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The envelope protein E of the flavivirus tick-borne encephalitis (TBE) virus is, like the alphavirus E1
protein, a class II viral fusion protein that differs structurally and probably mechanistically from class I viral
fusion proteins. The surface of the native TBE virion is covered by an icosahedrally symmetrical network of E
homodimers, which mediate low-pH-induced fusion in endosomes. At the pH of fusion, the E homodimers are
irreversibly converted to a homotrimeric form, which we have found by intrinsic fluorescence measurements to
be more stable than the native dimers. Thus, the TBE virus E protein is analogous to the prototypical class I
fusion protein, the influenza virus hemagglutinin (HA), in that it is initially synthesized in a metastable state
that is energetically poised to be converted to the fusogenic state by exposure to low pH. However, in contrast
to what has been observed with influenza virus HA, this transition could not be triggered by input of heat
energy alone and membrane fusion could be induced only when the virus was exposed to an acidic pH. In a
previous study we showed that the dimer-to-trimer transition appears to be a two-step process involving a
reversible dissociation of the dimer followed by an irreversible trimerization of the dissociated monomeric
subunits. Because the dimer-monomer equilibrium in the first step apparently depends on the protonation
state of E, the lack of availability of monomers for the trimerization step at neutral pH could explain why low

pH is essential for fusion in spite of the metastability of the native E dimer.

The capacity to undergo triggered conformational changes is
a crucial property of viral surface glycoproteins that mediate
the fusion of the viral membrane with a cellular membrane
during entry. Not only do structural changes in these fusion
proteins lead to the exposure of a previously buried functional
element (fusion peptide), but the energy released by these
conformational changes is also believed to be necessary for the
fusion process (16, 30).

It is a characteristic feature of many viral fusion proteins
that they are synthesized in an inactive precursor form that
either must itself be proteolytically cleaved for activation or
requires the cleavage of an accessory protein. This generates a
metastable state that is potentially fusion active and can be
irreversibly converted to a more stable conformation by the
fusion trigger (receptor binding or low pH) (16). The fusion
protein of rhabdoviruses is an exception because the low-pH-
induced conformational change to the fusion-active state is
reversible (for a review, see reference 9).

The fusion proteins that exhibit irreversible conformational
changes can be divided into at least two general classes. Class
I includes the fusion proteins of orthomyxo-, retro-, paramyxo-
and filoviruses, all of which are activated by proteolytic cleav-
age (20). They are synthesized as trimers, their fusion peptides
are at or near the amino terminus (7, 17, 23, 30), and their final
(postfusion) state contains a characteristic a-helical coiled-coil
core structure (28, 30). Class II includes the fusion proteins of
flaviviruses and alphaviruses, both of which form part of an
icosahedral envelope structure that rearranges upon exposure
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to low pH, the physiological trigger of fusion. The class II
fusion proteins are not proteolytically cleaved during matura-
tion but are associated with a second protein whose cleavage is
essential for activation of fusion activity (12, 19). They possess
internal fusion peptides (12, 19) and, unlike the class I pro-
teins, are not predicted to form coiled coils (27). The fusion
protein E of the flavivirus tick-borne encephalitis (TBE) virus
was the first class II fusion protein for which the structure was
determined to atomic resolution (25), but very recently, the
X-ray structure of the E1 protein of the alphavirus Semliki
Forest virus (SFV) was solved to 3.5 A and shown to have very
similar structural features (21).

Flaviviruses enter cells via the endocytic pathway, and fusion
of the viral membrane with the endosomal membrane is in-
duced by the acidic pH in the endosome (12). The native E
protein is a membrane-anchored homodimer that lies flat on
the surface of the virion and forms a regular icosahedral lattice
through specific lateral interactions (8, 25). Exposure to low
pH triggers a concerted rearrangement of the lattice structure,
resulting in an irreversible and quantitative conversion of the E
dimers to a homotrimeric state of yet unknown structure (2).
This rearrangement is believed to initiate the fusion process by
causing an internal fusion peptide to become exposed and
attach to the target membrane (1), and it might also be in-
volved in subsequent membrane merger steps. The fusion pro-
cess itself is triggered by low pH and does not require the
presence of specific proteins and—in contrast to alphavi-
ruses—does not have an absolute requirement for specific lip-
ids in the target membrane (6).

