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Single Amino Acids G196 and R198 in hr1 of Subgroup K Avian Leukosis Virus Glycoprotein Are Critical for Tva Receptor Binding
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Avian leukosis viruses (ALVs), a type of retrovirus responsible for various tumor diseases in chickens, are divided into 11 subgroups: ALV-A to ALV-K. After the envelope glycoproteins of ALV interact with the cellular receptor to initiate viral invasion, alterations in a few amino acids of the viral glycoproteins or cell receptors may trigger changes in their conformation and binding affinity. To identify the functional determinants of the ALV-K envelope protein that binds to Tva (a recently identified cellular receptor of ALV-K), using the strategy of continuous, segment-by-segment substitution of the gp85-encoded surface glycoprotein (SU) of ALV-K GDFX0602 with ALV-E ev-1 (using Tvb as the receptor), a series of chimeric soluble gp85 proteins were expressed for co-immunoprecipitation (co-IP) analysis and a series of recombinant viruses with replication-competent avian retrovirus vectors containing Bryan polymerase (RCASBP) as their skeleton were created for transfecting to DF-1 cells and titer determination. The co-IP analysis, fluorescence-activated cell sorting, and virus titer measurements revealed that the substitution of residues 194–198, 206–216 of hr1, residues 251–256 between hr1 and hr2, and residues 269–280 of hr2 were identified to reduce the binding of gp85 to Tva. The substitution of residues 194–221 in hr1 nullified the infectiveness of these viruses, similar to the effect of single amino acid mutations in K251E and L252I located between hr1 and hr2; continuous amino acid mutations in hr2 could not produce the same effect despite reducing their infectiveness. Finally, single amino acid mutations G196A and R198H nearly abolished the binding of gp85 to Tva and nullified the infectiveness of these viruses to DF-1. This study paves the way for exploring the molecular mechanisms of the binding of Tva to ALV-K SU.
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INTRODUCTION

Avian leukosis virus (ALV), a member of the family Retroviridae and genus Alpharetrovirus, is a common avian retrovirus associated with neoplastic and immunosuppression diseases (Fadly and Smith, 1999). ALV isolates are divided into 11 subgroups (A to K) based on viral interference, host range, genomic structure, and differences in the antigenic structures of their envelope glycoproteins. Among them, ALV-K is an emerging subgroup that was recently isolated and identified in China (Cui et al., 2014; Zhao et al., 2018). Although most ALV-K isolates are weak in replication and pathogenicity because of their endogenous long terminal repeats (LTRs) (Li et al., 2016; Su et al., 2018a), recently discovered ones exhibit relatively strong pathogenicity (Su et al., 2018b).

For ALV to invade a host cell, its membrane protein first needs to bind to a cellular receptor (Smith and Cunningham, 2007; Koslová et al., 2018). The degree of viral invasion into cells depends on the strength of binding, which is crucial for viral infection. A recent study on the minimum functional domain of ALV receptors has confirmed that a few specific amino acids play a role in binding to ALV envelope proteins and in mediating viral infection (Rong and Bates, 1995a; Knauss and Young, 2002; Klucking and Young, 2004; Kucerová et al., 2013; Guan et al., 2017). However, under evolutionary pressure of a receptor competitor select, the structure of ALV envelope glycoproteins can evolve to use different cellular proteins as receptors (Taplitz and Coffin, 1997; Federspiel, 2019; Munguia and Federspiel, 2019).

Particularly, the envelope glycoprotein of ALV-K facilitates viral invasion by specifically recognizing and binding to Tva, similar to the binding action of the envelope glycoprotein of ALV-A (Pøikryl et al., 2019). This envelope glycoprotein is composed of the gp85-encoded surface glycoprotein (SU) and the gp37-encoded transmembrane glycoprotein (TM). In the different subgroups of ALV, Env is the most differentiated region, especially because of its gp85, whose sequence could be divided into three variable regions (vr1, vr2, and vr3) and two host range determinant regions (hr1 and hr2), and ALVs recognize cell receptors through the interaction of two SU regions, hr1 and hr2, with the host cell surface receptor (Dorner and Coffin, 1986; Bova et al., 1988; Holmen et al., 2001).

