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ABSTRACT: The fidelity of the poliovirus RNA-dependent RNA polymerase (3Dpol) plays a direct role in the
genomic evolution and pathogenesis of the virus. A single site mutation (Gly64Ser) that is remote from the
catalytic center results in a higher fidelity polymerase. NMR studies with [methyl-13C]methionine-labeled
protein were used to compare the solution structure and dynamics of wild-type and Gly64Ser 3Dpol. The
chemical shifts for the Met6 resonance were significantly different between wild-type and Gly64Ser 3Dpol

when bound in ternary complexes with RNA and incorrect, but not with correct, nucleotide, suggesting that
the Gly64Ser mutation induces structural changes in the N-terminal β-strand when the enzyme is bound
to incorrect but not correct nucleotide. We also observe changes in the transverse relaxation times for
methionines near regions important for nucleotide and RNA binding and catalysis. Our strategy to assign the
[methyl-13C]methionine resonances involved separately mutating each of the 17 methionines. Several
substitutions produced additional resonances for both Met6 and Met187, a reporter for RNA binding,
and conformational changes in the highly conserved motif B loop, even though these methionines are greater
than 20 Å apart. The results forGly64Ser and the other mutants are intriguing considering that they can result
in structural and/or dynamic changes to methionines distant from the site of mutation. We propose that there
is a long-distance network operating throughout 3Dpol that coordinates ligand binding, conformational
changes, and catalysis. Mutation of Gly64 results in structural and/or dynamic changes to the network that
may affect polymerase fidelity.

Positive-strand RNA1 viruses cause a variety of acute and
chronic diseases in humans including the common cold, myo-
carditis, hepatitis, severe acute respiratory syndrome (SARS),
and liver cancer (1-4). The enzyme responsible for replicating the
genomes of RNA-based viruses is the virally encoded RNA-
dependent RNA polymerase (3Dpol). The polymerase from
poliovirus (PV) has emerged as an important model system for
understanding the function of 3Dpol enzymes (5). Intriguingly,
the error frequency or “fidelity” of PV 3Dpol appears to be very
important to the biology and pathogenesis of poliovirus. For
example, restriction of genetic variability within a population of
poliovirus through expression of a mutant high-fidelity 3Dpol

leads to lower tissue adaptability and viral pathogenicity (6-9).
This suggests that understanding the function and fidelity
mechanisms of 3Dpol has a direct bearing on disease intervention.

Antiviral strategies may include targeting 3Dpol by small mole-
cules to inhibit its activity and/or change its fidelity (10-13), or
alternatively, virus encoding 3Dpol enzymes with altered fidelity
may be potentially used as live, attenuated vaccine strains (7, 14).

PV 3Dpol has a “cupped right-hand” structure with fingers,
palm, and thumb subdomains that is common to many other
RNA and DNA polymerases (15-17) (Figure 1). Most of the
catalytic machinery is found in the palm region, including the
conserved structural motifs A-E (5, 18). Asp233 in motif A and
Asp328 in motif C help to coordinate magnesium and bind the
phosphate groups of the incoming nucleotide (19, 20). The other
highly conserved aspartate in motif A, Asp238, along with
Asn297 from motif B participates in hydrogen bond interactions
with the ribose group of the incoming nucleotide; these interac-
tions are critical for proper sugar selection (19-21).

There are five proposed kinetic intermediates in the catalytic
cycle of 3Dpol: enzyme binds RNA (E:Rn), followed by binding of
nucleotide to form a ternary complex (E:RnNTP) that then
undergoes a conformational change to form a complex competent
for phosphoryl transfer (*E:RnNTP). Phosphodiester formation
occurs to yield the ternary product complex (*E:Rnþ1PPi) that
then undergoes another conformational change (E:Rnþ1PPi),
followed by the release of pyrophosphate (E:Rnþ1) (22, 23). In
PV 3Dpol, the conformational change step prior to phosphoryl
transfer and the phosphoryl transfer step itself are both partially
rate limiting (22, 23). Thus, correct and incorrect nucleotide
incorporation can be distinguished by kinetic differences in both
of these steps.
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The conformational change prior to chemistry is observed in
most replicative nucleic acid polymerases (16, 24). However,
there is some controversy concerning the nature of the conforma-
tional change (16, 25). It has been suggested that in some nucleic
acid polymerases the conformational change is a global “open-
closed” conformational change (16), but in 3Dpol the conforma-
tional change step is likely to be more localized and traced
to structural changes of motifs A and B (22, 23). For instance,
the interaction between Asp238 and Asn297 observed in the
unliganded enzyme occludes the ribose-binding pocket, and
consequently, there must be a conformational change involving
residues in motifs A and B in order for nucleotide to bind (19).
Further structural changes involving Asp238, Asn297, and other
residues in motif B such as Ser288 and Thr293 are also predicted
to occur in order for the triphosphate group to align for
catalysis (19, 22, 23). This suggestion is in agreement with crystal
structures of foot-and-mouth disease virus (FMDV) 3Dpol that
show localized structural changes to motifs A and B upon
formation of the ternary complex with RNA and nucleoside
triphosphate (NTP) (26). The highly conserved loop in motif B
in FMDV 3Dpol (β10-R13 loop according to PV numbering
and containing residues 285-293, β9-R11 loop according to
FMDV) changes conformation to accommodate different nucleo-
tides and RNA (26). The conformational change may also
involve structural rearrangements in motif D to bring Lys359
into a position where it can act as a general acid to protonate the
pyrophosphate leaving group (27, 28).

Some insight into the function and fidelity of PV 3Dpol can be
gained by the functional and structural characterization of
mutant enzymes that either increase or decrease polymerase
fidelity. For example, mutation of the highly conserved Gly64
present on the R1-R2 loop (containing residues 61-71) in the
fingers domain to Ser results in a higher fidelity polymerase. The
rate of correct nucleotide incorporation is ∼6000-fold greater
than incorrect nucleotide incorporation for wild-type 3Dpol,

whereas for Gly64Ser 3Dpol, correct nucleotide incorporation is
∼9000-fold greater than incorrect nucleotide incorporation (i.e.,
the fidelity of Gly64Ser 3Dpol is∼1.5-fold greater than wild-type
3Dpol) (6). Thus, for Gly64Ser 3Dpol, nucleotide incorporation is
more stringent, and this leads to a lower error rate and decreased
diversity within the viral population (6, 7). The differences in
fidelity are not due to differences in nucleotide binding or to the
rates of phosphodiester formation but rather appear to be due to
alterations in the conformational change step that brings the
enzyme into an active conformation (6).

