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Vaccinia Virus-Based Reverse Genetics
for Feline Goronaviruses

Gergely Tekes

Abstract

For decades, the genetic modification of coronavirus genomes and the generation of recombinant corona-
viruses have been hampered mostly due to the extraordinary large size of the coronaviral genome. The very
first reverse genetic system for feline coronaviruses (FCoVs) was established in the early 2000s; the respec-
tive approach exclusively enabled the manipulation of the 3'-third of the viral genome. Later on, vaccinia
virus- and bacterial artificial chromosome (BAC)-based systems have been developed. Both systems have
the advantage that the entire FCoV genome is amenable for mutagenesis. The main focus of this chapter
is the vaccinia virus-based reverse genetic system for FCoVs. Here we present protocols for (1) the genera-
tion of a full-length cDNA clone, (2) the manipulation of the FCoV genome, and (3) the rescue of recom-
binant FCoVs.
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1 Introduction

The establishment of a reverse genetic system for feline coronavi-
ruses (FCoVs), which allows to modify the entire coronaviral
genome, was successfully achieved for the first time in 2008 [1].
This system relies on vaccinia virus, which serves as a cloning vec-
tor for the full-length FCoV ¢DNA. The very first vaccinia virus-
based reverse genetic system was developed for the human
coronavirus (HCoV) 229 E [2] and since then it has been success-
fully applied for other coronaviruses, e.g., infectious bronchitis
virus (IBV) [3] or mouse hepatitis virus (MHV) [4]. The major
advantage of the vaccinia virus-based reverse genetic system lies in
the stable integration of full-length corona viral cDNAs into the
vaccinia virus genome. In contrast, other conventional cloning
techniques often are not suitable for the accommodation of large
coronaviral cDNA inserts due to instability of the plasmids caused
by certain coronaviral sequences. However, reverse genetic systems,
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which are based on different techniques other than vaccinia virus,
have been developed and used successfully for the generation of
various recombinant coronaviruses [5—11].

Here, the vaccinia virus-based FCoV reverse genetic system is
described. In the first part of this chapter, different strategies for
the assembly of the full-length FCoV ¢DNA and its integration
into the vaccinia virus genome are presented (Sect. 3.1). Second,
the manipulation of the FCoV ¢cDNA integrated into the vaccinia
virus genome is outlined (Sect. 3.2), followed by the recovery of
recombinant feline coronaviruses (Sect. 3.3).

2 Materials

2.1 Required
for Sect. 3.1

2.2 Required
for Sect. 3.2

1. Cloning and ligation.

pGemT TA cloning kit (Promega).
High-concentrated T4 DNA ligase (Fermentas).
Antarctic phosphatase (NEB).

Qiaex II gel extraction kit (Qiagen).

CHEF Mapper-1I pulse-field gel electrophoresis System
(Bio-Rad).
Vaccinia Virus vNotl /tk [12], fowl-pox virus.

2. Vaccinia virus large-scale DNA preparation.

BHK-21 cells.

DMEM cell culture medium (Sigma).

10x buffer A (10 mM Tris-HCI pH 9.0, 1 mM EDTA).
MagNaLyser Green Beads (Roche).

MagNaLyser Instrument (Roche).

Beckman ultracentrifuge with rotor SW28.

Trypsin.

RNase-free DNase with the appropriate 10x buffer
(Promega).

Proteinase K (Roche).

2x proteinase K buffer (200 mM Tris-HCl pH 7.5, 10 mM
EDTA pH 8.0, 0.5 % SDS, 400 mM NaCl).

RNase-free water.

1. DMEM cell culture medium (Sigma).
2. CV-1 cells [13].
3. D98OR cells [13].



2.3 Required
for Sect. 3.3

2.3.1 InVitro RNA
Synthesis

2.3.2 Electroporation
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4. Lipofectamine 2000 (Life Technologies).
5. Sonication water bath.

6. Selective medium for GPT positive selection: (1) xanthine
(Sigma) 10 mg,/mlin 0.1 M NaOH; (2) hypoxanthine (Sigma)
10 mg/ml in 0.1 M NaOH; (3) mycophenolic acid (MPA)
(Sigma). For an entire 6-well plate use 12 ml of medium and
supplement it with 300 pl xanthine, 18 pl hypoxanthine, and
30 pl MPA from the above described stocks.

7. Selective medium for GPT negative selection: 6-thioguanine
(6-TG) (Sigma) 1 mg/ml in 0.1 M NaOH. For an entire
6-well plate use 12 ml of medium and supplement it with 12 pl
6-TG from the above described stock.

. RiboMax large-scale RNA production system-17 (Promega).
. Cap analog 30 mM (7mGpppG) (NEB).