The DF-1 cell line used in this study is a continuous fibroblastic cell line derived from line 0 CEFs, which is not susceptible to endogenous virus ALV-E (Federspiel et al., 1991) but to exogenous virus ALV-K. Endogenous virus ALV-E ev-1 (GenBank: AY013303.1) and exogenous virus ALV-K GDFX0602 (GenBank: KP686143.1) show considerable homology (LTR: 98.5%; gp37: 98.9%; gp85: 87.9%) (Zhao et al., 2018), and the regions with considerable differences are primarily located in hr1 and hr2. Unlike ALV-K, ALV-E shares the Tvb-encoded tumor necrosis factor receptor with ALV-B/D as a receptor that is encoded by three alleles: tvbs1, tvbs3, and tvbst (Adkins et al., 1997). Under the premise of high homology between ALV-K and ALV-E, their receptors involved in invasion are different; therefore, the differences between the binding sites of ALV-K and ALV-E would determine the mechanism of cell invasion. In other words, hr1 and hr2 could be the key regions for determining the infection of ALV to DF-1 cells.

Based on the aforementioned assumption, the purpose of our study was to reveal whether hr1 and hr2 present in SU affect the infection-causing ability of ALV-K in DF-1 cells and determine which amino acid residues directly interact with Tva.



MATERIALS AND METHODS


Cell Cultures and Antibodies

293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Life Technologies, Carlsbad, CA, United States) supplemented with 10% fetal bovine serum (BioInd, United States) in the presence of 5% CO2 at 37°C. In contrast, DF-1 cells were grown in DMEM with 10% FBS (Gibco) in the presence of 5% CO2 at 39°C. The anti-HA tag was purchased from Thermo Scientific (Rockford, IL, United States), whereas the anti-flag M2 tag antibodies and the anti-GAPDH antibodies were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, United States).



Construction of Chimeric RCASBP Vector With GDFX0602 and ev-1

Enhanced green fluorescent protein (EGFP) was amplified with EGFP-ClaI-F/R (Table 1) and inserted at the ClaI site of the replication-competent avian retrovirus vectors containing Bryan polymerase (RCASBP) vector, a replication-competent retroviral vector (RCAS) containing Bryan polymerase, according to the method of overlapping PCR for constructing the recombinant plasmid RCASBP (A)-EGFP. Next, RCASBP (A)-EGFP was digested with KpnI and StuI (New England Biolabs, Ipswich, MA, United States), and the fragment containing the 3′ end of pol and complete env was replaced with the 3′ end of pol and complete env from the GDFX0602 virus (Figure 1) for generating the newly constructed plasmid RCASBP (K)-EGFP.


TABLE 1. Primers used in this study.
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FIGURE 1. A comparison between the amino acids of ALV-K GDFX0602 and ALV-E ev-1 Env glycoproteins, with the envelope glycoprotein leader sequence (Leader), surface glycoprotein (SU) sequence, and transmembrane glycoprotein (TM) sequence indicated, along with the sequences of the variable regions (vr1, vr2, and vr3) and host range determinant regions (hr1 and hr2) in SU and TM.


Construction of a series of chimeric viruses with reference to RCASBP (K)-EGFP is shown in Figure 1. Two domain-exchange chimeric RCASBP (K/E)-EGFP was constructed by replacing the residues of R1 motif (aa189–221, a part of hr1) and R2 motif (aa237–280, including hr2 and several residues between hr1 and hr2) of GDFX0602 with the corresponding sequences of ev-1 for every five or six amino acids (residues s1–s13) by overlapping PCR. Three single amino acid mutations of K251E, L252I, and A256S were also constructed by similar method.



