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AMINOTRANSFERASE AND MALATE DEHYDROGENASE FROM Plasmodium falciparum

ABSTRACT

The validation of the essential metabolic components of P. falciparum is highly challenging

due to the limited applicability of the probe techniques in pathogenic systems. Examina-

tion of the oligomeric interfaces offers an opportunity for specific interference with target

enzymes. In this chapter, we report structure-based mutagenic experiments interfering with

the inter-oligomeric interactions of the enzymes aspartate aminotransferase (PfAspAT)and

malate dehydrogenase (PfMDH) from Plasmodium falciparum. By using mutated MDH

and AspAT species in vitro, specific inhibition of the wild-type enzymes was achieved. These

findings provide an opportunity to further validate components of Plasmodium aspartate

metabolism as drug targets in vivo.



2.1. INTRODUCTION

2

35

2.1. INTRODUCTION

During the proliferation of Plasmodium within the host’s red blood cell, the parasite

relies on external nutrients that have to be imported and subsequently metabolised[1, 2].

This interconversion of nutrients is believed to be essential to provide the metabolic inter-

mediates for the parasite’s growth. The validation of the druggability of these metabolic

steps is highly challenging as the applicability of the probe techniques is limited in P. falci-

parum. However, a possible alternative is offered through the examination of interaction

surfaces between subunits of oligomeric proteins (Chapter 1).

Enzymes within the plasmodial carbon metabolism pathway have been previously

suggested as promising targets for drug discovery[3, 4]. Aspartate aminotransferase from

P. falciparum (Pf AspAT, EC 2.6.1.1) is an enzyme involved in energy metabolism and

pyrimidine biosynthesis[5–7]. Malate dehydrogenase (Pf MDH, EC 1.1.1.37) is located

downstream of Pf AspAT in the cytosol of the parasite. It aids in the maintenance of

the correct redox environment, crucial for the parasite’s survival particularly during

the blood stages[8]. Pf MDH is also involved in the shuttle mechanism of the TCA cycle

intermediates (malate/oxaloacetate), necessary for electron transfer from cytosolic NADH

to the mitochondrial electron transport chain[9]. The roles of Pf AspAT and Pf MDH in

Plasmodium falciparum metabolism make these enzymes promising antimalarial drug

targets.

Recently, the crystal structures of Pf AspAT and Pf MDH have been solved[7, 10] and

both enzymes have been biochemically characterized[6, 11–14]. But despite the efforts,

neither Pf AspAT nor Pf MDH has been validated as a drug target. In both cases (as well

as in case of other malarial enzymes that possess close homologs in the human host)

an inhibition tool with sufficient in vivo specificity is required for successful drug target

validation.

In the experiments described in this chapter, structural information of the enzymes

Pf MDH and Pf AspAT was used to generate mutants for use in in vitro protein inter-

ference experiments following two different approaches. In the first approach, we de-

signed mutants able to form a complex with wild-type subunits and disrupt the native

oligomeric state, thereby inhibiting the function of the native assembly. In a second

complementary approach, a mutant was designed to form a complex with the wild-type

subunits and inhibit its function without disruption to the native oligomeric state. Our

co-purification experiments show that interference with oligomeric interfaces of both

Pf MDH and Pf AspAT could be employed to modulate their function with high specificity.
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2.2. MATERIALS AND METHODS

2.2.1. CLONING

A full-length gene encoding for Pf MDH was amplified via PCR from P. falciparum 3D7

genomic DNA using sequence-specific oligonucleotides (Table 2.1). The PCR reaction was

performed using Pfu polymerase (Promega) and the following PCR program: denaturation

for 7 min at 94°C followed by 35 cycles of 60 s at 94°C, 90 s at 42°C and 2 min at 68°C. The

generated PCR product was digested with BsaI (restriction sites in bold) and cloned into a

pASK-IBA3 vector (IBA Lifesciences) previously digested with the same enzyme. The final

expression plasmid pASK-IBA3-Pf MDH encoded the full-length version of Pf MDH with

additional C-terminal His6-tag to facilitate purification via Ni-NTA chromatography.

Similarly, a full-length gene encoding for Pf AspAT was amplified via PCR from P.

falciparum 3D7 genomic DNA using sequence-specific oligonucleotides (table 2.2). The

PCR reaction was performed using Pfu polymerase (Promega) and the following PCR

program: denaturation for 5 min at 95°C followed by 30 cycles of 50 s at 95°C, 90 s at

42°C and 2 min at 72°C. The generated PCR product was digested with BsaI (restriction

sites in bold) and cloned into a pASK-IBA3 vector (IBA Lifesciences) previously digested

with the same enzyme. The final expression plasmid pASK-IBA3-Pf AspAT encoded the

full-length version of Pf AspAT with additional C-terminal His6-tag. All plasmid samples

were verified by automated sequencing (Sanger).

