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SUMMARY 

I. Homoserine dehydrogenase has been isolated and partially purified from the 
apical centimeter of Zea mays roots. I t  appears to be a single enzyme possessing dual 
coenzyme specificity. The apparent Km for NADP+ was significantly lower than that  
for NAD +, although the Vmax with NAD+ was twice that  observed with NADP +. Two 
apparent  Km values for homoserine were calculated from double-reciprocal plots of 
initial velocity and homoserine concentration in the presence of excess NADP+. 
Enzyme-catalyzed reduction of aspartic semialdehyde could be inhibited by either of 
the reduced coenzymes. When noninhibitory levels of coenzymes were employed, 
reaction rates were always greater with NADPH. 

2. The enzyme was inhibited by the pathway product threonine, and by three 
other natural amino acids : serine, aspartic acid and cysteine. The NADP +- and NAD +- 
linked enzyme activities proved to be differentially sensitive to these amino acids. 
The results of kinetic and desensitization experiments suggest that  the mechanism of 
action or the enzyme binding site of each inhibitory amino acid may be different. 

3- Properties of the enzyme are discussed in relation to properties of microbial 
homoserine dehydrogenases and physiological conditions in developing roots. 

INTRODUCTION 

Several classes of regulatory mechanisnls such as feedback inhibition and re- 
pression have been well characterized in microorganisms. In contrast, there have been 
comparatively few detailed investigations of the nature and extent of such mecha- 
nisms in higher plants. The present investigation is concerned with the reversible 
NAD(P)-linked reduction of aspartic semialdehyde to homoserine, catalyzed by homo- 
serine dehydrogenase (L-homoserine:NAD(P) oxidoreductase, EC 1 .1 .1 ,3 ) .  The sub- 
strate aspartic semialdehyde is derived from aspartic acid and is a precursor of lysine ; 
methionine, threonine, and isoleucine are ultimately derived from the product homo- 
serine. Evidence for operation of this pathway of amino acid biosynthesis in nmlti- 
cellular plants was obtained by tracer studies1, 2 and by direct demonstration of some 
of the component enzymesa, 4. SASAOKA 3 isolated homoserine dehydrogenase from pea 
seedlings but did not investigate possible regulatory characteristics of the enzyme. 
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The significant cont r ibu t ion  of this  enzyme to regula t ion of amino acid biosynthesis  in 
microorganisms has, on the  other  hand,  been ex tens ive ly  s tud ied  and recent ly  re- 
viewedS- L 

In the present  s tudy  homoserine dehydrogenase  was isola ted and pa r t i a l l y  
purified from maize root  t ips  and  shown to share several  character is t ics  with ind iv idua l  
microbia l  homoserine dehydrogenases .  Nevertheless,  the p lan t  enzyme differs from 
every  microbial  enzyme s tudied  so far by  vi r tue  of i ts unique combinat ion  of r egu la to ry  
and ca ta ly t i c  propert ies .  A pre l iminary  repor t  of some of this  work has appeared  
previously  s. 

MATERIALS AND METHODS 

Materials. Seeds of Zea mays var.  earl iking were purchased  from Joseph Har r i s  
Seed Company,  Rochester ,  N.Y. Homoserine,  coenzymes,  amino acids and keto acids 
were ob ta ined  from Calbiochem or Sigma. Aspar t ic  semia ldehyde  was p repared  ac- 
cording to the  method  of BLACK 9 and fur ther  purified b y  column ct~romatography 
with Dowex 5o. All o ther  chenricals used during this s tudy  were of reagent  grade.  

