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INTRODUCTION

T
he RdRp is an essential protein encoded by all RNA

viruses that replicate their genome via an RNA interme-

diate. All DNA and RNA polymerases share a similar

structure, and RdRps are more similar to each other

than to other polymerases. There are several crystal

structures of RdRps available including those from poliovirus

(PV);1 Hepatitis C virus;2 Rabbit Hemorrhagic Disease Virus

(RHDV);3 bacteriophage u64; Foot and Mouth Disease Virus;5

Bovine Viral Diarrhea Disease Virus;6 Rhinovirus;7 and Reovi-

rus.8 All adopt the typical polymerase structure of a right hand

complete with fingers, palm, and thumb subdomains. Cocrystal-

lization with nucleoside triphosphates (NTPs) or with oligonu-

cleotides of these enzymes has mapped substrate binding sites,

while the binding of divalent cations, Mg2þ or Mn2þ, has been
mapped to the catalytic sites.3,5,6,8 The active site is at the heart

of the molecule, in the centre of the palm domain, and an addi-

tional domain, N-terminal to the fingers that anchors the tips of

the fingers to the thumb is present in RdRps.3,6,8 Beyond several

conserved motifs there is little primary sequence conservation

among the RdRps of the RNAviruses in general, or among those

of the double-stranded (ds) RNA viruses. The catalytic site is

normally characterized by a GDD motif, also known as motif
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C.9–12 In addition to the GDD motif, several other less obvious

sequence motifs (A, B, and D–F) have been identified from

diverse virus families on the basis of primary and secondary

structure analysis.9–12

Bluetongue virus (BTV) has a 10-segment double-stranded

RNA (dsRNA) genome and has been well characterized at a mo-

lecular and structural level.13–15 It is a member of the Orbivirus

genus in the family Reoviridae. VP1 is the largest BTV protein at

150 kDa, and is encoded by BTV RNA segment 1. BTV VP1 has

been shown to be a processive viral RdRp, synthesizing dsRNA

from a single stranded (ss) RNA template in the absence of other

viral proteins,16,17 but there is currently no X-ray crystal struc-

ture data available for it. The RdRps of bacteriophage u6 (P2)

and Reovirus (k3), for which detailed structural data are avail-

able, are potentially the most similar to VP1 as both viruses have

segmented double stranded (ds) RNA genomes. The P2 protein

of u6 is small at 664 amino acids in comparison with the 1302

amino acids of VP1. P2 acts both as a replicase and a transcrip-

tase and is able to use both ssRNA and dsRNA as tem-

plates.4,18,19 In contrast, there is currently no experimental evi-

dence that VP1 is able to transcribe RNA from a double-

stranded template in the absence of other viral proteins. It may

be that the transcriptase activity of VP1 is dependent on the

presence of another BTV protein, VP6, which is a helicase pro-

tein and has the ability to unwind the dsRNA prior to transcrip-

tion.20 Reovirus k3, which has a total of 1267 amino acids, is a

similar size to BTV VP1. k3 has a centrally placed polymerase

domain (PD) and large N-terminal domain (NTD) and C-ter-

minal domain (CTD) which form a cage around the PD holding

it rigid and preventing movement during the catalytic cycle.8

The NTD covers one side of the active site, and anchors the fin-

gertips to the thumb. It occupies a similar position to the NTDs

found in other RdRps but is considerably larger. A cap recogni-

tion site has been located on the NTD of k3 which anchors the

50 end of the dsRNA template during RNA replication.8 The

CTD of k3 forms a bracelet structure with two tightly sealed

circles. The opening in the centre of the bracelet forms the exit

route for the nascent double stranded RNA.8

BTV VP1 has two GDD motifs at positions 287–289, and

763–765. Only the latter GDD motif is surrounded by the

other sequence motifs (A, B, and D–F) characteristic of poly-

merase proteins,10,11 which suggests that VP1 may have a sin-

gle, central PD, similar to reovirus k3.

