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Measles virus (MV) entry requires at least 2 viral proteins, the hemagglutinin (H) and fusion (F) proteins.
We describe the rescue and characterization of a measles virus with a specific mutation in the stalk region of
H (I98A) that is able to bind normally to cells but infects at a lower rate than the wild type due to a reduction
in fusion triggering. The mutant H protein binds to F more avidly than the parent H protein does, and the
corresponding virus is more sensitive to inhibition by fusion-inhibitory peptide. We show that after binding of
MV to its receptor, H-F dissociation is required for productive infection.

Measles virus (MV) infection requires binding of the hem-
agglutinin (H) protein to its cognate receptors (9, 20, 21, 29,
41) while the fusion (F) protein triggers membrane lipid mix-
ing and fusion. The H protein is a type II transmembrane
homodimeric, disulfide-linked glycoprotein (33). The F protein
is a type I membrane glycoprotein that exists as a homotrimeric
complex. The protein is cleaved by furin in the trans-Golgi
network into a metastable heterodimer with a membrane-
spanning F1 domain and a membrane-distal F2 domain (16).
Expressed alone, neither H nor F leads to membrane fusion,
and therefore, both proteins are required and have to interact
for productive infection of a target cell (46). There is evidence
that these interactions start within the endoplasmic reticulum
(34).

The H proteins of Paramyxoviridae family members have a
globular head with a six-blade �-propellor structure that is
responsible for receptor binding (4, 7, 13), a stalk region com-
posed of alpha-helical coiled coils (18, 48) that anchors the
complex to the plasma membrane, and a short cytoplasmic
domain that can interact with the matrix (M) protein and
modulate fusion (2). Given that the F protein does not interact
with a receptor on the target cell but undergoes conforma-
tional changes to enable membrane fusion, it seems likely that
the F protein must interact with the H protein that enables
fusion (14, 19, 23, 24, 35, 47). The molecular interactions
between the F and H proteins are being increasingly under-
stood (6, 8, 24, 25, 30, 35, 42). Hummel and Bellini have
described a mutation in the H glycoprotein where threonine
replaced isoleucine 98, which led to loss of fusion in chronically
infected cells, but the virus was not rescued (15). Corey and
Iorio performed alanine-scanning mutagenesis to determine
the role of specific, membrane-proximal residues in the stalk
region of the H protein responsible for H-F interactions (6).

Substitution of alanine for specific residues in this region al-
tered cell-to-cell fusion and the strength of the H-F interaction
in transient-transfection experiments (6). Replacement of iso-
leucine with alanine at position 98 reduced fusion but did not
significantly alter hemadsorption, implying that binding of the
mutant H protein to CD46 was not affected (6). More recently,
Paal et al. showed that the H protein can tolerate significant
additions to its alpha-helical coiled coils without loss of binding
or fusion in transient-transfection assays (30). Although these
studies confirm the importance of the interactions between the
H protein stalk and the metastable F protein for enabling
fusion after receptor binding, the exact steps leading to fusion
are still unclear. Moreover, studies evaluating H-F interactions
were performed with transient protein expression and not in
the presence of the actual virus. This is potentially an impor-
tant shortcoming since the M protein can modulate infection
and fusion (1).

Rescue of hypofusogenic measles virus. Site-directed mu-
tagenesis at position 98 (I 3 A) (6) of MV H was performed
on pCG-H (38), and the gene for H-I98A was cloned into the
full-length plasmid of p(�)MeGFPNV (Fig. 1A). The recom-
binant virus, referred to as MV-I98A, was rescued as previ-
ously described (36). Cells infected with MV-I98A express high
levels of green fluorescent protein (GFP) but exhibit minimal
fusion (Fig. 1B). One-step growth curves for the virus show
that it grows to titers similar to, if not higher than, those for the
parental virus (Fig. 1C) (P � 0.012 for comparison of all
groups, P � 0.06 for supernatants, and P � 0.04 for cell-
associated virus). To further characterize the structural integ-
rity of the recombinant virus, we performed Western blot anal-
ysis of purified virus preparations (Fig. 1D). The relative
intensities of each protein band were quantitated using ImageJ
in the linear range of the concentration/signal plot. The ratios
of N/H were 1.0 and 1.1 for the wild-type and mutant viruses,
respectively, and the ratios of H/F and N/F were 1.2 for both
viruses. Therefore, the mutant virus is structurally similar to
the parent.

