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El, along with E™® and E2, is one of the three envelope glycoproteins of classical swine fever virus (CSFV).
E1 and E2 are anchored to the virus envelope at their carboxyl termini, and E™° loosely associates with the
viral envelope. In infected cells, E2 forms homodimers and heterodimers with E1 mediated by disulfide bridges
between cysteine residues. The E1 protein of CSFV strain Brescia contains six cysteine residues at positions 5,
20, 24, 94, 123, and 171. The role of these residues in the formation of E1-E2 heterodimers and their effect on
CSFYV viability in vitro and in vivo remain unclear. Here we observed that recombinant viruses harboring
individual cysteine-to-serine substitutions within the E1 envelope protein still have formation of E1-E2
heterodimers which are functional in terms of allowing efficient virus progeny yields in infected primary swine
cells. Additionally, these single cysteine mutant viruses were virulent in infected swine. However, a double
mutant harboring Cys24Ser and Cys94Ser substitutions within the E1 protein altered formation of E1-E2
heterodimers in infected cells. This recombinant virus, E1ACys24/94v, showed delayed growth Kkinetics in
primary swine macrophage cultures and was attenuated in swine. Furthermore, despite the observed dimin-
ished growth in vitro, infection with E1ACys24/94v protected swine from challenge with virulent CSFV strain

Brescia at 3 and 28 days postinfection.

Classical swine fever (CSF) is a highly contagious disease of
swine. The etiological agent, Classical swine fever virus (CSFV),
is a small, enveloped virus with a positive, single-stranded
RNA genome and, along with Bovine viral diarrhea virus
(BVDYV) and Border disease virus (BDV), is classified as a
member of the genus Pestivirus within the family Flaviviridae
(2). The 12.3-kb CSFV genome contains a single open reading
frame that encodes a 3,898-amino-acid polyprotein and ulti-
mately yields 11 to 12 final cleavage products (NH,-Npro-C-
E™-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH)
through co- and posttranslational processing of the polyprotein
by cellular and viral proteases (5). Structural components of
the CSFV virion include the capsid (C) protein and glycopro-
teins E™, E1, and E2. E1 and E2 are anchored to the envelope
at their carboxyl termini, and E™ loosely associates with the
viral envelope (22, 23). E1 and E2 are type I transmembrane
proteins with an N-terminal ectodomain and a C-terminal hy-
drophobic anchor (19). E1 has been implicated (21), along with
E™® and E2 (4), in viral adsorption to host cells. Importantly,
different modifications introduced into these glycoproteins ap-
pear to have an important effect on CSFV virulence (3, 6, 9, 10,
11, 12, 15, 20).

In lysates of CSFV-infected cells, E2 glycoprotein forms
homodimers and heterodimers with E1 glycoprotein (14, 22)
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via disulfide bridges between cysteine residues. Formation of
these disulfide-linked heterodimers also occurs in CSFV viri-
ons (19), suggesting that the interaction between envelope
proteins plays an important role in virus assembly, virion ma-
turity, and consequently in efficiency of viral infection. The E1
envelope protein of CSFV strain Brescia contains six cysteine
residues at E1 positions 5, 20, 24, 94, 123, and 171. E1 residues
that contribute to the formation of disulfide bridges with E2
glycoprotein are yet to be identified. Furthermore, the biolog-
ical significance of E1-E2 heterodimer formation during infec-
tion and the role of E1 Cys residues during CSFV replication
in target cells or in infection of swine are not known.

In this study, we have used oligonucleotide site-directed
mutagenesis to construct a panel of single and double recom-
binant mutant viruses by substituting cysteine to serine resi-
dues within CSFV glycoprotein E1. These mutants were used
to investigate whether substitutions of each of these Cys resi-
dues could affect formation of E1-E2 heterodimers in infected
primary swine macrophages and virus virulence in swine. We
observed that individual substitutions of these residues did not
have an effect on the formation of E1-E2 heterodimers.
Growth kinetics was not affected, nor was the ability to repli-
cate or cause disease in swine. Interestingly, 11 out of 15
possible constructs containing double Cys-to-Ser substitutions
were deleterious for the virus. A partial disruption of E1-E2
heterodimer formation was observed in cells infected with a
virus harboring Cys24Ser and Cys94Ser substitutions in E1
protein. The virus, E1ACys24/94v, showed a decreased growth
rate in primary swine macrophages and was attenuated in
swine. The remaining constructs harboring double cysteine-to-
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serine mutations retained the ability to produce virus progeny,
formed heterodimers in infected cells, and were virulent in
swine. Data presented here suggest that specific E1 cysteine
residues are critical for virus viability and virus growth; most
probably, these residues play a role in E1-E2 interactions,
affecting assembly of mature viral particles.

