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ABSTRACT. The kinetic mechanism of activation of the mitochondrial NAD-malic enzyme from the parasitic
roundwormAscaris suuntas been studied using a steady-state kinetic approach. The following conclusions
are suggested. First, malate and fumarate increase the activity of the enzyme in both reaction directions
as a result of binding to separate allosteric sites, i.e., sites that exist in addition to the active site. The
binding of malate and fumarate is synergistic with #g; decreasing by>10-fold at saturating con-
centrations of the other activator. Second, the presence of the activators decred§gdothpyruvate
3—4-fold, and theK; u, =20-fold in the direction of reductive carboxylation; similar effects are obtained
with fumarate in the direction of oxidative decarboxylation. The greatest effect of the activators is thus
expressed at low reactant concentrations, i.e., physiologic concentrations of reactant, where activation of
>15-fold is observed. A recent crystallographic structure of the human mitochondrial NAD malic enzyme
[13] shows fumarate bound to an allosteric site. Site-directed mutagenesis was used to change R105,
homologous to R91 in the fumarate activator site of the human enzyme, to alanine. The R105A mutant
enzyme exhibits the same maximum rate &fttap as does the wild-type enzyme, but8-fold decrease

in both V/Kmaiae and V/Kyg, indicating the importance of this residue in the activator site. In addition,
neither fumarate nor malate activates the enzyme in either reaction direction. Finally, a change in K143
(a residue in a positive pocket adjacent to that which contains R105), to alanine results in an increase in
the Kyt for malate by about an order of magnitude such that it is now of the same magnitudekas the

for malate. The K143A mutant enzyme also exhibits an increase iKghéor fumarate (in the absence

of malate) from 20Q«M to about 25 mM.

The mitochondrial NAD-malic enzyme (E.C. 1.1.1.39) that reduces fumarate to succinafe $—7). Concomitant
from Ascaris suuncatalyzes the reversible divalent metal with the fumarate reduction is a site | phosphorylation of
ion dependent oxidative decarboxylationiefmalate using ADP to ATP, which is the major source of the anaerobic
NAD? to produce pyruvate, CQand NADH. In the parasitic  energy production for the worm. Regulation of malic enzyme
roundwormA. suum 2 equivalents of-malate are produced activity by the worm would provide a means to achieve a
in the cytoplasm from 1 equivalent of gluco4g.(The malate balance between NADH and fumarate production and control
produced in the cytoplasm is transported into the mitochon- energy production in the form of ATP.
drion where it undergoes a dismutation reacti@h One Activation of theA. suummalic enzyme by fumarate was
equivalent of malate is acted upon by fumarase to producefirst reported by Landsperger and Harri8).( Fumarate
fumarate, and the second malate equivalent is acted uporappeared to activate the enzyme by decreasingthealue
by malic enzyme to produce pyruvate, £€&hd NADH (L, for malate. A more detailed characterization of fumarate
3—4). The NADH produced from the malic enzyme reaction activation revealed a decrease in the primary deuterium
is utilized by a flavo-protein-linked succinate dehydrogenase isotope effect in the presence of fumarate and led to the
conclusion that fumarate decreases the off-rate constant for
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or R91 to threonine eliminated activation of the human cuvettes with an inner volume of 3 mL. The temperature of
enzyme by fumaratel@). The homologous residues in the the reaction chamber was maintained at°25during the
A. suumenzyme are R81 and R105, respectively. A crystal experiments. The excitation wavelength was set to 280 nm,
structure of theA. suummalic enzyme cocrystalyzed with  and emission spectra were measured between 320 and 600
NADH, Mn?*, and tartronate, an analogue of malate and nm at 2-nm intervals. A bandwidth of 5 nm was used for
fumarate, shows tartronate bound in a deep pocket at theexcitation and emission monochromators. Blank spectra,
dimer interface 14). In this structure, tartronate is bound containing all components except enzyme, were collected
with both of its carboxylates in hydrogen bonding distance and subtracted from sample spectra. The titration was carried
to R105, one carboxylate and the hydroxyl group within out by sequentially adding a small volumeSuL) of malate
hydrogen bonding distance to R81, and the other carboxylatefrom a concentrated stock solution. All spectra were collected
within hydrogen bonding distance to Q78. Although tar- at pH 7, 100 mM Hepes, with 100g/mL malic enzyme.
tronate is apparently bound at the fumarate activator site of All spectra were corrected for dilution resulting from the
the Ascarismalic enzyme, it interacts with the protein in a addition of malate.
manner that differs from the way fumarate interacts with the  Data Processinglnitial velocity data were fitted using
human enzyme. BASIC versions of the FORTRAN programs devoped by
We report a detailed kinetic characterization of the acti- Cleland (9). Saturation curves were fitted using eq 1
vation of theA. suummalic enzyme by both-malate and
fumarate. Data are consistent with malate binding at the v=VA(K,+ A) (1)
active site and an allosteric site, and with fumarate binding

