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The rotavirus nonstructural protein NSP3 is a sequence-specific RNA binding protein that binds the
nonpolyadenylated 3’ end of the rotavirus mRNAs. NSP3 also interacts with the translation initiation factor
elF4GI and competes with the poly(A) binding protein. Deletion mutations and point mutations of NSP3 from
group A rotavirus (NSP3A), expressed in Escherichia coli, indicate that the RNA binding domain lies between
amino acids 4 and 149. Similar results were obtained with NSP3 from group C rotaviruses. Data also indicate
that a dimer of NSP3A binds one molecule of RNA and that dimerization is necessary for strong RNA binding.
The dimerization domain of NSP3 was mapped between amino acids 150 and 206 by using the yeast two-hybrid
system. The eukaryotic initiation factor 4 GI subunit (eIF-4GI) binding domain of NSP3A has been mapped
in the last 107 amino acids of its C terminus by using a pulldown assay and the yeast two-hybrid system. NSP3
is composed of two functional domains separated by a dimerization domain.

Rotaviruses are members of the Reoviridae family, and their
genome is composed of 11 molecules of double-stranded RNA
which encode six structural proteins and six nonstructural pro-
teins (8, 24). Viral transcriptase is activated as the virus enters
the cell cytoplasm and synthesizes capped but nonpolyadeny-
lated viral mRNAs. Viral mRNAs are either translated or used
as templates for the synthesis of the genomic double-stranded
RNAs. During this cycle, mRNAs are not tightly linked since
coinfection of the same cell with different strains of virus re-
sults in gene reassortment at high frequency (37).

The viral mRNAs bear 5’ and 3’ untranslated regions of
variable length which are bordered by two different sequences
common to all genes. The 3'-end consensus sequence of group
A rotaviruses is UGACC and is strictly conserved among all 11
segments. The 3’-end consensus sequence is different from one
rotavirus serogroup to another; for example, in group C rota-
virus, the 3’-end consensus sequence is UGGCU (4, 36). Re-
assortment between rotavirus strains of different serogroups
has not been observed (52) and is thought to be restricted by
these different consensus sequences.

We have reported that in group A rotavirus-infected cells,
the nonstructural protein NSP3A is bound to the 3’ end of
rotavirus mRNAs (31). In a previous report (32), we investi-
gated the RNA sequence required for binding of NSP3A onto
RNA in vitro and showed that the binding of the recombinant
NSP3A to the 3'-end consensus sequence requires the last 5
bases UGACC. Mutations in the last 4 bases can greatly impair
the interaction of NSP3A with RNA. NSP3 from group C
rotavirus (NSP3C), expressed in baculovirus, binds to the 3'-
end consensus sequence of group C rotavirus but not of group
A rotavirus. These observations illustrate that NSP3 is a
unique sequence-specific RNA binding protein.

Multimers of NSP3A expressed from rotavirus or baculovi-
rus are observed only under nonreducing conditions (1, 24, 32);
however, under the same conditions of analysis, the baculovi-
rus-expressed NSP3C does not form multimers (33). Recently
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(31) we showed that NSP3A interacts in vivo with the transla-
tion initiation factor eukaryotic initiation factor 4, GI subunit
(eIF-4GI). The translation of viral mRNA is enhanced at the
expense of the translation of the cellular polyadenylated
mRNA as NSP3A evicts the cellular poly(A) binding protein
(PABP) from eIF-4GI. NSP3A may play a key role in the
replication cycle of the rotavirus by allowing the efficient ex-
pression of the viral proteins in infected cells. Here we report
on the identification of the RNA binding, multimerization, and
elF-4GI binding domains on the primary sequence of NSP3.

MATERIALS AND METHODS

Plasmid constructions. Genes encoding NSP3 were obtained from the bovine
RF strain of group A rotavirus (NSP3A; GenBank accession no. Z21639), devoid
of the first three amino acids (containing residues 4 to 313), and from the porcine
Cowden strain of group C rotavirus (NSP3C [402 amino acids]; GenBank acces-
sion no. M69115).

Recombinant proteins were expressed with a C-terminal His, tag in a modified
pET22b+ plasmid (Novagen). Plasmid pET22b+ containing the sequence of
NSP3A cloned into Ncol (CCATGG)-Xhol had its leader sequence deleted
(pET22LS—) by site-directed mutagenesis (22) (Table 1, oligonucleotide 1).
N-terminal NSP3 deletion mutants were generated by site-directed mutagenesis
by insertion of a Ncol site followed by linearization and recircularization of the
plasmid. C-terminal deletions were obtained by insertion of a Xhol restriction
site followed by linearization and recircularization of the plasmid (Table 1,
oligonucleotides 2, 3, 4, 5, and 9) or by direct creation of a deletion inside the
sequence (Table 1, oligonucleotides 6, 7, 8, and 10).

Constructs (Table 1, oligonucleotides 11 and 12) were obtained by PCR on the
NSP3A 45_315 sequence with oligonucleotides inserting Ncol or Xhol before
cloning the PCR product into pET22LS—. Oligonucleotides used for point mu-
tation are listed in Table 1. All the constructs were controlled by DNA sequenc-
ing.

Expression and purification of recombinant NSP3. Plasmids were introduced
into Escherichia coli BL21(DE3) by electroporation. Protein expression was
induced by adding isopropyl-B-p-thiogalactopyranoside (IPTG) to a final con-
centration of 1 mM for 3 h at 37°C. His,-tagged proteins were purified on an
Ni*>*-Sepharose column (Pharmacia) after solubilization in lysis buffer A (20
mM Tris-HCI [pH 8], 0.5 M NaCl, 5 mM imidazole, 6 M urea). Renaturation was
carried out at 4°C by step dialysis against renaturation buffer (50 mM Tris-HCI
[pH 8], 0.5 mM oxidized gluthatione, 5 mM reduced gluthatione, 150 mM NacCl,
10% glycerol), with decreasing concentration of urea (from 3 M to 375 mM by
twofold dilution steps over 12 h). After a final dialysis against renaturation buffer
without urea, the insoluble proteins were removed by centrifugation (100,000 X
g for 15 min). The concentration of the protein was estimated by comparison to
a bovine serum albumin standard after sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Coomassie blue staining. The semipurified
baculovirus NSP3A (33) was used as a positive control.
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TABLE 1. Oligonucleotides used for plasmid construction

