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ABSTRACT: Previously, we developed a panel of nonpeptidic compounds specifically preventing fusion of
the measles virus (MV) with target cells at IC50 values of 0.6-3 µM. Mutations in the MV fusion protein
(MV F) that render resistance to these blockers were described. The structural basis for both inhibition
and resistance was unclear in the earlier work because of the availability of a structural model for only
the postfusion conformation of MV F. We have now developed structural models for both pre- and
postfusion conformers of the latter protein trimer. The models allow investigation of the large-scale
conformational changes occurring in the MV fusion machinery and, in conjunction with antisera binding
studies, provide a rationale for how inhibitors may arrest a conformational intermediate by interfering
with the formation of interactions between the heptad repeat B (HR-B) linker and DIII domains. The
models also show that resistance to inhibition can be explained by a predicted destabilizing effect of the
mutations on the HR-B domain within the trimeric prefusion structure. This viewpoint is supported by
the temperature-dependent differential fusion activities of MV F variants harboring these mutations.

The measles virus, a member of the paraymyxovirus
family, is an important therapeutic target because it remains
one of the top ten infectious disease killers in the world,
mainly due to low vaccination rates in developing countries
(1). We have approached the problem of identifying an
inhibitor against measles virus by targeting a major charac-
teristic of the virus: its capacity for fusion of the viral
envelope with the target cell plasma membrane and thus entry
into target cells at neutral pH. Measles accomplishes fusion
by the cooperative action of two transmembrane envelope
glycoproteins, the hemagglutinin and fusion proteins (2-6).
Hemagglutinin recognizes the cell surface receptor, CD46
or SLAM/CD150W (7-9) depending on virus strain, and
triggers the fusion protein in its metastable, prefusion state
to undergo large-scale conformational changes, ultimately
concluding in a stable postfusion conformation and mem-
brane merger (2-6).

The first atomic level structure of a paramyxovirus fusion
protein was solved in 2003 by manipulating the Newcastle
disease virus (NDV)1 (10). Thereafter, we employed homol-
ogy modeling to predict the structure of the measles fusion
protein (MV F) (11). At the time, it was not clear whether
the NDV fusion protein (NDV F) was crystallized in its

prefusion or postfusion state, although some evidence pointed
toward the postfusion form. The NDV F structure was later
revealed as postfusion by comparison to the X-ray crystal
structure for the uncleaved ectodomain of human parainflu-
enza virus 3 fusion protein (hPIV3 F), which had crystallized
with a six-helix bundle (12).

Comparative characterization of MV strains with different
fusogenicity suggested that mutation of MV F residue Val94
modulates F fusogenicity (11, 13). The MV F homology
model located this residue at the bottom of a hydrophobic
pocket near the C-terminal end of HR-C. Mutatgenesis of
Val94 and the surrounding residues supported the idea that
this microdomain exerts a critical influence on fusion (11).
Structural features of the pocket suggested complementary
characteristics of potential small molecule ligands. Examples
were designed and tested, triggering identification of the 50
µM lead fusion inhibitor OX-1 (14). Subsequently, a series
of compounds based on the latter paved the way to AS-48,
a compound with 600-3000 nM activity depending on the
viral strain (15). The scaffold of AS-48 was modified
extensively in efforts to achieve a more potent compound,
yet only marginal gains in activity were achieved (16).

During the course of this work, we demonstrated that viral
resistance to AS-48 and analogues can be achieved through
mutations at position 462 (N f S, D, or K) in the six-helix
bundle (6HB) of the then only available postfusion confor-
mation and at position 367 (A f T) in the DI domain
forming the head of MV F (17). Peptide inhibition studies
complemented by molecular dynamics calculations revealed
that mutations at 462 most likely confer resistance by
lowering the barrier to fusion activation, rather than by
explicit binding or by increasing the stability of the postfusion
6-helical bundle (17). Immunoprecipitation studies of F with

† This work was supported by a research grant from the American
Lung Association and U.S. Public Health Service Grant AI071002 (to
R.K.P.) from the NIH/NIAID.

* To whom correspondence should be addressed. Telephone: (770)
727-2415. Fax: (404) 712-8679. E-mail: jsnyder@emory.edu.

‡ Emory University.
§ Emory University School of Medicine.
1 Abbreviations: MV, measles virus; F, fusion protein; 6HB, six-

helix bundle; 3HB, three-helix bundle; HR, heptad repeat; MD,
molecular dynamics; NDV, Newcastle disease virus; PIV5, parainflu-
enza virus 5; hPIV3, human parainfluenza virus 3; H, hemagglutinin.

Biochemistry 2008, 47, 13573–13583 13573

10.1021/bi801513p CCC: $40.75  2008 American Chemical Society
Published on Web 11/26/2008



soluble HR-B-derived peptides confirmed that the presence
of AS-48 increases the precipitation efficiency by the
peptides, indicating that the compound arrests F in a
refolding-intermediate conformation sensitive to peptide
binding (17, 18).

In the present study, we further examine the nature of the
AS-48 docking site through competitive binding studies with
defined antisera. In parallel, we have developed homology
models for MV F based on the X-ray structures of the
prefusion form of the parainfluenza virus 5 fusion protein
(PIV5 F) recently solved by Yin et al. (6) and the postfusion
form of the human parainfluenza virus 3 fusion protein
(hPIV3 F) (12). Using these new models of pre- and
postfusion conformations, we have examined the structural
changes that occur in MV F during fusion. In combination
with the AS-48/antibody competitive binding study, we have
used morphing simulations of these models to understand
the development of the binding site for the AS-48 class of
inhibitors during fusion and to rationalize how the com-
pounds might arrest an intermediate structure of MV F. A
structural explanation for the resistance-conferring mutations
occurring at positions 462 and 367 in MV F is proposed
and supported by the experimental fusion activities of MV
F 462 variants at 37 and 30 °C. Finally, we discuss these
results in the context of our recent generation of an MV F
mutant with reversible fusion activity through engineered
disulfide bonds (19).

