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Abstract

:

The transport of host proteins into and out of the nucleus is key to host function. However, nuclear transport is restricted by nuclear pores that perforate the nuclear envelope. Protein intrinsic disorder is an inherent feature of this selective transport barrier and is also a feature of the nuclear transport receptors that facilitate the active nuclear transport of cargo, and the nuclear transport signals on the cargo itself. Furthermore, intrinsic disorder is an inherent feature of viral proteins and viral strategies to disrupt host nucleocytoplasmic transport to benefit their replication. In this review, we highlight the role that intrinsic disorder plays in the nuclear transport of host and viral proteins. We also describe viral subversion mechanisms of the host nuclear transport machinery in which intrinsic disorder is a feature. Finally, we discuss nuclear import and export as therapeutic targets for viral infectious disease.
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1. Intrinsically Disordered Proteins Have Unique Features


For proteins to function they must have some degree of flexibility. At one end of the flexibility spectrum are ordered, globular proteins, which have a single well-defined structure stabilised by intramolecular interactions. At the other end of the spectrum are intrinsically disordered proteins (IDPs) that lack stable secondary and tertiary structure in solution and are consequently highly flexible and dynamic [1,2,3]. Proteins can also contain a combination of both ordered, and intrinsically disordered regions (IDRs). IDRs/IDPs represent a heterogenous conformation of structural ensembles that are capable of rapidly switching conformations in response to environmental changes. This structural heterogeneity is attributed to their biased amino acid composition, being rich in charged and polar amino acids, but poor in hydrophobic amino acids that would typically remain buried and stabilise the folded state.



Despite their lack of a well-defined structure, IDPs remain functional, and are typically involved in multiple protein-protein interactions, yet they maintain specificity [4]. Their low-complexity sequences are typically interspaced with short loosely structured regions, or molecular recognition elements, that serve as interaction sites for binding physiological partners, which may themselves be IDPs, globular/folded proteins or proteins containing both ordered and disordered regions. Upon binding their partner IDPs can obtain structure by undergoing a disorder-to-order transition; however, the extent of this transition can vary. The resulting complex may adopt a well-defined structure [5], or may be “fuzzy” and retain varying degrees of residual disorder [1,2]. Therefore, complexes involving IDPs can have variable binding properties and kinetics [6].



The plasticity of IDRs/IDPs renders them functionally versatile proteins, capable of interacting with multiple partners [7], and their extended nature affords them binding accessibility/exposure. Their extended nature is likely why IDPs are frequently targeted by post-translational modifications, such as phosphorylation [8] (see Section 8.2.4.), which in turn contribute to their sensitivity to physiological stimuli. Due to their versatility, IDRs/IDPs play many important roles within living cells, including a prominent role in the active transport of molecules between the nucleus and the cytoplasm [9].




2. Active Transport of Molecules across the Nuclear Envelope


The nuclear and cytoplasmic compartments of the cell are separated by an envelope consisting of a double lipid bilayer that is perforated with pores known as nuclear pore complexes (NPCs). The NPC functions as a selective permeability barrier that allows the transit of some molecules and prevents the passage of others. Generally, proteins smaller than ~40 kDa can passively diffuse through the NPC in a timely manner, and while larger cargoes can also undergo passive diffusion, their translocation efficiency is markedly reduced [10]. Alternatively, larger cargoes may be actively transported through the NPC when accompanied by nuclear transport receptors. Nuclear transport receptors, which are members of the karyopherin-β family, include nuclear import receptors (importins), nuclear export receptors (exportins), and bi-directional transporters [11]. Importins and exportins typically recognise protein cargo possessing nuclear localisation signals (NLSs) or nuclear export signals (NESs), respectively; however, cargo lacking these signals may piggyback onto others that contain the signals to enter or exit the nucleus [12,13]. In humans there are around 20 nuclear transport receptors [14], but here we focus on classical nuclear import and export via the importin α/β and exportin-1 nuclear transport receptors, respectively.



2.1. Classical Nuclear Import


Whilst the prototypical importin, importin-β, can bind and import NLS-bearing cargo into the nucleus independently, it more commonly forms heterodimers with adaptors such as importin-α [15]. In this case, the importin α/β heterodimer recognises cargo bearing a classical NLS (cNLS, see Section 5.1) via importin-α, whereas importin-β directly interacts with components of the NPC to mediate nuclear translocation. Upon import of the importin-α/β-cargo complex, guanosine triphosphate (GTP)-bound Ran (RanGTP) binds to importin-β (Figure 1A). This causes the release of the cargo into the nucleus, and initiates the recycling of importin-α and importin-β-RanGTP back to the cytoplasm, where importin-β is released upon RanGTP hydrolysis [16] (Figure 1A).




2.2. Classical Nuclear Export


Exportin-1 is the primary mammalian nuclear export receptor and binds RanGTP in the nucleus to enhance its affinity for NES-bearing cargo [17,18] (see Section 5.2). Upon capture of a cargo, the exportin-1-RanGTP-cargo complex is exported to the cytoplasm and the hydrolysis of RanGTP to RanGDP releases the cargo in the cytoplasm [19]. RanGDP is then imported back into the nucleus [19,20,21,22] where it is converted back to RanGTP [23] (Figure 1B).





