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Abstract-Aspartate kinase has been partially purified and characterised from germinating maize seed- 
lings. The K, for aspartate was 9 mM. Out of several amino acids which are potential feedback regula- 
tors of the enzymes, only lysine is markedly inhibitory, having a Ki of 13 PM and causing 100% inhibi- 
tion at 05 n&l. Lysine also protects the enzyme against heat inactivation. Dihydrodipicolinic acid syn- 
thase isolated from the same tissue is also inhibited by lysine, 1 mM causing 95% inhibition. 

INTRODUCTION 

In bacteria, threonine, methionine, isoleucine and 
lysine all derive at least part of their carbon skele- 
tons from aspartate and are considered to be 
members of the aspartate family of amino acids. In 
most fungi, excluding some of the lower orders, 
lysine is synthesised via the aminoadipic acid path- 
way [I], Available evidence suggests that higher 
plants synthesize lysine from aspartate via the bac- 
terial diaminopimelic acid pathway [2, 31. 
Although the enzymes involved in the synthesis 
of the amino acids of the aspartate pathway-aspar- 
tate kinase (EC 2.7.2.4) [4, 51 and aspartate- 
semialdehyde dehydrogenase (EC 1.2.1 I) [6] have 
been demonstrated in higher plants, little is 
known about them. Of the enzymes concerned 
solely with lysine synthesis, only diaminopimelate 
decarboxylase (EC 4.1.1.20) has been demonstra- 
ted[7]_ To our knowledge no detailed report 
of dihydrodipicolinate synthase (EC 4.2.1.52) acti- 
vity has been made in higher plants. 

Both aspartate kinase and dihydrodipicolinate 
synthase are regulatory enzymes in bacteria [SJ. In 
higher plants Bryan et al. [4] have reported that 
maize aspartate kinase is inhibited by lysine but 
that other amino acids have little effect. In most 
systems it is unusual for the first enzyme of a 
branched pathway to be regulated by only one of 

the end products. In contrast, Wong and Dennis 
[5] have suggested that concerted feedback inhibi- 
tion by lysine and threonine occurs with the wheat 
enzyme. Unfortunately their results were obtained 
with preparations of low activity, so that the sig- 
nificance of small changes in rate is difficult to 
assess in the absence of statistical data. Even 
though there was some evidence for a concerted 
effect, the enzyme was still much more sensitive to 
lysine than to any other amino acid, and relatively 
high concentrations of threonine were required for 
an effect. Since both groups of workers used the 
hydroxamate assay, which is of low sensitivity and 
requires high concentrations of hydroxylamine 
and KC1 in the assay medium, we have now rein- 
vestigated the maize aspartate kinase using a more 
sensitive coupled-assay technique. We have also 
demonstrated and partially purified dihydrodipi- 
colinate synthase and studied the effects of poten- 
tial feedback regulators on its activity. The results 
of these studies are presented here. A preliminary 
note summarising part of the work has been pub- 
lished [9 J. 

Aspartate kinase 

RESULTS 

The coupled assay depends on the reduction of 
/I-aspartyl phosphate, produced by aspartate 
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kinase, to aspartic-/3-semialdehyde in the presence 
of yeast aspartic-semialdehyde d~hydrog~na~. 
The maize preparation was free of the latter acti- 
vity and also of homoserine dehydrogenase. Under 
saturating concentrations of aspartate and an 
equimolar mixture of Mg and ATP (Mg:ATP), 
and in the presence of 2 mg of asparti~-semiaIde- 
hyde dehydrogenase, the rate of oxidation of 
NADPH was directly proportional to the quantity 
of extract present in the reaction mixture over the 
range of O-3 mg of protein per ml. Moreover, the 
rate of reaction was independent of the ~rnoLll~t of 
aspartic-semialdehyde dehydrogenase added OVCI 
the range of 05-4 mg of protein for each of the 
preparations used. The sp. act. of aspartate kinase 
preparations from maize used in this study varied 
from 2-8-4.0 nmol~min~mg at 30’ and pH 8.5. The 
K, for aspartate was found to be about 9 mM, 
although the Lineweaver-Burk curve deviates 
from a straight line at low aspartate concns. 

