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Lysine 199 Is the General Acid in the NAD-Malic Enzyme Reaction
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ABSTRACT: Site-directed mutagenesis was used to change K199 iAgbaris suunNAD-malic enzyme

to A and R and Y126 to F. The K199A mutant enzyme gives &ftldl decrease iV and a 16-fold
decrease iV/KnaaieCOmMpared to the WT enzyme. In addition, the ratio for partitioning of the oxalacetate
intermediate toward pyruvate and malate changes from a value of 0.4 for the WT enzyme to 1.6 for
K199A, and repeating the experiment with A-side NADD gives isotope effects of 3 and 1 for the WT and
K199A mutant enzymes, respectively. The K199R mutant enzyme gives only a factor of 10 decrease in
V, and the K for the general acid in this mutant enzyme has increased from 9 for the WT enzyni@to

for the K199R mutant enzyme. Tritium exchange from solvent into pyruvate is catalyzed by the WT
enzyme, but not by the K199A mutant enzyme. The Y126F mutant enzyme givédald @ecrease in

V. The oxalacetate partition ratio and isotope effect on oxalacetate reduction for the Y126F mutant enzyme
are identical, within error, to those measured for the WT enzyme. Thus, Y126 is important to the overall
reaction, but its role at present is unclear. Data are consistent with K199 functioning as the general acid
that protonates C3 of enolpyruvate to generate the pyruvate product in the malic enzyme reaction.

Malic enzyme (EC 1.1.1.39) catalyzes the reversible stepwise mechanism with hydride transfer preceding decar-
oxidative decarboxylation af-malate to pyruvate and GO  boxylation —5). A general base/general acid mechanism
with the concomitant generation of NAD(P)Hi1). In the has been suggested (Scheme 1) based on the pH dependence
parasiteAscaris suumthe NAD-malic enzyme plays a central  of kinetic parameters, for the oxidative decarboxylation of
role in the production of reducing equivalents for the L-malate 6) and the decarboxylation of oxalacetafg (The
production of short branched-chain fatty acids, an end- general base has &mf 5, while the general acid has &p
product of metabolism4(7). The adult worm has an anaerobic of 9 (6, 7). The general base accepts a proton from the
metabolism necessitated by its physiologic niche in the 2-hydroxyl of L-malate concomitant with hydride transfer
intestine, and the end-product of glycolysis imalate, with and then shuttles the proton between itself and the C2 oxygen
PEP first converted to oxalacetate by PEP carboxykinase andhroughout the reaction, ultimately accepting it as pyruvate
then reduced to malate by malate dehydrogenase. The malates formed. The general acid presumably plays a role in only
produced is then transported into the mitochondrion where the last of three steps, viz., the tautomerization of the enol
it serves as a substrate for the malic enzyme. of pyruvate to the keto product.

Recent data have suggested that B28&ely functions
as the general base in thscaris suunNAD-malic enzyme
reaction B). The carboxylate of the D295 side chain is in
the general vicinity of where-malate is expected to bind
in the three-dimensional structure of the homologous enzyme
from human mitochondria9j. Based on the k¢ of 9, and
the presence of lysine in othgl-hydroxyacid oxidative
decarboxylases, we reasoned that a lysine likely served as
the general acid in the malic enzyme reaction. Sequence
alignment of all of the known sequences of malic enzyme
from a wide variety of species indicates a single lysine
(K199) is conserved in all species (Table 1). The homologous
lysine is found in the active site of the human mitochondrial
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NAD* + + CO, + NADH

