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Abstract

Plasmodium falciparum like other organisms is dependent on polyamines for proliferation.
Polyamine biosynthesis in these parasites is regulated by a unique bifunctional S-
adenosylmethionine decarboxylase/ornithine decarboxylase (PfAdoMetDC/ODC). Only limited
biochemical and structural information is available on the bifunctional enzyme due to the low levels
and impurity of an instable recombinantly expressed protein from the native gene. Here we describe
the high level expression of stable monofunctional PfAdoMetDC from a codon-harmonised
construct, which permitted its biochemical characterisation indicating similar catalytic properties to
AdoMetDCs of orthologous parasites. In the absence of structural data, far-UV CD showed that at
least on secondary structure level, PFAdoMetDC corresponds well to that of the human protein. The
kinetic properties of the monofunctional enzyme were also found to be different from that of
PfAdoMetDC/ODC as mainly evidenced by an increased K. We deduced that complex formation
of PfAdoMetDC and PfODC could enable coordinated modulation of the decarboxylase activities
since there is a convergence of their ke and lowering of their K. Such coordination results in the
aligned production of decarboxylated AdoMet and putrescine for the subsequent synthesis of
spermidine. Furthermore, based on the results obtained in this study we propose a new AdoMetDC

subclass for plasmodial AdoMetDCs.
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1. Introduction
The polyamines putrescine, spermidine and spermine are aliphatic, low-molecular weight

nitrogenous bases that can form electrostatic interactions with anionic molecules such as nucleic
acids, proteins and lipids [1]. They are involved in many growth processes including cell
differentiation, proliferation [2, 3] and apoptosis [4, 5]. Polyamine concentrations are strictly
regulated on transcriptional, translational and post-translational levels as well as by uptake and
efflux processes [1]. Erythrocytes infected by Plasmodium falciparum (the causative agent of fatal
malaria) contain high levels of polyamines during stages of rapid growth [6, 7]. In Plasmodium spp,
polyamine biosynthesis is uniquely characterised by the bifunctional arrangement of the rate-
limiting decarboxylases, S-adenosylmethionine decarboxylase (PfAdoMetDC) and ornithine
decarboxylase (PfODC) in a single protein, PfAdoMetDC/ODC [8]. The PfAdoMetDC and PfODC
domains within PfAdoMetDC/ODC catalyze the synthesis of decarboxylated S-adenosyl-L-
methionine (dcAdoMet) from AdoMet and putrescine from L-ornithine, respectively. dcAdoMet
then provides an aminopropyl moiety for the synthesis of spermidine from putrescine in a reaction
catalysed by spermidine synthase.

The PfAdometdc/Odc gene encodes a 1419 residue polypeptide that is maintained as a single,
bifunctional protein with a hinge region (275 residues) connecting the 530-residue PfAdoMetDC
domain (N-terminus) to the 614-residue PfODC domain (C-terminus) [8]. Both of these
decarboxylase activities function independently of each other within the bifunctional complex [9],
although it was shown that inter- and intradomain interactions modulate both activities [10]. In
contrast to their single-enzyme orthologues in other organisms, the PfODC activity in the
bifunctional enzyme is strongly feedback-inhibited by putrescine, whereas PfAdoMetDC activity is
not stimulated by putrescine [9, 11]. In the absence of known regulatory mechanisms that control
polyamine levels in other organisms, the presence of a single PfAdoMetDC/ODC polypeptide has
been suggested to allow regulation of polyamine pools in plasmodia [9].

AdoMetDC from various organisms are classified into five distinct subclasses based on their

oligomeric structure, mechanism of autocatalytic processing and activation factors [12, 13]. Of



these, only the crystal structures of human (Homo sapiens), plant (Solanum tuberosum) and
prokaryotic (Thermotoga maritima) AdoMetDCs have been solved [14-16]. The quaternary
structure of the human monomeric protein revealed a novel four-layer afpa-sandwich domain,
which exists as an (of), dimer where the o- and B-subunits are formed by an autocatalytic
processing event (non-hydrolytic serinolysis). Processing results in the simultaneous formation of
the active site pyruvoyl cofactor at Ser68 [16]. In the case of plasmodial AdoMetDC, homology
models predicted a similar o/B-fold to that of the human protein for the monofunctional
PfAdoMetDC [11] but other properties e.g. oligomeric status or catalytic mechanism were not
elucidated.

In this study, soluble and active monofunctional PfAdoMetDC was expressed from a codon-
harmonised construct in sufficient purity and quantity for its biochemical and biophysical
characterisation. We show that the monofunctional enzyme is able to dimerise but this is not
essential for activity of the enzyme and that monofunctional PfAdoMetDC has similar Kkinetic
properties compared to homodimeric kinetoplastid AdoMetDCs. These results offer a novel insight
into a likely mechanism where the enzyme activities of PFAdoMetDC and PfODC are concurrently
modulated in the bifunctional protein to align the rate of delivery of the two substrates required for
downstream biosynthesis of spermidine. In addition, a comparison to the structurally characterised
AdoMetDCs from other organisms, illustrates differences in the oligomeric status, mechanism of
regulation and autocatalytic processing of PfAdoMetDC, which necessitates the introduction of a

novel subclass for plasmodial AdoMetDC, namely 2b-11I.

