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Abstract-SO<- acts on NAD- and NADP-dependent malate dehychogenase in several ways. FiTs‘iTdly. SO<- 
favours the appearance of low MW species (65000 and 39000 daltons) in Sephadex gel chromatography. 
Seccndly. Chc enzyme farm which is ahtaiueed by gel chrama~agraph~ with dichioerychriral $10 nucleatide cofac- 
tor is changed in the presence of SO:-. This is indicated by the appearance of a linear reaction (instead of curvi- 
1 inea,,b z,ti lq hv h+wi+h~ v?c Zw b$hw~~ .+itidz> kh.hz+ 61~ J m-j kg s&b-P&v an_+ cdx%n~ Gmm*mhhwz 

SOi- causes the loss of negative cooperativity at low substrate or cofactor concentrations. Thus the inhibition 
of initial velocity at high substrate or cofactor concentrations is even more marked than at lower ones. Thirdly, 
SOi- strongly reduces the activity in substrate saturating conditions. 

INTRODUCTION 

AS SHOWN in the preceding paper, the MW of the NAD-dependent malate dehydrogenase 
(E.C. 1.1.1.37) from spinach leaves is regulated by ions and the cosubstrate.’ Changes in 
reaction rate and in substrate and cofactor kinetics indicate different enzyme forms which 
may represent different conformations. The same is true for the NADP-dependent enzyme. 

A MW species of 127000 daltons, obtained by gel chromatography of the NAD-depen- 
dent enzyme with dithioerythritol (DTE) + NADH. has a special interest: at non-saturat- 
ing substrate concentrations its reaction rate is non-linear and its kinetics with respect to 
substrate and cofactor concentrations respectively are characterized by two slopes with 
positive cooperative substrate interaction, separated by an intermediary plateau of negative 
CO(D;oeTZ3kv’>‘lv .’ 

IIie activity 0t”heart muscie maiate ciehycirogenase is strongiy I’ntitbiteci 6y suiphite.“;t 
This is caused by the formation of a sulphite-NAD addition compound which exerts a 
strong inhibitory action.3 Since SO,, entering the plant through the stomates, is initially 
dissolved during the formation of HSO_;/SO$~.” the action of SOi- on both plant malate 
dehydrogenases was investigated as a modeI reaction of SO, action. 

The K,-values of SOi- for phosphoenolpyruvate carboxylase of Zeu mays are high:’ 



843 mM with respect to Mg.’ ; 27 mM with respect to HCO, ; no inhibition at all with 
respect to PEP at concentrations up to 10 mM SO: _, Since the action of PEP-carboxylase 
in plants possessing the C,-dicarboxylic acid pathwa\ of photosynthesis is followed by 
that of NAD- and NADP-dcpendcnt malatc dehgdrogenuse,- it is of intercst to know. 
whether the further metabolism of CO, in the prcsencc of SOi- is impaired due to a 
marked sensitivity of malatc dchydrogcnasc to this anion. 

Kl-SLILTS 

In agreement with the findings of Johnson and Hatch” incubation of the 50~ 60’>,, 

ammonium sulfate fraction with DTE (0.X mg;ml: 60 min at 33 ) causes a 2 d-fold increase 
in the activity of the NADP-dependent malate dehydrogenase, whereas the activity of the 
NAD-dependent enzyme remains csscntially unchanged. Figure I demonstrates the de- 
crease in activity of the NAD- and NADP-dependent malate dchydrogenase in substratc 
saturating conditions. when SOi is present in the assal medium. In all of the three exper- 
iments pcrformcd. incubation with DTE has no effect on the sensitivity of the NAD-depcn- 
dent enzyme. At SOi concentrations of 0 2 0.3 mM. the non-activated. NADP-depen- 

dent enTymc is less impaired. ,411 cnTy-me forms maintain IO lYC, of their activity even 
up to concentrations of .i mM SO: 
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In Table 1 the action of SO: is not rcfcrred to the percentage of the normal activity. 
hut to the actual turnovcr rata. It demonstrates that the remaining activity is the same 
whether the entymc is prcincubated with DTE or not. Since preincubation increases the 
activity of the NADP-dependent cn/!me. a lower percentage of inactivation with the non- 
activated cnq’me results. 
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The acfion ofSO:- on the formation ofdifirrnt hl PVfi~ovms; r&iv characterization hy reac- 
tion rate and substrate kinetics 

Gel chromatography and addition of SOi- to the solvent system, but not to the subse- 
quently used assay medium. were employed to study the action of SOi- on the formation 
of different MW species. Gel chromatography of the 6(r75% ammonium sulphate fraction 

of spinach with 50 mM Tris buffer (pH 8) + DTE (0.8 mg/ml) + NADH (0.05 mMj results 
in only one MW species of 127000 daltons. Addition of 025 mM SO:- to this solvent 
system causes the Forma&n OF aUX~ana1 ?x%%! ‘?aorms. The correspond to those ubtainelr 
by the action of K+ ions. which favour disaggregation of the enzyme.’ 

