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One of the late processing events in the flavivirus replication cycle involves cleavage of the intracellular form
of the flavivirus capsid protein (Cint) to the mature virion form (Cvir) lacking the carboxy-terminal stretch of
hydrophobic amino acids which serves as a signal peptide for the downstream prM protein. This cleavage event
was hypothesized to be effected by a viral protease and to be associated with virion formation. We have
proposed a model of flavivirus virion formation in which processing of the C-prM precursor at the upstream
signalase site is upregulated by interaction of the NS2B part of the protease with the prM signal peptide or with
an adjacent carboxy-terminal region of the capsid protein in the precursor, and processing of Cint by the
NS2B-NS3 protease follows the signalase cleavage. Recently, an alternative hypothesis was proposed which
suggests a reverse order of these two cleavage events, namely, that cleavage of the C-prM precursor by the
NS2B-NS3 protease at the Cint3Cvir dibasic cleavage site is a prerequisite for the subsequent signalase
cleavage of the prM signal peptide. To distinguish between these alternative models, we prepared a series of
expression cassettes carrying mutations at the Cint3Cvir dibasic cleavage site and investigated the effects of
these mutations on signalase processing of C-prM and on formation and secretion of prM-E heterodimers. For
certain mutated C-prM precursors, namely, for those with Lys3Gly disruption of the dibasic site, efficient
formation of prM was observed upon expression from larger cassettes encoding the viral protease, despite the
absence of processing at the Cint3Cvir cleavage site. Surprisingly, formation and secretion of prM-E het-
erodimers accompanied by late cleavage of prM was also observed for these cassettes, with an efficiency
comparable to that of the wild-type expression cassette. These observations contradict the model in which
cleavage of the C-prM precursor at the Cint3Cvir dibasic site is a prerequisite for signalase cleavage.

Flaviviruses are small enveloped viruses with virions com-
posed of three structural proteins designated C, M, and E.
Multiple copies of the C protein form the flavivirus nucleocap-
sid, which contains an infectious single-stranded RNA mole-
cule. Along with lipids of host cell origin, the M and E proteins
form the flavivirus envelope. The latter bears major flavivirus
antigenic determinants and is believed to be responsible for
flavivirus attachment and entry (reviewed in reference 8). Fla-
viviruses are assembled at intracellular membranes, but the
exact intracellular compartments where budding occurs are
unknown. The envelopes of cell-associated virions are com-
posed of prM-E heterodimers (where prM denotes precursor
of M) which are reorganized after prM cleavage during virus
release (44). Evidence has been reported that in the prM-E
heterodimer, the prM protein prevents an irreversible confor-
mational change of E during virus secretion through acidified
sorting compartments (17, 20, 35). The flavivirus E protein
undergoes low-pH-induced conformational rearrangement
(18) which appears to be crucial for virus infectivity. Cleavage
of the prM protein prior to virus release from cells results in
virus-associated M and release of its glycosylated amino-ter-
minal part in the media (29, 35, 46). The function of the M
protein in the virions is unknown.
Translation of the flavivirus genome results in formation of

a polyprotein precursor which is processed to individual pro-
teins by host cell- and virus-specified proteases. In the precur-
sor, the individual flavivirus proteins are arranged in the order

C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5, where NS
designates nonstructural proteins (reviewed in reference 8).
The prM-E-NS1 and NS4A-NS4B junctions are processed by
host cell signalases (4, 31, 38, 40, 45), with the former appear-
ing to occur cotranslationally and the latter occurring after
internal cleavage of NS4A by a viral protease (22, 32). The
catalytic domain of the viral protease was identified within the
amino-terminal third of the flavivirus NS3 protein (3, 16). It
functions as a NS2B-NS3 complex (7, 10, 14, 33, 43) and is
responsible for processing of the NS2A-NS2B-NS3-NS4A and
NS4B-NS5 junctions. Cleavages effected by the viral protease
occur after the dibasic sequence KR or RR followed by small
nonbranched amino acid such as Gly or Ser (36; reviewed in
reference 8). Late in flavivirus infection, two other cleavages
occur which involve cleavage of prM and further processing of
the C protein (reviewed in reference 8). The late cleavage
within prM depends on an acidic environment and is believed
to be effected by a host cell protease (20, 35) prior to or during
release of virions from cells. The second cleavage results in
formation of the virion form of protein C (Cvir) lacking a
hydrophobic sequence present at the carboxy terminus of the
intracellular form (Cint) (31, 41) and is believed to be closely
associated with virion formation (reviewed in reference 8).
Earlier, we suggested a model which describes late events

occurring during formation of flavivirus virions (46). In this
model, processing of the C-prM precursor by signalases with
formation of Cint and prM occurs efficiently only in the pres-
ence of the viral NS2B-NS3 protease, with NS2B responsible
for mediation of signalase cleavage of the precursor. This
model retains the originally suggested (8) sequential order of
the two cleavage events which are involved in processing of the
C-prM precursor, i.e., that signalase cleavage of C-prM occurs
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prior to viral protease-mediated cleavage of Cint. Recently an
alternative hypothesis, also suggesting a crucial role of the
NS2B-NS3 protease for signalase cleavage of the C-prM pre-
cursor, was proposed (1, 24). However, the alternative model
specifies the reverse order of the cleavage events, with cleavage
of the C-prM precursor at the Cint3Cvir dibasic site by the viral
protease as a prerequisite for efficient processing at the signa-
lase cleavage site. In both of these reports, the model was
based on observations that inactivation of the protease de-
creased formation of the prM protein to an undetectable level.
However, inactivation of the protease would result in forma-
tion of NS2A-NS2B-NS3x precursors (1, 7, 10, 12, 14, 24, 33,
43), and suppression of C-prM signalase cleavage was observed
in the presence of such precursors (46). Thus, observations
based on inactivation of the protease have not provided con-
clusive evidence for a specific processing scheme of the C-prM
precursor.
To distinguish between the two alternative models, we have

