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Abstract

Adenoviral pVII proteins are multifunctional, highly basic, histone-like proteins that can bind to and transport the viral genome

into the host cell nucleus. Despite the identification of several nuclear localization signals (NLSs) in the pVII protein of human

adenovirus 5 (HAdV5), the mechanistic details of nuclear transport are largely unknown. Here we provide a full characterization

of the nuclear import of precursor (Pre-) pVII protein from an ancient siadenovirus, frog siadenovirus 1 (FrAdV1) using a

combination of structural, functional and biochemical approaches. Two strong NLSs (termed NLSa and NLSd) interact with

importin (IMP)b and IMPa respectively, and are the main drivers of nuclear import. A weaker NLS (termed NLSb) also

contributes, together with an additional signal (NLSc) which we found to be important for nucleolar targeting. Expression of

Pre-pVII wild-type and NLS defective derivatives in the presence of selective inhibitors of different nuclear import pathways

revealed that, unlike its human counterpart, FrAdV1 Pre-pVII nuclear import is dependent on IMPa/b and IMPb1. Clearly,

AdVs evolved to maximise the nuclear import pathways for the pVII proteins, whose subcellular localization is the result of a

complex process. Therefore, our results pave the way for an evolutionary comparison of the interaction of different AdVs with

the host cell nuclear transport machinery.
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Synopsis:

The study explores the nuclear transport mechanism of the precursor protein VII from an ancient siadenovirus
that utilizes multiple nuclear localization signals (NLSs) and pathways for nuclear delivery. It identifies two
strong NLSs that are key drivers of this process, interacting with specific importins. Additionally, a weaker
NLS and another signal are responsible for targeting of the nucleolus. The study reveals that the import
process is different between the frog and human virus counterparts, rely on different pathways, and indicates
that adenoviruses have evolved diverse strategies to ensure the nuclear import of pVII proteins. These
findings offer insights into the evolutionary aspects of adenovirus interactions with host nuclear transport
systems.

Abstract

Adenoviral pVII proteins are multifunctional, highly basic, histone-like proteins that can bind to and trans-
port the viral genome into the host cell nucleus. Despite the identification of several nuclear localization
signals (NLSs) in the pVII protein of human adenovirus 5 (HAdV5), the mechanistic details of nuclear trans-
port are largely unknown. Here we provide a full characterization of the nuclear import of precursor (Pre-)
pVII protein from an ancient siadenovirus, frog siadenovirus 1 (FrAdV1) using a combination of structural,
functional and biochemical approaches. Two strong NLSs (termed NLSa and NLSd) interact with importin
(IMP)β and IMPα respectively, and are the main drivers of nuclear import. A weaker NLS (termed NLSb)
also contributes, together with an additional signal (NLSc) which we found to be important for nucleolar
targeting. Expression of Pre-pVII wild-type and NLS defective derivatives in the presence of selective in-
hibitors of different nuclear import pathways revealed that, unlike its human counterpart, FrAdV1 Pre-pVII
nuclear import is dependent on IMPα/β and IMPβ1. Clearly, AdVs evolved to maximise the nuclear import
pathways for the pVII proteins, whose subcellular localization is the result of a complex process. Therefore,
our results pave the way for an evolutionary comparison of the interaction of different AdVs with the host
cell nuclear transport machinery.

Keywords

pVII, preVII, NLS, genome packaging, nuclear entry, transportin, nucleolar localization signal (NoLS), siade-
novirus

Abbreviations:

Å Angstrom MX2 High-flux undulator microfocus beamline

0C Celsius Ng Nanograms
ANOVA Analysis of Variance nM Nanomolar
DNA Deoxyribonucleic acid Nm Nanometre
dsDNA Double-stranded DNA PBS Phosphate-buffered saline
DTT Dithiothreitol PDB Protein Data Bank
FITC Fluorescein isothiocyanate pH potential of hydrogen
FPLC Fast protein liquid chromatography Rpm Revolutions Per Minute
GFP Green fluorescent protein SD Standard deviation
GTPase GTP-binding proteins SDS-PAGE Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
His-Tag Poly histidine-tag U/mL Units per millilitre
kDa Kilo Dalton V Volt
Mg Milligram v/v volume per volume
Min Minute μL Microlitre
mL Millilitre Μm Micrometre
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Å Angstrom MX2 High-flux undulator microfocus beamline

mM Millimolar μM Micromolar
MWCO Molecular Weight Cut-Off % Percent sign

Introduction

Adenoviruses (AdVs) are an intensively studied group of viruses due to their remarkable diversity, pathogenic
relevance and prominent role as leading candidates as viral vectors in gene therapy. AdVs are clas-
sified into six genera: Mastadenovirus , Aviadenovirus ,Atadenovirus , Siadenovirus , Ichtadenovirus ,
andTestadenovirus , and their infections have been reported in almost all vertebrates. Siadenovirus , in par-
ticular, is known for its distinctive genomic characteristics and has been identified from reptiles and avian
species 1-5. GenusSiadenovirus is proposed to have an amphibian origin. Frog siadenovirus 1 (FrAdV1),
identified in the northern leopard frog (Lithobates pipiens ), was the first siadenovirus to be sequenced 1 and
serves as the common ancestor for all siadenoviruses. However, despite extensive investigations, no further
evidence of FrAdV1 infections in frogs or any other animal has been uncovered 6. The evolution of ade-
noviruses with an amphibian origin to infect distantly related host species including, critically endangered
bird species, emphasises potential host-switching7. Their initial detection in a cell line of reptilian origin,
and the absence of further evidence concerning frog siadenoviruses presents them as a compelling area of
study.

During AdV infection, viral fiber and penton proteins bind and interact with the coxsackie adenoviral
receptor and integrin V respectively, triggering virus uptake into clathrin-coated early endosomes (EE)7-10.
In the EE, a drop in the pH induces conformational changes in the capsid and facilitates the release of the
proteins VI and penton, disrupting the endosomal membrane, thus allowing the release and translocation of
nucleocapsid to the nucleus in a microtubule and dynein dependent fashion 11. The capsid consists of three
cationic proteins termed protein V, VII, and mu, with protein VII (pVII) being the most abundant. Shortly
after viral infection, pVII is expressed as a precursor (Pre-pVII) and transported into the cell nucleus where
it tightly interacts with the viral genome, preparing it for assembly 11. Before genome packaging, Pre-pVII
is cleaved by the adenoviral protease, which removes 24 amino acid residues from the N-terminus, resulting
in mature pVII, which will be packaged into the new viral particle. Both proteins are highly basic due
to the presence of arginine and lysine residues and can be considered as functional analogues of histones,
condensing the viral genome to be positioned inside the viral particle, with mature pVII being involved
in nuclear delivery of viral DNA upon infection of new cells 10. Accordingly, both pVII and Pre-pVII are
endowed with nuclear targeting abilities during viral infection8,10,12.

