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Abstract: Equine lentivirus receptor 1 (ELR1) has been identified as a functional cellular receptor
for equine infectious anemia virus (EIAV). Herein, recombinant ELR1 and EIAV surface glycoprotein

gp90 were respectively expressed in Drosophila melanogaster S2 cells, and purified to homogene-

ity by Ni-NTA affinity chromatography and gel filtration chromatography. Gel filtration chromatogra-
phy and analytical ultracentrifugation (AUC) analyses indicated that both ELR1 and gp90 existed as

individual monomers in solution and formed a complex with a stoichiometry of 1:1 when mixed.

The structure of ELR1 was first determined with the molecular replacement method, which belongs
to the space group P42212 with one molecule in an asymmetric unit. It contains eight antiparallel b-

sheets, of which four are in cysteine rich domain 1 (CRD1) and two are in CRD2 and CRD3, respec-

tively. Alignment of ELR1 with HVEM and CD134 indicated that Tyr61, Leu70, and Gly72 in CRD1 of
ELR1 are important residues for binding to gp90. Isothermal titration calorimetry (ITC) experiments

further confirmed that Leu70 and Gly72 are the critical residues.

Keywords: equine lentivirus receptor 1; structure; gp90; analytical ultracentrifugation; isothermal

titration calorimetry

Introduction

Equine infectious anemia virus (EIAV), a member of

the genus lentivirus in family retroviridae, can estab-

lish a persistent infection in horses and cause a

unique dynamic lentiviral disease.1 Adsorption and

entry of retroviruses into target cells requires the

interaction of viral envelope glycoproteins with spe-

cific cellular receptor proteins.2 The envelope proteins

of EIAV comprise the surface glycoprotein (gp90) and

the transmembrane glycoprotein (gp45).3 Evolution

studies indicate that gp90 is the predominant site of

EIAV antigenic variation, and its distinct conserved

and variable domains have been defined.4–6 Currently

an attenuated vaccine for EIAV has been used suc-

cessfully in China, and sequence comparisons have

revealed some critical mutations associated with the

vaccine strain.7,8

Equine lentivirus receptor 1 (ELR1), a func-

tional cellular receptor for both primary and cell-

adapted strains of EIAV, was first identified by

Zhang et al.9 In contrast to most immunodeficiency

lentiviruses, such as human immunodeficiency virus

1 (HIV-1), simian immunodeficiency virus (SIV) and

feline immunodeficiency virus (FIV), which generally

utilize dual receptors for successful infection,10–13

EIAV appears to depend only on ELR1 for the inva-

sion of target cells. This is similar to the single

Abbreviations: ELR1, equine lentivirus receptor 1; TNFR,
tumor necrosis factor receptor; EIAV, equine infectious ane-
mia virus; AUC, analytical ultracentrifugation; HVEM, herpes
virus entry mediator; CRD, cysteine rich domain; HIV-1,
human immunodeficiency virus 1; SIV, simian immunodefi-
ciency virus; ITC, isothermal titration calorimetry; FIV, feline
immunodeficiency virus.

Grant sponsors: National Basic Research Program of China (973
Program); Grant number: 2010CB911800; Grant sponsor:
National Mega Project on Major Infectious Diseases; Grant
number: 2012ZX10001-008; Grant sponsors: Ministry of Sci-
ence and Technology, the National Natural Science Foundation
of China; Grant number: 31370925; Grant sponsor: New Cen-
tury Excellent Talents program from the Ministry of Education,
People’s Republic of China; Grant number: NCET-11-0253.

*Correspondence to: Xinqi Liu, Nankai University, No. 94 Wei
Jin Road, Tianjin 300071, China. E-mail: liu2008@nankai.edu.cn

Published by Wiley-Blackwell. VC 2014 The Protein Society PROTEIN SCIENCE 2015 VOL 24:633—642 633



receptor usage reported for simple retroviruses, such

as murine or avian leukemia viruses.9,14,15 Analysis

of its deduced amino acid sequence shows that ELR1

belongs to the tumor necrosis factor receptor (TNFR)

protein family, with its ectodomain containing the

characteristic four cysteine rich domains designated

as CRD1 to CRD4.1,16 The most homologous TNFR

protein sequence to ELR1 is the herpes virus entry

mediator (HVEM) protein.17

Currently no structural information on ELR1

has been reported. Here, we expressed and purified

the ectodomain of ELR1 and determined its crystal

structure. We demonstrated that gp90 interacts

directly with ELR1 using in vitro protein binding

assays and revealed that Leu70 and Gly72 in CRD1

of ELR1 are the critical residues for this interaction

using isothermal titration calorimetry (ITC).

