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Deletions ranging in size from 4 to 21 amino acid residues were introduced into the capsid protein of the
flavivirus tick-borne encephalitis (TBE) virus. These deletions incrementally affected a hydrophobic domain
which is present at the center of all flavivirus capsid protein sequences and part of which may form an
amphipathic alpha-helix. In the context of the full-length TBE genome, the deletions did not measurably affect
protein expression and up to a deletion length of 16 amino acid residues, corresponding to almost 17% of
mature protein C, viable virus was recovered. This virus was strongly attenuated but highly immunogenic in
adult mice, revealing capsid protein C as a new and attractive target for the directed attenuation of flaviviruses.
Apparently, the larger deletions interfered with the correct assembly of infectious virus particles, and this
disturbance of virion assembly is likely to be the molecular basis of attenuation. However, all of the mutants
carrying large deletions produced substantial amounts of subviral particles, which as judged from density
gradient analyses were identical to recombinant subviral particles as obtained by the expression of the surface
proteins prM and E alone. The structural and functional flexibility of protein C revealed in this study and its
predicted largely alpha-helical conformation are reminiscent of capsid proteins of other enveloped viruses,
such as alphaviruses (N-terminal domain of the capsid protein), retroviruses, and hepadnaviruses and suggest
that all of these may belong to a common structural class, which is fundamentally distinct from the classical
B-barrel structures of many icosahedral viral capsids. The possibility of attenuating flaviviruses by disturbing
virus assembly and favoring the production of noninfectious but highly immunogenic subviral particles opens

up a promising new avenue for the development of live flavivirus vaccines.

Members of the genus Flavivirus, family Flaviviridae, such as
yellow fever virus, Japanese encephalitis virus, West Nile virus,
the dengue viruses, and tick-borne encephalitis (TBE) virus,
cause major human health problems in large areas of the world
(4). In spite of a long and successful history of vaccinations
against some flavivirus diseases, there is a continuing demand
for the development of new flavivirus vaccines. Flaviviruses are
positive-stranded RNA viruses. The genome consists of a sin-
gle approximately 11-kb-long RNA molecule that encodes all
of the viral proteins in a single long open reading frame
flanked by a rather short 5’ and a somewhat longer 3’ noncod-
ing region (24). For many flaviviruses, including TBE virus,
infectious cDNA clones have become available during the past
two decades (43). This has made it possible to specifically
manipulate the genomes of these viruses. Using this technol-
ogy, a number of approaches to create attenuated flaviviruses
that might be used as live virus vaccines have been pursued,
including the construction of chimeric flaviviruses (see refer-
ence 2 and references cited therein). Ideally, a live virus vac-
cine is completely apathogenic but remains highly infectious
and replication-competent upon peripheral inoculation and
thus efficiently induces a protective immune response. More-
over, the ideal live virus vaccine is incapable of reverting to or
evolving into a virulent phenotype. In this communication we
present the flavivirus capsid protein C as a new target for the
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generation of attenuated mutants and provide evidence that
deletion mutants of this protein fulfill the above-mentioned
criteria to a large degree.

Flaviviruses are small, round, enveloped particles that consist
of only three structural proteins (24). Two of these, the small
protein M (8 kDa) and the large envelope protein E (54 kDa),
are located on the outer surface of the virus particle and are
anchored by carboxy-terminal transmembrane domains in the
viral membrane. The nucleocapsid contained inside is formed
by only a single viral protein C (11 kDa) and the RNA genome.
Structural and functional properties of flavivirus particles have
been intensively studied during the past several years. The
emphasis of most of these studies has been on protein E, which
plays a crucial role in the viral life cycle, mediating both viral
attachment to the host cell and, after receptor-mediated up-
take into endocytotic vesicles has taken place, acid-induced
fusion of the viral membrane with the host membrane, thus
allowing the release of the nucleocapsid into the cytoplasm of
the cell (10). Structural studies on protein E culminated in the
elucidation of the atomic structure of the ectodomain of the
TBE virus protein E by X-ray diffraction analysis (42). The role
played by protein M in the mature virus particle, if any, is
probably minor. Its importance derives from the fact that it is
formed by a furin-dependent cleavage from a larger precursor
protein (prM) that is crucial for assembly of virus particles and
protects protein E from premature conformational changes
during maturation and release of virus particles (10). Expres-
sion of proteins (pr)M and E alone leads to the formation of
subviral particles (recombinant subviral particles [RSP]),



VoL. 76, 2002 DELETIONS IN FLAVIVIRUS CAPSID PROTEIN C 3535
TABLE 1. Primers used for mutagenesis

Orientation Sequence” Amino acids deleted
Sense S'-TTTACGCGT - A- CAAATGCCAAATGCCCTTGTGT -3’ Q28-V31
Sense 5'-TTTACGCGT- A- GGGCTTGT GT TGATGCGCATGA-3’ Q28-N35
Sense S'-TTTACGCGT- A- ATGCGCATGATGCCGATCTTG 3’ Q28-139
Sense 5'-TTTACGCGT- A- GGGATCTTGIGGCATGCCGTA-3’ Q28-M43
Sense S'-TTTACGCGT - A- GCCGTAGCCGGCACCGCGAGAA-3’ Q28-H48
Antisense 5"-AGCGTAAACCGGT GCCAAAC-3'

