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Abstract Baculovirus is a type of virus with a double stranded, circular, and super helical DNA structure, 
whose transcription, replication and assembly of offspring virus occur in the nucleus of the cell. However, due 
to the natural barrier of the cellular nuclear membrane, macromolecular substances larger than 40-60 kDa 
cannot directly penetrate the nuclear membrane. Therefore, baculovirus have evolved various strategies to 
achieve transmembrane transport of viral proteins. This article attempts to review the recent literature on 
mechanisms by which the DNA baculoviruses of insects transport proteins into the infected host cell nucleus. 
In this article, we summarise the studies of nuclear localisation signals(NLSs) in baculovirus, which are 
involved in the classical nuclear import pathways and review the non-classical nuclear transport pathways 
independent on NLS derived from baculovirus. Moreover, during the protein nuclear transport process, 
viruses will regulate the nuclear pathway through protein modifications. and change host structures, which 
will create a favorable environment for the nuclear transport of viral proteins. 

Keywords baculovirus; nuclear location signal; nuclear transport receptors; nuclear pore complex; 
protein modification 

 

1. Introduction 

In eukaryotic cells, the existence of nuclear envelope(NE) causes the spatial separation of DNA 
replication and gene transcription in the nucleus and protein translation in the cytoplasm. The 
nuclear pore complex(NPC) on the NE acts as a conduit for substance exchange between the 
cytoplasm and the nucleus [2]. Water, metal ions, small molecule metabolites and other small enough 
substances can directly enter and exit the nucleus by passive diffusion, while some macromolecules 
larger than 40-60 kDa cannot directly shuttle between nucleus and cytoplasm, which requires the 
assistance of some transporter proteins [3]. In addition, some small molecules are also transported 
across the membrane using transporter proteins to enhance the efficiency of transport. 
Transmembrane transport of macromolecules often requires the activation of several different types 
of specific transport signals [4,82]. Cargos containing these signal sequences can be recognized and 
bound by nuclear transport receptor (NTR), and then pass through the NPC to achieve 
transmembrane transport with the assistance of the NTR. 

Most DNA and even a few RNA viruses replicate within the host cellular nucleus [5,96]. 
Moreover, many viruses have evolved elegant strategies to exploit the host nucleo-cytoplasmic 
transport pathways to evade the cellular anti-viral response or to facilitate viral replication.[2], in 
order to create a suitable environment for virus survival and to promote viral reproduction [6]. These 
processes require the nuclear translocation of specific viral proteins for their functions. Various 
viruses have evolved different nuclear transport mechanisms to realize the transmembrane transport 
of their required substances. Therefore, the virus-derived nucleoplasmic transport pathway has 
become an effective target for antiviral research. In addition, unraveling the nuclear transport 
mechanism of viral proteins can shed novel light on the novel therapy against viral infections. 

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.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2024                   doi:10.20944/preprints202401.1611.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202401.1611.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

Baculoviruses, named for their rod-shaped viral particles, are a class of DNA viruses with 
double-stranded, circular and superhelical DNA [7,8]. Their genome size varies from 80kb to 180kb 
and encodes 90 to 180 genes [83,84]. Up to now, baculoviruses have been found in a large number of 
invertebrates, which can infect and spread in nature with Arthropoda as specialized hosts. Besides, the 
hosts recorded in detail are mainly Diptera, Hymenoptera, and Lepidoptera insects. Over millions of 
years of co-evolution with their insect hosts, baculoviruses have developed a unique two-stage life 
cycle that produces two morphologically distinct viral particle phenotypes: Occlusion-derived 
virions (ODV) and budded virions (BV) [9].Baculovirus that form polyhedra within the cell nucleus 
is called nucleopolyhedrovirus(NPV)[83]. The family Baculoviridae is subdivided into four genera: 
Alphabaculovirus, Betabaculovirus, Deltabaculovirus, and Gammabaculovirus. Among the baculoviruses, 
several viruses in the Alphabaculovirus genus have been most intensively investigated, 
including Autographa californica multiple nucleopolyhedrovirus (AcMNPV), Bombyx mori 

nucleopolyhedrovirus (BmNPV) [81]. 
The nuclear-replicating baculovirus assemble virus particles in the nucleus, which are either 

transported out of the nucleus to bud from the plasma membrane(BV) or retained in the nucleus to 
embed within the abundant polyhedrin protein to generate virus particles(ODV). Infection with 
baculovirus can lead to the formation of a virogenic stroma (VS ), which is located at the nuclear 
center of infected cells and is used for the orderly and coordinated transcription and replication of 
viral DNA, as well as subsequent DNA assembly and nucleocapsid assembly [85,86]. When DNA 
replication begins, this region becomes larger and occupies more than half of the nucleus. At very 
late stages of infection, viral particles may be transferred from VS to the marginal region and buried 
into occulusion body (polyhedron). The polyhedra can almost completely fill the nucleus [10,11]. 
Therefore, many viral proteins must be transported into the nucleus to ensure efficient viral genome 
replication, gene transcription and viral particle assembly [4]. However, it remains obscure of the 
protein nuclear transport mechanism of this virus, which urgently requires analysis and summary of 
related report in this field. In this article, we review the nuclear transport mechanism of 
nucleopolyhedrovirus (NPV) to achieve its own transmembrane transport.  

2. Nuclear Localization Signals of Baculovirus 

Restricted by the natural barrier of nuclear membrane, the pathways of transmembrane 
transport of macromolecules (including some small molecules) can be categorized into the following 
two forms:(1) macromolecules can enter the nucleus with the help of its own transport signals and 
transporters; (2)macromolecules without transport signals complete nuclear entrance by interacting 
with other proteins that can autonomously enter the nucleus or by other methods. 

