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Membrane fusion is a key step in the life cycle of all envelope viruses, but this process is energetically unfavorable; the trans-
membrane fusion subunit (TM) of the virion-attached glycoprotein actively catalyzes the membrane merger process. Retroviral
glycoproteins are the prototypical system to study pH-independent viral entry. In this study, we determined crystal structures of
extramembrane regions of the TMs from Mason-Pfizer monkey virus (MPMV) and xenotropic murine leukemia virus-related
virus (XMRV) at 1.7-Å and 2.2-Å resolution, respectively. The structures are comprised of a trimer of hairpins that is characteris-
tic of class I viral fusion proteins and now completes a structural library of retroviral fusion proteins. Our results allowed us to
identify a series of intra- and interchain electrostatic interactions in the heptad repeat and chain reversal regions. Mutagenesis
reveals that charge-neutralizing salt bridge mutations significantly destabilize the postfusion six-helix bundle and abrogate ret-
roviral infection, demonstrating that electrostatic stapling of the fusion subunit is essential for viral entry. Our data indicate that
salt bridges are a major stabilizing force on the MPMV and XMRV retroviral TMs and likely provide the key energetics for viral
and host membrane fusion.

The fusion of the viral lipid bilayer with the host membrane is
indispensable for the obligate intracellular life cycle of all en-

veloped viruses. Viral-host cell fusion is typically catalyzed by one
or more virion-associated surface envelope glycoproteins, which
are structurally organized into three classes: classes I, II, and III
(reviewed in references 1 and 2). Regardless of the class, the gly-
coprotein is displayed on the surface of the virus in a metastable,
prefusion conformation, and depending on the virus, the glyco-
protein is activated for fusion through one of three principal
mechanisms: (i) receptor binding in a pH-independent fashion,
(ii) low pH, or (iii) a combination of both receptor binding and
low pH (reviewed in references 2 and 3).

Retroviruses are a distinct family of enveloped RNA viruses
that are classified into seven genera: alpha-, beta-, delta-, epsilon-,
and gammaretroviruses; lentivirus; and spumavirus. The retrovi-
ral envelope glycoproteins (termed Env) belong to the class I viral
fusion protein family. Env is synthesized as a single-chain poly-
peptide precursor and posttranslationally cleaved to yield a recep-
tor-binding surface (SU) domain and a fusion-active transmem-
brane (TM) domain. Mature Env is incorporated as a metastable
trimer of SU-TM heterodimers on the surface of the virus. Initial
attachment to host cells is mediated through the interaction of the
SU domain with a host cell receptor. In many retroviruses, this is
thought to trigger a conformational change that allows the TM
subunit to form an extended prehairpin conformation that facil-
itates the insertion of its hydrophobic fusion peptide into the host
plasma membrane. Subsequently, two �-helical heptad repeat re-
gions (HR1 and HR2) in the TM fold back together in a structural
rearrangement that brings the two bilayers together. The mixing
of the outer leaflets of the viral and host membranes forms a hemi-
fusion stalk. The hemifused bilayers further open into a fusion
pore as the TM stabilizes into its final postfusion six-helix bundle
conformation. Although membrane fusion is a thermodynami-
cally feasible process, it has a large activation barrier. The forma-
tion of the highly stable six-helix bundle is thought to provide the
free energy required for membrane fusion.

The beta-, delta-, and gammaretroviruses are the prototypical

system for understanding pH-independent entry. Crystal struc-
tures of two deltaretrovirus fusion subunits, human T-lympho-
tropic virus type 1 (HTLV-1) (4) and bovine leukemia virus (BLV)
(5), were determined previously, and both TM subunits were
shown to adopt a similar trimeric coiled-coil structure in the post-
fusion conformation. Surprisingly, there are not any complete
fusion subunit structures for beta- and gammaretroviruses, as the
previously reported Moloney murine leukemia virus (MoMLV)
TM structure displays only HR1 and chain reversal regions of the
fusion core; its entire C-terminal HR2 region is missing (6). Ad-
ditional structural information from beta- and gammaretrovirus
fusion glycoproteins will complete a representative structural li-
brary for the retrovirus family and allow for a detailed cross-com-
parison with other viral fusion proteins to identify common fea-
tures important for pH-independent entry.

Here, we determined the structure of the complete extramem-
brane region of the fusion protein from both beta- and gamma-
retroviral genera. Moreover, comparison of the Mason-Pfizer
monkey virus (MPMV) and xenotropic murine leukemia virus-
like virus (XMRV) TM structures unveiled the presence of key
electrostatic interactions, clustered at two unique regions of the
postfusion six-helix bundle structure. Site-directed mutagenesis
of these electrostatic staples abrogated viral entry and reduced the
overall stability of the fusion proteins. Our findings propose a
common biochemical strategy utilized by pH-independent retro-
viruses to stabilize their postfusion glycoprotein conformation to
overcome the energy barrier for fusion.
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MATERIALS AND METHODS
Expression and protein purification. DNAs corresponding to MPMV
TM (residues 412 to 513) (GenBank accession number NP_056894.1)
and XMRV TM (residues 472 to 568) (GenBank accession number
ACY30460.1) were codon optimized and synthesized with a 6-histidine
tag followed by a tobacco etch virus (TEV) protease cleavage site into a
pJexpress414 vector (DNA2.0 Inc.). Cysteine-to-serine mutations
(MPMV, C483S; XMRV, C538S) were engineered to abrogate nonspecific
intermolecular disulfide bond-mediated aggregation. All wild-type (WT)
or mutant MPMV and XMRV fusion glycoproteins were expressed in
Escherichia coli BL21(DE3) cells. Cell cultures were grown to an optical
density at 600 nm (OD600) of 0.6 at 37°C and induced with 0.5 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) for 18 h at 25°C. Cells were
lysed by using a hydraulic cell disruption system (Constant Systems).
Protein purification was performed stepwise by using Ni-nitrilotriacetic
acid (NTA) metal affinity followed by size-exclusion chromatography on
a prep-grade Superdex-75 10/300 column equilibrated in 1� Tris-buff-
ered saline (TBS) (10 mM Tris-HCl [pH 7.5] and 150 mM NaCl). Protein
concentration was quantified by determining the A280.

