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The internal hydrophobic sequence within the flaviviral capsid protein (protein C) plays an important role
in the assembly of infectious virions. Here, this sequence was analyzed in a West Nile virus lineage I isolate
(crow V76/1). An infectious cDNA clone was constructed and used to introduce deletions into the internal
hydrophobic domain which comprises helix �2 and part of the loop intervening helices �2 and �3. In total, nine
capsid deletion mutants (4 to 14 amino acids long) were constructed and tested for virus viability. Some of the
short deletions did not significantly affect growth in cell culture, whereas larger deletions removing almost the
entire hydrophobic region significantly impaired viral growth. Efficient growth of the majority of mutants
could, however, be restored by the acquisition of second-site mutations. In most cases, these resuscitating
mutations were point mutations within protein C changing individual amino acids into more hydrophobic
residues, reminiscent of what had been observed previously for another flavivirus, tick-borne encephalitis
virus. However, we also identified viable spontaneous pseudorevertants with more than one-third of the capsid
protein removed, i.e., 36 or 37 of a total of 105 residues, including all of helix �3 and a hydrophilic segment
connecting �3 and �4. These large deletions are predicted to induce formation of large, predominantly
hydrophobic fusion helices which may substitute for the loss of the internal hydrophobic domain, underlining
the unrivaled structural and functional flexibility of protein C.

The genus Flavivirus within the family Flaviviridae comprises
important human pathogens such as Japanese encephalitis vi-
rus (JEV), the dengue viruses (DENV), yellow fever virus
(YFV), tick-borne encephalitis virus (TBEV) and West Nile
virus (WNV) (28). The �50-nm flavivirus virion is composed
of two surface proteins, envelope (E) and membrane (M, de-
rived from its precursor protein prM by furin-mediated cleav-
age), and the nucleocapsid consisting of the capsid protein
(protein C) and the 11-kb positive-stranded RNA genome. In
addition to the three structural proteins C, prM, and E, the
genome encodes seven nonstructural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5), which are necessary for
replication of the RNA genome (28). Structural and nonstruc-
tural proteins are derived from a single polyprotein, which is
co- and posttranslationally processed into mature proteins by
viral and cellular proteases (6, 28).

The assembly of the virions is thought to occur at the mem-
brane of the rough endoplasmic reticulum (ER) (28, 32). Pro-
tein C, which is the protein located at the very N terminus of
the polyprotein, facilitates translocation of the subsequent pro-

tein prM into the lumen of the ER via an internal signal
sequence located at its C terminus. Proteins prM and E remain
attached to the host-derived membrane by spanning the lipid
bilayer twice via their C-terminal anchor regions (38, 47, 48).
Protein C is originally also anchored to the ER membrane via
the C-terminal internal signal sequence. However, this signal
sequence is cleaved off by the viral NS2B/3 protease, thereby
producing the mature, cytoplasmic form of the protein (4, 30,
40). Multiple copies of protein C and one copy of the RNA
genome form the nucleocapsid. In the virion, the nucleocapsid
appears not to directly interact with the surrounding mem-
brane and the embedded surface proteins prM and E (47) and
furthermore lacks, in contrast to the icosahedrally arranged
surface proteins, a well-ordered structure (25, 49). Instead, the
nucleocapsid may nonspecifically interact with the ER mem-
brane during budding by virtue of a hydrophobic, mostly heli-
cal sequence element which is present at a conserved position
in all of the flavivirus protein C sequences (31, 35).

The recently solved three-dimensional (3D) structures of the
DENV-2 and Kunjin virus C proteins (Kunjin virus is an Aus-
tralian strain of WNV) (11, 31) support this notion. The nu-
clear magnetic resonance 3D structure of DENV-2 protein C
indicates that the protein, composed of four � helices, forms a
dimer in solution (31). The contact surfaces for dimerization
are provided by helices �2 and �4. Helix �2 comprises most of
the internal hydrophobic sequence within protein C. After
dimerization, the interacting helices �2 form the bottom of a
hydrophobic cleft. The highest density of positively charged
residues is found on the opposite side of the dimer, on the
surfaces of helices �4, which interact by forming a coiled coil.
Accordingly, a model suggesting that the hydrophobic cleft
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presumably enables the nucleocapsid to attach to the mem-
brane and that helices �4 play a potential role in interaction
with the negatively charged RNA genome has been established
(31).

The functional importance of the conserved internal hydro-
phobic domain in virus assembly and/or dimerization of pro-
tein C is supported by studies with a variety of flaviviruses. For
instance, removal of major parts of this sequence element in
TBEV resulted in an increased formation of capsidless subviral
particles (19), the secretion of which is also observed in the
course of natural infection or by expression of proteins prM
and E only (1, 22–24, 36). Large deletions were tolerated only
upon the acquisition of additional mutations increasing the
hydrophobicity of the protein (21). These results are in good
accordance with studies of YFV protein C (42) and WNV, in
which case removal of the entire helix �2 produced a nonin-
fectious phenotype (44). Furthermore, in DENV, removing
large parts of the hydrophobic domain abolished both the
ability to dimerize in vitro (46) and the ability to associate with
the ER membrane (35). Taken together, these studies under-
lined the important roles of the conserved internal hydropho-
bic sequence in dimerization of protein C and virion assembly.

