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ABSTRACT

The RNA-dependent RNA polymerase (RdARP) of
double-stranded RNA (dsRNA) viruses performs
both RNA replication and transcription. In order to
initiate RNA polymerization, viral RdRPs must be
able to interact with the incoming 3’ terminus of
the template and position it, so that a productive
binary complex is formed. Structural studies have
revealed that RARPs of dsRNA viruses that lack heli-
cases have electrostatically charged areas on the
polymerase surface, which might facilitate such
interactions. In this study, structure-based muta-
genesis, enzymatic assays and molecular mapping
of bacteriophage ¢$6 RARP and its RNA were used to
elucidate the roles of the negatively charged plough
area on the polymerase surface, of the rim of the
template tunnel and of the template specificity
pocket that is key in the formation of the productive
RNA-polymerase binary complex. The positively
charged rim of the template tunnel has a significant
role in the engagement of highly structured ssRNA
molecules, whereas specific interactions further
down in the template tunnel promote ssRNA entry
to the catalytic site. Hence, we show that by aiding
the formation of a stable binary complex with opti-
mized RNA templates, the overall polymerization
activity of the $6 RdRP can be greatly enhanced.

INTRODUCTION

Double-stranded RNA (dsRNA) viruses are intricate
molecular machines that carry all the necessary compo-
nent proteins required for viral RNA synthesis within
their capsids. In spite of notable differences in the external
structural features of these viruses and host specificity,
almost all dsRNA viruses share a common replication
strategy (1). Since dsRNA viruses encode only a single
protein species containing conserved RNA-dependent
RNA polymerase (RdRP) motifs, this protein must cata-
lyse both transcription of genomic dsSRNAs into positive-
sense single-stranded RNAs (+ssRNAs) and replication
of the +ssRNAs into dsRNAs. The RdRP is thus a cen-
tral component in the life cycle of a dSRINA virus.

The polymerase subunit of the dsSRNA bacteriophage
¢6 (family Cystoviridae) is highly processive and able to
replicate ssRNA molecules of practically unlimited length
(2,3), making it suitable for biotechnological applications
(4). The $6 RARP uses the two-metal ion catalysis of
nucleotidyl transfer, with the metal ions being coordinated
by catalytic aspartates (5,6). Structural and biochemical
studies have revealed a de novo mechanism for initiation
of $6 RNA polymerization (2,3,5,7). The initiation plat-
form (amino acids 629-632), located within the C-terminal
domain, protrudes into the central cavity of the enzyme
(5,7,8) and controls the switch from initiation to elonga-
tion and, to a large extent, prevents back-primed initiation
by physically reducing the volume of the active site (5,8,9).
In back-priming (or copy-back) initiation, the 3’ end of the
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template loops back to form a hairpin structure, which is
subsequently extended by the polymerase.

The architecture of RARPs resembles that of a ‘right
hand’, with domains that are commonly denoted as the
“fingers’, ‘palm’ and ‘thumb’. Viral RARPs tend to have a
compact ‘cupped right hand’” conformation as opposed to
the ‘open right hand’ observed in many other polymerases.
The catalytic site is contained in the palm domain, and the
architecture of this region is the most conserved feature in
RdRPs (10). The ¢$6 RARP has two positively charged
tunnels. The template tunnel and the substrate tunnel,
respectively, allow access of the RNA template and NTP
substrates to the internally located active site (Figure 1a).
The template tunnel is wide enough to accommodate
single- but not double-stranded nucleic acid. The distance
from the surface of the RARP to the active site can be
spanned by a five base oligonucleotide (5,7). Out of
these five nucleotides, two are relatively poorly ordered,
the one in the specificity pocket (a specific binding site
within the C-terminal domain to which the 3’ end of the
template docks during initiation) and the one closest to the
surface (Figure 1). The stabilizing interactions are most
extensive at the position of the third nucleotide (5,7).
In bacteriophage ¢6, transcription is initiated from
the 3’ terminal cytidine of the minus strand template
(—ssRNA). This cytidine is strictly conserved in all three
genomic segments, which explains the considerable pref-
erence of the specificity pocket for templates with a 3’
terminal cytidine (5).

The rim of the template tunnel entrance is studded with
positively charged amino acids (5) (Figure 1). A short dis-
tance from this rim a negatively charged area flanked by a
positively charged ‘groove’ forms a plough-shaped protru-
sion on the polymerase surface (5) (Figure 1). This area is
believed to facilitate the separation of dSRNA during tran-
scription and to guide the —ssRNA into the tunnel while
the +ssRNA slides over the positively charged patch, the
so called surface channel (5,7). Similar specialized features
have been discovered in other RARPs, including bovine
viral diarrhoea virus, hepatitis C virus (HCV) and rabbit
haemorrhagic disease virus (RHDV) (11,12).

