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Several of the cleavages required to generate the mature nonstructural proteins from the flaviviral
polyprotein are known to be mediated by a complex consisting of NS2B and a serine proteinase domain located
in the N-terminal one-third of NS3. These cleavages typically occur after two basic residues followed by a short side
chain residue. Cleavage at a similar dibasic site in the structural region is believed to produce the C terminus of the
virion capsid protein. To study this cleavage, we developed a cell-free trans cleavage assay for yellow fever virus
(YF)-specific proteolytic activity by using a substrate spanning the C protein dibasic site. Cleavage at the predicted
site was observed when the substrate was incubated with detergent-solubilized lysates from YF-infected BHK cells.
NS2B and the NS3 proteinase domain were the only YF-specific proteins required for this cleavage. Cell
fractionation studies demonstrated that the YF-specific proteolytic activity was membrane associated and that
activity could be detected only after detergent solubilization. Previous cell-free studies led to a hypothesis that
processing in the C-prM region involves (i) translation of C followed by translocation and core glycosylation ofprM
by using an internal signal sequence, (ii) signalase cleavage to produce a membrane-anchored form of the C protein
(anchC) and the N terminus of prM, and (iii) NS2B-3-mediated cleavage at the anchC dibasic site to produce the
C terminus of the virion C protein. However, the results of in vivo transient-expression studies do not support this
temporal cleavage order. Rather, expression of a YF polyprotein extending from C through the N-terminal one-third
of NS3 revealed that C-prM processing, but not translocation, was dependent on an active NS2B-3 proteinase. This
suggests that signalase-mediated cleavage in the lumen of the endoplasmic reticulum may be dependent on prior
cleavage at the anchC dibasic site. Possible pathways for processing in the C-prM region are outlined and discussed.

Yellow fever virus (YF) is the prototype member of the
flavivirus genus of Flaviviridae, a family which also includes the
pestivirus (17) and hepatitis C virus (15) genera. The flavivi-
ruses are enveloped viruses (for reviews, see references 5, 10,
45, and 56) with a single-stranded positive-sense RNA mole-
cule of about l1 kb that contains a single, long open reading
frame (ORF). The polyprotein is processed by virus- and
host-encoded proteinases to produce the structural and non-

structural (NS) proteins (46). The flavivirus gene order has
been determined to be 5'-C-prM-E-NSl-NS2A-NS2B-NS3-
NS4A-NS4B-NS5-3'. The flaviviral structural proteins, the
capsid (C), membrane (M), and envelope (E) proteins, are

derived from precursors encoded in the 5' quarter of the
genome.

Cleavages occurring at the 2A/2B, 2B/3, 3/4A, and 4B/5 sites
have been shown to be mediated by a complex consisting of
NS2B and a trypsin-like serine proteinase domain residing in
the N-terminal one-third of NS3 (1, 9, 14, 20, 40, 54, 59). In
addition, NS2B-3-mediated cleavage near the C terminus of
NS4A has been shown to be necessary for generation of the N
terminus of NS4B (27). These cleavage sites are highly con-

served and usually include a pair of basic residues at the P2 and
P1 positions, with a short side chain residue at the P1' position
(normally Gly or Ser). Cleavages generating the amino termini
of prM (a precursor to the mature structural protein M), E,
NS1, and NS4B are thought to be mediated by host signal
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peptidase (19, 27, 31, 37, 47), with the hydrophobic regions
preceding these sites directing translocation into the lumen of
the endoplasmic reticulum (ER).
The sequence of the mature capsid protein has been shown

to terminate at a conserved dibasic site for two flaviviruses,
Kunjin virus (51) and West Nile virus (WN) (37). The signalase
cleavage site that generates the N terminus of prM is located
14 to 22 residues (depending on the virus) C-terminal to this
potential dibasic cleavage site. The intervening segment be-
tween the dibasic site and the signalase site consists mainly of
hydrophobic residues which are capable of serving as an

internal signal sequence for translocation of prM into the ER
(31, 47). According to one model (37), the signal sequence
preceding prM directs translocation of prM into the ER.
Cotranslational cleavage by signal peptidase generates an

anchored form of the capsid, denoted anchC, which is bound to
the membrane by the hydrophobic residues at its C terminus.
NS2B-3-mediated cleavage occurs later in infection at the
conserved dibasic site to generate the truncated, mature form
of the capsid found in virus particles, denoted virC. This view
has recently been challenged by evidence that the anchC/prM
signalase cleavage cannot occur efficiently in the absence of an
active NS2B-3 proteinase, suggesting that cleavage at the
dibasic site may be a prerequisite to signalase cleavage (28, 57).
Here we report the development of a cell-free trans cleavage

assay for the YF NS2B-3 proteinase. By using a substrate
containing the C protein dibasic site, direct evidence was

obtained for NS2B-3 proteinase-mediated cleavage at the
predicted site. Finally, in vivo expression of various YF
polyproteins demonstrated that C-prM processing requires an

active NS2B-3 proteinase. This is consistent with other flavivi-
rus studies (28, 57) and suggests alternative models for pro-
cessing in the C-prM region.
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MATERIALS AND METHODS

Cells lines and virus. Maintenance of YF 17D stocks and
growth of BHK-21, SW-13, and BSC-40 monolayers have been
described previously (11).

Vaccinia virus recombinants. Vaccinia virus recombinants
expressing YF NS2B (vNS2B), NS2B3181 (vNS2B3181), and
NS3181 (vNS3181) have been described previously (13). YF-
specific products were expressed by coinfection with vTF7-3, a
vaccinia virus recombinant expressing T7 RNA polymerase
(21). Proper expression of YF-specific antigens was verified by
metabolic labeling and immunoprecipitation with appropriate
region-specific antisera (12).

Plasmid constructions. For construction of the C-prM ex-
pression vector, YF cDNA from nucleotides 109 to 973 was
amplified by PCR (from pYF5'3'IV [42]) to create a cassette
with 5'-flanking XbaI and BstEII sites, followed by the C-prM
coding sequence, a UAA termination codon, and a 3'-flanking
XbaI site. PCR products were digested with XbaI and cloned
into XbaI-digested pH3'2J1 (22). pBS/C-prM was created by
cloning the C-prM cassette from pH3'2J1/C-prM into the XbaI
site of the expression vector pBluescript II SK (-) (Strat-
agene). PCR amplification of pH3'2J1/C-prM was used to
generate fragments with a 5' terminus identical to the C-prM
cassette described above, with termination codons following
either residue 101 (virC) or 121 (anchC), and 3'-flanking XbaI
sites. PCR products were digested with XbaI and cloned into
XbaI-digested pBluescript II SK (-). All sequences derived by
PCR were confirmed by sequencing. Sense transcripts are
produced from the T7 promoter for pBS/C-prM and pBS/
anchC or the T3 promoter for pBS/virC. To produce an
N-terminally truncated form of C, a 209-bp BamHI-Sau3AI
fragment was deleted from pBS/anchC to create pBS/anchC.3.
This construct lacks the YF initiation codon and should initiate
translation at the third AUG of the YF ORF (YF nucleotide
329; C residue 71).

pETBS/YF/C-NS3181 (also called pETBS/YF/S/NSl-NS3181),
which encodes a polyprotein extending from the N terminus of
C through the first 181 residues of NS3, was derived by
inserting the 1,292-bp NsiI-MluI fragment (YF nucleotides
1657 to 2948) of YFM5.2 (42) and the 1,560-bp XbaI-NsiI
fragment (YF nucleotides 109 to 1657) from pBSIISK(+)YFS
into XbaI-MluI-digested pETBS/YF/sigNSI-NS3181 (36).
pETBS/YF/C-NS3181 (S-138-->A) (also called pETBS/YF/S/
NS1-NS3*.a) was created by replacing the 349-bp XbaI-BamHI
fragment from pETBS/YF/NS1-NS3181(S-138->A) (36) with
the 2,624-bp XbaI-BamHI fragment from pETBS/YF/C-
NS3181.