Earlier studies with the class I fusion protein of influenza
virus (hemagglutinin, HA) showed that fusion activity as well
as the associated conformational changes that are normally
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triggered by acidic pH could also be induced by elevated tem-
peratures and other protein-destabilizing conditions such as
urea treatment (5, 11, 26). Since the final form is more stable,
it was concluded that native HA is kinetically trapped in a
metastable state (4). The induction of fusion at elevated tem-
peratures has also been observed with other class 1 fusion
proteins, namely, the F proteins of the paramyxoviruses Sendai
virus (31) and simian virus 5 (24). In contrast, with SFV, whose
fusion protein belongs to class II, it was not possible to induce
fusion by heat or urea treatment (10).

In this study we investigated the relative stability of native
and low-pH forms of the TBE virus E protein and the ability of
low pH and elevated temperatures to induce the dimer-trimer
transition and membrane fusion. We show that the trimeric
form of the E protein is more stable than the native dimeric
form. However, in contrast to what occurs with the class I
fusion proteins of orthomyxoviruses and paramyxoviruses, and
similarly to what occurs with the E1 fusion protein of SFV,
elevated temperatures cannot substitute for low pH as a trigger.

MATERIALS AND METHODS

Virus growth and purification. The TBE virus prototype strain Neudoerfl (22)
was grown in primary chicken embryo cells, harvested 48 h after infection, and
purified by two cycles of sucrose density gradient centrifugation (14). For mem-
brane fusion assays the virions were metabolically labeled with 1-pyrenchexade-
canoic acid (Molecular Probes, Leiden, The Netherlands) as described previ-
ously (6).

Preparation of E rosettes. E rosettes were obtained by centrifugation of Triton
X-100-solubilized untreated or low-pH pretreated virions in an SW 40 rotor
(Beckman) at 38,000 rpm and 4°C for 24 h in 10 to 40% (wt/wt) detergent-free
sucrose density gradients in TAN buffer (0.05 M triethanolamine [pH 8.0], 0.1 M
NaCl) with a top layer of 5% (wt/wt) sucrose containing 0.25% Triton X-100
(13). Fractions were collected by upward displacement, and E protein was quan-
titated by four-layer enzyme-linked immunosorbent assay after denaturation
with 0.5% sodium dodecyl sulfate at 65°C (15).

Tryptophan fluorescence. Thermal denaturation was monitored by measuring
intrinsic tryptophan fluorescence. Fluorescence spectra of E rosettes (40 pg/ml in
TAN buffer [pH 8.0]) or 1 uM L-tryptophan (Sigma) as a control were recorded
using a Perkin-Elmer LS 50B fluorescence spectrophotometer with an excitation
wavelength of 285 nm (slit width, 10 nm) and an emission scan of 300 to 500 nm
(slit width, 10 nm) using a continuously stirred fluorimeter cuvette. The mea-
surements were made in increments of 5°C from 25 to 75°C. At each time point
the sample was incubated for 60 s before the emission spectrum was recorded.
The signal at the fluorescence maximum at 25°C was defined as 100%, and the
change in fluorescence intensity at this wavelength was calculated.

Fusion assay. Fusion of virions with liposomes was measured by monitoring
the decrease in pyrene excimer fluorescence caused by the dilution of pyrene-
labeled viral phospholipids into unlabeled liposomes (6). Virions were mixed
with liposomes consisting of phosphatidylcholine, phosphatidylethanolamine,
sphingomyelin, and cholesterol in a 1:1:1:1.5 molar ratio as described by Corver
et al. (6). Fluorescence was recorded continuously for 60 s at 480 nm using a
Perkin-Elmer LS 50B fluorescence spectrophotometer and an excitation wave-
length of 343 nm.

