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The infectivity of flavivirus particles depends on a maturation process that is triggered by the proteolytic
cleavage of the precursor of the M protein (prM). This activation cleavage is naturally performed by ubiquitous
cellular proteases of the furin family, which typically recognize the multibasic sequence motif R-X-R/K-R.
Previously, we demonstrated that a tick-borne encephalitis virus (TBEV) mutant with an altered cleavage
motif, R-X-R, produced immature, noninfectious particles that could be activated by exogenous trypsin, which
cleaves after single basic residues. Here, we report the adaptation of this mutant to chymotrypsin, a protease
specific for large, hydrophobic amino acid residues. Using selection pressure in cell culture, two different
mutations conferring a chymotrypsin-dependent phenotype were identified. Surprisingly, one of these muta-
tions (Ser85Phe) occurred three positions upstream of the natural cleavage site. The other mutation
(Arg89His) arose at the natural cleavage position but involved a His residue, which is not a typical chymo-
trypsin cleavage site. Efficient cleavage of protein prM and activation by the heterologous protease were
confirmed using various recombinant TBEV mutants. Mutants with only the originally selected mutations
exhibited unimpaired export kinetics and were genotypically stable during at least six cell culture passages.
However, in contrast to the wild-type virus or trypsin-dependent mutants, chymotrypsin-dependent mutants
were not neurovirulent in suckling mice. Our results demonstrate that flaviviruses with altered protease
specificities can be generated and suggest that this approach can be used for the construction of viral mutants

or vectors that can be activated on demand and have restricted tissue tropism and virulence.

Enveloped viruses contain surface proteins that mediate and
regulate fusion of viral and host cell membranes, a crucial step
for viral entry. To ensure a proper and timely delivery of the
viral nucleocapsid into the cell, fusion is usually triggered by a
specific mechanism such as binding to cell-surface receptors
and/or exposure to the acidic environment encountered by the
virus after uptake into endosomal vesicles (5, 12). It is very
important for the virus to make sure that the structural
changes in its surface proteins that initiate fusion are not trig-
gered prematurely or within an inappropriate environment.
For instance, during transport to the cell surface, viral enve-
lope proteins may encounter an acidic environment in late
Golgi compartments, potentially resulting in structural changes
that would destroy the fusion activity or interfere with particle
release. A major mechanism that many viruses have evolved to
prevent inappropriate triggering of the fusion process is the
synthesis of the fusion-inducing protein in a precursor form
that gets cleaved at a late stage before viral release—or even
after release if the virus encounters proteases outside the cell
(2, 23, 39, 45, 48, 56, 58). There are two major pathways of
proteolytic activation of viral surface proteins. Either the fu-
sion protein itself is subject to this activating cleavage or an
auxiliary protein that is complexed with the fusion protein gets
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cleaved, freeing the fusion protein to undergo fusion-related
conformational changes (30). In both cases, the proteolytic
activation of fusion competence is a crucial step of the viral life
cycle and thus represents a major determinant of viral viru-
lence, host range, and tissue tropism.

Flaviviruses, i.e., members of the genus Flavivirus, family
Flaviviridae, are small, enveloped viruses that contain only two
surface proteins, both of which are carboxy-terminally an-
chored in the viral membrane (31). Fusion activation of flavi-
viruses is a typical example of the pathway in which cleavage of
a precursor protein without intrinsic fusion capacity leads to
the activation of fusion and viral infectivity. The large glyco-
protein E carries the activities for both receptor binding and
fusion. During assembly of virus particles in the lumen of the
endoplasmic reticulum, protein E is complexed to prM, the
precursor of the M protein. Immature flavivirus particles with
prM-E heterodimers are fusion incompetent and are therefore
protected from premature initiation of fusion during their
transport through the exocytotic pathway, where they mature
before being released from the cell (16, 49). Cleavage of pro-
tein prM results in the loss of its N-terminal domain, leaving
the much smaller protein M associated with the membrane and
inducing major structural rearrangements of the viral surface,
including the organization of protein E into homodimers (1,
52). As a result, the mature virions that are released are fusion
competent and infectious.

Cleavage of the flavivirus protein prM is normally carried
out by the serine protease furin or related members of the
family of prohormone-proprotein convertases (49). Furin is a
major endoproteolytic processing enzyme of the secretory
pathway. It is expressed ubiquitously in all tissues and shuttles
between the trans-Golgi network, the cell surface, and endo-
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somal compartments (37). It has an essential function in the
processing of many cellular precursor proteins, such as pro-
hormones (41). Its activity gets parasitized for the activation of
bacterial toxins (9, 38) as well as viral precursor proteins (11,
49, 53, 55). Furin cleaves its substrates with narrow specificity
after the highly conserved consensus sequence R-X-R/K-R,
although cleavage of the minimal furin motif R-X-X-R has also
been reported (13, 24, 38). All known sequences of flavivirus
prM proteins contain a canonical furin cleavage site, and direct
evidence for the central role of furin or a furin-like protease
for cleavage of protein prM and maturation of flavivirus par-
ticles has been obtained (6, 49). Cleavage naturally takes place
at a late stage of flavivirus exocytosis, although particles con-
taining uncleaved protein prM are also observed to be released
from infected cells together with mature virions in proportions
depending on the virus and the growth conditions (10, 40, 56).

Flaviviruses have an approximately 11-kb-long, positive-
stranded RNA genome that encodes three structural proteins
(the capsid protein C and the two above-mentioned surface
proteins prM and E) and seven nonstructural proteins in a
single long open reading frame (31). The primary translation
product, a polyprotein, is cleaved by viral and cellular pro-
teases to form the individual viral proteins. The availability of
infectious cDNA clones for major human pathogenic flavivi-
ruses, such as yellow fever virus (4, 44), Japanese encephalitis
virus (54, 57), West Nile virus (21, 47), the dengue viruses (20,
22,28, 43), and tick-borne encephalitis virus (TBEV) (14, 32),
facilitates the analysis of molecular determinants of infectivity
and pathogenesis by reverse genetics. Using this approach, we
have previously examined the dependence of viral infectivity of
TBEV on the proteolytic cleavage of protein prM (6). The
deletion of an Arg residue from the furin site within the TBEV
protein prM sequence completely abolished the natural pro-
teolytic activation and resulted in the exclusive release of im-
mature, noninfectious virus particles. However, the remaining
R-X-R sequence motif was still a potential substrate for the
serine protease trypsin, which cleaves after single positively
charged amino acid residues (Lys or Arg). Addition of trypsin
converted the immature mutant particles into single-round
infectious particles.

