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Role of Metal Cofactors in Enzyme Regulation. Differences in the 
Regulatory Properties of the Escherichia coli Nicotinamide Adenine 
Dinucleotide Specific Malic Enzyme Depending on Whether 
Mg2+ or Mn2+ Serves as Divalent Cationt 

Judi A. Milne and Robert A. Cook* 

ABSTRACT: A number of differences in the kinetic properties 
of the Escherichia coli nicotinamide adenine dinucleotide 
(NAD') dependent malic enzyme have been found depending 
upon whether Mg2+ or Mn2+ served to fulfill the divalent cation 
requirement. With Mg2+ as cation, the velocity-malate 
saturation curve in the absence of effectors is complex at pH 
7.4, indicating a combination of apparent positive and negative 
cooperativity, while the velocity-free Mgz+ saturation curve 
exhibits positive cooperativity. If Mn2+ served as cation, 
however, the velocity-malate and velocity-free Mn2+ saturation 
curves exhibit a simple hyperbolic response. The velocity- 
NAD+ saturation curves, in contrast, exhibit a simple hy- 
perbolic response in the presence of either metal cofactor, but 
the affinity for NAD+ and the V,,, are increased in the 
presence of Mn2+. When Mg2+ serves as cation, the enzyme 
activity is much more sensitive to regulation by the allosteric 
inhibitor CoA and the allosteric activator aspartate. If Mn2+ 

T e  NAD+-specific' malic enzyme (EC 1.1.1.38) of Es- 
cherichia coli has been reported to exhibit characteristics of 
a modulator dependent cooperative (MDC) system (Sanwal, 
1970a); Le., the substrates, malate and NAD', exhibit normal 
hyperbolic behavior in the absence of effectors, but cooperative 
behavior in the presence of allosteric inhibitors (Sanwal, 1970b; 
Yamaguchi et al., 1974). The enzyme has been shown to be 
specifically inhibited by CoA, acetyl-coA, and ATP and 
activated by aspartate (Takeo et al., 1967; Sanwal, 1970b; 
Yamaguchi et al., 1974). The catalytic and regulatory 
properties of the enzyme have been determined almost ex- 
clusively in the presence of Mn2+ as the required cofactor, 
although the divalent cation requirement can be fulfilled by 
Mg2+ (Takeo et al., 1967; Takeo, 1969; Sanwal, 1970b; Murai 
et al., 1972; Yamaguchi et al., 1974). In view of the recent 
results reported with the NAD+-specific isocitrate de- 
hydrogenase suggesting that the metal cofactors, Mg2+ and 
Mn2+, may possibly function as allosteric effectors (Barratt 
& Cook, 1978), a detailed examination of the function of metal 
cofactors in the NAD+-specific malic enzyme system as well 
as other enzyme systems capable of utilizing Mg2+ and MnZ+ 
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replaces Mg2+, the enzyme activity is more sensitive to in- 
hibition by ATP. This inhibition is shown to be due to 
chelation but may be of physiological importance. The in- 
hibitor, CoA, increases the interaction between malate-binding 
sites in the presence of Mn2+ but has little effect on subunit 
interaction in the presence of Mg2+. The kinetic data can be 
explained by a model involving sequential ligand-induced 
conformational changes of the enzyme, resulting in a mixture 
of apparent positive and negative cooperative behavior. 
Alternate explanations involving different classes of nonin- 
teracting binding sites or different enzyme forms are also 
considered. The metal cofactors Mg2+ and Mn2+ appear to 
stabilize two distinct forms of the enzyme which differ in 
response to varying substrate and effector concentrations. The 
results are strikingly similar to previous results reported on 
the NAD+-dependent isocitrate dehydrogenase, supporting the 
suggestion that metal cofactors function as regulatory entities. 

is warranted. Distinct effects of Mg2+ and MnZ+ on the 
NAD+-specific malic enzyme have, in fact, been reported by 
Yamaguchi et al. (1974), primarily in regard to aspartate 
activation. In their study, it was reported that (1) the enzyme 
was more sensitive to inhibition by CoA in the presence of 
Mg2+; (2) the interaction between malate-binding sites was 
weakly cooperative in the presence of MgZ+; (3) high con- 
centrations of aspartate were inhibitory only in the presence 
of Mn2+; and (4) Mg2+ and Mn2+ exhibited sigmoidal behavior 
in the absence of effectors. A definitive role for the metal 
cofactor in the enzyme mechanism was not suggested, however, 
from these preliminary results. 

Since the substrates and effectors utilized in the present 
study are capable of chelating Mg2+ and Mn2+ to different 
extents, the experimental data was routinely subjected to 
computer analysis to determine the concentration of the various 
free and chelated forms of all ligands. Such analyses have 
allowed us to distinguish true allosteric effects from simple 

Abbreviations used: NAD+, nicotinamide adenine dinucleotide; 
NADH, reduced NAD'; NADP', NAD' phosphate; CoA, coenzyme A; 
nH, Hill coefficient or interaction coefficient; V,,,,,, maximum velocity; 
So,5, half-saturating concentration of substrate; Io,5, concentration of inhibitor 
giving 50% inhibition; NaDodSO,, sodium dodecyl sulfate; Tris, 2- 
amino-2-hydroxymethyl-1,3-propanediol; EDTA, (ethylenedinitril0)- 
tetraacetic acid. 
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chelating effects. The results from such analysis reveal a more 
complex kinetic response in the presence of Mg2+ than pre- 
viously reported, involving a mixture of apparent positive and 
negative cooperative behavior. As a result of this complexity, 
the previously proposed mechanism for the enzyme (Sanwal, 
1970b) in terms of the two-state model of Monod et al. (1965) 
must be extensively modified or, alternatively, discarded. The 
results are strikingly similar to the results previously obtained 
with isocitrate dehydrogenase (Barratt & Cook, 1978), 
supporting the suggestion that metal cofactors may function 
as allosteric effectors. Similar studies on the role of Mg2+ and 
Mn2+ on the NADP-specific malic enzyme of E. coli will be 
reported in a subsequent paper. 

