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Alphaviruses, including Chikungunya (CHIKV) and Venezuelan equine

encephalitis virus (VEEV), are among the leading causes of recurrent

epidemics all over the world. Alphaviral nonstructural protein 1 (nsP1)

orchestrates the capping of nascent viral RNA via its S-adenosyl methionine-

dependent N-7-methyltransferase (MTase) and guanylyltransferase activities.

Here, we developed and validated a novel capillary electrophoresis (CE)-based

assay for measuring the MTase activity of purified VEEV and CHIKV nsP1.

We employed the assay to assess the MTase inhibition efficiency of a few

adenosine analogs and identified 5-iodotubercidin (5-IT) as an inhibitor of

nsP1. The antiviral potency of 5-IT was evaluated in vitro using a combina-

tion of cell-based assays, which suggest that 5-IT is efficacious against

CHIKV in cell culture (EC50: 0.409 µM).

Keywords: adenosine analog; alphavirus inhibitor; CE-based MTase

assay; Chikungunya virus; nsP1

Emergence and re-emergence of mosquito-borne viral

pathogens including alphaviruses such as Chikungunya

(CHIKV) and Venezuelan equine encephalitis virus

(VEEV) represent a significant health threat to the

human population worldwide. Alphaviruses are classified

based on their geographical distribution into New World

(NW) and Old World (OW) alphaviruses [1]. OW alpha-

viruses are generally arthrogenic and include CHIKV

and Sindbis virus, while NW alphaviruses such as VEEV,

Eastern equine encephalitis virus (EEEV), and Western

equine encephalitis virus are characterized by an

encephalitogenic phenotype [1,2]. Alphaviruses replicate

to very high titers in cell lines of mosquito and vertebrate

origins and possess capability of storage in lyophilized

form and their potential of spread in aerosol form makes

them potential bioweapons [3]. Thus, these viruses are

recognized as category B priority pathogens by the U.S.

government. VEEV has caused major epidemics in sev-

eral parts of the world involving a large number of equids

and humans [4]. CHIKV has been documented to cause

disease since 1953 but its explosive outbreak in 2005 in

La R�eunion Island involved an overwhelming number of

300 000 reported cases [5]. Since 2005, it has caused

recurrent outbreaks in Asia and other parts of the world.

The lack of effective and safe antiviral agents against

alphaviruses including CHIKV and VEEV makes the

pursuit of compounds with antiviral activity against these

viruses highly imperative.

In alphaviruses, individual nonstructural proteins

(nsPs) are produced post-translationally after
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processing of a nonstructural polyprotein and they

play an indispensable role in the alphaviral life cycle

[2]. Capping of the viral genome is a vital step in the

alphaviral life cycle as this cap structure plays numer-

ous biological roles including the protection of mRNA

from cellular exonucleases and efficient recognition of

the RNA by eukaryotic translation initiation factor 4E

(eIF4E) for the initiation of translation [6]. Addition-

ally, this cap structure also prevents recognition by

members of the host innate immune pathways such as

MDA5 and/or RIG-I [7]. Alphaviruses use a com-

pletely distinct molecular mechanism of capping of

viral mRNA from the host cell. Cellular capping

enzymes typically methylate GTP only after its transfer

to the 50 end of the RNA. In contrast, the alphaviral

capping enzyme, nonstructural protein 1 (nsP1) caps

viral RNA in two major steps: It first methylates GTP

by transferring the methyl group from S-adenosyl

methionine (SAM), which acts as the methyl donor, to

GTP and the methylated m7GMP moiety gets cova-

lently attached to the nsP1 enzyme transiently during

a guanylation (GT) step [8]. S-adenosyl homocysteine

(SAH) is generated as a coproduct of this methyltrans-

ferase (MTase) step of capping reaction. The amino-

terminal of nsP2, another replication protein of alpha-

virus, harbors the RNA triphosphatase activity [9]. It

contributes to the capping reaction of alphaviruses by

cleaving the c,b-triphosphate bond specifically at the 50

end of the nascent RNA prior to the transfer of

m7GMP to the nascent viral RNA by nsP1 in the

guanylyltransferase (GTase) step. Mutational analyses

of the protein and reverse genetics studies involving

live virus showed that the abrogation of alphaviral

nsP1 activity is detrimental to the viral growth proving

that nsP1 capping activity is an essential step during

viral replication [10].

