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ARTICLE INFO ABSTRACT
Keywords: Human parvovirus B19 (B19V) is a major human pathogen causing a variety of diseases, characterized by a
B19V selective tropism to human progenitor cells in bone marrow. In similar fashion to all Parvoviridae members, the

Nuclear transport B19V ssDNA genome is replicated within the nucleus of infected cells through a process which involves both

?;E;lral cellular and viral proteins. Among the latter, a crucial role is played by non-structural protein (NS)1, a multi-
Importins functional protein involved in genome replication and transcription, as well as modulation of host gene
Ivermectin expression and function. Despite the localization of NS1 within the host cell nucleus during infection, little is
known regarding the mechanism of its nuclear transport pathway. In this study we undertake structural, bio-
physical, and cellular approaches to characterize this process. Quantitative confocal laser scanning microscopy
(CLSM), gel mobility shift, fluorescence polarization and crystallographic analysis identified a short sequence of
amino acids (GACHAKKPRIT-182) as the classical nuclear localization signal (cNLS) responsible for nuclear
import, mediated in an energy and importin (IMP) a/p-dependent fashion. Structure-guided mutagenesis of key
residue K177 strongly impaired IMPx binding, nuclear import, and viral gene expression in a minigenome sys-
tem. Further, treatment with ivermectin, an antiparasitic drug interfering with the IMPa/p dependent nuclear
import pathway, inhibited NS1 nuclear accumulation and viral replication in infected UT7/Epo-S1 cells. Thus,

NS1 nuclear transport is a potential target of therapeutic intervention against B19V induced disease.
specific antivirals have been approved so far and therefore the identi-
1. Introduction fication of new targets of therapeutic intervention is of pivotal interest
(Manaresi and Gallinella, 2019). B19V is a small, non-enveloped virus
Human parvovirus B19 (B19V) is a human ubiquitous viral pathogen whose 5.6 Kb ssDNA genome contains an internal coding region,
belonging to the Erythroparvovirus genus within the Parvoviridae family encoding at least five proteins, flanked by palindromic sequences
(Penzes et al., 2020; Qiu et al., 2017). B19V infects the majority of the capable of forming terminal hairpin structures and serving as the origin
human population at early age and is generally associated with fifth of replication. The best characterized viral-encoded polypeptides so far
disease or erythema infectiosum, a mild, self-limiting childhood disease are the capsid proteins VP1 and VP2 (Cotmore et al., 1986), along with
(Chorba et al., 1986), or arthropathies mainly in adults (White et al., nonstructural (NS) protein 1 (Zou et al., 2018). B19V productive infec-
1985). Given the ability to infect and induce apoptosis in erythroid tion is almost exclusively restricted to actively replicating bone marrow
progenitor cells, infection of individuals with underlying immune or ~ and fetal liver-derived erythroid progenitor cells (EPCs) (Ozawa et al,,
hematologic disorders can result in severe consequences, including both 1986; Yaegashi et al., 1989), where it induces cell cycle arrest and
acute and chronic erythroid aplasia (Brown, 2000; White et al., 1985). ~ apoptosis (Luo et al., 2013; Moffatt et al., 1998). This results in very
Furthermore, fetal infection during pregnancy may result in hydrops limited options for studying its life cycle in cell culture, with human

fetalis and fetal death (Bonvicini et al., 2017a). Neither vaccines nor primary CD36" EPCs and the UT7/Epo-S1 cell line being the two most
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Abbreviations

B19V Human parvovirus B19
NS nonstructural protein
EPCs erythroid progenitor cells
NE nuclear envelope

NPC nuclear pore complex
IMP importin

NLS nuclear localization signal
cNLS classical NLS

MVM minute virus of mice
PPV porcine parvovirus

FBS fetal bovine serum

DMEM  Dulbecco’s Modified Eagle’s Medium
IVM ivermectin

PBS phosphate buffered saline

wt wildtype

CLSM confocal laser scanning microscopy
RT room temperature

Fn nuclear fluorescence

Fc cytoplasmic fluorescence

IBB Importin-p binding

FITC fluorescein isothiocyanate

SV40 Simian vacuolating virus 40

LTA large tumor antigen

characterized systems (Bua et al., 2016; Morita et al., 2001; Wong et al.,
2008). The current model hypothesizes that viral genome replication
occurs in the nucleus of host cells via a rolling hairpin mechanism,
which involves DNA damage repair, through the concerted action of the
host cell machinery and viral protein NS1 (Zou et al., 2018; Berns,
1990), a 671 amino acid multifunctional protein with a molecular
weight of 74 kDa. Similar to its orthologues present in other Parvoviridae
members, B19V NS1 is endowed with helicase and endonuclease activ-
ities, the latter being responsible for nicking a conserved sequence in the
viral genome, thereby initiating rolling hairpin replication, after binding
to the origin of replication (Sanchez et al., 2016). Furthermore, NS1 can
transactivate transcription from the unique B19V promoter, and is
capable of arresting cell cycle progression and promoting apoptosis of
infected cells (Luo et al., 2013; Moffatt et al., 1998; Morita et al., 2003;
Raab et al., 2002; Wan et al., 2010), thus allowing efficient and sus-
tained viral transcription and promoting the release of infectious viral
particles from infected cells. Therefore, NS1 is absolutely required for
B19V replication (Zhi et al., 2006).

According to its functions in viral genome replication and tran-
scription, NS1 colocalizes with viral DNA and host cell S phase factors in
viral DNA replication centers in B19V infected EPCs (Luo et al., 2011,
2013).

Eukaryotic cells are highly compartmentalized with the nucleus
separated from the cytoplasm by the nuclear envelope (NE). In the NE,
the outer nuclear membrane (ONM), is separated by a 40-50 nm peri-
nuclear space from the inner nuclear membrane (INM), whose nuclear
face is connected to a thin protein meshwork called the nuclear lamina.
The only passage through the NE is through nuclear pore complexes
(NPCs), which are embedded in the NE at sites where the INM and ONM
are merged. NPCs are huge macromolecular machines which allow
passive diffusion of small molecules, ions and proteins with a molecular
weight below 40-60 kDa (Timney et al., 2016), and active transport of
factors which need to be quickly imported into the nucleus, or whose
molecular weight is not compatible with passive diffusion (Gorlich et al.,
1995). Active nuclear import is a signal and energy-dependent process
mediated by members of the importin (IMP) superfamily, whereby
IMPB1 or one of its several homologues recognizes specific sequences on
the cargo protein, termed nuclear localization signals (NLSs), and me-
diates cargo translocation through the NPC and its release in the
nucleoplasm upon binding with the small GTPase Ran (for a review see
(Alvisi et al., 2013)). In the best characterized pathway, IMPB1 recog-
nizes basic NLSs through the adapter molecule IMPa (Conti et al., 1998).
Such NLSs are therefore termed classical (¢)NLSs and can be either
monopartite or bipartite, depending on the number of basic clusters
present, as well as their binding mode to IMPa (Lange et al., 2007).
Monopartite cNLSs interact with a specific binding site on IMPa (the
major binding site), which contains four main binding pockets for NLS
aminoacidic side chains. On the other hand, in order to functionally
interact with IMPa, bipartite cNLSs need to simultaneously bind to the

IMPa minor binding site, which contains two main pockets to accom-
modate amino acid side chains, thus lowering the Kd of the interaction
(Fontes et al., 2000, 2003).

Given its molecular weight of 74 kDa, B19V NS1 needs to be actively
translocated into the nucleus to perform its functions during the viral
replication cycle, similarly to NS1 from other mammalian parvoviruses.
Indeed, bipartite cNLSs have been identified within NS1 from minute
virus of mice (MVM: KKDYTKCVLFGNMIAYYFLTKKKI-216, see Fig. 1C)
and porcine parvovirus (PPV: KPETVETTVTTAQEAKRGR-274, see
Fig. 1C), as essential for nuclear import (Cao et al., 2022; Thalainen et al.,
2007). Therefore, characterization of NS1 nuclear import pathway is
crucial for our understanding of the biology and pathogenesis of B19V
infection, with important implications for the development of
highly-needed antivirals.