introduced mutations which abolish cleavage at the Cint3Cvir
cleavage site and investigated their effects on the process-
ing and secretion of prM-E heterodimers. In this study, we
demonstrate that cleavage at this site does not appear to be
necessary either for efficient processing of the C-prM precur-
sor and prM formation or for secretion of prM-E het-
erodimers.

MATERIALS AND METHODS
Cells, viruses, and antisera. A vaccinia virus recombinant, vW{59-

C3NS3243}, carrying a cDNA genome fragment of West Nile virus (WN) has
been described previously (46). Along with the WN structural proteins and
proteins NS1 and NS2A, this recombinant expresses the active WN protease
consisting of proteins NS2B and 243 N-terminal amino acids of protein NS3.
HeLaT4 cells (25) were used throughout this study as described previously (46).
An anti-WN hyperimmune ascites fluid was obtained from the American Type
Culture Collection.
Construction of gene cassettes. Standard procedures for DNA manipulations

and cloning were followed (26). For PCR amplification, Vent thermophilic DNA
polymerase (New England Biolabs, Beverly, Mass.) was chosen because of higher
fidelity (28) and was used according to the manufacturer’s recommendations. All
recombinant plasmids were characterized by restriction analysis and sequencing.
If not mentioned otherwise, enzymes were purchased from New England Bio-
labs, except for Asp 718, which was obtained from Boehringer Mannheim (In-
dianapolis, Ind.). Gene cassettes used in this study are depicted in Fig. 1.
Construction of the W{59-C-prM}, W{59-C3NS1}, W{59-C3NS365}, and

W{59-C3NS3243} cassettes has been described earlier (46). The {C-prM} cas-
sette is controlled by the SP6 promoter; the next two are assembled under
control of the T7 promoter. The last cassette is cloned in pVT7Dneo (47) and is
controlled by a tandem of the P7.5 and T7 promoters. Construction of W{59-
Cvir} and W{59-Cint} cassettes, which code for the authentic virion and intracel-
lular forms of the WN capsid protein, has also been described previously (48); in
both, transcription is controlled by the T7 promoter.
Variants of the {C-prM} cassette with point mutations in the Cint3Cvir cleav-

age site and adjacent region (see Fig. 1 for details) were constructed by PCR-
mediated point mutagenesis. In general, mutated cassettes were synthesized by
two-step PCR amplification (21) of WN cDNA segments (46). The 59-C-coding
half was amplified with primers corresponding to the SP6 promoter (as direct)
and to the nucleotide (nt) 385–411 region (as reverse). The reverse primer

FIG. 1. Schematic representation of proteins encoded by expression cassettes used in this study. (A) The 59-terminal half of the WN genome, with the
amino-terminal half of the encoded polyprotein drawn as an open bar, is shown in the middle. Individual flavivirus proteins are marked, with the vertical lines denoting
their boundaries. Hydrophobic regions serving as signal and stop-transfer sequences are represented by the thick vertical lines. Above, a second open bar represents
the part of the WN genome encoding the 59 nontranslated region (59-ntr) and the C-prM precursor. The Cint membrane anchor/prM signal peptide, and the prM
membrane anchor consisting of a prM stop-transfer sequence and the E signal peptide divided by a single Arg residue, are designated by filled boxes. Above, the thick
horizontal lines show gene cassettes encoded by in vitro transcription plasmids, designated as in Materials and Methods, which were used for in vitro protease assays.
In the lower part of the figure, another set of thick horizontal lines represents the expression cassettes used in vaccinia virus-T7 polymerase system. (B) Single-letter
amino acid representation of the wild-type WN polyprotein sequence at the C-prM junction. The carboxy termini of Cvir and Cint and the amino terminus of prM are
denoted by the horizontal arrows; the viral protease and signalase cleavage sites are marked by the vertical arrows below the sequence. Two dibasic sites, RRS and KRG,
which were subjected to mutagenesis are marked as No. 1 and No. 2. The mutations which were introduced are shown above the sequence, with lines showing unchanged
sequences. Abbreviations for the mutated cassettes used in the text are shown on the right.
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introduced C3A and T3G point mutations at positions 392 and 407, causing
replacement of an AGC triplet (Ser) for the ATC triplet (Ile) and an AAA triplet
(Lys) for the ACA triplet (Thr). The prM half was separately amplified by using
primers corresponding to nt 394–422 (as direct) and nt 952–971 (as reverse)
regions. The direct primer in the last case introduced two point mutations at
positions 407 (A3C) and 413 (G3T), causing replacement of an AAA triplet
(Lys) for the ACA triplet (Thr) and a GGA triplet (Gly) for the GTA triplet
(Val). After a second round of PCR with the amplified halves by using the first
direct and second reverse primers and digestion with EcoRI (12 nt upstream
from the beginning of the WN 59 region) and MluI (position 920; at the end of
the prM gene), the resulting fragment was exchanged with the EcoRI-MluI
fragment of the wild-type {59-C-prM} cassette. Individual IV and ITV variants of
the wild-type cassette (Fig. 2) were identified by sequencing. Construction of the
{59-C(G1)-prM}, {59-C(G2)-prM}, and {59-C(GG)-prM} variants of the wild-
type cassette has been described previously (48).
The EcoRI-MluI fragments from the individual characterized mutant variants

