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The fusion glycoprotein precursor of Newcastle disease virus is ubiquitously cleaved in the constitutive
secretory pathway if it possesses an oligobasic cleavage motif (RRQR/KR), whereas the precursor is refractory
to cleavage if the motif is monobasic (GR/KQGR). We examined the cleavage activity of the mammalian
subtilisin-related proteinases furin/PACE, PC2, and PC1/PC3, which are thought to be responsible for
proprotein processing in either the constitutive (furin/PACE) or the regulated (PC2 and PC1/PC3) secretory
pathway, for the viral precursors with different cleavage motifs. Only furin/PACE was fully capable of cleaving
the precursors with the oligobasic motif. PC2 and PCI/PC3 were incapable or only partially capable of cleaving
at this motif. None of the proteinases cleaved the monobasic motif. These results suggest involvement of
furin/PACE in viral protein processing in the constitutive secretory pathway.

Enveloped animal viruses usually possess a surface gly-
coprotein that mediates fusion between the viral envelope
and host cell membrane and thereby enables initiation of
infection. Biosynthesis of this glycoprotein often involves
posttranslational endoproteolysis of the inactive precursor at
the carboxyl side of a certain arginine by a host cell protease.
This cleavage activation mechanism was first discovered for
the fusion glycoprotein of Sendai virus, a paramyxovirus in
mice (18, 43). Subsequent studies with a series of virulent
and avirulent strains of Newcastle disease virus (NDV), an
avian paramyxovirus, demonstrated that there are at least
two distinct categories in their activation and that this
variation determines the marked differences in viral spread-
ing in the host and pathogenicity between strains (12, 31, 34,
36, 54, 55). In one group characteristic of avirulent strains,
the fusion glycoprotein precursor (FO) possesses a single
arginine at the cleavage site and is cleaved only by certain
cell types that express a special protease(s). Thus, infection
by these strains is localized to those enzyme-expressing
tissues without production of severe systemic symptoms.
We recently isolated an endoprotease of this category from
chicken embryos and demonstrated its identity with the
activated form of blood clotting factor X (FXa) and strict
correlation of its expression with viral tropism at the tissue
level (13, 14, 39, 50). The same mechanism (FXa dependent)
seems to be responsible for determining the tropism of
Sendai virus and certain influenza A viruses in chicken
embryos (13, 14, 39). The sequence motif Gln(Glu)-X-Arg
(where X is Gly, Ser, or Thr), which resembles the cleavage
site in prothrombin, the natural substrate of FXa, was
commonly found at the cleavage site of these viruses. In
another group characteristic of virulent NDV strains, the
cleavage site consists of paired or multiple basic residues
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and cleavage occurs in a much greater number of tissues,
such that the infection is pantropic (34, 54, 55). Such an
oligobasic motif is almost universally present in pantropic
paramyxoviruses, such as measles virus and mumps virus,
and in other virus families, including avian influenza viruses
(4, 5, 21, 59). However, none of the proteases involved in
this category of activation have been identified or exten-
sively characterized, except that they apparently function in
the Golgi apparatus or the trans-Golgi network (30, 35, 41,
61). A number of cellular proproteins and prohormones are
cleaved at an analogous di- or oligobasic site and at a similar
intracellular location. Thus, this type of processing of either
cellular or viral precursors has been of great interest in cell
biology, and identification of the processing proteases has
long been sought. A landmark in the field was discovery of
the KEX2 protease, or kexin, which processes the a mating
factor and killer toxin precursor protein in the yeast Saccha-
romyces cerevisiae and shares both sequence and organiza-
tional homologies with the prokaryotic subtilisins (6, 8, 10,
20, 26-28). Analysis of the KEX2 gene further led to the
discovery of proteinases termed furin or paired basic amino
acid-cleaving enzyme (furin/PACE) (9, 15, 16, 25, 40, 56),
PC2 (15, 44, 48), and PC1/PC3 (15, 22, 37, 45, 47), which are
responsible for processing in mammalian cells and constitute
a unique family of mammalian subtilisins (for a review, see
reference 2). Furin/PACE is thought to be a ubiquitous
endoprotease which is present predominantly in the Golgi
apparatus and catalyzes the processing of precursor proteins
in the constitutive secretory pathway (CSP) (7, 16, 42). PC2
and PC1/PC3, on the other hand, are cloned from neuroen-
docrine cells and are thought to be responsible for process-
ing in the regulated secretory pathway (RSP), which devel-
ops only in endocrine cells and secretes molecules in
response to specific extracellular stimulation (15, 22, 37,
44 48, 52).
Cleavage of NDV Fo yields two subunits, the C-terminal
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F1 of 56 kDa and the N-terminal F2 of 12 kDa (34, 54, 55).
The N-terminal hydrophobic stretch of F1 is thought to be
the direct mediator of fusion activity (11). As described
above, if the cleavage site is oligobasic, this processing
occurs in the Golgi apparatus or the trans-Golgi network of
vertebrate cells (30, 34, 35, 41, 61). In the present study, we
examined whether these mammalian subtilisin-related pro-
teinases, furin/PACE, PC2, and PC1/PC3, have the potential
to cleave two viral precursors: the Fo glycoprotein precur-
sors of virulent NDV strains Sato and Beaudette C, which
contain the Fo cleavage motif RRQRR or RRQKR, respec-
tively. The major experimental strategies employed include
the use of lymphoblastoid cell line NALM-6, which is
defective in full processing of the viral precursors (32, 41),
and the use of recombinant vaccinia viruses that express
those mammalian subtilisins (7, 51, 52).