¢ Restriction enzyme recognition sequences are underlined; A indicates the position of the deletion relative to the wild-type sequence.

which possess many structural and functional properties of
infectious virus particles, including the presence of a lipid
membrane and the arrangement of the surface proteins in an
icosahedral lattice (7, 45). Importantly, RSPs are excellent
immunogens capable of inducing a protective immune response
that is functionally superior to using protein E in a nonparticulate
form (11). Subviral particles which may be identical to RSPs
have been observed in variable amounts as a by-product of
normal flavivirus replication in cell culture and have been
referred to as slowly sedimenting hemagglutinin (44).

Comparatively little is known about the structural and func-
tional properties of protein C. It is a relatively small protein
that shares less sequence homology among different flavivi-
ruses species than do the other two structural proteins (31).
Consistent with its presumed role in packaging the viral RNA,
it is rich in basic amino acid residues. Within the large open
reading frame that encodes all of the flavivirus proteins as a
single polyprotein precursor, protein C is located at the very
amino-terminal end and is thus synthesized first during trans-
lation. It is followed by the other two structural proteins, (pr)M
and E. The carboxy-terminal region of protein C serves as an
internal signal sequence that initiates translocation of protein
prM into the lumen of the endoplasmic reticulum (ER). Later
during synthesis, this signal sequence, which initially anchors
protein C to the ER membrane, is cleaved off by the action of
the viral protease NS2B/3, and this cleavage is required to
allow the subsequent liberation of the amino terminus of pro-
tein prM through the action of host cell signalase (24). Protein
C, however, probably remains closely associated with the mem-
brane by virtue of a second hydrophobic element that is
present in all flavivirus sequences, approximately in the middle
of the primary amino acid sequence (35). This element, termed
the internal hydrophobic domain, exhibits features reminiscent
of a signal sequence. So far, no high-resolution data on the
structure of protein C are available, but electron microscopy
studies and the icosahedral organization of the outer viral
surface imply that the capsid formed by protein C has icosa-
hedral symmetry.

In this study we constructed mutants of TBE virus that
carried deletions in the central region of protein C affecting to
various degrees the internal hydrophobic domain, part of
which may fold into an alpha-helix that exhibits features of a
leucine zipper motif. We observed that as they increased in size
the deletions impaired the assembly of infectious virus parti-
cles but allowed the formation and secretion of subviral parti-
cles. Up to a deletion length of 16 amino acid residues, infec-
tious virus was recovered, and the mutant lacking 16 amino
acids proved to be highly attenuated and immunogenic in mice.

MATERIALS AND METHODS

Virus, plasmids, and RSPs. Western subtype TBE virus strain Neudoerfl has
been characterized in detail, including the determination of its entire genomic
sequence (31, 32), which is available under GenBank accession number U27495.
It was used as the wild-type control in all experiments, and all of the described
mutants were derived from this strain. Purified virions to be used as controls in
gradient centrifugation experiments were prepared from infected chicken em-
bryo (CE) cell culture supernatants as described previously (14). Infectious RNA
corresponding to the genome of TBE virus strain Neudoerfl was synthesized in
vitro from previously established infectious cDNA clones (30). Plasmid pTNd/c
contains a full-length genomic cDNA insert, and RNA transcribed from this
plasmid was used as the wild-type control in RNA transfection experiments.
Plasmids pTNd/5" and pTNd/3’ contain cDNAs corresponding to the 5’ one-
third and the 3’ two-thirds of the genome, respectively, and can be used to obtain
infectious full-length RNA after in vitro ligation. These plasmids were utilized
for the construction of specific deletion mutants.

Clone ANSS is a replication-deficient derivative of full-length clone pTNd/c
(our unpublished results). ANS5 was constructed by deleting the region between
two BssHII restriction sites at positions 9880 and 10695 in pTNd/c. This removed
the carboxy-terminal 165 amino acid residues of the NS5 protein and essentially
the entire variable region of the 3’ noncoding sequence (51).

Purified RSPs used as controls in gradient centrifugation experiments were
obtained following previously established procedures by expressing the proteins
prM and E from the plasmid SV-PEwt in COS-1 cells (45).

Computer-assisted sequence analysis. Secondary-structure predictions were
performed by using the package EMBL PredictProtein (http://www.embl
-heidelberg.de/predictprotein/predictprotein.html) and the program COILS
(http:/www.ch.embnet.org/software/COILS_form.html) (window size 14) (27,
28). Hydrophobicity calculations based on the algorithm of Kyte and Doolittle
(window size 11) (20) and sequence statistics were carried out by using PRO-
TEAN (DNASTAR, Inc.).