In the present study, we set out to systematically test the
functional role of the hydrophobic sequence of WNV protein
C for viral infectivity by introducing deletions ranging from 4 to
14 amino acids. Some of the smaller deletions were well tol-
erated, whereas growth with others was, consistent with previ-
ous findings with TBEV (21), dependent on the acquisition of
second-site point mutations. Surprisingly, two well-replicating
pseudorevertants were shown to have restored growth capabil-
ity through spontaneously enlarged deletions. These mutants
lacked more than one-third of the protein C sequence. The
spontaneously deleted sequences included all of helix �3 and a
hydrophilic loop connecting helices �3 and �4. Our data pro-
vide evidence that although removal of large parts or the entire
internal hydrophobic domain usually causes severe defects in
viral growth, truncating protein C even further can largely
revert this impairment. A viable WNV mutant with capsid
proteins less than two-thirds of the size of the natural protein
was generated by reverse genetics, and its growth properties
were analyzed in comparison to those of the wild-type virus.
Secondary-structure predictions suggest that in these mutants,
the formation of large, hydrophobic fusion helices might com-
pensate for the loss of the conserved hydrophobic domain.

MATERIALS AND METHODS

Cells and virus. Vero (ATCC CCL-81) cells were grown in Eagle�s minimal
essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS;
PAA Laboratories), 1.5% glutamine (200 mM; Cambrex), 1% penicillin-strep-
tomycin (10,000 U/ml penicillin and 10 mg/ml streptomycin; Sigma), and 15 mM
HEPES, pH 7.4. Infections were performed in the presence of 2% instead of
10% FBS, and after infection, cells were maintained in medium lacking FBS. For
virus stock production, FBS was replaced with 1% (wt/vol) bovine serum albumin
(BSA). BHK-21 cells used for introduction of in vitro-transcribed RNA were
handled in growth medium (EMEM supplemented with 5% FBS, 1% glutamine,
0.5% [10 mg/ml] neomycin, and 15 mM HEPES, pH 7.4) and maintenance
medium (EMEM supplemented with 1% FBS, 1% glutamine, 0.5% neomycin,
and 15 mM HEPES, pH 7.4) as described earlier (19, 33, 41).

The WNV strain used in this study was originally isolated from a dead crow
collected during the summer of 1999 in New York City (crow V76/1). The virus
was passaged three times in Vero cells and once in suckling mouse brain prior to
the construction of the infectious cDNA clone.

Cloning procedures. The two partial cDNA clones pWNV-K1 and pWNV-K4
were constructed as described in previous studies (7, 33, 45), with the exception
that pBR322 (5) had been modified by replacing the tetracycline resistance gene
with a multiple-cloning site (BspEI-SwaI-PacI-NotI-SwaI-AatII). For the intro-
duction of deletions into the capsid protein within plasmid pWNV-K1, the Gene
Tailor site-directed mutagenesis system (Invitrogen) was used. Detailed primer
sequences for all constructs are available from the authors upon request.

All constructs were amplified in Escherichia coli strain DH5� cells and char-
acterized by complete sequencing of both strands of the entire inserts.

In vitro RNA transcription and transfection. In vitro transcription with T7
RNA polymerase (Ambion T7 Megascript transcription kit) and transfection of
BHK-21 cells by electroporation were performed as described in previous studies
(12, 19). In the case of transcription reactions required as standards in real-time
PCR analysis, the pWNV-K1 template DNA was degraded by incubation with
DNase I for 15 min at 37°C, and the RNA was purified and separated from
unincorporated nucleotides by using an RNeasy Mini kit (Qiagen). RNA con-
centrations were estimated from band intensities or, for determination of the
RNA standard concentration, measured spectrophotometrically.

Immunofluorescence staining. Intracellular expression of WNV specific pro-
teins was determined by indirect immunofluorescence staining of the envelope
protein E. Accordingly, RNA-transfected BHK-21 cells were seeded into 24-well
plates and supplied with growth medium (EMEM with supplements and 5%
FBS), which was exchanged for maintenance medium (EMEM with supplements
and 1% FBS) at 20 h posttransfection. After 24 or 48 h, cells were treated with
1:1 acetone-methanol for fixation and permeabilization. To specifically detect
WNV protein E, a cross-reactive polyclonal antibody directed against JEV pro-
tein E was used (dilution, 1:50). Staining was performed with a secondary fluo-
rescein isothiocyanate-conjugated anti-rabbit antibody (Jackson Immuno-
Research Laboratories) as suggested by the manufacturer.

Hemagglutination assay (HA). For the detection of WNV viral and/or subviral
particles in supernatants of infected cells, a rapid assay based on the agglutina-
tion of erythrocytes, which is induced by the interaction with viral particles, was
applied (8, 13). Briefly, virus supernatants were diluted 1:1 in borate-buffered
saline (120 mM sodium chloride, 50 mM sodium borate, pH 9.0) containing 0.4%
BSA for particle stabilization. Subsequently, this mixture was further diluted to
produce a geometrical dilution row. Fifty microliters of each of the diluted
samples was mixed with the same amount of a 0.5% solution of goose erythro-
cytes in round-bottom 96-well plates and incubated for 3 h at room temperature.
Virus-induced agglutination of erythrocytes was visible by the lack of sedimented
erythrocytes; the examination of plates was performed by visual inspection.

Mutant stability. To assay the genetic stability of transfected mutants, super-
natants of transfected cells were diluted until the end point of infectivity was
reached. The supernatant corresponding to the end point was then transferred
onto fresh cells, and these passages were repeated at least twice. Subsequently,
RNA was isolated and sequence analysis was performed by using the cDNA
synthesis system of Roche Applied Science and standard PCR and sequencing
protocols.

