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from a retrovirus that undergoes a hybrid 2-step
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ABSTRACT Entry of enveloped viruses into host
cells is mediated by their surface envelope glycopro-
teins (Env). On the surface of the virus, Env is in a
metastable, prefusion state, primed to catalyze the
fusion of the viral and host membranes. An external
trigger is needed to promote the drastic conforma-
tional changes necessary for the fusion subunit to fold
into the low-energy, 6-helix bundle. These triggers
typically facilitate pH-independent entry at the plasma
membrane or pH-dependent entry in a low-pH endo-
somal compartment. The �-retrovirus avian sarcoma
leukosis virus (ASLV) has a rare, 2-step entry mecha-
nism with both pH-dependent and pH-independent
features. Here, we present the 2.0-Å-resolution crystal
structure of the ASLV transmembrane (TM) fusion
protein. Our structural and biophysical studies indi-
cated that unlike other pH-dependent or pH-indepen-
dent viral TMs, the ASLV fusion subunit is stable
irrespective of pH. Two histidine residues (His490 and
His492) in the chain reversal region confer stability at
low pH. A structural comparison of class I viral fusion
proteins suggests that the presence of a positive charge,
either a histidine or arginine amino acid, stabilizes a
helical dipole moment and is a signature of fusion
proteins active at low pH. The structure now reveals
key residues and features that explain its 2-step
mechanism, and we discuss the implications of the
ASLV TM structure in the context of general mech-
anisms required for membrane fusion.—Aydin, H.,
Smrke, B.M., Lee, J. E. Structural characterization of
a fusion glycoprotein from a retrovirus that under-
goes a hybrid 2-step entry mechanism. FASEB J. 27,
5059–5071 (2013). www.fasebj.org
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Invasion of a cell by enveloped viruses requires the
attachment and fusion of the host and viral membranes

(1). This process is mediated by one or more virion-
attached envelope glycoproteins (Envs; refs. 1, 2),
classified into 3 groups (class I, II, and III) based on
structural characteristics (3, 4). Many of the world’s
greatest viral threats, such as paramyxo-, orthomyxo-,
filo-, corona-, arena- and retroviruses, display glycopro-
teins belonging to the class I family. Class I Envs are
initially translated as a single polypeptide chain with a
type I transmembrane anchor (5, 6). Proteolytic pro-
cessing of Env forms separate surface (SU) attachment
and transmembrane (TM) fusion subunits (5, 7) that
protrude on the viral surface as a fusion-competent,
metastable, trimeric peplomer.

Class I viral glycoproteins are triggered through two
general mechanisms: pH-independent entry at the
plasma membrane, or pH-dependent entry at a low pH
endosome (reviewed in ref. 8). In the pH-independent
mechanism, such as those employed by retro-, corona-,
or paramyxoviruses, receptor binding by the attach-
ment subunit triggers conformational changes in the
Env to mediate the fusion event (9). In contrast, for
pH-dependent viral entry, such as those employed by
flavi-, arena-, or influenza A viruses (IAVs), the acidic
environment of the endosome triggers the Env confor-
mational changes (10, 11). Following triggering, struc-
tural constraints on the hydrophobic fusion peptide or
loop is released to allow its insertion into the target host
membrane to form an extended prehairpin intermedi-
ate. Class I viral fusion proteins are thought to adopt a
central trimeric �-helical structure at the prehairpin
intermediate state where its N-terminal end is anchored
to the target host lipid bilayer and the C-terminal end
embedded in the viral membrane. Multiple fusion
proteins may be necessary to anchor and complete the
membrane merger process. Subsequently, conforma-
tional changes to the fusion subunit allow the prehair-
pin intermediate to collapse. The C-terminal hydropho-
bic helical region folds back and packs against the
central trimeric �-helical structure. As the extended
prehairpin intermediate folds up, this brings both the
viral and host membranes together to promote mixing
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of the two outer leaflets and the formation of the
hemifusion intermediate. The formation of the final
low-energy, postfusion 6-helix bundle then completes
the formation of the fusion pore. The fusion of two
lipid bilayers is a thermodynamically feasible process
but comes with a high energetic price. The free energy
released from the conformational changes of the pre-
fusion glycoprotein to the low-energy 6-helix bundle
drives the fusion reaction.

Interestingly, the �-retrovirus avian sarcoma leukosis
virus (ASLV) enters cells through a rare, 2-step mech-
anism that has characteristics of the entry mechanisms
of disparate viruses, such as HIV-1 and IAV (12, 13).
The unique mechanism of ASLV entry makes it an
excellent model system to study the general viral entry
processes (12). ASLV Env contains an N-terminal SU
subunit that is involved in receptor binding and a
C-terminal TM subunit that contains the fusion ma-
chinery (14–16). The receptor for the ASLV subgroup
A is Tva, a protein that belongs to the low-density
lipoprotein receptor family (17). The ASLV Env hydro-
phobic internal fusion loop is sequestered in the pre-
fusion, metastable state, but on receptor binding at
neutral pH and at a temperature �22°C, conforma-
tional changes are triggered to expose and insert the
fusion loop into the cell plasma membrane (18–20).
This triggering of the fusion subunit by receptor bind-
ing is pH-independent and is analogous to the effects of
conformational changes on HIV-1 gp160 on CD4 and
chemokine receptor binding. However, previous stud-
ies show that in the presence of bafilomycin, an agent
that raises the pH of endosomes, viral reverse tran-
scripts were not detected in infected cells. This finding
thus suggests a key role for low pH in entry (12).
Additional studies on ASLV support the role of low pH
being required to induce hemifusion and stabilization
of the 6-helix bundle (21, 22). The second step in ASLV
entry is reminiscent of the low-pH requirements of IAV
and other pH-dependent viruses.