to a separate allosteric site. We also have prepared andiy velocity data conforming to an equilibrium ordered
characterized kinetically the R105A and K143A mutants of sequential kinetic mechanism were fitted using eqs 2 and

malic enzyme. 3, respectively.
MATERIALS AND METHODS

Chemicals and Enzymé&heL-malate, pyruvate, fumarate,
NAD, and NADH were purchased from SIGMA. The sodium v = VAB(K.K, + KB + K, A+ AB) 3)
bicarbonate was from Mallinckrodt, MnS@as from Fisher b &
Scientific and Hepes buffer was obtained from Amresco. The
QuikChange site-directed mutagenesis kit was from Strat-
agene. The recombinaAt suummalic enzyme used in the
studies has a 6-histidine N-terminal tail and was purified as
described previouslyl§). All other chemicals and reagents
used were obtained commercially and were of the highest
purity available.

Enzyme Assayfnzyme assays were done at 25 in
1-cm cuvettes using a Beckman DU640 Yuisible spec-
trophotometer. In the direction of oxidative decarboxylation
of malate, malic enzyme activity was measured at varying
concentrations af-malate, divalent metal ion, and fumarate
as indicated in the text. The NAD concentration was
maintained at a concentration at least 10 time&jtvalue,
and reaction mixtures were maintained at pH 7, 100 mM
Hepes. The reaction was followed at 340 nm to monitor the

production of NADH €340, 6220 Mt cm™2). Malic enzyme
activity in the reductive carboxylation reaction direction GAGACCTTTTGGTGCTCGATAGATGTAACCG 3 The

typically contained variable concentrations of pyruvate, underlined bases are those changed from the wild-type

MnSQs, CO, (added as bicarbonate and the @ncentra- Eel\?Auence. After thedrrlutageplc r:ehactlon was cofr’rgﬁle&ed,. thg
tion calculated using the Henderson-Hasselbach equation), was sequenced to confirm the presence of the desire

and NADH as indicated in the text. The reductive carboxy- mutation. The M15 strain dEscherichia colused for protein
lation reaction was monitored via the disappearance of expression was transformed with the mut_qted vector. The
NADH at 340 nm. Malic enzyme uses the uncomplexed form mutant enzymes was expressed and purified in a manner
of the divalent metal ion and substrat&$)( and corrections similar to the wild-type enzymel).
for chelate complexes were done using the following

. o RESULTS
dissociation constants: Mg-malate, 25.1 mM, Mn-malate

v = VAB/(K. K, + K,A + AB) )

In eq 1-3, v is initial velocity, A and B are substrate
concentrationsy is maximum velocity Ki, is the dissocia-
tion constant foA; K, andKy, are Michaelis constants fdx
andB.

R105A MutantThe R105A and K143A mutants of malic
enzyme were made according to the manufacturer’s recom-
mendations in the QuikChange site-directed mutagenesis
kit. The template was thé&. suummalic enzyme gene in
the pQE30 or pQE32 expression vector from Qiagen. The
R105A mutation was made using the forward primer
5-GGATGGCCTTCAGGATGCTAATGAGAAGC-
TCTTCTATCG-3 and the reverse primef-EGATAGAA-
GAGCTTCTCATTAGCATCCTGAAGGCCATCC-3 The
K143A mutation was made using the forward primer
5-CGGTTACATCTATCGAGCACCAAAAGGTCT-
CTATATTAC-3' and the reverse primer-&TAATATA-

5.37 mM, Mg-NAD 19.7 mM, Mn-NAD and Mn-NADH Fluorescence TitrationMalate is known to activate the
12.9 mM, Mn-pyruvate 55 mM, MnHC©O355 mM, Mn- enzyme in the direction of reductive carboxylation of
fumarate 102 mM, and Mg-fumarate 350 ml¥7( 18). All pyruvate 8—10). The activation could be a result of malate

substrate and activator concentrations reported in the textbinding to the active site or to an allosteric site. To determine
refer to the uncomplexed concentrations of substrates,whether malate binds to more than one site, a fluorescence
activators, and divalent metal ion. titration of the malic enzyme with malate was carried out.
Fluorescence TitrationFluorescence spectra were col- In the absence of divalent metal ion, the active site
lected on an SLM 8100 spectrophotometer, using quartz dissociation constant for E:malate is 20 my&), while the
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20 Ficure 2: Double activation of the malic enzyme by malate and

fumarate. The initial velocity was measured in the reductive car-

B o boxylation reaction direction at pH 7, 100 mM Hepes with

0.1 mM NADH, 5 mM CQ, 1 mM Mn?*, and 10 mM pyruvate.

