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Abstract

Both full-length and subgenomic negative-strand RNAs are initiated at ttm3nus of the positive-strand genomic RNA of the arterivirus,
simian hemorrhagic fever virus (SHFV). The SHFV+3 non-coding region (NCR) is 76 nts in length and forms a stem loop (SL) structure
that was confirmed by ribonuclease structure probing. Two cell proteins, p56 and p42, bound specifically to a probe consisting of the SHFV
3 (+)NCR RNA. The 3+)NCR RNAs of two additional members of the arterivirus genus specifically interacted with two cell proteins of
the same size. p56 was identified as polypyrimidine tract-binding protein (PTB) and p42 was identified as fructose bisphosphate aldolase A.
PTB binding sites were mapped to a terminal loop and to a bulged region of the SBEétBucture. Deletion of either of the PTB binding
sites in the viral RNA significantly reduced PTB binding activity, suggesting that both sites are required for efficient binding of this protein.
Changes in the top portion of the SHFYSR structure eliminated aldolase binding, suggesting that the binding site for this protein is located

near the top of the SL. These cell proteins may play roles in regulating the functions of the gehbiiR.3

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Simian hemorrhagic fever virus (SHFV) is a member
of the family Arteriviridae, which also includes equine ar-
teritis virus (EAV), lactate dehydrogenase-elevating virus
(LDV) and porcine respiratory and reproductive syndrome
virus (PRRSV). The families Arteriviridae, Coronaviridae
and Roniviridae make up the order Nidovirales. The ar-
terivirus genome is a polycistronic, single-stranded RNA of
positive polarity with a 5type | cap Gagripanti et al., 1986
and a 3 poly(A) tract Brinton et al., 1986; Contag et al.,
1986; Sagripanti, 1985; van Berlo et al., 198&rterivirus
genomes range in length from 12.7 to 15.7 kb with SHFV be-
ing the longest (accession numbers: EAV, NC002532; LDV,

* Corresponding author. Tel.: +1 404 651 3113; fax: +1 404 651 2509.
E-mail addressmbrinton@gsu.edu (M.A. Brinton).

NC002534; PRRSV, NC001961; SHFV, NC003092). The vi-
ral non-structural genes are encoded by ORF1a/ORF1b, lo-
cated at the 5end of the genome and are translated from
the genomic RNA. The structural genes are encoded at the 3
end of the genome and are expressed from a nested set of 3
and 5 co-terminal subgenomic mRNAs that are generated by
a discontinuous transcription proceSa(icki and Sawicki,
1995; van Marle et al., 1999; Snijder and Meulenberg, 2001
The BNCRs of the various arterivirus genomic and subge-
nomic RNAs range in length from 156 to 212 nts, while the
3'NCRs vary from 62 to 150 nts. The lengths of the SHFV 5
and 3NCRs are 209 and 76 nts, respectively.

The cis-acting sequences required for RNA replication
have not yet been precisely mapped. However, previous stud-
ies with defective interfering (DI) RNA genomes of the coro-
navirus, mouse hepatitis virus (MHV), have shown that the 5
and 3NCRs are required for plus-strand RNA synthekKisr(

1 present address: Influenza Branch, Centers for Disease Control and Pre€t al., 1993; Lin and Lai, 1993nd that the 3terminal nu-

vention, Atlanta, GA 30333, USA.

0168-1702/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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cleotides of the MHV NCR as well as the poly(A) tract are
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required for minus-strand RNA synthesisr{ et al., 1993. ters for Disease Control and Prevention, and was cultured

An arterivirus DI RNA that contained approximately 300 nts in Minimal Essential Medium with 10% fetal bovine serum

from both the 5and 3 ends replicated in cells co-infected at 37°C in a CGQ atmosphere. Stock virus pools were

with helper virus, indicating that these regions contain suffi- prepared in MA104 cells by infecting confluent MA104

cientcis-acting signals for RNA replicatiorMolenkamp et monolayers with SHFV, strain LVR 42-0/M6941 (Amer-

al., 200Q. ican Type Culture Collection, passage 2), the prototype
Formation of RNA structures by thé 8equences of coro-  strain of SHFV, at a MOI of 0.2. Culture media har-

naviruses has been previously reported. For MHV, a bulged vested 32 h after infection contained titers of approximately

secondary structure located within tH&l8R adjacenttothe 5 x 108 PFU/m.

nucleocapsid (N) gene stop codon was demonstrated to be

required for viral replicationfsue and Masters, 1997; Hsue 2.2. Construction of DNA templates for in vitro RNA

et al., 2000. The 3 side of the bottom portion of this struc-  transcription

ture was subsequently shown to form a pseudoknot with an-

other 3NCR SL located downstreanGpebel et al., 2004 SHFV genomic RNA was extracted from virions with Tri-

These two structures were found to be mutually exclusive zol (Gibco BRL). To construct pPSHFVRCR, cDNA was

and could potentially function as a molecular switch during first synthesized from viral RNA by reverse transcription us-

viral replication. In the bovine coronavirus (BCV) genome, ing SuperScript Il RT (Gibco BRL) and primer PIaple ).

a pseudoknot was also reported to form immediately down- The cDNA was ethanol precipitated and then amplified by

stream of a SL similar to the one reported in the MHMGR PCR using Tag DNA-dependent DNA polymerase (Roche)

and this tertiary interaction was required for coronavirus de- and primers P1 and PZgble 1. The PCR productwasimme-

fective genome replication/illiams et al., 1993 For the diately TA-cloned into pCRII (Invitrogen) and the inserts of

arterivirus, PRRSV, a SL was predicted near thertd of selected clones were sequenced to confirm that no mutations

ORF7 and some evidence suggested that nucleotides withirhad been introduced.

the top loop of this structure formed a tertiary interaction Additional plasmids containing various truncated SHFV

(kissing interaction) with nucleotides in the top loop of a 3'(+)NCR sequences were constructed by annealing pairs of

predicted SL in the’BICR (Verheije et al., 200R complementary synthetic oligonucleotiddslfles 1 and
Four cell proteins with molecular masses of 90, 70, 58 and One oligonucleotide of each pair was longer than its com-
40 kDa were previously reported to bind to thet@&minal plement to generate a four nucleotide overhang on each end

42 nts of the genomic RNA of MHV. The 90 kDa cell pro- after annealing of the two oligonucleotides that mimicked the
tein was subsequently identified as mitochondrial aconitaseoverhangs generated B\pd or Pst restriction enzyme di-
(Nanda and Leibowitz, 20Q1Heterogeneous nuclear RNP  gestion. The annealed oligonucleotide pairs were incubated
Al (hnRNP A1) has also been reported to bind to the MHV with polynucleotide kinase (10 U; NEB) and inserted into
genomic 3\NCR and to mediate a genomit &' interaction pUC19 DNA that had been digested wipd andPst (New
(Huang and Lai, 2001 In a separate study, the 73 kDa cyto- England BioLabs). Selected clones were sequenced. Prior to
plasmic poly(A)-binding protein (PABP) was shown to bind use as templates for in vitro transcription, plasmid DNAs
the BCV poly(Ags) tract (Spagnolo and Hogue, 20p(Btud- (ptruncA, ptruncB, ptruncC and ptruncG) were linearized
ies with cell mRNAs indicated that PABP facilitates 5 by digestion withNsil (New England BioLabs) so that the
interactions \(Vells et al., 1998 in vitro synthesized RNAs would have an exact virak8-
We report here the first structure probing analysis of the quence.
3'NCR of an arterivirus genomic RNA. This analysis con- Additional plasmids were also constructed by anneal-
firmed the predicted secondary structure in this region. Also, ing pairs of oligonucleotides that had complementaty 3
this is the first report of cell proteins binding to tHé3 NCR ends. The annealed oligonucleotides were made double
of an arterivirus RNA. Two MA104 cellular proteins (p56 stranded and amplified with Tag DNA polymerase (Roche)
and p42) were shown to interact specifically with the SHFV and TA-cloned into pCRII (Invitrogen). These plasmids
3'(+)NCR genomic RNA as well as with th&3)NCR RNAs (pmutE, pmutF, pmutH, and pmutl) were used as tem-
of two additional arteriviruses, EAV and PRRSV. The two plates to generate PCR products that were in turn used
cell proteins were identified as polypyrimidine tract-binding as templates for in vitro transcription of mutant RNAs
protein (PTB) and aldolase. (Table 2.
Construction of pSHFVORF9:RCR (Godeny et al.,
1995 and pWNV3(+)SL (Blackwell and Brinton, 1996

