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ABSTRACT

Chikungunya virus (CHIKV) is an important arboviral infectious agent in tropical and
subtropical regions, often causing persistent and debilitating disease. The viral enzyme non-
structural protein 4 (nsP4), as RNA-dependent RNA polymerase (RdRP), catalyzes the formation
of negative-sense, genomic and subgenomic viral RNAs. Here we report a truncated nsP4
construct that is soluble, stable and purified recombinantly from Escherichia coli. Sequence
analyses and homology modelling indicate that all necessary RARP elements are included.
Hydrogen/deuterium exchange with mass spectrometry was used to analyze solvent accessibility
and flexibility of subdomains. Fluorophore-conjugated RNA ligands were designed and screened
by using fluorescence anisotropy to select a suitable substrate for RARP assays. Assay trials
revealed that nsP4 core domain is conditionally active upon choice of detergent species, and
carries out both primed extension and terminal adenylyltransferase activities. The polymerization

assay can be further developed to screen for antiviral compounds in vitro.



1. INTRODUCTION

Chikungunya virus is one of the most important emerging RNA viruses today (Burt et al.,
2012). CHIKYV belongs to the Alphavirus genus under the family Togaviridae (Schwartz and
Albert, 2010; Strauss and Strauss, 1994); the mosquito species Aedes aegypti and Aedes
albopictus serve as its vector while human is the ultimate host. CHIKV infection results in a
febrile disease known as chikungunya fever (Borgherini et al., 2008; Mavalankar et al., 2007).
Though rarely fatal in healthy adults, the infection often causes long-lasting joint pain and
arthritis, possibly because of latent infection (Borgherini et al., 2008; Hoarau et al., 2010;
Labadie et al., 2010; Levine et al., 1994). The increased prevalence of disease, the current lack of
specific treatment and vaccine, and the severity of associated long-term sequelae make CHIKV a
threat to global healthcare, with high socioeconomic costs (Couturier et al., 2012; Mavalankar et
al., 2007; Oon and Ng, 2014; Queyriaux et al., 2008). Co-circulation of dengue, Zika and
Chikungunya viruses in endemic areas resulting in co-infection (Villamil-Gémez et al.) and
adaptation of CHIKV to new mosquito hosts (Ledermann et al., 2014) may further elevate the

crisis.

CHIKYV contains one copy of single-chain RNA genome, just below 12 kb (Rupp et al.,
2015). Upon entry into host cell, the RNA genome is released into the cytoplasm and acts as the
messenger RNA for the non-structural polyprotein P1234, which is the precursor to the CHIKV
replication complex (RC). The RC matures as the polyprotein is cleaved sequentially, eventually
becoming four non-structural proteins (nsP1, nsP2, nsP3 and nsP4). Within the RC, nsP4
encodes the RNA-dependent RNA polymerase (RdRP), which is responsible for replicating viral

RNA (Tomar et al., 2006). An intriguing feature of alphaviral nsP4 proteins is the presence of an



N-terminal region (approximately 100 residues) before the core RARP domain; the N-terminal
“domain” is predicted to be mostly disordered and has little homology to known sequences. The
absolutely conserved Tyr-1 residue was found to be important for the synthesis of minus-sense
RNA (Rupp et al., 2011), and can only be mutated to other aromatic residues for activity to be
preserved (Shirako and Strauss, 1998). Studies on the Sindbis virus nsP4 indicate that it is able to
synthesize the negative sense anti-genome de novo and has terminal adenylyl transferase
(TATase) activity (Rubach et al., 2009). However, the related full-length Sindbis virus (SINV)
nsP4 has been shown to be insoluble when expressed in E. coli without additional solubilizing
tags and optimized lysis buffers (Rubach et al., 2009). Therefore, it remains of interest to
determine whether the C-terminal RdRP domain of CHIKV nsP4 may function on its own as the

minimal catalytic core.

As viral RdRP proteins are the central component to RNA virus replication, they are an
attractive target for antiviral development (Velkov et al., 2014; Waheed et al., 2013). Nucleoside
and non-nucleoside inhibitors which specifically target the enzymes would be highly desirable as
an infection cannot be established without viral RNA synthesis. In this work, we report a
truncated nsP4 RARP domain construct (nsP4-A118) from CHIKYV that can be solubly expressed
in Escherichia coli and purified to high homogeneity. Homology modelling suggests that all
RARP catalytic elements are present in the construct. The protein performs primed extension and
TATase activity on short RNA oligonucleotides in the presence of a specific detergent N,N-
dimethyldodecylamine N-oxide (LDAO). To our knowledge, this is the first reported truncated
and active CHIKV nsP4 protein. The protein construct can be further utilized for structural

studies and development of RARP-inhibitor assays.