. RNase inhibitor (Promega).

. RNase-free DNase (Promega).

. LiCl solution (7.5 M LiCl, 50 mM EDTA pH 7.5).

. RNase-free water.
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. Crtk-TetOn-N cells (generated in our laboratory).
. 1x phosphate-buffered saline (PBS).
. Electroporator (Bio-Rad Gene Pulser).
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. Electroporation cuvette (4 mm gap) (VWR).

3 Methods

3.1 Integration

of the Full-Length
FCoV cDNA

into the Vaccinia Virus
Genome

Two alternative strategies for the assembly of the full-length FCoV
infectious clone are described. The first strategy represents a two-
step approach (Sect. 3.1.1).This method involves (1) the introduc-
tion of the major part of the FCoV genome through in vitro
ligation into the vaccinia virus genome (section “Integration of the
FCoV ¢DNA into the Vaccinia Virus Genome via In Vitro
Ligation”) followed by (2) the completion of the full-length FCoV
c¢DNA via vaccinia virus-mediated homologous recombination
(section “Second Step”). The reason for this strategy is that certain
coronavirus-derived sequences can cause instability in cloning plas-
mids, which makes it difficult to assemble the full-length FCoV
cDNA by in vitro ligation of FCoV ¢cDNA fragments originating
from plasmids. Such an approach was applied for the establishment
of the first FCoV infectious clone [1]. Since then, this infectious
clone has been successfully applied to study different aspects of
FCoV biology [14-16]. In Sect. 3.1.2 an alternative strategy is
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3.1.1  Two-Step Strategy
for the Introduction

of the Complete FCoV
cDNA into the Vaccinia
Virus Genome

First Step

Generation of Plasmids
Suitable for the In Vitro
Ligation

described, which simplifies the procedure for the generation of the
FCoV infectious clone (Tekes, unpublished). This approach omits
all of the in vitro ligation steps and it is based exclusively on vac-
cinia virus-mediated homologous recombination. Regardless of
the applied strategy, viral RNA serves as a starting material for the
generation of all FCoV-sequence containing plasmids (sections
“First Step”, 3.1.1.3, “Generation of plasmids suitable for vaccinia
virus-mediated homologous recombination”).

1. Coronavirus-derived sequences, which can cause instability in
cloning vectors, are often located between nt 5000 and 15,000
of the coronaviral genomic sequence. Therefore, this part of
the genome should be introduced into the vaccinia virus
genome by vaccinia virus-mediated homologous recombina-
tion in the second step as described in section “Completion of
the FCoV ¢DNA Using Vaccinia Virus-Mediated Homologous
Recombination”.

2. Analyze the remaining parts of the FCoV sequence (1-5000
and 15,000-29,000 nt) and choose restriction enzyme sites
encoded by the FCoV genome that will allow the in vitro liga-
tion of cloned cDNA inserts. After the analysis, prepare a set of
plasmids (no more than 4-5) covering the FCoV genome from
nt 1 to 5000 and from nt 15,000 to 29,000 (Fig. 1a).

3. Plasmid A (pA) contains upstream of the FCoV sequence a
Bsp120I site followed by a T7 promoter and a G nucleotide.
The Bsp120Isite is required for the ligation of the cDNA insert
derived from pA with the NozI digested vaccinia virus DNA
(section “Large-Scale Vaccinia Virus DNA Preparation”).The
T7 promoter for the T7 RNA polymerase enables the genera-
tion of full-length FCoV RNA via in vitro transcription (IVT)
(Sect. 3.3.1). The presence of the G nucleotide is recom-
mended for the proper initiation of the T7 polymerase.
Furthermore, plasmid D (pD) should contain downstream of
the FCoV 3'UTR 20-30 A nucleotides, which will serve as a
synthetic poly-A tail after IVT. These A nucleotides should be
followed by a unique cleavage site (e.g., Clal), the hepatitis
delta ribozyme (HDR) sequence, and a Bsp120I cleavage site
(Fig. 1a). The digestion of the vaccinia virus DNA with the
unique restriction enzyme will enable to terminate the T7
polymerase driven RNA synthesis (Sect. 3.3.1). The HDR
sequence fulfills the same function and contributes to the ter-
mination of the FCoV RNA. The Bsp120I enables the in vitro
ligation of the cDNA insert originating from pDinto the Nozl
cleaved vaccinia virus DNA (section “Large-Scale Vaccinia
Virus DNA Preparation”).
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Fig. 1 Schematic representation of the strategy to introduce approximately two-thirds of the FCoV cDNA into
the vaccinia virus genome. (a) The nearly 30 kb long FCoV genome, which is divided into seven parts (A, AB-1,
AB-2, AB-3, B, C, and D), is depicted. Plasmids A, B, C, and D (pA, pB, pC, and pD) are shown. The detailed
descriptions of the 5 "end of fragment A and the 3’ end of fragment D in pA and pD are shown, respectively. In
pA the FCoV sequence is preceded by a Bsp120I recognition site (underfined), T7 DNA-dependent RNA poly-
merase promoter (T7), and a G nucleotide. In pD the FCoV sequence is followed by poly-A sequence (As), Clal
cleavage site, hepatitis delta ribozyme (HDR) sequence, and a Bsp120! recognition site (underlined). (b)
Fragments A, B, C, and D (purple boxes) derived from plasmids pA, pB, pC, and pD are ligated to obtain frag-
ment ABCD. The overhangs of the Bsp720/ recognition sites, which enable the ligation into the Not/ cleaved
vaccinia virus DNA, are shown in purple. In a further step, fragment ABCD is ligated into the vaccinia virus (VW)
genome (pink boxes). The overhangs originating from the Notl cleavage site in the vaccinia virus DNA and the
Bsp120I sites from fragment ABCD are depicted in pink and purple, respectively