Viruses within the alphavirus superfamily have been

shown to replicate in membrane invaginations (spherules)

in the host cell. nsP1 is also a vital component of the repli-

cation complex as it anchors the ensemble of nsPs and

other replication factors on the membrane primarily

through an amphipathic helix and secondarily through

palmitoylation sites on the protein [11–13]. The three-di-

mensional structure of alphavirus nsP1 from any member

of the alphavirus genus remains elusive. In the absence of

the 3D structure of nsP1, the development of enzymatic

assays for the screening or development of potent inhibi-

tors targeting replication protein nsP1 is required. It will

provide a platform for the identification and characteriza-

tion of inhibitors of this viral enzyme for treating diseases

caused by alphaviral infection. Lately, there has been a

surge in the development of novel assays for nsP1 enzy-

matic activity to accentuate the pursuit of novel antiviral

compounds. Previous efforts for the development of the

assays for the biochemical characterization and inhibition

assays against nsP1 were focussed on the GT step of the

nsP1 enzymatic reaction [14–16]. Gel-based approach for

inhibition study used a fluorescently labeled GTP (GTP-

ATTO) for detection or western blot/ELISA uses anti-

m3G/m7G-cap monoclonal antibodies for quantification

of nsP1 enzymatic activity [14–16]. These immuno-based

assays target GT activity inhibition, utilize expensive anti-

bodies, and are labor-intensive and susceptible to the iden-

tification of false positives/false negatives. A fluorescence

polarization (FP)-based assay has also been developed for

nsP1, which is used for screening of small molecules

against CHIKV nsP1. This assay is based on monitoring

the displacement of fluorescently labeled GTP analog by

an inhibitory molecule [17]. The screening potential of this

FP-based assay is restricted to the compounds competing

for the GTP-binding site on the enzyme.

Nucleosides/nucleoside analogs represent a major

class of antiviral drugs [18]. Nucleoside analogs have

been shown to display antiviral activity against several

medically important viruses including HIV, hepatitis B

virus, and herpesvirus [19,20]. Sinefungin and other

SAM/nucleoside analogs have been shown to inhibit

viral MTase activity and consequently abrogate viral

replication in vitro in the members of flavivirus family

including the Zika virus, West Nile virus, and Dengue

virus [21–24]. Regarding alphaviruses, broad-spectrum

antiviral agents ribavirin and favipiravir, have been

shown to have in vitro anti-VEEV and anti-CHIKV

activity, respectively [25,26]. Additionally, a cytosine

analog, D-(-)-carbodine, showed moderate in vivo effi-

cacy against VEEV [27]. More recently, a modified

nucleoside analog, b-D-N4-hydroxycytidine, which was

previously shown to be effective against hepatitis C

virus [28] and human coronavirus [29], was found to

inhibit CHIKV and VEEV replication in cell culture,

suggesting that employing nucleoside analogs for

alphaviral alleviation is a rewarding approach [30,31].

In this study, a nonradioactive capillary electrophore-

sis (CE)-based assay has been developed that measures

the MTase activity of the alphaviral nsP1 capping

enzyme independently of its GT activity. To achieve this,

VEEV nsP1 (full-length) and a C-terminal truncated con-

struct of CHIKV nsP1 were cloned, recombinantly

expressed and purified. Using this CE-based assay, the

influence of various reaction parameters on the methyla-

tion reaction of VEEV and CHIKV nsP1 enzyme was

determined. H37A mutant of VEEV nsP1 was designed

and used to examine the formation of m7GTP during the

alphaviral capping reaction using a different CE method.

Additionally, the assay was used to characterize

known inhibitors of alphavirus nsP1, sinefungin, and
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aurintricarboxylic acid (ATA). Using this assay, the pos-

sibility of using adenosine analogs for modulation of

nsP1 MTase activity was investigated. One of the com-

pounds was found to inhibit the MTase activity of both

VEEV and CHIKV nsP1. The adenosine analog inhibi-

tor identified using this assay was also validated for nsP1

inhibition using an orthogonal nonradioactive enzyme-

linked immunosorbent assay (ELISA) assay. Further, the

antiviral efficacy of the identified inhibitor was evaluated

in vitro using cell-based assays. Intriguingly, the com-

pound showed significant inhibition of CHIKV in cell

culture-based studies, asserting the reliability of the

developed assay. This novel CE-based MTase assay and

new approach of using adenosine analogs to target al-

phavirus nsP1 may promote the identification of novel

therapeutics against alphaviruses.

Materials and methods

Cell line, virus strain, and compounds

Vero cells were procured from National Centre for Cell

Science (NCCS), Pune, India, and were maintained at 37 °C
with 5% CO2 in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% inactivated FBS

(Gibco, Thermo Fisher Scientific, Waltham, MA, USA). A

recent clinical isolate of CHIKV (strain no.: 119067; GenBank:

KY057363.1) was propagated in Vero cells using standard

viral adsorption techniques, quantified by standard plaque

assays and stored at �80 °C [32,33]. SAM, SAH, GTP, UMP,

caffeine, sinefungin, ATA, and m7GTP were purchased from

Sigma (St. Louis, MO, USA). 2-Chloroadenosine, 3-Deaza-

adenosine, and 3-Deazaneplanocin A were from cayman

chemicals (Ann Arbor, MI, USA) and dissolved in 100%

dimethyl sulfoxide (DMSO). 5-Iodotubercidin (5-IT), also a

product of cayman chemicals, was supplied in 100% ethanol.

