
Phytochemlstry 1974 Vol 13, pp 2717 f~ 2724 Prrgamon Prc\\ Prmted m England 

THREONINE-SENSITIVE ASPARTATE KINASE AND 
HOMOSERINE DEHYDROGENASE 

FROM PISUM SATZVUM 

HALVOR AARNES and SVEN ERIK ROGNES 

Botanical Laboratory, Umverslty of Oslo, P 0 Box 1045, Bhndern, Oslo 3, Norway 

(Recrlved I May 1974) 

Key Word Index-Plsunz satluum, Legummosae, pea, aspartate kmase, homoserme dehydrogenase, threonme- 
sensitive; feedback mhlbltlon, actlvatlon by ammo acids 

Abstract-Aspartate kmase and two homoserme dehydrogenases were partially purified from 4-day-old pea seed- 
lmgs A sensltlve method for measurmg aspartate kmase actlvlty IS described. Aspartate kmase actlvlty was 
dependent upon ATP, Mg*’ or Mr?+, and aspartate. The aspartate kmase was inhibited In a slgmoldal manner 
by threonme and K, for threonme was 0 57 mM The enzyme could be desensltlzed to the mhibltor and threonme 
protected the enzyme agamst thermal mactlvatlon Aspartate kmase actlvlty was enhanced by lsoleucme, valme 
and alanme Homoserme, methlonme and lysme were wlthout effect The homoserme dehydrogenase activity 
which was associated with aspartate kmase during purlficatlon could be resolved mto two peaks by gel filtration 
The activity of both peaks was inhibited by aspartate and cysteme and one was mhlblted by threonme 

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+semialdehyde to homoserine. These are the first and the third, respectively, of 
the enzymes m the pathway leading to methionme, threonme and lsoleucine m the aspar- 
tate family of amino acids. The regulatory properties of several of the highly purified bac- 
terial enzymes have been thoroughly studied.lem3 

Information about these enzymes and their regulation m higher plants is rather 
limited. b-6 A lysine-sensitive aspartate kinase7 and a homoserine dehydrogenase* were 
partially purified and characterized from Zea mays Aspartate kmases from wheat germ 
and Lemna mmor have recently been described 9,10 
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It 1s well known that peas synthesize and accumulate homoserme m large amounts dur- 
ing germmatlon “~‘4Aspartate-/~-semialdehyde dehydrogenasr (E C 1 2 1 11) and homo- 
serme dehydrogenase, the second and third enqme m the pathway, were detected in pea 
seedlings by Sasaoka.’ ’ I” but no studies of regulatory propertles were made Here we 
report the purlficatlon and properties of a threonme-sensltlve aspartate kmase from pea 
seedlings, u hlch IS mhlblted and activated by nucleotldes and several ammo acids Evl- 
dence for the existence of two homoscrme dehydrogenases IS also g~\en 

RESULTS 

A summary of the purlficatlon procedure deslgned for aspartate kmase IS given m Table 
1 The overall purlficatlon was ,lbout X5-fold for aspartatc kmasc and 1 S-fold for homoscr- 
inc dehydrogena$e 

stage of 
pllrlficatlolt” 

Volume 

(ml) 

i\\partatc kuwsc Homoscrmc dehqdlogcnase 
Speafc Speafic 

Total actlvlty Total acti\1ty 
;Ictlvlt) (units/mg acuvlt~ (unitwmg 
(umts”) protcln) (ulllts*~ protein) 

* I-or dct‘lil\ 01 purlficatlon and umts of enrymc xctwltles set Expel ImentJ 

When the purified pea enzyme was incubated under standard assay condltlons the for- 
mation of p-aspartylhydroxamate-[14C] was completely dependent upon the presence of 
ATP, Mg2- and NH,OH The synthesis of /&aspartylhydroxamate was linear with time 
for at least 90 mm 117 the presence of 02 mM threonme In the absence of NHzOH /3- 
aspartylphosphate was Identified as a product by a coupled assay* (Table 1). 