2. RESULTS

2.1. CHIKV nsP4 RdRP domain is a soluble protein. Full-length CHIKV nsP4 (nsP4-FL)
expressed recombinantly in E. coli could not be solubilized. We then tried to design core RARP
domain constructs that are devoid of the extraneous N-terminal region. Protein BLAST (Boratyn
et al., 2012) suggested that residues 151 — 599 constitute the core RdRP domain, placing nsP4 in
protein family pfam00978 that includes RdRPs from bromoviruses, tobamoviruses and
togaviruses (Figure 1A). However, the N-terminal region does not have significant homology to
known protein families. Next, GlobPlot (Linding et al., 2003b) was used to identify subdomains
and potentially disordered regions within nsP4. Residues 12 — 95 in the N-terminus were
predicted to be globular in solution, but large portions of it may be intrinsically disordered as
predicted by DiSEMBL (Linding et al., 2003a). Residues 115 — 611 were predicted to form a
globular domain and cover the entire core RdRP region. We then cloned, expressed and
attempted to purify multiple constructs that are based on the suggested domain boundary. Other
constructs were also made based on secondary structure prediction; a list of insoluble constructs
is given in Table S1. Only one construct with the first 118 residues removed (nsP4-A118)
(Figure 1B) was soluble upon cell lysis. The tagged protein could be purified by using a three-

step protocol to >95% purity by SDS-PAGE analysis (Figure 1C).

2.2. Homology modelling reveals an RdRP fold similar to picornaviral polymerases. Top hits
that surfaced on BLAST queries against the PDB belonged to RdRPs of the Picornaviridae
family, which are also positive-sense sSRNA viruses. The hits included RdRPs of Rhinovirus
B14 (PDB ID: 1xr5)(Love et al., 2004), Enterovirus 71 (EV71; PDB ID: 4ika)(Chen et al., 2013),

Coxsackie virus (PDB ID: 3ddk)(Campagnola et al., 2008), Encephalomyocarditis virus (EMCV;



PDB ID: 4nz0)(Vives-Adrian et al., 2014), and Norwalk virus (PDB ID: 2b43)(HOogbom et al.,
2009) of the Caliciviridae. The RdRP amino acid sequences aligned with nsP4 sequence only
within the predicted core RARP region, resulting in sequence identity below 20% (Figure 2A).
nsP4 RARP is more similar to the abovementioned “small” RdRPs as opposed to “large”
flaviviral RARPs that have C-terminal extensions containing extra features such as priming loops
(Caillet-Saguy et al., 2014; Yap et al., 2007) (Figure S1). In the absence of a crystal structure of
nsP4, a structural model of CHIKV RdRP domain was generated by homology modelling using
I-TASSER server (Yang et al., 2015). The C-score for the best-ranked model was -1.20 falling

within the range for correct global topology.

The calculated nsP4-A118 model showed a classical, basic RARP architecture with well-
defined fingers, thumb and palm domains (Figure 2B). On top of the palm domain and between
the fingers and thumb domains was a tunnel across the structure, corresponding to the RNA-
binding channel and RARP active site. To compare the model to the crystal structures mentioned
above, each structure was separately superimposed to the calculated nsP4-A118 model by using
the secondary-structure matching algorithm in WinCoot (Emsley et al., 2010), with root-mean-
squared deviations of 1.6 — 1.9 A. The fingers, thumb and palm domains were well-aligned as
seen in the overlay of backbone carbon atom traces (Figure 2C). In particular, the catalytic GDD
motif (motif C) and the “B-loop” (motif B) which has been shown to contact template strand
RNA directly were in good agreement with the reference structures (Figure 2D). Comparison
with a structure of poliovirus 3DPol in complex with both template and product RNA strands
(PDB ID: 4k4s) also confirmed the correctness of the modelled RNA-binding channel. Overall,

the nsP4-A118 model is an accurate structural prediction where the active site and RNA-binding



elements are concerned. However, the N-terminal portion of nsP4-A118 which precedes the

predicted RARP core had no counterpart within the experimental structures.

2.3. nsP4-4118 is flexible in the fingers domain. Hydrogen/deuterium exchange coupled to
mass spectrometry (HDX-MS) was used to analyse solvent accessibility and structural dynamics
(Konermann et al., 2011; Zhao et al., 2015; Zheng et al., 2015) of nsP4-A118 protein. In brief,
the proteins were exposed to deuterated water to incur HDX, denatured, and digested with pepsin.
The peptides were then subjected to liquid chromatography mass spectrometry, resulting in
peptide mass spectra which indicated increasing HDX over time. HDX-MS results for nsP4-
A118 shown as a graphical heat map (Figure 3A) revealed regions of the protein that underwent
different degrees of HDX. The results confirmed the identity of our nsP4-A118 preparations by
virtue of the peptide masses, and suggested good conformational homogeneity based on the
highly reproducible HDX percentages (Figure 3A). Interestingly, the fingers, thumb and palm
domains displayed high, medium and low levels of HDX, respectively. The heat map of HDX
was subsequently projected onto the calculated nsP4-A118 model (Figure 3B, 3C). A long stretch
of the N-terminal sequence (A243 — Y322), encompassing the fingers domain, displayed HDX
above 70%. A peptide with especially high HDX (95 — 98%; Y256 — L268) could be mapped to
two short helices in the fingers domain. For the interest of future studies, these highly mobile

regions may be involved in protein protein interactions within the RC.

