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ABSTRACT

Encephalomyocarditis virus (EMCV) is a member of the Cardiovirus genus within the large Picornaviridae family, which in-
cludes a number of important human and animal pathogens. The RNA-dependent RNA polymerase (RdRp) 3D is a key en-
zyme for viral genome replication. In this study, we report the X-ray structures of two different crystal forms of the EMCV RdRp
determined at 2.8- and 2.15-A resolution. The in vitro elongation and VPg uridylylation activities of the purified enzyme have
also been demonstrated. Although the overall structure of EMCV 3DP°' is shown to be similar to that of the known RdRps of
other members of the Picornaviridae family, structural comparisons show a large reorganization of the active-site cavity in one
of the crystal forms. The rearrangement affects mainly motif A, where the conserved residue Asp240, involved in ribonucleoside
triphosphate (rNTP) selection, and its neighbor residue, Phe239, move about 10 A from their expected positions within the ri-
bose binding pocket toward the entrance of the rNTP tunnel. This altered conformation of motif A is stabilized by a cation-m
interaction established between the aromatic ring of Phe239 and the side chain of Lys56 within the finger domain. Other contacts, in-
volving Phe239 and different residues of motif F, are also observed. The movement of motif A is connected with important conforma-
tional changes in the finger region flanked by residues 54 to 63, harboring Lys56, and in the polymerase N terminus. The structures
determined in this work provide essential information for studies on the cardiovirus RNA replication process and may have important
implications for the development of new antivirals targeting the altered conformation of motif A.

IMPORTANCE

The Picornaviridae family is one of the largest virus families known, including many important human and animal pathogens.
The RNA-dependent RNA polymerase (RdRp) 3DP° is a key enzyme for picornavirus genome replication and a validated target
for the development of antiviral therapies. Solving the X-ray structure of the first cardiovirus RARp, EMCV 3DP°, we captured
an altered conformation of a conserved motif in the polymerase active site (motif A) containing the aspartic acid residue in-
volved in rNTP selection and binding. This altered conformation of motif A, which interferes with the correct positioning of the
rNTP substrate in the active site, is stabilized by a number of residues strictly conserved among picornaviruses. The rearrange-
ments observed suggest that this motif A segment is a dynamic element that can be modulated by external effectors, either acti-
vating or inhibiting enzyme activity, and this type of modulation appears to be general to all picornaviruses.

he Picornaviridae family is one of the largest virus families of which infect humans: Vilyuisk human encephalomyelitis virus

known and includes many important human and animal patho-  and Saffold virus (9, 10). Recently, several new types of Saffold
gens, such as polioviruses (PV), human rhinoviruses (HRV), and
foot-and-mouth disease virus (FMDV) (1, 2). The Cardiovirus
genus consists of two species: encephalomyocarditis virus
(EMCV) and related viruses (mengovirus, Columbia SK virus,
and Maus-Elberfeld virus) (3) and Theilovirus (4—6). All of these
viruses infect rodents, replicate in the gastrointestinal tract, and
are transmitted by the fecal-oral route. Although rodents are the
natural reservoir of these viruses, EMCV has also been isolated
from many other hosts, including various mammals, birds, and
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and encephalitis. Human EMCYV infection and associated disease Copyright © 2014, American Society for Microbiology. Al Rights Reserved.
have been documented, but clinical manifestation is probably in- doi:10.1128/JV1.03502-13

frequent (1). Theilovirus species are classified into five types, two

May 2014 Volume 88 Number 10 Journal of Virology p. 5595-5607 jviasm.org 5595


http://dx.doi.org/10.1128/JVI.03502-13
http://jvi.asm.org

Vives-Adrian et al.

virus were isolated from young children with upper respiratory
symptoms or gastroenteritis (11, 12; reviewed in reference 8).

The picornaviral RNA-dependent RNA polymerase (RdRp)
3DP°L responsible for RNA genome replication, has been exten-
sively studied, and there is a growing body of information avail-
able on 3DP! structure and function. To date, the crystal struc-
tures of RdRps for six different members of the enterovirus genus
and for the aphthovirus FMDV have been reported either isolated
or bound to different substrates (13-23). These enzymes adopt the
classical closed right-hand architecture, having finger, palm, and
thumb subdomains, with fingertips anchored on the thumb gen-
erating an encircled active site. Seven motifs (A to G) conserved in
sequence and structure have been defined that play critical roles in
recognition and binding of nucleoside triphosphates (A, B, D, and
F), metal ion binding and phosphoryl transfer (A and C), struc-
tural integrity of the palm (D), priming nucleotide binding (E),
and template binding (B, F, and G) (reviewed in references 24
and 25).

Mutational and structural analyses in PV also have demon-
strated that some substitutions in residues located far from the
active site, in particular at the polymerase N terminus, have sig-
nificant effects on catalysis (14). In addition, a number of mutant
polymerases that show altered polymerization fidelity have been
identified harboring mutations remote from the active site (26—
28). All of these observations suggest that nucleotide binding and
incorporation are modulated by a long-distance network of inter-
actions (14, 29-32).

To gain insight into the elucidation of the dynamics-function
relationships in RARps, we have solved the crystal structure of the
first cardiovirus RdRp, the EMCV 3DP°, in two different crystal
forms at 2.15-A and 2.8-A resolution. Interestingly, in one of the
crystal forms, we captured an unusual conformation of motif A,
occupying the rINTP channel entry. In this conformation, motif A
directly interacts with a conserved lysine in the finger domain and
with motif F. The structure also shows that the first residue, Gly1,
is moved out of its binding pocket, buried in the finger domain,
toward an exposed orientation in the polymerase surface. Finally,
we have also demonstrated that the recombinant enzyme is active
in vitro for both VPg uridylylation and RNA elongation.

MATERIALS AND METHODS

Protein expression and purification. The genomic region coding for the
RNA-dependent RNA polymerase 3D of encephalomyocarditis virus,
type mengovirus (EMCV 3DP°!), derived from infectious clone pM16.1
(33), was cloned into the expression plasmid pETG20A Gateway (Invit-
rogen). This plasmid provides a six-histidine tag attached at the carboxyl
terminus of the protein which can be removed by digestion with tobacco
etch virus (TEV) protease (Invitrogen).

