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Abstract—Aspartate kiase and two homoserne dehydrogenases were partially purified from 4-day-old pea seed-
lings A sensitive method for measuring aspartate kinase activity 1s described. Aspartate kinase activity was
dependent upon ATP, Mg?* or Mn?*, and aspartate. The aspartate kinase was mhibited 1n a sigmoidal manner
by threonine and K, for threonme was 0 57 mM The enzyme could be desensitized to the inhibitor and threonine
protected the enzyme against thermal mactivation Aspartate kinase activity was enhanced by 1soleucine, valine
and alanine Homoserine, methionine and lysine were without effect The homoserine dehydrogenase activity
which was associated with aspartate kinase during purification could be resolved into two peaks by gel filtration
The activity of both peaks was inhibited by aspartate and cysteine and one was inhibited by threonine

INTRODUCTION

ASPARTATE kinase (ATP:L-aspartate 4-phosphotransferase, E.C. 2.7.2.4) converts aspartate
to B-aspartylphosphate in the presence of ATP and Mg?* Homoserine dehydrogenase (L-
homoserine: NAD* (NADP*) oxidoreductase, E.C. 1.1.1.3) catalyzes the conversion of
aspartate-f$-semialdehyde to homoserine. These are the first and the third, respectively, of
the enzymes m the pathway leading to methionine, threonine and 1soleucine 1n the aspar-
tate family of amino acids. The regulatory properties of several of the highly purified bac-
terial enzymes have been thoroughly studied.!

Information about these enzymes and therr regulation in higher plants is rather
limited.*® A lysine-sensitive aspartate kinase” and a homoserine dehydrogenase® were
partially purified and characterized from Zea mays Aspartate kinases from wheat germ
and Lemna minor have recently been described °-1°
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[t 1s well known that peas synthesize and accumulate homoserine in large amounts dur-
ing germimation ' ~'% Aspartate-f-semialdehyde dehydrogenase (EC 121 11) and homo-
serine dehydrogenase, the second and third enzyme 1n the pathway, were detected 1n pea
seedlings by Sasaoka.'® '® but no studies of regulatory properties were made Here we
report the purification and propertics of a threonme-sensitive aspartate kinase from pea
scedlings, which 1s inhibited and activated by nucleotides and several amino acids Ewvi-
dence for the existence of two homoserme dehydrogenases 1s also given

RESULTS
A summary of the purification procedure designed for aspartate kinase 1s given 1n Table
I The overall purtfication was about 85-fold for aspartate kinase and 15-fold for homoscr-
inc dehydrogenase

TaBlt | PURIFICATION OF PLA ASPARTATI KINASL AND HOMOSLRIND DI HYDROGE NASE

Aspartate kinase Homoserine dehydiogenase
Spectfic Specific
Total Total activity Total activity
Stage of Volume protemn activity (unitsymg actvity (untts/mg
purification™ (mh) (mg) (umts*) protein) (units¥*) protem)
(1) Crude extract 200 10600 294 0027 55700 3
(21 Fust (NH,), SO, ppt
and dialssis 79 2050 S06 0250 27900 136
(3) DFAE-Sephadex A-50
and second
(NH ),80, ppt 75 300 242 0807 5600 188
(4) Sephadex G-200 40 92 213 233 7300 792

* For details of purification and units of enzyme activities sec Experimental

Requirements and product of the aspartate kinase 1edction

When the purified pea enzyme was mcubated under standard assay conditions the for-
mation of f-aspartylhydroxamate-[**C7] was completely dependent upon the presence of
ATP, Mg?™ and NH,OH The synthesis of S-aspartylhydroxamate was linear with time
for at least 90 mmn 1n the presence of 02 mM threonine In the absence of NH,OH f-
aspartylphosphate was identified as a product by a coupled assav™ (Table 2).

Effect of substrate concentration on aspartate kinase activity

Mn* " n concentrations of 16, 4 and 8 mM gave 80, 51 and 36°,. respectively. of the
activity with 12 mM Mg? " The complex MgATP?~ was indicated as a substrate Shghtly
higher concentrations of Mg? " than those of ATP gave optimal results Up to 10 mM
excess of Mg * did not mhibit the reaction By varying the ATP concentration with a 4
mM excess of Mg* ™, a K,, for ATP of 07 mM was calculated (enzvme 1solated n Tris
buffer). When the enzyme was wolated m phosphate buffer a higher K, for ATP was
obtamed (28 mM) The K,, for aspartate was found to be ca 6 mM Such a high value
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1s probably partly due to the assay method, because of the high concentration of NH,OH
present.’” The reciprocal plots were essentially linear for all the substrates, indicating the
absence of cooperative effects and the studies indicated a sequential mechanism*® of bind-
mg for the substrates ATP and aspartate.

