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The subgenomic mRNA transcription and genomic replication of the porcine reproductive and respiratory syndrome virus
(PRRSV) are directed by the viral replicase. The replicase is expressed in the form of two polyproteins and is subsequently
processed into smaller nonstructural proteins (nsps). nsp9, containing the viral replicase, has characteristic sequence motifs
conserved among the RNA-dependent RNA polymerases (RdRp) of positive-strand (PS) RNA viruses. To test whether the
conserved SDD motif can tolerate other conserved motifs of RNA viruses and the influence of every residue on RdRp catalytic
activity, many amino acids substitutions were introduced into it. Only one nsp9 substitution, of serine by glycine (S3050G),
could rescue mutant viruses. The rescued virus was genetically stable. Alteration of either aspartate residue was not tolerated,
destroyed the polymerase activity, and abolished virus transcription, but did not eliminate virus replication. We also found that
the SDD motif was essentially invariant for the signature sequence of PRRSV RdRp. It could not accommodate other con-
served motifs found in other RNA viral polymerases, except the GDD motif, which is conserved in all the other PS RNA vi-
ruses. These findings indicated that nidoviruses are evolutionarily related to other PS RNA viruses. Our studies support the
idea that the two aspartate residues of the SDD motif are critical and essential for PRRSV transcription and represent a se-
quence variant of the GDD motif in PS RNA viruses.

SDD, RdRp, PRRSYV, nidoviruses, replication, evolution

Zhou Y, Zheng H H, Gao F, et al. Mutational analysis of the SDD sequence motif of a PRRSV RNA-dependent RNA polymerase. Sci China Life Sci,
2011, 54: 870-879, doi: 10.1007/s11427-011-4216-4

Citation:

RNA-dependent RNA polymerases (RdRps) function as the
catalytic subunit of the viral replicase. RdRps are required
for the replication and transcription of all positive-strand
(PS) RNA viruses, in concert with host proteins and, some-
times, other viral proteins [1,2]. The RdRp domain is essen-
tial for RNA replication [3,4]. Several conserved sequence
motifs have been identified in the putative RdRps of several
animal and plant PS RNA viruses [5]. Currently, eight con-
served motifs are known to be present in all classes of poly-
merases, and four of them reside in the catalytic portion of
the “palm” domain [1,2,6]. The most conserved palm do-
main contains the four amino acid sequence motifs found in
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all classes of polymerases, named A, B, C, and D [7], plus a
fifth motif E, unique to RdRps and reverse transcriptases [1].
This structural conservation implies that palm domains of
all RdRps may have evolved from a common, ancient an-
cestor. Motif C forms a “B-strand, turn, B-strand” structure
that contains the highly conserved Gly-Asp-Asp (GDD)
motif, with the aspartic acid residues exposed in the loop
region found in RdRps, an RdRp hallmark [5,8-10]. This
structure is very similar in all classes of polymerases, and
positions the two DD residues close to the conserved D of
motif A [1]. The two aspartic acids have been postulated to
be involved in the catalytic activity and metal ion coordina-
tion of the enzyme [7,10-12]. The RNA-dependent RNA
polymerases (RdRps) of all positive stranded RNA viruses
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and double stranded RNA viruses, such as reoviruses, con-
tain a GDD motif, a highly conserved sequence located at
the active site. However, with one exception, the RdRps of
nidoviruses have a replacement of the Gly residue by a Ser
residue preceding the two key catalytic Asp residues in the
GDD motif [4]. Thus, porcine reproductive and respiratory
syndrome virus (PRRSV) has an SDD signature instead of
the canonical GDD in the RdRp (nsp9) [13-15] (Figure 1,
Table 1). The role of the serine residue in the RdRps of
nidovirus has not been studied; however, the corresponding
glycine residue is essential for poliovirus RdRp and for
other RdRps carrying a GDD signature [15,16]. It is said
that the phylogeny of RdRps mainly parallels the taxonomy
of RNA viruses. The other RNA viruses also have a partic-
ular conserved motif in the place of the GDD motif, such as
the GDN motif of nonsegment-negative stranded RNA vi-
ruses [16,17], the SDD motif of segment-negative stranded
RNA viruses [16,18,19], and the MDD motif of retrovi-
ruses [18] (Table 1). The universal occurrence and excep-
tional conservation of RdRps has led to RdRps, along with a
few other replicative proteins, being used for the identifica-
tion and classification of RNA viruses. What then, is the
phylogenetic relationship of these different motifs among
RNA viruses? Based on the present studies of the GDD mo-
tif, the requirement for the glycine residue of the GDD mo-
tif is somewhat flexible for in vitro RNA synthesis [2]. Stud-
ies on polioviruses, HCV [1], RHDV, tombusviruses [20],
rubella viruses (RV) [1], CSFV [21], and caliciviruses [22]
showed that the first aspartate of the GDD motif appears to
be a strict requirement, as any changes to this position are
not tolerated for in vivo viral replication and/or in vitro
RNA synthesis. Studies of the second aspartate of the GDD
motif showed it was not absolutely conserved in all classes
of polymerases, suggesting some flexibility at this position.
However, mutational analysis indicates a relatively strict re-
quirement for an aspartate at this position in the RdRps of
calicivirus [22] and encephalomyocarditis virus [1]. Overall,
single or multiple substitutions of the equivalent residues in
viral RdRps were shown to change or even abolish polymer-
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ase activity, depending on the assay conditions used [23].

