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The linear, positive-stranded RNA genome of flaviviruses is thought to adopt a circularized conformation via
interactions of short complementary sequence elements located within its terminal regions. This process of RNA
cyclization is a crucial precondition for RNA replication. In the case of mosquito-borne flaviviruses, highly con-
served cyclization sequences (CS) have been identified, and their functionality has been experimentally confirmed.
Here, we provide an experimental identification of CS elements of tick-borne encephalitis virus (TBEV). These
elements, termed 5�-CS-A and 3�-CS-A, are conserved among various tick-borne flaviviruses, but they are unrelated
to the mosquito-borne CS elements and are located at different genomic positions. The 5�-CS-A element is situated
upstream rather than downstream of the AUG start codon and, in contrast to mosquito-borne flaviviruses, it was
found that the entire protein C coding region is not essential for TBEV replication. The complementary 3�-CS-A
element is located within the bottom stem rather than upstream of the characteristic 3�-terminal stem-loop
structure, implying that this part of the proposed structure cannot be formed when the genome is in its circularized
conformation. Finally, we demonstrate that the CS-A elements can also mediate their function when the 5�-CS-A
element is moved from its natural position to one corresponding to the mosquito-borne CS. The recognition of
essential RNA elements and their differences between mosquito-borne and tick-borne flaviviruses has practical
implications for the design of replicons in vaccine and vector development.

Flaviviruses, i.e., members of the genus Flavivirus, family
Flaviviridae, have a genome that is a single-stranded, �11-kb-
long RNA molecule with positive-strand polarity (43). It car-
ries a 5�-terminal Cap structure but no 3�-terminal poly(A) tail
(61, 62) and serves as the only viral mRNA, encoding all of the
viral proteins in a single long open reading frame (ORF). After
uptake of the viral particle into the cytoplasm of the host cell
and release of the genome from the nucleocapsid, the RNA is
translated into a single polyprotein. This precursor protein is
processed by a viral protease, as well as host cell proteases, to
yield three structural proteins (C, prM, and E) and seven
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5), each of which is an essential component of the viral
replication complex (37, 39, 63). After the formation of the
replication complex, negative-sense genome-length RNA is
synthesized, which serves as a template for the synthesis of new
positive-strand genomic molecules. RNA replication is an
asymmetric process in which the plus-sense RNA is synthe-
sized in 10- to 100-fold excess over minus-sense RNA (12, 47,
54). The newly synthesized plus-sense RNA is subsequently
used for translation of further viral proteins or synthesis of
additional minus-sense RNA, or it becomes incorporated into
new viral particles. Thus, the genome RNA has at least three
different functions (translation, replication, and association
with nascent viral particles), which need to be regulated and
coordinated during the viral replication cycle.

The terminal regions of the flavivirus genome, i.e., the ap-
proximately 100- to 130-nucleotide (nt) 5�-noncoding region
(NCR) plus the adjacent N terminus of the protein C coding
region, as well as the approximately 400- to 800-nt 3�-NCR,
contain RNA sequence motifs and secondary structure ele-
ments that are involved in these regulatory processes (43). In
most cases, a functional importance was originally proposed
based on theoretical studies in which conserved sequence or
folding patterns were detected. More recently, some of these
predictions have been confirmed by in vitro and in vivo studies
that directly addressed the functionalities of such elements by
mutational analysis (for a review, see reference 43).

It is known for a number of cellular and viral RNA mole-
cules that they can adopt a circular conformation in which their
termini are brought into close proximity, and this cyclization
has functional importance (5, 19, 20, 25, 60). In the case of
flaviviruses, such a process is thought to be mediated by spe-
cific inverse repeated sequence motifs located in the terminal
regions of the RNA genome. Specific base pairing between the
5�-element and the complementary 3�-element of this cycliza-
tion sequence (CS) is thought to induce cyclization of the
genome into a “panhandle” structure (18, 43).

The majority of flaviviruses are transmitted by mosquitoes
unto their vertebrate hosts. This group of viruses includes
important human pathogens such as yellow fever virus (YFV),
West Nile virus (WNV), Japanese encephalitis virus (JEV),
Saint Louis encephalitis virus (SLEV), and the four serotypes
of dengue virus (DV) (37). The presence of complementary
sequence elements in the genomes of mosquito-borne flavi-
viruses was first noted by Hahn et al. (18), who identified an
8-nt core sequence, which is conserved among this entire group
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of viruses, and who proposed that these sequences induce
genome cyclization. The 5�-element of this CS is located within
the 5�-terminal region of the viral ORF coding for the amino-
terminal part of protein C (approximately 40 nt downstream of
the start codon). The complementary 3�-CS is present in the
3�-NCR, just upstream of a 3�-terminal stem-loop structure
(3�-SL), which shows a high degree of conservation among all
flaviviruses (43). In silico studies based on thermodynamic
folding of the terminal regions or, more recently, entire flavi-
virus genomes, have subsequently corroborated the notion that
specific base pairing between the 5�- and the 3�-CS elements
can put the genomic termini into close proximity (3, 28, 57, 64).
Some studies have also identified additional sequences that
may take part in such long-range interactions (3, 57). Several
mutational studies (in vitro and in vivo) performed with Kunjin
virus (a subtype of WNV), YFV, WNV, and DV have provided
direct experimental evidence that complementarity of the 5�-
and 3�-CS is an essential prerequisite for viral replication (1, 2,
28, 38, 46). Mutations of either CS element that destroyed base
pairings were lethal, whereas mutations in both elements that
reconstituted base pairing were tolerated.

A smaller group of flaviviruses includes viruses that are
transmitted to their vertebrate hosts by ticks rather than mos-
quito vectors. The most important human pathogen within this
group is tick-borne encephalitis virus (TBEV), which is en-
demic in parts of Europe and Asia and causes thousands of
cases of severe neurological illness every year (7). Although
tick-borne flaviviruses have the same genome organization as
the mosquito-borne relatives, they lack homologous CS ele-
ments. Instead, sequence comparisons among tick-borne flavi-
viruses revealed alternative conserved motifs that occur as
complementary inverted repeats in the terminal regions of the
genome (28, 41, 57). These putative tick-borne CS elements,
termed 5�-CS-A and 3�-CS-A, are located within the 5�-NCR
and the stem of the 3�-SL structure, respectively. Thus, the
putative tick-borne 5�- and 3�-CS-A elements are located
closer to the genomic termini than the mosquito-borne CS
elements. Thermodynamic folding of the terminal regions con-
firmed the probability for long-range interactions of the tick-
borne 5�- and 3�-CS-A but also predicted additional interac-
tions of another pair of sequences (termed 5�- and 3�-CS-B)
whose components are located at genomic positions more sim-
ilar to those of the mosquito-borne CS, namely, within the
amino-terminal coding region of protein C and upstream of
the 3�-SL, respectively (28). Thus, tick-borne flaviviruses have
two different pairs of putative complementary CS elements, CS-A
and CS-B, but experimental evidence concerning their functional
importance has not yet been obtained for either of them.

