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ABSTRACT

Malaria is a life-threatening and devastating para-
sitic disease. Our previous work showed that par-
asite development requires the import of exogenous
transfer RNAs (tRNAs), which represents a novel
and unique form of host—pathogen interaction, as
well as a potentially druggable target. This import
is mediated by tRip (tRNA import protein), a mem-
brane protein located on the parasite surface. tRip
displays an extracellular domain homologous to the
well-characterized OB-fold tRNA-binding domain, a
structural motif known to indiscriminately interact
with tRNAs. We used MIST (Microarray Identification
of Shifted tRNAs), a previously established in vitro
approach, to systematically assess the specificity
of complexes between native Homo sapiens tRNAs
and recombinant Plasmodium falciparum tRip. We
demonstrate that tRip unexpectedly binds to host tR-
NAs with a wide range of affinities, suggesting that
only a small subset of human tRNAs is preferentially
imported into the parasite. In particular, we show with
in vitro transcribed constructs that tRip does not
bind specific tRNAs solely based on their primary
sequence, hinting that post-transcriptional modifi-
cations modulate the formation of our host/parasite
molecular complex. Finally, we discuss the potential
utilization of the most efficient tRip ligands for the
translation of the parasite’s genetic information.

INTRODUCTION

Malaria is a common, sometimes fatal, disease known to
cause seizures, as well as damage to the brain and other or-
gans. In 2018, there were 228 million cases of malaria re-
ported with an estimated 405 000 deaths worldwide. Chil-
dren under the age of five are particularly susceptible to in-
fection, with 272 000 deaths reported in a single year (1).

All protozoan parasites that cause malaria belong to the
genus Plasmodium and have a complex life cycle (2). They
develop in two different hosts: a common invertebrate (the
female Anopheles mosquito) and a vertebrate specific for
each Plasmodium species. Over 250 Plasmodium species in-
fect reptiles, birds, and mammals. Among them, six species
infect humans including Plasmodium falciparum, the most
dangerous strain, especially for children (3).

We have previously shown that sporozoites (i.e. the extra-
cellular infective form of Plasmodium isolated from salivary
glands of infected mosquitoes) import extracellular transfer
RNAs (tRNAs) via a surface protein that we named tRip
for tRNA import protein (4). tRNAs are small noncod-
ing ribonucleic acids that are essential for the translation of
messenger RNAs. They are first aminoacylated by cognate
aminoacyl-tRNA synthetase (aaRSs), then they transport
their amino acid to the ribosome for the polymerization of
cellular proteins (5). tRip is expressed over the entire para-
site life cycle; in vitro, its specific and strong affinity for tR-
NAs relies on interactions between its C-terminal domain
with the three-dimensional structure of tRNAs. Immunolo-
calization and cell fractionation experiments demonstrated
that tRip is an integral plasma membrane protein (at both
the sporozoite and blood stages) that displays its C-terminal
tRNA-binding domain into the extracellular space. Further
experiments with a tRip knock-out parasite showed that al-
though the protein is not essential for survival, it is impor-
tant for overall parasite fitness and required for the import
of extracellular tRNAs (4).

Plasmodium tRip was bioinformatically identified when
searching for homologs of well-known tR NA-binding mod-
ules such as Aquifex aeolicus Trbplll (6,7) and Saccha-
romyces cerevisiae Arclp (8). tRip is highly conserved
amongst Plasmodia (Figure 1A), and it displays an N-
terminal GST-like domain and a C-terminal OB-fold
tRNA-binding domain. OB-folds are often fused to the
N- or C-termini of aaRSs and increases their affinities for
cognate tRNAs and are found in all kingdoms of life (9).
OB-fold tRNA-binding domains can also be free-standing
or fused to non-catalytic proteins. For example, Aquifex
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Figure 1. Characterization of tRNA:tRip recognition. (A) Alignments of Plasmodium tRip homologs. The amino acid sequences of tRip homologs were
retrieved from the eukaryotic pathogens database (50). Sequences reveal a three-part organization: (i) an N-terminal GST-like domain (grey), (ii) a short
polypeptide rich in lysine residues (black), and (iii) a conserved C-terminal tRNA-binding domain (green). Red arrowheads indicate the N-terminal ex-
tremities of tRipypo.402 and tRipy3g.402, two tRip variants with truncated N-termini. Residues S3;; and M3;5 are mutated into alanine in tRipgo.402* are
indicated in red. (B) tRNA binding capabilities of recombinant tRip variants. EMSAs were performed with a constant concentration of radiolabeled
SctrPhe 54 and increasing concentrations of tRipj.402, tRip200-402, tRip238-402 and tRipago-a02*. Concentrations and schematized tRip domains are indi-
cated on top of each gel, with the same color code as described above. (C) Summary of Pb?* acetate footprint. Nucleotides protected from lead cleavage are

displayed on the cloverleaf representation of Sctr’h
Dotted lines at the 5’ and 3’ ends highlight non-tested tRNA nucleotides.

aeolicus Trbpl11 is a free-standing homodimeric OB-fold
that binds to all tRNAs with high affinity (Kg = 32 nM) se-
quence independently based on the recognition of the con-
served ‘tRNA elbow’ structure (6).

