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ARTICLE INFO ABSTRACT

Keywords: The Dicistroviridae is a virus family that includes many insect pathogens. These viruses contain a positive-sense
Israeli acute paralysis virus (IAPV) RNA genome that is replicated by the virally encoded RNA-dependent RNA polymerase (RARP) also named
Poliovirus

3DP°!. Compared with the Picornaviridae RARPs such as poliovirus (PV) 3DP°, the Dicistroviridae representative
Israeli acute paralysis virus (IAPV) 3D has an additional N-terminal extension (NE) region that is about 40-res-
idue in length. To date, both the structure and catalytic mechanism of the Dicistroviridae RARP have remain
elusive. Here we reported crystal structures of two truncated forms of IAPV 3DP°, namely A85 and A40, both
missing the NE region, and the 3DP° protein in these structures exhibited three conformational states. The palm
and thumb domains of these IAPV 3DP°! structures are largely consistent with those of the PV 3DP°! structures.
However, in all structures, the RARP fingers domain is partially disordered, while different conformations of RARP
substructures and interactions between them are also present. In particular, a large-scale conformational change
occurred in the motif B-middle finger region in one protein chain of the A40 structure, while a previously
documented alternative conformation of motif A was observed in all IAPV structures. These experimental data on
one hand show intrinsic conformational variances of RARP substructures, and on the other hand suggest possible
contribution of the NE region in proper RdRP folding in IAPV.

RNA-dependent RNA polymerase (RARP)
Crystal structure
Catalytic motif

1. Introduction

The Dicistroviridae, belonging to the Picornavirales order, is a virus
family that contains many insect pathogens, and their host species
include honeybees (Apis mellifera), true crickets (Gryllidae), triatomine
bugs (Reduviidae), fire ants (Solenopsis invicta), and aphids (Aphididae).
Honey bee diseases caused by dicistroviruses such as Israeli acute pa-
ralysis virus (IAPV) (Maori et al., 2007), Kashmir bee virus (KBV) (De
Miranda et al., 2004), acute bee paralysis virus (ABPV) (Govan et al.,
2000), deformed wing virus (Lanzi et al., 2006), and chronic bee paral-
ysis virus (CBPV) (Bailey et al., 1963) can bring huge losses to apiculture.
In particular, IAPV infection is considered an important trigger of hon-
eybee colony collapse disorder (CCD) and can cause honeybee paralysis
and death shortly after infection (Cox-Foster et al., 2007). Currently,
there are no effective antiviral approaches for IAPV.

* Corresponding authors.