3. Intrinsic Disorder Is an Inherent Feature of the NPC


The nuclear import/export of these nuclear transport receptor–cargo interactions occurs via the NPC. Each NPC is a megadalton-sized complex that is comprised of multiple copies of ~30 different proteins, known as nucleoporins (Nups). The Nups are generally grouped into three classes including the (1) transmembrane Nups that anchor the NPC to the nuclear envelope, (2) the structural Nups that form the two outer rings and inner ring of the NPC (through which the bi-directional transport of molecules between the nucleus and cytoplasm occurs), and (3) the phenylalanine-glycine (FG)-Nups that predominantly line the central channel of the NPC but are also localised to the filaments that project into the cytoplasm (cytoplasmic filaments, e.g., Nup214) and the nucleoplasm (nuclear basket e.g., Nup153) (Figure 2). The FG-Nups that are anchored into the central channel of the NPC do so via their coiled-coil domains, but contain long extensions, typically hundreds of amino acids in length [24]. The extensions contain long stretches of polar or charged residues interspersed with multiple FG-repeats [25]. The FG-repeats of the FG-Nups are intrinsically disordered such that overall the FG-Nups share characteristics with IDPs [26].



The FG-Nups collectively function as a soft barrier to passive diffusion; however, facilitated diffusion, or the active transport of molecules, can occur when molecules are accompanied by nuclear transport receptors. Specifically, the FG-repeats interact with multiple hydrophobic pockets on the surface of nuclear transport receptors [27,28,29,30]. These multiple low-affinity, transient interactions guide the passage of the nuclear import and export receptors, and their diverse cargo, through the NPC. However, how the FG-Nups form the permeability barrier of the NPC and also how, together with nuclear transport receptors, they allow the passage of larger cargoes remains controversial. The dynamic nature of the FG-Nups makes them difficult experimental targets, yet several models as to how this permeability barrier is formed have been proposed and here we briefly list three. In the “selective-phase” model it is proposed that the FG-repeats form hydrophobic interactions with one another, forming a selective sieve-like mesh/hydrogel, the size of which defines the soft molecular mass threshold of the NPC [21,31,32,33,34]. The interaction between nuclear transport receptors and the FG-repeats is proposed to disrupt the FG-repeat self-interactions, allowing the active passage of these larger complexes. In the “virtual-gate” and “polymer brush-like” models, the FG-repeats do not interact with one another and entropically exclude the transit of larger cargoes. The “virtual-gate” model proposes that the entropic barrier can be overcome by the binding of the FG-repeats to nuclear transport receptors [35]. Instead, the “polymer brush-like” model proposes that the FG-Nups are extended, but reversibly collapse towards their anchor point in the NPC when the FG-repeats bind nuclear transport receptors [36].



Regardless of the mechanism, it is clear that the FG-Nups provide a dense barrier within the NPC, and that the interaction between the FG-repeats and nuclear transport receptors is key to the timely passage of larger cargo through the NPC.



Advantages of Intrinsic Disorder within the NPC


As proteins that behave as IDPs, the FG-Nups are ideally suited to mediate transport through the NPC. First, IDPs can accommodate a variety of binding partners [2,37], and can allow for simultaneous interactions [1,38]. These characteristics make them perfectly suited to allow multiple interactions with numerous nuclear transport receptors laden with or without diverse transport cargoes that may be simultaneously entering or exiting the nucleus. The ability of IDPs to adopt a range of conformations, at least in some models, is also likely key to allowing the above operations within the confined space of the NPC.



Second, IDPs can adopt multiple states in dynamic equilibrium and can exhibit varied behaviour under different environmental conditions. For example, under appropriate conditions, multivalent IDPs can undergo liquid-gel phase separation to from reversible hydrogels that are the basis of the “selective-phase” model of nuclear transport. Additionally, IDPs can also transition between extended-disordered and collapsed-disordered states [39], as per the “polymer brush-like” model.



Finally, nuclear transport is a selective, but fast process that occurs in milliseconds, and it is estimated that around 1000 molecules are transferred through a single NPC every second [21,40,41]. Passage across the NPC requires the binding of the hydrophobic patches on nuclear transport receptors with the FG-repeats, and their unbinding, in what is essentially a rapid exchange of transient interactions. NMR studies and molecular dynamics (MD) simulations show this rapid exchange is enabled through multiple low-affinity interactions, through which the FG-Nups remain inherently disordered [42,43], a feature that is ideally suited for rapid exchange [44].





4. Flexibility and Dynamics Are Inherent Features of Nuclear Transport Receptors


4.1. Importin α/β


Studies over the past two decades have highlighted that flexibility and dynamics are inherent features of nuclear transport receptors, including importin α/β and exportin-1. Importin-α is a ~60 kDa protein that is comprised of a short N-terminal importin-β binding (IBB) domain that is connected by a flexible linker to a larger C-terminal domain of 10 stacked helical armadillo (ARM) repeats. The ARM repeats, which form a super-helical solenoid structure, contain the major and minor NLS-binding sites of importin-α. The IBB domain, which is a stretch of around 40 predominantly basic amino acids that includes an NLS mimic, exists in an autoinhibitory conformation that is released upon binding to importin-β. The importin α/β heterodimer may then bind the NLS-containing cargo via importin-α, whereas importin-β interacts with components of the NPC. The importin α/β-cargo complex is then guided through the NPC to the nucleus. Once the importin α/β-cargo complex is imported into the nucleus, RanGTP binds to importin-β. This causes a region of importin-α to bind to the major NLS-binding site to competitively release the cargo. Thus, the flexible IBB domain is key to importin α/β binding, cargo uptake, nuclear transport and release. Accordingly, the X-ray structures of mouse and yeast importin-α revealed that the IBB domain is mostly disordered when not bound to importin-β [45,46]. MD simulations have also shown that while the IBB domain is in its α-helical form when bound to importin-β, the structure collapses in its unbound state [47].



