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Although it is known that the flavivirus capsid protein is essential for genome packaging and formation of
infectious particles, the minimal requirements of the dimeric capsid protein for virus assembly/disassembly
have not been characterized. By use of a trans-packaging system that involved packaging a yellow fever virus
(YFV) replicon into pseudo-infectious particles by supplying the YFV structural proteins using a Sindbis virus
helper construct, the functional elements within the YFV capsid protein (YFC) were characterized. Various N-
and C-terminal truncations, internal deletions, and point mutations of YFC were analyzed for their ability to
package the YFV replicon. Consistent with previous reports on the tick-borne encephalitis virus capsid protein,
YFC demonstrates remarkable functional flexibility. Nearly 40 residues of YFC could be removed from the N
terminus while the ability to package replicon RNA was retained. Additionally, YFC containing a deletion of
approximately 27 residues of the C terminus, including a complete deletion of C-terminal helix 4, was
functional. Internal deletions encompassing the internal hydrophobic sequence in YFC were, in general,
tolerated to a lesser extent. Site-directed mutagenesis of helix 4 residues predicted to be involved in intermo-
nomeric interactions were also analyzed, and although single mutations did not affect packaging, a YFC with
the double mutation of leucine 81 and valine 88 was nonfunctional. The effects of mutations in YFC on the
viability of YFV infection were also analyzed, and these results were similar to those obtained using the replicon
packaging system, thus underscoring the flexibility of YFC with respect to the requirements for its functioning.

Flaviviruses are small, spherical, enveloped viruses with a
positive-sense RNA genome. The flavivirus genome (approxi-
mately 11,000 nucleotides) encodes three structural proteins
and seven nonstructural proteins from a single open reading
frame (25). The nonstructural proteins are responsible for
various enzymatic activities, including those of RNA-depen-
dent RNA polymerase, helicase, and protease, that are essen-
tial for the process of genome replication and as a result have
been the primary focus of antiviral drug development in recent
years. The structural proteins, along with the host-derived lipid
bilayer and a single copy of the RNA genome, assemble to
form the flavivirus virion. The flavivirus virion is �50 nm in
diameter with a relatively smooth outer surface that is con-
structed from 180 copies of both the major envelope (E) pro-
tein and the small membrane (M) protein. The E and M
proteins are anchored to the underlying viral membrane via
C-terminal transmembrane domains. At the center of the
virion resides the nucleocapsid core, which is composed of the
capsid (C) protein in complex with the viral genome (22, 32,
41).

The E protein is responsible for virus binding to host cells
and, following receptor-mediated endocytosis, low-pH-in-
duced fusion of the viral and host membranes which ultimately
results in release of the nucleocapsid into the cytoplasm of the
infected cell (1, 8, 25). The importance of the M protein in the
virion structure is not clear, but in its immature state (prM) it

functions to protect the E protein from premature fusion dur-
ing virion morphogenesis (42). By themselves, the E and (pr)M
proteins are able to assemble into noninfectious virus-like par-
ticles (VLPs). VLPs are small T�1 particles that are normally
produced during flavivirus infectious (11, 25). Similar, if not
identical, particles have also been produced by expression of
the E and prM proteins in several heterologous expression
systems (3, 12, 20, 21, 34). In addition, the production of larger
VLPs, which are likely to be structurally equivalent to virus
particles, yet lacking nucleocapsids, have been reported, indi-
cating that the structural determinants of enveloped virus as-
sembly (i.e., the ability to form a closed spherical shell) can
function independently of the C protein (2).

The molecular organization of the outer surfaces of the
mature (E and M) and immature (E and prM) virions have
been determined by using a combination of cryoelectron mi-
croscopy of whole virions and available atomic resolution
structures of isolated E protein (22, 30, 35, 32, 42, 43). In
contrast, the organization and molecular interactions of the C
protein within the nucleocapsid of the virion are currently
unknown. Cryoelectron microscopy reconstructions of both
dengue virus type 2 (DEN2) and West Nile virus (WNV)
reveal a nucleocapsid core that apparently lacks organization
or has a different symmetry than the outer envelope (22, 30).
Indeed, the nucleocapsid core lacks a distinct C protein shell,
suggesting that the C protein and viral RNA assemble in a
random way. Perhaps most surprisingly, the nucleocapsid lacks
connectivity with the surrounding viral membrane, suggesting
that few if any interactions take place between the C protein
and the E and M proteins. However, the essential nature of the
C protein for packaging the viral RNA into virions has been
demonstrated and suggests that the C protein may represent a
potentially useful target for the development of novel antiviral
strategies (14). The C protein was recently shown to be an
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effective target for generating highly attenuated vaccine strains
of tick-borne encephalitis virus (TBEV) (18, 28).

The C protein is an �12-kDa, highly basic protein, with the
lowest conservation of the flavivirus proteins. RNA binding
studies have implicated the first 32 and last 26 residues of the
Kunjin virus (KUN) C protein (KUNC) in binding of the viral
RNA (15). The �20-residue hydrophobic C terminus of the
precursor C protein anchors the C protein to the cytoplasmic
side of endoplasmic reticulum (ER) membranes and functions
as a signal sequence for translocation of the prM protein into
the lumen of the ER. The C protein found in virions lacks the
C-terminal signal sequence and is the result of a proteolytic
cleavage by the viral protease NS2B-NS3 (4, 39, 40). The ma-
ture form of the C protein remains associated with intracellular
membranes via an internal hydrophobic sequence (IHS) that is
conserved in all flavivirus C proteins (29).

The solution structure of the DEN C protein (DENC) ex-
pressed in Escherichia coli was previously determined by nu-
clear magnetic resonance techniques and is a dimer in solution
with each subunit composed of four alpha helices (�1 to �4)
(Fig. 1B) (26). The N-terminal �20 residues of the DENC are
unstructured in solution. The first three helices (�1 to �3) form
a right-handed bundle that comprises the monomer core of the
DENC protein, and �4, the longest helix, extends away from
the monomer core. The �4 from each monomer shows a high
density of basic residues on the solvent-accessible surface and
is proposed to interact with the viral RNA. On the opposite
face the surface contributed by �2 and �1 is largely uncharged.

