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Abstract

:

To date, the ‘one bug-one drug’ approach to antiviral drug development cannot effectively respond to the constant threat posed by an increasing diversity of viruses causing outbreaks of viral infections that turn out to be pathogenic for humans. Evidently, there is an urgent need for new strategies to develop efficient antiviral agents with broad-spectrum activities. In this paper, we identified camphene derivatives that showed broad antiviral activities in vitro against a panel of enveloped pathogenic viruses, including influenza virus A/PR/8/34 (H1N1), Ebola virus (EBOV), and the Hantaan virus. The lead-compound 2a, with pyrrolidine cycle in its structure, displayed antiviral activity against influenza virus (IC50 = 45.3 µM), Ebola pseudotype viruses (IC50 = 0.12 µM), and authentic EBOV (IC50 = 18.3 µM), as well as against pseudoviruses with Hantaan virus Gn-Gc glycoprotein (IC50 = 9.1 µM). The results of antiviral activity studies using pseudotype viruses and molecular modeling suggest that surface proteins of the viruses required for the fusion process between viral and cellular membranes are the likely target of compound 2a. The key structural fragments responsible for efficient binding are the bicyclic natural framework and the nitrogen atom. These data encourage us to conduct further investigations using bicyclic monoterpenoids as a scaffold for the rational design of membrane-fusion targeting inhibitors.
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1. Introduction


In recent years, multiple outbreaks of infectious diseases have caused a serious threat to human health and the world economy. Due to tourism growth and trade globalization, the spread of infectious diseases is becoming increasingly rapid and extensive. New pathogens are emerging, with a striking example being the global pandemic of the new coronavirus infection of 2019 (COVID-19) caused by the SARS-CoV-2 virus, having started in Wuhan, Hubei province in China, and rapidly spreading around the world [1]. The agricultural expansion, deforestation, population growth, urbanization, close contact between humans and pathogen-infected animals led to an increasing pandemics outbreak of a zoonotic origin [2]. For example, monkeypox is a zoonotic, smallpox-like disease results from infection with Monkeypox virus (MPXV), a member of the Orthopoxvirus (OPV) genus, being transmitted to humans most commonly from infected rodents. Sporadic cases of human MPXV infection have been reported since 1970. However, there has been a recent increase in monkeypox cases, with 24,399 suspected monkeypox cases reported by 2018 and lethality accounting for up to 10% [3]. Such new or known infections that have recently increased in number are referred to as emerging and re-emerging infectious diseases (EIDs). EIDs include novel previously undescribed human diseases, new variants of previously known pathogens, or older pathogens that have emerged in new populations due to changes in human behavior or modifications to natural habitats. Examples of novel viruses include HIV, the Ebola virus, and SARS viruses. The influenza virus that caused the 2009 swine flu pandemic is an example of an existing virus that mutated and caused epidemics with considerable virulence. The lack of effective therapies for emerging and re-emerging virus infections represents an ongoing threat to public health. Given the increasing number of newly emerging viruses, the conventional “one-bug-one-drug” paradigm is insufficient, and developing broad-spectrum antiviral agents is essential to address the challenge of viral infections.



A few antiviral agents with broad-spectrum characteristics are currently available. For example, RNA-dependent RNA polymerase inhibitor favipiravir exhibits broad-spectrum activity against RNA viruses, including arenavirus, bunyavirus, filovirus [4]. A nucleotide analog cidofovir and its oral bioavailable analog brincidofovir have been reported to demonstrate activity against DNA viruses, including herpes, polyomavirus, adenovirus, and pox viral families [5]. Ribavirin is a purine nucleoside analog with demonstrated efficacy against various DNA and RNA viral infections such as RSV (respiratory syncytial virus), hepatitis C, influenza A and B, parainfluenza viruses, and adenoviruses [6]. It is worth noting that the antiviral agents mentioned above have high toxicity and serious side effects. Thus, developing a new effective broad-spectrum antiviral agent is a top priority of medicinal chemistry.



Natural products have a wide range of pharmacophores and stereochemistry, and these properties are believed to contribute to the ability of natural products to display a wide range of biological activities [7]. Currently, natural products and their derivatives represent over one-third of all new molecular entities approved by the FDA (Food and Drug Administration) [8]. Recently our research group has conducted a large number of studies aimed at identifying the antiviral activity of derivatives synthesized from monoterpenoids such as (+)-camphor and (−)-borneol [9]. In particular, a number (−)-borneol based esters with N-containing heterocycles showed antiviral activity against different virus infections such as influenza virus [10], filoviruses [11,12], and orthopoxviruses including Variola virus (VARV), the causative agent of smallpox [13] (Figure 1).



The ester group in compounds Ia–d can be unstable in vivo [14]. For example, it can be hydrolyzed by different enzymes, including varying cellular esterases present in various tissues and plasma [15]. To find antiviral agents with more stable functional groups, we synthesized a series of ethers with two crucial structural fragments: 1,7,7-trimethylbicyclo(2.2.1)heptan scaffold and N-containing saturated heterocyclic ring. To study the possibility for these agents to demonstrate a broad-spectrum antiviral activity, we evaluated the antiviral activity against RNA viruses such as influenza virus A/Puerto Rico/8/34 (H1N1), filoviruses, the Hantaan virus, and the DNA vaccinia virus.




2. Results and Discussion


2.1. Chemistry


All target compounds were synthesized in two steps. At the first step, the alkylation of 2-bromoethanol and 3-bromopropan-1-ol with (±)-camphene in the presence of heterogeneous catalysts montmorillonite clay K-10 led to the formation of bromides 1a–b. The addition of alcohols to the olefin was followed by a Wagner–Meerwein rearrangement [16]. It should be noted that bromides 1a–b were formed as racemates. Next, we performed interactions between the key intermediates 1a–b with the corresponding saturated N-containing heterocycle. As a result of a two-step synthesis, we obtained a library of ethers 2–8 a–b containing a bicyclic fragment and a saturated N-heterocycle, separated by linkers of different lengths (Scheme 1). As a heterocyclic component, we used pyrrolidine, piperidine, 4-methylpiperidine, 1-methylpiperazine, 1-benzylpiperazine, morpholine, and azepane. The newly synthesized compounds were characterized by 1H, 13C NMR spectroscopy, and HR-MS mass spectrometry. The spectral data confirmed all new compounds to have the expected structures and high purity.




2.2. Antiviral Activity Study


2.2.1. Influenza Virus


Influenza viruses are divided into three types: influenza A, B, C viruses, and in particular, influenza A viruses have a long history of emergence and re-emergence. Therefore, the compounds obtained have been studied on antiviral activity against the influenza virus A/Puerto Rico/8/34 (H1N1) in madin-darby canine kidney (MDCK) cell culture (Table 1). Ribavirin and Rimantadine were used as reference compounds. According to Table 1, compounds 2a, 3a, 4a and 7b with pyrrolidine, piperidine, 4-methylpiperidine and morpholine cycle showed good antiviral activity with IC50 value ranging from 24.2 to 64.8 µM and low cytotoxicity. Compound 6a with benzylpiperazine substitute demonstrated a low IC50 value of 3.4 µM and, at the same time, turned out to be quite toxic (CC50 = 33.7 µM) in MDCK cell culture.




2.2.2. Filovirus Infections


Ebola virus (EBOV) and Marburg virus (MARV), members of the family Filoviridae, lead to especially dangerous viral infections because of their severe pathogenicity, potential transmission from person to person, and lack of approved vaccines or antiviral treatments. Therefore, studies using the authentic EBOV and MARV can only be performed in biosafety level 4 (BSL-4) containment laboratories. Using pseudotyped viruses allows overcoming this issue and searching for filoviruses entry inhibitors under BSL-2 containment. In this study, we created pseudotyped viruses that had the structural and enzymatic core of vesicular stomatitis virus (VSV), bearing the glycoprotein (GP) of EBOV or MARV and encoding a quantifiable reporter gene. Table 2 demonstrates the potency of all synthesized camphene derivatives 2–8 a–b against Ebola pseudotype viruses (rVSV-ΔG-EboV-GP), Marburg pseudotype viruses (rVSV-ΔG-MarV-GP), and cytotoxicity in HEK293T cell culture. The known antidepressant sertraline was used as a reference agent since there are data confirming this drug’s ability to bind to the GP EBOV [17].



