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ABSTRACT: This work reviews published structural and kinetic data on the pyridine nucleotide-linked
B-hydroxyacid oxidative decarboxylases. The family of metal ion-dependent pyridine nucleotide-
linked S-hydroxyacid oxidative decarboxylases can be divided into two structural families with the
malic enzyme, which has an (S)-hydroxyacid substrate, comprising one subfamily and isocitrate
dehydrogenase, isopropylmalate dehydrogenase, homoisocitrate dehydrogenase, and tartrate dehy-
drogenase, which have an (R)-hydroxyacid substrate, comprising the second subclass. Multiple-
sequence alignment of the members of the (R)-hydroxyacid family indicates a high degree of sequence
identity with most of the active site residues conserved. The three-dimensional structures of the
members of the (R)-hydroxyacid family with structures available superimpose on one another, and
the active site structures of the enzymes have a similar overall geometry of residues in the substrate
and metal ion binding sites. In addition, a number of residues in the malic enzyme active site are
also conserved, and the arrangement of these residues has a similar geometry, although the (R)-
hydroxyacid and (S)-hydroxyacid family sites are geometrically mirror images of one another. The
active sites of the (R)-hydroxyacid family have a higher positive charge density when compared to
those of the (S)-hydroxyacid family, largely due to the number of arginine residues in the vicinity of
the substrate a-carboxylate and one fewer carboxylate ligand to the divalent metal ion. Data available
for all of the enzymes in the family have been considered, and a general mechanism that makes use
of a lysine (general base)-tyrosine (general acid) pair is proposed. Differences exist in the mechanism
for generating the neutral form of lysine so that it can act as a base.

fB-Hydroxyacid oxidative decarboxylation is catalyzed by
enzymes that utilize a pyridine dinucleotide, NAD(P). The
enzymes included are the well-studied malic enzyme, isoci-
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trate dehydrogenase, and 6-phosphogluconate dehydrogenase,
as well as homoisocitrate dehydrogenase, isopropylmalate
dehydrogenase, and tartrate dehydrogenase. The $-hydroxy-
acid oxidative decarboxylases can be classified on the basis
of their metal ion dependence. Malic enzyme (/—4), isoci-
trate dehydrogenase (5—7), and isopropylmalate dehydro-
genase (8, 9) require a divalent metal ion, Mg>* or Mn?",
for activity. Homoisocitrate dehydrogenase (/0, 11) and
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FIGURE 1: Reactions catalyzed by the metal ion-dependent pyridine dinucleotide-linked S-hydroxyacid oxidative decarboxylases. The
dinucleotide substrate and product and CO, are common to all reactions. The -hydroxyacid and ketone product for each of the reactions
are shown in parentheses. The metal ion dependencies of each of the enzymes are provided above the arrow. Reactions from top to bottom
are catalyzed by malic enzyme, tartrate dehydrogenase, isopropylmalate dehydrogenase, isocitrate dehydrogenase, and homoisocitrate

dehydrogenase, respectively.

tartrate dehydrogenase (12, 13) require both a monovalent
ion (usually K*) and a divalent metal ion for optimal activity.
Finally, 6-phosphogluconate dehydrogenase is divalent and
monovalent metal ion-independent (/4, 15). This review will
focus on the metal ion-dependent enzymes. In terms of
overall structure, the metal ion-dependent enzymes can be
divided into two distinct enzyme families. The first includes
isocitrate dehydrogenase, isopropylmalate dehydrogenase,
homoisocitrate dehydrogenase, and tartrate dehydrogenase,
while malic enzyme is in a class of its own.

The reactions catalyzed by the enzymes are listed in Figure
1. Note that the substrates of these enzymes, isocitrate,
isopropylmalate, homoisocitrate, and D,L-malate, have a
common malate backbone and differ only in the substituent
on the carbon f to the 1-carboxylate and stereochemistry at
C2. The enzymes thus differ in their substrate specificity and
are strict in their selection of the substrate for the oxidative
decarboxylation reaction [tartrate dehydrogenase catalyzes
reactions other than oxidative decarboxylation (/6)].

In spite of the differences in metal ion requirement and
structure, all of the pyridine dinucleotide-linked -hydroxy-
acid oxidative decarboxylases catalyze the same general
reaction. The overall reaction proceeds via three steps,
oxidation of the S-hydroxyacid to a S-ketoacid, decarboxy-
lation to generate an enol, and tautomerization to give a
ketone product (Scheme 1).

All the enzymes in the class of metal ion-dependent
p-hydroxyacid oxidative decarboxylases exhibit a steady-
state random Kkinetic mechanism (/6—22). The acid—base
chemical mechanisms of some of the enzymes have been
proposed, and there are significant differences in the proposed
mechanisms (23—29). In this work, we propose a unified
acid—base mechanism for the metal ion-dependent enzymes

on the basis of the similarity in the active sites and data
presently in the literature. There are a number of reviews
that cover aspects other than those considered in this work,
and the reader is referred to these for additional information
(30—33).