MATERIALS AND METHODS

Cells and viruses. NALM-6 and BHK-21 cells were grown
in RPMI 1640 supplemented with 10% fetal calf serum and in
Eagle's minimum essential medium supplemented with 10%
bovine serum, respectively. NDV strains Sato, Beaudette C,
La Sota, and Ulster were grown in 11-day-old chicken
embryos. Recombinant vaccinia viruses that express human
furin/PACE (VV:Fur), human PC2 (VV:PC2), or mouse
PC1/PC3 (VV:PC3) were constructed by inserting each
proteinase gene into the viral thymidine kinase gene as
described elsewhere (7, 51, 52). These recombinant viruses
and wild-type vaccinia virus strain WR (VV:Wt) were pre-
pared by propagation in CV-1 cells.

In vitro assay of proteolytic cleavage of viral precursors. As
enzyme sources, we used the media and extracts of BHK-21
cells infected with either VV:Wt, VV:Fur, VV:PC2, or
VV:PC3 at an input multiplicity of 10 PFU per cell. The
media were collected 24 h after infection. After a wash with
phosphate-buffered saline, the extracts were prepared by
lysing the cells with 1% Triton X-100 in PIPES [piperazine-
N,N'-bis(2-ethanesulfonic acid)] buffer (10 mM, pH 6.8)
containing 100 mM KCl, 2.5 mM MgCl2, and 0.3 M sucrose
on ice. After centrifugation for 10 min at 10,000 x g, the
clarified media and extracts were stored at -80°C until use.
A soluble form of mouse furin was also used. This was
produced by CHO cells transfected with a plasmid that
expresses the proteinase without the transmembrane domain
and was purified from the culture medium as previously
described (17). The substrate NDV virions were grown in
NALM-6 cells (32, 41). The infected cells were metabolically
labeled with 500 kBq of EXPRE35S35S protein-labeling mix
per ml (370 MBq/ml, >37 TBq/mmol; Du Pont-New England
Nuclear, Wilmington, Del.), and the virions were isolated
and purified from the culture medium (34). One hundred
microliters of each of the extracts and media was mixed with
an appropriate amount of NDV virions in 100 pl of 100 mM
Tris-HCl (pH 6.8)-6 mM CaCl2. The mixtures were incu-
bated at 37°C for 2 h, subsequently immunoprecipitated with
an anti-F monoclonal antibody (hybridoma clone 320 [1,
53]), and analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) as described else-
where (23, 38). The protein bands on the gels were visualized
by exposure to Kodak X-Omat X-ray films or by a Fujix
BAS 2000 Image Analyzer (Fuji Photo Film, Tokyo, Japan).

