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SUMMARY Although enteroviruses are associated with a wide variety of diseases and
conditions, their mode of replication is well conserved. Their genome is carried as a sin-
gle, positive-sense RNA strand. At the 5= end of the strand is an approximately 90-
nucleotide self-complementary region called the 5= cloverleaf, or the oriL. This noncod-
ing region serves as a platform upon which host and virus proteins, including the 3B,
3C, and 3D virus proteins, assemble in order to initiate replication of a negative-sense
RNA strand. The negative strand in turn serves as a template for synthesis of multiple
positive-sense RNA strands. Building on structural studies of individual RNA stem-loops,
the structure of the intact 5= cloverleaf from rhinovirus has recently been determined via
nuclear magnetic resonance/small-angle X-ray scattering (NMR/SAXS)-based methods,
while structures have also been determined for enterovirus 3A, 3B, 3C, and 3D proteins.
Analysis of these structures, together with structural and modeling studies of interac-
tions between host and virus proteins and RNA, has begun to provide insight into the
enterovirus replication mechanism and the potential to inhibit replication by blocking
these interactions.

KEYWORDS SAXS, X-ray crystallography, enterovirus, nuclear magnetic resonance,
picornavirus, structure, viral replication

INTRODUCTION

The enterovirus genome consists of a single positive-sense RNA strand of approxi-
mately 7,500 bases (Fig. 1) (1–4). This RNA strand plays three distinct types of roles.

(i) Nearly 90% of this RNA strand represents a single open reading frame that codes for
the virus polyprotein that is subsequently cleaved into active pieces by two virus-
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encoded proteases, 2Apro and 3Cpro. (ii) The strand, in its entirety, serves as a replication
template for synthesis of a complementary negative-sense RNA strand, which is in turn
used as a template to synthesize additional positive-sense strands. These additional
positive-sense strands then act as additional mRNA, and they can be packaged into new
virus particles that are released from the cell to infect other cells. (iii) Parts of the RNA
positive-sense strand serve a regulatory role in the translation and replication pro-
cesses, beyond simply serving as mRNA and a replication template. In particular, the 5=
end contains an extensive (�750 bases) noncoding region (NCR) that plays a key role
in control of both replication and translation (5–7). Translational control resides largely
in the internal ribosomal entry site (IRES), an �450-nucleotide highly self-comple-
mentary region within the 5= NCR, which recruits host cell ribosomes in order to initiate
translation of the mRNA region that lies just 3= to it. (8).

The extreme 5= end of the 5= NCR contains a smaller (�100 nucleotide) self-
complementary region referred to as the 5= cloverleaf (5=-CL), or the oriL. A secondary
structure prediction of the 5=-CL from rhinovirus 14 (RV14) is shown in Fig. 2 (upper
left). This cloverleaf serves as a platform upon which various host and virus proteins
assemble in order to initiate synthesis of the negative strand, that is, to initiate
replication (9–11). Thus, the 5=-CL can be called the enterovirus replication platform,
and it, along with proteins that interact with it, will be the focus of this review.

5= REPLICATION ELEMENT RNA
SLD

Structural investigation of the Enterovirus 5=-CL RNA began with stem-loop D (SLD),
the largest stem-loop structure in the 5=-CL, which is the oriL binding site for the virus
protein 3CD. The SLD-3CD interaction is essential for effective virus replication. To date,
there have been three published nuclear magnetic resonance (NMR) solution structures
of SLD: one from coxsackievirus B3 (CVB3) (12), an enterovirus consensus sequence (13),
and one from rhinovirus-14 (RV14) (14). Although among enteroviruses the SLD shows
some sequence variability, the three-dimensional structures of these three SLD variants
are relatively well conserved.

Preliminary sequence-based analysis of each of these SLD variants predicted the pres-
ence of two regions of base pairs (stem I and stem II) separated by a pyrimidine mismatch
region (Fig. 3a) that was predicted to form a 3-by-3 bulge. However, upon NMR analysis, the
U bases within this mismatch region showed observable imino resonances, with very
strong imino-to-imino nuclear Overhauser effects (NOEs) between U bases. Together with
imino proton chemical shifts well outside the normal range for a Watson-Crick base pair, the
data indicated the formation of two noncanonical U-U base pairs within the predicted
bulge. Evidence for a central C-U base pair was also present. Therefore, the bulge did not
exist, and, instead, three pyrimidine-pyrimidine base pairs in this region connect the
predicted stem I and stem II, forming a single contiguous stem.

FIG 1 Schematic representation of the enterovirus genome. The 5= NCR includes a small (�100 nucleotide)
cloverleaf that serves as an RNA replication platform and a larger IRES region that controls translation of virus
proteins. The single open reading frame (ORF) codes for a single polyprotein that is later separated into 11 proteins
(1A through 3D) via the action of virus-encoded proteases. This review focuses upon structural studies of the
5=-cloverleaf (5=-CL) replication platform and the four replication-linked proteins found in region P3 of the polygene
(3A, 3B, 3C, and 3D).
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Residual dipolar couplings (RDCs) can be used to monitor the angle between the
1H-15N or 1H-13C bond and the external magnetic field to define the relative orienta-
tions of parts of a biomolecule in solution. The consensus and RV14 SLD structures were
determined with RDCs (13, 14). Without RDC constraints, the consensus SLD structure

FIG 2 Enterovirus 5=-CL predicted secondary structure. The 5=-most 83 nucleotides of the RV14 genome are predicted
to form a cloverleaf with a four-way junction. The four converging structural elements are stem A (SA) and stem-loops
B, C, and D (SLB, SLC, and SLD). SLB and SLD together comprise over 60% of the cloverleaf. SLD was predicted to contain
a 3-by-3 U-rich bulge separating two short Watson-Crick base-paired regions. For comparison, the predicted secondary
structure of three of the other enteroviruses discussed in this review are also presented. Note that in these four structures,
the string of three cytosines in SLB are conserved, and two of the three pyrimidine mismatches within SLD are also conserved.
The predicted lengths of the helices vary, but it appears as if the lengths of SLB and SLD may be correlated.

FIG 3 RV14 SLD structure. (a) Secondary structure derived via NMR structural analysis. Nucleotides
conserved between RV14, enterovirus consensus, and CVB3 SLD sequences are shown in bold. These
include the mismatch region and 2 bp to the left and 4 bp to the right of the mismatch. The mismatch region
is base paired, resulting in a single continuous stem spanning the regions labeled as stem I, mismatch, and
stem II. (b) NMR-based structure. Due to strains apparently introduced by mismatch base pair formation, the
helix departs from standard A-form geometry and presents a wide and accessible major groove.
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was poorly defined. In particular, the relative orientation of stem I versus that of stem
II was not well defined. Inclusion of RDCs led to a better definition of global orientation
as well as axial length. Incorporating RDC constraints resulted in a shortening of the
overall axial length, forming a more compact structure. A similar phenomenon was
present in RV14 SLD (14). With the inclusion of RDCs, the axial length decreased from
52 Å to 47 Å, and the overall root mean square deviation (RMSD) improved from 1.00 Å
to 0.59 Å. The inclusion of RV14 RDCs was also critical in establishing hydrogen bond
geometry for the C-U base pair in the mismatch region.

Globally, each of the SLD structures adopts a single double-helix structure (Fig. 3b) with
some A-form characteristics, capped by a well-defined tetraloop (CVB3 and consensus) or
a more dynamic triloop (RV14) (12–14). However, due apparently to the pyrimidine mis-
match region, deviations from standard A-form RNA are present. Typical A-form RNA
contains a wide (�11 Å) but shallow minor groove and a narrow (�3.0 Å) but deep major
groove, effectively restricting access for protein interactions to the minor groove. However,
all three of the SLD structures display widened major grooves (�13 Å) atypical of A-form
RNA, as well as a decrease in minor groove width by �2.5 to 3 Å. The atypical features occur
near the pyrimidine mismatch region of the helix. These unusual features presumably arise
due to the smaller pyrimidine-pyrimidine base pair sizes, creating shorter interstrand
C1=-C1= distances and yielding a narrow minor groove width and a concomitantly widened
major groove. Functionally, the wide major groove is of high interest. An unusually
accessible major groove could allow for the potential protein interactions that would be
impossible with standard A-form RNA (15). Also, major groove surfaces, as opposed to
minor groove surfaces, when accessible, present a more discriminating set of functional
groups, permitting more sequence-specific recognition and interactions. This feature in SLD
could be relevant to the interaction between SLD and the virus protein 3CD, as discussed
below in the 3C/SLD interaction section.