2.2.2. PROTEIN EXPRESSION AND PURIFICATION

Both Pf MDH and Pf AspAT were recombinantly expressed using E. coli BLR (DE3)

(Nalgene) competent cells transformed with the pASK-IBA3-Pf MDH and pASK-IBA3-

Pf AspAT expression plasmids. The cultures were propagated in LB media supplemented

with 100 µg ml-1 ampicillin at 37°C and induced with 200 ng ml-1 of anhydrotetracycline

(AHT). The temperature of the culture was lowered to 18°C after induction and cells were

harvested by centrifugation after overnight expression. The cells were lysed using sonica-

tion and centrifuged to clarify the lysate. Soluble His-tagged Pf MDH and Pf AspAT were

purified using Ni-NTA agarose (Quiagen) according to the manufacturer’s recommenda-

tions. After Ni-NTA purification, both enzymes were further purified via size-exclusion

chromatography using HiLoad 16/60 Superdex S75 column (GE Healthcare) using NGC

chromatograph (BioRad).
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Table 2.1 | Primer sequences used in the study of Pf MDH. The recognition sites for restriction enzymes (specified

in the primer name) are highlighted in bold. Mutations sites are underlined.

Primer Sequence

Pf MDH cloning for recombinant expression (pASK-IBA3, His6-tag)

IBA3-MDH-s (BsaI, His6) 5’-GCGCGCGGTCTCCAATGACTAAAATTGCCTTAATAGGTAGTGGTC-3’

IBA3-MDH-as (BsaI, His6)
5’-GCGCGCGGTCTCAGCGCTTTAATGATGATGATGATGATGGCCTTTAA

TTAAGTCGAAAGCTTTTTGTGTG-3

Pf MDH cloning for recombinant expression (pASK-IBA3, Strep-tag)

IBA3-MDH-s (SacII) 5’-ATATCCGCGGATGACTAAAATTGCCTTA-3’

IBA3-MDH-as (NcoI) 5’-AGAGCCATGGCTTTTAATTAAGTCGAAAGC-3’

Pf MDH V190W Site-directed mutagenesis primers (pASK-IBA3)

MDH-V190W-s 5’-GATATACATCGGTAAATGGTTGGCCTTTATCTGAATTTGTC-3’

MDH-V190W-as 5’-GACAAATTCAGATAAAGGCCAACCATTTACCGATGTATATC-3’

Pf MDH E18W Site-directed mutagenesis primers

MDH-E18W-s
5’-CAAATCGGAGCAATTGTTGGATGGTTGTGTTTGCTGGAAAATCTT

GG-3’

MDH-E18W-as 5’-CCAAGATTTTCCAGCAAACACAACCATCCAACAATTGCTCCGATTT G-3’

Pf MDH VE18Q Site-directed mutagenesis primers

MDH-E18Q-s
5’-CAAATCGGAGCAATTGTTGGACAATTGTGTTTGCTGGAAAATCTT

GG-3’

MDH-E18Q-as
5’-CCAAGATTTTCCAGCAAACACAATTGTCCAACAATTGCTCCGATTT

G-3’

Table 2.2 | Primer sequences used in the study of Pf AspAT. The recognition sites for restriction enzymes

(specified in the primer name) are highlighted in bold. Mutations sites are underlined.

Primer Sequence

Pf AspAT cloning for recombinant expression (pASK-IBA3, His6-tag)

IBA3-AspAT-s (BsaI, His6) 5’-GCGCGCGGTCTCCAATGGATAAGTTATTAAGCAGCTTAG-3’

IBA3-AspAT-as (BsaI, His6)
5’-GCGCGCGGTCTCAGCGCTTTAATGATGATGATGATGATGGCCCTGAAA

ATAAAGATTCTCTATTTGACTTAGCGAAAGACAAATTTTGTCGG-3’

Pf AspAT cloning for recombinant expression (pASK-IBA3, Strep-tag)

IBA3-AspAT-s (BsaI, Strep) 5’-GCGCGGTCTCCAATGGATAAGTTATTAAGCAGCTTAG-3’

IBA3-AspAT-as (BsaI, Strep) 5’-GCGCGGTCTCTGCGCTTATTTGACTTAGCGAAAGAC-3’

Pf AspAT R257A Site-directed mutagenesis primers

AspAT-R257A-s 5’-ATGTCGCTTTATGGAGAAGCAGCAGGTGCTCTTCATATTG-3’

AspAT-R257A-as 5’-CAATATGAAGAGCACCTGCTGCTTCTCCATAAAGCGACAT-3’

Pf AspAT Y68A Site-directed mutagenesis primers

AspAT-Y68A-s 5’-GAAAATTATAAAGAGAAACCAGCATTGTTAGGTAACGGTACAGAA-3’

AspAT-Y68A-as 5’-TTCTGTACCGTTACCTAACAATGCTGGTTTCTCTTTATAATTTTC-3’

Pf AspAT sub-cloning primers for recombinant co-expression in E. coli (pACYC184)

pACYC184-AspT-s (NdeI) 5’-AGAGCATATGGATAAGTTATTAAGCAGCTTAG-3’

pACYC184-AspT-as (XmaI) 5’-ATATCCCGGGTCATATTTGACTTAGCGAAAGA-3’
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2.2.3. MUTAGENESIS

