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Survival of the malaria parasite Plasmodium falciparum when it infects red blood cells depends upon its
ability to export hundreds of its proteins beyond an encasing vacuole. Protein export is mediated by a
parasite-derived protein complex, the Plasmodium translocon of exported proteins (PTEX), and requires
unfolding of the different cargos prior to their translocation across the vacuolar membrane. Unfolding
is performed by the AAA + protein unfoldase HSP101/ClpB2 and the thioredoxin-2 enzyme (TRX2). Pro-
tein trafficking is dramatically impaired in parasites with defective HSP101 or lacking TRX2. These two
PTEX subunits drive export and are targets for the design of a novel class of antimalarials: protein export
inhibitors. To rationalize inhibitor design, we solved the crystal structure of Pfal-TRX2 at 2.2-A resolution.
Within the asymmetric unit, the three different copies of this protein disulfide reductase sample its two
redox catalytic states. Size exclusion chromatography and small-angle X-ray scattering (SAXS) analyses
demonstrate that Pfal-TRX2 is monomeric in solution. A non-conserved N-terminal extension precedes
the canonical thioredoxin-fold; although it is not observed in our structure, our solution analysis suggests
it is flexible in contrast to Plasmodium thioredoxin-1. This represents a first step towards the reconstitu-

tion of the entire PTEX for mechanistic and structural studies.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Malaria, an infectious disease cause by the parasite Plasmodium,
is one of the first causes of mortality and morbidity worldwide. The
major challenges posed by malaria are the emergence and spread
of drug resistant-parasites combined to the relative poor chemical
diversity of available drugs [1]. Until now the therapeutic arsenal
consisted of drugs belonging to the quinoline and antifolate groups
with the recent addition of artemisin-type compounds. To expand
the repertoire of therapies, identification of new drug targets for
the development of novel classes of antimalarial drugs remains a
priority.

Plasmodium falciparum (Pfal) causes the most lethal form of
malaria. Most of the pathological manifestations of the disease
occur at the blood stage of the infection when this obligate intra-
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cellular parasite invades red blood cells. Plasmodium extensively
remodels blood cells to multiply and evade the immune response.
To survive within erythrocytes, the parasite exports hundreds of its
proteins (~5-7% of its proteome) beyond an encasing parasithoph-
orous vacuole (PV). Some 25% of the exported proteins are essen-
tial to the parasite survival and mediate its virulence [2-4]. A
parasite-derived protein export complex, the Plasmodium translo-
con of exported proteins (PTEX), mediates this essential and exten-
sive parasitic protein export [5] (Supplementary Fig. S1A). The
PTEX is composed of 5 subunits: EXP2, HSP101/ClpB2, PTEX150,
TRX2 and PTEX88 (Supplementary Fig. S1B). EXP2, PTEX150 and
HSP101/ClpB2 components associate into a detergent-resistant
core complex that can be extracted from parasites membranes
[6]. The membrane-associated subunit EXP2 (exported protein-2)
[7,8] is a possible candidate for the trans-membrane protein-con-
ducting pore and may structurally resemble hemolysins, bacterial
pore-forming cytolytic o-helical toxins [9-11]. Proteins destined
for export harbor a vacuolar secretion signal or PEXEL (Plasmodium
export element) [12,13]. Proteolytic processing of the PEXEL by the
endoplasmic reticulum protease Plasmepsin V is necessary in order
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to license the cargo proteins for export [14,15]. Protein export
requires unfolding of the different cargos prior to their transloca-
tion across the PV membrane [16]. Unfolding is performed by
HSP101/ClpB2, a ClpB AAA + protein [17] and is assisted by the thi-
oredoxin-2, a protein-disulfide isomerase that reduces disulfide
bonds of cargo proteins to facilitate export.

Repeated attempts to generate gene knockouts of any of the
three PTEX components EXP2, PTEX150 and ClpB2/HSP101 initially
failed [5], suggesting their essential functions as core components
of the PTEX. Parasites deficient in PTEX150 or HSP101 have greatly
reduced trafficking of all classes of exported proteins [18] beyond
the enveloping vacuolar membrane. Even a modest knockdown
of PTEX components has a strong effect on the parasite’s ability
to complete the erythrocytic stage of its lifecycle [19]. Mutant par-
asites lacking TRX2 or PTEX88 are severely impaired with consid-
erably slower rates of development during the blood stage [20].
These studies have led to the conclusions that while EXP2,
HSP101 and PTEX150 play central roles during the blood infection
in Plasmodium, PTEX88 and TRX2 are auxiliary yet important regu-
lators of PTEX-mediated protein export and required for maintain-
ing normal blood-stage growth [21]. As HSP101/CIpB2 is the
ATP-powered molecular motor driving protein export and TRX2
assists the unfolding process, there is a keen interest in designing
inhibitors of these two proteins.