The eukaryotic homolog of Trbplll is a monomeric
OB-fold. Monomeric OB-folds display additional positively
charged residues at their N-terminus and a C-terminal por-
tion that coincides to the bacterial Trbp homodimer dyad
axis (10,11). Eukaryotic proteins containing tRNA-binding
modules are essential for assembly of multi-aaRSs (MARS)
complexes and prevent tRNA diffusion in the cytoplasm;
tRNA channeling to MARS directly improves the efficiency
of tRNA aminoacylation which in turns enhances transla-
tion (8,12,13). In Homo sapiens, an OB-fold called EMAPII
(Endothelial Monocyte-activating Polypeptide II), is in-
volved in cell signaling when cleaved from AIMPI or cy-
tosolic tyrosyl-tRINA synthetase (14,15,16).

Although tRNA-binding modules have been one of the
foci of our scientific community, it should be noted that only
two of them have been investigated so far for their speci-
ficity toward individual tRNA species, namely S. cerevisiae

GAA- Black spheres and grey squares indicate nucleotides strongly and mildly protected respectively.

Arclp and Trypanosoma brucei MCP2 (17,18). S. cerevisiae
Arclp has a GST-like N-terminal domain involved in the
formation of the small yeast MARS complex by binding to
the N-terminal domains of both glutamyl- and methionyl-
tRNA synthetases (ERS and MRS, respectively) (8,19); the
corresponding ternary complex regulates the cellular local-
ization of MRS and ERS (20,21). Within the complex, the
C-terminal OB-fold domain specifically increases the affin-
ity of MRS and ERS for their cognate tRNA substrates,
namely tRNAMet and tRNAC™ respectively (22). Interest-
ingly, free-standing Arclp exhibits broader specificity to-
ward tRNA species (18). Likewise, free-standing 7. brucei
MCP2, a tRNA-binding protein that normally associates
with the parasite MARS-complex, displays new patterns of
affinities and specificities toward tRNAs including species
that are not substrates of the subset of aaRSs present in
MARS (17). Arclp- and MCP2-associated tRNAs do not
share any obvious features and the experimental procedures
employed did not allow a systematic assessment of individ-
ual tRNA species. The bottom line is that the molecular
rules that govern the formation of these RNA /protein com-
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plexes remain largely unknown for all OB-fold RNA bind-
ing proteins.

Based on our earlier electrophoretic mobility shift assays
(EMSAs), we reported that tRip forms complexes with all
human tRNAs when present in non-limiting concentrations
(4). In the present study, we revisited this observation to
systematically assess the selectivity of P. falciparum tRip to-
ward each human tRNA. We employed a proven technique,
where tRip-bound tRNAs isolated from total human tRNA
extracts were hybridized on tRNA microarrays for efficient
identification. This approach named MIST for Microarray
Identification of Shifted tRNA, was first used to identify
non-cognate tRNAs complexed to yeast arginyl-tRNA syn-
thetase (RRS) (23). Since the tRNA binding domain of tRip
is located on the parasite surface away from the cytoplasmic
content, its binding specificity was tested exclusively against
total tRNAs from its human host in the absence of any par-
asite tRNAs or other molecules. The overarching objective
of this study was to clarify how tRip interacts with human
tRNAs and to determine which tRNAs are most likely to
enter the parasite, to give us valuable insight into the role of
these imported species in the physiology of Plasmodium.

MATERIALS AND METHODS
tRip cloning and production

Plasmodium falciparum wild-type and variant tRip genes
(1-402, 200402, 238-402 and 200-402*) were cloned into
the expression vector pET15b to produce proteins fused
to a 6-histidine tag at their N-termini. The asterisk in
tRipogo402* indicates Ser312Ala/Met315Ala double mu-
tant. Expression was induced with 0.5 mM isopropyl-
B-D-thiogalactopyranoside at 18°C overnight and Hisg-
tagged proteins were purified on Ni-NTA resin (Sigma-
Aldrich). Purifications were performed in the presence of
50 mM HEPES-NaOH pH 8.0, 300 mM NacCl, 5 mM B-
mercaptoethanol, 10% (v/v) glycerol, and 0.005% (w/v) n-
dodecyl-B-D-maltopyranoside (DDM). The wash step rec-
ommended by the manufacturer was modified to include a
linear and increasing gradient of NaCl from 300 mM to 2 M
followed by a decreasing gradient back to 300 mM NaCl to
remove any nucleic acids interacting with the resin-bound
tRip. Recombinant proteins were further purified by gel fil-
tration (Superdex 200, GE Healthcare) in 25 mM HEPES-
KOH pH 7.0, 75 mM KCI, 5 mM B-mercaptoethanol,
10% (v/v) glycerol and 0.005% (w/v) DDM, then dialyzed
overnight at 4°C against the same buffer containing 30%
(v/v) glycerol and finally stored at —80°C.

