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Abstract

RNA-dependent RNA polymerases (RdRPs) play key roles in viral transcription and genome
replication, as well as epigenetic and post-transcriptional control of cellular gene expression. In this
article, we review the crystallographic, biochemical, and molecular genetic data available for viral
RdRPs that have led to a detailed description of substrate and cofactor binding, fidelity of nucleotide
selection and incorporation, and catalysis. It is likely that the cellular RdRPs will share some of the
basic structural and mechanistic principles gleaned from studies of viral RdRPs. Therefore, studies
of the viral RdRP establish a framework for the study of cellular RdRPs, an important yet
understudied class of nucleic acid polymerases.

1 Introduction

Under physiological conditions, RNA-dependent RNA polymerases (RdRPs) catalyze the
formation of phosphodiester bonds between ribonucleotides in an RNA template-dependent
fashion. RdRPs have been found primarily in RNA viruses. In some cases, these enzymes are
virion associated; in others, these enzymes are nonstructural proteins located in the cytoplasm
but, on occasion, are located in the nucleus. In viral systems, the RdRP is responsible for
transcription and replication of RNA virus genomes. Given the essential role of the RdRP for
virus multiplication, the viral RdRP has been the subject of intensive study for many decades.

More than 30 years ago, RdRP activity was detected in the tissue of numerous plants that were
thought to be uninfected (Astier-Manifacier and Cornuet 1971; Astier-Manifacier and Cornuet
1978; Boege and Sänger 1980; Duda et al. 1973). This observation eventually led to the cloning
of a gene from tomato thought to be at least a component of this cellular activity of plants,
although direct demonstration of RdRP activity associated with the cloned gene product was
not possible (Schiebel et al. 1998). Subsequently, it was shown that the plant RdRP gene had
homologs in fungi [e.g., QDE-1 in Neurospora crassa (Cogoni and Macino 1999)] and
nematodes [EGO-1 and RRF genes in Caenorhabditis elegans (Smardon et al. 2000)]. In all
cases, these genes were shown to be essential for gene silencing events: co-suppression in
plants (Mourrain et al. 2000); quelling in N. crassa (Cogoni and Macino 1999); and RNA
interference (RNAi) in C. elegans (Smardon et al. 2000). In particular, the RdRP is implicated
in the genesis and/or maintenance of the gene silencing trigger, double-stranded RNA (dsRNA)
(Nishikura 2001). Recently, RdRP activity was shown for the QDE-1 gene product, QDE-1p
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(Makeyev and Bamford 2002), and a structure of this enzyme is imminent (Laurila et al.
2005a). Unfortunately, at this time, the structure-function relationships of this class of RdRPs
remain to be defined.

In this article, we will review our current understanding of the structure, function, and
mechanism of viral RdRPs. It is likely that the unifying principles and corresponding methods
described for viral RdRPs will be useful in guiding studies of cellular RdRPs required for
RNAi.

2 RdRP Structures

Three-dimensional structural information is currently available for RdRPs from five families
of positive-strand [Picornaviridae: poliovirus, human rhinovirus, foot-and-mouth-disease
virus (FMDV); Caliciviridae: rabbit hemorrhagic disease virus, Norwalk virus; and
Flaviviridae: hepatitis C virus, bovine viral diarrhea virus] and double-strand (Cystoviridae:
phage ϕ6 and Reoviridae: reovirus) RNA viruses (Table 1). All enzymes share an overall
structure that resembles a cupped “right hand” and contains “fingers,” “palm,” and “thumb”
domains (Fig. 1). This architecture is shared with distantly related DNA-dependent DNA
polymerases (DdDPs), DNA-dependent RNA polymerases (DdRPs), and RNA-dependent
DNA polymerases (RdDPs or reverse transcriptases). The low level of amino acid sequence
identity seen in polymerases from different classes strongly suggests that the structural
elements that are conserved in evolutionarily distant species serve important functional roles.
In addition to these three central domains, an N-terminal domain that bridges the fingers and
thumb domains is found in all RdRPs. In the RdRPs from the Flaviviridae, Cystoviridae, and

Reoviridae, C-terminal domains that enter or encircle the central cleft of the enzyme are also
found.

