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Abstract

Leishmania parasites cycle between sand-fly vectors and mammalian hosts adapting to
alternating environments by stage-differentiation accompanied by changes in the proteome
profiles. Translation regulation plays a central role in driving the differential program of gene
expression since control of gene regulation in Leishmania is mostly post-transcriptional. The
Leishmania genome encodes six elF4E paralogs, some of which bind a dedicated elF4G
candidate, and each elF4E is assumed to have specific functions with perhaps some over-
laps. However, LeishIF4E2 does not bind any known elF4G ortholog and was previously
shown to comigrate with the polysomal fractions of sucrose gradients in contrast to the other
initiation factors that usually comigrate with pre-initiation and initiation complexes. Here we
deleted one of the two LeishIF4E2 gene copies using the CRISPR-Cas9 methodology. The
deletion caused severe alterations in the morphology of the mutant cells that became round,
small, and equipped with a very short flagellum that did not protrude from its pocket.
Reduced expression of LeishIF4E2 had no global effect on translation and growth, unlike
other LeishIF4Es; however, there was a change in the proteome profile of the LeishIF4E2
(+/-) cells. Upregulated proteins were related mainly to general metabolic processes includ-
ing enzymes involved in fatty acid metabolism, DNA repair and replication, signaling, and
cellular motor activity. The downregulated proteins included flagellar rod and cytoskeletal
proteins, as well as surface antigens involved in virulence. Moreover, the LeishIF4E2(+/-)
cells were impaired in their ability to infect cultured macrophages. Overall, LeishIF4AE2 does
not behave like a general translation factor and its function remains elusive. Our results also
suggest that the individual LeishlF4Es perform unique functions.

Author summary

Leishmania parasites cause a broad spectrum of diseases with different pathological symp-
toms. During their life cycle the parasites shuffle between sand-fly vectors and
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mammalian hosts adapting to the changing environments via a stage specific program of
gene expression that promotes their survival. Translation initiation plays a key role in con-
trol of gene expression and in Leishmania this is exemplified by the presence of multiple
cap-binding complexes that interact with mRNAs. The parasites encode multiple paralogs
of the cap-binding translation initiation factor eIF4E and of its corresponding binding
partner eIF4G forming complexes with different potential functions. The role of
LeishIF4E2 remains elusive: it does not bind any of the LeishIF4G candidate subunits and
associates with polysomes, a feature less common for canonical translation factors. Here
we generated a hemizygous Leishmania mutant of the least studied cap-binding paralog,
LeishIF4E2, by eliminating one of the two alleles using the CRISPR-Cas9 methodology.
The mutant showed morphological defects with short and rounded cells, and a significant
reduction in their flagellar length. Moreover, the LeishIF4E2(+/-) cells were impaired in
their ability to infect cultured macrophages. The mutants showed differences in their pro-
teome: upregulated proteins were related mainly to general metabolic processes including
enzymes involved in fatty acid metabolism, DNA repair and replication, signaling, and
cellular motor activity. Downregulated proteins included flagellar rod and cytoskeletal
proteins, as well as surface antigens involved in virulence. Overall, LeishIF4E2 does not
behave like a general translation factor and its function remains elusive. It could affect
translation of a particular set of transcripts, causing direct or downstream effects that do
not affect global translation. Our results suggest that individual LeishIF4Es perform spe-
cific functions.

Introduction

Leishmania species are unicellular trypanosomatid protists that display a digenetic life cycle,
migrating between sand flies and mammals [1]. The parasites reside in the alimentary canal of
the sand fly vector as extra-cellular promastigotes attached to the gut wall. Promastigotes are
elongated cells equipped with a flagellum that enables them to attach to the gut wall and to sub-
sequently migrate towards the front parts of the mouth during metacyclogenesis [1]. Metacyc-
lic promastigotes are transmitted into the mammalian host during the females’ blood meal,
where they enter macrophages and differentiate into non-flagellated amastigotes that reside
within phagolysosomal vacuoles. Amastigotes are smaller in size, round and non-motile as
their flagellum does not protrude from the flagellar pocket. During their life cycle Leishmania
parasites are exposed to non-favorable environments and extreme conditions which are
known to induce a developmental program of gene expression [2,3].

Translation in eukaryotes proceeds mostly by cap-dependent mechanisms which are pri-
marily controlled at the level of initiation [4]. As part of this process, an eIF4F complex that
consists of the cap-binding protein (eIF4E), an RNA-helicase (eIF4A) and a scaffold protein
(eIF4G) that holds together the pre-initiation complex (PIC), binds to the mRNA. Assembly of
the cap-binding complex is globally controlled by 4E-binding proteins, such as 4E-BP, a small
(10 KDa) unstructured protein that contains the consensus Y(X,)L® motif for binding to
eIF4E. 4E-BP competes with eIF4G for binding to eIF4E thereby preventing assembly of the
translation initiation complex [5]. Other 4E-binding proteins can control the cap-dependent
translation either globally, or in a transcript-specific manner, when an inhibitory complex that
assembles over the cap-binding protein is stabilized through proteins that interact with ele-
ments in the 3’ UTR [6,7]. Another mode of regulation involves an ortholog of eIF4E, denoted
4E-HP, which binds to the cap-structure, but not to any eIF4G, competing with the canonical
elF4E to bind the mRNA cap-structure [8].
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There are six paralogs of the cap-binding protein eIF4E in Leishmania, designated
LeishIF4E 1-6. They vary in their cap-binding affinities and were reported to have diverse
functions [9,10]. Three paralogs of eIF4A were reported in Leishmania, [11] and five eIF4G
candidates containing the MIF4G domain (the middle domain of eIF4G) have been identified
[9,11,12]. Among the six LeishIF4Es, only four of the paralogs bind specific LeishIF4Gs,
whereas LeishIF4E1 and LeishIF4E2 have no LeishIF4G binding partners. However, unlike
LeishIF4E1 which is expressed and functional in all life forms, expression of LeishIF4E2 is dra-
matically reduced in axenic amastigotes [13].

LeishIF4E4 was suggested to be a canonical translation factor in promastigotes, forming a
cap-binding complex with LeishIF4G3 and LeishIF4A [14]. LeishIF4E1 is the only cap binding
protein that maintains its high expression and efficient binding to m’GTP in axenic amasti-
gotes [13]. A viable null mutant of LeishIF4E1 generated by CRISPR-Cas9 displayed a reduc-
tion in global translation, suggesting that despite the absence of a functional eIF4G binding
partner, LeishIF4E1 functions in promoting translation [15]. LeishIF4E3 binds LeishIF4G4,
one of the five MIF4G proteins in Leishmania and Trypanosoma [10,16,17]. However, upon
nutritional stress LeishIF4E3 concentrates in cytoplasmic granules that function as storage
sites for inactive mRNAs and ribosomal proteins [18]. Deletion of a single LeishIF4E3 copy by
CRISPR-Cas9 led to changes in cell morphology and infectivity; it was not possible to generate
a null mutant suggesting that LeishIF4E3 is an essential gene [19]. Two additional cap-binding
proteins were identified in T. brucei. TbIF4E5 interacts with TbIF4G1 and TbIF4G2 and has a
role in parasite motility although the role of each individual complex is not yet clear [20].
TbIF4E6 forms a tripartite cytosolic complex with TbIF4G5 and with a hypothetical protein,
TbG5-IP, that has domains typical of capping enzymes. Although the exact role of this com-
plex unknown, it may be involved in recovery of decapped mRNAs [21].

LeishIF4E2 is the least studied paralog in Leishmania. It contains the three conserved tryp-
tophan residues that are part of the cap-binding pocket and binding assays based on recombi-
nant LeishIF4E2 showed that it binds better to cap-4 than to m’GTP [10]. LeishIF4E2 co-
migrated with high MW fractions on sucrose gradients. Treatment of the cell extracts with
mung-bean nuclease shifted the migration of LeishIF4E2 to the top of the gradient suggesting
that it was associated with polysomes [10]. Previous analyses of the canonical translation initia-
tion factors in eukaryotes showed that the preinitiation complexes concentrated mostly in the
43S fractions on sucrose gradients [22]; however, LeishIF4E2 was rather different as it
migrated with the heavy fractions.

The T. brucei ortholog of LeishIF4E2, TbEIF4E2, also fails to bind to any TbEIF4G homolog
[23]. However, it binds mature mRNAs and associates with one of the two histone mRNA
stem-loop binding proteins expressed in T. brucei (SLBP2). Both SLBP2 and TbEIF4E2 are
cytoplasmic proteins which are more abundant in early-log phase cells [23]. However, the role
of TbEIF4E2 in translation remains vague. Here we describe a hemizygous mutant of the
Leishmania ortholog, LeishIF4E2, that was generated by CRISPR-Cas9. Deletion of a single
LeishIF4E2 allele reduced its expression, leading to phenotypic effects that may shed a light on
its functions.

Materials and methods
Cells

Leishmania mexicana M379 cells were routinely cultured at 25 °C in Medium 199 (M199), pH
7.4, supplemented with 10% fetal calf serum (FCS, Biological Industries), 5 ug/mL hemin, 0.1
mM adenine, 40 mM Hepes, 4 mM L-glutamine, 100 U/mL penicillin and 100 ug/mL
streptomycin.
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RAW 264.7 macrophage cells were grown at 37 °C in DMEM supplemented with 10% FCS,
4 mM L-glutamine, 0.1 mM adenine, 40 mM Hepes pH 7.4, 100 U/mL penicillin and 100 pg/
mL streptomycin, in an atmosphere of 5% CO?2.

Affinity purification of recombinant LeishIF4E2

The open reading frame (ORF) of LeishIF4E2 was amplified with primers LeishIF4E2-His for-
ward and LeishIF4E2-His reverse (S1 Table) and cloned in pET28 vector and expressed in the
Rossetta strain of E. coli. The bacterial cells were grown to ODggo of 0.5-0.7 and expression
was induced by the addition of 0.3 mM IPTG at 25 °C for 8 hrs. The cells were harvested and
re-suspended in lysis buffer [20 mM HEPES-KOH pH 7.5, 100 mM KCI, 2 mM Tris (2-carbox-
yethyl) phosphine hydrochloride (TCEP), 0.1 mM EDTA, 0.01% Triton X-100, a cocktail of
protease inhibitors (Sigma) and 5 ug/mL DNasel. Ni-NTA beads (Cube Biotech, 5 mL) were
pre-washed with two column volumes (CVs) of Binding Buffer [20 mM HEPES-KOH pH 7.5,
150 mM KCl, 2 mM TCEP]. The cells were disrupted using a French Press at 1500 psi, followed
by centrifugation at 45,000 rpm (Beckman 70 Ti rotor) for 45 min. The supernatant was fur-
ther incubated with Ni-NTA beads that were washed four times with two CV's of Wash Buffers
(WB) containing 20 mM Hepes-KOH pH 7.5, 2 mM TCEP, 10 mM imidazole, in 2 CVs and
gradually decreasing KCL concentrations (750 mM, 500 mM, 250 mM and 100 mM). Finally,
the beads were eluted with a single CV of PBS containing 300 mM imidazole in 20 mM Hepes-
KOH pH 7.5, 100 mM KCIl, 2 mM TCEP. The recombinant protein was dialyzed overnight at
4 °C against the Binding Buffer.

CRISPR-Cas9 mediated deletion of a single allele of LeishIF4E2

Plasmids developed for the CRISPR system in Leishmania were obtained from Dr. Eva Gluenz
(University of Oxford, UK, [24]). The pTB007 plasmid used contained the genes encoding the
Streptococcus pyogenes CRISPR-associated protein 9 endonuclease and the T7 RNA-polymer-
ase (Cas9/T7), along with the hygromycin resistance gene. pTB007 was transfected into L.
mexicana promastigotes and transgenic cells stably expressing the Cas9 and T7 RNA-polymer-
ase were selected for 200 pg/mL hygromycin resistance.

Generation of a LeishIF4E2(+/-) mutant by CRISPR-Cas9

To generate LeishIF4E2(+/-) mutants we used the two 5’ and 3’ sgRNAs designed to create
double-strand breaks (DSBs) upstream and downstream of the LeishIF4E2 coding region and
the LeishIF4E2 repair cassette fragment containing the G418 resistance marker. The three
PCR products (4 pg of each) were transfected into mid-log phase transgenic cells expressing
Cas9 and T7 RNA-polymerase and cells were further selected for resistance to 200 ug/mL
G418 [25].

The sgRNA sequences used to delete the LeishIF4E2 gene were obtained from LeishGEdit.
net [26]. The sgRNAs contained the highest-scoring 20 nt sequence within 105 bp upstream or
downstream of the target gene. The sequences of the sgRNAs were blasted against the L. mexi-
cana genome in TriTrypDB to verify that the sgRNAs were specific for LeishIF4E2 exclusively
(E value = 0.001 and 8e™). We also ran a BLAST analysis with the drug resistance repair cas-
sette that contained the homology sequence to the UTR of LeishIF4E2 to specifically target the
insertion of the selection marker. The repair cassette showed an E value of 5¢”® suggesting very
high specificity of the system. The sgRNA target sequences and the homology arms on the
repair cassette fully matched the target sequence of LeishIF4E2.
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PCR amplification of sgRNA templates

DNA fragments encoding LeishIF4E2 specific 5’ and 3’ guide RNAs for cleavage upstream and
downstream to the LeishIF4E2 target gene were generated. All primers are listed in S1 Table.
The template for this PCR reaction consisted of two fragments: one contained the common
sgRNA scaffold fragment; the other contained a primer that included the T7 RNA polymerase
promoter (small letters) fused to the gRNA (5 or 3’), targeting LeishIF4E2 (capital letters) and
a short sequence overlapping with the scaffold fragment (small letters, 5’gRNA
(LmxM.19.1480) or 3’gRNA (LmxM.19.1480, S1 Table). Each of these two fragments (1 uM
each) was annealed to the partially overlapping scaffold fragment and further amplified with
two small primers (2 uM each) derived from the T7 promoter (GOOF) and the common scaf-
fold fragment (GOOR, S1 Table). The reaction mixture consisted of dNTPs (0.2 mM), HiFi
Polymerase (1 unit, Phusion, NEB) in GC buffer with MgCl, (NEB), in a total volume of 50 pL.
The PCR conditions included an initial denaturation at 98°C for 2 min, followed by 35 cycles
0f 98°C for 10 s, annealing at 60°C for 30 s and extension at 72°C for 15 s. All PCR products
were gel-purified and heated at 94°C for 5 min before transfection.

