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Fusobacterium nucleatum (Fn) has been appositely termed as “oncobacterium” owing to its high abundance in colorectal tumor tissues throughout the course of tumorigenesis. However, beyond FadA and Fap2, there is a limited understanding of its virulence factors and mode of pathogenesis. Latest studies indicate an association of host genetic and epigenetic modifications with the degree of Fn colonization in tumor tissues. These changes are implicated in rendering the microenvironment more conducive for progression to later stages of tumorigenesis. Recent reports suggest the involvement of strains belonging to Clade C2 within Fn subspecies animalis (Fna C2) in colorectal cancer (CRC) that might have the ability to influence host homeostasis. In this study, we focus on the identification of candidate “nucleomodulins (NMs)”, which are nucleus-targeting effector proteins in Fna using various in silico sequence, structural and molecular dynamics simulation analyses. The results suggest the presence of a set of NMs in Fna, possessing a classical nuclear localization signal (cNLS), which can potentially bind to importin. This catalog of candidate NMs would help in designing experiments toward exploring their potential role in modulating host gene expression and epigenetics by entering the nucleus.
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Introduction

In recent years, Fusobacterium nucleatum (Fn), an anaerobic Gram-negative bacterium, has gained prominence for its role as “oncobacteria” in colorectal cancer (CRC) (Brennan and Garrett, 2019). An opportunistic oral pathogen, Fn translocates to the lower gastrointestinal tract and is heavily implicated in modulating gene expression in the tumor microenvironment (TME) (Brennan and Garrett, 2019; Kim et al., 2023). An increase in the abundance of Fn is observed throughout the course of tumorigenesis, from one of the earliest precursors of CRC, aberrant crypt foci (ACF) to metastasized tumors (Kostic et al., 2013; Flanagan et al., 2014; Bullman et al., 2017). Recent genomic analyses have revealed an enrichment of strains belonging to Clade C2 of Fn subspecies animalis (Fna C2) in CRC tissues, a subspecies not prevalent in the oral niche (Zepeda-Rivera et al., 2024). Prior to this study, most of the experiments used other subspecies of Fn such as Fn subspecies nucleatum (Fnn) ATCC 25586 and Fnn ATCC 23726 as model organisms (Zepeda-Rivera et al., 2024), and their implication in CRC development as well as progression was observed in multiple studies (Abed et al., 2016; Yu et al., 2017; Zepeda-Rivera et al., 2024). In addition to CRC, different subspecies of Fn have also been associated with changes in host gene expression and signaling pathways involved in the manifestation of oral disease conditions like periodontitis, plaque formation, and oral cancer (Chen et al., 2022; Ponath et al., 2022; Galaski et al., 2024; Wolf et al., 2025). Sequencing of these subspecies has revealed significant genetic dissimilarities between the five subspecies for each of them to be considered as a distinct species (Kook et al., 2017; Zepeda-Rivera et al., 2024). To date, widely discussed virulence factors of Fn include adhesins FadA and Fap2 that facilitate bacterial adhesion to the host cells by activating E-cadherin/β-catenin pathways and recognizing overexpressed Gal-GalNAc, respectively (Abed et al., 2016; Meng et al., 2021). Furthermore, there have been numerous studies highlighting the association of genetic and epigenetic modifications in different cancers with the intratumoral load of Fn (Kostic et al., 2013; Xia et al., 2020; Udayasuryan et al., 2024). Nonetheless, there is still a considerable gap in understanding the potential entities from Fn, which might be associated with manipulating the host homeostasis.

The role of bacterial effector proteins in host microbiome interactions and the pathophysiology of disease conditions has been elucidated in many pathogens (Lee et al., 2012; Moon et al., 2012a; Hanford et al., 2021). One category of these bacterial effector molecules includes nucleomodulins (NMs) that target the host nucleus (Hanford et al., 2021). Secretion of NMs by bacterial pathogens is one of the many tactics of bacteria to outwit the host immune responses (Bierne and Cossart, 2012; Hanford et al., 2021). As the name suggests, NMs have the potential to translocate to the host nucleus and modify a multitude of cellular processes such as cell cycle arrest, epigenetic modifications, and regulation of gene expression in an attempt to survive and replicate within the host environment (Hanford et al., 2021). These NMs utilize various mechanisms, usually mimicking eukaryotic nuclear targeted proteins, to enter the guarded nucleus by surpassing nuclear envelope (Bierne and Cossart, 2012; Hanford et al., 2021). These mechanisms primarily include harboring a nuclear localization signal (NLS) on its sequence or hijacking eukaryotic proteins that are directed towards the host nucleus (Bierne and Cossart, 2012). NLSs are classified broadly into two types, classical NLS (cNLS) and non-classical NLS (ncNLS) (Görlich and Kutay, 1999; Kosugi et al., 2009). Depending on the type of signal, the import of NMs inside the nucleus is facilitated by importins, which belong to the class of proteins known as “karyopherins” (Cooper, 2000). cNLS consists of amino acid residues such as arginine (R) and lysine (K) and are further categorized as “monopartite” (MP) and “bipartite” (BP) signals. MP signals consist of four to eight basic amino acids while BP signals consist of two clusters of basic amino acids separated by a linker amino acid sequence (Kosugi et al., 2009). Proteins with unusual NLS that are not similar to canonical cNLS are referred to as ncNLS (Görlich and Kutay, 1999; Cingolani et al., 2002; Kosugi et al., 2009).

In classical nuclear import, importin α recognizes the NLS followed by its attachment to the cargo and presents it to importin β, which transports this ternary complex into the host nucleus (Görlich and Kutay, 1999). The type of residue interactions within the importin–cNLS complex is conserved as indicated by structures determined for yeast, mouse, and human importins (Kosugi et al., 2009). The C-terminal region of the importin α consists of 10 Armadillo (ARM) repeats each composed of three α helices (Sankhala et al., 2016) (Figure 1). ARM repeats have conserved Trp and Asn residues involved in forming interactions with cNLS (Kosugi et al., 2009; Sankhala et al., 2016). The Trp residues form a stacking array, which can form stacking interactions with the carbon atoms in Arg and Lys residues in cNLS while the Asn residues form interactions with polar residues as well as the backbone atoms in cNLS (Kosugi et al., 2009; Oka and Yoneda, 2018). Further basic residues in cNLS form interactions like salt bridges, hydrogen bonds, and electrostatic interactions with negative residues lining importin binding sites (Sankhala et al., 2016). The Asp192 of importins has been shown to interact with a Lys residue in cNLS in most solved structures of importins bound to cNLSs (Sankhala et al., 2016).
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Figure 1 | Structure of importin α. The 10 Armadillo repeats in importin α show the presence of conserved tryptophan residues (red) and asparagine residues (orange). The ARM repeats 2–4 form the major groove of the importin α while the ARM repeats 6–8 form the minor groove.

In this in silico study, we have explored the potential effectors in Fna that can work as NMs through various sequence and structural analysis tools and techniques. Interactions of candidate NMs, identified in this study, with the major or minor groove of importin α protein are delineated using protein–protein docking and molecular dynamics (MD) simulations. The study proposes a paradigm in which proteins belonging to different functional categories like nucleases, transcription factors, and DNA/RNA binding proteins from Fn might possess an ability to enter the host nucleus and might contribute in the pathophysiology of CRC.





Methods




Selection of Fusobacterium nucleatum strain for analysis

Genomic sequences of the strains belonging to Fna were analyzed to identify a representative strain on which further analysis can be performed. Nucleotide sequences of 65 genomes of Fna deposited under BioProject PRJNA549513 (Zepeda-Rivera et al., 2024) were downloaded from the National Center for Biotechnology Information (NCBI) Nucleotide database (https://www.ncbi.nlm.nih.gov/nucleotide/) in nucleotide FASTA format. In order to select a representative Fna strain (implicated in CRC) for further analysis, Fna Clade 2 (Fna C2) was considered owing to its enrichment in CRC tumors (Zepeda-Rivera et al., 2024). The nucleotide sequences of the strains belonging to Fna C2 were analyzed using the FastANI tool (https://github.com/ParBLiSS/FastANI) in order to evaluate pairwise average nucleotide identity (ANI) and subsequent selection of the representative strain.