The structure-activity relationship (SAR) results showed that the most efficient inhibitors of rVSV-ΔG-EboV-GP were derivatives 2a (IC50 = 0.12 µM), 3a (IC50 = 6.3 µM), 4a (IC50 = 1.3 µM), and 7a (IC50 = 0.6 µM) bearing moieties of pyrrolidine, piperidine, 4-methylpiperidine, and morpholine, respectively. Wherein their analogs 2b, 3b, 4b, and 7b with linker lengths of 2, turned out to be not active against Ebola pseudotype viruses. The study of antiviral activity against the Marburg pseudotype virus showed the synthesized derivatives 2-8 a-b to have a weak inhibiting activity, with an IC50 (MarV-GP) value > 50 μM. The antiviral activities against viral particles pseudotyped G VSV (rVSV-ΔG-G) were determined to identify the specific inhibitory activity of the camphene derivatives 2a, 3a, 4a, and 7a toward rVSV-ΔG-EboV-GP. All compounds tested did not show the inhibiting activity, with an IC50 (VSV-G) value being more than 100 times higher than IC50 (EboV-GP).



The pseudo-infection screening identified compounds 2a, 3a, 4a, and 7a as prospective inhibitors of the entry step of the Ebola virus. Therefore these agents were assessed for their antiviral activity against the authentic filoviruses EBOV (strain Zaire) (Table 3). The anti-EBOV activity study was conducted at the State Research Center of Virology and Biotechnology Vector (SRC VB Vector) in a maximum containment facility (BSL-4). EBOV was obtained from the State Collection of Viral Infections and Rickettsioses Agents of the SRC VB Vector.



As shown in Table 3, the derivative 4a did not show antiviral activity against EBOV and demonstrated high toxicity (50% cytotoxic concentration (CC50) = 40.2 µM). The derivative 2a containing a pyrrolidine group displayed good inhibitory activity (IC50 = 18.3 μM) together with low toxicity (CC50 = 230.7 μM). The derivatives 3a and 7a also displayed moderate antiviral activity against EBOV but, at the same time, were quite toxic (CC50 = 55.9 and 57.5 μM).




2.2.3. Hantavirus


Hantaviruses, members of the family Hantaviridae, are a kind of enveloped single negative chain RNA viruses spread mainly by rodents. They cause hantavirus pulmonary syndrome (HPS) or hemorrhagic fever with renal syndrome (HFRS) in humans worldwide. In total, over 40 different hantavirus species are currently known, with 22 species among them considered pathogenic for humans [19]. Currently, there is no effective treatment for either HFRS or HPS. Moreover, searching for effective inhibitors against hantaviruses diseases at the cellular level is impeded by the fact that Hantavirus tends to grow slowly even in the most susceptible cells, usually resulting in little or no cytopathic effect, nor is there a satisfactory model to track the effect on animals [20]. In the present work, we study the activity of synthesized derivatives 3a, 2a, and 7a against HFRS pathogen, Hantaan virus strain 76–118, using a pseudovirus system with Hantaan virus Gn-Gc glycoprotein on its surface (rVSV-ΔG-Gn-Gc).



The results indicated that all studied compounds demonstrated high antiviral activity against the Hantaan pseudovirus with IC50 values between 5.0 and 14.8 µM. Taking into account the CC50 values, the most effective agent turned out to be derivative 7a (selectivity index: (SI) = 78) with a morpholine fragment.




2.2.4. Vaccinia Virus


Vaccinia virus (VV), a member of the Orthopoxvirus genus, is a live attenuated virus used worldwide by the WHO in the smallpox vaccine and widely used to find inhibitors of orthopoxviruses [21]. The antiviral activity and cytotoxicity of the synthesized derivatives against VV (Copenhagen strain) were evaluated by an adapted method in Vero cell culture [22]. As positive controls, two compounds were used: the commercially available drug Cidofovir and ST-246. The data analysis has shown that the synthesized compound had no antiviral activity against VV (Table 4).





2.3. Search for a Possible Target by Molecular Modelling Study


The antiviral screening showed the derivative 2a to display broad-spectrum antiviral activity against influenza virus A/PR/8/34 (H1N1) (IC50 = 45.3 µM; SI = 26), EBOV (IC50 = 18.3 µM; SI = 12) and pseudoviruses with Hantaan virus Gn glycoprotein on its surface (IC50 = 9.1 µM; SI = 39). The derivative 7a was also found to demonstrate antiviral activity. Given that the derivatives 2a and 7a selectively inhibited rVSV-ΔG-EboV-GP (Table 2) and rVSV-ΔG-Gn-Gc (Table 5) but did not show activity against VSV-G (IC50 = 123.3 and 934.9 µM, respectively), we could assume that the surface protein is likely to be the target of compounds 2a and 7a. The major glycoprotein on the influenza virus envelope is hemagglutinin (HA), responsible for the fusion process between viral and cellular membranes. The key protein that mediates EBOV entry into host cells is a glycoprotein (GP). A molecular modeling study was performed to characterize the details of the direct interaction of compounds 2a and 7a with the surface proteins of influenza virus (HA) and EBOV (GP). GP and HA are related to class I fusion proteins and have similar pre- and postfusion forms [23], while the surface glycoprotein of the Hantaan virus (Gn) is related to class II fusion proteins. We excluded Gn from the molecular modeling study because the structure and pre- and post-fusion forms of the class II fusion proteins differ from those of class I fusion proteins.



2.3.1. Binding Site Analysis


As mentioned above, surface proteins of the influenza virus and EBOV have a common mechanism of fusion of viral and cell membranes. The presence of similar heptad repeats in the stem part of HA and EBOV suggests a similar mechanism of inhibition of membrane fusion by small molecules and allows identifying similar binding sites. The HA and GP binding sites of small molecules described in the literature are characterized primarily by hydrophobic ligand-protein interactions. Thus, it seems possible to determine a “universal site” with hydrophobic characteristics present in GP and HA.



In this study, we considered the binding site of the GP EBOV located in a hydrophobic cavity between the attachment (GP1) and fusion (GP2) subunits were selected for consideration in this work. A large number of FDA-approved drugs such as toremifene [24], bepridil, paroxetine, sertraline, and benztropine [17] were shown to bind in this site (hereinafter referred to as the Toremifene-site). These drugs belong to various pharmacological groups and have different chemical structures but bind in the same cavity on the EBOV GP. Moreover, previously we have previously shown that (−)-borneol derivatives Ia–d (Figure 1) also bind to the Toremifene-site [12].



To search for a similar binding site in the HA, we examined the stem part of the HA2 subunit since there is a hydrophobic cavity favorable for the binding of small-molecule fusion inhibitors. A number of binding sites in the hydrophobic cavity have been described [25,26]. Tert-butyl hydroquinone binding site (TBHQ-site) is located at the interface between two monomers of the HA trimer [27]. Toremifene-site is characterized by a large number of hydrophobic amino acids, such as valine, leucine, and isoleucine, and it is this feature that we used as a criterion for finding a similar site in HA. We used the Binding Site Alignment procedure implemented in software Schrodinger Suite Release-2020-4 to find similar binding sites for potential surface protein inhibitors of influenza and Ebola viruses. The amino acid sequence was determined within a radius of 5 angstroms from the ligands 2a and 7a at the Toremifene-site of EBOV GP. Further, the program algorithm performed a pairwise superposition of several structures, followed by the determination of similar binding sites by the parameters of hydrophobicity and hydrophilicity of amino acid residues at the binding site. Thus, a similar binding site to the Toremifene-site was found in the HA2 subunit of the influenza virus. The place saturated with a large number of hydrophobic amino acids in HA is located slightly higher than the TBQH-site and near the loop connecting two α-helices of the heptad repeat. It is noteworthy that this binding site (M090) was previously discussed as a potential inhibitor [28]. Thus, we can identify two binding sites, theM090-site and Toremifene-site in HA and GP, respectively, with common structural characteristics, namely, a large number of hydrophobic interactions. For more detailed characteristics of the interaction of compounds 2a and 7a at potential binding sites, we present a pharmacophore model based on the assessment of the contributions of amino acid residues located in these binding sites, the pharmacophore profile of compounds 2a and 7a, and a pharmacophore model based on the principle of ligand and protein complementarity (see Suppmentary Materials, Figure S1).




2.3.2. Molecular Modelling Study of Synthesized Derivatives to Binding Sites of HA and GP


The docking of the derivatives 2a and 7a into the Toremifene-site, TBHQ-site, and M090-site was performed, and the calculated binding energies were compared with the IC50 values obtained in the in vitro experiments (Figure 2). According to the in vitro experiments, the derivative 2a demonstrated high antiviral activity against influenza virus (IC50 = 45.3 µM, SI = 26), and the derivative 7a did not show a significant inhibiting effect (IC50 = 252 µM). The calculated binding energies of synthesized ligands 2a and 7a in the binding sites of HA showed that both ligands could bind into discussed sites with similar values of ΔGbind. The in silico docking results of ligands 2a and 7a in the Toremifene-site EBOV GP were in correlation with experimental in vitro data. The pyrrolidine derivative 2a showed antiviral activity with the IC50 value of 18.3 µM and ΔGbind= −44.5 kkal/mol. Compound 7a exhibited higher affinity (ΔGbind= −51.4 kkal/mol) and virus-inhibiting activity was better (IC50 = 5.6 µM) than that of compound 2a.



