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In the assembly of paramyxoviruses, interactions between viral proteins are presumed to be specific. The
focus of this study is to elucidate the protein-protein interactions during the final stage of viral assembly that
result in the incorporation of the viral envelope proteins into virions. To this end, we examined the specificity
of HN incorporation into progeny virions by transiently transfecting HN cDNA genes into Sendai virus (SV)-
infected cells. SV HN expressed from cDNA was efficiently incorporated into progeny Sendai virions, whereas
Newecastle disease virus (NDV) HN was not. This observation supports the theory of a selective mechanism for
HN incorporation. To identify the region on HN responsible for the selective incorporation, we constructed
chimeric SV and NDV HN cDNAs and evaluated the incorporation of expressed proteins into progeny virions.
Chimera HN that contained the SV cytoplasmic domain fused to the transmembrane and external domains of
the NDV HN was incorporated to SV particles, indicating that amino acids in the cytoplasmic domain are re-
sponsible for the observed specificity. Additional experiments using the chimeric HNs showed that 14 N-ter-
minal amino acids are sufficient for the specificity. Further analysis identified five consecutive amino acids (res-
idues 10 to 14) that were required for the specific incorporation of HN into SV. These residues are conserved
among all strains of SV as well as those of its counterpart, human parainfluenza virus type 1. These
results suggest that this region near the N terminus of HN interacts with another viral protein(s) to lead to the

specific incorporation of HN into progeny virions.

Envelope viruses are released from infected cells by budding
at the cellular membrane. During the budding process, viral
proteins are preferentially incorporated into progeny virions
whereas cellular proteins are largely excluded. The protein-
protein interaction during the stage of viral particle formation
is not well understood. In particular, the molecular mecha-
nisms that drive budding and guide the inclusion of spike
proteins into the mature virus particle largely remain unre-
solved. The specificities of incorporation of envelope glycopro-
teins into virions appear to differ among RNA viruses. For
example, foreign glycoproteins (e.g., the hemagglutinin [HA]
and neuraminidase [NA] of influenza virus, the measles virus
H protein, and the cellular glycoprotein CD4) are efficiently
incorporated into virions of vesicular stomatitis virus, showing
that incorporation of glycoprotein into progeny virion is not
highly selective (20, 39). With influenza virus, HA molecules
containing a foreign cytoplasmic tail and transmembrane do-
main failed to be incorporated into progeny virions (28). In
contrast, a tailless HA molecule was efficiently incorporated
into influenza virions, showing that the HA cytoplasmic tail is
not required for HA incorporation into virions, although the
possession of a cytoplasmic tail confers a growth advantage
(17). Mitnaul et al. (26) reported that deleting the cytoplasmic
tail of the NA molecule of influenza virus severely reduced NA
incorporation into virions, although the cytoplasmic tail was
not absolutely essential for virus replication. Regarding alpha-
virus, extensive molecular genetic and structural studies sup-
ported the theory of a direct, sequence-specific interaction
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between the cytoplasmic tail of envelope glycoprotein E2 and
the nucleocapsid and the theory that this interaction directs
virus budding (7, 41).

Sendai virus (SV), a prototype paramyxovirus, encodes at
least six structural proteins: the two viral membrane glycopro-
teins HN and F, which are responsible for virus attachment,
penetration, and release; three nucleocapsid proteins, NP, P,
and L, which cover the genomic RNA and together are respon-
sible for RNA transcription and replication; and one nongly-
cosylated internal membrane protein, M, which likely mediates
packaging of the nucleocapsid into the viral envelope during
virion assembly. The membrane glycoproteins are anchored in
the viral envelope or the plasma membrane of an infected cell
by a short hydrophobic transmembrane domain, with most of
the protein (the external domain) extending extracellularly and
a small tail region (the cytoplasmic domain) protruding from
the inner surface of the membrane. The predicted SV HN pro-
tein includes a 35-residue cytoplasmic tail, a 25-residue trans-
membrane domain, and a large, 515-residue external domain,
which contains five potential sites for addition of N-linked
carbohydrate side chains (13). SV HN is highly homologous to
other paramyxoviruses (e.g., 72% to human parainfluenza vi-
rus type 1 [hPIV1] and 62% to hPIV3) and moderately homol-
ogous to rubulaviruses (e.g., 35% to Newcastle disease virus
[NDV] and 30% to simian virus 5) (13, 27). Synthesis of the
viral glycoproteins (HN and F) occurs at the endoplasmic re-
ticulum, where both proteins are cotranslationally inserted into
membranes either as type I (F) or type II (HN) transmem-
brane proteins. After synthesis, each protein is transported via
the exocytic pathway to the plasma membrane, where virus as-
sembly occurs.