Mutation Polarity Oligonucleotide sequence (5'—3")
Site-directed mutagenesis
pET22—pET22 LS— - CTGCTGTGTAGACTCCATGGTATATCTCCTTCTTAAAG
NSP3A—NSPA, ;5 - CGATTCAAATCGTTTCTCGAGTTGTTCATATCT
NSP3A—NSP3A 4333 - CAACTTCCATGGTTTCTTCAAC
NSP3A—NSP3A,46 313 - GTTTTGGAGAGAGTCCATGGTCTCGAGTACCTTTTTTGC
NSP3A—NSP3A,35 | gsm - GACTGAAGACACCATGGACTCGAGTTTATTTTGTAG
(NSP3A, 517, NSP3A,; 313)
NSP3A—NSP3A, 3,3 - AATCGAACTAGCCATGGTATATCTCCTTCTTAA
NSPA,_;,5—NSPA, 1,4 - GTGGTGCTCGAGACGTTCAATCTTATCTCT
NSPA, ,5—NSPA, 5, - GTGGTGCTCGAGTGGAACTCCTTCACATT
NSPA, ,,s5—NSPA, ;.5 MV54 - AACACCTGAATCGTCGACTACGTAATCAAA
NSPA, _,,5—NSPA,_ ;5 KL106 - AGATGATAGCATAAGCTTAAGTTTGTTCAC
NSPA,_,,5—NSPA, .5 GS35 - TTCATTATAATCATAGGATCCGCCCATAAGTTC
NSPA, ;,4—>NSPA, ;.5 QE172 - TTCAAATCGTTTTTCGAGCTCTTCATATCT
NSP3C—NSPC,_,; - ATCAATCATACACTCGAGTTCTTCTATCTT
NSPC,_,,0—>NSPC,_, - GTGGTGCTCGAGTACTGCATTTTCGTTTAA
PCR
NSPA 43_313>NSPA 3 90 + GTTGAAGAAGCCATGGAAGTTGAC
- TAGCCGCTCGAGTATAATATTTCT
Insertion of sequences
pGBT9—pGBT9-NS + AATTCGCCATGGATCCGTCGACTGACTGCA

GTCAGTCGACGGATCCATGGCG

Oligoribonucleotides. Oligoribonucleotides (8 bases) were obtained by auto-
mated synthesis via dimethoxytrityl cyanoethyl RNA phosphoramidite chemistry
with an Applied Biosystems 380A DNA synthesizer and purified as described
previously (33). Purified oligoribonucleotides were used as probes for UV cross-
linking and gel retardation assays after being labeled in vitro with T4 polynucle-
otide kinase and [y->?P]ATP. Oligoribonucleotide 4 corresponds to the 3'-
terminal sequence of group A rotavirus, 5’ AUGUGACC. Oligoribonucleotide C
corresponds to the 3'-terminal sequence of group C rotavirus, 5" AUGUGGCU.
Oligonucleotides bearing point mutations were called A/C for 5’ AUGUGACU
and C/A for ’AUGUGGCC. A 5'-biotinylated oligoribonucleotide (GAUGU
GACC; Eurogentec) was used for immobilization on an avidin chip in an optical
biosensor (BIAcore 1000; Pharmacia) for analysis of the interaction with purified
NSP3A proteins.

In vitro RNA-protein interactions. Purified proteins (100 to 300 nM) were
incubated with 5’-end-labeled oligoribonucleotides (3.5 nM) in 15 pl of RNA
binding buffer (10 mM HEPES [pH 7.9], 40 mM KCI, 1 mM EDTA, 1 mM
dithiothreitol [DTT], 5% glycerol) for 20 min at room temperature and UV
cross-linked on ice 5 cm away from a 254-nm UV light source for 10 min (1
J/em?). Complexes were then analyzed under reducing or nonreducing condi-
tions by SDS-PAGE, and the gels were fixed, dried, and autoradiographed.

Identical reaction mixtures were prepared for gel retardation assays and per-
formed at 30°C for 30 min before being loaded onto a nondenaturing polyacryl-
amide gel (8% acrylamide, 0.2% bisacrylamide) in 0.5X TAE buffer (27 mM Tris
[pH 7.9], 13.2 mM sodium acetate [pH 7.9], 4 mM EDTA, 10% glycerol).
Samples (plus traces of bromophenol blue) were loaded with the current on and
electrophoresed at 4°C at 15 mA with recirculation of the 0.5X TAE running
buffer. After the samples had entered the gel, the current was increased to 30 mA
until the dye had migrated the two-thirds of the way along the gel. Wet gels were
autoradiographed.

RNA binding was also studied in real time by surface plasmon resonance with
a BIAcore apparatus (12, 26). The surface plasmon resonance is expressed in
resonance units (RU: 1,000 RU corresponds to a change in adsorbed mass of 1
ng/mm?). Experiments were performed at 25°C in degassed and sterilized RNA
binding buffer containing 0.05% surfactant P20. The 5'-biotinylated oligoribo-
nucleotide was immobilized on an avidin sensor chip. Prior to the experiments,
the purified proteins were dialyzed against RNA binding buffer and then injected
with a continuous flow of RNA binding buffer. Immobilized RNA-protein com-
plexes were washed with the same buffer. The interactions were visualized on a
sensorgram in which RUs are plotted as a function of time and analyzed by
“Global Fitting” or “Separate association/dissociation” version 3.0 (BIAcore).

Chemical cross linking was carried out following UV cross-linking of NSP3A
to the labeled oligoribonucleotide, to stabilize RNA-bound multimers of NSP3A.
Glutaraldehyde (0 to 0.5% [vol/vol] per thousand) was added to the samples for
10 min, at room temperature. Products were directly analyzed by SDS-PAGE
under reducing conditions.