Nuclear location signal (NLS) and nuclear export signal (NES) are considered as the two 
common transport signals. Detailed description of NLS can be found in many reviews. Nuclear 
location signals (NLS) are divided into classical NLSs and non-classical NLSs. Classical NLSs can be 
further divided into Monopartite-type NLSs and Bipartite-type NLSs [82]. Monopartite-type NLS 
contains a cluster of positively charged amino acids (K - (K / R) - X - (K / R)), such as NLS from SV40 
T-ag (PKKKRKV) and HCMV ppUL44 (PNTKKQK), where X represents any amino acid and can 
regulate NLS function and are usually enriched on positively charged residues [12,87]. Bipartite-type 
NLS contains two clusters of positively charged amino acids spaced by a 10-12 residue-length 
junction region, such as the NLS of HPV E1 (KRK -/-KKVKRR) [2,87]. While non-classical NLSs, 
which directly bind to importin β family members are less well defined and show specificity for 
individual importins. Some of the non-classic NLSs may contain proline (Pro,P) and tyrosine (Tyr,Y), 
hence they are called as PY-NLS, while others may have lysine/arginine (Lys/Arg)-rich motif [88]. 

Various NLSs have also been detected in more than one hundred genes encoded by 
baculoviruses (summarized in Table 1), such as polyhedrin（polh）, Bm65, and LEF - 11[13]. He et al., 
systematically analyzed the nuclear localization of 154 ORFs encoded by Autographa califorinica 
nucleopolyhedrovirus (AcMNPV). To our surprise, in the absence of viral infection, 25 viral proteins 
were localized in the nucleus, termed Auto-nuclear localization proteins, 20 of which contained 
predicted classical NLSs [4]. Of all known BV capsids, only BV/ODV-C42 and VP80 are currently 
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detected to contain cNLS motifs. According to an online software cNLS mapper (http://nls-
mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) capable of NLS prediction, the capsid protein 
of baculovirus (including VP39, 38K, BV/ODV-EC27 and VLF-1) is predicted to contain one potential 
NLS, and three potential NLSs are present in VP80 [13]. However, it remains obscure whether these 
sequences play a vital role in nuclear entry of proteins. Some nuclear localization proteins carry a 
single NLS, whereas some proteins may carry multiple or more NLSs. For example, only one classical 
monopartite-type NLS “KRKK” was found on the polyhedrin, which is located between 32 and 
35amino acids [14–17]. Meanwhile, on the LEF-8 of AcMNPV, three Bipartite-type NLS were 
predicted [4]; the DNA polymerase (DNApol) C-terminal of AcMNPV contains a classical Bipartite-
type NLS at residues 804 ~ 827 and a Monopartite-type NLS at residues 939 ~ 948 [18]; one 
Monopartite-type NLS and one Bipartite-type NLS were found on LEF-11 of BmNPV [19]. However, 
there are no predictions or relevant studies on non-classical NLSs in baculovirus, probably due to the 
difficult prediction of non-classical NLSs.  

It is quite clear to notice that nuclear localization signals are crucial for virus replication and 
assembly. In baculovirus, a helix-loop-helix (HLH)-like domain (residues 543 to 568) at the C 
terminus of IE1 mediates homo-oligomerization. Substitutions and deletion of residues within a 
positively charged domain preceding the C-terminal HLH-like domain (534-538) of IE1 disrupt 
nuclear import, oligomerization and cause loss of transactivation [20]. Mutations in the NLS of 
polyhedrin can affect the assembly and shape of OB of the alpha baculovirus [21]. In particular, 
Monopartite-type NLS with a positively charged amino acid in the sequence which is mutated often 
results in a complete loss of the protein nuclear localization function, which in turn affects viral 
reproduction. In contrast, a Bipartite-type NLS that disrupts one of the positively charged amino 
acids in a cluster may not eliminate the nuclear localization function , but only attenuate its effect. 
For instance, ORF47 of BmNPV contains two clusters of basic residues separated by a 23 amino acid 
spacer (117-RKRR-120 and 144-RKRK-148). Single, double or triple residue mutations in either cluster can 
not eliminate nuclear localization function, indicating that other basic residues in the NLS can 
compensate for mutations. Moreover, duplication of basic residues in any of the clusters may lead to 
more efficient nuclear translocation of BM47 [22].  

It remains to be clarified whether all NLSs perform a nuclear entry function. For instance, Liu 
and Carstens et al. found that AcMNPV P143 which is predicted as a classical NLS according to its 
amino acid sequence, does not appear to be primarily responsible for the protein nuclear entry, while 
P143 nuclear entrance is dependent on the interactions with the Auto-nuclear localization proteins 
LEF-3 [23]. Some of the NLSs listed in Table 1 are only predictions whose nuclear localization function 
should be further verified. Although Bm65 of BmNPV has three predicted conserved motifs which 
may be associated with nuclear localization, subcellular localization studies of truncated sequences 
have revealed that only the 76-KRKCSK-81 motif has nuclear localization function [24]. In addition, 
among the various nuclear proteins discovered by He L [4], approximately half of the protein's 
nuclear localization signals are only predicted and have not been confirmed (Table 1). 

Table 1. NLS of Nucleic Protein Identified in Baculovirus. 

Baculovir

us species 

Target proteins Type Motif verified 

or 

projecte

d 

Reference 

AcMNPV 

polyhedrin Monopartite 29KNAKRKKHF37 Verified 4,74 

IE-1 
Bipartite 

130TGTKRKLDEYLDNSQGVVGQFNKIKLR

PKYK151 

Projecte

d 
4 

Monopartite 534KVNRR538 Verified 20 
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AC13 Monopartite 260RHFRKRKMRFE270 
Projecte

d 

4 

DBP (AC25) Bipartite 2ATKRKIGDGYSSSDDNQPKRERSE19 
Projecte

d 
4 

LEF-6 (AC28) Bipartite 
13EKKFSKEFLIHIAPDLKNSVDWNGSTRK

QLRV33 

Projecte

d 
4 

PP31 (AC36) 

