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The fusion (F) proteins of most paramyxoviruses are classical type I glycoproteins with a short hydrophobic
leader sequence closely following the translation initiation codon. The predicted reading frame of the canine
distemper virus (CDV) F protein is more complex, with a short hydrophobic sequence beginning 115 codons
downstream of the first AUG. To verify if the sequence between the first AUG and the hydrophobic region is
translated, we produced a specific antiserum that indeed detected a short-lived F protein precursor that we
named PreF,. A peptide resulting from PreF, cleavage was identified and named Pre, and its half-life was
measured to be about 30 min. PreF, cleavage was completed before proteolytic activation of F into its F, and
F, subunits by furin. To test the hypothesis that the Pre peptide may influence protein activity, we compared
the function of F proteins synthesized with that peptide to that of F proteins synthesized with a shorter
amino-terminal signal sequence. F proteins synthesized with the Pre peptide were more stable and less active.
Thus, the Pre peptide modulates the function of the CDV F protein. Interestingly, a distinct two-hit activation
process has been recently described for human respiratory syncytial virus, another paramyxovirus.

Canine distemper virus (CDV) is a member of the genus
Morbillivirus within the family Paramyxoviridae, order Mono-
negavirales. The genomes of morbilliviruses consist of single-
stranded negative-sense RNA of about 16,000 nucleotides (nt)
(9, 27). Six cistrons are transcribed consecutively, and from
their mRNAs six structural and two nonstructural viral pro-
teins are translated. Their coding regions are flanked by 5" and
3’ untranslated regions (UTRs) that contain regulatory ele-
ments. In CDV, as in other morbilliviruses, the 5" UTRs are 20
to 60 nt long. The exception is the longer region upstream of
the predicted fusion (F) protein reading frame (5, 27).

The F proteins of paramyxoviruses, including most morbil-
liviruses, are classical type I glycoproteins, with a short hydro-
phobic leader sequence following the AUG translation initia-
tion codon and a second hydrophobic sequence shortly
preceding the stop codon. In the predicted F protein reading
frame of CDV, however, a first AUG is situated 85 nt down-
stream of the 5" end of the F mRNA, a second potential start
codon follows at position 266, and the first codon of the hy-
drophobic leader-like sequence is at nt 428. Furthermore,
there is an additional nonconserved in-frame AUG at position
461 of the large-plaque-forming variant of the vaccine strain
Onderstepoort, which was initially discussed as the most prob-
able site of translation initiation (7). However, it was recently
shown that either one of the two conserved in-frame methi-
onines (amino acid positions 1 and 61) is necessary for efficient
F protein expression (6).

The comparative analysis of the sequence of different CDV
strains has yielded interesting insights. In contrast to the high
sequence conservation of the mature F protein, the nucleotide
sequence between the first AUG and the predicted signal pep-
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tidase cleavage site at residue 137 varies by up to 21.4% (7, 15).
Furthermore, a GC content of about 60% suggests extensive
folding of the RNA (15). In addition to the two conserved
in-frame start codons, two out-of-frame start codons are lo-
cated at nt positions 228 and 408, of which the second is
conserved among all strains (7, 15).

Processing of a classical type I glycoprotein involves recog-
nition of the signal peptide by the signal peptide recognition
particle, and subsequent translocation into the endoplasmic
reticulum (ER), after which the signal peptide is cotranslation-
ally cleaved. Protein maturation continues during transport
through the ER and Golgi apparatus to the cell surface (re-
viewed in reference 17). Even though the sequences of differ-
ent signal peptides share no common motifs, some structural
requirements have been identified. The amino-terminal part
ranges in length between 8 and more than 50 amino acids
contains mostly positively charged residues. It is followed by
the central hydrophobic region of 6 to 20 residues that will be
inserted into the ER membrane, which is followed by another
polar region. This domain contains helix breaking as well as
small uncharged residues in positions —3 and —1, which de-
termine the signal peptidase cleavage site (30). Interestingly, it
has been shown for several viral glycoproteins that signal pep-
tide cleavage can occur very late after translocation (12, 16).
This posttranslational cleavage is inefficient and is thought to
regulate the amount of functional protein and to optimize viral
production (14, 16).