Gly64 is involved in a hydrogen-bonding network that
includes residues in the N-terminal β-strand, motif A, and
the β10-R13 loop in motif B (Figure 1B). This suggests that
mutation of Gly64 to Ser may result in structural changes to
the N-terminal β-strand, motif A, and/or the β10-R13 loop.
However, comparison of the X-ray crystal structure of the
unliganded forms of wild-type (WT) and Gly64Ser 3Dpol did
not show any significant structural differences in these re-
gions (29). The crystal structures of WT and Gly64Ser 3Dpol

overlapped to a great extent (rmsd=0.28 Å for the protein
backbone), and there were no obvious structural differences
that pointed toward changes in function and/or fidelity (29, 30).
These results prompted the suggestion that the functional
differences may arise not because of structural changes but due
to differences in the internal protein motions between WT and
Gly64Ser 3Dpol (29, 30). However, it should be noted that
structural differences might only become apparent when the
enzymes are bound to RNA and/or form ternary complexes
competent for phosphodiester formation.Unfortunately, there are
currently no available structures of WT or Gly64Ser PV 3Dpol

bound with RNA that would shed more insight.
We have used solutionNMR to gain insight into the structural

changes that occur when PV 3Dpol binds RNA and nucleotide
and to identify structural and/or dynamic differences between
WT and Gly64Ser 3Dpol that might help to explain their

FIGURE 1: Structure of PV 3Dpol (PDB 1RA6). (A) The locations of the terminal methyl groups of the methionines are indicated as colored
spheres.The conserved structuralmotifs in the palmsubdomain are colored as follows:motifA, red;motif B, green;motifC, yellow;motifD,blue;
motif E, purple.Gly64 is coloredorange, and theN-terminalβ-strand is colored brown. (B)Hydrogenbond interactions involvingGly64,Gly1on
the N-terminal β-strand, Ala239 and Leu241 on motif A, and Gly285 on the β10-R13 loop. Motifs are colored as in (A). Hydrogen bonds are
indicated as black lines.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100833r&iName=master.img-000.jpg&w=300&h=238
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differences in function and fidelity. 3Dpol is challenging to study
by solution NMR, considering that the protein is relatively large
by NMR standards (52 kDa). However, there are now a number
of established strategies to study larger proteins by NMR (31, 32),
including TROSY (transverse relaxation optimized spectroscopy)
based methods to study both backbone amide groups and side-
chain methyl groups (33). In our case, we have isotopically
labeled the terminal methyl groups of the methionine residues
in the protein. This allowed us to quickly adapt existing
protein expression and purification procedures for isotope
labeling (34). During our studies, we identified a complex,
long-distance interaction network operating throughout 3Dpol

that might be responsible for coordinating nucleotide and
nucleic acid binding and catalysis. Moreover, the Gly64Ser
mutation results in structural and/or dynamic changes to
residues on this network. Further delineation of this amino
acid network will bring new insights into the fidelity and
function of PV 3Dpol and related polymerases and can be used
as leverage in rational viral vaccine and/or inhibitor design.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. Site-directed mutagenesis was
carried out using the QuikChange site-directed mutagenesis
kit (Stratagene). Forward and reverse primers were designed
for each of the Met site mutations (Supporting Information
Table S1). Mutations were confirmed by DNA sequencing
(Nucleic Acid Facility, The Pennsylvania State University).
Expression of 3D pol. Expression and purification of

WT and mutant 3Dpol enzymes followed previous procedures
(34-36) with some minor modifications. For the production
of [methyl-13C]methionine-labeled 3Dpol, plasmids expressing
3Dpol were transformed into Met-auxotroph Escherichia coli
B834(DE3) cells and grown in autoinducible minimal medium
containing [ε-13CH3]methionine as described in ref 37. 3Dpol is
expressed as a fusion protein to SUMO and an N-terminal
polyhistidine tag that increases protein production, eases
purification, and allows for production of 3Dpol with the
naturally occurring Gly1 (34, 36).
Protein Purification. Buffer B (100 mM potassium phos-

phate, pH 8.0, 500 mM NaCl, 5 mM imidazole, 5 mM
β-mercaptoethanol, 60 μM ZnCl2, and 20% (w/v) glycerol)
and buffer C (100 mM potassium phosphate, pH 8.0, 500 mM
NaCl, 60 μM ZnCl2, 5 mM β-mercaptoethanol, and 20%
(w/v) glycerol) were prepared. Cell pellets were resuspended
in 50 mL of lysis buffer (50 mL of buffer B, 1.4 μg/mL
pepstatin A, 1 μg/mL leupeptin, 1 mMPMSF, and 0.1%N-P40)
and subjected to sonication. Cell lysates were centrifuged at
30000g and 4 �C for 30min. Supernatant was applied toNi-NTA
(Invitrogen) columns preequilibrated with buffer C1 (buffer C,
5 mM imidazole, and 0.1% N-P40). The resin was washed with
3 bed volumes each of buffer C1 and buffer C2 (buffer C, 5 mM
imidazole), and protein was eluted using high imidazole buffers
C3 (buffer C, 50 mM imidazole) and C4 (buffer C, 500 mM
imidazole). The polyhistidine tag and SUMO protein domain
were cleaved from 3Dpol using the protease Ulp1. Protein
solutions were dialyzed against 80 mM Tris-HCl, pH 8.0,
500 mM NaCl, 20% (w/v) glycerol, 10 mM β-mercaptoethanol,
and 60 μM ZnCl2 overnight (optimal buffer for protease
cleavage) and then dialyzed against 100 mM potassium phos-
phate, pH 8.0, 20% (w/v) glycerol, 10 mM β-mercaptoethanol,
and 60 μM ZnCl2 for 2-3 h. A second Ni-NTA column was