In vitro transcription and cell-free translation. We synthe-
sized 5'-capped RNA transcripts (44) by using T7 RNA
polymerase for pBS/anchC, pBS/anchC.3, and pBS/C-prM or
T3 RNA polymerase for pBS/virC. Rabbit reticulocyte lysates
(Promega) were used for cell-free translation experiments as
specified by the manufacturer. Translations conducted in the
presence of membranes were performed with 4 eq of canine
pancreatic microsomal membranes (Promega) for 50-,ul trans-
lation reactions. Proteins were labeled by inclusion of either
[35S]Met or [3H]Leu (Amersham) at a final concentration of 1

Ci/4Ld.
Preparation of cell extracts. Unless otherwise specified,

SW-13 monolayers were mock infected or infected with YF
17D at a multiplicity of infection of 10 and incubated at 37°C.
After 36 h, the monolayers were washed with phosphate-
buffered saline and lysed with 0.5% Triton X-100 in buffer A
(150 mM NaCl, 50 mM Tris [pH 7.5], 1 mM EDTA, 20 1Lg of
phenylmethylsulfonyl fluoride per ml) (11); lysates prepared in

the presence or absence of phenylmethylsulfonyl fluoride
exhibited indistinguishable activity in the cleavage assay. For
extracts prepared from monolayers infected with various vac-
cinia virus recombinants, BSC-40 monolayers were infected
with vTF7-3 and the specified recombinants at a multiplicity of
infection of 10 each and lysed, as above, at 6.5 h postinfection.
A crude separation was used to determine if the proteinase

activity was cytosolic or membrane associated. After 36 h,
YF-infected SW-13 monolayers were washed with PBS and
scraped into buffer A. Cells were collected by centrifugation at
10,000 x g for 5 min. The pellet was resuspended in buffer A
and subjected to three cycles of successive freezing (dry
ice-ethanol bath) and thawing (room temperature). The crude
lysate was fractionated by centrifugation at 16,000 x g for 15
min. The pellet (P16), which contained the nuclei, cytoskele-
ton, and cytoplasmic membrane organelles, is referred to as
the membrane fraction; the supernatant (S16) is referred to as
the soluble fraction. The pellet was resuspended in buffer A.
Samples were assayed for proteinase activity either directly or
following addition of Triton X-100 to a final concentration of
0.5%.

Standard proteinase assay. Radiolabeled anchC.3 substrate
was produced by translation of 200 ng of transcript RNA in a
final volume of 6 p.l. Translations were terminated by addition
of DNase-free RNase (Boehringer Mannheim) to 0.01 U/dl.
The standard proteinase assay consisted of 0.6 [lI of this
translation reaction mixed with detergent-solubilized cell ly-
sates (amount equivalent to 2 x 104 cells) in a final volume of
7 to 12 RI. For cell lysates separated into soluble and mem-
brane fractions, the equivalent of 105 cells was used in each
assay. Unless otherwise indicated, reactions were incubated at
30°C for 80 min and terminated by the addition of sodium
dodecyl sulfate (SDS) to 1%.

N-terminal sequence analysis of radiolabeled cleavage prod-
ucts. anchC.3 transcripts were translated in the presence of
either [35S]Met or [3H]Leu to generate radiolabeled cleavage
substrates (see above). After incubation with extracts contain-
ing active YF proteinase, cleavage products were resolved by
SDS polyacrylamide gel electrophoresis (PAGE) with the
Tricine system (see below) and electroblotted onto Immo-
bilon-P polyvinylidene difluoride membrane (Millipore) (34).
The transferred peptide was extracted from the polyvinylidene
difluoride membrane with 100% trifluoroacetic acid and co-
valently attached to a Sequelon-AA membrane (Millipore) (2).
Sequence analysis was performed on an ABI model 470 A
sequencer (11).

In vivo transient-expression assay. The hybrid T7-vaccinia
virus system, as used for expression of radiolabeled YF
polyproteins from transfected plasmids in BHK-21 cells, has
been described previously (27). In experiments in which vac-
cinia virus recombinants were used in conjunction with trans-
fected plasmids, cells were coinfected with vNS2B3 81 and
vTF7-3 at a multiplicity of infection of 10 each prior to DNA
transfection.

Immunoprecipitation. Lysates of BHK-21 monolayers trans-
fected with C-NS318, derivatives were prepared by solubiliza-
tion with SDS and immunoprecipitated as described previously
(11), using 2 RI of rabbit antiserum raised against either a
fusion protein containing residues 1 to 94 of the YF capsid
protein (kindly provided by M. Bouloy, Institute Pasteur, Paris,
France) or a YF C-prM polyprotein, which has been shown to
react with only prM and M (12). Lysates of BHK-21 monolay-
ers transfected with pBS/C-prM were prepared by solubiliza-
tion in a nondenaturing buffer and immunoprecipitated with 3
,ul of the prM-specific antisera as described previously (13).
Nondenaturing protocols were found to be somewhat more
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effective for immunoprecipitation of C-containing peptides,
although they produced a significantly greater nonspecific
background.

Gel electrophoresis. The small peptides produced by the in
vitro cleavage assay were resolved by SDS-PAGE with the
Tricine system (49) and with 16.5% acrylamide (acrylamide/
bisacrylamide ratio, 15.5:1) in the separating portion of the gel.
All other gels were conventional SDS-PAGE gels (26) with
15% acrylamide (acrylamide/bisacrylamide ratio, 37.5:1). After
electrophoresis, gels were treated for fluorography by a varia-
tion of the technique described by Chamberlain (8). Gels were
fixed for 30 min in 10 volumes of 25% ethanol-10% acetic acid,
washed twice with distilled-deionized H20 (15 min per wash),
and shaken for 30 to 45 min in 10 volumes of 1 M sodium
salicylate-50 mM sodium phosphate (pH 7.0)-5% glycerol.
Gels were dried for 4 h under vacuum at 60 to 70°C before
being exposed to preflashed X-ray film (Kodak X-Omat) at
- 700C.