In this study, we examined the events that occur during
synthesis of the CDV F protein in a transient-expression sys-
tem as well as in the viral context. The functionality of F
proteins with mutations and truncations in the amino-terminal
sequence was assessed in a transient-expression assay. The
mutations were then introduced into the CDV genome, recom-
binant viruses were recovered, and their phenotypes were ex-
amined.
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MATERIALS AND METHODS

Cells and viruses. Vero cells (ATCC CCL-81) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 5% fetal calf serum (FCS). 293 cells
(ATCC CRL-1573) were maintained in the same medium with 10% FCS. DH 82
cells (ATCC CRL-10389) were cultured in Eagle’s minimal essential medium
with nonessential amino acids and 15% FCS. All tissue culture media as well as
supplements and FCS were purchased from Life Technologies. The small-
plaque-forming variant of CDV Onderstepoort (CDV ) and all recombinant
viruses were propagated in Vero cells.

Construction of expression plasmids containing different mutants in the 5’
region of the F gene. The plasmid pCG-Fg constituted the basis for all the
mutants. The first and second in-frame start codons (residues 1 and 61) were
changed to leucines (TTA) by site-directed mutagenesis (Quick-Change site-
directed mutagenesis kit; Stratagene) either separately or in combination, result-
ing in pCG-FpgL1 (first ATG — TTA), pCG-FsL61 (second ATG — TTA),
and pCG-Fogml1/61 (first and second ATG — TTA).

The mutants with increasing deletions in the 5’ region of the F gene (pCG-
FosA60, pCG-FogA107, and pCG-FogA114) were generated by PCR (Expand
high-fidelity PCR system; Roche Biochemicals) with the forward primers 5'-TT
TGGATCCGGCGCGCCATGAACAGGACCAGGTCCCGCAAGC-3' (pCG-
FosA60), 5'-TTTGGATCCGGCGCGCCCCAATGGCAATCAACTCAGGCT
CTC-3" (pCG-Fpg A107), and 5'-TTTGGATCCGGCGCGCCATGTGCACCT
GGTTAGTCCTGTGGTGC-3' (pCG-FgA114), which introduce a BamHI and
Ascl site following the coding region (underlined), and the common reverse
primer 5'-TGAAGTATTCTGGTCATATATCTCGCATGCATGTCCAAA-3',
which adds a Sphl site (underlined) downstream of the open reading frame
(ORF). In pCG-FgA107 and pCG-FgA114, an artificial ATG was introduced
(bold letters). The correct sequences of all constructs were confirmed (ABI
Prism 377 DNA sequencer; Perkin-Elmer Applied Biosystems).

Construction of CDV genomic full-length plasmids with alterations in the 5’
region of the F gene. To facilitate the construction of full-length CDV plasmids
with alterations in the 5’ region of the F gene, a unique restriction site was
introduced in the 5" UTR (AscI; nt 7046 to 7053) of the F ORF downstream of
the first ATG by site-directed mutagenesis. The resulting plasmid, which also
contains unique restriction sites upstream and downstream of the H ORF (31),
was named pCDVIIL

The mutants pCG-FosL1, pCG-FsL61, and pCG-Fogml1/61 were amplified
from the pCG plasmids described above by using the forward primer 5'-TTTG
GCGCGCCAGCCAGGGGCTGGAC-3', which introduced an Ascl site (under-
lined) upstream of the respective F coding region, and the reverse primer men-
tioned above. The PCR products were cloned into pCDVII by using the Ascl site
and an endogenous unique Af/II site at positions 6669 to 6704. The resulting
plasmids were named pCDV-FgL1, pCDV-FgL61, and pCDV-FgL1/61, re-
spectively. The constructs pCG-FgA60, pCG-FgA107, and pCG-FpgA114 al-
ready contained an Ascl site upstream of the respective ATG in a way that
respected the rule of six (21). Therefore, the inserts were generated by digesting
the pCG plasmids with AscI and AfIII and introducing fragments into pCDVII,
yielding pCDV-F55A60, pPCDV-FsA107, and pCDV-FgA114. The sequences
were confirmed.