Although the K177C substitution has been shown to abrogate B19V
NS1 nuclear import in transient transfection assays, a functional NS1
NLS has not been yet identified. Furthermore, the NS1 nuclear transport
pathway and its role in the viral replication cycle have not been char-
acterized (Cao et al., 2022; Nuesch and Tattersall, 1993; Wan et al.,
2010). Here, we addressed such issues by combining genetics, bioin-
formatics, biochemical, structural, and microscopic analyses. Our results
indicate that B19V NS1 possesses a monopartite cNLS located at amino
acids 172-182, capable of mediating high affinity binding to the IMP«
major binding site, and thus conferring nuclear localization to heterol-
ogous proteins and full length NS1. Inhibition of the IMPo/f-dependent
nuclear import pathway impaired NS1 nuclear targeting and viral
replication in infected UT7/Epo-S1 cells. Substitution of K177, which
interacts with IMPa at the P2 position within the ¢cNLS major binding
site, severely impaired the NS1-IMPa interaction and nuclear targeting,
and strongly inhibited viral genome amplification/transcription in a
minigenome replicon system (Reggiani et al., 2022) in the absence of
expression of structural proteins. Thus, NS1 nuclear transport could
represent a potential target of antiviral intervention against B19V.

2. Materials and methods
2.1. Bioinformatics analysis

The sequence of B19V proteins was downloaded from UniProt
(2021) using the B19V reference proteome (Uniprot code:
UP000006624). The presence of putative cNLSs was predicted using the
cNLS mapper software (Kosugi et al., 2009). The sequences of NS1
proteins from B19V, minute virus of mice (MVM), and porcine parvo-
virus (PPV), were retrieved from UniProt (UniProt codes: Q9PZT1,
P03134, and P52502, respectively) and aligned using the Clustal Omega
Multiple Sequence Alignment tool (Sievers et al., 2011), with Clustal W
with character counts as output, and showing the Neighbour-joining tree
without distance corrections and real branch length.
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Human Parvovirus B19 proteome UPO0O0006624
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Fig. 1. B19V NS1 is predicted to translocate to the nucleus via the IMPa/p heterodimer using a cNLS located at residues 172-182. (A) The B19V reference proteome
(Uniprot code: UP000006624) was retrieved from Uniprot and bioinformatically analyzed by combining Uniprot subcellular localization information with cNLS
prediction software results, as described in the Materials and Methods. (B) The sequences of NS1 proteins from human parvovirus B19 (B19V, Uniprot code: Q9PZT1),
minute virus of mice (MVM, Uniprot code: P03134) and porcine parvovirus (PPV, Uniprot code: P52502) were aligned with clustal Omega, as described in the
Materials and Methods. The aligned primary sequence of each NS1 protein is shown with the single letter amino acid code, with previously described and putative
cNLSs highlighted (previously described cNLS from MVM NS1, pale blue; putative cNLS from B19V B19 NS1, green; previously described cNLS from PPV NS1, yellow).
(C) The Phylogram relative to NS1 from B19V, MVM and PPV is shown, along with indication of real branch length.

2.2. Oligonucleotides

Oligonucleotides (ThermoFisher Scientific, Monza, Italy) were
resuspended in 10 mM Tris buffer (pH. 7.8) to a 100 pM final concen-
tration and stored at —20 °C until needed, as described previously
(Ghassabian et al., 2021). A list of all oligonucleotides used in this study
is available in Supplementary Table I.

2.3. Plasmids

Plasmids pEGFP-N1-H1E and pEPI-GFP-human cytomegalovirus

(HCMV)-UL44, encoding control GFP fusion proteins localizing to the
nucleus via IMPa/f independent and dependent pathways, respectively
(Alvisi et al., 2005, 2006a, 2008; Gerlitz et al., 2007). Plasmid
mcherry-Bimax2, encoding a competitive inhibitor of the IMPo/f nu-
clear import pathway (Tsujii et al., 2015), was a generous gift from
Yoshihiro Yoneda and Masahiro Oka (Osaka, Japan).

Plasmid pEGFPC1-B19V-NS1, encoding for a fusion protein between
eGFP and B19V NS1 (Uniprot code: Q9PZT1), was synthesized by Bio-
Fab Research (Rome, Italy). Plasmid pEGFPC1-B19V-NS1; K177T,
encoding for an NLS defective substitution derivative thereof was
generated via the Quikchange Lightning Mutagenesis kit (#210515,



G. Alvisi et al.

Agilent Technologies, Cernusco sul Naviglio (MI), Italy) according to the
manufacturer’s recommendation, using oligonucleotides
a530c_KY940273F and a530c_KY940273R and plasmid pEGFPC1-B19V-
NS1 as a template, as described previously (Trevisan et al., 2018).
Mammalian expression plasmids encoding for cNLSs fused to the
C-terminus of cycle 3 GFP were generated using the NT-GFP Fusion
TOPO™ Expression kit (#K481001, ThermoFisher Scientific, Monza,
Italy), according to the manufacturer’s recommendations with slight
modifications. Briefly, appropriate oligonucleotide pairs (8.2 nM in TE
buffer) were incubated at 95 °C for 5 min and then gradually cooled at
room temperature (RT) to obtain DNA duplexes containing 3’ over-
hangs. cDNAs were cloned into plasmid pcDNA3.1-NT-GFP-TOPO. Re-
actions were performed by mixing 1 pl of duplex, 1 pl of salt solution
[diluted 1:2 (v/v) in TE buffer], and 1 pl of pcDNA3.1-NT-GFP-TOPO
vector [diluted 1:3 (v/v) in TE buffer]. All plasmids were verified by
Sanger sequencing (BMR Genomics, Padova, Italy). The B19V mini-
genome (pCH10 pAsl) was previously described (Reggiani et al., 2022).
A list of all plasmids used in this study is available in Supplementary
Table IIL.

2.4. Chemicals

Ivermectin (IVM; #8898, Sigma, Merck Millipore, Milan, Italy) was
resuspended in DMSO at a final concentration of 50 mM and stored in
aliquots at —80 °C until needed.

2.5. Cells

HEK293A cells were propagated as described previously (Di Antonio
et al., 2021). Briefly, cells were maintained in Dulbecco’s Modified Ea-
gle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS), 50 U/ml penicillin, 50 U/ml streptomycin, and 2 mM L-glutamine
in a humidified incubator at 37 °C in the presence of 5% CO,, and
passaged when confluence was reached. UT7/Epo-S1 cells were cultured
in Iscove’s Modified Dulbecco’s Medium (IMDM), supplemented with
10% FBS and 2 U/mL rhu erythropoietin in a humidified incubator at
37 °C in the presence of 5% CO5 (Bua et al., 2016). UT7/Epo-S1 cells
were kept in culture at densities between 2 x 10°-1 x 10° cells/ml, and
used for infection and transfection experiments when at a density of 3 x
10° cells/ml.

2.6. Cell viability assay

The effect of IVM on cell viability was monitored by a WST-8 based
assay, a water-soluble salt reagent that produces a formazan dye upon
reduction in response to metabolic activity (CCK8 assay, Dojindo Mo-
lecular Technologies, Munich, Germany), following established and
optimized protocols (Bonvicini et al., 2017b). For experiments, 5 X 104
UT7/Epo-S1 cells were seeded in 100 pL volumes in a 96-well plate, and
cultured in the absence or presence of different concentrations of IVM.
WST-8 reagent was added for the last 2 h of cell culture. The amount of
formazan the dye was measured as absorbance (OD) values,1 according
to the manufacturer’s instructions. Replicate net OD values were
normalized with respect to the control samples and expressed as mean
percentage values for cell viability.

2.7. Infections

B19V was obtained from a cloned synthetic genome, as described
(Manaresi et al., 2017). For infection, UT7/Epo-S1 cells were incubated
in phosphate buffered saline (PBS) at a density of 1 x 107 cells/ml, in the
presence of B19V at a multiplicity of infection of 10° genome equiva-
lents (geq)/cell. Following 2 h at 37 °C, cells were washed twice in PBS
to remove inoculum virus and incubated at 37 °C in 5% CO; in complete
growth medium, at an initial density of 1 x 10° cells/ml. For investi-
gation of IVM activity, UT7/Epo-S1 cells were cultured for 6 h in
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complete growth medium supplemented with different concentrations
of IVM, then washed in PBS, infected as described, and cultured for a
further 48 h in the presence of IVM.

2.8. Nucleic acids purification

Equal amounts of cell cultures, corresponding to 1x10° cells, were
collected as appropriate at 2h or 48 h post infection and processed using
the Maxwell Viral Total Nucleic Acid kit (#AS1330, Promega Italia,
Milan, Italy) on a Maxwell MDx platform (Promega Italia, Milan, Italy),
following the manufacturer’s instructions, in order to obtain a total
nucleic acid fraction in an elution volume of 100 pL.