2. Materials and methods was described previously. pM115128, which contained the
EAV 3'(+)NCR, was generously provided by Dr. Eric Sni-
2.1. Cells and virus jder (Leiden University Medical Center, The Netherlands)

and pTVRORF7, which contained the PRRSY+3NCR
MA104, an embryonic rhesus monkey kidney cell line was kindly provided by Dr. Kay Faaberg (University of Min-
(Trousdale et al., 1975was obtained from O. Nainin, Cen- nesota, St. Paul, MN).
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Table 1

Sequences of oligonucleotides and primers

Oligo number Oligonucleotide sequef®e

o1 5-AATTTAATACGACTCACTATAGGCTAAGGACTAACTGGTATATACCATAATTAA ATGCAT TGCA3

02 5-ATGCAT TTAATTATGGTATATACCAGTTAGTCCTTA GCCTATAGTGAGTCGTATTA-3

03 5-AATTTAATACGACTCACTATAGGCCTTCCCTAGGCTAAGGACTAACTGGTATATACGATGCATT GCA3Z
04 5-ATGCAT GGTATATACCAGTTAGTCCTTAGCCTAGGGAAGGCCTATAGTGAGTCGTATTA-3

05 5-AATTTAATACGACTCACTATAGGGCCAGACACTGATTATATGGTTCATATGGGTAATTATGCAT TGCA3J
06 5-ATGCAT AATTACCCATATGAACCATATAATCAGTGTCTGGCCCTATAGTGAGTCGTATTA-3

o7 5-AATTTAATACGACTCACTATAGGGGGTAATTACCTTCCCTAGGCTAAGGAC TAATGCAT TGCAZ

08 5-ATGCAT TAGTCCTTAGCCTAGGGAAGGTAATTACCCCCTATAGTGAGTCGTATTA-3

09 5-GCCAGACACTGATTATATGGTTCATATGGGTCCTTCCCCCGGCTAAGGACTGG-3

010 B-TTTAATTATGGTGGATA CCAGTCCTTAGCCGGGGGAAGGACCC-3

Ol1 B-AGTCGACTAATACGAC TCACTATAGGATGGTTCATATGGGTCC-3

012 B-ATGGTATATACCAGTCCTTAGCCTAGGGAAGGACCCATATGAACCATCCTATA-3

013 B-GCCAGACACTGATTATATGGTTCATATGGGTAAT TACCTAAAAGGCTAAGGAC-3

014 B-TTTAATTATGGTATATACCAGTTAG TCCTTAGCCTTTTAGGTAATTACCC-3

015 5-GCCAGACACTGATTATATGGTTCATATGGGTAATTACCTTCCCTAGGCTAAGGACTG-3

016 B-TTTAATTA TGGTATATACCAGTCCTTAGCCTAGGGAAGGTAATTACCC-3

Primer number Primer sequefice

P1 B-TTTAATTATGGTATATACCAGTTAGTCC-3

P2 5-AAAAGTCGACTAATACGACTCACTATAGGGCCAGACACTGATTATATGGTTC-3
P3 8-AAGTCGACAATAATACGACTCACTATAGGAATCAATTTTGCTGCTATCATC-3
P4 8-ACCCATATGAACCATATAATCAGTGTC-3

P5 B-AGTCGACTAATACGACTCACTATAGGGCCAGACACTGATTATA-3

P6 B-TTTAATTATGGTGGATACCAGTCCTTAGC-3

P7 B-AGTCGACTAATACGACTCAC-3

P8 B-ATGGTATATACCAGTCCTTAG-3

P9 B-AATTTAATACGACTCACTATAGG GAGATCTTCTGCTCTGCACAACC-3

P10 B-AGTATCCTGTGTTCTCGCAC-3

P11 B8-GAGCGGCCGCCAGTGTG-3

P12 B-TTTAATTATGGTATATACCAGTCCTTAGCCTAGGGAAGGTAATTACCC-3

P13 B3-AAAAGTCGACTAATACGACTCACTATAGGGACGTGGATATTCTCCTGTG-3
P14 B-TTTGGTTCCTGGGTGGCTAAT-3

P15 B-AAAAGTCGACTAATACGACTCACTATAGGGTTTGACAGTCAGGTGAATGG-3
P16 B-TTTAATTTCGGTCACATGG-3

2 The T7 promoter sequence is underlined.
b TheNsil restriction site is in boldface type and the overhangs are italicized.

2.3. Invitro RNA synthesis were calculated as previously describeBlackwell and
Brinton, 1997 and were approximately 1:5610° cpm/pmol.
Radiolabeled RNA probes were generated by in vitro ~ Competitor RNAs [e.g. unlabeled SHFV(8)NCR and
transcription with T7 RNA polymerase in a g0 reaction WNV 3'(+)SL] were synthesized in 20 reactions, RNA
volume. The reactions contained linearized plasmid or PCR used for ribonuclease structure probing was synthesized in
product DNA as template, 80 MM HEPES, 16 MM MgCl 50wl reactions and RNA used for RNA affinity chromatogra-
2mM spermidine, 10mM DTT, 1mM ATP, CTP, and UTP, phy was synthesized in 2 ml reactions. These reactions were
50puM GTP, 50uCi [a-22P]GTP (3000 Ci/mmol; NEN),  performed as described above except that 1mM GTP was
and 1ul T7 RNA polymerase. The T7 RNA polymerase used. The synthesized, unlabeled RNA was ethanol precipi-
was expressed and purified from a plasmid that was a gift tated, resuspended irxldenaturing loading buffer (7 M urea,
from Dr. William McAllister, State University of New York, = TBE buffer, 0.025% bromophenol blue), and resolved by
Brooklyn, NY (He etal., 199Y. The reactions were incubated 6% denaturing polyacrylamide gel electrophoresis (PAGE).
at 37°C for 2h. RNase-free DNase | (10 units; Roche) was The RNA was visualized by placing the gel on a TLC plate
added and after incubation for an additional 20 min &Gy and briefly irradiating with a 254 nm UV lamp (Ultra-violet
the RNA probes were gel purified as previously described Products Inc.). The band was excised and RNA was eluted
(Hwang and Brinton, 1998resuspended in gel-shift buffer from the gel slice by electrophoresis at 200V for 2h at
(GSB) (14 mMHEPES, pH 7.5,6 mM Tris—Cl, pH7.5,1mM room temperature using an Elutrap electroeluter (Schleicher
EDTA, 1mM DTT, 60 mM KCI) and stored at80°C until & Schuell), ethanol precipitated and resuspended in either
use. The probes were quantified using a scintillation counter GSB for competition gel mobility shift assays, in annealing
(Beckman, LS 6500). The specific activities of the probes buffer (AB) (10 mM Tris—HCI, pH 7.5, 0.1 M NaCl, 1 mM
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Table 2 for 15 min at room temperature. For competition gel mobility
List of oligonucleotides, primers and plasmid templates used to generate ghjft assays, various amounts of unlabeled RNAs were added
RNA p_mbes _ _ to the reaction 10 min prior to the addition of tFé-labeled
Plasmid template Sense  Antisense Corresponding RNA RNA probe. The RNA—protein complexes (RPCs) were an-

oligo oligo alyzed on 10% non-denaturing polyacrylamide gels contain-
ptruncA 01 02 RNA-A ing 2.5% glycerol that were prerun for 10 min at 150V and
purunc o3 o4 RNA-B then electrophoresed at 150 V at room temperature. The gel
ptruncC 0O5 06 RNA-C . .
ptruncG o7 08 RNA-G was dried and analyzed by autoradiography.
pMUtE 09 010 -
pmutF o11 012 - 2.6. UV-induced cross-linking assays
pmutH 013 014 -
pmutl 015 016 - An MA104 S100 cytoplasmic extract (ig) was incu-
Plasmid template Sense Antisense  Corresponding RNA bated with poly(1)-poly(C) (g or 600 ng) and #P-labeled
primer  primer RNA probe (35,000 cpm; 23.3 fmol) in GSB in a total volume
pMUtE P5 P6 RNA-E of 30l at room temperature for 15 min. The reactions were
pmutF P7 P8 RNA-F then placedin anice bath and irradiated in a UV chamber (GS
pmutH P2 P1 RNA-H Gene Linker, BioRad) at a wavelength of 254 nm, which cor-
pmutl P2 P12 RNA-| responds to 125 mJ/s, for 30 min. RNase A (2f) was then
E,\SATE/EF;F%NCR ;133 ;f 4 EX‘ngCR RNA aned and the reaction was iqcubated for 15min atBtb
PTVRORF7 P15 P16 PRRSY3)NCR RNA digest unbound RNA. Cross-linked RPCs were precipitated
PWNV3'(+)SL P9 P10 WNV3I+)SL RNA with acetone/methanol (1:1), resuspendeirSDS sample
PSHFV3NCR P2 P11 3NCRpl RNA buffer, boiled for 2 min, analyzed by 10% SDS-PAGE and

detected by autoradiography.