RNA preparation

HelLa cells were washed in phosphate-buffered sodium
(PBS) and total RNA was extracted using Tri-Reagent
(Sigma-Aldrich) according to the manufacturer’s instruc-
tions. Further fractionation was performed on a gel filtra-
tion column (Superdex 200) in 50 mM HEPES—KOH pH
7.5, 150 mM NaCl in order to isolate tRNAs from mRNAs
and ribosomal RNAs. Human tRNAA®-5 was purified
by hybridization to a complementary 3’-biotinylated probe
(5-ATCCGTAGTCAGACGCGTTA-TCCATTGC-3') as

described previously (24). Saccharomyces cerevisiae na-
tive tRNAs (tRNATrpCCA, tRNALeuCAA, tRNAvalAAc,
tRNAASpGTc, tRNAMeti, tRNAPheGAA and tRNAHeIAU)
were purified as in (25,26) and their sequences were con-
firmed by mass spectrometry (27). The genes coding four
human tRNAs (tRNAThrCGT_z, tRNALeuTAG, tRNAASpGTC
and tRNA”"Grr) and S. cerevisiae tRNAPPGAA were
cloned under the control of the T; RNA polymerase pro-
moter to produce the corresponding transcripts H. sapiens
(Hs)and S. cerevisiae (Sc) tRNA (Hstr™ cgr.o, Hstr % rag,
Hstr®Pgre, Hstr®"grr and Sctr™gaa). In addition, a
minihelix™ was also synthesized. Transcriptions were per-
formed for 3 h at 37°C with 100 ng/wl of linearized plasmid
and 5 ng/pl of T7 RNA polymerase in 40 mM Tris—HCI pH
8.1, 10 mM dithioerythritol (DTE), 2 mM spermidine, 11
mM MgCl, and 4 mM of GMP, ATP, CTP, GTP and UTP.
Transcripts were purified on a 12% denaturing polyacry-
lamide gel (19:1, 8 M urea), electroeluted, and precipitated.
Their concentrations were determined by UV absorbance at
260 nm.

Radioactive labeling of the 3’ end of tRNAs (SctrPga4
and tRNAs used with MIST) was performed on 140 pmoles
of tRNA /transcript with 20 pCi [«*’P]JATP in 50 mM
Tris—HCI pH 8.0, 50 wM CTP, 10 mM MgCl,, 8 mM DTE,
and 6 ng/ul of yeast tRNA nucleotidyltransferase for 30
min at 37°C (28). Minihelices were 5’ radiolabeled as de-
scribed in (29). Non-incorporated radioactive nucleotides
were removed on a NAP-5 column (GE Healthcare, Buck-
inghamshire, UK) before EMSAs and MIST experiments
or on a 12% denaturing polyacrylamide gel prior to foot-
printing experiments.

Electrophoretic mobility shift assays (EMSAs)

Prior to use, all tRNAs and transcripts were renatured in
H,O by heating at 65°C for 2 min followed by cooling for 10
min at room temperature in the presence of 10 mM MgCl,.
For direct EMSAs, radiolabeled RNAs (1000 cpm/.l) were
incubated for 20 min on ice in 25 mM HEPES-KOH
pH 7.0, 5 mM MgCl,, 75 mM KCl, 10% (v/v) glycerol,
20 nM oligo-dT with increasing concentrations of tRip
monomer: 0 to 250 nM tRipj 40 and tRipyyp.402 or 0 to
2000 nM tRipy3g.402 and tRipagg.402*. For competitive EM-
SAs, radiolabeled Sctr™™gaa (1000 cpm/pl) and 30 nM
tRip; 402 monomers were incubated in the presence of in-
creasing amounts of unlabeled RNA competitors (12.5, 25,
50 and 100 nM). tRNA:tRip complexes were separated
on a 6% native polyacrylamide gel (37.5:1) in TBE buffer
(Tris/Borate/EDTA) at 140V for 90 min at 4°C. Gels were
dried and radioactive signals were quantified by phospho-
rimaging on a Typhoon™ FLA 7000 (GE Healthcare). The
ratio Free Sctr™ g4 /(Free + Bound SctrP'®Ga4) was plot-
ted versus the concentration of competitive transcripts. The
slope values were used to determine the dissociation rate
(Kyq) for each tRNA:tRip complex to assess their relative
affinities for tRip. Molecules were tested at least three times;
the mean of the slopes and SEM.

Footprint

tRipago-402 Was previously dialyzed against 10 mM HEPES-
NaOH pH 7.4, 10 mM NacCl, 10 mM MgCl,. One puM



SctrP’Ga4 (5000 cpm/wl) was incubated in Lead Buffer
(50 mM Tris-acetate pH 7.5, 5 mM magnesium acetate,
50 mM potassium acetate) with increasing concentrations
of protein (2.6, 5.2 and 7.8 M) for 20 min on ice to al-
low complex formation. Freshly prepared lead acetate solu-
tion (50 mM) was added to each sample to a final concen-
tration of 5 mM and cleavage reactions were run at 25°C
for 8 min, quenched by adding EDTA (33 mM), extracted
with phenol, and ethanol precipitated (in the presence of 0.1
g/l of glycogen). The pellets were washed twice with 70%
EtOH, vacuum-dried, dissolved in gel loading buffer (90%
formamide, 0.5% EDTA, 0.1% xylene cyanol and 0.1% bro-
mophenol blue), heated for 2 min at 90°C, and analyzed
on a 12% (19:1) denaturing polyacrylamide gel. A lead-free
control was run in parallel. For nucleotide assignment, al-
kaline degradation was performed for 4 min at 80°C in 50
mM NaHCOj; pH 9.0 and the G ladder was obtained by
iodine cleavage of the Sctr’™gaa containing at most one
phosphorothioate G per molecule (30).

