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The active RNA-dependent RNA polymerase of poliovirus,
3D, is generated by cleavage of the 3CDP™ precursor
protein, a protease that has no polymerase activity despite
containing the entire polymerase domain. By intentionally
disrupting a known and persistent crystal packing inter-
action, we have crystallized the poliovirus polymerase in a
new space group and solved the complete structure of the
protein at 2.0 A resolution. It shows that the N-terminus
of fully processed 3DP°! is buried in a surface pocket where
it makes hydrogen bonds that act to position Asp238 in the
active site. Asp238 is an essential residue that selects for
the 2’ OH group of substrate rNTPs, as shown by a 2.35 A
structure of a 3DP*'-GTP complex. Mutational, biochem-
ical, and structural data further demonstrate that 3D
activity is exquisitely sensitive to mutations at the N-
terminus. This sensitivity is the result of allosteric effects
where the structure around the buried N-terminus directly
affects the positioning of Asp238 in the active site.
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Introduction

Poliovirus is a member of Picornaviridae, a family of viruses
that includes the heart disease causing coxsackie virus,
hepatitis A virus, foot and mouth disease viruses, and the
rhinoviruses that are a major cause of the common cold
(Semler and Wimmer, 2002). These highly homologous
viruses contain ~7500nt positive sense single-stranded
RNA genomes that are translated in a cap-independent man-
ner via an internal ribosome entry site. This produces a single
large polyprotein that is subsequently cleaved by cis-acting
viral proteases into about a dozen different proteins required
for viral propagation. RNA replication and virion assembly
are coupled and occur at large viral replication center struc-
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tures that are found on the surfaces of small vesicles, and all
aspects of the viral life cycle, including RNA replication, take
place in the cytoplasm.

The last protein in the viral polyprotein is 3DP°!, an RNA-
dependent RNA polymerase (RdRp). 3DP is responsible for
both replicating the infecting positive sense genome into
minus sense complements and then using these as templates
for the synthesis of positive sense genomes that are packaged
into new virions. Poliovirus 3DP°' has an unusual priming
reaction in which every RNA is covalently attached to the
hydroxyl group of Tyr3 on the 22-residue viral 3B protein.
This priming reaction is stimulated by the viral 3CDP*
protein that is a fusion of the 3DP®' polymerase and the
3CP™ protease (Paul et al, 2000; Rieder et al, 2000). 3CDP™
functions as an RNA-binding protein with a major role in
controlling translation and replication of the viral genome
(Andino et al, 1993; Murray and Barton, 2003). It binds
predicted stem-loop structures in the 5’ and 3’ noncoding
regions of the poliovirus genome as well as 2C(cre), an
important regulatory RNA sequence in the middle of the
genome. 3CDP™ retains protease activity and cleaves capsid
proteins up to 1000-fold more efficiently than 3CP™ alone
(Ypma-Wong et al, 1988; Parsley et al, 1999). Proper proteo-
lytic processing of the 3DP! N-terminus is required to activate
the polymerase as the 3CDP™ precursor has absolutely no
RNA polymerase activity despite the fact that it contains the
entire polymerase domain (Flanegan and Van Dyke, 1979;
Harris et al, 1992). The addition of 11 residues from the
C-terminal end of 3CP™ to the N-terminus of 3DP°! results in
a total loss of polymerase activity (Rothstein et al, 1988), as
does the deletion of the first six residues (Hobson et al, 2001)
or of only Trp5 (Plotch et al, 1989). The proteolytic proces-
sing-dependent activation of 3DP°! is likely important for viral
replication because it prevents precursor proteins that have
other functions in viral replication from acting as poly-
merases.

A partial crystal structure of poliovirus 3DP°! showed that
RdRps shared the fingers-palm-thumb domain structure of
DNA polymerases (Hansen et al, 1997). This original 3DP"
structure (PDB code 1RDR) and three other crystal forms
(Hobson, 2000) crystallized in similar space groups whose
lattices were dominated by a persistent crystal contact called
Interface I. Interface I results in a head-to-tail oligomerization
of the polymerase, which potentially reflects biologically
relevant interactions in the membrane-bound replication
complexes (Hobson et al, 2001; Lyle et al, 2002). Unfor-
tunately, the electron density for the fingers domain was
missing from all these structures, precluding a structural
explanation of many aspects of polymerase function such
as the critical importance of having a proper N-terminus in
order for the polymerase to function. The original structure
does show a small segment of the fingers domain where
residues 25-37 interact with the top of the thumb and
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residues 12-24 descend toward the active site in the palm
domain. Although the first 11 residues were not observed, the
structure suggested that the N-terminus could be an integral
component of the catalytic site. Such a structure would be
very different from those of other RdRps, such as the rabbit
hemorrhagic disease virus (Ng et al, 2002) and hepatitis C
virus polymerases (Ago et al, 1999; Bressanelli et al, 1999;
Lesburg et al, 1999), whose N-terminal are located on the
back of the fingers domain.