Fusion assay. A quantitative fusion assay based on the luciferase gene as the
reporter gene and similar to that described previously (22) was established. To
generate a suitable reporter gene plasmid, the luciferase gene (pGL2-Control
vector; Promega) was subcloned into the pTM1 vector (20), in which an internal
ribosomal entry site is located downstream of the T7 promoter to ensure efficient
translation of the RNA transcribed by the T7 polymerase, yielding pTM1-luc.
Vero cells were transfected with the different F expression plasmids together
with pCG-Hgg and pTM1-luc using a molar ratio of 1:1:0.7. Lipofectamine 2000
(Gibco BRL) was used as the transfection reagent, following the protocol of the
supplier. Briefly, cells were seeded in 24-well plates so that they reached about
80% confluence for transfection. For each well to be transfected, 1.3 pug of DNA
was diluted in 50 pl of OptiMEM (Gibco BRL). Another 50 pl of OptiMEM
containing 2 pl of Lipofectamine 2000 was added, and the mixture was incubated
at room temperature for 30 min. Before the solution was added to the cells, the
culture medium was removed and replaced with 0.5 ml of DMEM without serum.
For each well transfected, a second well of Vero cells was infected with modified
vaccinia virus Ankara expressing the T7 polymerase (MVA-T7) (28) with a
multiplicity of infection (MOI) of 1 at the time of transfection. Twelve hours
after transfection or infection, the cells were washed twice with phosphate-
buffered saline (PBS; Gibco BRL), and 50 pl of 0.25% trypsin~EDTA (Gibco
BRL) was added to detach the cells. After incubation at 37°C for 5 min, each well
of cells was resuspended in 1 ml of DMEM supplemented with 5% FCS, and the
cells of one transfected and one infected well were mixed and centrifuged at 230
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X g for 10 min. The pellet was resuspended in 2 ml of fresh DMEM with 5%
FCS, transferred into two wells of a 24-well plate, and incubated for 36 h at 37°C.
Following the visual grading of the fusion activity, the luciferase activity was
determined with a luciferase assay system (Promega) and a 96-well plate-reading
luminometer (Microlumat LB96P; EG & G Berthold). A fraction of each lysate
was mixed with an equal amount of 2X Laemmli sample buffer (Bio-Rad)
containing 0.5% B-mercaptoethanol and subjected to Western blot analysis.

Western blot analysis. Vero cells were seeded into six-well plates, transfected
with the different constructs or infected with virus at an MOI of 0.01, and
incubated at 37°C for 48 h or until cytopathic effect (CPE) was observed. Cells
were washed twice with PBS before the addition of 0.5 ml of lysis buffer (150 mM
NaCl, 1.0% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 50
mM Tris-HCI [pH 8.0]) with complete protease inhibitor (Roche Biochemicals)
to each well. After incubation for 30 min at 4°C, the lysates were cleared by
centrifugation at 5,000 X g for 15 min at 4°C and the supernatant was mixed with
an equal amount of 2X Laemmli sample buffer (Bio-Rad) containing 0.5%
B-mercaptoethanol. Samples were incubated for 10 min at 95°C, fractionated on
SDS-10% polyacrylamide gels (Bio-Rad), and blotted on polyvinylidene difluo-
ride membranes (Millipore). After blocking with 1% blocking reagent (Roche
Biochemicals) overnight, the membranes were incubated with a rabbit antipep-
tide serum which recognizes the 14 carboxy-terminal residues of the CDV and
measles virus F protein (Fcyt) (4). Following the incubation with a peroxidase-
conjugated goat anti-rabbit immunoglobulin G antiserum, the membranes were
subjected to enhanced chemiluminescence detection (Amersham Pharmacia
Biotech).

Recovery of recombinant viruses. The recombinant viruses were recovered as
described before (31) with an MVA-T7 based system (26). The first syncytia were
observed 7 to 10 days after transfection. For each virus, three syncytia were
picked and transferred onto fresh Vero cells in six-well plates. These infected
cells were expanded into 75-cm? flasks with 10 ml of DMEM supplemented with
2% FCS. When the CPE was pronounced, the cells were scraped into the
medium and subjected once to freezing and thawing. The cleared supernatants
were used for all further analysis.

