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Subgroup K avian leukosis virus (ALV-K) is a novel subgroup
of ALV isolated from Chinese native chickens. As for a retro-
virus, the interaction between its envelope protein and cellular
receptor is a crucial step in ALV-K infection. Tva, a protein
previously determined to be associated with vitamin B12/
cobalamin uptake, has been identified as the receptor of ALV-
K. However, the molecular mechanism underlying the
interaction between Tva and the envelope protein of ALV-K
remains unclear. In this study, we identified the C-terminal
loop of the LDL-A module of Tva as the minimal functional
domain that directly interacts with gp85, the surface compo-
nent of the ALV-K envelope protein. Further point-mutation
analysis revealed that E53, L55, H59, and G70, which are
exposed on the surface of Tva and are spatially adjacent, are
key residues for the binding of Tva and gp85 and facilitate the
entry of ALV-K. Homology modeling analysis indicated that
the substitution of these four residues did not significantly
impact the Tva structure but impaired the interaction between
Tva and gp85 of ALV-K. Importantly, the gene-edited DF-1 cell
line with precisely substituted E53, L55, H59, and G70 was
completely resistant to ALV-K infection and did not affect
vitamin B12/cobalamin uptake. Collectively, these findings not
only contribute to a better understanding of the mechanism of
ALV-K entry into host cells but also provide an ideal gene-
editing target for antiviral study.

Avian leukosis viruses (ALVs) belong to a class of alpha-
retrovirus that is responsible for various tumor diseases.
ALVs are divided into 11 subgroups (A–K) according to their
host range, envelope (Env) antigenicity, genomic characteris-
tics, viral interference test, serological cross-reaction, etc.
Among them, ALV-K is an emerging ALV subgroup isolated
and identified in China in 2012 (1), which mainly induces
immune system damage, gliomas, and growth retardation
(2, 3). Furthermore, many recombinant or mutant events have
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been identified in ALV-K isolates in recent years, making them
more pathogenic and transmissible (4–6). All these factors
bring new challenges to the prevention and control of avian
leukosis in China. Binding to cell receptors and entering the
cells is a crucial step in successfully infection of host cells with
ALV. Therefore, elucidating the mechanism of ALV-K entry
into cells is crucial for the development of novel prevention
and control strategies.

As a retrovirus, ALV requires interactions between the viral
Env and cellular receptor proteins for entering a host cell. In
ALV, Env is a heterodimer composed of surface (gp85) and a
transmembrane (gp37) protein. For ALV, the initial interaction
of gp85 with special cell receptors triggers structural rear-
rangements in gp37 and subsequent steps in the viral infection
of host cells (7, 8). Therefore, analysis of the interaction be-
tween gp85 and cell receptors could provide a deeper under-
standing of the mechanisms of ALV entry into cells. Like other
simple retroviruses, including murine leukemia viruses (9) and
equine infectious anemia viruses (10), ALVs use only one
functional receptor to enter cells. However, different sub-
groups of ALV utilize different cell receptors to enter host
cells. ALV-A uses Tva proteins as its receptors (11, 12); ALV-
B, ALV-D, and ALV-E use Tvb proteins to enter host cells
(13, 14); Tvc proteins are the receptors of ALV-C (15, 16), and
ALV-J uses chNHE1 proteins as its receptors (17, 18).
Recently, Tva was identified as the cell receptor of ALV-K
(19, 20).

Although different subgroups of the same retrovirus may
utilize the same receptor to enter host cells, they may interact
with different functional domains of the receptor. For example,
both feline leukemia virus subgroup B (FeLV-B) and T-cell-
tropic FeLV (FeLV-T) use phosphate transport proteins (Pit1)
as receptors to enter host cells. The residues 550 to 558 and
loop 2 in Pit1 are the crucial functional domains for FeLV-T
entry (21), whereas FeLV-B uses residues 546 to 558 only to
enter cells (22). In addition, the key residues for the interaction
of Tvb with ALV-B/-D are L36, Q37, L41, and Y42 (23).
However, Y67, N72, and D73 are important determinants of
the interaction of Tvb with ALV-E (24). Thus, although
J. Biol. Chem. (2023) 299(3) 102962 1
Biochemistry and Molecular Biology. This is an open access article under the CC

https://doi.org/10.1016/j.jbc.2023.102962
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:gaoyulong@caas.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2023.102962&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular mechanisms of Tva-mediated ALV-K entry
ALV-K shares its cellular receptor with ALV-A, it is still not
clear whether the mechanism by which ALV-K utilizes Tva to
enter cells is similar to that employed by ALV-A.

Tva proteins are related to low-density lipoprotein re-
ceptors, which consist of an amino-terminal extracellular
domain of 83 residues and transmembrane and cytoplasmic
tail regions of 23 and 32 amino acids, respectively (11). Its
extracellular domain contains one cysteine-rich region (LDL-
A) located between residues 11 and 50 with three disulphide
bonds between the six cysteines. Initial studies have identified
LDL-A to be necessary and sufficient for Tva to mediate ALV-
K entry into host cells (19, 25). Moreover, the LDL-A domain
has been reported as the key functional domain of the re-
ceptors of various alphaviruses (26). Therefore, exploring the
mechanism of interaction between the LDL-A domain and
ALV-K is of great significance for an in-depth understanding
of the receptor function of Tva.

To elucidate the mechanism of ALV-K entry, we explored
the molecular details of the interaction between ALV-K and its
receptors. We employed complementary mapping strategies to
identify the key domains responsible for Tva receptor function.
We found that the C-terminal (CT) loop of the LDL-A module
of Tva is responsible for binding with ALV-K gp85. Further-
more, we demonstrate that residues E53, L55, H59, and G70
are the key functional residues responsible for mediating the
ALV-K entry into host cells. We further determined that the
substitution of these residues did not affect the Tva structure
but resulted in impaired interaction between Tva and ALV-K
gp85. More importantly, DF-1 cells with substituted E53, L55,
H59, and G70 of Tva could completely resist the ALV-K entry.

