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ABSTRACT. Parasite lactate dehydrogenase (pLDH) is a potential drug target for new antimalarials owing
to parasite dependence on glycolysis for ATP production. The pLDH from all four species of human
malarial parasites were cloned, expressed, and analyzed for structural and kinetic properties that might be
exploited for drug development. pLDH froRlasmodiunwivax, malariag and ovale exhibit 90-92%
identity to pLDH fromPlasmodium falciparumCatalytic residues are identical. Resides 1250 and T246,
conserved in most LDH, are replaced by proline in all pLDH. The pLDH contain the same five-amino
acid insert (DKEWN) in the substrate specificity loops. Within the cofactor site, pLDH fofalciparum

andP. malariaeare identical, while pLDH fronP. vivax andP. ovale have one substitution. Homology
modeling of pLDH fromP. vivax, aale, and malariae with the crystal structure of pLDH fron®.
falciparumgave nearly identical structures. Nevertheless, the kinetic properties and sensitivities to inhibitors
targeted to the cofactor binding site differ significantly. Michaelis constants for pyruvate and lactate differ
8—9-fold; Michaelis constants for NADH, NAD and the NAD analogue 3-acetylpyridine adenine
dinucleotide differ up to 4-fold. Dissociation constants for the inhibitors differ up to 21-fold. Molecular
docking studies of the binding of the inhibitors to the cofactor sites of all four pLDH predict similar
orientations, with the docked ligands positioned at the nicotinamide end of the cofactor site. pH studies
indicate that inhibitor binding is independent of pH in the pH&range, suggesting that differences in
dissociation constants for a specific inhibitor are not due to altered activeksitalpes among the four
pLDH.

The increasing incidence oPlasmodium falciparum  antimalarials spreads. It would be desirable to develop new
malaria in many tropical and subtropical parts of the world antimalarials where the target is known and where the crystal
reflects the spreading development of drug resistand® of  structure of the target is available to aid in structure-based
falciparumto most of the widely used antimalarials, includ- design of new drugs. In addition, it would be desirable to
ing chloroquine, mefloquine, halofantrine, sulfadoxine, and have new antimalarials that are effective agaRlasmodium
pyrimethamine, and justifies referring to malaria as a uivax, Plasmodium oale, andPlasmodium malariaas well
reemerging diseasé) This makes it imperative to develop as P. falciparum especially in view of emerging drug
new antimalarial drugs whose targets differ from the targets resistance patterns; for example, resistanc®.ofivax to
of currently used drugs, due to the common problem of at chloroquine is now developing rapidlR)
least partial cross-resistance among drugs of similar struc-
tures. The number of antimalarials to which drug resistance
is not widespread is small, reflecting the intense pressure
on the available drug arsenal. Resistance is not yet wide-
spread to the endoperoxides related to artemisinin; these will
likely become major drugs of choice as resistance to the other

During their erythrocytic cycles, malarial parasites depend
extensively upon anaerobic glucose metabolism for ATP
production and consequently exhibit levels of glucose
consumption some 3860-fold higher than their host cells
(3, 4). For the most intensively studied human malarial
parasiteP. falciparum the major product of glucose me-
tabolism isL-lactate B). The entire glycolytic pathway is
" This work was supported by grant Al48239 from the National present within this parasite, with many of the enzymes

Institutes of Health. ;
* To whom correspondence should be addressed. Tel.: (505) 272- expressed at high levels compared to the erythrocy/8)(

5788. Fax: (505) 272-3518. E-mail: divanderjagt@salud.unm.edu. Most of the glycolytic enzymes d@?. falciparumhave been

zUn!vers!ty of New Mexico School of Medicine. cloned, including fructose bisphosphate aldolase, glucose-

- University of Florida, 6-phosphate isomerase, 3-phosphoglycerate kinase, hexoki-
University of New Mexico.

Il University of lowa. nase, glyceraldehydes-3-phosphate dehydrogenase, enolase,

#FLOW Inc. triose phosphate isomerase, and lactate dehydrogenase

10.1021/bi049892w CCC: $27.50 © 2004 American Chemical Society
Published on Web 04/27/2004



6220 Biochemistry, Vol. 43, No. 20, 2004 Brown et al.

(pLDH)* (6—13). Due to the almost complete dependence in pLDH and in LDH1 and LDH2 compared to all other
thatP. falciparumexhibits for ATP production from glucose LDH. The insert in LDH2 (DKEWS) is similar to the insert
metabolism, all of the enzymes of glycolysis represent in pLDH (DKEWN) and differs slightly from the insert in
potential drug targets. Several of these enzymesPin  LDH1 (DSEWS). Both LDH1 and LDH2 can utilize the
falciparumhave been analyzed by crystallography, including NAD analogue 3-acetylpyridine adenine dinucleotide (APAD
parasite pLDH 14), triosephosphate isomerasEb), and efficiently, similar to pLDH. The lack of strong substrate
aldolase 16), which makes these enzymes especially attrac- inhibition observed with pLDH is also observed with LDH2
tive for structure-based drug design. (27). By comparison, LDH1 differs from LDH2 in exhibiting
pLDH (EC 1.1.1.27) produces-lactate from pyruvate  Substrate inhibition, despite identical residues at the cofactor