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Production of Virus Stocks.
Vero cells (African green monkey kidney epithelial) (ATCC
CCL-81) were maintained at 37 °C and 5% CO2 in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum. 293-3-46 MV rescue cells (20) were
incubated at every third passage in the additional presence
of G-418 (Geneticin) at a concentration of 100 mg/mL.
Lipofectamine 2000 (Invitrogen) was used for cell transfec-
tions. To prepare MV stocks, Vero cells were infected at a
multiplicity of infection (MOI) of 0.001 plaque-forming unit
(pfu)/cell and incubated at 37 °C. Cells were scraped in
OPTIMEM (Invitrogen), virus released by two freeze-thaw
cycles, and titers determined by 50% tissue culture infective
dose (TCID50) titration according to the Spearman-Karber
method (21) as described (22). To prepare stocks of modified
vaccinia virus Ankara expressing T7 polymerase (MVA-T7)
(23), DF-1 cells (ATCC CRL-12203) were infected at an
MOI of 1.0 pfu/cell and cell-associated viral particles
harvested 40 h postinfection.

Immunoprecipitation. Vero cells were transfected with 4
µg of plasmid DNA encoding MV F (pCG-F) (24). At 30 h
posttransfection, cells were washed with cold PBS and lysed
with immunoprecipitation buffer (10 mM Tris, pH 7.4, 150
mM NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% sodium
dodecyl sulfate (SDS), protease inhibitors (Roche) and 1 mM
phenylmethanesulfonyl fluoride (PMSF)) in the presence of
300 µM AS-48 (AS-48 f Ab) or equal volumes of solvent
(DMSO) as indicated. Cleared lysates (20000g, 60 min, 4
°C) were incubated with specific antisera directed against
epitopes 88-100 or 240-259 in the F head domain at 4 °C,
followed by precipitation with immobilized protein G
(Pierce) at 4 °C. Where indicated (Ab f AS-48), AS-48

was added prior to precipitation at a final concentration of
300 µM. Precipitates were washed three times each in buffer
A (100 mM Tris, pH 7.6, 500 mM lithium chloride, 0.1%
Triton X-100) and then buffer B (20 mM HEPES, pH 7.2,
2 mM EGTA, 10 mM magnesium chloride, 0.1% Triton
X-100), followed by resuspension in urea buffer (200 mM
Tris, pH 6.8, 8 M urea, 5% SDS, 0.1 mM EDTA, 0.03%
bromphenol blue, 1.5% dithiothreitol). Denatured samples
were fractionated on 10% SDS-polyacrylamide gels, blotted
onto polyvinylidene difluoride membranes (Millipore), and
subjected to chemiluminescence detection (Amersham Phar-
macia Biotech) using antisera directed against an epitope in
the cytosolic F tail. For comparison, the amount of F1

material present in cell lysates prior to precipitation was
determined upon incubation in the presence of AS-48 or
equal volumes of solvent (DMSO).

Site-Directed Mutagenesis. Mutant variants of MV F were
generated in the pCG-F plasmid background through site-
directed mutagenesis using the QuickChange mutagenesis
system (Stratagene) and appropriate primers (sequences
available upon request). Prior to further experimentation, all
variants were confirmed by DNA sequencing and immuno-
blotting.

RecoVery of Recombinant Virions. For generation of
recombinant MV, NarI/PacI fragments of pCG-F variants
harboring mutated F open reading frames were transferred
into full-length cDNA copies of the MV genome. Virions
were then recovered essentially as previously described
(13, 20). Briefly, the helper cell line 293-3-46 stably
expressing MV N, MV P, and T7 polymerase was transfected
by calcium phosphate precipitation using the ProFection kit
(Promega) with plasmids encoding a cDNA copy of the
relevant MV genome and MV L polymerase. Helper cells
were overlaid on Vero cells 48 h posttransfection, and
resulting infectious centers were subsequently passaged on
the same cell type. The integrity of recombinant virions was
confirmed by RT-PCR and DNA sequencing of the modified
area.

QuantitatiVe Cell-to-Cell Fusion Assay. To quantify fusion
activity, an effector Vero cell population (2 × 105 cells/well)
was cotransfected with 2 µg each of H (MV hemagglutinin)
and F expression plasmid, and target Vero cells (2 × 105

cells/well) were transfected with 2 µg of the reporter plasmid
encoding �-galactosidase under the control of the T7
promoter. Single transfections of plasmid DNA encoding F
served as controls. Two hours posttransfection, the effector
cells were infected with MVA-T7 at an MOI of 1.0 pfu/cell
and incubated in the presence of 400 µM fusion inhibitory
peptide (FIP, Bachem) to prevent premature fusion of the
effector cell monolayer. Following incubation for 16 h at
30 or 37 °C as indicated, target cells were detached, washed,
overlaid on the effector cells at a (1:1) ratio, and incubated
at 30 or 37 °C as before. Seven hours postoverlay, cells were
lysed, and the �-galactosidase activity was assessed using
the �-galactosidase assay kit (Invitrogen) according to the
manufacturer’s instructions. Relative background values
provided by the controls were subtracted from all sample
values, and the resulting measurements were normalized
against reference constructs upon incubation at 30 or 37 °C
as specified. Averages of four experiments are shown.

Plaque Assays. Vero cell monolayers (approximately 90%
confluent) in 35 mm wells were infected with recombinant
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MV-Edm F-462K or unmodified recombinant MV-Edm for
60 min at 37 °C, followed by removal of inoculum and
incubation in the growth medium. Wells were subjected to
fixation and crystal violet staining (0.1% crystal violet in
20% ethanol, incubation for 2 h at room temperature) 30 h
postinfection, followed by photodocumentation of dried
plates.

