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ARTICLE INFO ABSTRACT

Keywords: The presence of Leishmania RNA virus 1 (LRV1) enables Leishmania protozoan parasites to cause more severe

Virus disease than the virus-free strains. The structure of LRV1 virus-like particles has been determined previously,

Vi?’mia L however, the structure of the LRV1 virion has not been characterized. Here we used cryo-electron microscopy
t;l\s/l;mamasm and single-particle reconstruction to deterrroline the structures of the LRV1 virion and empty particle isolated from
Totiviridae Leishmania guyanensis to resolutions of 4.0 A and 3.6 A, respectively. The capsid of LRV1 is built from sixty dimers
Structure of capsid proteins organized with icosahedral symmetry. RNA genomes of totiviruses are replicated inside the
Cryo-electron microscopy virions by RNA polymerases expressed as C-terminal extensions of a sub-population of capsid proteins. Most of
Capsid the virions probably contain one or two copies of the RNA polymerase, however, the location of the polymerase

domains in LRV1 capsid could not be identified, indicating that it varies among particles.

Importance.

Every year over 200 000 people contract leishmaniasis and more than five hundred people die of the disease.
The mucocutaneous form of leishmaniasis produces lesions that can destroy the mucous membranes of the nose,
mouth, and throat. Leishmania parasites carrying Leishmania RNA virus 1 (LRV1) are predisposed to cause
aggravated symptoms in the mucocutaneous form of leishmaniasis. Here, we present the structure of the LRV1

virion determined using cryo-electron microscopy.

1. Introduction

Tropical areas around the globe are infested by parasites from the
genus Leishmania (Kinetoplastea, Trypanosomatidae) (Akhoundi et al.,
2016). Leishmania parasites are transmitted by the bite of an infected
insect vector (Akhoundi et al., 2016). The disease can develop into four
forms depending on the species of the parasite (Bruschi and Gradoni,
2018; Stuart et al., 2008): the cutaneous form with symptoms restricted
to a self-healing ulceration, the mucocutaneous form that destroys the
mucous tissues of the face, the visceral form (or kala-azar) which is le-
thal if untreated, and post-kala-azar dermal leishmaniasis, a complica-
tion of visceral leishmaniasis characterized by a discolored skin and
rash. Together, the cutaneous and mucocutaneous forms cause 200 000
new cases annually.

The New World Leishmanias from the sub-genus Viannia, including
L. guyanensis and L. braziliensis, often carry Leishmania RNA viruses
(Leishmaniavirus spp., LRVs) (Guilbride et al., 1992; Widmer et al.,
1989). The most common of them is LRV1 (Grybchuk et al., 2018a;
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Widmer et al., 1989). There is evidence that the presence of LRV1 pro-
motes the metastatic behavior of the parasites and increases the likeli-
hood of developing mucocutaneous leishmaniasis with aggravated
symptoms (Adaui et al., 2016; Hartley et al., 2012; Ives et al., 2011;
Kuhlmann et al., 2009). Furthermore, parasites carrying LRV1 are more
likely to be resistant to treatments compared to the parasites without the
virus (Adaui et al., 2016). In mice, LRV1-positive L. guyanensis caused
larger footpad swelling and multiplied to higher numbers than the
LRV1-negative strain (Ives et al., 2011). It was demonstrated that the
presence of a viral symbiont disrupts the host interferon signaling,
which leads to increased damage to the affected tissue (Rossi et al.,
2017).

Only 10-15 virions of LRV1 are present in a cell (Kuhlmann et al.,
2017; Robinson and Beverley, 2018) and there is no evidence for
receptor-mediated cell entry for LRV1. Therefore, it was long thought
that the virus is incapable of cell-to-cell transmission and instead is
restricted to the cytoplasm of the infected cell (Armstrong et al., 1993).
Nevertheless, recent observations of multiple simultaneous LRV1
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infections within a single L. guyanensis isolate (Tirera et al., 2017) as well
as the discovery of the exosomal transfer of viruses between parasites
(Atayde et al., 2019) suggest that virus spread is possible. However,
these transfers are thought to be rare and only occur within local
leishmania populations (Cantanhede et al., 2021).