2. Materials and methods
2.1 Cloning of codon-harmonised monofunctional PfAdometdc and bifunctional
PfAdometdc/Odc

Codon harmonisation was used for production of heterologously expressed monofunctional

PfAdoMetDC in E. coli. The codon harmonisation algorithm is implemented in a PHP-script driven



web interface and is available at http://www.sami.org.za/equalize. Synonymous codons were chosen
to ensure that the positional codon frequency of low/intermediate and high usage codons are similar
to the frequency used by that of the E. coli host [17]. Codon-harmonised nucleotides 1-1461
(GeneArt, Regensburg, Germany) encoding the core of PfAdoMetDC (487 residues) [11] was used
to replace the corresponding wild-type (wt) sequence within PfAdometdc/Odc (WtA/wtO,
GENBANK ID: Q81J77) in pASK-IBA3 [8] to create a full-length, partially harmonised
PfAdometdc/Odc construct (harmA/wtO). From this construct the first 1461 harmonised nucleotides
and an additional 255 wild-type nucleotides were amplified with sense (5°-
ATGGTAGGTCTCAAATGAATGGCATTTTCGAAGGCATTGAAA-3’) and antisense (5°-
ATGGTAGGTCTCAGCGCTCAAAGTTTCTTTTTCTACACATTTAAC-3’) primers. The
resultant fragment was subcloned into the Bsal site of pASK-IBA3 (C-terminal Strep-tag) to create
a construct encoding monofunctional PfAdoMetDC (572 residues). Protein expression from this
harmonised construct was compared to the expression of a protein from the wild-type gene
(construct provided by Dr. C. Wrenger [9]), which encodes half of the hinge region
(wtPfAdoMetDC-hinge, 660 residues) with an N-terminal Strep-tag. In addition, expression of the
full-length PfAdoMetDC/ODC proteins from the pASK-IBA3 constructs containing harmA/wtO
and wtA/wtO [8] were also compared. All sequences were verified by Sanger dideoxy nucleotide

sequencing.

2.2 Protein expression and purification

The monofunctional PfAdoMetDC and wtPfAdoMetDC-hinge [9] as well as the bifunctional
PfAdoMetDC/ODC (encoded by harmA/wtO and wtA/wtQO) proteins were expressed in BL21 Star™
cells (Invitrogen). Protein purification using Strep-Tactin affinity matrix (IBA) was performed as
described previously [10]. Protein bands separated by SDS-PAGE and visualised with Colloidal

Coomassie or silver staining were identified with LC-MS/MS [18]. The monofunctional proteins
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separated with SDS-PAGE were also identified with Western immunodetection using monoclonal
Strep-tag 1l mouse antiserum conjugated to horseradish peroxidase (Acris antibodies) [10].

The affinity-purified PfAdoMetDC protein sample was further separated with size-exclusion
chromatography (SEC) using an Akta Explorer System (Amersham Pharmacia Biotech). A
Superdex®-S$200 10/300 GL SE column (Tricorn, GE Healthcare) was calibrated with the Gel
Filtration Standard kit (BioRad) and equilibrated with wash buffer (100 mM Tris/HCI pH 8.0, 150
mM NaCl, 1 mM EDTA). Protein samples (500 pL) were loaded and fractions corresponding to the
(aP), dimeric (estimated size of 140 kDa) and (of) monomeric (~70 kDa) PfAdoMetDC were
collected, pooled and subsequently concentrated with Amicon Ultra centrifugal filter devices
(MWCO 3000, Millipore). Enzyme concentration was determined by UV absorbance measurements

at 280 nm with an extinction coefficient of 69110 Mt cm™.

2.3 PfAdoMetDC activity assays

The PfAdoMetDC and wtPfAdoMetDC-hinge proteins were assayed for enzyme activity directly
after purification and after two weeks of storage at 4 and -20 °C. The assays contained 5 g
enzyme, 100 puM S-adenosyl-L-methionine chloride (Sigma-Aldrich) and 50 nCi S-[carboxy-
14CJadenosyl-L-methionine (55 mCi/mmol, Amersham Biosciences) in a total volume of 250 pL
assay buffer (50 mM KH,PO4 pH 7.5, 1 mM EDTA, 1 mM DTT) and were performed as previously
described [8]. Experiments were performed in duplicate for three individual experiments and
specific enzyme activities were expressed as the amount of CO, produced in nmol/min/mg or
nmol/min per nmol protein when constructs with different sizes were compared. Statistical analysis

was performed using the paired Students t-test with P<0.05 indicating statistical significance.

2.4 Oligomeric status analyses with SEC
The oligomeric status of affinity-purified PfAdoMetDC at concentrations of 1 mg/mL and 4

mg/mL was analysed with SEC under non-reducing conditions. Reducing SEC was also performed



by equilibrating the SEC column with wash buffer containing 10 mM DTT. Monomeric and
dimeric protein fractions collected from SEC were analysed in terms of their elution volumes (V,)
relative to the void volume (V,) of the column (Ve/V,). The SEC-purified fractions were also
visualised with reducing (10 mM DTT added to the sample buffer immediately prior to gel loading
and electrophoresis) and non-reducing SDS-PAGE. Peptide mass fingerprinting with MALDI-MS
was performed on the bands corresponding to the monomeric and dimeric proteins. Protein sample
extraction, dehydration and preparation for MALDI-MS as well as sample derivatisation with 55
mM iodoacetamide to identify Cystines possibly involved in disulphide-bond formation, was
performed as described [19, 20]. The reduced protein sample for MS was obtained by pre-treatment
with 10 mM DTT for 30 min at 37 °C followed by alkylation and trypsin digestion.

To estimate the order of magnitude of the dissociation constant (Kp) of the PfAdoMetDC dimer
for comparison to other AdoMetDCs, the relative peak heights of the monomeric and dimeric
proteins in the non-reducing SEC elution profiles were assumed to approximately represent the
relative proportions of monomer and dimer in the samples. Since the total amount of protein loaded
was known, the concentrations of the monomeric and dimeric proteins could be determined based

on their relative proportions. The formulae that were applied are given in Table 1.