As an essential nexus for protein export in the malaria parasite,
PTEX is a prime drug target. Small-molecule inhibitors of thiore-
doxins and CIpB AAA + proteins have been described and identified
using high-throughput screening [22] and/or computational meth-
ods [23]. To this aim, we have characterized the solution and crys-
tal structures of P. falciparum TRX2 to facilitate the rational design
of inhibitors and gain mechanistic insights into the molecular
mechanism of this essential parasitic protein export machine.

2. Materials and methods
2.1. Protein purification and crystallization

A synthetic codon-optimized gene encoding residues T23-L157
of Pfal-TRX2 (PF3D7_1345100) was designed for its expression in
Escherichia coli as a C-terminal octa-histidine fusion protein (resi-
dues M1 through C22 correspond to the signal sequence) using
the pJexp401 expression vector. The protein was expressed in
C43(DE3) E. coli cells grown in LB media at 37 °C until they reached
0D600 = 0.6 at which point protein expression was induced with
0.8 mM IPTG. Seleno-methionine-labeled Pfal-TRX2 was expressed
in minimal media with glucose as carbon source and using the
methionine pathway inhibition labeling method [24]. Cells were
washed in 150 mM KCI and 20 mM Tris pH=7.8, and stored at
—80 °C until processing. Cells were lysed in 500 mM NaCl, 20 mM
Tris pH=7.8 and 15% glycerol supplemented with 2.8 mM B-
mercaptoethanol (B-ME), 0.2 mM of phenylmethylsulfonyl fluoride
(PMSF), and 1 tablet of EDTA-free protease inhibitor cocktail. Cells
were disrupted by three passes through a C-3 Emulsiflex pressur-
ized at 15,000 psi. The lysate was clarified by centrifugation at
25,000¢g for 1 h, after which the total soluble extract was applied
onto a gravity-flow column packed with 5-10 mL of Cobalt-NTA
IMAC resin. Non-specifically bound bacterial proteins were washed
using Cobalt-A wash buffer (12.5 mM imidazole, 500 mM NacCl,
20mM Tris pH=7.8, 10% glycerol, 2.8 mM B-ME and 0.2 mM
PMSF). The protein was eluted from the column with Cobalt-B buf-
fer (125 mM imidazole, 500 mM NaCl, 20 mM Tris pH =7.8, 10%
glycerol, 2.8 mM B-ME and 0.2 mM PMSF). The IMAC eluate was
desalted using a PD-10 desalting column equilibrated in 100 mM
NacCl, 20 mM Tris pH = 7.8, 2% glycerol, 2.8 mM B-ME and 0.2 mM
PMSF, to remove imidazole. Following desalting, the protein was

purified by ion exchange chromatography on a CaptoS column.
The sample was treated with thrombin for 24 h at 4 °C (0.25 units
enzyme/mg of protein) to remove the histidine purification tag.
Following thrombin treatment, the sample was further purified
on a mixture of Nickel-NTA IMAC and Benzamidine Sepharose.
The final purification step consisted in a size exclusion chromatog-
raphy (SEC) on a Superdex 75 HR10/30 gel-filtration column equil-
ibrated in 150 mM NaCl, 20 mM Tris pH = 7.8, 2% glycerol, and
7 mM B-ME to condition samples for crystallization trials (Supple-
mentary Fig. S2).

High-throughput crystallization trials were performed with a
robotic nanoliter Mosquito workstation in hanging-drop setups
using the vapor diffusion technique at 4 °C. Suitable crystals grew
in 10-15% isopropanol, 10-15% PEG 4000 and 100 mM Na-Citrate
buffer at pH = 5.0 (Supplementary Fig. S2). Crystals of selenium-
labeled protein grew in similar conditions.

2.2. Data collection, structure determination, and refinement

Diffraction data were collected on beamlines 24-1D-C or 24-ID-E
at the Advanced Photon Source in the Argonne National Laboratory
using crystals cryoprotected in mother liquor supplemented with
20-25% glycerol. Data were indexed, scaled and reduced using
XDS [25].

The structure of Pfal-TRX2 was phased by the single anomalous
dispersion method using the signal of selenium collected on a sin-
gle crystal diffracting at 2.5 A. A 2.2 A resolution native diffraction
data set was used for the final refinement. Phasing was performed
with HKL2MAP with partial automatic building. Model building and
refinement cycles were carried out in Coot [26] and Phenix [27]
where the three Pfal-TRX2 molecules observed in the asymmetric

Table 1
X-ray diffraction data collection and structure refinement statistics.

