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Abstract

:

The coronavirus E proteins are small membrane proteins found in the virus envelope of alpha and beta coronaviruses that have a high degree of overlap in their biochemical and functional properties despite minor sequence variations. The SARS-CoV-2 E is a 75-amino acid transmembrane protein capable of acting as an ion channel when assembled in a pentameric fashion. Various studies have found that hexamethylene amiloride (HMA) can inhibit the ion channel activity of the E protein in bilayers and also inhibit viral replication in cultured cells. Here, we use the available structural data in conjunction with homology modelling to build a comprehensive model of the E protein to assess potential binding sites and molecular interactions of HMA derivatives. Furthermore, we employed an iterative cycle of molecular modelling, extensive docking simulations, molecular dynamics and leveraging steered molecular dynamics to better understand the pore characteristics and quantify the affinity of the bound ligands. Results from this work highlight the potential of acylguanidines as blockers of the E protein and guide the development of subsequent small molecule inhibitors.
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1. Introduction


Coronaviruses have been associated with deadly respiratory infections, and seven coronaviruses have been identified that infect and spread amongst humans. In the last two decades, the two epidemics caused by beta coronaviruses are Severe Acute Respiratory Syndrome coronavirus (SARS-CoV) and Middle East Respiratory Syndrome coronavirus (MERS-CoV). SARS-CoV-2 causes COVID-19 disease and is the most recently discovered strain of this coronavirus family which is responsible for the pandemic that started in late 2019 in the city of Wuhan, China [1,2,3,4,5,6,7,8]. The SARS-CoV-2 genome encodes a viral replicase encompassing structural proteins that include Spike (S), Envelope (E), Membrane (M) and Nucleocapsid (N), and a group of accessory proteins specific to SARS-CoV-2 viz. 3a, 3b, 6, 7a, 7b, 8b, 9b and 10 [9]. The S and M proteins form spikes on the surface that project 17–20 nm [10].



Another important component of the viral envelope is the E protein which is present on the surface of the virion in smaller numbers [5,11]. This E protein is the least studied and understood of the four structural proteins encoded by SARS-CoV-1 and SARS-CoV-2, but is thought to encode a 75-amino acid transmembrane-spanning protein that acts as a viral ion channel or viroporin, and plays a crucial role in viral assembly, budding, virion release, and viral pathogenesis, to the extent that E protein knockout coronaviruses are considered as putative vaccine candidates [12,13,14,15,16]. Recently, through a set of in vitro and in vivo studies, Xia et al. reported that the SARS-CoV-2 E protein alone causes acute respiratory distress syndrome (ARDS)-like damage, suggesting inhibition of the E protein as a promising antiviral strategy [17].



The E protein of SARS-CoV-2 has a short hydrophobic N-terminus comprised of 7-12 residues which is connected to a 25-amino acid Trans-Membrane Domain (TMD) and terminates in a comparatively long hydrophilic C-terminus [10,11,18,19,20]. The TMD has a prevalence (~35%) of valine and leucine residues which are responsible for the high grand average hydropathicity index of this protein. The C-terminal tail contains cysteines and prolines that act as palmitoylation targets and Golgi-complex targeting signals, respectively, and mutation of the prolines prevents the localization of the E protein in Golgi complexes and instead, the mutant E protein populates the plasma membrane [11,21].



Transient expression of N- or C-terminally flagged E protein of SARS-CoV-1 showed both termini present in the cytoplasm, supporting a hairpin topology [22]. However, in infected and transiently transfected cells, the SARS-CoV-1 E protein adopts a cytoplasmic C-terminal and endoplasmic N-terminal orientation [23]. More recently, Duart et al. demonstrated that the SARS-CoV-2 E protein is a single TMD-spanning membrane protein with cytoplasmic C-terminal and endoplasmic N-terminal orientation in mammalian cells which supports the ion channel activity described by Verdiá-Báguena and coworkers and with the structural model of the E protein reported in micelles [24,25].



1.1. SARS-CoV-2 E Protein as a Viroporin


Viroporins or viral ion channels have been known since 1992 when the M2 ion channel of influenza A was discovered [26]. Viroporins comprise at least one TMD that spans the lipid bilayer in the form of a pore-forming homotetramer such as M2, or homopentamer such as the E protein [13,27,28] which can alter membrane potential [23,29,30]. Several studies have confirmed the homopentameric arrangement of the coronavirus E proteins, including a sedimentation equilibrium study in dodecyl phosphocholine micelles [31] and isotopically labelled peptides reconstituted in model lipid bilayers and detergent micelles found to also be consistent with a homopentameric model [27,32].



The E proteins of SARS-CoV-1 [13,14,28,31,33,34,35], HCoV-229E [34] and avian infectious bronchitis virus (IBV) [36] exhibit electrophysiological activity and act as cation-selective ion channels that can be inhibited by HMA [18,20,28,34]. Changes in the ion concentration in the host cells are required for the production and maturation of viral progeny, but the role of ion channel activity in pathogenesis is not well understood.



In previous studies, the ion channel activity of the SARS-CoV-1 E protein was mapped within the TMD using synthetic peptides [13,14,33], and it was further suggested that the charge and nature of the lipid microenvironment contributed to the chemical environment of the lumen of the pore and affected ion conductance [37]. Cationic over anionic conductance was preferred when the chemically synthesized SARS-CoV-1 E protein was reconstituted in lipids that resembled the charge and composition of the ER-Golgi intermediate compartment (ERGIC) membranes, but no specific selectivity was exhibited for a particular cation. Additionally, Asn15Ala and Val25Phe were identified as loss-of-function mutations and were experimentally confirmed to suppress E protein channel activity [14,33].



Patch clamp recordings in HEK293 cells and two electrode-voltage clamp experiments in oocytes have shown SARS-CoV-2 ion channel activity at pH 6.0 and 7.4, and the E protein to be permeable to monovalent cations such as Na+, Cs+ and K+ [16,38]. Similarly, single channel electrophysiological recordings using planar lipid bilayers made by Xia et al. confirmed that: (i) SARS-CoV-2 E protein was permeable to Na+ and K+ but not to Cl−; and (ii) permeability of Na+ was equal to K+ but higher than divalent Ca2+ and Mg2+ [17].




1.2. HMA and HMA Derivatives as SARS-CoV2 E Protein Blockers


Historically, HMA has been shown to inhibit SARS-CoV-1 E protein ion channel activity [27,28,39,40,41] and SARS-CoV-2 E protein-mediated currents using patch clamp [20]. NMR studies show that HMA binds to hydrophilic residues in the lumen of the TMD close to the N terminus of the E protein [19]. The presence of HMA and amantadine has created chemical shift perturbations in 2D correlation spectra (15N-13Cα and 13C-13C), and specifically, residues Thr9, Gly10, Thr11, Ile13 and Ser16 were involved in HMA binding while mutation of Asn15 to alanine prevented binding of blockers at the N-terminal endoplasmic end of the channel. Binding affinities of EIPA and HMA were similar and their antiviral potencies in cell-based assays were greater than amiloride, suggesting that the presence of bulky aliphatic or aromatic substituents at the 5′-position of the pyrazine ring augment drug binding and antiviral activity [18].



In the present study, we have screened a panel of HMA derivatives with various chemical substituents and previously reported viroporin inhibitors against the E protein and further quantitatively calculated their activity relative to classical inhibitors such as HMA and amantadine through in silico analysis. Through a set of computational assessments in this study, including docking studies, MD simulations, binding free energy calculations and SMD simulations, we have confirmed that HMA derivatives 37, 33, 26 and 27 are able to bind to an endoplasmic site in the pore of the E protein. Physical occlusion of the pore was observed that can potentially interfere with cationic ion passage. Furthermore, we were also able to elucidate structural information and details about the pore characteristics secondary to the binding of the drug molecules.





2. Results and Discussion


2.1. Construction of the SARS-CoV-2 E Protein


An ssNMR structure of SARS-CoV-2 that spanned from residue 8–38 has been resolved (with reference to UNIPROT ID #P0DTC4; PDB ID: 7K3G) [19]. This structure lacks the C-terminal ending of the protein that is reported to adapt a helical secondary structure in the NMR spectral data, as found by Park et al. [18]. We addressed this structural insufficiency, by homology modelling the C-terminal helical arm using the structure of the SARS-CoV-1 E protein (PDB ID: 5X29) as the template (sequence similarity of 94.74%) and fusing it to the ssNMR structure of SARS-CoV-2 spanning the transmembrane region (PDB ID: 7K3G). Thereby generating a more comprehensive model with detailed structural data to be used in this study.