Homology Modeling. Sequence alignment of MV F to
hPIV3 F and PIV5 F was accomplished with the ClustalW
algorithm (25), using a gap open penalty of 10.0, a gap
extension penalty of 0.1, and the Gonnet matrix. Sections
of MV F corresponding to missing segments of the crystal
structures were not modeled. This included the amino and
carboxy termini from both hPIV3 F and PIV5 F (residues
1-26 and 515-550 for the PIV5 F based structure and
residues 1-26 and 488-550 for the hPIV3 F based
structure). The hPIV3 F based structure also lacks a section
from residues 100-144 corresponding to the fusion peptide
and a portion of the HR-A domain. The homology models
were constructed with the PRIME software (Schrödinger)
(26). PRIME does not allow subunits to be built simulta-
neously, so each subunit was assembled and then merged
into a complete trimer. The models were refined using
PRIME’s side chain prediction protocol on all residues to
generate the lowest energy rotamer for each side chain. The
quality of the structures was evaluated by means of WHAT
IF structure validation checks (see below) (27).

Molecular Dynamics. Solvated structures were generated
using molecular dynamics (MD) with the GROMACS
package (28, 29) and simulated using the OPLS-AA force
field (30) and the TIP4P water model (31). Hydrated
rectangular boxes with periodic boundaries were built around
the two models with dimensions of 105 nm by 105 nm by
170 nm and 90 nm by 90 nm by 180 nm for the prefusion
and postfusion structures, respectively. A total of 63000 and
49000 explicit water molecules were simulated for the pre-
and postfusion structures, respectively. Chloride anions were
randomly placed throughout the water to bring the total
charge in each system to zero. Both hydrated complexes were
subjected to 500 steps of steepest descent minimization using
the above parameters to remove any high-energy contacts
between water and protein and then simulated for 50 ps of
position restrained MD at 300 K and 1.0 atm of pressure to
allow the waters to soak into the structure. The resulting
structures were manually analyzed to determine the number
of waters in the cavities and channels.

Lipophilic Connolly Surfaces. Lipophilicity-mapped Con-
nolly surfaces were generated using Sybyl’s MOLCAD
module (32). The area of hydrophobic surfaces was calcu-
lated using only the portion of the surface that showed
hydrophobic properties. For these structures, a lower bound
of -0.04715 for the lipophilic property (as suggested in the
Tripos Bookshelf (33)) was used to exclude surface with
more hydrophilic character, leaving surface contributions
from only the hydrophobic atoms.

Morphing Simulation. A morphing simulation of the DIII
domain from the prefusion to the postfusion conformation
was accomplished by applying the multichain mode of the
Yale Morph Server (http://molmovdb.org/morph). The morph
was performed in 30 steps using CNS adiabatic mapping
(34). The starting and ending structures were aligned by
superimposing the backbone atoms of the DI and DII

domains and then truncated to residues 47-99 and 194-288
of the DIII domain. Fusion peptide and HR-A residues
encompassing residues 113-193 move dramatically from
prefusion to postfusion structure and thus were not included
to simplify analysis of the conformational changes in the
Val94 microdomain. Using MAESTRO (Schrödinger) (35),
AS-48 was manually docked into the Val94 microdomain
at each of the 30 time steps to estimate the point of fusion
blockade, namely, at which step the pocket opens up
sufficiently to permit the ligand to bind without steric
congestion.

RESULTS

Modeling the MV F Protein Trimer in the Prefusion and
Postfusion Conformations. To investigate the structural
changes that occur during fusion, a homology model of the
prefusion form of MV F protein has been constructed using
the X-ray coordinates reported for PIV5 F (Brookhaven
Protein Data Bank access code 2B9B) (6), a paramyxovirus
related to measles. The model is based on sequence alignment
of F proteins derived from MV-Edmonston and PIV5-W3A
strains using ClustalW (25) with a minor adjustment in the
HR-C domain to prevent a gap in the helix. The proteins
share 29% identity and 48% similarity, with all of the
cysteine residues conserved. PRIME (26) was used to build
the initial model, which was further refined with PRIME’s
side chain prediction module. The same methods were
employed to construct a new postfusion model of MV-F
based on the X-ray crystal structure coordinates of hPIV3
F, strain 47885 (Brookhaven Protein Data Bank access code
1ZTM) (12). The latter shares 26% identity and 51%
similarity with all of the cysteines conserved. The resulting
models (Figure 1) score similar to the template structures in
WHAT IF structure validation checks (27). The prefusion
model has a Ramachandran z-score of -4.4 and a local
amino acid environment z-score of -1.0, while the 2B9B
structure scores -4.0 and -0.5, respectively. For the
postfusion model, the Ramachandran and local amino acid
environment z-scores are -4.5 and -1.1, respectively. This
compares with -4.6 and -1.0 for 1ZTM.

Pre- and Postfusion MV F Models Imply Large Domain
MoVements during Fusion. As seen by comparison of the
template structures of Yin et al. (6), the pre- and postfusion
models are trimeric structures in which most of the residues
have moved large distances in the transition between the two
conformations (Figure 1). The most highly conserved regions
in the pre- and postfusion models are the DI and DII domains
(residues 27-46, 289-378, and 385-431, respectively).
When DI and DII of the pre- and postfusion structures are
superimposed, the resulting RMSD of the backbone atoms
for these regions is 6.2 Å (Figure 1C), similar to the
measurement by Yin et al. (6) comparing the DI and DII
domains of PIV5 F and hPIV3 F. The RMSD for the entire
structure (common residues 27-99 and 145-487), however,
is 50 Å. The greatest movement occurs in the HR-A, HR-B,
and HR-B linker domains (common residues 145-214 and
432-487) with a combined RMSD of 91 Å (Figure 1D,E).
Moderate movements in the DIII domain with an RMSD of
13 Å are also evident even without including HR-A (common
residues 47-99 and 215-288). These large residue displace-
ments underscore that paramyxovirus fusion involves ex-
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traordinarily large and deep-seated rearrangements of protein
structure (4-6).