The liposomes (0.2 mM phospholipid) were preincubated in 10 mM trietha-
nolamine (pH 8.0)-140 mM NaCl-0.1% bovine serum albumin (BSA) in a
continuously stirred fluorimeter cuvette at the appropriate temperature for 60 s.
Pyrene-labeled virions (1 wM phospholipid) were added in a small volume and,
for controls, immediately acidified to pH 5.5 by the addition of preheated 300
mM morpholinoethanesulfonic acid with 0.1% BSA. For the measurement at pH
8.0, the same amount of preheated TAN buffer (pH 8.0; containing 0.1% BSA)
was added. The initial excimer fluorescence after mixing was defined as 100%. To
determine the residual excimer fluorescence after fusion, the detergent n-octa-
(ethylene glycol) n-dodecyl monoether was added to a final concentration of 10
mM to disperse the viral and liposomal membranes.

Sedimentation analysis. The conversion of E dimers into trimers was mea-
sured by sedimentation analysis as described previously (2). Purified virions (3
pg) in TAN buffer containing 0.1% BSA were incubated for 10 min at various
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FIG. 1. Thermal stability of E rosettes containing native E dimers
(open symbols) or E trimers obtained by low-pH-treatment (closed
symbols) monitored by measuring intrinsic tryptophan fluorescence.
The inset shows the fluorescence curve of free L-tryptophan as a
control. At each temperature, the fluorescence intensity relative to the
signal at 25°C is indicated. The fluorescence curves are representative
of three experiments.

temperatures either at pH 8.0 or, after acidification with 150 mM morpholin-
oethanesulfonic acid (containing 0.1% BSA), at pH 5.5. After cooling in an ice
bath, the samples were back-neutralized, solubilized with 1% Triton X-100, and
applied to 7 to 20% sucrose gradients containing 0.1% Triton X-100. Samples
were centrifuged for 20 h in an SW 40 rotor (Beckman) at 38,000 rpm and 15°C.
Fractions were collected by upward displacement, and E protein was quantitated
by four-layer enzyme-linked immunosorbent assay after denaturation with 0.5%
sodium dodecyl sulfate at 65°C (15).

RESULTS

Thermostability of E dimers and trimers. To examine the
thermostability of native E dimers and E trimers formed by
low-pH treatment, we measured the change in intrinsic tryp-
tophan fluorescence accompanying thermally induced protein
unfolding. E dimers and E trimers were isolated by solubiliza-
tion of native or low-pH-treated virions with Triton X-100. It
was then necessary to remove Triton X-100 from the prepara-
tions to avoid interference from the detergent at the wave-
lengths used. This resulted in the formation of E protein ro-
settes (13) in which the original oligomeric state (i.e., dimer or
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FIG. 2. Temperature dependence of fluorescence change in a pyrene excimer fusion assay. Virions whose membranes had been metabolically
labeled with pyrene-conjugated lipids were incubated with liposomes at various temperatures either at pH 5.5 or at pH 8.0, and the change in
pyrene excimer fluorescence was monitored continuously. Black curves represent the pyrene-labeled virions incubated with liposomes at the
indicated pH. Gray curves show the rate of fluorescence loss with pyrene-labeled virions that were incubated at pH 8.0 without liposomes as
background controls. The data shown are representative of three experiments.

trimer) was retained, as confirmed by resolubilization with
Triton X-100 (data not shown).

In the case of the native E dimers, a characteristic inflection
in the fluorescence curve was observed at about 50°C, suggest-
ing that a change in conformation had begun to occur at this
threshold temperature (Fig. 1). With the trimeric, low-pH form
of E, an increase in the temperature from 25 to 75°C resulted
in a continuous decrease in fluorescence (Fig. 1) that was
similar to the normal temperature-dependent fluorescence de-
crease exhibited by free L-tryptophan at the same pH (Fig. 1,
inset), indicating that, unlike the dimer, the trimer is stable
throughout this temperature range. These results are consis-
tent with the idea that acidic pH induces a conversion from a
metastable state to a more stable one, as has been described
for influenza virus HA (5, 26).

