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Abstract: Nipah virus (NiV) and Hendra virus (HeV) are highly pathogenic species from the Heni-
pavirus genus within the paramyxovirus family and are harbored by Pteropus Flying Fox species.
Henipaviruses cause severe respiratory disease, neural symptoms, and encephalitis in various animals
and humans, with human mortality rates exceeding 70% in some NiV outbreaks. The henipavirus ma-
trix protein (M), which drives viral assembly and budding of the virion, also performs non-structural
functions as a type I interferon antagonist. Interestingly, M also undergoes nuclear trafficking that
mediates critical monoubiquitination for downstream cell sorting, membrane association, and bud-
ding processes. Based on the NiV and HeV M X-ray crystal structures and cell-based assays, M
possesses a putative monopartite nuclear localization signal (NLS) (residues 82KRKKIR®; NLS1
HeV), positioned on an exposed flexible loop and typical of how many NLSs bind importin alpha
(IMPq), and a putative bipartite NLS (***RR-10X-KRK?>8; NLS2 HeV), positioned within an a-helix
that is far less typical. Here, we employed X-ray crystallography to determine the binding interface
of these M NLSs and IMP«. The interaction of both NLS peptides with IMPx was established, with
NLS1 binding the IMPa major binding site, and NLS2 binding as a non-classical NLS to the minor
site. Co-immunoprecipitation (co-IP) and immunofluorescence assays (IFA) confirm the critical role
of NLS2, and specifically K258. Additionally, localization studies demonstrated a supportive role for
NLS1 in M nuclear localization. These studies provide additional insight into the critical mechanisms
of M nucleocytoplasmic transport, the study of which can provide a greater understanding of viral
pathogenesis and uncover a potential target for novel therapeutics for henipaviral diseases.
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1. Introduction

Henipaviruses include highly lethal, zoonotic, paramyxoviruses that harbor a single-
stranded RNA negative sense genome of approximately 18 kb. The two prototypical
henipavirus species are Nipah virus (NiV) and Hendra virus (HeV). They are pleiomorphic
to spherical in shape with genomes comprised of six genes that encode six structural
proteins, nucleocapsid (N), phosphoprotein (P), matrix (M), fusion (F), attachment (G), and
large (L), and three accessory proteins C, V, and W [1,2].

Henipaviruses first emerged in a 1994 outbreak of HeV when a spill-over occurred
from the reservoir host, pteropid bats, into racehorses in the Brisbane suburb of Hendra,
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QLD, Australia. Subsequent human infections occurred due to close contact with the
infected horses. Symptoms include acute respiratory distress, neurological symptom:s,
and encephalitis [3]. Since the 1994 outbreak, 88 confirmed equine cases and more than
20 unresolved cases have resulted in death or euthanasia, with the most recent spill-over
occurring in Mackay, QLD, Australia, in July 2022 [4]. Additionally, seven human cases of
HeV have occurred, and a new strain of HeV, Hendra virus genotype 2 (HeV-g2), has since
been characterized [4-6].

Contrary to HeV infections, human-to-human transmission can occur with NiV [7].
The initial outbreak of NiV occurred in 1998 when a spill-over event infected a piggery,
resulting in 256 human cases, 105 deaths, and over 1 million pigs slaughtered to contain
the disease [8-10]. The second strain of NiV emerged in Bangladesh and India in 2001,
with human infection resulting from direct contact with fruit contaminated with bat secre-
tions [11]. More recent NiV outbreaks have been reported, including in September 2021,
with associated case fatality rates as high as 70-100% [12-14].

In addition to HeV and NiV, the characterization of several other henipaviruses has
occurred. Ghanaian bat henipavirus, Cedar henipavirus, and Angavokely henipavirus were
detected in bat species, whereas Mojiang henipavirus specimens were collected from yellow-
breasted rats [15]. A likely zoonosis from shrews, Langya henipavirus, was recently detected
and found to have infected 35 people in China [16]. There is also recent genomic evidence
of a henipa-like Peixe-Boi virus in opossums in Brazil [17]. The global distribution and
movement of henipavirus reservoir pteropid bats and the identification of new, related
viruses and hosts make henipaviruses an ongoing threat to human and livestock health.

The structural protein M is highly conserved between HeV and NiV, sharing 89%
and 96% amino acid sequence identity and similarity, respectively [18]. Henipavirus M is
sufficient to direct the budding and release of virus-like particles [19], and in the context
of the virus replication cycle, M promotes the efficient production of infectious virus
particles [20]. Dimerization of M and subsequent interactions with the plasma membrane
lipids phosphatidylserine and phosphatidylinositol 4,5-bisphosphate further promote M
oligomerization, invoking conformational changes in the membrane curvature that promote
virion formation and budding [21].

Whilst the budding roles of M occur in the cytoplasm, a transient localization of M
to the nucleus is critical for its function. Discrete nuclear punctate localization of NiV-M
has been observed at 8-16 h post-infection, after which NiV-M localizes to the plasma
membrane [22,23]. The recombinant expression of M also recapitulates this phenomenon.
A loss of the budding phenotype was observed when M was mutated such that it did
not undergo nuclear—cytoplasmic trafficking [23-26]. Residue K258 plays a key role in M
nuclear—-cytoplasmic trafficking, with the monoubiquitination of K258 important for both
trafficking and budding [23]. Cells with chemically depleted ubiquitin pools resulted in
nuclear retention and failure to bud, as did K258A and K258R mutants [23-25]. Analysis
of ubiquitination of lysine residues revealed that K258 is critically monoubiquitinated,
supporting the hypothesis that ubiquitination of K258 is required for either a conformational
change of M or downstream interaction with a ubiquitin-binding protein. Ubiquitination-
driven trafficking of other paramyxovirus M proteins (Sendai virus-M, mumps virus M,
but not Newcastle disease virus (NDV-M) or measles virus M) has also been demonstrated
in subsequent studies [25].

The best-characterized method of nuclear import is the classical importin alpha
(IMP«)/importin beta (IMPf3)-mediated pathway, a highly regulated process that viruses
often manipulate to gain access to the nucleus. In this pathway, proteins generally display
a classical NLS consisting of either one (monopartite) or two (bipartite) clusters of basic
residues that bind with high affinity to the acidic pockets on the concave surface of the
adaptor protein IMP«. These binding sites on IMPo are denoted the major site, located
within armadillo repeat motifs (ARMS) 2—4, and the minor site, located within ARMS 7-8.
Cargo-bound IMP« interacts with IMP3 via the IMP{3 binding domain (IBB), and IMPf3
mediates translocation through the nuclear pore in an energy-dependent manner [27-30].
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The structural basis for NLS-IMP« binding was first described by Fontes, Teh, and
Kobe [31]. Two prototypical NLSs were described: a monopartite NLS of one positive patch
of amino acids found in simian virus 40 large T-antigen and a bipartite NLS containing
two positive patches separated by a linker found in nucleoplasmin. Thereafter, numerous
structures have been identified on the interface between viral proteins and IMP«, includ-
ing HeV and NiV W protein [32], influenza A NP [33] and PB2 [34], Epstein-Barr virus
NA-LP [35], Zika and Dengue 2 NS5 [36,37], and MERS ORF4B [38].

Consistent with nuclear import via the classical IMPa—IMPf3 pathway, M can be co-
precipitated with the human IMP« isoforms 1-7 [25]. Furthermore, a nuclear export signal
(NES) for M has been defined, and studies have identified two regions within M that affect
nuclear import [23]; a putative classical monopartite NLS (henceforth referred to as NLS1)
corresponding to residues 82KRKKIR® in both HeV and NiV, and a putative bipartite NLS
(henceforth referred to as NLS2) corresponding to residues 2 RRAGKYYSVEYCKRK?>8 in
HeV M and ?**RRAGKYYSVDYCRRK?® in NiV M. The crystal structures of HeV-M [39]
and NiV-M [21] reveal that both NLSs are exposed and solvent accessible, with NLS1
positioned on a flexible loop and NLS2 within an o-helix (Figure 1). Mutations within NLS2
significantly impair M nuclear import and budding, while ubiquitination of M at a specific
lysine residue (K258 in NiV M) in NLS2 regulates M nuclear—cytoplasmic trafficking. A
mutation of NLS1 was noted to yield variable localization and less dramatic phenotypes
than NLS2, but was not studied further [23].