In vivo assay of proteolytic cleavage of viral precursors.
NALM-6 cells were coinfected with NDV (multiplicity of
infection, 10) and either VV:Wt, VV:Fur, VV:PC2, or
VV:PC3 (multiplicity of infection, 10). After 6 h, the cells

were labeled for 15 h with 370 kBq of D-[1,6-3H]glucosamine
hydrochloride per ml (37.0 MBq/ml, 2,179.3 GBq/mmol; Du
Pont-New England Nuclear). The cells were processed for
immunoprecipitation with the anti-F monoclonal antibody,
and the precipitates were analyzed by SDS-PAGE.

Infectivity titrations. Infectivity of NDV was determined
by plaque formation on monolayers of BHK-21 cells grown
in 35-mm-diameter plates as described elsewhere (34). The
plaques were counted 2 days after infection. Under these
conditions, no vaccinia virus plaques developed. However,
polyclonal anti-NDV rabbit serum was added to certain
plates to assess NDV titers in the specimens from coinfec-
tion studies with NDV and each vaccinia virus.

RESULTS

In vitro cleavage of NDV Fo by mammalian subtilisin-
related proteinases. We first examined the in vitro cleavage
activity of the mammalian subtilisin-related proteinases as
well as that of trypsin for NALM-6-grown virions, which
contain a high level of Fo (32, 41). As the source of these
subtilisin-related proteinases, we used extracts and media of
vaccinia virus-infected BHK-21 cells that expressed each
proteinase gene and produced the respective enzymes in
excess (7, 51, 52).
The extract from cells infected with VV:Fur efficiently

cleaved the Fo of both the Sato (Fig. 1A) and Beaudette C
(data not shown) strains, whose cleavage site sequences are
RRQRR and RRQKR, respectively. One of the cleavage
products, F2, is not shown here. None of the extracts from
either uninfected cells or cells infected with VV:Wt, VV:
PC2, or VV:PC3 manifested cleaving activity (Fig. 1A). The
medium from VV:Fur-infected cells also was able to cleave
Fo (Fig. 1B). Immunoblotting analysis with rabbit anti-furin/
PACE serum (60) revealed that the medium of VV:Fur-
infected cells contains an immunoreactive protein whose
molecular mass is a little lower than that of authentic
furin/PACE (data not shown), in good agreement with the
previous finding that suggested that the immunoreactive
protein in the medium represents a truncated molecule that
possibly results from furin/PACE autoproteolysis (60).
Cleaving capability by a soluble form of furin/PACE was
confirmed by using purified mutant mouse furin/PACE with-
out the transmembrane domain, which is secreted from
transfected CHO cells (17) (Fig. 1C). Although significant
levels of vaccinia virus-derived PC2 and PC1/PC3 are se-
creted from infected cells (46), medium from PC2- and
PC1/PC3-expressing cells exhibited no cleaving capacity
(data not shown).
To determine whether furin/PACE cleaved viral precur-

sors at the correct site with the motif of RRQR/KR, we first
attempted to determine the N-terminal amino acid sequence
of F1 generated by furin/PACE. However, NDV-infected
NALM-6 cells are poor virus producers and consequently
we were unable to obtain sufficient amounts of F1 substrates
for sequencing. Second, we used alternate strains ofNDV as
the substrate. These strains possess different cleavage mo-
tifs, i.e., GRQGR (strain La Sota) and GKQGR (strain
Ulster). We found that neither furin/PACE, PC2, nor PC1/
PC3, in either the extract, the medium, or a soluble purified
form, was capable of cleaving the Fo of strains La Sota (Fig.
1A, B, and C) and Ulster (data not shown), indicating
requirement of the RRQR/KR motif for processing by furin/
PACE. Trypsin correctly cleaves at this motif (Fig. 1A, B,
and C), as reported previously (33, 34). Third, we examined
whether the medium from VV:Fur-infected cells has the

J. VIROL.



PARAMYXOVIRUS FUSION GLYCOPROTEIN CLEAVAGE BY FURIN 6393

A B C D
Sato

F1 - -

-W F 2 3 T

La Sota

Fo-dNW
F1- -

- WF 2 3 T

Sato

F0- * rF0 1, -,-

-W F T

La Sota

F1'&- -

F-F

- VV F T

Sato

F0- -..

