
Formation of Higher-Order Foot-and-Mouth Disease Virus 3Dpol

Complexes Is Dependent on Elongation Activity

Matthew Bentham, Kris Holmes, Sophie Forrest, David J. Rowlands, and Nicola J. Stonehouse

Institute of Molecular and Cellular Biology, Faculty of Biological Sciences and Astbury Centre for Structural Molecular Biology, University of Leeds, Leeds, United Kingdom

The replication of many viruses involves the formation of higher-order structures or replication “factories.” We show that the
key replication enzyme of foot-and-mouth disease virus (FMDV), the RNA-dependent RNA polymerase, forms fibrils in vitro.
Although there are similarities with previously characterized poliovirus polymerase fibrils, FMDV fibrils are narrower, are com-
posed of both protein and RNA, and, importantly, are seen only when all components of an elongation assay are present. Fur-
thermore, an inhibitory RNA aptamer prevents fibril formation.

Foot-and-mouth disease virus (FMDV) is one of the most im-
portant animal pathogens of agricultural significance, yet key

aspects of its replication are still unclear. The virus occurs as seven
distinct serotypes and is a member of the Picornaviridae, which
also includes important human pathogens, such as poliovirus
(PV) and rhinovirus. Replication of the positive-stranded RNA
genome occurs via a negative-stranded intermediate and involves
several viral proteins as well as specific sequences within the un-
translated regions (UTRs) at the 5= and 3= ends. The 5= UTR is
exceptionally long (�1,200 nucleotides), constituting one-
seventh of the viral genome. It includes a 400-nucleotide region
predicted to be double stranded in structure (3), a poly(C) tract of
�200 nucleotides (20), a series of pseudoknots (3, 6), a cis-acting
replication element (cre) necessary for the uridylation of the pep-
tide primer of replication (VPg) (13, 15), and an internal ribo-
some entry site (IRES) necessary for the initiation of protein syn-
thesis (18). The 3= UTR is shorter but includes two stem-loop
structures and a poly(A) tract. Several of these RNA structural
elements are known or thought to be important in genome repli-
cation. The engine of genome replication is an RNA-dependent
RNA polymerase enzyme (RdRp), termed 3Dpol, with the involve-
ment of its precursor, 3CD. RNA synthesis is primed by a uridy-
lated form of VPg, which is the product of the 3B gene. Uniquely,
the FMDV genome encodes three tandem copies of 3B (VPg), and
it is tempting to speculate that this feature is causally linked to the
exceptionally fast replication rate characteristic of the virus. Some
strains of FMDV complete the entire life cycle in only 3 h in vitro
(20). Uridylation of VPg to form VPgpUpU is carried out by 3Dpol

but requires the presence of 3CD in an ancillary catalytic role to
work efficiently (15). Although synthetic versions of VPg peptide
can be uridylated in vitro, the true precursor in vivo (3AB or
3BCD) is unknown and controversial. Replication of the viral ge-
nome is complex and difficult to study in vivo, but aspects of the
process can be replicated in vitro, making them more amenable to
investigation.

Replication of many positive-stranded RNA viruses is thought
to occur in “factories” (4), allowing compartmentalization, con-
centration, and protection of the components and products. Con-
sistent with this, FMDV 3Dpol has been shown to concentrate on
membranes of small, smooth vacuoles (19). The Kirkegaard group
has identified fibrous structures (approximately 120 Å in diame-
ter) associated with membranes within PV-infected cells. Further-
more, they have demonstrated that recombinant PV 3Dpol alone

can form fibers/fibrils, sheets, and tubes of 400 to 1,000 Å in di-
ameter in vitro (11). In this communication, we show that FMDV
3Dpol also forms fibrils in vitro, but only when all of the compo-
nents necessary for an active elongation assay are present. Further-
more, these structures do not form in the presence of a previously
characterized RNA aptamer inhibitory to 3Dpol (5).

Both serotype O and C enzymes were used in this study, to-
gether with catalytically inactive D388A serotype C mutant pro-
tein (a gift from Esteban Domingo, Madrid [1]). Serotype C 3Dpol