Protein was produced in Escherichia coli Rosetta (DE3) pLysS strain.
Transformed cells were grown in Turbo Broth medium (AthenaES) sup-
plemented with 100 pg ml~ ! ampicillin and 34 wg ml ™' chloramphenicol
at 310 K until an optical density at 600 nm (ODy,,) of 0.4 to 0.6 was
reached, and then the solution was tempered to 293 K. Expression was
induced with 500 wM isopropyl-f3-p-thiogalactopyranoside (IPTG) for
16 hat 293 K. Cells were pelleted by centrifugation at 4,500 X g for 30 min
and then resuspended in 40 ml of phosphate-buffered saline (PBS; 1X).
Finally, cells were harvested by centrifugation and stored at —80°C.

Cells were resuspended in a cold lysis buffer containing 50 mM Tris-
HCI, pH 8.0, 500 mM NaCl, 10 mM imidazole, 0.1% (vol/vol) Triton
X-100, 10% glycerol, 1 mg ml~' lysozyme, and 10 pg ml~' DNase and
lysed by sonication. Cellular debris were pelleted by centrifugation, and
the soluble fraction was filtered and loaded into a 5-ml HisTrap HP (GE

5596 jviasm.org

Healthcare). Elution was carried out with an imidazole gradient (10 to 500
mM) in 50 mM Tris, pH 8.0, 500 mM NaCl, 10% glycerol, and 1 mM
dithiothreitol (DTT). Fractions containing the protein were dialyzed
against 50 mM Tris, pH 8.0, 300 mM NaCl, 10% glycerol,and 1 mM DTT.
His tag was removed by a digestion with TEV protease (Invitrogen) at 293
K for 16 h. Both the His tag and TEV protease were removed by running a
second Ni affinity chromatography. Finally, fractions containing the pro-
tein were further purified by size exclusion on a Superdex 200 16/60 (GE
Healthcare) in 500 mM NaCl, 50 mM Tris-HCI, pH 8.0, 10% glycerol, 1
mM DTT, and 1 mM EDTA. The protein was concentrated to 10 mgml ™"
using an Amicon Ultra concentrator (10,000 molecular weight cutoff
polyethersulfone [PES]; Millipore) previously equilibrated with a protein
buffer containing 50 mM arginine and 50 mM glutamine (Sigma-Al-
drich). The protein was stored at 193 K and the purity grade analyzed by
SDS-PAGE.

For the biochemical activity assays, the EMCV 3DP° was expressed at
17°C in Turbest broth (Arcadia Biotech). Protein purification and tag
removal were performed under nondenaturing conditions as previously
described (34). The final size-exclusion chromatography step was per-
formed in 10 mM HEPES, 300 mM NaCl, 2 mM DTT, pH 7.5.

Polymerase activity assays. The polymerase elongation activity assays
were performed as described previously (16). Starting conditions for fil-
ter-binding polymerase activity assays optimized for coxsackievirus B3
(CVB3) 3DP°! were conducted in a mix of 50 wl containing 50 mM Tris,
pH 7.0, 10 mM KCl, 0.8 mM MgCl,, 9% glycerol, 2 uM oligo(dT,)
(Invitrogen) annealed to 350 nM poly(rA) [termed poly(rA)/dT15; aver-
age size, 519 nucleotides (nt); oligo(dT),s/poly(rA) molar ratio of 5.7:1;
GE Healthcare], 40 nM EMCV 3DP°L 10 uM UTP, and 0.5 p.Ci [*'H]UTP
(35.5 Ci/mmol; GE Healthcare). Final conditions obtained for EMCV
3DP° were 50 mM morpholine propanesulfonic acid (MOPS), pH 7.0, 10
mM KCl, 4 mM MgCl,, 9% glycerol, 2 pM oligo(dT, ;) annealed to 350
nM poly(rA), 0.5 uM EMCV 3D, 100 uM UTP, and 2 wCi [*H]UTP.

Visualization of elongation products by denaturing PAGE was carried
out as described previously (16). The same reaction mixture was used as
described above, except that [**PJUTP (10 wCi) was used instead of
[*H]UTP. Ten-pl samples were taken at 0, 10, 20, and 30 min.

VPg uridylylation reactions were performed as described previously
(16). The reaction mix for EMCV 3DP°! contained 50 mM HEPES, pH 8.0,
10 mM KCl, 1 mM MnCl,, 9% glycerol, 2 uM poly(rA), 150 puM EMCV
VPg (GPYNETTRIKPKTLQLLDVQ; Perbio Science, France), 2 uM
EMCV 3DP°!, 5% dimethylsulfoxide (DMSO), 100 uM UTP, and 20 n.Ci
[>?P]UTP. Fifteen-pl samples were taken at 0, 60, and 120 min and ana-
lyzed by Tris-tricine SDS-PAGE.

Crystallization. Initial crystallization trials of EMCV 3DP°' were per-
formed by the sitting-drop vapor diffusion method at both 277 and 293 K
in 96-well Greiner plates using a nanoliter-drop crystallization robot
(Cartesian Microsys 4000 XL) and the commercial screens: crystal screens
1 and 2 and salt RX (Hampton research). Protein solution (10 mg ml~ " in
500 mM NaCl, 50 mM Tris-HCI, pH 8.0, 10% glycerol, I mM DTT, and 1
mM EDTA) droplets of 100 nl were mixed with 100 nl of precipitant
solution; the reservoir volume was 100 pl. Two different crystal forms
were obtained. The first crystals appeared in 1 day at 277 K from a solution
containing 10% polyethylene glycol (PEG) 6,000 and 2.0 M NaCl. These
crystals were optimized in the same plates using the Cartesian robot but
increasing the drop volume to 400 nl (200 nl protein solution and 200 nl
crystallization buffer). The second crystal form was optimized at 293 K in
a 24-well Greiner plate in crystallization drops containing 1 pl of protein
solution and 1 pl of crystallization buffer (4.0 M ammonium acetate and
0.1 M sodium acetate, pH 4.6) equilibrated against 1 ml of crystallization
buffer. Crystals appeared in 4 or 5 days.

