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Attachment of measles virus (MV) to its cellular receptor is mediated by the viral envelope glycoprotein
hemagglutinin (H). H exists at the viral surface as a disulfide-linked dimer which may associate into a
tetramer. We aimed to define regions of H essential for its homo-oligomerization. To delineate these more
precisely, we have generated a series of H ectodomain truncation mutants and studied their abilities to form
both homotypic complexes and heterotypic complexes with full-length H. We define a “minimal unit” which is
sufficient for MV H dimerization as that encompassing residues 1 to 151. This unit forms both homodimers and
heterodimers with full-length H protein, although neither is transported to the cell surface even in the presence
of other MV proteins. We show that cysteine residues at positions 139 and 154 are both critical in mediating
covalent dimerization, not only of the truncated H mutants but also of full-length MV H protein. Even those
cysteine mutants unable to form covalent intermolecular interactions are biologically active, mediating the
formation of syncytia, albeit at a reduced rate. We demonstrate that this impaired capacity to mediate
cell-to-cell fusion is based mainly on a reduced transport rate of the mutant molecules to the cell surface,
indicating a role for covalent intermolecular interactions in efficient transport of MV H dimers to the cell

surface.

Measles virus (MV) belongs to the Paramyxoviridae, a family
of enveloped, negative-stranded RNA viruses. The surface of
the virion is composed of two envelope glycoproteins, hemag-
glutinin (H) and fusion protein (F), which together mediate
virus-cell attachment and entry (31). The H protein is respon-
sible for binding to the cell surface receptor (21, 31), which for
the most extensively studied strain of MV, the vaccine strain
MV Edmonston (MVgg,,), is the regulator of complement
activation CD46 (6, 20). H is also involved in supporting the
ability of F to mediate virus-cell fusion subsequent to CD46
binding (15).

The H protein is a type II transmembrane glycoprotein,
believed to be functional at the virion surface as a disulfide-
linked dimer which may associate into a tetramer (16, 18, 24).
H protein dimerization and acquisition of conformation-de-
pendent antigenic epitopes are both thought to occur in the
endoplasmic reticulum (ER) prior to transport to the Golgi
complex (13). The mature H protein comprises a short cyto-
plasmic tail of 34 amino acids preceding a single hydrophobic
transmembrane region and a large C-terminal ectodomain (1,
4, 9). Although lacking neuraminidase activity, MV H protein
may show some structural similarity with the hemagglutinin-
neuraminidase (HN) proteins of all other members of the
Paramyxoviridae (16).

The regions of MV H protein essential for its homo-oli-
gomerization have yet to be mapped. Residues 2 to 14 of the
cytoplasmic tail cannot be required for MV H oligomerization,
since viruses with this deletion are capable of both dimerizing
and mediating cell-cell fusion (3). Residues 35 to 58 of H are
buried in the lipid bilayer, forming the transmembrane domain
(1). It has been proposed that amino acids 59 to 181 of the H
protein form a slender stalk encompassing a highly protease-
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sensitive region at residues 135 to 181, which may be exposed
to the outside, forming the “hinge” of the molecule (16, 24).
Furthermore, study of soluble forms of H generated by pro-
tease digestion from infected cells suggests that the region
between amino acids 135 and 173 may be involved in oligomer-
ization and that cysteine 139 may be critical in this interaction
(24). Beyond amino acid 181 lies the globular head of the
molecule comprising the CD46 binding site and proposed
neuraminidase-like domain.

Taken together, these data and structural predictions led us
to propose that the stalk region of the ectodomain of MV H
protein may be essential for its efficient dimerization. To test
this hypothesis we generated a series of progressive H ectodo-
main truncation mutants and studied their abilities to form
both homotypic complexes and heterotypic complexes with
full-length H. All of these mutants include the membrane-
proximal region of the ectodomain defined as the fusion-pro-
moting region of paramyxovirus H or HN proteins (5, 26-28,
30). Although incapable of mediating fusion support, the trun-
cated H proteins have given insights into the mechanism un-
derlying MV H dimerization. We define a “minimal unit”
which is sufficient for MV H dimerization as that encompassing
residues 1 to 151. Furthermore, we show that cysteines at
positions 139 and 154 are responsible for mediating dimeriza-
tion in the context of both truncated and full-length H pro-
teins. This covalent dimerization is demonstrated to be a pre-
requisite for efficient transport to the cell surface and hence for
efficient function.

