viruses

Article

The Molecular Basis for E™® Dimerization in Classical Swine

Fever Virus

Manjula Mischler and Gregor Meyers *

check for

updates
Citation: Mischler, M.; Meyers, G.
The Molecular Basis for E™®
Dimerization in Classical Swine Fever
Virus. Viruses 2021, 13, 2204.
https:/ /doi.org/10.3390/v13112204

Academic Editor: Elisa Crisci

Received: 20 October 2021
Accepted: 28 October 2021
Published: 2 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institut fiir Immunologie, Friedrich-Loeffler-Institut, Stidufer 10, Insel Riems, 17493 Greifswald, Germany;
manjula.mischler@gmx.de
* Correspondence: gregor.meyers@fli.de; Tel.: +49-(0)-3835-1710

Abstract: The pestivirus classical swine fever virus (CSFV) represents one of the most important
pathogens of swine. Its virulence is dependent on the RNase activity of the essential structural
glycoprotein E™® that uses an amphipathic helix as a membrane anchor and forms homodimers via
disulfide bonds employing cysteine 171. Dimerization is not necessary for CSFV viability but for its
virulence. Mutant E™® proteins lacking cysteine 171 are still able to interact transiently as shown in
crosslink experiments. Deletion analysis did not reveal the presence of a primary sequence-defined
contact surface essential for dimerization, but indicated a general importance of an intact ectodomain
for efficient establishment of dimers. Pseudoreverted viruses reisolated in earlier experiments from
pigs with mutations Cys171Ser/Ser209Cys exhibited partially restored virulence and restoration of
the ability to form E™® homodimers. Dimer formation was also observed for experimentally mutated
proteins, in which other amino acids at different positions of the membrane anchor region of E™
were replaced by cysteine. However, with one exception of two very closely located residues, the
formation of disulfide-linked dimers was only observed for cysteine residues located at the same
position of the helix.

Keywords: pestivirus; flavivirus; envelope protein; dimerization of glycoprotein; amphipathic helix;
disulfide bond formation; virulence factor; RNA virus

1. Introduction

Members of the genus Pestivirus in the family Flaviviridae belong to the most eco-
nomically important viruses of livestock. The family also comprises the genera Flavivirus,
Hepacivirus and Pegivirus [1,2]. The genus Pestivirus originally encompassed only four
species, two types of bovine viral diarrhea virus (BVDV-1 and BVDV-2), classical swine
fever virus (CSFV) and Border disease virus (BDV) of sheep. Recently, a significant number
of further genus members were identified in pigs and a variety of new host species [34].
Pestiviruses have single-stranded, positive-sense RNA genomes of ~12.3 kb length that
contain one long open reading frame coding for a polyprotein of about 4,000 amino acids.
Translation of the genomic RNA leads to a hypothetical polyprotein, which is co- and
post-translationally processed into at least 12 mature proteins [5,6]. Four viral proteins—C,
E™s, E1 and E2—are found in the virion [7,8]. Except for the capsid protein C [9], all of
these proteins are essential for recovery of infectious virus particles [10-13]. Pestiviruses
exhibit significant similarity with human hepatitis C virus (HCV) with regard to the basic
molecular features [5]. The most obvious difference between the members of the two
genera at the genome level is the presence of two additional protein-coding regions in the
pestivirus ORF [6]. These pestivirus-specific sequences code for the non-structural protein
NP and the viral envelope protein E™S. NP™ is encoded by the 5’ terminal part of the
pestivirus ORF. It has autoprotease activity which is only necessary for its release from the
nascent protein chain [14,15]. NP™ is not essential for virus replication in tissue culture
cells [16-18], but blocks the host cellular type 1 and type 3 interferon (IFN) response to
virus infection and to the presence of double stranded RNA in the cytoplasm [17-22].
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The E™® protein is an essential structural protein necessary for recovery of infectious
pestiviruses. Deletion of the E™-coding region from the viral genome resulted in replicons
capable of autonomous RNA replication but unable to produce infectious virus particles [11,13].
However, E™ is also important for blocking the host response to pestivirus infection. The
activity of E™® with regard to blocking the host response is connected with its unique
intrinsic RNase activity and involved in the establishment of persistent infections as best
studied for BVDV [18,23-26]. E™® accomplishes its association with the viral envelope
via an amphipathic helix located in its utmost carboxy-terminal region [11,27-30]. This
unusual membrane anchor is crucial for processing of the E™*-E1 precursor, for intracellular
retention of the mature E™® in the ER and for secretion of considerable amounts of the
protein into the extracellular space [7,8,10,24,31-34]. E™ is important for the virulence of
pestiviruses since several recombinant pestiviruses with mutated E™® coding sequences
are clinically attenuated [25,35,36].

Monomeric E™® protein has a size of ca. 45 kDa, nearly half of which is due to
glycosylation [7,34,37]. It contains eight cysteines that form intramolecular disulfide bonds
and are conserved in all pestiviruses analyzed so far [38,39]. A ninth cysteine residue is
found rather close to the carboxy-terminal end of the protein in the overwhelming majority
of pestivirus isolates [40]. This cysteine represents residue #171 of the E™® protein (C438 or
C441 in the polyproteins of CSFV or BVDYV, respectively) and is engaged in the formation
of E™® dimers via disulfide bonds between two monomers of the protein [7,37,40]. These
homodimers are found both in infected cells and the virus particle, but are not necessary
for pestivirus viability [7,40]. In earlier work we have shown that CSFV mutants unable to
establish stable E™® dimers were attenuated in their natural host. This finding pointed at a
connection between the ability to express E™ homodimers and virulence. This conclusion
was strongly supported by the surprising isolation of pseudorevertants from infected
animals still lacking C171 but containing a mutation S209C in E™®. These pseudorevertants
regained the ability to generate E™ homodimers and displayed partially restored virulence
in the natural host [41]. The so far available data leave some questions open. One question
concerns the role of position 209: is this position especially suited for pseudoreversion, or
can Cys residues at other positions also be used for dimerization? It was also not clear
whether E™ homodimers are in general dispensable for pestivirus propagation or whether
noncovalently linked dimers are still present in the absence of C171. Such structures could
be formed via non-covalent protein/protein interaction and be only short-lived to allow
establishment of the disulfide bond formation, or could be considerably stable as was
shown for the HCV E1 homotrimers and E1/E2 heterodimers [42-47].

2. Materials and Methods
2.1. Cells and Viruses

SK6 cells were obtained from A. Summerfield (Institut fiir Virologie und Immunolo-
gie, Mittelhdusern, Switzerland). BHK-21 cells were kindly provided by T. Riimenapf
(Veterindrmedizinische Universitdt, Vienna, Austria). All cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum and nonessential amino
acids. The fetal calf serum was tested for absence of BVDV and anti BVDV antibodies. Vac-
cinia virus MVA-T7 [48] was kindly provided by G. Sutter (Ludwig Maximilian University
Munich, Munich, Germany).

2.2. Construction of Plasmids

Restriction and subcloning were done according to standard procedures [49]. Unless
stated otherwise, all restriction and modifying enzymes were purchased from New England
Biolabs (Frankfurt am Main, Germany) and Thermo Fisher (Karlsruhe, Germany). Synthetic
DNA oligonucleotides were obtained from Metabion (Miinchen, Germany).

The plasmid SE™® containing the E™® coding sequences of CSFV Alfort/Tiibingen
(originally named SSeqE™* [32,34]) was used as the basis for the mutant expression con-
structs tested here. Single and multiple point mutations were introduced with standard
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PCR based methods with thermostable Pfu polymerase (Promega, Heidelberg, Germany)
and synthetic primers (QuickChange mutagenesis) in one single reaction or consecutive
approaches. Establishment of the deletion library was described before; additional deletion
constructs used in the present work were established the same way as described [50].
Similarly, the establishment of constructs coding for E™® proteins with carboxy-terminal
V5-tag extensions were done as described before for BVDV E™* [40]. The mutated PCR
products and plasmid constructs were all verified by nucleotide sequencing with the
BigDye Terminator Cycle Sequencing Kit using a 3130 Genetic Analyzer (both PE Applied
Biosystems, Weiterstadt, Germany). Sequence analysis and alignments were done with
Geneious PrimeR software (Geneious Prime 2019.2.3) (Biomatters, Ltd. Auckland, New
Zealand). Further details of the cloning procedures and the sequences of the primers used
for cloning and mutagenesis are available on request.