X-ray diffraction analysis. EMCV 3DP°! data sets were collected at the
ALBA-CELLS synchrotron light facility (Barcelona) on a Pilatus 6M Dec-
tris detector at beamline XALOC (A = 0.979 A). All of the data sets were
recorded at 100 K. The first crystal form, belonging to the 14,22 space
group, diffracted to 2.15-A resolution (Table 1). Two hundred images
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TABLE 1 Data collection and refinement statistics

Value(s) for crystal form:

Parameter 14,22 C2

Data collection statistics

Resolution range (A) 43.15-2.15 (2.27-2.15)  49.32-2.8 (2.95-2.8)

Space group 14,22 Cl121
Cell dimensions
a, b, c(A) 122.55,122.55,198.79  230.40, 140.77, 170.58
o, B,y (°) 90, 90, 90 90, 125.86, 90
Rinere 0.09 (0.77) 0.05 (0.56)
Iol 13.1 (2.8) 10.2 (1.8)
Completeness (%) 98.4 (98.3) 98.9 (99.2)
Multiplicity 5.0 (5.0) 23 (2.3)

Refinement statistics
Resolution range (A) 43,15-2.15 48.97-2.8

No. reflections 201,287/40,499 250,575/107,270

(total/unique)
Ryon/Rees 23.89/26.30 21.51/25.11
No. of residues
Protein 460 2760
Ligands 2 glycerol, 1 GIn® 7 glycerol
Water 105 123
B factor (A?)
Protein 27.30 53.16
Water + ligands 37.12 43.80
RMSD
Bond length (A) 0.004 0.006
Bond angle (°) 0.887 1.05
Ramachandran plot
(no. [%])
Residues in preferred 439 (95.9) 2,544 (92.85)
regions
Residues in allowed 15 (3.3) 137 (5.0)
regions

“ Ryork = 2Kl [|Fop (hKD)| — |F o (hKD)||/2hKl |Fp (hkl)|, where F,, and F_,,. are the
structure factors deduced from measured intensities and those calculated from the
model, respectively.

b Rpee is the same as R, but was determined for 5% of the total reflections chosen at
random and omitted from refinement.

¢ The GIn molecule was present in the buffer used for washing the concentrator
membranes to improve protein solubility and prevent membrane binding.

were collected with an oscillation angle of 0.5° and 1-min exposure time as
a collection strategy. The second crystal form, belonging to the space
group C2 and with six independent RdRp molecules present in the asym-
metric unit, diffracted to 2.8-A resolution (Table 1). Four hundred images
were collected from these crystals, with an oscillation angle of 0.5° and an
oscillation time of 1 min. Diffraction images were processed with XDS
(35) and internally scaled with SCALA (CCP4i) (36).

Structure solution and refinement. In both space groups, the struc-
ture of the EMCV 3DP°! was determined by molecular replacement with
PHENIX software (37) using a search model derived from the structure of
FMDYV polymerase (Protein Data Bank [PDB] entry 1U09). The correctly
oriented and positioned models were manually rebuilt using Coot (38)
and automatically refined with Refmac5 (39) for the 14,22 structure; Ref-
mac5 and PHENIX were used for the C2 structures. Noncrystallographic
symmetry (ncs) restraints were initially applied to the six independent
molecules present in the asymmetric unit of the C2 crystals using
Refmac5. However, the ncs restrained-refinement result was unstable be-
cause the presence of different conformations in many polymerase re-
gions, especially in the surface-exposed loops, was affected by crystal-
packing interactions. Therefore, the variable regions were manually
rebuilt using Coot, and the final cycles of automatic refinement were
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performed with PHENIX. The refined structures in both space groups
contain the complete protein residues (from Glyl to Trp460). The C2
structure also contains 7 glycerol molecules and 123 water molecules, and
the 14,22 structure contains 2 glycerol molecules and 105 water molecules
(Table 1). In addition, an elongated extra density, present in the active-site
cavity of the 14,22 crystal form, has been interpreted according to the
presence of a glutamine molecule from the buffer used for washing the
concentrator membranes prior to protein concentration (40). The statis-
tics of the refinement for the two structures are summarized in Table 1.

Structural analysis. The knowledge-based potentials of the program
Prosa2003 (41) were used to compare the quality of the structures. Prosa
potentials are based on the use of the inverse of the Boltzmann equation,
inferring the energy of a system based on the frequency with which pairs of
residues are found at a given distance in the Protein Data Bank. The total
energy is split into two main components: pair energy, which checks the
quality of the residue-residue interactions, and surf energy, to check the
residue interaction with the solvent. The quality of the whole structure is
evaluated by means of the Z score [Z score = (E — <E>)/s, where E is the
energy of a particular conformation, <E> is the average of energies ob-
tained with the sequence tested in all possible folds stored in Prosa, and s
is the standard deviation of the test]. The combined (comb) Z score for
surf energy and pair energy potentials for the EMCV 3DP°! structures
yielded identical values for both standard and altered conformations of
motif A (Z score [comb] = —13.5), with subtle differences in the individ-
ual surfand pair energies calculated (Z-score [surf] = —10.03 and Z-score
[pair] = —10.45 for the standard conformation; Z-score [surf] = —9.92
and Z-score [pair] = —10.64 for the altered conformation). These values
were within the expected range for a protein of 460 residues (Prosa Man-
ual; http://www.came.sbg.ac.at), indicating that both standard and al-
tered conformations were stable.

However, these energy calculations are not enough to ensure that the
conformation of a sequence in a particular fold is the best. To further
check the local differences in stability between the two motif A loop con-
formations, a new analysis was performed taking into account only the
residues of the motif A loop (237 to 243), the closest contacting zone that
included the region of residues 50 to 64 and residue 1. Calculations were
done by scanning the sequence of these regions with all possible amino
acid substitutions. The Z-score of the new structure was calculated and
compared to the Z-score of the original (nonmutated) sequence. The
results obtained are summarized in Table 2.

PDB accession numbers. The PDB accession codes for the EMCV
3DP! structures are 4NYZ and 4NZ0 for 14,22 and C2 crystal forms,
respectively.