STRUCTURE

Overall Structure. As suggested in the introductory section,
the metal ion-dependent -hydroxyacid oxidative decarboxy-
lases apparently fall into two families. An overlay of a dimer
of isocitrate dehydrogenase (27), isopropylmalate dehydro-
genase (34), and homoisocitrate dehydrogenase (35) is shown
in Figure 2A. (No structure is presently available for tartrate
dehydrogenase.) There is remarkably good agreement of the
backbone structures of all three of the enzymes; they are
clearly in the same fold family, which for the sake of
convenience we will call the (R)-hydroxyacid family. Malic
enzyme, on the other hand, neither aligns well nor has a
structure similar to those of the other enzymes. In addition,
its substrate has the opposite stereochemistry, and we place
it in the (S)-hydroxyacid family. A superposition of a dimer
of the malic enzymes of Ascaris suum (36), human mito-
chondria (37), and pigeon liver cytosol (38) is shown in
Figure 2B; the enzyme is tetrameric overall. All are of
proteins with a modified Rossmann fold for cofactor binding.
The active site is located in the cleft between two subunits
for isopropylmalate dehydrogenase, isocitrate dehydrogenase,
and homoisocitrate dehydrogenase, while for malic enzyme,
the active site is in a cleft with contributions from three
domains (27, 34, 36). All enzymes adopt a closed conforma-
tion of the active site upon substrate binding, via rigid body
movement of one domain relative to the other.
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Scheme 1: General Mechanism of Pyridine Dinucleotide-Linked, Divalent Metal Ion-Dependent 3-Hydroxyacid Oxidative
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“ (I) Base-catalyzed oxidation of the -hydroxyacid to the 5-ketoacid. (II) The metal ion acts as a Lewis acid catalyst in the decarboxylation of
the f3-ketoacid with a general acid assist to give the enol. (ITI) General acid—base tautomerization of the enol to the ketone product (IV).

A multiple-sequence alignment of the members of the (R)-
hydroxyacid family is shown in Figure 3. As one can see,
active site residues important for reactant and metal ion
binding and catalysis are completely conserved in all of the
family members. On the other hand, the malic enzymes do
not align with the (R)-hydroxyacid family members but align
with a high degree of identity to one another (Figure 4).
Interestingly, alignment of the mitochondrial NAD- and
cytosolic NADP-dependent malic enzymes also shows a high
(~50%) level of identity (not shown). The NAD- and NADP-
dependent isocitrate dehydrogenases, however, exhibit a low
(~10%) level of identity, but with the active site residues
conserved with the exception of one of the arginine residues.

Active Site. As expected on the basis of the similarity of
the overall structures, the location of the active site within a
monomer is the same for all of the enzymes in the
(R)-hydroxyacid family. Active site residues are contributed
by two subunits, with the catalytic lysine and an aspartate
metal ligand contributed by one subunit and the remaining
residues contributed by the other. The active sites in the (S)-
hydroxyacid family are completely contained in each of the
four subunits of the tetramer.

A close-up view of the active site of the NAD-malic
enzyme showing the catalytic residues and those involved
in metal ion binding is shown in Figure 5A. The structure is
of the dead-end E—Mn?*—malate—NADH complex, which
is used as a model of the catalytically active E—
malate—Mn>t—NAD complex. A general acid—general base
mechanism and the identities of the catalytic residues have
been proposed and will be discussed in Acid—Base Chemical
Mechanism. A catalytic triad has been suggested for the
Ascaris malic enzyme, consisting of a lysine, a tyrosine, and
an aspartic acid (29). In the substrate-bound form, the metal

ion exhibits octahedral coordination, and all of the ligands
are oxygens and include three side chain carboxylates, a
water molecule, and two substrate functional groups, the
o-carboxylate and a-hydroxyl. In addition, the o-carboxylate
of malate is further oriented by hydrogen bonding interactions
with the side chains of an arginine and two asparagine
residues (not shown). The active site of the NADP-malic
enzymes is virtually identical to that of the NAD-malic
enzymes.

Active site close-ups in stereo of isopropylmalate dehy-
drogenase, isocitrate dehydrogenase, and homoisocitrate
dehydrogenase are shown in panels B—D, respectively, of
Figure 5. The similarity in the active site residues and overall
geometry of the active sites of isopropylmalate dehydroge-
nase and isocitrate dehydrogenase is remarkable, as is the
similarity to the active site of malic enzyme. The tyrosine
and lysine, as putative catalytic residues, are conserved, as
is the arginine that hydrogen bonds the a-carboxylate of the
substrate, and three of the ligands to the metal ion, two
aspartate carboxylates, and a water molecule. In the (R)-
hydroxyacid family, one of the aspartates that coordinates
the metal ion in malic enzyme is replaced by a second water
molecule and the two asparagine residues that form a
hydrogen bond to the o-carboxylate of the substrate in malic
enzyme are replaced with arginine residues. The active site
of homoisocitrate dehydrogenase has identical residues, but
the tyrosine is away from the lysine. However, the structure
is an open form, and it is known that a conformational change
is required to close the site upon substrate binding and that
the tyrosine is then in the proximity of homoisocitrate (35, 40).
As shown in Figures 2 and 3, the overall structure and all of
the active site residues are conserved in tartrate dehydrogenase.
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FIGURE 2: Structural overlay. (A) The structures of a dimer of three
members of the (R)-hydroxyacid family are superimposed. The
enzymes are isocitrate dehydrogenase (cyan), isopropylmalate
dehydrogenase [red, Protein Data Bank (PDB) entry 1A05], and
homoisocitrate dehydrogenase (yellow, PDB entry 1XOL). (B)
Ascaris malic enzyme (red, PDB entry 1LLQ), pigeon liver malic
enzyme (cyan, PDB entry 1GQ2), and human malic enzyme
(yellow, PDB entry 1PJ2) are superimposed. The locations of the
active sites are shown with a circle. The figures were generated
using the PyYMOL molecular visualization program (http://pymol.
sourceforge.net/).

