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Flavivirus envelope proteins are synthesized as part of large polyproteins that are co- and posttranslation-
ally cleaved into their individual chains. To investigate whether the interaction of neighboring proteins within
the precursor protein is required to ensure proper maturation of the individual components, we have analyzed
the folding of the flavivirus tick-borne encephalitis (TBE) virus envelope glycoproteins prM and E by using a
recombinant plasmid expression system and virus-infected cells. When expressed in their polyprotein context,
prM and E achieved their native folded structures with half-times of approximately 4 min for prM and about
15 min for E. They formed heterodimeric complexes within a few minutes after synthesis that were required for
the final folding of E but not for that of prM. Heterodimers could also be formed in frans when these proteins
were coexpressed from separate constructs. When expressed without prM, E could form disulfide bonds but did
not express a specific conformational epitope and remained sensitive to reduction by dithiothreitol. This is
consistent with a chaperone-like role for prM in the folding of E. PrM was able to achieve its native folded
structure without coexpression of E, but signal sequence cleavage at the N terminus was delayed. Our results
show that prM is an especially rapidly folding viral glycoprotein, that polyprotein cleavage and folding of the
TBE virus envelope proteins occurs in a coordinated sequence of processing steps, and that proper and efficient

maturation of prM and E can only be achieved by cosynthesis of these two proteins.

Flaviviruses belong to those virus genera that encode large
polyprotein precursors from which the individual proteins are
proteolytically cleaved. Some of the cleavages occur co- or
posttranslationally, while others take place later during transit
through the secretory pathway. Internal signal sequences and
signal peptidase cleavage sites ensure the correct topology of
the polyprotein and its cleaved products at the membrane of
the endoplasmic reticulum (ER). The use of polyproteins for
the generation of structural and nonstructural proteins is dic-
tated (in part) by viral replication strategies that do not allow
the generation of multiple mRNAs and by the limited size
of the genome. Moreover, in the case of low-pH-activated viral
fusion proteins, proteolysis is often needed to render the
proteins fusion competent once they have passed the acidic
compartments of the late secretory pathway. The individual
glycopolypeptide chains are normally found as subunits of mul-
timeric complexes in which they are closely associated with
each other.

From a folding point of view, the early cleavages are espe-
cially interesting because they usually occur cotranslationally
before folding of the individual proteins has been completed.
This means that the individual polypeptide chains have the
opportunity to undergo folding as part of a larger complex of
polypeptide chains derived from the same ribosome. The fold-
ing of the two envelope glycoproteins of Semliki Forest virus
(p62 and E1), although dependent on different sets of molec-
ular chaperones, seems, for example, to be intimately coordi-
nated (5). Similarly, the folding of hepatitis C virus (HCV)
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envelope protein E1 appears to be dependent on the second
envelope protein, E2 (14, 27). Also, in the case of Uukuniemi
virus, a bunyavirus, the two envelope proteins G1 and G2 fold
together, although at very different rates (32).

In this study, we have examined the folding of the prM and
E envelope proteins of tick-borne encephalitis (TBE) virus,
two glycoproteins that follow each other in the polyprotein
sequence. TBE virus is a member of the Flavivirus genus of the
family Flaviviridae, a family of small enveloped RNA viruses
that includes important arthropod-borne human pathogens
such as the yellow fever, dengue, West Nile, and Japanese
encephalitis viruses. Their positive-stranded RNA genome (ca.
11 kb) contains a single long open reading frame encoding
three structural proteins (capsid [C], prM/M, and E) and at
least seven nonstructural proteins (reviewed in reference 9).
The polyprotein is co- and posttranslationally cleaved into dis-
tinct protein products by host- and virus-encoded proteases
(24).

The envelope of the mature TBE virus contains the major
envelope glycoprotein E (molecular mass, 52 kDa; one N-
linked glycan) and the small membrane protein M (molecular
mass, 7 to 8 kDa). The E protein mediates virus entry into the
cell through receptor binding and low-pH-induced fusion in
endosomes after receptor-mediated endocytosis, and it also
carries the major antigenic epitopes leading to a protective
immune response (reviewed in reference 19). M is synthesized
as a precursor protein, prM (molecular mass, 25 kDa; one
N-linked glycan), that forms a 1:1 complex with E intracellu-
larly and probably serves as a lock to prevent E from being
prematurely activated by low pH during transport through the
acidic compartments and vesicles of the trans-Golgi network
(15, 17). Shortly before the virus is released from the cell, prM
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is cleaved, apparently by the cellular protease furin, leading to
mature virions (36). Since the TBE virus, like most flaviviruses,
probably buds into the ER lumen, the envelope glycoproteins
are transported through the Golgi complex to the plasma
membrane as part of immature virus particles (24).

The X-ray crystallographic solution of the structure of the E
ectodomain purified from mature virions (33) revealed that
protein E differs from many other well-characterized viral gly-
coproteins in that it forms head-to-tail dimers that lie parallel
rather than perpendicular to the viral membrane. E is a type I
membrane protein with two transmembrane segments at its C
terminus. The ectodomain of the TBE virus E protein is com-
posed of three major parts: a central domain (domain I), a
dimerization domain (domain II), and a C-terminal immuno-
globulin-like domain (domain III). All three domains are rich
in B-sheets with two short a-helices in the dimerization do-
main. There are 12 cysteines forming six intrachain disulfide
bonds, and the single glycosylation site is located at the dimer-
ization interface. That this type of overall fold is not unique to
flaviviruses was recently demonstrated by the X-ray structure
of the E1 protein of Semliki Forest virus, an alphavirus (23).
PrM is also a type I membrane protein. It contains six cysteines
in the ectodomain, forming three disulfide bonds (30).

A few years ago, a recombinant simian virus 40 (SV40)-
based plasmid vector system was developed to express the TBE
virus prM and E proteins, as well as C-terminally truncated
variants of E (1, 3). This system was used here to analyze the
folding of prM and E when expressed individually, in combi-
nation with each other, or in cells infected with TBE virus. We
found that the maturation of TBE virus envelope proteins prM
and E is coordinated and that early interactions between the
proteins are needed for complete folding of E but not for that
of prM, suggesting that prM serves as a chaperone for the
folding of E.

