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Abstract

New biomarkers have to be developed in order to increase the performance of current
antigen-based malaria rapid diagnosis. Antibody production often involves the use of
laboratory animals and is time-consuming and costly, especially when the target is
Plasmodium, whose variable antigen expression complicates the development of
long-lived biomarkers. To circumvent these obstacles, we have applied the Systematic

Evolution of Ligands by EXponential enrichment method to the rapid identification of



DNA aptamers against Plasmodium falciparum-infected red blood cells (pRBCs).
Five 70 b-long ssDNA sequences, and their shorter forms without the flanking PCR
primer-binding regions, have been identified having a highly specific binding of
pRBCs versus non-infected erythrocytes. Structural analysis revealed G-enriched
sequences compatible with the formation of G-quadruplexes. The selected aptamers
recognized intracellular epitopes with apparent Kgs in the uM range in both fixed and
non-fixed saponin-permeabilized pRBCs, improving >30-fold the pRBC detection in
comparison with aptamers raised against Plasmodium lactate dehydrogenase, the gold
standard antigen for current malaria diagnostic tests. In thin blood smears of clinical
samples the aptamers reported in this work specifically bound all P. falciparum stages
vs. non-infected erythrocytes, and also detected early and late stages of the human
malaria parasites Plasmodium vivax, Plasmodium ovale and Plasmodium malariae.
The results are discussed in the context of their potential application in future malaria
diagnostic devices.

Keywords: Nanomedicine, Malaria, Plasmodium, Aptamers, Cell-SELEX

1. INTRODUCTION

Malaria, a parasitic disease caused by different species of Plasmodium, is one of the
main causes of mortality in the tropical and subtropical world population. Although
five species cause illness in humans, the most virulent and fatal is Plasmodium
falciparum, especially when the infection occurs in young children and pregnant

women [1]. The World Health Organization (WHO) Global Technical Strategy for



Malaria 2016-2030 lists the universal access to malaria diagnosis as an essential part
of the strategic framework that should eventually lead to eradicating the disease [2],
since knowing parasitemia and parasite species is crucial in order to select the most
appropriate drug treatment. Currently, national malaria programs rely on light
microscopy and rapid diagnostic tests (RDTs), which are not sensitive enough to
detect low parasite density infections (sub-microscopic malaria in which patients are
usually asymptomatic) that are key in the transmission dynamics. On the other hand,
molecular techniques can detect sub-microscopic malaria, but are inadequate for
massive use because of elevated costs or need for highly trained staff. Therefore, new
diagnostic methods are needed if the objective is to advance towards malaria
eradication [3,4].

Although the parasite synthesizes a vast array of molecules to remodel its host
red blood cell (RBC), those exported to the cell surface undergo rapid antigenic
variation [5,6]. This fast turnover of exposed antigens counsels a constant search for
new therapeutic agents and diagnosis targets. Most current strategies for the
identification of specific molecular tags in the malaria parasite or in
Plasmodium-infected RBCs (pRBCs) rely on a detailed knowledge of the pathogen’s
physiology and of the pRBC biochemistry or the use of time-consuming and
expensive immunological methods such as antibody generation. Alternatively, binding
specificities and affinities comparable to those of monoclonal antibodies can be
obtained with aptamers, short single-stranded (ss) oligonucleotides capable of specific

ligand recognition, much faster and cheaper to produce without having to resort to the



use of laboratory animals [7]. They can be either sSDNA or ssRNA, whose
three-dimensional structures formed by their self-folding generates topological
features that can specifically recognize molecular regions in a similar way as
antibodies bind antigenic determinants. Aptamers are able to distinguish different
protein isoforms [8], conformational isomers of the same molecule [9], and common
structural epitopes in different proteins like those found in amyloid fibrils [10]. In
most cases, aptamer binding to its target inhibits biological activity, e.g. due to
interference with the catalytic site of an enzyme or with sites involved in
ligand-receptor recognition, or to allosteric effects, such as changes in conformational
states resulting in loss of function. Aptamers can be identified by in vitro selection
against almost any target, including antigens which do not induce immune responses
in host animals for antibody production, and small molecules like drugs and even
metal ions [11]. The versatility of aptamers to recognize nearly any biomolecule in a
very specific manner and their higher dry-storage and lyophilisation stability than
antibodies makes them effective as diagnostic tools (aptasensors) [12] and attractive
as potential therapeutics [13]. Nucleic acid aptamers, which are typically selected
from extremely large libraries (containing 10" different oligonucleotide sequences),
can modulate the function of virtually any target of biological interest, making them a
preferred method of choice for the identification of new bioactive ligands. For in vivo
applications, aptamers can be chemically modified to confer them resistance against
nucleases or tagged with fluorescent reporters and nanoparticles for subcellular

localization and pull-down of target proteins [14], respectively.



Aptamers can be developed by Systematic Evolution of Ligands by
EXponential enrichment (SELEX) [15-18], which uses iterative in vitro selection of
combinatorial RNA or DNA pools against a molecular target for the identification of
high-affinity oligonucleotide ligands. The method starts by exposing the molecule of
interest to a randomly generated sSDNA or RNA library, retrieving the aptamer/target
complexes. The binding oligonucleotides are subsequently amplified in a thermal
cycler and the resulting PCR products are dissociated in their complementary single
strands, which enter again an affinity selection cycle. This process is repeated as many
times as it takes to obtain a pool of oligonucleotides specifically binding the selected
target. SELEX has been successfully used to obtain aptamers for diagnostic use in
infectious diseases [19,20]. The development of DNA aptamers against Plasmodium
proteins has been mostly focused on the design of new devices for malaria diagnosis
by targeting the parasite’s lactate dehydrogenase (LDH) [21-25]. RNA ligands against
recombinant P. falciparum erythrocyte membrane protein 1 (PfEMP1) have been
shown to disrupt aggregates of pRBCs with non-infected erythrocytes (rosettes) that
contribute to the pathology of severe malaria by clogging the microvasculature [26].
An attempt to develop therapeutic antimalarial aptamers selected DNA sequences
binding the heme group released from hemoglobin as the protein is used as food
source by the intraerythrocytic parasite; the resulting suppression of the heme
detoxification pathway inhibited Plasmodium growth in vitro [27].

The variant called cell-SELEX [28-30] uses as targets whole cells or cell

membranes [31], and it can be a powerful tool in the discovery of new ligands, as



there is no need for prior knowledge of antigenic features. Using whole cells as
targets, aptamers can be selected to bind biomarkers differing between two given cell
types or between healthy and diseased cells [28,32]. The capacity of this method for
the isolation of high-affinity oligonucleotides against such a complex target as the
RBC membrane has been reported [31]. Cell-SELEX offers promising perspectives
for the selection of aptamers targeting parasite-derived surface proteins, e.g. in
Trypanosoma and Plasmodium [33,34]. Its full potential as tool for cell surface target
discovery has not been deeply probed yet, but the application of aptamer technology
has been proposed for the implementation of new adjunct therapies to be used in
current malaria treatments [26,35]. Presence of surface proteins related to adhesion
and sequestration of parasites is widely known [36], although these are easily lost in
the cultured lines of P. falciparum without any selection pressure. The high variability
in these proteins, a mechanism evolved by the pathogen to escape immune system
surveillance [37], increases the difficulty of ligand molecule selection.

In this work we present our results on the development of DNA aptamers
against pRBCs infected by P. falciparum, with the objective of establishing a method
for the rapid identification of new markers for malaria diagnosis that could be also of

use in future vaccination or targeted therapeutic strategies.

2. EXPERIMENTS

2.1. Preparation of Target Cells



Unless otherwise indicated, oligonucleotides and other reagents were purchased from
Sigma-Aldrich. The P. falciparum 3D7 strain was grown in vitro in group B human
erythrocytes using previously described conditions [38]. Parasites (thawed from
glycerol stocks) were cultured at 37 °C in T-25 or T-175 flasks (Thermo Fisher
Scientific, Rochester, NY, USA) containing human erythrocytes at 3% hematocrit in
Roswell Park Memorial Institute (RPMI) complete medium containing Albumax 1l
(Gibco™), supplemented with 2 mM L-glutamine, under a gas mixture of 92.5% N»,
5.5% CO,, and 2% O,. RBCs parasitized with late-form trophozoite and schizont
parasite stages corresponding to 24-36 h and 36-48 h post-invasion (hpi), respectively,
were purified in 70% Percoll (GE Healthcare, Chicago, USA) [39,40]. Parasitemia
was determined by microscopic counting of blood smears fixed briefly with methanol
and stained for 10 min with Giemsa (Merck Chemicals) diluted 1:10 in Sorenson’s
buffer, pH 7.2. For culture maintenance, parasitemia was kept below 5% late forms
and 10% early forms by dilution with freshly washed RBCs and the medium was
changed every 1-2 days. Percoll-purified late stages were pelleted (800x g, 6 min) and
subjected to fixation in 4% paraformaldehyde followed by cryopreservation at =80 °C
in 44% glycerol, 20 g/l sodium lactate, 230 mg/l KCI, and 12 g/l sodium phosphate,
pH 6.8. Non-parasitized RBCs from the same blood batch were also cryopreserved
and, when required after thawing, fixed as above for their use in counter-SELEX

cycles (see below).