MATERIALS AND METHODS

Viruses and cells. Swine kidney cells (SK6) (17), free of BVDV, were cultured
in Dulbecco’s minimal essential medium (DMEM) (Gibco, Grand Island, NY)
with 10% fetal calf serum (FCS) (Atlas Biologicals, Fort Collins, CO). CSFV
strain Brescia was propagated in SK6 cells and used for the construction of an
infectious cDNA clone (IC) (9). Growth kinetics was assessed on primary swine
macrophage cell cultures prepared as described by Zsak et al. (24). Titration of
CSFV from clinical samples was performed using SK6 cells in 96-well plates
(Costar, Cambridge, MA). Presence of viral antigen was detected, after 4 days in
culture, by an immunoperoxidase assay using the CSFV monoclonal antibody
(MADb) WH303 (1) and the Vectastain ABC kit (Vector Laboratories, Burlin-
game, CA). Titers were calculated using the method of Reed and Muench (8)
and expressed as 50% tissue culture infective doses (TCIDs,)/ml. As performed,
test sensitivity was =1.8 TCIDso/ml. Plaque assays were performed using SK6
cells in 6-well plates (Costar). SK6 monolayers were infected, overlaid with 0.5%
agarose, and incubated at 37°C for 3 days. Plates were fixed with 50% (vol/vol)
ethanol-acetone and stained by immunohistochemistry with MAb WH303.

Construction of CSFV El cysteine mutant viruses (E1ACys). A full-length IC
of the virulent CSFV strain Brescia (pBIC) (9) was used as a template in which
Cys residues in the E1 glycoprotein were substituted with Ser residues. Cys-to-
Ser amino acid substitutions (E1ACys) were introduced by site-directed mu-
tagenesis using the QuikChange XL site-directed mutagenesis kit (Stratagene,
Cedar Creek, TX) performed per the manufacturer’s instructions using the
following primers (only forward primer sequences are shown; nucleotide changes
compared with the native sequence are in boldface): C5, 5" GCCTATGCCCT
ATCACCTTATAGTAATGTGACAAGCAAAATAGGG 3'; C20, 5’ TACATA
TGGTACACTAACAACAGTACCCCGGCTTGCCTCCCCAAA 3'; C24, 5'
ACTAACAACTGTACCCCGGCTAGCCTCCCCAAAAATACAAAGATA 3';
C94, 5" TCCCATGAAGAACCTGAAGGCAGTGACACAAACCAGCTGAA
TTTA 3'; C123, 5' TGGAATGTTGGCAAATATGTGAGTGTTAGACCAGA
CTGGTGGCCA 3’; C171, 5" TCAACCACGGCATTCCTCATCAGCTTGAT
AAAAGTATTAAGAGGA 3'.

In vitro rescue of CSFV Brescia and E1ACys recombinant mutant viruses.
Full-length genomic clones were linearized with Srfl and in vitro transcribed
using the MEGAscript T7 system (Ambion, Austin, TX). RNA was precipitated
with LiCl and transfected into SK6 cells by electroporation at 500 V, 720 (2, 100
W, with a BTX 630 electroporator (BTX, San Diego, CA). Cells were seeded in
12-well plates and incubated for 4 days at 37°C and 5% CO,. Virus was detected
by immunoperoxidase staining as described above, and stocks of rescued viruses
were stored at =—70°C.

DNA sequencing and analysis. Full-length clones were completely sequenced
with CSFV-specific primers by the dideoxynucleotide chain-termination method
(16). In vitro rescued viruses and viruses recovered from infected animals were
sequenced in the mutated region, whereas the E1ACys24/94v genome was se-
quenced completely. Sequencing reactions were prepared with the Dye Termi-
nator cycle sequencing kit (Applied Biosystems, Foster City, CA). Reaction
products were sequenced on an ABI Prism 3730xl automated DNA sequencer
(Applied Biosystems, Foster City, CA). The final DNA consensus sequence
represented an average 5-fold redundancy at each base position. Sequence com-
parisons were conducted using BioEdit software (http:/www.mbio.ncsu.edu
/BioEdit/bioedit.html). Comparison of predicted alpha-helices and beta strands
between parental BICv El, double mutant E1ACys24/94 E1, and quadruple
mutant E1ACys24/94/123/171 E1 proteins were done with NetSurfP ver. 1.1 (7).