Expression of Various Chimeric Soluble gp85 Proteins

To identify the key amino acid residues of the ALV-K gp85 protein that interact with Tva, gp85 of ALV-K GDFX0602 was cloned into the eukaryotic expression vector pCAGGS and fused with the 3 × flag tag sequence. To ensure that the gp85 protein was expressed in a soluble form, a fragment encoding a signal peptide (pCAGGS-s-gp85-flag) was fused with the N terminus of the gp85 protein. Similar to the method of constructing RCASBP (K/E)-EGFP, a series of chimeric soluble gp85 proteins were constructed by replacing the corresponding sequence residues with the residues having maximum significant effect on ALV-K infection and the titers of GDFX0602 and ev-1 by overlapping PCR.



Determination of GFP-Positive Cell Percentage and Viral Titer

CEFs, a primary cell line, is susceptible to both ALV-K and ALV-E, but it cannot be continuously viral passaged, so CEFs are not suitable for transfection of RCASBP(K)-EGFP series vectors to obtain sufficient virus. Therefore, DF-1 cells, a cell line that is not susceptible to ALV-E, were used as experimental materials to compare the replication ability of recombinant viruses. Recombinant RCASBP (K)-EGFP-based retrovirus vectors (0.5 μg) were transfected into DF-1 cells in a 12-well plate, and after three consecutive viral passages, one part of the cells was collected for determining the percentage of GFP-positive cells by fluorescence-activated cell sorting (FACS) using an LSRII analyzer (Becton, Dickinson). The other part of the cells was cultured in 1% FBS medium for 7 days, after which the supernatant was collected and diluted in gradient to determine the viral titer according to the Reed–Muench method.



Co-immunoprecipitation Experiments and Pull-Down Assay

293T cells in 60-mm dishes were transfected with 5 μg of each respective chimeric gp85 plasmid using PolyJet (SignaGen Laboratories, Rockville, MD, United States) according to the manufacturer’s instructions. At 48 h after transfection, the supernatant of 293T cells was collected and filtered through a 0.22-μm filter membrane, followed by ultrafiltration to obtain a concentration of up to 1/10 of the volume for the next experiment. For the in vitro binding assay, Tva was fused with the human IgG-Fc fragment, which specifically bound to the protein A/G of the plasmid pCAGGS-Tva-HA-Fc that was expressed in 293T cells. The cell culture medium was collected, and the proteins were purified using protein A/G (Santa Cruz, Lexington, MA, United States) for 2 h at 4°C with gentle agitation. After five washes with ice-cold phosphate-buffered saline (PBS), the agarose was incubated with the cellular supernatant of 293T cells transfected with the respective recombinant pCAGGS-gp85-flag, and the respective gp85 was expressed for 6 h at 4°C with gentle agitation. After five washes with ice-cold PBS, the bound proteins were separated by SDS-PAGE, and western blotting was performed using mAbs against Tva-HA, gp85-flag, and GAPDH.



Western Blotting

High-temperature-denatured proteins were separated on 12% SDS-PAGE gels and transferred onto a nitrocellulose membrane. After blocking with 5% (w/v) skimmed milk at room temperature for 1 h, the membrane was incubated with anti-flag mAb or anti-HA mAb at 4°C overnight. After three washes with PBS, the membrane was incubated with IRDye 680RD donkey anti-mouse IgG (H + L) antibodies (LI-COR Biosciences, Lincoln, NE) for 1 h at room temperature. Finally, the membrane blots were scanned using an Odyssey Infrared Imaging System (LI-COR Biosciences).



RESULTS


Low Homology Between ALV-K GDFX0602 and ALV-E ev-1 of hr1 and hr2

The envelope glycoproteins of ALV-K GDFX0602 and ALV-E ev-1 showed major amino acid changes in hr1 and hr2. Variable regions were stable with change of only two amino acids in vr2 region, change of three amino acids in the vr3 region, and no change in hr1 (Figure 2). The homology between SU domains R1 (aa189–221, a part of hr1) and R2 (aa237–280, including hr2 and several residues between hr1 and hr2) of ALV-K GDFX0602 and ev-1 was low. The domains R1 and R2 have been divided into 13 segments (s1–s13) for subsequent research (Figure 2).