Pr@aratio~ of the e~zzyme. Batches  of about  9ooo seeds were surface steri l ized 
with  a 5%o solution of Clorox and ge rmina ted  under  axenic condit ions at  28 ° in the 
dark.  After  three days,  homoserine dehydrogenase  was ex t r ac t ed  from one cent imeter  
root  t ips  by  homogenizat ion in a War ing  blender  at  4 ° with 1.25 w~l. of o.2 M Tr is -  
HC1 buffer conta ining 1. 4 mM 2-mercaptoethanol ,  I.O mM EDTA,  o. i  M KC1 and 
3oO. ' ~o (v/v) glycerol,  p H  8.5. All  of the  remaining procedures  were carried out  at  o ° to 
4 °. After  f i l t rat ion of the ex t rac t  through nylon mesh, cell debris  were sedimented  at  
2o ooo × g for 3o rain. The prote in  fract ion of the  resul tan t  superna tan t  solution 
prec ip i ta t ing  between 4 ° and  - o.. 35 o sa tu ra t ion  with (NH4)2SO 4 was collected bv  eentr i-  
fugation.  This fraction conta ined most  of the enzyme and was dissolved in and 
d ia lyzed  against  o.o5 M potass ium phospha te  buffer conta ining L4 mM 2-mercapto-  
e thanol ,  i .o  mM EDTA,  and 2o°.o glycerol  (pH 7-5)- The enzyme was fur ther  purified 
by  add i t ion  of 1.5 mg (dry wt.) calcium phospha te  gel, p repared  according to the 
method  of TSUBOI AND HUDSON 10, per mg of protein.  The enzyme was not  adsorbed 
by  the gel af ter  3o rain and was recovered in the  supe rna tan t  solut ion af ter  centr i-  
fugation.  This solution was d i lu ted  to i to 3 mg prote in  per ml with the t)hosphate 
buffer described above.  Unless otherwise specified, all of the  exper iments  were con- 
ducted  with enzyme prepared  in this manner .  These procedures  resul ted in 2o- to 
3o-fold purif icat ion of the  enzyme with an overall  recovery of about  6o%. 

Protein determinatio~s. Prote in  was measured  b y  the methods  of I{ALCKAR 11 or 
LOWRY et al. 1~. 

E~zvme assays. Homoser ine  dehydrogenase  ac t iv i ty  was de te rmined  from the 
ini t ial  ra tes  of coenzyme reduct ion or oxida t ion  in the presence of homoserine or 
aspar t ic  semialdehyde,  respectively.  Changes in absorbanee  at  34 ° m#  and 25 '  ~ I 
were recorded at  I5-second intervals  af ter  rap id  addi t ion of coenzyme or subs t ra te  
to in i t ia te  the  react ion ut i l izing an Hi tachi  Perkin Ehner  spec t rophotomete r  equipped 
with a d ig i ta l  d i sp lay  a t t a chmen t  and a t empera ture -con t ro l led  cell compar tmen t .  
In i t i a l  ra tes  were l inear  fl~r at  least  3 rain under  most  assay condit ions and were 
ex t r apo l a t ed  to express enzyme ac t iv i ty  as AA~, 0 m, per IO rain. 

The react ion mix tu re  employed  to measure the  enzyme ac t iv i ty  in the  reduct ion 
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of aspartic semialdehyde, hereafter referred to as the forward reaction, contained in 
#moles : 200 potassium phosphate buffer, 0. 7 2-mercaptoethanol, 0. 5 EDTA (pH 6.7) ; 
reduced coenzyme and freshly neutralized aspartic semialdehyde (final concentrations 
of substrates and coenzymes are indicated in each table or figure), plus an appropriate 
amount of enzyme in a final vol. of I.O ml. Measurements of eoenzyme oxidation were 
always corrected for small nonspecific changes in absorbance (o.oi 0.05 per IO rain) 
by use of suitable control mixtures in which aspartic semialdehyde had been omitted. 
The reaction mixtures used to measure enzyme activity in the oxidation of homo- 
serine designated the reverse reaction, contained in ffmoles: 200 Tris-HC1, 15o KC1, 
o. 7 2-mercaptoethanol, 0. 5 EDTA (pH 9.o); enzyme, oxidized coenzyme and homo- 
serine in a final vol. of I.O ml. Corrections for nonspecific changes in absorbance in 
the absence of homoserine were only necessary when crude extracts were used as the 
source of tile enzyme. 

Inhibitors. The amino acids added to tile reaction mixtures as potential inhi- 
bitors or activators were appropriately neutralized with HC1 or KOH. 

