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The surface glycoprotein (SU) of most gammaretroviruses contains a conserved histidine at its amino
terminus. In ecotropic murine leukemia virus SU, replacement of histidine 8 with arginine (H8R) or deletion
of H8 (H8del) abolishes infection and cell-cell fusion but has no effect on binding to the cellular receptor. We
report here that an aromatic ring side chain is essential to the function of residue 8. The size of the aromatic
ring appears to be important, as does its ability to form a hydrogen bond. In addition, infection by all of the
nonaromatic amino acid substitutions could be partially rescued by the addition of two suppressor mutations
(glutamine 227 to arginine [Q227R] and aspartate 243 to tyrosine [D243Y]) or by exposure to chlorpromazine,
an agent that induces fusion pores in hemifusion intermediates to complete fusion, suggesting that, like the
previously described H8R mutant, the mutants reported here also arrest membrane fusion at the hemifusion
state. We propose that H8 is a key switch-point residue in the conformation changes that lead to membrane
fusion and present a possible mechanism for how its substitution arrests fusion at the hemifusion state.

Enveloped viruses, including retroviruses, enter a host cell
by fusing their membrane with that of the cell through inter-
actions between the viral envelope protein and its cellular
receptor. Retroviral envelope proteins (Env) consist of two
subunits derived from a single protein precursor: SU, which
directly interacts with the host receptor, and a transmembrane
protein (TM), which promotes viral and cellular membrane
fusion. It is thought that newly synthesized Env proteins ini-
tially fold into a metastable, fusion-inactive conformation and
then assemble in this state onto virions. During the entry pro-
cess, the metastable conformation is induced to change to a
stable, fusion-active one. In the case of gammaretroviruses,
binding of SU to receptors initiates conformational changes in
both SU and TM (23). These changes are thought to release
the energy that drives membrane fusion (5, 6). However, de-
tails of how these changes in Env activate fusion are still
unknown.

The SU of gammaretroviruses contain three functional do-
mains: the amino-terminal receptor-binding domain (RBD) (4,
8), a proline-rich region (PRR), and a carboxy-terminal do-
main. Although the RBD is not thought to be involved in the
actual fusion per se, the histidine residue in a conserved
SPHQV motif near its amino terminus has been shown to be
essential for postbinding events. Deletion or substitution of
this critical histidine residue in either ecotropic (H8del, H8A,
H8K, and H8R) or amphotropic (H5del) murine leukemia
virus (MLV) Env results in a fusion defect but has no effect on
receptor recognition or virus binding (3, 13, 26). This defect in
fusion can be partially overcome either by adding two suppres-
sor mutations located in and near PRR or by providing in trans
soluble RBD fragment with a histidine at residue 8 (4, 13, 26).
In addition, we recently showed that the fusion defect of H8R

mutant also can be partially rescued by chlorpromazine, a
membrane-curving reagent that promotes fusion once the
hemifusion stage is reached (27).

We investigated further the molecular role of this essential
histidine residue in membrane fusion. We report here that
there are at least three key biochemical characteristics for the
side chain of residue 8 in ecotropic MLV SU: (i) an aromatic
ring; (ii) the size of aromatic ring, with small being better; and
(iii) the ability to hydrogen bond. Substitution of tyrosine for
H8 (H8Y) resulted in 2-fold less infection than wild-type (WT)
virus, whereas replacement with phenylalanine (H8F) and
tryptophan (H8W) resulted in 20- and 200-fold less infection,
respectively. In contrast, substitution of isoleucine (H8I),
leucine (H8L), methionine (H8 M), alanine (H8A), or aspar-
tate (H8D) abolished infection of mouse NIH 3T3 cells. In
addition, like the H8R mutant, infection by the newly identi-
fied down mutations can also be partially rescued by chlor-
promazine, suggesting that they also arrest membrane fusion at
the hemifusion stage.