RNA replication and export. Intracellular RNA replication was monitored by
real-time PCR as described previously (20, 41) with minor modifications. Briefly,
Vero cells grown in six-well plates were incubated with wild-type and mutant
WNV stock preparations at a multiplicity of infection (MOI) of 1. After 1 h, the
cell monolayer was washed and supplied with growth medium which contained
1% BSA and 15 mM HEPES instead of FBS. At selected time points, cells were
detached by trypsin incubation and washed twice in phosphate-buffered saline
(PBS) (pH 7.4) containing 1% BSA. Cytoplasmic RNA was purified from these
cells (RNeasy Mini kit; Qiagen) and was subjected to real-time PCR (PE Applied
Biosystems) quantification as described previously (20, 41). The primers (5�-TC
AGCGATCTCTCCACCAAAG-3� and 5�-GGGTCAGCACGTTTGTCATTG-
3�) and probe (5�-Fam-TGCCCGACCATGGGAGAAGCT-Tamra-3�) targeted
a region within the envelope gene of the WNV genomic RNA. RNA equivalents
were finally determined from a standard curve based on an RNA preparation of
known concentration which was serially diluted in cell lysates of negative control
cells and purified according to the same protocol.

The RNA content in supernatants of transfected cells was measured as pub-
lished recently (41). Accordingly, prior to quantification by real-time PCR, ali-
quots of supernatants were cleared by low-speed centrifugation and RNA was
purified by using the QIAamp viral RNA Mini kit (Qiagen) as suggested by the
manufacturer. RNA export was finally calculated by determining the percentage
of total RNA (intracellular and extracellular) in the supernatant fraction.

Cytotoxicity assay. Similar to the RNA replication and export experiments,
Vero cells were seeded into six-well plates and infected with WNV stock prep-
arations at an MOI of 1, but the growth medium did not contain BSA. Aliquots
of supernatants were transferred into 96-well plates, and cytotoxicity was as-

5582 SCHLICK ET AL. J. VIROL.



sessed by measuring the release of lactate dehydrogenase (LDH) using the
CytoTox 96 nonradioactive cytotoxicity assay (Promega) according to the man-
ufacturer�s instructions.

Plaque morphology and immunocytochemistry. Vero cells were grown to 80%
confluence in 12-well plates and incubated for 1 h with virus suspensions serially
diluted in infection medium. The cells were subsequently overlaid with EMEM
containing 5% FBS (PAA Laboratories), 1.5% glutamine (200 mM; Cambrex),
1% penicillin-streptomycin (10,000 U/ml penicillin and 10 mg/ml streptomycin;
Sigma), 15 mM HEPES, and 0.25% agarose (Sigma). The plaque morphology
was determined following an incubation period ranging from 6 to 9 days postin-
fection. Accordingly, cells were fixed and stained with a solution containing 4%
formaldehyde and 0.1% crystal violet.

Focus-forming units (FFU) were determined by immunocytochemistry. After
incubation for 6 days, the agarose overlay was removed and cells were fixed with
1:1 acetone-methanol. The cells were rehydrated with PBS (pH 7.4) containing
5% sheep serum for 30 min at room temperature. Subsequently, the cells were
incubated for 1 h at 37°C with a WNV-specific polyclonal antiserum (gamma-
WN/KIS/2) diluted 1:3,000 in PBS (pH 7.4) with 0.2% Tween and 3% sheep
serum. Cells were washed twice with PBS (pH 7.4) containing 0.2% Tween and
3% sheep serum and once with TBS buffer (137 mM sodium chloride, 3 mM
potassium chloride, 25 mM Tris, pH 8.0) containing 0.2% Tween and 3% sheep
serum. The incubation with a 1:400 dilution of an anti-rabbit alkaline phos-
phatase-conjugated secondary antibody was performed in TBS buffer with 0.2%
Tween and 3% sheep serum for 45 min at room temperature. Following two
washes with the same buffer, WNV-specific foci were detected by incubating with
Sigma Fast Red TR/naphthol AS-MX for 10 min.

Computer-assisted sequence analysis. Secondary-structure predictions were
performed using PsiPred (15). Hydrophobicity plots were generated according to
the algorithm of Kyte and Doolittle (26) using PROTEAN (DNASTAR, Inc.)
and a window size of 11.

Nucleotide sequence accession number. The sequence of the WNV isolate
(crow 76/1) was deposited under GenBank accession no. FJ151394.

RESULTS

Establishment of a two-component infectious cDNA clone
for WNV isolate V76/1. To generate a tool for WNV reverse
genetics, the genome of a previously uncharacterized lineage I
isolate (see Materials and Methods) (Table 1) was reverse
transcribed, sequenced, and assembled into two plasmids from
which, after in vitro ligation, full-length genomic RNA could
be transcribed (Fig. 1A). To verify the functionality of the
infectious cDNA clone, full-length RNAs were transcribed in
several independent experiments and introduced into BHK-21
cells by electroporation. An apparent cytopathic effect (CPE)
was observed in cells at day 2 posttransfection, indicating virus

replication. The supernatants of transfected BHK-21 cells were
harvested and used to inoculate Vero cells, which are more
susceptible to infection by WNV than BHK-21 cells (unpub-
lished observation). At day 2 postinoculation, the release of
infectious virions into the supernatant was tested by plaque
assays on fresh Vero cells, indicating that virus had grown to
high titers of typically 5 � 108 PFU/ml. Thus, the growth
properties of the recombinant virus were virtually indistin-
guishable from those of the parental wild-type virus, which was
furthermore confirmed by repeated growth curve analyses
(data not shown).