TABLE 2 IDENTIFICATION OF ﬁ-ASPARTYLPHOSPHATE AS A PRODUCT OF THE ASPARTATE KINASE REACTION

NADPH oxidation

Reaction mixture AA 340 0m nmol
Complete system 0948 153
Minus aspartate 0-127 20
Minus ATP 0195 31
Minus aspartate, minus ATP 0 0

A reaction mixture contaming 25 mM Na-aspartate (pH 8), S mM ATP, 6 mM MgCl,, 7 6 mg enzyme protein
(fraction 3) and H,O 1 a final vol of 2 ml (complete system) was incubated for 60 mm at 20° together with
control tubes from which aspartate and ATP were omutted as indicated The mixtures were then centrifuged for
10 min at 44000 g at 4° The B-aspartylphosphate produced by this reaction was used as a substrate for yeast
aspartate-fi-semialdehyde dehydrogenase 08 ml supernatant was added to a cuvette contamning 17 mg yeast
enzyme and 06 mg NADPH 1 a final vol of | ml The oxidation of NADPH was followed at 340 nm for 2
hr at 20~

Stability of aspartate kinase

For preservation of enzyme activity the addition of mercaptoethanol to the buffer was
essential In phosphate buffer with glycerol and | mM threonine included (buffer PB) the
enzyme was fairly stable for at least 3 weeks at —25°. The enzyme was much less stable
in Tris buffer In Tris buffer lacking threonine a variable proportion of the catalytic activity
was lost, and after Sephadex G-25 and DEAE-Sephadex A-50 treatments the enzyme
became desensitized to the inhibitor threonine.

Threonine protected the enzyme against heat inactivation. Purified enzyme was freed
of threonine by passage through a Sephadex G-25 column equilibrated with buffer PB
minus threonine. In the absence of threonine the half-life of the enzyme at 40° was 3 min
with less than 10% of the original activity remaining after 7 min. In the presence of 1 mM
threonme the corresponding values were 6 min and 40%,.

Inhibition and actwation of aspartate kinase

As little as 0-8 mM threonine produced 86%, inhibition of activity. The enzyme was also
very sensitive to inhibition by threonine at all stages of purification. A sigmoidal relation-
ship between inhibitor concentration and reaction velocity was established 1n several ex-
periments. By use of a computer program'® V,, values could be estimated, and a Hill plot
(log[(Vy — )/(v — V)] vs log[inhibitor]) gave an interaction coefficient ny; = 1-8 and an
mhibitor constant K, = 0-57 mM for threonine. In this particular experiment ¥, had to
be approximated. Other experiments, in which V;, was determined experimentally, gave the
same ny value but a shightly lower K, (0-3 mM).

Leucine, 1n the presence or absence of threonine, also mhibited the enzyme (Table 3).
The response curve with increasing leucine concentration showed sigmoidicity. The inter-
action coefficient ny was 1-5 and K, was estimated to 84 mM (0-2 mM threonine present
during the assays).
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The enzyme was markedly activated by 1soleucine, valine and alanine {Table 3). Alanine
appeared to have an activating effect different from that of 1soleucine and valine. In the
presence of 1soleucime or valine, threonine nhibited the activity When alanine was present.
threonine was unable to cause inhibitton. Homoserime, methionime and lysine (up to 8
mM) were without effect. Threonine plus lysine gave no greater mhibition than threonine
alone To ascertain that small amounts of a possible lysine-sensitive enzyme were not un-
detected during purification, the first two purtfication steps were also carried out using
a buffer which. in addition to threonine, also contamed 1 mM each of Iysine and homoser-
ime These conditions did not reveal any lysme-sensitive fraction of the activity.