Yeast two-hybrid system. The yeast two-hybrid test was used to analyze pro-
tein-protein interactions (10, 11). The plasmids that allowed the expression of
fusion proteins were pGBT9 and pGAD424 (Clontech). pGBT9 contains the

sequence for the GAL4 DNA binding domain, and pGADA424 contains the
GALA4 activation domain. The polylinker of pGBT9 was modified by insertion
(via a pair of annealed oligonucleotides [Table 1, oligonucleotides 13 and 14]) of
Ncol and Sall restriction sites between the EcoRI and PstI sites to give pGBT9-
NS. Sequences encoding NSP3A and some deletion mutants were obtained from
pET22LS— after digestion with NcoI and Xhol and then cloned into pGBT9-NS
digested with Ncol and Sall. Sequences cloned into pGBT9-NS were excised by
digestion with EcoRI and PstI and inserted into pGAD424. The eIF-4GI, 3, 74
in pGAD has been described previously (31). Transfections were performed into
Saccharomyces cerevisiae HF7C by the lithium acetate method as specified by the
manufacturer (Clontech). Transformants were plated on medium lacking tryp-
tophan and leucine (to monitor the efficiency of cotransfection) and on plates
lacking tryptophan, leucine, and histidine (to detect an interaction between the
proteins) and incubated at 30°C for 3 days.

Immunoprecipitations from rotavirus-infected cells. The RF strain of group A
rotavirus was propagated in monkey kidney cells (MA104) in Eagle’s minimum
essential medium in the presence of trypsin (0.44 pg/ml; Sigma type IX). Infec-
tions were carried out in 60-mm-diameter dishes at a multiplicity of infection of
10 PFU/cell. Labelling was performed between 2 and 6 h postinfection with 200
uCi of Tran*S-label (1,000 Ci/mmol; 10 mCi/ml). The cells were washed with
cold phosphate-buffered saline (PBS) and then incubated for 5 min with either
cold PBS or cold PBS containing 40 mM N-ethylmaleimide acid (NEM) (45).
Lysis was performed in 1 ml of lysis buffer B (50 mM Tris [pH 8], 125 mM NaCl,
20 mM EDTA, 0.1% SDS, 1% deoxycholate, 1% Triton X-100, 2 g of aprotinin
per ml) with or without 40 mM NEM. Cell debris was pelleted by centrifugation
(12,000 X g for 5 min). NSP3A was immunoprecipitated by adding 1 pl of mouse
monoclonal ascitic fluid ID3 (1) to 100 pl of supernatant, making the mixture up
to 1 ml with lysis buffer B, and incubating it overnight at 4°C. Following the initial
incubation, 30 pl of a suspension (1:1 [wt/vol] in lysis buffer B) of protein
A-Sepharose was added and the incubation was continued for 1 h at 4°C with
end-over-end rotation. Protein A-Sepharose beads were centrifuged, washed
four times with 1 ml of lysis buffer B without NEM, and directly boiled in loading
buffer with or without 150 mM B-mercaptoethanol (10 mM Tris-HCI [pH 6.8],
2% SDS, 10% glycerol) before analysis of bound proteins by SDS-PAGE. The
gels were fixed in 20% ethanol-10% acetic acid, treated with Amplify (Amer-
sham), dried, and subjected to autoradiography.

Protein interactions in vitro. The His,-tag pull-down assay with the in vitro
translation product of eIF-4GI, 3, ;4 has been described previously (31). The
pull-down assay allows the detection of an interaction between a purified Hisg-
tagged protein and an in vitro transcription-translation product in rabbit reticu-
locyte lysate labeled with [*>S]methionine. Experiments were performed with
NSP3A rapidly batch purified from a small-scale culture. A 1-ml volume of an
induced culture was centrifuged, and the pellet was solubilized overnight in lysis
buffer A at 4°C. After centrifugation (100,000 X g for 15 min), the supernatant
was applied to the Ni?*-charged resin in buffer A for 1 h at 4°C with gentle
rotation. Renaturation of the immobilized proteins occurred during sequential
incubations with decreasing concentration of urea in lysis buffer (10 min each
with 4 M, 2 M, 1 M, and no urea respectively). The resin was then equilibrated
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FIG. 1. Expression of NSP3 in E. coli and purification of deletion mutants. (A) The cDNA encoding NSP3 from group A and group C rotavirus was cloned in
pET22b+LS— and introduced in E. coli BL21(DE3). Expression of the viral proteins was induced by addition of 1 mM IPTG to the cell culture for 3 h. Whole-cell
proteins were resolved by SDS-PAGE and stained with Coomassie blue. (B) Recombinant proteins were purified on an Ni?*-Sepharose column and renatured by step
dialysis. Proteins were resolved by SDS-PAGE and stained with Coomassie blue. MW, molecular weight (in thousands).

in 50 mM Tris (pH 7.4)-150 mM NaCl-0.4% Nonidet P-40, 5 p.g of leupeptin per
ml-10 pg of aprotinin per ml and processed as previously described (31).

RESULTS

Rotavirus NSP3 expression in E. coli and RNA binding
properties of NSP3A and NSP3C. The E. coli T7 expression
system developed by Studier (44) was used to express NSP3
from group A and C rotaviruses. The fusion of the first
(NSP3C) or second (NSP3A) methionine to the Shine-Dal-
garno sequence allows high-level expression of mature NSP3
upon induction by IPTG (Fig. 1A). The presence of a stretch of
6 histidine residues (His, tag) at the C-terminal end of NSP3
allows the purification of the recombinant proteins on a metal
chelate column.

The recombinant proteins were solubilized in 6 M urea,
purified by metal chelation chromatography, and then rena-
tured by step dialysis against decreasing concentrations of
urea. The purification conditions allow for recovery of one-
third of the produced NSP3 as soluble material. Figure 1B
depicts an example of the purified NSP3A used in the exper-
iments described below.

The E. coli recombinant proteins were initially tested for
their ability to bind RNA specifically, as observed previously
with baculovirus recombinant proteins (33). When tested by
gel retardation (Fig. 2A) or UV cross-linking (Fig. 2B),
NSP3A, 545 (Which corresponds to amino acids 4 to 363 of
NSP3A) presents the binding specificity of NSP3A. NSP3A,
363 binds strongly to the 4 and A/C RNA sequences, poorly to
C/A RNA, and not at all to the group C 3’-end consensus
sequence UGGCU. With NSP3C, the opposite result was ob-
tained; NSP3C,_,,, binds the C and C/A RNA but not the
group A 3’-end consensus sequence UGACC (data not
shown).