To explore the rare, 2-step entry mechanism of
ASLV, we determined the crystal structure of the ASLV
TM core. While a number of class I viral fusion proteins
have been determined structurally (23–27), the ASLV
TM is the first crystal structure of a viral fusion subunit
that undergoes a hybrid entry mechanism. Interest-
ingly, the ASLV TM is stable to all pH conditions, as
opposed to other class I viral fusion proteins. Moreover,
the ASLV TM has a strong negatively charged helix
dipole at the chain-reversal region that is stabilized by
two histidine residues at low pH. A structural compar-
ison of class I viral fusion proteins suggests that the
presence of a positive charge from a histidine or arginine
residue is a signature of fusion proteins that function at
low pH. We also show that hydrophobic interactions
between heptad repeat 1 (HR1) and HR2 and a single
arginine residue (Arg473) located at the center of the
molecule are important for the stability of the 6-helix
bundle. This study identified the residues that are
important to the 2-step entry mechanism and implica-
tions on our general understanding of viral fusion
processes are discussed.

MATERIALS AND METHODS

Expression and purification of ASLV TM

The DNA sequence of the ASLV TM (residues 455–525) was
codon-optimized for expression in Escherichia coli, and the
gene was synthesized and cloned into pET-46 EK/LIC (EMD
Millipore, Billerica, MA, USA) for expression of an N-termi-
nal 6-His-tagged protein with a TEV cleavage site. Cys506 was
mutated to a serine to prevent nonspecific intersubunit
disulfide bond formation. The expression vector was trans-
formed into the E. coli SHuffle T7 expression cell line (New
England Biolabs, Ipswich, MA, USA). A 20 ml overnight
culture was used to inoculate 1 L of LB-Miller medium, and
cells were grown at 37°C to an OD600 of 0.6. Expression of the
ASLV TM was induced with a final concentration of 0.5 mM
isopropyl �-d-1-thiogalactopyranoside (IPTG). The tempera-
ture was lowered to 18°C, and cells were harvested 18 h
postinduction by centrifugation at 4000 rpm (Sorvall SLC-
4000 rotor; Thermo Scientific, Waltham, MA, USA) for 20
min. Cells were resuspended in 25 ml 1� Ni-NTA binding
buffer (50 mM Tris-HCl, pH 7.5; 300 mM NaCl; and 20 mM
imidazole) supplemented with 0.05% (w/v) CHAPS and 1�
EDTA-free complete protease inhibitor cocktail (Roche, In-
dianapolis, IN, USA). Cells were then lysed at 30 kpsi using a
hydraulic cell disruption system (Constant Systems, Kenne-
shaw, GA, USA) and centrifuged at 17,000 rpm (Sorvall SS-34
rotor) for 45 min to remove the cell debris. The supernatant
was then applied to a 2-ml Ni-NTA column (Thermo Pierce,
Rockford, IL, USA) by gravity flow at 1 ml/min. Protein was
eluted in sequential steps using increasing concentrations of
imidazole (125, 250, 375, or 500 mM in 1� Ni-NTA buffer).
Samples containing ASLV TM were concentrated and further
purified by size-exclusion chromatography on a Superdex-75
10/300 GL column (GE Life Sciences, Piscataway, NJ, USA)
equilibrated with 10 mM Tris-HCl (pH 7.5), 150 mM NaCl,
and 0.05% (w/v) CHAPS. The concentration of purified
protein was determined from the absorbance at 280 nm, and
purity was confirmed by SDS-PAGE and mass spectrometry.

Crystallization and structure determination of ASLV TM

The protein was concentrated to 10 mg/ml using an Amicon
Ultra-0.5 concentrator (Millipore, Billerica, MA, USA), and
initial sparse matrix crystallization screens were performed in
sitting-drop 96-well plates using an Art Robbins Phoenix
liquid handling system (Art Robbins Instruments, Sunnyvale,
CA, USA). Rod-shaped crystals were obtained by hanging-
drop vapor diffusion in 20% (w/v) 2-methyl-2,4-pentanediol,
5% (w/v) PEG 8000, and 0.1 M sodium cacodylate (pH 6.5).
Crystals were soaked in a mother liquor solution containing
30% (v/v) glycerol for cryoprotection and then flash-cooled
in liquid nitrogen. ASLV TM diffraction data were collected
on a Rigaku FR-E Superbright X-ray generator and Saturn
A200 HD CCD detector (Rigaku Corp., Woodlands, TX,
USA) at the Structural Genomics Consortium (Toronto, ON,
Canada). Data were reduced and scaled using d*trek (Rigaku;
ref. 28). The structure of ASLV TM was determined by
molecular replacement using the program Phaser (29), and a
truncated, polyalanine search model of the Moloney murine
leukemia virus (MoMLV) fusion glycoprotein [Protein Data
Bank (PDB) code: 1MOF; ref. 30]. A clear solution was found
with one monomer in the asymmetric unit. Alternating
rounds of manual model rebuilding in Coot (31) followed
by simulated annealing torsion angle refinement with TLS
refinement using Phenix.refine (32) were performed until
the Rwork/Rfree converged. Data collection and refinement
statistics are presented in Table 1. Analysis of protein
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dipole moments were performed using the Protein Dipole
Moments Server (33). ASLV TM crystal structure and
structure factors were deposited into the Protein Data Bank
with accession code 4JPR.