TABLE 1. AC’TIVITY OF NAD- AND NADP-otu NDINT MALATI DEHYDKOC~I NASI WITHOCIT AND WITH PKIOR INCU- 

RATION WITH DTE AT VAKIOL'SSLLPHITE CONC‘ENTRATIONS 

NAD-dependent malate dehydrogenase 
(A E 340 nm/mg proteinjhr) 

Without DTE After DTE 
incubation incubation 

NADP-dependent malate dehydrogenase 
(A E 340 nm/mg protein/hr) 

Without DTE After DTE 
incubation incubation 

No SccjS- 91.0 9?D 4Dn 8I)D 
0,067 mM SO:- 210 215 220 220 

0.5 mM SO: 110 110 70 70 

Addition of 0.25 mM SO:- to the solvent system containing 50 mM Tris buffer (pH 

8) + 0.1 mM KC1 produces similar results, as does prior incubation of the enzyme with 
DTE.’ In both cases the formation of a malate dehydrogenase of low MW (39000 daltons) 
is favoured. 

The 127000 daltons MW form, stabilized by the addition of NADH to the solvent sys- 
tem, is characterized by a non-linear reaction rate at low substrate concentrations and by 
complex. sigmoidal kinetics with respect to changing substrate and cosubstrate con- 
centrations (see Figs. 1 and 2 in ‘). Though after addition of 0.25 mM SOi- this MW 
species still predominates, its reaction rate al iow substrate concentration and its substrate 

kinetics are changed. They approach those obtained by chromatography with Mg” or 
K+ ions without addition of NADH (see Figs. 1 and 4 in ‘) or by prior dilution of the 
enzyme (see Fig. 6 in ‘). The substrate kinetics of the MW forms obtained by addition 
of 0.25 mM SOi- to the Kf or Mg’ f containing solvent system show no difference after 
statistical evaluation to those obtained without SO:- (see Fig. 4 in ‘). 

It should be emphasized that the presence of 0.25 mM SOS- in the chromatographic 
solvent system but j1s absence in the assay medium, caused no 0~ only very dight 1 -c IO%> 
inhibition of total activity of the fractions obtained. The enzyme is only changed in its 
MW. its reaction rate, and its substrate kinetics, This indicates a change in its conforma- 
tion. 

The direct action oJ’SO:- on activity. waction rate and substrate kinetics 

In the previous section the indirect effect of SOi- in addition to the chromatographic 
SYStC?h ‘Wi5 %?2iidkd. #Cd&i&Xi d $X3< - G?I C&C ‘ffElirj ~fi+iURi. +ICJV4Cr~~, +ZL&k~ <4X &XX< 

effect of this ion on activity. reaction rate and substrate kinetics to be tested. 
In addition to chromatography with the nucleotide cosubstrate, incubation with DTE 
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and the subsequent presence of 0.1 mM NADH or NADPH in the assay medium also 
results in a non-linear reaction rate and biphasic substrate kinetics with both the NAD- 
and the NADP-dependent enzyme.’ In contrast to the NAD-dependent malatc dehydro- 
genase. however. the NADP-dependent enlyme concomitantly shows a 2 4-fold increase 
in activity. For both effects it makes no diffcrencc whether the corresponding ammonium 
sulfate fraction (60 7Y,, saturation) or the crude homogenate is cmploqed. 
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I\C,<I ASING SI’13STKA’rI (‘O\r’I \TRATIONS. AFTI K l\CI;HA~rIO\ OF 1HI I X IKA(‘1 Of .&w IIU)‘,, WI.1 H DTE. 

The reaction was started hy addition of the cnzyne: x x HIthoU so; ; O- 0 0~125 mM 

SOi in the assay medium; (, l 0250 mM SO< in the assay medium. 

Thus, for example. the eflect of SOL on the kinetics of the NADP-dependent enzyme 
at varied substrate and cosubstrate concentrations in the crude homogenate and in the 
ammonium sulfate fraction is given (Figs. 2 and 3). In both examples which were repeated 
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4 times, the same type of kinetics were obtained. Due to the less refined enzyme used. the 
absolute values differed. Firstly, a strong inhibitory action of SOi- is observed when it 
is present in the assay medium. The percentage of inhibition increases with increasing sub- 
strate or cofactor concentration. Secondly. the curvilinear reaction rate at non-saturating 
substrate concentrations becomes linear and the kinetics with respect to substrate or cofac- 
tor concentrations are changed. This favours the idea that the enzyme is not only inhibited. 
but by the action of SO:- its conformation is also changed. as it was after chromatography 
in the presence of SO: ~. Consequently. the only slight inhibitory action or even “stimula- 
tory” effects of SOi- at low substrate concentrations can be explained: the negative co- 
operativity of the original conformation’ at such concentrations is no longer found. 