On that side of the DENC dimer, the IHS from each monomer
associate to form a rather extensive dimerization interface
spanning residues 46 to 66 that creates a solvent-accessible
nonpolar patch, and it has been suggested that this nonpolar
face is responsible for the membrane association of the C
protein. However, the importance of this property of the C
protein is not clear, since large deletions spanning much of the
IHS of the TBEV C protein (TBEC), which have only mod-
erate effects on virus viability, have been described (18). The
crystal structure of the KUNC (KUN is closely related to
WNV, differing at only four residues in the C protein) has
recently been reported and exhibits a fold that is very similar
overall to that of DENC, with the exception of the relative
orientation of �1 (10).

Despite the low sequence identity of the flavivirus C pro-
teins, certain features are well conserved in all flaviviruses (Fig.
1A). Firstly, the flavivirus C protein is highly basic, reflecting its
function in the binding and encapsidation of the viral RNA.
Secondly, the C protein possesses an IHS, the length of which
varies from 14 to 22 hydrophobic residues among the different
flavivirus species. While the IHS was previously shown to be
necessary and sufficient to mediate membrane association of
the C protein, the importance of this association has not been
established (29). The oligomeric state of the C protein is also
apparently conserved, since in the cases of DEN2, WNV,
KUN, yellow fever virus (YFV), and TBEV, the C protein is
dimeric in solution (10, 13, 17, 26). The relevance of the di-
meric state of the C protein during virion morphogenesis has

FIG. 1. (A) Multiple sequence alignment of flavivirus C proteins. Residues with high similarity (�50%) are shown in red, and the conserved
residues are indicated by the solid red bar. The IHS is shaded in gray. The secondary structure for DENC showng helices 1 through 4 is indicated
at the top. JEV, Japanese encephalitis virus. (B) Ribbon diagram of the DENC dimer, residues 21 to 100 (26). Helix �1 is blue, �2 is green, �3
is yellow, and �4 is red (image generated using Visual Molecular Dynamics [VMD]; University of Illinois, Urbana-Champaign). (C) Schematic
representation of the YFV genome, with open boxes denoting regions coding for the structural (white) and nonstructural (light gray) proteins that
are translated as a polyprotein. The 5�- and 3�-untranslated regions (UTR) are depicted as solid lines. Also shown is a schematic representation
of the YFV replicon construct, YF-R.Luc2A-RP (14). A light gray box denotes the YFV nonstructural protein coding sequence. The star indicates
the location of the RNA cyclization sequence within the coding sequence for the first 20 residues of the C protein, which is retained in the replicon.
The black box indicates the NS1 signal sequence. R.luc, Renilla luciferase; 2A, a 17-amino-acid residue autoproteolytic peptide from foot-and-
mouth disease virus. Also shown is a schematic representation of the SIN replicon constructs that were used to express YFV structural proteins,
SIN-CprME and SIN-prME. The coding sequence for the SIN nonstructural proteins, nsP1-nsP4, is denoted by a dark gray box. The YFV
structural proteins (white box) are expressed from the SIN subgenomic promoter (black arrow). Lines indicate 5�- and 3�-UTRs, and the poly A
tail is shown.
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not been clearly demonstrated but is thought to play a func-
tional role. Nucleocapsid core-like particles (CLPs) have been
assembled from purified dimeric TBEC when combined with
nucleic acid in vitro, suggesting that the dimeric form of the C
protein might function as one of the building blocks of virion
assembly (17).

Previously we described the construction of a noninfectious
YFV replicon (YF-R.luc2A-RP) that encodes the Renilla lu-
ciferase reporter gene (Fig. 1C) (14). Moreover, it was shown
that a Sindbis virus (SIN)-based replicon expressing the YFV
structural proteins in trans (SIN-CprME) could be used to
package YF-R.luc2A-RP replicon RNA into pseudo-infectious
virus particles (PIPs) (Fig. 1C). Importantly, it was also dem-
onstrated that the C protein was essential for the production of
PIPs as SIN-prME; a construct lacking the C protein was
incapable of packaging replicon RNA. Therefore, deletion
analysis of the C protein in the context of the trans-packaging
system could be used to define the functional regions of the C
protein. Here we report the use of this system to define the
minimal functional sequences of the flavivirus C protein. Con-
sistent with previous reports on TBEC, the YFV C protein
(YFC) demonstrates remarkable functional flexibility. Nearly
40% of the C protein from the N terminus could be removed,
while the ability to package replicon RNA was retained. In
addition, the C protein function was tolerant of deletion of
approximately 30% of the C terminus, including a complete
deletion of �4. Internal deletions encompassing the IHS were,
in general, tolerated to a lesser extent. The effects of mutations
in the C protein on the viability of YFV infection were also
tested, and these results were in accordance with those ob-
tained using the replicon packaging system.

MATERIALS AND METHODS

Cell culture and virus stocks. BHK-15 cells obtained from the American Type
Culture Collection were maintained in minimal essential medium (MEM; Life
Technologies) containing 10% fetal bovine serum (FBS). Cells were grown at
37°C in the presence of 5% CO2. YFV stocks were generated by standard
procedures from pYF23, a plasmid derived from pACNR/FLYF (a full-length
cDNA clone of YFV 17D kindly provided by C. M. Rice). For plaque assays,
10-fold serial dilutions of culture supernatant were made in phosphate-buffered
saline (PBS) containing 1% FBS. Cells at a density of 80 to 90% were inoculated
with the serial dilutions. After being infected at 37°C for 1 h, monolayers were
overlaid with agarose, incubated for 3 days, and stained with 5% Neutral Red.
For analysis of virus growth, BHK cells were transfected with either wild-type or
mutated RNA transcripts, culture supernatants were harvested at various time
points, and the virus titer was determined by a standard plaque assay.

Plasmids and cloning procedures. Replicons of YFV were derived from YF23,
a full-length cDNA clone of YFV. The construction of the YF-R.luc2A-RP
replicon has been described previously (14). SIN-based replicons that expressed
the YFV structural proteins were constructed from pToto64, a full-length cDNA
clone of SIN. The construction of the SIN-prME and SIN-CprME helper rep-
licon constructs is also described in reference 14. All mutations within the coding
sequence for the C protein were engineered in the SIN-CprME replicon or the
pYF23 full-length plasmid constructs by using standard PCR mutagenesis tech-
niques.