Western blot analysis. Formation of E1-E2 heterodimers by BICv and the
mutant viruses was analyzed in lysates of SK6-infected cells by Western immu-
noblot assays. CSFV E1 was detected with an anti-E1 serum produced in rabbits
against CSFV strain Brescia E1 glycoprotein expressed in Escherichia coli (3). E2
detection was performed using anti-E2 monoclonal antibody WH303 (1). SK6
monolayers were infected (multiplicity of infection [MOI] = 1) with BICv or
E1ACysv mutants, harvested at 48 h postinoculation (hpi) using the NuPAGE
LDS sample buffer system (Invitrogen), and incubated at 70°C for 10 min.
Samples were run under either reducing or nonreducing conditions in precast
NuPAGE 12% Bis-Tris acrylamide gels (Invitrogen). Western immunoblot as-
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says were performed using the WesternBreeze chemiluminescent immunodetec-
tion system (Invitrogen).

Animal infections. Each of the E1ACys mutants was initially screened for its
virulence phenotype relative to the virulent Brescia strain using 40-pound com-
mercial-breed swine that were 10 to 12 weeks old. Pigs were inoculated intrana-
sally with 10° TCIDs, of either mutant or wild-type virus. For screening, 22 pigs
were randomly allocated into 11 groups of 2 animals each, and pigs in each group
were inoculated with either BICv or one of the EIACysv mutants. Clinical signs
(anorexia, depression, fever, purple skin discoloration, staggering gait, diarrhea,
and cough) and changes in body temperature were recorded daily throughout the
experiment.

For protection studies, pigs were randomly allocated into 3 groups. Pigs in
groups 1 and 2 (n = 4) were inoculated with E1ACys24/94v, while pigs in group
3 (n = 4) were mock infected. At 3 days postinfection (dpi) (group 1) or 28 dpi
(groups 2 and 3), animals were intranasally challenged with BICv. Clinical signs
and body temperature were recorded daily throughout the experiment as de-
scribed above. Blood, serum, nasal swabs, and tonsil scrapings were collected
at times postchallenge, with blood obtained from the anterior vena cava in
EDTA-containing tubes (Vacutainer). Total and differential white blood cell
and platelet counts were obtained using a Beckman Coulter ACT (Beckman,
Coulter, CA).

RESULTS

Viability of CSFV E1ACys recombinant mutant viruses.
Highly conserved Cys residues within E1 protein of CSFV
strain Brescia (Fig. 1) were targeted for mutagenesis in the
context of a full-length cDNA clone. Single Cys-to-Ser substi-
tutions in E1 protein yielded viruses E1ACysSv, E1ACys20v,
E1ACys24v, E1ACys94v, E1ACys123v, and E1ACys171v, while
double Cys-to-Ser substitutions yielded only viruses E1ACys5/
171v, E1ACys20/171v, E1ACys94/171v, and E1ACys24/94v (Ta-
ble 1). Partial nucleotide sequences of viable rescued virus
genomes were identical to parental DNA plasmids, confirming
the fidelity of the RNA sequence in rescued viruses. Double
substitutions within E1 protein that included combinations of
residues 5/20, 5/24, 5/94, 5/123, 20/24, 20/94, 20/123, 24/123,
24/171, 94/123, and 123/171 did not yield infectious viral prog-
eny after three independent transfection experiments using
SK6 cells (Table 1). These data suggest that more than one Cys
residue in E1 is necessary for proper assembly of infectious
virus particles, particularly Cys20 and Cys123, since 8 of 11
combined substitutions that yielded nonviable viruses involved
these two residues.