RESULTS

BTV VP1 has a Central PD

As protein modeling is dependent on a strong alignment to

the sequence of a known structure, polymerase modeling is

hampered by low sequence homology. Initially the BTV-10

VP1 sequence was submitted to the web-based server SAM

T-02 in blocks of 500 amino acid residues. Submission of the

central 500 amino acid residues of VP1 produced alignments

with the RdRps of two positive sense ssRNA viruses, RHDV

and PV. Subsequently PSIPRED21 was used to predict the

secondary structure of VP1, and then this prediction was

compared to the secondary structure assignments obtained

from the X-ray crystal structures of the RHDV and PV

RdRps. Further alignment of motifs A-F and secondary

structure was performed manually. The final polymerase

sequence alignments (Figures 1A and 1B) were submitted to-

gether to the program MODELLER,23 to generate a spatially

restrained three-dimensional model of the PD of VP1 (Figure

2A). The model has a typical polymerase structure and has

the canonical structure of a right hand with ‘‘fingers’’ (blue),

‘‘palm’’ (red), and ‘‘thumb’’ (green). The ‘‘fingers’’ subdomain

has three a helices (a-a,d,e; supplementary information) and

four b strands (b-1,2,4,5 supplementary information). Gen-

erally most RdRps have eight a helices and five or more b
strands, one of which is contributed by the NTD.1,3,5–7 The

modeled PD of VP1 might therefore be missing some alpha

helical structure. Also, there is a region between the NTD

model and the PD model (residues 374–580), which cur-

rently remains unmodeled as sequence homology in this

region is too low for reliable alignment with known protein

structures. Although it is possible that VP1 may have an area

of unique structure adjacent to the ‘‘fingers’’ subdomain, it

would be surprising if it was not possible to model the com-

plete ‘‘fingers’’ subdomain as this structure is well conserved

between polymerases. Another possibility is that the unmod-

eled region belongs to the NTD.

The ‘‘palm’’ subdomain predicted for VP1 is composed of

a four-stranded antiparallel b sheet flanked by three a helices

(Figure 2A, also see supplementary information). This is an

arrangement universally found in polymerases. The architec-

ture of the ‘‘palm’’ region is the most highly conserved struc-

ture of all known polymerases and many of its features are

shared across all families of RNA and DNA polymerases.12 It

contains some of the conserved sequence motifs common to

all RdRps and which are involved in nucleotide binding,

phosphoryl transfer, structural integrity of the ‘‘palm’’ subdo-

main, and priming nucleotide binding.5 Figure 2C (i) depicts

a portion of the modeled PD of VP1 showing the region con-

taining conserved sequence motifs A–D, all of which show

strong structural similarity to the solved structures of other

RdRps (Figure 2C, ii, iii, iv). The sequence motifs make up

the highly conserved structure of the ‘‘palm’’ subdomain. The

aspartate residues in motif C which are predicted to be re-

sponsible for divalent cation coordination are at positions
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764 and 765 (Figure 2B). Two additional aspartate residues

believed to be involved in either metal ion coordination or

the binding of NTPs are positioned in Motif A at residues

669 and 674 in the model7 (Figure 1).

The ‘‘thumb’’ subdomain of modeled VP1 has three a-heli-
ces linked by loops. The ‘‘thumb’’ subdomain of RdRps gener-

ally have four or more a-helices that are preceded by a short

b strand that is located between the ‘‘palm’’ and the ‘‘thumb’’

FIGURE 1 Alignments used to generate the polymerase domain model of BTV VP1. The align-

ment of BTV VP1 polymerase domain with poliovirus RdRp (A) or with RHDV RdRp (B). Pair-

wise alignments derived from the original alignment of all three sequences are shown for clarity.

Identical residues are on a red background, and similar residues are in red font. Similarity was

defined using ESPript 2.2,22 with a similarity score of 0.8 and using physicochemical properties of

side chains as the criteria for similarity. Motif A is indicated with asterisks. Motif C is underlined.
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subdomains.3,8 In VP1 there is a gap in the PD alignment,

implying that this b-strand is missing. The ‘‘thumb’’ of k3 po-
lymerase only has three helices and it is possible that VP1

resembles k3 in the region of the ‘‘thumb’’ subdomain.

VP1 has Amino-Terminal and Carboxy-Terminal

Domains Similar to Reovirus k3
Reovirus k3 is the only RdRp from the same virus family as

BTV for which the structure has been solved, and was used

to model the amino-terminal and carboxy-terminal regions

of BTV VP1.8 Multiple Orthoreovirus and Orbivirus sequen-

ces were submitted to ClustalW to produce an alignment.

Secondary structure predictions were used to make manual

adjustments to the ClustalW sequence alignments. The

model of the NTD is a crescent shaped alpha beta protein

(Figure 3), which is predicted to fit over the PD model and

thus anchor the fingertips to the thumb. A comparison of the

NTD model with the region of reovirus k3 used to derive it

gives a root mean square deviation (RMSD) value of 0.9 Å,

demonstrating a high degree of structural similarity. At the

level of primary sequence 9.1% of residues were identical to

reovirus k3 while 19.4% residues were similar (Figure 4A).