Trypsin is one of the major pancreatic enzymes and is abun-
dant in the digestive tract. In addition, trypsin or trypsin-like
proteases are present extracellularly in various tissues includ-
ing the lung and brain. In vivo experiments have indicated that
subcutaneous inoculation of mice with the trypsin-dependent
TBEV mutant did not cause infection, whereas inoculation
into the brain, where trypsin-like proteases are present, led to
low-level infectivity. Revertants selected from this trypsin-de-
pendent TBEV either had the cleavage site restored to a min-
imal furin substrate or exhibited various mutations in the N-
terminal (“pr”) part of protein prM, which may have increased
the susceptibility to trypsin-like proteases or reduced the ca-
pacity of protein prM to prevent protein E from undergoing
the conformational changes necessary for membrane fusion
().

In this study, we used selection pressure to further change
the protease specificity of cleavage activation of TBEV. To
accomplish this, the trypsin-dependent mutant was subjected
to repeated cycles of cell culture passage in the presence of
chymotrypsin. This protease is not naturally involved in any
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viral activation processes and differs strongly from trypsin- or
furin-like proteases in its cleavage specificity. It preferentially
cleaves after amino acids with large hydrophobic side chains,
such as Trp, Phe, Tyr, or Leu, but not after the positively
charged residues Arg and Lys. Like trypsin, chymotrypsin is a
serine protease and one of the major pancreatic enzymes.
However, unlike the ubiquitous furin and the trypsin-like pro-
teases, which are found in many tissues, chymotrypsin activity
is mostly restricted to the digestive tract. We now report on the
successful isolation of chymotrypsin-adapted TBEV mutants.
Mutations conferring this phenotype were identified, and en-
gineered mutants with these and additional mutations were
characterized with respect to cleavage specificity, activation,
growth, and genetic stability in cell culture as well as neuro-
virulence in suckling mice. Our results demonstrate that it is
possible to alter the specificity for activation of a flavivirus so
that it uses a protease that is not naturally involved in viral
fusion activation. This approach makes it feasible to design
flavivirus strains, vaccines, or vectors that can be selectively
activated in vitro and that have different tissue tropism in vivo
from wild-type viruses.

MATERIALS AND METHODS

Virus and cells. BHK-21 cells (ATCC CCL10) were grown under standard
conditions in Eagle’s minimal essential medium supplemented with 5% fetal calf
serum (FCS), 1% glutamine, and 0.5% neomycin (growth medium) and were
maintained in minimal essential medium supplemented with 0.5% FCS, 1%
glutamine, and 0.5% neomycin, and buffered with 15 mM HEPES, pH 7.4
(maintenance medium).

All mutant constructs described in this study were derived from the infectious
c¢DNA clone of the TBEV Western subtype prototypic strain Neudoerfl, which
has been characterized in detail (33, 34), including the determination of its entire
genomic sequence (GenBank accession no. U27495). Mutant prM(ARS88), which
was used for selection experiments, carries a single point mutation in protein
prM (deletion of Arg88) that confers resistance to furin cleavage, and this
mutant was previously characterized in detail (6).

RNA transcription and transfection. In vitro transcription of RNA and trans-
fection of BHK-21 cells by electroporation were performed as described previ-
ously (32). Briefly, capped RNA was synthesized using m7GpppG Cap analogue
and reagents from the T7 Megascript kit (Ambion) according to the manufac-
turer’s protocol. Template DNA was digested by DNase I incubation, and the
quality of the RNA was checked by formalin-denaturing 1% agarose gel elec-
trophoresis. For quantitative analysis, in vitro transcribed RNA was purified
using an RNeasy Mini Kit (Qiagen) and quantitated spectrophotometrically.
Equimolar amounts of the RNA were then subsequently introduced by electro-
poration into BHK-21 cells using a GenePulser apparatus (Bio-Rad).

Plasmids and cloning procedures. Plasmid pTNd/c contains cDNA corre-
sponding to the full-length genome of TBEV strain Neudoerfl (32), and RNA
transcribed from this plasmid was used as a wild-type control. Construction of
plasmids pTNd/c-prM(AR88) and pTNd/5'-prM(ARS8), which encode the full-
length genome and the 5’ one-third of the genome, respectively, and contain a
deletion of Arg88 in protein prM, was described previously (6).

All mutant constructs described in this study were generated by introducing
the respective mutations into plasmid pTNd/5’-prM(ARS88) using a GeneTailor
site-directed mutagenesis system (Invitrogen) and the oligonucleotides listed in
Table 1. Fragments containing the desired mutations were then introduced into
the full-length cDNA clone pTNd/c by taking advantage of unique restriction
sites for Sall and SnaBlI, located upstream of the 5’ end of the inserted genome
and at nucleotide 1883 of the genome, respectively.

All plasmids were propagated in Escherichia coli strain HB101, and plasmid
preparations were made using commercially available systems (Qiagen and
Sigma). The sequences of all newly generated plasmids were verified by sequence
analysis of all regions that were modified or inserted in the course of the cloning
procedures.

Selection of mutants. BHK-21 cells were transfected with in vitro transcribed
RNA derived from plasmid pTNd/prM(ARSS). After electroporation, cells were
washed twice and allowed to grow in protease-free medium supplemented with
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TABLE 1. Oligonucleotides used for site-directed mutagenesis

Construct Sequence (5'—3")” Orientation
prM(ARB8S8/S85F) TGTGGGAAACAGGAAGGCTTTAGAACACGCTCAGTGCTGA Sense
prM(AR8S8/R89H) TGTGGGAAACAGGAAGGCTCTAGAACACACTCAGTGCTGA Sense
prM(ARS88/S85F/R86S/R89S) TGTGGGAAACAGGAAGGCTTTTCAACATCGTCAGTGCTGA Sense
prM(AR88/R86S/R89H) TGTGGGAAACAGGAAGGCTCTTCAACACACTCAGTGCTGA Sense
All constructs GCCTTCCTGTTTCCCACAGCGTCCGTAC Antisense

“ Mutated nucleotides with respect to the original sequence of prM(AR88) are indicated in bold.