The non-enveloped virion of LRV1 protects a linear 5283 nucleotide
long double-stranded RNA genome in an icosahedral capsid (Scheffter
et al., 1994). The icosahedral asymmetric unit contains two copies of a
capsid protein that form distinct interactions with the rest of the capsid
(Luque et al., 2018; Naitow et al., 2002). The particles include one or
two copies of capsid proteins C-terminally extended by an
RNA-dependent RNA polymerase domain (Grybchuk et al., 2018b;
Kostygov et al., 2021; Lee et al., 1996). Transcription of the totivirus
genome takes place inside the complete virions in the cytoplasm of
infected cells (Caston et al., 1997; Luque et al., 2018). Newly synthe-
sized positive-sense single-stranded RNA copies of the genome exit the
particles to serve as mRNAs for translation and as genomic RNAs for the
assembly of new virions (Caston et al., 1997; Luque et al., 2018). The
LRV1 genome encodes two open reading frames, the coat protein and
the RNA-dependent RNA polymerase (Stuart et al., 1992; Widmer et al.,
1989). RNA-dependent RNA polymerases of totiviruses lack RNA
capping activity (Ferron et al., 2012; Maga et al., 1995). It has been
shown that transcripts of the L-A virus contain a 5’ end diphosphate
which may serve for the attachment of the cap by a cap-snatching
mechanism (Fujimura and Esteban, 2011). The histidine 154 of L-A
virus capsid protein covalently binds the yeast cap structure (m’Gp) and
adds it to the virus transcripts to prevent their degradation by the host
cell (Blanc et al., 1994; Fujimura and Esteban, 2011, 2012). A similar
process was described for the related L-BC ds RNA virus of yeast, sug-
gesting that cap snatching is shared among fungal totiviruses (Fujimura
and Esteban, 2013, 2019). However, the structure of an LRV1 virus-like
particle demonstrated that the RNA-binding loop responsible for host
RNA cap-binding and its transfer to viral RNA in the L-A virus is not
conserved in LRV1 (Prochazkova et al., 2021).

There is an internal ribosomal entry site located at the 5’ end of the
virus mRNA that enables the initiation of translation of the totivirus
capsid protein (Kim et al., 2005; Lee et al., 1996; Stuart et al., 1992).
Translation of the LRV1 RNA-dependent RNA polymerase domain re-
quires a +1 ribosomal frameshift, which occurs with a probability of
1-2% (Kim et al., 2005; Lee et al., 1996). As a result, LRV1 virions
contain one or two copies of capsid proteins C-terminally extended by
the RNA polymerase domain (Fujimura et al., 1992; Lee et al., 1996).
However, the exact position of the polymerase domain in the LRV1
virion is not known. RNA polymerases of other viruses with dsRNA ge-
nomes replicated in their capsids that have been previously structurally
characterized, including rotavirus, aquareovirus, Fako virus, bluetongue
virus, Pseudomonas virus phi6, and cytoplasmic polyhedrosis virus, are
positioned close to fivefold vertices of their capsids (Ding et al., 2019;
Estrozi et al., 2013; He et al., 2019; Ilca et al., 2015; Jenni et al., 2019;
Kaelber et al., 2020).

Here, we present the cryo-electron microscopy reconstructions of
LRV1 virions and empty particles isolated from their natural host
Leishmania guyanensis. The capsid of LRV1 is built from sixty dimers of
capsid proteins organized with icosahedral symmetry. The location of
the RNA-dependent RNA polymerase domains in the LRV1 capsid could
not be identified, indicating that it may vary among particles.

2. Results and discussion

2.1. Structure of LRV1 virion and its comparison to that of virus-like
particle

LRV1 virions and empty particles were isolated from Leishmania
guyanensis promastigotes. The cryo-EM reconstructions of the LRV1
virion and empty particle were determined to resolutions of 4.0 and 3.6
A, respectively (Fig. 1, S1, S2, Table 1). The maps of the capsids of the
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Table 1
Cryo-EM data and structure quality indicators.

