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Abstract

:

The identification and elucidation of host pathways for viral infection are critical for understanding the viral infection processes and novel therapeutics development. Here, for the first time, we discover that the human SUMOylation pathway is essential for the IBV viral life cycle. First, IBV viruses were completely inhibited by a novel SUMOylation specific inhibitor, STE025, discovered from our FRET-based high-throughput screening, and the inhibition was very potent, with IC50~ 0.1 µM in an IBV-induced cell death rescue assay; Second, we determined that the IBV M1 protein was SUMOylated, which was mediated by the SUMOylation E2 conjugation enzyme and the E3 ligase enzyme at very high affinities, of 0.20 µM and 0.22 µM, respectively; Third, the mutation of the IBV M1 SUMOylation site, K21R, completely abolished the viral particle generation, strongly suggesting the requirement of SUMOylation for the IBV life cycle. These results suggest that the blockage of the host human SUMOylation pathway is very effective for IBV inhibition. We therefore propose that the host SUMOylation pathway is a critical host factor for the IBV virus life cycle. The identification and inhibition of critical host factor(s) provide a novel strategy for future anti-viral therapeutics development, such as IBV and other viruses.
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1. Introduction


Influenza A and B viruses (IAV and IBV, respectively, or flu) have caused several outbreaks in history, including the recent 2009 H1N1 influenza pandemic, and causes a significant number of deaths every year despite significant advancements in our understanding of the viruses and the availability of vaccines and antiviral agents. In the season of 2017–2018, it is estimated that flu caused approximately 51,000 deaths and 710,000 hospitalizations, making it the most life-threatening infectious disease [1]. The estimated average yearly economic burden of influenza is $11.2 billion, including $3.2 billion in direct costs and $8.0 billion in indirect costs annually [2]. The origin of IBV was first discovered in 1940, and later circulating strains diverged into two lineages, were named in 1983 as the Yamagata and Victoria lineages [3]. Both IBV lineages have been co-circulating each influenza season, contributing significantly to the flu disease burden over the years [4]. The scientific and healthcare communities have been underestimating the roles of IBV in terms of disease burden, as IBV was believed to cause milder symptoms compared to some IAV strains. However, several studies have suggested the increased potency of influenza B virus in causing severe disease and mortality in some populations and contributing significantly to the annual disease every year, accounting for 37% of the economic costs caused by flu every year [4]. For example, it has shown that IBV can cause severe disease in children [5,6]. A recent study found significantly higher mortality rates due to IBV compared to IAV in children younger than 16 years of age from 2004 to 2013 [7]. IBV also causes higher hospitalizations in HIV patients than IAV [8]. In addition, population studies show that IBV infections have significantly higher mortality rates than influenza A infections in some flu seasons. For example, during the flu season of 2010–2011, only 26% of circulating strains of flu were influenza B viruses, but they was responsible for 38% of deaths in the pediatric population [9]. These data strongly refute the opinions that IBV causes milder symptoms than IAV.



The efforts to reduce the transmission and pathology of IBV include the introduction of a quadrivalent vaccine that includes both lineages of IBV [10]. These vaccines significantly decrease the rates of flu infection; but only a disappointingly low effectiveness was achieved in susceptible populations such as children within the age group of 9–17 years of age (43%) or elderly people with >65 years of age (34%) in the flu season of 2019–2020 and other years, indicating limitations in our current vaccine approach and need for additional therapeutic reagents [11].



There are three FDA-approved neuraminidase inhibitors (NAI) recommended for flu by the CDC: oseltamivir, zanamivir, and peramivir. Most recently, circulating influenza viruses have been susceptible to NAI antiviral medications. However, recent virus isolates from patients show significant drug resistance including IBV [12,13,14,15,16,17]. A drug resistance mutation Gly407Ser was discovered in the neuraminidase IBV Yamagata lineage [18]. The mutations in neuraminidase, such as Asp198Asn, Ile222Thr, and Ser250Gly, led to persistent viral shedding in children infected with IBV [19]. Antiviral drugs also often lead to gastrointestinal adverse effects, which makes antiviral therapies a not so easy decision in a clinical setting [20]. Recently, Baloxavir, an influenza cap-dependent endonuclease inhibitor, was approved by the FDA for treating both IAV- and IBV-infected patients [21]. However, drug resistance mutations are also expected as Baloxavir is an inhibitor of a viral protein, and the low fidelity of viral RNA polymerase is prone to error generation. Issues of antiviral resistance again emphasize the need for antiviral therapies with novel mechanisms.