SLB

The second-largest stem-loop structure in the 5=-CL RNA is stem-loop B (SLB), which
interacts with the host poly(C) binding protein (PCBP2) as a step in the circularization
of the virus genome. The sole Enterovirus SLB that has been structurally determined is
from RV14 (16). Based on sequence analysis, SLB is predicted to form a 7-bp helix, with
one wobble base pair, capped by a large 8-nucleotide loop (Fig. 2, upper left). The
detection of imino resonances for G or U in five canonical Watson-Crick base pairs and
the G and U for the wobble pair confirmed the presence of a stable 6-bp helical
structure. The predicted closing base pair, nearest the four-way junction, is not suffi-
ciently stable to produce an observable imino proton.

Using NMR-based analysis, including residual dipolar couplings, RV14 SLB was
shown to be a 6-bp A-form helix (Fig. 4), with a highly dynamic eight-base loop. The
helical region is well defined, with an RMSD value of 0.415 Å, and contains a minor
groove (�10.5 Å wide) typical of A-form RNA. However, its major groove (�8.7 Å wide)
shares some characteristics with the major groove of B-form DNA, as will be discussed
further below. The overall SLB RMSD of 2.249 Å reflects the high degree of conforma-
tional variability in the regions outside the helix. Weak H1=-H2= couplings were ob-
served for nucleotides in the helix, suggesting C3=-endo sugar conformation, a char-
acteristic consistent with A-form geometry. In addition, strong H1=-H2=couplings
observed for each of the loop and terminal nucleotides are consistent with a C2=-endo
sugar conformation. The SLB loop nucleotides display narrow intense resonances with
chemical shift values similar to those of nucleoside monophosphates (NMPs), along
with relatively small RDC values. These data strongly suggest a highly flexible and
disordered loop region. Based on these criteria, the most flexible region within the loop
appears to be the string of four consecutive pyrimidine bases (nucleotides 12 to 15).
These nucleotides are solvent exposed in most of the final calculated structures,
suggesting that all or some of these nucleotides would be immediately accessible for
protein interactions.
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Typically, for an A-form RNA helix, the shortest phosphorus distance measurements
that define major groove width are Pi to Pi�6. This measurement requires a minimum
of 7 bp. The RV14 SLB helix contains only 6 bp, indicating that SLB is too short to close
off access to the major groove. The shortest phosphorus distances measured were Pi to
Pi�5, yielding an average major groove width of 8.7 Å, atypically large for A-form RNA,
even though other helical parameters are consistent with A-form geometry. Thus, the
SLB major groove is more accessible than the major groove in a longer A-form stem.
This accessibility could play a role in interactions with PCBP2 or other unidentified
proteins and molecules. It is interesting that both SLB and SLD contain accessible major
grooves. However, major groove accessibility in SLD is apparently due to a pyrimidine-
pyrimidine base pairing and not due to the length of the helix, as is the case for SLB.
Yet both of the widened major grooves of the stem-loops have the potential to
enhance interactions with host or virus proteins.

Intact 5= Cloverleaf

Currently, two solution structures of the full RV14 5=-CL are available (17). Deter-
mining the high-resolution structure of large RNA by NMR alone is difficult because of
spectral overlap combined with broadening due to rapid relaxation. Therefore, a
combined small-angle X-ray scattering (SAXS)/NMR analysis was used. The SAXS/NMR
approach can provide high-resolution structural information, particularly when sepa-
rate high-resolution structures are available for parts of a complex to be studied
(18–20). In this case the 5=-CL can be thought of as a complex between stem A and
three stem-loops, the largest two of which (SLB and SLD) have high-resolution struc-
tures available, as discussed above. Together, SLB and SLD comprise over 60% of the
total cloverleaf. Chemical shift analysis, together with RDC and SAXS fitting, was used
to confirm that the SLB and SLD structures were largely conserved upon incorporation
into the cloverleaf.

The most notable change upon incorporation of SLB and SLD into the 5=-CL involves
the stem terminus of SLB. In the absence of magnesium, the C10-G31 base pair
becomes stabilized in the 5=-CL. This extends the helix of SLB in the 5=-CL by 1 bp,
matching the predicted length of SLB. In addition, the imino resonance of U29 appears
to split into two or more resonances, suggesting the presence of two or more slowly
interconverting states. However, in the presence of magnesium, the imino resonance of
G31 disappears, suggesting a destabilization of the C10-G31 base pair, returning to the
state seen in the isolated SLB structure. The two or more resonances observed for U29
also collapse to form a single sharp imino resonance. This evidence clearly indicates
that, in the presence of magnesium, SLB in the RV14 5=-CL adopts a single stable
conformation that is similar to that of the isolated SLB structure.

FIG 4 RV14 SLB structure. A 6-bp A-form helix is capped by a highly dynamic 8-bp loop (pink and yellow
bases), with a C-rich patch (yellow bases) in the loop near the stem. This C-rich region would be
accessible to the host poly(C) binding protein (PCBP2). Due to the limited length of the helix, the major
groove is accessible.
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The global structure of the 5=-CL is also very different in the absence and the
presence of magnesium (17). The positive charge associated with metal cations can
shield the electrostatic repulsion between backbone phosphate groups, allowing RNA
to fold into a more stable and compact tertiary conformation (21–23). The most
abundant divalent cation in cells is magnesium, and it is considered the most important
divalent cation for RNA stabilization. In the absence of magnesium, the RV14 5=-CL
adopts an open conformation, with SLB and SLD approximately perpendicular to one
another (Fig. 5a). In contrast, in the presence of magnesium, SLB and SLD swing toward
each other to form a more compact and more ordered structure (Fig. 5b). Since the
loops of SLB and SLD are known to bind PCBP2 and 3CD, respectively, the possible
interactions between these two proteins would stand to be affected by the presence of
magnesium. In addition, it is possible that since magnesium can induce this structural
change, protein binding may also affect a similar change so that SLB and SLD may
approach each other even in the absence of magnesium in certain circumstances that
are yet to be determined.

Interestingly, in the compact magnesium-induced structure, when SLB and SLD
come together, they do so in an orientation that aligns the accessible major grooves
that were discussed in the previous section (Fig. 5c). This suggests that if proteins do
indeed bind into these grooves as part of the replication process, there may be some
interaction of a protein across both grooves or interaction between the two proteins
that bind separately into each groove. Additional studies will be necessary to elucidate
the potential participation of this major groove surface in the replication process.

In the context of the above structure, it is instructive to compare the predicted 5=-CL
secondary structure from RV14 with that of three of the other representative enteroviruses
to be discussed in this review. As can be seen in Fig. 2, the overall predictions are similar,
with three stem-loops and a stem converging at a four-way junction. The string of three
consecutive cytosines in the SLB loop, which interact with PCBP2, are conserved. Within
SLD, the pyrimidine-rich mismatch region is somewhat conserved, with either two or three
mismatches present. This suggests that the unique characteristics of SLD giving rise to an
accessible major groove may be conserved. However, SLB is predicted to be longer in the
other enteroviruses than in RV14, and this could result in closing off access to the SLB major
groove. Interestingly, the length of SLB appears to be correlated with the length of SLD,
with both being extended near the four-way junction, not near the loop. So, while the

FIG 5 RV14 5=-CL NMR/SAXS-based structure. (a) Open conformation observed in the absence of magnesium. SLB and SLD are approximately
at a right angle to each other. SLC is obscured by stem A (SA) in this view. The positions of the three SLD mismatch base pairs and the SLB
C-rich loop region are indicated. (b) Closed conformation observed in the presence of magnesium. SLB and SLD are parallel and in close contact,
facilitated by a magnesium counter ion(s); SLC is again obscured. (c) Closed conformation from panel b, rotated 90° to show that the accessible
major grooves of SLB and SLD align to create an extensive accessible major groove surface (arrow). SLB is largely obscured by SLD in this view.
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overall sizes of the 5=-CL structures may vary, it would appear that the relative positioning
of the SLB and SLD loops may be conserved, which would conserve the relative positioning
of PCBP2 and 3CD bound to each loop.