Paramyxovirus assembly can be viewed as a three-part pro-
cess. First the NP subunits associate with the genomic RNA to
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form the helical nucleocapsid structure, and then the P and L
proteins are added (34). Next the membrane proteins (HN, F,
and M) accumulate at the plasma membrane. In the final as-
sembly step, the nucleocapsid is enveloped during the budding
process and progeny virus is produced. During budding at the
plasma membrane, viral structural proteins are selectively in-
corporated into the nascent virion. It is generally thought that
viral M protein plays a major role in assembly by forming a
bridge between the assembled nucleocapsid core and the cyto-
plasmic domains of either HN or F or both (31). The M protein
of SV may be cross-linked to the NP protein in fresh virions,
suggesting that the M protein is complexed with the major
nucleocapsid protein, NP (23). SV M protein was also reported
to bind independently to either HN or F protein in vivo (37),
although the results have not been confirmed (43). At present,
the protein-protein interaction that regulates the incorpora-
tion of paramyxovirus glycoprotein into virions and the de-
tailed sequence specificity involved are not known.

To understand the protein interactions in viral assembly, we
used SV, NDV, and hPIV1 HNs to examine the sequences of
HN s that were required for specific incorporation into progeny
virions. In this report, we provide evidence that HN incorpo-
ration into SV is sequence specific in 14 N-terminal amino
acids of the cytoplasmic domain of the HN molecule and that
5 consecutive amino acids conserved among SV and hPIV1 are
required for the specificity.

MATERIALS AND METHODS

Viruses and cells. 293T cells, which constitutively express simian virus 40 large-
T antigen (10), were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum (FCS). The SV strain Enders, SV monoclonal
antibody (MAb) escape mutant S2 (SVescS2; 46), and the NDV strain Kansas
were grown in 11-day embryonated chicken eggs.

Plasmid constructs and construction of chimeric genes. SV and hPIV1 HN
genes were subcloned from pTF1 (5) into pCAGGS (29) by cleavage and reli-
gation at EcoRI and Xhol sites. The NDV HN gene was cloned from RNA
extracted from infected cells with avian myeloblastosis virus reverse transcriptase
(Boehringer Mannheim) and by PCR with specific primers located at the non-
coding regions of the genes. Chimeric HN genes were constructed by using PCR
for gene splicing by overlap extension (15).

MAbs. Hybridoma cultures secreting antibody to NDV HN or SV NP were
made by immunizing BALB/c mice with purified NDV or SV disrupted with the
nonionic detergent n-octyl-p-glucopyranoside as described previously (9a). As-
cites fluids of BALB/c mice injected with hybridomas were used for the experi-
ments.

Incorporation of HN expressed from cDNA into SV. 293T cells were infected
with SVescS2 at a multiplicity of infection of 5. After 1 h of incubation with virus,
cells were washed and then transfected with pCAGGS plasmids containing the
HN gene (2 p.g) by using SuperFect (Qiagen). After a 4-h transfection period, the
medium was replaced with Dulbecco’s modified Eagle’s medium-10% FCS and
the cells were incubated at 34°C. Twenty-four hours later, cells were labeled with
1 ml of labeling medium (Sigma) containing 100 wCi of [**S]Trans-Label (ICN)
for 16 h. The culture medium was harvested and centrifuged briefly, and the
supernatants were used in radioimmunoprecipitation assays. SV containing HN
molecules that had been expressed from cDNA was immunoprecipitated as
follows. Ascitic fluid containing MADbs (2 ul) was incubated with 10 pl of Dyna-
beads (Dynal) in RIPA buffer (5) at 4°C for 30 min. The MAb-immunobead
complexes were washed with RIPA buffer and then with phosphate-buffered
saline containing 0.2% bovine serum albumin (PBS-BSA). The immunocom-
plexes, suspended in PBS-BSA (200 wl), were mixed with 100 wl of the culture
supernatant containing the 33S-labeled virus described above for 30 min at 4°C,
washed with PBS-BSA, and analyzed by sodium dodecyl sulfate-9% polyacryl-
amide gel electrophoresis (SDS-PAGE).