Deletions within helix �2 of WNV protein impair viral
growth to various degrees. To better characterize the func-
tional importance of the hydrophobic helix �2 in WNV protein
C, a set of nine deletions (Fig. 1B) was introduced into the
infectious cDNA clone. Genomic RNAs were transcribed in
vitro and used to transfect BHK-21 cells. Intracellular protein
E expression was determined by immunofluorescence staining,
using wild-type RNA and untransfected cells as positive and
negative controls, respectively. At 24 h posttransfection, all of
the samples presented a very similar picture, with approxi-
mately 10% of the cells being stained by immunofluorescence
(data not shown). At 48 h posttransfection, the number of
positive cells, however, had increased to 100% for deletion
mutants �4/1, �4/3, and �4/4, thus being indistinguishable
from wild-type-RNA-transfected cells (Fig. 2A). In contrast,
cell culture spreading was reduced in all other mutants, with
the most significant effect observed for mutants �7/2, �10, and

FIG. 1. Capsid deletion mutants of WNV. (A) Schematic drawing
of the two partial WNV cDNA clones (not to scale). The WNV
genome was engineered as two partial cDNA clones into pBR322 using
5� PacI and 3� NotI restriction sites. pWNV-K1 contains the T7 pro-
moter sequence (open arrow) and bp 1 to 3339 of the WNV genomic
sequence. The second plasmid, pWNV-K4, contains the sequence cor-
responding to WNV bp 3282 to 11029 and the hepatitis � virus ri-
bozyme sequence (HDVr). To generate full-length DNA templates for
in vitro transcription, the two clones are ligated in vitro subsequent to
cleavage at the BstEII site at nucleotide position 3321/3326. In vitro
transcription is driven by the T7 promoter, and the HDVr sequence
ensures the production of an authentic 3� end. (B) Schematic drawing
of the positions and sizes of the engineered deletions. Deletions of 4,
7, 10, or 14 amino acids (aa) were introduced into helix �2 of WNV
protein C as indicated by the broken arrows. The respective amino acid
positions are indicated, as well as the nomenclature used for mutants
throughout the study. NCR, noncoding region.

TABLE 1. WNV V76/1 isolate-specific genomic
sequence differences

Nucleotide
no.a

Nucleotide in:

Amino acid
difference Location

NY99-
flamingo382-99

(GenBank accession
no. AF196835)b

WNV V76/1
(GenBank

accession no.
FJ151394)

1118 C U A3 V E
1285 C U Silent E
3138 U C Silent NS1
6735 C A Silent NS4A
7015 U C Silent NS4B
7491 G U Silent NS4B
8811 U C Silent NS5
10851 A G NAc 3� noncoding

region

a Genome position numbers are the same for both isolates.
b The genomic sequence of the isolate used for sequence comparison

(GenBank accession no. AF196835) is published in reference 27.
c NA, not applicable.
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�14 (Fig. 2A). Notably, deletions �4/2 and �7/2 exhibited a
more distinct defect than the other deletions of the same
length. Sequence inspection (Fig. 1B) indicates that both of
these deletions are located within the most hydrophobic sec-
tion of the helix (LALL-AFF) suggesting that the loss of hy-
drophobicity even more than the length of the deletion may
cause the observed defect in cell culture spreading.

To further evaluate the production of infectious virions and
to assess the export of viral particles by the infected cells, we
inoculated a monolayer of fresh Vero cells with supernatants
of transfected cells. At day 6 postinoculation, virus particles in
supernatants were quantified by HAs (Fig. 2B). Cells infected
with mutants �4/1, �4/3, and �4/4 were capable of exporting
viral particles as much as wild-type virus. In comparison, mu-
tants �4/2, �7/1, �7/3, and �10 exhibited some degree of im-
pairment, whereas mutants �7/2 and �14 were found to be
incapable of producing infectious particles under these exper-
imental conditions. Whereas these data mostly correlated well
with the above-described immunofluorescence results, there
are also discrepancies (such as with mutant �4/2, which pro-

duced more HA-reactive particles than one would have ex-
pected from the immunofluorescence data). This can be ex-
plained by the selection of pseudorevertants already in this first
passage, a phenomenon which is analyzed in detail in a later
section.

The supernatants tested in HA were also subjected to plaque
and focus formation assays to quantify the infectious titers of
the various mutants. However, only wild-type virus, but none of
the mutants, formed visible plaques on Vero cells at 6 days
postinfection. Infectious titers obtained by focus assay
amounted to 1 � 106 FFU/ml for mutants �4/4 and �7/3, 5 �
105 FFU/ml for mutants �4/1 and �4/3, and 1 � 105 FFU/ml
for mutants �4/2, �7/1, and �10, whereas no infectious parti-
cles were detected for mutants �7/2 and �14, in good agree-
ment with the above-described HA data. Thus, the titers for all
mutants were significantly lower than that obtained for wild-
type virus (5 � 108 FFU/ml), suggesting that a large percentage
of the particles produced by these mutants (as detected by HA)
were not infectious or did not initiate the formation of visible
foci.

FIG. 2. Infectious properties of WNV protein C deletion mutants. (A) Viral spread in cell culture. BHK-21 cells were transfected with wild-type
(wt) or mutant in vitro-transcribed RNAs as indicated. As a control, mock-transfected cells were used. at 48 h posttransfection, intracellular protein
E expression was visualized by immunofluorescence staining using a polyclonal antibody directed against JEV protein E which is cross-reactive to
WNV protein E. As secondary antibody, an anti-rabbit fluorescein isothiocyanate conjugate was used. (B) Cell culture passage. Supernatants of
transfected cells were used to inoculate fresh Vero cells. At 6 days postinoculation, the release of virus particles was assessed by subjecting aliquots
of the supernatants to HA. Twofold serial dilutions of supernatants were tested, and the titers (indicated on the left) are expressed on a log2 scale
(samples were measured in duplicate). Error bars indicate standard deviations.
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Spontaneous mutations are selected during cell culture pas-
sages. In order to test whether some of the WNV protein C
mutants might revert to a better growth phenotype, end point
dilution passages on Vero cells were performed and viral titers
were monitored. Improved growth properties were indeed ob-
served for mutants �4/2, �7/1, �7/2, �7/3, and �10 at different
passage numbers, whereas several rounds of blind passaging of
mutant �14 failed to produce a viable revertant. To investigate
if these changes in phenotype were a direct result of additional
alterations within the protein C sequence, viral RNA was iso-
lated from supernatants of infected cells and subjected to re-
verse transcription-PCR and sequence analysis. Notably, se-
quencing of the protein C-coding region indeed verified the
appearance of second-site mutations (Table 2). In most of the
cases, and consistent with previous findings obtained with
TBEV (21), point mutations that represented amino acid
changes to more hydrophobic residues had evolved; however,
most of these amino acid changes were, in contrast to findings
with TBEV, located upstream of the original deletion (Fig.
3A). In total, five different point mutations were identified,
with one of the point mutations, P22L, appearing more fre-
quently than others and in the sequence context of two differ-
ent engineered deletions.