Like importin-α, importin-β forms a super-helical solenoid structure, but has 19 HEAT repeats, each comprising two antiparallel helices connected by a turn [46]. Importin-β is considered to be more flexible than importin-α, displaying a diversity of conformations in its unbound and bound states, that range from compact to a more elongated configuration. Interestingly, this range of conformations has been observed in both static- and solution-based structural studies [46,48,49,50,51]. MD simulations further confirmed that importin-β sampled extreme and rapid conformations, including a more extended S-shaped conformation, due to flexibility in a number of the HEAT repeats [47,52]. Interestingly, when a RanGTP-bound form of importin-β was simulated, the degree of flexibility was significantly reduced [47]. These MD simulations also indicated that the free structure of importin-β displayed a degree of structural disorder, regardless of its well-defined secondary structure. The importin-β structure is only attenuated upon the binding of other proteins, and likely enables importin-β to bind cargoes of different size and shape. How this conformational flexibility dictates the function of nuclear transport has also been explored. Interestingly, decreasing importin-β flexibility via cross-linking resulted in hindered nuclear transport [53]. As mentioned previously, importin-β binds the IBB domain of importin-α, but it can also bind to other adaptors. In the absence of an adaptor importin-β can independently bind unrelated cargoes. Further to this, importin-β binds to the FG-Nups within the NPC and also to RanGTP within the nucleus, leading to the dissociation of the complex. It is therefore clear that the inherent flexibility of importin-β allows it to adjust to binding to different partners.




4.2. Exportin-1


Like importin-β, exportin-1 is comprised of 21 HEAT repeats and adopts an overall super-helical conformation (Figure 3A,B). The inner surface of exportin-1 interacts with RanGTP (Figure 3B), whereas the convex outer surface of exportin-1 interacts with the FG-Nups and harbours the NES-binding cleft to which cargo bind (Figure 3B–E). In both a crystalline and non-crystalline state, exportin-1 that is free of RanGTP and cargo can adopt both an extended conformation with high structural flexibility (Figure 3A) or a more rigid and compact ring-like conformation in which the N- and C-termini interact [54,55]. The more compact ring-like conformation is also observed when exportin-1 is bound to RanGTP in either the presence or absence of cargo (Figure 3B,C). Before it can bind cargo exportin-1 must first be bound by RanGTP. The cooperative nature of this binding is attributed to an acidic loop on exportin-1 that connects the two bound proteins, and motion in the C-terminal acidic tail that regulates the state of the NES binding cleft and the affinity of exportin-1 for its cargo [54,56,57].





5. Nuclear Transport Signals on Cargo Are Frequently Disordered


Experimentally verified importin α/β and exportin-1 cargoes have informed their consensus NLS or NES motifs, respectively, and whilst the consensus sequences vary, intrinsic disorder can be a common feature of each.



5.1. Nuclear Localisation Signals (NLSs)


Classical NLSs that are recognised by importin-α are either monopartite or bipartite. Monopartite NLSs contain one stretch of basic amino acids, whereas bipartite NLSs contain a second stretch of basic amino acids 10–12 residues downstream of the first stretch [59]. The consensus monopartite NLS sequence is defined as K-(K/R)-X-(K/R), where X can modulate NLS function and is typically enriched for positively charged residues [60,61,62,63]. Importin-α possesses two distinct NLS binding sites that are described as minor and major. The major NLS binding site binds to the classical monopartite NLS, whereas both the minor and major sites are required for binding to bipartite NLS [64,65]. Crystal structures have shown that classical NLS peptides bind to importin-α in an extended conformation. This suggests that conformational flexibility ensures favourable contacts are made with the binding site [61]. Intriguingly, classical NLSs are also often found in intrinsically disordered regions of cargo proteins [66,67,68]. One study that extracted NLS data from crystallographic structures showed that the mean B-factor per single amino acid of the NLS was significantly higher than the mean of the rest of the protein [69], confirming that classical NLSs often occur in regions of high mobility. However, it is important to note that ~20% of nuclear-localised importin α/β cargoes do not have a motif that matches the classical NLS [12]. Notably, an alternative motif, defined as K-R-X-H-X-K (where X is any amino acid), is also both rich in basic amino acids and predicted to be localised to IDRs [12].




5.2. Nuclear Export Signals (NESs)


The consensus NES is usually between 9-15 residues long and is defined as ϕ1-X2,3-ϕ2-X2,3-ϕ3-X-ϕ4, where ϕn represents a Leu, Val, Ile, Phe or Met residue and X represents any amino acid [70]. As per NLS binding to importin-α, exportin-1 binds to the NES motif of its cargo in an extended helix conformation [71], but can also adopt more diverse conformations [72]. The NES of the cargo binds within a groove of exportin-1 that contains multiple hydrophobic pockets. These pockets are proposed to allow for a variety of NES motifs to bind [71].



Secondary structural analysis has been conducted on known NES sequences [70,73], either from entries within the Protein Data Bank (PDB) or by using secondary structure prediction programs such as PSIPRED (Predict Secondary Structure). In a study by Xu et al., experimentally validated NES sequences were shown to have a strong bias towards helix-loop and loop conformations and a strong bias against β-strand conformations [73]. In the same study, the inherent disorder of NES motifs was also explored using the disorder prediction program DISOPRED2 [74]. Interestingly, the disorder propensity calculations predicted higher disorder scores for the experimentally proven NES sequences in comparison to the known false positives [73], supporting the thesis that protein disorder and solvent accessibility can be used to supplement the consensus motif as a tool for more accurate NES prediction [75,76].




5.3. Advantages of Disordered NLS/NES Motifs


There are many potential reasons as to why NLS and NES sequences are found in IDRs of cargo proteins. The intrinsic disorder may permit the solvent accessibility of the signal sequence, allowing the exposure of the key amino acids within the motif that are key to binding the nuclear transport receptor. In this regard it may also be key to allowing varied NLS/NES sequences, that still conform to the consensus motifs, to bind the structurally invariant NLS/NES binding site, and perhaps allow them to bind to the nuclear transport receptor in an optimal configuration. Finally, this flexibility may facilitate cargoes of different shapes and sizes to translocate through the NPC which has an upper functional diameter. While these possibilities make sense in the context of what is known about IDRs, they need to be further explored in the context of nuclear transport.