Preliminary experiments indicated that the 
addition of MgSO, before the ATP led to non- 
enzymatic and erratic changes in extinction values 
when adding ATP. This was eliminated by adding 
both together. The optimum activity for a given 
ATP concentration was achieved with an equal 
concn of Mg. The MgSO, and ATP were there- 
fore added together in equimolar amounts. The 
apparent K, for ATP under these conditions was 
1% mM. 

The effects of those amino acids that are synthe- 
sised from aspartate on the activity of aspartate 
kinase were studied to determine any pattern of 
feedback inhibition which might exist. Valine and 
leucine were also studied because of the interac- 
tions between these 2 amino acids and the biosyn- 
thesis of isoleucine. All the amino acids were tested 
for their effect on yeast asp~~rt~~te-semiaIdehyde 
dehydrogenase at the same concentrations used in 
the coupled assay. They had littfe effect (a maxi- 
mum of 1 Y$) on this enzyme and. since it was pres- 
ent in at least two-fold excess in the coupled assay, 
any effects of the amino acids on the coupled assay 
system were due to their effect on aspartate kinase. 

Lysine strongly inhibited aspartate kinase at 
concentrations of the order of 005 mM, but the 
effect was moderated by elevation of the aspartate 
concentration. The results of an experiment in 
which lysine inhibition was studied at two different 
~cnartltp r,~nrpn+ratinnc inc4irntm4 that inhihitinn 

Table I. The effects of various amino acids singly and in com- 
bination with lysiw on aspartate k&se activity 

_.--~- 
Test amino 

Lgs 31011L’ acid (10 mM) Lvs i test 
~oG1) mM) ;tlNle a&no acid 

Test amino i I’” ol‘control rate in the 
acid absence of any amino acid)* 

_~- -- _---~- 
Threonine 5x 70 58 
Methionine 71 88 64 
Valine 75 III 91 
Homoserinc 13 92 75 
Alanine 5x 11s 79 
Isoleucinc 73 1X 103 
Leucinc 78 106 x3 
-____ 

* The t&e 1s compiled from a number of experiments using 
ditTerent extracts. The activity ol’the control tube varied slightly 
around a mean of 3 nt~lol;‘rn~n~n~g. 

by lysine is competitive with respect to aspartate, 
and a value of 13 /IM was obtained for the appar- 
ent Ki for lysine from the point of intersection of 
the lines in a Dixon plot ft 01. The effect of lysine 
at concentrations higher than O-1 mM was tested 
to detect the possible presence of any aspartate 
kinase activity insensitive to lysine, as reported for 
Eschuichiu coli [S]. No evidence for this was 
found, since even at higher aspartate con- 
centrations enzyme activity could be completely 
i~lilibited by lysine, 

The illl~ibition of aspartate kinase by threoIline 
is a well established phenomenon in bacteria [8J, 
and its occurrence has been implicated in 1Mur- 
churltilr [ 1 I] and Mimrlus [ 123. At concentrations 
below 5 mM, threonine caused little inhibition, but 
at 10 mM some slightly inconsistent ir~ll~bition was 
observed of the order of 1(&209;;. Of the other 
amino acids tested individually, homoserine, meth- 
ionine. isoleucine, valine, alanine and leucine did 
not inhibit the reaction at 5 mM. Some effects were 
observed at 10 mM and these are shown in Table 
I. The effects of each of the amino acids in the pres- 
ence of iysine (20 LIM) are also shown. Apart from 
threonine and homoserine, where the effects are 
less than additive, the effect of each amino acid is 
essentially independent of the effect of lysine. 

Allosteric modifiers arc often capable of protect- 
ing an enzyme against thermal inactivation. The 
ability of lysine and threonine, individually and in 
combination, to prevent heat inactivation of aspar- 
tate kinase was examined by exposing the enzyme 
to a temperature of 45 for 1.5 min. After heating, 
thz, nm-,T,-_ .rz,,,. s.,...:Aa.- ,.,,.,.,.,A .._A A;,,..__A __.__. 
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night against 2 changes of the phosphate buffer 
used in the preparation of the maize extract. The 
unheated control and the heated sample to which 
no lysine or threonine had been added had specific 
activities of 4.0 and 2.5 nmol/min/mg respectively. 
Samples to which lysine (1 mM) was added prior 
to heating showed a specific activity of 3.5 nmol/ 
min/mg. Threonine was without effect in the 
absence or presence of lysine. 