Bipartite 
63ERKMSKRKKKVINNNKYILFNSWYTKIK

QPEWP85 
Verified 1,4 

Bipartite 234GSRKRKSSVPAKQRSSIKTRRNT253 
Projecte

d 
4 

LEF-11(AC37) Bipartite 
76RKVCLHHKRIARLLGIKKIYHQEYKRVV

SKVYK100 
Verified 4，77 

AC39 Bipartite 
4RANSRKPFLFYNEDYYCEKPKRYFHTNK

VIFEK25 

Projecte

d 
4 

GTA(AC42) Bipartite 
138IKQNKQSSLFSTRWHRVVLDEAHIIKNC

KT158 

Projecte

d 
4 

LEF-8 (AC50) 

Bipartite 
337RQKMLKQKKDFVKFIGSFFHGEMTVA

GKKFFL356 

Projecte

d 
4 

Bipartite 
582RDNKLMTAEDPYIPHIALPICLYNNKV

NKLK601 

Projecte

d 
4 

Bipartite 
661DGRRYKIETCTNGNFNVYKVYVYFRQI

KNQKIE684 

Projecte

d 
4 

AC58 

Monopartite 3SSRKRRVAKR12 
Projecte

d 
4 

Monopartite 26VVSTRKRLKQN36 
Projecte

d 
4 

Bipartite 
5RKRRVAKRAFNAKSKKFPIGEVVSTRKR

LKQN29 

Projecte

d 
4 

DNA-Pol 

(AC65) 

Monopartite 806PGKKRKSTDD815 
Projecte

d 
4 

Monopartite 819PSPKRRVITV828 
Projecte

d 
4 

Bipartite 
486RKLIPLKNIPKDAINLGPANQTVKYKG

GKVLKP518 

Projecte

d 
4 

Bipartite 
804DNPGKKRKSTDDNEGPSPKRRVITVAR

HCREI835 

Projecte

d 
4 

Monopartite 939CSVKRKRDDD948 Verified 4,18 

 Bipartite 804DNPGKKRKSTDDNEGPSPKRRVIT827 Verified 

LEF-3 (AC67) 

Bipartite 18KRMAMASSPKKIREN32 Verified 4,64,75 

Bipartite 2ATKRSLSGESSGEPLIKRMAM16 
Projecte

d 
4 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2024                   doi:10.20944/preprints202401.1611.v1

https://doi.org/10.20944/preprints202401.1611.v1


 5 

 

HCF-1 (AC70) Bipartite 
145PSFKAVCFSCIKRIKTCQVCNQPLLKMY

KEK164 

Projecte

d 
4 

Ac79 Monopartite 72EYNLKRKCSKY82 
Projecte

d 
4 

TLP (AC82) Monopartite 165DAPTPKKQKLD175 
Projecte

d 
4 

AC88 

Monopartite 48IRKIRKRKKVPCPLC62 
Projecte

d 
4 

Bipartite 35ELDTCKHQLCSMCIRKIRKRKKVP58 
Projecte

d 
4 

Bipartite 
187ELQLKRITTEKALKSLNDDYAKLASKN

AKLS217 

Projecte

d 
4 

VP80 (AC104) 

Bipartite 

368 

EIKDSSTPLYNIAMYKSDYDAIKNKNIKT39

6 

Projecte

d 
4 

Bipartite 
417 

PVRKTSGKRSAEDDLLPTRSSKRANRP443 

Projecte

d 
4 

Bipartite 
467ESKRRKLEDEDFLKLKALEFSKDIVNEK

LQKII499 

Projecte

d 
4 

Monopartite 464YEKESKRRKLEDEDF480 
Projecte

d 
4 

AC107 

 

Bipartite 
71NERKRKLQNTNSTAKCLLPAPPPQLRKL

EKK101 

Projecte

d 
4 

Monopartite 71NERKRKLQNT80 
Projecte

d 
4 

PEP (AC131) Bipartite 25NLKMPLQAFQQLLFTIPSKHRKMI48 
Projecte

d 
4 

ME53 Unknown Unknown / 37 

AC11 None None / 4 

Ac30 None None / 4 

Ac34 None None / 39,40 

Ac43 None None / 4 

PCNA (AC49) None None / 4 

VP1054 (AC54) None None / 4 

Ac73 None None / 4 

Ac114 None None / 4 

VP78/83 None None / 32 

P143 None None / 23,76 

P33 None None / 4 

BmNPV polh Monopartite 32KRKK35 Verified 14-17 
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VP39 Monopartite 52HLIKRFKMS60 
Projecte

d 
13 

38K Bipartite 
13RLNDAIIKRHVLVLSEYADLKYLG 

FEKYKFFEY45 

Projecte

d 
13 

BV/ODV-C42 Monopartite 357KRKK360 Verified 13，38 

BV/ODV-EC27 

 
Bipartite 2KRIKCNKVRTVTEIVNSDEKIQKTYEL28 

Projecte

d 
13 

VLF-1 Bipartite 225LIKRGKLHSDTINLKRKRSRNN246 Verified 13 

ORF47 Bipartite 117RKRR---144RKR-K Verified 22 

LEF-11 Bipartite 
72RKVCLHHKRIARLLGIKKIYHQEYKRVV

SKVYKN105 
Verified 19,77 

BmAtonal Bipartite 62LEGSGKRRGRATSAAVLRRRR82 Verified 78 

Bm65 Monopartite 76KRKCSK81 Verified 24 

LEF-3 Bipartite 18KRMAMANSPKKIREN32 Verified 64 

PiraGV DNApol Bipartite 4LFKRKLDEPPTDHTLV K AIKLS25 Verified 66 

SpltNPV DNApol Monopartite 827QEPPAKRARMPT838 Verified 79 

3. Classical Nuclear import Pathways that Directly Rely on NLS 

Generally, cargos containing the classical NLSs can be recognized by nuclear transporter 
receptors (NTRs) [25,89], all of which belong to the Karyopherin (KPN) family so far. NTRs can be 
divided into importin and exportin according to its function and can also be categorized into α and 
β (Karyopherin α and Karyopherin β, KPNA & KPNB) according to its structure. To be specific, 
KPNA can recognize classical NLS but has no shuttling function, while KPNB is known to have 
shuttling function. All α-structural proteins (KPNA) have nuclear import function, so KPNA is also 
known as importin α. KPNB includes importin β and exportin [89]. Different Karyopherins recognize 
cargo proteins containing different NLS and nuclear export signal (NES), KPNA recognizes classical 
cNLS rich in lysine or arginine; KPNB can bind to KPNA or non-classical NLS as well as NES [2].For 
instance, importin β can directly recognize heterogeneous nuclear ribonucleoproteins (hnRNP), Rev 
and Tat proteins of HIV[26].  