Usually, RdRp domains are readily identifiable by com-
parative sequence analysis. Little is known about the bio-
chemical and structural properties of the replicase [24].
Although many studies suggest nsp9 is the RdRp of
PRRSV [25,26], there is no experimental evidence to
demonstrate its catalytic activity. A core palm structure
containing the four motifs (A-D) found in all classes of
polymerases [1] is present in the C-terminal region of nsp9;
therefore, it is possible to identify RdRp catalytic activity by
testing whether the conserved SDD motif (at residues 3050
to 3052 of nsp9) itself is essential for virus replication (Fig-
ure 1). This work provides an opportunity to better under-
stand the biology of PRRSV, as well as to identify antiviral
targets for the prevention of PRRSV. Cells transfected with
an SGA mutant of EAV did not show detectable RNA rep-
lication or subgenomic mRNA transcription [3,27]. Moreo-
ver, previous studies have focused on the structure-function
analysis of the GDD motif and mainly depended on in vitro
biochemical experiments. However, characterization of the
SDD sequence motif of PRRSV has not yet been reported.
Given the heterogeneity observed with regard to the GDD
motif in RNA polymerases of PS RNA viruses, we wanted
to ascertain whether flexibility exists with respect to amino
acid substitutions at this site of the PRRSV RNA polymer-
ase and the influences of amino acid change on virus repli-
cation and transcription. We utilized site-directed mutagen-
esis to construct several different combinations of mutations
in the SDD motif in an infectious clone of PRRSV, and in-
vestigated the functional role of the motif.

1 Materials and methods

1.1 Cells and viruses

MARC-145 cells (ATCC, Manassas, VA, USA) and baby
hamster kidney (BHK-21) cells were propagated in Eagle’s
minimum essential medium (EMEM; Gibco-BRL, Gaithers-

5 J il 2 ITI m 3
PRRSV b gEsi|s] [
" 2b‘\‘
! *. 5a
nsp: ¢ ~
sp: 9 0 g1 g2

Figure 1 Schematic representation of PRRSV genome showing the location of the conserved SDD motif within RdRp. Shown is a part of domains in the

pplab replicase polyproteins of PRRSV. Arrows represent sites in pplab that are cleaved by chymotrypsin-like (3CLpro) proteinase. The proteolytic cleav-

age products are numbered according to full cleavage site map. Within the cleavage products, the location and names of the domains that have been identi-

fied as structurally and functionally related are highlighted. These include diverse domains with conserved Cys and His residues (C/H), RNA-dependent

RNA polymerase (RdRp), helicase (HEL) and uridylate-specific endoribonuclease (N or NendoU) activities. The number of amino acid D indicates the location
of SDD in pplab.
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Table 1 Summary of the amino acid (aa) substitutions in this study
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Substitution Nucleotide sequence® Amino acid sequence Characterization of mutations Titer” Reversion®
SDD in the RdRps of nidoviruses and seg-
Wild type TCG GAC GAC SDD ment-negative stranded RNA viruses, S: less  1x10*7%* TCIDso mL™" NO
polar no charge; D: highly polar negative charge
GDD in the RdRps of positive stranded RNA
S3050G 22G GAC GAC GDD viruses and double stranded RNA viruses 1x10*8* TCIDs) mL™ NO
(reoviridea), less polar no charge
S3050M auG GAC GAC MDD MDD in the RdRps of retroviruses, no polarity ND N/A
D30S1A TCG GeC GAC SAD Not in the RdRps of allithe RNA viruses, ND N/A
no polarity
D3051E TCG GAa GAC SED Not in t.he RdRps of all the RNA viruses, ND N/A
highly polar negative charge

D305IN TCG aAC GAC SND Not in the RdRps of all the RNA viruses, ND N/A
highly polar no charge

D3051G TCG GgC GAC SGD Not in the RdRps of all the RNA viruses, ND N/A

less polar no charge
D3052A TCG GAC GeC SDA Not in the RdRps of alllthe RNA viruses, ND N/A
no polarity
D3052E TCG GAC GAa SDE Not in the RdRps of all the RNA viruses, ND N/A
highly polar negative charge

D3052N TCG GAC aAC SDN Not in the RdRps of all the RNA viruses, ND N/A
highly polar no charge

$3050G, D3052N 28G GAC aAC GDN GDN in the RdRps of nons;gment—negatlve ND N/A
stranded RNA viruses

D3051G, D3052A TCG GgC GeC SGA Not in the RdRps of all the RNA viruses, ND N/A

Lethal mutation in EAV

a) Mutated nucleotide residues are in small letters. b) ND, titers of mutants which were not rescued were not determined. c¢) N/A, not applicable for mu-

tants which were not rescued.

burg, MD, USA) with 10% fetal bovine serum (FBS; Gib-
co-BRL, Gaithersburg, MD, USA), and maintained in
EMEM with 2% fetal bovine serum at 37°C with 5% CO..
BHK-21 cells and MARC-145 cells were used for incuba-
tion of PRRSV. The viruses were rescued from the Type II
PRRSV infectious clone pAPRRS (with CMV promoter)
[28] and used as parental virus in all experiments.

