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ABSTRACT. While within a human host the opportunistic pathogeaxoplasma gondiielies heavily on
glycolysis for its energy needs. Lactate dehydrogenase (LDH), the terminal enzyme in anaerobic glycolysis
necessary for NAD regeneration, therefore represents an attractive therapeutic target. The tachyzoite
stage lactate dehydrogenase (LDH1) from the pardsigondiihas been crystallized in apo form and in
ternary complexes containing NADor the NAD"-analogue 3-acetylpyridine adenine dinucleotide (APAD

and sulfate or the inhibitor oxalate. Comparison of the apo and ternary models shows an active-site loop
that becomes ordered upon substrate binding. This active-site loop is five residues longer than in most
LDHs and necessarily adopts a different conformation. While loop isomerization is fully rate-limiting in
prototypical LDHs, kinetic data suggest that LDH1's rate is limited by chemical steps. The importance of
charge neutralization in ligand binding is supported by the complexes that have been crystallized as well
as fluorescence quenching experiments performed with ligands at low and high pH. A methionine that
replaces a serine residue and displaces an ordered water molecule often seen in LDH structures provides
a structural explanation for reduced substrate inhibition. Superimposition of LDH1 with human muscle-
and heart-specific LDH isoforms reveals differences in residues that line the active site that increase
LDH1'’s hydrophobicity. These differences will aid in designing inhibitors specific for LDH1 that may be
useful in treating toxoplasmic encephalitis and other complications that arise in immune-compromised
individuals.

Toxoplasma gondiiis a protozoan parasite from the remain encapsulated in glucose-rich tissues such as muscle
phylumApicomplexahat also includes the important human and brain and may cause recrudescent infections.
pathogensPlasmodiumand Cryptosporidium (2). These While within human hosts, apicomplexan organisms derive
organisms have complex life cycles that include both sexual much of their energy from anaerobic glycolysis. This reliance
and nonsexual reproductioB-5). Sexual reproduction for  implies that disruption of glycolysis may be a viable means
T. gondiitakes place exclusively in felines, but the organism to develop new treatments. It has been suggested that the
has a broad intermediate host range in which nonsexualterminal enzyme in glycolysis, lactate dehydrogenase (LDH),
reproduction occurs. Intermediate hosts become infected bytherefore represents a judicious target for drug therapy against
ingesting cysts or oocytes in contaminated food or water. In these organism®). Compounds that inhibit LDH have also
humans, transplacental infection results in significant fetal been shown to inhibit growth d?lasmodium falciparunn
morbidity and mortality §). T. gondiiis also one of the most ~ cultured erythrocytes10) and T. gondii tachyzoites in
common opportunistic AIDS pathogens with toxoplasmic cultured fibroblasts{1). T. gondii differentially expresses
encephalitis or pneumonia often causing death8gj. In two forms of LDH with 71% amino acid identity: LDH1 in
contrast, infection is often asymptomatic in immunocompe- rapidly growing tachyzoites and LDH2 in more slowly
tent individuals and progresses from a rapidly replicating replicating bradyzoitesl(, 12). Bradyzoites are encysted,
tachyzoite stage to a dormant bradyzoite stage in responsdesistant to the immune system and chemotherapy, and are
to the immune system, progresses from a rapidly replicating the source of recurrent infections. Both isoforms are targets

tachyzoite stage to a dormant bradyzoite stage. Bradyzoitesfor the design of therapeutic inhibitors and share a number
of strictly conserved residues with other LDHs including

Arg109, Argl171, and the catalytic dyad His195/Asp168.
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In general, LDHs follow an ordered kinetic mechanism
in which addition of NAD" precedes binding of lactate.
Residues 95113 comprise a mobile loop, commonly
referred to as the substrate-specificity loop. Upon substrate
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is the first step toward structure-based design of new
treatments for toxoplasmic infection.

EXPERIMENTAL PROCEDURES

binding, this segment closes over the active site sequestering

it from solvent. Hydride transfer to the A side of the

nicotinamide and proton abstraction by His195 are facilitated
by Argl09 and Aspl68, which stabilize the tetrahedral
oxyanion transition state and the protonated histidine,

respectively. The Argl71 side chain anchors the substrate

into position by forming bidentate hydrogen bonds with its
carboxylate. Reopening of the loop is followed by sequential
release of pyruvate and NADH. The mechanism has been
well-characterized for pig muscle LDH for which the rate-
limiting step in the lactate to pyruvate direction occurs after
hydride transfer and is most likely loop opening since the
rates of NADH and pyruvate release are inferred to be fast
(13—15). In the reverse direction, the rate-limiting step is
loop closing (i.e., it is the loop isomerization that takes place
when pyruvate is in the binding pocket). This analysis is
generally believed to be applicable to all known LDHSs.

When compared to vertebrate and bacterial LDH's,
gondii LDHs share a number of unique structural and kinetic
features withP. falciparum LDH (pfLDH) (11). These
include a substrate-specificity loop that is extended by five
amino acids (Figure 3A). In LDH2 and pfLDH, this insert
is identical (KSDKE), whereas the insert in LDHL1 is slightly
different (KPDSE). A serine at position 163 observed to
interact with the nicotinamide amide in all nonapicomplexan
LDH crystal structures is replaced by a leucine in pfLDH
and methionine in LDH1 and LDH2. In the reducing
(pyruvate to lactate) direction, most LDHSs are inhibited by
high concentrations of pyruvate. LDH2 and pfLDH show a
complete lack of this substrate inhibition, while LDH1
exhibits reduced substrate inhibition. Despite the fact that
specific activity with the NAD analogue 3-acetylpyridine
adenine dinucleotide (APAD is reduced for most LDHs,
it has been found that LDH1, LDH2, and pfLDH all exhibit
enhanced catalytic efficiency with this cofactdr(16). In
fact, this ability to efficiently use APAD has been exploited
in a diagnostic test for malarid 7).

