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ABSTRACT

The structural proteins of flaviviruses carry a unique set of transmembrane domains (TMDs) at their C termini that are derived
from the mode of viral polyprotein processing. They function as internal signal and stop-transfer sequences during protein
translation, but possible additional roles in protein interactions required during assembly and maturation of viral particles are
ill defined. To shed light on the role of TMDs in these processes, we engineered a set of tick-borne encephalitis virus mutants in
which these structural elements were replaced in different combinations by the homologous sequences of a distantly related fla-
vivirus (Japanese encephalitis virus). The effects of these modifications were analyzed with respect to protein synthesis, viral par-
ticle secretion, specific infectivity, and acidic-pH-induced maturation processes. We provide evidence that interactions involving
the double-membrane anchor of the envelope protein E (a unique feature compared to other viral fusion proteins) contribute
substantially to particle assembly, stability, and maturation. Disturbances of the inter- and intra-TMD interactions of E resulted
in the secretion of a larger proportion of capsidless subviral particles at the expense of whole virions, suggesting a possible role
in the still incompletely understood mechanism of capsid integration during virus budding. In contrast, the TMD initially an-
choring the C protein to the endoplasmic reticulum membrane does not appear to take part in envelope protein interactions. We
also show that E TMDs are involved in the envelope protein rearrangements that are triggered by acidic pH in the trans-Golgi
network and represent a hallmark of virus maturation.

IMPORTANCE

The assembly of flaviviruses occurs in the endoplasmic reticulum and leads to the formation of immature, noninfectious parti-
cles composed of an RNA-containing capsid surrounded by a lipid membrane, with the two integrated envelope proteins, prM
and E, arranged in an icosahedral lattice. The mechanism by which the capsid is formed and integrated into the budding viral
envelope is currently unknown. We provide evidence that the transmembrane domains (TMDs) of E are essential for the forma-
tion of capsid-containing particles and that disturbances of these interactions lead to the preferential formation of capsidless
subviral particles at the expense of whole virions. E TMD interactions also appear to be essential for the envelope protein rear-
rangements required for virus maturation and for the generation of infectious virions. Our data thus provide new insights into
the biological functions of E TMDs and extend their role during viral polyprotein processing to additional functions in particle
assembly and maturation.

he genus Flavivirus in the family Flaviviridae comprises 53

taxonomically recognized species (1), including the human-
pathogenic mosquito-borne dengue, Zika, yellow fever, Japanese
encephalitis, and West Nile viruses as well as tick-borne encepha-
litis virus (TBEV) (2). Flaviviruses are small enveloped positive-
strand RNA viruses with two membrane-associated proteins
(prM/M and E) arranged in specific icosahedral lattices at the
virion surface that differ between immature and mature forms of
the virion. Immature viruses carry 60 spikes of trimers of prM-E
heterodimers (3, 4) and assemble by budding into the lumen of
the endoplasmic reticulum (ER) (5). This process is driven by
lateral interactions between prM-E oligomers and as yet unde-
fined interactions with the capsid (6). How the nucleocapsid is
formed and integrated into flavivirus particles is still unresolved.
As a by-product, the envelope protein interactions also lead to the
generation of subviral particles that contain only prM/M and E
associated with a lipid membrane (reviewed in reference 7). Virus
maturation occurs during the exocytic transit of immature parti-
cles and is triggered by the slightly acidic pH of the trans-Golgi
network (TGN). Here the 60 trimeric spikes of prM-E het-
erodimers rearrange into a herringbone-like lattice of 90 E protein
dimers characteristic of mature virions (8). These structural
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changes result in the exposure of a previously cryptic protease
cleavage site in prM, which is cleaved by the TGN protease furin to
yield prand M. The cleaved pr fragment remains associated with E
at the virion surface in the TGN at acidic pH, but it falls off when
particles encounter neutral pH upon release from the cell by exo-
cytosis (9). In its mature conformation, E is metastable and me-
diates the viral entry functions of cell attachment as well as low-
pH-triggered fusion after endocytic uptake into cells (10).

Both envelope proteins (prM and E) have double-membrane
anchors that are remnants of flavivirus polyprotein processing
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FIG 1 Representations of the flavivirus genome and polyprotein (A), processing of the structural proteins (B), modifications engineered into the transmembrane
domains (TMDs) of prM and E (C), and sequence alignments of the TM regions of prM and E (D). (A) Schematic diagrams of the flavivirus genome and the
derived polyprotein, with protease cleavage sites indicated. (B) Membrane topology of the structural proteins and NS1 during polyprotein processing at the ER
membrane. The N-terminal C protein is cytosolic and anchored in the ER membrane by a signal sequence (anchC TMD). On the cytosolic side, C is cleaved by
the viral NS2B-NS3 protease (open arrow), and on the luminal side, it is cleaved by the host signal peptidase (solid arrow). The signal peptidase also cleaves at the
prM-E as well as E-NS1 junctions. (C) Schematic diagrams of the C-terminal modifications of prM and E in the TBEV infectious clone used to produce mutant
viruses. (D) Alignments of the amino acid sequences of the prM and E membrane anchor regions of the following flaviviruses (TBEV numbering): TBEV
(GenBank accession number U27495), JEV (GenBank accession number EF571853), West Nile virus (WNV) (GenBank accession number DQ211652), dengue
type 2 virus (DENV2) (GenBank accession number NC_001474), and yellow fever virus (YFV) (GenBank accession number AY640589). Identical amino acid
residues are highlighted in gray. The TMD1 and TMD?2 helices are indicated at the bottom. NCR, noncoding region; N-ter, N terminus; TMD, transmembrane
domain; WT, wild type.

which occurs at the ER membrane (Fig. 1A and B) (5). The first
protein to be translated is the C protein, which is initially (before
cleavage by the viral NS2B-NS3 protease) anchored to the ER
membrane (anchC) by a C-terminal transmembrane domain
(TMD) that serves as a signal sequence for the translocation of
prM into the lumen of the ER (Fig. 1B). The two TMDs of prM
and E serve as stop-transfer signals (TMD1) and as internal signal
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sequences (TMD2) for the following glycoproteins (Fig. 1B) (5).
The presence of such a double-TMD structure at its C terminus
makes the flavivirus E protein (a class II viral fusion protein)
unique among viral fusion proteins, all of which are anchored to
their membranes by single membrane-spanning domains only
(11, 12). This difference even holds true for the structurally closely
related class II fusion proteins of alpha- and bunyaviruses (13, 14).
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TABLE 1 Amino acid sequences of the membrane anchors (underlined) of the structural proteins E, prM/M, and anchC present in the TBEV

infectious WT and mutant clones used in this study

Protein and clone Sequence”

