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Envelope protein E of the flavivirus tick-borne encephalitis virus mediates membrane fusion, and the
structure of the N-terminal 80% of this 496-amino-acid-long protein has been shown to differ significantly from
that of other viral fusion proteins. The structure of the carboxy-terminal 20%, the stem-anchor region, is not
known. It contains sequences that are important for membrane anchoring, interactions with prM (the pre-
cursor of membrane protein M) during virion assembly, and low-pH-induced structural changes associated
with the fusion process. To identify specific functional elements in this region, a series of C-terminal deletion
mutants were constructed and the properties of the resulting truncated recombinant E proteins were examined.
Full-length E proteins and proteins lacking the second of two predicted transmembrane segments were secret-
ed in a particulate form when coexpressed with prM, whereas deletion of both segments resulted in the secre-
tion of soluble homodimeric E proteins. Sites located within a predicted a-helical region of the stem (amino
acids 431 to 449) and the first membrane-spanning region (amino acids 450 to 472) were found to be important
for the stability of the prM-E heterodimer but not essential for prM-mediated intracellular transport and
secretion of soluble E proteins. A separate site in the stem, also corresponding to a predicted a-helix (amino
acids 401 to 413), was essential for the conversion of soluble protein E dimers to a homotrimeric form upon
low-pH treatment, a process resembling the transition to the fusogenic state in whole virions. This functional
mapping will aid in the understanding of the molecular mechanisms of membrane fusion and virus assembly.

Structural elements in the vicinity of the membrane anchor
participate in a number of important functions of viral enve-
lope proteins, including oligomerization, particle assembly,
and membrane fusion. In orthomyxoviruses (5) and retrovi-
ruses (6, 7, 11, 29, 37, 39), structural data have suggested that
a-helix-forming elements adjacent to the membrane-spanning
segment play an important role in the extensive conforma-
tional changes that drive the fusion process, a feature that
appears to be shared by the paramyxoviruses (24) and filovi-
ruses (13, 38) as well.

Envelope protein E of tick-borne encephalitis (TBE) virus, a
small enveloped virus belonging to the genus Flavivirus of the
family Flaviviridae, has a structure and subunit organization
fundamentally different from those of the examples mentioned
above, even though the functions they perform are similar. The
X-ray crystal structure (32) of a soluble ectodomain fragment
of this protein has revealed that it is a head-to-tail dimer
oriented parallel to the viral membrane, in contrast to most
other viral fusion proteins studied so far, which are trimeric
spikes. Another major difference is that the ectodomain frag-
ment (sE dimer), representing the N-terminal 80% of the
molecule, consists mostly of beta-sheet and loop structures and
does not contain any long a-helical segments.

Although all of the known antigenic determinants, the pu-
tative receptor binding site, and the putative fusion peptide
reside in the ectodomain portion of protein E (32), the remain-
ing C-terminal 20% of this protein, referred to as the stem-
anchor region, has also been shown to be important for a
number of functions, including interactions with the precursor
of membrane protein M (prM) during viral assembly (3), par-
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ticle formation (3), and low-pH-induced structural changes
associated with membrane fusion (36).

Newly synthesized E and prM proteins associate to form
heterodimers (3, 40). These are incorporated into immature
virions, which assemble in the endoplasmic reticulum and are
transported via the secretory pathway (33). The intracellular
virions remain in the immature form until shortly before re-
lease from the cell and then are converted to the active mature
form by cleavage of prM by the cellular protease furin (35).
Heterodimeric interactions between prM and E are important
for proper transport and possibly folding of E (3, 25) and
probably also for protection of the immature virion against
acid inactivation during transport through acidic vesicles (14,
16, 19). Proper heterodimer interactions also appear to be
required for the formation and secretion of subviral particles,
which are capable of self-assembly in the absence of the nu-
cleocapsid (3). These particles, which consist of native E and M
proteins anchored in a lipid membrane (34), have been shown
to have fusogenic properties similar to those of whole virions
(10, 34).

Membrane fusion requires acidic pH and is mediated by
protein E, which, in virions and recombinant subviral particles,
is organized as a metastable network of interacting ho-
modimers (2, 34). When exposed to acidic pH, the E dimers
dissociate and reorganize irreversibly into a homotrimeric
form (2), a process that appears to be required for fusion.
Studies with protease-treated E proteins have suggested that
elements within the stem-anchor are involved in the final for-
mation of the E trimers, whereas the initial low-pH-dependent
dissociation of the dimer occurs mainly within the ectodomain
portion (36).