Although a leucine or methionine at position 163 is
unusual for lactate dehydrogenases, it is common in the

Cloning, Expression, and PurificatioA plasmid encoding
the T. gondiiLDH1 gene was a kind gift from Dr. Stephen
Parmley (1). Wild-type LDH1 was amplified using the
primers 3GCTAGTCCATATG GCACCCGCACTTGTG-
CAGAGG3 (forward) and BACTGCCCGGGCGCCT-
GAAGAGCAGCAACCGC3 (reverse) and cloned into
pTYB2 (NEB) for expression as an intein chitin-binding
domain fusion protein. Th&ldd and Sma sites used for
cloning are shown in bold. The coding region was sequenced
to ensure that mutations were not present. Compé&iecoli
BL21* (Invitrogen) were transformed with the plasmid and
used for expression. Cells were grown in LB medium
containing 10Q:g/mL ampicillin to an optical density at 600
nm of 0.6, equilibrated to 15C, and induced with 0.5 mM
IPTG. After 12 h, cells were harvested by centrifugation and
resuspended in column buffer A (20 mM Tris, 0.5 M NacCl,
1 mM EDTA, 0.1% Triton X-100, pH 8.0). All subsequent
steps were performed at 4C. Cells were disrupted by
microfluidization, and debris was removed by centrifugation
at 39 00@ for 30 min. The clarified supernatant was applied
to a 15 mL chitin column (NEB) and washed with 20 column
volumes of buffer A. The column was then washed with the
same buffer without Triton X-100 (buffer B) until the
absorbance at 280 nm reached a baseline. Cleavage on the
column was initiated by loading with buffer B containing
40 mM g-mercaptoethanol, stopping the flow, and incubating
overnight. After elution with buffer B, LDH1 was concen-
trated and exchanged into 20 mM Tris, pH 7.5 using a
Millipore centrifugal filter with a 30 kDa molecular weight
cutoff. This concentrate was applied to a 10 mL reactive
green 5 (Sigma) column, washed briefly, and eluted in 20
mM Tris, 250 mM NaCl, pH 7.5. The buffer was replaced
with 10 mM Tris, 50uM EDTA, pH 7.5, and the protein
was concentrated to 12 mg/mL.

Crystallization. A sparse matrix approach was used to
screen conditions for crystal growth. The best apo LDH1
crystal was grown at 293 K by suspending a drop containing
6 mg/mL LDH1, 1 mM gossylic iminolactone (provided by
Prof. David Vander Jagt), 12% w/v poly(ethylene glycol)

closely related malate dehydrogenases. These two enzyme 000, 50 mM phosphate-citrate, pH 4.2 over a well contain-

families share a similar framework and are evolutionarily
related most likely by early gene duplication and divergence.
A phylogenetic reconstruction reveals that apicomplexan
LDHs are most closely related to-proteobacterial malate
dehydrogenasesl®). The analysis suggests that apicom-
plexan LDHs have evolved from a malate dehydrogenase
of o-proteobacterial origin by lateral gene transfer or

ing 24% wi/v poly(ethylene glycol) 1000, 100 mM phosphate-
citrate, pH 4.2. Ternary complex crystals of LDH1 were
grown by mixing equal volumes of 12 mg/mL LDH1
containing 10 mM cosubstrate and 5 mM oxalate or oxamate
with a well solution consisting of 0.850.90 M ammonium
sulfate, 100 mM acetate, pH 4.5. In all cases, the crystals
were transferred to a cryo-protectant solution consisting of

endosymbiosis. This is plausible since a single residue change25% v/v glycerol, 75% v/v well solution before being flash-
has been used to convert a lactate dehydrogenase into @ooled in a stream of nitrogen gas at 100 K.
malate dehydrogenase although the rational conversion from pata Collection. Refinement. and AnalysBata were

a malate to a lactate dehydrogenase has not yet beenyg|iected at Stanford Synchrotron Radiation Laboratory

demonstrated1@). Therefore, the unique features apicom-
plexan LDHs possess may be a result of their late stage
evolution from a malate dehydrogenase.

Structural characterization was pursued to provide an

(SSRL) beamlines 7-1, 9-1, and 9-2 and were processed and
scaled with DENZO and SCALEPACK2(). This is sum-
marized in Table 1. A molecular replacement solution for
the apo LDH1 structure was found using the program EPMR

explanation for these unique features that LDH1 possesses(21) and the pfLDH monomer (PDB accession 1LD@PX

