Biochemistry1999,38, 10527#10532 10527

Mapping the Active Site Topography of the NAD-Malic Enzyme via
Alanine-Scanning Site-Directed Mutagenésis
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ABSTRACT. The NAD-malic enzyme cDNA has been subcloned into the pQE expression vector, expressed
with a six-His tag, and purified. The His-tagged enzyme is purified by a combination-elNINA and

orange A agarose column chromatography with a yield of 45% and an estimated pur@@%f. The tag

and linker have no effect on the kinetic parameters of the enzyme compared to the wild-type enzyme.
Alanine-scanning site-directed mutagenesis has been carried out on all of the conserved neutral acid residues
of the NAD-malic enzyme fromAscaris suumData obtained confirm the predicted role of D178 and

D295 in metal ion binding, the likely role of D294, D361, and E440 in the NAD binding site, and the role

of E58 and D272 in malate binding. Decrease¥IiB; by 10*-fold and in V/KnaaE: by 10-fold, when

D295 is changed to alanine, suggest that it is a likely candidate for the general base that accepts a proton
from the malate hydroxyl in the oxidation step.

Pyridine nucleotide-linkegs-hydroxyacid oxidative de-  Scheme 1: Proposed Mechanism for Malic Enzyme
carboxylases catalyze the general reaction shown in Scheme R, ) R,
1. Enzymes in this class include malic enzyme and isocitrate Napey* + Ho MD ~ co, + ozg + NAD(P)H

dehydrogenase (ICDH),isopropylmalate dehydrogenase
(IPMDH), 6-phosphogluconate dehydrogenase (6-PGDH),
and tartrate dehydrogenash.(All of the enzymes studied

in detail to date have a random kinetic mechanism [malic
enzyme 2, 3), ICDH (4, 5), 6-PGDH 6), IPMDH (7), and R, = H (ME), OH (TDH, 6PGDH), CH,CO, (ICDH), CH(CH;), (IPMDH)
TDH (1)] The kinetic mechanism of the pigeon liver malic R, = CO,” (ME, TDH, ICDH), CH(OH)CH(OH)CH,0PO;" (PGDH)
enzyme was originally thought to be ordered with NADP

adding prior to malate § 9), but using the substrate jgentical, the two enzymes share in common the same protein
dependence of deuterium isotope effects, we have shown thagg|g (19—21). Tartrate dehydrogenase (TDH) is similar to

the mechanism is steady-state randdr@)(The oxidative  |pppH (1). In addition, the amino acid residues that line
decarboxylases noted above also have the same generghg qctive sites of both enzymes are very simifa2g, 23).

acid—base mechanism .[mallc enzymil( 1.2)’ ICDH.(13.' Neither IPMDH nor ICDH has a relatively high degree of
14), and 6-PGDH 15)]. Finally, the mechanism of oxidative identity to 6-PGDH or malic enzyme, nor is malic enzyme

dec;arbo'xylatlon_ appears to be stepwise in all cases with .thehomologous to 6-PGDHLE). Finally, malic enzyme, ICDH,
native dinucleotide substrate. General base-catalyzed oxida- . . : . .
: : and IPMDH require a divalent metal ion for catalysis [malic
tion of thes-alcohol precedes decarboxylation to an enol or

enediol, followed by general acid-catalyzed tautomerization enzyme g) and ICDH @4)], while 6-PGDH @5) does not.

to a ketone product [malic enzymé6), ICDH (14), and The cDNA clone for NAD-malic enzyme fromAscaris
6-PGDH (L7)]. suumhas been sequence?bf and expressedy). To date,
Despite the similarities, there are significant differences however, there has been no three-dimensional structure

among the oxidative decarboxylases noted above. Structur-eported for a malic enzyme from any species, the only class

ally, all but the malic enzyme, a homotetramer, are ho- 0f S-hydroxy acid oxidative decarboxylases for which a

modimeric (L8). Although ICDH and IPMDH are only 30%  structure is not available. The-BNAD—Mg—tartronate
guaternary complex of the NAD-malic enzyme frémsuum