Replication of CSFV E1ACys mutants in primary swine
macrophages. In vitro growth characteristics of rescued single
and double mutant viruses were evaluated in primary swine
macrophage cell cultures, these being primary CSFV target
cells during infection of swine, and compared to parental BICv
in a multistep growth curve (Fig. 2A and B). All recombinant
viruses, with the exception of E1ACys24/94v, displayed growth
kinetics indistinguishable from parental BICv (Fig. 2A and B).
Growth of the double mutant E1ACys24/94v was significantly
slower than that of BICv, exhibiting titers 10- to 15-fold lower
than those of parental virus. Additionally, E1ACys24/94v
showed reduced-size foci of infection on SK6 cells relative to
those of parental BICv (Fig. 2C). Although these substitutions
in E1 were not lethal like mutations observed with the majority
of double mutants (Table 1), substitutions of E1 Cys24 and
Cys94 significantly affected virus growth in macrophages and
virus spreading in SK6 cells. The complete genome sequence
of E1ACys24/94v confirmed that the introduced Cys-to-Ser
substitutions are the only deviations from the original parental
BICv genomic sequence. Double mutants that did not affect
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FIG. 1. A multiple alignment of CSFV core proteins revealed the presence of highly conserved putative Cys residues (bold and underlined)
among pestiviruses (CSFV, classical swine fever virus; BVDV, bovine viral diarrhea virus; BDV, border disease virus).

TABLE 1. CSFV E1 Cys-to-Ser mutant viruses rescued from SK6
cells and their virulence phenotype in infected swine

Rescued mutant virus Substituted Cys residue(s) Phenotype
E1ACysSv 5 Virulent
E1ACys20v 20 Virulent
E1ACys24v 24 Virulent
E1ACys94v 94 Virulent
E1ACys123v 123 Virulent
E1ACys171v 171 Virulent
_a 5 /20 _
- 5/24 -
_ 5/94 _
- 5/123 -
E1ACys5/171v 51171 Virulent
- 20/24 -

- 20/94 -

- 20/123 -
E1ACys20/171v 20/171 Virulent
E1ACys24/94v 24/94 Attenuated
- 24/123 -

- 24/171 -

- 94/123 -
E1ACys94/171v 94/171 Virulent

- 123/171 -

“ — no virus rescued.

virus growth in swine macrophages included Cys171, suggest-
ing that this residue plays a minor role in the process of for-
mation of infectious viral particles.

Detection of E1-E2 heterodimers in infected SK6 cells. Since
formation of EI1-E2 heterodimers mediated by disulfide
bridges is observed in lysates from cells infected with CSFV
(22) and in mature CSFV virions (19), we tested for the pres-
ence of these dimers in SK6 cells infected with parental or
recombinant viruses. Under nonreducing conditions, Western
immunoblot assays using anti-E2 MAb WH303 showed that
single or double Cys-to-Ser substitutions in E1 generally did
not affect formation of E2 homodimers or E1-E2 heterodimers
in infected SK6 cells, since the complexes are still formed and
appear partially functional (Fig. 3A). Only lysates from cells
infected with recombinant E1ACys24/94v showed changes in
the proportions of homo-/heterodimers expressed. A similar
pattern was observed when formation of homo- and het-
erodimers was detected with a polyclonal anti-E1 antibody
(Fig. 3B). Infection with E1ACys24/94v leads to a shift in the
ratio of homo-/heterodimers relative to parental virus infec-
tions, with an increased accumulation of E2 homodimers over
E1-E2 heterodimers while proportions of E2 monomers re-
mained unchanged. Additionally, it was observed that electro-
phoretic mobility of E1ACys24/94v E1-E2 heterodimers is
slower than that of any of the other mutants or parental BICv.
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FIG. 2. Invitro growth characteristics of EIACys mutant viruses relative to parental BICv. (A and B) Primary swine macrophage cell cultures
were infected (MOI = 0.01) with each of the single (A) and double (B) E1ACys mutant viruses or BICv. Virus yields were calculated by titration
at times after infection of SK6 cells. Data represent means and standard deviations from two independent experiments. Sensitivity of virus
detection, =log,, 1.8 TCIDs,/ml. (C) Foci of infection of single and double E1ACys mutant viruses and parental BICv were detected on SK6 cell
monolayers by immunoperoxidase staining using anti-E2 MAb WH303.