2.3. Expression, Metabolic Labeling, and Immunoprecipitation of Proteins

BHK-21 cells were infected with vaccinia virus MVA-T7, subsequently transfected
with the desired cDNA construct using SuperFect (Qiagen, Hilden, Germany) and labeled
with Tran35S-Label (ICN-MP Biochemicals, Eschwege, Germany or Hartmann Analytic,
Gottingen, Germany) as described earlier [40]. Supernatant of the cell cultures was har-
vested for determination of secreted proteins; the cells were washed twice with PBS before
cell extracts were prepared under denaturing conditions. Protein expression in equivalent
amounts of cell-free supernatant and cell extract was analyzed via immunoprecipitation as
described before [10] using monoclonal antibody 24/16 [37] or a polyclonal rabbit serum
against the carboxy-terminal sequence of E™ for detection of E™®. Precipitates were treated
before electrophoresis with 1 uL. PNGase F (New England Biolabs, Frankfurt am Main,
Germany) for 1 h at 37 °C, as suggested by the supplier.

2.4. Gel Electrophoresis, Detection, and Quantification of Precipitated Proteins

The precipitated proteins were separated by 10% SDS-PAGE (gel system as pub-
lished [51]) and E™* detected and quantified with a Fujifilm BAS-1500 or a CR-35 Bio image
plate scanner (Elysia-Raytest, Straubenhardt, Germany). The intensities of the signals
were determined with TINA 2.0 or AIDA Image Analyser 5 (both software programs
from Elysia-Raytest). For quantification of E™ dimers, the E™® monomer signals were
added to those determined for the dimer signals to obtain 100% expression product as a
basis for calculation of the percentage of homodimer. The presented data represent the
averages of at least three independent experiments. Statistical analysis in the form of a
two-tailed t test was performed using the GraphPad Prism software (STATCON GmbH,
Witzenhausen, Germany).

2.5. DSP Crosslink

To detect proteins that interact only transiently and without formation of covalently
linked or highly stable noncovalent oligomers, we used an in vivo crosslink approach.
Briefly, cells in a 3.5 cm culture dish transiently expressing the desired proteins were
in vivo labelled as described in 2.3, washed two times with PBS, followed by the addition
of 1 mL of 1mM DSP [dithiobis(succinimidyl propionate)] solution (generated by mixing
40 pL of 25 mM DSP in DMSO with 960 pL of PBS) and incubation for 30 min in a cell
culture incubator. Thereafter, 20 pL of 1M Tris pH 7.5 was added to stop the DSP reaction,
followed by washing the cells with PBS. Lysis and immunoprecipitation were done as
reported before [40]. DSP was purchased from Thermo Fisher.

2.6. Establishment of Helical Wheel Representation

The original wheel representation was established by using the software http://
rzlab.ucr.edu/scripts/wheel/wheel.cgi (accessed April 2015). The resulting scheme was
subsequently edited by hand to highlight important residues etc.
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3. Results
3.1. E"® without Cysteine 171 Forms Transient Dimers

We have shown before that cysteine 171 in E™ is engaged in homodimerization. Upon
deletion or exchange of C171, dimers could no longer be detected via nonreducing SDS-
PAGE or blue native gel electrophoresis (BNE) [40] that would allow detection of stable but
noncovalently linked dimers. Accordingly, homodimers of pestiviruses cannot be detected
in the absence of C171. However, one can speculate that E™® monomers must transiently
interact to allow the efficient formation of the disulfide bond. We therefore conducted a
crosslink experiment with DSP that was added to the medium of cells transiently expressing
CSFV E™ or an E™® mutant with a deletion of C171. A control in the absence of a crosslinker
showed the expected pattern after immunoprecipitation with a monomer and dimer for the
wt protein, but only a monomer for the mutant (Figure 1). In the presence of a crosslinker,
both proteins yielded homodimers that were resolved into monomers under reducing
conditions (Figure 1). Interestingly, no smear pointing at the formation of E™* crosslinked
to various cellular protein partners was observed, a result which strongly supports the
hypothesis of a specific interaction of two E™ monomers and not a crosslink of molecules
that were accidentally located in close vicinity.
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Figure 1. Monomers of E™® lacking C171 form dimers when subjected to DSP crosslink. Results of immunoprecipitation

experiments of proteins transiently expressed from constructs coding for E™ wt or mutants with the indicated alterations.

Proteins were radioactively labelled in situ and either left untreated (left part) or subjected to DSP crosslink prior to cell

lysis (right part). Precipitation was done with E™$-specific monoclonal antibody 24/16 [37]. Precipitates were treated with

PNGase F prior to separation by 10% SDS-PAGE under nonreducing conditions. M: bands of a size marker. Mock cells were

infected with MVA-T7 and incubated with radioactive amino acids but not transfected with a plasmid. For the experiment
shown on the left, both cell extract (C) and cell culture supernatant (SN) were analyzed. Since the supernatant did not
contribute to the subject of the experiment, we omitted SN analysis when conducting the crosslink experiment. As obvious,

the right part represents lanes from two different gels. Therefore, the wt control is shown twice here.

3.2. E"® Does Not Contain a Specific Localized Contact Domain for Transient Interaction
of Monomers

The crosslink experiment showed that two E™® monomers associate at least tran-
siently and form homodimers too unstable to be detected via BNE. This finding raises
the question whether a specific interaction domain exists that is necessary for initiating
stable homodimerization by aligning monomers and giving time for disulfide bond for-
mation. To test whether such a locally restricted interaction surface exists, we analyzed
homodimerization of a set of deletion mutants. The respective expression plasmid library
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was already described and used before [50]. Briefly, the plasmids code for E™ proteins
with consecutive deletions of 14 amino acids. We chose this size because we expected that
the loss of 14 residues should be sufficient to impair motifs based on primary structure
significantly without inducing a strong tendency towards complete destruction of the
structure, that would make dimer formation highly unlikely or even make the protein
unstable. In one case, a 14mer deletion resulted in an unstable product, so we had to split
this peptide and establish two constructs with smaller deletions of five and nine amino
acids (Figure 2A). Transient expression with subsequent immunoprecipitation and SDS-
PAGE under non-reducing conditions showed that all deletion mutants were able to form
disulfide-linked homodimers, though with obviously reduced dimer to monomer ratios for
some mutants, especially constructs 6, 7, 8, 9 and 11 (Figure 2B,C). The only construct that
did not yield a homodimer band was pS12, in which the deletion encompasses the codon
C171, so that formation of S-S bridged (disulfide bridged) dimers is not possible (Figure 2D).
We therefore established two further constructs preserving the cysteine residue but deleting
either the last fourteen residues upstream of C171, or the seven residues upstream and the
seven residues downstream of this residue (constructs pS12a and pS12b, respectively). For
both constructs homodimerization could be detected, but the homodimer bands were again
quite weak, especially for p12a. We therefore conducted a further crosslink experiment
with construct pS12 and detected a homodimer in the cell extract that was not present
without the crosslink (Figure 2D). We also tested the cell culture supernatant here, but
signals clearly supporting the generation of covalently linked dimers were not obtained.
Taken together, the sequence surrounding C171 might have an influence on the efficiency
of disulfide bond formation, but is not crucial for initiation of homodimerization.