PCR amplification of the LeishIF4E2 replacement fragment

A DNA fragment designed to repair the DSB surrounding the LeishIF4E2 target gene was
amplified by PCR. The LeishIF4E2 specific primers were derived from the 5" and 3’ endogenous
untranslated regions (UTR) sequences upstream and downstream to the LeishIF4E2 gene based
on the LeishGEdit database (http://www.leishgedit.net/Home.html) and the sequences of the
antibiotic repair cassette, The primers were Upstream Forward (LmxM.19.1480) and Down-
stream reverse (LmxM.19.1480, S1 Table). Capital letters represent the UTR sequences of the
LeishIF4E2 gene and small letters represent the region on the pT plasmid that flanks the UTR
adjacent to the antibiotic resistance gene. The PCR for generating the fragment used for repair
of the DSBs on both sides of the gene targeted for deletion was performed using the pTNeo plas-
mid as a template. The resulting fragments promote the integration of the drug resistance
marker by homologous recombination at the target site. The reaction mixture consisted of

2 uM of each primer, dNTPs (0.2 mM), the template pTNeo (30 ng), 3% (v/v) DMSO, HiFi
Polymerase (1 U of Phusion, NEB) in GC buffer (with MgCl, to a final concentration of 1.5
mM) in a total volume of 50 uL. PCR conditions included initial denaturation at 98°C for 4 min
followed by 40 cycles of 98°C for 30 Seconds (s), annealing at 65°C for 30 s and extension at
72°C for 2 min 15 s. The final extension was performed for 7 min at 72°C. All PCR products
were gel purified and heated at 94°C for 5 min before transfection.

Diagnostic PCR to confirm the deletion of LeishIF4E2

Genomic DNA from the drug-resistant cells was isolated 14 days post transfection using
DNeasy Blood & Tissue Kit (Qiagen) and analyzed for the presence of the LeishIF4E2 gene,
using specific primers derived from the UTRs of LeishIF4E2. The primers used were
LeishIF4E2 (5’'UTR) forward (P1) and LeishIF4E2 (3°UTR) Reverse (P2). A parallel reaction
was performed to detect the presence of the G418 resistance gene with primers derived from
its ORF: G418 Forward (P3) and G418 Reverse G418 Reverse (P4). An additional reaction con-
firming the insertion of the G418 cassette at the target site was performed with primers G418
Forward P3, and LeishIF4E2 (3’'UTR) Reverse P2. All primers are listed in S1 Table. Genomic
DNA from Cas9/T7 L. mexicana cells was used to detect the presence of the LeishIF4E2 gene.
The reaction mixture consisted of 2 uM of each primer, gDNA (100 ng), dNTPs (0.2 mM),
HiFi Polymerase (1 U Phusion, NEB) in GC buffer with MgCl, (NEB) in a total volume of 50
pl. PCR conditions included initial denaturation at 98°C for 4 min followed by 35 cycles of
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98°C for 30 s, annealing at 60°C for 30 s and extension at 72°C for 2 min 15 s. Final extension
was done for 7 min at 72°C. PCR products were separated on 1% agarose gels.

Generation of LeishIF4E2 add-back parasites and SBP-tagged LeishIF4E2
expressers

The hemizygous mutant LeishIF4E2(+/-) cells were transfected with an episomal vector that
restored full-length LeishIF4E2, ,g, expression. The plasmid was derived from pTPuro [24] which
confers resistance to puromycin. The LeishIF4E2 add-back gene from L. mexicana was tagged with
the Streptavidin binding peptide (SBP, ~4 kDa), enabling its further identification in the transgenic
parasites by antibodies against the SBP tag [13]. The tagged LeishIF4E2 was amplified with primers
LeishIF4E2, ,¢, Forward and LeishIF4E2, ,5; Reverse, with BamHI and Xbal sites introduced at
the 5" ends of these primers (S1 Table). The BamHI/Xbal cleaved PCR product of LeishIF4E2 was
cloned into the BamHI and Xbal sites of pTPuro, replacing the pre-existing LeishIF4E1-SBP that
was already cloned in that plasmid between two intergenic regions derived from the HSP83 geno-
mic locus. The resulting pTPuro-LeishIF4E2-SBP expression vector was transfected into the
LeishIF4E2(+/-) mutant, and cells were selected for their resistance to puromycin (100 ug/mL).

To express the full-length LeishIF4E2-SBP, ,q; and the C-terminal truncated protein
LeishIF4E2-SBP, ,;7 in transgenic parasites, the two ORFs were cloned into the BarmHI/Xbal
sites of the pX-based vector, designed to tag the proteins at their N-terminus between two
intergenic regions derived from the HSP83 genomic locus (pX-H-N-SBP-H) [13]. The two
resulting vectors, pX-H-N-SBP-LeishIF4E2, ,5;-H and pX-H-N-SBP LeishIF4E2; ,;,-H, were
transfected into WT cells that were selected for resistance to G418 (200 pg/mL G418).

Growth analysis

L. mexicana M379 WT, Cas9/T7 expressing cells, the LeishIF4E2(+/-) mutant, the LeishIF4E2
add-back, LeishIF4E2-SBP, ,5; and LeishIF4E2-SBP; ,,; cells were cultured as promastigotes
at 25 °C in M199 medium with supplements (above). Cells were seeded at a concentration of 5
X 10” cells/mL, and counted daily during 5 consecutive days. The curves were obtained from
three independent repeats.

Western analysis

Cells in the mid-log phase of growth (10 mL) were harvested and washed twice with phosphate
buffered saline (PBS). The cell pellet was resuspended in 300 ul of PBS supplemented with a 2
X cocktail of protease inhibitors (Sigma) and 4 mM iodoacetamide (Sigma) with (+) phospha-
tase inhibitors: 25 mM sodium fluoride, 55 mM B-glycerophosphate and 5 mM sodium ortho-
vanadate. Cells were lysed by the addition of 65 ul of 5 X Laemmli sample buffer and heated at
95°C for 5 min. Cell extracts (40 pL) were resolved over 10% SDS-PAGE, blotted and probed
using specific primary and secondary antibodies.

Antibodies against LeishIF4E2 (rabbit polyclonal, 1:2,000, Adar Biotech) and against the
SBP tag (mouse monoclonal, 1:10,000, Millipore), were used to detect the endogenous and
tagged LeishIF4E2 proteins, respectively. The blots were developed by incubation with specific
peroxidase-labelled secondary antibodies against rabbit (KPL, 1:10,000 for LeishIF4E2) and
mouse (KPL, 1:10,000 for SBP).

Translation assay

Global translation levels were monitored using the non-radioactive SUnSET (Surface SEnsing
of Translation) assay. This assay is based on the incorporation of puromycin, an amino-acyl
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tRNA analog, into the A site of translating ribosomes [27]. Cells were incubated with puromy-
cin (1 pg/mL, Sigma) for 1 hr and then washed twice with PBS. Cell pellets were resuspended
in 300 ul of PBS, denatured in Laemmli sample buffer and boiled for 5 min. Cells treated with
cycloheximide (100 pg/mL) prior to the addition of puromycin served as a negative control.
Samples were resolved over 10% SDS-Polyacrylamide gel electrophoresis (SDS-PAGE). The
gels were blotted and subjected to western analysis using monoclonal mouse anti-puromycin
antibodies (DSHB, 1:1,000) and secondary peroxidase labeled anti-mouse antibodies (KPL,
1:10,000).

Phase contrast microscopy of Leishmania promastigotes

Late log-phase cells from different lines were harvested, washed in cold PBS, fixed in 2% para-
formaldehyde in PBS and mounted on glass slides. Phase contrast microscope images were
captured at X100 magnification with a Zeiss Axiovert 200M microscope equipped with an
AxioCam HRm CCD camera.

Flow cytometry analysis of Leishmania

Cell viability was verified by incubation of the cells with 20 pg/mL propidium iodide (PI) for
30 min. The stained cells were analyzed using the ImageStream X Mark II Imaging flow
cytometer (Millipore) with an X60/0.9 objective. Data from channels representing bright field,
and fluorescence (PI) emission at 488 nm (to evaluate cell viability) were recorded for 20,000
cells for each analyzed sample. IDEAS software [28] generated the quantitative measurements
of the focused, single live cells for all four examined cell strains. Cell shape was quantified
using circularity and length features applied to the bright field image processed by an Adaptive
Erode mask. Representative scatter plots are shown for single cells and for circularity (cell
shape). Recorded emission of the PI in the gated population evaluated cell viability.

Measurements of flagellar length

Changes in the flagellar length for each cell were recorded using IDEAS software. A custom-
ized mask based on subtraction of the Adaptive Erode mask from the skeleton mask was cre-
ated for measuring only the flagella without the cell soma. Based on this mask we created a
length feature on the Brightfield Image and used it to compare flagella length between different
samples (S2 Table).

Data analysis

IDEAS software [28] was used to generate the quantitative measurements of images recorded
for the examined cell population. The focus quality of each cell was first determined by mea-
suring the gradient root mean square (RMS) value. The cells with high RMS value in the histo-
gram were gated to select cells in focus. Next, single cell populations were gated from the
scatter plot of aspect ratio/area to exclude cell aggregates; the intensity of PI staining was used
to exclude dead cells. The remaining living single cells in focus were subjected to image analy-
sis to determine cell morphology. To obtain cell shape a customized Adaptive Erode mask was
used on the bright field channel, with a coefficient of 78. We further customized this mask to
exclude the flagellum from the cell shape analysis, to measure, circularity and elongation fea-
tures. A predetermined threshold value of 4 was set to define circularity. Elongation values rep-
resent the ratio between cell length and width. Representative scatter plots are presented for
focused single cells and for circularity. All data shown are from a minimum of three biological
replicates.
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In vitro macrophage infection assay

L. mexicana LeishIF4E2(+/-) mutants and add-back cells, WT and transgenic parasites
expressing Cas9/T7, were seeded at a concentration of 5 X 10° cells/ mL and allowed to grow
for 5 days to reach stationary growth phase. WT, Cas9/T7 expressers, LeishIF4E2(+/-) and
add-back cells were washed with DMEM (Dulbecco’s Modified Eagle Medium) and labeled by
incubation with 10 pM carboxyfluorescein succinimidyl ester (CFSE) in DMEM at 25°C for 10
min. The cells were washed with DMEM, counted and used to infect RAW 264.7 macrophages.
The macrophages (5 X 10°) were pre-seeded a day in advance in chambered slides (Ibidi) and
incubated with the parasites at a ratio of 10:1 for 1 h in 300 ul medium. The cells were washed
three times with PBS and once in DMEM to remove extracellular parasites. The infected mac-
rophages were either fixed immediately for further analysis by confocal microscopy, or incu-
bated for a further 24 h at 37°C in an atmosphere containing 5% CO,. The infected
macrophages were then processed for confocal microscopy. A single representative section of
Z-projections (maximum intensity) produced by Image J software is presented in all the fig-
ures. The infectivity values were determined using the cell counting plugin in Image]. We first
counted the number of infected cells in a total of 100 macrophages, and then counted the num-
ber of internalized parasites within the infected cells, 1 or 24 hr following infection. Statistical
analysis was performed using GraphPad Prism 5. We used the non-parametric Kruskal-Wallis
test to determine significant differences in the infectivity and in the average number of para-
sites per infected macrophage.

Confocal microscopy of Leishmania promastigotes

Infected macrophages, following 1 or 24 hr of infection were washed with PBS, fixed in 2%
paraformaldehyde for 30 min, washed once with PBS and permeabilized with 0.1% Triton X-
100 in PBS for 10 min. Nucleic acids were stained with 4’,6-diamidino-2-phenylindole (1 pg/
mL DAPI, Sigma) and the cells were washed three times with PBS. The slides were observed
using an inverted Zeiss LSM 880 Axio-observer Z1 confocal laser scanning microscope with
Airyscan detector. Cells were visualized using Zeiss Plan-Apochromat oil objective lens of X
63 and numerical aperture of 1.4. Z-stacked images were acquired with a digital zoom of X
5.58 (X 1.8 for broad fields), using the Zen lite software (Carl Zeiss microscopy). Images were
processed using Image J software package. A single representative section of the compiled Z-
projections produced by Image J software is presented in all the figures.