Plasmodium-TRX2 PDB ID 4032

APS 042311 24-ID-C

Data set

Data collection statistics

Wavelength 0.97918 A
Resolution (last shell) 50-2.20 A (2.26-2.20 A)
Unique reflections 21,285 (1486)

Completeness 96.6% (99.6%)

1/a(1) 22.9(3.2)
Redundancy 14.5 (13.6)
Reym 4.7% (67.2%)
Rieas® 5.1% (72.8%)
cc(1/2)° 100% (87.7%)
Space group PA43242
Unit cell dimensions a=774A,
c=1348A
AU content 3 Molecules
Solvent content 61%
Refinement statistics
Resolution 50-2.2 A
Reflections 21,273
Work set/test set 20,181/1092
Rfree/Rcryst 24.9%/20.7%
Bwilson 52.0 AZ
Protein atoms, ADP 2184, 55.1 A2
Solvent atoms, ADP 71, 65.3 A?
Others atoms, ADP 1 Chloride, 40.1 A2
rmsd bonds 0.004 A
rmsd angles 0.600°
Ramachandran analysis
Allowed regions 96.7%
Generously allowed 3.3%
Outliers 0.5%

@ Rmeas is the redundancy independent R-factor [38].
b CC(1/2) is the percentage of correlation between intensities from randomly
selected half-datasets [39].
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unit were refined independently without applying non-crystallo-
graphic symmetric restraints. Atomic displacement parameters
(ADPs) were refined using the combination of individual isotropic
and TLS strategies in Phenix (Table 1).

2.3. Small angle X-ray scattering measurement and data analysis

Solution scattering data were collected at the SIBYLS high-
throughput SAXS beamline 12.3.1 [28] of the Advanced Light
Source at the Lawrence Berkeley National Laboratory. Samples
were further purified by gel filtration in the SAXS experimental
buffer 200 mM NaCl, 20 mM Tris pH =8.0, 2% glycerol, 0.5 mM
EDTA and 5 mM fresh DTT with concentrations ranging from 1 to
25 mg/ml. All intensity curves were collected with a sample-to-
detector distance of 1.5m and an X-ray wavelength of 1=1A
and each contained about 500 data points. This corresponds to a
Q ranging from 0.001 to 0.32 A~!, with Q the scattering vector
defined as Q =4msind/A where 20 and / are the scattering angle
and X-ray wavelength, respectively. For each sample several expo-
sures were sequentially recorded (0.5, 1, 2 and 4 s). Corresponding
to each protein sample, data were collected on a buffer sample
under identical experimental conditions. A beamline specific soft-
ware was used for radial averaging of images and for subtracting
buffer signal from protein signal [29]. Each scattering profile was
visually inspected to check for aggregation, repulsive or attractive
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interactions, X-ray induced damage, detector saturation or anoma-
lies in buffer subtraction. Following data reduction, analysis of
experimental scattering data was performed using Scatter (http://
bl1231.als.Ibl.gov/saxs_protocols/index.php and http://www.bioi-
sis.net/) to determine the radius of gyration (R;) by Guinier analy-
sis, P(r) and Dp,q. Kratky plots were used to assess the particle
flexibility and folded nature [30]. Scattering curves corresponding
to the X-ray structures reported in this study were calculated
and fitted against the experimental scattering curves using CRYSOL
[31] with default parameters; the discrepancy factor x> was used
to estimate the quality of the fits between experimental and calcu-
lated scattering curves. Pair distance distribution functions (P(r))
were derived by Fourier transform using GNOM [32] to estimate
Dpnax, the longest distance occurring within the particle, and Rg,
independently of Guinier analysis.

3. Results and discussion

3.1. Structure of the Plasmodium thioredoxin-2 and conformational
variability of the N-termini in other Plasmodium thioredoxins