5% FCS. This growth medium was replaced after 10 h with medium containing
only 2% FCS. Then, cells were grown for 3 days following three different pro-
tocols (experiments C1, C2, and C3). In experiment C1, medium was exchanged
24, 48, and 72 h posttransfection with serum-free medium containing 2.5 pg/ml
chymotrypsin (Sigma). After a 3-h incubation period, the chymotrypsin-contain-
ing medium was replaced again with the protease-free growth medium contain-
ing 2% FCS. In experiment C2, the chymotrypsin incubation window was applied
only twice (at 48 and 72 h posttransfection), and in experiment C3 only once (at
72 h posttransfection). In all experiments, cell culture supernatants were har-
vested 75 h after transfection and cleared of cell debris by low-speed centrifu-
gation. Undiluted aliquots (200 wl) of the supernatants were used to inoculate
fresh BHK-21 cells. During the first passage, virus growth was allowed to occur
for 6 days, during which time cells were again incubated with protease-free
growth medium containing 2% FCS that was replaced every 24 h with serum-free
medium containing 2.5 ug/ml chymotrypsin for 3-h time periods. Five subsequent
cell culture passages were performed in the same way using alternating growth
conditions of protease-free growth medium and protease-containing activation
medium, but virus was harvested already 3 days postinoculation. Infection of cells
was monitored qualitatively throughout the passaging experiments by immuno-
fluorescence assay (IFA) as described below, as well as by a four-layer enzyme-
linked immunosorbent assay (ELISA) (17). For sequence analysis, the medium
changes on day 3 were omitted to increase the virus concentration in the super-
natants. Viral RNA was extracted as described elsewhere (19), reverse tran-
scribed using a cDNA Synthesis System (Roche), and amplified by PCR using
TBEV-specific primers. DNA sequences were determined using an ABI 310
Genetic Analyzer (Applied Biosystems).

Cell culture experiments and detection of protein E. BHK-21 cells were trans-
fected with in vitro transcribed RNA as described above. Sixteen hours after
transfection, cells were washed twice and were allowed to grow in maintenance
medium for 2 to 3 days. To study activation of viruses by different proteases,
trypsin (Sigma) and chymotrypsin were added to the maintenance medium to a
final concentration of 5 pg/ml.

The amount of protein E released into the cell culture supernatants was
monitored using a four-layer ELISA as described elsewhere (17). For a quanti-
tative determination of protein E concentrations, a denaturing sodium dodecyl
sulfate ELISA (SDS-ELISA) was applied as described previously (16).

For IFA, cells were seeded in 24-well tissue culture plates containing glass
coverslips and incubated under standard conditions. After 24 to 72 h, the cells
were fixed and permeabilized using acetone-methanol (1:1), and intracellular
expression of protein E was detected using a polyclonal rabbit anti-protein E
serum and a fluorescein isothiocyanate-conjugated anti-rabbit antibody (Jackson
Immunoresearch Laboratory).

Western blot analysis. Supernatants from BHK-21 cells that had been trans-
fected with equimolar amounts of in vitro transcribed RNA were harvested, and
their protein E concentration was determined by SDS-ELISA. Aliquots contain-
ing 500 ng of protein E were then incubated for 2 h at 37°C with phosphate-
buffered saline (PBS), 10 pg/ml trypsin, or 10 pg/ml chymotrypsin and then
subjected to deoxycholate trichloroacetic acid precipitation and boiled in Lae-
mmli sample buffer. Proteins were separated on a 15% polyacrylamide-SDS gel
and subsequently transferred onto a polyvinylidene difluoride membrane. Blots
were incubated overnight at 4°C in blocking solution (1% bovine serum albumin
and 0.1% Tween 20 in PBS). Protein prM and its cleavage products were
detected by incubation with a rabbit polyclonal serum that recognizes prM and
M in blocking solution for 2 h at room temperature. Blots were washed three
times for 5 min with blocking buffer, incubated for 90 min with anti-rabbit
immunoglobulin G alkaline peroxidase conjugate (Amersham), and washed
again as described above. Antibody-protein complexes were visualized immu-
noenzymatically using SigmaFast diaminobenzidine tablets (Sigma).

Animal experiments. Litters (between 9 and 13 animals) of suckling Swiss
albino mice were inoculated intracerebrally with 20 wl of cell culture supernatant

containing 200 ng/ml protein E, as determined by SDS-ELISA. Animals were
then monitored for signs of neurological disease over a period of 28 days. Brains
of severely diseased mice were used to harvest virus. Mouse brain suspensions
(20%, wt/vol) were prepared, homogenized, cleared by low-speed centrifugation,
and stored at —80°C. The presence of virus in the brains of diseased mice was
verified by reverse transcription-PCR and sequence analysis. Serum samples
were drawn from surviving mice and tested for seroconversion using a previously
described antibody ELISA (15).

RNA export. BHK-21 cells were transfected with equimolar amounts of RNA
(1 X 10'> RNA molecules) as described above and subsequently washed four
times with growth medium to remove any noninternalized RNA. Approximately
1 X 10° cells were then seeded in 25-cm? tissue culture flasks, and 140-pl aliquots
of supernatants were collected at individual time points and cleared by low-speed
centrifugation to remove cell debris. Viral RNA was extracted using commer-
cially available systems (QIAamp Viral RNA Mini Kit or RNeasy Mini Kit,
respectively; Qiagen) according to the manufacturer’s protocol. The isolated
RNA was then used as a template for cDNA synthesis using the iScript cDNA
synthesis kit (Bio-Rad) according to the manufacturer’s protocol. An aliquot of
each cDNA preparation corresponding to 2.5 ul of the original cell culture
supernatant was then used for quantitative real-time PCR analysis (Applied
Biosystems) as described in an earlier publication (25).

RNA was quantitated by comparing the results to a standard curve prepared
using a serial 10-fold dilution of spectrophotometrically quantitated, in vitro
transcribed RNA.

RESULTS

Adaptation of a TBEV mutant to chymotrypsin activation is
accompanied by sequence changes in protein prM. It was
shown previously that TBEV mutant prM(ARS88) is resistant to
cleavage by the host cell protease furin due to a deletion of an
Arg residue from the canonical furin recognition site in protein
prM (6). As shown in Fig. 1, the wild-type cleavage site R-T-
R-R was changed to R-T-R in this mutant. Transfection of
BHK-21 cells with in vitro transcribed prM(AR88) RNA re-
sults in the production of immature, noninfectious virus parti-
cles containing uncleaved prM protein. These particles can be
activated by adding trypsin to the cell culture medium, pre-
sumably because it cleaves at one of the two remaining Arg
residues. In the presence of trypsin, this mutant can be pas-
saged repeatedly, but after a single passage in trypsin-free
medium, only noninfectious particles are released.

