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ABSTRACT Like other enveloped viruses, pestiviruses employ cellular proteases for
processing of their structural proteins. While typical signal peptidase cleavage motifs
are present at the carboxy terminus of the signal sequence preceding Erns and the
E1/E2 and E2/P7 sites, the Erns-E1 precursor is cleaved by signal peptidase at a
highly unusual structure, in which the transmembrane sequence upstream of the
cleavage site is replaced by an amphipathic helix. As shown before, the integrity of
the amphipathic helix is crucial for efficient processing. The data presented here
demonstrate that the E1 sequence downstream of this cleavage site is also impor-
tant for the cleavage. Carboxy-terminal truncation of the E1 moiety as well as inter-
nal deletions in E1 reduced the cleavage efficiency to less than 30% of the wild-type
(wt) level. Moreover, the C-terminal truncation by more than 30 amino acids resulted
in strong secretion of the uncleaved fusion proteins. The reduced processing and in-
creased secretion were even observed when 10 to 5 amino-terminal residues of E1
were left, whereas extensions by 1 or 3 E1 residues resulted in reduced processing
but no significantly increased secretion. In contrast to the E1 sequences, a 10-amino-
acid c-myc tag fused to the Erns C terminus had only marginal effect on secretion
but was also not processed efficiently. Mutation of the von Heijne sequence up-
stream of E2 not only blocked the cleavage between E1 and E2 but also prevented
the processing between Erns and E2. Thus, processing at the Erns-E1 site is a highly
regulated process.

IMPORTANCE Cellular signal peptidase (SPase) cleavage represents an important
step in maturation of viral envelope proteins. Fine tuning of this system allows for
establishment of concerted folding and processing processes in different enveloped
viruses. We report here on SPase processing of the Erns-E1-E2 glycoprotein precursor
of pestiviruses. Erns-E1 cleavage is delayed and only executed efficiently when the
complete E1 sequence is present. C-terminal truncation of the Erns-E1 precursor im-
pairs processing and leads to significant secretion of the protein. The latter is not
detected when internal deletions preserving the E1 carboxy terminus are introduced,
but also these constructs show impaired processing. Moreover, Erns-E1 is only pro-
cessed after cleavage at the E1/E2 site. Thus, processing of the pestiviral glycopro-
tein precursor by SPase is done in an ordered way and depends on the integrity of
the proteins for efficient cleavage. The functional importance of this processing
scheme is discussed in the paper.
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Pestiviruses are important pathogens of livestock, and Pestivirus is classified as one
genus within the family Flaviviridae together with the genera Flavivirus, Hepacivirus,

and Pegivirus. Within the genus Pestivirus, 11 species are found (pestivirus A to K), with
pestivirus A, B, C, and D representing the long-known type species bovine viral diarrhea
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virus type 1 (BVDV-1) and type 2 (BVDV-2), classical swine fever virus (CSFV), and border
disease virus (BDV), respectively, while the other species comprise more exotic viruses
(1, 2).

As for other family members, the pestivirus genome consists of a positive-strand
RNA, which is single stranded and comprises one long open reading frame (ORF) (3).
Translation of the genomic RNA results in a polyprotein of �4,000 amino acids (aa). It
is cotranslationally and posttranslationally processed by cellular and viral proteases into
at least 12 mature proteins (3, 4), present in the polyprotein in the order NH2-Npro, C,
Erns, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B-COOH. Pestivirus particles
contain the proteins C, Erns, E1, and E2 (5, 6), with the glycoproteins Erns, E1, and E2
exposed on the host cell-derived lipid membrane surrounding the viral capsid com-
posed of C and the viral genomic RNA. E2 represents the receptor binding protein and
forms disulfide-linked heterodimers with E1. It is the main target for neutralizing
antibodies, whereas antibodies directed against Erns have only limited neutralizing
activity (7–10).

E1, E2, and also Erns represent essential structural proteins of pestiviruses (11, 12).
Erns forms disulfide-linked homodimers of �90 kDa, about half of which are due to
glycosylation (5, 13, 14). Interestingly, homodimer formation is dispensable for virus
viability but correlated with virus virulence (15, 16). The Erns protein is unique among
viral surface proteins since it contains an active site sequence motif and a three-
dimensional (3D) structure typical for RNases of the T2 superfamily (11, 17–19). It was
shown to degrade preferentially single-stranded RNA but is also able to cleave double-
stranded RNA, though with reduced activity (20–23). The RNase activity of Erns is
dispensable for virus viability but correlates with virus virulence (24, 25), most likely
because it is involved in blocking the host type 1 interferon response to infection
(26–29). A further unusual feature of this protein is its membrane anchor consisting of
a long carboxy-terminal amphipathic helix that aligns in plane with the membrane
surface (30–33). This kind of membrane association has been reported for only one
other surface protein so far, the GP3 protein of the arterivirus porcine respiratory and
reproductive syndrome virus (PRRSV) and seems to be responsible for the secretion of
these two proteins (34). In the case of Erns, about 5% of the protein translated in an
infected cell is secreted into the cell-free supernatant (14, 30–32). Erns secretion is
regarded as crucial for its inhibitory effect on the interferon system, which is especially
important for establishment of persistent pestivirus infections (26, 35, 36). In the
infected animals, considerable amounts of Erns are found in the blood (27).

Processing of the structural protein region of the pestivirus polyprotein is done by
cellular proteases. The cleavage sites identified at the amino-terminal ends of Erns, E2,
p7, and NS2 (14, 37, 38) meet the requirements of signal peptidase (SPase) cleavage
sites, namely, a positively charged N-terminal (n-) region and a central hydrophobic (h-)
region followed by a more hydrophilic part (c-region). The latter domain contains the
actual cleavage site with small and uncharged residues at positions �3 and �1 (39–42).
SPase processing at these sites was confirmed by mutagenesis analyses (3, 14, 37, 38).
In contrast, the site separating Erns and E1 does not comply with the above-described
features of SPase cleavage sites because the hydrophobic transmembrane region
preceding the cleavage site with the von Heijne motif is missing. As we have shown
before, the long amphipathic helix located upstream of the von Heijne motif at the Erns

carboxy terminus serves as Erns membrane anchor and substitutes for the TM region of
the standard SPase cleavage site so that the Erns/E1 site is also processed by SPase (43).
However, cleavage at this site is delayed when compared to the other processing steps
so that an Erns-E1 precursor is readily detected in infected or transfected cells (14, 43).
Because of its unusual membrane anchor, the complete Erns protein including its
carboxy terminus stays on the luminal side of the endoplasmic reticulum (ER) (30, 32).