The positive-strand non-segmented RNA genome of dicistroviruses
contains two open reading frames (ORFs), different from all other non-
segmented Picornavirales species, such as the Picornaviridae poliovirus
(PV), that only contain one ORF (Maori et al., 2007; De Miranda et al.,
2010). Nevertheless, the two polyproteins and their proteolytically pro-
cessed mature proteins encoded by dicistroviruses are highly homolo-
gous to picornavirus single polyprotein and corresponding mature
proteins, respectively (Nakashima and Nakamura, 2008; Reddy et al.,
2013) (Fig. 1A). Similar to the P2-P3 region of the PV polyprotein, IAPV
ORF1 is responsible for production of mature proteins corresponding to
PV 2A, 2B, 2C, 3A, 3B, 3C, and 3D. As documented in PV and other pi-
cornaviruses, these proteins likely participate in the viral replication
complex (RC), in which the RNA-dependent RNA polymerase (RARP)
3DP! (pol denotes “polymerase”) plays a central role in catalyzing the
synthesis of genome-length RNA (Paul and Wimmer, 2015).
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Since their discovery in the 1960s, viral RARPs have become key
systems for studying RNA viruses as well as developing anti-RNA virus
strategies (Reich et al., 1961; Baltimore et al., 1963). In spite of a com-
mon right-hand polymerase core consisting palm, thumb, and fingers
domains, the RARP protein or protein complexes are quite diverse in size
and composition, ranging from very compact 52 kDa PV 3DP! to more
than 400 kDa Crimean-Congo hemorrhagic fever virus (CCHFV) L protein
that also harbors cap-snatching machinery and an ovarian tumor (OTU)
protease module likely functioning in viral antagonism (Neufeld et al.,
1991; Hansen et al., 1997; Thompson and Peersen, 2004; Frias-Staheli
et al., 2007). On the other hand, all viral RdRPs share a structurally
highly conserved polymerase active site typically including seven
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catalytic motifs A-G well documented in positive-strand RNA viruses
(Gorbalenya et al., 2002; Bruenn, 2003). Among these motifs, highly
conserved residues are found in palm motifs A, B, C, and fingers motif F
with each of them contains one largely invariant residue (Gong, 2021).
Motifs A and C each contains an aspartic acid residue invariant in all
nucleic acid polymerases, responsible for two-divalent-metal-ion coor-
dination critical for the nucleotidyl transfer reaction (Beese and Steitz,
1991). Motif B contains an invariant glycine that allows flipping of its
amino peptide bond when the active site switches between catalytically
open and closed states, while motif F includes an invariant arginine that
contributes to both substrate ribonucleotide triphosphate (rNTP) binding
and subsequent nucleotidyl transfer (Gong and Peersen, 2010; Shu and
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Fig. 1. Crystal structures of IAPV RdRPs A40 and A85 and comparisons with PV RdRP structures. A Comparison of the RNA genome organization of Picornaviridae and
Dicistroviridae. VPg: viral protein genome-linked (corresponding to the 3B protein); IRES: internal ribosome entry site; ORF: open reading frame. Double arrows define
P1-P2-P3 regions of the Picornaviridae polyprotein ORF and the corresponding regions in the Dicistroviridae genome. B Comparison of the 3DP°! proteins of PV and
IAPV by defining structural and/or functional elements. Color coding: NE — cyan; index/middle/ring/pinky fingers — green/orange/yellow/pink; thumb - slate; palm —
gray; YGDD signature sequence in the active site — magenta. RARP motifs A-G are labeled by boxes with capital letters. Regions that are resolved or disordered in the
IAPV 3DP” structures are indicated by solid and dashed lines at the bottom of this panel. Numbers in parenthesis indicate resolved/total residues in each structure.
Dashed lines indicate disordered regions. C Global view of IAPV A85-A, A40-A/B, and two forms of PV RdRP structures. The color coding is the same as in panel B. The
structures are superimposed but shown separately. D Stereo-pair images of superposed three structures (A85, A40-A, and A40-B). Secondary structure assignment is
based on the A40-B structure. E Comparison of catalytic motif conformations in representative IAPV and PV RdRP structures. The a-carbon atoms of terminal amino
acids in each motif are shown as spheres. PDB entries: 1RDR (PV-partial), 1RA6 (PV-complete).
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Gong, 2016; Li et al., 2022). Palm motifs D, E, and fingers motif G do not
directly interact with NTP. Motif D is structurally associated with motif A
and the backbones of these two motifs undergo coordinated movement,
most prominent in positive-strand RNA viruses, also denoting the open
and closed states of the active site (Gong and Peersen, 2010; Peersen,
2019). Motif E is located between the bottom of thumb and motifs C/A/D
in the palm, and interacts with the product RNA backbone between po-
sitions —3 and -1, largely playing structural roles. As the only
RdRP-unique motif, motif G interacts with the template RNA and plays an
important role in restraining the template strand movement, presumably
for precise positioning of the NTP for nucleotidyl transfer (Shu and Gong,
2016; Wang M. et al., 2020).

The 546-residue IAPV RARP (herein termed 3DP according to
picornavirus terminology) is moderately larger than the 461-residue PV
3DP, Sequence and structure homology analysis suggest that IAPV 3DP°!
contains an N-terminal extension (NE) about 40-residue in length (Jia
and Gong, 2019) (Fig. 1B). It has been documented that the very N-ter-
minal glycine (G1) of PV 3ppPo! plays a critical role in RARP catalysis,
presumably through participation of a structurally identified
hydrogen-bonding network involving fingers domain residue G64 and
motif A residues A239 and L241 and burying itself at the fingers—palm
interface, while even adding 1-2 residues to the N-terminus of PV 3DP°!
resulted in only trace amount of polymerase activity (Thompson and
Peersen, 2004). Hence, the function of IAPV 3DP°' NE may be quite
different, since it presumably cannot mimic the N-terminus of PV 3DP°,
In this work, we crystallized and determined the crystal structures of two
forms of IAPV 3DP°,, namely A85 and A40, with deletion of N-terminal
85 and 40 residues, respectively. Three 3DP°! conformations were
observed in these structures, all with the fingers domain only partially
resolved. Structural analyses further revealed that several conserved
RdRP substructures in the fingers and palm domains are quite dynamic,
and some of them can even undergo previously unidentified large-scale
movement and refolding. These structural findings on one hand
advance our understandings of intra-molecular dynamics of viral RARP in
general, and on the other hand further suggest the critical role of the NE
in IAPV 3DP°'s structural integrity and function.