Results

The CT loop of the LDL-A module is the major functional
domain of the Tva receptor for ALV-K

Tva contains an LDL-A module that is highly homologous
to huLDLR4. The LDL-A module is a cysteine-rich domain
that relies on six cysteines to form two loop domains: the N-
terminal (NT) and CT loops (Fig. 1A). To determine the key
functional domain of Tva that mediates ALV-K entry into host
cells, we adopted domain-exchange strategies between Tva
and huLDLR4 LDL-A modules. Based on WTTva backbone,
the NT or CT loop was replaced with the corresponding
segment of huLDLR4 to construct two chimeric plasmids (ch-
hu NT and ch-hu CT) (Fig. 1A). Western blot analysis results
showed that all the chimeric plasmids are well expressed
(Fig. 1B) further, confocal assays’ results showed that Tva
proteins and their variants are localized to the surface of
transfected cells (Fig. 1C).

The plasmids were then transfected into Tva knockout DF-1
(DF-1-TvaKO) cells, a nonpermissive cell line for ALV-K (19).
After 24 h, the transfected cells were infected with ALV-K
recombinant fluorescent virus (RCAS(K)GFP) for the virus
entry assay. The results showed that, compared with the
WTTva-transfected group, ch-hu NT could effectively mediate
RCAS(K)GFP entry (Fig. 1D), showing a relative GFP-positive
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rate of over 88% (Fig. 1E). However, ch-hu CT- and huLDLR4-
transfected groups could not be infected by RCAS(K)GFP
(Fig. 1D), and their relative GFP-positive rates were less than
5% (Fig. 1E). These results suggest that the CT loop is the key
functional domain of Tva that mediates the ALV-K entry into
host cells.

Co-immunoprecipitation (Co-IP) assays were performed to
verify the above results. First, ch-hu NT and ch-hu CT plas-
mids were engineered to replace transmembrane domains with
Fc tags for soluble expression. The gp85-encoding plasmid was
cotransfected with either ch-hu NT or ch-hu CT plasmids into
293T cells. Co-IP assays revealed that WTTva and ch-hu NT
could form a specific complex with gp85, whereas huLDLR4
and ch-hu CT did not (Fig. 1F). The protein-cell binding assay
(18, 27) was performed to verify the Co-IP results. The plas-
mids (WTTva, huLDLR4, ch-hu NT, and ch-hu CT) were
transfected into 293T cells, and the cells were harvested at 24 h
post-transfection for the assay. The results showed that,
compared with the WTTva-transfected group, the relative
gp85-binding capacity of ch-hu NT was more than 90%,
whereas that of huLDLR4 and ch-hu CT was less than 10%
(Fig. 1G). These results suggest that the CT loop is the key
functional domain of Tva involved in interaction with gp85.

To further identify the minimal functional domain of Tva
mediating ALV-K entry into host cells, the CT loop of the
LDL-A module Tva was divided into three segments (L1, L2,
and L3) using cysteines as nodes (Fig. 2A), which were
replaced with corresponding segments of huLDLR4 to
construct three chimeric plasmids (ch-hu L1, ch-hu L2, and
ch-hu L3) (Fig. 2A). The results of the virus entry assay showed
that, in comparision with the WTTva-transfected group, the
ability of ch-hu L1, ch-hu L2, and ch-hu L3 to mediate
RCAS(K)GFP entry into DF-1-TvaKO cells was significantly
decreased (Fig. 2B), and the relative GFP-positive rate was only
42% to 56% (Fig. 2C). Co-IP results showed that ch-hu L1, ch-
hu L2, and ch-hu L3 interacted with gp85, but the interaction
between them and gp85 was weaker than that of Tva (Fig. 2D).

Altogether, these findings indicate that the C-terminus of
Tva is the minimal domain responsible for gp85-binding and
for mediating ALV-K entry into host cells.

Residues E53, L55, H59, and G70 are key amino acids of the
LDL-A module of Tva mediating the virus entry

Nine amino acids in the CT loop of the LDL-A module of
Tva were different from those of huLDLR4. To map the key
residues responsible for Tva receptor function, we con-
structed nine chimeric plasmids (Y50I, L52Q, E53L, L55A,
G58N, H59D, D63E, R66S, and G70PQR) in which these
residues were replaced with the corresponding residues of
huLDLR4 (Fig. 3A). All plasmids were transfected into DF-1-
TvaKO cells for the virus entry assay. The results showed
that, compared with the WTTva-transfected group, the ability
of E53L, L55A, H59D, and G70PQR to mediate RCAS(K)GFP
entry into DF-1-TvaKO cells was significantly decreased
(Fig. 3B), showing a 40% to 65% relative GFP-positive rate