Crystallization and structure determination. Prior to crystallization,
the polyhistidine tag was removed by using proteases. For MPMV TM,
TEV protease (1:100 protease-to-protein molar ratio), purified as previ-
ously described (7), was used to cleave the protein at 22°C for 24 h. For
XMRV TM, TEV protease did not efficiently cleave the tag; thus, a chy-
motrypsin digest (1:3,000 protease-to-protein molar ratio) was per-
formed at 22°C for 1.5 h. Cleavage reactions were stopped with a final
concentration of 1 mM phenylmethylsulfonyl fluoride (PMSF), and the
mixtures were subsequently purified on a Superdex-75 10/300 column
equilibrated in 1� TBS. MPMV and XMRV TMs were concentrated to 15
mg/ml and crystallized by hanging-drop vapor diffusion. Crystals for
MPMV TM were obtained in 18% (wt/vol) polyethylene glycol 3400 (PEG
3400) and 0.2 M sodium thiocyanate, while plate-like crystals were grown
for XMRV TM in a solution containing 23% (wt/vol) PEG 3350, 0.1 M
Bis-Tris (pH 5.5), 0.2 M NaCl, and 4% (vol/vol) 2,2,2-trifluoroethanol.
Both MPMV and XMRV TM crystals were soaked in a cryoprotectant
containing the mother liquor components plus 25% (vol/vol) glycerol,
prior to being flash cooled in liquid nitrogen. Data for XMRV and MPMV
TMs were collected on a Rigaku FR-E Superbright X-ray generator and a
Saturn A200 HD charge-coupled-device (CCD) detector. All data were
reduced and scaled by using d*TREK (8). The MPMV and XMRV TM
structures were determined by molecular replacement using the program
Phaser (9) and human syncytin-2 (PDB accession number 1Y4M) (10)
and Moloney murine leukemia virus TM (PDB accession number 1MOF)
(6) as the initial search models, respectively. Iterative rounds of model
rebuilding were performed by using the program Coot (11), followed
by simulated annealing torsion angle refinement using the program
PHENIX.refine (12). Data collection and refinement statistics are pre-
sented in Table 1.

Circular dichroism spectroscopy and thermal melts. Circular dichr-
oism (CD) spectral scans and thermal melts of fusion proteins (concen-
trations ranging from 0.2 to 2 mg/ml) were acquired on a Jasco J-810
spectropolarimeter using 1-mm quartz cuvettes (Helma). CD wavelength
scans were collected at between 190 and 250 nm and averaged over five
accumulations. Thermal denaturation assays were carried out at a single
wavelength (222 nm) by increasing the temperature from 20°C to 99°C in
2°C/min increments. The heating of all retroviral fusion proteins to 99°C
in a buffer containing 10 mM potassium phosphate (pH 7.5) and 150 mM
NaCl was insufficient to denature the predominantly �-helical fusion pro-
teins. A total of 1 M guanidine-HCl was added to all samples in order to
fully denature MPMV TM and XMRV TM within a temperature range of
20°C to 99°C. The data were baseline corrected and plotted as a function of
folded and unfolded states versus temperature. Melting temperature (Tm)
values were calculated from thermal melt curves fitted by using a biphasic
sigmoidal nonlinear regression algorithm in GraphPad.

Viral entry assays. (i) Cells and expression constructs. All cell culture
media, additives, and fetal bovine serum (FBS) were purchased from Life
Technologies/Gibco. Human embryonic kidney HEK 293T cells (ATCC
CRL-11268) were cultured in 1� Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% (vol/vol) heat-inactivated FBS plus 1�
antibiotic-antimycotic and propagated at 37°C in a 5% CO2 incubator. A
single-cycle murine leukemia virus (MLV) pseudovirus was generated by
using a multiplasmid expression system consisting of a shuttle vector for
MLV, a MLV gag-pol-carrying plasmid, and a plasmid encoding the ap-
propriate XMRV or MPMV envelope glycoprotein (13, 14). The MLV
shuttle vectors are self-inactivating, packageable plasmids containing an
enhanced green fluorescent protein (eGFP) reporter gene and a spleen

TABLE 1 Data collection and refinement statistics

Parameterc

Value

MPMV TM XMRV TM

Data collection statistics
Space group P3 P21212
Unit cell dimensions (Å)

a � 44.0 100.0
b � 44.0 148.4
c � 81.7 58.1
� � � � 90° 90°
� � 120° 90°

Wavelength (Å) 1.54 1.54
Resolution range (Å) 34.5–1.7 47.6–2.2
Total no. of reflections 101,292 295,524
No. of unique reflections (no. of

reflections in outer-resolution
shell)

18,731 (1,694) 44,752 (4,394)

Completeness (%) (completeness in
outer-resolution shell)

96.2 (85.4) 99.9 (99.5)

Rmerge (%)a (Rmerge in outer-resolution
shell)

4.6 (26.5) 8.8 (50.3)

Multiplicity (multiplicity in outer-
resolution shell)