Western blotting. 293T cells were infected with SVescS2, transfected with
cDNAs as described above, and cultured in the medium for 48 h. The culture
supernatants were harvested and clarified to remove cell debris. The viruses in
the media were purified by ultracentrifugation through 50% glycerol in PBS.
Purified viruses were suspended in Laemmli sample buffer and were subjected to
SDS-PAGE. Virus proteins were analyzed by Western immunoblotting with
anti-NDV HN (N7) or anti-SV NP (M52) MAbs and revealed by peroxidase
activity detection with a light-based ECL system as described by the manufac-
turer (Amersham Life Science).

Cell surface expression of HN proteins by fluorescence-activated cell sorting
(FACS) analysis. 293T cells that were infected with SVescS2 and transfected
with the appropriate pCAGGS construct were trypsinized to detach them from
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the plate and washed with PBS. Cells were suspended in 1 ml of PBS containing
10% FCS (PBS-FCS) and 2 pl of MAb. After incubation at room temperature
for 30 min, cells were washed with PBS and suspended in 1 ml of PBS-FCS
containing 1 pl of fluorescein isothiocyanate-conjugated anti-mouse immuno-
globulin G (IgG; Boehringer Mannheim). After a 30-min incubation, cells were
washed and fixed with 4% formalin (in PBS). Cell sorting was performed with a
FACScan (Becton Dickinson) instrument.

HN protein oligomer formation. Oligomer formation of SV, NDV, and chi-
meric HNs was determined by sucrose density gradient centrifugation as de-
scribed previously (14). 293T cells transfected with pCAGGS containing the HN
gene were labeled with 100 wCi of [3°S]Trans-Label for 30 min and chased for
2 h. Cells were then solubilized in lysis buffer (1% Triton X-100, 50 mM Tris [pH
7.4], 100 mM NaCl). Postnuclear supernatants were laid over 10 ml of 5 to 25%
(wt/vol) sucrose in 0.1% Triton X-100-50 mM Tris (pH 7.4)-100 mM NaCl.
Gradients were centrifuged at 37,500 rpm at 20°C for 16 h in a SW41 rotor
(Beckman). Twenty-seven fractions were collected, from which HN was immu-
noprecipitated. The polypeptides were analyzed on nonreducing 7.5% polyacryl-
amide gels.

NA activity and cell surface ELISA. The NA activity of the chimeric HNs
expressed at the cell surface was measured as reported previously (5). In brief,
24 h after transfection with cDNA, cells were washed with PBS and incubated
with 0.2 M phosphate buffer (pH 5.9) containing N-acetylneuramin lactose for
2 h at 37°C. The supernatant was harvested, and the sialic acid in the buffer was
measured. The same cells were used for measuring the amount of HN at the cell
surface by cell surface enzyme-linked immunosorbent assay (ELISA) (5).
Washed cells were reacted with an appropriate MAD, followed by incubation
with horseradish peroxidase-conjugated sheep anti-mouse IgG (Bio-Rad) in
PBS-BSA. The cells were then reacted with substrate, and the optical density was
measured with a spectrophotometer at a wavelength of 405 nm.

Phosphorylation of HN proteins. 293T cells were transfected with the HN-
containing pCAGGS constructs as described above and incubated overnight at
34°C. Cellular proteins were labeled at 34°C with either 50 wCi of [**S]Trans-
Label in 1 ml of labeling medium or 100 p.Ci of [**P]orthophosphate (ICN) in 1
ml of phosphate-deficient medium (ICN). After a 4-h labeling period, cells were
washed and then lysed by using cell lysis buffer (5). Labeled HN proteins in the
lysates were immunoprecipitated with the appropriate MAb and analyzed by
SDS-PAGE.