Temperature and pH dependence of fusion. To investigate
whether heating alone, in the absence of the low pH trigger,
can also induce fusion of TBE virus with membranes, as was
the case with influenza virus HA (5, 11, 26), we used an in vitro
fusion assay based on pyrene-excimer fluorescence (6).

As shown in Fig. 2, heating the virus to 50, 55, or 60°C in the
presence of liposomes at pH 8.0 did not lead to fusion. A slight

gradual decrease in fluorescence was observed, but this change
did not exceed that of controls treated at the corresponding
temperature in the absence of a target membrane. This slow
loss of fluorescence at pH 8.0 was therefore most likely due to
a gradual degradation of the viral membrane at elevated tem-
peratures rather than actual fusion with the target membrane.
The same results were obtained by heating the virus at pH 7.4
or 7.0 or in the presence of urea (data not shown). In contrast,
acidification to pH 5.5 immediately induced rapid fusion of the
virus with liposomes at temperatures ranging from 37 to 55°C,
as indicated by the rapid decrease of fluorescence (Fig. 2). At
60°C and pH 5.5 the observed fluorescence decrease was con-
siderably smaller. This was probably due to heat inactivation of
the virus in the few seconds between the addition of virus to
the preheated buffer-liposome mixture and acidification.
Conversion of dimers to trimers. Although heat treatment
did not result in functional activity, we were interested in
finding out whether heat treatment can induce the character-
istic dimer-trimer transition normally associated with low-pH-
triggered fusion. We therefore incubated native and low-pH-
pretreated virions for 10 min at 37 or 50°C, either at pH 8.0 or
at pH 5.5, and analyzed the oligomeric state of the E protein in
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FIG. 3. Effects of elevated temperature on the oligomeric state of
native and low-pH-treated E proteins. Virions that had been pre-
treated at pH 8.0 (solid line and open symbols) or pH 5.5 (dashed line
and closed symbols) were incubated for 10 min either at 37°C (A) or at
50°C (B), solubilized with Triton X-100, and analyzed by sedimenta-
tion in 7 to 20% sucrose gradients containing 0.1% Triton X-100. The
sedimentation direction is from left to right, and the positions of E
monomer (M), dimer (D), trimer (T), and the pellet (P) are indicated.
The data shown are representative of five experiments.

these samples by rate zonal sucrose density gradient centrifu-
gation after solubilization with Triton X-100. This technique
allows the monomeric, dimeric, and trimeric forms of the E
protein to be distinguished by their sedimentation behaviors (2).
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As expected, exposure of the virions to pH 5.5 at 37 or 50°C
caused a quantitative, irreversible conversion from the dimeric
to the trimeric form (Fig. 3). At pH 8.0, however, incubation at
50°C resulted in the loss of the dimer peak without the ap-
pearance of a peak corresponding to a defined oligomeric state
of the E protein, indicating that the same specific dimer-trimer
transition that is induced by acidic pH could not be triggered
by simple heating of the virions (Fig. 3B). Instead, most of the
material was found as a pellet at the bottom of the gradient,
suggesting that heating had caused the E protein to aggregate
(Fig. 3B). We were not able to solubilize these aggregates with
Triton X-100 or define a specific oligomeric state by sedimen-
tation analysis or cross-linking (data not shown). The fact that
low-pH-treated virions yielded detergent-soluble trimers even
at 50°C without significant aggregation (Fig. 3B) further sup-
ports the idea that the trimeric form of the E protein is more
stable than the dimeric form.