The Hydrophobic Character of the HR-A and HR-B
Domains Is Consistent with the Proposed Model of Fusion.
In the prefusion structure, HR-B is predicted to form a three-
helical bundle by self-association instead of serving as the
outer coil of the 6HB as in the postfusion structure (Figure
1). Other class I viral fusion proteins such as HIV’s gp41
and influenza’s hemagglutinin also form 6HB structures
postfusion through a similar mechanism, but only in paramyx-
oviruses are the HR-B domains considered to form self-
associated, extracellular 3HBs (4, 36). (Depending on the
pathogen under investigation, the N-terminal heptad repeat
is referred to as HR-A, HR-N, or HR-1. The C-terminal
heptad repeat is referred to as HR-B, HR-C, or HR-2.) The
HR-B three-helical bundle in the prefusion model places the
hydrophobic residues inward for intersubunit contacts, while
the hydrophilic residues face outward to solvent. However,
in the postfusion model, the hydrophobic residues of HR-B
face a hydrophobic groove formed by two subunits of HR-A
(Figure 2A-D). HR-B loses a turn in its helix in the
transition from prefusion to postfusion and is less hydro-
phobic overall than HR-A. HR-B (residues 456-487)
possesses 534 and 477 Å2 of hydrophobic surface area in
the pre- and postfusion conformations, respectively, while
HR-A (residues 146-183) is measured at 1174 and 1271
Å2 of hydrophobic surface, respectively (Figure 2A-D).
HR-A presents roughly twice the hydrophobic surface per
residue than HR-B and, in fact, increases its hydrophobic
surface upon fusion to obtain favorable hydrophobic contacts

with HR-B. HR-B’s lesser hydrophobic surface area relative
to HR-A is advantageous for the fusion protein because the
HR-B 3-helix bundle is considered to dissociate in order for
the protein to achieve the postfusion conformation.

The Large, Water-Filled CaVity in the Prefusion Protein
Is a Metastable Feature That ProVides the MV F with a
Source of Potential Energy. In the prefusion form, the MV
F homology model incorporates a feature similar to that
present in the X-ray structure of PIV5 F, namely, a 35 Å
diameter spherical cavity in the head of the protein (Figure
2E). Solvating this space using the GROMACS program
placed approximately 550 water molecules in the cavity. In
the postfusion form, the latter is replaced by a quartet of
channels (one axial channel, three radial channels), but only
400 water molecules are accommodated by them when
solvated in silico (Figure 2F). The entropic cost of transfer-
ring a water molecule from liquid to a protein has been
estimated to be between 0 and 7 cal mol-1 K-1, correspond-
ing to a free energy cost between 0 and 2 kcal/mol at 300 K
(37). Most of the water molecules in the prefusion solvent
pool are loosely associated with the protein. It can be
expected that individual water molecules will not contribute
entropy penalties near the upper bound of 2 kcal/mol, but a
sizable entropic penalty can be associated with the total water

FIGURE 1: Secondary structure diagrams of MV F protein homology
models highlight the domain movements occurring during fusion.
Prefusion (A) and postfusion (B) conformations are colored by
subunit. Note the three-helical bundle on the left and the 6-HB on
the right. (C) Prefusion (green) and postfusion (cyan) models
superimposed by DI and DII domains. Overall backbone RMSD is
50 Å. (D) Single subunit of prefusion model colored by domains.
(E) Postfusion model of the same subunit as (D), colored by
domains, and similarly oriented by DI and DII domains.

FIGURE 2: Potential energy sources in fusion refolding. (A-D)
Hydrophobic surfaces of one HR-A and HR-B subunit in prefusion
and postfusion models (brown ) hydrophobic, green ) neutral,
blue ) hydrophilic). (E, F) Water-filled cavity and channels in
prefusion and postfusion models. Protein is shown as cartoon or
surface, colored by subunit; water is shown as vdW spheres. (E)
Prefusion model sustains a cavity with 550 water molecules held
inside. Surface representation on the right shows that the cavity is
almost completely sealed. (F) Postfusion model has an axial channel
and three radial channels filled with 400 water molecules. Surface
representation shows the openings of the channels at the top and
the sides.

13576 Biochemistry, Vol. 47, No. 51, 2008 Prussia et al.



pool. On the other hand, water molecules in an open channel
(Figure 2F) are expected to experience a reduced entropic
penalty relative to water sealed in a cavity. Another useful
measure for describing this effect is the additional buried
hydrophobic surface area between the prefusion and post-
fusion forms. Because different fragments of the protein are
missing in the two models, a direct comparison cannot be
made. However, if the solvent-accessible surface areas
between the common fragments (residues 27-99 and
144-487) are calculated, the postfusion form buries 4850
Å (2) of surface area that was exposed to solvent either in
the cavity or on the exterior of the prefusion form of the
protein. It is generally thought that buried surface area
provides 25 cal mol-1 Å-2 of hydrophobic free energy gain
at 300 K (38-40). This yields a rough estimate of 121000
cal/mol or 121 kcal/mol of hydrophobic free energy gain
from prefusion to postfusion conformations. Nonhydrophobic
energy changes are not addressed here, but the contribution
of buried surface area to the relative stability of the postfusion
conformation does serve to illustrate the considerable
potential energy stored in the prefusion conformation,
particularly in the large cavity in the head of the trimer.