RESULTS 

Specificity for substrates and coenzymes 
The enzyme preparations did not exhibit aspartic semialdehyde dehydrogenase 

or aspartokinase activity. Several different assay conditions were used in tests for the 
presence of these enzymes including use of o.8 nag of protein for assay of aspartic 
semialdehyde dehydrogenase and 4 mg of protein for assay of aspartokinase. No co- 
enzyme reduction was detected upon addition of several hydroxy-amino acids to 
reaction mixtures in which homoserine had been omitted, nor did any of the com- 
pounds tested as potential enzyme modifiers stimulate either coenzyme oxidation or 
reduction in complete assay mixtures. Mixtures of D- and L-homoserine at unsaturating 
concentrations, supported reaction rates which were proportional to the concentration 
of the L-stereoisomer in the mixture. It  is therefore concluded that the maize homo- 
serine dehydrogenase exhibits a high degree of specificity for L-homoserine and that 
tile partially purified preparations were substantially free of several contaminating 
enzymes which could influence the experinlental results. Aspartic semialdehyde was 
prepared chemically from DL-allylglycine, but its concentration was determined 
enzymatically. The concentrations of aspartic semialdehyde expressed in the results 
are ttms based on the assumption that the enzyme is specific for the L-stereoisomer. 

The enzyme does not exhibit specificity for a single type of coenzyme, but can 
utilize either NADP or NAD eoenzymes. Enzyme activity was proportional to protein 
concentration when measured in the reverse direction with either NADP + or NAD +. 
The results of a typical experiment are shown in Fig. I. Similar linear relationships 
were also obtained in assays of the forward reaction with either NADPH or NADH. 

Kinetics of coenzymes and substrates 
Apparent Km values for the oxidized coenzymes were determined from the 

intercepts of double-reciprocal plots of initial velocity and eoenzyme concentration in 
the presence of excess homoserine (Fig. 2A, B). The average values, calculated from 
five independent determinations, were o.68 mM for NAD + and 0.024 mM for NADP +. 
Although the efficiency of the enzyme in utilization of the different coenzymes in the 
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Fig. [. The effect of protein concentration on the initial velocity of the enzyme-catalyzed oxida- 
tion of L-homoserine. Assay conditions were as described in MATERIALS .aND MF.THODS with 2o mM 
homoserine and 6. 7 mM NAD + (O), or o.48 inM NADP 4 ((2). 

Fig. 2. Double-reciprocal plots of initial velocity and coenzyme concentration. Assay conditions 
were as described in MATERIALS AND MF.THODS with 2o mM homoserine. (A), NAD,. (B), NADP~. 

reverse reaction appears significantly different as judged from the apparent  Km 
values, the Vmax with NADP+ is only one-half  of the Vmax with NAD ~. 

The kinetics with respect to homoserine appear complex in the NADP+-l inked 
reaction. Two apparent  Km values can be calculated from double-reciprocal plots of 
ini t ial  velocity and homoserine concentrat ion in the presence of excess NADP + 

(Figs. 3, 6B). These are designated Km L and K H,,, after DATTA AN1) GEST la who 
reported a similar phenomenon using highly purified preparat ions of Rhodospirillum 
rubrum llomoserine dehydrogenase. The values for tile homoserine Km L and K~,~, 
averaged o.6 9 mM and 3.z mM with the maize enzyme. Act ivat ion at high homoserine 
concentrat ions could indicate the presence of nmlt iple  b inding sites for homoserine or 
reflect a change in protein conformation.  When NAD + was utilized as the coenzyme, 
b imodal  plots of reaction velocity and homoserine concentrat ion were not  observed. 
The single apparent  Km for homoserine in this reaction averaged 2.3 raM. 

Kinet ic  analysis of the forward reaction is complicated by  inhibi t ion at concen- 
t ra t ions  of either coenzyme higher than  o.2 mM (Fig. 4)- Nevertheless, it is apparent  
from these data  tha t  half-maximal  velocities are obtained with similar concentrat ions 
of either coenzyme. The approximate  Km value for each coenzyme was also similar, 
bu t  these values could not  be regarded as accurate due to the nonl inear  na ture  of 
double-reciprocal plots. This approximate  equal i ty  is quite different from the results 
described above for the reverse reaction in which the Km values for the oxidized co- 
enzymes differ by  more than  an order of magni tude.  N A D P H  is clearly the preferred 
coenzyme for the forward reaction since it supports reaction rates 5 to 7 t imes greater 
than  those observed with NADH. 
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Fig.  3. D o u b l e - r e c i p r o c a l  p l o t s  of  i n i t i a l  v e l o c i t y  a n d  h o m o s e r i n e  c o n c e n t r a t i o n .  A s s a y  c o n d i t i o n s  
were  as  d e s c r i b e d  in  MATERIALS AND METHODS w i t h  o.48 m M  N A I ) I ?  +. 