Molecules smaller than 70 kDa are believed to passively diffuse through the nuclear pore complex (NPC);
on the other hand, larger ones and those which need to quickly accumulate in the cell nucleus require
energy dependent transport, mediated by cellular transporters belonging to the importin (IMP) superfamily,
which recognize nuclear localization signals (NLS) on cargoes 13,14. The best characterized NLS are termed
“classical” (c)NLS and are short sequences enriched in basic amino acids such as arginine and lysine. cNLSs
can either be monopartite, consisting of a single stretch of basic amino acids, or consist of two basic sequences
separated by a short linker in a bipartite arrangement 15-17. cNLSs directly interact with IMPα, which
functions as an adapter bridging the cargo to IMPβ1, which in turn mediates translocation of the complex
across the NPC. Non-classical (nc)NLSs, on the other hand, are able to bind directly to IMPβ1 or one of its
several homologues such as IMPβ2, IMP7 and many others, without the need for IMPα 18-20. In recent years,
several studies have investigated the structural, functional, and cellular properties of HAdV pVII, and began
the characterization of its nuclear targeting abilities. HAdV pVII proteins are able to interact with cellular
components such as IMP7, IMPβ2, IMPα/β1, hsp70 and histone H1, so that pVII and Pre-pVII are believed
to be able to use multiple nuclear import pathways. Furthermore, HAdV Pre-VII and pVII appear to have
different nuclear import preferences, with cleavage believed to alter its IMPs interaction properties. Indeed,
while pVII preferentially interacts with IMPβ2, Pre-pVII has a higher affinity for IMPα/β. Unfortunately,
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despite several NLSs have been described within pVII, their contribution to nuclear transport is still unclear,
and the molecular determinants of nuclear import are not well characterized8,10,12. Additionally, nothing
is known regarding nuclear import of adenoviruses of animal origin, including siadenoviruses, with the
exception of a recent report from psittacine siadenovirus F (PsSiAdV). To address this issue, we thoroughly
characterized the nuclear import process of Pre-pVII from FrAdV1, which can be considered the most ancient
member of the Siadenovirusgenus. We identified four putative NLSs and characterized their structural,
functional and biochemical properties utilising a wide range of approaches and dissected the contribution
of each to Pre-VII subcellular localization. Upon expression in mammalian cells in the absence of any
other viral protein, a GFP Pre-pVII fusion protein strongly accumulated in the nucleolus. The subcellular
localization of several full-length Pre-pVII derivatives carrying amino acid substitutions within key NLSs
basic residues revealed that a total impairment on nuclear localization was detected only upon inactivation
of all NLSs, while co-expression with selective nuclear transport inhibitors highlighted an important role for
IMPα/β and IMPβ1 but not IMPβ2 for nuclear targeting. By combining quantitative confocal laser scanning
microscopy (CLSM) with biochemical and crystallographic assays we could further show that specific NLSs
selectively bind different IMPs, and differently contribute to Pre-pVII subcellular localization. Indeed, NLSd
(PPRKRRR VA-149) binds with high affinity to IMPα, in analogous fashion to several cNLSs, while NLSa
(GYWRRKR SKK A-53) preferentially binds to IMPβ1. On the other hand, NLSc (GRK IKK AR AP-
120) is crucial in mediating nucleolar targeting and can, therefore, be considered a nucleolar localization
sequence (NoLS), while NLSb plays a minor but significant role by contributing to nucleolar and nuclear
targeting.

Materials and methods

Phylogenetic analysis. Phylogenetic analysis based on adenovirus pVII was performed to determine the
evolutionary affiliation of the genus Siadenovirus with the protein of interest. For that amino acid sequences
of pVII available in GenBank for genusSiadenovirus members were extracted and aligned with MAFTT
(version 7.450), using Geneious (version 22.1.1, Biomatters, Ltd., Auckland, New Zealand) (scoring matrix
BLOSUM62; gap open penalty 1.53; offset value 0.123). Following the amino acids sequence alignments,
maximum likelihood (ML)-based phylogenetic analysis was performed with 500 non-parametric bootstrap
replicates implemented in Geneious (version 22.1.1, Biomatters, Ltd., Auckland, New Zealand).

Identification of putative NLSs on pVII. The primary sequence from FrAdV1 Pre-pVII (GenBank
accession no; NC 0025011, was analysed with the cNLS mapper software21, and by visual inspection to
identify putative NLSs.

Tertiary structure prediction . AlphaFold2 22was utilized to predict a model for pVII in response to the
absence of structural information. A comprehensive model for the full-length pVII of FrAdV1 1 was created,
emphasising the identified NLS regions. Additionally, for the purpose of structural comparison, we employed
AlphaFold2 and generated a structural model for HAdV5 Pre-pVII10.

Plasmids . Bacterial expression plasmids mediating the expression of truncated version of mouse (m)IMPα2
lacking the autoinhibitory IMPβ1 binding (IBB) domain, and mIMPβ1 from a pET30a backbone were de-
scribed previously 23,24. Mammalian expression plasmids pcDNA3.1-NT-GFP-TOPO and pcDNA3.1-NT-
GFP-TOPO-SV40-NLS, mediating the expression of GFP cycle3, or of a fusion protein between GFP cy-
cle3 and Simian vacuolating virus (SV) 40 large tumor antigen NLS (PKKKRKV-132), respectively, were
described previously 25. Plasmid pEPI-GFP-UL44, encoding a fusion protein between GFP and human
cytomegalovirus (HCMV) DNA polymerase UL44, localizing to the nucleus via the IMPα/β dependent path-
way, was also previously described 26. Plasmid GST-GFP-FUS, encoding a fusion protein translocated via
IMPβ227 was kindly provided from Dorothee Dormann (Mainz, Germany), plasmid pDsRed-C1-Fibrillarin
28, was kindly provided by Denis Archambault (University of Québec, Canada). Plasmid RFP-M9M, enco-
ding from a potent and selective IMPβ2 inhibitor29 was provided by Yoshihiro Kino (Tokyo, Japan), plasmid
mcherry-Bimax2, encoding for a competitive inhibitor of the IMPα/β nuclear import pathway 30 was a gener-
ous gift from Yoshihiro Yoneda and Masahiro Oka (Osaka, Japan). Plasmid DsRed-RanQ69L, encoding for
a transdominant negative, GTPase deficient mutant of the Ran GTPase, which impairs Ran-dependent nu-
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clear transport31, was a generous gift from Michael Green (University of Massachusetts, USA). Mammalian
expression plasmids encoding for GFP-FrAdV1 Pre-pVII (1-149) and substitution derivatives thereof, as
well as for GFP fused to FrAdV1 Pre-pVII individual NLS sequences, were synthesized by BioFab research
(Rome, Italy) and GeneScript (New Jersey, USA). A list of all plasmids used in this study is available in
Supplementary Table S1.