To determine the complete structure of the poliovirus
polymerase and ascertain the structural and functional role
of the very N-terminus, we intentionally disrupted the persis-
tent Interface I observed in the previous structures. This
allowed the protein to crystallize in a new packing arrange-
ment where the entire structure could be solved at 2.0 A
resolution. The complete 3DP°! structure reveals a novel
polymerase activation motif where the very N-terminus of
the protein is buried in a pocket on the back of the fingers
domain. The buried terminus stabilizes a structure that
directly positions aspartate 238 for binding to the 2’ OH
group of the incoming nucleoside in the active site. We
confirm this interaction by also presenting the 2.35 A struc-
ture of a 3DP°'-GTP complex and the structure of a G1A
mutant that alters the positioning of Asp238 and has partial
activity.

Results

Crystallization

Interface I'is an interaction between the thumb domain of one
polymerase and the back of the palm domain of a second that
buries ~2000 A2 of solvent-accessible surface area (Hansen
et al, 1997; Hobson et al, 2001). A major molecular interac-
tion along this interface is the insertion of Leu446 from the
thumb into a hydrophobic pocket on the bottom of the palm
of another polymerase molecule. The interface is further
stabilized by intermolecular salt bridges linking Arg455-
Asp349, Argd56-Asp339, and Asp459-Lys384. Mutations at
these residues have been shown to disrupt the formation of
3DP°! sheet structures observed in electron microscopy stu-
dies (Lyle et al, 2002) and affect viral viability (Hobson et al,
2001). In addition, it is also possible that residues 12-36,
observed to bind the top of the thumb domain in the original
structure, were contributed in trans from another molecule
through an interaction called Interface II (Hansen et al, 1997).
Based on these observations, four different 3DP°! mutants
were made in an effort to eliminate the native crystal contacts
and force the formation of a new crystal lattice. First,
Interface 1 was disrupted by mutating Leud446 to either
alanine or aspartic acid and Arg455 to aspartic acid, that is,
L446A/R455D and L446D/R455D. Second, these mutations
were combined with deletion of the first 68 residues of 3DP°,
that is, A68/L446A/R455D and A68/L446D/R455D, to elim-
inate the proposed Interface II by initiating protein synthesis
at the first ordered residue of the original structure. All four
proteins expressed well and were purified at significantly
higher yield than the wild-type protein. This is probably due
to the higher solubility of the mutants, which increases from
~3 mg/ml for the wild-type protein to ~20mg/ml for AG8/
L446A/R455D and greater than 40 mg/ml for L446D/R455D
in 200 mM NacCl.
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New crystallization conditions were found for two of the
mutants, and their structures were solved by molecular
replacement using the partial 3DP® structure. A68/L446A/
R455D crystallized in the space group P3;21 and provided
a 2.5 A resolution structure (Table I). Despite the increased
solubility of the mutant due to destabilization of Interface I,
this protein crystallized with Interface I intact. The fingers
domain continued to be disordered and the structure is
essentially identical to that of the wild-type 3D with an
r.m.s. difference in C, positions of 0.6A. The full-length
L446D/R455D mutant, on the other hand, crystallized in
a new P6g lattice (Table I) where 3DP°! molecules did not
interact across Interface 1. Electron density for the missing
fingers domain was clearly visible in the maps after molecu-
lar replacement and the entire structure was solved at 2.0 A
resolution.

Structural overview

The domain structure of poliovirus 3DP* follows the usual
right hand analogy of a thumb, palm, and fingers domain that
was first used to describe the structure of the DNA polymer-
ase I Klenow fragment (Ollis et al, 1985). Like the HCV and
RHDV polymerase structures, 3D adopts a ‘closed’ confor-
mation where extensive interactions between the thumb and
fingers domains completely encircle the active site and create
an NTP entry tunnel at the back of the polymerase (Figure 1).
The structures of the palm and thumb domains are essentially
identical to those seen in the initial partial structure (Figure
1A and B). There is a minor ~2.5° change in the relative
orientations of these domains that may be due to the removal
of crystal packing constraints along Interface I. The new
aspect of our complete 3DP! structure is the fingers domain,
which is composed of four separate stretches of amino-acid
sequence. These form four tightly intertwined finger struc-
tures that we describe by analogy to primate anatomy where
there are index, middle, ring, and pinky fingers in addition
to a thumb (Figure 1C).

The fingers begin with a buried N-terminus at the back of
the palm, which plays a critical role in structuring the active
site (see below). The index finger (residues 1-68, green in
Figure 1C) then rises from the palm domain for eight residues
before folding into a loop and reaching across the palm to
interact with the thumb. This conformation is anchored by
the insertion of Phe30 and Phe34 into the hydrophobic core at
the top of the thumb. Following this, residues 35-68 fold back
toward the palm domain in a generally extended structure
that completes the index finger. The middle finger (residues
269-285, orange) consists of an antiparallel B-sheet with a
B-turn at its fingertip. This sheet also includes the first eight
residues of the index finger, and the tip of the middle finger
is inserted into the loop formed by residues 9-17 of the index
finger. Lys276, the only Ramachandran plot outlier in the
structure, is located at the tip of the middle finger. There is
not an obvious structural reason for the distorted geometry,
but there may be a functional requirement for a basic residue
at this position because a K276L mutation reverts in vivo to
an arginine residue (Richards and Ehrenfeld, 1997). Next, the
ring finger (residues 150-179, yellow) forms an elongated
B-sheet structure that reaches across the active site and
protrudes from the polymerase by traversing under the
index finger to present a short o-helix on the surface of the
protein. The ring finger forms the roof of the NTP entry

pol
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Table I Data collection and refinement statistics