R . . has been crystallized2®), but a structure has not been
This work was supported by a grant from the National Institutes . . .
of Health (GM 36799) and a Pi Research Enhancement Award from determined. The NADP-malic enzyme from duck liver has
the University of Oklahoma to P.F.C. recently been crystallized (preliminary results). In anticipation

1 Abbreviations: ICDI—!, isocitrate dehydrogenase; IPMDH, isoprop- of obtaining the three-dimensional structure of a malic
ylmalate dehydrogenase; 6-PGDH, 6-phosphogluconate dehydrogenase . . .
TDH, tartrate dehydrogenase; IPTG, isopropyi-thiogalactopyrano- ~ €NZyme, we report progress on mapping the active site
side; NAD, nicotinamide adenine dinucleotide (ttesign has been  topography of the NAD-malic enzyme fro suumusing
omitted for convenience); NADH, reduced nicotinamide adenine g|anine-scanning site-directed mutagenesis of ionizable neu-
dinucleotide; Hepes\-(2-hydroxyethyl)piperaziné¥ -2-ethanesulfonic | aci h f I i h
acid; PEPCK, phosphoenolpyruvate carboxykinase; PBS, phosphate-f& .aCIdS that are conserved for all malic enzymes that are
buffered saline. available.
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MATERIALS AND METHODS shaking until theAsoo reached 0.5. IPTG was added to a final
concentration of 5@M (higher concentrations of IPTG or
higher temperatures led to an increased level of formation
of inclusion bodies and lower levels of soluble protein), and
the culture was allowed to grow for an additional 4 h. The

€ells were harvested by centrifugation at 6@ 10 min,

and suspended in 25 mL of PBS (phosphate-buffered saline)

at pH 7. Growth conditions for thE. coli strain harboring

pQE.ME were as previously describezb.

Protein Purification.The pGEX.ME bacterial cells were
sonicated with a Misonix Inc. model XL ultrasonic liquid
processor and centrifuged at 6@0f@r 10 min to pellet the
cell debris. Most of the malic enzyme activity is present as
inclusion bodies. The soluble activity was appliedat5 mL

Chemicals and EnzymeBeoxynucleotide triphosphates
were from Perkin-Elmer, while Taq Plus DNA polymerase
and Pfu were from Stratagene, DNA ligase, T, poly-
nucleotide kinase, restriction endonucleases, and IPTG wer
from GIBCO/BRL. The fmot DNA cycle sequencing kit,
protein molecular mass markers, dastcherichia colistrain
JM109 were from Promega. Protein concentrations were
determined according to the Bradford method using the Bio-
Rad protein assay kit with bovine serum albumin as a
standard §0). The ampicillin, kanamycin, and NAD were
from Sigma. Hepes buffer was from Research Organics. The
DNA molecular weight ladder was purchased from New

England Biolabs. DEAE-Spherilose was from Isco, and the bed volume column of glutathione Sepharose 4B. The

orange A agarose was from Amicon. Mutagepesis a”‘?' column was washed with 012 bed volumes of PBS, and
sequencing primers were purchased from either Blosynthe3|s4 mL of a solution of PBS containing 25 cleavage units of

or Promega. Site-directed mutagenesis was performed using o yin protease was drained into the column and incubated
the Altered Sites Il Mutagenesis Kit purchased from Prome- e night. After incubation, malic enzyme was eluted from

ga. .f.The. prokac;y:)tic i)_(prr]e_SSilor& victor PKK223-3, GST 6 column with about 8 mL of PBS. Under these conditions,
purification modules which include the pGEX-4T—1 VECION, the total number of units of enzyme in the crude extract was
and Glutathione Sepharose 4B were from Pharmacia B|otech,22 and the number of units eluted from the column was 18

and the QlAexpress System which contained the pQE-30 gno yield), but this represents only the soluble fraction.

vector,E. colistrain M15, and the NiNTA matrix was from SDS-PAGE reveals two bands in the column-purified
QIAGEN. A”. other.chem|cals that were us_ed were the enzyme solution, one at 65 kDa (malic enzyme) and a second
highest quality available and were used without further gjigiy smaller band with an about equal intensity. The
purification. ) . smaller band may be eliminated by applying the enzyme to