Results

ELR1 binds gp90 to form a heterodimer

Soluble ELR1 and gp90 were efficiently expressed in

S2 cells and purified to homogeneity by size-exclusion

chromatography [Fig. 1(A)]. Both proteins were

shown to be monomeric in solution based on the elu-

tion volume in size-exclusion chromatography. The

molecular masses of ELR1 and gp90 were shown to be

approximately 24 kDa and 55 kDa, respectively, by

SDS-PAGE analysis [Fig. 1(C)]. When the proteins

were mixed at a 1:1 ratio, approximately all of the

ELR1 and gp90 were eluted in fractions correspond-

ing to a higher molecular mass [Fig. 1(A)]. AUC anal-

ysis demonstrated that the molecular masses of ELR1

and gp90 were 23.4 kDa and 66.6 kDa respectively,

while the ELR1-gp90 complex was 89.2 kDa [Fig.

1(B)]. The results indicated that the two proteins

formed a stable heterodimer in solution.

Overall structure of ELR1

Sequence analysis showed that ELR1 adopts the

canonical TNFR superfamily fold, in which CRDs 1–

3 each contain three intradomain disulfide bonds

and CRD4 contains two intradomain disulfide bonds

(Fig. 2). However, close comparison revealed signifi-

cant differences between ELR1 with other TNFR

family members. CRDs 1–2 have the same disulfide

connectivity as the corresponding domains of other

homologs composed of A1–B2 modules, while CRD3

of ELR1 is composed of an A2–B1 module, which dif-

fers from other homologs. Compared to TNFR1,

Cys127 and Cys135 contribute an additional disul-

fide bond in the A2 module in ELR1. Compared to

HVEM, an extra disulfide bond formed by Cys144

and Cys162 is found in the B1 module of ELR1.

The structure of ELR1 was determined by

molecular replacement using a structural homology

model based on the HVEM (PDB: 4FHQ). The crys-

tal belongs to the space group P42212 with one mole-

cule in an asymmetric unit (Table I). However, only

residues 40–141 are clearly defined in structure and

no additional electron density could be assigned to

residues following 141 [Fig. 3(A)]. Due to tight pack-

ing of the crystal, we speculated that the protein

was degraded during crystallization and residues fol-

lowing 141 were removed by residual proteases in

solution. The defined structure consists of a total of

eight antiparallel b-sheets, with four in CRD1 and

two in CRDs 2–3, respectively [Fig. 3(B)].

ELR1 and HVEM showed high sequence simi-

larity of approximately 70% [Fig. 4(A)] and the crys-

tal structures confirmed that the two TNFR family

proteins adopt similar overall structures, despite

some changes in their relative orientations and

in the conformation of some loops [Fig. 4(B)].

Figure 1. ELR1 binds gp90 to form a heterodimer. (A) ELR1, gp90, and ELR1-gp90 were subjected to gel filtration on a Super-

dex 200 column. (B) The masses of ELR1, gp90, and ELR1-gp90 were determined by AUC. The theoretical molecular masses

of ELR1 and gp90 (without glycosylation) were 20.5 kDa and 47.7 kDa, respectively. (C) SDS-PAGE analysis. Lane 1, ELR1-

gp90; Lane 2, gp90; Lane 3, ELR1; M, molecular-weight markers (kDa).
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Inspection of the molecular surface revealed differ-

ent orientations of the N-termini in ELR1 and

HVEM. The C-terminus in HVEM is highly polar

with the positively charged R99 residue surrounded

by hydrophobic chains, while the C-terminus in

ELR1 is surrounded by negatively charged acidic

residues [Fig. 4(C)].

Putative gp90 binding sites on ELR1
Despite the lack of a precise model of the ELR1-

gp90 complex, by analogy with other TNFR recep-

tors, such as HVEM and CD134, the structure of

ELR1 could provide insight into how lentivirus sur-

face proteins interact with their receptors.