Circular dichroism (CD) spectroscopy and thermal melts

Human T cell leukemia virus 1 (HTLV-1) gp21 was expressed
and purified as described previously (25, 34). ASLV TM and
HTLV-1 fusion proteins were buffer exchanged by size-exclu-
sion chromatography on a Superdex-75 10/300 column into
10 mM potassium phosphate, 150 mM NaCl, and 0.05% (w/v)
CHAPS at pH 6.5 and 7.5, respectively. CD spectra of wild-
type and mutant ASLV TM and HTLV-1 gp21 (concentrations
ranging from 0.2 to 2 mg/ml) were acquired on a Jasco J-810
spectropolarimeter (Jasco, Inc., Easton, MD, USA) using 1
mm quartz cuvettes at 25°C. Data were collected between 190
and 250 nm and averaged over 5 accumulations. Raw data
were then converted to molar ellipticity (deg cm2 dmol�1) for
analysis. Thermal denaturation assays were carried out at a
single wavelength (222 nm) by monitoring the change in
ellipticity as a function of temperature (20–99°C) at a rate of
5°C/min. Thermal melts as a function of pH were performed
under the following buffer conditions: pH 5.0–5.5, sodium
acetate (NaOAc) buffer (10 mM NaOAc, 150 mM NaCl, and
0.05% w/v CHAPS); pH 6.0–7.5, potassium phosphate buffer

(10 mM K2HPO4/KH2PO4, 150 mM NaCl, and 0.05% w/v
CHAPS); pH 7.5–8.5, Tris-HCl buffer (10 mM Tris-HCl, 150
mM NaCl, and 0.05% w/v CHAPS). All thermal denaturation
data were normalized between 0 (folded) and 1 (unfolded)
and were fit to a nonlinear biphasic sigmoidal curve in
GraphPad (GraphPad, San Diego, CA, USA).

RESULTS AND DISCUSSION

Overall structure of ASLV TM

The ASLV TM core is the first structure determined
from the �-retrovirus family. Each ASLV TM monomer
consists of a long �-helical N-terminal segment (resi-
dues 455–489), a disulfide-linked chain reversal (CR)
region (residues 490–502), a tether (residues 503–
508), and a short C-terminal �-helical segment (resi-
dues 509–525) (Fig. 1A, B). Three ASLV TM mono-
mers form a 24- � 24- � 60-Å trimeric protomer that
adopts the typical 6-helix bundle conformation (Fig.
1C) seen in the postfusion state of other class I viral
fusion proteins (reviewed in refs. 3, 5, 35).

N-terminal HR1 region

The N-terminal segment of each ASLV TM monomer
consists of a 10-turn �-helix; the polypeptide chain
changes direction after this segment. The N-terminal
helix displays the typical HR motif (a, b, c d, e, f, g),
where a and d positions are apolar residues that are
located at the coiled coil interface, and e and g are
solvent-exposed polar residues (36, 37). The repeating
3-4-3-4-3-4 periodicity of the HR allows the hydrophobic
leucine, isoleucine, and valine residues to form the
“knobs-into-holes” packing with a neighboring chain to
form the trimeric core (36, 37). The hydrophobic
knob-into-holes packing is interrupted by a single as-
pargine layer (Asn479) that interacts with a chloride
ion within the inner core (Fig. 1C). In addition, the
ASLV TM N-terminal HR1 region has a stutter-phase
shift that corresponds to a 4-residue insertion, which
results in core packing discontinuities and underwind-
ing of the coiled-coil core (residues 458–461). Similar
stutters and chloride binding sites have also been noted
in other members of the class I fusion proteins, such as
those from lymphocytic choriomeningitis virus (LCMV),
Ebola virus (EBOV), Marburg virus (MARV), and
severe acute respiratory syndrome (SARS) virus (23,
26, 30, 38). Another feature of the ASLV TM is the
similarity of its HR1 base region (residues 478 –504)
with a putative immunosuppressive domain found in
EBOV and MARV (�50% sequence identity), and �-,
�-, and �-retroviruses (�36% sequence identity)
(39). Synthetic peptides of the immunosuppressive
motif from EBOV or MARV modulated the expres-
sion of interferon-�, IL-2 and IL-10 cytokines, lower
CD4	 and CD8	 T-cell activation, and increase im-
mune cell apoptosis (40).

CR region

The CR region (residues 490–502) allows the protein to
change direction to complete a 180° turn that places the

TABLE 1. Data collection and refinement statistics for ASLV TM

Statistic Value

Data collection
Space group H3
Unit cell dimensions

a, b, c (Å) 42.5, 42.5, 120
�, �, � (deg) 90, 90, 120

Wavelength (Å) 1.54
Resolution range (Å) 35.2–2.0
Total reflections (n) 28,380
Unique reflections (n) 5371 (444)
Completeness (%) 97.9 (81.8)
Rmerge (%) 2.6 (30.8)
Redundancy 5.3 (2.5)
I/
(I) 28.6 (2.7)

Refinement
Molecules in asymmetric unit (n) 1
Residues (n) 76
Water molecules (n) 7
Chloride atoms (n) 1
Rwork/Rfree (%) 20.7/23.7
Average B factor (Å2)

Overall 38.0
Protein 38.1
Solvent 38.0

RMSD bonds (Å) 0.014
RMSD angles (deg) 1.36
Ramachandran plot statistics (%)