DTT, 1 mM EDTA, pH 8) for ribonuclease structure probing
experiments or in water for RNA affinity chromatography.
RNA concentrations were determined by spectrophotome-
try using an Ultrospec2000 UV/Visible Spectrophotometer
(Pharmacia Biotech).

2.7. Thermodynamic prediction of RNA secondary
structure

The secondary structures of the wildtype, truncated, and
deleted SHFV 3+)NCR RNAs were thermodynamically
predicted using Mfold Mathews et al., 1999; Zuker et al.,
MA104 cytoplasmic extracts

) ) 2.8. Ribonuclease probing
Cytoplasmic extracts were prepared as previously de-
scribed with some modificationbi(vang and Brinton, 1998 3NCRpl RNA, consisting of the SHFV'@)NCR, three

the cells were manually harvested at 7 h after infection. Cells gigestion followed by primer extension as previously de-

were pelleted by centrifugation at 150g for Smin at 4°C scribed byBlackwell and Brinton (1997ith some modifi-
and resuspended in cytolysis buffer (CB) (10mM HEPES, cations. 3NCRpl RNA (0.5 pmol) and a 17-mer primer (P11)
pH 7.4, 100 mM NaCl, 1% Triton X7'100: SMMDTT, 0.1M (20 fmol), that was complementary to thet@minal plasmid
diately or after storage at80°C, vortexed for 30s, and then oy 1 min and gradually cooling to 3@ over a 15min pe-
kept on ice for 30 min. Nuclei in the lysate were pelleted by rjod. A single-strand specific ribonuclease, RNase A{10
centrifugation at 2206 g for 5min. The supernatant was gr 10-6 units), RNase 7 (102 or 10~! units), or RNase
centrifuged at 100,009 g for 1 h at 4°C and the resulting T, (1073 or 1072 units), was then added and the mixture
supernatant (S100) was aliquoted and storeegi°C until  was incubated at room temperature for 10 min followed by
use. The total protein concentration of each extract was de-10 min at 30°C. The partially digested RNA and annealed
termined using the bicinchoninic acid (BCA) protein assay primer were phenol:chloroform:isoamyl extracted, ethanol

(Pierce). precipitated, resuspended in Tul7of water and then used
as template for reverse transcription with SuperScript Il RT
2.5. Gel mobility shift assays (Gibco BRL). The 2Qul reactions contained 50Ci of 32P-

dATP (NEN), 0.40M dATP and 4QuM dCTP, dGTP, and
An MA104 S100 cytoplasmic extract (250 ng) was incu- dUTP, were incubated at 42 and were terminated after
bated with poly(l)—poly(C) (400 ng) and®8P-labeled RNA 40 min by the addition of 8Ql of stop solution (95% deion-
probe (2700 cpm; 1.8 fmol) in GSB in a total volume ofdl0 ized formamide, 20 mM EDTA, 0.05% bromophenol blue,
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and 0.05% xylene cyanol FF). The reactions were then di- Protein A-sepharose and goat anti-aldolase antibogy)(5
luted 1:10 in stop solution, heated for 3 min at°@and was conjugated to Protein G-sepharose (Amersham Pharma-
analyzed by 9% denaturing-PAGE and autoradiography. In cia Biotech) according to the manufacturer’s instructions.
a parallel reaction, undigested 3NCRpl RNA was sequencedRabbit anti-hnRNP Al antibody (a gift from Dr. Gideon

as previously describedN@inan et al., 1991 Dreyfuss, Howard Hughes Medical Institute, University of
Pennsylvania, Philadelphia, PA) was conjugated to Protein
2.9. RNA affinity chromatography A-Sepharose and was used as a control antibBelylabeled

SHFV 3(+)NCR RNA was cross-linked to proteins in an

An RNA affinity column was prepared as previously de- MA104 S100 cytoplasmic extract and incubated with RNase
scribed Blyn et al., 1996, 1997 The 3 end of the SHFV A as described above except that the reaction volume was
3(+)NCR RNA was covalently linked to an agarose-adipic 90pul. The reactions were then incubated with the Protein
acid matrix (Amersham Pharmacia Biotech). An MA104 A (or G)-Sepharose-antibody complexes for 1 h &CAwith
S100 cytoplasmic extract prepared from five T150 flasks in constant rotation. The immune complexes were washed three
5ml of CB was incubated on ice for 30 min with a mixture times with DB, once with TSA (0.01 M Tris—CIl, pH 8,0.1 M
of non-specific RNA competitors [poly (I)—poly (C) (2mg), NaCl, 0.025% Naly), and once with 0.05 M Tris—CI (pH 6.8).
total yeast RNA (1 mg), and WNV'@-)SL RNA (300u.9)]. The complexes were pelleted after each wash via low speed
The ratio of competitor RNA to protein used in the cell ex- centrifugation. The final immunoprecipitates were heated to
tract applied to the RNA affinity column was three times 100°C for 5minin SDS sample buffer and analyzed by 10%
less than that used in the UV-induced cross-linking assaysSDS—PAGE.
because higher concentrations of competitor RNAs caused
aggregation problems. The extract was then diluted 1:1 in 2.12. Partial purification of recombinant PTB
GSB and passed over the RNA affinity column three times. . . )
Fractions were collected in tubes on ice. The column was _Bacteria containing the plasmid pETPTBg(ton et al.,
subsequently washed with four column volumes of GSB and 1999 were kindly provided by Dr. James Patton, Vander-
then with one column volume of 0.2 M NaCl, 0.05% Triton bilt University, Nashville, TN. This plasmid encodes PTB
X-100. Bound proteins were eluted with one column vol- with an N-terminal hexahistidine tag. PTB expression was
ume of 3M NaCl, 0.05% Triton X-100. Both the 0.2 M NaCl induced with IPTG (1 mM). The bacteria were pelleted, re-
fraction and the 3M NaCl fraction were concentrated and SusPended in purification buffer (PB) (20 mM Tris—HClI, pH

buffer exchanged into storage buffer (SB) (20 mM sodium /-9 500mM NaCl, 0.05% Tween-20), supplemented with
phosphate, pH 7.4, 1 mM EDTA, 100 mM NaCl, 20% glyc- protease inhibitor cocktail (501, Sigma) and lysed with
erol) using a Centricon-30 concentration cell (Millipore) and & French pressure cell press (SLM Instruments Inc.). The

stored at 4C until analysis. A mock column was prepared cell extract was clarified by centrifugation and the result-
without RNA and treated in an identical manner. ing supernatant was filtered (Qu2n pore size, Gelman), di-
luted in PB, and passed through a nickel column (His-Bind,

Novagen). The column was first washed with PB (50 ml),
then with PB+20mM imidazole (5ml), and finally with
PB +60mM imidazole (1 ml). Bound proteins were eluted
trophoretically transferred to a PVDF membrane (Quib with PB + 50_0 mM imid_azole (1ml)andthe e'”"’,‘t,e was buffer
pore size; Osmonics). The membrane was blocked with 5% &xchanged into SB. His-PTB was further purified from the
non-fat, dry milk in PBS/0.05% Tween-20, incubated first €!uate with a Ni-NTA spin column (Qiagen) according to the
with either rabbit anti-PTB antibody (1:2000, Intronn LLC, Manufacturer’s instructions.