The information provided by the atomic resolution structure

with ligands and waters removed as a search model. Data in
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Table 1: Summary of LDH1 Data Collection, Refinement, and Models

apoLDH1 LDHI-NAD"—OXL LDH1—-APAD"—SO, LDH1-APAD"—OXL
Data Collection
MAR345 MAR345 MAR345 ADSC CCD
SSRL9-1 SSRL 9-1 SSRL 7-1 SSRL 9-2
spacegroup 14,22 P2, P2, P2,
unit cell a=b=77.46A a=68.07 A a=67.94A a=68.06 A
c=218.58 A b=125.12 A b=124.98 A b=124.98 A
c=86.60 A c=86.39 A c=86.69 A
B =106.08° = 105.96° B =106.09°
resolution (A) 30-1.95 (1.98-1.957 30-1.9(1.93-1.9) 30-1.6 (1.63-1.6) 30-2.2 (2.24-2.2)
observations/unique reflections 141 594/24 776 223 205/103 102 451 492/167 180 224 085/70 313
Rmerge 0.043 (0.349) 0.071 (0.326) 0.036 (0.346) 0.121 (0.386)
completeness (%) 99.9 (99.8) 94.2 (91.8) 91.8 (92.5) 99.1 (91.7)
1/o(l) 35.7 (4.5) 12.6 (3.1) 25.3 (2.6) 9.2 (2.9)
Refinement
reflections used! (> 0): 24 745/1236 103 053/5142 167 149/8417 70 134/3559
total/test set
Reryst 0.1876 0.1644 0.1762 0.1775
Riree 0.2220 0.2000 0.1976 0.2176
rmsd bond length (&) 0.016 0.015 0.010 0.009
rmsd bond angle’j 1.64 1.63 1.47 1.41
Final Model
protein atoms 2438 9880 9865 9872
ligand atoms 200 196 200
water molecules 100 588 562 374
B-mercaptoethanol atoms 16
Ramachandran most favored 90.0% 93.2% 92.8% 91.6%

aValues in parentheses are for data in highest shethsd, root-mean-square deviation.

the range of 264 A resulted in a single solution that gave 100 mM Tris, pH 7.5. Data were collected on a Hewlett-
a correlation coefficient of 0.386 and initial crystallographic Packard 8453 UWvis spectrophotometer equipped with a
R-factor of 0.498. Initial phases were calculated for the temperature-controlled cell holder. Enzyme concentration
ternary complex of LDH1 with NAD and oxalate (LDH% was 7.2 nM, cofactor concentration was constant and
NAD™—0XL) using molecular replacement implemented by saturating at 182M, and pyruvate concentration varied from
EPMR and the apo LDH1 tetramer as a search model. Data0 to 40 mM. The assay volume was 1 mL, and reactions
in the range of 154 A resulted in a solution for which the  were initiated by the addition of pyruvate 0 «L). Initial
correlation coefficient equaled 0.564 and the iniRaflactor rates of decrease in NADH were followed at 340 nm with
was 0.420. The LDHEXAPAD*' complex unit cell was = 6220 Mt cmt. The decrease in APADH concentration
isomorphous with the LDHENAD*—OXL ternary com- was monitored at 363 nm using a molar extinction coefficient
plex; therefore, the LDHENAD*—OXL ternary complex of 9100 M1 cm™* (26). Appropriate corrections were made
was used as a starting model. In each case, before refinemerfor background rates. Nonlinear regression using Kaleida-
commenced, 5% of the data was flagged for the calculation Graph version 3.09 was employed to fit data to the
of a free R-factor. The final structures were obtained by Michaelis—Menten equation corrected for substrate inhibi-
alternating rounds of refinement in CN83j and manual tion: v/vmax = I[Km + S+ (S/K)].

fitting in O (24) with waters picked in CNS and manually

checked for proper hydrogen bonding and electron density. RESULTS AND DISCUSSION

The program LSQKAB was used for structural superimposi- . :
: P ) _ o The model for apo LDH1 includes residues 14-103C and
tions and determination of root-mean-square deviatiaBs ( 105B-332 of a single monomérTwo residues at the

Studies of Ligand Binding Using Change in Protein . . .
FluorescenceThe decrease in protein fluorescence upon N-terminus, the Lys-Pro-Asp of the inserted KPDSE motif
on the active-site loop, and one residue at the C-terminus

forming a ternary complex was used to calculate ligand ; . .
dissocigation conZtants grom the LDHNAD* comple>? were disordered and not fit. The tetramer is constructed
X crystallographically by two folds present in the,22

Fluorescence measurements were recorded aC2&n an ) ;
AMINCO—Bowman series 2 luminescence spectrometer symmetry. The final model also includes 100 water mol-
equipped with a thermostated cell. Emission at 340 nm was ecules.
monitored after excitation at 290 nm. Protein solutions
contained %M LDH1 and 100-fold molar excess NADnN

bered according to the initial assignment of residues from the X-ray

either 50 mM Bis-Tris, pH 6.0 or 50 mM Tris, pH 9.2. structure of dogfish muscle LDHL). Since the primary sequence was

Ligand concentrations typically ranged from 0 to 5 mM. o 2uailable at that time, errors were made that consequently required
Stock solutions of sodium sulfate and sodium oxamate were the elimination of some numbers and the insertion of others. Insertions

titrated to the pH of the assay. Data were fit to a hyperbolic relative to this reference have a letter appended to the residue number
binding curve using KaleidaGraph version 3.09 (i.e., 103B). LDH1 consists of 329 residues that are numbered from
. . T the initiator methionine at residue 12 to the C-terminal residue, Ala333.
Steady-State Enzyme KinetidsDH1 activity for the

' Insertions occur at seven places in the sequence wherein amino acid
reduction of pyruvate to lactate was measured at@5n designations have a letter appended to the number.