[image: image]

FIGURE 2. Strategy for constructing replication-competent avian retrovirus vectors containing Bryan polymerase (RCASBP). RCASBP (K)-enhanced green fluorescent protein (EGFP) recombinant virus EGFP was used with EGFP-ClaI-F/R and inserted at ClaI site of vector RCASBP. Primers RCASBP-F/R were used to validate the sequencing of vector RCASBP (A)-EGFP; primers F1 and R1 were used to amplify the Env fragments of the ALV-K GDFX0602 isolate, which was used to replace env of RCASBP (A)-EGFP; and primers RCASBP (K)-F/R were used to validate the sequencing of vector RCASBP (K)-EGFP.




Substitution of Domains R1 or R2 of ALV-K GDFX0602 With ALV-E ev-1 Rendered Recombinant ALV-K Non-infective in DF-1 Cells

To determine the role of R1 and R2 in the replication of ALV-K, the recombinant plasmids RCASBPR1-EGFP and RCASBPR2-EGFP, both based on the RCASBP vector, were used for transfection into DF-1 cells (Figure 3A). After three consecutive viral passages, the cells were collected to determine the percentage of GFP-positive cells by FACS. GFP-positive cells were barely detectable in RCASBPR1-EGFP- and RCABPR2-EGFP-transfected DF-1 cells, which was similar to the results of DF-1 cells (negative control) and RCASBPev-1-EGFP (Figure 3B). As expected, the percentage of GFP-positive cells in RCASBP GDFX0602-EGFP-transfected cells was nearly 100%. The results of virus titer obtained from cell supernatant were consistent with those obtained by FACS. The supernatant obtained from the cells transfected with recombinant plasmid RCASBPGDFX0602-EGFP had virus titer exceeding 104 TCID50/ml, whereas the supernatant from cells transfected with recombinant plasmids RCASBPev-1-EGFP, RCASBPR1-EGFP, and RCASBPR2-EGFP produced no virus titers (Figure 3C).
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FIGURE 3. Both residues R1 (aa189–221) and R2 (aa237–280) affected the ability of ALV-K to infect DF-1 cells. (A) The relationship between R1, R2, and regions hr1 and hr2. (B) DF-1 cells transfected with recombinant plasmids RCASBPGDFX0602-enhanced green fluorescent protein (EGFP), RCASBPev-1-EGFP, RCASBPR1-EGFP, and RCASBPR2-EGFP were detected for the percentage of GFP-positive cells by fluorescence-activated cell sorting. (C) The supernatant was collected and diluted in gradient to determine the virus titers. Three independent experiments were performed, and data are shown as mean ± SD in triplicate from a representative experiment. Statistical analysis (two-way analysis of variance) was performed using GraphPad Prism 7; ****P < 0.0001.




Residues 194–199 and 206–216 in hr1of ALV-K gp85 Were the Key Residues Binding to Tva

To identify which amino acid residues are involved in the binding of gp85 to Tva, equal amounts of various chimeric soluble gp85 proteins (s1–s6) were used for co-immunoprecipitation (co-IP) (Figure 4A). The gray values of recombinant gp85 proteins s2, s4, and s5 were significantly lower than those of other recombinant gp85 proteins (P < 0.01), especially s2 (residues 194–199) of recombinant gp85, with almost no gray signals detected (Figures 4B,C, P < 0.001). For further verification, DF-1 cells transfected with recombinant plasmid RCASBPs1–s6-EGFP (Figure 4D) were collected after three consecutive viral passages to determine the percentage of GFP-positive cells by FACS. Except for RCASBPs1-EGFP, no GFP-positive cells were detected in any cells transfected by other recombinant plasmids. Moreover, the percentage of GFP-positive cells transfected with the plasmid RCASBPs1-EGFP was lower than that of RCASBP GDFX0602-EGFP (Figure 4D). RCASBPs1-EGFP could reproduce virus titer close to 102 TCID50/ml, which was lower than that of RCASBP GDFX0602-EGFP (Figure 4E), and these results were consistent with the FACS. The titer results of the recombinant virus to some extent were coincided with the results of the protein interactions.