L-Malate Pyruvate

Isotope effect data have shown that the oxidative decar-
boxylation of L-malate to enolpyruvate proceeds via a
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Scheme 1: Proposed AciBase Chemical Mechanism for Malic Enzyie
NAD?*, Malate C02
NADH, Pyruvate
(o] (o] _
\}j NP’ \lj M2+
~ 0 ~A- (0)
D295/ OH\\ D295/ 0\\
— \ — H \
—N R H —N H
}f\ H +
H H
MR, 3N'L'K199
[0) K199 (0]
H,;N H);N
.
2No geometry is implied by the malate conformation shown.
Table 1: Sequence Alignment around the Active Site Lysine and Tyrosine
source sequence around K199 sequence around Y127 ref
Populus trichocarpa CQGIGIPV&LSLYTAL EELLPVVYTPTVGEA 19
grape CQGMGIPV®&LSLYTAL EELLPVVYTPTVGEA 20
Flaveria pringlei CQGMGIPV&LSLYTAL EELLPIVYTPTVGEA 21
Flaveria trinervia CQGMGIPV&LALYTAL EELLPIV YTPTVGEA 22
tomato CQGMGIPV®&LSLYTAL EELLPIVYTPTVGEA 23
kidney bean CQGMGIPV&LSLYTAL AELLPVV YTPTVGEA 24
Ice plant CQGMGIPV®&LSLYTAL EELLPLV YTPTVGEG 25
maize CQGMGIPVE&LSLYTAL VELLPFVYTPTVGEG 26
rice CYGMGIPVG&LALYTAC EELLPVV YTPTVGEA 27
duck CYGMGIPVXLALYTAC ERFMPIVYTPTVGLA 28
pigeon CNGMGIPVE&LALYTAC ERFMPIVYTPTVGLA 29
pig CNGMGIPV&XLALYTAC EKFMPIV YTPTVGLA 30
mouse CYGMGIPV&LALYTAC EKFMPIV YTPTVGLA 31
rat CYGMGIPVG&KLALYTAC EKFMPIV YTPTVGLA 32
human cytosolic CYGMGIPVGLALYTAC EKFMPIV YTPTVGLA 33
human mitochondrial (NADP) CYGMGIPVKLALYTAC EKFMPIV YTPTVGLA 34
human mitochondrial (NAD) VYGMGIPV&LCLYTAC ESLMPIVYTPTVGLA 35
Amaranthus hypochondriacus VHGIGVAIGKLDLYVAA EEYAPIVSTPTVGLV 36
potato 62 kDa isoform IQGIGIAIGLDLYVAA EEYAPIV YTPTVGLV 37
potato 59 kDa isoform VQGIGIPIGLDMYVAA KDFAPII YTPTVGLV 37
Mycobacterium tuberculosis VGGIQIAVGKLALYTAG PELMPVV YTPTVGEA 38
fission yeast VGGVLISVAGHLMTLC IEMIPIIYTPTEGDA 39
bakers yeast IGGVRIAIKLALMTLC KELVPIl YTPTEGDA 40
Escherichia coli GGMGIPIGKLSLYTAC DEMMPVIYTPTVGAA 41
Bacillus subtilis GMPVMEGKAALFDQL LAELGRV YTPGVADV 42
Bacillus stearothermophilus AMPVMEGK AMLEKEF RDDLSRVYTPGVARV 43
Haemophilus influenzae LAGKPVMEGK GVLFKK QRDLALA YSPGVAEP 44
Ascaris suum YGIGIPVGKLALYVAL KELMPIV YTPTVGLA 45

tyrosine 126 to phenylalanine. Data support the assignmentcompleted, the three-dimensional structure of the human
of the lysine side chain at position 199 in tAscaris suum mitochondrial malic enzyme with NAQ oxalate, and M#"
malic enzyme as a general acid. Implication of the assign- in the active site was published) and corroborates the
ment is discussed. During the time these studies wereassignments made in this manuscript.