5.4 (4.1) 6.6 (5.7)

I/�(I) [I/�(I) in outer-resolution shell] 19.3 (4.4) 9.0 (2.2)

Refinement statistics
No. of molecules in asymmetric unit 2 9
No. of residues 182 757
No. of waters 197 301
No. of chloride ions 3 3
Rwork/Rfree (%)b 15.4/19.3 21.4/26.6
Avg B factor (Å2)

Overall 17.1 31.4
Protein 15.8 31.3
Solvent 26.4 32.9

RMSD bonds (Å) 0.010 0.013
RMSD angles (°) 1.1 1.3
Ramachandran plot statistics (%)

Most favored region 100.0 99.7
Additional allowed region 0.0 0.3
Disallowed region 0.0 0.0

a Rmerge � ��j|Ij 	 
I�|/�|
I�|, where Ij and 
I� represent the diffraction intensity values
of the individual measurements and the corresponding mean values, respectively. The
summation is over all unique measurements. Values given in parentheses refer to
reflections in the outer-resolution shell: 1.76 to 1.70 Å for MPMV and 2.28 to 2.20 Å for
XMRV.

b 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.
c RMSD, root mean square deviation.
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focus-forming virus 5= long terminal repeat (LTR) promoter. The MLV
gag-pol plasmid contains the full gene (14, 15). The XMRV env gene was
synthesized and cloned into pDISPLAY (Invitrogen). The expression
plasmids for MPMV Env (pTMO) (16) and the MLV backbone were
kindly provided by Eric Hunter (Emory University) and Marc-André
Langlois (University of Ottawa). XMRV and MPMV Envs were fused with
a hemagglutinin A (HA) epitope tag at their N and C termini, respectively,
for detection. Viral glycoprotein mutants were generated by using the
QuikChange II site-directed mutagenesis protocol.

(ii) Pseudovirus production. A total of 1.5 � 106 HEK 293T cells were
seeded into each 10-cm cell culture dish (Corning) and incubated over-
night at 37°C with 5% CO2. At 40% confluence, growth medium was
replaced with serum-free 1� DMEM. Expression vectors (2.4 �g packag-
ing, 1.8 �g gag-pol, and 1.8 �g env plasmids) were mixed with Genejuice
transfection agent (Millipore) at a 3:1 ratio of transfection agent to plas-
mid DNA. The transfection mixture was added dropwise onto HEK 293T
cells and incubated for 6 h. Subsequently, cells were washed with 1�
phosphate-buffered saline (PBS) and overlaid with 10 ml of 1� DMEM
with 10% (vol/vol) FBS. Supernatants containing infectious viral particles
were collected at 48 h posttransfection, filtered through 0.45-�m-pore-
size polyvinylidene difluoride (PVDF) syringe filters, and concentrated
20-fold by using Amicon Ultra-15 centrifugal concentrators (100-kDa-
molecular-mass cutoff; Millipore).

(iii) Virus titration. An MLV core antigen enzyme-linked immu-
nosorbent assay (ELISA) kit (Cell Biolabs) was used, according to the
manufacturer’s protocols, to determine the number of viral particles in
the supernatant. Mutant pseudotyped viruses were measured by ELISA
for viral particle amounts only and normalized to WT levels for infectivity
assays. In addition, for WT Env pseudotyped viruses, biological titration
assays were performed to measure the number of transducing viral parti-
cles. Briefly, 3 � 105 HEK 293T cells were seeded per well into a 6-well
plate 24 h prior to infection. The concentrated virus-containing superna-
tants were serially diluted 1-, 10	1-, 10	2-, 10	3-, and 10	4-fold. Fifty
microliters of XMRV or 100 �l of MPMV pseudovirus-containing sam-
ples was mixed with 500 �l of 1� DMEM, added to HEK 293T cells, and
incubated for 90 min. Cells were then washed with 1� PBS and supple-
mented with and additional 2 ml of 1� DMEM with 10% (vol/vol) FBS.
The percentage of eGFP-positive cells was analyzed by flow cytometry
(FACSCalibur; BD Biosciences) at 24 h postinfection. The titer (in trans-
ducing units/ml) was calculated as [(% eGFP-positive cells/100) � num-
ber of cells transduced]/volume of virus (17).

(iv) Detection of GP expression on producer cells. The expression
levels of WT and mutant viral glycoproteins on HEK 293T producer cells
were analyzed by immunoblotting. Here, Env-transfected cell monolayers
were washed with PBS, and cells were lysed with NP-40 lysis buffer (50
mM Tris-HCl [pH 8.0], 120 mM NaCl, and 0.5% [vol/vol] NP-40) sup-
plemented with 2� protease inhibitor cocktail (Roche). Cell lysates were
normalized with Bradford assays and analyzed by anti-HA immunoblot-
ting.

(v) Detection of Env incorporation into pseudotyped viruses. The
incorporation of WT or mutant viral Env into pseudotyped viruses was
analyzed by immunoprecipitation (IP) and immunoblots. The amount of
pseudotyped virus particles in the supernatant was estimated by an MLV
p30 ELISA as described above. Equivalent amounts of WT and mutant
pseudotyped virus particles were mixed with anti-HA antibody and pro-
tein A-agarose beads at 4°C for 2 h. Subsequently, the beads were washed
five times with 1 ml TNEN buffer (20 mM Tris-HCl [pH 8.0], 100 mM
NaCl, 1 mM EDTA, 0.5% [vol/vol] NP-40) and subjected to immunoblot
analysis, as described above.