while regenerating NAD for continued use in glycolysis.  binding site that are thought to be critical for production of
Thus, pLDH is essential for energy production M substrate inhibitionZ8).
falciparumand was one of the first enzymes purified from  The kinetic and sequence similarities among pLDH,
P. falciparum(17). It was initially suggested that pLDH may ~ LDH1, and LDH2 raise the question of whether LDH from
be an attractive drug target on the basis of a number of uniqueApicomplexa in general will exhibit similar properties and
kinetic properties that pLDH exhibits compared to LDH specifically whether pLDH from othePlasmodiunspecies
isoforms from human tissues?). For example, mammalian ~ Will show similar kinetic and structural properties compared
LDH generally show substrate inhibition by pyruvate and to pLDH from P. falciparum A related question is whether
are inhibited by the complex that forms between pyruvate inhibitors targeted to pLDH fronP. falciparum(29) will
and NAD'. Itis generally agreed that pyruvate forms a very €ffectively inhibit all pLDH. In the present study, the pLDH
tight inhibitory complex with LDH and NAD in the steady-  from all four species of human malaria parasites were cloned
state reaction1(®). pLDH, however, is weakly inhibited by ~ and expressed, and the kinetic properties of the four pLDH
pyruvate or the pyruvateNAD* complex, which suggests ~Wwere compared. In addition, homology structures of pLDH
that the active site of pLDH has unique properties. Some of from P. ovale, malariae andvivax were constructed from
the unique kinetics of pLDH can be explained by the amino their protein sequences, and the crystral structure of pLDH
acid sequence of pLDH1@, 14). The important catalytic ~ from P. falciparum The homology structures were used for
residues D168, H195, R171, and R109, which are essentiallymolecular modeling studies to interpret the inhibitor binding
invariant in all LDH, are retained in pLDH. However, properties of the four pLDH (designated pfLDH, poLDH,
conserved residue Q102, which helps to define the active PVLDH, and pmLDH forP. falciparum ovale, vivax, and
site of other LDH, on the basis of crystal data, is replaced malariae respectively).
by a lysine residue in pLDH; likewise, conserved residues
T246 and 1250, which help to define the cofactor binding MATERIALS AND METHODS
site in most LDH, are both replaced by proline residues in ~ Cloning of pLDH, poLDH, and pmLDHGenes encoding
pLDH. Moreover, in pLDH there is a unique five-amino- PLDH from P. malariae Uganda | (pmLDH),P. ovale
acid extension in the loop of amino acids that defines the Harding (poLDH), andP. vivax Salvador | (pvLDH) were
substrate site1@). These differences make pLDH quite obtained by PCR from genomic DNA prepared from blood-
distinct from mammalian LDH and strongly suggest that stage forms propagated in nonhuman primates. The parasit-
pLDH should be an attractive target for development of ized blood was kindly provided by Dr. William E. Collins,
selective inhibitors. In addition, known inhibitors of pLDH CDC, Atlanta. Gene segments encoding 313 amino acids of
have been shown to exhibit antimalarial activiti&$,(20). pmLDH and poLDH were obtained using PCR primers (JNB
Toxoplasma gondiis an obligate intracellular protozoan 272 and JNB 273) designed from conservah8l 3 regions
parasite responsible for toxoplasmosis, a disease that affect®f the gene identified from alignments of the pLDH gene
many mammals, including humarglj. T. gondiibelongs ~ Sequences of. falciparum P. berghei and P. yoelii
to the phylum Apicomplexa, which includes a number of identified initially among unannotated genome sequence data
important pathogens besidesgondii includingPlasmodium (current PlasmoDB 4.1 |dent|f|ers Pf13_0141, Pb_232c03qlc,
species. Numerous similarities betwe®n gondii and P. and chrPyl_01158, respectively). The pvLDH gene was
falciparum have been found at the biochemical levep,( ~ ©btained in two steps using primers JNB 284 and JNB 278
23). Several of the glycolytic enzymes frof gondiiand 0 obtain the 3half of the gene and identify an appropriate
P. falciparum including glucose-6-phosphate isomerase, 3 Primer. This was followed by obtaining the remainder of
enolase, and LDH, exhibit striking similarities between the the gene using primer JNB 309 designed at tlead, based
two species 24—26). There are two forms of LDH ifT. upon theP. knowlespLDH sequence (Sanger PKN.0.006043)
gondii, designated LDH1 and LDH2, which are differentially identified in the unannotated genome sequence data and JNB
expressed in the proliferative tachyzoite and slowly dividing 278- The PCR-amplified gene segments were each cloned
bradyzoite, respectively26). LDH1 and LDH2 share 71% N the plasmid Topo 2.1 and sequenced (GenBank accession
amino acid identity and are most similar to pLDH frdpa ~ Numbers for poLDH, AY486058; pmLDH, AY486059;
falciparum with 47% and 49% identity. Especially note- PVLDH, AY486060). In all cases, the gene segments encode
worthy is the presence of the five-amino-acid insert in the 313 amino acids extending from the Start to within
substrate specificity loop; this insert has only been observed@PProximately two amino acids of the naturalesd, with
regions between the conserved primers representing the exact
1 Abbreviations: LDH, lactate dehydrogenase; pLDH, parasite lactate Seq-uences of the pLDH from the;e species. The sequences
dehydrogenase; prDH’, poLDH, pvLDH, and p;mLDH’, lactate dehy- derived from the conserved primers from poLDH and

drogenases frorRlasmodium falciparugrovale, vivax, andmalariag pmLDH must be viewed as only approximate since these
respectively; APAD, 3-acetylpyridine adenine dinucleotide. have not been independently obtained. Alignment of the
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pvLDH sequence with that which has subsequently become6.8, containing 100 mM NaCl and 0.01 mM calcium chloride
available in the TIGR database (Pv_402775) indicates thewith a flow rate of 0.5 mL/min. One-milliliter fractions were
following differences. The second amino acid is Ala instead collected, and active fractions were frozen.

of Thr, and the 310th amino acid is Arg rather than Lys.  Kinetic StudiesLDH activity in the direction of reduction
The gene segment expressed is missing the codons for thef pyruvate toL-lactate was measured in 1 mL of 0.1 M
ultimate and penultimate amino acids, Ala and Leu, which sodium phosphate buffer, pH 7.5, containing 10 mM pyruvate
are also predicted to be absent in the gene segments clonednd 0.1 mM NADH at 340 nm. Activity measured in the

to express pmLDH and poLDH. direction of oxidation of.-lactate to pyruvate was assayed
in 1 mL of 0.1 M Tris-HCI buffer, pH 9.2, containing 0.2%
Primer sequences Triton X-100, 100 mM lactate, and 1 mM NADat 340 nm
JNB 272 ATGGCACCAAAAGCAAAAAT (6 = 62 ml\/rl Cmfl). MiChae|iS constants fOI’ SubStI’ateS

and cofactors an# ., values were determined from initial
JNB 273 GCCTTCATTCTSYTAGTTTCAGC  rate measurements at 26 by nonlinear regression analysis