The stem-anchor region extends from the carboxy terminus
of each of the monomers of the crystallized ectodomain frag-
ment, placing it at the distal ends of the E homodimer (32).
Although its structure has not been investigated experimen-
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FIG. 1. Schematic diagram of a TBE virus protein E monomer (not to scale)
which, in the native structure, forms a homodimer with a head-to-tail orientation.
The three domains of the sE fragment (I, II, and IIT), which was cleaved from
purified virions by trypsin and used previously for structure determination (32),
are represented by shaded ovals, and the positions of the putative fusion peptide
at the tip of domain II and the trypsin cleavage site next to domain III are
indicated. The part below the trypsin cleavage site represents the C-terminal
20% of the E protein, for which only sequence-based structure predictions are
available (36). The viral membrane is represented by parallel lines, and the
portions of E corresponding to the stem and anchor regions are indicated. H1P™¢
(residues 401 to 413) and H2P™9 (residues 431 to 449) indicate predicted a-he-
lical regions in the stem, the CS element (residues 414 to 430) separates these
putative helices, and TM1 (residues 450 to 471) and TM2 (residues 473 to 496)
are predicted transmembrane segments (31). H2P™ is contiguous with TM1, and
these together may constitute a continuous a-helix with its C-terminal half
spanning the viral membrane. TM2, which normally serves as the signal sequence
for nonstructural protein NS1, is depicted as traversing the membrane, but it is
not known whether it actually remains in the membrane after cleavage by sig-
nalase, which separates the E and NS1 proteins during processing of the viral
polyprotein (33).

tally, sequence-based predictions have allowed several poten-
tially important structural elements to be identified (30, 36). As
shown in Fig. 1, these include two predicted a-helical regions
in the stem, a conserved sequence (CS) separating these pre-
dicted helices, and two predicted transmembrane segments in
the anchor portion. In this study, we have used this information
as the basis for constructing a series of C-terminally truncated
E proteins and have used these constructs to identify specific
regions that are important for interactions with prM, particle
formation, and low-pH-induced structural changes.

MATERIALS AND METHODS

Plasmid construction and mutagenesis. Recombinant plasmids for coexpres-
sion of truncated E proteins with prM were derived from plasmid SV-PEwt (1),
which contains cloned cDNA corresponding to nucleotides 388 to 2550 of the
genome of TBE virus strain Neudoerfl (GenBank accession no. U27495). This
construct includes the last 31 codons of the C gene, the entire prM and E genes,
and the first 30 codons of the NS1 gene under the control of the simian virus 40
(SV40) early promoter (Fig. 2). It also contains an SV40 origin of replication for
amplification in COS cells. Deletion mutants were constructed by replacing a
SnaBI-Notl fragment (nucleotides 1881 to 2550) with a shorter PCR-generated
fragment containing a TAG stop codon at the appropriate position, followed
immediately by a NotI restriction site in place of the deleted sequence.

For expression of E400 without prM, the SnaBI-Notl fragment containing the
C-terminal deletion was excised from the prM+E400 construct (Fig. 2) and
inserted in place of the corresponding SnaBI-Notl fragment of plasmid SV-Ewt,
which codes for protein E alone (1). The resulting plasmid contained nucleotides
883 to 2172 of the TBE virus genome and thus lacked all but the last 30 codons
of the protein M coding region, which were retained to provide a signal sequence
for protein E. Plasmid SV-prM, for expression of prM alone, was described
previously (3).

Plasmids were propagated in Escherichia coli HB101 and purified by using a
Qiagen Plasmid Mega Kit. The sequences of the PCR-generated portions, in-
cluding the ligation junctions, were verified for each plasmid preparation before
further use.
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FIG. 2. C-terminal truncations in recombinant E proteins. The diagram
shows the amino acid (aa) positions of the C-terminal truncations and which of
the predicted structural elements of the stem-anchor region were present in each
construct (Fig. 1 contains the definitions of the abbreviations). These proteins
are designated by an E followed by the number of the last amino acid residue.
The portion of the TBE genome containing the prM and E genes, cloned into a
plasmid vector under the control of the SV40 early promoter (1), is shown at the
top. Small arrows indicate the sites where the polyprotein is cleaved by signalase
(33), and the short flanking sequences belonging to the C and NS1 coding regions
are labeled.