VIRUS-ENCODED 3A, 3B, 3C, AND 3D PROTEINS

A schematic view of the enterovirus genome was given in Fig. 1. The single open
reading frame codes for a single polyprotein that contains three regions, denoted P1,
P2, and P3. The P1 proteins encode structural proteins, while regions P2 and P3 encode
replication-related proteins. This review will focus on the structure of proteins from the
P3 region which perform the bulk of the replication functions.

The enterovirus precursor protein P3 (3ABCD) can be cleaved into fragments of
various sizes (8, 24–26). The major pathway is cleavage into 3AB and 3CD. In the minor
pathway, P3 is cleaved into 3A and 3BCD, the latter of which is subsequently cleaved
into 3BC and 3D, and finally 3BC can be cleaved into 3B and 3C. Thus, molecular species
found in the cell can include 3A, 3B, 3C, 3D, 3AB, 3BC, 3CD, 3BCD, and 3ABCD.
High-resolution structural results are available for each of the isolated proteins 3A
(soluble fragment only), 3B, 3C, and 3D, as well as for the 3CD protein. These five
proteins will be discussed in turn below.

3A

Enterovirus replication takes place on remodeled host cell membrane surfaces (27,
28). It is thought that membrane materials are recruited from host cell secretory or
autophagy organelles. The membrane-associated 3A protein (29) plays a central role in
membrane remodeling, in part via direct interaction with GBF1 and indirect interaction
with Arf1 (30–34). This remodeling not only creates the appropriate surface for repli-
cation but also disturbs the secretory pathway, which in turn suppresses immune
function by impairing both cytokine secretion and expression of major histocompati-
bility complex (MHC) class I on the host cell surface (35–37). In addition, 3A recruits
PI4KIII� to the replication membrane surface via mutual interactions with the GPC60
protein (38, 39). This recruitment increases levels of the lipid phosphatidylinositol
4-phosphate (PI4P), which in turn may help to recruit the virus polymerase and/or
PH-domain proteins with additional membrane-altering properties.

Structural biology of membrane-associated proteins entails significant challenges.
The poliovirus (PV) 3A protein consists of 87 residues: an N-terminal 58-residue soluble
region (3A-N) followed by a 22-residue hydrophobic region (membrane-associated) and
seven additional C-terminal residues. The solution structure of 3A-N was published in
2003 (40). 3A-N forms a symmetric dimer (Fig. 6a). Each monomer unit contains a
two-helix hairpin spanning residues 23 to 41, consisting of a two-turn helix connected
by a short, nearly 180°, turn to a three-turn helix. Mostly disordered N- and C-terminal
regions flank residues 23 to 41. Mutational analysis has been performed to attempt to
relate 3A structure and function (11, 30, 40, 41). These studies suggest that while the
C-terminal disordered region of 3A-N may simply physically tether the 3A-N fragment
to the C-terminal membrane-associated part of 3A, the N-terminal region of 3A-N
appears to play a more critical and specific role in both 3A and 3B activity.

The highly ordered 3A helical hairpin is amphipathic, providing a hydrophobic face
for dimerization and polar faces that interact with solvent (Fig. 6b). While the polar
faces contain both positive and negative charges, a cluster of four negative residues
(D-29 and E-32 from each monomer) appears near the 180° turn between helices. This
negative patch may play a role in interacting with a positive patch in 3B, helping to
position 3B correctly for interaction with 3D. The role of dimerization is not yet clear
though it does result in a doubling of the 22-residue membrane-associated region and,
hence, likely helps to stabilize interactions with membranes (40).

3B

The enterovirus 3B peptide becomes uridylated (42) on its third amino acid (ty-
rosine). This uridylated peptide then serves as a primer for RNA synthesis during virus
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replication. As a result, 3B is found covalently linked to the 5= end of the viral genome,
for which reason it is also called VPg (virion protein genome linked).

The PV1 3B peptide consists of 22 amino acids. NMR analysis of PV1 3B in aqueous
solution shows it to be disordered and flexible in low-salt buffer at neutral pH (43).
Interestingly, uridylation does appear to decrease disorder in VPg to some extent,
relative to the structure of the unuridylated VPg, as evidenced by the appearance of
medium- and long-range NOE cross-peaks, but no regular secondary structural ele-
ments are introduced (44). In contrast, the addition of trimethylamine N-oxide (TMAO)
induces two turns of an alpha helix at the VPg C terminus though the functional
consequences of this observation are unclear (43). 3B structure is again discussed below
in the context of replication complexes involving 3Dpol.

3Cpro

The first enterovirus protein to be studied structurally was the 3C protease (3Cpro).
This viral protease performs the bulk of virus polyprotein processing by cleaving the
peptide bond at Gln-Gly junctions to create individual virus proteins (4, 8). 3Cpro

similarly cleaves a large number of host proteins, effecting sweeping cellular changes
such as disruption of transcription (45–49), translation (50–56), nucleo-cytoplasmic
transport (57–61), and Golgi compartments (62). 3Cpro-induced cleavage also triggers
apoptosis (49, 63–66), which is required for release of nascent virus particles. A second
distinct function for 3Cpro is binding to RNA. Specifically, 3Cpro or its precursors bind to
oriL, oriR, and oriI, which are located, respectively, within the 5= NCR, the 3= NCR, and
the coding region of the 2C protein (9, 67–72). The oriL interaction is the best
understood of these: in this interaction, 3Cpro binds stem-loop D (SLD) of the 5=
cloverleaf (5=-CL) and, in so doing, brings along the still covalently attached 3D
polymerase, which is the topic of the next section (73). In addition, 3Cpro binds
phosphoinositides (74) and so plays a role in membrane association. The 3Cpro protein
also appears to play a role in VPg uridylation (69, 75).

The first 3Cpro structure determination was that of rhinovirus (RV14) (76). Crystal-
lography revealed that this 182-amino-acid protein consists primarily of two topolog-
ically equivalent six-strand beta barrels that form a proteolytic pocket at their interface
(Fig. 7, left). The architecture is very similar to that of trypsin-like serine proteases (77).
However, the active-site catalytic triad consists of His-40, Glu-71, and Cys-146, in place

FIG 6 3A-N structure. (a) A soluble N-terminal 59-residue fragment of the PV1 3A protein forms a symmetric
homodimer in solution. Each monomer contains a helical hairpin, flanked by largely disordered N and C
termini. (b) Zoomed view of the 3A-N dimer interface, showing a hydrophobic dimerization surface that
includes residues I-22, L-25, L-26, V-29, V-34, Y-37, C-38, and W-43. The nondimer surfaces are highly charged,
with a negative charge cluster (D-29 and E-32 from each monomer) indicated by asterisks. Side chain oxygen
atoms are shown in red. Side chain nitrogen atoms are shown in blue.
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of His, Asp, and Ser in trypsin. Therefore, although structurally similar to serine
proteases, 3Cpro is a cysteine protease.

Both His-40 and Glu-71 are positioned in the top (N-terminal) beta barrel, while
Cys-146 is from the bottom (C-terminal) barrel. More specifically, both His-40 and
Cys-146 lie within the central loop (connecting strands 3 and 4) of their respective
barrels, while Glu-71 is positioned within the sixth strand of the N-terminal barrel.
Although differences in backbone positions of the catalytic triad residues relative to
those of serine proteases are seen, due for instance to the increased length of Glu
relative to that of Asp, the functional parts of the side chains are in equivalent relative
positions. Therefore, it is straightforward to infer that the substantial knowledge of the
serine protease mechanism can be applied to 3Cpro. It is therefore safe to assume that
His-40 and Glu-71 help to position and deprotonate the Cys-146 side chain, causing it
to become a powerful nucleophile that targets the substrate Gln carbonyl carbon.