In Vitro Ligation of FCoV 1. Digest approximately 100 pg of each plasmid with the appro-

CDNA Inserts priate restriction enzymes resulting in cDNA fragments A, B,
C, and D. In order to avoid the ligation of fragments A and D
together through the Bspl20I site during the in vitro ligation
process (section “In vitro Ligation of FCoV ¢DNA Inserts”),
treat these fragments with alkaline phosphatase. Isolate the
fragments using standard gel extraction kit (se¢ Note 1).

2. Set up an in vitro ligation reaction (total volume 20-30 pl)
with all of the fragments in the presence of a high-concentrated
T4 DNA ligase overnight at room temperature.
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Large-Scale Vaccinia Virus
DNA Preparation

3.

Analyze the efficiency of your ligation on an agarose gel after
heating up the samples for 5-10 min at 65 °C. If the result of
the ligation is not satistying, repeat the small-scale ligation
with different ratios of the fragments. If the desired ligation
product can be observed, proceed to the next step.

. Use the same conditions as in step 3 for a large-scale ligation.

Load the entire reaction on agarose gel and purify the desired
ligation product using a gel extraction kit, which enables the
efficient recovery of cDNAs larger than 15 kb. For the excision
of the band avoid the use of UV-light (se¢ Note 1). Use this
purified product for the ligation with the NozI digested vaccinia
virus DNA in order to integrate the FCoV ¢cDNA into the vac-
cinia virus genome (section “Integration of the FCoV ¢cDNA
into the Vaccinia Virus Genome via In Vitro Ligation”) (Fig. 1b).

For the following experiment the vaccinia virus strain vNotl/tk is
used. This vaccinia virus genome contains only a single NotI cleav-
age site, which enables the introduction of the FCoV ¢cDNA into
the vaccinia virus genome via in vitro ligation.

1.

Infect four T150 cell culture flasks/dishes of BHK-21 cells
(90 % confluent) with vaccinia virus. Harvest the fully infected
cells 2-3 days post infection.

2. Pellet the cells at 2000 RPM (4 °C, 3 min).

10.

11.

. Resuspend the cell pellet in 3 ml of chilled 1x buffer A and fill

three MagNaLyser Green Beads with 1 ml suspension each.

. Homogenize the cells with the MagNaLyser Instrument

(Roche) at 5000 RPM for 20 s.

. Spin the beads for 1-2 min at 2000 RPM (4 °C).

. Collect the supernatant from the three tubes and combine it

into a new tube.

. Digest the content of the new tube with RNase-free DNase

(5U) for 20 min at 37 °C to degrade the remaining cellular
DNA in the reaction. Supplement the reaction with the appro-
priate buffer (10x DNase buffer). Within the virions the vac-
cinia virus DNA is protected from this digestion step.

. Inactivate the DNase by adding 20 mM EDTA and incubate

the reaction for 20 min at 65 °C.

. Proceed with trypsin digestion as follows: 0.1 volume of 0.25 %

(w/v) trypsin for 20 min at 37 °C.

Fill up the reaction volume to 11 ml with chilled 1x buffer A
and overlay it on 25 ml 36 % (w/v) sucrose cushion in a 36 ml
ultracentrifuge tube. Spin it down for 80 min at 13,500 RPM
at 4 °C using a SW 28 rotor.

Discard the supernatant and resuspend the pellet in 400 pl
buffer A.



Integration of the FCoV
¢DNA into the Vaccinia
Virus Genome via In Vitro
Ligation

12.