Six sequence and structural motifs (designated A to F) have been identified in RdRPs (Bruenn
2003; Hansen et al. 1997; Kamer and Argos 1984; O’Reilly and Kao 1998). Most of these
motifs are also shared with RdDPs, DdDPs, and DdRPs, indicating the fundamental importance
of these structural elements in the enzymatic function of polymerases. Indeed, residues from
most of these motifs have been shown to play critical roles in the binding of metal ions,
nucleoside triphosphates, and RNA, all of which are critical for the nucleotidyltransferase
reaction catalyzed by RdRPs. In the three-dimensional structures of RdRPs, these motifs line
the central cavity that is responsible for binding substrates and cofactors, as well as catalyzing
the nucleotidyltransferase reaction.

3 Structures of RdRP Complexes

3.1 Divalent Metal Ions

The dependence of polymerase activity upon divalent metal ions was initially demonstrated in
early studies of DdDPs, and structural work on a wide range of phosphotransfer enzymes
indicates that a basic mechanism involving two metal ions at the active site is a common feature
of most if not all DdDPs, DdRPs, RdDPs, and RdRPs (Doublie and Ellenberger 1998; Doublie
et al. 1999; Rothwell and Waksman 2005; Steitz 1998). In RdRPs, divalent metal ion
dependence was initially demonstrated in poliovirus and subsequently shown to involve several
of the most highly conserved residues in all RdRPs (Arnold et al. 1999; Flanegan and Baltimore
1977; Jablonski and Morrow 1995). Mutagenesis studies and crystal structures indicate that
metal binding may occur at multiple sites near the active site. Two metal ions [designated A
and B, according to Steitz (1998)] appear to be the most important for enzymatic activity. Metal
ion A coordinates to the α-phosphate group of the nucleoside triphosphate (NTP) and the 3′-
OH of the nascent primer, as well as the side chain carboxylate groups of the two consecutive
Asp residues in motif C and the first Asp at the beginning of motif A (Fig. 2). Metal ion B
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coordinates to the β- and γ-phosphate groups of the NTP, as well as the first two aspartic acid
residues of motif A and the first of the two consecutive Asp residues in motif C.

Mutating the Asp residues in motifs A and C that coordinate to the divalent metal ions
inactivates or alters the activity of several RdRPs (Arnold et al. 1999; Jablonski and Morrow
1995; Vazquez et al. 2000). In addition, altering the nature of the metal ions by introducing
different ions such as Mg2+, Mn2+, Ca2+, and Fe2+ affects the polymerase activity of RdRPs
in a number of different ways. Properties observed in Mg2+ are most consistent with properties
observed biologically. The structure of bacteriophage ϕ6 RdRP in complex with Ca2+ reveals
an inactive arrangement of active site residues distinct from that seen in the enzyme bound to
Mg2+ and Mn2+ (Salgado et al. 2004).

3.2 Nucleoside Triphosphates

The binding of NTPs to RdRPs primarily involves contacts with the triphosphate and sugar
moieties, with the base forming interactions primarily with the primer and template (Fig. 2).
The triphosphate moiety forms interactions with both divalent metal ions, as well as the
positively charged side chains of Arg and Lys residues in motif F. The carboxylate side chain
of a highly conserved Asp near the middle of motif A appears to form a critical hydrogen bond
for distinguishing the 2′-OH of NTPs from the 2′-H of dNTPs (Arnold and Cameron
2004;Gohara et al. 2004;Gohara et al. 2000).

NTP-binding has also been observed in a number of RdRPs at sites other than the active site.
In hepatitis C virus (HCV) and bovine viral diarrhea virus (BVDV) RdRPs, a regulatory
guanosine triphosphate (GTP)-binding site has been localized (Bressanelli et al. 2002; Cai et
al. 2005; Choi et al. 2006; Choi et al. 2004). In addition, a number of RdRP complexes have
been obtained with NTPs in the absence of RNA (Ago et al. 1999; Bressanelli et al. 2002;
O’Farrell et al. 2003; Thompson and Peersen 2004). Although the binding modes for NTPs
that are observed in these complexes are sometimes similar to the productive mode expected
for the phosphotransfer reaction, the absence of base-pairing with the template RNA strand
usually leaves the base in a conformation that differs substantially from that expected in the
productive mode.