Mass spectrometry analysis

To characterize the proteomic differences between the LeishIF4E2(+/-) mutant and the Cas9/
T7 control cells we performed mass spectrometry (MS) analysis of total cell lysates. Total cell
lysates from mid log stage promastigotes of Cas9/T7 and LeishIF4E2(+/-) were resuspended in
a buffer containing 100 mM Tris HCI pH 7.4, 10 mM DTT, 5% SDS, 2 mM iodoacetamide and
a cocktail of protease inhibitors (Sigma). Cell lysates were precipitated using 10% trichloro-
acetic acid (TCA) and the pellets were washed with 80% acetone. The mass spectrometric anal-
ysis was performed by the Smoler Proteomics Center at the Technion, Israel.

Mass spectrometry (MS)

Proteins were reduced using 3 mM DTT (60°C for 30 min), followed by modification with 10
mM iodoacetamide in 100 mM ammonium bicarbonate for 30 min at room temperature. This
was followed by overnight digestion in 10 mM ammonium bicarbonate in trypsin (Promega)
at 37°C. Trypsin-digested peptides were desalted, dried, resuspended in 0.1% formic acid and
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resolved by reverse phase chromatography over a 30 min linear gradient with 5% to 35% aceto-
nitrile and 0.1% formic acid in water, a 15 min gradient with 35% to 95% acetonitrile and 0.1%
formic acid in water and a 15 min gradient at 95% acetonitrile and 0.1% formic acid in water
at a flow rate of 0.15 pl/min. MS was performed using a Q-Exactive Plus Mass Spectrometer
(Thermo) in positive mode set to conduct a repetitively full MS scan followed by high energy
collision dissociation of the 10 dominant ions selected from the first MS scan. A mass tolerance
of 10 ppm for precursor masses and 20 ppm for fragment ions was set.

Statistical analysis for enriched proteins

Raw MS data were analyzed by the MaxQuant software, version 1.5.2.8 [29]. The data were
searched against the annotated L. mexicana proteins from the TriTrypDB [30]. Protein identi-
fication was set at less than a 1% false discovery rate. The MaxQuant settings selected were a
minimum of 1 razor/unique peptide for identification with a minimum peptide length of six
amino acids and a maximum of two mis-cleavages. For protein quantification, summed pep-
tide intensities were used. Missing intensities from the analyses were substituted with values
close to baseline only if the values were present in the corresponding analyzed sample. The
log, of LFQ intensities [31] were compared between the three biological repeats of each group
on the Perseus software platform [32], using a t-test. The enrichment threshold was set to a
log, fold change > 0.8 and p < 0.05. The annotated proteins were categorized manually and
by GO annotation (below).

Categorization of enriched proteins by the gene ontology (GO) annotation
via TriTrypDB

Enriched proteins were classified by the GO Annotation tool in TriTrypDB, based on Biologi-
cal Functions. The threshold for the calculated enrichment of proteins based on their GO
terms was set at 3 fold, with a p <0.05. This threshold eliminated most of the general groups
that represented parental GO terms. GO terms for which only a single protein was annotated
were filtered out as well. In some cases, GO terms that were included in other functional terms
are not shown leaving only the representative terms.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5. Each experiment was per-
formed independently at least three times and the individual values were presented as dots. For
experiments with a higher number of repeats results are expressed as Mean + SD. Statistical sig-
nificance was determined using Wilcoxon paired t-test for matched pairs test or Kruskal-Wallis
with Dunn’s multiple comparison test for comparing three or more groups. Significant P values
were marked with stars (*, **, ***) representing P <0.05, P <0.01 and P <0.001, respectively.

Results
LeishIF4E2 is a cytoplasmic protein with an extended C-terminal region

Given the multiple eIF4E paralogs in Leishmania, and the assumption that they vary in their
functional assignments, we examined the sequences of the different LeishIF4E paralogs in
search for non-conserved gaps and extensions. We evaluated the homology between
LeishIF4E2 and the mammalian eIF4E, as well as its homology with the other LeishIF4E para-
logs. Fig 1 and S1A show that LeishIF4E2 has a non-conserved C-terminal extension whereas
LeishIF4E3 and LeishIF4E4 contain extended N-terminal regions. These N-terminal exten-
sions have been widely examined for phosphorylation sites [18,33,34] and structural features
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Fig 1. Multiple sequence alignment of the LeishIF4E2. (A)The ORFs of LeishIF4E2 from different Leishmania and
Trypanosoma specis along with mammalian eIF4E1 were aligned using Jalview (2.10.5). The sequences were retrieved
from L. mexicana (L. mex, LmxM.19.1480), L. major (L. maj, LmjF.19.1500); L. donovani, (L. don, LABPK_191520.1),
T. brucei (T. bruc, Tb927.10.16070) and T. congolense (T. cong, TcIL3000_0_03820). The alignment file was saved in
FASTA format. The final alignment showing the predicted secondary structure of LeishIF4E2 was developed using the
downloaded PDB file (5SEHC, DOI: 10.2210/pdb5EHC/pdb) of Homo sapiens eIF4E1 (https://www.rcsb.org/), along
with the FASTA alignment file, using the online ESPript 3 tool [60]. Secondary structure elements of the aligned
sequences are (o alpha helices, : 3,o-helix, B: beta-strands, TT: strict B-turns). White letters over a red background
indicate identical residues and red letters over a white background indicate sequence similarity.

https://doi.org/10.1371/journal.pntd.0008352.¢g001
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[35]. The different LeishIF4Es differ from their mammalian counterpart, showing only 29.4-
40.4% similarity. LeishIF4E2 from different Leishmania and Trypanosoma species are also
diverged from their mammalian ortholog (Human eIF4E) (S1B and S1C Fig) and show a
sequence variability among themselves as well when compared to LeishIF4E1, with 26.4-
30.9% similarity (S1D Fig).

In Fig 1, the ORFs of LeishIF4E2 from different Leishmania and Trypanosoma species were
aligned using Jalview (2.10.5). The final alignment also demonstrates the secondary structure
which was developed using the 3D structure of Homo sapiens eIF4E1 from PDB (https://www.
rcsb.org/), along with the FASTA alignment file generated using the online ESPript 3 tool.
Despite the partial sequence similarities, the structural core of the eIF4E orthologs (1-217,) is
conserved (Fig 1 and [36]). The predicted secondary structure of LeishIF4E2 is composed of
alpha helices, beta strands and beta turns. LeishIF4E2 from all Leishmania species have an
extended C-terminal region which is absent from the trypanosome orthologs (T. brucei and T.
congolensi in Fig 1). The Leishmania C-terminus appears to be highly disordered as predicted
by the DISOPRED?2 server through the XtalPred site [37]. There are four adjacent proline resi-
dues after amino acid 217 which are known to break secondary structures. These appear
within the extended C-terminus (S1A Fig).

We examined the possibility that the disordered region at the C-terminus is subject to pro-
teolytic cleavage both in vivo and in vitro. For monitoring cleavage in vivo, we generated Leish-
mania lines expressing the full length LeishIF4E2; ,5, and the shorter version devoid of the C-
terminal extension (LeishIF4E2, ,;,), both tagged with SBP at their N-terminus, so that the
protein could be detected with anti-SBP antibodies irrespective of C-terminal cleavage (S2A
and S2B Fig). The transgenic cell lines expressing full length LeishIF4E2 (1-281) and the
shorter version LeishIF4E2; ,,, were validated by western analysis using antibodies specific for
the SBP tag (S2A Fig). Western blots of the total proteins versus the supernatant of disrupted
cells (S2B Fig), show a reduced reaction with anti-SBP antibodies in both lines. However, the
full-length protein (LeishIF4E2, ,g,) exhibits partial degradation (S2B Fig) a feature not
observed for the shorter version of LIF4E2, ,,. This reduction is compatible with protein
cleavage, especially given the appearance of a smaller band in the western blots of the full-
length protein. Tagging the protein at its N-terminus enabled us to visualize the bands that
could represent LeishIF4E2 partially degraded from its C-terminus. LeishIF4E2; ,;, does not
show any degradation like the full-length protein (LeishIF4E2; ,s,), supporting our interpreta-
tion that degradation occurs at the C-terminus.

In addition to in vivo expressed LeishIF4E2, we monitored the potential cleavage of the dis-
ordered C-terminus in vitro. The full length recombinant LeishIF4E2, with an N-terminal his-
tidine tag, was expressed in E. coli and affinity purified over a nickel column. The eluted
fractions were examined by western analysis using an antibody against histidine. The affinity
purified protein migrated as a major band of >25 kDa, and a minor higher band of <35 kDa.
(S2C Fig, Size differences between the in vivo and in vitro assays could be due to the different
tags fused to LeishIF4E2 or to post translational modifications in the different hosts). The
appearance of the 25 kDa band supports our in vivo observation of the inherent instability of
the C-terminal disordered region.

We further investigated the localization of LeishIF4E2 within Leishmania cells by examin-
ing transgenic parasite cells expressing the SBP-tagged LeishIF4E2 by immunohistochemical
confocal microscopy. Mid-log cells (1.2 x 107 cells/mL) were harvested, washed and fixed with
paraformaldehyde. The fixed cells were incubated with the primary anti-SBP antibody fol-
lowed by a secondary anti-mouse antibody labeled with a fluorophore (Alexa Fluor 488 green).
Nuclear and kinetoplast DNA were stained with DAPI. S3 Fig shows that LeishIF4E2 is non-
uniformly distributed occurring mostly in the cytoplasm.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008352 March 24, 2021 11/31


https://www.rcsb.org/
https://www.rcsb.org/
https://doi.org/10.1371/journal.pntd.0008352

PLOS NEGLECTED TROPICAL DISEASES Deletion of a single LeishIF4E2 allele by CRISPR-Cas9

Deletion of a single copy of LeishIF4E2 by CRISPR-Cas9

LeishIF4E2 is the least studied cap-binding protein paralog and we therefore attempted to
delete its two alleles and examine how this deletion affects the parasite phenotype. Specific
sgRNAs that targeted LeishIF4E2 at its 5" and 3’ UTRs were transfected into the L. mexicana
Cas9/T7 expressing line [19, 24]. The sgRNAs were designed to cleave around the target gene
promoting its replacement with the G418 or Blasticidin repair fragments. The LeishIF4E2
deletion cell line was selected in the presence of G418 (200 pg/mL) and a diagnostic PCR anal-
ysis indicated that a single allele was eliminated. Attempts to delete the other copy of LIF4E2
with the Blasticidin replacement cassette did not result in viable cells.

Diagnostic PCR was performed with genomic DNA of the mutant using several primer
pairs. Primers derived from the 5 and 3" UTRs of the LeishIF4E2 transcript were used to mon-
itor the presence of the LeishIF4E2 gene (primers P1/P2, Fig 2A, left panel). The reaction gen-
erated two products: a 1.2 Kb product representing the endogenous LeishIF4E2 gene, and a
second product of ~2.1 Kb corresponding to the integrated G418 resistance gene flanked by
the 5 and 3’ LeishIF4E2 UTRs that replaced the LeishIF4E2 gene. A similar PCR control reac-
tion using the Cas9/T7 control gDNA as a template yielded only a single product (~1.2 Kb),
representing the endogenous LeishIF4E2 gene (Fig 2A left panel). The presence of the G418
selection marker in the genome was verified by primers P3/P4 that were derived from the
G418 gene and gave a 450 bp product only in the mutant of LeishIF4E2 and not in the Cas9/
T7 control (Fig 2A middle panel). To validate that the G418 selection marker replaced the
LeishIF4E2 gene, the integration site was amplified using primers P2/P3, P3 was derived from
the G418 ORF and P2 was derived from the 3> UTR of LeishIF4E2. This PCR product (1.4 kb)
was observed only in the mutant and not in the Cas9/T7 control DNA (Fig 2A right panel). Fig
2B shows the positions of different primers used for the diagnosis PCR. The different PCR
reactions confirmed the deletion of a single copy of the LeishIF4E2 gene from the genome of
Leishmania cells expressing Cas9/T7.

The effect of the LeishIF4E2 hemizygous deletion on target protein expression was exam-
ined by western analysis of cell extracts obtained from the LeishIF4E2(+/-) mutant, as com-
pared to control cells expressing Cas9/T7. The blots were reacted with LeishIF4E2 specific
antibodies (Fig 2C upper panel). Antibodies against LeishIF4A served as a loading control (Fig
2C lower panel). Fig 2D shows a densitometry analysis of the LeishIF4E2 expression in the
deletion mutant as compared to the Cas9/T7 control. The LeishIF4E2(+/-) mutant shows a
40% reduction in the protein levels as compared to control Cas9/T7 cells. We observed two
bands in the western analysis using antibodies specific for LeishIF4E2, one at ~31 kDa and
another above 25 kDa. A pattern that could fit protein cleavage was also observed with the
recombinant LeishIF4E2 tagged at its N-terminus (S2C Fig) most probably due to cleavage at
the C-terminus.

Expression of LeishIF4E2 was recovered in an add-back line. The LeishIF4E2(+/-) cells
were transfected with a pTPuro-derived plasmid that contained the SBP-LeishIF4E2 gene
flanked by HSP83 intergenic regions. The cells were selected for their resistance to puromycin,
and expression of the newly introduced gene was verified by western analysis using antibodies
against the SBP-tag (54 Fig).