1.2 Plasmid construction

Standard recombinant DNA techniques were used to gener-
ate all the constructs. The full-length infectious cDNA clone,
pAPRRS [28] was used in the basis for subcloning.
Construction of SDD mutants. The full-length mutant
plasmids were constructed by site-directed PCR mutagene-
sis and SOE (gene splicing by overlap extension) PCR. A
series of mutations was introduced into the nsp9 SDD motif
by making single mutations at amino acid residue 3050,
3051, or 3052. The synthetic deoxyribonucleotides used in
the mutagenesis are shown in Table 2. To create plasmids
pGDD, pSED, pSDE, and pSGA, a shuttle plasmid named
pTB2, representing nucleotide positions 8840-13334 of the
viral genome, was constructed to introduce specific modifi-
cations to the SDD motif in the full-length genomic clone.
The fragment 8840-13334 nt was cloned into the vector
pBluescript II SK (+/-) (Stratagene, La Jolla, CA, USA).
pTB2 plasmid was used as the template in site-directed PCR
mutagenesis. PCR-mediated mutagenesis was carried out
with the appropriate primers containing the required nucleo-

tide changes. To construct plasmids pMDD, pSAD, pSND,
pSDA, pSDN, pSGD, and pGDN, SOE PCR was used with
pAPRRS as the template and two pairs of primers. The
strategy of construction of them was the same with pSND.
For mutant pSND, a pair of primers (SF8129 plus
SR9348SND) was used to amplify approximately 1.2 kb
from nt 8129 to 9348, and the downstream 4.0 kb fragment
from nt 9301 to 13334 was obtained by a second PCR using
primers, SF9301SND and SR13334. The 5.2 kb fragment
containing the desired D—N mutation was generated by the
SOE PCR with 1.2 and 4.0 kb fragments as templates, and
SF8129 and SR13334 as the primers.

The PCR products were purified using the Watson Gel
Extraction Mini Kit (Watson, Shanghai, China). Purified
products were digested with Avr I and EcoR V and the major
fragment was used to replace the Avr II/EcoR V fragment of
the infectious clone pAPRRS to form the mutant clones.

Site-directed PCR mutagenesis was carried out using 18
cycles of 95°C for 20 s, 62 or 58°C for 30 s, and 68°C for
11 min using PfuTurbo Hotstart DNA polymerase (Strata-
gene, La Jolla, CA, USA), added to the reaction mixture
after an initial denaturation (95°C, 5 min). After 18 cycles,
the products were extended at 72°C for another 10 min.

SOE PCRs were carried out using 18 cycles of 95°C for
30 s, 59°C for 30 s, and 72°C for 5 min using PfuUltrall
Fusion HS DNA polymerase (Stratagene, La Jolla, CA,
USA), added to the reaction mixture after an initial denatur-
ation (99°C, 5 min). After 18 cycles, the products were ex-
tended at 72°C for another 10 min.
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For detecting replication, pAS7 was constructed by de-
leting 1693 to 13116 nt from pAPRRS using Afl IT and Spe |
as a negative control.

1.3 DNA transfection, RNA extraction and RT-PCR

BHK-21 cells were propagated in a 6-well plate (2x10°
cells/35 mm well) and grown for 2 d to approximately
60%—80% confluence. The subconfluent BHK-21 cells
were transfected with equal amounts (3.75 ug) of full-length
mutant plasmid using Lipofectamine LTX&PLUS reagents
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions and incubated at 37°C with 5% CO..
The supernatant of the cell culture was harvested and inoc-
ulated onto MARC-145 cells 72 h posttransfection, and was
monitored daily for cytopathic effect (CPE). When 80%
CPE was observed, the supernatant of the cell culture was
harvested and stored in a —70°C freezer as the primary res-
cued virus stock, designated as vGDD passage 0 (PO). The
1000-fold diluted PO was used for inoculating fresh
MARC-145 cells, and the supernatant was harvested at 4
dpi, and designated as P1. The P2-P5 virus stocks were
prepared in the same manner.

For RNA extraction, viral genomic RNA was isolated
using a QIAprep Viral RNA Mini Kit (Qiagen, Hilden,
Germany), and cells were lysed at 72 h posttransfection.
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Total intracellular RNAs were isolated using TRIzol Rea-
gent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. RNAs were suspended in
RNase-free water, aliquoted, and stored at —70°C. For the
analysis of virus transcription, the subgenomic (sg) mRNA7s
of PRRSV was detected by reverse transcription-PCR
(RT-PCR) from the total intracellular RNAs of transfected
cells (Figure 2). As an internal control for RT-PCR analysis
of sg mRNAT7s, the B-actin gene of BHK-21 cells was also
detected using a pair of primers, actin-F and actin-R. For the
sg mRNA7s RT reaction, primer SR15284 was used. For
the sg mRNA7s PCR, primers SF12 and SR15284 were
used. The PCR conditions comprised 18 cycles of 95°C
denaturation (30 s), 63°C annealing (30 s), and 72°C exten-
sion (30 s), followed by incubation at 72°C for 10 min. The
18 cycles were followed by a 5-min incubation at 95°C.

For the analysis of the virus mutational site, a pair of
primers, SF8129 and SR10211, was used in the synthesis of
cDNA covering the SDD motif at nt 9319-9327. The PCR
products were gel-purified and sub-cloned into pGEM-T
vector (Promega, Madison, USA), and sequenced.