MATERIALS AND METHODS

Cell culture and transfection. Vero (African green monkey kidney) cells were
maintained in Dulbecco’s modified Eagle’s medium containing 5% fetal bovine
serum, penicillin, and streptomycin at 37°C and 5% CO,. The cells were tran-
siently transfected by Lipofection (Superfect; Qiagen) and analyzed 18 to 24 h
posttransfection. Unless otherwise stated, cotransfection of different plasmids
was performed using equimolar quantities of DNA corresponding to each con-
struct.

Plasmid construction and site-specific mutagenesis. Parental plasmids for
mutagenesis and all experiments were MV, H and F proteins subcloned into



6486 PLEMPER ET AL.

J. VIROL.

TABLE 1. Primers used for site-directed mutagenesis.

Construct Primer sequence (plus strand)”

Hstem 1.... 5-CCACTCTTCAAAATCATCGGTCATCACCACCATCACCATTAATGACAGAGATTCACTGACCTAGTG-3

H stem 2. ..5-CCTTAATCCGGATAGGGAGTACCATCACCACCATCACCATTAATGAATCAACCCGCCAGAGAGAATC-3

H stem 3.... 5-CCAGAGAGAATCAAATTGGATTATCATCACCACCATCACCATTAATGAGCTGAAGAGCTCATGAATGC-3
Hstem 4.... 5-GTGAACTCAACTCTACTGCATCACCACCATCACCATTAATGACTAGCTGTCTCAAAGGG-3

Hstem 5.... 5-GTCACTATGACATCCCAGCATCACCACCATCACCATTAATGAGTGGAAAAGCCTAATCTG-3

H stem 6.... 5-CCTGGGTCCCCTTATCAACGCATCACCACCATCACCATTAATGATACCTCTCATCTCACAGAGGTG-3

H stem 7. ..5-GGATACCGAGATTCAAGGTTAGTCATCACCACCATCACCATTAATGAAAGGAAGCAGGCGAAGACTGC-3
HFlagb ...5-GGGTGCAAGATCATCGATAATGGACTACAAGGATGACGATGACAAGTCACCACAACGAGACCGGATAAATGC-3
H C139S.. ..5-CGACTTCAGAGATCTCACTTGGTCTATCAACCCGCCAGAGAGAATC-3

H C154S.. .S5-GAATCAAATTGGATTATGATCAATACTCTGCAGATGTGGCTGCTGAAGAG-3

“ For H stem 1 to 7, boldface type highlights the two stop codons; for Hpy,,, boldface type highlights the Flag tag epitope, for H C139S and H C154S, boldface type

highlights cysteine-to-serine substitutions.
® Hgyyg full-length Flag-tagged H.

the pCG vector (2). In all cases, site-directed mutagenesis was performed using
the quick change system (Stratagene) according to the manufacturer’s instruc-
tions, and the integrity of mutant constructs was confirmed by DNA sequencing
and Western analysis. Table 1 shows the plus strand of the mutagenesis primers
used in this study. To generate truncated H constructs, designated H stems 1 to
7 we introduced a six-histidine epitope followed by two stop codons. The six-
histidine epitope was designed as a tool to detect H stem proteins at the cell
surface. For amino-terminal Flag-tagging of H we inserted the sequence encod-
ing the Flag epitope (DYKDDDDK) downstream of the ATG start codon of H.
Cysteine-to-serine exchanges (H C139S and H C154S) were introduced by con-
verting the codon TGT to TCT at the indicated positions.

Western analysis and deglycosylation experiments. For Western analysis of
MYV proteins, Vero cells were transfected with plasmids encoding F and either
full-length or mutated H protein as indicated and incubated in 3.5-cm-diameter
tissue culture wells at 37°C. Subsequent to cell lysis for 5 min at 4°C in lysis buffer
(50 mM Tris, pH 8.0; 62.5 mM EDTA; 0.4% deoxycholate; 1% Igepal [Sigma]),
protease inhibitors (Complete mix [Boehringer] and 1 mM phenylmethylsulfonyl
fluoride [PMSF]) were added and the supernatant was clarified by centrifugation
at 5,000 X g for 10 min at 4°C. The resulting postnuclear supernatant was mixed
with an equal volume of urea buffer (200 mM Tris, pH 6.8; 8 M urea; 5% sodium
dodecyl sulfate [SDS]; 0.1 mM EDTA; 0.03% bromphenol blue) containing 1.5%
dithiothreitol (DTT) and incubated for 25 min at 50°C in a thermomixer. Sam-
ples were fractionated on SDS-polyacrylamide gels as indicated, blotted to poly-
vinyl difluoride membranes (Millipore) and subjected to enhanced chemilumi-
nescence detection (Amersham Pharmacia Biotech).