F1' --

- F T

La Sota

Fo _wk - -

F1' -

-F T

5

A I

-3
E

O-IIl

-1*

-I

W F T

FIG. 1. Effect of mammalian subtilisin-related proteinases on the cleavage of Fo glycoprotein of NDV strains Sato and La Sota (A to C)
and on the infectivity of strain Sato (D). NALM-6-grown, EXPRE35S35S-labeled NDVvirions were treated with the extract (A) or the medium
(B) of BHK-21 cells infected with either W:Wt (lanes W), VV:Fur (lanes F), VV:PC2 (lanes 2), or VV:PC3 (lanes 3) and analyzed by
SDS-PAGE as described in the text. The virions were also treated with a soluble form of mutant furin/PACE (see text) (1 pg/ml) for 90 min
and similarly analyzed (C). (D) The infectivity of strain Sato, treated as for panel B, was determined by plaque formation on BHK-21 cell
monolayers. Lanes: T, treated with trypsin (4 pg/ml) for 10 min; -, treated with the extract or medium of mock-infected BHK-21 cells (A
and B) or untreated (C and D).

ability to enhance viral infectivity. As shown in Fig. 1D,
treatment of NDV strain Sato with medium from VV:Fur-
infected cells resulted in an about fourfold increase of
infectivity, while medium from VV:Wt-infected cells (Fig.
1D) failed to exhibit this enhancing activity. The precursor-
cleaving activity and infectivity-enhancing capacity of furin/
PACE were found to be comparable to those of trypsin (Fig.
1A and D), which has often been used for in vitro cleavage
activation studies of viral precursor proteins. The degree of
activation by furin/PACE or trypsin might be lower than that
found for avirulent NDV strain La Sota by trypsin treat-
ment, which resulted in an at least six- to sevenfold increase
of the level of infectivity (34). However, activation by
furin/PACE, as well as that by trypsin, was consistently
found in more than 10 independent, similar experiments.
Thus, the results were highly reproducible. Cleavage of only
a fraction of the Fo molecules on a virion surface is probably
sufficient for the virus to become infectious, since a small but
significant amount of cleaved F always coexisted with the Fo
in the virus samples prepared from infected NALM-6 cells
(Fig. LA, B, and C). In addition, the calcium ions and pH
range (6.0 to 8.5) required for optimal action of furin/PACE
in Fo cleavage (Fig. 2) were similar to those found with the
fluorogenic substrate Boc (t-butoxycarbonyl)-Gly-Lys-Arg-
MCA (4-methylcoumarin-7-amide) (7). Thus, the available
data suggested the specificity of furin/PACE in cleavage of
the Fo of virulent NDV strains.

In vivo cleavage activation of NDV Fo by mammalian
subtilisin-related proteinases. To examine whether furin/
PACE can also catalyze the cleavage of Fo in vivo, coinfec-
tion with NDV and VV:Fur was performed and the matura-
tion of the Fo precursor was analyzed by labeling with
[3H]glucosamine, followed by immunoprecipitation and
SDS-PAGE. Furin/PACE was found to accelerate conver-
sion of Fo to F1 and F2 (the latter is not shown) for both

strains Sato (Fig. 3A) and Beaudette C (data not shown).
Recovery of F1 from furin/PACE-expressing cells was low
relative to that of the other cell extracts. One may interpret
this result as loss of Fo rather than conversion. However,
this is quite unlikely because the Fo of strain La Sota, which
is highly homologous to strain Sato or Beaudette Fo, partic-
ularly to the latter, with a difference of only several amino
acids, including the two residues at the cleavage site (51, 54),
was recovered in a large amount (Fig. 3A). In contrast to
furin/PACE, PC2 was found to be ineffective in vivo (Fig.
3A), as in the in vitro activation studies (Fig. 1A). Unlike the
in vitro results, which showed almost absolute lack of
cleavage, the PC1/PC3 expressed appeared to be effective to
some extent (Fig. 3A). Presumably, the intracellular milieu
might have contributed to this partial cleavage. However,
the incompleteness of in vivo cleavage by PC1/PC3 was not
overcome by increasing the input multiplicity of VV:PC3
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1- -~ -now
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FV

pH
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FIG. 2. Effects of Ca2" and pH on cleavage of Fo of NDV strain
Sato by furin/PACE. Purified mutant mouse furin/PACE lacking the
transmembrane domain was used as the enzyme source. Tris-HCl
(pH 7.0 to 8.5) and Tris-acetate (pH 4.5 to 6.0) buffers were used to
determine pH dependency.
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FIG. 3. (A) Coinfection studies with NDV and vaccinia virus