Overall, the binding of ligands 2a and 7a and surface proteins of the influenza and Ebola viruses were characterized mainly by hydrophobic contacts, where 1,7,7-trimethylbicyclo(2.2.1)heptan scaffold formed hydrophobic interactions with valine, leucine, and isoleucine. In the Toremifene-site, compounds 2a and 7a bind better than in TBHQ-site and M090-site, probably due to the toremifene site being more hydrophobic.






3. Conclusions


A series of novel camphene derivatives 2–8 a–b have been synthesized, characterized, and evaluated as antiviral compounds. All compounds underwent a broad evaluation of antiviral activity against a panel of DNA and RNA viruses, i.e., vaccinia virus, influenza virus A/PR/8/34 (H1N1), Ebola pseudotype viruses, Marburg pseudotype viruses, authentic EBOV (strain Zaire), and the Hantaan pseudotype virus (strain 76–118). According to the antiviral study results, the derivatives 2–8 a–b did not show activity against the vaccinia virus, while several derivatives did demonstrate significant antiviral potency against other viruses. According to the antiviral study results, the derivatives 2–8 a–b did not show activity against the vaccinia virus, while several derivatives did demonstrate significant antiviral potency against other viruses. Hence, surface proteins can be suggested to be a likely molecular target of these derivatives. In the molecular modeling study, we compared the binding sites of the potential entry of inhibitors, assuming the mechanisms of fusion of type I surface proteins to be similar, and estimated the affinity of ligands 2a and 7a for them by calculating the binding energy of the ligand and the protein in the ligand-protein complex. According to the in silico results, a bicyclic scaffold provides efficient binding to the hydrophobic part of the binding site of the surface proteins under consideration, and protonated nitrogen provides electrostatic interactions. Further search for new analogs, including these two structural fragments, may lead to discovering a new inhibitor targeting the membrane fusion stage and possessing a broad spectrum of antiviral activity.




4. Materials and Methods


4.1. Chemistry


4.1.1. General Information


Reagents and solvents were purchased from commercial suppliers and used as received. Dry solvents were obtained according to standard procedures. Reactions monitoring, the content of the compounds in fractions during chromatography, and the purity of the target compounds were determined using 7890A gas chromatograph (Agilent Tech., Santa Clara, CA, USA) with an Agilent 5975C quadrupole mass spectrometer as the detector; HP-5 capillary column, He as carrier gas (flow rate 2 mL/min, flow division 99:1). 1H and 13C NMR spectra were recorded on Bruker spectrometers, including an AV-300 instrument at 300.13 MHz (1H) and 75.47 MHz (13C), and an AV-400 instrument at 400.13 MHz (1H) and 100.61 MHz (13C), and a DRX-500 instrument at 500.13 MHz (1H) and 125.76 MHz (13C) in CDCl3; chemical shifts δ were reported in ppm relative to residual CHCl3 (d(CHCl3) 7.24, d(CDCl3) 76.90 ppm), J in Hz. High-resolution mass spectra (HRMS) were obtained with a DFS Thermo Scientific mass spectrometer in a full scan mode (0–500 m/z, 70 eV electron impact ionization, direct sample administration).




4.1.2. Synthesis of 2-(2-bromoethoxy)-1,7,7-trimethylbicyclo(2.2.1)eptanes 1a and 2-(3-bromopropoxy)-1,7,7-trimethylbicyclo(2.2.1)heptanes 1b


A mixture of 2-bromoethanol (1.1 eqv.) or 3-bromopropan-1-ol (1.1 eqv.), and the excess clay K-10 and (±)-camphene (1 eqv.) in CH2Cl2 were stirred at room temperature for 24 h. The precipitate of clay was filtered off, and the solution was washed with brine, extracted with CH2Cl2, and dried over anhydrous Na2SO4. After complete solvent evaporation, the residue was subjected to silica gel column chromatography eluting with hexane to give 1a or 1b.



(±)-2-(2-Bromoethoxy)-1,7,7-trimethylbicyclo(2.2.1)heptanes (1a), Colorless oil, Yield 75%; 1H-NMR (CDCl3) δ: 0.78 (3H, s), 0.87 (3H, s), 0.96 (3H, s), 0.94–0.98 (2H, m), 1.43–1.78 (5H, m), 3.19–3.23 (1H, m), 3.37–3.42 (1H, m), and 3.59–3.71 (2H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 27.1 t, 31.1 t, 34.2 t, 38.5 t, 44.9 d, 46.3 s, 49.2 s, 69.2 t, and 87.5 d. HRMS: calc. for C12H21BrO [M]+ 260.0770. Found 260.0761.



(±)-2-(3-Bromopropoxy)-1,7,7-trimethylbicyclo(2.2.1)heptanes (1b), Colorless oil, Yield 62%; 1H-NMR (CDCl3) δ (ppm): 0.78 (3H, s), 0.85 (3H, s), 0.93 (3H, s), 0.94–0.98 (2H, m), 1.42–1.75 (5H, m), 1.94–2.08 (2H, m), 3.13–3.17 (1H, m), 3.28–3.34 (1H, m), and 3.45–3.54 (3H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 27.2 t, 31.3 t, 33.1 t, 34.3 t, 38.3 t, 44.9 d, 46.3 s, 49.1 s, 65.9 t, and 87.1 d. HRMS: calc. for C13H23BrO [M]+ 274.0927. Found 274.0923.




4.1.3. General Procedure for Synthesis of Derivatives 2–8 a–b


A mixture of 1a (1 eqv.) or 1b (1 eqv.), K2CO3 (2 eqv.) and corresponding secondary amine (1.2 eqv.) in CH3CN was stirring at room temperature for 12 h. After that time, the reaction mixture was evaporated, washed with brine, and extracted with diethyl ether (3 × 10 mL). The combined organic extracts were dried over anhydrous Na2SO4. After complete evaporation of the solvent, the residue was subjected to column chromatography eluting with hexane-ethyl acetate.



(±)-1-(2-(1,7,7-Trimethylbicyclo(2.2.1)heptan-2-yloxy)ethyl)pyrrolidine (2a). The compound was obtained from the reaction of 1a with pyrrolidine as pale yellow oil in yield 63%. 1H-NMR (CDCl3) δ (ppm): 0.76 (3H, s), 0.83 (3H, s), 0.92 (3H, s), 0.93–0.96 (2H, m), 1.41–1.56 (2H, m), 1.58–1.74 (5H, m), 2.35–2.42 (6H, m), 3.08–3.16 (1H, m), 3.20–3.28 (1H, m), and 3.33–3.46 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 27.0 t, 27.2 t, 34.3 t, 38.4 t, 44.9 d, 46.2 s, 49.0 s, 53.6 t, 56.1 t, 66.9 t, and 86.8 d. HRMS: calc. for C17H31NO2 [M]+ 281.2349; found 281.2357.



(±)-4-(3-(1,7,7-trimethylbicyclo(2.2.1)heptan-2-yloxy)propyl)morpholine (2b). The compound was obtained from the reaction of 1b with pyrrolidine as pale yellow oil in yield 49%. 1H-NMR (CDCl3) δ (ppm): 0.76 (3H, s), 0.83 (3H, s), 0.93 (3H, s), 0.91–0.96 (2H, m), 1.39–1.78 (10H, m), 2.39–2.55 (6H, m), 3.09–3.16 (1H, m), 3.22–3.31 (1H, m), and 3.37–3.45 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 23.2 t, 27.1 t, 29.3 t, 34.2 t, 38.4 t, 44.8 d, 46.3 s, 48.9 s, 53.6 t, 54.0 t, 67.1 t, and 86.6 d. HRMS: calc. for C16H28NO [M-CH3] + 250.2165; found 250.2163.



(±)-1-(2-(1,7,7-Trimethylbicyclo(2.2.1)heptan-2-yloxy)ethyl)piperidine (3a). The compound was obtained from the reaction of 1a with piperidine as pale yellow oil in yield 53%. 1H-NMR (CDCl3) δ (ppm): 0.74 (3H, s), 0.82 (3H, s), 0.91 (3H, s), 0.91–0.94 (2H, m), 1.33–1.73 (11H, m), 2.34–2.45 (4H, br s), 2.45–2.50 (2H, m), 3.10–3.15 (1H, m), 3.32–3.39 (1H, m), and 3.49–3.55 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 19.9 q, 20.0 q, 24.0 t, 25.8 t, 27.1 t, 34.3 t, 38.3 t, 44.9 d, 46.2 s, 48.9 s, 54.8 t, 58.6 t, 67.3 t, 87.2 d.



