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SUMMARY

Orthomyxoviruses, such as influenza and thogotoviruses, are important human and animal pathogens. Their
segmented viral RNA genomes are wrapped by viral nucleoproteins (NPs) into helical ribonucleoprotein com-
plexes (RNPs). NP structures of several influenza viruses have been reported. However, there are still contra-
dictory models of how orthomyxovirus RNPs are assembled. Here, we characterize the crystal structure of
Thogoto virus (THOV) NP and found striking similarities to structures of influenza viral NPs, including a
two-lobed domain architecture, a positively charged RNA-binding cleft, and a tail loop important for trimeri-
zation and viral transcription. A low-resolution cryo-electron tomography reconstruction of THOV RNPs elu-
cidates a left-handed double helical assembly. By providing a model for RNP assembly of THOV, our study

suggests conserved NP assembly and RNA encapsidation modes for thogoto- and influenza viruses.

INTRODUCTION

Orthomyxoviruses comprise a family of enveloped viruses with a
segmented, negative-sense, single-stranded (ss) RNA genome
that includes influenza viruses, thogotoviruses, Quaranja virus,
and the monotypic genera Isa virus, Mykiss virus, and Sardino vi-
rus." Their segmented genome provides them with high
genomic flexibility that can facilitate adaptation to new host spe-
cies. While influenza viruses have garnered high attention,” less is
known about the related thogotoviruses that are transmitted by
ticks. As of 2023, the genus thogotovirus consists of eight recog-
nized species, of which the eponymous Thogoto virus (THOV),
Dhori virus (DHOV), and, more recently, Bourbon virus (BRBV)
and Oz virus (OZV) have been shown to sporadically infect hu-
mans, causing a febrile disease with occasional fatal outcome.®™”
In sheep, THOV infection causes febrile iliness and abortions.? In
experimentally infected mice, THOV and DHOV lead to a fatal dis-
ease accompanied by lesions of the liver and lung.”™""

THOV has a ssRNA genome of ~10 kb, which is organized into
six segments. Each segment encodes a structural protein, such
as the envelope glycoprotein that confers attachment to host

cells, the matrix protein that mediates assembly and budding,
the heterotrimeric viral RNA-dependent RNA polymerase
(RARP) composed of subunits PA, PB1, and PB2 and the nucle-
oprotein (NP) that decorates the viral RNA. Genomic and struc-
tural analyses of THOV polypeptides support an evolutionary
link to influenza viruses. Accordingly, the viral polymerase sub-
units of THOV and influenza A virus (IAV) have related folds.'?
A hallmark of negative-sense viral RNA genomes is their asso-
ciation with multiple copies of the viral NP. Together with the viral
RdRP, the NP and the viral RNA constitute the viral ribonucleo-
protein complexes (RNPs) (reviewed by Eisfeld A.J."®). Viral
NPs are multifunctional proteins. They encapsidate RNA into
RNPs, which are transcription- and replication-competent;
they protect the viral genome from degradation and prevent dou-
ble strand (ds) RNA formation. Translocation signals in the NP
account for the intracellular transport of the RNPs and interac-
tions with viral or cellular proteins at the plasma membrane pro-
mote packaging of the RNPs into infectious progeny virions."*
RNA-bound NP structures of vesicular stomatitis and rabies
virus provided the first insights into how ssRNA binds to the
NP at the interface of two prominent lobes.'>'® Likewise, the
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Figure 1. Structure and domain architecture of the THOV NP~ 188-1%6
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(A) Schematic representation of the domain architecture of THOV NP*'8-1%_ Unresolved residues are 1-19, 184-196, 402-403.
(B) Two-sided cartoon representations of the THOV NP*'88-1% strycture. The first visible amino acid is Thr20. The body and head domain, helix-loop helix motive,

and tail loop are colored in blue, pink, green, and orange, respectively.

(C) Topology diagram of the THOV NP structure with a-helices in circle- and B strands in triangle representation, with the same color code as in B. See also

Figures S1 and S2, Tables S1 and S2.

NPs of Arena-, Bunya-, and Hantaviruses have a two-lobed ar-
chitecture, with N- and C-terminal extensions mediating
oligomerization."”” NP structures of 1AV,'®'° influenza B virus
(IBV), "® influenza D virus (IDV)*° and infectious salmon anemia vi-
rus (ISAV)*" show a related NP fold with a mainly a-helical struc-
ture, containing a positively charged RNA-binding groove be-
tween the upper and lower lobes. In the crystal structures,
their tail loops mediate oligomerization by binding into a cleft
of an adjacent NP molecule.

Native and recombinant RNPs of IAV were visualized using
cryo-electron microscopy (cryo-EM).?>** Interestingly, the two
reported RNP models were strikingly different in their architec-
ture: Whereas Moeller et al. suggested a right-handed double-
helical model with two antiparallel strands, Arranz et al.
described a left-handed helical arrangement displaying a dou-
ble-helical arrangement in which two NP strands of opposite po-
larity are associated with each other along the helix. Within the
RNPs, the complementary end sequences of the ssRNA strands
are connected and form a pan-handle structure that is bound by
the viral RdRp. During transcription, the flexibility of the viral
RNPs may permit the polymerase complex to perform a sliding
movement between the antiparallel NP-RNA strands while still
interacting with both RNA ends.**

To understand the structural details of the THOV RNP assem-
blies and their biological function, we determined its NP crystal
structure in the current work. Similar to IAV NP, we identify an
RNA-binding site in a groove of THOV NP between the upper
and lower lobe and a tail loop that deeply inserts into a pocket
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of the neighboring molecule within an NP trimer. Accordingly,
mutations in the tail loop interfered with oligomerization and viral
replication. A cryo-electron tomography (cryo-ET) reconstruc-
tion of native THOV RNPs revealed a left-handed helical archi-
tecture similar to that described by Arranz and colleagues for
the IAV RNPs.?? Our structural work suggests a related assembly
and RNA encapsidation modes for THOV NP and those of other
orthomyxoviruses.