Tastl 3 ACHRATION AND INEHBITION OF ASPAR TATE KEPVASE HY AMING ACIOS

Aspdrtate Kinase dctivity {umits x 16°7
Threonine concentration (mM}

Amino acid added 0 0z 04
Experiment |
None 133 93 17
& mM isoleucine 240 157 37
8 mM valine 263 157 40
8 mM leucine 50 = *
Experiment 2
None 87 * *
¥ mM alanine 160 207 182

* Not determined

Standard assay conditions were employed with amino acid additions as indicated Prior to assay thiconine
was removed fiom the enzyme preparation by Sephadex G-25 gel filttation with buffer PB nunus threonine
se = =001 unts

The nucleotides ADP and AMP inhibited the reaction. The kinetic response curve had
a sigmoidal shape for both ADP and AMP. indicating cooperative interactions in binding
of these mhibitors. V,, values were calculated according to a computer program '* In the
Hill plots the slope of the linear ADP curve was [ 9 and K, for ADP was 095 mM The
corresponding values for AMP were 2 4 and 038 mM. However. when 0:6 mM ADP was
present, the saturation curve for AMP changed to a hyperbolic one The reciprocal plot
was then linear, indicating Michaelis kinetics In this case K, for AMP was estimated to
0-24 mM and the interaction coefficient ny; = 10 With AMP (02 20 mM) included the
saturation curve for ADP also changed to a less sigmoidal one Thus, the presence of ADP
seemed to dimmish cooperation in the binding of AMP and vice versa

Results of an experiment in which the ATP concentration was varied at several fixed
levels of ADP and AMP suggested that mhibition by ADP and AMP 1s non-competitive
with respect to ATP

Ervidence for two homoserine dehvdrogenases

The elution diagram after fractionation by Sephadex G-200 gel filtration consistently
showed two peaks of homoserine dehydrogenase activity (Fig. 1) The first peak. termed
HSDH 1, coincided with the single peak of aspartate kinase activity. whereas a second,
shightly smaller peak. HSDH 11, was trailing it by four fractions The addition of § mM
threonine to the standard assay climinated a large portion of the activity of the first peak,
the second part of the curve remaining more or less unchanged. This suggested the pres-
ence of two forms of homoserine dehvdrogenase with different MWs and different sensi-
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tivity toward threonime. The properties of representative fractions from both peaks were
further compared
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FiG 1 ELUTION PATTERN FOR ASPARTATE KINASE {AK) AND HOMOSERINE DEHYDROGENASE (HSDH) DUR-
ING SEPHADEX G-200 GEL FILTRATION

Aspartate kinase activity was measured under standard conditions @ Homoserine dehydrogenase acti-

vity measured under standard conditions, A* homoserine dehydrogenase activity measured with 5 mM
threonine added to the standard assay

HSDH I was inhibited by threonine, HSDH II was not. Both were inhibited by aspar-
tate (Table 4). Up to 10 mM methionine was without effect, but 5 mM cysteine caused
a complete mhibition of both HSDH I and HSDH II. The affinities for the substrate aspar-
tate-f-semialdehyde were significantly different. K,, for HSDH I was estimated to be 0-5
mM, the value for HSDH IT was 0-08 mM. After disc gel electrophoresis and staimning for
homoserine dehydrogenase activity HSDH T (fraction 22 1n Fig. 1) gave one single band,
HSDH I (fraction 34) another one, faster migrating band, and mixtures of both two dis-
tinctly separated bands of activity.

TABLE 4 EFFECT OF AMINO ACIDS ON THE TWO FORMS OF HOMOSERINE DEHYDROGENASE

Homoserine dehydrogenase activity

o/

% of control)

Amino acid added HSDH I HSDH II
None 100 100
5 mM threomne 44 100
10 mM threonine 37 100
5 mM aspartate 61 56
10 mM aspartate 54 53

Standard assay conditions were employed with amio acids added as indicated HSDH I was represented by
fraction 23, HSDH II by fraction 33 mn Fig 1

DISCUSSION

A threonine-sensitive aspartate kinasc has been partially purified from etiolated pea seed-
lings. The nearly complete inhibition caused by threonine and the elution of activity
a single peak during Sephadex G-200 gel filtration indicated that the activity of only one
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aspartate kinase was measured. Since lysine had no mhibritory effect at any stage of purifi-
cation, this aspartate kinase 1s different from the enzymes previously described from other
higher plants, all Monocotyledons "-%'% They were all very sensitive to lysine and only
shghtly inhibited by threonine It would be of interest to 1solate aspartate kinase from
other dicotyledonous plants to see whether this difference mn feedback sensitivity 15 a
general one