General Acid in the Malic Enzyme Reaction

MATERIALS AND METHODS

Chemicals and EnzymeBeoxynucleotide triphosphates
were from Perkin-Elmer, while IPTG and restriction endo-
nucleases were from GIBCO BRL. The fidDNA cycle
sequencing kit, T7DNA ligase, T, kinase, Taq Plus DNA
polymerase, protein molecular mass markers, Bscheri-
chia colistrain JM109 were from Promega. Protein concen-

trations were determined according to Bradford using the

Bio-Rad protein assay kit with bovine serum albumin as a
standard 13). The ampicillin, kanamycin, Dowex AG 1X8-
2000, lactate dehydrogenase sSBTA, and NADPH were

from Sigma. Hepes buffer was from Research Organics. The

DNA molecular weight ladder was purchased from New
England Biolabs. The Orange-A agarose was from Amicon.
Mutagenesis and sequencing primers were purchased eith
from GIBCO BRL or Promega. Site-directed mutagenesis

was performed using the Altered sites mutagenesis kit from
Promega. The QIA express System, which contained the

pPQE-30 vectorE. coli strain M15 and the NitNTA matrix
was from QIAGEN. Malic enzymes were purified according
to Karsten et al. ). All other chemicals used were the
highest quality available and were used without further
purification.

Site-directed mutagenesis, subcloning into the pQE30
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Exchange reactions were carried out at pH 7 and@5A
typical reaction mixture contained the following in a final
volume of 1 mL: 100 mM Hepes, pH 7; 2.6 10° cpm
3H,0; 100 mM pyruvate; 10 mM MnS£ 5 mM NaHCQ;
1 mM NADH, and 600ug (~8 uM) Ascaris suumNAD
malic enzyme (either the wild-type or the K199A mutant
enzyme). Reactions were allowed to procegdfb atroom
temperature, and were quenched by the addition of 0.1 mL
of 1 M EDTA to a 0.2 mL aliquot of the reaction mixture.
Parallel reactions monitored spectrophotometrically were
arrested upon addition of the EDTA.

The terminated reaction mixture was then applied to a 0.9
x 2 cm Dowex AG 1X8-2000 column. The column was
washed extensively to remove unreact#HO. Pyruvate,
lactate and malate were eluted with 0.05 N HCI, and 6 mL

®fractions were collected. Radioactivity in the 6 mL fractions

was measured using a Packard Tri-Carb 2100 TR liquid
scintillation counter. The amount of pyruvate in the sample
was estimated by enzymatic endpoint using lactate de-
hydrogenase.

Structural CharacterizationThe structural integrity of the
mutant proteins was determined grossly using the far-Uv
CD spectrum measured using an AVIV 62 DS circular
dichroism spectrophotometer.

vector, expresssion of mutant enzymes, and purification wereResuULTS

carried out as in reB. Primers utilized for the K199A,
K199R, and Y126F mutants are as follows:-GTIATC-
CCGGGG5CGCTAGCCCTTTATG-3, 5-GTATCCCGG-
GCAGGCTAGCCCTTTATG-3, and B3-AATGCCAAT-
TGTCTTT ACGCCCACTGTTGG-3 The site of mutation
is in bold.

Initial Velocity StudiesAll data were collected using a

Mutant Isolation and Structural Characterizatiohe
mutant genes were subcloned into pQE expression vectors
in order to take advantage of the specific affinity purification
procedure that afforded separation of the mutant malic
enzyme from the backgrourtel coli malic enzyme activity
(8). The pQE.ME gave good expression, and the resulting

Beckman DU 640 spectrophotometer or a Hewlett-Packard €NZyme is easy to purify from a crude extract obtained by
8453 diode array spectrophotometer to monitor the appear_gon|cat|on and centrifugation in two steps. The overall yield

ance of NADH at 340 nmegso = 6220 Mt cm™). All
assays were carried out at 250.1 °C, and the temperature

is 45% with a 24-fold-purification.
To determine whether the mutations affected resulted in

was maintained using a circulating water bath with the a loss of overall structural integrity, far-UV CD spectra were
capacity to heat and cool the cell compartment. Typical measured for all mutant proteins. In all cases, the mutant