As a pathogen to humans, viruses must engage host factors for their infection and replication, and therapeutics targeting host–virus interactions could present a potentially effective and broad-spectrum treatment modality for viral infections, such as IAV/IBV. Among the interactions of viruses and humans, a post-translation modification (PTM), the SUMOylation, is unique in several aspects. Several genome-wide siRNA or CRISPR screenings have identified that SUMOylation enzyme inhibition or gene knockout decreases the replication of the influenza virus [22,23,24]. In some of these screenings, a luciferase-labeled IAV virus was used for infections of cells, and luciferase activities were monitored as a surrogate of viral production. The SUMOylation genes are on the top lists from these screenings, but detailed mechanisms underlining their role on virus replication have not been fully explored. Importantly, SUMO E3 ligase gene PIAS1 knockout mice are resistant to lethal-dose infections of viruses and bacteria, such as Vesicular Stomatitis Virus (VSV) and L. monocytogenes, indicating an important role of SUMOylation in promoting these pathogens directly or indirectly [25]. Furthermore, many viral proteins are directly SUMOylated, such as the NS1, M1, NP, PA, and PB proteins of influenza viruses, and mutations of their SUMOylation sites have a significant impact on virus growth [26,27,28,29,30,31,32]. We recently identified critical or essential SUMOylation sites on IAV NS1 and M1 proteins, respectively, and these mutations either significantly reduce viral replication or completely abolish the virus growth [33] (Way, G., Submitted).



The influenza M1 gene plays multiple roles in the influenza A virus’ life cycle, from infection to new virion release, and such multifaceted functional roles impose significant constraints on the space of M1 to evolve. From large-scale sequencings from different hosts and geographic locations, two studies show that M1 is one of the slowest-evolving genes in the influenza genome [34,35]. In human seasonal influenza viruses, it has been shown that the evolution of M1 is 5- to 10-fold slower than that of HA genes, and even slower than that of the M2 gene [34,36]. The high degree of conservation of the M1 gene may also be due to its internal protein and is targeted by cellular immunity, such as CD4 and CD8, with not as much selection pressure as when targeted by antibodies [37,38].



Although many studies indicate various similarities between IAV and IBV, many questions have yet to be answered for influenza B. Why does influenza B show higher infectivity in children compared to adults? Do IAV and IBV share similar host pathways? In this study, we first discovered that IBV generation could be completely inhibited by our novel SUMOylation inhibitor discovered from our FRET-based high-throughput screening. We then found that the M1 protein of IBV is SUMOylated, and that the M1 is recognized by both SUMO E2 Ubc9 and E3 PIAS1 at very high affinities as determined with a quantitative FRET (qFRET) method. Furthermore, we found that the K21R mutation of the M1 protein completely abolishes viral replication, indicating the essential role of SUMOylation for M1 function in the virus cycle. We would like to emphasize that a further understanding of IBV’s dependence on SUMOylation requires further investigation. These efforts suggest that SUMOylation inhibition might be employed for the treatment of IAV and IBV infections.




2. Materials and Methods


2.1. Molecular Cloning of DNA Constructs


The pET28b (+) constructs for CyPet-SUMO1, UBA2, AOS1, and UBC9 were cloned as outlined in our previous study [39]. The Ypet-M1 was constructed by amplifying the open reading frame (ORF) of YPet with primers and a Linker sequence and ligated into pET28b (+) vector (Millipore Corporation, Billerica, MA), and primers designed to introduce site-specific mutations and amplify the full plasmid [40]. The lysine-to- arginine M1 mutants were sequenced to verify that the correct mutations were introduced. All plasmid DNA constructs were amplified in TOP10 DH5a E. coli cells. The plasmids used for the generation of recombinant influenza virus were first described by Fodor et al. [41].




2.2. Cell Lines


Human embryonic kidney 293 cells (HEK 293) and Madin–Darby canine kidney cells (MDCK) were cultivated in Dulbecco’s modified Eagles medium (DMEM, GIBCO, Carlsbad, CA) supplemented with 10% fetal bovine serum (GIBCO) and 1% pen strep glutamine 100X (GIBCO) in the incubator with 5% CO2 at 37 °C.