The CRD1 B2 module of ELR1 (residues 54–75)

superposes very well on the equivalent region of

HVEM (residues 15–37) and CD134 (residues 44–65)

[Fig. 5(A)]. In the case of FIV-CD134 interactions,

D60 and D62 are the critical residues for functional

binding, corresponding to the position of L70 and

G72 in ELR1. In the structure of the gD-HVEM

complex, residues M11, A12 and L25 of gD form the

core of a hydrophobic interaction with Y23 of

HVEM. Superposition of ELR1 onto HVEM from the

gD-HVEM (PDB: 1JMA) complex showed that Y61

of ELR1 is well positioned into the core formed by

M11, A12, and L25 [Fig. 5(B)]. Furthermore, P17

and V36 of HVEM are important residues for

Figure 2. Sequence alignment of ELR1 with other TNFRs. (A) Schematic representation of the domain organization of ELR1.

Features include a signal peptide (SP, blue), four complete cysteine rich domains (CRD, green) and a membrane-spanning

domain (MS, orange). (B) Sequence alignment between TNFR members by ClustalW.40 The sequences aligned are in the order:

ELR1, HVEM, TNFR2, CD134 and TNFR1. Each CRD can be subdivided in two structural entities or modules and each module

has been named (A1, B2, etc.) according to the definition adopted by Naismith.16 Within each CRD, cysteines forming disulfide

bonds are in green.
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functional binding, while S45 and K64 of CD134 at

similar positions are also important residues, indi-

cating that P55 and V74 of ELR1 located in the

same position may have similar roles in the enve-

lope–receptor interaction [Fig. 5(A)].

The CRD2 B2 module of ELR1 (residues 96–

119) superposes very well upon the equivalent

region of HVEM (residues 58–81) and CD134 (resi-

dues 85–108) [Fig. 5(A)]. In the case of gD-HVEM

interactions, S74 and T76, corresponding to S112

and T114, respectively, in ELR1, are important resi-

dues for functional binding. Superposition of ELR1

onto HVEM from the gD-HVEM complex showed

that S112 and T114 of ELR1 are well positioned to

form a hydrophilic interaction with N15 of gD [Fig.

5(B)]. Inspection of the molecular surface of ELR1

revealed a hydrophobic patch, composed of the criti-

cal residues L70, G72 and Y61 [Fig. 5(C)]. Other

important residues, including P55, V74, S112 and

T114, were all within this patch, implying that the

binding site of gp90 is likely to be centered on these

residues. These similarities between ELR1, CD134

and HVEM appear to reveal common themes in the

use of TNFR family proteins as virus receptors, i. e.,

the interactions of surface proteins and their recep-

tors are mediated by two regions on the TNFR: the

CRD1 B2 module, which mediates direct contact for

functional binding; and the CRD2 B2 module, which

influences the surface protein binding affinity.

ITC measurements of ELR1 binding to gp90
The ELR1 residues critical for binding to gp90 were

further studied by ITC. For wild-type ELR1, the

heat changes corresponded best to a one-site sequen-

tial binding model that gave an apparent dissocia-

tion constant (Kd) of approximately 47.85 nM (Fig.

6). For the mutants, heat changes also corresponded

best to a one-site sequential binding model. Mutant

Y61A displayed a slightly higher Kd than that of the

control (approximately 91.74 nM), whereas the other

two mutants, L70A and G72A, yielded a much larger

change (approximately 390.6 nM and 487.8 nM,

respectively). Furthermore, the double mutation,

L70AG72A, displayed a Kd of approximately 38.91

lM, which was significantly higher than that of the

control, indicating that residues Leu70 and Gly72

are absolutely essential for strong binding of the

CRD1 of ELR1 with gp90.