RNA transcription and transfection. RNA transcripts of YFV, both full-length
and replicon constructs, and SIN replicons were generated by in vitro transcrip-
tion using SP6 RNA polymerase (Amersham Biosciences) from DNA templates
that had been linearized by digestion with XhoI and SacI restriction enzymes,
respectively, and that were subsequently purified using GFX columns (Amer-
sham Biosciences). For electroporation of BHK-15 cells, 90% subconfluent
monolayers of cells grown in T-75 culture flasks (�1 � 106 cells) were harvested
by trypsinization and washed twice with PBS before finally being resuspended in
400 �l of PBS. The resulting cells were combined with �10 �g of in vitro-
transcribed RNA, placed in a 2-mm-diameter Gene Pulser cuvette (Bio-Rad),

and electroporated (two pulses at settings of 1.5 kV, 25 �F, and 200 	) using a
GenePulser II apparatus (Bio-Rad). Following 5 min of recovery at room tem-
perature, the cells were resuspended in MEM supplemented with 10% FBS.
For transfection using Lipofectamine 2000 reagent (Invitrogen), the Lipo-
fectamine reagent was diluted in OptiMEM (Invitrogen) according to the
manufacturer’s instruction and incubated at room temperature for 5 min.
Following the 5-min incubation, in vitro-transcribed RNA (�5 �g) in Opti-
MEM was then added to the diluted Lipofectamine and incubated for an
additional 20 min at room temperature. The RNA-Lipofectamine mixture
was then added directly to the BHK cells in MEM with 5% FBS.

Generation of PIPs. BHK-15 cells were electroporated with in vitro-tran-
scribed YF-R.luc2A-RP replicon RNA, and resuspended cells were placed in a
24-well plate and incubated at 37°C for 12 to 15 h. The cells were thoroughly
washed with PBS to get rid of unincorporated replicon RNA. SIN replicon
transcripts, containing either wild-type full-length or mutated C protein, were
transfected with Lipofectamine 2000 reagent (Invitrogen) into the previously
electroporated cells to initiate production of PIPs. Cell supernatants from the
cotransfected cells were harvested at 12 h following the second transfection, and
100 �l of supernatant was used to infect naı̈ve BHK cells. Cell extracts were
taken from these cells at 24 h postinfection, and luciferase assays were per-
formed.

Luciferase assays. To determine the Renilla luciferase activity, cells were
washed with PBS and lysed using Renilla lysis buffer, and lysates were stored at

80°C. The extracts were thawed at room temperature and immediately used in
the assay. Luciferase activity was initiated by addition of 10 �l of cytoplasmic
extracts to 50 �l of Renilla luciferase substrate (Promega). The luciferase activity
was detected using a Lumat luminometer system (Berthold) and measured in raw
light units (RLU).

Rate of zonal-gradient centrifugation. Culture supernatants (1.5 ml) contain-
ing PIPs were loaded on to continuous 5 to 40% OptiPrep gradients in Tris-
NaCl-EDTA buffer. Centrifugation was performed using a SW41 rotor (Beck-
man) at 38,000 rpm for 7 h at 4°C. Gradients were fractionated manually into
500-�l fractions. BHK-15 cells were infected with 100 �l of each fraction. The
cells were overlaid with an appropriate volume of MEM containing 5% FBS, and
a luciferase assay was performed 24 h postinfection.

Thermal stability. One hundred microliters of PIPs was incubated at 49°C for
10, 20, 30, 40, or 50 min. After each time point, the PIPs were incubated at 4°C.
BHK-15 cells were then infected with all 100 �l of PIPs. The cells were overlaid
with an appropriate volume of MEM containing 5% FBS, and a luciferase assay
was performed 24 h postinfection.

RESULTS

Previously, the procedure developed for trans packaging in
BHK-15 cells relied on sequential electroporations with first
the YF-R.luc2A-RP RNA and then the SIN-CprME RNA,
and an optimal time interval of 24 h was used between elec-
troporations. However, during preliminary experiments it be-
came clear that a modification of the previously established
procedure was necessary to facilitate screening of large num-
bers of C protein deletion mutants. Here, after electroporation
of the YF-R.luc2A-RP RNA, BHK-15 cells were dispensed
into a 24-well plate, and 12 h postelectroporation, the SIN-
CprME RNA was transfected into these cells using Lipo-
fectamine 2000.

Truncations of the unstructured N terminus of the C pro-
tein. Within the coding region for the N terminus of the C
protein resides a cis-acting element that mediates cyclization
with a complementary sequence located in the 3�-nontrans-
lated region of the flavivirus genome (16). Several groups have
observed that deletion of this 5�-cyclization sequence prevents
flavivirus replication (7). In YFV, a 21-nucleotide region span-
ning amino acid residues 9 to 15 of the C protein coding
sequence was found to be essential for robust replication (7).
However, the function of the amino acid residues encoded by
the 5�-cyclization sequence has not been addressed. The N
terminus of the C protein is enriched in basic residues, which
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would suggest that this region has a role in the binding of the
viral RNA. Consistent with this notion, in vitro studies have
implicated the N-terminal third of the C protein in RNA bind-
ing (15). Moreover, the first �20 residues of the C protein are
unstructured in solution, a situation analogous to that of the
RNA binding regions of other positive-strand RNA virus cap-
sid proteins. To determine the functional importance of the
unstructured N terminus of the C protein, successive deletions
within this region were engineered into the SIN-CprME rep-
licon, and the resultant mutants were subsequently tested for
their ability to produce PIPs in the trans-packaging system. The
first three amino acids of the C protein were retained in all the
N-terminal truncations for efficient translation. Deletions of
the C protein coding sequence encompassing the entire YFV

5�-cyclization sequence had no measurable effect on C protein
function. In fact, moderate increases in the production of PIPs
were observed, with incremental N-terminal truncations up to
residue 17 (Fig. 2A). However, complete removal of the un-
structured N terminus of the C protein resulted in modest (less
than twofold) decreases in C protein activity compared to the
wild type. The C protein mutant with residues 4 to 19 deleted
[C(�4-19)] exhibited the first moderate decrease in C protein
activity. Interestingly, Arg18 is completely conserved among
flavivirus C proteins. However, the mutation of R18 to E or A
in the context of full-length C protein had no measurable effect
on C protein activity (data not shown), and thus the decrease
must be due to the deletion of residues 4 to 19 and not residue
R18 itself.