RESULTS

Substrate for assay of proteolytic activity. The goal of this
study was to develop an in vitro trans-cleavage assay for the YF
NS2B-3 proteinase. Although NS2B-3-mediated cleavage at
the anchC dibasic site had not been demonstrated, we focused
on this site since it seemed likely that it could be cleaved
efficiently in trans, as least in vivo. Cell-free translation of a
transcript encoding anchC led to a complex pattern of trans-
lation products, presumably owing to internal initiation at two
downstream AUG codons. Preliminary trans-cleavage assays
suggested that the smallest anchC translation product was
cleaved most efficiently by the YF proteinase. To simplify the
pattern of potential substrates and cleavage products, the
N-terminal portion of the C coding region was deleted to
produce a transcription construct encoding an amino-termi-
nally truncated substrate, designated anchC.3, which initiates
at the third Met codon of the YF ORF to produce a 51-residue
peptide containing the anchC cleavage site (Fig. 1A).

Sources of proteolytic activity for in vitro studies. The active
YF NS2B-3 proteinase is a complex consisting of the hydro-
phobic NS2B protein and the NS3 serine proteinase domain (1,
9, 13, 14, 20, 27, 40). Given the likely membrane association of
the proteinase (45, 55), we began by assaying crude Triton
X-100-solubilized extracts from YF-infected cells. Lysates de-
rived from YF-infected cells, but not from mock-infected cells,
were capable of cleaving the substrate into two products with
the expected sizes of 31 residues (predicted molecular mass,
3.6 kDa) and 20 residues (predicted molecular mass, 2.1 kDa).
The substrate and the larger cleavage product migrate more
slowly than predicted, perhaps owing to their basic character.
Lysates were most active when prepared from cells that had
been infected for longer than 24 h, coinciding with the peak of
virus release (Fig. 2). Lysates prepared in the absence of
detergent, by using a freeze-thaw protocol, were inactive in the
same assay (data not shown). However, when freeze-thaw
lysates were separated into crude membrane and soluble
fractions and then subsequently solubilized with Triton X-100,
proteolytic activity could be recovered from the membrane
fraction (Fig. 3, lane 5) but not the soluble fraction (lane 3).
Several detergents were tested as solubilizing agents; the
greatest activity was recovered from cells lysed with 0.5%
Triton X-100, 1% n-octylglucoside, 1% n-dodecyl-p-D-malto-
side, 0.5% Thesit, or 0.5% isotridecylpoly(ethyleneglycol-
ether),,; no activity was recovered from cells lysed with 1%
octanoyl-N-methylglucamide (MEGA-8) or 1% N-dodecyl-
N,N-dimethyl-3-ammonio-1-propanesulfonate; moderate ac-
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FIG. 1. (A) Diagram of constructs used to express YF proteinase
components and substrates. The entire YF polyprotein is shown in the
center, with nonstructural proteins NS1 to NS5 denoted by their
numbers. Vaccinia virus recombinants vNS2B, vNS3181, and
vNS2B31,8, which express the corresponding YF polypeptides (con-
taining two extra N-terminal residues), are indicated at the top.
Constructs for in vitro transcription-translation of the C-prM region
are shown below the YF polyprotein diagram. Genes for C-prM,
anchC, and virC are designed to initiate at the authentic initiation
codon of the YF ORF. The anchC.3 construct is engineered to initiate
at the third in-frame Met codon in the YF ORF. The C termini are

positioned at the prM/E signalase cleavage site (C-prM), at the C/prM
signalase cleavage site (anchC and anchC.3), or at the dibasic, putative
NS2B-3-processed cleavage site (virC). The dibasic cleavage site is
indicated by I, the signalase cleavage site is indicated by V, and
probable N-linked glycosylation sites are indicated by *; the hydropho-
bic regions are shaded. (B) Sequence alignment of the dibasic capsid
cleavage sites from several members of the flavivirus family. The seven
residues preceding the dibasic cleavage site, the hydrophobic span
between the dibasic and signalase cleavage sites, and the N-terminal
three residues of prM are shown. Abbreviations and references are as
follows: YF, yellow fever virus (43); DEN1, dengue type 1 virus (32);
DEN2, dengue type 2 virus (23); DEN3, dengue type 3 virus (38);
DEN4, dengue type 4 virus (60); JE, Japanese encephalitis virus (52);
MVE, Murray Valley encephalitis virus (18); SLE, St. Louis enceph-
alitis virus (53); WN, West Nile virus (7); KUN, Kunjin virus (16);
TBE, tick-borne encephalitis virus (29); LGT, Langat virus (30); LI,
Louping ill virus (50).

tivity was obtained from lysates prepared with 1% 3-[(3-chol-
amidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS),
1% 3-[(3-cholamidopropyl)-dimethylammonio]-2-hydroxy-1-
propanesulfonate (CHAPSO), or 0.5% Triton X-114 (unpub-
lished observations). Lysates prepared with Triton X-100 con-
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FIG. 2. Proteinase assay of YF-infected SW-13 cell lysates. Cell-
free-translated anchC.3 (migrating at 6.5 kDa) was incubated alone
(-) or with Triton X-100 lysates from uninfected (M) or YF-infected
cells harvested at the indicated times postinfection (in hours). Products
were separated by using a Tricine gel system as described in Materials
and Methods. By 60 h postinfection (not shown), proteolytic activity
was greatly diminished, probably because a significant fraction of the
cells had detached from the dishes. The sizes of molecular mass
standards (in kilodaltons) are indicated on the left.

centrations from 0.05 to 2% were all active, although the
greatest activity was generated at concentrations of 0.1% and
higher.

Proteolytic products could be observed when the assay was
conducted at temperatures ranging from 15 to 37°C but not at
40°C or higher. At 30°C, products could be visualized after
incubation times as short as 1 min; however, we have never
observed complete substrate cleavage, even after extended
incubations. Repeated freezing (at -80°C) and thawing (at
25°C) of Triton X-100 lysates from YF-infected cells demon-
strated no appreciable loss of proteolytic activity. Surprisingly,
the general serine proteinase inhibitor phenylmethylsulfonyl
fluoride had no discernible effect on proteolysis when included
in either the cell lysis buffer or the in vitro assay at a
concentration of 20 ,ug/ml.

