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SUMMARY 

Shikimic-6-13C ac id,  43 t 5% enriched, was synthesized 

from 91% enr iched acetic-2-13C a c i d  v i a  91% enriched 
phosphoenolpyruvic-3- C ac id .  The l a t t e r  in termediate 
was condensed wi th erythrose-4-phosphate by a c e l l  f r ee  

e x t r a c t  o f  E. coli 83-24. 

13 

Key words: Shik imic  ac id ,  carbon-13 NMR 

Shik imic  a c i d  (1) i s  an impor tant  in termediate along the  aromatic biosyn- 

t h e t i c  pathway. 

the i o d i n i n  rep resen ta t i ve  o f  which we r e c e n t l y  studied. 

i nvo l ved  the  p a r t i c u l a r  way i n  which two sh i k im ic  a c i d  molecules p a i r e d  t o  

g i ve  the  phenazine skeleton and ~ h i k i r n i c - 6 - l ~  a c i d  had t o  be synthesized f o r  

t h i s  work. 

It i s ,  among others, a precursor  o f  phenazine a n t i b i o t i c s ,  

The i n v e s t i g a t i o n  

1 

By an improved procedure, adapted from the l i t e r a t u r e ,  acetic-2-13C ac id,  

91.92% enriched, was converted v i a  i t s  potassium s a l t  w i t h  benzoyl bromide i n t o  

acetyl-2-13C bromide.‘ The a c i d  bromide was t r e a t e d  w i t h  cuprous cyanide t o  

g i v e  p y r ~ v o n i t r i l e - 3 - ~ ~ C  

t o  p y r ~ v a m i d e - 3 - ~ ~ C  

brominated t o  bromopyruvic-3-’ 3C a c i d  

phosphite t o  y i e l d  p h o s p h e n o l p y r u v i ~ - 3 - ~ ~ C  a c i d  
0362-4803/80/0217-0289$01~00 i l ece ived March 7, 1979 
0 1 9 8 0  by John W i l e y  & Sons, L td .  R s v i s e d  A p r i l  30, 1979 

which was hydrolyzed w i t h  aqueous hyd roch lo r i c  a c i d  

and then t o  p y r u v i ~ - 3 - ~ ~ C  ac id.  The py ruv i c  a c i d  was 

and phosphorylated w i t h  t r i m e t h y l  

(2) , which was converted 
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t o  i t s  a n a l y t i c a l l y  pure monocyclohexylammonium s a l t  i n  20-30% o v e r a l l  y i e l d  

from AcOH. 

showed 91.9% enrichment. 

I t s  13C-NMR spectrum confirmed t h i s  s t r u c t u r e  and the  compound 

*CH3COOH a> *CH3COOK => *CH3COBr 

CuCN> * C H ~ C O C N  - HC1 > * C H ~ C O C O N H ~  

H2° 

H2° 

* -> HC1 CH3COCOOH - Br2 > *CH2BrCOCOoH 

5 Sr in ivasan,et f i .  had shown t h a t  c e l l - f r e e  e x t r a c t s  o f  Escher ich ia  m m u t a n t  

83-24 (blocked a f t e r  sh i  k im ic  a c i d )  converted erythrose-4-phosphate (3) and 

phosphoenolpyruvate (2) t o  sh i  kimate (1). 

COOH 
I 

C-O-P03H2 

CH, * I' COOH 
L 

HO.. COOH C=O 

* !H2 

CHO H-LOH 
- t - > HO-C-H -6 OH > 

NAD+ NADH 

0 

2 - 

H - ~ O H  H-C-OH 
I 

H-C-OH CH20P03H2 
1 

CH2-OP03H2 

bH 

COOH COOH 
- 3 ooH N A y g D p '  > 0- 

bH OH 

OH 0 HO.' 
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Phosphoeno lpyruv i~-3-~~C a c i d  (2) was condensed w i t h  unlabeled erythrose-4- 

phosphate w i t h  a c e l l - f r e e  e x t r a c t  o f  r. coli 83-24 i n  a two hour i ncuba t ion  

according t o  the  method o f  Scharf and Zenk . 
scaled up 45 times. 

chromatography and t h i n  l a y e r  chromatography. 

cons iderably  from incuba t ion  t o  incubat ion.  

ma te r ia l  was i s o l a t e d  based on p h o s p h o e n o l p y r u v i ~ - 3 - ~ ~ C  ac id .  