Identification of nucleomodulins through prediction of cNLS in representative strain

Amino acid sequences corresponding to proteome of the selected strain were downloaded from the NCBI Genome database in FASTA format. Publicly available tools with distinct algorithms were used for the identification of potential cNLS on proteins. These include NLStradamus (Nguyen Ba et al., 2009) (http://www.moseslab.csb.utoronto.ca/NLStradamus/), which operates on a simple HMM (Hidden Markov Model) algorithm; NucImport (Mehdi et al., 2011) (UQ eSpace), which is a combination of three Bayesian network models; and NucPred (Brameier et al., 2007) (https://nucpred.bioinfo.se/nucpred/), which utilizes regular expressions from NLSs and assigns a likelihood score using an ensemble model consisting of over 100 sequence-based predictors. All these tools provided scores in the range of 0 to 1, and the values were noted for each protein in the proteome of Fna. In order to arrive at a cutoff score that might be a good indicator of an actual cNLS, we utilized these tools for assessment of NLS sequences identified in experimentally characterized bacterial NMs (Supplementary Table 1). The results indicated that at least one of the three tools yielded a score of ≥0.6 for most of the experimentally characterized bacterial NMs with a cNLS (Supplementary Table 1). Thus, we have considered a cutoff score of 0.6, in at least one tool, to predict a probable set of NMs. A subset of the predicted NMs with a more stringent prediction score of ≥0.7 was further considered for detailed analysis. This subset of proteins was analyzed using NCBI BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi) for assessing their presence within the Fn genomes and across other bacteria, and analyzing their NLS sequence conservation.





Analyzing binding of NM to importin α through in silico docking

The structure PDB ID 5HUY was obtained from RCSB Protein Data Bank (https://www.rcsb.org/) (RCSB PDB: homepage), which corresponds to an importin α bound to the NLS of a small terminase from HCMV. The modeled structures for the identified candidate NM proteins in Fusobacteria were obtained from the AlphaFold Protein Structure Database (https://alphafold.com/) (Varadi et al., 2024; Varadi et al., 2022; Jumper et al., 2021). Structures that were unavailable in the database were modeled using the AlphaFold monomer model with the DeepMind Colab Jupyter notebook with default settings (Jumper et al., 2021). The binding interaction between candidate proteins (in Fna possessing NLS) and importin α was analyzed using the HADDOCK 2.4 (High Ambiguity Driven protein–protein DOCKing) (Honorato et al., 2024) (https://rascar.science.uu.nl/haddock2.4/) web server with default parameters. HADDOCK deploys ab initio docking methods by incorporating data from known or predicted protein interfaces into ambiguous interaction restraints (AIRs) to guide the docking process. Both proteins were submitted in PDB format in the HADDOCK interface specifying the constraints for docking including active residues of importin α based on experimental sources and the NLS residues of candidate proteins identified in previous steps. The pocket residues from the major groove of importin α provided as constraints were Ser105, Trp142, Asn146, Ser149, Gly150, Thr155, Q181, Trp184, Asn188, Gly191, Asp192, Trp231, Asn228, Asn235, Arg238, Asn239, and Trp273. Furthermore, the modeled complexes were shortlisted based on the HADDOCK score, which accounts for the weighted sum of various energy components that differ with respect to each docking stage: rigid body (it0), semi-flexible refinement (it1), and explicit solvent refinement (water). The default values considered are as follows:

	▪ HADDOCKscore-it0 = 0.01 Evdw + 1.0 Eelec + 1.0 Edesol + 0.01 Eair − 0.01 BSA

	▪ HADDOCKscore-it1 = 1.0 Evdw + 1.0 Eelec + 1.0 Edesol + 0.1 Eair − 0.01 BSA

	▪ HADDOCKscore-water = 1.0 Evdw + 0.2 Eelec + 1.0 Edesol + 0.1 Eair



where Evdw = van der Waals intermolecular energy, Eelec = electrostatic intermolecular energy, Edesol = desolvation energy, Eair = distance restraints energy [only unambiguous and AIR (ambig) restraints], and BSA = buried surface area (https://rascar.science.uu.nl/haddock2.4/). Following the visualization of the top four scoring complexes in https://www.pymol.org/, the most optimal complex was chosen for detailed analysis. These structures were further evaluated by calculating contact distances (default cutoff, 5 Å) using MAPIYA (Badaczewska-Dawid et al., 2022) (https://mapiya.lcbio.pl/). Furthermore, to investigate the probable impact of mutation on the interaction between importin α and RBPL34, the conserved Asp192 was substituted by Ala. The mutated structure was then modeled using Swiss-Model (https://swissmodel.expasy.org/) (Waterhouse, 2018) with the structure corresponding to Mus musculus importin alpha2 (PDB ID: 3TPO) as a template.





MD simulations of protein–protein complexes




System preparation

The protein complex structure (unmutated and mutated) obtained from HADDOCK was used and the missing hydrogen atoms were added, and protonation states of titratable residues were assigned at physiological pH (7.0) using the PROPKA module integrated within the preparation workflow. The topology and parameters of the protein complex were generated using the AMBER ff14SB force field. The system was solvated explicitly in a cubic box of TIP3P water molecules, extending at least 10 Å from any protein atom. Sodium and chloride counter-ions were added to neutralize the system and achieve an ionic strength of 0.15 M.





Energy minimization and equilibration

Initial steric clashes and unfavorable contacts were removed by using 10,000 steps of Steepest descent minimization. The system was then equilibrated in two stages. First, the system was heated gradually from 0 to 300 K over 500 ps under constant volume (NVT) conditions using a Berendsen thermostat with a collision frequency of 2 ps-¹. In the second stage, equilibration was carried out for 1 ns under constant pressure (NPT) conditions using a Berendsen barostat at 1 atm with a relaxation time of 2 ps.





Production molecular dynamics simulation

The production MD simulation was performed for 40 ns with an integration time step of 1 fs (0.001 ps) using the Leapfrog integrator. The particle mesh Ewald (PME) method was applied to treat long-range electrostatics with a real-space cutoff of 10 Å. Van der Waals interactions were truncated at 10 Å with a switching function applied from 8 Å. All covalent bonds involving hydrogen atoms were constrained using the LINCS algorithm. Periodic boundary conditions were applied in all directions.

Temperature was maintained at 300 K with a Langevin thermostat, and pressure was maintained at 1 atm with an isotropic Parrinello–Rahman barostat. Trajectory snapshots were saved every 10 ps for subsequent analysis. Two replicates of the simulation were performed with different random seeds.





Simulation environment and analysis

All simulations were performed using the GROMACS, 2022.3 package (Spoel et al., 2005). The changes in the importin during the simulations were assessed by calculating the radius of gyration using the gmx gyrate command in GROMACS. Further distances between the important residues in importin and NLS binding that form the electrostatic and hydrophobic linkages were also calculated using the gmx distance command in GROMACS. Secondary structures of the predicted NLS region were also analyzed in GROMACS.







Results




Selection of representative strain of Fusobacterium nucleatum

In order to identify potential nucleomodulins in Fna, a representative genome was selected based on the ANI metric. ANI values below 90% indicate that the genomes are from different species, while values greater than 95% suggest that the genomes belong to the same species (Rodriguez-R et al., 2023). As mentioned earlier, the reclassification of Fn subspecies has been proposed, as the ANI values when compared between subspecies are below 95%, indicating significant genomic heterogeneity (Kook et al., 2017). This is evident in the case of Fna genomes including Clade 1 (C1) and Clade 2 (C2), which generated ANI values ranging from 91% to 99% when compared pairwise using FastANI. Based on these values, Fna strain SB031 (2,432,266 bp, GenBank Assembly ID: GCA_037897425.1), isolated from CRC tissue, which exhibited ANI > 96% with other members of Fna C2, was selected for subsequent analysis (Supplementary Figure 1).