The genome of bacteriophage ¢p6 consists of three seg-
ments, S (2948 nt), M (4063 nt) and L (6374 nt). In each
segment, the genes are clustered into functional groups
flanked by 5-packaging and 3'-replication signals
(13,14). The 3’ ends of all three ¢6 transcripts form sec-
ondary structures that display considerable similarity.
These structures resemble that of a clover-leaf, and they
are believed to provide stability in the event of an exonu-
clease attack (15). These terminal regions have also been
found to affect the efficacy of RNA polymerization during
replication (2,16).

To date, the $6 RdARP is one of the best-characterized
viral polymerases. Our aim is to dissect the $6 RARP
catalysed polymerization reaction into distinct steps.
The mechanism of initiation and the assembly of a pro-
ductive initiation complex have already been elucidated
using both biochemical and structural approaches
(5,7-9,17,18). We are currently probing the transition
from initiation to elongation. The nature of elongation
has been explicated in a few studies (2,3,17-19).
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Recently, we have presented a possible mechanism for
the termination of the polymerization reaction (20). In
this study, we focus on the pre-initiation phase of replica-
tion, namely the process leading to the formation of a
productive $6 RARP-RNA template binary complex.

In order to gain further understanding of the formation
of productive $6 RARP-RNA template binary complexes,
we designed a set of mutations located at specific regions
of the polymerase that are believed to be of structural or
functional importance. These locations included the
plough, the rim of the template tunnel and the specificity
pocket (Figure 1), which are potentially crucial for the
events preceding initiation of RNA synthesis. With the
aid of in silico secondary and tertiary structure computa-
tion, we also designed a set of partially dsSRNA hybrids of
both endogenous and exogenous ssRNA templates to
study the formation of stable $6 RdARP-template RNA
binary complexes. We were able to show that the posi-
tively charged rim around the entrance of the template
tunnel interacts with the incoming template RNA and
that the level of RNA synthesis can be significantly
increased by stabilizing the binary complex. This was
achieved by using RNA hybrids that have a readily avail-
able 3’ end, lacking secondary structure and minimal inter-
action with the bulk of the template. We show that the use
of such templates can even compensate the disadvanta-
geous phenotype of certain mutant polymerases to a
near wild-type (WT) level.

METHODS
Designing the $6 RARP mutants

The mutations were inserted at structural features that
were believed to be important in the formation of produc-
tive binary complexes. Furthermore, the sites of the muta-
tions were chosen by consideration of their local
environment with the aim of selecting residues where
changes were likely to introduce only limited local struc-
tural changes. This analysis and the design of the four
mutant structures (R30A, E165A, K541L and E634Q)
were performed using Coot (21), and the most common
side-chain rotamers did not cause any stereochemical
clashes.

RNA secondary and tertiary structure predictions

The simulated two-dimensional RNA structure predic-
tions were performed at desired temperature using the
‘RNAfold’-program from the Vienna RNA Package
(22). The oligonucleotide binding was simulated by con-
straining the corresponding nucleotides from forming
pairs with other nucleotides in the sequence (this was
checked by hand after the computational prediction).
Three-dimensional models of RNA structures were
calculated using the ‘rna_2d3d’-program within the
STRUCTURELAB-environment (23). The three-dimen-
sional models were directly based on two-dimensional
structures. The visualization was done using the VMD
package (24).
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Figure 1. Site-directed mutagenesis of $6 RARP. (a) Schematic presentation of the $6 RARP and the mutations introduced by site-directed
mutagenesis. A cross section of the polymerase, exposing the catalytic site, the specificity pocket, the positively charged template tunnel (with a
bound template) and the substrate tunnel, as well as the rim of the template tunnel and the plough area (top panel). Mutants marked in green were
characterized in detail and the corresponding amino acids are also depicted by space-filling models in the RARP structure. The location of the tested
mutations with respect to the $6 RARP secondary structure elements (bottom panel), coloured according to the generic polymerase domain
architecture: dark red, fingers domain (amino acids 1-30, 104-276, 333-397); dark green, palm domain (277-332, 398-517); blue, thumb domain
(37-91, 518-600); light yellow, C-terminal domain (604-664); pink, connecting chains (31-36, 92-103). The location of the mutated amino acids are
highlighted, showing lethal mutations in red(f), mutations that could not be purified in orange and active mutations in either chartreuse (initial
screening only) or green (selected for characterization). (b) Close-ups of the structural alterations of the selected mutants. Surface rendering of the
rim of the template tunnel viewing towards the catalytic site (top row). The surfaces are coloured according to electrostatic charge (blue = + 10 kT/e,
red = —10kT/e). Introducing alanine or hydrophobic leucine in place of arginine (R30) and lysine (K541), respectively, reduces both the positive
charge as well as the size and shape of the template tunnel rim. Compare the encircled areas of R30A (left) and K541L (right) to the WT (centre).
R30 and K541 are located on opposite sides of the rim around the template tunnel. E634 lies within the C-terminal priming domain (specificity
pocket) and forms a salt bridge with K144 (bottom row, left panel). The mutation to glutamine (E634Q) eliminates this salt bridge without major
disruption of the internal packaging within the polymerase. Surface rendering of the plough area (bottom row, middle WT; right E165A).
Substituting E165 to alanine reduces both the charge and size of the plough (encircled).