Microdomain around Val94 Is Rearranged and Occluded
in the Prefusion Model. The microdomain around Val94 has
been shown to be important for fusion activity (11, 13). It is
formed by contacts between the DIII and HR-C domains
from one subunit and the DIII domain of a neighboring
subunit. Previously, experiments have demonstrated that
mutations disturbing the hydrophobic base and a hydrophilic
residue at the rim of the microdomain ablate fusion activity,
but mutations to smaller residues in the base (Leu256Ala
and Leu257Ala) can be compensated by the mutation to a
larger residue at the opposite side of the base (Val94Met).
The resulting triple mutant maintains all the fusion activity
of wild-type MV F (11). These structural observations are
based on the homology model of NDV F. By contrast, this
microdomain in the prefusion form of MV F adopts an
alternative spatial arrangement (Figure 3A,B). Thus, the CR

atoms of leucines 256 and 257 are separated from Val94 by
23 and 25 Å, respectively, while in the new postfusion model,
they are separated by only 7 and 10 Å, respectively.
Accordingly, the prefusion model does not immediately
suggest a structural explanation for how the Val94Met
mutation compensates for the other mutations, restores proper
folding into a transport-competent conformation, and main-
tains fusion activity. We cannot rule out the possibility that
the model fails to place these residues qualitatively correctly
or that long-range effects may play a role.

Another possibility is propelled by an independent line of
experiments, which show that AS-48 and OX-1 rescue
intracellular transport competence and fusion activity in a
dose-dependent fashion from a Val94Gly/Asn462Ser double
mutant that is normally not surface expressed (17). The
Asn462Ser mutation gives resistance to AS-48, but in
combination with Val94Gly surface expression is eliminated
in the absence of compound. Taking into account that AS-
48 recognizes and stabilizes a fusion-intermediate conforma-
tion of F (17), this finding suggests that F Val94Gly/
Asn462Ser spontaneously assumes an intermediate confor-
mation with a well-formed AS-48 docking site. The latter,
if stabilized by AS-48 from premature 6-HB formation, is
still remarkably transport competent. Applied to the F 94M/

256A/257A situation, by analogy this triple mutant F variant
may spontaneously assume an intermediate conformation that
brings residues 94 and 256/257 in close proximity as
proposed in our previous studies (11), is still transport-
competent, and, once matured and surface expressed, medi-
ates fusion in combination with MV H protein. While our
experimental data support the latter hypothesis, a definite
conclusion is beyond the scope of static models and cannot
be reached with the experimental tools currently available.

For mutations that maintain surface expression but lack
fusion activity, our models do provide a structural basis. Such
is the case for the Thr270Ala mutation, which has 100%
surface expression compared to wild type, but only 55%
fusion activity (11). In the prefusion model, Thr270 of the
DIII domain hydrogen bonds Ser144 of the HR-A domain
directly adjacent to the fusion peptide, providing an important
point of contact that anchors the fusion peptide to the head
of the protein prior to fusion activation (Figure 3C). Mutating
Thr270 to Ala removes this interaction and may cause the
fusion peptide to dissociate from its interface with the DIII
domain without proper activation. Such an event is expected

FIGURE 3: Changes in the Val94 microdomain occurring during
fusion. Prefusion (A) and postfusion (B) models are displayed with
Val94 microdomain residues as vdW spheres with the protein shown
as secondary structure. In the prefusion model the microdomain is
covered by the fusion peptide and HR-A; structural rearrangements
occur in the DIII and HR-C domains to bring the microdomain
together. (C) Interaction between Thr270 and Ser144 (shown as
sticks) in the prefusion model. This interaction appears to anchor
HR-A and Fpep to the protein head prior to fusion.
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to compel MV F to embark on the conformational pathway
to a postfusion structure without a cellular membrane to
target. Nonproductive, irreversible conformational changes
like this would reduce the ability of the virus to enter cells
since more of its fusion proteins are wasted in “misfires”.
Mutation of Thr270 to Ser elicits no change in hydrogen
bonding, causing fusion activity to be maintained at 93%
(11). Mutation to His, a larger, polar residue, lowers both
surface expression (30%) and eliminates fusion activity (11).
In the prefusion model, it would appear that a larger side
chain such as His may not be able to preserve the hydrogen
bond without other adjustments to the local protein structure.

AS-48 and related entry inhibitors do not bind the Val94
microdomain in the prefusion form but interact with an
intermediate structure along the fusion conformational
pathway. The structural rearrangements and occlusion of the
Val94 microdomain in the prefusion form make it clear that
AS-48 and related entry inhibitors do not prevent fusion by
binding to the prefusion structure (Figure 3A,B). To further
test whether AS-48 is binding at the Val94 site, we developed
two polyclonal antibodies against synthetic peptides including
HR-C residues 88-103 and DIII residues 240-259, respec-
tively (Figure 4). Both peptides encompass residues that are
near the Val94 microdomain (Figure 4B,C), but only the
former peptide covers this residue. Both peptide domains
are more exposed and closer to each other in postfusion than
prefusion (337 and 79 Å2 increased surface areas for residues
88-104 and 240-259, respectively). In immunoprecipitation
experiments with AS-48, the order of addition greatly
influences the amount of precipitated protein/antibody com-
plex. Adding AS-48 before the antibody directed against the

epitope for 88-103 essentially eliminates subsequent antibody
binding. Adding the antiserum before AS-48 does not change
the efficiency of precipitation. The antiserum directed against
the 240-259 residues confirmed the specificity of these
findings: adding AS-48 prior to this antiserum even increases
the amount of precipitate, suggesting enhanced accessibility
of the epitope. Adding antiserum before AS-48 again does
not change the amount of precipitate. These results suggest
that AS-48 blocks interaction of the 88-103 antibody to the
Val94 microdomain, while with the 240-259 antibody, AS-
48 prolongs exposure of this epitope along the fusion
conformational pathway. Both results strongly suggest that
AS-48 is indeed binding at this location, albeit to an
undefined conformational state of the protein.