used to separate the purified 3Dpol from the cleaved polyhistidine
tag/SUMO domain, using procedures identical to the first
Ni-NTA column. For WT and Gly64Ser 3Dpol, additional phos-
pocellulose and Q-Sepahrose columns were used to ensure
protein solutions were free of trace contaminants of nuclease
and phosphatase activities (34-36). Proteins were>95%homo-
geneous as estimated byCoomassie blue staining of SDS-PAGE
gels. Protein is stable at 4 �C for 3-4 months under high salt
conditions (80 mM Tris-HCl, pH 8.0, 500 mMNaCl, 20% (w/v)
glycerol, 10 mM β-mercaptoethanol, and 60 μM ZnCl2).
Preparation of RNA Oligonucleotides. The 10-mer single-

stranded RNA oligonucleotides (50-GCAUGGGCCC-30) were
purchased from Dharmacon RNAi Technologies and depro-
tected before use. Deprotection was performed by resuspending
the RNA into 100 mM acetic acid adjusted to pH 3.8 with
tetramethylethylenediamine (TEMED) and incubating for
30min at 60 �C.TheRNA solutionswere dried by SpeedVac, and
the deprotectedRNApellets were then resuspended in 2H2O.The
final stock concentration of ∼7 mM was determined via the
absorbance of the RNA at 260 nm using a calculated extinction
coefficient of 90000 M-1 cm-1. Importantly, the RNA oligonu-
cleotide was previously designed such that it forms a six base pair
duplex flanked by two four-nucleotide 50 overhangs (38). This
symmetrical primer/template substrate (sym/sub) RNA has been
used extensively in the kinetic analysis of PV 3Dpol (22, 23).
Activity Assay of 3D pol-RNA Complex Formation. To

ensure we could achieve complex formation with our purified
protein ([methyl-13C]methionine-labeled WT and Gly64Ser
3Dpol) and the RNA substrate using NMR buffer (10 mM
HEPES, pH 8.0, 200 mM NaCl, 5 mM MgCl2, 20 μM ZnCl2,
0.02% NaN3) in

2H2O, reactions were carried out with 500 μM
ATP or 30-dATP and 10 μM 32P-labeled RNA. For comparison,
reactions were also performed in H2O containing 50 mM
HEPES, pH 7.5, 10 mM 2-mercaptoethanol, 5 mM MgCl2,
20 μM ZnCl2, 500 μM ATP or 30-dATP, and 10 μM RNA and
without 13C-labeled protein. Reactions were initiated by the
addition of 3Dpol to a final concentration of 1 μMand incubated
at 30 �C for 10 min. 3Dpol was diluted immediately prior to use in
50 mM HEPES, pH 7.5, 10 mM β-mercaptoethanol, 60 μM
ZnCl2, and 20% glycerol. Reaction volumes were 50 μL. Reac-
tions were quenched by the addition of ethylenediaminetetra-
acetic acid (EDTA) to a final concentration of 100mM. Products
were resolved from substrate by electrophoresis through a
denaturing polyacrylamide gel, visualized by phosphorimaging,
and quantified by using the ImageQuant software (Molecular
Dynamics) (see Supporting Information Figure S1).
NMR Sample Preparation. For NMR studies, proteins

were concentrated (∼200-400 μM 3Dpol) and then desalted
using spin columns (Thermo Scientific) to exchange into
NMR buffer. For our initial studies with WT and methionine
mutant apoenzymes, and with our CoCl2 titrations and NMR
relaxation experiments, protein was exchanged into 25 mM
potassium phosphate, pH 8.0, 150 mM NaCl, 1 mM DTT, and
0.02% (w/v) NaN3 in 2H2O. For the RNA and nucleotide
binding studies, the buffer used was 10 mM HEPES, pH 8.0,
200 mM NaCl, 5 mM MgCl2, 10 μM ZnCl2 and 0.02% NaN3

in 2H2O. Importantly, there were no significant chemical
shift differences for WT or Gly64Ser 3Dpol between the two
buffer systems. For complex formation, the typical final con-
centrations were 200-250 μMfor 3Dpol, 200-500 μMfor duplex
RNA, 3.1mM for 30-dATP, and 4mM forUTP. In general, a 2:1
duplex RNA:protein ratio was required to saturate 3Dpol
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with sym/sub RNA (i.e., for resonances corresponding to the
unliganded enzyme to disappear) (see Supporting Information
Figure S2). Desalting of the ternary complexes bound with UTP
through spin columns did not result in changes to the NMR
spectrum, suggesting that this complex is quite stable under
NMR conditions.
NMR Spectroscopy. Most NMR experiments were per-

formed on a Bruker Avance III 600MHz spectrometer equipped
with a 5 mm “inverse detection” triple resonance (1H/13C/15N)
single axis gradient TCI cryoprobe. We also attempted to
perform 13C-methyl R2 relaxation dispersion experiments using
a similarly equipped 850 MHz spectrometer. 1H-13C HSQC
spectra were generally acquired as 64 (t1) � 512 (t2) complex
matrix, with 64-128 scans per increment and 1.0 s recovery
delay. A spectrum for WT 3Dpol was also acquired using a
recovery delay of 7.0 s but was not qualitatively different (i.e., no
new resonances were observed) than spectra acquired with a
shorter delay. The spectra of the methionine mutants, along with
WT 3Dpol, were acquired at 298 K. All other experiments were
conducted at 293 K. 4,4-Dimethyl-4-silapentane-1-sulfonic acid
(DSS) was used as an external chemical shift reference.

For themetal titrations, CoCl2 was added to protein in varying
ratios (1:0.06 to 1:1.7 for protein:metal), and the 1H-13C HSQC
was recorded. T1 and T2 relaxation experiments were performed
as described (39, 40). Data for T1 delays were acquired out to 6.4
s, and data for the T2 delays were acquired out to 157 ms. T1 and
T2 experiments were repeated three to four times on two or three
separately expressed and purified samples of WT and Gly64Ser
3Dpol. R2 relaxation dispersion experiments were performed
according to the pulse schemes in refs 41 and 42 using a total
relaxation delay of 10 ms. The Rex values (i.e., R2 contribution
from conformational exchange) were estimated by subtracting
the R2 value estimated under “fast pulsing conditions” (the time
between consecutive 180ο pulses, τ=500 μs, 1/τ=2000 s-1)
from the R2 value estimated under “slow pulsing conditions”
(τ=2500 μs, 1/τ=400 s-1). All NMR spectra and relaxation
data were processed with NMRPipe (43) and analyzed with
NMRView (44).