Peptides. Synthetic peptides representing the predicted amino acid residues, with an N-terminal FITC tag,
were synthesized and obtained from GenScript (Supplementary Table S2).

Expression and purification of recombinant proteins. The overexpression of IMPs was carried out in
E. coli pLysS BL21(DE3) as described previously 32 using the auto-induction method 33. After induction,
the cultures were centrifuged at 6000 rpm for 20 minutes at 4°C, and the resulting bacterial pellets were
resuspended in HIS buffer A (pH 8), which consisted of 50 mM phosphate buffer, 300 mM NaCl, and 20 mM
imidazole. To lyse the cells, two freeze-thaw cycles were performed, followed by the addition of lysozyme (1
mL of 20 mg/mL) (Sigma-Aldrich, St. Louis, MI, USA) and DNase (10 μL of 50 mg/mL) (Sigma-Aldrich,
St. Louis, MI, USA), and incubation at room temperature for 1 hour. The supernatants containing soluble
proteins were collected by centrifugation at 12,000 rpm for 30 minutes at 4°C. The extracts were then filtered
through 0.45 μm low protein affinity filters and injected into a 5 mL HisTrap HP column (GE Healthcare,
Chicago, IL, USA) that had been pre-equilibrated with His buffer A, in an AKTA purifier FPLC system (GE
Healthcare, USA). Followed by washes of 20 column volumes with His buffer A, the proteins of interest were
eluted using a gradually increasing gradient of imidazole (ranging from 20 mM to 500 mM) (ChemSupply,
Gillman, SA, Australia). The eluted protein fractions were combined and loaded onto a pre-equilibrated
HiLoad 26/60 Superdex 200 column (GE Healthcare, USA) in GST buffer A (50 mM Tris and 125 mM
NaCl) for further purification using size-exclusion chromatography. The fractions corresponding to the
eluted volumes at the respective protein sizes were collected, and the samples were concentrated using an
Amicon MWCO 10 kDa filter (Merck Millipore, Burlington, MA, USA). Prior to experimental use, the purity
of the samples was assessed by performing SDS-PAGE at 165 V for 30 minutes on a 4–12% Bis-Tris Plus gel
(Thermo Fisher Scientific, Waltham, MA, USA).

Fluorescence polarization (FP) assays. FrAdV1 Pre-pVII NLSs were incubated with IMPs in a two-fold
serial dilution scheme, essentially as described previously 34,35. The experiment involved testing IMPαΔIBB
isoform 2 and IMPβ1, separately. Starting with a low concentration of 5 μM, the dilution series was performed
across 23 wells in a 96-well, black Fluotrac microplate (Greiner Bio-One, Austria) each plate containing an
appropriate negative control lacking the IMP binding partner. GST buffer A (50 mM Tris and 125 mM
NaCl) was added to bring the total volume of 200 μL per well and fluorescence polarization measurements
were recorded immediately using a CLARIOstar Plus plate reader (BMG Labtech, Germany). The assays
were repeated in triplicate to ensure consistency. The data from the three independent experiments were
analysed using GraphPad Prism software (version 9.3.1) to determine the dissociation constant (Kd). A
summary of FP assays results is shown in Supplementary Table S3.

Crystallization, data collection, and structure determination.The hanging drop vapor diffusion
method was employed to crystallize the IMPα2ΔIBB:FrAdV1 pVII NLS protein complex. The complex was
attained in a 1:1 molar ratio, with each hanging drop having a total volume of 3 μL over a well of 300
μL precipitant solution containing 650 mM sodium citrate (pH 6.5) and 10 mM DTT at a temperature of
23°C. Crystals were formed after 3 days of incubation. Formed crystals were collected and cryoprotected in a
precipitant solution containing 20% glycerol, before being rapidly frozen in liquid nitrogen. X-ray diffraction
data were obtained at the Australian Synchrotron using the MX2 macromolecular beam lines, utilizing an
Eiger 16M detector 36. The data obtained were subjected to indexing and integration using MOSFLM37.
Subsequent steps including merging, space group assignment, scaling, and Rfree calculations were carried out
using AIMLESS within CCP4, a suite of programs for crystallographic data processing 38. The final model
building and refinement were performed using software tools that are commonly used for model building
and refinement in structural biology, COOT39, and Phenix 40. Phasing was performed using molecular
replacement in Phaser 41 and PDB code 3UKX was used as the search model for IMPα2. The finalized
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model was subjected to validation and subsequently deposited to the Protein Data Bank (PDB) with an
assigned accession number 8U36; refinement statics are detailed in Supplementary Table S3.

Cells . HEK293A cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) foetal 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% CO2 and passaged when reached confluence as described
in42.

Transfections. HEK293A cells were seeded in a 24-well plate onto glass coverslips (5×104 cells/well). The
next day, cells were transfected with appropriate amounts of expression constructs (range 5-250 ng), using
Lipofectamine 2000 (ThermoFisher Scientific, Monza, Italy), following the manufacturer’s recommendations
and further incubated at 37 °C and 5% CO2 in complete medium as described 43, until being processed for
CLSM.

CLSM and image analysis. Cells were transfected and incubated for 24 hours to allow expression of
spontaneously fluorescent proteins. Afterward, the cells were treated with DRAQ5 (#62251, ThermoFisher
Scientific, Monza, Italy) at a dilution of 1:5000 in DMEM without phenol red for 30 minutes 44. Following
incubation, the cells were washed twice with PHEM 1x solution (60 mM PIPES, 25 mM HEPES, 10 mM EG-
TA, and 4 mM MgSO4) and fixed with 4% paraformaldehyde (v/v) for 10 minutes at room temperature (RT).
After three washes with PBS 1x, coverslips were mounted on glass slides using Fluoromount G (Southern
Biotech, Birmingham, AL, USA). The subcellular localization of fusion proteins was examined using a Nikon
A1 confocal laser scanning microscope (Nikon, Tokyo, Japan) equipped with a 60x oil immersion objective,
following the established protocol outlined in45,46. To determine the levels of nuclear accumulation of the
proteins of interest, the FiJi public domain software (https://doi.org/10.1038/nmeth.2019) was utilized, and
single-cell measurements were taken for nuclear (Fn), nucleolar (Fno), and cytoplasmic (Fc) fluorescence.
DRAQ5 and fibrillarin were used to define nuclear and nucleolar masks, respectively, while a small area close
to DRAQ5 was used to define a cytosolic mask as previously47. The fluorescence attributed to autofluore-
scence/background (Fb) was subtracted from the measurements, to calculate the Fn/c and Fno/Fn ratios
according to the formulas Fn/c = (Fn-Fb)/(Fc-Fb) and Fno/Fn = (Fno-Fb)/(Fn-Fb). Cells with oversa-
turated signals were excluded from analysis. To allow easier detection of nucleoli, cells were co-transfected
with DsRed-fibrillarin expression plasmid, and rgb profile plots calculated with FiJi. Statistical analysis was
performed using GraphPad Prism 9 software (GraphPad, San Diego, CA, USA) applying either Student’s
t-test, one-way ANOVA, or two-way ANOVA, as appropriate.