RESULTS

Specificity of HN incorporation into SV. As a first step to
characterize the specificity of HN incorporation into SV parti-
cles, we determined whether HN that was expressed from trans-
fected cDNA could be incorporated into progeny virions. We
infected 293T cells with the SV MAb escape mutant SVescS2
and transfected these cells with plasmids containing wild-type
(wt) SV or NDV HN cDNA (pCAGGS-SVHN and pCAGGS-
NDVHN, respectively). Labeled virions in the culture super-
natant were immunoprecipitated by using MAb S2, which is
specific for wt SV HN (32a), or N1, which is specific for NDV
HN. Immunoprecipitations were done in the absence of deter-
gent so that whole-virus particles containing the HN molecule
expressed from cDNA could be precipitated. SVescS2 is the
escape mutant of MADb S2; therefore, the HN of this virus
does not react with either S2 or N1 (Fig. 1A). From the cell
culture supernatant infected with SVescS2 and transfected
with pCAGGS-SVHN, virus particles were immunoprecipitat-
ed by MAb S2, which showed that HN expressed from cDNA
was incorporated into progeny virions. In contrast, N1 failed to
immunoprecipitate any virus from cells infected with SVescS2
and transfected with pCAGGS-NDVHN, indicating that HN
incorporation into SV is specific.

Because NDV HN was not incorporated into SV virions, we
determined the level of NDV HN expression at the cell surface
by FACS analysis. As shown in Fig. 2, NDV HN was expressed
at the cell surface at a level sufficient to be detected. However,
as shown in Fig. 1A, these NDV HN molecules were excluded
from progeny SV virions, indicating the presence of a selective
mechanism for incorporation of HN into SV.

Construction and characterization of chimeric HNs. To
identify which sequence on HN is required for specific incor-
poration of HN into SV virions, we used SV, NDV, and hPIV1
HNs (Fig. 3A) to construct chimeric HN molecules (Fig. 3B).
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FIG. 1. Incorporation of HN expressed from cDNA into progeny SV. 293T cells infected with an SV escape mutant (SVescS2) were transfected with a series of
transient-expression vectors containing various HN genes. Cells were labeled with [3*S]Trans-Label (100 wCi/ml) overnight, and the labeled progeny virions in the
supernatants were immunoprecipitated with specific MADs in the absence of detergent. (A) Cells were infected with SVescS2 and immunoprecipitated with an anti-SV
HN MAD mixture («-SV HN mix) (lane 1), anti-SV HN MADb S2 (lane 2), or anti-NDV HN MAb N1 (lane 3). Cells were infected with SVescS2, transfected with
pCAGGS-SVHN (lane 4) or pCAGGS-NDV HN (lane 5), and immunoprecipitated with MAb S2 (lane 4) or N1 (lane 5). (B) Cells were infected with SVescS2 and
transfected with pCAGGS containing the NDV HN or a chimeric HN gene (lanes A through E) and immunoprecipitated with MAb N1.

SV or hPIV1 HN contains a cytoplasmic domain 9 or 8 amino
acids longer (35 or 34 amino acids, respectively) than NDV HN
(26 amino acids) (Fig. 3A). SV and hPIV1 HN are highly
(72%) homologous (13). However, the sequences of their cy-
toplasmic domains are much less similar (23% identity), al-
though there are five consecutive amino acids (SYWST) that
are conserved between the two HNs. The cytoplasmic domain
of NDV HN shows no homology with that of SV or hPIV1.
Chimera A HN contains only the cytoplasmic domain from SV
and the transmembrane and external domains from NDV.
Chimera B HN contains the 14 N-terminal amino acids from
SV, and the rest of its sequence is from NDV. Chimera C
contains the 14 N-terminal amino acids from NDV and amino

acids 15 to 35 from SV, and the rest of its sequence (trans-
membrane and external domains) is from NDV. Chimera D
has the same sequence as chimera A, except the 5 amino acids
(SYWST) at amino acids 10 to 14 were replaced with those of
the corresponding region of the NDV HN (MDRAYV). Chi-
mera E contains the cytoplasmic domain from hPIV1 HN, and
the rest of its sequence is from NDV.