Dihydrodipicolinate synthase 

The o-aminobenzaldehyde assay of Yugari and 
Gilvarg [ 131 was used for the assay of this enzyme. 
The reaction between dihydrodipicolinic acid and 
o-aminobenzaldehyde is time dependent, and thus 
the enzyme reaction rate has a lag before becoming 
linear with time. This has been shown with the 
bacterial enzyme and is true also with the plant 
enzyme. The overall reaction depends on the pres- 
ence of the substrates, aspartic-/?-semialdehyde 
and pyruvate, and the enzyme. It is linear with re- 
spect to added enzyme over the range of O-2.5 mg 
protein per assay. The preparations have been par- 
tially purified as indicated in the experimental sec- 
tion, although it is not possible to give meaningful 
figures for purification as there appear to be 
various non-specific colour reactions occurring in 
the crude preparations. 

The K,‘s for the substrates have been deter- 
mined from conventional studies of the effect of 
concentration on the rates of the reaction. There is 
no evidence for any cooperativity with respect to 
pyruvate concentration, although it must be 
stressed that the nature and lack of sensitivity of 
the assay preclude the measurement of true initial 
reaction rates. The apparent K, for pyruvate is ca 
2 mh4. The enzyme differs from that from E. coli 
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Fig. 1. The effect of increasing concentrations of aspartic$- 
semialdehyde on the rate of dihydrodipicolinate synthase. 
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Fig. 2. The effect of increasing concentrations of aspartic-P- 
semialdehyde and NaCI, and of NaCl in the presence of a con- 
stant amount of aspartic-/I-semialdehyde, on the rate of dihyd- 

rodipicolinate synthase. 

in having a pH optimum of 6.5 compared with 8.4 
in the bacterium. The results (Fig. 1) show that 
aspartic-fl-semialdehyde, at high substrate con- 
centrations, appears to inhibit the reaction. This is 
probably not due to the substrate itself, but to the 
presence of large amounts of NaCl formed during 
the neutralisation of the HCl in which the sub- 
strate must be kept. Fig. 2 shows the effect on the 
reaction of varying the NaCl concentration alone 
and demonstrates that this effect is sufficient to 
account for the inhibition produced by the aspar- 
tate+semialdehyde. The apparent K, for aspar- 
tic-fi-semialdehyde was ca 5.0 mM. 

The enzyme is inhibited 40, 70 and 90% by 0.2 
mM, 0.4 mM and 1 mM lysine respectively. 
Threonine, methionine, valine, homoserine, iso- 
leucine and leucine at concentrations of 10 mM 
caused less than 10% inhibition of enzyme acti- 
vity. These amino acids also had no effect on 
lysine inhibition of the enzyme. 

DISCUSSION 

The results presented here essentially confirm 
those of Bryan et al. on the control of aspartate 
kinase in maize [4]. They show that this enzyme 
is extremely sensitive to lysine with a Ki of ap- 
proximately 13 ,uM. The effects of other amino 
acids are extremely small and require high con- 
centrations of the amino acid to achieve them. The 
physiological significance of such high con- 
centrations is uncertain. There is no evidence of 
any concerted effect of lysine or threonine in either 
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the inhibition of aspartate kinase or in its protec- 

tion from heat inactivation. The protection of the 

enzyme from heat inactivation by lysine confirms 
the enzyme inhibition studies and suggests that the 
cn/yme has a specific lysine binding site. 

The results arc unexpected in that control of the 
aspartate kinase step in bacterial systems is exerted 
by more than one of the aspartatc family of amino 

acids. The explanation may lit in the f;lct that there 
exists a threonine andior methionine isocnzyme in 
maize that both Bryan’s group and ourselves have 
failed to isolate. despite various efforts to do this. 
If the control of the pathway is in reality solely by 
lysinc, then it would suggest that the whole path- 
way could be shut off and the plant starved of 
thrconine. methionine and isoleucine by the pres- 
cnce of excess lysine. It may be. however. that this 
is prevented j17 ciw by the control of lysine syn- 
thesis at the dihydrodipicolinate synthase step. 
.41though this enzyme appears to bc less sensitive 
to lysine. the situation i/r viw will also depend on 
the relative substrate concentration. 