Results

Evolution of Pre-pVII in siadenoviruses and identification of NLSs within Frog siadenovirus
1 (FrAdV1). Nuclear transport of AdV pVII has been partially characterized for HAdV. Several studies
reported that HAdV5 pVII utilizes several different NLSs, enabling transportation to the host cell nucleus
via various import pathways, whereas very little is known for other AdVs. While HAdV2 Pre-pVII localized
to the nucleolus, we have recently shown that the psittacine siadenovirus F (PsSiAdV) Pre-pVII mainly
localized in the nucleoplasm, when expressed in the absence of any other viral proteins, implying important
differences in nuclear localization among diverse AdVs47. To gain insights into the evolutionary aspects
of pVII among siadenovirus members, we performed a phylogenetic analysis using their primary amino
acids sequences and identified FrAdV1 pVII as the most ancient form within the genus Siadenovirus (Fig.
1A). In order to better understand the nuclear transport of FrAdV1 Pre-pVII, we analyzed its primary
sequence bioinformatically with cNLSmapper, and by visual inspection for putative nuclear localization
signals (NLSs). Such analysis revealed four putative NLSs (NLSa:43GYWRRKR SKK A53, NLSb:74RKK
IPK TPVGVVGPLWQGTRKR 95; NLSc:111GRK IKK AR AP120, NLSd: 141PPRKRRR VA149), of
which NLSb was identified a putative bipartite NLS (Fig. 1B). FrAdV1 and HAdV5 Pre-pVII share very
little sequence identity (26.1%). Accordingly, the identified NLSs have no clear counterparts in HAdV5 pVII
(Fig. 1C).

Since the structure of Pre-pVII proteins is yet to be determined, we employed AlphaFold2 to generate models
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that may provide preliminary insights into their structure (Supplementary Fig. S1). Predictions suggest
HAdV5 Pre-pVII to be disordered, with an unstructured N-terminus (comprised of a loose string of five
alpha helices, and two beta strands separated by flexible loops) and a disordered C-terminus (Supplementary
Fig. S1A-C). AlphaFold2 also predicts FrAdV1 Pre-pVII to be an intrinsically disordered protein with no
structured regions (Supplementary Fig. S1D-E). Such disorder would potentially enable exposure of the
putative NLS regions, making them accessible to the nuclear import receptors. Such a model would likely
be flexible and dynamic and could adopt multiple conformations and be accessible to bind nuclear import
receptors.

FrAdV1 Pre-pVII protein strongly accumulates in the nucleolus in the absence of other viral
proteins . To investigate the subcellular localization of FrAdV1 Pre-pVII, we transiently expressed a Pre-
pVII GFP-fusion protein, and compared its subcellular localization to similar fusions with HAdV2 Pre-pVII
and PsSiAdV Pre-pVII, which are known to accumulate into the nucleoli and nucleoplasm, respectively47. As
further controls, GFP alone and GFP fused to human cytomegalovirus (HCMV) DNA polymerase processivi-
ty factor UL44 were also expressed 48, while DsRed-fibrillarin was used as a marker for nucleolar localization
(Fig. 2A). As expected, GFP alone localised with a diffuse pattern distributed between the nuclei and cy-
toplasm, whereas UL44 strongly accumulated in the cell nucleus, and both proteins were largely excluded
from the nucleoli (Fig. 2B). As recently shown, Pre-pVII from PsSiAdV exhibited a localization reminiscent
of UL44, while HAdV2 accumulated in the nucleoli and colocalised with fibrillarin, although a considerable
fraction of the protein was detectable in the nucleoplasm (Fig. 2B). Intriguingly, FrAdV1 Pre-pVII strongly
accumulated in the nucleoli, with limited detection in the nucleoplasm, displaying a different localization
pattern to its HAdV2 and PsSiAdV orthologues (Fig. 2B).

FrAdV1 Pre-pVII NLSs can bind to different cellular transporters. Given their ability to interact
with multiple IMPs, HAdVs pVIIs are believed to be transported into the nucleus by multiple pathways 10.
We therefore assessed the binding of each FrAdV-1 putative NLS to IMPα2 and IMPβ1 using a quantitative
fluorescence polarization (FP) assay, commonly used in the field23,25,34,35,47 (Figure 3 and Supplementary
Table S3). Interestingly, NLSa interacted with IMPβ1 with high affinity, NLSd interacted with high affinity
with IMPα2, while NLSb and NLSc bound with low affinity to both IMPα2 and IMPβ1 (Figure 3 and
Supplementary Table S3). These results suggest that FrAdV1 Pre-pVII can interact with different IMPs
via distinct NLSs, consistent with its ability to be transported into the nucleus via several nuclear import
pathways.