2.3. Protein Expression and Purification


BL21 DE3 E. coli cells were transformed with the pET28b (+) constructs encoding CyPet-SUMO1, AOS1, UBA2, UBC9, and YPet-Linker3-M1. The transformed E. coli were plated onto LB plates containing 50 mg/mL kanamycin. A single colony was inoculated into 5 mL liquid LB with 50 mg/mL kanamycin starter culture. Each starter culture was transferred into 1 L 2YT medium with 50 mg/mL kanamycin and grown at 37 °C and 180 RPM for 3 h. The expression of recombinant proteins were induced with 0.35 mM IPTG at 20 °C and 180 RPM overnight. The bacterial cells were harvested the next day at 4 °C and 8000 for 5 min. The bacterial cell pellet was resuspended in 30 mL of a binding buffer (20 mM Tris-HCl pH 7.4, 500 mM NaCl, and 5 mM imidazole). The cell suspension was lysed with an ultrasonic liquid processor (Misonix, Farmingdale, NY, USA). The supernatant was collected after centrifugation at 4 °C and 35,000× g for 30 min. All expression proteins with 6x His-tag were purified by Ni2+-NTA agarose beads (QIAGEN, Valencia, CA, USA). The column was washed sequentially with two column volumes of Wash Buffer 1 (20 mM Tris-HCl pH 7.4 and 300 mM NaCl), two column volumes of Wash Buffer 2 (20 mM Tris-HCl pH 7.4, 0.5% TritonX-100, and 1.5 M NaCl), and one column volume of Wash Buffer 3 (20 mM Tris-HCl pH 7.4, 500 mM NaCl, and 10 mM imidazole), and eluted with an elution buffer (20 mM Tris-HCl pH 7.4, 20 mM NaCl, and 400 mM imidazole). Recombinant proteins were dialyzed overnight at 4 °C in a dialysis buffer (20 mM Tris- HCl pH 7.4, 50 mM NaCl, and 1 mM DTT). Protein purity was determined by SDS-PAGE after Coomassie G-250 staining (Bio-Rad, Hayward, CA, USA), and protein concentrations were determined by a Bradford assay with known amounts of bovine serum albumin (Thermo-Fisher Scientific Inc., Rockford, IL, USA) as standards. The concentrations of fluorescent-fusion proteins (CyPet-SUMO1 and Ypet-Linker3-M1) were determined by fluorescence intensities measured on a FlexStationII384 (Molecular Devices, Sunnyvale, CA, USA).




2.4. qFRET Determination of the Dissociation Constant (KD)


The dissociation constant KD was determined by setting up a series of reactions with the receptor concentration at 0.20 µM ([R]Total, CyPet binding protein SUMO1) and a varying concentration of ligand ([L]Total, YPet binding protein M1) from 0 to 4 µM. CyPet and YPet binding proteins were mixed and diluted with PBS in a total volume of 60 µL, and this step was repeat three times. The sample was heated up to 37 ℃ and incubated at 15~20 min. Then, all sample mixtures were transferred to a Greiner 384-well plate (Sigma-Aldrich). The fluorescence emissions were measured using FlexstationII384. The emission intensities were measured at three wavelengths: 475 and 530 nm after excitation at 414 nm, and 530 nm after excitation at 475 nm [42]. Then the KD was calculated by our previously defined equation, which is shown in Equation (1).
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2.5. qFRET In Vitro SUMOylation Assay


All components of the SUMOylation assay (0.5 mM CyPet-SUMO1, 0.1 mM E1, 0.2 mM E2, 0.25 mM E3 PIAS1, and 2 mM YPet-Linker3-M1) were combined in the SUMOylation buffer containing 50 mM Tris-HCl pH 7.4, 1 mM DTT, and 4 mM MgCl2 in a total volume of 60 mL. The sample mixtures were an added 1 mM ATP were incubated in an Eppendorf tube at 37 °C, and all sample mixtures were transferred to the Greiner 384-well plate (Sigma-Aldrich). The fluorescence emissions were measured using FlexstationII384 (Molecular Devices, Sunnyvale, CA, USA). Emission intensities were measured at three wavelengths: 475 and 530 nm after excitation at 414 nm, and 530 nm after excitation at 475 nm [42].




2.6. EmFRET Analysis


As described in the DNA constructs section, we fused the CyPet and YPet to the amino termini of the SUMO1 and M1, respectively. The peak wavelengths of excitation and emission were 414 nm/475 nm for CyPet and 475 nm/530 nm for YPet. When the FRET pair (CyPet and YPet) were in close (between 1–10 nm), the excitation of the donor at 414 nm resulted in an energy transfer from the donor to the acceptor, resulting in the quenching of the donor and the excitation of the acceptor. Upon the SUMOylation of YPet-M1 with a CyPet-SUMO1, FRET can occur, resulting in a 530-nm emission given a 414-nm excitation. However, anything that prevents SUMOylation (the absence of ATP or addition of STE025) would result in no increase of the emission at 530 nm.



The real FRET emission (EmFRET) was used to monitor the formation of the SUMO1-M1 complex. We defined EmFRET as shown in Equation (2) [42]. To obtain the real FRET emission, which is correlated with the amount of bound CyPet-SUMO1 and YPet- M1, the direct emissions at 530 nm from free CyPet-SUMO1 and YPet-M1 need to be determined and subtracted from the total emission intensity at 530 nm. To account for the contributions to the total emission at 530 nm, we used a previously established spectrum analysis for determining the EmFRET. The total fluorescent emission at 530 nm given a 414 nm excitation (EmTotal) was differentiated into three fractions: real FRET emission (EmFRET), CyPet direct emission, and YPet direct emission.



The direct fluorescence contribution of the CyPet at 530 nm was proportional to its peak emission at 475 nm (FLDD) when excited at 414 nm with a ratio coefficient of α = 0.368. The direct emission of YPet at 530 nm was proportional to its emission at 530 nm given a 475 nm excitation (FLAA) with a ratio coefficient of β = 0.029.
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(2)







The Fluorescence signal was compared from 400 nm to 600 nm for each sample. The amount of SUMOylated YPet-M1 was also determined by western blot using an anti-SUMO1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA).