Experimental Section 
Materials. The NAD+-specific malic enzyme used here was 

purified from both E. coli strain K12 (HfrH) and a mutant 
of this strain which lacked malate dehydrogenase activity, 
kindly provided by Dr. B. D. Sanwal. The use of the mutant 
strain was advantageous as NAD+-specific malate de- 
hydrogenase activity interferes with the assay of NAD+- 
specific malic enzyme activity. The parent and mutant strains 
of E.  coli were grown on LB media composed of 1% bacto- 
tryptone, 0.5% yeast extract, and 1% NaCI, pH 7.0. Large 
scale growths of the organism (800L) were carried out at 
Labatts Brewery Co., London, Ontario. Following a 1% 
inoculum, the cells were grown to the late logarithmic phase 
(approximately 6 h), resulting in 4.5 g of cells/L of media. 
The cells were wet packed by centrifugation and stored at -20 
"C. 

The enzyme was purified essentially as described by 
Yamaguchi et al. (1973) with the modification that the cells 
were disrupted in the French pressure cell. The cells were thus 
disrupted and subjected to streptomycin treatment, ammonium 
sulfate fractionation, heat and acid treatment, calcium 
phosphate gel adsorption, DEAE-Sephadex A-50 column 
chromatography, hydroxylapatite column chromatography, 
and finally Sepharose 6B column chromatography as described 
by Yamaguchi et al. (1973). The final enzyme preparation 
was stored in a minimal volume of 100 mM Tris-HC1, pH 7.4, 
containing 10 mM MgCI,, 5 mM 2-mercaptoethanol, and 5 
mM L-aspartate at 4 OC. The enzyme was stable for 3-4 
months under these conditions. Homogeneous enzyme was 
not always obtained following this procedure. In the ex- 
perimental results presented here, enzyme preparations with 
specific activities from 45 to 238 were used (1 unit is defined 
as the formation of 1 pmol of NADH min-I (mg of protein)-'). 
The homogeneity of the enzyme preparations was routinely 
tested by polyacrylamide gel electrophoresis following the 
method of Davis (1964). Enzyme preparations with specific 
activity of 238 were homogeneous, but preparations with 
specific activities of 45, 73, and 120 exhibited one major band 
and varying concentrations of minor bands when the gels were 
stained with Coomassie blue or Amido black 10B (50-100 pg 
of protein applied). A single band, corresponding to the major 
protein band, was observed when the gels were stained spe- 
cifically for NAD+-specific malic enzyme activity. All enzyme 
preparations were free of the following enzymes tested, which 
could interfere with the kinetic assay: malate dehydrogenase, 
malate oxidase, NADP+-specific malic enzyme, and NADH 
oxidase. The results obtained with all enzyme preparations 
were identical, indicating that the unusual kinetic effects 
observed were not due to the trivial explanation of contam- 
inating enzyme activities. 

The molecular weight of the homogeneous enzyme was 
estimated at 268 000 by the method of polyacrylamide gel 

electrophoresis (Zwaan, 1967; Matagne & Schlosser, 1977). 
NaDodS04 gel electrophoresis following the procedure of 
Weber & Osborn (1969) revealed a single band with an 
estimated molecular weight of 63 000. The enzyme is therefore 
composed of four subunits of identical molecular weight in 
agreement with the results of Yamaguchi et al. (1973). 

NAD+, L-malate, L-aspartate, ATP, and coenzyme A were 
purchased from Sigma Chemical Co. and Boehringer- 
Mannheim Co. The MnCl, and MgC1, were analytical grade 
and purchased from J. T. Baker Chemical Co. 

Kinetic Measurements. Solutions of NAD', MnC12, ATP, 
and coenzyme A were prepared just before use. All kinetic 
measurements were performed at 25-26 OC with a Gilford 
recording spectrophotometer, Model 2400, equipped with dual 
thermoplates and a Haake thermostat. The enzyme to be used 
was diluted and dialyzed for 24 h against three changes of 50 
mM Tris-HC1 buffer, pH 7.4, containing 0.1 mM NaEDTA 
and 0.5 mM 2-mercaptoethanol at 4 OC. Extensive dialysis 
was required to remove the MgC1, and aspartate used to 
stabilize the enzyme during storage. To ensure that no de- 
naturation occurred during the course of the experiment, the 
enzyme was checked periodically by using the standard assay 
mixture, containing 50 mM Tris-HC1, pH 7.4, 2.0 mM NAD', 
2.5 mM L-malate, and 5.0 mM MgC12 in a total volume of 
1 .O mL. The reaction velocity was measured by monitoring 
the production of NADH at 340 nm in a quartz cuvette of 
1 -cm light path and 1.4-mL volume. Addition of all reactants 
to the cuvette were made by pL pipets and/or Hamilton 
syringes as warranted. 