2To preserve active-site nomenclature, LDHs are commonly num-



882 Biochemistry, Vol. 43, No. 4, 2004 Kavanagh et al.

Ficure 1: LDH1-NAD*—OXL monomer A is drawn colored by atom type with carbon gray, oxygen red, nitrogen blue, sulfur yellow,
and phosphorus pink. (A) Apo LDH1 in yellow is superimposed upon LBNAD *—OXL. Three disordered residues in the apo structure

are represented by a dashed line. A substrate-induced loop isomerization brings Arg109 into the active site. The conserved His195/Asp168

catalytic dyad, Arg109, Arg171, NAD and oxalate are drawn in ball-and-stick. (B) Hydrogen bonds between the protein and the NAD
amide are portrayed as dotted yellow lines with distances given in angstroms. Figures 1, 2A, and 3B were created using B9ISodpt (
Raster3D 88).

The asymmetric units for the ternary complexes encompassof monomers A and B, residues 1832 of monomers C
a full tetramer. The ternary model of LDH1 with NATand and D, one APAD and one oxalate per subunit, and 374
oxalate (LDHE-NAD*—0OXL) contains residues 14335 of water molecules. All residues were in allowed regions of a
monomers A and B and residues-1332 of monomers C =~ Ramachandran plot as calculated by PROCHECK).(
and D. There are also one NARnd one oxalate per subunit Refinement results are summarized in Table 1.
and 588 water molecules. The cloning procedure resulted in  Substrate-Induced Loop Closui@verall, the models are
an extra Pro-Gly at the C-terminus corresponding to residueslargely similar with the highest root-mean-square deviation
334 and 335. The ternary model of LDH1 with APARNd (rmsd) between the apo model and any of the ternary
sulfate (LDHE-APAD*—SQy) includes residues 14334 of complexes. Three residues on the substrate specificity loop,
monomers A and B, residues 4332 of monomer C, and  Lys-Pro-Asp of the five amino acid insert, become ordered
residues 14332 of monomer D. Also found were one upon substrate binding (Figure 1A). Residues at the N-
APAD™*, one sulfate ion, and one covalently attached terminus of helixa4 (107—114) move approximately 7 A,
molecule ofB-mercaptoethanol per subunit and 562 water and the @ of Arg-109 moves 10 A as it is recruited into
molecules. The ternary model of LDH1 with APADand the active site to hydrogen bond with substrate (Figure 1).
oxalate (LDHE-APAD™—OXL) includes residues 14334 The main chain of residue 107 makes a crystal contact in
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changes in protein fluorescence. Sulfate binds to the LBH1

T 7 NAD™ complex at pH 6.0 with a dissociation constant of

4 . . . . sulfate (-2) or oxalate {-2) fulfills the charge requirement,
) while oxamate {1) does not.

2 5[ T To further investigate ligand binding to the LDHNAD*
§ 5L | complex, we tried to assay lactate oxidation at low pH+{6.0
8 7.5). Unfortunately, the reaction proceeds slowly at this pH
2 L Y N even in the absence of inhibitors and would have required
Y extraordinarily high enzyme concentrations. As LDH1 has
g 2 - only one tryptophan that is shown in the crystal structures
§ to be solvent exposed in the apoenzyme and sequestered in
2 15[ A ternary complexes, we studied ligand binding by observing
g
(@]

05 ¢ pHEO i 0.62 0.05) mM (Figure 2). The binding is dependent on
' v pHO92 NAD™ with no change in fluorescence if NADis not
0 v " . ! included in the conditions. Conversely, at pH 9.2, concentra-
0 1 2 3 4 5 tions of sulfate up to 200 mM were tested, and there was no

detectable binding to the LDHINAD* complex. Dissocia-
FiGure 2: Titration curve for binding of sulfate to the LDH1 tion constants for oxamate to LDHINAD * were calculated
NAD* complex. The fit of data obtair?ed at pH 6.0 to a hyperbolic to be 1.11 £0.07) mM at pH 6.0 an.d.3.14 ( 0I27) mM at
curve is represented by a line. pH 9.2. These results were unanticipated given that the
charge neutralization theory predicted that oxamate would
the apo structure that may stabilize an extra turn of helix bind better at high pH. From previous crystal structures,
o4. This region is not involved in crystal packing in the oxamate is expected to bind with the carbonyl oxygen
ternary complexes. The rmsd for allcarbons between apo  adjacent to His195; however, a productive hydrogen bond
model and monomer A from the LDHANAD™—OXL will form only if the histidine is protonated. Evidently, this
ternary complex is 2.0 A. The extended loop region contain- hydrogen bond facilitates ligand binding. Although we did
ing residues 88105 exhibits the largest differences. When not look at binding to the LDHENADH complex, we
residues 88105 are removed from the calculation, the rmsd expect oxamate to bind tightest to the LDHWADH
for o carbons is 0.5 A. The rmsd fax carbons between  complex at low pH where both hydrogen bonding with
monomer A from the LDHENAD"™—OXL complex and all His195 is optimized and charges sum to zero. Admittedly,
other ternary complex monomers varies from 0.2 to 0.4 A, the sulfate concentration was high relative to oxamate (0.9
demonstrating that all the ternary complexes are highly M vs 5 mM), but identical conditions using oxalate yielded
homologous. oxalate in the crystals. So while charge balance may be an
Charge Balance and Extended Loops in the Aztbite. important component of binding, clearly it is not the only
The fact that oxamate was included in one of the crystal- determinant, and other factors such as optimized hydrogen
lization conditions but sulfate was incorporated into the bonding and van der Waals interactions are conceivably just
crystals instead lends credence to the hypothesis that charges significant. This charge balance in the active site could
balance is important in the active sitt(28). This hasbeen  be important in inhibitor design as discussed below.
used as a paradigm for how lactate and malate dehydroge- LDH1 has inserts in two loop regions that seal the active
nases discriminate between their substrates. In this modelsite from solvent in the closed conformation (Figure 3A).
for LDHSs, the net charge of substrates plus the charge onThe elongated substrate-specificity loop has also been
His195 must sum to zero. This can be accomplished during observed in pfLDH, and the conformation of this loop is
the catalytic cycle by Hist1), pyruvatet-1), and NADH- similar (22). The two amino acid insert on the opposing side

