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Abstract: Australian bat lyssavirus (ABLV) shows similar clinical symptoms as rabies, but there
are currently no protein structures available for ABLV proteins. In lyssaviruses, the interaction
between nucleoprotein (N) and phosphoprotein (N) in the absence of RNA generates a complex
(NOP) that is crucial for viral assembly, and understanding the interface between these two proteins
has the potential to provide insight into a key feature: the viral lifecycle. In this study, we used
recombinant chimeric protein expression and X-ray crystallography to determine the structure of
ABLV nucleoprotein bound to residues 1-40 of its phosphoprotein chaperone. Comparison of our
results with the recently generated structure of RABV CVS-11 N°P demonstrated a highly conserved
interface in this complex. Because the NP interface is conserved in the lyssaviruses of phylogroup I,
it is an attractive therapeutic target for multiple rabies-causing viral species.

Keywords: rhabdovirus; Australian bat lyssavirus; rabies virus; phosphoprotein; nucleoprotein;
nucleocapsid; X-ray crystallography; small-angle X-ray scattering

1. Introduction

Rabies disease is caused by viruses belonging to the genus Lyssavirus, which con-
tains 17 member species that are bullet-shaped, single-stranded, negative-sense RNA
viruses (order Mononegavirales, family Rhabdoviridae), with the prototypical species be-
ing Lyssavirus rabies (RABV). Rabies is a zoonotic disease responsible for approximately
60,000 human deaths every year (World Health Organization, 2021) and has one of the
highest case-fatality rates of infectious diseases at almost 100%. There is no effective treat-
ment available after the onset of neurological symptoms. Despite the entire genus being
responsible for causing rabies disease, much of the existing research focus has been on
Rabies lyssavirus, and little is known about the diversity across the genus.

Although the continent of Australia is free from RABV, a rabies-causing Australian bat
lyssavirus (ABLV) was identified in an encephalitic bat in 1996 [1]. The zoonotic capability
of ABLV was reported soon after, with the hospitalisation and death of a wildlife carer who
sustained scratches from flying foxes [2]. ABLV is clinically indistinguishable from RABV
infection. Human cases are rare, with a total of three human fatalities from ABLV. ABLV
can also infect domestic animals, with two horses diagnosed in 2013 [3], and experimentally
infected cats and dogs displayed mild behavioural changes and seroconversion [4]. Bats
suffering illness from ABLV infection are more likely to come into contact with humans [5],
and wildlife carers are at increased risk of exposure. Clusters of ABLV in Pteropodid bats
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are known to occur [6], and several sick bats have been identified with ABLV in recent
months [7,8].

Two distinct strains of ABLV have since been described in Australian bats, with
the initial strain being of the Pteropodid bat strain (flying foxes) and the second from
insectivorous bats, first detected in the Yellow-bellied sheathtail bat (Saccolaimus flaviventris).
Screening of Australian bat populations has shown ABLV in five out of six bat families
present, and widespread prevalence [9]. As such, all contact with bats should be considered
a potential transmission event, and exposed individuals should receive post-exposure
prophylaxis in the form of a rabies vaccine and hIG as these species are in the same
lyssavirus phylogroup, and cross-reactivity is present [10,11].

The lyssavirus genome is approximately 12 kb, with ABLV having 11,918 nucleotides
that encode five genes for the corresponding proteins [12]. In Mononegavirales, the nucleo-
protein (N protein, known as NP in Filoviridae) is an RNA-binding protein that encapsidates
the viral RNA genome [13], with each protomer binding to nine nucleotides [14] and form-
ing a helical homo-oligomer nucleocapsid to encapsidate the entire single RNA strand [14].
Encapsidation prevents viral RNA recognition by RNA-detecting pattern recognition recep-
tors of the cell’s innate immune system [15]. The RABV and ABLV nucleoproteins contain
450 residues, with RABV nucleoprotein being phosphorylated by the host at Ser®’ [16],
which is necessary for transcription and replication [17,18]. For RABYV, strain-specific dif-
ferences in nucleoprotein sequences have been linked to differences in pathogenicity in
the brain, allowing the virus to evade the innate immune response [19,20]. Furthermore,
the N-RNA template binds to the RNA-dependent RNA polymerase (L protein) and its
non-catalytic cofactor phosphoprotein (P protein) to form ribonucleoprotein (RNP).