(±)-1-(3-(1,7,7-Trimethylbicyclo(2.2.1)heptan-2-yloxy)propyl)piperidine (3b). The compound was obtained from the reaction of 1b with piperidine as pale yellow oil in yield 44%. 1H-NMR (CDCl3) δ (ppm): 0.77 (3H, s), 0.84 (3H, s), 0.92 (3H, s), 0.91–0.97 (2H, m), 1.35–1.73 (13H, m), 2.28–2.39 (6H, m), 3.10–3.15 (1H, m), 3.19–3.27 (1H, m), and 3.35–3.43 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.1 q, 20.2 q, 24.3 t, 25.8 t, 27.2 t, 27.3 t, 34.4 t, 38.5 t, 45.0 d, 46.3 s, 49.1 s, 54.4 t, 56.5 t, 67.3 t, and 86.8 d. HRMS: calc. for C17H30NO [M-2H]+ 264.2322; found 264.2319.



(±)-4-Methyl-1-(2-(1,7,7-trimethylbicyclo(2.2.1)]heptan-2-yloxy)ethyl)piperidine (4a). The compound was obtained from the reaction of 1a with 4-methylpiperidine as pale yellow oil in yield 51%. 1H-NMR (CDCl3) δ (ppm): 0.74 (3H, s), 0.81 (3H, s), 0.85 (3H, d, J = 6.5 Hz), 0.90 (3H, s), 0.90–0.95 (2H, m), 1.07–1.35 (3H, m), 1.37–1.73 (7H, m), 1.89–2.03 (2H, m), 2.41–2.53 (2H, m), 2.45–2.50 (2H, m), 2.78–2.95 (2H, m), 3.09–3.15 (1H, m), 3.28–3.39 (1H, m), and 3.45–3.55 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.8 q, 20.0 q, 20.1 q, 21.8 q, 27.2 t, 30.4 d, 34.3 t, 38.3 t, 44.9 d, 46.2 s, 49.0 s, 54.3 t, 54.4 t, 58.3 t, 67.5 t, and 87.3 d. HRMS: calc. for C18H32NO [M-H]+ 278.2478; found 278.2480.



(±)-4-Methyl-1-(3-(1,7,7-trimethylbicyclo(2.2.1)heptan-2-yloxy)propyl)piperidine (4b). The compound was obtained from the reaction of 1b with 4-methylpiperidine as pale yellow oil in yield 68%. 1H-NMR (CDCl3) δ (ppm): 0.75 (3H, s), 0.83 (3H, s), 0.88 (3H, d, J = 6.5 Hz), 0.92 (3H, s), 0.92–0.96 (2H, m), 1.14–1.34 (3H, m), 1.38–1.72 (9H, m), 1.81–1.89 (2H, m), 2.31–2.36 (2H, m), 2.81–2.89 (2H, m), 3.09–3.15 (1H, m), 3.20–3.27 (1H, m), and 3.35–3.43 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 21.7 q, 27.2 t, 30.5 d, 33.8 t, 34.3 t, 38.4 t, 44.9 d, 46.2 s, 49.0 s, 53.8 t, 56.1 t, 67.1 t, and 86.8 d. HRMS: calc. for C19H33NO [M-2H]+291.2557; found 291.2558.



(±)-1-Methyl-4-(2-(1,7,7-trimethylbicyclo(2.2.1)heptan-2-yloxy)ethyl)piperazine (5a). The compound was obtained from the reaction of 1a with 1-methylpiperazine as pale yellow oil in yield 58%. 1H-NMR (CDCl3) δ (ppm): 0.76 (3H, s), 0.83 (3H, s), 0.91 (3H, s), 0.91–0.97 (2H, m), 1.37–1.74 (5H, m), 2.25 (3H, s), 2.32–2.60 (10H, m), 3.10–3.17 (1H, m), 3.31–3.42 (1H, m), and 3.48–3.59 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.8 q, 20.0 q, 20.1 q, 27.2 t, 34.3 t, 38.3 t, 44.9 d, 45.9 q, 46.3 s, 49.0 s, 53.6 t, 55.1 t, 58.0 t, 67.4 t, and 86.4 d. HRMS: calc. for C17H32N2O [M]+ 280.2509; found 280.2505.



(±)-1-Methyl-4-(3-(1,7,7-trimethylbicyclo(2.2.1)heptan-2-yloxy)propyl)piperazine (5b). The compound was obtained from the reaction of 1b with 1-methylpiperazine as pale yellow oil in yield 53%. 1H-NMR (CDCl3) δ (ppm): 0.74 (3H, s), 0.82 (3H, s), 0.91 (3H, s), 0.91–0.95 (2H, m), 1.36–1.70 (7H, m), 2.24 (3H, s), 2.27–2.60 (10H, m), 3.07–3.13 (1H, m), 3.18–3.27 (1H, m), and 3.36–3.44 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 27.2 t, 27.3 t, 34.3 t, 38.4 t, 44.9 d, 45.9 q, 46.2 s, 49.0 s, 53.1 t, 55.0 t, 55.7 t, 67.0 t, and 86.7 d. HRMS: calc. for C18H34N2O [M]+ 294.2666; found 294.2664.



(±)-1-Benzyl-4-(2-(1,7,7-trimethylbicyclo(2.2.1)heptan-2-yloxy)ethyl)piperazine (6a). The compound was obtained from the reaction of 1a with 1-benzylpiperazine as pale yellow oil in yield 43%. 1H-NMR (CDCl3) δ (ppm): 0.76 (3H, s), 0.83 (3H, s), 0.91 (3H, s), 0.92–0.96 (2H, m), 1.41–1.72 (7H, m), 2.17–2.63 (10H, m), 3.11–3.16 (1H, m), 3.35–3.41 (1H, m), 3.48 (2H, s), 3.51–3.59 (1H, m), and 7.27–7.32 (5H, m). 13C-NMR (CDCl3) δ (ppm): 11.8 q, 20.1 q, 20.1 q, 27.2 t, 34.3 t, 38.3 t, 44.9 d, 46.3 s, 49.0 s, 52.9 t, 53.6 t, 58.1 t, 67.4 t, 86.4 d, 126.9 d, 128.1 d, 129.1 d, and 138.0 s. HRMS: calc. for C23H36N2O [M]+356.2822; found 356.2819.



(±)-1-Benzyl-4-(3-(1,7,7-trimethylbicyclo(2.2.1)heptan-2-yloxy)propyl)piperazine (6b). The compound was obtained from the reaction of 1b with 1-benzylpiperazine as pale yellow oil in yield 37%. 1H-NMR (CDCl3) δ (ppm): 0.77 (3H, s), 0.83 (3H, s), 0.92 (3H, s), 0.92–0.96 (2H, m), 1.40–1.55 (2H, m), 1.61–1.71 (5H, m), 2.32–2.55 (10H, m), 3.09–3.14 (1H, m), 3.21–3.27 (1H, m), 3.36–3.42 (1H, m), 3.48 (2H, s), and 7.27–7.30 (5H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 27.2 t, 27.3 t, 34.3 t, 38.4 t, 44.9 d, 45.9 q, 46.2 s, 49.0 s, 52.9 t, 53.0 t, 55.7 t, 63.0 t, 67.0 t, 86.7 d, 126.9 d, 128.0 d, 129.1 d, and 137.9 s. HRMS: calc. for C24H38N2O [M]+370.2979; found 370.2985.



(±)-4-(2-(1,7,7-Trimethylbicyclo(2.2.1)heptan-2-yloxy)ethyl)morpholine (7a). The compound was obtained from the reaction of 1a with morpholine as pale yellow oil in yield 59%. 1H-NMR (CDCl3) δ (ppm): 0.74 (3H, s), 0.81 (3H, s), 0.89 (3H, s), 0.91–0.94 (2H, m), 1.38–1.53 (2H, m), 1.56–1.63 (2H, m), 1.65–1.71 (1H, m), 2.41–2.51 (6H, m), 3.08–3.14 (1H, m), 3.32–3.37 (1H, m), 3.48–3.54 (1H, m), and 3.59–3.67 (4H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 19.9 q, 20.0 q, 27.1 t, 34.2 t, 38.2 t, 44.8 d, 46.1 s, 48.9 s, 54.0 t, 58.4 t, 66.8t, 67.3 t, and 87.3 d.