Inspection of the amino acid sequence of TBEV prM pro-
tein indicates that residues which may potentially be cleaved by
chymotrypsin are present 14 amino acids upstream (Tyr) and 3
amino acids downstream (Leu) from the natural cleavage po-
sition (Fig. 1). In a first step, we wanted to examine whether
mutant prM(ARS88) could be activated by chymotrypsin. To
this end, BHK-21 cells were transfected with in vitro tran-
scribed prM(AR88) RNA, and standard passaging experiments
were performed in parallel using cell culture medium contain-
ing trypsin, chymotrypsin, or no protease. In agreement with
our previous observations, samples from trypsin-containing



VoL. 82, 2008

structural

CHYMOTRYPSIN-DEPENDENT TBEV 8275

non-structural

v
S

C""jﬁ’-{‘c | prM

E NS1

| 2a [2B] Ns3 [4A[ 4B | NS5

jsid

I

pr [ M |

85 86 87 88 89190
wild-type Y-G-R-C-G-K-Q-E-G-S-R-T-R-R-S-V-L-I-P
4 3 -2 41
prM(AR88) -S-R-T-A-R-S-
prM(AR88/S85F) -F-R-T-A-R-S-
prM(AR88/R89H) -S-R-T-A-H-S-
prM(AR88/S85F/R86S/R89S) -F-S-T-A-S-S-
prM(AR88/R86S/R89H) -S-S-T-A-H-S-

FIG. 1. Genetic organization of TBEV. The amino acid sequences of the furin cleavage site and surrounding residues are listed below the
diagram. The furin recognition sequence is underlined, and the numbering of its residues (—1 to —4) is relative to the site of cleavage, which is
indicated by an arrow. Numbers at the top refer to the amino acid positions within protein prM. Arg88 was deleted in all mutants, indicated as A.

cultures readily infected fresh BHK-21 cells. However, no in-
fected cells were observed with samples containing chymotryp-
sin or lacking protease after passaging of the supernatants,
indicating that chymotrypsin was not able to activate mutant
prM(ARSS) under these conditions (data not shown). Appar-
ently, the residues in the vicinity of the natural cleavage site
which are potential substrates for chymotrypsin were either not
cleaved under the experimental conditions or cleavage at these
sites was not sufficient to render virions infectious.

Next, we sought to select for chymotrypsin-activated mu-
tants by repeated blind passages of mutant prM(ARSS) in cell
culture to which the protease was added at various times. The
selection protocol (as described in more detail in Materials and
Methods) employed repeated cycles of growing cells in pro-
tease-free growth medium alternating with 3-h incubation pe-
riods with serum-free medium containing chymotrypsin. Infec-
tion of cells throughout these passages was detected by
immunofluorescence staining of intracellular protein E and
measurement of extracellular protein E by ELISA. This mon-
itoring showed that virus was indeed being maintained and
amplified through these passages. After five passages, aliquots
of the supernatant were subjected to two further passages
without chymotrypsin. In passage 6, viral particles were still
released into the supernatant (as detected by ELISA), whereas
no infectious virus was detectable in passage 7, suggesting that
chymotrypsin-dependent mutants had been selected.

To determine the genetic basis for this phenotype, viral
RNA from three independent passaging experiments (C1, C2,
and C3, differing from each other by the number of chymo-
trypsin incubation window periods that were applied during
the first 3 days after transfection) was purified from superna-
tants of the sixth passage. The region encoding the structural
proteins was sequenced. Sequence changes were identified in
all three cases and are summarized in Table 2. Significantly,
each virus had an amino acid change in protein prM. In two of
the cases, the same mutation, Arg89His, was observed,
whereas the third sample contained the mutation Ser85Phe.
Although chymotrypsin does not typically cleave after His res-
idues, the fact that the Arg-to-His change emerged at prM
residue 89, the precise position where cleavage naturally oc-

curs, strongly suggests that this residue may be utilized by the
protease in this particular sequence environment. The other
selected amino acid, Phe, is one of the residues typically rec-
ognized by chymotrypsin. It emerged three positions upstream
from the natural cleavage site, suggesting that prM cleavage at
this upstream position can also yield infectious virus. Other
mutations that were identified in the same samples were con-
sidered unlikely to be involved in the expression of the chy-
motrypsin-dependent phenotype. These included a conserva-
tive amino acid change in protein C, two silent nucleotide
changes, and an identical amino acid change in protein E in
each of the three samples. The change in E was of the type
observed previously during passages of TBEV in BHK-21 cells
and shown to be related to adaptation to the use of heparan
sulfate for binding to the cell surface (26, 36).

Mutations in protein prM confer cleavability by chymotryp-
sin; additional mutations abolish trypsin cleavage. To obtain
unambiguous evidence that the Arg89His and Ser85Phe mu-
tations alone were both necessary and sufficient to make prM
susceptible to chymotrypsin cleavage in the context of an im-
mature virion, the mutations were introduced by reverse ge-
netics into the full-length cDNA clone of mutant prM(ARSS).
The resulting mutants were designated prM(AR88/S85F)
and prM(AR88/R89H), as depicted in Fig. 1.