154 The fumarate and malate concentrations used are those indicated
in the figure.

Activation in the Direction of Pyruate Reductie Car-
(F/Fo-1) 10 boxylation. Both malate and fumarate activate the malic
enzyme reaction8—10). To determine whethermalate and
fumarate bind to the same activator site a double activation
54 experiment was carried out in the reductive carboxylation
direction. Under these conditions, active site binding of
malate is minimal because of the presence of pyruvate. The
: substrate and divalent metal ion activator concentrations were
I . . . e _ags
0 0.1 0.2 03 04 05 fixed as discussed in Methods, and the initial rate was
L measured at increasing concentrations of fumarate and the
-malate (mM) . . !

Ficure 1: Fluorescence titration of malic enzyme. Conditions are experiment was then repeated at different fixed concentra-
as described in Methods. (A) Quenching, given as fluorescence in_tIOnS of malate (including Ze@ in the range where actl_vatlon
the absence) relative to that in the presencE)(of malate. Note 1S Observed. At each of the differenmalate concentrations

the biphasic titration curve, resulting from malate binding to two used, the saturation curve for fumarate activation is hyper-
distinct sites on enzyme with significantly differeii§ values. (B) ~ bolic and the maximum rate increases with increasing malate
Plot of 1/{F/Fo — 1) against the reciprocal of malate concentration.  concentration, Figure 2. Data indicate there are two separate
The linear segments are from a fit of the Michaelis Menten equa- tivator-bi d', it f lat d for f ¢
tion to the data defining a straight line. (Although data should be aclivator-binding sites, one for malale and one 1or fumarate.
fitted to a sum of two binding isotherms, the data are not well Taken together with data obtained from the fluorescence
conditioned at high reactant concentration, and the low affikjty titration, three distinct sites are indicated, the active site, and

is undefined. However, there is more than an order of magnitude two separate allosteric sites, one specific for malate and a
difference in the observe#y values and the fit of the linear ﬁecond specific for fumarate

segments is adequate under these conditions. In agreement, the hig L .
affinity Kq obtained from the fit to a sum of two binding isotherms ' he activation constants estimated for fumarate as a

is 1.3+ 0.3 mM, within error to that obtained from the linear function of malate concentration and that estimated for malate
segment (1.7 mM).) as a function of fumarate concentration are shown in Figure
3. In both cases, the activation constant decreases as the
activation constant estimated from activation in the direction concentration of the other effector is increased. Kagfor
of reductive carboxylation is 5aM (10). L-malate decreases to a value of aboup®0at saturating
Excitation of malic enzyme at 280 nm gives an emission fymarate, and th& for fumarate decreases to a value of
spectrum centered at 336 nm (data not shown). Binding of ahout 10Q:M at a concentration of malate that saturates the
malate to the malic enzyme results in a quenching of the majate activator site. The data in Figure 3 indicate a syn-
enzyme’s intrinsic tryptophan fluorescence. The amount of ergism in the binding of the activators malate and fumarate,
fluorescence quenching measured=4So, whereF, is the  consistent with two separate binding sites for the two
fluorescence of enzyme alone aRds the fluorescence of  effectors. Competition for the same binding site by malate
enzyme in the presence of malate, as a function of malategng fumarate would lead to an increase in the appatent

concentration is shown in Figure 1. A biphasic curve is yajye for one activator as the concentration of the second
obtained, and a double reciprocal plot of the data allows getivator is increased.

estimates of 1.7 and 25 mM for the two dissociation
constants, in agreement with the previously reported data 2The value of 1.7 mM is about 5-fold higher than that measured