During the nuclear entry process, NLS-carrying cargos bind to importin α/importin β. The 
intranuclear small-molecule GTP-binding protein Ran (RanGTP) exists in the cytoplasm mainly as 
Ran GDP, while it exists mainly as Ran GTP in the nucleus [27,90]. After nuclear translocation, 
RanGTP binds to importin β, resulting in a conformational change to trigger the separation of 
importin α from cargo. Afterwards, importin α interacts with Cas，which belongs to importin 
superfamily followed by re-transportation of importin α back to the cytoplasm. The 
RanGTP/importin β complex is also translocated from the nucleus to the cytoplasm. Intracytoplasmic 
RanGTP is hydrolyzed to RanGDP to dissociate it from importin β for the next cycle [2]. Morover, the 
concentration gradient of RanGTP/RanGDP plays a key role in the directionality of vectorial 
transport[90]. 

Importin α (KPNA) is highly conserved and usually has three following structural domains: the 
IBB domain (importin β binding domain), the ARM repeat structural domain, and the C-terminal 
structural domain. Among them, the ARM repeat domain can interact with NLSs, and it often has 
eight repeats, 1-4 as the major NLS-binding site and 5-8 as the minor NLS-binding site. The 
Monopartite-type NLS mainly binds to the major binding site of KPNA, while the Bipartite-type NLS 
binds to the minor NLS-binding site of KPNA at the N-terminal, and the NLS at the C-terminal binds 
to the major NLS-binding site [28,91,92].  

The number of KPNAs encoded varies among different species, with seven KPNAs found in the 
genomes of humans and pigs, six encoded in mice, and only one KPNA encoded in yeast [29]. Three 
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KPNAs have been found in most insects so far, categorized into three KPNA subfamilies (α1, α2, and 
α3). However, four KPNAs have been found in Drosophila, three of which can be categorized into 
three subfamilies, only Dmel-KPNA4 has not been categorized into any of the subfamilies. Sequence 
analysis of Dmel-KPNA4 revealed the absence of a distinct IBB domain compared to other Drosophila 
KPNAs, and Dmel-KPNA4 also has not been shown to have a KPNA transporter function [29,93]. 
Four KPNAs of Bombyx mori have been predicted in the Silk DB [25,30], which can be categorized into 
three subfamilies: α1, α2, and α3. BmImportin α7 (Karyopherin alpha 1) belongs to the α1 family, 
BmImportin α5 (Karyopherin alpha 2) belongs to the α2 family, while BmImportin α2 (Bombyx mori 
importin subunit alpha9) and BmImportin α3 (Karyopherin alpha3) belong to the α3 family [80]. 

The majority of the present studies concerning baculoviruses focus on NLS and demonstrate the 
essence of NLS for nuclear proteins. Only a few studies have concentrated on the function of the 
Karyopherin family within the host of baculoviruses. There is also little research on the molecular 
mechanism of baculovirus protein import. By cloning KPNA1, KPNA2, and KPNA3 into the Bombyx 

mori, Li J et al ,. [25,31] found that all of them have an IBB (importin beta binding domain) domain 
and 8, 4, 7 typical ARM repeats (armadillo/beta-catenin-like repeats), respectively. The IBB domain 
can interact with the Bombyx mori KPNB1 in vitro. In consideration of the conservation of the Importin 
α/β-mediated nuclear translocation pathway in many species, it is hypothesized that baculovirus 
proteins with NLS should also rely on this translocation pathway. NLS is first recognized by the ARM 
repeats on importin α, and then importin α binds to importin β, relying on its shuttling function to 
allow the cargo-importinα/β trimer to pass through the nuclear pore complex. 

Interestingly, some viruses lack classical NLSs in their capsids. In all known BV capsids, only 
BV/ODV-C42 and VP80 contain a putative cNLS motif,and a potential NLS is predicted for VP39, 
38K, BV/ODV-EC27 and VLF-1 [13,32]. However, it has been shown that nucleocapsid proteins 
typically have lysine (Lysine, K) or arginine (Arginine, R) rich RNA-binding structural domains [33], 
similar to classical NLSs, indicating that these motifs may also play a role in mediating the nuclear 
localization of capsid proteins. Some nuclear proteins without predictive NLS may contain non-
classical NLS, and such proteins are generally directly recognized by KPNB for nuclear translocation 
[13]. 

4. Non-Classical Nuclear Import Pathways 

He et al., revealed that 25 Auto-nuclear localization proteins were identified in AcMNPV, only 
20 of which were predicted to have NLSs [4]. It is intriguing to investigate the mechanism underlying 
the nuclear translocation of these viral proteins, devoid of recognizable nuclear localization signals. 
In other viruses, numerous viral proteins accumulate within the host cell nucleus, but not all of these 
proteins harbor efficient NLSs for nuclear import [13]. Classical NLS sequence features render them 
amenable to computational prediction. However, prediction programs have encountered challenges 
in identifying cNLSs in 40-60% of nuclear proteins in yeast and mice. Moreover, up to 50% of proteins 
interacting with Importin α in yeast lack predictable cNLSs [34,94,95].These present findings indicate 
that in addition to importin α/β-NLS pathway, baculovirus may hijack alternative methods 
independent of NLS for nuclear import [13]. 