Most favored region 97.3
Additional allowed region 2.7
Disallowed region 0.0

Values in parentheses refer to reflections in the outer resolution
shell: 2.07–2.00 Å. Rmerge � ��j |Ij – I�|/� |I�|, where Ij and I�
represent the diffraction intensity values of the individual measure-
ments and the corresponding mean values, and the summation is
over all unique measurements. Rwork �(�hkl ||Fobs| – k |Fcalc||)/(�hkl
|Fobs|), where Fobs and Fcalc are the observed and calculated structure
factors, respectively. For Rfree, the sum is extended over a subset of
reflections (5%) excluded from all stages of refinement.
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Figure 1. Structure of ASLV TM. A) Schematic of the ASLV Env. CR, chain reversal region; CT, cytoplasmic tail; HR1, heptad repeat 1
region; HR2, heptad repeat 2 region; IFL, internal fusion loop; SP, signal peptide; SU, surface attachment subunit; TM, transmembrane
domain. Colored regions correspond to the ASLV TM core that was crystallized. Red Y-shaped symbols denote N-linked glycans. TM fusion
subunit contains 3 disulfide linkages: one within the hydrophobic internal fusion loop, one in the chain-reversal region, and an
intermolecular covalent linkage between the SU and TM. B) Monomer of the ASLV TM. Features in the TM are color coded to the regions
shown in panel A. C) Trimeric ASLV TM postfusion peplomer. The 3 ASLV TM monomers are shown in red, blue, and green. Inset: view
of ASLV TM down the 3-fold axis, showing the chloride ion bound by 3 aspargine residues within the inner HR1 core. D) Structural
superimposition of ASLV TM and other retroviral and filoviral fusion subunits. PDB coordinate files used are as follows: ASLV, 4JPR; EBOV,
2EBO; MARV, 4G2K; HTLV-1, 1MG1; MPMV, 4JF3; XMRV, 4JGS. E) Primary sequence alignment of ASLV TM subtypes A–D, Rous sarcoma
virus (RSV) TM, EBOV GP2, and MARV GP2. The 3–4 periodicity of the HRs is shown below the alignment. Stutter region,
immunosuppressive domain (ISD), and CX6CC motif are highlighted within labeled green boxes.
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polypeptide chain antiparallel to the N-terminal HR1 helix.
The CR region contains a random coil His-Gly-His-Gly loop,
a 310 helix, and a highly conserved CX6CC motif (residues
494–502). The CX6CC motif forms an internal disulfide
bond (C494–C501) that stabilizes the loop containing the
310 helix. In the �- and �-retroviruses, such as HTLV-1 and
MoMLV, the SU subunit carries a CXXC thiol–disulfide
exchange motif that is involved in disulfide bond formation
to the third cysteine in the CX6CC motif (41, 42). A
thiol–disulfide exchange induces isomerization of the
SU-TM disulfide bond to initiate fusion. In ASLV Env and
filovirus glycoproteins, the SU subunit lacks the CXXC
disulfide exchange motif, but the attachment subunit re-
mains covalently linked to the TM. In ASLV, in lieu of the
CXXC thiol–disulfide exchange motif (43), it was proposed
that the low pH might trigger the structural rearrangements
observed during viral fusion (5, 12, 43, 44).

Tether and C-terminal HR2 region

Six residues (residues 503–508) in a random coil con-
formation act as a tether between the CR and the
C-terminal HR2 region. The C-terminal HR2 region
forms 4 helical turns that pack between two HR1
helices. The HR1-HR2 interface is stabilized by hydro-
phobic interactions with residues Ile512, Phe516,
Met519, and Val523. Moreover, Lys515 forms an inter-
subunit electrostatic ion-pair with Asp464 in the N-ter-
minal HR1.

Structural similarity of ASLV TM with other retroviral
and filoviral fusion subunits

Postfusion class I viral fusion subunits all adopt a 6-helix
bundle conformation. Side-by-side analysis of these
structures reveals significant variation in the lengths of
the HR1 and HR2 helices, presence of stutter regions,
and surface electrostatic potential. Structural analysis
previously demonstrated that the fusion machineries of
�-, �-, and �-retroviruses are similar to EBOV and MARV
(refs. 25, 26, 45, and unpublished results). This finding
led to the hypothesis that the retroviral and filoviral
fusion subunits diverged from a common ancestral
fusion protein. Not surprisingly, the ASLV TM also
shares a strong overall structural similarity with trans-
membrane subunits of the �-, �-, and �-retroviruses and
the glycoproteins of EBOV and MARV (Fig. 1D). A
closer inspection, however, reveals differences in the
CR region. In all characterized �-, �-, and �-retroviral
and filoviral fusion subunits, a 310 helix is formed
directly after the central HR1 helix, which is followed
by a critical glycine-glycine (Gly-Gly) linker and a
disulfide bond-stabilized single-turn �-helix in the
CX6CC motif. Mutations to the Gly-Gly motif in
HTLV-1 Env render the virus defective in fusion and
prevent the formation of the 6-helix bundle in the
maltose-binding protein-gp21 chimera (25, 34). In the
ASLV TM, no 310 helix is directly after the HR1 core,
and the Gly-Gly pair is interrupted by His490 and
His492 to give a His-Gly-His-Gly motif. Moreover, the
short �-helix observed in other retroviruses is replaced
by a 310 helix. These features of the ASLV CR region, in
particular the His-Gly-His-Gly motif, are important for

viral fusion (46) and are conserved in all ASLV subtypes
(Fig. 1E).

ASLV TM is stable over a wide pH spectrum, unlike
other retroviral TMs

The 2-step entry mechanism of ASLV requires that the
envelope glycoprotein function at both neutral and low
pH. We performed CD thermal denaturation assays to
investigate the stability of the ASLV fusion subunit as a
function of pH (pH 5.0 to 8.5). At neutral pH, the
denaturation of ASLV TM was irreversible with a melt-
ing temperature (Tm) of 67°C. This finding is consistent
with the melting temperatures of other class I viral
fusion proteins (47–49). Although thermodynamic pa-
rameters (i.e., �G° values) cannot be calculated from an
irreversible thermal denaturation study, the apparent
Tm provides a simple measure of protein stability. The
ASLV TM was stable over a wide pH range (Fig. 2A),
with a slightly increased apparent melting temperature
(�Tm�2–5°C) at pH values corresponding to early (pH
6.0–6.5) and late (pH 5.0–6.0) endosomal stages of
the viral life cycle. Considering the nature of the ASLV
2-step entry mechanism, our results are in alignment
with the biology of the virus. Initially, receptor binding
of ASLV SU triggers conformational changes at the cell
surface, where the ASLV TM structure is rearranged to
form the extended prehairpin intermediate at neutral
pH. Then, low pH conditions trigger additional confor-
mational changes to form the hemifusion intermediate
and postfusion 6-helix bundle conformation. Given
that ASLV TM must interact at both the plasma and
endocytic membranes, the TM must be stable over a
wide range of pH.