of the {59-C-prM} cassette were subsequently exchanged with the same frag-
ments in the {59-C3NS1}, {59-C3NS365}, and {59-C3NS3243} cassettes and
designated the IV, ITV, G1, G2, and GG variants (Fig. 1); structures of the
resulting plasmids were verified by sequencing.
Expression of the wild-type and mutated cassettes in vivo and in vitro. In

general, expression using the vaccinia virus-T7 polymerase system (15), cell lysis,
and immunoprecipitation were done as described earlier (46) except that DNA
transfection was performed by the procedure described by Rose et al. (37) either
for 5 h or overnight, followed by labeling and chases as described previously (46).
For deglycosylation studies with endoglycosidase (endo) H and peptide N-gly-
cosidase (PNGase) F (both from New England Biolabs), recommendations of
the manufacturer were followed. RNA synthesis, cell-free translation in a rabbit
reticulocyte lysate (Boehringer Mannheim), and viral protease assays were per-
formed as previously reported (48). Routinely, total radioactivity of all immu-
noprecipitated samples was determined by scintillation counting; roughly equal
amounts of radioactivity were used for polyacrylamide gel electrophoresis
(PAGE) analysis as described elsewhere (46, 48). Where specified, dried gels
were scanned with a model 445SI PhosphorImager (Molecular Dynamics Inc.,
Sunnyvale, Calif.) and quantitated by using the IPLab Gel package (Signal
Analytics Corp., Vienna, Va.).

RESULTS

Description of in vivo and in vitro expression cassettes.
Earlier, two major observations were made concerning expres-
sion of the WN{59-C3NS3243} cassette (46), which encodes
components of the viral protease. First, in contrast to shorter
cassettes which did not encode the viral protease components,
efficient processing of the C-prM precursor by signalases with
formation of prM was observed. Second, expression resulted in
formation and secretion of prM-E heterodimers and late cleav-
age of prM, thus apparently reproducing late processing events
in the flavivirus replication cycle. While formation of prM
upon expression of a W{59-C3NS1} cassette was less efficient
but still readily detectable, almost no prM was observed with a
W{59-C3NS365} cassette, which yielded a noncleaved NS2A-
NS2B-NS365 precursor. No secretion of prM and E was de-
tected in either case. Thus, both efficient prM formation and
prM-E secretion appeared to be dependent on the presence of
the active protease. To further investigate the role of the viral
protease, five {59-C3NS3243} cassettes with different muta-
tions at the carboxy terminus of Cvir have been constructed
(Fig. 1) and cloned under the control of P7.5-T7 tandem pro-
moters (47), thus enabling transient expression from plasmids
in the vaccinia virus-T7 polymerase system (15).
From sequence data, it was suggested (6) that Cint3Cvir

processing for WN occurs at the KR/G site, and recently this
has been demonstrated experimentally in vitro (48). However,
several amino acids upstream from the KR/G cleavage site, a
similar sequence, RRS, occurs in the WN capsid protein (6)
which theoretically satisfies the dibasic consensus requirements
(reviewed in reference 8). Although the KR/G configuration is
found at most WN cleavage sites mediated by the viral pro-
tease (43), a KR/S cleavage site is present between the WN
NS3 and NS4A proteins (5). In addition, it was shown that
R3K mutations in the dibasic consensus are tolerated to some
extent by the yellow fever virus (YF) protease (30), thus sug-

gesting the possibility that, at least in vitro, the RRS site could
be used by the WN protease. To examine the possible utiliza-
tion of both cleavage sites, we introduced mutations at either
or both sites (Fig. 1). First we altered the dibasic consensus by
introduction of branched amino acids Ser3Ile and Gly3Val
in the two sites (see Fig. 1 for details). Another variant of this
cassette was prepared by introduction of a third Lys3Thr
mutation in the KR/G site. We also considered the possibility
that introduction of branched amino acids may change signif-
icantly the conformation and/or flexibility of the polypeptide
chain in the adjacent region. To eliminate that possibility,
another set of mutated cassettes was constructed. In these
cassettes, the dibasic consensus was disrupted by introduction
of an Arg3Gly mutation in the first site and/or a Lys3Gly
mutation in the second site. To evaluate the effects of these
mutations on formation of prM in the absence of the viral
protease, the W{59-C3NS1} and W{59-C3NS365} cassettes
bearing these mutations were also prepared.
To investigate directly the effects of these mutations on