Discussion

Studies of receptors in HIV-1, SIV and FIV infection

have revealed a common theme of receptor usage, in

which sequential binding of viral surface proteins to

two distinct surface proteins is required for the

infection of target cells.12,13,18 In contrast, the simple

retroviruses, such as avian and murine oncoviruses,

employ a single cell receptor to infect target

cells.19–21 The general consensus has been that all

lentiviruses use dual receptors for target cell

Table I. Data Collection and Refinement Statistics

Data collection
Space group P42212
Wavelength (Å) 1.00

Unit cell
a, b, c (Å) 81.14, 81.14, 42.27
a, b, c (�) 90, 90, 90
Molecules/ASU 1
Resolution range (Å) 50–1.49 (1.52–1.49)
Completeness (%)a 99.69 (98.88)
Redundancya 13.8(13.2)
No. of total reflections 326254
No. of unique reflections 19085
I/ra 14.9(2.3)
Rsyma,b (%) 6.6(55.1)

Refinement statistics
Resolution (Å) 1.50
Rwork/Rfree (%)c 19.49/20.03

No. of atoms
Protein 754
Water 155

B-factors (Å2)
Protein 23.0
Water 35.2

r.m.s.d.
Bond length (Å) 0.006
Bond angle 1.24

Ramachandran analysis
Most favored (%) 100
Allowed (%) 0
Disallowed (%) 0

ASU, asymmetric unit; r.m.s.d., root mean square
deviation.
a Values in parentheses are for the highest resolution shell.
b Rsym 5 R|I 2<I>|/R<I>, where I is the observed inten-
sity, and <I> is the average intensity of multiple observa-
tions of symmetry-related reflections.
c R 5 Rhkl|Fobs| 2 |Fcalc|/Rhkl|Fobs|. Rfree was calculated
from 5% of the reflections excluded from refinement.

Table II. Thermodynamic Parameters of gp90 Binding to ELR1 and Its Mutants Measured by ITC

ELR1 Ka (M21) Kd DH (kcal/mol) TDS (kcal/mol)

WT 20.9 6 1.73 E6 47.85 6 7.61 nM 25.55 6 0.21 4.19 6 0.35
Y61A 10.9 6 0.93 E6 91.74 6 14.28 nM 22.01 6 0.06 7.38 6 0.47
L70A 2.56 6 0.24 E6 390.6 6 36.43 nM 24.05 6 0.29 4.48 6 0.21
G72A 2.05 6 0.22 E6 487.8 6 41.03 nM 24.62 6 0.36 3.78 6 0.19
L70AG72A 25.7 6 2.65 E3 38.91 6 3.51 lM 22.54 6 0.18 3.34 6 0.23

All data were collected in the indicated buffer (50 mM Tris, 500 mM NaCl, pH 8.0) at 20�C in triplicate.
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infection; however, the recent finding that EIAV uti-

lizes a single receptor protein, designated as ELR1,

to infect target cells revealed an unexpected varia-

tion in the model of lentivirus receptor specificity.9

ELR1 is a member of the TNFR protein family, and

TNFR-like proteins have been identified as receptors

for several viruses, such as herpes simplex virus,

certain avian oncoviruses and as a co-receptor com-

ponent (CD134) for FIV.12,13,22,23

In contrast to HVEM, which exists as a dimer,24

the results of gel filtration experiments and AUC

analysis showed that ELR1 is monomeric in solu-

tion. With the availability of soluble gp90 and ELR1,

we studied their interactions in vitro and the results

showed that gp90 binds specifically to ELR1 with a

stoichiometry of 1:1. This is also in contrast to the

gD-HVEM complex, which has a stoichiometry of

1:2.24,25 Despite both ELR1 and gp90 exist as mono-

mers in solution, considering the trimeric state of

TNFR family proteins and HIV gp120 on cell/virion

surface, a trimer-trimer interaction would be plausi-

ble under physiological environment.

Lentivirus envelope proteins share similar

structural features, despite a lack of amino acid

sequence homology.26,27 Studies have indicated fur-

ther key similarities between EIAV gp90 and HIV-1

gp120 with respect to variable-domain structure and

functional properties, especially in their V3

regions.6,28–30 Comprehensive studies of the interac-

tion between CD4 and HIV gp120 have indicated

that the gp120 binding site is located at the tip of

the first domain of CD4, with the critical residue

F43 fitting into a large hydrophobic pocket of gp120

to initiate receptor binding.30 Alignment of ELR1

with CD134 indicated that L70 and G72 in the

CRD1 B2 module are the critical resides for binding

to gp90. These residues are located at the tip of

CRD1 and in the b-turn projecting outward, similar

to the critical residue F43 of CD4, implying that

they fit into a large hydrophobic pocket of the sur-

face protein to initiate receptor binding.30 Studies

have indicated that single residues contribute a

large fraction of the binding energy at protein-

protein interfaces.31 These residues are located at

“hot spots” of binding and are generally found at the

center of the interface. Considering the structural

similarities shared by EIAV gp90 and HIV-1 gp120,

the structural and functional similarities between

ELR1 and CD4 require further investigation.