D HeV M MDFSVSDNLDDPIEGVSDFSPTSWENGGYLDKVEPEIDKHGSMIPKYKIY 50
HeV M NLS2 352 [reozaaeaazas LRLELLE 0 LT LDEEIEETEDT 22 LTPITITTT
NiV M MEPDIKSISSESMEGVSDFSP GYLDKVEPEIDENGSMIPKYKIY 50
HeV M TPGANERKFNNYMYMICYGFVEDVERSPESGRREEIRTIAAYPLGVGKST 100
244 RRAGIYYSVEYCKRK 258 FEVETTEE= 0P = PELEEEEE T = = LEPEET TP
NiV M NLS2 352 NiV M TPGANERKYNNYMYLICYGFVEDVERTPETGRREEIRTIAAYPLGVGKSA 100
HeV M SHPQDLLEELCSLKVTVRRTAGATEKIVFGSSGPLHHLLPWKKILTGGSI 150
FEPEEETEETEEEREEE T b= LEEE TP ===l
244 RRAGKYYSVDYCRRK 258 NiV M SHPQDLLEELCSLKVTVRRTAGSTEKIVFGSSGPLNHLVPWKKVLTSGSI 150

HeV M FNAVKVCRNVDQIQLENQQSLRIFFLSITKLNDSGIYMIPRTMLEFRRNN 200

NiV M FNAVKVCRNVDQIQLDKHQALRIFFLSITKLNDSGIYMIPRTMLEFRRNN 200

HeV M ATAFNLLVYLKIDADLAKAGIQGSFDKDGTKVASFMLHLGNFVRRAGKYY 250

FELLEEEETEEEE e e PP EE TP CEEL T LTI

NiV M ATAFNLLVYLKIDADLSKMGIQGSLDKDGFKVASFMLHLGNFVRRAGKYY 250

HeV M SVEYCKRKIDRMKLQFSLGSIGGLSLHIKINGVISKRLFAQMGFQKNLCF 300

NiVv M SVDYCRRKIDRMKLQFSLGSIGGLSLHIKINGVISKRLFAQMGFQKNLCF 300

HeV M SLMDINPWLNRLTWNNSCEISRVAAVLQPSVPREFMIYDDVFIDNTGKIL 350

NiV M SLMDINPWLNRLTWNNSCEISRVAAVLQPSIPREFMIYDDVFIDNTGRIL 350

Figure 1. Henipavirus matrix protein possess two putative NLS regions. (A) Schematic showing
the putative NLS regions of HeV M and NiV M. (B) Structure of HeV M in cartoon representation
(blue) with the putative monopartite NLS (magenta) and bipartite NLS (yellow) highlighted. The
structure was created using alphafold (template PDB70) due to missing loops in the structure of PDB
6BK6. (C) Structure of NiV M in cartoon representation (dark blue) with the putative monopartite
NLS (magenta) and bipartite NLS (yellow) highlighted. The structure was created using alphafold
(template PDB70) due to missing loops in the structure of PDB 7SKT. (D) Pairwise sequence alignment
of HeV and NiV M proteins (E) Pymol image showing superposition of HeV/NiV M from B and C
respectively. The RMSD of PDB 6BK6 (HeV M) and 7SKT (NiV M) is 0.57 A.
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Here, we sought to define the structural basis for M interaction with IMPx and to
further assess the potential contribution of NLS1 to M nuclear import. We demonstrate that
both M NLS regions can engage IMP«, the NLS1 at the major binding site, and the NLS2 at
the minor site. We used recombinant expression and structure-guided mutagenesis of the
NLSs to determine the phenotypic changes in nuclear localization and IMP« interaction. We
confirm that the K258 A mutation in NLS2 results in a loss of interaction with representative
IMP« isoforms across the three IMP« subfamilies. However, this NLS2 mutation did not
abolish M nuclear localization. A significant change in M nuclear localization was only
observed following mutagenesis of NLS1 and NLS2 in the context of an NES mutant,
suggesting that both regions contribute to NiV M nuclear localization.

2. Materials and Methods
2.1. Plasmids

Mouse IMPa1 (Uniprot accession P52293) residues 70-529 (lacking the IMPf3 binding
domain) was cloned into pET30 vector with an N-terminal 6His tag [31]. The genes for
human IMPa proteins lacking the IMPf binding domain (IMPx1 aa 71-529, IMP«3 aa
64-521, and IMPo5 aa 74-538, Uniprot accession P52292, 000629, and P52294, respectively)
were codon optimized for Escherichia coli expression and cloned into pET30a(+) vectors at a
BamHI restriction site with a TEV protease cleavage site (ENLYFQS) (Genscript).

The sequences for wildtype and mutant NiV M (Uniprot accession Q9IK90) aa 1-352
were cloned with N-terminal Flag tags into mammalian expression plasmid pCAGGS, as
previously described [19]. NiV M mutants K84A, K84E, R256A, R257A, R82A /K83A /K84A,
R256A /R257A, and RRK256/257/258AAA were generated by overlapping PCR.
HA-tagged IMP«l, 3, and 5 have previously been described [40].

2.2. Protein Expression and Protein Purification

Plasmids were transformed into pLysS BL21 E. coli cells. Human IMP«x1 was expressed
using the IPTG method, as previously described [41], whereas all other IMPas were
expressed via auto induction [42]. Cells were harvested via centrifugation and resuspended
in buffer A (50 mM phosphate buffer (pH 8.0), 300 mM sodium chloride, 20 mM imidazole),
and frozen for future use. Cell lysis was initiated with freeze-thaw cycles followed by
the addition of lysozyme (20 mg/mL) and DNase (5 ng/mL) to reduce viscosity. The
soluble extract was obtained by centrifugation at 12,000 rpm, and protein purification
was performed on a pre-equilibrated Ni-NTA affinity column in buffer A, followed by
a 5 column volume wash with buffer A, then elution with buffer B (50 mM phosphate
buffer (pH 8.0), 300 mM sodium chloride, 500 mM imidazole) over a 5 column volume
gradient. Proteins were further purified via gel filtration on a Superdex 200 pg 26/600
column (GE Healthcare), equilibrated in a buffer containing 50 mM Tris (pH 8.0) and
125 mM sodium chloride. Fractions were assessed using SDS-PAGE and concentrated for
subsequent experiments.

2.3. NLS Peptides

Peptides for the M NLS sequences were derived from the HeV isolate Horse/Autralia/
Hendra/1994 (Uniprot identifier O89341) and synthesized by Genscript. The NLS1 pep-
tide is comprised of residues HeV /NiV 8SGKRKKIRTIAAYPLGVGKS®® and NLS2 HeV
M3VRRAGKYYSVEYCKRKID?®. Peptides for structural studies were untagged, while
peptides for binding studies were tagged with an N-terminal FITC label attached to an
AHX linker. The lyophilized peptides were resuspended in 50 mM Tris (pH 8.0), 125 mM
sodium chloride buffer to 10 mg/mL or 5 mg/mL for untagged and FITC conjugated
peptides, respectively.

2.4. Crystallization and Data Processing

The purified IMP«x proteins were each mixed with the untagged HeV-M NLS peptides
at a molar ratio of 1:2 (IMPo:peptide) and screened in 48 well plates using the hanging-drop



Viruses 2023, 15, 1302

50f 15

vapor diffusion method. Single crystals were harvested and transferred in cryoprotectant,
cryo-cooled in liquid nitrogen, then shipped to the Australian Synchrotron. X-ray diffrac-
tion data were collected on the Macromolecular Crystallography MX2 beamline and Eiger
detector [43]. CCP4 suite software was used to process the data with indexing and integra-
tion being performed in iMosflm [44]. The data were merged and scaled in Aimless [45],
structures were solved by molecular replacement by Phaser [46], and rebuilding and refine-
ment were performed in Phenix [47,48] and Coot [49], respectively. Finalized structures
were deposited and validated within the Protein Data Bank, and interfaces analyzed by
PDBSUM [50] and PISA Server [51].

2.5. Fluorescence Polarization

FITC-tagged HeV-M NLS peptides (10nM) were incubated with two-fold serially
diluted IMP« concentrations (starting concentration 200 uM) across 23 wells to a total of
200 pL. Fluorescence polarization measurements were performed on a CLARIOstar Plus
plate reader (BMG Labtech, Ortenberg, Germany) in 96-well black Fluotrac microplates
(Greiner Bio-One; Kremsmiinster, Austria). Assays were performed in triplicate and
contained a negative control (no binding partner). Triplicate data were plotted to a single
binding curve using GraphPad Prism 9.5.1.

2.6. EMSSA

Ten pL of 0.5 mg/mL FITC labelled M NLS peptides were combined with 40 uM of
each IMPa isoform and incubated in a total volume of 15 uL for 15 min at room temperature.
Three microliters of 50% glycerol were added, and samples were run on a 1.5% agarose TB
gel for 1.5 h at 70V in TB running buffer. The gel was stained using Coomassie stain and
then destained in 10% ethanol and 10% glacial acetic acid. The images were recorded using
a Gel Doc BioRad Gel Doc imaging system.

2.7. Co-Immunoprecipitation (Co-1P) Assay

HEK293T cells (1 x 10° cells/well) were transfected with 2 g Flag-NiV-M and 2 ug
HA- IMP« or empty pCAGGS using lipofectamine2000 (Thermofisher Scientific, Waltham,
MA, USA). Cells were lysed in 0.5% NP-40 lysis buffer (50 mM Tris pH 7.5, 280 mM NaCl,
0.5% NP-40, 0.2 mM EDTA, 2mM EGTA, 10% glycerol, protease inhibitor (complete; Roche,
Indianapolis, IN, USA). To precipitate HA- IMP, cell lysates were incubated with EZview
Anti-HA agarose affinity gel (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 4 °C with
rocking. After 1 h, beads were washed 4 times with NP-40 lysis buffer and then eluted with
HA peptide (Sigma-Aldrich) for 30 min at 4 °C with rocking. Whole cell lysates and co-IP
samples were analyzed by western blot.