New Expression System for the NAD-Malic Enzyfine an orange A agarose column according to previously
A. suumNAD-malic enzyme gene was subcloned into the ,plished procedure8@). Preliminary kinetic results indicate

pKK223-3 expression vectol{), and this system worked  he extra amino acids have no effect on the enzyme’s kinetic
well for the wild-type enzyme. It was subsequently deter- parameters.

mined that one of th&. coli malic enzymes copurifies with The pQE.ME bacterial cells were sonicated as described
theAscarisenzyme. Two additional expression systems were ghove and centrifuged to remove cell debris. The His-tagged
used, and each is considered below. malic enzyme was purified using the column chromato-

(a) Subcloning of the Ascaris Malic Enzyme into Expres- graphic procedure supplied by Qiagen. The His-tagged malic
sion Vector pGEX-4T-1The pKK223-3 vector containing  enzyme was eluted with-60.3 M imidazole in wash buffer
the A. suumNAD-malic enzyme gene was digested with (pH 7.5). Solid ammonium sulfate was added to 80%
Hindlll and the resulting Soverhang filled in with Klenow  saturation to precipitate the protein. The protein pellet was
fragment to create a blunt end. The linearized DNA was then resuspended in orange A equilibration buffer and dialyzed
digested withEcoRI and the DNA fragment containing the  overnight against the same buffer. The protein was then
gene gel purified. The pGEX-4T-1 vector was digested with hound to the orange A column as previously described. Some
EcoRl and Smd (a blunt-end cutter), ligated to the malic  of the mutant enzymes did not bind to the orange A column.
enzyme gene-containing fragment, and transformediinto  Consequently, these enzymes were further purified on a
coli strain JM109 (for storage and maintenance of the pEAE-Spherilose column (17 cnx 1 c¢m) using a 10 to
plasmid) or BL21 (for expression). The plasmid was 400 mM potassium phosphate gradient (pH 7) to elute the
designated pGEX.ME. enzyme using an Isco low-pressure liquid chromatography

(b) Subcloning of Ascaris Malic Enzyme into Expression system.

Vector pQE30The malic enzyme cDNA in plasmid pAlt. ME Site-Directed MutagenesisThe malic enzyme cDNA
was amplified using primer pairs-6CATTGGATCCGAAT- fragment was excised from plasmid pME.LC1 uskepRlI
GAAAAGT-3" which created @anHl site (underlined) at  and HindlIl restriction endonucleases. The 1.8 kb cDNA
the beginning of the coding sequence ah@AGAATACT- fragment was subcloned into the pAltered-1 vector from
CAAGCTTAACCATCCAT-3 which encompassesHindlll Promega via th&caR1—Hindlll sites located in the multiple
site (underlined) at the end of the coding sequence. Thecloning region. The resulting plasmid was designated pAl-
resulting 1.8 kb cDNA fragment was subcloned into pQE30 t.ME. This plasmid was used to produce the subsequent malic
at the corresponding sites, which adds six histidines and aenzyme mutants.

short linker to the N-terminus. The resulting plasmid named  Single-stranded pAltered vector containing the malic
PQE.ME was transformed intl. coli strain M15 using the  enzyme insert was generated using the R408 phage, and the
Qiagen protocol. Frozen stocks of the strain harboring the single-stranded DNA was isolated according to the manu-
plasmid were stored in LB/Amp/Kan medium containing facturer's protocol. The site-directed mutant is made by
15% glycerol at—70 °C. annealing a mutagenic primer (Table 1) designed to create

Growth ConditionsThe BL21 strain containing pGEX.ME  the desired base changes and an ampicillin repair oligo-
was grown in 500 mL of YT medium at 2% with vigorous nucleotide supplied by Promega which imparts ampicillin
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Table 1: Sequence of Mutagenic Oligonucleotides