Identification of nucleomodulins from Fna SB031

As discussed in the Methods section, multiple tools are available to identify cNLS within a protein (NLStradamus; Brameier et al., 2007; Mehdi et al., 2011). NLStradamus, Nucimport, and NucPred were utilized for the prediction of cNLS to identify potential NMs within the proteome (2,204 proteins) of Fna SB031. The results showed the presence of potential cNLS in 330 proteins with a score ≥0.6 in one or more tools (scores from 3 tools and predicted NLS sequence details are provided in Supplementary Table 2).

We selected the five proteins that showed a score greater than 0.7 for all the three tools for a detailed analysis of their probable interactions with the importin protein (Table 1). Additionally, we also analyzed the secondary structure of the experimentally characterized NMs and their corresponding cNLSs using JPred4 (https://www.compbio.dundee.ac.uk/jpred/) (Drozdetskiy et al., 2015) in order to understand the potential structural features that bacterial cNLSs can adopt, and the results are provided in Supplementary Figure 2. A detailed sequence and structural analysis on NLS of the predicted NMs is provided below.


Table 1 | Potential nucleomodulins in Fna SB031.
	GenBank accession IDs
	Predicted NMs
	NI score
	NP score
	NS score
	NI-predicted NLS
	NP-predicted NLS
	NS-predicted NLS



	WYD17043
	50S ribosomal protein L34 (RBPL34)
	0.99
	0.82
	0.99
	NGRKVLKRRRVRGRAKLSA
	QRKRKKDH
	QRKRKKDHGFRARMSTKNGRKVLKRRRVRGRAKLS


	WYD17513
	Transposase (Tnp)
	0.91
	0.88
	0.97
	EKTGKFKKKKRFGKSLSNRA
	QRRSKKTEMSEKTGKFKKKKRFG
	QRRSKKTEMSEKTGKFKKKKRFGKSL


	WYD16145
	Type II CRISPR RNA-guided endonuclease Cas9
	0.97
	0.75
	0.95
	NSRRRLKRRKWRLNLLEEIF
	NSRRRLKRRKWRL
	KTAAERRVQRNSRRRLKRRKWR


	WYD16130
	YgiQ family radical SAM protein
	0.84
	0.74
	0.74
	ANYTATKKRRQQDDFTPGGV
	TATKKRRQQDDFTPGG
	KKQKQKDIVTEKRRK


	WYD16313
	Replication initiator protein A
	0.85
	0.81
	0.74
	ENLKLIKKKKRYKNSSVYYL
	LIKKKKRYKNSSVYYLENVG
	KKNTISNALKELENLKLIKKKKRY





NI, NucImport; NP, NucPred; NS, NLStradamus.

Predicted NMs ≥0.7 for tools NucImport, NucPred, and NLStradamus. The cNLS sequences predicted by the tools have also been indicated.







Ribosomal protein L34 as a potential nucleomodulin in Fusobacteria

The results of NLS prediction tools indicated the set of residues 26–44 as a potential cNLS NGRKVLKRRRVRGRAKLSA in ribosomal protein L34 (RBPL34) from Fusobacterium. The sequence is conserved across the genomes of all strains of F. nucleatum subsp. animalis, F. nucleatum subsp. polymorphum (Fnp), and F. nucleatum subsp. vincentii (Fnv) often implicated in CRC and oral diseases. Furthermore, a sequence-based search for homologs within complete bacterial genomes indicated that the same NLS is not observed in F. varium, F. necrophorum, and F. ulcerans. Interestingly, on further analysis, it was found that the C-terminal region of RBPL34 from these species also shows a high score for the presence of NLS within their sequences. Therefore, these proteins may also show nuclear localization probability but utilizing a different cNLS sequence. Analysis of RBPL34 homologs in bacteria other than Fusobacterium indicated that despite a high sequence similarity in the N-terminal region, the C-terminal part (comprising the identified NLS sequence in Fusobacterium) of the sequences shows divergence and, in some cases, the presence of a different NLS sequence from the one observed in Fna. Earlier studies show a higher abundance of Fusobacterium subspecies like Fnn, Fnv, and Fnp in these oral disease conditions and indicate their role in influencing the host disease microenvironment and association with changes in gene expression and signaling pathways (Chen et al., 2022; Galaski et al., 2024; Wolf et al., 2025). The presence of cNLS in RBPL34 from other subspecies of Fusobacterium indicates that they might play a role in influencing gene expression in oral conditions like plaque formation, periodontitis, and oral cancer. Additionally, experimental studies have also implicated certain strains of subspecies Fnn in the development and manifestation of CRC (Abed et al., 2016; Yu et al., 2017). Thus, the presence of candidate NLS sequences in RBPL34 of these species might indicate their potential role in explaining the association of Fn with different disease mechanisms.

As mentioned above, the cNLS-containing proteins need to bind to the importin α major groove to enter the nucleus (Sankhala et al., 2016). In order to further corroborate if the identified cNLS in the protein shows a propensity to interact with importin α protein, we docked the model built using AlphaFold for RBPL34 from Fna SB031 with importin α protein (PDB ID: 5HUY) using HADDOCK 2.4 (as described in the Methods section). Most of the experimentally characterized structures available for importin only show the binding of the NLS from the candidate nuclear protein without accounting for the remaining part of the protein. Recent studies have indicated that the importin–NLS binding depends on the context within the protein in addition to the NLS itself (Friedrich et al., 2006). Thus, we chose to utilize the whole structure instead of only docking the cNLS to the importin structure. We analyzed the energy landscape and postures for RBPL34 obtained in the docking clusters and selected the best cluster for further analysis (Supplementary Figure 3, Supplementary Table 3) with a HADDOCK score of −125.53 (a score with a more negative value is considered better).

We further analyzed the obtained docked complex to check if the contacting residues between importin and RBPL34 are similar to the interactions with Trp and Asn residues as well as with Asp192 in importin as have been reported in experimentally characterized importin NLS structures (Sankhala et al., 2016). The helix of the RBPL34 protein containing the predicted NLS residues 26–44 is seen to interact with ARM repeats 2, 3, and 4 in the major groove of importin α (Figure 2a). Figure 2b shows the electrostatic interactions between the NLS and importin in the docked complex. As observed in the experimentally resolved structures, the conserved Asn146 and Asn188 of ARM 2 and 3 show an electrostatic/hydrogen bonding interaction with polar residues Lys29 and Arg33 in the cNLS of RBPL34. Furthermore, the conserved Asp192 in importin shows salt bridge formation with Lys25 and Lys29 on the NLS of RBPL34. Figure 2c indicates that the hydrophobic Trp array from ARM 2, 3, and 4 (corresponding to Trp142, Trp184, and Trp231) shows cation–pi interactions with the long carbon side chains of basic residues in the cNLS (including Lys29, Lys32, Arg33, Arg34, and Arg39) of RBPL34.

[image: Panel a depicts interactions of ribosomal protein L34 NLS with ARM2, 3 and 4 of importin α. Panels b and c display specific amino acid interactions labeled with residue numbers. Adjacent tables list distances in angstroms between importin α and ribosomal protein L34 NLS residues.]
Figure 2 | Interaction of importin α with Fna SB031 ribosomal protein L34 (RBPL34). (a) Interaction of NLS in RBPL34 from Fusobacterium with the ARM repeats 2, 3, and 4 of importin α. (b) The electrostatic, salt bridge, and hydrogen bond interactions within the docked complex of RBPL34 and importin α are depicted. The interacting residues from importin are depicted in green while those from RBPL34 are depicted in red. (c) The cation–pi and hydrophobic interactions within the docked complex of RBPL34 and importin α are depicted. The interacting conserved tryptophan residues from importin are depicted in green while the corresponding interacting residues from RBPL34 are depicted in red.





Assessing conformational dynamics of the importin–RBPL34 complex using MD simulations

In order to assess the viability of the identified interactions as well as possible conformational dynamics of the importin complex with RBPL34, we performed explicit solvent MD simulations (see the Methods section). The results corresponding to radius of gyration (for both simulation replicates) showed the reduction in the first 2 ns followed by the stabilization of the Rg value (Supplementary Figure 4A). To further understand the changes in the secondary structure of the NLS sequence, we analyzed the trajectory using DSSP, and the results indicated that the secondary structure fluctuated between helix and loops for most residues although we observe higher occurrence of loop structures towards the end of the simulation (Supplementary Table 4). These results indicated that the secondary structure of different NLS residues switches between loops and helices, indicating conformational changes in the NLS region as well (Supplementary Figure 4B).