In the work presented here, we analyzed the role of the E1 sequence for cleavage
at the Erns/E1 site. We show that efficient processing at this site depends on the
presence of full-length E1 and can occur only after cleavage of the E1/E2 site so that it
follows a hierarchical order.

Mu et al. Journal of Virology

January 2021 Volume 95 Issue 1 e01905-20 jvi.asm.org 2

https://jvi.asm.org


RESULTS
E1 sequences influence Erns-E1 processing. We have shown in a previous publi-

cation that the integrity of the amphipathic helix preceding the Erns/E1 cleavage site is
crucial for the cleavage at the Erns carboxy terminus (43). This finding indicated
structural requirements necessary to present this unusual cleavage site to SPase in a
cleavable conformation at the appropriate position with respect to the ER membrane.
This hypothesis raised the question of whether the sequence downstream of the
cleavage site also had a major impact on Erns-E1 processing. To analyze the influence
of E1 sequences on the processing step, we established a series of constructs express-
ing the Erns-E1 fusion protein of CSFV with increasing carboxy-terminal truncations of
E1. Full-length E1 consists of 195 amino acids. Already, a truncation by 15 carboxy-
terminal residues increased the amount of Erns-E1 precursor within the cell from ca. 20%
uncleaved product for the wild-type (wt) construct to more than 50% for the truncated
version (Fig. 1). The level of the precursor increased up to 75% when E1 was further
truncated so that the residual fragment encompassed only 139 amino acids. Truncation
beyond that point in steps preserving 112, 84, or 53 residual residues of E1 resulted in
somewhat lower processing impairment for the 112 and 53 constructs, but the lowest
level was still in the range of 60% of uncleaved precursor protein and, thus, consider-
ably higher than Erns fused to full-length E1.

When truncation was done in a way that only the 10 amino-terminal residues of E1
were left in the precursor, the size difference between precursor and processed Erns was
too low to allow for fully reliable quantification of the two possible products, even
though the location of the bands on the gel indicated that most of the protein was not
processed. To get further support for hampered processing of the plus 10 amino acid
product and to be able to analyze products with even shorter E1 extensions, we
replaced, in a synthetic construct, all methionine codons in the Erns coding sequence
except for the translational start codon by leucine codons and mutated the leucine
codon on position 1 of the E1 gene to a methionine triplet (Fig. 2A). Labeling of the
proteins encoded by the constructs shown in Fig. 2A with only methionine allowed
detection of all of the expressed proteins containing E1-derived extensions of 1 to 10
residues (Fig. 2B). This result was not due to the block of Erns-E1 processing introduced
by the Leu to Met exchange at position 1 of the E1 sequence since the SErns-E1 control
construct carrying this mutation was cleaved efficiently (Fig. 2C, left). According to the
Sherman rules (44), the initiator methionine of the expressed Erns is cleaved off so that
transient expression and labeling of the encoded protein with methionine would result
in an unlabeled Erns protein even in case of incomplete processing of the signal
sequence. Erns carrying a short E1 extension could only be detected when the E1
extension was not cleaved off. Indeed, upon transfection of a control plasmid coding
for Erns containing the mutations but no E1 extension, Erns could not be detected when
only a [35S]Met label was used, even though the mutated protein was detected via
Western blotting (Fig. 2C, right).Thus, at least part of the proteins detected in steady
state represent fusion proteins of Erns with a short E1 extension. The amount of
radioactivity present in the [35S]Met-labeled protein was quite low so that quantitative
evaluation of the results was difficult. However, comparison of the signals determined
via phosphorimager analysis for the mutated proteins carrying only one labeled residue
and the corresponding polypeptides encompassing a wt Erns sequence indicated that
the amount of the mutated product (only unprocessed protein detectable) was in a
similar range as the protein with a wt Erns sequence (total protein amount including
processed and unprocessed form) (data not shown). Thus, processing of the precursor
proteins with small E1 extensions is obviously strongly hampered.

Truncated E1 sequences fused to Erns lead to increased secretion. Part of the Erns

protein synthesized within infected cells is secreted into the supernatant (14). We have
shown before that secretion is also observed after transient expression of Erns. The
unusual membrane anchor of Erns is important for secretion, and mutations affecting
the nature of the amphipathic helix lead to dramatically increased release of Erns into
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FIG 1 Effect of C-terminal truncation on processing of the Erns-E1 precursor protein. (A) Schematic
representation of the proteins expressed from constructs encoding wild-type Erns-E1 (SErns-E1) or Erns-E1
with carboxy-terminal truncations (SErns-E1:X) of CSFV. The signal sequence preceding Erns is shown as
gray bar, whereas Erns and E1 sequences are represented by white bars. The carboxy-terminal hydro-
phobic region of E1 representing the putative membrane anchor (MA) is indicated by a dark gray bar in
the wt construct. The dotted line surrounding the E1 sequence in SErns-E1:X indicates that the E1
sequence in these constructs is incomplete due to the truncations. The length of the E1 sequence of
constructs SErns-E1:X is 10 to 180 amino acids (aa) as given below the E1 bar and in the name of the
constructs. Arrows indicate the signal peptidase (SPase) cleavage sites in the expressed proteins with a
dotted arrow indicating the impaired cleavage between Erns and E1 in the truncation constructs. Below
the scheme, the amino acid sequence flanking the Erns/E1 cleavage site in CSFV Alfort/Tübingen is given.
The location of the cleavage site is indicated with a dotted vertical line. (B) Result of an immunopre-
cipitation experiment using Erns-specific monoclonal antibody 24/16 with PNGase F treatment of
precipitation products prior to separation by PAGE. The transiently expressed constructs are given on
top. The constructs code for SErns-E1 (wild-type Erns-E1 fusion protein), SErns (Erns alone), and the
carboxy-terminal truncation mutants (Erns plus the indicated residual amino acids of E1). The position of
size marker bands is given on the left, and the location of unprocessed precursor (Erns-E1:X) and
processed Erns (Erns) are indicated. (C) Diagram summarizing the results of immunoprecipitation exper-
iments. The bars represent the percentage of uncleaved Erns-E1 precursor determined in at least 3
independent experiments. For calculation, the radioactivity measured for processed Erns was multiplied
with a factor correcting the different numbers of labeled residues in Erns versus the fusion proteins
Erns-E1:X. This corrected value plus the signal determined for the uncleaved Erns-E1:X was set as 100%
recovered expression product from which the percent uncleaved product was calculated. Error bars are
indicated, and the P value for the results determined for the mutants with respect to the full-length
Erns-E1 is given (****, P � 0.0001). (a) For residual 10 amino acids of E1, a correct differentiation of
precursor and processing product is not possible. (b) There is no cleavage in SErns since it encodes only
Erns.
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the cell-free medium (30–33). Since truncated E1 sequences fused to the Erns carboxy
terminus strongly impair processing of the Erns/E1 cleavage site, we were wondering
whether these changes also influence the equilibrium of Erns retention/secretion. We,
therefore, analyzed the supernatant of cells transiently expressing the Erns-E1 precursor
protein with carboxy-terminal deletions of E1 for the presence of secreted proteins (Fig.
3). For all of our proteins truncated by 30 or more carboxy-terminal residues, we found
significant secretion that by far exceeded the level determined for wt Erns without E1
sequences or a fusion protein composed of both full-length Erns and E1 (Fig. 3, SErns or
SErns-E1, respectively). Importantly, only the Erns-E1 truncated fusion proteins were
found in significant amounts in the supernatant, whereas even after prolonged expo-
sure times the processed Erns was not clearly detected, which can be a result of the low
amounts of processed product generated in the cells (compare Erns band of the
truncated mutants or SErns-E1 in the cell extract with the intensity of the Erns signal
derived from the SErns construct in Fig. 1 and the weak band observed in the
supernatant for this construct in Fig. 3). It has to be mentioned that this fact changes,
for the truncated E1 fusion constructs, the ratio of processed versus unprocessed
product to even higher levels of unprocessed product because the amount of precursor
found within the cells plus the signal in the supernatant (total uncleaved precursor)
have to be compared with the processed Erns in the cells. Taking this into account, 26%
of total uncleaved precursor can be determined for SErns-E1 versus 73% to 89% for the
proteins with truncated E1.