INB 278 GCCTTCATTCTSYTBGTYTCBGC with the ENZFITTER program (Elsevier-Biosoft). Dissocia-
tion constants of inhibitors were determined from double-
JNB 284 GCNCATGGNAAYAARATGGT reciprocal plots by linear regression analysis. Inhibitors were
JNB 309 ATGGCNCCNAARCCNAARAT prepared in stock solutions of DMSO. Concentrations of
DMSO during the initial rate measurements did not exceed
Expression and Purification of pLDHThe four pLDH 0.5%. The synthesis of the inhibitors was described previ-
were expressed iBscherichia colias described previously  ously (19, 20).
for pfLDH (29). Antipain, leupeptin, imidozole, lactic acid, Homology ModelingHomology models were generated
pyruvate, NAD, NADH, and EDTA were obtained from using the software Modele(Q). The structure of pfLDH
Sigma. Blue Sepharose CL-6B, PD-10 desalting column, (PDB code 1LDG) was used as a template. The sequence
chromatofocusing resin PBE 94, and chromatofocusing alignment used for generation of the probability density
polybuffer 74 were from Pharmacia Biotech. Amicon YM- function is presented herein. For each species, 100 models
10 pressure filtration membranes were from Millipore. The were generated on the basis of starting structures with random
purification of pLDH from lysate obtained by disruption of backbone deviations from the template structure. The refine-
E. coli containing recombinant pLDH was carried out ment (MD_LEVEL) was set to one, the deviation was set to
utilizing a rapid and efficient purification scheme. Routinely, 4.0, and the software was instructed to generate an all-atom
approximately 100 mL of lysate was diluted into 200 mL of hydrogen model for each species. The lowest energy structure
cold 10 mM Tris-HCI buffer, pH 8, containing 0.25 mM  from each was isolated for further refinement. The selected
EDTA. A cocktail of protease inhibitors (antipain, bestatin, structures were superimposed onto the structure of pfLDH
chymostatin, pepstatin A, and leupeptin) was added to a final using the McLachlan algorithn8() as implemented in ProFit
concentration of ug/mL. This solution was loaded onto a 2.2. The ligand atoms (NADH and oxamic acid) were
Blue Sepharose CL-6B column (65130 mm) equilibrated  incorporated into each structure using the conformations and
with 40 mM Tris-HCI buffer, pH 8, containing 1 mM EDTA.  positions in 1LDG under the fitted frame of reference. The
The column was then washed thoroughly (two bed volumes structures were examined to verify that no steric overlap
or 500 mL) with 40 mM Tris-HCI buffer, pH 8, containing  existed between ligand and protein atoms. The refinement
1 mM EDTA. Finally, the pLDH was eluted from the column  for all structures was then performed using the CVFF force
with 40 mM Tris-HCI buffer, pH 8, containing 1 mM EDTA, field within the Discover software package (Accelrys Inc.,
0.15 M NacCl, and 7.5 mM NAD. The eluent was concen- San Diego, CA, 2000). All structures were soaked in four
trated to 7.5 mL by pressure filtration in an Amicon apparatus layers of explicit solvent and refined using a room-temper-
fitted with a YM-10 membrane. The concentrated pLDH was ature relaxation protocol consisting of several stages of
desalted on a PD-10 column and was immediately loaded molecular dynamics along with steepest descents and con-
onto the chromatofocusing column (8 mr 155 mm) of jugate gradient minimizations. Briefly, the initial stages of
PBE 94 resin, equilibrated with 25 mM imidazole buffer, the relaxation consisted of steepest descents minimization,
pH 7.4. The chromatofocusing column was developed with followed by conjugate gradient minimization, followed by
54 mL of polybuffer 74 (1:8 dilution with Millipore filtered minimal room temperature dynamics for only the added
water) at pH 4, containing 1 mM NAD. Active fractions were solvent molecules. This was followed by pairs of steepest

pooled. The pLDH sample was almost homogeneot®5o) descents and conjugate gradient minimization using a
at this point, as shown by SBDPAGE (20% with 5% backbone tethering restraint that was reduced from 1000 kcal/
stacking gel) with silver staining. A2 to 0 over four steps. The final derivative criteria for the

The final step in purification was carried out utilizing a last conjugate gradient minimization was 0.10 kcal//k
Bio-Gel hydroxylapatite column (Bio-Rad Econo-Pac CHT- all cases, the ligand atoms were held rigid. The resulting
Il cartridge). Material from the chromatofocusing step was structures for all four species were analyzed using ProCheck
again desalted as above and concentrated to 0.5 mL volumeéo ensure stereochemical quali2y.
using Amicon Centricon filter devices (YM-30 molecular Inhibitor Docking. Inhibitor docking studies were per-
weight membrane by Millipore). The material was injected formed with AutoDock 3.0 33), which performs flexible
directly on the HPLC column and developed with a 45 min ligand docking to a rigid target utilizing precalculated grids
linear phosphate gradient from 10 mM sodium phosphate for energy evaluations. For the docking studies, the inhibitor
buffer, pH 6.8, containing 100 mM NaCl and 0.01 mM partial charges were calculated on the basis of Gasteiger
calcium chloride to 350 mM sodium phosphate buffer, pH Huckel rules as implemented in Sybyl (Tripos Inc., St. Louis,
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hLDHA
pEfLDH
poLDH
pmLDH
pvLDH

MO, 2001). Geometry optimization of the inhibitor was
performed using the BFGS algorithm. For each pLDH
structure, Kollman all-atom partial charges were used to
maintain consistency with the AutoDock free energy equa-
tion. (Note: Although an all-atom model was used for
electrostatic calculations, nonpolar hydrogens were ignored ¢7i%
for van der Waals calculations that utilized united-atom poLp
Lennard-Jones potentials.) The energetic grids were centereciy
on the pfLDH crystallographic ligands center of mass and
dimensioned as a 22.5 A cubic grid (0.375 grid point , ...
spacing). The dockings were performed using the Lamarckian pzLon
genetic algorithm with a population size of 50, 1x510° POLDH

. 3 pmLDH
energy evaluations, a mutation rate of 0.2, a crossover ratepvLoH

Brown et al.