[3Dpol(C)] was purified as described previously (7). The 3Dpol

(serotype O) gene was subcloned from pUb-3Dpol (15) into
pET22b-3Dpol. The protein was expressed in Escherichia coli as a
C-terminal hexahistidine fusion and was affinity purified by ad-
sorption to a nickel-Sepharose column (in 50 mM phosphate [pH
7.8], 300 mM NaCl, and elution with a gradient of up to 500 mM
imidazole). The 3Dpol samples were more than 95% pure, as
shown in Fig. 1A. The wild-type (WT) proteins were shown to be
active in elongation assays in which [32P]UTP incorporation was
measured using a poly(A) template and an oligo(U)15 primer (5).
However, under these conditions the relationship between en-
zyme concentration and nucleotide incorporation was not linear,
indicative of a degree of cooperativity (Fig. 1B). This is particularly
evident with the less-active serotype O enzyme. The addition of
ZnCl2 (60 �M) to enhance the activity according to previously
reported PV protocols (2, 8, 9, 12, 21) had little effect. Using a
similar assay, we showed that the D388A mutant was unable to
incorporate [32P]UTP, as expected (Fig. 1C). Interestingly, coop-
erativity had been demonstrated previously for other viral poly-
merases, including PV 3Dpol (11, 17).

Previously, we selected RNA aptamers to 3Dpol of the serotype
C virus. RNA aptamers are derived from the process of in vitro
selection and bind to their target molecules with high affinity and
specificity, making them useful as molecular tools and potentially
as inhibitors (5). We characterized aptamers that inhibited the
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activity of 3Dpol in an elongation assay. One of the aptamers was
truncated to 32 mer (F47tr, 5=-GGGUUAACAGAAAACCUCAG
UUGCUGGGUUGU-3=), maintaining both its inhibitory capac-
ity and its affinity for 3Dpol. Here, we also show that preincubation
of 3Dpol with 47tr resulted in no incorporation of [32P]UTP
(Fig. 1C).

To investigate the products of elongation assays (as described

in Fig. 1C), samples were negatively stained prior to examination
by transmission electron microscopy (TEM) according to a pre-
viously described protocol (22). PV 3Dpol was included as a con-
trol and shown to form fibrils similar to those described previ-
ously (11, 23) (Fig. 2A). In contrast, FMDV 3Dpol alone was
disordered and aggregated, showing no evidence of defined
higher-order structures (Fig. 2C). This result is in agreement with
crystallographic data in which differences in crystal packing be-
tween the PV and FMDV enzymes suggest that FMDV 3Dpol alone
is unlikely to form higher-order structures (7). Products of the
FMDV elongation assay, however, appeared as ordered fibrils by
TEM (Fig. 2B). The fibrils were 250 � 27 Å (n � 30) in width and
were narrower and more regular than the fibrils observed with
isolated PV 3Dpol (460 � 32Å; n � 30). Fibrils formed by both PV
3Dpol and FMDV 3Dpol were variable in length. Both C and O
3Dpol were capable of fibril formation (Fig. 2B and D, respec-
tively); however, the fibrils formed with the more active serotype
C enzyme were more regular in morphology. There was no evi-
dence for the formation of defined higher-order structures other
than fibrils, unlike PV 3Dpol, which also formed sheets and tubes.
Also in contrast with PV 3Dpol, all components of an elongation
assay were necessary for the formation of the FMDV 3Dpol struc-
tures (i.e., primer, template, magnesium ions, and NTPs). The
presence of dithiothreitol (DTT) or Zn2� had no effect; however,
EDTA inhibited both [�-32P]UTP incorporation in the elonga-
tion assay and the formation of fibrils as seen by TEM (Table 1),
indicating that fibril formation was not a spontaneous event, but
rather requires active elongation to occur.

The TEM data correlated with light-scattering measurements
of the assay undertaken over the same time scale (Fig. 3). A rapid
increase in absorbance at 350 nm was observed with samples of
isolated PV 3Dpol. A similar, but slower, increase was seen with
FMDV 3Dpol (saturating after 25 to 30 min) when all components
of an elongation assay were present. No increase in light scattering
was detected when FMDV 3Dpol alone was incubated over time. In
addition, substitution of WT 3Dpol for the D388A mutant also
resulted in no increase in light scattering over time and no fibril
formation visible by TEM (Fig. 3 and Table 1). Furthermore, fi-
brils were not observed in samples treated with RNase A (0.5 �g
per 20-�l reaction mixture) or proteinase K (10 �g per 20-�l
reaction mixture) at the endpoint of the assay (i.e., after 30 min)
(Table 1). This indicates that the fibrils are composed of both
3Dpol and single-stranded RNA, rather than an RNA duplex. The
walls of the fibrils were measured to be 60 to 70 Å in thickness,
consistent with the presence of a single polymerase molecule (7)
and suggestive of the structures being tubular in nature. However,
further structural studies will be required to confirm this hypoth-
esis. Interestingly, fibrils were also observed when part of the 5=
UTR (negative sense) was used as a template in an elongation
assay, although these were less uniform, probably due to the het-
erogeneity of the RNA used (16). However, this does indicate that
the fibrils are not an artifact resulting from the use of a poly(A)
template and that 3Dpol is able to unfold structured RNA in order
to produce a product.