assays contained 100 mM Hepes, pH 7.3, and 30 mM freeProteins were expressed at a level equal to that of the WT
Mg2+ (added as MgSg) and variable concentrations of free  €NZyme. In all cases, the far-UV spectra were superimposable

malate (0.25-10 mM) and free NAD (15150 uM) or 2 once corrected to the same protein concentration (data not
mM free NAD* and variable free M (10—100 mM) and shown). Thus, changes in structure, if any, must be localized
free malate (0.2510 mM) (14). Initial velocity data were (O the active site. o _

fitted with the appropriate rate equation and a BASIC version _ Initial Velocity StudiesThe kinetic parameters of the wild-

of the Fortran programs developed by Clelagf)( Satura- ~ YP€ and mutant malic enzymes are summarized in Table 2.
tion curves obtained as a function of pH for the K199R LYSine 199 was changed to either A, which is expected to

mutant enzyme were fitted using eq 1. Data conforming to eliminate its function, or to R, which is expected to modulate
a sequential initial velocity pattern were fitted using eq 2 'S function. Neither change affects the binding of NAD as
indicated byKyap,® but the binding affinity for malate is

v=VA(K,+ A) 1) decreased by a factor of-G.5. The K199A mutant shows
drastically reduced activity witN/E;, and bothV/K values
v = VAB/(K K, + KB+ KA+ AB) (2) decreased by a factor of 301(F. Much of the loss in activity

is regained by preparing the K199R mutant, which exhibits
a modest decrease of 10-foldVlandV/Kyap, and a slightly
greater 75-fold decrease WKnaate In addition, although
Michaelis constants foA andB, andKj, is the dissociation  the pH dependence MKmaaefor the WT enzyme exhibits
constant forA. a K of 9 on the basic side of its pH-rate profile, thieand
The ratio of partitioning of the oxalacetate intermediate V/K,,aepH-rate profiles for the K199R mutant enzyme are

toward pyruvate or malate was measured according toindependent of pH from 7 to 10 (data not shown).
Karsten and Cook5), after Grissom and Cleland\§).

Tritium Exchange Exchange of tritium from?H,O into
pyruvate was measured according to Bratcher and #&u (

wherev andV represent initial and maximum velocities,
and B represent reactant concentratiotg, and K, are

3Knap is the dissociation constant for the E:NAD:Mg:malate
complex 6).
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Table 2: Kinetic Constants of Mutants at K199 and Y126 in NAD-Malic EnZ/me

Kmal KNAD V/Et V/KmalEt V/KNADEI
(mM) (mM) (s (M~ts™) (M~ts™
WTP 0.53+0.07 0.035+ 0.007 36 7x 10¢ 1x10°
K199A 3+1 0.034+ 0.003 (2.7 0.4)x 104 0.08+ 0.02 8+ 05
(6) ) (1.3x 10°) (8 x 10°) (1.2 x 10F)
K199R 3.8+ 04 0.032+ 0.003 3.5+01 930+ 65 (1+£0.1)x 1C°
(7.5) ) (10) (79) (10)
Y126F 5.1+ 0.9 0.088+ 0.017 0.023+ 0.001 4.6+ 0.6 (2.6+ 0.4) x 17
(10) (2.5) (1.5x 10°) (1.5 x 109 (4 x 109

2Values in parentheses are approximated fold-increask{@nd fold-decrease for andV/K. ? Data were collected at pH 7, 100 mM Hepes,
and 25°C. Data for the WT enzyme are from réf

Table 3: Pyruvate/Malate Partition Ratios for Oxalacetate mixtures was 93, 96, and 94 mM, respectively._Denaturir_lg
Partitioning for the NAD-Malic Enzyme from Ascaris sugm the WT or K199A mutant enzymes made no difference in
enzyme . - it the exchange rate, with values of 8<610* and 8.7x 10
ot 040l 17501 0332008 cpm, respectively, for & 2 h incubation. A repeat of the
K1oom© 160£ 025 Toto0a Toto3 above experiment at a slightly longer time gave %.6.0,
Y126F 0.30+ 0.15 1.0 0.2 0.30+-0.17 1.2 x 10°, and 1.1x 10° cpm for the WT, K199A mutant
— - — enzyme, and the minus enzyme control, respectively; and
aThe partition ratios reported are the average of triplicate
determinariions. P g P 1.3 x 10° and 1.2x 1C° cpm for the denatured WT and