2.4. nsP4-4118 prefers binding to RNA duplex with 5’-overhangs. In order to assess the RNA-
binding properties of nsP4-A118 and thereby select a suitable substrate for RNA polymerase

assays, a series of FAM-conjugated short RNA molecules were used to conduct fluorescence



anisotropy (FA) based RNA binding kinetics study (Table S2). We included single-stranded
RNA (r06), RNA hairpin with a blunt end (0DL518), RNA hairpin with 3’-overhang (r11), and
RNA hairpin with 5’-overhang (r10) to investigate the RNA preference of nsP4. All RNAs
except oDL518 showed good binding kinetics and had submicromolar Kd values (Figure 4A),
indicating that single-stranded regions are required for binding to nsP4-A118. Next, r10 was
further developed into a series carrying different 5’overhangs (r10a, r10b and r10c carried (U)s,
(U)s and (U)sA(U)s3, respectively). FA with these RNAs showed that nsP4-A118 had the highest
affinity for r10b, followed by r10c, r10a and r10 (Figure 4B). Shortening the 5’-overhang from
8-nt (r10b, r10c) to 4-nt (r10a) almost doubled the Kd value. Taken together, the FA results show

that nsP4-A118 prefers single-stranded RNA with a free 5’-overhang that is longer than 4-nt.

2.5. nsP4-4118 displays detergent-sensitive primed elongation on hairpin substrates and
terminal adenylyltransferase (TATase) activity. To examine if nsP4-A118 was a minimal
functional RdRP, we set up polymerase activity assays using the rl0-like short RNA as
substrates and monitored the reactions as the fluorophore-conjugated RNAs increase in length on
a denaturing PAGE gel. A list of RNAs involved in the RdARP assays is provided in Table S3.
Initially no elongation was detected on rl0 or rlOb with up to 10 uM nsP4-A118 under
commonly prescribed assay conditions (30 °C for two hours). Polymerase activity became
evident when incubation was carried out at lower temperature (room temperature; 22 — 25 °C)
overnight, in the presence of both magnesium and manganese(ll) ions. Reduced r10b band
intensity and accumulation of a diffuse high molecular weight (HMW) smear would be observed
(Figure 5A). This is in contrast to a control reaction by a dengue virus serotype 4 RdRP (D4R),

which gave a distinct end-product band as major product.



Further investigation revealed that nsP4-A118 was strongly affected by detergents used in
the assay buffer. For example, the non-ionic Triton X-100 caused incomplete reaction (r10b band
faded but not completely) that favoured HMW smear formation (presumably due to primed
extension followed by TATase activity). lonic detergents such as sodium dodecyl sulfate and
sodium deoxycholate completely inactivated the enzyme. However, LDAO resulted in the
accumulation of a major product band, with most of the starting r10b substrate utilized. 3 mM
LDAO appeared to be the minimum amount required for complete reaction with majority of
product in a single gel band (Figure 5B), a concentration that is about 1.5 times the critical
micellar concentration (c.m.c.). The lack of any detectable polymerase activity in the GNN
mutant (Figure 5C), in which the two catalytic aspartates in the GDD motif are mutated to
asparagines, confirmed that the results discussed above were not due to trace contaminant

proteins.

We examined nsP4-A118’s detergent preference further by screening several related
detergents with different head groups and acyl-chain lengths. LDAO-like amine oxide detergents
with successively shorter acyl chains (UDAO and DDAO) at 1.5 c.m.c. showed significant lower
activity as LDAO (Figure 5D). Detergents with the same 12-carbon acyl chain as LDAO but
different head groups also gave negative results. These included inactivation (sarkosyl), HMW
smear (dodecyltrimethylammonium chloride and lauryl sucrose), and incomplete extension
(dodecyldimethylglycine and LysoFos choline 12). Amongst the detergents tested only LDAO
allowed the formation of a major product. In comparison, D4R activity is not fully abolished

even in the presence of strong detergents (Figure S2).



Kinetics of nsP4-A118 with r10b substrate was assessed with a time-course experiment
following buffer optimization. A shift of band intensity from the original r10b to a HMW end
product is visible when the reaction was sampled at different time points (Figure 6A). A fully
extended, blunt-ended variation of r10b (“Ref1”) is provided for reference. Elongated products
can be detected at the 3-h time point and continued to accumulate during overnight incubation at
room temperature. Replacing ATP with 2’-deoxy-ATP (“dA”) and 3’-deoxy-ATP (“3’dA”)
established that nsP4-A118 cannot incorporate these ATP analogues into product strands. On the
other hand, D4R was able to reach reaction endpoint by the 0.5-h time point. Interestingly, the
final products of D4R RdRP activity in the presence of both magnesium(ll) and manganese(ll)
migrate higher than the reference, and this behaviour is not observed when only magnesium is

used as cofactor metal (Figure S3).