This may happen with the E1-E2 heterodimer in the absence of
critical disulfide bonds, causing its configuration to become less
compact. We observed minor changes in the levels of expres-
sion of E1 and E2 proteins in SK6 cells infected with

E1ACys24/94v relative to levels of expression observed in cells
infected with BICv (Fig. 3C and D). Data confirm that Cys
residues 24 and 94 are required for the proper formation of
E1-E2 heterodimers.
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FIG. 3. Western blot analysis of SK6 cell lysates infected with E1ACys single and double mutant viruses. Detection of E1-E2 heterodimers with
anti-E2 MAb WH303 (A) or with an anti-E1 rabbit anti serum (B) and monomeric forms of E1 (C) and E2 (D). SDS-PAGE was performed under

nonreducing (A and B) or reducing (C and D) conditions.

Substitutions of Cys24 and Cys94 residues in E1 lead to
virus attenuation. /n vivo infections using viable single and
double mutant E1 recombinant viruses (Table 1) were as-
sessed in swine. Naive pigs were intranasally inoculated and
monitored for clinical disease using either BICv or a mutant
virus. Single and double mutant viruses, with the exception
of E1ACys24/94v, induced a clinical disease indistinguish-
able from disease induced by parental BICv (Table 2). Pigs
infected with these viruses presented clinical signs of CSF
starting at 3 to 5 dpi, with clinical presentation and severity
similar to those observed in animals inoculated with BICv.
Viremia, viral loads in nasal swabs and tonsils, and white
blood cell counts were similar in animals inoculated with
parental or recombinant viruses containing single (data not
shown) or double (Fig. 4) Cys-to-Ser substitutions. Interest-
ingly, pigs (n = 8) infected with E1ACys24/94v survived the

infection and remained normal throughout the observation
period (21 days) (Table 2 and Fig. 4). In all cases, partial
nucleotide sequences of E1 protein from viruses recovered
from infected animals were identical to those of stock vi-
ruses used for inoculation (data not shown). Viral loads in
these animals were significantly lower than those observed
in pigs inoculated with parental virus, indicating a rather
limited replication of this recombinant virus harboring sub-
stitutions in E1 at Cys24 and Cys94, resulting in an attenu-
ated phenotype. Additionally, it appears that Cys171 plays a
considerable role in pathogenesis since animals infected
with double mutant viruses E1ACys5/171v and E1ACys20/
171v survived longer (3 and 7 days, respectively) than did
animals infected with parental BICv (Table 2).
E1ACys24/94v induces protection against lethal CSFV chal-
lenge. The limited in vivo replication kinetics shown by

TABLE 2. Swine survival and fever response following infection with CSFV E1ACys mutants and parental BICv

Fever
Virus ) No. of Mean time to death, - - -
survivors/total no. days (SD) No. of days to Duration, Maximum daily temp,
onset (SD) days (SD) °C (SD)
BICv 0/6¢ 9.5(1.3) 3.5(0.57) 5.75 (0.95) 41.3 (0.18)
E1ACS5v 0/2 9.5(2.1) 3.5(0.7) 6(1.4) 41.3 (0.08)
E1AC20v 0/2 7.5 (0.7) 3.5(0.7) 4(0) 41.2 (0.54)
E1C24v 0/2 13.5 (0.7) 3.5(0.7) 10 (1.4) 41.2 (0.07)
E1ACY%4v 0/2 9.5(3.5) 3.5(0.7) 6(2.8) 41.2 (0.15)
E1AC123v 0/2 9.5(0.7) 3.5(0.7) 6 (0) 41.1 (0.07)
E1AC171v 0/2 9.5(4.9) 5(1.4) 4.5 (3.5) 41.1 (0.16)
E1AC5/171v 0/3 12.5 (0.7) 4 (0) 8.5(0.7) 41.7 (0.71)
E1AC20/171v 0/3 16.5 (0.7) 5(1.4) 11.5 (0.7) 41.1 (0.08)
E1AC94/171v 0/3 11 (0) 4 (0) 7(0) 41.4 (0.22)
E1AC24/94v 8/8¢ 39.8 (0.26)

“ Values represent two different but identical experiments.