This study now provides a functional analysis of the tick-
borne flavivirus CS elements. Studying the replication proper-
ties of various TBEV-derived replicons, we provide clear evi-
dence that complementarity of 5�- and 3�-CS-A is essential,
whereas no crucial function seems to be connected with the
complementarity of the CS-B elements. In fact, the data indi-
cate that the entire protein C-coding-region of TBEV, includ-
ing its amino-terminal part containing the 5�-CS-B element,
can be removed without loss of RNA replication competence.
This result is in pointed contrast to observations with various
mosquito-borne flaviviruses, all of which demonstrated a strin-
gent requirement for this domain. Finally, we demonstrate that

the functionality of 5�-CS-A is not strictly dependent on its
location outside the ORF but can also provide for functional
replication when it is moved from its natural position into the
location of 5�-CS-B.

MATERIALS AND METHODS

Analysis of base-pairing probabilities. Predictions of conserved secondary
structure were performed by using the computer program alidot-p, an ANSI C
implementation of the “Vienna RNA Package” available at http://www.tbi.univie
.ac.at/RNA/ (22). This algorithm is designed to reach consensus structures by
combining thermodynamic information (in the form of independent structure
predictions for individual sequences) and phylogenetic comparison (as multiple
sequence alignment) as discussed in previous publications (21, 23). Secondary
structure predictions for individual sequences were calculated by using
RNAfold-p, a further program of the Vienna RNA Package. The algorithm
reaches plausible base-pair probabilities by using McCaskill’s partition function
algorithm (45) based on previously published energy parameters (44). Sequence
alignments were obtained by CLUSTAL W (56). The following complete
genomic sequences of tick-borne flaviviruses were included (GenBank accession
numbers are in parentheses): TBEV strains 263 (TEU27491), Neudoerfl
(TEU27495), Hypr (TEU39292), Oshima 5-10 (AB062063), Sofjin (AB062064),
and Vasilchenko (NC_001809); Louping ill virus (NC_001809); Langat virus
(NC_003690); and Powassan virus (L06436).

Plasmids and cells. All new plasmid constructs described in the present study
are derivatives of the infectious cDNA clone of TBEV Western subtype proto-
typic strain Neudoerfl (40). Two mutants of strain Neudoerfl, used as controls in
the present study, were derived from previously described plasmids. One is
mutant prM(�R88), which has a full-length genome with a single amino acid
deletion mutation in the furin cleavage site of protein prM. This mutant is fully
competent for viral RNA replication and translation, but, due to its defect in prM
cleavage, is released from cells in the form of a noninfectious immature viral
particle (15). The other control is mutant �NS5, which is deficient for RNA
replication, due to a large deletion in which about one-fifth of protein NS5 (the
viral replicase) and part of the 3�-NCR have been removed (29, 31–33). All of the
previously described and new plasmids are derivatives of pBR322.

Cell culture experiments were performed with BHK-21 cells that were grown
and maintained under standard conditions as described previously (40).

Mutant construction. Replicon C17 was generated by the replacement of most
of the structural protein coding region by an in-frame insertion of a small
artificial sequence element (multiple cloning site [MCS]). All of the other new
mutants were derivatives of this initial construct. For the exact deletion bound-
aries, inserted nucleotide sequence, and additional mutations, please refer to the
corresponding text and figures in the Results section. Detailed cloning protocols
and primer sequences are available from the authors by request. Briefly, C17 was
generated by first generating a partial cDNA clone containing the region extend-
ing from a unique SalI restriction site (upstream of the genomic 5� terminus and
the preceding T7 promoter) to the unique ClaI site at position 3155 within the
NS1 coding region and containing the desired deletion and artificial sequence
insertion. This clone was obtained from two PCR fragments generated with
appropriate mutagenic primers and with wild-type TBEV cDNA as a template.
Subsequently, the SalI-ClaI fragment of the wild-type full-length cDNA clone
pTNd/c (40) was replaced by the modified fragment to generate replicon C17.
Further manipulations within the 5�-terminal region were performed in this
partial clone, either by PCR mutagenesis with appropriate mutagenic primers or
by use of the commercially available GeneTailor site-directed mutagenesis sys-
tem (Invitrogen). The mutations were transferred into C17 by taking advantage
of a unique NotI site (within the MCS) and the 5�-terminal SalI site. Similarly,
manipulations of the 3�-terminal regions were first performed on a partial cDNA
clone containing sequences from genome position 8949 to the 3� terminus (po-
sition 11141) and then transferred into the C17 backbone by fragment swapping,
using unique restriction sites for AgeI at position 10796 and for AatII adjacent
to the 3� terminus.

All plasmids were amplified in Escherichia coli strain HB101, and small- and
large-scale plasmid preparations were made by using QIAGEN purification
systems. New constructs were checked by sequence analysis with an automated
DNA sequencing system (PE Applied Biosystems, GA310 or GA3100). For all
clones, the sequences of the 5�-terminal region up to at least the position of the
unique ClaI (3155) site, as well as the entire 3�NCR, were checked in both
strands prior to functional analysis.

RNA transcription, transfection, and sequence confirmation. In vitro RNA
transcription and transfection of BHK-21 cells by electroporation was performed

4100 KOFLER ET AL. J. VIROL.



as in previous studies (31–33, 40). Capped RNA was synthesized with m7GpppG
Cap analogue and reagents from the T7 Megascript kit (Ambion) according to
the manufacturer’s protocol. After the transcription reaction, template DNA was
digested by DNase I incubation and the quality of the RNA was checked by
formalin-denaturing 1% agarose gel electrophoresis. For real-time PCR analysis,
RNA was purified and separated from unincorporated nucleotides by using a
RNeasy Mini kit (QIAGEN) and then quantified by spectrophotometric mea-
surement. Equal amounts of RNA were used for all transfections. Electropora-
tion was performed by using a GenePulser apparatus (Bio-Rad) with previously
described settings that typically yield a very high (up to almost 100%) transfec-
tion efficiency (40).