Structure LRV1 empty particle LRV1 virion
EMDB 12558 14566
Magnification 105 000 75 000
Pixel size (A) 1.340 1.063
Frames per exposure 40 39
Voltage 300 kv 300 kv
Electron dose (e /A%) 52 88
Symmetry icosahedral icosahedral
Initial particles (no.) 7912 7284
Particles used for reconstruction (no.) 3768 1156

Map resolution (A) 3.63 4.02

FSC threshold 0.143 0.143
PDB ID 7NS2 7290

R factor 0.327 0.393

No. of non-hydrogen atoms in IASU* 9575 9575
RMSD bond lengths 0.007 0.007

Bad bonds (%)" 0 0

RMSD bond angles 0.864 0.809

Bad angles (%) 0 0.1
Ramachandran favored (%) 90.92 91.41
Ramachandran allowed (%)" 9.08 8.59
Ramachandran outliers (%) 0 0

Poor rotamers (%)b 0 0
Clashscore (percentile)” 22.7 (91) 23.56 (89)
MolProbity score (percentile)” 2.37 (99) 2.37 (99)
Cp deviations (%)" 0 0

? Icosahedral asymmetric unit.
b Values according to Molprobity.

two particles are similar and can be superimposed with a correlation
coefficient of 0.94. The capsid of LRV1 virion has an outer diameter of
431 A, 7 A larger than that previously reported for the virus-like particle
(Prochazkova et al., 2021), because the virion structure contains an
additional resolved surface loop. The thickness of the protein shell is 61
A, and the diameter of the capsid cavity 309 A. The capsid is assembled
from 120 copies of capsid proteins organized with icosahedral symme-
try, where the two subunits in the icosahedral asymmetric unit are in
non-quasi-equivalent binding environments, an arrangement typical for
totiviruses (Fig. 1C) (Dunn et al., 2013; Stuart et al., 1992). The two
capsid protein subunits in the icosahedral asymmetric unit are, ac-
cording to convention, named A and B. A subunits interact around the
fivefold and twofold symmetry axes, whereas the B subunits form con-
tacts at the threefold axes (Fig. 1C). The A and B subunits from one
icosahedral asymmetric unit interact through an interface with a buried
surface area of 1900 A2 (Fig. S3).

LRV1 virion contains three types of openings in its capsid. The pores
formed around fivefold and threefold symmetry axes have diameters of
8.8 A and 6.3 A, respectively (Fig. 2). Furthermore, an additional pore
with a diameter of 6.0 A is formed between two B and one A subunit
(Fig. 2D). The dimensions of the pores are 20-30% smaller than those
previously reported for the LRV1 virus like particles (Prochazkova et al.,
2021), however, the structures are overall very similar, and the differ-
ences are caused by minor changes in the positions of the sidechains of
the residues forming the pores. The pores on fivefold axes were specu-
lated to be the exit channels for the newly synthesized RNA (Ding et al.,
2019). Furthermore, all the pores in the capsid enable the entry of nu-
cleotides to serve as a substrate for the genome replication that takes
place inside the particle.

The capsid protein of LRV1 (743 amino acids) can be divided into the
a- and B-domain (Fig. 3). The a-domain is comprised of o helices 1-12
and 16. The a helix 3 of A subunit mediates inter-subunit contacts
around fivefold symmetry axes (Fig. 3). In contrast, in the B subunit the
corresponding helix mediates an asymmetric interaction with the A
subunit from the same icosahedral asymmetric unit. In both A and B
subunits, o helix 10 forms the bottom of a positively charged groove
which was speculated to play a role in the virus RNA capping process
(Prochazkova et al., 2021). The B-domain is built from p strands that
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Subunit A
Subunit B