However, unlike the k3, no obvious cap recognition residues

in VP1 were detected from the alignment used.

As mentioned previously, there is a region that it was not

possible to model. This unmodeled region may indicate a

FIGURE 2 Model of the polymerase domain of VP1 and comparison of the modeled structure

at the conserved motifs A–D with the solved structures of other polymerases. (A) The polymerase

domain model is based on the complete X-ray crystal structures of the RdRps of two ssRNA

viruses, poliovirus and RHDV. The ‘‘fingers’’ subdomain is in blue, the ‘‘palm’’ subdomain is in red

and the ‘‘thumb’’ subdomain is green. Motif C in the ‘‘palm’’ subdomain is in yellow. (B) Expan-

sion of the boxed region in panel A, showing the motif C (GDD motif) in yellow at residues 763–

765. Amino acid side chains are depicted for motif C only. (C) A comparison of the model of BTV

VP1 proximal to motifs A–D with the corresponding regions of the solved structures of RdRps.

The regions of structure that correspond to the sequence motifs A–D are circled. Motif C is col-

ored yellow. (i) modeled BTV VP1; (ii) RHDV RdRp; (iii) Reovirus k3, and (iv) u6 P2.
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binding site for VP4, the BTV capping enzyme, alternatively

it may be a site at which VP1 interacts with VP6, a protein

which is absent in reovirus. Another possibility is that it is

the point at which VP1 and VP3 interact, anchoring VP1 to

the interior of the BTV subcore.

The modeled CTD of VP1 has a bracelet structure like that

of k3 (Figure 3). In k3 this bracelet structure forms a pore

through which the newly formed genomic dsRNA exits the

polymerase. The model of the CTD has a RMSD value of

0.72 Å when compared with the corresponding region of reovi-

rus k3, demonstrating a high degree of structural similarity. At

the level of primary sequence 23.1% similar residues and

11.3% identical residues were shared by the two proteins

(Figure 4B). The VP1 polymerase CTD has 20 a helices and

6 b strands as does the C-terminal region of k3. From our

alignment and modeling data we believe that BTV VP1 and k3
have very close structural similarity in this region of the mole-

cule and that the CTD of BTV VP1 forms an exit pore for the

nascent dsRNA. The model of the VP1 CTD overlaps with part

of the ‘‘thumb’’ subdomain of the VP1 PD such that the last

two a-helices of the ‘‘thumb’’ subdomain are the first two

a helices in the model of the CTD (Figure 3). Following these

a helices there is an anti-parallel b sheet composed of two

b strands followed by a short a helix which raises the possibility

that the ‘‘thumb’’ subdomain modeled for VP1 actually has a

total of four a-helices like many other polymerases.

The initial search of the SAM T-02 server database, using

the central portion of BTV VP1, did not identify the equivalent

regions of reovirus k3 or bacteriophage u6 P2, the structures

of which are known.4,8 Subsequently, a search of the FUGUE

server database24 with the full-length VP1 recovered an align-

ment spanning the entire length of the VP1 protein with the

sequence of reovirus k3, suggesting that the PD of VP1 could

also be modeled on k3. The parts of VP1 that could be mod-

eled from this alignment were examined and the NTD and

CTD domains were found to be similar to the models already

obtained. The alignment suggested that the PD domain could

also be modeled by aligning the sequence of VP1 with k3. The
modeled regions that were obtainable from this alignment

showed a polymerase-type structure similar to the model al-

ready obtained and similar to the PD of k3 (data not shown).

A comparison of the RMSD value between the complete PD

model derived from PV and RHDV and the PD of reovirus k3
gave a value of 2.0 Å deviation. A structural alignment of the

modeled PD and the solved PD of k3 was carried out using the

program SHP25 and the sequence alignment of structurally

equivalent residues is shown in Figure 5.