These chimeric HNs were characterized for their expression
at the cell surface, biological activities, and oligomer forma-
tion. Cell surface expression was determined by FACS analysis.
All of the chimeras as well as NDV HN were expressed at the
cell surface (Fig. 2). The levels of expression did not markedly
differ among these proteins. To determine whether these chi-
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FIG. 2. Cell surface expression of HN expressed from cDNA. Cells were infected and transfected as described in the legend to Fig. 1. Live cells were immunostained
by using a specific MAb against HN expressed from cDNA (MADb S2 for SV HN- or N1 for NDV and chimeric HN-expressing cells) followed by fluorescein
isothiocyanate-conjugated anti-mouse IgG. Cells infected with SVescS2 but not transfected were reacted with a mixture of MAb S2 and N1 and used as a negative
control. The solid portion of each histogram indicates results with positive cells.
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FIG. 3. Sequences and structures of chimeric HN proteins. (A) Comparison of the cytoplasmic and transmembrane domains of NDV, SV, and hPIV1 HN proteins.
(B) Schematic diagram of chimera HN proteins. All chimera HNs contain transmembrane and external domains from NDV. Chimera A contains the whole cytoplasmic
domain of SV. Chimera B has 14 N-terminal amino acids from SV, and the rest of its sequence is from NDV. Chimera C includes 14 N-terminal amino acids from
NDV, followed by amino acids 15 to 35 of SV. Chimera D has the same structure as chimera A, but amino acids 10 to 14 were replaced with amino acids 1 to 5 of

NDV HN. Chimera E contains the cytoplasmic domain of hPIV1.

meric HNs were biologically active, we measured and com-
pared their NA activities expressed at the cell surface as de-
scribed previously (5). All chimeric HNs had NA activities that
were equivalent to that of the intact NDV HN (Table 1). This
result was expected, because all of the chimeras contain the
external domain of NDV HN, where NA activity is located.
These results also show that the chimeric construction did not
alter the antigenic or biologic activities of HN.

SV HN forms disulfide-linked dimers that noncovalently
form homotetramers. Because the specific incorporation of
HN into virions is presumed to be based on protein-protein
interaction, changing the oligomeric form of HN may affect its
specific incorporation into virions. Therefore, we next deter-
mined the oligomer formation of the wt and chimeric HNs by
using sucrose gradient centrifugation. Consistent with previous
findings (5), about 50% of SV HN sedimented at the positions
of tetramers (Fig. 4) (fractions 20 to 26) and the remainder
sedimented at the positions of dimers (fractions 16 to 18). The
cysteine residue at position 123, located in the predicted stalk
region in the external domain, is responsible for disulfide-
linked homodimer formation of NDV HN (40). However, the
HN protein of the NDV Kansas strain used in the present
experiment has a tryptophan at position 123 and, therefore,
does not form disulfide-linked dimers. However, as shown in
Fig. 4, the majority of the HN molecules form homotetramers
(fractions 20 to 26). Chimera A HN, in which the cytoplasmic
tail sequence is that of SV HN, formed homotetramers, as was
seen with the analysis of the NDV HN, suggesting that other
regions (transmembrane and/or external domains) are respon-
sible for formation of the HN homotetramers. All other chi-
mera HNs were also detected on fractions 20 to 26, which
correspond to tetramer forms of HNs, and no significant dif-
ference in homooligomer formation was observed between the
HNG.

Incorporation of chimera HNs into SV. The chimeric HNs
that we constructed were biologically active (Table 1) tetram-

ers (Fig. 4) and were expressed at the cell surface at levels
similar to those of NDV and SV HNs (Fig. 2). We therefore
determined whether the various HN chimeras were incorpo-
rated into progeny Sendai virions to identify the sequence
responsible for the specificity of HN incorporation. Chimera
A, in which only the cytoplasmic domain is from SV, was
incorporated into Sendai virions (Fig. 1B), showing that the
cytoplasmic domain is sufficient for the specific incorporation
of HN into SV. Further, chimera B, which contains only the 14
N-terminal amino acids of SV, was incorporated into virions.
In contrast, chimera C, which contains NDV sequences in its
N-terminal region but SV sequences in the remainder of its
cytoplasmic domain, was not incorporated into virions. These
results indicate that the 14 N-terminal amino acids of the SV
HN are sufficient for its specific incorporation into SV. Inter-
estingly, chimera E, which contains the cytoplasmic domain of
the hPIV1 HN, was also incorporated into SV (Fig. 1B). De-
spite the low (23%) homology between cytoplasmic domains of
the SV and hPIV1 HNs, 5 consecutive amino acids (SYWST),
located within the 14 N-terminal amino acids, are conserved

TABLE 1. NA activities of chimera HNs

NA activity

Chimera HN (%)"

“ NA activities of the HNs expressed at cell surfaces were determined by the
colorimetric assay. The values were standardized according to the amount of
expressed HN as measured by cell surface ELISA (5). Values are averages of
results from three experiments and are shown as percentages of NDV HN.
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FIG. 4. Sucrose gradient sedimentation analysis of oligomerization of chi-
mera HN proteins. Cells transfected with HN-expressing vectors were labeled
with [**S]Trans-Label (100 nCi/ml) for 30 min and chased for 2 h. Cell lysates
were prepared and sedimented on 5 to 25% sucrose gradients. Twenty-seven
fractions were harvested from the top of the gradients, and HN proteins in the
fractions were immunoprecipitated with HN-specific MAbs and analyzed by
using nonreducing polyacrylamide gels. The numeral above each lane corre-
sponds to the fraction number. (HN),, HN dimer; (HN),, HN tetramer; Chim,
chimera.