Mn’ + m concentrations of I 6, 4 and 8 mM gave 80, 51 and I%“,. rcspectlvely. of the 
actlvlty u Ith 13 mM Mg’ L The complex MgATP’~ was mdlcated as a substrate Shghtly 
higher concentrations of Mg2 ’ than those of ATP gave optunal results Up to 10 mM 
excess of Mg” did not mhlblt the reaction By varying the ATP concentration with a 4 
mM excess of Mg”, Cl K,, for ATP of 0 7 mM ~vas calculated (enzyme Isolated m Trls 
buffer). When the enTymc wan lholated m phosphate bull& ‘i higher I(,,, for ATP was 
obtamed (2 8 mM) The K,, for aspartate was found to be cl1 6 mM Such a high value 
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is 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 indtcated a sequential mechanism” of bmd- 
mg for the substrates ATP and aspartate. 

TABLE 2 IIIBYTIFICATION OF /3-ASPARTYLPHOSPHATE AS A PRODUCT OF THE ASPARTATE KINASE REACTION 

NADPH oxrdatron 
Reactron mrxture AA 340 nm nmol 

Complete system 0 948 153 
Mmus aspartate 0.127 20 
Mmus ATP 0 195 31 
Mmus aspartate, mums ATP 0 0 

A reaction mrxture contammg 25 mM Na-aspartate (pH 8) S mM ATP, 6 mM MgCl,, 7 6 mg enzyme protem 
(fractron 3) and HZ0 rn a final vol of 2 ml (complete system) was incubated for 60 mm at 20” together wrth 
control tubes from whrch aspartate and ATP were omitted as mdrcated The mrxtures were then centrifuged for 
IO mm at 44000 y at 4” The /?-aspartylphosphate produced by this reactron was used as a substrate for yeast 
aspat tate-/j-semraldehyde dehydrogenase 0 8 ml superndtant was added to ‘1 cuvette cont‘rmmg 1 7 mg yeast 
enzyme and 0 6 mg NADPH m a final vol of I ml The oxrdatron of NADPH was followed at 340 nm for 2 
hr at 20” 

Stab&y of aspartate kinase 

For preservation of enzyme activity the addition of mercaptoethanol to the buffer was 
essential In phosphate buffer with glycerol and 1 mM threonme mcluded (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 threonme 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 mhibitor threonine. 

Threonme protected the enzyme against heat inactivation. Purified enzyme was freed 
of threonme by passage through a Sephadex G-25 column equihbrated with buffer PB 
minus threonine. In the absence of threonme the half-life of the enzyme at 40” was 3 min 
with less than loo/, of the origmal activity remaming after 7 mm. In the presence of 1 mM 
threonme the corresponding values were 6 min and 40%. 

Inhlbltlon and actzvatlon of aspartate kznase 

As little as 0.8 mM threonme produced 86% inhibition of activity. The enzyme was also 
very sensitive to inhibition by threonme at all stages of purification. A sigmoidal relation- 
ship between inhibitor concentration and reaction velocity was established m several ex- 
periments. By use of a computer program” V,,, values could be estimated, and a Hill plot 
(log[(I/, - L)/(v - V,)] vs log[inhibitor]) gave an interaction coefficient nn = 1.8 and an 
inhibitor constant K, = 0.57 mM for threonme. In this particular experiment V, had to 
be approximated. Other experiments, in which V, was determined experimentally, gave the 
same nH value but a slightly lower K, (0.3 mM). 

Leucine, m the presence or absence of threonine, also inhibited the enzyme (Table 3). 
The response curve with increasing leucine concentration showed sigmoidicity. The inter- 
action coefficient nn was 1.5 and K, was estimated to 8.4 mM (0.2 mM threonine present 
during the assays). 
” KLUNGS~YR, L, HAGEMAN, J H , FALL, L and ATKINSON, D E (1968) Brochemrstry 7,403S 
‘* CLELAND, W W (1967) Ann Rev Blochem 36,77 
I9 WINKER, H -J. JOHANNES, K-J and HESS, B (1970) FEBS Letters 8, 178 