The stability of ASLV TM over a wide range of pH
values is unique to this viral fusion protein. In contrast,
fusion proteins of viruses that traffic to the endosome,
such as influenza A, EBOV, and MARV, are most stable
only at low pH (48–50). Previous studies of EBOV GP2
revealed a dramatic decrease in melting temperature
(�Tm�37°C) on a pH change from 5.3 to 6.1 (48). For
viruses that fuse at the plasma membrane, such as the
�-, �-, and �-retroviruses, we have shown that the fusion
subunits are most stable at neutral pH (Fig. 2B).
Thermal denaturation analysis of HTLV-1 TM revealed
that at values of pH � 7.0, the Tm decreased by �40°C
relative to that at neutral pH, suggesting a dramatic
destabilization of the fusion protein (Fig. 2B). At values
of pH � 7.0, HTLV-1 gp21 was very stable and did not
fully denature even at 99°C. In addition, the thermal
melts above pH 7.0 had a biphasic nature, which was
not seen in ASLV TM. The first transition (Tm1) likely
corresponds to the denaturation of the HR2 helix and
the second and larger transition (Tm2) to denaturation
of the HR1 trimeric core. At values of pH � 7.0, a
cooperative single transition was observed, suggesting
that the HR2 region is not as tightly associated to the
HR1 core. One explanation for the neutral-pH-depen-
dent stability of HTLV-1 gp21 is electrostatic interac-
tions. Previous structural analysis of retroviral fusion
subunits revealed that HTLV-1 gp21 contains an exten-
sive series of inter- and intrachain salt bridges between
HR1 and HR2 regions (25, 51). The relative contribu-
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tion of electrostatic interactions to protein stability
predominates at neutral pH as both side chains are fully
ionized (reviewed in ref. 52). However, as the virus is
taken up into the low-pH endosomes, the strength of
the ion pair is thus reduced. Moreover, HTLV-1 gp21
has 3 histidine residues (His348, His365, and His409)
positioned in a hydrophobic cavity at the HR1-HR2
interface. At endosomal pH, these histidine residues
are protonated and the placement of an unpaired
positive charge in a hydrophobic pocket may explain
why HTLV-1 gp21 is unstable at low pH. Taken to-
gether, our results are in excellent agreement with a
neutral pH environment being required to mediate the
host cell fusion, as low pH entry pathways are not a
viable route for HTLV-1 entry.

Electrostatic interactions are not critical for ASLV
TM postfusion stability

The ASLV fusion protein contains 3 sets of salt bridges
(Fig. 3A): between the HR1 and HR2 helices, between
neighboring HR1-HR1 interfaces at the trimeric core, and
in the CR region. Specifically, at the HR1-HR2 interface,
a single interchain electrostatic interaction is present
between Lys515 on the HR2 helix and Asp464 on the HR1
trimeric core. In the HR1 trimeric core, an interchain salt
bridge is located between two neighboring HR1-HR1
helices. Arg473 is located centrally on HR1 and makes an
electrostatic interaction with Asp468 in a neighboring
HR1 helix. A third intrachain salt bridge is situated in the
CR region between His492 and Asp496.

To understand the role of the ASLV TM salt bridges
on protein stability, the positively and negatively

charged residues were mutated to alanine residues, and
the effects on protein stability were monitored by CD
spectroscopy as a function of temperature. The CD
wavelength scan indicated that the alanine mutations
did not change the overall spectral characteristics of
the protein, suggesting that the secondary structural
elements remained intact. The Tm of the wild-type
ASLV TM was 72.4°C (Fig. 3B). Interestingly, alanine
mutations to the salt bridge pair that link the HR1 and
HR2 helices (Asp464Ala and Lys515Ala) or the ion pair
in the CR region (His492Ala and Asp496Ala) had little
to no effect on the stability of the protein (�Tm�3.0°C)
(Fig. 3B). This finding is in stark contrast to glycopro-
teins from other retroviruses, such as HTLV-1 gp21,
XMRV TM, and MPMV TM that have intricate networks
of inter- and intrachain electrostatic interactions in the
fusion subunit. Mutations to residues involved in elec-
trostatic interactions between the HR1 and HR2 re-
gions have profound effects (�Tm�30°C) on fusion
protein stability and viral entry (34, unpublished data).

An Asp468-Arg473 ion pair located between HR1 heli-
ces within the ASLV TM trimeric core is unique. To our
knowledge, no other class I fusion protein has an ion pair
at the HR1 trimer interface. Typically, the interactions
between HR1-HR1 helices are largely mediated by hydro-
phobic forces. An alanine mutation to Arg473 resulted in
a 10°C decrease in the apparent Tm compared to wild-type
protein, suggesting Arg473 plays a strong role in ASLV
TM stability. However, an alanine mutation to Asp468, the
ion-pair partner to Arg473, stabilized the fusion protein
with a 5°C increase in melting temperature (Fig. 3B). We
believe that the increase in the melting temperature is
due to the formation of a new salt bridge to Asp507

Figure 2. ASLV TM stability as a function of pH. A, B) CD thermal denaturation profiles of ASLV TM (A) and HTLV-1 gp21 (B) at pH
values between 5.0 and 8.5. CD signal was normalized between 0 (folded) and 1 (unfolded). C, D) Plot of Tm vs. pH for ASLV TM (C) and
HTLV-1 gp21 (D). ASLV TM is stable from pH 5.0 to pH 8.5, whereas HTLV-1 gp21 is highly stable at pH � 7.0.
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located on the outer HR2 helix. This new ion pair will
stabilize the inner core (HR1) to the outer layer (HR2) of
the 6-helix bundle, thus leading to the observed increased
Tm. An alanine mutation to Asp507, as expected, did not
affect the Tm, indicating that this residue is not involved in
stabilizing the fusion protein. We decided to make a
double mutation encompassing both Asp468Ala and
Asp507Ala. The removal of all the negatively charged
partners to Arg473 should decrease the stability of the
fusion subunit. However, the Asp468Ala-Asp507Ala dou-
ble mutant revealed no major changes in apparent Tm
compared to wild-type (Fig. 3B). This strongly suggests
that the HR1-HR1 ion-pair does not play a role in stabi-
lizing the inner trimeric core. Instead, Arg473 is likely
involved in stabilizing the HR1-HR2 interface through a
network of hydrogen bonds made between Arg473 to
Ser471, Ser506, and Ser509 (Fig. 3A). Overall, our data
suggest that electrostatic interactions between HR1-HR1
and HR1-HR2 regions of the ASLV TM fusion subunit are
not critical for the stability of the postfusion 6-helix
bundle structure.