Indirect immunofluorescence assay. Subconfluent Vero cells were either
transfected with pCG-Fg by using Lipofectamine 2000 as described above or
infected with rCDV g at an MOI of 0.01 and incubated for 48 h at 37°C. Then
the cells were either shifted to 4°C and incubated unfixed with the primary
antibody for 1 h or fixed with 2% paraformaldehyde, blocked with 0.5 M glycine,
and permeabilized with 0.1% Triton X-100 before incubation with the primary
antibody for 60 min at room temperature. Three primary antibodies were used
for this experiment: the anti-Fcyt antiserum described above (1:200 dilution), a
rabbit antiserum MC709 raised against the C-terminal residues (201 to 224) of
the F2 subunit (1:100 dilution), and a rabbit antiserum (MC829) raised against
residues 88 to 112 of the signal peptide of the Fg protein (1:100 dilution), which
were generated by immunizing a rabbit with the respective keyhole limpet he-
mocyanin-coupled peptide. After incubation with the primary antibody, the cells
were carefully washed twice and fixed as described above. The staining was
performed with fluorescein isothiocyanate-conjugated donkey anti-rabbit immu-
noglobulin G (Amersham Pharmacia Biotech).

Radioimmunoprecipitation and pulse-chase analysis. For each antiserum and
time point, one well of a six-well plate seeded with Vero cells was transfected
with the construct of interest using Lipofectamine 2000. Thirty-six hours after
transfection, the cells were washed twice with PBS, and 2 ml of DMEM without
glutamine, methionine, or cysteine was added. After incubation at 37°C for 1.5 h,
the medium was exchanged for 1 ml of DMEM without glutamine, methionine,
or cysteine, and 100 pCi of [*>S]methionine (Amersham Pharmacia Biotech) was
added to each well.

For steady-state analysis, the cells were labeled for 1.5 h at 37°C, washed three
times with cold PBS, and lysed with 500 pl of radioimmunoprecipitation assay
(RIPA) buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5% deoxycholate, 0.1%
SDS, 50 mM Tris-HCI [pH 8.0]) with protease inhibitors (Complete; Roche
Biochemicals) for 20 min at 4°C. The lysate was transferred into an Eppendorf
tube and cleared at 5,000 X g for 15 min at 4°C, the supernatant was added to 50
wl protein A agarose beads (Bio-Rad), and the antibody was added at the
appropriate concentration. After incubation at 4°C overnight, the beads were
washed three times in RIPA buffer before 30 pl of 2X Laemmli sample buffer
(Bio-Rad) containing 0.5% B-mercaptoethanol was added, and the samples were
subjected to SDS-polyacrylamide gel electrophoresis (PAGE) analysis, using a
gel with a polyacrylamide concentration appropriate for the protein of interest.
The gels were dried for 1 to 1.5 h at 70°C and exposed for 3 to 16 days using
Biomax films (Kodak).

For pulse-chase experiments, cells were labeled for 30 min, washed three times
with prewarmed PBS, and incubated with DMEM supplemented with 10% FCS.
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Samples were taken 0, 0.5, 1.5, 5, and 12 h after the pulse and treated as
described for the samples for the steady-state analysis.

RESULTS

Translation initiation of the CDV F protein. The predicted
protein sequences of different CDV strains are shown in Fig. 1.
The first 135 residues vary by up to 27.5% between strains,
whereas the downstream amino acid sequence variation is 4%
or lower (Fig. 1). The first 75 residues have a high hydrophi-
licity index, and they are followed by a stretch of 20 less hy-
drophilic residues (position 76 to 95) before another strong
increase of hydrophilicity immediately upstream of a hydro-
phobic region (positions 96 to 115) (Fig. 1). The hydrophobic
region is followed by a predicted signal peptide cleavage site,
A | QIHW (11). We refer to amino acids 1 to 135 as the Pre
region, a potential long signal peptide.

To verify if the Pre region is translated, a set of mutants was
generated based on the plasmid pCG-Fg (F protein of the
small-plaque-forming variant of the vaccine strain Onder-
stepoort). Initially, the two in-frame methionines (residues 1
and 61) were mutated to leucines either individually or simul-
taneously. The mutant with a leucine codon (TTA) in place of
the first methionine codon was called L1, that with a leucine at
position 61 was called L61, and the double mutant was called
L1/61. In addition, mutants with deletions of increasing por-
tions of the N terminus were generated and named A60, A107,
and A114.