For endoglycosidase H (endo H) treatment, samples were mixed subsequent
to lysis with denaturing buffer (final concentration, 0.5% SDS, 1% B-mercapto-
ethanol) and incubated at 55°C for 25 min. Deglycosylation buffer (final concen-
tration, 50 mM sodium citrate, pH 5.5) and 0.5 U of endo H were added prior
to incubation at 37°C for 12 h. Reactions were stopped by addition of equal
volumes urea buffer containing 1.5% DTT, samples were fractionated by poly-
acrylamide gel electrophoresis, blotted to polyvinylidene difluoride membranes,
and analyzed by enhanced chemiluminescence detection as described above.

Syncytium formation. Vero cells were cotransfected in duplicate with 1.5 g of
plasmid DNA encoding H stem constructs, MV gy, H (Hggp,), or empty plasmids
for control and 1.5 g of plasmid DNA encoding Fg,,,. Cells were incubated at
32°C to prevent cells from reaching a 100% confluency prior to appearance of
syncytia. The amount of syncytia in representative fields (approximately 20% of
a 3.5-cm-diameter tissue culture well) was determined at the indicated times.

Metabolic labeling and immunoprecipitation. Vero cells transfected as de-
scribed in six-well tissue culture plates were incubated for 30 min in labeling
medium lacking cysteine, methionine, and ammonium sulfate and then metabol-
ically labeled by incubation in labeling medium containing [**S]methionine (Am-
ersham Pharmacia Biotech) at a final concentration of 100 w.Ci/ml for 45 min at
37°C. Subsequently, labeling medium was replaced by chase medium containing
5% fetal calf serum and the cells were incubated at 37°C for various periods as
indicated.

For direct immunoprecipitation cells were lysed in radioimmunoprecipitation
assay buffer (10 mM Tris, pH 7.4; 1% deoxycholate; 1% Triton X-100; 0.1% SDS;
150 mM sodium chloride; protease inhibitors [Complete mix; Boehringer Mann-
heim]; 1 mM PMSF) for 15 min at 4°C, and lysates were subjected to centrifu-
gation for 30 min at 20,000 X g. For coimmunoprecipitation experiments cells
were lysed in coimmunoprecipitation buffer (50 mM HEPES, pH 7.3; 100 mM
sodium chloride; 10 mM n-dodecyl B-p-maltoside; protease inhibitors [Com-
plete mix; Boehringer Mannheim]; 1 mM PMSF).

Proteins were precipitated from cell lysates with agarose-conjugated anti-Flag
antibodies (M2; Sigma) or with antibodies directed against various cytosolic or
extracellular epitopes of MV F and H proteins as indicated. Lysates were incu-
bated with antibodies for 1 to 2 h at 4°C in lysis buffer. If not coupled to agarose,
immune complexes were absorbed subsequently to protein G-Sepharose beads
for 1 h at 4°C. Precipitates were washed four times in lysis buffer prior to

resuspension in urea buffer containing 1.5% DTT for 25 min at 50°C and
fractionation on polyacrylamide gels as indicated. For nonreducing gel electro-
phoresis precipitates were incubated in urea buffer lacking DTT. Dried gels were
exposed to highly sensitive films (Kodak Biomax) or quantified using a Storm
imaging system (Molecular Dynamics).

Surface immunoprecipitation. For selective immunoprecipitation of plasma
membrane-localized MV glycoproteins, Vero cells were transfected in six-well
tissue culture plates and metabolically labeled as described above. Subsequent to
a 4-h chase period at 37°C, cells were detached from plates and washed three
times in ice-cold phosphate-buffered saline containing 0.05% sodium azide. In-
tact cells were incubated with antibodies directed against extracellular epitopes
of MV H for 1 h at 4°C, washed five times with ice-cold phosphate-buffered saline
(pH 7.2), and lysed by incubation in coimmunoprecipitation buffer containing
protease inhibitors (Complete mix [Boehringer Mannheim] and 1 mM PMSF)
for 15 min at 4°C. Debris was removed by centrifugation at 20000 X g for 30 min
at 4°C, and the supernatant was incubated with protein G-Sepharose beads for
1 h at 4°C. Surface precipitates were washed as described above, and the super-
natant of the first washing cycle containing the intracellular fraction of the
respective MV glycoprotein was subjected to a second precipitation using agar-
ose-conjugated anti-Flag antibodies. All precipitates were finally resuspended in
urea buffer containing 1.5% DTT for 25 min at 50°C and subjected to gel
electrophoresis and autoradiography as described above.

