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Summary: Analogues of 3-dehydroshikimic acid which lack the C-4 and C-5 hydroxyl groups have been 

synthesised and assayed as substrates for shikimate dehydrogenase. The presence of the C-4 hydroxyl group is 

found to be very important for specificity, whereas the C-5 hydroxyl group is not. The enzyme exhibits 

enandoselectivity at C-l and C4 of the racemic substrate analogues. 
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The reduction of 3dehydroshikimic acid (1) to shikimic acid (2) catalysed by shikimate dehydrogenase 

(EC 1.1.1.25; Scheme 1) is the fourth step of the shikimate pathway. 1 Early studies on the Pisum sativum (pea 

seedling) enzyme indicated that it is strongly selective for NADPH over NADH? and the reverse reaction of this 

enzyme has been shown to be inhibited by a number of simple aromatic compounds.3 E. coli shikimate 

dehydrogenase has recently been purified to homogeneity and squenced,d which has made possible active site 

studies on this enzyme. In order to investigate enzyme-substrate interactions, analogues of 3-dehydroshikimate 

have been synthesised which lack the C-4 and C-5 hydroxyl groups, and the carbon-carbon double bond 

(Scheme 2). 

The dideoxy analogue (4) was synthesised by chromic acid oxidation of methyl cyclohex-l- 

enecarboxylate. followed by hydrolysis. s The S-deoxy analogue (6) was synthesised by a-hydroxylation of (3) 

via MCPBA oxidation of its silyl enol ether (5). followed by careful hydrolysis. The dideoxydihydro analogue 

(7) was synthesised by catalytic hydrogenation of (3), followed by hydrolysis. The natural substrate 3- 

dehydroshiic acid (1) was prepared from shikimic acid by the method of Ganem.6 

3Dehydroshikimic acid and the three analogues were assayed as substrates for shikimate dehydrogenase, 

by monitoring the decrease in absorbance of NADPH at 340 nm. All were found to be substrates, and all showed 

Michaelis-Menten kinetics. Values of K,,, and bt were determined from ILneweaver/Burk plots7 and are given 

in Table 1. 
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Table la 
Substrate &a (mW &at (s-Y kcat/Km (M-W) 

3-Dehydroshikimate (1) 0.090 100 1.1 x loa 

S-deoxy analogue (6) 0.14oc 75 5.3 x 10s 

dideoxy analogue (4) 17.0 0.060 3.5 

dideoxy-dihydm analogue (7) 0.75c 0.095 1.31x 102 

a Assays were carried out in 100 mhf potassium phosphate buff= @H 7.0) at 20 OC. 
b Values of & are be.4 on protein concentradons obtained from Bradford ptein assays. 

c Values -ted for uumiomezic specifiiity. 

Scheme 2 

(i) CIO,, AcOH, 34%. (ii) K,CO,, MeOH/H,O. 60%. 

(iii) LDA, THF, -76°C; TMSCI, 100%. 
(iv) MCPBA. CH,CI,; 10% HWTHF, SO%; NaHCO,, MeOHRI~O, 20%. 

(v) HP&C, MeOH, 60%; K&OS, MeOH/H20, 60%. 

Measurement of b/Km with natural and deoxy- substrates allows the estimation of apparent binding 

energies between each hydroxyl group and the enzyme. s The results in Table 1 indicate that for the C-5 hydroxyl 

group the apparent binding energy (AGaup) is 1.8 kJ mol-1, whereas for the C-4 hydroxyl group AGapp= 29 W 

mol-t. This demonstrates that removal of the C-5 hydmxyl group has little effect on specificity, but removal of 

the C-4 hydroxyl group is very significant. The observed loss of specificity on removal of the C-4 hydroxyl 

group of AGapp= 29 kJ mol-* suggests removal of a hydrogen bonding interaction between substrate and a 

charged group at the enzyme active site. * This is in agreement with the observation by Balinsky and Davies that 

the most effective aromatic inhibitors of the reverse reaction of P. sutivzm shikimatc dehydrogenase possessed a 

para-hydroxyl group.4 From examination of the PI-I/rate profile they suggested that this hydroxyl group forms a 

hydrogen bond to either a cysteine or an a-NH? group on the enzyme.9 
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As the S-deoxy analogue (6) was a racemic mixture, it was of interest to study whether the enzyme had 

selectively reduced one enantiomer of (6). Chemical reduction of (6) with sodium borohydride gave a 1:2 

mixture of c&(8) and trans-(9) diols, which were separated by HPLC. lo Their respective methyl esters were 

character&d by proton NMR spectroscopy: the cis-diol showed a 2% NOE between the C-3 and C-4 protons, 

whereas the rruns-diol showed no such NOE.11 Treatment of (6) with shikimate dehydrogenase and NADPH 

rapidly gave the cis-dial(8) only. as observed by HPLC, indicating that the enzyme had selectively reduced the S 

enantiomer (6a). This is the enantiomer corresponding to the configuration of the natural substrate (1). 

However, incubation with a large amount of enzyme eventually led to the appearance of the truns-dial (9), 

indicating that the enzyme would also reduce the R enantiomer very slowly. If left to reach equilibrium, equal 

amounts of the ci.r- and truns- dials were produced, and 4.4% of the substrate remained, corresponding to an 

equilibrium constant of 22. This is comparable with the reported value for 3dehydroshikimic acid of 28.2 

6a 8 8 10 

Treaunent of the dideoxy analogue (4) with shikimate dehydrogenase and NADPH,t2 followed by 

methylation with diazomethane, gave the allylic alcohol (10). The optical purity of (10) was confkmed by 

addition of the chiral shift reagent Eu(tfc)s to a solution of (10) in CD$&. No splitting of the vinylic proton 

signal (6 6.81 ppm) was observed in the proton NMR spectrum, whereas treatment of a racemic sample of (10) 

under the same conditions gave rise to two well-resolved peaks. Studies to confirm the absolute configuration of 

(10) are in progress. 

Treatment of the dideoxy-dihydro analogue (7) with shikimate dehydrogenase and NADPH,tz followed 

by methylation with diazomethane, gave uniquely the zrans- product (11). This was identified by tH and t3C 

NMR spectroscopy,13 and showed that the enzyme had selectively reduced the S enantiomer (7a). This 

enantiomer can adopt a conformation with the carbonyl group pointing down below the plane of the ring. It is 

probable that such a conformation would be able to form a hydrogen-bond with the group that protonates the 

carbonyl in the reduction of the natural substrate (Scheme 3). 

Schema 

7a 
‘. 
Ii-B* 



6782 

In conclusion: shikimate dehydrogenase has been shown to reduce a series of analogues of 3- 

dehydroshikimic acid stereospecifically. The C-4 hydroxyl group appears to provide an important binding 

interaction with the enzyme, and the enzyme in turn selects the dehydroshikimate-like enantiomer at C-4, although 

it will convert the other enantiomer very slowly. 
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