Expression, purification, and quantitation of E proteins. COS-1 cells (ATCC
CRL 1659) were grown in Dulbecco’s minimum essential medium (MEM; Life
Technologies) supplemented with 10% fetal bovine serum, penicillin (100 U/ml),
and streptomycin (100 wg/ml) at 37°C in 5% CO,. Cells were transfected with
purified plasmid by electroporation using a Bio-Rad Gene Pulser apparatus. The
cell culture medium was replaced 22 h after transfection with serum-free bicar-
bonate- and HEPES-buffered Dulbecco’s MEM (Life Technologies), and incu-
bation was continued for 24 h until harvest. Cell culture supernatants were
cleared by centrifugation at 10,000 rpm (16,000 X g) for 30 min at 4°C in a Sorvall
F16/250 rotor, concentrated by ultrafiltration, and partially purified by centrifu-
gation at 38,000 rpm for 20 h at 4°C in a 5 to 20% (wt/wt) sucrose gradient using
a Beckman SW-40 rotor. For the pelleting experiments, the cleared supernatant
was used without further treatment. The protein E concentration was deter-
mined by using a quantitative four-layer enzyme-linked immunosorbent assay
(ELISA) after denaturation with sodium dodecyl sulfate (SDS) as described
previously (19) by using SDS-treated virus or soluble protein E dimers (sE
fragment) (18) as a standard. Hemagglutination (HA) activity was measured at
pH 6.4 by the method of Clarke and Casals (9) with goose erythrocytes.

Metabolic labeling and immunoprecipitation. Cells were washed 41 h after
transfection and incubated for 1 h at 37°C in methionine- and cysteine-free
Dulbecco’s MEM (Bio Whittaker). Labeling medium, consisting of the same
medium with 1/20 of the normal concentration of unlabeled cysteine, [*>S]cys-
teine (Amersham), and the normal concentration of unlabeled methionine, was
then applied to the cells, and labeling was continued for 6 h. After labeling, the
cells were washed and lysed in a buffer consisting of 50 mM Tris-HCI (pH 8.0),
150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride, and aprotinin at 2 pg/ml.

Lysates (70 wl) were precleared by using 2 pl of rabbit anti-mouse immuno-
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globulin (Nordic) and 40 pl of a 50% slurry of protein A Sepharose (Pharmacia)
in incubation buffer (20 mM Tris-HCI [pH 8.0], 150 mM NaCl, 2 mM EDTA,
0.5% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, aprotinin at 2 wg/ml).
The specific antibody (2 pl) and 2 pl of rabbit anti-mouse immunoglobulin were
then added to the lysate, and the mixture was incubated for 30 min at room
temperature. The protein A Sepharose slurry (40 ul) was then added, and
incubation was continued for 1 h at room temperature with continuous, gentle
rocking. Immunoprecipitates were collected by centrifugation and washed twice
with incubation buffer, twice with incubation buffer containing 500 instead of 150
mM NaCl, and twice with 63 mM Tris-HCI (pH 6.8). The precipitated material
was solubilized by heating for 5 min at 95°C in 40 ul of electrophoresis sample
buffer (26) and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and
fluorography. Protein sizes were estimated by comparison to radiolabeled mo-
lecular weight standards (Amersham).

Chemical cross-linking, gel electrophoresis, and immunoblotting. Chemical
cross-linking with dimethylsuberimidate (DMS) was done as described previ-
ously (2). The cross-linked proteins were separated by electrophoresis on 5%
polyacrylamide gels using a continuous phosphate-buffered system as described
by Maizel (28), blotted onto polyvinylidene difluoride membranes, and detected
as described previously (35). The polyacrylamide gels used in the immunopre-
cipitation experiments were made by the method of Laemmli and Favre (26).

Low-pH treatment. For analysis of low-pH-induced changes, partially purified
protein E preparations containing 0.5% Triton X-100 were acidified by adding
the appropriate amount of a stock solution of 150 mM morpholineethanesulfonic
acid (MES) and 0.5% Triton X-100 to yield a final pH of 6.0. The final protein
E concentration of each sample was 40 pg/ml. The samples were incubated for
4 h at 25°C and then back-neutralized to pH 8.0 by using a stock solution of 150
mM triethanolamine and 0.5% Triton X-100.