3D-A68 3D full length 3D with GTP 3D G1A mutant
PDB code 1RAJ 1RAG 1RA7 1TQL
Space group P3(1)21 P6(5) P6(5) P6(5)

Unit cell
X-ray source
Resolution limits

a=b=287.7, c=107.3
Cu-Ka
30-2.5 (2.59-2.50)

a=b=127.6, c=113.0
NSLS X25—1.1 A
30-2.0 (2.07-2.00)

a=b=128.0,c=112.9
Cu-Ka
30-2.35 (2.43-2.35)

a=b=127.8,c=1133
ALS 4.2.2—1.0A
30-2.30 (2.38-2.30)

Reflections
Total collected 169949 236338 215638 279462
Unique 16973 67129 43126 46290
Redundancy 10 (8) 3.5 (3.1) 5(3.9) 6.0 (4.4)
I/c® 35 (3.3) 16.5 (2.5) 16.2 (2.1) 13.8 (2.3)
Completeness (%) 99.9 (99.6) 96.3 (93.7) 98.6 (96.2) 99.2 (96.1)
Rmerge (%) 6.2 (56.9) 5.4 (45.6) 8.2 (55.7) 7.4 (50.4)
Refinement
Resolution range 30-2.5 30-2.0 30-2.35 30-2.3
R 24.2 24.3 22.4 23.7
Rfree (10% of data) 26.2 25.6 26.2 26.2
Model statistics
Number of atoms (waters) 2138 (67) 4091 (298) 4030 (263) 3869 (137)
Average B-factor . 56.9 51.4 45.9, 59.1 for GTP 62.1
R.m.s.d. bond length (A) 0.008 0.007 0.007 0.007
R.m.s.d. bond angle (deg) 1.4 1.4 1.3 1.3
Ramachandran statistics
Favored 209 380 379 373
Allowed 16 28 30 36
Generous 0 2 1 1
Disfavored 0 1 1 1

“Data in parentheses are for the highest resolution shell.

bStatistics do not include the 28 glycine and 21 proline residues in the protein.

tunnel and contains conserved basic residues (Argl63,
Lys167, Argl74) that are poised for interactions with the
incoming NTP. The pinky finger (residues 96-149 and 180-
190, pink) is a fairly large structure that is separated from the
other fingers by a groove at the top of the fingers domain
(Figures 1C and 2A). The top of the pinky finger appears to be
quite flexible because it has relatively weak electron density.
The folding of the pinky is likely dependent on the ring finger
adopting its proper conformation as the roof of the NTP entry
tunnel because the ring finger is effectively an insertion in the
middle of the pinky sequence (Figures 1D and 2A).

The intertwined structures of the four fingers are stabilized
by a multitude of interactions where one set of interactions
will form the platform upon which another set of interactions
is built. For example, there is an extensive hydrogen bonding
network in which the first eight residues of the index finger
and the entire B-turn middle finger together form a three-
stranded antiparallel B-sheet (Figure 2A). The edge of this
sheet is then hydrogen bonded to the backbone of the ring
finger, stabilizing the ring finger as it crosses the top of the
active site to form the roof of the NTP entry tunnel. The finger
structure is further anchored by a well-ordered salt bridge
between Lys6l on the index finger and Aspl177 on the ring
finger that lines the side of the NTP entry tunnel. A mutation
of Lys6l to leucine abolishes polymerase activity (Richards
et al, 1996). At the top of the NTP entry tunnel, there are a
number of hydrogen bonding and van der Waals packing
interactions between the index finger and the ring finger that
are dependent on a kink in the index finger structure. This
kink is stabilized by hydrogen bonding interactions involving
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Pro40, Glu47, and Arg49, and these residues are highly
conserved across picornaviruses, suggesting that the kink
is common to all these viral polymerases.

