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Abstract-Sephadex G-200 gel filtration of an ammonium sulfate Fraction, containing the bulk of NAD-depen- 
dent malate dehydrogenase, yields forms of djffering MW. Both Mg2+ and NADH stabilize the 127000 daltons 
MW form. K+, or incubation with dithioerythritol, cause splitting and partial reaggregation, resulting in MWs 
ranging between 35000 and 180000 daltons. Chromatography in the presence of dithioerythritol and NADH 
results in an enzyme with a non-linear reaction rate at low substrate concentrations. Plots of initial velocity vs 
substrate and cofactor concentration respectively are characterized by two slopes of positive cooperativity separ- 
ate& by an jn’IermeS>ary &lean OS aegaY>Ye cooperalj&y. Ge> C~~DJYX~~D~~&J_Y >n rhc peseoce of Mg” 03 
K+ or drastic dilution of the enzyme results in an enzyme with linear reaction rates also at low substrate con- 
centration. Its kinetics are consistent with the view that the enzyme undergoes conformational changes when 
the substrate concentration is varied. 

INTRODUCTION 

IN RECENT years numerous publications have dealt with the separation of NAD-dependent 
rn~~~~~~~~~~~“~~~~~~~.~. 1.2.2.37) 02 @?& Gk‘& bjl &LVR&?Z”~Lq?&V &XV+ &&~“~Is;L?T- 
etic methods.’ In most cases these enzymes were designated as isoenzymes. Evidence for 
thdr charac1erization as products of different genes and hence 05 their possessing different 
aniinoacid compositions is incomplete and mostly of an indicative nature.2 In part these 
iscoen?ymes Were reveiheb as $De<>es ti lifieim3 Vi%,, vSti>tin vaileb kom ‘~?Y$R3 ‘IO 2q~- 
proximately 7000001 daltons. In part they were found to have the same MW (e.g. 60000;’ 
580004 and 66000’ daltons) and to be charge isomers which differ in their conformation. 

A modification of MW by mono-and divalent cations has recently been reported. Mg’ + 
ard Ca2+ reverse Ihe aggegaation of Neurospora uassa malate deh ydrogeenase which takes 
place in Tris buffer (pH 9) of low ionic strength and reduce the various isoenzymes to one 
species of 65000 daltons.6 In contrast the MWs of malate dehydrogenase of Lemma minor, 
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grown on high Ca’+ levels, are greater (140000 and 70000 daltons) than vvhcn growth 
takes place on low Ca’+ levels (35 000 and 17000 daltons respectively )..i These differences 
are not due to the synthesis of isoenzymes sensu stricto but rather to the variable aggrcga- 
tion of subunits. Isoenzymes of peroxisomes and mitochondriai which dilfer in their clec- 
trophoretic behaviour, exhibit different K,,, values and are inhibited by dill‘erent oxaloace- 
tate concentrations.“.;‘ The following paper is concerned with the modtfications of MW 

species by cations and by NADH. resulting in changes in reaction rate and substrate kine- 
tics. 

RESlILTS 

Vuriation of M Wjtir-ms hj, Meg’ ‘. K *. NA DH i~ntl rlitilioL’r~,thrjtol 

(a) Theuctionqf’Mg”. If 10mM Tris buffer pH 8 + MgCl, (2 mM) is used for Sephadex 
chromatography, with respect to initial velocity. a small peak corresponding to MW of 

105000 (f 3000) daltons separates from the main peak [MW 127000 ( i_ 3000) daltons]. 
Although the relative amounts of the two peaks may vary considerably in different runs, 

both MW species are always present. 
(b) The uction qf K+. If the ammonium sulfate fraction is chromatographed in 50 mM 

Tris buffer pH 7.7 + 0.1 N KCl, four shoulders are present in all runs: they correspond 

to MWs of 186000 (+ 8000). 127000 (i 3000). 91000 (i 3000) and 64000 ( + 3000) daltons 
respectively. Though their relative amounts may vary. the latter peaks always predomi- 

nate. 
In agreement with the findings of Johnson and Hatch.* the NADP-dependent malate- 

dehydrogenase was found to be activated by incubation of the enlymc with dithioerythri- 
to1 (DTE) (0.8 mg/ml) at 30 for 1 hr to about the 3 times its normal acti\ it). In the NAD- 
dependent malate dehydrogenasc this treatment causes no or only :I very’ slight increase 
in activity (<5”/,). However it results in a partial splitting of the enzyme into lower MW 
species. Besides the peaks of the untreated enzyme two further marked peaks results which 
correspond to MWs of 39 000 (+ 2000) and 32 000 ( + 2000) daltons. The relative heights 
of these two peaks may vary considerably and in some preparations, especially after incu- 
bation with DTE at 37’. they may comprise about half the total activity. 