The three-dimensional arrangement of active site residues is
identical in isopropylmalate dehydrogenase and isocitrate de-
hydrogenase, and in fact, the two can be superposed (Figure
6A). The homoisocitrate dehydrogenase active site will likely
also be identical with Mg-homoisocitrate bound. This is not
surprising given the similarity of the overall fold and complete
conservation of all active site residues. The three-dimensional
arrangement of active site residues in the malic enzymes is very
similar to that of isocitrate dehydrogenase, but the active sites
are mirror images (Figure 6B). This is consistent with the
opposite stereochemistry at the Ca alcohol of L-malate and
D-isocitrate (and isopropylmalate). One of the water molecules
in the metal ion coordination sphere in the (R)-hydroxyacid
family takes the place of D279 in malic enzyme. The distance
between the active site lysine e-amine and tyrosine phenolic
hydroxyl in the binary complex of malic enzyme is 3.3 A@n
but decreases to 2.9 A in the closed quaternary E-NADH—Mg—
oxalate complex form (37). In the quaternary E-NADH—Mg—
oxalate complex, the distance from the lysine e-amine and the
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malate o-hydroxyl is 2.8 A, and it is thus set to act as a base
in the overall reaction. The tyrosine phenolic hydroxyl is also
in position to donate a proton to C3 of enolpyruvate. In the
isocitrate dehydrogenase and isopropylmalate dehydrogenase
ternary E—M?*"—substrate complexes, the distance between the
active site lysine e-amine and the tyrosine phenolic hydroxyl
is ~3.7 A, similar to that found in the open form of the malic
enzymes, while the distance between the lysine e-amine and
the substrate a-hydroxyl is ~3.5 A, which is expected to be
within hydrogen bonding distance in the closed form of the
enzyme (27, 34). In addition to the difference in the active site
stereochemistry between the malic enzymes and (R)-hydroxy-
acid family, there are two other differences. First, the malic
enzymes have a catalytic aspartate (D278 in the human enzyme;
see Acid—Base Chemical Mechanism) that is absent in the (R)-
hydroxyacid family. Second, two asparagine residues and an
arginine are hydrogen-bonded to the substrate a-carboxylate
in the malic enzymes, while there are three arginine residues
in the case of the (R)-hydroxyacid family. These changes almost
certainly contribute to the catalytic mechanism in these two
subfamilies.

Details of the mechanism are discussed below. We begin
with a discussion of the mechanism of the malic enzymes
and then discuss similarities and differences between the two
families. Although the exact mechanism of the other oxida-
tive decarboxylases (tartrate dehydrogenase and isopropyl-
malate dehydrogenase) has not yet been determined, the
arrangement of their active site residues and their spatial
positions in those enzymes are very similar to those that have
been well studied. Their chemical mechanisms are thus likely
to be very similar to those discussed in detail below.

ACID—BASE CHEMICAL MECHANISM

Malic Enzyme. The malic enzymes are perhaps the best
studied of any member of the class of pyridine dinucleotide-
linked, metal ion-dependent 3-hydroxyacid oxidative decar-
boxylases. The proposed acid—base mechanism is based on
extensive kinetic studies, including pH—rate profiles (42—44)
and isotope effects (45—51), structural studies (36, 37, 41,
52—54), and site-directed mutagenesis (25, 29, 55, 56). The
current general acid—general base chemical mechanism was
proposed on the basis of the E-NADH—Mn—malate struc-
ture (37) and site-directed mutagenesis studies of Karsten et
al. (29). The mechanism proceeds via the use of a catalytic
triad.

In the open form of the enzyme, the active site lysine is
within hydrogen bonding distance of an active site aspartate,
but not of the active site tyrosine. The structure of the closed
form of the human and Ascaris NAD-malic enzymes (37, 52),
with cofactor, metal ion, and substrate (or substrate analogue)
bound, shows the active site lysine within hydrogen bonding
distance of the substrate hydroxyl, and the active site tyrosine,
which is properly positioned to deliver a proton to C3 of
the enolpyruvate intermediate that results from oxidative
decarboxylation. In addition, an aspartate that does not
participate in coordination of the metal ion is within strong
hydrogen bonding distance of a glutamate that participates
in coordinating the metal ion (Figure 5A). There is a net
charge of —2 in the active site of the quaternary
E—NAD—M?*—malate complex. Four side chain carboxy-
lates and the substrate carboxylates are partially balanced
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MPNLYGDILSDLCAGLIGGLGVTPSGNIGANG-
CKNYDGDVQSDSVAQGYGSLGMMTSVLVCPDGK----TVEAEAAHGTVTRHYRMYQKGQE 324