Sedimentation analysis. For analysis of prM-E complexes, samples were ap-
plied to 5 to 20% (wt/wt) sucrose gradients made with 50 mM triethanolamine
(pH 8.0), 100 mM NaCl, and 0.5% Triton X-100 and centrifuged for 22 h at
38,000 rpm and 15°C in a Beckman SW-40 rotor. Fractions of 0.6 ml were
collected by upward displacement using an ISCO model 640 fraction collector
and analyzed by immunoprecipitation and SDS-PAGE as described above.

For analysis of the oligomeric structure of soluble secreted E proteins, 7 to
20% (wt/wt) sucrose gradients containing 0.1% Triton X-100 were used and
centrifugation was carried out for 20 h at 15°C. These samples were then ana-
lyzed by four-layer ELISA for protein E quantitation (19) or chemical cross-
linking and gel electrophoresis (see above).

RESULTS

Construction of deletion mutants. To map the functionally
important regions within the protein E stem-anchor region, we
engineered a series of C-terminal deletions into wild-type ex-
pression plasmid SV-PEwt (1), which has been used previously
for correct coexpression of prM and E proteins and production
of recombinant subviral particles (3, 10, 17, 34). In each con-
struct, a TAG stop codon was introduced at a position corre-
sponding to the boundary of one of the predicted structural
elements represented in Fig. 1 and the rest of the TBE virus-
derived cDNA downstream from that site was deleted. The
positions of the protein E truncations are shown in Fig. 2, with
the number in the protein designation indicating the last amino
acid before the stop codon (e.g., E472 consists of the first 472
amino acids of protein E). We truncated protein E472 after
TM1, protein E449 after H2P™“, protein E430 after CS, pro-
tein E413 after H1P™9, and protein E400 before H1P*Y. In
addition, a previously described construct (SV-PEst) (1) con-
taining a stop codon at position 435 but no deletion was used
for coexpression of prM and E434, which is truncated within
the H2P™? element.

Interactions of truncated E proteins with prM. To examine
the expression of the recombinant proteins and assess the
requirements for formation of the prM-E heterodimer, the
TBE virus proteins were expressed in COS-1 cells by transfec-
tion with the appropriate recombinant plasmid and the cells
were metabolically labeled with [>*S]cysteine and lysed in a pH
8.0 buffer containing 1% Triton X-100. The proteins were then
immunoprecipitated by using a monoclonal antibody (MADb)
specific for either protein E (MAb AS5) (15) or prM (MADb
8HI) (23) and analyzed by SDS-PAGE as shown in Fig. 3.

As expected, all of the C-terminally truncated E proteins
were efficiently precipitated by MAb AS (Fig. 3A), which is
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FIG. 3. SDS-PAGE of recombinant TBE virus proteins after immunopre-
cipitation with E-specific (A) and prM-specific (B) MAbs. COS cells were trans-
fected with recombinant plasmids encoding prM together with one of the trun-
cated forms of protein E shown in Fig. 2, radiolabeled, and lysed in a buffer
containing 1% Triton X-100. The proteins were then immunoprecipitated, sep-
arated by SDS-PAGE, and visualized by fluorography. The values on the left are
molecular weights.

known to bind to a site in domain II of protein E (32). Each of
the truncated E proteins was of the predicted size, indicating
that proper processing had occurred. The full-length (wild-
type) control, shown in Fig. 3A, was also of the predicted size,
but in this particular sample an additional weaker band mi-
grating more slowly than protein E could also be seen. This is
possibly due to incomplete processing of the C-terminal end of
full-length protein E, which terminates at a signalase cleavage
site, rather than a stop codon (Fig. 2).