3.3 RNA

At least two distinct modes of RNA binding have been seen in the two major divisions in the
RdRP family. In the RdRPs from Picornaviridae and Caliciviridae, the RNA-binding cleft is
approximately 15 Å wide and can fit an A-form RNA duplex, as seen in the FMDV RdRP-
RNA complex (Fig. 1A) (Ferrer-Orta et al. 2004) and resembling the mode of DNA binding
seen in numerous DdDPs and DdRPs. In contrast, the RdRPs from Flaviviridae

andCystoviridae contain protein structures that obstruct the cleft, preventing the binding of
duplex RNA and providing a platform for the assembly of an initiation complex in the absence
of an RNA primer (Fig. 1B,2A;Tao et al. 2002). RNA complexes from these RdRPs reveal a
binding cleft that is suited more for binding a single strand of RNA template forming Watson-
Crick base pairs with only a short segment of primer RNA (Butcher et al. 2001;O’Farrell et al.
2003). In the reovirus RdRP, a large C-terminal domain is situated in front of the active site
cleft without blocking the entry of short RNA primers, thus forming a “cage” around the
polymerase active site (Fig. 1C,2B;Tao et al. 2002). The initiation complex seen in this enzyme
is similar to that seen in bacteriophage ϕ6 RdRP, with a priming loop extension of the palm
domain forming a platform for dinucleotide synthesis. This loop moves away from the active
site to allow for the formation of longer double-strand products, probably in a manner more
similar to that expected for the primer-dependent RdRPs.
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3.4 Proteins and Higher-Order Complexes

RdRPs have been shown to interact with a number of proteins produced by either the virus or
the host, particularly during the initiation of RNA replication. In the Picornaviridae, a 22-
amino-acid virally encoded initiator protein called VPg (virion protein genome linked) is
uridylylated by the RdRP as an initial step in replication (Lee et al. 1977; Nomoto et al.
1977; Paul et al. 1998). The structure of the FMDV RdRP-VPg complex reveals interactions
between VPg and the RdRP active-site cleft that position the side-chain hydroxyl group of Tyr
3 in VPg near the α-phosphate moiety of the uridine triphosphate (UTP) cosubstrate (Ferrer-
Orta et al. 2006). In combination with mutational studies (Boerner et al. 2005; Lyle et al.
2002; Pathak et al. 2002), this structure reveals a number of residues in the active site cleft
involved with the binding of VPg and with the uridylylation reaction involved with the
initiation of RNA synthesis.

Higher-order complexes involving proteins and RNA structures are also formed by RdRPs and
alternate forms of RdRPs, such as the proteinase-polymerase fusions seen in picornaviruses
(Cornell and Semler 2002; Parsley et al. 1999; Ypma-Wong et al. 1988) and caliciviruses
(Belliot et al. 2005; Belliot et al. 2003; Kaiser et al. 2006; Sosnovtseva et al. 1999; Wei et al.
2001). Although the formation of such complexes is best understood in the picornaviruses,
especially poliovirus, no structural information on these complexes is available at present
(Andino et al. 1999; Andino et al. 1993; Andino et al. 1990; Paul et al. 2003). It is likely that
higher-order complexes involving RdRPs, other proteins, and RNA play critical roles in the
initiation of RNA synthesis, translation, and RNA packaging for most, if not all, RNA viruses
(Ortin and Parra 2006).