To confirm the presence of the originally engineered sequences in some
replication competent mutants at the end of the replication experiment, RNA
was isolated from cells 96 h posttransfection and subjected to sequence analysis.
Reverse transcription-PCR (RT-PCR) was performed with a commercial cDNA
synthesis system (Roche Applied Science) and appropriate primers according to
standard protocols. For the analysis of the genomic 3� terminus, the replicon
RNA was polyadenylated with E. coli poly(A) polymerase (Ambion), purified
with the RNeasy Mini kit, and then amplified by RT-PCR as described by others
(59). PCR products were sequenced on both strands with an automated DNA
sequencing system (PE Applied Biosystems, GA310 or GA3100).

Immunofluorescence staining. Expression of viral proteins was determined by
immunofluorescence staining of nonstructural protein NS1. After transfection
with RNA, BHK-21 cells were seeded into 24-well tissue culture plates and
supplied with growth medium containing 5% fetal calf serum (FCS). The me-
dium was replaced at 20 h posttransfection with maintenance medium containing
only 1% FCS to slow cell growth. Immunofluorescence analysis was performed 3,
7, and 14 days posttransfection. Cells were permeabilized by acetone-methanol
(1:1) fixation, and the presence of protein NS1 was visualized by successive
incubations with a mouse anti-protein NS1 monoclonal antibody (26) and fluo-
rescein isothiocyanate-conjugated anti-mouse antibody. Immunofluorescence
staining was evaluated by visual inspection with a Nikon Microphot miscroscope.

RNA quantification by real-time PCR analysis. BHK-21 cells were transfected
with equimolar amounts of RNA (corresponding to approximately 2 � 1012

copies of RNA) by electroporation. To remove noninternalized RNA, cells were
washed twice by taking them up in growth medium containing 5% FCS and
collecting them again by low-speed centrifugation. Then cells were transferred
into growth medium, and aliquots of approximately 106 cells were seeded into
flasks (25 cm2). At 20 h posttransfection, the FCS concentration was reduced to
1%. Cells were detached by trypsin incubation and collected from individual
flasks at various time points ranging from 3 to 96 h posttransfection as indicated
in the Results section. They were washed twice with phosphate-buffered saline
(PBS; pH 7.5) containing 1% bovine serum albumin and counted with a Casy 1
TT cell counter (Schärfe Systems). Aliquots of 105 cells were then suspended in
175 �l of lysis buffer (50 mM Tris-Cl [pH 8.0], 140 mM NaCl, 1.5 mM MgCl2, 1
mM dithiothreitol) and incubated for 5 min on ice. Lysates were cleared by
low-speed centrifugation and stored for further analysis at �80°C. RNA was
purified from one-fifth (corresponding to 2 � 104 cells) of each lysate by using
RNeasy mini kits and, again, one-fifth of each RNA preparation (corresponding
to 4 � 103 cells) was subjected to RT using the reagents and protocol supplied
with the iScriptcDNA Synthesis kit (Bio-Rad). One-half of each cDNA prepa-
ration (corresponding to 2 � 103 cells) was used for quantification by real-time
PCR. Amplification and detection were carried out on an ABI 7300 Real Time
PCR System (PE Applied Biosystems) with TaqMan Universal PCR Mastermix
(PE Applied Biosystems), and primers specific for part of the TBEV NS5 coding
region: 25 pmol of the forward (NS5forward, 5�-GCG GAG GCT GAA CAA
CT-3�) and the reverse primers (NS5reverse, 5�-TCA CGT TCC GTC TCC AG-3�)
and 10 pmol of TaqMan probe (5�-FAM-TGT GTA CAG GCG CAC CGG
CA-TAMRA-3�). The temperature profile of the reaction was: 3 min at 50°C, 10
min at 95°C, followed by 45 cycles of 15 s at 95°C, 30 s at 55°C, and 31 s at 72°C.
RNA was quantified by comparison of the results to a standard curve prepared
from a log10 dilution series of spectrophotometrically quantified, in vitro-tran-
scribed RNA. The lower cutoff value of the reaction was set at 101 copies of RNA
because values below this limit were observed to have poor reproducibility.
Logarithmic means of the obtained RNA copy numbers were calculated and
plotted with error bars indicating maximum and minimum values with the pro-
gram GraphPad Prism (version 3.0; GraphPad Software, Inc.). The kinetics of
RNA increase or decrease was evaluated by using the formula Nt � N0.e	t, where
N0 is the number of molecules at the beginning and Nt is the number of mole-
cules at the end of time period t. Doubling times were calculated as td � ln2/	.

RESULTS

In silico analysis of 5�- and 3�-terminal regions of TBEV.
Previous studies have provided predictions on various second-
ary structure elements in both terminal regions of the TBEV
genome (17, 41, 51, 53) and putative CS elements that may be
involved in long-range interactions between the 5�- and 3�-
terminal regions (28, 41, 57). As a starting point for our mu-
tation analysis, we reevaluated those predictions by using an
algorithm that allows folding of entire RNA molecules corre-
sponding in length to the flavivirus genome and calculates
base-pairing probabilities on the basis of both thermodynamic
and phylogenetic parameters (see Materials and Methods).
Figure 1 shows a compilation of the current knowledge on the
sequence of TBEV prototypic strain Neudoerfl. Secondary
structure is shown as predicted when neglecting the possibility
of long-range interactions between nucleotides of the 5�- and
3�-terminal regions.

Potential long-range interactions between various putative
CS elements (as also indicated in the figure) would clearly
interfere with the formation of some of the shown stem-loop
structures. One pair of previously predicted complementary
sequences (termed CS-A) (28, 41, 57) has its 5�-element (5�-
CS-A) in the 5�-SL2 structure and its 3�-element (3�-CS-A) in
the base of structure 3�-SL1. Our reevaluation of base-pairing
probabilities confirmed a high likelihood for long-range inter-
actions between the two complementary CS-A elements, albeit
with sequence boundaries slightly different from previous pre-
dictions. Another previously described pair of complementary
sequences (28) (here termed CS-B) which has its 5�-element
coinciding with 5�-SL4, and its 3�-complement (3�-CS-B) over-
lapping with the structures 3�-SL4 and 3�-SL5, was not con-
firmed by the present in silico analysis. Furthermore, there are
three additional sequence elements in the vicinity of or over-
lapping with CS-A or CS-B which according to previous or the
present computer predictions may participate in long-range
interactions (termed here CS-a, CS-b1, and CS-b2). Figure 1
and Table 1 summarize the sequences, exact position numbers,
and calculated �G values of all of these potential CS elements
in the TBEV genome.