As a side note, 71% of 185 human nuclear proteins curated in the Nuclear Protein Database [77] are predicted to have ≥30% disorder [78], suggesting intrinsic disorder is abundant in proteins that localise to the nucleus (e.g., transcription factors [79]). Therefore, in this context intrinsic disorder appears to be a favourable feature.





6. Intrinsic Disorder Can Regulate the Nuclear Transport of Cargo


Given IDRs are hubs for protein-protein interactions and post-translational modifications, these factors, which can be sensitive to stimuli, frequently play a role in masking/unmasking NLS/NES motifs. The effect is to modulate the accessibility of cargo proteins to nuclear transport receptors, and in doing so regulate their cellular localisation. Examples of host cargo proteins whose NLS/NES motifs undergo masking/unmasking are described below.



6.1. The Integrase Interactor 1 (INI1) Protein


The integrase interactor 1 (INI1) protein, which is a subunit of the SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodelling complex, was reported to have a NES spanning residues 266-276 within the repeat 2 (Rpt2) domain. It was shown that in the steady state, the NES of INI1 is masked by its C-terminal arginine rich sequence (residues 363-378) [80]. It was postulated that the NES may be unmasked following a stimulus that either prevents a binding partner from blocking that region or causes a conformational change in the protein. We used the online software tool Predictors of Natural Disordered Regions (PONDR®) VL-XT [81], which hypothesises that the disordered structure characteristics of sequences depend on their location in the sequence [82], to predict disordered regions in INI1 (data not shown). Interestingly, PONDR® VL-XT predicted that INI1 protein residues 356-381, which encompass the C-terminal NES masking sequence, are intrinsically disordered, suggesting that the conformational plasticity of these residues is involved in masking/unmasking events. Interestingly, INI1 is an oligomer and residues involved in oligomerisation overlap with those of the NES. Moreover, a double mutant (I264T/I268T) containing a key substitution in the NES (I268T) was both monomeric and strongly cytoplasmic, suggesting that multimerisation of INI1 masks the NES, causing the retention of INI1 in the nucleus [83].




6.2. Inhibitors of κBs


The nuclear factor κB (NF-κB) family of transcription factors require nuclear access to regulate the expression of genes in key cellular processes [84]. Inhibitors of κBs (IκBs), such as IκBα, block this nuclear localisation, rendering the NF-κB transcription factors inactive. Latimer et al. [85] showed that IκBα retains the p50 and cRel members of the NF-κB family in the cytoplasm, either by directly or indirectly masking one or both NLSs of the p50 and cRel homodimers. In particular, this masking was attributed to the N-terminal 61 residues of IκBα, which our PONDR® VL-XT analysis predicted to be almost entirely disordered (58 of 61 residues; data not shown). Accordingly, the N-terminus was absent in the structure of IκBα in complex with the NF-κB heterodimer (p50/p65) [86]. This structure also emphasised the proximity of the stem of this flexible domain to the NLS of p50, where it appears conveniently positioned for its direct or indirect role in masking one NLS. Indeed, signalling induced phosphorylation of residues within the N-terminal disordered region of IκBα induces its ubiquitin-dependent degradation, releasing the transcription factors for nuclear entry. Cumulatively, the data strongly suggests that the malleability, and tuneability, of this N-terminal region plays a crucial role in regulating the masking/unmasking of the NLS.



Interestingly, IκBα also harbours an NLS within its disordered N-terminal region (residues 45-54), and the NLSs of the NF-κB family members p50, p52 and p65 [86,87,88,89] are also disordered, adding further complexity and dynamics to the system. Intrinsic disorder is generally recognised to be fundamental to transcription factors [79,90].





7. Intrinsic Disorder in Viral Proteins


Viruses are infectious agents that contain genetic material, DNA or RNA, enclosed by a protein capsid. For enveloped viruses, the capsid is surrounded by a lipid bilayer envelope that is derived from the host cell membrane. Viruses can only replicate by infecting their host, and given their viral genome is compact, they do so with a limited suite of viral proteins. For this reason, viruses interact with many host proteins during infection and depend on the host cellular machinery for their replication. Although viruses encode a limited number of viral proteins, this limitation can be mitigated by the fact that many viral proteins bear IDRs. In fact, in the manually curated Database of Protein Disorder (DisProt) [91] viral proteins constitute over 10% of the total entries across all organisms. The plasticity endowed by viral protein disorder has been correlated with virulence [92,93,94,95,96], potentially by hindering recognition by components of the immune system, but also allowing viral proteins to interact with multiple host factors, thereby maximising their function.




8. Viral Subversion of Host Nuclear Transport Machinery


Many viruses exploit nucleocytoplasmic shuttling pathways to access the nucleus of their host [97]. Viruses may require nuclear access to deliver their genome to the nucleus, and/or to subvert host cellular processes, such as the host immune response, to support their replication. For general viral subversion mechanisms of the nuclear transport machinery, the reader is referred to several excellent reviews [98,99]. Here however, our focus is to describe viral subversion mechanisms of the host nuclear transport machinery in which intrinsic disorder is a feature.



8.1. FG-Nups Are Targeted by Viruses


During infection many viruses target multiple FG-Nups so as to alter the composition and function of the NPC, ultimately facilitating nuclear transport and infection. Below we list some prominent examples.



8.1.1. Adenovirus Types 2 and 5


Adenovirus, which is a double stranded DNA virus, docks onto the cytoplasmic side of the NPC, and releases its viral genome from the capsid into the nucleus. More specifically, the adenovirus capsid protein, hexon, binds to the NPC via an IDR of Nup214, an FG repeat-containing Nup that is localised to the base of the cytoplasmic filament (Figure 2) [100,101]. The intact viral capsid protein, IX, then recruits kinesin-1 which binds another FG-Nup, Nup358 (Figure 2). This promotes adenovirus capsid uncoating, disrupts adenovirus capsids that are docked at the NPC, and releases multiple Nups from the nuclear envelope. The latter serves to increase the permeability of the nuclear envelope and allows viral genome access to the nucleus [102]. This process is aided by the adenovirus capsid protein VII, which strongly associates with adenovirus DNA and permits nuclear import by binding to numerous nuclear import receptors, including importin α/β, via its NLS-containing domains [103].