2.8. Western Blot

Lysates were run on a 10% Bis Tris plus polyacrylamide gel (Thermofisher Scientific,
Waltham, MA, USA) and then transferred to a PVDF membrane (Sigma-Aldrich). Membranes
were blocked in 5% non-fat dried milk in 1X phosphate buffered saline with 0.1% Tween20
(PBST) and probed with the indicated antibodies. Blots were developed using Western
Lighting Plus ECL (Perkin Elmer) and imaged on ChemiDoc MP Imaging System (Bio-Rad).
Antibodies: rabbit anti-flag (Sigma-Aldrich, cat #F7425), rabbit anti-HA (Invitrogen, Waltham,
MA, USA, cat #71-5500), mouse anti-3-tubulin (Sigma-Aldrich, cat# T8328).

2.9. Immunofluorescence Assays

Huh? cells (3 x 10* cells/well) were seeded on glass coverslips. Cells were transfected
with 500 ng of flag-tagged wildtype and mutant NiV-M plasmids with lipofectamine2000
(Thermofisher Scientific). Twenty-four hours post transfection, cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100. Cells were stained with
Flag-tagged monoclonal antibody conjugated to Alexa Fluor 488 (Invitrogen, cat# MA1-142-
A488) and Hoechst 33342, trihydrocholoride trihydrate (Invitrogen, cat #H3570). The Biotek
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(Winooski, VT) Cytation 5 was used to calculate the average nuclear fluorescence over the
average cytoplasmic fluorescence (Fn/c). Images of the same coverslips were taken with a
Zeiss LSM 800 confocal laser scanning microscope at x 64.

3. Results
3.1. Henipavirus M NLS1 Binds to IMP« at the Major Site

Since M has been shown to engage the IMP« subunits via two NLSs (Figure 1) [25], we
sought to elucidate the interface of both M NLSs with IMP« at high resolution using X-ray
crystallography. We produced crystals containing the HeV M NLS1 bound to IMPo2. The
structure of the complex was resolved to 1.9 A, with crystals belonging to P2,2,2; space
group, and a single complex of M NLS1:IMP«x2 present in the asymmetric unit. The M
NLS1 was bound in the major binding site of IMPx2 (ARMS 2-4) (Figure 2A), with HeV M
residues 8'GKRKKIR® interacting with IMPa2 through 14 hydrogen bonds, 1 salt bridge,
and 131 non-bonded contacts [50,51] (Figure 2B,C). HeV M residues BAKKIR®Y occupied
the P2-P5 sites of IMP a2, respectively, with K84 making interactions at the IMP«2 P2 site,
involving Gly150, Thr155, and Asp192 (Figure 2B,C). The interaction interface extended
over 895 A2 of surface area [51]. The minor binding site of IMPa2 was also occupied
by electron density that corresponds to HeV M NLSI residues 8 GKRK®; however, the
binding of excess peptide in the minor site is a common and well-described phenomenon
in the literature [31,52]. Moreover, this binding was not observed in the IMP«3 structure
(see below) (see Table 1 for complete collection and refinement statistics).

G
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Figure 2. Structural basis for the interaction between the matrix putative NLS sequences and IMPa.
(A) HeV M NLS1 peptide sequence displayed in grey box with resolved amino acids highlighted in
magenta. Matrix NLS1 (magenta sticks) binds to IMP« (grey surface) at the major site. (B) Schematic
of the interface between NLS1 (magenta) and IMP« (grey). HeV M K34 binds to P2 site on IMPx
(Gly150, Thr155, and Asp192) (highlighted red) with H-bonds and salt bridge interactions depicted.
(C) The resolved amino acids of HeV M NLS1 (magenta sticks) are shown in the major binding site
of IMP«. (D) HeV M NLS2 peptide sequence displayed in the grey box with resolved amino acids
highlighted in yellow. Matrix NLS2 (yellow sticks) binds to IMP«x (grey surface) at the minor site.
(E) NLS2 binds to IMP« as a non-classical, minor-site only NLS. Schematic of the interface between
NLS2 (yellow) and IMP« (grey). Hydrogen bonds are shown in standard font, and salt bridges in bold font.
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(F) The resolved amino acids of HeV M NLS2 (yellow sticks) are shown in the minor binding site of
IMP«, with R%7 forming salt bridges with Glu®% and Ser®” (highlighted in red). (G) Electromobility
shift assay (EMSA) showing NLS1 in lane 1, NLS2 in lane 2, IMP«1, 3, and 5 in lanes 3, 4, and 5,
respectively. NLS1 combined with IMP«1, 3, and 5 in lanes 6-8, respectively, and NLS2 combined
with IMP«1, 3, and 5 in lanes 9-11, respectively. (H,I) Fluorescence polarization assays measuring
binding strength between NLS1 and NLS2 of HeV and NiV M proteins respectively.

Table 1. Data collection and refinement statistics for crystal structures of IMPx and HeV M NLS1
and NLS2.

Data Collection and Processing IMP«x2:HeV M NLS1 IMP«x2:HeV M NLS2 IMP«3:HeV M NLS1
Wavelength (A) 0.9537 0.9537 0.9537
Resolution range (A) (2149%12__11 99) 19.78-2.10 (2.16-2.10) 29.78-2.75 (2.9-2.75)
Space group P212121 P212121 P212121
. 2o 78.08 89.50 97.06, 49.06 64.27 158.58
Unit cell (A, ©) 78.49 89.86 99.83 90 90 90 90 90 90 90 90 90
Total reflections 405,486 (26,486) 167,351 (12,946) 154,985 (23,139)
Unique reflections 56,298 (3749) 40,357 (3253) 13,681 (1966)
Multiplicity 7.2(7.1) 4.1 (4.0) (11.8)
Completeness (%) 99.9 (100) 99.9 (99.9) 99.9 (100)
Mean I/sigma (I) 11.9 (1.5) 11.0 (1.9) 7.8 (2.3)
Wilson B-factor A2 29.65 35.12 55.58
R-merge 0.085 (1.376) 0.063 (0.696) 0.181 (1.032)
R-pim 0.050 (0.820) 0.035 (0.400) 0.078 (0.446)
CCip2 0.998 (0.602 0.998 (0.734) 0.995 (0.887)
Refinement
Number of reflections 56,237 (5567) 40,289 (3941) 13,635 (1323)
Number of R-free reflections 2864 (322)) 1981(180) 671 (80)
R-work % 0.1728 (0.2853) 0.1791 (0.2520) 0.2411 (0.3185)
R-free % 0.1900 (0.3147) 0.2053 (0.3058) 0.2811 (0.3553)
RMS (bonds) 0.015 0.006 0.003
RMS (angles) 1.18 0.77 0.58
Ramachandran
favored (%) 98.6 98.14 97.85
allowed (%) 1.4 1.86 2.15
outliers (%) 0.00 0.00 0.00
Average B-factor A2 43.57 50.33 72.53
Clash score 1.54 4.07 492
PDB code 8FUA 8FUC 8FUB

The structure of IMPx3 bound to HeV M NLS1 was also determined and resolved to
2.75 A in the space group P2;212; (but a distinct crystal form to the IMPa2:M NLS1 crystal
described above; see Table 1 for unit cell comparison). The asymmetric unit was comprised
of a single complex of the M NLS1 bound to IMP«3, and the M NLS1 was bound in the
major binding site of IMP«3 in a similar fashion to IMPx2 (see Supplementary Figure S1).
In this structure, HeV M 34KKIR®¥ occupied the P2-P5 sites of IMPa3, formed 14 hydrogen
bonds, 1 salt bridge [51], 99 non-bonded contacts [50], and exhibited a buried surface area
of 812 A2. Similar to the IMP«2 interface, K84 also formed interactions at the IMPa3 P2 site,
involving Gly145, Thr150, and Asp187 (see Table 1 for complete collection and refinement
statistics). Since the residues bound at the HeV NLS were identical in the NiV sequence,
we did not solve the structure of the NiV NLS1 bound to IMP«.

3.2. M NLS2 Binds to IMPw« at the Minor Site

We also used X-ray crystallography to determine the binding interface of HeV M
NLS2 bound with IMP«. A structure was resolved at 2.1 A, with the complex of HeV
M NLS2 bound to IMP«2 in the P2;2;2 space group (the same space group and crystal
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form as M NLS1:IMP«2). Here, we found the NLS2 peptide bound in the minor binding
site of IMPa2 (ARMS 6-8) (Figure 2D). Whilst density at the major site of IMPx2 was
present, it did not correspond to the HeV M NLS2 sequence, and subsequent analysis
of IMPa?2 crystals by mass spec analysis revealed this to be an E. coli contaminant (30s
ribosomal protein) corresponding to KKLARE. Five residues of the HeV M NLS2 could be
reliably modelled at the minor site, with the main chain and side chains well resolved, and
revealing 2°CKRKI? at the interface, with K256, R257, and K258 bound at the P1/-P3/
sites, respectively (Figure 2E,F). The interaction was mediated through eight hydrogen
bonds, 2 salt bridges, 68 non-bonded contacts [50,51], and a buried surface area of 361.1 A2
(Figure 2E,F; see also Table 1 for a full collection of data collection and refinement statistics).