(c) Thr action of NADH cud DTE. Dissolution and chromatography of the enzyme frac- 
tion in 50 mM Tris buffer pH 8 + DTE (0% mgml) + NADH (0.5 mM) results almost ex- 
elusively in a peak which corresponds to MW of 127000 ( 2 3000) daltons. This indicates 

that NADH stabilizes the MW species of 127000 daltons. 

The time-course of the rcactiolr 

At substrate saturating conditions all enzyme forms show normal linear rate constants, 
whether they were obtained after chromatography in the presence of either K _, Mg’ ’ or 
NADH. Moreover, the same reaction ratc,~min, obtained by the same amount of protein 
confirms that identical amounts of enzyme wcrc LIS~C! in the assay (F‘ig. I ). Jn contrast. 
at non saturating substrate conditions. the MW species of 127000 daltons. stabilized by 
NADH, is characterized by a relatively rapid initial rate which dccre;ises with time to a 
slower one. The curvilinearity of the reaction rate depends on the substrate concentration 
and is shown, as an example in presence of 20 /rM oxalnitcetitte (Jig. I 1. 
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Kilaetics with respect to oxaloacetate us the substrate uuried 

At 0.1 mM NADH and with oxaloacetate as the substrate varied, the form of 127000 
daltons, obtained after chromatography with NADH + DTE, shows two sigmoidal slopes 
with an intermediate plateau (Fig. 2). The star&f d error (s.2.) demonstrates that the deter- 
mination of the reaction rate is more critical at the two inflexion points (5 and 30 PM oxa- 
loacetate respectively) than in the section between them. The Hill plot indicates a positive 
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FIG. 1. REACTION RATE OF MALATE DEHYDROGENASE; at 0.1 mM NADH + 0.1 mM oxaloacetate- 
x -~ x 127000 daltons MW form after gel chromatography with Tris buffer/dithioerythritol/NADH, 
A-,-,-A 91000 daltons MW form after gel chromatography with Tris buffer/dithioerythritol/KCl, 
e---O 127000 daltons MW form after gel chromatography with Tris buffer/dithioerythritol/MgCl,; 
at 0.1 mM NADH + 0.02 mM oxaloacetate- * ~ $. 127000 daltons MW form after gel chromat- 
ography with Tris buffer/dithioerythritol/NADH, n-.-.--.-n 91000 daltons MW form after gel chro- 
matography with Tris buffer/dithioerythritol/KCl, O---O 127000 daltons MW form after gel chro- 
matography with Tris buffer/dithioerythritol/MgC1,, $ = se. The reaction was started by addition of 

the enzyme (50 fig protein). 

cooperative interaction with the substrate (n = 3.6), with an intermediary plateau of ‘nega- 
tive cooperativity’g (n = < 1). Substrate kinetics corresponding to this enzyme form are 
also obtained when the ammonium sulfate fraction is incubated with 50 mM Tris buffer 
pH 8 + DTE (08 mg/ml) for 1 hr at 30”. However, the protein concentration is critical and 
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incubation of dilute solutions (~4 mg proteiniml) results in substrate kinetics which are 
obtained after prior dilution of the enzyme (see below). Moreover. the concentration of 
NADH. present in the assay medium, seems to be essential for the production of this 
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FIG. 1. SIBSTKATf. KINtTICS OI- THf; 127000 I>.AI TOW MW 1 OKM AfT1.K (X.1 CHKOMATWiKAI'H1 \\ 1111 TKIS 

~r;~Ff.K~f~fTHrotKvTHKITOI.,'NADH IN I'Ht fwshYCf~ of= 0.1 mM NADH. 
Reaction was started 13) addition of the en~ymc: z# == se. 

enzyme form; Fig. 3 demonstrates the modification of substrate kinetics by NADH. since 
at 25 /IM NADH the first slope does not show positive cooperativity any longer. 