(vi) Viral infectivity assay. HEK 293T cells (3.0 � 105) were seeded
into six-well plates and grown overnight at 37°C in 5% CO2. These target
cells were overlaid with 0.5 ml of pseudovirus-containing DMEM (nor-
malized titers, as described above) and incubated for 90 min. Subse-
quently, cells were washed with 1� PBS and overlaid with 2 ml of 1�
DMEM with 10% (vol/vol) FBS. Samples were analyzed at 24 h postinfec-

tion by flow cytometry (FACSCalibur; BD Biosciences). Flow cytometry
data were processed by using the FlowJo software package. Expression of
eGFP was used to determine the efficiency of viral fusion. Experimental
results are shown as the number of cells infected by virions containing the
mutant viral glycoprotein divided by the number of cells infected by viri-
ons containing the WT glycoprotein, multiplied by 100 to obtain percent-
ages. Each experiment was done in triplicate and repeated twice.

Accession numbers. Atomic coordinates and structure factors for
MPMV and XMRV TMs have been deposited in the Protein Data Bank
(PDB) under accession numbers 4JF3 and 4JGS, respectively. All plas-
mids, along with sequences, have been deposited in the Addgene database
under accession numbers 49087 (MPMV) (http://www.addgene.org/490
87) and 49088 (XMRV) (http://www.addgene.org/49088).

RESULTS AND DISCUSSION
Structure determination. We determined the crystal structures of
the fusion core regions of the transmembrane proteins of Mason-
Pfizer monkey virus (MPMV), a betaretrovirus, and xenotropic
murine leukemia virus-like virus (XMRV), a gammaretrovirus.
The MPMV and XMRV fusion cores lack the hydrophobic N-ter-
minal fusion peptide and the membrane-associated transmem-
brane anchor (Fig. 1a). In addition, to prevent nonspecific disul-
fide bond formation, the third cysteine in the CX6CC motif was
mutated to serine (MPMV, C483S; XMRV, C538S). This third
cysteine is thought to mediate a disulfide linkage between the SU
and TM subunits, similar to Ebola virus glycoprotein (GP) (18).
Both MPMV and XMRV TMs purify as a clear trimer by size-
exclusion chromatography. The resulting MPMV and XMRV TM
structures (Fig. 1b) were refined against data at 1.7-Å and 2.2-Å
resolution, respectively (Table 1). Electron density maps revealed
clear density for residues 421 to 512 and 476 to 563 in MPMV and
XMRV TMs, respectively (Fig. 1c). Weak electron density was
observed for the first 16 residues in XMRV TM. MPMV has a
predicted N-linked glycosylation site at Asn487 in its fusion sub-
unit. However, our crystallized MPMV TM was expressed in bac-
teria and therefore lacks N-linked glycosylation. This is not ex-
pected to affect the overall structure of MPMV TM given that
Asn487 resides in the tether loop region rather than the more
structured HR1 or HR2 region. The MPMV TM described here is
the first fusion protein structure from the betaretrovirus family,
and the XMRV TM structure now provides a complete picture of
fusion cores from gammaretroviruses, as the previously deter-
mined MoMLV TM structure (6) was missing the entire C-termi-
nal region of the molecule.

Structure of retroviral fusion glycoproteins. All retroviral fu-
sion glycoprotein subunits that have been biochemically charac-
terized adopt a trimeric structure. Each monomer contains one
long central �-helical region and a second shorter �-helix at its C
terminus (Fig. 1b). These two helices are termed HR1 and HR2,
respectively, and each helix consists of a repeating pattern of 7
amino acids (a, b, c, d, e, f, and g) with hydrophobic residues at the
first and fourth positions (underlined). Hydrophobic leucine and
isoleucine residues on the HR1 �-helical region align in regular
knobs-into-hole packing to form a long, central trimeric core. In
all of the retroviral TMs, a single asparagine layer in HR1 disrupts
the leucine/isoleucine knob-in-hole packing (19) to make contact
with a putative chloride ion that may act as a switch to allow
conformational changes necessary for fusion with the host cell
membrane. In the deltaretroviral TMs, a second asparagine layer
coordinates an ordered water molecule (4). At the base of the HR1
core, a short 310 helix and a disulfide bond-stabilized, single-turn
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�-helix form the chain reversal region, where the polypeptide
chain completes a 180° turn (Fig. 1b). The polypeptide chain then
extends into a random coil that tethers the HR2 helix. The helical
content of HR2 varies from six turns in MPMV TM to five turns in

XMRV TM. The HR2 helix packs into the grooves formed be-
tween two HR1 helices to form the six-helix bundle that is widely
considered to be the postfusion conformation. The packing of
HR2 into HR1 brings the amino and carboxy termini together,