The kinetic behavior of the enzyme was studied in detail, 
Le., 20-40 experimental points were routinely attempted per 
individual curve with duplicate and overlapping points in 
concentration ranges necessitating dilutions. Temperature 
equilibration was attained by allowing the cuvettes to stand 
in the thermostated cuvette holder for 10 min. The reaction 
was routinely initiated by the addition of L-malate. Control 
experiments revealed essentially identical results when the 
reaction was initiated with enzyme, metal cofactor or NAD'. 

Metal Chelation Analysis. All the data obtained in the 
present study have been routinely subjected to computer 
analysis by utilizing a slightly modified version of the program 
developed by Perrin & Sayce (1 967) to determine the free 
metal ion concentration and the various free and metal- 
chelated forms of all ionic species of ligand present. In ad- 
dition, the binding of metals to the buffer species, free base 
2-amino-2-hydroxymethyl- 1,3-propanediol, chloride ion, and 
EDTA (5 pM in all assays) was also considered. However, 
at the concentrations of these species which were present, the 
inclusion of these complexes in the calculations influences the 
concentrations of free metal and all ionic forms of ligand by 
less than 1%. Therefore, the formation of these complexes is 
routinely neglected in the calculations here presented. 

The following literature values (OSulEvan, 1969; O'Sullivan 
& Perrin, 1964; Coleman, 1972; Apps, 1973) for the log 
stability constants have been used in this study: Mg-ATP2-, 
4.30; Mn-ATP2-, 4.88; Mg-malate, 1.6; Mn-malate, 2.2; 
Mg-NAD, 1.71; Mn-NAD, 1.89; Mn-aspartate, 3.7 Mg- 
aspartate, 2.4; Mn-CoA, 2.4; Mg-CoA, 2.0. 

Results 
The results of previous kinetic studies with NAD+-specific 

malic enzyme of E .  coli were obtained at pH 7.0 (Sanwal, 
1970b) or at pH 7.9 (Yamaguchi et al., 1974). All kinetic 
studies reported here have been performed in 0.05 M Tris-HC1 
buffer, pH 7.4, the optimum pH for enzyme activity. The pH 
of all stock substrate and effector solutions was therefore 
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FIGURE 1 :  Initial velocity kinetic studies with varying NAD' con- 
centration and a fixed, saturating concentration of malate (2.5 mM) 
and divalent cation. The data are presented in terms of the calculated 
free NAD' concentration. The resultant kinetic constants for both 
free and total NAD+ concentration are summarized in  Table I. 
Conditions: 50 mM Tris-HCI buffer, pH 7.4, 25 OC. Velocity is 
expressed as gmol of NADH formed/min. (0) Presence of saturating 
Mg2+ (5.0 mM); (0) presence of saturating Mn2+ (0.3 mM). 

Table 1: Kinetic Constants for Malic Enzymea 
variable substrate cation So.5 (mM) nHb 

Mg2+ (total) 
Mg2+ (free) 
NAD' (total) 
NAD' (free) 
malate (total) 
malate (free) 
Mg2+-malate 

Mn2+ (total) 
MnZ' (free) 
NAD+ (to tal) 
NAD' (free) 
malate (total) 
malate (free) 
Mn2+-malate 
MnZC-NAD 

Mg '-NAD 

MgZ' 
Mg2' 

Mg*+ 
Mg2 + 

MnZ+ 
Mn2+ 
MnZ+ 
Mn2' 

0.80 
0.67 
0.175 
0.100 
0.35d 
0.32d 
0.06d 
0.030 

0.022 
0.019 
0.073 
0.072 
0.147 
0.141 
0.006 
0.002 

1.7/2.4c 
1.8 
1.03 
1.03 
1.4/3.8 
1.413.8 
1.413.8 
1.03 

1.05 
1.02 
1.02 
1.02 
1.04 
1.03 
1.02 
1.02 

a Kinetic constants for the variable substrate have been deter- 
mined at saturating concentrations of all other fixed ligands. 

Interaction coefficients determined from the slopes of the Hill 
plots. The biphasic nature of this curve disappeared when cor- 
rected for chelation. The So,5  values are not equivalent to the 
K ,  values in view of the biphasic nature of the saturation curves, 
but are included here for comparative purposes. 

adjusted to pH 7.4 to ensure that the pH was maintained in 
all enzyme assays. 

Initial Velocity Studies in the Absence of Allosteric EJ 
fectors. When the velocity of the reaction is studied as a 
function of NAD+ concentration in the presence of saturating 
concentrations of malate (2.5 mM) and either Mn2+ (0.3 mM) 
or Mg2+ (5.0 mM) at pH 7.4, a hyperbolic response is obtained 
(Figure 1). Double-reciprocal plots of the data are typically 
linear (see Figure 7). The data have been presented in terms 
of the free NAD+ concentration. The V,,, is increased ap- 
proximately 40% in the presence of Mn2+ as estimated from 
double-reciprocal plots of the data. Hill plots of the data 
indicated nH values of 1 .O for NAD' in the presence of either 
metal cofactor. The kinetic constants for both free and total 
NAD+ concentrations are summarized in Table I. 

