSPECIFIC INCORPORATION OF [ ~ , z , ~ - ~ ~ c ~ I  MALONATE 

* 
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The stereochemical course o f  the  i nco rpo ra t i on  o f  an i n t a c t  malonate 

u n i t  i n t o  the  g l u ta r im ide  r i n g  o f  cycloheximide was i nves t i ga ted  by us ing  

13 
11.2.3- CJ malonate as a precursor.  The l a b e l l e d  pa t t e rns  of  enr iched 

cycloheximide and i t s  d e r i v a t i v e s  revea led  t h a t  t h e  i nco rpo ra t i on  of an i n t a c t  

malonate u n i t  was completely s t e reospec i f i c .  The E-S aceta te  u n i t  and 

methine carbons(C-4,5,6) o f  cycloheximide were shown t o  be l a b e l l e d  by i n t a c t  

[1,2,3-13~3] malonate. 

The b iosyn thes is  of  cycloheximide(1) has been ex tens i ve l y  i nves t i ga ted  by Czeck workers. 1 I 

The r e s u l t s  o f  i n co rpo ra t i on  and degradat ion s t ud ies  w i t h  14c- labe l led  precursors showed t h a t  the  

two methyl groups(c-15.16) were der ived  f rom methionine and the  o the r  carbon atoms f rom malonate. 

An i n t e r e s t i n g  f ea tu re  of cycloheximide b iosyn thes is  i s  the  i n t a c t  i n co rpo ra t i on  of  a malonate u n i t  

i n t o  t h e  g l u ta r im ide  r i n g .  Cycloheximide(1) can be regarded as a unique po l yke t i de  possessing an 

i n t a c t  malonate u n i t  as a s t a r t e r .  The stereochmical  course o f  t h e  i nco rpo ra t i on  of  an i n t a c t  
14 malonate u n i t  was i nves t i ga ted  by the  sane Czeck group. Cycloheximide(1) l a b e l l e d  by [ C 1  carbon 

14 d i ox i de  o r  11- C]  ace ta te  was converted i n t o  d ihydrocycloheximide a c i d  lac tone(^),^' which was 

submit ted t o  s e l e c t i v e  decarboxy la t ion  r eac t i ons  t o  determine the  r a d i o a c t i v i t i e s  of the  carboxyl  

and lac tone carbonyl  carbons. The r e s u l t s  i n d i c a t e d  t h a t  an i n t a c t  malonate u n i t  was incorpora ted  

i n t o  t h e  g l u ta r im ide  r i n g  i n  p a r t i a l l y  s t e reospec i f i c  manner, and p c - S  and E-R ace ta te  u n i t s  

were l a b e l l e d  by an i n t a c t  malonate u n i t  i n  t h e  r a t i o  o f  2 .2 : l .  3 I 
13 2 

Our i n i t i a l  i n t e r e s t  i n  cycloheximide b iosyn thes is  was t h e  a p p l i c a t i o n  o f  [2- C.2- H3] ace- 

t a t e  t o  t r a c i n g  t h e  f a t e  of ace ta te  hydrogen i n  t h e  b i osyn the t i c  me thy l a t i on  a t  C-11 and 13, and 

t o  c l a r i f y ' t h e  f u r t h e r  d e t a i l s  of  cycloheximide b i ~ s ~ n t h e s i s . ~ )  However, p re l im ina ry  feeding ex- 

14 periment w i t h  [I- C] ace ta te  i n  Streptomyces naraensis5) revealed t h a t  ace ta te  was a poor precur-  
14 

so r  even i n  pulse feed ing  experiments. The s p e c i f i c  i n co rpo ra t i on  r a t i o s  o f  [I- C] ace ta te  i n  8 

14 
experiments under va r i ed  feeding cond i t ions  were 0.5-3.1%. I n  con t ras t ,  12- C] malonate was found 

t o  be a b e t t e r  p recursor  and s p c i f i c  i n co rpo ra t i on  r a t i o s  i n  3 experiments w i t h  s i n g l e  feeding 



13 were 16.18%. It became clear that [ C] acetate could not be used as a precursor and, therefore, we 

reinvestigated the stereochemical course of malonate incorporation into the glutarimide ring with 

13 [1,2,3- C3] malonate. Since the labelling patterns of the two prochiral acetate units in the 

glutarimide ring (C-2,3 and C-5,6) were expected to be different, the stereospecificity in the 
13 incorporation of [1,2,3- C31 malonate would be easily detected by l3c-~MI7. 