An aromatic ring is essential at position 8. We replaced H8
with three aromatic residues (tyrosine [Y], phenylalanine [F],
or tryptophan [W]), one negatively charged residue (aspartate
[D]), and four aliphatic residues (alanine [A], leucine [L],
isoleucine [I], or methionine [M]) at this site. Specific muta-
tions were introduced into the env gene by using oligonucle-
otide-directed mutagenesis (QuikChange kit; Stratagene);
each mutant env gene was introduced into the plasmid
pcDNA-MoMLV, providing WT gag and pol genes and tran-
siently transfected into H1-BAG cells that stably express a
Moloney MLV-derived BAG genome encoding �-galactosi-
dase (26). Virus particles carrying mutant Envs were tested for
their infectivity on NIH 3T3 cells by endpoint dilution titration.
Incorporation and processing of mutant Env was analyzed by
Western blotting of virus pellets and lysates of transfected cells
as previously described (26).

The aromatic residue substitutions (H8Y, H8F, and H8W)
resulted in infection but to different extents (Fig. 1A). H8Y
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viruses were �2-fold less infectious than WT, whereas H8F
and H8W substitutions resulted in 20-fold and 200-fold less
infection than WT Env. In contrast, substitution of an aliphatic
residue (H8A, H8L, H8I, and H8 M) or a negatively charged
residue (H8D) completely abolished infection, indicating that
an aromatic ring is essential to the function of the eighth
residue of SU. The reduction in infectivity was not due to poor
expression or to poor incorporation into virions since equal
volumes of each virus stock contained comparable amounts of
SU and virions (i.e., capsid protein) (Fig. 1B), and equal
masses of producer cell lysates contained comparable amounts
of precursor and mature envelope proteins (Fig. 1C). Our
results for H8A are in agreement with the previous report of

Bae et al. (3). The information regarding H8Y, H8F, H8W,
H8D, H8L, H8I, and H8M is new data.

The membrane fusion capability correlates with infection of
the pseudotype viruses. Bae et al. first showed that virus bind-
ing was not affected by deletion of H8 but that cell-cell fusion
was blocked (3). Each of the new substitutions was character-
ized for receptor binding as well. All of the viruses
pseudotyped with mutant Env bound to receptor and binding
was comparable to WT Env pseudotyped virus (Fig. 2). These
results support the previous conclusion that residue 8 is not
required for virus attachment (3, 26).

The ability of the H8 mutant Env to mediate membrane
fusion was evaluated by using an XC rat sarcoma cell-cell
fusion assay. Since the R-peptide has been cleaved from the
majority of Env molecules on virions (10) and cleavage of
R-peptide is required for virus-cell membrane fusion and
greatly enhances Env-induced cell-cell fusion (20), the R-less
form of each Env was used in this assay. Human 293 cells
transiently transfected with plasmids encoding the R-less ver-
sions of WT and mutant Envs were cocultivated with XC cells,
which display the ecotropic MLV receptor on their surface.
After 12 h, cells were fixed and stained with basic fuchsin.

FIG. 1. An aromatic ring is essential for histidine 8 function.
(A) Infection of NIH 3T3 cells. Cells were exposed to 10-fold serial
dilution of virus stocks, and the virus titer was calculated from the end
point dilution (n � 4). Mean results of three independent experiments
are shown � the standard errors. The standard errors for the WT are
too small to be seen in the scale of the figure. (B) Incorporation of
mutant Envs into virions. Equal volumes of viral pellets were separated
on a 8% sodium dodecyl sulfate-polyacrylamide gel and transferred to
nitrocellulose membranes. Blots were cut into two parts at 45 kDa. The
top part was reacted with anti-SU antisera; the lower part was incu-
bated with anti-CA antisera. (C) Western blot analysis of virus pro-
ducer cell lysates. The blot was reacted with anti-SU antisera. The
numbers at the left of panels B and C indicate the molecular mass in
kilodaltons.