FIG 1 Structures of retroviral fusion glycoproteins. (a) General diagram of a CX6CC-containing retroviral envelope glycoprotein. MPMV and XMRV Envs are
synthesized as a single polypeptide precursor that is posttranslationally cleaved to form the SU and TM subunits. The SU subunit of MPMV and XMRV typically
contains 6 and 10 N-linked glycans (red Y symbols), respectively, and is the subunit responsible for attachment to the host receptor. The MPMV Env N-linked
glycosylation pattern is shown on the schematic. The TM subunit contains a single N-linked glycan, a hydrophobic fusion peptide (FP), and two �-helical heptad
repeat regions (HR1 and HR2). The two heptad repeat regions are separated by a chain-reversing CX6CC motif and a short tether region. The first and second
cysteines in the CX6CC motif form an intrasubunit disulfide bond, and the third cysteine forms an intersubunit disulfide linkage with a cysteine in the SU subunit.
The carboxy terminus contains a transmembrane (TM) anchor and a cytoplasmic tail (CT) that interacts with the retroviral Gag protein. Fusion subunit regions
included in the construct for structural studies are shown in color. (b) Ribbon representation of the beta- and gammaretrovirus fusion cores. The intrasubunit
disulfide bonds are indicated as sticks. (c) Representative �A-weighted 2Fo 	 Fc electron density map contoured at 1�, superimposed with the final MPMV TM
and XMRV TM refined model (the N-terminal HR1 portion is shown). Overall, the electron density is well defined throughout the HR1, HR2, and chain reversal
regions. (d) Structural similarity of retroviral fusion subunits. Shown is a superimposition of the fusion subunits from HTLV-1 (PDB accession number 1MG1),
MPMV (PDB accession number 4JF3), and XMRV (PDB accession number 4JGS).
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positioning the virus and the host membrane-interacting seg-
ments of the full-length viral glycoprotein into close proximity.
The MPMV and XMRV TMs have a high degree of overall struc-
tural similarity to the HTLV-1 and BLV fusion subunits (root
mean squared deviation � 
1.6 Å) (4, 5) (Fig. 1d).

Identification of intra- and intersubunit salt bridges. Struc-
tural comparison of the MPMV and XMRV TMs revealed an in-
tricate network of intra- and interchain electrostatic interactions
(Fig. 2a). These interactions were not previously identified, as the
HR2 regions in previously crystallized retroviral TMs were miss-
ing. Retrovirus electrostatic interactions cluster into two distinct

regions on the TM fusion core: (i) the heptad repeat and (ii) chain
reversal regions.

(i) Heptad repeat region. The binding of HR2 to HR1 is stabi-
lized through multiple single and complex-type salt bridges (Fig.
2a). In MPMV TM, an intramolecular electrostatic interaction
(D435-R506) is formed at the top of the fusion subunit, and the
central HR region is anchored by a series of complex, interchain
electrostatic interactions. In the central HR1, three sets of complex
salt bridges are formed (K495-D445-K488, D445-K488-D448,
and K488-D448-R493). In XMRV TM, three separate pairs of salt
bridges span the heptad repeat region (D490-R557, E495-R555,

FIG 2 Intra- and complex intermolecular retroviral salt bridges. (a) Ribbon diagram of MPMV and XMRV TMs. Electrostatic interactions are shown in the
insets. Residues labeled with asterisks are contributed by a neighboring subunit. (b) Relative infectivities of wild-type and salt bridge mutant pseudotyped
retroviruses. Data represent the averages of data from at least six independent experiments. (c) Thermal denaturation of the indicated wild-type and mutant
retroviral fusion subunits. Data points were fitted to a nonlinear biphasic sigmoidal curve in GraphPad.
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and E502-R548); it lacks the complex salt bridge in the middle of
the HR1 core observed for the MPMV TM. In all of the retroviral
fusion proteins, the HR1 trimer is rich in negatively charged as-
partate or glutamate residues, and these residues cluster to form
layers of anionic charge (Fig. 3). On the counterpart HR2 helical
surface in retroviral TMs, a cationic surface complementary to the
negative charge is found. These positively and negatively charged
residues are highly conserved within their own retroviral family.

(ii) Chain reversal region. Both MPMV and XMRV fusion
proteins contain a single, structurally conserved, intersubunit ar-
ginine-glutamate electrostatic pair (MPMV TM, R462-E480;
XMRV TM, R517-E535) in the chain reversal region (Fig. 2a). The
arginine residue is present at the base of the HR1 region, whereas
a glutamate resides on a loop after the single-turn �-helix in the
CX6CC motif.

Electrostatic stapling of HR1-HR2 is necessary for retroviral
entry. The role of each retroviral salt bridge was quantified in a
cell-based viral entry assay. Single-cycle infectious viral particles
containing the MPMV or XMRV full-length wild-type or mutant
envelope glycoprotein were produced. Wild-type MPMV and
XMRV Env pseudovirions were tested against human embryonic
kidney HEK 293T cells. HEK 293T cells exhibited high infectivity
levels, consistent with previous studies (20, 21), and were used for
all viral infectivity studies. Immunoprecipitation and immuno-
blot analyses of the producer cells and pseudotyped viruses re-
vealed that mutations of the full-length retroviral glycoproteins
did not affect processing or incorporation into virions (Fig. 4).
Electron microscopy of the pseudovirions revealed a typical ret-
rovirus particle structure approximately 100 nm in diameter and
proper formation of the retroviral capsid and envelope (data not
shown). Infectivity levels measured by flow cytometry demon-
strated that alanine point mutations in any of the salt bridges in
the central parts of the HR or chain reversal regions completely
abolished the entry of retroviral particles into host cells or reduced
it to very low levels (Fig. 2b and Table 2). Mutations of salt bridges
located at the membrane-proximal ends of HR1 and HR2
(MPMV TM, D435-R506) inhibited but did not completely block
entry. Inter- and intrasubunit salt bridges that anchor the mem-

FIG 3 Surface electrostatic potential of the HR1-HR2 interface. A negatively
charged surface is displayed on the MPMV and XMRV HR1 trimers and is
complementary to a positively charged surface on HR2. The footprint of the
HR2 helix on the HR1 trimeric core is shown by a dashed line. Red and blue
regions denote negative and positive charges, respectively.