3.3. M NLS1 and NLS2 Bind IMPu Isoforms in Electromobility Shift Assays and Fluorescence
Polarization Assays

Based on our structural data indicating that both NLS1 and NLS2 of M could bind
IMPo, we assessed whether these NLSs may exhibit specificity towards IMP« isoforms
as observed with other viral cargo, such as the NIV and HeV W proteins [53,54]. Firstly,
we performed an agarose electromobility shift assay with recombinant IMP«x proteins
from each of three subfamilies («x1: IMP«xl, «2: IMP«3, and «3: IMP«5) with the HeV
M NLS peptides. In this assay, IMP«x proteins migrated toward the anode (Figure 2G,
lane 3-5), while the HeV M NLS peptides migrated toward the cathode (Figure 2G, lane 1
and 2). When combined with IMP«1, IMPa3, and IMPa5, the migration of FITC-labelled
NLSI1 peptides shifted towards the anode, but different to that of unbound IMP« proteins,
indicating binding (Figure 2G, lanes 6-8). When combined with IMP«x1, IMP«3, and
IMPoa5, the NLS2 peptide also shifted migration towards the anode, indicating binding
(Figure 2G, lanes 9-11). These results are consistent with the crystal structures, suggesting
that both NLS1 and NLS2 peptides can form a stable complex with IMP« isoforms across
all three subfamilies.

To quantitatively assess these interactions, we employed fluorescence polarization
to measure the binding affinity of the HeV M NLS peptides with IMP« isoforms. We
observed binding of NLS1 with IMP«1, IMP«3, and IMPa5 with dissociation constants
(Kp) in the range of 0.56-2.57 uM (Figure 2H). We observed similar binding of the NLS2
with IMPal, IMP«3, and IMPa5, ranging between 5.28-11.54 uM (Figure 2I). These results
were consistent with both the crystal structure data and the electromobility shift assay.

3.4. The M NLS2 Is an Important Binding Interface in a Cellular Context

With the in vitro data indicating both NLS1 and NLS2 of M have the capacity to form
a stable interaction with IMP«, we designed specific, structure-guided point mutations
to examine the M-IMP« interactions and assessed these in a cellular context using the
full-length proteins by cco-IP. Here, we found that the full-length M protein of NiV was
able to co-IP with members of the three IMP« subfamilies, IMP«1, 3, and 5, consistent with
a prior report (Figure 3A-F) [25]. Based on our structural data for NLS1, we mutated the
Lys84 residue, positioned at the critical P2 site of IMPo [36,54,55] to either Ala (M K84A) or
a charge-reversed Glu (M K84E). Neither mutation impaired the co-IP of M with IMP«1,
IMP 3, and IMP«5 (Figure 3A-C). We therefore introduced a more drastic mutation, 83RKK
to 83AAA (M R83A/K84A /K85A), and also found that this did not impair the binding
in these assays. The results suggest that NLS1 is not required for interaction with IMPo
in co-IP experiments. We next assessed the impact of mutations within NLS2 on NiV-M
interaction with IMP« by co-IP (Figure 3D-F). Individual point mutations at R256A P1/
and R257A P2’ (each mediating 3 and 4 H-bonds respectively) did not affect binding with
IMP«1, IMPa3, and IMP«5; however, mutation of K258A, mediating 3 H-bonds with IMPo
residues G281, N283, and T322 at the P3’ site abrogated binding. Double mutations of
NLS2 25°RR to 2 AA (M R256A /R257A) or a triple mutation of 22°RRK?8 to 256 AA A28
(M R256A /R57A /K258A) resulted in severely reduced protein expression (Figure 3D-F).
Therefore, it was not possible to assess the combined contribution of these residues to IMP«
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binding in cell-based assays. Cumulatively, these data demonstrate that NLS2 residue K**8
plays an important role in M-IMP« interaction, as detected by co-IP.

A NiV M NLS1 mutants B NiV M NLS1 mutants C NiV M NLS1 mutants
IMPa1 + + + + IMPa3  + + + + IMPa5  + + + +
Empty Vector + + + + Empty Vector + + + + Empty Vector + + + +
M + + M + + M + +
M K84A + + M K84A + + M K84A + +
M K84E + + M K84E + + M K84E + +
M R83A/K84A/K85A + + M R83A/K84A/K85A + + M R83A/K84A/K85A + +

TR T
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e | B il Input | (ebbee ™ |iMPa3 (HA) input | Dl | imMPas (HA)

[ = = =" |B-Tubulin [ o o o WS S| BTy bulin
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Figure 3. Recombinant NiV M engages human importin alpha subunits 1 and 3 and undergoes
nuclear import. Co-immunoprecipitation assays were preformed examining the interaction between
NiV M NLS1 mutants (K84A, K84E, and R83A /K84A /K85A) (A-C) or NiV M NLS2 mutants (R256A,
R257A, K258A, R256 A /R257A, and R256A /R257A /K258A) (D-F). Assays were performed be im-
munoprecipitating HA-tagged IMP«1 (A,D), IMPo3 (B,E), and IMP«5 (C,F) isoforms and were
probed for the presence of Flag-tagged NiV M. Expression of 3-tubulin is used as a loading control
for the input cell extracts.

To determine the phenotypic changes of these mutations on nuclear transport of M,
we performed indirect immunofluorescence assays (IFA) using Huh? cells and recombinant
Flag-NiV-M. Because the nuclear export to the cytoplasm could potentially confound
interpretation, IFA was performed using a NiV-M with a mutant NES (L106A, L107A,
and L110A). Distinct nuclear localization was observed following mutation of the NES
for WT NiV-M, demonstrating successful inhibition of NiV-M nuclear export (Figure 4A).
When mutations were introduced in either NLS1 (M R82A /K83A /K84A) or NLS2 (M
K258A) in the context of the NES mutant, M localization remained predominantly nuclear,
suggesting that nuclear import was still occurring (Figure 4A). However, when mutations
were introduced within both NLS1 and NLS2, M localization was severely mislocalized to
the cytoplasm (Figure 4A). Calculating the average nuclear fluorescence over the average
cytoplasmic fluorescence (Fn/c) demonstrated that combined mutations in both NLS1 and
NLS2 in the NES mutant background led to a significant cytoplasmic shift in M localization
(Figure 4B). Co-IP experiments confirmed that the NSL1 and NLS2 combined mutant, such
as the NLS2 (M K258A) mutant, did not co-IP with IMP«1 (Figure 4C). While the co-IP
experiments suggest that K28 in NLS2 is critical for M:IMPo interaction, the IFA data
demonstrate that the nuclear localization of M is only impaired when both NLS1 and NLS2
are mutated. This suggests that NLS1 also contributes to M nuclear import in a manner
that cannot be fully appreciated in cIP experiments alone.
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Figure 4. NiV M NLS1 and NLS2 contribute to NiV M nuclear import. (A) Confocal microscopy
images of Huh?7 cells transfected with flag-tagged NiV M-NES plasmids. Following transfection, cells
were stained with Hoechst 33,342 and an anti-Flag antibody conjugated to AlexaFluor488. Images
were captured using a Zeiss LSM 800 confocal microscope. (B) Quantitation of average nuclear
fluorescence over average cytoplasmic fluorescence (Fn/c). Fn/c was calculated using the Biotek
Cytation 5. Data are represented as mean fn/c for each sample £ SD. NS denotes p value > 0.05.
*** denotes p values < 0.001. (C) Co-IP assay measuring the interaction between HA-tagged IMP«1
and flag-tagged NiV M mutants (R84A /R84A /R85A, K258A, and R84A /R84A /R85A + K258A).
Assays were performed as in Figure 3A-F.

4. Discussion

Viruses employ many mechanisms to hijack cellular processes to promote their replica-
tion, pathogenicity, and innate immune evasion. Despite replicating in the cytoplasm, RNA
viruses target specific proteins to the nucleus, affecting normal cellular function. Many
clinically significant species exploit this process, including HeV and NiV W proteins [53],
influenza A NP [33], and PB2 [34], Epstein-Barr virus NA-LP [35], Zika and Dengue 2
NS5 [36,37], and MERS ORF4B [38]. The henipavirus M protein is another example of
a viral protein that localizes to the nucleus both as a recombinant protein [23-26,56-58]
and in the viral context [22,23,26]. Henipavirus M is a structural protein that requires
nuclear import for its ubiquitination, assembly, and membrane targeting. M nuclear import
is also important for accessory functions involved in the modulation of host cell path-
ways [56,57,59]. The data presented here report the non-classical mechanisms by which M
traffics to the nucleus and provides insight into the varied ways that viruses hijack host
cellular pathways.

While our data demonstrate that M utilizes the classical IMPo/IMP3-mediated path-
way, the best-characterized nuclear import pathway, our data also demonstrate that heni-
pavirus M NLS2 employs a non-classical binding mechanism. Specifically, M residues
SCKRKI?? interact with only the IMPx minor binding site. In contrast, prototypical
classical NLSs bind to IMPo through occupying either the major site only, between ARMs
24, or adopt an extended conformation through both the major and minor sites as a
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bipartite NLS, through ARMS 2—4 and 7-8 [31,60]. The IMPo minor binding site is defined
as P2/-P5’ with the critical P2’ site IMP« residues E3% and $30, and P3’ site IMP« residues
G281, N283, and T3 [61]. Here, M NLS2 R%7 and K?°8 residues occupy P2’ and P3’ forming
4 H-bonds and 3 H-bonds, respectively, and this binding conformation has been observed
in other cargo binding the minor site. Similar to our structure, Lott [62] described the
minor site-only NLS of human phospholipid scramblase 4 binding to IMP« in the same
antiparallel conformation as M NLS2, with the P2’ and P3’ sites occupied by an R and K,
respectively. Viral proteins have also been shown to employ this binding mechanism, with
the non-classical NLS of influenza A virus nucleoprotein binding to the IMPx minor site
through an RK motif [63].