The Ramachandran plot of the chosen model shows 77.8% of residues in the favoured region and 22.2% of the residues in the allowed regions with very few outliers. The best local quality belongs to the transmembrane helix (residues 10–38) which acts as the main functional component of the protein. The middle helical segment (residues 39–48) and the C-terminal domain (residues 54–65) possess a slightly lower local quality, but still in the acceptable range. The assembly of the two protein segments, i.e., the transmembrane helix and C-terminal arm, was performed using the Build Structure module in Chimera suite wherein a peptide bond was built between Arg38 and Leu39 and minimized for 500 steps to ensure the removal of any structural clashes and/or strains.




2.2. Small Molecule Docking Simulations


The approximation of the drug binding site and the selection of the receptor grid for the purpose of this docking study were based on previous experimental ssNMR data [18,19]. The 2D correlation spectra (15N-13Cα and 13C-13C) from these NMR studies showed chemical shift perturbations suggesting that the HMA binding site is situated near the N-terminal residues with emphasis on residues Glu8, Thr9, Thr11 and Asn15 that were affected by ligand binding. Hence, we confined our search space during the multiple docking stages to a box of 20 Å3 in dimension. Initially, the SP docking was performed to determine the preliminary placement of the ligands at the chosen docking site.



The top poses to move forward were chosen based on their Glide docking scoring function in addition to visual inspection of poses and pore blockade. Accordingly, the resulting top 162 poses from the SP docking were subjected to XP docking with individually scored descriptors. Subsequently, the filtered poses of the more rigorous XP docking results led to 60 hits. Next, Schrodinger’s Induced Fit docking (IFD) module was used to refine and subsequently identify the best-scored ligands from XP docking with extended sampling. This led to ligand structures and conformations that were induced fit to the docking site.



These results were also filtered based on relevance to the available binding data from the literature, i.e., the presence of interactions with residues spanning the N-terminus of the pore lumen. The IFD docking scores of the final top 12 ligand poses along with the control molecules (amantadine, HMA and EIPA) are listed in Table 1. The inclusion of the control molecules enabled us to study the ligands relative to other reported E protein channel inhibitors. The docking scores of these final 12 poses ranged from −10.02 to −3.66 kcal/mol. Compound 26 showed the best score and amantadine showed the worst score. HMA derivatives ranked in the median range of −8 to −4 kcal/mol while only 26 and 27 had better docking scores. HMA and its closest derivative EIPA were scored poorly with values of −5.32 and −4.03 kcal/mol, respectively.



Scoring functions are an effective tool to determine the overall binding mode and to predict the relative binding affinity of ligands for a given protein target, while methods that capture longer dynamicity of such protein–ligand interactions can offer a more in-depth look and provide more accurate predictions. The following section describes results obtained through a variety of molecular dynamic simulations as well as MM/GBSA binding free energy calculations and pore analyses.




2.3. Molecular Dynamics Simulation Studies


Valuable information can be derived by comparing the structural drifts of the protein in the apo-state as well as in drug-bound complexes through RMSD analysis of the C-alpha atoms of the protein backbone throughout the production run of the MD simulation. In the majority of the simulations reported here, the RMSD values initially increased while the system was equilibrating and converging, at about the second half of the 200 ns long simulations. Data in Figure 1 illustrate the RMSD graphs of the protein in the apo-state as well as the ligand-bound state. The protein system demonstrates convergence starting at about 70 ns into the production run. Visual analysis of the MD trajectory showed structural stability and the protein retaining its pentameric integrity.



The RMSD of the ligand-bound protein shows a similar trend, i.e., convergence after about 50–75 ns. A few of the systems display a surge in the RMSD values at a certain stage of the MD simulation, indicating a form of temporary turbulence either in the pentameric state or instability caused by the ligand at the binding site, i.e., dislodging of the drug molecule or a rotation in the mode of binding. An example of these occurrences is displayed by the compound 37-protein complex in which one of the protein chains hinges near Asn15, caused by the ligand interactions (hydrogen bonding) with Val14, Val17 and Leu19 from two different helix chains entering into a sandwich conformation. However, the protein pushes the ligand back into the centre of the lumen, flipping between the two binding poses and causing instability in the system. The ligand occupancy is significantly higher in the central lumen than in the sandwich mode, which could be explained by the fact that the protein structure is quite robust and retains its pentameric arrangement and integrity even in the presence of an external entity.



Analyses of fluctuations as measured by RMSF calculations (Figure 2) reveal the degree of flexibility experienced by different parts of the protein throughout the MD simulations. We observed that the protein C-terminal end of the helical arm exhibited more fluctuations compared to the rest of the systems, leading to spikes in the RMSF values. The individual graphs of the RMSF value for different systems are shown in Figure S1. To gain a better understanding of atomic-level interactions between the E protein and HMA derivatives (listed in Table S1), we performed individualized structural analyses. These derivatives share an identical scaffold, and their difference lies in the substituents at the 5′ position of the pyrazine ring. Ligand RMSD values were plotted for all the top hits (Table 1) in our study presented in Figure 3 and used to check for fluctuations that could indicate instability in our MD simulations, or alternatively could provide insight into the characteristics of the binding.



For the purpose of comparing the different ligands in this study, molecules were grouped into three main categories: the control group (amantadine, HMA and EIPA), compounds 9, 11, 22, 26, 27, 33–38 and 39–62. As shown in Figure 3, compounds’ (9, 11, 22, 26, 27 and 33–38) RMSD values fluctuate between 0.5–2.5 Å throughout MD simulations. This group possesses relatively higher flexibility through rotation around the C-C bond linking the two substituted aromatic rings. Compounds 39–62, however, exhibit a different pattern such that some of the ligands had an average RMSD value of less than 1.0 Å, whereas others showed more fluctuation (albeit with a similar variance) throughout the 200 ns MD simulation. This can be explained by the fact that the ligands in the latter group were bulkier in size and lacked rotatable intramolecular bonds which would in turn limit molecular flexibility. A similar trend is observed in the control group where our smallest ligand i.e., amantadine, which lacks flexible bonds, exhibits a more stable state and the deviations are minimal, but HMA and EIPA owing to their bigger size and presence of multiple rotatable bonds exhibited a higher degree of deviation.



The shifts observed in RMSD graphs of HMA and EIPA suggest two possible binding modes. HMA initially binds at the center of the lumen symmetrically interacting with residues from all five protein chains. However, about 40 ns into the MD simulation, the ligand finds itself in a more stable binding pocket cavity formed by three adjacent chains and retains this pose for the remainder of the trajectory. This flip in the binding pose is responsible for the sudden shift in RMSD values from 2.0 Å down to 0.5 Å and thereafter converging at 1.3 Å. Interestingly, a similar trend was observed for EIPA at a much earlier stage of the MD simulation. The individual RMSD graphs of all the ligands are presented in Figure S2.



To differentiate and rank the ligands based on their binding affinities, the MM/GBSA technique in AMBER was utilized [43,44]. The binding free energy values of the molecules in the study are listed in Table 1 along with their corresponding docking scores. Positive controls such as HMA and EIPA showed mid-range values of −25.46 and −27.51 kcal/mol, respectively, whereas 26 and 27 along with 33 and 61 possess energies in the range of −32 up to −40 kcal/mol, making these the strongest binding ligands in this study. The weaker-bound ligands are 9, 34 and amantadine, whose binding energies lie between the −8 to −11 kcal/mol range.




2.4. In-Depth Analysis of the Intermolecular Interactions between the Ligands and the E Protein


Compound 49 possesses a fluoro-benzofuran ring which forms tridentate hydrogen bonds with Leu28 and two Val25 residues from two different chains, as shown in Figure 4, which stabilizes the ligand at the centre of the lumen and prevents structural drifts in its placement as well as the protein. This may explain why 49 possesses a more stable RMSD as compared to a ligand such as 48 which has an indole substituent group at the 5′ position. The latter does not form significant hydrogen bond interactions with the pore lining residues and therefore is not as stable and robustly bound during the MD trajectory.



Next, we investigated the binding mode of a top hit molecule, i.e., 27. Upon analyzing the networks of hydrogen bonds formed during MD simulations, several groups of residues were involved in forming a significant exchange of hydrogens with our ligand. Such analyses showed that the iso-guanidine moiety of 27 formed significant hydrogen bonds with Glu8 and Thr11 having 39.5% and 34.3% occupancy, respectively, during 200 ns MD simulations. The hydrogen bond with Asn15 had a higher occupancy of 71.6%, which indicates a prominent non-hydrophobic interaction with 27 that helps stabilize the core of the molecule. The examples of these three groups of hydrogen bonds are shown in Figure 5A–C, which agree with the solution NMR results from the study by Park et al. in regards to the significance of Glu8, Thr11 and Asn15 in ligand binding [18].



The second group of residues that are involved in ligand binding include the hydrophobic residues Val14, Ala17 and Leu18 shown in Figure 5D. These residues from different protein chains aggregate into a so-called belt formation around the middle section of the ligand. The nature of these interactions mainly involves the stabilization of the two aromatic rings of 27 through NH-π interactions and van der Waals forces. Interestingly, Leu18 of all five homomers of the protein consistently face the lining of the pocket at all times as opposed to other interacting residues where only two or three chains were involved at any given time, which supports a significant role for Leu18 in the binding of 27.