To verify that the observed increase in product amounts in the supernatant was due
to increased transport instead of more efficient release of the fusion proteins from a cell
surface-bound state, we analyzed the products present in extracts of transfected cells
via immunoprecipitation and subsequent endoglycosidase H (EndoH) treatment. Since
carbohydrates on glycoproteins acquire an EndoH-resistant phenotype when passing
the Golgi apparatus, the detection of higher amounts of EndoH-resistant products
demonstrates increased transport from the ER toward the plasma membrane. After
SDS-PAGE, a significantly higher amount of EndoH-resistant protein was detected for
the two analyzed truncated fusion proteins compared to Erns alone (6% for SErns alone

FIG 2 Influence of short E1 extensions on signal peptidase processing at the Erns C terminus. (A)
Schematic representation of the constructs. The red asterisks indicate that all methionine residues were
removed from the Erns moiety of the expressed constructs. The red “1” shows that the first amino acid
of the E1 part was changed to methionine. The carboxy-terminal hydrophobic region of E1 representing
the putative membrane anchor (MA) is indicated by a dark gray bar in the wt construct. (B) Results of
immunoprecipitation of Erns-E1 precursors after labeling with 35S-methionine only. Please notice that the
only labeled residue present in the precipitated proteins is the first amino acid of E1. Thus, the processed
product would not be detected here, and the labeling intensity is very poor, resulting in an image with
lots of pixels. As indicated by the black line, the samples and the mock control were run on the same gel
but not directly next to each other. (C) The left part shows the results of an immunoprecipitation
comparing processing of wt Erns-E1 and a mutant with leucine at position 1 of E1 replaced by methionine.
As a control, the processed Erns is shown. The upper gel on the right shows a Western blot demonstrating
expression of Erns without methionine and wt, whereas the gel below shows the immunoprecipitated
products after methionine labeling. The samples shown in the bottom panel on the right were run on
the same gel but not in neighboring lanes.
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versus 44% or 37% for SErns-E1:84 or SErns-E1:139, respectively) (Fig. 3D). As expected
in the light of its very low secretion rate, EndoH-resistant carbohydrates could not be
identified for the full-length SErns-E1. Taken together, truncated E1 extensions fused to
the Erns carboxy terminus strongly impair Erns-E1 processing and interfere with intra-
cellular retention of the fusion protein despite the presence of the known Erns retention
signal (45).

Furthermore, we wanted to test the influence of very short E1 sequences fused to
Erns on intracellular retention of the protein. Therefore, we analyzed the supernatant of
cells transfected with the constructs SErns-E1:1 to SErns-E1:10. As shown in Fig. 2,
products expressed from these constructs preserved at least a considerable percentage
of the E1 sequences bound to Erns. For all of these constructs, we observed elevated
secretion rates. The difference was not significant for SErns-E1:1. In contrast, the other
constructs yielded increases with P values of 0.011 for the 3-amino-acid extension and
P values of �0.0001 for the other constructs compared to the Erns protein without
extension. The secretion level increased with the length of the E1 sequence, and
extensions of 5 and more residues resulted in very strongly elevated secretion rates of
up to 50% for SErns-E1:9 compared with the rate of ca. 5% determined for SErns (Fig. 4).

FIG 3 E1 extensions at the Erns carboxy terminus lead to increased secretion of the precursor protein. (A) Schematic
representation of the constructs. (B) PAGE of proteins precipitated from the supernatant of cells transiently
expressing the indicated viral proteins. The precipitation products were treated with PNGase F before electropho-
resis. (C) Diagram summarizing the results of at least three independent immunoprecipitation experiments
quantified by phosphorimager analysis. The bars represent the amount of secreted proteins as a percent of total
recovered expression product. For calculation, the results for extra- and intracellular proteins (Erns counts corrected
for lower number of labeled residues) were set to 100% expression product as basis for calculation of the secretion
value. Error bars are indicated as well as the P value of Erns, with E1 extension compared to Erns without E1
(construct SErns). ****, P � 0.0001. Please note that secretion of processed Erns was negligible for the constructs with
extension. Neither full-length Erns-E1 expressed from SErnsE1 nor the truncated version stemming from SErns-E1:180
revealed significantly different secretion rates in comparison with SErns. (D) PAGE of proteins precipitated from the
extracts of cells transiently expressing the indicated viral proteins. The precipitation products were treated with
EndoH before electrophoresis. The location of the highly glycosylated proteins in the upper region of the gel
with EndoH-resistant carbohydrates is indicated. The bands below represent ER resident proteins deglycosylated
by the EndoH treatment.
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To verify that the secreted Erns contained the E1-derived extensions, we expressed
the mutant proteins with only one methionine (first residue of the E1 moiety; see Fig.
2) and analyzed the secreted products after [35S]Met labeling. For extensions of 5 to 10
residues, clear signals were observed, whereas Erns proteins with 1 or 3 E1 residues were
difficult to detect (Fig. 4D). As mentioned above, quantification of the obtained weak
signals is not precise enough, but the analyses indicated that the apparent secretion
rate of the methionine-depleted proteins was higher than that of the corresponding
polypeptides with a wt number of methionine residues. This observation can be
explained with partial cleavage at the Erns/E1 site, resulting in unlabeled Erns for the
former constructs. As a result, a lower total protein amount (sum of intracellular and
secreted protein) would be determined after [35S]Met labeling, leading to an apparent
shift toward the secreted protein if predominantly the unprocessed precursor was
secreted as seen before (see Fig. 3).