Sulfate concentration (mM)

(0) or His(0), lactate£1), and NAD"(+1). of the cleft, Leu-Gly at position 242, is however novel. The
N¢ of Lys102 hydrogen bonds with the carbonyl oxygen of

0‘\?/»‘0 0\\(?,//0 Gly242C over the active-site cleft stabilizing the closed

¢ c conformation. Although this is the only polar interaction

between these two loops, there are van der Waals contacts
between the Trp107 side chain on the substrate-specificity
loop and Gly237 and the side chain of Val240 on the
opposing loop.
Pyruvate L-Lactate Active-Site Differences in LDHbersus Human LDHSs.
Since theT. gondiiparasite relies heavily on glycolysis for
Since malate carries an additional negative charge, anits energy requirements, inhibitors specific for LDH1 over
additional positively charged arginine is usually found on human LDHs would be of value in designing new treatments
the active-site loop in malate dehydrogenases. In fact, for toxoplasmosis. LDH1 shares 30 and 29% amino acid
mutating GIn102 to arginine chang@&scillus stearother- identity, respectively, with human muscle (hLDHpAand
mophilusLDH (bsLDH) to a specific and efficient malate human heart (hLDH-B isoforms of LDH. To investigate
dehydrogenasel@). As the LDH1 crystals were grown in  the differences between human and parasitic enzymes, we
the presence of NADat pH 4.2-4.5 where His195 would  superimposed LDH1 with the NADH- and oxamate-bound
most likely be protonated, a charge 2 on the second hLDH-A, (PDB accession 1110) and hLDH;BPDB ac-
ligand is needed to balance the two positive charges. Thus,cession 110Z) structure29). This reveals a number of

HisH®+0==C + NADH === His + HO—CH +NAD®
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substrate- substrate-
specificity specificity
loop

Ficure 3: Superimposition of LDHENAD™—OXL monomer A (purple) with hLDH-A—NADH—OXM monomer A (cyan). (Ap-Carbon

traces illustrating the longer active-site loops in LDH1. NABNd oxalate from the LDH1 ternary complex are drawn in ball-and-stick
representation. The different conformation of the substrate-specificity loop due to the five amino acid insert is evident, and the two amino
acid insert at residue 242 is on the opposing side of the cleft. (B) Close-up of the active site. Ligands from theNAIB{1-OXL

complex are depicted in ball-and-stick with their molecular surface represented in gold. The conserved water observed in the hLDH-A
complex is portrayed as a space-filling mesh sphere. The program GR3®sRds used to make Figure 2B.

Table 2: Active-Site Differences between LDH1 and Human LDH exception of Trp107, which occupies the same steric volume

Isoforms as GIn102, these residues are at equivalent positions in the
residue LDH1 hLDH-A hLDH-B, sequences. The overal! _effect of the subst'itutio'ns is to
increase the hydrophobicity of the LDH1 active site. The
gg f,gt Xlgl (\B/f‘n' main differences are addressed below.

31 lle Val val In hLDH-A4, Arg101 crosses over the cofactor pyrophos-
13? '\T"ﬁrt %S "5}’5 phate making a salt link with a phosphate oxygen and
107 Trp G,ﬂ GI% stacking with Tyr245. These favorable interactions are

163 Met Ser Ser expected to stabilize the closed conformation for hLDI-A
245 Ser Tyr Tyr The equivalent residues in LDH1 are Thr101 and Ser245,
ggg é:% Egr ng which do not contact each other or have polar interactions

with the pyrophosphate. In addition, the main chain sur-
rounding Ser245 adopts a different conformation pointing
dissimilar residues lining the active-site cavity that are Ser245 into the active site instead of away as seen in Tyr245.
summarized in Figure 3B and Table 2. As hLDH-and In LDH1, Ala246 replaces a threonine in the human isoforms
hLDH-B, are identical at all these positions except for residue and removes the hydrogen-bond interaction observed be-
30, we have used hLDH-Aas a model for both. With the  tween Thr246 and the oxamate carboxylate. Trp107 on the
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Ficure 4: APAD™ binding to LDH1 and comparison with NADH-bound hLDH;zAA) An F, — F¢ electron density map contoured at 3

is superimposed upon the final model of LDHAPAD™—SO, monomer A. Phases were calculated using the refined model with the
APAD™ atoms removed. BobScript@) and Raster3D38) were used to produce Figure 3A. (B) Overlay of LDHAPAD*—OXL monomer

A with hLDH-A ;—NADH—-OXM monomer A. The LDH1 complex is colored as in Figure 1, and the hLDHt@mplex is colored cyan.
Potential hydrogen bonds in the hLDH;&omplex involving the amide, water, and serine 163 are shown as dotted yellow lines with
distances given in angstroms. Residues are labeled according to LDH1 in black and where hldifté+8. in cyan.