We then tested nsP4 RdRP activity on a true duplex RNA, which is assembled from a
primer strand (5’-FAM-labelled r16) and a template strand (non-labelled r15). An (A)g tract on
r15 serves as template for the elongation of r16. Free r16, in the absence of r15, was elongated
by nsP4-A118 via TATase activity (Figure 6B). The products were visible as a ladder, with each
successive elongated product showing weaker intensity. No product was observed when non-
ATP nucleotides were used. In contrast, r16 annealed to rl5 displayed a finite series of
elongation products with no gradual decrease in band intensity, though the reaction was not
complete when compared to a reference RNA of fully elongated length (“Ref2”). Reactions
using 2’- and 3’-deoxy-ATP did not yield products. In conclusion, nsP4-A118 performed primed
extension and template-independent polyadenylation. The polymerase activitiy is sensitive to

specific detergents.
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3. DISCUSSION

CHIKV nsP4 required extensive construct boundary design in order to be solubly
expressed in E. coli in good yield suitable for structural and biochemical analyses. Based on our
bioinformatics analysis, we designed several nsP4 RdRP constructs and successfully obtain a
soluble protein construct (nsP4-A118) which encompasses all known RdRP motifs. This
construct is significantly shorter than a previously reported SINV truncated nsP4, which was
generated by deleting 97 N-terminal residues (SINA97nsP4) (Tomar et al., 2006). CHIKV nsP4
constructs designed around the equivalent N-terminus of SINA97nsP4 did not yield soluble
protein. Despite the overall similarity between the two nsP4 proteins (73% identity), residues 90
— 120 form one of the most divergent tracts within alphaviral nsP4 sequences (Figure S4), which
may explain the difference in the construct boundaries.

HDX-MS is a powerful tool to study protein structural dynamics in solution. We have
previously used HDX-MS to study the protein dynamics of dengue NS5 polymerase (Zhao et al.,
2015) which is a methyltransferase-RdRP tandem protein. HDX-MS not only revealed
interdomain contacts in solution but also provided an NS5 flexibility profile that agreed well
with local crystallographic B-factors. HDX-MS performed on nsP4-A118 revealed subdomain-
based differences in solvent accessibility and possibly flexibility, suggesting that nsP4-A118
protein is a well-folded RARP. By projecting the HDX heat map onto the I-TASSER model, we
observed that HDX is highest for the fingers domain, followed by the thumb domain and lastly
the palm domain. This may be due to the role of the fingers domain in nucleic acid translocation
(Najmudin et al., 2000). Useful structural information such as local flexibility and solvent
accessibility has been derived from HDX-MS experiments, which will facilitate structure

determination by crystallography in future.
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We then developed non-radioactive, fluorophore-based RNA-binding and polymerase
assays to study this well-folded RARP domain protein. Our FA studies indicate that a single-
stranded 5’-overhang region, preferably 8-nt or longer, facilitates binding to nsP4-A118. The r10
series of labelled hairpin RNAs have a duplex 10-bp in length, which suits the RARP’s footprint
as seen in the elongation complex crystal structure of poliovirus 3DPol (PDB ID: 4k4s) (Gong et
al., 2013). We employed r10b as the preferred self-primed substrate as it binds to nsP4-A118
with high affinity (Figure 4). The r16/r15 duplex, which is similar to r10b but without the hairpin
loop element, also works well in our end-point RARP assay and can help distinguish primed
extension and TATase activities (Figure 6B). Deoxy-ATP analogues cannot be incorporated into
elongation products, further supporting that the truncated enzyme performs genuine RdRP
activity, albeit a weak one.

The polymerase activity of nsP4-A118 is also extremely sensitive to the influence of
detergents (Figure 5), highlighting the need for carefully designed RdRP assay conditions that
use truncated nsP4 constructs. Given the membrane-bound nature of alphaviral replication
complexes, it is possible that nsP4 is also involved in membrane association. RNA synthesis of
replication complex solubilized in detergent is lowered (Gomatos et al., 1980), while
recombinantly produced nsP4 is only fully active when membrane isolates containing all other
non-structural proteins are supplied (Lemm et al., 1998). RNA replication may also depend on
membrane lipid composition as seen in another RNA virus (Xu and Nagy, 2015). These previous
findings may explain the conditional catalytic activity and detergent preferences of nsP4-A118.
A major impetus for acquiring a highly soluble, stable and functional nsP4 RdRP protein is the
development of high-throughput compound screening assays targeting RNA polymerase activity.