ATLEDQLIYNLLEKEEQTPONKITVVGVGAVGMACAISILMEKDLADELALV
_APKAKIVLVGSGMIGGVMATLIVQKNLGD VVLF
MAPKRKIVLVGSGMIGGVMATLIVQENLGD VVMF
MAPKARKIVLVGSGMIGGVMATLIVQENLGD VVMF
MAPKAKIVLVGSGMIGGVMATLIVQKNLGD VVMF

102
DVIEDKLKGEMMDLOQHGSLFL RTPKIVSGKDYNVTANSKLVIITAGARQ
DIVENMPHGKALDTSHTNVMAYSNCKVSGSNTYDDLAGSDVVIVTAGFTK
DIVENMPLGKALDTSHTNVMAYSNCOVTGSNTYEDLEGARDVVIVTAGFTK
DIVENMPYGKALDTSHMNVMAYSNCKVTGSNSYEDLEGADVVIVTAGEFTK
DVVENMPQGKALDTSHSNVMAYSNCKVTGSNSYDDLEGADVVIVTAGFTK

109
QEGES RLNLVORNVNIFKFIIPNVVEYSPNCELLIVSNPVDILTY
APGKSDEEWNRLDLLPLNNKIMIEIGGHIKKNCFPNAFIIVVTNPVDVMVQ
APGESDEKEWNRDDLLFLNNKIMIEIGGHIKNYCPNAFIIVVTNPADVMVO
VPGESDEKEWNRDDLLFLNNKIMIEIGGHVENYCPNAFIIVVTNEVDVMVO
APGESDEEWNRDDLLFLNNKIMIEIGGHIKNLCFNAFIIVVTNPVDVMVQ

of 0.8, and a local search frequency of 0.06. For each species

163 168 171 195
100 runs were performed. hLDHA VAWKISGFPKNRVIGSGCNLDSARFRYLMGERLGVHPLSCHGWVLGEHGD
pfLDH LLHQHSGVPKNKIIGLGGVLDTSRLKYYISQKLNVCPRDVNAHIVGAHGN
RESULTS poLDH  LLHQHSGVSKNKIVGLGGVLDTSRLKYYISQKLNVCPRDVNAHIVGAHGN
pmLDH LLHKHSGVPKNKIVGLGGVLDTSRLKYYISQKLNVCPRDVNALIVARHGN
Purification of pLDH.Each pLDH was expressed B pVLDH LLFEHSGVPKNKIIGLGGVLDTSRLKYYISQKLNVCPRDVNALIVGAHGN
coli; after cell lysis, the crude material was purified by hLDHA SSVPVHSGMNVAGVSLKTLHPDLGTDKDKEQWKEVHKQVVESAYEVIKLK
i . : pfLDH KMVLLKRYITVGGIPLQEFINNK LISDAE LEAIFDRTVNTALEIVNLH
extraction of all pLDH Ohtp a_Blue Sepharose aff'”'tY MAalrX, [oini  KMVVLKRYITVGGIPLQEFINNK KITDAE LDAIFDRTVNTALEIVNYH
followed by further purification by chromatofocusing and pmLDE KMVPLKRYITVGGIPLQEFINNK KITDAE LDAIFDRTVNTALEIVNLH
hydroxylapatite chromatography. Purified pfLDH, pmLDH, PYIDH KMVLLKRYITVGGIPLOEFINNK KITDEE VEGIFDRTVNTALEIVNLL
pvLDH, and poLDH showed specific activities 253, 216, 246 250
in-1 1 ; hLDHA GYTSWAIGLSVADLAESIMKNLRRVHPVSTMIKGLYGIKDDVFLSVPCIL
450, and 215umol min™* mg, respectively, for the pfLDH ASPYVAPAAAIIEMAESYLKDLKKVLICSTLLEGQYGHS DIFGGTPVVL

ASPYVAPARAIIEMAESYLKDLKKVLICSTLLEGQYGHT GVFGGTPLVL
ASPYVAPAARIIEMAESYIKDLKEVLICSTLLEGQYGHS DIFGGTPLVL
ASPYVAPARRAIIEMAESYLEDIKKEVLVCSTLLEGQYGHS NIFGTTPLVI

reduction of pyruvate by NADH, pH 7.5, and showed porps
apparent isoelectric points 6.5, 8.4, 6.2, and 8.0, respectively.gtigﬂ
Sequence Comparisons of pLDAIl four pLDH retain
the catalytic residues R109, D168, R171, and H195 that ar
essentially invariant to all LDH (Figure 1). A number of other
highly conserved LDH residues, including G27, G29, G32,
D65, A98, N116, N140, P141, D143, S153, G154, G162
. ' ' ' ' ! ' , ' FIGURE 1: Sequence comparisons of pLDH with human LDH-A

L167, and E31;I., are also conserved in qll pLDH. There are (hLDHA). Theqinsertion sec?uences in thpe substrate specificity loops
a total of 17 highly conserved LDH residues that are not are shown in bold, underlined. Residues at the N-terminus corre-
conserved in pLDH (Figure 1). This includes Q102, a residue sponding to signature fingerprints of the Rossmann fold are
involved in pyruvate binding in LDH, which is K102 in all ynderlined. Important catalytic and cofactor binding residues are
pLDH, and T246 and 1250, conserved residues involved in in bold.

cofactor and substrate binding, which are P246 and P250 in
all pLDH. These changes are especially significant for drug

GONGISDLVEVTLTSEEEARLEKSADTLWGIQKELQF
GANGVEQVIELQLNSEEKAKFDEAIAETKRMEALA
GCNGVEQVFELQLNAEEKKMFDDAIAETSRMK
GANGVEQVIELQLNSEEKKKFDEAIAETNRMK
GGTGVEQVIELQLNAEEKTKFDEAVAETRRMK

hLDHA
e pfLDH
poLDH
pmLDH
pvLDH

Table 1: Substrate Kinetic Parameters of pLDH

development because they are active-site residues. Generally, Keat Km KealKm
the 17 changes in pLDH compared to other LDH lead to _ Substrate (min”?) (M) (min" M™%
identical residue changes in all pLDH. There are exceptions, pyruvaté

however; for example, highly conserved L110 in other LDH prL%: (81'%i g.g%x 15)304 ggiz g.gx ig
is retained in pfLDH but is an aspartate residue in the other B%LDH E7:5i 0.3) lxm 140+ 18 5:41 10
pLDH. Likewise, conserved residue K243 is a histidine in pvLDH  (7.64+0.2) x 10° 17+1 4.4 108
pfLDH, poLDH, and pmLDH but a leucine in pyLDH. There lactaté

are 50 sites where there are differences among the residues pﬂ-|_%"|'_| (i-%i 8-32;( 12303 332:, 88& ggg i'gx igi
in the four pLDH. The most prominent difference between E%LDH 52:31 0:07g§ 1 11 300+ 400 2:0§ 106
pLDH and other LDH is the expanded substrate specificity =~ pvLDH  (1.44+0.03)x 10* 10 200+ 700 1.4x 106