In general, the amounts of homodimers formed upon expression of the deletion
mutants seemed to be lower for basically all mutants, and also to vary between individual
constructs. In particular, the already mentioned constructs like pS6-pS11 and pS12a and
pS12b showed reduced homodimerization efficiency. However, since the detected amount
of monomer was also considerably reduced for several constructs, instability of the deletion
mutants has to be considered. It is therefore difficult to thoroughly quantify the results.
Importantly, the analysis shows that within the scale of the deletions tested here, no region
within the E™® sequence was identified to be crucial for homodimerization. Thus, none of
the 14 residue deletions covered an essential interaction motif, so the observed transient
interaction of E™® monomers obviously employs larger parts of their sequence.
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Figure 2. Influence of deletions of E™® sequences on homodimer formation. (A) Schematic representation of the E™* protein
(upper part) and the location of the deletions introduced into the constructs. In most cases, the deletions encompassed
14 amino acids, but due to instability, deletion mutant #4 had to be divided into two smaller sections. In addition, the region
around Cys171 was analyzed with four different constructs, either deleting the Cys codon (pS12) or preserving it at the 3’
or 5’ terminal end of the deletion (pS12a or pS13, respectively). The fourth construct pS12b encoded a protein with two
deletions of seven codons flanking codon 171. (B) Results of an immunoprecipitation experiment of proteins transiently
expressed from the constructs shown in (A). Precipitation was done with E™®-specific monoclonal antibody 24/16 [37].
Precipitates were treated with PNGase F prior to separation by SDS-PAGE under nonreducing conditions. (C) Equivalent to
(B), but since constructs pS8 and pS9 lack the epitope recognized by mab 24/16, precipitation was done with the polyclonal
rabbit serum K81 directed against the carboxyterminal region of E™®. (D) Precipitated proteins expressed from construct
pS12 without or with DSP crosslink (middle or right part, respectively). In contrast to the constructs analyzed in (B), the
deletion in pS12 includes the Cys at position 171 [see also (A)]. We analyzed cell lysate (C) and supernatant (SN) here.
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3.3. Dimerization Occurs with Cys Residues Located at Different Positions

An interesting finding of previous work was initiated by identification of pseudore-
vertants in infected animals, which contained an S209C exchange together with the original
C171A or C171F mutations. E™® with this pseudoreversion again formed homodimers.
Viruses with the respective mutation partially regained virulence proving that this ex-
change was phenotypically relevant [41]. From a molecular point of view, this finding was
interesting since the Cys at position 209 is located on the hydrophilic side within the center
of the amphipathic helix that binds in plane to the membrane surface and thereby hooks
the protein to the lipid bilayer [27,29,30] (Figure 3A). Thus, the formation of a disulfide
bond at this position is somewhat surprising. Since pseudoreversion was only observed at
position 209, we speculated whether this position is privileged for structural reasons for
disulfide bond formation, or whether the somewhat similar biochemical property of serine
and cysteine was the reason for detection of this change in several animals. We therefore
established E™® mutants with a deletion of C171 and replacement of residues around
position 209 by Cys. Upon transient expression, immunoprecipitation and nonreducing
SDS-PAGE, we identified homodimers for all of these mutants (Figure 3B). However, in the
analyzed cell extracts the monomer/dimer ratio was obviously different for the mutated
proteins when compared to the wt protein or the mutant protein with Cys at position 209.
In a previous report we showed that exchange of amino acids in the E™® membrane anchor
can dramatically increase secretion of the protein [10], which could bias the results. We
therefore also looked for the secreted proteins and found that, in some cases, the reduced
level of intracellular homodimer was compensated by a higher amount of secreted dimer,
but for others comparison of the percentage of total amount of dimer was significantly
lower than for wt or mutant C171A/S209C (Figure 3B,C). In particular, a comparison of the
results obtained for mutants with Cys introduced at positions around residue 209 with the
data for the original mutant recovered from the animals revealed a statistically significant
impairment of homodimerization for Cys at positions 207, 210, and 211 (p values 0.04, 0.01
and 0.01, respectively; darker orange background in Figure 3A), whereas the mutant G212C
formed homodimers more efficiently than the S209C variant (p value 0.02; blue background
in Figure 3A) (Figure 3D). Looking again at the helical wheel model of the E™ membrane
anchor (Figure 3A), it becomes obvious that positions 207, 208 and 211 are located at the
hydrophobic side of the amphipathic helix, which is embedded within the lipid bilayer,
whereas 210 and 212 are found close to the hydrophobic/hydrophilic border. These results
indicate that the position of a Cys around the axis of the amphipathic helix influences the
homodimerization rate, but a clear pattern for enhanced or reduced dimer formation is not
obvious. Importantly, all mutants with a Cys in the sequence around position 209 were
able to establish homodimers quite efficiently despite different positions with regard to the
helix axis.
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Figure 3. Disulfide bond formation can occur between various Cys residues introduced into the

E™S membrane anchor region. (A) Helical wheel representation of the E™® membrane anchor
region from amino acid C171 to the carboxy-terminal A227 (original scheme established using soft-

ware http:/ /rzlab.ucr.edu/scripts/wheel /wheel.cgi (accessed April 2015), subsequently edited by

hand). Hydrophobic, uncharged hydrophilic and charged amino acids are highlighted as indicated.
A dotted line indicates the location of the hydrophobic and hydrophilic sides of the helix as deduced
from biochemical character of the amino acids and the results of NMR analyses [27] (the amphipathic
character of this helix is not ideal, so that some polar residues are found on the hydrophobic side and
vice versa). The key residues C171 and 5209 are highlighted by an orange square. Residues mutated
in experiments presented in sections (B-D) are indicated by a colored instead of grey background of
the symbol, with darker orange for positions at which mutation leads to decreased dimerization,
and a blue background for position 212 showing enhanced dimer formation. Please note that both
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the amino-terminal and carboxy-terminal regions of the sequence included in this representation
extend beyond the core region, for which o-helical folding was proven [27], so that these parts might
not be helical. (B) Results of an immunoprecipitation experiment of proteins from extracts of cells
transiently expressing E™® with the indicated mutations. Precipitation was done with E™®-specific
monoclonal antibody 24/16. Precipitates were treated with PNGase F prior to separation by 10%
SDS-PAGE under nonreducing conditions. (C) Equivalent to (B), but conducted with supernatant of
the transiently expressing cells. (D) Quantification of the E™® dimer/monomer ratio determined for
the indicated mutants. Quantification was done via phosphorimager analysis of in situ radioactively-
labelled proteins immunoprecipitated from cell extract and supernatant. Total values determined
for E™ monomer and dimer in supernatant plus total values for cell extract gave 100% expression
product from which the percentage of dimer (supernatant plus cell extract) was calculated. The graph
represents the results of at least three independent expression experiments. Standard deviation is
shown. Results of statistic evaluation are described in the main text.

As a next step, we made equivalent changes at positions quite distant from 209 to
check whether the region around position 209 is preferred for dimer formation for some
unknown reason. We chose residues upstream (177, 184, 191, 200) or downstream (220)
for this approach. Again, all mutants were able to establish disulfide-linked homodimers
(Figure 3B,C). Since some of the exchanges affected residues known to be important for
intracellular retention of E™ [10], the secretion levels of these mutants were generally
high (Figure 3C). This was also the case for those residues not tested with regard to
their role in retention so far (5173, V200 and K220). However, when the percentage of
total amount of homodimer was calculated, the tested changes at positions 173, 184, 191
and 200 were not considerably hampered in dimerization (Figure 3D). Only exchange
of K220, a position located at the carboxy-terminal border of the determined helical part
of the E™® membrane anchor, significantly reduced dimerization (compared to the wt
protein p value 0.04; compared to the mutant C171A/S209C p value 0.01). Taken together,
homodimer formation via disulfide bonds is possible between Cys residues at a large
range of positions within the amphipathic helix and flanking regions with only rather low
variation in efficiency.