[image: image]

FIGURE 4. Residues 194–199 and 206–216 in hr1of ALV-K gp85 were the key residues binding to Tva. (A) The relationship between residues R1 (aa189–221) and s1–s6. (B) The interaction of soluble chimeric proteins gp85-flag s1–s6 with Tva-HA-Fc. (C) The level of protein was quantified using Image StudioLiteVer 5.2, and soluble chimeric proteins gp85-flag (IP)/Tva-HA-Fc (IP) were calculated. (D) DF-1 cells transfected with recombinant plasmids RCASBPGDFX0602 s1–s6-EGFP were detected for the percentage of GFP-positive cells by fluorescence-activated cell sorting. (E) The supernatant was collected and diluted in gradient to determine the virus titers. Three independent experiments were performed, and data are shown as mean ± SD in triplicate from a representative experiment. Statistical analysis (two-way analysis of variance) was performed using GraphPad Prism 7; **P < 0.01, ***P < 0.001, ****P < 0.0001.




Residues 251–256 Between hr1 and hr2, and Residues 269–280 in hr2 of ALV-K gp85 Were the Key Residues Binding to Tva

To further investigate the effects of hr2 on the binding affinity of recombinant gp85 protein to Tva, various chimeric soluble gp85 proteins (s9–s13) were used for co-IP (Figure 5A). The gray values of recombinant gp85 proteins s9, s12, and s13 were significantly lower than those of other recombinant gp85 proteins (Figures 5B,C, P < 0.01). The DF-1 cells transfected with recombinant plasmid RCASBP s9–s13 (Figure 5D) were collected after three consecutive viral passages to determine the percentage of GFP-positive cells by FACS. All s9–s13 residues decreased the percentage of GFP-positive cells, and residues s9 (aa251–256) showed maximum reduction in the percentage of GFP-positive cells (Figure 5D). The cell supernatants collected from the cells transfected with recombinant plasmid RCASBP s9-EGFP produced no virus titers (Figure 5E), and these findings were consistent with those obtained by FACS analysis. Moreover, the percentages of GFP-positive cells and virus titers of residues s10-, s11-, s12-, and s13-related RCASBP vector were significantly lower (P < 0.05) than those of RCASBP GDFX0602-EGFP (Figures 5D,E), which were basically consistent with the results of protein interactions.
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FIGURE 5. Residues 251–256 between hr1 and hr2, and residues 269–280 in hr2 of ALV-K gp85 were the key residues binding to Tva. (A) The relationship between residues R2 (aa237–280) and s7–s13. (B) The interaction of soluble chimeric proteins gp85-flag s9–s13 with Tva-HA-Fc. (C) The level of protein was quantified using Image StudioLiteVer 5.2, and soluble chimeric proteins gp85-flag (IP)/Tva-HA-Fc (IP) were calculated. (D) DF-1 cells transfected with recombinant plasmids RCASBP GDFX0602 s9–s13-EGFP were detected for the percentage of GFP-positive cells by fluorescence-activated cell sorting. (E) The supernatant was collected and diluted in gradient to determine the virus titers. Three independent experiments were performed, and data are shown as mean ± SD in triplicate from a representative experiment. Statistical analysis (two-way analysis of variance) was performed using GraphPad Prism 7; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




Single Amino Acids K251 and L252 Played a Decisive Role in the Replication of ALV-K in vitro