2.9. Quantitative real-time PCR and RT-PCR

For the analysis of B19V DNA, aliquots of the eluted nucleic acids
(corresponding to ~500 cells) were directly amplified in a qPCR assay
(Maxima SYBR Green qPCR Master Mix, ThermoFisher Scientific,
Monza, Italy). For the analysis of BI9V RNA (total RNA and NS RNA),
aliquots of the eluted nucleic acids (corresponding to ~500 cells) were
first treated with Turbo DNAfree reagent (ThermoFisher Scientific,
Monza, Italy) before amplification in a qRT-PCR assay (QuantiNova
SYBRGreen RT-PCR kit, Qiagen, Milan, Italy). Standard cycling pro-
grams were used, followed by a melting curve analysis to define the Tm
of amplified products. Genomic DNA coding for 18S rRNA (rDNA) was
amplified for calibration with respect to cell copy number. Primer pairs
were selected to allow quantitation of viral DNA, total RNA, and NS RNA
(Supplementary Table II). Quantitative evaluation of target was ob-
tained by absolute quantitation on external calibration curves as
described (Bonvicini et al., 2008).

2.10. Transfections

HEK293A cells were seeded onto glass coverslips in a 24-well plate
(5 x 10* cells/well). The next day, cells were transfected with appro-
priate amounts of expression constructs (range 5-250 ng) using Lip-
ofectamine 2000 (ThermoFisher Scientific, Monza, Italy), following the
manufacturer’s recommendations and further incubated in complete
growth medium at 37 °C and 5% CO», as described previously (Sinigalia
et al., 2008), until being processed for confocal laser scanning micro-
scopy (CLSM). UT7/Epo-S1 cells were transfected with B19V mini-
genome pCH10 pAs1-derived PCR products (see below) using the Amaxa
Nucleofection System (Lonza, Basel, Switzerland), with V Nucleofector
Reagent and T20 program setting, at a ratio of 1 pg insert DNA for 1 x
10° cells. Following transfection, the cells were incubated in complete
growth medium at 37 °C and 5% CO; at an initial density of 1 x 10°
cells/ml. Constant amounts of cell cultures were collected at 6 h, 24 h
and 48 h post-transfection. Cells and cell-free supernatants were sepa-
rated by centrifugation at 5000 rpm for 5 min, then used for analysis and
successive experiments.

2.11. Preparation of B19V minigenome pCH10 pAs1-derived PCR
products

For transfection, DNA inserts were generated by recombinant PCR
using pCH10 pAsl1 template. Wildtype (wt) DNA was generated in single
PCR round using primers HHO and HH1. K177T DNA, mediating the
expression of NS1 protein bearing the K177T substitution and thus
inactivating its cNLS, was generated in two rounds; in the first, two
segments were obtained using the primer pairs HH1-NLS K177R R and
NLS K177R F-HHO, and in the second, a unique segment was obtained
using the external primer pair HH1-HHO. NS1KO, whereby expression of
full length NS1 is prevented by substituting the ATG sequence with TAA
was similarly constructed, by using primers NS1 KO F and NS1 KO R as
internal primers in the first round. Amplification was carried out by
using the High-Fidelity PCR System (Merck Life Science, Milan, Italy),



G. Alvisi et al.

according to manufacturer’s instructions, with a thermal profile con-
sisting of: initial denaturation 94 °C, 2 min; 10 cycles of denaturation
94 °C, 15 s, annealing 50 °C, 30 s, extension 72 °C, 2 min 30 s; 20 cycles
of denaturation 94 °C, 15 s, annealing 50 °C, 30 s, extension 72 °C, 2 min
30 s incremented by 5 s/cycle; final extension 72 °C, 7 min. Following
agarose gel electrophoresis analysis, amplification products were puri-
fied by using the Wizard® SV Gel and PCR Clean-Up System kit
(#A9281, Promega Italia, Milan, Italy), and quantified by the Qubit 2.0
Fluorometer (Promega Italia, Milan, Italy). Amplified products were
confirmed by sequencing (Eurofins Genomics, Ebersberg, Germany)
before transfection.

2.12. Confocal laser scanning microscopy (CLSM) and image analysis

For detection of viral proteins by immunofluorescence, 5x10% UT7/
Epo-S1 cells were spotted on glass slides and fixed with 1:1 acetone:
methanol for 10 min at —20 °C. For detection of NS protein, cells were
incubated with the human monoclonal antibody MAb1424 (#94408,
Mikrogen Diagnostik, Neuried, Germany; 1:100 in PBS/FBS 10%), then
with an a-human Alexa Fluor 488-conjugated secondary antibody (#A-
11013, ThermoFisher Scientific, Monza, Italy; 1:200 in PBS/FBS 10%).
Nuclei were stained with DRAQ5 (#62251, ThermoFisher Scientific,
Monza, Italy; 1:5000 in PBS/BSA 1%) and Hoechst 33342 (#H3570,
ThermoFisher Scientific, Monza, Italy; 1:10000 in PBS/BSA 1%), while
actin filaments were stained with FITC-phalloidin (#P5282, Sigma,
Merck Millipore, Milan, Italy; 1:50 in PBS/BSA 1%). The number of
positive cells was analyzed using a DM IL LED Leica epifluorescence
microscope equipped with 10x and 20x objectives, appropriate filter
cubes and a DFC 7000 T digital camera (Leica, Heidelberg, Germany),
while subcellular localization of NS1 was investigated using a Nikon Al
confocal laser scanning microscope equipped with a 60x oil immersion
objective (Nikon, Tokio, Japan) as described previously (Alvisi et al.,
2018). For detection of spontaneously fluorescent proteins 48 h post
transfection, cells were incubated for 30 min with DRAQ5 (#62251,
ThermoFisher Scientific, Monza, Italy; 1:5000 in DMEM no phenol red)
washed with PHEM 1x (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and
4 mM MgSO,) and fixed with paraformaldehyde/PHEM 3% (v/v) for 10
min at RT. Following three washes with PHEM 1x and one wash with
milliQ water, coverslips were mounted on glass slides with Fluoromount
G (Southern Biotech, Birmingham, AL, USA). Intracellular ATP was
depleted by incubating cells for 30 min at 37 °C in DMEM containing no
glucose, 5% FBS, and supplemented with 10 mmol/L sodium azide, 6
mmol/L 2-deoxy-D-glucose (D8357, Sigma, Merck Millipore, Milan,
Italy) and DRAQ5 (#62251, ThermoFisher Scientific, Monza, Italy;
1:5000) before sample processing as described above. Subcellular
localization of fusion proteins was analyzed using a Nikon A1 confocal
laser scanning microscope equipped with a 60x oil immersion objective
(Nikon, Tokio, Japan) as described previously (Alvisi et al., 2018).

2.13. Image analysis

Levels of nuclear accumulation of proteins of interest were deter-
mined using the FiJi public domain software (https://doi.org
/10.1038/nmeth.2019) and single cell measurements for each of the
nuclear (Fn) and cytoplasmic (Fc) fluorescence, subsequent to the sub-
traction of fluorescence due to autofluorescence/background as
described previously (Alvisi et al., 2006a).

2.14. Protein purification and peptide synthesis

The IMPa2 (UniProtKB P52293) the mouse hortologue of human
IMPal (KPNA2), was used for structure determination and binding as-
says in this study. A plasmid containing the gene corresponding to the N-
terminally truncated IMPa2 lacking the autoinhibitory IMPp binding
(IBB) domain (IMPa2AIBB, residues 71-529) with a 6x histidine tag in
the pET30 expression vector was transformed into BL21 (DE3) pLysS

Antiviral Research 213 (2023) 105588

E. coli cells and expressed using the auto-induction method for 24 h at RT
(Studier, 2005). Following harvesting of the whole cells and resus-
pension in Buffer A (50 mM phosphate buffer pH 8.0, 300 mM NacCl, 20
mM imidazole), cells were lysed by three freeze-thaw cycles, treated
with lysozyme and DNAse, incubated for 45 min, then centrifuged at 12,
000 rpm to collect the soluble extract and remove cell debris. The sol-
uble extract was further clarified using a 0.22 pm syringe filter then
injected over a 5 mL Ni-Sepharose HisTrap HP column (Cytiva, Marl-
borough, USA). The bound sample was washed with 10 column volumes
of Buffer A, then eluted using a gradient of Buffer B (50 mM phosphate
buffer pH 8.0, 300 mM NacCl, 500 mM imidazole) over 5 column vol-
umes. Peak fractions were pooled and subsequently purified over gel
filtration using a Superdex 200 26/60 column (Cytiva, Marlborough,
USA) and Buffer C (50 mM Tris pH 8.0, 125 mM NaCl). Peak fractions
were pooled, concentrated using 10 KDa molecular weight centrifugal
filters (Merck Millipore, Milan, Italy), and stored at —80 °C for further
use. N-terminally fluorescein isothiocyanate (FITC)-tagged peptides
corresponding to the B19V NS1 NLS region (GACHAKKPRIT-182) and
mutant variants were synthesized using an automated CEM Liberty Blue
solid phase peptide synthesizer. The coupling reaction was performed
with DIC and Oxyma coupling reagent at 90 C. Fmoc deprotection was
performed at 90 C using 20% (v/v) piperidine/DMF solution. After the
last coupling, the peptide was cleaved from the resin with a solution of
TFA/TIPS/H20 (95/2.5/2.5) for 3 h. Peptide residue was purified using
HPLC and lyophilized to powder.