3.5 Inhibitors

Due to the severe threat to public health posed by HCV, an intensive search for novel antiviral
therapies to treat HCV infection has been conducted in the past decade. A wide variety of
inhibitors have been identified that target the RdRP from HCV. Most interesting among these
have been a series of nonnucleoside inhibitors that appear to bind near the base of the thumb
domain to allosterically inhibit polymerase activity, possibly by interfering with a
conformational change required for normal catalytic activity (Biswal et al. 2005; Biswal et al.
2006; Dhanak et al. 2002; Di Marco et al. 2005; Gopalsamy et al. 2006; Harper et al. 2005;
Love et al. 2003; Tomei et al. 2003; Wang et al. 2003). It is interesting to note that alternate
conformational states have been observed in several RdRP structures (Biswal et al. 2005; Choi
et al. 2004; Ng et al. 2002), suggesting that important conformational changes may accompany
enzymatic catalysis as seen in other classes of polymerases (Doublie et al. 1999; Rothwell and
Waksman 2005).

4 Phosphodiester Bond Formation

4.1 Two Metal Ion Mechanism

The chemistry at the active site of all nucleic acid polymerases studied to date is facilitated by
a two metal ion mechanism that was proposed by Steitz based on his structural work on the
magnesium-dependent exonuclease activity of DNA polymerase I from Escherichia coli

(Steitz 1993). The model shown in Fig. 3 has been adapted for enzymes with a palm-based
active site, which includes the viral RdRP. A magnesium (metal B)-nucleotide complex binds
to the active site followed by binding of a second magnesium ion (metal A). The metal
designations reflect the occurrence of metal A in some structures in the absence of nucleotide
substrate. Metal A is thought to be involved in activation of the 3′-OH for nucleophilic attack
by lowering its pKa value. Metal B orients the β- and γ-phosphates of the nucleotide substrate
and stabilizes the negatively charged pentavalent phosphorane transition state (Fig. 4).

Ng et al. Page 4

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2008 June 30.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



The two metal ion mechanism implies that side chains of active site residues do not participate
directly in catalysis, only indirectly as ligands for one or more of the magnesium ions (Steitz
1993). However, two proton transfer reactions must occur during the reaction. The 3′-OH
nucleophile must be deprotonated and the pyrophosphate (PPi) leaving group must be
protonated (Fig. 4). The acceptor and donor for these key proton transfer reactions is not known
and is not likely to be solvent given the dearth of ordered solvent in structures of complexes
thought to mimic the catalytically active polymerase-nucleic acid-nucleotide complex
(Doublie et al. 1998; Franklin et al. 2001; Johnson et al. 2003; Sawaya et al. 1997; Yin and
Steitz 2004).

4.2 Initiation Vs Elongation

Formally there are two mechanisms for initiation of RNA synthesis: primer independent (de
novo) and primer dependent. De novo initiation requires formation of a phosphodiester bond
between two ribonucleotides (Fig. 5A). For replication, initiation is templated by the extreme
3′-end of template; however, for transcription, initiation may be templated by internal positions.
In Fig. 5A, the 3′ nucleotide defining the site of initiation has been designated “n.” Residues
at the n and n+1 positions of template define the primer (P) and nucleotide (N) binding sites.
The 3′-OH of the P-site NTP attacks the α-phosphorous of the N-site NTP to form a
dinucleotide. Iterative rounds of incorporation and translocation will ultimately yield a stable
elongation complex (Fig. 5B).

De novo initiation generally employs purine nucleotides, often with a preference for GTP at
the P-site. With some enzymes, guanosine, guanosine monophosphate (GMP), and guanosine
diphosphate (GDP) can substitute for a P-site GTP (Martin and Coleman 1989). Because base-
pairing alone is insufficient to stabilize the P-site NTP and the triphosphate is not essential for
P-site occupancy, specialized structural elements are employed. For example, in bacteriophage
ϕ6, a specialized carboxyterminal domain presents at least one tyrosine for stacking with the
P-site NTP (Butcher et al. 2001). The reovirus polymerase has a specialized loop that serves
a similar function (Tao et al. 2002). The dinucleotide product is unstable. As a result, abortive
cycling is often observed for polymerases that initiate de novo. Formation of a stable elongation
complex generally coincides with formation of an RNA product long enough to form a stable
duplex with the template and may require substantial conformational rearrangements of the
polymerase (Yin and Steitz 2004).