Consistent with earlier results (3), full-length protein E
(Ewt) and prM coexpressed in COS cells formed a detergent-
stable heterodimer which could be immunoprecipitated by ei-
ther protein E-specific MAb A5 (Fig. 3A) or prM-specific
MAD 8HI (Fig. 3B). Some of the truncations, however, re-
sulted in decreased efficiency of coprecipitation, suggesting
that they had a direct influence on prM-E interactions. As
shown in Fig. 3A, prM was efficiently coprecipitated with both
Ewt and E472 when the protein E-specific MAb was used but
the relative intensity of the prM band was somewhat weaker
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FIG. 4. Cosedimentation analysis of prM and truncated E proteins. The cell
lysates used in the experiment depicted in Fig. 3 were analyzed by centrifugation
in sucrose gradients (5 to 20%, wt/wt) containing 0.5% Triton X-100. Proteins
were immunoprecipitated from the gradient fractions by using a polyclonal
antiserum recognizing both prM and protein E, separated by SDS-PAGE, and
visualized by fluorography. Panels: A, prM and Ewt; B, prM and E472; C, prM
and E449; D, prM and E430. The sedimentation direction is left to right.

with E449 and much weaker still with E434, E430, E413, and
E400. Immunoprecipitation of the same samples with a poly-
clonal antiserum recognizing both prM and protein E showed
that the differences in prM band intensity were not due to
differences in the relative level of protein expression (data not
shown). Analogous results were obtained when a prM-specific
MADb (8HI) was used instead to precipitate the prM-E complex
(Fig. 3B); the relative efficiency of coprecipitation with prM
was strong with Ewt and E472, intermediate with E449, and
weak with E434, E430, E413, and E400.

To further investigate the stability of the prM-E complexes,
the cell lysates used in the experiment whose results are shown
in Fig. 3 were placed on sucrose gradients containing 0.5%
Triton X-100 and sedimentation analysis was carried out to
evaluate the degree to which prM remained associated with
each of the truncated E proteins. As shown in Fig. 4A, prM
and Ewt sedimented as a stable complex and the band intensity
ratio for these two proteins was the same in each of the peak
fractions. The sedimentation velocity of this complex was
shown previously to correspond to a heterodimer containing
one prM molecule and one protein E molecule (3). A similar
pattern of cosedimentation was observed with the prM-E472
complex (Fig. 4B), consistent with the coimmunoprecipitation
results. In contrast, the prM-E449 heterodimer, although clear-
ly present in fractions 6 to 8, appeared to have partially disso-
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FIG. 5. Pelleting efficiencies and HA activities of secreted E proteins.
Cleared supernatants from transfected COS cells were subjected to ultracentrif-
ugation, and the amounts of protein E in the pellet and supernatant fractions
after centrifugation were quantitated by ELISA. HA activity was determined
both before and after pelleting. +, HA activity detected both before pelleting
and in the pelleted fraction; —, no HA activity detected.

ciated during centrifugation, with some prM proteins at a high-
er position in the gradient (Fig. 4C). In the case of E430, the
prM protein did not remain associated at all and the proteins
were found in separate fractions (Fig. 4D). E434, E413, and
E400 also failed to cosediment with prM under these condi-
tions (data not shown). These data suggest that the H2P™¢
element and the TM1 portion of protein E make an important
contribution to the stability of the prM-E heterodimer.

Effect of truncations on the physical structure of secreted
proteins. Analysis of cell culture supernatants revealed that all
of the truncated E proteins were secreted together with the
mature M protein and that the kinetics of protein E secretion
were essentially identical for all of the constructs shown in Fig.
2 (data not shown). To assess the physical form of these pro-
teins, cell supernatants that were harvested and cleared 48 h
after transfection were subjected to ultracentrifugation and the
amounts of protein E in the supernatant and pellet fractions
were quantitated. As shown in Fig. 5, Ewt coexpressed with
prM was found almost exclusively in the pellet fraction, which
was expected because it had already been shown that this
protein gets incorporated into 30-nm-diameter membrane-
containing subviral particles (34). Of the truncated E proteins,
E472 was the only one for which the majority of the material
was found in the pellet fraction after centrifugation. This ma-
terial, like the wild-type subviral particles, also possessed HA
activity. These data suggest that E472 can also be incorporated
into a subviral particle using only the TM1 segment as its
membrane anchor. The other truncated E proteins (E449,
E434, E430, E413, and E400), all of which lacked both of the
predicted transmembrane segments, were present primarily in
a soluble free form that remained in the supernatant fraction
and did not possess any HA activity. Although E449 did tend
to make a significant amount of pelletable material (Fig. 5),
this material was found to consist of insoluble aggregates that
were readily distinguishable from wild-type subviral particles
by their different sedimentation properties and lack of HA
activity (data not shown).