Figure 1. The CT loop of the LDL-A module in Tva is the major receptor functional domain for ALV-K. A, schematic representation of ch-hu NT and ch-
hu CT construction strategy. Orange, WTTva segments; green, huLDLR4 segments; gray, cystines. B, whole cell lysates from transfected cells expressing
pCAGGS, WTTva, huLDLR4, ch-hu NT, and ch-hu CT detected by Western blot. C, the expression of pCAGGS, WTTva, huLDLR4, ch-hu NT, and ch-hu CT on cell
membrane observed by using laser confocal microscope. D, the entry of RCAS(K)GFP recombinant virus into DF-1-TvaKO cells expressing ch-hu NT or ch-hu
CT. The fluorescence in WTTva or huLDLR4 transfected cells was used as a positive control (PC) and negative control (NC). The scale bar represents 400 μm.
E, virus entry levels of ch-hu NT and ch-hu CT expressing cells were detected by flow cytometry. The virus entry-level of WTTva transfected cells was set to
100%, and the values for chimeric Tva receptors were calculated as their proportion. F, interaction of different receptors with gp85 was verified by Co-IP
assay. WTTva was used as PC; huLDLR4 was used as NC. G, the gp85-binding ability of different receptors expressed on the surface of transfected 293T cells
was detected by the protein-cell binding assay. The binding ability of WTTva was set to 100%, and the values of other chimeric receptors were calculated as
its proportion. Three independent experiments were performed, and data are shown as means ± SD for triplicates from a representative experiment. **p <
0.01; ****p < 0.0001; ns, no significant difference. ALV, avian leukosis virus; CT, C-terminal; Co-IP, Co-immunoprecipitation; NT, N-terminal.

Molecular mechanisms of Tva-mediated ALV-K entry
(Fig. 3C). In contrast, Y50I, L52Q, G58N, D63E, and R66S
could efficiently mediate RCAS(K)GFP entry into DF-1-
TvaKO cells (Fig. 3B), and their relative GFP-positive rate
was over 85% (Fig. 3C). These findings indicate that E53, L55,
H59, and G70 are important residues of Tva that mediate
ALV-K entry into host cells.
J. Biol. Chem. (2023) 299(3) 102962 3



Figure 2. All the three segments in the CT of Tva were involved in mediating virus entry and interaction with gp85. A, schematic representation of
ch-hu L1, ch-hu L2, and ch-hu L3 construction strategy. Orange, WTTva segments; green, huLDLR4 segments; gray, cystines. B, RCAS(K)GFP recombinant virus
was entered into DF-1-TvaKO cells expressing ch-hu L1, ch-hu L2, or ch-hu L3. The fluorescence in WTTva and huLDLR4 transfected cells was used as PC and
NC, respectively. The scale bar represents 400 μm. C, virus entry levels of ch-hu L1, ch-hu L2, and ch-hu L3 expressing cells were detected by flow cytometry.
The virus entry-level of WTTva-transfected cells was set to 100%, and the values for chimeric Tva receptors were calculated as their proportion. D, interaction
of ch-hu L1, ch-hu L2, or ch-hu L3 with gp85 was verified by Co-IP assay. Three independent experiments were performed, and data are shown as means ±
SD for triplicates from a representative experiment. ****p < 0.0001. CT, C-terminal; Co-IP, Co-immunoprecipitation; NT, N-terminal; NC, negative control; PC,
positive control.

Molecular mechanisms of Tva-mediated ALV-K entry
Residues E53, L55, H59, and G70 directly interact with gp85
protein

To verify the effects of the four identified amino acids on the
Tva receptor function, we constructed a chimeric Tva plasmid
(rTva), in which E53, L55, H59, and G70 were simultaneously
replaced with the corresponding residues of huLDLR4. First,
the virus entry assay indicated that rTva completely lost the
ability to mediate RCAS(K)GFP entry into host cells (Fig. 4A),
showing a relative GFP-positive rate of less than 0.5% (Fig. 4B).
Co-IP assays showed that the soluble form of rTva did not
form a special complex with gp85 (Fig. 4C). Moreover, the
results of the protein-cell binding assay further showed that
rTva could not bind with gp85 (Fig. 4D). These findings
indicate that E53, L55, H59, and G70 are key residues of Tva
that mediate ALV-K entry into host cells and bind with gp85.
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To further analyze the molecular details of the binding of
Tva with gp85, the structures of WTTva and rTva were
constructed using homology modeling based on the NMR
structure of quail Tva. The structures of WTTva and rTva are
shown in Figure 5, A and B, respectively. E53, L55, H59, and
G70 were exposed on the surface of WTTva and were
spatially adjacent (Fig. 5A). The results of homology modeling
suggest that the structure of rTva can fold similarly to that of
WTTva (Fig. 5B). Then the gp85 structure was predicted by
the Alphold2 due to the absence of the reported homology
structure (Fig. S1 and Table S1), and the molecular details of
the interaction between Tva and gp85 were further analyzed.
The result of Ligplot+ analysis (28) indicated that these four
key residues of Tva (E53, L55, H59, and G70) were distributed
on the docking surfaces (Fig. 5, C and D) and play an



Figure 3. Residues E53, L55, H59, and G70 are key amino acids for Tva mediating virus entry. A, schematic representation of the strategy of con-
structing chimeric receptors with nine different single-residue substitutions. B, the entry of RCAS(K)GFP recombinant virus into DF-1-TvaKO cells expressing
WTTva, huLDLR4, and the nine single-residue substituted chimeric receptors. The fluorescence in WTTva and huLDLR4-transfected cells was used as PC and
NC, respectively. The scale bar represents 400 μm. C, virus entry levels of the nine single-residue substituted chimeric receptors were detected by flow
cytometry. Three independent experiments were performed, and data are shown as means ± SD for triplicates from a representative experiment. *p < 0.05;
****p < 0.0001; ns, no significant difference. NC, negative control; PC, positive control.

Molecular mechanisms of Tva-mediated ALV-K entry
important role in the interaction of Tva and gp85. E53 of Tva
interacts with K254 of gp85 forming a salt bridge (5.0 Å), and
hydrogen bonds were formed between of G70 of Tva and
N171 of gp85 (2.9 Å) as well as H59 of Tva and G207 of gp85
(2.8 Å) (Fig. 5, E and F). The results showed that the in-
teractions between Tva and gp85 have favorable distances.
After substitution of these four residues (Fig. 5D), the shape
complementarity score showed that the score decreased from
0.409 to 0.301, indicating these mutations were unfavorable
to the interaction of Tva with gp85. Furthermore, we calcu-
lated the binding free energy of WTTva or rTva binding to
gp85 with the generalized born and surface area continuum
solvation method. After these four residues were substituted,
the binding free energy between Tva and gp85 changed
from −24.3504 kcal/mol to 4.9008 kcal/mol (Fig. 5G), indi-
cating that the interaction force went from favorable to
unfavorable.