Site-directed mutagenesis was performed using sequence-specific oligonucleotides

and the pASK-Iba3-Pf MDH-WT plasmid as a template (Table 2.1). Resulting plasmids

pASK-Iba3-Pf MDH-V190W, pASK-Iba3-Pf MDH-E18W and pASK-Iba3-Pf MDH-E18Q

encoded a full-length Pf MDH with C-terminal His6-tag and V190W, E18W and E18Q

mutations, respectively. Similarly, the single mutants Pf AspAT-Y68A and -R257A, and the

double mutant Pf AspAT-Y68A/R257A were generated via site-directed mutagenesis using

specific oligonucleotides (Table 2.2) containing the altered codons and the pASK-IBA3-

Pf AspAT plasmid as a template. All constructs were verified by Sanger sequencing. The

generated mutant plasmids were treated with DpnI for 2 hours at 37°C to eliminate the

parental template. All constructs were verified by automated sequencing (Sanger). The

mutant versions of Pf MDH and Pf AspAT were expressed and purified according to the

same protocol as the wild-type, with minor modifications.

2.2.4. DETERMINATION OF OLIGOMERIC STATE

The oligomeric state of Pf MDH and Pf AspAT wild-type and its mutants was de-

termined by static light scattering experiments performed inline with size exclusion

chromatography using NGC (BioRad). Protein samples, purified to homogeneity and

concentrated to 1.0 mg ml-1, were injected onto Superdex S75 10/300 (GE Healthcare)

size exclusion column inline with MiniDAWN TREOS (Wyatt) three angle static light

scattering device. The size exclusion column was previously equilibrated with 100 mM

Na-Phosphate pH 7.4, and 400 mM NaCl. An inlet filter was used to prevent big aggregates

(>100 nm) from interfering with the measurements. Static light data were analysed using

the software provided by the manufacturers (ASTRA 6.1.5.22; Wyatt Technologies). The

Pf MDH-WT sample eluted as a single peak and was characterized as a monodisperse

tetramer with Mw of 140.5 ± 4.2 kDa. Similarly, Pf MDH-E18Q sample was characterized

as a tetramer with Mw of 139.4 ± 0.2 kDa. The calculation of the extinction coefficients of

Pf MDH-WT and E18Q samples was performed with 10% uncertainty, as neither wild-type

nor E18Q sequence contains tryptophan residues. V190W and E18W samples were char-

acterized as dimers with calculated Mw of 70.5 ± 0.3 kDa and 76.6 ± 0.4 kDa, respectively.

The Pf AspAT samples eluted as single peaks and wild-type Pf AspAT as well as mutants

were confirmed to possess dimeric conformation, with an approximate weight of 94 kDa

(including the purification tags).
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2.2.5. ACTIVITY ASSAYS

The kinetic parameters of Pf MDH-WT, as well as Pf MDH-V190W, Pf MDH-E18W and

Pf MDH-E18Q mutants were assayed in 100 mM Na-Phosphate pH 7,4, 400 mM NaCl.

The specific activity of Pf MDH mutants was assayed based on the increased absorbance

of NADH oxidized (NAD+ reduced) at 340 nm and measured as µmol NADH converted

per minute by 1 mg of the enzyme. The reactions were performed in 1 ml cuvettes

(Sarstedt) at room temperature using Jasco 650 UV-VIS spectrophotometer (Jasco GmbH).

The forward reactions were performed using 50 nM enzyme pre-incubated in the assay

buffer supplemented with 5 mM NAD+. The reactions were initiated using decreasing

concentrations of DL-malate starting at 10 mM. Similarly, the reverse reaction of the

reduction of oxaloacetate was performed by 50 nM of the enzyme in the presence of 0.5

mM NADH and initiated by addition of oxaloacetate (highest concentration 10 mM). No

spontaneous NADH oxidation or NAD+ reduction in the presence of the high substrate

concentrations and the absence of the enzyme was observed.

The activities of Pf AspAT, as well as Pf AspAT-Y68A and -R257A, and the double mutant

Pf AspAT-Y68A/R257A were assayed in two steps by measuring the formation of glutamate,

which is subsequently converted into 2-oxoglutarate by glutamate dehydrogenase with

acetylpyridine adenine dinucleotide (APAD) as a cosubstrate. The standard assay was

performed in 50 mM Tris–HCl (pH 8.0) in the presence of 10 mM aspartate and 20 mM

2-oxoglutarate in a total volume of 300 µl at 37°C for 30 min. Boiling the samples for 1

min stopped the enzymatic reaction. A buffer composed of 50 mM Tris– HCl (pH 8.0), 0.5

mM APAD, and 7 U of glutamate dehydrogenase was added to a final volume of 1 ml and

incubated for 1h at 37°C. Finally, the samples were centrifuged for 1 min at 14,000g, and

the absorbance of the supernatant was determined at a wavelength of 363 nm. Specific

activity was calculated using a molar extinction coefficient of 8900 M-1 cm-1 for APADH

(the reduced form of APAD). All kinetic data were obtained from at least three independent

experiments.