Construction and characterization of TBEV replicon C17.
To study the role of the putative CS elements of TBEV inde-
pendently of the processes of particle formation, egress, and
secondary rounds of infection, we constructed replicon C17,
which is a derivative of the previously described full-length
infectious cDNA clone of TBEV strain Neudoerfl. As shown in
Fig. 2A, we removed almost the entire structural protein cod-
ing region, except for the parts coding for the first 17 amino
acid residues of protein C (and thus retaining all of 5�-SL4 and
5�-CS-B) and the internal signal sequence at the carboxy ter-
minus of protein E (to ensure proper processing of protein
NS1). In its place, a short artificial sequence, containing an
MCS and a NS2B/3 cleavage site was inserted. The original
reading frame was maintained in the C17 sequence and ther-
modynamic analysis of the replicon sequence predicted essen-
tially the same local and long-range secondary structures as
they are depicted for the full-length genome in Fig. 1.

To characterize the ability of replicon C17 to replicate and
be translated, protein expression was examined by immunoflu-
orescence, using a previously described full-length noninfec-

VOL. 80, 2006 TBEV CYCLIZATION ELEMENTS 4101



tious TBEV mutant, prM(�R88), for comparison. prM(�R88)
differs from the wild-type TBEV sequence only by the deletion
of a single amino acid, which abolishes furin-mediated cleav-
age of protein prM (15). This mutant therefore only forms
immature, noninfectious particles. We chose this mutant as a
positive control for the characterization of replicon C17 be-
cause it should exhibit wild-type functionality except for its in-
ability to cause a secondary round of infection. As a negative
control, the replication-deficient mutant �NS5 was used. Equal
amounts of in vitro-synthesized RNAs of C17, prM(�R88), and
�NS5 were introduced into BHK-21 cells by electroporation,
and expression of protein NS1 was visualized by immunofluo-

rescence staining 3 days posttransfection. As shown in Fig. 2B,
both C17 and prM(�R88) yielded bright immunofluorescence
staining, whereas �NS5 was negative, indicating that, in the
absence of RNA replication, translation from incoming mole-
cules is insufficient to yield a positive stain in the immunoflu-
orescence analysis. On the other hand, since no RNA replica-
tion can occur in the absence of translation, the positive result
obtained for C17 means that this replicon was competent for
both translation and replication.

For a quantitative comparison of RNA replication, a real-
time PCR assay was established. RNA was isolated from cell
lysates at various time points posttransfection and quantified
by PCR. The results are shown in Fig. 2C and D. The levels of
both C17 and prM(�R88) RNA remained almost constant
during the first 12 h. After this lag phase, the amount of both
RNAs increased about 100-fold to reach approximately equal
final levels. In contrast, the replication-deficient control RNA
�NS5 exhibited a distinct decline starting between 3 and 12 h
and continuing over the entire observation period. As a further
control, �NS5 RNA was added to cells, but no electric pulse
was applied so that the RNA would not be internalized by the
cells. As can be seen in Fig. 2C, the values for this control
remained at least 2 orders of magnitude below those of the
other samples and decreased below the detection limit within
the first 24 h, indicating that noninternalized input RNA did
not significantly contribute to the quantitative RNA values
determined in our assay.

FIG. 1. Secondary structures in the 5�- and 3�-terminal regions of TBEV and putative long-range interactions between the two regions
of the strain Neudoerfl sequence (numbering corresponding to the wild-type sequence, GenBank accession no. U27495). The stem-loop
structures (5�-SL1, -2, -3, and -4 and 3�-SL1, -2, -3, -4, and -5) are shown as predicted for the linear genome, i.e., without consideration of
potential long-range interactions between 5�- and 3�-proximal sequence motifs. Predicted �G values of individual SL structures are given for
the tick-borne consensus sequence (no �G value is shown for 5�-SL1 due to considerable variation among different tick-borne flavivirus
sequences). Base-pair assignment corroborated by compensatory mutations in other tick-borne flavivirus genomes are indicated by circles. Base
pairs that are absent in one or two of the other tick-borne sequences are marked by asterisks. The AUG start codon in 5�-SL3 is marked with
“Start.” Potential long-range interactions of putative cyclization elements (CS) are highlighted in color and are indicated by connecting lines. Solid
lines depict long-range interactions predicted by the algorithm used in the present study (see Materials and Methods), whereas dashed lines refer
to previously predicted interactions not confirmed in the present analysis.

TABLE 1. Putative TBEV cyclization sequences

Designation
Genome positiona

�G (kcal)d Reference
5� element 3� element

CS-ab 109–111 11139–11141 �0.3 57
CS-Ac 115–129 11057–11071 �24.4 28, 41, 57
CS-b1 157–166 10772–10781 �20.8
CS-b2b 166–168 10956–10958 57
CS-B 164–174 10949–10958 28

a Nucleotide numbers refer to positions in the wild-type genome of TBEV
strain Neudoerfl.

b Designated as P1� and P2 in reference (57).
c Previous studies predicted slightly different lengths and �G values.
d As determined in the present study. No values are listed for CS elements not

confirmed in the present analysis.
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A close inspection of the data indicates that the increase of
C17 RNA was somewhat delayed compared to prM(�R88).
prM(�R88) replicated most efficiently in the time interval be-
tween 12 and 18 h posttransfection with an average increase of
more than a 100% per hour (i.e., its average doubling time
during that period was less than an hour) (Fig. 2D). During the

later time intervals, the amount of prM(�R88) remained al-
most constant. In contrast, C17 showed a steady increase be-
tween 12 and 24 h, with a maximum average increase of 38%
between 18 and 24 h (corresponding to a doubling time of
approximately 2 h) (Fig. 2D). Thus, C17 replicated its RNA to
the same level as prM(�R88), but with a somewhat lower