substrate-specificity loop occupies the space that GIn102complex before NAD is released, forming a covalent adduct
occupies in hLDH-A. GIn102 is highly conserved and between NAD and pyruvate, which is tightly bound by the
interacts with the oxamate nitrogen in ternary complex crystal enzyme 80). Therefore, slow release of NADis thought
structures29). Trp107 is obviously unable to make this polar to be a critical factor. The first LDH that did not exhibit
interaction, and its presence enhances the active-site hydrosubstrate inhibition was pfLDH, and it was predicted to have
phobicity of LDH1. lle250, which provides a surface for the a leucine at position 163. Subsequent mutation of Ser163 to
pyridine ring to pack against in hLDH-Ais replaced by a  leucine for hLDH-A, hLDH-B,, and bsLDH abolished
proline, and lle31 in LDH1 projects further into the NADH-  substrate inhibition31—33). Surprisingly, while dissociation
binding pocket than the equivalent valine in human forms. constants for NADH increase #20-fold, the effect is due
Both of these substitutions are also seen in pfLDH and would mainly to decreased affinity for pyruvate as demonstrated
be expected to destabilize NADH binding by providing a by the 50-200-fold increase in pyruvat&.,. This was
less favorable surface for the NADH to nestle against. unexpected since Serl63 is in the NADH-binding pocket and
Met163 replaces a highly conserved serine as well asdoes not make direct contact with pyruvate.

displacing a conserved water molecule found bridging this | pH1 and LDH2 both have a methionine at position 163,
serine and the nicotinamide. The consequences of this seringind LDH2 does not exhibit substrate inhibition. Analysis of
to methionine substitution will be discussed in greater detail pMet163 in the LDH1 structures shows that the main chain
below. Collectively, this identifies a variety of active-site has adopted g angle of 120 rather than the-25° observed
differences between LDH1 and human LDH isoforms that for serine at this position. This places the carbonyl oxygen
may be exploited for selective inhibitor design. Combining of Met163 in position to hydrogen bond with the nicotina-
information about the active-site residues and the appropriatemide amide nitrogen (Figure 1B). The methionine side chain
charge on an inhibitor may lead to the design of more potent precludes binding of a water molecule that usually bridges
and selective inhibitors. Oy of Ser163, the carbonyl oxygen of Gly164, and the
Decreased Substrate InhibitioA.common characteristc  NADH amide oxygen. This water likely adds to binding
of LDHs is their susceptibility to substrate inhibition by affinity for the cofactor and slows its dissociation increasing
pyruvate. The accepted mechanism for this inhibition is the susceptibility to substrate inhibition. The amide oxygen
enol form of pyruvate binding to the LDHNAD™ binary makes no polar interactions in LDH1 since the water is
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displaced and Michaelis constants for NARre increased

Table 3: APAD" Interactions with LDH1

by factors of 4-10 as compared to human LDHs. A similar

main-chain conformation and water displacement is observed /;Ft)OAn? re\fgj\fvep(lﬂzmhSSIOCSA?EL?CJS”S’
for Leul63 in pfLDH. Evidence that the water is important
is provided by mutants of hLDH-A In studies performed ﬁ('\:'% \T/;‘Irgg ((1)) Vals4 (2); Ala98 (1)
by Holbrook and co-workers, hLDH-ASer163Leu in which AN3 Asp53 (3); Val54 (1); Alag8 (1)
the water is probably displaced is resistant to substrate AC4 Val54 (1); Ala98 (1)
inhibition, while hLDH-A, Ser163Ala in which the water is ACS Val54 (2)
most likely present is still subject to substrate inhibiti80,( Aﬁg \\;‘;'gi ((i)) ”gﬁg ((%))
33). Determinants for substrate inhibition must involve more AN7 Val54 (1); 11e119 (1)
than this single residue, however, since inhibition in LDH1 ACS8 Gly99 (1)
is reduced when compared to hLDHr-Aut not eliminated AN9 Asp53 (1); Val54 (1); Gly99 (1)
(11). AC1* Asp53 (1)
L . - AC2* Asp53 (2)
APAD' Binding and Catalytic EfficiencyBecause pfLDH AO2* Asp53 (3)° Val54 (1); Val55 (1)
has higher specific activity with APAD as compared to AC3* Asp53 (2); Wat551 (1)
NAD™ and human LDHs have reduced specific activity, AO3* Gly29 (2); AspS3 (3);
increased oxidation of lactate with APADNay be used to ACa* A Met58 (1); Wat551 (1)
L. . . o sp53 (1)
detect malarial infection1(7). T. gondiiLDHs also exhibit AO4* Asp53 (1); Alag8 (2): Gly99 (2)
increased catalytic efficiency with APADversus NAD. AC5* Thr97 (1); Gly99 (1); Wat4 (1)
While the differential activity with APAD may be used to Q(P)5* ('\3/Ilyt2390(21); V%at:lz(?lS) 1) Wat363 (1
X ) ; o . g e “Wa “Wa
dlagnosg ]nfe_ctlon, it is also mportarﬁ to understanding AOL Gly29 ((2)); Met30 (4§;2Nat187 (15;)
mechanistic differences between parasitic and human LDHSs. Wat275 (1); Wat363 (1)
The largest conformational change occurs between the aA02 Thr101 (1); Wat275 (1)
unliganded and the ternary complexes, while the NA&nd ﬁg Ih£11012 (1%;h\/\£%t11817 (%N): \{\{%0175 \(/\1/) 187 (1
APAD*-bound forms are essentially identical with no side- 1% Meet3(§ ()i); o (g.);)’ThI’iOl ((1));' at187 (1)
chain conformational differences in the active site between Wat17 (1): Wat187 (1)
the three ternary complexes. The conformation of the cofactor  NO2 Gly29 (1); Met30 (3); lle31 (4);
in the LDH1-APAD"—OXL and LDH1-APAD"—SQ, Wat4 (1) T
complexes is indistinguishable. The APADnethyl group NC1* Vall38 (1); Asn140 (2)
makes eight contacts4 A with the protein (Figure 4 and mgg* 12511%%((12))’.??]?%3? ((i)) \l_/\éﬁtflzg’ ((11))
Table 3). In both the NAD- and the APAD-bound Asn140 &3); Wat3237(1) ,
complexes, the side chain of llel42 adopts a strained NC3* LeuI00 (1); Thri01 (1)
conformation where2 is —80°. Val142 in hLDH-A, and NO3* Leul00 (2); Asn116 (1);
hLDH-B, occupies similar steric space as the eclipsed lle142. . Thri39 (3); Asn140 (1)
i NC4 Thr97 (1)
When the APAD complex is compared to the NABbound NO4* lle31 (1): Val138 (3); Thr139 (1)
form of LDHL1, there is a small approximately forsional NC5* Thro7 (3)
rotation of the pyridine ring around the glycosidic bond NO5* lle31 (1); Thr101 (1); Watl7 (1)
connecting pyridine N1 and ribose C1. This effectively “(N:% Y/gllﬁg g)) ﬁzgiig (é))
moves the methyl group away from the carbonyl oxygens  yc3 val138 (1): Asn140 (1)
of Val138 and Met163 to distances of 3.35 and 3.10 A, NC4 Leul67 (1); Pro250 (2)
respectively. These distances are slightly longer than the 3.08 NC5 lle31 (1); Ala246 (1); Pro250 (2); Wat17 (1)
and 2.90 A observed in the NABbound form, but we note “gg :\'4631%)?2"\(?'_17185)? \2Nat323 @
that the geometry is consistent with hydrogen-bond distances 57 M2E163 %23 AII2164 glg; Leu167 (1): His195 (3)
and angles. While there is increasing evidence for hydrogen  Ncs Val138 (1); Asn140 (1); Leu142 (2);