RESULTS

Crystal structure of THOV NP
To obtain structural information of full-length THOV NP, the pro-
tein was expressed with an N-terminal Hisg-tag in bacteria and
purified to homogeneity (Figures S1A and S1B). Despite exten-
sive crystallization attempts, only poorly diffracting crystals
were obtained. Based on sequence alignments (Table S1) and
secondary structure predictions, we identified several flexible
loop regions that could interfere with the formation of highly or-
dered crystals. Deletion of one of these loops (residues 188-
196) in the THOV NP~'88-1% gonstruct yielded a soluble protein.
This construct crystallized in space group R3, and crystals dif-
fracted X-rays to0 2.0 A resolution (Table S2). The phase problem
was solved by single-wavelength anomalous dispersion (SAD)
using selenomethionine-substituted crystals, and the structure
was refined to an Ryon/Riree Of 18.5%/23.4% (Table S2).

The bean-shaped THOV NP structure comprises a head and a
body domain (Figures 1A and 1B). It is primarily a-helical, with
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Figure 2. A conserved RNA-binding groove mediates RNA interaction

(A) ITC data of full length THOV NP binding to polyU RNA oligomers of different lengths. Resulting heat changes upon ligand titration in a VP-ITC device were
integrated and plotted, and the following K, values were obtained; pU24: Kp = 130 + 20 nM, n = 0.80 + 0.01; pU18: Kp =430 + 90 nM, n = 1.40 + 0.03; pU16: Kp =
1.2+0.4 M, n=0.90 + 0.06 and pU14: Kp =2 + 1 uM, n = 0.50 + 0.08. Reported errors represent standard deviations of the fit.

(B) Electrostatic surface potential map of the THOV NP2'8819 (view on the positively charged RNA binding groove) with positioned small molecules phosphates,
ethylene glycol, and succinic acid. The color range, calculated at 310 K is from —5 kcal/mol*e (red) to +5 kcal/mol*e (blue).

(C) Surface conservation plot of the THOV NP~'88-19 considering the orthomyxovirus sequences displayed in Table S1. Shown is the same orientation as in B.
The color range indicates the degree of conservation (purple 100% and green >50% conservation).

(D) A detailed view highlights the binding of phosphates and succinate within the RNA-binding groove, indicating possible key residues involved in RNA binding.
HLH, Helix-loop-helix motif.

(E) Integrated ITC thermograms for full length THOV NP and mutants in the RNA-binding groove (WT in green, R67D in pink, W133D in red, R160D in blue, and
K162D in orange) titrated with pU24mer and fitted to a 1:1 binding model. Values obtained from measurements at iTC200 instrument are displayed in Table S3.
Reported errors represent standard deviations of the fit.

(legend continued on next page)
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small B sheets located in the body domain (Figures 1B and 1C;
Table S1). A prominent tail loop (residues 367—-407) protrudes
from the tip of the head. The polypeptide chain moves back
and forth between the body and head domain via a helix-loop-
helix motif (¢4-loop-a5) and an elongated loop region between
al1 and a12 (residues 244-256), leading to an interspersed ar-
chitecture of the two domains (Figure 1). The first N-terminal
19 residues are disordered.

Structural comparisons revealed a remarkable similarity of
THOV NP to the NPs of other orthomyxoviruses despite a low
sequence conservation of only 10-15% (Figure S2A). The
closest structural similarity was observed to the IAV NP, with a
root-mean-square deviation (RMSD) of 2.5 A over 337 Ca-a-
toms. Moreover, comparisons of THOV NP with those of other
negative-sense ssRNA viruses showed overall related topol-
ogies despite remarkable differences in size and primary
sequence (Figure S2B). In all cases, a head and a body domain
are connected via one or two loop regions and a characteristic
central helix-loop-helix motif surrounding the RNA-binding
groove. Also, in the other NPs, these regions are spread
throughout the whole sequence, providing the NPs with stability
and the flexibility crucial for encapsidating the viral genome.*®
Together, the structural similarity and conservation indicate a
functional conservation of the NP architecture for viral RNA en-
capsidation and transcription in negative-stranded ssRNA
viruses.

Identification of the RNA-binding cleft

To obtain insights into RNA binding to the THOV NP, we tested
the interaction with ss poly-uridine (polyU) oligomers of various
lengths using isothermal titration calorimetry. PolyU was chosen
to avoid formation of secondary structures in the RNA. In these
experiments, the THOV NP showed high affinity toward a
24-mer polyU, with a dissociation constant (Kp) of 130 =+
20 nM. Shorter RNA molecules decreased affinity to a Kp of
2 +1 uM for the 14-mer polyU (Figure 2A). For all ITC titration ex-
periments, a stoichiometry value of N ~1 was determined, re-
flecting a binding ratio of one THOV-NP protomer to one mole-
cule RNA.

In THOV NP, a positively charged groove is situated between
the head and body domain (Figure 2B), which is highly conserved
between NPs of orthomyxoviruses (Figure 2C). We reasoned that
similar to 1AV NP, this cleft might constitute the RNA-binding
site (Figure S2B). Accordingly, multiple basic residues in THOV
NP, such as Arg67, Arg160, Lys162, and Arg165, are located
in this region (Figure 2D). Also, aromatic residues, such as
Tyr115, Trp133, and Tyr136, could contribute to RNA binding
and stabilization by forming w-w-stacking interactions with the
RNA bases.?’ Interestingly, anions such as succinic acid and
phosphates from the crystallization solution were bound in the
putative RNA-binding groove of THOV NP2'88-1% |5 the
absence of RNA, these negatively charged ions can indicate po-
tential RNA-binding sites. One phosphate ion is coordinated by

Structure

positively charged residues (His155, Lys162, His177, and
Arg180) and the carbon-nitrogen of Gly156 (Figure 2D). The sec-
ond phosphate ion is stabilized by Thr20, Arg165, and His252
(Figure 2D). Adjacent to the second phosphate ion, a succinic
acid molecule contacts Arg167 and Arg213 (Figure 2D). These
sites form a belt-like, elongated 36 A long, transverse structure
between body and head domain that may accommodate the
viral RNA.