FIG. 2. Packaging of YF-R.luc2A-RP using truncated YFC. A schematic diagram of mutated YFC is shown, with white boxes indicating deleted
residues. The helices are colored as described in the legend to Fig. 1. Graphs indicate log values of Renilla luciferase activity (Log RLU) in BHK-15
cells infected with PIPs at 24 h postinfection. PIPs were generated by electroporation of BHK cells with the YF-R.luc2A-RP replicon followed by
transfection of full-length (Wt) or mutated SIN-CprME or SIN-prME (prME) replicon RNAs (see Materials and Methods). (A) Activity of PIPs
produced using YFC containing truncations within the N-terminal unstructured region (first 20 residues). (B) Activity of PIPs produced using YFC
containing truncations of the N-terminal regions (including �1 and �2). (C) Activity of PIPs produced using YFC containing truncations within
the C-terminal domain (including �4). The activity of PIPs produced using the C(�77-96) construct containing the Q45L revertant, labeled as
�77-96/Q45L, is also shown. (D) Activity of PIPs produced using YFC containing both N- and C-terminal truncations.
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Further N-terminal truncations of the C protein. Second-
ary-structure prediction indicates that YFC is composed of
three alpha helices rather than the four observed in both
DENC and KUNC (13). The extent and position of these
helices closely resemble those of �2 to �4 in DENC, suggesting
that YFC is missing the alpha helix corresponding to �1 in
DENC. Given the apparent tolerance of YFC to deletions of at
least the first 20 residues (see “Truncations of the unstructured
N terminus of the C protein”) and the lack of predicted sec-
ondary-structure elements within the first �40 residues, we
constructed additional N-terminal truncations to determine
the functional limits of YFC. While progressively larger N-
terminal truncations resulted in corresponding decreases in C
protein activity as determined by the production of PIPs, re-
moval of the first 40 residues produced a truncated C protein
that still retained more significant activity than the wild type; a
�14-fold reduction in activity was observed for C(�4-40) (Fig.
2B). Removal of 39 residues from the N terminus [C(�4-42)]
resulted in low but detectable activity; however, removal of 43
residues [C(�4-46)] resulted in background levels of luciferase
activity, indicating that 39 residues at the N terminus of YFC
are dispensable for C function but removal of an additional
four residues prevents C activity.

C-terminal truncations of the C protein. The C-terminal 23
residues of DENC that comprise �4 extend away from the
monomer core, making few intramonomer contacts. Instead,
�4 makes extensive contacts with �2�, �3�, and �4� of the
adjacent monomer (26). Thus, the C-terminal helix appears to
play an important structural role in stabilizing the C protein
dimer through multiple intermonomeric contacts. In addition,
the C terminus, as is the case with the N terminus, is enriched
in basic residues and has also been implicated in RNA binding
(15). To examine the importance of the C terminus for the
function of the C protein, a series of C-terminal truncations
were engineered, and the resultant mutants were subsequently
tested for activity. To maintain the NS2B-3 cleavage site, which
is present at the C terminus of the C protein before the signal
sequence of prM, the last five residues that encompass the
dibasic site were retained in each C-terminal truncation. Ad-
ditionally, the expression levels of E protein within cells trans-
fected with SIN-CprME transcripts containing either wild-type
or mutated C protein were determined by immunofluores-
cence and Western blotting of cell extracts and were found to
be essentially equivalent (data not shown). This suggested that
the expression and processing of prM-E structural proteins
occurred efficiently in wild-type as well as mutated C protein
constructs, which in turn indicated that C/prM cleavage was
probably not impaired as a result of these C-terminal trunca-
tions.

The C-terminal deletion of 12 residues [C(�85-96)] resulted
in an �60-fold decrease in packaging efficiency compared to
that of the wild type (Fig. 2C). Although larger C-terminal
deletions of up to 23 residues (spanning the entire �4 helix in
DENC) resulted in greater decreases of luciferase activity,
packaging was still detected, suggesting that much of the C
terminus is dispensable for C protein function. However, the
largest C-terminal deletion constructed, C(�69-96), was not
functional (Fig. 2C). Residue W69 is conserved among all
flaviviruses and, based on DENC structure, contributes both
inter- and intramonomeric contacts, thus playing a role in

stabilizing both the monomer and the dimer of the C protein
(26).

N- and C-terminal truncations of the C protein. As men-
tioned previously, the N and C termini are relatively enriched
in basic residues and have been implicated in RNA binding.
Based on the results outlined in the previous sections, both the
N and C termini are dispensable for encapsidating the replicon
RNA in the trans-packaging system, perhaps indicating that
each terminus compensates for binding and packaging of the
RNA genome in the absence of the other terminus. Coimmu-
noprecipitation studies with DENC identified a region of the C
protein corresponding to residues 37 to 72 as the minimal
region for homotypic interactions within the C protein dimer,
and interestingly, in our assay C(�4-36) and C(�77-96) were
the largest N- and C-terminal truncations that retained signif-
icant activity (37). In order to investigate whether this minimal
homotypic region is also the minimal functional domain of the
C protein and to examine the contribution of each of the
termini in their ability to bind RNA and package the genome,
N-terminal and C-terminal truncations were engineered simul-
taneously in YFC so as to create a construct that retained
residues 37 to 76 [C(37-76)] (the first three and last four res-
idues of the C protein were also retained, as mentioned pre-
viously). This construct was tested for activity in the trans-
packaging assay but was not functional. With the purpose of
correcting the defect, N- or C-terminal residues were incre-
mentally added to C(37-76), and the resultant mutants were
tested for activity. Addition of N-terminal sequences so as to
retain residues 21 to 77 [C(21-77)] restored the activity, and
further addition of residues to the N terminus to retain resi-
dues 17 to 77 [C(17-77)] increased the packaging efficiency
(Fig. 2D). Surprisingly, addition of C-terminal residues 37 to
76 to obtain a construct containing residues 37 to 84, C(37-84),
was not functional, and further addition of four residues to
obtain C(37-88) also did not restore the packaging function
(Fig. 2D). Based on the above data, the N terminus of the C
protein appears to contribute more than the C terminus for
RNA binding and packaging functions. An alternative expla-
nation for this result is that the truncated protein is poorly
folded and might not form a dimer. The addition of N-terminal
sequences may more efficiently restore folding and dimeriza-
tion than sequences added to the C terminus of the protein.