2.2. SELEX Cycles



For the generation of pRBC-specific DNA aptamers using the SELEX technique (Fig.
1), a single-strand nucleic acid library with invariant PCR primer-binding flanking
regions on each end and a randomized central sequence of 40 nucleotides
(ATACCAGCTTATTCAATTNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNAGATAGTAAGTGCAATCT, 1 umol) was purchased from
DNA Technology A/S (Denmark). 10 nmol of this DNA library was dissolved in 1
mL of RPMI supplemented with 25 mM HEPES, pH 7.4, 5 mM MgCl; and 1 mg/mL
BSA (binding buffer) and subjected to a first counter-SELEX negative selection
process, whereby it was incubated with ca. 10° fixed RBCs that had been previously
washed three times in washing medium (binding buffer without BSA). Prior to
addition to the cells, the library was incubated at 95 °C for 5 min followed by a
10-min incubation in ice. The cells and library mixture was incubated in ice for 1 h
under constant stirring (50 rpm), spun down (500x g, 3 min) to remove RBC-binding
sequences, and the supernatant containing the free oligonucleotides that did not bind
RBCs was added to fixed pRBCs for the next positive selection cycle. This
counter-selection step with non-parasitized erythrocytes was repeated again before
rounds 4, 7 and 10. After incubation and pull down steps as above, the pelleted cells
were rinsed 3 times with washing medium, taken up in 200 uL  of double deionized
water (ddH,O; MilliQ system, Millipore) and heated up to 95 °C for 10 min before
proceeding to thermal cycler amplification.

pRBC-binding sequences were PCR amplified following the procedures

described by Sambrook and Russell [41], using Tag DNA polymerase (PCR Master



Mix 2%, Thermo Fisher Scientific). As a rule, 20 cycles were programmed in a DNA
2720 Thermal Cycler (Applied Biosystems) 94 °C/56 °C/72 °C, 30 s each, with a
1-min 94 °C extra incubation before the first cycle. The 5’ ends of forward
(5’-ATACCAGCTTATTCAATT-3’) and reverse (5’-AGATTGCACTTACTATCT-3’)
primers were derivatized with 6-carboxyfluorescein (6-FAM) and tri-biotin,
respectively. The PCR mix was distributed in 30 tubes containing 50 uL of reaction
each. The resulting amplification products were precipitated by addition of 0.1 vol of
3 M sodium acetate, pH 5, and 2.5 vol of absolute ethanol, thoroughly mixed, and
stored overnight at —20 °C. After centrifugation (20,100 g, 45 min, 4 °C), the DNA
pellet was washed with 70% ethanol, spun down for 15 min in the same conditions as
above, and dried by solvent evaporation for 35 min in a SpeedVac concentrator (SPD
1010, Savant). Finally, the dry pellet was taken up in washing buffer (30 mM HEPES,
500 mM NaCl, 5 mM EDTA, pH 7).

To purify the forward strand, the PCR-amplified DNA (carrying a tri-biotin tag
in the reverse strand) was loaded into a streptavidin column (NeutrAdivin™ High
Capacity Agarose Resin, Thermo Fisher Scientific) and placed inside a Micro
Bio-Spin chromatography Colum (Bio-Rad). Columns were washed 16 times with
washing buffer before DNA addition, and 10 times afterwards. To elute the forward
strand (carrying a 6-FAM tag), 400 pL of 0.1 M NaOH were added to the column,
which was subsequently vortexed (30 s) and centrifuged (500x g, 30 s). 3 elutions
were performed and immediately neutralized with 0.1 vol of 1 M HCI. The eluted

ssSDNA was precipitated as above and taken up in binding buffer. This



fluorescein-labeled oligonucleotide entered a second identical SELEX cycle and this
process was repeated for 10 such rounds of binding and selection, until a set of
aptamers was identified that bound pRBCs with the desired specificity and affinity as
assessed by fluorescence microscopy and flow cytometry. Finally the selected
sequences were subcloned and synthesized in sufficiently large amounts for the

characterization of their binding to pRBCs.

2.3. Fluorescence Microscopy and Flow Cytometry Analysis

P. falciparum 3D7 cultures (either fixed, permeabilized non-fixed, or live) and fixed P.
falciparum NF54 gexp02-tdTomato stage IV gametocytes, induced by choline removal
[42], and selected by addition of 50 mM N-acetyl-D-glucosamine (choline-sensitive
transgenic line kindly provided by Harvie Portugaliza and Alfred Cortés [43]) were
incubated in the presence of 120 pmol of oligonucleotides labeled in their 5* ends with
6-FAM (Aex/em: 488/525 nm) for 60 min in binding buffer at 4 °C with gentle stirring.
Aptamers had been previously pretreated by incubating them for 5 min at 95 °C in
washing medium at 10x their final concentration, followed by a 10-min incubation on
ice. After rinsing with washing medium, cells were stained for 30 min with 4 pg/mL
of the DNA dye Hoechst 33342 (Aex/em: 350/461 nm), rinsed with washing medium
and placed in a 8-well LabTek chamber slide system (Lab-Tek®Il, catalog number
155409). For clinical sample testing, blood was obtained by venous puncture with a
syringe and was placed in a tube with 6 mM EDTA as anticoagulant. A drop of blood

(3 to 5 pL) was deposited on one end of a microscope slide and gently extended with

10



another slide. Informed consent was obtained from all blood donors. The preparations
were allowed to dry for at least 3 hours before fixing them in methanol:acetone 1:9
prior to incubating with the aptamers. Fluorescence microscopy analysis was done
with an Olympus IX51 fluorescence microscope or with a Leica TCS SP5 laser
scanning confocal microscope equipped with a DMI6000 inverted microscope, blue
diode (405 nm), Argon (458/476/488/496/514 nm), diode pumped solid state (561 nm)
and HeNe (594/633 nm) lasers and PLAN APO 63x oil (NA 1.4) immersion objective
lens. Non-fixed pRBC cultures were permeabilized with 0.1% w/v saponin in
phosphate buffered saline (PBS) for 15 min, rinsed 3 times with washing medium,
and treated as above.

For flow cytometry analysis, pRBCs were diluted in PBS to a final
concentration of 1-10 x 10° cells/mL, and samples were analyzed using a
LSRFortessa™ flow cytometer (BD Biosciences) set up with the 5 lasers, 20
parameters standard configuration. The single-cell population was selected on a
forward-side scatter scattergram. The fluorochromes Hoechst 33342, 6-FAM,
TAMRA or tdTomato, and Alexa Fluor 647 (streptavidin label for detection of
biotinylated aptamers) were excited using 350, 488, 561 and 640 nm lasers, and their

respective emissions collected with 450/40, 525/40, 582/15 and 730/45 nm filters.

2.4. Subcloning and Sequencing of Candidate Oligonucleotides and 2-D

Structure Analysis

After 10 rounds of selection, the enriched oligonucleotide pool was PCR-amplified

11



using unlabeled forward and reverse primers and Pfu DNA polymerase (Biotools).
The resulting products were cloned into the pBluescript SK+ plasmid after its
linearization with Smal (New England Biolabs) using T4 DNA Ligase (New England
Biolabs) and the ligation product was used for the transformation of heat-shock
competent TOP10 Escherichia coli cells (Thermo Fisher Scientific). The transformed
cells were grown overnight at 37 °C in Luria Broth agar plates and the recombinant
colonies were differentiated with the blue/white screening method after the induction
of lacZ expression in the presence of X-gal and IPTG. White clones were randomly
chosen from the plates and their plasmids were isolated with the GeneJET Plasmid
Miniprep Kit (Thermo Fischer Scientific). The successful insertion of sequences from
the original library was validated by PCR with the specific forward and reverse
primers and by digestion with the restriction enzymes Notl and Sall (New England
Biolabs); in both approaches DNA bands with the expected lengths were detected in
agarose gels. The positive clones were finally sequenced using T7P universal primers
(Sanger  sequencing  service, GENEWIZ GmbH, Leipzig, Germany;

https://www.genewiz.com/en-GB/Public/Services/Sanger-Seqguencing).

2-D structure analysis was done using the mfold web server

(http://unafold.rna.albany.edu/) [44], completing the DNA folding form and selecting

ion and temperature conditions present in our incubations (140 mM Na* and 5.4 mM
Mg®*, 4 °C). The potential presence of G-quadruplexes was analyzed using the
Quadruplex forming G-Rich Sequences (QGRS) Mapper

(http://bioinformatics.ramapo.edu/QGRS/index.php) [45], which was applied for
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predicting the position and the G-score (likelihood to form a stable G-quadruplex).

2.5. Design of a Random Aptamer to be Used as Negative Control

A negative control aptamer (700) was designed by means of an in-house Python script
that printed a random 40-base oligonucleotide with the following relative frequencies:
A =175%; T =55%; C = 10% and G = 17.5%. These selected frequencies were
obtained by analyzing the relative base frequency of aptamers 19, 24, 30, 77 and 78
(A =11.22%, T = 17.85%, C = 16.32% and G = 54.59%), and by substituting the
frequency of A for C, T for G, G for T and C for A). Frequencies were rounded to
obtain an aptamer with a natural number of bases and the unmodified primer-binding

sequences were finally added at both ends, obtaining the following oligomer:

ATACCAGCTTATTCAATTAGTTGTGGTTGCAACTTTTTATTATTTGTTCGTA

TCTTTAAGATAGTAAGTGCAATCT.

2.6. Determination of Apparent Kgand Bax

1x10° fixed P. falciparum 3D7 Percoll-purified trophozoites were incubated in the
presence of fluorescein-labeled oligonucleotides (10 different dilutions in triplicates,
from 4000 to 7.13 nM, in a final volume of 40 pL) for 60 min in binding buffer at
4 °C. After rinsing twice with washing medium, cells were diluted 1:10 in PBS
immediately prior to analysis with a LSRFortessa’™ flow cytometer set up with the 4
lasers, 18 parameters standard configuration. The single-cell population was selected

on a forward-side scatter scattergram. 6-FAM was excited using a blue laser (488 nm),
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and its fluorescence collected through a 525/40 nm filter; mean fluorescence intensity

was obtained using Flowing Software 2.5.1 (www.btk.fi/cell-imaging; Cell Imaging

Core, Turku Centre for Biotechnology, Finland). The equilibrium dissociation
constant (Kg) and density of receptors (Bmax) [46] of the aptamer-cell interaction was
obtained by fitting the dependence of intensity of specific binding on the
concentration of the aptamers to the equation Y = Bmax X/(Kg + X) [32]. GraphPad
Prism 6 (GraphPad Software, San Diego, USA) was used to plot the saturation curve,
selecting analysis of binding by non-linear regression fit, considering one site and

comparing total and non-specific (aptamer 700 used as reference) binding data.

