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The cytosolic malic enzyme from pigeon liver is very sensitive
to the metal-catalysed oxidation systems. Our previous studies
using the Cu*"—ascorbate as the oxidation system showed that the
enzyme was oxidized and cleaved at several positions, including
Asp'!. The recently resolved crystal structure of pigeon liver
malic enzyme revealed that Asp'*' was near to the metal-binding
site, but was not a direct metal ligand. However, Asp'*! is located
next to Phe?, which directly follows the metal ligands Glu** and
Asp™. Mutation at Asp'*' caused a drastic effect on the metal-
binding affinity of the enzyme. Since Asp'!' and Phe?¢ are highly
conserved in most species of malic enzyme, we used a double-
mutant cycle to study the possible interactions between these two
residues. Four single mutants [D141A (Asp''— Ala), D141N,
F236A and F236L] and four double mutants (D141A/F236A,
DI141N/F236A, D141A/F236L and D141N/F236L), plus the
wild-type enzyme were successfully cloned, expressed and puri-
fied to homogeneity. The secondary, tertiary and quaternary struc-

tures of these mutants, as assessed by CD, fluorescence and
analytical ultracentrifuge techniques, were similar to that of the
wild-type enzyme. Initial velocity experiments were performed to
derive the various kinetic parameters, which were used to analyse
further the free energy change and the coupling energy (AAG;,)
between any two residues. The dissociation constants for Mn**
(Kymm) of the D141A and F236A mutants were increased by
approx. 6- and 65-fold respectively, compared with that of the
wild-type enzyme. However, the K;y, for the double mutant
D141A/F236A was only increased by 150-fold. A coupling
energy of —2.12 kcal/mol was obtained for Asp'*' and Phe*®.
We suggest that Asp™! is involved in the second sphere of the
metal-binding network of the enzyme.

Key words: binding energy, coupling energy, malic enzyme,
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INTRODUCTION

Cytosolic malic enzyme catalyses the NADP* and metal (Mn**
or Mg**)-dependent reversible oxidative decarboxylation of L-
malate, yielding CO, and pyruvate. Our previous studies showed
that pigeon liver malic enzyme was oxidized and cleaved by the
Cu?*—ascorbate system and Asp'' was one of the cleavage sites
[1]. Further characterization of the role of Asp'"! by site-
specific mutagenesis confirmed that Asp'' was involved in the
Mn*"—L-malate binding of the enzyme [2]. Mutation of Asp'”®
(corresponding to Asp'!' in pigeon enzyme) in Ascaris malic
enzyme to alanine caused a 50-fold increase of Ky, [3]. The
crystal structures of malic enzymes from human [4], the nematode
Ascaris suum [5], and the recently resolved structure of the pigeon
enzyme [6] showed that this aspartic residue is a potential second-
sphere residue. Asp'*! is near to Phe*, the amino-acid residue
that immediately follows the Mn** ligands Glu** and Asp™.
The length of the side chains between Asp'*' and Phe®® is 3.7 A
(where 1 A is 0.1 nm). A local change in Asp'! might, through
Phe*®, perturb the orientation of Glu™* and Asp*’ and introduce
an indirect effect on the Mn** binding [2]. The present study
is aimed to address the precise interactions between Asp'™! and
Phe*®. In order to access all possible interactions, we constructed
various double mutants, in which complete mutation cycles,
including all non-alanine effects, are considered.

MATERIALS AND METHODS

Site-directed mutagenesis, expression, purification and
characterization of the recombinant pigeon liver malic enzymes

Protocols for the site-directed mutagenesis of pigeon liver malic
enzyme at Asp'*' were described previously [2]. The nucleotide
sequences used for additional mutations at Phe** were 5'-AGC-
ATTAGCAGCATCCTCAAA-3' for F236A (Phe** — Ala) and
5'-AGCATTAGCCAGATCCTCAAA-3' for F236L, with the mu-
tational site underlined and in bold. Transformation of wild-type
(WT) and mutated plasmids, and purification of the recom-
binant enzymes were performed as described by Chou et al. [7].
All the mutated cDNAs were also examined by dideoxy chain-
termination sequencing [8] to exclude any unexpected mutations
that might have resulted from the in vitro extension. The absence
of adventitious base changes was verified. The recombinant WT
malic enzyme has an identical amino-acid sequence and thus has
the same physicochemical properties with those of the nature
malic enzyme, as characterized previously [7].