The LeishIF4E2(+/-) mutant shows altered promastigote morphology

Mid log phase (Day 2) promastigotes of LeishIF4E2(+/-), Cas9/T7 expressers, WT cells, and
LeishIF4E2 add-back parasites were grown at 25 °, washed with PBS and fixed with 2% para-
formaldehyde. The slides were visualized by phase contrast microscopy at 100 X magnification.
The LeishIF4E2(+/-) mutant showed a defective morphology; the cells had become round,
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Fig 2. CRISPR-Cas9 mediated hemizygous deletion of LeishIF4E2. (A) Diagnostic PCR was performed to confirm the deletion of single allele of LeishIF4E2.
Genomic DNA was extracted from L. mexicana Cas9/T7 cells and from the LeishIF4E2(+/-) mutant. PCR was performed using different combinations of
primers derived from the LeishIF4E2 5" UTR (Forward) and 3’ UTR (Reverse) (P1/P2 -left panel); G418 ORF (Forward) and Reverse (P3/P4, middle panel);
and a primer set derived from the G418 resistance gene, forward and the 3> UTR (Reverse) (P3/P2). (B) Schematic representation of LeishIF4E2 locus and
primers (represented by arrows). The PCR was applied to test the presence or absence of the LeishIF4E2 gene and the G418 resistance marker. Primers derived
from the LeishIF4E2 UTRs are shown in blue and primers derived from the ORF of G418 are shown in red. (C) Western analysis monitoring the protein level
of LeishIF4E2 in the LeishIF4E2(+/-) mutant and in Cas9/T7 control was performed using LeishIF4E2 specific antibodies. LeishIF4A-1 served as a loading
control. (D) Dot plot representing the densitometry analysis of the LeishIF4E2 protein levels in the LeishIF4E2(+/-) mutant and in the Cas9/T7 controls.

https://doi.org/10.1371/journal.pntd.0008352.9g002
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flagellum length was reduced and deviated from the typical promastigote form. Control WT
and Cas9/T7 expressing cells exhibited normal promastigote features with a typical elongated
shape and a long protruding flagellum. Normal promastigote morphology of elongated cells
and flagellum growth were restored when expression of LeishIF4E2(+/-) was recovered in the
add-back cells by episomal transfection of SBP tagged-LeishIF4E2 with pT-Puro-
H-LeishIF4E2; ,g,-SBP-H. Restoration of LeishIF4E2 expression led to recovery of promasti-
gote-like cell morphology and flagellum growth nearly similar to control WT and Cas9/T7
cells (Fig 3A right panel and S5 Fig for the broad field, S6 and S7 Figs).

We further used flow cytometry imaging to analyze the cell shape and viability of the cell
populations as previously described [28, 38] (S6 Fig). The circularity parameter is calculated
for each cell as the average radius divided by the radial variance. Typical round cells exhibit
low radial variance, whereas ruffled or elongated cells have high variance of radii that results in
lower circularity parameter. Cells were gated on the basis of being viable, single (non-aggre-
gated) and focused (S6A and S6B Fig), with 20,000 cells from each group analyzed. We mea-
sured cell viability by incubating with Propidium Iodide (PI) for 30 min. The viability of the
LeishIF4E2(+/-) mutant was similar to that of control cells and cell viability was comparable
between all the groups tested (Fig 3B and S6A). In parallel we analyzed and quantified the
changes in cell shape. In the LeishIF4E2(+/-) mutant, ~83% cells were deviated from their nor-
mal promastigote morphology being round and with a reduced and shortened flagellum. In
control WT and Cas9/T7 expressing cells, only 5.14% and 11.8% were round, respectively. As
expression of Leish[F4E2 was restored in the add-back cells, we noticed a recovery from their
mutant phenotype, with only 35% round cells (Fig 3C and S6C Fig).

Changes in the flagellar length for each cell were also recorded using the acquisition soft-
ware that was then analyzed by the IDEAS software (S7 Fig). We created the custom mask
based on subtraction of the Adaptive Erode mask from the skeleton mask, thus measuring
only the flagella without the cell soma. Based on this custom mask we created a length feature
on the Brightfield Image and used it to compare flagella length between different samples. In
WT and CAS9/T7 expressers we could identify a flagellum in 91.8-93.1% of focused cells com-
pared with only 40.6% of the LeishIF4E2(+/-) mutants. S2 Table shows that 81.2% of the add-
back cells had restored flagella. For cells in which we could identify a flagellum there was a sub-
stantial difference in the flagellum length between the LeishIF4E2(+/-) (5.50 micrometer) and
the WT or Cas9/T7 control cells (12.72 and 10.19 micrometers, respectively). The flagellar
length of the add-back cells recovered and attained 9.93 micrometer S2 Table.

Global translation and growth are not affected by the deletion of a single
LeishIF4E2 allele

To investigate how the reduced level of LeishIF4E2 expression in the hemizygous mutant
affected overall translation we used the SUnSET assay which is based on the incorporation of
puromycin into the growing polypeptide chains. Puromycin is a structural analogue of amino
acyl tRNA that occupies the ribosomal A site. Its integration into the polypeptide chains blocks
their elongation and results in translation termination. Mid-log LeishIF4E2(+/-) mutant, con-
trol WT and Cas9/T7 expressing cells, LeishIF4E2-SBP; ,5; and LeishIF4E2-SBP, ,,; trans-
genic cells were incubated with puromycin (1ug/mL) for 1 hr. The cells were then harvested,
extracted and resolved on SDS-PAGE. Puromycin incorporation was monitored by western
analysis using anti-puromycin antibodies. A cycloheximide treated sample served as a negative
control with no active puromycin incorporation.

Global translation in the LeishIF4E2(+/-) mutants was hardly affected by the hemizygous
deletion as compared to control Cas9/T7 expressing cells (Fig 4A). Densitometry analysis was
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Fig 3. The LeishIF4E2(+/-) mutant shows altered promastigote morphology. (A) Mid-log phase (Day 2) promastigotes of WT, Cas9/T7 expressers, LeishIF4E2(+/-)
cells, and LeishIF4E2 add-back cells were fixed with 2% paraformaldehyde and visualized by phase contrast microscopy at 100x magnification. WT, Cas9/T7 expressing
cells showed normal promastigote morphology while LeishIF4E2(+/-) were round with reduced flagellar length. (B) All the cell lines were stained with 20 pug/mL
propidium iodide (PI) for 30 min and cell viability was analyzed using the ImageStream X Mark II Imaging flow cytometer (Millipore). 20,000 cells were analyzed for
each sample and percent viable cells were determined. (C). The circularity of single, viable and focused cells from each of the cell lines was quantified using flow
cytometry, and is shown as percentage of the total number of cells measured. Data from three independent experiments are shown.

https://doi.org/10.1371/journal.pntd.0008352.g003

normalized to the total protein load (Fig 4B) and showed that translation levels in Cas9/T7 and
LeishIF4E2(+/-) mutants were 48% and 44.7%, respectively, as compared to WT (100%, Fig
4C). Translation of the transgenic parasites expressing the full length and truncated proteins
(1-281 and 1-217, respectively) did not alter their translation efficiency of 53.6 and 55.7%,
respectively. Reduced translation in the control Cas9/T7 as compared to WT has been previ-
ously reported [15] and could be due to the competition over the use of the translation
machinery between the overexpressed and endogenous proteins. S8 Fig demonstrates that the
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Fig 4. Global translation and growth are not altered in the LeishIF4E2(+/-) mutant cells. (A) LeishIF4E2(+/-) cells,
WT, Cas9/T7 expressing cells and transgenic parasites expressing the full length LeishIF4E2; ,4; and its truncated form
devoid of the C-terminus, LeishIF4E2, ,;, were incubated with 1 pg/mL puromycin for 1 hr. Cycloheximide treated
cells were used as a negative control for complete inhibition of translation. Puromycin treated cells were lysed and
resolved over 12% SDS-PAGE and subjected to western analysis using antibodies against puromycin. (B) Ponceau
staining was used to indicate comparable protein loads. (C) Densitometry analysis of puromycin incorporation in the
different cells lines, was compared to WT cells (considered as 100%). Data from all three independent experiments are
represented. (D) All cells were cultured at 25 °C in M199 containing essential nutrients. Cell counts were monitored
daily during 4 consecutive days. The curves were obtained from three independent assays, error bars are also marked.
Growth curves of WT cells are shown in yellow, Cas9/T7 are in brown, the LeishIF4E2(+/-) mutant cells are in green,
cells expressing the full length LeishIF4E2 ;_,g; are in purple, and the truncated LeishIF4E2, ,;; cells are in blue.

https://doi.org/10.1371/journal.pntd.0008352.g004

global translation in cells expressing the non-related Chloramphenicol acetyltransferase
(CAT) reporter was reduced (68.8%).

We further monitored the growth rates of the LeishIF4E2(+/-) mutant, control WT and
Cas9/T7 expressing cells, LeishIF4E2-SBP; ,5; and LeishIF4E2-SBP, ,;, transgenic cells. All
lines were cultured at 25 °C in M199 containing essential nutrients, seeded at an initial con-
centration of 4 X 10 cells/mL and counted on a daily basis during four consecutive days. The
growth curves (Fig 4D) showed no difference between the proliferation of the LeishIF4E2(+/-)
mutant cells and control lines (WT and Cas9/T7) or the transgenic lines expressing
LeishIF4E2, ,5; or LeishIF4E2,_,,,. This observation was in line with the results obtained in
the SUnSET assay demonstrating that global translation in the LeishIF4E2(+/-) mutant cells
was the same as in control cells. Overexpression of the two versions of LeishIF4E2 did not
affect global translation indicating that the presumable C-terminal cleavage of LeishIF4E2
does not interfere with translation. Although additional analysis of translated transcripts is
required, such a profile could be explained if LeishIF4E2 was involved in regulation of specific
transcripts rather than global translation per sei.

The LeishIF4E2(+/-) mutant cells show reduced infectivity in cultured
macrophages

Since the LeishIF4E2(+/-) mutant cells showed a defective morphology having short flagella
and round body structure, we examined their ability to infect cultured murine macrophages
using the RAW 267.4 line. Leishmania parasites from respective cell lines were pre-stained
with carboxyfluorescein succinimidyl ester (CFSE), and used to infect the macrophages at a
multiplicity of 10:1 parasites per macrophage. Infection lasted for 1 hr at 37°C. The macro-
phages were washed to remove unbound parasites and the cells were fixed with paraformalde-
hyde (2%) and processed for confocal analysis. DAPI staining was used to visualize the large
macrophage nuclei. The infected macrophage cultures were examined by confocal microscopy
either immediately (1 hr), or 24 hr post infection. These two time points allowed us to keep
track of the initial entry of Leishmania and their subsequent multiplication inside the host
macrophages. Infectivity of the LeishIF4E2(+/-) mutant cells was compared to that of WT and
control Cas9/T7 expressing cells. We counted 100 macrophages from different fields to deter-
mine the infectivity index. The results, shown in Figs 5A and 5B, S9 Fig (for a broad field
view), S10A and S10B Figs, indicate that infectivity of the LeishIF4E2(+/-) mutant was
impaired, as observed at both 1 hr and 24 hrs post infection. Quantitation of the infection
fields (S9 and S10 Figs and S3 Table) showed that the LeishIF4E2 mutant cells were able to
infect only 48.5% of the macrophages after 1hr, with an average of 2.2 parasites per cell
whereas WT and Cas9/T7 controls infected 87.8 and 91.5% of the cells, with 2.8 and 2.2 para-
sites per cell, respectively. The infectivity of the add-back cells was restored with 89.4% of the
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Fig 5. The LeishIF4E2(+/-) mutant cells show reduced infectivity to macrophages. Stationary phase (Day 5) L.
mexicana WT, Cas9/T7 expressing cells, LeishIF4E2(+/-) mutant cells and the add-back LeishIF4E2 line were pre-
stained with CFSE (green), counted, washed and used to infected RAW 264.7 macrophages, at a ratio of 10:1 for one
hour. The cells were then washed to remove unattached parasites, and the macrophages were cultured for 1h (A) or 24h
(B) at 37°C. Macrophage nuclei were stained with DAPI and the infected macrophage slides were processed for confocal
microscopy, showing a Z-projection produced by Image J software. Fields containing 100 cells were further evaluated to
quantify the infection. The scale bar represents 5 pm.

https://doi.org/10.1371/journal.pntd.0008352.9005
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cells infected after 1 hr with an average of 3 parasites per macrophage (Figs 5A and 5B and S9
and S3 Table).

A more pronounced difference was observed after 24 hr of infection. WT and Cas9/T7 con-
trols infected 95-99% of the macrophages with 5.4 and 5 parasites per cell respectively,
whereas the LeishIF4E2(+/-) mutant infected only 65% of the macrophages, with an average
number of 1.8 parasites per cell, indicating that they did not multiply within the macrophages
as in the control cells. The add-back parasites recovered their ability to infect the macrophages
(97.8%) with an average of 4.8 parasites per cell showing that they recovered their ability to
multiply within the macrophages. Thus, the original impaired infectivity of the mutant LIF4E2
(+/-) was due to the reduced expression of the protein and once expression was restored infec-
tivity recovered (Figs 5, S9 and S10 and S3 Table). Parasites per macrophage are represented
after normalization to 1 hr uptake. This was achieved by dividing parasites per macrophages at
the 24 hr time point with parasites per macrophages at 1 hr time point (S3 Table).

Proteomic analysis of the LeishIF4E2(+/-) mutant cells shows up- and
down-regulation of proteins involved in specific cellular processes

To examine potential differences in the proteomic profile of LeishIF4E2(+/-) mutant we per-
formed a MS analysis of the total cell extracts of the LeishIF4E2(+/-) mutant cells, as compared
to Cas9/T7 control cells. Three independent cultures of mid-log cells were used for the prote-
ome analysis and all samples were analyzed in the same run. The L. mexicana genome in Tri-
trypDB was used to assign the peptides to their source proteins which were later quantified by
the MaxQuant software. The proteomic comparison identified proteins that were increased
relative to the Cas9/T7 control proteome (Fig 6) or decreased (S4 Table), using a threshold
change of at least 1.7 fold, with p <0.05. Perseus software platform was used for the statistical
analysis ([32] and S4 Table). The statistical analysis showed that 142 proteins were upregulated
and 95 proteins were downregulated in LeishIF4E2(+/-) compared with Cas9/T7 control cells.