Buried N-terminus

The most remarkable and unique feature of the poliovirus
3D structure is an elegant proteolytic processing-dependent
allosteric switch for polymerase activation that involves
burying the N-terminal glycine residue in a pocket at the
base of the fingers domain (Figure 2B). A comparison of the
complete structure with the original wild-type and the A68/
L446A/R445D structures shows that the buried N-terminus
is involved in positioning Asp238 in the active site. When
the three 3DP%' structures are superimposed using the protein
backbone of the active site Gly-Asp-Asp motif and three
residues on either side of it (residues 324-332), there is a
clear 1.4 A movement of Asp238 toward the active site, which
is apparent only in the complete structure (Figure 3A).
Importantly, this movement is relative to the other active
site residues, which are highly superimposable among the
three structures. In RNA polymerases, this aspartate hydro-
gen bonds to the 2’ OH of the incoming NTP in an interaction
that is important for the selection of rNTPs over dNTPs
(Huang et al, 1997; Gohara et al, 2000). The residue is
essential in poliovirus 3DP°, as a mutation of Asp238 to
alanine abolishes poliovirus polymerase activity and viral
viability (Gohara et al, 2000). The source of the Asp238
movement can be traced to a pair of hydrogen bonds between
the buried N-terminus and the backbone carbonyls of resi-
dues 239 and 241. These act to pull the polypeptide backbone
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Figure 1 Overview of poliovirus 3DP® RdRp structure. (A)
Comparison of the original partial structure (yellow) with the
complete structure shown with the fingers domain in red, the
palm in gray, the thumb in blue, and the active site colored
magenta. The N-terminal strand (residues 12-36) of the original
structure that descended toward the active site is shown in green.
The two structures were superimposed using the backbone atoms of
the active site GDD motif and three residues on either side of it (i.e.
residues 324-332). (B) Superimposition of the thumb domains from
the original structure (yellow) and new complete structure (blue)
showing that the thumb structure is largely unchanged by the two
mutations (L446D and R455D) used to break Interface I and crystal-
lize 3DP° in a new lattice. The side chains of Phe30 and Phe34 are
shown in green for the original structure and red for the new
complete structure. (C) Top view of the complete 3DP° structure
highlighting the individual fingers of the fingers domain. The index
finger is shown in green, the middle finger in orange, the ring finger
in yellow, and the pinky finger in pink. As in (A), the palm is shown
in gray, the thumb is in blue, and the active site is colored magenta.
Phe30 and Phe34 are shown as sticks, Prol19 on the pinky finger is
indicated with spheres, and glycines 117 and 124 are colored in
cyan. (D) Bar representation of the 3D sequence colored accord-
ing to the structural elements shown in (C). Sections of the
sequence in the palm are in gray and the numbers correspond to
the first residue in a given structural motif.

of residues 239-242 up toward the buried N-terminus, push-
ing Asp238 into the active site. This conformation is further
stabilized by pairs of backbone hydrogen bonds linking
residues 285-241 and 286-238 (Figure 3A).

The binding pocket for the N-terminal glycine residue is
itself almost entirely composed of glycines and the structure
makes use of both the small size and backbone torsional
flexibility of this amino acid. There is no formal charge
counter-ion for the buried N-terminus. Instead, the terminal
amino group makes hydrogen bonds with the backbone
carbonyls of residues 64, 239, and 241 in almost perfect
tetrahedral geometry. One side of the binding pocket for the
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Figure 2 Structural details of the 3DP” fingers domain and buried
N-terminus. (A) Structure of the fingers domain highlighting the
extensive network of hydrogen bonds linking the N-terminus (blue
sphere at lower left) and N-terminal strand of the index finger to the
middle and ring fingers. Note the putative template entry channel
separating pinky finger (pink carbon atoms) from the rest of the
fingers domain and how the ring finger (yellow) is an insertion
in the pinky finger structure. Proline 119 and glycines 117 and 124
that may play a role in template binding are highlighted (see
Discussion). The view is from the left side of Figure 1A and
C. (B) Electron density map of the region surrounding the buried
N-terminus. The map is a 2.0 A resolution simulated annealing
(1500K) composite omit 2F,~F. map contoured at 1.6c. The view
is from the left side as compared to (A), the carbon atoms of the
various structural motifs are colored as in Figure 1C and D, and
corresponding sections of the density map are colored differently for
clarity.

N-terminus is made up of glycines 284 and 285 from the base
of the middle finger. These glycines are 100% conserved
among picornaviral polymerase sequences and their back-
bone conformations are in the disallowed region of the
Ramachandran plot. The outside of the pocket consists of
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A

Figure 3 Molecular details of the 3DP° nucleotide- -binding site 1llustratlng how the buried N-terminus positions Asp238 for interactions with
the 2/ OH group of the bound NTP. (A) Superposition of three 3DP°! structures showing the selective ~1.4 A movement of Asp238 toward the
active site when the N-terminus is properly positioned. The original partial wild-type structure is in pink, the 3DP°' A68/L446A/R455D
structure is in salmon, and the complete structure is colored by atom type with carbons colored according to structural motifs as in Figure 1C.
Most side chains have been omitted for clarity and residues 324-332 of the active site (magenta) were used for the superimpositions. (B)
Electron density map and model of the GTP molecule bound to 3DP°! with the 2’ OH group making a 2. 8A long hydrogen bond with Asp238.
The GTP makes bridging interactions between the fingers and palm domains. The base is staked on Argl74 from the ring finger, the ribose
interacts with Arg174 from the ring finger and Asp238 in the palm, and the triphosphate interacts with Arg163 and Lys167 from the ring finger
and the backbone of the palm domain. The map is a 2.35 A resolution 2F,-F, simulated annealing (1500 K) composite omit map contoured at
1.6c around the rGTP molecule bound after soaking crystals in 10mM GTP. (C) Stereo view showing how the buried N-terminus of 3DP°!
positions Asp238 for INTP interactions. The N-terminus forms three hydrogen bonds with the carbonyl oxygens of residues 64, 239, and 241
(magenta bonds) that act to position Asp238 for interaction with the 2 OH of rNTPs. The structures of the G1A mutant (orange), D238A mutant
(teal, only residues 238-241 are shown), and original partial structure without a buried N-terminus (red) are superimposed using the active
site.