MATERIALS AND METHODS

Plasmids and virus. The production of recombinant plasmids expressing prM
and full-length E or truncated forms of E derived from TBE virus strain Neu-
doerfl (GenBank accession no. U27495) was described earlier (1, 3). In partic-
ular, we used vectors expressing prM and full-length E (SV-PEwt); prM and E
truncated after the first transmembrane domain (SV-PE472, i.e., the first 472
amino acids of E); prM and E truncated right after the ectodomain, lacking the
stem-anchor elements (SV-PE400); prM alone (SV-prM); or full-length E alone
(SV-Ewt). The vector included an SV40 early promoter and an SV40 origin of
replication for amplification in COS-1 cells.

TBE virus strain Neudoerfl (25) was grown in primary chicken embryo cells
and purified by two cycles of sucrose density gradient centrifugation as described
by Heinz and Kunz (18).

Infection of mammalian cells with TBE virus. COS-1 cells (ATCC CRL 1659)
were grown in Dulbecco’s modified Eagle medium (DMEM; Life Technologies)
supplemented with 10% fetal calf serum (FCS), 4 mM glutamine, 100 U of
penicillin per ml, and 100 wg of streptomycin per ml at 37°C in 5% CO,. At 60
to 70% confluency, cells were infected with TBE virus at a multiplicity of infec-
tion of ca. 1 in DMEM containing 2% FCS, glutamine, and antibiotics. The
virus-containing medium was replaced with fresh medium 1 h after infection. At
24 h postinfection, the cells were used for further experiments.

Expression of TBE virus envelope proteins in mammalian cells. COS-1 cells
were transiently transfected with plasmid DNA complexed to Lipofectamine
(Life Technologies) in DMEM containing no serum or antibiotics. At 5 h after
transfection, an equal amount of DMEM supplemented with 20% FCS, 8 mM
glutamine, 200 U of penicillin per ml, and 200 pg of streptomycin per ml was
added to the cells without removing the medium containing the DNA-lipid
complexes. At 24 h posttransfection, the cells reached an optimal level of ex-
pression of the incorporated DNA and were used for pulse-chase experiments.
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Pulse-chase analysis of TBE virus envelope protein folding. Subconfluent
60-mm-diameter dishes of COS-1 cells expressing TBE virus envelope proteins
were washed once with phosphate-buffered saline (PBS) containing 1 mM Mg>"
and 0.5 mM Ca>* (PBS™ ), followed by starvation in cysteine- and methionine-
free medium for 30 min. The cells were pulse-labeled at 37°C by adding 200 n.Ci
of 33S-labeled methionine-cysteine (ProMix; Amersham) in cysteine- and methi-
onine-free medium supplemented with 20 mM HEPES, pH 7.4. The pulse was
stopped by washing the cells twice with 5 mM unlabeled cysteine and methionine
in DMEM containing 10% FCS, glutamine, antibiotics, and 20 mM HEPES (pH
7.4), followed by incubation with this medium at 37°C for chase times varying
between 0 and 60 min. For dithiothreitol (DTT) resistance experiments, the
regular chase was followed by a 4-min incubation at 37°C in a chase medium
supplemented with 5 mM DTT. DTT washout experiments were carried out in a
similar way, by using pulse and chase media containing 5 mM DTT, followed by
incubation in normal chase medium. After a chase, the cells were flooded with
ice-cold PBS™ ™" containing 20 mM N-ethylmaleimide (NEM), an alkylating
reagent that prevents postlysis oxidation effects on the newly synthesized pro-
teins (8). After 2 min of incubation, the cells were lysed in 800 pl of ice-cold lysis
buffer containing 2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesul-
fonic acid (CHAPS) in HEPES-buffered saline (HBS; pH 7.4) supplemented
with 20 mM NEM, 1 mM phenylmethylsulfonyl fluoride, and 10 pg each of
chymostatin, leupeptin, antipain, and pepstatin per ml. The nuclei and cellular
debris were pelleted by centrifugation, and the postnuclear supernatants were
used for immunoprecipitation.

Lysis of cells for sedimentation analysis was carried out with 1% Triton X-100
in 50 mM triethanolamine (pH 8.0) containing 20 mM NEM and protease
inhibitors, followed by removal of nuclei and cellular debris as described above.

Immunoprecipitation and SDS-PAGE. The postnuclear supernatants were
precleared on protein A coupled to Sepharose CL-4B beads for 1 to 2 h at 4°C.
Volumes of 60 to 120 pl of the precleared lysates were subsequently incubated
with protein A-Sepharose CL-4B beads (10-pl bead volume) and 1 .l of rabbit
polyclonal antibodies or mouse monoclonal antibodies (MAb) directed against
the prM or E protein at 4°C overnight. Inmune complexes were pelleted at 8,500
X g for 2 min, followed by washing with agitation three times for 10 min each.
The first and second washing step were done with 0.5% CHAPS in HBS (pH 7.4),
and the third one was done with HBS (pH 7.4). The washed immune complexes
were solubilized by adding 40 ul of sample buffer and incubated at 95°C for 5
min. After pelleting of the protein A-Sepharose beads, the supernatant was
divided into two aliquots. For reducing conditions, DTT was added to one of the
aliquots to a final concentration of 100 mM. The proteins were analyzed by
sodium dodecyl sulfate (SDS)-7.5 and 12% polyacrylamide gel electrophoresis
(PAGE) on minigels, followed by autoradiography.

Antibodies. For the majority of the precipitations, a polyclonal antiserum
recognizing both prM and E was used [k-PM(2)] (2). Mouse MAbs specific for
E (A5, B1, and C6) (16), prM (8H1) (20), or NS1 (LGT 3-509) (20) were used
to detect various epitopes on the proteins and for coprecipitation experiments.

Determination of half-times for folding. The half-times for folding of prM, E,
and NS1 were determined by densitometric analysis of the protein bands from
SDS-polyacrylamide gels after immunoprecipitation with conformation-specific
antibodies (MAbs 8H1, AS, and LGT 3-509; see above) from at least three
independent experiments. The band intensities (arbitrary units) were plotted
against the chase time for each protein. The half-time represents the time point
at which 50% of the maximal intensity was achieved.