Fig 6A and S4 Table describe the manually categorized groups of the up- and down-regu-
lated proteins compared to Cas9/T7 control cells. The upregulated proteins related to various
cellular processes involved in cell metabolism, DNA repair and replication, signaling and
microtubule-based movement. The amastin-like surface antigen was also upregulated; this
protein family is known to increase in amastigotes. Signaling proteins that included various
kinases and phosphatases were also upregulated.

The upregulated proteins were also evaluated by the Gene Ontology (GO) enrichment anal-
ysis through the TriTrypDB platform based on their biological functions. Enrichment thresh-
old was set at 3 fold. Fig 6B and S4 Table highlight the GO enrichment of the upregulated
protein groups, each containing at least 2 proteins. In line with the manually categorized pro-
teins, the GO enrichment analysis also show that the upregulated proteins relate to general cel-
lular and DNA metabolism and to microtubule-based movement. We note a strong increase
in proteins involved in gluconeogenesis, which are typical of amastigotes.

The manually categorized proteins that were downregulated in the LeishIF4E2(+/) mutant
as compared to the Cas9/T7 control cells (S4 Table) mostly related to the flagellar rod, the cyto-
skeleton dyneins and a few ribosomal proteins (L22, L18, S15 and S10). Other downregulated
proteins in the LeishIF4E2(+/-) proteome included signaling and metabolic proteins. A num-
ber of proteins known to be involved in parasite virulence [39-42] such as surface proteins like
GP46/PSA and hydrophilic acetylated surface proteins, cysteine and metallo-peptidases were
also reduced. The GO enrichment analysis for the downregulated genes highlighted cellular
amino acid biosynthetic processes and cyclic nucleotide biosynthetic processes, both know to
decrease in amastigotes.
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Fig 6. The categorized proteome of the upregulated proteins in LeishIF4E2(+/-) mutant cells as compared to Cas9/T7 control
cells. The proteomic content of LeishIF4E2(+/-) and Cas9/T7 cells was determined by LC-MS/MS analysis, in triplicates. Raw mass
spectrometric data were analyzed and quantified using the MaxQuant software and the peptide data were searched against the
annotated L. mexicana proteins listed in TriTrypDB. The summed intensities of the peptides that served to identify the individual
proteins were used to quantify changes in the proteomic content of specific proteins. Statistical analysis was done using the Perseus
software. Proteins that were upregulated in the LeishIF4E2(+/-) mutant by 1.7 fold as compared to Cas9/T7 cell extracts, with p<0.05
are shown. (A) Proteins in LeishIF4E2(+/-) that were upregulated (>1.7 fold) as compared to Cas9/T7 extracts were clustered
manually into functional categories. The pie chart represents the summed intensities of upregulated proteins in each category, in the
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LeishIF4E2(+/-) mutant. Numbers in brackets indicate the number of proteins in each category, % represent their summed relative
intensity in the analysis. (B) Enriched proteins were classified by the GO enrichment tool in TriTrypDB, based on Biological
Function. The threshold for the calculated enrichment of proteins based on their GO terms was set for 2.5 fold, with p<0.05. This
threshold eliminated most of the general groups that represented parental GO terms. GO terms for which only a single protein was
annotated were filtered out as well.

https://doi.org/10.1371/journal.pntd.0008352.9g006

The LeishIF4E2(+/-) morphology resembles axenic amastigotes

The LeishIF4E2(+/-) mutant promastigotes were small and round and had a very short flagel-
lum (Figs 7A and S7). This morphology resembles the changes observed during differentiation
to axenic-like amastigotes under normal growth conditions. We therefore examined how the
mutant cells responded to conditions known to generate axenic amastigotes. L. mexicana
LeishIF4E2(+/-) promastigotes along with control WT and Cas9/T7 cells were grown to late
log phase and transferred to conditions that induce differentiation to axenic amastigotes in
vitro (pH 5.5, 33°C) for four days. The differentiated LeishIF4E2(+/-) cells maintained a simi-
lar morphology, except that they became smaller, resembling axenic amastigote structure (Fig
7B).

We compared the repertoire of proteins that were enriched in the LeishIF4E2(+/-) mutant
promastigotes with the published proteome specific to amastigotes [43,44]. This comparison
highlighted eight overlaps between the proteins that were upregulated in the LeishIF4E2(+/-)
mutant and in amastigotes (Fig 7C and S5 Table), as reported previously [45,46]. The shared
proteins included enzymes required for gluconeogenesis, such as the phosphoenolpyruvate
carboxykinase and pyruvate phosphate dikinase. These two enzymes are key players in the glu-
coneogenesis pathways which are active in the amastigote stage of Leishmania and are required
for the intracellular survival of the parasite within mammalian host cells [47]. We also noticed
that the aldo-keto reductase was upregulated in LeishIF4E2(+/-). Aldo-keto reductase is sug-
gested to have a role in the removal of the ketoaldehyde metabolites derived from lipids and
trioses [46]. Other proteins upregulated in LeishIF4E2(+/-) included cystathionine beta-lyase
(methionine biosynthesis) and signaling kinases like mitogen-activated protein kinase.
Enzymes involved in lipid metabolism pathways were shown to increase in Leishmania amasti-
gotes, as these change their energy source on entering mammalian macrophages [48]. Fewer
overlaps were observed for down-regulated proteins. These included the peptidyl-prolyl cis-
trans isomerase, putative, a protein implicated in protein folding [49]. Downregulation of a
poly zinc finger protein 2 of unknown function was also shared.

Discussion

The current study aims to understand one of the least studied Leishmania cap-binding para-
logs, LeishIF4E2, using CRISPR-Cas9 mediated gene knock-out. We successfully deleted one
of the two LeishIF4E2 alleles and studied the effect of this deletion on various cellular pro-
cesses, including growth, morphology, metabolism, infectivity to macrophages, and overall
proteome.

LeishIF4E2 does not associate with any eIF4G partner and co-migrates with polysomes on
sucrose gradients [10], however, this profile does not indicate its biological role. The inability
to bind an LeishIF4G partner is similar to the translation repressor 4E-HP [8], however, the
absence of LIF4G binding does not necessarily indicate that the protein is a repressor. We
recently showed that LeishIF4E1, which also does not pair with any Leish[F4G does not appear
to function as a translation repressor [15].

The ortholog of LeishIF4E2 from T. brucei, TbEIF4E2, associates with a stem-loop binding
protein that binds to histone mRNA, but its role in translation activation or repression
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Fig 7. LeishIF4E2(+/-) mutant cells easily transform to axenic amastigote-like cells. (A) Promastigotes of the LeishIF4E2(+/-) mutant, control
WT, and Cas9/T7 expressing cells grown under normal conditions are shown. (B) Morphology of cells transferred to conditions that induce
differentiation to axenic-amastigotes (33°C/pH 5.5) during four days. Images were captured at 100x magnification with a Zeiss Axiovert 200M
microscope equipped with AxioCam HRm CCD camera. The scale bar is 10 pm. (C) Shared upregulated proteins in the mutant LeishIF4E2(+/-)
promastigotes (compared to Cas9/T7 cells) and in published amastigotes proteome. The total protein of the LeishIF4E2(+/-) mutant promastigotes
was compared to the proteome of Cas9/T7 cells. The list of upregulated proteins was further compared with the proteins enriched in the amastigote
proteome of the virulent L. amazonensis PH8 strain (de Rezende et al, PLOS NTD 2017) and of L. mexicana amastigotes (Paape et al, Mol Cell Prot
2008). L amazonensis gene IDs were converted to L. mexicana, for the sake of comparison.

https://doi.org/10.1371/journal.pntd.0008352.9007

remained elusive. Here, generation of a hemizygous mutant of LeishIF4E2 by CRISPR-Cas9
gene knockout enables us to explore the potential role of LeishIF4E2 in translation in Leish-
mania and how this deletion affects the proteomic profile. Our attempts to delete both alleles
of LeishIF4E2 were unsuccessful, although we were able to obtain a null mutation of another
cap-binding protein, LeishIF4E1, by the same approach [15] supporting that LeishIF4E2 per-
forms an essential function. Although the deletion of the single allele of LeishIF4E2 reduced its
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expression, it did not affect global translation and growth rates of the mutant cells. However,
the hemizygous mutant had an altered proteome profile. MS analysis and GO enrichment
analysis demonstrated that the protein families with decreased expression are categorized as
flagellar rod and cytoskeletal proteins; this is compatible with the observed defects in
LeishIF4E2(+/-) mutant cellular morphology. On the other hand, proteins involved in cyto-
skeletal movement were upregulated, conferring a minimal movement capacity to the round
mutant cells. The fact that global translation appears unaffected may be due to a downstream
effect. If LeishIF4E2 is responsible for transcript specific translation, only specific subsets of
genes would be affected, and this would not be reflected in global translation assays. A down-
stream protein involved in protein stability could also affect the changes in the proteomic pro-
file of the mutant cells.

The LeishIF4E2 sequences are highly conserved among the Leishmania species and less
with trypanosomes. LeishIF4E2 possesses an extended C-terminal domain predicted to be dis-
ordered. This extended C-terminus is absent from all other LeishIF4Es emphasizing that it is
unique to LeishIF4E2. It is also absent from the T. brucei and T. congolensi orthologs of
LeishIF4E2 making this C-terminus is specific to the Leishmania. We find that the disordered
C-terminus is subject to proteolytic cleavage, both in vivo and in vitro. In cell extracts antibod-
ies against the SBP tag could recognize LeishIF4E2 tagged at its N-terminus. These antibodies
recognized both the full-length protein (LeishIF4E2; ,g;) and its C-terminal truncated product
(LeishIF4E2, ,,7) when LeishIF4E2 was tagged at its N-terminus. In LeishIF4E2, ,g;, cleavage
of the C-terminus generated the shorter version of the protein that could be identified by the
antibodies to the N-terminal tag. A similar approach using recombinant LeishIF4E2 purified
from bacterial extracts showed both the presumable full-length and cleaved protein lacking the
disordered C-terminus. Here too antibodies against the His tag interacted with the recombi-
nant LeishIF4E2 only when it was tagged at its N-terminus. Since we did not observe any dif-
ference in total translation or growth rates between cell lines expressing the full length or the
shorter version the biological role of this cleavage and its products remains elusive.

Complete or partial deletion of other LeishIF4E paralogs has resulted in similar effects on
cell morphology giving rise to mutant cells that were small, non-flagellated and impaired in
their ability to infect macrophages. We note that this was also the case with the null mutant of
LeishIF4E1 [15] and the hemizygous mutant of LeishIF4E3 [19]. We show here that the hemi-
zygous deletion of LeishIF4E2 generates morphologically defective cells. In all these cases, we
observed a similar pattern of behavior, namely that perturbation of individual LeishIF4Es
results in altered morphology, defects in cytoskeletal motility proteins, flagellar growth and
impaired infectivity. The different LeishIF4Es may fulfill each other’s role to a certain extent,
allowing viability, but they may be responsible for translation of different sets of transcripts,
since we expect that many genes are required to maintain a proper cytoskeleton and a func-
tional flagellum. Impaired expression of discrete transcript groups could result in impaired
shape and motility in the different mutants with different transcripts being affected. Based on
previous reports in the field it is also expected that the flagellum is required for the entry of
promastigotes into macrophages after transmission to the mammalian host, [50-53]. Apart
from the defective morphology, the downregulation of important virulence factors such as dis-
crete surface proteins, promastigote surface antigens (PSA/GP46), could result in the impaired
infectivity we observed. Expression of the GP46/PSA surface antigen was previously shown to
be involved in parasite virulence by protecting the parasite from complement mediated lysis
[42]. We note that despite the morphological changes and the relative changes in the prote-
ome, promastigote viability was not affected as compared to control cells, indicating that inhi-
bition of cell motility, or changes in cell size do not necessarily affect cell viability. Analysis of
the proteomic changes in the LeishIF4E2(+/-) mutant shows that along with the reduced
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expression of specific proteins, we observed an upregulation of proteins involved in DNA rep-
lication and repair, that could contribute to cell proliferation of the mutant cells, as compared
to the controls. These could assist in maintain cell proliferation.

Genome wide tethering screens for identifying regulatory proteins that affect gene expres-
sion in T. brucei suggested that TbEIF4E2 acts as a translation repressor [54]. From our study
we cannot conclude that LeishIF4E2 is a general translation repressor, since the translation
assays monitoring de novo translation in the LeishIF4E2(+/-) mutant cells did not demonstrate
any increase in protein synthesis activity or even cell growth. In addition, parasites expressing
SBP tagged LeishIF4E2 did not show any decrease in global translation, ruling out the general
translation repressive ability of LeishIF4E2. However, as indicated above, if LeishIF4E2 could
function in a transcript-specific manner, it could possibly repress translation of specific tran-
scripts without affecting global translation. Alternatively, LeishIF4E2 could serve as a tran-
script-specific translation factor that a reduction in its expression could lead to impaired
translation of specific transcripts. Both alternatives rule out a role for LeishIF4E2 as a global
translation repressor. We also cannot exclude the option that reduced expression of
LeishIF4E2 had an indirect effect on the proteomic profile, through modulation of a small
number of downstream proteins involved in translation. Contrasting roles for a specific cap-
binding protein have been reported for the 4E-HP ortholog in higher eukaryotes, as 4E-HP
fails to bind any eIF4G partner, and functions as a translation repressor during embryogenesis
[55]. However, it also functions as a translation inducing factor for a specific set of transcripts
translated under conditions of hypoxia [56].