Amino acid residue s9 at positions 251–256 of SU significantly affected the percentage of GFP-positive cells and virus titer of RCASBP-EGFP-related vectors (P < 0.0001). Single amino acids K251, L252, and A256 were identified as the key amino acids that were different between ALV-K gp85 and ALV-E gp85 at 251–256 positions (Figure 6A). The western blot gray levels of mutations K251E combined with Tva protein showed slightly lower than those of other recombinant gp85 proteins; however, there were no significant difference in protein levels (Figures 6B,C, P > 0.05). The mutations L252I and A256S significantly enhanced the binding affinity of gp85 to Tva protein (Figures 6B,C, P < 0.05). Residues s7, s8, K251, and L252 significantly reduced the percentage of GFP-positive cells (P < 0.001), and viral TCID50 assays confirmed that the substitution of these single amino acids significantly decreased the viral titers (Figures 6F,G). However, the single amino acid mutation of A256S had no significant effect on the viral titer (Figure 6G, P > 0.05).
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FIGURE 6. Residues K251 and L252 played a decisive role in the replication of ALV-K in vitro. (A) K251, L252, and A256 of GDFX0602 gp85 were replaced with ev-1 gp85. (B,D) The interaction of soluble chimeric proteins gp85-flag s7, s8, K251E, L252I, A256S and vr3 with Tva-HA-Fc. (C,E) The level of protein was quantified using Image StudioLiteVer 5.2, and soluble chimeric proteins gp85-flag (IP)/Tva-HA-Fc (IP) were calculated. (F) DF-1 cells transfected with recombinant plasmids RCASBP GDFX0602 s7-EGFP, RCASBP GDFX0602 s8-EGFP, RCASBP GDFX0602 K251E-EGFP, RCASBP GDFX0602 L252I-EGFP, and RCASBPGDFX0602 A256S-EGFP were detected for the percentage of GFP-positive cells by fluorescence-activated cell sorting. (G) The supernatant was collected and diluted in gradient to determine the virus titers. Three independent experiments were performed, and data are shown as mean ± SD in triplicate from a representative experiment. Statistical analysis (two-way analysis of variance) was performed using GraphPad Prism 7; *P < 0.05, ***P < 0.001, ****P < 0.0001, nsP > 0.05.




Single Amino Acid Mutation, G196A and R198H, Terminated the Replication Ability of the Recombinant Virus

Amino acids A194, G196, and R198 in the residues 194–199 of GDFX0602 gp85 differed from those of ev-1 gp85. Also, Co-IP results showed that single amino acids G196 and R198 take part in the interaction, but A194 does not exert any effect therein. Moreover, single amino acids G196A and R198H almost negated the binding of gp85 to Tva (Figures 7A,B). To identify the results of co-IP, we further analyzed the effect of mutants on the replication ability of recombinant viruses. As expected, compared with the DF-1 cells transfected with RCASBPGDFX0602-EGFP (89.65%), the percentage of GFP fluorescence signal in the DF-1 cells transfected with RCASBP GDFX0602 A194G-EGFP (78.87%) was slightly lower (Figures 7C,D), whereas the GFP fluorescence signal was almost not observed in the DF-1 cells transfected with RCASBPGDFX0602 G196A-EGFP (0.24%) and RCASBP GDFX0602 R198H-EGFP (0.49%, Figures 7E,F).
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FIGURE 7. Single amino acid mutation, G196A and R198H, terminated the replication ability of the recombinant virus. (A) The interaction of individual amino acid substitution (A194G, G196A, and R198H) in soluble chimeric protein gp85-flag s2 with Tva-HA-Fc, for which the proteins were immunoblotted with anti-flag or anti-HA mAb. (B) The level of protein was quantified using Image StudioLiteVer 5.2, and soluble chimeric proteins gp85-flag (IP)/Tva-HA-Fc (IP) were calculated. (C) The fluorescence signal of recombinant virus RCASBPGDFX0602-EGFP and the percentage of GFP-positive cells are shown in the upper right corner of each image. (D) The fluorescence signal of recombinant virus RCASBPGDFX0602 A194G-EGFP. (E) The fluorescence signal of recombinant virus RCASBPGDFX0602 G196A-EGFP. (F) The fluorescence signal of recombinant virus RCASBPGDFX0602 R198H-EGFP. Three independent experiments were performed, and data are shown as mean ± SD in triplicate from a representative experiment. Statistical analysis (two-way analysis of variance) was performed using GraphPad Prism 7; ***P < 0.001, ****P < 0.0001, nsP > 0.05.