There are, however, significant structural differences between 3Cpro and trypsin. The
most obvious difference is the positioning of alpha helices. Trypsin and 3Cpro each
contain three conserved helices. However, the largest 3Cpro helix (3.5 turns) occurs at
its extreme N terminus and may play a role in binding phosphatidyl inositol phosphates
(PIPs) in intracellular membranes (74). There is no analogous helix in trypsin. The largest
trypsin helix (4 turns) occurs at its C terminus, while 3Cpro contains only a short
(5-residue) 310 helix near its C terminus. In 3Cpro, the linker connecting the two barrels
contains a third helix, a 1.5-turn alpha helix, near its center. This helix is absent in
trypsin. Some 3Cpro forms (e.g., PV [78]) also contain a short �1-turn alpha helix in the
loop that contains the catalytic His-40 residue. An analogous helix is present in trypsin
at this position. Trypsin also contains an additional two-turn alpha helix between
strands 2 and 3 of the C-terminal beta barrel, which has no analog in 3Cpro.

Together, the three conserved 3Cpro helices, one from each terminus and one from
the linker, form a distinct helical surface on the face opposite from the active site (Fig.
7, right). This face, which contains significant basic character, is the site for RNA
interaction (9, 79, 80). In fact, the RNA and PIP-binding surfaces overlap, resulting in
competitive binding to 3Cpro (74). It is also interesting that the 3Cpro proteolytic active
site and the RNA binding surface each contain residues from both of the two 3Cpro beta
barrels. Thus, it would not be surprising that binding to either one of these faces could

FIG 7 3Cpro from RV14. The cysteine protease structure consists principally of two six-stranded beta barrels connected by a long linker. (Left) View of the
proteolytic active-site face, with the position of the three catalytic triad residues indicated. (Right) View of the opposite face, a surface that consists largely of
three helices: a long alpha helix at the N terminus (marked by N), a short 310 helix near the C terminus (marked by C), and a short alpha helix at the center
of the linker connecting the N-terminal and C-terminal barrels. This opposite face interacts with RNA and phosphoinositides. Models are colored according to
secondary structure: helices are red, beta strands are yellow, and other elements are green. The catalytic C-146 sulfur atom is shown as a brown sphere.
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allosterically affect activity at the opposite face, perhaps by affecting the spatial
relationship between the two barrels. Indeed, functional evidence (81) along with
chemical shift mapping (82) has confirmed allosteric control of each of these faces by
binding to the opposite face.

A more subtle difference between trypsin and the 3Cpro structure is that many of the
loops connecting beta strands are of different lengths in the two proteins. In general,
the loops in 3Cpro are shorter. For instance, trypsin has a lengthy (�11-residue) loop
between strands 4 and 5 of its N-terminal barrel, which is used for calcium binding. In
contrast, 3Cpro has only a short turn between these two strands. Similarly, an extended
autolysis loop connecting strands 1 and 2 from the trypsin C-terminal barrel is also
absent in 3Cpro. The two-turn helix between strands 2 and 3 of the C-terminal barrel,
found only in trypsin, was mentioned in the previous paragraph. Due mostly to these
differences in the number of residues connecting beta strands, the length of the bovine
pancreatic trypsin protease exceeds that of 3Cpro by 63 residues although the two
proteins share a core structure and topology. The shorter loops in 3Cpro would be
expected to reduce the exposure to proteolytic degradation.

An additional conclusion of 3Cpro structural analysis is that one 3Cpro molecule
cannot cut itself free of its flanking 3B and 3D proteins: the 3B-3C and 3C-3D cut sites
(at the N and C termini, respectively, of 3Cpro) would be too distant from the active site.
Thus, 3Cpro must be cut in trans; that is, a second 3Cpro molecule (or 3C-containing
larger molecule) must be used.

Since this first description of 3Cpro structure, several other enterovirus 3C protease
structures have been determined, including those of two additional rhinoviruses (RV2
[83] and RV16 [84]), poliovirus (78), two forms of foot-and-mouth disease virus (FMDV)
(85, 86), two forms of hand-foot-and-mouth disease (HFMD)-linked EV71 (reference 87
and PDB entry 5HXF), two coxsackieviruses (the cardiovirus CVB3 [88] and CVA16 [89],
which also causes HFMD), and two additional enteroviruses linked to non-polio paral-
ysis (EVB93 [90] and EV68 [91]). These structures show very high similarity to the 3Cpro

structure of RV14. (The FMDV picornavirus belongs to the subclassification aphthovirus,
not enterovirus, but FMDV has been included in this review due to the insights that
FMDV structural biology has provided that apply also to the closely related enterovi-
ruses.)

Efforts to inhibit the proteolytic activity of 3Cpro are beyond the scope of this review, but,
briefly, structures of 3Cpro complexed with either covalently or noncovalently bound
inhibitors or target peptides have been published for each of the 3Cpro forms listed above
(84, 91, 92). Complexes with peptides mimicking target sites were mostly accomplished via
mutation of the active-site Cys residue to alanine to prevent cleavage of the target.
Inhibitors are in general designed to fit into the proteolytic pocket but to resist cleavage.
Inhibitors have not yet been developed to target the opposite face of 3Cpro.

3Dpol

A sequence alignment of all 3Dpol variants discussed in this review is presented in
Fig. 8. As can be seen, the numbering for each of these variants differs by at most two,
apart from the nonenterovirus FMDV 3Dpol variant, which has multiple inserts and
deletions relative to the enterovirus sequences. In this section, for consistency, the
amino numbering for 3Dpol from RV16 is used throughout. The corresponding residue
numbers for each 3Dpol variant discussed in this review can be ascertained from Fig. 8.

Enteroviruses replicate their RNA genome directly, with no DNA intermediate. Thus,
they must code for an RNA-dependent RNA polymerase (RdRp). For brevity, this 52-kDa
polymerase is called 3Dpol (70). Similar to other nucleotide polymerases (93, 94), the
catalytic mechanism is effectively a phosphoryl transfer reaction: the 3= OH group of the
nascent lengthening strand (primer strand) is deprotonated. The resultant strongly
nucleophilic 3= O group attacks the � phosphate group of the incoming nucleoside
triphosphate (NTP). The � phosphate group and the attached base are then transferred
onto the primer chain, and the �-� diphosphate group is released from the ribonucle-
otide triphosphate (rNTP). Two divalent metal ions (typically Mg�2) are involved. These
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FIG 8 Sequence alignment of the 3Dpol variants discussed in this review. The f1 and f2 regions of the fingers domain are shaded
blue and teal, respectively. The palm and thumb domains are shaded yellow and green, respectively. Residues discussed in the text

(Continued on next page)
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ions help to orient the incoming rNTP in an active conformation, stabilize the depro-
tonated 3= O group of the primer strand, and stabilize a transition state in which the
rNTP is transiently bound to the primer strand, prior to the release of the �-�
diphosphate group (95). Various segments of the polymerase help to position the
metal ions and help to position and move the template strand, primer strand, and
the incoming NTP. The discussion of 3Dpol structure below should be viewed in
light of this conserved mechanism.

The 3Dpol enzyme displays self-associative properties: 3Dpol-3Dpol interactions are
detected in yeast two-hybrid and cross-linking studies (96), and 3Dpol activity displays
a concentration dependence that also suggests intermolecular cooperativity (97). Thus,
3Dpol-3Dpol interactions can affect crystallization, leading to a loss of density along and
near interfacial regions (98).

The first enterovirus 3Dpol structure determination effort, published in 1997 (98),
targeted poliovirus (PV). Due to intermolecular contacts in the crystal, the structure of
only approximately 70% of the protein could be determined. However, the results were
sufficient to show that enterovirus 3Dpol shares a common fold with the three other
categories of nucleic acid polymerases: DNA-dependent DNA polymerases (DdDp;
replication), DNA-dependent RNA polymerases (DdRp; transcriptase) and RNA-dependent
DNA polymerases (RdDp; reverse transcriptase). The fold common to all four of these
polymerase categories is referred to as a “right hand,” first used to describe the large
(Klenow) fragment of Escherichia coli DNA polymerase I (99).

The 3Dpol hand consists of three domains, a palm, fingers, and thumb domain, as
shown in Fig. 9. For clarity, the full structure of the RV16 3Dpol structure, published in
2004 along with RV14 and RV1B 3Dpol structures (100), is used in Fig. 9, and as
mentioned, RV16 numbering will be used in this section. In another report published in
2004, mutation of one of the interfacial regions of the PV 3Dpol, very near the C
terminus was used to successfully disrupt intermolecular interactions and allow full
structure determination of the PV 3Dpol (101). The FMDV 3Dpol structure was also
determined in 2004 (102). Other 3Dpol structures have followed more recently, with
similar results, as part of complex studies with RNA, which will be discussed further in
the following section.