Fluorophore-labelled hairpin RNAS, serving as self-primed RdRP substrates, are useful for this
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purpose as changes in RNA length can be detected with minimal amounts of RNA. The tedious
and potentially hazardous use of radioactive nucleotides can also be circumvented. Our
polymerase activity assay can be further optimized towards attaining a simple, high-throughput
format that does not rely on cell extracts, full-length genomic or replicon RNA, or radioactive

nucleotides.
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4. MATERIALS AND METHODS

4.1. Cloning, expression and purification of nsP4-4118. Constructs were designed based on
bioinformatics analysis by using protein BLAST (Altschul et al., 1997), GlobPlot (Linding et al.,
2003b) and DisEMBL (Linding et al., 2003a), and also secondary structure prediction with JPred
(Cole et al., 2008). Synthetic CHIKV strain LR2006 (GenBank accession 1D: DQ443544.2)
non-structural polyprotein gene was purchased (Bio Basic, Ontario) to serve as template.
Ligation-independent cloning (LIC) of constructs into SGC vectors (pNIC28-Bsa4, pNIC-CH2
or pNIC-GST) (Savitsky et al., 2010) was performed with PCR amplicons flanked by appropriate
LIC adaptor sequences. Resultant clones would carry an N-terminal hexahistidine tag and a TEV
protease site. LIC products were transformed into TOP10 cells; clones were isolated, purified by
Miniprep (Qiagen, Germany), and sequenced (1% BASE, Singapore). GDD-to-GNN mutations
were introduced by using site-directed mutagenesis with forward primer (5°-
CGCGTGCGCGGCCTTCATCGGCAATAATAACATAATACATGGAGTCGTC-3%) and
reverse primer (5°-
GACGACTCCATGTATTATGTTATTATTGCCGATGAAGGCCGCGCACGCG-3’). Correct
clones were transformed into Rosetta 2 (DE3) cells and subjected to solubility testing. Briefly,
each clone was grown in a modified autoinductive terrific broth supplemented with 100 pg/mL
kanamycin, 64 pg/mL chloramphenicol, 0.8% v/v glycerol, 2 mM MgCl,, 0.5% w/v lactose and
0.015% wi/v glucose. Cultures were grown to OD600 of 2 and then cooled down to 20 °C for
overnight expression. Cells were harvested by centrifugation at 4000 g and the pellets stored at -
20 °C. Lysis buffer (50 mM Tris-Cl, 500 mM NaCl, 10% v/v glycerol, 5 mM 2-mercaptoethanol,
pH 7.5) was added to cell pellets approximately 10 mL to 1 g pellet. Resuspended cells were

lysed by sonication, clarified by centrifugation, and added with 100 pL Ni-NTA resin (BioRad).
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Resin was washed with buffer containing up to 20 mM imidazole and the bound protein(s) eluted
by using buffer containing 300 mM imidazole. Insoluble and elution fractions were analysed by
SDS-PAGE. In our laboratory only nsP4-A118 was found to be soluble. Expression of nsP4-
A118 was scaled up to 4.8 L using the same media composition and expression protocol. Cells
were lysed with 5 mL lysis buffer per g pellet; the lysate was clarified by centrifugation at 45000
g and subjected to Ni-NTA affinity purification. The eluate was loaded on a 5 mL HiTrap Q
column (GE Healthcare) and a linear gradient of increasing NaCl concentration was used to elute
protein fractions. Target protein normally eluted at approx. 300 mM NacCl. Clean fractions were
pooled and loaded on an S200 16/600 column (GE Healthcare) equilibrated in gel filtration
buffer (20 mM HEPES, 300 mM NaCl, 5% v/v glycerol, 2 mM DTT, pH 7.5). Protein fractions
corresponding to the monomer were concentrated to 11.8 mg/mL, aliquoted, flash-frozen and

stored at -80 °C. Final yield was approximately 5 mg and the purity >95% as by SDS-PAGE.

4.2. Homology modelling of nsP4-4118. The sequence of nsP4-A118 including the peptide tag
was submitted to the I-TASSER webserver (Yang et al., 2015) without imposing user-defined
parameters. Close homologs in the Protein Data Bank (PDB) were identified by querying nsP4-
A118 sequence against the PDB in protein BLAST. The experimental structures were then
structurally aligned to the calculated nsP4-A118 model by using the secondary-structure
matching alignment function in WinCoot (Emsley et al., 2010). Root-mean-squared deviation
values of the alignments were generated and the aligned structures were visualized on PyMOL

(DeLano Scientific).
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4.3. Hydrogen/Deuterium Exchange of nsP4-4118. The buffer for HDX on-exchange was the
same composition except that H,O was replaced with D,0 (99.99%) and glycerol was removed.
4 pL of nsP4-A118 was mixed with 16 uL D,O buffer (final D,O concentration was 80%) or
H,O buffer for Os samples, and incubated at 4 °C at 600s time interval for on-exchange. Ice-cold
20 pL quench solution consisting of 1 M guanidine hydrochloride and 1.5 % (v/v) formic acid
was added to each on-exchanged samples after specific time intervals prior to rapid freezing by

liquid nitrogen and stored frozen.