8.1.2. Dengue and Zika Virus


Dengue virus (DENV) and Zika virus (ZIKV) are both flaviviruses and single-stranded RNA viruses that replicate in the host cell cytoplasm. Despite this, during infection many of their viral proteins enter the nucleus and many host proteins are mislocalised to aid viral replication or to inhibit innate immunity. These viruses alter the integrity of the NPC to achieve this outcome. The ZIKV and DENV serine-protease complex NS23B is responsible for degrading and altering the distribution of multiple FG-Nups following DENV and ZIKV infection. While both viruses target Nup98 and Nup153, an inner ring Nup and nuclear basket Nup, respectively (Figure 2), the degradation of the translocated promoter region (TPR) protein (scaffolding element of the NPC) and the channel FG-Nup Nup62 (Figure 2) were specific to ZIKV and DENV, respectively [104]. Although the degraded Nups are known to play roles in nuclear protein transport and mRNA export, further studies are required to determine how this strategy favours DENV and ZIKV replication.




8.1.3. Poliovirus and Rhinovirus


Poliovirus and rhinovirus belong to the Picornaviridae family and are single stranded RNA viruses that replicate in the cytoplasm of the host cell. As per DENV and ZIKV, poliovirus and rhinovirus also cleave multiple Nups, but do so via their 3C and 2A cysteine proteases. Rhinovirus protease 2A cleaves Nup62, Nup98 and Nup153 [105,106,107,108], whereas protease 3C cleaves Nup153, Nup214 and Nup358 [109], and both Nup98 and Nup153 are also degraded by poliovirus [110,111,112]; notably, all of these Nups are FG-Nups (Figure 2). Characterisation of the rhinovirus 2A protease Nup98 cleavage sites revealed that proteolysis removes the N-terminal FG-repeat region from the NPC, while leaving the C-terminus anchored to the NPC [113]. These viruses therefore are able to alter the composition of the NPC to influence its permeability and nuclear transport in infected cells [110,111,114]. However, it should be noted that these viral proteases also cleave host proteins beyond the aforementioned Nups, also to favour viral replication (e.g., [3]).




8.1.4. Encephalomyocarditis Virus (EMCV)


Encephalomyocarditis virus (EMCV), which also belongs to the Picornaviridae family, infects a broad range of non-human hosts; however, human infections associated with clinical manifestations have been reported [115,116]. Although EMCV is a picornavirus, as per poliovirus and rhinovirus, it does not encode the 2A protease and is incapable of cleaving NPC Nups during infection. Rather, EMCV regulates nuclear trafficking via its variable-length Leader (L) protein which lacks enzymatic activity. In this capacity, L, or more specifically its N-terminal zinc-finger motif, is key to multiple approaches to disrupt nucleocytoplasmic trafficking, including binding directly to Ran [117], and altering patterns of FG-Nup phosphorylation (e.g., Nup62, Nup98, Nup153 and Nup214 [118,119,120]) (Figure 2). Cumulatively, these strategies modulate Ran-dependent nucleocytoplasmic shuttling to relocate proteins in favour of viral replication and interferon (IFN) suppression [117,121], and alter the kinetics of active nuclear transport [118,119,120,122,123]. MD simulations suggest that phosphorylation of isolated FG-Nup segments alters the kinetics of transport by reducing their intramolecular cohesion and leading to a more extended FG-Nup conformation. Further to this, phosphorylated NPCs (where all the serine and threonine residues of the FG-Nups are phosphorylated) had reduced protein density compared to wild-type NPCs [124]. It should be noted; however, that the portion of phosphorylated residues at any one time inside the NPC in vivo is not known.




8.1.5. Hepatitis C Virus (HCV)


Although HCV is an RNA virus that replicates in the cytoplasm, it utilises both Nups and nuclear transport receptors to support infection. HCV infection leads to the recruitment and rearrangement of cytoplasmic host cell membranes into viral replication and assembly complexes. Intriguingly, NLS-bearing proteins and Nups are recruited to these HCV assembly sites during infection [125]. This change in Nup localisation was also associated with upregulated Nup mRNA and protein levels including, but not limited to, Nup153 and Nup214 (both FG-Nups) [125]. Further to this, the HCV core and NS5A proteins were found to interact with Nup107 (Figure 2) and Nup153 [125] and were amongst the HCV proteins that were reported to interact with nuclear transport receptors such as exportin-1 [125,126]. Therefore, nuclear transport proteins function in HCV replication, but the precise details require further clarification.





8.2. Intrinsic Disorder Can Modulate Viral Cargo NLS/NES Accessibility


A common mechanism for viral proteins to enter or exit the nucleus of host cells is to mimic host NLS/NES motifs, respectively, to hijack host nuclear transport receptors. Over the past ten years, there has been a surge in the experimental validation of such motifs within viral proteins. For example, viral proteins, such as human immunodeficiency virus type 1 (HIV-1) Rev [127] and influenza virus nucleoprotein (NP) and polymerase basic protein 2 (PB2) [128,129] mimic the host NLS and enter the nucleus via importin α/β. Likewise, viral proteins such as Hendra virus V [130], HIV-1 Rev [127], respiratory syncytial virus matrix (M) protein [131] and influenza virus NS2 (nuclear export protein) [132], amongst many others, mimic host NES sequences to bind exportin-1 for their nuclear export. As per human proteins, many of these viral NLS and NES motifs are reported to occur within disordered regions. However, we have further extended the list by using PONDR® VL-XT to predict disorder within experimentally validated viral nuclear import and export signals (Table 1). Our findings suggest that more viral NLS/NES motifs are potentially disordered than currently appreciated, a feature which should be explored in the context of nuclear transport.