bonds involving aromatic carbons as donors in protein

Met163 (1); Ala164 (1); His195 (2)

ligand complexes, hydrogen bonds involving aliphatic car-
bons as donors are not as well-substantiaddyl The energy ~ between any residue atom and APAD Underlined residues have one
associated with these GHD interactions may be higher than ~hydrogen-bond interactios 3.2 A included in the total Standard
a standard van der Waals contact, but it is predicted to peatom designations for NADH are used with the exception of APADH

. atom NC8 replacing NADH atom NN7.
lower than a classical hydrogen borib).

Blanchard and co-workers examined binding of NADH 3.25 A observed in the NADH-bound structure. These
and APADH toE. coli dihydrodipicolinate reductase (DHPR) interactions must compensate for the loss of hydrogen bonds
using both X-ray crystallography and microcalorime®g)( as the change in enthalpy for the formation of the two DHPR
In the NADH-bound structure of DHPR, the nicotinamide complexes is similar. An unusual positive change in entropy
NH, is hydrogen bonded to the carbonyls of Glyl102 and is associated with the binding of APADH to DHPR, which
Alal26. Replacement of the NADH amine with the methyl they suggest may be due to increased conformational
group in APADH causes the acetyl group to twist’ Tt flexibility of the main-chain atoms of Alal26 and Alal27.
of coplanarity with the pyridine ring and the methyl group They support this hypothesis by comparing the temperature
to have van der Waals contacts with two phenylalanines. factors for the main-chain atoms of Alal28la127, which
The distance from the methyl group to the carbonyls of are higher in the APADH-bound structure than in the NADH-
Gly102 and Alal26 is increased to 3.52 and 3.28 A, bound structure. The increase in entropy upon APADH
respectively, from the distances to the amine of 3.10 and binding could also be due to desolvation of the methyl group

a\VDW, van der Waals interactions, are defined as conta@si
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Ficure 5: Difference in main-chain temperature factor (deltaB) & plotted as a function of residue number. A positive value for a
residue indicates that the residue has a higher refBiattor in the LDHE-APADT—OXL complex than in the LDHENAD™—OXL
complex. The horizontal line indicates the average main-cBefactor difference of 0.78 A

upon complex formation. We are unaware of other structures Table 4: Kinetic Parameters of LDH1, hLDHzAand hLDH-B,

besides DHPR of APADH-bound enzymes. steady-state cofactor used
To investigate if higher entropy might play a part in kinetic constant to determine ~ LDH1  hLDH-A hLDH-B,4

APAD™ binding to LDH1, we compared temperature factors (s NAD+ 2 g 50P
of main-chain atoms in the LDHINAD*—OXL and APAD* 570" 4p 2.8
LDH1—APAD*—OXL structures. These structures have Keatrea(S™) NADH 64(2r 300 220
comparable average main-chain temperature factors of 14.12 K cotactor (M) ﬁi’geH 33(;(2)9 93 37
and 14.90 A respectively. The difference in the average ‘ APAD* 50 5ep 37
main-chain temperature factoAB; BipHi-apap—oxL. — NADH 4.2 5b gb
BLoHi-nap—oxt) is plotted as a function of residue in Figure ~ KmpyuvaetM) — NADH 359 (34y 170 58
5. A positive value indicates that the APABound structure K APADH 814 (147}

) X . . i pyruvate(MM) NADH 31(3y 0.77 3.
has a higher refined-factor. TheB-factor difference is APADH 25 (5§ - -

typica”y.less than 5 Awith the $Ub5trateTSP9CiﬁCity loop @ From ref11. ® From ref16. ¢ From ref31. ¢ From ref30. ¢ Present
and residues near the C-terminus exhibiting the largest ok standard errors are indicated in parentheses.