Taken together, the results of our analyses also show that very short E1-derived
sequences fused to the Erns C terminus are mostly not cleaved off. The fusion proteins
with 5 or more E1 residues are strongly secreted from the cells.

Presence of the E1 membrane anchor prevents secretion of Erns/E1 but is not
sufficient for its efficient processing. One possible explanation for the above-
mentioned results concerning the secretion of the C-terminally truncated Erns-E1 fusion
proteins is the loss of membrane anchoring of E1. The length of the E1 membrane
anchor and its membrane topology have not yet been studied in detail, but in analogy
to the situation in hepatitis C virus (HCV) (46), it is likely that the last ca. 30 residues of

FIG 4 Very short E1 extensions at the Erns carboxy terminus lead to increased secretion of the precursor
protein. (A) Schematic representation of the constructs. (B) PAGE of proteins precipitated from the
supernatant or extracts of cells transiently expressing the indicated viral proteins. The precipitation
products were treated with PNGase F before electrophoresis. (C) Diagram summarizing the results of at
least three independent immunoprecipitation experiments quantified by phosphorimager analysis. The
bars represent the amount of secreted proteins as percent of total recovered expression product. For
calculations, the results for extra- and intracellular proteins were set to 100% expression product as the
basis for calculation of the secretion value. Error bars are indicated as well as the P value of Erns with E1
extension compared to Erns without E1 (construct SErns; see Fig. 1 and 3 for PAGE pictures). ****,
P � 0.0001; *, P � 0.011. Please note that secretion of full-length Erns-E1 and Erns expressed from
SErnsE1was detected only after prolonged exposure time. The secretion rate determined for SErnsE1:1 was
not significantly different compared to that of SErns. (D) PAGE with secretion products precipitated from
supernatants of cells expressing the indicated proteins with Erns containing no methionine (indicated by
red asterisk) and the first residue of the E1 moiety replaced by methionine (indicated by red “1”). The
expressed protein was labeled with [35S]-methionine alone, resulting in low intensity of the bands and
visible pixels. Only Erns proteins carrying a carboxy-terminal E1 extension are detected here. As indicated
by the black line, the samples and the mock control were run on the same gel but not directly next to
each other.

Processing of Pestivirus Glycoprotein Precursor Journal of Virology

January 2021 Volume 95 Issue 1 e01905-20 jvi.asm.org 7

https://jvi.asm.org


the protein are responsible for membrane binding and processing at the E1/E2 site. The
deletion of the last 16 codons introduced into construct SErns-E1:180 preserves at least
part of this hypothetical membrane binding region and might serve as a stop transfer
signal, whereas the next truncated protein (SErns-E1:165) has lost all of it. As shown
before, secretion of the SErns-E1:180 protein is in the same close to the background
range as the full-length product. In order to test whether the absence of a carboxy-
terminal membrane anchor is responsible for the increased secretion of the other
truncated Erns-E1 proteins, we established constructs SErns-E1:10-MA, SErns-SE1:53-MA,
SErns-E1:84-MA, SErns-E1:112-MA, and SErns-E1:139-MA coding for proteins with the
indicated amino-terminal fragments of E1 followed by the carboxy-terminal 30 amino
acids of this protein. Transient expression studies revealed no significantly increased
secretion of either of these proteins in comparison with wt Erns-E1, whereas a positive
control (truncated protein without membrane anchor; see also Fig. 3) was clearly visible
(Fig. 5B). However, the efficiency of processing at the Erns/E1 site was still compromised,

FIG 5 The presence of the proposed membrane anchor of E1 prevents increased secretion but cannot restore efficient processing of
truncated Erns-E1 proteins. (A) Schematic representation of the expressed constructs. The carboxy-terminal 30 amino acids of E1 containing
the predicted E1 membrane anchor is shown as a black bar. The different lengths of the internal deletions in the E1 sequences (symbolized
by the horizontal dotted line for the construct with the shortest deletion) are indicated. The constructs are equivalent with the truncation
products shown in Fig. 1 and 3 except for the presence of the 30 carboxy-terminal amino acids of E1. (B) PAGE of proteins precipitated
from the supernatant or extracts of cells transiently expressing the indicated viral proteins. Construct SErns-E1:165 is shown here as a
positive control for a strongly secreted truncation mutant. The precipitation products were treated with PNGase F before electrophoresis.
(C) PAGE with proteins precipitated from extract of cells expressing the indicated proteins. The positions of Erns-E1 precursors and
processed Erns are indicated. The upper bands of lower intensity seen for SErns-E1:84-MA and SErns-E1:139-MA are due to incomplete
deglycosylation. (D) Diagram summarizing the results of at least three independent immunoprecipitation experiments quantified by
phosphorimager analysis. The bars represent the amount of precursor proteins as a percent of total recovered expression product. The
calculation including correction for lower numbers of labeled residues in Erns was done as described in the Fig. 1 legend. Since no
detectable secretion of the proteins occurred, protein from the supernatant did not have to be taken into account. Error bars are indicated
as well as the P value of Erns with E1 extension compared to Erns with full-length E1 (construct SErns-E1). ****, P � 0.0001.
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though not in all cases to the same extent as found before for the truncated proteins
without membrane anchor (Fig. 5C and D compared to Fig. 1B and C). These results fit
with the data presented for SErns-E1:180 in Fig. 1 and 3, showing absence of strong
secretion but impairment of processing for this construct so that it can be concluded
that a decrease of processing and increase of secretion of Erns proteins carrying
truncated E1 sequences are not directly linked. We also checked whether processing
efficiency could be restored upon coexpression of truncated Erns-E1 with full-length E1.
We selected constructs SErns-E1:84 and SErns-E1:139-MA for this test and used an E1
expression construct coding for E1 with an amino-terminal hemagglutinin (HA) tag.
However, despite the presence of full-length E1, processing efficiency was low and
equivalent to what we measured before (data not shown). Thus, it can be concluded
that efficient processing of the Erns-E1 precursor is dependent on a full-length E1
present in the precursor protein.