6 The enzymatic r e a c t i o n  vas 

The r e s u l t i n g  shikimic-6-13C a c i d  was i s o l a t e d  by column 

The o v e r a l l  y i e l d s  va r ied  

Usual ly  about 40-60% o f  pure 

During the  synthes is  the  13C enrichment i n  sh i k im ic  a c i d  had dropped t o  

about 50%. 

aged c e l l - f r e e  e x t r a c t  o f  r. e. 
may be synthesized (1)  by t h e  glucose-6-phosphate degradation, and ( 2 )  by 

phosphory la t ion o f  unlabeled pyruvate (a main product  o f  the metabol ic  poo l )  

c a r r i e d  ou t  by pyruvate orthophosphate d ik inase:  

This l o s s  o f  l a b e l  cou ld  be expla ined by reac t i ons  poss ib le  i n  an 

Competing unlabeled phosphoenolpyruvate 

pyruvate + ATP + Pi <= > phosphoenolpyruvate + PPi + AMP 

Also the re  could be some l o s s  o f  l abe led  phosphoenolpyruvate by the  pyruvate 

kinase reac t i on :  

phosphoenolpyruvate + ADP -> <- pyruvate + ATP 

The ac tua l  reason f o r  t h i s  loss o f  l a b e l  was n o t  examined 

EXPERIMENTAL 

-- Potassium acetate-2-13C, 6.89 g (70 mmol), Phosphoeno7pyruvic-3-13C a c i d  

91.92% enriched, was mixed w i t h  8.55 g (70 mnol) benzoic acid, pu lver ized,  and 

placed i n  a d i s t i l l a t i o n  f l a s k .  Benzoyl bromide, 35 m l  (297 m o l )  was added 

and a g lass wool p l u g  was placed i n  t h e  s ide arm. 

whereupon a slow and steady e v o l u t i o n  o f  H B r  and d i s t i l l a t i o n  o f  a c e t y l  bromide- 

d 3 C  occurred a t  72-76°C. Dry cuprous cyanide, 

11.14 g (124 m o l ) ,  was placed i n  a 125 m l  Erlenmeyer f l a s k  and 7.64 g (62 

mmol) f r e s h l y  d i s t i l l e d  acetyl-2-13C bromide was added and enough d r y  hexane 

was added t o  cover the  now turquoise cuprous cyanide. 

w i t h  N2 and sealed. 

The f l a s k  was s low ly  heated, 

Y i e l d  6.47 t o  7.66 g (75-90%). 

The f l a s k  was f i l l e d  

A few minutes r o t a t i o n  ensured m ix ing  o f  t he  contents  
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and the flask was left in the dark for three days at r.t., whereupon the con- 

tents were filtered through a fine fritted funnel and washed with absolute 

ether. 

next step, in blank runs pyruvonitrile was isolated by distillation at 92"C, 

yielding 2.14 to 2.57 g (50-60%). 

Although this etheral solution of pyr~vonitrile-3-~~C was used in the 

The approximately 110 m l  of the above solution o f  pyr~vonitrile-3-'~C in 

ether was saturated at 0°C with hydrogen chloride. 

nitrile-3-13C in the previous reaction (50 mmol),one ml (55 mol) of distilled 

water was added slowly and saturation with hydrogen chloride at G"C was con- 
13 tinued for another 30 min, whereupon white crystals o f  pyruvamide-3- C formed. 

The crystals were collected on a course fritted funnel and washed with 75 ml of 

a chilled mixture of ether/cyclohexane 5:1, saturated with hydrogen chloride. 