Cloning and sequencing procedures. All deletions were introduced into plas-
mid pTNd/5’ by taking advantage of unique cleavage sites within this plasmid for
the restriction enzymes Mlul and Agel at positions 208 and 960 of the TBE
genomic sequence, respectively. PCR fragments spanning this region and carry-
ing the desired deletion mutations were prepared and substituted for the wild-
type sequence by standard procedures. The sequences of the mutagenic sense
primers and the wild-type antisense primer that was used for all constructs are
listed in Table 1. In order to introduce the deletion mutations into the full-length
c¢DNA clone, the unique cleavage sites for the restriction enzymes Sall, located
upstream of the TBE 5’ end (30), and SnaBI, at position 1883 in the TBE
genome sequence, were utilized to swap fragments from the pTNd/5'-derived
mutant plasmid into plasmid pTNd/c. Plasmids were amplified in Escherichia coli
strain HB 101, and small- and large-scale plasmid preparations were made by
using Qiagen purification systems. New constructs were checked by sequence
analysis, including at least the region synthesized by PCR and the vicinity of the
utilized insertion sites.

Sequencing was performed using an automated DNA sequencing system
(ABI). The genome sequence coding for protein C was checked for all stock virus
suspensions prior to biological characterizations by reverse transcription-PCR
and direct sequence analysis as described previously (51).

RNA transcription and transfection and stock virus preparations. RNA was
transcribed from full-length cDNA clones or in vitro-ligated templates by using
T7 polymerase (Ambion) and transfected into BHK-21 cells by electroporation
under the conditions described previously (30). Supernatants that were found to
contain infectious virus were used to infect litters of suckling mice (0 or 1 day
old) for the preparation of high-titer virus stocks as described in detail elsewhere
(30).
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Cell cultures. BHK-21 cells, porcine kidney (PS) cells, and primary CE cells
were grown under standard conditions (16, 30). Infectivity values of virus stocks
were determined by plaque titer determinations on PS cells (16) and confirmed
by endpoint dilution infection experiments on BHK-21 and CE cells. Growth
curves on CE cells were performed as described in detail elsewhere (30). Briefly,
cells were infected at a multiplicity of infection (MOI) of approximately 1, and
virus released from the cells within 1-h periods was collected from the superna-
tant at several times postinfection and quantified by standard plaque assays.

Detection and quantification of protein E expression. Expression of protein E
in BHK-21 cells was visualized 48 h posttransfection by immunofluorescence
staining after fixation of cells with acetone-methanol (1:1) using a polyclonal
rabbit anti-protein E serum and fluorescein isothiocyanate-conjugated anti-rab-
bit antibody. Protein E released into the supernatant of cell cultures was detected
by a four-layer enzyme-linked immunosorbent assay (ELISA) (15). For passag-
ing experiments, supernatants were cleared from cell debris and insoluble ma-
terial by low-speed centrifugation and the E protein content was measured by
sodium dodecyl sulfate (SDS)-ELISA (12). Then, aliquots containing equal
amounts of protein E (20 ng) were transferred to new BHK-21 cells and protein
E expression in these cells was determined as before.

For a quantitative analysis of protein E expression, BHK-21 cells were counted
after RNA transfections by using a Casy 1 TT cell counter (Scharfe Systems) and
equal numbers of vital cells were seeded into culture flasks (Nunc). Cells were
allowed to grow for 12 h with 5% fetal calf serum, after which the fetal calf serum
concentration was reduced to 1%. At defined time points (24 and 30 h post-
transfection), supernatants and cells were harvested separately. Aliquots of su-
pernatants were used for measurement of protein E content using an SDS-
ELISA (12). Cells were detached from the culture bottles by trypsin incubation
and scraping and counted as before, and aliquots of 10° cells were suspended in
lysis buffer (TAN buffer, consisting of 0.05 M triethanolamine [pH 8.0] and 0.1
M NaCl, plus 1% Triton X-100) and incubated for 15 min at 4°C. Lysates were
cleared by low-speed centrifugation, and the protein E content was quantified by
SDS-ELISA (12). To correct for the variability caused by different transfection
efficiencies, virus spread, or total cell numbers, the number of protein E-pro-
ducing cells was calculated for each sample at the corresponding time point. For
this purpose, aliquots of the cell preparations were stained with a monoclonal
antibody directed against protein E (B2) and specifically labeled cells were
counted in a FACSCalibur flow cytometer (Becton Dickinson).

Particle analysis. BHK-21 cells were transfected by electroporation with in
vitro-synthesized mutant RNAs and mixed with untransfected cells to allow for
secondary infections. Forty-eight hours postinfection, supernatants were har-
vested and viral and subviral particles were pelleted by ultracentrifugation (Ti 45
rotor [Beckman], 44,000 rpm, 2 h, 4°C). The resuspended pellets were analyzed
by rate zonal gradient centrifugation. Discontinuous sucrose gradients (10, 35,
and 50% sucrose in TAN buffer containing 0.1% bovine serum albumin) were
utilized to achieve an optimal separation of virions from subviral particles (SW
55 rotor [Beckman], 44,000 rpm, 4 h, 4°C). Gradients were fractionated using an
ISCO 640 gradient fractionator, and protein E content of individual fractions was
determined by SDS-ELISA (12). Buoyant densities were determined by equilib-
rium centrifugation on continuous sucrose gradients (20 to 50%) essentially as
described before (45). The sucrose density of the particle-containing fractions
was determined with an Abbe refractometer (Atago) correcting for temperature
using standard tables (ISCO).