The MW species corresponding to 127000. 105000 and 64000 daltons, obtained by 

chromatography with either K + or ME’+, do not differ in their substrate kinetics from 

I I 3 

FIG. 3. SUBSTKATL KM.TICS (a MALATL DEHYI)KOGLI\AS~ (60 7U;, A.\IMONIUII SU~ATI. FRAUION AFTER 

INCI-BATIOX WITH DTE) IN ‘rHr: r’KEsf.wf: OF x ~~~~ x 0.1 mM NADH: 0 0 0,025 mM NADH. 
Reaction was started h! addition of the enrymc. Insert: Hill plot of Fig. 3. 

each other if statistically evaluated. Their kinetics are characterized by four maxima and 
minima, as Fig. 4 demonstrates. for the enzyme form obtained by chromatography with 
Mg’ + 
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Kinetics with respect to NADH as the cosubstrate varied 

Two slopes with positive cooperativity are separated by an intermediate plateau of nega- 
tive cooperativky (Rg. 5;. knAogou&~ a decrease in oxa’raacetate concen&-&on to 
0.025 mM removes the positive cooperativity of the first slope. 
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FIG. 4. SUBSTRATE KINETICS OF THE 127000 DALTONS MW FORM AFTER GEL CHROMATOGRAPHY WITH TRIS 
BUFFER/DTE/MgC12 IN THE PRESENCE OF 0.1 mM NADH. 
Reaction was started by addition of the enzyme: Z# = se. 

The efSect of enzyme dilution 

Using the ammonium sulfate fraction (6&75x saturation) the amount of enzyme was 
adjusted to a turnover rate at substrate saturating conditions as given in Fig. 1. If this 
enzyme is drastically diluted by adding it to the test buffer (24 ml) and then the reaction 

I I I I I 
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FIG. 5. KINETICS OF MALATE DEHYDROGENASE (6&75x AMMONIUM SULFATE FRACTION AFTER INCUBATION 
WITH DITHIOERYTHRITOL) vs NADH IN THE PRESENCE OF x ~ x 0.1 mM OXALOACETATE; A----A 

0.025 mM OXALOACETATE. 
Reaction was started by addition of the enzyme. Insert: Hill plot of Fig. 5. 

s$a+i+& +q vkiLaT&vsrJ a&&$&, d rT&r3E-; f ^vx’kiaxe”%, i+K +fi ~~~~~ r& <k TC.?i:- 

tion is linear, not only at substrate saturating conditions but also at non-saturating ones. 
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This corresponds to the enzyme forms obtained after chromatography with either K’ or 
Mg”’ (see Fig. 1). The substrate kinetics (Fig. 6) also indicate that dilution gives rise to 
enzyme forms, similar to those obtained by chromatography with Mg' . or K. (see Fig. 
4). The increased s.e. indicates enhanced variability in enLyme forms present. due to ran- 

dom splitting by dilution. 

The gel chromatographic studies demonstrate that the NAD dependent malate dehyd- 
rogenase of plant origin can readily be modulated in its MW by ions. reducing agent or 
cosubstrate. Of the series of multiple MW forms. that of 64000 daltons seems to represent 
the most stable unit. It alone was found when crude animal or plant extracts were repeat- 
edly frozen and thawed bcforc gel filtration.“’ Moreover this form exhibits a number of 

charge isomers. ‘,A The MW form of 177000 daltons, obviously the double aggregate of 
this stable unit, is stabilized by Mg’ ’ as ~vcll as by NADH. whereas K- favours the 
appearance of the whole range of MW species. and excessive treatment with DTE causes 
the formation of the two lowest MW species. These t\vo peaks, corresponding to MWs 
of 39000 and 32000 daltons. consistently appeared in all of four separations; however, it 
is not certain whether the double peak is indeed due to diffcrcnt MW species or whether 
different shape of the molecules may infuencc their emergence from the column. As in 
L,Q~~LI,” divalent, in contrast to monovalent. cations cause aggregation of green leaf malate 
dehydrogenase, whereas the cnzymc of &~c~ur~~.spt~~~ C~UV~I reacts in a contrar} manner.” 

Though the tertiary structure of an enzyme is known to be detcrmin~d by the aminoacid 
sequence. it can also be influenced by the cosubstrate available during the process of rcas- 
sociation and refolding.’ ’ NADH. which cffectivcly fixes the 177000 daltons M W species, 
seems to stabilize an enzyme form with special reaction rate and substrate kinetics. This 
suggests that an alteration in conformation under the influence of NADH takes place. 