Fluorescence spectra of the recombinant malic enzymes were
obtained with a PerkinElmer LS 50B luminescence spectrometer
at 25 °C. All spectra were corrected for the buffer absorption.

CD measurements were made with a Jasco J-810 spectro-
polarimeter at 25 °C under constant nitrogen flush, using a
1 mm path-length cell and taking the mean of the ten repetitive

Abbreviation used: WT, wild-type
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un-smooth scans between 250 and 180 nm. Parallel spectra of
urea without protein were also recorded and subtracted from the
sample spectra.

Sedimentation velocity experiments were performed using a
Beckman XL-A analytical ultracentrifuge. Ultracentrifugation
was carried out with a four-hole AnTi60 rotor and double-sector
aluminium centrepieces at 40 000 rev./min and 20 °C for 2 h. Data
were collected every 2 min and were analysed by the second
moment method using Origin 4.1 software provided by Beckman-
Coulter to estimate the sedimentation coefficient values.

Enzyme assay

Malic enzyme activity was assayed according to the method
described by Chou et al. [9]. Protein concentration was determined
by the protein-dye binding method [10]. Apparent Michaelis
constants for the substrate and cofactors were determined by
varying the concentration of one substrate (or cofactors) around
its K, value and maintaining the other components constant at the
saturating level. The kinetic parameters were obtained by fitting
the experimental data to appropriate kinetic models in the EZ-FIT
program [11].

The above experiment only estimated the apparent kinetic para-
meters for the substrate and cofactors. To obtain the true kinetic
parameters, an initial velocity experiment by varying both Mn?*
and L-malate concentrations was performed. The original data
were globally fitted to the following equation, which describes a
random Bi Bi mechanism in the Mn** and L-malate binding:

Vinax - [Mal][Mn*"] )
V=
Kd,Mn N Km,Mal + Km,Mn [Mal] + Km,Mal [MH2+] + [Mal] [Mn2+]

where v and V,,, are the observed and maximum velocities res-
pectively, Kqmn, Kmmn and K, ma are the dissociation constant
of Mn?*, and the Michaelis constants for Mn?* and L-malate res-
pectively, and [Mal] and [Mn?*] are the concentrations of L-malate
and Mn** respectively. The calculation was carried out with the
Sigma Plot 5.0 program (Jandel, San Rafael, CA, U.S.A.).

RESULTS
Purification and characterization of recombinant malic enzymes

The WT and various mutants of malic enzyme were successfully
expressed and purified to apparent homogeneity by Q-Sepharose
and adenosine-2',5'-bisphosphate—agarose columns according to
our previously published procedures [7]. For the recombinant

malic enzymes, the recovery was usually between 50 and 80 %.
In most cases, a single protein band corresponding to a molecular
mass of about 62kDa was observed following SDS/PAGE for
all recombinant malic enzymes (Figure 1). Tiny contaminants
were detectable with overloading samples as seen for the WT and
D141A mutant enzymes (lanes c, Figure 1). All enzyme samples
were estimated to be > 95 % pure.

To determine whether or not the mutations affected the overall
structural integrity, far-UV CD and fluorescence spectra, as well as
the sedimentation coefficient, were measured for all recombinant
malic enzymes. In all cases, similar CD spectra were obtained
(Figure 2A). All of the recombinant enzymes absorbed UV light
with an absorption maximum at 280 nm and the fluorescence
emission maximum at 320 nm with the same emission intensity,
showing similar conformation for the WT and mutant enzymes
(Figure 2B). The WT enzyme sedimented at approx. 10 S (Fig-
ure 2C). All other mutants gave similar sedimentation patterns
as the WT and yielded sedimentation coefficients of 9.8 + 0.3 S
indicating similar quaternary structure with the WT enzyme.