RESULTS AND DISCUSSION

NMR Assignments of [methyl-13C]Methionine-Labeled
3D pol.We have produced [methyl-13C]methionine-labeled 3Dpol

through overpression of PV 3Dpol in a methionine auxotrophic
strain of E. coli by adapting procedures from previously estab-
lished protocols (34, 36, 37). Importantly, we are able to obtain
0.2-0.4 mM protein samples suitable for NMR. Dynamic light
scattering measurements indicated that the protein exists as a
monomer under the NMR solution conditions (data not shown).

There are 17methionines scattered throughout the structure of
3Dpol, including methionines in the fingers, palm, and thumb
subdomains of 3Dpol (Figure 1A; see also Supporting Informa-
tion Table S1). It should be noted that the overexpression and
purification procedure yields 3Dpol with the correct amino acid
(i.e., glycine) at position 1 rather than a methionine (36). It has
been previously observed that mutations at the amino terminus
result in enzymes with altered enzyme kinetics, due in part to
structural perturbations to Asp238 that is responsible for properly
positioning the incoming nucleotide (36, 45). To assign the reso-
nances in the 1H-13C HSQC spectrum of [methyl-13C]methionine-
labeled 3Dpol (Figure 2), we generated mutants in which each
methionine residue was substituted with an isoleucine residue

(or leucine in the case of Met123Leu). Most of the site mutants
resulted in the elimination of a single resonance, allowing for
straightforward assignment of all 15 resonances observed for
the WT spectrum (Figure 2A). Met286Ile and Met299Ile
mutations did not result in the elimination of any resonances,
although they did result in some chemical shift changes
(Supporting Information Table S2). Both methionine residues
belong to motif B and are in close structural vicinity to each
other. Mutation of the other methionines did not reveal any
other peaks that might be obscured in the WT spectrum. This
suggests that the peak intensities for Met286 and Met299 are
quite low compared to the other methionines. It should also be
noted that binding of RNA and/or nucleotide did not result in
any new resonances that might be ascribed to Met286 or
Met299.
Paramagnetic Shifts Resulting from Addition of Co2þ.

We also recorded the 1H-13C HSQC of [methyl-13C]methionine-
labeled 3Dpol upon addition of stoichiometric amounts ofMgCl2
and CoCl2. It has been previously observed that 3Dpol can use
Co2þ cofactor for catalysis (35). Addition of Mg2þ had little
effect on the 3Dpol spectrum, other than a small chemical shift
change to Met6 (data not shown), but addition of the para-
magnetic ion Co2þ resulted in chemical shift changes forMet225,
Met323, Met392, and Met394, with smaller chemical shift
changes for Met74 and Met354 (Figure 2B). These findings are
consistent with the resonance assignments of the methionines.
Met225,Met323, andMet354 are all located in the palm region of
3Dpol (Supporting Information Table S1) and are relatively near
the metal binding sites (12-16 Å) compared to most of the other
methionines (>25 Å). Met392 is also relatively close to the metal
binding site, although the orientation of Met394 results in its ε-
methyl group being ∼20-21 Å from the metal binding sites.
Movement of Met394 or structural changes within the thumb
domain may bring Met394 into closer proximity to the metal
binding sites. Unfortunately, direct comparison between methio-
nines is problematic considering that the pseudocontact shift
resulting from the paramagnetic ion has an angular depen-
dence (46, 47), which is different for each of the effected
methionines.
Solvent Accessibility of the Methionines. We also com-

pared the solvent accessibility of the ε-methyl groups of the
methionines to the peak intensities (Figure 2D). The peak
intensity generally correlated with the solvent accessibility of
the methyl probe, as has been previously observed in the DNA
damage recognition proteinUvrB (48). Thismakes intuitive sense
considering that more solvent exposed residues should be less
motionally restricted, leading to longer transverse relaxation
times (T2) and more intense peaks (48). Of course, one major
caveat to this analysis is that exchange broadening can signifi-
cantly reduce the peak intensities. The Met6 resonance has a
much lower signal intensity than what would be expected,
suggesting that Met6 might be experiencing exchange broad-
ening, which is consistent with our R2 relaxation dispersion
experiments (see below). The more solvent exposed methionines,
Met86, Met123, Met189, Met251, and Met392, also have chem-
ical shifts closer to that of free methionine.
Mutational Analysis of 3D pol. Although the assignment of

the [methyl-13C]methionine spectrum of PV 3Dpol was relatively
straightforward using the methionine mutants, some of the
methionine mutants led to additional spectral changes
(Figure 2C, Supporting Information Tables S2-S4). Some of
these spectral changes could be readily rationalized because these
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methionines make direct interactions or they are spatially close.
For example, the backbone nitrogen ofMet95 hydrogen bonds to
the backbone carbonyl oxygen of Met189. The Met95Ile muta-
tion leads to a small chemical shift change to the Met189
resonance (Supporting Information Table S3), and likewise the
Met189Ile mutation leads to a small chemical shift change to the
Met95 resonance (Supporting Information Table S4). Met225
andMet323 are in vanderWaals contact distance. TheMet225Ile
mutation leads to a chemical shift change to the Met323
resonance, and likewise the Met323Ile mutation leads to a
chemical shift change to the Met225 resonance (Supporting
Information Table S4).

However, other spectral changes are less readily rationalized.
For example, the Met299Ile mutation leads to chemical shift
changes to the Met74 and Met354 resonances (Supporting
Information Tables S3 and S4), despite Met299 being ∼12 and
∼17 Å (distances between R-carbons) away from Met74 and
Met354, respectively. An even more dramatic example is the
Met74Ile mutation that results in a chemical shift change to the
Met95 resonance, despite the R-carbons of these amino acids
being ∼30 Å apart.