FIG. 2. Organization and characterization of replicon C17. (A) Schematic drawing of C17 (not to scale). The nucleotide sequence between
positions 183 and 2386 (corresponding to amino acid residue 18 of protein C and 471 of protein E) of the wild-type TBEV genome was replaced
by an artificial sequence that includes an MCS with recognition sequences for the restriction enzymes PacI, SnaBI, and NotI and a sequence coding
for a potential cleavage site of the viral protease NS2B/3. (B) Immunofluorescence analysis of cells transfected with RNA of replicon C17, the
prM-cleavage-deficient TBEV mutant prM(�R88) (positive control), and the replication-deficient mutant �NS5 (negative control). Immunoflu-
orescence staining was performed 3 days posttransfection with a monoclonal antibody recognizing protein NS1. (C) Replication kinetics of C17
and control RNAs. RNA isolated from 2,000 cells was quantified at various time points after transfection by real-time PCR. Logarithmic means
from two experiments are shown (the error bars indicate the maximum and minimum values). �NS5 (no ep.) refers to control experiments in which
cells were incubated with RNA but not electroporated to quantify the number of RNA molecules that remain attached to the cell surface. This
value dropped below the cutoff limit of 101 (indicated by a dashed line) at 24 h posttransfection. (D) Average increase or decrease in RNA copies
in percent per hour between the individual measurements of the experiments.
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replication rate. This suggests that C17 contains all of the
essential regulatory elements for protein translation and RNA
replication, but the deletion of the structural protein coding
region caused a moderate impairment of its replicative ability
compared to the full-length control. This may be explained by
the loss of some auxiliary function exerted by one of the struc-
tural proteins or RNA elements of the deleted region.

The N-terminal protein C-coding region of TBEV is nones-
sential. Because it contains the 5�-element of the CS, the
region coding for the N-terminal part of protein C is essential
for replication of mosquito-borne flaviviruses (1, 2, 10, 27, 28,
38, 46). In the TBEV genome, this region contains the putative
5�-CS-B element (as well as the alternative, overlapping ele-
ments 5�-CS-b1 and 5�-CS-b2, see Fig. 1 and Table 1) and also
two predicted stem-loop structures (5�-SL3 and 5�-SL4) of poten-
tial functional importance. To investigate whether any of these
elements were necessary for translation or replication of
TBEV, gradually increasing deletions were introduced into
replicon C17 (Fig. 3C). In C17 the codons for the first 17 amino
acid residues of protein C were maintained. Now this region
was further truncated to retain only the first 12, 10, 7, or 3
codons (the mutants were accordingly named C12, C10, C7,
and C3). In another construct, the deletion was extended to
retain only the AUG start codon (C1), and in the final one, the
entire 5�-SL3 was deleted (�5�-SL3). Equal amounts of in
vitro-transcribed RNAs of all of these mutants, as well as C17
and �NS5 RNAs (positive and negative controls) were intro-
duced into BHK-21 cells, and protein NS1 expression was
visualized by immunofluorescence staining 3 days after trans-
fection. Surprisingly, all of the mutants (except for the negative
control �NS5) yielded a positive staining pattern (Fig. 3B and
C). There was only a minor difference in immunofluorescence
staining intensity between C17 and the replicons with trunca-
tions of 12, 10, or 7 codons of protein C. Thus, the removal of
part or all of the 5�-CS-B (and 5�-CS-b1 and 5�-CS-b2 as well)
and 5�-SL4 was apparently tolerated, indicating that neither
these sequence elements nor the 5�-SL4 secondary structure
are essential for replication or translation of the replicon
RNA. However, further truncations affecting the start-codon-
containing 5�-SL3 (C3, C1 and �5�-SL3) reproducibly caused a
marked reduction in the brightness and overall number of
immunofluorescence-positive cells, which also exhibited a
more focal and granular staining pattern. Nevertheless, even
removal of the entire 5�-SL3, including the authentic start
codon, yielded a positive expression pattern. In fact, in several
independent experiments, this mutant yielded more positive
cells and somewhat more intense staining than mutant C1.
Apparently, an alternative start codon, possibly the in-frame
AUG codon that was part of the artificially introduced stretch
of restriction enzyme recognition sequences (MCS) that had

been inserted into C17 (Fig. 2A), could be utilized by this
mutant. In conclusion, the data indicate that for TBEV, trans-
lation and replication can take place in the absence of the
region encoding the N terminus of protein C.

Deletion of CS-A elements, but not CS-B elements, is dele-
terious. The previous results implied that 5�-CS-B was not an
essential sequence element for TBEV. To confirm this finding,
two additional mutants that had an in-frame deletion of the
5�-CS-B (�5�-CS-B) or of the 3�-CS-B (�3�-CS-B) were con-
structed and analyzed (Fig. 3D). �5�-CS-B yielded a staining
pattern indistinguishable from the positive control, C17. Mu-
tant �3�-CS-B also yielded clearly positive cells, albeit in much
lower numbers and with not as bright immunofluorescence
staining as C17. This result was confirmed by immunofluores-
cence staining 7 and 14 days after transfection (data not
shown). Various deletions in this region of the 3�-NCR were
previously shown to significantly impair viability of TBEV (42,
50), and it has been proposed that these effects were primarily
due to alterations of its secondary structure rather than the loss
of particular sequence motifs (52).

Next, we investigated, whether CS-A or CS-a were essential
sequence elements (Fig. 3D). Deletions were introduced into
the 5�-NCR, removing 5�-CS-A (�5�-CS-A), 5�-CS-a (�5�-CS-
a), or both of these elements (�5�-CS-a�A). In another mu-
tant, the 3�-element of CS-A was deleted (�3�-CS-A). Protein
expression was monitored by immunofluorescence staining as
before. Cells transfected with mutants �5�-CS-A, �5�-CS-
a�A, and �3�-CS-A were completely negative by 3 days (Fig.
3D), as well as at 7 and 14 days (not shown) after transfection.
In contrast, cells transfected with �5�-CS-a were clearly posi-
tive for replication and translation.

In summary, neither the small 5�-CS-a nor the 5�-and 3�-
CS-B elements are essential for TBEV replication, but 5�- and
3�-CS-A appear to have an important function.