(9-10).2 Data are consistent with the binding of malate t0 pelow as a result of the complete absence of active site occupancy by
two sites, the active site and an allosteric site. metal ion or reactants.
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1.25 activators to about 0.5 mM at the highesmalate concen-
A tration and to about 0.05 mM at the highest fumarate
concentration. In the presence of both activators,khe,
14 is less than 0.1 mM (poorly determined). The overall effect
of both activators is to increase the affinity of the enzyme
for pyruvate and the divalent metal ion activator, with
fumarate being the most effective. In the presence of both
activators, the dissociation constant for the metal ion is
0.5 decreased about 2 orders of magnitude. At low fixed divalent
metal ion and/or pyruvate concentrations, the presence of
the either activator activates the enzyme by increasing the
o occupancy at the active site leading to an increase in rate.
The greatest effect of the activator would be at the lowest
0 : : : substrate or metal ion concentrations. Initial rates were mea-
0 0.1 0.2 0.3 0.4 0.5 0.6 sured at estimated physiologic concentrations of reactants
and metal ion20), i.e., NAD, Mg?*, and malate maintained
at 70uM, 0.5 mM, and 0.2 mM, respectively. Under these
0.25 conditions, the rate increases 15-fold as fumarate is increased
B from 0 to 2 mM, and then begins to decrease as the con-
centration is increased further as a result of competition be-
02+ tween fumarate and malate at the active e The 15-fold
activation is a lower limit since the concentration of malate
is sufficient to partially saturate the malate activator site.
Activation by Fumarate in the Direction of-Malate
Oxidative DecarboxylationTo further define the allosteric
0.1+ effects of fumarate and malate, initial rate studies were
carried out in the direction of malate oxidative decarboxy-
00sd D Iatic_m with mala_te varied. Under these conditions, the dc_JubIe
’ o reciprocal plot is concave upward at zero fumarate, Figure
5A. The observed nonlinearity of the double reciprocal plot
0 . : . . at low fumarate concentrations is likely due temalate
0 1 2 3 4 binding to an allosteric site and activating the reaction,
Fumarate (mM) increasing the affinity for malate at the active site, i.e., it
_ reflects malate binding to two sites. In agreement with this
Ficure 3: Dependence of the activation constant for one effector

on the concentration of the other. (A) TKg.for fumarate is plotted suggestion, a p_Iot ob vs [”.‘a'at.e] is sigmoid, while a.plot
vs L-malate concentration. Thi.; for fumarate was calculated  Of v vs [malate} is hyperbolic, Figure 5B. Once the activator

from curves such as those shown in Figure 2. The rate in the absencssite is fully occupied the double reciprocal plots become
of fumarate was subtracted from each of the rates measured in theinear. Increasing the concentration of fumarate reduces the
presence of fumarate and fitting the data using eq 1. The operationg,ryature and eliminates it at high fumarate concentration
was then repeated at each of the diffenembalate concentrations . . -
indicated. (B) TheK, for L-malate is plotted vs the reciprocal of a,s a result of the mcreased afﬂmty of malate for the active
fumarate concentratiofK.. was estimated as for fumarate above. Site. Fumarate activates the reaction by about 6-fold at the
lowest L-malate concentration (0.05 mM) used, but only
Initial velocity patterns in the reductive carboxylation activates about 1.5-fold at 0.5 mMmalate, in agreement
reaction direction were carried out in the absence or presencewith previous studies9). Little or no activation by fum-
of different activating concentrations of malate or fumarate. arate is observed atmalate concentrations of 1 mM and
No significant effect was observed on the maximum rate, above.
Kcoz or Knapn (data not shown). Experiments were then  Site-Directed Mutagenesighe crystal structure of the
carried out at saturating NADH and 5 mM @g@neasuring Ascarismalic enzymes indicate that R105 is an important
the initial rate at varying concentrations of pyruvate and the residue for binding effector at the activator site4). A
divalent metal ion activator. In the absence of either activator sequence alignment between thscarisand human mito-
the initial velocity pattern is fitted best using eq 2 for a chondrial enzymes is shown in Figure 6. All of the residues
equilibrium ordered mechanism with the metal ion binding shown to interact with fumarate in the allosteric site of the
prior to pyruvate. As the activator concentrations increase, human enzyme are conserved in the site of fsearis
the patterns become increasingly parallel, consequently, theenzyme. Thus, the R105A mutant was made and an initial
intial velocity data in the presence of activators were fitted velocity pattern obtained varying malate and ¥gFigure
using eq 3 for a sequential mechanism to estimate both7. The data are fitted best using the equation for an
Kpyruvate@Nd K vn. Plots ofKpyrvae@ndKi mn vs fumarate or ~ equilibrium ordered mechanism with Mg binding to
malate concentration are shown in Figure 4. The value of enzyme prior to malate, qualitatively identical to the wild-
Koyruvate decreases from about 30 mM in the absence of type enzyme. Unlike the pattern obtained for wild-type malic
activator to a value of about 10 mM at the highest enzyme, there is no evidence for deviation from linearity in
concentration of eithar-malate or fumarate used. TKgwn the malate saturation curve, suggesting the R105A mutant
value also decreases from about 10 mM in the absence ofmay not be activated by malate. The effect of malate or
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FiGure 4: Dependence df; mn and Kpyruvate ON the concentration of effectors. Initial velocity patterns were obtained varying pyruvate at
different fixed concentrations of Mnh at several different fixed concentrations of fumarate -onalate. Assays were carried out at pH 7,
100 mM Hepes, with C@and NADH maintained at 5 and 0.2 mM, respectively. Data were fitted using eq & {A)aVS fumarate. (B)