ΦρΑδ῞1 Πρε-π῞ΙΙ ΝΛΣς ςαν ςονφερ ΙΜΠα/β δεπενδεντ ανδ ινδεπενδεντ νυςλεαρ ιμπορτ

το ηετερολογους προτεινς. Since the FrAdV1 Pre-pVII strongly accumulated in the nucleoli of trans-
fected cells and contains four putative NLSs (Fig. 1BC) which can mediate binding to several IMPs (Fig. 3),
we analysed their ability to alter the subcellular localization of a reporter protein. To this end, we analysed
the subcellular localization of fusion proteins between GFP and FrAdV1 Pre-VII putative NLSs when tran-
siently expressed in mammalian cells (Fig. 4A), followed by quantitative analysis on nuclear and nucleolar
accumulation levels (Fig. 4BC). We also expressed GFP alone and GFP fused to Simian Virus 40 (SV40)
large tumour antigen (LTA) NLS, as negative and positive controls for nuclear accumulation respectively. As
expected, GFP alone equally distributed between nucleus and cytoplasm (Fig. 4B) with a Fn/c of 1.2 (Fig.
4C); GFP-SV40-NLS strongly accumulated in the cell nucleus (Fig. 4B), with a Fn/c of 6.9 (Fig. 4C); and
both proteins were partially excluded from the nucleoli with a Fno/Fn < 1 (Fig. 4D). Importantly, fusion
to each FrAdV1 Pre-pVII-NLS affected GFP subcellular localization, although to different extents. The
highest levels of nuclear accumulation were observed for GFP-FrAdV1 pVII-NLSd, with a Fn/c of 7.2 (Fig.
4C), and similarly to GFP alone, it was mainly excluded from nucleoli (Fno/n < 1, Fig. 4D). On the other
hand, while nuclear accumulation mediated by either NLSa or NLSc was considerably lower as compared to
NLSd, both sequences could significantly increase GFP targeting to the nucleolus (Fig. 4D). Finally, NLSb
slightly increased GFP nuclear targeting (Fn/c of. c. 2, see Fig. 4C), but not its nucleolar accumulation
(Fno/n < 1, see Fig. 4D). Our results suggest that FrAdV1 Pre-pVII contains four sequences which could
contribute to its nuclear localization (NLSa-d), and two (NLSa and NLSc) which could contribute to its nu-
cleolar targeting. Since we and others have extensively shown that the peptide inhibitor Bimax2 can abolish
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IMPα/β dependent nuclear import 21,25,49, we decided to test its effect on the activity of FrAdV1 Pre-pVII
NLSs. We therefore tested the effect of co-expression with mCherry-Bimax2 on the nuclear accumulation of
the FrAdV1 Pre-pVII NLSs GFP fusion proteins (Supplementary Fig. S2). As expected, expression with
Bimax2 completely abolished nuclear targeting of GFP-SV40 NLS (Supplementary Fig. S2), consistent with
its ability to bind exclusively to IMPα/β via IMPα. Importantly, Bimax2 significantly reduced nuclear ac-
cumulation mediated by NLSd but not by NLSa, NLSb and NLSc (Supplementary Fig. S2B). These results
are consistent with FrAdV1 Pre-pVII NLSd being a cNLS functionally interacting with IMPα.

Ηιγη-ρεσολυτιον ςρψσταλ στρυςτυρε υνςοvερς τηε ςλασσιςαλ βινδινγ ιντερφαςε οφ Ι-

ΜΠα ΦρΑδ῞1 Πρε-π῞ΙΙ ΝΛΣδ. Based on our observation that the FrAdV1 Pre-pVII NLSd bound to
with high affinity to IMPα2, we undertook X-ray crystallography of this complex to gain a deeper understand-
ing of the interactions between FrAdV1 Pre-pVII and host cellular transporters. The protein crystallization
process was carried out using the hanging-drop vapor diffusion method, resulting in the formation of large
rod-shaped crystals within a three-day incubation period (Fig. 5). These crystals diffracted to 2.2 Å at
the Australian Synchrotron on the MX2 beamline, and the data were indexed in P212121, with unit cell
parameters of a = 77.29, b = 89.29, and c = 95.80. The structure was solved using Phaser 41 through
molecular replacement with the model derived from PDB entry 3UKX. The resolved structure identified
one chain of FrAdV1 Pre-pVII NLSd (PPRKRRR VA-149) bound to IMPα2ΔIBB (residues 72-498) with
a well-characterized lysine at the P2 site. Lys144 is the predominant binding determinant of the major
binding site forming hydrogen bonds with Gly150, Thr155, and Asp192 at the P2 binding pocket of IMPα2,
with a salt bridge formed between Asp192 of IMPα2 and Lys144 of the NLSd peptide. Arg145 of NLSd
interact with the P3 binding site of IMPα2 at Asn188 and Asn288, via hydrogen bonding whereas Arg146
and Arg147 bound at P4 and P5 positions (Fig. 5) 39,40. The full data collection and refinement statistics
is given in Supplementary Table S4. Furthermore, when an excessive amount of peptide is employed, NLSd
was found at IMP[?] minor binding site (Fig. 5B). Our results are therefore consistent with NLSd being a
cNLS functionally interacting with IMPα major binding site.

FrAdV1 Pre-pVII can accumulate in the nucleolus in a Ran independent process. Since nuclear
import of HAdV2 Pre-pVII and mature pVII has been shown to rely on IMPα/β, and IMPβ2, respectively10,
we analysed the effect of inhibitors of the IMPα/β and IMPβ2 nuclear import pathways on the subcellular
localization of FrAdV1 Pre-pVII. Inhibitors tested include mcherry-Bimax230, which impairs IMPα/β depen-
dent nuclear import, M9M-RFP 29, which inhibits IMPβ2 dependent nuclear import, and DsRed-RanQ69L
31, affecting Ran dependent nuclear import (Fig. 6A). GFP-UL44, which is imported into the nucleus by
IMPα/β, was also expressed as a control 48. As previously, in the absence of nuclear import inhibitors,
both GFP-UL44 and FrAdV1 Pre-pVII strongly localised to the cell nucleus (Fig. 6B), with a Fn/c > 20
(Fig. 6C). Co-expression with either mCherry-Bimax2 (Fn/c 0.3) or DsRed-RanQ69L (Fn/c 1.1) strongly
impaired nuclear accumulation of GFP-UL44, while no significant reduction was observed in the presence of
RFP-M9M (Fig. 6C). Surprisingly, GFP-FrAdV1 Pre-pVII nuclear import was not significantly impaired by
any inhibitor tested. The lack of response to either Bimax2 or M9M can be interpreted as the consequence of
the ability of Pre-pVII to interact with multiple IMPs, while nuclear localization in the presence of RanQ69L
could be the consequence of its ability to passively enter the nucleus due to its low molecular weight, followed
by interaction with nuclear components.

Molecular dissection of the role of FrAdV1 individual in nuclear and nucleolar targeting. To
verify these hypotheses, we dissected the contribution of each NLS identified here to FrAdV1 Pre-VII nuclear
and nucleolar targeting. Therefore, we quantitatively analysed the subcellular localization of transiently
expressed GFP fusion proteins with FrAdV1 Pre-pVII and several substitution derivatives thereof, whereby
NLS basic residues were replaced either by A or T (Fig. 7A), using DsRed-Fibrillarin as a nucleolar marker.
Importantly, individual inactivation of single NLSs did not significantly reduce nuclear accumulation (Fig.
7B and C), with barely no signal being detectable in the cytosol of cells expressing GFP-FrAdV1 Pre-pVII
wt (Fn/c of 17.7), mNLSa (Fn/c of 14.7), mNLSb (Fn/c of 14.8), mNLSc (Fn/c of 17.9) and mNLSd (Fn/c
of 15.69). Simultaneous inactivation of either NLSa and NLSc (mNLAac, Fn/c of 11), NLSa and NLSd,
(mNLSad, Fn/c of 12) or NLSc and NLSd (mNLScd, Fn/c of 15) only mildly reduced nuclear localization
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(Fig. 7C). These results confirm that, when any of FrAdV1 Pre-VII NLS is individually inactivated, the
others can functionally compensate for its absence. However, simultaneous inactivation of NLSa, NLSc and
NLSd was sufficient to significantly reduce nuclear accumulation (mNLSacd, Fn/c of 7.7). This data suggests
that NLSb is functional in the context of full-length protein, but not sufficient to mediate optimal nuclear
targeting. Accordingly, further inactivation of NLSb completely abolished nuclear accumulation (mNLSabcd,
Fn/c 1.5). Therefore, FrAdV1 contains multiple functional NLSs responsible of active nuclear import, which
are apparently functionally redundant.