2.5 Site-directed mutagenesis

Based on the MALDI-MS results obtained above, the role of Cys505 in dimer stabilisation via
covalent disulphide bond formation was studied by replacing it with a Ser residue to create the
C505S mutant. Site-directed mutagenesis was performed by using harmonised PfAdometdc cloned
into the pASK-IBAS3 vector as template. Ex Tag™ DNA Polymerase (Takara Bio Inc.) was used to
amplify the entire template in the presence of 6 fmol template and 10 pmol of each of the sense (5°-
GGTAAAAGTTCCGTTTATTATCAAG-3’) and antisense (5°-
CTTGATAATAAACGGAACTTTTACC-3’) primers (mutations are underlined). Temperature

cycling was performed as follows: 95 °C for 3 min followed by 25 cycles of 96 °C for 30 s, 56 °C



for 30 s, 68 °C for 5 min with a final extension step at 68 °C for 10 min. Post-PCR manipulation
was performed as described previously [21]. The expressed protein was analysed with an enzyme

assay, SDS-PAGE and SEC as described above.

2.6 Dynamic Light Scattering

The hydrodynamic radii of the PFAdoMetDC and C505S mutant proteins were determined by
dynamic light scattering (DLS) as an indication of their oligomeric status. Fractions of the proteins
collected after SEC were pooled and concentrated to 2.5-5 mg/mL. The PfAdoMetDC proteins were
also analysed after treatment with 10 mM DTT prior to the DLS measurement. Immediately prior to
measurements, the samples were centrifuged for 10 min at 10,000 x g to remove any aggregates.
DLS was measured with the default settings of the Nanoziser Nano S instrument (Malvern
Instruments). A 3 mm precision cell cuvette (Hellma) was used in which the protein samples with
volumes of 15 pL were pre-equilibrated for 5 min at 20 °C. The Zetasizer Nano software v6.01 with
default settings was used to determine the particle size distribution as given by the volume intensity

plot.

2.7 Far-UV CD spectroscopy

The PfAdoMetDC and C505S mutant proteins in wash buffer collected from SEC were dialyzed
against a phosphate buffer (10 mM KH,PO, pH 7.7, 50 mM NaF) prior to far-ultraviolet (UV)
circular dichroism (CD) analysis [22]. Results from DLS confirmed that this buffer did not cause
protein aggregation or affected the oligomeric state of the proteins.

The far-UV spectra of the PfAdoMetDC and C505S mutant proteins (0.5 mg/mL) were
determined with the JASCO J815 CD instrument. Measurements were conducted in 1 mm quartz
cell at a wavelength range of 190 to 250 nm at 20 °C using a wavelength interval of 0.5 nm, a
bandwidth of 1 nm and a scanning speed of 20 nm/min. Two readings were accumulated per

sample, buffer spectra were subtracted and the data points were averaged. The molar ellipticity
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[23]. The secondary structure content was calculated with the use of CDtool v1.4 [24].

2.8 PfAdoMetDC enzyme and inhibition kinetics

The substrate affinity constant as well as Vi« 0f PFAdoMetDC was determined using Michaelis-
Menten kinetics. A substrate dilution series ranging from 12.5 to 800 puM was used for the
Michaelis-Menten curve and the linear Hanes-Woolf plot was used to determine the Kp, and Viax
values [25]. Three independent experiments were performed in duplicate using the enzyme assay
described above and the results were analysed with GraphPad Prism v5.0 (GraphPad Software,
Inc.).

The rate of enzyme inactivation by the irreversible inhibitor MDL73811 (5'-([(Z)-4-amino-2-
butenyl]methylamino)-5'-deoxyadenosine) [26] was followed by measurement of residual activity
after fixed time intervals (0, 2, 4 and 6 min) of exposure to the inhibitor. The PfAdoMetDC enzyme
(1 pg) was mixed with 0.1, 0.2 and 0.5 uM MDL73811 in assay buffer and incubated for 0-6 min at
37 °C for these assays. A secondary plot of the reciprocal of the kay, value (-1/primary slope) for
each inhibitor concentration against the reciprocal of the concentration used, resulted in a straight
line from which the kinaet and Kj values could be determined by the intercept and slope, respectively
[27].

The inhibition of PfAdoMetDC with the substrate analogue CGP48664 (4-amidinoindan-1-one-
2’-amidinohydrazone) [28] was assayed using different substrate (100, 200, 400 and 800 puM) and
inhibitor (0, 2.5, 5 and 10 pM) concentrations for 30 min at 37 °C. The results were plotted on a
typical Michaelis-Menten plot to obtain several hyperbolic curves for each inhibitor concentration

at increasing substrate concentrations.

3. Results

3.1 Soluble expression of monofunctional PfAdoMetDC



In this study, the heterologous expression of codon-harmonised PfAdometdc in BL21 Star " cells
was compared to that of the protein expressed from wtPfAdometdc-hinge [9]. Denaturing SDS-
PAGE followed by LC-MS/MS identification of the specific bands showed that while the ~9 kDa -
subunit was not resolved, the a-subunit of the wtPfAdoMetDC-hinge protein at ~70 kDa (Fig. 1A,
lane 1) co-purified with an approximately equal amount of E. coli heat shock protein 70 (Hsp70)
(Fig. 1A, lane 1). However, expression from the harmonised PfAdometdc gene resulted in an almost
10-fold improvement in protein expression yield of particularly the a-subunit (~60 kDa) of the
monofunctional PfAdoMetDC protein (Fig. 1A, lane 2). This was confirmed by Western
immunodetection using an anti-Strep-tag antibody (Fig. 1B, lane 2). The C-terminal-Strep tag
remained attached to the larger ~60 kDa a-subunit following autocatalytic processing at residue
Ser73. The ~69 kDa protomer of PfAdoMetDC, which has not undergone autocatalytic processing,
was also detected. The wtPfAdoMetDC-hinge protein was not detected by Western blotting due to
the separation of the ~70 kDa a- and the ~9 kDa B-subunits, which carries the N-terminal Strep-tag
(Fig. 1B, lane 1).