E
WT

VGFLPKLLLGVALAWLGLNMRNPTMSMSFLLAGGLVLAMTLGVGA (TBEV E aa 452-496)

E(J1-]2)

MSWITQGLMGALLLWMGVNARDRSIALAFLATGGVLVFLATNVHA

E(J1-T2)

MSWITQGLMGALLLWMGVNARNPTMSMSFLLAGGLVLAMTLGVGA

E(T1-J2)

VGFLPKLLLGVALAWLGLNMRDRSIALAFLATGGVLVELATNVHA

prM/M
WT

KLLALAMVTVVWLTLESVVTRVAVLVVLLCLAPVYA (TBEV prM aa 129-164)

prM(J1-]2)
prM(J1-T2)

PGYAFLAAILGWMLGSNNGQRVVFTILLLLVAPAYS
PGYAFLAAILGWMLGESVVTRVAVLVVLLCLAPVYA

prM(T1-J2)

anchC
WT

KLLALAMVTVVWLTLENNGQRVVFTILLLLVAPAYS

KRRSATDWMSWLLVITLLGMTLA (TBEV anchC aa 94-116)

C()

KRRGGNEGSIMWLASLAVIIACAGA

“ TBEV sequences are indicated in regular type, and JEV sequences are shown in bold.

Cryo-electron microscopy (cryo-EM) structures of immature and
mature dengue viruses revealed that the prM and E TMDs form
hairpins of antiparallel helices that penetrate the outer membrane
leaflet and dip into the inner leaflet but do not reach the intrapar-
ticle space (3, 4, 15, 16). Structurally, interactions between the
membrane anchors of prM and E have been visualized only in
mature, not immature, virions (4). Importantly, the positions of
the TMDs are different in the icosahedral envelope protein lattices
of immature and mature viruses, indicating the occurrence of lat-
eral movements in the viral membrane during the maturation
process (4).

Using recombinant subviral particles (RSPs) as a model sys-
tem, previous studies indicated the requirement of E TMD inter-
actions for efficient membrane fusion during virus entry (17), a
process mediated by acidic-pH-induced conformational and oli-
gomeric rearrangements of E in the endosome. Preliminary exper-
iments to elucidate similar effects in a whole-virus system were
largely unsuccessful because of insufficient recovery of infectious
virus (17), suggesting that E TMD interactions might also play a
role in virus assembly and/or maturation. Because subviral parti-
cles are smaller and have a more pronounced membrane curva-
ture and a different icosahedral arrangement of the E proteins
(18), unequivocal conclusions related to the role of E TMDs in the
assembly and maturation process of whole virions cannot be
drawn from results obtained with this model system. We therefore
replaced the TMDs of E as well as prM and anchC—all of which
are present at the assembly site—with the functionally homolo-
gous but substantially sequence-divergent TMDs of Japanese en-
cephalitis virus (JEV) in an infectious clone of TBEV and studied
the effects of these modifications on the generation of infectious
particles. Our data provide evidence that interactions involving
the TMD:s of E contribute to the efficient production and release
of infectious virus particles and might be involved in the recruit-
ment of the nucleocapsid. We did not, however, find evidence for
an involvement of specific interactions of the anchC TMD (Fig.
1B) in this process. Our study also suggests that the rearrange-
ments occurring on the virus surface during maturation are facil-
itated by TMD interactions of E.
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MATERIALS AND METHODS

Virus sequences. The different constructs used in this study were based
on Western subtype TBEV strain Neudoerfl (GenBank accession number
U27495) and JEV strain Nakayama (GenBank accession number
EF571853).

Virus plasmids and cloning procedures. Plasmid pTNd/c contains a
full-length genomic cDNA insert of TBEV strain Neudoerfl cloned into
the vector pBR322 under the control of a T7 transcription promoter (19).
The membrane anchor region (Fig. 1B and C) of wild-type (WT) TBEV E
[E(T1-T2)] or prtM [prM(T1-T2)] in the pTNd/c vector was replaced by a
chemically synthesized DNA fragment (GeneArt AG, Germany) contain-
ing the heterologous membrane anchor of JEV [E(J1-]2) or prM(J1-]2)]
or a shuffled membrane anchor [E(J1-T2), E(T1-J2), prM(J1-T2), or
prM(T1-J2)] by using unique restriction sites. In addition, we constructed
a clone in which both the prM and E TMD regions were exchanged with
the corresponding elements of JEV [prM(J1-J2) +E(J1-J2)]. The TMD of
anchC was replaced in the WT and E(J1-]2) clones, resulting in the C(J)
and C(J)+E(J1-J2) mutants. The amino acid sequences of the membrane
anchors of the WT and the mutants are displayed in detail in Table 1.

Full-length DNA templates for in vitro transcription of TBEV plas-
mids were generated as described previously (19). The correct sequences
were confirmed by next-generation sequencing of the whole clones.

Generation of virus. In vitro transcription and transfection of
BHK-21 (C-13) cells (ATCC CCL-10) by electroporation were performed
as described previously (17). Briefly, RNAs were synthesized from full-
length cDNA clones by use of a T7 Megascript kit (Ambion, Thermo
Fisher) according to the manufacturer’s instructions. Each template DNA
was digested with DNase I, and the quality of the RNA was checked by
electrophoresis on a 1% agarose gel containing 6% formalin. RNA was
purified with an RNeasy minikit (Qiagen) and quantified spectrophoto-
metrically, and equimolar amounts of the corresponding RNAs were used
for transfection of BHK-21 cells. At 30 h posttransfection, the cell culture
supernatant was harvested and clarified by low-speed centrifugation.

For blocking of virus maturation by increasing the pH in the TGN,
NH,Cl was added to the medium at 4 h postelectroporation, to a final
concentration of 10 mM.