Cint3Cvir processing by the viral NS2B-NS3 protease, we con-
structed W{59-C-prM} in vitro expression cassettes bearing all
the mutations specified above. A Triton X-100 extract was
prepared from cells infected with a vaccinia virus recombinant
carrying the W{59-C3NS3243} cassette (46, 48).
Processing of mutated C-prM precursors by the viral pro-

tease. Using an in vitro assay developed previously (48), we
investigated processing of the C-prM precursor bearing
the mutations specified above in the Cint3Cvir processing
site by the NS2B-NS243 protease. We previously observed for-
mation of Cvir upon cotranslation of wild-type C-prM and
NS2A3NS3243 encoding synthetic RNAs in a rabbit reticulo-
cyte lysate in the presence of microsomal membranes (48).
Similarly, Cvir, with slightly faster mobility due to reduction in
the net positive charge resulting from Lys3Gly replacement,
was detected for the G1 variant of the C-prM precursor (48). In
contrast, no Cvir was detected for the G2 and GG mutants of
this precursor (48), indicating that disruption of the dibasic
context in the KR/G site is not tolerated by the viral protease.
To further demonstrate the specificity of cleavage, we ex-

posed the wild-type and mutated C-prM precursors synthe-
sized in vitro to a Triton X-100 extract from cells infected with
a vaccinia virus recombinant carrying the wild-type {59-
C3NS3243} cassette as described earlier (48). A similar ap-
proach was used to demonstrate processing of a peptide span-
ning the YF Cint3Cvir processing site by the YF NS2B-NS3
protease (1). As expected, Cint3Cvir processing with Cvir for-
mation was observed only for the wild-type precursor and for
the G1 variant (Fig. 2, lanes 3 and 7, respectively), not for the
IV, ITV, G2, and GG variants (Fig. 2, lanes 4 to 6 and 8,
respectively) confirming the results of in vitro cotranslation
assays described above. We were unable to demonstrate
Cint3Cvir processing by in vitro translation of synthetic RNA
spanning the whole 5,330-nt {59-C3NS3243} cassette because
of the complexity of translation products.
Effect of mutations at the Cint3Cvir cleavage site on signa-

lase processing of the C-prM precursor. In agreement with

FIG. 2. Cleavage assay of the wild-type C-prM precursor (lane 3) and its IV
(lane 4), ITV (lane 5), G2 (lane 6), G1 (lane 7), and GG (lane 8) variants.
Molecular markers of the Cint (lane 1), and Cvir (lane 2) proteins were prepared
by translation of Cint- and Cvir-encoding synthetic RNAs in a rabbit reticulocyte
lysate as described previously (48).
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previous observations (46), three major proteins were detected
by immunoprecipitation of cell lysates upon expression of the
wild-type and mutated {59-C3NS1} cassettes, using the vac-
cinia virus-T7 polymerase system. The envelope protein, which
is not glycosylated in case of WN (5, 31, 44, 46), and glycop-
rotein NS1 comigrated as a band of approximately 50 kDa (Fig.
3A) which could be resolved either after deglycosylation (Fig.
3B and C) or under nonreducing conditions (Fig. 3D); in the
last case, protein NS1 is likely assuming a more compact con-
formation which exhibits faster mobility. Faint bands in the
range of 35 to 40 kDa seen in Fig. 3A may represent a glyco-
sylated C-prM precursor which could be detected with a low
efficiency by anti-WN hyperimmune serum (46). This conclu-
sion is apparently supported by the appearance of products
with lower molecular masses (of approximately 30 kDa) upon
deglycosylation, as demonstrated in Fig. 3B and C, but we did
not study these products in detail. The prM protein formed a
doublet of approximately 23 to 25 kDa (Fig. 3A) which pre-
sumably resulted from oligosaccharide core modification, since
deglycosylation yielded a single band of reduced molecular
mass (Fig. 3B and C), and only a single band, apparently
corresponding to the lower one, was observed after a pro-
longed chase (Fig. 3D). In contrast, after 5 min of chase, prM

was detected as a single band corresponding to the upper band
of the doublet (see Fig. 5B, lane 1).
Earlier we have observed inefficient signalase cleavage of the

C-prM precursor expressed from the {59-C3NS1} cassette,
resulting in a low but readily detectable level of prM in cell
lysates. However, while a low level of prM formation was again
observed for the wild-type cassette (Fig. 3A to D, lanes 1) and
variant IV (Fig. 3A to C, lanes 2), some increase in the amount
of prM was detected for the ITV (Fig. 3A to C, lanes 3), G1
and G2 (Fig. 3A to C, lanes 4 and 5, and Fig. 3D, lanes 4 and
7, respectively), and GG (Fig. 3A to C, lanes 6) variants.
Mutations in the last four variants resulted in replacement of
the positively charged amino acids for noncharged ones, thus
suggesting a role of a net positive charge near the end of the C
protein in downregulation of cleavage at the signalase site.
However, the different effect of the Lys3Thr (in the ITV
variant), Arg3Gly (in the G1 variant), and Lys3Gly (in the
G2 variant) mutations, all of which reduce the positive charge
by one, on the level of prM formation suggests that the mu-
tants may have different polypeptide chain conformations or
flexibility in this region.
An increase in the amount of the prM protein resulting from

signalase cleavage of the C-prM precursor was observed upon
expression of the {59-C3NS3243} cassette, which includes the
components of the viral protease (compare lanes 1 and 3 in
Fig. 3D). This finding is in agreement with our previous results
(46) as well as with results reported for Murray Valley enceph-
alitis virus (24) and YF (1), all of which suggest a crucial role
of the NS2B-NS3 protease complex in mediating signalase
cleavage of the C-prM precursor.
Two alternative models describing NS2B-NS3-mediated up-