Lyssavirus infection is typified by large cytoplasmic inclusions in host cells. These
cytoplasmic inclusions are known as Negri bodies, contain concentrated RNP, and serve as
viral factories in infection [21]. Negri bodies arise through a concentration of low-affinity
interactions between proteins and nucleic acids, driving liquid-liquid phase separation.
It is thought that this allows viral proteins to be protected from intracellular pathways of
detection (pattern recognition receptors). The cell culture expression of the RABV N and P
proteins is sufficient to produce Negri-like bodies in the cytoplasm. Within the Negri bodies,
the phosphoprotein also binds as a chaperone to newly synthesised nucleoprotein. During
viral replication, a constant supply of soluble nucleoprotein is required to encapsidate newly
synthesised RNA (reviewed in [22]). The phosphoprotein acts as a chaperone to keep the
nucleoprotein soluble, prevent self-association, and to maintain it in a conformation ready
for its addition to the newly synthesised viral RNA [23,24]. The co-expression of N and P
proteins generates a complex that confers specificity for viral RNA, whereas the expression
of the nucleoprotein in the absence of phosphoprotein binds mRNA non-specifically [25].
This interaction is mediated by phosphoprotein residues 4-40 in the N-terminal region
(NTR) [24].

The secondary structure of the N-terminal region is predicted to be helical [24], and this
is supported by nuclear magnetic resonance (NMR) analysis of the VSV phosphoprotein
that shows two transient helices in the NTR [26]. Structural characterisation of the NP
interaction from other Mononegavirales, including the Rhabdovirus vesicular stomatitis virus
(VSV), shows a peptide containing residues 1-60 of the phosphoprotein as the chaperone
module that changes dynamically from a disordered region to a highly ordered helix on
binding to the N protein [26]. The N-terminus of the RABV phosphoprotein was also
analysed using an array of disorder prediction software and was predicted to be structured
from residues 1 to 29 [27], which would allow the P protein to bind the N protein to
prevent N-N interactions while keeping the positively charged RNA-binding site open.
The stoichiometry of the N'P interaction in the N°P complex formed in the absence of RNA
was established using nuclear magnetic resonance (NMR) and small-angle x-ray scattering
(SAXS) and was found to be one dimer of P bound to two N? molecules, giving a mixture of
INV:2P or 2N:2P [28] (Yabukarski et al., 2016). This ratio suggests that the phosphoprotein
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is operating as a dimer, enabling it to adopt a conformation that simultaneously solubilises
two N proteins.

To date, no protein structures from ABLV proteins have been described. The impor-
tance of the NP interface in the lifecycle of the lyssavirus and its prerequisite to viral
assembly makes it an attractive target for therapeutic intervention. Understanding the
NCP interface has the potential to provide a target for antivirals, as this step is critical in
producing viral progeny. Furthermore, elucidation could provide an important basis for
the design of therapeutics for lyssaviruses. We used the previously successful chimeric
approach to express and crystallize ABLV nucleoprotein and the chaperone module of
phosphoprotein (1-53). Here, we present the crystal structure of the ABLV nucleoprotein-
phosphoprotein (1-53) interface. We provide a structural comparison with RABV CVS-11
NPP [29] and describe a conserved interface. The highly conserved interface of NP of these
phylogroup I lyssaviruses (and potentially for broader rhabdoviruses) could lend itself as a
broad therapeutic target.

2. Materials and Methods
2.1. Plasmids

The expression construct was designed as a chimera to encode residues 1-53 of the
phosphoprotein, a TEV protease site linker, then the full-length (residues 1-450) nucleopro-
tein from GenBank AF006497.1 Australian Bat Virus; lyssavirus (Ballina isolate). Accession
numbers for the N and P proteins are AAD01267.1 and AADO0168.1, respectively. The
sequence was optimised for E. coli expression and cloned into the pET30(a) vector at the
BamHI/BamHI site by GenScript. The plasmid also encoded an N-terminal 6His tag and
TEV protease cleavage site, with the overall protein having the architecture 6His-TEV-P(1-
53)-TEV-N(1-450). In the chimeric protein, residues 1-50 are His tag, 51-57 TEV site, 58-110
are P(1-53), 111-117 are TEV site, and 118-567 are N(1-450), but, to avoid confusion, amino
acids will be referred to by the position in the native proteins and not the chimera construct.