2720 H AARNLY and S E Ro~uts 

The enzyme was markedly acttvated by tsoleuctne, valtne and alantne (Table 3). Alantne 
appeared to have an acttvating effect different from that of tsoleuctne and valine. In the 
presence of tsoleuctne or valinc, threontne inhibited the acttvtty When alantne was present. 
threontne was unable to cause tnhtbttton. Hotnosertne. tnethtontne and lysme (up to 8 
mM) were wtthout effect. Threontne plus lystne gave no greater tnhtbitton than threontne 
alone To ascertain thol small ~JIIOLIJI~~ of a posstblc Iqstnc-scnstttve enrktnc were not un- 
detected during purtficalton, the first two purtficatton steps were also carried out using 
a buffer whtch. tn addttton to threontne, also contained 1 mM each of l~smc and homoser- 
tne These condtttnns dtd not revcal any lystne-senstttve fractton of the acttvttl. 

Experiment I 
None 
8 mM Isoleuane 
8 mM vdlme 
X mM le~~cmc 

Experiment 2 
NOllfZ 

K mM ,kuune 

133 93 17 
230 IS? 17 
263 I57 40 

SO *- * 

87 * * 

I60 107 IX’ 

* Not determmed 
Standard assay condltlons were empfoqed with ammo aad addttlons as lndlcated Prior to asa> thleonme 

was remobcd flom the enzyme preparation by Sephddex G-25 gel filtlntlon with buffer PB mmuu thrronlne 
SC = pool unit5 

The nucleottdes ADP and AMP inhtbtted the reaction. The ktnettc response curve had 
a stgmotdal shape for both ADP and AMP. tndtcattng cooperattve tnteractions tn btndtng 
of these tnhtbttors. V,,i values were calculated accordtng to a computer program I9 In the 
Htll plots the slope of the linear ADP curve Lvas 1 9 and K, for ADP ~~1s 095 tnM The 
correspondtng values for AMP were 2 4 and 0 38 mM. However. when 0.6 mM ADP was 
present, the saturatton curve for AMP changed to a hyperboltc one Ths rectprocal plot 
was then linear, tndtcattng Mtchaelts ktnettcs In this case K, for AMP was estimated to 
0.24 mM and the tnteractton coeffictent nH = 1 0 Wtth AMP (0 2- 2 0 mM) included the 
saturation curve for ADP also changed to a less stgmotdal one Thus, the presence of ADP 
seemed to dimtntsh cooperatton tn the btndtng of AMP and VICC versa 

Results of an experttnent tn whtch the ATP concentratton was barted at several fixed 
levels of ADP and AMP suggested that tnhibttton by ADP and AMP IS non-cotnpettttve 
wtth respect to ATP 

The elutton diagram after fracttonatton by Sephadex G-200 gel filtratton consistently 
showed two peaks of homosertne dehydrogenase activity (Ftg. 1) The first peak. termed 
HSDH I, coincided wtth the stnglc peak of aspartate ktnase acttvttl. whereas a rccond, 
slightly smaller peak. HSDH II, was tratltng it by four fracttons The addttton of 5 ntM 
threontne to the standard assay cltmtnated a large portton of the acttvtt!’ of the first peak, 
the second part of the curve rematntng more or less unchanged. Thts suggested the pres- 
ence of tno forms of homosertne dehydrogenase wtth dialerent MWs and dttrerent senst- 



Threonme-sensitive aspartate kmase 2721 

tivity toward threonme. The properties of representative fractions from both peaks were 
further compared 

.-. 4 AK 
160 c 

l HSDH i 8 

a HSDH + threonlne 
\ 5 
, ? 0 Protein \ 

Fraction No 

FIG 1 ELUTION PATTERN FOR ASPARTATE KINASE (AK) AND HOMOSERINE D~HYDROGENASE (HSDH) DUR- 
ING SEPHADEX G-200 GEL FILTRATION 