RESULTS

In vitro polymerase activity of recombinant EMCV 3DP°., Poly-
merase activity of the purified EMCV 3DP°! was assayed by mea-
suring elongation of an oligo(dT,s) primer hybridized to a
poly(rA) template through incorporation of ["H]UTP. Negligible
elongation activity could be observed when using conditions op-
timized for CVB3 3DP®' {50 mM Tris buffer, pH 7.0, 0.8 mM
MgCl,, 40 nM 3DP, 9% glycerol, 10 uM UTP, 0.01 wCi/pl
[PH]JUTP, 2 uM oligo(dT,5) annealed to 350 nM poly(rA); L. van
der Linden, L. Vives-Adrian, B. Selisko, C. Ferrer-Orta, H. Vense-
laar, K. Lanke, A. M. De Palma, F. Tanchis, N. Goris, D. Lefebvre,
K. De Clercq, P. Leyssen, C. Lacroix, G. Pirstinger, R. Ulferts, B.
Coutard, B. Canard, N. Verdaguer, J. Neyts, and F. J. M. van Kup-
peveld, unpublished data}. Therefore, the assay was optimized for
EMCV 3DP°! using conditions described for FMDV 3DP°! (42), an
enzyme with a higher similarity to EMCV 3DP' than CVB3 3DP°,
as a guideline. A higher enzyme concentration (0.4 to 1 uM com-
pared to 40 nM for CVB3 3DP°") was required to observe some
activity (data not shown). The change to MOPS buffer (pH 7.0)
instead of Tris (pH 7.0) was decisive (Fig. 1A). This was also the
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TABLE 2 Pseudoenergies of selected residues of 14,22 and C2 EMCV 3DP' conformations®

Surface energy Pair energy Combined energy
Residue 14,22 C2 14,22 C2 14,22 C2
No. Identity A<0 A>0 I A<0 A>0 I A<0 A>0 I A<0 A>0 I A<0 A>0 I A<0 A>0 I
1 G 0 19 17 2 + 3 16 1 18 1 18 11 8
50 D 2 17 17 2 + 2 17 0 19 0 19 5 14
51 E 1 18 1 18 1 18 1 18 0 19 1 18
52 v 5 14 14 5 4 15 3 16 4 15 10 9
53 A 6 13 9 10 0 19 4 15 4 15 5 14
54 F 0 19 0 19 4 15 9 10 1 18 0 19
55 S 6 13 3 16 8 11 6 13 5 14 1 18
56 K 16 3 + 16 3 + 3 16 2 17 11 8 15 4 +
57 H 9 10 9 10 6 13 6 13 9 10 4 15
58 T 0 19 0 19 1 18 1 18 1 18 0 19
59 S 2 17 2 17 1 18 1 18 3 16 1 18
60 N 13 6 13 6 7 12 4 15 14 5 12 7
61 Q 14 5 14 5 7 12 13 6 15 + 16 +
62 E 1 18 4 15 7 12 5 14 12 5 14
63 T 9 10 9 10 12 7 5 14 8 11 6 13
64 L 2 17 2 17 0 19 0 19 0 19 0 19
237 S 16 3 + 6 13 3 16 1 18 11 8 2 17
238 N 12 7 12 7 1 18 2 17 4 15 11 8
239 F 0 19 0 19 12 7 15 4 + 3 16 3 16
240 D 2 17 18 1 + 0 19 12 7 0 19 19 0 +
241 S 16 3 + 12 7 1 18 5 14 11 8 12 7
242 T 11 8 11 8 4 15 8 11 11 8 12 7
243 H 9 10 9 10 3 16 3 16 7 12 7 12

“ Mutability analysis was performed to characterize the stability of the motif A loop (residues 237 to 243) and the surrounding selected residues (50 to 64 and 1). The analysis
consists of the replacement of each residue by all other 19 amino acids. The Z-score of the structure then is calculated by Prosa and compared to the Z-score of the original
(nonmutated) sequence. We used Z-scores of pair, surface, and combined energies. Columns show the number of mutations stabilizing (A < 0) and destabilizing (A > 0) the
standard conformation of EMCV 3DP°! pseudoenergies. A is the difference between the mutated residue and initial residue energies. By convention, we assumed that when A < 0 is
greater than 15, a significant unstable localization of the conformation occurred. Column I shows a plus mark when the mutations stabilize the conformation in a particular

position. Rows show the selected residues for this analysis.

buffer used in elongation assays with FMDV 3DP°' (42). On the
other hand, decreasing the glycerol concentration from 9% to
2.5% was detrimental to EMCV 3DP' elongation activity. The
increase of cofactor MgCl, concentration (3 to 5 mM MgCl, com-
pared to 0.8 to 1 mM) resulted in significantly improved elonga-
tion activity (Fig. 1C). Using 1 mM MnCl, resulted in only a small
increase in activity and was abandoned in favor of the more phys-
iological ion MgCl,. We also checked the influence of UTP con-
centration. Using 10, 50, or 100 wM UTP yielded similar apparent
incorporation rates of ['H]UTP (Fig. 1C). However, considering
that the labeled UTP is diluted more when using a higher concen-
tration of unlabeled UTP, the outcome observed with 100 pM
UTP represents a higher level of elongation activity; thus, 100 wM
UTP was selected. Using optimized conditions, elongation prod-
uct formation by EMCV 3DP®' followed linear kinetics up to 30
min (Fig. 1D). Resulting polymerase elongation products could be
visualized by PAGE, showing time-dependent formation of an
oligo(dT,5)-poly(rU) product in a highly processive manner (Fig.
1E). Furthermore, we could also show uridylylation of the physi-
ological 3DP*' primer VPg by 3DP°! in an assay using purified VPg
and a poly(rA) template (Fig. 1E).

In summary, we demonstrate that recombinant EMCV 3DP'is
active as a processive primer-dependent, RNA-dependent RNA
polymerase in vitro. We also showed that it uridylates its cognate
VPg primer.