To analyze the function of this groove for RNA binding, central
residues within the groove were mutated (Figure 2E; Table S3).
The W133D mutation reduced binding affinity to the 24-mer
polyU 3-fold, the R67D 10-fold, and the K162D mutation
15-fold. No saturation was reached with the R160D mutant.
Removal of residues 188-196, as in the crystallization construct,
reduced affinity for the polyU 24-mer by a factor of nine, suggest-
ing a pivotal contribution of this loop to RNA binding (Figure 2F).
We also tested how these RNA-binding mutants affect viral tran-
scription, using a THOV polymerase reconstitution assay. All mu-
tations completely abolished transcriptional activity except for
R160D, which led to reduced transcriptional activity (Figure 2G).
These results align with the groove’s proposed role in RNA bind-
ing and directly link the RNA binding capacity of NP to viral tran-
scriptional activity.

Trimerization of THOV NP

In right-angle light scattering (RALS) experiments, THOV NP dis-
played a trimeric assembly state at physiological salt concentra-
tions (Figure 3A). Also in analytical ultracentrifugation (AUC),
THOV NP yielded a sedimentation coefficient for a trimer (Fig-
ure S1C). Accordingly, a trimer was also observed in the crystals
of THOV NP2 18819 yig 3 3-fold crystallographic axis (Figure 3B).
The interaction was mediated by the positively charged tail loop
that protruded into a negatively charged and partially hydropho-
bic elongated pocket located between the head and the body
domain of the neighboring NP (Figures 3C and 3D). Helix 16 in-
teracts with both adjacent protomers in the trimeric interface
(Figures 3B and 3D).

The tip of the tail loop is stabilized by an extensive hydrogen
bond network and salt bridges formed by Arg386-Glu316 and
Asn391-Asn449 (Figure 3D). Additionally, Arg386 forms intra-
tail loop stabilizing contacts to the carbonyl oxygens of
Phe382 and Gly384. The prominent and conserved Phe382
stacks with the hydrophobic clusters Phe253, Phe277,
Phe311, and Phe431 at the pocket‘s base (Figure 3D).

In line with our crystallographic data, truncation of the tail
loop (e.g., amino acids 378-387) or mutations (F382D and
R386A) interfered with THOV NP trimerization (Figure 3E). In
contrast, the E316A exchange in the pocket did not completely
abolish trimerization of THOV NP (Figure 3E), unlike the related
exchanges in IAV and IBV NPs.'®?® Interestingly, the mono-
meric R386A tail loop mutant showed an 11-fold reduced bind-
ing to the 24-mer polyU RNA compared to wild type (WT) (Fig-
ure 3F; Table S8), indicating that trimerization or higher-order

(F) ITC experiments performed with an VP-ITC, showing binding of the THOV NP~88-1%6 construct (blue) to pU24 with Kp = 1.1+ 0.1 uM, n = 0.80 + 0.02 versus WT
THOV NP (green) with Kp = 130 + 20 nM, n = 0.80 + 0.01. Reported errors represent standard deviations of the fit.

(G) THOV polymerase activity in a reconstitution assay using WT THOV NP and the indicated mutants. Expression of the transfected cDNA constructs encoding
NP was monitored by western blot analysis. Detection of actin was used as a loading control. Shown are mean + SD of three independent experiments. See also

Table S3.
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Figure 3. THOV NP trimerization

(A) Full-length THOV NP applied on an analytical S200 10/300 gel filtration column connected to a RALS detector. The purple curve refers to the RALS signal (right
y axis) and indicates the average molecular mass within the eluted peak.

(B) Within the crystal, THOV NP~'881% assembles via a 3-fold axis (triangle) into a homotrimer. The protomers are shown in blue, green, and orange cartoon
structures with transparent surfaces. The tail loop insertion of one protomer (shown as orange cartoon) into the deep, elongated binding pocket of the adjacent
THOV NP protomer (shown as blue surface) is shown at the right.

(C) Electrostatic surface potential map of one THOV NP protomer depicts the negatively charged tail loop binding groove and the positively charged tail loop.
Color, calculated at 310 K, is from —5 kcal/mol*e (red) to +5 kcal/mol*e (blue). The neighboring protomer’s tail loop insertion is shown as an orange line.

(D) Detailed interaction within the interprotomer interface with polar contacts shown as dashed lines and hydrophobic region highlighted in light gray. Tail loop
(residues 373-400) in orange, residues forming the pocket in blue.

(E) Preparative gel filtration of full-length THOV NP WT, tail loop mutants, and a variant containing a partial deletion of the tail loop (residues 378-387).

(F) Monomeric R386A THOV NP mutant displays reduced RNA-binding affinity to a 24mer polyU RNA in ITC binding experiments with a Kp = 1400 + 600 nM, n =
0.95 + 0.05 compared to Kp = 130 + 20 nM, n = 0.80 + 0.01 for WT. Reported errors represent standard deviations of the fit.

(G) THOV NP tail loop mutants analyzed in the polymerase reconstitution assay as described in Figure 2G and western blot analysis of the individual NP tail loop
mutants. Shown are mean + SD of three independent experiments. See also Figure S3.

Structure 32, 1-11, August 8, 2024 5




Please cite this article in press as: Dick et al., Structural characterization of Thogoto Virus nucleoprotein provides insights into viral RNA encapsidation
and RNP assembly, Structure (2024), https://doi.org/10.1016/j.str.2024.04.016

¢? CellPress Structure

OPEN ACCESS Article

RNA Binding
groove

(legend on next page)

6 Structure 32, 1-11, August 8, 2024



Please cite this article in press as: Dick et al., Structural characterization of Thogoto Virus nucleoprotein provides insights into viral RNA encapsidation
and RNP assembly, Structure (2024), https://doi.org/10.1016/j.str.2024.04.016

Structure

oligomerization plays a role in promoting high-affinity interac-
tion with RNA.

All tested mutations in the tail loop and its binding pocket abol-
ished viral transcriptional activity in the polymerase reconstitu-
tion assay (Figure 3G). Our results indicate an essential role of
the tail loop for THOV NP oligomerization and transcriptionally
active RNPs.