Monofunctional PfAdoMetDC is enzymatically active with a specific activity of 14048
nmol/min per nmol protein compared to wtPfAdoMetDC-hinge with an activity of 884
nmol/min/nmol of which approximately half of the protein sample contains Hsp70 (Fig. 1A, lane 1).
Furthermore, PfAdoMetDC appeared to be a more stable protein than wtPfAdoMetDC-hinge since
activity was maintained after storage for two weeks at 4 and -20 °C. In contrast, the
wtPfAdoMetDC-hinge activity was significantly reduced by 16% and 55% (n=2, P<0.05) at 4 and -
20 °C, respectively. In addition, expression of the complete bifunctional PFAdoMetDC/ODC from
the harmA/wtO gene resulted in an PFAdoMetDC activity of 22+1.2 nmol/min/mg compared to only
6.8£0.1 nmol/min/mg when the bifunctional protein was expressed from the wtA/wtO gene
construct (n=4).

Based on the protein expression and activity results, all subsequent experiments were performed

on the pure and stable monofunctional PfAdoMetDC protein expressed from the harmonised gene.



3.2 Monomer-dimer equilibration studies of PfAdoMetDC

Strep-Tactin affinity chromatography-purified PfAdoMetDC was further analysed by SEC to
determine its oligomeric status. Concentration-dependent monomer-dimer equilibrium is evident
since at 1 mg/mL both monomeric (V¢/V, of 1.77, ~85 kDa) and dimeric (V¢/V, of 1.59, ~120 kDa)
forms of the protein are present (Fig. 2A, solid line). At a 4-fold higher concentration of the protein
the proportion of the dimeric fraction (Ve/V, of 1.60, ~114 kDa) increases relative to that of the
monomer (V¢/V, of 1.73, ~87 kDa). Besides the peak representing aggregated protein at the V, of
the column (8 mL), a larger oligomeric form elutes as a shoulder in front of the dimeric protein
peaks (Ve/V, of 1.44, ~180 kDa), which could represent a trimeric form of the protein (Fig. 2A,
dotted line).

Possible dimerisation as a result of disulphide-bond formation was subsequently analysed with
the addition of 10 mM DTT to the protein (3-5 mg/mL) prior to SEC, which resulted in a significant
shift from a dimer (V¢/V, of 1.61, ~131 kDa) to the monomeric form (V¢/V, of 1.68, ~99 kDa) (Fig.
2B, solid line). Non-reducing SDS-PAGE confirmed the shift of the dimer to the monomer in the
presence of DTT (Fig. 2C). However, both the SDS-PAGE and SEC results show a slight increase
in the apparent molecular weight of the reduced protein compared to the non-reduced monomeric
protein, which was also confirmed by DLS (see below). The increased propensity of PfAdoMetDC
to dimerise under non-reducing conditions suggests the involvement of Cys residue/s on the protein

surface in disulphide bond/s formation between the PfAdoMetDC monomers.

3.3 Involvement of Cys505 in disulphide-linked dimerisation of PfAdoMetDC

Inspection of the proposed dimer interface of the PfAdoMetDC homology model [11], suggests
that Cys505 from each monomer could form a disulphide bond. Therefore, the MALDI-MS peptide
mass fingerprints of the dimeric PfAdoMetDC protein (Fig. 2C) without reduction prior to
alkylation were compared to the fingerprints of the dimeric protein that was reduced and alkylated

after purification of the gel bands from SDS-PAGE. The results confirmed that the



carbamidomethyl-modified Cys505 residue is only present in the monomeric band when alkylation
was conducted under reducing conditions (results not shown).

While the expression level (Fig. 3A) and specific activity of PfAdoMetDC-C505S was
unchanged compared to the wild-type PfAdoMetDC (results not shown), the addition of DTT once
again resulted in a larger apparent size of the protein as shown by SDS-PAGE (Fig. 3A) compared
to the non-reduced samples (Fig. 3B) of both the wild-type and mutated monomeric proteins.
Subsequent SEC of the mutant protein at a concentration of 1 mg/mL and under non-reducing
conditions showed that the PfAdoMetDC-C505S protein occurs mainly as a monomer (V¢/V, of
1.74) (Fig. 3C, solid line). However, the equilibrium was again shifted towards dimer formation at a
concentration of 4 mg/mL (Ve/V, of 1.64, Fig. 3C, dotted line). These results indicate that the
PfAdoMetDC protein is still able to dimerise even in the absence of covalently-linked dimers.

DLS showed a radius of 5.79 nm for the C505S mutant in the absence of DTT (3 mg/mL), while
treatment of PfAdoMetDC at a concentration of 2.8 mg/mL with DTT only decreased the
hydrodynamic radius from 9.07 to 7.33 nm. These results suggest that disulphide linkage either
induces changes in protein conformation, which is not readily reversed by DTT treatment alone or
reflects the average radius of a mixture of the monomeric and dimeric forms of the protein or an
increase in its apparent size due to DTT treatment [29]. The increase in size of the C505S mutant in
the presence of DTT (Fig. 3A, lane 2) suggests the latter as a likely explanation although the
likelihood that reduction of inner disulphide bonds by DTT that could affect a shape change from

e.g. globular to a more expanded and thus a larger size protein [30], cannot be excluded.