Gly64 from the end of the index finger sequence that is also
in the disallowed region of the Ramachandran plot. Gly64
makes two reciprocal amide-carbonyl backbone hydrogen
bonds with Gly1 that link together the two ends of the index
finger sequence. Overall, the structure around the N-terminus
relies on backbone contacts and glycine flexibility to make
interactions that leave little room to accommodate mutations
in the protein or improper proteolytic processing of the
polymerase.

3D°°'-GTP complex
The role of Asp238 in rNTP binding was confirmed by the
co-crystal structures of 3DP°! in complex with rGTP, which is
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bound with its 2 OH group making the anticipated (2.8A
long) hydrogen bond with Asp238 (Figure 3B). The nucleo-
side is bound with the base moiety interacting with the
guanidinium group of Argl74 from the ring finger in a
cation-n stacking interaction similar to that observed in
single-stranded nucleic acid-binding proteins (Theobald and
Schultz, 2003). The Argl74 guanidinium group is further
locked in place by a hydrogen bond with the ribose sugar
ring oxygen and a charge interaction with Glul6l from the
other end of the ring finger. The base-pairing face of the rGTP
is facing the protein and its N1 atom is hydrogen bonded to
the backbone carbonyl group of residue 175 in the ring finger.
Thus, the nucleotide is not yet positioned to form a base pair
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with the template strand. Similarly, the phosphate groups are
not positioned above the active site aspartate residues. They
are instead trailing out through the rNTP entry tunnel where
they interact with conserved basic residues in a structure that
appear to select for a complete triphosphate. There are ionic
interactions with Argl63 and Lys167 that drop down from the
ring finger in the roof of the rNTP entry tunnel and the
B-phosphate is hydrogen bonded to the backbone amide
of residue 236 in the palm domain.

The structure of the 3DP°'-GTP complex could be obtained
either by co-crystallization or by soaking of 3DP! crystals,
indicating that the binding of rGTP is not accompanied
by large conformational changes in the protein that would
break the crystal lattice. We also generated and crystallized a
D238A mutant that results in an inactive polymerase
(Table II). In this structure, the N-terminus was buried
normally and the backbone structure around the active site
is the same as with the native Asp238 (Figure 3C). However,
we did not see any nucleoside density upon soaking crystals
of the D238A mutant in 10 mM GTP. This is in stark contrast
to what was observed with the native Asp238 residue
(Figure 3B) and highlights the importance of Asp238 for
INTP binding.

Mutation of the N-terminus

To investigate the importance of the N-terminus for the
structure and function of 3DP°!, we made a series of muta-
tions that added or removed residues from the protein or
altered Gly1l. The elongation activities of these mutants were
tested using a poly(A)/oligo(dT) extension assay to measure
[**P]JUMP incorporation into a product RNA strand. We
generated two mutants that added a single glutamine residue
or a serine-glutamine dipeptide to the N-terminus. These
correspond to the last two residues of 3CP™ and thus mimic
the natural precursor junction sequence of 3CDP™. Both
mutants had less than 0.2% the activity of the full-length
protein (Table II), demonstrating that the addition of even
a single residue completely abolishes enzymatic activity.
Likewise, deletion of the first residue, Gly1, also inactivates
the polymerase. We then made two more subtle mutations of
Gly1 to alanine and serine. These mutations retained partial
polymerase activity, with G1A having ~54% activity and
G1S having only 1.6% activity.

Table II Polymerase extension activities

Protein % Activity
3DP' WT 21547
3DP°! L446D/R455D 100+4
3CDP™ WT 0.1+0.2
Mutants below are in addition to L446D/R455D

3DP' AG8 0.04+0.2
3DP! AG1 —0.140.2
3DP +Q 0.14+0.2
3DP' +5Q —0.4+0.2
3D G1A 5442
3DP G1§ 1.6+0.3
3DP P119A —0.1+0.2
3DP! P119G —0.1+0.2
3DP! D238A —0.3+0.2

Errors are based on propagation of 2c scintillation counting con-
fidence limits from three activity measurements per protein.
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With the exception of G1A, none of the N-terminus mu-
tants could be crystallized under the conditions used for the
full-length protein and they failed to crystallize in more
extensive screens for different conditions. This could be
because small changes at the terminus affect the stability of
the finger structure or the ability of Trp5 to participate in a
crystal contact (see Materials and methods). The G1A mutant
did crystallize, and the resulting structure further demon-
strates the importance of positioning Asp238 in the active site
for proper enzymatic activity. In this structure, the side-chain
methyl group of the G1A mutation is packed into the area
normally occupied by the Gly1l alpha carbon. As a result, the
N-terminus is pushed out of its binding pocket by ~0.9 A and
the hydrogen bond to the backbone carbonyl of residue 241
is lost. This has a direct effect on the positioning of Asp238,
which is now only pushed about halfway into the active site
as compared to the native Glyl residue (Figure 3C). Thus,
there is a direct correlation between enzymatic activity and
the positioning of Asp238 for the interaction with the 2’ OH
of the incoming NTP.