D178A TGTTGTAACGGCTGGTGAGCGAA

D187A GGGATTGGGGCCTTAGGCGCCT

D220A TGTTCTATTGGCCGTCGGTACAA

D295A TTCAATGATGCTATTCAAGGT

D295S ATGTTCAATGATAGTATTCAAGGTACT
D295C ATGTTCAATGATTGTATTCAAGGTACT
D294A ACAATGTTCAATGCTGATATTCAAGGT
D294C TACAATGTTCAATTGT GATATTCAAGGTAC
D272A CAATTCGAAGCTTTTGCAAAT

E58A GTTCAGCCTCTAGCGCGACAATATCTCGG
E271A ATACAATTCGCAGATTTTGCA

E440A AGTAAAGCGGCATGTACGGCC

aThe sites of mutation are bold.

resistance to the resulting mutant DNA. The mutant stran

T4 DNA ligase. The heteroduplex DNA is transformed into
the repair minugk. colistrain ES 1301 mutS, and the culture
is grown in ampicillin-containing medium. Plasmid DNA is
isolated from the mutS cells, and the DNA is used to
transformk. coli IM109 cells which are plated on ampicillin-
containing agar plates. Plasmid DNA is isolated from

Table 2: Purification of Recombinant His-Tagged Mitochondrial
NAD-Malic Enzymé

total total specific

protein  units activity? fold yield

(mg) (mol/min) (units/mg) purification (%)
crude extract 859 1030 1.2 1 100
Ni—NTA 37 626 17 14 61
orange A agarose  16.3 463 28.4 23.7 45

a purification was carried out with 32 g of wet cell past®ased
on activity measured in an assay containing 100 mM Hepes (pH 7),
50 mM malate, 10 mM Mg, and 0.5 mM NAD. Protein concentrations
were determined using the method of Bradfds@)(and bovine serum
albumin as the protein standard.

q RESULTS
is synthesized using T4 DNA polymerase in the presence of

Mutant Isolation and Structural CharacterizatioMhe
mutant genes were subcloned into the pGEX or pQE
expression vectors to take advantage of the specific affinity
purification procedure that afforded separation of the mutant
malic enzyme from the backgrouriel coli malic enzyme
activity. In this regard, both the pGEX and pQE expression
systems worked well. However, in the pGEX system it was

antibiotic resistant colonies, and the desired mutations arefound that the thrombin cleavage of the GST fusion protein
screened by DNA sequencing of the plasmid DNA. The from malic enzyme was not reproducible and resulted in low
mutation frequency is generally greater than 75% using this enzyme yields. In addition, the overall expression levels were
method. The plasmids identified as containing the mutation relatively low in the pGEX system since a large fraction of
are then subcloned into the desired expression vector usinghe enzyme was found in inclusion bodies. Since the activity
the method described above for subcloning the wild-type of the mutant enzymes was low, a system that would improve
enzyme. The insert is again sequenced to confirm that theexpression and enzyme yields was sought, and this prompted
mutation is still present, and that the cDNA is intact. subcloning the malic enzyme gene into the pQE vector. The
Initial Velocity StudiesAll data were collected using a  €V€! of malic enzyme expression is higher using the pQE

Beckman DU 640 spectrophotometer or a Hewlett-Packard expression vectqr than using PGEX, and_ the rgs_,ulting His-
8453 diode array spectrophotometer to monitor the appear—t"’,:ggmj enzyt:nle IS rgl_phroduc;bly 15:1nd egsny p%l’lfled I'?h tw;\jl
ance of NADH at 340 nm. All assays were carried out at 25 Sieps (see ec_;w). € extra 14 amino acids on the -
+ 0.1 °C, and the temperature was maintained using a terminus of malic enzyme consist of the sequence M-R-G-

N, . . S-H-H-H-H-H-H-G-I-R-M with a molecular weight of 1481.
circulating water bath with the capacity to heat and cool the . .