3.4 Estimated dissociation constants of PfAdoMetDC

The extent of dimer formation as a function of time of the PfAdoMetDC and C505S mutant
proteins were estimated based on the SEC results in Fig. 2A and Fig. 3C. Table 1 lists the relative
proportions of the monomeric and dimeric proteins in the 1 mg/mL samples used in analytical SEC

for both PfAdoMetDC and the C505S mutant. Simple monomer-dimer equilibrium was assumed



where in the absence of DTT, residues Cys505 could form covalently-linked dimers in a slow,
irreversible manner such that the true Kp of PfAdoMetDC would be slightly elevated in the
presence of DTT.

The Kp values were in the micromolar range, suggesting a relatively weak affinity for dimer
formation, with a higher tendency of PfAdoMetDC to dimerise than the C505S mutant (Kp value
87% less than that of the mutant) (Table 1). The Kp value of dimeric PfAdoMetDC (9.75 uM) in
the absence of DTT is also 300-fold higher than the estimated Kp for the human protein (33 nM)
[23], showing a comparatively reduced predisposition of the plasmodial protein to dimerise.
However, this Kp value for PfAdoMetDC is similar to that of monomeric plant AdoMetDC (15.38

M), its nearest conserved orthologue, which has been structurally characterised [14].

3.5 Far-UV CD analyses of PfAdoMetDC
Far-UV CD was performed to determine the secondary structure of the PFAdoMetDC protein for
comparison to dimeric human AdoMetDC [23] as well as to observe any major secondary structural
changes that might take place in the predominantly monomeric C505S mutant protein. At the
concentration of 0.5 mg/mL used in these analyses, and by applying the estimated Kp value for the
C505S mutant protein (Table 1), the dimeric proportion within this sample was estimated to be
15%. The spectra showed that PfAdoMetDC conforms to proteins with significant $-sheet content
(40%), with a minimum at 209.5 nm and a maximum at 191 nm (Fig. 4). This correlates well with
what has been predicted in the homology model of PfAdoMetDC [11] and dimeric human
AdoMetDC, which showed a minimum at 218 nm and a maximum at 195 nm [23]. It is conceivable
that parasite-specific inserts of unknown structure (constituting 32% of the 572-residue
PfAdoMetDC protein [11]), contribute to the differences in the spectra with 34% of the
PfAdoMetDC secondary structure indicated to be disordered with far-UV CD (Fig. 4).

The spectra of PfAdoMetDC and the C505S mutant proteins are similar, which provided

confidence in the fact that, while the C505S mutation in PFAdoMetDC showed a reduced tendency



of the protein to dimerise, neither the mutation nor the monomeric status affected the secondary

structure of PfAdoMetDC.

3.6 Enzyme kinetics of monofunctional PfAdoMetDC

Enzyme kinetics of the SEC-purified PfAdoMetDC was studied and compared with those of
other AdoMetDCs. By using the Kp value of PfAdoMetDC it could be calculated that, at the
concentration used in the enzyme Kinetics experiments, >99% of the PfAdoMetDC protein would
exist as monomers. A typical Michaelis-Menten curve was obtained (Fig. 5A) with the subsequent
Hanes-Woolf plot indicating a Ky, of 250 UM and a Vmax of 77 nmol/min/mg (Fig. 5B). The K, here
is approximately 4-fold higher than reported for the wtPfAdoMetDC-hinge enzyme and 6-fold
higher than the PfAdoMetDC enzyme in association with PfODC in the bifunctional complex
expressed from the native gene (Table 2) [9]. Thus, it appears that the presence of the hinge region
(and/or PfODC) in some way improves the substrate affinity of PfAdoMetDC within the
bifunctional complex. However, the K, determined here for monofunctional PfAdoMetDC is in a
similar range to that of the homodimeric trypanosomal AdoMetDC orthologues (Table 2). The Keat
of monofunctional PfAdoMetDC was calculated to be 5.3 min™; the enzyme therefore converts a
molecule of substrate into product every 11 s compared to the 0.4 s it takes for human AdoMetDC
(Table 2). The ke values of the wtPfAdoMetDC-hinge and the bifunctional protein preparation of
PfAdoMetDC (both expressed from the wild-type, unharmonised genes) are similar and in the range
of 3.3 to 4 min™ (Table 2).

Analysis of enzyme Kinetics in the presence of the irreversible inhibitor MDL73811 [26] showed
that PfAdoMetDC activity decreased in a concentration dependent manner (Fig. 6A). A secondary
plot yielded a linear graph from which a kinact value of 0.46 min™ and a K; of 0.33 uM were
determined for MDL73811 (Fig. 6B). Comparison to the reported K; of 1.6 uM for MDL73811 on
PfAdoMetDC/ODC [7] indicates stronger inhibition of the monofunctional protein (Table 2).

Kinetic analysis of the inhibition of PfAdoMetDC with CGP48664 [28] revealed non-competitive



inhibition with a K; of 4.07£0.14 pM (Fig. 6D), which is similar to the reported value for
wtPfAdoMetDC-hinge (Table 2) [7]. The inhibition of T. cruzi AdoMetDC by CGP48664 was also
shown to be non-competitive [31] but inhibition of human AdoMetDC with CGP48664 is

competitive [32].