Furthermore, and much to our surprise, we also identified
mutations in which the original deletions were enlarged to
lengths of 36 and 37 residues, respectively (Fig. 3B). Passaging
of mutants �10 and �7/3 resulted in the appearance of large
deletions removing more than one-third of the entire amino
acid sequence of protein C. Mutant �10 evolved into a deletion
of residues G40 to Q75 (termed �36) and furthermore con-
tains a conservative D-to-E exchange at the deletion border
(position 39). This deletion removed all residues of helices �2
and �3 as well as flanking residues, thus producing a capsid
protein lacking the entire internal hydrophobic sequence (31).
The second large deletion mutant (termed �37) originated
from mutant �7/3 and had residues L51 to E87 and thus part
of helix �2, all of helix �3, and part of helix �4 removed. This
mutant was predominant in the sequence pattern obtained
after two cell culture passages (Table 2). However, apparently
another pseudorevertant, which contained the original 7/3 de-
letion in combination with a single point mutation, R45L,
arose in the same passaging experiment and outgrew the large
deletion mutant during subsequent passages (Table 2, passage

5). A similar phenomenon was observed with mutant �7/2, in
which case the original P22L mutation was replaced by a K31M
mutation at later passages. In contrast, the same P22L muta-
tion was also observed to arise in mutant �7/1 but there was
complemented by a second amino acid change (M34L) at a
later passage. These observations illustrate the competition of
pseudorevertants with presumably variable evolutionary fitness
during these cell culture passages.

Recombinant mutants �36 and �37 can be readily passaged
in cell culture. The unexpected tolerance of protein C toward
deletions comprising 36 and 37 amino acids encouraged us to
investigate these mutations in more detail. To ensure that the
observed phenotypes were indeed a direct consequence of the
identified alterations, the �36 and �37 deletions were engi-
neered into the WNV wild-type backbone using the infectious
cDNA clone. Immunofluorescence staining at 48 h posttrans-
fection of in vitro-transcribed RNA (Fig. 3C) suggested that
mutants �36 and �37 were indeed viable.

To further characterize the growth of these mutants, plaque
and focus assays were performed on Vero cells. Even after
incubation for 6 days, no plaques could be identified for both
mutants, whereas wild-type plaques reached a size of between
8 and 15 mm (12.6 � 2.4 mm) (Table 3). In contrast, both
mutants were capable of forming foci on Vero cells, thus con-
firming their infectivity. These were, however, at least four
times smaller than wild-type foci, indicating their reduced abil-
ity to spread in cell culture (Table 3). Nevertheless, both mu-
tants achieved significantly higher titers (1 � 107 FFU/ml) than
their respective parental mutants �10 (1 � 105 FFU/ml) and �7/3
(1 � 106 FFU/ml), thus confirming the notion that extension of
the original deletions to 36 and 37 amino acids within protein C
indeed caused improved cell culture growth properties.

Subsequently, we tested whether mutants �36 and �37 could
be serially passaged in Vero cells and if that would provoke
additional genetic alterations. A single passage using undiluted
supernatant and three subsequent end point passages were
performed, followed by sequence analysis of the entire ge-
nomes. No further sequence alterations were identified after
the passages. These data indicated that the large deletion mu-
tations present in mutants �36 and �37 are sufficient for pro-
viding efficient growth properties in cell culture and remain
genetically stable.

TABLE 2. Spontaneous mutations as determined by sequence analysis

Mutantb
Mutation(s) at passagea:

1 2 5 8 11

�4/1 None None NDc ND ND
�4/2 P61L P61L ND ND ND
�4/3 None None ND ND ND
�4/4 None None ND ND ND
�7/1 P22L P22L P22L/M34L P22L/M34L ND
�7/2 NDc NDc P22L K31M K31M
�7/3 None � L51-E87 R45L R45L ND
�10 D39E/�G40-Q75 D39E/�G40-Q75 D39E/�G40-Q75 D39E/�G40-Q75 ND

a For the first two passages, concentrated samples were used. Subsequently, supernatants were diluted until the end point of infectivity was reached, and these samples
were subjected to further end point passages.

b The 4-amino-acid deletion mutants were passaged only twice.
c ND, not done (sequence analysis was not performed).
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A combined deletion mutant (�48) is severely impaired and
genetically unstable. The deletions present in mutants �36 and
�37 affect overlapping but different regions of protein C. We
wanted to investigate whether removal of the entire region
extending from the 5� border of the �36 deletion to the 3�
border of the �37 deletion would still yield a viable phenotype.
To this end, mutant �48, including the D39E mutation and
lacking residues G40 to E87 (Fig. 3B), was constructed and

analyzed. Immunofluorescence analysis indicated a strongly
impaired phenotype of mutant �48 (Fig. 3C), and no plaque or
focus formation was observed with this mutant (not shown).
However, a single blind passage was sufficient to rescue a
viable phenotype in Vero cells. Sequence analysis after subse-
quent end point passages revealed a duplication of the residues
flanking the 48-amino-acid deletion (i.e., DuM16-D39E�L88-
A94), but the growth properties of this pseudorevertant re-
mained restricted, achieving a titer of only 104 FFU/ml.