3.4. Disulfide Bond Formation between C171 and C209 Is Not Detected

The apparently high degree of flexibility with regard to positions allowing efficient
disulfide bond formation between the membrane anchor regions of two E™® monomers
prompted us to test whether Cys residues located at different positions in significant spatial
distance were also able to establish a S-S bridge. To be able to differentiate between the two
different monomers expressed simultaneously in one cell, we cloned a construct displaying
the wt sequence followed by a stretch coding for a V5-tag (wt_Vb5) as already described for
BVDYV E™* before [40]. To prevent cleavage of the tag by signal peptidase we introduced
a mutation at the codon in the minus three position at the 3'end of the E™ gene. When
wt_V5 was expressed alone, both monomer and dimer were detected. The migration rate
of both forms was considerably reduced compared to the wt protein bands without the tag
(Figure 4A). When the V5-tagged wt protein was expressed together with the wt protein
lacking the tag, the expected pattern was observed with three dimer bands [rom top: wt_V5-
wt_V5 (dark blue arrow), wt-wt_V5 (white arrow) and wt-wt (light blue arrow), Figure 4A]
and two monomers of different size. The combination of wt_V5 and C171A/5209C yielded
only two prominent dimer bands, one comigrating with wt_V5-wt_V5, the other comigrat-
ing with C171A/5209C-C171A/S209C. The latter band showed a considerably enhanced
migration rate in comparison with the wt-wt homodimer, whereas the monomer bands
comigrated. This finding points at a significant change of the dimer protein structure
due to the disulfide at position 209 resulting in enhanced electrophoretic mobility. The
C171A/5209C-C171A/5209C band was accompanied by a weak band almost comigrating
with the main band which might be an aberrant product. The composition of this band can-
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not be deduced, but it is obvious that it migrates too fast for the wt_V5-C171A/S209C dimer
(see also below). Similarly, a construct C171A/S209C_V5 was established and co-expressed
with different partners. The combination of C171A/S209C_V5 and C171A/S209C resulted
again in detection of three dimer bands representing the possible combinations of the two
partner proteins (Figure 4B). C171A/S209C_V5 co-expressed with wt E™ yielded only two
bands, representing the dimers composed of two mutant proteins and the wt-wt dimer
(the latter marked with a green arrow in Figure 4B). For further analysis, we repeated
the precipitation with a commercial anti-V5-tag serum (Figure 4C) using the same cell
extracts as before in Figure 4B. On the resulting gel, the combination of C171A/5209C and
C171A/S209C_V5 showed only two dimer bands as expected (dimers of two proteins with
V5-tag and the combination of a monomer with and a second monomer without the V5-tag,
whereas the dimer without V5 cannot be recognized by this serum) and one monomer
band. The combined expression of wt and C171A/S209C_V5 resulted in detection of only
one dimer band. The equivalent results were obtained for the reciprocal experiment with
the tagged wt and the mutant protein without tag corresponding to Figure 4A (not shown).
Thus, the band marked with a green arrow in Figure 4B indeed represents the wt-wt ho-
modimer. Taken together, the results clearly show that a dimer composed of one monomer
with C171 and the second monomer with C209 is not generated.

We wanted to make sure that the bands identified in Figure 4A-C indeed represented
dimers covalently linked via disulfide bonds and, therefore, separated some of the precipi-
tated products also under reducing conditions. Precipitates generated with the E™® specific
mab 24/16 showed the expected banding pattern in cell extracts with a faster migrating
band in all samples derived from cells expressing proteins without V5 and a band of higher
molecular weight in all cases where a V5 fusion protein had been expressed (Figure 4D).
The analysis of supernatants of transfected cells showed the same pattern together with
an additional band of unknown origin. When the V5 antibody was used for precipitation,
two bands were only visible for the combination C171A/S209C and C171A/S209C_V5
(Figure 4D), demonstrating that the faster running dimer identified for this combination
in Figure 4C was indeed composed of these two proteins covalently linked via an S-S
bridge. As expected, the band representing the protein without the tag was much weaker
here, since the smaller protein can only be co-precipitated, whereas the tagged version
is precipitated, regardless whether it is present as part of the two different dimers or as
monomer. Taken together, the results of these experiments proved that disulfide-linked
dimers could only be formed between E™® monomers containing the Cys residue at either
position 171 or 209.
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Figure 4. Co-immunoprecipitation experiments of E™ wt and mutants with or without carboxyter-
minal V5-tag. (A) wt E™ and wt E™® with V5-tag (wt_V5) were expressed separately or together
with each other. In addition, wt_V5 was expressed with E™ mutant C171A/S209C. The proteins were
labeled in situ, precipitated with mab 24/16 against E™, and analyzed by nonreducing SDS-PAGE.
Red arrows: E™® monomers; orange arrows: E™_V5 monomers; light blue arrows: E™® dimers; dark
blue arrows: E™S_V5 dimers; white arrow: heterodimers of E™ and E™5_V5. Please note that the
homodimer composed of two mutant proteins moves considerably faster on the gel than the wt-wt
homodimer (B) Equivalent to (A), but with mutant C171A/S209C_V5 instead of wt_V5. The green
arrow points at a band running close to the C171A/S209C_V5 homodimer that does not comigrate
with any of the control bands. (C) Same cell extracts/supernatants as in (B), but precipitated with
an anti-V5 serum. The band marked with a green arrow in (B) is not detected here. (D) Equivalent
to (C), but with SDS-PAGE conducted under reducing conditions. In addition to extracts of cells
transiently expressing the desired proteins, we also analyzed the supernatant of these cells since
E™S is known to be secreted to a certain extent into the cell free supernatant. However, this analysis
did not yield results influencing the conclusions of the experiments and are therefore not discussed
in detail.
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3.5. Formation of Disulfide Bonds between Closely Located Cys Residues

The absence of disulfide bond formation between C171 and C209 shown in the above-
described experiments could be due to the long distance between the two residues or
structural constraints. To test whether Cys residues located at different but closer positions
could form a covalent binding, we expressed wt_V5 together with mutants C171A/5173C
or C171A/D184C. In addition, we also tested the combinations of C171A/S209C_V5 with
C171A/L208C, C171A/A211C, C171A/G212C or C171A/E191C. Precipitation with the
anti-V5-tag serum resulted in detection of homodimer bands composed of two molecules
E™S containing a V5-tag, since all these bands comigrated with the band detected when
the respective V5-tagged protein was expressed alone (Figure 5). The homodimers wt_V5-
wt_V5 and C171A/5209C_V5-C171A/S209C_V5 showed significantly different migration
rates, which should again be due to differences in 3D structure as already discussed for the
versions without the tag in context of Figure 4. Only for the combination C171A/5209C_V5
with C171A/G212C was a second, faster moving dimer band observed in addition to the
homodimer of two tagged monomers. The latter mutant had shown already highly efficient
homodimerization when expressed alone (Figure 3). Accordingly, position 212 might be a
preferred site for disulfide bond formation in general. However, a more logical explanation
would be that the two crucial residues at position 209 and 212 are in rather close vicinity
and both point towards the watery surrounding (see also Discussion).

anti V5

Figure 5. Co-immunoprecipitation experiments of E™ mutants with Cys at different positions. E™®
wt_V5 was transiently expressed in cells either alone (utmost left lane) or together with the indicated
two E™® mutants containing a deletion of C171 in combination with Cys at position 173 or 184
(second and third lane, respectively). Similarly, the five lanes on the right show the results for E™®
mutant C171A/S209C_V5 alone or in combination with the indicated mutants. For better readability,
the complex names of the constructs shown in the right four lanes were highlighted in different
colors. Precipitation was done with the anti-V5 serum. Samples were separated via 10% SDS-PAGE
under nonreducing conditions. Blue arrows point at E™® homodimers of two monomers containing
V5. The red arrow on the right side of the gel labels a heterodimer most likely composed of one
monomer with a V5 tag and one monomer without a tag. Because of the complex construct names in
the right 4 lanes, yellow and grey shadows are used to make it easier to identify which construct is
shown in which lane.
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4. Discussion

The E™® protein of pestiviruses represents one of the most fascinating viral proteins
with its combination of functions as an essential structural protein and a secreted virulence
factor [6,11]. We have shown that the latter function depends on the intrinsic RNase activity
of this protein [18,25,35]. It has long been proposed that the secretion of E™ from the
infected cells is crucial for its virulence factor function. This hypothesis was based on
the facts that E™ is an envelope protein already translocated to the ER lumen during
translation, and that formation of the enzymatically active RNase depends on the post-
translational modifications like disulfide bond formation and glycosylation occurring only
upon translocation [6]. However, a formal proof for the dependency of the E™ virulence
factor activity on its secretion is still missing.