An additional notable feature of the M NLS2-IMP« interaction detailed in this study
was that the NLS2 peptide 2#RRAGKYYSVEYCKRK?*® did not bind 244RR?4° residues
that have been reported to be part of a functional bipartite NLS [23-26]. Our structure
revealed that the CKRK?® residues bound at the minor site, precluding the ability of NLS2
to bind as a bipartite since NLS cargo bind IMPo in an antiparallel manner. This requires
the N-terminus of a bipartite NLS to bind at the minor site, and the C-terminal basic cluster
to bind at the major site. We also note that the NLS2 region undergoes a conformational
change upon binding IMP«, since region 252-261 is helical in the full-length context [21,39],
but linear in our structure. This is consistent with other IMP« cargo that have been shown to
undergo a conformational change upon IMP« binding (e.g., chloride intracellular channel
protein 4 (CLIC4) NLS and Tick-borne encephalitis capsid protein (TBEVC)) [64,65].

The structure of NLS2:IMPo is consistent with our co-IP findings that NLS2 is critical for
interaction with IMP« (Figure 3D-F). Wildtype M co-IPs with IMP« across each of the three
subfamilies. This is also consistent with our gel shift assay, with both NLS peptides binding
IMP«1, 3, and 5. This is further supported by proteomics and co-IP by Pentecost et al. [25].
Due to severely reduced expression of the NLS2 R256A /R257A mutants in the present
study, the contribution of these residues to co-IP with IMP« could not be determined. Here,
structure-guided point mutations of NiV M R256 (HeV-M K256 equivalent) and R257 failed
to abrogate co-IP with IMP«s, while M K258 was shown to be an important for binding, as
determined by co-IP interaction, with K258 A completely abolishing the interaction with
IMP« 1, 3, and 5. Although the P2’ residue R257 is solvent exposed and contributes three
H-bonds and two salt bridges to the interface, it appears that the P3’ residue, K258, is the
major determinant of binding. We hypothesize that this phenomenon may be due to a switch
in topology, driven by K258, that activates an IMP« specific NLS. Thus, it is conceivable
that the point mutation K258A prevents fold switching of the «8 helix and prevents IMPx
binding, as seen in the co-IP. A fold-switch may not be prevented by the point mutations
R256A /R257A and K258R (not shown), allowing mutant NiV-M proteins to engage IMPo
in the context of co-IP. A fold-switch within this region of the protein also supports the
multifunctionality of the K258 residue. The K258 A mutation prevents HeV M localization
to the subnucleolar compartments [26], interaction with nucleolar protein treacle [26,59],
decreased nuclear export, decreased budding [23-26,59], and loss of IFN-I antagonism [66].
Furthermore, a conformational change of the «8 helix may be required to accommodate
monoubiquitination at K258 [23].

In addition to NLS2, we examined the largely neglected putative monopartite NLS,
8IGKRKKIRTI®. Here, X-ray crystallography revealed that NLS1 engages IMP« as a
classical monopartite NLS. Lys84 was shown to be positioned within the P2 site, forming
interactions with the well characterized IMP« Gly150, Thr155, Asp192, and the binding
was consistent with other NLS cargo binding at the major site, including SV40 T-ag [31]
and HIV Tat [67]. Interestingly, the NLS1 region is exposed and accessible in the full-
length M structure [21,39]. Whilst mutagenesis of NLS1 was insufficient to disrupt co-
immunoprecipitation with IMPc, our observation that only when both NLS1 and NLS2
binding regions are mutated does M protein mislocalize to the cytoplasm, points to a role
for NLS1 in M nuclear import. It is possible that NLS1 and NLS2 may either cooperate
to form an enhanced interaction with IMPc, or may be utilized at different stages of the
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virus lifecycle (for example, M oligomerization or post-translational modifications, such
as lysine acetylation [23], ubiquitination [23,25], or NLS phosphorylation, may switch
NLS usage) [36,68]. This is supported by these regions binding IMP« at different sites
(NLS1 at the major site, NLS2 at the minor site). The finding that none of the mutations
tested completely abrogate nuclear localization of M could also suggest the possibility
that additional or multiple nuclear import pathways beyond IMPo/IMPf3 are used. This
possibility is supported by NiV and HeV M interactions with a number of nuclear trafficking
and nuclear pore proteins [25]. In addition, the paramyxovirus, NDV, has a similar M
structure [69] and is reported to be imported to the nucleus via IMPf3, independent of
IMPox [70]. Future investigation into the nuances of HeV and NiV M nuclear import
pathways could incorporate the use of specific nuclear receptor inhibitors.

In addition to budding and release of viral particles, henipavirus M has other nuclear
functions. A genome-wide siRNA screen of host cell factors required for HeV infection
identified 43 genes that significantly reduce viral titers when silenced. Fibrillarin (a nu-
cleolar methyltransferase) led to the most significant reduction of 99.9% and was found
to co-localize with M in the nucleus. Out of the 66 genes of mid-high confidence that
affected henipavirus infection, approximately a third localize to the nuclear compartments,
including seven out of the ten that have the most significant impact on the virus [56].
Furthermore, the CRM-1 nuclear export adapter protein ANP32B has been identified as an
M interactor. The proteins co-localize in the nucleus both in recombinant context and in
viral infection, and ANP32B copurifies with M in cells expressing both [57]. Rawlinson et al.
described the specific activation of the nucleolar protein treacle by M [26,59]. They report
that while HeV infection results in DNA damage, M protein interacts with treacle and
inhibits ribosomal RNA synthesis as part of the DNA damage response. This process occurs
within the nucleus, specifically the nucleolus, of cells. Together, these studies underscore
the significant and complex role of henipavirus M protein nuclear trafficking during the
henipavirus life cycle and demonstrate the importance of understanding the mechanisms
that govern M nuclear import.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15061302/s1, Figure S1: Structure of IMP«3 bound to HeV M NLSI.

Author Contributions: Conceptualization, C.M.D., J K.F. and C.E.B.; methodology C.M.D., O.A.V,,
MRE, PET,J. AR, J.KF. and C.EB,; structure validation, C.M.D. and ].K.E, formal analysis, C.M.D.,
O.A.V,, MRE,, J.K.F. and C.EB. resources, ]. K.FE. and C.EB.; writing—original draft preparation,
CM.D, O.AV, MRE, JKF and C.EB.; writing—review and editing, CM.D., O.A.V,, M-R.E,,
J.K.E. and C.EB,; supervision, ].K.E,, C.EB. and ]J.A.R.; project administration, ].K.F.,, C.EB.; funding
acquisition, ].K.F.,, C.EB. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH grants R21AI144880 and R21AI164080. O.A.V. was
supported in part by Public Health Service institutional research training award AI07647.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Structures have been deposited to the Protein Data Bank (PDB codes
8FUA, 8FUC, 8FUB), and validated and released prior to manuscript submission.

Conflicts of Interest: The authors declare no conflict of interest.

1. Wang, L.F,; Michalski, W.P,; Yu, M; Pritchard, L.I; Crameri, G.; Shiell, B.; Eaton, B.T. A novel P/V/C gene in a new member of
the Paramyxoviridae family, which causes lethal infection in humans, horses, and other animals. J. Virol. 1998, 72, 1482-1490.

[CrossRef]

2. Wang, L.F; Yu, M.; Hansson, E.; Pritchard, L.I; Shiell, B.; Michalski, W.P.; Eaton, B.T. The exceptionally large genome of Hendra
virus: Support for creation of a new genus within the family Paramyxoviridae. J. Virol. 2000, 74, 9972-9979. [CrossRef] [PubMed]

3. Selvey, L.A.; Wells, RM.; McCormack, J.G.; Ansford, A.J.; Murray, K.; Rogers, R.J.; Lavercombe, P.S.; Selleck, P.; Sheridan, J.W.
Infection of humans and horses by a newly described morbillivirus. Med. . Aust. 1995, 162, 642—-645. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/v15061302/s1
https://www.mdpi.com/article/10.3390/v15061302/s1
https://doi.org/10.1128/JVI.72.2.1482-1490.1998
https://doi.org/10.1128/JVI.74.21.9972-9979.2000
https://www.ncbi.nlm.nih.gov/pubmed/11024125
https://doi.org/10.5694/j.1326-5377.1995.tb126050.x
https://www.ncbi.nlm.nih.gov/pubmed/7603375

Viruses 2023, 15, 1302 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Business Queensland. Summary of Hendra Virus Incidents in Horses. Available online: https://www.business.qld.gov.au/
industries/service-industries-professionals/service-industries / veterinary-surgeons/guidelines-hendra/incident-summary (ac-
cessed on 29 September 2022).