RNA export and specific infectivity of mutants �36 and �37
are moderately reduced compared to those of wild-type WNV.
To characterize in detail the capacity of mutants �36 and �37
to replicate, export, and infect, quantitative tests were per-
formed in comparison to wild-type virus. As shown in Fig. 4A,
intracellular RNA replication of both mutants was similar to
that of the wild type at 24 and 48 h postinfection. At 72 and
96 h postinfection, intracellular RNA values of mutant �37
were still at wild-type levels, whereas those of mutant �36
decreased. This decrease was accompanied by strong CPE,
causing a strong reduction of cell numbers at these time points.

FIG. 3. Spontaneous mutations in the WNV capsid protein. (A) Second-site point mutations identified after passaging in Vero cells. The point
mutations were identified at the indicated amino acid positions (marked on top) within a region corresponding to helix �1 (open box), helix �2
(gray box), and surrounding residues. The originally engineered deletions are shown by arrows, and the second-site point mutations are marked
in bold and underlined. On the right, the corresponding nucleotide exchanges are listed. (B) Large deletions �36 and �37, identified after passaging
of mutants �10 and �7/3, respectively. The helical parts of the capsid protein are indicated by boxes, and helix �2 is highlighted in gray. The
positions of the large deletions are indicated by arrows. Furthermore, an artificial large deletion mutant (i.e., �48) was constructed, lacking all
residues which had been spontaneously deleted in both �36 and �37. The precise nucleotide deletions are shown on the right. (C) Immunoflu-
orescence analysis of large deletion mutants. The large deletions (i.e., �36, �37, and �48) were engineered into the infectious cDNA clone, and
mutants were tested as described for Fig. 2A.

TABLE 3. Growth properties of mutants �36 and �37

Virus
mm (mean � SD)

Titer (FFU/ml)
Plaque sizea Focus sizeb

Wild type 12.6 � 2.4 19.8 � 2.86 5 � 108

�36 2.85 � 0.63 1 � 107

�37 5.05 � 1.07 1 � 107

a Mean plaque size was determined at day 6 postinfection. None of the capsid
deletion mutants induced plaque formation, even when incubation was pro-
longed to 9 days postinfection.

b Mean focus size was determined at day 6 postinfection.
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To confirm the visually observed CPE, cytotoxicity was quan-
titatively assessed by measuring the release of LDH into the
supernatants of infected cells. As shown in Fig. 4E, LDH
release from cells infected with mutant �36 was in the same
range as for the wild type and mutant �37 until 48 h postin-
fection. In contrast, at the later time points, LDH levels in
supernatants of �36-infected cells were significantly higher
than others thus confirming its high cytotoxicity and suggesting
that the decreased intracellular RNA values for �36 at 72 and

96 h postinfection were indeed a consequence of excessive cell
deaths (compare Fig. 4A and E).

Quantification of RNA release into the supernatants re-
vealed moderate differences between protein C deletion mu-
tants and wild-type virus. Mutants �36 and, particularly, �37
released less viral RNA into the supernatant than the wild type
at 24 h postinfection (Fig. 4B). Mutant �37 achieved wild-type
levels at later time points; however, �36 remained approxi-
mately one order of magnitude below the wild-type control at

FIG. 4. Characterization of mutants �36 and �37. Approximately 106 Vero cells were infected at an MOI of 1 with the indicated virus
preparation. Wild-type virus and infection medium were used as the respective positive and negative controls. (A) RNA replication (intracellular
RNA) was measured by real-time PCR at the indicated time points. (B) The RNA export kinetics (RNA in supernatant) of mutants �36 and �37
was monitored by real-time PCR. (C) The percentage of exported relative to total RNA (intra- plus extracellular RNA) was calculated for the 48-h
time point. (D) Release of viral particles into the supernatant was assessed by HA. (E) Cytotoxicity was assessed by CytoTox 96 nonradioactive
cytotoxicity assay (Promega) using supernatants of the same samples. The respective optical density at 490 nm (OD490) values, representing LDH
release of disintegrating cells, are shown. (F) Specific infectivity of mutants �36 and �37 and wild-type virus. The specific infectivity was calculated
by determining the ratio of RNA (real-time PCR) to infectious units (focus assay) in virus stock preparations. Mean values from two independent
experiments with error bars indicating standard deviations are shown. wt, wild-type.
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all times. The decreasing values after 48 h (i.e., at 72 and 96 h)
presumably reflect the loss of producing cells caused by the
mutant’s prominent cytotoxicity, thus calling into question the
accuracy of the quantitative data at the later time points. To
better compare the export efficiencies of mutant and wild-type
RNAs, the percentage of total (extracellular and intracellular)
RNA equivalents in the supernatant was calculated for the
48-h time point, at which time effects of cytotoxicity were still
low and comparable among the samples. As illustrated in Fig.
4C, export efficiencies of mutants �36 and �37 were about
two-thirds and half of the wild-type value, indicating that the
mutated capsid proteins, although clearly less efficient in pack-
aging of RNA and/or assembly of virions, were still able to
facilitate the export of a significant percentage of the total
RNA from infected cells. To further determine the export of
viral particles, the same supernatants as used for the quantifi-
cation of viral RNA were subjected to HA. As shown in Fig.
4D, the results of this analysis were in good agreement with the
RNA data shown in Fig. 4B. For mutant �37, the release of
viral particles was delayed but reached nearly the wild-type
level at the latest time point. In contrast, the level for mutant
�36 remained below that of the wild type by approximately 3
log2 dilutions (i.e., approximately 8-fold) at all times, similar to
the approximately 10-fold difference observed in the RNA
values.