Bacterial strains and plasmids

Escherichia coli DH5a (Gibco-BRL) was the host for plas-
mid propagation and molecular cloning. E. coli
BL21(DE3) (Novagen) was used for protein expression
and purification. Plasmid pEMG?2 (20) was used for WT
¢$6 RdARP production. Plasmid pEM33 (17) encodes
WT ¢$6 RARP with a histidine tag and pEM28 (8) the
RARP gene with YKW(630-632) to GSG mutations.
Point mutations were introduced into plasmid pEM33
by site-directed mutagenesis, yielding the pNL-plasmid
family (Supplementary Table 1). The 6x His-tag was
removed by cloning the mutated site from the pNL-
plasmids using appropriate restriction endonucleases
into pPEMG2, giving rise to plasmids pSVe2 (E634 to Q
mutation), pSVe3 (R30A) and pSVe5 (K541L) or into
pEM2 (2), yielding pMH6 (E165A). Plasmids pEMI15
(3), pPEM19 (8), pLM659 (25) and pT7luc (26) were used
as templates for ssRNA production with T7 RNA
polymerase.

Site-directed mutagenesis

The point mutations were introduced into the WT ¢6
RARP c¢cDNA backbone using either QuickChange
(Stratagene) or PCR site-directed mutagenesis. Quick-
Change mutagenesis was performed by standard PCR
(27) using PfuTurbo (Stratagene) polymerase, appropriate
oligonucleotides (Supplementary Table 2) and plasmid
pEM33 as a template. For PCR site-directed mutagenesis,
the parental DNA was digested with Dpnl restriction
endonuclease. The Nrul-Nsil restriction fragment of
pEM33 plasmid DNA was used as a template for PCR
amplification with PfuTurbo polymerase and appropriate
oligonucleotides (Supplementary Table 2) (27). The PCR
products were digested with Nrul and Nsil restriction
endonucleases and ligated with similarly cut pEM33
vector.

Preparation of RNA templates

Synthetic ssSRNAs were produced by run-off transcription
in vitro with T7 RNA polymerase (2). Templates for the
T7 transcription were prepared by either cutting the plas-
mid DNA with restriction endonucleases or by PCR
amplification. The full-length transcript of the S genome
segment (s) was transcribed from the PCR amplified
fragment of plasmid pLM659 (oligos 41 and 47;
Supplementary Table 2). RNA templates sA "5 and
SA"yp were transcribed from Smal digested pEMIS5
and pEM19 plasmids, respectively. The template specifi-
city RNAs (sA™, sSAT A, sAT¢, sATG, sATy and luc,
luca, luce, lucg, lucy) were transcribed from DNA
following PCR amplification of pEMI5 or pT7luc
using DyNAzyme Il polymerase (Finnzymes Ltd.) and
oligonucleotides 41-51 (Supplementary Table 2) (3,28).
The template (s rep) for the electrophoretic mobility
shift assays (EMSAs) was transcribed from the 300 bp
PCR-amplified fragment of plasmid pLM659 (oligos
52 and 47). For the template ssRNA-oligonucleotide
hybrids, RNA oligonucleotides complementary to the
3" end region of the s* ssRNA (nos. 53-65 for s,
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6672 for luc; Supplementary Table 2) were purchased
from Biomers.Net (Ulm, Germany). The hybridization
was performed as described previously (8,29) with some
modifications: 8.9 pmol ssRNA and 24 pmol oligonucleo-
tide were incubated in 50 mM HEPES-KOH (pH 7.0) and
0.1 M KCI at 65°C for 1 min and cooled to 30°C over a
period of 30min. Excess oligonucleotides were removed
by purification in G50 spin columns (GE Healthcare),
and the purified RNA hybrids were stored in 25mM
Tris-HCl (pH 8.0), 25mM NaCl. Genomic dsRNA
templates were obtained from WT ¢6 bacteriophage infec-
tions (30). All RNAs were dissolved in sterile 18 Q) milli-Q
water (Millipore Corporation), and the concentrations
were determined by spectrophotometry (A4»¢0). The quality
of each preparation was monitored by electrophoresis in
1% agarose (TBE) gels (27).