Fig.  4. T h e  effects  of  c o e n z y m e  c o n c e n t r a t i o n  on  t he  i n i t i a l  v e l o c i t y  of  t h e  e n z y m e - c a t a l y z e d  re- 
d u c t i o n  of  a s p a r t i c  s e m i a l d e h y d e .  A s s a y  c o n d i t i o n s  were  as  d e s c r i b e d  in  MATERIALS AND METHODS 
w i t h  2. 4 m M  a s p a r t i c  s e m i a l d e h y d e .  (0 ) ,  o . I  m l  e n z y m e  w i t h  N A D H .  (©) ,  o.o 5 m l  e n z y m e  w i t h  
N A D P H .  

Nonsaturating but noninhibitory coenzyme concentrations were employed to 
estimate the apparent Km values for aspartic semialdehyde. Under these conditions, 
the enzyme still obeys normal Michaelis-Menten kinetics, and a single apparent Km 
of approx, o.25 mM for aspartic semialdehyde was calculated from double-reciprocal 
plots with either NADPH or NADH as the coenzyme. 

Evidence for a single enzyme 
The above data do not permit distinction between two homoserine dehydro- 

genases differing in their coenzyme specificity and a single enzyme with dual specifi- 
city. Precedents for either possibility are well established for other dehydrogenases14,15. 
The results of four different types of experiments are consistent with the concept that 
maize homoserine dehydrogenase is a single enzyme. First, the ratio of NAD/NADP- 
linked activity remained essentially constant during the partial purification of the 
enzyme. This has also been observed with individual preparations of enzyme that 
have been purified over Ioo-fold, and can be demonstrated in both the forward and 
reverse reactions. Second, a single homoserine dehydrogenase is suggested by similar 
rates of inactivation at 25 °. Thus, the activities with NAD + and NADP + decreased 
at the same rate when the enzyme was incubated at 25 ° in 0.05 M phosphate buffer 
(pH 7.5), diluted IO-2o-fold and assayed. After 4 h, a preparation retained 62% of 
its original activity with NAD + and 66% with NADP+. If  5 mM threonine was 
included in the preineubation mixture, neither activity decreased within a period of 
several days. Third, when an excess of both NAD + and NADP + was added to reaction 
mixtures, the resulting enzyme activity was intermediate to the activities observed 
with NAD+ or NADP+ alone (Table I). Addition of optimal amounts of both reduced 
coenzymes resulted in significant inhibition of homoserine dehydrogenase activity, 
as would be predicted if both coenzymes were acting at the same catalytic site(s) on 
a single enzyme. Fourth, assays in situ of enzyme activity after disc gel electrophoresis 
at pH 9.3 revealed a single darkly staining band of homoserine dehydrogenase activity 
when either or both oxidized coenzymes were present in the incubation mixture with 

Biochim. Biophys. Acta, i7z  ( I909)  2 o 5 - 2 1 6  



210 J .K. BIIYAN 

TABLE 1 

1 , : F F E C T S  O F  D I F F E R E N T  C O E N Z Y M E S  O N  I N I T I A L  V E L O C I T Y  

The assay conditions were as described in MATERIALS AND METHODS with 3 ° mM homoserine 
utilized for measurements of the reverse reaction velocity and 4.o mM aspartic selnialdehydc 
cnlployed for the %rward assays. 

Coen~3,me (raM) Neaclion velocil~, 

per ±o rain) 

Rew~rse reaction 
NADP + (o.48) o.i 1o 
NADq (6.7) o.2o 5 
N \DP) (o.48) + NA1)~ (6.7) o.15o 

Foy~gfd  fgac[ioH 
NADPH (o.2) ~.I 7(3 
NADPH (0.4) o.37o 
NADH (o.2) o.240 
NADH (o.4) o.o95 
NADPH (o.2) + NA1)H (<3.2) o.27o 

homoserine, phenazine methosulfate and ni t roblue tetrazolium. In  the absence of 
homoserine, no localized deposition of te t razol ium occurred. 