Both NS2B and NS3 are required for capsid cleavage. As
mentioned above, NS2B and the NS3 serine proteinase do-
main are believed to form a complex which is responsible for
cleavage at the anchC dibasic site. To test this hypothesis, we
constructed three vaccinia virus recombinants expressing por-
tions of the YF genome under control of the bacteriophage T7
promoter (Fig. 1A). The first recombinant, vNS2B3181, con-
tains the YF coding region encompassing NS2B and the first
181 residues of NS3, which includes the serine proteinase

I _2 4 5 6 -
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FIG. 3. Proteinase assay of membrane and soluble fractions from

YF-infected SW-13 cells. Cell-free-translated anchC.3 substrate was
incubated alone (lane 1), with the soluble fraction of a YF-infected cell
lysate (lanes 2 and 3), with the membrane fraction of a YF-infected cell
lysate (lanes 4 and 5), or with a Triton X-100 lysate of mock-infected
(lane 6) or YF-infected (lane 7) SW-13 cells and run on a Tricine gel
system as described in Materials and Methods. Soluble and membrane
fractions were used for this assay either directly (lanes 2 and 4,
respectively) or following addition of Triton X-100 to 0.5% (lanes 3
and 5, respectively). The sizes of molecular mass standards (in
kilodaltons) are indicated on the left.
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FIG. 4. Proteinase assay of recombinant vaccinia virus-infected
BSC-40 or YF-infected SW-13 cell lysates. Cell-free-translated anchC.3
substrate was incubated alone or with Triton X-100 lysates from
uninfected cells or cells infected with YF or various vaccinia virus
recombinants and separated with the Tricine gel system, as described
in Materials and Methods. Lanes: 1, substrate incubated in the absence
of a cell lysate; 2, mock-infected SW-13 cell lysate; 3, YF-infected
SW-13 cell lysate; 4, mock-infected BSC-40 cell lysate; 5, vTF7-3-
infected BSC-40 cell lysate; 6, vNS2B3318-infected BSC-40 cell lysate;
7, vNS2B-infected BSC-40 cell lysate; 8, vNS3, 8-infected BSC-40 cell
lysate; 9, cell lysate from BSC-40 cells coinfected with vNS2B and
vNS381; 10, vNS2B lysate mixed in vitro with vNS3181 lysate. The sizes
of molecular mass standards (in kilodaltons) are indicated on the right.

domain. This truncated polyprotein has been shown, by using
in vivo transient-expression assays, to be capable of autocata-
lytic cleavage at the 2B/3 site as well as trans cleavage at the
other dibasic sites in the YF nonstructural region (1, 9, 13, 20,
27). Two additional recombinants, vNS2B and vNS3181, which
express the NS2B and NS31x1 regions separately, were con-
structed.

Proteolytic assays were performed with Triton X-100 lysates
of BSC-40 cells infected with vTF7-3 alone (a vaccinia virus
recombinant expressing bacteriophage T7 RNA polymerase)
or coinfected with the various vaccinia virus-YF recombinants.
Figure 4 shows the results of one such experiment. Lysates
from cells infected with vTF7-3 alone or coinfected with
vTF7-3 and either vNS2B or vNS3181 did not contain detect-
able proteolytic activity (lanes 5, 7, and 8, respectively). The
lysate from vNS2B318,-infected cells was active, as evidenced
by the appearance of the two characteristic cleavage products
and a concomitant decrease in the amount of substrate (lane
6). Lysates from cells coinfected with both vNS2B and vNS3,81
were also active but to a lesser degree (lane 9), demonstrating
that although both moieties are necessary, they need not be
expressed as a polyprotein for activity. The reduced activity
might reflect a lower efficiency of NS2B-NS318 complex
formation when the subunits are not derived from a common
precursor. The need for both proteins is consistent with studies
of the dibasic cleavages in the nonstructural region, which
show an absolute requirement for both NS2B and the N-
terminal one-third of NS3 (1, 6, 9, 13, 20, 40, 59). Mixing
vNS2B- and vNS318,-infected BSC-40 lysates did not reconsti-
tute activity (lane 10), which could be due to dilution by lysis
buffer, reduction of protein concentrations, and inefficient
complex formation.

In vitro cleavage occurs at the predicted dibasic site.
Cleavage at the anchC.3 dibasic site would yield peptides of 31
and 20 residues, with the smaller peptide representing the
C-terminal segment of the substrate. To confirm that the
observed proteolysis was occurring at the predicted, conserved
dibasic site, we performed N-terminal amino acid sequencing
on the smaller of the two products. The radioactivity from each

-.1 -.PAlFjj-. m.f:.,!
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FIG. 5. N-terminal amino acid sequencing of the faster-migrating
cleavage product from the anchC.3 proteinase assay. The anchC.3
substrate was labeled with either [35S]Met or [3H]Leu. The radioac-
tivity recovered at each cycle is shown. The amino acid sequence of the
YF polyprotein from residues 102 to 121 (immediately following the
conserved dibasic site in the capsid protein), as predicted by its cDNA
sequence, is shown (the two Met residues are underlined, and the five
Leu residues are in boldface type). The chemistry of the covalent
attachment of the sequencing substrate to the membrane support
generates peaks at positions where Asp (D) and Glu (E) residues are
found (see Results).

1 2 3 4 5

cycle of the Edman degradation is shown in Fig. 5. [3H]Leu
peaks are seen in cycles 3, 5, 10, 12, 15, and 16; [35S]Met peaks
are seen in cycles 3, 14, and 17. Retention of the 20-mer
peptide during solid-phase sequencing required covalent at-
tachment to the Sequelon-AA membrane via carboxyl groups.
Hence, cycles in which Asp or Glu residues are cleaved can
release some peptide from the membrane (peptide bound to
the membrane by an Asp or a Glu residue but not by its C
terminus), generating radioactive peaks at Asp or Glu posi-
tions in the sequence. Given that position P3' from the
predicted cleavage site is an Asp residue, these data unambig-
uously define the cleavage site to be the conserved dibasic site,
between residues Arg-101 and Ser-102 of the YF polyprotein.

Transient expression of C-NS318, and cell-free expression of
C-prM. To examine the role of the NS2B-3 proteinase in
structural-region processing in vivo, we created two constructs.
The first, C-NS3181, expressed a YF polyprotein predicted to
initiate at the first Met of the ORF and extend through the
NS3 serine proteinase domain (the N-terminal 181 residues).
The second construct, C-NS3181 (Ser-138- >Ala), was identical
except for an Ala substitution for NS3 residue Ser-138, which
is believed to be the active-site nucleophile. This substitution
has previously been demonstrated to completely inactivate
cleavages occurring at the dibasic sites in the nonstructural
region (9, 14, 27). As expected, lysates of cells expressing the
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FIG. 6. (A) Cell-free translation ofRNA transcripts encoding various portions of the YF structural region. Lanes: 1, no RNA; 2, C-prM; 3, virC;
4, anchC; 5, C-prM in the presence of microsomal membranes. Molecular mass standards (in kilodaltons) are indicated on the left. On the basis
of their migration, bands were identified as indicated on the right. Strong initiation at the third AUG of the ORF is thought to generate bands
approximately 8 kDa smaller than the primary product (seen most prominently in lanes 2, 4, and 5). (B) Transient expression of YF C-NS3181
polyproteins. Antiserum to either C or prM was used for immunoprecipitation of SDS lysates of BHK-21 cells, as indicated below the figure. Lanes:
1 and 5, mock infected; 2 and 6, vTF7-3 alone; 3 and 7, vTF7-3 infection followed by transfection of the pETBS/YF/C-NS3181 construct; 4 and 8,
vTF7-3 infection followed by transfection with the pETBS/YF/C-NS3181(Ser-138--Ala) construct. The sizes of molecular mass markers (in
kilodaltons) are indicated on the left. The positions of markers produced by cell-free translation (see panel A) are indicated on the right.
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C-NS3,81 construct demonstrated site-specific cleavage activity
with the anchC.3 substrate, whereas lysates from cells express-
ing C-NS31,1(Ser-138-*Ala) were inactive (data not shown).