MIST

Increasing amounts of total tRNA (8, 20 and 40 wM), pu-
rified from HeLa cells, were incubated for 20 min at 4 °C
with 2 wM tRip dimers in a total volume of 100 wl with
EMSA buffer. These mixtures were loaded on a 6% na-
tive gel and separated for 4 h at 140 V (10 °C). Bands
were visualized by UV shadowing and tRNAs were gel ex-
tracted using the crush & soak method (300 mM sodium
acetate, | mM EDTA, 0.1% SDS) (31). The tRNAs were
3’-radiolabeled as described above before being hybridized
onto human tRNA arrays. Each chip consisted of 48 differ-
ent probes, repeated eight times (for a complete and generic
protocol please refer to (32)). These probes hybridize ei-
ther to a unique tRNA species (Arg-3h, Asn-1h, Asp-1h,
Gly-2h, His-1h, Leu-3h, Lys-1h, Lys-3h, Lys4H, Met-1h,
Sec-1h, Thr-3h, Thr-4h, Val-4h), a group of tRNA isode-
coders (Arg-1h, Arg-4h, Glu-2h, Ile-2h, Leu-2hn, Leu-4h,
Leu-6h, Lys-2h, Met-2h, Phe-1h, Ser-1h, Ser-3h, Thr-1h,
Thr-2h, Thr-5h, Tyr-2h), several isoacceptors specific to the
same amino acid (Ala-2h, Arg-2h, Glu-1h, Gly-1h, Leu-
1h, Pro-1h, Ser-2h, Val-1h), or tRNAs specific to different
amino acids (Glu-3h, Ser-4h, Thr6h, Tyr-1h, Val-3h) (Sup-
plementary Figure S1). The tRNA arrays were hybridized
and washed in an automated microarray hybridizer as de-
scribed in (32). The radioactive signal at each spot was
captured by phosphorimaging, quantified using ImagelJ up-
graded with a microarray plugin, and processed in Excel
spreadsheets. Data were normalized by calculating the ra-
tio: Bound tRNA /(bound tRNA + free tRNA).

RESULTS
Topology of tRNA:tRip complexes

Figure 1A shows an alignment of P. falciparum tRip with
eight representative sequences from other Plasmodia. A
high degree of similarity is evident in both the N- (GST-
like) and C-terminal (EMAPII-like) domains whereas the
short lysine-rich domain (K-rich) varies significantly. Re-
combinant P. falciparum tRip variants were expressed in Es-
cherichia colifrom pET15b plasmids fused to an N-terminal
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His-tag. Both tRipsgo.402 and tRips3s.402 were derived from
the C-terminal OB-fold structure, with or without the K-
rich domain, respectively. Based on the crystal structure of
the bacterial Trbpl11 and the model built with interacting
tRNA, 15 amino acids were identified as potential candi-
dates for tRNA recognition; mutagenesis experiments have
shown that substitutions of two of these amino acids, serine
82 and methionine 85, had a significant effect on Trbp111’s
ability to bind tRNA (7). These two residues are conserved
in P. falciparum tRip where they correspond to Sers;; and
Metss (Figure 1A). Therefore, we substituted them simul-
taneously with alanine and checked the ability of the cor-
responding mutant protein, tRipgo402* (asterisk indicates
double mutant), to bind tRNAs.

Recombinant tRip;.40; and tRipsgo402 bind to S. cere-
visiae tRNAPP ;A4 transcript (SctrP™®Gaa) with compara-
ble apparent dissociation constants (Kq = 25.9 (£7.1) and
13.6 (£1.6) nM, respectively), as determined by EMSA
(Figure 1B). In contrast, tRipss3g402 and the mutated
tRipogo402* displayed very weak tRINA binding capabilities,
with Ky values higher than 2 pM, confirming that the K-
rich sequence and the conserved Sers;; and Metjz ;s act syn-
ergistically for efficient tRNA binding.

Previous footprint experiments (4) with fully-modified,
native S. cerevisiae tRNAAP g1 showed that only a few po-
sitions were protected, presumably because of limited ac-
cess by the bulky nucleases, even in the absence of tRip.
We repeated the footprint experiments on SctrGaa us-
ing lead (Pb”") as a probing agent. The absence of post-
transcriptional modifications and the use of a small chem-
ical specific to single-stranded regions (33) allowed us to
probe nearly the entire tRNA sequence and determine
more precisely the regions recognized by tRip;gg.402 (Figures
1C and Supplementary Figure S2). Upon complex forma-
tion, both the anticodon- and D-arms were strongly pro-
tected from cleavage, whereas moderate protections were
observed in the D-loop and the T-arm. Notice that there
is almost no hydrolytic cleavage in Sctr® g alone (con-
trol lane without Pb>* or tRip) confirming that this tRNA
was properly folded and stable. This tRNA-binding pat-
tern is reminiscent of that observed with Trbpl11 (34), as
both tRip and Trbpl11 bind to the corner of the L-shaped
tRNA.