On visualization, it was observed that the ARM helices rearranged, which might be conformational changes to accommodate the whole RBPL34 protein (Figure 3). Earlier studies have shown that the Armadillo helices of importin show a spring like movement to accommodate cNLS and the protein cargo (Sankhala et al., 2017). Studies have further shown that the conformational changes are more prominent in case of complete cargo binding since the ARM helices 2–4 show a movement to accommodate the larger protein without steric clashes and with favorable interactions. Thus, the changes in radius of gyration as well as the overall orientation of helices observed on visualization might be an indication of these interactions.

[image: Two panels showing protein ribbon structures of importin α ARM helices in green during molecular dynamics simulation. Panel (a) depicts ARM helices of importin α at 50 ps. (b) shows rearranged importin α at 2ns. Predicted NLS of ribosomal protein L34 NLS is shown in red. Both are on a black background.]
Figure 3 | Changes in conformation of importin ARM helices during molecular dynamics simulation. (a) Snapshot at 50 ps showing the conformation of ARM helices (green). (b) Snapshot at 2 ns, highlighting rearrangement. The predicted NLS is shown in red.

We observed that despite the changes in importin helices, the interactions between the conserved acidic patch containing Asp192 and the basic residues remained intact. Thus, we further analyzed the change in distance between these residues to assess if the interaction between the importin and NLS remained stable across both replicates of the MD simulation. Previous studies indicate that the residue Asp192 is conserved in importin α and located in the acidic patch of ARM helix responsible for stabilizing the basic residues within the NLS. During the simulation studies, it was observed that the Asp192 formed persistent electrostatic contacts with both Lys25 and Lys29 residues (observed to interact with Asp192 as shown in Figure 2) of the NLS with average distances of 0.3 nm/3 Å (Supplementary Figure 4C). Additionally we observed the distances between the conserved Trp184 and the pi interactions observed with Arg33, Arg34, Arg35, and Arg37. Thus, the distance between these residues was calculated by utilizing the center of mass of residues 33–37 in NLS and the CE2 atoms of Trp84, and it was observed to stabilize at 0.5 nm/5 Å (Supplementary Figure 4D). This simulation outcome indicates that the NLS interactions with the ARM helices of importin might be stable, thereby further corroborating the prediction that RBPL34 might function as a NM. This indicates that despite the changes observed in importin when analyzed with the complete protein RBPL34, the interacting residues between NLS and importin ARM 2, 3, and 4 are retained.

In order to further corroborate the role of the conserved residue Asp192 for binding of NLS in RBPL34, we mutated the Asp192 residue to an Ala192 residue and docked and minimized the generated complex. Furthermore, this mutated complex was also subjected to an explicit solvent simulation in order to understand the stability of the docked mutated complex. The docking results showed a reduction in overall HADDOCK score from –125.53 in the unmutated complex to –67.22 in the mutated complex. The clusters obtained by this docking as well as the energy landscape has been provided in Supplementary Table 5 and Supplementary Figure 5. Based on the analysis, we chose Cluster 2 for further simulations. The snapshots and distance calculations between the conserved importin residues as well as the RBPL34 NLS were calculated as discussed before in this complex as well. The results showed that the distances between the conserved residues and NLS increased across the simulation, and the final posture of RBPL34 in the mutated complex did not form favorable interactions with the NLS (Supplementary Figure 6). The simulation of the mutated complex shows that the important electrostatic interactions as well as pi interactions between ARM repeats and NLS are not observed in the mutated complex, indicating that the predicted NLS and interactions with acidic patch on importin might be necessary for a stable complex. These results can be further corroborated by experimentally mutating the protein and elucidating the change in nuclear import, which is not part of the scope of the present manuscript. The posture of NLS sequence observed across the simulation places Arg41 close to the Ala CB atom, indicating a hydrophobic interaction. Thus, no electrostatic contacts or interactions with conserved Trp residues in ARM helices are observed in the mutated complex (Supplementary Figure 6, Supplementary Table 6).

Thus, our in silico studies indicate that the Fn protein RBPL34 possesses all features of an NM and might be capable of entering the host nucleus. In addition to our findings, other groups have also indicated the role of ribosomal proteins as NMs using experimental studies. Lu et al. (2024) observed ribosomal proteins acting as NMs in Mycoplasma (Lu et al., 2024) and indicated that these proteins may be secreted into extracellular vesicles, which can further carry and release them into host cells across different organs. The proteins in host cells can then enter the nucleus to exert effects on host gene expression (Lu et al., 2024). Furthermore, RBPL34 has also been observed in the EV proteome of Fusobacterium, indicating its transfer to host cells through extracellular vesicles. It has been suggested in recent studies that Fusobacteria also form extracellular vesicles that aid in colonization and have also been reported to be associated with CRC progression (Zheng et al., 2024). In addition, studies have also implicated eukaryotic RBPL34 in influencing cancer progression (Luo et al., 2016; Liang et al., 2023). Although these inferences from the in silico sequence and structural analysis indicate that RBPL34 in Fusobacterium might influence disease progression by entering the host cell nucleus, they can be further corroborated by conducting laboratory experiments to assess the localization of these proteins in the host.





Homologs of protein TnpB as potential nucleomodulins in Fna

The NLS prediction tools identified the presence of cNLS sequence as EKTGKFKKKKRFGKSL consisting of residues 344–359 of the protein with GenBank accession ID WYD17513 in the chosen strain of Fna. The protein sequence was conserved (100% identity) across the homologs in Fna Clade C2 and was observed to co-occur with the gene encoding TnpA. The analysis of the protein using the Conserved Domain Database (https://www.ncbi.nlm.nih.gov/cdd/) as well as HHpred (https://toolkit.tuebingen.mpg.de/tools/hhpred) indicates the protein (WYD17513) to be a homolog of TnpB, which is a family of proteins observed in IS200/605 and IS607 transposons in bacteria and in many cases, as observed in Fna, flanks the TnpA transposase protein (Karvelis et al., 2021). Although the TnpB was earlier considered to be an accessory protein to transposase TnpA, it has now been characterized as an RNA-guided DNA nuclease and is also considered to be an ancestor of CRISPR-associated Cas nucleases (Karvelis et al., 2021). The TnpB protein is considered important in retaining the transposon in a bacteria post-ligation (Karvelis et al., 2021). Studies show that there is a non-coding RNA observed within the same locus as TnpB proteins called omegaRNA or ωRNA, which aids in RNA-guided cleavage of DNA substrates. The 3′ end of the transposon is also called the right end (RE) and demarcates the 3′ end of the ωRNA. The RE is followed by a guide sequence encoded outside of the transposon that enables recognizing the target sequence for cleavage (Karvelis et al., 2021; Nety et al., 2023). The TnpB protein observed in Fusobacterium is followed by a non-coding 200-nucleotide inter-genic region indicating the possibility of ωRNA and guide RNA presence in this case as well.

Interestingly, the homologs for this Fusobacterium TnpB were observed in plasmids from gut pathogens like Clostridium botulinum and Clostridium difficile with two to three mismatches in the NLS where FKK residues are substituted with residues INR in the plasmid. Similar changes in NLS are also observed in viral homologs from Caudovirales as well as Clostridium phages. Despite changes in the sequence, cNLS was also predicted within these proteins by the NLS prediction tools indicating that the homologs also retain the capacity for nuclear localization. On further analysis using HHpred and BLAST, the results showed that the NLS region was observed as an insertion within the Fusobacterium and Clostridium RNA-guided endonucleases TnpB. The region corresponding to NLS was not observed in experimentally characterized TnpB structures as well as in HMMs used for guided TnpB proteins catalogued in Conserved Domain, TIGRFAM, and PFAM databases (Supplementary Figure 7). All these observations may suggest that TnpB proteins with insertion of NLS sequences observed in gut pathogens like Fusobacterium and C. difficile might lead to their entry into the nucleus and influence gene expression. Our results show insertions of NLS in currently available genome sequences of bacteria C. botulinum, C. difficile, and Fusobacterium and the viral homologs in Fusobacterium and Clostridium phages. Despite this, it is possible that the TnpB sequence with NLS might also be observed in other bacteria due to horizontal transfer as the protein evolves.