Half of the methionine mutants (9 of 17) also show spectral
changes to the Met6 and Met187 resonances. The Met74Ile,
Met86Ile, and Met95Ile mutants show similar chemical shift
changes to Met6 and Met187 (Supporting Information Table
S2). Other methionine mutants (i.e., Met141Ile, Met189Ile,
Met251Ile, Met323Ile, and Met354Ile) show two resonances
for both Met6 and Met187; one set of resonances overlap that
of wild-type 3Dpol, whereas the other set of resonances overlap
that of Met74Ile/Met86Ile/Met95Ile 3Dpol (e.g., Figure 2C; also
see Supporting Information Table S2). Mutations leading to this
behavior are found throughout 3Dpol, including amino acid

positions in the fingers (i.e., Met74, Met86, Met95, Met141,
Met189, and Met251) and palm (i.e., Met323 and Met354)
regions of the enzyme. Some of the mutations are near Met187
(e.g., Met95, Met189), but the mutations are all distant (>25 Å)
from Met6. Intriguingly, the methionine mutations result in
similar behavior to both the Met6 and Met187 resonances; that
is, whenever there is chemical shift change, or the appearance of
two resonances for Met6, there is a corresponding change for
Met187. Moreover, the peak ratios between the “major” and
“minor” resonances of Met6 and Met187 are very similar for all
of the mutants that show two sets of resonances for Met6 and
Met187 (Supporting Information Table S5). This suggests that
Met6 and Met187 are somehow conformationally coupled
despite being >26 Å apart (R-carbon distance).
Analysis of RNA Binding and Ternary Complexes of

Wild-Type 3D pol. To gain more insight into the structural
changes to 3Dpol that accompanyRNAbinding and formation of
the ternary complex with both RNA and incoming nucleotide
bound, we titrated 3Dpol with the symmetrical primer/template
substrate (sym/sub RNA) previously developed to study the
kinetic mechanism of PV 3Dpol and nucleotide (Figure 3). Our
strategy to “capture” the ternary complex involved first
adding 30-dATP to the enzyme/RNA mixture that would
become incorporated into the RNA but then would prevent
phosphodiester formation with subsequent nucleotide addi-
tions (“3-blocked RNA”) (Figure 3A). Importantly, there were
no significant chemical shift differences between the enzyme
bound to the original sym/sub RNA and after 30-dATP was
added for WT 3Dpol (Supporting Information Table S6 and
Figure S3), but there were significant chemical shift changes
after the addition of the second nucleotide, UTP (Figure 3B,C,
Supporting Information Table S6), suggesting that we were

FIGURE 2: Assignment of the [methyl-13C]methionineWT3DpolNMRspectrum. (A) The 1H-13CHSQC spectra ofWT3Dpol obtained at 298K
(300 μM3Dpol in 25mMpotassium phosphate, pH 8.0, 150 mMNaCl, 1 mMDTT, 0.02% (w/v) NaN3 in

2H2O). (B)WT 3Dpol titrated with the
paramagneticmetal Co2þ at 293K. The protein concentration of 3Dpol was 180 μM.Co2þ concentrations were 0 (black), 10 (red), 50 (green), 100
(blue), and 300 (magenta) μM. (C) Comparion of the 1H-13C HSQC spectra ofWT (black), Met74Ile (blue), andMet354Ile (magneta) 3Dpol at
298K. (D) Correlation between solvent accessibility and peak intensity. The percent solvent accessibilities were determined using theGETAREA
program with the default radius for the water probe (1.4 Å) (57).

http://pubs.acs.org/action/showImage?doi=10.1021/bi100833r&iName=master.img-001.jpg&w=300&h=266
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successful in capturing the ternary complex bound with 30-blocked
RNA and UTP.

We observed chemical shift changes when the sym/sub RNA
was added and additional chemical shift changes upon formation
of the ternary complex, although some methionines showed
chemical shift changes only for RNA addition or after ternary
complex formation (Supporting Information Table S6). For
example, there were chemical shift changes to the Met392 and
Met394 resonances when RNA was bound, but there were
not any additional chemical shift changes to these resonances
once the ternary complex was formed (Supporting Information
Table S6). Met392 and Met394 are both on the thumb of the
enzyme, and the chemical shift changes may be reporting on the
closing of the active site cleft as the fingers and thumbs “wrap”
around the RNA. The lack of additional chemical shift changes
to these methionine resonances upon formation of the ternary
complex with UTP suggests that the conformational change step
prior to chemistry is not a global closing of the active site (i.e., any
closing of the active site cleft occurs after RNA binding but
before ternary complex formation) consistent with previous
suggestions for PV 3Dpol (5). In contrast, the resonance for
Met225 only showed a chemical shift change once bothRNAand
UTP were bound (Supporting Information Table S6). This
observation is consistent with rearrangements in motif A (and
motif B) that are predicted to occur in order to bring the
triphosphate group of the incoming nucleotide into proper
alignment for phosphodiester formation.

Other methionines showed chemical shift changes both after
RNA and then UTP nucleotide were added (Figure 3). The
resonance forMet187 showed a large chemical shift change when
RNA was added and then a smaller chemical shift change after
forming the ternary complex.Met187 thus appears to be sensitive
to RNA binding, which is consistent with crystal structures of

FMDV 3Dpol that show the equivalent residue to Arg188 in PV
3Dpol interacting with RNA (26). Smaller changes to this region
and/or RNA binding may occur once the ternary complex has
formed.Met6 andMet74 also show chemical shifts changes upon
RNA binding and formation of the ternary complex. Met6 is on
the N-terminal β-strand that makes hydrogen bond interactions
with motifs A and B (Figure 1B) and may be reporting indirectly
on structural changes in these motifs. Met74 is in the fingers
region but makes hydrogen bond interactions with Asp71 and
van der Waals contacts with other residues on the R1-R2 loop
that also interacts with motifs A and B (Figure 1B).

