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Analysis of flavivirus polyprotein processing has revealed the presence of a substrate for the virus-encoded
NS2B-NS3 protease at the carboxy-terminal end of the C (capsid or core) protein. Cleavage at this site has been
implicated in the efficient generation of the amino terminus of prM via signal peptidase cleavage. Yellow fever
virus has four basic residues (Arg-Lys-Arg-Arg) in the P1 through P4 positions of this cleavage site. Multiple
alanine substitutions were made for these residues in order to investigate the substrate specificity and
biological significance of this cleavage. Mutants were analyzed by several methods: (i) a cell-free frans
processing assay for direct analysis of NS2B-NS3-mediated cleavage; (ii) a trans processing assay in BHK-21
cells, using a C-prM polyprotein, for analysis of prM production; (iii) an infectivity assay of full-length
transcripts to determine plaque-forming ability; and (iv) analysis of proteins expressed from full-length
transcripts to assess processing in the context of the complete genome. Mutants that exhibited severe defects
in processing in vitro and in vivo were incapable of forming plaques. Mutants that contained two adjacent basic
residues within the P1 through P4 region were processed more efficiently in vitro and in vivo, and transcripts
bearing these mutations were fully infectious. Furthermore, two naturally occurring plaque-forming revertants
were analyzed and shown to have restored protein processing phenotypes in vivo. Finally, the efficient pro-
duction of prM was shown to be dependent on the proteolytic activity of NS3. These data support a model of
two coordinated cleavages, one that generates the carboxy terminus of C and another that generates the amino
terminus of prM. A block in the viral protease-mediated cleavage inhibits the production of prM by the signal

peptidase, inhibits particle release, and eliminates plaque formation.

Yellow fever virus (YF) is a member of the Flavivirus genus
of the Flaviviridae, a family of small enveloped positive-strand
RNA viruses which also includes the Pestivirus and hepatitis C
virus genera. The flavivirus genome encodes a single long open
reading frame which yields a long polyprotein. This polypro-
tein is processed by a combination of host and viral proteases
to generate the mature viral proteins (for a review, see refer-
ence 32). The three structural proteins are located within the
N-terminal one-quarter of the polyprotein, in the order C-
prM-E, where C is the capsid protein, prM is a glycosylated
precursor of the viral envelope-bound M protein, and E is the
envelope protein. The nonstructural proteins (NS1-NS2A-
NS2B-NS3-NS4A-NS4B-NS5) are located in the remaining
portion of the polyprotein. The amino termini of prM, E, NS1,
and NS4B are generated by signal peptidase cleavage within
the lumen of the endoplasmic reticulum (ER). A trypsin-like
serine protease residues within the N-terminal one-third of
NS3; the activity of this protease requires the presence of
NS2B as a cofactor. Several cleavages within the nonstructural
region are mediated by this protease complex, namely the
2A/2B, 2B/3, 3/4A, and 4B/5 cleavages. In addition, the NS2B-
NS3 protease is also responsible for mediating cleavages at the
C terminus of the C protein and the C terminus of NS4A, as
well as alternative cleavages within NS2A and NS3.

Several lines of evidence support a significant role for the
NS2B-NS3-mediated cleavage at the C terminus of the C pro-
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tein. The preferred substrate for the viral protease is a pair of
basic amino acids in the P2 and P1 positions, followed usually
by a serine or glycine (sometimes alanine or threonine) in the
P1’ position (nomenclature as per reference 4). For YF, such
a motif is located 20 amino acids N terminal to the eventual
amino terminus of prM. This motif is a conserved feature
among the flaviviruses, suggesting a functional role. Cleavage
at this location has been demonstrated for YF with a cell-free
trans-processing assay in a manner dependent on NS2B and
the protease domain of NS3 (2). A similar assay for a related
flavivirus, West Nile virus, suggests cleavage at the analogous
location (44). The C proteins from two flaviviruses, Kunjin
virus (40) and West Nile virus (31), have been shown to contain
pairs of basic amino acids at their C termini. Interestingly,
efficient generation of the prM protein is dependent on the
presence of the viral protease; in the absence of the protease,
a C-prM polyprotein is commonly detected and release of
structural proteins is impaired (2, 22, 37, 45). This has led to a
model of two coordinated cleavages, one on either side of the
ER membrane (22). A hydrophobic domain between these two
sites serves to direct translocation of prM into the lumen,
where efficient signal peptidase cleavage occurs only after
cleavage at the upstream dibasic site. More direct evidence for
this model comes from the demonstration of posttranslational
signal peptidase cleavage following trypsin digestion of the
cytoplasmic portion of a C-prM polyprotein (41).

Despite the evidence that NS2B-NS3-mediated cleavage of
the C protein plays an important role in the processing of the
structural protein, it remains to be demonstrated that this
processing plays an essential role in the viral replication cycle.
To investigate the substrate specificity of the capsid dibasic-site
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cleavage and to examine the importance of this cleavage for
the replication of the virus, a number of site-directed muta-
tions were made around the NS2B-NS3-mediated cleavage
site. An assay developed previously allowed the direct analysis
of NS2B-NS3-dependent cleavage at the dibasic site (2), while
the YF infectious clone was used to investigate the plaque-
forming ability of mutant transcripts (5, 33). In addition, a
transient-expression assay was used to express mutant C-prM
polyproteins in the presence or absence of the viral protease. It
was also possible to analyze protein processing directly in cells
transfected with full-length transcripts, since protein expres-
sion levels for both plaque-forming and non-plaque-forming
mutants were similar. Viral protease-mediated processing at
the conserved dibasic site was found to correlate with proper
processing of the C-prM polyprotein and with the ability to
generate plaques on two cell lines.

MATERIALS AND METHODS

Cell lines, virus, and antisera. Growth of YF stocks and BHK-21 and SW-13
monolayers has been summarized previously (9). A BHK-21 derivative (BHK-
21/J) was kindly provided by Paul Olivo (Washington University, St. Louis, Mo.)
and was used for experiments involving full-length YF transcripts. Antisera
specific for prM, E, NS2B, and NS3 have been described previously (8), and a
rabbit antiserum raised against a fusion protein containing residues 1 to 94 of the
YF C protein was kindly provided by M. Bouloy (Institute Pasteur, Paris,
France).