The PV, FMDV, and RV 3Dpol structures are all very similar. The palm domain is
central to the right-hand fold, sequentially, structurally, and functionally. Using RV16
numbering, the 14-kDa palm consists of residues 201 to 373, minus an intervening
sequence from the fingers domain at residues 243 to 290. Its core structure, present in
all four categories of polymerase (RdRp, DdDp, RdDp, and DdRp), is two alpha helices
packed behind a three-stranded beta sheet (Fig. 9). The most extensive additional
secondary structural element is a three-turn helix that packs above the beta sheet and
connects the palm to the thumb region to the right. This additional helix was previously
observed only in RdDps (and now in RdRps). The extensive fingers domain is to the left.
A channel through 3Dpol is evident, and passage of RNA through this channel will be
discussed in subsequent sections. Residues known to be important for binding the two
catalytically required magnesium ions are observed on the top of the palm, facing the
channel. These include Asp-234, -239, -327, -328, and -357, along with Asn-296 (shown
as red sticks in Fig. 9). Asp-239 is also involved in selecting for an RNA template, by
hydrogen bonding to the 2=-OH group.

FIG 8 Legend (Continued)
are indicated by text coloring according to the polarity of their side chains: red for acidic, blue for basic, pink for polar, and green for
hydrophobic. The four conserved Asp residues from the palm domain that are most prominently discussed in the text are marked by
red asterisks. Secondary structure is depicted as helices (cylinders) and beta strands (block arrows). Residue numbering above each row
of the alignment corresponds to that of RV16. FMDV numbering is provided along the bottom of each row in areas near residues that
are discussed in the text. The two boxed regions indicate the regions where the enterovirus sequences contain differing numbers of
residues. The positions of these minor gaps can vary slightly in different alignments, but these two small regions account for the minor
difference in numbering between the depicted enteroviruses. FMDV is not an enterovirus and has multiple insertions and deletions
relative to sequences of the enteroviruses, resulting in larger differences in numbering.
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The fingers domain is the largest of the three domains. It consists of residues 1 to
200, along with the aforementioned stretch of residues 243 to 290 that sequentially
partitions the palm domain. Altogether, this domain is approximately 28 kDa, repre-
senting more than one half of the total polymerase. For discussion, the fingers domain
can be divided into three regions: (i) the inner finger region, consisting of five helices
(also known as five fingers) near the palm; (ii) the outer finger region, further from the
palm, consisting of a five-strand beta sheet capped by several surface-exposed helices,
along with an additional helix that supports the position of the N terminus; (iii) the N
terminus (residues 1 to 54), which has limited regular secondary structure and reaches
across to contact the thumb, thereby completing the circle surrounding the channel
through the polymerase.

The smallest domain, the 10-kDa thumb domain, is comprised of the C-terminal
residues 374 to 460. It primarily consists of a five-helix bundle that contains four long
and one short helix. The bundle is sequentially connected to the palm domain by a
small two-strand beta sheet and connected spatially to the N terminus region (of the
finger domain) via the top of the helix bundle.

Three additional PV 3Dpol crystal structures were also published in 2004 (101): (i) an
inactive G1A mutation that helped to establish the importance of positioning of the N
terminus; (ii) a 68-residue N-terminal truncation mutant; (iii) a cocrystal in which
ribo-GTP (rGTP) was diffused into a preexisting 3Dpol crystal. The last helped to confirm
the role of Asp-239, which, as mentioned, hydrogen bonds to the 2= OH group,
selecting for an RNA template. Via comparison of the structures with and without
rGTP and comparison with structures of the other classes of polymerases, it appears
that relatively modest conformational rearrangement of 3Dpol is necessary in order
to accommodate the substrate and product RNA molecules.

The conservation of 3Dpol structure among enteroviruses was further confirmed via
structural analysis of 3Dpol from CVB3 (103). An additional fact that became apparent

FIG 9 3Dpol from RV16. The structure resembles a right hand (facing the reader), with a central palm
domain (yellow) connected to an N-terminal fingers domain (blue and teal) and a C-terminal thumb
domain (green). The fingers and thumb are in spatial contact, closing the circle and forming a channel
through the polymerase. Side chains of Asp and Asn residues that coordinate catalytically required
magnesium ions are shown as red sticks along the top of the palm domain. D-239 also hydrogen bonds
to the 2= OH group of the template, helping to select for an RNA template. The two f2 labels identify
residues 243 to 290 (teal) of the fingers domain, which are sequentially inserted between two regions of
the palm domain. The five-strand beta sheet from the fingers domain lies below the top f2 label. The
positions of the N and C termini are indicated.
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upon solving the CVB3 3Dpol structure is that a distortion in the N-terminal beta strand,
part of the five-strand beta sheet in the outer region of the fingers domain, is conserved
in PV, RV, and CVB3. This distortion, which results in solvent exposure of the hydro-
phobic side chain of residue Phe-5, was originally thought to be a crystal-packing
artifact when it was seen in PV. However, functional and mutational analysis that was
undertaken based on structural conservation indicates that this distortion is necessary
for polymerase activity. It was proposed that exposure of a hydrophobic residue at
position 5 is necessary for subsequent burial of the N terminus as a required step in
replication. Results from mutational analysis of the FMDV 3Dpol N terminus (104), along
with crystallography and RNA binding, appear to confirm both that the 3Dpol N
terminus is conformationally flexible and that this flexibility is important in function.

As mentioned above, experiments suggest that intermolecular 3Dpol-3Dpol interac-
tions not only affect crystallization but may also assist in replication. Electron micros-
copy (EM) has been used to visualize two-dimensional PV 3Dpol arrays that may form
on virus-induced host cell membranes (105–107). These arrays utilize 3Dpol-3Dpol

contacts that were first identified as poliovirus 3Dpol crystallographic contacts, along
with additional contacts. EM studies have identified a lysine-rich patch that forms at the
interface between adjacent 3Dpol filaments within the two-dimensional array and may
help attract the RNA template to the filament (108). The concept that replication may
take place on a surface array of 3Dpol molecules (surface catalysis) would help to explain
the cooperative nature of RNA replication by 3Dpol and may be related to the variable
VPg binding sites discussed in the initiation complex section (see below).

3CD

The 3CD protein, consisting of the covalently linked 3Cpro and 3Dpol molecules, is a
functional precursor to the protease and polymerase. The 3CD protein displays pro-
tease activity but with somewhat altered specificity relative to that of 3Cpro (109, 110).
However, 3CD does not function as a polymerase (111). In addition, 3CD has recently
been shown to induce biogenesis of membrane surfaces required for replication (112).

The first structural studies of 3CD protein were performed with PV. In order to produce
viable crystals of PV 3CD (113), it was necessary once again to mutate several residues from
the self-associating surface near the 3D C terminus, as was done to assist PV 3D crystal-
lography. In addition, four mutations were made in the 3C region: three acidic residues
were mutated to prevent self-association of 3C (E55A, D58A, and E63A), and the active-site
cysteine was mutated (C147A) to prevent cleavage of 3CD into 3C and 3D.

With these alterations, a 3CD crystal form was determined that showed no intra-
molecular contact between the 3C and 3D regions of a single molecule (Fig. 10). These
two regions were joined by a poorly ordered and thus highly accessible seven-residue
linker (residues 180 to 186) that contains the target site for separation of 3C and 3D, the
Q-183/G-184 peptide bond. Thus, the linker contains four residues from 3C and three
residues from 3D. The structure confirms that in the context of 3CD, the 3C proteolytic
active site is too distant from the Q-183/G-184 site to be capable of cutting itself free
from 3CD: cleavage must be performed by a distinct 3C (or 3C-containing) molecule.

