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INTRODUCTION

Human bocavirus 1 (HBoV1) is a nonenveloped, 
linear single-stranded DNA virus with a complete 
genome length of approximately 5.5 kb. It contains 
an inverted terminal repeat essential for viral repli-
cation (Lusebrink et al., 2011). The HBoV1 genome 
contains two major functional regions, i.e., unstruc-
tured and structural genes, each encoding the non-
structural proteins NS1-4 and NP1, and the capsid 
proteins VP1, VP2 and VP3, respectively, of which 
the VPs share a terminating codon. The 129 amino 
acids in the VP1 N-terminus are currently known as 
the VP1 unique region (VP1u), a vital component of 
parvovirus-induced infection in the cells (Dijkman 
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et al., 2009; Lin et al., 2008). Most parvovirus VP1u 
contains the phospholipase A2 (PLA2) active site and 
a nuclear localization signal (NLS). When exposed 
to extreme chemical and physical stimuli (including 
acid or heat), VP1u exposes itself from the inner cap-
sid to the outside, which is conducive to entry into 
the parvovirus nucleus (Chiang et al., 2019; Lin et al., 
2018; Ros et al., 2017). The NLS is critical for the 
parvovirus replication cycle. During the early infec-
tion stage, the NLS helps the viral genome transfer 
into the nucleus. At the late infection stage, the NLS 
is a critical condition for the virus capsid protein in-
put (Ros et al., 2017).
Vimentin (VIM) is a type III intermediate filament (IF) 
and an important part of the cytoplasmic structural 
network. VIM acts as a scaffold for organelle anchor-
ing, cytoskeletal interactions, and signal transduction 
with multiple functions (Lowery et al., 2015). VIM can 
also be located on the cell surface or secreted outside 
of the cell to participate in intercellular interactions, 
hemostasis, immune activation, interactions with 
pathogens and tissue repair (Frescas et al., 2017; Mak 
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SUMMARY

Human bocavirus 1 (HBoV1) is an important pathogen causing lower respiratory tract infection. 
The VP1 unique region (VP1u), consisting of 129 amino acids at the N-terminus of the HBoV1 struc-
tural protein VP1, is an important component of virus infection. Bioinformatics analysis predicted 
that HBoV1 VP1u exhibits two bipartite nuclear localization signals (NLS) and contains four basic 
regions (BRs). The two potential bipartite NLSs consist of BR2 and 3 and BR3 and 4, respectively. 
In this study, we inserted the truncated vp1u sequences into a double EGFP fusion expression vector 
and confirmed the vimentin (VIM)-HBoV1 VP1u interaction by mass spectrometry and immunopre-
cipitation. The results of our IFA analysis showed that all four VP1u BRs displayed strong nuclear 
transport functions. We further demonstrated that VP1u interacted with VIM and that they colo-
calized in the cytoplasm. VP1u expression in the cells enhanced the VIM expression, and the VP1u 
expression also increased upon VIM overexpression, although it was not affected by VIM knock-
down. Upon VIM overexpression, VP1u nucleation was significantly enhanced, but was inhibited by 
VIM downregulation. These results indicate that the VP1u-VIM interaction could be involved in the 
nuclear transport of VP1u. VP1u nucleation might further affect HBoV1 replication and infection. 
This study could potentially help clarify the function of VP1u by further revealing the HBoV1 nu-
clear transport mechanism and provide a new approach for elucidating the molecular mechanism 
of HBoV1 replication.
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and Bruggemann, 2016). Certain studies showed that 
VIM can further be used as a receptor or co-receptor 
for various viruses to promote their adsorption and 
invasion, and it also acts as a scaffold to recruit viral 
components and promote viral replication (Carse et 
al., 2021; Li et al., 2020; Ramos et al., 2020; Suprewicz 
et al., 2022; Zhang et al., 2022).
In this study, we evaluated the four potential VP1u 
NLSs. The results revealed that BR1 was a Pat7 NLS, 
while BR23 (a combination of BR2 and BR3) and 
BR34 (a combination of BR3 and BR4) were two 
bipartite NLSs. The VP1u C-terminus is critical for 
VP1u nuclear localization. The interaction between 
VP1u and VIM, determined by co-IP and IFA, indi-
cated that VIM promoted VP1u nuclear transport. 
The possible VP1u-VIM interaction key sites were 
analysed by protein docking. This study further re-
vealed VP1u function by helping the HBoV1 nuclear 
transport, and shed light on the molecular mecha-
nism of HBoV1 replication.