expressing each proteinase. NALM-6 cells were coinfected with
either NDV Sato or La Sota strain and W:Wt (lanes W), VV:Fur
(lanes F), VV:PC2 (lanes 2), or VV:PC3 (lanes 3), and Fo cleavage
was analyzed by SDS-PAGE as described in the text. VV:PC3 was
inoculated at three different multiplicities (10, 20, and 30 PFU per
cell), as indicated at the top of the gel, while the multiplicity was 10
PFU/cell for the other vaccinia viruses. -, infection with NDV only.
(B) Relative NDV strain Sato infectivity before and after in vitro
trypsin treatment of the virions obtained by coinfection with W:
Fur (lane F) or VV:Wt (lane W) as for panel A. The relative NDV
infectivity was the average of four separate experiments.

(Fig. 3A). Thus, it appears that PC1/PC3 is principally
incapable of full processing or is much less active than
furin/PACE. To resolve these problems, however, more
detailed studies are necessary, including intracellular local-
ization of the expressed PC1/PC3, as well as pH depen-
dency, ionic requirements, and other factors in its in vitro
functioning.
Enhancement of viral infectivity by furin/PACE was also

observed in this in vivo experiment. As shown in Fig. 3B,
NDV strain Sato produced by NALM-6 coinfected with
VV:Fur was fully infectious before in vitro treatment with
trypsin. In contrast, at least 50% of the progenies were
noninfectious when coinfected with VV:Wt and became
infectious after in vitro trypsin treatment. Coinfection with
VV:Fur,l however, neither cleaved the Fo of strain La Sota
(Fig. 3A) or Ulster (data not shown) nor activated the
infectivity of the virus (data not shown). Fur/PACE, PC2,
and PC1/PC3 were originally cloned as homologs of kexin.

Coexpression experiments with VV:KEX2 revealed that
kexin could also cleave NDV Fo with specificity for the
RRQR/KR cleavage motif, which is identical to that of
furin/PACE (32).

DISCUSSION
We examined the potential of mammalian subtilisins to

cleave the NDV Fo glycoprotein precursor specifically at an
oligobasic site and found that furin/PACE is superior to PC2
or PC1/PC3. The less efficient activation of Fo by PC2 and
PC1/PC3 compared with furin/PACE is not likely the result
of differential expression of the three endoproteases, since
each protein is synthesized at significant (comparable) levels
from the exact same vaccinia virus recombinants as used
here (7, 46), so that other substrates, such as pro-opiomel-
anocortin and proinsulin, are efficiently processed (46, 52).
During the course of this study, several other groups used
essentially the same approach to evaluate the processing
capabilities of subtilisin-related proteinases at various cleav-
age motifs of cellular proproteins. The cell specificity of their
action has also been a major concern, since furin/PACE is a
ubiquitous protease in the CSP while PC2 and PC1/PC3 are
specific for the RSP characteristic of endocrine cells. The
available results, together with those presented in this re-
port, are summarized in Table 1. When furin/PACE was
expressed in cells that likely lack the RSP, namely, COS-1,
BSC-40, CHO, and NALM-6 cells, most of the substrates
were processed. These substrates, except for albumin, pos-
sess an arginine at the P4 position. In albumin, an arginine
occupies P6. Prorenin, which has a dibasic motif but not the
P4 arginine, was not processed by furin/PACE. However,
furin/PACE did cleave a mutant prorenin in which the
phenylalanine at P4 was replaced with arginine (19). Thus, a
motif generalized as RXR/KR, with the P4 arginine, seems to
be a prerequisite for processing in the CSP (19). For proal-
bumin processing, the P6 arginine seems to be important
(58). The general importance of RXR/KR for processing in
the CSP seems to be further supported by the fact that all but
1 of the 20 viral precursors readily cleavable there possess
this cleavage motif (32). Numerous mutagenesis studies have
also shown that for the substrate with a P4 basic residue,
replacement of this residue with a nonbasic amino acid can
fully inhibit processing in vivo (see, for example, reference
3). Analysis of the cleavage site specificity of purified
furin/PACE in vitro similarly shows that P4 arginine is
critical for efficient endoproteolysis of a candidate furin/