Plasmid constructions. Standard recombinant DNA techniques (3) were used
for plasmid constructions. The construction of the pTM3-NS2B, pTM3-NS3 5,
and pTM3-NS2B-3,5, plasmids has been described previously (10). pTM3-
NS3,5:(S—A) has also been described previously (17). pTM3-C-prM was con-
structed through a three-step process: (i) the Ncol site of pTM3 (28) was
removed by digestion with Ncol, treatment with mung bean nuclease to generate
blunt ends, and religation; (ii) the C-prM cassette from pBS/C-prM (2) was
cloned into this pTM3 derivative by using the EcoRI and SstI sites of each; and
(iii) a 41-bp region preceding the translation initiation site for the C-prM
polyprotein was removed by digestion with EcoRI and BstEIl, generation of
blunt ends with mung bean nuclease, and religation. The regions around the
deleted Ncol site and the 41-bp deletion were verified by sequencing.

Mutagenesis. Site-directed mutagenesis was performed by a modification of
the Kunkel method (15, 18) with either pBS-anchC (2) or pBS-YFS (which
contains a cassette encoding the YF structural proteins [14a]) as a template.
Restriction sites were introduced by using silent mutations for easy identification.
The 78-bp MscI-Bsml fragment from each mutant was substituted into pBS-
anchC.3 (2) for use in the in vitro assay; the identity of the subcloned fragment
was verified by sequencing. Mutants were initially subcloned into pYF5'3'TV (33)
by a three-piece ligation: a 3,868-bp Sall-MscI fragment from pYF5'3'TV plus a
2,960-bp Sall-partial Bsml fragment from pYF5'3'TV plus the 78-bp MscI-Bsml
fragment from each pBS-anchC or pBS-YFS mutant. Mutant derivatives of a
full-length YF cDNA clone, pACNR-FLYF (5), were then constructed by sub-
stitution of a 1,903-bp Eagl-Nsil fragment from the appropriate pYF5'3'TV
mutant. The pTM3-C-prM mutant derivatives were constructed by substitution
of the 394-bp Ncol-Mscl fragments from the pYF5'3'TV mutants into pTM3-C-
prM.

Cell-free trans-processing assay. The protease assay has been described pre-
viously (2). The small peptides produced in this reaction were resolved by using
the Tricine system of sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (38) with 16.5% acrylamide in the separating portion of the gel
and an acrylamide/bisacrylamide ratio of 21:1. Tricine gels were fixed for 30 min
in 10 volumes of 25% ethanol-10% acetic acid, washed twice with distilled H,O
(15 min per wash), and dried for 4 h under a vacuum at 60°C, followed by
visualization with a Bio-Rad Molecular Imager System (model GS-363). Quan-
titation of protein bands was performed with Bio-Rad software. The proportion
of cleavage was defined as the ratio of radioactivity in the two product bands to
the total radioactivity present in all three bands (substrate and two products).

Transient expression. The vaccinia virus-T7 system was used to transiently
express transfected plasmids (14). BHK-21 monolayers in 35-mm-diameter
dishes were infected with VIF7-3 (a vaccinia virus recombinant expressing T7
RNA polymerase) at a multiplicity of infection of 10 in a total volume of 0.2 ml
of phosphate-buffered saline plus 1% fetal bovine serum (FBS). The inoculum
was kept on the monolayers for 0.5 h at 37°C and then replaced with 0.5 ml of
minimal essential medium (MEM; Life Technologies, Inc.) containing 12 pg of
Lipofectamine (Gibco-BRL) and 1 pg of each of the relevant plasmids. Follow-
ing a 2.5-h transfection period at 37°C, cells were labeled for 4.5 h at 37°C with
30 pCi of [*S]methionine (ICN Translabel)/ml in MEM containing 1/40th of the
normal concentration of methionine and 2% FBS. After being labeled, mono-
layers were washed twice with MEM and lysed with 0.3 ml of a lysis buffer
containing 0.5% SDS, 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, and 1 mM EDTA.
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TABLE 1. Multiple alanine substitutions introduced at the capsid
dibasic cleavage site and the resultant phenotypes

% of Specific infectivity of

Amino acid sequence transcript (PFU/ug)

Transcript around the capsid s:ltézt\f:(tje in cell line:
dibasic cleavage site S,
mvIro™  BHK.21  SW-13
!

WT® SSRKRR SHD 38 1.0 X 10° 1.6 X 10°
291 COAA LD L 24 1.0 X 10° 1.2 X 10°
292 A DAL L <3 <10 <10
293 A DDA L 10 5.6 X 10° 1.8 X 10°
294 o A AL L <3 <10 14
295 oA LA L <3 <10 <10
296 ... AA L. 16 2.7 X10° 1.5 X% 10°
297 .CAAALD L <3 <10 <10
298 ..ALCAA L. <3 <10 <10
299 ..AAAA ... <3 <10 <10

¢ As calculated from Fig. 2.
> WT, wild type.

One-sixth of each SDS lysate was immunoprecipitated with the appropriate
antiserum as described previously (9) and separated by conventional SDS-PAGE
using 13% acrylamide (3). Gels were treated for fluorography as described
elsewhere (2) and exposed to X-ray film (Kodak X-Omat) at —80°C.

For the transient-expression experiment (see Fig. 5), the above procedure was
modified as follows. Only 10 ng of pTM3-NS2B-3 4, was used for each transfec-
tion, although pTM3-C-prM derivatives were added at 1 ug per transfection.
Following transfection, the transfection mix was replaced with MEM plus 2%
FBS. After 50 min at 37°C, cells were labeled for 20 min with methionine-free
MEM plus 100 wCi of [>*S]methionine/ml and then lysed as described above.