Aspartate kmase activity was measured under standard condltlons l Homoserme dehydrogenase acti- 
vity measured under standard condltlons, n, homoserme dehydrogenase activity measured with 5 mM 

threonme added to the standard assay 

HSDH I was inhibited by threonme, 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 inhibition of both HSDH I and HSDH II. The affinities for the substrate aspar- 
tate-/I-semialdehyde were significantly different. K, for HSDH I was estimated to be 0.5 
mM, the value for HSDH II was 0.08 mM. After disc gel electrophorests and staining for 
homoserine dehydrogenase activity HSDH I (fraction 22 m Fig. 1) gave one single band, 
HSDH II (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 HOMOSEKINE DEHYUROGENASE 

Homoserme dehydrogenase actlvlty 
(‘x of control) 

Ammo acid added HSDH I HSDH II 

None 100 100 
5 mM threonme 44 100 

10 mM threonme 37 100 
5 mM aspartate 61 56 

10 mM aspartate 54 53 

Standard assay condlhons were employed with ammo acids added as mdlcated HSDH I was represented by 
fraction 23, HSDH II by fraction 33 m Fig 1 

DISCUSSION 

A threonine-sensttive aspartate kmasc has been partially purified from etiolated pea seed- 
lings. The nearly complete inhibttion caused by threonine and the elution of activity in 
a single peak during Sephadex G-200 gel filtration indicated that the activity of only one 
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aspartate kmase was measured. Smce lysine had no mhibltory effect at any stage of punfi- 
cation, this aspartate kinase IS different from the enzymes previously described from other 
higher plants, all Monocotyledons l,y,10 They were all very sensltlve to lys~rlc and only 

slightly inhIbited by threonme It would be of interest to isolate aspartatc kmase from 
other dlcotyledonous plants to see whether this difference m feedback sensltJvlt! 1s :I 

general one 
The pea enzyme behaved like a typlcal allosterlc enzyme,‘” displaying a complex regula- 

tory pattern The enzyme could be desensitized to the Inhibitor threonme and there u’as 
a slgmoldal relationship between inhibitor concentration and reactlon vcloc~t~ The fiiirl} 
strong cooperative interaction between threonme molecules would suggest more than one 

threonme-bmdmg site Like the maize enzyme’ the pea aspartate kmase was activated bq 
Isoleucme. valme and alanme. Leucme had no effect on the maize enzyme studled 1~1, Bryan 
rt cd.,’ however, Cheshire and Mltlm”’ have later reported a slight actlvatlon by 11115 ammo 
acid The pea enzyme differs m this respect, being mhlblted bq lcucm 

ADP and AMP inhibited the enzyme m a complex manner. suggesting that the encrgq 
balance of the cell IS important m the regulation of aspartate kmase actlvltc ” These nega- 
tive effecters also showed cooperative kinetics In the case of ADP the Mg-complex prob- 
ably acted as an mhlbltor Regarding AMP, it IS not cIear whether mhlbltlon IS due to 
free AMP or the Mg-complex. the sltuatlon may be compared to that for crayfish argmme 
ku~ase.2” It 1s not likely that the mhlbitlon by AMP IS an artifact resultmg from the prcs- 
ence of adenylate kmase m the enzyme preparation. 

Some of the total homoserme dehydrogenasc activity was associated l+Jth aspartate 
kmase during purification of the latter. The existence of two homoserme dchydrogenases 
with different properties was clearly indicated. It may be possible that HSDH II reprelcnts 
a desensitized dehydrogenase, since Bryan’ has shown that the Zc~r IN~~I.S cnzymc could 
be desensitized to the mhtbltor threonme However, it 1s not very hI\eI) 111 this case smcc 
threonme was included m the buffers throughout Studies of the native and desensitrred 
forms of the threonrne-sensitive homoserme dehydrogenase from E colr’” hhoned that the 
two forms of the enzyme had almost equal K,,, values for aspartatc-/i-semraldchyde HSDH 
I and HSDH II had quite different K,,, values for this substrate. The ~aluc for HSDH 1 
(0 5 mM) 1s equal to that found by Sasaoka’” (0.46 mM) 