Internal deletions of the C protein. Recently, Kofler et al.
demonstrated the functional flexibility of the C protein
through the analysis of several internal deletion mutations
within TBEC in the context of infectious TBEV (18). We
engineered a similar set of internal deletions to probe the
functional importance of this region in YFC. C(�26-36) and
C(�26-42) had only modest effects on C protein function, con-
sistent with the tolerance of TBEC for similar deletions [see
the discussions of C(�28-35) and C(�28-43), respectively, in
reference 18] (Fig. 3). Moreover, these results were consistent
with the tolerance of the C protein for large N-terminal trun-
cations (see above). An even larger internal deletion was then
introduced into the C protein [C(�26-56)] and tested for ac-
tivity. In contrast to the smaller internal deletions C(�26-36)
and C(�26-42), the largest deletion [C(�26-56)], which re-
moved almost the entire IHS, demonstrated no PIP activity
and was consistent with the results obtained for TBEC (Fig. 3).

Kofler et al. have reported the viability of TBEV harboring
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a similar large internal deletion within the TBEC. However,
without exception, the viability of the recovered virus was de-
pendent on the emergence of certain second site mutations
(19). Viruses with two types of second site mutation that re-
stored viability, including in-frame duplication of C protein
sequences and point mutations, were recovered. Many of the
point mutations occurred within the C terminus (correspond-
ing to the �4 in DENC). One such point mutation (K79I) was
independently isolated as a second site mutation for two dif-
ferent internal deletion mutations. Based on sequence align-
ments of flavivirus C proteins and the DENC structure, K79
corresponds to residue R85 (K85 in YFV) (Fig. 1A). Exami-
nation of a helical wheel plot for residues in this region of the
C protein indicates that position 85 corresponds to the a po-
sition within the heptad repeat of hydrophobic residues that
line the �4-�4� dimer interface (Fig. 4A). One interpretation
of the results is that the second site mutation K79I stabilizes
the �4-�4� interface and, therefore, the TBEC dimer. To ex-
amine this premise further, we tested the ability of the YFV
substitution K85L to recover the activity of the C(�26-56)
deletion mutation. However, introduction of the K85L muta-
tion into C(�26-56) did not restore C protein activity (data not
shown).

Analysis of N-terminal truncations and the internal dele-
tions, as mentioned above, illustrates that C proteins with
deletions extending beyond residue 42 were nonfunctional. To
examine the role of residues 43 to 56 (corresponding to �2 in
DENC), which also encompass the IHS, smaller deletions
within that region [C(�43-48) and C(�49-56)] and of the entire

FIG. 3. Packaging of YF-R.luc2A-RP using YFC harboring inter-
nal deletions. A schematic diagram of mutated YFC is shown, with
white boxes indicating deleted residues. The helices are colored as
described in the legend to Fig. 1. The graph indicates log values of
Renilla luciferase activity (Log RLU) in BHK-15 cells infected with
PIPs at 24 h postinfection. PIPs were generated by electroporation of
BHK cells with YF-R.Luc2A-RP replicon followed by transfection of
full-length (Wt) or mutated SIN-CprME or SIN-prME (prME) repli-
con RNAs (see Materials and Methods). The activity of PIPs produced
using YFC containing either a deletion of �1 [C(�26-36)], a deletion of
�1 and the loop between �1 and �2 [C(�26-42)], smaller deletions
within �2 [C(�43-48) and C(�49-56)], a deletion of the entire �2
[C(�43-56)], or a deletion of entire �1 and �2 [C(�26-56)] is shown.

FIG. 4. (A) Helical wheel representations of the C-terminal helix, �4, of DENC and YFC. �4 shows characteristics of a coiled coil with
hydrophobic residues at positions a and d of the helical wheel; however, R85 in DENC (K85 in YFC) in the a position is an unlikely amino acid
for coiled-coil structures. The side chains of L78, L81, V88, M92, and L95 in �4 of one monomer are involved in intermonomeric interactions with
their counterparts in �4 of the other monomer. (B) Packaging of YF-R.luc2A-RP using YFC containing point mutations in �4. The activity of PIPs
produced using YFC containing point mutations of residues L78, L81, V88, M92, or L95 that are involved in intermonomeric hydrophobic
interactions is shown. Wt, wild type.
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helix [C(�43-56)] were made (Fig. 3A). The smaller deletions
retained significant activity, but deletion of the entire region
resulted in very little activity. This demonstrated that the IHS
was important but not absolutely required for activity.

Point mutations in the C-terminal helix of the C protein. As
mentioned previously, the C-terminal helix �4 in DENC ap-
pears to play an important structural role in stabilizing the C
protein dimer through multiple intermonomeric contacts. The
�4-�4� interface is stabilized by interactions along the length of
the helices and has the characteristics of a coiled-coil structure,
including a slight superhelical twist of the helices and the
packing of leucine and isoleucine side chains across the inter-
face at positions a and d of a heptad repeat, although it has not
been predicted to form a coiled coil by sequence-based pre-
diction programs (26). Hydrophobic interactions between side
chains of I78, L81, I88, L92, and L95 on one monomer and
their counterparts on the adjacent monomer stabilize the �4-
�4� dimer. Secondary-structure prediction programs indicate
the presence of a helix, �4, in the C-terminal region of YFC,
and the helix also has the propensity to form a coiled coil (Fig.
4A). However, in both DENC and YFC, residue 85, which is in
the a position, is a charged residue (arginine and lysine, re-
spectively). The presence of a charged residue significantly
reduces the propensity for the helix to adopt a coiled coil with
its neighboring monomer. As shown above, the C terminus of
YFC was completely dispensable for activity. We sought to
investigate the role of the hydrophobic interactions in the
C-terminal helix in the context of the full-length C protein in
activity. In the predicted structure of YFC, generated as a
homology model based on the DENC structure, hydrophobic
interactions occur between residues L78, L81, V88, M92, and
L95 of one monomer and the corresponding residues of the
adjacent monomer. Point mutations were made at these resi-
dues, and the resultant mutants were tested for activity (Fig.
4B). The single substitutions L78N, M92N, and L95N resulted
in fairly small effects on C protein activity, but there was a
reduction in luciferase activity with the L81N and V88N mu-
tations compared to the wild type, suggesting that the decrease
in activity might be a result of the destabilization of the dimer.
Indeed, a double substitution of residues L81 and V88 to
asparagine, L81N/V88N, was nonfunctional.