Specific infectivity measurements. YF transcripts were synthesized with SP6
RNA polymerase (33), using Xhol-linearized pACNR-FLYF (5) as a template.
Incorporation of trace [5,6-*H]UTP was assayed by adsorption to DES1 (What-
man) filter paper as a means of quantitating RNA yields (35), and transcript
integrity was confirmed by electrophoresis in agarose gels followed by ethidium
bromide staining (1 pg/ml for 20 min). For electroporation, 3 g of each tran-
script was mixed with 8 X 10° (BHK-21) or 4 x 10° (SW-13) cells in a phosphate-
buffered solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,PO,) and pulsed in 2-mm-gap electroporation cuvettes (BTX) with an elec-
troporator (BTX Electro Square Porator model T820) set for 5 pulses at 960 V
with a pulse length of 99 ws (BHK-21) or for 3 pulses at 800 V with a pulse length
of 60 ps (SW-13). After a 10-min recovery phase at room temperature, 35-mm-
diameter dishes were seeded with serial 10-fold dilutions of transfected cells in
the presence of untransfected cells (6 X 10° BHK-21 cells or 8 X 10> SW-13 cells
for each 35-mm-diameter dish). Cell medium was replaced with an agarose
overlay (MEM with 0.6% agarose and 2% FBS) after allowing 4 to 6 h for
attachment. Cells were incubated for 4 (BHK-21) or 5 (SW-13) days at 37°C in
an atmosphere of 5% CO,, fixed with 7% formaldehyde, and stained with 1%
crystal violet in 5% ethanol. Data presented in Tables 1 and 2 are the averages
of values from two or three experiments, except for the SW-13 results in Table
1, which are from a single experiment. However, this particular experiment was
performed several times via Lipofectin-mediated transfection with comparable
results, although with lower overall efficiency.

Protein analysis of cells transfected with full-length YF transcripts. BHK-21
cells were transfected as described above, diluted in MEM plus 10% FBS, and

TABLE 2. Comparison of infectivities of naturally occurring
revertants and their parents

Specific infectivity of

Amino acid sequence transcript (PFU/ug)

Transcript around the capsid dibasic in cell line:
cleavage site
BHK-21 SW-13
Y
wT* SRKRR SHD 5.4 x10° 8.2 X 10*
292 SAKAR SHD <10 <10
2R SAKVR SHD 3.5 X 10? 1.0 x 10°
294 SRAAR SHD <10 14
4C SRAVR SHD 6.9 X 107 9.2 X 10*
¢ WT, wild type.
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used to seed 35-mm-diameter dishes (10° cells per dish). Cells were labeled
beginning at 18 h (see Fig. 8) or 19 h (see Fig. 7) postelectroporation, using 120
(see Fig. 8) or 150 (see Fig. 7) nCi of [*S]methionine (ICN Translabel)/ml in
MEM containing 1/40th of the normal concentration of methionine and 2% FBS.
At 24 h postelectroporation, cells were lysed and subjected to immunoprecipi-
tation as described above, using 1/6 (see Fig. 7) or 1/15 (see Fig. 8) of the total
lysate from each 35-mm-diameter dish. For one of the experiments (see Fig. 8),
the labeling medium was harvested and clarified (16,000 X g for 2 min) imme-
diately prior to cell lysis. One-sixth of the total harvested medium was denatured
by adding SDS to a final concentration of 0.5% and heating at 75°C for 5 min;
immunoprecipitation was performed as described above.

RT-PCR. Viral stocks of mutant or potentially revertant populations were
precipitated with one-fourth volume of 40% polyethylene glycol 8000 in TNE
(100 mM NaCl, 10 mM Tris-Cl [pH 8], 1 mM EDTA) for 2 h on ice, pelleted (30
min at 4°C and 16,000 X g), and resuspended in 40 ul of 2% SDS containing 0.1
mg of proteinase K/ml. This mixture was incubated at 37°C for 30 min, extracted
twice with phenol and twice with chloroform, precipitated, and resuspended in
TE (10 mM Tris-Cl [pH 8.0], 0.1 mM EDTA). The resulting RNA preparation
served as a template for cDNA synthesis with SuperScript II reverse transcrip-
tase (Gibco-BRL) and a YF genome-specific primer (CMR#45, which is the
minus-strand complement to YF nucleotides 1050 to 1065 [5'-ACACACTTGT
CTTGCT-3']). Amplification of cDNA by PCR was done with two additional
YF-specific primers (PCL#8108, which corresponds to YF nucleotides 1 to 18
[5'-AGTAAATCCTGTGTGCTA-3'] and CMR#44, which is the minus-strand
complement to YF nucleotides 836 to 851 [5'-ATCTCTCAATCTTTTG-3']) and
KlenTaq LA DNA polymerase (supplied by Wayne Barnes, Washington Uni-
versity, St. Louis). Reverse transcription (RT)-PCR fragments were sequenced
with a Thermo-Sequenase [>*P]ddNTP Cycle Sequencing Kit (Amersham). A
78-bp MscI-Bsml fragment derived from the RT-PCR fragments for populations
2R and 4C was cloned into pBS-anchC.3 (2), verified by sequencing, and further
subcloned into pYF5'3'IV, pACNR-FLYF, and pTM3-C-prM as described
above.

RESULTS

Mutagenesis of the capsid dibasic cleavage site. Mutagene-
sis around the dibasic cleavage sites of the YF nonstructural
region has demonstrated little substrate specificity beyond the
P2, P1, and P1’ residues (11, 18, 30). However, it is likely that
there are important structural determinants beyond this motif,
since several regions of the polyprotein contain a similar se-
quence and are not known to be cleaved. In addition, some
tolerance to nonconservative substitution has been observed in
the P1 position of the 3/4A and 4B/5 sites (18), the P1’ position
of the 2B/3 site (11), and the P2 position of the 2B/3 and 4B/5
sites (11, 18). The predicted dibasic cleavage site of the C
protein is especially basic, with typically four or five basic
residues located within the P1 through P6 positions; cleavage
sites in the nonstructural region of the polyprotein are gener-
ally less basic (7). For YF, the site of the capsid cleavage has
been experimentally determined in vitro (2). The amino acids
in the P6 through P1 positions are Ser-Ser-Arg-Lys-Arg-Arg
(Fig. 1). The presence of multiple basic residues has several
implications for mutagenesis. First, it is possible that this plays
a role in substrate determination. For example, a minimum of
three or four basic amino acids may be a requirement for frans
cleavage, in contrast to the probable cis cleavages of the non-
structural portion of the polyprotein. Second, this feature may
be involved in some other aspect of viral replication, such as
genome packaging. Finally, amino acid substitutions in this
region might ablate the original cleavage site while permitting
cleavage at a secondary site. One example of this possibility is
the introduction of a serine in the P1 position, which results in
a sequence predicted to be a good substrate for the viral
protease (Arg-Lys-Arg-Ser-Ser). This consideration made it
necessary to focus on all four basic residues preceding the
NS2B-NS3-mediated cleavage site.