$6 polymerase assay

Both the WT and mutated $6 RdARPs were expressed
in E. coli BL21(DE3) cells containing the appropriate
expression plasmid at room temperature over night and
purified to near homogeneity as previously described (2).
The replication (ssRNA template) and transcription
(dsRNA template) assays were carried out using standard
reaction conditions (8), with 10mM ATP and GTP and
2mM CTP and UTP. All optimizations were carried out
using the s template. After a 1-h incubation period, the
reactions were stopped by the addition of 2x loading
buffer (31) or 10x loading dye (RNA hybrids) (27).
Analysis of the reaction products was performed using
standard 0.8% agarose gel (TBE) electrophoresis (27).
The signals were collected by autoradiography on
BAS1500 image plates (Fujifilm), which were scanned
using a Fuji BAS-1500 phosphorimager (Fujifilm).
Digital image analysis (densitometry) was performed
using AIDA Image Analyser v. 3.44 software (Raytest
Isotopenmefgerite GmbH, Germany), measuring the
band intensities in 1D Evaluation mode using Lane and
Peak Determination.

Elongation rate

A modification of the heparin trap assay (17) was applied
to analyse elongation separately from the initiation
phases of the polymerization reaction. Providing limited
nucleotides (10mM ATP and GTP), the WT and mutant
polymerases were allowed to extend 10nt from the 3
end of the s* template at standard reaction conditions.
Following a 20 min incubation at 30°C, heparin sodium
(Sigma-Aldrich, H3393) was added to a final concentra-
tion of 6.25mg/ml, and incubation was continued for
an additional 5min. The reactions were subsequently
supplemented with 2mM CTP and UTP, as well as
1 uCi [0¢**P]-UTP (Amersham Biosciences, Inc., 3000 Ci/
mmol). Aliquots sampled at different time points were
processed and analysed as described for the ¢6 polymerase
assay. A negative control was supplemented with heparin
sodium and a positive control with an equal volume of
sterile 18 Q) milli-Q water already in the pre-incubation
mixture. The elongation rates were obtained by graphical
extrapolation, as previously described (2).
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Electrophoretic mobility shift assay

A modification of the $6 polymerase assay using stan-
dard reaction conditions (8) and 0.25ug s "rep template
with a trace amount of [y*’P]-labelled s*reg) ssRNA
(T4 polynucleotide kinase, Promega, [y*’P]-ATP,
Amersham Biosciences, Inc., 3000 Ci/mmol) was incu-
bated with 0.04-0.16 mg/ml of WT or mutant poly-
merase on ice for 20min. A corresponding volume of
sterile 18 ) milli-Q water was used in the control reac-
tions. Prior to loading, 10x loading dye (27) was added
to the reaction mixtures and the RNA-polymerase com-
plexes were resolved by electrophoresis in 8% native poly-
acrylamide gels (Tris—glycine buffer) (27) at 60V and
20mA for 24h at 4°C. Following electrophoresis, the
gels were dried on Whatman 3 filter paper, and signal
collection and data processing were performed as
described earlier.

RESULTS
Site-directed mutagenesis of the $6 RARP

Based on the existing structural data (5,7), we designed a
set of mutant polymerase proteins that targeted three key
structural features within the enzyme, the plough, the rim
of the template tunnel and the specificity pocket (Figure 1;
Supplementary Table 1). Out of the planned 22 histidine-
tagged ¢$6 RARP mutations, nine functional mutants
were obtained (Figure la). This subset of functional
mutants was assayed for polymerase activity using the
positive-strand of ¢6 genome segment S as a template
(2,8). The polymerase activity of all the mutants was
either low or moderate in comparison to the histidine-
tagged WT RdARP (Supplementary Table 1). Due to the
possible adverse effect of the tag, point mutants R30A,
E165A, K541L and E634Q (Figure 1, Supplementary
Table 1), which displayed the most favourable qualities
(polymerase activity, expression level and purification
characteristics), were recloned without the tag and puri-
fied. The selected enzymes were representatives for all the
functional mutations at their respective structural sites
within the protein.

Mutations at the putative template interaction sites alter
the overall polymerization activity

The polymerase reaction conditions preferred by the
mutants were generally quite similar to those of the WT
polymerase, showing only minor deviations in terms of
temperature, pH, salt concentration and divalent cation
concentrations (Figure 2a-g). Despite strong similarities
between the optimal conditions, the template tunnel
mutant R30A and the specificity pocket mutant E634Q
retained polymerization activity at temperatures up to
55-60°C, i.e. high enough temperatures to cause RNA
hydrolysis, whereas the other mutants retained WT char-
acteristics with temperature optima of roughly 40°C
(Figure 2b). The template tunnel rim mutants R30A and
K541L displayed a significantly reduced level of RNA
synthesis for both replication and transcription, whereas

the specificity pocket mutant E634Q showed an increased
overall activity (Figure 2a).