Not all sequences fused to the Erns carboxy terminus lead to strongly increased
secretion in the absence of the E1 membrane anchor. We were interested to analyze
whether the presence of additional amino acids at the Erns carboxy terminus generally
leads to impaired processing and increased secretion of the protein if a carboxy-
terminal membrane anchor is missing. To test whether the primary sequence of the
extension plays a role, we established constructs coding for Erns with 3 and 5 extra
alanine residues at the carboxy terminus (SErns-3A and SErns-5A, respectively). In
transient experiments, about 7% of the expressed proteins were secreted, which is in
the same range as the wt level (Fig. 6). As a further step, we analyzed a construct
containing the Erns gene fused to a sequence coding for the 10-amino-acid c-Myc tag.
In contrast to Erns-E1:10 for which more than 40% of secretion was determined, only
significantly less than 10% of the Erns-Myc protein was detected in the supernatant (Fig.

FIG 6 Extensions of 3 or 5 alanine residues or a c-Myc tag fused to the Erns carboxy terminus do not provoke strong secretion, but
at least cleavage of c-Myc is very poor. (A) Schematic representation of the constructs with SErns-X containing the given extensions
fused to Erns. (B) Results of immunoprecipitation of transiently expressed wt (SErns) or alanine extended Erns from cell extract and
supernatant. (C) Results of immunoprecipitation of transiently expressed wt (SErns) or Erns with either 10 residues of E1 or the
10-amino-acid c-Myc tag from cell extracts or cell-free supernatant. (D) Bar diagram representing the secretion rate quantified from
at least 3 independent experiments as shown exemplarily in panel C. Error bars are given. The difference between wt SErns and
SErns-myc is not significant, whereas P � 0.0001 was determined for SErns-E1:10 in relation to the other two constructs.
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6). For the c-Myc tag construct, only one band was detected that comigrated with
Erns-E1:10, at a position somewhat higher than Erns. Thus, the difference between the
two constructs with extension with regard to secretion cannot be due to more efficient
processing of the c-Myc fusion protein. The Erns c-Myc fusion protein is less efficiently
secreted, maybe because its membrane binding and/or interaction with retention-
relevant partners is less impaired. Taken together, these results show that a C-terminal
extension fused to Erns does not generally lead to a high secretion level. However,
processing at the Erns carboxy terminus is strongly hampered in the absence of a
full-length E1, showing again the importance of the downstream sequence for cleavage
at this site.

Mutation analysis reveals that the conserved amino-terminal sequence of E1 is
not crucial for Erns-E1 processing. We have shown before that the C terminus of Erns

with five out of six residues conserved among pestivirus species is crucial for SPase
cleavage (43). Since the utmost N-terminal sequence of E1 also contains highly con-
served residues (Fig. 7), we tested whether, in addition to dependence on a full-length
E1, these conserved residues also have a major impact on Erns-E1 processing. We,
therefore, introduced several mutations into the 5= terminal part of the E1 coding
sequence of SErns-E1. In the first series of three mutants, we changed the residues at
positions 3, 4, and 5 of E1 (P, Y, and C) to A, T, and S, respectively. A second set
contained AAA for PYC (positions 3 to 5) or EQKL instead of LSP (positions 1 to 3 plus
one extra amino acid), with EQKL representing the amino-terminal sequence of the
c-Myc tag. After transient expression, these exchanges did not lead to significantly
impaired Erns-E1 processing or Erns secretion rates, indicating that conservation of the
sequence was not due to a function in processing or Erns membrane binding (not
shown). To check for another role of the E1 amino terminus in the virus life cycle, we
transferred these changes into our infectious full-length cDNA clone and tried to
recover viruses upon the transfection of RNA transcribed from the mutant constructs.
The mutants with only one exchange were easily recovered, leading to 100% positive
results when fresh cells were infected with freeze-thaw extracts of the electroporated
cells (Table 1). However, analysis of the recovered viruses revealed reversion of the
Y498T and C499S mutants regenerating the Tyr and Cys residues at their original
positions. In contrast, the P497A mutation was still present. The triple mutant PYC to
AAA was negative when reinfection of fresh cells was tried, whereas the variant with the
4 c-myc deduced residues resulted in 100% infection. Sequence analysis revealed that
the recovered virus had regenerated the Pro residue at position 497 (Table 1). Taken
together, the amino-terminal residues of E1 are not important for Erns-E1 processing
when full-length E1 is present, but the conserved residues play a role in production of
infectious viruses.

Processing at the Erns/E1 site is prevented when E1/E2 cleavage is blocked. In
addition to the mature glycoproteins Erns, E1, and E2, two precursor proteins were
detected in cells infected with a recombinant vaccinia virus expressing the CSFV
proteins Npro-C-Erns-E1-E2 (vaccinia virus recombinant 3.8 [14]). These precursor pro-

FIG 7 Conservation of amino acid sequences flanking the Erns/E1 cleavage site in pestiviruses. The graph
generated with the WebLogo 3 software (http://weblogo.threeplusone.com/manual.html) (86, 87) shows
the results of an alignment of 62 pestivirus sequences representing 9 of the 11 International Committee
on Taxonomy of Viruses (ICTV)-listed species (species pestivirus A to I) in one letter code. The size of the
letters corresponds to the degree of conservation among the 62 sequences. The two Trp residues and
the Cys contained in the displayed part of the sequence are the most conserved amino acids.
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teins encompass all three glycoproteins (130 kDa) or the already mentioned Erns-E1
(73 kDa), respectively. Equivalent precursors were also identified in BVDV-infected cells
(gp116 and gp62, respectively), with gp116 representing a weak band that is rather
rapidly cleaved into the Erns-E1 precursor and E2 (47, 48). Expression of a cDNA
construct coding for Npro-C-Erns-E1-E2-p7-NS2 via a T7 RNA polymerase-driven tran-
scription through vaccinia virus MVA T7 (49) and immunoprecipitation with the Erns-
specific monoclonal antibody (MAb) 24/16 resulted in detection of the glycoprotein
precursor Erns-E1-E2, the Erns-E1 precursor, Erns, and E2 (Fig. 8). In contrast, neither Erns

nor other expected processing products were detected in significant amounts when an
equivalent construct was expressed, in which SPase cleavage at the E1/E2 site was
blocked by replacement of the small amino acid at position �3 of the von Heijne motif
by an arginine (42) (Fig. 8). Thus, it can be concluded that processing of the glycopro-