Durham, NC) or goat anti-aldolase antibody (1:2000, Chemi-
con), washed with PBS/0.05% Tween-20 and then incubated
with either a goat anti-rabbit IgG (1:2000) or a donkey anti-  gjigonucleotides were synthesized at the Georgia State

goat IgG (1:2000) secondary antibody (Santa Cruz). The ypniversity DNA Core Facility using a DNA synthesizer,
membrane was washed twice with PBS/0.05% Tween-20, \1q4e| 392 (Applied Biosystems Inc.). Oligos were either pu-

once with PBS and then incubated with SuperSignal West yifieq with butanol or dried by centrifugation under vacuum

Pico chemiluminescence substrate (Pierce). and resuspended in distilled water. All oligos were quantified
by spectrophotometry (Ofgo).

2.10. Western blotting analysis

Proteins were resolved by 9% SDS-PAGE and elec-

2.13. Preparation of oligonucleotides

2.11. Immunoprecipitation of UV-induced cross-linked
proteins 2.14. Preparation of figures

Protein A-sepharose or Protein G-sepharose was diluted Gels were analyzed either by autoradiography or with
1:1 in dilution buffer (DB) (0.01M Tris—ClI, pH 8, 0.1M  a FUJIFILM BAS-2500 Imaging Analyzer along with FU-
NacCl, 0.025% Nal, 0.1% Triton X-100, 0.5% non-fat, dry  JIFILM Image Reader 1.8 and Image Gauge 3.0 software.
milk). Rabbit anti-PTB antibody (pl) was conjugated to  Autoradiographs were scanned with an Arcus Agfa scanner
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using Adobe Photoshop 5.5 software and figures were suggesting that this RPC consists only of cellular proteins
generated using Microsoft Powerpoint. (Fig. 1A).
The specificity of the interactions between proteins in
MA104 S100 cytoplasmic extracts and #3€-labeled SHFV

3. Results 3'(+)NCR was investigated using competition gel mobility
shift assays. Significant inhibition of binding was observed

3.1. Detection of host cell proteins that specifically with a five-fold molar excess of unlabeled SHF(-3NCR

interact with the SHFV '8+)NCR RNA RNA as the specific competitor and complete inhibition was

observed with a 30-fold molar exce$3d. 1B, lanes 3 and 6,

Arteriviruses and coronaviruses have similar genome respectively). No inhibition was observed when non-specific
structures and replication strategies. Previous studies havecompetitors, such as poly(l)—poly(C), yeast tRNA, or WNV
shown that the coronavirus(3)NCR containscis-acting 3 (+)SL RNA, were added in a 150 or 250 molar excess
replication signals and binds to cell proteins. To investigate (Fig. 1B, lanes 7-9). The formation of RPCs in the presence
whether the 3+)NCR of an arterivirus also interacts with cell ~ of high concentrations of various non-specific competitors in-
proteins, gel mobility shift assays were used. In vitro tran- dicated that the viral RNA—cell protein interactions detected
scribed and gel purified?P-labeled SHFV 4+)NCR RNA were specific.
was incubated with an S100 cytoplasmic extract from ei-  UV-induced cross-linking assays were utilized to deter-
ther SHFV-infected or mock-infected MA104 cells. A single mine the molecular masses of the host cell proteins that bound
RPC was detected using either type of cytoplasmic extract, specifically to the SHFV'§+)NCR. A strong (56 kDa) and a

. 3 Non-radiolabeled
Mock-infected SHF V-infected SHFV 3 (+) NCR RNA KDa

2I3 ,..’4.RPC - p.hq-m’c
~ NAESREEEE < - BEBEENERE<r

123454678910 1

Non-radiolabeled

Non-radiolabeled
EAV3* (4) NCR RNAPRRSV3 (+) NCR RNA

“aaﬁ u"* <RPC
Rig e

Fig. 1. Analysis of the interaction between proteins in MA104 cell extracts®3Relabeled arterivirus’8)NCR RNAs. (A) Gel mobility shift assay.
Radiolabeled SHFV'8+)NCR RNA was incubated with an S100 cytoplasmic extract from either SHFV-infected or mock-infected MA104 cells. The RPCs
were resolved on a 10% non-denaturing polyacrylamide gel and visualized by autoradiography. (Lane 1) free probe; (lanes 2-5) increasing amkunts of m
infected MA104 S100 cytoplasmic extract (100, 200, 300, and 400 ng); (lanes 6-10) increasing amounts of SHFV-infected MA104 S100 cytoplasmic extrac
(100, 200, 300, 400, and 500 ng). The locations of the RNA—protein complex and free probe are indicated by arrows. (B) Competition gel mobday.shift as
Different amounts of non-radiolabeled competitor RNAs were incubated with an MA104 S100 cytoplasmic extract before additiéftPeatimed SHFV

3'(+)NCR RNA. The RPCs were resolved on a 10% non-denaturing polyacrylamide gel and visualized by autoradiography. (Lane 1) free probe; (lane 2) no
competitor; (lanes 3-6) increasing amounts of non-radiolabeled SHFYWNLR RNA (5-, 10-, 20-, and 30-fold molar excess); (lane 7) 250-fold molar excess

of yeast tRNA; (lane 8) 150-fold molar excess of WNY{+3SL RNA; (lane 9) 250-fold molar excess of poly(l)—poly(C). The locations of the RNA—protein
complex and free probe are indicated by arrows. (C) UV-induced cross-linking assay. MA104 S100 cytoplasmic extracts were incubated witkdadiolabel
SHFV 3(+)NCR RNA and then were exposed to UV-irradiation. The unprotected RNA was digested with RNase A and the cross-linked proteins were resolved
by 10% SDS—-PAGE and visualized by autoradiography. (Lane 1) free probe; (lane 2) mock-infected MA104 S100 cytoplasmicegjrant (@oly(1)—(C)

(1 g); (lane 3) SHFV-infected MA104 S100 cytoplasmic extracu@ and poly(I)-(C) (1ng); (lane 4) mock-infected MA104 S100 cytoplasmic extract

(1ng) and poly(1)—(C) (600 ng). Standard protein markers are indicated by lines and the positions of p56 and p42 are indicated by arrows. (D) UV-induced
cross-linking assay. MA104 S100 cytoplasmic extracts and different arterfAPulabeled RNA probes were cross-linked by UV-irradiation in the presence

of 600 ng of poly(l)-(C). (Lane 1) free probe; (lane 2) SHF#3NCR RNA; (lane 3) EAV 3+)NCR RNA; (lane 4) PRRSV’8+)NCR RNA. The gels shown

in lanes 1 and 2 were analyzed by autoradiography and the gel shown in lanes 3 and 4 was analyzed using the FUJI Bio Imaging Analyzer. The positions ¢
protein standard markers are indicated by lines on the right. The positions of the p56 and p42 bands are indicated by arrows. (E) Competitidyr gel mobili
shift assay. MA104 S100 cytoplasmic extracts were incubated with different amounts of non-radiolabeled arterivirus RNAs before addiffihlabesled

SHFV 3(+)NCR RNA. (Lane 1) free probe; (lane 2) no competitor; (lanes 3-5) increasing amounts of unlabeled-BACR RNA (25-, 50-, and 75-fold

molar excess); (lanes 6-8) increasing amounts of unlabeled PRRENBR RNA (25-, 50-, and 75-fold molar excess). The gels were analyzed using the
FUJI Bio Imaging Analyzer. The locations of the RNA—protein complex and free probe are indicated by arrows.
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weak (42 kDa) protein band were detected with MA104 S100 competitor was used, the 56 and 42 kDa proteins, but not the
cytoplasmic extractgig. 1C). No bands were detected when 85 and 77 kDa proteins, were detected (data not shown). The
the cell extract was omitted-{g. 1C, lane 1). Two proteins  EAV and PRRSV RNAs used in these assays did not contain
with the same molecular masses (56 and 42 kDa) were alsoa poly (A) tract.