loop. All pLDH contain the same five-amino-acid insert
(DKEWN) immediately in front of the conserved catalytic
residue R109. APAD™ (Table 2). Michaelis constants differed up to 4-fold.
Substrate and Cofactor Properties of pLDHhe four Of particular interest is the ability of all four pLDH to use
pLDH were compared for their substrate properties with APAD™ more efficiently than NAD, a property that was
pyruvate and lactate, at pH 7.5 and 9.2, respectively (Tableused previously to develop an enzyme-based assay for
1). For pyruvate, Michaelis constants varied 5-fold &pg malaria @5, 36). For all four pLDH, the catalytic efficiencies
values varied 2-fold, leading to catalytic efficiencids,/ with APAD* are higher than those with NAD owing to
Km, of 4.4 x 10—2.4 x 1C® M~ min~%, similar to the higher ket values. By comparison, APADis a poorer
catalytic efficiencies of human LDH3d). For lactate, cofactor than NAD with human LDH @9). It is generally
Michaelis constants varied 9-fold arldy values varied agreed that a conformational change associated with move-
3-fold. ment of the substrate specificity loop prior to cofactor release
The four pLDH were also compared for their cofactor is the rate-limiting step in the catalytic cycle of LDHA4).
properties with NADH, NAD, and the NAD analogue The increased, for all pLDH with APAD™ suggests that

aAt pH 7.5.P At pH 9.2
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Table 2: Cofactor Kinetic Parameters of PLDH

at Km Kcalle
cofactor (min~1) (uM) (min~t M~

NADH?

pfLDH (8.94 0.4) x 10° 7408 1.3x 10°

pOLDH (1.6 0.03) x 10* 14+ 0.9 2.3x 10°

pmLDH  (7.5+0.2) x 10° 9+0.7 5.4x 107

pVLDH (7.6+0.2) x 1C° 7411 4.4x 107
NAD®

pfLDH (3.9+£0.2) x 10° 86+ 10 45% 107

poLDH (1.5+0.3) x 10° 311+ 17 4.8x 10°

pmLDH  (2.3+0.05)x 16° 143+ 11 1.6x 107

pvLDH (1.4+0.2) x 10° 155+ 8 9.0x 10°
APADP

pfLDH (1.5+0.2) x 10* 123+ 4 1.2x 10

poLDH  (9.2+0.3)x 10° 408+ 26 2.3x 107

pmLDH  (1.4£0.03)x 10* 168+ 12 8.0x 107

pvLDH  (2.0£0.04)x 10 182+ 13 1.1x 10

aAt pH 7.5.5 At pH 9.2.

this conformational change is faster with APADound to
the enzyme, compared to NADor that another step in the
cycle becomes rate-limiting.

Inhibitors of pLDH.Previously, pfLDH was shown to be
inhibited by the natural product gossypol and its derivatives
and analogues, and the inhibition was competitive with the
binding of NADH (20, 29, 37). To test whether the four
pLDH were similarly inhibited by these compounds, gossypol
and two of its derivatives were examined (Table 3). All four
pLDH are inhibited by these compounds; dissociation
constants showed a 21-fold range. Dissociation constant
were as low as 70 nM. In all cases, inhibition was
competitive, as shown in Figure 2.

pH Dependence of Dissociation Constartse 21-fold
range of dissociation constants of inhibitors that bind to the
dinucleotide fold (Rossmann fold) of pLDH raised the
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residue at position 163 that interacts with the cofactor. This
residue is leucine in all pLDH. Mutation of S163 to L163 in
other LDH was shown to remove substrate inhibiti@8)(
The results shown in Figure 5 with pLDH suggest that factors
in addition to the residue at position 163 are important
contributors to substrate inhibition.

Homology Modeling of pLDH and Molecular Docking.
To make a structural comparison at the atomic level,
homology models were calculated fBr. vivax, P. ovale,
and P. malariaeusing as a template the structure fer
falciparumthat has been solved to a 1.74 A resolutitd)(

As a first step, structures for all three species were generated
on the basis of a simultaneous consideration of spatial
restraints and local molecular geometry, as implemented in
the software Modeler. Modeler considers random backbone
deviations of the template protein as a starting point for
comparative modeling; however, out of the 100 models
generated for each species, the structures exhibiting the
lowest root-mean-square deviation from the template invari-
ably resulted in the lowest energy as calculated within the
CHARMM force field (38). Because comparison is based
on a ternary complex foP. falciparum (NADH and the
pyruvate analogue oxamic acid), the lowest energy structures
from each species, along with tiie falciparumtemplate,
were subjected to further refinement in the presence of these
substrates and explicit solvent. The results are solvated
ternary models for each species.

The resulting structures for all four species are strikingly
similar and relatively unremarkable. With respect Ro

Sfalciparum,the backbone root-mean-square deviations for

P. vivax, P. ovale, andP. malariaeare 0.243, 0.204, and
0.269 A, respectively (Figure 4). In the same order, the side-
chain deviations are 1.56, 1.06, and 1.23 A. Side-chain
substitutions surrounding residues—7b and 132-137 in

P. malariag 171-177 inP. ovale, and 203-207 inP. vivax

question of the basis for these differences, especially in view result in small backbone deviations; however, none are in

of the similar amino acid composition of the four pLDH in
their cofactor binding sites. From comparison of the primary
sequences of the pLDH with the crystal structure of pfLDH
(14), it appears that pfLDH and pmLDH have identical
cofactor binding sites and that poLDH and pvLDH have a

proximity to the active site. Within the active site, little
differences are seen aside from subtle changes in the side-
chain positioning of R109 and L167 . vivaxand Met 30

in P. ovale (Figure 5). Homologous substitutions within the
binding pocket (V142A inP. ovale and 154V inP. vivax)

single amino acid difference. Nevertheless, there is an 18-yresult in little change to the overall binding pocket structures

fold difference in dissociation constants for the binding of
gossypol to pfLDH and pmLDH, despite there being identical

residues at the cofactor site. The variation in dissociation

constants was not due to pH effects on bindiKgvalues
for each inhibitor with any of the pLDH were independent
of pH in the range pH 6€8.

Substrate Inhibition of pLDHSubstrate inhibition by
pyruvate is commonly observed with LDH and has been

as modeled here, and little deviation can be seen for the
pB-carbon positioning within both substitutions.