Previously, we deployed an epitope-tagged peptide from
the HR-B domain of MV F to explore the conformational
status of MV F in the presence of AS-48 (17). The compound
did not prevent the HR-B peptide from binding to the HR-A
coiled coil, which would be expected if AS-48 acts through
physical docking to HR-A. Rather, it increased the copre-
cipitation efficiency of the epitope-tagged HR-B peptide
compared to solvent-only treated controls (17). These results
infer that AS-48 arrests MV F in a conformational intermedi-
ate that has formed an extended HR-A 3HB but has not yet
formed the 6HB or completed the subsequent refolding
process (Figure 5A-C). To visualize the formation of the
Val94 microdomain, a morph of the DIII domain from the
prefusion to the postfusion structure was carried out (Figure
5D; Movie S1, Supporting Information). The binding pocket
does not form until late in the simulation. On the basis of
manual docking of AS-48 to the intermediates from the
morph, we propose that AS-48 binds an intermediate
resembling frame 25 (Figure 5D) and thus prevents fusion
by interfering with the final conformational rearrangements
necessary to bring the HR-B domains in proximity to the
HR-A 3HB. HR-B linker residues 434-441 form � sheet-
like contacts with the defined DIII � sheet containing residues
48-57. Conceivably, AS-48 could prevent the � sheet from
moving into its final position by disrupting interactions with
the HR-B linker and interfering with the placement of HR-B
in the 6HB. The 240-259 peptide antibody target exposes
1044 Å2 surface area to solvent in the intermediate predicted
to bind AS-48 (Figure 5D, frame 25), as compared with its
surface in the postfusion model (943 Å2). If AS-48 inhibits
this intermediate, a prolonged interaction of this epitope with
its antibody could occur, resulting in additional protein/
antibody precipitate. This is exactly the result of the
aforementioned immunoprecipitation experiment when AS-
48 is added before the antiserum directed against 240-259
epitope. The Val94 microdomain is expected to be almost
fully formed in the intermediate structure, providing the
binding site that matches the structure-activity relationships
derived for analogues of the compound (16) and the
experimental results obtained from F mutants exposed to AS-
48.

MV F Residues 462 and 367 Are Located at the Critical
Interface between the HR-B and DI Domains in the Prefusion
Conformation of F. To better understand the role of residues
462 and 367 in conferring resistance, we examined the status
of these residues in our prefusion and postfusion models. In
prefusion MV F, Asn462 is found near the beginning of
HR-B at the intersection of HR-A and DI domains (Figure

FIGURE 4: Coimmunoprecipitation experiments with AS-48 and two
antibodies directed at epitopes in the Val94 microdomain. (A) Ab-
359, directed against residues 88-104, and Ab-361, directed against
residues 240-259, have opposing effects on the amount of complex
precipitated when added prior to AS-48. When introduced after
AS-48 addition, both antibodies precipitated amounts of complex
similar to antibody-only conditions. Prefusion (B) and postfusion
(C) models are shown as surfaces with residues 88-104 and
240-259 colored red and blue, respectively. The location of the
Val94 microdomain in both models is highlighted by circles. The
epitopes are closer and considerably more exposed postfusion (337
and 79 Å2 increased surface area for residues 88-104 and 240-259,
respectively).
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6A). However, in postfusion MV F, Asn462 is located on
HR-B on the outer coil of the six-helix bundle formed by
HR-A and HR-B (Figure 6C). In both structures, Asn462 is
facing ∼90° away from the center of the helical bundle, but

in the postfusion form, it is predicted to hydrogen bond with
Glu170 of HR-A found in another subunit. In the prefusion
form it hydrogen bonds to an adjacent residue (Gly460) on
the same subunit. The second mutation, Ala367, is part of

FIGURE 5: Proposed fusion pathways for the entire MV F (A-C, similar to pathway by Yin et al. (6)) and the DIII domains (D). (A) Prior
to fusion, MV F exists in a metastable state with water-filled cavity, HR-B in a 3HB, and the fusion peptide and HR-A wrapped around the
head of the protein. (B) Activation causes fusion peptides to bury within the cell membrane, formation of the HR-A 3HB, and dissociation
of HR-B. (C) Final postfusion structure with completely collapsed water-filled cavity and fully formed HR-A and HR-B 6HB. (D) Results
of morphing simulation of the DIII domain, shown in 6 of the 30 frames. Residue coloring is the same as in Figure 3A,B. AS-48 (shown
as sticks, colored with pink carbons and outlined in black) is docked into frame 25 and is proposed to inhibit fusion by disrupting interactions
between DIII and the HR-B linker. In this frame, the 240-259 epitope (shown as blue surface) is fully exposed for interaction with the
Ab-361 antibody.
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the DI domain and is near Asn462 in the prefusion form
(CR to CR distance of 12 Å) but very distant in the postfusion
form (CR to CR distance of 114 Å). Ala367 goes from a
nonpolar environment in the prefusion form to a relatively
solvated form in the postfusion structure. The Asn462 and
Ala367 positions in the prefusion conformation suggest that
mutations here may be conferring resistance by destabilizing
a network of noncovalent interactions between the top of
the HR-B domains and the base of the prefusion F head that
must be disengaged for HR-B 3HB to dissociate (vide infra)
and form the intermediate structure (Figure 6B). Further
experiments described below suggest that destabilization of
these interactions could accelerate the fusion kinetics,
negating the inhibitory effect of AS-48.