2.7. Dot Blots and Western Blots

Protein extracts from 8 to 48 hpi parasites were sequentially obtained from a P.
falciparum 3D7 culture tightly synchronized at ring stages (0 hpi) using a series of
sorbitol lysis (7 vol of 5% sorbitol in ddH,O was added to pelleted cultures and
incubated at 37 °C for 7 min, then spun down and washed with washing medium
before being placed again in culture conditions) combined with Percoll purification of
late stages during the previous week. Briefly, 2 sorbitol lysis were performed 36 hours
apart, followed by a Percoll treatment 36 h after the second sorbitol, and then a final
sorbitol was used to select ring stage parasites with a 8-h window after Percoll.
Immediately after this last synchronization, cell samples were collected every 8 h,
pulled down by centrifugation and washed twice with PBS supplemented with 1x

Mini Protease Inhibitor Cocktail (cOmplete™, Roche; one tablet in 10.5 mL for 1x
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concentration), and then incubated with a 7-fold cell pellet volume of 0.15% saponin
in PBS and 1x cOmplete™ at 4 °C for 15 min. Afterwards, samples were centrifuged
at 10,000x g for 15 min and the supernatant was recovered (Saponin extract fraction).
The pellet was further washed 4-5 times, until there was no hemoglobin visible, and
then resuspended in 1-fold cell pellet volume of 1% Triton X-100 in PBS
supplemented with 1x cOmplete™ and incubated for 30 min at 4 °C. Then samples
were centrifuged at 20,000x g for 30 min and the supernatant was recovered (Triton
X-100 extract fraction). The remaining pellet was washed 2 times and taken up in
1-fold cell pellet volume of RIPA buffer (150 mM NaCl, 10% glycerol, 2 mM EDTA,
0.5% sodium deoxycholate, 0.2% SDS, 0.1% Triton X-100, 40 mM tris-HCI, pH 7.6)
supplemented with 1x cOmplete™. After 15 min incubation, the sample was vortexed
for 1 min and sonicated for 30 s, and after a brief incubation (4 °C, 10 min), it was
centrifuged (20,000x g, 4 °C, 15 min) and the supernatant was recovered (RIPA buffer
extract fraction).

After determining protein concentration using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific) following the manufacturer’s indications, cell extracts
were diluted to 0.2 pg protein/uL and 2 pL of them were placed on top of a
preactivated polyvinylidene difluoride (PVDF) membrane (BioRad). When the dots
dried, the membrane was blocked under orbital stirring (50 rpm) at RT for 1 h with
5% (w/v) skim milk in tris-buffered saline (TBS, 150 mM NacCl, 50 mM tris-HCI, pH
7.6) containing 0.05% Tween 20 (TBSty 05), Wwashed again (3%, 5 min) in TBSty s, and

incubated with 600 nM biotin-labeled pretreated aptamer in TBSty s containing 0.1%
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(w/v) skim milk (1 h, RT). After 3 washes with TBStyos for 5 min each, it was
incubated with 1.5 pg/mL of streptavidin-Alexa Fluor 647 in TBStys containing
0.1% (w/v) milk powder (30 min, RT). After 3 final washes with TBStyos for 5 min
each, fluorescence images of the membrane strips were obtained with an
ImageQuant™ LAS 4000 CCD camera system (GE Healthcare Life Sciences) using
red epi-illumination and a R670 Cy5 filter.

For Western blots, 300 ug protein of RIPA fraction extracts from 40 to 48 hpi
were loaded into a single-well 12.5% polyacrylamide gel and run for 45 min at 120 V.
Then they were transferred overnight to a preactivated P\VDF membrane (BioRad) at
4 °C and 180 V. Membrane strips were washed (2%, 5 min) with TBS and processed
as for dot blots but substituting the biotinylated aptamer plus fluorescent streptavidin
step by a 1-h incubation with 600 nM 6-FAM-labeled aptamer, and detecting
fluorescence with a Y515 filter. As an alternative protocol, electrophoresed extracts
were in-gel fixed for 10 min with acetic acid/methanol/H,O 1:4:5 (v/v/v) and washed
(3x H20 plus 3x washing medium). The gel was then placed in binding buffer to
which pretreated fluorescein-labeled aptamers were added at a final concentration of
600 nM, incubated overnight and washed (3%, washing medium) before visualizing
the gel in an ImageQuant™ LAS 4000 transilluminator, where the fluorescent bands
were excised and processed for liquid chromatography with tandem mass

spectrometry (LC-MS/MS) analysis.

2.8. Pull Down Assays

16



0.2 mg of streptavidin-coated magnetic beads (Dynabeads™ MyOne™ Streptavidin
C1, Thermo Fisher Scientific) were washed 3 times by magnetic separation with 5
mM tris-HCI, 1 M NaCl, 0.5 mM EDTA, 5 mM MgCl,, pH 7.5. After that, beads were
resuspended in 200 pL of the same buffer containing 200 pmol of the biotinylated
aptamers, and incubated for 1 h under rotation. Supernatant was removed and
unspecific binding sites were blocked by incubation with 0.1% BSA (w/v) in PBS for
1 h. After 5 washes with PBS containing 0.1% Tween 20 (v/v), aptamer-coated beads
were incubated overnight in 200 pL PBS with a Triton X-100 protein extract of a P.
falciparum late stage culture containing 12 pg protein. Then the beads were washed
10 times in PBS supplemented with 145 mM NaCl. To elute bound material, beads
were resuspended with Laemmli buffer (60 mM tris-HCI, 2% SDS (w/v), 10%
glycerol (v/v), 5% 2-mercaptoethanol (v/v) and 0.002% bromophenol blue (w/v), pH
6.8) and heated up to 95 °C; the supernatants were recovered, loaded into a 12.5%
polyacrylamide gel and run for 45 min at 120 V. After silver staining, gel slabs were

cut for LC-MS/MS analysis.

2.9. In-Gel Tryptic Digestion of Proteins and LC-MS/MS Analysis

After cleaning gel slabs with 50 mM NH4HCOg3, pH 8.0 (cleaning buffer, CB) and
acetonitrile (ACN), the proteins were reduced with 20 mM DTT in CB (60 °C, 60 min)
and alkylated in the same buffer supplemented with 50 mM iodoacetamide (RT, 30
min). Gel slices were covered in CB containing 0.1 pg trypsin (sequencing grade

modified, Promega), and digested for 16 h at 37 °C. Tryptic peptides were extracted
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from the gel matrix with 10% formic acid (FA) and ACN washes, and finally dried in
a vacuum centrifuge.

The dry peptide mixtures were analyzed by LC-MS/MS in a nanoACQUITY
liquid chromatographer (Waters) coupled to a linear trap quadrupole-Orbitrap Velos
(Thermo Scientific) mass spectrometer. The tryptic digests were resuspended in 1 %
FA solution, and an aliquot (2 pL) was injected for chromatographic separation.
Peptides were trapped in a Symmetry C18TM trap column (5 pm; 180 pm by 20 mm;
Waters) and separated using a C18 reverse-phase capillary column (75 um @i, 25 cm,
nanoACQUITY, 1.7 um BEH column, Waters). The gradient used for the elution of
the peptides was 1 to 40 % B in 30 min, followed by a gradient from 40% to 60% B in
5 min (A: 0.1% FA in water; B: 0.1% FA in ACN), with a 250 nl/min flow rate. Eluted
peptides were subjected to electrospray ionization in an emitter needle (PicoTipTM,
New Objective) with an applied voltage of 2000 V. Peptide masses (m/z 300-1600)
were analyzed in a data-dependent mode where a full Scan MS was acquired in the
Orbitrap with a resolution of 60,000 FWHM at 400 m/z. Up to the 15 most abundant
peptides (minimum intensity of 500 counts) were selected from each MS scan and
then fragmented in the linear ion trap using collisionally induced dissociation (38%
normalized collision energy) with helium as the collision gas. The scan time settings
were: full MS: 250 ms (1 Microscan) and MSN: 120 ms. Generated *.raw data files
were collected with Thermo Xcalibur (v.2.2). A database was created by merging all
human protein entries present in the Swiss Prot public database (v.7/3/2019) with all

entries for P. falciparum isolate 3D7 present in the public database Uniprot (v.
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12/12/19). A small database with common laboratory protein contaminants was also
added and *.raw data files obtained in the LC-MS/MS analyses were used to search
with the SequestHT search engine using Thermo Proteome Discoverer (v. 1.4.1.14)
against the aforementioned database. Both target and a decoy database were searched
to obtain a false discovery rate (FDR), and thus estimate the number of incorrect
peptide-spectrum matches that exceeded a given threshold, applying preestablished
search parameters (enzyme: trypsin; missed cleavage: 2; fixed modifications:
carbamidomethyl of cysteine; variable modificacions: oxidation of methionine;
peptide tolerance: 10 ppm and 0.6 Da for MS and MS/MS spectra, respectively). To
improve the sensitivity of the database search, the semi-supervised learning machine
Percolator was used to discriminate correct from incorrect peptide spectrum matches.
Percolator assigns a g-value to each spectrum, which is defined as the minimal FDR
at which the identification is deemed correct (0.01, strict; 0.05, relaxed). These q
values are estimated using the distribution of scores from decoy database search. The
results were exported as Excel files and only proteins identified with at least two high
confidence peptides (FDR <0.01) were considered. Gene Ontology term enrichment
analysis of RBC-EV and pRBC-EV proteomes at cellular component, molecular
function, and biological process level were performed with Database for Annotation,

Visualization and Integrated Discovery (David 6.8) (https://david.ncifcrf.gov/).

2.10. Ethics Statement

The human blood used in this work for P. falciparum in vitro cultures was
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commercially obtained from the Banc de Sang i Teixits (www.bancsang.net). Blood

was not specifically collected for this research; the purchased units had been
discarded for transfusion, usually because of an excess of blood relative to
anticoagulant solution. Prior to their use, blood units underwent the analytical checks
specified in the current legislation. Blood clinical samples were obtained previous
obtainment of the informed consent of the donors. Before being delivered to us, unit
data were anonymized and irreversibly dissociated, and any identification tag or label
had been removed in order to guarantee the non-identification of the blood donor. No
blood data were or will be supplied, and the studies reported here were performed in
accordance with the current Spanish Ley Organica de Proteccion de Datos and Ley de
Investigacion Biomédica and under protocols reviewed and approved by the Ethical
Committee on Clinical Research from the Hospital Clinic de Barcelona (Reg.
HCB/2018/1223, January 23, 2019) and by the Ethical Committee on Drug Research
from the Hospital Universitari Vall d’Hebron (Reg. PR(AG)68/2020, February 28,

2020).