Sedimentation analysis. To monitor the formation of heterodimers consisting
of prM and E, postnuclear supernatants from cell lysates solubilized in 1% Triton
X-100 were loaded onto 5 to 20% (wt/wt) sucrose gradients made with 50 mM
triethanolamine (pH 8.0), 100 mM NaCl, and 0.5% Triton X-100. After ultra-
centrifugation in a Beckman SW41 rotor at 38,000 rpm and 15°C for 22 h,
fractions of 800 ul were collected by upward displacement and immunoprecipi-
tated with a polyclonal antiserum recognizing both prM and E as described
above. The immune complexes were analyzed by reducing SDS-PAGE followed
by autoradiography.

Endo H; digestion. TBE virus envelope proteins were immunoprecipitated and
washed three times as described above. The immune complexes were resus-
pended in 0.5% SDS-1% B-mercaptoethanol and heated for 10 min at 95°C.
After pelleting of the protein A-Sepharose beads, the supernatant was divided
into two equal aliquots. A 50 mM concentration of sodium citrate (pH 5.5) was
added to both samples, and 20 U of endoglycosidase H; (Endo Hy; New England
Biolabs) was also added to one of them. The samples were incubated at 37°C for
90 min, followed by the addition of reducing sample buffer, separation of the
proteins by SDS-12% PAGE, and autoradiography.
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FIG. 1. (A) Schematic diagram of the polyprotein cleavage, folding, and maturation of TBE virus envelope proteins prM and E and the first
of the nonstructural proteins, NS1. The most N terminal of the proteins, the C protein, is cytosolic and is cleaved by the viral NS2B/3 protease
(arrow). It is followed by a signal sequence cleaved by signal peptidase on the lumenal side (filled arrowhead). The signal peptidase also cleaves
prM from the E protein and the E protein from the NS1 protein, leading to the translation products shown in illustration 2. PrM and E fold in
the ER and associate with each other, forming heterodimers in immature virions (illustration 3). Cleavage of the N-terminal portion of the prM
protein by the cellular protease furin (open arrowhead) after transport to the trans-Golgi network leads to mature virions and formation of E-E
dimers on the virus surface (illustration 4). (B) Overview of the plasmids coding for various parts of the TBE virus polyprotein. The two
transmembrane segments of the E protein are shown as white boxes. A few amino acids from the carboxy terminus of the C protein and the internal
signal sequence (S) for proper translocation into the ER lumen were included at the N terminus of each construct. SV-PE472 and SV-PE400 lack
one or both transmembrane regions at the C terminus of E, respectively. Cyt, cytosol; N, N terminus; C, C terminus.

RESULTS

Figure 1A summarizes the biogenesis of the TBE virus en-
velope proteins, from the polyprotein being cleaved into dis-
tinct protein chains (illustrations 1 and 2), heterodimerization
of prM and E (illustration 3), and the final processing steps
leading to mature virions (illustration 4).

A schematic overview of the plasmid constructs used is
shown in Fig. 1B. Both SV-PEwt and SV-Ewt contained the
first 30 codons of the NS1 nonstructural protein, which lies
downstream of the E sequence in the polyprotein precursor.
These nucleotides were included in the constructs to ensure
proper translocation and membrane insertion at the C termi-
nus of E.

Folding of TBE virus envelope proteins in infected cells. To
study the folding of TBE virus envelope proteins prM and E
when they are expressed as part of the intact viral polyprotein,
COS-1 cells infected with the TBE virus were analyzed by a
pulse-chase approach. Twenty-four hours after infection, the
cells were pulse-labeled for 2 min with *>S-labeled methionine-
cysteine and chased for various times (up to 60 min). Before
lysis with 2% CHAPS, the cells were treated with 20 mM NEM

to alkylate any remaining free sulfhydryl groups, thus prevent-
ing further oxidative folding (8). The viral proteins were im-
munoprecipitated from postnuclear supernatants by using a
polyclonal antiserum [k-PM(2)] that recognizes prM, E, and
NSI1 or by using MAbs specific for these proteins individually.
The immunoprecipitates were analyzed by SDS-PAGE under
reducing and nonreducing conditions, and the bands were vi-
sualized by autoradiography.

As shown in Fig. 2A, three major virus-derived bands could
be detected in the reduced samples, i.e., prM, E, and NS1, all
of which migrated with the expected mobilities (25, 52, and 45
kDa, respectively). The identification of the E and NS1 bands
was confirmed by immunoprecipitation with specific mouse
MAbs (Fig. 2B). In addition, a band at 45 kDa was detected
that probably corresponds to labeled actin, which is often seen
as a nonspecific contaminant in immunoprecipitations. E and
prM were clearly visible after a 4-min chase (lanes 2 and 8),
and NS1 was visible after 16 min (lanes 4 and 10). Since no
major bands of lower mobility were observed, we concluded
that all four of the cleavages needed to generate prM, E, and
NS1 occurred rapidly, perhaps even cotranslationally. Further-
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FIG. 2. Folding of TBE virus envelope proteins in virus-infected
mammalian cells. COS-1 cells were infected with TBE virus strain
Neudoerfl at a multiplicity of infection of ca. 1. At 24 h postinfection,
the cells were pulse-labeled with 3°S-labeled methionine-cysteine for 2
min and chased for 0 to 60 min. This was followed by immunoprecipi-
tation of the postnuclear supernatants with a polyclonal antiserum
recognizing both prM and E (A) or MAbs specific for E and NS1, as
indicated (B). The immunoprecipitates were analyzed by nonreducing
and reducing SDS-PAGE (12% gel for panel A and 7.5% gel for panel
B) and exposed for autoradiography. Positions of the individual pro-
teins are marked at the side. In most of the gels, a nonspecific band was
detected at ca. 45 kDa comigrating with NS1 under nonreducing con-
ditions (+act) that probably corresponds to labeled actin. Molecular
size standards are indicated on the right in kilodaltons.

more, no cross-linked aggregated forms were detected at the
top of the nonreducing lanes.