Experimental studies have shown that fusing an NLS sequence with a TnpB with no NLS of its own showed significant changes in the host nucleus (Karvelis et al., 2021). The authors designed plasmids encoding the TnpB protein and fused it with the nuclear localization sequence and reRNA sequences, and these constructs were transfected into human HEK293T cells (Karvelis et al., 2021). The targeted cleavage sites in the experiment showed mutations at frequencies of 10%–20%, thereby indicating repair events and genome editing (Karvelis et al., 2021). Thus, this study showed that the presence of NLS in the protein TnpB provides it the capability of human cell genome editing, indicating its potential use in gene editing as a simpler alternative to CRISPR-Cas. In addition to having a nuclear localization property, an NM needs to be released out of the Fusobacterium and reach the host cells to exert its effect. Studies in Acinetobacter baumannii have indicated the presence of transposases with NLSs, which provides them a nuclear localization property (Moon et al., 2012a). Studies with fused GFP showed its presence in the nucleus of COS-7 cells (Moon et al., 2012a; Moon et al., 2012b). Furthermore, GFP fused with A. baumannii transposase showed presence in the nucleus of A549 cells and induced DNA methylation of E-cadherin gene, thereby reducing its expression using epigenetic modifications (Moon et al., 2012a). The study also showed presence of transposases in extracellular vesicles produced by the bacterium through which they could be delivered to host cells and finally targeted to the nucleus (Moon et al., 2012a). Although these observations in other bacteria might be indicative of the packaging of TnpB in Fusobacterium EVs and the capability of entering the host nucleus, further experimental studies would be required to prove the nuclear localization as well as gene editing capabilities of TnpB.

In order to further assess the binding of NLS in transposase with importin α, the interactions between the two proteins were assessed using protein–protein docking studies (described in the Methods section). The docked complex showed a HADDOCK score of −100.337 where the TnpB cNLS showed electrostatic, salt bridge, and cation–pi interactions with the importin major groove ARM repeats 1–4 (Figure 4). The details of the obtained clusters after the docking of importin-TnpB and their energy landscape have been provided in Supplementary Figure 8 and Supplementary Table 7.
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Figure 4 | Interaction of importin α with Fna SB031 Transposase (Tnp). (a) The figure depicts the interaction of NLS in Tnp from Fusobacterium with the ARM repeats 1–4 of importin α. (b) The cation–pi, hydrophobic, and polar interactions within the docked complex of Tnp and importin α are depicted. The interacting residues from importin are depicted in green while those from Tnp are depicted in red.

As observed in experimentally characterized importin NLS structures, the Trp142 from ARM 2 and Trp231 from ARM 4 showed cation–pi and hydrophobic interactions with side-chain carbon atoms of Lys352 and Glu344 within the NLS of TnpB protein. Furthermore, the conserved residues Asn146 from ARM 2 and Asn235 from ARM 4 also showed polar interactions with the NLS. In addition to these interactions, the salt bridge is observed between Glu344 in NLS and Arg238 from the importin ARM 4. These interactions are in agreement with those required for cNLS binding to the major groove of importin α. Thus, the insertion of sequence corresponding to predicted NLS in the TnpB from Fusobacteria (as compared to Tnp sequences in other bacteria) as well as the interactions observed in the docked complex indicate that this protein might be able to localize in the nucleus and impact gene editing through its endonuclease function specific to certain sequences.





Other nucleomodulin candidates

A Cas9 CRISPR endonuclease from Fna with a cNLS sequence NSRRRLKRRKWRLNLLEEIF was observed in fewer strains of the Fusobacterium genus. This indicates that only the homologs of Cas9 with NLS, observed in limited number of strains (of the Fusobacterium genus), can be considered as candidate NMs. Homologs possessing the NLS are also observed in bacterial pathogens including Listeria monocytogenes, Treponema, and Streptococcus pyogenes with four to five mismatches in the cNLS sequences. In addition, analysis of gene context of these Cas9 genes in genomes of all these bacteria showed the presence of a complete CRISPR Cas system including the repeat regions.

Another protein observed in a few Fusobacterium strains corresponds to WYD16313.1 in Fna with predicted cNLS ENLKLIKKKKRYKNSSVYYL corresponding to residues 82–101 on the protein. The homologs of the protein are observed in only a few sequenced strains of Fna and F. polymorphum with three mutations in the NLS region. Interestingly, the protein has matches with a >50% identity in Fusobacterium phages and other human gut phages belonging to the Caudoviricetes family. Furthermore, it was observed that the proteins in Fusobacterium strains belonging to species other than animalis as well as in Fusobacterium phages had insertions that were missing in the Fna protein. Despite these insertions, the cNLS was retained with just 2 mismatches in all these strains as well. The cNLS prediction tools also indicated the presence of NLSs in these proteins.

Although the protein WYD16313.1 has been annotated as Replication initiator protein A (RepA), the domain-based annotations using HHPred and Interpro (www.ebi.ac.uk/interpro/) indicate the presence of the N-terminal domain (NTD) of RepA in the first 106 residues while no domain predictions are observed for the remaining 170 C-terminal residues. It is known that while the NTD in RepA proteins is in a conserved DNA binding winged helix domain, the C-terminal domain shows significant sequence changes across bacterial genera (Schumacher et al., 2014).

Thus, in order to further corroborate that the protein is indeed a RepA, we analyzed the flanking genes of this protein within the Fna strain. Interestingly, the genomic neighborhood of the identified RepA protein in Fusobacterium genomes included a helicase and a helicase loader (DnaB and DnaC) protein as well as a large number of recombinase and nuclease proteins. A similar set of genes was also observed in the vicinity of each other in the Fusobacterium phages (Figure 5). Furthermore, the NLS of Rep proteins in adeno-associated virus (AAV) has been shown to aid in the translocation of these proteins to the nucleus of infected human cells (Cassell and Weitzman, 2004). Thus, the homologs of RepA (in Fna) identified in the current study may have the potential to translocate to host cell nucleus with the help of their predicted cNLS, which can further be experimentally validated.
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Figure 5 | Schematic representation of the genomic context of repA in (A, B) two Fusobacterium strains and (C, D) two Fusobacterium phages. The genomic locations and GenBank IDs of proteins encoded by the respective genes are mentioned for each of the genomes shown in the figure.

The protein RepA has been characterized in plasmids and is known to initiate replication using its winged helix domain for DNA binding. The protein finally binds the primase helicase DnaB/DnaC for the initiation of plasmid replication (Wegrzyn et al., [[NoYear]]). Thus, the observations indicate that the winged helix domain within the Fusobacterium RepA might interact with human DNA after entering the human nucleus. The role of the winged helix domain in human transcription and its effect on DNA-bound complexes have already been observed in earlier studies (Harami et al., 2013). Furthermore, the studies show that the characterized RepA proteins interact with DnaB and DnaC proteins to initiate replication, and the recombinase and nuclease proteins are utilized to bring about variations in the target DNA. Thus, all these proteins are shown to create a complex that can help in the initiation of plasmid replication. Therefore, it is possible that these proteins can form a complex and be carried together as a cargo using the RepA protein’s NLS to enter the human nucleus. The role of these proteins in human cells needs to be explored using further experimental studies.






Discussion

Various strains of Fn have been implicated in the initiation and progression of CRC, oral cancer, and other oral conditions in various stages (Bullman et al., 2017). Even though the studies do not provide affirmation on Fusobacterium being a causal organism, it is certainly involved in accelerating the pathophysiology and spread of disease and is also correlated with malignant phenotypes (Bullman et al., 2017; Udayasuryan et al., 2024). Thus, it is important to understand Fusobacterium’s interactions within the microbiome as well as its influence on the host genetic makeup in order to delineate its role in exacerbating symptoms.