Mutation of the GDD Motif at Amino Acids 763–5

Abrogates the Replicase Activity of BTV VP1

The signature motif of the catalytic site of polymerases is

normally characterized by a GDD motif which is commonly

located within the centre of the palm domain. The putative

PD of VP1 comprises the residues 581–880 and a GDD motif

(aa763–765) is located in this domain. To obtain biological

evidence that this motif is functional we have generated two

recombinant baculoviruses, one expressing amino-terminal

6His-tagged mutant VP1 DD764–765AA and the other equiva-

lent 6His-tagged wild-type VP1. Both tagged proteins were

then purified and analyzed by SDS-PAGE (Figure 6A). Both

wild-type VP1 (Figure 6A, lane 4) and VP1 DD764–765AA

(Figure 6A, lane 2) were purified to near-homogeneity. To

assess the effect of altering the GDD motif to GAA on dsRNA

FIGURE 3 Modeled and cloned regions of BTV VP1. (A) The NTD modeled from amino acid

residues 1–373 is shown in cyan. The PD model covers amino acid residues 581–880. The ‘‘fingers’’

subdomain is blue, the ‘‘palm’’ subdomain is red, and the ‘‘thumb’’ subdomain is green. The CTD

modeled from amino acid residues 847–1295 is in magenta. The CTD model overlaps with the

‘‘thumb’’ subdomain of the PD model.
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synthesis, wild-type VP1 and mutant VP1 DD764–765AA were

assayed for synthesis of dsRNA using a ssRNA template in an

in vitro replicase assay system published previously.17 Prod-

ucts of the replicase assay were analyzed on a 9% polyacryl-

amide gel (Figure 6B). Wild-type VP1 synthesized segment

10 dsRNA from a segment 10 ssRNA transcript template

(Figure 6B, lane 3), demonstrating the processive replicase

activity of VP1. However, the mutant VP1 (DD764–765AA)

did not synthesize any detectible dsRNA (Figure 6B, lane 2),

even after a 10-fold longer exposure (data not shown). The

FIGURE 4 Alignment of structurally equivalent residues between the NTD and CTD models

and the corresponding regions of k3. (A) Alignment of the NTD model of BTV VP1 with the

structural template (reovirus k3). (B) Alignment of the CTD model of BTV VP1 with the struc-

tural template. Similar and identical residues are shaded as described for Figure 1.
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mutation of the conserved GDD motif in the putative PD of

VP1 abrogated the replicase activity of VP1, demonstrating

the necessity of aspartate residues 764–765 for the processive

replicase activity. This is consistent with the modeling of resi-

dues 581–880 of VP1 as the PD, and specifically the identifi-

cation of residues 763–765 as motif C.

The Domains of BTV VP1 can be Individually

Expressed in Soluble Form in E. coli

The modeling data indicated that BTV VP1 could be divided

into three domains: an N-terminal domain; a polymerase do-

main; and a C-terminal domain (Figure 3). We wanted to

determine if these domains are biologically functional

domains. To this end based on the model, three constructs

were designed to express each domain separately in E. coli.

The expression of each domain was then analyzed by SDS-

PAGE followed by Coomassie staining which showed bands of

the predicted size (Figure 7A). The identity of the expressed

VP1 domains was confirmed by Western blotting (Figure 7A).

Each domain was more soluble when expressed at 308C
than at 378C (data not shown) and thus 308C was routinely

used for expression. Fractionation of the cells expressing the

FIGURE 5 Alignment of structurally equivalent residues of the polymerase domains of BTV

VP1 and reovirus k3. Similar and identical residues are shaded as described for Figure 1. Second-

ary structure elements are colored as for Figure 2.

FIGURE 6 Purification of wild-type and mutant VP1 protein and replicase activity. (A) SDS-

PAGE of purified wild-type His-VP1 and His-VP1 DD764–765AA mutant. Lanes 1 and 3, protein size

markers (kDa); lane 2, VP1 mutant; lane 4, wild-type VP1. (B) Replicase assay of wild-type and mu-

tant DD764–765AAVP1 proteins. Lane 1 32P-labeled BTV-10 genomic dsRNA; lane 2, replicase assay

products using His-VP1 DD764–765AA; lane 3, replicase assay products using wild-type His-VP1.
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domains, when analyzed, showed that the majority of each

synthesized protein was in the pellet fraction (Figure 7B,

lanes marked ‘‘P’’); however, there was also some protein

present in the soluble fraction (Figure 7B, lanes marked ‘‘S’’)

that could be purified on cobalt resin (Figure 7B, lanes

marked ‘‘E’’) although both the final yield and purity of the

recovered protein were not very high.