Analysis of the more weakly labeled bands in the lower part
of the gel in Fig. 2A revealed that the cleavages and oxidative
folding of prM were rapid. prM underwent a large mobility
shift when reduced, suggesting that one or more of the three
disulfide bonds in this protein form large loops. Since we were
not able to detect any oxidation intermediates of prM even
after overexposing the gels for autoradiography, these disulfide
bonds must have been formed during the 2-min pulse.

The greater separation of the molecular weight region of E
and NS1 obtained with a 7.5% gel (Fig. 2B) revealed further
details of their folding. First, it was clear that the nonreduced
E band migrated faster than its reduced counterpart (e.g.,
lanes 3 and 9), consistent with the formation of intrachain
disulfide bonds. Mature E contains six disulfide bridges, which
are located in each of the three domains (33). That their
combined effect on the migration of the protein on SDS-PAGE
was relatively minor (but consistently observed) is most likely
due to the rather small size of the covalent loops that they form
in the polypeptide chain. We also observed that the polyclonal
antiserum already reacted well with E after a 4-min chase (Fig.
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2A, lane 2), whereas a MAb against domain II of E (AS)
yielded a strong band only after 30 min (Fig. 2B, lanes 1 to 3).
The intensity of the E band increased significantly between min
16 and 30 of the chase and less strongly between min 30 and 60
of the chase (Fig. 2B, lanes 1 to 3). Taken together, our results
suggested that the half-time for the formation of the confor-
mational epitope in domain II of E recognized by the MAb was
about 15 to 20 min and that oxidation preceded attainment of
the final native structure of the protein.

The NS1 protein was detected by a MAb recognizing a
conformational epitope after 16 min (Fig. 2B, lane 4). A slight
increase in the electrophoretic mobility of NS1 was observed
between min 16 and 60 of the chase in both the nonreducing
and reducing gels (lanes 4 to 6 and 10 to 12, respectively). This
small shift was probably due to glucose trimming on the car-
bohydrate side chains of NS1. Recognition of the protein by a
MAD started only after min 16 of the chase (lane 4 and data
not shown), and folding appeared to be complete after 30 min
(lane 5), since no further increase in the amount of precipi-
tated NS1 was observed after 60 min (lane 6).

Our results suggest that the oxidative folding of TBE virus
envelope proteins prM and E, as well as that of nonstructural
protein NS1, occurs rapidly. However, judging by the appear-
ance of epitopes recognized by the MADb used against E and
NS1, conformational alterations continue to occur in these
proteins until min 16 to 30 of the chase.

Folding of recombinant prM and E expressed individually.
To examine the folding and maturation of prM or E alone, we
used recombinant plasmids expressing various parts of the
TBE virus polyprotein as schematically depicted in Fig. 1B.
They all lacked the C protein at the N terminus, but two of
them (SV-PEwt and SV-Ewt) contained a short 30-amino-acid
stretch of the NS1 protein (called NS1*). This short sequence
of NS1 was included to ensure the correct topology of the
C-terminal end of the full-length E protein.

The constructs were expressed in COS-1 cells with a tran-
sient expression system. A pulse-chase protocol similar to that
described above was used. When prM and E were expressed
individually, relatively simple patterns were obtained (Fig. 3A
and B, top). In the reduced gel, the E protein gave a single
band (56 kDa) immediately after the pulse, which is labeled
E-NS1* in Fig. 3A. The E-NS1* band disappeared with a
half-time of 4 to 6 min and was replaced by a faster-migrating
band (52 kDa) corresponding to the mobility of the mature
wild-type E protein. Since the shift was not seen with the
constructs SV-PE472 and SV-PE400, which produced C-ter-
minally truncated forms of E and therefore also lacked the
additional NS1 sequence (see below), we concluded that this
shift was due to removal of the C-terminal NS1* stretch. Evi-
dently, the signal peptidase-mediated cleavage was delayed
compared to the corresponding cleavage in the full-length
polyprotein (Fig. 2A). As described below, this delay was sim-
ilar whether prM was expressed together with E or not.

Under nonreducing conditions, only a single band was ob-
served in the SDS-PAGE gel. We therefore believe that this
band represents the E protein and that most of the E-NS1*
protein was present in the large disulfide-linked aggregates
that remained at the top of the gel (Fig. 3A, lanes 1 to 3). If this
is indeed the case, the gradual increase in electrophoretic mo-
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FIG. 3. Folding of recombinant TBE virus envelope proteins expressed individually. COS-1 cells were transfected with plasmids encoding either
E (A) or prtM (B). A schematic diagram of the topology of the constructs at the ER membrane is shown at the top of each panel. At 24 h
posttransfection, the cells were pulse-labeled with *°S-labeled methionine-cysteine for 2 min and chased for 0 to 16 min. The postnuclear
supernatants were immunoprecipitated either with a polyclonal antiserum recognizing both prM and E (upper panels) or with a MAD against prM
or E (lower panels). Inmunoprecipitation of E with an anti-prM MADb and vice versa (lower panels, lanes 13) confirmed that the antibodies were
specific. The proteins were separated by nonreducing and reducing SDS-PAGE and visualized by autoradiography. Positions of the individual
proteins are marked at the left, and molecular size standards are indicated on the right in kilodaltons.

bility of the putative E band that occurs in the first 8 min of the
chase can be attributed to oxidative folding.

A difference was also observed for prM expressed sepa-
rately, compared to the full-length polyprotein in infected cells.
As shown in Fig. 3B, a shift from a 29-kDa form to a 26-kDa
form occurred under reducing conditions, with the latter cor-
responding to the authentic molecular mass of wild-type prM.
Given the construct, this shift was clearly due to delayed cleav-
age at the N terminus of prM, which consists of a few C-
terminal residues of the C protein and the internal signal
sequence of prM. The half-time of this cleavage was about 4 to
8 min. Interestingly, the delayed cleavage was not seen when
the prM sequence was followed by E (see Fig. 4), indicating
that the timing of this cleavage depended on the downstream
sequences.

We have also analyzed the prM and E proteins expressed
individually by immunoprecipitation with anti-prM or anti-E
mouse MAbs. Although recognized by MAbs against domains
I and III (B1 and C6, respectively; data not shown), E synthe-
sized alone was hardly precipitated by the MAb against domain
IT (AS). Only faint bands were visible after a 30- to 60-min
chase (Fig. 3A, bottom). This was a clear difference from E
expressed as part of the full-length polyprotein (Fig. 2B), sug-
gesting that E is not able to attain full maturity when synthe-
sized alone. On the other hand, prM was precipitated with an
anti-prM MADb, indicating that, at least by this criterion, prM

was able to fold independently of other viral components even
though the signal sequence cleavage at its N terminus was
delayed.