3. RESULTS

3.1. Design of a SELEX Protocol for the Identification of Plasmodium-Specific

Aptamers

During its initial development for the search of pRBC-specific targets, the SELEX

process was expected to present itself with a number of problems whose solutions
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might require the re-examination of standard protocols or the need for controls to be
done months after the research started. In this scenario, the intrinsic variant expression
of Plasmodium antigens [47] presented a significant obstacle if different parasite
cultures were to be used throughout the selection, since their changing proteins would
be a movable target precluding the enrichment of aptamers recognizing a particular
epitope. In addition, if Plasmodium cultures had to be prepared weeks apart, different
blood batches would need to be used; in preliminary assays where blood from
different donors was employed, the SELEX protocol ended up with the unwilling
selection of aptamers targeted to blood donor-specific RBC surface antigens (Fig. 2).
To minimize these risks, we decided to grow a large pRBC batch cultured with
erythrocytes from a single donor, fix it with paraformaldehyde, and store it in frozen
aliquots in order to preserve a constant antigen collection throughout the protocol.
Because the fixation method used does permeabilize the cells, the potential antigens
to be identified could be intracellular pRBC molecules.

Fluorescence microscopy and flow cytometry analysis were used to follow the
enrichment in 6-FAM-labeled pRBC-binding aptamers after each SELEX cycle (Fig.
3). Fluorescence microscopy images revealed an increase in the pRBC-associated
fluorescein signal with each successive SELEX round, although the intensity of
fluorescence in the first cycles was very low and is barely appreciated in Fig. 3A,
where the microscope settings applied to all the SELEX rounds were those selected
for a correct exposure of round 10. The higher sensitivity of flow cytometry, however,

revealed an unexpected finding since even the PCR-amplified original aptamer library
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exhibited a significant binding to pRBCs relative to uninfected erythrocytes (Fig. 3B).
With each cycle, the fluorescence signal associated to pRBCs increased whereas
non-parasitized RBCs remained aptamer-free. The SELEX cycles were stopped at
round 10, when the observed pRBC-associated fluorescence was not significantly
different from that detected in round 9. Because the P. falciparum culture used in
these fluorescence microscopy and flow cytometry analyses was prepared from a
different blood batch and parasite stock, we concluded that the aptamers obtained
recognized epitopes that are not exclusive of the original pRBC population used for

SELEX selection.

3.2. Identification of Individual pRBC-Specific Aptamers

The fluorescence microscopy and flow cytometry data presented above suggested that
SELEX round 10 was enriched in highly specific pRBC-binding aptamers. In
consequence, we proceeded to subclone the round 10 oligonucleotide pool in order to
obtain plasmids containing individual aptamers. Five such cloned sequences
(aptamers 19, 24, 30, 77 and 78) were PCR-amplified using the fluorescein-labeled
forward primer, and when added to fixed pRBC/RBC cocultures they exhibited a
complete specificity of binding for pRBCs vs. RBCs (Fig. 4).

After sequencing the five selected oligonucleotides, it was observed that the
originally randomized central sequence of 40 nucleotides was in these 5 oligomers
largely G-enriched (Fig. 5). Among different architectures, several aptamers have

been described to adopt the G-quadruplex structure, which consists of planar arrays of
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four guanines, each one of them pairing with two neighbors by Hoogsteen bonding
[48]. At least four GG pairs in close vicinity on an oligonucleotide sequence are
required for G-quadruplex formation, and, according to 2-D structure analysis, this
feature is present in all the five pRBC-binding aptamers that had been randomly
subcloned from SELEX round 10 (Fig. 5 and Table 1).

According to fluorescence microscopy imaging, the chemically synthesized
fluorescein-labeled aptamers of these five selected sequences specifically bound
pPRBCs vs. RBCs (Fig. 6A) of cell batches different from those used during the
SELEX process, indicating that the cellular structures being detected are truly
characteristic of P. falciparum-infected erythrocytes. The pRBC subcellular
distributions of the aptamers were not identical; although cytosolic localization was
evident for all of them, the sequences 19, 24 and 30 clearly labeled the host
erythrocyte plasma membrane, whereas 77 and 78 colocalized with vesicular
structures (Fig. 6B). pRBC vs. RBC specific binding was quantitatively characterized
by flow cytometry (Fig. 6C), which confirmed that the five selected aptamers bound
>84.5% of late-stage pRBCs and <0.06% of non-parasitized RBCs (Table 2). Aptamer
30 exhibited the most efficient pRBC recognition, binding 95.2% of late stages. A
control aptamer (700), which was randomly synthesized but designed to contain a
base composition well differentiated from that of the five selected sequences, bound
ca. 19.6% of pRBCs. When 6-FAM was substituted by the reporter group TAMRA,
binding specificity decreased significantly for aptamer 30 (Table 2), suggesting an

effect on oligonucleotide folding of the fluorescein group present on the aptamer 5’
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end during the SELEX cycles.

Gametocytes, the sole Plasmodium stage that can be transmitted from the
human to the mosquito vector, were occasionally observed to be also targeted by some
aptamers (e.g. aptamer 30 in Fig. 6A), which led us to perform a detailed flow
cytometry in vitro study of P. falciparum gametocyte targeting. The results obtained
(Table 3) indicate that the selected aptamers bind a significant number of gametocytes,
being aptamer 30 the best performing sequence, with >60% of gametocytes detected.

The aptamer 2008s, developed against P. falciparum LDH, has been postulated
as an ideal biosensor for malaria diagnostic devices [22]. 2008s biotinylated in its 5’
end has been used in targeting analysis assays performed with purified LDH or with
cell extracts [49,50]. We have compared on fixed cells the targeting performance of
biotin-2008s with that of the aptamers described here, all of them 5’-biotinylated
(Table 4). The flow cytometry results obtained showed a >30 fold improvement in the
detection of pRBCs with any of the five aptamers presented in this work relative to
2008s.

Removal of the PCR primer-binding flanking sequences had different effects on
the targeting specificity of the variable 40-base oligonucleotides which were selected
(Table 2): whereas for aptamers 30 and 78 the change was small, for the other three
sequences their shortened forms exhibited a more pronounced reduction in cell target
binding, especially evident for oligonucleotide 19, whose late-stage pRBC affinity
dropped from 93.0% to 58.5%. According to flow cytometry data of whole cells, and

consistently with the use of late-stage pRBCs for the SELEX cycles, early ring stages
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were not bound by any of the selected sequences. However, RIPA buffer extracts of
all stages were positive for all five aptamers (see Fig. 7 for aptamer 19; data not
shown for the other aptamers), indicating the presence from early rings to mature
schizonts of the targeted epitope(s), whose presence dramatically increased along the

intraerythrocytic parasite cycle.

3.3. Calculation of Apparent Ky, Apparent Bmax, and Preliminary Sensitivity

Evaluation of Plasmodium-Specific Aptamers

The apparent affinity for target cells of the selected fluorescein-labeled aptamers was
measured by incubating serial dilutions of them with fixed 3D7 P. falciparum
trophozoites, using a random sequence as nonspecific binding control (Fig. 8 and
Table 5). Upon removal of the flanking PCR primer-binding sequences (to obtain
aptamers 19s, 24s, 30s, 77s and 78s) the new apparent Kq for aptamers 24 and 77 did
not change significantly (1.14/1.07 and 1.07/0.90, respectively), whereas for
oligonucleotides 19, 30 and 78 the shorter forms had a lower affinity for pRBCs
(apparent Kq values: 0.46/1.10, 0.61/1.53, and 0.33/1.77, respectively). Although the
apparent Ky between different aptamers might be influenced by the concentration of
their respective antigens in the cells if the aptamers are targeting different molecules,
the disparities between the full-length aptamers and the same sequences after the
removal of the primer sequences are expected to be mostly influenced by the change
in affinity of the oligonucleotides for their corresponding antigens as the

primer-binding regions of their sequences are eliminated.
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Four out of the five short aptamers (with exception of 19s) improved in Bmax
relative to the full-length sequences, suggesting that they were able to bind more
target sites inside cells, since these shortened sequences likely encounter less steric
impediments due to their smaller size. Therefore, a decrease in antigen affinity can be
compensated by more available ligands. As a preliminary evaluation of aptamer
performance, a ratio can be established between the apparent Biax and the apparent Ky
(binding potential, BP = Bmax/Kg). The higher this relation, the better cell labeling by
the corresponding oligonucleotide, since it will have either a lower K4 (and higher
affinity) or a higher Bmax (and more binding sites), or both. The aptamer ranking
according to BP was 30s > 19 > 78 > 24s > 77s > 30 > 78s > 24 > 77 > 19s. No
correlation was observed between the efficacy of aptamer target detection and the
presence or absence of the PCR primer-binding sequences.

The changes in Ky, Bmax and BP for each aptamer upon flanking sequence
removal (Table 6) showed that whereas Ky decreased or timidly improved (+7% and
+19% for 24/24s and 77/77s, respectively), Bmax increased significantly for the shorter
oligonucleotides except for 19/19s, where it fell by 70%. BP values indicated that
when the primer-binding flanking sequences were absent, the overall targeting
performance ameliorated for 24/24s and, especially, for 30/30s and 77/77s, but it
clearly worsened for 78/78s and still more significantly for 19/19s. These results
indicated that eliminating the flanking sequences, which were not selected during the
SELEX process, can in some cases result in a loss of aptamer binding affinity for the

corresponding cell target.
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Targeting assays with non-fixed, saponin-permeabilized cells revealed also a
pRBC-specific binding of all 5 aptamers (Fig. 9 and Table 7), indicating that the
observed specificity was not derived from a fixation artifact. RBCs burst at the
saponin concentration used, and most cellular structures remaining in the sample were
P. falciparum parasites bounded by their parasitophorous vacuole membrane (PVM),
exhibiting characteristic rounded shapes slightly smaller than erythrocytes. RBC
plasma membrane remains and other erythrocyte debris were still visible around some
PVM-enclosed parasites (e.g. see aptamer 19 panel in Fig. 9B). Since all aptamers
stained both the PVM (Fig. 9) and the pRBC plasma membrane (Fig. 6 and cell debris
in Fig. 9), the targeted epitope(s) likely correspond to parasite molecules that are
exported to both cell membranes. This is in agreement with dot blot data (Fig. 7)
indicating the presence of the sought-after antigen(s) in Triton X-100 and, especially,
in RIPA buffer extracts, which contain cell membrane-bound components. However,
targeting assays with live cells did not show binding of the aptamers to pRBCs (data
not shown), which clearly suggested that the location of the epitope(s) being detected
is intracellular and that the selected oligonucleotides are not able to cross plasma
membranes in intact cells.