Hydrophobic interactions between the HR1 and HR2
regions stabilize the postfusion conformation

Considering the minimal contribution of ASLV TM
electrostatic interactions to the stability of the fusion

subunit, we wanted to investigate the role of hydropho-
bic residues that line the HR1-HR2 interface (Fig. 4A).
We mutated Leu461, Ile512, Phe516, and Met519 resi-
dues at the HR1-HR2 interface to an alanine. Mutations
on 3 hydrophobic residues within the HR2 helical
region (Ile512, Phe516, and Met519) decreased the
stability by 5–7°C compared to wild-type, whereas the
Leu461Ala mutation on HR1 destabilized ASLV TM
substantially by reducing the melting temperature by
�10°C (Fig. 4B). Leu461 is located on HR1 and makes
van der Waals interactions with Met519 and Phe516
from HR2. Previous viral entry assays identified that a
single alanine mutation to Leu461 significantly hinders
the infectivity of the virus (53). The importance of
hydrophobic residues in stabilizing the fusion protein is
consistent with the nature of the ASLV lifecycle. Hydro-
phobic interactions are independent of pH, and thus
are able to stabilize the postfusion state in a broad
range of pH environments.

Histidine residues in the CR region stabilize a
negative helix dipole at low pH

Two conserved histidine residues (His490 and His492)
are at the CR region of the ASLV TM. His490 is
positioned immediately after the HR1 region following
a short stretch of hydrophobic residues (FLLLA). The

Figure 3. ASLV TM electrostatic interactions. A) Ribbon
diagram of ASLV TM with ion-pair interactions shown as
green sticks. Each TM monomer is shown in a different
shade of pink. Inset: zoomed view of electrostatic interac-
tions between the HR1-HR2 and HR1-HR1 interfaces and
the CR region. Distances between residues are shown in angstroms; asterisks indicate residues contributed by
a neighboring molecule. B) CD thermal denaturation profiles of wild-type and salt bridge ASLV TM mutants.
CD signals were normalized between 0 (folded) and 1 (unfolded); melting temperatures are shown at right.
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side chain of the His490 faces into the center of the
hydrophobic inner trimeric TM core (Fig. 5A). In
contrast, His492 faces out into the solvent and forms an
intrachain ion pair with Asp496. To investigate the role
of these histidine residues for the postfusion conforma-
tion of the protein, we mutated His490 and His492 to
alanine residues, and monitored the melting tempera-
tures of the ASLV TM mutants as a function of pH (pH
5.0–8.0). Neither His490Ala nor His492Ala had signif-
icantly different thermal stabilities from that of the
wild-type protein at pH 6.5, 7.5, or 8.0 (Fig. 5B).
However, at pH 5.0, mutation of either His490 or
His492 to alanine significantly destabilized the ASLV
TM by �20°C compared to the wild-type TM. Mutation
of His490 had the larger effect on the stability of the
protein, decreasing the Tm below 50°C at pH 5.0,
whereas mutation of His492 reduced the melting tem-
perature to 56°C. Delos et al. (46) previously showed
that alanine substitutions to His490 or to His492 did
not hinder the membrane association of the TM during
the pH-independent, receptor-mediated first step of
viral fusion, but inhibited the entry of infectious ASLV
particles for complete fusion. Subsequently, their pH
profiling studies on CR histidines demonstrated that
although His490Ala was not significantly different from
wild-type, but His492Ala shifted the pH required for
activation by 0.6 pH units (46). Delos et al. (46)
suggested that His492 acts as a trigger to release
structural constraints on the fusion subunit on encoun-
tering a low-pH environment.

Our results show that both His490 and His492 play a
major role for the stability of the ASLV TM postfusion
conformation. We hypothesize that His490 and His492
are important in stabilizing a helix dipole moment on
the fusion subunit. From prefusion and postfusion
crystal structures of the EBOV and IAV envelope glyco-
proteins (24, 26, 54–56), it is clear that, on triggering,
the HR1 region remodels into a single long �-helix. As
the HR1 �-helix extends, the alignment of individual
dipoles from the carbonyl groups along the helical axis

place increasing net positive and negative charges at
the N- and C-terminal poles of the helix, respectively
(57, 58). The negatively and positively charged helix
dipole moments are stabilized by oppositely charged
end-capping residues (57, 59, 60). Unbalanced helix
dipole moments have been shown to destabilize helical
bundles (57, 58, 61). Calculation of the electrostatic
potential on the surface of the ASLV TM reveals
negatively and positively charged regions at the poles of
the 6-helix bundle. At low pH, the ASLV TM histidine
residues will have a positive charge and, due to their
positions at the base of the central HR1 trimeric helix,
are in excellent position to stabilize the negative dipole
moment (Fig. 5A). It is not clear whether any residues
are present that cap the positively charged dipole
moment, as most crystal structures lack the fusion
peptide and transmembrane anchor regions of the
fusion subunit.