. . Consequently, the His-tagged enzyme subunit molecular
cell compartment. Typical assays contained 100 mM Hepes ~~. = -~ .
(pH 7.3) and 30 mM free M (added as MgS® and weight is 69 959 compared to the native enzyme molecular
vr;riabie concentrations of free malate (0-2% gr]lnM) and weight of 68 478,
free NAD (15-150 mM) or 2 mM free NAIj and variable The pQE.ME gave good expression, and is easy to purify
levels of free Md* (10—100 mM qf late (0.25 from a crude extract obtained by sonication and centrifuga-
1e(;/e SI\SI) rge | gt' (I locit md )tan reefrga(? € '(th. th tion in two steps. The overall yield is 45% with a 24-fold-
m ) t( ).tm 1a ¥e OC”& aBES\INCere e fvtvrll F : purification, which compares favorably with the 50% yield

approprlade ra Ie qua:;oraar; % D versmf)n ot the Fortran 5,4 30-fold purification obtained by purification of enzyme
program developed by Llelan X a_ta conforming to a expressed using the pKK223-3 vect@r). The final enzyme
sequential initial velocity pattern were fitted using eq 1, while preparation is-90% pure. The kinetic parameters of the His-
data conformin_g toa rgpid equilibrium ordered initial velocity tagged enzyme are virtually identical to those obtained for
pattern were fitted using eq 2. the native enzyme (Table 312)

To determine whether the mutations resulted in a loss of
overall structural integrity, far-UV CD spectra were recorded
for all mutant proteins. In all cases, the mutant proteins were
expressed at a level equal to that of the wild-type enzyme.
In all cases, the far-UV spectra were superimposable once
corrected to the same protein concentration. Thus, changes
in structure, if any, must be localized to the active site.

Kinetic CharacteristicsThe kinetic parameters of the wild-

v = VAB(K,K, + KB+ KA+ AB)
v = VAB(K,K, + KA + AB)

(1)
()

where v and V represent initial and maximum velocities,
respectively A and B represent reactant concentratioKs,
and K, are Michaelis constants for A and B, respectively,

andKi is the inhibition constant for A. type and mutant malic enzymes are summarized in Table 3.
Structural CharacterizationThe structural integrity of the ~ Mutants can be divided generally by the kinetic parameters
mutant proteins was determined grossly using the far-UV that are significantly altered as a result of the mutation. There
CD spectrum recorded using an AVIV 62 DS circular are three instances where the turnover numnB&E) is
dichroism spectrophotometer. In all cases, spectra were verydecreased by 600-fold, i.e., D294A, D295A, and E440A.
similar to that obtained for the wild-type enzyme. The most pronounced decrease?-fdld, is obtained with
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Table 3: Kinetic Constants of A Mutants of Conserved D and E Residues in NAD-Malic Enzyme

Kmame(mM) KNAD (mM) KMg (m M) V/E[ (Sfl) V/Kma|a[£[ (M -1 Sfl) V/KNADE'[ (M71 Sfl)
wild type? 0.53+ 0.07 0.035t 0.007 45+ 1.7 36 7x 10¢ 1x10°
D178A 0.30+ 0.15 ()P 0.05+0.01() 200+ 100 (~50) 0.3 (120) 1.0 10% (70) 7 x 10° (140)
D272A 2.1+ 0.7 (4) 0.023+ 0.002 () 6+4(-) 0.17 (210) 80 (880) & 10° (130)
D294A 2.0+ 0.5 (4) 0.2+ 0.1 (6) 24 1(-) 0.06 (600) 30 (2000) 250 (4000)
D294C 1.1+ 0.2 (2) 0.030t 0.008 (—) 4+1(-) 2(18) 2% 10° (35) 7x 10° (—)
D295A 500+ 60C (=1000) ND 12+ 15 (23) 0.004 (-107) 0.007 (~10)) ND
D295C 8+ 2 (16) 0.028+0.008 ) 70+ 20 (16) 0.2 (180) 28 (2500) 7600 (130)
D361A 1.4+ 0.4 (3) 0.8+ 0.2 (20) 4+ 2 (-) 9 (4) 7 x 10° (10) 1x 10¢(100)
ES8A 10+ 2 (20) 0.12+ 0.02 (3) 9+ 2 (2) 0.5 (70) 50 (1400) & 10° (250)
E440A ND () 0.14 (4) ND ) 0.06 (600) ND €) 440 (2300)

aData presented in ref7 are in errorV/E; should have been 30’5 Data for the native enzymé2) are as follows:V/E;, 38 s'%; V/IKnapE;, 4
x 10 M1 571 and VIKmaadsr, 4 x 10 M~1 s7L b Values in parentheses are the approximated fold increaség,fand fold decreases fof and
V/K. ¢ Although theK, values are undefined//K values are well-defined.