During the past decades, ITC has been consid-

ered to be a powerful tool for investigating molecular

interactions.32–34 In this study, we used this method

to measure the binding affinity of ELR1 and gp90.

The experiments unequivocally established that two

residues, L70 and G72, in CRD1 of ELR1 are crucial

to the interaction with gp90. The binding affinities

of the ELR1 harboring L70A and G72A mutations

for gp90 are approximately 8–10-fold weaker than

that of the control, while the L70AG72A double

mutation further reduces the receptor affinity by

approximately 800-fold. Overall, the data support

the prediction from the sequence and structure

alignments that CRD1, comprising residues 54–75,

plays a determining role in the interaction with

gp90; this is consistent with the findings of Zhang

et al.1

Taken together, these observations suggest that

EIAV represents a critical transitional link between

the simple oncoviruses and the more complex immu-

nodeficiency lentiviruses in terms of genetic compo-

sition and receptor usage. The structure of the

ELR1-gp90 complex is awaited to obtain a detailed

Figure 3. The overall structure of ELR1. (A) Cartoon representation of ELR1, showing a colored gradient from blue at the N-

terminus (residue 40) to red at the C-terminus (residue 141). (B) Domain structure of ELR1. ELR1 is shown in a cartoon repre-

sentation with CRDs 1–3 colored magenta, green and yellow, respectively. Disulfide bonds are shown as orange sticks. (C) The

solvent-accessible electrostatic surface of ELR1. The surfaces are colored according to the electrostatic potential, ranging from

deep blue (positive charge) to red (negative charge).
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characterization of the EIAV and its interactions

with its receptor.

Materials and Methods

Cloning
The genes encoding full-length ELR1 and gp90 were

provided by Jianhua Zhou at the Harbin Veterinary

Research Institute, Chinese Academy of Agricultural

Sciences (Heilongjiang, China).7,8,35 The ectodomains

of ELR1 (residues 39–206) and gp90 (residues 30–448)

were amplified and cloned into the pMT/BiP/TEV-His

expression vector, which was modified from the pMT/

BiP/V5-His plasmid (Invitrogen, USA). To construct

plasmids for the expression of ELR1 containing the

mutations Y61A, L70A, G72A and L70AG72A, the

Figure 4. Structure comparison of ELR1 and HVEM. (A) Structure-based sequence alignment between ELR1 and HVEM (PDB:

4FHQ). Conserved residues are highlighted in red. Secondary structural elements are labeled. Numbering above the sequences

corresponds to ELR1 residue numbers. (B) Superposition of the structurally conserved domains of ELR1 and HVEM. HVEM is

shown in a cartoon representation with CRDs 1–3 colored yellow, cyan and orange, respectively. (C) The solvent-accessible

electrostatic surface of ELR1 (left) and HVEM (right).
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pMT-ELR1 expression plasmid was mutated using the

QuickChange site-directed mutagenesis kit (Strata-

gene, USA) according to manufacturer’s instructions.

Establishment of cell lines
Recombinant S2 cell lines were generated and main-

tained following the manufacturer’s instructions (Invi-

trogen, USA). Briefly, exponentially growing S2 cells

were cotransfected with 20 lg of recombinant plasmid

and 1 lg of the pCoBlast selection vector on the basis

of the lipid-mediated transfection procedure using

Cellfectin reagent (Invitrogen, USA). The cells were

cultured for 2 days without drug selection before

being resuspended in selection medium containing 20

lg/mL blasticidin. The selection medium was replaced

every 3 days and stably transformed polyclonal cell

populations were isolated after 3 weeks of selection.