Mutations at MV F Residues 462 and 367 Disrupt the
Hydrophobic Interactions Holding the HR-B and HR-B
Linker to the DI Domain. The models suggest that HR-B
and the HR-B linkers are only loosely bound to the DI
domain in the head of prefusion MV F. Most of the
interaction between the HR-B/HR-B linker domains and the
rest of the protein occurs at the base of the head where HR-B
meets the DI domain. The mutations that confer resistance
to AS-48 are located in this critical region (Figure 6D).
Ala367 makes up part of the hydrophobic network that holds

these three domains (HR-B, HR-B linker, and DI) together.
This residue, along with Thr314, Leu354, and Leu355 are
part of the DI domain residues in this network. HR-B’s
portion of the network is formed by Leu457 and Thr461,
while Leu454 and Ile452 form the HR-B linker’s portion of
the network. Of the eight hydrophobic residues of HR-B and
the HR-B linker forming contacts with the head of the
protein, five of these residues (Leu457, Leu454, Ile452,
Pro451, and Pro450) are from this network. The remaining
three hydrophobic residues (Leu448, Ile446, and Val432, not
shown) are dispersed along the length of the HR-B linker.
These observations suggest that this concentrated hydropho-
bic region is critical for holding the HR-B/HR-B linker
domains in the prefusion conformation. Mutations to more
polar or smaller residues in this region will disrupt the
hydrophobic network and most likely decrease the barrier
for dissociation of HR-B/HR-B linker domains from the head
of the fusion protein. Such mutations are seen in AS-48
resistant mutants: Ser, Asp, or Lys replace Asn at position

FIGURE 6: Position of resistance-conferring mutations at Asn462
and Ala367. (A) Prefusion model shows that these residues are
proximal and part of the key interactions holding HR-B to the head
of the protein prior to fusion. (B) Proposed intermediate structure
revealing that Asn462 and Ala367 must separate to achieve the
conformational intermediate. (C) Postfusion model showing that
Asn462 ends up in the 6HB while Ala367 remains in the DI domain
of the MV F head. (D) View of the HR-B/HR-B linker interface
with the head of MV F in the prefusion model. Residues providing
key hydrophobic interactions are shown as sticks. Eight hydrophobic
residues provide interaction of the HR-B/HR-B linker to the head.
Five of the residues (Leu457, Leu454, Ile452, Pro451, and Pro450)
are from this network. The other three hydrophobic residues
(Leu448, Ile446, and Val432, not shown) are located upstream on
the HR-B linker.

FIGURE 7: Predicted structures for resistance-conferring mutations.
(A-D) Asn462 mutations at the interface of HR-B and DI domains
in the prefusion model. The protein is shown as secondary structure
with its Connolly surface. Selected residues are shown as sticks.
In wild type (A), Asn462 hydrogen bonds the backbone oxygen of
Asp458. The Asn462 f Asp mutant (B) introduces a negative
charge into this critical hydrophobic environment. The Asn462 f
Lys mutant (C) introduces a positive charge. The Asn462 f Ser
mutant (D) does not introduce a charge, but as a smaller residue,
it increases the solvent exposure of the hydrophobic interactions
compared to wild type. (E, F) Ala367 mutations at the interface of
HR-B and DI domains in the prefusion model. The protein is shown
as secondary structure. Selected residues are shown as sticks. In
wild type (E), Ala367 is part of the network of hydrophobic
interactions. The Ala367 f Thr mutant (F) introduces a polar
hydroxyl directly into the hydrophobic network.
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462, and Thr replaces Ala at position 367, implying that the
virus overcomes inhibition by AS-48 through conversion of
F to a less stable, constitutively more active variant. To
investigate the effect of these changes, we have mutated the
corresponding residues in the prefusion model and found
their lowest energy rotamer using PRIME’s side chain
prediction protocol (Figure 7). In the resulting structures,
we find that the Asp and Lys mutations at position 462
introduce a charged species into this hydrophobic network
(Figure 7B,C), increasing the attraction for water molecules
which can break up these interactions. Ser is not more polar
than Asn462 (Figure 7A), but when mutated in the prefusion
model, the smaller residue increases the exposure to solvent
(Figure 7D). The Thr mutation at position 367 introduces a
polar hydroxyl group into this deeply hydrophobic area
(Figure 7E,7F), likely inducing the same kind of effect as
the Asn462 mutations.

Mutations at Position 462 Enhance Fusion ActiVity at
Lower Temperatures. Fusion activities of the MV F mutants
N462S and N462K upon coexpression with MV H were
tested at both 30 and 37 °C (Figure 8A). Fusogenicity
remains unchanged in unmodified MV F at both tempera-
tures. However, in both mutant constructs, the fusogenicity
is markedly increased at 30 °C. Even at 37 °C, the N462K
variant experiences more fusion activity than unmodified MV
F at the same temperature. Consistent with this, lateral spread
of a recombinant MV harboring F N462K is increased
through the cell monolayer (Figure 8B). The N462K variant
is increased within the cell monolayer. Such results are
consistent with a decrease in the dissociation barrier between
the HR-B/HR-B linker domains and the head of the fusion
protein, assuming this barrier plays a deciding role in fusion
activation. For PIV5 F, Russell et al. have suggested this
region to act as a “conformational switch” based on muta-
tions of PIV5 F residues L447 and I449 (MV F equivalent
residues L457 and V459, Figure 6D). Thus, aliphatic
mutations attenuated fusion activity, but aromatic residues
promoted hyperactive fusion (41). A similar effect is
implicated in some HIV-1 resistance mechanisms in response
to enfuvirtide (42). Accordingly, it appears that mutations

promoting hyperactive fusion accelerate fusion kinetics,
narrowing the time window for productive AS-48 docking
and leading to resistance in MV F.