Similar to THOV NP, the mainly positively charged tail loop me-
diates dimerization in ISAV NP, trimerization in IAV NP, and tet-
ramerization in IBV and IDV NPs via similarly sized interfaces
(Figure S3).18-2928 Electrostatic surface potential representa-
tions indicate that the tip of the THOV NP tail loop contains
more positively charged residues as compared to the 1AV, IBV,
IDV, and ISAV NPs, which feature hydrophobic residues in this
region (Figure S3).

Structure of native THOV RNPs from cryo-electron
tomography data
To obtain mechanistic insights into viral RNA encapsidation by
NP, cryo-ET and sub-tomogram averaging (STA) were per-
formed on THOV RNPs purified from THOV virions.?® Visual in-
spection of the RNPs under negative stain or cryo conditions
indicated a highly flexible morphology, with straight and bent
double-helical structures (Figures 4A and 4B), similar to those
of IAV RNPs. A cryo-ET processing pipeline (Figure S4A) pro-
duced an STA map of the RNPs at ~17.8 A (Table S4).

Because of the risk that the hand of the reconstructed tomo-
grams can unintentionally be inverted during the individual steps
of the cryo-ET workflow, we employed two strategies to validate
the handedness of the resulting STA structures.®® First, we
measured defocus values in tilt series at both sides relative to
the tilt axis, which allowed us to unambiguously determine the
handedness of the tomograms (Figure S4C).%" In this way, we
identified a left-handed helical assembly of the THOV RNP.
Moreover, a small dataset of nine tilt series of purified ribosome
large subunit (LSU) was recorded on the same microscope
and subjected to the same standardized processing pi-
peline (Table S4). The resulting map at 9 A resolution was inter-
pretable with an available LSU structure (PDB: 6LSS) only at one
handedness, thereby independently confirming our workflow
(Figures S4D-S4F).

The left-handed THOV RNP map of the central region features
a double helical structure with a minor groove between con-
nected NP strands and a major groove separating the double
strands along the helix (Figure 4C). Density for individual NPs
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could clearly be distinguished in the map. However, an unequiv-
ocal fitting of the NP monomer structures was not possible at this
resolution. We, therefore, based our fitting on an AlphaFold pre-
diction of the hexameric NP ring structure, followed by a rigid
body fitting (see STAR Methods). Accordingly, the THOV RNP
helix is formed by twelve NP monomers per turn comprising
six pairs, with a helical rise per monomer of 24.6 A and a rotation
angle (twist) between monomers of —55.5° (Figure S4A), result-
ing in a turn length (rise) and width of 147 Aand83A, respectively
(Figure 4C). The negative value in twist corresponds to a left-
handed helix.

Our overall THOV RNP organization is comparable to that of
IAV RNP from Arranz and colleagues, with the same number of
NP molecules per turn.??> However, IAV RNPs show slightly
different helical parameters of —57° to —64° twist and 28 A
rise, which yield a turn length and width of 169 A and 93 A,
respectively (Figure 4D). These differences result in a more elon-
gated IAV RNP structure with a larger diameter compared to the
THOV RNP (Figures 4C and 4D).

The placement of the THOV~1881% NP structure into the STA
map revealed that the NP head domains mediate intra-strand
contacts between adjacent NP protomers (Figures 4C and
4E), whereas the body domains of the NPs point toward the mi-
nor groove and make inter-strand contacts to each other via
helices 3 and «9, with a distance of 58 A (Figures 4C and
4F). This orientation differs from the arrangement of the NP
molecules in the IAV RNP structure provided by Arranz
et al. due to a ~90° rotation and ~20 A translation along the
rotation axis of the adjacent NP molecules within one strand
(Figure S5A).72

The proposed NP intra-strand connection via the tail loop was
manually adjusted so that it could reach its neighboring binding
pocket, as found in the trimeric THOVA881%6 NP structure (Fig-
ure 4E). However, the NP molecule arrangement in the helical
THOV RNP structure differs from the trimeric arrangement in
the crystal structure by a 98° rotation (Figure S5B).

Due to the low resolution of the cryo-ET map, no RNA was
modeled around the RNP strands. However, we propose an anti-
parallel wrapping of RNA along the two individual RNP strands at
the inside of the RNP, as inferred from the electrostatic surface
potential of the docked NP monomers, the phosphate ions de-
tected in the positively charged groove indicating a possible
RNA backbone interaction, from our RNA-binding mutants and
a comparison with an RNA-containing IAV RNP structures
(Figures 2B, 4G, S5C, and S5D).%%%2

Figure 4. Structure of THOV RNP and comparison to IAV RNP

Purified THOV RNPs in uranyl acetate negative stain (A) or monitored by cryo-EM (B). The scale bar is 50 nm.

(C) Side and top views of the reconstructed STA map with 16 fitted NP subunits of the central part of the THOV RNP show two strands running in opposite
directions. The two strands are shown as cartoon structures in orange and NP domain-defining colors blue, pink, and green for the body, head, and helix-loop-
helix motif, respectively. The size specifications result from measurements based on the distances between the centers of mass (COM) of the corresponding NP
subunits.

(D) Three-side views of the central, helical IAV-RNP part taken from ref.>” (PDB: 4BBL, EMDB: EMD-2205) with the fitted double NP strands shown as light blue
and light green cartoon structures. The views are oriented as in (C) for comparison with their corresponding COM distance measurements.

(E) Top view of neighboring NP protomers showing the intra-strand connections via the tail loops. The NP protomers are depicted as cartoon representations with
their body and head domains colored in blue and pink, respectively, and the helix-loop-helix motif in green. The swapping tail loop is modeled into the adjacent
molecule and is highlighted in orange.

(F) Docking of two NP protomers showing inter-strand connections mediated by helix 23 of each NP molecule.