Globally, PV 3CD has very high structural similarity to the two separate molecules:
main chain RMSD is 0.6 Å between 3C and the 3C domain of 3CD and 0.49 Å and 0.67 Å
between 3D and the two symmetry-related 3D domains in the 3CD crystal. However,
there are significant localized changes in both 3C and 3D upon incorporation into 3CD,
with most of these occurring near the N terminus of each domain. It is not surprising
that there would be changes near the Q-183/G-184 cut site: after cleavage, the last
three residues of 3Cpro become more disordered. In contrast, the first three residues of
3Dpol change position and conformation but become well ordered in free 3Dpol due to
a new set of hydrogen bonds. These bonds result in a lengthening of the N-terminal
beta strand of the five-strand sheet in the fingers domain. As mentioned in the section
discussing 3Dpol, hydrophobic residue 5 (a tryptophan in PV 3Dpol) is thought to be
critical for activity. While Trp-5 is in a similar position in 3Dpol and the 3D domain of
3CD, the lengthening of the beta strand after cleavage occurs just N-terminal to Trp-5
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(residues 2 to 4). Thus, the environment of Trp-5 changes significantly. Interestingly, the
N-terminal helix of 3Cpro, which is far from the Q-183/G-184 site, also changes position
slightly, though the biological relevance of this change is unclear.

Other significant localized changes are sprinkled throughout the 3Dpol N-terminal
fingers domain, and these could help to explain why 3CD cannot function as a
polymerase; release of the N terminus after cleavage at Q-183/G-184 appears to trigger
these additional changes even though the extreme N terminus structure does not
change to a great extent. Perhaps flexibility of the N terminus, which is not possible
when 3D is covalently bound to 3C, is required to trigger these additional changes and
activate the polymerase.

Even with the introduced mutations that assist crystal formation by reducing 3D-3D
and 3C-3C contacts, intermolecular contacts are abundant in the PV 3CD crystal. Each
3D domain contacts other 3D domains and a 3C domain from another molecule. These
extensive interactions further support the concept that larger complexes may be
important in replication. Furthermore, results from a molecular dynamics and small-
angle X-ray scattering analysis of PV 3CD suggest that the intramolecular relationship
(orientation and distance) between the 3C and 3D regions in 3CD may be dynamic in
solution, allowing for direct contact between 3C and 3D within one 3CD molecule (114).
This dynamic relationship may be important for function.

Finally, it should be noted that in addition to 3C, 3D, and 3CD, the larger protein
precursors 3BCD and 3ABCD are also found in infected host cells. As discussed above,
the activity of 3CD differs from that of the separate 3C and 3D molecules. Less is known
regarding 3BCD and 3ABCD function, and structural information is not yet available for
either. However, evidence suggests that 3ABCD may be the preferred form of these
proteins in replication and that separate 3ABCD molecules may provide the activities of
3B (VPg), 3C, and 3D to a particular replication nucleus (115). This concept is consistent
with the surface array concept mentioned in the 3Dpol section: it is conceivable that
arrays of 3ABCD may form on intracellular membranes, priming and cleaving each
other to initiate replication.

PROTEIN/RNA COMPLEXES

Interactions between virus RNA and virus proteins are central to the replication
complex. As such, a considerable number of structures are available detailing interac-

FIG 10 3CD from poliovirus. Orientation showing the linker between the 3C and 3D domains, empha-
sizing that the 3C (left) and 3D (right) domains within a 3CD molecule do not contact each other in the
3CD crystal. The 3C domain makes the closest approach to the N-terminal fingers region of 3D, to which
it is covalently attached via the linker. As discussed in the text, in solution, the relative positioning and
interactions of the 3C and 3D moieties are dynamic. Coloring is as described in the legends of Fig. 7 and
9, except that no side chains are shown and the linker between 3C and 3D is shown in green.
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tions between the 3Dpol replicase and RNA strands representing parts of the virus
genome. In addition, a single study has been performed to determine the structure of
the complex between the 3Cpro protease and part of the enterovirus 5=-CL RNA.

3Cpro/SLD Complex

A combined SAXS/NMR approach was used to investigate the interaction between
3Cpro and SLD from the 5=-cloverleaf RNA, using RV14 as a model system (82). The RV14
3Cpro structure was not at the time available in the Protein Data Bank (PDB). Instead, an
RV14 3Cpro PDB file was generated via an approach using NMR-based molecular
replacement. In this approach, an RV14 3Cpro homology model was first generated
based upon the RV2 3Cpro structure (83). The model was then refined to fit RV14 3Cpro

backbone 15N,1H-residual dipolar couplings. This structure was confirmed via visual
inspection of figures in a previous publication (76). Interactions with RV14 SLD were
then mapped via chemical shift perturbations in 3Cpro upon addition of SLD.

As expected, the perturbations mapped strongly to the surface opposite from the
proteolytic active site, particularly the N-terminal half of the linker joining the two beta
barrels and nearby residues from the N-terminal beta barrel. In addition, HN resonances
from most of the 3.5-turn N-terminal alpha helix were broadened beyond the detection
limit, indicating instability on a millisecond-microsecond time scale in the conformation
or the environment of this helix upon exposure to SLD. The chemical shift mapping
information was combined with additional information regarding the RNA-binding
surface of 3Cpro obtained via sequence conservation and mutagenesis analysis (67).
These combined interaction data were then used as restraints while generating atomic
models that fit the SAXS data of a 1:1 complex of SLD-3Cpro.

The resulting structure is shown in Fig. 11. In this structure, the loop region of SLD
inserts between the N-terminal half of the linker and the C-terminal half of the
broadened N-terminal alpha helix. One interesting possibility that arises from inspec-
tion of this complex structure is that the 3Cpro N-terminal alpha helix appears to be in
position to swing up and into the unusually accessible major groove from SLD. If such
a motion occurs on a millisecond-microsecond time scale, this could explain the
observed resonance broadening described for the N-terminal helix. It could also help to
explain the roles of both the wide major groove of SLD (14) and the N-terminal alpha

FIG 11 RV14 3Cpro/SLD complex. 3Cpro is shown as a cartoon and oriented and colored as described in
the legend of Fig. 7 (right panel). SLD is shown as spheres. The SLD triloop is shaded darker than the stem
regions. The structure indicates that the SLD triloop inserts into 3Cpro between the linker joining the two
beta barrels and the N-terminal alpha helix. Broadening of NMR resonances from the N-terminal helix
suggests that it may swing into the accessible major groove of SLD (red arrow).
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helix of 3Cpro. In addition, small perturbations were observed near the proteolytic active
site. It is not difficult to imagine that disturbances of the N-terminal barrel by RNA
binding could affect the proteolytic active site, perhaps by altering either the relation-
ship between the catalytic triad residues or the geometry of other parts of the binding
surface for the target peptide. A recent analysis of chemical shift and 15N relaxation
experiments also showed changes on each of the two PV 3Cpro surfaces when target
molecules bind to the opposite face (81). These alterations may be an important
element of regulation of the viral replication cycle.

Replication Complexes

Replication of the enterovirus RNA can be broadly divided into two major steps:
initiation and elongation. The dividing line between these two processes is subject to
definition. For the purposes of this review, initiation will be considered processes
involving VPg, which serves as an RNA primer through the addition of two uridine bases
to its Tyr-3 side chain. Elongation complexes involve only RNA and 3Dpol. Elongation
complexes will be discussed first because they began to be studied earlier.

3Dpol/RNA: elongation complexes. Substantial efforts have been made to use
structural biology of enterovirus 3Dpol/RNA complexes to further understand the
process of RNA replication. In 2004, the structure of FMDV 3Dpol complexed with a
dimerized self-complementary RNA 10-mer was published (102). In its dimerized form,
the RNA 10-mer was designed to serve as both a template and a primer strand and so
help to elucidate the positioning of both strands during replication, as well as identi-
fying/confirming the important 3Dpol residues for catalysis and positioning.