Ki mn vs fumarate. (CKpyruvate VS L-malate. (D)K; wn VS L-malate.

fumarate on enzyme activity is shown in Figure 8. No higher range of concentrations of fumarate than seen with
evidence for activation of the R105A mutant by either malate wild-type enzyme. To estimate th&. for fumarate for the

or fumarate is observed. Kinetic parameters for the R105A K143A mutant enzyme a pyruvate saturation curve was done
mutant and wild-type enzymes in the direction of oxidative at different concentrations of fumarate and the data were
decarboxylation are presented in Table 1. TReyp is fitted using eq 1 to estimat@/K at each fumarate concentra-
increased slightly, if at all, and is unaffected for the mutant  tion. TheV/K values obtained are plotted against the fumarate
enzyme. Thus, once the active site is saturated with substratesoncentration in Figure 10. The data in Figure 10 were fitted
the wild type and the R105A mutant enzymes are equally using eq 4.

efficient catalysts. The most significant differences between

the wild type and mutant enzymes are an increase of about y = (a+ b(F/K,.))/(1+ FIK,) 4)
6-fold in Kmaaeand 5-fold inKj mg for R105A. The kinetic

parameters for the mutant enzyme represent a less active formvherey = V/K, F is fumarate concentration, the constant

of the malic enzyme, while the wild-type values are for the is V/K when the activator site is empty (= 0), andb is
L-malate activated enzyme since the values were obtainedv/K when the activator site is saturatdd € «). When the
under conditions where the malate activator site is occupied.fumarate concentration is equalkg, V/K is equal to 1/24

The values measured for the R105A mutant enzyme may+ b) and the fumarate activator site is half occupied. A fit
reflect those of the wild-type enzyme in the direction of of the data in Figure 10 gaveka of 26 mM for fumarate,
oxidative decarboxylation if parameters could be determined about 10-fold higher than that obtained for the wild-type
with the malate activator site unoccupied. enzyme, Figure 3.

In addition to the residues in the allosteric site, there are  Activator Specificity.The specificity of the activator site
other positively charged residues in a site contiguous to thewas reported previously under conditions of saturating metal
allosteric site, including K1431@). Therefore, a mutant ion concentrationd). The activator site accommodates 4-car-
enzyme was prepared in which K143 was replaced with A. bon dicarboxylic acids that can attain an extended config-
Similar to the wild type enzyme, the K143A mutant of malic uration. Since tartronate is bound to the activator site in the
enzyme displays nonlinear saturation curves in the oxidative crystal strucure oA. suunmalic enzyme 14), it was impor-
decarboxylation reaction direction (Figure 9A). However, the tant to determine whether tartronate is an activator. Tartronate
range of malate concentrations where the nonlinear kineticswas varied from 0.2 to 10 mM at fixed nonsaturating con-
are observed are significantly higher (6.5 mM) than with centrations of substrates in both the forward and reverse reac-
the wild type enzyme. The K143A mutant enzyme is also tions, but no definitive evidence for activation by tartronate
activated by fumarate (Figure 9B), but again at a significantly was observed (data not shown). In addition, fixing the con-
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Ficure 5: Dependence of the malate saturation curve on the
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tions of fumarate as indicated in the figure. The concentrations
of NAD and Mg?" were fixed at 1 and 30 mM, respectively. (B)
A plot of v vs [malate} for the curve in (A) without fumarate
present.
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Ficure 6: Multiple sequence alignment of tiescarisand human
mitochondrial malic enzymes. The alignment is restricted to those
areas identified as part of the fumarate binding site in the human
mitochondrial NAD-malic enzyme, and a region adjacent to the
fumarate site.
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centration of tartronate at 1 mM greatly diminishes, 9-fold,
the activation by either malate or fumarate (data not shown).

DISCUSSION

The first report of activation of the mitochondrial NAD-
malic enzyme fronA. suumwas published in 197@]. The
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Ficure 7: Initial velocity pattern for the R105A mutant of malic
enzyme. The initial rate was measured at pH 7, 100 mM Hepes,
varying Mg** at different fixed concentrations afmalate. The
NAD concentration was fixed at 1 mM. Data points are the
experimentally determined values and the curves are derived from
a fit of the data using eq 2.
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Ficure 8: Dixon plot for fumarate and malate for the R105A
mutant of malic enzyme. (A) Plot of the reciprocal of the initial
rate vs fumarate concentration. Substrate concentrations are 0.5 mM
L-malate, 0.5 mM NAD, and 50 mM M. (B) Plot of the
reciprocal of the initial rate vs malate concentration. Substrate
concentrations are 20 mM pyruvate, 10 mM#pn0.1 mM NADH,

authors showed a very modest activation by fumarate underg,q s mm CQ. Initial rates are measured a/min. All data are

conditions in which malate is limiting. These studies were
followed up in some detail in the early 908, (10) and

measured at pH 7, 100 mM Hepes.

showed that malate was also an activator of the malic enzymeresult of decreasing the off-rate constant for malate from the

in the direction of reductive carboxylatioK{; = 50 uM).