One of the mechanisms by which bacteria control host machinery is the presence of NMs as explored by this study. The NMs identified in bacteria are required to satisfy two criteria in order to reach the host nucleus. One involves moving out of the bacterial cell into the host environment and then being released into the host cells where it can target the nucleus (Hanford et al., 2021). In our study, we observed potential NMs in Fusobacterium possessing the cNLS signature, which indicates its potential to bind the importin α through its major groove. In this study, we have provided in silico analysis through molecular docking and simulations to indicate features on identified candidates that could aid in binding the importin. These computational inferences can be further confirmed by an experimental analysis using GFP-tagged proteins (beyond the scope of this study) to assess their nuclear entry on CRC human cell lines. This addition to the candidate NM repertoire might shed more light on the overall impact of the bacterial proteins on host genetic and epigenetic modulation.

Although the study was initiated with a representative strain from F. nucleatum subsp. animalis Clade C2, we observed homologs of the identified candidate NMs in other subspecies of F. nucleatum including F. nucleatum subsp. polymorphum (Fnp) and F. nucleatum subsp. nucleatum (Fnn). It was further observed in scientific literature that the role of Fnp, Fnv, and Fnn has been reported in several oral disease conditions including oral cancer. These studies suggested the involvement of the above subspecies in influencing the expression of host inflammatory genes (Ponath et al., 2022; Wolf et al., 2025). Thus, the presence of NLS containing RBPL34 in these subspecies (as mentioned in Results), in addition to Fna, may suggest its involvement as an effector NM in the pathophysiology of oral diseases as well. Furthermore, among the other identified candidate NMs, TnpB and RepA can be expected to have a phage origin as homologs are observed in only Fusobacterium and C. difficile and C. botulinum phages. Studies have shown that these pathogens also influence host gene expression (Miao et al., 2017; Tsakiroglou et al., 2024). Thus, in addition to Fusobacterium, if the sequence with the NLS corresponding to these proteins is proven to be a functional NLS and is horizontally transferred to other bacteria, the recipient will also show the nuclear entry phenotype. The aim of this study does not indicate NMs specific to Fusobacterium but indicates the category of proteins (in silico findings) that can help bacteria influence the host machinery.

As mentioned, prior to nuclear entry, the NMs need to be released into the host cell. Recently, it has been shown that bacterial extracellular vesicles (EVs) allow for transfer of bacterial cargo across host environment and into host cells, thereby facilitating the host organ–microbiome axis often observed to influence human health and immunoregulation (Zheng et al., 2024). In addition, studies showed that EVs from Fusobacterium, when administered orally, show retention in the gastrointestinal tract despite Fusobacterium being an oral bacterium (Zheng et al., 2024). The Fn EVs have been shown to initiate or accelerate proinflammatory responses in the host in multiple organs. These literature reports, along with the insights from the current study, may suggest the importance of EVs in oral-gut communication and probability of involvement of EVs in translocation of the predicted NMs into host cells.

Recent studies have shown that Fusobacteria EVs (FEV) are enriched within CRC tissues and increase the colonization of Fusobacterium as well as the progression of CRC. The studies show a membrane fusion between human cells and Fn EVs that brings about the transfer of cargo to host cells (Zheng et al., 2024). An earlier study identified ribosomal proteins with the capability of nuclear localization in Mycoplasma (Lu et al., 2024). Furthermore, a recent proteomic study on Fusobacterium EVs obtained from individuals with CRC indicated the presence of RBPL34 in FEVs (Zheng et al., 2024). Similarly, a transposase, experimentally characterized to be an NM in A. baumannii, was identified within EVs of this bacterium (Moon et al., 2012a). Identification of similar proteins from Fusobacterium as potential NMs in this study can provide a lead to assess their presence in FEV proteome. Although the presence of transposase-like proteins has been observed in earlier studies in FEVs, their role as a TnpB homolog is not ascertained. Thus, an in-depth analysis of Fusobacterium EV proteome might give more insights into the action of these proteins within the host. Animal studies on GFP-tagged proteins can be further used to ascertain the complete path of these identified NMs from Fusobacterium into the host nucleus.





Conclusion

The results of the current study including the identification of candidate NMs in Fn and predicting their interaction with importin alpha have been performed through extensive sequence (Fn genomes) and structural analysis (docking and MD simulation). The study provides a catalog of proteins of Fn with strong propensity to act as NMs, which may further be explored for their role in the pathophysiology of diseases like cancer. The insights obtained from the current study would help in designing future experiments involving in vivo and in vitro models towards understanding the mechanism of translocation of these NMs into the host nucleus and their subsequent mode of action.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

SA: Validation, Conceptualization, Supervision, Investigation, Writing – original draft, Writing – review & editing. SK: Validation, Methodology, Writing – review & editing, Writing – original draft, Investigation, Formal analysis. CB: Supervision, Writing – review & editing, Writing – original draft, Validation.





Funding

The author(s) declare that no financial support was received for the research, and/or publication of this article.





Conflict of interest

Authors SK, SA, and CB were employed by Tata Consultancy Services Ltd.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1644443/full#supplementary-material




References

	 Abed J., Emgård J. E. M., Zamir G., Faroja M., Almogy G., Grenov A., et al. (2016). Fap2 mediates fusobacterium nucleatum colorectal adenocarcinoma enrichment by binding to tumor-expressed gal-galNAc. Cell Host Microbe 20, 215–225. doi: 10.1016/j.chom.2016.07.006, PMID: 27512904


	 Badaczewska-Dawid A. E., Nithin C., Wroblewski K., Kurcinski M., Kmiecik S. (2022). MAPIYA contact map server for identification and visualization of molecular interactions in proteins and biological complexes. Nucleic Acids Res. 50, W474–W482. doi: 10.1093/nar/gkac307, PMID: 35524560


	 Bierne H., Cossart P. (2012). When bacteria target the nucleus: the emerging family of nucleomodulins. Cell Microbiol. 14, 622–633. doi: 10.1111/j.1462-5822.2012.01758.x, PMID: 22289128


	 Brameier M., Krings A., MacCallum R. M. (2007). NucPred—Predicting nuclear localization of proteins. Bioinformatics 23, 1159–1160. doi: 10.1093/bioinformatics/btm066, PMID: 17332022


	 Brennan C. A., Garrett W. S. (2019). Fusobacterium nucleatum - symbiont, opportunist and oncobacterium. Nat. Rev. Microbiol. 17, 156–166. doi: 10.1038/s41579-018-0129-6, PMID: 30546113


	 Bullman S., Pedamallu C. S., Sicinska E., Clancy T. E., Zhang X., Cai D., et al. (2017). Analysis of Fusobacterium persistence and antibiotic response in colorectal cancer. Science 358, 1443–1448. doi: 10.1126/science.aal5240, PMID: 29170280


	 Cassell G. D., Weitzman M. D. (2004). Characterization of a nuclear localization signal in the C-terminus of the adeno-associated virus Rep68/78 proteins. Virology 327, 206–214. doi: 10.1016/j.virol.2004.06.034, PMID: 15351208


	 Chen Y., Huang Z., Tang Z., Huang Y., Huang M., Liu H., et al. (2022). More than just a periodontal pathogen –the research progress on fusobacterium nucleatum. Front. Cell. Infect. Microbiol. 12, 815318. doi: 10.3389/fcimb.2022.815318, PMID: 35186795


	 Cingolani G., Bednenko J., Gillespie M. T., Gerace L. (2002). Molecular basis for the recognition of a nonclassical nuclear localization signal by importin beta. Mol. Cell 10, 1345–1353. doi: 10.1016/S1097-2765(02)00727-X, PMID: 12504010


	 Cooper G. M. (2000). The nuclear envelope and traffic between the nucleus and cytoplasm. The Cell: A Molecular Approach. 2nd edition, (Sinauer Associates). Available at: https://www.ncbi.nlm.nih.gov/books/NBK9927/ (Accessed October 15, 2025).