TheMet354 resonance has a small chemical shift change when
RNA is bound but a much larger chemical shift change upon
formation of the ternary complex. Met354 is in motif D that has
been suggested to be the most dynamic structural element of
3Dpol enzymes (28). Motif D has been predicted to undergo a
conformational change in order to properly orient the active site
acid Lys359 for catalysis (28). The large chemical shift change for
Met354 upon formation of the ternary complex is consistent with
structural rearrangements in motif D.
Solution Structure Comparison betweenWT and Gly64-

Ser 3D pol. We also performed similar RNA and nucleotide
binding experiments with Gly64Ser 3Dpol (Figure 4). The
1H-13C HSQCs of Gly64Ser 3Dpol were nearly identical to
that of WT 3Dpol (Figure 2, Supporting Information Table
S6), suggesting that the solution structures of WT and
Gly64Ser 3Dpol are very similar, consistent with the finding
that the crystal structures of the unliganded enzyme are
nearly identical (29). The only significant chemical shift
changes for the unliganded enzymes were for the Met6 and
Met74 resonances (Figure 4A). Gly64 makes hydrogen bond
interactions with Gly1 on the N-terminal β-strand that
includes Met6 (Figure 1B). Upon mutation of Gly64 to Ser,

FIGURE 3: Conformational changes uponbindingRNAand nucleotide toWT3Dpol. (A) Strategy to generate 3Dpol complexes boundwithRNA
and nucleotide. Addition of 30-dATP to the 3Dpol/RNA reaction mixture will result in nucleotide incorporation into the sym/sub RNA but will
prevent additional phosphodiester bond formation with subsequent addition of UTP nucleotide. This will essentially “trap” the enzyme in a
ternary complex bound with 30-blocked RNA and UTP. (B) 1H-13C HSQC comparison ofWT 3Dpol in the unliganded state (black) and in the
ternary complexwith 30-blockedRNAandUTP (blue). (C) Close-up of theMet6,Met74, andMet354 resonances showing a comparison between
unliganded enzyme (black), enzyme bound with sym/sub RNA (before 30-dATP addition) (red), and enzyme bound with 30-blocked RNA and
UTP (blue). 3Dpol (245 μM)was in 2H2O-based 10mMHEPES, pH8.0, 200mMNaCl, 5 mMMgCl2, 10 μMZnCl2, and 0.02%NaN3. Sym/sub
RNA and UTP were at concentrations of 490 μM (duplex concentration) and 4 mM, respectively. Spectra were acquired at 293 K.
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there are additional hydrogen bond interactions with the
side-chain hydroxyl of Ser64 and the carboxylate group of
Glu2 (29). This may result in a small conformational change
that can be transmited to Met6 through the β-strand, result-
ing in the observed chemical shift change. However, it should
be noted that the N-terminal β-strands of WT and Gly64Ser
3Dpol essentially overlap in the crystal structures (rmsd =
0.45 Å for CR), and the orientation of the side chain for Met6
is identical between WT and Gly64Ser 3Dpol. This suggests
that the structural and/or dynamic changes for Met6 may
only be apparent in solution. Likewise, as previously stated,
Met74 is in contact with the R1-R2 loop containing Gly64.
Mutation to Ser64 may result in structural and/or dynamic
changes to the R1-R2 loop that results in chemical shift
changes to Met74.

Similar chemical shift differences in Met6 and Met74 were
observedwhenRNAwas added (Figure 4B). However, there was
an additional chemical shift change to Met6 for Gly64Ser 3Dpol

once 30-dATP was added that was not observed for the WT
enzyme (Figure 4C). Upon addition of UTP, theMet6 resonance
then shifted such that it was essentially identical to that of theWT
peak position, and there were only minor chemical shift differ-
ences for the Met74 and Met354 resonances (Figure 4D, Sup-
porting Information Table S6). This suggests that there are no
substantial structural differences between WT and Gly64Ser
3Dpol when bound to RNA and UTP in the ternary complex,
at least assessed by the conformations and chemical environ-
ments of the methionine probes.

It should be noted that when 30-dATP is added to the reac-
tion mixture, it is in far excess (∼3 mM) compared to protein or
RNA (∼0.2-0.4 mM). Thus, even after the enzyme catalyzes the

chemical reaction to form 30-blocked RNA, 30-dATP is still in
excess and could potentially bind to the protein-RNA complex as
an “incorrect” nucleotide. The 1H-13C HSQC analysis suggests
that WT and Gly64Ser 3Dpol form nearly identical ternary com-
plexes when bound with correct nucleotide (i.e., in this case, UTP)
(Figure 4D) consistent with their nearly identical rates of phos-
phodiester formation (6), but their ternary complexes with incor-
rect nucleotide (i.e., with 30-dATP) aremore dissimilar (Figure 4C),
at least for the N-terminal β-strand.
Dynamic Comparison between the Apoenzymes of WT

and Gly64Ser 3D pol. As has been suggested before, the func-
tional differences between WT and Gly64Ser 3Dpol may also be
related to the differences in the internal motions of the poly-
merases (29, 30). NMR provides atomic detail of protein motion
over a broad range of time scales (picoseconds to milliseconds)
(49). For example, the longitudinal (R1) and transverse (R2)
relaxation rates, alongwith the heteronuclear nuclearOverhauser
effect (heteronuclear NOE), have been used in Lipari-Szabo
model-free analysis (50, 51) to yield order parameters (S2) on the
picosecond to nanosecond time scale. Unfortunately, model-free
analysis of methyl dynamics using this strategy, especially CH3

(i.e., no deuterium), is not nearly as robust as that for 15N back-
bone dynamics (52). Moreover, our heteronuclear NOE results
were insufficient for quantitative analysis. Instead, we focused on
a qualitative comparison between WT and Gly64Ser 3Dpol to
gauge any differences in their internal protein dynamics that may
be related to their functional differences (Figure 5).