Identification of proteins expressed in the transient-expres-
sion experiments was based on reactivity with specific antisera
and on migration on SDS-PAGE. To generate markers, we
constructed several transcription plasmids expressing different
portions of the YF structural region (Fig. IA). Constructs
pBS/anchC and pBS/virC express the full-length anchC form
and the C-terminally truncated virion C, respectively; pBS/C-
prM is designed to express the C-prM polyprotein. Figure 6A
shows the results of an in vitro transcription-translation exper-
iment. The full-length products of the virC (lane 3), anchC
(lane 4), and C-prM translations (lane 2) are indicated,
although major bands thought to be internally initiated or
premature termination products are also seen. When C-prM is
translated in the presence of microsomal membranes (lane 5),
a more slowly migrating band is observed, which is thought to
represent glycosylated C-prM (prM is thought to contain two
N-linked glycans [12]). In addition, two new bands are seen:
one corresponds in size to anchC, and the other corresponds to
glycosylated prM, indicating that signalase cleavage has oc-
curred, albeit at low efficiency.

Figure 6B shows the results of immunoprecipitation of SDS
lysates of cells transiently expressing these constructs, using
antisera specific for either C or prM. The ticks on the right of
the gel denote the positions of marker polypeptides produced
by cell-free translation (Fig. 6A). The C-NS31,1 polyprotein
was processed as expected. A faint band migrating slightly
more slowly than the 14.3-kDa marker was specifically immu-
noprecipitated with C antiserum (Fig. 6B, lane 3). The capsid
protein is often difficult to detect by immunoprecipitation (24,
28, 57) or cell-free translation (31, 47) experiments. Although
positive identification was not possible, this band is denoted
virC since its migration is very similar to that of virC produced
by cell-free translation. The protein immunoprecipitated by
prM antisera (lane 7) migrates in the same position as the band
identified as glycosylated prM in the cell-free translation
experiment. Surprisingly, when the polyprotein containing the
Ala-138 substitution was expressed, a larger protein was im-
munoprecipitated by antisera to either C or prM (lanes 4 and
8). This band migrates at the position of the glycosylated
C-prM polyprotein, indicating that translocation of the prM
segment has occurred (the position of nonglycosylated C-prM
is noted for reference). Neither glycosylated prM nor virC was
detected, indicating that the prM signalase cleavage had not
occurred. The larger species in lanes 4, 7, and 8 have not been
identified. These results suggest that NS2B-3 proteinase-me-
diated cleavage at the anchC dibasic site is a prerequisite for
processing at the prM signalase site.

NS2B-3-mediated C/prM cleavage can occur in trans. The in
vitro cleavage assay clearly demonstrates that cleavage at the
anchC dibasic site can occur in trans. To examine trans
cleavage at this site in vivo, we analyzed processing of C-prM,
expressed in the presence or absence of NS2B31,,. Immuno-
precipitation of prM-specific proteins demonstrates a protein
of the same mobility as glycosylated prM in vNS2B3181-
infected cells, and a protein of the same mobility as glycosy-
lated C-prM in the absence of vNS2B3181 (Fig. 7). Unfortu-
nately, the presence of any nonglycosylated C-prM was
obscured by a nonspecific band migrating in this position.
Nevertheless, we conclude from this experiment that the
NS2B-3 proteinase-dependent mechanism for separating C
and prM can occur in tranis.

- 43

( '-pI %I

- " pr\I .iIk d
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FIG. 7. NS2B-3-proteinase mediated processing of C-prM can oc-
cur in trans. Lanes: 1, mock infected; 2, vTF7-3 alone: 3, vTF7-3
infection followed by transfection of pBS/C-prM; 4, coinfection with
vTF7-3 and vNS2B31,5; 5, coinfection with vTF7-3 plus vNS2B3181
followed by transfection of pBS/C-prM. BHK-21 cells were lysed in a
nondenaturing buffer and immunoprecipitated with prM antiserum.
The sizes of molecular mass markers (in kilodaltons) are indicated on
the left. The positions at which cell-free-translated markers migrate
(Fig. 6A) are indicated on the right.

DISCUSSION

This report directly demonstrates NS2B-3-dependent cleav-
age at the proposed consensus cleavage site, and the in vitro
trans-cleavage assay provides a means for purification of an
active NS2B-3 proteinase which should be key for future
biochemical and structural studies on this critical flavivirus
enzyme. Although we have been unable to obtain direct
evidence that the YF virion capsid protein terminates at the
dibasic site, indirect evidence for YF and C-terminal sequence
data of virC for WN (37) and Kunjin virus (51) suggests that
this is likely to be the case.
Although the capsid protein is one of the least conserved of

the flaviviral proteins, it does have some conserved features,
including the consensus cleavage site for the virus-encoded
NS2B-3 proteinase. Also conserved is the hydrophobicity of
the span of residues located between the dibasic site and the
signalase cleavage site that generates the N terminus of prM
(Fig. IB). A number of observations have led to the hypothesis
that an anchC protein, with the hydrophobic region intact, is
separated from the growing polypeptide chain via a cotransla-
tional signalase cleavage at the anchC/prM junction, generat-
ing an anchored form of the capsid. The anchC protein would
remain anchored in the ER membrane by its hydrophobic C
terminus, where it is a substrate for proteolytic cleavage by the
NS2B-3 proteinase at the conserved dibasic site. This model
has been supported by both cell-free translation studies and
studies of recombinants expressing portions of the flavivirus
structural region. Cleavage of the anchC/prM signalase site has
been shown to be dependent on the signal sequence preceding
the N terminus of prM in the absence of the nonstructural
coding region (31, 47), whereas evidence that the virion capsid
sequence terminates at the dibasic site (37, 51) implied that
NS2B-3-mediated cleavage was occurring at some point. Fi-
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FIG. 8. Possible pathways for C-prM processing. The hydrophobic stretch of amino acids immediately preceding the signalase cleavage site at
the N terminus of prM can serve exclusively as an internal signal sequence (the first pathway) or as either an internal or an N-terminal signal
sequence (the second pathway), depending on the availability of protease. In the first pathway, NS2B-3-mediated cleavage on the cytosolic side
of the polyprotein induces conformational changes on the lumenal side of the membrane which allow posttranslational signalase cleavage to occur.
The fate of the signal peptide is unknown. For the second pathway, rapid, perhaps cotranslational, NS2B-3-mediated cleavage at the dibasic site
can generate an N-terminal signal sequence which can facilitate translocation and cotranslational signalase cleavage. In the absence of the dibasic
cleavage, translocation can occur by using the signal sequence internally; under these circumstances, signalase cleavage does not occur efficiently,
generating the C-prM species. A combination of these two pathways might also be possible, in which the C-prM product of the second pathway
can serve as a substrate for the first pathway. Hydrophobic stretches of amino acids are shaded, and probable glycosylation sites are marked with
an asterisk.