Given that virus binding and fusion are so intimately related,
we wanted to determine how the mutant or parent H and F
proteins interact in the presence of the M protein, since the M
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protein is known to modulate fusion (2). Vero cells were in-
fected with MVeGFP (with or without fusion-inhibitory pep-
tide [FIP] added later) or MV-I98A. FIP is an oligopeptide
similar to the N terminus of the F1 protein that may compete
for binding sites on the plasma membranes of target cells and
inhibits fusion (37). We performed coimmunoprecipitation
studies using an anti-H antibody to pull down H and F com-
plexes. The mutant H protein (H-I98A) coimmunoprecipitated
F more efficiently (Fig. 1E), suggesting that H-I98A has a
higher affinity for F, and binding or the dissociation kinetics
between the mutant H protein and F are altered. The presence
of FIP significantly increased the amount of F protein immu-
noprecipitated by MV-Edm H, suggesting that FIP might in-
hibit fusion by stabilizing the H-F complex and that dissocia-
tion of the two proteins is required for fusion to occur.

Syncytium formation after virus infection. To evaluate the
fusion properties of the proteins in the context of the virus, we
infected Mel 624 cells with MVeGFP or MV-I98A and labeled
target uninfected Mel 624 cells with cell tracker orange. After
24 h, infected and labeled target cells were mixed and allowed
to attach. The following day, the cells were studied by confocal
microscopy to determine the extent of fusion. Digital images
were captured and analyzed for colocalization with ImageJ. As
can be seen from Fig. 2, MVeGFP gave rise to significant
cell-to-cell fusion, in contrast to MV-I98A (Spearman’s � �
0.52 and �0.28, respectively [P � 0.04]; a positive correlation
implies fusion and a negative correlation lack of fusion).
Therefore, the hypofusogenic phenotype of H-I98A remains
even in the presence of the matrix protein and the intact virus.

Mutant virus binding and entry kinetics. To determine
whether the limiting step is binding or entry of the mutant
virus, we incubated the parent or mutant virus with the sus-
pension cell line KAS-6/1 (44) on ice for 10 min to allow the

FIG. 1. Construction, rescue, and characterization of mutant measles virus. (A) Schematic representation of the measles virus genome. The
mutant H gene was replaced in the full-length plasmid coding for the measles genome by use of PacI and SpeI restriction sites. (B) Rescue of the
recombinant virus was documented by the presence of infection in Vero cells that expressed high levels of GFP without significant cell-to-cell
fusion. (C) One-step growth curve of released and cell-associated virus for MVeGFP and MV-I98A after infection of Vero cells at a multiplicity
of infection (MOI) of 1. (D) Western blot analysis of MVeGFP and MV-I98A by use of antibodies against measles N, H, and F proteins. The
amount of purified virus loaded ranged from 5 � 103 to 30 � 103 50% tissue culture infectious doses (TCID50). (E) Coimmunoprecipitation of
MV H-F complexes. Vero cell lysates (CL) collected after infection with MVeGFP or MV-I98A were pulled down with protein G agarose beads
conjugated to mouse anti-MV-H IgG, and MV-F protein was then detected by Western blot analysis using rabbit anti-MV-F primary antibody.
MVeGFP virions (V) were loaded at a TCID50 of 5 � 104. Wt, wild type.

FIG. 2. Membrane fusion after infection with wild-type or mutant
viruses. Adherent Mel624 cells were infected with MVeGFP or MV-
I98A and overlaid on target uninfected cells labeled with cell tracker
orange. The presence/absence of fusion was detected as previously
discussed and the Spearman’s correlation coefficient calculated. The
images are as follows: A and E, target cells labeled orange with the red
filter only; B and F, phase contrast images; C and G, green filter
showing infected cells expressing GFP; D and H, merged images show-
ing colocalization (or lack) of signals. Fusion was apparent in
MVeGFP-infected cells, as giant multicell syncytia were present
(D) (Spearman’s � � 0.52); however, these syncytia were absent from
cells infected with MV-I98A (H), as no syncytia were observable
(Spearman’s � � �0.28).
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virus to bind but not enter cells. Subsequently, the cells were
transferred to 37°C, and at specific time intervals, the cells
were washed with acid buffer (pH � 3.0) for 1 min to eliminate
any bound virus, and the medium was replaced. The fraction of
cells infected was determined 48 h later by flow cytometry. FIP
was added to the cells infected with MVeGFP but not the cells
infected with MV-I98A. Infection with MV-I98A is slower,
although with longer incubation times, the fraction of infected
cells approaches that observed for the parent virus (Fig. 3A).
In a similar experiment, cells were incubated with the viruses
for 1 h on ice, followed by transfer to 37°C for variable time
intervals. Entry of MVeGFP is significantly faster than that of
MV-I98A, even though the binding kinetics are similar (Fig.
3B). Nonlinear least-squares fitting of the data for the two
viruses represented in Fig. 3B also showed that the binding
levels of the two viruses are similar, supporting the notion that
binding efficiency is not the rate-limiting step. Therefore, the
rate-limiting step is fusion.