These mutants were coexpressed with the CDV,g H pro-
tein, and their activity was determined in a cell fusion assay
(22). Significant differences in fusion efficiencies were ob-
served. Forty-eight hours after transfection, the fusion activity
of the unaltered F protein barely exceeded the background
value despite strong expression (Fig. 2). The mutation of either
in-frame methionine to leucine led to an ~20-fold increase of
fusion activity, even though the F protein levels produced were
higher for the parental than for the altered proteins (Fig. 2).
The construct in which both methionines are mutated displays
a fusion activity similar to that of the unaltered construct (Fig.
2A and C), but the amount of protein expressed was extremely
reduced (Fig. 2B). The strong band that is detected above the
F1 signal is thought to be the product of translation initiation
at the first in-frame methionine of this construct at residue 158,
which would not be translocated into the ER due to the lack of
a signal sequence and therefore would not be further pro-
cessed. To a lower degree, this band can also be observed in
the other constructs.

The deletion of the first 60 amino acids (A60) led to an
~15-fold increase of fusion activity (Fig. 2A and C), with high
levels of protein expression (Fig. 2B). This recapitulated the
phenotype of L1. The further reduction of the precursor se-
quence to eight residues, which corresponds to the length of a
classical signal peptide (A107), led to a 70-fold increase of
fusion activity and high levels in protein expression (Fig. 2).
Minimal fusion activity and protein expression were observed
when the first 114 residues were deleted (Fig. 2). In summary,
the standard F protein showed the highest level of expression
but the lowest activity. Mutant proteins with no standard start
codons or a very short sequence upstream of the hydrophobic
region were poorly expressed (L1/61 and A114). Mutants of

J. VIROL.

intermediate length or with a leucine at position 61 were ex-
pressed at intermediate levels and had high activity (L1, L61,
and A60).

An intriguing observation was that the L61 mutant, differing
only in one amino acid from the standard protein, also gained
function. To verify the significance of this observation, we
produced mutants with an alanine or isoleucine at position 61.
These mutants were functionally similar to the parental protein
(data not shown), implying a peculiar effect of the L61 amino
acid change. These results were consistent with F protein
translation starting at the first AUG, resulting in the produc-
tion of a long signal peptide. They also suggested a negative
effect of this sequence on F protein function because the mu-
tant with a short signal peptide-like amino-terminal sequence
was the most active (A107).

Recovery and characterization of recombinant viruses with
alterations in the F protein amino-terminal region. To char-
acterize the effect of these alterations within the viral back-
ground, recombinant viruses were generated. The parental F
gene was exchanged for the mutated F genes in pCDVII as
Ascl-Aflll fragments. In that way, pCDVII-FogL1, pCDVII-
Fosl6l, pCDVII-FgL1/61, pCDVII-F,gA60, pCDVII-
FosA107, and pCDVII-F4A114 were constructed. Subse-
quently, recovery of the recombinant viruses was attempted.
Within 2 to 5 days after the transfer of the transfected 293 cells
onto Vero cells, multiple syncytia were detected in all dishes
but those transfected with pCDVII-FgL1/61. Despite several
attempts, a virus based on pCDVII-F5gL1/61 could not be
recovered. The identity of the recombinant viruses was con-
firmed by reverse transcription-PCR and sequence analysis of
the F genes, which showed that no point mutations had oc-
curred compared to the transfected plasmid.

To characterize the recombinant viruses, growth curves in
Vero and DH 82 cells were performed using a MOI of 0.01. All
viruses reached titers within 1 logarithm of that of the parental
virus (data not shown). The fusion activity of the five new
recombinant viruses was compared to that of the parental virus
(Fig. 3). The fusion activity of the parental virus (Fig. 3) was
comparatively stronger than that produced by transfection of
plasmids encoding the parental F and H proteins (Fig. 2),
indicating that the in vitro assay only partially reflects the
fusion activity in the context of a viral infection. Nonetheless,
the growth phenotype of the recombinant viruses (Fig. 3) mir-
rored the fusion activity observed after coexpression of the
respective F protein with H (Fig. 2C). It is thus apparent that
the amino-terminal region of the F protein has a negative
effect on the fusion efficiency also in the context of a viral
infection.