Kinetic properties of the recombinant malic enzyme

Preliminary kinetic analysis indicated that the apparent K, xapp
(app) for all mutants was similar to that of the WT enzyme
(Table 1). These results suggest that the structural environment of
the nucleotide-binding domain is not disturbed by the mutations.
The K, ma (app) of D141 A and D141N were increased by approx.
13- and 23-fold respectively, as compared with the WT enzyme
(results not shown). This suggests the perturbation of metal
binding as we proposed previously [2]. The K, m, (app) of
F236A was increased by 75-fold, indicating that the side chain
of Phe?¢ is also important in the stabilization of metal binding.
The K, v, (app) for all double mutants increased by more than
200-fold compared with the WT enzyme. These results give
some information about a possible interaction between Asp'*!
and Phe*. The detailed kinetic behaviour of these mutants was
then analysed with initial velocity studies to derive the true K,
and K, values for the metal ion and K, for L-malate.

The initial velocity experiments showed intersecting patterns
for the recombinant malic enzymes (Figure 3). These results
indicate that the sequential kinetic mechanism of the enzyme
with Mn*" and L-malate was not changed after mutation at the
putative metal site. The kinetic parameters of WT and mutant
enzymes are summarized in Table 1. The K;y, and K\, in-
creased in parallel with mutants at either Asp™' or Phe*¢. The
k.. values altered significantly for D141N and D141A/F236A.

DI41A/  DI4IN/  DI41A/  DI4IN/
WT D141N Di41A F
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Figure 1

Overexpression and purification of the recombinant pigeon liver malic enzymes

SDS/PAGE was used to examine the expression and purification efficiency. Lane M is the molecular-mass markers (Bio-Rad). Lanes a are those of the crude extract; lanes b are samples from the

Q-Sepharose column; lanes ¢ are samples from the affinity column.
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Figure 2 Biophysical characterization of the recombinant pigeon liver
malic enzymes

CD spectra (A) and fluorescence emission spectra (B) were obtained for all recombinant malic
enzymes. (C) Sedimentation velocity traces of WT enzyme.

The weak binding of the substrate and the metal ion have
caused all double mutants to have very small overall catalytic
efficiency, Kkeu/(Kgmn® Knnapp: Kmva).- Among them, DI41N/
F236A decreased by 10°-fold compared with the WT enzyme,

activation free energy as estimated by the following relationship
[12,13]:

AGimu( = - RT : ln[(kcul,mutam/Km,mutunt)/(kcm,WT/Km.WT)] (2)

where R is the gas constant and 7 is the absolute temperature.

The D141N/F236A mutant, however, includes a non-alanine
mutation at Asp'*'. Detailed mutation cycles involving all possible
combination of mutations at Asp'' and Phe** are constructed and
analysed.

Interactions between Asp'' and Phe?®® in the metal binding
of pigeon liver malic enzyme

Since the mutants do not introduce any major structural change,
the differences in free-energy change obtained from the dis-
sociation constants can provide a quantitative estimate for the
energy of interaction between the two residues. The free energy
change of any mutation (AG,,,) can be estimated by the following
equation:

AGmu[ = —RT- ln(Kd,WT) - [_ RT - ln(Kd,mm)]

= RT - In(K g mu/ Kawr) 3)
in which K, wr and K, are the dissociation constants for WT
and mutant enzymes respectively.