Another early observation was the formation of disulfide-linked E™* homodimers
within infected or transfected cells [7,37]. Biochemical and crystal structure analyses
revealed that only one Cys, namely the residue at position 171, was not engaged in in-
tramolecular disulfide bonds [38,52]. C171 is the only Cys that is not absolutely conserved
among pestiviruses, even though the number of virus isolates lacking this Cys is very
low [40]. Mutation analysis with pestiviruses that normally contain C171 revealed that
both CSFV and BVDV can be propagated when lacking this residue, but CSFV lacking C171
was attenuated in the natural host, indicating a connection between E™® homodimerization
and pestivirus virulence [40]. This hypothesis was supported by the finding that pseudore-
vertants which regained the ability to form E™* homodimers by a S209C mutation also
partially regained virulence [41]. The function of homodimerization of E™® with regard
to induction of clinical signs is still not clear. It might be that this effect is due to a higher
resistance of the dimeric RNase to inhibition via host-derived RNase inhibitors, as reported
for the bovine seminal RNase [53-56].

The recovery of viable engineered virus mutants lacking C171 raised the question of
whether monomers of these altered proteins did not interact at all or formed noncovalently
stabilized homodimers that were either transient or not stable enough to be detected.
Our crosslink experiments show that transient interaction of two monomers obviously
occurs, since we were able to specifically crosslink E™ monomers to dimers. In contrast
to HCV that expresses non-covalent E1/E2 heterodimers stable enough to be detected
on denaturing SDS-PAGE [42,46,47,57-59], the non-covalent E™® homodimers were only
detectable after crosslinking. Neither gel electrophoresis nor co-immunoprecipitation
analysis demonstrated the existence of dimers in the absence of Cys in the membrane
anchor region. It, therefore, can be concluded that E™® forms only transient and unstable
homodimers when covalent linkage is missing.

Nevertheless, the above-described experiments revealed that E™ monomers should
make contacts transiently. As we show here, this is not due to a locally defined contact
region but seems to involve at least larger areas of the protein, since consecutive deletions
of 14 amino acids did not lead to detection of dimerization negative mutants, so that a
crucial localized contact area affected by the loss of a significant number of residues seems
not to exist. Unfortunately, the crystal structure analysis of E™ amino acids 1-165 did
not provide data on the homodimer, so its structure and the contact sites between the
monomers are still obscure [38].

The identification of a dimerization positive pseudorevertant with Cys at position
209 [41] raised some important questions with regard to structural and biochemical con-
straints. First of all, it was not clear whether 209 is the only alternative position suited for
disulfide bond formation or whether the exchange Cys for Ser was preferred because of
the biochemical similarity of these two amino acids. To answer this question, we tested
a variety of synthetic mutants with Cys residues introduced at different positions of the
E™S carboxy-terminus. Surprisingly, all tested variants were able to build homodimers and
the overall efficiency was not dramatically different from what was determined for the
wt protein.
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A more general and difficult to answer question concerns the structural arrangement
that allows the formation of a disulfide bond between two residues located within an
a-helix that exhibits restricted flexibility with regard to rotation around the helix axis due
to interaction of the hydrophobic side of its amphipathic helix with the lipid bilayer. Our
data show that, in contrast to position 209, residue 171 is situated outside of the helical part
of the E™ membrane anchor region [27]. It can be hypothesized that the region around
C171 is exposed to the hydrophilic surrounding and is somewhat flexible to rotate and
bend. Thus, dimers formed via C171 can be imagined to have their membrane anchor
helices in various orientations to each other from extended in opposite directions to parallel
alignment. According to our NMR analyses [27], R194 and R199 are considered to frame
the hydrophilic side of the helix. In this setting, residue 209 is located in the central part of
the hydrophilic surface (see Figure 3A). It can be hypothesized that close alignment of the
two helices and partial rotation around the helix axis are necessary to allow disulfide bond
formation between two residues at position 209. The 3D structure of this unusual product
seems to be clearly different from the original wt homodimer, since the former moves
on the gel much faster than the latter. Disulfide bond formation between Cys residues
introduced at other positions can be expected to encounter the same problem, which in
the case of residues located on the hydrophobic side of the amphipathic helix is even
severer since the respective residues should be immersed in the lipid phase. We were not
able to deduce a pattern of correlating efficiency of dimer formation with the position of
the individual mutated residues in the helix. Thus, the general conclusion that disulfide
bonds can probably be established with Cys residues introduced at all positions within the
E™® membrane anchor region seems more important than the possible meaning of some
variation in efficiency of dimer formation.

With one exception, all mutants analyzed here were able to establish dimers only with
a second monomer of the same type. In principle, two amphipathic helices bound in plane
to the surface of a membrane could align in parallel or antiparallel to bring individual
residues in intermolecular contact. Both arrangements could allow contact between two
residues located at different helix positions by shifting one helix with respect to the other.
However, this seems not to occur for most of the combinations, so that one can conclude
that the exact position within the helix is crucial for disulfide bond formation. This might
be explained in a way that the interaction between the two helices is somehow strictly fixed.
Since in such a fixed interaction two residues located at the same but variable position of
their helix can only get in contact when the helices align in parallel, this scenario clearly
supports a parallel arrangement with exactly matched amino- and carboxy-termini of
both helices.

The only exception of the rule described above was detected for a combination of
mutant C171A/5209C with mutant C171A/G212C. This combination represents the only
one for which both Cys residues are located in close vicinity with regard to their position
along the helix axis and on nearly the same side of the helix (see helical wheel representation
in Figure 3A). Thus, the distance between these two residues in both longitudinal and
cyclic position might represent the “swing” that is allowed in the parallel alignment of two
E™S monomers.

Taken together, our results show that there are no structural constraints preventing
disulfide bond formation between Cys residues at different positions of the E™* membrane
anchor region as long as these cysteines are located at the same position of the sequence or a
very short distance away. We have shown recently that mutation of a variety of amino acids
(especially charged residues) in the membrane anchor region of E™ prevents the recovery
of infectious viruses, and that at least one defect resulting from these tested exchanges
concerns the assembly and budding step of pestiviruses [10,60]. Another recent publication
reported that exchanges of positively charged residues in the anchor region can block virus
entry and also transport of secreted E™ into target cells [61]. With this knowledge in mind,
it is rather likely that isolation of S209C as the only pseudorevertant is not necessarily a
consequence of structural aspects but could simply be due to impairment of functions of
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the E™ membrane anchor by other mutations leading to non-viable viruses. It might well
be, however, that the strict alignment of the long amphipathic helices of E™® monomers
plays a crucial role for membrane binding and bending, important for different steps in
the viral live cycle and its interaction with cells of the immune system of the host. Future
work with appropriately designed virus mutants is necessary to get more insight into the
biological aspects of this fascinating system.

Author Contributions: G.M.: conceptualization, methodology, validation, formal analysis, investiga-
tion, data curation, writing—original draft preparation, writing—review and editing, visualization,
supervision, project administration, funding acquisition. M.M.: validation, formal analysis, investiga-
tion, data curation, writing—review and editing, visualization. All authors have read and agreed to
the published version of the manuscript.