The pea enzyme behaved like a typical allosteric enzyme,”® displaying a complex regula-
tory pattern The enzyme could be desensitized to the inhibitor threonine and there was
a sigmoidal relationship between mnhibitor concentration and reaction velocity The fairly
strong cooperative interaction between threonine molecules would suggest more than one
threonine-binding site Like the maize enzyme’ the pea aspartate kinase was activated by
isoleucine. valine and alanine. Leucine had no effect on the maize enzyme studied by Bryan
et al.,” however, Cheshire and Miflin?! have later reported a shight activation by this ammo
acid The pea enzyme differs in this respect, being inhibited by leucine

ADP and AMP mhibited the enzyme in a complex manner. suggesting that the encrgy
balance of the cell 1s important in the regulation of aspartate kinase activity '~ These nega-
tive effectors also showed cooperative kinetics In the case of ADP the Mg-complex prob-
ably acted as an inhibitor Regarding AMP, 1t 1s not clear whether inhibition 1s due to
free AMP or the Mg-complex. the situation may be compared to that for crayfish arginine
kinase.?? It 1s not likely that the mhibition by AMP 1s an artifact resulting from the pres-
ence of adenylate kinase in the enzyme preparation.

Some of the total homoserme dehydrogenasc activity was assoclated with aspartate
kinase during purification of the latter. The existence of two homoserine dehydrogenases
with different properties was clearly indicated. It may be possible that HSDH II represents
a desensitized dehydrogenase, since Bryan® has shown that the Zea mays enzyme could
be desensitized to the inhibitor threonine However, 1t 1s not very hkely 1n this case since
threonme was mcluded 1 the buffers throughout Studies of the native and desensitized
forms of the threonine-sensitive homoserine dehydrogenase from E colr’* showed that the
two forms of the enzyme had almost equal K,, values for aspartate-f-semialdehyde HSDH
I and HSDH I had quute different K, values for this substrate. The value for HSDH 1
(05 mMj 1s equal to that found by Sasaoka'® (0-46 mM)

The threonine-sensitive aspartate kiase and the threonne-sensitive homoserine de-
hydrogenase were eluted in one peak during Sephadex G-200 ge! filtration. Since the pea
homoserine dehydrogenase was also inhibited by aspartate, the relationship between the
two enzymes bears a resemblance to the threonine-sensitive aspartate kinase- homoserme
dehydrogenase complex in E coli ** Bryan® unsuccessfully tried to detect aspartate kinase
activity m his homoserme dehydrogenase preparation from Zea mavs. which was also inhi-
bited by threonine, aspartate and cysteine Further purification and more detaded studies
will be necessary before the existence of such an enzyme complex m pea seedhings 1s cstab-
Jished

EXPERIMENTAL

Materwady Pea seeds (Prwum saticwin ov Pitlert Fenomend were obtamed from A'S Nogsk Fra 1-Amung aouds
and nucleotides were purchased from Sigma Uniformly labelled t-aspartic acid-['*C7 was « product of The
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Radiochemical Centre, Amersham pL-Aspartate-f-semialdehyde was prepared by ozonolysis of DL-allylglycine
(Sigma) according to the method of Black and Wright 2° Its concentration was estimated enzymatically B-Aspar-
tylhydroxamate was synthesized by the method of Roper and Mcllwain 2® Aspartate-B-semialdehyde dehydro-
genase (free of aspartate kinase activity) was purified from baker’s yeast as described by Black and Wright.?3

Germination The seeds were surface sterilized with a hypochlorite soln, rinsed in H,O and allowed to 1mbibe
H,O for 24 hr The seeds were washed again before germination in moist vermiculite for 3 days in darkness
at 22°

Extraction, first (NH,),SO, fractionation and dialysis The following steps were carried out at 0-5" Seedcoats
were removed and the seedlings homogenized with 2 vol of buffer PB [containing 50 mM K phosphate (pH
72), 15% by vol glycerol, | mM EDTA, | mM threonine and 14 mM 2-mercaptoethanol] in a Waring Blendor
for 2 x 30 sec The homogenate was filtered through gauze before centrifugation for 30 mun at 39000 g Solid
(NH,),S0, (35 1 g/100 ml) was added to the supernatant to 55% saturation After 60 min the precipitated protein
was collected by centrifugation (20000 ¢, 20 min) The ppt was dissolved in buffer PB and dialyzed overnight
aganst a large vol of buffer PB