S.cerevisiae HICDH APNLYGDILSDGAAALVGSLGVVPSANVGPE-— =~~~ DIAGK 308
C.albicans_HICDH APNLYGDILSDGAAALVGSLGVVPSANVGDN-—---- DIEGK 313
T.thermophilus_HICDH TTNLLGDILSDLAAGLVGGLGLAPSGNIGDT-————— DIAGK 268
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T.ferroxidans_IPMDH TGNMFGDILSDEASQLTGSIGMLPSASLG-——-—- DIAGQ 287
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FIGURE 3: Multiple-sequence alignment for isocitrate dehydrogenase, isopropylmalate dehydrogenase, homoisocitrate dehydrogenase, and
tartrate dehydrogenase, showing important conserved residues. The residues coordinating the metal ion are in bold, while the residues
coordinating the substrate are bold and italicized. The catalytic residues are bold and underlined. The multiple-sequence alignment was
created using ClustalW (http://www.ebi.ac.uk/Tools/clustalw/) (39).

by the charge on the metal ion, the arginine that ion pairs
the substrate a-carboxylate, the charge on the pyridine ring
of the cofactor, and the charge of the catalytic lysine, giving
a net charge of —2 on the basis of these residues (Table 1).
Lysine requires assistance to act as a base, and this is supplied
by the aspartate that is in the proximity of the glutamate,
which serves as a ligand to the metal ion (Figure 7).

The proposed mechanism of the Ascaris NAD-malic
enzyme reaction, as an example, is shown in Figure 8 (29).
A catalytic triad, comprised of K199, Y126, and D294, was
proposed to function for the malic enzymes. The pH
dependence of V/K . decreases at low pH, giving a global
pK, of 5.6 reflecting the general base. Given the net negative
active site (Table 1), the initial hydrogen bonding of K199
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LFYKVLTSDIERFXPIVZTPTVGLACQHYGLAFRRPRGLFITIHDR——GHIATXLQSWPE
LFYNVLSSDIGYMMPLV!TPTVGLACQRYSLIHQNAKGMFISIKDK——GHIYDVLKNWPE
LFYRILQDDIESLMPIVXTPTVGLACSQYGHIFRRPKGLFISISDR——GHVRSIVDNWPE
LFYRVVCDHVKELMPIVXTPTVGLACQNFGYIYRKPKGLYITINDNSVSKIYQILSNWHE
LYYRVLCDNVKELMPIVXTPTVGQACQHFGFIYRNPKGLYITINDNSISKIHQILANWPT

SVIKAIVVTDGERILGLGDLGCYGXGI PVGELALYTACGGVKPHQCLPVXLDVGTDNE TL
TDVRAIVVTDGERILGLGDLGANGMGI PVGEL SLYTALAGIKPSQCLPITLDVGTNTESI
NHVKAVVVTDGERILGLGDLGVYGMGI PVGELCLYTACAG IRPDRCLPVCIDVGTDNIAL
EDVRAIVVTDGERILGLGDLGAYGIGI PVGELALYVALGGVQPKWCLPVLLDVGTNNMDL
ENVRAIVITDGERILGLGDLGTYGIGI PVGELALYVALAG IRPEWCLPVILDVGTDNSEL

LKDPLYIGLRHKRIRGQAYDDLLDEFXEAVTSRYGXNCLIQFEDFANANAFRLLHK YRNK
LEDPLYIGLRERRATGDLYDEFIDEFMHACVRRFGONCLIQFEDFANANAFRLLSKYRDS
LKDPFYMGLYQKRDRTQQYDDL IDEFMKAT TDRYGRNTL IQFEDFGNHNAFRFLRKYREK
LNDPFYIGLRHKRVRGKDYDTLLDNFMKAC TKKYGQKTL IQFEDFANPNAFRLLDK YQDK
LNDPFYTGLRRKRVRGPEYDTLVDNFMKAATKRFGRDTLIQFEDFGNQNAYRLLDRYKGE

YCTFN!FDIQGTASVAVAGLLAALRITKNRLSDHTVLFQGAGEAALGIANLIVXAXQKEGV
FCTFN!PDIQGTASVAVAGLLASLKIKKTQLKDNTLLFLGAGEAALGIANLCLMAMKVEGL
YCTFNIFDIQGTAAVALAGLLAAQKVISKPISEHKILFLGAGEAALGIANLIVMSMVENGL
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FIGURE 4: Multiple-sequence alignment for NAD-malic enzymes from several different organisms, showing important conserved residues.
Residues coordinating the metal ion are bold, while residues coordinating the substrate are bold and italicized. The catalytic residues are
bold and underlined. The-multiple sequence alignment was created using ClustalW (39).

and D294 in the open form and the close approach of D294
and E271 in the closed form suggest a strong hydrogen bond
between D294 and E271, and a neutral K199 that can serve
as a base, as suggested in Figure 8 (I). The lysine then serves
to accept a proton from the hydroxyl of malate in the
oxidation step to generate the oxaloacetate intermediate (III).
Prior to oxidation to the ketone, malate is bound with its C4
carboxylate in the C2—C3 plane, and this conformation does
not favor decarboxylation. However, after hydride transfer,
the C4 carboxylate of malate is perpendicular to the C2—C3
plane, generating more favorable molecular orbital overlap.
The S-ketoacid is then activated for decarboxylation, and
the majority of catalysis of this step is provided by the metal
ion, acting as a Lewis acid to produce enolpyruvate, with
K199 donating a proton to the enol oxygen (IV). (The
protonated base, K199, could also stabilize the enolate
without a formal proton transfer, but the pK, of the enolate
is higher than that of K199, favoring proton transfer to form
the enol.) In agreement, kinetic '*C isotope effects measured
for divalent metal ion-catalyzed decarboxylation of oxalo-
acetate are very similar to the intrinsic *C kinetic isotope

effects for decarboxylation of the oxaloacetate intermediate
in the malic enzyme reaction, suggesting the enzyme simply
provides the site for binding metal ion and reactant and plays
only a small catalytic role in this step of the reaction (57).
Finally, tautomerization of enolpyruvate to pyruvate proceeds
via general base—general acid catalysis, with K199 accepting
a proton from the enol and Y 126 donating a proton to C3 to
give pyruvate (V). Release of products and proton rearrange-
ment give the catalytic triad in the same protonation state as
at the beginning of the reaction (VI).