Inh ib i tor  stztdies 

A large number  of compounds were tested for their abi l i ty  to influence tlle 
oxidation of homoserine with NADP + or NAD +. The following compounds were 
tested at a concentrat ion of IO.O mM (unless a lower concentra t ion is specified) and 
were nei ther  s t imula tory  nor inhibi tory:  L-alanine, L-a-amino-N-butyric  acid, 7- 
aminobutyr ic  acid, a-amino-isobutyric  acid, DJ=/~-amino-isobutyric acid, z-arginine, 
L-glucosaminic acid, L-glutamic acid (5.o raM), L-glycine, DI=7-hydroxybutyric acid, 
/~-hydroxybutyric acid, L-isoleucine, L-leucine, L-lysine, L-methionine, S-methyl-l ,-  
cysteine, L-phenylalanine, 0-phospho-L-serine (5.omM), 0-phospho-L-threonine 
(2.o raM), L-proline, L-tyrosine (I.O inN), L-valine, D-aspartic acid, D-cysteine, l) 
histidine, D-serine, D-threonine. Five na tu ra l  amino acids were, however, found t(> 
inhibi t  the enzyme during this series of experiments.  These were L-cysteine, L- 
threonine,  l.-aspartic acid, L-serine, and L-histidine. Although histidine reproducibly 
inhibi ted NADP +- or NAD+-linked act ivi ty  by  5 ° to 6o(~0, the effects of this com- 
pound have not  yet been studied extensively. The results presented in "Fable I i  
demonstra te  tha t  the remaining four amino acids inhibi t  either the forward or reverse 

reaction. 
Total  inhibi t ion or inact iva t ion  of the enzyme by  IO mM L-cysteine was con- 

firmed repeatedly in measurelnents  of the reverse reaction. I t  was also noted tha t  
lower concentrat ions of cysteine were, in general, more effective in inhibi t ing the 
reverse reaction than  the %rward reaction. Inhib i t ion  by cysteine does not reflect a 
general sulfllydryl effect, since neither D-cysteine nor 2-mercaptoethanol  was inhi-  
b i tory  at IO mM. 

Threonine inhibi t ion was neither alleviated nor enhanced by one or more of 
the other products of the pathway.  Furthermore,  the action of threonine appeared 
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to be independent of that  of the pathway precursor aspartic acid; in that,  addition 
of various concentrations of both threonine and aspartic acid to reaction mixtures 
resulted in greater inhibition than addition of either compound alone but less than 
would be predicted on the basis of completely additive effects. This finding tends to 
eliminate the possibility of isozymes with similar catalytic properties and different 
inhibitor specificity. 

A given inhibitor might be expected to have equivalent effects on each co- 
enzyme-dependent enzyme activity. However, the results presented in Fig. 5 demon- 
strate that  the NAD+-linked activity is significantly less sensitive to high concen- 
trations of aspartic acid than the NADP+-linked activity, whereas the opposite 
situation occurs with high concentrations of threonine. Similar quanti tat ive differ- 
ences between inhibition of NADPH- and NADH-linked activity by threonine or 
aspartic acid can also be observed in the data presented in Table II.  Such differences 
in the extent of inhibition are clearly concentration dependent and may not be 
apparent in experiments which employ a fixed inhibitor concentration. 

Kinetics with the inhibitors 
Cysteine is a competitive inhibitor with respect to homoserine (Fig. 6A, B). 

This type of inhibition is observed with either NADP + or NAD + as the coenzyme, but 
tile apparent inhibitor constants for eysteine differ significantly. The apparent Ki for 
cysteine, calculated from the slopes of the curves in Fig. 6A, B averaged o.41 mM and 
o.o29 mM with NAD + and NADP +, respectively. These results are applicable to the 
lower Km for homoserine with NADP +. 

Threonine and aspartic acid also proved to be competitive inhibitors of the 
enzyme with respect to homoserine. Inhibitor constants are not presented for these 
amino acids due to the complex relationships between inhibitor concentration and 

IOC 
~, • ASPARTIC ACID 

3 • SERINE 

o • THREONINE 

80, , - - - ~  . . . . . . . . . .  