2.7. Reconstitution of Wild-Type Influenza B Virus (B/Yamagata/16/1988) and M1 Mutant Influenza B Virus (B/Yamagata/16/1988)


The plasmid-based reverse genetic techniques to generate a recombinant influenza virus have been described in the DNA construct section [36]. To generate the wildtype virus, eight ambisense plasmids encoding the individual segments of the influenza B virus were mixed in 1 mg quantities in 50 mL of serum-free RPMI per transfection. M1 mutant viruses were generated with plasmids containing the mutations instead of the wildtype plasmid. Ten milliliters of lipofectamine 2000 was used per transfection in 250 mL of serum-free RPMI. The plasmid cocktail and lipofectamine were mixed and incubated at room temperature for 15 min before being added to a mixture of MDCK and HEK293 cells. One 10-cm plate of HEK293 and another 10-cm plate of MDCK at 90% confluence were aspirated and washed with 5 mL of 1× PBS, followed by resuspension with 0.25% Trypsin- EDTA. The cells were placed in separate 15 mL conical tubes and centrifuged at 800× g for 5 min, and the MDCK cells were resuspended with 1 mL of DMEM with 10% FBS and 1× Pen-Strep Glutamine (Supplemented DMEM). The 1-mL MDCK suspension was then used to resuspend the HEK293 cells and 500 µL of the cell suspension was distributed among two 10-cm tissue culture-treated plates. A volume of 9.5 mL of supplemented DMEM was added to each plate containing cells, the transfection mixture was added to each plate, and the viruses were generated in double. Twenty-four hours after transfection, the transfection medium was replaced with 1× MEM containing 0.3% BSA, 1% Pen-Strep Glutamine, 0.1% FBS, and 1 mg/mL tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin for 72 h at 33°C to produce mature viral particles. The supernatant was then passaged to infect fresh MDCK cells at 90% confluence in a 10-cm plate.




2.8. Plaque Assay


Confluent MDCK cells were seeded into each well of 6-well tissue culture-treated plates. After a 24-h culture, the cells were pretreated with different concentrations of STE025/PYR-41 for 24 h. Viruses were serially diluted in a total volume of 300 mL in a medium consisting of 1× PBS, 6.11 mg CaCl2 dihydrate, 10.7 mg MgCl2 hexahydrate, 0.42% BSA, and 1× Pen-Strep Glutamine (Gibco Ref: 10378-016). Two hundred milliliters of diluted virus samples was added to each plate and incubated at 33 °C for IBV in a humidified 5% CO2 incubator for one hour with rocking every ten minutes. The supernatant was aspirated and 2 mL of plaquing medium (1× EMEM (Gibco Ref: 11430-030), 0.42% BSA, 1× Pen- Strep Glutamine (Gibco Ref: 10378-016), 10 mM HEPES pH 7.4, 0.1 % sodium bicarbonate, 0.1% dextrose, 1 mg/mL TPCK-trypsin and 0.24% Avicel RC-591 NF) and different concentrations of STE025/PYR-41 were added to each well. The plates were incubated in a humidified 5% CO2 incubator at 33 °C for 72 h. The cells were then fixed with 1 mL of 4% (w/v) paraformaldehyde in PBS for one hour and stained with 1 mL of a solution containing 1% crystal violet (w/v) in 10% methanol (v/v).




2.9. Natural Red Assay


The Neutral Red Cell Cytotoxicity Assay Kit (Bio Vision Catalog # K447-1000) was used in this experiment. A total of 1 × 104 MDCK cells per well were seeded in a 96-well plate one day before performing the Natural red assay. The experiment was divided into four conditions (Virus only, Virus with different concentrations of PYR-41, Virus with different concentrations of STE025, and the control). After a 24-h culture, half of the plate was pretreated with different concentrations of specific drug overnight. The culture media was removed and washed with 1X PBS. Virus samples were diluted in 1X PBS with Pen strep glutamine, CaCl2-2H2O/MgCl2-6H2O 100X, and 35% BSA. The appropriate dilution, which made the MOI reach 0.01, was added to the corresponding well and incubated for 72 h at 33 °C and 5% CO2. The culture media were removed and washed with a 1X washing buffer. The plates were then stained with a 100X neutral red staining solution for approximately 2h at 37 ℃ in a 5% CO2 incubator. The neutral red staining solution was removed by complete aspiration, and the cells were rinsed with a 1X washing buffer to remove the residual dye. The washing buffer was completely removed, and the incorporated neutral red was eluted with a 1X solubilization solution for 30 min. The dye content in each well was quantified using FlexstationII384 (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 540 nm. The dye content in each set of wells was converted to a percentage of the dye range present between the virus control and the untreated control wells using a Microsoft Excel computer-based spreadsheet.