TABLE 1 Reversion analysis for E1 amino-terminal mutations introduced into the viral
genomea

Mutation RNA rep
Percentage infection
of fresh cells

Sequence of
recovered virus

P497A � 100 497A
Y498T � 100 498Y
C499 � 100 499C
PYC/AAA � 0 NA
LSP/EQKL � 100 EQKP
aResults of electroporation of viral genome-like RNA with mutations affecting the first 5 amino acids
(positions 495 to 499 in the polyprotein) of E1. The introduced changes are given in the left column,
followed by the results of immunofluorescence analysis with antibody A18 against E2 24 h
postelectroporation. Extracts of electroporated cells were used for infection of fresh cells that were again
analyzed by immunofluorescence 48 h later; the percentage of positive cells is given in column 3. The
results of sequence analyses of cDNA obtained after RT-PCR with RNA from infected cells are given as
encoded amino acids in the right column. Reverted amino acids are given in bold letters. NA, not
applicable since no virus present.

FIG 8 Blocking cleavage at the E1/E2 site impairs processing at the Erns/E1 site. (A) Schematic drawing of constructs
encompassing the CSFV coding sequence from the start codon of the long ORF to the end of the NS2 gene. The proteolytic
cleavage sites are indicated by arrows (small gray arrow for autoproteolytic cleavage of Npro, black large arrow for SPase). In
contrast to the wt, the mutant construct contains a blocked E1/E2 cleavage site. (B) Results of immunoprecipitation of proteins
from cell extracts transiently expressing the constructs shown in panel A with MAb 24/16 (Erns, left), MAb A18 (E2, middle), and
a rabbit antiserum against Npro (right). Names and positions of the important products are given. Due to heterodimer
formation between E1 or the E1 part in Erns-E1 and E2 coprecipitation of Erns-E1 with the E2 MAb and of E2 with the Erns-specific
MAb, precursor in analogy to the E1-E2 heterodimer can be detected. Please note that the glycosylated products are shown
here so that multiple and broad bands are detected due to different carbohydrate side chains. Prec., Erns-E1-E2 (14, 47, 48).
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tein region of the pestivirus polyprotein follows a hierarchical order, in which cleavage
at the E1/E2 site represents the first step and prerequisite for the delayed Erns-E1
cleavage.

DISCUSSION

Processing of the polyproteins expressed from positive-strand RNA virus genomes is
a critical step during replication of these viruses. Incomplete or delayed cleavage at
certain sites leads to the generation of precursors composed of two or more viral
proteins, some of which are functionally important, such as, e.g., the 3CD protein of
picornaviruses or the NS2-3 protein of pestiviruses (50–58). In pestiviruses, the envelope
proteins can be detected in the form of a Erns-E1-E2 precursor that is rapidly cleaved
into Erns-E1 and E2 followed by a delayed processing of the former to give rise to Erns

and E1 (14). According to the published data, part of the E2 or Erns-E1-E2 precursor
proteins present in the cell should contain the p7 polypeptide at the carboxy terminus
(37). Cleavage of the precursor proteins at the C/Erns, Erns/E1, E1/E2, and E2/p7 sites is
done by SPase (14, 43). After SPase cleavage, the signal sequence responsible for
translocation of Erns into the ER represents the C-terminal part of the C protein
precursor. It is subsequently cleaved by signal peptide peptidase, which generates
the carboxy terminus of the mature C protein (59). Except for the Erns/E1 site, all of the
SPase processing sites follow the standard scheme with n, h, and c domain, in which the
C domain with a short unstructured region followed by the von Heijne cleavage site
motif is preceded by an �-helical transmembrane region (h domain) (39–42). Erns does
not contain a transmembrane sequence but is anchored in the membrane by a long
amphipathic helix (30–33). Therefore, the cleavage site Erns/E1 is unusual with a von
Heijne motif preceded by the amphipathic helix, which binds in plane to the membrane
surface. This site is nevertheless cleaved by SPase (43), and the integrity of the
amphipathic helix as well as the conserved utmost C-terminal residues are crucial for
Erns-E1 processing. Since changes affecting the amphipathic helix of separately ex-
pressed Erns also led to highly increased secretion of Erns (32), we speculated that
insertion of the helix into the membrane and signal peptidase processing of Erns-E1 are
directly linked processes. Accordingly, the time needed for initiation of the membrane
interaction and establishment of the correct protein fold at the site of cleavage could
be responsible for the delayed Erns-E1 processing.

Open questions concerned the contribution of the E1 sequence downstream of the
cleavage site to generation of a cleavable conformation of the SPase substrate and
the possible role of the E1 transmembrane region in hooking the Erns-E1 precursor to
the membrane, which would give time for establishing the membrane contact of the
Erns amphipathic helix. To address the latter point, we analyzed the effect of increasing
carboxy-terminal truncations of the E1 on Erns-E1 processing. Processing of the trun-
cated proteins was severely impaired, and the uncleaved precursors were strongly
secreted. This finding would be in agreement with the hypothesis that the Erns