Thus, the two TBE virus envelope proteins matured to dif-
ferent extents when produced outside of their usual context
within the polyprotein. The E protein expressed alone could
not attain its final conformation, while prM synthesized indi-
vidually appeared to be completely folded, but proteolytic
cleavage at its N terminus was delayed.

Folding of prM and E expressed from the same polyprotein
precursor. To test the cleavage processes and folding of prM
and E when they were expressed together but without other
viral proteins, we performed pulse-chase experiments with the
SV-PEwt plasmid (Fig. 1B), which encodes a polyprotein con-
sisting of a few amino acid residues from the C terminus of the
C protein, followed by the internal prM signal sequence, prM,
E, and the NS1* 30-amino-acid segment. Figure 4A shows the
autoradiography of an immunoprecipitation with an antiserum
recognizing both prM and E. Both proteins oxidized rapidly
and with the same kinetics as when they were expressed indi-
vidually. Under reducing conditions, the band shift from E-
NS1* to E was observable again and aggregates were again
observed at the top of the lanes under nonreducing conditions.
This, together with the experiment shown in Fig. 3A, indicated
that the cleavage of NS1* from the C terminus of E occurred
independently of prM.
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PrM folded properly within 2 min after synthesis and dis-
played a clear shift between nonreducing and reducing condi-
tions, as shown for prM expressed alone. However, there was
no double band visible for prM, as was the case for prM
expressed alone. This suggests that signal sequence cleavage at
the N terminus of prM is accelerated when the downstream E
protein is present on the polyprotein. The transiently ex-
pressed band around 70 kDa detected under both nonreducing
and reducing conditions between min 0 and 16 of the chase
probably corresponded to the noncleaved prM-E precursor
because it was precipitated with antibodies to both prM and E
(Fig. 4B and C, respectively). Small amounts of this oxidized
precursor were obtained with all of the constructs expressing
prM and E together.

Moreover, in contrast to the individually expressed E pro-
tein (Fig. 3A, lower panel), E from the SV-PEwt construct was
efficiently precipitated by MAb A5 when cosynthesized with
prM (Fig. 4B). This indicated that E was able to reach a
conformation detectable by this antibody only when prM was
present.

The half-times of prM and E folding were determined by
densitometric analysis of the bands shown in Fig. 4C and B,
respectively. We obtained half-times of 3 to 4 min for prM and
ca. 15 min for E.

The interaction between prM and E involved formation of
complexes, since the two proteins could be coprecipitated after
a 4-min chase with either anti-E or anti-prM MAD (Fig. 4B and
C, respectively). A small fraction of E and E-NS1* was pre-
cipitated with the anti-prM antibody after a 0-min chase (Fig.
4C, lanes 1 and 7).

Our results indicated that, when synthesized together, prM
and E begin to form stable complexes within a few minutes
after synthesis and that this association is needed for E to
achieve its final conformation. The presence of E also results in
faster signal sequence cleavage at the N terminus of prM.

Folding of C-terminally truncated variants of E. Earlier
studies have revealed several functional elements in the C-
terminal stem-anchor region of the E protein (3), including a
small helix involved in trimerization of E under acidic condi-
tions, a conserved region of unknown function, and a second
helix required for interaction with prM. To test whether the
transmembrane domain at the C terminus of E has an effect on
its folding, we analyzed the folding of prM and C-terminally
truncated variants of E lacking the second transmembrane
segment (SV-PE472, i.e., prM and the first 472 amino acids of
protein E) or both transmembrane segments and the stem
region (SV-PE400) of E in a pulse-chase experiment.

Figure SA depicts the predicted ER membrane topology of
these proteins, and Fig. 5B, C, and D show the SDS-PAGE of
immunoprecipitates with an anti-prM/E polyclonal antiserum.
To maximize the resolution for each of the proteins, SDS—
7.5% acrylamide gels were used for E and SDS-12% acryl-
amide gels were used for prM. The shift from the 56-kDa band
to the 52-kDa band under reducing conditions was present
only for the SV-PEwt construct, confirming, as discussed
above, that this shift was indeed due to C-terminal cleavage of
NS1* from E. Moreover, an additional faint band, migrating
slightly slower than E and probably corresponding to E-NS1%,
was detected for SV-PEwt (Fig. 5B) under nonreducing con-
ditions. E472 showed a folding pattern similar to that of Ewt
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FIG. 4. Folding of TBE virus envelope proteins expressed as a
polyprotein precursor. COS-1 cells were transfected with a recombi-
nant plasmid encoding prM and E. At 24 h posttransfection, the
folding of prM and E was assayed by a pulse-chase approach, followed
by immunoprecipitation of the postnuclear supernatants with a poly-
clonal antiserum recognizing both prM and E (A) or MAb specific for
prM and E, as indicated (B and C). The immunoprecipitates were
analyzed by nonreducing and reducing SDS-PAGE. Positions of the
proteins are marked at the left, and molecular size standards are
indicated on the right in kilodaltons.
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FIG. 5. Folding of C-terminally truncated forms of TBE virus E proteins. COS-1 cells were transfected with recombinant plasmids encoding
prM and full-length E (SV-PEwt), prM and E lacking the second transmembrane domain (SV-PE472), or prM and stem- and membrane
anchor-free E (SV-PE400). A schematic view of the topology of the proteins at the ER membrane is depicted in panel A. The degree of interaction
of the E protein with prM is diminished when both transmembrane domains are deleted. Folding of the E variants and prM was assessed by a
pulse-chase experiment, followed by anti-prM/E immunoprecipitation as described in the legend to Fig. 4. For each construct, the proteins were
resolved by SDS-7.5 and 12% PAGE (top and bottom, respectively), followed by autoradiography (B, C, and D). A folding intermediate for E400
(E;) can be seen under nonreducing conditions (D). Positions of the proteins are marked at the left, and molecular size standards are indicated

on the right in kilodaltons.