The deuterium isotope effect, measured with L-malate-2-
D, on V is 2.0, slightly greater than the effect of 1.6 on
VIK maaes SUggesting that oxidative decarboxylation contrib-
utes significantly to rate limitation at saturating reactant
concentrations (47). Pre-steady-state kinetic studies further
exhibit a lag in the time course for the appearance of NADH,
attributed to isomerization of the E-INAD binary complex
prior to binding malate (58). Taken together, data indicate
chemistry and the E-NAD isomerization contribute equally
to rate limitation of the overall reaction.



Current Topics

Biochemistry, Vol. 48, No. 16, 2009 3571

A B
Yi40 Y140
Yi1z2 yiiz
K183 K183 K190 Ki%0
Isopropyl’
malate malate
“ V., 4
-y @l D222
¢ \
» o D246°
.
D2501'
C
Yi40
Y125
K212

D279

FIGURE 5: Close-up view of active sites in stereo mode. Enzymes with active sites pictured are (A) malic enzyme, (B) isopropylmalate
dehydrogenase, (C) isocitrate dehydrogenase, and (D) homoisocitrate dehydrogenase. Residues that coordinate the metal ion are shown; the
metal ion is colored purple, and coordinating residues are colored yellow. Substrates are colored magenta. The structures for malic enzyme
and homoisocitrate dehydrogenase are the open conformations. Panels A—D are PDB entries 1PJ2, 1A05, 1ILWD, and 1XOL, respectively.
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In support of the proposed mechanism are the structural
studies cited above and studies of site-directed mutations of
the three participants in the catalytic triad (29). Mutation of
K199 to A gave a 10°-fold decrease in ke (56), while
mutation to R gave a 10-fold decrease in k,, but no change
in the pK, of the putative general base. However, mutation
of D294, which is very close to E271, to A gave a 13000-
fold decrease in the rate, and a shift in the pK, on the acid
side to ~9.7 from 5.6. Correcting for the contribution of the
E—NAD isomerization (see above), we find the decrease in
the rate of the chemical steps is >25000-fold. Thus, removal
of the auxiliary catalyst that is required to deprotonate K199
so that it can serve as a base results in a pH dependence
that is expected if K199 were acting alone.

Tautomerization is generally very fast compared to other
steps along the malic enzyme reaction pathway, and as a
result, the pK, for Y126 is not observed in the pH—rate
profiles. Mutation of Y126 to F gives a 60000-fold reduction
in the rate, consistent with its important role in catalysis.
Correcting for the contribution of the E-NAD isomerization
(see above), we find the decrease in the rate of the chemical
steps is >120000-fold. However, the pK, of the general base,
D294, in the Y126F mutant enzyme is still 5.6, identical to
that of the wild-type enzyme.

For the sake of comparison, the mechanism of the metal
ion-independent 6-phosphogluconate dehydrogenase (6PGDH)
is shown in Figure 9. The acid base catalytic groups, K183
and E190, are shown with K183 within hydrogen bonding
distance of the 3-hydroxyl group of 6PG, and E190 in the

vicinity of the 1-carboxylate of the substrate. The substrate
binds to the enzyme form with K183 neutral and E190
protonated; i.e., the two groups are in reverse protonation
states (I). The pK, values observed in the pH—rate profiles
of the wild-type enzyme are ~7 and ~8 for groups that must
be unprotonated and protonated, respectively (59, 60). The
fraction of active enzyme in the pH-independent region is
equal to antilog(pK; — pK;) = 0.1, given the reverse
protonation state between the two groups. However, it is
important in the overall reaction to utilize K183 and not E190
as the base in the reaction. Oxidation of the substrate to
3-keto-6PG occurs via hydride transfer to NADP, and proton
transfer to K183. Reduction of the nicotinamide ring results
in its rotation by 90°, causing the 1-carboxylate to move
away from E190 (67). Protonated K183 now acts to polarize
the carbonyl of the ketone, facilitating decarboxylation to
give the 1,2-enol of ribulose 5-phosphate. Tautomerization
of the enol to the ketone is catalyzed by K183 accepting a
proton from the enol and E190 donating a proton to C1 to
give ribulose 5-phosphate. Thus, although the overall reaction
is the same, the catalytic mechanism differs significantly from
that of the (R)-hydroxyacid and (S)-hydroxyacid families.