A mutation in the template specificity pocket increases
back-priming activity

Interestingly, the elimination of the salt bridge between
E634 and K144 introduced by the E634Q mutation
yielded a polymerase with increased back-priming activity
(Figure 2a). Although the E634Q mutant did synthesize
~20% of the total dSRNA product by means of back-
priming initiation when using the sA " pp template (8)
that features a terminal hairpin loop, de novo initiation
was still preferred. All other $6 RARP mutants synthe-
sized on average ~10% of their total dsSRNA yield by
back-priming initiation (comparable with WT). In the
case of the GSG mutant (positive control), where chan-
ging YKW(630-632) to GSG causes back-priming to
become the major mode of initiation of RNA synthesis
(8), this ratio was found to be as high as ~90%
(Figure 2a). Moreover, all tested polymerases except
GSG showed a clear reduction in overall synthesis activity
when using the sA " ;p template as opposed to the equally
long non-looped sA "5 template (data not shown). The
poor performance of the WT and other mutant poly-
merases was expected, since their initiation sites are
not spacious enough to efficiently encompass a dsRNA
structure such as the 3’ hairpin loop in SA " yp.

Mutations at the plough region are well tolerated

In vitro transcription activity of the recombinant ¢6
RdRP requires that the polymerase itself is able to melt
blunt-ended dsRNA without the assistance of a separate
helicase. The purified polymerase does indeed possess this
activity (3), although transcription proceeds more than
one order of magnitude less efficiently than replication.
The negatively charged protrusion near the template
tunnel on the molecular surface of the polymerase (the
plough-area) has been proposed to facilitate strand displa-
cement. Contrary to the expectations, the plough mutant
E165A did not reduce the transcriptional activity but
enhanced it by up to ~30% compared to the WT
(Figure 2a). In the initial screening, similar characteristics
were observed for the histidine-tagged functional mutants
located at the plough region (E139Q, E168Q) (data not
shown).

The elongation rates are not compromised by the mutations

In order to elucidate at which stage the polymerization
reaction was affected by the mutations, we applied a
heparin trap assay (see Materials and methods section).
Heparin is a competitive inhibitor of RNA synthesis
affecting initiation but not elongation (18,32). This
allows analysis of elongation separately from the initial
stages of the polymerization reaction. It appears that the
elongation rates of the WT and mutant polymerases are
almost identical, occurring at a rate of 27-30bp/s
(Figure 2a). This suggests that the changes observed in
the overall polymerization activity reflect alterations in
the events preceding elongation.
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Figure 2. Biochemical characterization of $6 RARP mutants. (a) Summary of the RNA polymerization activities of the ¢$6 RARP mutants in
comparison to the WT or YKW(630-632)GSG mutant (initiation by back-priming) (8). (b—g) Screening of the optimal reaction conditions for the
mutant polymerases in terms of temperature, pH, ammonium acetate concentration and divalent cation concentrations (Mn>*, Mg>", Zn>"). All
results have been normalized against the highest attained polymerization activity for each RARP. (h) Electrophoretic mobility shift assay (EMSA) of
the $6 RARP mutants. The effect of an increasing concentration (0.04, 0.08 and 0.16 mg/ml) of WT (lanes 2-4) and R30A (lanes 6-8) polymerases on
the migration of the s "rep template in 8% native polyacrylamide gel. The baseline (white dotted line) determines the position of the control (s "rep
without polymerase; lanes 1, 5 and 9). The numbers below lanes 2-4 and 6-8 indicate the retardation of the s’ rep template in millimetres.

Mutations at the rim of the template tunnel reduce
the affinity of the RARP for RNA

To determine possible differences in the pre-initiation
phase of the RNA polymerization reaction of the tested
polymerases, a RNA-binding assay was performed in
order to monitor the formation of $6 RARP-RNA tem-
plate binary complexes. This was visualized by EMSAs
using the s "rep template (terminal 300 nt of the s* tem-
plate). The plough mutant E165A (data not shown), the
specificity pocket mutant E634Q (data not shown) and
the WT polymerase (Figure 2h) had identical binding
characteristics, displaying a retardation of the RNA
template migration that was proportional to the

polymerase concentration. The mutants at the template
tunnel rim, R30A (Figure 2h) and K541L (data not
shown), showed a less pronounced shift with the template
migrating in close proximity to the control RNA at all
polymerase concentrations. This indicates that the rim of
the template tunnel plays a role in the formation of pro-
ductive $6 RARP-RNA template binary complexes.

Design and in silico analysis of RNA templates

To assess the nature of the interaction between the
template RNA and the $6 RdRP, we designed a set of
partially dSRNA hybrids of both endogenous (genomic s
segment) and exogenous (firefly luciferase gene, luc)
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RNA templates. Complementary 20-nt long RNA oligo-
nucleotides (Supplementary Table 2) were annealed in
silico to various positions of the s* template (Figure 3a)
or the luc template (Supplementary Figure 1) to yield
single-stranded 3’ overhangs of varying length. These
hybridized ssRNA template-oligonucleotide complexes
are referred to as ‘+n hybrid’, where n indicates the dis-
tance from the template 3’ end, which also corresponds to

the length of the single-stranded 3’ overhang (0 = blunt).
The changes induced by these oligonucleotides to
the native structure of the template RNAs were first
assessed by in silico secondary and tertiary structure
calculations (Figure 3b-d; Supplementary Figure 1). A
global fold of the s* template (Figure 3b) and luc tem-
plate (Supplementary Figure 1b) with the different RNA
hybrids revealed differences in terms of Gibbs free energy.