FIG. 2. Virus binding. Virus supernatant concentrated to 15- to
20-fold by using Centricon Plus-80 (100-kDa cutoff) to remove shed-
ded SU was incubated at 4°C with human 293 cells stably expressing
the exogenous ecotropic receptor. Cells were then stained with goat
anti-SU antisera (anti-Rauscher gp70; Quality Biotech, Inc.) and
mouse anti-goat antisera conjugated to fluorescein isothiocyanate. The
level of binding was analyzed by flow cytometry. Gray lines represent
the basal level of fluorescence determined by incubation of WT virus
with parent human 293 cells lacking ecotropic receptor. For compar-
ison these basal values are shown in each panel. Black lines represent
the fluorescence intensity of binding of WT or mutant virus to human
293 cells expressing ecotropic receptor. The value of the mean fluo-
rescence intensity is shown in upper right corner of each panel. Values
shown are from a representative of at least two independent binding
experiments.

VOL. 78, 2004 NOTES 509



Large syncytia containing 10 to 20 nuclei in the same cytoplasm
were readily visible throughout cultures expressing WT Env
(Fig. 3). Mutant H8Y Env also induced syncytia at a frequency
comparable to that of WT Env, but the number of nuclei per
syncytium was decreased severalfold. The H8F change gave
limited syncytium formation; both the number of syncytia and
the number of nuclei per syncytium were reduced, whereas the
H8W change gave even less and was just slightly above back-
ground. None of the other H8 mutant Envs induced syncytia
above the background level observed in the parent 293-XC cell
cocultures (Fig. 3 and data not shown).

Infection by all defective H8 mutants except H8D can be
partially suppressed by two additional changes at positions
227 and 243. We previously reported that the fusion defect of
an H8R mutant can be suppressed by two additional changes at
positions 227 and 243, although alone the two changes do not
affect infection (26). We investigated whether these two
changes can suppress the newly identified down mutations. A
representative of two independent experiments is shown in Fig.
4. Interestingly, we observed that the addition of Q227R and
D243Y to H8W increased infection �50-fold over infection by
H8W alone (Fig. 4A). This value was 10-fold greater than
those for other defective mutants combined with Q227R and
D243Y. The addition of Q227R and D243Y to the H8 mutants
increased infection, but the increase for H8D was consistently
less than with all of the other defective H8 mutants. All of the
triple mutant Envs were incorporated into virions as efficiently
as WT Env (Fig. 4B).

Defective H8 mutants can be partially rescued by chlor-
promazine. Hemifusion is an intermediate stage in the fusion
process that is characterized by merging activity in the outer
monolayers without the opening of fusion pores (11, 14).
Chlorpromazine is a chemical membrane-curving agent that
preferentially partitions to and destabilizes the inner mem-
brane monolayers of lipid bilayers (14). Application of chlor-
promazine to cell membranes arrested at hemifusion trans-
forms the intermediate into complete fusion (14). We recently

showed that the H8R mutant arrests virus-cell fusion at the
hemifusion state and demonstrated that chlorpromazine re-
solves hemifusion-arrested virus-cell membrane fusion to give
infection (27). Thus, if the defective H8 mutants give the same
defect in infection, then application of chlorpromazine to vi-
rus-cell complexes should relieve the block and rescue infec-
tion. Brief exposure to chlorpromazine resulted in comparable
infection of WT, H8Y, H8F, and H8W viruses, whereas infec-
tion of the other defective mutants was increased 500- to 1,000-
fold (Fig. 4C), a finding consistent with each arresting fusion at
the hemifusion state.