membrane anchor needs time to fold and get inserted into the lipid bilayer before
SPase cleavage can occur. The presence of the E1 membrane anchor would support this
process by preventing release of the protein from the membrane. Indeed, fusion of the
last 30 amino acids of E1 to the carboxy terminus of the truncated Erns-E1 proteins
prevented increased secretion. However, the above described hypothesis was in part
challenged by the finding that the presence of the E1 membrane anchor was not able
to restore efficient processing of the fusion protein. Thus, processing at the Erns/E1 site
and maybe also the establishment of a stable membrane contact of the Erns amphi-
pathic helix is not only a matter of time, since the presence of a full-length E1 is
obviously essential. Even the loss of only 15 C-terminal residues of E1 reduced pro-
cessing efficiency significantly, although this truncation leaves a stretch of hydrophobic
residues at the C terminus that is sufficient for preventing Erns-E1 secretion. Since
constructs with internal deletions preserving the original C-terminal sequence or the
expression of full-length E1 in trans also do not lead to efficient processing, the most
logical explanation of our findings is that E1 has to fold properly in order to generate
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a cleavable structure at the Erns/E1 site and that this fold is very sensitive to changes
affecting E1. E1 seems to have an active role in promoting processing instead of just
hindering cleavage when truncated since very short E1-derived extensions or the c-Myc
tag that can hardly be imagined to impose a structural block on the cleavage site are
also not cleaved off efficiently. A somewhat similar finding was described for gp160 of
human immunodeficiency virus (HIV) (60). The signal peptide inducing translocation of
the gp160 precursor into the ER is cleaved off only after termination of translation and
folding of the soluble subunit gp120 to an almost native conformation. This effect is
due to a signal sequence, in which the �-helix of the h region is extended so that h and
c regions overlap. As a result, the SPase cleavage site is initially positioned within the
membrane and not accessible for SPase so that gp120 is tethered to the membrane via
its amino-terminal transmembrane signal sequence as a type II membrane protein,
which gives time for correct folding (60). A late folding event, which probably implies
establishment of a hairpin conformation via interaction of the proteins N and C termini,
is believed to induce a conformational change in the N terminus leading to a cleavable
structure. This idea is supported by the fact that the N terminus of gp120, which is
suggested to be �-helical in the beginning, is a �-strand in the native protein.
Moreover, carboxy-terminally truncated gp120 showed only poor signal sequence
cleavage (60). Several aspects of the HIV story are reminiscent of our present findings,
namely, delayed cleavage, dependency of efficient cleavage on the presence of the
C-terminal residues of the protein to be processed on its N terminus, and the apparent
importance of (nearly) complete folding of the protein prior to cleavage.

Another case of delayed SPase cleavage was reported for human cytomegalovirus
(HCMV) US11, a protein involved in viral immune suppression. Part of the newly
synthesized US11 molecules retain the signal sequence. The delayed cleavage is
dependent on the four N-terminal residues of the signal sequence and the transmem-
brane sequence close to the C terminus of the protein. Thus, also in this case, sequence
elements located close to the cleavage site seem to interact with the carboxy-terminal
membrane anchor and influence SPase cleavage (61).

A further example for delayed and coordinated signal sequence cleavage is known
for members of the genus Flavivirus where SPase cleavage generating the amino
terminus of prM can only occur when the viral serine protease has removed the signal
sequence from the carboxy terminus of the capsid protein C (62–64). This ordered
process is dependent on specific features of the signal peptide and the downstream
prM sequence (65). The delay of SPase cleavage is functionally important, as optimi-
zation of the processing in yellow fever virus was lethal (66).

The expression of Erns-E1 with increasing internal deletions in E1 demonstrated that
processing at the Erns/E1 site and intracellular retention of the protein are not directly
linked. Interestingly, the correct amino-terminal sequence of E1 is obviously not
essential for efficient cleavage since even exchange of the conserved residues in the
N-terminal part of E1 had no significant impact on processing but impaired recovery of
viable viruses. Thus, the (delayed) cleavage of Erns-E1 seems not to be dependent on
the utmost primary sequence downstream of the cleavage site.

It, therefore, can be concluded that a certain fold at the cleavage site, maybe together
with interaction with the E1 carboxy terminus, is necessary for efficient Erns-E1
cleavage. Truncated E1 sequences prevent both membrane binding and adaptation
of a cleavable structure, whereas the c-Myc tag allows membrane binding but still
prevents the cleavage, which again supports the conclusion that full-length E1 actively
promotes processing. Based on the available data, the following processing scheme for
the amino-terminal third of the pestivirus polyprotein can be proposed: precursors of
pestiviral structural proteins containing the Npro protein have never been reported so
that self-cleavage of Npro represents most likely the first step. Similarly, the presence of
a precursor protein encompassing capsid protein C and envelope protein(s) was not
proven in cells expressing pestivirus proteins so that the cleavage at the C/Erns site is
also apparently done already during translocation of the glycoprotein precursor. In
contrast, a rather stable Erns-E1-E2 fusion protein is generated that is clearly detectable in
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the cells. As a next step, the E1/E2 site in this precursor is processed leading to the Erns-E1
fusion protein bound to the membrane via the E1 membrane anchor. According to our
results, release of E2 has to occur in order to allow further (efficient) processing, for which
correct folding of E1 is necessary. The importance of the cleavage at the E1/E2 site as the
first step of the process could be due to hinderance of proper E1 folding by the fused E2.
Alternatively, generation of a free E1 carboxy terminus is necessary to allow its interaction
with the amino-terminal cleavage site region in analogy to HIV gp160 or HCMV US11 (60,
61). After release of E2, E1 is able to establish a correct structure, which initiates membrane
binding of the Erns amphipathic helix and cleavage at the Erns/E1 site. Our earlier data
showed that the conformation of the amphipathic helix is very important for processing
and intracellular retention of Erns (32, 43). Thus, the correct conformation of the proteins on
both sides of the cleavage site and maybe also its interaction with the E1 carboxy terminus
is a crucial prerequisite for processing, which proves that SPase can accept this unusual
substrate only under very restricted conditions.