The curvilinear progress rate may bc explained in two ditTcrent ways: It may bc caused 
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by a c&a% % +l~ sn7~yn~ %-ml n&l YZX&&J& VYX@ZT”‘~’ LaLrfll <WitiL -a -&&iVVily +f& -I%% Xi 
low substrate concentrations, to a form with reduced activity, Such transient changes in 
reaction progress curves of yeast hexokinase12 and glycogen synthase I from bovine 

heart13 or skeletal muscle14 have been interpreted in this way. On the other hand the prod- 
uct inhibition by malate may be involved; in agreement with the findings of Coombs et 
a1.,” preliminary studies (unpubl.) have shown that malate acts as a competitive inhibitor, 
but additionally, marked changes in the type of reaction rate were found. This indicates 
that malate reacts not only at the substrate binding site but also at a regulatory site. Inter- 
action of malate with an allosteric site is also indicated by the studies of Coombs.15 

Finally, both these mechanisms may eventually cooperate, since malate accumulation in- 
duces transient kinetics of the enzyme. As a consequence of the nonlinear reaction rate, 
initial velocities cannot be obtained by graphical but only by analytical methods.” 

The MW species of 127000 daltons obtained after chromatography with NADH shows 
unusual substrate kinetics which recently were published for a number of enzymes (e.g. 
bacteria and sheep kidney phosphoenol-pyruvate carboxylase, “3’ 8 honey bee glyceralde- 
hyde 3-phosphate dehydrogenase,’ 9 pea seed fructose-6-phosphate kinase in the presence 

of its inhibitor phosphoenolpyruvate”). 
In the case of cytidine triphosphate synthetase the intermediate plateau is interpreted’ 

as negative cooperativity, whereas Gelb et ~1.‘~ explain the sigmoid section by an acti- 
vation of a metastable state of the enzyme. The conformational changes which, in the case 
of the MW forms not stabilized by NADH, take place at various substrate concentrations 
are d&cu\t tu e@a’m al preset& Such eun~urma’c’turra’ ctratzges are a’rso kcnown Frum other 
enzymes, e.g. Neurospora phosphofructokinase.’ ’ 

By the action of cations, S-S reducing agents or NADH, the enzyme readily undergoes 
chanlgesbelween &&ent MW ‘iorms and con?orma~~~~ T’nus ‘rhe excee&ng\y high &urn- 
over rates, found in extracts at saturating substrate conditions,22,23 are possibly of no phy- 
siolo@ca’l +$ficance and 03e initial ve’loci’ries are effecfivdy r&u& accor&ng to 1zle 
level sF L% ~~4~4~8~08 a~& 35XZfi respti&$~ 

EXPERIMENTAL 

Ammonium sulfate fractionation. Fully grown spinach leaves (ca 1009) were harvested from the greenhouse 
and the NAD-dependent enzyme was extracted at 4” in the presence of N? with the medium described for the 
NA DIP-dqendentenqme? After filtration throu_ghmuslin and centrifu_mtion at 25000uu for 20 min ftactior&ion 
with solid (NH&SO, showed the bulk of activity at 6&750/, saturation. The protein was dissolved in 50 mM 
Tris buffer pH 8, containing DTE (8 mg/lO ml). The soln, containing 15-20 mg protein/ml, was saturated to 80% 
with (NH,)2S0, and stored at 4’. No change in activity could be detected within I month. Gel chromatography. 
After centrifugation. the protein of the (NH&SO, fraction (5- 7 mg) was redissolved in the solvent systems as indi- 
cated in Remits. For leel-chromatography.2” Sephadex G-ZOo superfine was soaked separately with each of the 
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” KLU;E M. and OSMOND, C. B. (1972) Z. k’flanzmphysiol. 66,97. 
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tartous solvent systems used. The columns were 1% x 35 cm Each run 1%~ repented ;1t Icast 3 x Dextran blue 
and it set of proteins with MWs from 13500 5400000 daltons were used ~OI- calibration of the column. Each 
ofthe columns, difiermg in their solvent systems WBS calibrated separately cwn identical migation Ltlues (V& V,,) 
for all solvent systems resulted. Flw rates of 2 2.6 ml.hr lucre emplojcd in the dilfcrent runs. DctcrminLition 
of enzyme activity. The change in E ilt 310 nm \~:is mcasurcd \\lth ;I Lcit/ Digital doubic hcam spcclr+ 
photometer with automatic printing of the values cverq IO sec. The ;~ssn> system ~total \oI. 3 ml) cont~~lncd: 
25 mM Tris buffer pH X. I mM EDTA. ox;lloacctaw and NADW as indicated. Fnl- whztrzitc \:itur:+ling conditions 
0.1 mM oxalacetatc end &AD11 respcctlwly \berc used. ‘The cnitl;ll velocity !\;I$ wlwl,~tcd according to tr~l: 16. 
using 4 computer program devclopcd for- thl< purpose. FOI- dctcrmin,ltion I)! 5.~. 8 IO mc;isul-cmcnt\ \\crc‘ uw~. 

Protein determmations wcrc done according to ref. 25. 
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