detected in the SHFV-infected extract suggesting thatthetwo  Competition gel mobility shift assays were performed us-
proteins that make up the single RPC are cellular, not viral ing the SHFV 3+)NCR RNA as the probe and either un-

proteins Fig. 1C, lane 3). labeled EAV or PRRSV ‘3+)NCR RNA as the competitor
When less stringent conditions were used for the UV- (Fig. 1E). Although competition was observed with all three
induced cross-linking assays (600 ng instead @ bf non- of the unlabeled RNA competitors, the competition observed

specific competitor), additional protein bands were detected with the unlabeled SHFV RNA was the strongest. Some com-
(Fig. 1C, lane 4). In addition, when an SHFY{8)NCR RNA petition was observed when a 25-fold or 50-fold molar excess
probe with a poly(Ao) tract was used in a UV-induced cross-  of either unlabeled EAV or PRRSV(@)NCR RNA was used
linking assay (under stringent conditions), an additional pro- (Fig. 1E, lanes 3 and 4, and lanes 6 and 7, respectively), and
tein was detected with a molecular mass of 73 kDa (data notsignificant competition was observed with a 75-fold molar
shown). It is likely that the 73 kDa band is PAB8fagnolo excess of these competitof5g. 1E, lanes 5 and 8). In com-
and Hogue, 2000 parison, complete competition was observed when a 30-fold
molar excess of unlabeled SHFY{-B)JNCR RNA was used
(Fig. 1B, lane 6). These data suggest that tlie)YNCR RNAs

of the three different arteriviruses bind the same cell proteins
in the MA104 extracts.

3.2. Detection of cell proteins that interact with the
3'(+)NCRs of other arteriviruses

If the interactions between the@)NCR RNAand aset 3 3 | gcalization of the protein binding sites on the
of cell proteins was relevant for virus replication, then these gy, 3(+)NCR RNA
interactions would be expected to be conserved among diver-

gent arteriviruses. This hypothesis further suggests that the  Tg determine whether the two cell proteins utilized over-
cell prOteinS involved would be ones that are EVOIUtionarily |app|ng or distinct b|nd|ng sites, a set of Sequentia”y trun-
conserved among different mammalian species. In supportcated RNA probes were used in gel mobility shift mobility
of this hypothesis, it has been shown that the host range ofassays as an initial means of identifying the region(s) within
individual arteriviruses is restricted at the level of virus at- the SHFV 3(+)NCR RNA thatinteract with p56 and p42. The
tachment and that a single productive replication cycle oc- tryncated RNA probes were synthesized in vitro and tested
curs after transfection of viral genomic RNA into cells from  for their ability to bind proteins in MA104 S100 extracts in
a non-permissive hosinada et al., 1993; Meulenberg etal., yy-induced cross-linking assayEig. 2). To keep the spe-
1998; Kreutz, 1998 To determine whether other arterivirus  cific activities of the different probes similar, the full-length
3(+)NCR RNAs show cell protein binding patterns similarto - 3 NCR and RNA-D were labeled witi3P]G TP, while RNAs
that of the SHFV 3+)NCR RNA, UV-induced cross-linking A B, and C were labeled with3}PJATP. The binding of
assays were performed with these RNAs. The initial assaySRNA-A, RNA-B, and RNA-C to p56 was markedly reduced
were done with eithe?’P-labeled EAV +)NCR RNA or a5 compared to that of the full-length SHFY-§NCR probe.
PRRSV 3(+)NCR RNA and MA104 S100 extracts in the | contrast, no binding was detected with RNA-D. p42 was
presence of 600 ng of non-specific competitor. Four proteins ot detected with any of the truncated probes.

with similar molecular masses (85, 77, 56 and 42 kDa) were

detected by the SHFV, EAV, and PRRSY§NCR RNAs 3.4, Analysis of the secondary structure of the SHFV

(Fig. 1D). While the 85 kDa protein appeared to bind the EAV  3'(+)NCR

and PRRSV RNAs more efficiently than the SHFV RNA, the

other three proteins appeared to bind all three of the viral  The data obtained with the serially truncated probes sug-
3'RNAs with similar efficiency. When jLg of non-specific gested that the structure of thtNER was important for pro-

Binding
—ORE9 SHFV3’ (+)NCR L poly(A) ps6  p42
—l "
37RNA: 1-79 N
RNA-A: 1-32 J
RNA-B: 9-43 J1o-
RNA-C: 44-79 J| -
RNA-C: 49-155 - -

Fig. 2. Schematic representation of the truncaf@labeled SHFV +)NCR RNAs used in UV-induced cross-linking assays. Numbering was from' the 3
end. Three adenines of the poly(A) tract were included. The plus symbol (+) indicates wildtype binding observed with the full-length(SINBR3The
symbol (/) indicates various degrees of reduced binding and the minus symbol (-) indicates no detectable binding.
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Fig. 3. Ribonuclease probing of the SHFY{8NCR RNA. (A) Autoradiograph of primer extension products. SHF{#BNCR RNA was partially digested

under native conditions with either RNase A {Z®r 10-° units), RNase 7 (102 or 10~ units) or RNase 7(10~2 or 10-2 units) and then used as a template

for reverse transcription. cDNAs synthesized by primer extension were resolved by 9% denaturing-PAGE. Representative gels are shown. RINA sequenci
reactions were performed as previously descritdair{an et al., 1991and are shown on the left of the gel. FL (full lengtPdP-labeled RNA template prior

to treatment. (B) Summary of the ribonuclease probing data. Only strong cleavages that were consistently observed in multiple experimeatiscare indic

tein binding and that multiple binding sites might be present. A representative gel for each RNase is showrFig. 3A.
Functionally relevant SL structures have been reported in theUndigested NCRpl RNA was sequenced as previously
3'NCRs of coronaviruses3oebel et al., 2004; Williams et  described Nainan et al., 1991(Fig. 3A, first four lanes).
al., 1999. The secondary structure of the SHFNER was A summary of the data obtained is shown kig. 3B.
therefore investigated. Only strong intensity cleavage bands that were consistently
Thermodynamic analysis of the SHFV(8)NCR RNA observed in multiple experiments are indicated. All of these
predicted a structure consisting of a larg8l3followed by a strong RNase cleavages were at nucleotides predicted to be
small SL Fig. 3B). To determine if the predicted structure of single-stranded with only a couple of exceptions. RNase A
the SHFV 3(+)NCR RNA was consistent with the structure cleaved nts W, and W;. Although these nucleotides were
formed by this RNA in solution,’BICRpl RNA, consisting predicted to be base-paired, each was located adjacent to
of the 3(+)NCR sequence plus an additional 4h& from a single stranded region which would increase its accessi-
the plasmid, was used as the template for primer extensionbility to single-strand specific RNase cleavage, especially
structure probing. The presence or absence of the additionaduring RNA structure “breathing”. The same was true for
3'nucleotides did not change the Mfold-predicted secondary nucleotides s, Uz, A2g, U1, Us1, Uag, Uss, Usg and G,
structure of the SHFV'8+)NCR RNA. 3NCRpl RNA and which were cleaved by RNase Tand nts Ag, Azs and Usg.
primer P11, which was complementary t6 ris —26 to cleaved by RNase1l Other exceptions (&) A17, Azo, Gaa,
—42 (Fig. 3B), were annealed. Thé[CRpl RNA was first Ca2, Ugs, Uss and Uy) were predicted to be double-stranded
partially digested with one of three single-strand specific and were not directly adjacent to a loop or bulge, but were
ribonucleases and then subjected to reverse transcription. Attleaved. The data obtained from the ribonuclease probing
least three experiments were performed with each RNaseexperiments were consistent with the secondary structure
and each RNase was used at two or more concentrationspredicted for the SHFV’8+)NCR.
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Fig. 4. Thermodynamically predicted secondary structures of the full length and deleted SHFVCR RNAs and UV-induced cross-linking assays with

these RNAs. (A) Thermodynamically predicted secondary structures of the indicated RNAs generated wittMdfoihi et al., 1999; Zuker et al., 1999

AG, the free energy values calculated for each structure. Locations of mutations within the RNAs are indicated by gray lines and arrows. (B) UV-induced
cross-linking assays with an MA104 S100 cytoplasmic extract affPdabeled SHFV RNA probe in the presence qfdlof poly(l)—(C). (Lane 1) free

probe; (lane 2) full-length SHFV'B+)NCR RNA; (lane 3) RNA-E; (lane 4) RNA-F; (lane 5) RNA-G. The positions of the p56 and p42 bands are indicated by
arrows.