Overall architecture of the ECMV RdRp. Two different crystal
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forms, space groups 14,22 and C2, were obtained from the EMCV
3DP°! (Table 1; also see Materials and Methods). The C2 crystals
diffracted to 2.8-A resolution and contained six independent
polymerase molecules in the asymmetric unit (a.u.), whereas the
tetragonal 14,22 crystals diffracted to 2.15 A and contained only
one molecule per a.u. The structures were solved by molecular
replacement using a homology model based on the structure of
the FMDV 3DP°! (PDB entry 1U09) as a search model. Data col-
lection and refinement statistics are summarized in Table 1.
EMCV 3D adopts the classical right-hand conformation of
RdRps with the N terminus, finger, and thumb subdomains inter-
acting to encircle the active site (Fig. 2A). In the C2 crystals, the six
independent polymerase molecules show similar conformations
(the root mean square deviation [RMSD] between all Ca atoms is
0.5 A). The main differences are located at the polymerase N ter-
minus, residues 41 to 64, and in the palm loops, residues 292 to
297 and 360 to 368, at the N and C termini of motifs B and D,
respectively (Fig. 2C). Subtle differences are also seen in the region
of residues 440 to 448, joining the thumb helices «14 and «15.
With the exception of the motif B loop, all of the residues men-
tioned above belong to surface-exposed regions involved in crys-
tal-packing interactions in some of the molecules of the crystal
asymmetric unit. Five of the six 3DP°-independent molecules
found in this crystal form show the first residue, Glyl, buried in
the finger domain, participating in a network of hydrogen bonds
that connects the fingers with the motif A residue Asp240 in the
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FIG 1 In vitro polymerase activity of EMCV 3DP°.. (A to D) In vitro EMCV 3DP*' elongation activity measuring incorporation of [*H]UTP using poly(rA)/dT,
as the template-primer. (A to C) Elongation activity of EMCV 3D?°! while varying cofactor MgCl,/MnCl,, UTP, and glycerol concentrations and the type of
buffer. The initial velocity of the reaction (Vi) represents the polymerase elongation activity. The Vi observed with the starting conditions for the optimization
was set to 100%. (D) Elongation activity of EMCV 3DP®! using the optimized conditions. (E) EMCV 3DP°! elongation activity as visualized by denaturing PAGE.
The dT, 5 primer is elongated with ([>*P])UTP using a poly(rA) template. (F) VPg uridylylation assay. In the presence of a poly(rA) template, [**P]JUTP is
covalently coupled to the primer VPg by EMCV 3DP?!, Reaction products were analyzed using Tris-tricine-SDS-PAGE.

active site, as reported for all other picornaviral 3DP*' structures
determined to date (Fig. 3A and B). However, in the sixth mole-
cule, the Gly1 binding residues Thr58 and Asn60 are reoriented
and participate in packing contacts with a neighboring molecule in
the crystal, leaving Gly1 in a partially exposed position (Fig. 3C). This
glycine is clearly visible in the electron density maps, and its posi-
tion is probably stabilized by a salt bridge created between the
Glyl N terminus and the side chain of Glu4 (Fig. 3C).
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As for the other picornaviral RdRps, the EMCV 3DP°! fingers
are divided into two regions: an inner region that consists primar-
ily of a bundle of a-helices (from al to a4 and a6, a8, and a9),
packed against the palm subdomain, and an outer region, consist-
ing of a five-stranded mixed B-sheet (31, 35, B7, B9, and $10),
with strand B1 contributed from the N terminus. The long region
connecting strands 35 and B7 (residues 151 to 179) contains two
small secondary structural elements, a5 and 6, which, together
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FIG 2 Structure of EMCV 3DP°!, (A) Front view of the EMCV 3DP°! structure, showing a ribbon diagram (gray) with the secondary structural elements explicitly
labeled. The seven conserved structure-sequence motifs are colored according to the following scheme: A, red; B, green; C, yellow; D, light blue; E, orange; F, blue;
and G, pink. (B) Superimposition of the EMCV 3DP structures in the C2 (gray) and 14,22 (orange) space groups. The polymerase regions showing the largest
displacements are highlighted with thicker ribbons and labeled. (C) Stereo view of the closeup of the seven EMCV 3DP°! structures solved by superimposition,
viewed from the back of the enzyme. The panel shows the palm motif A (residues 234 to 243), the B-loop (residues 292 to 297), and motif D (residues 360 to 369),
highlighting the largest movements in different colors. The region between residues 54 and 69 of the fingers that contacts motif A is also represented. Panels D
and E show the active-site closure in RdARps upon correct nucleotide binding. (D) Ribbon diagram of the palm subdomain of the FMDV 3DP°'-RNA-RTP ternary
complex (PDB entry 2E9R). The structure was trapped in an initial precatalytic step, where the polymerase active site shows an open conformation characterized
by a partially formed three-stranded (-sheet of motifs A and C. (E) Norovirus RARp-RNA-rNTP ternary complex trapped in a catalytically competent closed
conformation, where the 3-strand structure of motif A was completely formed (PDB entry 3BSO). In the two panels, motifs A, B, C, and F are indicated in red,
green, yellow, and blue, respectively. The template-primer RNAs and the incoming NTPs are included in both catalytic complexes. Panel E shows the two metal
ions as purple balls.

with the 3, helix 1 and the strand 82 at the N terminus, extend
toward the thumb domain, forming the fingertip region (Fig. 2A).
The long 35-B7 loop also contains the conserved motif F, which is
rich in positively charged residues that form the roof of the INTP
entry channel (Fig. 2A). These residues bind the incoming rNTP
and also assist the reorientation of its triphosphate moiety in the
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correct position for catalysis, as seen in the structures of enterovi-
rus and aphthovirus catalytic complexes (17, 19). Finally, at the
front side of the fingers, the long loop connecting helices a3 and
M2 (residues 98 to 120) contains motif G (residues 110 to 120),
which forms the template channel entrance (Fig. 2A).

The palm domain of EMCV 3DP' consists of the central three-
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L3

1287

FIG 3 Network of interactions linking the polymerase N terminus to the active site in different 3DP*' structures. (A) PV 3DP*' bound to an rNTP molecule shown
in yellow (PDB entry 1RA6); (B) EMCV C2 crystals, representative structure of five of the six independent molecules in the asymmetric unit; (C) EMCV C2
crystals, sixth molecule; (D) EMCV 14,22 crystals. In all panels, the polymerase residues are shown as sticks in atom type code, with the motif A Asp highlighted
in red and the motif B Asn shown in blue. The rNTP found in the PV structure is modeled in EMCV structures by superposition of the active-site residues and

represented in semitransparent yellow sticks.