The threonine-sensitive aspartate kmase and the threonme-sensitive homoserme dc- 
hydrogenase were eluted m one peak during Sephadex G-300 gel tiltratlon. SJJU the pea 
homoserme dehydrogenase was also inhibited by aspartato, the relatlonshlp between the 
two enzymes bears a resemblance to the thrconme-sensitive aspartatc kmasc~ homocermc 
dehydrogenase complex m E cdl ” Bryan’ unsuccessfully tried to detect aspartatc klnasc 
activity 111 his homoserme dehydrogenase preparation from Zrtr III~~\Y. \ch~ch was also mhl- 
Wed by threonme, aspartate and cysteme Further purlficatlon and more detailed studlcs 
~~11 bc necessary before the existence of such an enzyme complex tn pea seedlings IS estab- 
lished 

EXPERIMENTAL 
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Radiochemical Centre, Amersham DL-Aspartate-/?-semlaldehyde was prepared by ozonolysis of or-allylglycme 
(Sigma) accorchng to the method of Black and Wright 25 Its concentration was estimated enzymatically /?-Aspar- 
tylhydroxamate was synthesized by the method of Roper and McIlwam 2b Aspartate-/?-sermaldehyde dehydro- 
genase (free of aspartate kmase achvity) was purified from baker’s yeast as described by Black and Wright.25 

Germrnat~on The seeds were surface sterilized with a hypochlorite soln, rmsed m HZ0 and allowed to imbibe 
H,O for 24 hr The seeds were washed agam before gerrnmatlon m moist vermlcuhte for 3 days m darkness 
at 22” 

Extractlon,jirst (NH&SO, frucrlonatlon and dulycu The followmg steps were carried out at C-5” Seedcoats 
were removed and the seedlings homogenized with 2 vol of buffer PB [contammg 50 mM K phosphate (pH 
7 2), 154: by vol glycerol, 1 mM EDTA, I mM threonme and 14 mM 2-mercdptoethanol] m a Waring Blendor 
for 2 x 30 set The homogenate was filtered through gauze before centrlfugatlon for 30 mm at 39000 y Sohd 
(NH&SO, (35 I g/l00 ml) was added to the supernatant to 55”/, saturation After 60 mm the precipitated protem 
was collected by centrifugatlon (20000 y, 20 mu) The ppt was dissolved m buffer PB and dialyzed overmght 
against a large vol of buffer PB 

DEAE-Sephadex chromatography and second (NH&SO4 fiacttonut~on The dialyzed extract was adsorbed 
onto a DEAE-Sephadex A-50 column (6 5 x I6 cm), equlhbrated with buffer PB The column was washed with 
buffer PB to remove unadsorbed protein and eluted with a 500 ml contmuous, linear gradient @I M NaCl m 
buffer PB The most active fractions were concentrated by preclpltatlon with (NH&SO, to 60;:, saturation (39 
g/100 ml) The ppt was centrifuged down and dissolved m rnmlmal vol of buffer PB 

Sephadex G-200 yeljftratlon The soln from the precedmg step was apphed to a Sephadex G-200 column 
(3 1 x 28 5 cm), eqmhbrated with buffer PB, and eluted with the same buffer The most active fractions were 
concentrated by (NH&SO, preclpltatlon (O-60%) and after 60 mm the ppt was collected and dissolved m a 
small amount of buffer PB The enzyme was stored frozen at -25” Unless otherwlse stated, this fraction was 
used m the studies reported 

Awy of aspartute krnase The colonmetric method of Black and Wright” was inaccurate and not sensitive 
enough for measuring slgmficant aspartate kmase activity m the early fractions of the purlficatlon procedure 
An assay was therefore desIgned, usmg “C-labelled aspartate, which m the presence of NHzOH gave B-aspartyl- 
hydroxyamate-[‘4C] Neither assay method IS specific for aspartate kmase. smce asparagme synthetase’ 28 would 
also catalyze aspartylhydroxamate formation under these condltlons However, we found no evidence for mter- 
ference by any asparagme synthetase during the present study 