The BOC moiety of 27 is mainly involved in hydrophobic interactions with a well-defined umbrella-shaped pocket as shown in Figure 5E. Compound 27 possesses an angled orientation and rests the carbon-rich hydrophobic end of the molecule (BOC moiety) in a pocket which comprises Leu21, Ala22, Val24, Val25 and Phe26. Our channel pore analysis (see Section 2.6) reveals that residues Asn15, Leu18, Leu21 and Leu28 are responsible for the main constrictions in the lumen of the apo-E protein, and the presence of 27 at this position leads to further distortion of the ion passage pathway, which may result in the blockade by 27.




2.5. SMD Studies Using Na+


To gain a better understanding of pore characteristics and to quantify the affinity of the bound ligands, SMD studies were performed for three categories of molecules viz. control group (amantadine, HMA and EIPA), which exhibit different free binding energies, weak blockers (9 and 34) and strong blockers (26 and 27) in addition to the apo-protein. As described in the Materials and Methods, SMD simulation involves pulling an external entity, in this case, a Na+ from the C-terminal end of the TM helix to the periphery of the N-terminus along the Z-axis. The Na+ interacts with various pore-lining residues as well as the bound ligand in its path. The changing forces exerted on the SMD ion (Na+ in our case) are captured and plotted as a force profile which offers insight into the pore characteristics, the effect of ligand ion passage and different chemical environments along the protein pore lumen. For our SMD study, we chose representatives from each group of ligands based on their binding free energy. As such, 26 and 27 were chosen as the strong ligands and 9 and 34 as our weak ligands. To allow for a comparison, we also included the three control ligands in our SMD study, which happen to exhibit different free binding energy amongst themselves. Additionally, we also pulled a Na+ through the apo-protein system to study pore characteristics in the unbound state. Detailed analyses from our SMD studies will be discussed in the following section.



Each peak in the SMD force profiles represents an energetic obstruction along the movement path of the SMD ion. By quantifying the forces experienced by the SMD ion, a better understanding of the nature, as well as the strength of interactions formed between the ligand–protein, protein–protein, and ion–ligand/protein can be achieved. The force profile of the SMD simulation of the apo-protein when the Na+ is pulled through the unbound protein model is shown in Figure 6.



Two peaks represent the main barriers on the path of the SMD ion movement. The first peak (i) is the result of the obstruction created by the collective opposing forces (~530 pN) imposed by clusters of Leu21 and Leu18 residues. These two sets of residues are among the pore-constricting components found in our HOLE pore analysis (see Section 2.6). As the Na+ overcomes this initial constriction, the release of Na+ creates a push and leads to a trough (ii) in the force profile. Furthermore, as the Na+ continues to travel down the pore, it comes across the impeding plane of Asn15 and Thr11 which leads to a distinct twin-peak formation. The three events described here are depicted in Figure 6B as three snapshots showing the position of the Na+ respective to the involved residues. This observation correlates with previous findings in the literature regarding the significance of Thr11, Asn15, Leu18 and Leu21 in ion conduction and ion selectivity as well as ligand binding [19]. Our ligand interaction analysis, discussed in the previous section, also highlights the role of these residues in forming a stable environment required for the binding of the channel blockers.



The force profile plot of the Na+ SMD ion passing through the 27-bound E protein shows an initial barrier in the force profile (Figure 7A) that imposes resistance to the movement of the Na+ due to the presence of the gatekeeper-like residues, Leu28 and Val29, at about 0.8 ns into the simulation. A second hurdle is observed along the plane of Val25 and Leu21 with a magnitude of ~350–400 pN at about 1.6 ns. The following three energy peaks represent the interactions of the SMD Na+ with three distinct components of 27, i.e., BOC moiety and the two nitrobenzene aromatic rings. The first peak which is also the highest, at ~700 pN, is a result of obstruction formed by the BOC moiety. A snapshot of this interaction from the SMD simulation is shown in Figure 7B. The negatively charged carbonyl functional group interacts electrostatically with the positively charged Na+.



During the visual inspection of this SMD simulation, we observed that the -BOC carbonyl oxygen electrostatically interacts and coordinates its orientation with the movement of the Na+. This leads to an initial rotation of the BOC moiety, which is then immediately reversed after the Na+ passes through. This visual observation agrees with the SMD force profile where the interaction of the SMD ion and the BOC moiety results in the highest intensity peak followed by a trough when the Na+ is released from this electrostatic environment. The second and third peaks belong to the cation-π interactions of the Na+ with the two nitrobenzenes, as the Na+ is observed to coordinate its orientation with the plane of the aromatic rings in the structure of 27.



Similarly, the acylguanidine, which is a positively charged group, repels the positively charged SMD ion and leads to a trough in the plot or a push along the axis of movement, which creates a negative energy value at around 2.7 ns. Another interesting observation from this SMD study is that the barrier formed by the pore-lining residues in the presence of a strongly bound and bulky ligand such as 27 imposes a relatively lower energy barrier.



The peak formed by Val25 and Val21 sits at ~400 pN, whereas the same group of residues in the apo-state SMD simulation yielded a much higher intensity force constraint at ~600 pN (Figure 6A). This energy barrier reduction may result from changes in the conformation of the pore residues, imposed by allosteric effects of the ligand and may disrupt the functional properties of the pore such as ion selectivity and ion conduction.



Compound 9 is representative of the relatively weaker blockers in our data set, which also interacted with the same pore-lining residues as 27 (Figure 8).



The structural differences between 27 and 9 lie in the central ring, where the former has a more planar nitro-substituted aromatic ring and the latter bears a seven-membered unsubstituted heterocyclic ring. This heterocyclic ring is more flexible in nature and occupies a larger pocket-like space. As such, unlike 27, whose hydrophobic BOC moiety interacts non-electrostatically with the hydrophobic pocket formed by residues Leu21, Ala22, Val24, Val25 and Phe26, 9 fails to anchor its lipophilic end within the hydrophobic luminal residues and is thereby not sterically involved with the pore-lining residues.



When the Na+ was pulled through the lumen of the compound 9-bound E protein, its movement was constrained initially by collective forces imposed by Val25 and Leu28 forming a similar gatekeeping effect. This force peaked at ~500 pN and was released to form a significant trough at 2 ns when the Na+ ion jumped into the central cavity (more about this is discussed in the pore analysis section). Leu21 also forms a low-intensity peak, briefly blocking the SMD ion passage, which is followed by the encounter of the Na+ ion with the ligand’s azepane and pyridine rings. The ion forms a cation-π interaction with the pyridine ring. Each of these interactions is followed by a trough and abolition of the exerted forces. This result indicates that the different individual chemical moieties of 9 are able to interact with the Na+, but the molecule as a whole is not capable of opposing the SMD forces which can be attributed to its higher free binding energy and weaker interactions with the protein. This is unlike 27, which has both a lower free binding energy and forms strong chemical interactions with the protein and does not allow the Na+ to be completely released (smaller troughs in the force profile, Figure 7) as a result of sequential interactions along the ion conduction pathway.



The SMD force profiles from the control group of amantadine, HMA and EIPA show that the ligand-related peaks are either absent or lower in intensity. This finding supports our free energy binding experiment in which the control group molecules were shown to be weakly bound to the protein lumen and most of the key interactions were absent. Figure S3 illustrates all the SMD force profiles of the eight systems and their three repeats.




2.6. Lumen Patency in the apo-State and in the Presence of Ligands


The HOLE2 program was used to analyze the pore dimensions of the E protein in both the unbound apo-state as well as bound to different groups of ligands, in this case, the same simulation systems that were studied in the SMD section. The unbound protein (Figure 9) shows four main points of constriction. Starting from the N-terminal end, Asn15, Leu18, Leu21, and Leu28 are responsible for limiting the pore diameter. These residues are responsible for selective permeability as well as dehydrating the ions that pass through the lumen, thereby playing key roles in the channel’s functional properties [19,20].



In the apo-state, the lumen of the pore acquires the widest radius close to the midline spanning residues 22 to 27 at 5 Å. This increase in diameter results in the formation of a so-called central cavity, a phenomenon quite commonly observed in other ion channels such as voltage-gated cationic channels [45,46]. This type of cavity is usually water filled and relatively hydrophobic in nature, allowing a lower electrostatic barrier to the passage of ions, and in general, an energetically favourable environment for ion conduction [47].