Helix dipole moments are strongest in pH-dependent
viral fusion proteins

All class I viral fusion proteins adopt an �-helical
postfusion structure to overcome the large energy
barrier of the viral and host cell membrane merger (5).
To our knowledge, the role of a helix dipole moment
on postfusion protein stability has not been investigated
for viral class I fusion proteins. Currently, representa-
tive models exist in the PDB of viral fusion proteins
from viruses that undergo either a pH-dependent or
pH-independent entry mechanism. ASLV, LCMV, and
IAV are well-characterized viruses that require low pH
for activation, whereas retroviruses are prototypical
viruses for pH-independent entry (12, 50, 62–66).
Assessment of these structures revealed that the helix
dipole moments of the viral fusion subunits from three
different viral families (ASLV, LCMV, and IAV) appear
to have a three- to four-fold larger dipole moment
compared to other retroviral (HTLV-1, BLV, MoMLV,
and HERV-FRD) and filoviral (EBOV and MARV)

Figure 4. ASLV TM hydrophobic interactions. A) Ribbon diagram of ASLV TM
with hydrophobic interactions between the HR1-HR2 regions. Each TM
monomer is shown in a different shade of pink. Inset: zoomed view of the
hydrophobic interactions (blue sticks). B) CD thermal denaturation profiles of
wild-type and hydrophobic ASLV TM mutants. CD signals were all normalized
between 0 (folded) and 1 (unfolded); melting temperatures are shown at
right.
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fusion proteins (Table 2). From our analysis, a trend
exists where viruses undergoing a pH-dependent acti-
vation (ASLV, LCMV, and IAV) have a stronger helix
dipole moment than those that enter through a pH-
independent mechanism (MoMLV, HERV-FRD, HTLV-1,
and BLV). The filovirus (EBOV and MARV) GP2 struc-
tures are an exception to this helix dipole trend.
However, Ebola virus is a rather unique pH-depen-
dent virus. Whereas other pH-dependent viruses
utilize the low-pH environment of the endosome to
activate its viral glycoprotein for fusion, the low-pH

requirement for EBOV entry is linked to the activa-
tion of a cellular protease to cleave EBOV GP for
fusion (67– 69). Moreover, the EBOV and MARV GP2
structures are highly similar to the retroviral fusion
subunits (Fig. 1D). Therefore, while EBOV GP2 is
classified as a pH-dependent virus, its viral fusion
protein may have characteristics, including its helix
dipole properties, more similar to the pH-indepen-
dent viruses. It has been shown that electrostatic
interactions between protonated histidine and a neg-
ative helix dipole are more effective at low pH (59).

Figure 5. ASLV TM CR region histidine residues are important for stability at low pH. A) Left panels: ribbon diagrams of ASLV
TM, HTLV-1 gp21, IAV HA2, and EBOV GP2. Molecules are viewed down the 3-fold axis with the CR region facing toward the
viewer. Right panels: electrostatic potential mapped onto the molecular surface. Red and blue regions denote negative and
positive charges, respectively. Positively charged residues that stabilize the negative helix dipole moment are highlighted as
green sticks. B) CD thermal denaturation profiles of ASLV TM His490Ala, His490Arg, His492Ala, His492Glu, and HTLV-1 gp21
Lys394His at pH 8.0, 7.5, 6.5, and 5.0. CD signal was normalized between 0 (folded) and 1 (unfolded).
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Stabilization of a significant helix dipole moment
may provide a contribution to the energetics for host
and viral membrane fusion.

Insights into the general mechanisms of viral fusion

While significant diversity exists among viral fusion
proteins in terms of architecture, size, and physiologi-
cal properties, the mechanisms of viral fusion are
generally conserved. The two-step nature of ASLV
allows us to reevaluate and compare the existing crystal
structures of viral fusion proteins to identify general
trends and features required for fusion (Fig. 6).

Fusion proteins are most stable at the pH of the site of
fusion

In general, the stability of the fusion proteins tends to
mimic the environment where they fuse. For example,
it was recently shown that EBOV fusion occurs at an

endolysosome, where the pH is lower than 5.0 (70).
Interestingly, the EBOV and MARV GP2 fusion subunits
are most stable at values of pH � 5.5 (48, 49). This
trend is also seen in viruses that fuse at the plasma
membrane, such as HTLV-1, where its fusion protein
(gp21) is most stable at neutral pH. In ASLV TM, where
the virus undergoes a 2-step entry mechanism at the
plasma membrane followed by endosomal activation,
the TM is equally stable at low and neutral pHs.

Electrostatic charges are important to the stability of pH-
independent viral TMs

The �-, �-, and �-retroviruses are well known to undergo
a fusion process at the plasma membrane at neutral pH
(62, 63). Structures of the �-, �-, and �-retroviral fusion
subunits reveal a clustering of electrostatic interactions
at the HR and CR regions (ref. 34 and unpublished
results). The presence of salt bridges on pH-indepen-
dent viral TMs aligns with the life cycle of retroviruses,

TABLE 2. Calculated dipole moments of various trimeric viral fusion TM proteins

PDB code Virus Viral family Atoms (n)a
Residue length of

HR1/HR2
Dipole moment

(Debye)a

pH-dependent fusion
4JPR ASLV �-Retroviridae 687 39/16 621
3MK0 LCMV Arenaviridae 875 48/14 850
1HTM IAV Orthomyxoviridae 989 65/17 802
2EBO EBOV Filoviridae 601 36/14 261
4G2K MARV Filoviridae 662 41/15 262

pH-independent fusion
1MG1 HTLV-1 �-Retroviridae 663 46/8 176
2XZ3 BLV �-Retroviridae 746 52/8 232
1Y4M HERV-FRD �-Retroviridae 399 31/0b 275
1MOF MoMLV �-Retroviridae 418 33/0b 210

aCalculated for a single-fusion TM monomer. bHR2 helix is disordered in the crystal structure.