The results indicate that the His, tag at the C terminus did
not impair the RNA binding properties of NSP3 and that the
proteins produced in E. coli exhibited the same properties as
the baculovirus recombinant NSP3.

C-terminal boundaries of the RNA binding domain of NSP3.
Sequence comparison between NSP3A and NSP3C reveals
that the first half of the proteins is well conserved even though

the C-terminal half is not (36, 38). We initially deleted each
half of NSP3A and used the purified truncated proteins (Fig.
1B) in gel retardation and UV cross-linking assays. NSP3A,
178 presented the same RNA binding specificity as did the
full-length protein in both the gel retardation assay (Fig. 2A)
and UV cross-linking assay (Fig. 2B). The complement,
NSP3A ¢5_315, did not indicate RNA binding ability either by
gel retardation (Fig. 2A) or by UV cross-linking (Fig. 2B).

Larger C-terminal NSP3A deletions, including NSP3A, 4
and NSP3A, 5, were also tested. Binding of NSP3A, 5, to
RNA was not detected in the gel retardation or UV cross-
linking assay. Interaction of NSP3A, ,,, with RNA was not
detectable by the gel retardation assay, whereas NSP3A, 4
bound to RNA with the full NSP3A specificity when observed
by UV cross-linking (data not shown). This behavior is char-
acteristic of a weakened RNA binding property that leads to
RNA-NSP3A,_,,, complexes that are not stable enough to be
detected by gel retardation. The first half of NSP3C (NSP3C,_
170; Fig. 3) bound RNA with the same specificity as the full-
length NSP3C did. The deletion mutant, NSP3C,_,,,, was not
able to cross-link even to the group C oligoribonucleotide
(data not shown).

The results indicate that the RNA binding properties of
NSP3 are located in the first half of the protein and that the
C-terminal boundary for the RNA binding domain is located
between amino acids 130 and 149 for NSP3A and between
amino acids 140 and 170 for NSP3C.

N-terminal boundaries of the RNA binding domain of
NSP3A. The N-terminal limit of the NSP3A RNA binding
domain was also investigated with deletion mutants. As stated
above, the deletion of the first 3 amino acids of NSP3A did not
abolish its RNA binding properties (Fig. 2). Deletion of the
first 9 amino acids (NSP3A, 5,5) or addition of a signal pep-
tide of 22 amino acids at the N terminus of NSP3A and NSP3C
totally abolished their RNA binding properties (data not
shown). The N-terminal end of the RNA binding domain of
NSP3A corresponds to the N terminus of the protein. Consid-
ering this result, we did not attempt to delimit the N-terminal
boundary of NSP3C.
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FIG. 2. RNA binding properties of NSP3 and deletion mutants expressed in E. coli. Purified protein from the experiment in Fig. 1 were incubated with the different
labeled oligoribonucleotides (RNA), and complexes were analyzed by gel retardation (A) or subjected to UV cross-linking and analysis by denaturing SDS-PAGE (B).
RNA A corresponds to the 3'-terminal sequence of group A rotavirus (5’AUGUGACC). Oligoribonucleotide C corresponds to the 3'-terminal sequence of group C
rotavirus (5’AUGUGGCU). The sequence of oligonucleotide A/C is 5’ AUGUGACU and that of oligonucleotide C/A4 is 5’ AUGUGGCC. The sizes of the molecular

weight markers are indicated on the left in thousands.

Point mutations in the RNA binding domain affect RNA
binding. Initially, point mutations were introduced into
NSP3A, ;¢ to identify which region of the RNA binding do-
main confers specificity toward the group A or group C RNA
3’-end sequence. Four positions of NSP3A were replaced by
group C sequence: 1Q to GS, M to V, RM to KL, and Q to E
mutations were introduced at positions 35 to 36, 54, 106 to
107, and 172 of NSP3A, ;5 (proteins NSP3A, | c.16.Gs-355
NSP3A,_178:m-v-54» NSP3A,_178:rMmk1-106 a0d NSP3A, 75,6

A

NSP3C1-170

RNA: C AIC AC/A

|

C—

E172), respectively. UV cross-linking indicated that the mutants
showed the NSP3A,_, ¢ characteristics of RNA binding except
for NSP3A,_|75.10-Gs.35, Which did not cross-link to any RNA
(data not shown). Gel retardation assay indicated that
NSP3A, ;7s.0.g.17> exhibited the RNA binding properties of
NSP3A, ,,5 (data not shown) and that NSP3A, |.c.10.Gs.35
did not exhibit any RNA binding activity. For NSP3A, ;5.:m.
v-s4 and NSP3A,_|/¢.rv-k1-106 the RNA-protein complex ob-
served by gel retardation was less intense and a novel, poorly
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FIG. 3. RNA binding properties of NSP3C,_,,, and NSP3C,_,,, mutants expressed E. coli. Purified NSP3C and NSP3C,_,,, were incubated with the different
labeled oligoribonucleotides (RNA), and complexes were analyzed by gel retardation (A) or subjected to UV cross-linking and analysis by denaturing SDS-PAGE (B).

The sizes of the molecular weight markers are indicated on the left in thousands.
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FIG. 4. RNA binding properties of point mutants of NSP3A. Purified NSP3A
proteins containing point mutations were incubated with different labeled oligo-
ribonucleotides (RNA), and complexes were analyzed by gel retardation.

defined band migrating slightly above the free probe was ob-
served (Fig. 4). This novel band probably represents a mono-
mer of NSP3 bound on RNA. The NSP3A, ;;¢.n.v-s4 and
NSP3A, ;7g.rM-k1-106 Mutations introduced in NSP3 probably
affect the dimerization of the RNA binding domain and not the
contact between the protein and the RNA.

Point mutations did not alter the specificity of NSP3A bind-
ing, but some of them quantitatively modified its RNA binding
ability and confirmed the presence of the RNA binding domain
of NSP3 in its N-terminal region.