3. Results


3.1. Identification of the Human SUMOylation Pathway as a Critical Host Pathway for IBV’s Life Cycle


3.1.1. IBV Is Completely Inhibited by the SUMOylation Specific Inhibitor


Many host-viral interactions have been reported before, including those in influenza viruses and coronaviruses [43,44,45]. In previous genome-wide siRNA or CRISPR screenings, SUMOylation enzymes were found to contribute to the IAV life cycle; moreover, many IAV proteins are SUMOylated [26,27,29]. We also recently identified important SUMOylation sites of IAV NS1, whose mutation significantly slows down the IAV growth [33]. More significantly, we recently discovered that IAV could be completely inhibited by a SUMOylation-specific inhibitor, STE025, which inhibited the E1 enzyme of SUMOylation and was discovered through a high-throughput screening campaign, and a critical SUMOylation site of IAV M1 protein was identified throughout the FRET-MS approach (Way et al., submitted). However, although there may be some significant similarities between IAV and IBV, the circulation and clinical outcomes of IBV infections are significantly different. IBV has not been studied as extensively as IAV, and it would be interesting to dissect the host–IBV interactions and to harness this information for new therapeutic developments.



We first determined whether the IBV was sensitive to the SUMOylation-specific inhibitor, STE025. Due to the lethality of SUMO E1, E2, and multiple E3 gene-knockout mice, it is not feasible to determine the role(s) of SUMOylation in many physiological or pathological processes. We, therefore, developed a FRET-based high-throughput screening to discover small molecule inhibitor(s) for SUMOylation to dissect the roles of SUMOylation. After screening for more than 220,000 compounds and validating hits, we identified a specific SUMOylation inhibitor, STE025, but not for ubiquitination or NEDDylation (Way, G., submitted). We first tested the potential antiviral activity of STE025 for IBV in a plaque assay. Significantly, the STE025 could almost completely inhibit IBV growth at the concentration of 3.5µM, indicating an excellent inhibitory activity of the STE025 for IBV replication (Figure 1A). This result was similar to our previous study of the SUMOylation inhibitor for the IAV, suggesting that the SUMOylation could be a conserved required host pathway for both the IAV and the IBV.



The SUMOylation is a Ubiquitin-like cascade that adds SUMO peptide to the target proteins to regulate their activities and sometimes to compete with the Ubiquitin-mediated protein degradation. To determine whether IBV replication also requires ubiquitination, we used a ubiquitination small molecule inhibitor, PTR-41, which explicitly inhibits the Ubiquitin-Activating Enzyme (E1) [46]. Our results showed no inhibitory activity of PTR-41 for the IBV life cycle (Figure 1B). This result suggests that the IBV may require SUMOylation, but not ubiquitination, for its infection cycle.



We then determined the potency of the SUMOylation inhibitor, STE025, for the IBV inhibition. The IC50 of the STE025 inhibition for the SUMOylation is approximately 0.8 µM in a biochemical SUMOylation reaction. A cell-based assay of cell death induced by IBV was set up to determine the potency of the STE025 for IBV inhibition using the neutral red cell cytotoxicity assay. MCDK cells were plated in a 96-well plate the day before a pre-treatment of the STE025 or as a control, PTY-41. The cells were infected with IBV viruses for three days before the cell toxicities were determined. Compared with the cells infected by IBV (red line), the STE025 rescued IBV-infected cells from death in a dose-dependent mode (Figure 2A). Not surprisingly, the ubiquitination inhibitor, PTY-41, did not affect cell death from IBV infection. The EC50 of the STE025 for the inhibition of IBV-induced cell death was approximately 0.1 µM, much lower than its IC50 in vitro (Figure 2B blue bar). Although the EC50 is often different from the IC50 values for pharmacological probes or drugs, the significantly lower EC50 of the STE025 in the inhibition of IBV-induced cell death than its IC50 suggests that the SUMOylation may not need to be completely inhibited in vivo for its inhibitory role in IBV’s life cycle. This hypothesis can be partially verified through the determinations of the SUMOylation enzyme-substrate interaction affinities.




3.1.2. IBV M1 Protein as a Target of SUMOylation


As many IAV proteins have been reported to be SUMOylated and some have effects on virus growth, none of them has been shown to be essential for the viral life cycle. Therefore, we initiated extensive efforts to search for SUMOylation sites and their functional elucidations. In one of these efforts, we combined SUMOylation site prediction algorithms followed with an in vitro SUMOylation assay to determine the SUMOylation sites of NS1 systematically. After SUMOylation assay validation, we found a new SUMOylation site, Lys131. The mutation of NS1 K131A significantly reduces the viral growth rate [33]. Because SUMOylation can be easily removed during cell lysis, we believe an in vitro SUMOylation assay, including SUMOylation E1, E2, and E3, may be more comprehensive.