As per NLS/NES motifs in human proteins, viral proteins are also subjected to mechanisms that regulate their nuclear transport. This includes the modulation of NLS/NES accessibility by intra- and inter-molecular interactions and post-translational modifications. Intrinsic disorder, which is abundant in viral proteins, plays a key role in this modulation.



8.2.1. Human Immunodeficiency Virus Type 1 (HIV-1) Rev


Rev is a HIV-1 regulatory protein that is essential to the HIV-1 life cycle. Following its translation in the cytoplasm, Rev is imported into the nucleus where it binds to Rev responsive elements (RREs) on intron-containing HIV-1 mRNA and exports them to the cytoplasm for translation. To perform this function, Rev requires access to both the nuclear and cytoplasmic compartments of the cell, and this shuttling must be tightly regulated to ensure it is in the right compartment at the right time. The structural/biophysical/cellular analysis of Rev has provided insights into how this might occur.



RNA-free Rev crystal structures show that the N-terminal domain consists of two helical oligomerisation domains (residues 9-26 and 51-65) connected by a flexible linker [139,140]. The second helical domain is flanked by an α-helical arginine rich motif (ARM) which binds to the RRE-containing RNA and also functions as an NLS (residues 34-50) that directly interacts with importin-β [127,141,142,143]. In addition to its α-helical conformation, the 17 amino acid ARM/NLS peptide has also been observed in an extended conformation, with the conformation dictated by the RNA to which it was bound [144]. The conformational variability of the ligand-free ARM/NLS peptide is also supported by Casu et al. [145]. Further to this, the C-terminal domain of Rev (residues 66-116), that harbours the NES (residues 74-83) that is recognised by exportin-1, is disordered [139,146,147].



Rev’s intra- and intermolecular protein interactions, RRE-binding status and the conformational malleability provided by its flexible linkers and intrinsically disordered regions are proposed to dictate NLS/NES masking and unmasking events. Rev self-association within the cytoplasm is proposed to transiently mask the NES, thereby promoting its NLS-mediated trafficking to the nucleus [148] where it can access the RRE on intron-containing HIV-1 mRNA. Within the nucleus, it is proposed that the NLS of Rev is masked upon binding the RRE [149]. For a functional nuclear export complex, Rev must form higher order oligomers along the RRE [150], and the NES within Rev’s disordered C-terminal domain must be exposed for its interaction with exportin-1-RanGTP. Given the C-terminal disordered domain of Rev regulates its stability and oligomerisation [151], the assembly of higher order Rev oligomers on the RRE may facilitate the exposure of the NES [139,152]. Regardless of the mechanism, it is clear that the intrinsically disordered elements within Rev are paramount to its malleability, stability and modulation of its protein-protein and protein-RNA interactions, enabling its functional versatility.




8.2.2. Hepatitis C Virus (HCV) Core


Although HCV replicates in the cytoplasm of infected cells, many HCV viral proteins, including the HCV core, shuttle between the cytoplasm and the nucleus to promote viral replication [125,126,153,154]. To identify HCV proteins carrying nuclear transport signals, one study incubated a HCV peptide array with/without cell lysates and probed the array with antibodies that recognise components of the nuclear transport machinery. In doing so they identified three NLSs within the HCV core protein that bind to both importin-α5 and importin-β3 [126]. Our PONDR® VL-XT analysis predicts that all three NLSs (NLS1-3) within the HCV core protein are fully disordered (Table 1).



Biophysical/NMR analysis revealed that the mature core protein (residues 1-177) contains stable secondary structure and exists as an oligomer [155,156]. However, an N-terminal truncation of the core (residues 1-82) was intrinsically disordered [157], and a C-terminal truncation (residues 1-124) was both intrinsically disordered and monomeric [155]. These findings suggest that the C-terminal tail is important for oligomerisation, and that C-terminal intramolecular interactions induce structure within the HCV core. We speculate that NLS masking, induced by ligand-binding and/or oligomerisation, may play a role in regulating the nuclear import of the HCV core protein. Although the original study that identified NLS1-3 reported that their recombinant full-length core protein (residues 1-191) bound importin-α5 and importin-β3, neither the oligomeric state of this precursor core protein, nor whether it was proteolytically cleaved, was reported [126].




8.2.3. Hendra Virus P/V/W


We previously showed that the Hendra virus V protein shuttles between the nucleus and the cytoplasm via interaction with importin α/β and exportin-1, respectively [130]. We experimentally validated a NES (residues 174-192) within the large disordered N-terminal domain of the Hendra virus V protein (residues 1-405) that is also shared with the phosphoprotein (P) and W protein of Hendra virus. Although P/V/W share their disordered N-terminal domains, they have distinct, structurally ordered C-terminal domains. Yet, despite carrying a common NES, only P and V are localised to the cytoplasm at steady state. The nuclear localisation of the W protein at steady state suggests its localisation is predominantly determined by its NLS at its C-terminus, and that the N-terminal NES it shares with P/V may be non-functional, or is perhaps masked as can occur with HIV-1 Rev. Likewise, the V and W proteins of the closely related Nipah virus also differentially localise to the cytoplasm and nucleus, respectively [158,159], suggesting a regulatory mechanism common to their Hendra virus counterparts. These viral proteins are critical to the pathogenesis of these henipaviruses and serve to limit or prevent host type I IFN induction from different cellular compartments.