4.4. LC-MS Under Quench Condition. For capillary-flow LC, buffer A was H,O containing 0.3%
(v/v) formic acid. Buffer B was acetonitrile containing 0.3% (v/v) formic acid. Protein samples
were digested online by passing them through an immobilized pepsin-coupled column (2.1 mm
internal diameter x 30 mm, Invitrogen), and were de-salted for 3 min on a house-packed C4 trap
(0.75 mm i.d. x 10 mm, C4 beads purchased from Michrom). The mobile phase for on-line
pepsin digestion was buffer A and the flow rate was 150 uL min™ driven by an LC loading pump
(Dionex 3000 RSLC). A 20 min gradient on a house-packed C4 column (0.3 mm i.d. x 50 mm,
C4 beads purchased from Michrom) was used to separate and elute peptic peptides prior to MS
analysis. All parts were connected by a 1/16” outer diameter x 50 uM i.d. PEEK tubing and the
flow rate was 15 pL min™ driven by LC NC pumps. The gradient started from 5 % buffer B and
increased to 35 % buffer B within 20 min, followed by washing with 90 % buffer B for 3 min
and equilibration with 1 % buffer B for 5 min. MS raw files were acquired in the range of m/z
300-2000 for 30 min in positive mode on a LTQ-Orbitrap mass spectrometer (Thermo Fisher
Scientific) equipped with an ESI source (capillary temperature 275 °C and spray voltage of 5 kV).

All the HDX systems were strictly performed at 0 °C (fully buried on ice & water) and on-line

16



pepsin digestion was carried out at 16 °C. Blank injections were made between every two
samples to remove carryover peptides. Data for each time point was repeated three times. All
HDX data were normalized to 100 % D,0 content, corrected for an estimated average deuterium
recovery of 70 %, and analyzed by the software HD Desktop (Pascal et al., 2009). Initial peptic
peptide identifications were performed with the same HDX set up as described above. Four
microliters of protein sample (20 uM) was injected into the HDX MS system. Product ion
(MS/MS) spectra were acquired in linear ion trap LTQ with eight most abundant ions selected in
the precursor (MS) scan with a 7.5 sec exclusion time. MS and tandem MS files were extracted
and searched by using Integrated Proteomics Pipeline
(http://integratedproteomics.com/products/ip2/) for high-confidence peptide identification
(searching parameters: false positive rate 0.05, precursor delta mass cutoff 20, best peptide FP

threshold 0.01, best peptide delta mass threshold 10).

4.5. Mapping of HDX-MS results onto nsP4-4118 homology model. Heat map data were
divided into five color-coded tiers: blue, cyan, green, yellow and red in increasing order of HDX.
The calculated model of nsP4-A118 was mapped with the colors; regions without HDX-MS

peptide coverage were colored grey.

4.6. Fluorescence anisotropy (FA) studies. RNA molecules were designed based on the
sequence of CHIKYV subgenomic promoter and purchased from IDT (Supplementary Table 1). A
FAM fluorophore is introduced into each RNA via a dT base. HPLC-purified RNA
oligonucleotides were resuspended in ME50 buffer (10 mM MOPS, 50 mM NaCl, 1 mM EDTA,

pH 7.4) to 100 uM; 1 uM working stock solutions were made in water. To perform FA, 30-uL
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reactions containing 25 mM HEPES pH 7.5, 0.01% Triton X-100, 0.5 mM TCEP, 50 mM NaCl,
5 mM MgCl,, 5 nM RNA and nsP4-A118 serial dilutions up to 10 uM were prepared on a 384-
well opaque-bottom black plate. Triplicates of 12-point protein concentration series were made.
The mixtures were incubated at room temperature for 60 min before the plate was measured on a
Synergy H1 plate reader (BioTek, Vermont) fitted with a 485 nm/510 nm fluorescence
polarization optical module. I (intensity of fluorescent light parallel to plane of excitation) and
IL (intensity of fluorescent light perpendicular to plane of excitation) were measured, and FA was
calculated as given:

I -G
I +26 %1+

where G (= 0.87) is a correction factor specific to the instrument. FA data plotted against protein
concentration by using GraphPad Prism 6 and fitted to a one-site total binding equation, in the
form of a hyperbole with y-intercept

— 0+ ymax * X
y=y Kd + x

where x = protein concentration, y0 = FA at zero protein concentration, ymax = FA at saturating
protein concentration, and Kd = dissociation constant. The RNA species were then compared by

using the derived Kd values.