Broder, C.C. Henipavirus outbreaks to antivirals: The current status of potential therapeutics. Curr. Opin. Virol. 2012, 2, 176-187.
[CrossRef]

Wang, J.; Anderson, D.E.; Halpin, K.; Hong, X.; Chen, H.; Walker, S.; Valdeter, S.; van der Heide, B.; Neave, M.].; Bingham, J.; et al.
A new Hendra virus genotype found in Australian flying foxes. Virol. J. 2021, 18, 197. [CrossRef]

Gurley, E.S.; Montgomery, ].M.; Hossain, M.].; Bell, M.; Azad, A K.; Islam, M.R.; Molla, M. A ; Carroll, D.S.; Ksiazek, T.G.; Rota,
P.A.; et al. Person-to-person transmission of Nipah virus in a Bangladeshi community. Emerg. Infect. Dis. 2007, 13, 1031-1037.
[CrossRef]

Ang, B.S,; Lim, T.C.; Wang, L. Nipah virus infection. J. Clin. Microbiol. 2018, 56, €01875-17. [CrossRef]

Lo, M.K;; Rota, P.A. The emergence of Nipah virus, a highly pathogenic paramyxovirus. J. Clin. Virol. 2008, 43, 396—400. [CrossRef]
[PubMed]

AbuBakar, S.; Chang, L.-Y.; Ali, A.M.; Sharifah, S.; Yusoff, K.; Zamrod, Z. Isolation and molecular identification of Nipah virus
from pigs. Emerg. Infect. Dis. 2004, 10, 2228. [CrossRef] [PubMed]

Harcourt, B.H.; Lowe, L.; Tamin, A.; Liu, X.; Bankamp, B.; Bowden, N.; Rollin, PE.; Comer, ]J.A.; Ksiazek, T.G.; Hossain, M.]J.
Genetic characterization of Nipah virus, Bangladesh, 2004. Emerg. Infect. Dis. 2005, 11, 1594. [CrossRef] [PubMed]

Arunkumar, G.; Chandni, R.; Mourya, D.T.; Singh, S.K.; Sadanandan, R.; Sudan, P; Bhargava, B.; People, N.I.; Group, H.S.
Outbreak Investigation of Nipah Virus Disease in Kerala, India, 2018. J. Infect. Dis. 2018, 219, 1867-1878. [CrossRef] [PubMed]
Arankalle, V.A,; Bandyopadhyay, B.T.; Ramdasi, A.Y.; Jadi, R,; Patil, D.R.; Rahman, M.; Majumdar, M.; Banerjee, P.S.; Hati, A K,;
Goswami, R.P,; et al. Genomic characterization of Nipah virus, West Bengal, India. Emerg. Infect. Dis. 2011, 17, 907-909. [CrossRef]
Chadha, M.S.; Comer, J.A.; Lowe, L.; Rota, P.A.; Rollin, P.E.; Bellini, W.J.; Ksiazek, T.G.; Mishra, A. Nipah virus-associated
encephalitis outbreak, Siliguri, India. Emerg. Infect. Dis. 2006, 12, 235-240. [CrossRef]

Madera, S.; Kistler, A.; Ranaivoson, H.C.; Ahyong, V.; Andrianiaina, A.; Andry, S.; Raharinosy, V.; Randriambolamanantsoa, T.H.;
Fifi Ravelomanantsoa, N.A.; Tato, C.M.; et al. Discovery and Genomic Characterization of a Novel Henipavirus, Angavokely
virus, from fruit bats in Madagascar. J. Virol. 2022, 96, €00921-22. [CrossRef] [PubMed]

Zhang, X.A,; Li, H,; Jiang, F.C.; Zhu, F; Zhang, Y.F; Chen, ].].; Tan, C.W.; Anderson, D.E,; Fan, H.; Dong, L.Y.; et al. A Zoonotic
Henipavirus in Febrile Patients in China. N. Engl. |. Med. 2022, 387, 470-472. [CrossRef] [PubMed]

Hernandez, L.H.A.; da Paz, T.Y.B,; Silva, S.P.d.; Silva, F.S.d.; Barros, B.C.V.d.; Nunes, B.T.D.; Casseb, L.M.N.; Medeiros, D.B.A.;
Vasconcelos, PEd.C.; Cruz, A.C.R. First Genomic Evidence of a Henipa-like Virus in Brazil. Viruses 2022, 14, 2167. [CrossRef]
Madeira, F.; Pearce, M.; Tivey, A.R.N.; Basutkar, P; Lee, J.; Edbali, O.; Madhusoodanan, N.; Kolesnikov, A.; Lopez, R. Search and
sequence analysis tools services from EMBL-EBI in 2022. Nucleic Acids Res. 2022, 50, W276-W279. [CrossRef]

Ciancanelli, M.].; Basler, C.F. Mutation of YMYL in the Nipah Virus Matrix Protein Abrogates Budding and Alters Subcellular
Localization. J. Virol. 2006, 80, 12070-12078. [CrossRef]

Dietzel, E.; Kolesnikova, L.; Sawatsky, B.; Heiner, A.; Weis, M.; Kobinger, G.P.; Becker, S.; von Messling, V.; Maisner, A. Nipah
virus matrix protein influences fusogenicity and is essential for particle infectivity and stability. J. Virol. 2016, 90, 2514-2522.
[CrossRef]

Norris, M.J.; Husby, M.L.; Kiosses, W.B.; Yin, J.; Saxena, R.; Rennick, L.J.; Heiner, A.; Harkins, S.S.; Pokhrel, R.; Schendel, S.L.; et al.
Measles and Nipah virus assembly: Specific lipid binding drives matrix polymerization. Sci. Adv. 2022, 8, eabn1440. [CrossRef]
Monaghan, P; Green, D.; Pallister, J.; Klein, R.; White, J.; Williams, C.; McMillan, P; Tilley, L.; Lampe, M.; Hawes, P; et al. Detailed
morphological characterisation of Hendra virus infection of different cell types using super-resolution and conventional imaging.
Virol. J. 2014, 11, 200. [CrossRef] [PubMed]

Wang, Y.E.; Park, A.; Lake, M.; Pentecost, M.; Torres, B.; Yun, T.E.; Wolf, M.C.; Holbrook, M.R.; Freiberg, A.N.; Lee, B. Ubiquitin-
Regulated Nuclear-Cytoplasmic Trafficking of the Nipah Virus Matrix Protein Is Important for Viral Budding. PLoS Pathog. 2010,
6,€1001186. [CrossRef] [PubMed]

McLinton, E.C.; Wagstaff, KM.; Lee, A.; Moseley, G.W.; Marsh, G.A.; Wang, L.-F; Jans, D.A ; Lieu, K.G.; Netter, H.]. Nuclear
localization and secretion competence are conserved among henipavirus matrix proteins. J. Gen. Virol. 2017, 98, 563-576.
[CrossRef] [PubMed]

Pentecost, M.; Vashisht, A.A; Lester, T.; Voros, T.; Beaty, S.M.; Park, A.; Wang, Y.E.; Yun, T.E.; Freiberg, A.N.; Wohlschlegel, ] A.;
et al. Evidence for Ubiquitin-Regulated Nuclear and Subnuclear Trafficking among Paramyxovirinae Matrix Proteins. PLoS
Pathog. 2015, 11, €1004739. [CrossRef] [PubMed]

Rawlinson, S.; Zhao, T.; Rozario, A.; Rootes, C.; McMillan, P; Purcell, A.; Woon, A.; Marsh, G.; Lieu, K.; Wang, L. Viral regulation
of host cell biology by hijacking of the nucleolar DNA-damage response. Nat. Commun. 2018, 9, 3057. [CrossRef]

Gorlich, D.; Prehn, S.; Laskey, R.A.; Hartmann, E. Isolation of a protein that is essential for the first step of nuclear protein import.
Cell 1994, 79, 767-778. [CrossRef]

Moroianu, J.; Blobel, G.; Radu, A. Previously identified protein of uncertain function is karyopherin alpha and together with
karyopherin beta docks import substrate at nuclear pore complexes. Proc. Natl. Acad. Sci. USA 1995, 92, 2008-2011. [CrossRef]
Weis, K.; Mattaj, L.W.; Lamond, A. Identification of hSRP1« as a functional receptor for nuclear localization sequences. Science
1995, 268, 1049-1053. [CrossRef]


https://www.business.qld.gov.au/industries/service-industries-professionals/service-industries/veterinary-surgeons/guidelines-hendra/incident-summary
https://www.business.qld.gov.au/industries/service-industries-professionals/service-industries/veterinary-surgeons/guidelines-hendra/incident-summary
https://doi.org/10.1016/j.coviro.2012.02.016
https://doi.org/10.1186/s12985-021-01652-7
https://doi.org/10.3201/eid1307.061128
https://doi.org/10.1128/JCM.01875-17
https://doi.org/10.1016/j.jcv.2008.08.007
https://www.ncbi.nlm.nih.gov/pubmed/18835214
https://doi.org/10.3201/eid1012.040452
https://www.ncbi.nlm.nih.gov/pubmed/15663869
https://doi.org/10.3201/eid1110.050513
https://www.ncbi.nlm.nih.gov/pubmed/16318702
https://doi.org/10.1093/infdis/jiy612
https://www.ncbi.nlm.nih.gov/pubmed/30364984
https://doi.org/10.3201/eid1705.100968
https://doi.org/10.3201/eid1202.051247
https://doi.org/10.1128/jvi.00921-22
https://www.ncbi.nlm.nih.gov/pubmed/36040175
https://doi.org/10.1056/NEJMc2202705
https://www.ncbi.nlm.nih.gov/pubmed/35921459
https://doi.org/10.3390/v14102167
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1128/JVI.01743-06
https://doi.org/10.1128/JVI.02920-15
https://doi.org/10.1126/sciadv.abn1440
https://doi.org/10.1186/s12985-014-0200-5
https://www.ncbi.nlm.nih.gov/pubmed/25428656
https://doi.org/10.1371/journal.ppat.1001186
https://www.ncbi.nlm.nih.gov/pubmed/21085610
https://doi.org/10.1099/jgv.0.000703
https://www.ncbi.nlm.nih.gov/pubmed/28056216
https://doi.org/10.1371/journal.ppat.1004739
https://www.ncbi.nlm.nih.gov/pubmed/25782006
https://doi.org/10.1038/s41467-018-05354-7
https://doi.org/10.1016/0092-8674(94)90067-1
https://doi.org/10.1073/pnas.92.6.2008
https://doi.org/10.1126/science.7754385