4.1. Interaction with Nuclear Entry Proteins 

Viruses have developed various strategies to form complexes between viral proteins with 
autonomous nuclear entrance capacity, facilitating their transportation to the nuclear compartment. 
An illustrative example is the interaction between the Ran-binding protein 5 (RanBP5) of the 
influenza A virus (IAV) and the PB1-PA dimer in the host [35]. In baculovirus, certain nuclear 
proteins lacking functional NLS exhibit a sequence serving as a pivotal motif for nuclear 
translocation.For instance, Liu et al. identified amino acid residues 109 to 137 at the N-terminal of 
ME53, the nuclear protein of AcMNPV, as a potential binding site for other viral or host proteins, 
including VP39 and GP64 [37].  

In subcellular localization assays, 11 proteins initially located in the cytoplasm or both cytoplasm 
and nucleus during transfection experiments without viral infection were entirely translocated into 
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the nucleus upon the addition of AcMNPV wild-type viruses, which shows that their nuclear entry 
was facilitated by other viral or host proteins. Subsequent co-transfection experiments also revealed 
that four of these 11 proteins (P143, P33, AC73, and AC114) were imported into the nucleus with the 
assistance of the Auto-nuclear localization proteins, namely LEF-3 (associated with P143), TLP 
(associated with P33), and VP80 (associated with AC73 and AC114) [4]. Moreover, the nucleocapsid 
protein P78/83 nuclear entry is mediated by the 41.5 kDa viral nucleocapsid protein BV/ODV-C42, 
which contains an assumed NLS motif (357KRKK) at the C-terminus [13,38]. 

In addition, viruses have evolved mechanisms to utilize host nuclear proteins apart from 
hijacking the viral own nuclear proteins. The ORF34 (Ac34) of AcMNPV is one of the genes unique 
to baculoviruses. Transient expression experiments have shown that the nuclear import of Ac34 is 
not required for other viral proteins. However, the classical NLS is not predicted in Ac34, and the 
amino acid sequence of 91 ~ 205 is internally deleted or potential zinc finger site mutations in Ac34 
are mainly distributed in the cytoplasm [39]. Tang Z et al. have demonstrated that the zinc finger 
motif on Ac34 interacts with the Autographa california mRNA export factor SfMEF, thereby mediating 
its nuclear import [40]. 

4.2. Direct Interaction with NPC 

Nuclear pore complex(NPC) plays a crucial role in transmembrane transport, mainly serving as 
a natural barrier for screening incoming and outgoing substances. There is a lack of study focusing 
on the interaction between the baculovirus nuclear protein and NPC. However, research progress on 
other viruses indicates that viruses do indeed derive mechanisms of the direct interaction between 
viral proteins and proteins on NPCs. 

TNPC is a large complex located on the nuclear membrane and macromolecules can shuttle 
between the nucleoplasm only through the NPC [41,42]. Despite the diversity of the size and number 
of NPCs across species, the major structural domains are highly conserved during evolution. They 
are usually cylindrical, highly symmetrical octahedral structures, and in the direction from the 
cytoplasm to the nucleus. NPCs consist of cytoplasmic filaments (CF), cytoplasmic ring (CR), inner 
ring (IR), luminal ring (LR), nucleoplasmic ring (NR), and nuclear basket (NB) [43,44]. Some of the 
proteins in the NPC are known as nucleoporins (Nup), which contains about 30 of types. On the 
nuclear side, Nups form filaments that connect to produce the nuclear basket NB.On the cytoplasmic 
side, Nup filaments protrude into the cytoplasm [5]. Some of these protein amino acids are rich in 
phenylalanine (F) and glycine (G) repeat sequences, which are also referred to as FG-Nups [43]. FG 
repeat sequences are intrinsically disordered [12]. Thus, due to a lack of stability of secondary and 
tertiary structures lacking stability, highly flexible and dynamic regions are formed on the FG-NUP. 
These disordered repetitive sequences interact to form a mesh at the central channel of the NPC. 
Protein interaction networks can undergo phase separation within the NPC and act as permeability 
barriers to prevent macromolecules from crossing the nuclear pore [26,44]. 

The explicit mechanism underlying the substance screening is poorly understood, and three 
possible models have been proposed [2,12,45]: (1)In the "Selective Phase" model, FG repeats form 
hydrophobic interactions with each other to form a selective sieve mesh/hydrogel, where pore size 
determines the maximum diameter of the small molecules that can pass through. The hydrophobic 
interaction is disrupted by NTRs, and the sieve pore size becomes larger, allowing macromolecules 
to pass through. (2) In the "Virtual Gating" model, the peripheral part of the NPC selectively signals 
to the central channel to open it,which allows the passage of substances. (3) In the "Polymer Brush" 
model, the FG-NUP shrinks inward, leaving a large enough channel to allow the passage of 
macromolecules. In summary, the NPC can be considered as the stationary phase in nuclear 
transport, while the transported macromolecules together with their transport receptors constitute 
the soluble phase [44], the FG-NUP on the NPC is directly involved in nucleoplasmic transport [43], 
which is also the main contact site for the soluble transport receptor. For instance, the Nup358 is 
considered to play a key role in the importin-cargo complex assembly [44,46],. Importin β contains 
two FG motif-rich binding sites that are located away from the cargo protein binding site [2].The 
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hydrophobic structure on the surface of transport receptors can locally disrupt the interactions 
between nuclear pore proteins, thereby facilitating macromolecules pass through NPC. 

There has been documentation of the direct interaction between viral proteins and NPC or NUP. 
For instance, the C-terminus of BGLF4 can directly bind to Nup62 and Nup153, and may 
subsequently form multiple helical regions at its C-terminus[61], allowing its interaction with FG-
rich Nups (e.g., Nup62 and Nup153) in the same pattern that importinβ interacts with FG repeats 
through a series of HEAT repeats [34]. 