	 Drozdetskiy A., Cole C., Procter J., Barton G. J (2015).JPred4: a protein secondary structure prediction server. Nucleic Acids Res. 43, W389–W394. doi: 10.1093/nar/gkv332, PMID: 25883141


	 Flanagan L., Schmid J., Ebert M., Soucek P., Kunicka T., Liska V., et al. (2014). Fusobacterium nucleatum associates with stages of colorectal neoplasia development, colorectal cancer and disease outcome. Eur. J. Clin. Microbiol. Infect. Dis. 33, 1381–1390. doi: 10.1007/s10096-014-2081-3, PMID: 24599709


	 Friedrich B., Quensel C., Sommer T., Hartmann E., Köhler M. (2006). Nuclear localization signal and protein context both mediate importin α Specificity of nuclear import substrates. Mol. Cell. Biol. 26, 8697–8709. doi: 10.1128/MCB.00708-06, PMID: 17000757


	 Galaski J., Rishiq A., Liu M., Bsoul R., Bergson A., Lux R., et al (2024). Fusobacterium nucleatum subsp. nucleatum RadD binds Siglec-7 and inhibits NK cell-mediated cancer cell killing. iScience 27, 110157. doi: 10.1016/j.isci.2024.110157, PMID: 38952680


	 Görlich D., Kutay U. (1999). Transport between the cell nucleus and the cytoplasm. Annu. Rev. Cell Dev. Biol. 15, 607–660. doi: 10.1146/annurev.cellbio.15.1.607, PMID: 10611974


	 Hanford H. E., Von Dwingelo J., Abu Kwaik Y. (2021). Bacterial nucleomodulins: A coevolutionary adaptation to the eukaryotic command center. PloS Pathog. 17, e1009184. doi: 10.1371/journal.ppat.1009184, PMID: 33476322


	 Harami G. M., Gyimesi M., Kovács M. (2013). From keys to bulldozers: expanding roles for winged helix domains in nucleic-acid-binding proteins. Trends Biochem. Sci. 38, 364–371. doi: 10.1016/j.tibs.2013.04.006, PMID: 23768997


	 Honorato R. V., Trellet M. E., Jiménez-García B., Schaarschmidt J. J., Giulini M., Reys V., et al. (2024). The HADDOCK2.4 web server for integrative modeling of biomolecular complexes. Nat. Protoc. 19, 3219–3241. 10.1038/s41596-024-01011-0, PMID: 38886530


	 Jumper J., Evans R., Pritzel A., Green T., Figurnov M., Ronneberger O., et al. (2021). Highly accurate protein structure prediction with AlphaFold. Nature 596, 583–589. doi: 10.1038/s41586-021-03819-2, PMID: 34265844


	 Karvelis T., Druteika G., Bigelyte G., Budre K., Zedaveinyte R., Silanskas A., et al. (2021). Transposon-associated TnpB is a programmable RNA-guided DNA endonuclease. Nature 599, 692–696. doi: 10.1038/s41586-021-04058-1, PMID: 34619744


	 Kim H. S., Kim C. G., Kim W. K., Kim K.-A., Yoo J., Min B. S., et al. (2023). Fusobacterium nucleatum induces a tumor microenvironment with diminished adaptive immunity against colorectal cancers. Front. Cell. Infection Microbiol. 13, 1101291. doi: 10.3389/fcimb.2023.1101291, PMID: 36960042


	 Kook J.-K., Park S.-N., Lim Y. K., Cho E., Jo E., Roh H., et al. (2017). Genome-Based Reclassification of Fusobacterium nucleatum Subspecies at the Species Level. Curr. Microbiol. 74, 1137–1147. doi: 10.1007/s00284-017-1296-9, PMID: 28687946


	 Kostic A. D., Chun E., Robertson L., Glickman J. N., Gallini C. A., Michaud M., et al. (2013). Fusobacterium nucleatum potentiates intestinal tumorigenesis and modulates the tumor-immune microenvironment. Cell Host Microbe 14, 207–215. doi: 10.1016/j.chom.2013.07.007, PMID: 23954159


	 Kosugi S., Hasebe M., Matsumura N., Takashima H., Miyamoto-Sato E., Tomita M., et al. (2009). Six classes of nuclear localization signals specific to different binding grooves of importin alpha. J. Biol. Chem. 284, 478–485. doi: 10.1074/jbc.M807017200, PMID: 19001369


	 Lee J. H., Jun S. H., Baik S. C., Kim D. R., Park J.-Y., Lee Y. S., et al. (2012). Prediction and screening of nuclear targeting proteins with nuclear localization signals in Helicobacter pylori. J. Microbiol. Methods 91, 490–496. doi: 10.1016/j.mimet.2012.10.004, PMID: 23079023


	 Liang Y.-C., Li R., Bao S.-R., Li Z.-L., Yin H.-Z., Dai C.-L.. (2023). Artificial downregulation of ribosomal protein L34 restricts the proliferation and metastasis of colorectal cancer by suppressing the JAK2/STAT3 signaling pathway. Hum. Gene Ther. 34, 719–731. doi: 10.1089/hum.2023.046, PMID: 37427415


	 Lu D., Chen J., Zhang M., Fu Y., Raheem A., Chen Y., et al. (2024). Identification of potential nucleomodulins of Mycoplasma bovis by direct biotinylation and proximity-based biotinylation approaches. Front. Microbiol. 15. doi: 10.3389/fmicb.2024.1421585, PMID: 39044956


	 Luo S., Zhao J., Fowdur M., Wang K., Jiang T., He M.. (2016). Highly expressed ribosomal protein L34 indicates poor prognosis in osteosarcoma and its knockdown suppresses osteosarcoma proliferation probably through translational control. Sci. Rep. 6, 37690. doi: 10.1038/srep37690, PMID: 27883047


	 Mehdi A. M., Sehgal M. S. B., Kobe B., Bailey T. L., Bodén M. (2011). A probabilistic model of nuclear import of proteins. Bioinformatics 27, 1239–1246. doi: 10.1093/bioinformatics/btr121, PMID: 21372083


	 Meng Q., Gao Q., Mehrazarin S., Tangwanichgapong K., Wang Y., Huang Y., et al. (2021). Fusobacterium nucleatum secretes amyloid-like FadA to enhance pathogenicity. EMBO Rep. 22, e52891. doi: 10.15252/embr.202152891, PMID: 34184813


	 Miao Y., Liu J., Zhu J., Tao Y.-L., Zhang J.-A., Luo D., et al. (2017). The effect of botulinum toxin type A on expression profiling of long noncoding RNAs in human dermal fibroblasts. BioMed. Res. Int. 2017, 2957941. doi: 10.1155/2017/2957941, PMID: 28265570


	 Moon D. C., Choi C. H., Lee S. M., Lee J. H., Kim S. I., Kim D. S., et al. (2012a). Nuclear translocation of Acinetobacter baumannii transposase induces DNA methylation of CpG regions in the promoters of E-cadherin gene. PloS One 7, e38974. doi: 10.1371/journal.pone.0038974, PMID: 22685614


	 Moon D. C., Gurung M., Lee J. H., Lee Y. S., Choi C. W., Kim S. I., et al. (2012b). Screening of nuclear targeting proteins in Acinetobacter baumannii based on nuclear localization signals. Res. Microbiol. 163, 279–285. doi: 10.1016/j.resmic.2012.02.001, PMID: 22366694


	 Nety S. P., Altae-Tran H., Kannan S., Demircioglu F. E., Faure G., Hirano S., et al. (2023). The Transposon-Encoded Protein TnpB Processes Its Own mRNA into ωRNA for Guided Nuclease Activity. CRISPR J. 6, 232–242. doi: 10.1089/crispr.2023.0015, PMID: 37272862


	 Nguyen Ba A. N., Pogoutse A., Provart N., Moses A. M. (2009). NLStradamus: a simple Hidden Markov Model for nuclear localization signal prediction. BMC Bioinf. 10, 202. doi: 10.1186/1471-2105-10-202, PMID: 19563654


	NLStradamus. Available online at: http://www.moseslab.csb.utoronto.ca/NLStradamus/ (Accessed November 9, 2024).