(±)-4-(3-(1,7,7-trimethylbicyclo(2.2.1)heptan-2-yloxy)propyl)morpholine (7b). The compound was obtained from the reaction of 1b with morpholine as pale yellow oil in yield 79%. 1H-NMR (CDCl3) δ (ppm): 0.76 (3H, s), 0.83 (3H, s), 0.92 (3H, s), 0.93–0.96 (2H, m), 1.41–1.56 (2H, m), 1.58–1.74 (5H, m), 2.35–2.42 (6H, m), 3.08–3.16 (1H, m), 3.20–3.28 (1H, m), 3.33–3.46 (1H, m), and 3.60–3.74 (4H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 27.0 t, 27.2 t, 34.3 t, 38.4 t, 44.9 d, 46.2 s, 49.0 s, 53.6 t, 56.1 t, 66.9 t, and 86.8 d. HRMS: calc. for C17H31NO2 [M]+ 281.2349; found 281.2357.



(±)-1-(2-(1,7,7-Trimethylbicyclo(2.2.1)heptan-2-yloxy)ethyl)azepane (8a). The compound was obtained from the reaction of 1a with azepane as colorless oil in yield 60%. 1H-NMR (CDCl3) δ (ppm): 0.77 (3H, s), 0.85 (3H, s), 0.93 (3H, s), 0.92–0.96 (2H, m), 1.38–1.73 (13H, m), 2.61–2.70 (6H, m), 3.10–3.17 (1H, m), 3.31–3.38 (1H, m), and 3.46–3.55 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.8 q, 20.0 q, 20.1 q, 26.8 t, 27.2 t, 27.7 t, 34.3 t, 38.3 t, 44.9 d, 46.3 s, 49.0 s, 55.8 t, 57.4 t, 67.7 t, and 87.3 d. HRMS: calc. for C18H31NO [M-2H]+277.2400; found 277.2404.



(±)-1-(3-((1,7,7-Trimethylbicyclo(2.2.1)heptan-2-yloxy)propyl)azepane (8b). The compound was obtained from the reaction of 1b with azepane as colorless oil in yield 47%. 1H-NMR (CDCl3) δ (ppm): 0.76 (3H, s), 0.84 (3H, s), 0.92 (3H, s), 0.92–0.96 (2H, m), 1.39–1.73 (15H, m), 2.47–2.52 (2H, m), 2.56–2.60 (4H, m), 3.10–3.14 (1H, m), 3.19–3.27 (1H, m), and 3.36–3.43 (1H, m). 13C-NMR (CDCl3) δ (ppm): 11.7 q, 20.0 q, 20.1 q, 26.8 t, 27.2 t, 27.5 t, 27.6 t, 34.3 t, 38.4 t, 44.9 d, 46.2 s, 49.0 s, 55.2 t, 58.2 t, 67.0 t, and 86.7 d. HRMS: calc. for C19H33NO [M-2H]+ 291.2557; found 291.2559.





4.2. Biological Studies


4.2.1. Evaluation of the Anti-Vaccinia Virus Activity


The vaccinia virus (strain Copenhagen) was obtained from the State collection of pathogens of viral infections and rickettsioses of the SRC VB Vector (Koltsovo, Novosibirsk region, Russia). The virus was grown in a Vero cell culture in DMEM medium (BioloT, St.-Petersburg, Russia). The concentration of viruses in the culture fluid was determined by the method of plaques by titration of the samples in Vero cell culture, calculated and expressed in decimal logarithms of plaque-forming units per ml (log10 PFU per mL). The concentration of the virus in the samples used in this work was from 5.6 to 6.1 log10 PFU per ml. For the determination of the cytotoxicity and antiviral activities of agents against the Vaccinia virus, we used the adapted method previously described [22].




4.2.2. Evaluation of the Anti-Influenza Virus Activity


Influenza virus A/Puerto Rico/8/34 (H1N1) was obtained from the collection of viruses of St Petersburg Pasteur Institute, Russia, and used in the study. Prior to the experiment, the virus was propagated in the allantoic cavity of 10–12 days-old chicken embryos for 48 h at 36 °C. Infectious titer of the virus was determined in MDCK (madin-darby canine kidney) cells (ATCC # CCL-34) in 96-wells plates in alpha-MEM medium (Biolot, St.-Petersburg, Russia). The cytotoxicity assay and virus inhibition assay were performed as previously described [29].




4.2.3. Evaluation of the Anti-Filovirus Activity


VSV pseudotyped viruses rVSV-ΔG-EboV-GP and rVSV-ΔG-MarV-GP were created as described previously [12]. HEK293FT cells were grown in a T75 culture vial were transfected with a pGPE (or pGPM) plasmid using the CaCl2 method (23 mg of plasmid per cell monolayer in a T75 culture vial). After 16 h, the culture medium was replaced, and a suspension of VSV of the firefly luciferase gene pseudotyped by surface VSV glycoprotein G (rVSV-ΔG-G) was added to the cells [30]. After 6 h, the cells were washed, and the medium was exchanged with a fresh medium. Pseudoviruses were harvested after 48 h by filtering the culture medium through a 0.45-mm filter after centrifugation to remove cell debris. Pseudoviruses were stored at −80 °C, and their functional activity was determined using a HEK293T cell culture, with the luminescence level recorded using a Stat Fax 4400 luminometer.



Viral entry inhibition assays were performed using HEK293T cells. Cells were seeded in 96-well plates (100 mL at a density of 105 cells per ml) one day before analysis. The following day, potential inhibitor compounds were titrated in 96-well round-bottom plates at a dilution of 1:4. Next, 10-mL aliquots of pseudoviruses (105 RLU) were added to each well, and the mixtures were incubated for 1 h in a CO2 incubator at 37 °C under an atmosphere with 5% CO2. After incubation, an aliquot of each mixture was added to a monolayer of cells. As a negative control, cells were treated with the same volume of the medium as that used for the pseudovirus compound mixture was added to cells. After incubating in a CO2 incubator for 48 h, the luminescence level was measured using a Stat Fax 4400 plate luminometer. To this end, the medium was carefully removed from the wells, the cells were washed with 100 mL/well of PBS, and then 25 mL of Luciferase Cell Culture Lysis Buffer (Promega) was added. After 5 min, 50 mL of Luciferase Assay Reagent (Promega) were added. The percentage of inhibition was evaluated by determining the degree of decrease in luminescence in the wells with the compounds relative to the control wells (cells with the virus without compounds). All test compounds were dissolved in dimethylsulfoxide (DMSO) at a concentration of 10 mg/mL and used at a final concentration of 375 to 0.02 mg/mL.



MTT reduction was used to study the cytotoxicity of the compounds [31]. Briefly, a series of two-fold dilutions of each compound (15.6–1000 µM) in 10% DMEM were prepared in 96-well plates. HEK293T cells (100 mL at a density of 105 cells per ml) were added and incubated for 48 h at 37 C in 5% CO2. Then 20 mL (1/10 vol) of a solution of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (Sigma) (5 mg/mL) in phosphate-buffered saline was added to each well. After 2 h of incubation, the solution was removed from wells, and DMSO (100 mL per well) was added to dissolve the formazan crystals. The optical density of cells was then measured on a Model 680 Microplate (Bio-Rad) Reader at 535 nm and plotted against the concentration of the compounds. Each concentration was tested in three parallels. The 50% cytotoxic dose (CC50) of each compound was calculated from the data obtained.



Anti-EBOV assays were conducted in BSL-4 conditions at SRC VB Vector. EBOV (strain Zaire) was obtained from the State Collection of Viral Infections, and Rickettsioses Agents of SRC VB Vector were suspended in the culture supernatant. Titer EBOV was 4.5 ± 0.75 lgTCD50/mL (decimal logarithm of 50% tissue cytopathic dose). Vero cell cultures were seeded into 96-well plates and were grown into confluent monolayers. Series of 3-fold dilutions of each compound (previously dissolved in 100% DMSO) in DMEM medium were prepared, starting with 300 mg/mL. Six decreasing concentrations were prepared from each inhibitor. The 100 mL/well of compounds was added. EBOV was used at a multiplicity of infections of 0.01 (equivalent to a dose of 100 TCID50 per well). For the treatment assay, 100 µL of diluted virus (100 TCID50) were added. For cytotoxicity assay, 100 mL of DMEM medium were added to each well. After incubation at 37 °C and 5% CO2 for 10 days, neutral red was then added. The absorbance was measured at 490 nm using a microplate reader (Thermo Scientific Multiskan FC). The 50% cytotoxicity concentration (CC50) and 50% inhibitory concentration (IC50) were calculated using SOFTmax PRO 4.0 with the 4-parameter analysis method.




4.2.4. Evaluation of the Anti-Hantavirus Activity


To generate Hantaan glycoprotein pseudotyped VSVs containing the firefly luciferase gene, HEK293T cells grown in a T75 were transfected with a pcDNA3.1-Han plasmid using Lipofectamine 3000 (ThermoFisher, Waltham, MA, USA) in accordance with the manufacturer’s protocol. After 48 h the culture medium was replaced, and a suspension of VSV of the firefly luciferase gene pseudotyped by surface VSV glycoprotein G (rVSV-ΔG-G) was added to the cells. After 6 h, the cells were washed, and the medium was exchanged with fresh medium. Pseudoviruses were harvested after 48 h by filtering the culture medium through a 0.45-mm filter after centrifugation to remove cell debris. Pseudoviruses were stored at −80 °C, and their functional activity was determined using a HEK293T cell culture, with the luminescence level recorded using a Stat Fax 4400 luminometer.