FIG 4 Characterization of MPMV- and XMRV-pseudotyped virions. WT and mutant MPMV or XMRV pseudovirions were normalized by an MLV p30 ELISA
and separated by SDS-PAGE. Expression of WT or mutant Env was detected in pseudovirions and producer cells by immunoblot analysis using an anti-HA
primary antibody. All pseudovirion samples were nonreduced, and the mature covalently attached MPMV and XMRV Envs (MPMV, gp86; XMRV, gp85) were
detected. In the producer cell lysate, the MPMV and XMRV Envs do not dissociate into the SU and TM subunits under reducing conditions, suggesting the
presence of the uncleaved precursor glycoprotein (MPMV, pr86; XMRV, pr85). Mock is a separate experiment consisting of cotransfection of the MLV backbone
and gag-pol vectors; no envelope glycoprotein vector was transfected. �-Actin was used as a loading control.
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brane-distal and central portions of the heptad repeats and those
within the chain reversal region were highly sensitive to mutagenic
disruption, and thus, these electrostatic interactions are critical to
the viral entry mechanism. The striking all-or-none effect suggests
that the loss of a single electrostatic interaction, which typically
contributes 3 to 5 kcal/mol of energy for binding (22, 23), may be
enough to prevent crossing of the activation barrier threshold for
the formation of the postfusion conformation.

Electrostatic staples stabilize the structure of the heptad re-
peat regions. Circular dichroism (CD) spectroscopy is an excel-
lent tool to investigate protein secondary structure and the folding
and unfolding of macromolecules as a function of temperature.
�-Helices display negative CD spectral peaks at 208 nm and 222
nm, whereas the �-sheet or random-coil conformation is detected
as single minimum at 215 nm or below 210 nm, respectively. CD
spectra of the wild-type and mutant MPMV and XMRV fusion
proteins exhibited the typical double minima at 208 nm and 222
nm, characteristic of their predominantly �-helical secondary
structures. The CD signatures for all retroviral fusion mutants
were similar (data not shown), suggesting that the relative �-he-
lical content did not change as a result of the targeted mutations.

The stabilities of retroviral fusion glycoproteins and mu-
tants were determined by monitoring the decrease in helical
content at 222 nm as a function of temperature over the range
from 20°C to 99°C (Table 2). The thermal unfolding of all
retroviral fusion proteins was irreversible. Although thermo-
dynamic properties cannot be obtained from an irreversible
thermal melt, the estimation of an apparent melting tempera-
ture (Tm) serves as a simple measure of protein stability. All
wild-type retroviral fusion subunits unfolded cooperatively
and were highly stable, with apparent Tm values above 75°C.

The high melting temperatures are consistent with the estab-
lished stabilities of other viral fusion proteins (24–26).

Mutations of salt bridges in the heptad repeat regions in XMRV
TM resulted in pronounced biphasic transitions in the thermal
denaturation curves, whereas wild-type proteins and the chain
reversal region salt bridge mutations displayed only single transi-
tions. We hypothesize that in the first transition, Tm1, the HR1
trimeric core remained intact, and the loss of CD signal resulted
from unfolding of the HR2 helix (Fig. 2c). The second, higher-
temperature (�80°C) transition (Tm2) is likely due to unfolding of
the HR1 helix core. In XMRV TM, salt bridge mutations in the HR
region resulted in 27°C to 31°C decreases in Tm1 compared to the
wild type. Specifically, mutations of residues on the cation pocket
(R548, R555, and R557 in XMRV TM) revealed a decrease of

30% in the CD signal, which corresponded well with the total
�-helical content in the HR2 region. In addition, this was consis-
tent with the structural models, as these residues were predicted
only to destabilize HR2 binding to HR1. It is interesting to note
that mutations in the HR1 anion pocket (XMRV TM D490A,
E495A, and E502A) resulted in a larger loss in the CD signal (50 to
60%). This suggests that mutations of the negatively charged as-
partate or glutamate residues in the HR1 helix destabilize the
binding of both HR2 and also, likely, the HR1 trimeric core. In
MPMV TM, the two-phase transitions of HR mutants were not as
pronounced as those seen in XMRV TM mutants (Fig. 2c); how-
ever, there was a decrease in the CD signal resulting in a downward
shift of the apparent Tm. Given the poorly defined melting transi-
tion, we were not able to accurately determine the apparent Tm1

and Tm2 values for MPMV TM. The lack of a clear biphasic tran-
sition in MPMV TM was likely due to the higher number of inter-
chain complex salt bridges in the HR region than in XMRV TM.

TABLE 2 Summary of retroviral fusion protein mutations

Virus and mutation
Protein expression/viral
incorporationb

Relative
infectivity (%)

Tm1

(°C) Tm2 (°C) Location

MPMV (betaretrovirus)
Wild type �����/����� 100.0 n/ac 78
D435A �����/����� 12.7 55a 78 HR1 top
D445A �����/����� 0.0 54a 74 HR1 central
D448A �����/����� 0.0 53a 73 HR1 bottom
R462A �����/����� 0.0 n/a 71 Chain reversal region
E480A ����/���� 0.0 51a 70 Chain reversal region
K488A �����/����� 0.0 51a 70 HR2 bottom
R493A �����/����� 0.0 n/a 69 HR2 bottom
K495A �����/����� 0.0 n/a 78 HR2 central
R506A �����/����� 10.0 n/a 73 HR2 top

XMRV (gammaretrovirus)
Wild type �����/����� 100.0 n/a 93
D490A �����/����� 0.0 62 89 HR1 top
E495A �����/����� 0.0 66 89 HR1 central
E502A �����/����� 30.5 64 89 HR1 bottom
R517A �����/����� 0.0 n/a 83 Chain reversal region
E535A �����/����� 5.4 n/a 83 Chain reversal region
R548A �����/����� 0.0 67 85 HR2 bottom
R555A �����/����� 0.0 67 86 HR2 central
R557A �����/����� 0.0 n/a 86 HR2 top

a The Tm value is an estimate.
b � denotes the level of expression.
c n/a, not applicable.
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Overall, our results suggest that extensive ion pair networks in the
HR region provide a general strategy to influence the thermal
stability of retroviral fusion subunits.