(G) The electrostatic surface potential of the THOV RNP central part reveals positively charged RNA binding grooves within the NP strands. The color ranges
from —5 kcal/mol*e in red to +5 kcal/mol*e in blue. The putative RNA binding area is further illustrated in Figure S5D. See also Figures S4 and S5, Tables S1 and S4.
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DISCUSSION

Thogotoviruses are a group of tick-borne orthomyxoviruses with
a morphology and genetic architecture similar to influenza vi-
ruses.® In the present study, we determined the high-resolution
crystal structure of the trimeric THOV NP and a low-resolution
cryo-ET map of the native THOV RNP. Our structural analyses
indicate that the NP of THOV and influenza viruses share a
related three-dimensional architecture, including related head
and body domains. Also, the putative RNA-binding groove along
the interface between the two domains is at similar positions.
Furthermore, we demonstrate that similar to influenza viruses,
THOV oligomerization proceeds through a tail loop, also referred
to as the “oligomerization-loop”.*? Finally, our cryo-ET recon-
struction of native THOV RNPs yields a model that is consistent
with one of the previously described RNP models of IAV.?? Our
structural analyses suggest that IAV and THOV RNPs employ
related oligomerization and RNA encapsidation modes, which
are detailed in the following paragraphs.

We employed ITC for our RNA-binding studies with THOV NP,
offering the advantage of working with reactants in their native
state, e.g., without modification or immobilization, yielding a
Kp in the high nanomolar range to a 24-mer RNA (Kp =
130 nM). Based on previous fluorescence anisotropy experi-
ments, the interaction of IAV and IBV NP with RNA depends on
RNA length and salt concentration.*® At physiological pH and us-
ing a 24-mer RNA, Kps of 4 nM and 69 nM were determined for
IAV and IBV NPs, respectively. Similar affinities in the low nano-
molar range were observed for IAV NP binding to a 28-mer RNA
sequence using surface plasmon resonance experiments.®* The
observed differences in binding strength may relate to the
different methods or the less positively charged RNA-binding
groove in THOV NP compared to IAV (Figure S2). Also, the
different RNA sequences used in the three mentioned studies
may contribute to variations in binding affinities. In native IAV
RNP, each NP binds about 26 RNA bases.*> Some bases were
shown to be accommodated directly in the RNA-binding groove
between the head and body domain,?® as we have also demon-
strated by mutagenesis for THOV NP. However, parts of the RNA
may be sequestered between two adjacent NPs,** which is
consistent with our THOV RNP model.

We show that the conserved tail loop has a fundamental func-
tion in the assembly of THOV NPs by allowing the assembly into
a trimer at physiological salt concentrations. IAV NP assembles
into a trimer at higher salt concentrations (300 mM), whereas it
exists in equilibrium between monomers and trimers at lower
salt concentrations (50 mM and 150 mM).® Other influenazvirus
NPs also employ a tail loop for their assembly into dimers, tri-
mers, or tetramers (Figure 3). NP-NP interaction is primarily
mediated by positively charged residues of the tail loop which
bind into a negatively charged pocket formed by elements of
the head and body domain (Figure 3C). This interaction typically
includes a strictly conserved arginine residue in the tail loop mak-
ing a salt bridge to a strictly conserved glutamate in its binding
pocket, as also found in THOV NP. Truncation of the tail loop
or mutation of the conserved Arg386 to alanine in THOV NP re-
sulted in the loss of the trimeric in favor of the monomeric form
(Figure 3E). In addition, the R386A mutant bound with a 10-fold
reduced affinity to polyU 24-mer RNA compared to the WT NP
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trimer, suggesting a coupling of NP oligomerization and RNA
binding (Figure 3F). Our results are in line with the observation
made for IAV NP, where the alanine mutant of the conserved
Arg416 showed loss of trimerization toward a monomer, com-
bined with reduced RNA binding due to a reorientation of the
tail loop, now interacting with alternative sites on the monomer
surface that compete with RNA binding.*® The decreased RNA
binding of the THOV NP oligomerization defective R386A tail
loop mutant suggests a similar mechanism for the unbound
THOV NP tail loop.

In line with our minireplicon data and with a recent cryo-EM
structure of a reconstituted 1AV RNP,*? the tail loop also medi-
ates NP protomer connections within the RNP. Interestingly,
adjacent NP molecules undergo a drastic rearrangement when
comparing the trimeric NP with the RNP model, which is facili-
tated by the high flexibility of the tail loop (Figure S5B). This flex-
ibility may also allow oligomerization of the NP molecules into
left- or right-handed RNP helices, e.g., by a rotation of the NP
molecules of ~70° (Figure S5E).?%2%:32

A putative error source for determining the correct handed-
ness of a cryo-electron tomogram is a 180° ambiguity in the
determination of the tilt axis in a tilt series. To establish the hand-
edness of THOV RNP, we determined defocus values on both
sides of the tilt axis, thereby identifying a left-handed helical as-
sembly of the THOV RNP cryo-ET reconstruction.®' Based on
the resulting STA density, we propose a THOV RNP model
related to the IAV RNP model of Arranz and colleagues: NPs
assemble head-to-tail to form a single, polar NP filament, while
a second NP filament co-assembles in an antiparallel fashion,
yielding a double helical antiparallel assembly. The contact be-
tween the two strands in our model is mediated by the body do-
main’s N-terminal helix 3 and the head domain helix 9, which
face the same helix or the diagonally adjacent helix in the oppo-
site NP molecule. Interestingly, for IAV RNP, both left- and right-
handed assemblies were described. A right-handed assembly
was confirmed by atomic force microscopy-based studies for
virion-derived IAV RNPs®’ and for a reconstituted IAV RNP-like
structure with a short RNA oligomer.®® A right-handed viral
IAV miniRNP?* and the two left-handed native 1AV RNP struc-
tures®>® were validated by cryo-EM based procedures.

A detailed modeling of the RNA bound to the THOV RNPs was
not possible at the current resolution. However, based on the
different orientation of the NP molecules in the THOV RNP
compared to the NP arrangement in the IAV RNP structure
from Arranz et al. (Figure S5A), the position of the positively
charged RNA binding groove differs in the two models.** We as-
sume that the RNA wraps along the individual THOV NP mole-
cules at the positively charged inner side cavity of each filament
strand (Figures 4G, S5C, and S5D). In contrast, Arranz et al. pro-
posed a meandering path of the RNA molecule in IAV. The
detailed identification of the RNA path bound to the native
RNPs of THOV awaits further clarification by future high-resolu-
tion structural studies.