2.2. Protein Expression and Purification

The ABLV NP plasmid was transformed into chemically competent BL.21 (DE3)
pLysS cells using heat shock [30]. Transformed colonies were selected with 50 pg/mL of
kanamycin, and the recombinant protein expression was induced by 500 mM Isopropyl-3-
D-thiogalactoside (IPTG) at 16 °C for 15 h [31]. Cells were harvested by centrifugation at
5400x g and the cell pellets were resuspended in His buffer A (50 mM phosphate buffer,
300 mM sodium chloride, 20 mM imidazole, pH 8.0) and frozen at —20 °C for future use.
Cells underwent two freeze—-thaw cycles and were lysed with 1 mL of lysozyme (20 mg/mL)
with the addition of DNase (5 pg/mL) and incubated for 45 min at room temperature. The
whole cell extract was passed through a 22-gauge needle to shear any remaining DNA or
cell clumps before centrifugation at 11,800 x g at 16 °C for 30 min. The soluble extract was
then filtered with a 0.45 pm low protein affinity filter before purification using immobilised
metal affinity chromatography (IMAC) with a 5mL HisTrap HP (Cytiva), pre-equilibrated
with His A buffer. The target protein was eluted using a gradient of His B buffer (500 mM
imidazole, 300 mM sodium chloride, 50 mM phosphate buffer). A subsequent step of size
exclusion chromatography was performed on the Superdex 200 pg 26/600 column (GE
Healthcare) using Tris-buffered saline (50 mM Tris-HCl, 125 mM sodium chloride, pH 8.0).
A small sample of purified protein was treated with TEV protease to confirm the expression
of the ABLV NP protein. The protein fractions were analysed with SDS-PAGE, pooled,
and concentrated with a 10 kDa centrifugal filter to 30 mg/mL.

2.3. Protein Crystallisation, Data Collection, and Processing

The purified ABLV NP protein was used in crystallisation trials using the hanging-
drop vapour diffusion method in 48-well plates using 1.5 pL of protein combined with
1.5 uL crystallant solution and equilibrated over a reservoir containing 300 pL of crystallant
solution. The ABLV NP chimera formed clusters of needle-like crystals that appeared in
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screens after four weeks at 30 mg/mL at 23 °C. The high-resolution atomic structure of
the ABLV NP dataset was collected from the nominate crystal grown in Morpheus 1.45
from Molecular Dimensions (0.12 M alcohols mix (0.1 M 30% v/v 0.2 M 1,6-Hexanediol;
0.2 M 1-Butanol, 0.2 M 1,2-Propanediol; 0.2 M 2-Propanol; 0.2 M 1,4-Butanediol; 0.2 M
1,3-Propanediol), 1.0M Tris (base) pH 8.5; BICINE, 60% precipitant mix (40% v/v/PEG
500 MME; 20% w/v PEG 20000).

Crystals were cryoprotected and flash-cooled in liquid nitrogen before data X-ray
diffraction data were collected at the Australian Synchrotron on the MX2 beamline using
a Dectris Eiger 16M detector. Data reduction and integration were performed using XDS
and scaled using Aimless [32] before molecular replacement in PhaserMR [33] using the
2.0 A resolution in-house structure of the RABV NP. Several rounds of model building and
refinement were performed in COOT [34] and Phenix [35] to complete the molecular model.
Protein—protein interactions were analysed by PDBSUM (See Supplementary Table S1) [36]
and compared to PDB 8B8V using CCP41 GEMSANT. Data collection and refinement
statistics are given in Table 1.

Table 1. Data collection and refinement statistics.

Data Collection and Processing ABLV N°P
Wavelength (A) 0.95365
Resolution range (A) 29.67-2.19 (2.26-2.19)
Space group P121
Unit cell (A, ) 82.37 35.50 89.09 90 92.63 90
Total reflections 102,224 (8160)
Unique reflections 26,863 (2185)
Multiplicity 3.8(3.7)
Completeness (%) 99.5 (94.8)
Mean I/sigma(I) 10.4 (3.3)
Wilson B-factor A2 29.119
R-merge 0.076 (0.464)
R-pim 0.044 (0.268)
CC1/2 0.997 (0.866)

Refinement

Number of reflections

26,858 (2300)

Number of R-free reflections 1371 (143)
R-work % 0.1594 (0.2028)
R-free % 0.1925 (0.2277)
RMS(bonds) 0.004
RMS(angles) 0.546
Ramachandran plot

favoured (%) 98.53

allowed (%) 1.47

outliers (%) 0
Average B-factor A? 45.56
Clash score 1.97
MolProbity score 0.70 (100%)

PDB accession code 8FWL

Statistics for the highest-resolution shell are shown in parentheses.
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3. Results
3.1. The ABLV Phosphoprotein Chaperone Module Binds to the RNA-Free Nucleoprotein

A chimeric fusion protein containing residues 1-60 of the phosphoprotein and the
full-length (residues 1-450) nucleoprotein was used to determine the binding interface of
ABLB NP (Figure 1A). The chimeric protein was purified using IMAC (Figure 1B) and
subsequently eluted from a Superdex 200 size-exclusion column as a large, single peak
and showed no RNA contamination (A260/280 = 0.7) (Figure 1C). Its composition was
confirmed using SDS-PAGE with TEV protease cleavage (Figure 1D). Only trace amounts
of protein degradation were detected.