(Fig. 5C), but it achieved its fully oxidized state a little earlier
than Ewt. E400 oxidized more rapidly, with some completely
oxidized protein form being visible after a 0- to 1-min chase
(Fig. 5D), and also showed a higher degree of aggregation at
the top of the nonreducing gel (data not shown). An additional
transient band with slightly less mobility than the fully oxidized
form of E400 was visible under nonreducing conditions (Fig.
5D, lanes 1 to 5). This band probably corresponded to incom-
pletely oxidized folding intermediates, which were further ox-
idized by a 16-min chase. For all three constructs, some prM-E
precursor was detected that became cleaved after an 8- to
16-min chase. PrM displayed identical folding kinetics with all
three constructs and was fully oxidized after a 2-min pulse and
a 0- to 4-min chase. In a separate experiment, both E472 and
E400 could be precipitated by the A5 MAb, indicating that E
can fold without the stem-anchor region (data not shown).
Taken together, the data suggest that truncations at the C-
terminal end of E had a minor effect on its folding kinetics and
no influence on the folding of prM.

Folding of prM and E expressed in zrans. The results shown
so far suggested that the E protein needs prM to achieve its
final native conformation. To test whether this effect depends
on expression of prM and E on the same polyprotein, a pulse-
chase experiment was carried out with COS-1 cells transfected
with the SV-PEwt plasmid (expression of prM and E in cis),
with SV-prM and SV-Ewt (expression in trans), or with SV-
Ewt alone. The cells were pulsed for 2 min and chased for 60
min. Aliquots of the cellular extracts were immunoprecipitated
with three different antibodies: a rabbit anti-prM/E polyclonal
antiserum, a mouse anti-E MADb, and a mouse anti-prM MAD.

The autoradiogram of a reducing SDS-PAGE with the im-
munoprecipitates is shown in Fig. 6. PrM and E were copre-
cipitated with both of the anti-E MAb when coexpressed either
in cis (lanes 4 and 7) or in trans (lanes 5 and 8). This indicates
that prM and E can form complexes whether synthesized on
the same polyprotein or not.

DTT sensitivity of the E protein. One parameter that has
been used to assess the folding state of a protein is its resis-
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FIG. 6. Folding of TBE virus envelope proteins expressed in trans.
COS-1 cells transfected with a plasmid coding for prM and E (SV-
PEwt) as a polyprotein (expression in cis; PE), with plasmids encoding
prM (SV-prM) and E (SV-Ewt) separately (expression in trans; P+E),
or with a plasmid coding for E alone (SV-Ewt; E) were pulsed for 2
min and chased for 60 min. Total cellular extracts were immunopre-
cipitated with either a rabbit anti-prM/E polyclonal antiserum, an
anti-E MADb, or a mouse anti-prM MADb as indicated above the lanes,
and this was followed by analysis of the proteins by reducing SDS-
PAGE. Positions of the proteins are marked at the left, and molecular
size standards are indicated on the right in kilodaltons.

tance to reducing agents such as DTT added to the medium
(21, 38). When proteins are incompletely folded, their disulfide
bonds are more exposed and therefore much more sensitive to
such treatment than when the proteins have achieved their
native conformation. Earlier studies on influenza virus hemag-
glutinin (HA) have shown that the subunits become resistant
soon after reaching the fully oxidized state but before trimer
formation (38, 39). We measured the DTT sensitivity of E
expressed from SV-PEwt, SV-PE472, SV-PE400, or SV-Ewt
after different chase times. The fraction of each variant resis-
tant to 5 mM DTT is plotted in Fig. 7. When E was expressed
from the SV-PE472 construct, 80% became resistant after a
60-min chase. By that time, 50% of the full-length E protein
(SV-PEwt) acquired DTT resistance. In contrast, only 15% of
the membrane anchor-free form of E (SV-PE400) was resis-
tant to reduction 60 min after synthesis. Interestingly, E ex-
pressed without prM (SV-Ewt) did not become resistant to
DTT treatment at all. We conclude that prM is required for E
to reach the DTT-resistant conformation. This result is consis-
tent with the observation described above that the final stages
of E folding depend on association with prM.

We also tested the effect of DTT on the folding of prM and
E by a DTT washout pulse-chase experiment (data not shown).
When DTT is washed out of cells, the oxidative environment in
the ER is rapidly restored and reduced proteins can resume
their oxidative folding program (7). When DTT was washed
out after a 2-min pulse and a 4-min chase, both prM and E
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resumed the correct oxidation but aggregation was strongly
increased, as shown by analysis of the proteins under nonre-
ducing SDS-PAGE. Reuptake of the folding process combined
with increased aggregation was also observed in DTT washout
experiments with the SV-PE472 and SV-PE400 constructs
(data not shown).

These results suggested that the proteins were able to fold
posttranslationally upon removal of the reducing milieu, but
this led to a decrease in folding efficiency, as well as to a
significantly higher degree of aggregation, probably due to the
formation of intermolecular disulfide bonds.

Formation of heterodimers between TBE virus envelope
proteins. Our results from coimmunoprecipitations of prM and E
suggested that stable complexes of the two envelope proteins
formed early during folding. To further characterize the prM-E
heterodimer formation, we subjected the postnuclear superna-
tants from a pulse-chase experiment to sucrose velocity gradient
centrifugation in gradients containing 0.5% Triton X-100. As
shown in Fig. 8A, the peaks of prM and E overlapped partially at
0-min chase. The prM peak was seen in fractions 5 and 6. The E
protein peaked in fraction 6, but it was also detected in faster-
sedimenting fractions. This indicated that weak interactions be-
tween some prM and E molecules occurred, while a larger por-
tion of E formed higher-molecular-weight clusters or aggregates.
Consistent with the results obtained by coimmunoprecipitations
(cf. Fig. 4B and C), interaction between prM and E was further
increased after a 4-min chase. (Fig. 8B). After a 60-min chase,
prM and E cosedimented almost completely in fractions 5 and 6
with an average S,, sedimentation coefficient of 4.0, indicating
that most of the newly synthesized prM and E molecules had
dimerized (Fig. 8C).