Animal model. The characterization of mutant viruses in the mouse model was
performed as in previous studies (29, 33, 34). Briefly, groups of 10 5-week-old
(body weight, approximately 20 g) outbred Swiss albino mice were inoculated
subcutaneously, and survival was recorded for 28 days. Then the mice were bled,
and seroconversion was detected by a TBE antibody ELISA (13). For the de-
termination of the 50% lethal dose (LDs,) and the 50% infective dose (IDsy),
groups of 10 mice were inoculated with sequential 10-fold dilutions of virus
ranging from 1 to 10° PFU. The calculation of LDy, and IDs, values was
performed by the method of Reed and Muench (41). For IDs calculations, the
number of infected mice was taken to be the total of mice killed plus surviving
mice with detectable seroconversion. Surviving mice without detectable serum
antibody were scored as uninfected. To test whether seroconverted mice had
developed a protective immunity, mice were challenged with the highly virulent
TBE virus strain Hypr (50) in a high dose (>100 LDs,) that typically kills 100%
of nonimmunized mice.

RESULTS

Computer-assisted analysis of the TBE virus capsid se-
quence. Protein C of TBE virus is a 116-residue-long highly
basic protein (calculated isoelectric point 12.5) containing a
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total of 11 arginine and 12 lysine residues. Secondary-structure
prediction using the program PredictProtein (EMBL) revealed
two particularly noteworthy features of this sequence, which
are illustrated in Fig. 1. First, in spite of the high overall
proportion of charged amino acid residues, there are two dis-
tinct hydrophobic domains. Secondly, the secondary-structure
conformation of protein C is predicted to be largely alpha-
helical. The employed algorithm strongly predicted the forma-
tion of four helices that would take up most of the carboxy-
terminal two-thirds of the protein. Helix IV corresponds to the
hydrophobic carboxy-terminal end of protein C, which is
known to act as an internal signal sequence for the transloca-
tion of the subsequent protein prM into the lumen of the ER
and is removed from mature protein C by the action of the viral
protease NS2B/3 (24). Helix I is part of the central hydropho-
bic domain, which extends approximately from residues 34 to
51 (exact boundaries vary depending on the algorithm and
parameter settings used). Part of this region was previously
proposed to anchor mature protein C into the viral membrane
(35). Close inspection of the sequence revealed that both helix
I and helix III are amphipathic and exhibit a periodical heptad
organization of leucine residues (Fig. 1). These features are
reminiscent of leucine zipper motifs which are known to have
a high propensity to form coiled-coil interactions (27, 28).
Coiled-coil interactions are in fact predicted in the case of helix
III by the COILS algorithm, whereas helix I, which consists of
only two full heptad repeats, is too short to be submitted to this
analysis.

Generation of deletion mutants. We wanted to study the
effects of mutations in protein C on the expression, particle
formation, viability, and virulence of TBE virus. We antici-
pated that major changes within the amino- and the carboxy-
terminal regions of protein C would be deleterious for the
virus. Therefore, we chose the central domain, in particular the
hydrophobic domain containing helix I, as a target for our
analysis. A set of deletion mutations of increasing sizes (re-
moving 4, 8, 12, 16, or 21 amino acid residues) was engineered
into the infectious cDNA clone of TBE virus strain Neudoerfl.
As shown in Fig. 1, these deletions start shortly before the
central hydrophobic domain and, with increasing size, remove
incremental parts of this domain but leave the flanking posi-
tively charged hydrophilic domain largely unaffected. The larg-
est deletion removes most of helix I including histidine 48. The
designations of the resultant mutants as listed in Fig. 1 refer to
the locations of the deletions within protein C [e.g., mutant
C(A28-31) lacks the four amino acid residues 28 through 31 of
protein C]J.