The SUMOylation of IBV proteins has not been explored yet, and therefore we set up an in vitro SUMOylation assay for IBV proteins. The M1 protein plays a critical role in viral RNA trafficking and assembly, and the M1 protein of IAV is SUMOylated [27,31] (Way, G. et al., submitted). The M1 protein of IBV was first fused with the FRET pair acceptor YPet as YPet-M1 to act as substrate in the SUMOylation assay to receive the FRET donor, CyPet-SUMO1, after cascade enzymatic reactions. After the CyPet-SUMO1’s conjugation to the YPet-M1, due to the proximity of the FRET donor and acceptor, the FRET signal was very significant (Figure 3A ALL green). This SUMOylation reaction was also inhibited by the inhibitor, STE025, as monitored with the FRET signal (Figure 3A ALL+STE025 and red). In this SUMOylation assay, we also included SUMOylation E3 ligase PIAS1 in the reaction. The SUMOylation E3 ligase has been suggested to play an important role in in vivo SUMOylation when protein concentrations are not very high, but it is not needed for the in vitro SUMOylation reaction. We did not observe too much FRET signal increase after the addition of PIAS1 to the reaction, which agreed with the general common knowledge (Figure 3A No PIAS1 blue). However, after a careful quantification of the FRET signal through our qFRET method, the SUMOylation reaction produced higher signals than the one without PIAS1 (Figure 3B) [47]. The SUMOylation reaction monitored with the FRET signal was a convenient method for following the reaction and obtaining results. To validate the FRET-monitored SUMOylation reaction, we also performed a classical SUMOylation reaction followed by a Western blot assay. The SUMOylation reaction included components of CyPet-SUMO1, E1, E2, E3, YPet-M1, +/-ATP, or +/-STE025. No SUMOylation reaction occurred if all other components were presented but no ATP (Figure 3C, lane 1). The SUMOylation reactions occurred with or without E3 PIAS1, and the SUMOylated substrate YPet-M1 was shown in higher molecular weight ladders (Figure 3C Lane 2 and 3, respectively). The SUMOylation reaction was also inhibited by the SUMOylation inhibitor STE025 (Figure 3C Lane 4). These results confirmed the conclusions from the FRET-monitored SUMOylation reactions in Figure 3A, suggesting the SUMOylation reaction monitored with the FRET signal was a good approach. These results also indicate that IBV M1 is SUMOylated, and this SUMOylation may have some roles in the M1 activity and later viral life cycle.




3.1.3. Recognition of IBV M1 Protein by the SUMOylation E2 and E3 with High Affinity


The SUMOylation of proteins is mediated through an enzymatic cascade involving an E1 activating enzyme, namely Aos1/Uba2, an E2 conjugating enzyme, namely Ubc9, and an E3 ligating enzyme, such as the proteins from the PIAS family [48,49]. It is generally assumed that the in vitro SUMOylation does not need E3, and E3 plays more critical roles in terms of efficiency and specificity in vivo [50,51,52]. It will be interesting to determine the affinities of SUMOylation E2 and E3 to the IBV M1 protein, a heterologous protein for humans.



We applied our FRET-based KD determination technology to the determinations of affinities between Ubc9 or PIAS1 to the IBV M1 protein [42,47,53]. The Ubc9 or PIAS1 genes were first fused with the FRET donor, CyPet, and IBV M1 was fused with the FRET acceptor, YPet. The fluorescent proteins were expressed in E. coli cells Bl21 (DE3) and purified through the Ni-His affinity column. Then, in a fixed concentration of the FRET donor, the CyPet-Ubc9 or the CyPet-PIAS1, different concentrations of the FRET acceptor, the YPet-M1, were titrated. We have developed an algorithm to extract the absolute FRET signal, which corresponded to the interactions, from the total fluorescence signal [47]. The titrated absolute fluorescence signal (EmFRET) for Ubc9 and PIAS1 with M1 showed good sigmoidal curves (Figure 4A,B). The KD values for Ubc9-M1 or PIAS1-M1 interactions were 0.20 µM and 0.22 µM, respectively, indicating a very high affinity of both SUMOylation enzymes E2 and E3 for the IBV M1. These KD values are equivalent or lower than those of cellular substrates, such as PCNA or Ran Gap1, suggesting that the IBV M1 protein is an excellent substrate of SUMOylation.




3.1.4. Identification of an Essential SUMOylation Site of the IBV M1 Protein


Although many viral proteins, including the IAV, have been determined to be SUMOylated, only a small fraction of these SUMOylation sites have been shown to play roles in the viral life cycle. None of the studied SUMOylation sites are essential for the viral life cycle of IAV [26,28,33,54].