On the other hand, almost any substitution introduced in FrAdV1 Pre-pVII NLSs significantly affected
nucleolar accumulation, although to a different extent (Fig. 7B). Quantitative analysis revealed that GFP-
FrAdV1 Pre-pVII nucleolar accumulation (Fno/n of c. 20) was minimally affected by substitutions within
NLSa (mNLSa, Fno/n of 13.5) or NLSd (mNLSd, Fno/n of 10.8), while it was clearly affected by sub-
stitution of either NLSb (mNLSb, Fno/n of 3.7) and especially NLSc (mNLSc, Fno/n of 1.2). Overall,
all derivatives containing substitutions within NLSc failed to accumulate in the nucleoli, confirming that
NLSc (111GRK IKK AR AP120) has a major role in nucleolar accumulation, while NLSb (RKK IPK
TPVGVVGPLWQGTRKR -95) also contributes to nucleolar targeting.

ΦΑδ῞1 Πρε-π῞ΙΙ ις τρανσπορτεδ ιντο τηε νυςλευς βψ ΙΜΠα/β ανδ ΙΜΠβ, σπεςιφιςαλλψ

ρεςογνισινγ ινδιvιδυαλ ΝΛΣς. To more precisely characterize the contribution of each NLS identified in
this study to the functional interaction with specific IMPs, we analyzed the effect of overexpressing inhibitors
of specific nuclear import pathways on the subcellular localization of the FrAdV Pre-pVII substitution
derivatives. To this end, mammalian cells were transfected to express GFP-fusion proteins (Fig. 8A) in
the presence and absence of mcherry-Bimax2, M9M-RFP or DsRed-RanQ69L, and microscopic images were
captured by CLSM (Fig. 8B), followed by quantitative analysis of the levels of nuclear (Fn/c; Fig. 8C) and
nucleolar (Fno/n; Fig 8D) accumulation. Despite the nuclear accumulation of FrAdV1 Pre-pVII not being
affected by any inhibitor tested, nuclear import of all substitution derivatives lacking NLSc (mNLSc, mNLSac,
mNLScd and mNLSabc) was significantly inhibited by RanQ69L (Fig. 8B and C, see Supplementary Figs
S3-S5). This suggests that Pre-pVII is capable of passively diffusing into the nucleus, likely due to its small
size, and accumulating in the nucleolus in the absence of active transport by binding to nucleolar components
dependent on NLSc, which functions as a NoLS. In the absence of a NoLS, nuclear accumulation is dependent
on Ran-dependent active nuclear import, and therefore inhibited by RanQ69L. Intriguingly, M9M did not
inhibit nuclear import of any FrAdV1 derivative (Fig. 8BC, Supplementary Figs S6 and S7), despite the
reduced accumulation of a GFP-GST-FUS fusion protein, which has been shown to be functionally depend
on transportin (also called IMPβ2; Supplementary Fig. S8). These findings suggest that transportin does not
play a major role in FrAdV1 Pre-pVII nuclear import. Finally, nuclear accumulation of most FrAdV1 Pre-
pVII derivatives was not affected by Bimax2 co-expression, unless both NLSa and NLSc were simultaneously
inactivated, such as in the case of FrAdV1 Pre-pVII mNLSac, and Pre-pVII mNLSacd (Fig. 8B and C,
Supplementary Figs S9 and S10). Taken together, our data suggest that each signal identified in this study
plays a specific and independent role in mediating FrAdV1 Pre-pVII subcellular trafficking. NLSa confers
IMPβ1 dependent nuclear import, NLSb is an atypical sequence which contributes both to IMPα/β nuclear
import and nucleolar targeting, and NLSc is the main NoLS, mediating nucleolar localization by interacting
with intranuclear components, while NLSd is a cNLS conferring IMPα/β nuclear import (Fig. 9).

Discussion

While several studies have identified NLSs in pVII from human mastadenovirus C, the presence, specific
contribution, as well as their role in nuclear import of various other adenovirus members remained elu-
sive. Here we have combined bioinformatics, microscopy imaging, biochemical and structural approaches
to identify and characterize four putative NLSs in Pre-pVII from the ancient siadenovirus FrAdV1. Fur-
ther, by co-expression of wild type and NLS substitution derivatives thereof in the presence and absence
of several nuclear import pathways inhibitors (Fig. 2, 6, 7, 8) we have characterized the contribution of
each NLS to the subcellular localization of FrAdV1 Pre-pVII, thus unveiling the contribution of different
nuclear import pathways. This is the first study to characterize and dissect the functional contribution of
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individual sequences to the subcellular localization of an AdV pVII protein and may provide a basis for
future evolutionary comparisons regarding different AdV pVII proteins 8,10,12,50.

When expressed in the absence of other viral proteins, FrAdV1 Pre-pVII strongly accumulated in cell nucleoli
(Fig. 2), in stark contrast to what was reported for Pre-pVII from both PsSiAdV which is known to
accumulate in the nucleoplasm 47 and from HAdV2, which has been shown to localize in the nucleoplasm
and in the nucleoli8. The reason and functional significance for such discrepancies remain elusive, but it is
noteworthy that in the case of FrAdV-1, nucleolar accumulation is dependent on a highly basic sequence
(NLSc:111GRK IKK AR AP120), which is the main determinant of nucleolar targeting, and a bipartite
sequence located upstream (NLSb:74RKK IPK TPVGVVGPLWQGTRKR 95; see Fig. 7), which also
contributes to the process, although to a lesser extent. On the other hand, only one NoLS (93MRR YAK
MKRRRRR VARR HRRR 112) has been identified in HAdV2 Pre-pVII 8, while none have been identified
in PsSiAdV Pre-pVII 47. Therefore, it is likely that the number and strength of NoLSs on AdV Pre-pVII
proteins influences their degree of nucleolar targeting. Our findings strengthen the hypothesis that Pre-pVII
from different AdVs are endowed with specific subcellular localization abilities, as exemplified by the ability
of bovine adenovirus 3 Pre-pVII to localize to mitochondria during viral infection 51.