Higher resolution information is also needed to better assess
the contribution of the different interfaces and conformational
changes in THOV NP required for its oligomerization and
incorporation into the RNP structure. However, the high flexibility
of the orthomyxoviral RNPs imposes problems on their
advanced structural characterization.?® High flexibility in RNP
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conformations was also detected for other ssRNA viruses, such
as orthobunyaviruses, and is likely a result of the small interac-
tion interfaces between the NP protomers across the longitudinal
axis of the RNPs.* For other negative-sense ssRNA viruses with
alarger NP interface and/or a tighter NP packaging, high-resolu-
tion structures of RNPs have been described, e.g., mumps vi-
rus,*®*" Ebola virus,*® Nipah virus,*® or Hantaan virus.** Engi-
neering orthomyxovirus RNPs with increased stability may be a
suitable strategy for future high-resolution cryo-EM studies.

Well-diffracting crystals of THOV NP could only be obtained by
deleting residues 188-196, forming an exposed loop that con-
tains a nuclear localization signal (NLS).** Based on the present
crystal structure of the THOV NP trimer, the NLS is exposed and
accessible for the nuclear import machinery, e.g., importin-o.
Intriguingly, in our THOV RNP helical model, the NLS is buried in-
side the RNP oligomer and inaccessible to the nuclear import
machinery. Accordingly, we would speculate that this NLS
loop may act as a molecular switch, regulating intracellular traf-
ficking of NP in THOV-infected cells. The newly synthesized
monomeric or trimeric NP would be qualified for nuclear import
by the exposed NLS. Upon subsequent replication of the viral
genome and assembly of the NPs into mature RNP structures
in the nuclear compartment, the NP is now unable to bind impor-
tins and may therefore be disposed for interaction with compo-
nents of the nuclear export machinery. The newly assembled
RNPs are then exported into the cytoplasm and travel to the
plasma membrane, leading to the final budding of new viral
progeny, as summarized recently for thogoto- and influenza
viruses.*®

Due to their potential to cause worldwide epidemics, zoonotic
viruses have obtained increased attention in recent years. Owing
to its potential for genetic reassortment and the fatal conse-
quences of infection to humans and animals, thogotoviruses
constitute a serious threat to human and animal health. Accord-
ingly, strategies for antiviral treatment options are desirable
because of potential epidemic outbreaks. While most of the
available directly acting antiviral drugs target enzymatic activities
of viral proteases and polymerases, NPs are becoming increas-
ingly promising targets for the development of antivirals that
interfere with structural functions, like the RNA-binding groove
or the tail loop pocket. Our high-resolution structure of the
THOV NP may provide the structural basis for the design of
such antivirals against thogoto- and other orthomyxoviruses.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Oliver
Daumke (oliver.daumke@mdc-berlin.de).

Materials availability
All plasmids generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

The electron density and EM maps and their corresponding molecular models have been deposited to the Protein Data Bank (PDB)
under accession codes PDB: 8CJW for the THOV-NP crystal structure and PDB: 8RYT for the THOV RNP cryo electron tomography
structure. The cryo-EM map is deposited at the EMDB using accession code EMDB: EMD-19599. This paper does not report original
code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Protein overexpression was performed in E. coli BL21 (DE3) Rosetta strain (Novagen). For the polymerase reconstitution assay,
THOV strain SiAr126 and HEK293T cells were used.

METHOD DETAILS

Protein expression and purification

Full-length THOV NP (Uniprot accession P89216), the indicated mutants, and a construct harboring an internal deletion of residues
188-196 (NP~ 188196) were expressed as N-terminal Hisg-fusions from a pET28 plasmid followed by a PreScission™ cleavage site in
the E. coli BL21 (DE3) Rosetta strain (Novagen). Bacterial cultures were grown in terrific broth at 37°C. At an ODggg > 0.4, cultures
were cooled to 18°C, and protein expression was induced by adding 40 uM isopropyl-p-D-thiogalactopyranoside (IPTG). Following
centrifugation, bacterial pellets were resuspended in ice-cold 50 mM HEPES (pH 7.5), 800 mM NaCl, 30 mM imidazole, 5 mM MgCl,,
1 uM DNase |, 2.5 mM B-mercaptoethanol (B-ME), 500 uM Pefabloc SC (Roth), and lysed in a microfluidizer (Microfluidics). A soluble
cell extract was prepared by ultracentrifugation at 35,000 g for 45 min at 4°C and, after filtration, applied to a Ni-NTA column (GE-
Healthcare) equilibrated with 50 mM HEPES (pH 7.5), 400 mM NaCl, 30 mM imidazole, 5 mM MgCl,, 2.5 mM B-ME. The column was
extensively washed with 20 mM HEPES (pH 7.5), 800 mM NaCl, 5 mM MgCl,, 50 mM imidazole, 2.5 mM B-ME, 1 mM ATP, 10 mM
KCl, and afterward with 20 mM HEPES (pH 7.5), 400 mM NaCl, 5 mM MgCl,, 50 mM imidazole, 2.5 mM B-ME. Following protein
elution by 20 mM HEPES (pH 7.5), 400 mM NaCl, 300 mM imidazole, 5 mM MgCl,, 2.5 mM B-ME, the protein was incubated overnight
at 4°C in the presence of 250 ng GST-tagged PreScission protease to cleave the N-terminal Hisg tag. The cleaved protein was
concentrated and applied to a Superdex 200 16/60 (G.E.) gel filtration column equilibrated with 20 mM HEPES (pH 7.5), 150 mM
NaCl, 2 mM MgCl,, 2 mM DTT. PreScission protease was removed using a GST column. THOV NP fractions were pooled, concen-
trated, and frozen in small aliquots.
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Analytical gel filtration

The THOV NP mutants were analyzed using an Aekta Purifier (GE Healthcare) equipped with a Superdex 200 10/300 column. The
running buffer contained 20 mM HEPES (pH 7.5), 150 mM NaCl, 2 mM MgCl,. A flow rate of 0.5 mL/min was used. Chromatograms
were recorded at a wavelength of 280 nm.