2. Materials and methods
2.1. Cloning and protein expression

The IAPV 3DP°! gene (isolate BJ2, GenBank entry: MG599488.1) was
cloned into the pEASY-blunt-E1 vector containing an N-terminal hexa-
histidine tag. The N-terminal deletion mutants A40 and A85 of 3DP°!
were constructed by a site-directed, ligase-independent mutagenesis
(SLIM) method (Chiu et al., 2008). The full-length (FL) 3DP°, A40, and
A85 plasmids were transformed into Escherichia coli (E. coli) strain Trans
B for the 3DP°! production. E. coli cells were grown at 37 °C overnight in
LB medium with 100 pg/mL ampicillin (AMP100) and 50 pg/mL kana-
mycin (KAN50) until ODggg reached 1.0. The overnight culture was used
to inoculate 1 L of LB medium with AMP100 and KAN50 to reach an
initial ODggg of 0.025. The cells in LB medium were grown at 37 °C for
approximately 3 h to reach an ODgg of 0.6-0.8 and then cooled to 25 °C
before induction. Isopropyl-p-p-thiogalactopyranoside (IPTG) was added
to a final concentration of 0.5 mmol/L, and the cells were grown for an
additional 6 h before harvesting. After centrifuging at 6730 relative
centrifugal force (RCF, or g-force) for 15 min at 4 °C, the harvested cells
were resuspended in lysis buffer of 50 mmol/L Tris (pH 8.0), 300 mmol/L
NaCl, 10 mmol/L imidazole, and 20% (vol/vol) glycerol and stored at
—80 °C before purification.

2.2. Protein purification
The lysis buffer-resuspended cells were thawed and then lysed by

passing through an AH-2010 homogenizer at 800-1000 bar (ATS Engi-
neering Ltd.). NP40 (Sigma-Aldrich) was added to a final concentration
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of 0.1% (vol/vol) and then polyethylenimine (PEI) was added slowly
over a 20-min period to a final concentration of 0.5% (vol/vol). The
lysate was gently stirred at 4 °C for additional 15 min and then centri-
fuged for 1 h at 34400 RCF. The supernatant was filtered by 0.22 pm
filters and loaded on a HisTrap HP column (GE Healthcare), and eluted
by an elution buffer of 300 mmol/L NaCl, 50 mmol/L Tris (pH 8.0), 300
mmol/L imidazole, and 20% (vol/vol) glycerol. Fractions were pooled
and diluted by a low-salt Q buffer of 25 mmol/L Tris (pH 8.5), 0.1 mmol/
LEDTA, and 20% (vol/vol) glycerol to reach a final NaCl concentration of
60 mmol/L before loading on a HiTrap Q column (GE Healthcare) and
eluting with a linear gradient from 60 mmol/L to 1 mol/L NaCl in 25
mmol/L Tris (pH 8.5), 0.1 mmol/L EDTA, and 20% (vol/vol) glycerol.
Fractions were collected and concentrated to 1 mL and run over a
Superdex 200 gel filtration column (GE Healthcare) equilibrated in a GF
buffer of 600 mmol/L NaCl, 5 mmol/L Tris (pH 7.5), and 5% (vol/vol)
glycerol. Pooled fractions were supplemented with tris-(2-carboxyethyl)
phosphine (TCEP) to reach a final concentration of 5 mmol/L and
concentrated before storage. Concentrated protein was flash frozen with
liquid nitrogen as 5-10 pL aliquots and stored at —80 °C. The extinction
coefficient was calculated based on protein sequence using the ExPASy
ProtParam program (http://www.expasy.ch/tools/protparam.html) and
used to determine the protein concentration. The typical yield is 5-10 mg
of pure protein per liter of bacterial culture.

2.3. Protein crystallization, heavy-atom derivatization, data collection,
and structure determination

Purified IAPV 3DP%' A85 and A40 were crystallized by the sitting-drop
vapor diffusion method at 16 °C using 6-10 mg/mL protein samples. For
A85 construct, hexagonal cylinder-shaped crystals grew after one day
and reached final size in five days. Typically, 0.4 pL protein was mixed
with 0.5 pL precipitant solution of 0.18-0.20 mol/L MgCl,, 0.25 mmol/L
CdCl,, 0.08 mol/L Tris (pH 8.5-9.0), 14%-16% (wt./vol.) PEG4000, and
24-26% (vol/vol) glycerol. Some crystals were used for 10-min heavy-
atom soaking with (NH4),0sBrg (Hampton Research) at 5 mmol/L con-
centration. For A40 construct, diamond-shape crystals appeared after
two days and reached final size in a week. Typically, 0.4 pL protein was
mixed with 0.4 pL precipitant solution of 1.70-1.72 mol/L (NH4)2SO4
and 0.1 mol/L Bis-Tris (pH 5.0-5.5). Crystals for data collection were
flash cooled in liquid nitrogen prior to data collection, and A40 crystals
were transferred to a cryo-solution (precipitant solution supplemented
with 25% (vol/vol) glycerol) by incremental buffer exchange prior to
flash cooling. All data sets used for structure determination were
collected at the Shanghai Synchrotron Radiation Facility (SSRF) beam-
line BL17U1 (wavelength: 0.9792 f\, temperature: 100 K). At least 180°
of data for native crystals were typically collected in 0.5° oscillation steps
and at least 360° of data were collected for heavy-atom soaked crystals.
Reflections were integrated, merged, and scaled by HKL2000 (Otwi-
nowski and Minor, 1997). Heavy-atom site identification and initial
structure solution were done using SAD method and by AutoSol (Ter-
williger et al., 2009). The initial model was generated by AutoBuild
(Terwilliger et al., 2008). Multiple rounds of model rebuilding and
structure refinement were done by Coot and PHENIX, respectively
(Emsley and Cowtan, 2004; Liebschner et al., 2019). The 3500 K com-
posite simulated-annealing omit 2F,-F. electron density map were
generated by program CNS (Brunger et al., 1998). Unless otherwise
indicated, structure superpositioning were carried by THESEUS (Theo-
bald and Wuttke, 2008). All RMSD calculations for structure similarity
analyses were based on traditional least-square method.