Low MW species are obtained if the enzyme is first diluted with the buffer of the assay 
system and the reaction is then started by the addition of NADH + oxaloacetate. These 
seemingly undergo conformational changes. if the substrate concentration is varied (see 
Fig. 6 in ‘). SOi- added to the assay system strongly reduces their activity, but it does 
not further alter their substrate kinetics at concentrations up to 0.1 mM SO:-. They essen- 
tially correspond to those which were obtained by the action of sulphite on the enzyme, 
previously incubated with DTE (see Figs. 2 and 3). 

DISCUSSION 

The experiments described show that both the NAD- and the activated NADP-depen- 
dent malate dehydrogenase are similarly affected by SOi- in two ways. Firstly. a strong 
inhibition takes place. It is evident that the usual method for the determination of the Ki 
value cannot be used in this instance; the half-maximum inhibition at about 0.75 mM and 
025 mM SOi- respectively shows that the sensitivity of both malate dehydrogenase is 
much greater than that of ribulosediphosphate carboxylase and of phosphoenolpyruvate 
carboxylase. 5,h The fact that a residual activity of 1Crl.S~ even at high SO:- con- 
centrations is maintained, whether or not the enzyme was preincubated with DTE (and 
thus, in the case of the NADP-dependent enzyme, activated) indicates that the action of 
SO:- results in an enzyme form of reduced activity which, however, cannot be further in- 
hibited. 

Secondly, SO:- causes a splitting of the aggregated malate dehydrogenase. The confor- 
mation which is characterized by a non-linear reaction rate at low substrate con- 

centrations and by biphasic substrate and cosubstrate kinetics is thereby destroyed. It is 
already known that SO:- causes a decomposition of disulfide proteins through the clea- 
vage of S-S bonds in polypeptide chains.’ Such a decomposition may take place here. An 

effect of SOi- on the conformation and thus on the regulatory properties of an enzyme 
is possibly a quite general phenomenon. SO, fumigation of pea seedlings changes the pat- 
tern of glutamate dehydrogenase conformers obtained after polyacrylamide gel electro- 
phoresis, thus indicating a change in the quaternary and tertiary structures of the enzyme.‘” 
Whereas the SO1 in this case was applied in Co. the present investigations arc in vitro 
experiments and thus the pH value could be controlled and kept absolutely constant. 
Therefore the speculations of Pahlich lo that the conformational changes are only due to 
local acidification are doubtful; rather. a more specific action of SOi- on the enzyme’s 
structure through the splitting of S S bonds must be considered. 

’ BLKSIN. TH. (1950) Ah. t:~~symoloq~ IO, 223 
“’ PAHIKH. F. (1972) Pku~tt~ 104, 7X. 
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Inhibition studies on PEP-carboxylase and NAD-malate dehydrogenase in extracts of 
ZW IIWJJS have shown that malate formation is not impaired by 10 mM SO:-. since PEP- 
carboxylase is relatively insensitive towards SO:-. but is clearly the rate limiting step of 

the reaction sequence. As a consequence, even at UP,, inhibition of malate dehgdrogenasc 

enough of the enzyme activity remains to enable the metabolism of the oxaloacrtate occur- 
ring through the action of PEP-carboxylase.’ The extent to which CO,-fixation in plants 
with the C,-dicarboxylic acid pathway of photosynthesis is afkcted. however. is also 
dependent on the fact that SO;-- causes strong conformational changes with both malate 
dehydrogenases. This results. for instance. in an even more pronounced inhibition at 
higher substrate or cofactor concentrations than at lower ones. 

FXPERIMENTAL, 

Extraction of fully grown Icaves of Spi~witr O/~VYKCU and ZCCJ wrp and the suhscqucnt ammonium sulfate 

fractionation of the extracts was carried out as described.’ In extracts of spinach the hulk of NAD M DH 
was found between 60 75”,, (NH,),SO, saturation. In %e~r IJK~J’.\ the fraction of 50 W,, salutation coutaincd 

W’;, of the NADP-dependent and 63”, of the NAD-dependent activity. 
Scphadrx G-100 supertinc gel chrnmato@raph!. sycctrophotometric determination of acti\it! and calculatiun 

of initial velocity arc also dcscrlbed.’ 

As indicated in ’ dissolution of tither NaZSO, or Na,S,O, at pH 7.9 yields an cquillbrlum of HS& SOi 
ofahout 1 :9.8. FOI- the experiments described here, Na,SO, v,as used. It should hc emphasi/cd that at ~111 sulphitc 
concentrations used. the pH was held constant. If not otherwise indicated. the sulphitc was added to the test 
cuvette containing oxaloacetatc + NADH and the reaction was stwtcd hy additmn of the cwymc. C’hloroph~~ll 
determmations wcrc made actor-dins to Arnon.” 

” ARSOL D. 1. (I 949) Pltr~t P/II+/. 24. I 