Viability of deletion mutants in BHK-21 cells. The initial
step of our characterization of the capsid deletion mutants was
to assess their competence for protein expression in BHK-21
cell culture. Since protein expression depends on both trans-
lation and replication of the viral genome, an inability to detect
protein E in this experiment would suggest that one or both of
these functions were significantly impaired by the deletions in
protein C. RNAs transcribed from the five mutated and the
parental wild-type cDNA clones were transfected into BHK-21
cells and assayed for protein E expression 48 h postinfection. A
replication-deficient mutant RNA (termed ANSS) was also
included in the experiment. As can be seen in Fig. 2a to g, the
wild type and all of the mutants yielded positive immunofluo-
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FIG. 1. Characteristics of the TBE virus protein C wild-type and mutant amino acid sequences. (a) Sequence of the wild-type primary translation product, from which the amino-terminal
methionine (shown in parentheses) and the carboxy-terminal 20 residues (presumed NS2B/3 cleavage site indicated by an arrow) are removed to yield mature protein C. Positively charged
residues are underlined and bold. (b) Locations of the introduced deletion mutations (arrows) together with the designations of the corresponding mutants. The numbers in the names
of the mutants indicate which residues were deleted. (c) Hydrophobicity plot calculated using the Kyte-Doolittle algorithm (window size 11) (20). The positions of two extended hydrophobic
domains located in the center and at the carboxy terminus of the primary sequence are emphasized by grey shading. (d) Secondary-structure prediction revealing four predicted alpha-helical
domains. The positions of the potential helices are indicated by shaded boxes and numbered consecutively by roman numerals. The first and last residue of each predicted helix are listed
below the box. (e) Helical wheel representations of two sequence elements exhibiting features of leucine zipper motifs.
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rescence staining and protein E was detected by ELISA in the
supernatants, too. In contrast, the ANSS control was negative
in both tests. These results indicated that the capsid deletion
mutants were competent for protein expression in BHK-21
cells and also released protein E into the supernatants. To
investigate whether the released material contained infectious
particles, aliquots containing 20 ng of protein E were trans-
ferred to new BHK-21 cells. These cell cultures were tested for
protein E expression as before, and the results are shown in
Fig. 2h to n. Clearly, all of the capsid deletion mutants except
for the one carrying the largest deletion, C(A28-48), were
transmitted to new BHK-21 cells. This result was confirmed in
a number of independent experiments, in which mutant
C(A28-48) could never be introduced into new BHK-21 cells,
even when supernatants containing up to 10 times more pro-
tein E were used (data not shown). While expression and
particle formation are analyzed in more detail below, the main
conclusion at this point is that TBE virus is capable of assem-
bling infectious particles in spite of deletions in its capsid
protein removing up to 16 amino acid residues, i.e., almost
17% of the length of mature protein C.

Quantification of protein E expression and export. After it
was established that the capsid deletion mutants were compe-
tent for protein expression and release of protein E from cells,
we wanted to determine and compare the efficiencies of these
processes. We chose the two mutants with the largest dele-
tions, C(A28-43) and C(A28-48), for this quantitative analysis
and included wild-type and ANS5 RNAs as positive and neg-
ative controls, respectively. BHK-21 cells were transfected as
before, and the amounts of protein E present inside the cells
and released into the supernatants were determined at two
time points (24 and 30 h posttransfection). Then, the sum of
intracellular and extracellular protein E was calculated and this
value was normalized for the number of protein-E-producing
cells. The results of this analysis, shown in Fig. 3a, demon-
strated that mutants and wild-type virus produced approxi-
mately equal quantities of protein E per cell at both time
points. The amount of protein E translated from the control
RNA ANSS remained below the detection limit. Clearly the
large deletions in protein C did not measurably diminish pro-
tein expression, and it can therefore be concluded that they did
not impair RNA replication or translation.

The availability of quantitative data on the amount of intra-
cellular and extracellular protein E obtained in this experiment
was then used to evaluate the efficiency of protein E release
from BHK-21 cells. Efficient release of protein E depends on
its proper processing and assembly into viral or subviral parti-
cles. The results shown in Fig. 3b indicated that the amounts of
protein E released were diminished for both mutants, and this
effect was more pronounced at the earlier time point. The
reduction and delay of protein E release in the case of the
capsid deletion mutants suggest an influence of these muta-
tions on particle formation, and this is investigated in more
detail below.

Formation of viral and subviral particles. Flavivirus struc-
tural proteins can, in principle, assemble into two different
forms of particles: (i) nucleocapsid-containing virions with a
diameter of 50 nm and a buoyant density of 1.19 g/cm? and (ii)
capsidless, noninfectious subviral particles with a diameter of
only approximately 30 nm and a buoyant density of only 1.14
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g/cm® (45). Rate zonal centrifugation using a discontinuous
sucrose gradient yields a clear separation through the accumu-
lation of subviral and viral particles at the 35 and 50% sucrose
boundaries, respectively (Fig. 4). The analysis of particles re-
leased from BHK-21 cells transfected with the mutant RNAs
as shown in Fig. 4 indicated that mutants carrying only small
deletions exhibited peaks corresponding to both viral and sub-
viral particles. With increasing deletion sizes, however, larger
proportions of subviral particles and decreasing amounts of
viral particles were detected in this type of analysis. To better
define the physical forms of these particles, similar separations
were performed on continuous sucrose gradients and the par-
ticle-containing fractions were further analyzed by equilibrium
sucrose density centrifugation. This analysis yielded a buoyant
density of 1.14 g/cm? in the cases of the subviral particle frac-
tions of all of the mutants, strongly suggesting a structural
similarity to the RSP control. The buoyant density of the virion
fraction of mutant C(A28-31) was found to be 1.19 g/cm?, as
was that of the wild-type virus control. In the cases of the
mutants carrying larger deletions, C(A28-35), C(A28-39),
C(A28-43), and C(A28-48), particles that sedimented with ve-
locities between those of the control RSPs and those of the
wild-type virus were found (data not shown). Due to the phys-
ical instability of these particles, it was not possible to deter-
mine their buoyant densities. We assumed that these popula-
tions contained forms of virions that assembled incorrectly due
to the deletions in protein C.