4. Discussion

The crystal structure of human AdoMetDC revealed a four-layer appoa-sandwich domain [16],
which at the time of publishing, had not been observed in any other protein structure in the Protein
Data Bank. The quaternary structure of the active protein is an (af§), dimer, where the active sites
are located at the autocatalytic cleavage site, distant from the dimer interface. Processing also
results in the formation of the a- and B-subunits. An unusual collection of charged residues between
the B-sheets of each monomer, well-removed from the active site, has been shown as the site for
cooperative putrescine binding [23, 33-35]. The crystal structure of plant (S. tuberosum)
AdoMetDC showed that the protein adopts the same o/f-fold as the human protein but it revealed
two major differences, namely: 1) plant AdoMetDC is constitutively active as putrescine does not
stimulate autocatalytic processing nor catalytic activity; and 2) it exists as a monomer [14]. Like the
plant protein, the activity of AdoMetDC from P. falciparum is not stimulated by putrescine nor is it
required for the autocatalytic processing event [9]. Homology modeling of the monofunctional
PfAdoMetDC monomer, using the plant and human AdoMetDC structures as templates, showed the
same o/fB-fold and like the plant enzyme the autocatalytic processing was predicted to be dependent
on the Lys15, Lys215, Argll triad, which simulates putrescine binding [11]. Furthermore, the
active site and charged buried site residues were conserved, with similar conformation to that of the
human counterpart. However, the lack of biochemical and biophysical studies on monofunctional
PfAdoMetDC has prevented the elucidation of its functional oligomeric unit and the regulation of
PfAdoMetDC activity either in its monofunctional form or in association with PfODC in the

bifunctional protein is unclear.



The limited information on the structure as well as several biochemical characteristics of
PfAdoMetDC is mainly due to the inferior heterologous expression of soluble PfAdoMetDC/ODC
[36, 37]. In this study, we show that codon harmonisation dramatically improved the expression and
stability of the monofunctional PfAdoMetDC domain of the bifunctional PfAdoMetDC/ODC and
thus represented a valid strategy to obtain a high yield of pure protein for subsequent biochemical
studies. The levels of Hsp70, which normally co-purify with PfAdoMetDC, were considerably
reduced suggesting less stress on E. coli during protein translation and folding. Additionally, the
Strep-tag was moved to the C-terminus to pre-empt possible interference of the tag at the N-
terminus of PfAdoMetDC with protein activity due to its close proximity to the pyruvoyl cofactor.
Codon harmonisation has also been shown to result in improved protein yield and solubility of three
malaria vaccine candidates, namely MSP14, (FVO), MSP14, (3D7) and MSP14, (Camp) [17].

The monomer-dimer equilibrium of PfAdoMetDC was shown to be concentration-dependent and
was shifted towards the dimeric form at higher protein concentrations and towards the monomeric
form under reducing conditions. lodoacetamide treatment and subsequent MS suggested that the
solvent-exposed Cys505 on the B15 strand is involved in disulphide bond formation at the proposed
edge-on dimer interface between two monomeric PfAdoMetDC proteins [11], which is similar to
the established interaction site of monomers of the human protein. However, formation of the
disulphide bond mediated by Cys505 is not proposed to be essential for PfAdoMetDC quaternary
structure formation or activity due to the cytosolic location of PFAdoMetDC/ODC in vivo and the
presence of glutathione and thioredoxin redox systems [38] but possibly maintains the protein in a
fixed conformation in vitro. Mutation of Cys505 to Ser reduced the in vitro tendency of
PfAdoMetDC to dimerise, with a Kp 300-fold higher than that of the dimeric human protein [23].
The Kp of the PFAdoMetDC dimeric protein (9.75 uM) is 7-fold lower than the C505S mutant but
similar to that of the monomeric plant protein (15.38 uM) [14], which indicates that PfAdoMetDC
has a lower dimer affinity than human AdoMetDC. The results also suggest that the (af)

monomeric form, which dominates at the concentration used to determine the activity of



PfAdoMetDC (0.004 mg/mL), is active. It was previously suggested that both putrescine binding
and dimerisation of human AdoMetDC are prerequisites for positive cooperativity between the
monomers [23]. Since PFAdoMetDC does not require putrescine binding for activity, these results
support a fully active monomeric form for this protein.

The C505S PfAdoMetDC mutant also formed dimers at moderately high protein concentrations
presumably at the predicted dimer interface [11]. However, PfAdoMetDC normally occurs as the
bifunctional partner protein of PFODC implying hydrophobic interactions between the two proteins.
Therefore, dimerisation could additionally occur through side-to-side hydrophobic interactions
between two monofunctional PfAdoMetDCs on one face of the protein as predicted by the
homology model and extensive protein-protein docking studies. The latter dimers would be
indistinguishable from those that involve the predicted dimer interface (Fig. 7) [11, 39]. It has
furthermore been shown that interdomain interactions occur between PfAdoMetDC and PfODC in
the bifunctional complex and are mediated by parasite-specific inserts [10]. Inserts are species-
specific, non-homologous regions that diverge rapidly and may contain low-complexity segments
with prevalence for positively-charged residues [40]. Furthermore, these inserts may form non-
globular, flexible loops that protrude on the surface of the protein [10]. Since the relative positions
of these parasite-specific inserts in the quaternary structure of PfAdoMetDC are unknown [11],
their potential role in dimerisation (or oligomerisation) cannot be excluded (Fig. 7). We show here
that since the C505S mutant has a significantly lower affinity for dimer formation than the wild type
protein, PfAdoMetDC can dimerise at the same site which usually mediates dimerisation of the
human protein but that it is not necessary for activity.

The recombinant monofunctional PfAdoMetDC protein produced here from a harmonised gene
is therefore believed to be similar in conformation to the native protein. This is based on the
secondary structure comparison as determined with far-UV CD that showed similarities between the
P. falciparum and human AdoMetDCs as well as the confirmation that disulphide formation at the

proposed dimer interface is mediated between closely situated Cys505 residues, which confirms the



dimer interface predictions of Wells et al. [11]. The presence of the processed form of the
recombinant protein, which is reliant on the exact positioning of the Lys15, Lys215, Argll triad,
also indicates the correct conformation of the recombinant protein.