Pull-down assays using the aptamers bound to magnetic beads resulted in the
detection of several pRBC proteins identified by LC-MS/MS (Table 8). Western blots
of late stage P. falciparum cultures probed with the fluorescein-labeled selected
aptamers revealed for all of them dominant bands around 15 and 30 kDa (Fig. 10A).

The aptamer 30s, which had the higher predicted BP (Table 5), provided the strongest
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signal. This aptamer was used to directly probe a SDS-PAGE lane loaded with the
same sample extract that had been analyzed in the Western blot. The main fluorescent
band cluster at ca. 15-kDa (Fig. 10B) could be excised and subjected to LC-MS/MS
analysis. Again, several P. falciparum proteins were identified (Tables 9-11), being the
proteasome subunit beta type the sole protein that was also detected in pull-down
assays with biotinylated aptamer 19. This result is however not conclusive and
although, taken together, these data strongly suggest that all the selected aptamers
recognize a single epitope that might be present in multiple parasite proteins, the
efforts done to identify this antigen have been unsuccessful so far.

To assess the potential use for the future development of diagnostic devices of
the selected aptamers, these were tested on clinical samples of malaria-infected blood
that had been previously characterized by Giemsa staining (data not shown). Despite
having been evolved against in vitro cultured trophozoite and schizont stages, all
aptamers targeted ring-stage P. falciparum parasites (aptamer 24 targeting shown in
Fig. 11; data not shown for the rest of aptamers), which are the main form present in
thin blood smears of malaria patients. Whenever present, late stages were always
efficiently targeted. Targeting of early and late blood stages was also observed for

Plasmodium ovale and Plasmodium malariae clinical samples (Fig. 12).

4. DISCUSSION

In 2018, around 228 million cases of malaria occurred worldwide, compared with 251

million in 2010 and 231 million in 2017, and the disease caused an estimated 405,000
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deaths. In the same year, approximately US$ 2.7 billion was invested globally in
malaria control and elimination efforts by governments of malaria endemic countries
and international partners — a reduction from the US$ 3.2 billion that was invested in
2017 [1]. Malaria has enormous social and economic relevance, including a negative
impact on short-term learning function, loss of work/study productivity, and
diagnosis/treatment costs. Whereas the global fight against malaria has evolved from
a “control” to a still difficult to implement “eradication strategy” [51], elimination, on
the other hand, is technically feasible but would need mass population screening.

P. falciparum histidine-rich protein 1l (PfHRP-II) is widely used as target
antigen for specific detection of this species of the parasite, although some reports
have claimed variable results obtained with PfHRP-Il-based RDTs [52,53]. In
addition, evidences of mutation and deletion of the PFHRP-II gene counsels caution in
the use of this biomarker for falciparum malaria [54,55], which led the WHO to
recommend researching alternative targets and methods for detection of P. falciparum
[56]. In this regard, Plasmodium glutamate dehydrogenase (PGDH) and lactate
dehydrogenase (PLDH) have received increased attention as specific biomarkers for
which aptamers have been developed [49,50,57]. Human-infecting plasmodia produce
GDH and LDH, whose blood concentration correlates with parasitemia and decreases
along patient therapeutic treatment. All Plasmodium species infecting humans
produce both enzymes, but these are sufficiently variable to allow species-specific
recognition [57,58]. Accordingly, PLDH has been proposed as a biomarker for

parasitemia estimation, species identification, and treatment response monitoring
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[58,59], and aptamers raised against falciparum PLDH exhibited a Kq4 around 40 nM
[22]. Recently, DNA aptamers have been generated against a conserved recombinant
domain of the high mobility group box 1 protein of P. falciparum, to be developed as
potential sensing elements of RDTs [60]. These aptamers incur the risk of a loss in
antigen binding efficacy if the molecular targets mutate or exhibit variant expression.
To overcome this problem, we have explored here the use of a cell-SELEX approach,
which, in addition to individual proteins, might also produce aptamers targeting (i)
molecular landscapes present in several parasite molecules or (ii) non-proteinaceous
antigens, such as lipids, nucleic acids or polysaccharides. Using inertial microfluidic
SELEX, RNA aptamers that recognized distinct, surface-displayed epitopes on
pRBCs with nanomolar affinity had been developed [61]. Moreover, cell-SELEX has
also been successfully used to select aptamers with dissociation constants in the
nanomolar range against leukemia cells [32,62], human hepatoma cell line Hep62
[63], and non-small cell lung cancer [64]. In our study, the apparent K4 range from
0.46 +0.08 to 1.77 +0.15 uM for both full-length and shortened aptamers raised
against pRBCs is comparable to values reported for aptamers generated against
Salmonella typhimurium using a similar whole-cell SELEX approach like that
employed here [65]. These relatively high Kgs are characteristic of glycan-containing
aptamer targets [66]. However, since the corresponding molecular antigens have not
been identified yet, these Ky values had to be calculated against whole cells. To the
best of our knowledge, all available K4 values in the nM range reported for PLDH

aptamers were obtained with techniques that used the purified enzyme: isothermal
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titration calorimetry, electrophoretic mobility shift assay and surface plasmon
resonance spectroscopy [22]. When exposed to whole cells in vitro, all the aptamers
studied here bound P. falciparum-infected erythrocytes >30-fold better than the PLDH
2008s aptamer, likely because of a larger number of target epitopes present in each
cell.

As opposed to using the purified molecular target, calculation of K4 measuring
fluorescence intensity in target cells can be misled as the number of binding sites is
unknown. This approach, however, can be adequate in the selection of diagnostic
aptamers if these are to be tested with whole cells, where the sensitivity of detection
will depend on the Ky of the aptamer but also on the abundance and availability of the
corresponding molecular target within the crowded intracellular environment.
Preliminary binding affinity assays of our aptamers evolved by whole-cell SELEX
ended up with the identification of multiple proteins being targeted. This result was
consistent with the abundance in Plasmodium of highly aggregative [67] or adhesive
proteins [68], which could be carried together with the aptamer-binding element(s).
Alternatively, the binding of DNA oligonucleotides to Plasmodium components might
be based on some widely represented parasite epitope or on unspecific interactions
with protein primary or secondary structures. G-quadruplexes, for instance, have
twice the negative charge density per unit length compared to DNA double helices,
thus representing an excellent arrangement for interactions with e.g. cationic proteins
[48].

In agreement with the experimental design used here, our cell-SELEX proof of
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concept approach has obtained aptamers against P. falciparum late blood stages,
mostly trophozoites and schizonts. This might limit diagnostic applications, since a
clinical P. falciparum infection mainly has early blood stages in the blood circulation.
However, according to dot blot assays of in vitro cultures and fluorescence
microscopy analysis of clinical samples, the selected aptamers target ring stages as
well. Late stages can also be found in circulation as result of an apparent reduction or
delay in sequestration, usually in high parasitemia P. falciparum infections, but
occasionally also in asymptomatic cases [69]. These observations encourage the
exploration of a potential application of the aptamers developed here as components
of future RDT devices, where DNA aptamers could substitute for the antibodies
currently used as sensing elements [70]. Among the aptamers developed in this work,
30s would be the most suitable for clinical use given its high BP, although even higher
diagnostic specificities could be attained with joint detection strategies where two of
the selected aptamers could be used together.

As we are progressing from malaria control to elimination, asymptomatic
infections will be increasingly elusive to detect since antibody-based RDTs do not
have enough sensitivity [71]. Loop-mediated isothermal amplification assays [72]
indicate that it is possible to identify such cases, but it is costly compared to
microscopic observation and it is still complicated and challenging to be applied
worldwide [73,74]. A diagnosis alternative could be offered by synthetic bioreceptors
like aptamers, which have already been raised against both pan- and species-specific

PLDH [21,49]. The observation that our aptamers bind also erythrocytes infected by P.
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malariae and P. ovale indicates that their potential applications will be in pan-malaria
diagnosis. Several biosensing protocols have been developed employing aptamers
against Plasmodium LDH, such as colorimetric sensing [24], impedance
measurements by electrode functionalization [21] or enzyme capture and colorimetric
catalysis [75]. Malaria RDTs based on antibody recognition require a lysis step unless
the target antigen is secreted, such as HRP-1I, and/or a liquid phase to make the
sample move by capillarity [76]. Such platforms providing simple, stable and
easy-to-use RDTs can be easily adapted to new Plasmodium-specific aptamers like
the ones developed here, which would only require a cell permeabilization agent
included in the corresponding buffers. This direct detection of parasitized cells is an
advantage relative to diagnosis methods relying on antibody detection of parasite
antigens, whose decay takes longer than the clearance of parasitemia [77]. The
recognition of intracellular epitopes might offer some additional benefits such as less
susceptibility to the intense variant expression of Plasmodium cell surface-exposed

molecular tags [5,6].