Growth properties of the mutants. In order to obtain uni-
form and high-titered virus stocks for all subsequent biological
characterizations, mutant viruses C(A28-35), C(A28-39), and
C(A28-43) were passaged twice in suckling mouse brains and
brain suspensions were prepared from the second round of
infection. This yielded stock virus suspensions with infectivity
titers that were only approximately 10-fold less than that of a
similarly prepared wild-type virus suspension (Table 2). Ge-
nome sequence analysis of the protein C-coding region con-
firmed the presence of the engineered deletion mutations in
these virus stocks but did not reveal any additional mutations
that might have emerged during the mouse passages.

To characterize the in vitro growth properties of the mutant
viruses in more detail, we determined their plaque morphology
on PS cells and prepared single-step growth curves on CE cells.
Plaques were found to be clear but significantly smaller than
those formed by wild-type virus. The information included in
Table 2 illustrates that mutants with larger deletions formed
even smaller plaques than those with smaller deletions.

To quantitatively compare the production levels of infec-
tious virus particles by mutant and wild-type viruses, single-
round growth curves as shown in Fig. 5 were prepared. All of
the mutants were found to release significantly fewer infectious
particles than did the wild-type virus. The release was espe-
cially delayed for the two larger-deletion mutants, C(A28-39)
and C(A28-43), although all three mutants ultimately reached
similar maximum values of approximately 10° PFU/ml/h.

Virulence properties. Finally, the effects of deletions in the
capsid protein were tested in vivo by using an established adult
mouse model (33). In this system, infectivity and neuroinva-
siveness are determined after peripheral inoculation of virus.
Whereas virulent TBE virus induces fatal encephalitis in a
large percentage of inoculated mice (neuroinvasiveness), at-
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FIG. 2. Expression of protein E and cell culture passage. (a to g) Wild-type (WT) and mutant RNAs (as indicated) were synthesized in vitro
and transfected into BHK-21 cells. Expression of protein E was tested 48 h posttransfection by immunofluorescence, and protein E released into
the supernatants was detected using a four-layer ELISA. Results of ELISA are given in the inserts as follows: —, optical density (OD) < 0.1; +,
OD = 0.1 to 1.0; ++, OD > 1.0. (h to n) Supernatants were passaged onto new BHK-21 cell cultures as symbolized by the arrows, and the
expression of protein E was determined 48 h postinoculation by immunofluorescence and ELISA as before.
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FIG. 3. Quantitative analysis of total protein E expression and ex-
port. BHK-21 cells were transfected with in vitro-synthesized wild-type
(WT) and mutant RNAs as indicated. The amount of protein E ex-
pressed per cell (a) and the percentage of protein E released from the
cell into the cell culture supernatant (b) were determined at 24 h (open
bars) and 30 h (shaded bars) posttransfection. Results shown are mean
values of three experiments (* standard errors of the means).

tenuated mutants do not cause disease but replicate and in-
duce a specific antibody response (infectivity). Using various
inoculation doses allows the determination of LDs, as a quan-
titative parameter of neuroinvasiveness and that of 1D, as a
quantitative parameter of infectivity. With regard to the devel-
opment of a safe and efficient vaccine the goal is to get a
mutant that shows a large LDs,/IDs, ratio (attenuation index).

Preliminary tests using only one or two different inoculation
doses suggested that the mutant carrying the smallest deletion,
C(A28-31), exhibited properties similar to those of the wild-
type virus, whereas the mutants carrying larger deletions ap-
peared to have reduced neuroinvasiveness (data not shown).
Assuming that alterations in virulence are more likely to be
pronounced with a larger deletion size, we decided to analyze
in detail the mutant with the largest deletion that was still
viable, i.e., mutant C(A28-43). The LDs,s and IDs,s derived
from this experiment are listed in Table 2 and compared to the
previously determined values of wild-type TBE virus (33). It
turned out that mutant C(A28-43) was highly attenuated. Not
a single mouse at any inoculation dose developed signs of
disease. This meant that the LD5, exceeded 10°>, and thus, the
attenuation index of this mutant was 3.9 or higher. To test
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whether this mutant was capable of inducing a protective im-
munity, mice were challenged with the virulent TBE virus
strain Hypr. All of the mice that had been infected and had
seroconverted were completely protected against disease. Con-
sequently, the 50% protective dose was equal to the IDs, i.e.,
10*°.