	 Oka M., Yoneda Y. (2018). Importin α: functions as a nuclear transport factor and beyond. Proc. Japan Academy. Ser. B Phys. Biol. Sci. 94, 259. doi: 10.2183/pjab.94.018, PMID: 30078827


	 Ponath F., Zhu Y., Cosi V., Vogel J. (2022). Expanding the genetic toolkit helps dissect a global stress response in the early-branching species. Fusobacterium nucleatum. Proc. Natl. Acad. Sci. 119, e2201460119. doi: 10.1073/pnas.2201460119, PMID: 36161895


	RCSB PDB: homepage. Available online at: https://www.rcsb.org/ (Accessed August 19, 2025).


	 Rodriguez-R L. M., Conrad R. E., Viver T., Feistel D. J., Lindner B. G., Venter S. N., et al. (2023). An ANI gap within bacterial species that advances the definitions of intra-species units. mBio 15, e02696–e02623. doi: 10.1128/mbio.02696-23, PMID: 38085031


	 Sankhala R. S., Lokareddy R. K., Begum S., Pumroy R. A., Gillilan R. E., Cingolani G.. (2017). Three-dimensional context rather than NLS amino acid sequence determines importin α subtype specificity for RCC1. Nat. Commun. 8, 1–15. doi: 10.1038/s41467-017-01057-7, PMID: 29042532


	 Sankhala R. S., Lokareddy R. K., Cingolani G. (2016). Divergent evolution of nuclear localization signal sequences in herpesvirus terminase subunits*. J. Biol. Chem. 291, 11420–11433. doi: 10.1074/jbc.M116.724393, PMID: 27033706


	 Schumacher M. A., Tonthat N. K., Kwong S. M., Chinnam N. babu, Liu M. A., Skurray R. A., et al. (2014). Mechanism of staphylococcal multiresistance plasmid replication origin assembly by the RepA protein. Proc. Natl. Acad. Sci. United States America 111, 9121. doi: 10.1073/pnas.1406065111, PMID: 24927575


	 Spoel D. V. D., Lindahl E., Hess B., Groenhof G., Mark A. E., Berendsen H. J. C. (2005). GROMACS: Fast, flexible, and free. J. Comput. Chem. 26, 1701–1718. doi: 10.1002/jcc.20291, PMID: 16211538


	 Tsakiroglou M., Evans A., Doce-Carracedo A., Little M., Hornby R., Roberts P., et al. (2024). Gene expression dysregulation in whole blood of patients with clostridioides difficile infection. Int. J. Mol. Sci. 25, 12653. doi: 10.3390/ijms252312653, PMID: 39684365


	 Udayasuryan B., Zhou Z., Ahmad R. N., Sobol P., Deng C., Nguyen T. T. D., et al. (2024). Fusobacterium nucleatum infection modulates the transcriptome and epigenome of HCT116 colorectal cancer cells in an oxygen-dependent manner. Commun. Biol. 7, 1–15. doi: 10.1038/s42003-024-06201-w, PMID: 38720110


	 Varadi M., Bertoni D., Magana P., Paramval U., Pidruchna I., Radhakrishnan M., et al. (2024). AlphaFold Protein Structure Database in 2024: providing structure coverage for over 214 million protein sequences. Nucleic Acids Res. 52, D368–D375. doi: 10.1093/nar/gkad1011, PMID: 37933859


	 Varadi M., Anyango S., Deshpande M., Nair S., Natassia C., Yordanova G., et al. (2022). AlphaFold Protein Structure Database: massively expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids Res. 50, D439–D444. doi: 10.1093/nar/gkab1061, PMID: 34791371


	 Waterhouse A., Bertoni M., Bienert S., Studer G., Tauriello G., Gumienny R., et al. (2018). SWISS-MODEL: homology modelling of protein structures and complexes. Nucleic Acids Res. 46, W296–W303. doi: 10.1093/nar/gky427, PMID: 29788355


	 Wegrzyn K., Oliwa M., Nowacka M., Zabrocka E., Bury K., Purzycki P., et al. (2023). Rep protein accommodates together dsDNA and ssDNA which enables a loop-back mechanism to plasmid DNA replication initiation. Nucleic Acids Res. 51, 10551–10567. doi: doi: 10.1093/nar/gkad740, PMID: 37713613


	 Wolf M., Steinberg T., Scholz K. J., Kruse A., Rezasoltani S., Conrads G., et al (2025). The rise and evolving role of Fusobacterium nucleatum subspecies. Curr. Res. Microbial Sci. 9, 100414. doi: 10.1016/j.crmicr.2025.100414, PMID: 40547902


	 Xia X., Wu W. K. K., Wong S. H., Liu D., Kwong T. N. Y., Nakatsu G., et al. (2020). Bacteria pathogens drive host colonic epithelial cell promoter hypermethylation of tumor suppressor genes in colorectal cancer. Microbiome 8, 108. doi: 10.1186/s40168-020-00847-4, PMID: 32678024


	 Yu T., Guo F., Yu Y., Sun T., Ma D., Han J., et al. (2017). Fusobacterium nucleatum promotes chemoresistance to colorectal cancer by modulating autophagy. Cell 170, 548–563.e16. doi: 10.1016/j.cell.2017.07.008, PMID: 28753429


	 Zepeda-Rivera M., Minot S. S., Bouzek H., Wu H., Blanco-Míguez A., Manghi P., et al. (2024). A distinct Fusobacterium nucleatum clade dominates the colorectal cancer niche. Nature 628, 424–432. doi: 10.1038/s41586-024-07182-w, PMID: 38509359


	 Zheng X., Gong T., Luo W., Hu B., Gao J., Li Y., et al. (2024). Fusobacterium nucleatum extracellular vesicles are enriched in colorectal cancer and facilitate bacterial adhesion. Sci Adv. 10, eado0016. doi: 10.1126/sciadv.ado0016, PMID: 39303027







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Anand, Korgaonkar and Bose. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-15-1644443-g004.jpg
344 y
A W
/ LYS-,

ASN-23 PHEEB49

TRP- LYSli‘z GLN;109
= 1 f

SER-149

ASN-146, | o

o

Importin a Transposase NLS

’ Distance (A)

residue residue

SER:105 LYS:352 2.762
GLN:109 LYS:348 4782
SER:149 LYS:348 5
ASN:235 GLU:344 4,353
ARG:238 GLU:344 2639

Importin a

T NLS i
ransposase Distance (A)

residue residue

LEU:104 PHE:349
TRP:142 LYS:352 4,62
ASN:146 PHE:349 3.539

TRP:231 GLU:344





OEBPS/Images/fcimb-15-1644443-g003.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-15-1644443-g001.jpg
ARM1

ARM7 ARM6 ARMS5
-—

Minor groove





OEBPS/Images/fcimb.2025.1644443_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiclogy

Can Fusobacterium utilize nucleomodulins
in the pathophysiology of CRC?





OEBPS/Images/fcimb-15-1644443-g005.jpg
WYD16314.1 WYD16315.1

1631748-1632122 1632127-1632939 1632936-1633754 1633781-1634445 1634458-1635364

Fusobacterium nucleatum subsp. animalis SB031

WYE83903.1 I WYEB3901.1 WYES3900.1

2072845-2073319 2071958-2072770 2070966-2071961 2070271-2070939 2068404-2070261

Fusobacterium polymorphum

QYC52340.1 5234 QYC52344.1 QYC52339.1

34920-35309 34103-34815 33348-34106 32560-33222 31662-32549
Fusobacterium phage FNU_1P

UTV61133.1 i ? UTvV61131.1 UTVE1130.1

13831-14305 13151-13927 12231-13154 11545-12207 10650-11534

Fusobacterium phage JD 5Fnp

- Endodeoxyribonuclease I:l Helicase Gene encoding Replication initiator
protein A
I:' Gene encoding ORFGC- |:| Recombinmsic
domain containing protein





OEBPS/Images/fcimb-15-1644443-g002.jpg
Importin a Ribosomal protein
residue L34 NLS residue

Distance (A]

Importin a Ribosomal protein
residue L34 NLS residue

PHE:138
TRP:142
TRP:142
TRP:184
TRP:184
TRP:184
TRP:184
TRP:231
TRP:231
TRP:231
TRP:273

Distance |