regulation of C-prM processing by signalases have been pro-
posed (Fig. 4). Model A (46) suggests a positive regulatory
function of NS2B in the protease complex which interacts
either with the prM signal peptide or with the adjacent carboxy
terminus of the C protein, thus rendering the signalase cleav-
age site accessible for cleavage. Thus, C-prM processing results
in formation of Cint and prM. The alternative hypothesis (1,
24) suggests that the protease first processes the precursor at
its Cint3Cvir dibasic site, resulting in formation of Cvir and a
(sig)prM precursor (Fig. 4, model B) which is further efficiently
processed by signalases to form prM. Both models suggest a
negative effect of the capsid sequence on signalase processing
of the C-prM precursor which, however, may be detected at
some background level in the absence of the protease. From
model B, one may expect that mutations abolishing cleavage at
the Cint3Cvir site would either decrease formation of prM or,
at least, leave it at the background level observed in the ab-
sence of the protease, such as for the {C3NS1} cassette. In
contrast, model A suggests that efficient formation of prM may
be observed for the mutated cassettes, since signalase cleavage
is not directly dependent on processing at the upstream dibasic
site in the C-prM precursor.
In addition to the prM, E, and NS1 proteins detected for the

{59-C3NS1} cassettes, two other proteins were detected in
cell lysates upon expression of the protease-containing cas-
settes (Fig. 3D, lanes 3, 6, and 9). The observed bands were
found to represent the NS2B and NS3243 components of the
viral protease (43, 46) which resulted from processing of the
NS2A-NS2B-NS3243 precursor by the viral protease (3, 7, 10,
14, 16, 33, 43), thus indicating its presence in an active form in
cell lysates. In addition to the wild type {59-C3NS3243} cas-
sette, the positive effect of the protease complex on prM for-
mation was also observed for the G1 and G2 variants (compare
lanes 4 and 7 with lanes 6 and 9 in Fig. 3D). In these experi-
ments, secretion of the NS1 protein was not affected, and we

FIG. 3. PAGE analysis of proteins immunoprecipitated from cell lysates by
anti-WN hyperimmune serum and protein A-agarose. (A) Transient expression
of the wild-type {59-C3NS1} cassette (lane 1) and its IV (lane 2), ITV (lane 3),
G1 (lane 4), G2 (lane 5), and GG (lane 6) variants. Individual protein designa-
tions are marked on the left. (B) Aliquots of the samples shown in panel A were
deglycosylated with PNGase F before PAGE. prMd and NS1d, deglycosylated
prM and NS1. (C) Aliquots of the samples shown in panel A were treated with
endo H before PAGE. (D) Comparison of transient expression of the wild-type
and mutated {59-C3NS1} (lanes 1, 4, and 7), {59-C3NS365} (lanes 2, 5, and 8),
and {59-C3NS3243} (lanes 3, 5, and 9) cassettes. Lanes 1 to 3, wild-type cassette;
lanes 4 to 6, G1 mutant; lanes 7 to 9, G2 mutant. Sizes are indicated in kilodaltons
on the right.
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used it as an internal reference standard for amounts of sam-
ples loaded. Model B (Fig. 4) is apparently contradicted by an
increase in prM formation for the G2 cassette, in which the
KR/G site was disrupted by Lys3Gly conversion, since this
mutation abolishes Cint3Cvir processing effected by the viral
protease (see above and also reference 48). The presence of a
NS2A-NS2B-NS365 precursor had a negative effect on prM
formation both for wild-type and mutated {59-C3NS365} cas-
settes compared with {59-C3NS1} cassettes (Fig. 3D; com-
pare lanes 2, 5, and 8 with lanes 1, 4, and 7). The precursor
produced by the former cassettes remains uncleaved because
the active center of the protease (3, 7, 10, 12, 14, 16, 33, 43, 46)
is not encoded by these cassettes. Similar observations were
reported for Murray Valley encephalitis virus (24) and YF (1)
constructs, in which cleavage of NS2A-NS2B-NS3x precursors
abolished as a result of mutations in the catalytic triad de-
creased prM formation to an undetectable level. Earlier, this
observation led us to suggest that the NS2B part of the pro-
tease complex is involved in interaction with a region adjacent
to the C-prM signalase processing site (46), and this interac-
tion facilitates signalase cleavage of the C-prM precursor
when it is expressed as part of the protease-encoding {59-
C3NS3243} cassette.

Using expression conditions with long chase periods to de-
tect secreted proteins, no distinctive changes in amounts of
intracellular prM were observed in case of the IV, ITV, and
GG variants of the {59-C3NS3243} cassette compared with
these variants of the {59-C3NS1} cassette. For variant IV, the
amount of prM detected by immunoprecipitation remained at
the same low level (compare lane 2 in Fig. 3A and lane 3 in Fig.
5A), suggesting that the protease complex is apparently unable
to facilitate signalase processing of the C-prM precursor. For
the ITV and GG variants, an increased level of prM was
observed for the {59-C3NS1} cassette (i.e., in the absence of
the protease complex), thus precluding comparison (compare
lanes 3 and 6 in Fig. 3A and lanes 2 and 6 in Fig. 5A). However,
while prM for the wild-type version and G1 and G2 variants of
the {59-C3NS3243} cassette may be readily detected after a
5-min pulse with a 5-min chase (Fig. 5B, lanes 1, 4, 5, and 6,
respectively), the amounts of prM for both the ITV and IV
variants (Fig. 5B, lanes 2 and 3) were below the detectable
level. The data in Fig. 5 were quantitated and normalized by
using the levels of NS1 as internal standards (the graphs are
shown below the gels), and similar results were obtained. The
increased amounts of prM for the ITV cassette observed upon
longer chase may reflect an altered conformation of the signal
peptide in the endoplasmic reticulum (ER) membrane result-
ing from the Lys3Thr replacement and thus increased expo-
sure of the cleavage site to the enzyme. The apparent failure of
the protease complex to facilitate signalase processing of the
C-prM precursor for the IV and ITV variants of the {59-
C3NS3243} cassette may be attributed to a significant change
(resulting from introduction of two branched amino acids) in
the conformation of the prM signal peptide and/or of the
adjacent carboxy-terminal region of the capsid protein, thus
preventing interaction of NS2B with this region. The observed