To quantitatively compare the specific infectivities of mutant
and wild-type viruses, virus preparations were subjected to
quantitative PCR to determine the number of RNA equiva-
lents (presumed to correlate to the number of virions) and to
focus assays to quantify infectious units in these preparations.
The ratio of RNA equivalents to FFU was then calculated, and
results are plotted in Fig. 4F. Whereas this ratio was approx-
imately 10 for wild-type virus (i.e., 1 out of 10 RNA equiva-
lents/virions caused an infectious focus), it was between 10-
and 100-fold higher in the case of the two deletion mutants,
indicating reduced specific infectivity.

In conclusion, the quantitative comparisons indicated mod-
erate but significant impairments of both viral export and entry
caused by the deletion mutations.

Large deletions are predicted to cause complex rearrange-
ments of the overall helical composition of protein C. Notably,
protein C deletion mutants �36 and �37 are capable of pro-
ducing infectious virions, whereas mutants with deletions of
fewer amino acids are much more severely impaired (i.e., �4/2,
�7/1, �7/2, �7/3, and �10) or noninfectious in cell culture (i.e.,
�14). To obtain further insight into the structural conse-
quences of deletions �36 and �37, the protein C sequences of
these pseudorevertants were subjected to secondary-structure
prediction analysis (PsiPred) (15) and compared to the wild-
type sequence. In Fig. 5A, the secondary-structure prediction
for the WNV V76/1 sequence is presented, with positions of
helices being almost identical to those defined in the crystal
structure (11). In addition, we determined the Kyte-Doolittle
hydrophobicity profile (26). The spontaneous enlargements of
the deletions apparently removed a hydrophilic region extend-
ing from �3 to the beginning of �4 (Fig. 5A, lower panel). This
suggests that the spontaneous deletions compensate for the
loss of the hydrophobic helical structure as represented by
helix �2 by removing another, more hydrophilic region (Fig.
5A). Subsequently, the sequences of protein C deletion mu-

tants (i.e., �36, and �37) were analyzed. As illustrated in the
WNV crystal structure (11), the spontaneous deletion of 36
amino acids resulted in complete removal of helices �2 and �3
(Fig. 5B, lower panel). The secondary-structure prediction sug-
gested the formation of a large single � helix (Fig. 5B, upper
panel) by fusion of helices �1 and �4. Whether the mutant
protein (i.e., a polypeptide of only 61 amino acids) is likely to
adopt a stable conformation in solution remains elusive, and it
will be interesting to investigate this using recombinant pro-
teins. However, it is certainly conceivable that such a long
fusion helix might form upon insertion of protein C into the
ER membrane. Similarly, the formation of a fusion helix was
predicted in the analysis of the second large deletion mutant
(i.e., �37, illustrated in Fig. 5C). Notably, in the crystal struc-
ture, the remainders of helices �2 and �4 are oriented toward
each other, thus suggesting, albeit not proving, that the forma-
tion of a large fusion helix might indeed be possible.

DISCUSSION

The internal hydrophobic domain of the flaviviral protein C
is a functionally important region involved in protein dimer-
ization and membrane interaction during assembly of the
virion (19, 31, 34, 46). In earlier reports, it had been demon-
strated that mutants lacking the entire internal hydrophobic
sequence of protein C are either severely impaired or not
viable at all (21, 42, 44). Although this was also observed with
some of the WNV deletion mutants analyzed in this study, the
pseudorevertant �36, lacking amino acids G40 to Q75 and thus
the entire conserved hydrophobic domain, surprisingly dem-
onstrates that efficient virion assembly and cell culture growth
are in fact possible even in the complete absence of this region.
�37, the second large, spontaneously emerged WNV capsid
deletion mutant, lacks residues L51 to E87 and thus also large
parts of this domain. Both mutants grew well in cell culture,
indicating that highly truncated capsid proteins can be func-
tional.

A remarkable flexibility of protein C toward deletions and
sequence alterations has already been observed in earlier stud-
ies (19, 21, 42, 43, 50). Protein C is essential for binding and
packaging of genomic RNA and contributes to particle assem-
bly and stability (reviewed in reference 38). RNA binding has
been assigned to the highly basic N- and C-terminal parts of
the protein (17). Notably, as tested in a YFV trans-packaging
system, one intact terminus is sufficient for the encapsidation
of genomic RNA (42). Thus, nearly 40 residues of the N ter-
minus of YFV protein C could be removed while the ability to
package RNA was retained. Similarly, 27 residues of its C
terminus, including the entire helix �4, were dispensable for
packaging. Based on their observations with mutants contain-
ing deletions in both termini, Patkar et al. proposed a mech-
anism in which the N terminus is involved in initial binding of
the genomic RNA, followed by binding of the C terminus (42).
The capacity to bind and package viral RNA is largely pre-
served in both mutant �36 and mutant �37 proteins, as mea-
sured by their capacity to export RNA into the supernatants of
infected cells. Another functional requirement of protein C is
to mediate interaction with the ER membrane during budding
(19, 35). It is believed that this interaction involves the hydro-
phobic cleft present on the surface of dimeric protein C (31).
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In the dimer of protein C, helices �2 from each monomer
interact with each other, thus forming the bottom of this cleft.
It is puzzling that mutants �36 and �37 still produced infec-
tious particles even though the entire or large parts of helix �2
were missing. Secondary-structure predictions and hydropho-
bicity plots suggested the formation of new large, hydrophobic
� helices in both of these mutants, whereas a hydrophilic
stretch of residues was lost from both of these proteins. Taken
together, these findings support the idea that the newly formed
fusion helices might functionally substitute for the loss of helix
�2. In addition, the protein C dimer serves as the basic building
block in the assembly of the flaviviral nucleocapsid (18). In the
3D structures of flaviviral protein C (11, 31), the dimers re-
semble a three-layer structure with helices �1 on top, helices
�2 in the middle, and helices �4 at the bottom. In contrast,
helix �3 is not organized pairwise and seems to serve as a
spacer. Mutant �36 lacks helices �2 and �3 and, as a conse-
quence, the middle part of the three-layer structure is com-
pletely removed whereas the top layer of helices �1 and the
bottom layer of helices �4 remain more or less unaffected (Fig.