Detection of F precursor proteins. To investigate if the pos-
tulated F, protein precursor can be detected, a peptide corre-
sponding to residues 88 to 112 was synthesized, and a rabbit
antiserum against this peptide was produced and named Fpre.
The radioimmunoprecipitation shown in Fig. 4 indicated that
the antiserum recognizes bands at approximately 78 kDa (Fig.
4, lane 10) and at about 68 kDa (lane 11) in the lysate of cells
transfected with the different expression plasmids. Plasmids
with an ATG codon at position 1 produce the longer protein
(Fig. 4, lanes 10 and 12); plasmids with a TTA codon at posi-
tion 1 or a deletion of 60 residues but an ATG codon at
position 61 produce the shorter protein (Fig. 4, lanes 11 and
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FIG. 1. The F gene ORF and the amino-terminal 170 residues of the CDV F protein. (Top) Schematic drawing of the F gene. The predicted reading frame beginning with the first in-frame
AUG is boxed. Hydrophobic regions are hatched. (Center) Comparison of the amino acid sequence of the CDV strains Onderstepoort (OS and OL, small- and large-plaque-forming variants),
Rockborn (Rb), Snyder Hill (SH), and 5804Han89 (5804) starting from the first in-frame translation initiation codon in the F ORF. (Bottom) Predicted hydrophilicity and structural
organization of the first 170 residues of CDVg. n and h, N-terminal and hydrophobic subdomains. The cleavage site between position 135 and 136 (A | QIHW) was predicted by the method
of Ladunga et al. (11).
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FIG. 2. Characteristics of the different F proteins. (A) Quantitative fusion assays. Vero cell monolayers were either infected with MVA-T7
(MOI of 1) or transfected with the different F constructs, the plasmid coding for the Hyg protein (pCG-Hg), and the plasmid containing the
luciferase gene under the control of the T7 promoter (pTM1-luc). At 12 h after transfection, the cell populations were mixed and seeded into fresh
plates. After 36 h at 37°C, fusion was quantified by measuring luciferase activity. The mean values of four independent experiments in duplicate
are shown. (B) Protein analysis. Proteins were extracted from cells used for fusion assays, separated by reducing SDS-PAGE (10%), and blotted
onto polyvinylidene difluoride membranes. The membranes were incubated with the anti-Fcyt rabbit antipeptide serum. (C) Phase-contrast image
of the Vero cells from the fusion experiment described above, 48 h after cotransfection.

14). As expected, Fpre antiserum does not recognize any of
these proteins when extracts of cells transfected with plasmids
that have a long deletion or mutations in both start codons are
examined (Fig. 4, lanes 13, 15, and 16). Nevertheless, a weak
band of intermediate size is detected in the F , 4, extracts (Fig.
4, lane 13), suggesting inefficient translation initiation on a
non-AUG codon. The two F precursors can also be detected
with the Fcyt antiserum, which recognizes the cytoplasmic tail
(Fig. 4, lanes 2, 3, 4, and 6), suggesting that cleavage of the F
protein amino-terminal extensions may be posttranslational.
We named the long F protein produced by the unmodified F
plasmid (apparent molecular mass, 78 kDa) PreF,,.

The PreF, protein does not reach the cell surface. We took
advantage of antisera directed against the amino-terminal re-
gion of F, the F, subunit, or the intracellular tail of the F,
subunit to characterize the cellular localization of PreF, (Fig.
5a to f). As expected, anti-Feyt did not detect its epitope in
nonpermeabilized cells at 4°C (Fig. 5g and k), whereas anti-F,
did (Fig. 5h and I). The Fpre antiserum did not detect any
protein in nonpermeabilized cells (Fig. 5i and m), indicating
either that PreF, is not transported to the cell surface or that
the amino-terminal region is not translocated.

An immunoprecipitation experiment with surface-biotiny-
lated cells using the three antisera mentioned above revealed

that in contrast to the Feyt and F, antisera, which precipitated
F, as well as their respective subunit, the Fpre antiserum did
not precipitate any specific band (data not shown). In combi-
nation with the results from the immunofluorescence, this sug-
gests that the Pre sequence is cleaved before the mature pro-
tein is transported to the cell surface.