Concentration of viral and subviral particles. The cell culture super-
natant obtained 30 h after transfection was clarified, layered onto a 10%
sucrose cushion in TAN buffer, pH 8.0 (50 mM triethanolamine, 100 mM
NaCl), and centrifuged for 2 h at 50,000 rpm and 4°C (Beckman Ti 90
rotor). Control experiments revealed that both virions and subviral par-
ticles are pelleted through the sucrose cushion under these conditions.
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The pellet (containing virions and subviral particles) was then resus-
pended in TAN buffer, pH 8.0, supplemented with 0.1% bovine serum
albumin (BSA).

Lysis of transfected cells. Cells were lysed using RIPA cell lysis buffer
(containing 1% Nonidet P-40 substitute, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate; Amresco, VWR) supplemented with mam-
malian protease inhibitor cocktail (Amresco, VWR) according to the
manufacturer’s instructions.

Quantification of viral components (E protein and vRNA). Genomic
RNA (RNA copies) in the cell culture supernatant was measured by quan-
titative PCR (qPCR) after reverse transcription (RT) of the viral RNA. The
cell culture supernatant was treated with RLN lysis buffer (250 mM Tris-
HCI, pH 8.0, 700 mM NaCl, 7.5 mM MgCl,, 2.5% [vol/vol] Igepal, 5 mM
dithiothreitol [DTT]) supplemented with 1,000 U RNase inhibitor/ml
(Roche) for 1 min onice. Viral RNA (VRNA) was isolated using an RNeasy
minikit (Qiagen) according to the manufacturer’s instructions. The
VRNA was then subjected to RT by use of an iScript cDNA synthesis kit
(Bio-Rad) following the manufacturer’s instructions. An aliquot corre-
sponding to 7 pl of the original supernatant was used for qRT-PCR using
TagMan Universal PCR master mix (Applied Biosystems). TBEV NS5-
specific primers were used for qRT-PCR, as described previously (20).
Serial 10-fold dilutions of the plasmid pTNd/c, containing the full-length
genomic cDNA insert of TBEV strain Neudoerfl (19), were used to gen-
erate a standard curve for quantification.

The amount of E protein in the cell culture supernatants, lysates, and
pellets was quantified by enzyme-linked immunosorbent assay (ELISA)
after solubilization with 0.4% sodium dodecyl sulfate (SDS) at 65°C for 30
min as described previously (21).

Focus assay. Virus samples were added to confluent cell monolayers in
serial 10-fold dilutions in medium 199 (supplemented with 0.1% BSA, 15
mM HEPES, and 15 mM HEPPS [4-(2-hydroxyethyl)piperazine-1-pro-
panesulfonic acid], pH 7.6). After 30 min of incubation at 37°C, cells were
covered with a 3% carboxymethyl cellulose overlay in the same medium.
Two days after infection, cells were fixed with 4% paraformaldehyde for
20 min at room temperature and treated with a Tris buffer (50 mM Tris,
150 mM NaCl, pH 7.6) containing 3% nonfat dry milk powder, 0.5%
Triton X-100, and 0.05% Tween 20 for 30 min at 37°C. A virus-specific
polyclonal rabbit anti-TBEV serum was then added and incubated with
the fixed cells for 90 min at 37°C. Bound antibodies were detected with
alkaline phosphatase-labeled goat anti-rabbit immunoglobulin G (Sig-
ma-Aldrich), with SigmaFast Fast Red TR/naphthol AS-MX used as the
substrate.

Immunofluorescence test (IFT). RNA-transfected BHK-21 cells were
seeded into 24-well tissue culture plates containing microscope coverslips
and incubated for 24 h at 37°C. Cells were fixed and permeabilized with
acetone-methanol (1:1) as described previously (22). Staining was per-
formed by successive incubations with a rabbit polyclonal anti-TBEV
serum recognizing the prM/M and E proteins or an anti-NSI mouse
monoclonal antibody (MAb) (E611-1-1) (23) and an Alexa Fluor 488-
conjugated goat anti-rabbit antibody (Thermo Fisher Scientific) or a rho-
damine Red-X-conjugated goat anti-mouse antibody (Jackson Immune
Research Laboratory). Hoechst 33342 (Thermo Fisher Scientific) was
used for nuclear DNA staining.

NSI1 quantification. RNA-transfected BHK-21 cells were seeded into
96-well tissue culture plates and incubated for 30 h at 37°C. Cells were
fixed with 4% paraformaldehyde for 20 min at room temperature and
treated with a Tris buffer (50 mM Tris, 150 mM NaCl, pH 7.6) containing
3% nonfat dry milk, 0.5% Triton X-100, and 0.05% Tween 20 for 30 min
at 37°C. An NS1-specific monoclonal antibody (5D9-1-1) (23) or an anti-
mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclo-
nal antibody (Pierce) was added to the fixed cells for 90 min at 37°C.
Bound antibodies were detected with alkaline phosphatase-labeled goat
anti-mouse immunoglobulin G (Sigma-Aldrich), with SigmaFast pNPP
used as the substrate. The reaction was stopped by addition of 1.5 N
NaOH, and the absorbance at 405 nm was measured. To obtain a measure
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of the relative amount of NS1 produced in the cell, the ratio of NS1 ab-
sorbance to GAPDH absorbance was determined. The ratio obtained with
the wild type was set to 100.

HA assay. Hemagglutination (HA) activity was determined in micro-
titer plates at pH 6.4 by use of goose erythrocytes as described by Clarke
and Casals (24).

ELISA for determining virus maturation. Samples (0.25 pg/ml E
protein) in phosphate-buffered saline (PBS), pH 7.4, containing 2% lamb
serum and 2% Tween 20 were captured by incubation with a polyclonal
guinea pig anti-TBEV serum for 1 h at 37°C as described previously (21).
After blocking with PBS, pH 7.4, containing 1% BSA for 1 h at 37°C, serial
10-fold dilutions of monoclonal antibodies 8H1 (prM specific) and B4 (E
specific) were added. Bound antibodies were detected by use of a horse-
radish peroxidase-conjugated rabbit anti-mouse antibody (Nordic Im-
munology) and o-phenylenediamine (OPD) substrate (Sigma). To eval-
uate the maturation state of particles, the ratios of 8H1 to B4 absorbance
values were calculated.