2.2.6. CO-PURIFICATION OF Pf MDH-WT AND Pf MDH-V190W

Wild-type Pf MDH open reading frame was re-cloned into pASK-IBA3 using sequence-

specific nucleotides (Table 2.1). The resulting plasmid-encoded a full-length Pf MDH-WT

with C-terminal Strep-tag. Expression of both Strep-tagged Pf MDH-WT and His6-tagged

Pf MDH-V190W mutant was performed as described above. The lysates were separately

clarified by centrifugation, mixed and incubated for 2 hours at 4°C. The subsequent

co-purification from the mixed lysates was performed via the Strep-tactin as well as via
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Ni-NTA agarose (IBA Lifesciences, Qiagen). Co-purified Pf MDH-WT and Pf MDH-V190W

were visualized by western blot using a monoclonal Strep-tag II antibody (IBA) or anti-His

antibody (Pierce, USA) and a secondary anti-mouse horseradish peroxidase-labelled goat

antibody (BioRad, Germany).

2.2.7. CO-EXPRESSION AND CO-PURIFICATION OF Pf ASPAT-WT AND Pf ASPAT-

Y68A/R257A

Wild-type Pf AspAT open reading frame was re-cloned into pASK-IBA3 using sequence-

specific nucleotides (Table 2.2). The resulting plasmid encoded a full-length Pf AspAT-WT

with C-terminal Strep-tag. The His-tagged Pf AspAT-Y68A/R257A double mutant was

sub-cloned into a pACYC184 vector (NEB) (Table 2.2) containing the expression cassette

of pJC40 to allow co-expression of the WT and mutant version in E. coli.

The co-expression of Strep-tagged Pf AspAT-WT and His-tagged Pf AspAT-Y68A/R257A

was performed using co-transformed BLR (DE3) competent cells induced with both IPTG

and AHT. The subsequent co-purification was performed via the Strep-tactin as well as via

Ni-NTA agarose (IBA Lifesciences, Qiagen). The co-purified proteins were visualized by

western blot using a monoclonal Strep-tag II antibody (IBA) or anti-His antibody (Pierce,

USA) and a secondary anti-mouse horseradish peroxidase-labelled goat antibody (BioRad,

Germany).

2.3. RESULTS

2.3.1. OLIGOMERIC INTERFACES OF Pf MDH AND Pf ASPAT SHOW HIGHER

SEQUENCE DIVERSITY THAN THEIR COGNATE ACTIVE SITES

The availability of high-resolution crystal structures of both Pf AspAT[7] and Pf MDH[10]

allowed for a sequence conservation analysis of the regions supporting oligomeric assem-

bly. Homologous sequences of both proteins were analyzed using BLAST[15]. Overall,

15.8% of the surface residues of Pf MDH are conserved amongst the closest relatives. These

observations agree with earlier reports, which show that in general enzyme oligomeric

surfaces show significantly lower conservation than active site residues[16, 17]. The AB

Pf MDH sub-assembly is highly similar to other dimeric malate dehydrogenases, such

as E. coli MDH (29% sequence identity, 2.5 Å rmsd, 2PWZ, primary citation unavailable)

(Figure 2.1). Structural comparison with Human type 2 MDH (28% identity; 2DFD, pri-

mary citation not available) shows a lower degree of structural homology between the
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separate subunits of each tetramer (2.5 Å rmsd on C-alphas).

Table 2.3 | Sequence conservation of Pf MDH across homologs and surface analysis.

Number of residues 313

Conserved residues 99 (31.6%)

* absolutely 24 (7.7%)

: strongly (42 (13.5%)

. weakly 33 (10.5%)

Active site residues 6

* absolutely 5 (84%)

: strongly 1 (16%)

. weakly 0)

Interface AB AC AD Total

Interface residues 51 37 13 101

Conserved residues 11 (21.7%) 4 (10.8%) 1 (7.7%) 16 (15.8%)

* absolutely 6 (11.7%) 0 0 6 (5.9%)

: strongly 3 (5.9%) 3 (8.1%) 1 (7.7%) 7 (6.9%)

. weakly 2 (3.9%) 1 (2.7%) 0 3 (2.9%)

Figure 2.1 | (a)-(c) Interfaces formed between individual subunits of Pf MDH: AB (a), AC (b) and AD (c); residues

involved in the oligomeric contact are shown in blue. Evolutionary conservation of the interface residues is

shown in red (absolutely conserved), orange (strictly conserved) and green (slightly conserved). (d) Positions of

the active sites of adjacent subunits A (yellow) and B (Magenta) are shown. Active sites from A and B subunits

are mirror reflections of each other, well separated and distal to AC interface. (e) Structural superposition of

Pf MDH AB subassembly (green) and dimeric malate dehydrogenases from E. coli MDH (29% sequence identity,

2.5 Å rmsd, 2PWZ, primary citation unavailable) shown in gold.
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Table 2.4 | Sequence conservation of Pf AspAT (PDB 3K7Y) across homologs and surface analysis.