4.7. RNA polymerase assays. Ribonucleotides, 2’-deoxy-ATP and 3’-deoxy-ATP were obtained
from Promega, Axil Scientific (Singapore) and Sigma-Aldrich, respectively. The RNA
polymerase activity of nsP4-A118, specifically its elongation activity on a primed substrate, was
assayed by using fluorescent RNAs. For initial tests with RNA r10, 50 nM RNA was incubated

with up to 10 pM nsP4-A118 for 60 min at 30 °C protected from light, in reaction buffer
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consisting of 25 mM HEPES pH 7.5, 0.01% Triton X-100, 2.5 mM TCEP, 2.5 mM MgCl,, 2.5
mM MnCl,, 1 mM of each NTP and 0.4 unit/uL RiboLock (Promega). For detergent screen
experiments, detergent stock solutions standardized at 10 times critical micellar concentration
(c.m.c.) were taken from the Detergent Screen kit (Hampton Research). The finalized assays
with RNASs r10b and r14 were carried out at room temperature overnight, in 25 mM HEPES pH
7.5, 3 mM LDAO, 20 mM KCI, 2.5 mM TCEP, 5 mM MgCl;, 2.5 mM MnCl,, 2 mM ATP and
0.4 unit/uL RiboLock. For r16/r15 duplex experiments, 1.0 uM r16 and 1.1 uM r15 were mixed
in 20 mM KCIl, heated to 95 °C and gradually cooled down in order to anneal the RNAs. 50 nM
of duplex RNA was used in the assay. Reactions were stopped by adding equal volumes of RNA
loading dye (95% v/v formamide, 1% w/v SDS, 0.02% w/v bromophenol blue, 0.01% w/v
xylene cyanol, 20 mM EDTA pH 8) and heating the mixtures at 65 °C for 5 min. Samples were
then resolved on a 18% or 20% urea PAGE gel and imaged by using Typhoon imager (GE
Healthcare). All experiments were accompanied by a dengue serotype 4 RARP construct (“D4R”)

as control enzyme, cloned and prepared according to our previous work (Yap et al., 2007).
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Figure Legends

Figure 1. Construct design and purification of a soluble, truncated CHIKV nsP4 protein. The
numbering of amino acid residues in this paper shall be based on post-processing CHIKV nsP4
alone, i.e. starting from Y1 and ending with K611. (A) The 611-residue sequence was analysed
to elucidate component domains within nsP4. Protein BLAST (Altschul et al., 1997) aligned
residues 151 — 599 to the RdRP_2 group in the Conserved Domains Database, while the N-
terminal region has no clear domain assignment. GlobPlot (Linding et al., 2003b) suggested the
presence of two globular domains in nsP4; Domain 2 (residues 115 — 611) is longer than the
RARP core region and formed the basis of our construct design. DiISEMBL (Linding et al., 2003a)
suggested five major disordered regions based on the prediction of “hot loops”, indicating that a
large part of the N-terminal Domain 1, and the subsequent linker region, to be intrinsically
disordered. (B) Construct nsP4-A118, with the first 118 residues removed and fused to an N-
terminal hexahistidine tag and TEV protease cleavage site, could be solubly expressed in E. coli.
(C) Analytical size-exclusion chromatography of purified nsP4-A118. Purified protein was
injected onto a Superdex 200 10/300 column and eluted as a single symmetrical peak at an
expected elution volume. Left inset: Calibration of the analytical column. Ovalbumin (43 kD),
conalbumin (75 kD), aldolase (158 kD) and ferritin (440 kD) were used as reference. The protein
size is estimated to be 60 kD (calculated: 57.2 kD) indicating its monomeric nature. Right inset:

SDS-PAGE analysis of the purified protein showing >95% purity at an expected molecular size.

Figure 2. RdRP sequence alignment and homology modelling of nsP4-A118. (A) Sequence
alignment of nsP4-A118 against picornaviral RARPs with existing crystal structures in the PDB.

PDB IDs 3ddk, 4k4s, 4ika, 4nz0 and 1xr5 refer to RARP structures of coxsackie virus, poliovirus,
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Enterovirus 71, encephalomyocarditis virus and rhinovirus B14, respectively. Secondary
structure annotations shown are based on the coxsackie virus RARP structure 3ddk while RdRP
sequence motifs are also indicated. Structure-based sequence alignment was carried out by using
the RaptorX Structure Alignment Server (Wang et al., 2013; Wang et al., 2011) and then output
graphically by using ESPript (Gouet et al., 2003). (B) The structural model of nsP4-A118 was
calculated by using I-TASSER (Yang et al., 2015), and showed expected features of an RdRP
such as the palm, fingers and thumb domains, and an RNA-binding substrate channel. The model
is coloured blue to red from the N-terminus to the C-terminus, and was used in the
abovementioned structure-based sequence alignment. (C) Backbone-carbon traces of
superimposed RdRPs in the same view. Crystal structures of select picornaviral RdRPs were
superimposed against the model of nsP4-A118 as reference, by using SSM superimposition in
Wincoot (Emsley et al., 2010). Black: model of nsP4-A118; green: 3ddk, r.m.s.d. of 1.57 A;
orange: 4ika, 1.67 A; blue: 4k4s, 1.68 A; yellow: 1xr5, 1.72 A; red: 4nz0, 1.91 A. General
vicinity of the catalytic site is indicated by a red box. (D) Close-up view of catalytic site motif B
(shown as loop-helix) and motif C (strand-loop-strand) of the superimposed structures. The
RNA-binding channel and surrounding peptide backbones are indicated. Good agreement is seen

in major structural elements including the catalytic GDD loop in motif C.