We propose a model for Frog Pre-pVII nuclear transport where the strong nucleolar targeting is due to
the concerted action of the four NLSs identified here, each playing a specific role in protein subcellular
localization (Fig. 9). The N-terminal NLSa appears to be a non-classical NLS, binding with high affinity to
IMPβ1 directly (Fig. 3 and 4), similarly to HIV-1 tat and Rev NLSs 52. NLSb is poorly active outside of
its physiological context, both in terms of IMP binding (Fig. 3) and nuclear targeting activity (Fig. 4 and
Supplementary Fig. S2). However, it is sufficient to confer IMPα/β1 dependent nuclear targeting to full-
length FrAdV1 Pre-pVII once all other NLSs have been inactivated (Fig. 7 and Fig. 8). This suggest that
NLSb might be an atypical NLS which binds IMPs thanks to its specific three-dimensional conformation,
rather than in a liner fashion, such as reported for the NLS described in the intestinal fatty acid binding
protein 53. NLSc can partially target a heterologous protein to the nucleolus in an IMPα/β1 independent
fashion, does not bind either IMPα2 nor IMPβ1 with high affinity (Fig. 3 and Supplementary Table S4), but
substitution of its basic residues in the context of full-length Pre-pVII completely ablates nucleolar targeting
(Fig. 7), suggesting that it is important for nucleolar localization, but by itself, not sufficient to localise
proteins to the nucleolus. It therefore has similarities to regions within HAdV2 that act as an NoLS8. Finally,
the C-terminal NLSd is a bona fidaemonopartite cNLS mediating IMPα/β1 dependent nuclear transport, by
directly interacting with IMPα major binding site (Figs. 3-5).

Therefore, our data are consistent with previous studies that reported the ability of Pre-pVII proteins to
bind multiple IMPs and be important through multiple pathways 8,10,12,50. Whilst HAdV5 Pre-pVII nuclear
transport is dependent on IMPα/β1 12, wild-type FrAdV1 Pre-pVII can accumulate in the nucleolus even
in the presence of the highly efficient IMPα/β1 inhibitor Bimax2. Since simultaneous mutation of NLSc
(conferring nucleolar accumulation) and NLSa (binding to IMPβ1 with high affinity) renders FrAdV1 Pre-
pVII nuclear transport sensitive to Bimax2, FrAdV1 can be actively imported in the nucleus by IMPα/β1
(via NLSd) and IMPβ1 (via NLSa). The evidence that FrAdV1 Pre-pVII nuclear and nucleolar localization
was not impacted by the transdominant negative RanQ69L, strongly supports the idea that it can enter
the nucleus by passive diffusion and be therein retained after interaction with dsDNA and other nuclear
components. Indeed, HAdV2 Pre-pVII has been shown to interact with cellular DNA and co-localize with
human chromosomes 8, and mutation of the highly basic NLSc, which results in loss of nucleolar localization,
is sufficient to render Frog Pre-pVII sensitive to RanQ69L, but not to Bimax2.

In conclusion, our findings revealed important differences between the import of FrAdV1 Pre-pVII in com-
parison to what has been reported for HAdV and PsSiAdV. In particular the protein accumulated in the
nucleolus more strongly as compared to its orthologues, and its nuclear targeting is insensitive to inhibition of
IMPα/β1. The findings of this study provide valuable insights into how different adenoviruses interact with
the host cell’s nuclear transport machinery. Understanding these interactions may have broader implications
for viral replication and infection strategies across different adenovirus genera, and potential applications in
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therapeutic approaches.
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Figures and Legends
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Figure 1. The evolution of pVII in siadenoviruses and identified NLSs in FrAdV1 pVII. (A
) The phylogenetic tree exhibits the possible evolutionary relationship of siadenoviruses based on protein
VII. The numbers on the left show bootstrap values as percentages, and the labels at branch tips refer
to adenovirus species name, followed by GenBank accession number in parentheses. (B ) Frog adenovirus
1 (FrAdV1 pVII) (GenBank Accession no: NC 002501) 7 and human adenovirus (HAdV pVII) (GenBank
Accession no: AC 000008) sequences were aligned using Geneious Prime (version 21.1.1, Biomatters, Ltd.,
Auckland, New Zealand) and previously described NLSs and NoLS are highlighted in dark and light blue
shadings respectively. (C ) Simplified diagram displaying the identified putative NLS regions of FAdV pVII
and previously described NLSs and NoLS from HAdV27,8,10.
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Figure 2. FrAdV1 Pre-pVII proteins localizes to the cell nucleus, and accumulates in the
nucleoli. (A) Schematic representation of the GFP-fusion proteins expressed. Proteins are represented by
white horizontal bars . NLSs are shown as blue vertical bars , along with their amino acidic sequence. The
single letter amino acid code is used. Basic residues are in boldface . (B) The indicated GFP fusion proteins
were transiently co-expressed in HEK293A with DsRed-fibrillarin by means of Lipofectamine 2000 transfecti-
on. 24h post transfection, cells were incubated with DRAQ5 to stain cell nuclei, fixed with paraformaldehyde
and processed for CLSM analysis as described in the Materials and Methods section. Representative images
of the 633 nm (nuclei), 488 nm (GFP), and 568 (fibrillarin) laser channels are shown, along with a merged
image (merge), and a rgb profile plot across the indicated area.

Figure 3. Analysis of FrAdV1 Pre-pVII NLS peptides interaction with IMPs. Fluorescence
polarisation assay measuring the direct binding between FrAdV1 Pre-pVII NLSs and IMPα2 (left) and
IMPβ (right). Data are shown as mean values ± SEM relative to three independent experiments.
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Figure 4. FrAdV1 Pre-pVII contains multiple functional NLSs. (A) Schematic representation of the
GFP-fusion proteins expressed, with NLSs represented as white boxes, along with their amino acid sequence
and position. (B) HEK 293-A cells were seeded on glass coverslips and transfected to express the indicated
GFP fusion proteins. 24 h post transfection cells were incubated with DRAQ5 to stain cell nuclei, fixed and
coverslips mounted on slide holders before being analysed by using a Nikon A1 CLSM equipped with a 60x
oil immersion objective. Representative images of the 633 nm (nuclei), 488 nm (GFP), and 568 (fibrillarin)
laser channels are shown, along with a merged image (merge). Micrographs such as those shown were
used for image analysis by measuring nucleolar (Fno), nuclear (Fn), cytoplasmic (Fc) and background (Fb)
fluorescence for single cells using FiJi. (C) The levels of nuclear accumulation (Fn/c) were calculated using
the formula Fn/c = (Fn-Fb)/(Fc-Fb). (D) The levels of nucleolar accumulation (Fno/n) were calculated
using the formula Fno/n = (Fno-Fb)/(Fn-Fb). Data shown are individual measurements (circles ), along
with means (black horizontal bars) + standard deviation of the mean relative to > 45 cells from three
independent experiments per each GFP fusion protein, along with the results of Welch and Brown-Forsythe
ANOVA statistical analysis as compared to GFP alone (/). **** = p <0.0001.
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Figure 5. ῝ρψσταλ στρυςτυρε οφ αδενοvιρυς ΦΑρδ῞1 Πρε-π῞ΙΙ ΝΛΣδ βουνδ το Ι-

ΜΠα2ΔΙΒΒ. Protein crystals of IMPα2ΔIBB in complex with FrAdV1 Pre-pVII NLSd FITC-labelled
peptide were formed after 3 days of incubation at 23 0C with 0.65M Na Citrate, pH 6.5. The structure
solved at 2.2 Å resolution showed the FAdV1 pVII NLSd (shown in green color stick mode) bound to IMPα
(shown in grey surface mode) at the major binding site. The P2 binding pocket (pink surface) is comprised
of Gly150, Thr155 and Asp192.