TABLE 2. Additional mutations of viruses passaged in the
presence of chymotrypsin

Experiment Protein Nucl_eot_ide Amir_lo 'C}Cid
substitution” substitution”
cl prM/M C734T SSSF
E G1333A E122K
2 prM/M G743A R89H
E G1333A E122K
E GI1557A
a3 C A148G 16V
prM/M G743A RS9H
prM/M C888T
E G1333A E122K

“ Numbering refers to the nucleotide position in the TBEV genome sequence.
® Numbering refers to the amino acid residue within the indicated protein.
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First, the cleavage status of protein prM in particles gener-
ated by these mutants and their susceptibility to cleavage by
either chymotrypsin or trypsin were analyzed. RNAs of mu-
tants prM(AR88/S85F), prM(AR88/R89H), and the original
mutant prM(ARS88) as well as wild-type virus RNA were syn-
thesized by in vitro transcription of the appropriate full-length
cDNA clones, and approximately equimolar amounts were in-
troduced into BHK-21 cells by electroporation. Viral particles
were harvested from the supernatants, and aliquots containing
equal amounts of protein E were incubated with trypsin or
chymotrypsin, or mock incubated and then subjected to SDS-
polyacrylamide gel electrophoresis. Proteins prM and M were
visualized by Western blot analysis using a polyclonal antibody
that has previously been shown to recognize both prM and
mature M (as well as an additional band believed to be an M
dimer because its N-terminal sequence corresponds to that of
the mature M protein) (49). As expected, the wild-type virus
was found to contain primarily the mature M protein (Fig. 2A),
which is generated by furin cleavage (1, 27, 56). In addition, the
wild-type sample also contained a small proportion of un-
cleaved protein prM. In contrast, mutant prM(ARS88) con-
tained exclusively uncleaved protein prM and no protein M;
i.e., all of the virus particles were in their immature state. The
same was found to be the case for the two new mutants
prM(ARS88/S85F) and prM(AR88/R89H), which also exhibited
only prM but no M bands (Fig. 2B).

Incubation with trypsin significantly altered the prM cleav-
age status in the case of all four viruses, and in each case,
protein prM was apparently converted to protein M. In mu-
tants prM(ARS88) and prM(AR88/S85F), the conversion was
apparently very efficient as there was no residual prM band
visible after trypsin treatment. Also in the case of the wild-type
virus control, the band corresponding to residual protein prM
that was not cleaved by furin disappeared as a consequence of
trypsin treatment, whereas the M-dimer band, as expected, was
not affected. In the case of mutant prM(ARS88/R89H), protein
prM was apparently converted to M, but this process appeared
to be less efficient for this mutant, as indicated by the presence
of a distinct band of still-uncleaved prM protein.

Incubation with chymotrypsin resulted in the cleavage of the
prM proteins of both mutants, prM(ARS88/S85F) and prM(AR8S/
R89H). As expected, no cleavage by chymotrypsin was observed
in the cases of the original mutant, prM(ARSS), and the residual
prM band seen in the wild-type virus control also did not change
after incubation with chymotrypsin. The cleavage patterns shown
in Fig. 2 further suggest that chymotrypsin cleavage was more
efficient in the case of mutant prM(AR88/R89H) than with mu-
tant prM(ARS88/S85F), where a distinct prM band remained vis-
ible in the chymotrypsin-treated sample.

From these data it was concluded that both the S85F and the
R89H mutations conferred susceptibility to chymotrypsin
cleavage to protein prM without affecting its susceptibility to
trypsin cleavage, presumably due to the remaining Arg resi-
dues at or near to the cleavage site. Furthermore, it is inter-
esting that cleavages predicted from the amino acid sequence
to occur at the natural cleavage site after residue 89 overall
appeared to be more efficient than those cleavages predicted to
occur further upstream [as seen for mutant prM(AR88/R89H)
incubated with trypsin, or mutant prM(AR88/S85F) incubated
with chymotrypsin].
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FIG. 2. Processing of protein prM after in vitro protease treatment.
BHK-21 cells were transfected with either wild-type and prM(ARSS)
(A), prM(AR88/S85F) and prM(AR88/R89H) (B), or prM(ARSS/
S85F/R86S/R89S) and prM(AR88/R86S/R89H) (C) RNAs. Cell cul-
ture supernatants were harvested 72 h later; samples were normalized
by SDS-ELISA to a final concentration of 500 ng of protein E and
incubated with PBS containing either 10 ug ml™" trypsin or 10 pg ml ™'
chymotrypsin as indicated. Processing of prM was then visualized by
immunoblotting using a polyclonal serum raised against protein prM.
M* refers to the putative M dimer (see text).

Mutants prM(AR88/S85F) and prM(AR88/R89H) contain
two or one Arg residues, respectively, within the prM cleavage
region (Fig. 1), and these residues may have been recognized
by trypsin in the previous experiment. To test this, these Arg
residues were changed to Ser by site-specific mutagenesis, thus
generating two additional mutants termed prM(ARS88/S85F/
R86S/R89S) and prM(AR88/R86S/R89H) (Fig. 1). Mutant
particles were produced, subjected to protease treatment, and
analyzed by Western blotting as before. The results shown in
Fig. 2C provide evidence that these mutants were indeed re-
sistant to trypsin as no conversion of protein prM into M was
observed upon incubation with this protease. Susceptibility to
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72 hours after passage
with chymotrypsin

FIG. 3. Activation of mutant viruses by exogenous proteases. BHK-21 cells were transfected with the indicated constructs, and either trypsin
or chymotrypsin was added to the medium to a final concentration of 5 wg ml~'. After 72 h, supernatants were transferred to naive BHK-21 cells
as indicated by the arrows. Expression of protein E was monitored using an indirect IFA.

chymotrypsin was retained in these mutants although the con-
version of protein prM to M appeared to be less efficient in the
case of mutant prM(AR88/S85F/R86S/R89S) than with the
parental mutant prM(ARS88/S85F), and some uncleaved prM
remained after treatment.

Proteolytic activation of infectivity in cell culture depends
on cleavability of protein prM but also has additional con-
straints. Having examined the sensitivity of each of our mu-
tants to cleavage by trypsin or chymotrypsin, we wanted to
analyze the correlation between cleavability and activation of

infectivity in cell culture. Equimolar amounts of all mutant
RNAs, including the previously characterized mutant prM-
(ARSS) as a control, were introduced by electroporation into
BHK-21 cells. At day 1 posttransfection, cells were stained by
indirect IFA with a polyclonal antibody directed against pro-
tein E. As shown in Fig. 3 (middle column), very similar stain-
ing patterns were observed at this time for all of the virus
mutants. This indicates that the level of expression of viral
proteins was approximately equal for all of the mutants, given
that transfection efficiency is typically more than 90% in this
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experimental system and that viral spread is not yet detected at
this time point. At the same time, the media of separate wells
from the same transfections were supplemented with trypsin or
chymotrypsin or left without exogenous protease. Three days
posttransfection, aliquots from these cultures were transferred
to inoculate naive BHK-21 cells. Three days after that, infec-
tion of these cells was analyzed by IFA. As expected, no in-
fection was detected in any of the samples that had not been
supplemented with protease, confirming that all five of the
mutants produced only immature, noninfectious virus particles
(data not shown).