1.4 Analysis of genomic RNA replication of RdRp mu-
tants

For negative-strand-specific RT-PCR, we used the approach

Spe | (13118 nt)
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PAST  af 1l (1688 nty |

5a
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Figure 2 The influence of aa substitutions in the SDD motif on subgenomic transcription and genomic replication. A, RT-PCR strategy for the detection of
genomic negative strands and subgenomic mRNA7s. For the RT-PCR, primers SF12 and SR683 were used to amplity regions specific for plasmid, positive-
and negative-stranded genomic RNA. Primer SR683 is directed against sequences within the ORF1a region and SF12 is directed against the leader sequences
of the 5S'UTR; both are used for priming cDNA synthesis (dashed line) on the genomic negative strands. Primers SF12 and SR15284 are used for the PCR
specific for positive-stranded sg mRNA7s. Primer SR15284 is directed against the body sequence of sg mRNA7s and is used for priming cDNA synthesis
(dashed line) on the positive strand of sg mRNA7s. B, RT-PCR amplification of leader-body junction specific regions of subgenomic mRNA7s. To study the
impact of mutations in the SDD motif on PRRSV transcription, RT-PCR analysis of the sg mRNA7s was performed on the total RNAs obtained from
mock-transfected BHK-21 cells and cells transfected with pMDD, pSAD, pSED, pSND, pSGD, pSDA, pSDE, pSDN, pSGA, pGND, pGDD, and pAPRRS,
using a forward primer located in the leader region and a reverse primer in ORF7. The bands representing the specific sg mRNA7s are shown in the top
panel and semiquantitative RT-PCR analysis of B-actin gene of BHK-21 cells to estimate the amounts sg mRNA7s is shown in the middle panel. To study
the impact of mutations in the SDD motif on PRRSV replication, the RNAs were isolated from BHK-21 cells transfected with mock-transfected
BHK-21cells and cells transfected with pMDD, pSAD, pSED, pSND, pSGD, pSDA, pSDE, pSDN, pGDN, pSGA, pGDD, and pAPRRS, using a forward
primer located in the leader region and a reverse primer in the ORF1. RT-PCR analysis of genomic negative strands is shown in the bottom panel.



874 ZhouY, et al.

outlined in Figure 2. Total intracellular RNAs were isolated
24 h posttransfection using TRizol Reagent (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s in-
structions. To remove the transfected plasmids, RNAs were
treated by rDNase I (Ambion INC, Austin, TX, USA) for 30
min at 37°C, according to the manufacturer’s instructions,
using Ambion DNA-free™ DNase Treatment and Removal
Reagents (Ambion INC, Austin, TX, USA). The rDNase I
was inactivated by DNase Inactivation Reagent, followed
by PCR to detect any residual plasmid contamination. To
prime cDNA synthesis on the genomic negative strand,
primer SF12 was used. After the RT reaction, cDNAs were
treated by RNase to remove genomic positive strands. A
pair of primers, SF12 and SR683, was used for the subse-
quent PCR, which consisted of 18 cycles, comprising 30 s
of denaturation at 95°C, 30 s of annealing at 62°C, and 30 s
of DNA synthesis at 72°C. The 18 cycles were followed by
a 5-min incubation at 95°C.

1.5 Immunofluorescence assays (IFAs)

BHK-21 cells transfected with full-length mutant plasmid
and pAPRRS were grown on a 6-well plate at 37°C. Indirect
IFAs were carried out by standard procedures [29], using a
1:600 dilution of a PRRSV monoclonal antibody directed
against the PRRSV open reading frame 7 (ORF7, encoding
a nucleocapsid protein), and antibody anti-PRRSV nsp2
(kindly provided by Dr. Fang Ying at South Dakota State
University) (Figure 3). After three washes with PBS, cells
were incubated at 37°C for 1 h with goat anti mouse sec-
ondary antibody Alexa Fluor® Dyes (Invitrogen, Carlsbad,
CA, USA). The samples were examined with an Olympus
fluorescence microscope equipped with a digital camera and
Qfluoro software (Leica).

1.6 Growth kinetics and replication of the rescued vi-
rus

To determine the multi-step growth curve of the P5 vGDD
and VAPRRS, MARC-145 cells in 35 mm dishes were in-

APRRS GDD MDD SAD SED SND SGD SDA
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- (RS I K NS A G P EN Y I
g | 11 1 PP ey
(AT N I I I N

Sci China Life Sci

September (2011) Vol.54 No.9

fected with 200 pL (0.01 MOI) of P5 viruses, repeated three
times. An aliquot of the cell culture supernatant was har-
vested and replenished with an equal volume of EMEM
containing 2% FBS at the indicated time points (6, 12, 24,
36, 48, 72, 84, 96, 108, and 120 h) post-infection and stored
at —70°C. Viral titration was performed by TCIDs, and a
growth curve was determined from the TCIDs, results, as
described previously [29] (Figure 4).

For detection of viral replication, an aliquot of the cell
culture supernatant was harvested at 24 h after transfection
to BHK-21 cells with pSDD and pAPRRS. Viral titration
was performed by TCIDs, as described previously [29] (Ta-
ble 1).

1.7 Whole genome sequencing

vGDD in vitro generated from MARC-145 cells were seri-
ally 10-fold diluted. 0.2 mL viruses was inoculated onto
MARC-145 monolayers (8x10° cells/well) in 6-well plates.
After 1 h at 37°C, cell monolayers were washed once with
PBS and overlaid with 3 mL. MEM containing 1% (w/v)
low melting-point agarose and 2% FBS. After incubation
for further four days at 37°C, single plaques were selected
and dissolved into 200 pL. 2% MEM, and then inoculated
onto MARC-145 cells for producing viruses.

For sequencing the whole genome of these viruses, the
strategy we adopted is shown in Table 3 and Figure 5, and
was described previously [28]. cDNA fragments were then
cloned to pPGEM-T vector and sequenced.