Given the similarity in the active sites of the (R)-
hydroxyacid family to that of the (S)-hydroxyacid family
(malic enzyme), it is highly likely the same general mech-
anism applies in all cases. Of the enzymes in the (R)-
hydroxyacid family, isocitrate dehydrogenase has been well
studied; data for homoisocitrate dehydrogenase and tartrate
dehydrogenase are not as extensive, and only structural data



3572  Biochemistry, Vol. 48, No. 16, 2009

A

'.," Mn
------ (]

lc
Mal :
Y140A s‘ Y112A
H,0

K212B K183A

D275A
D279A

D252B
E255A

Y140A S

Current Topics

D275A

D252B

lc
Mal

K212B

FIGURE 6: Stereoview of active site superpositions. (A) The active sites of isocitrate dehydrogenase (PDB entry 1LWD) and isopropylmalate
dehydrogenase (PDB entry 1A05) are colored green and yellow, respectively. The metal ion is shown as a purple sphere (yellow for Mg),
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Table 1: Net Charges of the Active Sites of Metal Ion-Dependent Oxidative Decarboxylases

isopropylmalate isocitrate homoisocitrate tartrate

malic enzyme dehydrogenase dehydrogenase dehydrogenase dehydrogenase
substrate -2 -2 -3 -3 -2
Asp 3x —1=-3 3x —1=-3 3x —1=-3 3x —1=-3 3x —1=-3
Glu -1 none none none none
K* none none none +1 +1
NAD™ +1 +1 +1 +1 +1
Arg +1 3x +1 =43 3x +1 =43 3x +1 =43 3x +1 =43
Mg>* +2 +2 +2 +2 +2
net charge -2 +1 0 +1 +2

are available for isopropylmalate dehydrogenase. Each of
these enzymes will be discussed below in terms of the
mechanism proposed for the malic enzymes.

Isocitrate Deydrogenase. The porcine isocitrate dehydro-
genase has been extensively studied. The overall mechanism
of the enzyme follows that shown in Scheme 1. We propose
that, as is true for the malic enzymes, the acid—base
chemistry of the isocitrate dehydrogenase overall reaction
is catalyzed by an active site lysine-tyrosine pair. On the
basis of available structures (24, 27, 62, 63), kinetic studies,
and site-directed mutagenesis (24, 26—28, 58, 64—606), a
mechanism has been proposed for isocitrate dehydrogenase.
The wild-type enzyme exhibits a pK, of ~5.2 for a group
that must be unprotonated for optimal activity (28). The pK,
was assigned to the ionization of the metal-bound hydroxyl
of isocitrate. Tyrosine 140, which corresponds to Y126 in
the Ascaris malic enzyme, was proposed to be the general
acid that protonates the enol to give o-ketoglutarate (64).
Below, the proposed mechanism will first be considered, and
then data obtained for isocitrate dehydrogenase will be
considered in terms of a catalytically active Lys-Tyr pair.

Data support the proposed role of Y140 as the general
acid that must protonate the enol of o-ketoglutarate to
generate the ketone product (64). Changing the tyrosine to
a side chain that cannot function over the pH range of 5—9,
i.e., phenylalanine which is missing the phenolic hydroxyl
and threonine which has a pK, of >14, results in a very low
pH-independent basal activity that is 400-fold lower than
that of the wild type. A change to glutamate and lysine gives
enzymes that exhibit pH dependence with observed pK,
values of 6.4 and 6.75, respectively, for a group that must
be protonated for optimal activity. Finally, the detritiation
of o-ketoglutarate requires the presence of Y140.

Data are not as clear in the assignment of the group with
a pK, of 5.2 observed in the k., profile of the wild-type
enzyme. Changing K212 to Q, which does not allow it to
function as a base, does not eliminate the pH dependence of
ke but does give a 540-fold decrease in the rate and a shift
in the pK, to 7.5; a pH-independent basal level of activity
~1000-fold lower than that of the wild type is observed at
pH <6.5. On the other hand, a change to R gives an only
10-fold change, and no change in the observed pK,, similar
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the PYMOL molecular visualization program.

to the behavior of malic enzyme (29). Clearly, the observed
pK, does not reflect K212, but its value is influenced by the
positively charged side chain in agreement with the authors’
suggestion (64). The lysine side chain must have a function
in the reaction in addition to an electrostatic effect on the
pK, of another group, however, since the activity is decreased
>500-fold. Two other lines of evidence are used to assign
the pK, of 5.2 to the hydroxyl of isocitrate, viz., site-directed
mutagenesis to change conserved active site aspartate side
chains and replacement of the metal ion that chelates
isocitrate (28). On the basis of structural data, two of the
aspartate residues serve as ligands to the metal ion in the
active site, D252 and D275, while the third, D279, is in the
vicinity of the metal—isocitrate complex and hydrogen-
bonded to two water molecules (52). Replacement of D252
or D275 with cysteine gives similar pK, values for k., but a
decrease in rate of 3.6- or 2.7-fold, respectively, consistent
with a change in the electronic properties of the metal ion,
which must serve as a Lewis acid in the decarboxylation
reaction. Of interest, the observed pK, is unchanged, which
is not consistent with the ionization of the metal-bound
hydroxyl of isocitrate. Replacement of D279 with C,
however, gives a lower pK, of 4.7, and a 240-fold lower
rate, consistent with the weaker hydrogen bonding ability
of the cysteine thiol(ate). Metal ion replacement, e.g., Mn>*
to Co?*, gave observed pK, values in ke, of 5.24 and 5.07,
which the authors suggest are significantly different in
support of ionization of the metal-coordinated isocitrate
hydroxyl (28). The pK, values 5.24 and 5.07 are likely
actually within error equal.' In agreement, a similar metal
replacement study by Auld and Valee (67) gave a shift in
the pK, of carboxypeptidase from 6.36 to 5.33 as expected
given the pK, values of 10.6 and 9.7 for hydrolysis of (Mn-
OH,)** and (Co-OH,)**, respectively (68). Also interestingly,
changing R110 and R133 (within hydrogen bonding distance

! Standard errors obtained are too low given the data reported by
the authors. On the basis of hundreds of pH—rate profiles obtained by
PFC, the standard errors on the pK, values are likely ~0.2. It is likely
that at least a portion of the difference results from log to In conversions,
in the error analysis.

of the substrate a-carboxylate of isocitrate) to Q results in
increasing the pK, in the k., pH—rate profile to 6.4 and 7.4,
respectively (52). Thus, positive charge in the active site is
clearly important.