METHODS

Reagents 
Antibodies against VIM, tubulin, PCNA, HRP-con-
jugated secondary antibodies, Cy3-labelled goat an-
ti-mouse IgG (H+L) and FITC-labelled goat anti-rab-
bit IgG (H+L) were purchased from Zen-bio (Cheng-
du, China). Antibodies against His, Myc and HA tags 
were purchased from Transgen (Beijing, China). The 
PEImax transfection reagent was purchased from Pol-
yscience (Illinois, USA). The ECL western blot sub-
strate was purchased from ZET (Wuhan, China). The 
protein extraction kit was purchased from YESEN 
(Wuhan, China). The pEGFP-GST-2×SV40 contain-
ing an SV40 NLS was a gift from Professor Cao Gang 
(the State Key Laboratory of Agricultural Microbiol-
ogy, Huazhong Agricultural University) as a positive 
control. siRNA against VIM (CUUAAAGGAACCAAU-
GAGU) and control siRNA (UUCUCCGAACGUGU-
CACGU) were synthesized by August (Wuhan, China).

Cell culture and transfection
HEK293T cells were cultured in Dulbecco’s Modi-
fied Eagle Medium (Basal Medium, China) supple-
mented with 10% foetal bovine serum (NOBIMPEX 
Biotechnology, Germany) at 37°C with a 5% CO2 at-
mosphere. The cells were transfected with plasmids 
using the PEImax transfection reagent according to 
the manufacturer’s instructions.

PLASMID CONSTRUCTION 

The double EGFP fusion expression vector p2EGFP 
was constructed by inserting an egfp coding sequence 
into the pEGFP-N1 vector and then preserved in our 
laboratory. The vp1u gene was amplified from the 
HBoV1 genome (GenBank: GU139423.1; preserved 

in our laboratory) and cloned into the eukaryotic 
expression vectors p2EGFP, pCAGGS-HA and pcD-
NA3.1-His to generate the pVP1u-2EGFP, pVP1u-HA 
and pVP1u-His plasmids, respectively. The truncat-
ed vp1u sequence or the vp1u BRs were cloned into 
p2EGFP to produce the p2EGFP-N83, p2EGFP-C46, 
p2EGFP-BR1, p2EGFP-BR2, p2EGFP-BR3, p2EG-
FP-BR23 and p2EGFP-BR34. The pVIM-myc plas-
mid was constructed by inserting the vimentin gene 
into the pcDNA3.1-myc vectors.

Western blot analysis
Whole cell protein extracts were separated on 12% 
SDS-PAGE gels and transferred onto polyvinylidene 
difluoride (PVDF) membranes. After blocking for 1 h 
with 2.5% skimmed milk at room temperature, the 
PVDF membranes were incubated with correspond-
ing primary antibodies for 1 h, then with HRP-con-
jugated secondary antibodies for another 1 h. The 
signals were visualized by an enhanced chemilumi-
nescence (ECL) western blot substrate.

Immunofluorescence assay (IFA)  
and Co-immunoprecipitation (co-IP)
VP1u and VIM localizations were addressed using 
IFA as follows. Briefly, cells seeded on coverslips 
in 12-well plates were fixed with 4% paraformalde-
hyde for 10 minutes, permeabilized with 0.2% Triton 
X-100 for 10 minutes, then blocked with 1% bovine 
serum albumin in PBS for 30 min. The coverslips 
were incubated with different primary antibodies for 
1 h. After washing with PBS, fluorescent dye-conju-
gated secondary antibodies were applied, followed 
by nuclear staining with DAPI for 15 minutes. The 
cells were then visualized using fluorescence micros-
copy. The co-IP assay was performed as described 
previously (Wang et al., 2020).

Protein docking
The FAST sequences of vim and vp1u were retrieved 
from the UniProt database. I-tasser was used for ho-
mologous modelling. Zdock was used to predict pos-
sible binding sites, of which those with the highest 
docking scores were selected for interaction pattern 
analysis using PyMOL.