We observed significant differences between unliganded WT
and Gly64Ser 3Dpol in the transverse (T2) relaxation times for
Met6, Met95, Met354, and Met392 (Figure 4). As noted, the
N-terminal β-strand containing Met6 interacts with Gly64, and

FIGURE 4: Comparison of WT (black) and Gly64Ser (blue) 3Dpol in (A) the unliganded form, (B) bound with sym/sub RNA, (C) following
reaction with 30-dATP, and (D) bound with 30-blocked RNA andUTP.WT (245 μM) andGly64Ser (200 μM) 3Dpol were in 2H2O-based 10mM
HEPES, pH 8.0, 200 mMNaCl, 5 mMMgCl2, 10 μM ZnCl2, and 0.02% NaN3. Sym/sub RNA concentrations for WT (Gly64Ser) 3Dpol were
490 (200) μM (B, C) or 490 (400) μM (D). 30-dATP and UTP concentrations were 3.1 and 4 mM, respectively. Spectra were acquired at 293 K.
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thus, it is reasonable that mutation of Gly64 could result
in changes to the structure and/or dynamics of Met6 and its
β-strand. The remaining methionines are more distant from the
site of mutation than Met6. The methionines that show differ-
ences in T2 values include residues in the fingers (Met6, Met95),
palm (Met354), and thumb (Met392) domains (Supporting
InformationTable S1), suggesting that the effects of theGly64Ser
mutation are not localized to a single region of the protein.

We did not compare the T2 values for Met86, Met123, and
Met251; these ε-methyl groups are fully solvent exposed, con-
sistent with theirT2 values beingmuch larger (>190ms) than the
other methionines.Wewere also unable to compare theT2 values
for Met101, Met141, and Met323; these resonances are too
broadened for reliable intensity measurements.

We also attempted to measure the R2 contribution from
conformational exchange (Rex) on the microsecond to millise-
cond time scale by employing 13C-methyl R2 relaxation disper-
sion experiments (41, 42). For the free enzyme, we were only able
to observe Rex for Met6, Met187, and Met189. Unfortunately,
due to the short T2 times for the methionines at higher field
strength (1H 850 MHz), we were unable to acquire relaxation
data at two field strengths that would enable us to quantitatively
describe differences in terms of kinetics, thermodynamics, and/or
chemical shift differences between exchanging conformations.
Nonetheless, we observed significant differences in Rex for
Met187 and Met189 between WT (11 s-1 for Met187, 7 s-1 for
Met189) and Gly64Ser 3Dpol (27 s-1 for Met187, 12 s-1 for
Met189) by measurement at a single magnetic field strength
(1H 600 MHz).

As described with some of the methionine mutants, we
observed either chemical shift changes to Met6 and Met187 or
two sets of resonances for Met6 and Met187. Together, the
results with the methionine mutants and the relaxation data

suggest that there is an exchange process involving the conforma-
tions of Met6 and Met187, and it is likely that the methionine
mutants disturb this conformational equilibrium. Some insight
into the conformational equilibrium can be gained by comparing
the spectra of methionine mutant 3Dpol (e.g., Met251Ile) with
wild-type 3Dpol in the unliganded and RNA-bound states
(Supporting Information Figure S4 and Tables S2 and S6).
The second Met187 resonance for Met251Ile 3Dpol (and other
methionine mutants that show this behavior) is near the Met187
resonance when WT 3Dpol is bound to RNA. This suggests that
the second conformation for Met187, and the surrounding
region, might be involved in the RNA binding mechanism of
3Dpol. If the structural differences are assumed to be similar
between the exchanging conformations in WT and Gly64Ser
3Dpol (i.e., the chemical shift differences between the exchanging
conformations are similar), the increasedRex values for Gly64Ser
3Dpol may be due to a change in the exchange kinetics or change
in the relative populations of the exchanging conformers. Kinetic
data comparing the rates of formation of the RNA binding
complexes between WT and methionine mutant 3Dpol would
likely shed more insight into this conformational exchange
process and its role (if any) in RNA recognition and/or binding.
These studies can also be accompanied with R2 relaxation
dispersion studies with other probes (e.g., Val, Leu, Ile) that
might be more amenable to this larger protein system (32), as has
been performed with the bacteriophage φ6 RNA-dependent
RNA polymerase (53).
Long-Range Interactions in the Function and Fidelity of

PV 3D pol. Taken together, our results with Gly64Ser 3Dpol and
the methionine mutants suggest that there are long-range inter-
action networks operating throughout PV 3Dpol that might be
important for its function. One motivation for this study was to
gain more insight into the effect of the Gly64Ser mutation on the
structure and/or conformational dynamics of 3Dpol. Our studies
indicate that the Gly64Ser mutation not only affects the con-
formational environment of those methionines (Met6 and
Met74) closest to the site of mutation, but it can have long-range
effects on the dynamics of distant amino acid residues. For
example, the Gly64Ser mutation can lead to changes to the
picosecond to nanosecond time scale dynamics of Met95 and the
microsecond to millisecond time scale dynamics of Met187 and
Met189, at least in the unliganded enzyme. Close inspection of the
3Dpol structure suggests potential path(s) through which changes
to Gly64 may affect Met95, Met187, and Met189. Met187 makes
van der Waals contact with Ser291 on the highly conserved
β10-R13 loop in motif B (Figure 6). The other end of the loop
is involved in a hydrogen bond network involving the N-terminal
β-strand, Gly64, and motif A (Figure 1B). The β10-R13 loop,
including Ser288 and Thr293, is intimately involved in the con-
formational change that is predicted to reorient the triphosphates
of the incoming nucleotide (19, 22, 23, 26). A change in the
structure and/or dynamics of the loop would help to explain both
the effect that Gly64Ser has on the kinetics of the conformational
change step and the resulting effect on the dynamics of Met95,
Met187, and Met189. A similar conclusion has been recently
drawn from crystal structures of FMDV 3Dpol. The equivalent
Gly64Ser mutation in FMDV 3Dpol (Gly62Ser) results in a struc-
tural change to the motif B loop resulting in significant changes to
the RNA binding mode (54). The authors also note extensive
hydrogen bond interactions between theR1-R2 loop, theN-term-
inal β-strand, and motifs A and B that would be able to transmit
changes fromGly64 to the active site (54). Unfortunately, we were

FIGURE 5: Comparion of (A) T1 and (B) T2 methyl 13CH3 relaxation
times for WT (black) and Gly64Ser (red) [methyl-13C]methionine-
labeled PV 3Dpol at 293 K. Protein (250 μM) was in 2H2O-based
25 mM potassium phosphate, pH 8.0, 150 mM NaCl, 1 mM DTT,
and 0.02% (w/v) NaN3. The error bars correspond to standard
deviations taken from three to four separate experiments.
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unable to observe a resonance for Met286 that is on the β10-R13
loop that might have revealed additional information about
changes to the structure and/or dynamics of the loop upon
mutation of Gly64.