Disulfide bonds in the RNA binding domain impair RNA
binding. Two cysteine residues (positions 123 and 139) are
conserved in the RNA binding domain of different strains of
NSP3A (38). It has been reported that NSP3A, but not NSP3C
(32), forms multimers when analyzed under nonreducing con-
ditions (1, 23, 32, 33). Dimers of NSP3A,_,,5, NSP3A,_,,,, and
NSP3A, 5, were observed when the proteins were analyzed
under nonreducing conditions (Fig. SA). When the same pro-
teins were treated with as little as 20 mM DTT, dimers were no
longer observed, suggesting that at least some of the cysteines
are engaged in forming intermolecular disulfide bonds (data
not shown). When NSP3A, ,,; (Fig. 5B) and NSP3A,
(data not shown) were cross-linked to the labeled RNA A4
before analysis by PAGE under nonreducing conditions, only
monomers of the proteins were labeled. Furthermore, treat-
ment of the proteins with 20 mM DTT before UV cross-linking
did not lower the quantity of NSP3A, ,,5 or NSP3A, ,,.la-
belled monomer (data not shown). Data suggest that the RNA
binding properties of NSP3A are impaired when cysteine 123
and/or 139 is engaged in intermolecular disulfide bonds.

NSP3A forms dimers when bound on RNA. Chemical pro-
tein-protein cross-linking in the presence of DTT after UV
cross-linking of NSP3A with the radiolabeled RNA A was used
to determine if NSP3A forms multimers when bound on RNA.
NSP3A, 5.3 and NSP3A, .5 were incubated under reducing
conditions with RNA A4 and subjected to UV cross-linking
(Fig. 6). Increasing concentrations of glutaraldehyde (0 to
0.5% [volfvol] per thousand) were added, and the samples
were incubated for 10 min at room temperature. The samples
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FIG. 5. Disulfide bonds in the RNA binding domain of NSP3A impair RNA
binding. (A) Purified NSP3A deletions were analyzed by SDS-PAGE under
reducing or nonreducing conditions and stained with Coomassie blue. (B) The
NSP3A,_,-5 deletion mutant was UV cross-linked to the radiolabeled oligoribo-
nucleotides indicated and analyzed by SDS-PAGE under reducing or nonreduc-
ing conditions. Autoradiograms of the gels are shown. The sizes of the molecular
weight markers are indicated on the left in thousands.

were analyzed by SDS-PAGE under reducing conditions.
Analysis of NSP3A, ;-5 (Fig. 6A) revealed two close bands of
about 45 kDa, which represent dimers of the protein cross-
linked to the oligoribonucleotide. The increase of overall la-
beled NSP3 when the concentration of glutaraldehyde rose
from 0.1 to 0.5% (vol/vol) per thousand is probably due to
additional RNA-protein cross-linking induced by glutaralde-
hyde. Increasing the concentration of glutaraldehyde (up to
1%) or the incubation time did not lead to complexes of higher
molecular weight. The presence of dimers of two slightly dif-
ferent sizes could reflect the presence of one or two cross-
linked molecules of RNA per dimer. The presence of a dimer
of NSP3A, ;5 cross-linked to two RNAs in Fig. 6A could
result from the dissociation of NSP3 dimers (after UV cross-
linking to the RNA probe) followed by random reassociation
and protein-protein cross-linking with glutaraldehyde. The re-
association of two NSP3A monomers, each with the RNA
cross-linked to it, leads to the artifactual formation of an NSP3
dimer with two RNA molecules.

The full-length NSP3 (Fig. 6B), when subjected to the same
conditions, migrated as a diffuse band between 80 and 106
kDa. The diffuse band was interpreted as the result of heter-
ogeneous intra- and intermolecular cross-linking of the NSP3A
dimer. A degree of multimerization higher than dimers of the
full-length NSP3A was not observed.

Quantitative study of the RNA-protein interaction. BIAcore
analysis allows the detection of a real-time interaction between
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FIG. 6. NSP3A binds RNA as a dimer. The purified RNA binding domain of NSP3 (A) or the full-length NSP3 (B) was UV cross-linked to the radiolabeled
oligoribonucleotide A4, incubated with increasing concentration of glutaraldehyde (gluta.), and analyzed by reducing SDS-PAGE. Autoradiograms are shown. The sizes

of the molecular weight markers are indicated on the right in thousands.

a molecule in the liquid phase and an immobilized ligand (12,
27). The signal observed (measured in RU) is directly propor-
tional to the mass of bound molecules. BIAcore analysis was
used to study the interaction between the recombinant purified
NSP3A and an oligoribonucleotide corresponding to the 3’-
end consensus sequence of rotavirus group A mRNAs. This
oligoribonucleotide was biotinylated at its 5" end (b-GAUGU
GACC, 3.4 kDa), and 186 RU was immobilized on avidin
chips. A signal of 2,010 RU was obtained at equilibrium with
the highest concentrations of NSP3A, ;.5 (20.7 kDa) injected
(Fig. 7). Since the ratio 186 RU/3.4 kDa = 55 is half the ratio
2,010 RU/20.7 kDa 97, this result clearly shows that two
molecules of NSP3A, ;.. interacted with one molecule of oli-
goribonucleotide. Similar results were obtained after the injec-

2500 |

2000 |

1500 |

resonance units

1000 |

tion of different concentrations of NSP3A, |, on different
amounts of immobilized RNA (data not shown). The ascend-
ing part of the curve could not be perfectly fitted with the
association models tested, and it is probable that the associa-
tion corresponds to a multistep phenomenon which is not
accessible to analysis with the software utilized. The dissocia-
tion part of the curve was clearly separated into two phases. A
first dissociation with an average rate k, = 1.2 X 107%s ' was
followed by a second dissociation with an average rate k, =
3.1 X 10~*s™'. The data suggest that the two steps correspond
to the dissociation of the protein dimer and the dissociation of
the protein from the oligoribonucleotide. It is not possible to
precisely attribute one constant to a particular dissociation.
The analysis of the real-time interaction between NSP3A,

500

time (in seconds)

FIG. 7. Analysis of NSP3-RNA interaction in real time by BIAcore. The 5'-end-biotinylated RNA UGUGACC(186 RU) was immobilized on an avidin chip.
NSP3A;,_ ;75 purified from E. coli at the concentration indicated (micromolar) was injected, and the signal (in RU) is plotted as a function of time.