Vor. 85, 2011

As

Log10 TCID50/ml
S
O

4 \ g @ @ ®

Log10 TCID50/ml
S

Log10 TCID50/ml
~ o

4 6 8 12 14 21
Days post-infection

~-E1CysA5/171vTFE1ACys20/171v -&~E1ACys94/171v -@~E1ACys24/94v -O-BICv

SUBSTITUTION OF SPECIFIC CYSTEINE RESIDUES 7269
D 40000
35000
30000
[
25000 N // E— } *'If
5 20000 \
= \
10000 I
5000 0 T
0
0 4 6 8 12 14 21
E 25000
20000
e
(%]
=
g
€ 10000 i
-
5000 - [
0 , : , , ,
0 4 6 8 12 14 21
F 700000
600000 E& /*\‘
.\
500000
N\ AT N
400000
E
z — l

300000 W
200000 N]
[N
' N

12 14 21

100000

0 4 6
Days post-infection

—-E1ACys5/171v {FE1ACys20/171v -« E1ACys94/171v -@-E1ACys24/94v -O-BICv

FIG. 4. Viral loads and hematologic changes detected in pigs inoculated with double EIACys mutant and parental viruses. (A to C) Virus titers
detected in nasal swabs (A), tonsil scrapings (B), and blood (C) after infection with E1ACys5/171v, E1ACys20/171v, E1ACys94/171v, E1ACys24/94v,
or parental BICv. Each point represents the mean log;, TCIDs,/ml and standard deviations from at least two animals. Sensitivity of virus detection,
=log,, 1.8 TCIDsy/ml. (D to F) White blood cell (WBC) (D), lymphocyte (E), and platelet (PLT) (F) counts after infection.

E1ACys24/94v is similar to that observed with CSICv (9), a
live-attenuated vaccine virus that induces protection against
BICv. In order to assess the ability of this double mutant to
induce protection against CSFV, pigs were inoculated with

E1ACys24/94v and challenged at 3 dpi (early) and at 28 dpi
(late) with virulent BICv. Pigs were protected against an
early and late challenge with BICv (Table 3 and Fig. 5).
Mock-vaccinated control pigs developed anorexia, depres-
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TABLE 3. Swine survival and fever response in E1ACys24/94v-infected animals after the challenge with parental virulent BICv

Fever
Challenge group No. of Mean time to death,
survivors/total no. days (SD No. of days to . Maximum daily temp,
ys (SD) onset (SD) Duration, days (SD) °C (SD)
Mock 0/4 10.5 (1.5) 4.5 (0.57) 5.75 (0.95) 41.2(0.19)
E1ACys24/94v, 3 dpi 3/4 10¢ 44 6 40.3 (0.57)
E1ACys24/94v, 28 dpi 7/7 0 0 0 39.7 (0.51)

¢ Data correspond to the only animal out of the four inoculated that presented CSFV-related symptoms.

sion, and fever by 4 days postchallenge (dpc) and a marked in low titers from blood, nasal swabs, and tonsil scrapings at
reduction in circulating leukocytes and platelets by 4 dpc 4, 6, and 8 dpc in some animals infected with E1ACys24/94v
(Fig. 5). Pigs died or were euthanized in extremis by 9 dpc and challenged at 3 dpi (Fig. 5). BICv was undetectable in
(Table 2). Pigs inoculated with E1ACys24/94v exhibited par- clinical samples obtained from any E1ACys24/94v-infected
tial protection by 3 dpi. Three out of four pigs survived pigs that were challenged at 28 dpi.

infection and remained clinically normal, without significant Altogether, these results suggest that Cys24 and Cys94 are
changes in their hematological values (Fig. 5). All animals not critical for E1-E2 heterodimer formation in infected cells
challenged at 28 days post-E1ACys24/94v infection were but that they have an effect on the overall rate of formation of
also protected, remaining clinically normal, without altera- these dimers that ultimately affects virus growth in vitro and in
tions of hematological profiles (Fig. 5). Virus was detected vivo, leading to a complete attenuation of the parental virus.
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FIG. 5. Hematologic changes (A, B, and C) and viremia (D) detected in pigs inoculated with attenuated E1ACys24/94v and challenged with
virulent BICv at 3 (early) or 28 (late) days postinfection. Values from four animals at each time point.
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DISCUSSION

Cysteine bridges seem to play an important role in the for-
mation of E1-E2 heterodimers (19, 22) and consequently im-
pact the functioning of these glycoproteins during infection.
We therefore performed a mutational analysis of the six cys-
teine residues in the E1 envelope protein within the context of
a full-length infectious CSFV cDNA clone and analyzed infec-
tivity of rescued recombinant viruses in primary swine macro-
phage cultures and in swine.