These results are consistent with the above results that E53,
L55, H59, and G70 directly participate in the interaction be-
tween Tva and gp85.
The CT loop of the LDL-A module of tva converts huLDLR4 into
a functional receptor for ALV-K

To further explore the roles of E53, L55, H59, and G70 in the
receptor function of Tva, a series of chimeric plasmids were
constructed based on the backbone of huLDLR4, including five
plasmids that substituted L53, A55, D59, or PQR residues into
WTTva corresponding residues individually or simultaneously
(L53E, A55L, D59H, PQR70G, and hu-ch 4P) and a plasmid
(hu-ch CT) that replaced the CT loop of huLDLR4 with that of
WTTva (Fig. 6A). The virus entry assay showed that L53E,
A55L, D59H, and PQR70G failed to mediate virus entry into
cells (Fig. 6B), showing a less than 5% GFP-positive rate
(Fig. 6C). Hu-ch 4P acquired the ability to partially mediate
RCAS(K)GFP entry into cells (Fig. 6B), showing about a 46%
GFP-positive rate (Fig. 6C). In contrast, hu-ch CT sufficiently
mediated RCAS(K)GFP entry into cells (Fig. 6B), showing a
relative GFP-positive rate of more than 80% (Fig. 6C). Co-IP
assay results showed that L53E, A55L, D59H, and PQR70G
did not interact with gp85, and hu-ch 4P had weak interactions
with gp85 (Fig. 6D). The ability of hu-ch CT to interact with
J. Biol. Chem. (2023) 299(3) 102962 5



Figure 4. Mutating residues E53, L55, H59, and G70 deprive the receptor function of Tva. A, the entry of RCAS(K)GFP recombinant virus into DF-1-
TvaKO cells expressing rTva. The fluorescence in WTTva and huLDLR4 transfected cells was used as PC and NC, respectively. The scale bar represents
400 μm. B, virus entry levels of rTva were detected by flow cytometry. The virus entry-level of WTTva transfected cells was set to 100%, and the values for
rTva were calculated as their proportion. C, interaction of rTva with gp85 was verified by Co-IP assay. WTTva was used as PC; huLDLR4 was used as NC. D, the
gp85-binding abilities of rTva expressed on the surface of transfected 293T cells using the protein-cell binding assay. Three independent experiments were
performed, and data are shown as means ± SD for triplicates from a representative experiment. ****p < 0.0001. Co-IP, Co-immunoprecipitation; NC,
negative control; PC, positive control.

Molecular mechanisms of Tva-mediated ALV-K entry
gp85 was not significantly different from that of WTTva
(Fig. 6D). The results of the protein-cell binding assay also
showed that, compared with WTTva, the relative binding rates
of L53E, A55L, D59H, and PQR70G to gp85 were less than 10%
and that for the binding of hu-ch 4P to gp85 was only about
40%. However, the binding ability of hu-ch CT with gp85 was
greater than 90% (Fig. 6E). These results indicate that although
the four residues (E53, L55, H59, and G70) could make
huLDLR4 acquire part of the Tva receptor function, the CT
loop of the LDL-A module of Tva is the minimal domain for
huLDLR4 to acquire the full capacity of Tva.
Gene-edited DF-1 cell lines with E53, L55, H59, and G70 of tva
substituted could completely resist ALV-K entry

To investigate whether changing E53, L55, H59, and G70
could render DF-1 cells resistant to ALV-K infection, we
constructed a DF-1 cell line (DF-1-rTva) with E53, L55, H59,
and G70 mutated into huLDLR4-corresponding residues.
Sequence analysis showed that E53, L55, H59, and G70 in
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DF-1-rTva were successfully replaced by huLDLR4 corre-
sponding residues (Fig. 7A). The viability of DF-1-rTva cells
was determined using the CCK-8 kit, and the results indicated
that substitutions of E53, L55, H59, and G70 did not influence
the viability of DF-1-rTva cells (Fig. 7B). Cells were infected
with RCAS(K)GFP to evaluate the ability of DF-1-rTva cells to
resist ALV-K infection. After 72 h, the infected cells were
observed, and the results showed that DF-1-rTva cells could
completely resist the infection of RCAS(K)GFP (Fig. 7C). Flow
cytometry analysis also showed that GFP fluorescence could
not be detected in DF-1-rTva cells (being lower than 0.3%)
(Fig. 7D). DF-1-rTva cells were infected with the JS14LH01
strain (WT ALV-K strain). After 7 days, the viral titre was
determined. The results showed that the viral titre of ALV-K
in WT DF-1 cells was approximately 1 × 105.57 TCID50/ml,
whereas no viral titre of ALV-K was detected in DF-1-rTva
cells, indicating that DF-1-rTva cells could completely resist
infection by the JS14LH01 strain (Fig. 7E). Studies have indi-
cated that Tva is related to the uptake of transcobalamin-
bound vitamin B12/Cbl (29). The ability to internalize



Figure 5. Modeled structure comparison of Tva and rTva LDL-A module and molecular docking of Tva with gp85. A, ribbon representation of the
modeled structure of the Tva LDL-A module. The side chains of E53, L55, H59, and G70 were displayed. B, ribbon representation of the modeled structure of
the rTva LDL-A module. The side chains of L53, A55, D59, P70, Q71, and R72 were displayed. C, interaction surface of WTTva and gp85. The chain in cyan
represents WTTva; the gp85 was in surface representation. The figure at the bottom is the contact surface after 180� rotation. D, interaction surface of rTva
and gp85. The chain in green represents rTva; the gp85 was in surface representation. The figure at the bottom is the contact surface after 180� rotation. E,
the protein–protein interacting face of Tva with gp85 analyzed by Ligplot+. F, the protein–protein interacting face of rTva with gp85 analyzed by Ligplot+.
Chain on the upside represents tva; chain on the downside represents gp85; Green line and red line represent the hydrogen bond and salt bridge,
respectively. G, binding free energy of WTTva or rTva with gp85.