Figure 3. HDX-MS analysis of nsP4-A118. The purified protein was exposed to deuterated
water, denatured, digested by pepsin, and subjected to mass spectrometry. (A) Heat map of nsP4-
A118 peptides. Peptide populations detected by MS are represented by individual bars, indicated
with percentage of HDX, standard deviation, and the charge state of peptide. Peptides are

coloured by degree of HDX (low HDX: blue, high HDX: red). The protein sequence is numbered
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according to full-length nsP4 residues; the N-terminal purification tag sequence is shown in
green. (B) Colour-mapping of HDX-MS results of nsP4-A118 onto the homology model. The
fingers domain shows the highest mobility and flexibility followed by the thumb and the palm

domains.

Figure 4. RNA-binding analysis of nsP4-A118 by using fluorescence anisotropy. Structural
representations of the RNAs are indicated. FAM is shown as pointed star; for hairpin RNAs, 5’
strand is shown on top and the 3’ strand at the bottom. Data points were fitted to hyperbola to
derive Kd values. (A) Comparison of r06 (ssRNA), r10 (hairpin with 5’-overhang), r11 (hairpin
with 3’-overhang) and oDL518 (blunt hairpin duplex). Kd for oDL518 was not derived due to
poor isotherm fitting. (B) Further investigation of r10-like hairpin RNAs. The 5’-overhang of r10

was modified to (U)4, (U)s and (U);A(U)3z in r10a, r10b and rl0c, respectively.

Figure 5. Gel-based RARP assays using FAM-labelled RNAs as substrate. Incubation products
were resolved on 18% or 20% denaturing polyacrylamide gels; increase in RNA molecular size
is shown as retarded migration from sample wells at the top. (A) Elongation of r10b with distinct
detergent species. RNA: without enzyme; (-): nsP4-A118 without any detergent in assay buffer;
D4R: control enzyme (dengue serotype 4 RARP) without detergent; 1: Triton X-100; 2: sodium
deoxycholate; 3: sodium dodecyl sulfate; 4: sulfobetaine 3-10; 5: LDAO. (B) Optimization of
LDAO concentration in assay buffer. 1 — 4 mM LDAO, corresponding to about 0.5 — 2.0 times
LDAO c.m.c., was tested. By 3 mM all original substrate r10b is utilized and a prominent major
product band is acquired. (C) Effect of mutating catalytic GDD motif. wt: wildtype nsP4-A118

protein. GNN: aspartate-to-asparagine mutant, which shows no visible activity. (D) Testing of
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detergents with other amine oxide detergents (same head group as LDAO but different acyl tail
lengths) and detergents with 12-carbon tails and various head groups. 5: LDAO; 6: UDAO; 7:
DDAO; 8: dodecyltrimethylammonium chloride; 9: sarkosyl; 10: lauroyl sucrose; 11:

dodecyldimethylglycine; 12: dodecylphosphocholine; 13: LysoFos choline 12.

Figure 6. Assessment of reaction kinetics, nucleotide requirements and activity on single- and
double-stranded RNA substrates. (A) Hairpin substrate r10b could not be elongated in the
presence of 3’-deoxy-ATP (3°dA) and 2’-deoxy-ATP (dA) despite overnight incubation.
Elongation products formed by nsP4-A118 in the presence of ATP were detectable at the 3-h
time point and were more prominent after overnight incubation. Refl, a reference blunt-end
hairpin RNA which represents the fully elongated product, was included for reference. Refl
sample was a synthesized RNA and not a reaction product. D4R completed the reaction by the
0.5-h time point; however the end products are larger than Refl. See also Figure S3. (B) Purified
nsP4-A118 elongated r16, a single-stranded 5°-FAM-RNA in the presence of ATP but not the
other NTPs (“UCG”). D4R did not show the same TATase activity with only ATP added. When
duplexed to r15 template, r16 was elongated by both D4R and nsP4-A118, though the nsP4-A118
reaction did not complete. Ref2, a synthesized 5’-FAM-RNA with the same length as fully
elongated r16 with rl5 as template, was included as reference. No product formation was

observed when U/C/GTP or the deoxy-ATP analogues were used.
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Figure 4
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Figure 5
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Figure 6
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