3.5. Mapping the protein binding sites on the SHFV to change the bulge sequence in the top portion of the SL and
3'(+)NCR RNA to stabilize the stem below this bulge by removing the in-
ternal loop. UV-induced cross-linking assays indicated that
When the truncated RNAs used in the initial mapping RNA-E bound p56 much less efficiently than the wildtype
experiments were folded, their predicted structures differed 3NCR RNA (Fig. 4B, lane 3). Reduced binding of p56 to
from that of the full-length SHFV'8+)NCR (data not shown)  RNA-F was also observedFig. 4B, lane 4) and p56 binding
and they bound less efficiently to the proteifsg( 2). To to RNA-G was further reducedF{g. 4B, lane 5). p42 binding
gain a further understanding of the protein recognition ele- to the RNA-E and RNA-F but not to RNA-G was detected.
ments in the SHFV 8+)NCR, a deletion/mutation strategy These data suggest that both the top loop sequence and the
was used. Mutations were designed based on the structuralinsequence of the internal loop in the upper part of the stem
formation obtained so that they caused only local or minimal are needed for efficient binding of p56. However, even with
perturbations of the structure of th§-NCR RNA. Mfold both of these sites eliminated, a low amount of residual p56
analyses were done to predict the effect of each mutation onbinding was detected.
the SL structureKig. 4A). In RNA-E, the top loop was mu- With the data obtained, the binding site for p42 could not
tated (BUCCCU3 was replaced by’BAA3’). Part of the be precisely mapped but it appears to be localized to the
large 3 internal loop sequence (nts 20—23ABCU3’) was top portion of the SL. Two additional proteins~77 and
deleted in RNA-F. RNA-G contained a deletion of nts 23-26 85 kDa) were observed to bind to RNA-E and RNA-F at low
and nts 44-48 (ACUA3’ and BAUUAA 3, respectively). levels. Proteins of similar sizes were found to bind to the
This deletion was thermodynamically predicted to change wildtype RNA in the presence of reduced amounts of non-
the sequence of the top loop froflLECCCU3 to 5CUAZ, specific competitorsHig. 1C).
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3.6. Partial purification of host proteins that interact

with the SHFV 3+)NCR RNA by RNA affinity
chromatography
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tion 2. Aliquots of the 0.2 M wash and 3 M eluate fractions
were analyzed by 10% SDS—PAGE and stained with Gold-
Blot (Fig. 5A). Two protein bands with estimated molecular
masses of about 56 kDa and a single protein band of about

As the next step in further analyzing the cell proteins 42kDa were consistently detected in samples that also con-

found to interact with the SHFV’'@)NCR RNA, the vi-

tained bands of the same sizes in UV-induced cross-linking

ral RNA binding proteins were enriched by affinity column assaysKig. 5B). The protein purification protocol was re-
chromatography. The RNA affinity column was prepared by peated several times with similar results. The binding activ-

covalently linking the SHFV §+)NCR RNA to an agarose-
adipic acid hydrazide matrixBlyn et al., 1996, 1997 A

ity of p42 in the 3 M eluate was comparable to that of p56
(Fig. 5B, lane 3) even though the relative amount of p42

mock column, that contained no RNA linked to the ma- in the 3M eluate was less than that of p56, as indicated by
trix, was also prepared. An S100 cytoplasmic extract pre- GoldBlot staining Fig. 5A, lane 2), suggesting that naturally
pared from MA104 cells was first incubated with a mixture occurring competitors that affect the relative binding activity
of various non-specific competitor RNAs and then sequen- of p42 to the viral 3RNA in the unfractionated cell extract
tially passed over an RNA affinity column three times. After may have been eliminated during the purification process. No
washing the column, bound proteins were eluted, concen-viral RNA binding activity was detected in the eluate from
trated and exchanged into storage buffer as described in Secthe mock column (data not shown).

(A)

p56.B:

p42:

©

kDa
111
77 *
o 44— ps6
48.2 -
' ~—
33.8

KLPIDVTEGEVISLGLPFGK (65-84)
GQPIYIQFSNHK (123-134)
IIVENLFYPVTLDVLHOQIFSK (186-206)

IITFTK (213-218)
NNQFQALLQYADPVSAQHAK (219-238)
IAIPGLAGAGNSVLLVSNLNPER (345-367)
LHGKPIR (418-424)
NFQNIFPPSATLHLSNIPPS VSEEDLK (464-490)

KLPIDVTEGEVISLGLPFGK (65-84)
LPIDVTEGEVISLGLPFGK (66-84)
IIVENLFYPVTLDVLHQIFSK (186-206)
NNQFQALLQYADPVSAQHAK (219-238)
LSLDGQNIYNACCTLR (239-254)
IAIPGLAGAGNSVLLVSNLNPER (345-367)
NFQNIFPPSATLHLSNIPPS VSEEDLK (464-490)

GILAADESTGSIAK (20-41)
ADDGRPFPQVIK (87-98)
SKGGVVGIK (99-107)

GGVVGIK (101-107)
IGEHTPSALAIMENANVLAR (153-172)
VLAAVYK (208-214)
FSHEEIAMATVTALR (243-257)
ALANSLACQGK (331-341)

Fig. 5. Partial purification and identification of p56 and p42. (A) GoldBlot analysis of eluates of an RNA affinity column. (Lane 1) 0.2 M NaCl mlash (4

of 300ul); (lane 2) 3 M NaCl eluate (4l of 300pl); (lane 3) original S100 extract (@ of 5ml). The positions of the p56 and p42 bands are indicated by
asterisks. (B) UV-induced cross-linking analysis of eluates of the RNA affinity column. (Lane 1) free probe; (lane 2) 0.2 M NaClpdas$t3QD w.l); (lane

3) 3M NacCl eluate (1.l of 300l); (lane 4) original S100 extract (@l of 5ml). The positions of the p56 and p42 bands are indicated by arrows. The positions

of standard protein markers are indicated by lines on the left side of the gels. (C) Amino acid sequences of peptides derived by tryptic diggstidfieaf the
proteins. p56.T and p56.B represent the top and bottom bands of the p56 doublet, respectively. The numbers to the right of each peptide déoote its locat

within the full-length protein with which it matched.
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3.7. ldentification of p56 and p42 3.8. Confirmation of the identity of p56 and p42