D

subunit A
subunit B

form four p sheets. The p sheet BALF from subunit A contacts the B
subunit from the same asymmetric unit, however the § sheet BALF of
subunit B interacts with another B subunit related by a threefold sym-
metry axis (Fig. 3). The AB loops of B subunits form the borders of the
pores on threefold symmetry axes (Fig. 3). In both A and B subunits, the
sheet DE faces the interior of the capsid. The sheets GHI and JK of A
subunits interact with their counterparts in the A subunit related by a
twofold symmetry axis. In contrast, the corresponding parts of the
structure of B subunits contribute to contacts around threefold sym-
metry axes. The p-domains of both A and B subunits contain a helix 15
that faces the interior of the particle and helix 14 positioned between
sheets BALF and GHI at the center of the f-domain (Fig. 3).

The structures of icosahedral asymmetric units of LRV1 virion and
that of the previously reported virus-like particle (PDB 6y83) (Pro-
chazkova et al., 2021) can be superimposed with an RMSD of 0.66 A for
596 C-a atom pairs available for the comparison. The structures differ in
their peripheral loops. The structure of the LRV1 virion contains struc-
tured density for residues 205-209 between helices o 7 and 8 (Fig. 3)
and C-terminal residues 636 and 637, which were not resolved in the
virus-like particle. Subunit B of the LRV1 virion contains additional
resolved residues 291-299 and 577-582 from the peripheral loops CD
and JK, respectively, and C-terminal residues 643-649 (Fig. 3). The
structure of residues 520-540 that form a surface loop in both A and B
subunits could not be determined in either the virion or virus-like par-
ticle because of the limited resolution of the corresponding parts of the
cryo-EM maps (Fig. S2). Flexible regions in structured proteins

Arg634
GIn632
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Fig. 1. Structures of LRV1 virion and empty particle.
(AB) Surface representations of cryo-EM density maps
of virion (A) and empty particle (B) rainbow colored
according to the distance of the surface from the
particle center. The bottom right quadrants of the
maps are replaced with grayscale images of cryo-EM
density distributions in the central sections of the
particles. White indicates high values of density. (C)
LRV1 virion with A subunits shown in purple and B
subunits in orange. The positions of the selected
icosahedral symmetry axes are indicated with a
pentagon for fivefold, triangle for threefold, and oval
for twofold. The black triangle shows the outline of an
icosahedral asymmetric unit.

Fig. 2. Pores in LRV1 capsid. (A) Cartoon represen-
tation of a segment of LRV1 capsid. The capsid con-
tains three major pores positioned on fivefold
symmetry axes (B), threefold symmetry axes (C), and
at the border of one A and two B subunits (D). Black
rectangles indicate positions of the details shown in
panels B-D. Positions of the selected icosahedral
symmetry axes are indicated with a pentagon for
fivefold, triangle for threefold, and oval for twofold.
(B-D) Details of pores in LRV1 capsid. Sidechains of
residues that determine the least pore diameters are
shown in stick representation. (B) Pore on fivefold
symmetry axis. (C) Pore on threefold symmetry axis.
(D) Pore at the border of one A and two B subunits.

‘\A‘ 5 -—)
A ‘CGIn309, =
< Lys28 \

frequently serve as protein-protein recognition motifs (Coskuner-Weber
and Uversky, 2019; Xue et al., 2012). We speculate that the 520-540
loop may enable the interaction of LRV1 with as-yet unknown cellular
components or serve in rare events of LRV1 horizontal transfer.