Samples to which the protease trypsin had been added
yielded positive results in the cases of mutants prM(ARS88) and
prM(ARS8S8/S85F) but were negative for the other three mu-
tants (Fig. 3, left column). This result matched expectations
in the cases of mutants prM(ARS88) and prM(AR88/S85F)
since the preceding experiments had shown that the prM pro-
teins of these mutants were efficiently cleaved by trypsin.
Moreover, the lack of activation observed for mutants
prM(ARS88/S85F/R86S/R89S) and prM(AR88/R86S/R89H) is
in good agreement with the observed resistance of these mu-
tants to trypsin cleavage. However, the negative result ob-
tained for mutant prM(AR88/R89H) was surprising because
some, albeit relatively inefficient, cleavage of prM by trypsin
had been observed with this mutant (Fig. 2B). Several inde-
pendent experiments confirmed the inability to activate mutant
prM(ARS88/R89H) with trypsin under our standard experimen-
tal conditions. Even inoculation of fresh cells with a threefold
larger aliquot of supernatant after additional incubation with
double the concentration of trypsin yielded only a very small
number of isolated positive cells, and it was impossible to
further propagate virus from these cultures (data not shown).
Thus, it can be concluded that activation of mutant prM(ARS88/
R89H) with trypsin, in spite of the observed susceptibility of
protein prM to cleavage, is very inefficient.

Samples that had been supplemented with chymotrypsin
were successfully passaged in the cases of mutants prM(AR88/
S85F), prM(AR88/R89H), and prM(ARS8/R86S/R89H), but
mutants prM(ARS88) and prM(ARS88/S85F/R86S/R89S) could
not be passaged (Fig. 3, right column). This was consistent with
the in vitro cleavage results, with the exception of mutant
prM(ARS88/S85F/R86S/R89S), which could not be activated
despite its partial susceptibility to cleavage by chymotrypsin
(Fig. 2C). Independent experiments applying more stringent
cleavage conditions also did not result in activation of this
mutant (data not shown).

The experiments described above confirm that cleavage of
protein prM is necessary for activation of viral infectivity. How-
ever, prM cleavage may not always be sufficient, as exemplified
by mutant prM(AR88/R89H) treated with trypsin and mutant
prM(ARS88/S85F/R86S/R89S) treated with chymotrypsin, sug-
gesting that some mutants may face additional constraints.

In an attempt to identify factors that restrict the viability of
prM cleavage mutants, we set out to determine whether the
mutations introduced into protein prM had an impact on fun-
damental parameters such as viral RNA replication, packag-
ing, and release from cells. For this purpose, BHK-21 cells
were transfected with equimolar amounts of either wild-type
TBEV RNA or mutant RNA, and intracellular and extracel-
lular RNA levels were monitored by quantitative PCR over a
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FIG. 4. RNA export kinetics of cleavage site mutants. The amount
of viral RNA in cell culture supernatants of BHK-21 cells transfected
with the indicated constructs was determined by real-time PCR. Val-
ues obtained for mock-transfected cells were below the cutoff value
(10% RNA equivalents) at all time points. Values shown represent the
mean of three independent experiments, each measured in duplicates.
Error bars indicate the standard deviations.

time period of 3 days. The determination of intracellular RNA
levels revealed no significant differences in RNA replication
efficiency between any of the mutants and the wild-type virus
control (data not shown). However, extracellular RNA levels
indicated significant differences in the rate of release of RNA-
containing particles, as shown in Fig. 4. Whereas mutants
prM(ARSS), prM(ARS88/S85F), and prM(AR88/R89H) were
indistinguishable from the wild-type virus control with respect
to RNA export, mutant prM(AR88/S85F/R86S/R89S) exhib-
ited a severe defect, releasing at least 2 orders of magnitude
less RNA at all time points. Mutant prM(AR88/R86S/R89H)
also showed a reduced capacity for RNA release at days 2 and
3, but the impairment of this mutant was not as pronounced as
that observed for mutant prM(AR88/S85F/R86S/R89S). Visual
inspection of the cells by light microscopy indicated that mu-
tant prM(AR88/R86S/R89H) and particularly mutant prM
(ARS88/S85F/R86S/R89S) were more cytotoxic than the other
mutants or wild-type virus. This observation was confirmed by
measurement of the enzymatic activity of lactate dehydroge-
nase in the supernatants, which gets released from disintegrat-
ing cells (data not shown). A deficiency in particle export has
previously been observed to be linked with increased cytotox-
icity of TBEV in BHK-21 cells (46).

Thus, it can be concluded that the additional mutations that
were engineered into mutant prM(AR88/S85F/R86S/R89S) in-
terfered with assembly and/or release of RNA-containing virus
particles, and this deficiency is likely to be a major cause for the
above-described failure to produce infectious prM(ARS8S/
S85F/R86S/R89S) particles.

Neurovirulence in suckling mice correlates with the mu-
tant’s ability to be activated by trypsin, whereas chymotrypsin-
dependent mutants cause no infection. Suckling mice are
highly susceptible for TBEV infection. It has been observed
previously that intracranial inoculation is an approximately
100-fold more sensitive system for this virus than the usual cell
culture (35). A trypsin-like protease activity capable of activat-
ing Sendai virus or influenza A virus was recently identified in
rat brain (29). In a previous study, we demonstrated that mu-
tant prM(ARS88) has low-level infectivity upon intracranial in-
oculation of suckling mice (7).

In order to investigate how activation in cell culture corre-
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FIG. 5. Neurovirulence of mutant viruses upon intracranial inocu-
lation of suckling mice. Supernatants of transfected BHK-21 cells were
normalized by SDS-ELISA to contain equal amounts of protein E (200
ng/ml). Survival of mice was monitored over a time period of 28 days.

lates with infectivity in vivo, litters of suckling mice were inoc-
ulated intracerebrally with cell culture supernatants containing
equal amounts (based on E protein content) of mutants
prM(ARB88/S85F), prM(ARS88/R89H), or prM(AR88/R86S/
R89H). Mutant prM(ARS88/S85F/R86S/R89IS) was excluded
from this and subsequent experiments due to its observed
export defect and our inability to activate this mutant with any
of the proteases. Mice were monitored for signs of neurolog-
ical disease and survival over a period of 28 days. As shown in
Fig. 5, mutant prM(ARS88/S85F), which is readily activated by
both trypsin and chymotrypsin, caused lethal infection in two-
thirds of the animals, with a mean survival time of 15.6 = 4.5
days. This result is similar to what was observed previously for
mutant prM(ARS88) (7). In that study, a similar infection ex-
periment with mutant prM(ARSS), which is activated by tryp-
sin only, caused lethal infection in 34% of the animals with a
mean survival time of 17.6 = 3.6 days. In contrast, wild-type virus
usually kills 100% of the animals within 7.2 (=1.5) days (35).