K199A mutant enzyme controls. Replacing malic enzyme
with an equimolar amount of BSA gave counts identical to

The Y126F mutant enzyme exhibits modest changes in the minus enzyme control value.

the affinity for NAD (2.5-fold) and malate (10-fold). The
decreases iv andV/Kyap are about 18fold, while that in DISCUSSION
V/KmaiateiS @bout 16-fold, and all are 2 orders of magnitude
less than the changes observed with the K199A mutant Lysine 199 is the General AcidReplacement of the
enzyme. completely conserved lysine 199 with alanine decreases the
Oxalacetate Partitioning StudiePartitioning of the oxa-  rate of the overall reaction by a factor of>1Much of the
lacetate intermediate in the E:NADH:Mg:oxalacetate com- activity lost (108-fold) by changing the lysine to alanine is
plex toward either the E:NADH:Mg:enolpyruvate or E:NAD: regained by replacing the lysine with arginine. This behavior
Mg:malate complexes was measured for the WT, K199A, is predicted for lysine as a general acid, since the arginine
and Y126F mutant enzymes, Table 3. The partition ratio, can also serve in the same capacity as a general acid. It is
measured as the ratio of the rates of formation of pyruvate further predicted that thekpfor arginine as a general acid
and malate, is 0.4 0.1 for the WT enzyme, in agreement would be increased from 9 to 11, given the difference in the
with the ratio measured by Karsten and CoBkgreviously. pK values for the-amine of lysine (10.5) and th&guani-
The partition ratiosr) for the K199A and Y126F mutant  dino group of arginine (12.5). The pH dependence/ débr
enzymes are 1.68 0.25, and 0.30t 0.15, respectively.  the K199R mutant is identical to that obtained for the WT
Thus, although mutation of Y126 does not substantially alter enzyme 6), and reflects binding of malate to the correctly
the rates of hydride transfer and decarboxylation relative to protonated form of the enzyme, that is with the general base
one another, mutation of K199 preferentially decreases theunprotonated and the general acid protonated, but with a pH
rate of oxalacetate reduction with respect to its decarboxy- dependent conformational change of the E:NAD complex
lation. that gives a g of 5 (6, 16, 17). The V/Knaaeprofile for the
Measurement of the partition ratio for the WT enzyme WT enzyme exhibits alp of 9 for the general acid, while
with A-side NADD gives arrp of 1.2+ 0.1 and an isotope  the V/Kiaae pH-rate profile for the KI99R mutant enzyme
effect (u/rp) of 0.304+ 0.08, in agreement with the data of is pH independent from 7 to 10. Data are consistent with
Karsten and Cook5j. The isotope effect ony/rp reflects the expected perturbation of the general aé{d@about 11
an effect of 3.3+ 0.9 on the reduction of oxalacetate to (data cannot be collected above pH 10 because of a decreased
malate B). Partition ratios and isotope effect data for the stability of the enzyme). Tritium exchange from solvent into
K199A and Y126F mutant enzymes are given in Table 3. pyruvate is catalyzed by the malic enzyme general a8}l (
The isotope effects on the reduction of oxalacetate are 1.0Although significant exchange is observed in the case of the
+ 0.3 and 3.0+ 1.6 for the K199A and Y126F mutant WT enzyme (4.2—4.5-times the control), no exchange is
enzymes, respectively. observed for the K199A mutant enzyme. The incorporation
Tritum Exchange The enzyme-catalyzed exchange of of tritium in the minus enzyme (or denatured enzyme)
tritium from solvent into pyruvate was measured for the WT controls results from the Mn-catalyzed enolization of pyru-
and K199A mutant enzymes. A minus enzyme control gave vate. Data are thus fully consistent with the general acid role
8.7 x 10* cpm in 2 h in thepyruvate, lactate, and malate of K199.
mixture (corrected to the 1 mL reaction volume). In the same  The partition ratio for the oxalacetate intermediate in-
time period, the WT enzyme was responsible for incorporat- creases in favor of pyruvate by a factor of 4 for the K199A
ing 3.95x 1(° cpm into the organic acid mixture, while the mutant enzyme compared to the WT enzyme, that is
K199A mutant enzyme incorporated 8:3 10* cpm. The decarboxylation is favored with respect to reverse hydride
amount of remaining pyruvate estimated in the three reactiontransfer. It is very likely that K199 donates a hydrogen bond