Sequence complementarity of CS-A elements is crucial. De-
letion of 5�-CS-A has the additional effect of destroying 5�-SL2
(compare Fig. 1). To distinguish between mutations affecting
circularization and 5�-SL2 formation, mutants carrying point
mutations that would impede potential long-range base pairing
by eliminating complementarity with 3�-CS-A while maintain-
ing internal complementarity within 5�-SL2 were constructed
and analyzed. Two mutants, carrying four or seven individual
nucleotide changes in 5�-CS-A were designed (Fig. 4). These
mutations interfered with approximately one-fourth or one-
half of the predicted long-range base pairings, respectively.
Thermodynamic analysis was in agreement with the assump-
tion that both sets of mutations abolished the ability of the
5�- and 3�-CS-A elements to interact with each other but
conserved the propensity for 5�-SL2 formation. No protein
expression was observed with these mutants, termed 5�-4mut

FIG. 3. Analysis of protein expression from deletion mutants derived from replicon C17. (A) Schematic drawing of secondary structure and
potential CS elements. For details, refer to the legend to Fig. 1. (B to D) Schematic representation of the 5�- and 3�-terminal regions of various
deletion mutants, indicating potential CS elements in color (yellow, CS-a, CS-b1 and CS-b2; red, CS-A; blue, CS-B) and the AUG-containing
5�-SL3 in gray. Deletions are represented by dashed lines. Mutant designations are given on the left, together with the exact boundaries of the
deletions, as listed in parentheses (numbers correspond to nucleotide positions on the wild-type genome). On the right, protein expression is shown
as determined by anti-NS1 immunofluorescence staining at 3 days posttransfection. (B) Positive and negative controls. The position of the AUG
start codon is depicted. (C) Mutants with sequential truncations of the protein C coding region and 5�-SL3. (D) Mutants with deletions of 5� or
3� copies of putative CS elements.

VOL. 80, 2006 TBEV CYCLIZATION ELEMENTS 4105



FIG. 4. Synopsis of nucleotide changes introduced to analyze the functionality of CS-A. (A) Schematic drawing of the 5�- and 3�-terminal
regions. In a cyclic conformation of the genome, the 5�- and 3�-elements of CS-A are predicted to form 15 bp (as indicated by dotted lines in the
central part of the panel). In a noncircularized conformation, 3�-CS-A is assumed to form base-pairs as part of the 3�-SL1 stem structure (indicated
by a dotted line). A stretch of four predicted base pairs with the sequence motif 5�-AACA-3� is indicated by solid lines. (B) Four (red) or seven
(blue) nucleotide changes were engineered into the 5�-element and/or the 3�-element of CS-A. In addition, mutants with an altered sequence of
the AACA-box (green) were engineered together with a wild-type 3�-CS-A or a mutated 3�-CS-A.
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and 5�-7mut (Fig. 5c and f), indicating that preservation of the
5�-SL2 structure was not itself sufficient to maintain function-
ality. In the converse experiment, mutants with four and seven
nucleotide changes in the 3�-CS-A (Fig. 4) were constructed
and tested. Also these mutants, 3�-4mut and 3�-7mut, did not
express protein (Fig. 5d and g).

Next, four or seven complementary changes were introduced
in both the 5�- and 3�-elements of CS-A (the corresponding
mutants were named 5��3�-4mut and 5��3�-7mut). According
to thermodynamic analysis these mutants can establish base
pairings between the two elements of CS-A with probability
values at least as high as calculated for the wild-type sequence.
Transfection with these mutant RNAs yielded a clearly positive
(although somewhat more focal) expression pattern than the
wild-type replicon (Fig. 5e and h). This result demonstrated
that complementarity between the 5�- and 3�-CS-A sequences
rather than the primary sequence or local secondary structure
of these elements itself was essential for RNA replication.

To obtain a more detailed picture of the properties of these
mutants, the RNA replication of mutants 5�-4mut, 3�-4mut,
and 5��3�-4mut, together with C17 and �NS5 (as positive and
negative controls), was analyzed by quantitative PCR (Fig. 6A
and B). 5�-4mut and 3�-4mut, in which four potential base pairs
between the two elements of CS-A were destroyed, exhibited
the same gradual decrease in RNA copy number as seen with
the negative control �NS5, indicating that these mutants were
indeed entirely incompetent for RNA replication. In contrast,
mutant 5��3�-4mut, which had these four base pairs restored
by compensatory mutations, replicated to approximately the
same level as the parental replicon C17. However, there was a
clear delay in the onset of replication, suggesting that the
primary sequence of the 5�- and 3�-CS-A may also contribute
toward some functionality important for RNA replication.
Whereas the rate of replication for C17 reached its maximum
during the 18 to 24 h observation period (with an increase of
�27% per hour, corresponding to a doubling time of �3 h),
mutant 5��3�-4mut showed almost no increase at early times
(3 to 18 h) and then amplified its RNA until 48 h posttrans-
fection with a rate of ca. 15 to 17% per hour (doubling time of
4.5 h). RT-PCR sequence analysis of RNA isolated 96 h post-
transfection confirmed the nucleotide sequences of C17 and
mutant 5��3�-4mut throughout both CS-A elements and ad-
jacent regions, excluding the possibility that unintended muta-
tions arose and were selected during the course of the repli-
cation experiment (data not shown).

In conclusion, the results indicate that the most important
feature of the 5�- and 3�-CSA-elements lies in their sequence
complementarity, corroborating the notion that they are the
main cyclization sequences of the TBEV genome.

Nucleotide sequence in the stem of 3�-SL1, rather than base
pairing, seems to be important. The nucleotide substitutions
introduced into 3�-CS-A disrupted four predicted base pairs in
the bottom part of the stem of the 3�-terminal 3�-SL1 structure
(Fig. 4). The replication competence of the mutants 5��3�-4mut
and 5��3�-7mut indicated that these predicted base pairs
within 3�-SL1 are not essential. Indeed, when 3�-CS-A is en-
gaged in long-range interactions with its complement, the 5�-
CS-A element, this part of the 3�-SL1 stem clearly does not
exist in the predicted form. Nevertheless, we hypothesized that
functionality may also be associated with the noncyclic form of the

genome and that, in this conformation, the base pairing of the
3�-SL1 stem may be relevant. To investigate whether restoration
of these potential base pairs would improve the functionality of
5��3�-4mut and 5��3�-7mut, we constructed two mutants in
which, in addition to four or seven nucleotide changes in both
elements of CS-A, the 3�-proximal sequence 5�-AACA-3� was
modified to allow for base pairing in 3�-SL1 (Fig. 4). Unexpect-
edly, analysis of these mutants (5��3�-4mut�AACAmut and
5��3�-7mut�AACAmut) indicated that these additional modifi-
cations had a negative, rather than an enhancing, effect on the
observed protein expression (Fig. 5l and o). Mutant 5��3�-
4mut�AACAmut exhibited fewer positive cells with very little
diffuse cytoplasmic staining and more focal accumulations
(Fig. 5l) than mutant 5��3�-4mut without the AACA modifi-
cation (Fig. 5e). This was observed in several independent
experiments (data not shown). Even more strikingly, mutant
5��3�-7mut�AACAmut was completely negative (Fig. 5o).
Sequence analysis of the entire genome of this mutant ex-
cluded the possibility of a sequence mistake, and the negative
result was confirmed by immunofluorescence staining 7 and 14
days posttransfection (data not shown). The AACA-box was
also mutated in the context of wild-type CS-A elements. This
mutant, termed AACAmut, exhibited a positive, but weaker,
staining than C17 (Fig. 5i). Furthermore, the AACA box was
mutated in the contexts of four or seven nucleotide changes in
5�-CS-A or 3�-CS-A (mutant designations: 5�-4mut�AACA
mut, 3�-4mut�AACAmut, 5�-7mut�AACAmut and 3�-7mut�
AACAmut). As can be seen in the figure, all of these mutants
were negative in the immunofluorescence staining (Fig. 5Bj, k,
m, and n).