Preparation of MV stocks. Vero cells (80% confluent in 10-cm-diameter tissue
culture dishes) were infected at a multiplicity of infection (MOI) of 0.1 PFU/cell
with MV, and incubated at 37°C until approximately 90% of cells were found
in syncytia. Cells were resuspended in 3 ml of low-serum medium (Opti-MEM;
Gibco) and scraped into 15-ml centrifugation tubes, and particles were released
by three repeated freeze-thaw cycles in liquid nitrogen and at 37°C. Stock titers
were determined by 50% tissue culture infective dose titration, and stocks were
stored at —70°C.

Purification and analysis of MV particles. Vero cells in 10-cm-diameter tissue
culture dishes were infected at a multiplicity of infection of 1.0 PFU/cell with
MVgy,, and incubated at 37°C. Four hours postinfection (p.i.) cells were trans-
fected with 15 pg of plasmid DNA encoding full-length or truncated MV H
carrying an amino-terminal Flag epitope. Seven hours p.i. labeling medium
containing [**S]methionine at a final concentration of 75 wCi/ml was added, and
cells were incubated at 37°C. Forty-five hours p.i. medium was harvested, cell
debris was removed by low-speed centrifugation (20,000 X g, 20 min, 4°C), and
virus particles were concentrated at the interphase of a two step 20% and 60%
sucrose gradient in TNE buffer (10 mM Tris, pH 7.8; 100 mM sodium chloride;
1 mM EDTA) by centrifugation at 100,000 X g, 4°C for 90 min. The virus-
containing fraction was diluted with TNE buffer to less than 30% sucrose, and
particles were pelleted at 100,000 X g at 4°C for 90 min. The pellet was resus-
pended in radioimmunoprecipitation assay buffer and subjected to immunopre-
cipitation, gel fractionation, and autoradiography as described above.

RESULTS

To identify a minimal region of the MV H ectodomain
required for stable H intermolecular interaction, we generated
progressive deletion mutants of the Hgg,,,. Schematic diagrams
of the full-length Hp,,, protein and the seven ectodomain
mutants designated H stem 1 to 7, indicated as S1 to S7, are
shown in Fig. 1. H stem 7 lies immediately N-terminal to the
region of H identified as the CD46 binding site (11, 17, 22). H
stems 2, 3, and 4 were designed on the basis of natural trypsin
cleavage sites in H (24), and H stems 1, 5, and 6 were based on
the structural predictions of Langedijk and colleagues (16),
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FIG. 1. Schematic diagram of the predicted domain structure of the Hgg,,, protein and the seven ectodomain H stem mutants (S1 to S7) generated in this study.
Trypsin cleavage sites (vertical lines), N-linked glycosylation motifs (stars), and the postulated CD46 binding site (horizontal line) are indicated. The fifth potential
glycosylation site (in brackets) is not recognized by the ER glycosylation machinery (12). cyt., cytoplasmic.

such that H stem 1 comprises the first proposed extracellular
folding domain, H stem 5 encompasses both first and second
such domains, and H stem 6 comprises all of the protein
N-terminal to the proposed neuraminidase-like B-sheet region.
Expression, stability, and intracellular transport of H stem
mutants. Vero cells were transiently transfected with all H
stem constructs, and Western blot analysis confirmed their
expression with the expected molecular weight (Fig. 2A). Sta-
bility of the seven H stem proteins was further characterized by
pulse-chase analysis (Fig. 2B). H stems 4 and 6 showed a
degree of stability similar to that reported for Hy,,, (Fig. 2C)
(half-life [t,,,] =~ 3 h). H stems 1, 2, and 7 displayed an inter-
mediate stability (¢,, = 106, 122, and 122 min respectively),
while H stems 3 and 5 were the least stable (t,,, = 40 and 55
min, respectively), suggesting their rapid degradation, most
probably initiated by the ER quality control system (23).
Endo H treatment (Fig. 2D) revealed proper glycosylation
of all H stems carrying N-linked glycosylation sites, namely, H
stems 4 to 7. Thus, truncation of H does not interfere with its
recognition by the ER glycosylation machinery. Furthermore,
complete sensitivity of all H stems to endo H treatment dem-
onstrated a lack of Golgi-type carbohydrate chain trimming,
suggesting that the H stem proteins were not exported from
the ER. In contrast, Hg,,, displayed approximately 50% resis-
tance to endo H, similar to that previously reported (3, 4),
demonstrating that the Hg,,, protein was transported.
Amino acids 1 to 151 define a minimal region of MV H
required for intermolecular interaction. Despite their lack of
transport to the cell surface, the ability of each H stem mutant
to interact with MV Hg,,, could be studied since H dimeriza-
tion occurs rapidly after integration of the nascent molecules
into the ER membrane (4). Flag-tagged versions of each H
stem mutant were coexpressed with nontagged Hyg,,, in Vero
cells. We have previously verified that the addition of Flag tag
to the N terminus of Hgg,, does not affect its expression,
transport, or activity (data not shown). Cells were labeled with
[>*S]methionine, and then subjected to coimmunoprecipitation
using an anti-Flag antibody and analysis by SDS-polyacryl-
amide gel electrophoresis (Fig. 3A). Differences in the inten-
sities of immunoprecipitated H stem bands reflect different
numbers of methionine residues in the stem proteins, rather
than differences in expression levels. While Hgg,,, could barely
be coimmunoprecipitated with H stem mutants 1 and 2, H