If the pK, observed in the k., pH—rate profile is not that
of the metal-isocitrate hydroxyl, how can the data be
reconciled? It is likely given the close similarity in the active
sites of the MEs and the (R)-hydroxyacid family that the
lysine-tyrosine pair functions in an acid—base role in
isocitrate dehydrogenase as in the case of malic enzyme.
However, it is clear that the residue responsible for the pK,
in the k., pH—rate profile is not lysine but is influenced
greatly by its environment. Specifically, a decrease in positive
charge results in an increase in the pK,, suggesting either a
positively charged group in the vicinity of K212, which
would have a lower pK, as a result of electrostatic repulsion
of the two groups when protonated, or a neutral acid, which
would be preferentially ionized in a positive site. The only
positively charged groups in the active site, besides K212
and the metal ion, are the three arginine residues in the
vicinity of the substrate a-carboxylate and the nicotinamide
of NAD". However, D279 or one of the other aspartate side
chains, either directly or via hydrogen-bonded water, could
certainly function to deprontonate K212 in a manner similar
to that proposed for malic enzyme. In this regard, one must
remember that the structure available is that of the
E—Mn—isocitrate complex. It is possible, for example, that
one of the two aspartates that serve as metal ion ligands
serves as a catalyst to deprotonate K212 and that D279 acts
as a ligand to the metal ion in the quaternary E-NADP—Mn—
isocitrate complex. We suggest a triad, similar to that
observed for malic enzyme, functions to catalyze the
isocitrate oxidative decarboxylation with another active site
group, e.g., an aspartate, required to deprotonate K212, which
functions as the general base to deprotonate the isocitrate
hydroxyl, while Y140 functions as the general acid to
protonate the enol. Elimination of positive charge in the site
will cause an increase in the pK, of the aspartate, while
elimination of the aspartate will give the pK, of the lysine
unless the new side chain can function as a base, as in H or
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FIGURE 8: Proposed general acid—general base mechanism for A. suum malic enzyme (29).

C. The proposed mechanism also explains the relatively high
activity observed for the K212R mutant enzyme. The pK,
of the d-guanidinium of arginine is 2 pH units higher than
that of the e-amine of lysine, and thus, one might expect a
100-fold decrease in the rate with R212 as the base catalyst
in place of K212, and not the 10-fold change observed.
However, the chemical steps do not contribute to rate
limitation in the case of the wild-type enzyme and must be
at least 10 times faster than structural changes required to
set up the site for catalysis. In agreement, on the basis of
the pH dependence of isotope effects, Grissom and Cleland
estimate that catalysis is 16 times faster than substrate
dissociation (57).

The lack of a deuterium isotope effect on V indicates the
chemical steps contribute even less than they do at limiting
reactant concentrations (V/K). Data indicate the rate of the
chemical steps under V/K conditions must be decreased by

>8500-fold (16 x 540-fold; K, values do not change for
K212Q compared to the wild type). However, on the basis
of initial rate and isotope exchange at equilibrium, the rate
of release of NADPH is much slower than the rate of release
of isocitrate, and thus, the rate of the chemical steps must
be decreased by >10*fold (19, 20).

A pH-independent basal level of activity was observed
for several mutant enzymes. The K212Q mutant enzyme
exhibits a 1000-fold lower rate than the k., of the wild-type
enzyme at pH <6.5. The Y140F and Y 140T mutant enzymes
exhibit a 400-fold lower rate than the wild-type enzyme over
the pH range of 5—9. The basal activity is still much greater
than that of the uncatalyzed reaction and must be due to a
combination of catalysis by the remaining catalytic group,
water, and the metal ion. A series of double mutations could
be used to sort this out using a mutant cycle analysis.
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FIGURE 9: Proposed general acid—general base mechanism for sheep liver 6-phosphogluconate dehydrogenase (59, 60).

Homoisocitrate Dehydrogenase. Data obtained for the
homoisocitrate dehydrogenase reaction are also consistent
with the action of a lysine-tyrosine pair, as suggested by the
active site structure of the enzyme. k., decreases at low pH,
giving a pK, of ~6.5, and decreases at high pH above a pK,
of ~9.5 (40). Isocitrate is a slow substrate for homoisocitrate
dehydrogenase and was very useful in interpreting the
pH—rate profiles in general. A single base was observed in
the k¢, and k., /K). profiles with a pK, of ~7. Data were
interpreted in terms of a group with a pK, of 6.5 that acts as
a general base in the hydride transfer step and a group with
a pK, of 9.5 that acts as a general acid to protonate C3 in
the tautomerization reaction.