stranded B-sheet (38, B11, and B12) sandwiched between helices
a7 and a1l and followed by a pair of B-strands (13 and 14)
which form the interface with the mostly helical thumb (Fig. 2A).
Strand B8 and its C-terminal loop contain the conserved acidic
residues Asp235 and Asp240 and form motif A. Motif C is located
in the f11-B12 turn and contains the sequence Gly332-Asp333-
Asp334, which is almost universally conserved in RdRps. The
metal ions involved in the nucleotidyl transfer reaction would
interact with the N-terminal aspartic acid residues of both A and C
motifs. The helix a10 packs adjacent to the central 3-sheet near
the catalytic site. This helix, together with its N-terminal loop (the
B10-a10 loop), forms motif B. The B-loop contains the strictly
conserved residues Gly289, Ser293, Gly294, and Thr298, which
are involved in binding the template (t + 1, the templating nucle-
otide located just in front of the incoming nucleotide) and incom-
ing nucleotides (Fig. 2D and E; also see Fig. 5A and B), in the
structures of the different picornaviral catalytic complexes deter-
mined (17-19, 43). The helix «10 also contains the conserved
Asn302, which, together with Asp240 in motif A, has been de-
scribed to be essential for selection of INTPs over deoxynucleoside
triphosphates (ANTPs) by hydrogen bonding to the 2" hydroxyl
group of the incoming nucleotide. In the six independent RdRp
structures seen in the C2 crystals, Asn302 appears to be hydrogen
bonded to Asp240 (Fig. 3B and C), as in other picornaviral RARp
structures. The helix a11 supports the central (38, 311, and B12)
sheet and, together with the long loop at its C terminus (a11-13
loop), forms motif D. The transition between palm and thumb
subdomains is provided by the two antiparallel B-strands (313
and B14), forming the structural motif E (Fig. 2A).

In common to all other picornaviral RdARps, EMCV 3DP®' pos-
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sesses a small thumb subdomain, built mainly by helices 12 to
a5, organized in a four helix-bundle (Fig. 2A). The small size of
this domain contributes to the formation of the large central cleft,
located in the front of the molecule, that is typical of primer-
dependent RdRps (21, 43, 44). The end of the C-terminal helix
al5 is anchored to the palm domain via hydrophobic interactions
between Phe459 and Val216 of helix a7 and Leu390 in the turn of
motif E. The most C-terminal residue, Trp460, appears exposed to
the solvent and participates in interactions with neighboring 3DP°!
molecules in the crystal. Mutational studies in mengovirus indi-
cated that a deletion of Trp460 or its replacement by Ala or Phe
dramatically impaired viral RNA replication. The study also
showed that replacement of this Trp by Tyr or His did not alter
viral growth. In light of these data, the authors suggested that
Trp460 is involved in thumb-palm contacts via a hydrophobic
interaction with Val216 and a polar bond with the side chain of
Thr219 (45). The structures of the seven independent molecules
analyzed in this work show that the residue mediating thumb-
palm interactions is Phe459, and that Trp460 is exposed to the
solvent or participates in packing interactions with neighbor mol-
ecules. In particular, Trp460 was found in contact with Arg21 of a
neighboring 3DP°! in two of the six independent molecules of the
C2 crystal form. Therefore, the structural data indicate that the
critical role of Trp460 in cardiovirus replication is due to its im-
plication in interactions with other molecules within the replica-
tion complex.

Unusual conformation of motif A unveiled from the 14,22
crystal form. The overall 3DP°! structures observed in the two
different space groups also agree very well (RMSD of 1.1 A) (Fig.
2B). However, an important distortion of the polymerase active
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FIG 4 Structural details around the altered conformation of motif A. (A and B) Side views of the RdRp surface representation from C2 (A) and 14,22 (B).
The surface has been trimmed to expose the three channels through which the different substrates and products of the polymerization reaction enter or
leave the active site. The structural elements that support motifs A, B, and C are also shown as ribbons (the colors are the same as those described in the
legend to Fig. 2). (C) Structural superimpositions of the C2 (gray) and 14,22 structures showing the organization of motifs A, B, C, and F. The amino acids
involved in intramolecular contacts stabilizing the two different conformations are shown as sticks. Residues Phe339 and Asp240, showing the largest
displacements, are explicitly labeled. (D) Detail of the binding interactions of residue F239. The aromatic ring of Phe239 forms a cation- interaction with
the e-amino group of the Lys56 side chain and establishes additional interactions with residues Lys172 and Argl63 from motif F. (E) Stereo view of the
electron density map around residue Phe239 of motif A. Stereoview of a weighted 2F,-F_ Fourier map, contoured at 1.5 o, with the model placed inside

(balls and sticks are colored in atom type code).

site is observed in the 14,22 structure (Fig. 2B; also see Fig. 5B).
The rearrangement mainly affects the polymerase motif A resi-
dues from Tyr236 to Ala246, where Asp240, the amino acid in
charge of INTP selection, and the neighboring Phe239 move ~10
A away from its position in the catalytic cavity of active RdRp,
directed toward the entrance of the nucleotide channel and ap-
proaching motif F (Fig. 4B and C). This altered conformation of
motif A is mainly stabilized by a cation-m interaction established
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between the phenyl ring of Phe239 and the €-amino group of
Lys56 located in the finger domain at the C-terminal end of helix
al (Fig. 4D). The Phe239 side chain is also involved in strong
hydrophobic contacts with residues Lys172 and Arg163 in motif F
(Fig. 4D and E). Additional interactions contributing to the stabi-
lization of motif A in the altered position are observed between the
side chain of residue Thr242 and the finger residue Asn60 and
between main and side chains of His243, Leu291, and Asn306
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FIG 5 Organization of EMCV 3DP°! palm in the two alternative conformations and the Phe239 environment in picornavirus 3DP°'. Closeup of the palm
subdomain of EMCV 3DP°'in the standard (A) and altered (B) conformations, showing the disposition and intramolecular contacts established by the conserved
residues Gly289, Ser293, Gly294, and Thr298 within the motif B-loop as well as the interaction between the motif A residue Asp240 and residue Asn302 of motif
B, which has been described as essential for rINTP selection. The conserved GDD residues of motif C and the catalytic Asp235 of motif A are also shown and
explicitly labeled. (C and D) Structural details around Phe239 in 3DP°! of ECMV. When motif A is located in standard conformation (C), His243 interacts with
the main-chain oxygen of Phe239, while in the altered conformation (D), the His243 side chain has changed the rotamer and the interaction with F239 is lost. A
glutamine present in the buffer fills the new space created by the displacement of the motif. Panels E and F show the same environment in aphthovirus (FMDV;
PDB entry 1U09) and enterovirus (PV; PDB entry 1RA6). The structure of the 3DP*! of FMDV shows a histidine in the same position as that shown in panel C.