the D295A mutant enzyme. There are changes in otherreactants and the divalent metal ion activator. A thiol group
parameters that are associated with the chang@tnin was identified by modification with DTNB and shown to
each case. Slight increaseskpaaeandKnap are observed  be at or near the malate binding sifi€?). Conversion of the

for D294A, while a marked increase Mnaae accompanied  thiol to a thiocyanoyl group leads to an active enzyme with
by an increase ikyyg, is obtained with D295A. In the case a 30-fold higheKmaae(38). The sequence around the active
of E440A, the decrease WE; is accompanied by an increase site cysteine (C146, the N-terminal domain of thscaris

in Knyap. Changes inV/E; obtained with D294A and D295A  NAD-malic enzyme) has been obtaine®B). The cysteine

are rescued by about the same amouw&(-fold for D294 has been mutated to a serine residue in the duck liver enzyme
and ~60-fold for D295) by changing the aspartates to C, (40) and resulted in &caf(KnappKmaadun) that was 3.7%

but a substantial increase Kaate is Still obtained in the of that of the native enzyme. The role of the cysteine is still

case of D295. unknown, but sequence alignments indicate that the cysteine
A second class of mutant is represented by significant iS not conserved in all species. Phenylalanine-19 has been
changes irKyq, as seen with D178, while increases of 13- identified as an important residue in the binding of Win

fold are observed with D295. Note that D295, as discussedand malate, and in the subunit interfade)( Mutagenesis
above, also leads to significant changes in other parametersof F19 to small residues results in a monomeric form of the
Increases ifKnap are observed with changes in D294, D361, malic enzyme, while a change to larger residues gives
and E58. The largest in this case is observed with D361, €nzymes that are altered by about 1 order of magnitude in
with modest changes observed for the others. Changes inmalate and M#" binding with a decrease of about 5-fold in
D294 also give a low value of/E.. A final class of mutants V.

includes D272 and E58, both of which give significant Metal lon Binding The divalent metal ion binding ligands
changes in th&/K for malate, generated by modest changes in the pigeon liver NADP-malic enzyme have been identified

in V/IE; and Kalate in the elegant work of Chang and his colleagué2—(44).
Using a chemical cleavage via Fenton chemistry, D141,
DISCUSSION D194, D258, and D465 were identified as ligands to the

) ) ) ) ) active site MA" in the pigeon liver enzyme. The aspartate
Alanine-Scanning Site-Directed Mutagenesis of the A. gt hosition 465 is at a highly substituted position and may
suum NAD-Malic Enzymeln this study, each of the .4t pe a ligand to the metal ion. In the case where
conserved ionizable neutral acid residues was changed, ongije_directed mutagenesis was carried out to corroborate the
at a time, to alanine, in an attempt to assess their individual ;nemical cleavage method, the D258E mutant gave a several
function and to begin to map the topography of the NAD- 1000-fold increase in the dissociation constant fo?M@3).
malic enzyme active site in anticipation of a three- The authors carried out sequence alignments with a number
dimensional structure determination. Neutral acid residues yf gther malic enzymes, including the suumNAD-malic

that are completely conserved for all malic enzyme sequences,nzyme, and showed that all of the aspartates are conserved
now available are aspartates D178, D187, D220, D272, D294, the latter, with the exception of D465. Three of the
(conserved in 25 of 26 sequences), D295, and D361 andagpartate residues identified in the pigeon liver enzyme as
glutamates E58, E271, and E440. Each of these residues wagyetal ion ligands, D141, D194, and D258, are homologues
converted to alanine, and their kinetic parameters were ot 178 D230. and D295 in theAscaris,enzyme. The
determined. The mutants D187A, D220A, and E271A appear ¢ terminal D465 could be either D498 or D500 in thecaris

to be expressed at very low levels, suggesting that the gnzyme if this residue is in fact a metal ion ligand (see
mutants are unstable. The aspartate at position 187 is in 3bove)

highly conserved region identified by Kulkarni et £26f as

being part ol ADF? bmdmgaﬁ fold thought to bind th?. 2 The numbering of thé\. suumNAD-malic enzyme in this report
ADP moiety of the dinucleotide. The aspartate at position tters from the original numbering suggested by Kulkarni et 2)(