To determine the identity of proteins in the bands migrat-  Two experimental approaches were used to confirm that
ing at the positions expected for the two RNA binding pro- the proteins sequenced were actually the viral RNA binding
teins, the two p56 and the single p42 Coomassie blue-stainedoroteins. Both anti-PTB and anti-aldolase antibodies were
bands were individually excised from gels and sent to the available and were used to analyze by Western blotting the
Beckman Research Institute of the City of Hope (Duarte, CA) relative levels of these proteins in the cytoplasmic fractions
where the proteins were subjected to endoproteolytic cleav-before and after RNA affinity chromatography. Proteins from
age with trypsin. The resulting peptides were separated bythe 0.2 NaCl M wash, 3 NaCl M eluate, original S100 extract,
HPLC and selected peptides were sequenced by automatednd mock column eluate were resolved by 9% SDS—PAGE
liquid chromatography-tandem mass spectrometry using a(Fig. 6A and B). His-tagged PTB (purified as described in
Thermo-Finnigan LCQ Classic quadrupole ion trap mass Section2) and aldolase A (Calbiochem) were used as posi-
spectrometeravis and Lee, 1997, 1998; Swiderek et al., tive controls. After blocking, the membranes were incubated
1998. Sequences were obtained for eight peptides derivedeither with rabbit anti-PTB antibody and then anti-rabbit IgG
fromthe top p56 band, for seven peptides from the bottom p56 (Fig. 6A) or with goat anti-aldolase antibody followed by
band, and for eight peptides from p42d. 5C). The peptide  anti-goat 1gG Fig. 6B).
sequences obtained from both of the p56 bands showed 100% Low levels of all three isoforms of PTB were detected
identity with polypyrimidine tract-binding protein. Threeiso- in the MA104 S100 cytoplasmic extract with the anti-PTB
forms of human PTB with predicted molecular masses of antibody. No PTB bands were detected in the 0.2M NaCl
59 kDa (PTB1/hnRNP )Gil et al., 199}, 57.2kDa (PTB2) wash. PTB1 (59kDa) and PTB2 (57.2kDa) but no PTB3
(Pattonetal., 199%and 42.8 kDa (PTB3)Ghetti et al., 199p (42.8kDa) were detected in the 3M NaCl eluate at higher
are produced by alternative pre-mRNA splicing. PTB1 con- relative concentrations than in the original S100 extract.
tains 26 additional amino acids and PTB2 contains 19 addi- The data show that the SHFV/(3)NCR RNA affinity
tional amino acids not present in PTB3. Since none of the column bound and enriched PTB1 and PTB2 but not PTB3
peptides analyzed contained sequences that were unique tand rule out the possibility that the p42 band detected in
PTB1 or PTB2, the identity of the isoforms in the p56 dou- the UV-induced cross-linking assays was PTB3. Purified
blet could not be confirmed. However, PTB1 and PTB2 are recombinant His-PTB migrated slower than cellular PTB
the closest in size to the two proteins that were purified. The due to the presence of an additional 34 aa at its N-terminus.
sequences obtained from the p42 band showed 100% identityNo PTB was detected in the eluate from the mock column.
with fructose 1,6 bisphosphate aldolase A. Three isoforms of ~ As expected, aldolase was present at a higher concentra-
aldolase (A, B and C) have been previously identified and tion than PTB in the MA104 S100 cytoplasmic extracts. The
are expressed from separate genes on three different chroanti-aldolase antibody cross reacts with all three isoforms of
mosomes (16, 9 and 17, respectively). The three aldolasealdolase and since all three isoforms have the same molecu-
isoforms are identical in size and their sequences are highlylar mass, they cannot be distinguished after PAGE. Aldolase

conserved (70-82% identical)dlan et al., 198). was not detected in the 0.2 M NaCl wash but was detected
120 kDa
120 - I
84 8
—
bR 22 — == 522 a2 «— P56 (PTB)
aldolase ' - e !
PTB3 P> — . |« p42 (aldolase)
363 363 38 77 SRl
(A) (B) (&) 2 B
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Fig. 6. Confirmation of the identity of p56 and p42. (A) Western blotting analysis of RNA affinity chromatography eluate fractions using anti-RdR. antib
(Lane 1) original S100 extract (30 of 5ml); (lane 2) 0.2 M NaCl wash (10l of 300ul); (lane 3) 3M NacCl eluate (1@l of 300ul); (lane 4) recombinant
His-PTB (36 ng); (lane 5) mock column 3 M NacCl eluate (d®f 300ul). (B) Western blotting analysis of RNA affinity chromatography eluate fractions
using anti-aldolase antibody. (Lane 1) original S100 extracildf 5ml); (lane 2) 0.2 M NaCl wash (10! of 300ul); (lane 3) 3M NaCl eluate (1l

of 300ul); (lane 4) purified aldolase (33 ng); (lane 5) mock column 3 M NaCl eluatg.{D® 300l). (C) Immunoprecipitation of proteins cross-linked to
SHFV 3(+)NCR RNA. Scaled up UV-induced cross-linking reactions{§Qusing cytoplasmic extracts were subjected to immunoprecipitation with various
antibodies. (Lane 1) free probe (only one-third of reaction volume was loaded onto the gel); (lane 2), UV-induced cross-linking reaction {ordyobtieest
reaction volume was loaded onto the gel); (lane 3) immunoprecipitation with anti-PTB antibody; (lane 4) immunoprecipitation with anti-hnRN@dyi ant
(lane 5) immunoprecipitation with anti-aldolase antibody. The precipitate from the entire reaction volume was loaded onto the gel in laneds3dfrStaim
markers are indicated on the left.
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in the 3M NaCl eluate. Although aldolase bound efficiently aldolase antibodyHRig. 6C, lanes 3 and 5, respectively).
to the RNA affinity column, the relative amount of aldolase When anti-hnRNP Al antibody was used in this assay, nei-
in the 3M NaCl eluate was less than that in the original ther cross-linked protein was immunoprecipitatea( 6C,
S100 extract. This may be due to the binding capacity of lane 4).
the RNA on the column or to competition by PTB bound to
the column or to preferential binding of one of the aldolase 3.9. Further characterization of the specificity of the
isoforms. interactions between the two cell proteins and the SHFV

As an additional means of confirming that the p56 3'(+)NCR RNA
and p42 bands detected by UV-induced cross-linking were
PTB and aldolase, respectively, immunoprecipitation of UV-  The specificities of the interactions between the SHFV
induced cross-linked RPCs derived from cytoplasmic extracts 3 (+)NCR RNA and purified PTB and aldolase were deter-
with anti-PTB or anti-aldolase antibody after RNase treat- mined by competition gel mobility shift assays. Recombi-
ment was carried out. p56 cross-linked to #¥€-labeled nant His-PTB which was partially purified as described in
SHFV 3(+)NCR RNA was immunoprecipitated by the anti- Section2 and commercially available purified aldolase (iso-
PTB antibody, while p42 cross-linked to tFéP-labeled form A; Calbiochem) were used in these assays. Each of
SHFV 3(+)NCR RNA was immunoprecipitated by the anti- the proteins was incubated with unlabeled SHF{#BNCR
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Fig. 7. Analysis of the binding specificity of recombinant His-PTB and aldolase and quantification of their interactions with the’ SHIFER RNA. (A)
Competition gel mobility shift assay using constant amounts of recombinant His-P T8BRutabeled SHFV +)NCR RNA and various amounts of different
competitor RNAs. (Lane 1) free probe; (lane 2) no competitor RNA; lanes 3—6, increasing amounts of non-radiolabelet( §NERRNA (10-, 18-, 56-,

and 94-fold molar excess). (Lane 7) 469-fold molar excess of poly(l)—poly(C); (lane 8) 200-fold molar excess of yeast tRNA,; (lane 9) 500-foldesslar ex

of WNV 3'(+)SL RNA. (B) Gel mobility shift assay. Increasing amounts of His-PTB were incubated with a constant améimtaiieled SHFV 3+)NCR