In another, more comprehensive search for SUMOylation site(s) of the IAV M1 protein through a combination approach of FRET-SUMOylation-MS, we found that several sites of IAV M1 were SUMOylated, including Lys 21, Ly35, Lys 187, Lys 230, Lys 242, and Lys 252 (Way, G. et al., submitted). We mutated each of the above Lys in the IAV M1 gene, and we found that the Lys21Arg mutation completely abolished viral replication. IBV is similar to IAV in many aspects, from the genome to transmission and pathology. We speculated that viral interactions with the host might be similar to some degree. We first aligned the IBV M1 and IAV M1 proteins and found a very low similarity (Figure 5A). However, five Lys residues, Lys21, Lys35, Ly46, Lys102, and Lys187, were conserved. Because the Lys35Arg and Lys187Arg did not show any significant impact on the viral life cycle, we then tested the M1 Lys21 mutation in IBV replication. The M1 Lys21Arg mutation completely abolished IBV rescue in a plasmid transfection rescue/plaque assay (Figure 5B). This result strongly suggests that SUMOylation on Lys21 is critical for the IBV M1 activities, and that SUMOylation is critical for the IBV life cycle.






4. Discussion


Viruses infect hosts, such as humans, by taking advantage of host factors for their life cycles. The roles of these factors are different depending on whether they can be replaced by other host factors or not. Here, for the first time, we determine that the human SUMOylation pathway is essential for the IBV life cycle. IBV virus replication can be inhibited by the novel SUMOylation inhibitor, STE025, in a plaque assay. The STE025 has a very high inhibition potency, at about 0.1 µM in the rescuing IBV-induced cell death assay. This potency is higher than its IC50 in in vitro SUMOylation assay, suggesting a good potential in in vivo applications. The mechanism underlining the viral inhibition by the SUMOylation inhibitor STE025 is at least partly due to the requirement of SUMOylation of the IBV M1 protein. The IBV M1 protein is recognized by the SUMOylation E2 conjugation enzyme and E3 ligase at very high affinities, both around 0.2 µM in our qFRET assay, suggesting the SUMOylation of M1 under in vivo physiological conditions. The detailed functional requirement of SUMOylation for the M1 protein needs to be further explored, but this protein is known to play essential roles in viral RNA trafficking and in viral assembly. In addition, the clinical data showed that children were more susceptible and had a higher rate of hospitalization when infected with IBV than IAV, reflecting different pathological processes and immune responses caused by IBV infection [7]. In a cellular assay, IBV was revealed to be less sensitive to the oseltamivir than IAV [55]. Although the detail mechanisms underlying the differences of IBV and IAV need more studies, this suggests that anti-flu drug discoveries should also consider activities in IBV.



The SUMO E3 ligase family of PIAS was first discovered through a yeast two-hybrid screening for its interactions with STAT proteins. The overexpression of PIAS genes inhibits cytokine signaling, which is critical in innate immune responses against viral infections [56,57,58]. Thus, the inhibition of PIAS results in increased antiviral responses. In addition to therapies based on increasing the host’s antiviral immune responses, the dissection of the direct virus–host interactions provides opportunities for the development of anti-viral therapeutics. First, many viruses, such as Ebola, CMV, and EMCV, utilize SUMOylation to inhibit anti-viral intrinsic and innate immunity, such as reducing interferon productions and inhibiting STAT1/3, PML, IRFs, and NFkB [26,54,56,57,59,60,61,62,63,64]. For example, the Ebola viral VP35 interacts with interferon regulatory factors (IRF)-3/7 and PIAS1, resulting in their SUMOylation and their transcriptional repression, thereby suppressing the production of type-I interferons [61]. Other viruses, such as SARS-CoV-2, SARS, and influenza viruses, also suppress IFN I production and signaling [65,66,67,68]. Significant clinical improvements have been observed in a clinical trial for the treatment of moderate to severe COVID-19 patients using an engineered IFNα, rSIFN-co, strongly suggesting that IFNα antagonized by viruses is critical for evading the host’s immune response against viral infection [69]. Importantly, many viruses manipulate the SUMOylation process to ensure their propagation and survival. Herpes simplex virus-1 (HSV-1) infection results in a three-fold decrease in the modification of over 100 cellular proteins, including the anti-viral promyelocytic leukemia (PML) nuclear bodies PML [63]. IAV infection results in the increased SUMOylation of nearly 200 cellular proteins and the de-SUMOylation of over 500 cellular proteins [27,70]. Moreover, viruses directly manipulate the SUMOylation machinery for their own benefit. The human adenovirus protein, E1A, blocks the interaction of UBC9 and substrates, resulting in the inhibition of the SUMOylation of the target proteins [65]. There are also examples of viruses that take advantage of host post-translational modifications, such as SUMOylation, to induce conformational changes of target proteins, to enhance their functionalities. For example, the immediate-early protein Rta of the Epstein–Barr virus (EBV), which activates the transcription of EBV lytic genes and the lytic cycle, is enhanced after SUMOylation [66]. Finally, almost all transcriptional factors involved in viral sensing, innate and adaptive immunities, such as IRF, STAT, and NFkB, are negatively regulated by SUMOylation [56,57]. Therefore, all of this supports the notion that SUMOylation inhibition can be an attractive strategy of antiviruses.