TABLE 1. Processing of cellular and viral proproteins by subtilisin-related proteinases

Proprotein Processing motif Cell line Cleavagea by:
Reference(s)

(P6 to P1) KeCfnFurin(PACEPC2 PC1/PC3

Pro-vWF SHRSKR COS-1 NT + NT NT 57, 60
Pro-3-NGF THRSKR BSC-40 + + NT NT 7
Pro-C3 AARRRR COS-1 NT + NT NT 24
Proalbumin RGVFRR COS-1 +b + NT NT 24
Prorenin DVFTKR CHO NT - NT - 19
Prorenin DVFTKR GH4C1 NT - NT + 19
Prorenin M2R4 DVRTKR CHO NT + NT - 19
Virulent NDV Fo GRRQRR NALM-6 + + - + This work
Virulent NDV Fo GRRQKR NALM-6 + + - 4 This work
Avirulent NDV Fo GGRQGR NALM-6 - - - - This work
Avirulent NDV Fo GGKQGR NALM-6 - - - - This work

a Proteinases and proprotein substrates were coexpressed in the respective cells. +, fully cleavable; -, uncleavable; + partially cleavable; NT, not tested.
b In vitro activity.
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PACE substrate, anthrax protective antigen (29), and several
artificial substrates (17). Interestingly, however, the basic
residue at position P2 sometimes seems to be less critical.
For example, replacement of the P2 lysine in the insulin
proreceptor by alanine did not block cleavage (62). Simi-
larly, substitution of the P2 and P3 lysines with alanines
(RAAR) in the anthrax protective antigen precursor only
partially affected furin/PACE-catalyzed processing in vitro.
However, our NDV strains (La Sota and Ulster) with an
R/KXXR motif were found to be poor substrates for furin/
PACE (Table 1). Thus, the P2 basic amino acid (arginine or
lysine) was also critical in this viral substrate. In agreement
with this view, although furin/PACE can also cleave an
artificial substrate, pyro Glu-Arg-Thr-Gln-Arg-MCA, its ef-
ficiency for an RXXR motif is - 100 times lower than that for
an RXR/KR motif (17).
Although available data are limited, PC2 and PC1/PC3

appear to display different specificities. When expressed in
CHO or NALM-6 cells, they were incapable or only partially
capable of processing precursors with an RXR/KR motif
(Table 1). However, PC1/PC3 was able to process at the
dibasic site of prorenin in GH4C1 cells, most likely in the
RSP, but not in the CSP of CHO cells (Table 1). These
results suggest that both cleavage motifs and cell types are
critical for the action of PC2 and PC1/PC3. However, these
experiments do not rule out the possibility that the expressed
PC2 or PC1/PC3 was not properly incorporated into the CSP
in CHO or NALM-6 cells or was inoperative, even if
incorporated properly, in the CSP for some unknown rea-
sons. This is unlikely, however, since the PC2 and PC1/PC3
expressed similarly in BSC-40 cells, which also lack the
RSP, were able to process pro-opiomelanocortin at the KR
or RR sites (52).
Unequivocal identification of the cellular processing pro-

tease is of great importance to our understanding of viral
replication and pathogenesis, as well as of normal cell
functions. Although we have been able to demonstrate the
possible involvement of furin/PACE in viral glycoprotein
processing, the data obtained are indirect, since the applica-
ble methods are limited. The same problem has been en-
countered in other studies (Table 1). This is due mainly to
the difficulty in using a truly genetic approach with verte-
brate cells. This molecular genetic approach enabled un-
equivocal identification of kexin as the prototypic processing
endoprotease of eukaryotes. Alternative strategies are re-
quired to ascertain the exact substrate specificities of the
mammalian homologs in vivo. As this report was being
completed, Stieneke-Grober et al. reported the isolation
from Madin-Darby bovine kidney cells of an endoprotease
that cleaves the influenza fowl plague virus hemagglutinin at
the oligobasic site and demonstrated its identity with furin/
PACE (49). The results obtained by the two laboratories thus
are in good agreement and strongly suggest the role of
furin/PACE as a ubiquitous virus-activating protease.
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