5. CONCLUSIONS

In this study, several DNA aptamers have been evolved that in in vitro studies
discriminate with almost complete specificity naive red blood cells from erythrocytes
infected by P. falciparum (<0.1% vs. >90% binding to both cell types, respectively).
In clinical samples, these aptamers bind all stages of red blood cells infected by P.

falciparum, P. vivax, P. ovale and P. malariae in fixed thin blood smears. This work
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provides new synthetic biomarkers that can be easily incorporated in the development
of a fast, cost-effective, sensitive and easy to use diagnostic tool, which would be a

key asset for future malaria elimination policies.
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Captions

Fig. 1. Scheme of the SELEX process used in this work to obtain DNA aptamers

against late-stage pRBCs.

Fig. 2. Obtention of cell-specific aptamers by SELEX. (A) Non-infected RBC
preparation containing cells from different blood donors treated with a 6-FAM-labeled
oligonucleotide pool selected in P. falciparum cultures grown using blood from one of
the donors. (B) Confocal 6-FAM fluorescence microscopy image of the same

microscope field.

Fig. 3. Progressive selection of pRBC-binding aptamers along the SELEX cycles.
(A) Fluorescence microscopy of in vitro P. falciparum cultures treated with
6-FAM-labeled aptamer pools selected after SELEX rounds 3, 6, 9 and 10. For an
easier identification of colocalizing pixels, the blue color has been changed to red in
the merge images. Merge-1: Hoechst 33342 (nuclei) and 6-FAM (oligonucleotides)
channels; merge-2: merge-1 superimposed on phase contrast image. The cells used
here belonged to a new fixed cell batch different from that used for the SELEX cycles.
The microscope settings applied to all the SELEX rounds were those selected for a
correct exposure of round 10. (B) Flow cytometry analysis of the same samples from

panel A. a.u.: arbitrary units.
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Fig. 4. Fluorescence microscopy analysis of the pRBC vs. non-infected RBC
binding specificity of five selected aptamers PCR-amplified from individual
clones using 6-FAM-labeled forward primers. The cells used here belonged to a
new fixed cell batch different from that used for the SELEX cycles. For an easier
identification of colocalizing pixels, the blue color of Hoechst 33342 has been

changed to red.

Fig. 5. Sequences of the five oligonucleotides whose PCR amplifications using
6-FAM-labeled forward primers showed pRBC binding specificity vs.
non-infected RBCs. The PCR primer-binding sequences are indicated in bold;
non-bold sequences correspond to the aptamers 19s, 24s, 30s, 77s and 78s. Shadowed

in grey are the bases predicted to form G-quadruplexes.

Fig. 6. pRBC vs. non-infected RBC binding specificity analysis in fixed P.
falciparum cultures of the chemically synthesized aptamers labeled with 6-FAM
at the 5° end. (A,B) Fluorescence microscopy analysis of (A) cellular and (B)
subcellular aptamer targeting. The arrowhead indicates a P. falciparum gametocyte.
(C) Quantitative flow cytometry analysis of aptamer targeting. For each panel,
late-stage pRBCs are represented in the upper quadrants and 6-FAM-aptamer-bound
cells are located in the right-hand quadrants. The cells used here belonged to a new
fixed cell batch different from that used during the SELEX cycles. For an easier

identification of colocalizing pixels, the blue color of Hoechst 33342 has been
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changed to red.

Fig. 7. Dot-blot test of the presence in P. falciparum extracts of the epitope(s)
recognized by 6-FAM-labeled aptamer 19. Saponin, Triton X-100, and RIPA buffer
extracts were obtained at different hpi from a P. falciparum in vitro culture initially
synchronized at ring stages. Each dot contains 0.4 pg of protein in 2 puL of PBS 1x
cOmplete™ buffer. The controls include 2.4 pmol of biotin-labeled aptamer 19 and
0.4 pg of BSA, both in 2 pL of PBS 1x cOmplete™, plus the same volume of plain

buffer.

Fig. 8. Analysis of the binding affinity to P. falciparum 3D7 Percoll-purified
trophozoites of the selected 6-FAM-labeled aptamers. (A) Full-length aptamers.

(B) Aptamers lacking the flanking PCR primer-binding regions.

Fig. 9. pRBC vs. non-infected RBC binding specificity analysis in non-fixed,
saponin-permeabilized P. falciparum cultures of the chemically synthesized
aptamers labeled with 6-FAM at the 5° end. (A,B) Fluorescence microscopy
analysis of (A) cellular and (B) subcellular aptamer targeting. (C) Quantitative flow
cytometry analysis of aptamer targeting. The cells used here belonged to a new fixed
cell batch different from that used during the SELEX cycles. For an easier
identification of colocalizing pixels, the blue color of Hoechst 33342 has been

changed to red.
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Fig. 10. SDS-PAGE and Western blot analysis of aptamer binding. (A) Western
blot of late stage P. falciparum cultures probed with the selected 6-FAM-labeled
aptamers. Since the band pattern was identical for all aptamers, some of them are not
shown. (B) 12.5% SDS-PAGE lane where the same late stage extract was loaded but
not blotted; instead, it was directly probed with 6-FAM-labeled aptamer 30s. The

three bands indicated were separately excised and subjected to LC-MS/MS analysis.

Fig. 11. Fluorescence microscopy analysis of falciparum malaria clinical samples.
Thin blood smears of a P. falciparum infection were probed with 6-FAM-labeled
aptamer 24. (A) Ring stages. (B) Late blood stage. For an easier identification of

colocalizing pixels, the blue color of Hoechst 33342 has been changed to red.

Fig. 12. Fluorescence microscopy analysis of malariae, ovale, and vivax malaria
clinical samples. Thin blood smears of P. malariae, P. ovale and P. vivax infections
were probed with 6-FAM-labeled aptamers. (A) Ring stages. (B) Late blood stages.
For an easier identification of colocalizing pixels, the blue color of Hoechst 33342 has

been changed to red.

Table 1. G-scores or likelihood of G-quadruplex presence obtained with the QGRS

mapper tool.
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Table 2. Percentage of fixed late stage pRBC/non-parasitized RBC binding of the

different aptamers determined from flow cytometry data.

Table 3. Percentage of fixed P. falciparum gametocyte/non-nucleated cell binding of

the different aptamers determined from flow cytometry data.

Table 4. Percentage of fixed late-stage pRBC binding of 5’-biotinylated aptamers

determined from flow cytometry data.

Table 5. Apparent Ky, Bmax, and binding potential (BP = Bnax/Kqy ratio) for the

selected aptamers.

Table 6. Variation in Ky, Bmax and BP for full length vs. flanking region-lacking

aptamers.

Table 7. Percentage of saponin-permeabilized, non-fixed pRBC binding of the

different 6-FAM-labeled aptamers determined from flow cytometry data.

Table 8. P. falciparum proteins identified by LC-MS/MS in a pull-down assay

performed with biotinylated aptamer 19.

Table 9. P. falciparum proteins identified by LC-MS/MS in the band 1 of Fig. 10.
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Table 10. P. falciparum proteins identified by LC-MS/MS in the band 2 of Fig. 10.

Table 11. P. falciparum proteins identified by LC-MS/MS in the band 3 of Fig. 10.
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Fig. 1. Scheme of the SELEX process used in this work to obtain DNA aptamers

against late-stage pRBCs.
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20 um

Fig. 2. Obtention of cell-specific aptamers by SELEX. (A) Non-infected RBC
preparation containing cells from different blood donors treated with a 6-FAM-labeled
oligonucleotide pool selected in P. falciparum cultures grown using blood from one of
the donors. (B) Confocal 6-FAM fluorescence microscopy image of the same

microscope field.

51



library

10 um

00 SELEX round 10 SELEX round 9 SELEX round 6 SELEX round 3

cell number (a.u.)

RBCs

fluorescence intensity (a.u.)
Fig. 3. Progressive selection of pRBC-binding aptamers along the SELEX cycles.
(A) Fluorescence microscopy of in vitro P. falciparum cultures treated with

6-FAM-labeled aptamer pools selected after SELEX rounds 3, 6, 9 and 10. For an

easier identification of colocalizing pixels, the blue color has been changed to red in

52



the merge images. Merge-1: Hoechst 33342 (nuclei) and 6-FAM (oligonucleotides)
channels; merge-2: merge-1 superimposed on phase contrast image. The cells used
here belonged to a new fixed cell batch different from that used for the SELEX cycles.
The microscope settings applied to all the SELEX rounds were those selected for a
correct exposure of round 10. (B) Flow cytometry analysis of the same samples from

panel A. a.u.: arbitrary units.
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Fig. 4. Fluorescence microscopy analysis of the pRBC vs. non-infected RBC
binding specificity of five selected aptamers PCR-amplified from individual
clones using 6-FAM-labeled forward primers. The cells used here belonged to a
new fixed cell batch different from that used for the SELEX cycles. For an easier
identification of colocalizing pixels, the blue color of Hoechst 33342 has been

changed to red.



19 ATACCAGCTTATTCAATTGGGCEEEAGGEEGAAGTBAEGCAGETTGETCGATTCTTCTAGATAGTAAGTGCAATCT
24 ATACCAGCTTATTCAATTCCGAGGAGECEEAGT CEEEGACEEGEEEAT EEECANACTGAGATAGTAAGTGCAATCT
30 ATACCAGCTTATTCAATTCCACTTCTCEEEGEEEAGEEECAGEGEGGTGGCGETGAGATAGTAAGTGCAATCT

77 ATACCAGCTTATTCAATTACGEGCEECEETCEEEETEETEEAGGCCTTTATTTTCTCGAGATAGTAAGTGCAATCT

78 ATACCAGCTTATTCAATTCGGCEEGTEGEAGEEEEEATTGGECGGTGECATTCTCGCTAGATAGTAAGTGCAATCT

Fig. 5. Sequences of the five oligonucleotides whose PCR amplifications using
6-FAM-labeled forward primers showed pRBC binding specificity vs.
non-infected RBCs. The PCR primer-binding sequences are indicated in bold;
non-bold sequences correspond to the aptamers 19s, 24s, 30s, 77s and 78s. Shadowed

in grey are the bases predicted to form G-quadruplexes.
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Fig. 6. pRBC vs. non-infected RBC binding specificity analysis in fixed P.

falciparum cultures of the chemically synthesized aptamers labeled with 6-FAM
at the 5° end. (A,B) Fluorescence microscopy analysis of (A) cellular and (B)
subcellular aptamer targeting. The arrowhead indicates a P. falciparum gametocyte.
(C) Quantitative flow cytometry analysis of aptamer targeting. For each panel,
late-stage pRBCs are represented in the upper quadrants and 6-FAM-aptamer-bound
cells are located in the right-hand quadrants. The cells used here belonged to a new
fixed cell batch different from that used during the SELEX cycles. For an easier
identification of colocalizing pixels, the blue color of Hoechst 33342 has been

changed to red.
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Fig. 7. Dot-blot test of the presence in P. falciparum extracts of the epitope(s)
recognized by 6-FAM-labeled aptamer 19. Saponin, Triton X-100, and RIPA buffer
extracts were obtained at different hpi from a P. falciparum in vitro culture initially
synchronized at ring stages. Each dot contains 0.4 pg of protein in 2 puL of PBS 1x
cOmplete™ buffer. The controls include 2.4 pmol of biotin-labeled aptamer 19 and
0.4 pg of BSA, both in 2 pL of PBS 1x cOmplete™, plus the same volume of plain

buffer.