When the velocity of the reaction is studied as a function 
of the free malate concentration at saturating NAD' (1-2 
mM) at pH 7.4, the saturation curves obtained in the presence 
of Mg2+ and Mn2+ are strikingly different (Figure 2A). In 
the presence of Mg2+ (5.0 mM), a complex sigmoidal satu- 
ration curve is obtained containing an intermediary plateau 
region, while in the presence of Mn2+ (0.3 mM) an apparent 
hyperbolic response is observed. Double-reciprocal plots of 

mM MALATEf,, 

01 
mM MALATEf,,, 

FIGURE 2: Initial velocity kinetic studies with varying malate con- 
centration and a fixed, saturating concentration of NAD+ and divalent 
cation. The data are presented in terms of the calculated free malate 
concentration. The resultant kinetic constants for both free and total 
malate concentration are summarized in Table I. Conditions: 50 
mM Tris-HCl buffer, pH 7.4, 25 O C .  Velocity is expressed as pmol 
of NADH formed/min. (0) Presence of saturating Mg2+ (5.0 mM) 
and NAD+ (2.0 mM); (0 )  presence of saturating Mn2+ (0.3 mM) 
and NAD' (1.0 mM). (A) Saturation curves; (B) Hill plots. The 
V,,, values required for the Hill plots have been estimated from the 
double-reciprocal plots. The V,, values used are 0.0227 and 0.03 17 
in the presence of Mgz+ and Mn2+, respectively. 

the data are typically linear in the presence of Mn2+ but are 
complex in the presence of Mg2+. The values for V,,, have 
been estimated from the intercepts of the double-reciprocal 
plots to be 0.0227 and 0.0317 in the presence of Mg2+ and 
Mn2+, respectively. While the determination of V,,, is a 
simple procedure from the linear plots, estimation of the V,, 
value from the complex plots is difficult. This problem is 
discussed in detail in the Discussion section. When the data 
are replotted in the form of the Hill plot by using the above 
V,,, values (Figure 2B), the nH value for malate in the 
presence of Mn2+ is 1.0, while, in the presence of Mg2+, a 
biphasic curve is obtained with nH values of 1.4 and 3.8. The 
resultant kinetic constants for free and total malate con- 
centration are summarized in Table I. 

When the velocity of the reaction is studied as a function 
of free cation concentration at saturating malate (2.5 mM) 
and NAD+ (1 .O mM in the presence of Mn2+, 2.0 mM in the 
presence of Mg2+) at pH 7.4, the saturation curves for Mg2+ 
and Mn2+ are strikingly different (Figure 3). A sigmoidal 
saturation curve for free Mg2+ is observed, while a hyperbolic 
response is observed with free Mn2+. When the data are 
presented in the Hill plot (not shown), nH values of 1.8 and 
1 .O are obtained for free Mg2+ and free Mn2+, respectively. 
The resultant kinetic constants for total and free metal cofactor 
concentrations are summarized in Table I. 
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FIGURE 3: Initial velocity kinetic studies with varying divalent cation 
concentration and a fixed, saturating concentration of malate (2.5 
mM) and NAD+ (2.0 mM). The data are presented in terms of the 
calculated free cation concentration. The resultant kinetic constants 
for free and total cation concentrations are summarized in Table I. 
Conditions: 50 mM Tris-HC1 buffer, pH 7.4, 25 'C. Velocity is 
expressed as pmol of NADH formed/min. (0) Varying Mg2+ 
concentration; (0) varying Mn2' concentration. 

o . 0 3 ~  

FIGURE 4: The effect of the inhibitors, ATP and CoA, on the velocity 
of the reaction in the presence of fixed, saturating concentrations of 
malate, NAD', and divalent cation. Conditions: 50 mM Tris-HC1 
buffer, pH 7.4, 25 OC. Velocity is expressed as Wmol of NADH 
formed/min. (A) Inhibition studies with ATP. (0) In the presence 
of fixed, saturating concentrations of Mn2+ (1.0 mM), malate (2.5 
mM), and NAD' (1.0 mM); (0) in the presence of fixed, saturating 
concentrations of Mg2' (5.0 mM), malate (2.5 mM), and NAD' (2.0 
mM). (B) Inhibition studies with CoA. (0) In the presence of fixed, 
saturating concentrations of Mn2+ (0.3 mM), malate (2.5 mM), and 
NAD+ (1.0 mM); (0) in the presence of fixed, saturating con- 
centrations of Mg2+ (5.0 mM), malate (2.5 mM), and NAD' (2.0 
mM) . 

Initial Velocity Studies in the Presence of Effectors. In 
view of the differences in kinetic properties of the enzyme with 
Mg2' and MnZ+, it was of interest to examine the effect of 
the known inhibitors, CoA and ATP, and the activator, as- 
partate, on the activity of the enzyme in the presence of either 
metal cofactor. 