2.2. Position of RNA polymerase in LRV1 virion

Virions of totiviruses contain one or two RNA-dependent RNA
polymerases, and it has been shown that the replication of the LRV1
genome occurs inside virions (Caston et al., 1997; Fujimura et al., 1992).
The RNA polymerase is expressed as a C-terminal extension of LRV1
capsid protein due to a +1 ribosomal frameshift (Kim et al., 2005).
However, the position RNA polymerases in the capsid was not identified.
Our attempts to determine the position of RNA polymerase in LRV1
virions and empty particles using asymmetric reconstructions of whole
particles and asymmetric sub-particle reconstructions of decamers of
capsid proteins were unsuccessful. The structure and function of RNA
polymerase domains in cytoplasmic polyhedrosis virus from the family
Reoviridae were studied using particles supplemented with nucleotides
and S-adenosyl methionine (Cui et al., 2019). To detect the polymerase
position in LRV1, we incubated the virions with ribonucleotides, how-
ever, we were unable to localize the RNA-dependent RNA polymerase
inside the transcribing LRV1 virions. AlphaFold2 (Jumper et al., 2021)
prediction of the structure of the LRV1 capsid protein extended by the
polymerase domain shows that the two structured parts are linked by an
85-residue-long flexible linker. Therefore, it is likely that the extended
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LRV1 virion
subunit A

sSubuniIt b

LRV1 virus like particle
subunit A

577-582

capsid protein including the polymerase domain can be incorporated
into capsids as either the A or B subunit, and the positions of the poly-
merase domain in the capsid vary from particle to particle.

3. Materials and methods
3.1. Leishmania growth and purification of LRV1

Leishmania  guyanensis (MHOM/BR/75/M4147) promastigotes
infected with LRV1 (Zangger et al., 2013) were grown at room tem-
perature (22 °C) with mild orbital shaking in 1 1 Flat-Sided Cell Culture
Flasks (TPP) in M199 media buffered with 25 mM HEPES (pH 7.4) and
supplemented with 10% fetal bovine serum, hemin (2 pg/ml), biotin (2
pg/ml) and penicillin-streptomycin  antibiotic mix (all from
Sigma-Aldrich) as described earlier (Podesvova et al., 2020). The iden-
tity of species was confirmed by diagnostic PCR as described previously
(Yurchenko et al., 2006). Cells were grown to the early stationary phase
(5 x 107 cells per ml), pelleted by centrifugation, flash-frozen in liquid
nitrogen, and stored at —80 °C. The duration of continuous passaging
was limited to one month, and the presence of the virus in the last
passage was verified using RT-PCR as described previously (Brettmann
et al., 2016).

A pellet of 3 x 10! cells was resuspended in 50 ml of lysis buffer (50
mM HEPES pH 7.4, 150 mM NacCl, 2% Triton X-100, 1 mM MgCl,, 1 mM
CaCly, 10 pg/ml DNAse I, Roche protease inhibitor cocktail), incubated
for 1 h at 4 °C, sonicated for 3 min using 2s pulse/10s pause at 80%
amplitude with a Q700 sonicator (Qsonica) and cleared by centrifuga-
tion at 10 000 g, 4 °C for 10 min. The cleared lysate was mixed with 27 g
of CsCl, and separated by ultracentrifugation at 275 000 g at 4 °C for 18
h in an SW 41 swing rotor (Beckman Coulter). Opaque bands containing

subunit A
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Fig. 3. Comparison of structures of icosahedral
asymmetric units of LRV1 virion and virus-like par-
ticle. Capsid proteins are shown in cartoon repre-
sentation. Subunits of the LRV1 virion are shown in
purple (A subunit) and orange (B subunit) and those
of the virus-like particle are shown in red (A subunit)
and green (B subunit). Residues that are resolved in
the virion structure, but not in that of the virus-like
particle, are shown in yellow for the A subunit and
cyan for the B subunit. Positions of the selected
icosahedral symmetry axes are indicated with a
pentagon for fivefold, triangle for threefold, and oval
for twofold. The division of the A subunit into o and
B-domains is indicated with background grey ovals.

the virus particles were extracted using a needle, and buffer-exchanged
through 100 kDa cellulose Amicon filter device to HEPES buffer (50 mM
HEPES pH 7.4, 150 mM NacCl). Samples of total lysate, cell debris, and
soluble concentrated virus were analyzed by Western blot to verify the
presence of LRV1 (Fig. S4). The virus was detected by a polyclonal
antibody generated against in-house prepared recombinant LRV1 capsid
protein (Davids Biotechnologie).