DISCUSSION

Although ALV-K, a novel subgroup ALV, is endemic in domestic chickens in China (Dong et al., 2015a), its clinical characteristics have not been clearly defined because of its weak pathogenicity and replication ability. However, recent ALV-K isolates with mutations in pol gene have shown competitive replication advantages both in vivo and in vitro (Su et al., 2018b). Therefore, the molecular epidemiology of ALV-K requires more attention. Most ALV-K isolates have endogenous LTR that shows considerable homology with that of endogenous virus ALV-E (Li et al., 2016; Zhao et al., 2018; Lv et al., 2019). The genomic difference between ALV-K and ALV-E was centered in SU encoded by gp85 (Figure 1) because ALV-E does not infect DF-1 (Federspiel et al., 1991); hence, the difference determines the receptor type of virus involved in invading the DF-1 cells. In this study, we used domain replacement strategies for gp85 of ALV-K GDFX0602 and ALV-E ev-1 to demonstrate that the gp85 of ALV-K, especially hr1, is critical for Tva binding.

In other retrovirus studies, the SU of retroviruses that bind to cell receptors can be categorized into two types: one concentrated in the region where SU is highly variable, as in mouse leukemia virus and ALV-A, -B, -C, -D, and -E (Battini et al., 1995); and the other composed of discontinuous, multiple variable, and conserved regions of human immunodeficiency virus gp120 that binds to CD4 (Cordonnier et al., 1989; Kwong et al., 1998). Similarly, the region of equine infectious anemia virus that binds to cell receptors is the discontinuous sequence of gp90 (Sun et al., 2008). The amino acid residues of ALV-A SU that bind to Tva are located in hr2 (Rong et al., 1997b; Damico et al., 1999). Our results showed that both hr1 and hr2 can affect the replication of ALV-K in DF-1 cells and affect the interaction between SU and Tva. On the other hand, the amino acid residues of SU that binds to Tva are localized at residues 194–198 and 206–216 of hr1 (Figures 4B,C), residues 251–256 between hr1and hr2, and residues 269–280 of hr2 (Figures 5B,C).

Previously, the deletion of six amino acids in hr1 of ALV-A SU reduced the infection titer, but SU could interact with Tva (Holmen and Federspiel, 2000). Similarly, the deletion of 13 amino acids in hr1 of ALV-B SU did not affect binding with Tvb but rendered Env more resistant to fusion activation at a low pH (Rose et al., 2007). Our study also showed similar results: substitution of some amino acid residues (s7, s8, and K251E) significantly reduced the percentage of GFP-positive cells and viral infection titer (Figures 6F,G), but the binding affinity of recombinant soluble proteins (gp85 s7, gp85 s8, gp85 K251E) and Tva protein receptor was not significantly affected (Figures 6B,C, P > 0.05). The amino acids in residues gp85 s1, gp85 L252, and gp85 A256 enhanced the binding affinity of gp85 to Tva protein, and the difference was significant (Figures 4B,C, 6B,C, P > 0.05), but the effect on the level of virus replication was insignificant (Figures 4D,E, 6F). Therefore, the mutations in amino acid residues s1, s7, s8, and s9 (aa189–193 and aa237–256) do not affect the binding affinity of gp85 to Tva, but the percentage of GFP-positive cells and the virus titer of recombinant ALV-K is significantly reduced (P < 0.0001). Of course, the cytotoxic effect of the recombinant glycoproteins on the cells may be one reason that affects the percentage of GFP-positive cells and the virus titer (Federspiel, 2019). In addition, the western blotting gray levels of recombinant gp85 s6 (aa217–221) and K251 were slightly lower than those of gp85 (positive control), but the difference was not statistically significant (Figures 4C, 6C, P > 0.05). We therefore assumed that aa217–221 and K251E may also affect the binding affinity of gp85 to Tva, although this possibility requires further demonstration.