The standard assay contained 12 mM L-aspartate-[U-‘4C] (sp act 033 &l/pmol), adJusted to pH 8 with 
NaOH, I2 mM MgCl,, 8 mM ATP, 11 mM 2-mercaptoethanol, 400 mM NH,OH HCl (adJusted to pH 6 2 
with KOH), 25 ~1 of enzyme extract and H,O to a final vol of 125 ~1 If threonme was not remoted from the 
enzyme preparation, Its final concentration durmg the assay was 0 2 mM Incubation was at 20” for 60 mm The 
reaction was stopped by the addltlon of 25 bl of 10% (w/v) TCA. and 10 ~1 of cold 30 mM fl-aspartylhydroxamate 
was added as a carrier 25 ~1 PortIons of the reactlon mixtures were apphed to Whatman no 3 paper and fi- 
aspartylhydroxamate-[‘%Z] was separated from aspartate-[‘4C] by electrophoresls I8 The /&aspartylhydroxa- 
mate spot was located close to the orlgm and Its position was detected by spraying control strips with 0 2”/;, (w/v) 
nmhydrm m EtOH Strips (2 8 x 4 8 cm) bearing the fi-aspartylhydroxamate spot were cut out and the radloactl- 
vtty measured m a llquld scmtdlatlon analyzer The countmg efficiency was about 70:; The actlvlty was corrected 
for the value of control tubes (enzyme omitted) 500 cpm correspond to ~a I nmol of b-aspartylhydroxamate 
A unit of aspartate kmase actlvlty catalyzes the formatlon of I nmol rnln- ’ of fi-aspartylhydroxamate under 
standard condltlons 

Assay ofhomoser me dehydroyenaye The standard assay (forward dnectlon) contamed 0 5 mM DL-aspartate-p- 
semlaldehyde (neutralized with KHCO, Immed!ately before use), 0 16 mM NADPH, 50 ~1 of enzyme extract 
and H,O m a final vol of 1 ml The decrease m A at 340 nm was measured at 20’ with H20 as a blank and 
approprldte controls A umt of homoserme dehydrogenase actlvlty catalyzes the aspartate+‘-semlaldehyde- 
dependent oxldatlon of 1 nmol mn- ’ of NADPH under standard condlttons (fy$yz = 6 22 x IO3 M- ’ cm- I) 

Prore~u dcre~ m~nutwu Protem was determmed by the method of Lowry et ul ,” with crystallme bowne serum 
albumm as a standard 

Due gel elecrrophoreus Polyacrylarmde gels and solns were prepared accorclmg to Davis X0 Electrophoresls 
was carried out dt 5’ with I mM threonme Included m the buffers The gel rods were then assayed for homoserme 
dehydrogenase actlvlty3’ by lmmerslon m 15 ml of a stammg soln contammg 5 mg mtroblue tetrazohum, 0 3 

25 BLACK S and WRIGHT. N G (1955) J Blol Chem 213, 39 
*’ ROPER,‘J A and MCILWAIN, H (1948) Blochem J 42, 485 
” BLACK. S and WRIGHT. N G (1955) J B~ol Chem 213,27 
‘* ROGNES, S E (1970) FEBS Letters 10, 62 
” LOWRY, 0 H , ROSEBROUGH, N J, FARR, A L and RANDALL, R J (1951) J Blol Chem 193,265 
30 DAVIS B J (1964) Ann New York Acad Set 121,404 
3’ GABRIEL, 0 (1971) Methods VI Enzvmology(J~~os~, W B, ed ), Vol XXII, pp 578-604, Academic Press, New 

York 
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mg phenazme methosulfate. 25 mM oL-homoserme, 2 5 mM NADP ’ , 200 mM Trls-HCI (pH 90) and H,O 
Incubauon was at 30” m the dark Actrvlty was shown by the homoserme-dependent appexance of dark bands 

Trrat!?~rnt oj k~nrtrc datu The calculation of kmetlc constants was performed on a CD 3 300 computer and 
was based upon a computer program I9 kmdly provided by Dr H -J Wicker In the mhlbltlon studies I’, IS the 
reactjon velocity with an mfimtely high concentratron of mhlbltor f’,, IS the reactlon velocity m the absence of 
mhlbltor 1 Is the redctlon velocity with a non-saturatmg conccntratlon of mhlhltor 