Funding: The project described in the manuscript was supported by grant Me1367 of the Deutsche
Forschungsgemeinschaft (DFG).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: All data are presented in the manuscript.
Acknowledgments: The authors thank Gaby Stoofs for excellent technical assistance.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Simmonds, P; Becher, P.,; Bukh, ].; Gould, E.A.; Meyers, G.; Monath, T.; Muerhoff, S.; Pletnev, A.; Rico-Hesse, R.; Smith, D.B.; et al.
ICTV Virus Taxonomy Profile: Flaviviridae. ]. Gen. Virol. 2017, 98, 2-3. [CrossRef] [PubMed]

2. Simmonds, P; Becher, P.; Collett, M.S.; Gould, E.A.; Heinz, EX.; Meyers, G.; Monath, T.; Pletnev, A.; Rice, C.M,; Stiasny, K.; et al.
Flaviviridae. In Virus Taxonomy: Ninth Report of the International Committee on Taxonomy of Viruses; King, AM.Q., Adams, M.J.,
Carstens, E.B., Lefkowitz, E.J., Fauquet, C.M., Eds.; Academic Press: San Diego, CA, USA, 2012; pp. 1003-1020.

3. Smith, D.B.; Meyers, G.; Bukh, J.; Gould, E.A.; Monath, T.; Scott Muerhoff, A.; Pletnev, A.; Rico-Hesse, R.; Stapleton, ].T.;
Simmonds, P; et al. Proposed revision to the taxonomy of the genus Pestivirus, family Flaviviridae. J. Gen. Virol. 2017, 98,
2106-2112. [CrossRef] [PubMed]

4. Postel, A.; Smith, D.B.; Becher, P. Proposed Update to the Taxonomy of Pestiviruses: Eight Additional Species within the Genus
Pestivirus, Family Flaviviridae. Viruses 2021, 13, 1542. [CrossRef]

5. Lindenbach, B.D.; Murray, C.L.; Thiel, H.].; Rice, C.M. Flaviviridae. In Fields Virology; Knipe, D.M., Howley, PM., Eds.; Lippincott
Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 6, pp. 712-746.

6.  Tautz, N.; Tews, B.A.; Meyers, G. The Molecular Biology of Pestiviruses. Adv. Virus Res. 2015, 93, 47-160. [CrossRef]

7. Thiel, H],; Stark, R.; Weiland, E.; Rtimenapf, T.; Meyers, G. Hog cholera virus: Molecular composition of virions from a pestivirus.
J. Virol. 1991, 65, 4705-4712. [CrossRef]

8.  Weiland, F.; Weiland, E.; Unger, G.; Saalmtdiller, A.; Thiel, H.]. Localization of pestiviral envelope proteins E(rns) and E; at the cell
surface and on isolated particles. J. Gen. Virol. 1999, 80 Pt 5, 1157-1165. [CrossRef]

9.  Riedel, C.; Lamp, B.; Heimann, M.; Koénig, M.; Blome, S.; Moennig, V.; Schuttler, C.; Thiel, H.J.; Rtimenapf, T. The core protein of
classical Swine Fever virus is dispensable for virus propagation in vitro. PLoS Pathog. 2012, 8, €1002598. [CrossRef]

10.  Oetter, K.M; Kiihn, J.; Meyers, G. Charged Residues in the Membrane Anchor of the Pestiviral E(rns) Protein Are Important for
Processing and Secretion of E(rns) and Recovery of Infectious Viruses. Viruses 2021, 13, 444. [CrossRef]

11. Tews, B.A,; Klingebeil, A.; Kuhn, J.; Franzke, K.; Rumenapf, T.; Meyers, G. The E(rns) Carboxyterminus: Much More Than a
Membrane Anchor. Viruses 2021, 13, 1203. [CrossRef]

12. Reimann, I.; Meyers, G.; Beer, M. Trans-complementation of autonomously replicating Bovine viral diarrhea virus replicons with
deletions in the E; coding region. Virology 2003, 307, 213-227. [CrossRef]

13.  Reimann, I.; Semmler, I; Beer, M. Packaged replicons of bovine viral diarrhea virus are capable of inducing a protective immune
response. Virology 2007, 366, 377-386. [CrossRef]

14. Rumenapf, T.; Stark, R.; Heimann, M.; Thiel, H.J. N-terminal protease of pestiviruses: Identification of putative catalytic residues
by site-directed mutagenesis. J. Virol. 1998, 72, 2544-2547. [CrossRef]

15. Gottipati, K.; Acholi, S.; Ruggli, N.; Choi, K.H. Autocatalytic activity and substrate specificity of the pestivirus N-terminal
protease Npro. Virology 2014, 452—453, 303-309. [CrossRef]

16. Tratschin, J.D.; Moser, C.; Ruggli, N.; Hofmann, M.A. Classical swine fever virus leader proteinase Npro is not required for viral
replication in cell culture. J. Virol. 1998, 72, 7681-7684. [CrossRef] [PubMed]

17. Gil, LH.; Ansari, LH.; Vassilev, V,; Liang, D.; Lai, V.C.; Zhong, W.; Hong, Z.; Dubovi, E.J.; Donis, R.O. The amino-terminal

domain of bovine viral diarrhea virus Npro protein is necessary for alpha/beta interferon antagonism. J. Virol. 2006, 80, 900-911.
[CrossRef]


http://doi.org/10.1099/jgv.0.000672
http://www.ncbi.nlm.nih.gov/pubmed/28218572
http://doi.org/10.1099/jgv.0.000873
http://www.ncbi.nlm.nih.gov/pubmed/28786787
http://doi.org/10.3390/v13081542
http://doi.org/10.1016/bs.aivir.2015.03.002
http://doi.org/10.1128/jvi.65.9.4705-4712.1991
http://doi.org/10.1099/0022-1317-80-5-1157
http://doi.org/10.1371/journal.ppat.1002598
http://doi.org/10.3390/v13030444
http://doi.org/10.3390/v13071203
http://doi.org/10.1016/S0042-6822(02)00129-0
http://doi.org/10.1016/j.virol.2007.05.006
http://doi.org/10.1128/JVI.72.3.2544-2547.1998
http://doi.org/10.1016/j.virol.2014.01.026
http://doi.org/10.1128/JVI.72.9.7681-7684.1998
http://www.ncbi.nlm.nih.gov/pubmed/9696875
http://doi.org/10.1128/JVI.80.2.900-911.2006

Viruses 2021, 13, 2204 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Meyers, G.; Ege, A ; Fetzer, C.; von Freyburg, M.; Elbers, K.; Carr, V.; Prentice, H.; Charleston, B.; Schiirmann, E.M. Bovine viral
diarrhoea virus: Prevention of persistent foetal infection by a combination of two mutations affecting the Erns RNase and the
Npro protease. ]. Virol. 2007, 81, 3327-3338. [CrossRef] [PubMed]

Bauhofer, O.; Summerfield, A.; McCullough, K.C.; Ruggli, N. Role of double-stranded RNA and Npro of classical swine fever
virus in the activation of monocyte-derived dendritic cells. Virology 2005, 343, 93-105. [CrossRef]

Hilton, L.; Moganeradj, K.; Zhang, G.; Chen, Y.H.; Randall, R.E.; McCauley, ].W.; Goodbourn, S. The NPro product of bovine viral
diarrhea virus inhibits DNA binding by interferon regulatory factor 3 and targets it for proteasomal degradation. J. Virol. 2006,
80, 11723-11732. [CrossRef] [PubMed]