57



. 19
8 Sk o~ m 24
3 R (L -a- 30
gs . R T e # v 77
g & 40001 A i -~ 78
= § -+ 700
3 £ 2000 '

s | e
o Ll Al 1
0 1000 2000 3000 4000 5000
nM

B 2s000-

A
. P "

8 e . 19

§ 3 sooo{ ! e

§3 T -a- 308

o= 60004 i g e v 77s

2 § [ T - 78s

§ & 400018 -+ 700

= 200dy” 0 .

0 1000 2000 3000 4000 5000

Fig. 8. Analysis of the binding affinity to P. falciparum 3D7 Percoll-purified
trophozoites of the selected 6-FAM-labeled aptamers. (A) Full-length aptamers. (B)

Aptamers lacking the flanking PCR primer-binding regions.
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Fig. 9. pRBC vs. non-infected RBC binding specificity analysis in non-fixed,

saponin-permeabilized P. falciparum cultures of the chemically synthesized
aptamers labeled with 6-FAM at the 5’ end. (A,B) Fluorescence microscopy
analysis of (A) cellular and (B) subcellular aptamer targeting. (C) Quantitative flow
cytometry analysis of aptamer targeting. The cells used here belonged to a new fixed
cell batch different from that used during the SELEX cycles. For an easier
identification of colocalizing pixels, the blue color of Hoechst 33342 has been

changed to red.
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Fig. 10. SDS-PAGE and Western blot analysis of aptamer binding. (A) Western
blot of late stage P. falciparum cultures probed with the selected 6-FAM-labeled
aptamers. Since the band pattern was identical for all aptamers, some of them are not
shown. (B) 12.5% SDS-PAGE lane where the same late stage extract was loaded but
not blotted; instead, it was directly probed with 6-FAM-labeled aptamer 30s. The

three bands indicated were separately excised and subjected to LC-MS/MS analysis.
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Fig. 11. Fluorescence microscopy analysis of falciparum malaria clinical samples.
Thin blood smears of a P. falciparum infection were probed with 6-FAM-labeled
aptamer 24. (A) Ring stages. (B) Late blood stage. For an easier identification of

colocalizing pixels, the blue color of Hoechst 33342 has been changed to red.
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Fig. 12. Fluorescence microscopy analysis of malariae, ovale, and vivax malaria

clinical samples. Thin blood smears of P. malariae, P. ovale and P. vivax infections

were probed with 6-FAM-labeled aptamers
For an easier identification of colocalizing p

been changed to red.
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Table 1. G-scores or likelihood of G-quadruplex presence obtained with the QGRS

mapper tool.
Aptamers G-score
19 39
24 41
30 41
77 20, 21*
78 41

* For aptamer 77, two different G-quadruplexes have been predicted.
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Table 2. Percentage of fixed late stage pRBC/non-parasitized RBC binding of the

different aptamers determined from flow cytometry data.

Aptamer

19
24
30
77
78
700

6-FAM-aptamer

(%)
93.04/0.02
94.38/0.06
95.16/0.01
88.27/0.00
84.47/0.00
19.60/0.00

6-FAM-aptamer fianking sequences

(%)
58.47/0.01
84.16/0.01
96.45/0.01
77.89/0.00
82.79/0.00

not determined
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TAMRA-aptamer
(%)
94.39/0.23
94.10/0.07
6.49/0.00
83.73/0.03
87.24/0.05
not determined



Table 3. Percentage of fixed P. falciparum gametocyte/non-nucleated cell binding of

the different aptamers determined from flow cytometry data.

Aptamer 6'FAM'aptamer (%) 6'FAM'aptamer7f|ank|ng sequences (%)

19 61.06/1.22 36.72/0.71
24 59.94/1.15 57.70/1.01
30 59.49/0.88 64.44/3.44
77 not determined 43.94/0.58
78 58.42/0.86 49.04/0.61

700 12.17/0.73 not determined
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Table 4. Percentage of fixed late-stage pRBC binding of 5’-biotinylated aptamers

determined from flow cytometry data.

labeled pRBCs (%)

free streptavidin control 0.29
aptamer 19 69.70
aptamer 24 44.47
aptamer 30 50.56
aptamer 77 42.25
aptamer 78 41.19

aptamer 2008s (anti-LDH) 1.24
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Table 5. Apparent Ky, Brax, and binding potential (BP = Bma/Kq ratio) for the selected

aptamers.

Aptamer
19
24
30
77
78
19s
24s
30s
77s
78s

Apparent Ky (UM)

0.46 +0.08
1.14 +0.11
0.61 +0.04
1.07 +0.12
0.33 +0.03
1.10 £0.15
1.07 +0.06
1.53 +0.07
0.90 +0.06
1.77 +0.15

Apparent Bnax (2.U.)

6.18 +0.36
5.63 +0.23
3.91 +0.09
2.06 +0.10
3.13 +0.07
1.86 +0.11
8.50 +0.22
36.40 +0.81
6.53 +0.18
10.48 +0.44
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BP (a.u..uM™)
13.4
4.9
6.4
1.9
9.4
1.7
8.0
23.8
7.3
5.9



Table 6. Variation in Ky, Brnax and BP for full length vs. flanking region-lacking

aptamers.

Aptamers K4 variation Bmax variation BP variation
19/19s 0.42 0.30 0.13
24/24s 1.07 151 1.61
30/30s 0.40 9.32 3.70
T777s 1.19 3.17 3.79

78/78s 0.19 3.35 0.63
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Table 7. Percentage of saponin-permeabilized, non-fixed pRBC binding of the

different 6-FAM-labeled aptamers determined from flow cytometry data.

Sample

Unstained control
Hoechst only control
700
19
24
30
77
78

6-FAM-aptamer-
labeled pRBCs

(%)
0.0
05
23.4
90.6
88.4
93.6
78.3
90.8

6-FAM fluorescence
intensity mean

69

(a.u.)
7.3
9.8

169.5

11914
938.2
1372.6
620.7
893.1

6-FAM fluorescence
intensity mean increase
relative to aptamer 700

1
7.0
9.5
8.1
3.7
5.3



Table 8. P. falciparum proteins identified by LC-MS/MS in a pull-down assay

performed with biotinylated aptamer 19.

Accession Number Protein

Q76NM3 L-lactate dehydrogenase

Q7KQMO Triosephosphate isomerase

Q8I0P6 Elongation factor 1-alpha

Q8I1L80 Thioredoxin peroxidase 1

Q8IE85 60S ribosomal protein L6, putative
Q8IM10 40S ribosomal protein S8

Q8IDV1 60S ribosomal protein L6-2, putative
Q81352 Cytochrome b-c1 complex subunit 7, putative
096174 Conserved Plasmodium protein

C6KTB1 Protein DJ-1

077388 HVA22/TB2/DP1 family protein, putative
COH516 Ras-related protein RAB7

Q81J76 Early transcribed membrane protein 10.2
Q8IEM3 60S ribosomal protein L24, putative
Q8l261 Proteasome subunit beta type
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Table 9. P. falciparum proteins identified by LC-MS/MS in the band 1 of Fig. 10.

Accession Number  Protein

C6KT18 Histone H2A

C6KSVO0 Histone H3

Q8I13U6 40S ribosomal protein S11

Q81502 40S ribosomal protein S17, putative

Q8I1BQ5 40S ribosomal protein S10, putative

000806 60S acidic ribosomal protein P2

097320 Histone H2A

Q8IIX0 60S acidic ribosomal protein P1, putative
Q8IAX5 40S ribosomal protein S16, putative

Q8IIA2 40S ribosomal protein S18, putative

Q8I3R6 40S ribosomal protein S24

Q813J4 Ubiquitin-conjugating enzyme E2 N, putative
097241 Ubiquitin-conjugating enzyme E2, putative
Q8IC43 Small exported membrane protein 1

Q8IK02 40S ribosomal protein S20e, putative

Q81463 60S ribosomal protein L31

Q7K6B1 Protein kinase ¢ inhibitor-like protein,putative
Q81BJ9 Mago nashi protein homologue, putative
Qs8lIC4 Ribonucloprotein

C6KT23 60S ribosomal protein L27a, putative
Q8IBV7 Histone H2B

COH4F3 Bis(5'-nucleosyl)-tetraphosphatase [asymmetrical]
Q8IDP4 Thioredoxin 2

Q8lIv2 Histone H4

Q8IIK8 Peptidyl-prolyl cis-trans isomerase

Q6ZMAT7 Sexual stage-specific protein

Q8114 Uncharacterized protein

Q8I3N5 Pre-mRNA-splicing factor BUD31, putative
Q8IKM6 Inner membrane complex sub-compartment protein 3
C6KSRO Ubiquitin-conjugating enzyme E2, putative
Q8IDBO 40S ribosomal protein S15

COH4C7 Uncharacterized protein

QslIvi 60S ribosomal protein L36

Q81713 60S ribosomal protein L28

Q8IHUO 60S ribosomal protein L26, putative

015770 Glutathione reductase

097231 60S ribosomal protein L44

Q8ILB7 Mitochondrial import inner membrane translocase subunit TIM17, putative
Q81D43 Nucleoside diphosphate kinase