The effect of the inhibitors, ATP and CoA, on the velocity 
of the reaction in the presence of saturating concentrations 
of malate, NAD', and metal cofactor is presented in Figure 
4. It is obvious from Figure 4A that ATP is a more effective 
inhibitor in the presence of MnZ' than in the presence of Mgz+. 
The concentration of total ATP resulting in 50% inhibition 
(I0.S) is estimated at 1.6 mM and 3.9 mM in the presence of 
Mn2+ and Mg2', respectively. Since ATP is known to be a 
potent chelator of Mn2+ and Mg", the data in Figure 4A were 
analyzed in terms of the various chelated and ionic forms of 
the ligands. The results of such analysis indicate that, at the 
concentration of ATP causing 50% inhibition with Mn2+, the 
free Mn2+ concentration has been reduced to 0.019 mM, 
approximately the K, value (0.016 mM). Thus, the inhibition 
by ATP appears to be due to simple chelation of essential Mn2+ 
rather than direct binding to the enzyme and resultant al- 

ll-1.4 

2 110 ' 4 -  
mM M A L A T E m ,  mM ~ V ~ A L A T T E ~ , ~ ~  

FIGURE 5: The effect of the inhibitor, CoA, on initial velocity kinetic 
studies with varying malate concentration and a fixed, saturating 
concentration of NAD' (2.0 mM) and Mg2+ (5.0 mM). The data 
are presented in terms of the calculated free malate concentration. 
Conditions: 50 mM Tris-HCI buffer, pH 7.4, 26 OC. Velocity is 
expressed as Wmol of NADH formed/min. (0) In the absence of CoA; 
(0) in the presence of 0.4 mM CoA; (A) in the presence of 0.8 mM 
CoA. (A) Double-reciprocal plots. For a fine detail plot in the absence 
of CoA, see Figure 2B. (B) Hill plots. A value for V,,, of 0.0227 
from the uninhibited curve has been used for the calculation of all 
Hill plots (see text). 

losteric effects. Similar results are obtained from an analysis 
of the data obtained in the presence of Mg2+. 

In contrast to the effects of ATP, CoA appears to be a more 
effective inhibitor in the presence of Mg2+ than in the presence 
of MnZf (Figure 4B). The interaction of CoA with the enzyme 
is complex, revealing slight activation (18%) at low CoA 
concentrations in the presence of Mg2+ and a small "trough" 
in the CoA inhibition curve in the presence of Mn2+. The 
concentration of total CoA resulting in 50% inhibition is 
estimated at 0.75 mM and 3.4 mM in the presence of Mg2+ 
and Mn2+, respectively. (In terms of free CoA concentration, 
50% inhibition is estimated at 0.55 mM and 3.1 mM in the 
presence of Mg2+ and MnZ+, respectively.) Experiments 
similar to those presented in Figure 4 have been performed 
at saturating concentrations of NAD+ and metal cofactor, but 
at malate concentrations approximating the K,,, value (0.5 mM 
in the presence of Mg2+; 0.1 mM in the presence of Mn2+). 
Under these conditions, similar inhibition curves are observed 
with ATP, but the activation observed at low CoA concen- 
trations is not observed. The concentration of ATP resulting 
in 50% inhibition is reduced to 1.2 mM and 2.6 mM in the 
presence of Mn2+ and Mg2+, respectively. The concentration 
of CoA resulting in 50% inhibition is also reduced to 0.12mM 
and 0.35mM in the presence of Mgz+ and Mn2+, respectively. 

The effect of the inhibitor, CoA, on the velocity-substrate 
curves was then examined at two concentrations of inhibitor 
causing approximately 30% and 70% inhibition. The effect 
of the inhibitor, CoA, on initial velocity kinetic studies with 
varying malate concentration and a fixed, saturating con- 
centration of NAD' (2.0 mM) and Mg2' (5.0 mM) is 
presented in Figure 5. The double-reciprocal plots obtained 
for malate in the presence of 0.4 mM and 0.8 mM CoA appear 
to be simple parabolas containing no intermediary plateau 
regions (Figure 5A). The uninhibited curve also appears to 
be a simple parabola, but is identical with Figure 2B when 
plotted on an expanded scale. All curves appear to intersect 
at the vertical axis, indicative of pseudo-competitive inhibition, 
although the extrapolation of curves is always hazardous. For 
the Hill plots of the data (Figure 5B), the maximum velocity 
of the uninhibited curve (0.0227) has been used for all cases. 
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FIGURE 6: The effect of the inhibitor, CoA, on initial velocity kinetic 
studies with varying malate concentration and a fixed, saturating 
concentration of NAD' (1.0 mM) and Mn2' (0.3 mM). The data 
are presented in terms of the calculated free malate concentration. 
Conditions: 50 mM Tris-HCI buffer, pH 7.4, 25 "C. Velocity is 
expressed as pmol of NADH formed/min. (0) In the absence of CoA; 
(B) in the presence of 2.0 mM CoA; (A) in the presence of 4.0 mM 
CoA. (A) Double-reciprocal plots; (B) Hill plots. A value for V,,, 
of 0.0317 has been used for the calculation of the inhibited and 
uninhibited curves. 

The possible errors due to this assumption are discussed later. 
The Hill plots of the data are biphasic in all cases with nH 
values for malate of 1.9 and 2.8 in the presence of 0.4 mM 
CoA, and 1.4 and 1.9 in the presence of 0.8 mM CoA. 
Although the nH values vary slightly from the values obtained 
in the absence of CoA, it would appear that CoA, although 
a potent inhibitor of the velocity of the reaction, has little effect 
on the interaction between malate-binding sites in the presence 
of Mg2+. 