1.8 Northern blot analysis

Northern blotting was performed according to the North-
ernMax kit (Ambion Austin, TX, USA) manufacturer’s
protocol. Cultures of MARC-145 cells were infected with
P5 mutant and WT viruses at 1 MOI. Total intracellular
RNAs were isolated from infected cells harvested at 24 h
postinfection using TRIzol Reagent. The total RNAs were
separated on 1% denatured agarose gels using Agarose-LE
(Ambion, Austin, TX, USA) as described previously

Negative
SDE SDN GDN SGA control

BHK
(PO)

l

MARC
-145
(P1)

Figure 3 The influence of aa substitutions in the SDD motif on translation in BHK-21 cells. Immunofluorescence of two-day post-transfection BHK-21

cells transfected with different mutants, using mAbs directed against PRRSV N protein and nsp2 protein. Both pAPRRS and pGDD transfected cells demon-

strated specific staining of the N protein, whereas cells transfected with other mutants and control cells were negative. Detection of nsp2 protein was a posi-
tive control for transfection of plasmids and translation of nsps.
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Figure 4 Viral growth kinetics analysis. A, Multi-step growth curve of the P5 vGDD and vAPRRS generated following infection (MOI=0.01) of
MARC-145 cells with vGDD and vAPRRS. The cell supernatants were harvested at the indicated time points, and the viral titer was determined (TCIDs,
mL™). hpi, hours post-infection. B, The viral RNA transcription process was investigated by Northern blotting. Fresh MARC-145 cells were infected by
vGDD (P5) and parental virus VAPRRS (P5) at an MOI of 1. Intracellular RNAs were extracted at 24 h postinfection. The RNAs were separated on denatur-
ing 1% agarose gels, blotted onto a nitrocellulose membrane (Ambion), and probed with type II N-specific probe. Subgenomic mRNA?2 to 7 were labeled.

Table 2 Mutagenic PCR primers used in the present study

Primer name

Nucleotide position®

)

Amino acid change

Sequence® (5'-3')

SF9301G 9301-9348 $5030G CAACCCCTAATCGTCTATGGGGACGACCTCGTGCTGTATGCCGAGTCT

SR9348G 9348-9301 $5030G AGACTCGGCATACAGCACGAGGTCGTCCCCATAGACGATTAGGGGTTG
SF9301MDD 9301-9348 S3050M CAACCCCTAATCGTCTATATGGACGACCTCGTGCTGTATGCCGAGTCT
SR9348MDD 9348-9301 $3050M AGACTCGGCATACAGCACGAGGTCGTCCATATAGACGATTAGGGGTTG
SF9301SAD 9301-9348 D3051A CAACCCCTAATCGTCTATTCGGCCGACCTCGTGCTGTATGCCGAGTCT
SR9348SAD 9348-9301 D3051A AGACTCGGCATACAGCACGAGGTCGGCCGAATAGACGATTAGGGGTTG
SF9301SED 9301-9348 D3051E CAACCCCTAATCGTCTATTCGGAAGACCTCGTGCTGTATGCCGAGTCT
SR9348SED 9348-9301 D3051E AGACTCGGCATACAGCACGAGGTCTICCGAATAGACGATTAGGGGTTG'
SF9301SND 9301-9348 D305IN CAACCCCTAATCGTCTATTCGAACGACCTCGTGCTGTATGCCGAGTCT
SR9348SND 9348-9301 D3051N AGACTCGGCATACAGCACGAGGTCGTTCGAATAGACGATTAGGGGTTG
SF9301SGD 9301-9348 D3051G CAACCCCTAATCGTCTATTCGGGCGACCTCGTGCTGTATGCCGAGTCT
SR9348SGD 9348-9301 D3051G AGACTCGGCATACAGCACGAGGTCGCCCGAATAGACGATTAGGGGTTG
SF9301SDA 9301-9348 D3052A CAACCCCTAATCGTCTATTCGGACGCCCTCGTGCTGTATGCCGAGTCT
SR9348SDA 9348-9301 D3052A AGACTCGGCATACAGCACGAGGGCGTCCGAATAGACGATTAGGGGTTG
SF9301SDE 9301-9348 D3052E CAACCCCTAATCGTCTATTCGGACGAACTCGTGCTGTATGCCGAGTCT
SR9348SDE 9348-9301 D3052E AGACTCGGCATACAGCACGAGTTCGTCCGAATAGACGATTAGGGGTTG
SF9301SDN 9301-9348 D3052N CAACCCCTAATCGTCTATTCGGACAACCTCGTGCTGTATGCCGAGTCT
SR9348SDN 9348-9301 D3052N AGACTCGGCATACAGCACGAGGTIGTCCGAATAGACGATTAGGGGTTG
SF9301GDN 9301-9348 $3050G, D3052N  CAACCCCTAATCGTCTATGGGGACAACCTCGTGCTGTATGCCGAGTCT
SR9348GDN 9348-9301 $3050G, D3052N  AGACTCGGCATACAGCACGAGGTTGTCCCCATAGACGATTAGGGGTTG

SF9301 9301-9353 D3051G, D3052A CAACCCCTAATCGTCTATTCGGGCGCCCTCGTGCTGTATGCCGAGTCTCCCAC
SR9353 9353-9301 D3051G, D3052A GTGGGAGACTCGGCATACAGCACGAGGGCGCCGCAATAGACGATTAGGGGTTG
SF8129° 8129-8148 / AGTCCGAAGCCACTAAAGAG
SR10211° 10211-10187 / GGAGCCAGTATGTTTTCCCAGCACC

a) Positions of primers on APRRS genome (GenBank accession number: GQ330474). b) Sequences of primers. ¢) Primers for all of the SOE PCR. Mu-

tated nucleotide residues are underlined.