La Rocca, S.A.; Herbert, R.J.; Crooke, H.; Drew, TW.; Wileman, T.E.; Powell, PP. Loss of interferon regulatory factor 3 in cells
infected with classical swine fever virus involves the N-terminal protease, Npro. J. Virol. 2005, 79, 7239-7247. [CrossRef]
Ruggli, N.; Tratschin, J.D.; Schweizer, M.; McCullough, K.C.; Hofmann, M.A.; Summerfield, A. Classical swine fever virus
interferes with cellular antiviral defense: Evidence for a novel function of N(pro). J. Virol. 2003, 77, 7645-7654. [CrossRef]
[PubMed]

Magkouras, I.; Mitzener, P.; Riimenapf, T.; Peterhans, E.; Schweizer, M. RNase-dependent inhibition of extracellular, but not
intracellular, dsSRNA-induced interferon synthesis by Erns of pestiviruses. J. Gen. Virol. 2008, 89, 2501-2506. [CrossRef] [PubMed]
Mitzener, P.; Magkouras, I.; Riimenapf, T.; Peterhans, E.; Schweizer, M. The viral RNase E(rns) prevents IFN type-I triggering by
pestiviral single- and double-stranded RNAs. Virus Res. 2009, 140, 15-23. [CrossRef] [PubMed]

Meyers, G.; Saalmdtiller, A.; Biittner, M. Mutations abrogating the RNase activity in glycoprotein e(rns) of the pestivirus classical
swine fever virus lead to virus attenuation. J. Virol. 1999, 73, 10224-10235. [CrossRef]

Ziircher, C.; Sauter, K.S.; Schweizer, M. Pestiviral E(rns) blocks TLR-3-dependent IFN synthesis by LL37 complexed RNA. Vet.
Microbiol. 2014, 174, 399-408. [CrossRef] [PubMed]

Aberle, D.; Muhle-Goll, C.; Biirck, J.; Wolf, M.; Reisser, S.; Luy, B.; Wenzel, W.; Ulrich, A.S.; Meyers, G. Structure of the membrane
anchor of pestivirus glycoprotein E(rns), a long tilted amphipathic helix. PLoS Pathog. 2014, 10, e1003973. [CrossRef] [PubMed]
Aberle, D.; Oetter, KM.; Meyers, G. Lipid Binding of the Amphipathic Helix Serving as Membrane Anchor of Pestivirus
Glycoprotein Erns. PLoS ONE 2015, 10, e0135680. [CrossRef]

Fetzer, C.; Tews, B.A.; Meyers, G. The carboxy-terminal sequence of the pestivirus glycoprotein E(rns) represents an unusual type
of membrane anchor. J. Virol. 2005, 79, 11901-11913. [CrossRef]

Tews, B.A.; Meyers, G. The Pestivirus Glycoprotein Erns Is Anchored in Plane in the Membrane via an Amphipathic Helix. J. Biol.
Chem. 2007, 282, 32730-32741. [CrossRef]

Riimenapf, T.; Unger, G.; Strauss, J.H.; Thiel, H.]. Processing of the envelope glycoproteins of pestiviruses. J. Virol. 1993, 67,
3288-3295. [CrossRef]

Bintintan, I.; Meyers, G. A new type of signal peptidase cleavage site identified in an RNA virus polyprotein. J. Biol. Chem. 2010,
285, 8572-8584. [CrossRef]

Burrack, S.; Aberle, D.; Biirck, J.; Ulrich, A.S.; Meyers, G. A new type of intracellular retention signal identified in a pestivirus
structural glycoprotein. FASEB ]. Off. Publ. Fed. Am. Soc. Exp. Biol. 2012, 26, 3292-3305. [CrossRef] [PubMed]

Mu, Y,; Bintintan, I.; Meyers, G. Downstream Sequences Control the Processing of the Pestivirus E(rns)-E1 Precursor. J. Virol.
2020, 95. [CrossRef] [PubMed]

Meyer, C.; Von Freyburg, M.; Elbers, K.; Meyers, G. Recovery of virulent and RNase-negative attenuated type 2 bovine viral
diarrhea viruses from infectious cDNA clones. J. Virol. 2002, 76, 8494-8503. [CrossRef] [PubMed]

Sainz, L.LE; Holinka, L.G.; Lu, Z.; Risatti, G.R.; Borca, M.V. Removal of a N-linked glycosylation site of classical swine fever virus
strain Brescia Erns glycoprotein affects virulence in swine. Virology 2008, 370, 122-129. [CrossRef]

Weiland, E.; Ahl, R;; Stark, R.; Weiland, F.; Thiel, H.]. A second envelope glycoprotein mediates neutralization of a pestivirus, hog
cholera virus. J. Virol. 1992, 66, 3677-3682. [CrossRef]

Krey, T.; Bontems, F.; Vonrhein, C.; Vaney, M.C.; Bricogne, G.; Riimenapf, T.; Rey, EA. Crystal structure of the pestivirus envelope
glycoprotein E(rns) and mechanistic analysis of its ribonuclease activity. Structure 2012, 20, 862—-873. [CrossRef] [PubMed]
Stark, R.; Riimenapf, T.; Meyers, G.; Thiel, ].H. Genomic localization of hog cholera virus glycoproteins. Virology 1990, 174,
286-289. [CrossRef]

Tews, B.A.; Schiirmann, E.M.; Meyers, G. Mutation of cysteine 171 of pestivirus E rns RNase prevents homodimer formation and
leads to attenuation of classical swine fever virus. J. Virol. 2009, 83, 4823-4834. [CrossRef]

Tucakov, A.K,; Yavuz, S.; Schurmann, E.M.; Mischler, M.; Klingebeil, A.; Meyers, G. Restoration of glycoprotein E(rns) dimerization
via pseudoreversion partially restores virulence of classical swine fever virus. J. Gen. Virol. 2018, 99, 86-96. [CrossRef]

Cao, L.; Yu, B.; Kong, D.; Cong, Q.; Yu, T.; Chen, Z.; Hu, Z.; Chang, H.; Zhong, J.; Baker, D.; et al. Functional expression and
characterization of the envelope glycoprotein E1E2 heterodimer of hepatitis C virus. PLoS Pathog. 2019, 15, €1007759. [CrossRef]
Castelli, M.; Clementi, N.; Pfaff, J.; Sautto, G.A.; Diotti, R.A.; Burioni, R.; Doranz, B.].; Dal Peraro, M.; Clementi, M.; Mancini, N. A
Biologically-validated HCV E1E2 Heterodimer Structural Model. Sci. Rep. 2017, 7, 214. [CrossRef]

Deleersnyder, V.; Pillez, A.; Wychowski, C.; Blight, K.; Xu, J.; Hahn, Y.S.; Rice, C.M.; Dubuisson, J. Formation of native hepatitis C
virus glycoprotein complexes. J. Virol. 1997, 71, 697-704. [CrossRef]


http://doi.org/10.1128/JVI.02372-06
http://www.ncbi.nlm.nih.gov/pubmed/17215285
http://doi.org/10.1016/j.virol.2005.08.016
http://doi.org/10.1128/JVI.01145-06
http://www.ncbi.nlm.nih.gov/pubmed/16971436
http://doi.org/10.1128/JVI.79.11.7239-7247.2005
http://doi.org/10.1128/JVI.77.13.7645-7654.2003
http://www.ncbi.nlm.nih.gov/pubmed/12805464
http://doi.org/10.1099/vir.0.2008/003749-0
http://www.ncbi.nlm.nih.gov/pubmed/18796719
http://doi.org/10.1016/j.virusres.2008.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19041350
http://doi.org/10.1128/JVI.73.12.10224-10235.1999
http://doi.org/10.1016/j.vetmic.2014.09.028
http://www.ncbi.nlm.nih.gov/pubmed/25457366
http://doi.org/10.1371/journal.ppat.1003973
http://www.ncbi.nlm.nih.gov/pubmed/24586172
http://doi.org/10.1371/journal.pone.0135680
http://doi.org/10.1128/JVI.79.18.11901-11913.2005
http://doi.org/10.1074/jbc.M706803200
http://doi.org/10.1128/jvi.67.6.3288-3294.1993
http://doi.org/10.1074/jbc.M109.083394
http://doi.org/10.1096/fj.12-207191
http://www.ncbi.nlm.nih.gov/pubmed/22549508
http://doi.org/10.1128/JVI.01905-20
http://www.ncbi.nlm.nih.gov/pubmed/33028718
http://doi.org/10.1128/JVI.76.16.8494-8503.2002
http://www.ncbi.nlm.nih.gov/pubmed/12134054
http://doi.org/10.1016/j.virol.2007.08.028
http://doi.org/10.1128/jvi.66.6.3677-3682.1992
http://doi.org/10.1016/j.str.2012.03.018
http://www.ncbi.nlm.nih.gov/pubmed/22579253
http://doi.org/10.1016/0042-6822(90)90076-4
http://doi.org/10.1128/JVI.01710-08
http://doi.org/10.1099/jgv.0.000990
http://doi.org/10.1371/journal.ppat.1007759
http://doi.org/10.1038/s41598-017-00320-7
http://doi.org/10.1128/jvi.71.1.697-704.1997