Analytical ultracentrifugation

The oligomeric state of the NPs was determined by AUC in gel filtration buffer (150 mM NaCl) using a Beckman Optima XL-I-type
analytical ultracentrifuge equipped with ultraviolet absorbance optics. Samples were measured in an An-50 Ti rotor at a wave-
length of 280 nm with a radial spacing of 0.003 cm. The protein was used in a concentration of 0.5 mg/mL. Sedimentation velocity
experiments were carried out at 35,000 revolutions per minute (rpm) at 10°C, using two-channel cells with a 12 mm optical path
length and a 400 uL sample volume. Sedimentation coefficient distributions were analyzed with the program Sedfit.*® The protein
partial-specific volume and the buffer physical constants were calculated from amino acid and buffer composition, respectively,
using SEDNTERP.*"

Right angle laser scattering (RALS)

A coupled RALS system and Refractive Index detector (Malvern) was connected in line to an analytical gel filtration column Superdex
200 10/300 to determine the absolute molecular masses of the applied protein. 20 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl2,
and 2 mM DTT was used as running buffer with a flow rate of 0.5 mL/min. 50 uL of a 4 mg/mL THOV NP solution was applied. Data
analysis was performed with the provided software (Omnisec).

Crystallization and data collection
Protein crystallization of native and selenomethionine (SeMet)-substituted THOV N protein was performed at 10 mg/mL. The
native crystals grew in 21% PEG 1500, 0.1 M spiroglycol pH 7.0, and the SeMet-crystals in 20% (w/v) PEG 3350, 200-300 mM NaCl
after 1 week at 4°C using the sitting drop vapor diffusion method in 96-well plates and the hanging drop method in 24-well plates,
respectively, using a protein:precipitant ratio of 1:1. The dataset for the native THOV NP21881% crystals was recorded at 100 K
and a wavelength of 0.91841 A at beamline 14.1 at BESSY I, Berlin-Adlershof, using a Pilatus 6M detector.

A dataset of the SeMet-containing THOV NP2'8-19 ¢rystals was collected at the DESY synchrotron radiation facility in Hamburg,
Petra lll (P11), equipped with a Pilatus 6M detector at the selenium peak wavelength of 0.97973 A. Al crystals were cryo-protected by
addition of 20% ethylene glycol to the mother liquor before flash freezing into liquid nitrogen.

PA‘] 88-196

Atomic model building and refinement

The phases for the THOV NP2 188196 str;cture were obtained using SAD. 9 out of 11 selenium atoms were found with SHELXD*® using
the anomalous signal of the peak data sets. Initial phases were calculated with SHELXE and HKL2MAP.“? Initial model building was
performed with Coot.° Selenomethionine positions were used to allocate the sequence. Molecular replacement with Phaser®' was
done with the native data using the initial build model. Refinement was done with Phenix>? using TLS (Translational, libration, screw
rotation displacement) refinement. 5% of the measured X-ray intensities were set aside from the refinement for cross-validation. The
electrostatic surface potential and other figures were prepared with the PyMOL Molecular Graphics System, Version 2.5.2, Schro-
dinger. The conservation plot was calculated using the Consurf server®® and visualized with Chimera.**

Grid preparation and image acquisition for cryo-ET

THOV RNPs were isolated from THOV particles collected from the supernatants of infected cells as described previously.?® Purified
virions were lysed using 0.5% NP-40, 1.0% Triton X-100 and 10 mg/ml lysolecithin and separated by centrifugation through a glycerol
gradient at 135,000 relative centrifugal force (rcf) for 5 hours. To remove glycerol, 50 pul of the purified RNP fraction was diluted with
450 pl 50 mM Tris (pH 8.0), 5 mM MgCl,, 100 mM KCI, 1.5 mM DTT and concentrated in a 50 kD Amicon centrifugation filter to a final
volume of ~30 pl. The sample was kept on ice and applied to an R2/2 Cu 300-mesh holey carbon-coated grid (Quantifoil, Germany).
Grids were plunged using a VitroBot Mark IV at 95% humidity and 4°C in the incubation chamber.

THOV-RNP data was acquired on thin carbon film. Data was recorded using a Titan Krios G3i electron microscope operating
at 300 kV equipped with a K3 direct electron detector and a BioQuantum post-column energy filter in energy filtered zero-loss
(slit width 20 eV) nano-probe super-resolution counting mode. The nominal magnification was set to 33,000 at a calibrated pixel
size of 1.3 A. Tomographic tilt series were collected using SerialEM 4.0 beta®® using a dose-symmetric tilting scheme®® with 3°
increment, resulting in an angular coverage from -48° to +48° and a cumulative total electron dose of ~115.5 e’ A2, The defocus
values during acquisition ranged from -3 to -7 pm. Dose-fractionated movies were collected at each tilt consisting of 10
fractions.