2.15. Gel mobility shift assays

To confirm the interaction between IMPa2AIBB and B19V NLS
peptides, electrophoresis mobility shift assays (EMSAs) were carried out
using 10 pM FITC-tagged NLS peptide (wt, K177T mutant, or K178T
mutant) and 20 pM bacterially expressed IMPa2AIBB on a 1.5% agarose
gel in TB buffer (0.45 mM Tris base, 0.45 mM boric acid, pH 8.5). Simian
vacuolating virus 40-large tumor antigen (SV40-LTA) NLS and
IMPa2AIBB alone controls were also run. Gels were first imaged using a
UV filter to detect FITC-peptide, then treated with Coomassie to stain
and observe protein bands. The assay was repeated in triplicate.

2.16. Fluorescence polarization assays

To assess the binding affinity of the B19V NLS to IMPa2AIBB, fluo-
rescence polarization assays were performed using FITC-tagged NLS
peptides (wt, K177T mutant, or K178T mutant) and bacterially
expressed IMPa2AIBB. A positive control using the SV40-LTA NLS and
IMPa2AIBB was also measured. Two-fold dilutions of 30 pM IMPa2AIBB
was titrated across 23 wells of a black Fluotrac microplate (Greiner Bio-
One, Kremsmiinster, Austria) and 10 nM FITC-peptide was added to
each well. The final volume per well was 200 pL, using Tris buffered
saline, pH 8.0. A control containing no IMPa2AIBB was also prepared
and used for gain adjustment. Fluorescence polarization measurements
were immediately recorded using a CLARIOstar Plus plate reader (BMG
Labtech, Mornington, Australia) and the assay was repeated in triplicate
for each peptide. One site specific binding least square fit curves were
plotted using GraphPad Prism 9.0 (GraphPad, San Diego, CA, USA).

2.17. Crystallization of NLS peptides complexed with IMPa2AIBB

Crystallization used hanging-drop vapor diffusion where a 1.5 pL
stock containing a molar ratio of 3:1 peptide:protein was mixed with 1.5
pL of reservoir solution and suspended over a 300 pL reservoir well.
Crystals (grown in 0.70 M sodium citrate, 0.1 M HEPES, 0.01 M DTT, pH
6.5) were harvested, treated with a cryoprotectant containing the
reservoir solution and 20% glycerol, then flash cooled in liquid nitrogen.
Crystals were diffracted using the MX2 beamline at the Australian
Synchrotron (Aragao et al., 2018). Data collected was auto-processed
with XDS for integration and scaling (Kabsch, 2010). Within the CCP4
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suite, Aimless was used for merging and selection of 5% R (Evans,
et al., 2013). Cycles of refinement using Phenix Refine and model
building using Coot were employed until a final structure was achieved
(Adams et al., 2010; Emsley et al., 2010). The structure was deposited in
the PDB under the accession code 8F2Q.

2.18. Statistical analysis

Data were statistically analyzed by performing either Student’s t-test,
one way, or two-way ANOVA using GraphPad Prism 9 software
(GraphPad, San Diego, CA, USA).
3. Results
3.1. B19V NS1 mainly localizes to the nucleus of infected cells

Since pharmacological inhibition of the IMPa/p heterodimer-
dependent nuclear import pathway impairs the replication of different

human viruses (Cao et al., 2022; Lv et al., 2018; Mastrangelo et al., 2012;
Raza et al, 2020; Xu et al, 2018; Yang et al, 2020), we
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bioinformatically analyzed the B19V proteome (Uniprot ID:
UP000006624) for the presence of proteins likely imported into the
nucleus using such a pathway (Fig. 1A). Among the five proteins
retrieved, only NS1 (Uniprot code: Q9PZT1) was predicted to possess a
putative classical nuclear localization signal (cNLS) according to cNLS
mapper (GACHAKKPRIT-182). Further, despite VP1 having been
detected in the cell nuclei, it does not display a motif resembling a cNLS
(Deng et al., 2013). We hypothesized that the putative cNLS identified
here could be responsible for NS1 nuclear targeting via the IMPa/p
heterodimer. Whilst cNLSs for NS1 from other mammalian parvoviruses
have been described (MVM NS1: KKDYTKCVLFGN-
MIAYYFLTKKKI-216; PPV NS1: KPETVETTVTTAQEAKRGR-274), these
signals are bipartite in nature and are not conserved within the B19V
NS1 amino acid sequence. The B19V NS1 putative cNLS (GACHAKK-
PRIT-182) is similarly not conserved in MVM and PPV NS1 (Fig. 1B),
suggesting cNLSs have evolved independently during parvovirus evo-
lution. Indeed, NS1 from MVM and PPV are phylogenetically closer
(branch length 0.16) compared to NS1 from B19V (branch length 0.42,
see Fig. 1C).

We initially analyzed the subcellular localization of NS1 at different

Fig. 2. NS1 localizes in the cell nucleus during B19V
infection. UT7/Epo-S1 cells were either infected with
B19V or mock infected. At the indicated time points
post infection, cells were harvested and processed as
described in the Materials and Methods to enable
microscopic detection of cell nuclei by staining with
DRAQS5, NS1 by incubation with a monoclonal anti-
body followed by incubation with a secondary anti-
body conjugated to Alexa Fluor 488, and actin
filaments by staining with TRITC-phalloidin. Samples
were then analyzed with a Leica epilfluorescence mi-
croscope equipped with a 20x objective, and with a
Nikon A1 confocal laser microscope equipped with a
60x oil immersion objective (A) to count the number
of positive cells (B) and to quantitatively analyze the
levels of nuclear accumulation at the single cell level
(C). (A) Representative images of the brightfield (BF),
cell nuclei (DRAQ5), NS1 (Alexa 488) and actin fila-
ments (TRITC) relative to randomly chosen fields are
shown, along with merged images in the right panels.
(B) Percentages of NS1 positive cells relative to seven
fields each from three independent experiments are
shown as individual measurements, means and stan-
dard deviation (SD) of the mean, along with the re-
sults of Brown-Forsythe and Welch ANOVA tests. *: p
< 0.05. (C) The levels of nuclear accumulation of NS1
(Fn/c ratios) of single cells relative to six fields each
from three independent experiments are shown as
individual measurements, means and SD of the mean,
along with the results of Brown-Forsythe and Welch
ANOVA tests.
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times post infection of UT7/Epo-S1 cells, quantifying the levels of nu-
clear accumulation by CLSM. Our data indicate that NS1 became
detectable at very low levels starting at 6 h post infection (Fig. 2AB). The
number of NS1 positive cells peaked at 24-36h post infection (~3% of
cells, see Fig. 2AB), and quantitative confocal laser scanning microscopy
(CLSM) analysis revealed that NS1 accumulated in the nucleus of
infected cells at each time post infection (Fn/c ~ 3, see Fig. 2C). Given
that the c. 74 kDa molecular weight of BI9V NS1 is well above the cut-
off for passive diffusion across the NPC, its nuclear localization suggests
that it needs to be actively transported inside the host cell nucleus
during viral infection.

3.2. B19V NS1 residues 172-182 bind to IMPo2 in the major binding site
and represent a functional monopartite cNLS

We therefore decided to investigate the ability of NS1 residues
172-182 to form a complex with the nuclear transporter IMPa2. To this
end, we pursued structural analysis of the B19V NS1(172-182)-IMPa2
interaction. The N-terminally truncated mouse IMPa2 lacking the
autoinhibitory IMPp Binding (IBB domain), IMPa2AIBB, was used for

B19V NS1 NLS Py P, Py Py
Gly'”? Ala'* Cys

B19V NS1 NLS Po
His”s Ala'”6 Lys'”7 Lys””® Prol” Arg!® [le’® Th Gly2 Ala
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crystal trials with FITC-tagged B19V NS1(172-182) peptide. Following
co-crystallization, crystals were diffracted at the Australian Synchrotron
on the MX2 beamline, and the structure was refined to a resolution of
2.7 A with model quality represented by an overall Ryork and Reree Of
21.49% and 22.84%, respectively (see Supplementary Table III for full
data collection and refinement statistics). The IMPax2AIBB structure
(elucidated for residues 72-496) shows the central IMPa2 domain
comprised of ten tandem Armadillo Repeats (ARMS 1-10) and a
conserved concave binding region (Fig. 3A). Electron density for the
IMPa polyhistidine expression tag and peptide FITC-label were not
discernible, and were therefore omitted from the model.