A pi-electron interaction is “key.” We propose that the high
degree of conservation of residue 8 within the highly mutable
Env results from the selection of histidine as the best function-
ing amino acid. Our reasons are as follows. Since aromatic but
not aliphatic amino acids can replace its function, the histidine
at position 8 appears to function primarily through interaction
of pi-electron in the unprotonated imidazole form, a form that
has delocalized pi-electrons and aromatic character (21). The
differences between H8Y, H8F, and H8W were observed in
every titration, suggesting that the small rings of histidine,
tyrosine, and phenylalanine side chains function better than
the bulky indole ring of tryptophan. In addition, the greater
infection by H8Y than H8F virus suggests that the hydroxyl
group on tyrosine may be of some importance, possibly be-
cause it can participate in hydrogen bonds. The slightly greater
infection of WT over H8Y virus may result from a more fa-
vorable geometry of histidine versus tyrosine (21). The in-
crease in H8W virus infection upon addition of the second site
suppressors is also consistent with size and hydrogen bonding
capability being important, that is, infection by H8W virus
increased when tyrosine replaced aspartic acid at position 243.

What might H8 interact with? Considering that a pi-electron
is essential, the most likely possibilities are other residues
known to interact principally through pi-electrons and also by
hydrogen bonding, that is, other histidine, tyrosine, or trypto-
phan residues. We favor the proposal of Lavillette et al. (13)

FIG. 3. Cell-cell fusion. Cell-cell fusion assay was performed as previously described (26). XC cells were cocultivated with human 293 cells
expressing the indicated Env/R-less. The panels shown are representative of two independent experiments. No syncytia were observed in cocultures
of parental 293 and XC cells. The photomicrographs of the cells were taken by using an Axiophot microscope (Zeiss). Magnification, �100.

510 NOTES J. VIROL.



and Barnett et al (4) that the carboxy-terminal domain of SU
is the best candidate for the following reasons. The sequences
of the carboxy-terminal domain of gammaretrovirus SU are
highly conserved and include 17 aromatic ones as good candi-
dates that we speculate are the interacting partners for H8.
Although PRR sequences influence the fusigenicity and infec-
tivity of Env (12, 24, 25), we do not favor this segment because
few of its residues are conserved between ecotropic, ampho-
tropic, and xenotropic MLVs, and none of these are aromatic
residues. In addition, the possibilities that H8 interacts with
lipids such as glycosphingolipids as has been shown for the
fusion of human immunodeficiency virus type 1 (HIV-1) (18)
or even with an unidentified coreceptor common to gamma-
retroviruses cannot be ruled out.

Q227R and D243Y suppression of an H8D substitution was
much less than for the aliphatic changes and H8del. We pre-
viously proposed a molecular model in which the presence of
an arginine at position 227 in the RBD extends �-strand 9,
bringing downstream residue 243 close enough to displace
residue 8 (26) on the flexible amino terminus (it was disor-
dered in the crystal structure). The level of infection of the
triple H8D Q227R D243Y virus would be expected if the
negative charge on the H8D side chain influenced the flexibil-
ity of the amino terminus. For example, a strong interaction
between this aspartic acid with the nearby arginine 232 might
reduce the ability of the D243Y substitution to replace residue
8.

Defective H8 mutants appear to arrest entry at the hemifu-
sion stage. Studies of the hemagglutinin (HA) protein of in-
fluenza virus have established that a hemifusion state is an
intermediate on the pathway to complete fusion (11). The
transmembrane domain and fusion peptide are involved in
resolving the hemifusion intermediate into complete fusion (2,
7, 11, 14, 16, 17, 19). Deletion or substitution(s) of either
segment of HA protein arrests cell-cell fusion at the hemifu-
sion stage, but this block can be resolved by the membrane-
curving agent chlorpromazine to give complete fusion (7, 14).
We recently showed that replacement of histidine 8 by arginine
(H8R) in Moloney MLV surface protein blocks infection by
arresting membrane fusion at the hemifusion state. In addi-
tion, we showed that brief exposure to chlorpromazine not only

FIG. 4. All of the H8 down mutations can be partially suppressed
by two additional mutations, Q227R and D243Y, and rescued by chlor-
promazine. (A) Titers of H8 down mutant viruses with (■ ) or without
( ) the suppressor mutations Q227R and D243Y. Mouse NIH 3T3
fibroblast cells were exposed to 10-fold serial dilutions of virus stocks.