nally, it was observed that the YF capsid protein from mature
virions migrated faster on SDS-PAGE than did intracellular
capsid protein (12), suggesting that the intracellular form was
trimmed prior to incorporation into virions. From these data it
was hypothesized that cleavage at the dibasic site occurred
after signalase cleavage to generate the truncated form of the
capsid (virC), possibly in association with viral maturation.
More recent data have challenged this model. Efficient

cleavage of C-prM and secretion of prM-E have been shown to
be dependent on an active NS2B-3 proteinase. Although the
anchC-prM signalase cleavage has been demonstrated in the
absence of the proteinase both in vivo for Japanese encepha-
litis virus (58), dengue type 2 virus (24), dengue type 4 virus (3,
4, 61), and YF (24) and in vitro for WN (37), dengue type 4
virus (31), and YF (47; also see Fig. 6A), cleavage is usually
incomplete, as seen by variable amounts of glycosylated C-prM
polyprotein. Vaccinia virus recombinants expressing the
prM-E coding region of Japanese encephalitis virus (25, 33) or
YF (39) produced secreted forms of the E protein, whereas
addition of the C sequence prevented E secretion. Secretion of
E from a vaccinia virus recombinant expressing the structural
region of Japanese encephalitis virus (excluding the N-terminal
half of C) was stimulated by coinfection with a recombinant

expressing the NS2B-3 proteinase (48). Cells expressing a WN
polyprotein extending from C through the proteolytic domain
of NS3 secreted a prM-E complex (57); removal of the
proteolytic domain prevented secretion, which could in turn be
restored by removal of the cytoplasmic domain of C. Finally, it
was shown for Murray Valley encephalitis virus that a substi-
tution at the active-site serine of the NS3 proteinase inacti-
vated prM processing and prM-E secretion (28). The NS2B-3
proteinase, then, appears to play an important role in the
proper maturation of the structural proteins. The data pre-
sented here demonstrate that although translocation of prM is
independent of a functional NS2B-3 proteinase, cleavage of
the C-prM polyprotein is proteinase dependent; presumably
the NS2B-3-dependent cleavage generates virC by cleavage at
the dibasic site and an extended prM species containing an
N-terminal signal sequence serves as the substrate for signalase
cleavage.
Two possible pathways for C-prM processing present them-

selves at this time (Fig. 8). In the first, prM is translocated into
the lumen of the ER by the internal C-prM signal sequence,
leaving the majority of C exposed in the cytosol. Cleavage at
the dibasic site might then allow posttranslational signalase
cleavage on the lumenal side of the ER membrane to generate
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the N terminus of prM. Although the usual model for signalase
processing is cotranslational (41), pulse-chase studies per-
formed in vitro for YF (47) and in vivo for dengue type 2 virus
(35) suggest that C-prM might be a precursor to prM.

In the second scenario, rapid cleavage at the dibasic site
would release the hydrophobic domain preceding the N termi-
nus of prM and allow it to serve as a traditional N-terminal
signal sequence, similar to processing at the 4A/4B site (27).
The N-terminal signal sequence might be cleaved more effi-
ciently than as a part of the intact C-prM polyprotein. Early in
infection, prior to significant accumulation of the nonstructural
proteins, cleavage at the dibasic site would be infrequent,
generating a membrane-inserted C-prM polyprotein. This
product may be a substrate for cleavage, as discussed above; it
may perform some as yet unknown function in virus assembly;
or it may be a dead-end product. A C-prM species has been
observed in dengue type 2 virus-infected cells (35).

Either of these models might characterize an important level
of regulation in the viral life cycle. Assembly of viral particles
might be coordinated with viral protein and RNA levels by
delaying production of the mature virC until substantial accu-
mulation of the nonstructural proteins has been achieved. This
type of regulation would be possible only if the dibasic capsid
cleavage occurs in trans. A cis cleavage, in which the viral
polyprotein remains associated at the membrane throughout
translation and processing, would be insensitive to concentra-
tion. An obligate cis cleavage at the anchC dibasic site would
also disallow the second model of cotranslational C-prM
processing, in which NS2B-3-mediated cleavage of the dibasic
site generates an N-terminal signal sequence for prM translo-
cation. Although in vitro experiments demonstrate that cleav-
age at the dibasic site occurs readily in trans and in vivo
experiments suggest the same, no evidence is available to
address how the efficiencies of these types of cleavages might
differ in an infected cell. Further studies will be necessary to
distinguish between these different pathways of structural-
protein processing.

ACKNOWLEDGMENTS

We thank our colleagues for critical reading of the manuscript and
L. Dalgarno for providing pH3'2Jl/C-prM.

This work was supported by a grant from the Public Health Service
(AI31501). S.M.A. is a predoctoral candidate supported by the Divi-
sion of Biology and Biomedical Sciences at Washington University and
by NRSA grants 5T32 GM 07067 and 5T32 Al 07172.

REFERENCES

1. Arias, C. F., F. Preugschat, and J. H. Strauss. 1993. Dengue 2
virus NS2B and NS3 form a stable complex that can cleave NS3
within the helicase domain. Virology 193:888-899.

2. Bodwell, J. E., E. Orti, J. M. Coull, D. J. C. Pappin, L. I. Smith,
and F. Swift. 1991. Identification of phosphorylated sites in the
mouse glucocorticoid receptor. J. Biol. Chem. 266:7549-7555.

3. Bray, M., and C.-J. Lai. 1991. Dengue virus premembrane and
membrane proteins elicit a protective immune response. Virology
185:505-508.

4. Bray, M., B. T. Zhao, L. Markoff, K. H. Eckels, R. M. Chanock,
and C.-J. Lai. 1989. Mice immunized with recombinant vaccinia
virus expressing dengue 4 virus structural proteins with or without
nonstructural protein NS1 are protected against fatal dengue virus
encephalitis. J. Virol. 63:2853-2856.

5. Brinton, M. A. 1986. Replication of flaviviruses, p. 327-365. In S.
Schlesinger and M. J. Schlesinger (ed.), The Togaviridae and
Flaviviridae. Plenum Press, New York.

6. Cahour, A., B. Falgout, and C.-J. Lai. 1992. Cleavage of the dengue virus
polyprotein at the NS3/NS4A and NS4B/NS5 junctions is mediated by
viral protease NS2B-NS3, whereas NS4A/NS4B may be processed by a
cellular protease. J. Virol. 66:1535-1542.

7. Castle, E., T. Nowak, U. Leidner, G. Wengler, and G. Wengler.
1985. Sequence analysis of the viral core protein and the mem-
brane-associated proteins VI and NV2 of the flavivirus West Nile
virus and of the genome sequence for these proteins. Virology
145:227-236.