In our structure, we have modelled two monopartite cNLS peptides
running antiparallel to IMPa2 at the major (located at ARMS 2-4,
interface area of 650.8 AZ) and minor (located at ARMS 6-8, interface
area of 527.8 A?) binding sites (Fig. 3A). The B19V NS1 ¢NLS peptides
bind similarly at both sites, involving residues K175-R180, with slightly
extended binding (including C174 and I181) at the major site (Fig. 3AC).
Structural alignment indicates that B19V NS1(172-182) binds to IMPa2
in a similar fashion to the well-established and extensively studied SV40-
LTA cNLS (PDB: 1EJL, Fig. 3B).

Fig. 3. Crystal structure of the B19V NS1 cNLS:
IMPo2AIBB complex. (A) Crystal structure of B19V
NS1 cNLS:IMPa2AIBB. Silver indicates IMPa2AIBB,
cyan is the minor site bound B19V NS1 cNLS, and
magenta is the major site bound B19V NS1 cNLS. (B)
Structural alignment of B19V NS1 ¢NLS at the major
site (magenta) and minor site (cyan) compared to the
SV40 LTA NLS (green, PDB:1EJL) at the same binding
sites. (C) Interacting residues at the B19V NS1 cNLS
major and minor binding sites of IMPa2AIBB. Bold
represents hydrogen bonding and italics represents
salt bridges.
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Generally, cNLS binding to the IMPa major binding site is deter-
mined by the binding of cNLS amino acid side chains to IMPa amino
acids within specific binding pockets (P), which are numbered from PO
to P6. In our structure, BI9V NS1 K177 occupies the thermodynamically
dominant P2 pocket at the major site, making an important hydrogen
bond with G150, and both a salt bridge and hydrogen bond with D192 of
IMPa2. The P3 and P5 pockets, which are known to make significant
contributions to the binding energy (Hodel et al., 2001; Marfori et al.,
2011), are occupied by B19V NLS1 residues K178 and R180, respec-
tively. As expected, such positively charged residues are engaged in
specific interactions with IMPa2 residues. In particular K178 is involved
in two hydrogen bonds with N188 and one with N228 of IMPa2, whereas
R180 engages with IMPa2 through two hydrogen bonds with N146, and
one each with S105 and E181. The P4 pocket, which is the less important
in determining the IMPo-NLS interaction, is occupied by B19V NS1
residue P179, which does not display any hydrogen bonds or salt bridges
with IMPa2 in the crystal structure (Fig. 3AC). A comparison of viral
NLS:IMPa2AIBB structures from the Protein Data Bank and a summary
of the NLS residues interacting with the various IMPa binding pockets
can be observed in Table 1. In most structures available, the P2 pocket is
occupied by a K residue from monopartite cNLSs, with the exception of
the atypical NLSs from Beak and Feather Disease Virus capsid (BFDV
Cap), which presents an R, and from Epstein-Barr virus nuclear antigen
LP (EBV NA LP) and MERS ORF4b, which both feature a V. Similarly, all
NLSs accommodate either an R or a K in the P3 and P5 positions,
whereas either basic (K, R) or hydrophobic (I, L, F, V, P) residues are
found in the P4 pocket. Overall, our structure demonstrates a direct
interaction between B19V NS1 and IMPa2AIBB, and suggests a critical
role for the P2 residue K177.

3.3. B19V residue K177 is essential for direct binding to IMPa

To further validate the crystal structure of B19V NS1(172-182) and
IMPa2AIBB, we investigated the effect of substitution of key basic res-
idues with threonine. To this end, FITC-labelled peptides containing NS1
(172-182), NS1(172-182); K177T, or NS1(172-182); K178T sequences
were subjected to native gel EMSA in the absence or presence of
recombinantly purified mouse IMPa2AIBB. A FITC-labelled peptide
corresponding to SV40-LTA NLS (PKKKRKYV) was also used as a positive

Table 1
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control for IMPa2AIBB binding (Fig. 4A). Our results indicated that
>80% of NS1(172-182) peptide, but not of NS1(172-182); K177T and
NS1(172-182); K178T peptides, co-migrated with IMPa2AIBB
(Fig. 4BC). When FITC-peptides were incubated with increasing con-
centrations of IMPa2AIBB and binding measured in fluorescence po-
larization assays, NS1(172-182) peptide bound IMPa2AIBB with high
affinity, with a Kd of c. 1 pM, while NS1(172-182); K178T peptide
bound to a much lower extent, and NS1(172-182); K177T did not bind
atall (Fig. 4DE), thus confirming the crucial role of NLS residues binding
to the IMPa P2 pocket. Therefore, BI9V NS1 NLS directly binds to IMPa,
dependent on key basic residues.

3.4. B19V NS1 residues 172-182 confer nuclear targeting to heterologous
proteins

We next decided to investigate the ability of NS1 residues 172-182 to
target GFP to the cell nucleus. We quantitatively analyzed the nuclear
accumulation of GFP fusion proteins transiently expressed in HEK293A
cells by CLSM. Cells were transfected with expression plasmids encoding
GFP alone or GFP fused to SV40-LTA NLS (PKKKRKV) as negative and
positive controls, respectively, along with expression plasmids encoding
GFP-NS1(172-182) and GFP-NS1(172-182); K177T (Fig. 5A). Our
quantitative analysis revealed that GFP alone is evenly distributed be-
tween the nucleus and cytoplasm (Fig. 5B), with a Fn/c of c. 1 (Fig. 3C).
On the other hand, GFP-SV40-LTA NLS strongly accumulated in the cell
nucleus, with a Fn/c of ~8 (Fig. 5B). Importantly, GFP-NS1(172-182)
similarly localized to the cell nucleus, with a Fn/c of ~6, while the
subcellular localization of GFP-NS1(172-182); K177T was indistin-
guishable to that of GFP alone (Fig. 5BC). The observed nuclear tar-
geting was determined to be due to IMPa/p active transport, as energy
depletion as well as overexpression of the IMPa competitive inhibitor
mcherry-Bimax2 (Tsujii et al., 2015), completely prevented nuclear
accumulation of both GFP-SV40-LTA NLS and GFP-NS1(172-182).
Bimax2 is a short, basic peptide, identified via systematic mutational
analysis of a peptide template of a NLS as able to bind with extremely
high affinity to IMPa isoforms in the absence of IMPp, thereby specif-
ically inhibiting the IMPa/f nuclear import pathway (Kosugi et al.,
2008). Therefore, B19V NS1 residues 172-182 can confer nuclear tar-
geting to GFP through an energy and IMPa/p-dependent pathway.

Structurally characterized IMPa2AIBB/viral NLS complexes. The single letter amino acid code is used. B19V, Parvovirus B19; SV40, Simian vacuolating virus 40; LTA,
large tumor antigen; NiV, Nipah virus; HeV, Hendra virus; HCMV, human cytomegalovirus; ZIKV, Zika virus; AAV, adeno-associated virus; EBV, Epstein-Barr virus;
BFDB, beak and feather disease virus; DENV, dengue virus; MERS, middle-east respiratory syndrome; TBEV, tick borne encephalitis virus; HIV-1, human immuno-

deficiency virus type 1; VEEV, Venezuelan equine encephalitis virus.