Figure 1 depicts the substrate used for the cell-free assay of
capsid cleavage. Multiple alanine substitutions were intro-
duced in the P1 through P4 positions of the capsid cleavage site
(Table 1), and these mutants were subcloned into pBS-anchC.3
(2). These constructs were linearized with Xbal, transcribed
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FIG. 1. Schematic diagram of the substrate used in the cell-free trans-pro-
cessing assay. The YF polyprotein is shown at the top; the locations of the
structural proteins (C, prM, and E) and the nonstructural proteins (NS1 through
NS5) are indicated. Below the YF polyprotein is an expanded view of the C-prM
cassette; the glycosylation sites (), the signal peptidase cleavage site (#), and the
capsid dibasic cleavage site (| ) are noted, and the hydrophobic regions of the
C-prM polyprotein are shaded. The substrate used for the protease assay, de-
noted anchC.3, is 51 amino acids in length. Its size and position relative to the
C-prM polyprotein are shown. The sequence around the cleavage site is indi-
cated, using the one-letter amino acid code.

with T7 RNA polymerase, and translated with rabbit reticulo-
cyte lysate; the in vitro translation products were incubated
with Triton X-100 lysates of YF-infected SW-13 cells and sep-
arated by SDS-PAGE in the presence of Tricine. Figure 2 is a
phosphorimage of such a gel. Cleavage products are detectable
for only three of the nine mutants tested: 291, 293, and 296
(Fig. 2 and Table 1). Each of these three mutants contain two
adjacent basic residues, and these are the only three mutants
with this feature. Based on the substrate specificity of the
NS2B-NS3 protease (32), this suggests that the cleavage site
can be shifted by one (mutant 293) or two (mutant 296) resi-
dues. It should be pointed out that with this gel system, the
migration of small peptides is quite sensitive to amino acid
composition. The overall charge of the peptide seems to have
the most dramatic effect on migration, since substrates with
identical charges migrate similarly (the presence of fewer basic
residues is associated with faster migration).

Processing of the C-prM polyprotein. The efficient produc-
tion of prM is thought to be dependent on prior cleavage at the
dibasic cleavage site (22). However, this hypothesis is not uni-
versally accepted since it has been reported that efficient prM
production can occur with mutants that do not cleave at the
dibasic site (43). The production of prM was examined in the
context of the dibasic cleavage site mutations by subcloning the
291 to 299 panel into a vector expressing the two structural
proteins C and prM (pTM3-C-prM). Transient expression in
the absence of the viral NS2B-NS3 protease yielded primarily
an unprocessed C-prM molecule, although small amounts of
prM were also visible. This was true for the wild-type construct
as well as for each of the mutants (Fig. 3). Pulse-chase exper-
iments demonstrate a very slow accumulation of prM over time
(data not shown), indicating that the viral protease is not es-
sential for the signal peptidase cleavage that generates prM.
Expression of C-prM in the presence of the NS2B-NS3 pro-
tease was initially performed by transfecting an equimolar ratio
of plasmids encoding C-prM and NS2B-NS3. Surprisingly, prM
(Fig. 3A) and C (Fig. 3B) were produced quite efficiently for
nearly all of the mutants, with the exception of 298 (AKAA)
and 299 (AAAA). A similar result was obtained when the
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FIG. 2. Cell-free protease assay. Transcripts generated in vitro from mutant derivatives of pBS-anchC.3 (Tables 1 and 2) were translated in a cell-free system and
radiolabeled by the inclusion of [*>S]methionine. The resultant protein mixture was incubated with a Triton X-100 lysate from YF-infected SW-13 cells (lanes 4 to 15)
or from mock-infected SW-13 cells (lane 3) and then separated by Tricine-SDS-PAGE. Visualization of the image was performed with a Bio-Rad Molecular Imager
System. RNA was omitted from the translation mixture in lane 2. Lanes 3 and 4 show the wild-type (WT) substrate, while the substrates used in the other lanes are
indicated. A set of *C-labeled molecular mass standards was run in lane 1 (indicated on the left). The positions of the substrate and products are shown on the right.
The wild-type substrate generates products of 31 and 20 amino acids (a.a.). However, the products seen for mutants 293 (lane 7) and 296 (lane 10) likely result from
cleavage on the carboxy-terminal side of the basic pair of residues that generate products of 30 and 21 amino acids (293) or 29 and 22 amino acids (296).

entire YF structural region (C-prM-E) was expressed (data not
shown).

Efficient C-prM processing is dependent on a proteolytically
active NS3. Although prM production is inefficient in the ab-
sence of NS2B-NS3, the above result, as well as data provided
by others (43), might suggest that the mechanism of upregu-
lation is independent of proteolytic cleavage at the dibasic site.
It has been demonstrated previously that C-prM processing is
dependent on the active-site serine of NS3 (22); however, this
experiment was done in the context of a long nonstructural
polyprotein. When the protease is inactivated by site-directed
mutagenesis, polyprotein processing does not occur. Thus, it
can still be argued that prM production is independent of the
viral protease per se but is dependent on the proper mature
nonstructural domain (43, 46). The strategy employed to ex-
amine prM production, therefore, was to express the proteo-
lytic domain of NS3 (residues 1 to 181) and the NS2B cofactor
via separate plasmids. An alanine substitution for Ser, ;5 ren-
ders the protease catalytically inactive (12).