Globally, the structure of FMDV 3Dpol changed very little upon interaction with the
RNA (Fig. 12a). The RNA double helix, as expected, inserts into the cavity, with the
template strand interacting mostly with the fingers domain while the primer strand
interacts extensively with both the palm and the thumb domains. Among the residues
implicated/confirmed to be important for catalysis in FMDV 3Dpol are Asp-238 and
Asp-240 which, via their O� atoms, coordinate magnesium in the crystal structure while

FIG 12 FMDV 3Dpol/RNA elongation complex. (a) The view of 3Dpol is rotated 180° from the view shown in
Fig. 9. The RNA template strand (orange) and primer strand (pink) are shown as sticks, while the protein is
shown as a cartoon colored as described in the legend of Fig. 9. The 3Dpol structure largely resembles that
of RV14 shown in Fig. 9. The FMDV 3Dpol structure was determined in the presence and absence of RNA,
and little structural rearrangement was detected. The template RNA strand interacts mainly with the fingers
region, while the primer strand interacts with the thumb and palm. A magnesium ion that binds near the
catalytic site is shown as a gray sphere, with side chains of the coordinating D-238 and D-240 residues
shown as red sticks. The positions of the two catalytic Asp residues, D-338 and D-339, are also indicated by
the red loop to the right of the magnesium ion. (b) This view of the structure is rotated 90°. From this side
view, it can be seen that the RNA double helix is positioned close to the right-hand surface, which is the
top surface of the structure shown in panel a. During replication, new bases would be added to the 3= end
of the primer strand, extending that strand to the left. Thus, the double helix would need to proceed to the
right (or, relatively speaking, the polymerase proceeds to the left) in order to processively position the new
RNA 3= end in the polymerase active site.
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Asp-338 and Asp-339 are positioned to be the catalytic carboxylate residues (note that
FMDV residue numbering is used here; the equivalent residues in RV16 are Ala-232
which obviously has no O� atom, Asp-234, Asp-327, and Asp-328). Each of these four
aspartic acid residues is from the palm domain, which is accordingly viewed as the main
catalytic domain. The RNA double helix resides near the surface of the polymerase, as
can be seen in Fig. 12b, with the 3= end of the primer strand (the strand to be
catalytically extended) to the left. Thus, to proceed with lengthening the primer strand,
the polymerase must move to the left or, alternatively, move the RNA to the right.
Residues were identified that stabilize the position of the 3= end by interacting with
other nucleotides in the primer strand.

Subsequent crystal structures of RNA elongation complexes helped to confirm the
above results and add new detail. In these studies, an active polymerase/RNA template/
RNA primer complex was first crystallized. Then various rNTPs or mutagenic analogs
were soaked into the crystal. The addition of these rNTPs/analogs results in lengthening
of the primer chain as directed by the template sequence but only to the point where
the next required rNTP is missing. In this way, various stop points could be studied,
giving insight into the elongation process.

Crystallographic elongation studies of FMDV 3Dpol (116) and PV 3Dpol (76) helped to
confirm elongation mechanism information that had been previously established by other
means (117, 118). The FMDV 3Dpol crystal structure showed a hydrogen bond between the
3= OH of the primer strand and the catalytic Asp-338 from the palm domain (Asp-327 in
RV16). Again, only one metal ion (magnesium) was seen, bound to Asp-338 and coordi-
nating the triphosphate group of the incoming rNTP. The magnesium that should coordi-
nate to the 3= OH, to help it ionize, was absent. It is believed that this second magnesium
will bind at this site but only transiently during certain steps in the polymerization process.
Three additional conserved interactions were observed between different primer molecules
and the palm domain; these involved residues Tyr-336, Lys-387, and Arg-388 (Tyr-325,
Lys-374, and Arg-375 in RV16), the last two of which hydrogen bond to the primer
sugar-phosphodiester backbone. Recognition and proper positioning of the incoming
rNTP/analog involve the palm domain residues Asp-245 and Asn-307 (Asp-239 and Asn-296
in RV16). In addition, the stretch of residues Ser-298 to Ser-304 (Ser-288 to Ser-293 in RV16),
from the loop connecting the palm to the finger region, is involved in interactions with
both the template and the incoming rNTP.

A similar study of PV elongation complexes (Fig. 13a) was used to propose a six-state
model for the elongation cycle (119). These states are the following: (1) an open active
site with no incoming rNTP bound, (2) an open active site with rNTP now bound, (3) an
active site closed with rNTP bound, and then, after catalysis, (4) a pretranslocation
complex with the RNA about to move but with the active site still closed, (5) a
pretranslocation complex but with the active site now open, and (6) a translocation
intermediate with an unknown structure. Then the cycle begins again with state 1 for
the next nucleotide. Here, closure of the active site refers to a concerted conformational
change that can be thought of as a chain reaction. First, the �1 template base (the one
about to be paired) and its incoming rNTP both pivot down toward the active site. This
pushes the side chain of Asp-238 (Asp-239 in RV16) and causes it to break its contacts
with Asn-297 (Asn-296 in RV16), replacing these with new interactions to Lys-61 and
Ser-288 (Lys-61 and Ser-287 in RV16). As a result, Ser-288 and Asn-297 are both now in
position to hydrogen bond to the rNTP 2= OH group (Fig. 13b), which positions the rNTP
properly for catalysis. This movement also stabilizes a 3-strand beta sheet in the palm
domain that causes Asp-233 (Asp-234 in RV16) to swing toward the RNA where it helps
to coordinate both catalytic magnesium ions (Fig. 13b).

A subsequent study of PV, CVB3, and RV16 elongation complexes (120) helped to
establish conserved features of enterovirus replication complexes, including that 8 bp
of the elongating RNA are held tightly in position within the cavity region, that there
is a conserved binding pocket for the template �2 nucleotide, and that there is a
conserved nonstandard backbone conformation of the template strand within the
active site. A more recent study of EV71 (hand-foot-and-mouth disease) established

Pascal et al. Microbiology and Molecular Biology Reviews

June 2020 Volume 84 Issue 2 e00062-19 mmbr.asm.org 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

m
br

 o
n 

16
 A

ug
us

t 2
02

3 
by

 1
28

.8
2.

14
.2

54
.

https://mmbr.asm.org


additional details regarding the replication process, including rNTP recognition and
active-site closure (121). But perhaps the most interesting implication of the EV71 study
is that the two strands, the template and primer, may translocate asymmetrically.
Intermediates were identified in which the primer and most of the template had
translocated, but various stretches of the template strand had not. Based on this
observation, it was proposed that translocation of the primer strand may, at least in
part, precede translocation of the template strand. However, the caveat must be
considered that crystal packing may influence the movement of the RNA strands as the
reaction proceeds in the crystal.

3Dpol/RNA/VPg: initiation complexes. (i) FMDV. The first structure determination of
a picornavirus initiation complex was from FMDV. The FMDV genome codes for three
VPgs (VPg1, VPg2, and VPg3) in series, and each can act as a primer for RNA replication
(122, 123). Vpg1 was chosen for this study. Two initiation complex forms were crystal-
lized (124), each starting from a mixture of FMDV 3Dpol, VPg1, UTP, magnesium, and
manganese. For the second crystal, an RNA oligonucleotide of 10 adenine bases (A10)
was also added. Interestingly, for the second crystal, VPg1 and UTP were found
combined into VPg1-UMP. However, the A10 oligonucleotide itself was disordered and
is not present in the PDB file. In the first crystal, the UTP molecule was not visible. A
single magnesium ion and one manganese ion were visible near the 3Dpol active site
only in the second crystal.

The conformations of 3Dpol and VPg1 were similar in each structure, and so only the
second crystal structure (in the presence of A10) will be discussed (Fig. 14a). The
N-terminal 15 residues of VPg1 are found within the 3Dpol cavity, in an ordered and
mostly extended conformation but without regular secondary structure. These 15
residues extend through the full length of the 3Dpol cavity (Fig. 14b), in a similar
position as the template RNA strand from elongation complex studies. The disordered
C-terminal end of VPg1 apparently extends beyond the range of the 3Dpol cavity. The
VPg1 N terminus is near the NTP entry site (Fig. 14a, back side), and the lengthy
uridylated Tyr-3 side chain extends toward the C terminus of the peptide (Fig. 14a,
forward), which places it close to the polymerase active site. Vpg1 makes contact with
all three domains of 3Dpol.