Viral NLS Residues Bound at Major Site Positions Residues Bound at Minor Site Positions PDB REF

Po P, P, Ps P4 Ps Pe P P, Py Py
B19V NS1 H175 Al176 K177 K178 P179 R180 1181 K177 K178 P179 R180 8F2Q This work
SV40 LTA P126 K127 K128 K129 R130 K131 V132 K128 K129 R130 K131 1EJL Fontes et al. (2000)
Influenza PB2 A750 T751 K752 R753 1754 R755 M756 K738 R739 D740 S741 4UAF Pumroy et al. (2015)
Influenza A NP - - - - - - - K7 R8 S9 Y10 4ZDU Nakada et al. (2015)
NiV Virus W P437 T438 K439 K440 A441 R442 V443 - - - - 6BWO Smith et al. (2018b)
HeV Virus W P435 T436 K437 K438 A439 R440 V441 - - - - 6BW1 Smith et al. (2018b)
HCMYV pUL56 T821 R822 K823 R824 P825 R826 R827 K823 R824 P825 R826 SHUY Sankhala et al. (2016)
HCMV pUL15 P183 K184 K185 R186 A187 K188 V189 K184 K185 R186 A187 S5HUW Sankhala et al. (2016)
ZIKV NS5 - R389 K390 R391 P392 R393 V394 - - - - 5W41 Ng et al. (2019)
AAV Pol Cap K150 K151 K152 K153 A154 R155 1156 - - - - 7L04 Hoad et al. (2021)
EBV NA-LP R44 R45 V46 R47 R48 R49 V50 - - - - 5 x 8N Nakada and Matsuura (2017)
EBV NA1 - E378 K379 R380 P381 R382 $383 K379 R380 P381 R382 S5WUN Nakada et al. (2017)
BFDV Cap Y18 R19 R20 R21 R22 R23 Y24 - - - - 4HTV Patterson et al. (2013)
DENV2 NS5 S885 M886 K887 R888 F889 R890 R891 - - - - 5HHG Tay et al. (2016)
DENV3 NS5 S885 M886 K887 R888 F889 R890 K891 - - - - 5FC8 Tay et al. (2016)
MERS ORF4b R33 Y34 V35 K36 R37 R38 F39 K23 R24 S25 H26 7RFX Munasinghe et al. (2022)
HKUS ORF4b - R31 K32 R33 R34 R35 H36 K32 R33 R34 R35 7RG6 Munasinghe et al. (2022)
TBEV Cap - Q89 K90 RI1 G92 K93 R94 K76 177 K78 R79 8ECH
HIV-1 Tat G48 R49 K50 K51 R52 R53 Q54 - - - - 5SVZ Smith et al. (2017)
HIV-1 Vpr Q85 Q86 R87 R88 T89 R90 N91 R87 R88 T89 R90 5B56 Miyatake et al. (2016)
VEEV Cap S62 A63 K64 K65 P66 K67 K68 - - - - 3VE6
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Fig. 4. B19V NS1 residues 172-182 directly interact with IMPa2AIBB with high affinity. (A) FITC-labelled peptides (10 uM) and bacterially purified recombinant
IMPa2AIBB protein (20 pM) were incubated as indicated (bottom panel), prior to being subjected to an EMSA, as described in the Materials and Methods. Coomassie
staining of the gel is shown in blue (left panel; IMPa2AIBB), a fluorescent image after excitation at 488 nm is shown in green (middle panel; FITC-peptides), and a
merged image of the two channels is shown in cyan (right panel; merge). (B) The percentage of shifted peptides that were (blue bars) or were not (red bars) incubated
with IMPa2AIBB is shown as mean =+ standard error of the mean (SEM) relative to three independent experiments, along with the results from two-way ANOVA with

incubated with two-fold serial dilutions of bacterially purified recombinant IMPa2AIBB (range: 30 pM to 7.15x10 2 nM) and subjected to fluorescence polarization
analysis. Data are shown in millipolarized units (mP) as mean + SEM relative to three independent experiments. Data were analyzed with GraphPad Prism using the
one site specific binding least squares fit function to calculate the Bmax and Kd relative to the peptide- IMPa2AIBB interaction. (E) Summary table relative to data
shown in (D), with mean Bmax and Kd values relative to the interaction of indicated peptides with IMPa2AIBB, along with the respective SEM.
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Fig. 5. B19V NSI1 residues 172-182 represent a functional monopartite cNLS.
(A) HEK293A cells were transfected with appropriate plasmids to transiently
express the indicated GFP fusion proteins. (B) 48 h post transfection, cells were
treated with DRAQS to stain cell nuclei, processed and mounted on slide
holders for CLSM analysis. Representative images of the bright field (BF), the
cell nuclei (DRAQ5) and expressed fusion proteins (GFP, mcherry) are shown,
along with a merged image of the three channels (merge). (C) Micrographs such
as those shown in (B) were quantitatively analyzed to calculate the levels of
nuclear accumulation (Fn/c) relative to the indicated fusion proteins at the
single cell level, as described in the Materials and Methods. Data shown are
individual measurements along means +SD of the mean relative to pooled data
from at least 100 cells and two independent experiments. Results from Brown-
Forsythe and Welch ANOVA tests among cells expressing the indicated GFP
fusions and GFP alone are reported on top. ****: p < 0.0001.

3.5. B19V NS1 is translocated into the nucleus via the IMPa/[}
heterodimer

Our data strongly support the idea of B19V NS1 being translocated
into the nucleus by IMPa/f3 through the monopartite cNLS localized at
residues 172-182. To further investigate this, we quantitatively
analyzed the subcellular localization of transiently expressed GFP-NS1
in the absence and presence of mcherry-Bimax2 (Tsujii et al., 2015).
GFP-H1E, which is imported into the nucleus in an IMPo/f independent
fashion (Jakel et al., 1999), and GFP-HCMV-UL44, which is imported
into the nucleus by IMPa/p (Alvisi et al., 2005), were also expressed as

10
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negative and positive controls, respectively (Fig. 6A). As expected, all
GFP-fusions strongly accumulated in the cell nucleus in the absence of
mcherry-Bimax2 (Fig. 6B), with Fn/c ranging from ~500 for GFP-H1E to
~10 for GFP-NS1 (Fig. 6C), and a Fn/c > 2 in 100% of analyzed cells
(Fig. 6D). Also as expected, co-expression with mcherry-Bimax2 did not
significantly affect nuclear accumulation of GFP-H1E (Fn/c of ~500),
but completely abolished that of GFP-HCMV-UL44 (Fn/c of ~50 to 0.1).
Importantly, in the presence of mcherry-Bimax2, GFP-NS1 failed to
accumulate in the cell nucleus (Fn/c of 0.2, Fig. 6C), in 100% of
analyzed cells (Fig. 6D). The K177T substitution, similarly impaired
nuclear import (Fig. 6CD). Our results clearly indicate that B19V NS1 is
transported into the nucleus via IMPa/p, through binding of IMPu to its
monopartite cNLS located at residues 172-182.

3.6. Inhibition of IMPa/p interferes with B19V DNA replication

Since the B19V genome is replicated in the nucleus of infected cells
via a complex process which involves the activity of NS1, we reasoned
that inhibition of NS1 nuclear import could result in inhibition of viral
genome replication. We therefore tested the effect on B19V replication
of pharmacological inhibition of IMPa/p on B19V replication, as medi-
ated by the FDA approved anti parasitic drug IVM. UT7/Epo-S1 cells,
either untreated or treated for 6 h in the presence of different concen-
trations of IVM, were infected with B19V for 2h in the absence of IVM.
After 2 washes in PBS to remove residual viral particles, cells were
further incubated for a time course of infection either untreated or
treated with IVM as in the previous condition. Viral transcription and
DNA replication were evaluated at 2h and 48h post infection. In parallel,
cells were either incubated with increasing concentrations of IVM or left
untreated, and cell viability was measured (Fig. 7A). Our data indicated
that IVM was well tolerated up to 10 pM (Fig. 7D). At such dosage, IVM
treatment showed very little effect on B19V transcription, causing a 20%
inhibition at 48h post infection (Fig. 7B), whereas a more pronounced
effect on B19V DNA replication was observed, with inhibition of ~80%
as compared to untreated cells (Fig. 7C). Intriguingly, treatment with 10
uM IVM did not affect the total number of cells at 48h post infection
(Fig. 7E), but significantly decreased the number of detectable B19V
NS1 positive cells (Fig. 7F). Consistent with the idea that such IVM-
mediated impairment in B19V DNA replication is the consequence of
reduced nuclear import of NS1, IVM significantly reduced the level of
NS1 nuclear accumulation at 24 h post infection (Fn/c from 2.4 to 1.7,
Fig. 7G).