8.2.4. Simian Virus 40 (SV-40) Large T-Antigen


Phosphorylation sites in close proximity to NLS/NES motifs can often up- or down-regulate the nuclear import/export of cargoes. For example, casein kinase 2 (CK2) phosphorylates residues S111/S112 of the Simian virus 40 (SV40) large T-antigen (T-ag), which are immediately upstream of an NLS (residues 126-132). This phosphorylation event accelerates the importin α/β-mediated import of T-ag, although a crystal structure confirmed there was no direct interaction between the S112 phosphate moiety and importin-α [62,64,160,161]. Another structural study compared the phosphorylated and non-phosphorylated T-Ag NLS peptides. They showed that unlike the phosphorylated peptide, which displayed continuous electron density from residues 119-133, there was no discernible electron density for the non-phosphorylated peptide between residues 119-122, suggesting this region is disordered. Accordingly, our PONDR® VL-XT analysis predicts that SV40 T-ag residues 104-139, spanning both the NLS and the upstream phosphorylation sites, are disordered (data not shown). These data suggest that the phosphorylation of residues upstream of the T-ag NLS may prompt residues 119-122 to undergo a disorder–order transition that deems the NLS more recognisable by importin-α [62,64].






9. Therapeutic Targeting of Nuclear Transport to Limit Viral Infection


Given many viruses are dependent on accessing the host nucleus to replicate their genome, or to suppress the host antiviral response, nuclear transport inhibitors that mislocalise host or viral proteins key to the viral life cycle, are emerging as promising antiviral therapeutics.



9.1. Nuclear Import Inhibitors


Ivermectin is a small molecule that impairs viral replication by various means. Two independent in vitro studies concur that ivermectin binds to importin-α and in doing so induces structural changes that prevent the binding of NLS-bearing cargo [162,163]. However, only one of these studies shows that these structural changes caused the dissociation of the importin α/β heterodimer. Consistent with preventing the binding of NLS-bearing cargo, ivermectin inhibits the nuclear import of host [164] and viral proteins [163,165,166,167]. Therefore, ivermectin may disable viruses that are reliant on importin α/β during infection. However, ivermectin has also been shown to bind to the non-structural protein 3 (NS3) of two flaviviruses, West Nile virus (WNV) and yellow fever virus (YFV), and in doing so inhibit their double stranded RNA unwinding activity [168]. Accordingly, ivermectin inhibits the replication of WNV and YFV in vitro [162,168]. Notably however, ivermectin’s antiviral activity is broader than just these two flaviviruses and includes other human viruses. These viruses include, but not are not limited to, Hendra virus [130], Venezuelan equine encephalitis virus [169], ZIKV [162,169,170,171], DENV [168,172,173], influenza [174], HIV-1 [171] and even SARS-CoV-2 [175], the causative agent of COVID-19. Encouragingly, in mice, ivermectin has also been shown to relieve pseudorabies virus infection by inhibiting a subunit of its DNA polymerase from entering the nucleus [166]. However, in contrast, and despite the demonstrated anti-ZIKV activity of ivermectin in vitro, ivermectin treatment failed to protect mice from lethal ZIKV infection [176]. Collectively these findings suggest that ivermectin has antiviral properties in vitro, but it is important to determine if these results are corroborated in small animal models and also in a clinical context. Notably, ivermectin, which is an FDA-approved anti-parasitic drug, is the subject of numerous clinical trials in human patients to determine if it can safely reduce the SARS-CoV-2 viral load on its own, or in combination with other agents (e.g., NCT04381884, NCT04425707).



Likewise, karyostatin 1A [177] and importazole [178] are small molecule nuclear import inhibitors. Specifically, these inhibitors prevent, or alter importin-β’s interaction with RanGTP, respectively, and may also have therapeutic application.




9.2. Nuclear Export Inhibitors


Nuclear export can also be targeted by small molecules. Leptomycin B (LMB), the prototypical exportin-1 inhibitor, binds irreversibly to cysteine 528 within the NES binding groove [179]. In doing so, LMB blocks the binding of all NES-bearing cargo to exportin-1 and prevents their nuclear export, causing their nuclear accumulation. In cells, LMB inhibits the nuclear export of the HIV-1 Rev protein, which is essential for the export of unspliced and incompletely spliced HIV-1 mRNA, and limits HIV-1 replication [180]. LMB treatment of influenza virus infected cells also causes the nuclear retention of NP and blocks the export of ribonucleoproteins therein preventing their translation in the cytoplasm and limiting influenza virus replication [181]. We also reported that LMB limits Hendra virus infection, although the critical human or viral host protein/s that have been mislocalised in this instance remain unknown [130]. Although LMB demonstrated antiviral properties in vitro, clinical trials were abandoned due to its toxicity [182]. LMB has since been superseded by agents, such as selinexor, that reversibly bind cysteine 528 of exportin-1. In 2020 selinexor was granted FDA-approval for treating patients with refractory diffuse large B-cell lymphoma (DLBCL), and is undergoing clinical trials in patients suffering from severe SARS-CoV-2 infection (e.g., NCT04349098, NCT04355676). Likewise, second-generation compounds, such as eltanexor (KPT-8602), which also target exportin-1, but have superior properties to selinexor [183,184], show promise for cancer indications, and should also be tested for their antiviral properties.




9.3. Cargo-Specific Transport Inhibitors


Despite the demonstrated utility of nuclear import and export inhibitors in reducing viral replication in vitro, there are currently no cargo-specific nuclear export inhibitors. Such inhibitors will be critically important to maintain specificity and reduce the cytotoxic effects associated with globally inhibiting nuclear transport cargo. To develop cargo-specific inhibitors, extensive knowledge of the cargo-receptor interface is required. In this regard, our knowledge is most advanced for the classical NLS recognised by importin α/β and the NES recognised by exportin-1, and so there is perhaps the greatest potential to selectively disrupt NLS- or NES-bearing cargo interactions. However, as noted above, NLS and NES motifs often contain regions of disorder, and in lacking stable features, are considered challenging drug targets. Although previously considered “undruggable” targets, success stories demonstrating that small molecules can selectively bind to disordered protein targets are emerging [185,186,187,188]. Future progress in defining critical cargo–receptor interactions, and their importance to the life cycle of viruses, will fuel the development of cargo-specific nuclear transport inhibitors with highly specific activity, low toxicity and great promise for viral intervention.