To elucidate binding properties of the gossypol-related
inhibitors, docking studies were performed using the four
pLDH and gossylic lactone as a representative inhibitor. The
dockings were performed in AutoDock 3.0, which allows
for conformational flexibility within the inhibitor. As ex-
pected from the structural similarities of the models, the

interpreted as resulting from slow cofactor release that allows binding modes of GL with respect to LDH from all four

time for formation of an NAD —pyruvate adduct during the
catalytic cycle 28). pfLDH was unique compared to mam-
malian LDH in its lack of significant substrate inhibition.
The four pLDH were compared with human LDH-A for
substrate inhibition, as shown in Figure 3. Neither pmLDH
nor poLDH showed substrate inhibition, even at high
concentrations of pyruvate. pfLDH and pvLDH showed very
little substrate inhibition up to 20 mM pyruvate but modest
inhibition at 50 mM pyruvate. By comparison, human
LDH-A exhibited inhibition already at low concentrations
of pyruvate. Human LDH and many other LDH have a serine

species were relatively invariant. The studies suggest inhibitor
binding within the nicotinamide residue binding area. The
finding is consistent with fluorescence quenching data,
showing that inhibitor binding was unaffected by the
presence of ADP (unpublished data). The tricyclic planes
for the inhibitor are in a perpendicular orientation, which is
largely necessary to avoid intramolecular steric strain. Out
of the two possible perpendicular orientations for the
inhibitor, only one is seen in the docking studies. In addition
to the hydrophobic interactions with residues involved in
nicotinamide residue binding, the 5-isopropyl group shares
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Table 3: Dissociation Constants of Inhibitors of pLBH

Ki (ﬂM)
structure inhibitor pfLDH pmLDH pvLDH poLDH
CHOOH HO  CHO gossypol 0.7 12.6 1.4 1.9
HO. OH
WS ICCL,,
gossylic lactone 0.4 15 0.07 0.5

Q 0 (¢} ©
HO. OH
WS IOCL,

CN OAc OAc CN gossylic nitrile 1,1-diacetate 0.7 1.8 0.24 0.7
HO. OH
WL IOCL,

a All data were obtained at pH 7.5, 2&, with pyruvate and NADH as reagents. All inhibitors are competitive with the binding of NADH.
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FiGure 2: Representative patterns of inhibition of pLDH by gossypol and derivatives.

interactions with the pyruvate binding site. The binding dium depend heavily upon anaerobic glycolysis for energy
energies predicted for the inhibitor for all four species are production, suggesting that glycolytic enzymes, including
within the£2.177 kcal mot* residual standard error reported LDH, represent potential drug targets. This present study
for the AutoDock empirical free energy function and compared pLDH from the four species of human malarial
therefore cannot be used to explain kinetic differences of parasite in terms of structure and kinetic properties. pLDH

binding among the species. from all four species oPlasmodiumexhibit the same five-
amino-acid insert in their substrate specificity loops (Figure
DISCUSSION 1). This feature of pLDH, which is unusual compared with

other LDH, was first noted for pfLDH13). Crystallography
Apicomplexan LDHThe phylum Apicomplexa includes studies of pfLDH demonstrated that this insert provided a
numerous protozoa, such as specieBalbesia Cryptospo- unique active-site architecture that might be exploited for
ridium, Eimeria Theileria, Toxoplasmaand Plasmodium drug developmentl@d). SubsequentlyT. gondiiwas shown
that are responsible for many diseases in humans ando express different LDH in the tachyzoite and bradyzoite
animals. Many Apicomplexan parasites, includiigsmo- stages of development, both of which also have five-amino-
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Ficure 5: Ligand binding pockets from pfLDH (white), pvLDH
40 (magenta), poLDH (green), and pmLDH (blue), with NADH and
oxamic acid ligands shown in a CPK representation.
. o oA only presently known sources of LDH with extended
. substrate specificity loops. o
201 —-®— pmlDH Apicomplexan LDH as Drug Target§he shrinking drug

- y y - - y arsenal of effective therapeutics for treating infections by
0 10 20 30 40 50 60 . . . .
P. falciparum likely will extend to other Plasmodium

Pyruvate mM infections as drug resistance spreads. For infections by other
FiGURe 3. Substrate inhibition patterns of pLDH compared to Apicomplexan parasites, the situation is equally serious. For
human LDH-A. example, there are very few effective drugs for treatment of
toxoplasmosis or cryptosporidiosis. Any glycolytic enzyme
is a potential target for development of new drugs, especially
those with unique features compared with their human
counterpart. On this basis, the unique active-site architecture
of pLDH is especially attractive. However, glycolytic
enzymes in malarial parasites present special problems as
potential drug targets. These enzymes are present at quite
high concentrations3j. For example, we estimate that the
trophozoite stage d®. falciparumhas 3-5 uM concentra-
tions of pfLDH. This is based upon studies of the volumes
of purified parasites and measurement of the specific activity
of pfLDH in lysed parasites compared with the specific
activity of the purified enzyme. This high concentration of
pLDH suggests that high concentrations of inhibitors as
potential antimalarials will be required, unless very high
affinity inhibitors are developed. For exampéel nMsteady-
state concentration of inhibitor is sufficient to produce 90%

] ] inhibition of 5uM pLDH if the dissociation constant is 18
Ficure 4: Backbone trace of pLDH frorR. falciparum(white), M
P. vivax (magenta)P. ovale (green), and®. malaria (blue), with

NADH and oxamic acid ligands shown in a CPK representation.

Substrate Specificity of pLDH.he four pLDH share the
same catalytic residues that are conserved in all LDH,
acid inserts in their substrate specificity loo@5,(26). In including R109, D168, H195, and R171 (Figure 1). The

view of the many biochemical similarities betweEngondii mechanism of all LDH includes ternary complex formation
andP. falciparum(22, 23), it was anticipated that pvLDH, by ordered addition of NADH and pyruvate, followed by a
poLDH, and pmLDH from the other species falciparum rate-determining conformational change in which a substrate