Earlier studies have shown that the membrane anchor-free
E400 protein does not form a stable complex with the prM
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FIG. 7. DTT resistance of C-terminally truncated TBE virus E pro-
teins. Cells were transfected with recombinant plasmids as indicated
and subjected to a pulse-chase experiment with 2-min pulses and
chases of 0 to 60 min. After a chase in normal nonreducing medium,
the cells were chased in DTT-containing medium for an additional 4
min. The ratio of DTT-resistant E protein to total E protein was
plotted for the Ewt, E472, and E400 forms.
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FIG. 8. Cosedimentation analysis of prM and E at various chase times. Cells transfected with recombinant plasmids encoding prM and Ewt (A
to C) or prM and stem- and membrane anchor-free E400 (D) were pulsed for 2 min and chased for the indicated times. The postnuclear
supernatants were subjected to velocity sedimentation on 5 to 20% (wt/wt) sucrose gradients. Subsequently, the proteins were immunoprecipitated
from the gradient fractions with a polyclonal antiserum recognizing both prM and E, analyzed by reducing SDS-PAGE, and visualized by
fluorography. The relative amount of prM and E protein from each fraction (out of a total of 100% over all 14 fractions) was quantitated. The
arrows above fractions 4 to 6 in panel C indicate the S,, sedimentation coefficient standards, as determined by quantification of a velocity

sedimentation gradient run with a protein molecular weight marker.

protein (2). We confirmed this result by analyzing the sedi-
mentation behavior of E400 and prM (Fig. 8D). In this case,
the proteins peaked at different fractions and E400 and prM
showed average sedimentation coefficients of 3.6 and 2.8, re-
spectively. Thus, prM and E form heterodimers at very early
stages of folding but stable association does not occur without
the stem region.

Endo H; digestion of TBE virus envelope proteins. Finally,
to check the further processing of the newly synthesized TBE
virus envelope proteins, the glycosylation state of prM and E
was examined by an Endo H; digestion assay of the immuno-
precipitated TBE virus envelope proteins expressed from dif-
ferent DNA plasmids and virus-infected cells. Both prM and E

remained fully sensitive to Endo H; treatment after a 60-min
chase with all of the constructs tested in this study, as well as in
virus-infected cells (Fig. 9). The proteins did not acquire re-
sistance to digestion with Endo H; after a 24-h chase (data not
shown). This indicated that both prM and E were retained in
a pre-Golgi compartment.

DISCUSSION

Generation of proteins in the form of a polyprotein in the
ER involves a variety of complexities that are not encountered
when proteins are synthesized individually. The cleavage reac-
tions must be orchestrated correctly on both sides of the mem-
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FIG. 9. Endo H; sensitivity of TBE virus envelope proteins. Two-
minute pulse and 60-min chase samples were immunoprecipitated with
a polyclonal antiserum recognizing both prM and E, followed by di-
gestion of the immune complexes with Endo H;. Subsequently, the
proteins were analyzed by reducing SDS-PAGE and visualized by
autoradiography. All recombinant constructs plus a sample from virus-
infected cells were tested, as indicated at top of the lanes.

brane, and folding must be organized in such a way that the
protein components support rather than interfere with each
other during maturation. Our results indicate that the TBE
virus envelope proteins must associate with each other shortly
after synthesis for efficient cleavage of prM from the polypro-
tein precursor and for proper folding of E. However, expres-
sion of prM and E without other viral components is sufficient
for the attainment of their fully mature form.

The three signal peptidase cleavages involved in the synthe-
sis of the two TBE virus envelope proteins were found to occur
immediately after synthesis in infected cells, and judging by our
assays, the folding process was efficiently completed within 30
min after chain termination. At this time, the proteins were
already heterodimers, a prerequisite for virus production and
secretion. Although complete folding of prM appeared to be
possible in the absence of E, interaction with prM and the
formation of a heterooligomeric complex were required for E
to attain its final conformation. prM and E had to form hete-
rooligomeric complexes before they could reach their final
conformations, but it was not necessary for them to be synthe-
sized from the same polyprotein precursor.

It can be estimated that translation takes about 35 s for prM
and about 110 s for E (8). As a rule, both prM and E were
already visible as cleaved products after a 2-min pulse and a 0-
to 4-min chase in recombinant constructs and virus-infected
cells. This suggests that the amino-terminal and carboxy-ter-
minal cleavages occurred as soon as the synthesis of each
segment was completed.

Other studies have shown that cleavage at the C-prM junc-
tion of flaviviruses involves two coordinated cleavages (4, 37).
Cleavage of the N-terminal signal sequence of prM by a host
cellular peptidase requires prior removal of the C protein from
this signal sequence by the viral NS2B/3 protease. Our exper-
iments with virus-infected cells suggest that the cleavages in
the C-prM region occurred fast and efficiently, because (i) no
uncleaved precursor forms were detected, (ii) the ratio of prM
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to E did not increase with longer chase times, and (iii) the
amounts of prM and E found in virus-infected cells were sim-
ilar to those obtained with recombinant constructs in which the
C protein was not present.

Based on our data, we further suggest that processing of the
C-prM junction by NS2B/3 occurs in frans rather than in cis.
The NS2B/3 protease sequence ranges from amino acid 1359
to amino acid 2111 in the polyprotein (26). Thus, approxi-
mately 7 min is required for complete translation of NS2B/3
after the C and prM proteins have been synthesized. However,
in our experiments, the C protein has already been cleaved
from prM by that time, essentially ruling out in-cis cleavage.

Elimination of the E sequence following the prM protein in
one of the recombinant constructs resulted in slower cleavage
at the N terminus of prM, suggesting that the timing of this
cleavage is dependent on the presence of downstream E se-
quences. This implies that processing of the prM signal se-
quence occurs only after at least part of the E protein has been
synthesized.

In all of the constructs that contained both prM and full-
length E or truncated forms of E, a distinct uncleaved prM-E
side product was observed as a band that disappeared with a
half-time of 30 min, suggesting that if the cleavage between
prM and E did not occur cotranslationally immediately after
passing the translocon, it was delayed. This phenomenon may
be explained by loss of easy access to the signal peptidase after
the newly synthesized protein has left the translocon com-
plexes.