118 567

6 C a |
mAU e mAU R—
3000 s CONC B / ‘ 1000
W ABLV N°P
2000 ’ [ | 7 ABLV N
I | 500
1000
/ 250
0 i + Saripte Apphation—t——}—— Cotdmm Wash T i o 0 ABLV P
0 50 100 150 200 0 50 100 150 200 250 300 350
Elution volume (mL) Elution volume (mL)

phosphoprotein

nucleoprotein

lle*

LVSZGS

Val® Arg2  Asp'?  Glu22  Thr?*  Asn?® Asn3!  Asn3  His3®  Leu3® GIn%

13 hydrogen bonds
3 salt bridges

v v L )
Phe?s! Glui3  Arg?™ Ala?s3  Thr27® +hr24a Tyr233 Arg?2s Argl®®  Argled A@lss
Glutos Arg?st Thr243

Glu%3

Figure 1. X-ray crystal structure of ABLV nucleoprotein (grey) bound to its phosphoprotein chaperone
in an RNA-free state. (A) Schematic of expressed protein containing an N-terminal 6His tag followed
by a TEV protease site for cleavage, the phosphoprotein fragment 1-53, a second TEV protease
site, and the full-length nucleoprotein. (B) Chromatograph of affinity purification of ABLV NOP
using IMAC. A single elution peak was obtained. (C) Chromatograph of subsequent size-exclusion
chromatography (SEC) on FPLC. A large symmetrical peak was eluted from 200 to 230 mL. (D) SDS-
PAGE of ABLV NP purification showing purified target protein at approximately 64 kDa in affinity
peak and SEC. Treatment with TEV protease resulted in cleavage and confirmation that the purified
protein was ABLV NCP. (E) The ABLV NUP structure was obtained using crystals generated in
crystallisation condition Morpheus 1-45 from Molecular Dimensions. (F) The resolved ABLV NP
structure. The phosphoprotein chaperone adopted a helix-loop—helix conformation and bound to
hydrophobic grooves on the nucleoprotein (grey surface representation). The nucleoprotein adopted
a typical jaw-like globular structure. Figure generated in Pymol. (G) Schematic of the interactions
between the ABLV nucleoprotein (grey box) and phosphoprotein (salmon). Interfacing residues are
indicated by text, with salt bridges in bold.
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The chimeric protein was used to generate crystals that had P2 symmetry and which
diffracted to a resolution of 2.19 A and had unit cell parameters of a = 82.37 A,b=3550A,
and c = 89.09 A, with o = 90°, B =92.62°, and vy = 90°. There was a single molecule of the
NOP chimera in the asymmetric unit. The final model had excellent stereochemistry and
Ryork and Rgee of 16% and 19%, respectively. The model was deposited into the Protein
Data Bank with the code 8FWL. Full data collection and refinement statistics are presented
in Table 1.

Residues 27-447 of the nucleoprotein could be traced, except for a chain break between
residues 352 and 399 that remained unresolved due to its being in a flexible loop. The
structure of nucleoprotein contained the N-terminal and C-terminal globular domains
that contained multiple alpha helices together with a central hinge region that resulted in
it having the jaw-like structure typical of Mononegavirales nucleoproteins [14,23,29]. The
phosphoprotein chaperone module had good electron density and could be traced from
residues 2 to 40. Its N-terminus appeared to be essentially unstructured and was followed
by two helical domains (Helix 1 Pro®-Arg!? and Helix 2 Met?’-GIn?) that were separated by
an unstructured loop. There was no electron density that corresponded to phosphoprotein
residues 41-53 or the TEV site linker. The crystal structure also contained 172 water
molecules and one PEG molecule derived from the crystallisation solution (Figure 1F).

The structure indicated that the interaction between the phosphoprotein and the
nucleoprotein is mediated by 13 H-bonds and three salt bridges, with Helix 2 of the phos-
phoprotein being amphipathic and forming a large number of hydrophobic interactions
within the binding groove of the nucleoprotein [36].