Streptomyces naraensis was precultured for 2 days in 50 ml soybean powder-glucose medium in 
13 500 ml Erlenmeyer flask on a rotary shaker (200 rpm) at 28'. [1,2,3- C31 malonate (124 mg) was 

fed to five flasks on the second day of production culture using the same medium. The supernatant 

of culture broth obtained on centrifugation was extracted with chloroform, and the chloroform 

extract was chromatographed on silica-gel column. Cycloheximide that eluted from the column with 

chloroform-methanol (9:l) was recrystallized from isoamylacetate to give pure cycloheximide (1) 
13 (42.6 mg). In the spectrum of cycloheximide (1) enriched with [l ,2,3- C3] malonate all 

signals except for those of two methyl groups (C-15,16) showed 13c-13c couplings. The signals 

except for those of the prochiral acetate units (C-2.3 and C-5.6) were assigned with the aid of 

13c-13c coupling constants, the natural abundance off-resonance spectrum and the spectrum of cyclo- 
13 heximide (1) enriched with [2- C] malonate. The signals arizing from the prochiral acetate units 

(,C-2.3 and C-5,6) could not be assigned at this stage, because they showed the same coupling 

constant (5~48 Hz). However, only one of the methylenes (C-3 or C-5) of the prochiral acetate 

units showed couplings with both of the adjacent carbons, indicating that the incorporation of an 

intact malonate unit is completely stereospecific. 

In order to clarify which of the prochiral acetate units is derived from an intact malonate 

13 unit, cycloheximide(l) enriched with [1,2,3- C3] malonate was converted into dihydrocycloheximide 

acid lac tone(^).^) In order to obtain unambiguous evidence for the conformation of 2, we carried 

out X-ray analysis. The crystals of 2 grown from ethylacetate was found suitable for X-ray 

analysis. The crystal is orthorhombic, space group P212121 with four molecules in a cell of 

dimensions, a=10.429(5), b=27.810(11), c=6.281(3)?~, Dx=1.26 g . ~ m - ~ ,  v=1494.6i3. A total of 1701 

reflections were recorded using a Philips PW 1100 diffractometer with CuKu radiation. The structure 
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13 
Tig.  1 l3c-NtI~  spectrum of cyclohenimide(1)  enriched with 11.2.3- C31 malonate 

6a) 

vas solved by t h e  d i r e c t  method(MULTAN) and r e f i n e d  by the  block-diagonal  least-squares method 

(HBLS). The f i n a l  R index was 0.087. Thus emerged s t r uc tu re (F ig .  2 )  shows t h a t  the  d imethy lcyc lo -  

hexanol and a c e t i c  a c i d  groups a r e  bo th  equa to r i a l  f o r  t h e  lac tone r i n g ,  i n d i c a t i n g  t h a t  the  ace- 

t i c  a c i d  group(C-2,3) cprresponds t o  t h e  =-R ace ta te  unit(C-2,3) i n  cycloheximide(1) and t h e  E- 

S aceta te  unit(C-5.6) forms a p a r t  o f  t h e  lac tone r i n g .  
13 

I n  the  spectrum of 2 enr iched w i t h  [1,2,3- C3] malonate, the  13c-13c coup l ing  

constants o f  t h e  two p a i r s  of carbon atoms i n  question(C-2,3 and C-5,6) are n o t  i d e n t i c a l .  A methy- 

l ene  s i gna l  observed a t  36.1 ppm(J=33,51 Hz) shows 

:? coupl ings w i t h  a methine s i gna l  a t  28.9 ppm(J-33 Hz) 

and a carbonyl  s i gna l  a t  170.0 pppm(J.55 Hz), i n d i -  'a 
@'b c a t i n g  t h a t  they  a re  de r i ved  f rom an i n t a c t  malonate 

6) !! 
1 4  

,/-I u n i t .  A methylene s i gna l  a t  40.3 ppm(J-56 Hz) and 
1L i 

A 
I 

1Sy O\. - f--, a , r\ a carbonyl  s i gna l  a t  172.9 p p ( J - 5 5  Hz) are assigned 
\, 