VoL. 73, 1999

NEM
|
- +
RN -974
a” -69
-46
NSP3A -—
-30

FIG. 8. Absence of disulfide bonds on NSP3A produced during rotavirus
infection. NSP3 immunoprecipitated from rotavirus-infected cells lysates pre-
pared in the presence (+) absence (—) of NEM was analyzed by nonreducing
SDS-PAGE. An autoradiogram of the gel is shown. The molecular weight stan-
dards are indicated on the right in thousands. C1 and C2 refer to NSP3 oligomers
described previously (23).

178 and a biotinylated oligoribonucleotide confirms the results
obtained by chemical cross-linking and shows that a dimer of
NSP3A, ;- is bound to one molecule of oligoribonucleotide.
Absence of a disulfide bond between NSP3A molecules in
infected cells. It has been reported that NSP3A expressed from
rotavirus or baculovirus can form multimers of 100 and 80 kDa
(C1 and C2, respectively) (24), which are visible only after
electrophoresis under nonreducing conditions. The discrepan-
cies between these results and the observation that disulfide
bonds impaired binding to the RNA prompted a reexamina-
tion of the presence of disulfide bonds in NSP3A produced
during rotavirus infection. Artifactual disulfide bonds have
been observed during the preparation of cell lysates (45) and
can be eliminated by NEM. Rotavirus-infected cells were in-
cubated with NEM before being lysed by the method described
by Svensson et al. (45), and NSP3A was immunoprecipitated.
Following analysis by PAGE under nonreducing conditions
(Fig. 8), much less C1 multimer was observed and the quantity
of C2 multimer was reduced compared to that in lysates pre-
pared in the absence of NEM (Fig. 8). NEM did not totally
abolish the formation of C1 and C2 complexes, possibly be-
cause inaccessible cysteines buried in the protein structure
were not exposed to NEM and immunoprecipitation washes
were not performed in the presence of NEM (due to its tox-
icity). Note that, as described previously (45), the NEM treat-
ment resulted in tightening of the VP6 (46-kDa) band. The
monomer of NSP3A formed one band that migrated more
slowly when immunoprecipitated from the lysates prepared in
the presence of NEM. This phenomenon was also observed
when the samples were analyzed under reducing conditions
(data not shown) and could result from the presence of NEM
molecules on each of the four cysteine residues of NSP3A.
Dimerization domain of NSP3A by the two-hybrid test in
yeast. The yeast two-hybrid system has been developed to
detect protein-protein interactions (10, 11) and may allow the
detection of interactions not usually observed by traditional
biochemical approaches (29). Furthermore, the composition of
yeast internal medium is closer to the mammalian cell internal
medium than to E. coli, and we (34) and others (17) have
reported that the multimerization of NSP3A can be detected
by this test. Considering that the dimerization of NSP3A does
not appear to involve disulfide bonds, an attempt was made to
map the dimerization domain of NSP3A. The use of Lupas’s
algorithm (23) for the prediction of coiled coils in protein
predicted a highly probable coil between amino acids 159 and
245 of NSP3A (Fig. 9) and lower probability of a coil at about
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residue 192. In addition to the mutants used for the RNA
binding studies, new mutants were constructed (Fig. 9) and
expressed as fusion proteins in the yeast two-hybrid vectors.
Deletion mutants contained the entire coiled-coil (163 to 313,
88 to 313), the first (4 to 202) or the second (206 to 313) half,
and no coiled-coil (241 to 313, 4 to 149) sequences. Since
transactivation of the HIS3 reporter gene is, in some cases (9,
31) more sensitive than that of the lacZ reporter gene, the
interaction of the mutants of NSP3A with themselves was
studied by plating transfected cells on medium lacking histi-
dine. For the NSP3A,, 5,5 and NSP3A, .5 5,5 mutants, as with
the full-length NSP3A, the homomultimerization cannot be
assessed due to the spontaneous transactivation of the HIS3
reporter. With these mutants, the multimerization was studied
by using NSP3Ag, 5,5 (Fig. 9) as partner.

The results of the two-hybrid test (Fig. 9) indicated that
mutants containing amino acids 163 through 178 (i.e., the first
half of the predicted coiled coil) are able to multimerize. Mu-
tant NSP3A,,_3,3, containing the second half of the predicted
coiled coil (44 amino acids or six turns), was unable to interact
with NSP3Agq 4,5, but mutant NSP3A, ;¢ containing only the
first 28 amino acids (four turns) of the coiled coil, dimerized.

Localization of the binding domain of NSP3A to elF-4GI.
Recently (31), we reported an interaction between NSP3 and
eIF-4GI (for reviews, see references 13 and 26) and delimited
a 40-amino-acid stretch of elF-4GI that was necessary and
sufficient to interact with NSP3. The region of interaction of
NSP3A on elF-4GI was located in the N-terminal half of
NSP3A and was determined by a pull-down assay (31). The
pull-down assay was also used to identify this region more
precisely on shorter fragments of NSP3A. Deletion mutants of
NSP3A were tested with the radiolabelled translation product
(Fig. 10A) of eIF-4GI. NSP3A,,_ 5,3 Was able to bind the
radiolabelled product but not NSP3A,,, 5,5, NSP3A, ,5;, or
NSP3A ¢5_590- The full-length mutant protein NSP3A 55 1551
LeEsM (amino acids 238 to 241: ISSL replaced by LESM), from
which the two deletions NSP3A, .5, and NSP3A,,, 5,5 were
expressed, were also tested. The mutations in NSP3A,55 1551
Lesm do not prevent the interaction with eIF-4GI. The se-
quences of NSP3A deletion mutants were transferred into the
yeast two-hybrid plasmid pGADA424 and tested against
pGBT9-eIF4G, ;5. (Fig. 10B). The result was entirely con-
sistent with the pull-down assay; eIF4G |, 5,.,,, interacts with a
region of NSP3A localized between amino acids 206 and 313.

DISCUSSION

RNA binding domain of NSP3A and NSP3C. E. coli-ex-
pressed truncated proteins have facilitated mapping of the
RNA binding domains of NSP3A and NSP3C. NSP3A, 5 and
NSP3C,_,,, are the shortest deletion mutants able to bind
RNA with the specificity of the full-length proteins in either
the gel retardation assay or the UV cross-linking assay.