3.2. The NP Interface Is Highly Conserved between ABLV and RABV CVS-11

The crystal structure of ABLV NP was compared to the recently published crystal
structure of RABV CVS-11 N°P (PDB 8B8V [29]). The fold of the nucleoprotein and
positioning of the phosphoprotein chaperone modules were conserved in the two NP
structures (Figure 2A). The structures were analysed using CCP4i2 GESAMT and showed
an overall RMS difference of 0.6A, demonstrating the high degree of similarity between
the two structures. The distance (A) of each equivalent residue was plotted for both the N
and P proteins (Figure 2B). The flexible loop region (residues 113-130) showed the greatest
variation between the ABLV and RABV nucleoproteins. This flexible loop does not have
equivalent residues, with the ABLV motif being 126QDL128 and RABV CVS-11 126MEL28;
hence, CCP4i2 GESAMT did not generate data points on the graphs (Figure 2C). Pisa server
analysis shows that the hydrophobic RABV Met!?° is 80% buried and forms a hydrogen
bond with the zeta nitrogen of nucleoprotein Lys>*, whereas ABLV GIn'?® is hydrophilic
and solvent-accessible and does not interact with internal nucleoprotein residues, and its
alpha carbon was positioned 7 A away from that of RABV Met'2°.
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Figure 2. Comparison of ABLV NP from this study with RABV NP showed a conserved structure.
(A) Aligned structures of ABLV NP (nucleoprotein is grey and phosphoprotein is salmon) and
RABV CVS-11 N°P (PDB 8B8V) (nucleoprotein light cyan and phosphoprotein teal) show a conserved
structure. (B) ABLV NP and RABV NP were compared using CCP4i2 GESAMT [37]. Graphs
showing the difference in position for each amino acid is measured in Root Mean Square of Deviation
(RMSD) A and plotted against the amino acid number for N (left) and P (right). Differences in amino
acid sequence are shown in salmon-coloured markers. The average RMSD for the NP complex
is shown as a dotted line. (C) Pymol alignment of ABLV and RABV nucleoprotein loop region
(residues 122-130) showing the 7 A difference in position of ABLV 126QDL128 and RABV 12MEL128,
(D) Image of aligned NP structures showing the conserved interfacing residues as sticks (ABLV
phosphoprotein in salmon, nucleoprotein in black, RABV nucleoprotein cyan, phosphoprotein in
teal). Figure generated using Pymol.

The ABLV phosphoprotein chaperone Helix 2 occluded the RNA-binding site and
interacted with RNA-binding residues Arg!®, Arg!®, and Arg?®. It is inferred that
the phosphoprotein chaperone module prevents nucleoprotein oligomerisation in ABLV
based on its relative position and occlusion of N:N interaction surfaces in the RABV
oligomeric N protein structure [14,29]. Nucleoprotein residues Arg!% and Arg!'%’ have also
been implicated in the formation of biocondensates and phase separation in the presence
of phosphoprotein [38]. Phosphoprotein Helix 1 binds at the same site as the adjacent
nucleoprotein protomers of RABV. Phosphoprotein Arg!? forms two hydrogen bonds and a
salt bridge with nucleoprotein Glu*®, which would otherwise bind N-1 Arg®*” and Arg>®!.
Additionally, the phosphoprotein Helix 2 provides major clashes at the binding site of N+1
N-terminus (Ile®-GIn??), but overall, the binding interface of NOP was conserved between
the two lyssavirus species.
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4. Discussion

We have used recombinant protein expression and X-ray crystallography to obtain the
first protein structures for ABLV. Using a chimera of phosphoprotein residues 1-53 and
full-length nucleoprotein, we purified and crystallised the protein and solved the structure
t0 2.19 A resolution. The structure showed that the chaperone module of phosphoprotein is
comprised of two amphipathic alpha helices that bind to a single nucleoprotein protomer
along a hydrophobic groove consistent with a range of studies that implicate the lyssavirus
phosphoprotein N-terminus in interactions with nucleoprotein. [23,24].

The chimeric approach of fusing the N-terminus of the P protein to the full-length N
protein was employed to improve the stability of the NP protein complex. The validity
of this approach is supported by its use in similar studies. For investigations into EBOV
NP, the nucleoprotein copurified with VP35 N-terminal peptide (P equivalent) and was
pulled down in a 1:1 ratio. However, the complex shifted to a higher-molecular-weight
species over time [39]. Therefore, an N-VP35 chimera was successfully employed for
structural determination. This approach was also taken for MeV NP, and it was found
that it prevented the nucleoprotein encapsidation of non-specific E. coli RNA during the
expression process [40]. Renner also used this strategy for human metapneumovirus
NPOP [41]. Therefore, this established approach was adopted for ABLV NP crystallography.

The interface between the phosphoprotein and nucleoprotein in the ABLV NP chimera
in the present study is supported by the recent publication of the RABV (CVS-11 strain)
NOP protein [29]. These authors chose to express phosphoprotein 1-68 and nucleoprotein
24-450 independently, and the complex was confirmed by SEC-MALLS prior to crystal-
lography [29]. The truncation of the nucleoprotein prevented polymerisation mediated
through the N-terminal arm. Despite the two different approaches to generating the NPs,
the ABLV and RABYV crystal structures have a high similarity (RMS 0.69), giving confidence
that the ABLV structure was unaffected by the engineered linker regions. Both the ABLV
and RABYV structures lacked electron density for the flexible nucleoprotein C-terminal arm
(residues 352-399 and 350400 for ABLV and RABYV, respectively). It is, therefore, likely that
this motif is also critical in the docking of N subunits for polymerisation and the formation
of the nucleocapsid [14].