Interestingly, this water-filled central cavity is conserved when the protein is bound to the majority of the ligands in our study with the exception of 27 (see Figure 10), which may be attributed to the elongated planar nature of this molecule positioning itself in the pore, spanning the distance between Glu8 and Val25 and exhibiting significant interactions with these residues (Figure 5). Additionally, upon visualization of MD trajectories, it was found that the distortion caused by the binding of 27 led to the abolition of water transfer throughout the 200 ns simulation. The plotted data from HOLE2 analyses are shown in Figure S4.





3. Materials and Methods


3.1. Building an Updated Model of the SARS-CoV-2 E Protein


The nucleotide sequence of the SARS-CoV-2 E protein was obtained from the NCBI GenBank (Accession code: NC_045512). For choosing the best three-dimensional structural template to build the homology model of the C-terminal helical arm, sequence alignments were performed in BlastP suite using the BLOSUM62 algorithm and an E value threshold of 10 × 10−3 [48]. Several homology models were built using I-TASSER [49], Modeller Suite [50], and SWISS-MODEL [51]. The Qualitative Model Energy Analysis (QMEANBrane) server [52] was used to aid in choosing the highest quality model. QMEANBrane is a tool comprising of statistical potentials targeted at the local quality estimation of membrane protein models after identifying the transmembrane region using an implicit solvation model. Additionally, Ramachandran plots were assessed which ultimately resulted in choosing the model from I-TASSER [53]. Figure 11A–D shows an overview of the SARS-CoV-2 E protein model development and assessment, further discussed in the following sections.




3.2. Small Molecule Docking


Our small molecule docking set is comprised of 49 input structures listed in Table S1. Compounds 9, 11, 22, 26, 27 and 33–38 are derived from our earlier study, where we designed and synthesized a library of HMA derivatives as potential inhibitors of influenza A/M2 ion channel [42]. To expand our ligand library, we also included HMA derivatives (compounds 39–62) previously reported as inhibitors of the human urokinase plasminogen activators [54]. Finally, the ligand library studied here also encompasses a set of other previously reported viroporin inhibitors (63–69, amantadine, rimantadine, HMA, EIPA, BIT225, BIT314 and M2WJ332) from the literature [55,56,57,58,59,60,61].



These starting structures were prepared using the LigPrep module of Schrodinger [62] using the OPLS3e forcefield, which yielded a total of 114 ligand states having different ionization and tautomeric states, torsional bond rotation angles and conformers. The ligands were desalted and the ionization states were assigned at a pH of 6.5 ± 1.0 using Epik [63,64]. Stereoisomers for each ligand were generated to a maximum of 3 states per input structure. Furthermore, the protein structure was prepared using the protein preparation wizard of Schrodinger. The docking protocol comprised of three main stages (Figure 12), namely Standard Precision (SP), Extra Precision (XP) and Induced Fit (IF) docking with standard and extended sampling. The docking search spaces for SP and XP docking calculations were chosen to include the intralumenal pore of the protein extending from Asn15 to Arg38 and were set at 20 Å3. All docking simulations were carried out using no ligand torsional constraints and using the flexible sampling mode. The van der Waals (VDW) radii scaling factor was set to 0.5 with a partial charge cut-off of 0.25.




3.3. Classical MD Simulations


The resulting protein–drug complexes from the small molecule docking and the apo-protein system were further embedded in a lipid bilayer composed of POPC using the Membrane Builder program of CHARMM GUI [65,66,67,68,69]. Next, the tetragonal membrane system was hydrated with TIP3P water molecules on both lower and upper sides of the membrane along with sufficient Na+ and Cl− ions to attain an overall ionic concentration of 150 mM. A visual representation of the entire system is shown in Figure 13. The parameters and topologies for the protein, lipids and ions were appointed using the CHARMM36m forcefield and the ligand topology and parameter files were generated using the ParamChem CHARMM General Force Field program, version 3.0.1 [70,71,72,73,74].



The MD simulations were performed using the NAMD package (version 2.14) [75] on Compute Canada’s Cedar, Graham and Beluga supercomputers. Initially, the standard CHARMM-GUI protocol of six minimization and equilibration stages totalling about 0.7 ns were performed. A force-based switching function was used for the van der Waals interactions to smoothly switch off between 10 and 12 Å. The bond lengths comprising hydrogen atoms were constrained using the SHAKE algorithm and Particle Mesh Ewald was used for computing the electrostatic interactions. A temperature of 303.15 K was assigned during the equilibration and production. NPT equilibrations were carried out for 250 ps by keeping the number of particles, pressure and temperature constant and the production MD simulations of the systems were carried out for 200 ns with a time step of 2 fs under periodic boundary conditions. The calculations of interactions are as follows: bonded interactions computed every 2 fs; short-range non-bonded interactions every 4 fs; and long-range electrostatic interactions every 8 fs. The Nosé-Hoover Langevin thermostat was employed to maintain constant temperature and pressure (1 bar) during the production simulations.




3.4. Free Binding Energy Calculations


A total of 16 MD simulations, 200 ns in length, were performed in this study. Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) module of AmberTools version 20.09 [43,44] was used to calculate the free binding energy of ligands in an ensemble of snapshots obtained from the 200 ns long MD simulations. Despite the higher level of accuracy often achieved by measuring free energy of binding based on the fundamental framework of computationally expensive explicit solvation models, for the purpose of evaluating the relative differences in free energy of binding amongst the different ligands under study, the solvation energies were calculated using the more computationally efficient Generalized Born implicit solvent model in AMBER and igb = 1 model, using snapshots of the system extracted from the MD production trajectory at every 300 ps. The final energy score reported is an average of the binding free energies of all the included snapshots.




3.5. SMD Simulations


The SMD starting structures for the apo-protein and the protein–ligand complexes were obtained from the equilibrated section of the MD trajectories as per the Root Mean Square Deviation (RMSD) analysis. Similar constraints to those used during MD were maintained during the SMD simulations using the NAMD 2.14 package. As depicted in Figure 14, our SMD simulations were carried out along the Z-axis by pulling a Na+ from the C-terminal end of the TM helix to the periphery of the N-terminal for a total duration of 4 ns. To ensure the stability of the protein and membrane systems during the ion pulling process, four C-alpha atoms in the backbone of the protein (Ile33) located in the transmembrane helix remained constrained with a force of 1 kcal/mol. A spring constant of 4 kcal/mol/Å and a constant velocity of 0.015 Å/ps were employed for the pulling of the Na+. The SMD simulation parameters were calibrated following several test runs to ensure that the passage of the SMD ion neither destabilized the pentameric structure arrangement of the protein nor caused significant displacement of the ligand from its binding site. Three repeats for each of the ligand-bound protein systems, and 6 repeats for the apo-protein system were performed to ensure reproducibility of the results, totalling 24 SMD trajectories.




3.6. Analysis and Visualization


RMSD and Root Mean Square Fluctuation (RMSF) analyses were carried out using the CPPTRAJ module [76] in AmberTools version 20.09. Visualizations and trajectory analysis were performed in Visual Molecular Dynamics (VMD) [77] and Chimera suite [78]. Pore radius profiles were calculated using the HOLE2 program [79]. All the plots included herein were generated using GraphPad Prism version 9.0. (GraphPad Software, La Jolla CA, USA, www.graphpad.com).





4. Conclusions


The identification of a gap in the literature regarding the unavailability of a complete protein structure for the SARS-CoV-2 E protein motivated us to construct a comprehensive model that incorporated both the functionally important channel components, i.e., the TMD as well as the C-terminal helical arm. This model provided us with a platform to delve into the atomic level details of both channel properties and potential ligand interactions.



Utilizing small molecular docking and classical MD simulations, we studied the binding and dynamic behaviour of a panel of compounds comprised of HMA, its derivatives and other control molecules. This enabled us to derive several key findings related to the atomic level interactions of the ligands inside the lumen of the E protein and our findings support the significance of pore-lining residues such as Glu8, Thr11, Asn15, Leu18, Leu21, Val25 and Leu28 for ligand binding.



SMD simulations were performed on the E protein in the unbound and bound states for selected ligands divided into three categories based on binding free energy results: strongly bound ligands (26 and 27), weakly bound ligands (9 and 34) and control group (amantadine, HMA and EIPA). Na+ was pulled through the intralumenal space from the C-terminal of the TM helix to the N-terminal end of the channel during the simulation and aided in revealing the various high-energy barriers that could be responsible for ionic conduction but also small molecule interactions. The data from the SMD analyses offer valuable insights as to what type of chemical moieties and chemophoric properties can: (i) potentially alter the characteristics of the pore; (ii) form energetic barriers against ionic conduction; and therefore, (iii) act as channel blockers/inhibitors. Similarly, we were able to confirm that 27 from our dataset binds to the E protein with an acceptable free binding energy and forms interactions with a wide range of residues throughout the MD simulations.



