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SUMMARY 

Shikimate dehydrogenase (shikimate:NADP + oxidoreductase, EC 1.1.1.25) has 
been extracted and partially purified from etiolated pea epicotyls. In order to explain 
anomalous inhibition results by dehydroshikimate analogues the enzyme kinetic 
mechanism has been studied in both directions. 

The initial velocity pat tern in the absence of products, and the product inhibi- 
tion pattern, have been determined. These are consistent with an ordered mechanism 
which has a kinetically significant ternary complex, and in which NADP + or NADPH 
bind to the free enzyme. 

However, the dissociation constants determined for the coenzymes differ from 
estimates of the same constants obtained by studying the coenzymes as product in- 
hibitors and some of the Dixon plots exhibit non-linearity. These effects may be re- 
lated to the formation of unreactive ternary complexes. Such a scheme could explain 
the analogue inhibition data. 

INTRODUCTION 

Shikimate dehydrogenase (shikimate:NADP + oxidoreductase, EC 1.I.1.25) is a 
key enzyme in the synthesis of many  aromatic compounds by plants and microorga- 
nisms. I t  catalyses the reduction of dehydroshikimate to shikimate: 

COOH COOH 

O OH OH 

OH OH 

+ NADP + 

There is no evidence for the existence of the enzyme in mammalian systems, and 
it has been isolated and partially purified from a number of plant sources1, ~. I t  was 
thus considered to be a desirable site for the rational design of novel herbicides. 
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1,6-Dihydroxy-2-oxoisonicotinic acid 

COOH 

O ~ O H  
I 
OH 

, a novel dehydro- 

shikimate analogue synthesized as a potential herbicide, proved to be a competitive 
inhibitor when the enzyme was assayed in the direction of dehydroshikimate forma- 
tion (K, o.12 raM), but in the reverse direction showed no inhibition, even at very low 
dehydroshikimate concentrations (Fig. I). This differential inhibition was particularly 
surprising as the structure resembles dehydroshikimate more than it does shikimate. 
Other compounds in the same series also exhibited this anomalous behaviouP. 
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Fig. I. Inh ib i t ion  of  sh i k i ma t e  d e h y d r o g e n a s e  by  1 ,6-d ihydroxy-2-oxoisonicot in ic  acid, a t  p H  8.0, 
25 °C. (a) Assayed  in t he  di rect ion of  d e h y d r o s h i k i m a t e  fo rmat ion .  Inh ib i to r  a t  zero (Q) a n d  
o.I m M  (O); N A D P +  a t  o.167 mM. (b) Assayed  in the  d i rec t ion  of  sh ik ima te  fo rmat ion .  Inh ib i to r  
a t  zero ([]) and  o. i  m M  (m); N A D P H  a t  0.0835 mM. 

A kinetic investigation of the reaction mechanism was therefore carried out to 
try to explain these results. Since this work was completed, some kinetic studies on 
the enzyme have been described 4 but under different conditions, so that differences in 
conclusions have emerged. 

EXPERIMENTAL 

Materials 
These were obtained from the usual laboratory suppliers, except for dehydro- 

shikimate which was synthesized s and the inhibitors which were devised by P. 
McCloskey and synthesized by A. C. Baillie at Chesterford Park. 

Purification of enzyme 
All manipulations were carried out at 2-4 °C; centrifugation was at 25 ooo × g 

for IO min. 
500 g of etiolated pea epicotyls (Pisum sativum var Onwards) harvested 7-14 

days after emergence were extracted in a Warburg Blendor with an equal volume of 
o.I M KH,PO 4 adjusted to pH 7.0 with 2 M KOH. The extract was then purified using 
(NH4) 2SO4 precipitation, heat denaturation and ammonium citrate precipitation 6. The 
final citrate precipitate was dissolved in IO ml of o.o25 M KH,PO,  buffer adjusted to 
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pH 7.o with 2 M KOH, and applied to a 75 cm × 2.5 cm column of Sephadex G-i5o 
equilibrated with the same buffer. The proteins were eluted from the colunm by up- 
ward displacement using the buffer at a flow rate of 15-2o ml/h, and io-ml fractions 
were collected. 

Next day the most active fractions were pooled and applied to a 15 cm X 1. 5 
cm column of Whatman DE-52 cellulose equilibrated with the 0.025 M buffer. The 
enzyme was eluted from the column using 12o ml of pH 7.0 potassium phosphate 
buffer in a linear concentration gradient from 0.025 o.I M at a flow rate of 50 ml/h. 
5 ml fractions were collected and the most active were pooled and concentrated to 4 
ml using a colloidon bag under suction from a water pump. The results of a typical 
purification are shown in Table I. 