Rate zonal sucrose density gradient centrifugation. For the separa-
tion of virions and subviral particles, samples were applied to continuous
5 to 30% (wt/wt) sucrose gradients in TAN buffer, pH 8.0. Centrifugation
was carried out for 70 min at 38,000 rpm at 4°C in a Beckmann SW40
rotor. Twenty-one fractions (0.6 ml) were collected by upward displace-
ment, and the pellets were resuspended in TAN buffer, pH 8.0 (fraction
22). The amount of E in each fraction was determined by an E-specific
four-layer ELISA after treatment with 0.4% SDS at 65°C for 30 min (21).

Production of purified mature/immature virus and RSPs. TBEV pu-
rification was carried out essentially as described previously (25). In brief,
supernatants from infected primary chicken embryo cells were subjected
to ultracentrifugation, and the virus in the resuspended pellet was purified
by rate zonal followed by equilibrium sucrose density gradient centrifu-
gation. For the production of immature virus, NH,Cl was added to the
medium at 24 h postinfection, to a final concentration of 20 mM (21).

For the production of RSPs, COS-1 cells were transfected with recom-
binant plasmids by electroporation as described previously (26). RSPs
were harvested from cell culture supernatants 48 h after transfection and
were pelleted by ultracentrifugation (26).

Detection of anchC TMD in virus particles. Fifty micrograms of pu-
rified TBEV was subjected to SDS-PAGE by use of a Tris-boric acid-EDTA
Ready Gel 4 to 20% system (Bio-Rad) according to the manufacturer’s
instructions. The proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane (Bio-Rad) and stained with Ponceau Red (0.25%
Ponceau S in 1% acetic acid). Fifty micrograms of TBEV spiked with 1.4
g of a synthesized peptide corresponding to the TMD of the TBEV C
protein (JPT Peptide Technologies, Berlin, Germany) served as a positive
control (molar ratio of C to E = 1:1). In parallel, 10 g of the peptide was
applied to the gel to identify the corresponding bands, which were cut
from the blot and sent for automated N-terminal protein sequencing by
Edman degradation (Toplab GmbH, Martinsried, Germany).

Statistical analyses. Statistical significances of the results were de-
termined by one-way analysis of variance (ANOVA) followed by Dun-
nett’s (comparison to the WT) or Tukey’s (comparison of all groups)
multiple-comparison test, using logarithmically transformed values
(Graph Pad Prism 5). P values of <0.05 were regarded as statistically
significant.

RESULTS

Generation of prM and E TMD mutants and intracellular ex-
pression of viral proteins. To investigate the influence of TMD
interactions on the production of virus particles, we generated
different TBEV mutants in which we replaced either both or indi-
vidual TMDs of E and prM with those of JEV [E(J1-]2), E(J1-T2),
E(T1-J2), prM(J1-]2), prM(J1-T2), and prM(T1-J2)] (Fig. 1C). In
addition, we combined all of the JEV prM and E TMDs in one
construct [prM(J1-J2)+E(J1-J2)] (Fig. 1C). This strategy should
maintain the principal functions of the TMDs for polyprotein
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FIG 2 Intracellular expression of viral proteins of prM and E TMD mutants. (A) Immunofluorescence staining of BHK cells transfected with mutant or WT viral
RNAs, as indicated in the left panels. Staining was carried out using a polyclonal serum recognizing the prM/M and E proteins of TBEV and a monoclonal
antibody recognizing NS1. Nuclear DNA was stained with Hoechst dye. The data are representative examples of three or more independent experiments. (B)
Quantification of E in cell lysates by ELISA at 30 h posttransfection. (C) Quantification of NS1 in fixed cells by ELISA at 30 h posttransfection. The absorbance
ratio of NS1 to GAPDH (cellular protein control) was determined, and the results are expressed as percentages of the ratio obtained with the WT. The data are
presented as means = standard errors for at least four independent experiments. Asterisks indicate significant differences relative to the WT (ANOVA and

Dunnett’s multiple-comparison test).

processing, i.e., the stop-transfer signal (TMDI1) for prM or E
and the internal signal sequence for the synthesis of E or NS1
(TMD2) (Fig. 1A and B). Due to the low sequence conservation
between TBEV and JEV TMDs (only about 17%) (Fig. 1D),
however, specific interactions between the different TMDs as
well as with other TBEV proteins would be expected to be
disturbed.

We first verified that the TMD replacements did not impair
polyprotein processing. For this purpose, WT and mutant RNAs
were in vitro transcribed from infectious cDNA clones and trans-
fected into BHK cells. Twenty-four hours after electroporation,
immunofluorescence staining was carried out by using a poly-
clonal serum recognizing prM/M and E as well as a monoclonal
antibody (MAD) specific for the first NS protein (NS1). As shown
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in Fig. 2A, WT-like expression of structural proteins and NS1 was
observed for each of the E TMD mutants, but the substitutions of
TMDs in prM—alone and in combination with those of E—abol-
ished protein synthesis.

For a more quantitative analysis of protein expression of the E
TMD mutants, we determined (i) the amounts of E protein in
transfected cell lysates by SDS ELISA and (ii) the efficiency of NS1
expression by an ELISA using fixed transfected cells (see Materials
and Methods). As shown in Fig. 2B and C, the intracellular expres-
sion of both viral proteins was not affected in the case of the E(J1-
J2) and E(J1-T2) mutants, but in the case of the mutant in which
only the second TMD was replaced [E(T1-J2)], a significant re-
duction occurred.

Taken together, the results indicate that the 2nd E TMD of JEV
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relative to the WT (ANOVA and Dunnett’s multiple-comparison test).

can function as an internal signal sequence in the TBEV context,
but its efficiency appears to be affected by the interaction with
TMD1 in the E membrane anchor hairpin. Since the replacement
of the prM TMDs abolished the expression of both structural and
nonstructural proteins (Fig. 2A), further analyses of these mutants
were not possible.