8. Chamberlain, J. P. 1979. Fluorographic detection of radioactivity
in polyacrylamide gels with the water-soluble fluor, sodium salic-
ylate. Anal. Biochem. 98:132-135.

9. Chambers, T. J., A. Grakoui, and C. M. Rice. 1991. Processing of
the yellow fever virus nonstructural polyprotein: a catalytically
active NS3 proteinase domain and NS2B are required for cleav-
ages at dibasic sites. J. Virol. 65:6042-6050.

10. Chambers, T. J., C. S. Hahn, R. Galler, and C. M. Rice. 1990.
Flavivirus genome organization, expression, and replication.
Annu. Rev. Microbiol. 44:649-688.

11. Chambers, T. J., D. W. McCourt, and C. M. Rice. 1989. Yellow
fever virus proteins NS2A, NS2B, and NS4B: identification and
partial N-terminal amino acid sequence analysis. Virology 169:
100-109.

12. Chambers, T. J., D. W. McCourt, and C. M. Rice. 1990. Production
of yellow fever virus proteins in infected cells: identification of
discrete polyprotein species and analysis of cleavage kinetics using
region-specific polyclonal antisera. Virology 177:159-174.

13. Chambers, T. J., A. Nestorowicz, S. M. Amberg, and C. M. Rice.
1993. Mutagenesis of the yellow fever virus NS2B protein: effects
on proteolytic processing, NS2B-NS3 complex formation, and viral
replication. J. Virol. 67:6797-6807.

14. Chambers, T. J., R. C. Weir, A. Grakoui, D. W. McCourt, J. F.
Bazan, R. J. Fletterick, and C. M. Rice. 1990. Evidence that the
N-terminal domain of nonstructural protein NS3 from yellow fever
virus is a serine protease responsible for site-specific cleavages in
the viral polyprotein. Proc. NatI. Acad. Sci. USA 87:8898-8902.

15. Choo, Q.-L., G. Kuo, A. J. Weiner, L. R. Overby, D. W. Bradley,
and M. Houghton. 1989. Isolation of a cDNA clone derived from
a blood-borne non-A, non-B viral hepatitis genome. Science
244:359-362.

16. Coia, G., M. D. Parker, G. Speight, M. E. Byrne, and E. G.
Westaway. 1988. Nucleotide and complete amino acid sequences
of Kunjin virus: definitive gene order and characteristics of the
virus-specified proteins. J. Gen. Virol. 69:1-21.

17. Collett, M. S., D. K. Anderson, and E. Retzel. 1988. Comparisons
of the pestivirus bovine viral diarrhoea virus with members of the
flaviviridae. J. Gen. Virol. 69:2637-2643.

18. Dalgarno, L., D. W. Trent, J. H. Strauss, and C. M. Rice. 1986.
Partial nucleotide sequence of the Murray Valley encephalitis
virus genome. Comparison of the encoded polypeptides with
yellow fever virus structural and non-structural proteins. J. Mol.
Biol. 187:309-323.

19. Falgout, B., R. Chanock, and C.-J. Lai. 1989. Proper processing of
dengue virus nonstructural glycoprotein NSI requires the N-
terminal hydrophobic signal sequence and the downstream non-
structural protein NS2a. J. Virol. 63:1852-1860.

20. Falgout, B., M. Pethel, Y.-M. Zhang, and C.-J. Lai. 1991. Both
nonstructural proteins NS2B and NS3 are required for the pro-
teolytic processing of dengue virus nonstructural proteins. J. Virol.
65:2467-2475.

21. Fuerst, T. R., E. G. Niles, F. W. Studier, and B. Moss. 1986.
Eukaryotic transient-expression system based on recombinant
vaccinia virus that synthesizes bacteriophage T7 RNA polymerase.
Proc. NatI. Acad. Sci. USA 83:8122-8126.

22. Hahn, C. S., Y. S. Hahn, T. J. Braciale, and C. M. Rice. 1992.
Infectious Sindbis virus transient expression vectors for studying
antigen processing and presentation. Proc. Natl. Acad. Sci. USA
89:2679-2683.

23. Hahn, Y. S., R. Galler, T. Hunkapiller, J. M. Dalrymple, J. H.
Strauss, and E. G. Strauss. 1988. Nucleotide sequence of dengue
2 RNA and comparison of the encoded proteins with those of
other flaviviruses. Virology 162:167-180.

24. Hahn, Y. S., E. M. Lenches, R. Galler, C. M. Rice, J. Dalrymple,
and J. H. Strauss. 1990. Expression of the structural proteins of
dengue 2 virus and yellow fever virus by recombinant vaccinia
viruses. Arch. Virol. 115:251-265.

25. Konishi, E., S. Pincus, B. A. L. Fonseca, R. E. Shope, E. Paoletti,

VOL. 68, 1994



3802 AMBERG ET AL.

and P. W. Mason. 1991. Comparison of protective immunity
elicited by recombinant vaccinia viruses that synthesize E or NS1
of Japanese encephalitis virus. Virology 185:401-410.

26. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

27. Lin, C., S. M. Amberg, T. J. Chambers, and C. M. Rice. 1993.
Cleavage at a novel site in the NS4A region by the yellow fever
virus NS2B-3 proteinase is a prerequisite for processing at the
downstream 4A/4B signalase site. J. Virol. 67:2327-2335.

28. Lobigs, M. 1993. Flavivirus premembrane protein cleavage and
spike heterodimer secretion require the function of the viral
proteinase NS3. Proc. Natl. Acad. Sci. USA 90:6218-6222.

29. Mandl, C. W., F. X. Heinz, and C. Kunz. 1988. Sequence of the
structural proteins of tick-borne encephalitis virus (Western sub-
type) and comparative analysis with other flaviviruses. Virology
166:197-2(05.

30. Mandl, C. W., L. Iacono-Connors, G. Wallner, H. Holzmann, C.
Kunz, and F. X. Heinz. 1991. Sequence of the genes encoding the
structural proteins of the low-virulence tick-borne flaviviruses
Langat TP21 and Yelantsev. Virology 185:891-895.

31. Markoff, L. 1989. In vitro processing of dengue virus structural
proteins: cleavage of the pre-membrane protein. J. Virol. 63:3345-
3352.

32. Mason, P. W., P. C. McAda, T. L. Mason, and M. J. Fournier.
1987. Sequence of the dengue-1 virus genome in the region
encoding the three structural proteins and the major nonstructural
protein NS1. Virology 161:262-267.

33. Mason, P. W., S. Pincus, M. J. Fournier, T. L. Mason, R. E. Shope,
and E. Paoletti. 1991. Japanese encephalitis virus-vaccinia recom-
binants produce particulate forms of the structural membrane
proteins and induce high levels of protection against lethal JEV
infection. Virology 180:294-305.

34. Matsudaira, P. 1987. Sequence from picomole quantities of
proteins electroblotted onto polyvinylidene difluoride membranes.
J. Biol. Chem. 262:10035-10038.