This ligand, when bound to the E protein, acts as a robust blockade against the path of the pulled Na+ during the SMD simulations as compared to the weaker blockers or the control molecules in our study. Moreover, the binding of 27 altered the typically observed energy barriers of the residues such as Leu28 that were otherwise present at higher values in the apo-state, pointing to a semi-allosteric effect. Based on these experimental results, we inferred that an ideal inhibitor of the E protein should be elongated, linear and planar in its chemical scaffold, bear a hydrophobic end capable of probing non-electrostatic interactions as well as a hydrophilic end capable of forming hydrogen bonds.



Collectively, the information presented here primarily validates the functionality of our SARS-CoV-2 E protein comprehensive model as a computational tool to aid future in silico studies on this crucial viral target and highlights the importance of HMA derivatives as potential inhibitors of SARS-CoV-2 E protein to guide the development of subsequent small molecule inhibitors.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms231810647/s1.





Author Contributions


Conceptualization, P.H.J. and H.J.H.; methodology, P.H.J. and H.J.H.; formal analysis, P.H.J. and H.J.H.; resources, P.H.J. and D.F.; writing—original draft preparation, P.H.J. and H.J.H.; writing—review and editing, P.H.J. and D.F.; supervision, D.F.; funding acquisition, D.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants to D.F. from the Natural Sciences and Engineering Research Council of Canada (Grant RGPIN-2016-05422), the Canadian Institutes of Health Research (Grants PJT-156181, and PJT-175024), and the Heart and Stroke Foundation of Canada (Grants G-17-0018392 and G-21-0031566).




Data Availability Statement


The datasets generated during this study are available upon request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


BOC, tert-butyloxycarbonyl; EIPA, N-ethylisopropylamiloride; ERGIC, endoplasmic-reticulum-Golgi intermediate compartment; HMA, Hexamethylene Amiloride; IFD, Induced Fit docking; MD, Molecular Dynamics; MERS, Middle East Respiratory Syndrome; MM/GBSA, Molecular Mechanics/Generalized Born Surface Area; NMR, Nuclear Magnetic Resonance; RMSD, Root Mean Square Deviation; RMSF, Root Mean Square Fluctuation; SARS, Severe Acute Respiratory Syndrome; SMD, Steered Molecular Dynamics; ssNMR, Solid State Nucleic Magnetic Resonance; TMD, Transmembrane Domain.




References


	



Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical Features of Patients Infected with 2019 Novel Coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [Google Scholar] [CrossRef]

	



Chan, J.F.-W.W.; Yuan, S.; Kok, K.-H.H.; To, K.K.-W.W.; Chu, H.; Yang, J.; Xing, F.; Liu, J.; Yip, C.C.-Y.Y.; Poon, R.W.-S.S.; et al. A Familial Cluster of Pneumonia Associated with the 2019 Novel Coronavirus Indicating Person-to-Person Transmission: A Study of a Family Cluster. Lancet 2020, 395, 514–523. [Google Scholar] [CrossRef]

	



Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic Characterisation and Epidemiology of 2019 Novel Coronavirus: Implications for Virus Origins and Receptor Binding. Lancet 2020, 395, 565–574. [Google Scholar] [CrossRef]

	



Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological and Clinical Characteristics of 99 Cases of 2019 Novel Coronavirus Pneumonia in Wuhan, China: A Descriptive Study. Lancet 2020, 395, 507–513. [Google Scholar] [CrossRef]

	



Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [Google Scholar] [CrossRef]

	



Rubin, E.J.; Baden, L.R.; Morrissey, S.; Campion, E.W. Medical Journals and the 2019-NCoV Outbreak. N. Engl. J. Med. 2020, 382, 866. [Google Scholar] [CrossRef]

	



Munster, V.J.; Koopmans, M.; van Doremalen, N.; van Riel, D.; de Wit, E. A Novel Coronavirus Emerging in China—Key Questions for Impact Assessment. N. Engl. J. Med. 2020, 382, 692–694. [Google Scholar] [CrossRef]

	



Perlman, S. Another Decade, Another Coronavirus. N. Engl. J. Med. 2020, 382, 760–762. [Google Scholar] [CrossRef]

	



Artika, I.M.; Dewantari, A.K.; Wiyatno, A. Molecular Biology of Coronaviruses: Current Knowledge. Heliyon 2020, 6, e04743. [Google Scholar] [CrossRef]

	



Masters, P.S. The Molecular Biology of Coronaviruses. In Advances in Virus Research; Elsevier: Amsterdam, The Netherlands, 2006; Volume 65, pp. 193–292. ISBN 0120398699. [Google Scholar]

	



Schoeman, D.; Fielding, B.C. Coronavirus Envelope Protein: Current Knowledge. Virol. J. 2019, 16, 69. [Google Scholar] [CrossRef]

	



Netland, J.; DeDiego, M.L.; Zhao, J.; Fett, C.; Álvarez, E.; Nieto-Torres, J.L.; Enjuanes, L.; Perlman, S. Immunization with an Attenuated Severe Acute Respiratory Syndrome Coronavirus Deleted in E Protein Protects against Lethal Respiratory Disease. Virology 2010, 399, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, L.; Mckinlay, C.; Gage, P.; Ewart, G. SARS Coronavirus E Protein Forms Cation-Selective Ion Channels. Virology 2004, 330, 322–331. [Google Scholar] [CrossRef]

	



Verdiá-Báguena, C.; Nieto-Torres, J.L.; Alcaraz, A.; DeDiego, M.L.; Torres, J.; Aguilella, V.M.; Enjuanes, L. Coronavirus E Protein Forms Ion Channels with Functionally and Structurally-Involved Membrane Lipids. Virology 2012, 432, 485–494. [Google Scholar] [CrossRef]

	



Westerbeck, J.W.; Machamer, C.E. The Infectious Bronchitis Coronavirus Envelope Protein Alters Golgi PH To Protect the Spike Protein and Promote the Release of Infectious Virus. J. Virol. 2019, 93, e00015-19. [Google Scholar] [CrossRef]

	



Breitinger, U.; Farag, N.S.; Sticht, H.; Breitinger, H.G. Viroporins: Structure, Function, and Their Role in the Life Cycle of SARS-CoV-2. Int. J. Biochem. Cell Biol. 2022, 145, 106185. [Google Scholar] [CrossRef]

	



Xia, B.; Shen, X.; He, Y.; Pan, X.; Liu, F.L.; Wang, Y.; Yang, F.; Fang, S.; Wu, Y.; Duan, Z.; et al. SARS-CoV-2 Envelope Protein Causes Acute Respiratory Distress Syndrome (ARDS)-like Pathological Damages and Constitutes an Antiviral Target. Cell Res. 2021, 31, 847–860. [Google Scholar] [CrossRef]

	



Park, S.H.; Siddiqi, H.; Castro, D.V.; de Angelis, A.A.; Oom, A.L.; Stoneham, C.A.; Lewinski, M.K.; Clark, A.E.; Croker, B.A.; Carlin, A.F.; et al. Interactions of SARS-CoV-2 Envelope Protein with Amilorides Correlate with Antiviral Activity. PLoS Pathog. 2021, 17, e1009519. [Google Scholar] [CrossRef]

	



Mandala, V.S.; McKay, M.J.; Shcherbakov, A.A.; Dregni, A.J.; Kolocouris, A.; Hong, M. Structure and Drug Binding of the SARS-CoV-2 Envelope Protein Transmembrane Domain in Lipid Bilayers. Nat. Struct. Mol. Biol. 2020, 27, 1202–1208. [Google Scholar] [CrossRef]

	



Breitinger, U.; Ali, N.K.M.; Sticht, H.; Breitinger, H.G. Inhibition of SARS CoV Envelope Protein by Flavonoids and Classical Viroporin Inhibitors. Front. Microbiol. 2021, 12, 692423. [Google Scholar] [CrossRef]

	



Ruch, T.R.; Machamer, C.E. The Coronavirus E Protein: Assembly and Beyond. Viruses 2012, 4, 363–382. [Google Scholar] [CrossRef]

	



Yuan, Q.; Liao, Y.; Torres, J.; Tam, J.P.; Liu, D.X. Biochemical Evidence for the Presence of Mixed Membrane Topologies of the Severe Acute Respiratory Syndrome Coronavirus Envelope Protein Expressed in Mammalian Cells. FEBS Lett. 2006, 580, 3192–3200. [Google Scholar] [CrossRef] [PubMed]

	



Nieto-Torres, J.L.; DeDiego, M.L.; Álvarez, E.; Jiménez-Guardeño, J.M.; Regla-Nava, J.A.; Llorente, M.; Kremer, L.; Shuo, S.; Enjuanes, L. Subcellular Location and Topology of Severe Acute Respiratory Syndrome Coronavirus Envelope Protein. Virology 2011, 415, 69–82. [Google Scholar] [CrossRef] [PubMed]

	



Surya, W.; Li, Y.; Torres, J. Structural Model of the SARS Coronavirus E Channel in LMPG Micelles. Biochim. Biophys. Acta Biomembr. 2018, 1860, 1309–1317. [Google Scholar] [CrossRef] [PubMed]