Viruses 2023, 15, 1302 14 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

Chi, N.C,; Adam, E.J.; Adam, S.A. Sequence and characterization of cytoplasmic nuclear protein import factor p97. J. Cell. Biol.
1995, 130, 265-274. [CrossRef]

Fontes, M.R.M.; Teh, T.; Kobe, B. Structural basis of recognition of monopartite and bipartite nuclear localization sequences by
mammalian importin-«11Edited by K. Nagai. ]. Mol. Biol. 2000, 297, 1183-1194. [CrossRef]

Graham, S.C.; Assenberg, R.; Delmas, O.; Verma, A.; Gholami, A.; Talbi, C.; Owens, R.J.; Stuart, D.I.; Grimes, ].M.; Bourhy, H.
Rhabdovirus Matrix Protein Structures Reveal a Novel Mode of Self-Association. PLoS Pathog. 2008, 4, €1000251. [CrossRef]
[PubMed]

Wu, W,; Sankhala, R.S.; Florio, T.].; Zhou, L.; Nguyen, N.L.T.; Lokareddy, R.K.; Cingolani, G.; Panté, N. Synergy of two low-affinity
NLSs determines the high avidity of influenza A virus nucleoprotein NP for human importin o isoforms. Sci. Rep. 2017, 7, 11381.
[CrossRef] [PubMed]

Pumroy, R.A; Ke, S.; Hart, D.J.; Zachariae, U.; Cingolani, G. Molecular Determinants for Nuclear Import of Influenza A PB2 by
Importin o Isoforms 3 and 7. Structure 2015, 23, 374-384. [CrossRef]

Nakada, R.; Matsuura, Y. Crystal structure of importin-« bound to the nuclear localization signal of Epstein-Barr virus EBNA-LP
protein. Protein Sci. 2017, 26, 1231-1235. [CrossRef] [PubMed]

Ng, LH.W.; Chan, KW.-K,; Tan, M.J.A.; Gwee, C.P,; Smith, K.M,; Jeffress, S.].; Saw, W.-G.; Swarbrick, C.M.D.; Watanabe, S.; Jans,
D.A; et al. Zika Virus NS5 Forms Supramolecular Nuclear Bodies That Sequester Importin-« and Modulate the Host Immune
and Pro-Inflammatory Response in Neuronal Cells. ACS Infect. Dis. 2019, 5, 932-948. [CrossRef]

Tay, M.Y.F,; Smith, K.; Ng, LH.W.; Chan, KW.K.; Zhao, Y.; Ooi, E.E.; Lescar, J.; Luo, D.; Jans, D.A.; Forwood, ].K.; et al. The
C-terminal 18 Amino Acid Region of Dengue Virus NS5 Regulates its Subcellular Localization and Contains a Conserved Arginine
Residue Essential for Infectious Virus Production. PLoS Pathog. 2016, 12, e1005886. [CrossRef]

Munasinghe, T.S.; Edwards, M.R.; Tsimbalyuk, S.; Vogel, O.A.; Smith, K.M.; Stewart, M.; Foster, ].K.; Bosence, L.A.; Aragao, D.;
Roby, J.A.; et al. MERS-CoV ORF4b employs an unusual binding mechanism to target IMPa and block innate immunity. Nat.
Commun. 2022, 13, 1604. [CrossRef]

Liu, Y.C.; Grusovin, J.; Adams, T.E. Electrostatic interactions between hendra virus matrix proteins are required for efficient
virus-like-particle assembly. . Virol. 2018, 92, e00143-18. [CrossRef]

Reid, S.P; Valmas, C.; Martinez, O.; Sanchez, EM.; Basler, C.F. Ebola virus VP24 proteins inhibit the interaction of NPI-1 subfamily
karyopherin « proteins with activated STAT1. J. Virol. 2007, 81, 13469-13477. [CrossRef]

Studier, EW.; Moffatt, B.A. Use of bacteriophage T7 RNA polymerase to direct selective high-level expression of cloned genes.
J. Mol. Biol. 1986, 189, 113-130. [CrossRef]

Studier, EW. Protein production by auto-induction in high density shaking cultures. Protein Expr. Purif. 2005, 41, 207-234.
[CrossRef]

Aragao, D.; Aishima, J.; Cherukuvada, H.; Clarken, R.; Clift, M.; Cowieson, N.P; Ericsson, D.].; Gee, C.L.; Macedo, S.; Mudie,
N.; et al. MX2: A high-flux undulator microfocus beamline serving both the chemical and macromolecular crystallography
communities at the Australian Synchrotron. . Synchrotron Radiat. 2018, 25, 885-891. [CrossRef]

Battye, T.G.; Kontogiannis, L.; Johnson, O.; Powell, H.R.; Leslie, A.G. iMOSFLM: A new graphical interface for diffraction-image
processing with MOSFLM. Acta Cryst. D Biol. Cryst. 2011, 67 Pt 4, 271-281. [CrossRef] [PubMed]

Evans, P. Scaling and assessment of data quality. Acta Cryst. D Biol. Cryst. 2006, 62 Pt 1, 72-82. [CrossRef]

McCoy, AJ. Solving structures of protein complexes by molecular replacement with Phaser. Acta Cryst. D Biol. Cryst. 2007, 63 Pt
1, 32-41. [CrossRef]

Adams, P.D.; Afonine, P.V,; Bunkéczi, G.; Chen, V.B.; Davis, LW.; Echols, N.; Headd, J.J.; Hung, L.W.; Kapral, G.J.; Grosse-
Kunstleve, R.W,; et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Cryst. D Biol.
Cryst. 2010, 66 Pt 2, 213-221. [CrossRef]

Afonine, P.V.; Grosse-Kunstleve, R.W.; Echols, N.; Headd, ].J.; Moriarty, N.W.; Mustyakimov, M.; Terwilliger, T.C.; Urzhumtsev, A ;
Zwart, PH.; Adams, P.D. Towards automated crystallographic structure refinement with phenix.refine. Acta Cryst. D Biol. Cryst.
2012, 68 Pt 4, 352-367. [CrossRef]

Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Cryst. D Biol. Cryst. 2004, 60 Pt 12, 2126-2132.
[CrossRef]

Laskowski, R.A.; Jabloniska, J.; Pravda, L.; Vafekovd, R.S.; Thornton, .M. PDBsum: Structural summaries of PDB entries. Protein
Sci. 2018, 27, 129-134. [CrossRef] [PubMed]

Krissinel, E.; Henrick, K. Inference of macromolecular assemblies from crystalline state. ]. Mol. Biol. 2007, 372, 774-797. [CrossRef]
[PubMed]

Alvisi, G.; Manaresi, E.; Cross, E.M.; Hoad, M.; Akbari, N.; Pavan, S.; Ariawan, D.; Bua, G.; Petersen, G.E; Forwood, J.;
et al. Importin alpha/beta-dependent nuclear transport of human parvovirus B19 nonstructural protein 1 is essential for viral
replication. Antivir. Res. 2023, 213, 105588. [CrossRef] [PubMed]