Stoichiometry and oligomeric organization of tRNA:tRip
complexes

To determine the stoichiometry of the tRNA:tRip complex,
recombinant tRip;.49; was incubated with increasing con-
centrations of Sctr’™ g and complex formation was ana-
lyzed on a native gel (Figure 2A). Seven tRNA:tRip ratios
were tested ranging from 0.19:1 to 1.5:1. As expected, tRip
tends to multimerize when the tRNA concentration is lim-
iting in the sample, a trend that was previously observed
with Arclp (18). Conditions that include at least two tRip
proteins per tRNA molecule are sufficient to shift the en-
tire tRNA population. Decreasing the protein to tRNA ra-
tio yields increasing proportions of free-standing tRNA. A
Scatchard plot further confirmed that tRip is saturated at
a tRNA:tRip ratio of 1:2 (Figure 2B). However, since the
biologically relevant oligomeric organization of tRip is an
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Figure 2. Establishment of biologically relevant conditions for MIST. (A) Determination of the stoichiometry in the tRNA:tRip complex. EMSAs were
conducted in the presence of 2 wM tRip monomers and increasing concentrations of radiolabeled SctrP™ a4 to establish seven tRNA:tRip monomer
ratios: 0.19:1; 0.25:1; 0.37:1; 0.5:1; 0.75:1; 1:1 and 1.5:1. Gel images are representative of 3 biological replicates. (B) Scatchard representation. The 3
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used to plot [Bound tRNA]/([tRip]e[Free tRNA]) versus [Bound tRNA]/[tRip]. The corresponding graph was used to extrapolate (i) the number of tRNA-
binding sites per protein molecule (mean = SEM = 0.53 4 0.07) from the intersection of the trendline and the x-axis and (ii) the Ky (mean + SEM =
28.5 + 5.2 nM) from the slope which equates to —1/Kjy. (C) Selection and analysis of MIST experiments. tRNA:tRip complexes were separated from free
tRNAs on 6% native gel and visualized by UV shadowing. The concentration of tRip dimers remained constant (2 uM), while the concentration of human
total tRNA varied (8, 20 and 40 wM). The control lane contains 2 wM tRNA in the absence of tRip. tRNAs were eluted from the gel and radiolabeled.
Three examples of hybridized tRNA arrays are shown; they correspond to H. sapiens crude tRNA (Unselected) as well as the bound and free tRNA of
the four tRNAs per tRip dimer condition. Our in-house array-manufacturing platform allows printing of up to 768 spots per glass slide. To prevent signal
overlapping between consecutive spots and allow for proper background subtraction, we only printed 383 spots while still using the whole printing area.

In other words, arrays were prepared by skipping every other spot.

ap homodimer (4,35), the stoichiometry in the tRNA:tRip
dimer complex can be considered to be 1:1.

Systematic assessment of tRip specificity with tRNA mi-
croarrays

MIST (Microarray Identification of Shifted tRNAs) was
designed to identify tRNAs in a population based on their
affinity for a given protein (23). This approach was adapted
from a fluorescent microarray method developed in the Pan
laboratory (36), which allows the quantification of cellu-
lar tRNAs in total tRNA extracts, and relies on microar-
rays printed with DNA oligonucleotides complementary
to full-length tRNA sequences (Supplementary Figure S1).
The longer length of these tRNA probes significantly in-
creases their hybridization efficiency and allows them to
distinguish between tRNAs that differ by as few as eight
nucleotides (36). MIST was designed around the same es-
tablished probes and proven protocol. However, MIST dif-
fers notably from the original method in that (i) the tR-
NAs investigated are radioactively labeled, a treatment that
does not alter any tRNA functionalities especially their in-
teraction with molecular partners; (ii) a selection step is
added before hybridization onto microarrays, which con-
sists of isolating tRNA:protein complexes (bound tRNAs)
from free tRNAs via native gel electrophoresis and (iii) the
proportion of each tRNA in the sample is determined by

the intensity of the radioactivity retained at each spot on
the chip.

Complex formation. To establish the proper experimental
conditions for MIST we reasoned that: (i) tRNAs should
be in excess to favor competition and allow tRip to nat-
urally select the best interactants from crude human tR-
NAs and (ii)) one tRNA molecule is the strict minimum
required to saturate one dimeric tRipj_agp in vitro (Fig-
ure 2A and B). Accordingly, different tRNA:tRip ratios
were used. While the protein concentration remained con-
stant (2 wM dimer), the amount of tRNA was set to 8,
20 and 40 wM, which corresponds to 4, 10 and 20 times
more total tRNAs than tRip dimers. Figure 2C shows the
result of a native purification gel. tRNAs present in the
complex and the free fraction were recovered from the
gel and analyzed with tRNA microarrays for all three ex-
perimental conditions. As control experiments, two unse-
lected samples of crude tRNAs purified from HeLa cells
(unselected tRNA-1 and unselected tRNA-2) were also
analyzed.

Hybridization of complexed tRNAs on tRNA microarrays.
Figure 2C shows three examples of hybridized microarrays
used to determine the proportion of each tRNA in unse-
lected, tRip-bound, and free tRNA fractions (in the ratio



of four tRNAs per tRip dimer). The obvious variations in
spot patterns indicate that the proportions of individual tR-
NAs in our three samples vary significantly depending on
the conditions used in each case.

Analysis of tRNA microarrays. Microarrays were quan-
tified with Image] and intensities were averaged for
the 8 replicates of each probe as described previously
(23,32). Raw results are shown in Supplementary Figure
S3A—E and summarized in Figure 3. Four tRNAs namely
tRNAHerAT, tRNACySGCA, tRNAGlnyTG and tRNATrpCCA
were not observed, presumably because their concentra-
tions fall below our detection threshold.