FIG. 4. Schematic representation of two alternative models which have been
proposed for processing of the flavivirus C-prM precursor. The ER membrane is
depicted by a hatched zone. In the upper part of the figure, the C-prM precursor,
produced after cotranslational signalase cleavage at the prM-E junction, is de-
picted as a continuous molecule with the prM signal peptide shown as the thicker
line. The C-prM signalase cleavage site and the Cint3Cvir dibasic cleavage site
are shown as filled and open circles, respectively. In model A (arrow A), the
membrane-associated NS2B-NS3 protease complex interacts by its NS2B part
either with the prM signal peptide or with the carboxy-terminal region of C, thus
rendering the signalase site accessible for cleavage. The cleavage results in
formation of prM and Cint; the latter is further processed by the NS2B-NS3
protease. In model B (arrow B), the membrane-associated NS2B-NS3 protease
complex (two intersecting ovals) first processes the precursor at its Cint3Cvir
dibasic site, yielding Cvir and (sig)prM; this releases the signalase site for cleav-
age. S, host cell signalase.

FIG. 5. PAGE analysis of proteins immunoprecipitated from cell lysates
upon transient expression of the wild-type {59-C3NS3243} cassette (lanes 1) and
the ITV (lanes 2), IV (lanes 3), G1 (lanes 4), G2 (lanes 5), and GG (lanes 6)
variants. For quantitation, gels were scanned on a PhosphorImager; results were
normalized by using amounts of NS1 in the lanes as internal standards. In the
graphs below, each lane is represented by a group of three vertical bars depicting
the three major products; bar designations are indicated below the graphs. (A)
Expression pattern observed after a 1-h pulse and 5-h chase; (B) expression
pattern observed after a 5-min pulse and 5-min chase. Individual proteins are
designated on the left. Sizes are indicated in kilodaltons on the right.
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differences clearly support model A which suggests that facil-
itation of C-prM signalase cleavage and Cint3Cvir processing
are two separate events mediated by the NS2B-NS3 protease
complex.
Effects of mutations at the Cint3Cvir cleavage site on secre-

tion of the prM and E proteins. In agreement with previous
reports (12, 24, 27, 46), expression of the wild-type {59-
C3NS1} cassette resulted in secretion of heterogeneously gly-
cosylated NS1 (Fig. 6A, lane 1), but no prM or E could be
detected in the media, as this could clearly have been seen
after deglycosylation with PNGase F (Fig. 6B, lane 1; compare
with Fig. 3B, lane 1, for intracellular levels). In contrast to the
intracellular form, the secreted form of NS1 acquired resis-
tance to endo H (compare lanes 1 in Fig. 3C and 6C) appar-
ently resulting from oligosaccharide core modification during
NS1 transport. Similarly, secretion of NS1 at the same level
was observed for the IV, ITV, G1, G2, and GG variants (lanes
2 to 6 in Fig. 6A to C).
Previously (46), formation of prM-E heterodimers and their

secretion in the form of empty viral envelopes were reported to
be dependent on the presence of the viral NS2B-NS3 protease.
Subsequently, similar observations were made for Murray Val-
ley encephalitis virus (24) and YF (1). Secretion of the prM-E
heterodimers was observed to be accompanied by late prM
cleavage (reviewed in reference 8), thus apparently reproduc-

ing the late events in flavivirus virion formation and release. In
concordance with previous reports (24, 29, 35, 46), expression
of the wild-type {59-C3NS3243} cassette resulted in the ap-
pearance of protein E and the cleaved glycosylated amino
terminal part of prM [often referred to as pr(M)] in the media
(Fig. 7A, lane 1). Both secreted NS1 and pr(M) acquired
resistance to endo H (Fig. 7C, lane 1) but not to PNGase F
(Fig. 7B, lane 1) treatment, indicating that their oligosaccha-
ride cores were modified along the secretion pathway. Earlier
(46) we have observed incomplete cleavage of the prM protein
during transport. In this study we found that the level of prM
cleavage during secretion depends on the time of infection.
Almost complete cleavage was observed when transfection,
labeling, and chase did not exceed 10 h in total. Cleavage of
prM ceases later postinfection, and at approximately 20 h
postinfection no cleavage could be detected. Similar phenom-
ena were also observed for cleavage of the human immunode-
ficiency virus glycoprotein gp160 and the fowl plague virus
hemagglutinin upon expression of these proteins from recom-
binant vaccinia viruses (19) and may be attributed to an inhib-
itory effect of vaccinia virus infection on activity of the partic-
ipating host protease.
On the basis of the models proposed earlier (1, 24, 46), we

expected that mutations abolishing Cint3Cvir processing would
prevent formation and secretion of the prM-E-containing viral

FIG. 6. PAGE analysis of secreted proteins expressed from the wild-type {59-C3NS1} cassette (lanes 1) and the IV (lanes 2), ITV (lanes 3), G1 (lanes 4), G2 (lanes
5), and GG (lanes 6) variants. (A) Samples immunoprecipitated from media; (B) immunoprecipitates after deglycosylation with PNGase F; (C) samples were treated
with endo H prior to PAGE. Sizes re indicated in kilodaltons on the right.