The effect of the inhibitor, CoA, on the initial velocity 
kinetic studies with varying malate concentration and a fixed, 
saturating concentration of NAD' (1 .O mM) and Mn2+ (0.3 
mM) is presented in Figure 6. The double-reciprocal plots 
for malate, linear in the absence of CoA, reveal greater 
complexity in the presence of increasing concentrations of CoA. 
A simple parabola is observed at 2.0 mM CoA, but a more 
complex interaction at 4.0 mM CoA indicating a possible 
triphasic curve. As in the presence of Mg2+, the curves appear 
to intersect near the vertical axis. Hill plots of data (Figure 
6B), using a V,,, of 0.03 17 in all cases, indicate nH values of 
1.4 and 1.3 for the inhibited curve. A more complex Hill plot 
could have been presented for the data in the presence of 4.0 
mM CoA, but a linear line appears to be consistent with the 
data, especially considering the error in measuring low ve- 
locities. 

The effect of the inhibitor, CoA, on initial velocity kinetic 
studies with varying NAD' concentrations and a fixed, sat- 
urating concentration of malate (2 .5  mM) and divalent cation 
is presented in Figure 7. The double-reciprocal plots of the 
data are linear in all cases and indicate noncompetitive in- 
hibition by CoA in the presence of Mg2+ and Mn2+. All lines 
have been determined by linear regression analysis. Other than 
inhibition, CoA appears to have no effect on the interaction 
between NAD' binding sites in the presence of Mg2+ (Figure 
7A) or in the presence of Mn2+ (Figure 7B). Hill plots of the 
data indicate nH values of 1.0 in all cases. 

The effect of the activator, aspartate, on initial velocity 
kinetic studies with varying malate concentration and a fixed, 
saturating concentration of NAD+ was then tested in the 
presence of saturating concentrations of Mg2+ and Mn2+. It 
would appear from the data of Figure 8 that aspartate (at 2.0 
mM) activates the enzyme in the presence of Mg2+ (Figure 
8B), but not in the presence of Mn2+ (Figure 8A). In the 
presence of Mg2+, aspartate abolishes the intermediary plateau 
region and the sigmoidal nature of the free malate saturation 
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FIGURE 7: The effect of the inhibitor, CoA, on initial velocity kinetic 
studies with varying NAD+ concentration and a fixed, saturating 
concentration of malate (2.5 mM) and divalent cation, presented in 
the double-reciprocal form. The data are presented in terms of the 
calculated free NAD' concentration. All lines are determined by 
linear regression analysis. Conditions: 50 mM Tris-HCI buffer, pH 
7.4, 25 "C. Velocity is expressed as pmol of NADH formed/min. 
(A) In the presence of saturating Mn2+ (0.3 mM); (0)  in the absence 
of CoA; (m) in the presence of 2.0 mM CoA; (A) in the presence of 
4.0 mM CoA. (B) In the presence of saturating Mg2+ (5.0 mM); 
(0) in the absence of CoA; (0) in the presence of 0.4 mM CoA; (A) 
in the presence of 0.8 mM CoA. 
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FIGURE 8: The effect of the activator, aspartate (2.0 mM), on initial 
velocity kinetic studies with varying malate concentration and a fixed, 
saturating concentration of NAD' and divalent cation. The data are 
presented in terms of the calculated free malate Concentration. 
Conditions: 50 mM Tris-HCI buffer, pH 7.4, 25 "C. Velocity is 
expressed as pmol of NADH formed/min. (A) In the presence of 
saturating Mn2' (0.3 mM) and NAD+ (1 .O mM); (0) in the absence 
of aspartate; (0) in the presence of 2.0 mM aspartate; (0) overlapping 
points. (B) In the presence of saturating Mg2+ (5.0 mM) and NAD' 
(2.0 mM); (0) in the absence of aspartate; (0 )  in the presence of 
2.0 mM aspartate. 

curve. Hill plots of the data (not shown) in the presence of 
Mg2+ are biphasic in the absence of aspartate with nH values 
of 1.6 and 6.0, but indicate an nH value of 1 .O in the presence 
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of aspartate. Hill plots for malate in the presence of Mn2+ 
reveal an nH value of 1.0 in the presence or absence of as- 
partate. 

Discussion 
We have chosen, in this study, to present the data in the 

form of the Hill plot due to the usefulness of this representation 
in the interpretation of complex subunit interaction (Cook & 
Koshland, 1970; Cornish-Bowden & Koshland, 1975). By this 
procedure curved Hill plots have been observed in enzyme 
systems exhibiting no obvious intermediary plateau regions, 
demonstrating that the overall shape of the curve is the im- 
portant criteria (Cook & Koshland, 1970). This representation 
of the data does, however, require a reasonably accurate value 
for V,, which is often difficult to obtain from enzyme systems 
exhibiting positive or negative cooperativity. In the present 
study, little difficulty is encountered in determining V,,, in 
the presence of Mnz+, where the data are normally Mi- 
chaelis-Menten. However, in the presence of Mg2+, the curves 
in most cases exhibit a combination of apparent positive and 
negative cooperative behavior making the values for V,,, 
somewhat ambiguous. We have analyzed all of our data using 
several V,,, values to determine whether the biphasic nature 
of the curves could be abolished. Under no circumstances did 
this occur, although the absolute nH values, especially above 
50% saturation, are sensitive to the V,,, values (compare nH 
values from Figures 2 and 8). Lower V,,, values raise the 
nH values, while higher V,,, values decrease this value. On 
examination of the data of Figure 6, for example, if a value 
for V,,, is chosen which is 50% lower than the 0.0317 value 
of the uninhibited curve, the nH value is increased from 1.3 
to 1.6 and the apparent plateau regions (not drawn in) appear 
more exaggerated. Thus, the nH values presented in this study 
represent (in most cases) the minimum value for nH. Since 
the absolute nH values are not critical to the interpretation of 
the data, we are confident that any errors in the determination 
of V,,, do not negate the results presented in this study. 