Production of prM was examined by transient expression,
using different plasmid combinations. When C-prM was ex-
pressed alone, the primary product was an uncleaved polypro-
tein that ran as a smear of about 34 to 37 kDa (Fig. 4A, lane
3). Also seen was a minor band of about 26 kDa, which is the
size of prM alone. Expression of C-prM with NS2B had a
dramatic effect on the level of detectable C-prM polyprotein,
although there was no enhancement of the prM band (com-
pare lanes 3 and 4 of Fig. 4A). This effect could also be seen in
lane 9 (NS2B plus inactive NS3,5,) and was found to be re-
producible. Expression of C-prM with either form of NS3¢,
wild type or the Ser,;3—>Ala variant, had no obvious effect on
processing (Fig. 4A, lanes 5 and 6). However, expression of
C-prM with the NS2B-3,¢, polyprotein is correlated with effi-
cient production of prM and very little unprocessed C-prM
polyprotein (compare lanes 3 and 7 of Fig. 4A). A similar
result was seen when NS2B and NS3¢, were expressed from
separate plasmids (Fig. 4A, lane 8), but not when NS2B was

expressed in combination with the inactive NS3 (lane 9). Fig-
ure 4B demonstrates that the components of the protease were
being expressed appropriately. These results are consistent
with a role for the active viral protease in upregulating prM
production.

Efficiency of C-prM processing correlates with cleavage ef-
ficiency at the capsid dibasic site. Both the experiment de-
scribed in the previous section and the transient expression of
the C-prM mutants (Fig. 3) demonstrate the requirement for
an active NS2B-NS3 protease in the efficient production of
prM. However, most of the C-prM mutants were efficiently
processed in the presence of NS2B-NS3, while the in vitro data
suggest that only three of the nine mutants are adequate sub-
strates for the viral proteolytic activity (Fig. 2). To reconcile
the results of these experiments, we attempted to demonstrate
more subtle differences in cleavage efficiencies between the
mutant constructs, using the transient expression assay. Vari-
ations in efficiency could be demonstrated by transfecting a
substrate-encoding plasmid (pTM3-C-prM) at a 100-fold ex-
cess relative to an enzyme-encoding plasmid (pTM3-NS2B-
3,51)- Presumably this had the effect of increasing the sub-
strate-to-enzyme ratio, although the relative levels of these
proteins in the transfected cells are not known. As seen in Fig.
5 (compare lanes 2 and 3), the wild type C-prM polyprotein
was completely processed to prM in the presence of the viral
protease under these conditions. None of the mutants were
completely processed (lanes 4 to 14), and in fact only three of
the mutants generated appreciable amounts of prM (lanes 4, 6,
and 9). With this experiment, then, we were able to establish
that the three mutants that displayed the most efficient prM
production under conditions of limiting NS2B-NS3 (mutants
291, 293, and 296) were the same three mutants that were
cleaved most efficiently at the dibasic site in vitro.

Infectivity of mutant transcripts correlates with capsid di-
basic-site cleavage efficiency. To test the phenotype of the
cleavage site mutants in the context of the virus, the mutant
panel was subcloned into a full-length infectious YF cDNA
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FIG. 3. Coexpression of C-prM mutants and NS2B-3g,. Expression of the transfected plasmids was driven by a vaccinia virus recombinant that expresses T7 RNA
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contributing to the difference in band intensity.

clone (5). The specific infectivity of transcripts generated from
the full-length cDNA template was tested on two cell types,
BHK-21 and SW-13 (Table 1). Mutants 291, 293, and 296 were
fully infectious compared to the wild type, although mutant
plaques were smaller than wild-type plaques (Fig. 6). Higher
specific infectivities were seen in general with BHK-21 than
with SW-13 due to the difference in their electroporation ef-
ficiencies (data not shown). Among the mutants forming
plaques on BHK-21, mutant 296 displayed the smallest plaque
phenotype as well as a slightly lower specific infectivity, mutant
291 plaques were the largest, and mutant 293 plaques were
intermediate in size. This may reflect the effect of shifting the
probable cleavage site by one (293) or two (296) positions.
However, on SW-13 cells these phenotypes did not hold. Mu-
tant 296 transcripts generated plaques of the same size as or
even larger size than those of the other two mutants and did
not display a reduction in specific infectivity. In general, the
remaining mutants were unable to form plaques, and attempts
to visualize plaques from these mutants over longer time pe-
riods were unsuccessful (data not shown). However, isolated
plaques occasionally appeared for the lowest cell dilutions,
equivalent to a specific infectivity of about 10~* to 1077 of that
of the wild type. These were the most common for mutant 294
on SW-13 cells.

C-prM processing is inefficient for non-plaque-forming
transcripts. Given that the cleavage site mutations were intro-
duced into the structural region, it might be expected that
RNA replication and translation of the viral polyprotein would
be unaffected. The processing phenotypes of the mutants were

examined by exploiting this possibility. Although viral proteins
were undetectable at early time points, it was possible to ex-
amine viral proteins directly in transfected cells by radiolabel-
ing cells between 18 and 24 h posttransfection. Presumably this
reflects amplification of the viral genome and the subsequent
elevation of protein expression levels. This labeling period
precedes the peak of wild-type virus release (20). Figure 7
shows the results of such an experiment, involving immuno-
precipitation with antiserum to either prM (Fig. 7A) or C
protein (Fig. 7B). In several lanes, a significant amount of
protein migrates in the range of an unprocessed C-prM
polyprotein. These lanes represent the non-plaque-forming
mutants, and among them, 292 (lane 5) and 294 (lane 7)
exhibited the most robust prM production. The viable, plaque-
forming mutants appeared to demonstrate complete process-
ing to C and prM (lanes 4, 6, and 9). Thus, poor substrates at
the dibasic cleavage site are associated with incomplete C-prM
processing and with the inability to form plaques.