Enzymes that employ a primer-dependent mechanism for initiation will use either a protein
primer or an oligonucleotide of defined origin but random sequence (van Dijk et al. 2004). As
discussed in Sect. 3.4, picornaviruses use the tyrosine hydroxyl group of VPg as the
nucleophile. VPg binds to the RNA binding pocket of the polymerase independent of the
template (Ferrer-Orta et al. 2006). This mechanism has all of the features of a stable elongation
complex: limited, if any, abortive cycling and no requirement for large conformational
rearrangements.

Transcription by the influenza virus RNA polymerase employs a “cap-snatching” mechanism.
Capped mRNAs are cleaved by a subunit of the heterotrimeric polymerase complex to produce
capped RNA oligonucleotides (10-15 nt) that are used to prime transcription (van Dijk et al.
2004). The cap is the major determinant for recognition by the endoribonuclease activity of
the polymerase complex. The capped RNA product binds stably to the polymerase complex
(t1/2 ∼1 h) (Olsen et al. 1996). The 3′-OH of the terminal nucleotide serves as the nucleophile,
with the template being held in the complex independently. Again, this approach provides the
advantages of the elongation complex described above. However, this approach can only be
used for genome replication if the sequences at the ends of the genome lack information: coding
sequence, cis-acting elements, etc.
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5 Fidelity

RdRPs have often been described as error-prone polymerases. However, it has become
increasingly clear that these polymerases are as faithful as replicative DNA polymerases in the
absence of their proofreading exonuclease (Castro et al. 2005). Indeed, biochemical,
phenotypic, and direct sequencing experiments have shown that RNA virus polymerases
incorporate transition mutations at a frequency of 10-5 and transversions mutations at a
frequency of 10-6-10-7 (Castro et al. 2005). The kinetic and structural bases for fidelity of
nucleotide selection is understood best for the RdRP from poliovirus (3Dpol).

5.1 Kinetic Basis

A complete kinetic mechanism for the single nucleotide addition cycle catalyzed by 3Dpol (E)
is known. 3Dpol binds to a primer-template substrate (Rn) with a equilibrium dissociation
constant in the micromolar range (Arnold and Cameron 2000). This complex isomerizes to
form ERn, a complex that has a half-life on the order of 2-4 h and is competent for binding
nucleotide (Arnold and Cameron 2000). As shown in Fig. 6, binding of nucleotide to ERn yields
a complex, ERnNTP, that undergoes a conformational change to produce a catalytically
competent complex (*ERnNTP) (Arnold and Cameron 2004). This conformational change has
been suggested to be reorientation of the triphosphate moiety of the incoming NTP into a
position suitable for catalysis and coordination of metal A (Arnold et al. 2004). Chemistry
occurs (ERn+1PPi) followed by translocation with concomitant release of PPi, placing the
enzyme in the appropriate register for another round of nucleotide incorporation.

Binding of nucleotides to the ERn complex is driven by the interaction of the triphosphate with
motif F of the enzyme (Arnold and Cameron 2004). As a result, nucleotides with an incorrect
base or sugar configuration (e.g., 2′-dNTPs) bind as well as the correct nucleotide. However,
incorrect nucleotides are incapable of forming a *ERnNTP complex that is stable enough to
undergo catalysis (Arnold and Cameron 2004; Arnold et al. 2004). In addition, the rate constant
for chemistry is reduced significantly when an incorrect nucleotide is bound (Arnold and
Cameron 2004; Arnold et al. 2004).