10. Conclusions


The FG-Nups that reside within the NPCs that perforate the nuclear envelope provide a selective barrier that regulates the movement of molecules between the cytoplasm and the nucleus. Accordingly, nucleocytoplasmic transport is essential for many critical functions of the cell, and also to the replication strategy of viruses infecting their host. It is clear that inherent disorder/flexibility plays a role, at various levels, to the fundamental dynamics of nuclear transport. However, due to these very dynamics, understanding the consequence of protein flexibility and disorder to trafficking is considerably challenging. It is clear more approaches and methodologies are required to further clarify the role of inherent disorder in the operation, and host- and viral-mediated regulation, of the extraordinarily complex and vital nuclear transport machinery. Ultimately, an enhanced understanding is key to devising novel therapies to block the replication strategy of viruses.
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Figure 1. The nuclear import–export cycle. (A) Nuclear import of a nuclear localisation signal (NLS)-bearing cargo (orange) by importin α/β (imp α/β). Protein cargo in the cytosol bind the nuclear import receptor importin α/β for transport through the nuclear pore complex (NPC) to the nucleus. Following import, guanosine triphosphate (GTP)-bound Ran (RanGTP) binding to importin-β causes the release of the cargo in the cytoplasm and the recycling of importin-α and importin-β-RanGTP. (B) Nuclear export of a nuclear export signal (NES)-bearing cargo (green) by exportin-1. RanGTP binds to exportin-1 in the nucleus to enable the exportin-1-RanGTP-cargo ternary complex to be formed and exported to the cytoplasm. The ternary complex is disassembled following the hydrolysis of RanGTP to RanGTP (guanosine diphosphate (GDP)-bound Ran). 
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Figure 2. Cross-section of the nuclear pore complex (NPC). The NPC is comprised of two outer rings (grey) and an inner ring which forms the central channel of the pore. The inner ring is formed from layers of nucleoporins (Nups) that are collectively depicted in orange. The phenylalanine-glycine (FG)-Nups are predominantly anchored within the central channel and contain long extensions intermittently spaced with FG-repeats which have properties characteristic of intrinsically disordered proteins (IDPs). The FG-Nups form the permeability barrier of the NPC. The transmembrane Nups (red) anchor the NPC to the nuclear envelope. Nups and NPC proteins that are referred to in this review are shown. TPR = translocated promoter region. 
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Figure 3. The nuclear export receptor exportin-1 adopts an extended or compact conformation and can bind to multiple partners. (A–C) Surface representations of exportin-1 depicted in the same orientation. (A) The extended conformation of unbound exportin-1 from fungus. Figure generated from Protein Data Bank (PDB) ID 4FGV [54]. (B) The compact ring-like conformation of mouse exportin-1 (blue) bound to RanGTP (pink). Figure generated from Protein Data Bank (PDB) ID 3NC1 [58]. (C,D) The human exportin-1-RanGTP-snurportin-1-Nup214 complex, where D is a rotation of C along the Y-axis. RanGTP (pink) interacts with the inner surface of exportin-1 (grey). The nuclear export signal (NES) of the transport cargo, in this case snurportin-1 (teal), interacts with the NES binding groove on the outer surface of exportin-1. The receptor-cargo complex is transported through the nuclear pore complex (NPC) via its interactions with FG-Nups, such as Nup214 (crimson), of which a fragment (residues 1916-2026) containing three FG-regions (FG-region 1-3) is shown. Each of the three FG-regions contain multiple FG-repeats and serve as anchor points for binding hydrophobic surface pockets of exportin-1. Residues connecting the FG-repeat regions were not always clearly defined in the electron density. Although the Nup214 fragment was crystallised with an N-terminal maltose binding protein (MBP) fusion tag, MBP has been removed from the figure for clarity. Figure generated from PDB ID 5DIS [27]. (E) Schematic representation of the domain architecture of Nup214, with the crystallised fragment that is shown in C,D depicted. CTE = C-terminal extension of the seven-bladed β-propeller; CC = coiled-coil. 
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Table 1. PONDR® VL-XT-predicted disorder of experimentally validated NLS/NES motifs.
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	Virus
	Protein
	NLS/NES
	Sequence
	Ref.





	PYDV 1
	M
	NLS
	213-KKTVSDPLKNLLKR-226
	[133]



	HIV-1 2
	Capsid
	NLS
	84-HPVHAGPIAPGQMREPRGSDIA-105
	[134]



	Measles
	C
	NLS
	41-PPARKRRQ-48
	[135]



	HCV 3
	Core
	NLS1
	6-KPQRKTKRN-14
	[126]



	HCV
	Core
	NLS2
	38-PRRGPR-43
	[126]



	HCV
	Core
	NLS3
	58-PRGRRQPIPKARRS-71
	[126]



	BDV 4
	N
	NLS
	3-PKRRLVDDT-11
	[136]



	HTLV-1 5
	Rex
	NES
	81-ALSAQLYSSLSLDSP-95
	[137]



	HTLV-1
	Rex
	NLS
	1-MPKTRRRPRRSQRKRPPTP-19
	[138]







1: Potato yellow dwarf nucleorhabdovirus; 2: Human immunodeficiency virus type 1; 3: Hepatitis C; 4: Borna disease virus; 5: Human T-cell leukaemia virus type I. NLS = nuclear localisation signal; NES = nuclear export signal. Disordered residues depicted in bold.
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