Some macromolecules can also interact directly with the FG-Nups, including certain molecules 
carrying hydrophobic amino acids [44]. However, this phenomenon is commonly used for capsid 
interactions to incorporate viral genomic information into the nucleus [34], such as HIV viral capsids 
that bridge to Nup358 and NUP153 [47]. As one of the largest substances passing through the NPC, 
the study of the nuclear entry mechanism of the baculovirus nucleocapsid is of great importance to 
our further understanding of the substance screening mechanism of the NPC. Shelly Au et al.[45] 
have found that the proteins inside NPC are very flexible. To be specific, when the AcMNPV 
nucleocapsid passes through, FG-Nups are completely contracted from the central channel, which 
has a diameter of 50 nm completely open, just like the open door of an elevator, similar to the 
"polymer brush" model. However, this mechanism is only applicable to large cargoes, such as 
baculoviruses or other viral capsids. For relatively small macromolecules, other mechanisms may be 
used for explanation. Meanwhile, they have also found that when the nucleocapsid is located in the 
middle of the NPC, a vacuum-like gap appears around the nucleocapsid. This gap is speculated to 
provide an open channel for other molecules or proteins. However, it requires further investigation 
whether the relevant viral proteins will complete nucleoplasmic transmembrane transport with the 
help of this gap [45]. 

4.3. Other Pathways 

In addition to the common nuclear translocation pathways described above which are 
independent on the NLS, baculovirus have derived a number of specific pathways. While most 
viruses use microtubule-mediated transport for capsid translocation into the nucleus [48], 
baculovirus activate host Arp2/3-mediated actin polymerization via VP78/83 and drive the nuclear 
capsid to complete migration in the cytoplasm with the propulsive force of actin polymerization, 
followed by disruption of the FG-Nup-rich permeability barrier at the central channel of the NPC 
[32]. 

In addition, after infecting host cells, baculovirus generates a variety of integral membrane 
proteins (IMPs), which are synthesized in the endoplasmic reticulum and subsequently transported 
along the endoplasmic reticulum, outer nuclear membrane, inner nuclear membrane and the 
continuous cell membrane system through a specific signaling sequence, the INM-sorting motif 
(INM-SM). IMPs further selectively localize to the endonuclear membrane, with the outgrowth of the 
endonuclear membrane, ultimately integrate to the surface of the viral envelope as envelope proteins 
[50]. More than one protein is involved in this integrating membrane protein pathway to the nucleus. 
In Spodoptera frugiperda Sf9 cells, Braunagel SC et al. have found that importin α-16 recognizes and 
binds to INM-SM, followed by INM protein crossing the NPC in conjunction with importin-α-16, 
PF25K, and BV/ODV-E26, which are functionally redundant with each other [31,50]. 

Although we have included and explained these mechanisms as separate examples, biological 
systems are rarely so simple. Many viral nuclear proteins often derive two or more translocation 
mechanisms to ensure their own successful nuclear entrance, and these seemingly redundant 
pathways can ensure viral survival under conditions where one pathway is inhibited [36]. For 
instance, polyhedrin is approximately 29 kDa [49], which is theoretically small enough to enter the 
nucleus directly by passive diffusion through the NPC. However, it is expressed at ultra-high levels 
in the very late phase, and a large number of proteins naturally enter the nucleus requiring a more 
efficient transporter pathway. In addition, the nuclear localization of polyhedrin is also affected by 
other amino acid residues and some domains [30], and the ability of polyhedrin expressed at very 
late stage to enter the nucleus and to achieve nuclear localization should be the result of the co-
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regulated by various factors. Chen [19] et al. have found that mutation of the NLS on baculovirus 
LEF-11 can also facilitate the entrance of LEF-11 into enter the nucleus, but significantly decreases the 
production of virus, indicating that the importin α/β-mediated nuclear import pathway is the main 
pattern of entry, under the assistance of other pathways. Since more than one NLSs exist in many 
nuclear proteins, in the case of mutation or functional absence of one certain NLS, the remaining 
NLSs can still help them to realize transmembrane transport[18,19].  

In summary, in addition to the classical importin α/β-mediated nuclear transport pathway, 
baculovirus has also evolved various pathways to facilitate the nuclear entrance of their own 
materials to fulfill their functions(Figure 1). 

 
Figure 1. Possible nuclear entry pathways for baculovirus. (A) Legends. (B) KPNA can recognize 
classical NLS and KPNB can bind to KPNA and then use shuttling function. Proteins containing non-
classical NLS may directly recognized by KPNB for nuclear translocation.Nuclear proteins without 
NLSs may interact with nuclear entry proteins(from virus or host) containing NLSs, or directly 
interact with NUP on the NPC. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2024                   doi:10.20944/preprints202401.1611.v1

https://doi.org/10.20944/preprints202401.1611.v1


 11 

 

5. Viral regulation of the nuclear import pathway 

For DNA viruses that replicate in the nucleus, efficient entry of many viral components is 
critically important for viral replication. Therefore, disrupting the host’s nuclear translocation 
machinery is not a viable strategy to ensure efficient replication. Instead, viruses will change their 
own structure or hijack host mechanisms for their own use. For example, after the cellular entrance 
of SV40, its expressed protein VP3 undergoes structural changes in the cytoplasm to expose NLS[51]. 
While host-regulated mechanisms include expression level regulation and distribution of 
importin/exportin proteins, changing the number and/or composition of NPCs, regulating the 
structure of proteins through protein modifications and modulating protein interactions. Therefore, 
we can speculate on the mechanism underlying the regulation of baculovirus on nuclear import 
pathways from these existing relevant studies. 

5.1. Protein Modifications Regulate Transmembrane Transport 

Post-translational modifications of proteins generally regulate the structure of proteins and alter 
affinities between proteins. Viruses also hijack post-translational modifications to ensure their own 
proteins to successfully transport across membranes without obvious disruption to the host 
environment. The most common post-translational modification is phosphorylation, although some 
viral proteins also regulate the nuclear translocation pathway through acetylation, ubiquitination, 
and SUMO [35,46,52]. Among them, the regulatory role of ubiquitination is mainly reflected in the 
promotion of nuclear export and cytoplasmic localization [45,46], while SUMO is usually associated 
with nuclear localization [52,55]. 