Number of residues 405

Conserved residues 157 (38.7%)

* absolutely 49 (12.1%)

: strongly 66 (16.2%)

. weakly 42 (10.4%)

Active site residues

* absolutely 14 (73.7%)

: strongly 3 (15.8%)

. weakly 2 (10.5%)

Interface residues 98

Conserved residues 34 (34.7%)

* absolutely 11 (11.2%)

: strongly 12 (12.3%)

. weakly 11 (11.2%)

Total ASA per monomer (Å2) 19890

Buried ASA (Å2) Total: 3641 (25.5 % of total ASA)

Analysis of the close homologs of Pf AspAT showed overall 38.7% sequence conserva-

tion, while the residues comprising the active site of Pf AspAT showed 100%s sequence

conservation (Figure 2.2, Table 2.4). PISA analysis of the structural assembly of [Pf]AspAT

identified 98 residues involved in the inter-oligomeric contact, showing sequence con-

servation of 34.7%, where 10.2% accounts for the active site residues. As previously

mentioned[7], the N-terminal arm domain shows 100% sequence diversity. Only six

residues involved in the contact with the N-terminal Arm domain (Asn277, Phe116, Ile263,

Leu117, Val209 and Phe241) are somewhat conserved.

2.3.2. POINT MUTATIONS INFLUENCE THE OLIGOMERIC STATE OF Pf MDH

Based upon an examination of the Pf MDH crystal structure[10], point mutations were

designed to interfere with the AB and AC oligomeric surfaces. The loop region between

α6 and β8 of each subunit (residues 187-192) was found reaching in the hydrophobic

pocket region between β7 and β10 of adjacent subunit, facilitating the AC oligomeric

contact (Figure 2.3a). The mutation V190W was designed to introduce a steric clash in

that region of AC interface – potentially resulting in a dimeric form of Pf MDH similar

to that observed in other organisms (e.g. E. coli; Figure 2.1e). The Pf MDH-V190W

mutant was recombinantly expressed and purified. The impact of the mutations was

confirmed by static light scattering measurements (Table 2.5), proving that Pf MDH-
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Figure 2.2 | (a) Pf AspAT homodimer (3K7Y), where the N-terminal Arm domains are clearly visible. (b) and

(d) (side view) Residues (blue) supporting oligomerisation, as predicted by PISA[18]. (c) and (e) (side view)

Evolutional diversity of the residues involved in the oligomeric contact: absolutely conserved (red), strongly

conserved (orange) and slightly conserved (pale yellow). Sequence conservation amongst close homologs was

analysed using BLAST[15]. Figures were prepared using PyMol[19]

.

V190W is dimeric in solution. These results have suggested that the mutation had the

desired effect of disrupting the AC interface and that the AB interface in V190W mutant

remained unperturbed, as this interface could still support dimerization.

The AB interface is mainly formed by residues that belong to alpha helixes 1, 2, 5

and 8 from both subunits. The core non-conserved region between the α1 helixes of

each subunit is mainly hydrophobic with the exception of the acidic Glu 18 pair (Figure

2.3b). Similarly to the V190W case, a point mutation E18W was designed to introduce

a steric clash between the subunits A and B (Figure 2.3b). Pf MDH-E18W mutant was

recombinantly expressed, purified and subsequently characterized using SLS measure-

ments (Table 2.5), confirming the presence of dimeric species. The E18Q mutation was

designed to strengthen the AB interface by replacing the Glutamate:Glutamate interaction

with complementary hydrogen bonding pair between the mutated glutamines 18 from

adjacent chains (Figure 2.3b). Similarly, Pf MDH-E18Q was recombinantly expressed and

purified. The ability of the Pf MDH-E18Q mutant to form tetramers in vitro, as confirmed

by SLS (Table 2.5), strongly suggests that there were no adverse alterations to the surfaces

that support oligomerisation (either AB or AC).
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Figure 2.3 | (a-top) Undisrupted oligomeric interface of Pf MDH (AC). Subunit A is schematically shown as

cartoon (yellow), surface of the adjacent subunit C is shown in cyan. (a-bottom) Interface mutation V190W

located between α6 and β8 causes disruption of the A-C interface as confirmed by SLS experiments. Point

V190W mutations were modeled in Pf MDH structure using Coot[20] and visualized using PyMol[19]; mutated

clashing residues are shown in red. (b-top) Native AB oligomeric interface of Pf MDH; Glutamate 18 pair in the

core α1:α1 is shown in sticks. (b-bottom) Predicted steric clash caused by E18W mutation, causing an oligomeric

disruption of AB interface and a model of the additional hydrogen bond pair (Gln18-Gln18) introduced between

α1 helixes from adjacent subunits.
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Table 2.5 | Static Light Scattering (SLS) measurements of Pf MDH wild-tipe and mutants