RESULTS

1. Bioinformatics analysis revealed two distinct 
bipartite NLSs in vp1u
cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/cgi-
bin/NLS_Mapper_form.cgi) and PSORT II (https://
psort.hgc.jp/form2.html) on the NLS online predic-
tion site were applied to analyse the potential VP1u 
NLS. Two distinct bipartite NLSs (aa 84~121) could 
be identified in the VP1u (Table 1). The HBoV1 VP1u 
consists of four BRs (Figure 1) compared with the 
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porcine parvovirus (PPV) VP1 (Liu et al., 2017). The 
combination of BR2 with BR3 or BR3 with BR4 
might compose a potential bipartite NLS in the 
VP1u protein at aa 86~120, consistent with the web-
site prediction results. BR1 is a potential classic Pat7 
NLS present in the VP1u N-terminus, exhibiting an 
identical sequence to that of BR3.

2. The VP1u NLS is mainly located  
at the VP1u C-terminus
To investigate the function of predictive NLSs, VP1u 
was truncated into 83 amino acids at the N-terminus 
(N83) and 46 amino acids at the C-terminus (C46). 
p2EGFP-VP1u, p2EGFP-N83, or p2EGFP-C46 were 
transfected into HEK293T cells. Next, the subcellu-
lar localization of these constructs was investigated. 
The results showed that 2EGFP-VP1u was present 
in the nucleus of almost all cells, while most 2EG-
FP-N83 and all 2EGFP-C46 were also localized in 
the nucleus. Since the p2EGFP plasmid contained 
no NLS, p2EGFP expression alone led to a cytoplas-
mic localization. The positive control pEGFP-GST-
2XSV40 was also located in the nucleus (Figure 2A). 
Accordingly, it was preliminarily determined that the 
VP1u NLS was primarily located in the C-terminus.
To further determine the key amino acids of the 

VP1u NLSs, the subcellular localizations of 2EG-
FP-BR1, 2EGFP-BR2, 2EGFP-BR4, 2EGFP-BR23, or 
2EGFP-BR34 were observed. As the results suggest, 
2EGFP-BR1, 2EGFP-BR23 and 2EGFP-BR34 were 
mostly located in the nucleus (Figure 2B). The 2EG-
FP-BR2 and 2EGFP-BR4 strongly localized in the 
nucleus, suggesting that single BR activation leads to 
the efficient nuclear localization of VP1u.

3. VP1u can interact with cellular VIM
To confirm a potential interaction between VP1u 
and VIM, pVP1u-His was transfected into HEK293T 
cells, followed by co-IP with anti-His agarose beads 
after 48 h and western blotting with anti-VIM anti-
bodies. VIM could be detected by an anti-VIM-spe-
cific antibody after coprecipitation with His agarose 
beads, indicating that VP1u interacted with VIM 
(Figure 3A). 
Furthermore, the subcellular VP1u and VIM localiza-
tion were investigated using IFA. FITC-labelled goat 
anti-rabbit IgG and Cy3-labelled goat anti-mouse 
IgG were used to visualize subcellular HA-VP1u and 
myc-VIM localizations, respectively (Figure 3B). We 
observed that VIM and VP1u colocalized in the cyto-
plasm, indicating that they could potentially interact 
in the cell.

Table 1 - Prediction of VP1u protein NLS.

PSORT II predicts the NLS of VP1u

bipartite NLS KRAVAPALGNKERAQKR At AA 88-104

bipartite NLS KRHFYFANSNKGAKKTK At AA 103-119

cNLS Mapper predicts the NLS of VP1u

bipartite NLS FFKIKRAVAPALGNKERAQKRHFY At AA 84-107

bipartite NLS ERAQKRHFYFANSNKGAKKTKKS At AA 99-121

Figure 1 - HBoV1 VP1u BRs compared with PPV VP1. HBoV1 VP1u consists of four BRs compared with the five 
BRs of porcine parvovirus (PPV) VP1.
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4. The VP1u-VIM interaction affected VP1u 
expression