We further considered the possibility that LeishIF4E2 is associated with stage differentia-
tion. Our former publication [13] indicated that LeishIF4E2 expression was almost undetect-
able in axenic amastigotes. Expression of other cap-binding proteins was also reduced with
only LeishIF4E1 maintaining its expression level at both life stages. LeishIF4E4 changed its
modification profile, and LeishIF4E3 was reduced in axenic amastigotes. The complete
absence of LeishIF4E2 expression in axenic amastigotes could indicate that stage transforma-
tion requires its suppression during differentiation. Indeed, we noticed that LeishIF4E2(+/-)
mutants are easily differentiated into axenic amastigotes. We now see that reduction of
LeishIF4E2(+/-) expression lead to upregulation of important enzymes involved in gluconeo-
genesis, as compared to Cas9/T7 expressers. This group of proteins was also reported to
increase in amastigotes [43, 57]. Another protein that was upregulated when expression of
LeishIF4E2 was reduced is the mitogen-activated protein kinase-kinase (LmxM.19.0150), a
protein reported to increase in axenic amastigotes [57]. The T. brucei ortholog, TbEIF4E2, was
shown to bind the stem-loop binding protein 2, SLBP2, a protein that associates specifically
with histone mRNAs. In higher eukaryotes SLBP associates with polyribosomes as a result of
continued synthesis and transport of the histone mRNP to the cytoplasm [58]. LeishIF4E2 is
the only cap-binding protein that clearly associates with polysomal fractions that were sepa-
rated over sucrose gradients; the other LeishIF4Es tested co-migrated with lower MW fractions
of the sucrose gradient [10]. The repertoire of upregulated genes in the LeishIF4E2 (+/-)
mutant shows enrichment of DNA repair and DNA binding proteins, some of which are also
involved in DNA replication. Therefore, LeishIF4E2 could be directly or indirectly involved in
maintaining DNA integrity and structure. However there is a need to do further investigation
on this aspect. For comparison, proteins that relate to these groups were not upregulated in
the LeishIF4E1(-/-) null mutant cells [15] suggesting unique roles for the different cap-binding
proteins.

This study further emphasizes the complex nature of the network that regulates translation
in trypanosomatids with potentially overlapping functions of the different cap-binding pro-
teins. This is further emphasized when one considers the involvement of additional 4E-
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interacting proteins, such as Leish4E-IP1 [13] and Leish4E-IP2 [59] in modulating protein
synthesis in this group of fascinating organisms that diverged early in the evolution of eukary-
otes. The presence of multiple cap-binding proteins in this unicellular organism is intriguing
as it appears that recruitment of this important group of proteins to perform specific functions
is part of the successful machinery of adaptation to the changing environments that the para-
sites experience during their complex life cycle, transiting between insect vector and mamma-
lian host.

Supporting information

S1 Fig. A Sequence alignment of the cap-binding protein paralogs of Leishmania mexicana
indicating the N- and C-termini extensions. (A) Sequences were retrieved from L. mexicana
parasites annotated in TriTrypDB. Alignment was generated using Jalview (2.10.5). The
aligned sequences were derived from L.mexicana genome sequences from TritrypDB. The
sequences used were LeishIF4E1 (4E1, LmxM.27.1620); LeishIF4E2, (4E2, LmxM.19.1480);
LeishIF4E3 (4E3, LmxM.28.2500); Leish[F4E4 (4E4, LmxM.29.0450); LeishIF4E5 (4E5,
LmxM.36.0590); LeishIF4E6 (4E6, LmxM.26.0240). N-terminal extensions are observed in
LeishIF4E3 and LeishIF4E4, as previously reported. A C-terminal extension is observed only
in LeishIF4E2. (B) The table shows percent similarities between the different Leishmania
LeishIF4Es and the Mus musculus eIF4E. (C) The tables show the percent similarities between
the different trypanosomatid orthologs of LeishIF4E2 with the Homo sapiens eIFAE. (D) The
table shows % similarities between the different LeishIF4Es, and LeishIF4E1. Percent similari-
ties were generated by EMBOSS needle (https://www.ebi.ac.uk/Tools/psa/emboss_needle/).
(TIF)

S2 Fig. LeishIF4E2 is susceptible to C-terminal cleavage. L. mexicana cells expressing the N-
terminally tagged full length SBP-LeishIF4E2, g, the truncated version of LeishIF4E2; ,;,
and WT cells, were grown under normal conditions. (A) Cells were rapidly lysed in
SDS-PAGE gel loading buffer, showing the total extracts. The blot was developed with anti-
bodies against the SBP tag. (B) Lanes marked as Total were obtained from rapid lysis as in (A),
and lanes marked as Supernatant were obtained from cell lysis with Triton X-100 incubated
on ice for 10 min, followed by centrifugation to remove the insoluble fractions of the cell. The
blot was developed with antibodies against the SBP tag. (C) Bacterial cells expressing the
recombinant LeishIF4E2; ,g; tagged with Histidine at its N-terminus were disrupted in a
French Press, and the protein was affinity purified over a nickel column. The blot was devel-
oped using antibodies against the His tag.

(TTF)

S3 Fig. LeishIF4E2 is localized in the cytoplasm. L. amazonensis cells expressing LeishlI-
F4E2-SBP were grown under normal conditions. The cells were washed, fixed in paraformal-
dehyde and further processed for confocal microscopy. LeishIF4E2 was detected using
monoclonal anti-SBP primary antibody and a secondary goat anti-mouse fluorescent antibody
labeled with a green fluorophore (Alexafluore, 488 nM). The nuclear and kinetoplast DNA
was stained using DAPI (blue). Images were taken using confocal microscopy showing a Z-
projection that was produced by the Image J software. Scale bar: 10 um. The digital zoom in
(A)is 5.5 and in (B) is 1.8, giving a broader field.

(TIF)

$4 Fig. Confirmation of add-back LeishIF4E2 expression. (A) Cell lysates of L. mexicana
LeishIF4E2 add-back and WT cells were resolved over 10% SDS-PAGE followed by western
analysis with antibodies directed against the SBP tag. (B) Ponceau staining of the blot served as
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aloading control.
(TIF)

S5 Fig. Morphological changes of LeishIF4E2(+/-) and their recovery in the add-back cells
(broad field). The mutant LeishIF4E2(+/-) mutant, the add-back cells along with WT and
Cas9/T7 expresser cells were grown under normal conditions. The cells were fixed, and images
were captured at X100 magnification with a Zeiss Axiovert 200M microscope equipped with
AxioCam HRm CCD camera.

(TIF)

S6 Fig. Flow cytometry for viability, gating of focused single cell population and cell shape
quantification. L. mexicana WT, Cas9/T7 expressing control cells, LeishIF4E2(+/-) mutant
and add-back promastigotes were subjected to Flow cytometry analysis. (A) Cell viability is
represented for focused, single gated cells for all the different cell lines (B) Scatter plots repre-
senting gated focused single cell populations for different cell lines. (C) Cell shapes are being
represented in terms of circularity or elongatedness as scatter plots for gated cell population.
(TIF)

S7 Fig. Shortening of the flagella in the LeishIF4E2(+/-) hemizygous mutant and its recov-
ery in the add-back cells. Data were acquired for WT, Cas9/T7, 4E2(+/-) and add-back cells
in the assay using ImageStreamX mKkII, Objective 60X/0.9NA. (A) An assay containing
~15,000 cells shows the percentage of cells with identifiable flagella (>0 um) as a dot plot. (B)
The mean flagellum length of ~15,000 cells is shown as a dot plot. (C) Shows the normalized
frequency of flagellar length (D) Representative Brightfield images of cells with various flagella
length. Red lines show the mask used to identify the flagellum, numbers in dark blue show fla-
gella length in micrometer for individual images.

(TIF)

S8 Fig. Global translation in cells expressing the CAT reporter is reduced as compared to
WT. (A) WT and transgenic cells expressing the CAT reporter (iCATi, I represents the HSP83
intergenic region that provides RNA processing signals) were incubated with 1 ug/mL puro-
mycin for 1 hr. Cycloheximide treated cells were used as a negative control for complete inhi-
bition of translation. Puromycin treated cells were lysed and resolved over 12% SDS-PAGE
and subjected to western analysis using antibodies against puromycin. (B) Ponceau staining
was used to indicate comparable protein loads. (C) Densitometry analysis of puromycin incor-
poration in the iCATi expressing cell line was compared to wild type (WT) cells (100%). Data
from all three independent experiments are represented.

(TIF)

S9 Fig. The LeishIF4E2(+/-) mutant cells show reduced infectivity to cultured macrophages
(broad field). Stationary phase L. mexicana LeishIF4E2(+/-) mutant, WT, Cas9/T7 expressers
and add-back cells, were pre-stained with the CFSE dye and used to infect RAW 264.7 macro-
phages at a ratio of 10:1 for one hour. The cells were then washed to remove excess parasites,
and the macrophages were cultured for 1 hr (A) or 24 hr (B) post infection at 37°C. Macro-
phage nuclei were stained with DAPI and the infected macrophages were processed for confo-
cal microscopy. A representative section of Z-projections (maximum intensity) produced by
Image J software is shown. Fields of 200 cells were further evaluated to quantify the infection.
(TIF)

S$10 Fig. Statistical analysis of LeishIF4E2(+/-) mutant infectivity compared to controls.
Parasite infectivity of cultured RAW 264.7 macrophages was estimated in vitro using Image J
software. (A) The percentage of infected macrophages was determined by counting a total of
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100 macrophages from three independent experiments. (B) The average number of parasites
per infected cell is shown. Kruskal Wallis test in GraphPad Prism was used to determine the
percentage of infected cells and for calculation of the average parasites per cell along with stan-
dard deviation values (SD). The percentage of infected macrophages (%) and the average num-
ber of parasites per macrophage in the LeishIF4E2(+/-) mutant were compared with each of
the control lines: WT, Cas9/T7 expressing cells, the LeishIF4E2(+/-) mutant and the
LeishIF4E2 add-back cells. P value < 0.001 is represented by ***, P value < 0.01 by ** and P
value < 0.05 by *. The data for 1hr and 24 hr macrophage infections are shown in separate
panels.

(TIF)

S1 Table. List of primers.
(XLSX)

S2 Table. Measurements of flagellar length in the different parasite lines. Changes in the
flagellar length for each cell taken by the acquisition software were calculated using IDEAS
software. A customized mask was created for measuring only the flagella without the cell
soma. Based on this mask, a length feature on the Brightfield Image was created and used to
compare flagellum length between different samples, shown as A and B for the 1 and 24 hr
infections.

(XLSX)

$3 Table. Reduced infectivity of the LeishIF4E2(+/-) mutant cells as compared to WT and
Cas9/T7 controls and to add-back cells. Parasite infectivity of cultured RAW 264.7 macro-
phages was estimated in vitro, using the Image J software. The percentage of infected macro-
phages was determined by counting a total of 100 macrophages from three independent
experiments. The average number of parasites per infected cell is shown.

(XLSX)

$4 Table. List of up- and down-regulated proteins in total extracts of the LeishIF4E2(+/-)
mutant as compared to Cas9/T7 control cells. Raw MS data were analyzed and quantified
using the MaxQuant software and the peptide data were searched against the annotated L.
mexicana proteins listed in TriTrypDB. The proteomic content of 4E2(+/-) and Cas9/T7 cells
was determined by LC-MS/MS analysis, in triplicates.

(XLSX)

S5 Table. Comparison of the LeishIF4E2(+/-) proteome with published amastigote prote-
omes. The proteome of upregulated LeishIF4E2(+/-) mutant promastigotes was compared
with the proteins enriched in the amastigote proteome of virulent L. amazonensis PH8 strain,
as compared to the less virulent LV79 [44]. The up- and down-regulated proteins in
LeishIF4E2(+/-) mutant promastigotes were also compared with the L. mexicana amastigote
proteome [43].

(XLSX)

Acknowledgments

We thank Dr. Eva Gluenz from the University of Oxford for providing us with the plasmids
for performing CRISPR-Cas9 in Leishmania. We thank Prof. Charles Jaffe (Hebrew Univer-
sity, Israel) for providing us with the L. mexicana strain M379. We thank the Smoler Proteo-
mics Center in the Technion, Haifa, for their proteomic analysis. We are also grateful to Prof.
Dina Raveh for editing this manuscript and for helpful discussions.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008352 March 24, 2021 27 /31


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008352.s011
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008352.s012
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008352.s013
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008352.s014
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008352.s015
https://doi.org/10.1371/journal.pntd.0008352

PLOS NEGLECTED TROPICAL DISEASES Deletion of a single LeishIF4E2 allele by CRISPR-Cas9

Author Contributions

Conceptualization: Nofar Baron, Nitin Tupperwar, Michal Shapira.

Data curation: Nofar Baron, Nitin Tupperwar, Michal Shapira.

Formal analysis: Nofar Baron, Nitin Tupperwar.

Funding acquisition: Raz Zarivach, Michal Shapira.

Investigation: Nofar Baron, Nitin Tupperwar.

Methodology: Nofar Baron, Nitin Tupperwar, Irit Dahan, Uzi Hadad, Geula Davidov, Raz

Zarivach.

Project administration: Michal Shapira.

Resources: Raz Zarivach, Michal Shapira.