In contrast, neither mutant prM(AR88/R89H) nor prM(ARS8S/
R86S/R89H) killed any of the mice, suggesting that these mu-
tants were unable to establish a productive infection in the
brains of these animals. Both of these mutants are efficiently
activated in cell culture by chymotrypsin but not by trypsin.
Their apparent apathogenicity is in agreement with the pre-
sumption that there is no chymotrypsin-like proteolytic activity
in brain tissue. Furthermore, this result is in good agreement
with the observation that mutant prM(AR88/R89H), even
though it is susceptible to cleavage by trypsin, cannot be acti-
vated efficiently by this protease. Serum samples drawn at the
end of the observation period and analyzed for the presence of
TBEV-specific antibody indicated no seroconversion for any of
the mice inoculated with prM(ARS88/R86S/R89H). However,
one of the mice inoculated with mutant prM(AR88/R89H) had
acquired TBEV-specific antibodies, suggesting that this mouse
had succumbed to an abortive infection by this mutant.

One can conclude from these data that TBEV mutants that
can be activated by trypsin in cell culture retain some infectiv-
ity in brain tissue probably due to the presence of a trypsin-like
protease, but mutants that require chymotrypsin for activation
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are deficient for replication in tissues devoid of this protease,
such as the brain.

Chymotrypsin-activated mutants remain genetically stable
during multiple passages. Next, we investigated whether the
chymotrypsin-activated mutants were able to spontaneously
acquire an altered phenotype, i.e., to increase viral fitness in
the presence of this protease or revert to a chymotrypsin-
independent phenotype. To analyze genetic stability, serial
passage experiments in the presence of chymotrypsin were
performed with mutants prM(AR88/S85F), prM(AR88/R89H),
and prM(ARS88/R86S/R89H), which can be activated by this
protease. In parallel, wild-type virus was also passaged in the
presence of chymotrypsin as a control. To increase selection
pressure, passages were performed under limiting-dilution
conditions; i.e., a log, dilution series of supernatant from each
round of infection was prepared and used for the next round of
infection. Supernatant from the well inoculated with the high-
est dilution yielding a positive value in ELISA 3 days postin-
oculation was used for the subsequent round of infection.

These dilution experiments indicated that, in the presence of
chymotrypsin, the three mutants typically could be detected in
dilutions up to 10° and 107, whereas the wild-type control
scored positive up to a dilution of 10°® in ELISA, as is typical
for TBEV after acquiring a heparan-sulfate-adapted pheno-
type in BHK-21 cell cultures (36). To better characterize the
specific infectivity of the mutants in comparison with the wild-
type virus, preparations standardized by quantitative PCR to
contain equal numbers of RNA molecules (taken as a mea-
surement for the number of virus particles) were incubated
with chymotrypsin, and the endpoint dilution titers were de-
termined on BHK-21 cells. Under these conditions, the specific
infectivity of wild-type virus was found to be 10°* particles per
infectious unit (i.u.), whereas mutants prM(AR88/S85F) and
prM(AR88/R89H) achieved values of 10° particles/i.u., and
mutant prM(AR88/R86S/R89H) had a value of only 10% par-
ticles/i.u.

The limiting-dilution infection protocol was applied for six
serial passages without noticeable changes in cytotoxicity or
intracellular protein expression pattern, as monitored by IFA
(Fig. 6), or protein export, monitored by ELISA (data not
shown). In order to test whether any of the mutants had lost
their dependency on chymotrypsin activation in the course of
these passages, two subsequent passages using undiluted ali-
quots of supernatant as inocula were performed in the absence
of protease. As also shown in Fig. 6, all three of the mutants
were infectious for the first passage after removal of chymo-
trypsin but did not produce any infectious particles thereafter;
i.e., they were single-round infectious. In contrast, the wild-
type control had remained independent of chymotrypsin and
could readily be carried through both of the passages in the
absence of protease. Thus, there were no phenotypic changes
observed in the course of this passaging experiment.

To verify the genetic stability of the mutants, the RNA
sequences coding for proteins prM and E were determined
after the sixth passage by reverse transcription-PCR and found
to be completely unchanged except for the commonly observed
point mutations in protein E providing heparan-sulfate adap-
tation: ES1K, E277K, and E122K for mutants prM(ARS8S/
S85F), prM(AR88/R89H), and prM(ARS88/R86S/R89H), re-
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FIG. 6. Infectivity of cleavage site mutants in cell culture. BHK-21 cells were transfected with wild-type or mutant RNAs as indicated on the
left. Chymotrypsin was added to the cell culture medium to a final concentration of 5 wg ml~'. Supernatants were harvested 72 h posttransfection
and transferred onto naive BHK-21 cells. Every 3 to 4 days, supernatants were harvested and further passaged for a total of six times in the presence
of exogenous chymotrypsin (as indicated at the top). The seventh and eighth passages were carried out in the absence of the protease.

spectively. Importantly, the modifications providing susceptibility
to activation by chymotrypsin were found to be genetically stable.