In the case of the s template, the template alone pos-
sessed the lowest and the +10 hybrid the highest free
energy (Figure 3c). The same observation holds true for
the luc ssSRNA with the unconstrained template yielding
the lowest and the luc + 10 hybrid the highest free energy
(Supplementary Figure 1c).

Although these global energy differences were moderate
for both templates, significant local structural changes
were predicted for the s* ssRNA, especially when the
+10 (Figure 3d) and +20 hybrids (data not shown)
were studied. It appeared that the differences in Gibbs
free energy reflected these regional changes and were not
caused by a global rearrangement of the RNA. When
analysing the tertiary structure prediction of the s
ssRNA and the +10 hybrid, changes in the local fold
were observed throughout the first 300 (data not shown)
and last 200 bases (Figure 3d) of the 5 and 3’ regions,
respectively. Notably, in the unhybridized form the 3’
region was partially buried within the overall fold and
the 5 and 3’ termini were predicted to be spatially located
close to each other without specifically interacting
(Figure 3b). However, the 3’ termini of the +10
(Figure 3d) and + 20 hybrids (data not shown) were pre-
dicted to protrude outwards of the main fold, reducing
possible sterical clashes between the RNA and the poly-
merase. In contrast to the s™ template, the predicted over-
all tertiary structure of the unconstrained luc ssRNA was
markedly different from the luc hybrids (Supplementary
Figure 1b). For all luc templates tested, the first 200 nt of
the 5 terminus always retained its native fold, whereas the
last 40 nt of the 3’ terminus regained it once the oligonu-
cleotide was moved outside this region (data not shown).

Assembly of a productive 6 RARP-template RNA
binary complex

To biochemically evaluate the process of binary complex
formation, polymerase assays were performed with the
above-described RNA hybrids in standard $6 RdARP reac-
tion mixtures. Assaying the RNA hybrids of the biologi-
cally relevant endogenous template (s') with the WT
polymerase revealed that almost no dsRNA was formed
with the +0 to +2 hybrids. The + 3 hybrid gave rise to a
dsRNA synthesis of ~50% compared to the control (the
dsRNA yield for each polymerase mutant using the geno-
mic s segment as a template), and moving the oligonu-
cleotides further downstream (+4 to + 6 hybrids) resulted
in a product yield equalling that of the control (Figure 4a).
The same observations also apply to mutants E165A and
E634Q (Supplementary Figure 2a and c). Similar charac-
teristics were observed for polymerase mutants R30A
(Figure 4b) and KS541L (Supplementary Figure 2b),
although their dsRNA vyield slightly exceeded that of the
control with the +4 to + 6 hybrids.

A significant increase in the dsSRNA yield was observed
with the +10 and +20 hybrids. The WT RdRP
(Figure 4a), as well as mutants E165A and E634Q
(Supplementary Figure 2a and c), reached a fourfold
increase in dsRNA synthesis in comparison to the con-
trol level. However, the R30A (Figure 4b) and K541L
(Supplementary Figure 2b) mutations displayed a

Nucleic Acids Research, 2009, Vol. 37, No.4 1189

(@) 5
WT
4 -
°
=
o
g 3
n
>
Fn
s 27
=
3]
<
1
O_
©O T NN ® T WO o o090 909N 3
+ f + + + + + - N F © © < 2
+ + + & F o E
+ + q 5
o
(b) 50
R30A
40 A
- M
2
c 5
8
o 4
>
el
= 31
=
<
24
14
0
O T N o ¥ 1 © o o O o N B
F ++ P IPPTEREES YT
+ + + Q& ¥ o £
o+ Q
&)

Figure 4. RNA polymerization activity with RNA hybrids. RNA poly-
merization activity of WT $6 RdRP (a) and R30A mutant (b), using
different RNA hybrids. The results have been normalized against an
internal control (polymerization activity with the s ssRNA template).

staggering 40-fold increase in comparison to the control.
Hence, the addition of an oligonucleotide at 10 or 20 nt
past the 3’ end suppresses the phenotype of the template
tunnel rim mutants R30A and K541L, reinstating dsSRNA
synthesis to the native WT level.

The exogenous luc + 10 hybrid also yielded a significant
increase in dSRNA synthesis for the WT and mutant poly-
merases (Supplementary Figure 1), although the template
tunnel rim mutants R30A and K541L did not display the
dramatic changes seen with the s™ hybrids. Similarly, the
luc +0 hybrid was unable to create a stable binary com-
plex, whereas the luc +5 hybrid attained a level of RNA
synthesis equivalent to the native luc template (control).
Additionally, for both the endogenous and the exogenous
templates, the RNA synthesis stimulating effect was lost if
the oligonucleotide was placed further away than 40nt
from the 3’ end (data not shown).