The PD of BTV VP1 Binds NTP

Since NTP binding is an essential property of any RdRp, we

determined which of the VP1 domains bound NTPs, using

full-length VP1 as a positive control. NTP binding was tested

by incubating each VP1 domain with oxidized [a-32P] CTP,
as described in the Materials and Methods. To determine

whether VP1 and the VP1 domains had covalently coupled

CTP, the reaction products were analyzed by gel electropho-

resis and visualized by autoradiography. A strong 150-kDa

radioactive band was detected when full-length VP1 was

used in the reaction (Figure 8, lane 1). There were also addi-

tional smaller but weaker radioactive bands present which

were probably due to nonspecific binding of CTP. Of the

three VP1 domains only the 45-kDa PD fragment of VP1 was

bound to the radiolabeled CTP (Figure 8, lane 4). The other

two VP1 fragments did not produce any radiolabeled band at

the correct positions in the gel indicating that these two VP1

fragments did not have NTP binding sites. In contrast, the

PD fragment bound CTP very strongly and had a higher sig-

nal than that of the full-length VP1 when an equivalent

amount of protein was used in each reaction.

This result provides further evidence that GDD 763–765 in

the PD is the catalytic site and not GDD287–289 in the amino-

terminal domain. It also indicates that a substantial amount

of the soluble PD protein expressed in E.coli is correctly

folded.

The Individually Expressed Domains of BTV VP1

Reconstitute to Form an Active Polymerase

We have previously shown that full-length VP1 is able to syn-

thesize dsRNA from a ssRNA template in vitro.17 To deter-

mine whether the PD was sufficient for the synthesis of

dsRNA it was tested in the same replicase assay, using BTV

segment 10 ssRNA as a template. When the PD alone was

tested no discrete product band was generated (Figure 9, lane 5).

Replicase activity was also not recovered when the PD was

mixed with either the NTD or the CTD (Figure 9, lanes 8–9).

FIGURE 7 Expression and purification of VP1 fragments. (A) VP1 fragments were expressed in

E.coli strain HMS174 (DE3) and the total cell extracts were electrophoresed on a 12% SDS-poly-

acrylamide gel followed by staining with Coomassie blue. Lane 1, empty vector control; lane 2,

NTD; lane 3, PD; lane 4, CTD. Lanes 5–7 are the Western blot of the equivalent gel developed

using a commercial anti-polyhistidine antibody; lane 5, NTD; lane 6, PD; lane 7, CTD. Arrow-

heads indicate positions of VP1 fragments. (B) Western blot of purified VP1 fragments electro-

phoresed on a 12% SDS-polyacrylamide gel. E.coli. cells were lysed by sonication and the VP1

fragments subsequently partially purified by a standard cobalt affinity chromatography as

described in the text. The lane marked ‘‘P’’ is the pellet from the lysed cells; S is the soluble lysate;

and the lane marked ‘‘E’’ is the material eluted from the cobalt beads. Position of size markers in

kDa indicated on the left side.

FIGURE 8 NTP labeling of VP1 fragments. Fragments were incu-

bated with [a-32P] CTP and bound nucleotides were covalently

coupled before the fragments were electrophoresed on a 12% SDS-

polyacrylamide gel. Lane 1, full-length VP1, purified from insect Sf9

cells; lane 2, Sf 9 cell extract; lane 3, NTD; lane 4, PD; lane 5, CTD;

lane 6, bacterial cell extract. Arrows indicate the major 32P-CTP la-

beled bands. Position of size markers in kDa indicated on the left side.
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All possible permutations of the three VP1 domains were

tested individually and together for replicase activity, and only

when all three domains were mixed was dsRNA synthesized

from the ssRNA template (Figure 9, lane 11). This indicates

not only that each domain was correctly folded, but also that

all three domains are required for processive RdRp activity.

An extended PD fragment (PDþ) which overlapped with

part of the C-terminal fragment was also constructed and

tested in isolation for replicase activity (data not shown).

Like the original PD fragment it also did not show any repli-

case activity. This fragment was not tested in the reconstitu-

tion experiment because it overlapped with part of the CTD

and it was expected that this overlap would interfere with the

reconstitution of the enzyme.

DISCUSSION
Protein modeling has become a useful tool in understanding

protein structure and function. However, it must be remem-

bered that a protein model is merely theoretical unless it can be

confirmed by experimental evidence. The combined approach

of modeling supported by experimental results can be power-

fully used to further our understanding of a protein molecule.

Database searches found that the central region of the

BTV polymerase protein VP1 sequence has similarity with

two other RdRps (from ssRNA viruses) and that the N-termi-

nal and C-terminal regions of BTV VP1 have similarity with

the RdRp of reovirus, a dsRNA virus of the same virus family.

The polymerase protein of BTV was modeled and this model

was used to identify three domains, one of which is the puta-

tive PD and which is located in the middle of the VP1

sequence. The experimental data obtained from a mutant

VP1 protein, in which the aspartate residues of the catalytic

site were mutated to alanine residues, confirmed that this do-

main is indeed the active domain of the protein and pos-

sesses the GDD catalytic site. This is consistent with the

model of this domain which predicts folding into a typical

‘‘right hand’’ polymerase structure.