2.4. Structural predictions by AlphaFold2

The structure of FL IAPV 3DP°! was predicted by AlphaFold2 (AF2,
Jumper et al., 2021) with the following settings: template_mode = 0,
msa_mode = mmseqs2_uniref env, pair mode = unpaired_paired, mod-
el_type = auto, num_recycles = auto, recycle_early_stop_tolerance = auto,
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max_msa = auto, and num_seeds = 1. Five top models were generated
with pLDDT (predicted local distance difference test) scores in a range of
91.9-92.4.

3. Results
3.1. IAPV 3DP structure determination and its structural overview

With an aim to solve the structure of IAPV 3DP°., the FL 3DP% and two
N-terminal truncation mutants A40 and A85 were prepared, and the
truncations were designed based on sequence homology with picornavirus
3DP and considerations of predicted secondary structures. Purified FL,
A40, and A85 constructs were crystallized under different crystallization
conditions, but only the two truncation constructs yielded atomic or near-
atomic resolution X-ray diffractions. The A85 structure was solved in space
group P3;21 at 2.70 A resolution using osmium (Os) atom-based single-
wavelength anomalous diffraction (SAD) method (Hendrickson, 2014)
(Table 1). The A40 structure was solved in space group P6,22 at 3.25 A
resolution by molecular replacement (MR) method using the A85 structure
as the search model (Tong and Rossmann, 1997) (Table 1).

In many viral RdRPs, the fingers domain can be further divided into
index, middle, ring, and pinky subdomains according to the nomenclature
first used in describing the complete structure of PV 3ppel (Thompson and
Peersen, 2004), and here we also use this nomenclature for better com-
parison with other RdRPs (Fig. 1B). With NE and part of index finger
deleted, the A85 structure has relatively complete palm and thumb, but
only has part of pinky finger and a short segment of ring finger resolved in
the fingers domain (Fig. 1B and C). This structure is reminiscent of the first
viral RARP structure of PV that is also largely disordered in the fingers
domain (Hansen et al.,, 1997) (Fig. 1C). For PV 3DP the structural
incompleteness is likely related to crystal packing involving
inter-molecular interactions destabilizing fingers domain folding, since a
mutant PV 3DP%! disrupting such interactions successfully yielded a com-
plete structure in a subsequent study (Thompson and Peersen, 2004)
(Fig. 1C). The A40 construct, containing all the PV-equivalent regions,

Table 1
X-ray diffraction data collection and structure refinement statistics.
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crystallized in a different crystal form from that of A85 (i.e., differing in
crystal packing) but still exhibited a partially disordered fingers domain
(Fig. 1B-C). Unlike the A85 structure having a consistent conformation for
both 3DP! chains in the crystallographic asymmetric unit (chain A was
chosen as the representative in Fig. 1), the two chains in the asymmetric
unit of the A40 structure are quite different in the fingers domain. The
chain A of the A40 structure (A40-A) is very similar to chain A of the A85
structure with a root-mean-square deviation (RMSD) of 0.74 A (A85
structure as the reference and 95% residue coverage), except that a
segment of the index finger tip was resolved and interacts with the top of
thumb in a way similar to that observed in PV 3DP°! structures (Fig. 1B-C).
By contrast, the middle finger is fully resolved in the chain B of the A40
structure (A40-B), albeit adopting a previously unidentified conformation
(Fig. 1B-D, described in detail below). A typical hinging movement of
thumb (about a 6.5° swing using helix 16 as the indicator) is observed
between the A85 and A40 conformations, with thumb top in the latter
moving inward (Fig. 1C and D). For the A85 structure missing the
index-thumb interactions, a thumb loop (residues 479-486 connecting
helices «14 and a15, al4-al5 loop) flips outward and partially occupies
the position normally held by the index tip (Fig. 1C-D). Note that, neither
of the IAPV 3DP% structures has the fingers domain motifs F and G properly
folded if using the canonical folding in the complete PV structure as the
reference (Fig. 1E). In the following sections, we focus on the conforma-
tional dynamics and coordination of IAPV RARP substructures in the
context of known RdRP structures.