Molecular mechanisms of Tva-mediated ALV-K entry
vitamin B12/Cbl of DF-1-rTva was detected using the confocal
assay. The results indicate that DF-1-rTva could efficiently
internalize Cbl and showed no obvious difference from WT
DF-1. These findings indicate that changing E53, L55, H59,
and G70 in Tva makes DF-1 cells completely resistant to the
infection of ALV-K without affecting Cbl uptake.
Discussion

ALV-K is a novel subgroup of ALV that was first isolated in
China in 2012 (1). ALV-K shares its receptor with ALV-A and
uses Tva to enter host cells, the molecular details of which
remain unclear. In this study, we demonstrate that the CT loop
of the LDL-A module of Tva is the key functional domain for
mediating ALV-K entry into host cells. Four amino acid resi-
dues (E53, L55, H59, and G70) located on the surface of Tva
structures are critical for Tva receptor function. Structural
analysis indicated that the binding between Tva and gp85 was
almost completely lost after substituting the four residues. In
addition, a Tva-modified DF-1 cell line (DF-1-rTva) with E53,
L55, H59, and G70 substituted was completely resistant to
ALV-K infection. Collectively, our results indicate, for the first
J. Biol. Chem. (2023) 299(3) 102962 7



Figure 6. CT loop of the LDL-A module of Tva converts huLDLR4 into a functional receptor for ALV-K. A, schematic representation of the strategy of
constructing chimeric huLDLR4 receptors with single-residue, four residues, or CT loop substitutions. B, entry of RCAS(K)GFP recombinant virus into DF-1-
TvaKO cells expressing WTTva, huLDLR4, and different huLDLR4 chimeric receptors. The fluorescence in WTTva and huLDLR4 transfected cells was used as
PC and NC, respectively. The scale bar represents 400 μm. C, virus entry-level of different huLDLR4 chimeric receptors expressing cells were detected by flow
cytometry. The entry of WTTva transfected cells was set to 100%, and the values for chimeric huLDLR4 receptors were calculated as their proportion. D, Co-
IP validation of the interaction of different huLDLR4 chimeric receptors with gp85. WTTva was used as PC; huLDLR4 was used as NC. E, the gp85-binding
abilities of different huLDLR4 chimeric receptors expressed on the surface of transfected 293T cells using the protein-cell binding assay. Three independent
experiments were performed, and data are shown as means ± SD for triplicates from a representative experiment. **p < 0.01; ****p < 0.0001. ALV, avian
leukosis virus; Co-IP, Co-immunoprecipitation; CT, C-terminal; NC, negative control; PC, positive control.

Molecular mechanisms of Tva-mediated ALV-K entry
time, that E53, L55, H59, and G70 are key residues of Tva that
mediate ALV-K entry into host cells.

Tva is a type I transmembrane protein, and its LDL-A
module contains two loop structures (NT loop and CT
loop), The NT loop has almost no homology among different
species, whereas the CT loop shows more than 50% amino acid
similarity (11, 30). However, our results show that the CT loop
is a key domain of Tva, mediating ALV-K entry into host cells.
Structural analysis also showed that Tva only forms an inter-
action interface with gp85 through the CT loop. Therefore, we
speculate that the NT loop of Tva may play a role in
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maintaining the correct conformation of Tva, rather than in
the direct interaction with gp85 and that Tva directly interacts
with gp85 through its CT loop to mediate viral entry. These
results are consistent with the CT loop of the LDL-A module
of Tva responsible for ALV-A entry in quails (31).

Four key residues (E53, L55, H59, and G70) in the CT loop
of the LDL-A module of Tva were identified as residues that
significantly affected Tva receptor function. However,
huLDLR4 only acquired partial Tva receptor function after the
simultaneous replacement of these four amino acids, but
huLDLR4 fully binds to gp85 and mediates viral entry only by



Figure 7. A DF-1 cell line changing E53, L55, H59, and G70 of Tva could completely resist ALV-K entry. A, schematic diagram of the construction of Tva
gene-edited DF-1 cells and the sequence analysis of DF-1-rTva cell lines. The red box indicated the mutant peak of Tva gene. B, cell viability of DF-1-WT and
DF-1-rTva cell lines. C, RCAS(K)GFP infection rate of DF-1-WT or DF-1-rTva cell lines were analyzed at 120 h postinfection under a fluorescence microscope.
The scale bar represents 200 μm. D, RCAS(K)GFP infection rate of DF-1-WT or DF-1-rTva cell lines and analyzed at 120 h postinfection using flow cytometric.
E, TCID50 in DF-1-WT and DF-1-rTva cell lines were detected 7 days after infection. F, confocal analysis of TC-Cbl uptake in DF-1-WT or DF-1-rTva cells. Green
fluorescence represents TC-Cbl. Blue fluorescence represents cell nucleus. Three independent experiments were performed, and data are shown as means ±
SD for triplicates from a representative experiment. ****p < 0.0001; ns, no significant difference. ALV, avian leukosis virus.
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replacing the entire CT loop of the LDL-A module of Tva.
Numerous studies have shown that the binding interfaces
between proteins rely on multiple intermolecular contacts
involving 10 to 30 side chains of each protein (32, 33). Our
structural simulation results showed that in addition to the
four key amino acids identified in this study, other amino acids
of the CT loop are also located on this interaction interface
formed by Tva and gp85 and may form weaker contacts be-
tween Tva and gp85. To better understand this binding, the
role of these amino acids in the interaction between gp85 and
Tva should be investigated further.