Characterization of the physical properties of PIPs: sedi-
mentation density gradient centrifugation. In their analyses of
TBEC mutants using rate zonal gradient centrifugation, Kofler
et al. reported the mutants carrying larger deletions (such as
deletion of residues 28 to 35 or larger internal deletions) sedi-
mented with velocities between those of the control recombi-
nant subviral particles and those of the wild-type virus (18). It
was of interest to compare the size and density of the PIPs
generated using different deletions within the C protein to
those of the PIPs generated using wild-type C protein. To
better define the physical forms of PIPs, they were separated
on continuous OptiPrep gradients. The gradient fractions were
used to infect BHK-15 cells, and the luciferase activity was
measured (Fig. 5A). Wild-type and C(�4-40) PIPs were found
to sediment in the gradient at identical rates. PIPs generated
using a deletion of �1 [C(�26-42)] were found to sediment
similarly to wild-type PIPs. However, PIPs containing C(�77-
96) (deletion of the C-terminal helix �4) and C(�43-48) (de-
letion of half of the IHS) sedimented at a slower rate than

wild-type PIPs. Moreover, the profile of distribution for the
C(�77-96) PIPs in the gradient revealed two peaks, suggesting
two different species of particles. The profile was also much
more varied for C(�77-96) PIPs, in contrast to the sharp peak
obtained for wild-type PIPs, suggesting that the C(�77-96)
PIPs were perhaps not as stable in the gradient.

Stability of PIPs. The stability of PIPs was analyzed by
assaying their sensitivity to incubation at 48°C for 10-min in-
tervals up to 50 min. In order to have an equal number of PIPs
in the thermal stability assay, PIPs generated using different
mutations of YFC were appropriately diluted to obtain similar
luciferase activity in infected BHK cells, and those respective
dilutions were used. As shown in Fig. 5B, the PIPs containing
N-terminal deletions [C(�4-40) and C(�26-42)] exhibited wild
type-like thermal stability. However, the PIPs containing C-
terminal deletions [C(�77-96)] or deletions within the IHS
[C(�43-48)] were less stable than wild-type PIPS. C(�77-96)
and C(�43-48) PIPs were completely inactivated within 30 min
of treatment at 48°C since no luciferase activity was detected in
cells infected with these PIPs, while the wild-type and C(�4-40)

FIG. 5. (A) Velocity gradient sedimentation analysis of PIPs. PIPs
were centrifuged on a continuous OptiPrep gradient. The gradient was
fractionated, and BHK-15 cells were infected using 100 �l of the
fractions. Renilla luciferase activity in infected cells at 24 postinfection
(on the y axis) was plotted against the corresponding fraction number
(on the x axis). Renilla luciferase activity is expressed in RLU. PIPs
generated using C(�4-40) or C(�26-42) sedimented similarly to wild-
type (Wt) PIPs. (B) The thermal stability of the PIPs was assayed by
incubating PIPs at 48°C. Aliquots (100 �l) were taken at 10, 20, 30, 40,
and 50 min and used to infect BHK-15 cells. Renilla luciferase activity
in infected cells at 24 postinfection (on the y axis) was plotted against
the time of incubation (on the x axis). Renilla luciferase activity is
expressed in RLU. The dashed line indicates background luciferase
levels.
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PIPs were stable even after 50 min of incubation at 48°C. The
thermal stability profile obtained for PIPs containing the L81N
point mutation was similar to that obtained for the C(�77-96)
PIPs (data not shown). These observations suggest that the
C-terminal �4 and the IHS, but not the N terminus, play a role
in maintaining the stability of the PIPs.

Effect of capsid mutations on virus production. To study the
effect of mutations in C protein on the viability of YFV, C-
terminal truncations, internal deletions, and point mutations in
the C-terminal helix were engineered into the full-length in-
fectious cDNA clone of YFV. N-terminal truncations of the C
protein could not be introduced due to the requirement of the
5�-cyclization sequence present in the coding sequence for
amino acids 9 to 15 for genome replication. Mutations were
introduced using standard PCR techniques, and these muta-
tions are listed in Table 1. Full-length transcripts containing
deletions were transfected into BHK-15 cells using DEAE-
dextran, and their plaque phenotypes were analyzed.

The results obtained in these mutational analyses of the C
protein in virus compared favorably with those obtained using
the trans-packaging system as described in the previous sec-
tions. As shown in Table 1, an internal deletion of residues 26
to 36 yielded an almost-wild-type-sized plaque phenotype
while small plaques were obtained with a deletion of 26 to 42
residues. However, a larger deletion of 26 to 56 residues, en-
compassing �1 and �2 of DENC including the IHS, failed to
produce any plaques. These results were similar to those ob-
tained with analogous deletions in TBEC (18). Small plaques
were obtained with smaller deletions within the IHS [C(�43-
48) and C(�49-56)], but a deletion of almost the entire IHS
[C(�43-56)], was not viable.

Small plaques were obtained upon transfection of RNA with
a deletion of almost the entire C-terminal helix of the C pro-
tein [C(�77-96)]. Even larger C-terminal deletions, up to res-
idue 73, were viable; however, no plaques were detected for a
deletion of residues 69 to 96. Again, these data are consistent
with the results using the replicon and PIPs for assembly as-
says.

Point mutations in the C-terminal helix (�4 in DENC) were
introduced, and virus viability was assessed. The L78N, M92N,

V88N, and L95N mutations had moderate effects on virus
viability, but the L81N substitution produced a virus with a
small-plaque phenotype. No plaques were obtained with a dou-
ble mutation of L81N and V88N, again reflecting the packag-
ing result from PIPs in the replicon system.

To characterize the growth properties of mutants containing
C protein deletions, cumulative growth curves were deter-
mined for some of these mutant YFV. Cells were transfected
with either wild-type or mutated cDNAs, and virus released
into culture supernatants was harvested at different time points
posttransfection. The titer of infectious virus released was then
calculated by a standard plaque assay. As shown in Fig. 6, there
were significant defects in the release of mutant viruses as
indicated by the reduction in the amounts of mutant viruses
released from transfected cells compared to wild-type virus
released at all time intervals. The overall titers of infectious
virus released for the C(�26-42) and C(�89-96) reached only
103 PFU/ml, suggesting significant defects in virus release in
these mutants.