70 ~'~ 

s 
~*~ 40 ~ X \  

,g ~'o 'o 20 io 
[ Inhibitod (raN1) 

Fig . . 5 .  T h e  ef l 'ccts  o f  i n c r e a s i n g  i n h i b i t o r  c o n c e n t r a t i o n s  o n  t h e  i n i t i a l  v e l o c i t y  o f  t h e  e n z y m e -  
c a t a l y z e d  o x i d a t i o n  o f  h o m o s e r i n e .  T h e  so l id  f i gu re s  a n d  c l a shed  l ines  r e f e r  t o  t h e  N A D + - l i n k e d  
a c t i v i t y  w i t h  6. 7 m M  N A D  + a n d  IO m M  h o m o s e r i n e .  T h e  o p e n  f igu res  a n d  so l id  l ines  r e f e r  t o  t h e  
N A I ) P  ~ - l i n k e d  a c t i v i t y  w i t h  o .48  m M  N A D P  ~ a n d  2.o m M  h o m o s e r i n e .  
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degree of inhibition noted above. Additional kinetic experiments did, however, reveal 
differences between the type of inhibition caused by threonine and aspartic acid 
(Fig. 7 A, B). Threonine results in an apparent mixed inhibition, whereas aspartic 
acid results in apparently uncompetitive or possibly non-competitive inhibition with 
respect to either coenzyme. At saturating levels of substrate, inhibition by aspartic 

TABLE 11 

I N H I B I T I O N  O F  H O M O S E R 1 N E  D E H Y D R O G E N A S E  A C T I V I T Y  B Y  S E V E R A L  A M I N O  A C I D S  

Assay conditions were as described in MATERIALS AND METHODS utilizing 2. 4 mM aspartic semi- 
aldehyde and o.2 mM NADPH or NADH for measurements of the forward reaction. Homoserine 
was employed at about 3.5 titHes its Km concentration or 2.o mM with o.48 mM NAI)P~ and 
i o inM with 6. 7 mM NAD~ for measurements of the reverse reaction except for the experiments 
with cysteine. Inhibition of the reverse reaction by cysteine was determined in independent ex- 
periments utilizing 2o mM homoserine and therefore, the actual changes in absorbancy are not 
specified. A bracketed value represents a % of the appropriate eontrol velocity. 

A dditions Coflcell- 
tralwn 
(raM) 

Reaction veloci(v (A,4 ~4o mn per zo rain) 

[¢ol'a',ard reacDoJi Reg~erse J'e(tcl[o~z 

N A D P H  N A D H  N A D P ÷  .\L4D ~ 

None - -  0.540 (ioo) 0.265 (ioo) o.19o (ioo) 0.370 (loo) 
L-Cysteine o.i 0.450 (83)  0.220 (83) (85) (91) 

1 . o  0.260 (48 ) °-I45 (55) (22) (2I) 
I 0 . 0  0 O 

L-Threonine o.i 0.200 (4(0  0.034 (13) 
i.o o.i8o (33)  0.020 (7) 

I O . O  

L-Aspartic o.I 0 .460  (85) 0 .255  (9(7) 
acid i.o 0.260 (48 ) o. I95 (74) 

I O . O  

L-Serine o. i  o . 5 i o  (94) 0-240 (9 I) 
I.o o.47o (87)  0.220 (83) 

1 0 . 0  

o.o91 (48 ) °.13° (35) 

o.138 (72!  o.33o (89) 

°.14° (74)  0.260 (7 ° ) 

acid is minimal, and therefore it is difficult to distinguish clearly between these two 

possibilities with the available data. 