stems 3 to 7 were all capable of efficient interaction with Hg,,.
Thus, a minimal region of MV H required for its stable inter-
action with other H monomers can be defined as H stem 3, or
amino acids 1 to 151.

We assessed whether the interactions observed between H
stem proteins and Hgg,,, were based on dimerization. H stems
2, 3, 4, and 6 were chosen for this analysis, since 2 does not
interact with Hgg,,,, 3 is the minimal unit for interaction, and 4
and 6 are the most stably expressed H stems. Flag-tagged H
stems 2, 3, 4, and 6 were coexpressed in Vero cells with non-
tagged Hg,,,. Subsequent to labeling with [>*S]methionine and
coimmunoprecipitation with anti-Flag antibody, proteins were
resolved under nonreducing conditions. For H stem 2, no high-
er-order complexes were observed, whereas for H stems 3, 4,
and 6, both homodimers and heterodimers formed with Hgy,,
were observed (Fig. 3B). The identity of the complexes was
inferred from their estimated molecular weight and by com-
parison to the same samples resolved under reducing condi-
tions (data not shown). Thus, dimerization accounts for the
interaction between H stems and Hyg,,.

Influence of MV proteins on transport and incorporation
into viral particles of H stem mutants. Considering the ability
of H stems 3 to 7 to interact with Hg,,,, we investigated
whether the presence of full-length, transport-competent
Hggp, could partially restore transport of these H stem proteins
to the cell surface. Therefore, Flag-tagged H stems 3 to 7 were
coexpressed with nontagged Hyg,, in Vero cells, and subse-
quent to [**S]methionine labeling, a surface coimmunoprecipi-
tation was carried out. Whole cells were first incubated with an
antibody directed against the extracellular C terminus of H and
then were washed, lysed, and coimmunoprecipitated to detect
surface Hgy,,, and interacting H stems before a second coim-
munoprecipitation step using anti-Flag antibody was per-
formed to detect intracellular H stems and bound Hg,, (Fig.
4A). None of the H stem mutants could be found at the cell
surface in a complex with Hgg,,, protein, but in contrast, intra-
cellular nontagged Hp,, could be coprecipitated with each of
the H stem mutants 3 to 7, confirming our previous findings.
Notably, none of the H stems seems to act as a strong domi-
nant-negative inhibitor of transport of Hgy,, to the cell surface.
This suggests a reversible interaction of the H stems with Hyg,,,
in the early secretory system.

While coexpression of Hyg,, was not sufficient to restore
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FIG. 2. Truncated H stem proteins are expressed with the expected molec-
ular weight but reveal different stability and no carbohydrate chain trimming. (A)
Vero cells were transfected with Flag-tagged H stem constructs as indicated or
were mock-transfected for control (Co). Western analysis of truncated MV Hgg,,,
proteins using anti-Flag antibodies was carried out. Polypeptides were separated
on 10 to 20% Tris-Tricine gels. Numbers to the left of the gel correspond to the
molecular weight (in thousands). (B) Two H stem proteins demonstrate full-
length Hgg,,-like stability. Vero cells transfected with H stem constructs were
radiolabeled with [3°S]methionine for 45 min and then incubated in chase me-
dium for the indicated times. MV H was immunoprecipitated from the cell
lysates and separated on 10 to 20% Tris-Tricine (H stem 1, 2, 3, and 4) or on 12%
Tris-HCI (H stem 5, 6, 7, and Hpy,,) gels. (C) Quantification of the radioactivity
of the precipitated polypeptides was achieved using a Storm phosphoimager. (D)
Western analysis of H stem constructs subsequent to incubation with (+) or
without (—) endo H for 12 h. Samples were analyzed on 10 to 20% Tris-Tricine
or on 12% Tris-HCI gels as indicated.
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FIG. 3. Identification of a minimal H stem unit required for dimerization with full-length Hg,,,. (A) H stems 3 to 7 are capable of interacting with Hgy,,. Vero cells
doubly transfected with Flag-tagged H stem constructs and with full-length Hg,, as indicated were radiolabeled and then incubated in chase medium for 45 min prior
to lysis with coimmunoprecipitation buffer. Samples were fractionated on 10 to 20% Tris-Tricine gels. Full-length Hy,,, was coimmunoprecipitated with H stems using
anti-Flag antibodies. Co, mock-transfected control. (B) H stem 3, 4, and 6 proteins are capable of efficient oligomerization. Vero cells were double transfected with
Flag-tagged H stem constructs and full-length Hgy,, as indicated, radiolabeled, and chased for 1 h at 37°C. Complexes were coimmunoprecipitated using anti Flag
antibodies and fractionated on 10 to 20% Tris-Tricine or 12% Tris-HCI gels under nonreducing conditions. Labeled () bands correspond to the indicated complexes.