DISCUSSION

To date, RARPs from dsRNA viruses such as bluetongue
virus (33), birnavirus (34), reovirus (35,36), rotavirus
(37-39) and bacteriophages ¢6, 8, ¢12 and ¢13
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Figure 5. Model for the formation of $6 RARP binary complex. (a) Schematic representation of the $6 RARP with an ssRNA reaching the template
tunnel (panel I). The rim and lining of the template tunnel are positively charged. This electrostatic steering positions the incoming ssSRNA template
(green) for entry into the template tunnel (panel I). However, mutations R30A (red) and K541L (blue) locally disrupt the charge of the rim (panel I).
The incoming template strand is stabilized by interactions between the RNA and specific residues in the template tunnel, the so-called ratchet area
(panel II and III, marked R). All the steps leading up to the formation of the productive binary complex (panel III) are passive energy events. (b)
RNA oligonucleotide bound in the template tunnel of ¢6 RARP. The four ordered RNA nucleotides (fifth at the template tunnel entrance, not
depicted) are coloured according to temperature factor (low- to high-coloured blue to red), showing that the central two nucleotides are the best
ordered (the 3’ cytidine approaches the catalytic site and the 5 uridine is at the molecular surface). The amino acids and molecular surface of ¢6
RdRP are rendered as green sticks and a semi-transparent envelope, respectively. The sequence and respective ends of the oligonucleotide are labelled
in white, whereas the order of the template nucleotides is labelled in yellow. Note the close fit of the RNA within the polymerase tunnel, especially in
the central portion, reflecting the molecular engagement that occurs in this region (ratchet area).

(2,3,5,18,40,41) have been purified and biochemically
characterized to varying degrees. Previous structural anal-
yses of the $6 RARP have focused on initiation of poly-
merization and the role of the structural Mn®" ion
(8,9,17). In this study, we analysed the events preceding
initiation by monitoring the assembly of productive ¢$6
RARP-RNA template binary complexes. This has
involved in silico RNA modelling, template RNA modifi-
cation and mutagenesis of the $6 RARP at areas that are
believed to be of functional importance during pre-initia-
tion, namely the plough, the rim of the template tunnel
and the specificity pocket.

The mutagenesis of ¢6 RARP revealed that even rela-
tively conservative mutations in external side chains can
have a significant impact on the folding or stability of the
enzyme (Figure 1). Of the four enzymes selected for fur-
ther characterization, the specificity pocket mutant
E634Q has especially interesting characteristics, including
a substantially elevated level of RNA synthesis, an
increased back-priming activity (Figure 2a) as well as a
higher thermal stability of the polymerization reaction
(Figure 2b). As the elongation rate of E634Q was unaf-
fected, the elevated level of RNA synthesis indicates an
enhancement of the initiation (or pre-initiation) step. The
higher thermal stability of the polymerization reaction
most likely reflects changes in the initial phases of the
reaction. Indeed, it has been shown that the temperature
sensitive phase in the ¢6 RARP catalysed reaction is
de novo initiation, whereas elongation may well proceed
at temperatures exceeding 50°C (18). Apparently, the dis-
ruption of the salt bridge between E634 (C-terminal
domain) and K144 (fingers domain) increases the

volume of the specificity pocket, causing changes in the
mode and control of initiation.

The template tunnel of the $6 RARP (5) is not wide
enough to allow the entry of dsRNA. During semi-
conservative transcription, the parental +ssRNA strand
has to be displaced prior to the entry of the —ssRNA
strand to the template tunnel (Figure 5), a function that
has been loosely assigned to the plough area (Figure 1).
Similar structural features have been described for other
RdRPs, including bovine viral diarrhoea virus, hepatitis
C virus and rabbit haemorrhagic disease virus (11,12),
suggesting that the plough area might be a common fea-
ture of viral RARPs. Surprisingly, the phenotype of the
plough mutants E165A, E139Q and E168Q were similar
to the WT enzyme, and the mutations did not reduce
the transcription activity. Contrary to earlier suggestions,
this indicates that the plough may not be critical in break-
ing open dsRNA. The role of this negatively charged
area remains unclear, but it might constitute a simple
electrostatic barrier that forces the parental +ssRNA
strand to slide along the surface channel. Mutations
E165A and E634Q did not have a significant effect on
the efficiency of template binding (data not shown).
Instead, the template tunnel mutants R30A (Figure 2h)
and K541L (data not shown) seem to have a decreased
RNA affinity, suggesting that the reduced charge around
the template tunnel entrance may interfere with the correct
guidance of the template, thus preventing it from entering
the template tunnel.