Temperature dependence of denaturation and aggregation.
To investigate the temperature lability of the E protein more
precisely, we incubated native and low-pH-treated virions at
various temperatures and analyzed the state of the E protein in
these samples by sucrose density centrifugation after Triton
X-100 solubilization as described above.

With native virions, no change in the sedimentation behavior
was observed up to a temperature of 45°C and the E protein
remained Triton X-100 soluble (Fig. 4A). Significant aggrega-
tion was observed, however, at 50°C and above, leading to the
formation of a Triton X-100-insoluble pellet (Fig. 4A). The
temperature threshold of aggregation corresponded to the in-
flection point in the tryptophan fluorescence curve of E dimers
shown in Fig. 1, suggesting that the same structural transition
is being detected in each case. In contrast to what was shown
with native virions, no significant aggregation was observed
with low-pH-pretreated virions up to 55°C (Fig. 4B). Even at
65°C about 50% of the trimers remained soluble (data not
shown), again confirming that the trimeric form of the E pro-
tein is more resistant to heating than the dimeric form. We did
not find any evidence for a heat-induced dissociation of the E
dimer at temperatures below the aggregation threshold. As
shown in Fig. 5, the 45°C sample marked by an arrow in Fig. 4A
still sedimented as a dimer. Likewise, the low-pH form re-
mained trimeric up to at least 55°C (Fig. 5).

DISCUSSION

The data presented here provide evidence that the native E
dimer of TBE virus—a representative of the class II viral
fusion proteins—is metastable and is irreversibly converted to
a more stable state by the fusion trigger, consistent with what
has been observed so far with almost all enveloped viruses. The
only exception are the rhabdoviruses, which control fusion by
a series of reversible conformational changes (9). In contrast to
the class I viral fusion protein of influenza virus, it was not
possible to induce fusion or the required structural transition
by the simple input of heat energy. The combined information
derived from this and previous studies (2, 29) is summarized
schematically in Fig. 6.

We have previously shown that the dimer-trimer transition is
likely to be at least a two-step process (29). Step 1 consists of
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FIG. 4. Temperature dependence of aggregation. Virions that had been pretreated at pH 8.0 (A) or pH 5.5 (B) were incubated at various
temperatures, solubilized with Triton X-100, and analyzed by sedimentation in sucrose gradients as described in the legend for Fig. 3. The symbols
indicate the percentages of soluble (open circles) or pelleted (closed circles) E protein. Each curve is the average of at least three experiments.
Arrows indicate the samples that were used for the sedimentation analysis shown in Fig. 5.

a low-pH-induced dissociation of the dimer, which was shown
with a soluble form of the E protein lacking the stem-anchor
region to be reversible when the pH is returned to neutral. This
suggests that the dimeric state is thermodynamically favored at
neutral pH and the monomeric state is favored at an acidic pH
(Fig. 6). Step 2 is an irreversible conversion of monomers to
trimers, which occurs rapidly with full-length E containing an
intact C-terminal stem-anchor, but does not occur with isolated
ectodomains lacking this region (3, 29).

It is probable that the first dissociation step makes TBE virus
fusion absolutely dependent on an acidic pH. Without the
protonation of specific amino acid residues the equilibrium
would be shifted away from the monomeric intermediate, mak-
ing the subsequent formation of trimers impossible (Fig. 6). In
contrast to the situation with influenza virus HA, an input of
energy effected by raising the temperature at a pH above 7.0
was not sufficient to induce the change to the fusogenic state,
possibly because for TBE virus the energy barrier for denatur-
ation and aggregation of the native dimer is lower than that for
dissociation to the monomeric intermediate at a neutral pH.
This idea is consistent with the observation that the E protein
was still completely dimeric at 45°C, just below the aggregation
threshold. Alternatively, an acidic pH might induce not only

the dissociation of the dimer but also a reversible conforma-
tional change that is essential for the subsequent trimerization
step. We currently do not have any evidence as to whether the
conformation of the monomer at low pH is different from what
it is in the native dimer or if the conversion of a monomer to
a trimer would be possible at a neutral pH.