Substitution of each cysteine residue at positions 5, 20, 24,
94, 123, and 171 to serine in BICv E1 yielded viable mutant
viruses. Introduced mutations did not affect formation of
E1-E2 heterodimers in infected cells or virus infectivity either
in vitro or in vivo, suggesting that more than one disulfide link
may contribute to the formation of E1 and E2 heterodimers
and to the functions of these proteins. A similar observation
has been made with other viruses; a single substitution of
conserved Cys171 to Ser (Fig. 1), located in the putative trans-
membrane domain of E1 protein, in the context of a BVDV
E1- and E2-pseudotyped vesicular stomatitis virus, did not
preclude formation of heterodimers or virus infectivity (13). It
is possible that in these single-site mutants other interactions
may contribute to formation of heterodimers and overall effi-
ciency of the viral infection. Ronecker et al. (13) observed that
substitutions of conserved Lys174Ala and Argl77Ala in
BVDV E1 (Fig. 1) significantly reduced the formation of het-
erodimers in cells infected with pseudotyped viruses, indicating
that these charged amino acids in the transmembrane domains
of BVDV El also contribute to the interaction with E2.

The precise mapping of E1 Cys residues involved with active
CSFV infection could not be determined in this study since 11
out of 15 possible combinations of double substitutions to Ser
(Table 3) were deleterious, indicating that all these changes
most probably affected morphogenesis of the virion. However,
we also observed that three out of four double Cys mutant
viruses rescued (E1ACys24/94, E1ACys5/171, E1ACys20/171,
and E1ACys94/171) involve substitutions at Cys171, suggesting
that this residue is not critical for virus infection. When inoc-
ulated into swine, these mutants retained the same capability
of causing severe disease in swine as did parental BICv, show-
ing that in vivo E1 functions are retained and not influenced by
the lack of Cys residues at position 171. Conversely, no viral
progeny was obtained when combined substitution involved
Cys123, suggesting a critical role of this residue in the forma-
tion of mature virions.

The combined substitutions of Cys24 and Cys94 were not
deleterious but significantly reduced BICv infectivity of swine
macrophages and the ability of the virus to spread in SK6 cells.
The decreased efficiency of viral infection by E1ACys24/94v
corresponds with an impaired ability of mutated E1 to form
heterodimers with E2 in infected cells, where a shift toward the
accumulation of homodimers over heterodimers was observed.
This finding suggests a contribution of these residues to form
disulfide bonds with E2 that when modified may exert subtle
conformational changes within E1 that impact active viral in-
fection. Significant secondary structure changes in E1 due to
Cys substitutions were not predicted (data not shown).

Our results suggest that Cys24 and Cys94 mutations affect
BICv infectivity in swine. Different from the acute fatal disease
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induced by virulent BICyv, infections caused by E1ACys24/94v
were subclinical in swine and characterized by decreased viral
loads in target organs and reduced virus shedding. No rever-
sions to wild-type genotype were observed in viruses isolated
from these animals. Attenuation of E1Cys24/94v in pigs could
conceivably involve some aspect of virus attachment and/or
efficiency of entry into critical target cells in vivo or altered
trafficking of the virus within infected host cells. The effective
protective immunity elicited by E1Cys24/94v suggests that
modified E1 could be used for the development of live-atten-
uated vaccines. Similar studies have demonstrated that muta-
tion or deletion of Cys171, one out of nine cysteine residues
found in CSFV E™ protein that is involved in the formation of
homodimers via disulfide bonds, yielded infectious viruses
lacking the capability to form homodimers in infected SK6
cells (18). These CSFV E™ mutants were attenuated in pigs
and induced a significant neutralizing antibody response in
these animals.

In summary, our studies determined that substitutions of
individual Cys residues in glycoprotein E1 are not essential for
in vivo infectivity, exhibiting virulence characteristics similar to
those of parental virus in the natural host. Data suggest that
Cys24, Cys94, and Cys123 play major roles in E1 function,
likely affecting virion morphogenesis by interacting with E2
protein. An improved understanding of the genetic basis and
mechanisms of virus infection and virus virulence will permit
rational design of efficacious biological tools for controlling
CSF. Additionally, double Cys-to-Ser substitutions at positions
24 and 94 produce complete attenuation of the virulent Brescia
isolate.
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