DISCUSSION

This study describes the generation and characterization of
prM cleavage mutants of TBEV. These mutants are activated
by treatment with chymotrypsin and, when this protease is
present in the medium, can be readily passaged in cell culture
without reverting to the wild-type sequence or having other
genotypic adaptations occur for at least six successive passages.
These observations represent the first demonstration that fla-
vivirus mutants that are activated by a heterologous protease
with nonnatural cleavage specificity can be obtained and are
genetically stable. Proteolytic activation of flaviviruses is natu-
rally performed by the ubiquitous cellular protease furin (or
related proteases) during a late stage of viral exocytosis (49).
Previous studies had shown that cleavage of protein prM,
which protects the fusion protein E from prematurely attaining
fusion competence, is normally required for viral infectivity. A
rare exception to that rule was described previously for TBEV:
a pseudorevertant selected in mice exhibited a low level of
infectivity even without prM cleavage, probably due to struc-
tural instability in the domain of prM that normally protects
protein E from undergoing low-pH-induced conformational
changes (7). Furthermore, it has been demonstrated that the

addition of exogenous trypsin can substitute for furin cleavage
(6). Trypsin cleaves after single basic amino acid residues,
whereas furin requires a multibasic motif for cleavage. We now
show that mutants can be selected that are activated by a
protease which has a cleavage specificity very different from
furin or trypsin. The mutants described in this study carry point
mutations in protein prM that create new cleavage sites for
chymotrypsin, a protease that is specific for amino acids with
large, hydrophobic side chains, rather than basic residues,
which are the only substrates recognized by furin and trypsin.

In order to generate such mutants, we chose to apply a
selection approach in cell culture rather than to introduce
specific mutations by reverse genetics based on theoretical
considerations. A selection process provides room for the
emergence of unexpected mutations which create optimal so-
lutions under the particular growth conditions. Indeed, some
properties of the mutants obtained here were surprising, as
noted below.

In one case, a Phe residue was selected at position 85 of
protein prM. While Phe is a typical substrate for chymotrypsin,
the position of this selected mutation three residues upstream
from the natural cleavage site was unexpected. Due to the
absence of an atomic structure of this functionally important
protein region, it is unknown which positions are both acces-
sible to cleavage and able to initiate the large structural reor-
ganization required for the conversion to infectious mature
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virus particles. Our results indicate that position 85 is both
accessible to cleavage and appropriate for initiating the mat-
uration process. In contrast, results obtained with mutant
prM(ARS88/R89H) treated with trypsin suggested that although
cleavage at position 86 [which has the only basic residue that
could serve as a potential substrate for trypsin in this region of
mutant prM(AR88/R89H)] is also possible, this cleavage
largely failed to render the virus infectious. Even extended
cleavage conditions yielded only a minute level of infectivity. It
is possible that the cleavage product interferes with structural
rearrangements that are necessary for attaining infectivity. An
alternative explanation may be that cleavage at position 86
results in a partial denaturation of the viral surface proteins
that abolishes their functional integrity. In any case, although
cleavage of protein prM was found to be necessary to attain
infectivity in the cases of all of the mutants described in this
study, the data also indicate that in some cases cleavage may
not be sufficient to achieve functional activation.

In another case, a mutation was selected at the natural
cleavage position, residue 89, but the amino acid was changed
to a His residue, which is not a typical site for chymotrypsin
cleavage. Apparently, however, this residue was readily recog-
nized within the sequence context of the prM cleavage site.

In keeping with the notion that an evolutionary process
driven by selection pressure may be more efficient than ratio-
nal design, it is noteworthy that both mutations identified by
the selection procedure provided phenotypes which were es-
sentially unimpaired with respect to assembly and release of
RNA-containing particles. In contrast, mutants carrying addi-
tional engineered mutations exhibited a degree of impairment
of these functions. Apparently, this region of protein prM is
quite sensitive to structural perturbations, and the introduction
of inappropriate mutations is likely to be detrimental for the
assembly and/or exocytosis of viral particles. Therefore, one
can predict that major sequence changes in this region will not
be easily tolerated by TBEV or other flaviviruses. Indeed,
preliminary mutagenesis experiments aiming at engineering
TBEV mutants containing potential cleavage sites for matrix
metalloproteases or other heterologous proteases have so far
produced only mutants with severely impaired release of viral
particles, confirming the notion that this region is highly sen-
sitive to structural perturbations (unpublished observations).

Activation of fusion competence, and thus viral infectivity,
by a proteolytic cleavage event is commonly used by enveloped
viruses. In general, there are two major pathways to proteolytic
activation. First, the protein that mediates fusion itself gets
cleaved and thus attains fusion competence. This mechanism is
commonly used by class I fusion proteins. Second, an auxiliary
protein, such as the flavivirus prM protein, is cleaved rather
than the fusion protein, and this type of activation is seen in
viruses with class II fusion proteins (30).

A well-studied example among the class I fusion proteins is
the influenza virus hemagglutinin protein. There is ample ev-
idence for the decisive role of the cleavage of the influenza
hemagglutinin in determining the tissue tropism, pathogenic-
ity, and virulence phenotype of this important pathogen (51).
Strains of this virus that have a multibasic cleavage site that is
recognized by furin, which is present in many cell types, can
cause severe systemic infections and are highly pathogenic. In
contrast, viruses with monobasic cleavage sites are cleaved only
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by trypsin-like proteases, which are present extracellularly in
certain tissues such as the lung or the intestines. Consequently,
viruses with monobasic sites tend to be less pathogenic and
cause localized infections of these tissues. Moreover, influenza
mutants with specificities for heterologous proteases such as
elastase or chymotrypsin have been selected or engineered (42,
50). The highly restricted replication properties of these mu-
tants in vivo may be used for the design of new live virus
vaccines (8, 50). Similar to influenza virus, flaviviruses with
restricted and defined tissue tropism may be generated by
engineering mutants with specificity for various proteases. The
data obtained for furin-deficient TBEV mutants described in
this and a previous study have already shown that mutants that
can be activated by trypsin retain a certain level of infectivity in
the brain tissue of suckling mice, whereas mutants requiring
chymotrypsin did not. These observations are in good agree-
ment with the fact that trypsin-like protease activity, but not
chymotrypsin, is likely to be present in brain tissues. It will be
interesting to study further the tissue tropism of these mutants
in vivo, in particular, their ability to replicate in the lung or the
intestines.

Alphaviruses have a class II fusion protein (E1) that is struc-
turally very similar to the flavivirus E protein. Its fusion com-
petence is also attained by proteolytic cleavage of a second
protein, but, in contrast to the flavivirus M protein, the protein
that remains anchored in the viral membrane (E2) is relatively
large, remains in heterodimeric association with the fusion
protein E1, and mediates cellular attachment. Chymotrypsin-
dependent mutants of the alphavirus Semliki Forest virus have
been engineered and found to be very useful tools in a range of
functional and structural studies as well as in the design of safe
alphavirus-based gene delivery vectors (3, 18). The mutants
described in this study open up similar avenues for the inves-
tigation of flaviviruses or the design of flavivirus-based vector
systems.
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