The overall molecular architecture of the nucleoprotein and phosphoproteins and the
interface between them in the NP complex were conserved, consistent with the similarity
of their amino acid sequences (92% for nucleoproteins and 85.9% for phosphoproteins), with
only one amino acid substitution existing in the observed residues of the phosphoprotein
(ABLV Met!®, RABV Leu'®). However, there were significant differences between ABLV
and RABYV in nucleoprotein residues 126-128, which has three substitutions. A sequence
alignment of lyssavirus nucleoprotein sequences showed that the 2°MEL!?® motif is highly
conserved amongst RABV strains, in contrast to non-RABV lyssaviruses that show high
similarity to the ABLV '26QDL!?® motif (Figure 3). The substitutions may play a role in the
nucleocapsid assembly with the matrix protein (M), and there may be subtle differences
between species. This hypothesis is supported by research on the VSV nucleoprotein
which shows that the equivalent loop on the VSV nucleoprotein binds to the VSV matrix
protein [42,43]. Current knowledge about the structure of lyssavirus matrix protein is
limited to that from Lyssavirus lagos (LBV) [44].
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tr|J7K0G1 | J7KOG1_9RHAB AQVAQAGV KDPTDAEHASLVGLLLCLYRLSKIVGONTANYKT FETAPFVK 180
sp|QSVKP2 | NCAP_WCBV RNPT VGLLLCLYRLSKIVGONTANYKT FETAPFVK 180
< | 8p|POC570 | NCAP_MOKV VERDP" VGLLLCLYRLSKIVGY FETAPFAK 180
Q.| sp|osvkes NCAP_IRKV TTPI VGLLLCLYRLSKIVGONTGNYKT ETAPFVK 180
Q| tr|car9s1|car9S1_9RHAB TT VGLLLCLYRLSKIVGONTGNYKT FETAPFVK 180
V) | 5p|066453|NCAP_DUVV FRDPTISEHASLVGLLLCLYRLSKIVGONTGNYKTNVADRMEQIFETAPFVK 180
sp|A4UHPS | NCAP_EBLV1 TT VGLLLCLYRLSKIVGONTGNYKT FETAPFVK 180
W | sp|adunQ3|NCAP_EBLV2 ALAGQLDV[[KDPT VGLLLCLYRL GNYKT FETAPFVK 180
S | tr|U3MX76|U3MXT6_9IRHAB ALTGGYDL T VGLLLCLYRL I FETAPFVK 180
Al | tr|R9WUI3 |RIWUI3I_9RHAB ALTGGYD T VGLLLCLYRL TGNYKTNI ETAPFVK 180
| tr|GOZMNS |GOZMNS_9RHAB ALTGGYDL T VGLLLCLYRL I FETAPFVK 180
> sp|Q6X1D4 | NCAP_KHUV ALTGQLDL T VGLLLSLYRL TGNYKT ETAPFAK 180
&S | sp|06X1D8 |NCAP_ARAV TTAEHASLVGLLLCLYRLSKIVGONTGNYKT FETAPFVK 180
) | sp|Q90SP4 |NCAP_ABLVB AL RDPT SLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFAK 180
) | tr|Q5GF17|QSGFI7_9RHAB AL RDPTIAEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFAK 180
| tx|QSGFFS | QSGFFS_9RHAB AL 'RDPT SLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFAK 180
] | t¥|AOAO8BBN693 | AOAOBBNG93_IRHAB AL RDPTIAEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFAK 180
tr|Q9¥224|Q9YZ24_9RHAB ALTGGQDLIRDPTVAEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFAK 180
58— | 5p|Q8JTH3 | NCAP_ABLVH ALTGGQDL T VGLLLSLYRLSKI 'GNYKTNIADRIEQIFETAPFAK 180
Q) | tr|Q5GFG1|QSGFG1_9RHAB ALTGGQDLIRDPTVAEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFAK 180
L | tr|AOATDIXDP7 | AOA7D1XDP7_IRHAB ALTGGQDL T VGLLLSLYRLSKT 'GNYKTNIADRIEQIFETAPFAK 180
4 | t¥|AOATMACA44 | AOATMACA44_IRHAB ALTGGODL T VGLLLSLYRLSKI NYKTNIADRIEQIFETAPFAK 180
o tr|QSGFHY |QSGFHI_9RHAB ALTGGODL T VGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFAK 180
tr|QSGFK9 | QSGFK9_IRHAB AL T VGLLLSLYRLSKI KTNIADRIEQIFETAPFAK 180
tr|AOA7M4C434 | AOATMAC434_9RHAB ALTGGQDL T VGLLLSLYRLSKI NYKTNIADRIEQIFETAPFAK 180
.4 IRR ARARRRRARR RARARR: ARRE ARRNR R R ARARRR R