Control experiments where crude tRNA from HeLa cells
were hybridized on two different arrays (unselected tR NAs-
1 and unselected tRNAs-2) show comparable results to each
other, confirming that the experimental procedure is re-
producible (Supplementary Figure S3A and B). Moreover,
as expected, the average of unselected tRNAs-1 and unse-
lected tRNAs-2 (U, average of unselected tRINAs) matches
the average of the ‘bound + Free’ tRNAs after seclec-
tion (S, average of selected tRNAs) (Supplementary Figure
S3A). Some species, including tRNAAP gre, tRNASC 4
tRNAThrCGT_z, tRNAArgIC(‘,, tRNALySTTT_l, tRNAArgTCT,
and tRNA!"psr, show contrasting distributions between
the bound and free fractions (Supplementary Figure S3A)
as anticipated, illustrating that tRNAs that form complexes
with tRip are logically displaced from the population of
free-standing tRNAs and confirming the utility of this
method.

We used the ratio of (bound tRNAs)/(bound + free
tRNAs) (Figure 3) as a proxy for the likelihood of a
given tRNA to form a complex with tRip. tRNAs show-
ing above average (>0.5) binding capacities are highlighted
with shades of orange whereas below average species (<0.5)
are highlighted with shades of blue. We would like to em-
phasize that the ranking of the tRNAs is independent of
their concentrations in the initial sample (column MIST,
based on the average of three experiments), indicating that
the selectivity of complex formation is based on tRNA
features other than their mere abundance (Figure 3, com-
pare MIST and U). Overall, our results clearly show that
tRip does not recognize all tRNAs equally since certain
tRNAs are enriched and others are depleted after selec-
tion: tRNAs binding most effectively to tRip correspond
to tRNALeuCAG, tRNAvalTAc, ‘[RNAAlath, tRNAAsnGTT,
tRNAS yo and tRNAMU L. whereas tRNAs with the
lowest affinities for tRip include tRNAA 5, tRNAS 4,
tRNAThrCGT_z, tRNAASpGTc, tRNAArgICG, tRNAPrOhGG,
tRNAT 151 and tRNAS® 4. Furthermore, the ranking
of these specific tRNAs remains globally uniform regardless
of the tRNA:tRip ratio in the experiment.

Search for the molecular features supporting tRNA:tRip
complex formation

We attempted to purify several H. sapiens native tRNAs
from HeLa cells to assess their ability to bind to tRip
through standard and competitive EMSAs. Native tRNA
purifications were performed by hybridization of the tar-
get tRNA to a biotinylated probe, followed by retention
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on streptavidin resin (24). The biotinylated probes were de-
signed to hybridize to their tRNAs between the D-loop
and the anticodon loop. Purification yields varied consid-
erably between the different species. To assess their purity,
0.5 wg of each eluate was analyzed by mass spectrometry:
tRNAA 5 was found to be the only species with suitable
purity for affinity studies. As a side note, we would like to
emphasize that this quality test allowed us to identify, for
the first time, the post-transcriptional modifications present
on this tRNA (Supplementary Table S1A). Unfortunately,
the amounts recovered were not sufficient to conduct com-
petitive EMSAs. Finally, the analysis of all other samples in-
variably showed the presence of many contaminants, mak-
ing them unsuitable for further experimentation.

As an alternative we used several purified native S.
cerevisiae tRNAs (Figure 4A), which were validated by
mass spectrometry to verify their sequence and the pres-
ence of expected post-transcriptional modifications (Sup-
plementary Table S1B). They were all tested under com-
petitive conditions: Complexes between tRip and radiola-
beled SctrP™gaa were pre-formed, followed by the addi-
tion of increasing concentrations of competitive unlabeled
tRNAs. Competitive tRNAs displace Sctr™ga, based on
their affinity for tRip (see Figure 4B for representative
gels); the higher the affinity for tRip, the greater the dis-
sociation rate of the complex. Each S. cerevisiae native
tRNA was tested at least 3 times and the mean and stan-
dard error of the mean (SEM) were calculated (Figure
4A). EMSA was sensitive enough to quantify tRNA affini-
ties based on the ability of each tRNA to displace the
pre-existing complex. We organized the tRNAs into three
groups (high, mid, and low) according to their dissociation
rates. The Ky values between the high group (represented by
tRNAM s 1 /tRNAY2 , ) and the low group (represented
by tRNAAP 1 /tRNAPR ;4 ) varied by 2.5-fold and were
significant (P-value < 0.05).

Competitive EMSAs were also performed with tRNA
transcripts lacking post-transcriptional modifications. We
chose to test tRNA transcripts corresponding to weak tRip-
binders such as H. sapiens tRNAT g1, and tRNAAP e
and strong tRip-binders such as H. sapiens tRNAU g
and tRNAA" 11 (Figure 3, Supplementary Table S2). Dis-
sociation rates between transcripts were not as diverse as
those of the native yeast tRNAs, which indicates that strip-
ping tRNAs of all post-transcriptional modifications dis-
rupts their individual binding abilities (Figure 4). This was
further illustrated when challenging SctrPGa:tRipi402
complexes with minihelix”™ mimicking the acceptor-Ty;C
stem-loop domain of SctRNAPPe; 4 o . The dissociation pro-
files obtained for both SctRNAPh¢;, . and minihelixe
were different at most by a factor of two (compare com-
petitive EMSAs Figure 4B), confirming the low bind-
ing specificity of transcripts in general. In addition, tran-
scripts were found to be poor ligands as they dissociate
the tRip:Sctr’™Gaa complex at levels only comparable to
the low group of native S. cerevisiae tRNAs. Altogether,
those observations hint that tRip does not focus on the
tRNA’s primary sequence, but rather relies at least par-
tially on individual post-transcriptional modifications or
sets of modifications to discriminate between individual
species.
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Figure 3. MIST results. The proportion of individual tRNAs present in two human crude tRNA samples (unselected tRNAs-1 and unselected tRNAs- 2)
were measured, averaged, and displayed as shades of gray in the U column. The numbers 4, 10, 20 correspond to the fold excess of tRNA molecules relative
to tRip dimers. The endpoint results are represented as bound tRNA/(bound + Free tRNA) for each tRNA:tRip dimer ratio. The average of the three
MIST replicates was used to rank tRINAs according to their relative affinity for tRip. The orange color corresponds to the tRNAs most represented in the
bound fraction and blue corresponds to the least represented tRNAs. Measurements below detection limit are marked with a slash (/). Some tRNAs bind
to more than one probe (Supplementary Figure S1 and S3). For example, tRNA®Sgca hybridizes to probes Ser-4h and Tyr-1h. However, since Tyr-1h
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DISCUSSION