Targeting host factors for the treatment of viral infections can bring potential additional important benefits of reduced drug resistance. There may be several benefits to targeting host factors. First, the viral genomes, particularly ssRNA viruses, such as influenza viruses, have a very high mutation rate (10−4–10−6 substitutions/bp/cell infection) mainly due to the lack of proofreading activities of their RNA-dependent RNA Polymerases (RdRP) and RNA-dependent DNA Polymerases (RdDP) or Reverse Transcriptases (RTase), [71,72,73,74]. In contrast, the mutation rate of DNA polymerases is much lower (10−9–10−10 substitutions/bp/cell division), mostly due to both the proofreading activity of DNA polymerase and the mismatch repair pathways of host cells [72,73,75,76]. Therefore, the spontaneous mutation rate of viral genes is much higher than the host genes, leading to a high probability of drug resistance development when viral genes are targeted for therapy [77].




5. Conclusions


A new approach to targeting host factors for anti-pathogens has emerged as a new strategy for anti-viral therapeutics [38,39,43,44,74,78]. For example, antibodies blocking the human receptor ACE2 of SARS-CoV-2 have shown efficacy in protecting SARS-CoV-2 patients [79]. We demonstrate here the possibility of inhibiting the human SUMOylation pathway as a novel approach for anti-IBV infection therapy, which agrees with others and our hypothesis [28,33,39,80]. The discovery and characterization of cellular factors or pathways critical for the pathogen life cycle in a host or that regulate pathogenesis holds great promise for revealing new strategies for anti-infectives.




6. Patents


The SUMOylation inhibitor and its application in anti-viruses and anti-cancers was patented by the University of California.
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Figure 1. Inhibition of the IBV by the SUMOylation-specific inhibitor, but not the Ubiquitin inhibitor. (A) The IBV was inhibited by the specific SUMOylation inhibitor, STE025, in a dose-dependent manner. The MDCK cells were infected with IBV viruses for three days before the plaque staining. (B) The IBV virus was not inhibited by the Ubiquitin specific inhibitor, PTR-41. 
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Figure 2. Cell death induced by IBV infection can be rescued by the SUMOylation-specific inhibitor, STE025. (A) The MDCK cells were incubated overnight with the SUMOylation-specific inhibitor, STE025, before infection with IBV for 3 days. The cell survival was determined using a Neutral Red assay. The death of MDCK cells infected with IBV was completely rescued with the STE025, but not PTY-41. (B) The percentages of cell rescue were calculated according to the control group cells with no virus infection. 
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Figure 3. The M1 protein of IBV was SUMOylated and the SUMOylation of the M1 protein was inhibited with the SUMOylation inhibitor STE025 in both vitro FRET assay and the biochemical assay. (A) The FRET spectrum of the in vitro SUMOylation reaction of IBV M1 protein using the FRET assay. Four reactions were conducted, CyPet-SUMO1, E1, E2, E3, YPet-M1, and ATP (ALL and green); CyPet-SUMO1, E1, E2, YPet-M1, and ATP (no PIAS1 and Blue); E1, E2, E3, YPet-M1 and no ATP (NO ATP and black); CyPet-SUMO1, E1, E2, E3, YPet-M1, ATP, and STE (ALL plus STE and red). (B) Quantitative FRET signal (EmFRET) of IBV M1 SUMOylation from (A). (C) In vitro biochemical assay of the SUMOylation of IBV M1 protein followed with a Western blot using anti-SUMO1 antibody. The SUMOylation reactions were conducted in solution in various conditions with or without the SUMOylation inhibitor, STE. Lane 1, CyPet-SUMO1, E1, E2, E3, YPet-M1, -ATP; Lane 2, CyPet-SUMO1, E1, E2, YPet-M1, +ATP; Lane 3, CyPet-SUMO1 1, E1, E2, E3, YPet-M1, +ATP; Lane 4, CyPet-SUMO1, E1, E2, YPet-M1, +ATP+STE025. 
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Figure 4. The SUMOylation E2 conjugation enzyme, Ubc9, and E3 ligase, PIAS1, interact with M1 protein of IBV at a very high affinity determined with a qFRET assay (A). The interaction affinity KD value of 0.2 µM between Ubc9 and M1 was determined using the qFRET assay in solution (B). The interaction affinity KD value of 0.22µM between PIAS1 and M1 was determined using the qFRET assay. 
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Figure 5. Identification of essential SUMOylation site Lys21 of M1 for the IBV life cycle. (A) The alignment of IBV and IAV M1 proteins. Five Lys residues were conserved between the IBV and IAV M1 proteins, Lys21, Lys35, Ly46, Lys102, and Lys187. (B) The M1 Lys21 mutation of IBV abolishes the viral life cycle. The IBV virus with a M1 K21R mutation could not produce a viral particle, while the wild-type IBV virus could be generated and killed the cells. 
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