In contrast, influenza virus HA, which normally uses low pH
as a trigger, can be induced to undergo fusion-specific struc-
tural alterations and fusion itself by heat and other destabiliz-
ing conditions (5, 11, 26), indicating that its energy barrier for
fusion at a neutral pH is lower than the one for denaturation.
Fusion at elevated temperatures has also been described for
the paramyxoviruses Sendai virus and simian virus 5 (24, 31). It
is therefore possible that this is a general property of class I
viral fusion proteins, but more viruses of this class will have to
be investigated before such a generalization can be made.

Very recently, results that were similar to those reported
here for TBE virus were obtained with the low-pH-dependent
fusion protein E1 of the alphavirus SFV (10). Like the TBE
virus E protein, the E1 protein of SFV forms at low pH a
homotrimer which is more stable than the metastable native
form, a heteromeric complex consisting of the E1 and E2
envelope proteins. In the case of SFV also it was not possible



VoL. 75, 2001

M DT P
vy N
1.75]
45°C i 55°C
= i
£ T
£ 125 I
c I :
3 ;o
° I} e pH55
a " 1 - p :
1} 0.75- |= =O= pH 8.0
$
| )
\
0.25- 1

5 10 15

Fraction Number

FIG. 5. Oligomeric state of the E protein of the samples indicated
by arrows in Fig. 4. Virions that had been pretreated at pH 8.0 (solid
line and open symbols) or pH 5.5 (dashed line and closed symbols)
were incubated for 10 min at either 45°C (solid line and open symbols)
or 55°C (dashed line and closed symbols), solubilized with Triton
X-100, and analyzed by sedimentation in 7 to 20% sucrose gradients
containing 0.1% Triton X-100. The sedimentation direction is from left
to right, and the positions of E monomer (M), dimer (D), trimer (T),
and the pellet (P) are indicated. The data shown are representative of
three experiments.

to trigger the oligomeric rearrangements needed for fusion by
heat or urea treatment alone (10). This property is one of many
that are shared by alphaviruses and flaviviruses but are differ-
ent from those of viruses with class I fusion proteins. Other
distinguishing features include an icosahedral envelope struc-
ture, the lack of proteolytic cleavage of the fusion protein, the
association of the fusion protein in a complex with a second
glycoprotein, the activation of the fusion potential by cleavage
of this accessory protein, the presence of an internal fusion
peptide, and low-pH-triggered oligomeric rearrangements
leading to the formation of homotrimers of the fusion protein
(reviewed in references 12 and 19). In addition, the structural
similarity between the fusion proteins of flaviviruses and al-
phaviruses has recently been revealed by the determination of
a 3.5-A crystal structure of El isolated from SFV (21). The
overall shape and structural organization are strikingly similar
to those of the flavivirus E protein, but the fusion machineries
of flaviviruses and alphaviruses also have distinctive features
that relate to the details of oligomerization, receptor binding,
and lipid requirements for fusion. It will be interesting to see
whether these class II fusion proteins have other viral or even
cellular homologues, as has been found with class I viral fusion
proteins (18, 28).
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FIG. 6. Schematic model of low-pH- and heat-induced structural
alterations of the E protein of TBE virus. Upon exposure to low pH,
native E dimers dissociate reversibly into monomers, which are sub-
sequently converted in an irreversible step into homotrimers. Heating
alone does not induce this transition but instead causes the E dimers
to denature and aggregate. In contrast, E trimers obtained after incu-
bation at an acidic pH are more thermostable and retain their oligo-
meric state at 50°C. We propose that protonation of the native E
dimer, caused by exposure to low pH, is essential for shifting the
equilibrium toward the monomeric form (Monomer™), thereby pro-
viding the intermediate required for the trimerization step. The ques-
tion mark indicates that it is still not known whether a hypothetical
unprotonated monomer (Monomer®) would be able to trimerize at a
neutral pH.
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