Q8l11B9 U6 snRNA-associated Sm-like protein LSm1
Q8IKM5 60S ribosomal protein L27

Q8IDEO Mitochondrial import inner membrane translocase subunit TIM23, putative
Q8IK04 N-terminal acetyltransferase A complex catalytic subunit ARD1, putative
097248 40S ribosomal protein S23, putative

097256 Activator of Hsp90 ATPase, putative

Q8I3B0 60S ribosomal protein L32

Q81607 Ubiquitin-conjugating enzyme E2

096258 40S ribosomal protein S26

Q8I6T3 Proteasome subunit beta

Q8IDB8 HVA22-like protein, putative

Q8IAW2 Ubiquitin-conjugating enzyme, putative
QBIEF9 Ring-exported protein 2

Q812G0 Aminopeptidase P

A0A144A2HO Probable cathepsin C

Q81573 CHCH domain-containing protein

Q76NN7 Peptidyl-prolyl cis-trans isomerase

Q8IIT3 U6 snRNA-associated Sm-like protein LSm4
COH4C5 Uncharacterized protein

Q8I5C5 Macrophage migration inhibitory factor
096217 Ribosomal protein L37

COH4L5 Replication factor A protein 3, putative
C6S316 Succinate dehydrogenase subunit 4, putative
Q81JuU2 60S ribosomal protein L35, putative

Qs8liB4 Cofilin/actin-depolymerizing factor homolog 1
Q8l162 60S ribosomal protein L38

Q8l181 Multiprotein bridging factor type 1, putative
Q81444 Small ubiquitin-related modifier

Q8I13M0 60S ribosomal protein L23, putative

Q8IE09 40S ribosomal protein S15A, putative
Q815Q9 Uncharacterized protein

Q81306 Transcription elongation factor 1 homolog
COH4V6 14-3-3 protein
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Table 10. P. falciparum proteins identified by LC-MS/MS in the band 2 of Fig. 10.

Accession Number  Protein

Qalivi Histone H2B

Q8IBV7 Histone H2B

C6KT18 Histone H2A

000806 60S acidic ribosomal protein P2

Q81502 40S ribosomal protein S17, putative

Q8IE09 60S ribosomal protein L23, putative

Q81JX8 DNA/RNA-binding protein Alba 3

Q81D43 Nucleoside diphosphate kinase

077395 40S ribosomal protein S15A, putative

Q8I13U6 40S ribosomal protein S11

Q8IKM6 Inner membrane complex sub-compartment protein 3
Q8lIv2 Histone H4

Q7K6B1 Protein kinase ¢ inhibitor-like protein,putative
Q8I5R8 DNA-directed RNA polymerases I, 11, and I11 subunit RPABC3
Q8I1BQ5 40S ribosomal protein S10, putative

Q81713 60S ribosomal protein L36

Q8IJK8 60S ribosomal protein L30e, putative

Q81607 Ubiquitin-conjugating enzyme E2

Q812G0 Ring-exported protein 2

Q8IAXS5 40S ribosomal protein S16, putative

Q8l162 60S ribosomal protein L38

Q81J28 Antigen UB05

097320 Histone H2A

Q8IIT3 U6 snRNA-associated Sm-like protein LSm4
Q81467 Cofilin/actin-depolymerizing factor homolog 1
Q81318 EFP domain-containing protein

Q8IKO07 Uncharacterized protein

096265 Small nuclear ribonucleoprotein Sm D2

Q8IC43 Small exported membrane protein 1

096258 40S ribosomal protein S26

Q8IHUO 60S ribosomal protein L28

096184 60S ribosomal protein L37a

097241 Ubiquitin-conjugating enzyme E2, putative

Q8IEQS Trafficking protein particle complex subunit 2,putative
Q8IBDO Uncharacterized protein

Q8I6T3 Proteasome subunit beta

Q8IM53 Cytochrome c, putative

Q8l11B9 U6 snRNA-associated Sm-like protein LSm1
AO0A144A2HO Aminopeptidase P

Q8IJAS Transcription elongation factor SPT4, putative
C6KSVO0 Histone H3

097256 Activator of Hsp90 ATPase, putative

Q8I3T9 60S ribosomal protein L2

QB8IKK7 Glyceraldehyde-3-phosphate dehydrogenase

Q8114 Uncharacterized protein

Q81BJ9 Mago nashi protein homologue, putative

Q8IIK2 Autophagy-related protein

Q8IIA8 Small nuclear ribonucleoprotein Sm D1

Q8IK02 40S ribosomal protein S20e, putative

Q8IK04 N-terminal acetyltransferase A complex catalytic subunit ARD1, putative
Q8I5C5 Macrophage migration inhibitory factor

Q8IAZ1 Uncharacterized protein

Q8I5V6 U6 snRNA-associated Sm-like protein LSm?7, putative
COH4N9 Uncharacterized protein

Q6ZMA7 Sexual stage-specific protein

P62805 Histone H4

Q81463 60S ribosomal protein L31

Q81T5 Inner membrane complex sub-compartment protein 1
Q8ILB7 Mitochondrial import inner membrane translocase subunit TIM17, putative
COH4L5 Ribosomal protein L37

Q8IFN5 AP complex subunit sigma

Q8ILN2 Copper transporter, putative

Q8I12N9 CS domain protein, putative

A0A143ZWW5 Ribosome associated membrane protein RAMP4, putative
Q8IDEO Mitochondrial import inner membrane translocase subunit TIM23, putative
C6KT14 Uncharacterized protein

Q8IFPO Uncharacterized protein

Q8IER7 Probable DNA-directed RNA polymerase Il subunit RPB11
Q8IIX0 60S acidic ribosomal protein P1, putative

Q8IHN5 Uncharacterized protein

Q813J4 Ubiquitin-conjugating enzyme E2 N, putative
Q8I3N5 Pre-mRNA-splicing factor BUD31, putative

Q8IIA2 40S ribosomal protein S18, putative

Q8IFN4 BSD-domain protein, putative

Q8IDP4 Thioredoxin 2

COH574 Uncharacterized protein

Q81B14 High mobility group protein B2

097232 1-cys-glutaredoxin-like protein-1

Q8IDB8 HVA22-like protein, putative

QB8IEM3 60S ribosomal protein L24, putative

Q814S3 Uncharacterized protein

Q81488 Parasite-infected erythrocyte surface protein
Q8IM64 Ubiquitin-40S ribosomal protein S27a, putative
COH4V0 Trafficking protein particle complex subunit 2-like protein, putative
Q8l6V2 Cytochrome c oxidase subunit 2, putative

Q81Ju2 Succinate dehydrogenase subunit 4, putative

097231 60S ribosomal protein L44

COH4V6 14-3-3 protein

Q8I3A4 Prefoldin subunit 4

Q8IHP4 Mitochondrial ATP synthase delta subunit,putative
AO0A144A372 AP complex subunit sigma

COH4H3 60S ribosomal protein L39

Q8IKD4 Mitochondrial pyruvate carrier
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Table 11. P. falciparum proteins identified by LC-MS/MS in the band 3 of Fig. 10.

Accession Number Protein

Qs8lIv2 Histone H4

Q81467 Cofilin/actin-depolymerizing factor homolog 1
Qslivl Histone H2B

Q8IE09 60S ribosomal protein L23, putative

077395 40S ribosomal protein S15A, putative

Q8ILX1 Nuclear transport factor 2, putative

Q8ILN8 40S ribosomal protein S25

Q8IJK8 60S ribosomal protein L30e, putative

Q8IHW4 V-type proton ATPase subunit F

COH529 Small nuclear ribonucleoprotein Sm D3

Q8I5C5 Macrophage migration inhibitory factor

096184 60S ribosomal protein L37a

Q8l162 60S ribosomal protein L38

QI9NLBO Membrane magnesium transporter, putative

Q7KQL8 Thioredoxin

Q8IBDO Uncharacterized protein

Q81IX8 DNA/RNA-binding protein Alba 3

096265 Small nuclear ribonucleoprotein Sm D2

Q8IBV7 Histone H2B

Q8IK07 Uncharacterized protein

Q8IDP4 Thioredoxin 2

Q8l172 Parasitophorous vacuolar protein 1

COH4A3 Rab5-interacting protein, putative

Q8IHY3 Ubiquitin-related modifier 1 homolog

C6KSVO0 Histone H3

Q81488 Parasite-infected erythrocyte surface protein

077358 Trafficking protein particle complex subunit 4, putative
Q8IM64 Ubiquitin-40S ribosomal protein S27a, putative
077367 E3 ubiquitin-protein ligase RBX1, putative
A0A143ZWW5 Ribosome associated membrane protein RAMP4, putative
COH4H3 60S ribosomal protein L39

Q81607 Ubiquitin-conjugating enzyme E2

C6S3E6 Pterin-4a-carbinolamine dehydratase

015770 Glutathione reductase

Q8IE87 Uncharacterized protein

Q8I13X2 Mitochondrial import inner membrane translocase subunit TIM16, putative
Q8IIK2 Autophagy-related protein

COH4E7 SWIB/MDM2 domain-containing protein, putative
Q8IIA8 Small nuclear ribonucleoprotein Sm D1

Q8IC33 Uncharacterized protein

Q8l4z4 Translation initiation factor SUI1, putative

097320 Histone H2A

Q8IDR9 40S ribosomal protein S6

Q8I3L8 Mitochondrial import receptor subunit TOM22, putative
Q8IB14 High mobility group protein B2

COH574 Uncharacterized protein

096150 DNA-directed RNA polymerase Il 16 kDa subunit, putative
Q8I5A5 Mitosis protein dim1, putative

C6KT18 Histone H2A
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Graphical Abstract

Several characters were written with a pipette tip by deposition on a PVDF membrane
of a suspension of either naive or P. falciparum-infected red blood cells (top
photographic image). Upon incubation of the membrane with a solution of a
fluorescent DNA aptamer evolved against the latter, only those characters written

with parasitized erythrocytes light up (bottom fluorescence image).
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