Viral entry into host cells requires direct interaction be-
tween the receptor and virus, but it also requires structural
stability of the receptor (30, 34). Structural analysis suggested
that E53, L55, H59, and G70 may not play a crucial role in
maintaining the structure of Tva but are directly involved in
gp85 binding. The protein–protein docking results demon-
strated that these key four residues of Tva play an important
role to form polar bonds between Tva and gp85. Furthermore,
after these four residues of Tva mutated, both the shape
complementary results and the free energy calculation results
indicate that mutation of these residues decreased the ability
for Tva binding to the gp85. In addition, these four amino
acids could enable huLDLR4 to partially interact with gp85,
which means that these residues are involved in mediating
viral entry by affecting the direct interaction between Tva and
gp85.

In recent years, gene-editing technology has been widely
used in disease resistance breeding, for which receptors are the
best gene-editing targets (35). For example, the porcine
reproductive and respiratory syndrome virus receptor CD163
or the transmissible gastroenteritis virus receptor pAPN gene
knockout pigs could completely resist porcine reproductive
and respiratory syndrome virus or the transmissible gastro-
enteritis virus infection (36, 37). However, some receptors are
involved in regulating various signaling pathways in host cells.
J. Biol. Chem. (2023) 299(3) 102962 9
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The ALV-J receptor, chNHE1, is involved in basic cellular
functions, including cell adhesion and manipulation of the
extracellular pH (38, 39). The foot-and-mouth disease virus
receptor is integrin αvβ3, which plays an important role in cell
growth and differentiation (40, 41). Therefore, precise editing
of key sites of cell receptors can not only resist virus infection
but will also not affect the physiological function of the re-
ceptor protein, which will be an important direction of anti-
viral research in the future. Tva is involved in TC-mediated
Cbl uptake (29). Although Tva-deficient gene-edited chickens
have been generated and could completely resist ALV-K
infection, they exhibit specific Cbl metabolic disturbances
due to the lack of Tva (42). In this study, E53, L55, H59, and
G70 were identified as the key residues for Tva to interact with
gp85 and mediate ALV-K entry into host cells. Furthermore,
we found that the Tva gene-edited DF-1 cell line with E53L,
L55A, H59D, and G70PQR precise mutations did not affect
the activity of DF-1 cells and their uptake of vitamin B12/Cbl,
but completely inhibited the infection of ALV-K. These results
further demonstrate that in vivo E53, L55, H59, and G70 are
the key functional amino acid residues of Tva. These findings
provide specific gene-editing target sites for constructing
chickens resistant to ALV-K infection. They also provide a
theoretical basis for studying disease resistance breeding for
other viruses.

Experimental procedures

Cells culture and virus

293T cells or DF-1 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (L110KJ, BasalMedia), supple-
mented with 10% fetal bovine serum (FBS) (FDN500, Excell
Bio), and 1% Penicillin-Streptomycin, incubating in an incu-
bator with 5% CO2 at 37 �C or 38.5 �C. 293F cells were
maintained in serum-free DMEM (H310KJ, BasalMedia) in the
presence of 5% CO2 at 37 �C. The ALV-K strain JS14LH01
(Accession number: MT624731) (4) was stored by our labo-
ratory, and the RCAS(K)GFP (ALV-K enveloped replication-
competent avian leukosis sarcoma virus harboring an eGFP
reporter gene) recombinant virus was constructed as previ-
ously described (19) and stored by our laboratory.

Expression of soluble gp85 protein

The eukaryotic expression plasmid of soluble gp85 was
constructed as described previously (18). Briefly, the gp85-
encoding gene of JS14LH01 was amplified from the proviral
DNA and fused with a signal peptide in the NT and a constant
region fragment of human IgG (gp85-Fc) or a Flag tag (gp85-
Flag) in the CT by overlapping PCR. Then the gp85-Fc and
gp85-Flag were cloned into the pCAGGS vector to generate
pCA-gp85-Fc and pCA-gp85-Flag plasmids, respectively.
Then, the pCA-gp85-Fc plasmid was transfected into 293F
cells using Polyethyleneimine Linear MW40000 (49,533–93–7,
Yeasen) for protein purification. At 4 days post-transfection,
the cell culture medium was collected and purified using
protein A affinity matrix beads (L00210, Genscript) by
following the manufacturer’s instructions. The concentration
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of gp85 was determined using the bicinchoninic acid protein
assay kit (P0012, Beyotime).

Construction of various chimeric receptors

The WTTva encoding gene was amplified from the cDNA
of DF-1 cells using specific primers based on the published
chicken Tva sequence (Accession number: NC_052600). The
human LDLR4 (huLDLR4) encoding gene (Accession number:
NM_000527) was synthesized by Sino Biological Inc. Both
genes were fused with a signal peptide sequence, a trans-
membrane domain, and a Flag tag and cloned into the
eukaryotic expression vector pCAGGS.

Based on the WTTva backbone, two chimeric receptors
with the N- or CT loop domain replaced by the corresponding
domain of huLDLR4 were constructed by overlapping PCR.
Furthermore, the CT loop of WTTva was divided into three
segments (L1, L2, and L3), and they were replaced by the
corresponding domains of huLDLR4 by overlapping PCR,
respectively.

To map the key residues responsible for Tva mediating
ALV-K entry into host cells, a series of WTTva or huLDLR4
point mutational chimeric receptors were generated by
replacing the corresponding amino acid coding sequence with
overlapping PCR.