To analyze the effect of the compounds, 100 μg of compound was added to the upper well of a 96-well flat-bottom culture plate and titrated in 1:4 steps. Thus, the final concentration of compounds was from 375 μg/mL to 0.02 μg/mL in DMEM growth medium. Then to each well was added a suspension of pseudoviral particles, 25 μL (500,000 RLU), and incubated for 1 h in a CO2 incubator (37 °C, 5% CO2). At the end of the time, 100 μL of HEK293T cell suspension (100,000/mL) was added to the wells and incubated for 48 h in a CO2 incubator. Then, the growth medium was removed from the wells of the plate, and the wells were washed with 100 μL PBS (Phosphate-buffered saline, Rosmedbio LLC). Then added 25 μL of 1 × lysis buffer (Promega) and incubated for 10 min at room temperature. The lysed cells were suspended, and 20 μL of the suspension was transferred to an optical plate, adding 35 μL of LAR (Luciferase Assay System, Promega). The luminescence signal was recorded using a luminometer (LuMate). Untreated cells (positive) and cells treated with pseudoviruses (negative) were used as controls. The level of neutralization was determined by the decrease in the relative level of luminescence relative to the positive control. The IC50 value (50% cytotoxic concentration) was taken to be the concentration of the substance at which the luminescence level decreases by 50%.





4.3. Molecular Docking Study


Protein geometric parameters obtained by crystallographic method downloaded from a non-commercial database Protein Data Bank [32]. For the theoretical study of surface proteins, the hemagglutinin of the influenza virus strain A/H1N1-PR (PDB code 1RU7) [33] and Zaire ebolavirus glycoprotein stain Mayinga-76 (PDB code 5JQ7) [24] were considered.



The geometric parameters of the ligands (two stereoisomers of the compound 7a, taking into account its possible protonated forms at the nitrogen atom in the morpholine fragment) were optimized by a semi-empirical method [34] using the MOPAC2016 software. In order to determine the ratio of protonated and non-protonated forms of compound 7a by the method of quantum chemistry, the pKa value was estimated by the method of quantum chemistry. The calculations were carried out in the Jaguar program [35] using the previously described methodology [36]. The model structures of proteins were prepared accordingly for the calculations: hydrogen atoms were added and minimized, missing amino acid side chains were added, bond multiplicities were restored, solvent molecules and excess low-molecular compounds were removed, all structures were optimized in a limited force field OPLSe3 [37] at low pH values of the medium.



The docking procedures were carried out using the Schrodinger Suite: Release 2020-4, Schrödinger, LLC, New York, NY, 2020 program packages. For calculations, the monomeric form of surface proteins was considered. Derivative 2a, taking into account its stereoisomers and protonated states, was docked using the forced ligand positioning protocol (IFD) with the following conditions: flexible protein and ligand; grid matrix size of 15 Å; and amino acids (within a radius of 5 Å from the ligand) restrained and optimized, taking into account the influence of the ligand. Docking solutions were ranked by evaluating the following calculation parameters: docking score (based on GlideScore minus penalties), ligand efficiency (LE), and parameter of model energy value (Emodel), including GlideScore value, energy unrelated interactions, and the parameters of the energy spent on the formation of the laying of the compound in the binding site. For the most advantageous positions, binding energies (ΔGMM-GBSA) ligand-protein complexes were estimated using the variable-dielectric generalized Born model, which incorporates residue-dependent effects. Water was used as the solvent.









Supplementary Materials


The Supplementary Materials are available online. Figure S1. (A): the pharmacophore profile of the compounds 2a and 7a; (B): the pharmacophore model based on assessing the contributions of amino acid residues located at M090-site, TBQH-site, and Toremifene-site; C the pharmacophore model based on assessing the complementarity of a ligand and a protein.





Author Contributions


Conceptualization, A.S.S. and O.I.Y.; methodology, O.V.P., N.F.S., L.N.S. and R.A.M.; software, S.S.B.; formal analysis, V.P.P., N.I.B.; investigation, A.V.Z. (Anastasiya V. Zybkina), A.V.Z. (Anna V. Zaykovskaya), E.D.M., I.R.O., E.O.S., I.L.E.; resources, V.V.Z. and D.N.S.; writing—original draft preparation, A.S.S., S.S.B. and O.I.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a grant from the Russian Science Foundation 19-73-00125. Molecular docking calculations were performed as part of a State Task (AAAA-A20-120012090030-6).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article or supplementary material.




Acknowledgments


The authors would like to acknowledge the Multi-Access Chemical Research Center Siberian Branch of the Russian Academy of Sciencesfor spectral and analytical measurements.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds 2–8 a–b are available from the authors.




References


	



Hu, B.; Guo, H.; Zhou, P.; Shi, Z.L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2020. [Google Scholar] [CrossRef]

	



Ka-Wai Hui, E. Reasons for the increase in emerging and re-emerging viral infectious diseases. Microbes Infect. 2006, 8, 905–916. [Google Scholar] [CrossRef] [PubMed]

	



Beer, E.M.; Bhargavi Rao, V. A systematic review of the epidemiology of human monkeypox outbreaks and implications for outbreak strategy. PLoS Negl. Trop. Dis. 2019, 13, e0007791. [Google Scholar] [CrossRef]

	



Agrawal, U.; Raju, R.; Udwadia, Z.F. Favipiravir: A new and emerging antiviral option in COVID-19. Med. J. Armed Forces India 2020, 76, 370–376. [Google Scholar] [CrossRef] [PubMed]

	



Hitchcock, M.J.M.; Jaffe, H.S.; Martin, J.C.; Stagg, R.J. Cidofovir, a new agent with potent anti-herpesvirus activity. Antivir. Chem. Chemother. 1996, 7, 115–127. [Google Scholar] [CrossRef]

	



Tam, R.C.; Lau, J.Y.N.; Hong, Z. Mechanisms of action of ribavirin in antiviral therapies. Antivir. Chem. Chemother. 2001, 12, 261–272. [Google Scholar] [CrossRef]

	



Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; Orhan, I.E.; Banach, M.; Rollinger, J.M.; Barreca, D.; Weckwerth, W.; Bauer, R.; Bayer, E.A.; et al. Natural products in drug discovery: Advances and opportunities. Nat. Rev. Drug Discov. 2021, 2014. [Google Scholar] [CrossRef]

	



Patridge, E.; Gareiss, P.; Kinch, M.S.; Hoyer, D. An analysis of FDA-approved drugs: Natural products and their derivatives. Drug Discov. Today 2016, 21, 204–207. [Google Scholar] [CrossRef]

	



Sokolova, A.S.; Yarovaya, O.I.; Bormotov, N.I.; Shishkina, L.N.; Salakhutdinov, N.F. Discovery of a New Class of Inhibitors of Vaccinia Virus Based on (−)-Borneol from Abies sibirica and (+)-Camphor. Chem. Biodivers. 2018, 15. [Google Scholar] [CrossRef]

	



Sokolova, A.S.; Yarovaya, O.I.; Semenova, M.D.; Shtro, A.A.; Orshanskaya, I.R.; Zarubaev, V.V.; Salakhutdinov, N.F. Synthesis and in vitro study of novel borneol derivatives as potent inhibitors of the influenza A virus. MedChemComm 2017, 8, 960–963. [Google Scholar] [CrossRef]

	



Kononova, A.A.; Sokolova, A.S.; Cheresiz, S.V.; Yarovaya, O.I.; Nikitina, R.A.; Chepurnov, A.A.; Pokrovsky, A.G.; Salakhutdinov, N.F. N-Heterocyclic borneol derivatives as inhibitors of Marburg virus glycoprotein-mediated VSIV pseudotype entry. MedChemComm 2017, 8, 2233–2237. [Google Scholar] [CrossRef] [PubMed]

	



Sokolova, A.S.; Yarovaya, O.I.; Zybkina, A.V.; Mordvinova, E.D.; Shcherbakova, N.S.; Zaykovskaya, A.V.; Baev, D.S.; Tolstikova, T.G.; Shcherbakov, D.N.; Pyankov, O.V.; et al. Monoterpenoid-based inhibitors of filoviruses targeting the glycoprotein-mediated entry process. Eur. J. Med. Chem. 2020, 207. [Google Scholar] [CrossRef] [PubMed]

	