THOV-RNP tomogram reconstruction and subtomogram averaging

44 tilt series of THOV-RNP were processed in TomoBEAR®” starting from raw super resolution fractions (A/pix = 1.3). Fractions were
imported and sorted, followed by global motion correction with 2x Fourier cropping with MotionCor2.°® Stacks were assembled and
subjected to global alignment with AreTomo®° with a specified tilt axis value of 84° without refinement. Aligned tilt series were visually
inspected, and misaligned tilt series were excluded, leaving 33 tilt series for the downstream processing. CTF was estimated and
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phase flipping on tilt images was performed with GCTF,®° followed by tomogram reconstruction from the CTF-corrected aligned tilt
series. GPU-accelerated Dynamo template matching®’ was performed with a 360° search range and a 5° angular search step size
using a featureless cylinder as a reference. At this point, the TomoBEAR workflow was finished and the remaining steps were per-
formed interactively. Motion-corrected untilted images were exported to RELION4%? and helices were manually traced. Particles rep-
resenting tube segments were extracted, binned 4x and subjected to 2 rounds of 2D classification. XY coordinates of particles from
the selected classes showing clear helical features were used to mask cross-correlation volumes during subtomogram extraction to
avoid empty or contaminated regions. The extracted 16,101 subtomograms were directly imported into RELION4 tomo®® and sub-
jected to one round of 3D classification in bin4 into 8 classes with global angular search and helical reconstruction mode, but without
applying any symmetry. 5,578 particles from two selected classes were auto-refined, and the resulting map showed a clear presence
of helical symmetry, which was applied to all successive runs. The helical symmetry parameters were estimated to be: box size =
670 A, sphere diameter = 400 A, outer helix diameter = 170 A, number of asymmetric units = 10, central Z fraction = 0.4, twist =
55.5°, rise = 24.6 A. Atter auto-refinement in bin2, subtomograms were re-extracted with 2x smaller box size (340 A) and subjected
to another round of auto-refinement and 3D classification without alignment into 4 classes. 3,228 particles from the best class were
selected and auto-refined, followed by one round of tilt series alignment refinement and per-particle motion fitting (“TomoFrameA-
lignment“). Although the subtomograms were extracted on non-overlapping segments, some particles converged on the same po-
sitions after all alignment rounds; therefore, particles closer than 1 helical rise were excluded, leaving 3,128 particles. The final round
of auto-refinement with a 500 A box size produced amap at 17.8 A resolution. A cylindrical mask with soft-edges covering 1 central
helix turn was used at all alignment rounds and for resolution estimation with FSC. Model fitting was performed by manual adjustment
of three neighbored molecules from an AlphaFold predicted hexameric ring structure into the map using Coot and the Chimera ‘Fit in
Map’ tool.?° Copies of the fitted molecules were used to fill one round of the double-helical RNP. Afterwards real space rigid body
refinement cycles with Phenix were performed.°? Figures were prepared with the PyMOL Molecular Graphics System, Version 2.5.2,
Schrédinger.

Validation of the handedness of STA structures

A small data set of 9 tilt series of purified ribosome large subunit (LSU) was recorded on the same microscope in the same month and
subjected to the same processing pipeline in TomoBEAR as for THOV RNP starting from raw super resolution fractions (A/pix =
2.243). Fractions were imported and sorted, followed by global motion correction with 2x Fourier cropping with MotionCor2. Stacks
were assembled and subjected to global alignment with AreTomo with a specified tilt axis value of 84° without refinement. CTF was
estimated and phase flipping on tilt images was performed with GCTF, followed by tomogram reconstruction from the CTF-corrected
aligned tilt series. GPU-accelerated Dynamo template matching was performed with a 360° search range and a 5° search step with a
featureless blob of LSU size as a reference. At this point, the TomoBEAR workflow was finished and the remaining steps were per-
formed interactively. 30,298 particles were imported into RELION4 TOMO and subjected to 3 rounds of 3D classification at bin2 into 8
classes with global angular search and spherical mask. The final selection of 5,451 particles was subjected to auto-refinements at
bin2 and bin1, followed by TomoFrameAlignment (with motion), CTF refinement (without high-order aberrations) and a final auto-
refine that produced a map at 9 A resolution (Nyquist frequency). The LSU model (PDB: 6LSS) was placed and fitted into the map
with Chimera.®*

RNA-binding studies

Nucleotide dissociation constants of THOV NP to single-stranded RNA of varying length (pU14 - pU24) were determined at 8°C on an
VP-Isothermal titration calorimetry (VP-iTC) system (MicroCal™, GE Healthcare, Freiburg). 150 uM single-stranded RNA in ITC Buffer
(50 MM HEPES (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 5 mM KCI) was titrated in 8 pL steps into a reaction chamber containing 10 uM of
WT THOV NP (or the NP~188-19€ yariant) in the same buffer. Titration of single-stranded pU24 to THOV NP RNA-binding groove mu-
tants or to WT THOV was performed at the iTC,gp-Isothermal Titration Calorimetry (iTCxq0) system (MicroCal™, GE Healthcare, Frei-
burg) due to less available material. 300 uM single-stranded pU24 RNA in ITC Buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM
MgCl,, 5 mM KCI) was titrated in 2 uL steps into a reaction chamber containing 20 pM of THOV NP (or the indicated mutants) in the
same buffer. The resulting heat change upon injection was integrated over a time range of 240 sec, and the obtained values were
fitted to a standard single-site binding model using Origin®.

Polymerase reconstitution assay

To assay the polymerase activity of THOV strain SiAr126 (ref.®%), 293T cells were seeded into 12-well plates and transfected with
10 ng pCAGGS expression plasmids®® for the viral polymerase subunits PB2, PB1, and PA as well as 50 ng NP-encoding plasmid
and 50 ng of areporter plasmid encoding firefly luciferase in negative-sense orientation flanked by 5’- and 3’-UTRs from viral segment
5 (pHH21-vNP-FFLuc for THOV®®). 10 ng pRL-SV40, from which Renilla luciferase is constitutively expressed, was added to
normalize transfection efficiency. Expression of the firefly luciferase reporter gene indicates transcriptional activity of the reconsti-
tuted polymerase complex. Each experiment contained technical duplicates and all experiments were performed three times. Sta-
tistical analysis was performed using the GraphPad Prism 6 software. For expression control, Western blots with specific antibodies
against Flag- or HA-tag and B-actin (Sigma) were performed.
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Immunoblot analysis

293T cells were lysed in 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40 Alternative (Calbiochem) and incubated
with anti-Flag-M2 affinity gel (Sigma) for 2 h at 4°C. The washed precipitates and whole-cell lysates to control protein expression were
subjected to standard Western Blot analysis using antibodies against THOV NP®” and B-actin (Sigma).

QUANTIFICATION AND STATISTICAL ANALYSIS

X-ray crystallography data collection and refinement statistics are shown in Table S2. Cryo-EM data collection, refinement and vali-
dation statistics are summarized in Table S4.
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