The oligomeric state of the soluble truncated forms of pro-
tein E (E449, E434, E430, E413, and E400) was then investi-
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FIG. 6. Cross-linking analysis of soluble truncated E proteins. Partially pu-
rified E proteins were analyzed by SDS-PAGE and immunoblotting after treat-
ment with the cross-linking reagent DMS. The positions of the protein E mono-
mer and dimer bands are indicated. +, cross-linker added; —, no cross-linker.

gated by chemical cross-linking analysis. Cell supernatants
were concentrated by ultrafiltration and treated with the bi-
functional cross-linker DMS, which is known to form cross-
links between the ectodomains of the protein E dimer (18).
SDS-PAGE and immunoblotting of the DMS-treated proteins
(Fig. 6) revealed that all of the extracellular soluble truncated
E proteins were in the homodimeric state, demonstrating that
the outer portion of the protein E ectodomain has the intrinsic
ability to dimerize in the absence of the stem-anchor. Further-
more, all of these dimers yielded essentially identical reactivity
profiles when tested in a four-layer ELISA system using a
panel of MAbs recognizing different parts of protein E (data
not shown). Therefore, the extent of the deletion in the stem-
anchor did not appear to influence the overall folding of the
protein E ectodomain.

Effect of truncations on prM-mediated secretion. Earlier
experiments have shown that both full-length and C-terminally
truncated E434 proteins require coexpression with prM for
efficient secretion (3). It was therefore somewhat surprising
that the elimination of H2P™9, which contributes to the stabil-
ity of the prM-E heterodimer, did not seem to impair the
ability of the soluble E proteins to be secreted. This suggests
either that other interactions with prM outside the protein E
stem-anchor region are used for prM-mediated transport and
secretion or that the shorter forms of protein E do not require
prM for secretion. To distinguish between these possibilities, a
new plasmid construct encoding protein E400 but lacking the
prM gene was made and this, together with a plasmid encoding
prM alone, was used in a cotransfection experiment to assess
the effect of prM on secretion.

As shown in Fig. 7, the efficiency of protein E400 secretion
was drastically reduced when prM was omitted from the con-
struct. The level of secretion could be partially restored, how-
ever, by providing prM in trans by cotransfection, demonstrat-
ing that prM is still capable of influencing the secretion of
protein E even when the entire stem-anchor region is deleted.
These data therefore suggest that there are further interactions
between prM and the outer domains of protein E, separate
from those in the stem region, that are involved in prM-medi-
ated transport and secretion of protein E.

Effect of truncations on low-pH-induced structural changes.
Earlier work has already revealed that protein E dimers dis-
sociate and reorganize into homotrimers when exposed to low
pH and that the stem-anchor region is important for the trim-
erization step (36). To map the location of a possible trimer-
ization site in this region, we tested the abilities of the different
soluble dimeric forms of protein E to undergo rearrangement
into trimers after acid treatment. For these experiments, the
truncated E proteins were first partially purified by sucrose
gradient centrifugation in the absence of detergent. Under
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FIG. 7. Effect of coexpression with prM on E400 secretion efficiency. COS
cells were transfected with expression plasmids encoding prM and E400 in the
same construct (A), E400 alone (B), or prM and E400 on separate plasmids (C).
At 29 h posttransfection, a protein E-specific four-layer ELISA (20) was used to
detect secreted protein E in the supernatant. The transfection efficiency, as
judged by immunofluorescence using a protein E-specific MAb, was the same
(~50%) in all three samples (data not shown).

these conditions, the M proteins were removed as higher-
molecular-weight complexes and the fractions containing the
semipurified E proteins were judged by immunoblotting to be
free of protein M (data not shown).

Protein E samples containing 0.5% Triton X-100 were
treated at pH 6.0 (final protein E concentration, 40 pg/ml),
back-neutralized to pH 8.0, and subjected to sedimentation
analysis in a detergent-containing sucrose gradient to assess
their oligomeric state. Full-length detergent-solubilized E pro-
teins from TBE virus were used as a standard for comparison
(36). As shown in Fig. 8A, treatment of solubilized full-length
E proteins at low pH caused an irreversible conversion of
dimers to trimers and the resulting shift in sedimentation ve-
locity was identical to that observed previously when solubi-
lized E proteins from low-pH-treated virions were used (2).
Proteins E449, E434, E430, and E413 also clearly retained the
ability to form trimers, and the sedimentation profile from the
shortest of these, E413, is shown in Fig. 8B. The identities of
the dimer and trimer peaks in these experiments were also
confirmed by chemical cross-linking (Fig. 8A and B, insets).