The recent studies on the role of metal cofactors in enzyme 
regulation from this laboratory have revealed a number of 
significant differences in the catalytic and regulatory properties 
of the NAD+-specific isocitrate dehydrogenase depending upon 
whether Mg2+ or Mn2+ served to fulfill the divalent metal 
cation requirement (Barratt & Cook, 1978). The results 
obtained with the NAD+-specific malic enzyme reported here 
are strikingly similar to the results obtained with the isocitrate 
dehydrogenase system. The metal cofactors, Mn2+ and Mg2+, 
appear to stabilize two distinct forms of the NAD+-specific 
malic enzyme, presumably by inducing different changes in 
conformation or structure of the enzyme. In the “Mn2+- 
enzyme”, no cooperativity between malate-binding sites or 
Mn2+-binding sites is observed in the absence of allosteric 
effectors (Figures 2 and 3), indicating that the binding sites 
for malate (and MnZ+) are most likely equivalent and inde- 
pendent. In the “Mg2+-enzyme”, however, positive cooper- 
ativity between Mg2+-binding sites is observed (Figure 3) and 
complex interaction between malate-binding sites (Figure 2). 
The observed results can be explained on the basis of a model 
involving ligand-induced sequential changes in enzyme con- 
formation (Koshland et al., 1966). The complex Hill plots 
presented in Figures 2B and 5B can be interpreted as original 
positive cooperativity between malate-binding sites, followed 
by negative cooperativity and finally positive cooperativity 
(Cornish-Bowden & Koshland, 19755). An explanation of 
the complex malate saturation curves in terms of a model 
involving preexisting dissimilar sites appears unlikely in view 
of the results obtained with the Mnz+-enzyme. The absence 

of cooperativity between NAD+-binding sites indicates that 
the binding sites for NAD+ are most likely equivalent and 
independent in both the Mn2+- and Mgz+-enzyme (Figure 1). 

The hypothesis that Mg2+ and Mn2+ stabilize two distinct 
forms of enzyme is supported by the varied response of the 
two enzyme forms to inhibitors and activators presented in 
Figures 4-8. Thus, the Mg2+-enzyme appears to be more 
sensitive to inhibition by CoA and activation by aspartate, 
while the Mn2+-enzyme is more sensitive to inhibition by ATP. 
The inhibition by CoA appears to be allosteric in nature in 
agreement with the results of previous studies (Sanwal, 1970b; 
Yamaguchi et al., 1974). In the case of the Mg2+-enzyme, 
the assumed conformational change caused by CoA binding 
causes inhibition but does not effect the interaction between 
malate-binding sites or NAD+-binding sites (see Figures 5 and 
7). In the case of the Mn2+-enzyme, the conformational 
change induced by CoA does increase the interaction between 
malate-binding sites (Figure 6) but does not affect the in- 
teraction between NAD+-binding sites (Figure 7). These 
observations substantiate the hypothesis that the structure of 
the enzyme differs in the presence of Mgz+ and Mn2+. 

In contrast to the results obtained with CoA, the Mg2+- 
enzyme is less sensitive to inhibition by ATP than the 
Mn2+-enzyme. Analysis of the results in terms of the various 
free and chelated forms of substrate has indicated that in- 
hibition by ATP is due to chelation rather than specific al- 
losteric effects, confirming the suggestion of Yamaguchi et 
al. (1974). Despite the fact that this inhibition is of a non- 
specific nature, the potent inhibition by ATP, especially at a 
nonsaturating concentration of malate, should be considered 
of physiological importance (Rose, 1968). From the data 
presented in Figure 8, it would appear that the allosteric site 
for the activator, aspartate, is functional only in the Mg2+- 
enzyme. The observed activation by aspartate can be explained 
by assuming that aspartate binds to an allosteric site of the 
Mg2+-enzyme resulting in a conformational change which 
increases the affinity of the enzyme for malate and abolishes 
the mixed cooperativity between malate-binding sites. The 
explanation for the lack of any effect by aspartate in the 
Mn2+-enzyme is complicated by the observation that the free 
Mn2+ concentration has been reduced to a level causing an 
expected 25-3096 inhibition of the velocity. Since no inhibition 
is observed, we would conclude that the enzyme is activated 
by aspartate to the same extent as in the presence of MgZ+, 
but this activation is balanced by the inhibition due to Mn2+ 
chelation. When Mg2+ was used as the metal cofactor, the 
free Mg2+ level was not significantly altered by the presence 
of aspartate. 