Wild-type V190W E18W E18Q

Oligomeric state Tetramer Dimer Dimer Tetramer

Molecular weight (kDa) 140.5 ± 4.2 70.5 ± 0.3 76.6 ± 0.4 139.4 ± 0.2

2.3.3. OLIGOMERIC DISTORTIONS INFLUENCE THE SPECIFIC ACTIVITY OF

Pf MDH

The specific activity of the wild-type Pf MDH and its mutants was measured in terms

of the amount of NADH oxidized or (NAD+) reduced (U = 1 µmol NADH min-1) per

milligram of the enzyme. Wild-type Pf MDH displayed Michaelis-Menten kinetics for

forward reaction (malate oxidation) with Vmax of 9.2 ± 0.4 U mg-1 and Km of 3.0 ± 0.3

mM of malate (Figure 2.4a). Reverse reaction (oxaloacetate reduction) was interpreted

as positively cooperative with Hill coefficient of 1.75 ± 0.11, significantly higher Vmax

of 111 ± 4 U mg-1 and Khalf of 2.8 ± 0.2 mM (Figure 2.4b). These data are consistent

with the previously reported specific activity of Pf MDH measured to be approximately

80 U mg-1 and no observed substrate inhibition at high oxaloacetate concentrations[14].

Distortion of the native oligomeric assembly via V190W and E18W mutations have signifi-

cantly affected the enzyme activity and substrate kinetics. Indeed, the forward reaction

catalyzed by the dimeric Pf MDH-V190W mutant was interpreted as cooperative with a

Hill coefficient of 1.5 ± 0.1. Maximal measured specific activity was approximately 0.6 U

mg-1 and calculated Khalf was above 7 mM (Figure 2.4a). The reverse reaction followed

a nearly linear trend with the maximal measured activity of 35.2 ± 1.1 U mg-1 at 10 mM

oxaloacetate (Figure 2.4b).

Similarly, disruption of the AB interface via E18W mutation resulted in significantly

reduced maximal specific activity measured for the forward reaction (approximately

0.17 U mg-1). The reaction could be interpreted as cooperative with a Hill coefficient of

1.45 ± 0.3 (Figure 2.4a). Reverse reaction catalyzed by E18W mutant followed Michaelis

Menten kinetics with Vmax = 19.3 ± 0.4 U mg-1 and Km = 0.20 ± 0.02 mM (Figure 2.4b).

Interestingly, E18Q mutation did not significantly change the forward enzyme activity.

The reaction followed Michaelis-Menten kinetics with slightly lower calculated Km (8.3 ±

0.6 U mg-1) and reduced Km (2.5 + 0.5 mM), compared to the wild-type Pf MDH (Figure

2.4a). In contrast, the reverse reaction of E18Q was interpreted as cooperative with a Hill

coefficient of 1.2 ± 0.1 (Figure 2.4b) at substrate concentrations below 2.5 mM oxaloacetate.

Above that concentration, E18Q mutant showed significant substrate inhibition (Figure

2.4b). Vmax of the reverse reaction (below 2.5 mM oxaloacetate) increased to 140 ± 6 U
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mg-1 with significantly lower Khalf of 0.38 ± 0.4 mM.

2.3.4. POINT MUTATIONS OF THE KEY ACTIVE SITE RESIDUES ABOLISH THE

CATALYTIC ACTIVITY OF Pf ASPAT in vitro WHILE NOT DISTURBING

THE DIMERIZATION AND OVERALL FOLD

Based on the crystal structure of Pf AspAT (3K7Y)[7], point mutations were designed

to interfere with the catalytic activity of this enzyme. Arginine 257 and Tyrosine 68 of a

single Pf AspAT monomer contribute to distinct catalytic sites and are both required for

cofactor binding and catalytic functions (Figure 2.5). As previously described for E.coli,

homologs of both residues (Arg266 and Tyr70)[22] are involved in hydrogen bonds to

the phosphate group of the cofactor PLP. As a result, we hypothesized that mutations of

these residues would significantly affect the catalytic activity of Pf AspAT. Furthermore,

as Tyr68 and Arg257 belong to different subunits, the double mutation Y68A/R257A in a

single monomer would affect both active sites of the dimer. The Pf AspAT-Y68A/R257A

mutant was recombinantly expressed and purified. Static light scattering (SLS) measure-

ments confirmed that the introduction of both active site mutations did not impact the

oligomeric assembly, as both wild-type and mutant versions had a molecular weight of

approximately 94 kDa, consistent with a dimeric assembly. The specific activity of the

double mutant of Pf AspAT-Y68A/R257A was measured, showing loss of activity (0.01 ±

0.0005 U mg-1) compared to the wild-type (1.71 ± 0.12 U mg-1). This represents a 170-fold

reduced catalytic activity of mutant (Figure 2.6). These data suggest that the introduction

of two-point mutations Y68A and R257A would have the desired inactivation effect on

Pf AspAT while not affecting its folding or ability to form dimers.