Furthermore, it was observed that annealing a primer
to the very 3’ end of the template significantly
reduced the dsRNA yield for all polymerases studied



(Figure 4a and b). This reduction was most prominent
when the oligonucleotide was complementary to the last
three nucleotides of the 3’ end of the template (+0 to +2
hybrids). However, all polymerases reached their normal
level of RNA synthesis once the oligonucleotide was
placed at four to five nucleotides from the 3’ end (+4 or
+5 hybrid; Figure 4a,b) an overhang corresponding to
that at the 3’ terminus of the ¢p6s” ssRNA template
(Figure 3b,d). This overhang also coincides with the dis-
tance from the surface of the $6 RARP to the catalytic
site. In the crystal structures of the complex of $6 RARP
with different oligonucleotides, only four 3’ terminal
nucleotides of the template can be visualized in the tem-
plate tunnel (Figure 5) (5,7). Our biochemical analyses
show that a 3-nt overhang is the minimum capable of
yielding significant dsRNA synthesis (Figure 4a and b).
These observations match closely with the structural
results (5,7), where the second and the third nucleotide
are the best-defined (Figure 5), suggesting that these are
the points of engagement of RNA within the template
tunnel.

Overall, the computational secondary and tertiary
structure predictions of the RNA hybrids (Figure 3;
Supplementary Figure 1b) closely match the biochemical
data (Figure 4a and b; Supplementary Figure 1, 2).
Previous in silico structure predictions have proposed
that the last ~80nt of the genomic s* ssRNA form a
knot-like clover-leaf fold (Figure 3b) (42). These structures
are believed to provide both a stabilizing function in the
case of an exonuclease attack, and in the case of viral
genomes to constitute an in vivo replication signal (2,42).
Annealing an oligonucleotide within this region (+ 10 or
+ 20 hybrid) efficiently destroyed these secondary and ter-
tiary structures, leaving a sufficiently long single-stranded
‘overhang’ (Figure 3d). This unfolding of the 3’ terminus
is also reflected in the Gibbs free energy calculations.
Interestingly, the highest free energy (Figure 3c,
Supplementary Figure 1c) and the highest replication
activity (Figure 4, Supplementary Figure 1d-h) coincide.
Notably, the severe phenotypic effects of the R30A and
K541L mutations were suppressed using the +10 and
+20 hybrids, such that WT levels of activity were restored
(Figure 4, Supplementary Figure 2).

The tertiary structure predictions (Figure 3) suggest that
the partially buried fold of the 3’ terminus of the s™ tem-
plate could cause sterical clashes between the template and
the RARP, possibly hampering the initial melting of the
template. The outward protruding single stranded 3’ ends
of the +10 to +20 hybrids apparently minimize these
structural obstructions, thus making the 3’ end of the tem-
plate readily available for the polymerase. This allows sup-
pression of the phenotype of the mutations at the rim of
the template tunnel that have a reduced ability to produc-
tively bind RNA templates.

Our studies on the formation of productive binary com-
plexes allow us to propose a model for the pre-initiation of
polymerization (Figure 5). This model for pre-initiation
constitutes stochastic interactions that occur to form pro-
ductive RARP complexes without the input of external
energy via ATP-hydrolysis. Initially, when an incoming
ssRNA template comes in contact with the $6 RdARP,
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weak electrostatic interactions occur with the positively
charged residues lining the rim of the template tunnel
(Figure 5a-I), allowing the RNA to bind in the template
tunnel. The efficiency at which this occurs is dependent on
the structure of the 3’ end of the ssRNA template. Freely
available template 3’ ends with no secondary structures
and/or sterical clashes facilitate the entry into the template
tunnel, whereas highly structured templates with buried 3’
ends are less efficient in forming productive polymerase-
template binary complexes. Furthermore, disrupting the
charges along the rim of the template tunnel, as in mutants
R30A and K541L, causes a significant reduction in the
RNA-binding affinity of the polymerase (Figure 2h).
Our results also indicate that the binary complex becomes
productive once three nucleotides enter the template
tunnel (Figures 4 and 5a-II). Specific interactions between
the $6 RARP and RNA are largely ‘blind’ to the sequence
of the bases (Figure Sa-II) and guide the template down
towards the catalytic site (Figure 5a-III). At the site of the
ratchet, located at the second and third nucleotide from
the specificity pocket (Figure 5b), the interactions are most
defined. Further stabilization of the binary complex arises
from cytidine-specific interactions in the specificity pocket
(Figure 5a-II1). Once this occurs, nucleotides that enter
the active site, via the nucleotide tunnel, can sense and
engage with the bases of the terminal nucleotides and
initiate polymerization.

The mutagenesis approach used in this study has
yielded further insight into the structure-related functions
of the $6 RdARP, demonstrating how, for this intricate
molecular machine, even minor changes can yield unex-
pected results. It is acutely sensitive to mutagenesis; most
of the designed mutants were lethal and different amino
acid substitutions within the same residue can give rise to
either functional or inactive mutants. So, although it
might be possible to enhance the thermostability and pro-
cessivity of the RARP, by mutations on the rim of the
template tunnel and in the specifity pocket, the outcome
from such mutations is difficult to predict and would need
to be biochemically assessed.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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