It is intriguing that other mutations in 3Dpol also caused
changes to Met6 and Met187. As stated, although Met6 and
Met187 are distant from one another, they appear to be confor-
mationally coupled. Changes to Met6 (or Met187) may be
transmitted through a similar network of interactions as sug-
gested for Gly64Ser, considering that Met6 is on the N-terminal
β-strand that is involved in the hydrogen-bonding network
between motifs A and B and Gly64. Mutations to methionines
that are interacting with structural elements containing Met6 or
Met187 may induce changes along this long-range network to
affect the resonances of bothMet6 andMet187. For example, the
Met95Ile andMet189Ile mutations induce changes to bothMet6
and Met187, likely due to their close interactions with Met187.
Likewise, Met141 makes contact with residues (e.g., Leu181,
Asn182, Val185) on the R-helix containing Met187. Met323 in
motif C interacts with residues in the motif B helix (e.g., Asn301,
Asn302, Ile305, Arg306) that can in turn affect the motif B loop
and the Met6/Met187 resonances. Met74 and Met251 make
contact with residues in the R1-R2 loop (e.g., Val70), and other
residues within the same R-helix as Met251 make contact with
residues in the β10-R13 loop. The loop immediately preceding
Met354 also makes contact with the R1-R2 loop, including a
hydrogen bond interaction between the side chains of residues
Asp71 and Tyr350 (Figure 6). The chemical shift changes to
Met74 and Met354 induced by the Met299Ile (Met299 being in
motif B) mutationmay also be explained in terms of this network
of interaction.

It should be pointed out that although we can trace these
networks of interaction through PV 3Dpol, there may be other
interactions more important than the interactions we have
identified and/or a more complex set of interactions may be
responsible for these long-range responses.Moreover, some long-
range interactions still remain difficult to rationalize. For exam-
ple, the Gly64Ser mutation can lead to small changes to the
T2 relaxation time for Met392 (Figure 5), and the Met392Ile
mutation can lead to a small chemical shift change to the Met6
resonance (Supporting Information Table S3), even though
Met392 is on the thumb domain of 3Dpol far from Met6 and
Gly64 without an easily traceable, direct path of interaction.

Many of the methionines involved in these long-range inter-
action networks also show chemical shift changes upon binding
RNA or formation of the ternary complex with RNA and
nucleotide, including Met6, Met74, Met187, Met189, Met354,
andMet392, and/or are in regions known to be important for the
function and fidelity of 3Dpol, including regions important for
nucleotide (motif B), magnesium (motif C, i.e., Asp328 on the
same R-helix as Met323), and RNA (e.g., Arg188, Ser291)
binding and catalysis (e.g., motif D). Thus, we propose that
these long-distance interactions are functionally important and
may help to coordinate ligand binding and enzyme catalysis.
Similar interaction networks in 3Dpol have also been suggested to
be important for the regulation of polymerase activity by the viral
protein 3CD and the formation of higher order replication
machinery within the cell (55). Long-range interaction networks
may also explain the increased thermal stability of 3Dpol in the
presence of nucleotide (56). Recent NMR studies of the bac-
teriophage φ6 RNA-dependent RNA polymerase (53) have
revealed long-range interactions operating on themicrosecond to

FIGURE 6: Transmission of long-distance signals across the protein structure of PV 3Dpol. (A)Mutation ofGly64 to Ser affects the structure and/
or dynamics of distant amino acids, includingMet95, Met187, andMet189 on the far side of the protein. (B) The R1-R2 loop (orange) interacts
withmotifD (blue), includingahydrogenbond interactionbetween the side chainsofAsp71andTyr350. (C)Met187 interactswith residueson the
β10-R13 loop of motif B, including Ser291. This suggests thatMet187 is an indirect probe for the structure/dynamics of the β10-R13 loop. The
backbone amide of Met95 hydrogen bonds to the backbone carbonyl of Met189. These interactions, including the hydrogen-bonding network
outlined in Figure 1B, allow the transmission of signals from Gly64 all the way to Met95 over 30 Å away.
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millisecond time scale important for the function of this structu-
rally similar enzyme (53).

Structural and/or dynamic changes to this network of inter-
actions may thus affect the function and fidelity of PV 3Dpol. In
the case of Gly64Ser 3Dpol, these differences include changes to
regions important forRNAbinding and recognition (e.g.,Met95,
Met187, Met189), nucleotide recognition (Met6 insofar as it
indirectly reports on structural changes in motifs A and B), and
phosphodiester bond formation (Met354 in motif D that also
contains the general acid Lys359). It is also intriguing that there
are more significant chemical shift differences between WT and
Gly64Ser 3Dpol in the ternary complex when bound to the
incorrect nucleotide (i.e., E:RNA:30-dATP) than the correct
nucleotide (E:RNA:UTP). Met6 on the N-terminal β-strand
especially appears to be responsive to differences between correct
versus incorrect ternary complex formation. It was previously
observed that mutations to Gly1 result in enzymes with signifi-
cantly reduced catalytic activity (36, 45), and moreover, these
mutations (e.g., Gly1Ala) can significantly affect the interactions
with motifs A and B and, in particular, change the orientation of
Asp238 (45) that is responsible for making hydrogen bond
interactions with the incoming nucleotide to properly position
the nucleotide for phosphodiester bond formation (19-21, 45).
Thus,Met6may be an indirect reporter on the structural changes
in motif A. Our findings suggest that there is a conformational
change when incorrect nucleotide binds to Gly64Ser 3Dpol that
does not occur when incorrect nucleotide binds toWT3Dpol, and
this difference can be traced to the N-terminal β-strand and,
likely, motif A. For Gly64Ser 3Dpol, this may result in a decrease
to the conversion rate between “inactive” conformation and
catalytically competent conformation when incorrect nucleotide
binds compared to what occurs with WT 3Dpol, resulting in a
higher fidelity polymerase. NMR studies with other probes (e.g.,
Val, Leu, Ile) may reveal additional structural and/or dynamic
differences between WT and Gly64Ser 3Dpol and further high-
light the roles of the long-range interaction network in the
function and fidelity of 3Dpol.
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