DISCUSSION

Closed-shelled virus particles with icosahedral symmetry are
often composed of typical wedge-like building blocks that are
formed by characteristic eight-stranded antiparallel B-barrel
structures, also known as jelly-roll beta-barrels (9). However,
icosahedral capsids can apparently also be formed by another
kind of capsid protein that is characterized by a large propor-
tion of alpha-helical structure. Hepadnavirus and retrovirus
capsid proteins are prominent representatives of this type (38,
52). In both of these cases the capsid proteins dimerize by the
association of two amphipathic alpha-helical hairpins that form
so-called four-helix bundles (55). Bacteriophage ¢6 is another
example of a spherical shell formed by a largely alpha-helical
protein (3). The capsid protein of alphaviruses consists of two
distinct domains. The structure of the carboxy-terminal auto-
protease domain has been solved by X-ray crystallography, but
the amino-terminal domain appeared unstructured in these
analyses and its exact structure remained unsolved (5, 6). This
domain appears to be structurally and functionally flexible (8),
and a recent study has revealed the presence of a conserved
amphipathic helix containing a leucine zipper motif that has
been proposed to function in core assembly through specific
coiled-coil interactions (40). It is possible that the amino-ter-
minal domain of alphavirus capsid proteins may belong to the
same class of capsid proteins to which hepadnavirus and ret-
rovirus capsids belong. Our analysis now suggests that the
flavivirus capsid protein may also belong to the same structural
category: both the predicted high content of alpha-helical
structure and the potential to engage in coiled-coil interactions
as well as the considerable structural and functional flexibility
revealed in this study resemble results obtained for alphavi-
ruses (8). The recent finding that the alphavirus surface glyco-
protein E1 shares a very similar overall fold with the flavivirus
envelope protein E strongly implies that these two virus fam-
ilies are structurally closely related (23). It is tempting to spec-
ulate that their capsid proteins may also have similar structures
and that they both may be members of a structural category
possibly common among capsids of enveloped viruses.

There are, however, obvious and major differences between
the alphavirus and the flavivirus capsid proteins and their role
in virus assembly. Flavivirus capsid proteins are smaller and
apparently lack the region corresponding to the alphavirus
carboxy-terminal autoprotease domain. Instead, the carboxy
terminus of the flavivirus protein C is formed by the action of
the viral protease NS2B/3 (24). In the absence of capsid pro-
tein, the flaviviral surface proteins (pr)M and E efficiently
assemble into smaller icosahedral (T=1) subviral particles (see
references 7 and 45 and references cited therein), a process
that has not been identified for alphaviruses. There is a specific
interaction between residues of the cytoplasmic domain of the
alphavirus E2 protein and the capsid protein which is impor-
tant for virus assembly (22, 39, 46-49, 54). In contrast, the
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FIG. 4. Particle analysis by rate zonal centrifugation. Control preparations of wild-type virus and RSPs as well as particles pelleted from
BHK-21 cell supernatants after transfection with the indicated mutant RNA were fractionated on discontinuous sucrose gradients. The 10, 35, and
50% zones are indicated below the graphs. The protein E content of each fraction was determined by a quantitative SDS-ELISA.

cytoplasmic domains of the flaviviral surface proteins are ex-
tremely short and it is unknown how they might interact with
the capsid. One possibility may be that interactions occur in-
side the viral membrane between a transmembrane domain of
a surface protein and a domain of protein C that is inserted
into the membrane. Markoff et al. have demonstrated that an
internal hydrophobic domain of dengue virus type 4 protein C
shares properties of an internal signal sequence and this do-
main inserts into a membrane in a hairpin conformation (35).
These authors recognized the presence of similar internal hy-
drophobic sequences in all flavivirus capsid sequences and
suggested a general role of this domain in anchoring protein C
to the membrane. Similar results have been reported for hep-
atitis C virus, another member of the Flaviviridae (25). Our
results are compatible with the hypothesis that this hydropho-
bic domain is involved in interactions between the capsid and
viral surface proteins: the removal of incremental parts of the
internal hydrophobic domain of the TBE virus capsid protein
impaired the assembly of infectious virus particles but still
allowed or even favored the assembly of capsidless subviral
particles. The quantity of subviral particles formed during in-

TABLE 2. Biological properties of deletion mutants

Infectivity

. LDsy/1D
. titer of Plaque LDs 1D 50250
Virus virus stock  size (mm) (log P;)U) (log PslgU) gtt(;anualt ron
(log PFU/ml) index (log)
Wild type 8.4 2-3 0.9 —0.2 1.1
C(A28-35) 7.7 1-2
C(A28-39) 7.7 =1
C(A28-43) 7.5 <1 =6.5 2.6 =39

fections with wild-type TBE virus appears to depend on a
number of factors, such as the MOI and the particular host cell
type utilized (our unpublished observation). This makes it dif-
ficult to exactly determine to what extent the deletions shifted
assembly towards the synthesis of subviral particles. The ob-
servation that efficient generation and export of subviral par-
ticles could occur even with large deletions suggests, however,
that these mutations predominantly impaired the assembly or
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FIG. 5. Growth curve analysis of wild-type and mutant TBE vi-
ruses. CE cells were infected at a MOI of 1, and the amounts of
infectious particles released into the supernatants during 1-h time
periods were quantified at various time points postinfection.
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stability of viral particles but left other functions, such as the
proteolytic processing of the polyprotein, largely unaffected.