DEAE-Sephadex chromatography and second (NH,),SO, fractionation The dralyzed extract was adsorbed
onto a DEAE-Sephadex A-50 column (6 5 x 16 cm), equilibrated with buffer PB The column was washed with
buffer PB to remove unadsorbed protein and eluted with a 500 ml continuous, linear gradient 0-1 M NaCl in
buffer PB The most active fractions were concentrated by precipitation with (NH,),SO, to 609, saturation (39
2/100 ml) The ppt was centrifuged down and dissolved in minimal vol of buffer PB

Sephadex G-200 gel filtration The soln from the preceding step was applied to a Sephadex G-200 column
(31 x 285 cm), equilibrated with buffer PB, and eluted with the same buffer The most active fractions were
concentrated by (NH,),80, precipitation (0-60%,) and after 60 mm the ppt was collected and dissolved n a
small amount of buffer PB The enzyme was stored frozen at —25° Unless otherwise stated, this fraction was
used 1n the studies reported

Assay of aspartate kinase The colorimetric method of Black and Wright?” was naccurate and not sensitive
enough for measuring significant aspartate kinase activity m the early fractions of the purification procedure
An assay was therefore designed, using '*C-labelled aspartate, which 1n the presence of NH,OH gave B-aspartyl-
hydroxyamate-['*C] Nerther assay method is specific for aspartate kinase, since asparagine synthetase® 22 would
also catalyze aspartylhydroxamate formation under these conditions However, we found no evidence for inter-
ference by any asparagine synthetase during the present study

The standard assay contained 12 mM L-aspartate-[U-'*C] (sp act 033 uCi/umol), adjusted to pH 8 with
NaOH, 12 mM MgCl,, 8 mM ATP, 11 mM 2-mercaptoethanol, 400 mM NH,OH HCI (adjusted to pH 62
with KOH), 25 ul of enzyme extract and H,O to a final vol of 125 ul If threonine was not removed from the
enzyme preparation, 1ts final concentration during the assay was 02 mM Incubation was at 20" for 60 mmn The
reaction was stopped by the addition of 25 ul of 109, (w/v) TCA, and 10 pi of cold 30 mM B-aspartylhydroxamate
was added as a carrier 25 ul Portions of the reaction mixtures were applied to Whatman no 3 paper and -
aspartylhydroxamate-['*C] was separated from aspartate-['*C] by electrophoresis 2® The f-aspartylhydroxa-
mate spot was located close to the origin and 1ts position was detected by spraying control strips with 0 2% (w/v)
ninhydrin m EtOH Strips (28 x 4 8 cm) bearing the f-aspartylhydroxamate spot were cut out and the radioacti-
vity measured 1n a hiquid scintillation analyzer The counting efficiency was about 70°, The activity was corrected
for the value of control tubes (enzyme omitted) 500 cpm correspond to ca | nmol of f-aspartylhydroxamate
A unit of aspartate kinase activity catalyzes the formation of 1 nmol min~' of B-aspartylhydroxamate under
standard conditions

Assay of homoser e dehydrogenase The standard assay (forward direction) contained 0 5 mM DL-aspartate-f-
semialdehyde (neutralized with KHCO; immediately before use), 0 16 mM NADPH, 50 ul of enzyme extract
and H,0 1n a final vol of 1 ml The decrease in A at 340 nm was measured at 20° with H,O as a blank and
appropriate controls A unit of homoserine dehydrogenase activity catalyzes the aspartate-f-sermaldehyde-
dependent oxidation of 1 nmol min~! of NADPH under standard conditions ()47} = 622 x 10° M~ ' cm™')

Protemn deter nunation Protein was determimed by the method of Lowry et al ,*® with crystalline bovine serum
albumin as a standard

Disc gel electrophoresis Polyacrylamide gels and solns were prepared according to Davis 3 Electrophoresis
was carried out at 5 with 1 mM threonine included 1n the buffers The gel rods were then assayed for homoserine
dehydrogenase activity®' by immersion 1n 15 ml of a staining soln containing 5 mg nitroblue tetrazolium, 03
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mg phenazine methosulfate. 25 mM pr-homoserine, 25 mM NADP', 200 mM Tris-HCl (pH 90) and H,0
Incubation was at 30° in the dark Activity was shown by the homoserine-dependent appearance of dark bands

Treatment of kinetic data The calculation of kinetic constants was performed on a CD 3 300 computer and
was based upon a computer program’® kindly provided by Dr H-J Wicker In the inhibition studies ¥, 1s the
reaction velocity with an infimtely high concentration of inhibitor 1 1s the reaction velocity in the absence of
inhibitor ¢ Is the reaction velocity with a non-saturating concentration of mhibitor