Discussion

The poliovirus 3DP°! structure provides the first structural
insight into the molecular mechanism responsible for the
proteolysis-dependent activation of a polymerase. It shows
that the newly created 3DP°! N-terminus is buried in a pocket
at the junction of the fingers and palm domains. This in turn
positions the essential Asp238 residue in the active site for
interactions with the 2’ OH group of the incoming rNTP.
Asp238 is perfectly pre-positioned by the buried N-terminus
and the location of the side chain does not change signifi-
cantly upon rGTP binding. Moreover, the nucleotide is bound
in a precatalytic site that appears to test for a ribose tripho-
sphate with little or no base discrimination. In the case of
rGTP, the nucleoside is bound in the syn conformation with
its hydrogen bonding face interacting with the protein. For
the base to be incorporated into the product strand, it must
both flip into the anti conformation and be moved into the
catalytic site of the polymerase.

The overall fold of poliovirus 3DP® is similar to that of
other viral RdRps in adopting a conformation where the
active site is fully enclosed as a result of extensive inter-
actions between the fingers and thumb domains. This con-
formation has now been observed in hepatitis C virus, rabbit
hemorrhagic disease virus, bacteriophage ¢6, bovine viral
diarrhea virus, Norwalk virus, and poliovirus polymerase
structures (Ago et al, 1999; Bressanelli et al, 1999; Lesburg
et al, 1999; Butcher et al, 2001; Ng et al, 2002, 2004; Choi et al,
2004). A number of important interactions in the poliovirus
3DPO! structure are dependent on residues that are highly
conserved among the picornaviruses, suggesting that many
aspects of the structure are also retained among these viral
polymerases. These interactions include the Lys61-Glul77
salt bridge between index and ring fingers that lines the NTP
entry tunnel, the hydrophobic residues on the index finger
that are inserted into the top of the thumb (Figure 1C), the
kink in the index finger structure where it interacts with the
ring finger to form the top of the NTP entry tunnel
(Figure 1C), and glycines 284 and 285 in the binding pocket
for the buried N-terminus (Figure 3A).
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The 3DP! fingers domain has its own hydrophobic core
that includes residues from the index, middle, and ring
fingers and extends from the base of the fingers, across the
top of the NTP entry tunnel, and over to the thumb. The
pinky finger also has a small self-contained hydrophobic core
that is separate from that of the other fingers. As noted
previously, the ring finger is effectively an insertion in the
pinky finger sequence (Figure 1D) and as a result the folding
of the two hydrophobic cores within the fingers domain is
probably linked. Importantly, there are relatively few inter-
actions between the palm and fingers domains. A number of
observations suggest that the poliovirus polymerase palm
and thumb domains may fold independently of its fingers
domain. The lattice of the original partial structure showed
that the fingers can be selectively disordered while leaving
the palm and thumb intact. Our structure of the 68-residue N-
terminal deletion mutant further showed that the entire index
finger can be deleted without affecting the folding of the palm
and thumb. Finally, our observations that we could not
crystallize many of the N-terminus mutant proteins may
indicate that the structure of the fingers domain is appreci-
ably perturbed by small changes to the N-terminus. The
buried N-terminus sits at the heart of an extensive array of
hydrogen bonds and may play a significant role in nucleating
the structure of the entire fingers domain (Figure 2A). If this
is the case, then the structure of the fingers domain may be
quite different in the context of 3CDP™ where the proper 3DP°!
N-terminus does not exist. In other words, the structure of
3CDP™ may not simply be a fusion of the 3CP™ structure
(Mosimann et al, 1997) and the 3DP% structure presented
here. Notably, it is the palm and thumb domains that create
the surfaces involved in forming head-to-tail fibers along
Interface I. These domains could therefore provide a platform
for the oligomerization of the polymerase that is independent
of the fingers structure. Such a platform may also allow for
the self-association of polymerase precursor proteins such as
3CDP™ or 3ABCD (i.e. the entire P3 region) at various stages
of the viral life cycle. Consistent with this, both the L446A
and L446D mutations also significantly increase the solubility
of 3CDP™ (data not shown).

The complete structure of 3D also provides an explana-
tion as to why the fingers domain was disordered in the
original partial wild-type structure solved by Hansen et al
(1997). When our complete structure is superimposed into the
P3,21 crystal lattice of the original structure, there are two
significant steric clashes involving the fingers domain: one is
at the loop of the index finger as it wraps around the middle
finger and the other involves the pinky finger. Neither of these
crystal contacts is a direct result of interactions across
Interface I, the interface that was intentionally disrupted to
obtain the complete structure. Rather, the clashes arise from
secondary crystal packing interactions between parallel
Interface I fibers. Based on this, we find it unlikely that the
proposed Interface II of the original structure exists in solu-
tion. This interface, where residues 12-35 interacting with the
top of the thumb were proposed to come in trans from
another polymerase molecule, involves the burial of two
large hydrophobic residues into the top of the thumb (Phe30
and Phe34; see Figure 1B and C). We feel that this interaction
is likely too strong to have been disrupted by the unfolding
of the fingers domain and therefore remained intact in the
crystal lattice of the original structure. However, we cannot
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rule out that 3DP® precursors such as 3CDP™ have alternate
folding schemes where this interface is used to interconnect
fibers of molecules oligomerized along Interface I.