Characterization of PreF, and of two small cleavage prod-
ucts. F protein maturation was characterized by pulse-chase
analysis. Immediately after labeling, two large proteins (ap-
proximately 78 and 68 kDa) were detected by the Fpre anti-
serum (Fig. 6, upper panel, lane 2). The upper band was strong
and had an apparent molecular weight suggesting translation
initiation on AUG 1, and it was named accordingly. The lower
band was much weaker and had an apparent weight suggesting
initiation on AUG 61. The intensity of the PreF , 1, precursor
band was reduced to about 70% after a 30-min chase (Fig. 6,
upper panel, lane 3) and to about 50% after a 1.5-h chase (Fig.
6, upper panel, lane 4).

When other aliquots of the same protein extracts were sep-
arated on a more concentrated protein gel (Fig. 6, lower pan-
el), a double band at approximately 15 to 17 kDa was detected.
Of the two small cleavage products, the lowest gained in in-
tensity after a 30-min chase and remained detectable after
1.5 h (Fig. 6, lane 4). The size of these peptides is compatible
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FIG. 3. CPE of the recombinant viruses with alterations in the amino-terminal region of the F protein. Vero cells were infected with the
parental and recombinant viruses and photographed 48 h after infection at an MOI of 0.01.

with cleavage at or around the predicted signal peptidase rec-
ognition sequence.

A similar pulse-chase experiment was performed to assess
the temporal relation between Pre region cleavage and furin
cleavage of F, into F, and F,. The F, subunit was detected with
the anti-F, antiserum after a 30-min chase as a broad band at
approximately 22 to 25 kDa (Fig. 7A, lane 4). The intensity of
this band increased after a 1.5-h chase and decreased only
slightly after 5 and 12 h (Fig. 7A, lanes 6, 8, and 10), indicating
that the processing of the F protein into its mature form is
rather slow and results in a relatively stable protein.

The two small cleavage products of PreF, were detected at
the highest level immediately after the pulse, and their inten-

sity decreased by about one-half after a 30-min chase (Fig. 7B,
lanes 2 and 4). After a 1.5-h chase, only a very faint signal was
observed, which disappeared after 5 h. These findings, and the
fact that a band corresponding to the F, subunit with the Pre
region still attached was never detected with any of the antisera
used, suggest that the long precursor peptide cleavage occurs
before furin cleavage.

DISCUSSION

The unique features of the region between the M and F
proteins of morbilliviruses have raised questions about its func-
tion in viral replication and virulence (2, 6, 7, 10, 15, 25). In this
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FIG. 4. Radioimmunoprecipitation of the different F proteins. Transfected Vero cells were labeled for 1.5 h, lysed, and immunoprecipitated
with anti-Fcyt or anti-Fpre rabbit antipeptide serum. Equivalent aliquots of the protein A eluates were separated by reducing SDS-PAGE (7.5%).
The open triangle indicates the possible precursor of the mutant without in-frame methionines (L1/61).
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FIG. 5. Immunofluorescence staining of Vero cells transfected with pCG-Fg or infected with CDV g4 by using antibodies against different
parts of the F protein. Cells were either fixed with paraformaldehyde (PFA) and permeabilized with Triton X-100 (TX-100) 48 h after transfection
or infection with an MOI of 0.01 (a to f) or incubated unfixed with the primary antibody at 4°C before treatment with paraformaldehyde (g to m).
Anti-Fcyt, anti-F,, or anti-Fpre rabbit antipeptide serum was used as the primary antibody.

study, we present evidence that the amino-terminal extension
(residues 1 to 135) of the CDV F protein is more than a
classical signal sequence. We show that deletions in this >100-
residue-long sequence lead to an increase in the activity of the
mature protein, indicating that this region has regulatory func-
tion.

The F protein amino-terminal extension modulates fusion
function. The classical signal peptide of a type I glycoprotein is
usually cleaved off cotranslationally and immediately degraded
(1). Thus, it is not expected to have a significant influence on
the biological activity of the protein. However, more complex
roles for certain cellular signal peptides have been character-
ized (17), and it has been shown for other viral glycoproteins
that their signal peptides are cleaved not cotranslationally but
rather posttranslationally (14, 16, 29). Similar to the situation
in CDV, those signal peptides are unusually long and positively
charged, which may delay protein processing (13, 18). Conse-
quently, reduction of the charge of these signal peptides, or
replacement with short signal peptides from efficiently trans-
ported glycoproteins, leads to an increase in cleavage efficiency
and subsequently to an increase of mature and active protein
(13).