tRip is a 402-amino acid polypeptide highly conserved in
Plasmodia (Figure 1A) involved in exogenous tRNA im-
port. tRip is an integral membrane protein found in the
plasma membrane, with its tRNA binding domain located
at the parasite surface, where it presumably comes in con-
tact with host tRNAs (4). As in H. sapiens AIMP1, the C-
terminal domain of tRip consists of two domains that act in
concert to efficiently bind tRNAs: the OB-fold domain with
a few residues essential for recognition (Sers;; and Mets;s),
and a short linker region, which is rich in positively charged
amino acids, and greatly increases the binding strength (Fig-
ure 1B). Like its bacterial homolog Trbpl11, tRip recog-
nizes and binds the corner formed by the D- and T- loops,
a motif common to all tRNA 3D structures, which explains
why this protein interacts with multiple different tRNAs
(Figure 4B). According to our model, tRip also binds to the
variable region and the upper part of the anticodon arm of
tRNAs (Figure 1C).

This model of tRNA recognition solely based on the
tRNA structure is challenged by two studies that showed
that S. cerevisiae Arclp and 7. brucei MCP2 interact exclu-
sively with a limited number of tRNAs (Supplementary Fig-
ure S4) (17,18). Using MIST, we also identified the species
of human tRNAs that are preferentially recognized by
tRip. H. sapiens tRNAM o, tRNAA G, tRNAS 4\Ga
and tRNAL A are highly enriched in the tRip-bound
fraction, while tRNAAlalgc, tRNAserCGA, tRNAThrCGT_z,
tRNAAP e, tRNAAE -G and tRNAP™, ¢ are clearly un-
derrepresented (Figure 3). Sequence comparison of mem-
bers of these two groups did not reveal any obvious motifs
involved in tRip recognition. Furthermore, our experiments
show that only native tRNAs are properly distinguished

by tRip; whereas the corresponding unmodified transcripts
form complexes with the enzyme indiscriminately (Figure
4A).

Apart from their primary sequence, tRNAs are charac-
terized by the presence of numerous post-transcriptional
modifications. Many modifications are located in the cor-
ner of the tRNA 3D structure, which is precisely the re-
gion protected by tRip in footprint experiments (Figure
1C and Supplementary Figure S2). In particular, these
post-transcriptional modifications are important for proper
tRNA folding and stability (reviewed in (37,38,39)). There-
fore, we searched the Modomics database (40) with the
tRNAs tested herein against all vertebrate cytosolic tR-
NAs harboring known post-transcriptional modifications.
We obtained 19 matches with tRNA sequences represen-
tative of a wide range of relative affinities and catalogued
the corresponding modifications located in their D-arm, D-
loop, anticodon arm, variable region, and T-loop (Figure
5A). Among those modifications, some are absent amongst
the weakest tRip-binders (tRNA*grc, tRNAAE, 5 and
tRNAS" 1) such as N4-acetylcytidine (ac4C) at position
12 in the D-loop, one or several pseudouridine (V) in the
anticodon arm, or 7-methylguanosine (m7G) in the vari-
able region. Thus, we can hypothesize that the presence of
these modifications promotes recognition by tRip. Modi-
fication patterns such as W at position 13 in the D-arm,
two consecutive S-methylcytidine (m5C) in the variable re-
gion, or 5,2'-O-dimethyluridine (m5Um) in the T-loop are
absent amongst the strongest tRip-binders (tRNAA® e,
tRNAS 6o, tRNAMYGTT and tRNALMY 4). The pres-
ence of those modifications in other tRNAs could explain
their impaired ability to form complexes with tRip. In other
words, ac4C at position 12, W in the anticodon arm, and
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Figure 5. Possible involvement of post-transcriptional modifications in tRNA recognition by tRip. (A) Results from screening of the Modomics database
(40) for modifications potentially involved in tRNA:tRip complex formation. Known post-transcriptional modifications are shown for human tRNAs
or, when appropriate, for vertebrate tRNAs that are 100% identical to the corresponding human tRNA. The tRNAs are presented according to their
relative affinity for tRip as determined by MIST. The tRNAs characterized by the lowest and the highest affinities are highlighted in blue and orange,
respectively. Post-transcriptional modifications are highlighted in blue when they are always absent from tRNAs with the highest binding capacities and
are thus potentially unfavorable for the interaction with tRip (negative or anti-determinants). Conversely, post-transcriptional modifications in orange are
absent from tRNAs with the lowest binding capacities and are thus potentially supporting the interaction with tRip (positive determinants). Modifica-
tions are abbreviated as following: ac4C (N4-acetyl-2'-O-methylcytidine), acp3U (3-(3-amino-3-carboxypropyl)-5,6-dihydrouridine), ¥ (pseudouridine),
mlW (1-methylpseudouridine), ¥m (2'-O-methylpseudouridine), m1G (1-methylguanosine), m7G (7-methylguanosine), m2G (N2-methylguanosine), Gm
(2’-O-methylguanosine), m2,2G (N2,N2-dimethylguanosine), m5C (5-methylcytidine), m5Um (5,2-O-dimethyluridine), m1A (1-methyladenosine), T (5-
methyluridine), D (dihydrouridine). (B) Spatial distribution of modifications potentially involved in tRNA:tRip complex formation. Modifications identi-
fied in (A) were placed on the crystallographic structure of S. cerevisiae tRNAPP® G (pdb1EHZ) using the same color code. The tRNA structure in the
middle recapitulates the regions of Sctr g4 4 that are in contact with tRip as determined by footprint experiments (Figure 1C and Supplementary Figure
S2). Nucleotides strongly protected from Pb>" cleavage are indicated in green and nucleotides moderately protected are in yellow.