Gene 7 encodes NSP3A in the RF strain of rotavirus and
presents two in-frame methionines (M1 and M4). NSP3A,
starting at M4, presents the RNA binding properties of the
full-length NSP3A. Further deletion from the N terminus of
NSP3A abolished the RNA binding, whether by deleting an
important domain of the protein or by impairing the folding of
the protein. Interestingly, when N-terminal fusions were pro-
duced in E. coli, no RNA binding was observed (data not
shown), suggesting that no deletion or addition is allowed at
the N terminus of NSP3A. Different arguments favor M4 as
the initiation methionine of NSP3A in vivo. First, M4 has a
better environment as an initiation codon (21) than M1 does.
Comparison of NSP3A and NSP3C shows that NSP3C M1 is
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FIG. 9. RNA binding, dimerization, and eIF-4GI binding domains of NSP3A. The figure summarizes the results obtained for RNA binding (UV cross-linking and
gel retardation; +/— indicates that the binding was observed by UV cross-linking but not by gel retardation) with the different purified NSP3A mutants studied. The
dimerization (homomultimerization and interaction with NSP3Agg_3,3) of the same mutants expressed in the yeast two-hybrid system is indicated. The interaction with
elF-4GI summarizes the results obtained by the pull-down and two-hybrid assays. The probability of coiled-coil structures in NSP3 predicted by the Lupas algorithm
with a 28-amino-acid window (23) is indicated at the top of the figure. Numbers indicate amino acid positions. nt; not tested, Tra; transactivates, nr; not relevant.

analogous to NSP3A M4. Finally, an avian gene (GenBank
accession no. AB009626) and a human rotavirus gene (14)
encode an NSP3 starting at M4. The first 3 amino acids are not
necessary for the RNA binding properties of NSP3A whether
or not the first methionine (M1) is used in vivo.

The C-terminal boundary of the RNA binding domain of
NSP3A is less precise. A deletion of 30 amino acids at the C
terminus of NSP3A,_,,5 (mutant NSP3A,_,,,) did not abolish
the binding of NSP3A on the RNA but, rather, weakened it;
RNA binding is not visible by gel retardation, but the protein
can be cross-linked on the RNA.

Sequence comparison between NSP3A and NSP3C indicates
that the first half of the protein (amino acids 81 to 137) is very
well conserved (44% identity between amino acids 49 and 86
compared to an overall identity of less than 20%). Data indi-
cates that the first 170 amino acids of NSP3C are also func-
tionally homologous to those of NSP3A; indeed, NSP3C,_,,
presents the same specificity for group C RNA as the baculo-
virus-expressed NSP3C does.

The comparison of the amino acid sequence of NSP3A and
NSP3C reveals that the RNA binding half of the protein bears
most of the homology. The conservation of some aromatic
residues that could be involved in base stacking and of some
basic amino acids that could interact with the phosphate back-
bone is of particular interest. More extensive point mutagen-
esis experiments may allow the determination of the protein

sequence involved in the specific RNA binding properties of
NSP3. Most often, RNA binding proteins interact with RNA
targets which contain various secondary structures as stem-
loops, pseudoknots, bulges, and three-dimensional shapes
(20). NSP3 has the remarkable property of binding to a short
RNA sequence which is unlikely to be able to make a stable
secondary structure. The amino acid sequence of NSP3 does
not reveal similarity to the ribonucleoprotein motif present on
many RNA binding proteins (20, 28). No other RNA binding
motifs (5) such as the arginine-rich motif (35), zinc finger (7),
KH domain (41), or RGG and RS motifs (3, 53) are found on
NSP3. The only homology of NSP3 to other RNA binding
proteins is a short motif identified by van Staden et al. (50)
between different Reoviridae RNA binding proteins; the blue-
tongue virus NS2, reovirus sigma NS, and rotavirus NSP3.
Binding of recombinant bluetongue virus NS2 to RNA does
not seem to be sequence specific (48, 54). Sigma NS purified
from mammalian reovirus-infected cells reportedly prefers re-
ovirus 3’-end mRNA (16, 42), while avian reovirus-expressed
(51) and E. coli-expressed sigma NS (39) do not show any
specificity. Limited mutations outside the conserved motif, as
well as deletion of the entire motif (47), abolished RNA bind-
ing by NS2 (15, 54). It should be noted that the mutation of
RM to KL at positions 106 and 107 (Fig. 4) in the so-called van
Staden motif considerably diminishes the affinity of NSP3 for
its RNA target. Thus, it does not seem that the presence of this
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FIG. 10. Domain of NSP3 that interacts with eIF-4GI. The domain of NSP3A necessary for interaction with eIF-4GI were mapped by the pull-down (A) and
two-hybrid (B) assays with deletion mutants. (A) Autoradiograms of the gels. Controls consist of beads incubated without recombinant protein (—). An aliquot of the
in vitro-translated and labelled eIF4GI | 37.,7, fragment (IVT) used in this experiment is shown. The sizes of the molecular weight (M.W.) standards are indicated on
the left in thousands. (B) HF7C yeast colonies, cotransfected with the indicated NSP3 fragment cloned in pGAD424 and the eIF-4GI fragment (+37:176) cloned in
pGBT9, were streaked on medium plates lacking tryptophan and leucine (left) and on medium plates lacking tryptophan, leucine, and histidine (right).

motif is a signature of sequence-specific RNA binding proteins
or that it is an obligatory part of the RNA binding domain; the
role of this motif may be related to other functions of the
proteins or to their dimerization.

Absence of disulfide bonds in vivo. Before the experiments
reported here were performed, the degree of multimerization
of NSP3A in rotavirus-infected cells or in baculovirus was not
clear (1, 24, 32, 33). Two forms of multimers held by disulfide
bonds (C1 and C2) were observed in nonreducing SDS-PAGE;
however, their calculated molecular weights did not allow a
clear distinction between whether dimers or trimers of NSP3A
existed. The observations that disulfide bonds with C123
and/or C139 were deleterious for the RNA binding properties
of NSP3A and that NSP3C did not form dimers under nonre-
ducing conditions (33) prompted a reevaluation of the pres-
ence of disulfide bonds in NSP3A produced in rotavirus-in-
fected cells. The much smaller quantity of Cl and C2
recovered after immunoprecipitation of cell lysates prepared in
the presence of NEM strongly suggests that these complexes
are formed during cell lysis and are therefore artifacts of cell
lysate preparation. Under these lysis conditions, formation of
high-molecular-weight oligomers of NSP3A could result from
multiple intermolecular disulfide bonds and may not reflect the
true oligomerization state of NSP3A. Oligomers of NSP3
higher than dimers were not detected after chemical cross-
linking of the full-length NSP3A.