Release of E protein and viral RNA. To obtain information on
the effects of E TMD replacements on the production and release
of viral particles, we first quantified the amounts of E protein (by
ELISA) and genomic RNA (by qPCR) in the cell culture superna-
tant 30 h after electroporation of in vitro-transcribed RNA into
BHK cells. Compared to that in the WT, the secretion of E and
VRNA was slightly but not significantly reduced in the case of the
E(J1-J2) and E(J1-T2) mutants, but a strong and significant de-
crease was observed for the E(T1-J2) mutant (Fig. 3A and B).
Similarly, the ratio of RNA copies to E protein was moderately
reduced for the E(J1-J2) and E(J1-T2) mutants (Fig. 3C), al-
though statistical significance was not reached at this point. A
significant reduction, however, was observed for the E(T1-]J2)
mutant (Fig. 3C).

These data suggest that certain E TMD modifications affect
the formation and/or release of RNA-containing particles, pos-
sibly by favoring the formation of capsidless subviral particles
without RNA.

Characterization of released E protein. To characterize the
form of E secreted into the cell culture supernatant (soluble versus
particulate), we first determined the amount of E protein incor-
porated into particles. For this purpose, the supernatants of the
WT and mutant strains were subjected to ultracentrifugation un-
der conditions which resulted in the pelleting of both viral and
subviral particles (see Materials and Methods). The amounts of E
in the supernatant and pellet fractions were quantified by ELISA.
As shown in Fig. 4A, the pellets contained about 70% of the total E
protein in the case of the WT as well as the E(J1-J2) and E(J1-T2)
constructs. In contrast, this percentage was significantly lower for
the E(T1-J2) mutant, indicating either a lower proportion or re-
duced stability of E-containing particles. As revealed by an ELISA
using prM- and E-specific MAbs (see Materials and Methods),
these effects were not due to different extents of prM cleavage,
which were similar for the WT and all mutants (Fig. 4B).
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To assess the proportions of virions and subviral particles in
the pellets of the different mutants compared to the WT, the sam-
ples were subjected to rate zonal sucrose gradient centrifugation,
which allowed differentiation between the two particle forms. As
shown in Fig. 5A and quantitatively evaluated in Fig. 6, WT par-
ticles consisted mostly of virions, and only a small amount of
subviral particles could be detected. In all mutants, however, a
change of this distribution was observed at the expense of virions
(Fig. 5D to F and 6). In the case of the E(J1-J2) mutant, approxi-
mately 50% of E sedimented as subviral particles, and this per-
centage was even higher with the E(J1-T2) mutant (~80% subvi-
ral particles). In the case of the E(T1-J2) mutant, the virion peak
had disappeared and the E protein was distributed over many
fractions in the first half of the gradient, suggesting that mutant
particles disintegrated during centrifugation (Fig. 5F and 6). As
expected for the WT as well as the E(J1-J2) and E(J1-T2) mutants,
more than 80% of the total VRNA and infectivity was found in the
virion-containing fractions, with only a minor proportion in the
fractions containing subviral particles. The RNA distribution for
the E(T1-J2) mutant is consistent with its disintegration during
centrifugation (Table 2), and all of the very small amount of in-
fectivity detected (see the comparison of specific infectivities be-
low) was confined to the position of the virus peak in the control
(Table 2).

To verify the nature of the subviral particle fractions shown in
Fig. 5, we determined their specific hemagglutination (HA) activ-
ities (Fig. 7) and physical properties in comparison to those of
recombinant subviral particles (RSPs) as well as virions. As shown
in Fig. 7, the subviral particle fractions of our experiments had the
same specific HA activity as that of the RSP control (Fig. 7A),
similar to virions (Fig. 7B). Like with RSPs, results of detergent
solubilization experiments were consistent with the presence of a
lipid membrane, and equilibrium sucrose gradient centrifugation
revealed the same buoyant density as that of RSPs (1.14 g/ml), in
contrast to that of whole virions (1.19 g/ml) (26; data not shown).

Taken together, the data suggest that the modifications of the E
TMDs impaired the assembly and/or affected the stability of viri-
ons and favored the formation of nucleocapsidless, noninfectious
subviral particles.

Specific infectivity of virus E TMD mutants. To evaluate the
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FIG 4 Pelleting efficiencies of secreted E proteins of E TMD mutants and determination of the particle maturation state. (A) Clarified supernatants from
transfected cells were subjected to ultracentrifugation under conditions resulting in the pelleting of both virions and subviral particles. The amounts of E protein
in the pellet and supernatant fractions after centrifugation were quantified by ELISA. The data are expressed as percentages of E found in the pellet. (B) The
resuspended pellets from panel A were analyzed by an ELISA using a prM-specific (8H1) and an E-specific (B4) MADb. An immature preparation of TBEV was
included as a control (first bar). The data are expressed as ratios of 8H1 absorbance to B4 absorbance and represent means * standard errors for at least three
independent experiments. Asterisks in panel A indicate a significant difference relative to the WT (ANOVA and Dunnett’s multiple-comparison test).

effects of the presence of heterologous E TMDs on the infectious
properties of virions, we determined the specific infectivities
(numbers of focus-forming units relative to numbers of VRNA
copies) of the virion peak fractions from the gradients shown in
Fig. 5A, D, and E. In the case of the E(T1-]2) mutant, for which a
virus peak was not detectable (Fig. 5F and 6), the fractions corre-
sponding to the control virion peak (Fig. 5B) were analyzed. As
shown in Fig. 8A, the E(J1-)2) and E(J1-T2) mutants yielded spe-
cific infectivities similar to that of the WT, although the sizes of
their foci were smaller than that of the WT (Fig. 8B and C). In the
case of the E(T1-J2) mutant, both the specific infectivity and the
size of the foci were significantly reduced (Fig. 8A to C).

Since virions produced by the E(J1-J2) and E(J1-T2) mu-
tants exhibited WT-like specific infectivities—despite the
smaller focus size—it can be assumed that the first round of
infection was not impaired by the modifications of their E
membrane anchors.