The demonstration of dihydrodipicolinate syn- 
thase in maize and other higher plants (R. M. 
Wallsgrove and B. _I. Miflin unpiiblisiied) confirms 
labclling and other studies indicating that plants 
synthesise lysine via the di~rnin~~pinlelic acid path- 
wa \ _ 

EXPERIMU’I 41. 

.Ispurf~~~ kiutrse. Maize (Zea rncc~s cv Kclcedon 59A) shoots 
from seeds, germinated and grown at 1X- for .3 4 days. were har- 
vested and ground hctween a pestle and motar with an equal 
wt of 0.7 M Tris- HCI, 0.1 M KCl. I mM EDTA. 30”:, glycerol. 
1.4 mM mercaptoethanol adjusted to pH X-5 at S After lilter- 
ing through gauze the extract was centrifuged for 60 mm at 
_10000 $1. (NH+),SO, was added to the c*tract to gl\c JO”. satn 
and the ppt collected hq ~~ntrifu~~lt~ol~. This was dissolved in 
0.0; M KHIPO,. I mM EDTA. 2O”,,glycerof and 1.4 mM mer- 
c:lptatzthanol, pH 7.5 and dialyscd IS hr against the same buffer. 
The extract was then centrifuged at 150000 +I for I hr and wd. 

Thus prcpC~ration. when stored at - I? remained active for at 
least 2 rt;onths. The t%zymc was assdycd in a medium contain- 
ins. in a linal vol of 3 ml, 02 M Tris Hc’i pH 8.5. IO mM mer- 
cn;tocthanol. 0.1 mM NADPH, asport& and M@TP as 
stated l’or cich cxpt. 2 mg of yeast aspartatc sernlaldellyde 
deh>drogcnase and ubout 2 mg of maix enrqme. Oxidation of 
NADPH was followed at 340 nm and corrections made for 
background rates observed in ahsencc of cithcr aspartate or 
Mp:ATP. Aspartic semialdehyde dehydrogcnase was e.\tractcd 
from brcv.ers yeast by a ~~~odi~c~~t~o~~ of the methods of Surdin 

[IS] and Black and Wright 1141. The 131, aspartic+semialde- 
hyde.was prepared from IIL ally&glycinc by the method of Black 
and Wright [ 141. AI1 other amino acids were in the I. form. 

Dih vrlrodipiLo/irlclrc~ .s~~r~rhu.sc~. Maize shoots were ground as 
above in a mediuln consisting of 02 M Pi buffer pH 8, il) mM 
nlrccap&~&.kanol.-l mix4 EDTA add .?.O’:, glycerol. The extract 
was filtcrcd through cheesecloth snd than centrifuged at 20000 
y for 30 min. Solid (NH,)?SO, was added to the supernatant 
to give 30” (1 saturation. After 30 min. the ppt uas centrifuged 
oR and discarded. ‘r:urther tUH,),SO, to ho”, satll~~t~~)l~ was 
added and the ppt collected and d~ssolvrd in the same medium 
as above except that ylyccrol was omitted. The extract was 
clartfed bq centrifug~~t~~~ll and then passed tl-u-ough a Sephadex 
G-200 column (7.6 x 40 cm). The column was pl-e-equilibrated 
and elutcd with the glycerol-free butli-r. The active firactions 
were collected, made to 65” ,, saturation with (NH,)?SO, and 
the resultant ppt collected. This was dissolved m buffer contain- 
ing glyceroi and dialysed 1X hr ;rgamst the sztmr butI&. The 
xssak medium consisted of&2 M PI bufCx pH 6.5. 10 mM pyru- 
vate. 10 mM mcrcaptocthanol. CC! ? mM :lspnrtic-B-semialde- 
hyde (0.1 ml of soln adjusted to pH ? with Nn,CO,). I.5 mg 
of o-aminob~:117aldch!dc added in O-I ml of EtOH (freshly pre- 
~lr~d)~~ndabout :! mg ofcnr~mc protein. The renction ml’rture 
was made to i ml and incubated at 30 for ? hr. The rcactmn 
was stopped hr the addition ofTC‘A. the soln clarrficd by centri- 
fugation. and its A at 5% nm determined. Separate blanks lac- 
king aspartic-/i-semialdehvcle and en,!mc were used Ibr corrcc- 
tion ~~fe~tin~tioI1 changci, 
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