(Fig. 3A). To determine whether these five amino acid residues
were responsible for the incorporation of SV HN into virions,
we examined the incorporation of chimeric HN D that replaces
the five NDV amino acids in an otherwise SV cytoplasmic tail.
Chimera D was not incorporated into virions (Fig. 1B), suggest-
ing that these five consecutive amino acids are required for the
specific incorporation of HN into SV. Quantitative analysis of
HN incorporation into virions showed that the fraction of cDNA-
derived HNs (wt SV HN and chimera A, B, and E HNs) in-
corporated into SV was about 1 to 3% of the HN expressed in
cells (data not shown). In SV-infected cells, only 10 to 15% of
the HN fraction was incorporated into virions. Therefore, in
consideration of the transfection efficiency results shown in
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Fig. 2, the uptake of 1 to 3% of the cDNA-derived HN into
virion is right in line with SV infection results.

To determine whether HNs without the conserved se-
quences were completely excluded or were incorporated but to
a limited extent, we performed Western blotting using a sen-
sitive chemiluminescence method for protein detection. Cul-
ture supernatants of cells infected with SVescS2 and trans-
fected with NDV or chimera HN ¢cDNAs were collected, and
the virions in the medium were purified by centrifugation
through 50% glycerol. The HA titers in the culture superna-
tants were approximately the same among the cells infected
with SV and transfected with or without various HN cDNAs
(28 to 40 HAs). The amounts of cDNA-derived HN expressed
at the cell surface were almost the same, except with chimera
E, whose cDNA-derived HN was expressed at a level 1.5 to 2
times higher than those of the others (Fig. 5B). The amounts
of cDNA-derived HNs in purified SV were determined by
Western blotting with anti-NDV HN MAb N7, which reacts
with denatured NDV HN. In a 5-s exposure, HN bands were
clearly detected from cells transfected with chimera A, B, and
E HNs but not NDV, chimera C, or chimera D HNs. However,
a 10-min exposure revealed the presence of small amount of
HN incorporated into SV from the samples transfected with
NDV, chimera C, and chimera D HNs (Fig. 5). These results
indicate that the HNs containing the five consecutive amino
acids were incorporated into SV much more efficiently than
those not containing the sequence.

Phosphorylation of the HN protein. Of the five consecutive
amino acids (SYWST) required for the specific incorporation
of HN into progeny virions, four are potentially phosphorylat-
able. To establish whether phosphorylation of any of these
amino acids might be related to the specific incorporation of
HN into virions, we examined the in vivo phosphorylation of
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FIG. 5. Detection of cDNA-derived HNs in purified SV. Culture superna-
tants of cells infected with SV and transfected with various HN cDNAs were
collected, and the SV virions in the medium were purified. The viruses were
analyzed for amounts of cDNA-derived HNs by Western blotting. (A) NDV HN
or chimera HNs were detected by MAb N7, which recognized denatured NDV
HN molecules. Anti-SV NP MAb M52 was used to compare the amounts of virus
in the samples. a, anti. (B) HA titers of culture supernatants of cells infected with
SV and transfected with various HN ¢cDNAs before purification. Amounts of
cDNA-derived HNs at the cell surface were determined by cell surface ELISA
and are shown in optical density units at a wavelength of 549 nm. —, no cDNA
transfection.