A number of mechanisms have been proposed for translo-
cation of the template-primer during nucleotide polymeriza-
tion by polymerases (Patel et al, 1995; Ding et al, 1998). In
DNA polymerases and DNA-templated RNA polymerases, the
lack of a direct connection between the fingers and thumb
domains may allow for large ratchet-like conformational
changes of the thumb during nucleotide polymerization.
However, the enclosed active sites of RdARps make it unlikely
that such mechanisms are used and instead nucleic acid
binding to the fingers domain may play a role in translocation
of nucleic acid during synthesis (Najmudin et al, 2000). There
are several structures of the DNA-dependent RNA polymerase
from bacteriophage T7 in complex with a number of nucleic
acid templates and template-product pairs available that
provide insights into the potential function of the 3DP
fingers domain. First, at the top of the 3DP® pinky, there is
a helix followed by a large loop structure (residues 124-149)
that appears to be quite flexible by virtue of weak electron
density. This loop is most likely involved in RNA binding
based on a structural alignment of the 3DP°! active site with
that of bacteriophage T7 RNA polymerase (Figure 4A). In this
superimposition, the pinky loop roughly superimposes on the
T7 polymerase specificity loop, which makes sequence-spe-
cific contacts with the T7 promoter in the initiation complex
(Cheetham et al, 1999) and nonspecific contacts in the T7
elongation complex (Temiakov et al, 2000; Yin and Steitz,
2002). Second, in poliovirus 3D, we observe a groove
between the index and pinky fingers that may serve as a
template entry channel (Figure 2A). A superposition of the
3DPY active site with the T7 polymerase active site in that
enzyme’s elongation complex structure (Yin and Steitz, 2002)
shows that the template strand of the T7 complex roughly
threads into this groove in 3DP*' (Figure 4B).

Interestingly, there is a 100% conserved cis proline
(Prol119) lining this groove that is bracketed by 100% con-
served glycines 117 and 124 (Figures 1C and 2A). This
sequence includes the conserved RdRp G motif (Gorbalenya
et al, 2002) and is consistent with an emerging structural
motif used to control the conformation of small loops via
proline cis-trans isomerization (Andreotti, 2003). To ascer-
tain the biochemical importance of Proll9 in 3DP°, we
mutated the residue to alanine and glycine and found that
both mutations totally abolish elongation of a poly(A)/
oligo(dT) substrate (Table II). Thus, Proll19 is essential for
activity and the total loss of activity suggests that the cis
peptide bond conformation may be a required structural
feature. It has been shown that upon incubation of 3DP%
with primer-template there is a slow isomerization
(t12~12s) to an elongation-competent complex whose
half-life is ~2 h and this increases to ~ 8 h after incorporation
of the first nucleotide (Arnold and Cameron, 2000). The
timescale for formation of this stable 3DP°'-substrate com-
plex is consistent with the 0.1-5min timescales observed
for proline cis-trans isomerization in protein folding studies
(Brandts et al, 1975; Reimer et al, 1998). We therefore
hypothesize that cis-trans isomerization of Prol19 is a key
to conformational change in the pinky finger that locks the
enzyme-substrate complex into the stable elongation-compe-
tent mode.
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Figure 4 Comparison of the poliovirus 3D°°! and bacteriophage T7
polymerases based on superimposing the Co atoms of their ‘motif
C’ structures. This motif contains the pair of B-strands in the core
of the palm that present the B-turn GDD motif in the active site.
(A) Superposition with the T7 protein structure (brown) from the
initiation complex (1CEZ) showing the structural alignment of the
3DP°! pinky finger with the T7 specificity loop (red). (B) Position of
the DNA template strand from the T7 elongation complex (1IMSW)
after the motif C superimposition showing how this predicted
template strand path in 3DP®' would collide with the helix/loop
containing the cis Pro119 residue (spheres) flanked by glycines 117
and 124 (cyan).

The structure of the G1A mutant further highlights the
correlation between the burial of the native N-terminus, the
positioning of Asp238 in the active site, and the enzymatic
activity of 3DP'. It is interesting to note that the native Glyl
residue makes a pair of reciprocal amide-carbonyl hydrogen
bonds with Gly64 located on the exterior side of the binding
pocket. This residue is the site of a serine mutation found in
virus resistant to the antiviral drug ribavirin (Pfeiffer and
Kirkegaard, 2003). Interestingly, the G64S mutation leads to a
polymerase with increased fidelity, allowing it to discriminate
against ribavirin, a nucleoside analog (Crotty et al, 2001). We
do not yet know the structure of the G64S 3DP°!, but based on
the structure of 3DP°! with the native Glyl and mutant Alal
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N-termini we believe that one effect of the G64S mutation is
to alter the structure of the backbone at residue 64 and thus
slightly alter the positioning of Asp238 in the active site. The
Cameron laboratory has identified a conformational change
step during 3DP°! elongation that occurs after NTP binding
but before the phosphoryl transfer catalytic step and they
correlated changes in the rate of this step with the position
of Asp238 (Gohara et al, 2004). Based on our structure of the
3DP°-GTP complex we hypothesize that this conformational
step is the movement of the NTP from the position observed
in our structure into the catalytic site where it would be base
paired with the template and poised for the phosphoryl
transfer reaction. The hydrogen bond between the 2’ OH
and Asp238 may remain intact during this conformational
step and the positioning of Asp238 could then have a direct
effect on the rate at which the NTP moves into the catalytic
site. In the case of the G64S mutant, an altered positioning of
Asp238 may increase the time required for this step and thus
allow more time for the dissociation of incorrectly base-
paired complexes.