To ensure the efficient phosphorylation, viruses often encode their own kinases in addition to 
the utilization of cellular kinases. For example, IAV encodes protein kinase C (PKC) to assist of the 
nuclear translocation of the M1 protein [35]. Baculovirus also encode a kinase, called serine/threonine 
kinase PK-1, which plays an important role in the assembly of the nucleocapsid [56], but the 
phosphorylation function of PK-1 has not been found to be involved in the nuclear entry of viral 
proteins. The degree of phosphorylation varies among different proteins and can be classified as 
hypophosphorylation and hyperphosphorylation, whereby hypophosphorylation may be dependent 
on host kinases while hyperphosphorylation tends to be mediated by viral self-encoded kinases. To 
be specific, hypophosphorylation of P6.9 in baculovirus ODV is host kinase-dependent and 
hyperphosphorylation is mediated by the self-encoded serine/threonine kinase PK1 [57,58]. Such 
highly phosphorylated proteins have a high-affinity phosphorylation-dependent binding motif, 
which in turn facilitates the binding of protein to the importin α family [59].  

Moreover, phosphorylation at different amino acid sites can have different functions. Common 
phosphorylations tend to function in three ways: 1) regulating nuclear translocation via direct 
modulation of the affinity of NLS/NES for its IMP/EXP; 2) manipulating the carrying NLS/NES 
proteins for intramolecular masking and unmasking; and 3) manipulating the binding of other 
molecules/proteins to regulate the binding of NLS/NES to IMP/EXP [2,46]. For example, the nuclear 
import of T-ag of simian virus SV40 is dependent on phosphorylation of residues upstream of the T-
ag NLS. Phosphorylation may further drive residues 119-122 upstream to undergo a disordered-to-
ordered transition, making the NLS more readily recognizable by importin α [12].The interactions 
between the nucleocapsid protein C of West Nile virus (WNV) and importin α are dependent on 
PKC-mediated phosphorylation [60]. The Nuclear Factor of activated T-Cells, NF-AT2, contains two 
NLSs that can be masked by phosphorylation at low calcium concentrations, while in the case of 
increased calcium concentration, the calcium-modulated phosphatase dephosphorylates and the 
exposure of the NLS of NF-AT2, rendering its nuclear translocation [2]. The EBV genome encodes the 
Ser/Thr protein kinase BGLF4 to induce phosphorylation of Nup62 and Nup153 in a kinase activity-
dependent manner, leading to attenuated nuclear targeting of importin β, which in turn inhibits 
classical NLS-mediated nuclear import [61]. 

In baculovirus, AcMNPV and BmNPV proteins such as P6.9, pp78/83, PP31, IE1, P10, and PP34 
have been shown to be phosphorylated during infection [57]. Most of these proteins 
phosphorylated/dephosphorylated are DNA-binding proteins that enter the nucleus autonomously 
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and function within the nucleus [4]. However, there is still a relative gap in the study of 
phosphorylation of baculovirus proteins on the regulation of protein nuclear entrance, and there are 
also relatively few studies of baculovirus on acetylation and ubiquitination. Ubiquitinated proteins 
tend to be present in the nucleocapsid and are highly ubiquitinated in BV nucleocapsids by vUbi 
compared to those of ODV nucleocapsids, and the ubiquitination of nucleocapsid proteins 
determines whether nucleocapsids are budged from the nucleus to form BV or remain in the nucleus 
to form ODV [57,62]. Proteomic analysis has shown that some late expressed factors (LEFs) of 
BmNPV have significant acetylation levels, including LEF-3, LEF-4, LEF-6, and LEF-11, but the role 
of acetylation is unclear [57]. Protein modifications plays a more important role in regulating 
transmembrane transport, therefore, how protein modifications in baculoviruses regulate nuclear 
translocation has attracted more and more attention. 

5.2. Alteration of Host Structure 

The above studies reveal that the mechanism of promoting nuclear translocation of viral proteins 
through protein modifications such as phosphorylation is mostly found on the nucleation proteins 
carrying NLS. While for non-classical nuclear entry pathways, viruses will hijack host mechanism or 
alter the host structure. 

During infection, most viruses (including Adenoviruses, Zika viruses, Dengue viruses, and 
Hepatitis C viruses) target multiple FG-Nups, thereby altering the composition and function of NPCs, 
and ultimately facilitating the nuclear translocation of the viral protein and infection. Viruses 
promote the nuclear translocation of viral proteins mainly by destroying some of the FG-Nups, 
resulting in the weakened screening function and increased nuclear membrane permeability [12]. For 
example, the BGLF4 kinase of EBV can not only achieve its own nuclear targeting through direct 
interaction with FG repeat sequence-containing nucleotides (FG-Nups) Nup62 and Nup153, but also 
induce the redistribution of FG-Nups on the NPC. Moreover, nuclear entry of EBV lysins without 
NLS has been reported to be increased, which may be a non-specific nuclear entry achieved primarily 
through nuclear pore expansion [61]. Nuclear pores have been found to be significantly increased in 
IAV-infected cells [63]. However, in baculovirus, it can be found that it seems that FG-NUP filaments 
located in the central channel of the NPC and other nuclear pore proteins are relocated to open up 
the channel for the baculovirus nucleocapsid to pass through the NPC [45]. The mechanism of this 
process is still ambiguous, which requires more investigations to unravel how the nucleoporins are 
relocated within the central channel of the NPC and whether the structural changes facilitate the 
nuclear entry of other viral proteins. 