3.2. Crystal packing contributes to index tip conformation variation in
IAPV 3D structures

In the A40 structure, the completeness of the index tip is different in
chains A and B. The resolved index finger segment (residues 56-67) in
A40-A adopts a conformation consistent with that of the equivalent re-
gions in A40-B and the complete PV 3DP® structure (Fig. 2A-D). The
resolved index segment in A40-B includes residues 55-82, with the C-
terminal half adopting a helical conformation different from the

Structure A85-SAD A85 PDB entry: 8IIB A40 PDB entry: 8IIC
Data collection®
Space group P3,21 P3,21 P6,22

Cell dimensions

a b c(®)

o B,y ()

Resolution (A)”

No. of unique reflections

Rmerge

Rmeas

CCi/2

I/ol

Completeness (%)

Redundancy

Structure refinement

Resolution (A)

No. of unique reflections

Ruwork/Rree” (%)

No. atoms
Protein
Ligand/ion/water

B-factor (A?)
Protein
Ligand/ion/water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran stat.*

150.5, 150.5, 104.6
90, 90, 120
25.0-3.15 (3.26-3.15)
23,835

0.10 (0.71)

0.11 (0.73)

1.000 (0.952)

28.8 (6.2)

100.0 (99.9)

18.8 (21.1)

150.5, 150.5, 104.6
90, 90, 120

23.8-2.70 (2.80-2.70)
38,083

167.9, 167.9, 218.3
90, 90, 120

23.8-3.25 (3.37-3.25)
28,880

0.041 (0.71) 0.071 (0.84)
0.043 (0.75) 0.075 (0.88)
0.995 (0.931) 0.993 (0.957)
57.9 (4.1) 31.1 (4.3)
100.0 (100.0) 98.8 (98.5)
10.1 (10.6) 10.2 (10.5)
2.70 3.25

37,085 27,744
21.3/25.4 21.1/24.6
2705 3055
-/19/193 —/=/7

40.7 51.8
/50.9/36.3 —/—-/32.4
0.008 0.011

1.094 1.228
90.0/9.5/0.2/0.3 88.3/10.8/0.4/0.5

# One crystal was used for data collection.

b Values in parentheses are for highest-resolution shell.
¢ 5% of data are taken for the Rge. set.

4 Values are in percentage and are for most favored, additionally allowed, generously allowed, and disallowed regions in Ramachandran plots,

respectively.
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Fig. 2. Variation of IAPV RARP index tip conformation and possible contribution of crystal packing. A-D Comparison of RARP index finger tip conformation of IAPV
A40-A (A), A40-B (B), and PV (C, PDB entry: 1RA6). The structures are superimposed (D) and shown separately in panels A-C. The a-carbon atoms of terminal amino
acids of the shown index finger tip are shown in spheres. Top: A-C, only thumb (surface) and index tip (cartoon) are shown; D: only index tip is shown. Bottom:
protein-protein interactions involving the index tip in the IAPV A40 crystal lattice. Lower case letters indicate chain assignment. “sym”: a crystallographic symmetry-
related molecule. The 3500 K composite SA-omit electron density maps (contoured at 1.2 o) for the resolved index finger region are overlaid on the structural models
in panels A-B. E Comparison of crystal packing near the top of thumb in A85-A (left) and A40-B (right). The a14-a15 thumb loop (in blue) in A85-A adopts an
alternative conformation, likely due to a Cd**-mediated crystal packing between chain a and chain b (in magenta). The 3500 K composite SA-omit electron density
map (contoured at 1.5 o) for the Cd** and its coordination partners is overlaid on the structural model. The Cd?>* and CI~ are shown as spheres. In the A40-B structure,
the a14-a15 loop adopts the regular conformation, allowing interactions with the index tip. The a-carbon atoms of terminal amino acids of the a14-a15 loop are

shown as spheres.