T A B L E  I 

PURIFICATION OF SHIKIMATE DEHYDROGENASE FROM ETIOLATED PEA EPICOTYLS 

One enzyme  un i t  is the  a m o u n t  of enzyme  conve r t i ng  i / , m o l e  s h i k i m a t e ,  min  -1 a t  25 "C, a s sayed  using 6/~mole~ 
sod ium s h i k i m a t e  and  0. 5/~mole of N A D P  + in 3 ml  o . i  M Bicine buffer (pH 9.o). 

Fraction Vol. Activity Total Protein Spec. act. Recovery Purification 
(ml) (units.m1-1) units (mg.ml 1) (units.rag 1) (%) (-fold) 

Original  h o m o g e n a t e  9oo o.o795 71.5 14.2 o.oo559 ioo  I.O 
35-55% 

sa td  (NH~)ySO 4 ioo  0.432 43.2 21.o o.o2o 5 6o.4 3.7 
S u p e r n a t a n t  af ter  

I min  a t  55 °C 94 o.314 29.5 lO.5 o.o299 41.3 5.3 
3o-5o% (w/v) 

a m m o n i u m  c i t r a t e  8 1.68 13. 4 37.2 o.o451 18.8 8.I 
E l u a n t  f rom 

Sephadex  G- i5o  83 o.165 13. 7 0.76 o.217 19.2 38.8 
E l u a n t  froul DE-52 

cellulose 20 o.41o 8.20 o.18 2.28 11. 5 408 
Af te r  concen t r a t ion  

by  v a c u u m  dia lys i s  4 1.91 7.65 0.85 2.25 lO.6 403 

Unfortunately the final extract was very unstable (3o% loss after 24 h at 
--15 °C) and for subsequent purifications the active fractions from the Sephadex 
column were pooled and concentrated to 20 ml by vacuum dialysis. This preparation, 
with a specific activity of between 0.2 and 0. 4 units, mg -1 protein, was used for the 
kinetic studies. The instability of this enzyme preparation has been ascribed to the 
presence of proteolytic enzymes, which seem to be removed by chromatography on 
calcium phosphate geP. 

Enzyme assay 
The basic assay was an adaptation of the method described by Balinsky and 

Davies 6. Into a quartz cuvette of I-cm light path were pipetted 6/,moles of sodium 
shikimate, 0.5/,mole of NADP + and sufficient o.I M N,N-bis-(2-hydroxyethyl)glycine 
(Bicine) buffer adjusted to pH 9.0 with 2 M NaOH to give a final volume of 3 ml. 
Enzyme solution (25-1oo/,1) was added to give AA of o .oi-o.I  rain -1 and the increase 
in absorption at 340 nm was measured at 25 °C using an SP 800 spectrophotometer. 
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An enzyme unit is defined as the amount  catalysing the conversion of I / ,mole  shiki- 
mate .  min -1 under the standard assay conditions. 

Protein concentrations were determined by the method of Layne 7. 

Kinetic data 
For the comparison of inhibition in the forward and reverse directions by the de- 

hydroshikimate analogues the enzyme assay was carried out at pH 8.0 in o.I M sodium 
pyrophosphate.  At this pH approximately equal maximum velocities were obtained 
in either direction. Assays were carried out in duplicate, and amounts of enzyme were 
chosen so as to permit the accurate measurement of initial rates. K,  values were de- 
termined from double reciprocal plots 8. 

The initial velocity pat tern using four concentrations of each substrate and the 
product inhibition studies were also carried out at pH 8.o in the same buffer. The 
lines of best fit and intersection points on double reciprocal s and Dixon plots 9 were 
determined by a computer programme kindly lent by  J. A. Illingworth, Depar tment  
of Biochemistry, Cambridge. 

RESULTS 

Initial velocity data 
The initial rates in both directions produced a series of intersecting lines on 

double reciprocal plots. The kinetic constants determined from secondary plots 1°-1~ 
are shown in Table II .  

T A B L E  I[  

Km AND V VALUES 

The enzyme was assayed at  p H  8.0, 25 °C and the kinetic pa ramete rs  determined from secondary 
plots 1°-x2. The apparen t  dissociation cons tan ts  only correspond to t rue  dissociation cons tan ts  in 
the case of the subs t ra tes  which bind first (NADP + or NADPH) .  SK and DHS are abbrevia t ions  
for shikimate and dehydroshikimate ,  respectively. 

Km V Binary kinetic Dissociation 
(raM) (lirnoles. min -1. mg 1) constant ( m M  2) constant (mM)  

in  the  direction S K - + D H S  
SK 0.34 0.40 

NADP+ 0.070 0.38 

In  the direction D H S - + S K  
D H S  0.36 0.35 

N A D P H  0.028 0.39 

0.04 

0.006 

0.60 ± 0.08 

o . i i  :~2 o.oi 

0.22 :E 0.03 

o.o17 ± o.oo3 

The equilibrium constant, 6.35, obtained n from initial velocity data compared 
favourably with the value of 6.50 determined directly at pH 8.0. 