sp|Q0GBX9 | NCAP_RABVD AL T VGLLVSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2C2|D2D2C2_9RHAB ALAGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2B2 |D2D2B2_9RHAB ALAGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2B4 |D2D2B4_9RHAB ALAGAMEL T VGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2A8 |D2D2A8_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2C9 |D2D2C9_9RHAB ALTGAMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2C3|D2D2C3_9RHAB ALTGQMEL TVPEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2C0 |D2D2CO_IRHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2B3 |D2D2B3_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2B7 |D2D2B7_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2A7 |D2D2A7_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFVK 180
tr|D2D2B0 |D2D2B0_9RHAB ALTGQMEL T VGLLLSLYRLSKI IADRIEQIFETAPFVK 180
| ¢r|p202a6 D2D2A6_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
€| tr|Dp20285 | D2D2B5_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
*==| sp|055611 | NCAP_RABVN AL T VGLLLSLYRLSKISG( IADRIEQIFETAPFVK 180
E sp|A3RM19 |[NCAP_RABVI ALTGAMEL TVPEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFIK 180
tr|AOAOU2ES76 | AOAOU2ES76_9RHAB ALTGQMEL TVPEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFIK 180
ch tr|AOAOU2ES79 | AOAOU2ES79_9RHAB ALTGQMEL TVPEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFIK 180
tr|AOAOU2ES97 | AOAOU2ES97_9RHAB ALTGQMEL TVPEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEHIFETAPFIK 180
)| tr|QS0EV2|QS0EV2_9RHAB ALTGQMEL TVP] VGLLLSLYRLSKISG( IADRIEQIFETAPFIK 180
Q)| sp|008314 |NCAP_RABVF ALTGAMEL TVPEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFIK 180
*~=| sp|Q09110|NCAP_RABVU ALTGQMEL TVPEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFIK 180
tr|Q6XPX7 6XPX7 9RHAB AL T VGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 176
Q Q !
ol AOA6CONST1 | AOA6CONST1_9RHAB AL VITRDPT VGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFVK 180
Lo | 8P| P16285|NCAP_RABVS ALTGQMEL TVP] VGLLLSLYRLSKISG( IADRIEQIFETAPFVK 180
sp| PODOF3 | NCAP_RABVE ALTGQMEL TVPEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
)| sp|P06025 |NCAP_RABVP ALTGQMEL TVPEHASLVGLLLSLYRLSKISGQSTGNYKTNIADRIEQIFETAPFVK 180
| tr|075575|0755T5_9RHAB ALTGQMEL T VGLLLSLYRLSKI IADRIEQIFETAPFVK 167
.| tr|Q75559Q75559_9RHAB ALTGYMEL TVSEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFVK 167
*o~| tr|086414|Q86414_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
| sp|00GBY4 |NCAP_RABVR ALTGQMEL TV VGLLLSLYRLSKI IADRIEQIFETAPFVK 180
B sp|Q8JXF6 |NCAP_RABVC ALTGAMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
()| 5P|P15197 |NCAP_RABVA ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
(| ££[0755T1|Q75ST1_9RHAB ALTGQMEL TV VGLLLSLYRLSKISG( IADRIEQIFETAPFVK 167
N\ tr[075583|Q75583_9RuAB ALTEQMEL TVSEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFVK 167
tr|Q86432 Qg“)z_gnm ALTGAMEL T VGLLLSLYRLSKISGONTGNYKTNIADRIGQIFETAPFVK 180
~| AOAOS9TBEL | AOAOSITBE1_9RHAB ALTGQMEL T VGLLLSLYRLSKISG( IADRIEQIFETAPFVK 180
tr|AOAOS9ITBI3 | AOAOSITBI3_IRHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFVK 180
tr|Q86425|086425_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFIK 180
sp|Q8B6J9 |NCAP_RABVH ALTGMEL T VGLLLSLYRLSKISG( IADRIEQIFETAPFVK 180
tr|Q5L4F8 |QSL4F8_9RHAB ALTGAMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFIK 180
tr|Q86433|Q86433_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFIK 180
sp|Q66T65 |NCAP_RABVB ALTGMEL TVP] VGLLLSLYRLSKISG( IADRIEQIFETAPFVK 180
tr|Q8ON11|Q80N11_9RHAB ALTGAL TVPEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFVK 180
tr|Q86412|Q86412_IRHAB ALTGQIEVIRDPTV! VGLLLSVYRMSKISGONTGNYKTNIADRIEQIFETAPFAK 180
tr|A3F9M2 |A3F9M2_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTNIADRIEQIFETAPFAK 168
tr|A3F9J2|A3F9J2_9RHAB ALTGAMEL TVSEHASLVGLLLSLYRLSKISGQNTGNYKTNIADRIEQIFETAPFTK 168
tr|E2GLP9 |E2GLP9_9RHAB ALTGQMEL TVSEHASLVGLLLSLYRLSKISGONTGNYKTN. 168
P A T