Release of structural protein is impaired for non-plaque-
forming mutants. Defects in any one of a number of processes,
including RNA replication, particle assembly, virus release,
particle infectivity, and viral cytopathogenicity, can eliminate
the plaque-forming phenotype. It would seem to be a strong
possibility that assembly and/or release is defective in the non-
plaque-forming mutants, given the observed C-prM processing
phenotype. Confirmation that the release of structural proteins
is impaired in the non-plaque-forming mutants was obtained
by immunoprecipitation of the E protein from the medium of
transfected, labeled cells (Fig. 8A). The observed doublet is
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FIG. 5. Coexpression of C-prM mutants and NS2B-3,4, following transfection of plasmids at a 100:1 ratio. One microgram of pTM3-C-prM derivative and 10 ng
of pTM3-NS2B-3 4, were transfected for each 35-mm-diameter dish (lanes 3 to 14). SDS lysates were immunoprecipitated with prM antiserum and separated by
SDS-13% PAGE. Lanes: 1, vIF7-3 alone; 2 and 3, wild-type (WT) pTM3-C-prM with (lane 3) or without (lane 2) pTM3-NS2B-3,5;; 15, pTM3-NS2B-33, in the
absence of pTM3-C-prM plasmid. The positions of protein standards (in kilodaltons) are shown on the left, and the positions of prM and the C-prM polyprotein are

indicated on the right.

the result of incompletely reduced E protein (data not shown).
No significant differences in the level of intracellular E protein
were observed in SDS lysates prepared from the cell monolay-
ers (Fig. 8B). Immunoprecipitation with an antiserum to a
nonstructural protein, NS3, also shows equivalent intracellular
expression levels across the mutant panel (Fig. 8C). Lysates
were tested to confirm that the amount of protein was not
saturating (data not shown). Although a defect in RNA repli-
cation cannot be formally ruled out, the fact that equivalent
levels of radiolabeled viral proteins were detected between 18
and 24 h postinfection makes this unlikely.

Mutants 291, 293, and 296 secrete E protein, although at
levels well below what is seen for the wild-type transcript.
Although the proportion of E that is in the form of infectious
particles is unknown, these results suggest that even the
plaque-forming mutants are impaired with respect to particle
release. This would be consistent with the reduced processing
efficiency at the capsid dibasic site (Fig. 2 and Table 1), less-
efficient C-prM processing (Fig. 5), and the smaller-plaque
phenotype (Fig. 6). In fact, the level of E detected in Fig. 8A
correlates nicely with plaque size on BHK-21 monolayers
(291 > 293 > 296).

Characterization of revertants. The three plaque-forming
mutants could be passaged on either SW-13 or BHK-21 cells,
with titers approaching wild-type levels, while maintaining the
original cleavage site mutation (data not shown). Although the
specific infectivities of the non-plaque-forming mutant tran-
scripts were very low, it was sometimes possible to isolate
stocks of plaque-forming virus from cells transfected with these
transcripts. This was accomplished through a combination of
extended incubation of the transfected cells and passaging of
the virus by using the medium of transfected cells as an inoc-

ulum for untransfected cells. RT-PCR fragments derived from
these resulting virus populations were sequenced across the
region coding for the capsid dibasic cleavage site. In one case,
a virus stock derived from the 292 parent (P4 to P1 = Ala-
Lys-Ala-Arg) contained a single nucleotide change
(GCC—GTC) resulting in a valine substitution in the P2 po-
sition (Table 2). The same substitution was observed in a
population recovered from transfection with the 294 parent
mutation. In addition, several independently derived virus pop-
ulations that did not contain reversions or additional mutations
in the structural-region coding sequences were obtained from
the 294 transcripts. Presumably these populations contain an
additional mutation(s) in either the noncoding sequences or
the nonstructural protein coding sequence which allows the
virus to overcome the original defect. These populations dis-
played one of at least three distinct plaque phenotypes, sug-
gesting that they are not genetically identical.

To verify that the substitutions detected in the revertant
populations of 292 and 294 (denoted 2R and 4C, respectively)
were alone sufficient for the plaque phenotypes exhibited, a
full-length cDNA clone containing this region within a wild-
type genetic background was constructed. When tested on the
cell line from which the revertants were derived (SW-13), the
specific infectivities of the 2R and 4C transcripts were similar
to that of the wild type (Table 2). However, on BHK-21 cells,
the infectivities of the revertant transcripts were dramatically
reduced and plaques were barely discernible. The nature of
this host-specific difference is unknown.

No cleavage products were detected when the 2R and 4C
sequences were tested with the in vitro cleavage assay (Fig. 2,
lanes 14 and 15). However, 2R and 4C displayed enhanced
production of prM in comparison to the parent sequences
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FIG. 6. Plaque assays of YF containing mutations at the capsid dibasic cleav-
age site. BHK-21 and SW-13 cells were transfected with the mutant transcripts
shown, and serial 10-fold dilutions were seeded on 35-mm-diameter dishes in the
presence of untransfected cells. Monolayers were seeded with 0.2 ml of the
following dilutions: for BHK-21, 10~ (wild type [WT]), 10~ (291), 1073 (left)
and 10™* (right) (293 and 296), and 10~ (294); and for SW-13, 10~ * except for
294, which was a 10~ ! dilution.

during transient expression of C-prM (Fig. 5; compare lanes 5
and 7 with lanes 13 and 14). This enhancement was dependent
on the expression of NS2B-3,4, (data not shown). Enhanced
processing was also apparent in cells transfected with the full-
length transcripts (Fig. 7; compare lanes 5 and 7 with lanes 13
and 14).

DISCUSSION

This report is the first demonstration that the NS2B-NS3-
mediated cleavage at the C terminus of the C protein is an
essential component of the flavivirus life cycle. A panel of nine
mutants that contained two, three, or four alanine substitutions
within the region of four basic amino acids that comprise the
P1 through P4 residues, based on the previously identified
cleavage site (2), was constructed. Processing of the C-prM
polyprotein, release of structural proteins into the medium,
and plaque formation were all found to correlate with the

J. VIROL.

presence of a pair of adjacent basic residues and with in vitro
cleavage efficiency at this site.

Two naturally arising revertants were isolated, presenting
another opportunity to test the relationship between the cleav-
age phenotype and the viability of the virus, as measured by
plaque formation. The substitution of valine for alanine in the
P2 position is a fairly conservative change and thus does not
create an obviously superior substrate for a dibasic-residue-
directed protease. Substitution of valine at the P2 position of
the 2B/3 cleavage site reduces processing efficiency only
slightly (11), although the substitution of alanine in the P2
position of the 4B/5 site also results in residual processing
activity (18). Using the anchC.3 in vitro assay, no cleavage
activity on the revertant substrates could be detected (Fig. 2).
It should be pointed out that this assay is inherently inefficient,
since even the wild-type substrate is only partially processed
during a 3-h incubation. In fact, C-prM processing was shown
to be more complete for 2R and 4C than for 292 and 294 (Fig.
5 and 7). Since C-prM processing of 2R and 4C remains de-
pendent on the NS2B-NS3 region, it seems most likely that
these pseudorevertant sequences were selected from the virus
population as more efficient substrates for the viral protease.