13.

14.

15.

16.

17.
18.

19.
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Add the same volume of 2x proteinase K buffer and 4-5 pl
proteinase K to the reaction and incubate for 2 h at 55 °C.

After the incubation, pipet 400 pl in two fresh Eppendorf
tubes for DNA extraction using phenol-chloroform. Perform
the same steps with both reaction tubes (se¢ Note 2).

Add 400 pl of chilled phenol to the reaction, mix it gently
(see Note 3) and spin down using a table centrifuge (5 min,
13,000 RPM at 4 °C). Pipet the water phase into a fresh tube
and add 400 pl of chilled chloroform. Mix gently and spin
again (5 min, 13,000 RPM at 4 °C).

Pipet the water phase into a fresh tube and add 1 ml of (2.5
volume) chilled 100 % ethanol to it. Mix carefully and spin
down (5 min, 13,000 RPM at 4 °C) (se¢ Note 2).

Discard the supernatant and wash the DNA pellet with
500-800 pl 70 % ethanol. Spin it down (5 min, 13,000 RPM
at 4 °C).

Optional: repeat step 16 to increase the purity of the DNA.

Discard the supernatant and add 25 pl of RNase-free water
(see Note 4).

Combine the DNA from both tubes and use everything for the
in vitro ligation (see Note 2). (section “Integration of the FCoV
c¢DNA into the Vaccinia Virus Genome via In Vitro Ligation”).

. Digest the entire amount of the vaccinia virus DNA (from sec-

tion “Large-Scale Vaccinia Virus DNA Preparation”, step 19)
with Nozl enzyme for 3—4 h at 37 °C.

. Add all of the ligated FCoV ¢cDNA insert (from section “In

Vitro Ligation of FCoV ¢cDNA Inserts”, step 4) to the cleaved
vaccinia virus DNA and incubate overnight at room tempera-
ture in the presence of a high-concentrated DNA ligase and
Notl restriction enzyme. Supplement the reaction with the
appropriate buffers (10x ligation buffer and 10x NozI buffer).
The volume of the ligation reaction can reach up to 100-
150 pl. If necessary, pipet additional NozI and/or DNA ligase
to the reaction. The presence of Notl enzyme prevents the
relegation of the vaccinia virus DNA ends.

. Next day, examine the efficiency of your ligation using pulse

field gel electrophoresis (PEGE). Load no more than 5-10 pl
aliquot on the gel after heating up the samples for 5-10 min at
65 °C. Freeze the rest of the ligation reaction at —20 °C and
use the DNA later for the recovery of vaccinia virus containing
the FCoV ¢cDNA (section “Recovery of FCoV ¢DNA-Con-
taining Vaccinia Virus”).

. If the result of the PFGE is satisfying, proceed with the recovery

(see Note 5).
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Recovery of FCoV
¢DNA-Containing
Vaccinia Virus

Second Step

Generation of Plasmids
Suitable for Vaccinia
Virus-Mediated
Homologous
Recombination

10.

. Infect almost confluent (90 %) CV-1 cells in one well of a

6-well plate with the fowl-pox virus at an MOI of 5 for 2 h
(see Note 6).

. Transfect the entire in vitro ligated vaccinia virus DNA (sec-

tion “Integration of the FCoV ¢cDNA into the Vaccinia Virus
Genome via In Vitro Ligation”) without further purification
using Lipofectamine 2000 (see Note 2).

. 5-6 h post transfection: discard the cell culture supernatant,

trypsinize, and pellet the cells.

. Supplement the transfected cells with fresh CV-1 cells (4 x 10°)

and seed them on a 96-well plate.

. Incubate the plate at 37 °C until complete cytopathic effect

(CPE) develops (5-10 days) in some of the wells.

. Harvest the cells with CPE and infect fresh CV-1 cells in a well

of'a 6-well plate with half of the harvested material.

. Incubate the CV-1 cells until complete CPE develops. Harvest

the cells and divide it into two equal aliquots.

. Take one of the aliquots, pellet the cells and perform vaccinia

virus DNA preparation using proteinase K digestion followed
by phenol-chloroform extraction as described (section “Large-
Scale Vaccinia Virus DNA Preparation”, steps 12—-18).

. Analyze the presence of the FCoV sequence in the vaccinia

virus genome by PCR.

If the FCoV sequence was successtully integrated into the vac-
cinia virus genome, proceed with the second step (section
“Generation of Plasmids Suitable for Vaccinia Virus-Mediated
Homologous Recombination”). The resulting recombinant
vaccinia virus is called vrecFCoV-ABCD.