FIG. 7. PAGE analysis of secreted proteins expressed from the wild-type {59-C3NS3243} cassette (lanes 1) and the IV (lanes 2), ITV (lanes 3), G1 (lanes 4), G2
(lanes 5), and GG (lanes 6) variants. pr(M), cleaved glycosylated amino-terminal part of the prM protein (see text); pr(M)d and NS1d, deglycosylated pr(M) and NS1.
(A) Samples immunoprecipitated from the media. The upper half of the autoradiograph was reproduced with lower exposure to demonstrate the presence of the E
protein. (B) Immunoprecipitates after deglycosylation with PNGase F. (C) Samples treated with endo H prior to PAGE. Sizes are indicated in kilodaltons on the right.
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envelopes. Indeed, both the IV and ITV variants of the {59-
C3NS3243} cassette failed to produce prM and E in a secreted
form (Fig. 7A to C, lanes 2 and 3, respectively) despite the
presence of the active viral protease in infected cells (see
above); in contrast, secretion of NS1 was not found to be
changed. As expected, the Arg3Gly mutation in the RRS site
had also no effect on prM-E secretion, because this mutation
did not involve the actual Cint3Cvir processing site KR/G
located downstream (Fig. 7A to C, lanes 4). However, surpris-
ingly, disruption of the KR/G site by the Lys3Gly mutation in
the G2 variant also did not prevent secretion of the prM-E
heterodimers (Fig. 7A to C, lanes 7). The possibility that in the
last mutant alternative Cint3Cvir processing at the upstream
RRS site may account for prM-E secretion was ruled out by
using the double GG mutant, which exhibited the same behav-
ior (Fig. 7A to C, lanes 6). It is interesting that upon longer
exposures, trace amounts of E and pr(M) were detected for the
GG variant of the {59-C3NS1} cassette (Fig. 6A to C, lanes
6), which does not encode either of the protease components.
These data cannot be explained by alternative model B (1,

24) in which NS2B-NS3-mediated Cint3Cvir processing occurs
prior to formation of prM. However, model A (46) suggesting
association of the viral protease with some region adjacent to
the C-prM processing site seems to be more compatible with
the observed results. The failure of both IV and ITV variants,
which possess branched amino acids in the vicinity of the
Cint3Cvir processing site and the prM signal peptide, to pro-
duce secreted prM and E may be also explained by an inap-
propriate (C-prM)-(NS2B-NS3243) association, as was sug-
gested from the data discussed in the previous section.

DISCUSSION

Previously, we have reported (46) that both efficient process-
ing of the C-prM precursor by host cell signalases yielding the
prM protein and secretion of prM-E heterodimers in the form
of empty viral envelopes (27) are mediated by the active viral
protease comprised of NS2B and the NS3243 protease domain.
A second important observation was that the uncleaved NS2A-
NS2B-NS365 precursor which resulted from expression of the
{59-C3NS365} cassette significantly decreased the amount of
prM compared with the amount of prM detected upon expres-
sion of the {59-C3NS1} cassette. On the basis of these data
and other evidence, we have proposed a model (46) in which
the NS2B part of the viral protease complex was suggested to
facilitate signalase processing of the C-prM precursor by in-
teraction either with the prM signal peptide or with some
region adjacent to the C carboxy terminus (Fig. 4, model A).
Thus, model A implies that mediation of C-prM signalase
cleavage and processing of the intracellular form Cint of the
viral capsid protein are two distinct and apparently indepen-
dent functions of the viral NS2B-NS3 protease complex. Re-
cently, the alternative model was proposed (1, 24) which sug-
gests that cleavage of the C-prM precursor at the Cint3Cvir
dibasic site by the viral protease occurs prior to signalase cleav-
age, thus upregulating its efficiency (Fig. 4, model B). In both
of these reports, the conclusion relied upon the observation
that inactivation of the protease by point mutagenesis of the
protease active center decreased formation of the prM protein
to an undetectable level. However, these results do not con-
tradict model A, since inactivation of the protease results in
formation of NS2A-NS2B-NS3x precursors (1, 7, 10, 12, 14, 24,
33, 43) which could affect signalase cleavage of C-prM in a
similar way as we observed for the NS2A-NS2B-NS365 precur-
sor. Thus, observations based on inactivation of the protease
cannot provide conclusive evidence for a particular model. For

this reason, in order to distinguish between these two alternate
hypotheses, this study used another approach in which we
abolished processing at the Cint3Cvir site by altering its dibasic
consensus site (reviewed in reference 8). Model A predicts that
abolished processing at this site will have little or no effect on
the efficiency of signalase cleavage of C-prM in the presence of
the active protease, since the positive function of NS2B may be
expected to be unaffected. In model B, however, a significant
decrease in the level of prM would be expected, since the
efficient processing at the signalase site should depend on prior
cleavage at the dibasic site.
We found that point mutations introduced into the Cint