The reconstitution of polymerase activity from mixing the

purified, soluble, domains predicted from the model sup-

ports the hypothesis that it is a good indication of the folding

of the protein. Although in this report the mechanism of

reconstitution of the domains has not been fully elucidated,

it is logical to speculate that specific surface contacts form

between the domains irrespective of whether the polypeptide

backbone is continuous. k3 of reovirus has a b strand that

belongs to the NTD but which contacts all three domains,

wrapping around the entire protein as it does so. This struc-

ture has been modeled into the NTD of VP1 but it is not

entirely clear whether it is actually present as it seems

unlikely that this strand would be able to reconstitute

in vitro, wrapping itself around all three domains. The N-ter-

minal His-tags were not cleaved from the VP1 fragments prior

to reconstitution in the activity assay. Although the lack of

interference of these tags is surprising, it indicates that the

N-termini of the three fragments cannot be intimately

involved in either the reconstitution or replicase activities.

SARS-Coronavirus polymerase cleaves naturally into seg-

ments when expressed in E. coli. It has a C-terminal PD which

is able to remain bound to the N-terminal region of the protein

after proteolysis, and during further purification.26 Like BTV

VP1, the polymerase region is unable to catalyze RNA polymer-

ization alone and an NTD is also required for catalytic activity.

Full-length VP1 has been expressed and purified from insect

cells and well characterized.17 Unlike the SARS protein there is

no clear natural breakdown of purified full-length VP1 into

fragments, which suggests that the links between the domains

are either not surface exposed or do not contain cleavage sites.

Influenza RNA polymerase is composed of three subunits,

PB1, PB2, and PA, all of which are necessary for a functional

enzyme.27,28 The subunits can be individually expressed in

baculovirus and reconstituted into a functional polymerase

enzyme by mixing them in a urea solution and then dialyzing

them against a reconstitution buffer.27 Protein–protein inter-

actions between the individual polymerase subunits have

been identified, suggesting that PB1 is the core of the poly-

merase complex. The N-terminal region of PB1 interacts

with the C-terminal region of PA, while the C-terminal

FIGURE 9 Replicase activity of VP1 fragments. Each of the frag-

ments was tested for replicase activity as described in the text. 32P-

labeled BTV-10 genomic dsRNA markers (lane1). Positive controls

for the replicase assay were purified VP1 (lane 2) or partially puri-

fied VP1 (lane 3) which was at a similar concentration and purity to

the fragments. The inclusion or omission of each of the VP1

domains is indicated by a ‘‘þ’’ or ‘‘�’’, respectively. One microgram

of protein was used when assaying VP1 fragments individually

(lanes 4–6), and 500 ng of each purified VP1 fragment was used

when assaying mixtures of two or three domains (lanes 8–11). Lane

7 is an empty vector control and contains the contaminating E.coli

proteins that were bound to and subsequently eluted from the

cobalt resin during purification.
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region of PB1 interacts with the N-terminal of PB2 subunit.

No direct protein–protein interactions have been demon-

strated between PB2 and PA. In a separate study, PA-PB1 het-

erodimers were expressed separately from PB2 monomers

and reconstitution of the functional enzyme was performed

by solid phase assembly or by simply mixing the heterodimer

with the monomer in solution.28

As far as we are aware our reconstitution of VP1 from three

protein fragments, or domains, is unprecedented and we are

not aware of any other RNA polymerase for which this has

been demonstrated (although a similar study has been carried

out on phospholipase C-b2
29). Our continuing studies are cur-

rently concerned with proving the role of direct protein–pro-

tein interaction in the reconstitution mechanism but at the

time of writing we are unable to rule out the involvement of

the single stranded RNA template in bringing the three frag-

ments together to act sequentially or in concert.

BTV VP1 is the largest of the Reoviridae RdRps, with 1302

amino acid residues,30 whereas the Reovirus RdRp has 12678

and the Rotavirus RdRp has 1088.31 VP1 clearly has some

structure that is not present in either of these other two fam-

ily members which may explain why there is a section of VP1

that we have not been able to model. Despite the evidence

that the entire structure is involved in RNA replication and

transcription it is still not entirely clear why such a large

structure is necessary. The P2 protein of bacteriophage u6
efficiently replicates and transcribes viral RNA and is able to

unwind dsRNA yet it is a fraction of the size of any of the

Reoviridae RdRps at 664 amino acids. It is interesting that

unlike the bacteriophage, members of the family Reoviridae

found it necessary to evolve such bulky enzymes.