E:NAD:Mg:malate quaternary complex. Although the earlier

In addition, the authors demonstrated that activation was astudies were carefully carried out, all of the kinetic data were
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Table 1: Comparison of Kinetic Parameters for Wild Type and
R105A Mutant Enzymes.

wild type? R105A
VIE (s 36 33
V/KmalarEr (M~1s7Y) 7 x 10 1.1x 10
VKyapE: (M~1s7) 1x 10 49x 1P
VIKwgE: (M~ts7) 8 x 10° 1.4x 10
Kmalale(mM) 0.5 3.0 V/K
Knap (MM) 0.04 0.07
Knmg (MM) 5 23

aKinetic parameters are from (Karsten et al., 199%rrors on the
parameters are all less than 20% of the value reported in the table.

1.5

0.5 T 1 I I I T
0 10 20 30 40 50 60

Fumarate (mM)

Ficure 10: Effect of fumarate on th&/K for pyruvate for the
K143A mutant. Plot ol/KpyruvaevS fumarate with 100 mM Hepes
buffer at pH 7. NADH was fixed at 0.1 mM, GGt 5 mM, and
054 MnZ* at 10 mM.

1/v (min/uM)

competitive activation, where the activators bind to the same
site, would be expected to give a double activation pattern
where the curves converge to the same maximum rate. The
data shown in Figure 2, however, clearly show that activation
by malate is obtained even under conditions in which
fumarate is saturating with respect to its activation. Data thus
600 indicate separate activator binding sites for malate and
B fumarate. Quantitative analysis of the data are in agreement
with this suggestion. The activation constant for fumarate
decreases as the concentration of malate increases, and
increasing fumarate affects the malate activation constant in
an identical manner. The synergistic binding of the two
effectors can only be explained by the presence of separate,
yet interactive activator binding sites. These sites are separate
from the active site.

Theory.A schematic depiction of the kinetic mechanism
of activation is shown in Scheme 1. In Scheme 1, E
represents the E:NAD complex with GGixed, while A
represents Mtt and pyruvate, which are treated simulta-

0 T T T T
0 0.5 1 1.5 2 25

1/L-malate (mM)

1V (min/uM)

0 . : . . neously here for simplicity. Since the maximum rate is
0 25 50 75 100 125 unaffected by the presence of the activators, the rate of
Fumarate (mM) production of products from all quaternary complexes

FiGure 9: Activation of the K143A mutant of malic enzyme. (A) (E:NAD:M:malate, (malate)E:NAD:M:malate, (fumarate)-
IGURE J: . . BVE . BVE
Reciprocal plot of 1/velocityy{M/min) vs 1£-malate with 100 mM E:NAD:M:malate, an_d (fumarate)(malate)E._NAD.M.malate)
Hepes buffer at pH 7. NAD was fixed at 1 mM and Mgwas are assumed to be identical. A rate equation derived based

fixed at 20 mM. (B) A Dixon plot of 1/velocity £M/min) vs on the model presented in Scheme 1 using the rapid

fumarate concentration with 100 mM Hepes buffer at pH 7. NAD equilibrium assumption of Cha9) is given as eq 5
was fixed at 1 mM, Mg" at 160 mM, and.-malate at 1 mM.

A+ Al i AJ 4 AlJ
obtained at saturating Mg (160 mM). Below, an overview Kea Ka oKK KK 0yKKK
of the kinetic mechanism of activation by fumarate and Ezl A 1 J Al AJ 1J AlJ (5)
malate is presented. +E+E+Kj+ aKK; ' BKK, " yKK T oyKKK

Do Malate and Fumarate Bind to the Same Aator Site?
Because the activation constant for malate is much less tharin eq 5, A, |, and J represent malate as a substrate, malate
Kmalate it is very difficult to study malate activation in the as an activator and fumarate, respectivédy; is the rate
direction of oxidative decarboxylation. Fortunately, both constant for product formation from the respective Michaelis
malate and fumarate activate in the reverse reaction direction,constants defined above, and the dissociation constants are
and it is this reaction direction that was used to probe the as defined in the scheme. The Greek symbols are interaction
question of mutual exclusivity of the two activators. Double coefficients that will have values less than 1 in the case of
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Scheme 1: Schematic Mechanism for Interaction of Malate

at the Active Site, and Malate and Fumarate at Different
Allosteric Siteg

Products

k,

cat

EAI

K, Keat
E Elf=——== EAIJ— > Products

akK,
8K;
¥K;
)

kcnl
Products<——— EFA:

Products

aSince \naxis unaffected, all EA complexes are converted to product
with the same rate constaria. All other terms are defined in the

text.

synergism of binding. The limits of the above equation are

as follows:

,J-—0 é = K?iAA (6)
|—0;J— Eﬁt=ﬂéafA )
SOl ETaith©

I ©

and with A= K,, eq 5 reduces to eq 10, which reflects the

experiment shown in Figure 2.

|, J 13
kCa‘(1+a_|<i+ﬁ_Kj+ )

v _ 6yKiK]-
E (2 I J 1J ) ( I J 1J )
+—t -t — |ttt
(10)
The limits of eq 10 are as follows:
J
1+ —
v kca\( ﬁKj
5 0 =—"7F7—xq (112)
m R J 1
2+ 11+ 5
I
) kcat(1+a_|<i
Te%T oy gy W
2+ K l+a
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In the present case, data are analyzed for the reverse reac-
tion to alleviate the necessity of considering allosteric site
combination of malate under conditions where malate is used
as a substrate. In addition, the change inkhg, is the most
sensitive indicator of interaction between active and allosteric
sites, and will be used d§, in the above rate equations. On
the basis of the above mechanism and rate equations, the
following can be discerned. From the data in Figure 4, the
Kimn IS 10 mM in the absence of effectors, and decreases to
0.5 mM in the presence of saturating malate and to 0.05 mM
in the presence of saturating fumarate. Valuest@indj,
egs 11 and 12, are about 0.05 and 0.005, respectively, and
fumarate is a more potent effector than is malate. Values
for Ki andK; are obtained from Figure 3; the concentrations
of pyruvate and M#™ are maintained at below saturation in
these experiments and the values forand K; for malate
and fumarate are those obtained at zero concentration of the
other effector. ThusK; andK; are 0.3 and 2.5 mM, respec-
tively, andoK; andpK; are both about 0.01 mM, respectively.
Data in Figure 3 allow an estimate ¢f the interaction
coefficient between malate and fumarate. The valu it
saturating fumarate is 0.02 mM, whil§ is 0.15 mM at
saturating malate, giving values of 0.067 (0.02/0.3) and 0.06
(0.15/2.5), respectively. Finally, an estimate dds obtained
from the ratio of the values df; u, at zero effector concen-
tration and at saturating concentration of both effectors. The
Ki mn is 10 mM in the absence of effectors, an@.1 mM in
the presence of both effectors at saturating concentrations,
giving an estimate 0k0.01 ford. Since the value fod is
close to the value gf, the maximum activation can only be
achieved by fumarate alone, or with some combination of
malate and fumarate binding to their allosteric sites.

The coefficient values defined above are equivalent to the
reciprocal of theQ values defined by Reinhar2¢), and they
can be used to estimate the interaction free energy between
sites. The free energy of interaction between the active site
and the malate allosteric binding site is determined from
AG® = —RTIn(l/o) = —1.8 kcal/mol. Likewise, values for
interaction between the active site and the fumarate allosteric
binding site is—3 kcal/mol, and that for interaction between
the two allosteric sites is-1.7 kcal/mol. As stated above,
the interaction between the active site and the fumarate
allosteric site is the strongest.

What Steps Along the Reaction Pathway Are Affected by
Fumarate and Malatemitial velocity patterns obtained as
a function of increasing concentrations of malate, fumarate,
or both in the direction of reductive carboxylation exhibit
no, or very little, change iyap, but substantial changes in
Kpyruvate@nd the dissociation constant for the metal ion2Mn
Thus, the presence of either malate or fumarate bound to
their activator site must produce a decrease in the off-rate
constants for metal ion and pyruvate at the active site. Similar
changes in the dissociation constant forgndKmaateare
observed in the direction of oxidative decarboxylation. The
greatest effect on the off-rate constants for metal ion and
substrate is observed at saturating concentrations of both
effectors at the activator sites. This is, in fact, predicted by
the data in Figure 4.

The effectors do not alter the rate constant for the catalytic

and thus experiments carried out under the above conditionssteps. How then can one rationalize the activation of malic
allow estimates of the kinetic parameters and interaction enzyme in both reaction directions? Since the effectors

coefficients.

decrease the off-rate constants for malate and pyruvate why
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is inhibition not observed in either reaction direction? The
rate-limiting steps in the direction of oxidative decarboxy-
lation are a conformational change in the E:NAD:Mg com-
plex 1), hydride transfer, and decarboxylatio?2(-23).
The off-rate constant for pyruvate must then be much greater
thank.s, enough so that even with the decrease in the off-
rate constant for pyruvate in the presence of effectors, it is
still greater than the slow steps in the forward reaction
direction. In the reverse reaction direction, the off-rate
constant for malate must likewise be much greater than the
rate of carboxylation to give the oxalacetate intermediate.
One of the kinetic Haldane relationships for the random
mechanism catalyzed by malic enzyme is given in eq 13.