An important question is whether the delayed processing at the Erns/E1 site is func-
tionally important. This was shown for HIV gp160. Forced cotranslational cleavage in
consequence of introduction of a helix-breaking proline upstream of the von Heijne motif
resulted in localized misfolding of gp120 and reduced viral fitness (60). For pestiviruses, one
possible scenario could be that Erns-E1 processing is inhibited as long as the two proteins
have not established their final 3D structure. The cleavage could represent kind of a
maturation step activating, e.g., a putative membrane fusion domain that has to be
shielded by proper folding to prevent its premature activation. There are numerous
examples of such mechanisms in viral fusion proteins (see references 67–70 for recent
reviews), but it is important to notice that Erns is obviously dispensable for pestivirus
membrane fusion (71, 72) and fusion activity of E1 has been hypothesized but so far not
proven (73–76). In HCV, folding of E1 and E2 occurs slowly and in a concerted action, which
implies not only cellular chaperons but also a reciprocal chaperoning between E1 and E2
(77, 78). Such a process could also be necessary for Erns-E1 folding with the integrity of the
Erns-E1 precursor representing a prerequisite for this mechanism. However, Erns expressed
in the absence of any other viral protein is able to bind to membranes and achieve efficient
retention in the ER (32, 45). Moreover, the formation of correctly folded E1-E2 heterodimers
in HCV is not dependent on expression of a common precursor (79). Similarly, mutants with
large deletions affecting either the Erns or the E1 coding region of the pestiviral genome can
be rescued on complementing cell lines (12, 80, 81). Thus, the generation of an Erns-E1
fusion protein anchored in the membrane via the E1 carboxy terminus cannot be a
prerequisite for generation of a membrane bound Erns or the production of infectious
pestivirus particles. However, a bicistronic construct expressing Erns from a second ORF
resulted in retarded virus growth compared with a similar construct, in which the second
ORF coded for Erns-E1, arguing in favor of an advantage for a virus being able to express an
Erns-E1 fusion protein (81). Thus, a functional role of the delayed and apparently coordi-
nated Erns-E1 processing is not definitely proven but seems highly probable.

MATERIALS AND METHODS
Cells and viruses. BHK-21 cells (kindly provided by T. Rümenapf, Veterinärmedizinische Universität,

Wien, Austria) were grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum and nonessential amino acids. The modified vaccinia virus strain Ankara containing the phage T7
RNA polymerase (MVA-T7) vaccinia virus MVA-T7 was kindly provided by B. Moss (National Institutes of
Health, Bethesda, MD) and G. Sutter (Ludwig-Maximilians-Universität, München, Germany) (49, 82).

Construction of recombinant plasmids. Restriction and subcloning were done according to
standard procedures (83). Unless stated otherwise, all restriction and modifying enzymes were purchased
from New England BioLabs (Frankfurt, Germany) and Thermo Fisher (Karlsruhe, Germany). Synthetic DNA
oligonucleotides were purchased from Metabion (München, Germany).

Plasmids SSeqErns and SSeqErns-E1 containing the Erns and Erns-E1 coding sequences of CSFV
Alfort/Tübingen (43) served as templates for PCR leading to most of the mutant constructs (renamed
here to SErns and SErns-E1, respectively). The 3= terminally truncated versions of SSeqErns-E1 were
generated by PCR with primer Ol-pCITE and an antisense primer generating the desired 3= end plus
translational stop codon and an XbaI site for cloning. PCR fragments were restricted with NcoI and XbaI
and inserted into plasmid pCITE 2a� (AGS, Heidelberg, Germany), cleaved with the same enzymes. Point
mutations were introduced with standard PCR-based methods, with thermostable Pfu polymerase
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(Promega, Heidelberg, Germany) and synthetic primers (QuikChange mutagenesis protocol, Promega).
Constructs with large deletions within the E1 coding region were established from two PCR fragments
with first fragment extending from 5= NcoI site to the 5= border of the desired deletion and the second
fragment covering the part from the 3= end of the deletion to the 3= end of the E1 gene. Fusion of these
two fragments was done via EcoRI sites introduced into both fragments leading to two extra amino acids
(Glu and Thr) at the fusion site.

For establishment of the SErns*-E1:X constructs, in which all methionine codons in the Erns gene were
replaced by leucine codons, a synthetic Erns coding sequence with the desired changes was ordered from
GeneArt/Invitrogen (Karlsruhe, Germany). This construct served as a basis for establishment of the
plasmids coding for Erns with the different E1-derived extensions via PCR with appropriate primers that
also introduced the L to M change at position 1 of the E1 sequence.

The cloned PCR products or synthetic cDNA were all verified by nucleotide sequencing with the
BigDye Terminator cycle sequencing kit (PE Applied Biosystems, Weiterstadt, Germany). Sequence
analysis and alignments were done with Geneious Prime software (Geneious Prime 2019.2.3).

Further details of the cloning procedures and the sequences of the primers used for cloning and
mutagenesis are available upon request.

Transient expression, immunoprecipitation, and quantification 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, Met-Label, or [35S]methionine
(ICN-MP Biochemicals, Eschwege, Germany; Hartmann Analytic, Göttingen, Germany) as described earlier
(15). Supernatant of the cell cultures was harvested for determination of secreted proteins, and the cells
were washed twice with phosphate-buffered saline (PBS) before cell extracts were prepared under
denaturing conditions. Protein expression levels were determined in equivalent amounts of cell-free
supernatant and cell extract, analyzed via immunoprecipitation as described before (32) using mono-
clonal antibody 24/16 (9) for detection of Erns, monoclonal antibody A18 for detection of E2, and rabbit
antiserum G1 (84) for precipitation of Npro. For removing N-linked carbohydrates, the precipitates were
treated before electrophoresis with 1 �l peptide-N-glycosidase F (PNGase F) or EndoH (New England
BioLabs) for 1 h at 37°C as suggested by the supplier and subsequently separated by 10% PAGE (gel
system as published [39]) and Erns quantified with a CR-35 Bio image plate scanner, and intensities of the
signals were determined with AIDA Image Analyzer 5 software (equipment and software from Elysia-
Raytest, Straubenhardt, Germany). The signals determined for Erns in supernatant and cell extract were
combined and set as 100% expression product for determination of the percentage of secreted protein.
Similarly, cleavage efficiency was calculated by summing up the signals of precursor and Erns (correlated
for the lower number of labeled residues) to obtain 100% of expression products as the basis for
determination of the percentage of the uncleaved precursor. The data presented here represent the
averages of at least 3 independent experiments. Statistical analysis in the form of a two-tailed t test was
done using the GraphPad Prism software (Statcon GmbH, Witzenhausen, Germany).

Recovery and analysis of viruses from cloned sequences. The desired mutations were introduced
into the full-length CSFV cDNA clone (85) with standard procedures. In vitro transcription of RNA from
the engineered plasmids and electroporation of cells were done as described before (15). Replication of
RNA and protein expression thereof was detected via immunofluorescence with MAb A18 (10) against
E2 and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse serum (Dianova, Hamburg, Ger-
many). Freeze-thaw extracts were prepared from positive cultures and used for infection of fresh cells.
Infection of these cells was detected via immunofluorescence as above. RNA was isolated from the
infected cells and subjected to reverse transcriptase PCR (RT-PCR) with primers Ol-E05S and Ol-HPS28R
and analyzed by nucleotide sequencing as described before (15).
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