Figure 6. Summary of pH-dependent and pH-
independent fusion protein properties. Car-
toon shows the viral fusion subunit in the
postfusion conformation. Viruses that require
low pH for entry, such as ASLV, IAV, and
LCMV, fuse at the endosomal membrane and
have strong positive and negative charges at
their ends due to its helix dipole moment.
Negatively charged helix dipole is stabilized
by two layers of positively charged histidine or
arginine capping residues (only histidine is
shown). In addition, the outer layer of histi-
dine residues may be involved in triggering
conformational changes in the prefusion viral
glycoprotein on entering a low-pH environ-
ment. HR1-HR2 interface is in general medi-
ated by largely hydrophobic interactions. Vi-
ruses that undergo a pH-independent entry
process, such as retroviruses, fuse at the
plasma membrane. The helix dipole moment
is decreased, and no histidine or arginine
residues are located in the CR region to
stabilize the negative helix dipole. Moreover,
the HR1-HR2 interface is stabilized with a
larger number of electrostatic interactions
rather than hydrophobic forces.
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as the electrostatic interactions will provide the utmost
stability at neutral pH. Biophysical and mutagenic
studies revealed that the HR1-HR2 interface and CR
regions of these retroviral TMs are strongly stabilized by
its electrostatic interactions (unpublished results).
Moreover, previous reports showed that the alanine
mutations to these residues resulted in melting temper-
ature changes of �30°C and rendered the virus inca-
pable of entry (34). For instance, Maerz et al. (34)
identified a CR region salt bridge (Arg380 and Glu398)
on HTLV-1 gp21, and an asparagine substitution on
Glu398 residue reduced the fusion activity by more
than 5-fold compared to wild-type. Similar results were
obtained from a previously identified HIV-1 salt bridge
(Lys574 and Asp632) and inhibitors binding to a hy-
drophobic pocket that interrupts this salt bridge were
shown to hinder the cellular entry of infectious HIV-1
particles (71–74). As mentioned previously, the ASLV
fusion subunit also displays a series of salt bridges
between its HR1 and HR2 helices. Despite ASLV being
a retrovirus, its fusion protein has evolved to downplay
the requirement of these electrostatic interactions on
the stability of the postfusion 6-helix bundle. The ASLV
HR1-HR2 interface is instead stabilized through hydro-
phobic interactions, in line with viruses that undergo a
low pH-dependent entry. Therefore, viral fusion pro-
teins that mediate entry at the plasma membrane tend
to display salt bridges in its HR and CR regions, whereas
viruses entering through an endosomal pathway tend to
utilize nonionizable hydrophobic residues for stability.

Positive charge clusters in the CR region of pH-dependent
viral TMs

Structural analysis of class I fusion proteins from viruses
that require low pH for entry, such as influenza A virus
HA2, EBOV GP2, MARV GP2, and LCMV GP2, reveals a
layering of outer and inner positive charges at the HR1
base or CR region (Fig. 5A). In ASLV TM, IAV HA2,
EBOV GP2, MARV GP2, and LCMV GP2, a histidine
residue is present in an outer layer on the fusion
protein. In EBOV GP2 and MARV GP2, the outer
histidine is conserved structurally with ASLV TM
His492, suggesting an important role for the outer
histidine. In IAV HA2, the outer histidine (His142) is
suggested to act as a pH sensor to trigger conforma-
tional changes at low pH (75). Based on the prefusion
EBOV GP structure (55), His602 is at the GP1-GP2
interface, thus supporting a role in also activating the
glycoprotein for fusion. Histidine residues are ideal
low-pH sensors, as the pKa of its imidazole side chain is
6.0. Thus, at the pH of an early or late endosome,
histidine residues become protonated to trigger con-
formational changes. However, in addition to its poten-
tial role in conformational changes, the outer layer
positive charge may be involved in stabilizing the
negative helix dipole moment. Mutation of ASLV TM
His492Ala and the addition of a negative charge
(His492Glu) decreased the apparent Tm by �20°C at
low pH (Fig. 5B), suggesting that the presence of a
positive charge on the histidine residue is important for
stabilization of the fusion subunit. In contrast, the
incorporation of a histidine residue on the outer layer

of HTLV-1 gp21 (Lys394His), as expected, destabilized
the fusion protein at all pH values (Fig. 5B). Due to the
weak dipole moment of HTLV-1 gp21, a protonated
histidine residue did not increase the stability at low
pH. At pH values �7.0, a neutral histidine residue
destabilized the fusion subunit, suggesting that a posi-
tive charge in the outer layer is important for postfu-
sion HTLV-1 gp21 stability. In summary, the outer layer
positive charge may play two roles: triggering the
conformational changes for fusion, and stabilizing the
negatively charged helix dipole in the postfusion 6-he-
lix bundle.

Inner layer of positive charge is important in stabilizing the
negative dipole moment

A positive charge is also commonly found on an inner
layer of the fusion subunit. In ASLV TM, IAV HA2,
EBOV GP2, MARV GP2, and LCMV GP2, a positive
charge is found on an inner layer of the HR1 core. In
IAV HA2 and ASLV TM, His106 and His490 reside at
the base of the HR1 core, respectively. Histidine resi-
dues located at the C-terminus of a helix have been
commonly shown to interact with a helix dipole to
increase protein stability through charge-dipole inter-
actions (57, 59, 60). In EBOV GP2, MARV GP2, and
LCMV GP2, an arginine residue is located at the base of
HR1 in a position similar to His490 in ASLV TM. The
substitution of His490Arg in ASLV TM resulted in
maintained thermal stability (Tm�70°C) over a wide
pH range (Fig. 5B). Our results show that a positively
charged arginine residue can also stabilize the postfu-
sion conformation of viral fusion proteins at low pH.
Regardless of the virus and type of amino acid, the
positive charge at the base of the helical core can
counterbalance the negative helix dipole moment. For
the fusion proteins of pH-independent viruses, such as
HTLV-1 and MoMLV, no inner layer histidine or posi-
tively charged residues exist. Given that the pH-inde-
pendent viral fusion subunits have a smaller negative
helix dipole moment, end capping of the helix dipole
moment may not be necessary for this class of fusion
proteins. In summary, a basic residue is likely required
on an inner layer of the HR1 core to counterbalance
the negative helix dipole moment and stabilize the
postfusion 6-helix bundle for viral fusion proteins that
encounter a low pH environment.
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