Nevertheless, the 3DP°! of PV has a Tyr instead of a Phe that interacts with the main chain of Asn297.

within motif B (helix «10) (Fig. 3D). In this altered position of
motif A, the active-site residue Asp240 remains totally exposed in
the rNTP tunnel edge (Fig. 4B).

The movement of motif A is associated with other conforma-
tional changes in the neighboring finger region: from Phe54 to
Ser63 (C terminus of the al and al-a2 loop) (Fig. 2B), which
directly interacts with motif A in both standard and altered con-
formations (Fig. 3B, C, and D), and at the 3D? °IN terminus, where
the very first Glyl residue moves from its binding site anchored in
the finger domain toward a totally exposed orientation in the
polymerase surface (Fig. 3D).
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In addition, the drastic movement of the motif A loop leaves an
empty space in the palm site, particularly where Phe239 used to be
packed (Fig. 5C and D). In the structure, this space is filled by the
presence of a density which has been interpreted as a glutamine
molecule coming from the washing buffer of the concentration
filters (see Materials and Methods). A number of water molecules
are also found in this region. Finally, the Asn302 and Asn306 side
chains have been changed in their rotamer conformation and in-
teract with one another and with Tyr236, partially occupying the
Phe239 ring (Fig. 5D).

Structural comparisons have also detected other polymerase
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rearrangements that do not appear to be directly associated with
the conformational change of motif A. These movements involve
two regions that are essential for polymerase function: the con-
served motifs G and D (Fig. 2B and C). Main-chain movements of
about 1.8 A in the region, from Leu99 to Val125, which contains
motif G, are observed in comparisons of the 3DP*' structures be-
longing to the C2 and 14,22 space groups. This region harbors the
conserved amino acids Gly112 and Pro114, which have been seen
to be involved in template binding and chain translocation by
structural and mutational analyses of other picornaviral RdRps
(14,17,42,46). In addition, residues from Ile359 to Pro369 within
the motif D loop also show substantial flexibility when the poly-
merases of the two different space groups are compared (RMSD of
3.5 A) (Fig. 2B).

Evaluation of motif A stability in altered and standard con-
formations. The knowledge-based potentials of the program
Prosa2003 (41) were used to compare the stability of the two dif-
ferent conformations of motif A. These statistical potentials are
often used for the selection of a correct protein conformation
among a large set of decoys but also to detect stability differences
among the structures of various mutants. As the Prosa potentials,
calculated for the entire EMCV proteins, indicated that both stan-
dard and altered conformations were similarly stable (see Materi-
als and Methods), the analysis was then concentrated in the local
disposition of the residues in motif A and on its effect in the closely
contacting residues. Therefore, only the flexible stretch of motif A,
defined between residues 237 and 243, and the region defined by
residues 1 and 50 to 64 were included in the calculations. Muta-
tion scanning was performed, including all possible substitutions
within the motif A fragment and the nearest residues, and a new
Z-score was calculated for each mutated residue (Table 2). As
expected, the scanning showed that most substitutions destabilize
the mutant form of the loop in both conformations. However,
some positions were stabilized, and most of these stabilizing mu-
tations were found in the standard conformation of the loop (Ta-
ble 2). Interestingly, among the residues affected by the scanning,
Glyl, Lys56, Phe239, and Asp240 are essential for RdRp activity, as
has been demonstrated in other picornavirus 3DP°". Other non-
conserved residues within loop A (Ser237 and Ser241) and close to
Lys56 (Asp50 and GIn61) also appear to be affected. Another con-
clusion from the scan is that the scores derived from pair energy
are mostly unaffected, proving that the contacts of these residues
are quite stable (Table 2). The only position influenced by this
scanning is Phe239 in its standard conformation, indicating that
the active form of the loop is not the best for a phenylalanine in
this position. However, the formation of the m-cation and the
relocation of Phe239 in the altered conformation of motif A (Fig.
4C and D) improves the stability of the structure.

According to one of the principles of enzyme catalysis, estab-
lishing that an unstable residue tends to stabilize by the interaction
with another element (substrate or protein), the analysis of the
effect of scanning in the surf energy shows those residues relevant
for the reactivity of the protein. Interestingly, both standard and
altered conformations show Lys56 destabilized; in contrast,
Asp240 appears to be unstable only in the standard conformation,
which is indeed the active form of the polymerase.

DISCUSSION

Biochemical analyses of RdRp elongation complexes revealed a
multistep model of nucleotide incorporation (47-49). The X-ray
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structures of various picornaviral replication-elongation com-
plexes, trapped in different steps of the catalytic process, have
revealed a mechanism of active-site closure that does not require
large interdomain rearrangements (17-20). Structural compari-
sons evidenced that 3D uses subtle conformational changes in
the palm domain, facilitating the interactions with the ribose hy-
droxyl groups of the incoming rNTP. In particular, the side chain
rearrangements in the conserved aspartic acid of the motif A C
terminus (Asp240 in EMCV) and in motif B residues Asn302 and
Ser293 are responsible for rNTP recognition and binding (19, 43,
44). Furthermore, a number of basic residues of motif F were also
involved in binding the triphosphate moiety of the incoming nu-
cleotide (Fig. 2D and E). After the correct accommodation of the
rNTP substrate in the active site, a fine shift of motif A positions
the catalytic aspartic acid, located at the N terminus of the motif,
in the correct orientation for metal binding (Fig. 2E). A number of
catalytic complexes have been crystallized in an initial precatalytic
step, where the enzyme shows an open conformation character-
ized by a partially formed three-stranded B-sheet of the palm
domain motifs A and C (17-20) (Fig. 2D). Other elongation
complexes were trapped in a catalytically competent closed
conformation, where the 3-strand structure of motif A was com-
pletely formed, allowing catalysis to take place by the common
two-metal-ion mechanism (17, 18) (Fig. 2E). These local changes
serve to fully structure the active site upon correct nucleotide
binding. As picornaviral RdRps do not possess any proofreading
activity, the mentioned rearrangements associated with the cata-
lytic cycle seem to be the major fidelity determinants of these
enzymes (reviewed in references 50 and 44). Besides these fine
movements, recent molecular dynamics and nuclear magnetic
resonance data have provided evidence that the motif D loop is
highly dynamic and that the movements of this region serve to
close the active site when the correct nucleotide is bound (31, 51,
52). This motif contains a strictly conserved lysine, which appears
to be the proton donor for the pyrophosphate leaving group after
nucleotide incorporation (53). Pyrophosphate protonation is not
essential but contributes 50-fold to 1,000-fold to the rate of nucle-
otide addition (54). Therefore, motif D and, in particular, the
dynamics of this conserved lysine appear to comprise an impor-
tant element affecting both fidelity and polymerization effi-
ciency (31, 51, 53-55).