Software: Nofar Baron, Nitin Tupperwar, Uzi Hadad.

Supervision: Michal Shapira.

Validation: Nofar Baron, Nitin Tupperwar, Michal Shapira.

Visualization: Nofar Baron, Nitin Tupperwar, Michal Shapira.

Writing - original draft: Nitin Tupperwar.

Writing - review & editing: Nitin Tupperwar, Michal Shapira.

References

1.

10.

Sacks DL, Perkins PV. Identification of an infective stage of Leishmania promastigotes. Science. 1984;
223(4643):1417-9. https://doi.org/10.1126/science.6701528 PMID: 6701528

Zilberstein D, Shapira M. The role of pH and temperature in the development of Leishmania parasites.
Ann Rev Microbiol. 1994; 48(1):449-70. https://doi.org/10.1146/annurev.mi.48.100194.002313 PMID:
7826014

Haile S, Papadopoulou B. Developmental regulation of gene expression in trypanosomatid parasitic
protozoa. Currt Opin Microbiol. 2007; 10(6):569-77. https://doi.org/10.1016/j.mib.2007.10.001 PMID:
18177626

Sonenberg N, Hinnebusch AGJC. Regulation of translation initiation in eukaryotes: mechanisms and
biological targets. Cell. 2009; 136(4):731-45. https://doi.org/10.1016/j.cell.2009.01.042 PMID:
19239892

Peter D, Igreja C, Weber R, Wohlbold L, Weiler C, Ebertsch L, et al. Molecular architecture of 4E-BP
translational inhibitors bound to elF4E. Molecular Cell. 2015; 57(6):1074-87. https://doi.org/10.1016/.
molcel.2015.01.017 PMID: 25702871

Nakamura A, Sato K, Hanyu-Nakamura KJDc. Drosophila Cup is an elF4E binding protein that associ-
ates with Bruno and regulates oskar mRNA translation in oogenesis. Develop Cell. 2004; 6(1):69-78.
https://doi.org/10.1016/s1534-5807(03)00400-3 PMID: 14723848

Kamenska A, Lu W-T, Kubacka D, Broomhead H, Minshall N, Bushell M, et al. Human 4E-T represses
translation of bound MRNAs and enhances microRNA-mediated silencing. Nucleic Acids Res. 2013; 42
(5):3298-313. hitps://doi.org/10.1093/nar/gkt1265 PMID: 24335285

Rom E, Kim HC, Gingras AC, Marcotrigiano J, Favre D, Olsen H, et al. Cloning and characterization of
4EHP, a novel mammalian elF4E-related cap-binding protein. J Biol Chem. 1998; 273(21):13104-9.
https://doi.org/10.1074/jbc.273.21.13104 PMID: 9582349

Dhalia R, Reis CR, Freire ER, Rocha PO, Katz R, Muniz JR, et al. Translation initiation in Leishmania
major. characterisation of multiple elF4F subunit homologues. Mol Biochem Parasitol. 2005; 140
(1):23-41. https://doi.org/10.1016/j.molbiopara.2004.12.001 PMID: 15694484

Yoffe Y, Zuberek J, Lerer A, Lewdorowicz M, Stepinski J, Altmann M, et al. Binding specificities and
potential roles of isoforms of eukaryotic initiation factor 4E in Leishmania. Eukaryot Cell. 2006; 5
(12):1969-79. https://doi.org/10.1128/EC.00230-06 PMID: 17041189

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008352 March 24, 2021 28/31


https://doi.org/10.1126/science.6701528
http://www.ncbi.nlm.nih.gov/pubmed/6701528
https://doi.org/10.1146/annurev.mi.48.100194.002313
http://www.ncbi.nlm.nih.gov/pubmed/7826014
https://doi.org/10.1016/j.mib.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18177626
https://doi.org/10.1016/j.cell.2009.01.042
http://www.ncbi.nlm.nih.gov/pubmed/19239892
https://doi.org/10.1016/j.molcel.2015.01.017
https://doi.org/10.1016/j.molcel.2015.01.017
http://www.ncbi.nlm.nih.gov/pubmed/25702871
https://doi.org/10.1016/s1534-5807%2803%2900400-3
http://www.ncbi.nlm.nih.gov/pubmed/14723848
https://doi.org/10.1093/nar/gkt1265
http://www.ncbi.nlm.nih.gov/pubmed/24335285
https://doi.org/10.1074/jbc.273.21.13104
http://www.ncbi.nlm.nih.gov/pubmed/9582349
https://doi.org/10.1016/j.molbiopara.2004.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15694484
https://doi.org/10.1128/EC.00230-06
http://www.ncbi.nlm.nih.gov/pubmed/17041189
https://doi.org/10.1371/journal.pntd.0008352

PLOS NEGLECTED TROPICAL DISEASES Deletion of a single LeishIF4E2 allele by CRISPR-Cas9

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Dhalia R, Marinsek N, Reis CR, Katz R, Muniz JR, Standart N, et al. The two elF4A helicases in Trypa-
nosoma brucei are functionally distinct. Nucleic Acids Res. 2006; 34(9):2495-507. Epub 2006/05/12.
https://doi.org/10.1093/nar/gkl290 PMID: 16687655

Yoffe Y, Leger M, Zinoviev A, Zuberek J, Darzynkiewicz E, Wagner G, et al. Evolutionary changes in
the Leishmania elF4F complex involve variations in the elF4E-elF4G interactions. Nucleic Acids Res.
2009; 37(10):3243-58. https://doi.org/10.1093/nar/gkp190 PMID: 19321500

Zinoviev A, Leger M, Wagner G, Shapira M. A novel 4E-interacting protein in Leishmania is involved in
stage-specific translation pathways. Nucleic Acids Res. 2011; 39(19):8404—15. Epub 2011/07/19.
https://doi.org/10.1093/nar/gkr555 PMID: 21764780

Gingras AC, Raught B, Sonenberg N. elF4 initiation factors: effectors of mRNA recruitment to ribo-
somes and regulators of translation. Annu Rev Biochem. 1999; 68(1):913-63. https://doi.org/10.1146/
annurev.biochem.68.1.913 PMID: 10872469

Tupperwar N, Shrivastava R, Shapira M. LeishIF4E1 deletion affects the promastigote proteome, mor-
phology, and infectivity. mSphere. 2019; 4(6). https://doi.org/10.1128/mSphere.00625-19 PMID:
31722993

Freire ER, Dhalia R, Moura DM, da Costa Lima TD, Lima RP, Reis CR, et al. The four trypanosomatid
elF4E homologues fall into two separate groups, with distinct features in primary sequence and biologi-
cal properties. Mol Biochem Parasitol. 2011; 176(1):25-36. https://doi.org/10.1016/j.molbiopara.2010.
11.011 PMID: 21111007

Zinoviev A, Shapira M. Evolutionary conservation and diversification of the translation initiation appara-
tus in trypanosomatids. Comp Funct Genomics. 2012; 2012:813718. https://doi.org/10.1155/2012/
813718 PMID: 22829751

Shrivastava R, Drory-Retwitzer M, Shapira M. Nutritional stress targets LeishIF4E-3 to storage granules
that contain RNA and ribosome components in Leishmania. PLOS Negl Trop Dis. 2019; 13(3):
e€0007237. https://doi.org/10.1371/journal.pntd.0007237 PMID: 30870425

Shrivastava R, Tupperwar N, Drory-Retwitzer M, Shapira M. Deletion of a single LeishIF4E-3 allele by
the CRISPR-Cas9 system alters cell morphology and infectivity of Leishmania. mSphere. 2019; 4(5):
e€00450-19. https://doi.org/10.1128/mSphere.00450-19 PMID: 31484740

Freire ER, Vashisht AA, Malvezzi AM, Zuberek J, Langousis G, Saada EA, et al. elF4F-like complexes
formed by cap-binding homolog TbEIF4E5 with TbEIF4G1 or TbEIF4G2 are implicated in post-tran-
scriptional regulation in Trypanosoma brucei. RNA 2014; 20:1272—86. https://doi.org/10.1261/ma.
045534.114 PMID: 24962368

Freire ER, Malvezzi AM, Vashisht AA, Zuberek J, Saada EA, Langousis G, et al. Trypanosoma brucei
translation initiation factor homolog EIF4E6 forms a tripartite cytosolic complex with EIF4G5 and a cap-
ping enzyme homolog. Eukaryot Cell. 2014; 13(7):896—908. https://doi.org/10.1128/EC.00071-14
PMID: 24839125

Hiremath LS, Hiremath ST, Rychlik W, Joshi S, Domier LL, Rhoads RE. In vitro synthesis, phosphoryla-
tion, and localization on 48S initiation complexes of human protein synthesis initiation factor 4E. J Biol
Chem. 1989; 264(2):1132-8. PMID: 2910847.

Freire ER, Moura DMN, Bezerra MJR, Xavier CC, Morais-Sobral MC, Vashisht AA, et al. Trypanosoma
brucei EIF4E2 cap-binding protein binds a homolog of the histone-mRNA stem-loop-binding protein.
Curr Genet. 2017; 64(4):821-39. https://doi.org/10.1007/s00294-017-0795-3 PMID: 29288414

Beneke T, Madden R, Makin L, Valli J, Sunter J, Gluenz E. A CRISPR Cas9 high-throughput genome
editing toolkit for kinetoplastids. R Soc Open Sci. 2017; 4(5):170095. https://doi.org/10.1098/rsos.
170095 PMID: 28573017

Laban A, Wirth DF. Transfection of Leishmania enriettii and expression of chloramphenicol acetyltrans-
ferase gene. Proc Natl Acad Sci U S A. 1989; 86(23):9119-23. https://doi.org/10.1073/pnas.86.283.
9119 PMID: 2594753

Peng D, Tarleton R. EuPaGDT: a web tool tailored to design CRISPR guide RNAs for eukaryotic patho-
gens. Microb Genomics. 2015; 1(4):e000033. https://doi.org/10.1099/mgen.0.000033 PMID: 28348817

Goodman CA, Hornberger TA. Measuring protein synthesis with SUnSET: a valid alternative to tradi-
tional techniques? Exerc Sport Sci Rev. 2013; 41(2):107-15. https://doi.org/10.1097/JES.
0b013e3182798a95 PMID: 23089927

Zuba-Surma EK, Ratajczak MZ. Analytical capabilities of the ImageStream cytometer. Methods in cell
biology. 102: Elsevier; 2011. p. 207-30. https://doi.org/10.1016/B978-0-12-374912-3.00008-0 PMID:
21704840

Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized ppb-range mass
accuracies and proteome-wide protein quantification. Nature Biotechnol. 2008; 26(12):1367.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008352 March 24, 2021 29/31


https://doi.org/10.1093/nar/gkl290
http://www.ncbi.nlm.nih.gov/pubmed/16687655
https://doi.org/10.1093/nar/gkp190
http://www.ncbi.nlm.nih.gov/pubmed/19321500
https://doi.org/10.1093/nar/gkr555
http://www.ncbi.nlm.nih.gov/pubmed/21764780
https://doi.org/10.1146/annurev.biochem.68.1.913
https://doi.org/10.1146/annurev.biochem.68.1.913
http://www.ncbi.nlm.nih.gov/pubmed/10872469
https://doi.org/10.1128/mSphere.00625-19
http://www.ncbi.nlm.nih.gov/pubmed/31722993
https://doi.org/10.1016/j.molbiopara.2010.11.011
https://doi.org/10.1016/j.molbiopara.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21111007
https://doi.org/10.1155/2012/813718
https://doi.org/10.1155/2012/813718
http://www.ncbi.nlm.nih.gov/pubmed/22829751
https://doi.org/10.1371/journal.pntd.0007237
http://www.ncbi.nlm.nih.gov/pubmed/30870425
https://doi.org/10.1128/mSphere.00450-19
http://www.ncbi.nlm.nih.gov/pubmed/31484740
https://doi.org/10.1261/rna.045534.114
https://doi.org/10.1261/rna.045534.114
http://www.ncbi.nlm.nih.gov/pubmed/24962368
https://doi.org/10.1128/EC.00071-14
http://www.ncbi.nlm.nih.gov/pubmed/24839125
http://www.ncbi.nlm.nih.gov/pubmed/2910847
https://doi.org/10.1007/s00294-017-0795-3
http://www.ncbi.nlm.nih.gov/pubmed/29288414
https://doi.org/10.1098/rsos.170095
https://doi.org/10.1098/rsos.170095
http://www.ncbi.nlm.nih.gov/pubmed/28573017
https://doi.org/10.1073/pnas.86.23.9119
https://doi.org/10.1073/pnas.86.23.9119
http://www.ncbi.nlm.nih.gov/pubmed/2594753
https://doi.org/10.1099/mgen.0.000033
http://www.ncbi.nlm.nih.gov/pubmed/28348817
https://doi.org/10.1097/JES.0b013e3182798a95
https://doi.org/10.1097/JES.0b013e3182798a95
http://www.ncbi.nlm.nih.gov/pubmed/23089927
https://doi.org/10.1016/B978-0-12-374912-3.00008-0
http://www.ncbi.nlm.nih.gov/pubmed/21704840
https://doi.org/10.1371/journal.pntd.0008352

PLOS NEGLECTED TROPICAL DISEASES Deletion of a single LeishIF4E2 allele by CRISPR-Cas9

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Aslett M, Aurrecoechea C, Berriman M, Brestelli J, Brunk BP, Carrington M, et al. TriTrypDB: a func-
tional genomic resource for the Trypanosomatidae. Nucleic Acids Res 2009; 38 (suppl_1):D457-D62.
https://doi.org/10.1093/nar/gkp851 PMID: 19843604

Krey JF, Wilmarth PA, Shin J-B, Klimek J, Sherman NE, Jeffery ED, et al. Accurate label-free protein
quantitation with high-and low-resolution mass spectrometers. J Proteome Res. 2013; 13(2):1034—44.
https://doi.org/10.1021/pr401017h PMID: 24295401

Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, et al. The Perseus computational plat-
form for comprehensive analysis of (prote)omics data. Nat Methods. 2016; 13(9):731. https://doi.org/
10.1038/nmeth.3901 PMID: 27348712

de Melo Neto OP, da Costa Lima TD, Xavier CC, Nascimento LM, Romao TP, Assis LA, etal. The
unique Leishmania EIF4E4 N-terminus is a target for multiple phosphorylation events and participates
in critical interactions required for translation initiation. RNA Biol. 2015; 12(11):1209—21. Epub 2015/09/
05. https://doi.org/10.1080/15476286.2015.1086865 PMID: 26338184

Tsigankov P, Gherardini PF, Helmer-Citterich M, Spath GF, Myler PJ, Zilberstein D. Regulation dynam-
ics of Leishmania differentiation: deconvoluting signals and identifying phosphorylation trends. Molecu-
lar & Cellular Proteomics. 2014; 13(7):1787-99. https://doi.org/10.1074/mcp.M114.037705 PMID:
24741111

Henrique dos Santos Rodrigues F, Firczuk H, Breeze A, Cameron A, Walko M, Wilson A, et al. The
Leishmania PABP1—elF4E4 interface: a novel 5-3 interaction architecture for trans-spliced mRNAs.
Nucleic Acids Res. 2018; 47(1493—-1504).