We solved the crystal structure of Pfal-TRX2 at 2.2 A resolution
using the anomalous dispersion signal of selenium (Table 1). This is
the best resolution achieved for this specific thioredoxin so far;
high-resolution crystal structures are better templates for
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Fig. 1. General architecture of Plasmodium thioredoxin-2. (A) Structure-based sequence alignment of Plasmodium TRX2 against sequences of other thioredoxin proteins of
known structure from human (1UVZ), Drosophila (1XWA), yeast (2FA4), Anaboena (1THX) and another thioredoxin from Plasmodium (1SYR). Secondary structure elements
correspond to our structure. Residues T24-K69 (shaded in yellow) are not seen in our structure, residues R54-K69 (shaded in blue) were observed in a previously published
structure [23]. (B) Crystal structure of TRX2 from Plasmodium falciparum. Secondary structure elements are labeled and colored using a rainbow pattern. Strictly conserved
residues among thioredoxins, including the two catalytic cysteines (C82 and C85) and residues W81 and D111 involved in a stabilizing hydrogen bond, are labeled. Catalytic
cysteines are shown in the two alternate conformations observed in the crystal corresponding to the reduced and the oxidized states (chains A and B). The missing and
disordered N-terminal part of the chain is indicated as a dotted line. (C) Three chains of Plasmodium TRX2 are observed in the asymmetric unit. A 2-fold non-crystallographic
symmetry operator relates chains B and C. The three N-termini point towards solvent-accessible openings of the crystalline lattice. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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computational approaches based on ligand docking and normal
mode analysis. The protein adopts a canonical BofopBo thiore-
doxin fold where the catalytic motif Cg;XXCgs sits in a solvent
accessible loop between strand B1 and helix a1. The active site
configuration is stabilized by a conserved hydrogen bond between
the strictly conserved residues W81 and D111 (Fig. 1A and B). We
built residues N70 through L157, the entire thioredoxin core
domain, in our experimental electron density maps; some weak
residual density probably corresponding to disordered parts of
the remaining chain was observed. The asymmetric unit contains
three monomers (Fig. 1C) whose N-termini point towards sol-
vent-filled channels large enough to accommodate the missing res-
idues. In our hands, full-length TRX2 was refractory to purification;
despite the use of N-terminal fusion proteins, we observed a per-
sistent N-terminal proteolytic cleavage. Mass spectrometry analy-
sis reveals that the crystallized protein has molecular weights
ranging from 12,381 to 13,268 Da and is thus longer than the poly-
peptide built in our electron density maps (10,777 Da) but still
shorter than the expected 16,203 Da (data not shown).

The 2.9 A resolution structure of Plasmodium TRX2 reported
previously [23] (PDB: 3UL3) shows that the 16 extra N-terminal
residues (backbone only for residues R54 through K69) can adopt
an extended featureless conformation (Fig. 3A and Supplementary
Fig. S2). A non-crystallographic ‘pseudo-dimer’ of TRX2 was pres-
ent in the asymmetric unit; computational analysis however indi-
cated that this dimer is unlikely to exist in solution. In contrast
with the coiled-coil conformation observed in 3UL3, the variable
N-terminal extensions of Plasmodium TRX1 and TRX3 and human
mitochondrial TRX2 all fold as a a-helix packed against the four-
stranded B sheet present in the thioredoxin fold (Supplementary
Fig. S3). This suggests that the N-terminus of monomeric TRX2 is
dynamic and samples several conformations.

A

‘w8l

chain C
100% oxidized

chainsA & B \
40% oxidized
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3.2. Plasmodium thioredoxin-2 samples its two redox catalytic states
in the crystal lattice

Thioredoxins are ubiquitous proteins that act as both reducing
agents of small compounds and protein disulfide reductases. Pfal-
TRX2 assists protein export by breaking disulfide bonds of parasitic
proteins targeted for export, thus facilitating the ATP-dependent
protein unfolding catalyzed by the AAA + protein HSP101/CIpB2.
Within the asymmetric unit, the three independent copies of
TRX2 are observed under different oxidation states (Figs. 1C and
2). Molecule C is fully oxidized with an intra-molecular disulfide
bond (2.1 A distance between sulfur atoms) refined at full occu-
pancy between the two conserved catalytic cysteines C82 and
C85 (Fig. 2A). On the other hand, in molecules A and B these two
residues adopt alternate conformations with occupancies of 0.60
and 0.40 for the reduced and oxidized forms, respectively. Upon
reduction, the two free thiol groups move 3.6 A away (Fig. 2B). In
our hands, it proved impossible to crystallize fully reduced TRX2.
However, the structure from Sharma et al. corresponds to the fully
reduced form, with a 3.8 A sulfur-to-sulfur distance and a confor-
mation similar to the one we observe for chains A and B in our
crystal form.