5.2 Structural Basis

Only one crystal structure is available for an RdRP complex that may represent ERnNTP or
*ERnNTP (Tao et al. 2002). However, the conserved nature of palmbased active sites combined
with kinetic and thermodynamic analyses of site-directed mutants with nucleotide analogs has
led to a structural model for nucleotide selection by 3Dpol that extrapolates well to other classes
of nucleic acid polymerases (Gohara et al. 2004). Shown in Fig. 7 is a model for *ERnNTP
(Gohara et al. 2004). The orientation of the triphosphate dictates both the stability of this
complex and catalytic efficiency. The orientation of the triphosphate requires interaction with
conserved structural motif A. Note that one residue of motif A, Asp-238, is located in the
nucleoside binding pocket. Binding of a nucleotide with an incorrect base or ribose
configuration will alter the dynamics or equilibrium position of Asp-238. This perturbation
will be communicated to the active site by changes in the positions of the other motif A residues,
placing the triphosphate in a suboptimal orientation and leading to a destabilized *ERnNTP
complex with reduced catalytic efficiency.

6 RdRPs of RNAi

Very little is known about the structure, function, and mechanism of the RdRPs of RNAi. The
most conserved region, based on sequence alignments, is shown in Fig. 8 and represents, at
best, 20% of the protein (Huang et al. 2003). The DxDGD motif has been shown to be essential
for RdRP activity (Makeyev and Bamford 2002) and is reminiscent of the metal-binding GDD
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motif (motif C) of the viral RdRPs. The enzyme clearly has a requirement for divalent cation
(Makeyev and Bamford 2002). Studies of the enzyme from N. crassa have suggested that the
enzyme lacks template specificity and uses a de novo initiation mechanism, initiating both
from the end and perhaps from internal positions (Makeyev and Bamford 2002). When
initiating from an end, long products can be produced (Makeyev and Bamford 2002), consistent
with the observation of transitive silencing in related systems (Sijen et al. 2001). The primary
product of the reaction is single-stranded RNA on the order of 20 nt in length, a size appropriate
for direct incorporation into the RISC complex (Sijen et al. 2001).

7 Concluding Remarks

Our current understanding of viral RdRPs has required the capacity to apply molecular genetic,
biochemical, and structural approaches. Analysis of cellular RdRPs has not reached this stage
but is well on its way. N. crassa is clearly an organism amenable to molecular genetics and a
biochemical system is available for the RdRP from this organism. Importantly, a structure is
imminent. Note added in proof: The crystal structure of the QDE-1, a cell-encoded RdRP from
N. crassa was recently reported (Salgado et al. 2006). The publication reporting this structure
is, These major advances in the N. crassa system will undoubtedly have a major impact on
progress in other systems.
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Fig. 1.
A-C Overall structures of RdRPs. Ribbon representations of RdRP structures (rainbow
coloring with blue at the N-terminus and red at the C-terminus) bound to RNA template
(black) and primer (gray) strands: A FMDV (1WNE) (Ferrer-Orta et al. 2004); B Bacteriophage
ϕ6 (1HI0) (Butcher et al. 2001); C Reovirus (1N35) (Tao et al. 2002). Two views are presented
for each structure, a “front” view down the axis of the RNA-binding, active site cleft (left

panel) and a “side” or “back” view into the active site. Divalent metal ions at the active site in
B and C are drawn as magenta spheres. Asp-338 in motif C of FMDV is drawn in space-filling
representation as magenta spheres to mark the position of the active site in the absence of
bound divalent metal ions
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Fig. 2.
A, B Structures of E·RNA·NTP complexes. A RNA primer-dependent elongation complex
formed by reovirus RdRP (1N35) (Tao et al. 2002). B Primer-independent (de novo) initiation
complex formed by bacteriophage ϕ6 RdRP (1HI0) (Butcher et al. 2001). Divalent metal ions
are drawn as magenta spheres. Coordination and hydrogen bonds are drawn as dashed, red

lines. The 3′-terminal residue of the RNA primer in reovirus RdRP is drawn in gray and the
two residues of the RNA template that are complementary to the 3′-terminal residue of the
RNA primer and the 3′-dNTP are drawn in black. The long, 4.5-Å distance between the 3′-OH
of the primer and metal ion A is drawn in magenta as a dashed line