7 ,  t o  t h e  o ther  p a i r  of the  ace ta te  u n i t s .  This assign- 

Q (24 
L/\\ *, ~ ~ . . 3 1 0 !  .:, 

\ .  ment i s  a l so  supported by t h e  f ac t  t h a t  t h e  s a t e l -  
,, ., L'.,., 

r 
, 2  

,' - ,-':, l i t e  s i gna l s  of carbonyl  carbon a t  170.0 p p  a re  
j -, ./g 

smal le r  than those of the  o the r  carbonyl  carbon 
(ji-1 

(172.9 ppm)(Fig. 3 ) .  Th is  i s  due t o  an ex tens ive  
F i g .  2 ORTEP drawing of dihydracycloheximide 

a c i d  lac tone(2)  exchange o f  carboxyl  carbon o f  malonyl CoA w i t h  non- 



malonate 

F ig .  4 Enlarged 1 3 ~ - ~ ~ ~  spectrum of dihydroeycloheximide ac id  lac tone(2)  enriched with [ 1 , 2 , 3  

13c 1 malonate. * signals of C-5 only coupled wi th  C - 4 .  + Unidentif ied s ignal?b)  3 

- 1 1 4 4  - 
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labelled carbon dioxide through the interconversion reaction between malonyl CoA and acetyl CoA. 

However, the complete assignment of 13c-~MR signals for the two pairs of carbon atomes(C-2.3 and 

C-5,6) were again not possible. 2 was methylated with diazomethane in methanol-ether to give a 

methyl ester(3). Two carbonyl carbon signals were observed at 170.6 and 171.5 ppn, respectively. 

The undecoupled natural abundance 13c-NM~ spectrum of 3 showed a multiplet centered at 171.5 ppm 

(Fig. 5a), which was collapsed into a triplet like signal by the selective irradiation of methoxyl 

protons(6 3.68)(Fig. 5b). The signal at 171.5 ppn was thus assigned to the carbomethoxyl carbon 

(C-2) and the signal at 170.6 ppm to the lactone carbonyl carbon(C-6). The 13c-NMR spectrum of 

enriched 3 shows two triplets centered at 170.6 ppm(J=51 Hz) and 171.5ppn(J=57 Hz). The values of 

the coupling constants are similar to those observed in the 13c-~MR spectrum of 2 enriched with 
13 [1,2,3- C3] malonate(Tab1e 2; 52,55 Hz) .  Moreover, the intensities of the satellite signals of 

lactone carbonyl(l70.6 ppm) are smaller than those of carbomethoxyl(l71.5 ppn), indicating that 
13 the carbon atoms labelled by intact [1,2,3- C31 malonate are uresent in the lactone ring. The 

results unambiguously demonstrates that only the KO-S acetate unit of the glutarimide ring is 
13 derived from an intact malonate unit. The complete assignments of C-NMR spectra of 1 and 2 are 

shown in Table 1 and 2. The results obtained by the Czeck group which indicated partially stereo- 

specific incorporation of an intact malonate unit were presumably caused by the lack of selec- 

tivity in the decarboxylation reactions. 

170.6( 51 Hz ) 
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Table 1. 13c-chemical s h i f t s  and 13c-13c 

coup l ing  constants o f  cyclohex- 

imide(1 )6a) 

Carbon P P ~  * JC.,(Hz) 

2 172.5(s) 48 

3 37.2( t )  + 48 

4 27.5(d) 32 

5 38.5( t )  + ' 32,48 

6 172.7(s) 48 

7 3 8 . l ( t )  + 41 

8 66.4(d) 40 

9 50 . l (d )  + 37 

10 216.2(s) 37 
11 40.5(d) + 30 

12 42 .6( t )  30 

13 26.7(d) + 33 

14 3 3 . l ( t )  33 

15 14.2(q) 

16 18.3(q)  

* Multiplicity in the off-resonace decoupled 
spectrum 

13 + Enriched with I2- C1 malonate 

Table 2. 13~-chemica l  s h i f t s  and 13c-13c 

coup l ing  constants of d ihydro-  

cycloheximide a c i d  lac tone(2)  6b) 

Carbon P P ~  JC-,(Hz) 

2 172.9(s) 55 

3 40.3( t )  56 

4 28.9(d) 33 

5 3 6 . l ( t )  33,51 

6 170.0(s)  52 

7 32 .5 ( t )  35 

8 82.6(d) 35 

9 42.6(d) 37 

10 70.5(d) 37 

11 31.6(d) 33 

12 33 .9 ( t )  34 

13 27.6(d) + 
14 27 .9( t )  + 
15 18.7(q) 

16 18.4(q) 

* Multiplicity in the off-resonance decoupl- 
ed spectrum 

+ AB type co~p1ing;exact values were not 

determined 
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