When cleaved, the prM protein was already in a form that
migrated fast on nonreducing SDS-PAGE. This means that of
the three potential disulfide bonds, at least one that forms a
large loop must have been in place. It is possible that the
protein was, in fact, completely oxidized by the time it was
released from the translocon because no further changes in
mobility were seen. That disulfide bond formation can take
place cotranslationally is well known from previous studies
with influenza virus HA and Semliki Forest virus glycoproteins
(10, 29). To be oxidized, the prM protein did not have to
separate from its signal peptide or be associated with E. The
prM protein thus emerged as a rapid and robust folder.

Oxidative folding of E was much slower than that of prM,
extending over a time period of 8 to 16 min after chain termi-
nation. Although the structure revealed by X-ray crystallogra-
phy shows the presence of six disulfide bonds in the mature
ectodomain, the shifts in mobility of the protein remained
modest. The reason was most likely the small relative size of
the loops formed. Although oxidation did take place in the
absence of prM, it was apparent that full maturation of E and
expression of a conformational epitope could only take place
once a stable heterodimer with prM had been formed. The
data thus indicate that the folding of E takes place in two
phases, one before the formation of a stable heterodimer and
one that proceeds slowly after formation of the dimer. The
need for cosynthesis for folding and secretion has been previ-
ously demonstrated in other flaviviruses (22, 31). Based on
those reports and the results presented in this study, prM may
be considered a chaperone for the folding and dimerization of
flavivirus envelope proteins.

By measuring the appearance of a conformational epitope
on each of the individual proteins, we obtained folding half-
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times of 3.5 to 4 min for prM, 15 to 20 min for E, and ca. 18
min for NS1. The folding of another member of the Flavivirus
genus has recently been analyzed (11). In the case of dengue
virus, the half-times for folding were 15 to 20 min for prM and
60 min for E. Thus, the dengue glycoproteins fold considerably
more slowly than their TBE counterparts. The reason for the
differences in the observed folding rates is not clear, but since
the methods used in the two studies were similar, it is likely
that different flaviviruses exhibit different glycoprotein folding
efficiencies, a phenomenon that has also been observed with
HA from different influenza virus strains (8).

Compared with envelope proteins from other virus families
that are synthesized as polyproteins, TBE virus E folds at
comparable rates, while prM is an unusually rapid and highly
efficient folder. Semliki Forest virus envelope proteins E1 and
p62 are folded after 10 and 20 min, respectively (28). Envelope
protein E1 of HCV is a slow folder, getting oxidized only after
60 min, whereas HCV E2 can form its disulfide bonds within 10
min of synthesis (14). In the case of Uukuniemi virus of the
Bunyamwera family, G1 folds rapidly, within 10 min, while G2
only reaches its folded form after 60 min (32).

Heterodimer formation of TBE virus envelope proteins
starts within a few minutes after translation, probably as soon
as prM is fully folded. In the case of dengue virus, the two
envelope proteins also dimerize within 15 min after synthesis
but the precise dimerization half-time was not determined
(40). Our results showed that interaction between prM and E
can also occur when the two proteins are expressed from dif-
ferent messengers; i.e., they can interact productively without
being synthesized as part of a common polyprotein. Whether
such dimerization in trans occurs in infected cells, where the
proteins emerge from the same polyprotein, is not clear from
our data. However, we believe that, in a natural infection, in-cis
dimerization is more likely because the sucrose gradient data
show the prM protein already associating with E within 4 min
of synthesis. Moreover, it does so with the simultaneously
labeled E protein. If dimerization occurred in trans, one would
expect dimers to form between the newly synthesized prM and
previously synthesized, unlabeled E proteins that are already
further matured. This has been reported for Uukuniemi virus
G1 and G2 (32). Furthermore, dimerization in cis is probable
because the ratio of labeled prM to E protein remained the
same whether E was coprecipitated with an anti-prM antibody
or vice versa.

A recent study has shown striking structural similarities be-
tween the TBE virus E protein and the E1 protein of the
alphavirus Semliki Forest virus (23). Although alphavirus en-
velope proteins make use of distinct chaperones, they also
interact with each other a few minutes after synthesis by form-
ing heterodimers in cis (6). For HCV, another member of the
Flaviviridae family, interactions between E1 and E2 occur early
but these proteins seem to be aggregated and it takes much
longer for them to form native, stable heterodimeric complexes
(12, 13). In the case of Uukuniemi virus, a bunyavirus, the
envelope glycoproteins G1 and G2 form heterodimers rapidly
after synthesis although dimerization occurs in frans rather
than in cis (32).

Our results confirmed that the ectodomain of E without a
membrane anchor cannot stably associate with prM (3). Al-
though the protein appeared to be folded, as judged by MAb
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reactivity (data not shown), most of it remained DTT sensitive.
Since E expressed without prM did not acquire DTT resis-
tance, we concluded that interaction of prM with E was re-
quired for the latter to reach its final folded state.

We also observed that deletion of the stem and membrane
anchor of E caused oxidation of the protein to proceed more
rapidly. This generated a partially oxidized intermediate that
was prominent during folding of the E400 form but could not
be detected for the membrane-anchored forms of E.

The single N-linked glycans on prM and E expressed indi-
vidually or together remained fully sensitive to digestion with
Endo H; several hours after synthesis. The secreted forms of E,
however, acquire resistance to treatment with Endo H; (34).
Influenza virus HA, which has folding kinetics similar to those
of E, becomes resistant to Endo H; digestion with a half-time
of 15 min, indicating that it has reached the Golgi by that time
(35). Therefore, it is likely that prM and E are retained in the
ER unless they are incorporated into virus particles, which is
consistent with the observation that flavivirus assembly occurs
at the ER membrane (reviewed in reference 24).

In summary, we have provided evidence for coordinated
maturation of the glycoproteins of the TBE virus. The results
indicate that E requires prM to reach the native conformation
efficiently, suggesting a chaperone-like role for prM. On the
other hand, prM needs E for rapid signal sequence cleavage at
its N terminus. PrM can exert its assisting function on E when
coexpressed either in cis or in trans. Dimerization of the two
proteins occurs rapidly and is required for the final folding
steps. However, the proteins flanking prM and E in the TBE
virus polyprotein do not have a major influence on the folding
process.
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