To study how VP1u could affect VIM expression, 
pVP1u-HA was transfected into HEK293T cells; then, 
VIM expression was studied after 24 and 48 h. We 
could observe that VIM expression increased upon 
VP1u expression over time (Figure 4A). To investigate 
if VIM could affect VP1u expression, the cells were 
cotransfected with pVP1u-HA and pVIM-myc to an-
alyse VP1u expression after 24 and 48 h. The results 
demonstrated that increasing VIM expression led to 

an increase in VP1u expression (Figure 4B). Next, we 
analysed how VIM downregulation could affect VP1u 
expression. Our results revealed significantly down-
regulated VIM expression after the transfection of 
37.5 μM siVIM into cells (Figure 4C). However, VIM 
knockdown did not markedly affect VP1u expression 
when pVP1u-HA was cotransfected with siVIM or si-
control (Figure 4D and E). Therefore, VP1u expression 
promoted VIM expression in cells, while the downreg-
ulated VIM expression did not affect VP1u expression. 
These results suggest that VP1u expression might be 
regulated by multiple factors other than VIM alone.

Figure 2 - Truncated VP1u and BR Subcellular localisations. VP1u was truncated into 83 and 46 amino acids 
at the N-terminus (N83) and C-terminus (C46), respectively. The truncated vp1u sequence and BRs of vp1u were 
cloned into p2EGFP to produce p2EGFP-N83, p2EGFP-C46 and p2EGFP-BR1, p2EGFP-BR2, p2EGFP-BR3, 
p2EGFP-BR23 and p2EGFP-BR34, respectively. We transfected these plasmids into HEK293T cells and observed 
their subcellular localisation. p2EGFP with no NLS and pEGFP-GST-2XSV40 were used as negative and positive 
controls, respectively.

Figure 3 - VP1u specifically interacts with VIM. A) We transfected pVP1u-His into HEK293T cells and detected 
the VP1u and VIM interaction using co-IP. B) We cotransfected pVP1u-HA and pVIM-myc into HEK293T cells 
and detected the subcellular HA-VP1u and myc-VIM localisations using IFA.
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To analyse how VIM affected VP1u nuclear trans-
port, pVP1u-HA was cotransfected with siVIM or si-
control into the cells. We obtained the cell lysates, as 
well as cytoplasmic protein and nuclear extracts, and 
detected VP1u expression. The results indicated that 
nuclear VP1u expression was significantly reduced 
upon cotransfection with siVIM (Figure 5). These re-
sults suggest that VIM contributes to VP1u nuclear 
transport.

5. The VP1u N-terminus was the main 
interaction region for VIM
Zdock was used to predict possible binding sites and 
PyMOL to select the highest docking score (1476.327) 
for interaction pattern analysis. The interaction pat-
tern diagram showed that G16, G19, T20, R23, and 
S5 in VIM form hydrogen bonds with P55, Y56, Y45, 
P21, and Q7 in VP1u (Figure 6). The lengths of their 
hydrogen bonds were 3.1, 2.9, 3.6, 2.3, and 2.6 Å, re-
spectively. The above-mentioned residues might be 
the main amino acids of VIM-HBoV1 VP1u interac-
tion.

DISCUSSION

HBoV1 is an important viral pathogen causing severe 
lower respiratory tract infection in children, leading 
to pneumonia and bronchiolitis. The HBoV1 DNA 
persists in the nasopharyngeal secretions of patients 

Figure 4 - The effect of the VP1u-VIM interaction on VP1u expression. A) pVP1u-HA transfection into the cells. 
B) pVP1u-HA and pVIM-myc cotransfection into the cells. C) siVIM or sicontrol transfection into the cells. D) 
pVP1u-HA cotransfection with siVIM into the cells. E) pVP1u-HA cotransfection with sicontrol into the cells.

Figure 5 - Effect of VIM on VP1u nuclear transport. 
pVP1u-HA was cotransfected with siVIM or sicontrol 
into the cells. The cell lysate, cytoplasmic protein and 
nuclear extracts were obtained, and VP1u expression 
was detected. Tubulin was used as an internal refer-
ence protein for the cell lysate and cytoplasmic pro-
teins. PCNA was used as an internal reference protein 
for the nuclear extract.
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Figure 6 - Protein docking 
between VP1u and VIM. A) 
Three-dimensional diagram 
of the VP1u-VIM interac-
tion. Blue and green indicate 
VIM and VP1u, respectively. 
B) Interacting residues be-
tween VP1u and VIM in a 
zoomed-in view of the rib-
bon diagram.