Sokolova, A.S.; Kovaleva, K.S.; Yarovaya, O.I.; Bormotov, N.I.; Shishkina, L.N.; Serova, O.A.; Sergeev, A.A.; Agafonov, A.P.; Maksuytov, R.A.; Salakhutdinov, N.F. (+)-Camphor and (−) borneol derivatives as potential anti orthopoxvirus agents. Arch. Pharm. 2021, e2100038. [Google Scholar] [CrossRef]

	



Rogachev, A.D.; Putilova, V.P.; Zaykovskaya, A.V.; Yarovaya, O.I.; Sokolova, A.S.; Fomenko, V.V.; Pyankov, O.V.; Maksyutov, R.A.; Pokrovsky, A.G. Biostability study, quantitation method and preliminary pharmacokinetics of a new antifilovirus agent based on borneol and 3-(piperidin-1-yl)propanoic acid. J. Pharm. Biomed. Anal. 2021, 114062. [Google Scholar] [CrossRef]

	



Snape, T.J.; Astles, A.M.; Davies, J. Understanding the chemical basis of drug stability and degradation. Pharm. J. 2010, 285, 416–417. [Google Scholar]

	



Fedorova, I.V.; Chukicheva, I.Y.; Shumova, O.A.; Kutchin, A.V. Synthesis of phenolic antioxidants with isobornyl and tert-butyl fragments. Russ. J. Gen. Chem. 2013, 83, 1103–1110. [Google Scholar] [CrossRef]

	



Ren, J.; Zhao, Y.; Fry, E.E.; Stuart, D.I. Target Identification and Mode of Action of Four Chemically Divergent Drugs against Ebolavirus Infection. J. Med. Chem. 2018, 61, 724–733. [Google Scholar] [CrossRef]

	



Johansen, L.M.; DeWald, L.E.; Shoemaker, C.J.; Hoffstrom, B.G.; Lear-Rooney, C.M.; Stossel, A.; Nelson, E.; Delos, S.E.; Simmons, J.A.; Grenier, J.M.; et al. A screen of approved drugs and molecular probes identifies therapeutics with anti-Ebola virus activity. Sci. Transl. Med. 2015, 7. [Google Scholar] [CrossRef]

	



Manigold, T.; Vial, P. Human hantavirus infections: Epidemiology, clinical features, pathogenesis and immunology. Swiss Med. Wkly. 2014, 144, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Bi, Z.; Formenty, P.B.H.; Roth, C.E. Hantavirus infection: A review and global update. J. Infect. Dev. Ctries. 2008, 2, 3–23. [Google Scholar] [CrossRef]

	



Byrd, C.M.; Bolken, T.C.; Mjalli, A.M.; Arimilli, M.N.; Andrews, R.C.; Rothlein, R.; Andrea, T.; Rao, M.; Owens, K.L.; Hruby, D.E. New Class of Orthopoxvirus Antiviral Drugs That Block Viral Maturation. J. Virol. 2004, 78, 12147–12156. [Google Scholar] [CrossRef]

	



Selivanov, B.A.; Tikhonov, A.Y.; Belanov, E.F.; Bormotov, N.I.; Kabanov, A.S.; Mazurkov, O.Y.; Serova, O.A.; Shishkina, L.N.; Agafonov, A.P.; Sergeev, A.N. Synthesis and Antiviral Activity of 1-Aryl-3-(3,5-Dioxo-4-Azatetracyclo-[5.3.2.02,6.08,10]Dodec-11-EN-4-YL)Ureas. Pharm. Chem. J. 2017, 51, 439–443. [Google Scholar] [CrossRef]

	



Pattnaik, G.P.; Chakraborty, H. Entry Inhibitors: Efficient Means to Block Viral Infection. J. Membr. Biol. 2020, 253, 425–444. [Google Scholar] [CrossRef]

	



Zhao, Y.; Ren, J.; Harlos, K.; Jones, D.M.; Zeltina, A.; Bowden, T.A.; Padilla-Parra, S.; Fry, E.E.; Stuart, D.I. Toremifene interacts with and destabilizes the Ebola virus glycoprotein. Nature 2016, 535, 169–172. [Google Scholar] [CrossRef] [PubMed]

	



Borisevich, S.S.; Gureev, M.A.; Yarovaya, O.I.; Zarubaev, V.V.; Kostin, G.A.; Porozov, Y.B.; Salakhutdinov, N.F. Can molecular dynamics explain decreased pathogenicity in mutant camphecene-resistant influenza virus? J. Biomol. Struct. Dyn. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Leiva, R.; Barniol-Xicota, M.; Codony, S.; Ginex, T.; Vanderlinden, E.; Montes, M.; Caffrey, M.; Luque, F.J.; Naesens, L.; Vázquez, S. Aniline-Based Inhibitors of Influenza H1N1 Virus Acting on Hemagglutinin-Mediated Fusion. J. Med. Chem. 2018, 61, 98–118. [Google Scholar] [CrossRef]

	



Russell, R.J.; Kerry, P.S.; Stevens, D.J.; Steinhauer, D.A.; Martin, S.R.; Gamblin, S.J.; Skehel, J.J. Structure of influenza hemagglutinin in complex with an inhibitor of membrane fusion. Proc. Natl. Acad. Sci. USA 2008, 105, 17736–17741. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Li, R.; Zhou, Y.; Xiao, M.; Ma, C.; Yang, Z.; Zeng, S.; Du, Q.; Yang, C.; Jiang, H.; et al. Discovery of Highly Potent Pinanamine-Based Inhibitors against Amantadine- and Oseltamivir-Resistant Influenza A Viruses. J. Med. Chem. 2018, 61, 5187–5198. [Google Scholar] [CrossRef] [PubMed]

	



Kovaleva, K.S.; Zubkov, F.I.; Bormotov, N.I.; Novikov, R.A.; Dorovatovskii, P.V.; Khrustalev, V.N.; Gatilov, Y.V.; Zarubaev, V.V.; Yarovaya, O.I.; Shishkina, L.N.; et al. Synthesis of d-(+)-camphor-based: N -acylhydrazones and their antiviral activity. Medchemcomm 2018, 9, 2072–2082. [Google Scholar] [CrossRef]

	



Whitt, M.A. Generation of VSV pseudotypes using recombinant ΔG-VSV for studies on virus entry, identification of entry inhibitors, and immune responses to vaccines. J. Virol. Methods 2010, 169, 365–374. [Google Scholar] [CrossRef]

	



Melorose, J.; Perroy, R.; Careas, S. Methods in Molecular Biology Polyamine Protocols; Humana Press: Totowa, NJ, USA, 2015; Volume 1, ISBN 9788578110796. [Google Scholar]

	



Berman, H.M.; Battistuz, T.; Bhat, T.N.; Bluhm, W.F.; Bourne, P.E.; Burkhardt, K.; Feng, Z.; Gilliland, G.L.; Iype, L.; Jain, S.; et al. The protein data bank. Acta Crystallogr. Sect. D Biol. Crystallogr. 2002, 58, 899–907. [Google Scholar] [CrossRef] [PubMed]

	



Gamblin, S.J.; Haire, L.F.; Russell, R.J.; Stevens, D.J.; Xiao, B.; Ha, Y.; Vasisht, N.; Steinhauer, D.A.; Daniels, R.S.; Elliot, A.; et al. The Structure and Receptor Binding Properties of the 1918 Influenza Hemagglutinin. Science 2004, 303, 1838–1842. [Google Scholar] [CrossRef]

	



Stewart, J.J.P. Optimization of parameters for semiempirical methods VI: More modifications to the NDDO approximations and re-optimization of parameters. J. Mol. Model. 2013, 19, 1–32. [Google Scholar] [CrossRef] [PubMed]

	



Bochevarov, A.D.; Harder, E.; Hughes, T.F.; Greenwood, J.R.; Braden, D.A.; Philipp, D.M.; Rinaldo, D.; Halls, M.D.; Zhang, J.; Friesner, R.A. Jaguar: A high-performance quantum chemistry software program with strengths in life and materials sciences. Int. J. Quantum Chem. 2013, 113, 2110–2142. [Google Scholar] [CrossRef]

	



Bochevarov, A.D.; Watson, M.A.; Greenwood, J.R.; Philipp, D.M. Multiconformation, Density Functional Theory-Based pKa Prediction in Application to Large, Flexible Organic Molecules with Diverse Functional Groups. J. Chem. Theory Comput. 2016, 12, 6001–6019. [Google Scholar] [CrossRef] [PubMed]

	



Shivakumar, D.; Harder, E.; Damm, W.; Friesner, R.A.; Sherman, W. Improving the prediction of absolute solvation free energies using the next generation opls force field. J. Chem. Theory Comput. 2012, 8, 2553–2558. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 26 02235 g001 550] 