2.3.5. OLIGOMERIC INTERFACES CAN BE USED TO INCORPORATE DEACTI-

VATED MUTANTS INTO A Pf MDH ASSEMBLY AFTER RECOMBINANT

EXPRESSION

Recombinantly expressed wild-type Pf MDH-WT (Strep-tagged) and Pf MDH-V190W

(His-tagged) were expressed separately in E. coli. The lysates were mixed and puri-

fied by sequential streptactin and Ni-NTA-affinity chromatography to isolate the wild-

type:mutant complex. Subsequent Western Blot analysis demonstrated that Pf MDH-

V190W was able to insert itself into a pre-formed wild-type Pf MDH assembly (Figure 2.7).

Activity assays demonstrated that while recombinant wild-type Pf MDH displayed both

reductive and oxidative activity, the isolated wild-type:V190W chimaera possessed no
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Figure 2.4 | Specific activity (both forward and reverse reactions) of the wild-type Pf MDH, E18Q, V190W, E18W

mutants, and co-purified WT-mutant chimeric complex. Specific activity is shown in Units per mg of enzyme

(U mg-1). U = µmol of NADH oxidized or (NAD+) reduced per minute. (a and b) Interference with the native

oligomeric state of Pf MDH affected substrate kinetics as well as significantly changed specific activity of the

mutant species. (b) E18Q mutant showed increased specific activity for reverse reaction as well as significant

substrate inhibition at substrate concentrations above 2.5 mM. (c) At 1.6 mM malate (reported intracellular

substrate concentration[21]) dimeric Pf MDH mutants had significantly reduced specific activity towards malate

oxidation, while E18Q mutant activity was not significantly changed compared to WT. No activity could be

detected for co-purified Pf MDH-WT/V190W chimeric assembly. (d) At sub-millimolar substrate concentration

(0.625 mM oxaloacetate) E18Q mutant showed significantly increased (10x) specific activity, while V190W

mutant or co-purified WT/V190W chimaera showed little or no measurable activity, respectively. E18W mutation

disrupting AB interface resulted in slightly increased activity towards oxaloacetate reduction compared to the

wild-type enzyme.
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Figure 2.5 | (a) Secondary structure of Pf AspAT (3K7Y). (b) Pf AspAT active site structure, in which the substrate

analogue maleic acid was modelled based on a homologous structure of chicken AspAT (2CST)[23] superim-

posed with Pf AspAT. Residues forming the active site cavity are shown in green; residues from the adjacent

subunit complementing the active site are shown in cyan and labelled with asterisks. Figures were prepared

using PyMol[19].

Figure 2.6 | Specific activity of the wild-type PfAspAT was similar to the previously reported value[6]; Strep-

purified sample (selection for chimaeras and wild-type protein only) from co-expression of Strep-tagged WT

and His-tagged Pf AspAT-Y68A/R257A showed decreased activity whereas no activity could be detected in the

Ni-NTA purified sample (selection for chimaeras and inactive mutant only). GraphPadPrism 5.0 was used for

one-way ANOVA analysis.
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Figure 2.7 | Western Blot analysis demonstrate the ability of His-tagged Pf MDH-V190W mutants to incorporate

into pre-formed native Strep-tagged oligomeric assembly post-expression. (Left) Mixed lysate and wild-type

Pf MDH were first purified via Strep-Tactin (IBA Lifesciences) chromatography and subsequently analyzed by

Western Blot using α-strep antibodies, confirming the presence of Strep-tagged Pf MDH-WT in both samples.

(Right) Strep-purified samples were further purified via Ni-NTA chromatography. Western Blot with α-His

antibodies showed no signal for the wild-type sample (as expected) and confirmed the presence of His-tagged

V190W mutant in co-purified sample.

activity in either direction (Figure2.4c, d). These data support our hypothesis that a prop-

erly formed oligomeric assembly is required for the correct catalytic function of Pf MDH

and that a chimeric assembly can be generated through introduction of dimeric Pf MDH-

V190W species to the wild-type tetrameric Pf MDH in vitro. The chimeric Pf MDH:PfMDH-

V190W has likely a perturbed AC interface and is shown to be inactive in in vitro activity

assays. In conclusion, deactivated oligomeric mutants can be used in vitro as specific

inhibitors of Pf MDH activity.

2.3.6. INACTIVATED Pf ASPAT MUTANT COPIES CAN BE INCORPORATED

INTO THE NATIVE ASSEMBLY DURING RECOMBINANT EXPRESSION

IN E. coli

Assuming that double mutation Y68A/R257A affects both active sites of one Pf AspAT

dimer, we further hypothesized that formation of Pf AspAT wild-type/mutant chimaera

would also affect both active sites and result in a significantly less active enzyme. Recom-

binant co-expression of both wild-type Pf AspAT (Strep-tagged) and Pf AspAT-Y68A/R257A

(His-tagged) mutant was performed in E. coli and the lysate from the co-expression was
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Figure 2.8 | Western blot analysis shows that the wild-type Pf AspAT (Strep-tagged) and its inactive double

mutant (Y68A/R257A, His-tagged) form a stable complex during co-expression in E. coli. Lanes 1 and 3 contain

samples purified using Ni-affinity chromatography, while Lanes 2 and 4 contain samples purified using Strep

tactin-affinity chromatography. Lanes 1 and 2 and 3 and 4 were probed using a His6 antibody or Strep-antibody

respectively.

purified by Strep tactin-affinity and Ni-affinity chromatography. A Western Blot analysis

of both eluates clearly demonstrated the presence of His-tagged double Pf AspAT mutant

in a Strep-purified sample as well as the Strep-tagged wild-type in the His-purified sample

(Figure 2.8). These results were interpreted as the formation of a dimer consisting of both

wild-type and mutant species of Pf AspAT during co-expression.