Product inhibition data 
The type of inhibition (Table I I I )  was determined from double reciprocal plots 8 

and the K,  values from Dixon plotsh 
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T A B L  F. I I i  

P R O D U C T  I N H I B I T I O N  D A T A  

The  e n z y m e  was a s sayed  a t  p H  8.0 and  25 °C, T he  t ype  of  inhib i t ion  ob ta ined  was de te rn l ined  
f rom double  reciprocal  plots  8, a n d  the  Kt  va lues  f rom Dixon  plots  9. On ly  one concen t r a t ion  of  
p roduc t  was  used for t he  unl ike  pair  inhib i t ion  s tud ies  and  therefore  on ly  t he  inhib i t ion  p a t t e r n s  
and  no t  the  K~ va lues  are  shown.  "Mixed  inh ib i t ion"  indica tes  an  effect on bo th  V and  the  ap-  
p a r e n t  Kin. Limi t s  in t he  table  refer  to t he  c o m p u t e d  s t a n d a r d  error  and  S K  and  D H S  are ab- 
b rev ia t ions  for sh ik ima te  and  dehyd rosh i k i ma t e ,  respect ively .  

Product S~bstrate Type of Ki (raM) 
inhibitor inhibition 

D H S  S K  Compet i t ive  
S K  D H S  Mixed 
N A D P H  N A D P +  Compet i t ive  
N A D P +  N A D P H  Compe t i t i ve  
D H S  N A D P  + Mixed 
N A D P H  SK Non-compe t i t i ve  
S K  N A D P H  Mixed 
N A D P +  D H S  Non-compe t i t i ve  

0.25 ~_ o.oi  
0.75 i 0.06 
o.033 ~ 0.003 
0.072 :~x 0.004 

All data produced linear plots except for the inhibition by dehydroshikimate 
with respect to shikimate when plotted by the method of Dixon (Fig. 2). 
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Fig. 2. Inh ib i t ion  by  d e h y d r o s h i k i m a t e  wi th  respec t  to sh ik ima te  a t  c o n s t a n t  concen t r a t ion  of  
N A D P +  (o.167 mM). (a) Double  reciprocal  plot.  D e h y d r o s h i k i m a t e  a t  zero (V), o.2 (ll), 0.4 (A) 
a n d  o . 6 m M  (O). (b) D ixon  plot.  S h i k i ma t e  a t  o. i  (©),  0.2 (A) ,  0.5 ([~) and  2 . o m M  (V) .  v is 
expressed  as /~moles of  s u b s t r a t e  c o n v e r t e d . m i n - l . m g  1 a t  25 °C, p H  8.0. 

DISCUSSION 

The limiting Michaelis constants obtained by us for shikimate and dehydro- 
shikimate are very similar to those published by Balinsky et al. 4. However, our K m  
values for NADP+ and N A D P H  are somewhat higher than those reported (IO and 4 
#M), possibly due to the different pH employed in the assay 4. The initial velocity and 
product inhibition pattern are consistent with an ordered Bi-Bi  mechanism with 
N A D P  + or N A D P H  binding to the enzyme first, as proposed by Balinsky et al.*, except 
that dehydroshikimate is a competitive inhibitor with respect to shikimate. However 
the inhibition by dehydroshikimate (DHS) produces non-linear Dixon plots, particu- 
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larly at low shikimate (SK) concentrations, indicating dead end complex formation 13. 
Such complexes are further indicated by the discrepancy between the true dissociation 
constants for NADP ÷ and NADPH determined from the initial velocity data and the 
K, values for product inhibition (Table III). Further, the relative value of these con- 
stants indicates that E.  NADP +. DHS dissociates less readily than E.  NADPH.  SK. 
Abortive ternary complexes have been shown to occur in a variety of dehydrogenase 
catalysed reactions 14. 

We propose that a general mechanism of the following type best fits the avail- 
able data: 

E. N A D P  + • DHS 

E.  N A D P  ÷ 

NADPH DHS E.X .Y  

~ °  NADPH J 

E.NADPH.SK 

E.X.Y is a t e r n a r y  c o m p l e x  

The apparent K~ for the product form of the coenzyme is a function of the true 
Ks of the enzyme-coenzyme complex and the dissociation constant (Ks') of the 
ternary dead end complex. Since the inhibition produced by dehydroshikimate is 
purely competitive rather than mixed as expected in an ordered Bi-Bi  mechanism 1~, 
dehydroshikimate appears to bind much more strongly to E . N A D P  + than to its 
"oWn" enzyme-coenzyme complex (E. NADPH).  It is therefore suggested that analo- 
gues of dehydroshikimate would be expected to behave similarly, that is bind prefer- 
entially to E. NADP ÷. Considerable inhibition by these compounds would thus be 
predicted when the enzyme is assayed in the direction of dehydroshikimate formation 
(NADP ÷, and hence E. NADP +, being present), whereas little inhibition would be ex- 
pected in the reverse direction (in the presence of NADPH only). This is exactly what 
is observed. 
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