Initial activity analyses of monofunctional PfAdoMetDC reinforced previous suggestions that
both the hinge region and PfODC play important roles in modulation of PfAdoMetDC activity [10].
Removal of PFODC as well as half of the hinge region increases wtPfAdoMetDC-hinge activity by
20% and decreases the K, from 58 to 43 uM [9]. We show here that the further deletion of 88
residues from the hinge region resulted in a 55% increase in activity relative to the activity of
PfAdoMetDC within the bifunctional PFAdoMetDC/ODC and a 6-fold increase in Kp, [9]. The Kp,
value of PfAdoMetDC is surprisingly similar to that of homodimeric T. brucei and T. cruzi
AdoMetDC suggesting that monofunctional PfAdoMetDC behaves like other parasitic enzymes in
the absence of the hinge or PFODC. However, PfAdoMetDC is a less catalytically efficient enzyme
compared to other AdoMetDCs that are activated by putrescine (human, T. cruzi) or an allosteric
prozyme effector (T. cruzi, T. brucei). In the presence of prozyme, the ke, of T. brucei AdoMetDC
is increased 1,200-fold compared to that of the homodimer [41] while a similar situation was seen
for T. cruzi where both prozyme and putrescine increased the enzyme efficiency to a level similar to
that of the fully activated counterpart in T. brucei [42]. In the absence of putrescine or prozyme
stimulation of PfAdoMetDC activity, it can be postulated that the bifunctional association of
PfAdoMetDC and PfODC could allow the parasite to mediate regulatory mechanisms between the
two decarboxylase domains but an allosteric effector remains to be identified that could increase the
enzyme efficiency of PfAdoMetDC to the levels observed for human and heterodimeric
trypanosomal AdoMetDCs. Understanding the in vitro conformation and oligomeric status of
PfAdoMetDC could therefore allow for the identification of such an allosteric effector since
covalent fixation of the protein with disulphide bonds may impede possible conformational

communication between the active sites of the bifunctional complex.



Our results indicate that PFAdoMetDC in the bifunctional PfAdoMetDC/ODC has a 6-fold lower
Km and a slightly lower enzyme efficiency (kear of 5.3 min™ versus 3.3 min™) compared to the
monofunctional PfAdoMetDC [9]. The higher K, of monofunctional PfAdoMetDC therefore
prevents binding of metabolically important AdoMet when putrescine-producing PfODC is absent.
Within the bifunctional complex, the affinities of both enzymes for their respective substrates
improve (43 uM for PfAdoMetDC and 42 uM for PfODC) with synchronised enzyme catalytic
rates of approximately 3 min™ [9] producing dcAdoMet and putrescine every 18-20 s for the
subsequent synthesis of spermidine by spermidine synthase. These property changes of the two
enzymes in the bifunctional complex is hypothesised to be due to subtle changes in the active site
centre induced by long-range effects [43] modulated by interdomain protein interactions with
PfODC [10] to regulate the polyamine levels within the parasite.

The unique properties of PFAdoMetDC in a bifunctional complex with PfODC and the presence
of parasite-specific inserts suggest that AdoMetDC from Plasmodium does not fall within the
current subclasses of AdoMetDC [12, 13]. AdoMetDC proteins are classified into two main groups;
those from bacterial or archeal origin are in group 1 while the eukaryotic AdoMetDCs fall into
group 2. Group 1 is subdivided based on oligomeric status and the requirement of a metal ion for
activity (Subclass la: gram-negative bacteria, tetramer) or an unknown activation factor (Subclass
1b: gram-positive bacteria and archaea, dimer). Group 2 constitutes the eukaryotic enzymes that are
not affected by putrescine (Subclass 2a: plant, monomer) and those that do bind putrescine are
further subdivided into the human (Subclass 2b-I, dimer) and the trypanosomatids (Subclass 2b-11,
heterodimer with prozyme) AdoMetDC classes [12]. Based on these different groupings, and with
respect to monofunctional activity and oligomeric arrangement, PfAdoMetDC seems to belong to
the parasitic AdoMetDC subclass 2b-11. However, due to the unique bifunctional arrangement and
the lack of activation by putrescine or prozyme, we propose a distinct subclass for plasmodial

AdoMetDCs, namely subclass 2b-111.
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Table 1

Dissociation constants of PfAdoMetDC and the C505S mutant from analytical non-reducing SEC at
1 mg/mL concentrations. The concentrations of monomer [M] and dimer [D] were calculated as
follows: [M] = [C] X Xm, [D] = (Mg - [M])/2 = ([C] x Xp)/2. Where My is the total molar
concentration, Xy and Xp are the relative proportions of monomer and dimer, and C (UM) is the
protein concentration applied to the SEC column. Assuming simple monomer-dimer equilibrium (in
the absence of a reducing agent) the apparent association (Ka) and dissociation constants (Kp) of
dimeric PfAdoMetDC could then be calculated as follows: Ka = [D]/([M][M]) = 1/Kbp.

Sample CuM) Xp Xm [D](EM) [M]@EM) Kp (M) Ref.
PfAdoMetDC 1465 053 042 3.88 6.15 9.75 -
PfAdoMetDC-C505S 1465 022 0.74 1.61 10.84 72.98 -
H. sapiens AdoMetDC - 0.033 [23]

S. tuberosum AdoMetDC - 15.38 [14]




Table 2

Comparison of enzyme kinetics for AdoMetDC from different organisms.