The immunofluorescence results were further supported by
quantitative PCR (Fig. 6C and D). Mutations interfering with
cyclization remained lethal, whether or not base pairing in
3�-SL1 was restored by mutation of the AACA-box. The mu-
tant with compensatory changes in both elements of CS-A plus
mutation of the AACA-box (5��3�-4mut�AACAmut) showed
a distinct decrease at early times but eventually reached wild-
type RNA levels. The mutant with wild-type 5�- and 3�-CS-A
sequences plus the AACA-box mutations (AACAmut) exhib-
ited a significant delay in the onset of replication. At later
times, RNA was replicated efficiently, but the amount of RNA
remained below the level achieved with replicon C17 at all
times. Sequence analysis of the RT-PCR fragments obtained
from RNA isolated 96 h posttransfection confirmed the pres-
ence of all originally engineered sequences and revealed no
additional mutations in the vicinity of the manipulated se-
quence elements (data not shown).

Taken together, the data supported the view that the
complementarity of the 3�-element of CS-A with its 5�-coun-
terpart is crucial for functionality, whereas the potential to
base pair at the stem of 3�-SL1 is not essential.

The 5�-element of CS-A is also functional when placed
within the ORF. Finally, we investigated whether the function-
ality of CS-A is dependent on its specific position. To address
this question, we constructed a mutant in which 5�-CS-A was
moved from its natural position in the 5�-NCR to the amino-
terminal part of the protein C coding region, where it replaced
the 5�-CS-B sequence (Fig. 7A). Indeed, this mutant (termed
5�-CS-A/ORF) was found by immunofluorescence staining to
be competent for protein expression (Fig. 7B). Kinetic analysis
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(Fig. 7C and D) demonstrated replication of the mutant RNA.
Sequence analysis indicated no changes in the sequence of
mutant 5�-CS-A/ORF at 96 h posttransfection (data not
shown). Compared to the parental replicon C17, the onset of
replication was delayed, with a maximum rate of only 16.5%
RNA increase per hour (doubling time of �4.5 h) during the
24- to 48-h time window. Eventually, however, both replicons
reached the same intracellular RNA level. These observations
indicate that the 5�-element of CS-A is still able to function
when removed from its normal position, albeit with a reduced
efficiency.

DISCUSSION

Different sets of potential cyclization sequences had been
predicted for TBEV (28, 41, 57). In the present study, we
obtained evidence that complementarity of the so-called CS-A
elements, located, respectively, in the 5�-NCR and the bottom
part of the 3�-terminal 3�-SL1 structure, is required for TBEV
replication. The 5�- and 3�-CS-B elements, located at positions
more similar to the CS of mosquito-borne flaviviruses, were
found not to be essential. The mosquito-borne CS includes a
core sequence that is highly conserved among members of that
group (18, 28, 43), but no homologue of this sequence is
present in tick-borne flavivirus genomes. Conversely, the CS-A
elements show high conservation among tick-borne flaviviruses
(41) but lack a homologous counterpart in members of the

mosquito-borne group. Mosquito-borne and tick-borne flavi-
virus genomes share a great deal of organizational similarity,
but these viruses differ with respect to their host range in
arthropod cells (34). Their distinct CS sequences are possibly
involved in this host range difference. Although our study did
not reveal an involvement of the 5�- and 3�-CS-B elements or
any of the other sequence elements that were identified in
silico as possibly participating in RNA long-range interactions
(CS-a, CS-b1, and CS-b2), an auxiliary function of these ele-
ments in these interactions can currently not be excluded.
However, it is already clear that, in contrast to mosquito-borne
flaviviruses, none of the regions coding for the amino terminus
of protein C is absolutely required for TBEV RNA replication.
Surprisingly, we observed that 5�-CS-A moved into the position
of 5�-CS-B, i.e., within the protein C coding region, was still
able to support RNA replication. Whether or not such a major
genomic rearrangement would also be compatible with viral
viability in the context of a full-length RNA genome is ques-
tionable and requires further investigation.

Sequences beyond the originally defined 8-nt core sequence
that are important for cyclization of mosquito-borne flavi-
viruses have been identified (3, 57). Importantly, a recent study
with DV2 demonstrated that the established CS elements are
necessary but not sufficient for genome cyclization and re-
vealed additional sequence elements (termed UAR for up-
stream AUG region) that are required for this process (3).
According to that study, the 5�-UAR is located immediately

FIG. 6. Kinetics of RNA replication of various CS-A mutants. C17 and �NS5 were used as positive and negative controls, respectively. (A and
C) RNA copies isolated from 2,000 cells were quantified at various time points posttransfection by real-time PCR. Logarithmic means from two
experiments are shown (the error bars indicate maximum and minimum values). (B and D) Average increase or decrease of RNA copies in percent
per hour between the individual measurement points of the experiment. Panels A and B show results obtained with mutants having four nucleotide
changes in the 5�-CS-A (5�-4mut), the 3-CS-A (3�-4mut), or both elements of CS-A (5��3�-4mut) to restore complementarity. Panels C and D show
results from mutants with a mutated AACA-box in the context of wild-type CS-A (AACAmut), mutated 5�-CS-A (5�-4mut�AACAmut), mutated
3�-CS-A (3�-4mut�AACAmut), or both elements of CS-A (5��3�-4mut�AACAmut).
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upstream of the start codon of the ORF and the 3�-UAR is
located within the bottom part of the 3�-SL, which is reminis-
cent of the locations of the tick-borne CS-A elements. These
authors also succeeded for the first time in visualizing individ-
ual RNA molecules in their circularized or noncircularized
conformations and provided evidence that cyclization of the
DV2 genome can occur in the absence of viral or cellular
proteins, at least under the artificial in vitro conditions used by
their method. Long-range interactions of the UAR had already
previously been proposed by a theoretical study (57), and de-
letion analysis of the DV genome had also indicated an essen-
tial role for this region (8). Furthermore, in vitro studies im-
plied an involvement of the DV 5�-NCR in interactions with
the 3�-terminal region (64). Thus, it appears that, as with

TBEV, at least some mosquito-borne flaviviruses also use 5�-
NCR sequences for genome cyclization, but there seems to be
no sequence homology between the mosquito-borne UAR se-
quences and the TBEV CS-A elements.