processing site KR/G and into the adjacent sequence RRS
affected the amount of detectable prM produced both in the
presence and in the absence of the active viral protease. Re-
sults obtained upon expression of the wild-type {59-C3NS1}
cassette and its mutated versions indicated that a net positive
charge at the end of Cint plays a role in downregulation of
cleavage at the upstream signalase site. Signalase processing
may be affected both by amino-terminal sequences of a signal
peptide and by its length (reviewed in reference 11). The car-
boxy terminus of C is located on the cytoplasmic side of the ER
membrane (reviewed in reference 8) and, probably, its net
positive charge restricts perpendicular movement of the prM
signal peptide in the ER membrane, thus preventing the cleav-
age site from exposure to signalases. Reduction in the net
positive charge resulting from replacements of Arg or Lys by
noncharged residues increased the amount of detectable prM
in cell lysates (the ITV, G1, G2, and GG variants), thus sup-
porting this suggestion. A similar conclusion was reported by
Lobigs (24). Previously, we have observed (46) that the level of
intracellular prM detected upon expression of a {prM3NS1}
cassette was not detectably affected by the presence or absence
of a KR sequence at the beginning of the prM signal peptide.
From this evidence, we conclude that in the C-prM precursor,
the positive charge at the amino terminus of the prM signal
peptide (or at the carboxy terminus of Cint) may not be ac-
counted for solely by downregulation of signalase cleavage.
The different effects of the ITV, G1, and G2 mutations, all of
which reduce the positive charge by one, on the level of prM
formation may indicate that the polypeptide chain conforma-
tion (or flexibility) in this region also plays a certain role.
The presence of the active protease resulted in an increased

level of prM detected in cell lysates not only for the wild-type
{59-C3NS3243} cassette but also for its mutated G1, G2, and
GG versions. Since processing at the Cint3Cvir site by the viral
protease was not detected for the C-prM precursors with the
last two mutations, these data appear to contradict alternative
model B, which suggests that signalase processing of the C-
prM precursor depends on prior cleavage at the downstream
dibasic site. The evidence appears to be more compatible with
model A, in which the NS2B part of the viral protease complex
is implicated for the positive upregulation of the signalase
cleavage. Within this model, the apparent inability of the pro-
tease complex to promote efficient signalase processing of the
C-prM precursor for the IV and ITV variants could be ex-
plained as result of steric restrictions imposed by the presence
of the branched amino acids.
We have also suggested (46) that processing of Cint by the

viral protease triggers formation of the viral envelope. Upon
expression of the {59-C3NS3243} cassette, this process results
in secretion of membrane-associated prM-E heterodimers.
However, secretion of prM and E proteins, which was accom-
panied by late prM cleavage, was detected for the G2 and GG
variants at the same level as for the wild-type cassette, despite
abolished processing at the dibasic site. Thus, these data ap-
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parently contradict this part of the model. The evidence pre-
sented above suggests that association of C-prM with NS2B-
NS3243 itself can promote not only efficient C-prM processing
at the signalase site but also secretion of the prM-E het-
erodimers. Such a scenario implies the existence of some
mechanism regulating association of C-prM with the NS2B-
NS3 complex to prevent formation and secretion of the empty
envelopes early in infection (42), when genomic RNA for en-
capsidation is not yet available. However, it explains formation
of the slowly sedimenting noninfectious hemagglutinin re-
leased later in flavivirus infection (39, 42), which was found to
consist of empty viral envelopes (27).
Recently, it has been found that cleavage at the NS3/NS4A

site requires the presence of mature NS3 to occur efficiently
(23); on the other hand, cleavage at this site was found to
depend on conformation of the entire NS13NS5 precursor
(49). In addition, alternative cleavages mediated by the NS2B-
NS3 protease were reported within NS3 (2, 34), NS2A (30),
and NS4A (22), with the latter a prerequisite for signalase
cleavage at the NS4A/NS4B site (22). These processing events
may be a part of the mechanism regulating formation of the
NS2B-NS3 complex or its ability to interact with the C-prM pre-
cursor in connection with RNA replication. The immediate effect
of the NS2B-NS3243 protease complex on signalase processing
of the C-prM precursor observed for the {59-C3NS3243} cas-
settes may be explained by the absence of downstream non-
structural proteins. Indeed, we observed less efficient secretion
of prM, E, and NS1 proteins for a WN {59-C3NS5598} cas-
sette (47) compared with the {59-C3NS3243} cassette, al-
though we did not investigated this phenomenon further.
The present data have not identified regions involved in

interaction of the C-prM precursor and NS2B-NS3 protease
complex. Given the negative effect of the uncleaved NS2A-
NS2B-NS365 precursor on processing of C-prM at the signalase
site, we suggested that NS2B and the prM signal peptide are
involved in this interaction. In this regard, an interesting ob-
servation was reported by Chambers et al. (9). While mutations
in the hydrophobic regions of NS2B preceding a highly con-
served region crucial for its interaction with NS3 (13) were
found to have little or no effect on formation and activity of the
viral protease in expression experiments, no virus was recov-
ered after transfection of full-length transcripts bearing these
mutations. It would be of interest to investigate the effects of
such mutations on the positive regulatory function of the pro-
tease complex toward signalase processing of the C-prM pre-
cursor and secretion of the prM-E heterodimers. On the other
hand, recruitment of the Cint3Cvir dibasic site into the sub-
strate pocket of the NS2B-NS3 protease may itself cause con-
formational rearrangement of the C-prM precursor, releasing
its signalase site for cleavage. While the exact timing of the
events involved in processing of the C-prM precursor or for-
mation and secretion of the viral envelopes is not known, these
events are likely to occur either simultaneously or within a very
short time interval and may be controlled by the mechanism
connected with replication of the viral genomic RNA.
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