Characterization of anchC TMD mutants. The overall results
obtained so far with the different E TMD mutants are consistent
with defects in the assembly process of capsid-containing parti-
cles. The interactions required for RNA/capsid packaging are cur-
rently unknown, but they may involve transient interactions of the
anchC TMD with the prM and/or E TMDs at the assembly site in
the ER (Fig. 1B). We therefore studied the effect of the replace-
ment of the TBEV anchC TMD (prM signal sequence) with the
corresponding JEV element in our WT construct [C(])] (Fig. 9A).
Since the sequential cleavages at the luminal side by signalase and
at the cytoplasmic side by the viral protease NS2B-NS3 (Fig. 1A
and B) are essential for virus morphogenesis (27-29), we left the
dibasic motif of the TBEV NS2B-NS3 cleavage site (RR) un-
changed in all our clones (Fig. 9A and B and Table 1).

The replacement of the TBEV anchC TMD with that of JEV
[C(J)] did not result in any differences with respect to virus pro-
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duction (secretion of E and vRNA, maturation state of particles,
specific infectivity, and focus size) (data not shown) or the distri-
bution of viral and subviral particles in sucrose gradients (Fig. 9C
and D). Apparently, the anchC TMD of JEV can function properly
as an internal signal sequence for prM in the TBEV backbone.
Since there is virtually no sequence conservation between the
TBEV and JEV anchC TMDs (Fig. 9B), these data argue against
specific interactions between the C and prM/E TMDs. Such a
conclusion was further supported by the finding that the inclusion of
the JEV anchC TMD in the E(J1-J2) mutant [C(J)+E(J1-J2)] did not
result in any compensation of the defects observed with the E TMD
mutants (Fig. 9E and F), as well as by the results of an experiment in
which we searched for the presence of the anchC TMD in purified
virus particles. We hypothesized that one would expect to find the
anchC TMD as a remnant in assembled virions if it played an
important role in interactions at the virion assembly site. For this
analysis, the proteins of a purified TBEV preparation were sepa-
rated by SDS-PAGE and blotted onto a PVDF membrane, and the
region corresponding to the anchC TMD was subjected to N-ter-
minal sequencing by Edman degradation, as described in Materi-
als and Methods. As a control, the virus preparation was spiked
with a synthetic peptide corresponding to the TBEV anchC TMD
in an amount equimolar to that of E. Only in the spiked control
was the anchC peptide identified by its N-terminal sequence. Con-
sidering that the C protein is present in at least a 3-fold molar
excess over E in virions (30), these data suggest that the TMD of
anchC is excluded from virus particles during assembly and/or
budding.

Effects on envelope rearrangements in immature virions.
The data so far suggested a possible role for E TMDs in protein
interactions involved in virus assembly and the formation of in-
fectious virions. As described in the introduction, the maturation
process of immature virions in the TGN includes a dramatic acid-
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FIG 5 Analysis of E TMD mutants by rate zonal centrifugation. Resuspended pellets from Fig. 4A, containing viral as well as subviral particles, were subjected
to sedimentation analysis. Centrifugation was carried out on continuous sucrose gradients (5 to 30% [wt/wt]), and the amount of E protein in each fraction was
quantified by ELISA. Sedimentation is shown from left to right. Representative data from six independent experiments are shown. (A and D to F) WT and mutant

E TMD samples; (B) virion control; (C) RSP control. SP, subviral particles.

ic-pH-induced rearrangement of the E protein lattice, which is a
hallmark of virus maturation and converts the spiky immature
structure to a smooth herringbone-like arrangement of 90 E
dimers characteristic of mature virions. Since it is feasible that
TMD interactions are involved in these rearrangements, we de-
signed an experiment to assess the effect of E TMD replacements
specifically on this step of virus maturation. This was made possi-
ble by comparing particles released from cells cultured in the ab-
sence and presence of NH,Cl, which raises the pH in the TGN and
thus prevents the acidic-pH-induced rearrangements characteris-
tic of virus maturation.

6372 jviasm.org
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The differential sedimentation analyses of ultracentrifugation
pellets obtained from WT and mutant viruses grown in the ab-
sence and presence of NH,CI revealed substantial differences for
the E(J1-T2) mutant only (Fig. 10). Specifically, the shift toward
subviral particles at the expense of whole virions observed with the
E(J1-T2) mutant in the absence of NH,Cl (Fig. 10C) was much
less pronounced in its presence (Fig. 10D), suggesting that the
defects observed with this mutant were a composite of impair-
ments of TMD interactions during both assembly and maturation
rearrangements in the TGN.

In contrast, no such differences relative to the effects seen in the
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FIG 6 Proportions of E in virions of E TMD mutants. The proportions of viral
particles of WT and mutant preparations [E(J1-J2) and E(J1-T2)] in the den-
sity gradients shown in Fig. 5 were calculated by determining the area under
the curve for each peak as a percentage of the total area under the curve
(GraphPad Prism 5). The data are presented as means * standard errors for six
independent experiments. Asterisks indicate significant differences between
the samples (ANOVA and Tukey’s multiple-comparison test). n.dec., not de-
tectable.

absence of NH,Cl were observed for the E(J1-J2) and E(T1-]J2)
mutants (data not shown), indicating that their defects (Fig. 5)
were restricted to the stage of virus assembly.

DISCUSSION

The specific structural features of the TMDs of the flavivirus en-
velope proteins prM/M and E—both of which are alpha-helical
hairpins that penetrate only the outer leaflet of the viral mem-
brane (15)—prompted us to assess their role in the assembly and
maturation processes of flaviviruses, using TBEV as a model. We
chose a mutational approach in which we replaced these TMDs in
an infectious TBEV clone with those of the distantly related virus
JEV, assuming that the TMDs would maintain their functions in
polyprotein processing (serving as stop-transfer and internal sig-
nal sequences) but that the changes would reveal effects on inter-
actions required for virus assembly and/or maturation because of
the low degree of sequence conservation of the TMDs. Previous
studies provided information on the role of TMDs in the assembly
of recombinant capsidless subviral particles (RSPs) and indicated
that intra- and inter-TMD interactions play a role in the fusion
process (17), but conclusions with respect to whole-virion parti-

Flavivirus Membrane Anchors and Virus Assembly

cles were not possible because of architectural differences between
RSPs and virions (18, 31).