Since all the free energies are taken with reference to WT by

eqn 3, the coupling energy (AG;,) between residue A and residue
B in the A/B double-mutant cycle is given by:
AAGinl - AGd()ub]e mutant ~_ (AGmutamA + AGmulanlB) (4)
where AAG;, measures the co-operative contribution by both
A and B. If the effects of the two residues are independent, the
coupling energy for the double mutant is the sum of the two single
mutants and AAG;,, will be zero. On the other hand, if there is
an interaction between the two residues, the coupling energy for
the double mutant is different from the sum of the energies of the
two single mutants.

The coupling energies calculated from the four double mutant
cycles are shown in Figure 4, which dissected the D141N/F236L
double mutant into four double-mutation cycles with alanine as
a reference state. The coupling energy of each mutation cycle
(A AG;,) was estimated by eqn 4. The overall coupling energy of
the D141N/F236L double mutant (AAAG;,) related to the four
mutation cycles can be estimated by:

AAAG = AAG (D) — AAG;,(IT) — AAG;, (IIT)

corresponding to 8.1 kcal/mol elevation of the weighted mean + AAG;, (IV) ®)
Table 1 Kinetic parameters of the recombinant pigeon liver malic enzymes

Recombinant malic enzyme Kanaoe (1M) Kinwar (MM) Konn (M) Ko (M) ke (s7") Keat (Ko, Konveop- Kinva) (71 mM="- 1iM=2)
WT 26 +07 0.1+ 0.01 25+02 51+07 87 + 24 66

D141A 46 + 0.6 0.6+ 01 203 + 3.7 295+ 50 97 + 6.4 12

D141N 25+ 0.2 0.7+ 0.07 231+18 128 + 16 49+ 01 0.02

F236A 45+ 07 0.4 + 007 176 + 15 328 + 84 +28 0.12

F236L 44 + 08 02+ 0.03 80+ 06 314+ 6.0 64+ 16 2.3

D141A/F236A 61+ 04 30+ 04 902 + 169 642 + 143 26 + 20 0.002

D141N/F236A 116+ 11 229 + 151 15800 + 10600 2580 + 450 59 + 34 9x10-°

D141A/F236L 43+ 03 12402 1094 + 162 660 + 118 84 +57 0.025

D141N/F236L 125+ 26 33+ 04 5075 + 587 2366 + 283 149 + 12 0.0015
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Figure 3 Initial velocity patterns of the recombinant pigeon liver malic enzymes

From top to bottom, the L-malate concentrations were: (A) WT, 0.05, 0.1, 0.15, 0.25 and 1 mM; (B) D141A, 0.3, 0.5, 0.75, 1.0, 2.0 and 4.0 mM; (C) D141N, (D) F236A, (G) D141N/F236A and
(1) D141N/F236L, 0.5, 0.75, 1.0, 2.0 and 5.0 mM; (E) F236L, 0.2, 0.5, 0.75, 1.0 and 2.0 mM; (F) D141A/F236A, 0.5, 0.75, 1.0, 2.0, 3.0 and 5.0 mM; (H) D141A/F236L, 0.2, 0.3, 0.5, 0.75, 1.0

and 2.0 mM. The lines represent computer-fitted results according to eqn 1.
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Figure 4 Effect of mutations on the metal binding of malic enzyme analysed
by combination of double-mutation cycles between Asp'*' and Phe?®

From WT (D141/F236) to the double mutant D141N/F236L, four mutation cycles were
constructed by mutating each or both the residues to alanine first. The free energy changes of
each mutation step were calculated from the K ua values. The coupling energy of each mutation
cycle is also shown. A positive value indicates hindered Mn®* binding after mutation.

An overall energy of —2.12 kcal/mol was obtained, which indi-
cated strong interactions between Asp'!' and Phe®¢ residues.