	



Duart, G.; García-Murria, M.J.; Grau, B.; Acosta-Cáceres, J.M.; Martínez-Gil, L.; Mingarro, I. SARS-CoV-2 Envelope Protein Topology in Eukaryotic Membranes: SARS-CoV-2 E Protein Topology. Open Biol. 2020, 10, 200209. [Google Scholar] [CrossRef]

	



Jalily, P.H.; Duncan, M.C.; Fedida, D.; Wang, J.; Tietjen, I. Put a Cork in It: Plugging the M2 Viral Ion Channel to Sink Influenza. Antivir. Res. 2020, 178, 104780. [Google Scholar] [CrossRef]

	



Torres, J.; Parthasarathy, K.; Lin, X.; Saravanan, R.; Kukol, A.; Ding, X.L. Model of a Putative Pore: The Pentameric α-Helical Bundle of SARS Coronavirus E Protein in Lipid Bilayers. Biophys. J. 2006, 91, 938–947. [Google Scholar] [CrossRef]

	



Pervushin, K.; Tan, E.; Parthasarathy, K.; Lin, X.; Jiang, F.L.; Yu, D.; Vararattanavech, A.; Tuck, W.S.; Ding, X.L.; Torres, J. Structure and Inhibition of the SARS Coronavirus Envelope Protein Ion Channel. PLoS Pathog. 2009, 5, e1000511. [Google Scholar] [CrossRef]

	



DeDiego, M.L.; Álvarez, E.; Almazán, F.; Rejas, M.T.; Lamirande, E.; Roberts, A.; Shieh, W.-J.; Zaki, S.R.; Subbarao, K.; Enjuanes, L. A Severe Acute Respiratory Syndrome Coronavirus That Lacks the E Gene Is Attenuated In Vitro and In Vivo. J. Virol. 2007, 81, 1701–1713. [Google Scholar] [CrossRef]

	



Maeda, J.; Repass, J.F.; Maeda, A.; Makino, S. Membrane Topology of Coronavirus E Protein. Virology 2001, 281, 163–169. [Google Scholar] [CrossRef]

	



Parthasarathy, K.; Ng, L.; Lin, X.; Ding, X.L.; Pervushin, K.; Gong, X.; Torres, J. Structural Flexibility of the Pentameric SARS Coronavirus Envelope Protein Ion Channel. Biophys. J. 2008, 95, L39–L41. [Google Scholar] [CrossRef]

	



Parthasarathy, K.; Lu, H.; Surya, W.; Vararattanavech, A.; Pervushin, K.; Torres, J. Expression and Purification of Coronavirus Envelope Proteins Using a Modified β-Barrel Construct. Protein Expr. Purif. 2012, 85, 133–141. [Google Scholar] [CrossRef] [PubMed]

	



Torres, J.; Maheswari, U.; Parthasarathy, K.; Ng, L.; Liu, D.X.; Gong, X. Conductance and Amantadine Binding of a Pore Formed by a Lysine-Flanked Transmembrane Domain of SARS Coronavirus Envelope Protein. Protein Sci. 2007, 16, 2065–2071. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, L.; Gage, P.; Ewart, G. Hexamethylene Amiloride Blocks E Protein Ion Channels and Inhibits Coronavirus Replication. Virology 2006, 353, 294–306. [Google Scholar] [CrossRef]

	



Surya, W.; Li, Y.; Verdià-Bàguena, C.; Aguilella, V.M.; Torres, J. MERS Coronavirus Envelope Protein Has a Single Transmembrane Domain That Forms Pentameric Ion Channels. Virus Res. 2015, 201, 61–66. [Google Scholar] [CrossRef] [PubMed]

	



To, J.; Surya, W.; Fung, T.S.; Li, Y.; Verdià-Bàguena, C.; Queralt-Martin, M.; Aguilella, V.M.; Liu, D.X.; Torres, J. Channel-Inactivating Mutations and Their Revertant Mutants in the Envelope Protein of Infectious Bronchitis Virus. J. Virol. 2017, 91, e02158-16. [Google Scholar] [CrossRef]

	



Verdiá-Báguena, C.; Nieto-Torres, J.L.; Alcaraz, A.; Dediego, M.L.; Enjuanes, L.; Aguilella, V.M. Analysis of SARS-CoV e Protein Ion Channel Activity by Tuning the Protein and Lipid Charge. Biochim. Biophys. Acta Biomembr. 2013, 1828, 2026–2031. [Google Scholar] [CrossRef] [PubMed]

	



Cabrera-Garcia, D.; Bekdash, R.; Abbott, G.W.; Yazawa, M.; Harrison, N.L. The Envelope Protein of SARS-CoV-2 Increases Intra-Golgi PH and Forms a Cation Channel That Is Regulated by PH. J. Physiol. 2021, 599, 2851–2868. [Google Scholar] [CrossRef]

	



Surya, W.; Li, Y.; Torres, J. Pentameric Viral Ion Channels: From Structure to Function. J. Receptor. Ligand Channel Res. 2014, 8, 9–18. [Google Scholar] [CrossRef]

	



Nieto-Torres, J.L.; Verdiá-Báguena, C.; Jimenez-Guardeño, J.M.; Regla-Nava, J.A.; Castaño-Rodriguez, C.; Fernandez-Delgado, R.; Torres, J.; Aguilella, V.M.; Enjuanes, L. Severe Acute Respiratory Syndrome Coronavirus E Protein Transports Calcium Ions and Activates the NLRP3 Inflammasome. Virology 2015, 485, 330–339. [Google Scholar] [CrossRef]

	



Nieto-Torres, J.L.; Verdiá-Báguena, C.; Castaño-Rodriguez, C.; Aguilella, V.M.; Enjuanes, L. Relevance of Viroporin Ion Channel Activity on Viral Replication and Pathogenesis. Viruses 2015, 7, 3552–3573. [Google Scholar] [CrossRef]

	



Jalily, P.H.; Eldstrom, J.; Miller, S.C.; Kwan, D.C.; Tai, S.S.H.; Chou, D.; Niikura, M.; Tietjen, I.; Fedida, D. Mechanisms of Action of Novel Influenza A/M2 Viroporin Inhibitors Derived from Hexamethylene Amiloride. Mol. Pharmacol. 2016, 90, 80–95. [Google Scholar] [CrossRef] [PubMed]

	



Genheden, S.; Ryde, U. The MM/PBSA and MM/GBSA Methods to Estimate Ligand-Binding Affinities. Expert Opin. Drug Discov. 2015, 10, 449–461. [Google Scholar] [CrossRef] [PubMed]

	



Wang, E.; Sun, H.; Wang, J.; Wang, Z.; Liu, H.; Zhang, J.Z.H.; Hou, T. End-Point Binding Free Energy Calculation with MM/PBSA and MM/GBSA: Strategies and Applications in Drug Design. Chem. Rev. 2019, 119, 9478–9508. [Google Scholar] [CrossRef]

	



Hasani, H.J.; Ganesan, A.; Ahmed, M.; Barakat, K.H. Effects of Protein-Protein Interactions and Ligand Binding on the Ion Permeation in KCNQ1 Potassium Channel. PLoS ONE 2018, 13, e0191905. [Google Scholar] [CrossRef]

	



Ahmed, M.; Hasani, H.J.; Ganesan, A.; Houghton, M.; Barakat, K. Modeling the Human Nav1.5 Sodium Channel: Structural and Mechanistic Insights of Ion Permeation and Drug Blockade. Drug Des. Dev. Ther. 2017, 11, 2301–2324. [Google Scholar] [CrossRef]

	



Purves, D.; Augustine, G.J.; Fitzpatrick, D.; Katz, L.C.; LaMantia, A.-S.; McNamara, J.O.; Williams, S.M. The Molecular Structure of Ion Channels. In Neuroscience; Sinauer Associates: Sunderland, MA, USA, 2001. [Google Scholar]

	



Henikoff, S.; Henikoff, J.G. Amino Acid Substitution Matrices from Protein Blocks. Proc. Natl. Acad. Sci. USA 1992, 89, 10915–10919. [Google Scholar] [CrossRef]

	



Yang, J.; Zhang, Y. I-TASSER Server: New Development for Protein Structure and Function Predictions. Nucleic Acids Res. 2015, 43, W174–W181. [Google Scholar] [CrossRef]

	



Šali, A.; Blundell, T.L.; Sali, A.; Blundell, T.L. Comparative Protein Modelling by Satisfaction of Spatial Restraints. J. Mol. Biol. 1993, 234, 779–815. [Google Scholar] [CrossRef]

	



Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; De Beer, T.A.P.; Rempfer, C.; Bordoli, L.; et al. SWISS-MODEL: Homology Modelling of Protein Structures and Complexes. Nucleic Acids Res. 2018, 46, W296–W303. [Google Scholar] [CrossRef]