Expression and purification

Stably transfected S2 cells were cultured at 27�C with

constant stirring of 120 rpm until the cell density

reached 6 3 106 cells/mL. Subsequently CuSO4 was

added at a final concentration of 500 lM to induce pro-

duction and secretion of recombinant proteins. Three

days later, the medium was clarified by centrifugation at

3,000 rpm for 30 min and filtrated through a 0.22 lm

Millipore filtration unit. The medium was then concen-

trated by ultrafiltration using a 10 kDa cutoff membrane

at 4�C. After removing Cu21 from the concentrated

medium by dialysis against binding buffer (50 mM Tris,

500 mM NaCl, pH 8.0), His-tagged protein was purified

using Ni-NTA resin according to the manufacturer’s

instruction (Qiagen, Germany). The eluted protein was

then loaded onto a HiLoad 16/60 Superdex 200 size-

exclusion column pre-equilibrated with the binding

buffer. A sharp peak corresponding to the target protein

was concentrated for further crystallization analysis.

Crystallization, data collection and structure

determination
Crystallization analyses were carried out by the

sitting-drop vapor-diffusion method at 293 K.

Figure 5. Binding sites of ELR1 to gp90. (A) Alignment of the CRDs 1–2 B2 modules of ELR1 with equivalent regions of HVEM

and CD134. Identical residues are boxed and conserved cysteines are shaded green. Numbers indicate the amino acid posi-

tions. Surface binding regions are shown as a horizontal bar and colored cyan and yellow for HVEM and CD134, respectively.

The important residues marked with * and the critical residues for interaction are further colored red. (B) Superposition of ELR1

onto HVEM from the gD-HVEM (PDB: 1JMA) complex to mimic the interactions. ELR1, HVEM and gD are colored green,

magenta and cyan, respectively. The residues involved in the interaction are labeled. (C) Molecular surface of the ELR1 struc-

ture colored according to electrostatic potential. The critical and important residues for interaction are colored red and yellow,

respectively. The critical residues are labeled.
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Crystallization drops prepared by mixing equal vol-

umes (1 mL) of protein solution (10 mg/mL protein,

50 mM Tris, 500 mM NaCl, pH 8.0) and precipitant

solution (0.1 M citric acid, 25% w/v polyethylene gly-

col 3350, pH 3.5) were equilibrated against 0.1 mL

reservoir solution. Diffraction data was collected at

100 K at the Shanghai Synchrotron Radiation Facil-

ity (Shanghai, China). The structure was deter-

mined by molecular replacement using the HVEM

structure (PDB: 4FHQ) as a search model. The data-

set was processed using the HKL2000 package36 and

the preliminary model was refined using the Phenix

program.37 The data collection and refinement sta-

tistics are summarized in Table I. All figures show-

ing the structures were prepared using PyMOL.37

Analytical ultracentrifugation

Sedimentation velocity experiment was performed

using a Beckman/Coulter XL-I analytical ultracen-

trifuge (Beckman/Coulter, USA) with double-sector

or six-channel centerpieces and sapphirine windows.

The experiment was conducted at 60,000 rpm and

4�C using absorbance detection and double-sector

cells loaded with approximately 50 mM of all

recombinant proteins. The data were analyzed using

the programs SEDFIT and SEDPHAT.38,39

Isothermal titration calorimetry

ITC measurements were carried out by using VP-

ITC (MicroCal, Britain). 400 mL of ELR1 (100 lM)

Figure 6. Isothermal titration calorimetry (ITC) profiles of ELR1 binding to gp90. The observed binding isotherm is normalized

as kilocalories per mole of injectant. The top panels show the raw data for heat changes (DH) produced by successive injec-

tions of gp90 into ELR1. The lower panel shows the integrated binding isotherms as a function of the molar ratio of gp90 to

ELR1. The measured DH is corrected for heat changes from control experiments. The heat associated with each injection is cal-

culated by integrating the area under the deflection of the measured signal (lcal/s).
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was loaded into a sample cell and titrated with 100

mL of gp90 (250 lM) in the injection syringe. Control

experiments were performed by injecting gp90 into

the dialysis buffer to determine the heat change in

dilution. The apparent heat change after each injec-

tion was determined by integration and corrected to

remove unspecific ligand/buffer dilutions. The affin-

ity is given as dissociation constant (Kd).

Atomic coordinates

The coordinate file and structure factors for crystal

structure of ELR1 were deposited with the Protein

Data Bank under accession codes 3WVT.
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