Ng et al. Page 14

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2008 June 30.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 3.
Two-metal-ion mechanism for nucleotidyl transfer. The nucleoside triphosphate enters the
active site with a divalent cation (Mg2+, metal B). This metal is coordinated by the β- and γ-
phosphates of the nucleotide, by an Asp residue located in structural motif A of all polymerases,
and likely water molecules (indicated as oxygen ligands to metal without specific designation).
This metal orients the triphosphate in the active site and may contribute to charge neutralization
during catalysis. Once the nucleotide is in place, the second divalent cation binds (Mg2+, metal
A). Metal A is coordinated by the 3′-OH, the α-phosphate, and Asp residues of structural motifs
A and C. This metal lowers the pKa of the 3′-OH facilitating catalysis at physiological pH.
(Adapted from Liu and Tsai 2001)

Ng et al. Page 15

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2008 June 30.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 4.
Pentavalent phosphorane transition state. During the nucleotidyl transfer reaction, two proton
transfer reactions must occur. The proton from the 3′-OH nucleophile must be removed; a
proton must be donated to the pyrophosphate leaving group. To date there is no information
on these steps of the nucleotidyl transfer reaction
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Fig. 5.
A, B De novo initiation and elongation complexes. A De novo initiation of RNA synthesis
involves binding of the initiating nucleotide (GTPi; red) at the priming or initiation site (P-
site;green box) and binding of the first NTP substrate (GTPi+1; blue) to the nucleotide binding
site (N-site; white box). Specific binding sites for divalent cations (pink circles A and B) are
shown in close proximity to the α-, β-, and γ-phosphates of the first nucleotide substrate. B
Elongation complex. Nucleotide addition during elongation involves binding of the nascent
RNA primer strand, positioning of the 3′-terminal nucleotide in the P-site, and binding of the
first NTP substrate (i+1, blue) to the nucleotide binding site (N-site; white box)
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Fig. 6.
Elongation cycle. The stages of RNA synthesis can be divided into four steps: nucleotide
binding (step 1), a conformational-change step, thought to be orientation of the triphosphate
for catalysis (step 2), chemistry (step 3), and translocation (step 4)
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Fig. 7.
Structural basis for fidelity. The nucleotide-binding pocket of all nucleic acid polymerases with
a canonical “palm”-based active site is highly conserved. The site can be divided into two parts:
a region that has “universal” interactions mediated by conserved structural motif A that
organize the metals and triphosphate for catalysis, and a region that has “adapted” interactions
mediated by conserved structural motif B that dictate whether ribo- or 2′deoxyribonucleotides
will be utilized. In the classical polymerase, there is a motif A residue located in the sugar-
binding pocket capable of interacting with the motif B residue(s) involved in sugar selection.
This motif A residue in other polymerases could represent the link between the nature of the
bound nucleotide (correct vs incorrect) to the efficiency of nucleotidyl transfer as described
herein for Asp-238 of 3Dpol. (Gohara et al. 2004)
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Fig. 8.
Alignment of conserved regions of RNAi RdRPs. Comparison of putative RdRP amino acid
sequence from different organisms including tomato plant, Neurospora (QDE-1), C. elegans

(EGO-1, RRF-1), Arabidopsis (SDE1), and Dictyostelium discoideum (RrpA). Amino acids in
red indicate conserved residues in all sequences in the alignment. Those in blue and green

indicate conservative substitutions and semi-conservative substitutions, respectively
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Table 1

Crystal structures of RdRPs

Virus PDB Res. (Å) Details Reference(s)

A. Apo and metal-liganded polymerase structures
PV type 1 1RDR 2.4 Partial structure, non-native N-terminus Hansen et al. 1997

1RA6 2.0 Full-length with native N-terminus Thompson and Peersen
2004

1RAJ 2.5 68-residue N-terminal truncation
1TQL 2.3 G1A N-terminal residue mutant

HRV-1B 1XR6 2.5 Full-length complex with K+ Love et al. 2004
HRV-14 1XR5 2.8 Full-length complex with Sm3+

HRV-16 1XR7 2.3 Full-length native
1TP7 2.4 Full-length native with C-terminal His-tag Appleby et al. 2005