3.7. NS1 nuclear import is essential for B19V genome replication

The remarkable reduction of B19V DNA replication upon treatment
with IVM suggested a crucial role for NS1 nuclear import during the
B19V life cycle. However, such inhibition could also result from the
pleiotropic properties of IVM rather than its effect on nuclear import, or
the inhibition of nuclear transport of cellular factors essential for viral
replication. To directly investigate the role of NS1 nuclear import in the
B19V life cycle, we tested the effect of the K177T substitution, pre-
venting NS1 nuclear import, on genome expression and replication. For
this purpose, we utilized a mini genome self-amplification B19V repli-
con that we recently described (Reggiani et al., 2022). To this end,
UT7/Epo-S1 cells were nucleofected with PCR products containing
CH10 pAsl, a minigenome whose coding potential is restricted to the
NS1 protein (Fig. 8A), either wt or its substitution derivative K177T
impaired in nuclear import. As a further control, a CH10 pAsl mini-
genome whereby the start codon of full length NS1 was mutagenized to
prevent expression (NS1 ATG-KO) was also transfected. NS1 expression
and its subcellular localization were assessed by CLSM (Fig. 8BC). As
expected, NS1 could be detected in UT7/Epo-S1 cells transfected with
NS1 wt and K177T NS1 starting from 24 h post transfection, while no
NS1 could be detected in cells transfected with the NS1 ATG-KO
pCH10-pAsl minigenome, confirming that, in the absence of the
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upstream ATG, NS1 was not expressed at detectable levels (Fig. 8BC).
Importantly, while NS1 wt could translocate to the cell nucleus (Fn/c =
1.5 £ 0.9), the K177T substitution caused strong mislocalization to the
cytosol (Fn/c = 0.2 £ 0.2). Accordingly, sustained viral transcription
could be measured at both 24h and 48h post transfection upon trans-
fection with NS1wt (Fig. 8DE, left panels) but not with NS1 ATG-KO
(Fig. 8DE, right panels). Importantly, gene expression post transfection
with NS1 K177T was also reduced, albeit to a lesser extent as compared
to NS1 ATG-KO (Fig. 8DE, middle panels). Overall, such results highlight
the importance of NS1 nuclear transport in B19V genome expression and
replication.

4. Discussion
B19V is a major human pathogen causing severe diseases in immu-

nocompromised individuals and in cases of vertical transmission (Bon-
vicini et al., 2017a; Brown, 2000). Here we have begun the
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Fig. 6. B19V NS1 is translocated into the host cell

i uL44 33 78 KDa nucleus via the IMPa/p heterodimer. (A) HEK293A
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expression plasmids to transiently express the indi-
s0KDa cated fusion proteins. (B) 48 h post transfection, cells
were treated with DRAQS5 to stain cell nuclei, pro-
cessed and mounted on slide holders for CLSM anal-
ysis. Representative images of the brightfield (BF),
cell nuclei (DRAQS5), expressed fusion proteins (GFP)
and mcherry-Bimax2 (mcherry) are shown, along
with a merged image of the four channels (merge), for
cells expressing the indicated fusion proteins,
expressed either in the absence (no addition) or
presence (+mcherry-Bimax2) of mcherry-Bimax2. (C)
Micrographs such as those shown in (B) were quan-
titatively analyzed to calculate the levels of nuclear
accumulation (Fn/c) relative to the indicated fusion
proteins at the single cell level, as described in the
Materials and Methods. Data shown are individual
measurements and means + SD of the mean relative
to pooled data from at least 100 cells and two inde-
pendent experiments. Results from Brown-Forsythe
and Welch ANOVA tests among cells expressing the
indicated GFP fusions alone and in the presence of
mcherry-Bimax2 are reported on top. ****: p <
0.0001. (D) The subcellular localization of the indi-
cated GFP fusion protein at the single cell level was
classified as nuclear (N: Fn/c > 10), more nuclear
than cytosolic (N > C: 2 < Fn/c < 10), ubiquitous (U:
1 < Fn/c < 2), or more cytosolic than nuclear (C > N:
Fn/c < 1). The percentage of cells with the indicated
phenotypes is shown.
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characterization of B19V NS1 nuclear import (Figs. 2-6) and shown its
importance for B19V replication (Figs. 7-8).

4.1. BI9V NS1 contains a monopartite cNLS

NS1 nuclear import is dependent on a cNLS located within residues
172-182, which we showed is able to both bind IMPa2AIBB with high
affinity (Fig. 4) and confer energy and IMPa/f—dependent nuclear tar-
geting to heterologous proteins (Fig. 5). Such properties are typical of
bona fide ¢NLSs (Alvisi et al., 2005, 2006b, 2007, 2008). To obtain
structural insights regarding the B10V NS1-IMPa interaction, we solved
the crystal structure of NS1 residues (172-182) in complex with mouse
IMPo2AIBB (Fig. 3). Mouse IMPa2 is an orthologue of human IMPal,
with which it shares 99% amino acid similarity, and is the most
commonly used IMPa for crystallographic analyses (see Table 1 and
references therein). In our structure, B19V NS1(172-182) was bound at
both the major and minor sites of IMPa2. However, the latter interaction
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Fig. 7. Pharmacological inhibition of the IMPo/p nuclear import pathway impairs B19V replication. (A). Schematic representation of the experimental set up. (B,
C) Quantification of viral nucleic acids in UT7/Epo-S1 cells. Cells were pre-treated for 6 h with 0, 5, or 10 pM IVM, before being infected with B19V. Infected cells
were left untreated or further incubated with 5 or 10 uM IVM for 48 h. Results for quantification of B19V total RNA (B) and viral DNA (C) are expressed as percentage
values compared to untreated cells. Data are shown as mean + SD of the mean relative to three independent experiments, along with results from Brown-Forsythe
and Welch ANOVA tests with Dunnett T3 multiple comparison. ** = p < 0.01; *** = p < 0.001. (D) Normalized dose-response curve, calculated from CCK8 assay
data obtained at 48 h post treatment of uninfected UT7/Epo-S1 cells. Cell viability as a function of IVM concentration, was expressed as mean percentage value
compared to control samples. (E, F) Effect of IVM on cell number and NS1 expression. Cells were pretreated for 6 h with 0, 5 or 10 pM IVM, before being infected with
B19V. Infected cells were left untreated or further incubated with 5 or 10 pM IVM. At 48 h post infection, cells were harvested and processed as described in the
Materials and Methods to enable microscopic detection of cell nuclei by staining with DRAQS5, NS1 by incubation with a monoclonal antibody followed by incubation
with a secondary antibody conjugated to AlexaFluor 488, and actin filaments by staining with TRITC-phalloidin. Samples were then analyzed with a Leica epi-
fluorescence microscope equipped with a 20 x objective to count the number of cells (E), and the number NS1 positive cells per each field (F). Data were normalized
to untreated cells, and are expressed as means + SD, relative to three independent experiments along with results from Brown-Forsythe and Welch ANOVA tests with
Dunnett T3 multiple comparison. ****: p < 0.0001. (G) At 24 h post infection, cells were similarly processed for quantitative CLSM with a Nikon A1 confocal laser
microscope equipped with a 60x oil immersion objective. Representative images of the brightfield (BF), cell nuclei (DRAQ5), NS1 (Alexa 488) and actin filaments
(TRITC) relative to randomly chosen fields are shown, along with merged images in the right panels. (H) Micrographs such as those shown in (G) were quantitatively
analyzed to calculate the level of nuclear accumulation of NS1 (Fn/c) at the single cell level. Data shown are single measurements and means + SD relative to pooled
data (n > 60) from three independent experiments, along with results from the Welch’s t-test. **: p < 0.005.
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in (A) are shown as mean =+ SD of the mean relative to three independent experiments. **: p < 0.01; ***: p < 0.001; ****: p < 0.0001 following two-way ANOVA and
Tukey post hoc tests.
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is most likely an artifact due to the high concentration of peptide
required for crystallization, similarly to what has been observed for
other monopartite cNLSs, such as the SV40 LTA NLS bound to mouse and
yeast IMPas (Conti et al., 1998; Fontes et al., 2000), as well as other
IMPa-NLS structures (Nakada et al., 2017; Nakada and Matsuura 2017,
Sankhala et al., 2016; see also Table 1). B19V NS1 K177 occupies the
thermodynamically dominant P2 pocket in the IMPa2 major site (Hodel
et al., 2001), and is accordingly the only NS1 residue forming a salt
bridge with IMPa2. The IMPa2 P3 and P5 positions are occupied by
B19V NS1 K178 and R180, respectively, with such positively charged
residues are known to make significant contributions to the binding
energy (Hodel et al., 2001; Marfori et al., 2011). The IMPa2 P4 pocket is
occupied by B19V NS1 P179, and although this is an interfacing residue,
it does not display any hydrogen bond or salt bridges with IMPa2 in the
crystal structure (Fig. 3AC). This binding pocket contributes less to the
cNLS binding strength and can accommodate a wide range of amino acid
side chains, including hydrophobic ones such as in V, M, A and P,
although with lower affinity than K and R (see Table 1). As such, the
heterogeneous P4 pocket has been proposed to play a role in modulating
cNLS function (Smith et al., 2018a). The presence of a P residue in the P4
pocket can therefore explain, at least in part, the lower activity of the
B19V NS1 cNLS when fused to GFP (Fig. 5) and its lower binding affinity
to IMPa2AIBB in FP assays (Fig. 4) when compared to SV40 LTA cNLS,
which has a R residue in the corresponding P4 pocket (Fig. 3B).