35. Murray, J. M., J. G. Aaskov, and P. J. Wright. 1993. Processing of
the dengue virus type 2 proteins prM and C-prM. J. Gen. Virol.
74: 175-182.

36. Nestorowicz, A., T. J. Chambers, and C. M. Rice. 1994. Mutagen-
esis of the yellow fever virus NS2A/2B cleavage site: effects on
proteolytic processing, viral replication and evidence for alterna-
tive processing of the NS2A protein. Virology 199:114-123.

37. Nowak, T., P. M. Farber, G. Wengler, and G. Wengler. 1989.
Analyses of the terminal sequences of West Nile virus structural
proteins and of the in vitro translation of these proteins allow the
proposal of a complete scheme of the proteolytic cleavages
involved in their synthesis. Virology 169:365-376.

38. Osatomi, K., 1. Fuke, D. Tsuru, T. Shiba, Y. Sakaki, and H.
Sumiyoshi. 1988. Nucleotide sequence of dengue type 3 virus
genomic RNA encoding viral structural proteins. Virus Genes
2:99-108.

39. Pincus, S., P. W. Mason, E. Konishi, B. A. L. Fonseca, R. E. Shope,
C. M. Rice, and E. Paoletti. 1992. Recombinant vaccinia virus
producing the prM and E proteins of yellow fever virus protects
mice from lethal yellow fever encephalitis. Virology 187:290-297.

40. Preugschat, F., C.-W. Yao, and J. H. Strauss. 1990. In vitro
processing of dengue virus type 2 nonstructural proteins NS2A,
NS2B, and NS3. J. Virol. 64:4364-4374.

41. Rapoport, T. A. 1992. Transport of proteins across the endoplas-
mic reticulum membranc. Science 258:931-936.

42. Rice, C. M., A. Grakoui, R. Galler, and T. J. Chambers. 1989.
Transcription of infcctious yellow fever RNA from full-length
cDNA templates produced by in vitro ligation. New Biol. 1:285-
296.

43. Rice, C. M., E. M. Lenches, S. R. Eddy, S. J. Shin, R. L. Sheets,
and J. H. Strauss. 1985. Nucleotide sequence of yellow fever virus:
implications for flavivirus gene expression and evolution. Science
229:726-733.

44. Rice, C. M., R. Levis, J. H. Strauss, and H. V. Huang. 1987.

Production of infectious RNA transcripts from Sindbis virus
cDNA clones: mapping of lethal mutations, rescue of a tempera-
ture-sensitive marker, and in vitro mutagenesis to generate de-
fined mutants. J. Virol. 61:3809-3819.

45. Rice, C. M., E. G. Strauss, and J. H. Strauss. 1986. Structure of the
flavivirus genome, p. 279-326. In S. Schlesinger and M. J.
Schlesinger (ed.), The Togaviridae and Flaviviridae. Plenum Press,
New York.

46. Rice, C. M., and J. H. Strauss. 1990. Production of flavivirus
polypeptides by proteolytic processing. Semin. Virol. 1:357-367.

47. Ruiz-Linares, A., A. Cahour, P. Despres, M. Girard, and M.
Bouloy. 1989. Processing of yellow fever virus polyprotein: role of
cellular proteases in maturation of the structural proteins. J. Virol.
63:4199-4209.

48. Sato, T., C. Takamura, A. Yasuda, M. Miyamoto, K. Kamogawa,
and K. Yasui. 1993. High-level expression of the Japanese enceph-
alitis virus E protein by recombinant vaccinia virus and enhance-
ment of its extracellular release by the NS3 gene product. Virology
192:483-490.

49. Schagger, H., and G. von Jagow. 1987. Tricine-sodium dodecyl
sulfate-polyacrylamide gel electrophoresis for the separation of
proteins in the range from I to 100 kDa. Anal. Biochem. 166:368-
379.

50. Shiu, S. Y. W., M. D. Ayres, and E. A. Gould. 1991. Genomic
sequence of the structural proteins of louping ill virus: compara-
tive analysis with tick-borne encephalitis virus. Virology 180:411-
415.

51. Speight, G., and E. G. Westaway. 1989. Carboxy-terminal analysis
of nine proteins specified by the flavivirus Kunjin: evidence that
only the intracellular core protein is truncated. J. Gen. Virol.
70:2209-2214.

52. Sumiyoshi, H., C. Mori, I. Fuke, K. Morita, S. Kuhara, J. Kondou,
Y. Kikuchi, H. Nagamatu, and A. Igarashi. 1987. Complete
nucleotide sequence of the Japanese encephalitis virus genome
RNA. Virology 161:497-510.

53. Trent, D. W., R. M. Kinney, B. J. Johnson, A. V. Vorndam, J. A.
Grant, V. Deubel, C. M. Rice, and C. Hahn. 1987. Partial
nucleotide sequence of St. Louis encephalitis virus RNA: struc-
tural proteins, NSI, ns2a, and ns2b. Virology 156:293-304.

54. Wengler, G., G. Czaya, P. M. Farber, and J. H. Hegemann. 1991.
In vitro synthesis of West Nile virus proteins indicates that the
amino-terminal segment of the NS3 protein contains the active
centre of the protease which cleaves the viral polyprotein after
multiple basic amino acids. J. Gen. Virol. 72:851-858.

55. Wengler, G., G. Wengler, T. Nowak, and E. Castle. 1990. Descrip-
tion of a procedure which allows isolation of viral nonstructural
proteins from BHK vertebrate cells infected with the West Nile
flavivirus in a state which allows their direct chemical character-
ization. Virology 177:795-801.

56. Westaway, E. G. 1987. Flavivirus replication strategy. Adv. Virus
Res. 33:45-90.

57. Yamshchikov, V. F., and R. W. Compans. 1993. Regulation of the
late events in flavivirus protein processing and maturation. Virol-
ogy 192:38-51.

58. Yasuda, A., J. Kimura-Kuroda, M. Ogimoto, M. Miyamoto, T.
Sata, T. Sato, C. Takamura, T. Kurata, A. Kojima, and K. Yasui.
1990. Induction of protective immunity in animals vaccinated with
recombinant vaccinia viruses that express PreM and E glycopro-
teins of Japanese encephalitis virus. J. Virol. 64:2788-2795.

59. Zhang, L., P. M. Mohan, and R. Padmanabhan. 1992. Processing
and localization of dengue virus type 2 polyprotein precursor
NS3-NS4A-NS4B-NS5. J. Virol. 66:7549-7554.

60. Zhao, B., E. Mackow, A. Buckler-White, L. Markoff, R. M.
Chanock, C.-J. Lai, and Y. Makino. 1986. Cloning full-length
dengue 4 viral DNA sequences: analysis of genes coding for
structural proteins. Virology 155:77-88.

61. Zhao, B., G. Prince, R. Horswood, K. Eckels, P. Summers, R.
Chanock, and C.-J. Lai. 1987. Expression of dengue virus struc-
tural proteins and nonstructural protein NSI by a recombinant
vaccinia virus. J. Virol. 61:4019-4022.

J. Vl ROL.