deviations. The C-terminal residues are located on a solvent-
accessible loop and helix removed from the active site. APADT is due to both a~30-fold increase itk.:and a~7-
Temperature factors for the main-chain atoms of residuesfold decrease i, for cofactor 1). The reduced catalytic
that bind the NAD amide, Vall38 and Met163, are not efficiency with APAD' as compared to NADfor wild-type
significantly different. Similar results were obtained when hLDH-A; and hLDH-B, is primarily due to a 20-fold

comparing the LDHENAD *—OXL and LDH1-APAD"— decrease irkea (16). Kinetic constants for LDH1, hLDH-
SO, structures, although in that case the residues of the A,, and hLDH-B, with both cofactors are given in Table 4.
substrate-specificity loop have highd-factors in the The rate-limiting step in LDH catalysis is generally

APAD*-bound structure (data not shown). This analysis does accepted to be the conformational change accompanying loop
not support higher entropy for main-chain atoms as a opening for the lactate to pyruvate direction, but the five
significant contributing factor of APAD binding to LDH1. amino acid insert is likely to change loop dynamics in the
Comparison of LDH1 structures with ternary complexes apicomplexan enzymes. If loop isomerization is rate limiting
of hLDH-A, and hLDH-B, highlights the presence a for LDH1, the increase i, implies that the conformational
conserved water molecule in the human enzyme structureschange is faster using APADas compared to NAD This
(seeSubstrate Inhibitiorand Figure 4B). Ser163Leu mutants could be a result of a less stable ternary complex. The best
of hLDH-A,4, hLDH-B,4, and bsLDH are able to use APAD  support for this theory is that Ser163Leu mutants of hLDH-
more efficiently than wild type 31, 32). For bsLDH, the A4, hLDH-B4, and bsLDH that have increased activity with
switch in preference from NADto APAD is 3 orders of APAD™ exhibit a 40-200-fold increase i, for pyruvate
magnitude due mainly to the mutant’s reduced activity with as compared to wild type. Another possibility is that the
NAD*. For LDH1, increased catalytic efficiency with conformational change is not fully rate limiting in LDH1.
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Ficure 6: Cofactor-dependent LDH1 activity. Initial velocities were
measured as a function of pyruvate concentration. NADH and
APADH concentrations were constant and saturating at 280
Lines show fit of data to the MichaetigMlenten equation corrected
for substrate inhibition (see text for details).

Support for rate limitation by steps other than conformation
change is provided by studies of bsLDH. While wild-type
bsLDH lacks a significant primary isotope effect kya (=
1.1), bsLDH Serl163Leu has a primary kinetic isotope effect
of 1.9 indicating that chemical steps have become rate
limiting (32). Since APAD" has a higher oxidation potential
than NAD" (—258 and—320 mV, respectively) hydride
transfer to APAD occurs faster. Therefore, the increased
catalytic efficiency that LDH1 exhibits with APADhas two
possible origins: either loop opening is rate limiting and
occurs faster with APAD because the closed conformation
is destabilized, or hydride transfer is rate limiting and occurs
faster with APAD" because of its higher oxidation potential.
To investigate the origins of differential cofactor use
further, we performed steady-state enzyme kinetics in the
pyruvate to lactate direction using both NADH and APADH.

Data are presented in Figure 6 and summarized in Table 4.

Catalytic rates with NADH were twice that with APADH,
while Ky, for pyruvate using APADH is 2-fold higher than
Km for pyruvate using NADH. Consider th€,, data first:
the higherK, for pyruvate using APADH suggests that the
ternary complex is destabilized relative to the LDH1
NADH —pyruvate complex. This could be the basis for faster
loop opening in the lactate to pyruvate direction leading to
higher rates for the APAD catalyzed reaction. But the
catalytic rate data may be more significant. The LDH1-
catalyzed reaction proceeds faster with APARrsus NAD

in the oxidative direction but faster with NADH than
APADH in the reductive direction. Because of the differences
in oxidation potentials, this is what one would expect if
chemical steps were at least partly rate limiting. While this
implies LDH1's rate is limited by steps other than confor-

mational change, a more thorough kinetic analysis is required

to provide conclusive evidence.
Summary The LDH1 crystal structures presented here

demonstrate the conformational change that takes place upon

substrate binding. The substrate-specificity loop in LDH1 is
altered both in length and in tertiary structure as compared
to vertebrate and bacterial LDHs. Comparison of kinetic

Kavanagh et al.

parameters determined with NAD(H) and APAD(H) suggests
that the conformational isomerization of this loop that is rate
limiting in pig muscle LDH is not fully rate limiting in
LDH1. Rate-limitation by chemical steps is the apparent
origin of LDH1's increased activity with APAD. Residues
lining the active site cavity that differ between LDH1 and
human isoforms have been delineated and provide a frame-
work for the design of inhibitors that are selective fbr
gondii LDH over human LDHs. These amino acid substitu-
tions increase the hydrophobicity of the LDH1 active site
relative to human LDHs. Binding experiments as well as
the complexes that have been crystallized support the theory
that charge balance in the active site is important. This
implies that tight-binding active-site inhibitors for the pyru-
vate to lactate reaction should have a net charge of minus
one. A methionine that replaces a more common serine
displaces a conserved water molecule and is likely respon-
sible for reduced substrate inhibition.
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