E n z y m e  desens i t i za t ion  

I t  ha s  b e e n  poss ib le  to  desens i t i ze  t h e  ma ize  e n z y m e  b y  i n c u b a t i n g  i t  w i th  h igh  

c o n c e n t r a t i o n s  of  p h o s p h a t e  buf fe r  a t  4 °. U n d e r  t h e  c o n d i t i o n s  d e s c r i b e d  in Tab le  I I I ,  

t h e  t r e a t e d  e n z y m e  is s ign i f i can t ly  less s ens i t i ve  to  i n h i b i t i o n  b y  t h r e o n i n e  or ser ine  

b u t  i ts  ab i l i t y  to  be i n h i b i t e d  b y  a s p a r t i c  ac id  or  cy s t e i n e  is r e t a ined .  The  o b s e r v e d  

d i f fe rences  in s e n s i t i v i t y  to  va r ious  i n h i b i t o r s  were  n o t  a l t e r ed  w i t h i n  a f i v e -d ay  

per iod ,  even  t h o u g h  b o t h  t h e  t r e a t e d  a n d  u n t r e a t e d  e n z y m e  p r e p a r a t i o n s  p rogres -  

s ive ly  los t  c a t a l y t i c  a c t i v i t y .  O t h e r  e x p e r i m e n t s  i n d i c a t e d  t h a t  omiss ion  of  g lycerol ,  

2 - m e r c a p t o e t h a n o l  or E D T A  f r o m  t h e  e x p e r i m e n t a l  buf fe r  was  n o t  r e spons ib l e  for  

de sens i t i z a t i on .  
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Fig. 6. Double-reciprocal plots of initial velocity and homoserine concentrat ion in the presence 
or absence of L-cysteine. (A) Assays with 6. 7 mM NAD+. (B) Assays with 0.48 mM N A D P  +. The 
remaining assay conditions were as described in MATERIALS AND METHODS. 

Fig. 7. Influence of coenzyme concentrat ion on inhibition of enzyme activity by threonine and 
aspart ic  acid. Double-reciprocal plots of initial velocity and coenzyme concentration. (A) Assays 
with 20 mM homoserine and NAD +. (B) Assays with 2o mM homoserine and N A D P L  The re- 
maining assay conditions were as described in MATERIALS AND METHODS. 

TABLE II1 

ENZYME DESENSITIZATION 

Aliquots of fleshly prepared calcium phosphate- t rea ted  prepara t ions  of the enzyme were diluted 
3-fold with either control buffer consisting ofo .o  5 M potass ium phosphate ,  i .o mM EDTA, 1. 4 mM 
2-mercaptoethanol  and 20 % glycerol (v/v), pH 7.5, or an experimental  buffer consisting of o. 5 M 
potass ium phosphate ,  p H  7.5. These prepara t ions  were incubated at 4 ° for one day, diluted 20- 
fold (io-fold for N A D H  assays) and assayed wi th  2. 4 mM aspart ic semialdehyde and 0.2 mM 
N A D P H  or NADH.  Phospha te  buffer was employed for the assays as described in MATERIALS AND 
METHODS. A bracketed value represents  a % of the appropr ia te  uninhibited velocity. 

.4 dditions Concen- Reaction velocity (.J.4 34o m, per ±o rain) 
lration 
(m3I)  Control Experimenlal 

NA D P H  NA D H  NA D P H  NA D H  

None 0.400 (ioo) 
Threonine 5.o o.15 ° (37) 
Cysteine 5.o o.o6o (I5) 
Serine 5.0 o.22o (55) 
Aspartic acid io.o o.22o (53) 

o.165 (IOO) 0.330 (1OO) O, I90 (IOO) 
o-o15 (9) 0.350 (lO6) ° .15° (77) 
° ' °75 (45) o. loo (3 o) °-1°5 (54) 
0.030 (i8) 0.300 (91) o.175 (89) 
o.135 (82) o.21o (64) o .2oo(Io2)  
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I)ISCU,SSION 

Tile foregoing results demonstrate that maize homoserine dehydrogenase is an 
example of a regulatory enzyme analogous to those widely described in microorgan- 
isms. The maize root enzyme is similar to microbial homoserine dehydrogenases in 
several respects. For example, all of tim enzymes utilize NADP coenzymes and are 
inhibited by threonine ls-21. The properties of Eseherichia coli KI2 homoserine de- 
hydrogenase-I22, 23 appear to be most similar to those of the maize enzyme. Yet, the 
kinetics of threonine inhibition are quite different with the two enzymes. The maize 
and pea seedling 3 enzymes share the ability to utilize NAD coenzymes with only two 
of the seven different microbial enzymes so far described, and one of these is the 
enzyme from the eukaryiotic microorganism, yeast ~4. Methionine has no influence on 
the activity of the maize enzyme whereas it is a potent inhibitor of the yeast enzyme ~7 
and reverses threonine inhibition of the enzyme from R. rz,brltm ~6. Such differences 
in catalytic and regulatory properties may be of both physiological and ew)lutionary 
significance and should not be obscured bv the general similarity between enzwnes 
catalyzing identical reactions in different organisms. 