In the case of hepatitis C virus, numerous functional activ-
ities have been associated with its core protein (36). This may
also be the case for TBE virus and other flaviviral capsid
proteins. In the Kunjin virus system two domains (residues 3 to
32 and 84 to 107) that are rich in positively charged amino acid
residues have been shown to be important for packaging the
viral genomic RNA (17). Also in the Kunjin system, it has been
demonstrated that the coding region of the first 20 amino acid
residues is essential for virus replication (18), and this was
recently correlated with the presence of a cyclization sequence
in this region (19). In contrast, only the first two amino acid
residues were required for efficient translation (18, 19). The
role of the carboxy-terminal hydrophobic domain as an inter-
nal signal sequence and its removal from mature protein C by
the action of the viral protease NS2B/3 have been studied by
various researchers (1, 26, 53). Here we tested the functional
importance of the central hydrophobic and probably helical
domain (helix I) by deleting residues between positions 28 and
48. Deletions within this domain did not significantly impair
translation or replication as shown by an efficient protein ex-
pression of the deletion mutants. The finding that mutant
C(A28-43) still produced infectious virus particles also rules
out an essential role of this domain for specific RNA packag-
ing. Helix I, however, probably plays a role in virus assembly.
The role of helix I may be an intramembraneous interaction
with a viral surface protein as discussed above, and/or it may
participate in coiled-coil-type interactions of protein C oli-
gomers. This notion is supported by the finding that very sim-
ilar helical structures are predicted at the corresponding posi-
tions of other flavivirus capsid sequences (our unpublished
observation). It is likely, however, that helix III, which is twice
as long and also contains charged amino acids at positions
known to potentially stabilize coiled coils (27), may have a
more prominent role in intermolecular interactions of protein
C, making helix III an attractive target for future mutagenesis
studies.

The most dramatic difference among the mutants tested in
this study was observed between mutants C(A28-43) and
C(A28-48). Whereas the former still grew to considerable ti-
ters, the latter did not produce any detectable infectious par-
ticles in cell culture. In mutant C(A28-43), helix I was severely
truncated but may still have maintained some functionality. In
mutant C(A28-48), however, this structure was almost com-
pletely removed and also residue His 48, which was previously
proposed to be functionally relevant (35), was deleted in this
mutant. In addition, it should be noted that the residues still
present in mutant C(A28-43) but deleted in mutant C(A28-48)
included the sequence motif M-X-I, which in the case of the
alphavirus Semliki Forest virus has been shown to be essential
for the formation of intracellular nucleocapsids (47).

Another central aspect of this study relates to the identifi-
cation of protein C as a new and promising target for the
development of live flavivirus vaccines. New vaccines will be
needed to meet the various challenges imposed by problems
such as the complex pathogenesis of dengue hemorrhagic fe-
ver, the socioeconomic situation of third-world countries
where flaviviral diseases are most common, or the introduction
of flaviviruses into new populations, such as the recent emer-
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gence of West Nile virus in North America (21). Although
attenuation of flaviviruses has been achieved by numerous
approaches including the specific introduction of mutations in
structural and nonstructural proteins and the terminal noncod-
ing regions (24, 37), the potential to generate viable mutants
carrying deletions in the capsid protein and to achieve signif-
icant attenuation by this method had not been recognized until
now. Moreover, our data indicated that this attenuation prin-
ciple has a number of important advantages over other ap-
proaches. Unlike most of the mutations that have been intro-
duced into nonstructural proteins or noncoding regions, this
attenuation apparently does not rely on diminished translation
or replication but maintains a high level of protein expression.
This should be beneficial for achieving an efficient and protec-
tive immune response. Moreover, all of the known major an-
tigenic targets required for the development of a protective
immune response, in particular glycoprotein E, which contains
important neutralizing epitopes, are fully intact in these con-
structs. This should mean a major advantage over approaches
that achieve attenuation through various protein E mutations
(29, 34, 37). Our data suggest that the attenuation achieved by
deletions within the central hydrophobic domain (helix I) of
the capsid protein is mainly based on the disturbance of the
assembly of infectious virus particles, while still allowing sub-
viral particles to be formed. These subviral particles, however,
are noninfectious and known to be excellent immunogens (11).
A general advantage of deletion mutations compared to point
mutations resides in the practical impossibility of reversion to
a wild-type sequence. Although second-site mutations that may
increase the virulence cannot be excluded even in the case of
deletions, it is highly unlikely that these mutations could re-
store a fully wild-type phenotype. Finally, the data obtained
from our mouse experiments demonstrate the excellent safety
and immunogenicity of mutant C(A28-43). Among all of the
attenuating mutations tested in the TBE virus system so far,
this is the first single-mutation mutant that did not cause dis-
ease in mice up to the very high peripheral inoculation dose of
10° PFU.

The mutants described in this study have opened new ave-
nues for the investigation of structural and functional proper-
ties of the flavivirus capsid protein C and at the same time
represent a promising starting point for the development of
live flavivirus vaccines.
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