RNA. (Lane 1) free probe; (lanes 2-9) various concentrations (2.5, 3.7, 5.5, 8.2, 12.5, 18.7, 28, and 42.3nM) of His-PTB. The locations of thed®C and fr
probe bands are indicated by arrows. Asterisks indicate the locations of the RPC aggregates that were detected with increasing proteimeoifiCgntratio
Theoretical saturation binding curve. The relative amounts of RPC formation and free probe were measured using a FUJIFILM Bio Imaging Analyzer and
Image Reader 1.8 and Image Gauge 3.0 software. The entire free probe region and all of the RPC band regions, as indicated by brackets, weregincluded in t
calculation. The percent of SHFV(3)NCR RNA bound was plotted against the concentration of His-PTB. The data were transformed and used to calculate the
relative equilibrium dissociation constant and stoichiometry of the interaction. (D) Competition gel mobility shift assay using constanbéaidatstse and
32p_jabeled SHFV +)NCR RNA and various amounts of different competitor RNAs. (Lane 1) free probe; (lane 2) no competitor RNA; (lanes 3-6) increasing
amounts of non-radiolabeled SHFV(8)NCR RNA (10-, 18-, 56-, and 94-fold molar excess). (Lane 7) 469-fold molar excess of poly(l)—poly(C); (lane 8)
200-fold molar excess of yeast tRNA; (lane 9) 500-fold molar excess of Wi SL RNA. (E) Gel mobility shift assay. Increasing amounts of aldolase were
incubated with a constant amount®P-labeled SHFV %+)NCR RNA. (Lane 1) free probe; (lanes 2-6) various concentrations (24.8, 37.3, 55.9, 83.9, and
125.8nM) of aldolase. The locations of the RPC and free probe bands are indicated by arrows. Asterisks indicate the locations of the RPC aggrgates tha
detected with increasing protein concentrations. (F) Theoretical saturation binding curve (generated as described above).
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RNA or with one of the following non-specific competitors, cating that approximately 3 aldolase homotetramers bind to
poly(1)—(C), yeast tRNA or WNV 3+)SL RNA prior to the one SHFV 3(+)NCR RNA molecule.
addition of the’2P-labeled SHFV +)NCR RNA probe. The
RPCs formed were resolved by 10% non-denaturing-PAGE
and detected by autoradiograp®yg. 7A and D). Inreactions 4. Discussion
containing higher His-PTB concentrations, multiple RPCs
were observed which was likely due to the aggregation of  This is the first report identifying host cellular proteins
the complexes. Two complexes were observed at all con-that interact with an arterivirus'lSCR RNA. PTB, which
centrations of aldolase tested and may represent dimers andvas identified as the 56 kDa MA104 protein, has multiple
tetramers of this protein. Partial competition was observed cellular functions. It can act as a negative or positive reg-
when a 10-fold molar excess of the specific competitor was ulator of pre-mRNA splicing llou et al., 1999; Valcarcel
used with either recombinant His-PTB or aldolase. Complete and Gebauer, 199and is involved in regulating pre-mRNA
competition was observed with an 18-fold molar excess of the polyadenylationl{ou et al., 1999; Moreira et al., 199&nd
specific competitor with recombinant His-PTB and witha 56- mRNA cytoplasmic localizationGote et al., 1990 PTB be-
fold molar excess of the specific competitor with aldolase. In longs to the RNA recognition motif (RRM) family of RNA-
contrast, no competition was observed when a 469-fold molarbinding proteins and each monomer of PTB contains four
excess of poly(l)—poly(C), a 200-fold molar excess of yeast RRMs (RRM1-RRM4) Perez et al., 1997 The three iso-
tRNA, or a 500-fold molar excess of WNV/(3)SL RNA forms of PTB are expressed in all types of tissueat{on et
was used. These data indicate that the interactions betweerl., 199).
the SHFV 3(+)NCR RNA and both recombinant His-PTB PTB has previously been reported to regulate poliovirus
and purified aldolase are specific. (Hellen et al., 1998 hepatitis A virus (HAV) Schultz et
al., 1996, and human rhinovirus-2 (HRV) IRES-dependent
3.10. Determination of the dissociation constants for the  translation Hunt and Jackson, 1999The binding of PTB
RNA—protein interactions to both the MHV 5(+)NCR RNA and 3—)NCR RNA were
shown to be important for virus replicatiohi(et al., 1999.

To determine whether the interactions between the SHFV PTB binding to the MHV J—)NCR RNA was reported to
3INCR RNA and PTB or aldolase were in the physiologi- induce a conformational change in this RNAuang and Lai,
cal range, the strength of each of these interactions was es1999. Further support for an involvement of PTB in MHV
timated using gel mobility shift assays. In these assays, aRNA replication was provided by the observation that tran-
constant amount o2P-labeled SHFV %+)NCR RNA and scription but not translation of MHV DI RNA was inhibited
increasing amounts of either purified recombinant His-PTB in cells over-expressing a truncated form of PT&h6i et
(Fig. 7B) or aldolaseltig. 7E) were used and the amount of al., 2003. Three regions within the hepatitis C virus (HCV)
RPCs that formed was quantified. The minimum amount of genome RNA, namely thé[SCR, a region in the capsid pro-
protein needed to observe an RNA mobility shift was deter- tein coding region, and the X region of théNER, were
mined in preliminary experiments. The lowest concentration reported to bind to PTBAli and Siddiqui, 1997; Ito and Lai,
of aldolase required was 24.8 nM, while that for His-PTB 1999; Tsuchinhara et al., 199Zhang et al. (20043howed
was 2.5nM. Because the His-PTB used was not purified to that HCV replication was down-regulated by expression of
homogeneity, the concentrations for this protein were esti- SIRNA against PTB. RNA interference studies unfortunately
mates. The relative amounts of the RPCs and free probedo not provide information about the roles that cellular co-
were measured and the values obtained from at least thredactors play in viral replication cycles. Also, silencing of
experiments were averaged. A theoretical saturation bindingsome cell genes can cause secondary effects on the cell that
curve was generated by plotting the percent of bound SHFV suppress virus replication indirectly.
3 (+)NCR RNA versus the concentration of either recombi- The 42 kDa protein was identified as fructose 1,6 bispho-
nant His-PTB Fig. 7C) or aldolaseKig. 7F). The entire free  sphate aldolase A, an abundant tetrameric cellular protein
probe region and all of the RPC band regions were included inthat is present throughout the cytoplasm where it binds to
the calculations. The equilibrium dissociation consta& ( actin filaments of the cytoskeleto®'Reilly and Clarke,
values were calculated as previously described €t al., 1993. The level of expression of the individual aldolase
1992; Weeks and Crother, 1992sing the equation: log (%  isoforms varies in different tissues and each isoform has
bound/% unbound) & {log[PTB or aldolase (nM})] — log distinct roles in the glycolytic pathway of the tissues in
Kg. The relativeKq for the His-PTB-SHFV 3+)NCR RNA which it is expressedienhoet et al., 1966; Rottmann et al.,
interaction was estimated to be 7 nM, whereas the relative 1987). Aldolase binds to the SHFV' @)NCR RNA with a
Kq for the aldolase-viral RNA interaction was estimated to lower affinity (Kq=69 nM) than PTB. This is consistent with
be 69nM. The slope of the line in the inset graph for re- the observation that the PTB protein band in UV-induced
combinant His-PTB was 1.24, indicating that approximately cross-linking assays is more intense than the aldolase
1 His-PTB homodimer binds to one SHFY{8)NCR RNA protein band even though the level of aldolase present in the
molecule. The slope of the line for aldolase was 3.25, indi- cytoplasm is significantly higher than that of PTB.
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There have been no previous reports of aldolase bind-to bind a 56 and 42 kDa MA104 cell protein in UV-induced
ing to a viral or a cellular RNA. However, another gly- cross-linking assays and specific competition was observed
colytic enzyme, glyceraldehyde 3-phosphate dehydrogenasevhen they were used as competitors in a competition gel
(GAPDH), has been reported to bind to specific cellular and mobility shift assay with an SHFV/@)NCR RNA probe.
viral RNAs. GAPDH binds to tRNA in a sequence- and Although notidentical, the predicted secondary structures of
structure-specific manner in HeLa cell nuclear extracts where other arterivirus 3NCR RNAs consist of a’SL with internal
itis thought to participate in tRNA expors{ngh et al., 1996 loop or bulge regions along the stem. In each case, pyrim-
GAPDH was shown to have RNA helix-destabilizing activity idines are present in the top loop of thé&SB and on the 3
and to bind to the HAV IRESSchultz et al., 19961t has also side of the stem in an internal loop or bulge located near the
been reported to bind to th&3)NCR and 3—)NCR RNAs top of the stem. RNA structure probing analyses have not yet

of human parainfluenza virus type B¢ et al., 1995 Both been reported for any of the other arterivirdslGR RNAs.
GAPDH and PTB were reported to bind to the HAV IRES Verheije et al. (2002)eported a tertiary (kissing) inter-
and to compete for overlapping binding sit¥sdt al., 2000. action between the top loops of a predicted SL located near

The binding of GAPDH to the HAV IRES resulted in down the 5 end of the PRRSV ORF7 (54 nts from the start codon)
regulation of translation while the binding of PTB stimulated and a predicted SL structure within the PRRS#BINCR. It

translation. is not yet known whether a similar tertiary interaction forms
Aldolase is also capable of organizing actin filaments into between the SL in thé RCR and an upstream SL structure in
highly ordered three-dimensional structur€dafke et al., the SHFV genomic RNA. Possible roles of PTB and aldolase

1985. It has been reported that a number of viruses manipu- binding to the arterivirus’BICR RNA during the virus repli-
late the cellular actin cytoskeleton to facilitate various steps cation cycle are presently not known. The data reported here
in their replication cycles (reviewed udmore et al., 1997 suggest that these two proteins could compete for an overlap-
The possibility of an involvement of the cytoskeleton in ar- ping binding site and this competition may be functionally
terivirus replication has not yet been investigated. relevant.

The structural context of the binding sites on the SHFV
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