6. Summary and Future Prospects 

The mechanism of nuclear import of baculoviruses is still a subject worthy of in-depth study. In 
addition to the classical NLS-importin α/β-mediated nuclear translocation pathway, viruses also 
adopt non-classical translocation pathways. Some viral proteins even derive two or more different 
translocation mechanisms. Meanwhile, nuclear translocation mechanisms have evolved 
synergistically over years of virus-host symbiosis. For instance, AcMNPV LEF-3 has a conserved 
sequence for NLSs that is not present in all baculovirus, such as CfMNPV [64]. The amino acid 
sequence consistency between NeleNPV DNApol and AcMNPV DNApol is only 26%. Some motifs 
important for nuclear localization and viral replication are not found in the NeleNPV DNApol [65], 
indicating that AcMNPV and its close relatives have evolved a more flexible NLS system to improve 
the efficiency of nuclear transport. NLSs have also been detected on the DNApol of the beta 
baculovirus PiraGV. But unlike the classical dichotomous NLSs, mutation or deletion of any of the 
clusters of basic amino acids results in nuclear translocation failure, indicating an evolutionary 
divergence between nucleopolyhedroviruses (NPV) and granuloviruses (GV) [66]. Revealing the 
mechanism of co evolution between hosts and baculovirus is beneficial for humans to better control 
and "utilize" baculovirus.  

In addition, the mechanism by which viruses hijack importin α/β and NPC from infected hosts 
is one of the hot topics in recent years. Importin α/β and NPC have also become popular potential 
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drug targets.importin α /βand NPC, as important host components in the nuclear transport 
mechanism, are also utilized by baculovirus.  

Some evidence shows that the multiple importin β present in the cell are functionally redundant 
[28]. But interestingly, many of the non-essential importin β are evolutionarily conserved from yeast 
to humans, indicating the indispensable cellular function of importin α/β. Based on the utilization of 
host nuclear transport mechanisms by viruses, the nuclear transport pathway has emerged as a drug 
target for antiviral development with greater potential value [27]. Great attention has been paid to 
targeting the importin a/β dimer as drug targets. The High-Throughput Screening (HTS) has 
identified certain drugs that hinder the binding of viral proteins and importina/β, but most of them 
do not act directly on importina/β, such as mifepristone, budesonide, flunitrazolone, G281-1564, N-
(4-hydroxyphenyl) retinamid, cotton-ketonol, GW5074, etc. [67]. Ivermectin, previously regarded as 
a highly effective insecticide, has been shown to affect the thermal stability and α-helixity of importin 
α by binding to the ARM-repeat structural domains of importin a/β. The pre-formed importin a/β 
heterodimer is further dissociated and the formation of new dimers is prevented. In turn, it blocks 
the nuclear import of some viral proteins. For example, ivermectin is identified as an inhibitor of the 
nuclear entry of HIV-1 integrase , and it can inhibit the NS5 nuclear import of dengue virus (DENV), 
limiting viral infections such as HIV-1 and DENV. Ivermectin is therefore viewed as a broad-
spectrum antiviral drug. Most of the current studies on the antiviral activity of ivermectin have 
focused on flaviviruses[1,67–73], which is worthy of further exploration in baculovirus. And it may 
be possible to utilize the mechanism of inhibiting the nuclear translocation of ivermectin to solve the 
hazards of baculovirus infection in the industry. 

Previous studies on NPC have shown that the FG repeats of the FG-NUP are intrinsically 
disordered region (IDR), which is a key feature to assist the rapid interaction between information 
and matter during nuclear translocation. Recent studies have demonstrated that classical NLSs are 
also commonly found in the intrinsically disordered regions of cargos [12]. A possible conjecture is 
that intrinsic disorder may allow solvent accessibility to signaling sequences, permitting the exposure 
of key amino acids within the motif that are critical for binding to nuclear translocation receptors. 
Meanwhile, many viral proteins have also been found to have disordered regions [59], and viral 
proteins account for more than 10 % of all total biological entries in the manually edited Protein 
Disorder Database (DisProt). The plasticity conferred by disordered viral proteins correlates with the 
virulence of the virus.These disorganized regions may be key sites where the virus impedes the 
recognition of immune system components and allows viral proteins to interact with multiple host 
factors to maximize their functions. There is also a relative gap in studies on the role of intrinsically 
disordered regions in nuclear transport in baculoviruses. Therefore, we should conduct more in-
depth studies to further elucidate the role of intrinsically disordered regions in operating the 
extremely complex and critically important mechanism of nuclear transport. 

In conclusion, our review systematically summarizes the nuclear transport mechanism of 
baculovirus proteins. Hopefully, baculovirus studies on nuclear import will provide new insights 
into the workings of the NPC. 
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Abbreviations 

AcMNPV Autographa californica multiple nucleopolyhedrovirus 

ARM Armadillo 

BV Budded virus 

BmNPV Bombyx mori multiple nucleopolyhedrovirus 

CF cytoplasmic filaments  

CfNPV Choristoneura fumiferana nucleopolyhedrovirus 

CR cytoplasmic ring 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2024                   doi:10.20944/preprints202401.1611.v1

https://doi.org/10.20944/preprints202401.1611.v1


 14 

 

cNLS Classical-nuclear location signal 

Da Dalton 

DNApol DNA polymerase 

EBV Epstein-Barr virus 

F phenylalanine,Phe 

G Glicine，Gly 

HCMV human cytomegalovirus 

HIV human immunodeficiencyvirus 

hnRNP Heterogeneous nuclear ribonucleoproteins 

HPV human papilloma virus 

IAV Influenza A virus 

IBB importin beta binding  

IR inner ring 

IMP Integral membrane protein 

K lysine，Lys 

KPN Karyopherin 

KPNA Karyopherin α 

KPNB Karyopherin β 

LR luminal ring 

NB nuclear basket 

NE nuclear envelope 

NES nuclear export signal 

NLS nuclear location signal 

NPC nuclear pore complex 

NPV Nucleopolyhedrovirus 

NR nucleoplasmic ring 

NTR nuclear transport receptor 

Nup nucleoporin 

ODV Occlusion-derived virus 

ORF open reading frame 

P Proline，Pro 

PiraGV Pieris rapae granulovirus 

PKC protein kinase C 

PY-NLS Proline-Tyrosine Nuclear Localization Signal 

R arginine，Arg 

Sf Spodoptera frugiperda 

SV40 simian vacuolating virus 40 

VS Viral stroma 

v-Ubi v-Ubiquitin 

WNV West Nile virus 

Y Tyrosine，Tyr 
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