— (V/prruvatg(Ki NADH)(Ki COZ)(Ki Mn)
(V/Kmalat()(Ki NAD)(Ki Mn)

eq (13)

It would be expected that th& v, would be affected equally

in both reaction directions, and in agreement, the limiting
value of the metal ion dissociation constant is identical in
both reaction directions under conditions in which both
effectors are saturating. There is no effect of the activators
on the dissociation constants for NAD or NADH, and
likewise no effect on the parameters for £8ince the value

Karsten et al.

allosteric site. Consistent with the proposal, tikegbserved
in the V profile is identical to that of thg-carboxylate of
malate.

Location of the Allosteric Sites and Transmission of the
Allosteric Signal An allosteric site with tartronate bound
in the A. suummalic enzyme was located at the dimer
interface (4). The site is homologous to the fumarate binding
site identified recently in the human mitochondrial NAD-
malic enzyme 13). It is thus likely that the site identified is
the fumarate allosteric binding site with tartronate bound.
Although tartronate binds to the allosteric site, it does not
activate (see above). As pointed out above, the interaction
between tartronate and the residues in the allosteric site of
the Ascaris enzyme differ from those between fumarate
and the same residues in the allosteric site of the human
enzyme.

In agreement with the site being an activator site, the
R105A mutant enzyme is no longer activated by fumarate.
It has also been shown that the R91T mutation in the human
enzyme (R91 is the homologue of R105 in tAscaris
enzyme) gives the same effedt3]. In addition, however,
the mutation also eliminates activation by malate in the
Ascarisenzyme, consistent with the interaction between the
two sites for activation (see above). The fumarate and malate

of Keq must be the same in the absence and presence ofites may be close or adjacent to one another so that mutation

effectors the changes KinaareandKpywaemust be identical.
On the basis of the relative valuestfaiace aNdKact maate

in the direction of oxidative decarboxylation, the malic

enzyme is activated to some extent in the case of almost al

of the studies that have been published previously.
Reinterpretation of Prédous Data.Previously published

of R105 may disrupt binding of both activators. Alternatively,
malate could conceivably bind to the R105A mutant enzyme,
but the mutation may disrupt transmission of the signal
through the protein to the active site.

A possible location for the malate site is suggested by the
behavior of the K143A mutant enzyme. Consistent with this

data now make sense in view of the mechanism presentedsuggestion, the activation constants for malate and fumarate
above. Pre-steady-state kinetic studies have been carried ouficrease into the millimolar range, compared to those

mixing enzyme alone with NAD, Mg, and malate Z1).
Under these conditions, a lag in the time course is observed
with a rate constant of 40°% No change in the lag time is
observed when enzyme is preincubated with NAD prior to
mixing with Mg?* and malate, but a 4-fold increase in the

measured in the micromolar range for the wild type enzyme.
The activation constant for fumarate increases almost 3 orders
of magnitude in the K143A mutant enzyme. Lysine-143 is
located in a positively charged pocket adjacent to the
fumarate site and can communicate with the fumarate site

lag rate constant is obtained when enzyme is preincubatedvia backbone interactions between the sitb4).(Whether

with Mg?t prior to mixing. Preincubation with Mg and
malate (or fumarate), however, eliminates the lag completely.
Data likely indicate slow activation by Mg and malate in
the absence of preincubation, and complete activation upon
preincubation with the metal ion and activators.

The pH profiles for malic enzyme have been measured in
the direction of oxidative decarboxylatiopd). TheV/K pH—
rate profiles for malate and NAD exhibitpvalues of about

5 and 9, reflecting the general base and general acid in the

reaction; theV/Kmaiate profile also exhibits the i for the
[-carboxylate of malate at pH 4.9. TNeprofile, on the other
hand is asymmetric, and is pH independent of the basic side,
but shows a K of 5 on the acid side. Using thioNAD as a
slow (<10% k.o alternative dinucleotide substrate, th¢ p

of 5 is not observed. Data were interpreted in terms of a
pH-dependent conformation change in the E:NAD complex.

At pH 4.4, where the chemical steps have decreased in rate

by greater than 10-fold compared to neutral pH, no lag is

observed in the pre-steady-state time course, i.e., the rate of

the conformational change no longer limits at this low pH.
We propose that the pH dependence of the conformation
change reflects the pH dependence of malate binding to its

this is actually the site will have to await further mechanistic
and structural studies.
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