transport of the H stem proteins to the plasma membrane, it
was conceivable that by interaction with other viral compo-
nents at least the most stable H stem proteins, 4 and 6, may be
transported to the cell surface and incorporated into viral
particles. Therefore, Flag-tagged H stems 4 and 6 and Flag-
tagged Hyg,, were transiently expressed in Vero cells which
were labeled with [*>S]methionine and infected with MV,,..
Viral particles were purified from the extracellular medium,
lysed, and subjected to immunoprecipitation using anti-Flag
antibodies. While transiently expressed Flag-tagged Hpg,,
could be detected, indicating its uptake into viral particles,
neither H stem 4 nor 6 was found in virions (Fig. 4B).

Cysteines 139 and 154 are responsible for covalent interac-
tion of MV H monomers. The region between H stems 2 and 3
which defines the minimal region for interaction between H
monomers includes one cysteine residue at position 139. We
proposed that this cysteine and the cysteine at position 154,
which lies in the region between stems 3 and 4, may be respon-
sible for intermolecular disulfide bonding between H mono-
mers.

To address this question, we mutated cysteines 139 and 154

in Flag-tagged H stems 3 and 4 singly and in combination.
Cysteines were replaced by serine, since this substitution re-
sults in minimal secondary effects on protein structure: the
mutation consisting of a sulfur-to-oxygen substitution (10, 29).
Mutant constructs H stem 3 C139S, H stem 4 C139S, H stem
4 C154S, and H stem 4 C139S-C154S were transfected in Vero
cells, and Western blot analysis confirmed all proteins were
expressed at the expected molecular weight (data not shown).
By coimmunoprecipitation, both H stem 3 C139S and H stem
4 C139S-C154S demonstrated drastically reduced abilities to
interact with Hgq,,, compared with the parental H stem 3 and
H stem 4 proteins (Fig. 5A). The singly mutated H stem 4
C139S and H stem 4 C154S, however, showed no reduction in
their interaction with Hgg,,, suggesting that both cysteines
contribute equally to MV H intermolecular interaction and
that lack of one can be compensated for by presence of the
other.

To evaluate the relevance of these data obtained with the
truncated H stem proteins for oligomerization of full-length H
protein, we generated Flag-tagged Hyg,, carrying the C139S
and C154S exchanges singly and in combination. The ability of
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FIG. 4. Presence of full-length Hgg,, or other viral proteins does not restore transport of H stem constructs to the cell surface. (A) Vero cells were double
transfected with Flag-tagged H stem constructs and Hgg,,,, radiolabeled, chased for 4 h at 37°C, and incubated with antibodies directed against an epitope located at
the extracellular carboxy-terminus of Hg,,,. Subsequent to lysis, immune complexes representing cell surface (SF)-localized MV glycoproteins were precipitated, and
supernatants were subjected to a second precipitation using anti-Flag antibodies to isolate intracellular (IC) antigenic material. All samples were fractionated on 10
to 20% Tris-Tricine gels. (B) H stem proteins are not incorporated into viral particles. Vero cells were infected with MV, transfected with Flag-tagged H stem
constructs 4 or 6 or full-length Flag-tagged H 4 h p.i.,, radiolabeled 7 hours p.i., and incubated at 37°C. Viral particles were purified 45 h p.i., subjected to
immunoprecipitation using anti-Flag antibodies, and analyzed on 12% Tris-HCI gels. Co, mock-transfected control.

the mutated full-length H to oligomerize was analyzed by im-
munoprecipitation and fractionation under nonreducing con-
ditions. Both singly mutated Hgg,, C139S and Hg,,, C154S
were shown to dimerize (Fig. 5B), consistent with our previous
observations. However, the doubly mutated Hg,, C139S-
C154S protein was incapable of dimerization, confirming that
the minimal requirement for H oligomerization identified us-
ing the truncated H stem constructs is relevant in the context
of full-length protein.