5B). Similarly, mutant �37 lacks approximately half of helix �2,
the entire helix �3, and approximately half of helix �4 (Fig.
5C). One might assume that the formation of a fusion helix
(composed of the remainders of helices �2 and �4) results in
the formation of two layers instead of three. Stacking of such
two-layer structures might nevertheless enable multimer for-
mation and nucleocapsid assembly, which has been shown as
an intrinsic property of WNV C and DENV C proteins (11,
31). Therefore, it will be interesting to explore the oligomeric
properties and the atomic structures of the mutant proteins in
future experiments. Mutants �36 and �37, however, had a
significantly reduced specific infectivity and formed only small
foci and no plaques, indicating a significantly attenuated phe-
notype. This attenuation may be caused not only by an assem-
bly defect but also by an impairment during entry and unpack-
aging and/or a reduced physico-chemical stability of the
mutant particles. Indeed, a decreased thermal stability of par-
ticles containing C-terminal deletions [C(�77–96)] or deletions
within the internal hydrophobic sequence [C(�43–48)] had
recently been observed (42). The impairment of export and,

FIG. 5. Structure predictions for sequences of the wild type (A), deletion mutation �36 (B), and deletion mutation �37 (C). (A) Secondary-
structure prediction and hydrophobicity blot for the WNV V76/1sequence. Residues R23 to R98, which are also present in the Kunjin protein C
crystal structure (11), are shown. The positions of the introduced deletions and the most hydrophilic part of the protein are shown by open boxes.
The spontaneous deletions �36 and �37 are illustrated by black bars below. (B and C) Upper panels, secondary-structure predictions for mutant
protein C sequences and corresponding hydrophobicity blots. Lower panels, deletions on the Kunjin protein C dimer (11). The four helices are
shown, where present, with the same coloring in all three panels (i.e., �1 in green, �2 in blue, �3 in yellow, and �4 in red); the spontaneous large
deletions (i.e., �36 and �37) are shown in gray. All secondary-structure predictions were performed using PsiPred (15), and the hydrophobicity
blots were generated according to the algorithm of Kyte and Doolittle (26). The protein C 3D structure was adapted from the Protein Data Bank
(accession no. 1SFK) using PyMOL software (10). wt, wild-type.
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potentially connected with this observation, an altered cytotox-
icity (i.e., for mutant �36) are likely caused by a partial defect
in particle assembly.

In this study, we also identified spontaneous mutations
which resembled those described previously for TBEV (21),
i.e., exchanges of individual amino acids to more hydrophobic
residues and duplication mutations. In the TBEV study, the
residue changes were, without exception, located downstream
of the originally engineered deletion, whereas this was the case
for only a single mutation in the WNV system. The P61L
mutation in mutant �4/2 resembles a P57L mutation identified
in TBEV mutant C(�28–46). Both of these mutations of P to
L are located in the loop between the helix �2 containing the
hydrophobic domain and the subsequent helix �3. All other
WNV second-site point mutations, however, appeared up-
stream of the original deletion and affected residues preceding
or located within helix �1. In addition, the TBEV study (21)
identified two duplications as resuscitating mutations. Simi-
larly, WNV mutant �48 was rescued by the emergence of a
duplication mutation, DuM16-D39E�L88-A94, although
growth of the resulting mutant was still highly restricted. Taken
together, these findings suggest that similar mechanisms can
work to compensate for deletion mutations in both TBEV and
WNV and possibly flaviviruses in general.

Flaviviral RNA replication is dependent on the cyclization of
the positive-stranded RNA genome, which is mediated via 5�
and 3� cyclization sequences (reviewed in reference 34). In
mosquito-borne flaviviruses, the 5� cyclization sequence is lo-
cated within the amino-terminal coding region of protein C (2,
3, 9, 14, 16, 20, 29, 39). The WNV 5� cyclization sequence
comprises nucleotides 137 to 144, encoding amino acids V14 to
M16 of protein C. In good agreement with the functional
importance of this region, none of the second-site mutations
including also the large deletions affected this part of the
sequence. Thus, intracellular RNA replication should not be
impaired, and indeed, quantitative assessment showed no sig-
nificant differences between mutants �36 and �37 and wild-
type virus.

In conclusion, our data support a functional importance of
the internal hydrophobic domain of the WNV protein C but
demonstrate that this functionality can be substituted for in
dramatically truncated forms of this protein. Deletions of more
than one-third of the protein in the absence of additional
mutations, which would increase hydrophobicity, can generate
functional protein C. As suggested by secondary-structure pre-
dictions for WNV protein C deletion mutants �36 and �37, the
loss of functional elements contained in the hydrophobic helix
�2 was presumably compensated for by the formation of hy-
drophobic fusion helices and the extrusion of an intermittent
hydrophilic loop region. The high immunogenicity of mutant
flaviviruses containing deletions within protein C has been
successfully demonstrated (19, 21, 37, 44). Taking into account
the delayed growth kinetics together with the fact that high
titers can be achieved with mutants �36 and �37 in cell culture,
we propose that these large deletion mutants might be partic-
ularly useful vaccine candidates.
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