3.2. Cryo-electron microscopy and single-particle reconstruction

Four microliters of purified LRV1 virus solution were applied onto
holey carbon grids (Cu, 300 mesh, R2/1; Quantifoil Micro Tools),
blotted, and plunge frozen in liquid ethane using a Vitrobot Mark IV
(Thermo Fisher Scientific) with the following settings: blot time 1 s, wait
time 20 s, and blot force —2. Data were collected using a Titan Krios
(Thermo Scientific) electron microscope operated at 300 kV and aligned
for parallel illumination in nanoprobe mode. Individual images were
recorded using a K2 Summit direct electron detector in super-resolution
mode (50 e’/}o\z) with underfocus values ranging from —0.5 to —3 pm at
a nominal magnification of 105 000 x, resulting in a pixel size of 1.34 A/
px. Each image was recorded in movie mode and saved as 40 separate
movie frames (dose 1.3 e’//o\z/frame). The frames from each exposure
were aligned to compensate for drift and beam-induced motion during
image acquisition using the program MotionCor2 (Zheng et al., 2017).
310 particles were manually selected using e2boxer.py from the soft-
ware package EMAN2 (Tang et al., 2007) and used as a training set for
crYOLO automated picking. crYOLO-picked particles were filtered at
precision value 5 (Wagner et al., 2019; Wagner and Raunser, 2020).
Contrast transfer function parameters for each micrograph were auto-
matically estimated using the program CTFFIND4 (Rohou and
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Grigorieff, 2015). The structure of the empty LRV1 particle was recon-
structed using the package RELION 3.0 (Scheres, 2012). The initial
model was generated from the structure of the LRV1 virus-like particle
(PDB ID: 6y83), which was low-pass-filtered to 40 A. The dataset was
subjected to multiple-rounds of 2D and 3D classifications, Bayesian
polishing, and Ewald sphere correction. The final reconstruction for the
empty particle was performed using the program 3dautorefine. The
resulting unfiltered electron density map was masked with threshold
mask, which was prepared using the RELION mask_create function. The
occurrence of overmasking was monitored by inspecting the shape of the
FSC curve. Furthermore, the shapes of the FSC curves of
phase-randomized half-datasets were checked, following the ‘gold
standard’ procedure (Rosenthal and Henderson, 2003). The resolution
of the final reconstruction was estimated as the value at which the FSC
curves fell to 0.143 (Scheres and Chen, 2012). In parallel, purified LRV1
was mixed with the ribonucleotide mix (150 mM NaCl, 9 mM MgCl,, 4
mM ATP, 2 mM GTP/CTP/UTP, 640 uM S-adenosylmethionine) (Cui
et al., 2019) and incubated for 5 min at 37 °C. Four microliters of the
sample were applied to an electron microscopy grid, blotted, and plunge
frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Sci-
entific) with the same settings as the previous sample. Data were
collected using a Titan Krios (Thermo Scientific) electron microscope
operated at 300 kV with a Falcon 3 direct detector with underfocus
values ranging from —1 to —2.5 pm at a magnification of 75 000 x,
resulting in a pixel size of 1.063 A/px. Each image was recorded as 39
separate movie frames (dose 1.98 e’/;\z/frame), movies were aligned
with MotionCor2. Contrast transfer function parameters for each
micrograph were automatically estimated using the program CTFFIND4
(Rohou and Grigorieff, 2015). Individual particles were picked by crY-
OLO automated picking and filtered at a precision value of 5. The
structure of the LRV1 virion was reconstructed using the package
RELION 3.0. 3D classification was employed to select
genome-containing particles. The reconstruction procedure was the
same as that for the empty particle, but also included the classification of
images into optics groups based on beam tilt, Bayesian polishing, and
Ewald sphere correction.

3.3. Structure building and refinement

The structures of the empty LRV1 particle and LRV1 virion were built
based on the structure of capsid proteins from an LRV1-virus-like par-
ticle (PDB ID:6Y83). The structures were refined using the combination
of reciprocal space and real space refinements available in the Phenix
package 1.18 (Liebschner et al., 2019).
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