It is an important finding of our study that the replacements of
both E TMDs [E(J1-J2)] and of the first E TMD only [E(J1-T2)]
did not affect polyprotein processing but that the particles se-
creted from cells contained proportionally more subviral particles
and fewer virions. The same replacements had no effect on RSP
formation (17), suggesting that these elements are not specifically
involved in the lateral interactions known to drive the assembly of
the viral envelope (reviewed in reference 7). These findings are
consistent with the results of an alanine insertion mutagenesis
study of E and prM TMD mutants of yellow fever virus in which
prM/E heterodimerization at the ER membrane was not disturbed
by the introduced alanines (although some of the mutations af-
fected virus growth) (32). TMD interactions are apparently re-
quired for steps that contribute to capsid integration for virion
formation but not to subviral particle assembly. In addition, the
mutant in which only the second E TMD was replaced [E(T1-]2)]
appeared to be quite labile, indicating that such interactions are
not only required for the formation of virions but also contribute
to their stability.

Interestingly, the specific infectivities of gradient-purified viri-
ons of the E(J1-J2) and E(J1-T2) mutants were comparable to that
of the WT, suggesting that their entry into cells was not impaired,
although they produced more subviral particles than the WT did.
However, since the sizes of their foci were significantly smaller
than that for the WT, it can be assumed that virus spread was
decreased due to the reduced release of infectious virus particles.
Such an interpretation would be in agreement with the results of
liposome fusion assays with the corresponding TBEV RSP mu-
tants (17). The mutant with the complete JEV membrane anchor
had fusion levels similar to that of WT RSPs, and the E(J1-T2)
RSPs still yielded fusion levels of approximately 60% of the WT
level.

Consistent with the apparent instability of the E(T1-J2) mu-
tant virus particles [and different from the E(J1-T2) mutant], the
corresponding virion-containing gradient fractions displayed not
only a smaller focus size but also a significantly reduced specific
infectivity. One possible explanation for the different effects could
be that the E(T1-J2) hairpin might be more disordered than the
E(J1-T2) hairpin. This could be due to the presence of different
numbers of TMD helix dimerization motifs in the E membrane
anchors of TBEV and JEV (Fig. 11). The TMD1 regions of JEV and
TBEV both contain one SmXXXSm helix dimerization motif,
where “Sm” is a small residue (Gly, Ala, Ser, or Thr) (reviewed in
reference 33). In TMD?2 of TBEV E, however, four overlapping

TABLE 2 Distributions of vVRNA and infectivity in different fraction pools of E TMD mutants after rate zonal centrifugation®

% of total VRNA Infectivity (% of total FFU)

Gradient Gradient Gradient Gradient Gradient Gradient

fractions Statistical ~ fractions Statistical  fractions Statistical  fractions Statistical  fractions Statistical ~ fractions Statistical
Virus 1-9 significance 10-14"  significance 15-22 significance 1-9 significance 10-14°  significance 15-22 significance
WT 4.6 86.8 8.6 2.6 89.8 7.6
E(J1-J2) 3.7 n.s. 87.1 n.s. 9.3 n.s. 4.6 n.s. 86.6 n.s. 8.8 n.s.
E(J1-T2) 5.6 n.s. 81.1 n.s. 13.2 n.s. 3.0 n.s. 83.2 n.s. 13.8 n.s.
E(T1-J2) 19.2 ek 57.4 ox 234 b n.dec. 100 n.s. n.dec.

“ See Fig. 5. n.dec., not detectable; n.s., no significant difference relative to the WT; **, significantly different from the WT (P < 0.01; ANOVA and Dunnett’s multiple-comparison
test); ***, significantly different from the WT (P < 0.001; ANOVA and Dunnett’s multiple-comparison test).

b Virus peak.
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FIG 7 HA activities of subviral particles and virions of WT and E TMD mutant viruses. (A) Specific HA activities of the subviral particle peak fractions from Fig.
5, expressed as HA titers per microgram of E protein. (B) Specific HA activities of the virion peak fractions from Fig. 5, expressed as HA titers per microgram of
E protein. The E(T1-J2) mutant was not analyzed due to its significantly lower yields and the absence of defined particle peaks. n.a., not analyzed; pur. virus,
purified virus.

dimerization motifs are present, whereas in JEV TMD2, only two  ing virions but might still allow the budding of subviral particles
such motifs could be identified (Fig. 11). These differences be-  (17).
tween the TBEV and JEV E TMDs could lead to an unstable hair- Experiments with NH,Cl as an agent to prevent acidic-pH-
pin that might impair the formation of complex capsid-contain-  induced rearrangements in the TGN provided evidence that E
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FIG 8 Infectivities of WT and E TMD mutant viruses. (A) Specific infectivities of the virion peak fractions from Fig. 5, expressed as numbers of focus-forming
units relative to numbers of RNA copies (FFU per 10” RNA copies). In the case of the E(T1-J2) mutant, for which a virus peak was not detectable (Fig. 6), the
fractions corresponding to the control virion peak (Fig. 5B) were used. (B) Photographs of focus assay wells. (C) Focus sizes. In the case of the WT and two
mutants [E(J1-J2) and E(J1-T2)], 39 foci were used for measurements, while 11 foci were used for the E(T1-J2) mutant. The data represent means * standard
errors for at least three independent experiments. Asterisks indicate significant differences relative to the WT (ANOVA and Dunnett’s multiple-comparison test).
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FIG 9 Analysis of C TMD mutants. (A) Schematic diagrams of the C-terminal modifications of C and E in the TBEV infectious clone used to produce mutant
virions. (B) Alignment of the amino acid sequences of the C membrane anchor regions (signal sequences of prM) of TBEV (GenBank accession number U27495)
and JEV (GenBank accession number EF571853). The signal sequences are underlined, and the cleavage sites are indicated by diagonal slashes. The single
conserved amino acid in the signal sequence is indicated in bold. (C to F) Clarified supernatants from transfected cells of the WT (C) and the C(J) (D), E(J1-]2)
(E), and C(J)+E(J1-)2) (F) mutants were pelleted by ultracentrifugation, and resuspended pellets were subjected to rate zonal sucrose gradient centrifugation as
described in the legend to Fig. 5. After centrifugation, the amount of E protein in each fraction was quantified by ELISA. Sedimentation is shown from left to right.
Representative data from at least two independent experiments are shown. SP, subviral particles.