Most compounds whictl are considered to be specific feedback inhibitors of 
particular enzymes are thought to act at specific regulatory sites rather than at the 
catalytic site v. This could also be applicable to the inhibitors of maize homoserine 
dehydrogenase. Nevertheless, the steric similarity between the effective inhibitors 
(excluding histidine) and the substrates of this enzyme does not a pr ior i  preclude 
direct inw)lvement of the catalytic site. The observed competitive kinetics with 
respect to homoserine are clearly compatible with this possibility. However, the 
following observations support the contention that threonine, at least, acts at a 
specific regulatory site: the enzyme can be desensitized with respect to threonine 
without significant loss of catalytic activity. Inhibition is never complete, even when 
the ratio of threonine to homoserine is high. The observed competitive relationships 
could be explained if threonine induces conformational changes in the enzyme which 
in turn prevent formation of the enzyme substrate complex. 

Serine may act at the same postulated regulatory site as threonine, as the 
enzyme silnultaneously loses the capacity to be inhibited by serine or threonine. 
Serine may also act as a substrate analogue at the catalytic site since enzyme activity 
continues to diminish with increasing concentrations of serine ; a result not obtained 
with threonine. 

It is unlikely that aspartic acid or cysteine act at the threonine site, since they 
remain effective inhibitors under conditions in which the enzyme is no longer inhibited 
by threonine. Cysteine may act at a specific regulatory site on the enzyme, as sug- 
gested for several microbial homoserine dehydrogenases by I)AarA 2a. Although the 
results obtained with the maize enzyme are not inconsistent with such an explanation, 
another mechanism appears to be equally plausible. Substrate-like mercaptans are 
known to form highly specific ternary complexes with certain dehydrogenases 2'~ and 
the oxidized coenzymes. If cysteine acts in an analogous manner with homoserine 
dehydrogenase, the relatively high sensitivity of the reverse reaction to inhibition by 
this amino acid might be expected, as would the competitive relationship between 
homoserine and cysteine. The physiological relationship between cysteine and homo- 
serine is not totally clear in view of the recent evidence of multiple pathways of 
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methionine biosynthesis in higher plants 26. Therefore the more general hypothesis 
involving a ternary complex is currently favored to explain the effects of cysteine 
on maize homoserine dehydrogenase activity. 

Aspartic acid has been shown to inhibit one other homoserine dehydrogenase 22. 
In this case the effects of aspartic acid are attr ibuted to the existence of a multi- 
enzyme complex between aspartokinase and homoserine dehydrogenase. Since we 
have been unable to demonstrate aspartokinase activity either in crude extracts or 
purified preparations, and the results of the kinetic experiments do not eliminate 
direct involvement at the catalytic site, further experiments will be required before 
the mechanism of aspartic acid inhibition of the maize enzyme can be resolved. 

The physiological significance of dual coenzyme specificity and differential 
sensitivity of the maize enzyme to various metabolites ultimately depends upon the 
concentration of the substrates, coenzymes and modifiers i~z vivo. Both aspartic acid 27 
and homoserine 2s have been observed to occur in relatively high concentrations in 
some nmlticellular plants. Under such conditions oxidation of homoserine could serve 
as a source of NADH during growth, since aspartic acid would tend to inhibit NADP +- 
linked activity with only a minimal effect on NAD+-linked activity. Inhibition of the 
maize homoserine dehydrogenase by threonine also provides one explanation of the 
observation that  a supply of exogenous threonine, prevented threonine biosynthesis 
in maize 27. Thus regulation of amino acid biosynthesis by feedback mechanisms such 
as those reported here and those described by OAKS 29 appears to be operational in 
higher plants and particularly well adapted to the physiological needs of developing 
roots which are dependent upon the vascular system for a variable supply of metabolic 
precursors ao. 
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