Although we have shown the involvement of the PD do-

main in the polymerase activity of VP1 protein, it is not yet

clear what the functions of the VP1 NTD and CTD are. If the

analogy with k3 is correct, these domains form part of the

functional protein, contributing to template recognition and

exit of the nascent RNA strands. These domains are also

likely to form attachment points for the structural protein

VP3 and the capping enzyme VP4 both of which are closely

associated with VP1 in the virus particle.32 The interaction of

the VP1 domains with other BTV proteins will be the subject

of our future studies in addition to better understanding of

the role of the NTD and CTD of VP1 in virus replication.

MATERIALS AND METHODS

Virus
All of the experimental and theoretical work described in this

manuscript was carried out using BTV serotype 10 (BTV-10).

Modeling
The SAM T-02 server (http://www.cse.ucsc.edu/research/compbio/)

was used to search for possible structural alignments. ClustalW

(www.ebi.ac.uk/clustalw/)33 multiple sequence alignment of Orbivi-

rus RdRp sequences (BTV serotypes 2, 8, 10,11, and 17; Chuzan vi-

rus; Saint Croix river Virus; African horse sickness virus) with Reo-

virus RdRp sequence was also used to help create a suitable align-

ment. Secondary structure prediction was performed using

PSIPRED (bioinf.cs.ucl.ac.uk/psipred/).21 Final adjustment to the

alignment was done manually prior to submitting the alignment to

MODELLER (salilab.org/modeller/).23 Graphics were produced

using PyMOLTM (DeLano Scientific LLC). Structures were aligned

using SHP25 and this data was used to draw the sequence alignment

with ESPript.22 The secondary structural elements for VP1 were

defined by DSSP,34 and those for k3 were taken from Tao et al.8

Mutagenesis of the GDD Motif of VP1
To determine whether the GDD motif at amino acid residues 763–

765 is required for polymerase activity the aspartate residues were

mutated to alanine residues so that Mg2þ ion coordination would

no longer be possible. The GDD sequence at amino acid residues

763–765 was altered to GAA by the method of Weiner et al.35 using

a subcloned 2.8 kb BglII fragment of VP1. The following 50 phos-
phorylated oligonucleotide primers were used: 50CGGACC-
AATACGTGGGGGCCGCTACACTGTTTTACACAAAACTAC30 and

50 GTAGTTTTGTGTAAAACAGTGTAGCGGCCCCCA CGTATTG-

TTCCG30. Clones were screened for the presence of the introduced

mutation by sequencing, and the absence of incidental mutations

was confirmed by the complete sequencing of the 2.8-kb BglII

VP1fragment. The wild-type 2.8-kb BglII VP1fragment in the full-

length VP1 clone pDT10.1 was replaced with the equivalent BglII

fragment containing the DD764–765AA mutation, to produce the

DD764–765AA mutant clone pDT10.1GAA. The baculovirus transfer

vector pAcYM136 was modified by insertion at the BamHI site of a

dsDNA oligonucleotide encoding an amino-terminal 6His tag gen-

erating pAcYM16His. Wild-type VP1 from pDT10.1 and DD764–

765AA mutant VP1 from pDT10.1GAA, were subcloned into

pAcYM16His to generate p6HisVP1 and p6HisVP1GAA.

Generation of Recombinant Baculoviruses

Containing Wild-Type VP1 or VP1 DD764–765AA
Recombinant baculoviruses were generated from p6HisVP1 and

p6HisVP1GAA using linearized bacmid BAC10:KO1629 (the kind

gift of Dr Ian Jones, Reading University).37 Briefly, insect Sf 21 cells

were cotransfected with Bsu36I-linearized BAC10:KO1629 and ei-

ther p6HisVP1 or p6HisVP1GAA. Recombinant baculoviruses were

plaque purified and screened for VP1 expression by nickel affinity

chromatography using HIS-Select TM Nickel Affinity Gel (Sigma).

Purification of Wild-Type VP1 or VP1 DD764–765AA
Sf 9 cells were infected with recombinant baculoviruses containing

VP1 or VP1DD764–765AA at an MO1 of 1 for 72 h. Infected cell

pellets were resuspended in 50 mM NaH2PO4 pH 8.0, 100 mM

NaCl, 10% glycerol. The cells were lysed by adding NP-40 to a final

concentration of 0.5% (v/v) and the expressed protein was purified

from the cell lysates by standard nickel affinity chromatography as
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described previously.17 Eluates containing VP1 proteins were made

to a final concentration of 1 mM DTTand stored at 48C.