In order to determine the effects of aptamer 47tr on fibril for-
mation, this molecule was included in the assays. Preincubation of
3Dpol(C) with 47tr (at an equimolar concentration for 30 min
prior to the addition of other components of the elongation assay)
inhibited the formation of fibrils observable by TEM (Fig. 2E).
This result correlated with no increase in light scattering detect-

FIG 1 Purification and activity of FMDV 3Dpol. (A) Samples of BL21(DE3)
pLysS E. coli transformed with pET22-3Dpol(O) were analyzed by 15% SDS-
PAGE either prior to IPTG (isopropyl-�-D-thiogalactopyranoside) induction
(UnInd) or 2 h postinduction (Ind). A sample of 3Dpol(C) is also shown. MW,
molecular weights in thousands. (B) Samples of 3Dpol(C) and 3Dpol(O) were
assayed for elongation activity using the incorporation of [32P]UTP in a MOPS
(morpholinepropanesulfonic acid)/NaCl buffer (with 5 mM MgCl2) with a
poly(A) template (0.1 �g/�l) and an oligo(U)15 primer (1 �M) as described
previously (5). Samples were assayed after 20 or 25 min, respectively. (C) The
activities of wild-type 3Dpol(C) and the active-site mutant D388A (1 �M) were
investigated over time in a similar assay. The effects of preincubation with
aptamer 47tr (4 �M; 20 min) are also shown.
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able over time in the presence of the aptamer (Fig. 3). However,
addition of the aptamer at the endpoint of the assay had no effect.
The inhibitory effect of the aptamer on enzyme activity therefore
correlates with the absence of fibrils, again demonstrating that
these formed only when the polymerase was active. We had dem-
onstrated previously that the aptamer had no inhibitory effect on
the ability of PV 3Dpol to incorporate [32P]UTP in an elongation

assay (5). In agreement with this, the aptamer had no effect on the
formation of PV 3Dpol fibrils by TEM (Fig. 2F).

The formation of a fibrillar replication lattice could have sev-
eral benefits in viral replication. It could serve to increase the local

FIG 2 Formation of fibrils during the polymerase elongation assay. (A) PV 3Dpol alone (3 �M). (B) FMDV 3Dpol(C) (1 �M) in the context of a full elongation
assay after 30 min. The FMDV fibrils have a regular width averaging 250 Å but exhibit considerable variations in length. (C) FMDV 3Dpol(C) alone. (D) Same as
panel B but with the substitution of 3Dpol(O) for 3Dpol(C). (E) Same as panel B but with the addition of equimolar aptamer 47tr. (F) Same as panel A but with
the addition of equimolar aptamer 47tr. The insets in panels A and B are higher-magnification views. Negative-stain TEM; scale bars, 500 Å.

TABLE 1 Formation of 3Dpol(C) fibrils under different
experimental conditions

Assay or component Presence of fibrils

Full elongation assay �

Full elongation assay
With catalytically inactive 3Dpol �
Without 3Dpol �
Without template �
Without primer �
With aptamer 47tr (1–5 �M) �
With RNase (25 �g/ml) �
With proteinase K (500 �g/ml) �
With EDTA (10 mM) �
With DTT (5 mM) �

FIG 3 Light-scattering measurements of fibril formation over a time course of
up to 30 min at room temperature. Symbols: solid circles, PV 3Dpol alone (3
�M); open diamonds, FMDV 3Dpol elongation assay (EA) with 3 �M 3Dpol(C)
and the method described for Fig. 1C; solid diamonds, FMDV 3Dpol alone;
shaded triangles, FMDV 3Dpol EA (as above) in the presence of equimolar
aptamer 47tr; cross, EA using FMDV 3Dpol active-site mutant D388A. OD350

nm, optical density at 350 nanometers.
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concentration of components, and a clustering of binding sites
could increase the efficiency of replication. It is also tempting to
speculate that the higher-order structures have a role in prevent-
ing the formation of double-stranded RNA. During replication, a
negative-stranded cRNA is first produced, which then acts as a
template for the synthesis of positive strands. If the RNA is
“coated” in polymerase molecules during this process, forming
fibril-like structures, then the formation of a double-stranded
negative/positive RNA complex could be prevented. This would
allow replication to proceed without the necessity to melt an RNA
duplex, which would be energetically demanding and therefore
inefficient. It must be noted that in vivo, a number of other viral
and host proteins (e.g., RNA helicase [10]) are also involved in
replication. Our studies are therefore continuing with the use of
an FMDV replicon (14) in order to probe the formation of higher-
order structures in cells where all replication components are
present.
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