DISCUSSION

Despite extensive structural modification applied to the
AS-48 molecular scaffold, the analogous compounds were
never able to break the ∼1 µM inhibition barrier. Prior to
the development of the prefusion model, it was difficult to
justify the lack of increased activity for all of the analogues
produced. In light of the prefusion structure, it is now
possible to understand that the specific conformation of MV
F that AS-48 and its related inhibitors are able to target
(Figures 5D and 9) is only a brief intermediate within the
conformational cascade of the protein. Binding to the
postfusion structure would be noninhibitory, as the protein
has already brought the viral and cell membranes together.
Previous work has shown that AS-48 increases the binding
of an HR-B based peptide (17). This suggests that the
intermediate protein conformation that AS-48 targets is a

FIGURE 8: (A) MV F variants N462S and N462K show enhanced
fusion activity at 30 °C indicating reduced conformational stability.
The 462K variant shows increased fusogenicity also at physiological
temperature. Quantification of fusion activity of F variants after
cotransfection of Vero cells with equal amounts of plasmid DNA
encoding MV H and F and incubation at 30 or 37 °C as indicated.
The values represent means of four experiments and are expressed
as the percentage of fusion activity observed for unmodified MV
F after incubation at 30 or 37 °C, respectively. (B) In the context
of infection with recombinant MV, the F-462K variant confers
increased lateral spread through the target cell monolayer. Infected
cells were subjected to crystal violet staining 30 h postinfection to
visualize virus-induced syncytia.

FIGURE 9: (A) Predicted binding model for AS-48 in the postfusion
model. This binding pocket is not available in the prefusion model
(Vida Figures 3 and 5). (B) Predicted binding model for AM-4,
also in the postfusion model.
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late stage intermediate in which the HR-A 3HB has formed
and the postulated Val94 binding site has been exposed in
contrast to being shielded by the HR-A residues (Figure 3).
On the basis of the morphing simulation of the DIII domain,
we suspect that AS-48 disrupts interactions of the HR-B
linker necessary to position HR-B near HR-A, interrupting
the formation of the 6HB, that is, not by inducing a
conformational change in the protein but by increasing the
energy barrier from an intermediate structure to the postfu-
sion structure. Targeting an intermediate viral protein
structure has been successful in some cases, for example,
the peptide HIV entry inhibitor enfuvirtide (43), which
achieves an EC50 in the low nanomolar range, but at the
expense of a 36-residue peptide which requires subcutaneous
injection. Enfuvirtide also benefits from the relatively long
lifetime (several minutes) of the HIV-1 gp41 extended
intermediate (44). Other fusion protein intermediates may
only exist for a few seconds (36). For structure-based ligand
design, lack of detailed structural information for the
intermediate poses a significant challenge.

AM-4 has shown the greatest degree of inhibition of all
entry inhibitors related to AS-48 but is unstable at physi-
ological conditions as this compound is essentially a masked
quinone which degrades upon facile air oxidation to unchar-
acterized products (15). Its high level of inhibition can likely
be ascribed to the reactivity of its resulting quinone as a
Michael acceptor in the binding site, perhaps subject to
nucleophilic attack by the hydroxyl of Ser45 (Figure 9),
although no attempt was made to determine the labeled
residue. Cysteine labeling seems unlikely as all extracellular
cysteines are predicted to form disulfide bonds. However,
with reactivity comes instability. AM-4 loses all inhibitory
activity in 16 h, corresponding to the loss of NMR spectrum
integrity and precipitation in deuterated chloroform (15).
Although irreversible binding by AM-4 may result in
increased inhibition, such covalent interaction with proteins
is undesirable for a compound projected as a possible drug
candidate, even if the compound were shelf stable.

Previously, disulfide bonds were modeled into MV F and
introduced experimentally by site-directed mutagenesis of
residues 452 (on the HR-B linker) and 460 (on HR-B) to
cysteines (19). Engineered disulfide bonds have the opposite
effect of the acquired mutations occurring at this site: fusion
activity is eliminated but can be restored by reduction of
the disulfide bonds to the free cysteines (19). These residues
were selected based on the resulting geometry when these

residues were mutated to cysteines in the perfusion model
and subjected to a short molecular dynamics and minimiza-
tion protocol (Figure 10). The mutated protein was synthe-
sized and surface expressed to a degree similar to that for
unmodified protein, only as disulfide-linked trimers without
fusion activity. Fusion activity can be partially restored by
subjecting the protein to reducing conditions, however,
indicating that
the protein has a native fold that is not interrupted by the
introduction of the cysteines.

In addition to probing the molecular mechanism of fusion
protein reorganization and its suppression by small molecular
weight inhibitors, modeling the MV F structures also
provides a predictive tool to guide the planning and
interpretation of future experiments. Given the importance
of the Asn462 and Ala367 residues and the effect of the
engineered disulfides, we propose that a structure-based drug
design approach targeting this site may lead to a new class
of inhibitors that could stabilize the interface between HR-
B/HR-B linker and DI/DII domains. Failing that, small
molecule binding to other sites on the prefusion structure
could interfere with activation by hemagglutinin or other
early conformational transitions. Recent work from our group
has shown that residues near either side of the fusion
cleavage site, as well as a residue in the hairpin turn of HR-
A, are functionally involved in activation by hemagglutinin
(45). Either site could potentially be exploited by a structure-
based design approach using the prefusion model, targeting
the more abundant form of the protein, instead of a transient
intermediate.
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Movie S1 from results of the DIII domain morphing
simulation. Each frame corresponds to a frame of the
simulation. The protein is shown as a secondary structure
diagram with residues from Figure 5D shown as sticks.
Subunits are colored by trimer as in Figure 1. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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