Viruses 2021, 13, 2204 17 of 17

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Falson, P.; Bartosch, B.; Alsaleh, K.; Tews, B.A.; Loquet, A.; Ciczora, Y.; Riva, L.; Montigny, C.; Montpellier, C.; Duverlie, G.; et al.
Hepatitis C Virus Envelope Glycoprotein E; Forms Trimers at the Surface of the Virion. J. Virol. 2015, 89, 10333-10346. [CrossRef]
[PubMed]

Op De, B.A.; Montserret, R.; Duvet, S.; Cocquerel, L.; Cacan, R.; Barberot, B.; Le, M.M.; Penin, F.; Dubuisson, J. The transmembrane
domains of hepatitis C virus envelope glycoproteins E; and E, play a major role in heterodimerization. J. Biol. Chem. 2000, 275,
31428-31437. [CrossRef] [PubMed]

Vieyres, G.; Thomas, X.; Descamps, V.; Duverlie, G.; Patel, A.H.; Dubuisson, J. Characterization of the envelope glycoproteins
associated with infectious hepatitis C virus. J. Virol. 2010, 84, 10159-10168. [CrossRef]

Sutter, G.; Ohlmann, M.; Erfle, V. Non-replicating vaccinia vector efficiently expresses bacteriophage T7 RNA polymerase. FEBS
Lett. 1995, 371, 9-12. [CrossRef]

Sambrook, J.; Russell, D.W. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor Laboratory: Cold Spring Harbor, NY,
USA, 2001.

Burrack, S. Identifizierung und Charakterisierung des Riickhaltesignals des Pestiviralen Glykoproteins Erns; Eberhard-Karls-Universitat
Tibingen: Tiibingen, Germany, 2011.

Schégger, H.; Jagow, G.v. Tricine- sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the separation of proteins in the
range from 1 to 100 kDa. Anal. Biochem. 1987, 166, 368-379. [CrossRef]

Langedijk, J.P; van Veelen, P.A.; Schaaper, W.M.; de Ru, A.H.; Meloen, R.H.; Hulst, M.M. A structural model of pestivirus E(rns)
based on disulfide bond connectivity and homology modeling reveals an extremely rare vicinal disulfide. J. Virol. 2002, 76,
10383-10392. [CrossRef]

Ciglic, M.L; Jackson, PJ.; Raillard, S.A.; Haugg, M.; Jermann, T.M.; Opitz, ].G.; Trabesinger-Ruf, N.; Benner, S.A. Origin of dimeric
structure in the ribonuclease superfamily. Biochemistry 1998, 37, 4008—4022. [CrossRef]

Kim, J.S.; Soucek, J.; Matousek, J.; Raines, R.T. Mechanism of ribonuclease cytotoxicity. J. Biol. Chem. 1995, 270, 31097-31102.
[CrossRef]

Kim, J.S.; Soucek, J.; Matousek, J.; Raines, R.T. Structural basis for the biological activities of bovine seminal ribonuclease. J. Biol.
Chem. 1995, 270, 10525-10530. [CrossRef] [PubMed]

Lee, J.E; Raines, R.T. Cytotoxicity of bovine seminal ribonuclease: Monomer versus dimer. Biochemistry 2005, 44, 15760-15767.
[CrossRef] [PubMed]

Ciczora, Y.; Callens, N.; Penin, F; Pecheur, E.I.; Dubuisson, ]. Transmembrane domains of hepatitis C virus envelope glycoproteins:
Residues involved in E1E2 heterodimerization and involvement of these domains in virus entry. J. Virol. 2007, 81, 2372-2381.
[CrossRef]

Cocquerel, L.; Duvet, S.; Meunier, ].C.; Pillez, A.; Cacan, R.; Wychowski, C.; Dubuisson, J. The transmembrane domain of hepatitis
C virus glycoprotein E; is a signal for static retention in the endoplasmic reticulum. J. Virol. 1999, 73, 2641-2649. [CrossRef]
[PubMed]

Op De, B.A; Voisset, C.; Bartosch, B.; Ciczora, Y.; Cocquerel, L.; Keck, Z.; Foung, S.; Cosset, EL.; Dubuisson, J. Characterization of
functional hepatitis C virus envelope glycoproteins. J. Virol. 2004, 78, 2994-3002. [CrossRef] [PubMed]

Mu, Y; Radtke, C.; Tews, B.A.; Meyers, G. Characterization of membrane topology and retention signal of pestiviral glycoprotein
E;1. J. Virol. 2021, 95, €0052121. [CrossRef] [PubMed]

Lussi, C.; de Martin, E.; Schweizer, M. Positively Charged Amino Acids in the Pestiviral E(rns) Control Cell Entry, Endoribonucle-
ase Activity and Innate Immune Evasion. Viruses 2021, 13, 1581. [CrossRef]


http://doi.org/10.1128/JVI.00991-15
http://www.ncbi.nlm.nih.gov/pubmed/26246575
http://doi.org/10.1074/jbc.M003003200
http://www.ncbi.nlm.nih.gov/pubmed/10807921
http://doi.org/10.1128/JVI.01180-10
http://doi.org/10.1016/0014-5793(95)00843-X
http://doi.org/10.1016/0003-2697(87)90587-2
http://doi.org/10.1128/JVI.76.20.10383-10392.2002
http://doi.org/10.1021/bi972203e
http://doi.org/10.1074/jbc.270.52.31097
http://doi.org/10.1074/jbc.270.18.10525
http://www.ncbi.nlm.nih.gov/pubmed/7737987
http://doi.org/10.1021/bi051668z
http://www.ncbi.nlm.nih.gov/pubmed/16313179
http://doi.org/10.1128/JVI.02198-06
http://doi.org/10.1128/JVI.73.4.2641-2649.1999
http://www.ncbi.nlm.nih.gov/pubmed/10074109
http://doi.org/10.1128/JVI.78.6.2994-3002.2004
http://www.ncbi.nlm.nih.gov/pubmed/14990718
http://doi.org/10.1128/JVI.00521-21
http://www.ncbi.nlm.nih.gov/pubmed/34011544
http://doi.org/10.3390/v13081581

	Introduction 
	Materials and Methods 
	Cells and Viruses 
	Construction of Plasmids 
	Expression, Metabolic Labeling, and Immunoprecipitation of Proteins 
	Gel Electrophoresis, Detection, and Quantification of Precipitated Proteins 
	DSP Crosslink 
	Establishment of Helical Wheel Representation 

	Results 
	Erns without Cysteine 171 Forms Transient Dimers 
	Erns Does Not Contain a Specific Localized Contact Domain for Transient Interaction of Monomers 
	Dimerization Occurs with Cys Residues Located at Different Positions 
	Disulfide Bond Formation between C171 and C209 Is Not Detected 
	Formation of Disulfide Bonds between Closely Located Cys Residues 

	Discussion 
	References