	



Studer, G.; Biasini, M.; Schwede, T. Assessing the Local Structural Quality of Transmembrane Protein Models Using Statistical Potentials (QMEANBrane). Bioinformatics 2014, 30, i505–i511. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y. I-TASSER Server for Protein 3D Structure Prediction. BMC Bioinform. 2008, 9, 40. [Google Scholar] [CrossRef]

	



Buckley, B.J.; Aboelela, A.; Minaei, E.; Jiang, L.X.; Xu, Z.; Ali, U.; Fildes, K.; Cheung, C.Y.; Cook, S.M.; Johnson, D.C.; et al. 6-Substituted Hexamethylene Amiloride (HMA) Derivatives as Potent and Selective Inhibitors of the Human Urokinase Plasminogen Activator for Use in Cancer. J. Med. Chem. 2018, 61, 8299–8320. [Google Scholar] [CrossRef]

	



Luscombe, C.A.; Huang, Z.; Murray, M.G.; Miller, M.; Wilkinson, J.; Ewart, G.D. A Novel Hepatitis C Virus P7 Ion Channel Inhibitor, BIT225, Inhibits Bovine Viral Diarrhea Virus In Vitro and Shows Synergism with Recombinant Interferon-α-2b and Nucleoside Analogues. Antivir. Res. 2010, 86, 144–153. [Google Scholar] [CrossRef]

	



Rey-Carrizo, M.; Torres, E.; Ma, C.; Barniol-Xicota, M.; Wang, J.; Wu, Y.; Naesens, L.; Degrado, W.F.; Lamb, R.A.; Pinto, L.H.; et al. 3-Azatetracyclo[5.2.1.15,8.01,5]Undecane Derivatives: From Wild-Type Inhibitors of the M2 Ion Channel of Influenza A Virus to Derivatives with Potent Activity against the V27A Mutant. J. Med. Chem. 2013, 56, 9265–9274. [Google Scholar] [CrossRef]

	



Dong, G.; Peng, C.; Luo, J.; Wang, C.; Han, L.; Wu, B.; Ji, G.; He, H. Adamantane-Resistant Influenza a Viruses in the World (1902–2013): Frequency and Distribution of M2 Gene Mutations. PLoS ONE 2015, 10, e0119115. [Google Scholar] [CrossRef]

	



Zhao, X.; Jie, Y.; Rosenberg, M.R.; Wan, J.; Zeng, S.; Cui, W.; Xiao, Y.; Li, Z.; Tu, Z.; Casarotto, M.G.; et al. Design and Synthesis of Pinanamine Derivatives as Anti-Influenza A M2 Ion Channel Inhibitors. Antivir. Res. 2012, 96, 91–99. [Google Scholar] [CrossRef]

	



Wang, Y.; Hu, Y.; Xu, S.; Zhang, Y.; Musharrafieh, R.; Hau, R.K.; Ma, C.; Wang, J. In Vitro Pharmacokinetic Optimizations of AM2-S31N Channel Blockers Led to the Discovery of Slow-Binding Inhibitors with Potent Antiviral Activity against Drug-Resistant Influenza A Viruses. J. Med. Chem. 2018, 61, 1074–1085. [Google Scholar] [CrossRef]

	



Wu, Y.; Canturk, B.; Jo, H.; Ma, C.; Gianti, E.; Klein, M.L.; Pinto, L.H.; Lamb, R.A.; Fiorin, G.; Wang, J.; et al. Flipping in the Pore: Discovery of Dual Inhibitors That Bind in Different Orientations to the Wild-Type versus the Amantadine-Resistant S31n Mutant of the Influenza a Virus M2 Proton Channel. J. Am. Chem. Soc. 2014, 136, 17987–17995. [Google Scholar] [CrossRef]

	



Wang, J.J.; Wu, Y.; Ma, C.; Fiorin, G.; Wang, J.J.; Pinto, L.H.; Lamb, R.A.; Klein, M.L.; DeGrado, W.F. Structure and Inhibition of the Drug-Resistant S31N Mutant of the M2 Ion Channel of Influenza A Virus. Proc. Natl. Acad. Sci. USA 2013, 110, 1315–1320. [Google Scholar] [CrossRef]

	



Schrödinger Release 2022-1: LigPrep; Schrödinger, LLC: New York, NY, USA, 2021.

	



Greenwood, J.R.; Calkins, D.; Sullivan, A.P.; Shelley, J.C. Towards the Comprehensive, Rapid, and Accurate Prediction of the Favorable Tautomeric States of Drug-like Molecules in Aqueous Solution. J. Comput. Aided Mol. Des. 2010, 24, 591–604. [Google Scholar] [CrossRef]

	



Shelley, J.C.; Cholleti, A.; Frye, L.L.; Greenwood, J.R.; Timlin, M.R.; Uchimaya, M. Epik: A Software Program for PKa Prediction and Protonation State Generation for Drug-like Molecules. J. Comput. Aided Mol. Des. 2007, 21, 681–691. [Google Scholar] [CrossRef]

	



Jo, S.; Kim, T.; Iyer, V.G.; Im, W. CHARMM-GUI: A Web-Based Graphical User Interface for CHARMM. J. Comput. Chem. 2008, 29, 1859–1865. [Google Scholar] [CrossRef]

	



Lee, J.; Cheng, X.; Swails, J.M.; Yeom, M.S.; Eastman, P.K.; Lemkul, J.A.; Wei, S.; Buckner, J.; Jeong, J.C.; Qi, Y.; et al. CHARMM-GUI Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations Using the CHARMM36 Additive Force Field. J. Chem. Theory Comput. 2016, 12, 405–413. [Google Scholar] [CrossRef]

	



Wu, E.L.; Cheng, X.; Jo, S.; Rui, H.; Song, K.C.; Dávila-Contreras, E.M.; Qi, Y.; Lee, J.; Monje-Galvan, V.; Venable, R.M.; et al. CHARMM-GUI Membrane Builder toward Realistic Biological Membrane Simulations. J. Comput. Chem. 2014, 35, 1997–2004. [Google Scholar] [CrossRef]

	



Jo, S.; Lim, J.B.; Klauda, J.B.; Im, W. CHARMM-GUI Membrane Builder for Mixed Bilayers and Its Application to Yeast Membranes. Biophys. J. 2009, 97, 50–58. [Google Scholar] [CrossRef]

	



Lee, J.; Patel, D.S.; Ståhle, J.; Park, S.J.; Kern, N.R.; Kim, S.; Lee, J.; Cheng, X.; Valvano, M.A.; Holst, O.; et al. CHARMM-GUI Membrane Builder for Complex Biological Membrane Simulations with Glycolipids and Lipoglycans. J. Chem. Theory Comput. 2019, 15, 775–786. [Google Scholar] [CrossRef]

	



Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, I.; et al. CHARMM General Force Field: A Force Field for Drug-like Molecules Compatible with the CHARMM All-Atom Additive Biological Force Fields. J. Comput. Chem. 2010, 31, 671–690. [Google Scholar] [CrossRef]

	



Yu, W.; He, X.; Vanommeslaeghe, K.; MacKerell, A.D. Extension of the CHARMM General Force Field to Sulfonyl-Containing Compounds and Its Utility in Biomolecular Simulations. J. Comput. Chem. 2012, 33, 2451–2468. [Google Scholar] [CrossRef]

	



Zhu, X.; Lopes, P.E.M.; Mackerell, A.D. Recent Developments and Applications of the CHARMM Force Fields. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 167–185. [Google Scholar] [CrossRef]

	



Verma, A.; Parashar, A.; Packirisamy, M. Atomistic Modeling of Graphene/Hexagonal Boron Nitride Polymer Nanocomposites: A Review. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2018, 8, e1346. [Google Scholar] [CrossRef]

	



Mark, P.; Nilsson, L. Structure and Dynamics of the TIP3P, SPC, and SPC/E Water Models at 298 K. J. Phys. Chem. A 2001, 105, 9954–9960. [Google Scholar] [CrossRef]

	



Phillips, J.C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; Skeel, R.D.; Kalé, L.; Schulten, K. Scalable Molecular Dynamics with NAMD. J. Comput. Chem. 2005, 26, 1781–1802. [Google Scholar] [CrossRef]

	



Roe, D.R.; Cheatham, T.E., III. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Synamics Trajectory Data. J. Chem. Theory Comput. 2013, 9, 3084–3095. [Google Scholar] [CrossRef]

	



Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 1996, 14, 33–38. [Google Scholar] [CrossRef]

	



Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A Visualization System for Exploratory Research and Analysis. J. Comput. Chem. 2004, 25, 1605–1612. [Google Scholar] [CrossRef]

	