Titers were calculated based on an endpoint dilution (n � 4).
(B) Western blot analysis of virion containing mutant envelope pro-
teins. Proteins were separated by sodium dodecyl sulfate–8% poly-
acrylamide gel. Membranes were cut into two parts at 45 kDa. The top
part was probed with anti-SU antisera, and the bottom portion was
reacted with anti-CA antisera. The experiment was performed twice; a
representative is shown. (C) XC cells were incubated on ice for 30 min
with 10-fold serial dilutions of virus stocks in BES (N,N-bis[2-hydroxy-
ethyl]-2-aminoethanesulfonic acid)-buffered medium (pH 7.4) con-
taining Polybrene (20 �g/ml; Sigma) and then shifted to 37°C for
another 30 min. Cells were rinsed twice to remove unbound virus and
then incubated with (■ ) or without ( ) 0.4 mM chlorpromazine (pH
7.4) for 1 min. Chlorpromazine was immediately removed, and the
cells were washed twice again. After 40 h, cells were stained with X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) for transduction
of �-galactosidase activity, and the infectious titers were calculated
from the endpoint dilution (n � 4). The experiments were performed
at least twice. A representative is shown. No infection of XC cells by
particles lacking Env was observed in the presence of chlorpromazine.
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relieves this block to cell-cell fusion but also rescues H8R virus
infection of XC cells, NIH 3T3 cells, and human 293 cells
expressing the Moloney MLV receptor cDNA (27). By apply-
ing chlorpromazine to virus-cell complexes of the H8 mutants,
we observed a significant increase in infectivity (Fig. 4C), sug-
gesting that each mutant arrested the fusion process at the
hemifusion state, similar to our findings for the H8R mutant.

Speculation on the molecular mechanism of H8 function.
What is the essential role of H8 in virus-cell membrane fusion?
One clue is that its function is conserved in the amphotropic
MLV Env (13), suggesting that it is essential to a fundamental
step of gammaretrovirus membrane fusion. Another clue is
that the essential function can be provided in trans. Moreover,
purified ecotropic RBD rescues infection by virus containing
ecotropic, amphotropic, and xenotropic Env from which most
of the RBD has been deleted (4, 13). In addition, T-cell-tropic
feline leukemia virus has a proline instead of a histidine in its
amino-terminal segment (22), and its host range is restricted to
cells that secrete a protein, called FeLIX, that is nearly iden-
tical to the RBD of feline leukemia virus subgroup B (1). Thus,
T-cell-tropic feline leukemia virus appears to be a naturally
occurring histidine mutant whose spread is possible partly be-
cause it is rescued in trans by the presence of FeLIX.

We propose that an interaction of H8 is a key switchpoint in
the conformation changes that occur after fusion peptide ex-
posure and just prior to six-helix bundle formation. There is
precedence for proposing a role of this type: hisitidine is often
found as a controllable element in conformation changes (21).
Studies of HIV-1 have suggested that the energy from transi-
tion of HIV-1 gp41 into a six-helix bundle, not the bundle
configuration, is sufficient to disrupt the hemifusion state and
promote complete fusion (9, 15). Thus, one possibility for how
the H8 down mutations arrest infection at the hemifusion state
is that they prevent or slow down the conformation change just
prior to six-helix bundle formation. For example, it may be
necessary to separate SU from TM before the bundles can
form and H8 may be a key residue in that dissociation. If the
dissociation does not occur, is delayed, or occurs asynchro-
nously in the absence of H8, then the bundles might not form
or they might be induced at the wrong time so that the energy
from their formation dissipates instead of being focused to
resolve the hemifusion state.
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