5'-CCGTTTTACAGCTTTTCTGCCACCCAACACGAG-
GCTCTTCAACCCGGGCACCAATGTGCC-3'. This probe

[28,29], blotted onto a nitrocellulose membrane (Ambion,
Austin, TX, USA), and probed with an N-specific probe,
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Figure 5 A, The genome structure of PRRSV and the strategy for full-length genomic sequencing. B, The substitution of S3050G of vGDD from P1 to P5
was stable. C, Genomic diversity for vGDD populations. To determine the mutation in the genome, six independent viral plagues were obtained. cDNA of
vGDD were generated by RT-PCR from viral RNA isolated from single plaques in a standard plaque assay.

Table 3 Primers used in the genome sequencing, and the detection of sg mRNA7s and genomic negative strand

Primer name Nucleotide position”

Sequenceb) (5'-3")

Application

STL 1-20 acatgcatgctaatacgactcactatagg TATGACGTATAGGTGTTGGC
SF1392 1392-1411 GCCGCGCTTTGCCCGTTCGT
SF4344 4344-4372 GCCCCGTCGGTCTCAGTCTTGCCATTTTT
SF7682 7682-7709 CTTTCCGTTGAGCAGGCCCTTGGTATGA
SF11422 11422-11440 GCGTCCCTCCCACATGCCTTC
SF14413 14413-14440 CTGATCGACCTCAAAAGAGTTGTGCTTG
SR2573 2573-2548 CTGCCCAGGCCATCATGTCCGAAGTC
SR6589 6589-6573 ACCGAGGCTGTAAAAGGCAAGTGACC
SR9573 9573-9541 GTACCCGCACACTCTCGACTTCTTCCCCTCAT
SR13334 13334-13306 TTGCCGCCGTCGACTTGATGCTGGTAAT
SR14892 14892-14868 GCCGGACGACAAATGCGTGGTTATC
SR15497 15497-15471 CAATTAAATCTTACCCCCACACGGTCG
SF12 12-32 GTGTTGGCTCTATGCCTTGAC
SR683 683-666 GAGCGGCAGGTTGGTTAA
SR15284 15284-15262 CTCCACAGTGTAACTTATCCTCC
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a) Positions of primers on full-length APRRS genome (GQ330474). b) Sequences of primers.

could not detect the sg mRNA7.2.

2 Results

2.1 Construction of mutants

To examine the function of the conserved SDD motif in
PRRSV replication, a series of mutations were introduced
into nsp9 by substituting each of the three residues (posi-
tions 3050, 3051, and 3052) (Figure 1). PCR-mediated mu-
tagenesis was carried out with primers containing the re-
quired nucleotide changes (Table 2). To construct the other
mutations, such as pSND, SOE PCR was used with pAP-
RRS DNA as the template and two pairs of primers, SF8129
plus SR9348SND and SF9301SND plus SR10211 (Table 2).
The PCR product containing the mutation and pAPRRS was
digested by Avr II and EcoR V, used to replace the Avr II-
EcoR V fragment (8958-12270 nt) of pAPRRS. The intro-

duced mutations were verified by sequencing and restriction
analysis. Mutant plasmids were transfected into BHK-21
cells, whose actual infectivity was examined.

2.2 Replication of mutants

No transcription of sg mRNA7s was detected when mutants
pMDD, pSAD, pSED, pSND, pSDA, pSDE, pSDN, pSGD,
pGDN, and pSGA were transfected into BHK-21 cells
(Figure 2); therefore, it was important to determine whether
these mutants were able to replicate and produce genomic
negative strands. In the infected cell, the genomic negative
strands of arteriviruses, like those of coronaviruses, are
present in double-stranded replicative intermediates (RIs).
To detect the influences of replicase mutants on replication,
we used a more sensitive RT-PCR approach to analyze the
presence of negative strands in cells transfected with the
above mutants. As outlined in Figure 2, specificity for the
antigenomic template was achieved by using primer pair
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SF12 and SR683. For the detection of genomic negative
strands, primer SR683 matches sequences within the ORFla
region and SF12 matches the leader region within the
5'UTR. BHK-21 cells were transfected with the above de-
scribed mutant clones and pAS7. In the latter clone, the
predicted nsp9 RNA polymerase domain was removed, a
deletion which has been shown to render PRRSV replica-
tion incompetent. We used this mutant clone as a negative
control for replication detection. RNA was isolated 24 h
after transfection and analyzed for the presence of genomic
negative strands (Figure 2). The RT-PCR results for pAS7
were negative, confirming the specificity of our RT-PCR
approach. In the cases of pMDD, pSAD, pSED, pSND,
pSDA, pSDE, pSDN, pSGD, pGDN, pSGA, pGDD, and
pAPRRS, the replicase mutants produced detectable
amounts of genomic negative strands (Figure 2). The results
indicated that none of the mutations abolished the replica-
tion function of RdRp.