Thioredoxins reduce other proteins by cysteine thiol-disulfide
exchange. The thiol from residue C82 is likely to be the first nucle-
ophile to attack disulfides from substrate proteins; the resulting
inter-molecular disulfide link between TRX2 and its substrates is
then attacked by the second nucleophilic thiol group from residue
C85 to release its reduced substrate. Gold-based metallo-drugs
behave as thiol and selenol reactive species. In particular, gold-I
organo-metallic compounds such as auro-thiomalate and auro-
thioglucose exhibit potent antimalarial effects in vitro and in vivo
[33]. These two drugs are well-established treatments against

chain C
100% oxidized

chains A & B =
40% oxidized

Fig. 2. Plasmodium thioredoxin-2 samples its two redox states in the crystal. 2mFo-DFc Fourier difference electron density maps contoured at 1.5¢ showing the catalytic pair
of cysteines of Pfal-TRX2 observed in different oxidation states. (A) 100% oxidized form in chain C and (B) 40% oxidized /60% reduced forms in chains A and B. Complete
oxidation results in the formation of an intra-molecular disulfide bond. The stabilizing hydrogen bond between conserved residues W81 and D111 is shown.
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rheumatoid arthritis and were characterized as potential anti-try-
panosomial and anti-leishmanial agents [34]. They are known
inhibitors of thioredoxin reductase, the enzyme that regenerates
thioredoxin into its fully reduced form. In the leishmanial trypano-
thione reductase [35] and the schistosomal thioredoxin-glutatione
reductase [36], gold binds to and bridges the two active-site cys-
teine residues that are 3.5-4.5 A apart. Auro-thiomalate also inhib-
its Plasmodium TRX2 [23]; the strongly thiophilic gold atom is
likely to interact with the two SH groups of the Cg;XXCgs catalytic
motif of TRX2 in a similar way.

3.3. Conformations of the Plasmodium TRX2 in solution

We characterized the association state and conformation of
Pfal-TRX2 in solution using SAXS [37]. The Kratky plot indicates
that the protein is folded in solution and overall compact
(Fig. 3A). We derived the experimental value of its radius of gyra-
tion (Rg) values by Guinier analysis (Table S1 and Fig. 3B). Experi-
mental scattering curves were fitted against theoretical curves
calculated using our crystal structures (Fig. 3C and Supplementary
Figs. S3 and S4). Pair distance distribution functions (P(r)) esti-
mated by Fourier inversion of the experimental intensities were
compared to those calculated from atomic models and used to
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estimate D (the longest intra-molecular distance) and R¢ values
independent of the Guinier analysis (Supplementary Table S1 and
Fig. 3D).

The experimental R;=16.1A of Pfal-TRX2 is quite different
from the 14.1 A value derived from our X-ray structure (PDB
4032). Attempts to fit experimental data against the theoretical
scattering curve calculated from our crystal structure result in a
poor fit (%%=2.347) indicating a significant deviation between
our model and the average conformation in solution. However,
we also fitted our data using the monomer and the pseudo-dimer
models of TRX2 described in the previously reported crystal struc-
ture [23] (PDB 3UL3) (Supplementary Figs. S3 and S4) where the
refined model is longer by 16 amino acids at its N-terminus. Not
surprisingly, attempts to model our solution scattering data using
the crystallographic pseudo-dimer also result in a very poor fit
(x?=6.470). However, the fit (y*=1.089) obtained using the
monomer with this longer N-terminal extension indicates that
the solution conformation resembles more closely this structure.
The non-conserved N-terminal extension of Plasmodium TRX2
may also sample other conformations; however, the fit of our data
against a homology model where the 20 residues preceding the
thioredoxin core are modeled in the o-helical conformation
observed in other thioredoxins (Supplementary Figs. S3 and S4),
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Fig. 3. Solution characterization of Plasmodium thioredoxin-2 by SAXS. (A) Kratky plot showing that Pfal-TRX2 is folded in solution. (B) Guinier plot shown with the
corresponding experimental value of the radius of gyration. Guinier’s law was applied is in its most conservative form for a QR; angular range not exceeding 1.3. (C) Scattering
curve fits. Experimental curves (red) fitted against curves calculated from the X-ray structures (black). The discrepancy factor for each fit is indicated. (D) Pair distance
distribution functions. Experimental curves (red) and curves calculated from the X-ray structures of the three models (black) with GNOM. D,« and R; experimental values are
indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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is also of poor quality (%2 = 3.046). Interestingly, P(r) distributions
analysis still show some discrepancy between the N-terminal
extended (best) model and our experimental data; this is likely
the result of a greater conformational flexibility and a slightly
longer N-terminal extension than the one reported in structure
3UL3. Altogether, our SAXS data demonstrate that Plasmodium
TRX2 is monomeric in solution, in agreement with the SEC analysis
(Supplementary Fig. S2B).

The high-resolution crystal structure of the vacuolar thiore-
doxin-2 from the malaria parasite provides us with a necessary
template to model the binding of small molecules and identify
pharmacophores to guide the rational design of novel anti-
malarials.

Accession number

The coordinates and structure factors have been deposited into
the Protein Data Bank, under the accession PDB code: 4032.
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