The crystals were freed from hydrogen chloride by a stream of nitrogen. Yield 

2.97-3.78 g (55-70%), mp 110-114"C, after recrystallization from ethyl acetate 
2 2.16-2.70 g (40-50%), mp 127-128°C (lit : 127°C). The crude pyruvamide, 3.34g 

(38 nimol), which is not stable, was immediately partially dissolved in 30 m l  

water, 40 ml of NHC1 was added and the mixture was heated on a steam bath for 

2 hr. Pyruvic-3- C acid was continuously extracted with ether. After evapor- 

ation o f  the ether colorless pyruvic-3-13C acid was distilled in vacuo under 

nitrogen, Yield 2.19-2.87 g (65-85%),mp 13.6-13.8"C. Freshly distilled 

pyr~vic-3-l~ acid, 3 g (34 mmol) was heated to 50°C under exclusion o f  moisture 

and 5.45 g (34 mmol) dry bromine was added dropwise with stirring, keeping the 

temperature at 50°C. 

lizing dish with the aid of a little hot benzene. 

vacuum desiccator with KOH pel lets, whereupon the bromopyruvic-3-' 3C acid 

crystallized, Yield 5.41 g (95%), mp 70°C. Recrystallization from chloroform 

(1 ml per g) gave 4.27-4.73 g (75-63%) of hexagonal prisms, mp 74°C. 

Assuming 80% of pyruvo- 

13 

The fuming syrup was immediately washed into a crystal- 

The dish was placed in a 

Bromopyruvi~-3-'~C acid, 5.6 g (34 mmol), which is unstable, was immedi- 

ately added slowly to 4.3 g (35 mmol) trimethyl phosphite in 100 ml absolute 

ether. 

evaporated at r.t. 

water was added and after 73 hr water was evaporated at reduced pressure at 40°C. 

A brisk reaction occurred immediately and after 5 min the solvent was 

A solution of 3.4 g (34 mmol) cyclohexylamine in 40 ml 
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The s o l i d  cyclohexylammonium s a l t  was d i sso l ved  i n  45 m l  warm methanol and 

upon a d d i t i o n  o f  an equal volume o f  e t h e r  t o  the warm s o l u t i o n  the monocyclo- 

hexylammonium s a l t  o f  pho~phoenolpyruvate-3-~~C c r y s t a l  1 ized.  A f t e r  s tanding 

a t  0°C ove rn igh t  t he  y i e l d  was 4.3 g (50%), mp 130-142°C (dec). Anal. Calcd 

CgH18N06P: C, 40.45; H, 6.79; N, 5.24. Found: C, 40.72; H, 6.99; N, 5.39. 
I J  The proton decoupled C NMR spectrum was recorded on a Bruker WP-60 instrument, 

operat ing a t  22.63 MHz, us ing the  pulse Four ie r  

shows the observed peaks. 

t ransform technique. Table 1 

Table 1. Proton decoupled "C-NMR o f  t he  cyc lohexy l -  
ammonium s a l t  o f  phosphoenolpyruvic ac id .  
Concentrat ion 0.4 M, so l ven t  and lock  compound 
020, pH 2.5, 35OC, standard ex te rna l  TMS. 

ppm ( r e l .  t o  TMS) Assignment 

168.3 
146.4 
111 .o 

7.5 c-1 

7.5 c-2 
4.5 c-3* 

52.6 -- c-1 ' 
32.7 -- C-2' /C-6' 
26.7 -- c-4 '  

26.2 -- c-3 '  /c-5 ' 

* I n  the 13C-enriched compound the  i n t e n s i t y  r a t i o  o f  t h i s  
peak t o  o the r  peaks, as compared t o  corresponding i n t e n s i t y  
r a t i o s  i n  the  unenriched compound, showed a t  l e a s t  90% 
enrichment. 

The f i n e  s t r u c t u r e  o f  the peak a t  111.0 ppm c o n s i s t i n g  o f  8 l i n e s  i n  the  

proton coupled spectrum was analyzed t o  g i ve  J 

162.5 Hz ar,d Jcp = 4.5 Hz. The 'lP-NMR-FT spectrum, measured a t  36.4 MHz. 

gave a doublet  a t  0 ppm (H3P04 standard) w i t h  Jpc = 4.5 Hz. 