. Protein arrangement, K.? K2 . b b  Putrescine
Organism oligomeric state _put +put Keat (Min™)  MDL73811° CGP48664 offect Ref.
. . 114 (-put) 5000 (-put) . [26, 28,
H. sapiens Homodimer 74 59 156 (+put) 0.56 0.005 (+put) Stimulates 31]
Monofunctional Current
PfAdoMetDC, 250 - 5.3 0.33 4.1
study
monomer
. Monofunctional
P, falciparum PfAdoMetDC-hinge 58 - 4 - 3 - [7,9]
Bifunctional
PfAdoMetDC/ODC, 43 - 3.3 1.6 - - [7,9]
heterotetramer
. 260 - i 100 (-put) .
Homodimer 250 6 (+put) Stimulates [31]
. . 540 0.3 (-put) i i .
I. cruzi Homodimer 130 1.44 (+put) Stimulates [42]
Monomer/prozyme, 580 36 (-put) i .
heterodimer 170 50.4 (+put) Stimulates [42]
. 380 0.096 (-put) i .
. Homodimer 240 0.492 (+put) 0.49 Stimulates  [42, 44]
I. brucei
Monomer/prozyme, 110 84 (-put) i i i [42]
heterodimer 170 102 (+put)

 The Ky, values (in pM) are given in the presence and absence of putrescine (put) in the

organisms where putrescine stimulates the activity of AdoMetDC.

® The K; values (in pM) are given in the presence and absence of putrescine (put) in the

organisms where putrescine stimulates the activity of AdoMetDC.



Fig. 1. (A) SDS-PAGE analyses of expressed monofunctional wtPfAdoMetDC-hinge and
PfAdoMetDC proteins and (B) Western blotting with an anti-Strep-tag antibody. The sizes of the
protein ladder are indicated in lane MW. Lane 1: wtPfAdoMetDC-hinge protein expressed from the
wild-type, unharmonised gene; band a: Hsp70; band b: a-subunit of PFAdoMetDC-hinge. Lane 2:
PfAdoMetDC protein expressed from the harmonised gene; band a: Hsp70; band b: unprocessed
PfAdoMetDC; band c: a-subunit of PfAdoMetDC.

Fig. 2. Analyses of the oligomeric status of PfAdoMetDC under reducing and non-reducing
conditions. (A) The PfAdoMetDC protein purified with Strep-Tactin affinity chromatography at a
concentration of 1 and 4 mg/mL was separated with SEC. (B) SEC was performed in the presence
or absence of 10 mM DTT, followed by visualisation of the 4 mg/mL protein sample with non-
reducing SDS-PAGE in which 10 mM DTT was either omitted or added to the sample buffer (C).
The Ve/V, values are shown on the X-axis while the Y-axes on the left and right of the graphs show
the absorbance at 280 nm for the higher and lower concentrated protein samples, respectively. The
sizes of the protein ladder as well as the positions of the dimeric and monomeric proteins on the
SDS-PAGE gel are indicated.

Fig. 3. Analyses of the oligomeric status of a C505S mutant of PfAdoMetDC. (A) Reducing and
(B) non-reducing SDS-PAGE of the PfAdoMetDC (lane 1) and C505S mutant (lane 2) proteins.
The sizes of the protein ladder are shown. (C) Analyses of the oligomeric status of the
PfAdoMetDC-C505S mutant protein purified with Strep-Tactin affinity chromatography and at
concentrations of 1 and 4 mg/mL with SEC. The V./V, values are shown on the X-axis while the Y-
axes on the left and right of the graphs show the absorbance at 280 nm for the higher and lower
concentrated protein samples, respectively.

Fig. 4. Far-UV CD analyses of the monofunctional PfAdoMetDC and C505S mutant proteins in a
phosphate buffer between wavelengths of 190 nm and 150 nm.

Fig. 5. Michaelis-Menten kinetics of monofunctional PfAdoMetDC. (A) The substrate affinity
constant as well as Vyax of PFAdoMetDC was determined using Michaelis-Menten kinetics. A
substrate dilution series ([S]) ranging from 12.5 to 800 uM was used to determine the mean of the
reaction velocities (v, nmol/mg/min) from three independent experiments carried out in duplicate.
S.E.M is indicated. (B) The linear Hanes-Woolf plot was subsequently used to determine the K,
and Vpax values.

Fig. 6. Inhibition kinetics of PfAdoMetDC treated with MDL73811 and CGP48664. (A) For the
irreversible inhibitor MDL73811 the Kitz-Wilson method was used where the percentage enzyme
activity (given by the maximal protein activity following pre-incubation with a specific inhibitor
concentration ([I]) for time interval t (E;) over the protein activity following pre-incubation in the
absence of inhibitor for each [I] tested (Ep)) against time is shown. Linearisation was performed by
plotting the inverse of the slope from the primary plot versus the inverse of [I]. (B) For CGP48664
the Michaelis-Menten curves showing the reaction velocities (v, nmol/mg/min) in the presence of a
substrate ([S]) dilution series ranging from 100 to 800 uM and an inhibitor dilution series ranging
from 2.5 to 10 uM are indicated. The linear Dixon plots (D) were obtained by plotting the inverse
of the reaction velocities against [I].

Fig. 7. The homology model of monofunctional PfAdoMetDC showing the predicted dimer
interface and PfODC interaction sites. The a- and B-subunits of the monomeric PfAdoMetDC
protein are shown in light grey and black, respectively. The molecular surfaces of the PfAdoMetDC
residues that are predicted to interact with PfODC resulting in a “side-to-side” interaction and
involving one face of PfAdoMetDC are shown in grey. The PFAdoMetDC model was superimposed
with the dimeric human AdoMetDC structure (LJEN, shaded light grey and black for the a- and -



subunits, respectively) to show the predicted dimer interface involving the B-strands between the
two monomers, which results in an “edge-on” association of the monomeric proteins. The active
site pyruvoyl cofactors are shown as grey spheres while the predicted positions of the parasite-
specific inserts (Inserts 2 and 3 shown as grey dashed curves) and the N- and C-termini are
indicated.
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Figure 7
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