with acute infection to establish latent infection and 
promote pulmonary fibrosis (Allander et al., 2007; 
Deng et al., 2012; Liu et al., 2018; Sobkowiak et al., 
2020). To complete further nucleic acid replication 
and packaging of progeny virus particles, parvovirus 
successfully infuses host cells and enters the nucle-
us. VP1u is the structural protein of the VP1 protein 
N-terminus. This region comprises the PLA2 active 
centre and NLS (Liu et al., 2017; Ros et al., 2017). 
Multiple studies have demonstrated that VP1u is a 
necessary component of parvovirus for infection.
In this study, we performed the sequence analysis 
of HBoV1 VP1u with the NLSs and identified four 
potential NLSs that are all active. BR1 is an active 
classic Pat7 NLS, and the BR23 or BR34 combina-
tions are active classic bipartite NLSs. These results 
suggested that the HBoV1 VP1u contains more than 
one active NLS. The fusion protein localisation with 
the construct N83 within the nucleus was significant-
ly reduced, suggesting the central role of the VP1u 
C-terminus in NLS activity. VP1u NLSs, externalised 
once the virus invades the cell, are located at the 
flexible N-terminus of VP1. Their location indicates 
their capsid transporting capacity to the nucleus at 
the early stage of viral infection (Kurian et al., 2019; 
Ros et al., 2020).
Viral proteins promote nuclear transport by interact-
ing with host proteins. In this study, we identified the 
VP1u-VIM interaction. In addition, transient VP1u 
expression in cells upregulated VIM expression, and 
VIM overexpression also promoted VP1u expression. 
However, VIM downregulation did not affect the 
transient expression of VP1u in the cells, indicating 
that VP1u expression might be regulated by various 
cellular factors.
VIM is a highly conserved and abundant type III IF 
in the cells. Previous studies have suggested that VIM 
is mainly related to maintaining cell and organelle 
morphology, participating in mitosis and cell differ-
entiation, promoting cell adhesion and migration, 
wound healing, signal transduction, transplantation 

immunity, and cell apoptosis (Frescas et al., 2017; 
Lowery et al., 2015; Mak and Bruggemann, 2016). 
Various studies have also shown that VIM is involved 
in the process of viral infection, especially in the nu-
clear transport of viruses (Ramos et al., 2020; Turkki 
et al., 2020; Wen et al., 2020; Zhang et al., 2019). 
In this study, the inhibition of VIM expression pre-
vented the entry of VP1u into the nucleus. This result 
indicated that VIM might be involved in the nuclear 
transport of VP1u, which was conducive to the nu-
clear transport of VP1u. VIM could thus be pivotal 
for HBoV1 infection and replication.
In this study, the possible key sites of interaction 
between VP1u and VIM were analysed by protein 
docking. We revealed that P55, Y56, Y45, P21 and Q7 
in VP1u form hydrogen bonds with G16, G19, T20, 
R23, and S5 in VIM, respectively. These residues 
might be the main amino acids with which VP1u and 
VIM interact. The five amino acids of VP1u are main-
ly located at the N-terminus, and P21 was included in 
the active site of PLA2 in VP1u (Ros et al., 2017). The 
left side of Q7 in VP1u contains BR1, which could 
mediate the nuclear transport of VP1u. It is specu-
lated that VIM might transport VP1u to the nuclear 
surface through interaction with the N-terminus of 
VP1u, promote the NLS of VP1u to bind to importin, 
and carry out nuclear transport. The classic nuclear 
entry pathway is primarily based on classical nucle-
ar signals (cNLSs) enriched with arginine or lysine 
sequences, which identify the Kap α/Kap β1 receptor 
in the nucleus. By recognising cNLS binding to the 
ligand protein, Kap α interacts with the nuclear por-
in protein in the nucleus, which depends on the GTP 
coupling protein Ran in Kap β1 (Chang and Hsia, 
2020).
In summary, in this study we identified the VP1u 
NLS and determined that VIM interacted with VP1u. 
Further studies showed that VP1u promoted the ex-
pression of VIM. However, VIM knockdown affected 
the nuclear import of VP1u. This study could help to 
further clarify the function of VP1u, reveal the mech-
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anism of HBoV1 nuclear transport, and provide a 
new idea for elucidating the molecular mechanism 
of HBoV1 replication.
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