Changes in the conformation of FMDV 3Dpol due to VPg1 are relatively modest. A

FIG 13 Poliovirus 3Dpol/RNA elongation complex. (a) The lengthening RNA double helix protrudes from the right side of the
polymerase. Orientation and coloring are as shown Fig. 12b. (b) Zoomed image of the active site in its closed conformation. The
incoming rNTP (C) and its paired template base (not shown) swing down, displacing D-238, which frees up N-297 and positions S-288
so that both residues hydrogen bond (dashed lines) to the 2= OH group of the incoming rNTP. In addition, a three-strand beta sheet
(upper right) is stabilized, positioning D-233 to coordinate both catalytic magnesium ions (spheres). One of the magnesium ions
stabilizes the leaving pyrophosphate group (PP).
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few side chains involved in uridylation, such as those of Arg-179 (Arg-174 in RV16) of
the fingers domain and Asp-338 (Asp-327 in RV16) of the palm domain, are conforma-
tionally rearranged. Arg-179 maintains double salt bridges with Glu-166 (Glu-161 in
RV16) in both crystals and also interacts with the hydroxyl group of Tyr-3 in nonuri-
dylated VPg1 and with one of the oxygens from the UMP phosphate group when it is
complexed with uridylated VPg1.

Other FMDV 3D polymerase residues involved in interactions with the VPg1 N
terminus include Glu-166, Ile-167, Arg-168, Lys-172, and Arg-179 (residues 161 to 163,
167, and 174 in RV16; Ile-167 is replaced by Leu-162) in the fingers domain and Thr-407,
Ala-410, and Ile-411 (not conserved in RV16) of the thumb domain, which together
stabilize the Tyr-3 conformation at the active site. Two main chain-side chain hydrogen
bonds were observed from the backbone oxygen atoms of Pro-2 and Tyr-3 of VPg1 to
the side chains of Lys-172 and Arg-168. The main chain oxygen atoms of Pro-6 and
Leu-7 of VPg1 are hydrogen bonded to side chain of Lys-387 (Lys-374 in RV16) from the
palm domain. The Leu-7 hydrophobic side chain also contacts a hydrophobic region of
the 3Dpol cavity formed by the side chains of Glu-166, Ile-167 of the fingers domain and
Thr-407, Ala-410, and Ile-411 of the thumb. Arg-388 (Arg-375 in RV16) of the palm

FIG 14 3D/VPg initiation complexes. VPg can bind at three different positions. (a) FMDV 3Dpol (cartoon), with VPg1 (sticks) bound in the central cavity. (b) Same
structure as shown in panel a but rotated to show that VPg1 extended completely through the cavity. (c) CVB3 3Dpol with VPg bound to the outside of the
thumb/palm junction region. (d) EV71 3Dpol with VPg bound to the outside of the palm.
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interacts with Glu-8, Arg-9, and Gln-10 of VPg1; Tyr-336 (Tyr-325 in RV16) of the palm
and Gly-216, Cys-217, and Pro-219 (residues 211, 212 and 214 in RV16) from the fingers
domain contact Arg-11 of VPg1 near the exit of the polymerase cavity.

(ii) CVB3 and EV71. The structure of a 3Dpol-VPg complex from CVB3 was published
in 2008 (125). Interestingly, VPg was found not in the polymerase cavity but on the
outside surface of 3Dpol, binding across the palm/thumb junction region. VPg residues
7 to 15 have the highest electron density and are assumed to form the main binding
surface for 3Dpol. The meaning of this second binding site for VPg is uncertain, but its
presence is supported by binding and mutational studies (126–128), which point to the
possibility that VPg may be uridylated while in this position. However, in this position,
VPg is too far from the polymerase active site to serve as a primer or to be uridylated
by the same 3Dpol molecules. Two hypotheses have arisen. The first (transuridylation
model) supposes that a second 3Dpol molecule uridylates this VPg molecule. The
second hypothesis (array model) also involves additional 3Dpol molecules but in an
array and supposes that a set of replication-inactive 3Dpol molecules with VPg in this
position help to stabilize the position or conformation of a second set of 3Dpol

molecules, in which replication takes place.
Adding to the intrigue, the crystal structure of an EV71 3Dpol-VPg complex was

reported in 2013. In this crystal, VPg was found at a third binding site, on the bottom
of the palm domain. VPg is in a V-shaped confirmation, with the top two edges of the
V, comprised of residues 1 to 3 and 9 to 20, bound to the palm domain. Interestingly,
these VPg regions are complementary to the region binding to CVB3 3Dpol. Again,
mutational studies suggest that this binding site is important and may be involved in
VPg uridylation (10). The suggestion was made that picornaviruses may be divided into
two groups: those that use a trans mechanism to uridylate VPg bound to the outside
of a second 3Dpol molecule (e.g., CVB3 and EV71) and those that use a cis mechanism
in which VPg enters the cavity where it is uridylated and elongated by the same 3Dpol

molecule. These theories remain controversial. Clearly, while great strides have been
made, additional studies will be required to more fully elucidate the process of
replication in enteroviruses.

PERSPECTIVES

Great strides have been made using structural biology to help understand picornavirus
replication. Structural information regarding the isolated 3A, 3B, 3C, and 3D proteins is now
available, along with a structure of the 5=-CL RNA. These studies provide three-dimensional
structures of the building blocks. In addition, a large number of crystal structures are
available for 3Dpol complexed with primer and template RNA molecules of various lengths
and/or with VPg. A complex between 3C and SLD from the 5=-CL RNA has been studied.
The 3CD active precursor protein has also been studied. The combined results from
biochemical and genetic studies, analyses of similarities between 3Cpro and serine pro-
teases and between 3Dpol and other polynucleotide polymerases, and the discussed
structural works have provided an understanding of protein cleavage by 3Cpro and RNA
polymerization by 3Dpol, including aspects of the role played by 3B (VPg). However, much
is still unknown. Below is a brief discussion of a few of the more immediate outstanding
questions that structural biology might help to answer.

First, the 5=-CL structure has been determined only for RV14. While sequence
analysis suggests a high degree of structural conservation, it is not yet known whether
specific features, such as the alignment of the accessible major grooves of SLB and SLD
in the closed form (with Mg�2), are conserved across the enteroviruses. Nor is it known
whether this major groove surface functions in accommodating protein groups, such as
perhaps the N-terminal helix of 3Cpro (or 3CD or other active precursors that include
3Cpro). Is the open or closed state of the 5=-CL conformation the active state? Or are
both states needed? Is the ability of the 5=-CL RNA to make this conformational switch
conserved and required for replication?

Although we know that the 3C/3D relationship in 3CD can be dynamic in solution,
we do not yet know how this relationship may change during replication nor how it
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may affect or be affected by the replication process. While the 3Cpro/SLD complex
structure begins to build a picture of replication assembly on the 5=-CL, no structures
of the full 5=-CL complexed with any viral or host protein, including 3CD and PCBP2, are
yet available. Is it possible that binding of these proteins helps to trigger a conforma-
tional change similar to that triggered by magnesium in vitro? Even with these and
other unanswered questions, the interaction of 3Cpro with the 5=-CL (oriL) is at this
point better characterized than its interactions with oriI and oriR. Furthermore, struc-
tures of 3AB, 3BC, 3BCD, and 3ABCD are not yet available, let alone complex structures
involving these precursors and RNA.

In addition to the need to investigate larger RNA/protein pieces of the replication
complex, a major looming challenge is presented by the fact that replication takes
place on remodeled host cell membrane surfaces. To this point, for instance, structural
information for 3A is available only for its soluble domain. The membrane-associated
domain remains to be structurally determined, along with structural information re-
garding how it helps the system to interact with membranes. These interactions include
host proteins such as GBF1 and GPC60. Solid-state NMR may play a role in elucidating
these interactions. However, this is just the tip of the membrane iceberg. In addition to
3A, many of the other discussed enterovirus proteins also interact with remodeled host
cell membranes or membrane-associated molecules, and thus studies in the absence of
membranes are destined to provide only a part of the story. As the studied complexes
become larger, NMR and crystallographic analyses become more challenging while
SAXS and various microscopies become more useful. Due to the limited resolution of
the last two techniques, it will remain necessary to fill in the fine detail via crystallo-
graphic and NMR studies of isolated components and smaller complexes.

These are some of the questions that remain regarding the early steps of replication
involving synthesis of a negative strand from the positive-sense RNA genome. The
nascent negative strands are then used as templates in a second round of polymer-
ization to create a large number of new positive-sense strands. Even less is known
about this second half of the replication process, which is arguably the central repli-
cation step since it results in new genetic material and in much larger numbers than the
intermediary negative strand. While some of the building blocks will be the same as in
negative-strand synthesis, there are bound to be differences in positive-strand synthe-
sis that provide additional opportunities for intervention in the highly conserved
enterovirus replication process.
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