Genome circularization has been observed for a wide range
of cellular and viral RNA molecules (5, 19, 20, 25, 60). In
principle, circularization could be involved in any of the main
functionalities of the RNA, of which there are at least three in
the case of the flavivirus genome: translation, replication, and
packaging. RNA replication, as measured in our study by
quantitative PCR, is dependent on prior translation to gener-
ate the components of the viral replication complex. Thus, it
was difficult to distinguish to what degree each mutation af-
fected translation versus replication. However, there is a con-

FIG. 7. Construction and characterization of replicon 5�-CS-A/ORF. (A) Schematic drawing of the construction of 5�-CS-A/ORF from replicon
C17 (not to scale). 5�-CS-A was deleted from its original position and used to replace the 5�-CS-B element within the ORF, which was not frame
shifted by this manipulation. (B) Immunofluorescence analysis of cells transfected with RNA of replicon C17 (positive control), 5�-CS-A/ORF, or
�NS5 (negative control); Immunofluorescence staining was performed 3 days posttransfection with a monoclonal antibody recognizing protein
NS1. (C) Replication kinetics of 5�-CS-A/ORF and control RNAs. RNA isolated from 2,000 cells was quantified at various time points
posttransfection by real-time PCR. The logarithmic means from two experiments are shown (error bars indicate maximum-minimum values).
(D) Average increase or decrease of RNA copies in percent per hour between the individual measurement points of the experiment.
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siderable body of evidence from studies with mosquito-borne
flaviviruses indicating that sequence complementarity, i.e., ge-
nome circularization, is relevant for RNA replication (1–3, 6,
28, 38, 46, 48, 64, 65). In contrast, translation does not require
complementarity of 5� and 3� sequences (2, 9, 38) but is mod-
ulated by a number of primary sequence motifs and secondary
structure within both the 5�- and the 3�-terminal regions (9, 13,
24, 35). We observed that replicons of TBEV with compensa-
tory mutations in 5�- and 3�-CS-A elements were competent
for RNA replication but with an initial delay of the onset of
replication. Similar observations were reported for analogous
studies in which compensatory mutations were introduced in
the CS of mosquito-borne flaviviruses (2, 28). One possible
explanation for this observation is that the primary sequence
changes, either by themselves or by inducing perturbations of
local secondary structure, may have impaired translation thus
causing a delay in the formation of functional replication com-
plexes. On the other hand, the deletions introduced into the
amino-terminal part of the protein C coding region, in partic-
ular the deletions affecting the AUG-containing 5�-SL3 struc-
ture, very likely affected primarily protein translation. For a
more sophisticated analysis of this region, it will be necessary
to develop systems for TBEV that allow translation and rep-
lication to be distinguished, as has been achieved for other
flaviviruses (2, 9, 11, 38). However, we have already established
that in the absence of 5�-SL3 and the authentic start codon,
translation can occur from an alternative start codon and is
sufficiently effective to produce a detectable signal in the im-
munofluorescence assay. Several mutants with deletions affect-
ing the N-terminal region of the capsid protein and mutants
with compensatory mutations in the 5�- and 3�-CS-A and/or in
the AACA-box, exhibited immunofluorescence staining pat-
terns that appeared to be different from the parental C17
replicon, suggesting an altered cellular distribution of viral
nonstructural proteins. The molecular basis of this observa-
tion, however, remains to be elucidated.

The 3�-terminal SL structure (3�-SL1) is a universal charac-
teristic of flavivirus genomes, and functional studies have dem-
onstrated its involvement in RNA translation and replication
(6, 9, 14, 24, 43, 58, 66). In addition to the highly conserved
CACAG motif, which is exposed on a side loop, certain se-
quence motifs and defined bulges in its long stem structure
have been proposed to provide specific protein binding sites (4,
16, 30, 36, 43, 49, 55). We observed that mutations disrupting
four predicted base pairs in the bottom part of the TBEV
3�-SL1-stem were tolerated. If complementarity within this
stem was restored by changing the sequence of a 3�-proximal
AACA-box, the functionality was impaired rather than im-
proved, suggesting that probably the primary sequence, rather
than secondary structure, was relevant at this particular loca-
tion. This notion is in agreement with mutational studies on
mosquito-borne flaviviruses, which have indicated that in the
bottom part of the stem, the primary sequence is more impor-
tant than the secondary structure, whereas in the top part of
the stem, the opposite was found to be the case (66, 67). In
fact, involvement of the tick-borne CS-A elements or the mos-
quito-borne UAR in long-range interactions implies that the
bottom part of the 3�-SL1 stem cannot form when the genome
adopts a cyclic conformation. Thus, in contrast to the widely
accepted view of the flavivirus 3�-SL1, the most 3�-terminal

nucleotides would not be involved in 3�-SL1 base pairing in the
circularized conformation. One may imagine instead that this
region represents an easily accessible binding site for protein
factors. For DV 2, the bottom part of the 3�-SL1 was observed
to support replication in a host-cell-specific manner (67). One
may speculate that the tick-borne flavivirus CS-A elements and
the mosquito-borne flavivirus UAR, both of which are located
in this bottom part but have different nucleotide sequences, are
involved in the host-cell-specific functionality of this region.

The identification of functional RNA elements is also of
considerable importance for flavivirus vaccine development.
Using TBEV, we have recently introduced a replicon vaccine
candidate that is based on the introduction of a large deletion
into the protein C coding region (31). Defining the role of
RNA elements that are part of this region is instrumental for
the further development of this vaccine approach and its in-
tended application to different flaviviruses. For this purpose it
will be necessary to take into account the different sequence
requirements for genome cyclization of tick-borne versus mos-
quito-borne flaviviruses.
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