The amino terminus of prM is consistent with a signal pep-
tidase cleavage (6, 23, 41), and translocation of prM into the
ER occurs independently of the nonstructural region; however,
several reports have shown that the production of prM is
inefficient in the absence of the virus-encoded NS2B-NS3 pro-
tease (for a discussion, see references 2 and 22). The ineffi-
ciency of signal peptidase cleavage is proposed to be due to a
lack of carboxy-terminal polar residues within the signal se-
quence, as well as some determinants within C and prM (42).
A model of coordinated cleavages in which the viral protease
mediates upstream cleavage at a conserved cluster of basic
residues at the carboxy terminus of the C protein, followed by
a secondary cleavage mediated by signal peptidase, has thus
evolved. The first cleavage allows the second cleavage to occur
more efficiently. Studies with Murray Valley encephalitis virus
have demonstrated that prM can be generated posttranslation-
ally in the absence of NS2B-NS3 by digesting the cytoplasmic
portion of a structural polyprotein with trypsin (41). The amino
terminus of the prM species produced in this way was deter-
mined to be consistent with signal peptidase cleavage. Presum-
ably the NS2B-NS3 protease functions in a similar manner. By
removing the capsid protein from the cytoplasmic side of the
C-prM polyprotein, the signal peptidase site is somehow made
more accessible to cleavage on the lumenal side of the ER
membrane.

An alternative model is that the signal peptidase cleavage,
while still occurring posttranslationally, is upregulated by in-
teraction with the nonstructural region, specifically some por-
tion of NS2B (43, 45, 46). In this model, cleavage at the dibasic
site is not necessary for efficient signal peptidase cleavage.
Evidence for this model comes from the analysis of a mutation
at the dibasic site which appears to block cleavage using an in
vitro system; contrary to the prediction of the first model, this
mutation had no effect on secretion of a prM-E heterodimer
(43). However, these experiments were done in the presence of
the proteolytic domain of NS2B-NS3, and no evidence was
presented to show either that cleavage at the dibasic site did
not occur or that the prM-E secretion was protease indepen-
dent. Also, the results obtained with 2R and 4C, as well as the
results of transient expression of C-prM (Fig. 3), demonstrate
that care should be taken when extrapolating the results of an
in vitro cleavage assay to in vivo processing. The experiment
shown in Fig. 4 was designed to address the possibility that
upregulation of prM production is independent of the proteo-
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FIG. 7. Analysis of C-prM processing in cells transfected with full-length mutant transcripts of YF cDNA. Transfected BHK-21 cells were labeled with [*>S]me-
thionine for 5 h (19 to 24 h postelectroporation), and SDS lysates were immunoprecipitated with prM (A) or C (B) antiserum. As a control, cells were infected with
YF at a multiplicity of infection of 10 and labeled under the same conditions (16 to 21 h postinfection). Immunoprecipitation of YF-infected cell lysates was performed
with only one-half the volume used for transfected-cell lysates. Lane 1, YF control; lane 2, cells electroporated with no RNA (TE only); lane 3, electroporation of
wild-type (WT) transcript; lanes 4 to 14, mutant transcripts (as denoted). The positions of C, prM, and the C-prM polyprotein are indicated on the left, and those of

the molecular mass standards (in kilodaltons) are shown on the right.

lytic activity of NS3. This experiment demonstrates that NS2B
alone is insufficient to upregulate prM production, although it
appears to have an impact on the amount of unprocessed
C-prM that is detectable. The nature of this effect is unknown,
although possibly NS2B has a destabilizing influence on the
structural region in the absence of proper processing. It is
difficult to completely disprove the alternative, NS2B-mediated

model, since NS2B is a necessary component of and is gener-
ated by the active protease. However, no prM upregulation was
detected when NS2B was expressed with a mutant NS3,g,
containing an alanine at the active-site serine. The upregula-
tion of prM was restored by using a wild-type NS3,5,. We
cannot rule out the possibility that NS2B has a function other
than its role as a cofactor for the viral protease. For example,
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FIG. 8. Analysis of envelope protein distribution in cells transfected with
full-length mutant transcripts of YF cDNA. (A) Transfected BHK-21 cells were
labeled with [>>S]methionine for 6 h (18 to 24 h postelectroporation); media was
harvested after the labeling period, solubilized with SDS, and immunoprecipi-
tated with antiserum to the E protein. (B) SDS lysates of the cell monolayers
from the above experiment were prepared and immunoprecipitated with E
antiserum. (C) SDS lysates of the cell monolayers from the above experiment
were prepared and immunoprecipitated with NS3 antiserum. Immunoprecipita-
tion of medium or of lysate of cells transfected with no RNA is shown in the first
lane of each panel. The positions of E and NS3 are indicated on the right side of
their respective panels, and the positions of protein standards (in kilodaltons) are
shown on the left. WT, wild type.

NS2B is likely to be involved in the membrane association of
the active protease, and it may in fact be involved in direct
interactions with the structural region. The observation that
expression of NS2B alone had a significant effect on the ob-
servable level of C-prM polyprotein may reflect such an inter-
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action. However, our data demonstrate that the efficient pro-
duction of prM requires an enzymatically active viral protease.

It is interesting that processing of C-prM can occur in mu-
tants with drastically altered dibasic substrates (Fig. 3). This
probably indicates that important structural determinants be-
yond the primary amino acid sequence are preserved in these
mutants. Despite the efficiency of C-prM processing seen with
this experiment, the processing is much less efficient in the
same mutants when the entire genome is expressed (Fig. 7).
This could be a consequence of the high levels of expression
that are induced by T7 RNA polymerase in the transient-
expression assay. Alternatively, it may reflect different specific
activities of two forms of the protease. Only the N-terminal
one-third of NS3 is expressed from pTM3-NS2B-3,5,, whereas
within infected cells, the full-length NS3 protein would be
expected to be a component of the replication complex.