There are some significant differences between the results 
reported here and those reported previously by Yamaguchi 
et al. (1974). The previously unobserved complex interaction 
between malate-binding sites in the Mg2+-enzyme reported 
here can be explained simply by the finer detail of the present 
study. The second discrepancy is the absence of any coop- 
erativity between Mn2+-binding sites (Figure 3) and the lack 
of activation by aspartate in the Mn2+-enzyme (Figure 8) 
noted in this study. Two possible explanations of these 
anomalies are (i) the Mg2+ used to stabilize the enzyme during 
storage was not completely removed in prior studies (Yam- 
aguchi et al., 1973, 1974) or (ii) previous kinetic data obtained 
with the enzyme have not been subjected to analysis in terms 
of the free Me2+ concentration. 

The results of previous studies with the NAD+-specific malic 
enzyme performed in the presence of Mn2+ have been in- 
terpreted in terms of a two-state model of Monod et al. (1965). 
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The results obtained in the present study with Mn2+ as the 
required cofactor are consistent with this interpretation. 
However, the complex interactions observed between sub- 
strate-binding sites in the presence of Mg2+ cannot be ac- 
commodated by the simple two-state model. We have sug- 
gested a model for the enzyme involving sequential ligand- 
induced changes in enzyme conformation (Koshland et al., 
1966) resulting in mixed positive and negative cooperative 
behavior. A similar explanation has been suggested for the 
binding of Mn2+ and malate to the NADP-specific malic 
enzyme of pigeon liver (Hsu & Lardy, 1967; Hsu et al., 1976). 
Similar observed intermediary plateau regions have been 
explained on the basis of extreme negative cooperativity re- 
sulting in  "half-site reactivity" (Hsu et al., 1976). As in the 
pigeon liver case, an alternate explanation involving two classes 
of structurally dissimilar Mn2+ or malate binding sites in the 
enzyme cannot be excluded in the present study. The enzyme 
has been shown to be composed of four subunits of identical 
molecular weight in the present study and by Yamaguchi et 
al. (1973). While the complete identity of the subunits has 
not been established, an explanation involving nonidentical 
subunits is not likely in view of the results obtained with the 
Mn2+-enzyme, indicating that the substrate sites are equivalent 
in the native enzyme. 

In the present study, we have suggested that Mg2+ and Mn'+ 
may stabilize two distinct conformational forms of the same 
enzyme which differ in response to varying substrate and 
effector concentrations. An interesting alternative is the 
possibility of two distinct NAD+-specific malic enzymes, one 
displaying hyperbolic kinetics with a high affinity for substrates 
(the Mn2+-enzyme) and a second displaying sigmoidal kinetics 
with a low affinity for substrates (the Mg2+-enzyme). In  this 
model, the two enzyme forms could not be in equilibrium to 
be consistent with the observed results. 

Thus the complex velocity-malate curves in  the presence 
of Mg2+ (Figures 2 and 8) could be explained by assuming 
malate could react with both forms of enzyme, albeit with 
different affinity. This explanation implies that both the 
Mn2+-enzyme and Mg2+-enzyme are capable of utilizing 
Mg2+ and it is surprising that a more complex Mgz+ saturation 
curve is not observed. Although only one active form of 
enzyme is observed in disc gel electrophoresis with either Mg" 
or Mn2+, this evidence is not sufficient to rule out such a 
two-state model. Preliminary results from this laboratory 
indicate that Mg2+ and Mn2+ do not alter the molecular height 
of the enzyme (R.  A. Cook, unpublished results), indicating 
that the Mg2+- and Mn2+-enzymes forms do not occur via 
a ligand-induced association-dissociation mechanism. 

Several enzymes have been shown to have different regu- 
latory properties in the presence of Mg2+ and Mn*+, including 
ADP-glucose pyrophosphorylase (Gentner & Preiss, 1968), 
glutamine synthetase (Deuel & Stadtman, 1970; Segal & 
Stadtman, 1972a,b), pyruvate kinase (Gabrielle & Baldi, 
1973), and several gluconeogenic enzymes (Wimhurst & 
Manchester, 1970). It is obvious from the results presented 
in this study that the catalytic and regulatory properties of 
the NAD+-specific malic enzyme are also significantly altered 
by the choice of metal cofactor. Our results indicate that the 
Mg2+-enzyme exhibits complex subunit interactions and is 
much more sensitive to regulation by CoA and aspartate. If  
Mn2+ replaces Mg2+ as the required cofactor, the enzyme has 
a greater affinity for substrates, exhibits no subunit interaction. 
and is more sensitive to inhibition by ATP. The simplest 
explanation of these results is that ME2+ and Mn2+ stabilize 
two structurally distinct forms of the malic enzyme which vary 

in catalytic and regulatory properties. These results are 
strikingly similar to the results obtained with the isocitrate 
dehydrogenase system from Neurospora crassa, including the 
complex subunit interaction observed in the presence of Mg2+ 
(Barratt & Cook, 1978). The similar effects of Mg2+ and 
Mn2+ on two seemingly unrelated enzymes indicate that metal 
cofactors must be considered as important regulatory entities. 
Since E. coli is known to have specific transport systems for 
both Mg2+ and Mn2+ and can accumulate both cations even 
when grown on minimal media containing apparently no added 
Mn2+ (Silver, 1977; Silver & Jasper, 1977), control of the 
Mg2+/Mn2+ ratio in the cell may turn out to be yet another 
level of control of cellular metabolism. 
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