220 is part of a completely conserved sequence, DVG, in The leader sequence to the mitochondrial enzyme has been deleted in

the 26 aligned malic enzyme sequences. preparing the cDNA for expressio), and thus, 12 must be subtracted
. . . . . . from the numbering given in the previous reference. The numbering
Little information presently exists about the identity of seq in this article will be used for all mutagenesis and other studies.

enzyme residues involved in catalysis and/or binding of The His tag and linker are not counted in the numbering.
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Hlavaty and Nowak45) have identified a consensus metal M2
binding sequence present in PEPCK, mitochondrial ICDH, BH.

B:---- HO,
and malic enzyme. The sequence is XXDDXX, where X is — W o o
an uncharged or hydrophobic residue. Two such sequences—N{ / \, =X
exist in the malic enzyme. A sequence, QFEDFA, is seen in ° ) HB o
o B o
N

M2+

the malic enzyme sequence at positions-2884. The ED
in this sequence is completey conserved. However, mutation H
of D272 to alanine resulted in no changeKmyy with the NAD*, Malate
most significant effect being a decreas&/ii; of about 200- NADH, Pyravate
fold. In addition, mutation of E271 gives an apparently w8
unstable enzyme. Consequently, it appears that neither E271 B
nor D272 is a metal ion ligand, nor do they play a significant \
role in catalysis. 5
The sequence of amino acids at positions 2227 is
FNDDIQ and also conforms to the consensus metal binding
sequence. A kinetic characterization of the D295A mutant
indicates there is a change in the order of addition of malate
and Mg such that malate binds prior to the metal ion, likely
due to the low binding affinity of the metal for the free
enzyme. The large increaseliaae (Undefined) reflects the
greatly decreased affinity of malate for the free enzyme.
However, the relative decrease in affinity for malate must
be less than that for Mg since malate selectively binds to
the enzyme prior to the metal ion. Karsten et 4b)( based
on the inhibition constants for a number of malate analogues,
showed that a major determinant for malate binding is the
bound metal ion. Th&yy for D295A is also undefined and
likely quite high, but for the mutant, this value reflects Mg o RN )
binding to E-malate rather than to free enzyme as in the ~Malate Binding Site Significant decreases W/Kpaiato
W||d_type malic enzyme. S|gn|f|cant increasegqmalateand about lOOO'fOId, are- observed W|th Changes. at E58 and D272
Kyg are also observed for the D295S mutant (data not Both reS|_dues are in th_e N-terminal domain and are likely
shown). Some of the metal ion binding affinity is recovered involved in malate binding.
in the D295C mutant where thi€vg and Knaiaee are both Candidates for the General Bask proposed mechanism
increased by about 10-fold compared to those of the wild- for the malic enzyme reaction is given in Figure 1. Mutation
type enzyme. The cysteine sulfur can likely replace the of the general base catalyst is expected to yield a significant
carboxylate group of aspartate as a metal ligand in D295C. decrease in the value ®E; and an increase imaae How
Little change is seen iKmaiae OF Knap for D178A, but a much of a decrease M/E; is expected in the case of the
50-fold increase irKyyg is observed, consistent with a role malic enzyme is problematic. Mutation of the general base
in metal binding for D178. An approximately 100-fold in the A5-3-ketosteroid isomerase gave a rate decrease of
decrease iV/E; is also observed for D178A perhaps due to about 400000-fold 47). A recently obtained estimate of
orientational changes for malate in the active site due to thegeneral base catalysis in the 6-phosphogluconate dehydro-
alanine substitution. Thus, mutation to alanine of both of genase reaction, a reaction homologue of the malic enzyme,
the amino acid residues suggested that, by identity to theis 10000-fold. Neither of these cases is a proper model for
pigeon liver NADP-malic enzyme, metal ion ligands give the malic enzyme reaction, however, which is thought to
results that are consistent with their suspected role. utilize Mg?*t as a Lewis acid, directly coordinated to the
NAD-Binding Site Kulkarni et al. 6), on the basis of  hydroxyl of malate. The Lewis acid could certainly be
sequence alignments, identified residues in NAD binding in expected to stabilize any negative charge that develops in
the Ascaris malic enzyme in residues 32861. D361 is the transition state, so the advantage derived from general
located at the C-terminal end of the identified NAD binding base catalysis may be significantly lower than either of the
region. The D361A mutant has relatively little effect @k, examples cited above. However, one might also expect a
Kmaiate @ndKyyg, but a greater than 20-fold increasekifap, decrease in the affinity for malate and/or the metal ion in
supporting the role of D361 in NAD binding. NAD binding  addition to changes iW/E;. On the basis of these criteria,
also appears to be affected by changing E440 to alanine,the best candidate for the general base is D295, which gives
with a 3 order of magnitude decreaseMVfKnap. about 16- and 10-fold decreases iV/E; and V/KmaaEt,
Finally, D294 is conserved in 25 of 26 aligned malic respectively, and an increaseKug, whether the mutation
enzyme sequences with the one exception being a valineis to A or C, although the former leads to much greater
substitution inAmaranthus hypochondriacu$o assess the  changes in kinetic parameters. Also, as stated, there is an
importance of this nearly conserved residue, D294 was analogy to the situation in the ICDH reaction, which is very
converted to alanine and cysteine. The D294A mutant hassimilar to that catalyzed by malic enzyme. Dean and Dvorak
about 0.2% Y/E,) of the activity of the wild-type enzyme, (7) have suggested that in ICDH one of the metal ion ligands,
and there is an even greater decreasé/inap (4000-fold) D283, is positioned to act as a catalytic base abstracting a
which is a result of the decrease Yhand an increase in  proton from theo-hydroxyl group during dehydrogenation.