Reolon LW, Vichier-Guerre S, de Matos BM, Dugué L, Assunc¢do TRdS, Zanchin NIT, et al. Crystal
structure of the Trypanosoma cruzi EIF4ES5 translation factor homologue in complex with mRNA cap-4.
Nucleic Acids Research. 2019; 47(11):5973-87. https://doi.org/10.1093/nar/gkz339 PMID: 31066441

Jones DT, Cozzetto D. DISOPREDS: precise disordered region predictions with annotated protein-bind-
ing activity. Bioinformatics. 2015; 31(6):857-63. https://doi.org/10.1093/bioinformatics/btu744 PMID:
25391399

Safeukui |, Buffet PA, Perrot S, Sauvanet A, Aussilhou B, Dokmak S, et al. Surface area loss and
increased sphericity account for the splenic entrapment of subpopulations of Plasmodium falciparum
ring-infected erythrocytes. PLoS One. 2013; 8(3):e60150. https://doi.org/10.1371/journal.pone.
0060150 PMID: 23555907

Brittingham A, Morrison CJ, McMaster WR, McGwire BS, Chang K-P, Mosser DM. Role of the Leish-
mania surface protease gp63 in complement fixation, cell adhesion, and resistance to complement-
mediated lysis. J Immunol. 1995; 155(6):3102—11. PMID: 7673725

Contreras |, Gomez MA, Nguyen O, Shio MT, McMaster RW, Olivier M. Leishmania-induced inactiva-
tion of the macrophage transcription factor AP-1 is mediated by the parasite metalloprotease GP63.
PLoS Pathog. 2010; 6(10):e1001148. https://doi.org/10.1371/journal.ppat. 1001148 PMID: 20976196

Jaramillo M, Gomez MA, Larsson O, Shio MT, Topisirovic |, Contreras |, et al. Leishmania repression of
host translation through mTOR cleavage is required for parasite survival and infection. Cell Host
Microbe. 2011; 9(4):331—41. https://doi.org/10.1016/j.chom.2011.03.008 PMID: 21501832

Lincoln LM, Ozaki M, Donelson JE, Beetham JK. Genetic complementation of Leishmania deficient in
PSA (GP46) restores their resistance to lysis by complement. Mol Biochem Parasitol. 2004; 1
(137):185-9. https://doi.org/10.1016/j.molbiopara.2004.05.004 PMID: 15279966

Paape D, Lippuner C, Schmid M, Ackermann R, Barrios-Llerena ME, Zimny-Arndt U, et al. Transgenic,
fluorescent Leishmania mexicana allow direct analysis of the proteome of intracellular amastigotes. Mol
Cell Proteomics. 2008; 7(9):1688—701. https://doi.org/10.1074/mcp.M700343-MCP200 PMID:
18474515

de Rezende E, Kawahara R, Pena MS, Palmisano G, Stolf BS. Quantitative proteomic analysis of
amastigotes from Leishmania (L.) amazonensis LV79 and PH8 strains reveals molecular traits associ-
ated with the virulence phenotype. PLoS Negl Trop Dis. 2017; 11(11):e0006090. Epub 2017/11/28.
https://doi.org/10.1371/journal.pntd.0006090 PMID: 29176891

Rodriguez-Contreras D, Hamilton N. Gluconeogenesis in Leishmania mexicana contribution of glycerol
kinas, phophoenolpyruvate carboxykinase, and pyruvate phosphate dikinase J Biol Chem 2014; 289
(47):32989-3000. https://doi.org/10.1074/jbc.M114.569434 PMID: 25288791

Roberts AJ, Dunne J, Scullion P, Norval S, Fairlamb AH. A role for trypanosomatid aldo-keto reductases
in methylglyoxal, prostaglandin and isoprostane metabolism. Biochemical Journal. 2018; 475
(16):2593—-610. https://doi.org/10.1042/BCJ20180232 PMID: 30045874

Rodriguez-Contreras D, Hamilton N. Gluconeogenesis in Leishmania mexicana: contribution of glycerol
kinase, phosphoenolpyruvate carboxykinase, and pyruvate phosphate dikinase. J Biol Chem. 2014;
289(47):32989-3000. https://doi.org/10.1074/jbc.M114.569434 PMID: 25288791

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008352 March 24, 2021 30/31


https://doi.org/10.1093/nar/gkp851
http://www.ncbi.nlm.nih.gov/pubmed/19843604
https://doi.org/10.1021/pr401017h
http://www.ncbi.nlm.nih.gov/pubmed/24295401
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/nmeth.3901
http://www.ncbi.nlm.nih.gov/pubmed/27348712
https://doi.org/10.1080/15476286.2015.1086865
http://www.ncbi.nlm.nih.gov/pubmed/26338184
https://doi.org/10.1074/mcp.M114.037705
http://www.ncbi.nlm.nih.gov/pubmed/24741111
https://doi.org/10.1093/nar/gkz339
http://www.ncbi.nlm.nih.gov/pubmed/31066441
https://doi.org/10.1093/bioinformatics/btu744
http://www.ncbi.nlm.nih.gov/pubmed/25391399
https://doi.org/10.1371/journal.pone.0060150
https://doi.org/10.1371/journal.pone.0060150
http://www.ncbi.nlm.nih.gov/pubmed/23555907
http://www.ncbi.nlm.nih.gov/pubmed/7673725
https://doi.org/10.1371/journal.ppat.1001148
http://www.ncbi.nlm.nih.gov/pubmed/20976196
https://doi.org/10.1016/j.chom.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21501832
https://doi.org/10.1016/j.molbiopara.2004.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15279966
https://doi.org/10.1074/mcp.M700343-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18474515
https://doi.org/10.1371/journal.pntd.0006090
http://www.ncbi.nlm.nih.gov/pubmed/29176891
https://doi.org/10.1074/jbc.M114.569434
http://www.ncbi.nlm.nih.gov/pubmed/25288791
https://doi.org/10.1042/BCJ20180232
http://www.ncbi.nlm.nih.gov/pubmed/30045874
https://doi.org/10.1074/jbc.M114.569434
http://www.ncbi.nlm.nih.gov/pubmed/25288791
https://doi.org/10.1371/journal.pntd.0008352

PLOS NEGLECTED TROPICAL DISEASES Deletion of a single LeishIF4E2 allele by CRISPR-Cas9

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Berman JD, Gallalee JV, Best JM, Hill T. Uptake, distribution, and oxidation of fatty acids by Leishmania
mexicana amastigotes. J Parasitol. 1987:555-60. PMID: 3037056

Schénbrunner E, Schmid FX. Peptidyl-prolyl cis-trans isomerase improves the efficiency of protein
disulfide isomerase as a catalyst of protein folding. Proc Natil Acad Sci., U S A 1992; 89(10):4510-3.
https://doi.org/10.1073/pnas.89.10.4510 PMID: 1584784

Courret N, Fréhel C, Gouhier N, Pouchelet M, Prina E, Roux P, et al. Biogenesis of Leishmania-har-
bouring parasitophorous vacuoles following phagocytosis of the metacyclic promastigote or amastigote
stages of the parasites. J Cell Sci. 2002; 115(11):2303-16. PMID: 12006615

Forestier C-L, Machu C, Loussert C, Pescher P, Spath GF. Imaging host cell-Leishmania interaction
dynamics implicates parasite motility, lysosome recruitment, and host cell wounding in the infection pro-
cess. Cell Host Microbe. 2011; 9(4):319-30. https://doi.org/10.1016/j.chom.2011.03.011 PMID:
21501831

Rittig M, Schréppel K, Seack K-H, Sander U, N'Diaye E-N, Maridonneau-Parini |, et al. Coiling phagocy-
tosis of trypanosomatids and fungal cells. Infect Immun. 1998; 66(9):4331-9. PMID: 9712785

Sunter D, Yanase R, Wang Z, Catta-Preta CMC, Moreira-Leite F, Myskova J, et al. Leishmania flagel-
lum attachment zone is critical for flagellar pocket shape, development in the sand fly, and pathogenicity
in the host. Proc Natil Acad Sci., U S A. 2019; 116(13):6351-60.

Erben ED, Fadda A, Lueong S, Hoheisel JD, Clayton C. A genome-wide tethering screen reveals novel
potential post-transcriptional regulators in Trypanosoma brucei. PLoS Pathog. 2014; 10(6):e1004178.
https://doi.org/10.1371/journal.ppat.1004178 PMID: 24945722

Cho PF, Poulin F, Cho-Park YA, Cho-Park IB, Chicoine JD, Lasko P, et al. A new paradigm for transla-
tional control: inhibition via 5’-3' mMRNA tethering by Bicoid and the elF4E cognate 4EHP. Cell. 2005;
121(3):411-23. https://doi.org/10.1016/j.cell.2005.02.024 PMID: 15882623

Uniacke J, Holterman CE, Lachance G, Franovic A, Jacob MD, Fabian MR, et al. An oxygen-regulated
switch in the protein synthesis machinery. Nature. 2012; 486(7401):126. https://doi.org/10.1038/
nature11055 PMID: 22678294

de Rezende E, Kawahara R, Pefia MS, Palmisano G, Stolf BS. Quantitative proteomic analysis of
amastigotes from Leishmania (L.) amazonensis LV79 and PH8 strains reveals molecular traits associ-
ated with the virulence phenotype. PLoS Neg Trop Dis. 2017; 11(11):e0006090. https://doi.org/10.
1371/journal.pntd.0006090 PMID: 29176891

Whitfield ML, Kaygun H, Erkmann JA, Townley-Tilson WD, Dominski Z, Marzluff WF. SLBP is associ-
ated with histone mRNA on polyribosomes as a component of the histone mRNP. Nucleic Acids Res.
2004; 32(16):4833—42. https://doi.org/10.1093/nar/gkh798 PMID: 15358832

Tupperwar N, Meleppattu S, Shrivastava R, Baron N, Gilad A, Leger-Abraham M, et al. A novel Leish-
mania IF4E-interacting protein, Leish4E-IP2, is part of a network that modulates the activity of cap-bind-
ing protein paralogs. Nucleic Acids Res. 2020;pii: gkaa173. https://doi.org/10.1093/nar/gkaa173 PMID:
32232353

Robert X, Gouet P. Deciphering key features in protein structures with the new ENDscript server.
Nucleic Acids Res. 2014; 42(W1):W320-W4. https://doi.org/10.1093/nar/gku316 PMID: 24753421

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008352 March 24, 2021 31/31


http://www.ncbi.nlm.nih.gov/pubmed/3037056
https://doi.org/10.1073/pnas.89.10.4510
http://www.ncbi.nlm.nih.gov/pubmed/1584784
http://www.ncbi.nlm.nih.gov/pubmed/12006615
https://doi.org/10.1016/j.chom.2011.03.011
http://www.ncbi.nlm.nih.gov/pubmed/21501831
http://www.ncbi.nlm.nih.gov/pubmed/9712785
https://doi.org/10.1371/journal.ppat.1004178
http://www.ncbi.nlm.nih.gov/pubmed/24945722
https://doi.org/10.1016/j.cell.2005.02.024
http://www.ncbi.nlm.nih.gov/pubmed/15882623
https://doi.org/10.1038/nature11055
https://doi.org/10.1038/nature11055
http://www.ncbi.nlm.nih.gov/pubmed/22678294
https://doi.org/10.1371/journal.pntd.0006090
https://doi.org/10.1371/journal.pntd.0006090
http://www.ncbi.nlm.nih.gov/pubmed/29176891
https://doi.org/10.1093/nar/gkh798
http://www.ncbi.nlm.nih.gov/pubmed/15358832
https://doi.org/10.1093/nar/gkaa173
http://www.ncbi.nlm.nih.gov/pubmed/32232353
https://doi.org/10.1093/nar/gku316
http://www.ncbi.nlm.nih.gov/pubmed/24753421
https://doi.org/10.1371/journal.pntd.0008352