corresponding region in the PV 3DP% structure (Fig. 2B-D). The incom-
pleteness and conformational variation observed in the IAPV A40
structure are likely related crystal packing interactions. In A40-A, the PV-
like trajectory of the index finger beyond residue 67 is blocked by the
neighboring A40-B pinky finger (Fig. 2A), while the non-canonical he-
lical substructure in A40-B index interacts with the same region of a
symmetry-related A40-B (Fig. 2B). In the majority of viral RARPs, the tip
of index finger interacts with the top of thumb, encircling the right-hand
structure (Lesburg et al., 1999; Thompson and Peersen, 2004; Gong,
2021). Nevertheless, this viral RARP signature thumb-index tip in-
teractions are retained in both chains of the A40 structure. By contrast,
the missing of such interactions in the A85 structure is likely a result of
the crystal packing interactions between thumb residues 469-480 of
chains A and B. Two clusters of cadmium ion (Cd2+)-mediated tetrahe-
dral coordination likely play a key role in maintaining these
pseudo-2-fold related inter-molecular interactions (Fig. 2E). The
al4-al5 loop is partly involved in the coordination interactions and
therefore adopts a conformation different from that typically observed in
RdRP structures with thumb-index tip interactions (Fig. 2E). Note that,
Cd?* is required for A85 crystal growth (see Materials and Methods),
further suggesting the relationship between crystal packing and the
disorder of the entire A85 index finger tip.

3.3. An alternative conformation of motif A observed in IAPV RdRP
structures

RdARP motif A is an extended substructure, with its N-terminal half
participating in divalent metal ion binding during the nucleotidyl
transfer reaction, and the C-terminal half containing a highly conserved
aspartic acid residue (D294 in IAPV 3DP°! four residues away from the
invariant D289) that plays a critical role in NTP 2'-hydroxyl recognition

and RdRP active site closure (Gong and Peersen, 2010; Shu and Gong,
2016). The canonical fold of motif A is observed in the majority of RARP
structures, with the backbone around the C-terminal aspartic acid residue
bending toward the active site (Fig. 3A). Opening and closing of the
active site are accompanied by the backbone shift of the N-terminal half
of motif A, as suggested by RdRP catalytic complexes in PV, EV71, and
HCV (Gong and Peersen, 2010; Appleby et al., 2015; Shu and Gong,
2017; Peersen, 2019; Li et al., 2022), but this conformational change
does not alter the basic folding and the interactions between motif A, the
neighboring motif B loop (residues 346-353) and middle finger (Fig. 3B).
By contrast, motif A in the IAPV 3DP! structures adopts an alternative
conformation with its C-terminal half flipped away from the active site
(Fig. 3B). As a result, the C-terminal aspartic acid residue (D294) is either
disordered (A85) or pointing outward (A40). This alternative confor-
mation of motif A has been only observed in the encephalomyocarditis
virus (EMCV) 3ppl crystal structure, while another crystal form of the
same protein exhibits regular motif A conformation (Vives-Adrian et al.,
2014) (Fig. 3, A-B, EMCYV structures). For both EMCV and IAPV struc-
tures, the contribution of crystal packing interactions to this alternative
conformation is not evident.

The observation of the alternative motif A conformations in two
evolutionarily-distant Picornavirales RARPs (Picornaviridae EMCV and
Dicistroviridae IAPV) further suggests common and intrinsic dynamics of
motif A (Bi et al., 2017). Very interestingly, the motif B loop and middle
finger exhibit two dramatically different conformations when motif A
adopts the alternative conformation. In the IAPV A85 structure, canon-
ical folding of motif B loop is retained and middle finger is disordered. By
contrast, in the IAPV A40 structure, the corresponding region adopts a
very different conformation (described in detail in the next section),
further suggesting the coordination between motifs A/D and motif
B/middle finger in RARP folding.
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Fig. 3. An alternative conformation of motif A observed in IAPV RARP A40 and A85 structures. A Regular conformations of motif A observed in PV, EV71, and EMCV
RdRPs. Structure superimpositions (top left) indicate a consistent conformation of motif A loop. The “open” and “closed” states are assigned for RdRP catalytic
complexes (second row) according to the mechanisms of RARP nucleotide addition cycle. B The alternative conformation of motif A observed in IAPV and EMCV RdRP
structures. In separately shown structures, motif B and middle finger are shown as spheres to highlight its crosstalk with motif A (also see Fig. 4), and the side chains of
key aspartic acid residues in motifs A and C are shown as sticks. The a-carbon atom of the motif A loop aspartic acid residue is shown as spheres. The 3500 K composite
SA-omit electron density maps (contoured at 1.5 o) for the motifs A and C are overlaid on IAPV structural models. The A85-A structure is manually oriented. PDB
entries: 1RA6 (PV-complete), 1RDR (PV-partial), 4NZ0 (EMCV-form 1), 5F8G (EV71-open), 5F8J (EV71-closed), 4NYZ (EMCV-form 2).