The CDV F protein long amino-terminal extension has sim-
ilar characteristics. The remarkable new property of this se-
quence is that it modulates function: mature F proteins derived
from a PreF,, precursor are less fusogenic than those derived
from shorter precursors. It is as yet unclear if this is due to a
slightly different primary sequence of these proteins or to the
effect of the extension on folding of the rest of the glycopro-

tein. The recent observation that the measles virus glycopro-
teins hetero-oligomerize in the ER (24) suggests the possibility
that the glycoproteins of all morbilliviruses including CDV
may do the same. In that case, a mechanism limiting fusion of
intracellular membranes may be required. There are clear in-
dications that the interactions between the glycoprotein cyto-
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FIG. 6. Pulse-chase analysis of cells transfected with pCG-Fq.
Transfected Vero cells were pulse-labeled for 30 min and then chased
for the indicated periods with fresh growth medium containing methi-
onine and cysteine. Equivalent cell lysate samples were immunopre-
cipitated with anti-Fpre rabbit antipeptide serum. Equivalent aliquots
of the protein A eluates were separated by reducing SDS-PAGE (top,
7.5%; bottom, 15%). The positions of F, the precursors PreF 4, and
PreF s1ge1, and the possible signal peptide cleavage products Pre are
indicated on the left.



VoL. 76, 2002
A o F
8-16 %
— 30kDa
>
F2 — 22kDa
i, — 17kDa
. — 8kDa
— 4kDa
12 3 4 56 7 8 9 10
-F- F - F - F - F
Oh 05h 15h 5h  12h
B «aFpre
8-16 %
— 30kDa
— 22 kDa
pre| B& > — 17kDa
— 8kDa
— 4kDa

123 4 56 7 8 9 10
-F- F - F - F - F
Oh 05h 15h 5h  12h

FIG. 7. Pulse-chase analysis of CDV Fyg maturation. Vero cells
transfected with pCG-Fg (F) or mock transfected (—) were pulse-
labeled for 30 min and then chased for the indicated periods with fresh
growth medium containing methionine and cysteine. Equal cell lysate
samples were immunoprecipitated with anti-F, or anti-Fpre rabbit
antipeptide serum. Equivalent aliquots of the protein A eluates were
separated by reducing SDS-PAGE (8-t0-16% gradient). The positions
of F, and the signal peptide cleavage products Pre are indicated on the
left. The origin of the band of about 16 kDa detected 5 and 12 h
postpulse in both transfected and control cells is unknown.

plasmic tails and the M protein limit fusion (3, 4), but in
addition the conformation and the interactions of the glyco-
protein ectodomains may influence fusion activity (R. K. Plem-
per, A. L. Hammond, D. Gerlier, A. K. Fielding, and R. Cat-
taneo, unpublished results).

It is also of interest that human respiratory syncytial virus,
classified within the genus Pnreumovirus of the family
Paramyxoviridae, has developed another noncanonical mecha-
nism to control membrane fusion. In this virus, proteolytic
cleavage of the F, precursor at two closely spaced furin rec-
ognition sites has recently been detected (8, 32), and it has
been proposed that the two-hit cleavage process may delay
fusion activation and thus allow release of active particles.

A role in pathogenicity for the F protein Pre peptide? An
approximately 16-kDa cleavage product was detected, and its
half-life was determined to be about 30 min. The fact that this
peptide is not immediately degraded suggests the possibility
that it may have another function. In human immunodeficiency
virus (HIV)-infected cells, several calmodulin-dependent pro-
cesses involved in immune defense are disrupted (19), which is
thought to be associated with the interaction of the signal
peptide of the HIV glycoprotein with calmodulin (18). Cal-
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modulin recognizes positively charged, amphiphilic a-helical
stretches of 16 to 35 residues (baa helix) (23). The signal
sequence of the HIV-1 glycoprotein has an extended amino-
terminal region that can potentially form such a baa helix
(residues 1 to 35), and it has been shown that a synthetic
peptide corresponding to the amino-terminal 23 residues of
the HIV glycoprotein has high affinity for calmodulin and ef-
ficiently inhibits Ca®*-calmodulin-dependent phosphodiester-
ase in vitro (18). Since a potential baa helix can be identified in
the amino-terminal region of the signal peptide of the CDV F
protein, a similar interaction with calmodulin is conceivable,
which may influence CDV pathogenesis.
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