With the purpose of obtaining additional spontaneous mu-
tations that might restore virus viability, supernatants of
BHK-15 cells transfected with RNA containing a deletion of
the coding sequence for residues 77 to 96 of the C protein were
transferred onto fresh cells. Supernatants were harvested, and
the production of viable virus and plaque phenotype were
checked. Viable virus with a medium-size plaque phenotype
was obtained. After having been subjected to multiple passages
in BHK-15 cells, sequence analyses was done on this possible
revertant, which confirmed the presence of the engineered
�77-96 mutation but also revealed the presence of an addi-
tional mutation that resulted in substitution of a glutamine
residue to a leucine (Q45L) at position 45 in the C protein. To
obtain direct evidence that this second site mutation was re-
sponsible for increasing viability of the C(�77-96) mutant, the
Q45L substitution was engineered into the cDNA of the infec-
tious full-length virus containing the �77-96 mutation to obtain
C(�77-96/Q45L). Transfection of BHK-15 cells with C(�77-
96/Q45L) in vitro-transcribed RNA resulted in plaques larger
than those obtained with the C(�77-96) mutation alone, par-
tially correcting the defect in the C(�77-96) mutant. We also
engineered the Q45L mutation in C(�77-96) in the SIN-

FIG. 6. Cumulative growth curves of wild-type (WT) and mutant
YFV viruses. BHK cells were transfected with transcripts of cDNAs
containing either wild-type or mutated C protein. Culture supernatants
were harvested at 12, 24, 36, and 48 h posttransfection (p.t.), and titers
of infectious virus released were calculated.

TABLE 1. Plaque phenotypes of viruses generated using
mutated C protein

Type of mutation Mutation in YFC Plaque size

Internal deletion �26-36 Medium
�26-42 Small
�26-56 Lethal

C-terminal truncation �69-96 Lethal
�73-96 Small
�77-96 Small
�85-96 Small
�93-96 Medium
�77-96/Q45L Medium

Point mutation in helix 4 L78N Medium
L81N Small
V88N Medium
M92N Medium
L95N Medium
L81N/V88N Lethal
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CprME construct and checked for the resultant mutant’s abil-
ity to package YF-R.luc2A-RP. Indeed, as shown in Fig. 4, the
C(�77-96/Q45L) construct had a higher packaging efficiency
than the C(�77-96) mutant alone. These results showed that
the Q45L mutation alone was sufficient to increase the viability
of the C(�77-96) mutant.

DISCUSSION

Recent progress in the study of the molecular and structural
biology of flaviviruses has led to a better understanding of the
flavivirus life cycle, yet the mechanisms leading to genome
packaging and virion assembly are still unknown. One of the
first steps during assembly presumably involves association of
the C protein and nascent viral RNA for formation of the
nucleocapsid core. It was of interest to characterize the func-
tional elements within the C protein important for genome
packaging and virion assembly/disassembly. For this purpose,
we utilized a YFV replicon-based trans-packaging system that
involves using luciferase reporter gene activity as a measure of
virus assembly in cells infected with particles formed using C
proteins containing various deletions and point mutations. The
assay of luciferase activity represents a sensitive method to
obtain quantitative information on the efficiency of virus as-
sembly. Similar to previous reports on TBEC, YFC was found
to be remarkably flexible and could tolerate large deletions for
the production of infectious virus particles. Analysis of some of
these mutations in the C protein in the context of the virus was
performed based on plaque phenotype, and the results were
similar to those obtained using the trans-packaging system,
thus substantiating the utility of the system for the study of C
protein function in the absence of reversion and selection. One
assumption in using this trans-packaging system to study virus
assembly is that the luciferase activity determined for cells
infected with PIPs is directly proportional to the amount of
PIPs released from transfected cells and that this luciferase
activity is not affected by problems in cell entry or disassembly.
In order to show that the decrease in luciferase activity of PIPs
was a direct result of the decrease in release of PIPs from
transfected cells, wild-type or mutant PIPs were labeled with
[35S]methionine and partially purified by pelleting, and the
resuspended pellets were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. A comparison of the inten-
sities of E or M protein bands (a C protein band was not clearly
visible for all the mutants tested) between wild-type and mu-
tant PIPs revealed that a decrease in the amount of E protein
(as determined by a decrease in the band intensity) was con-
sistent with a corresponding decrease in the luciferase activity
of PIPs, suggesting that the mutations within the C protein
were affecting the assembly and release of infectious virus
particles (data not shown).

The coding sequence for amino acids 9 to 15 of YFC con-
tains a cyclization sequence that is involved in circularization
of the genome and is essential for genome replication (7). It is
difficult to elucidate the importance of the amino acids en-
coded by the cyclization sequence in the context of the virus
since any change in the nucleotide sequence would preclude
genome replication. In the trans-packaging assay, YFC is sup-
plied using the SIN helper construct, and so the contribution of
the amino acids of the C protein encoded by the cyclization

sequence can be evaluated. We found that the deletion of the
first 16 residues of the C protein had no effect on virus assem-
bly, indicating that the amino acids encoded by the cyclization
sequence are not involved in genome packaging or virus as-
sembly.

The flavivirus C protein is highly basic, with positively
charged residues distributed throughout the protein. In vitro
binding experiments have shown that specific RNA binding is
localized to the first 32 and last 26 residues of KUNC (15). Our
results indicate that the first 40 or last 27 residues of YFC are
dispensable for virus assembly, suggesting that residues at the
N or C terminus perhaps compensate for RNA binding in the
absence of the other basic terminus. An interesting feature of
the C protein dimer is the nonuniform spatial charge distribu-
tion. The region with the highest density of positive charge is
the solvent-accessible face of �4 (residues 74 to 96), and this
region has been proposed to interact with viral RNA (26).
Surprisingly, we found that C(21-76), containing 13 basic res-
idues, was competent in virus assembly whereas C(37-88), con-
taining 12 basic residues, was nonfunctional. It is unlikely that
the presence of one more basic amino acid in C(21-76) than in
C(37-88) is responsible for restoring virus assembly. A plausi-
ble explanation would be that the residues at the relatively
flexible N terminus are in a more favorable conformation for
RNA binding than the residues at the C terminus. Based on
the different orientations of �1 observed in the structures of
KUNC and DENC, it was suggested that �1 is flexible and
perhaps plays a functional role in RNA binding (10). Taken
together, these observations point toward a mechanism in
which the N terminus of the C protein, encompassing �1, is
involved in initial binding to the genomic RNA, followed by
binding of the C-terminal residues. However, in the absence of
the N terminus, the C-terminal residues can compensate for
binding and packaging of the genomic RNA into the nucleo-
capsid core.