2.3 The mutations in the SDD motif of PRRSV RdRp
cause defects in sg mRNA synthesis and structural pro-
tein expression

The RdRp of PRRSV is required for PRRSV replication;
therefore, the effect of SDD motif mutations on the catalytic
activity of RdRp can be determined by analysis of RNA
synthesis and virus production. The wt pAPRRS and the
mutant pGDD could produce viruses after transfection into
BHK-21 cells and inoculation onto MARC-145 cells. The
primers used were complementary to the leader sequence
(SF12) and the end of ORF7 (SR15284), and primed cDNA
synthesis on all subgenomic positive stranded mRNA7s of
PRRSV (Figure 2). The mutant PRRSV full-length cDNA
clones pMDD, pSAD, pSED, pSND, pSGD, pSDA, pSDE,
pSDN, pGDN, and pSGA carrying mutations specifying the
SDD motif in the viral replicase (Table 1), were transfected
into BHK-21 cells and failed to produce sg mRNA7s (Fig-
ure 2). No CPE was detected in MARC-145 cells inoculated
with undiluted culture medium of BHK-21 cells transfected
with the above-described mutants. Moreover, expression of
the N protein was not detected by IFAs in BHK-21 cells
transfected with the mutant full-length cDNA clones, except
for wt pAPRRS and pGDD (Figure 3). However, detection
of the nsp2 protein demonstrated that the transfection and
plasmid vector system were both functional. The results
indicated that all the mutations destroyed the transcription
function of RdRp (Figure 3).

To analyze the viral RNA profiles, total RNAs were iso-
lated at the 24 h postinfection from MARC-145 cells in-
fected by the PS5 mutant viruses (vGDD) and P5 vAPPRS at
an MOI of 1. The RNAs were separated on formalde-
hyde-denatured agarose gel and subjected to Northern blot-
ting with a DIG-labeled probe complementary to the N pro-
tein sequence of type II PRRSV. The Northern blot results
revealed that the sg mRNAs of mutants could be recognized
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by the specific probe and that the sg mRNAS was the most
abundant RNA in the virus transcription process (Figure 4).
Compared with vAPRRS, the transcription pattern in the
mutant virus vGDD was altered as a result of the change to
the motif (Figure 4).

2.4 Analysis of vGDD (S3050G)

Passage experiments were carried out to detect the reversion
of the S3050G mutant harvested from BHK-21 cells trans-
fected with pGDD. The mutation specifying the SDD motif
was sequenced from P1 to P5 of vGDD. The substitution of
S3050G was found not revert (Table 1), which indicated
that vGDD was stable (Figure 5B). To investigate the in-
fluence of the S3050G mutation of RdRp on the vGDD ge-
nome, MARC-145 cells were infected with vVAPRRS or
vGDD. PO viral supernatants were serially passaged through
plaque purification five times, named P1-P5, and stored for
further experiments. RNA was isolated from P1 to P5 virus
particles and used for cDNA synthesis and subsequent PCR
amplification (Table 3, Figure 5A). The sequence covering
the regions of the vGDD genome was determined in at least
three isolated cDNA clones. In all three sequenced cDNA
clones, the original substitution had not reverted; however,
two synonymous mutations, i.e., C3960U and U5277C had
occurred (Figure 5C). The results indicated that mutant vi-
rus S3050G is stable and did not influence the fidelity of
RdRp.

3 Discussion

In this study, we analyzed some of the properties of the
PRRSV RdRp by site-directed mutagenesis of the SDD mo-
tif, which is associated with the polymerase activity and is
particular to nidoviruses. We took two approaches for sys-
tematic mutational analysis of the SDD motif: (i) We intro-
duced either conserved or non-conserved amino acid
changes in the SDD motif; and (ii) we introduced mutations
that resembled the conserved sequence of other viral RdRps
(Table 1). Based on the sequence alignment, SDD motif
was predicted to be a variant of the GDD motif of posi-
tive-strand RNA viruses. Our observation that the RdRp of
PRRSV is active in replication and transcription when the
SDD motif is mutated to GDD suggests that, conversely, the
polymerase of other positive-strand RNA viruses might
function with an SDD motif. It is reported that the require-
ment for a glycine residue in GDD motif is strict in the pos-
itive-strand RNA viruses [1]. Mutational analysis of the
GDD motif of RdRp of RV [2] and TBSV confirmed this
view, indeed the mutant ADD was found to revert back [20].
However, our results showed that the mutant amino acid
residue S3050G of vGDD did not revert back and was sta-
ble until P5. The serine residue of the SDD motif could be
substituted by glycine residue. This was the first demonstra-
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tion of flexibility of the serine residue of SDD motif in
PRRSV. In terms of genetic stability, the mutant vGDD
could be used as a candidate for genetic marker vaccines.
However, it is not obvious why nidoviruses have evolved an
SDD sequence in place of the GDD motif. From the mul-
ti-step virus growth curve, although vGDD maintained a
growth pattern similar to that of vVAPRRS, the peak titers of
vGDD were lower than those of VAPRRS (Figure 4). In
terms of how the mutant GDD motif of RdRp affected the
replication and transcription of PRRSV, it produced less
mRNA7s than VvAPRRS, despite producing more sg
mRNA7.2 than vAPRRS (Figure 2). These results were
confirmed in three independent experiments. It has been
reported that there is a quantitative balance among sg
mRNAs species [30]; thus, we proposed that a quantitative
balance between sg mRNA7.1 and sg mRNA7.2 exists,
which was confirmed by our lab (data not shown). RdRp
interacts with the promoters of every sg mRNA to produce
the sg mRNAs, and a change in the active site of RARp may
influence this interaction, disturbing the quantitative bal-
ance between sg mRNA7.1 and sg mRNA7.2.