Covalent interaction between Hy,, monomers is required
for efficient transport but not for functionality. To assess the
consequences for biological activity of these cysteine muta-
tions, the mutant Hgg,, proteins were coexpressed in Vero
cells with MV F protein, and the presence of syncytia was
scored every 24 h for 8 days. Strikingly, even the Hg,,, C139S-
C154S double mutant, although incapable of covalent interac-
tion, mediated cell-to-cell fusion (Fig. 6A). Consistent with

previous reports (4), coexpression of Hgg,,, with Frg,, in Vero
cells resulted in the formation of large syncytia, comprising
90% of all cell nuclei 24 h posttransfection. After cotransfec-
tion with Fgq,,, 90% of cells were found in syncytia 2 days
posttransfection for the singly mutated Hg,,,, C139S, 7 days for
the Hyy,, C154S mutant, and 8 days for the doubly mutated
Hgg,, C139S-C154S. These data suggest that the C154S muta-
tion has a greater limiting effect on H functionality than the
C139S exchange.

To investigate whether the basis for this phenotype lies in
reduced transport of the mutated molecules to the cell surface,
we performed a pulse-chase analysis to determine the kinetics
of carbohydrate chain trimming, indicating ER-to-Golgi trans-
port (Fig. 6B). Following the fate of Hg,,,, 50% conversion to
Golgi-type glycosylation was detectable after approximately
100 min of chase time, whereas Hgg,, C139S reached 50%
Golgi-type glycosylation only after 200 min. Even after 270 min
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FIG. 5. Cysteine residues 139 and 154 are equally sufficient for hetero-oli-
gomerization of H-stem constructs and of Hggy,,. Vero cells doubly transfected
with Flag-tagged H stem constructs and with full-length Hgy,,, as indicated were
radiolabeled and then incubated in chase medium for 45 min prior to lysis with
coimmunoprecipitation buffer. (A) Coimmunoprecipitation of full-length Hggy,
with H stem constructs carrying cysteine to serine exchanges as indicated using
anti Flag antibodies. (B) Exchange of both cysteine residues 139 and 154 pre-
vents oligomerization of full-length Hgg,,,. Immunoprecipitation of Flag-tagged
full-length Hgg,,, carrying exchanges as indicated using anti-Flag antibodies was
carried out. Samples were analyzed on a 10% Tris-HCI gel under nonreducing
conditions. Co, mock-transfected control.

of chase time, a barely detectable fraction of Hyg,,, C154S and
Hgg,, C139S-C154S was converted. These data indicate that
the reduced biological activity of Hg,,, carrying the cysteine
mutations is attributable rather to a reduced rate of transport
than to a lack of complex formation.

DISCUSSION

Using a series of progressive ectodomain truncation mu-
tants, we have characterized a minimal region of the Hgy,
protein which is sufficient for its intermolecular interaction and
oligomerization. This unit encompasses 151 amino acids, in-
cluding the cytoplasmic tail, transmembrane domain, and the
membrane-proximal 93 amino acids of the ectodomain. We
have further delineated the requirements for interaction, dem-
onstrating that cysteine 139 is critical in mediating a stable
intermolecular interaction of this minimal unit with full-length
H protein. In the absence of cysteine 139, the inability of this
minimal unit to efficiently dimerize can be overcome by ex-
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tending the unit to include a cysteine at position 154. Signifi-
cantly, we have confirmed that both cysteines are critical in
mediating efficient dimerization not only of the minimal inter-
acting unit, but also the full-length MV H protein.

One concern of our approach must be whether the H stems
are conformationally acceptable and whether their lack of cell
surface transport may be due to a global loss of conformation.
The ability of H stems 3, 4, and 6 to form dimers with them-
selves, and more significantly with full-length Hg,,,,, suggests
that their lack of transport is not due to their recognition as
unassembled and therefore improperly folded protein complex
subunits by the ER quality control system (23), since they are
clearly recognizable as part of H. It may be conceivable that
the truncated H stems expose hydrophobic regions which
would normally be buried in the full-length molecule and that
recognition of these domains by molecular chaperones results
in ER retention (7). Furthermore, the conclusions we have
reached concerning disulfide bond formation using the H stem
proteins have proven transferable to full-length Hgg,,. This
validates them as relevant in the context of full-length MV H
protein.