= 165.0 Hz, J - - 
CHt ran s CHci s 
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Shikimic-6-13C a c i d  -- E. 83-24, k i n d l y  supp l i ed  by B. D. Davis, was 

grown on minimal medium' 

L- tyros ine,  and L-tryptophan and 0.5 pmol each o f  phyd roxybenzo ic  ac id ,  2,3- 

dihydroxybenzoic acid, and paminobenzoic  a c i d  w i t h  a e r a t i o n  a t  30°C. 

the c e l l s  reached an o p t i c a l  dens i t y  a t  578 nm o f  about 2.5 they were harvested 

by c e n t r i f u g a t i o n  f o r  10 min a t  10,000 x g, washed once w i t h  c h i l l e d  0.9% NaCl 

and s tored a t  -25OC f o r  up t o  several months. 

supplemented w i t h  50 pmol each o f  L-phenylalanine, 

When 

For crude e x t r a c t  f r a c t i o n ,  c e l l - f r e e  e x t r a c t s  were prepared by g r i n d i n g  

f rozen c e l l s  w i t h  1.5 t imes t h e  weight of alumina powder (Alcoa 305) i n  a 

mortar. potassium 

phosphate b u f f e r  pH 7.4. 

ex t rac ts ,  obta ined by c e n t r i f u g a t i o n  a t  25,000 x g f o r  10 min, were d ia l yzed  

f o r  6-8 h r  against  0.03 phosphate b u f f e r  pH 7.4. 

u s u a l l y  had a p r o t e i n  concentrat ion of 25 mg/ml, was aged f i v e  days a t  0°C 

before use. 

The suspension was taken up i n  a 3 - f o l d  volume o f  0.'03 

A l l  operat ions were c a r r i e d  o u t  a t  0-4°C. C e l l - f r e e  

The d ia l yzed  e x t r a c t ,  which 

The enzymatic synthes is  o f  t he  sh i k im ic  a c i d  was c a r r i e d  o u t  by the  
6 method described by Scharf and Zenk . 

o f  phosphoenolpyruvic a c i d  t o  sh i k im ic  a c i d  conta ined i n  a volume o f  160 m l :  

potassium phosphate b u f f e r  pH 7.4 14 mmol, CoC12 20 umol, NAD 135 umol, NADPH 

36 limo1 , erythrose-4-phosphate (prepared from gluocse-6-phosphate accord ing t o  

the method o f  Bal lou, e t  a l .  ) 400 umol , p h o s p h e n o l p y r u v i ~ - 3 - ~ ~ C  a c i d  400 umol , 
glucose-6-phosphate 500 wmol , glucose-6-phosphate dehydrogenase ( f rom yeas t )  

50 u n i t s ,  and aged c e l l - f r e e  e x t r a c t  I. 
p r o t e i n .  

The r e a c t i o n  m i x t u r e  f o r  t he  conversion 

8 

83-24 corresponding t o  1 g o f  

The m ix tu re  was incubated a t  37°C f o r  2 h r .  The p r o t e i n  was p r e c i p i t a t e d  

w i t h  45 m l  o f  3 fi p e r c h l o r i c  ac id ,  removed by c e n t r i f u g a t i o n  and washed tw ice  

w i t h  water. 

chromatographed on a column (2x16 cm) o f  Amber l i te  CG-400, ace ta te  form. 