Motif C contains highly conserved amino acid residues
that represent specific signatures of each major group of
RNA viruses. In motif C, the sequence GDD is conserved
among polymerases of positive-strand RNA viruses, MDD
belongs to retroviruses, GDN and SDD are conserved sig-
nature motifs of nonsegmented-negative stranded and seg-
mented-negative stranded RNA viruses, respectively [8],
whereas SDD is conserved in nidoviruses. High-resolution
structures of RdRps of positive- and double-strand RNA
viruses revealed clear similarities, despite sharing little se-
quence identity, suggesting an evolutionary link between
the RdRps of these RNA viruses [15,20,31]. To investigate
the role of the conserved C motif in the evolutionary pro-
cess of the polymerase, we mutated amino acid residues of
SDD to those conserved amino acids described above.
When SDD was mutated to MDD or GDN, RdRp lost tran-
scriptional activity. From the aspect of evolutionary rela-
tionship, nidoviruses, which are also positive sin-
gle-stranded RNA viruses, are closely related to the positive
stranded RNA viruses, but are further from the nonseg-
mented-negative stranded RNA viruses and retroviruses.
However, it is unclear why segmented-negative stranded
RNA viruses also have an SDD motif, but abrogated poly-
merase activity when was mutated to GDD [16,18].

There appears to be a strict requirement for the first as-
partate, because any changes to this position, including a
change to a negatively charged glutamate, are almost never
tolerated for in vivo viral replication and/or in vitro RNA
synthesis [1]. In the present study, all substitutions of the
first aspartate residue of the SDD motif resulted in a lethal
mutation. In agreement with previous studies [21], the first
aspartate residue of SDD is integral to the catalytic active
site of the molecule and is absolutely conserved in the RdRp
of PRRSV.
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However, results obtained from the mutational analysis of
the second aspartate residue were different in several viral
RdRps, mainly depending on the assay conditions used [23].
Mutational analysis of the GDD motif of RdRp of calicivirus
and BVDV obtained results similar to ours, single substitu-
tions of the second aspartate residue were shown to destroy
RdRp activity. The second aspartate is also important and
cannot tolerate any substitutions. In conclusion, our findings
were similar to the results of poliovirus [1] and RV: Substi-
tutions of either aspartate residue were not tolerated and
were lethal.

It is said that perhaps the GDD motif plays a central role
in RNA synthesis by binding metal ions [9,20,32], which
may be determined by the characteristics of amino acids
(Table 1). To investigate the effect of different charge and
polarity of amino acids substituted in the SDD motif on the
activity of RdRp, we introduced various amino acid substi-
tutions (Table 1). First, the aspartate residue was substituted
by the simplest amino acid, i.e., alanine, which has no po-
larity; however, it was lethal to RdRp. Methionine also has
no polarity, but mutant pMDD did not produce virus either.
The serine residue has no charge; therefore, we substituted
the serine residue with glycine residue, which also has no
charge. Perhaps the substitution of Ser by Gly produced a
functional mutant because of the less polar no charge similar-
ities between Ser and Gly. Aspartate is negatively charged;
therefore, we substituted the aspartate residues with gluta-
mate residues, which are also negative charge. However,
neither mutant D3051E nor D3052E produced virus, which
was similar to a previous study [1]. Replacement of the as-
partate residues with uncharged asparagines residues
(D3051N or D3052N) also did not produce virus. It can be
concluded that the strict requirement of DD residues meant
that no substitutions could be tolerated, probably because
the DD residues are required for metal ion binding [9,33].

The mutants could not produce sg positive strands or sg
negative strands (data not show), but could produce ge-
nomic negative strands (Figure 2). The results demonstrated
that mutation of the SDD motif did not completely abolish
the function of RdRp, which was different from the results
of EAV [3] and other viruses [1,19,32-35]. This could be
because the primary function of replication is not deter-
mined by the SDD motif in PRRSV, and the SDD motif is
specifically involved in transcription. In fact, viral RdRps
function with other factors, such as viral and host factors, in
natural infection, in which RdRps combine to differentiate
genomic RNA replication from sg mRNA transcription. For
positive stranded RNA viruses, replication occurs in mem-
brane-bound, multiprotein complexes termed the replica-
tion/transcription complex (RTC). However, the domains of
RdRp that interact with the other factors, and the process of
transcription and replication in the RTC are still unknown.
The fact that conservation of the SDD motif is not required
for the replication of RdRp in PRRSV, suggested that tran-
scription and replication of PRRSV are two independent
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processes and may be uncoupled. It is reported that nspl of
EAV is essential for sg mRNAs production and is dispensa-
ble for genome replication [30]. In the synthesis of sg
mRNAs, nspl combines with the viral RdRp complex to
engage in transcription; however, the mechanism is still
unknown, and we speculated that the SDD motif of RdRp
could interact with nsp1 in this process.

Taken together, our results largely demonstrate that the
SDD motif is a variant of the GDD motif of positive-strand
RNA viruses. A better knowledge of the biochemical and
structural characterization of arterivirus key enzymes, like
the RdRp, and the processes of transcription and replication
may provide important leads for the development of specific
pre-PRRSV vaccines and anti-PRRSV drugs [10]. The pre-
sent study helps to elucidate the biology of PRRSV and
contributes to the development of antiviral targets for the
prevention of PRRS.
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