3.4. Refolding of motif B loop and middle finger allows establishment of interactions between motif B and motif A are critical for RARP catalytic
interactions with the thumb and index finger activities, as the motif B loop contains the highly conserved Ser-Gly
(residues 288-289 in PV), and the C-terminal aspartic acid of motif A

Viral RARP motif B comprises an N-terminal loop and a C-terminal directly participates in NTP recognition. The middle finger is usually a

helix, with the N-terminal two residues (G285-M286 in PV) forming B-hairpin structure co-folding with the index and ring fingers to form an
antiparallel p-type interactions with two residues (D238-A239 in PV) in anti-parallel 5-stranded f-sheet (Lesburg et al., 1999; Thompson and
the C-terminal half of motif A in the canonical RdARP fold (Fig. 4A). These Peersen, 2004). The C-terminal end of middle finger connects to the
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Fig. 4. A previously unidentified conformation of the middle finger observed in IAPV A40-B RARP structure. A-B Stereo-pair images of the complete PV structure (A)
and IAPV A40-B (B) structure with 3500 K composite SA-omit electron density map (contoured at 1.2 ¢) overlaid on the middle finger and motif B of the latter. For
clarity, only motifs A/B/C, middle finger, and part of the index finger and thumb are shown. The a-carbon atoms of key residues involved in interactions between
RARP components are shown as spheres. C Superimposition of only the middle finger and motif B of the two structures highlighting the large scale conformational
change. Arrows indicate peptide trajectories. The a-carbon atoms of two equivalent residues (PV K276 and IAPV N338) are shown as large spheres to highlight the
scale of the conformational difference. PDB entry: 1RA6 (PV-complete).
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N-terminus of the motif B loop. In the A85 structure, the motif B loop is
largely disordered, while in the A40 structure, the motif B loop swings
about 90° from the canonical position toward the thumb and establishes
new interactions with motif C involving residues S350 (within the motif
B SG signature sequence) and Y296 (within the motif C YGDD signature
sequence) (Fig. 4B). Very interestingly, the entire middle finger refolds
with the motif B loop and establishes a mixture of hydrophobic and polar
interactions with both thumb and index finger in the A40-B structure
(Fig. 4B). In such a structure, the middle finger no longer adopts p-type
structure and refolds as a combination of an N-terminal loop and a
C-terminal helix. More specifically, middle finger residues S340/V341
and M344/T345/S347 interact with index finger residues Y75/V79 and
thumb residues W479/N493/N496, respectively (Fig. 4B). Using the
complete PV 3DP°! structure as the reference, some middle finger residues
move over a distance longer than 20 A between the two conformational
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states (Fig. 4C, primary structure equivalent PV residue K276 and IAPV
residue N338 are used as an example). This large conformational change
of the RARP middle finger has not been observed in any other viral RARP
systems. Although the RARP conformation in A40-B is probably cata-
lytically incompetent due to the misplacement of several key catalytic
residues, it nevertheless highlights the large scale and capacity of sub-
structure dynamics and coordination among the palm-fingers-thumb
framework of viral RARPs.

3.5. Two spatially related inter-motif regions exhibit diversity in sequence
and structure

The inter-motif region between RARP motifs B and C (termed region
B-C) has been documented to exhibit high-level sequence and structural
diversity (Yang et al., 2021). We therefore compared region B-C and the
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Fig. 5. Diversity in sequence and structure of two inter-motif regions in representative RARPs in positive-strand RNA viruses. A-B Top: sequence alignment of RARP
motifs B/C (panel A) and C/D (panel B) with the corresponding inter-motif regions. Bottom: a structural comparison of inter-motif regions of representative RARPs in
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spatially neighboring region C-D (i.e., the region between motifs C and
D) of IAPV 3DP structures with the corresponding RARP regions in
representative positive-strand RNA viruses (Fig. 5). The Distroviridae re-
gion B-C is about 8-9 residues longer than that of Picornaviridae, but
much shorter than those of Flavivirus and Coronaviridae (Fig. 5A). Simi-
larly, the IAPV 3ppol region B-C structure (consistent in A85 and A40)
adopts a helix-turn-helix structure with a complexity between the more
compact PV structure and the more complicated Japanese encephalitis
virus (JEV) and severe acute respiratory syndrome coronavirus 2 (SAR-
S-CoV-2) structures (Thompson and Peersen, 2004; Lu and Gong, 2013;
Gao et al., 2020) (Fig. 5A). The overall sequence-length variation of re-
gion C-D is not as high as that of region B-C, and does not follow the
trend observed in region B-C (Fig. 5A-B). The Dicistroviridae region C-D
is 4-5 residues longer than its Picornaviridae and Flavivirus counterparts,
comparable to that of Pestivirus classical swine fever virus (CSFV), and
3-4 residues shorter than that of HCV and SARS-CoV-2 (Lesburg et al.,
1999; Liu et al., 2018; Gao et al., 2020) (Fig. 5B). Structurally, the IAPV
region C-D can also be clearly distinguished from those of other viral
families (Fig. 5B). Since regions B-C and C-D co-fold at the bottom of the
palm domain, they could possibly together mediate versatile
protein-protein interactions due to their structural and sequence di-
versity among RNA viruses (Fig. 5C).