In order to achieve the integration of the full-length FCoV ¢cDNA
into the vaccinia virus genome, the remaining part of the FCoV
genome (nt 5000-15,000) is introduced by vaccinia virus-mediated
homologous recombination.

1.

Generate DNA fragments AB1, AB2, and AB3 by RT-PCR.
Clone fragments AB1 and AB3 corresponding approximately to
the FCoV sequence nt 4500-8500 and 115,000-15,500, respec-
tively, upstream and downstream of the phosphoribosyl-
transferase (GPT) gene in the plasmid pGPT-1 [13] in order to
generate pGPT-AB-1/3 (Fig. 2a). The fragment AB-1 contains
a 500 nt long overlapping piece at its 5’ terminal with fragment
A. Fragment AB-3 possesses a 500 nt long overlapping piece at
its 3’ terminal with fragment B. These overlapping sequences are
required for the vaccinia virus-mediated homologous recombina-
tion. Clone fragment AB2 corresponding approximately to the
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Fig. 2 Completion of the FCoV infectious clone. In order to complete the full-length FCoV cDNA, fragments
AB-1, -2, and -3 are introduced using two rounds of vaccinia virus-mediated homologous recombination with
GPT positive and GPT negative selection using the plasmids pGPT-AB-1/3 and pAB-2. GPT guanine phospho-

ribosyl transferase

Completion of the FCoV
¢DNA Using Vaccinia
Virus-Mediated
Homologous
Recombination

3.1.2 Alternative Strategy
to Generate a Full-Length
FCoV Clone Omitting

the In Vitro Ligation

FCoV sequence nt 8000-1200 into a suitable plasmid backbone
(Fig. 2a). This fragment contains at both ends 500 nt long over-
lapping fragments with AB-1 and AB-3, respectively. The over-
lapping sequences are prerequisites for the vaccinia virus-mediated
homologous recombination. The required cleavage sites of AB1,
AB2,and AB3 for the cloning reactions must be included through
the primer sequences designed for the RT-PCR.

The missing part of the FCoV genome (nt 5000-15,000) is intro-
duced by two rounds of vaccinia virus-mediated homologous
recombination using GPT as a positive and negative selection
marker. The overall strategy is presented in Fig. 2b; the technical
details are described in Sect. 3.2.

If no cloning difficulties are observed with large (4-5 kb) frag-
ments covering the entire FCoV genome, the use of the following
method is recommended. One major advantage of this approach is
that the time consuming and complicated in vitro ligation steps



82 Gergely Tekes

(sections “In vitro Ligation of FCoV c¢DNA Inserts” and
“Integration of the FCoV ¢DNA into the Vaccinia Virus Genome
via In Vitro Ligation”) can be avoided. However, depending on
the success of the cloning process, both approaches (Sects. 3.1.1
and 3.1.2) present suitable tools to build an FCoV infectious clone.
This alternative strategy involves the introduction of the full-length
FCoV cDNA into the vaccinia virus genome using exclusively vac-
cinia virus-mediated homologous recombination.

Generation of Plasmids 1. Divide the FCoV genome into eight segments. Accordingly,

Suitable for Vaccinia prepare eight fragments by RT-PCR with a size of 3.5-4 kb

Virus-Mediated each covering the entire FCoV genome (Fig. 3).Clone these

Homologous RT-PCR fragments into a commercial available TA cloning

Recombination vector in order to generate plasmids 1-8 (p1, p2, p3, p4, p5,
p6, p7, and p8).

2. Plasmid 1 (p1) contains upstream of the FCoV sequence a 500 nt
long piece of the vaccinia virus genome followed by a T7

1
)
L
L
~1
[l
%)
=
o]
a1

Fig. 3 Generation of plasmids required for the introduction of the full-length FCoV genome into the vaccinia
virus genome by vaccinia virus-mediated homologous recombination. For the assembly of the cDNA clone, the
approximately 30 kb long FCoV genome is divided into eight overlapping fragments (1-8). The fragments are
color-coded. Eight plasmids (p1, p2, p3, p4, p5, p6, p7, and p8) corresponding to these fragments are depicted.
Out of these eight plasmids, the generation of four final plasmids (pA, pB, pC, and pD), which are required for
the introduction of the entire FCoV cDNA into the vaccinia virus (VV) genome, are shown. The overlapping parts
of the various fragments are required for the vaccinia virus-mediated homologous recombination. GPT guano-
sine phosphoribosyl transferase
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promoter and a G nucleotide. Plasmid 8 (p8) corresponds to the
3’ end of the FCoV genome sequence followed by 20-30 A
nucleotides (synthetic poly-A tail), a unique cleavage site, the
hepatitis delta ribozyme (HDR) sequence and a 500 nt long
piece of the vaccinia virus genome. Plasmid 2 (p2) contains an
approximately 500 nt long overlapping part with pl. Plasmid 7
(p7) has an approximately 500 nt long overlapping part with p8.
Plasmid 3 (p3) has an approximately 500 nt long overlapping
part with p2. Plasmid 6 (p6) contains an approximately 500 nt
long overlapping part with p7. Plasmid 4 (p4) has an approxi-
mately 500 nt long overlapping part with p3. Plasmid 5 (p5)
comprises an approximately 500 nt long overlapping part with
p6. These overlapping parts are required for the vaccinia virus-
mediated homologous recombination. In order to finalize the
plasmids needed for the vaccinia virus-mediated homologous
recombination, additional cloning steps are required (steps 3-0).