Further activity measurements indicated that Strep-purified sample showed reduced

activity compared to the wild-type; while no activity could be detected from the His-

purified sample (Figure 2.6). These data indicate that single His-purification of the

wild-type:mutant Pf AspAT co-expression product is able to isolate a chimeric oligomer

consisting of the His-tagged Pf AspAT-Y68A/R257A mutant and Strep-tagged wild-type.

The lack of detectable activity of the purified chimaera, confirms the hypothesis that a

mutant copy (Y68A/R257A) can be introduced into the native Pf AspAT dimeric assembly

through co-expression resulting in an inactivated chimeric protein.

2.4. DISCUSSION

While enzymes of the malarial carbon metabolism pathway have been suggested to

be promising drug targets, similarities in fold and associated similarities in position of the

active site residues (Tables 2.3 and 2.4) provide a further demonstration of the difficulties
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of validating Pf MDH and Pf AspAT as drug targets. An insufficiently specific inhibitor

of either Pf AspAT and/or Pf MDH active site would almost certainly have significant

cross-reactivity with the human homologs – leading to difficulties in deconvoluting the

effect of the inhibitor on the parasite. Unfortunately, genetic approaches in the malarial

parasite are non-trivial and would not necessarily provide a clearer route to the validation

of these enzymes as drug targets[24].

While the majority of MDHs exists in a tetrameric form[25], a number of homologs

from other species have been reported to exist in a dimeric form; and the oligomeric

assembly of MDH has been suggested to be critical for the enzymatic function[13, 25].

Each monomeric subunit of Pf MDH is comprised of 11 beta-sheets and 9 alpha-helixes.

Overall the fold of Pf MDH is highly similar to those of previously determined MDHs

(Figure 2.1; Table 2.3).

Our findings on Pf MDH mutagenic experiments showed that the V190W and E18W

interface mutations not only cause the breakdown of the native assembly into dimers

(Table 2.5), but also make the transient re-formation of the tetramer unlikely due to

steric hindrance (Figure 2.3). Significantly reduced specific activity (Figure 2.4) and a

shift to a lower oligomeric state (Table 2.5) observed for Pf MDH-V190W and Pf MDH-

E18W mutants suggest that tetrameric assembly of Pf MDH is crucial for its catalytic

activity, although the AC and AB interfaces are well separated from the active sites. Our

data then show that incorporation of Pf MDH-V190W into the wild-type assembly is

possible in vitro, as co-purification using sequential affinity chromatography steps results

in a sample that contains both wild-type and V190W Pf MDH species (Figure 2.7). No

measurable activity could be observed for this chimeric assembly in vitro (Figure 2.4c, d),

demonstrating that incorporation of Pf MDH-V190W into the wild-type assemblies can

provide a mechanism to specifically target the activity of Pf MDH. This is highly likely to be

due to a perturbation of the oligomeric state through the introduction of a steric clash on

the AC interface. Due to the activation effect observed for E18W mutant at sub-millimolar

oxaloacetate concentrations we did not attempt to incorporate Pf MDH-E18W into the

native assembly, as the aim of this study was rather specific inhibition.

Analysis of the previously described crystal structure of Pf AspAT allowed us to perform

similar experiments with this enzyme. In contrast with Pf MDH, where the oligomeric

state is disturbed, in our Pf AspAT mutant, the native oligomeric state is maintained,

as confirmed by static light scattering experiments. Incorporation of mutant Pf AspAT

showed that the enzyme’s native oligomeric assembly could also be exploited to target the

wild-type protein and show an effect on in vitro activity. Similar to what was observed for

Pf MDH, inactive Pf AspAT-Y68A/R257A mutant has shown to be able to incorporate into
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native Pf AspAT-WT dimeric assembly during recombinant co-expression, as confirmed

by Western blot (Figure 2.8), also resulting in complete loss of activity (Figure 2.6).

The results presented here demonstrates that oligomeric state control may have

significant potential in validating drug targets in the future, both through inhibition and

stimulation of activity. The ability of Pf MDH-V190W and Pf AspAT-Y68A/R257A to insert

themselves into the wild-type assemblies and perturb their activity is of key importance

for the experiments described in Chapter 3, in which we describe the introduction of

these mutants as recombinantly expressed proteins within blood stage parasite cultures.
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