General Acid in the Malic Enzyme Reaction Biochemistry, Vol. 39, No. 39, 2001959

to the 4-carboxyl of malate and thus contributes to its binding One would expect a complete regain in activity when
affinity. The proposed interaction with malate would place comparing the K199A and K199R mutant enzymes, if R
a positive charge in the vicinity of the-carboxyl, and this perfectly complemented the loss of the lysine side chain.
would certainly hinder decarboxylation. The latter hydrogen- The 10-fold decrease i and 7.5-fold increase iKmaiate
bonding scheme is observed in the 6-phosphogluconatehowever, indicates that R is not a perfect mimic, and may
dehydrogenase reaction with the general acid (E190) hydrogeninterfere with optimum binding as a result of its bulkier side
bonded to the 1-carboxyl of 6PG in the E:NADP:6PG chain.

complex (8). The hydrogen bond has been eliminated in  Tyrosine 126 Tyrosine 126 is conserved in all malic
the E:NADPH:3-keto-6PG compled®). The same may be  enzymes sequenced to date with one exception, Table 1. The
true in the case of the malic enzyme reaction, and this is malic enzyme fromAmaranthus hypochondriacusas a
corroborated by the recent structure of the E:NAD:Mn: serine in place of the tyrosine. The decrease in activity
oxalate complex of the human mitochondrial enzymaaich observed when Y126 is replaced with F is significant, but
shows K183 (homologous to K199 of tiiescarisenzyme) not as substantial as that observed for the K199A mutant
within hydrogen-bonding distance (3.3 A) to an oxygen of enzyme. The tyrosine is not completely conserved, but is
oxalate that would be equivalent to C3 of malat@)( The obviously important to the overall reaction. However, its role
lack of a deuterium isotope effect on the reduction of in the overall reaction is not clear at this juncture. It is
oxalacetate suggests that the hydride transfer step no longetnlikely that it serves as the general base because of the
limits the overall rate. Rather, a step after hydride transfer, following: (1) Y126 is too far away from the position of
probably an isomerization of the E:NAD:Mg:malate complex the C2 hydroxyl B4 A (12)]; (2) the general base has an
to release reactants, likely limits. The presence of such anintrinsic K of 5 (6), and it is thus unlikely, given the
isomerization is documented by the difference in structure hydrophobic nature of the active site, that the tyrosike p
of the E:NAD @) and E:NAD:Mn:oxalate 12) complexes, ~ could be perturbed by 5.5 pH units from its solutiok pf
respectively. That the effect of mutating K to A is more 10.5; (3) the partition ratio for oxalacetate and the isotope
pronounced on the isomerization than on the catalytic step-€effect on oxalacetate reduction are identical for the WT and
(s) is suggestive of a dual role of the lysine. The residue Y126F mutant enzymes. Y126 likely has some effect on the
may be in the “hinge” region and thus intimately involved localized structure and/or environment of the malic enzyme
in the isomerization. There are a number of examples from active site, but its exact function will have to await further
the literature for catalytic residues that are found in the hinge €xperimentation.

region of loops that close to generate the catalytic conforma-
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