DISCUSSION

Site-directed mutagenesis is a powerful tool in identifying the es-
sential amino-acid groups of enzyme molecules. Alanine screen-

© 2003 Biochemical Society

ing, which mutates the putative essential amino-acid residues to
alanine to eliminate all the side interactions of that residue, is
an effective general approach. This procedure, however, ignores
the importance of steric effects in protein folding. For a complete
investigation, other mutants with replacement of isosteric residues
are necessary [14,15]. These, however, might introduce new inter-
actions that could significantly perturb the local structure of
the enzyme molecule. Furthermore, the plasticity of the enzyme
active site made the interpretation of the mutagenesis results even
more complicated [16,17].

The double-mutation cycle has been introduced to explore the
interactions between neighbouring groups in an enzyme/protein
molecule [13,18-20]. Quantitative interpretation of double muta-
tions of enzymes may provide valuable information about the
additive or synergistic effects of the two mutated residues [19].
In a discussion of the ‘not-to-alanine’ double-mutation cycles,
Faiman and Horovitz [21] raised a theoretical consideration on the
choice of reference mutant states. In the present paper, we provide
experimental data to address the coupling energy corresponding
to the not-to-alanine double-mutant cycle.

To understand the energetics of pairwise interactions, we have
applied the double-mutant cycle method to study the energetics of
interaction between Asp'*' and Phe?. We generated four double-
mutant cycles to identify the possible interactions between Asp'"!
and Phe®. Through this kind of interaction, Asp'!' was found
to be involved in the Mn**-L-malate binding of the pigeon liver
malic enzyme.

The AAG,, for the D141N/F236L double mutation accounts
for —2.12 kcal/mol, which is larger than that expected for the van
der Waals contact (0.4-0.7 kcal/mol) [22]. Asp'! may protonate
in the interior of the enzyme molecule. In that case, an induced
dipole-induced dipole 7—x interaction between the carboxy group
and the aromatic phenyl group is anticipated. More recently,
the CH—mr or cation—m interactions have raised much attention
[23,24]. The dihedral angle of the planes between adjacent
aromatic rings or of the histidine ring interacting with aromatic
residues is significantly non-random. On the contrary, the dihedral
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Figure 5 Crystal structure of pigeon liver malic enzyme at the active centre
region

The closed form of pigeon liver malic enzyme (Protein Data Bank code 1GQ2) is shown with the
focus on the metal-binding region. The stacking between Asp'' and Phe?® is highlighted with
broken lines. This image was generated with Spock and rendered with Raster3D [26].

angle of carboxyl groups with other planar groups is randomly
distributed [25]. On a statistical basis, 73 % of the interplanar
organization of a carboxy side chain with phenyl rings tends to
establish orthogonal planes in a side-by-side position. However,
the carboxy plane of Asp'' and the aromatic plane of Phe*® in
malic enzyme are almost parallel to each other (Figure 5). A m—m
stacking interaction might have an important role in maintaining
the structural integrity around the active centre.

Examination of the metal site of pigeon malic enzyme reveals
that the metal ligands Glu®*, Asp**®, Asp®®, oxalate and other
essential amino-acid residues all reside within the van der Waals
contact (<4 A) from Mn>* [6,12]. Asp™' is 11 A away from Mn?".
Furthermore, besides Phe**, there are many highly conserved
hydrophobic amino-acid residues, i.e. Val'*8, Val'*, Met'%, Phe®,
Tle'*, Tle'*® and Pro'®, which are within 68 A of the metal centre.
Therefore a more plausible structural basis for keeping the
metal site intact would be by considering the Phe** as one of
the components of the hydrophobic core that isolate the polar
active centre from other parts of the structure and ensure an
optimal environment for binding and catalysis. In this regard, it
is conceivable that the substitution of leucine for Phe*® (F236L)
restores most of the binding energy (1.41 kcal/mol) lost in F236A
(2.51 kcal/mol) (Table 1 and Figure 4). Indeed, among the 33
malic enzyme sequences available, 27 had phenylalanine, in other
cases either isoleucine or leucine, at position 236. The hydro-
phobic characteristic in the microenvironment of Phe*® seems
to be essential for malic enzyme to have a proper metal-binding
environment.
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