In contrast to the longer forms, E400, which differs from
E413 only by the lack of the 13-amino-acid-long H1P™ ele-
ment, was completely unable to form trimers under the con-
ditions used, and after back-neutralization, only dimers were
detected by both sedimentation analysis and cross-linking (Fig.
8C). Even when the E400 concentration during the incubation
at low pH was increased to 80 wg/ml, no trimerization could be
detected (data not shown). If the sample was not back-neu-
tralized, however, and the sedimentation analysis was carried
out at pH 6.0, the E400 protein sedimented as a monomer
(data not shown), as has been shown previously with E proteins
whose stem-anchor region had been proteolytically removed
(36). This indicates that the E400 dimer undergoes a reversible
dissociation in response to low-pH treatment but, due to the
lack of the H1P™ element, does not assemble into the trimeric
form.

Although E449, E434, E430, and E413 were efficiently con-
verted to trimers at low pH, monomeric forms could be de-
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FIG. 8. Sedimentation analysis of detergent-solubilized E proteins at pH 8.0 (solid curves) or after pretreatment at pH 6.0 and back-neutralization to pH 8.0 (dashed
curves). Samples were centrifuged in sucrose gradients (7 to 20%, wt/wt) containing 0.1% Triton X-100, and the amount of protein E in each fraction was quantitated
by ELISA. For the insets, material from the peak fractions was subjected to DMS cross-linking and immunoblotting as described in the legend to Fig. 6. M, monomer;

D, dimer; T, trimer.

tected under conditions that were kinetically unfavorable for
trimerization in solution, e.g., a lower protein E concentration
(2 pg/ml) (data not shown). This is consistent with a two-step
trimerization mechanism (36) in which the truncated protein E
dimers first dissociate in response to low pH and then, if the
H1P™ element is present, reassociate in a subsequent step to
create the trimeric form.

DISCUSSION

The results of this study allow fine mapping of functionally
important elements within the C-terminal 20% of TBE virus
protein E and also provide new information about functions
that are independent of the stem-anchor region. A summary is
provided in Table 1.

Domains I, II, and III (ectodomain). The ectodomain, de-
fined here as the entire portion preceding the stem-anchor,
consists of approximately the first 400 amino acids of protein
E, and its three-dimensional structure has been solved by X-
ray crystallography (32). It is composed of three separate struc-
tural domains (designated I, II, and III), which contain all of

TABLE 1. Functions of structural elements of TBE virus protein E

Aa?jijnso eslzgnue??(:; Functional property(ies)

1-400 Domains I, II, III  Antigenic determinants, putative
receptor-binding site, interactions
with target membrane for fusion,
contacts for homodimer formation,
interactions with prM required for
secretion, trigger for low-pH-
induced dissociation

401-413  H1Pred Trimerization of soluble protein E

414-430 CS Unknown

431-449 H2rred Stabilization of prM-E interactions
(not required for secretion)

450-472 TM1 Membrane anchor (needed for
incorporation of protein E into
particles), stabilization of prM-E
interactions

473-496 TM2 Signal sequence for NS1 (not

essential for particle formation)

the known antigenic determinants, as well as the putative re-
ceptor-binding site and fusion peptide. All three of these do-
mains participate in homodimeric contacts between the E
monomers, and the dimeric state is preserved when the ectodo-
main fragment is removed from the virion by limited trypsin
digestion (18, 32). The present study demonstrated that C-
terminally truncated recombinant E proteins lacking part or all
of the stem-anchor are secreted in a dimeric form, indicating
that the known contacts between the ectodomains are suffi-
cient not only for maintenance of the dimeric state but also for
initial formation of the E dimer in vivo. The ectodomain con-
tacts are pH sensitive, and both recombinant protein E400 and
the viral ectodomain fragment obtained by trypsin cleavage
(36) dissociate in a reversible manner when exposed to low pH.
This suggests that the acid-sensitive trigger for the fusion re-
action resides in the ectodomain rather than in the stem.

In contrast to the protein E homodimer interactions, the
heterodimeric interactions between prM and protein E appear
to involve both the ectodomain and the stem-anchor. Indirect
evidence based on comparison of antibody binding to mature
and immature flaviviruses (14, 19) has suggested that domain
II of the protein E ectodomain is involved in these contacts
(32). Our observation that coexpression with prM enhances the
efficiency of secretion of E proteins lacking the entire stem-
anchor provides further indirect evidence that prM associates
with the ectodomain of protein E and that these interactions
are of particular importance for the efficient transport of pro-
tein E.