3. Clone fragments 1 and 8 originating from p1l and p8, respec-
tively, upstream and downstream of the GPT gene in the mul-
tiple cloning sites of the pGPT-1. The specific restriction
enzyme cleavage sites required for the subcloning originate
from the primer sequences used for the generation of the RT-
PCR products. The resulting plasmid is called plasmid A (pA)
(Fig. 3).

4. Clone fragment 2 originating from p2 in the p7 in order to
obtain plasmid B (pB). The specific restriction enzyme cleav-
age sites required for the subcloning originate from the primer
sequences used for the generation of the RT-PCR products.

5. Clone fragments 3 and 6 originating from p3 and p6, respec-
tively, upstream and downstream of the GPT gene in the
pGPT-1. The specific restriction enzyme cleavage sites required
for the subcloning originate from the primer sequences used
for the generation of the RT-PCR products. The resulting
plasmid is called plasmid C (pC).

6. Clone fragment 4 originating from p4 in the p5 in order to
obtain plasmid D (pD). The cleavage site between fragments 4
and 5 is present in the original FCoV sequence. The other
restriction enzyme cleavage sites required for the subcloning
originate from the primer sequences used for the generation of
the RT-PCR products.

The entire FCoV genome is introduced by four rounds of vaccinia
virus-mediated homologous recombination using GPT as a posi-
tive and negative selection marker. The overall strategy is presented
in Fig. 4; the technical details are described in Sect. 3.2.
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1. gpt positive
selection

1. gpt negative
selection

2. gpt positive
selection

2. gpt negative
selection

Fig. 4 Strategy for introduction of the full-length FCoV cDNA into the vaccinia virus genome by vaccinia virus-
mediated homologous recombination. In order to integrate the full-length FCoV cDNA, fragments 1-8 are
introduced via four rounds of vaccinia virus-mediated homologous recombination using GPT as a positive and
a negative selection marker. The required plasmids (pA, pB, pC, and pD) and the resulting recombinant vaccinia
viruses are shown. GPT guanine phosphoribosyl transferase

3.2 Manipulation

of the FCoV Genome
Vaccinia Virus-
Mediated Homologous
Recombination

For the manipulation of the FCoV sequence integrated in the vac-
cinia virus genome, specifically designed plasmids in combination
with vaccinia virus-mediated homologous recombination are
required. This approach allows the replacement of defined parts of
the FCoV genome.

In an initial step, the GPT gene is introduced into the vaccinia
virus genome. For this purpose a specific plasmid is required, which
contains upstream and downstream of the GPT gene homologous
sequences (500 nt) with the targeted FCoV region. These homolo-
gous sequences in the plasmid enable the insertion of the GPT gene
(preceded by a vaccinia virus promoter) by vaccinia virus-mediated
double homologous recombination in the vaccinia virus genome.
The resulting recombinant vaccinia virus with GPT gene can be
selected using the GPT as a positive selection marker (Sect. 3.2.2).

In the following step, the GPT gene is replaced by the FCoV
sequence with the desired mutations. The required specific plasmid
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Selection
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contains two homologous regions (500 nt) with the targeted
FCoV sequence upstream and downstream of the FCoV sequence
to be introduced. Vaccinia virus-mediated homologous recombi-
nation leads to replacement of the GPT gene by the FCoV sequence
with the desired mutations. In the absence of the GPT gene, the
resulting recombinant vaccinia virus can be selected using GPT as
a negative selection marker (Sect. 3.2.3).

In order to generate the GPT positive /negative recombinant vac-
cinia viruses, cells are infected with the appropriate vaccinia virus
and transfected with the specifically designed plasmids. During
incubation of infected /transfected cells vaccinia virus-mediated
homologous recombination takes place between the homologous
sequences of the vaccinia genome and the plasmid sequence.

1. Infect CV-1 cells (90 % confluent) in one well of a six-well

plate with vaccinia virus (MOI=1). Incubate the reaction for
2 hat 37 °C.