Although our data define a minimum requirement for stable
H intermolecular interaction, we expect that other regions of
H also contribute to the interaction. Firstly, our findings sug-
gest that the transmembrane region of MV H protein may
contribute to its oligomerization. The H stem 3 C139S mutant
and the H stem 4 C139S-C154S double mutant display some
residual ability to form both homotypic dimers and heterotypic
dimers with Hgg,,. This strongly indicates that even in the
absence of cysteine residues, the minimal unit is capable of
mediating some intermolecular interaction. A previous report
demonstrating the ability of H deleted in part of its cytoplasmic
tail to oligomerize and mediate fusion help (3) suggests that
the residual binding capacity does not reside in the N-terminal
half of the H tail but rather in the transmembrane and mem-
brane-proximal regions.

Additionally, our data suggest that regions of H C-terminal
to those studied here may also contribute to H oligomeriza-
tion, since the efficiency with which H stems 3, 4, and 6 form
either homotypic or heterotypic dimers is less than that ob-
served for Hgg,, homodimer formation. A mutational analysis
in which each of the 13 cysteine residues in the MV H protein
was individually replaced with serine was interpreted as sug-
gesting that cysteines 287, 300, 381, 394, 494, 579, and 583 may
be important for dimerization (14). However, the H proteins
mutated in these cysteine residues lost all ability to bind con-
formation-dependent antibodies, indicating that a loss in over-
all conformational structure, rather than loss of a specific in-
termolecular interaction, may account for their inability to
dimerize. This work (14) also reported that mutating either
cysteine 139 or cysteine 154 had no adverse effect on H dimer-
ization, leading the authors to propose that neither residue is
involved in H intermolecular interaction. However, our data
show that these two cysteines are sufficient for H oligomeriza-
tion in a reciprocal manner, such that the lack of one can be
compensated for by the presence of the other.

Although it is incapable of covalent intermolecular interac-
tion, we show that full-length MV H protein carrying mutated
cysteines 139 and 154 maintains some functionality. Thus, non-
covalent interactions between MV H monomers are sufficient
to confer some biological activity on the molecules. Interest-
ingly, certain strains of the related paramyxovirus Newcastle
disease virus (NDV) have been isolated which lack covalent
dimerization of the HN protein (25). In other NDV strains,
however, a cysteine residue at position 123 of the HN protein
has been identified as mediating intermolecular disulfide bond
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FIG. 6. Hgy,, mutants carrying single or combined cysteine-to-serine exchanges at positions 139 and 154 are biologically active. Vero cells were double transfected
with Hgq,,, species as indicated and Fg,,,. (A) Syncytium formation was analyzed by light microscopy after incubation for 24, 48, and 96 h at 32°C. n.d., not done. (B)
Pulse-chase analysis reveals a reduced ER-to-Golgi transport rate of Hgg,, constructs carrying cysteine-to-serine exchanges. Cells were radiolabeled with [**S]methi-
onine for 45 min and then incubated in chase medium for indicated times. MV H species were immunoprecipitated from the cell lysates and separated on 7.5% Tris-HCl

gels.

formation (19). Thus, intermolecular disulfide bonding is not
essential for the functionality of NDV HN protein or for virus
viability. Given the reduction in kinetics of syncytium forma-
tion of our mutated MV H protein, we suggest that in contrast
to NDV HN, covalent intermolecular interactions are required
for efficient MV H protein function. The sequence of the first
two proposed extracellular folding domains of MV H cannot
be readily aligned with that of the HN of other paramyxovi-
ruses (16); thus, making direct comparisons of the structure of
these proteins difficult. However, that MV has conserved
through evolution two closely related cysteine residues which
are both required for its covalent dimerization, whereas only

some NDV HN proteins covalently dimerize, further under-
lines the critical role of these residues in the virus life cycle.
Our data demonstrate that covalent dimerization of MV H
is required for efficient transport to the cell surface rather than
for functionality per se, since ER-to-Golgi transport of the
mutant H protein lacking the critical cysteine residues 139 and
154 is delayed and since complete fusion can be reached after
an increased incubation time. Considering the ¢,, of MV H at
the plasma membrane of approximately 10 h (8), the steady-
state levels of our mutant H proteins at the cell surface must be
minimal. We therefore postulate that only a few MV glycop-
rotein complexes rather than a large network are required to
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be present at the plasma membrane in order to support syn-
cytium formation.
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