The sensitivities of the two viruses to inhibition by FIP were
also determined. Vero cells were incubated with Opti-MEM
containing the respective virus at 37°C. After specific time
intervals, the cells were washed and incubated with fresh me-
dium. FIP was added either immediately or after 6 h (delayed).
MV-I98A infection was much more sensitive to the presence of
FIP than MVeGFP (Fig. 4A). The viruses were incubated with
chilled cells to allow binding for various time intervals, fol-
lowed by washing and replacement with fresh medium with or
without FIP (Fig. 4C to D). The impact of FIP on MVeGFP
entry increased at 4°C, since the virus binds but cannot enter.
In the absence of FIP, MV-I98A infection approached that of
MVeGFP (compare Fig. 4A and D) although FIP reduced
entry of the virus into cells (compare Fig. 4B and D). These
results confirm that H-I98A binds to its receptor normally, and

FIG. 3. Binding and entry kinetics of measles viruses. (A) KAS-6/1
cells were chilled and infected on ice at an MOI of 1.0 to allow virus
binding but not entry. After incubation, the cells were transferred to
37°C for specified time intervals, at which point they were centrifuged
and washed with acidic buffer (pH � 3.0) for 2 min to remove any
bound virus that had not entered. Cells were then incubated for 48 h,
at which point the fraction of GFP-positive cells was determined by
flow cytometry. MVeGFP (red) entered cells at a much higher rate
than MV-I98A (black), although, in time, both reached approximately
the same level of infection. For panel B, the incubation on ice was for
1 h to ensure equilibration of the virus on binding sites without entry.

FIG. 4. Specific virus sensitivity to fusion-inhibitory peptide. KAS-6/1 cells were chilled on ice and infected for specified time periods with either
MVeGFP or MV-I98A at room temperature (A, B) or on ice (C, D). FIP was added immediately or at 6 h postinfection. The percentage of
GFP-positive cells was determined by flow cytometry at 48 h postinfection. The addition of FIP to the medium reduced the percentages of
GFP-positive cells in both viruses; however, FIP had a significantly greater effect on MV-I98A.
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delayed infection is due to a reduction in the rate at which
fusion of viral and cell membranes occur.

Conclusion. Although several mutations in the stalk region
of the measles virus H protein reduce fusion, none were tested
in the context of a replicating virus (5, 6). Here, we describe the
isolation of a fully infectious mutant virus that displays signif-
icantly reduced syncytium formation. Viruses with mutated F
proteins have been produced in a low titer (3, 17, 22, 28, 39),
but MV-I98A can be grown to titers similar to or higher than
those for the parent MVeGFP. This virus provides a useful
tool for elucidating the mechanisms of membrane fusion. The
virus may provide a platform for gene therapy or vaccine ap-
plications (27) since the carboxyl terminus of H can be retar-
geted (10–12, 31, 32, 38, 43) without a reduction in the ability
of H to trigger fusion.

Expression of F alone does not lead to fusion; binding of H
to the receptor triggers the conformational changes in F. It has
been suggested that after binding of H, F is released to allow
fusion to occur (26, 45). Our results are most compatible with
this hypothesis. By increasing the stability of the H-F complex,
the I98A mutation reduces the probability of membrane fu-
sion, hence explaining the slow kinetics of postbinding events
(fusion). Our results also suggest that FIP may similarly stabi-
lize the H-F complex and inhibit fusion. We cannot state that
fusion does not occur; complete ablation of fusion will irre-
versibly prevent virus entry into cells.

This stalk region of the H glycoprotein has a rigid alpha-
helical structure (19, 24, 40) that tolerates extensions without
apparent loss of fusion triggering (30). The bulkier side chain
of isoleucine imposes steric constrains on the proximity of the
H-F contacts and modulates the strength of the protein-pro-
tein interactions. With an alanine substitution, this steric con-
straint is reduced and the corresponding H-F interaction stron-
ger, explaining the higher stability of the complex and the
reduced rates of fusion and infection. The almost inverse re-
lationship between the levels of strength of H-F interactions
and fusion, as reported by others (5, 6, 35) and us, highlights
the dynamic nature of glycoprotein interactions within the
measles viral envelope. Mutations that reduce the strength of
H-F interactions are associated with a hyperfusogenic pheno-
type (35). In contrast, mutations in H or F that reduce the rate
of fusion often exhibit a stronger H-F affinity. A mutant virus
with a K97E substitution in the H protein that exhibits essen-
tially no fusion was surreptitiously identified (L. K. Hallak, C.
Hu, and S. J. Russell, unpublished observations). This suggests
that charge-charge interactions can also (de)stabilize the H-F
protein complexes and modulate fusion.

In summary, measles viruses with significant reduction in
their fusogenic ability can be rescued. Receptor binding is
normal, and reduced fusion is due to increased affinity between
the H and F proteins. Modulation of these interactions by
single-amino-acid substitutions profoundly alters the pheno-
type of this virus, including spread and production.
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