—N

o
\ H
H H:B

H,N
o B
— H
H
:B P
o
H,N
FiGUurRe 1
Knap Of about 7-fold. Much of the activity is recovered in
the D294C mutant whené/E; is reduced to about 6% of the
wild-type value. TheKyap in D294C is actually 10-fold
lower than that of the wild-type enzyme, whi¢Knap is
69% that of the wild-type enzyme. Thus, D361 and E440
are likely involved in the NAD binding site. In addition,
D294 could also be implicated in NAD binding, given the
required proximity that must exist between the nicotinamide

ring of NAD and C-2 of malate which form the reaction
coordinate for hydride transfer.
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Conclusions A number of conserved aspartate and 24. Villafranca, J. J., and Colman, R. F. (19Blpchemistry 13
glutamate residues have been located in the N- and C- 2 }D152—116|Q- S de Flora A Gragl E. Mangiarofii G
terminal domains of the NAD-malic enzyme. Alanine- -Pontremoli, S., de Flora, A., Grazi, E., Mangiarotti, G.,
scanning site-directed mutagenesis has been used to char- Egg%%r;%r_ez,g,éé.dand Horecker, B. L. (1961) Biol. Chem.
act_erize the role of the conserveq residues, and all t_hos_e 26. Kulkarni, G., Cook, P. F., and Harris, B. G. (1998ich.
residues that have been characterized appear to function in  Bjochem. Biophys. 30@31—237.
catalysis and reactant binding. A reasonable candidate for 27. Chooback, L., Karsten, W. E., Nalabolu, S. R., Kulkarni, G.,
the general base in the malic enzyme reaction is D295, which ~ Harris, B. G., and Cook, P. F. (199P)otein Expression Purif.
also may serve as a metal ion ligand. The mutants must now __ 10 51-54.

; ; ; 28. Clancy, L. L., Rao, G. S. J., Finzel, B. C., Muchmore, S. W.,
be further characterized to determine their exact role. Holland, D. R., Watenpaugh, K. D., Krishnamurthy, H. M.,

Sweet, R. M., Cook, P. F., Harris, B. G., and Einspahr, H. M.
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