would not differ markedly from pfLDH with respect to their  specificity loop closes to form a desolvated ternary complex.
substrate specificity loops and that all pLDH would have This brings R109 into the active site to polarize the ketone
five-amino-acid inserts. This structural feature of an extended carbonyl of pyruvate. Hydride is transferred rapidly from
specificity loop from the five-amino-acid insert, however, NADH to the polarized ketone group, facilitated by proton
is not observed with all Apicomplexan LDH. Recently the donation from the D168/H195 couple. R171 anchors pyru-
sequence of LDH fromCryptosporidium pavum was vate by interaction with the carboxylate functional group
reported 89). This LDH, designated CpLDH1, does not have (14). Residues 98109 (standard numbering for LDH) in
the five-amino-acid insert in the substrate specificity loop, most LDH form a mobile loop that closes in the ternary
although sequence alignment suggests that the aspartateomplex to form the catalytic site. In pLDH and in LDH1
residue corresponding to the first residue in the insert may and LDH2 fromT. gondij the five-amino-acid insert and
be present. Thu$lasmodiunspecies and. gondiiare the other amino acid differences in the rest of the loop raise the
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question whether the substrate specificities of pLDH, LDH1, than NAD", which was also observed with LDH1 and LDH2
and LDH2 differ from those of other LDH. For example, (27). By comparison, other LDH utilize APADmuch less
conserved Q102 in many LDH resides in a pocket into which efficiently. This ability to use APAD as cofactor may be a
the methyl group of pyruvate inserts. Conversion of Q102 common property of Apicomplexan LDH. CpLDH1 from
into R102 in LDH fromBacillus stearothermophilysvhich C. parrum also can utilize APAD (Vander Jagt and Zhu,
provide the positively charged R102 as a counterion to bind unpublished results). In all cases with parasite LDH, the
the side chain of oxaloacetate, converts this LDH into a increased efficiencykc../Km, is the result of enhancelda
malate dehydrogenas4q). All pLDH as well as LDH1 and values. In some casek, is lower, which also contributes
LDH2 have lysine at position 102. These LDH might be to the increased efficiency2(). Since loop movement is
expected to exhibit malate dehydrogenase activity; however,thought to be rate-determining for LDH, this suggests that
there is no detectable malate dehydrogenase activity. Like-loop movement for all four pLDH as well as for LDH1 and
wise, the extended loop might be expected to expand theLDH2 is faster when APAD replaces NAD. Alternatively,
substrate specificity of pLDH, LDH1, and LDH2. Addition another step in the catalytic cycle becomes rate-limiting when
of a longer specificity loop into LDH fronB. stearother- APAD™ replaces NAD. This would still require that loop
mophilus leads to a loss of activity with pyruvate but movement be faster when APADreplaces NAD as
retention of activity with phenylpyruvate, thereby turning substrate.
this LDH into a phenyllactate dehydrogenagd)( Both A recent crystallography and kinetic study of LDH1
LDH1 and LDH2 can utilize phenylpyruvate27). By provides additional insight into the mechanism of Apicom-
comparison, none of the pLDH utilize this substrate. Thus, plexan LDH and an explanation for the enhanced activity
all four pLDH retain a high selectivity for pyruvate, despite with APAD™ (43). Comparison of the crystal structures of
their extended specificity loops. the LDH1-NAD*—oxalate and LDH+APAD"—oxalate
pLDH Compared to Parasite Malate Dehydrogena3de ternary complexes demonstrated essentially identical side-
lack of malate dehydrogenase (MDH) activity of the four chain conformations of active-site residues. In addition,
pLDH, despite the presence of a positively charged residuetemperature factors of main-chain atoms in the two structures
at position 102, is especially interesting in light of recent were similar, suggesting that energetics of binding of APAD
evolutionary studies of LDH and MDH3, 42). MDH is to LDH1 is not fundamentally different from the binding of
found in all life domains, whereas LDH is limited to bacteria  NAD®. This would question whether the rate of loop
and eukarya. Phylogenetic studies suggest that two ancestranovement is markedly different when APADreplaces
gene duplications resulted in three major clades: the first NAD*. However, since APAD has a higher oxidation
includes the two subgroups of dimeric MDH found in cytosol potential than NAD, hydride transfer to APAD would be
and mitochondria; the second includes the recently recog-expected to be faster than transfer to NARnd this could
nized tetrameric LDH-like MDH; and the third includes the explain the kinetic differences between the two cofactors if
tetrameric LDH 42). It has been proposed that the LDH chemistry steps are at least partly rate-limiting. This was
resulted from an ancient duplication of LDH-like MDH. supported by the observation that the LDH1-catalyzed
However, Apicomplexan LDH are monophyletic ¢opro- oxidation of lactate is faster with APADthan with NAD',
teobacterial LDH-like MDH, suggesting that Apicomplexan but the reduction of pyruvate is faster with NADH than with
LDH were acquired, either by lateral gene transfer or by the APADH, which is as predicted if hydride transfer were
endosymbiosis that produced mitochondria, from an LDH- partially rate-limiting.
like MDH (39, 42). In this scenario, Apicomplexan LDH Substrate Inhibition.Substrate inhibition is a common
evolved from an ancestral LDH-like MDH after Apicomplexa property of LDH. The mechanism of substrate inhibition
diverged from other eukaryotes. The significance of this is involves the formation at the active site of a covalent
that Apicomplexan LDH resemble LDH-like MDH more complex between pyruvate and NARL8). Conserved S163
than they resemble other LDH. This may have important has been considered to be a critical residue that contributes
implications in the development of selective inhibitors of to substrate inhibition in other LDH2@, 44). Crystallography
pLDH. data of LDH indicate that the hydroxyl group of S163
Most MDH, including LDH-like MDH, have an arginine interacts through a bridging water molecule with the amide
residue at position 102 in the substrate binding site, whereasof the nicotinamide moiety in NADH. This affects the rate
most LDH have glutamine at this position. All Apicomplexan of release of NAD after the reduction of pyruvate and
LDH examined thus far have lysine at position 102, except release of lactate. The residence time of NAfketermines
CpLDH1 from T. gondii which has a glycine residue at whether pyruvate can bind, after which an adduct can form,
position 102. This is readily accounted for by single base presumably by addition of the C4 carbon of the nicotinamide
mutations; four of the six codons for arginine can be ring to the enol form of pyruvate. Mutation of S163 has
converted into the four codons for glycine by a C-to-G pronounced effects on substrate inhibition. The S163A
change in the first base; the remaining two arginine codons mutant of human LDH-A retains substrate inhibition, while
can be converted into the two codons for lysine by conversion the S163L mutant has lost substrate inhibiti@g, @4). It is
of G to A in the second base. Less easy to explain, however,not clear whether the water molecule is retained in the S163A
is the lack of MDH activity in the Apicomplexan LDH that mutant. It appears to be absent in the S163L mutant due to
have lysine at position 102. steric limitations, on the basis of modeling studié§)( In
Cofactor Selectity of pLDH. The previously observed all four pLDH, S163 is replaced by L163 (Figure 1). At first
ability of pfLDH, LDH1, and LDH2 to utilize APAD as glance, this would appear to explain the lack of substrate
cofactor efficiently extends to poLDH, pvLDH, and pmLDH inhibition or the diminished level of substrate inhibition
(Table 2). All four pLDH utilize APAD" more efficiently observed with the four pLDH compared to human LDH-A
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(Figure 3). However, the explanation must be more com- pvLDH and poLDH have one residue difference than pfLDH
plicated. The S163L mutant of LDH-A exhibits a 40-fold at the cofactor site; pvLDH has V54 rather than 154 and
increase in theK, for pyruvate compared to the native poLDH has A142 rather than V142. And although there is
enzyme. Thus, loss of substrate inhibition in this mutant an 18-fold difference in the dissociation constants of pfLDH
appears to be the result of weaker binding of pyruvate to and pmLDH for gossypol, there is less than a 3-fold
the enzyme-NAD™ complex rather than altered residence difference for gossylic nitrile 1;idiacetate. Likewise, the
time of NAD™. This is supported by the observation that dissociation constants for gossypol in comparing pfLDH vs
the dissociation constant of the pyruvate analogue oxamatepvLDH suggest higher affinity for pfLDH, whereas the
in the S163L mutant LDHNADH—oxamate ternary com-  reverse is true when comparing these two pLDH with
plex is increased 120-fold compared to the wild-type, gossylic lactone and gossylic nitrile 1 diacetate. The lack
whereas the dissociation constant for NABletermined by  of a pH effect on binding between pH 6 and 8 suggests that
fluorescence titration, is essentially unchanged from that for neither the ionization state of residues at the cofactor site
the native enzyme. By comparison, all four pLDH show that may participate in binding of the inhibitors nor the
Michaelis constants for pyruvate (Table 1) that are compa- ionization state of the inhibitors is pH-dependent in this pH
rable to that of native human LDH-A34). Therefore, the  range. Previous studies of human LDH-A and LDH-B (also
S163L mutant of LDH-A does not appear to be a good model called LDH-M and LDH-H), in which the kinetic properties
of pLDH, and explanations for the weak or absent substrate were compared with the crystal structures in an attempt to