E l u t i o n  was done w i t h  water, then w i t h  a l i n e a r  g rad ien t  o f  0 t o  3 N a c e t i c  

a c i d  (2x300 m l ) .  

o f  sh i k im ic  a c i d  by p e r i o d i c  a c i d  described by the  method o f  Gaitonde and 

The combined supernatants were adjusted t o  pH 5 w i t h  a 3 N KOH and 

A l i q u o t s  o f  i n d i v i d u a l  f r a c t i o n s  were tes ted  by the  o x i d a t i o n  
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9 Gordon . 
dryness under reduced pressure, d i sso l ved  tw ice  i n  ethanol and the so l ven t  was 

evaporated i n  vacuo. 

t h i n  l a y e r  p l a t e s  prepared w i t h  Ce l l u lose  MN 300. 

i n  the  so l ven t  system bu tano l -ace t i c  acid-water (4:1:5 organic  phase). 

sh i k im ic  a c i d  bands were l oca ted  by spraying the reference sh i  k imic  a c i d  

spot ted a longside the  13C-material w i t h  the  per iodate benzid ine reagent pre-  

pared according t o  C i f o n e l l i  and Smith 

w i t h  water and l y o p h i l i z e d .  The y i e l d  was 41.8 ng (240 pmol). 

F rac t i ons  con ta in ing  sh i k im ic  a c i d  were combined and evaporated t o  

The res idue was d i sso l ved  i n  50% ethanol and spot ted on 

The p l a t e s  were developed 

The 

10 . The sh i k im ic  a c i d  bands were e l u t e d  

The 13C enrichment was determined from i t s  "C-NMR spectrum which was 

recorded on a Varian FT-80A instrument, operat ing a t  20 MHz. 

spectrum d i d  n o t  match t h a t  o f  unlabeled sh i k im ic  acid, i t  cou ld  be expla ined 

i f  (1) a t r a c e  o f  a paramagnetic i o n  were present, making C-7 and C-1 unobser- 

vable because o f  r e l a x a t i o n  induced l i n e  broadening, and i f  ( 2 )  the s o l u t i o n  

were e s s e n t i a l l y  n e u t r a l  due t o  d i l u t i o n  . It could be shown t h a t  t he  

Although t h i s  

Table 2.  13C-NMR of s h i k i m i c  acid-6-13C and unenriched sh i k im ic  a c i d  i n  D20, 
&-values downf ie ld  from TMS=O. 

Enriched sample,.~2% Unenriched sampl e ,~18% 
i n  D20, 35"C,5 nun tube, 
ex te rna l  TMS, Varian FT-80 Aa 

i n  D20, 35"C,5 mm tube, 
ex te rna l  TMS, Varian FT-80 A 

Assignment pH % 7.0 PH Q, 2.0 pH % 7.0 

b 

c- 7 unobservable 170.4 175.8 
c-2 130.4 137.8 130.9 
c- 1 unobservable 130.3 136.8 
c-3 71.9 71.8 72.7 
c-5 66.7 67.2 67.5 
c-4 66.1 66.4 66.9 
C-6 32.4 31 .O 33.4 

aRecorded a t  Varian/Darmstadt, West Germany 
bRecorded a t  The U n i v e r s i t y  o f  New Mexico 
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presence o f  a mole f r a c t i o n  Cu" of  about 

e n t i r e l y  i n  unlabeled sh i k im ic  a c i d  and t h a t  i n  going from pH Q, 2 (18% 

sh ik im ic  ac id  i n  D20) t o  pH Q, 7 t h e  p o s i t i o n s  o f  C-1 and C-2 e s s e n t i a l l y  

interchanged, w i t h  downf ie ld  s h i f t s  o f  C-7 and C-6 (Table 2 ) .  I n  the  enr iched 

sample homonuclear coupl ing between the  enr iched C-6 and i t s  unenriched neigh- 

bor C-5 i s  observed (C-1 and Jc -c being unobservable). 

i s  37.7 * 0.7 Hz, w e l l  w i t h i n  t h e  l i t e r a t u r e  range o f  J 2 35-38 Hz f o r  one 

o b l i t e r a t e d  C-7 and C-1 

The coupl ing constant 
1 6  

3 3  11 bond sp -sp carbon coup l i ng  . From the  he igh t  o f  C-5 and i t s  s a t e l l i t e s  an 

enrichment o f  43 * 5% a t  C-6 i s  ca l cu la ted .  
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