Furthermore, the soluble form of WTTva, huLDLR4, and
different chimeric receptors contained a signal peptide
sequence at the NT and the Fc region of a human IgG at the
CT, and a cytoplasmic domain with a hemagglutinin tag was
constructed by overlapping PCR and inserted into a pCAGGS
vector.

Confocal assays

To visualize the expression of WTTva, huLDLR4, ch-hu
NT, and ch-hu CT proteins on cell surface, TvaKO DF-
1 cells were transfected with plasmids encoding WTTva,
huLDLR4, ch-hu NT, and ch-hu CT. After 24 h, cells were
washed by PBS three times, fixed by 4% (vol/vol) para-
formaldehyde (PFA) for 15 min at room temperature (RT), and
blocked by 5% (wt/vol) skim milk in PBS for 1 h at RT. The
cells were incubated with anti-flag monoclonal antibody
(mAb) produced in mice (F1804, SLCD6338, Sigma-Aldrich)
for 1 h at RT. Washing three times with PBS, the cells were
incubated with anti-mice IgG (whole molecule)-tetramethyl
rhodamine isocyanate (TRITC) antibody produced in rabbit
(T2402, 092M4751V, Sigma-Aldrich) for 1 h at RT. Then, the
cells were washed three times with PBS and staining with
40,6-diamidino-2-phenylindole (C1005, Beyotime) for 15 min.
Finally, the cells were examined using a Lecia SP2 confocal
system (Lecia Microsystems).

Viral entry assay

The viral entry assay was performed with the RCAS(K)GFP
virus to evaluate the ability of WTTva, huLDLR4, and different
chimeric receptors to mediate ALV-K entry into host cells.
DF-1-TvaKO cells were transfected with plasmids encoding
WTTva, huLDLR4, or different chimeric receptors. After 24 h,
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transfected DF-1-TvaKO cells were infected with RCAS(K)
GFP virus at a multiplicity of infection of 0.1. After 2 h at 37 �C
and 5% CO2 (i.e., conditions allowing efficient viral entry), the
cells were washed three times with RT PBS and maintained in
DMEM containing 2% (wt/vol) FBS at 38.5 �C with 5% CO2. At
72 h postinfection, the cells were observed under fluorescence
microscopy. Then, the cells were digested by trypsin and firstly
strained by anti-flag mAb produced in mice (F1804,
SLCD6338, Sigma-Aldrich) and secondly strained by the anti-
mice IgG (whole molecule) TRITC antibody produced in
rabbit (T2402, 092M4751V, Sigma-Aldrich). The stained cells
were analyzed using a FACS Aria II flow cytometer (Cytomics
TM FC 500, BD Biosciences). The virus entry-level of DF-1-
TvaKO cells expressing WTTva was set as 100%, and the
values for other receptors were calculated as its proportion. All
the samples were prepared independently at least three times
for three independent experiments.

Co-IP assay

293T cells were transfected with the respective plasmids
using Polyjet (SL100688, SignaGen Laboratories), according to
the manufacturer’s instructions. After 48 h, the transfected
293T cells were washed three times with ice-cold PBS and then
lysed in NP-40 cell lysis buffer (P0013F, Beyotime Biotech Inc).
After centrifugation, 40 μl of the supernatant was collected as
the input fraction. The remaining supernatant was collected as
the Co-IP fraction, and it was incubated with protein A resin at
4 �C for 6-8 h. Then the protein A affinity matrix beads were
collected by centrifugation at 1000g for 5 min at 4 �C and
washed five times with ice-cold PBS. The immunoprecipitated
proteins were separated by SDS-PAGE and detected by
Western blotting. All the experiments were performed with
three biological replicates.

Western blotting

Proteins were separated by 10% SDS-PAGE gels and
transferred onto a nitrocellulose membrane (HATF00010,
Merck-Millipore). After blocking with 5% (wt/vol) skimmed
milk for 2 h, membranes were incubated with anti-flag mAb
(F1804, SLCD6338, Sigma-Aldrich) produced in mice for 1 h
at RT. Followed y washing it three times with PBS, con-
taining 0.05% Tween 20. Then, the membranes were incu-
bated with IRDye 800CW goat anti-mice IgG (926–32212,
D20427–25, LI-COR Biosciences) and goat anti-human IgG
(Fc-specific) antibodies (925–32232, C50326–05, LI-COR
Biosciences) for 1 h at RT. Finally, the membrane blots
were scanned using an Odyssey infrared imaging system
(LI-COR Biosciences).

Protein-cell binding assay

Plasmids encoding WTTva, huLDLR4, or different chimeric
receptors were used to transfect 293T cells. The transfected
cells were digested by trypsin, centrifuged for 5 min (1000g),
and washed with ice-cold PBS containing 5% (wt/vol) FBS.
Then, 293T cells were incubated with 500 μl gp85 proteins
(200 ng/μl) for 1 h on ice and stained with a 1:200 dilution of
anti-human IgG (Fc-specific)-FITC antibody produced in goat
(F9512, SLCC5427, Sigma-Aldrich). Then, the cells were fixed
in 4% (vol/vol) PFA (P1110, Solarbio) for 15 min at RT. Finally,
the cells were incubated with a 1:200 dilution of monoclonal
anti-flag mAb produced in mice for 1 h on ice, followed by
staining with a 1:200 dilution of anti-mice IgG (whole mole-
cule) TRITC antibody (T2402, 092M4751V, Sigma-Aldrich).
Stained cells were analyzed using an FACS Aria II flow cy-
tometer (Cytomics TM FC 500, BD Biosciences). Cells trans-
fected with WTTva were set as 100%, and the values for other
receptors were calculated as their proportion. All the samples
were prepared independently at least three times for three
independent experiments.