NSP3 forms dimers. The region of NSP3A from amino acids
150 to 240 is predicted to form a coiled coil as predicted by
Lupas’s algorithm (Fig. 10). This region does not include the
leucine zipper present in NSP3A from the SA11 strain (24).
The coiled-coil region of NSP3A can be further divided into
two parts. The first part, from amino acids 150 to 178, is able
to multimerize by itself, as observed in the two-hybrid test
(mutant NSP3A,_,,5 versus NSP3A,_,,,), while the second
part (downstream of amino acid 200) does not dimerize. These
data are supported by the observation that the NSP3A,¢ 5,3
mutant is not able to interact with NSP3Ag 5,5 in the two-
hybrid test. Similar observations have been made with the
smooth muscle myosin; fragments of the protein containing up
to 15 heptad repeats failed to dimerize (49).

It seems reasonable to hypothesize that two aspects of
NSP3A dimerization can occur. First, NSP3 dimerizes upon
binding to the RNA and the region required for dimerization
is the same (amino acids 3 to 149) as the RNA binding domain.
The dimerization of this domain is strictly dependent on the
presence of RNA, since it could not be observed by the two-
hybrid test. Mutations introduced into the RNA binding do-
main (at positions 54 and 106) can weaken the dimerization of
the RNA binding domain on RNA, as observed by the appear-
ance of a transient monomeric NSP3-RNA complex (Fig. 4).
The dimerization of NSP3A on the RNA may explain the
cooperativity of the binding observed previously (33) and the
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complexity of the association of NSP3 with RNA (Fig. 7).
Second, the region downstream of amino acid 149 is able to
multimerize, as observed by the two-hybrid test, and is pre-
dicted by sequence analysis to form a coiled coil. The dimer-
ization of this region is independent of the RNA binding do-
main dimerization, as observed in the two-hybrid test with a
fragment of NSP3 lacking the first 149 amino acids. The region
downstream of amino acid 206 does not seem able to multim-
erize spontaneously, despite the high probability that it forms
a coiled coil (Fig. 9). Such a phenomenon has been observed
for the dimerization of cortexillin (43), where a 14-amino-acid
sequence at the beginning of the coil is absolutely necessary for
the formation of a longer dimer. Interestingly, the cortexillin
and the NSP3A region from 149 to 178 are both rich in charged
amino acids, suggesting that the NSP3 region from 149 to 178,
by spontaneously forming a coiled coil, triggers the formation
of a longer coil, which extends to approximately amino acid
240.

The BIAcore study indicated that a dimer of NSP3A, ;4
was interacting with each RNA molecule. This result was con-
firmed by chemical cross-linking of NSP3A,_,- and extended
to the full-length NSP3 by the same method. The differences in
RNA binding between NSP3A, ;s and NSP3A, ,,, can be
attributed to the lower ability of NSP3A,_,,, to make stable
dimers. This interpretation is reinforced by the observation
that NSP3A, ,,¢ is able to interact with itself but not with
NSP3A, ;.o in the two-hybrid test.

RNA binding and eIF-4GI binding domains are functionally
and structurally independent. The domain of interaction of
NSP3 with eIF-4GI has been refined by the pull-down assay
(31) and the two-hybrid assay. This region has been delimited
to the C terminus of NSP3A between amino acids 206 and 363.
This fragment was not able to dimerize by itself or with
NSP3Ag, 5,5 despite the presence of the last 40 amino acids of
the predicted coiled coil. The domain of interaction of NSP3A
with el4FGI is opposite to the RNA-binding domain, and the
two domains can function independently. This property of
NSP3 contrasts with the yeast and mammalian PABPs (19, 46).
In the case of these two cellular proteins, the second RNA
binding motif (of the four present on the protein) interacts
with eIF-4GI. It has also been recently shown that the 40
amino acids of eIF-4GI that are necessary and sufficient for its
interaction with NSP3A are necessary (30) or sufficient (19) for
the interaction of eIF-4GI with the mammalian PABP. Despite
binding on the same site on eIF-4GI, the PABP and NSP3 do
not have strong sequence similarities even in their respective
elF-4GI binding domains. It should be emphasized that the
binding of the viral and cellular proteins present some impor-
tant differences. NSP3A binds strongly to eIF-4GI in the ab-
sence of RNA and is able to evict PABP from the translation
initiation factor (31). Unlike mammalian PABP, the binding of
yeast PABP is highly dependent on the presence of a poly(A)™
RNA. Crystalization of each protein with the 40-amino-acid
domain of elF-4GI will reveal the structural basis for these
differences.

The independence of the RNA and elF-4GI binding do-
mains of NSP3 reflects its dual role. Interaction of NSP3 with
elF-4GI in the absence of viral mRNA will induce the shutoff
of translation of cellular mRNAs. Exclusive interaction of
NSP3 with viral mRNAs will protect them from degradation
via the deadenylation pathway (2, 6). Simultaneous interaction
of NSP3 with viral mRNAs and eIF-4GI will allow the efficient
translation of the viral mRNAs (30).

It is interesting that NSP3 has been found associated in part
with the cell cytoskeleton (24). The homology observed be-
tween the dimerization domain of NSP3 and the coiled-coil
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structures of cellular protein-forming cell filaments has sus-
tained the idea that NSP3A could interact with some cellular
structures. The association of NSP3 with the cell cytoskeleton
could be mediated by its interaction with eIF-4GI. Translation
and localization of cellular mRNAs has been linked to their
association with the cell cytoskeleton (18) via the translation
machinery or addressing protein (40).

The mapping of the different functional domains of NSP3
allows a schematic representation of NSP3 in the infected cell,
bound by its C terminus on the eIF-4G and presenting the viral
mRNAs to the translation machinery. The cocrystalization of
NSP3 with elF-4G and a viral mRNA could refine this rather
coarse representation.
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