Figure 1. Structures of (−)-borneol-based antiviral agents and illustration of the strategy used for structure-activity relationship studies in the present work. a IC50 (H1N1) 50% inhibitory concentration against influenza virus A/Puerto Rico/8/34 (H1N1) [10]; b IC50 (EBOV) 50% inhibitory concentration against Ebola virus (EBOV) (strain Zaire); c IC50 (MARV) 50% inhibitory concentration against Marburg virus (MARV) (strain Popp) [12]; dIC50 (VV) 50% inhibitory concentration against vaccinia virus (VV) [13]. 
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Scheme 1. Synthetic pathway to target camphene derivatives 2–8 a–b. 
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Figure 2. Location of compounds 2a and 7a in the binding sites of influenza virus hemagglutinin strain A/PR/8/34 (H1N1) and Ebola virus glycoprotein. Amino acids included in the binding sites of potential inhibitors are highlighted (green, hydrophobic amino acids; blue, polar amino acids; purple, positively charged amino acids; orange, negatively charged amino acids; glycine is indicated in gray). Interactions are shown by dashed lines (yellow hydrogen bonds; purple salt bridges). 
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Table 1. Antiviral activity of the compounds 2–8 a–b against influenza virus A/Puerto Rico/8/34 (H1N1) in MDCK cells.
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	Compound
	CC50 (µM) a
	IC50 H1N1 (µM) b
	SI c





	2a
	>1193.3
	45.3 ± 5.2
	26



	2b
	71.9 ± 4.4
	16.8 ± 2.3
	4



	3a
	>1130.2
	64.8 ± 5.9
	17



	3b
	949.9 ± 52.5
	346.7 ± 41.1
	2.5



	4a
	>1073.5
	37.9 ± 5.6
	28



	4b
	491.0 ± 32.2
	69.7 ± 8.4
	7



	5a
	28.5 ± 1.2
	13.2 ± 2.0
	2



	5b
	51.0 ± 4.1
	>37.4
	1



	6a
	33.7 ± 2.8
	3.4 ± 0.5
	10



	6b
	10.8 ± 0.8
	>8
	1



	7a
	385.2 ± 19.7
	252.0 ± 31.1
	1



	7b
	561.8 ± 48.2
	24.2 ± 3.1
	23



	8a
	50.5 ± 4.5
	35.3 ± 5.0
	1



	8b
	374.2 ± 22.8
	320.0 ± 36.9
	1



	Ribavirin
	>2000
	24.6 ± 3.7
	>81



	Rimantadine
	335 ± 27
	67.0 ± 4.9
	5







a CC50 is cytotoxic concentration; the concentration resulting in the death of 50% of the cells; b IC50 is 50% virus-inhibiting concentration, the concentration leading to 50% inhibition of virus replication; c SI is the selectivity index, the ratio of CC50/IC50. The data presented are the mean of three independent experiments. The values for CC50 and IC50 are presented as the mean ± error of the experiment.
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Table 2. Antiviral activity of the compounds 2–8 a–b against Ebola pseudotype viruses (rVSV-ΔG-EboV-GP) and Marburg pseudotype viruses (rVSV-ΔG-MarV-GP).
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Compound

	
CC50 (µM) a

	
IC50 (µM)

	
SIEboV-GP e




	
EboV-GP b

	
MarV-GP c

	
VSV-G d






	
2a

	
497.2 ± 8.0

	
0.12 ± 0.04

	
73.6 ± 1.9

	
123.3 ± 4.0

	
4166




	
2b

	
107.9 ± 4.0

	
NA

	
63.9 ± 2.0

	
NT

	
-




	
3a

	
941.9 ± 18.8

	
6.3 ±0.3

	
NA

	
941.9 ± 18.8

	
150




	
3b

	
2119.3 ± 49.2

	
473.1 ± 11.4

	
170.3 ± 3.8

	
946.1 ± 22.7

	
4




	
4a

	
447.3 ± 10.7

	
1.3 ± 0.1

	
60.8 ± 1.8

	
110.9 ± 3.6

	
357




	
4b

	
140.8 ± 3.4

	
NA

	
96.1 ± 3.4

	
NT

	
-




	
5a

	
652.9 ± 14.3

	
NA

	
85.6 ± 1.8

	
NT

	
-




	
5b

	
108.7 ± 3.4

	
NA

	
NA

	
NT

	
-




	
6a

	
575.4 ± 11.2

	
NA

	
NA

	
NT

	
-




	
6b

	
148.5 ± 5.4

	
67.5 ± 2.7

	
124.2 ± 2.7

	
NT

	
2




	
7a

	
860.1 ± 22.4

	
0.6 ± 0.2

	
149.6 ± 3.7

	
934.9 ± 26.2

	
1433




	
7b

	
1440.1 ± 28.4

	
NA

	
NA

	
NA

	
-




	
8a

	
721.4 ± 14.4

	
112.5 ± 3.6

	
90.2 ± 3.6

	
360.7 ± 10.8

	
6




	
8b

	
703.8 ± 10.3

	
NA

	
NA

	
NT

	
-




	
Sertraline

	
408 ± 35.9

	
0.7 ± 0.07

	

	
NT

	
582








a CC50 is the median cytotoxic dose, i.e., the concentration causing 50% cell death. b IC50 (EboV- glycoprotein (GP)) is the concentration of a compound required to inhibit rVSV-ΔG-EboV-GP infection of HEK293T cells by 50%. c IC50 (MarV-GP) is the concentration of a compound required to inhibit rVSV-ΔG-MarV-GP infection of HEK293T cells by 50%. d IC50 (VSV-G) is the concentration of a compound required to inhibit rVSV-ΔG-G infection of HEK293T cells by 50%. e SIEboV-GP is the ration of CC50 to IC50 (EboV-GP). NT—not tested. NA—not active.













[image: Table] 





Table 3. Inhibitory activities of derivatives 2a, 3a, 4a, and 7a against EBOV.
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	Compound
	CC50 (µM) a
	IC50 EBOV (µM) b
	SI EBOV c





	2a
	230.7 ± 16.5
	18.3 ± 3.1
	12



	3a
	55.9 ± 12.2
	15.2 ± 2.1
	3.6



	4a
	40.2 ± 6.9
	NA
	-



	7a
	57.5 ± 13.5
	5.6 ± 0.9
	10



	Sertraline d
	
	3.7 ± 0.6
	







a CC50 is the 50% cytotoxic concentration (Vero cells); b IC50 is the concentration of a compound required to inhibit EBOV (strain Zaire) infection of Vero cells by 50%; c SI EBOV is the CC50/IC50 EBOV ratio; d IC50 values (Vero E6 cells) are taken from [18]. The data represent the mean ± SD from three independent experiments.
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Table 4. Antiviral activity of derivatives 2–8 a–b against vaccinia virus.
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	Compound
	CC50 (µM) a
	IC50 VV (µM) b
	Compound
	CC50 (µM) a
	IC50 VV (µM) b





	2b
	62.3 ± 3.6
	NA
	6b
	21.3 ± 2.2
	NA



	3b
	139.6 ± 8.7
	NA
	7a
	171.6 ± 10.8
	NA



	4a
	11.1 ± 1.4
	NA
	7b
	173.5 ± 11.9
	NA



	4b
	40.9 ± 2.7
	NA
	8a
	19.1 ± 2.5
	NA



	5a
	100.3 ± 6.1
	NA
	8b
	23.7 ± 2.7
	NA



	5b
	64.2 ± 3.1
	NA
	Cidofovir
	475.3 ± 30.1
	40.0 ± 1.2



	6a
	14.0 ± 1.7
	NA
	ST-246
	1276 ± 202
	0.01 ± 0.003







a CC50 is the cytotoxic concentration causing 50% cell death in an uninfected monolayer; b IC50 is the inhibitory concentration ensuring 50% cell survival in a virus-infected monolayer; NA—no activity; NT—not tested; CC50 presented as M ± SD, where M is the mean, and SD is the standard deviation; n = 3 is the number of measurements.
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Table 5. Antiviral activity of the compounds 2a, 3a, and 7a against rVSV-ΔG-Gn-Gc.
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	Compound
	CC50 (µM) a
	IC50 rVSV-ΔG-Gn-Gc (µM) b
	SI c





	2a
	358.0 ± 27.8
	9.1 ± 1.2
	39



	3a
	150.7 ± 18.8
	5.0 ± 0.8
	30



	7a
	1159.3 ± 56.1
	14.8 ± 1.9
	78







a CC50 is the 50% cytotoxic concentration (HEK293T); b IC50 (rVSV-ΔG-Gn-Gc) is the concentration of a compound required to inhibit rVSV-ΔG-Gn-Gc infection of HEK293T cells by 50%; c SI EBOV is the CC50/IC50 ratio.
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