Structure analysis

The models were built using the Modeller 10.2 server (43).
We got the WTTva structure by using the Modeller 10.2
server based on the NMR structure of quail Tva (PDB code:
1k7b). The rTva structure was got by using mutagenesis
wizard of PyMOL based on the optimized structure of WTTva.
Furthermore, the WTTva and rTva structures were optimized
with MD simulation for 200 ns through amber 20. The gp85
structure was predicted by Alphold2 (44, 45). These models
were optimized by dynamic simulation using Amber 20.
Following, we carried out the WTTva-gp85 docking model
using the hdock server (46) (http://hdock.phys.hust.edu.cn/
);then the highest-scoring model was chosen as the initial
docking model and optimized in the ROSETTA2020 software
(47) to obtain the final WTTva-gp85 docking results for
further interaction analysis. Next, we used the optimized rTva
to replace the WTTva in the final WTTva-gp85 docking
model to obtain the final rTva-gp85 complex model. Finally,
the final rTva-gp85 complex model andWTTva-gp85 complex
mode were selected for further interaction analysis. The shape
complementarity was analyzed by using the InterfaceAnalyzer
module (48). The protein–protein interaction face was
analyzed by Ligplot+ (28). The binding free energy of WTTva
or rTva with gp85 was calculated by the generalized born and
surface area continuum solvation method based on the final
docking results.

MD simulation

TIP3P water model was employed to build the water box
and added some chlorine or sodium ions to neutralize the
system. AMBER20 package (46) was employed to run the MD
simulations with leaprc.protein.ff14SB (49) as the force field
for the protein. Firstly, we performed energy minimization to
obtain a low energy starting conformation for the subsequent
MD simulations. Four thousand steps of steepest descent
method were initially employed, followed by six thousand
steps of conjugate gradient method. The whole system was
minimized, followed by minimization of the solutes, protein
and ligand. With the Langevin thermostat applied, the system
was heated under canonical ensemble from 0 to 310 K for
300 ps, with the force constant for the harmonic restraint set
to be 10.0 kcal mol−1Å − 2. The system was then equilibrated
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for 10 ns under isothermal–isobaric ensemble (constant
pressure = 1.0 bar). The relaxation time for barostat bath was
2.0 ps. Finally, the production simulation was run for 200 ns
under isothermal–isobaric ensemble with periodic boundary
conditions. The time step was set to be 2 fs and bonds con-
nected with hydrogen atoms were constrained using the
SHAKE algorithm. The long-range electrostatics was handled
by the particle mesh Ewald method (50). The cut-off value for
short range interactions was set to be 8.0 Å. The cpptraj (51)
tool in AMBER 20 was applied to calculate the root mean
square deviation of the calcium atoms to analyze the stability
of the complexes during the simulation; 336 C⍺ atoms of gp85
or 40 C⍺ atoms of Tva were included in the calculation,
respectively.
Tva-modified DF-1 (DF-1-rTva) cell line construction

DF-1-rTva cell lines were constructed using CRISPR/Cas9
technology. Firstly, the gRNA-targeting Tva sites (CGCTGG
AGTGGCTCTGCGAC) were designed by E-CRISP. Next, the
DNA fragments containing the U6 promoter, targeted RNA
sites, and gRNA scaffold were fused and inserted into the
pMD18-T vector (6011, TAKARA BIO INC). The plasmid was
extracted by the QIAfilter Plasmid Midi Kit (12,245, Qiagen).
Moreover, we have designed and synthesized a single-stranded
oligodeoxynucleotide containing four amino acid residues
mutation (E53L, L55A, H59D, and G70PQR) as the template
for homologous recombination.

To construct DF-1-rTva cells, DF-1-WT cells were
cotransfected with 2 μg pMJ920 (Addegene: #42234) plasmid,
a 2 μg plasmid containing gRNA and 10 μl single-stranded
oligodeoxynucleotide (10 μM) using the Mirus X-2 (MIR
6000, Mirusbio), according to the manufacturer’s instructions.
48 h post-transfection, the cells with green fluorescence were
screened by flow cytometry and put into 96-well plates with
serial dilutions to obtain a single-cell colony. After about
15 days, the genomic DNA of monoclonal DF-1 cells were
extracted, and PCR amplified its Tva-encoding gene. Finally, it
was determined by sequencing.
Cell viability assay

DF-1-WT and DF-1-rTva cells were put into 96-well plates
with 4 × 104 density. Cells were cultured for 6 to 8 h and added
10 μl CCK-8 solution (CK04, Dojindo Laboratories) per well.
After mixing, the absorbance of cells at 450 nm was measured
with a microplate reader at 2 h after incubation. The experi-
ment was repeated at least three times.
Viral titer determination

The infected cell supernatants were harvested at 7 days
postinfection. The titers of supernatants were determined in
50% tissue infection dose (TCID50)/ml by using the Reed–
Muench method. Three independent experiments were
performed.
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TC-Cbl uptake assay

After DF-1-WT cells and DF-1-rTva cells were seeded
on microscope cover glasses and maintained for 24 h, they
were incubated with TC-Cbl (29) at 37 �C for 1 h. Then
the cells were washed with PBS and fixed with 4% PFA.
Further, the cells were stained with 40,6-diamidino-2-
phenylindole (C0065–50, Solarbio) for 10 min and exam-
ined by a laser confocal microscope (LSM980, ZEISS). The
experiments were performed with three biological
replicates.

Statistical analysis

All assays were performed independently with samples
prepared for at least three times and carried out corresponding
experiments to achieve the purpose of three biological repli-
cates. Prism software (Version 7.03) was employed for statis-
tical analyzes, and the Student’s t-tests were performed to
establish differences between groups. Statistical significance
was set at p < 0.05.
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All data generated are contained within the article and
supporting information.
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