9752 TAKIMOTO ET AL.

sV sV NOv i —himeraHNs

HN HN HN. A B C D E

EN“ - - g g D —
~— -
Fo = @

M — %

sv sv Novhewi—ChimerabiNs

HN HN HN A B C D E

]
HN PR —

M -5

FIG. 6. Phosphorylation of the HN proteins expressed from cDNA. Cells
transfected with the expression vector containing the HN gene were labeled with
[*3S]Trans-Label (A) or [*>PO,Jorthophosphate (B) in parallel, and labeled HN
in the cell lysates was immunoprecipitated with specific MAbs. SV, purified
35S-labeled SV as a marker.

the chimeric HNs. To assess the level of HN expression and its
phosphorylation, cells were transfected with the various HN
expression vectors and labeled with [*>S]Trans-Label (Fig. 6A)
or [**Plorthophosphate (Fig. 6B) in parallel experiments and
then the expressed HN was immunoprecipitated with a specific
MAD and analyzed by SDS-PAGE. The wt SV and NDV HNs
were phosphorylated, whereas hPIV1 HN was not. Among the
chimeras, only chimera E (containing the cytoplasmic domain
of hPIV1 and the transmembrane and external domains of
NDV HN) was not phosphorylated. Together, these results
show that residues in the NDV transmembrane and external
domains were not phosphorylated. In addition, chimera A,
which contains the cytoplasmic domain from SV but whose
other regions are from NDV, was phosphorylated, indicating
that the cytoplasmic domain of SV was phosphorylated. How-
ever, when considered in light of the nonphosphorylated status
of chimera E, this finding suggests that none of the five con-
secutive amino acids (SYWST) was phosphorylated and that
another residue(s) in the cytoplasmic domain led to the ob-
served phosphorylation. The incorporation of chimera E into
progeny virions indicates that phosphorylation of the cytoplas-
mic tail of HN is not required for its selective incorporation
into SV.

DISCUSSION

In this report, we showed that a five-residue sequence (SY-
WST) in the cytoplasmic domain of HN is required for this
protein’s incorporation into SV virions. These amino acids are
conserved between the cytoplasmic tails of HNs from SV and
hPIV1, which otherwise are poorly homologous. Conserved
consecutive amino acids (TYTLE) also occur in the cytoplas-
mic tails of the F glycoproteins of these two viruses (Fig. 7A),
and other paramyxovirus glycoproteins display conserved ami-
no acid motifs. For example, human and bovine PIV3 (hPIV3
and bPIV3, respectively) share a 5-residue sequence (PYVLT)
in their F cytoplasmic tails and an 8-residue sequence (MEY-
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WKHTN) in their HN cytoplasmic domains. Further compar-
ison of these motifs revealed that 2 amino acids (YW) are
conserved between the HNs of SV, hPIV1, hPIV3, and bPIV3,
as are 2 amino acids (YXL) in the F protein (Fig. 7A). In ad-
dition, HN and F proteins derived from hPIV1 were incorpo-
rated into hPIV3 virions (45). We propose that the conserved
sequences in the cytoplasmic tail regions of HN and F from
these closely related viruses reveal a common strategy under-
lying glycoprotein incorporation and virion assembly.

The putative importance of the cytoplasmic domain of para-
myxovirus glycoproteins is further supported. The distal half of
the H protein cytoplasmic domain contains a 4-residue (AFYK)
motif that is conserved among all morbilliviruses sequenced to
date (Fig. 7B). Unlike the membrane-proximal portions, the
C-terminal halves of the cytoplasmic domains of morbillivirus
F proteins are almost completely homologous, suggesting the F
protein’s involvement in virion formation. Further, extensive
sequence analysis of viruses isolated from people with subacute
sclerosing panencephalitis, a lethal disorder of the central ner-
vous system that is causally related to persistent measles virus
infection, revealed truncations and mutations in the C-termi-

A.
Paramyxovirus
HN protein cytoplasmic dormain
31 24
HPIV3: N-MEYWKHTNHGKDAGNELETSMATNGNKLTNK
INRRRRRE 11 L [
BPIV3: N-MEYWKHTNSTKDTNNELGTTRDRHSSXATN
F protein cytoplasmic domain
19 23

SV: RLKRSMLMGNPDERIPRDTYTLEPKIREMYTNGGFDAMAEKR~C

| | [ ! IREE N 1 i
HPIV1: RVRRLLVMINSTHNSPVNTYTLESRMRNPYIGNNSN-C

17 21
HPIV3: KYYRIQKRNRVDONDKPYVLTNK-C
Fol | [ et
BPIV3: RHHRIQGKNQNDKNSEPYVLTSRQ-C
B.
Morbillivirus
H cytoplasmic domain
25 22 TM domain
MV MSPQRDRINAFYKDNPHPKGSRIVINREYIMIDR (]
RP ==3Pr~wVom———— LQF-NT-V-L-K~-Q-L-E- "1
DM ~-3P—KVD-----I-R-RNN-VLLDN-RVI-E- __ ]
PD ~FSHQ-KVG==-==-N-ARANS-KLPLVTDEVEER- ——————]
CD ~L-YQ-KVG-==--- ARANSTKLSLVT-GHGGR- —_—___—_—_—
F cytoplasmic domain