The flavivirus C protein is not free in the cytoplasm but is
associated with ER membranes via the conserved IHS (29). In
the DENC dimer, the �2 from each monomer forms an anti-
parallel helix that creates a large contiguous nonpolar patch. It
has been proposed that this concave hydrophobic cleft formed
by �2-�2� is responsible for membrane association (26). Kofler
et al. demonstrated that viable TBEV particles with large in-
ternal deletions within the C protein were produced (18). The
largest viable deletion corresponds to the removal of residues
28 to 49 in YFC. Larger deletions that extended to the N
terminus of �3 failed to produce viable virus, but second site
revertants to these lethal deletions restored viability. Many of
these second site mutations involved single-amino-acid substi-
tutions of a hydrophobic residue (19). It was proposed that the
increase in hydrophobicity of the C protein containing the
revertants enhanced the ability to interact with membranes and
that this played a role in compensating for the defects of the
deletions. Similar to TBEC, we found that YFC containing a
deletion of residues 26 to 42 was viable but that a YFC with a
larger deletion of 26 to 56 residues, encompassing �1 and �2,
was dead. Interestingly, a deletion of the entire �2, which
removed most of the IHS, was also viable, albeit with signifi-
cant defects. These results imply that the IHS is not absolutely
required for viability. In spite of several efforts, we were not
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able to recover second site revertants to return the viability of
the C(�26-56) deletion mutant.

The flavivirus C protein is a dimer in solution, and it was of
interest to find out whether the dimer was the functional unit
of the C protein as well. As seen in the structure of the DENC
and KUNC, two pairs of antiparallel helices, �2-�2� and �4-
�4�, form the majority of the dimer contact surface. The �2-�2�
interface is formed by the IHS from each monomer and is
stabilized by extensive hydrophobic interactions. The long C-
terminal helix, �4, contributes most significantly to support the
C protein dimer and has the characteristics of a coiled coil (10,
26). We observed that viruses containing point mutations of
residues L81 and V88, predicted to destabilize the �4-�4�
dimer interface, have small defects in virus assembly but that a
virus with a double mutation, L81N-V88N, is nonfunctional,
suggesting that a stable C protein dimer is essential for assem-
bly. Interestingly, as mentioned previously, viable YFV was
obtained with a deletion of the entire �4. Similar observations
made using an in vitro core assembly system have been re-
ported in the case of the alphavirus C protein. Mutations in a
predicted helix in the N-terminal domain of the SIN capsid
protein that destabilize the coiled-coil interactions with the
corresponding helix in an adjacent C protein are more detri-
mental to core assembly than a deletion of the first 81 residues
of the C protein that includes removal of the entire helix (33).
In YFC, Q45L, the second site revertant to C(�77-96), lies at
the beginning of the IHS precisely at the N terminus of �2 and
presumably stabilizes the weak (due to the deletion of �4)
C(�77-96) dimer by increasing the hydrophobicity of the �2-
�2� interface, thus correcting the assembly defect in C(�77-
96). Thermal stability assays of PIPs reveal that PIPs produced
using C proteins containing either deletions within �2 [C(�43-
48)] or �4 [C(�77-96)] or mutations predicted to destabilize
the dimer (L81N) are less stable than wild-type PIPs, indicat-
ing that a stable C protein dimer is not only important for virus
assembly but also perhaps plays a role in the stability of as-
sembled virus particles. On the other hand, PIPs containing
deletions in the N-terminal region of the C protein [C(�4-40)
or C(�26-42)] were as stable as wild-type PIPs. These obser-
vations highlight the importance of a dimeric C protein for
virus assembly.

The flavivirus C protein belongs to the same class of alpha-
helical capsid proteins as the hepadnaviruses and retroviruses
(31, 38). Similar structural motifs have also been observed in
the core proteins of arteriviruses and bacteriophage �6 (9).
Based on sequence analysis and biochemical studies the flavi-
virus C protein has also been compared to the C protein of
alphaviruses (particularly that of the N terminus) and hepatitis
C virus (6, 27). Many of these viruses have an established in
vitro assembly system, which involves the use of either E. coli
or cell extracts for expression of C protein and then association
of the C protein with nucleic acid (RNA or DNA) for forma-
tion of CLPs (5, 24, 36). Similar attempts at in vitro assembly
of flavivirus CLPs by using E. coli-expressed DENC and YFC
have proven unsuccessful so far (unpublished data). Based on
our results, it is clear that the flavivirus C protein is remarkably
tolerant of large deletions. The C protein is extremely flexible
and demonstrates unusual relaxation of structural constraints
for functional complementation by various regions of the C
protein. In spite of this flexibility, two salient features of the C

protein that are important for virus assembly are its ability to
bind RNA and its ability to associate with membranes. Our
results suggest that these associations occur through nonspe-
cific interactions of basic residues with the viral RNA and
hydrophobic residues with the membrane. The lack of an or-
dered nucleocapsid core as seen in the structure of DEN2 and
WNV virions also suggests that RNA is packaged together in a
nonspecific manner (22, 32). These results provide evidence
for an assembly model in which core assembly, occurring in
microenvironments, is initiated by the interaction of C protein
with the viral RNA as well as with the ER membrane, and this
provides the energy for higher-order oligomerization leading
to virion assembly.

Although there does not seem to be any association between
the inner nucleocapsid core and the outer glycoproteins em-
bedded in the membrane as seen in the virion structure, it is
likely that there is some interaction between the C and prM-E
proteins during virion assembly. Recently, the involvement of
nonstructural proteins, specifically NS2A and NS3, in virion
assembly has also been implicated, although direct interactions
with the C protein have not been demonstrated (23). Involve-
ment of host cell proteins in flavivirus assembly has not been
extensively documented but is thought to occur. Thus, we can-
not rule out the possibility of disruption of motifs within the C
protein involved in interactions with other viral or host pro-
teins leading to assembly defects. The presence of at least two
species of infectious particles in PIPs produced using C(�77-
96) as observed in the velocity gradient centrifugation assay
hints at the possibility of particles with more copies of C pro-
tein than in the wild type or the presence of multiple cores. A
more comprehensive biochemical, analytical, and structural
analysis of PIPs needs to be carried out.
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