Smart, O.S.; Neduvelil, J.G.; Wang, X.; Wallace, B.A.; Sansom, M.S.P. HOLE: A Program for the Analysis of the Pore Dimensions of Ion Channel Structural Models. J. Mol. Graph. 1996, 14, 354–360. [Google Scholar] [CrossRef]








[image: Ijms 23 10647 g001 550] 





Figure 1. RMSD graphs of the protein in apo-state and ligand-bound state. The relative mean square deviation in Å for each protein complex system was measured with reference to the starting configuration plotted versus time. The number in each graph title refers to the compound number from Table 1. 
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Figure 2. RMSF graphs of the five chains in the model protein systems. The protein systems are presented sequentially and labelled by the respective bound ligands. The highest degree of fluctuation was observed at the C-terminal end of the TM helix of each monomer within the protein–ligand complex. 
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Figure 3. RMSD graphs of different ligands during MD simulations, overlayed and grouped based on their parent chemical structure. (A) Molecules with lower molecular weight, and more linear in shape exhibited a higher degree of deviation. (B) Larger molecules with higher degrees of derivatization were more stable when bound to E protein during 200 ns MD simulation. (C) Varying degree of deviation was observed for our control molecules. 
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Figure 4. Interaction of the fluoro-substituted benzofuran of compound 49 with the E protein. The figure shows the stable conformation of the ligand forming tridentate hydrogen bond interactions with Val25 and Leu28. 
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Figure 5. Overview of the different types of protein–ligand interactions of compound 27. Hydrogen bond formations between the iso-guanidine moiety of 27 and Glu8 (A), Thr11 (B) and Asn15 (C) are shown from top left to right. For clarity of presentation, only one or two residues from the respective chains are shown. However, it should be noted that interactions of such nature occur through a toggling process where the ligand interchangeably interacts with all chains. (D) The belt formation of hydrophobic residues: Val14, Ala17 and Leu18 around the aromatic rings of 27. (E) Hydrophobic umbrella-shaped pocket interactions of 27’s BOC moiety interacting with Leu21, Ala22, Val24, Val25 and Phe26. 
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Figure 6. SMD results for unbound apo-protein. (A) SMD force profile depicting the different peaks labelled (i–iii). The first peak (i) represents the constriction formed by Leu18 and Leu21 followed by a trough formation (ii). The next twin-peak formation (iii) represents the obstacle formed by the cluster of Asn15 and Thr11 residues. (B) Three snapshots representing the significant events in the force profile are also respectively labelled (i–iii). The lateral view is along the Z-axis of the protein. Protein is shown in silver cartoon representation and the residues are shown with VDW representation. The sodium ion is shown in yellow as VDW representation. 
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Figure 7. SMD results for compound 27. (A) SMD force profile (repeat #1) depicting the different peaks labelled by the respective molecular entity on the path of the SMD sodium ion. The first group of peaks represents the constriction formed by Val25/Leu21 followed by the highest peak formed by the interaction of the SMD ion with the BOC moiety of 27. The 3rd and the 4th peaks represent the obstacle formed by the two aromatic rings. The isoguanidine moiety of 27 leads to a trough formation. (B) Top-down view along the Z-axis of the protein representing the frame ~1.5 ns showing the interaction of the SMD ion with the 27’s BOC moiety (shown in black) and the constriction formed by Val25 (magenta colour) and Leu21 (shown in light pink), all shown in VDM representation with protein shown in silver cartoon representation. The sodium ion is shown in yellow as VDW representation. 
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Figure 8. SMD results for compound 9. (A) SMD force profile (repeat #3) depicting the different peaks labelled by the respective molecular entity on the path of the SMD sodium ion. The first group of peaks represents the constriction formed by Leu28/Val25 followed by a smaller peak formed by the interaction of the SMD ion with Leu21. The remaining minor peaks are formed by the resistance imposed by different chemical moieties of 9, namely the azepane and pyridine rings and the isoguanidine group. (B) Lateral view along the Z-axis of the protein representing the significant ion interactions marked (i–iii) on the force profile. Protein is shown in silver cartoon representation and the residues are shown with VDW representation. The sodium ion is shown in yellow as VDW representation. Some chains and residues are excluded from the visualization for a better view. 
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Figure 9. Pore analysis of E protein model in apo-state. The figure shows the surface presentation of the pore with emphasis on four main constrictions formed by pore-lining residues namely Leu28, Leu21, Leu18 and Asn15. The arrangements of these residues inside the pore are further magnified to show their pentameric arrangement responsible for the constriction they produce. 






Figure 9. Pore analysis of E protein model in apo-state. The figure shows the surface presentation of the pore with emphasis on four main constrictions formed by pore-lining residues namely Leu28, Leu21, Leu18 and Asn15. The arrangements of these residues inside the pore are further magnified to show their pentameric arrangement responsible for the constriction they produce.



[image: Ijms 23 10647 g009]







[image: Ijms 23 10647 g010 550] 





Figure 10. Pore analysis of E protein model in the apo-state and drug-bound state. The colour coding of the pore dimensions is based on the size of a water molecule, where red represents the pore radius being too constricted for a water molecule, green is where there is room for a single water molecule and blue colour is where the radius is double the minimum for a single water molecule to pass through. 
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Figure 11. An overview of the SARS-CoV-2 protein E protein model development and assessment. (A) Sequence alignment of SARS-CoV-2 protein E showing the sequence of the entire E protein derived from UniProt database (PROT ID P0DTC4), sequence of 7K3G (NMR structure of the SARS-CoV-2 E protein), 5X29 (NMR structure of the SARS-CoV-1 E protein) and the final model length. (B) Cartoon presentation of the transmembrane helix derived from the PDB structure of SARS-CoV-2 E protein (7K3G), the homology model of the C-terminal helical arm using the PDB structure of SARS-CoV-1 (5X29) as the template and the assembled final model after fusing the two together. (C) Ramachandran plot of the final model showing 77.8% residues in the favourable region (red) and 22.2% of residues in the allowed region (yellow). (D) Final model with the predicted position within the membrane, coloured by Q-mean value using the QMEANBrane server. The QMean values range from 0 to 1.0 showing an array from red (lowest quality) to dark blue (highest quality). The model illustrates an acceptable range of QMean values. 
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Figure 12. Modelling workflow. The workflow comprises of SP Glide docking, and XP Glide docking followed by pose refinement through IF Standard Sampling and IF Extended Sampling. The top 12 hits along with amantadine, HMA and EIPA were exposed to MD simulations followed by MM/GBSA free energy calculation. SMD simulation was performed for final hits to study the pore and ligand binding. 
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Figure 13. MD simulation setup. The MD simulation system was built by embedding the E protein model in a POPC lipid bilayer, further hydrated with water molecules and ions (Na+ and Cl−). 
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Figure 14. Steered molecular dynamics setup. The figure shows a ligand bound to the protein pore and illustrates the direction through which the sodium ion has been pulled in the SMD simulations of this study, i.e., from the C-terminal end to the N-terminal. 
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Table 1. List of the top 12 molecules along with control molecules (amantadine, HMA and EIPA). The table lists the structure of the molecules along with their IFD Glide docking scores which were sorted by free binding energies from MM/GBSA calculations in ascending order.
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	Compound Number/Name
	Structure
	IFD Score (Kcal/Mol)
	MM/GBSA Free Binding Energy (Kcal/Mol)
	Cell Survival MTT Assay Estimated CC50 (µM)





	26
	 [image: Ijms 23 10647 i001]
	−10.02
	−40.75
	25 ± 5 [42]



	27
	 [image: Ijms 23 10647 i002]
	−9.35
	−38.96
	55 ± 17 [42]



	61
	 [image: Ijms 23 10647 i003]
	−7.62
	−35.65
	



	33
	 [image: Ijms 23 10647 i004]
	−8.16
	−32.82
	



	37
	 [image: Ijms 23 10647 i005]
	−6.94
	−28.99
	



	EIPA
	 [image: Ijms 23 10647 i006]
	−4.03
	−27.51
	



	49
	 [image: Ijms 23 10647 i007]
	−6.36
	−26.82
	



	HMA
	 [image: Ijms 23 10647 i008]
	−5.32
	−25.46
	4.7 ± 0.3 [42]



	52
	 [image: Ijms 23 10647 i009]
	−5.54
	−25.07
	



	43
	 [image: Ijms 23 10647 i010]
	−4.86
	−24.39
	



	48
	 [image: Ijms 23 10647 i011]
	−6.77
	−22.11
	



	62
	 [image: Ijms 23 10647 i012]
	−5.25
	−20.03
	



	34
	 [image: Ijms 23 10647 i013]
	−4.93
	−11.21
	



	9
	 [image: Ijms 23 10647 i014]
	−4.54
	−10.98
	>100 [42]



	amantadine
	 [image: Ijms 23 10647 i015]
	−3.66
	−8.67
	>100 [42]
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