inhibition in pLDH are more complicated than the nature of
the residue at position 163. This LDH-A model also is
insufficient to explain the results with LDH1 and LDH2 from
T. gondii Both of these LDH have methionine residues at
position 163, unlike either pLDH or most other LDH.
However, substrate inhibition is observed with LDH1 but
not with LDH2.

Inhibitors of pLDH. Inhibition of all four pLDH by
gossypol and derivatives (Table 3) is strictly competitive with
cofactor binding (Figure 2). This is consistent with previous
studies of human LDH and pfLDH for inhibition by these
types of compoundsl@, 20, 29, 34). Although it is not
generally thought that the cofactor binding site might be a

explain the different activities of these two LDH, demon-
strated that the structures are nearly identical at the active
sites é8). Nevertheless, the kinetic properties, especially the
Michaelis constants for pyruvate, are different and are pH-
dependent. This was ascribed to alteréq, palues of the
catalytic residue H195 between the two isozymes as a result
of electrostatic perturbations produced by surface residues.
Cofactor binding, however, was similar between the two
isozymes, suggesting that surface electrostatics did not
influence cofactor binding. Thus, the different apparent
isoelectric points for the four pLDH, which suggests different
surface charges, do not appear to account for variations in
the binding of inhibitors to the cofactor site. Differences that

target for drug development, this suggestion deserves evalu-are not apparent produce the 21-fold range of dissociation
ation. Similar arguments were made concerning developmentconstants, corresponding to about 1.8 kcal thdlfferences

of selective protein kinase inhibitors that bind to the ATP
binding site, which is structurally similar in many protein

kinases. Nevertheless, highly selective protein kinase inhibi-

tors are now being evaluated clinicall§g).
The idea of Apicomplexan LDH as potential drug targets

in binding energies.

Computational Studie§.he kinetic differences seen upon
inhibition by the gossypol-related compounds for the four
species are too small to rely on an explanation based on the
docking methods presented herein. Additionally, the struc-

raises the question whether selective inhibition of parasite tural similarities found for the models of pLDH preclude

LDH compared to human LDH is a realistic goal. The crystal
structures of pflLDH and LDH114, 43) as well as a recent
crystal structure of pLDH fronPlasmodium berghe({47)

any explanation of these differences based on a static
interpretation of the protein. However, the following sig-
nificant findings with respect to pLDH as a drug target for

demonstrate significant structural differences, such as themalaria are noted: the structures of LDH among all four

extended specificity loop, that might be exploited in drug
design. In addition, the cofactor binding sites exhibit dif-
ferences compared to human LDH that might be exploited.
A related question is whether selective inhibitors of Api-
complexan LDH can be developed that do not inhibit human
MDH, in view of the fact that Apicomplexan LDH appear
to have evolved from an LDH-like MDH3Q, 42). Thus,
drug development will need to consider both human LDH
and MDH in the quest for selective inhibitors of Apicom-
plexan LDH.

The dissociation constants for inhibition of pLDH (Table
3) show a 21-fold range that is not predictable from
comparisons of the cofactor binding sites. For example,
pfLDH and pmLDH appear to have almost identical cofactor

species are predicted to be strikingly similar, the binding
modes of gossylic lactone are relatively invariant, and
therefore drugs targeted to pLDH from one species are
expected to be efficacious against all four. Out of the two
perpendicular orientations expected for the tricyclic planes
of the inhibitor, only one is seen in docking studies,
suggesting that atropoisomerism about the binaphthyl bond
will impact the kinetics of racemic mixtures of the inhibitor.
Finally, the inhibitor is predicted to bind in the nicotamide
residue binding region of the active site. In this orientation,
the inhibitor shares interactions with a substrate-binding
residue. Therefore, inhibitor binding affinity and selectivity
for the enzyme over other oxidoreductases that utilize NADH
can likely be improved via appropriate ring substitution such

binding sites with no amino acid differences among residuesthat the inhibitors utilize active-site interactions with both

that interact with the cofactor, yet there is an 18-fold

difference in the dissociation constants for gossypol (0.7 and

12.6 uM for pfLDH vs pmLDH) but less than a 3-fold
difference for pvLDH and poLDH compared to pfLDH (1.4
and 1.9uM for pvLDH and poLDH), even though both

cofactor and substrate binding residues.
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