2. 2 h post infection: transfect the cells with 2—4 pg of the specific
plasmid designed for the mutagenesis using Lipofectamine
2000. The transfection is carried out according to the manu-
facturer’s instruction.

3. 5-6 h post transfection: wash the cells and cover them with
fresh medium (2 ml).

4. Incubate the infected/transfected cells until complete CPE
develops (48-72 h).

5. Harvest the cells by scratching, resuspend in 800 pl of super-
natant, and store at —20 °C.

6. This material contains the newly generated GPT positive vs.
negative recombinant vaccinia viruses, which will be selected
using GPT as positive (Sect. 3.2.2) or negative (Sect. 3.2.3.)
selection marker in a following step.

1. Seed CV-1 cells in a six-well plate 1 day before positive selec-
tion starts. On the day of selection the cells should be approxi-
mately 90 % confluent.

2. On the next morning, supplement the medium with 25 pg,/ml
mycophenolic acid (MPA), 250 pg/ml xanthine, and 15 pg/
ml hypoxanthine. Incubate the cells for at least 6 h with the
GPT positive selection medium.

3. Prepare the vaccinia virus for infection (from Sect. 3.2.1, step
5): freeze and thaw the virus three times by placing it into liquid
nitrogen followed by sonication (5 min). This step is necessary
to release and separate the vaccinia virus particles from the cells.

4. Use 10 pl of different dilutions (stock, 1:10, and 1:100) of this
virus for the infection of the CV-1 cells.
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3.2.3 GPT Negative
Selection

3.3 Recovery
of Recombinant FCoVs

. Incubate the infected cells until single plaques develop (48 h

post infection).

. Pick the plaques (usually six) in 150 pl medium and use 10 pl

for the infection of fresh CV-1 cells treated with GPT positive
selection medium.

. Prior infection freeze and thaw the virus as described in step 3.
. Repeat the selection step 3—4 times.

. After the last round of selection, infect CV-1 cells in a well of a

6-well plate with 30—40 pl plaque material. Incubate the cells
until complete CPE develops (2—4 days). Harvest the cells and
divide them into two Eppendorf tubes. One tube should be
stored at =20 °C, which can be used later for the GPT negative
selection (Sect. 3.2.3). Prepare vaccinia virus DNA from the
other half of the reaction to verify the result of the recombina-
tion event by PCR.

. Seed D98OR cells in a six-well plate 1 day before negative

selection starts. On the day of selection the cells should be
40 % confluent.

. On the next morning, supplement the medium with 1 pg/ml

6-thioguanine (6-TG). Incubate the cells at least for 6 h with
the GPT negative selection medium.

. Prepare the vaccinia virus for infection (from Sect. 3.2.2, step

9): freeze and thaw the virus three times by placing it into lig-
uid nitrogen followed by sonication (5 min).

. Use 10 pl of different dilutions (stock, 1:10, and 1:100) of this

virus for the infection of the D980R cells.

. Incubate the infected cells until single plaques develop (48 h

post infection).

. Pick the plaques (usually six) in 150 pl medium and use 10 pl

for the infection of fresh D98OR cells treated with GPT nega-
tive selection medium.

. Prior infection freeze and thaw the virus as described in step 3.
. Repeat the selection step 3—4 times.

9. After the last round of selection, infect CV-1 cells in a well of a

6-well plate with 3040 pl plaque material. Incubate the cells
until complete CPE develops (2—4 days). Harvest the cells and
divide them into two Eppendorf tubes. One tube should be
stored at —20 °C, which can be used later for further mutagen-
esis. Prepare vaccinia virus DNA from the other half of the reac-
tion to verify the result of the recombination event by PCR.

The recovery of recombinant FCoVs comprises the generation of
the full-length FCoV RNA by in vitro transcription and the intro-
duction of this RNA into eukaryotic cells. In these cells, the
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coronaviral life cycle is initiated and the newly produced recombinant
viruses are released into the cell culture supernatant.

Vaccinia virus DNA, which contains the full-length FCoV genome
is used as a template for the in vitro transcription.

1.

Cells infected with the appropriate vaccinia virus are used for a
large-scale DNA preparation as described above (section
“Large-Scale Vaccinia Virus DNA Preparation”).

. Digest the entire amount of DNA with a unique cutter restric-

tion enzyme (e.g., Clal) for 3—4 h at 37 °C. The digestion of
the vaccinia virus DNA with this enzyme will enable the T7
polymerase driven RNA synthesis to terminate during the
in vitro transcription.