4.2. Effect of the K177T substitution on B19V NS1-IMPa binding and
nuclear translocation

Substitution of the B19V NS1 cNLS P2-interacting residue K177 to a
T abrogated the ability of a FITC-labelled peptide to bind to IMPa2AIBB
(Fig. 4), and abolished NLS activity when fused to GFP (Fig. 5).AKto T
substitution involving the K127 residue of the SV40 LTA cNLS which
similarly occupies the P2 pocket of IMPa2 (Fig. 3B), was originally
described as being capable of completely abrogating IMPa2 binding and
nuclear import (Conti et al., 1998; Hodel et al., 2001; Lanford and Butel,
1984). The cNLS characterized here appears to be the main determinant
of NS1 nuclear targeting, since impairment of NS1 nuclear transport was
observed after transient expression of a GFP-NS1; K177T fusion protein
in HEK293-A cells (Fig. 6), as well as upon nucleofection of UT7/EpoS1
cells with the B19V CH10 pAs; NS1K177T minigenome (Fig. 8). This
fully supports the idea that during B19V infection, NS1 nuclear import is
mediated by the cNLS identified here, similarly to what has been re-
ported for NS1 from MVM and PPV, whose NLSs are essential for nuclear
import (Cao et al., 2022; Thalainen et al., 2007).

4.3. The cNLS from B19V NS1 is not conserved in other Parvoviridae
members

This is the third different NLS reported on NS1 from Parvoviridae
members. While those identified from MVM and PPV are bipartite in
nature, the one characterized here is monopartite (Figs. 1B and 3A).
Therefore, although the use of ¢cNLSs appears to be conserved across
different parvoviruses, their evolution is likely quite diverse (Fig. 1BC).
Such heterogenicity in terms of NLS architecture is not uncommon
among orthologues belonging to the same viral family. For example,
while viral DNA polymerase subunits encoded by Human Herpes Virus
type 1, pUL30 and pUL42, are bipartite cNLSs (Alvisi et al., 2007, 2008),
those encoded by HCMV, pUL54 and ppUL44 are monopartite (Alvisi
et al., 2005, 2006b). It is not clear the reason why B19V evolved a
monopartite cNLS on NS1 whereas MVM and PPV evolved bipartite
ones. Since it has been widely reported that bipartite cNLSs bind IMP«
with higher affinity than monopartite cNLSs (Hoad et al., 2023), it is
possible that B19V NS1 evolved to possess a weak cNLS, thus avoiding
excessive nuclear accumulation of NS1 during infection. This hypothesis
is also in accordance with the presence of a B19V NS1 ¢NLS P residue in
the P4 pocket of the IMPa2 major binding site (see above, and Fig. 3).
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4.4. Correlation between B19V NS1 localization and function

While we clearly showed that B19V NS1 accumulates in the host cell
nucleus (Fn/c c. 3) from 16 h post infection (Fig. 2), NS1 could also be
detected in the cytosol, consistent with previous reports (Luo et al.,
2013; Zeng et al., 2022). This is not surprising, since NS1 has been
shown to interact with several proteins endowed with cytosolic locali-
zation, such as Cyclin B (Pines and Hunter, 1994). Furthermore, NS1
K177C, which is defective for nuclear localization, retained the ability to
induce apoptosis upon transduction of EPCs (Wan et al., 2010). Taken
together, these findings imply possible functional roles of NS1 in the
cytoplasm (Zeng et al., 2022). Regardless, NS1 nuclear localization is
consistent with several key functions of B19V NS1 during viral infection,
including its role in binding to the viral origin of replication and nicking
the viral genome (Sanchez et al., 2016), as well as its ability to act as a
viral and cellular transactivator (Luo et al., 2013; Moffatt et al., 1998;
Morita et al., 2003; Raab et al., 2002), and to facilitate nuclear import of
transcription factors E24 and E2F5, thus causing cell cycle arrest and
promoting viral replication (Wan et al., 2010).

4.5. Nuclear transport pathway of B19V NS1

Several lines of evidence argue that BI9V NS1 is imported into the
nucleus by the IMPa/f heterodimer. Firstly, as alluded to above, its ctNLS
can complex with IMPa2 (Figs. 3 and 4). Secondly, the K177T substi-
tution, which abrogates IMPa2 binding (Fig. 4), also abrogated nuclear
localization of NS1 (Figs. 6 and 8). Thirdly, co-expression with Bimax2,
a peptide capable of binding to IMPa with very high affinity in the
absence of IMPJ, thereby selectively inhibiting the IMPa/p but no other
nuclear import pathways (Gonzalez et al., 2021; Kosugi et al., 2008; Li
etal., 2013; Lietal., 2021; Tsujii et al., 2015), strongly reduces GFP-NS1
nuclear import in HEK293A cells (Fn/c decreases from 13.6 to 0.2;
Fig. 6). Importantly, expression of Bimax2 also inhibited nuclear import
of a HCMV UL44, which has been extensively characterized as an
IMPa/p cargo (Alvisi et al., 2005, 2011), but not of H1E, which can be
transported into the nucleus by IMP7 (Jakel et al., 1999). Lastly, treat-
ment of cells with the FDA approved antiparasitic drug IVM, which has
been shown to specifically inhibit the IMPa/p pathway (Wagstaff et al.,
2011; Yang et al., 2020), significantly reduced NS1 nuclear import in
UT7/Epo-S1 cells (Fn/c decreases from 2.4 to 1.7; Fig. 7GH).

4.6. B19V NS1 nuclear import as an antiviral strategy

Significantly, hindering NS1 nuclear import, either by treating cells
with IVM, or introducing the K177T substitution, had dramatic effects
on viral replication, both in infected cells (Fig. 7), and in a minigenome
context, whereby the structural proteins VP1 and VP2 are not expressed
(Fig. 8), respectively. Our results have pharmacological implications for
the development of antivirals to combat B19V infection. the IMPo/f
specific inhibitor IVM (Wagstaff et al., 2011), has been reported to
successfully inhibit replication of a number of viruses, including PPV
(Barrows et al., 2016; Caly et al., 2020; Cao et al., 2022; Ketkar et al.,
2019; Lv et al., 2018; Mastrangelo et al., 2012; Raza et al., 2020; Tay
et al., 2013; Wagstaff et al., 2012; Wang et al., 2019; Xu et al., 2018;
Yang et al., 2019). IVM-mediated inhibition of IMPo/f-dependent nu-
clear import in B19V infected UT7/Epo-S1 cells significantly reduced
viral replication (Figs. 7D and 80% inhibition). Such evidence, taken
together with the absence of a ¢cNLS in the capsid protein VP1 (Deng
et al., 2013), which is believed to be responsible for nuclear import of
viral genomes (Fig. 1), suggests that the observed reduction in viral
replication is due to inhibition of NS1 nuclear import rather than
genome uncoating. This idea is further strengthened by the marked
reduction in viral genome transcription observed upon transfection of
UT7/Epo-S1 cells with a pCH10 pAsl minigenome mediating the
expression of a NS1 K177T substitution derivative compared to NS1wt
(Fig. 8). B19V pCH10 pAsl minigenomes are capable of self-amplifying
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but lack the coding information for B19V structural proteins, and
therefore represent an ideal tool for dissecting the role of individual
substitutions in NS1 (Reggiani et al., 2022). Overall, our results support
NS1 nuclear targeting as a potential tool for antiviral intervention. Since
IVM has been reported to have pleiotropic effects besides inhibition of
the IMPa/p nuclear transport pathway, ranging from binding to
glutamate-gated chloride channels to inhibition of viral helicases
(Mastrangelo et al., 2012) it is unlikely that the concentrations needed
for antiviral activity would be tolerable in patients. This precludes its use
as an antiviral compound in the clinic, as shown for other viruses,
including SARS-CoV-2, despite efficient virus suppression in vitro (Ket-
kar et al., 2019; Reis et al., 2022). In this context, the crystallographic
structure of B19V NS1 ¢NLS in complex with IMPa2AIBB reported here
will prove invaluable towards the identification of more specific in-
hibitors of B19V replication acting on NS1 nuclear import, which will be
the object of future work in our laboratories.
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