Deuterium isotope effects of unity on V and V/Kyy,
obtained with homocitrate-2-D, indicate hydride transfer does
not contribute to rate limitation (40); a small *(V/Ky;.) of
1.0057 was measured in the same study. Given the value of
~1.05 estimated for the intrinsic *C isotope effect in the
malic enzyme reaction, and assuming a similar value in the
homoisocitrate dehydrogenase reaction, the chemical step
must be at least 10-fold faster than a physical step along the
reaction pathway. Solvent deuterium isotope effects suggest
this step is a conformational change of the E-NAD—MgHIc
complex.

Site-directed mutagenesis of K206 and Y150 resulted in
dramatic decreases in rates and in changes in the pH—rate
profiles. The k., values of the K206M and Y150F mutant
enzymes at pH 7.5 are decreased by ~2400- and ~680-fold,
respectively, compared to that of wild-type HIcDH; the K,
for Hlc does not change significantly. The k., for the K206M

mutant enzyme is pH-independent at pH <6 and decrease to
a constant value at pH >7. In the case of the Y150F mutant
enzyme, k., is pH-independent at pH >9.5 and decreases to
a constant value at pH <8. This behavior can be compared
to that of the wild-type enzyme, where k., decreases at high
and low pH, giving pK, values of ~6.5 and ~9.5. Data are
consistent with Y150 acting as a base in the reaction
catalyzed by the K206M mutant enzyme and K206 acting
as an acid in the Y150F mutant enzyme. The pK, of Y150
in the absence of K206 is 9.3, while that of K206 in the
absence of Y150 is ~6. The most reasonable explanation is
the presence of a Lys-Tyr ion pair in the wild-type enzyme
with a pK, of ~7. The low pK, for K206 in the mutant
enzyme likely results from the highly positive nature of the
active site, with three arginine residues, the positive charge
on NAD, and the metal ion. The pH-independent basal
activity exhibited by K206M below pH 8 and Y 150F above
pH 7 is likely explained as it is for the isocitrate dehydro-
genase mutant enzymes (see above).

Isopropylmalate and Tartrate Dehydrogenases. There are
only limited data available for possible catalytic residues of
isopropylmalate dehydrogenase and tartrate dehydrogenase.
Miyazaki et al. (69) mutated Y139, which corresponds to
the general acid in other enzymes, to F in Thermus
thermophilus isopropylmalate dehydrogenase and observed
the k., was reduced to 7% of that of the wild type, consistent
with the importance of the hydroxyl group of the tyrosine
in catalysis.

For tartrate dehydrogenase, there is no study that points out
the importance of any of the conserved residues; however, as
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Table 2: Estimated Decrease in k., upon Mutation of Catalytic Residues

malic isocitrate homoisocitrate
mutation enzyme mutation dehydrogenase mutation dehydrogenase
K199A  10° K212Q >10* K206M 2.4 x 10*
KI99R 100 K212R >100
D294A 1.3 x 10 D279C >10*
Y126F 6 x 10* Y140F >10* Y150F 7 x 10°

for isopropylmalate dehydrogenase, the similarity of the ar-
rangement of the lysine-tyrosine pair to the one in the malic
enzymes, isocitrate dehydrogenase, homoisocitrate dehydroge-
nase, and isopropylmalate dehydrogenase, suggests a chemical
mechanism very similar to that of the other enzymes.

OVERALL

All of the metal ion-dependent, pyridine nucleotide-dependent
p-hydroxyacid oxidative decarboxylases utilize a lysine-tyrosine
pair to carry out the acid—base catalysis in the oxidation,
decarboxylation, and tautomerization steps of the overall
reaction. The lysine e-amine functions as the base in the
reaction, and the phenolic hydroxyl of tyrosine functions as the
proton donor in the tautomerization reaction; this could occur
via the intermediacy of a water molecule for some of the
enzymes. However, the way the enzymes utilize the catalytic
pair differs. In the case of the malic enzymes and isocitrate
dehydrogenase, there is apparently a group, an aspartate
carboxylate in the case of malic enzyme, that assists in
generating the neutral amine, while for homoisocitrate dehy-
drogenase, this auxiliary catalyst is not utilized and the lysine-
tyrosine pair functions directly. Some of the differences are
almost certainly due to the amount of positive charge in the
active sites of the respective enzymes. The malic enzymes have
less positive charge because two of the three arginines that
interact with the substrate a-carboxylate in the (R)-hydroxyacid
family are asparagines in the malic enzymes.

Table 2 summarizes the decreases in k., upon mutation
of the lysine and tyrosine thought to participate in the
catalytic reaction of the oxidative decarboxylases. In all cases,
the decrease is on the order of 10*—10° fold. The values are
remarkably similar and suggest this is the catalytic advantage
generated for an acid or base catalyst in these reactions.

A number of enzymes have a lysine and tyrosine in their
active sites. This pair of residues provides advantages for
enzymes that catalyze acid—base chemistry. Given their
equal solution pKj, values of 10.5, the two residues, if in the
proximity of each other, can ion pair as NH; —O~ or
hydrogen bond as NH,+++HO, such that reactant binding can
select one form or the other. In addition, since one is a neutral
acid and the other a cationic acid, the environment of the
active site, once it closes in preparation for catalysis, can
generate differences in the pK, values of the two residues,
resulting in a broader pH-independent reaction range.
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