FMDV 1UO9 1.9 Full-length native Ferrer-Orta et al. 2004
RHDV 1KHV 2.5 Full-length complex with Lu3+ Ng et al. 2002

1KHW 2.7 Full-length complex with Mn2+

NV 1SH0 2.2 Full-length native Ng et al. 2004
1SH2 2.3
1SH3 2.9
2B43 2.3 Full-length native N/A

HCV 1C2P 1.9 21-residue C-terminal truncation Lesburg et al. 1999
1CSJ 2.8 55-residue C-terminal truncation Bressanelli et al. 1999
1NB4 2.0 21-residue C-terminal truncation+C-terminal

His-tag
O’Farrell et al. 2003

1QUV 2.5 21-residue C-terminal truncation Ago et al. 1999
BVDV 2CJQ 2.6 Residues 92-672, not domain-swapped Choi et al. 2006

1S48 3.0 Residues 92-679, domain-swapped N-terminus Choi et al. 2004
1S4F 3.0 Residues 92-674, domain-swapped N-terminus

Reovirus 1MUK 2.5 Full-length native Tao et al. 2002
Phage ϕ6 1HHS 2.0 Full-length complex with Mn2+ Butcher et al. 2001

1HI8 2.5 Selenomethionine derivative with Mg2+

1WAC 3.0 Initiation platform mutant Laurila et al. 2005b
B. RdRP complexes with NTPs, RNA, and proteins
PV type 1 1RA7 2.3 GTP complex Thompson and Peersen

2004
FMDV 1WNE 3.0 Primer-template complex Ferrer-Orta et al. 2004

2D7S 3.0 VPg complex Ferrer-Orta et al. 2006
2F8E 2.9 VPg-UMP complex

Reovirus 1MWH 2.5 Cap complex Tao et al. 2002
1N1H 2.8 Initiation complex with GTP+template RNA
1N38 2.8 Short elongation complex
1N35 2.5 Long elongation complex

Phage ϕ6 1HHT 2.9 RNA template complex Butcher et al. 2001
1HI0 3.0 Initiation complex with GTP+template RNA
1HI1 3.0 ATP complex
1UVI 2.1 Complex with 6 nt RNA Salgado et al. 2004
1UVJ 1.9 Complex with 7 nt RNA
1UVK 2.4 Dead-end complex
1UVL 2.0 Complex with 5 nt RNA, conformation A
1UVM 2.0 Complex with 5 nt RNA, conformation B
1UVN 3.0 Ca2+ inhibition complex+RNA+NTPs

C. RdRP complexes with inhibitors
HCV 1GX5 1.7 GTP+Mn2+ complex Bressanelli et al. 2002

1GX6 1.8 UTP+Mn2+ complex
1NB6 2.6 UTP complex O’Farrell et al. 2003
1NB7 2.9 U4 complex
1NHU 2.0 Non-nucleoside inhibitor complexes Wang et al. 2003
1NHV 2.9
1OS5 2.2 Non-nucleoside inhibitor complex Love et al. 2003
1YVF 2.5 Non-nucleoside inhibitor complexes Pfefferkorn et al. 2005a,b
1Z4U 2.8
1YVX 2.0 Non-nucleoside inhibitor complexes Biswal et al. 2005
1YVZ 2.2
2AWZ 2.1 Covalent inhibitor complexes Powers et al. 2006
2AX0 2.0
2AX1 2.1
2BRK 2.3 Non-nucleoside inhibitor complexes Di Marco et al. 2005
2BRL 2.4
2D3U 2.0 Non-nucleoside inhibitor complexes Biswal et al. 2006
2D3Z 1.8
2D41 2.1
2GC8 2.2 Non-nucleoside inhibitor complex Gopalsamy et al. 2006
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BVDV, bovine viral diarrhea virus; FMDV, foot-and-mouth disease virus; HCV, hepatitis C virus; HRV, human rhinovirus; N/A, Reference not currently
available; NV, norovirus; PDB, Protein Data Bank; PV, poliovirus; Res., maximum resolution limit of diffraction; RHDV, rabbit hemorrhagic disease
virus
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