In conclusion, specific proteolytic processing is a common
strategy employed by many classes of proteins to regulate
proper activation of proteins at the desired time and location.
The classic examples are digestive enzymes such as trypsin
and chymotrypsin that are initially released as inactive
proenzymes whose cleavage results in a slight refolding of
the active site to yield the active enzyme. Such allosteric
effects are also common among RNA viruses that have
evolved mechanisms to take advantage of variable proteolytic
processing to regulate many aspects of the viral life cycle.
In poliovirus, the 3CDP™ protein plays an integral role in
orchestrating viral RNA replication by binding to both ends of
the viral RNA genome in the context of large membrane-
associated replication centers (Murray and Barton, 2003).
This has the effect of localizing an inactive polymerase
domain to the sites of negative and positive strand RNA
synthesis, where it is poised to initiate RNA replication
after cleavage to the mature 3DP°! protein. Our structure of
poliovirus 3DP°! shows the molecular details of the switch
responsible for the complete allosteric activation of an RNA
polymerase and provides insights into the structural conser-
vation of picornaviral polymerases.

Materials and methods

Protein purification and crystallization

All polymerases were expressed in Escherichia coli BL-21 (DE3)
pLysS using inducible T7-based expression plasmids. These cells
were lysed by sonication and the polymerase was precipitated with
ammonium sulfate at 40% of saturation. The protein was dialyzed,
loaded onto an S-Sepharose column, and eluted with a linear
gradient from 50mM to 1 M NaCl in 25mM HEPES (pH 8.5), 15%
glycerol, 0.1 mM EDTA, 0.02% NaN;, and 2mM DTT. Fractions
containing the polymerase were pooled and diluted to reduce
the NaCl concentration to ~0.15M. This was then loaded onto a
Q-Sepharose column and eluted with a linear gradient to 1M
NaCl with 25 mM Tris (pH 8.5), 15% glycerol, 0.1 mM EDTA, 0.02%
(w/v) NaNs, and 2 mM DTT. The polymerase was concentrated and
run over a Superdex 200 column equilibrated in 200mM NacCl,
5mM Tris (pH 7.5), 0.1 mM EDTA, 0.02% (w/v) sodium azide, and
2mM DTT. Upon elution from this column, the proteins were
>99% pure as estimated from SDS-PAGE. Crystals were grown by
hanging drop vapor diffusion at 16°C using 12 mg/ml protein. 3DP°!
A68/L446A/R455D crystals grew in 8 days with a precipitant/well
solution containing 1.5M ammonium formate, 0.1M sodium
chloride, 50mM HEPES (pH 7.0), 2mM DTT, and 0.02% (w/v)

The EMBO Journal VOL 23 | NO 17 | 2004 3469



Structure of poliovirus 3D°”'
AA Thompson and OB Peersen

sodium azide. 3DP°! L446D/R455D crystals grew in 4 days with a
precipitant/well solution containing 2M sodium acetate, 0.1 M
cacodylic acid (pH 7.1), 2mM DTT, and 0.02% (w/v) sodium azide.
All crystals were transferred into corresponding precipitant solu-
tions containing 30% (v/v) glycerol prior to freezing.

Structure determination

Diffraction data for L446D/R455D were collected at National
Synchrotron Light Source (Brookhaven National Laboratory) beam-
line X-25 and data from the G1A mutant were collected at the MBC
beamline 4.2.2 at the Advanced Light Source (Berkeley, CA). Data
for the A68/L446A/R455D and 3DP°'-GTP complex crystals were
collected using R-AXIS IV imaging plate detector with Cu-Ka
radiation. Reflections were integrated, merged, and scaled using
Denzo/Scalepack (Otwinowski and Minor, 1997) and d*TREK
(Pflugrath, 1999). The initial structure solutions were obtained by
using molecular replacement with the program CNS (Brunger et al,
1998) with the partial polymerase structure as the search model.
Manual model rebuilding was performed using O (Jones et al, 1991)
and refined with the CNS package using the MLI target. The figures
were generated with Pymol Molecular Graphics System (DeLano,
2002). Coordinates have been deposited at the PDB with access
codes as listed in Table 1.

We would like to note that the observed conformation of Trp5 is
likely a crystallization artifact. One face of the side chain is packed
against a dimethyl arsenic adduct on Cys281 of the middle finger
and the other face is packed against a hydrophobic patch on a
neighboring 3DP®' molecule in the crystal lattice. The crystallization
required cacodylic acid and DTT, consistent with a proposed
mechanism (Tsao and Maki, 1991) for the formation of the dimethyl
arsenic adduct that has previously been observed in several
structures (Maignan et al, 1998; Tete-Favier et al, 2000; Raman
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