m7G can be considered to be positive determinants for tRip
complex formation and W at position 13, two m5C mod-
ifications in the variable loop and m5Um in the T-loop
can be considered as anti-determinants for tRip recogni-
tion. Interestingly, we observe a progressive blending of
modifications that favor and disfavor complex formation in
moderate tRip-binders (in beige). Finally, the tRNA 3D
structure clearly shows that (i) the localization of these mod-
ifications coincides with nucleotides protected by the C-
terminal domain of tRip and (ii) pro- and anti-complex
modifications seem to segregate (Figure 5B). Although
those observations are striking, they raise fundamental
questions: Are those post-transcriptional modifications di-
rectly recognized by tRip or do they rather modulate the
local structure of their tRNA? Do they act individually or
in synergy? Further investigation will be necessary to shed
additional light on the molecular mechanism that controls
the formation of the tRNA:tRip complex, especially in un-
derstanding whether the base modifications are true bind-

ing sites or whether they contribute to the recognition of the
mature tRNA folded structure.

The different tRNASs species in Plasmodium are all en-
coded by single-copy genes, a pattern that is rather un-
usual in eukaryotes (41). Although the number of copies
of tRNA genes typically correlates poorly with cellular
tRNA concentrations, one can wonder how an organism
with such uniform tRNA gene organization supports the
translation of widely distributed codons. Thus, for all hu-
man tRNAs tested with MIST herein, we looked at the
codons they decode and their usage in the parasite genome.
We hypothesized that species that bind strongly to tRip
could be preferentially imported into the parasite where
they could boost the translation of abundant codons in the
parasite transcriptome ((42), Supplementary Table S2). As
a whole, the data shown in Figure 6 does not support this
hypothesis. However, it is worth noting that while H. sapi-
ens tRNAA 11 is among the strongest tRip ligands, as-
paragine (Asn) is also the predominant amino acid (along
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with lysine) in the P, falciparum proteome. Further, Asn is
not homogeneously distributed in proteins as the majority
of Asn is found in insertions of low complexity which of-
ten form long homopolymeric regions (43). Although Asn-
rich insertions are present in all Plasmodium proteins except
in ribosomal proteins, their role is still much debated. In
their recent review, Davies and collaborators summarize the
many processes in which these repeats are suspected to be
involved, such as protein-protein interactions and/or aggre-
gation, protein localization, immune response, or parasite
virulence (44). Additionally, our team has previously hy-
pothesized that Asn homorepeats could directly slow down
translating ribosomes and therefore favor proper cotransla-
tional folding of Plasmodium proteins (45).

In another in vitro study, we showed that the cytosolic
P, falciparum asparaginyl-tRNA synthetase aminoacylates
human tRNAAS" transcripts with an 8-fold reduced cat-
alytic efficiency compared to P. falciparum tRNAA tran-
scripts (46). Although this observation seems to be at odds
with the possible involvement of host tRNAAS in parasite
protein translation, it is crucial to remember that the sub-
strates used in the corresponding work entirely lacked post-
transcriptional modifications that are known to play a sig-
nificant role in the folding and aminoacylation of tRNAs
(37). Specifically, human tRNAA" gt displays two promi-
nent modifications at positions 34 and 37 in the anticodon
loop (a queuosine and an N6-threonylcarbamoyladenosine,
respectively), which are potentially recognized as identity el-
ements supporting aminoacylation.

To date, Plasmodium tRip is the only known protein sup-
porting the intracellular import of exogenous tRNAs. As

such it might represent a novel pathway that supports host-
parasite interactions and sustains infection. In this context,
complementing the pool of tRNAs transcribed by the par-
asite with the import of specific exogenous/host tRNAs
could play a punctual role during the developmental cy-
cle, either by promoting protein synthesis at specific stages
or by enabling unrelated signaling processes such as those
reviewed in (47,48,49). The absence of other examples of
import of exogenous tRNAs beyond the Plasmodium genus
complicates its characterization but also offers new oppor-
tunities. Orphan proteins, such as tRip, require creative
bottom-up investigative approaches. However, their singu-
larity also offers the potential for the development of pio-
neering antimalarial treatments.
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