. Perform phenol-chloroform extraction of the digested DNA

as described (section “Large-Scale Vaccinia Virus DNA
Preparation”, steps 14-18) and resuspend the DNA pellet in
25 pl RNase-free water (see Note 2).

. Used the entire DNA (25 pl) for the in vitro transcription reac-

tion using RiboMaxLarge Scale RNA Production System
(Promega). The IVT reaction contains the following compo-
nents in 50 pl:

3.8 pl ATP, CTP and UTP (100 mM each)
0.7 pl GTP (100 mM)

5 pl Cap Analog (30 mM m7GpppG)

10 pl 5x transcription buftfer

5 pl T7-Enzyme mix

0.5 ul RNase inhibitor

25 pl Clal cleaved vaccinia virus DNA

. Incubate the IVT at 30 °C for 2-3 h.

6. Add 2—4 pl RNase-free DNase to the reaction and incubate for

10.

20 min at 37 °C.

. Precipitate the RNA using 27 pl LiCl and incubate the reaction

at =20 °C for at least 30 min.

. Spin the reaction (13,000 RPM, 4 °C, 20 min) in order to

pellet the RNA.

. Discard the supernatant and wash the pellet twice with 500 pl

70 % ethanol.

Resolve the pellet in 20 pl RNase-free water and analyze 2 pl of
it on an agarose gel. This RNA can be stored at -80 °C or
directly used for the electroporation (Sect. 3.3.2). However,
it is recommended to use the RNA immediately for the
electroporation.
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3.3.2 Electroporation 1.
of the RNA
2
3
4
5

Use for the electroporation an inducible Crtk-Tet/On cell
line, which expresses the FCoV N protein.

. Induce the cells in a 10 cm dish 20-24 h prior electroporation

with doxycycline.

. Trypsinize the cells 20-24 h after induction, pellet (2000

RPM, 4 °C, 3 min) and wash the cells twice with 10 ml of ice
cold PBS.

. Count the cells, pellet again (2000 RPM, 4 °C, 3 min) and

resuspend the pellet in PBS to obtain 1x10° to 1 x107 cells in
800 pl.

. Transfer the 800 pl into a 4 mm gap electroporation cuvette.

6. Add the FCoV RNA (Sect. 3.3.1) to the cells and mix gently.

10.

. Electroporate the RNA with one pulse using a Gene Pulser 11

(Bio-Rad) (Resistance: oo, high-capacity: 950 pF, 0.18 kV) (see
Note 7).

. Transfer the cells into a 10 cm dish and fill up the dish with

10 ml of fresh medium.

. Optionally, change the medium 2-3 h after the

electroporation.

Incubate the cells until CPE develops (usually 2-3 days).
Harvest the supernatant containing the recombinant FCoVs
and use it for further analysis.

4 Notes

. Avoid the application of UV-light to excise the bands from the

agarose gel. We experienced that exposing the DNA to UV-
light can hamper the ligation of these fragments into the vac-
cinia virus genome. To assess the exact position of a DNA band
without damaging it with UV-light, load DNA marker on both
sides of your digested fragment on the agarose gel. After elec-
trophoresis, separate the lanes with the marker from the remain-
ing part (contains the digested fragments) of the gel. Using
UV-light, cut out a small piece in each of the marker lanes at the
expected height of the digested product. Position these lanes
back together with the part containing the digested fragment.
Cut the agarose gel between the two indicated positions in
order to remove the agarose slice with the digested fragment.

. Do not pipette vaccinia virus DNA with regular tips after pro-

teinase K digestion. These tips can damage the DNA due to
their narrow opening. Cut the end of the tips with scissors to
enlarge the opening.
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. In order to keep the DNA intact, do not vortex the tubes con-

taining vaccinia virus DNA after proteinase K digestion.
Vortexing can break the large vaccinia virus DNA.

. Do not dry the vaccinia virus pellet but resuspend it immedi-

ately in water.

. In our laboratory CHEF Mapper-II pulse-field gel electropho-

resis System (Bio-Rad) is used. For the optimal separation of
the bands a 1 % agarose gel should be prepared. The gel runs
for approximately 18 h (switch time 3-30 s, angle 120°, volt-
age 6 V/cm). The set up can vary depending on the system
used for PFGE.

. The vaccinia DNA itself'is not infectious. The addition of fowl-

pox virus as a helper virus allows the rescue of recombinant
vaccinia virus. Furthermore, the infection of CV-1 cells with
the fowl-pox virus leads to an abortive infection. After the res-
cue of the recombinant vaccinia viruses there is no infectious
fowl-pox virus present in the reaction.

. The conditions for the electroporation depend on the cell line

and device used for the electroporation. It is recommended to
test a given electroporator with the cells to achieve optimal

etficiency.
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