Smith, K.M.; Tsimbalyuk, S.; Edwards, M.R.; Cross, E.M.; Batra, J.; Soares da Costa, T.P.; Aragao, D.; Basler, C.F,; Forwood,
J.K. Structural basis for importin alpha 3 specificity of W proteins in Hendra and Nipah viruses. Nat. Commun. 2018, 9, 3703.
[CrossRef] [PubMed]


https://doi.org/10.1083/jcb.130.2.265
https://doi.org/10.1006/jmbi.2000.3642
https://doi.org/10.1371/journal.ppat.1000251
https://www.ncbi.nlm.nih.gov/pubmed/19112510
https://doi.org/10.1038/s41598-017-11018-1
https://www.ncbi.nlm.nih.gov/pubmed/28900157
https://doi.org/10.1016/j.str.2014.11.015
https://doi.org/10.1002/pro.3173
https://www.ncbi.nlm.nih.gov/pubmed/28383161
https://doi.org/10.1021/acsinfecdis.8b00373
https://doi.org/10.1371/journal.ppat.1005886
https://doi.org/10.1038/s41467-022-28851-2
https://doi.org/10.1128/JVI.00143-18
https://doi.org/10.1128/JVI.01097-07
https://doi.org/10.1016/0022-2836(86)90385-2
https://doi.org/10.1016/j.pep.2005.01.016
https://doi.org/10.1107/S1600577518003120
https://doi.org/10.1107/S0907444910048675
https://www.ncbi.nlm.nih.gov/pubmed/21460445
https://doi.org/10.1107/S0907444905036693
https://doi.org/10.1107/S0907444906045975
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444912001308
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1002/pro.3289
https://www.ncbi.nlm.nih.gov/pubmed/28875543
https://doi.org/10.1016/j.jmb.2007.05.022
https://www.ncbi.nlm.nih.gov/pubmed/17681537
https://doi.org/10.1016/j.antiviral.2023.105588
https://www.ncbi.nlm.nih.gov/pubmed/36990397
https://doi.org/10.1038/s41467-018-05928-5
https://www.ncbi.nlm.nih.gov/pubmed/30209309

Viruses 2023, 15, 1302 15 of 15

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Shaw, M.L.; Cardenas, W.B.; Zamarin, D.; Palese, P.; Basler, C.F. Nuclear Localization of the Nipah Virus W Protein Allows
for Inhibition of both Virus- and Toll-Like Receptor 3-Triggered Signaling Pathways. J. Virol. 2005, 79, 6078-6088. [CrossRef]
[PubMed]

Jagga, B.; Edwards, M.; Pagin, M.; Wagstaff, K.M.; Aragao, D.; Roman, N.; Nanson, ].D.; Raidal, S.R.; Dominado, N.; Stewart, M.;
et al. Structural basis for nuclear import selectivity of pioneer transcription factor SOX2. Nat. Commun. 2021, 12, 28. [CrossRef]
[PubMed]

Deffrasnes, C.; Marsh, G.A.; Foo, C.H.; Rootes, C.L.; Gould, C.M.; Grusovin, J.; Monaghan, P.; Lo, M.K,; Tompkins, S.M.; Adam:s,
T.E. Genome-wide siRNA screening at biosafety level 4 reveals a crucial role for fibrillarin in henipavirus infection. PLoS Pathog.
2016, 12, €1005478. [CrossRef]

Bauer, A.; Neumann, S.; Karger, A.; Henning, A.-K.; Maisner, A.; Lamp, B.; Dietzel, E.; Kwasnitschka, L.; Balkema-Buschmann, A.;
Keil, G.M. ANP32B is a nuclear target of henipavirus M proteins. PLoS ONE 2014, 9, €97233. [CrossRef]

Patch, J.R.; Han, Z.; McCarthy, S.E.; Yan, L.; Wang, L.F,; Harty, R.N.; Broder, C.C. The YPLGVG sequence of the Nipah virus
matrix protein is required for budding. Virol. J. 2008, 5, 137. [CrossRef]

Rawlinson, S.M.; Zhao, T.; Ardipradja, K.; Zhang, Y.; Veugelers, P.F.; Harper, ].A.; David, C.T.; Sundaramoorthy, V.; Moseley, G.W.
Henipaviruses and lyssaviruses target nucleolar treacle protein and regulate ribosomal RNA synthesis. Traffic 2023, 24, 146-157.
[CrossRef]

Chang, C.-W.; Coufiago, R.M.; Williams, S.J.; Bodén, M.; Kobe, B. Distinctive Conformation of Minor Site-Specific Nuclear
Localization Signals Bound to Importin-«. Traffic 2013, 14, 1144-1154. [CrossRef]

Marfori, M.; Mynott, A.; Ellis, ].J.; Mehdi, A.M.; Saunders, N.EW.; Curmi, PM.; Forwood, ].K.; Bodén, M.; Kobe, B. Molecular
basis for specificity of nuclear import and prediction of nuclear localization. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2011, 1813,
1562-1577. [CrossRef]

Lott, K.; Bhardwaj, A.; Sims, PJ.; Cingolani, G. A Minimal Nuclear Localization Signal (NLS) in Human Phospholipid Scramblase
4 That Binds Only the Minor NLS-binding Site of Importin «1*. J. Biol. Chem. 2011, 286, 28160-28169. [CrossRef]

Nakada, R.; Hirano, H.; Matsuura, Y. Structure of importin-o bound to a non-classical nuclear localization signal of the influenza
A virus nucleoprotein. Sci. Rep. 2015, 5, 15055. [CrossRef] [PubMed]

Mynott, A.V.; Harrop, S.J.; Brown, L.J.; Breit, S.N.; Kobe, B.; Curmi, PM.G. Crystal structure of importin-« bound to a peptide
bearing the nuclear localisation signal from chloride intracellular channel protein 4. FEBS J. 2011, 278, 1662-1675. [CrossRef]
[PubMed]

Selinger, M.; Novotny, R; Sys, J.; Roby, J.A.; Tykalova, H.; Ranjani, G.S.; Vancovd, M.; Jaklova, K.; Kaufman, F,; Bloom, M.E,; et al.
Tick-borne encephalitis virus capsid protein induces translational shutoff as revealed by its structural-biological analysis. J. Biol.
Chem. 2022, 298, 102585. [CrossRef] [PubMed]

Bharaj, P; Wang, Y.E.; Dawes, B.E.; Yun, TE; Park, A.; Yen, B.; Basler, C.F.; Freiberg, A.N.; Lee, B.; Rajsbaum, R. The Matrix Protein
of Nipah Virus Targets the E3-Ubiquitin Ligase TRIMS6 to Inhibit the IKKe Kinase-Mediated Type-I IFN Antiviral Response. PLoS
Pathog. 2016, 12, €1005880. [CrossRef]

Smith, K.M.; Himiari, Z.; Tsimbalyuk, S.; Forwood, J.K. Structural Basis for Importin-« Binding of the Human Immunodeficiency
Virus Tat. Sci. Rep. 2017, 7, 1650. [CrossRef]

Réna, G.; Marfori, M.; Borsos, M.; Scheer, 1.; Takdcs, E.; Toth, J.; Babos, F.; Magyar, A.; Erdei, A.; Bozoky, Z.; et al. Phosphorylation
adjacent to the nuclear localization signal of human dUTPase abolishes nuclear import: Structural and mechanistic insights. Acta
Cryst. D Biol. Cryst. 2013, 69 Pt 12, 2495-2505. [CrossRef]

Battisti, A.J.; Meng, G.; Winkler, D.C.; McGinnes, L.W.; Plevka, P; Steven, A.C.; Morrison, T.G.; Rossmann, M.G. Structure and
assembly of a paramyxovirus matrix protein. Proc. Natl. Acad. Sci. USA 2012, 109, 13996-14000. [CrossRef]

Duan, Z.; Xu, H,; Ji, X.; Zhao, J.; Xu, H.; Hu, Y,; Deng, S.; Hu, S.; Liu, X. Importin «5 negatively regulates importin $1-mediated
nuclear import of Newcastle disease virus matrix protein and viral replication and pathogenicity in chicken fibroblasts. Virulence
2018, 9, 783-803. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/JVI.79.10.6078-6088.2005
https://www.ncbi.nlm.nih.gov/pubmed/15857993
https://doi.org/10.1038/s41467-020-20194-0
https://www.ncbi.nlm.nih.gov/pubmed/33397924
https://doi.org/10.1371/journal.ppat.1005478
https://doi.org/10.1371/journal.pone.0097233
https://doi.org/10.1186/1743-422X-5-137
https://doi.org/10.1111/tra.12877
https://doi.org/10.1111/tra.12098
https://doi.org/10.1016/j.bbamcr.2010.10.013
https://doi.org/10.1074/jbc.M111.228007
https://doi.org/10.1038/srep15055
https://www.ncbi.nlm.nih.gov/pubmed/26456934
https://doi.org/10.1111/j.1742-4658.2011.08086.x
https://www.ncbi.nlm.nih.gov/pubmed/21388519
https://doi.org/10.1016/j.jbc.2022.102585
https://www.ncbi.nlm.nih.gov/pubmed/36223838
https://doi.org/10.1371/journal.ppat.1005880
https://doi.org/10.1038/s41598-017-01853-7
https://doi.org/10.1107/S0907444913023354
https://doi.org/10.1073/pnas.1210275109
https://doi.org/10.1080/21505594.2018.1449507

	Introduction 
	Materials and Methods 
	Plasmids 
	Protein Expression and Protein Purification 
	NLS Peptides 
	Crystallization and Data Processing 
	Fluorescence Polarization 
	EMSA 
	Co-Immunoprecipitation (Co-IP) Assay 
	Western Blot 
	Immunofluorescence Assays 

	Results 
	Henipavirus M NLS1 Binds to IMP at the Major Site 
	M NLS2 Binds to IMP at the Minor Site 
	M NLS1 and NLS2 Bind IMP Isoforms in Electromobility Shift Assays and Fluorescence Polarization Assays 
	The M NLS2 Is an Important Binding Interface in a Cellular Context 

	Discussion 
	References