Hosted file

image6.emf available at https://authorea.com/users/757211/articles/729497-mechanistic-

insights-into-an-ancient-adenovirus-precursor-protein-vii-shows-multiple-nuclear-import-
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Figure 6. ΦρΑδ῞1 Πρε-π῞ΙΙ λοςαλιζε το τηε ςελλ νυςλευς ινδεπενδεντλψ οφ ΙΜΠα/β ανδ
ΙΜΠβ2. (A) Schematic representation of the GFP-fusions and of nuclear import inhibitors used in the
assay. Proteins are represented by white horizontal bars. NLSs are shown as blue vertical bars, along
with their amino acidic sequence and position. The single letter amino acid code is used. Basic residues
are in boldface. (B) The indicated GFP fusion proteins were transiently expressed in HEK293A by means
of Lipofectamine 2000 transfection, in the absence (no add ) or in the presence of plasmids mediating the
expression of either mCherry-Bimax2 (+ Bimax2 ), RFP-M9M (+ M9M ) or DsRed-RanQ69L (+ RanQ69L
). 24h post transfection, cells were incubated with DRAQ5 to stain cell nuclei, fixed with paraformaldehyde
and processed for CLSM analysis as described in the Materials and Methods section. Representative images
the 633 nm (nuclei ), the 488 nm (GFP ), and 561 nm (inhibitor ) channels are shown, along with a merged
image (merge ). (C) Micrographs such as those shown in (B) were quantitatively analysed 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 section. Data shown are individual measurements (circles ), along
with means (black horizontal bars) + standard error of the mean (SEM), relative to pooled data from at
least 27 cells from three independent experiments. The dashed horizontal line indicates a Fn/c of 1, which
corresponds to equal distribution between nucleus and cytoplasm. Results from two-way ANOVA test for the
nuclear accumulation of the indicated GFP-fusion proteins in the absence or in the presence of the indicated
nuclear transport inhibitors are shown. ***: p < 0.005; ****: p < 0.0001.
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Figure 7. Dissection of the individual contribution of each putative NLS to FrAdV1 nuclear
and nucleolar targeting. (A) Schematic representation of the GFP-FrAdV1 Pre-pVII fusion proteins
expressed. Proteins are represented by a white horizontal bar . NLSs are shown as blue vertical bars , along
with their amino acidic sequence. Individual amino acidic substitutions are indicated by arrows and their
sequence is in red . The single letter amino acid code is used. Basic residues are in boldface . (B) The
indicated GFP fusion proteins were transiently co-expressed with DsRed-fibrillarin in HEK293A by means
of Lipofectamine 2000 transfection. 24h post transfection, cells were incubated with DRAQ5 to stain cell
nuclei, fixed with paraformaldehyde and processed for CLSM analysis as described in the Materials and
Methods section. Representative images of the 633 nm (nuclei), 488 nm (Pre-pVII), and 568 (fibrillarin)
laser channels are shown, along with a merged image (merge), and a rgb profile plot across the indicated
area. (C, D) Micrographs such as those shown in (B) were quantitatively analysed to calculate the levels of
nuclear (C) or nucleolar (D) accumulation relative to the indicated fusion proteins at the single cell level, as
described in the Materials and Methods section). Data shown are individual measurements (circles), along
with are means (black horizontal bars) + standard error of the mean (SEM), relative to pooled data from
at least 70 cells from three independent experiments. Results from Welch and Brown-Forsythe ANOVA test
for accumulation of the indicated mutant Pre-pVII proteins as compared to the wild-type protein. ***: p <
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0.001; ****: p < 0.0001.

Hosted file

image8.emf available at https://authorea.com/users/757211/articles/729497-mechanistic-

insights-into-an-ancient-adenovirus-precursor-protein-vii-shows-multiple-nuclear-import-

receptor-pathways

Figure 8. Selective response of FrAdV1 Pre-pVII NLS substitution derivatives to nuclear trans-
port inhibitors unveils the specific interaction of individual NLSs with cellular IMPs. (A)
Schematic representation of the GFP-FrAdV1 Pre-pVII fusion proteins expressed. Proteins are represented
by a white horizontal bar . NLSs are shown as blue vertical bars , along with their amino acidic sequence.
Individual amino acidic substitutions are indicated by arrows and their sequence is in red . The single
letteramino acid code is used. Basic residues are in boldface . (B) The indicated GFP fusion proteins were
transiently expressed in HEK293A by means of Lipofectamine 2000 transfection, in the absence (no add )
or in the presence of plasmids mediating the expression of either mCherry-Bimax2 (+ Bimax2 ), RFP-M9M
(+ M9M ) or DsRed-RanQ69L (+ RanQ69L ). 24h post transfection, cells were incubated with DRAQ5 to
stain cell nuclei, fixed with paraformaldehyde and processed for CLSM analysis as described in the Materials
and Methods section. Representative merged images of 633 nm (nuclei, blue ), 488 nm (GFP, green ), and
561 nm (inhibitors, red)laser lines are shown. Images of individual channels and additional histograms are
shown in the Supplementary Figs S3-S10. (C, D) Micrographs such as those shown in (B) were quantitatively
analysed to calculate the levels of nuclear (C) or nucleolar (D) accumulation relative to the indicated fusion
proteins at the single cell level, as described in the Materials and Methods section. Data shown are individual
measurements (circles), along with are means (black horizontal bars) + standard error of the mean (SEM),
relative to pooled data from at least 20 cells from three independent experiments. Results from Welch and
Brown-Forsythe ANOVA test for accumulation of the indicated GFP fusion protein expressed in the absence
or in the presence of the indicated nuclear transport inhibitors. *:p < 0.05; **:p < 0.01; ***: p < 0.001;
****: p < 0.0001; ns: non-significant.

Figure 9. A model for FrAdV1 Pre-pVII nuclear import.Schematic representation of FrAdV1 Pre-
pVII and its targeting sequences. The protein is represented by a white horizontal bar . NLSs are shown as
blue vertical bars , along with their amino acidic sequence. The single letter amino acid code is used. Basic
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residues are in boldface . NLS: nuclear localization signal; cNLS: classical NLS; ncNLS: non classical NLS;
NoLS: nucleolar localization signal.
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