TM domain 19 33
MV T I RGRCNKKGEQVGMSRPGLKPDLTGTSKSYVRSL
RP ) -K-SNDSKVSTVILN=--==—m——m=mm— o
DM . ] -RH-RKRVQTPPKAT-————~—~=—= Te=====—
PD (I KK-YQHLFS-STKVA-VF=——rm=— e ———
CcD [ 1KR-YQQTLK-HTKVD-AF--—=—m=—m————mm

FIG. 7. Sequence comparison of the HN (H) and F cytoplasmic domains of
paramyxoviruses (A) and morbilliviruses (B). The predicted cytoplasmic se-
quences of hPIV3 (12), bPIV3 (44), measles virus (MV) (1, 35), rinderpest virus
(RP) (11, 47), dolphin morbillivirus (DM) (GenBank accession no. Z36978, 4),
phocine distemper virus (PD) (19), and canine distemper virus (CD) (2, 8) are
shown. Numbers above the sequence are those from the membrane. TM, trans-
membrane. Bold type indicates conserved amino acid residues.
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nal portion of the cytoplasmic domain of F. These changes may
lead to the deficient virus formation observed in these cases (3,
6, 38).

These conserved motifs are distant from the membrane, per-
haps suggesting their interaction with nucleocapsids during
virus assembly. The cytoplasmic domain of the E2 glycoprotein
of alphaviruses binds directly to the nucleocapsid (7, 22), and
this interaction is required for virus budding (18, 30, 49). Fur-
ther, Tyr,q, and Leu,y, (Sindbis virus numbering) bind to a
hydrophobic pocket on the surface of the nucleocapsid protein.
All of the motifs in paramyxovirus and morbillivirus glycopro-
teins that we have discussed contain a tyrosine residue. In par-
ticular, the paramyxovirus F glycoprotein contains the YXL mo-
tif identified in E2.

F may be essential for virus budding, but HN may enhance
the efficiency of this process. At restrictive temperatures, a
temperature-sensitive mutant of SV (SVts271) produces viri-
ons that lack HN (24, 32, 33, 42, 43, 48). Therefore, the HNs of
paramyxoviruses seem to be dispensable in virus budding and
likely play an auxiliary role. For example, virus particle pro-
duction of G-deficient rabies virus mutants increased by about
30-fold in the presence of G (25). However, in paramyxovirus,
levels of virion production by intact viruses and glycoprotein-
deficient mutants have not been quantitatively compared, so
the definitive role of glycoproteins in the budding process has
not yet been established.

Most SV structural proteins (P, NP, L, M, and HN) are
phosphorylated (21). Cellular protein kinase C { is responsible
for the phosphorylation of SV and hPIV3 P proteins and is
packaged into progeny virions (9, 16). In light of our results
regarding the phosphorylation of the various wt and chimeric
HNs, the HNs of NDV and SV are likely phosphorylated with-
in the cytoplasmic domain. Chimera A, C, and D HNs were high-
ly phosphorylated, while NDV and SV HNs were weakly phos-
phorylated. One possibility for the high phosphorylation of
chimera A, C, and D HNs is that the combination of the SV
cytoplasmic sequence adjacent to the NDV transmembrane
region may enable additional amino acids to be phosphory-
lated. However, phosphorylation of HN cytoplasmic domain is
apparently not required for the specific incorporation of HN
into virions, since chimera E with its hPIV1 cytoplasmic do-
main was not phosphorylated and was incorporated into SV
particles. The role of the phosphorylation of the HN cytoplas-
mic domain, therefore, remains unclear. It appears that the
phosphorylation of SV or hPIV3 P proteins by protein kinase
C ( is required for virus replication (9, 16). However, phos-
phorylation of HN may not be required for virus replication;
similarly, phosphorylation of the SV M protein also appears
not to be essential for virus replication (36).
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