Construction of Plasmids Containing

the VP1 Domains
To test whether the PD could function normally without the NTD

and CTDs, fragments containing the 50, middle, and 30 sections of the
BTV-10 L1 gene were amplified by PCR from a cDNA clone using

primer pairs, 50ATCGGGATCCAGTCGCAATCACCGTGCAAGGT30

and 50ATCGGGATCCTTAGCAATCAGCTGCGTCCATC30 (NTD);

50ATCGGGATCCATTCCGTAACTCTGCCGATCGC30 and 50ATC-
GGGATCCTTACTTTCTGTCGCGATACATCGC30 (PD); 50ATCGG-
GATCCATTTGATTCGAACGATGAGGATGGG30 and 50ATC-
GGGATCCTTAACGTATCTTGTATCTTTTCTTCGCATC30 (CTD).

Because the modeling results were ambiguous as to the exact region

of the ‘‘thumb’’ subdomain a second clone of the PD domain which

was slightly extended at the C-terminus of the construct was made

and termed PDþ. The primer pair for this construct was

50ATCGGGATCCATTCCGTAACTCTGCCGATCGC30 and 50ATC-
GGGATCCTTAAAACCCATCCTCATCGTTCGAATC30. PCR was

carried out using a standard reaction mixture. The amplified DNA

fragments were digested with BamHI (Fermentas) and ligated into

plasmid pET15b (Novagen). Clones with the VP1 fragment in the

correct orientation were identified by restriction digest. The result-

ing expression vectors pET15b NTD, pET15b PD, pET15b CTD and

pET15b PDþ were amplified in E.coli strain DH5a and verified by

sequencing before being introduced into expression strain HMS175

(DE3). The NTD clone spans residues 2-580, the PD clone spans

residues 581–896, the CTD clone spans residues 897–1269 and there

is no overlap between the PD clone and the CTD clones. The PDþ
clone spans residues residues 581–905 and does overlap with the

CTD clone.

Expression and Purification of VP1

Fragments from E. coli
Fragments were expressed for 4 h at 308C in E.coli strain HMS174

(DE3) using 1 mM IPTG. Cell pellets were resuspended in 1/10 vol-

ume of lysis buffer (50 mM NaH2PO4 pH 8.0, 100 mM NaCl, 10%

glycerol, 1 mM BME) and lysed on ice by sonication. Lysates were

cleared by centrifugation at 3500 g for 10 min, and the His tagged

protein purified as previously described for wild-type VP1 using

HIS-SelectTM Cobalt Affinity Gel (Sigma).17 The identities of the

fragments were confirmed by Western blotting and subsequent

detection with a mouse monoclonal anti-polyhistidine antibody

(Sigma). Replicase assays and NTP binding assays were always per-

formed using freshly made protein.

NTP Binding
[a-32P] CTP (3000 Ci/mmol) was oxidized with 0.5 mM sodium

periodate in darkness for 20 minutes. Excess periodate was con-

sumed by further incubation in the presence of glycerol. 0.5 lg of

protein was mixed with 0.5 lM ox-CTP in 50 mM Tris-HCl pH7.5,

6 mM magnesium acetate, 0.6 mM manganese (II) chloride, 1 mM

DTT, 2% w/v PEG4000, 7.5M sodium cyanoborohydride and the

cross-linking reaction was allowed to proceed overnight on ice. The

incubation was stopped by the addition of SDS-PAGE loading

buffer and the samples electrophoresed on a 12% SDS-PAGE gel.

The gel was dried and NTP binding was detected using a Molecular

Dynamics Storm 840 phosporimager.38,39

Replicase Activity Assay
Replicase activity was assayed as previously described.17 Briefly, pro-

tein was mixed with a ssRNA template in the presence of NTPs,

Mg2þ and [a-32P] CTP (3000 Ci/mmol) was included in the reac-

tion. The following changes were made to the original assay

described by Boyce et al.17; actinomycin D was omitted from the

reaction, 0.6 mM Mn(II)Cl2 was included and the concentration of

unlabeled CTP was reduced from 4 to 2 lM. The template used was

a T7 transcript identical to the plus strand of BTV segment 10. The

dsRNA products of the reaction were electrophoresed on a 9% poly-

acrylamide gel and detected using a Molecular Dynamics Storm 840

phosporimager.
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