The six EMCV 3DP°-independent molecules found in the C2
crystals showed an open conformation of the active site, as ex-
pected for the apo-form of the enzyme. In contrast, the 14,22
crystals trapped the EMCV enzyme in a closed-like conformation,
with the B-sheet supporting motif A totally formed and the cata-
lytic Asp235 positioned in front of the motif C Asp333 (Fig. 4B
and C and 5B). This active-site conformation has never been ob-
served before in the absence of RNA and a correctly base-paired
NTP. However, the 14,22 structure shows an unprecedented
movement of the motif A loop harboring the rNTP binding resi-
due Asp240 ~10 A away from the active site. In this orientation,
Asp240 occupies the edge of the NTP entry tunnel (Fig. 4B and C).
In addition, all of the residues expected to participate in the
EMCYV active-site closure during catalysis were involved in con-
tacts stabilizing the altered conformation of the A-loop (Fig. 4C to
E). Next to Asp240 is the phenyl ring of Phe239, which forms a
-cation interaction with Lys56 and is further stabilized by hydro-
phobic interactions with the side chains of Lys172 and Argl73 of
motif F (Fig. 4D). Moreover, the main chains of residues Gly290,
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Leu291, I1e310 (motif B), and Asp334 (motif C) also participated
in contacts with the altered motif A (Fig. 4D and E). Finally, in this
structure the Asp240 interacting residue, Asn302, together with
Asn307 appeared hydrogen bonded to the catalytic Asp333 of mo-
tif C, which had changed its rotamer conformation (Fig. 5A to D).

The large movement of motif A seems to be associated with
other important changes in the molecule. In particular, rearrange-
ments were located at the finger residues 54 to 63 and at the poly-
merase N terminus. All picornavirus 3DP*' structures reported to
date have shown the N-terminal glycine buried in a pocket at the
base of the finger region, participating in a network of hydrogen
bonds with other highly conserved glycine residues in finger and
palm domains (Fig. 3A and B) (14, 29, 56). This network of inter-
actions helps the correct positioning of the rNTP binding Asp
residue in the active site (14). In enterovirus and aphthovirus, the
amino group of Glyl establishes hydrogen bonds with the back-
bone carbonyls of three conserved glycines, one at the fingers and
the last two within the motif B loop, in an almost perfect tetrahe-
dral geometry (Fig. 3A). The conformation was further stabilized
by other main-chain hydrogen bonds formed between residues of
motifs B and A (Fig. 3B). Previous mutational, biochemical, and
structural data on PV showed that the 3D activity was extremely
sensitive to mutations at the N terminus (14, 57, 58). This sensi-
tivity, as well as the lack of polymerase activity in the PV precursor
3CD protein, was thought to be associated with the removal of the
3DP' N terminus from its binding pocket and, as a consequence,
to an alteration of the pattern of interactions mentioned (29).

In the standard conformation of motif A, Phe239, the amino
acid that has experienced the most dramatic rearrangement (Fig. 4
and 5), appears tightly packed to the aromatic residues Tyr236 and
His243 within the same motif and makes additional hydrophobic
contacts to I1e309 (helix «10 of motif B) and, to a lesser extent, to
Tyr357 (motif D loop). In addition, its main-chain oxygen is hy-
drogen bonded to the His243 side chain, which is also involved in
other two polar interactions with the side chains of Asn302 and
Tyr357 (Fig. 5C). In the altered structure of motif A, the His243
side chain has changed its rotamer conformation and appears to
participate only in a hydrogen bond with the reorganized Asn306
side chain (Fig. 5D). Comparisons to other picornaviral poly-
merases of known structures demonstrate the high conservation
of this palm region (Fig. 5C, E, and F). The equivalent position of
Phe239 is always occupied by an aromatic residue in picornaviral
polymerases, with Phe in cardiovirus and aphthovirus and Tyr in
most enteroviruses. In all of the enterovirus 3DP°' structures
solved, the OH group of this Tyr side chain appears to be hydrogen
bonded to a main-chain residue of motif B, being an additional
element that stabilizes the motif A loop in the standard conforma-
tion (Fig. 5D). The Phe239-interacting residue Tyr236 is also
strictly conserved among picornaviruses; however, His234 is only
conserved in the cardio- and aphthovirus genera. In FMDV 3DP!
structures solved, both in absence and in the presence of RNA (19,
20), the equivalent His residue is involved in similar contacts (Fig.
5). In addition, whereas both FMDV and EMCV C2 crystals have
been obtained at acidic pH, the EMCV 14,22 crystals have grown
at pH 8 (19, 20; also see Materials and Methods). Taking into
account the different pH conditions used in crystal growth and the
pattern of interactions described above, we tentatively speculate
that the pH differences affect the protonation state of His243,
affecting the interactions mediated by this residue and, as a con-
sequence, preventing or facilitating the large conformational
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change of the motif A loop. The altered conformation of motif A
leaves an empty space in the palm that might be occupied by small
molecules, like the glutamine molecule found in the 14,22 struc-
ture, which probably contribute to the stabilization of this altered
conformation.

In conclusion, the structural data presented here suggest that
the motif A loop would act as a negative regulator of RNA synthe-
sis, interfering with the access of the incoming nucleotides to the
active site. The role of this negative regulation is not known. How-
ever, the participation of highly conserved residues in maintaining
the altered form of motif A, especially in cardio- and aphthovi-
ruses, suggests that this conformational change is general at least
to the polymerases of these two picornavirus genera. The presence
of flexible elements in the polymerase regions that play roles in
template, primer, or nucleotide binding is essential for its func-
tion. The dynamics of these elements can be modulated by exter-
nal effectors, either activating or inhibiting the enzyme activity.
Small-molecule compounds designed to stabilize altered motif A
would prevent the correct positioning of the incoming rNTP to
the active site and, as a consequence, the polymerization function
in picornaviruses.
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