The stem. An important finding of this study is that a pre-
dicted a-helical element in the stem, H1P™“ (amino acids 401
to 413) appears to be involved in the formation of protein E
homotrimers in solution upon low-pH treatment. Proteins
lacking this sequence and the rest of the stem-anchor are still
secreted in a dimeric form that dissociates at low pH but does
not go on to form trimers. In contrast, E proteins that were
truncated immediately after the H1P* element could be irre-
versibly converted by low-pH treatment to the trimeric form. It
is therefore likely that residues within this element either are
directly involved in trimeric contacts between the subunits of
the low-pH form of protein E or facilitate the conversion of
monomers into trimers.

Unexpectedly, our data did not reveal a function for the CS
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element (amino acids 414 to 430), the part of the stem that is
most highly conserved among flaviviruses (36). Although its
high degree of conservation (8 of 17 residues are invariable)
implies an important function, it does not seem to be directly
involved in homodimeric or trimeric interactions between the
E proteins or heteromeric interactions with prM.

The H2P™ element (amino acids 431 to 449) and the TM1
element (amino acids 450 to 472) were found to be important
for the stability of the prM-E dimer and therefore may interact
directly with prM. The weakening of the prM-E interaction by
the deletion of TM1, however, could also be due to a general
destabilizing effect on H2P™“ caused by the truncation of a
putative continuous a-helix extending through both H2P*“ and
TM1 (36).

The anchor. The predicted transmembrane elements TM1
and TM2 lie at the extreme C-terminal end of protein E and
are predicted to constitute a double membrane anchor (30). It
was revealed by sequential deletion that the second of these
(TM2, amino acids 473 to 496) is dispensable for the incorpo-
ration of protein E into recombinant subviral particles, where-
as E proteins with both segments deleted are secreted as free
homodimers when coexpressed with prM. Since the TM2 ele-
ment serves as a signal sequence for the nonstructural protein
NS1 during flavivirus protein synthesis (33), it is possible that
it has no further functional role in mature protein E, although
it is still likely to make a contribution to the overall structural
organization of the virion.

Functional role of the stem region. In contrast to most of the
viral fusion proteins that have been studied so far, which are
trimeric in both the native and fusogenic states (21), the de-
tergent-stable form of TBE virus protein E is a homodimer in
its native state but is irreversibly converted to a trimeric form
at the pH of fusion (2). We demonstrate here that recombinant
protein E dimers expressed in COS cells are capable of under-
going this transformation in solution when exposed to low pH
and that the other viral membrane protein, M, is not required
for this process.

From the head-to-tail orientation of the sE dimer, it is pre-
dicted that the stem regions of the two subunits would not
interact with each other in the neutral form, since they extend
down from the distal ends of the dimer and are therefore
separated by a distance of several nanometers (32). Recently,
however, we presented a model in which direct interactions
between the stem regions of adjacent protein E subunits on the
virion surface are proposed to be responsible for the formation
of trimers at low pH (36). The present data are consistent with
this model, but it cannot yet be concluded whether the stem
regions actually make contact with each other in the trimeric
state or whether other portions of the molecule are involved.

The H1P™? element has been predicted to be a 13-amino-
acid-long amphipathic a-helix (36) and, by analogy to the fu-
sogenic proteins of other enveloped viruses (4, 5-7, 11, 12, 24,
27, 29, 37-39), might be expected to participate in the forma-
tion of a trimeric core structure during the membrane fusion
process. This analogy, however, is severely limited by the fact
that TBE virus protein E does not appear to have the potential
to form long coiled coils of a-helices, a central feature of the
general model that is now emerging for other viral fusion
proteins (8, 22, 39). It is therefore likely that not only the role
of the stem region but also the overall mechanism leading to
membrane fusion might differ significantly from the estab-
lished paradigm, with flavivirus protein E representing a dif-
ferent structural class of fusion protein. Further studies carried
out in the presence of target membranes are necessary in order
to relate structural changes to the membrane fusion event
itself, but the mapping results shown here should provide im-
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portant clues regarding the possible roles of specific structures
in this process.
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