4. Discussion

No matter how diverse the RARP overall architecture is, proper pro-
tein folding to allow viral RARP catalytic motifs to adopt canonical
conformations around the active site is critical for catalytic activities.
While in PV proper folding is achieved as shown in the complete 3DP%!
crystal structure (Thompson and Peersen, 2004), IAPV RdRP structures
reported here suggest that either its NE or other viral proteins may play
essential roles to achieve such proper folding (Fig. 6A-B). Flavivirus
RdRP protein NS5 contains a methyltransferase that is connected to the
RdRP core by a 10-residue linker and a ~30-residue NE (same term but
no sequence homology to IAPV NE). Removal of the MTase part of NS5
impairs RARP initiation activities, while further removal of the linker and
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NE results in the loss of regular polymerase activities (Wu et al., 2015,
2023). Structurally, the flavivirus NE co-folds with the index, pinky, and
palm, while in two types of full-length NS5 global conformations, the
MTase can interact with the index, middle, and ring (Egloff et al., 2007;
Lu and Gong, 2013; Zhao et al., 2015) (Fig. 6, C-D). Coronavirus RARP
protein nspl2 contains an N-terminal NiRAN (originally named for
nidovirus RdRP-associated nucleotydyltransferase) domain that is
involved in viral RNA capping, and an “interface” region that connects
the RARP core and NiRAN (Lehmann et al., 2015; Gao et al., 2020;
Walker et al., 2021). These two regions mainly interact with RARP palm
and fingers, respectively, likely contributing to the folding of the RARP
core. However, a functioning RARP can be assembled only with one nsp7
and two nsp8 proteins co-folding with nspl2 (Gao et al., 2020; Hillen
et al., 2020; Wang Q. et al., 2020). The non-canonical RdRP folding
observed in the IAPV 3DP°! structures indicates that the NE could play
critical roles for RARP structure and function either alone or with the help
of other proteins involved in the viral RC.

Deep learning-based protein structure prediction has brought rev-
olutionary impact to biological science. In order to better understand
our experimental data, we performed structure prediction of the full-
length IAPV 3ppo! using AlphaFold2 (AF2) (Jumper et al., 2021). The
top five AF2 models are largely consistent, with the most variable re-
gion indeed being the NE (Fig. 6E). In these models, the N-terminus
(residues 1-7) interacts with the ring finger root, and the C-terminus
(residues 30-38) interacts with the index and middle fingers. The rest of
NE (residues 8-29) does not have established interactions with the
RdRP core in these models and is the most variable part. The structural
features of NE in the AF2-predicted models also support the require-
ment of other component(s) of the RC to fulfill RARP function. Although
the NE exhibits uncertainties, the AF2-derived RARP core is convergent
and adopts the canonical fold. If using the complete PV 3DP structure
as the reference model, the AF2-derived IAPV RdARP core has an RMSD
of 2.1 A (90% residue coverage) (Fig. 6F). The alternative conforma-
tions of motif A, motif B, middle finger, and index finger observed in
IAPV A40 and A85 crystal structures are not present in the AF2-derived
models.

E

NE?

(S
Middle

PV 3Dl

IAPV 3DP°! (AF2 model 1)

Fig. 6. The NE region likely contributes to proper folding and polymerase function of IAPV RARP. A-D Cartoon illustration of RARP components and crosstalk among
them (solid lines) in PV (A), IAPV (B), JEV (C) and dengue virus 3 (DENV3) (D). With the NE region deleted, parts of the IAPV RdRP fingers domain are disordered and
some interactions are lost (dashed lines), while motifs A/B, index and middle can adopt alternative conformations and establish new interactions (thick red lines). For
flaviviruses, there are two modes of global conformation of the RARP protein NS5 represented by JEV and DENV3 structures. E Superimposition of AF2-predicted top
models indicate structural diversity of NE in stereo-pair mode. The most variable part of NE is indicated by the terminal residues (a-carbon atoms in spheres). F Except
for the structural uncertainty of NE region (in surface representation), the folding of AF2-derived IAPV model(s) are highly consistent with that of the complete PV
crystal structure. The color coding for RARP components is the same as in Fig. 1. PDB entry: 1RA6 (PV).
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5. Conclusions

In summary, the experimentally obtained incomplete IAPV 3DP°!
structures in this work enriches the general understandings of confor-
mational dynamics of RARP core components and implies critical roles of
the NE in a context of viral RC for a fully functional RARP. The structural
data presented here provides an important reference for further enzy-
mology and virology studies in IAPV. Attempts to solve a structure of a
complete dicistrovirus RARP or its catalytic complex are needed to clarify
such roles of NE and for better comparison with the picornavirus RARPs.
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