In the chain reversal region, all salt bridge mutations had a
single transition thermal denaturation profile (Fig. 2c). A single
transition was expected, as mutations of the chain reversal region
salt bridges should not significantly affect the folding or assembly
of HR2 onto the HR1 core. In general, mutations of chain reversal
salt bridges had more modest effects on the melting temperature
(�Tm of 
10°C), with the exception of the MPMV TM E480A
mutation, than mutations in the HR regions (�Tm of �25°C). Our
results suggest that the chain reversal ion pair plays a role in sta-
bilizing the fusion subunit but not as large an extent as the elec-
trostatics found in the HR1 or HR2 region.

Implications of electrostatic interactions for retroviral fu-
sion. Retroviral envelope glycoproteins may be divided into two
types: ones that contain a disulfide bond between the SU and TM

subunits and ones that are noncovalently associated (27). Cova-
lent-type retroviral Env contains a conserved immunosuppressive
domain (ISD) and a CX6CC motif in the chain reversal region of
its fusion subunit. CX6CC-containing glycoproteins are com-
monly observed within the alpha-, delta-, and gammaretroviral
genera but not in lentiviruses or spumaviruses (Fig. 5). The be-
taretrovirus genus is unique from the others, as examples of both
covalent-type and non-covalent-type viral glycoproteins are ob-
served (27). For instance, MPMV Env, which contains a CX6CC
motif, is thought to be derived from a gammaretrovirus through a
recombination event. On the other hand, mouse mammary tu-
mor virus (MMTV) and Jaagsiekte sheep retrovirus (JSRV) belong
to the betaretrovirus genus, but the SU and TM subunits are non-
covalently associated (27), similar to the lentiviral envelope glyco-
proteins (HIV-1 gp160).

Electrostatic interactions are of fundamental importance for
protein folding and function. The MPMV and XMRV retroviral

FIG 5 Sequence alignment of retroviral fusion subunits. Sequence alignments are separated into covalent-type (a) and non-covalent-type (b) retroviral envelope
glycoproteins. Secondary structural definitions and residue numbering shown above the alignments are based on HTLV-1 gp21 and HIV-1 gp41 for the
covalently and noncovalently attached Envs, respectively. Residues involved in electrostatic interactions are labeled with an asterisk, and those that are conserved
across and within each beta-, delta- and gammaretroviral family are highlighted in green and yellow, respectively. Abbreviations are as follows: HTLV-1/2, human
T-lymphotropic virus type 1/2; STLV-1/2/3, simian T-cell leukemia virus type 1/2/3; BLV, bovine leukemia virus; MPMV, Mason-Pfizer monkey virus; SMRV,
squirrel monkey retrovirus; SRV-1/2, simian retrovirus; RD114, feline endogenous retrovirus; REV, reticuloendotheliosis virus; SNV, spleen necrosis virus;
GALV, gibbon ape leukemia virus; KORV, koala retrovirus; PERV, porcine endogenous retrovirus; XMRV, xenotropic murine leukemia virus-like virus;
MoMLV, Moloney murine leukemia virus; KiMSV, Kirsten murine sarcoma virus; FeLV, feline leukemia virus; Ga-FeSV, Gardner-Arnstein feline sarcoma
virus; ASLV, avian sarcoma leukosis virus; RSV, Rous sarcoma virus; HIV-1, human immunodeficiency virus type 1; SIV, simian immunodeficiency virus;
MMTV, mouse mammary tumor virus; JSRV, Jaagsiekte sheep retrovirus.
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fusion subunits are rich with salt bridges that form “electrostatic
staples.” Each retroviral fusion subunit contains at least four sets
of salt bridges, and each electrostatic interaction plays an impor-
tant role in the formation of the postfusion state. Our sequence
alignment of retroviral TMs demonstrated that all covalent-type
fusion subunits contain a high degree of sequence similarity, in
particular residues at the C-terminal end of the HR1 helix and
those within the chain reversal region (Fig. 5a). Sequence align-
ments with the non-covalent-type Env, such as HIV-1, JSRV, and
MMTV, reveal poor overall sequence conservation (Fig. 5b). For
instance, MMTV TM has 30% sequence identity with JSRV TM
but only 
6% sequence identity with the covalent-type MPMV
TM. Moreover, the non-covalent-type fusion subunits are differ-
ent in size and physiochemical properties from the CX6CC-con-
taining fusion subunits. Our crystal structure of MPMV TM is a
representative model for other covalent-type betaretrovirus TM
proteins, but it is difficult to predict the position or roles of salt
bridges from non-covalent-type betaretroviral TMs without a
crystal structure.

The intricate network of intra- and intersubunit electrostatic
interactions found at the HR1/HR2 and chain reversal regions of
MPMV and XMRV TMs are strictly conserved within their re-
spective retroviral families. However, an electrostatic salt bridge
formed at the membrane-proximal end of the HR1/HR2 core
(HTLV-1 TM, D353-R416; MPMV TM, D435-R506; XMRV TM,
D490-R557) and an intersubunit electrostatic pair at the chain
reveal region (HTLV-1 TM, R380-E398; MPMV TM, R462-E480;
XMRV TM, R517-E535) are structurally conserved in all covalent-
type beta-, delta-, and gammaretrovirus fusion subunits (Fig. 5b).
Given the structural conservation, this suggests that electrostatic
interactions may be required at both ends of the fusion protein for
entry.