Figure 3. The alignment of positions 121-180 of the nucleoprotein sequences in Lyssaviruses shows
a high conservation of the '?°MEL!?® motif between RABV strains (indicated by the red box in the
bottom panel). However, non-RABV lyssaviruses have variations in the 126QDL!?8 motif (indicated
by the red box in the top panel). The alignment was conducted using the Clustal Omega Multiple
sequence alignment tool [45].

Research into lyssaviruses has been mostly restricted to RABV, and often to laboratory-
adapted strains. In RABYV, the phosphoprotein is expressed both as a full-length (P1) protein
and also as four progressively N-terminally truncated isoforms (P2-P5) though ribosomal
leaky scanning and alternative start codons. All these phosphoproteins exist as homodimers
and contain a mixture of structured and intrinsically disordered regions (IDRs) [46,47].
ABLY, in contrast, is translated into three isoforms with a full-length P1 together with P2
(residues 20-97) and a P5 equivalent (residues 83-297) because the Met53Ile and Met69Asn
substitutions in ABLV are not consistent with alternate initiation sites. The RABV phos-
phoprotein has been shown to be phosphorylated at a number of sites, including Ser63
and Ser64, by RABV protein kinase and Ser162, Ser210, and Ser271 by protein kinase C
isomers [48]. Because ABLV also has serines at positions 63, 210, and 271, it may also
be phosphorylated in a similar manner. Although, clearly, further research is needed to
understand non-RABV lyssaviruses like ABLV, there may be differences because when
compared in terms of pathogenicity and replication kinetics, ABLV grows more slowly than
RABY, and the incubation period can be as long as 27 months [49,50].
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Lyssavirus phosphoproteins have several functions in addition to acting as a nucleo-
protein chaperone. The N-terminal region (NTR—residues 1-19) has been identified as the
interaction site for the C-terminus of the RNA-dependent RNA polymerase (RdRp, the L
protein), where phosphoprotein acts as a RdRp cofactor [51,52]. Curiously, this interface is
only present in the P1 isoform because it is absent in the truncated P2-P5 isoforms, suggest-
ing that only full-length P functions as a polymerase cofactor. In contrast to this study, the
L-P binding interface determined by cryoEM [53] shows that a fragment of phosphoprotein
(residues 1-91) was sufficient to bind to the L protein. A total of 27 phosphoprotein residues
are described as binding to L (between residues 51 and 87). A possible salt bridge is formed
via P51, which extends the knowledge of the interface involved in polymerase activity.
Consequently, there is a dual function for the phosphoprotein NTR as this is also the region
responsible for chaperone functions, as confirmed structurally for ABLV and RABV [29].

Lyssavirus P proteins also perform accessory roles, with the C-terminal domain (CTD)
being extensively described as an antagonist to type 1 interferon (IFN) response. Several
studies have demonstrated that phosphoprotein interferes with IFN induction by blocking
IRF-3 phosphorylation through the kinases TBK-1 and IKKe [54-57]. Furthermore, RABV
phosphoprotein CTD inhibits downstream IFN signalling by interacting with phospho-
rylated STAT-1, STAT-2, and STAT-3. This interaction causes the accumulation of STATS
in the cytoplasm, thereby blocking IEN signalling and failing to induce a robust host
antiviral response [58-61]. Binding sites for host proteins, including PML, microtubules,
STATs, and nuclear import/export machinery, have all been attributed to the phospho-
protein CTD [62-65]. The role of these regions has been the topic of much study, with
strong evidence that these isoforms also exist as innate immune system modulators [65].
It is unknown whether functions of the phosphoprotein NTR and CTD are simultaneous,
sequential, mutually exclusive, or undertaken by discrete phosphoprotein molecules.

5. Conclusions

This study has determined the structure of ABLV nucleoprotein and the interface with
its phosphoprotein chaperone in the absence of RNA. The findings here suggest that there
is a highly conserved interface between ABLV and RABV CVS-11 NOP structures, which
could be potentially targeted for therapeutic purposes against these, and possibly multiple
other rabies-causing species, and contribute to the development of effective treatments for
both ABLV and a broad range of lyssaviruses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v16010033/s1, Table S1: List of atom—atom interactions across the
nucleoprotein—-phosphoprotein interface.
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