The partial processing of C-prM observed for some of the
non-plaque-forming mutants (Fig. 7) suggests that some low
level of particle assembly and release is possible. Certainly
there must be a limit to the rate of infectious-particle release
below which it becomes very difficult to resolve plaques by the
standard assay. It is noteworthy that the two mutants from
which revertants were derived, 292 and 294, showed higher
levels of C-prM processing than the other non-plaque-forming
mutants (Fig. 7A, lanes 5 and 7). Mutant 294 in particular was
the easiest mutant from which to derive revertant populations.
This may reflect a less-severe defect to overcome genetically,
or it may be a consequence of low levels of cell-to-cell spread
and, hence, more replication cycles in which mutations could
arise.

The correlation seen among cleavage at the dibasic site,
C-prM processing, release of structural protein, and plaque
formation indicates a critical role for the mechanism of coor-
dinated cleavages. In addition, substitutions which optimize
the prM signal sequence and allow efficient signal peptidase
cleavage independent of NS2B-NS3 also eliminate plaque for-
mation (16). One conspicuous explanation for this mechanism
of coordinated cleavages is that it functions as a regulatory
device. Processing intermediates may have functions distinct
from their terminal products, such that the local concentration
of active NS2B-NS3 protease plays an important regulatory
role. For example, perhaps the capsid dibasic-site cleavage is
delayed until the levels of NS2B-NS3 reach a certain threshold,
thereby preventing or delaying nucleocapsid formation until
sufficient levels of viral genome are available for encapsidation.
Another possibility is that the uncleaved C-prM blocks prema-
ture transport out of the ER.

By any of these scenarios, the envelopment of assembling or
assembled nucleocapsids might be coordinated by the two
cleavages and thus might account for the inability to detect a
nucleocapsid intermediate in flavivirus-infected cells (29). The
local concentration of viral RNA might also be involved in this
regulatory scheme. Interaction of the capsid protein with RNA
might make the dibasic site more accessible to cleavage; thus,
the capsid molecules most likely to be cleaved by NS2B-NS3
would be complexed with RNA. This could be in addition to or
instead of regulation by the concentration of NS2B-NS3. It has
been demonstrated that prM and E can form empty, subviral
particles in the absence of C (1, 26, 39); perhaps the tethering
of the core protein to the prM-E complex is a mechanism to
ensure the envelopment of genome-containing core particles,
particularly given that prM and E are predicted to contain very
few residues on the cytoplasmic side of the ER membrane with
which to interact with C.

Another possible regulator of cleavage at the dibasic site is
the specific activity of the protease, rather than its concentra-



VoL. 73, 1999

tion. The protease is likely to be a part of the replication
complex, and it is conceivable that rearrangements of the com-
plex result in altered specific activity for cleavage at the capsid
dibasic site. Thus, a signal for cleavage of the capsid protein
might be a modification of the replication complex preceding a
hypothetical shift from synthesis of minus strands to synthesis
of plus strands.

A situation that parallels the two coordinated cleavages in
the structural region of the polyprotein appears to exist in the
nonstructural region (17). NS2B-NS3-mediated cleavage at the
carboxy terminus of NS4A, denoted the 4A/2K site, appears to
be a necessary precursor to the signal peptidase cleavage that
generates the amino terminus of NS4B (at the 2K/4B site).
This raises the question of why there might be two such coor-
dinated cleavages in the same polyprotein. Sequence align-
ments indicate that these cleavages are completely conserved
across the Flavivirus genus. Perhaps there is some interaction
between the two transmembrane signal sequences. Possibly
this is a means of synchronizing two distinct aspects of repli-
cation; for example, the simultaneous upregulation of signal
peptidase cleavage within the structural and nonstructural re-
gions would be a way of coordinating the initiation of the
assembly process and a shift from the synthesis of minus
strands to plus strands. Finally, either or both of the cleaved
signal sequences may have some function independent of reg-
ulation. The fate of these peptides, 20 and 23 amino acids in
length for YF, is unknown. If they remain integrated in the
membrane, either or both could conceivably be incorporated
into virions. The prM signal sequence in particular would likely
be localized at the site of viral assembly. Although there has
never been a report of these peptides being found in virions or
infected cells, they could easily go undetected due to their
small size. Among the flaviviruses, the distance between the
capsid dibasic site and the prM signal peptidase site ranges
from 14 to 22 amino acids, while the 2K fragment preceding
the amino terminus of NS4B invariably contains 23 amino
acids. Reports on the fate of eukaryotic signal peptide frag-
ments have recently become available (24); they can be de-
tected in the cytosol, can bind to major histocompatability
complex class I molecules in the ER lumen, can be further
processed by an unidentified signal peptide peptidase, and can
bind to calmodulin. The signal sequence of human immuno-
deficiency virus type 1 p-gp160 has been shown to be released
into the cytoplasm following cleavage and to interact with
calmodulin, although no function for this interaction is known
(25).

The flaviviruses have evolved a coordinated processing
scheme that exploits the host cell signal peptidase. Analysis of
structural-protein processing has been complicated by the
presence of two neighboring cleavages. With the use of a cell-
free trans-processing assay, we were able to directly observe
cleavage at the dibasic site. These data were correlated with
plaque formation and prM production to demonstrate that this
processing is a critical step in the viral life cycle. This particular
mechanism, in which the viral protease plays a central role,
appears to be unique to the Flavivirus genus. However, the C
protein of the mature hepatitis C virus particle is also trun-
cated, in a delayed fashion, with respect to the amino terminus
of E1 by an unknown enzyme, possibly a signal peptidase (21,
36, 47). In addition, delayed signal peptidase cleavages also
appear to play a role in the processing of the E2-p7-NS2 region
of hepatitis C virus (13, 19, 27) and in cleavage of the E0-E1
polyprotein of pestiviruses (34). It remains to be seen whether
the delayed cleavages observed in this family reflect any com-
mon function. Such a determination will require a better un-
derstanding of the role of these processing cascades.
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