Due to the long-range attractive effects of electrostatic interac-
tions, we suggest that the retroviral salt bridges help locate, posi-
tion, and stabilize the interactions of HR1 and HR2, acting in a
manner analogous to a zipper. Cryo-electron microscopy (EM)
reconstructions of the prefusion Moloney murine leukemia virus
Env revealed a tripod-like structure that implies the HR2 regions
of the fusion subunit are splayed out from the central glycoprotein
core (28). In order to form the postfusion six-helix bundle, the
HR2 region must undergo significant conformational changes to
allow its packing into the HR1 trimeric core. The chain reversal
region is the point at which the fusion subunit polypeptide chain
reverses direction. Thus, after triggering of the retroviral glyco-
protein, it is logical that the CR region is important in initiating
the conformational changes to form the postfusion state. We hy-
pothesize that the CR region salt bridge (MPMV, R462-E480;
XMRV, R517-E535) directs the initial alignment and anchors the
turn in order to facilitate HR2 to pack into the prehairpin HR1
intermediate. In addition, the CR region salt bridge is intersubunit
in nature; thus, the formation of one salt bridge will have the
potential to confer a concerted conformational change to the
other subunits. The role of the retroviral CR region salt bridge is
analogous to the role of a slider in a zipper in fastening the base
and aligning the teeth. This interpretation accounts for the com-
parably low infectivity levels of both the mutated CR and HR1/
HR2 core pseudotyped virions despite significant differences in
thermal stability. Thus, stabilization of the chain reversal region
during the fusion event appears to be just as important to infec-
tivity as stabilization of the final postfusion conformation. Previ-

ous work on HTLV-1 gp21 also suggested that the R380-E398
chain reversal salt bridge may stabilize the disulfide-bonded chain
reversal region (29). The electrostatic interactions located be-
tween the HR1 and HR2 helices are equivalent to the teeth of the
zipper to fasten and stabilize the postfusion six-helix bundle once
HR2 packs into the HR1 trimeric core.

The extensive use of electrostatic interactions to stabilize the
postfusion structure is consistent with the biology of retroviruses.
For retroviruses entering the plasma membrane at neutral pH,
electrostatic interactions would have a large effect, as acidic and
basic residues would be fully ionized to stabilize the six-helix bun-
dle. Notably, a conserved salt bridge (Lys574-Asp632) between the
N- and C-terminal heptad repeat regions of HIV-1 gp41 was
shown to be critical for stability and viral entry (30, 31). Moreover,
synthetic peptides and small-molecule inhibitors targeting the
gp41 salt bridge demonstrated potent antiviral activity against
HIV-1-mediated membrane fusion (32, 33). Many members of
the paramyxovirus family, such as respiratory syncytial virus and
parainfluenza virus, are also thought to undergo a pH-indepen-
dent mechanism of entry (34, 35). The postfusion structures of
paramyxovirus family F glycoproteins also reveal the presence of
electrostatic interactions in their heptad repeat regions (36, 37),
supporting a trend that electrostatic interactions may be an im-
portant feature in fusion subunits that function in a pH-indepen-
dent manner.

In contrast, the role of electrostatic interactions in class I fusion
proteins from viruses that enter through an endosomal pathway is
not clearly defined. In influenza A virus (IAV) and lymphocytic
choriomeningitis virus (LCMV), a number of salt bridges are ob-
served in the fusion protein subunit (38, 39). It is likely that these
salt bridges play a role in viral entry, as mutation of the LCMV-
equivalent salt bridge in another arenavirus (Junin virus) resulted
in reduced viral infectivity (40). No thermal denaturation studies
on these electrostatic interactions are available, and thus, its role in
stabilizing the postfusion six-helix bundle is unclear. However, recent
work on avian sarcoma leukosis virus (ASLV) TM may provide in-
sights into the role of fusion protein salt bridges from viruses that are
low-pH dependent (41). ASLV is an alpharetrovirus that undergoes a
two-step entry mechanism with receptor binding occurring at the
plasma membrane followed by trafficking and fusion at the endo-
some (42). ALSV TM is lined with at least three pairs of salt bridges;
however, alanine-scanning mutations failed to significantly reduce
postfusion TM stability. Instead, hydrophobic residues were identi-
fied as the key to stabilizing the ASLV TM six-helix bundle. The use of
nonionizable residues to stabilize the ASLV postfusion glycoprotein
makes biochemical sense, as hydrophobic interactions will be unaf-
fected by pH changes when the virus migrates to the endosome,
whereas electrostatic interactions will have reduced effects at acidic
pH. It is tempting to speculate that electrostatic interactions in fusion
subunits from pH-dependent viruses are not involved in stabilizing
the postfusion state; the precise role of these interactions await further
studies.

Conclusions. In this study, we determined the structures of the
beta- and gammaretrovirus fusion subunits, thus completing a
structural library of pH-independent retrovirus fusion proteins.
Structural analysis of the fusion proteins reveals an abundance of
electrostatic interactions in the heptad repeat and chain reversal
regions. The conserved nature of the ion pairs suggests that elec-
trostatic stapling is critical to stabilize the postfusion six-helix
bundle. The elimination of the MPMV and XMRV TM salt
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bridges destabilized the fusion core and fully blocked entry in a
cell-based assay. Disruption of these electrostatic staples presum-
ably imbalance the energetics required to overcome the large ac-
tivation barrier to fuse the viral and host lipid bilayers. Our results
describe a key feature of the class I retroviral fusion machinery and
improves our overall understanding of mechanisms of viral entry.
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