TMD interactions are also involved in the maturation-associated
envelope rearrangements. Specifically, we found that the shift to-
ward subviral particles was less pronounced with the E(J1-T2)
mutant in the presence of NH,CI, suggesting that part of the mu-
tational effect was caused by an influence on the rearrangements
in the TGN. The positions of the E and prM/M transmembrane
regions relative to each other differ in the two particle forms (3, 4,
15, 16, 18), and the presence of heterologous TMDs might thus
have different effects. In the smaller RSPs, the E dimers are orga-
nized in a T=1 icosahedral lattice in the mature form (18), and
TMD repositioning in the TGN is probably less extensive, allow-
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ing or even favoring the release of simpler subviral particles over
whole virions. For virions, in contrast, the acidic-pH-induced re-
arrangements in the TGN are quite dramatic, and TMD replace-
ments might thus be more prone to interfere with the proper
reorganization of the viral envelope, leading to unstable parti-
cles that possibly already undergo fusion at the slightly acidic
pH of the TGN.

Virion assembly requires specific interactions with the capsid
protein or capsid protein-RNA complexes. These are still elusive,
and cryo-EM of mature and immature flaviviruses did not reveal
any contacts between the capsid and the envelope proteins (3, 4,

jviasm.org 6375


http://www.ncbi.nlm.nih.gov/nuccore?term=U27495
http://www.ncbi.nlm.nih.gov/nuccore?term=EF571853
http://jvi.asm.org

Blazevic et al.

A SP  Virion C SP  Virion
S  50q \L J/ S 50- \L J/
° °
2 40 = 40-
5 wWT 5 E (J1-T2
e 30 e 304 (J1-T2)
s -NHCl & -NH,CI
£ 20- £ 20-
2 9
[o] 10 o 104
a a
w0 w0
0 5 10 15 20 0 5 10 15 20

Top Fraction no. Bottom

Top Fraction no. Bottom

B SP  Virion D SP  Virion
S  50q \L \L = 504 \L \L
o °
= 40- = 40-
3 wT 5 E (J1-T2
e 30+ e 30 (J1-T2)
e +NHCI < + NH,CI
£ 204 £ 20+
- S
o 104 o 104
a a
w O0- w O
0 5 10 15 20 0 5 10 15 20
Top Fraction no. Bottom Top Fraction no. Bottom

FIG 10 Analysis by rate zonal centrifugation of the WT and the E(J1-T2) mutant grown in the absence (—) (A and C) or presence (+) (B and D) of NH,CL
Clarified supernatants from transfected cells, with or without NH,Cl, were pelleted by ultracentrifugation, and resuspended pellets were subjected to rate zonal
sucrose gradient centrifugation as described in the legend to Fig. 5. After centrifugation, the amount of E protein in each fraction was quantified by ELISA.

Sedimentation is shown from left to right. Representative data from at least three independent experiments are shown. SP, subviral particles.

15, 16). Surprisingly, despite a lack of sequence conservation
(Fig. 9B), the anchC TMD of JEV in the TBEV backbone did not
impair virion formation, specific infectivity, or focus size, suggest-
ing that specific interactions of anchC TMDs with the TMDs of
other viral proteins are not required for proper virus assembly.
This was further supported by the fact that the peptide corre-
sponding to the anchC TMD was not found to be incorporated
into virus particles in significant amounts, suggesting an assembly
mechanism that specifically excludes this sequence element from
budding virus particles. Nevertheless, the anchC TMDs might in-

TMD1

450 460

TBEV

JEV

470
I
GGVGFLPKLLLGVALAWLGLNMRNPTMSMSFLLAGGLVLAMTLGVGA

teract with each other and thus bring together several copies of C
for nucleocapsid formation. One may speculate that during as-
sembly, the E and/or prM TMDs interact transiently with the in-
ternal hydrophobic domain (IHD) of C, which has the ability to
associate with membranes (34, 35). Consistent with such a notion
is the finding that the removal of incremental parts of the IHD of
the TBEV capsid protein impaired the release of infectious virus
particles but still allowed the secretion of subviral particles (36),
similar to what we observed with two of our E TMD mutants.
Other candidates for transient interactions with E and/or prM

TMD2

480 490 496

GGMSWITQGLMGALLLWMGVNARDRSIALAFLATGGVLVFLATNVHA

FIG 11 Predicted helix dimerization motifs in the E membrane anchors of TBEV and JEV. The positions of SmXXXSm helix dimerization motifs (“Sm” is a small
residue, i.e., Gly, Ala, Ser, or Thr) (reviewed in reference 33) are indicated by black lines under the respective membrane anchor sequences. Residues conserved
among flavivirus E proteins are shaded in gray, and those conserved between TBEV and JEV are shown in bold. The TMD1 and TMD?2 helices are indicated at
the top.
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TMDs during virus assembly and/or budding are the nonstruc-
tural proteins NS1 and NS2A, which have both been proposed to
be involved in virus particle morphogenesis (37—43).

It was unexpected that—in contrast to what was observed with
the C and E TMDs—the analogous replacement of prM TMDs
resulted in the complete abolishment of protein expression, thus
making further studies of their roles in assembly/maturation im-
possible. The molecular basis for these data is unclear, but the
defects in the mutants might already occur at the RNA level, caus-
ing the RNA to adopt an unfavorable structure for translation
and/or replication (44, 45). Alternatively, the extensive sequence
divergence of prM TMDs—which is much higher than that of
E TMDs (Fig. 1D)—might result in an abrogation of the com-
plex processes required for proper flavivirus polyprotein pro-
cessing (5).

Taken together, our results indicate that flavivirus assembly
and maturation rearrangements are finely tuned processes that
involve the coordinated interplay of several viral proteins, includ-
ing TMD interactions and/or movements of the three structural
proteins. Apart from specific contacts within and between the
TMD hairpins, interactions of the membrane anchors with other
viral proteins, such as the capsid, might be important for virus
assembly. This holds especially true for C-prM TMD interactions,
which could not be resolved in the present investigation. Future
studies might also address the question of whether transient inter-
actions of prM and E TMDs (both buried in the viral membrane
and not protruding into the interior of finally assembled imma-
ture/mature virus particles [3, 4, 15, 16]) might assist in the as-
sembly of virus components before particle formation.
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