Previous studies have identified hr1 and hr2 as the principal binding domains between the viral glycoprotein trimer and the host protein receptor (Dorner and Coffin, 1986; Bova et al., 1988; Holmen et al., 2001; Federspiel, 2019). In addition, previous studies have found that vr3 affected the binding of ALV-A capsule membrane protein to Tva (Melder et al., 2003), but our results show that the mutation of vr3 has no significant effect on ALV-K gp85 binding to Tva (Figures 6D,E). Enveloped viruses use several viral encoded glycoproteins to mediate the binding of the viral and host cell membranes. The single N-linked glycosylation site in the SU domain of EnvA is critical for binding between EnvA and its receptor Tva (Delos et al., 2002). Our results also showed that the changes in a single amino acid (G196A or R198H) can negate the binding of ALV-K gp85 to Tva receptor (Figures 7A,B), which was further corroborated by the fluorescence signal of the recombinant virus (Figures 7E,F).

Avian leukosis viruses replicate with extremely high mutation rates because of poor fidelity during reverse transcription and replication; retroviruses therefore exhibit great genetic diversity that allows a viral population to rapidly adapt to different environments and exhibit resistance to host immune responses and antiviral drugs (Dong et al., 2017b). During evolution, the virus is subjected to external selection pressures and may change the way that it invades cells by changing a few amino acids (Yin et al., 2019). Avian sarcoma leucosis virus in the presence of a competitor to the subgroup A Tva receptor, SUA-rIgG immunoadhesin, evolves to use other receptors (Melder et al., 2003). In addition, the selected mutant virus RCASBP(A)Δ155–160 modestly expanded the use of Tvb and Tvc receptors and possibly other cell surface proteins while maintaining the binding affinity to Tva (Munguia and Federspiel, 2019). Our results showed that hr1 (aa194–198 and aa206–216) and hr2 (aa251–256 and aa269–280) regions bind to Tva; hence, hr1 and hr2 could be changed under selection pressure in the presence of immune adhesins. Therefore, the evolution direction of hr of ALV-K in the presence of SUA-rIgG immune adhesins would be an interesting field to explore.



CONCLUSION

To identify the functional determinants of ALV-K envelope protein that binds to its receptor Tva, the continuous, segment-by-segment substitution of the gp85-encoded surface glycoprotein (SU) of ALV-K GDFX0602 with ALV-E ev-1 was performed. A series of recombinant viruses with RCASBP vector as their skeletons were created for the virus infection experiment, and a series of chimeric soluble gp85 proteins were expressed for co-IP experiments. Our results showed that all s1–s13 residues decreased the infection titer of the recombinant virus, wherein s2–s7 (aa194–243), s9 (aa251–256), G196A, R198H, K251E, and L252I almost negated the infection affinity of the recombinant virus. Furthermore, residues s2 (aa194–198), s4, and s5 (aa206–216) in hr1 and s9 (aa251–256), s12, and s13 (aa269–280) in hr2 played a key role in gp85 binding to Tva, and single amino acid mutations G196A and R198H almost negated their binding. Furthermore, the results of the recombinant virus fluorescence signal further confirmed that G196A and R198H played a key role in the binding of ALV-K gp85 to Tva. Our study identified the key amino acids involved in binding of ALV-K SU to Tva, which may help to further clarify the ALV-K infection mechanism.
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EGFP-Clal-F TACCACTGTGGCatcgatAT 720
GGTGAGCAAGG?

EGFP-Clal-R CCCGTACATCGCatcgat TTACTT
GTACAGCTC?

RCASBP-F GGCAGGAAAGACAGCTATTGG 1,467

RCASBP-R TGGCGACCACACCCGTCCTG

F1 ACAGGGACACTGATAAGGTT 1,867

R1 CTTTCAGGCTGCCCACAGG
CCTTTACACTGCTCCATTTTCGG

RCASBP(K)-F CTACCGTTCTTACAGAA 2,070
GGACC

RCASBP(K)-R CACACAGACAAAAGCGTATTTCAC

1F, forward primer; R, reverse primer. 2The lowercase letters were the sites for
restriction digest.
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