Cloning, expression, and purification of CHIKV

nsP1 and VEEV nsP1

For cloning of VEEV nsP1 (amino acid residues 1-535),

PCR-amplified DNA containing the VEEV nsP1 gene, which

was a kind gift from Richard J. Kuhn (Purdue University,

IN, USA), was taken as a template for PCR amplification.

PCR amplification was done with primer pair: sense,

50- GATTCCATATGGAGAAAGTTCACGTTGACATCG

AGGAA-30; and antisense, 50- GCAT CTCGAGTTAGGC

CCCAGCCTCTTGTAACATCAA-30. VEEV nsP1 gene

was then ligated in-frame with a hexa-histidine tag at

N-terminal in a pET-28c plasmid. Positive clones were subse-

quently transformed into expression host Rosetta, and the

culture was grown overnight in terrific broth supplemented

with kanamycin and chloramphenicol at 37 °C and was

used as an inoculum for a 1000 mL secondary culture. This

secondary culture was grown at 37 °C till OD600 reached 0.4

and was then shifted to 18 °C. At 0.7 OD600, the cultures

were induced with 0.4 mM isopropyl b-D-1-thiogalactopyra-
noside (IPTG) and were allowed to grow for another 16 h at

18 °C. Cells were harvested after incubation by centrifuga-

tion and analyzed using 12% SDS/PAGE. MTase/GT

mutants were generated using the PCR-based method for

site-directed mutagenesis using specific primers. CHIKV

nsP1 (amino acid residues 1–509) was cloned and purified as

described previously [16].

The cell pellet harvested from bacterial culture was resus-

pended in 50 mL binding buffer (50 mM Tris buffer, pH 7.3,

20 mM imidazole, and 100 mM KCl). 1 mM phenylmethylsul-

fonyl fluoride (PMSF), 100 µL Halt protease inhibitor

(Thermo Fisher Scientific), and 0.01 mg�mL�1 DNase

(Promega, Madison, WI, USA) were added to the resus-

pended cell pellet. Cell pellet was incubated at 4 °C for

10 min and was lysed using a French press system (Constant

Systems Ltd, Daventry, UK). The cell lysate was centrifuged

to separate insoluble cellular debris from soluble fraction con-

taining recombinant protein. The clarified supernatant was

loaded onto nickel-nitrilotriacetic acid (Ni-NTA) beads (Qia-

gen, Germantown, MD, USA) in a gravity flow column and

incubated for 30 min at 4 °C and flow-through was collected.

Column was washed with buffers containing increasing con-

centrations of imidazole. Recombinant nsP1 protein was

eluted with 250 mM imidazole in 50 mM Tris buffer, pH 7.3,

and 100 mM KCl. Different fractions were analyzed using

12% SDS/PAGE. The identity of the protein was checked

with matrix-assisted laser desorption-time of flight spectrome-

ter (MALDI-TOF) after digestion with trypsin. Fractions

containing recombinant protein were mixed and dialyzed

against dialysis buffer (50 mM Tris buffer, pH 7.0, 20 mM

KCl, 2 mM DTT, and 2.5 mM MgCl2). VEEV nsP1 (H37A

and D63A) mutants were expressed and purified with Ni+2

affinity chromatography similar to the expression and purifi-

cation of the wild-type (wt) protein. The dialyzed protein was

frozen in liquid nitrogen and stored at �80 °C. The protein

was thawed when needed and concentrated to the required

concentration with amicon centrifugal filters (Millipore,

Burlington, MA, USA).

CE methods

The products of the nsP1 MTase reaction are SAH and

m7GTP. In this study, two distinct methods for the detec-

tion of SAH and the detection of m7GTP have been devel-

oped. Detection of SAH was performed with a fused-silica

capillary, while poly-vinyl alcohol (PVA)-coated capillary

was used for the detection of m7GTP.

Method 1: Fused-silica capillary

CE analysis was done using an Agilent 7100 CE system

(Agilent Technologies, Santa Clara, CA, USA) fitted with a
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diode-array detector (DAD) detection system. The elec-

trophoretic separation for SAM and SAH was done using

an extended light path fused-silica capillary [64.5 cm

(56 cm effective length) 9 50 µm internal diameter]. The

sample was injected hydrodynamically by applying pressure

of 50 mbar for 10 s using autosampler followed by applica-

tion of 30 kV voltage for separation of analytes. The capil-

lary was thermostated at 20 °C. The sample vials were

stored in a sample tray at 8 °C. Detection was done with a

DAD coupled to a UV detection system at the cathodic

end of the capillary at the wavelength of 260 nm. At the

beginning of each day, capillary was conditioned using the

following sequence: (1) 5-min rinse with CE-grade water,

(2) 10-min rinse with NaOH, (3) 5-min rinse with water,

and (4) 10-min rinse with running buffer. Between two

runs, the capillary was rinsed for 100 s with running buffer.

At the end of each day, the capillary was flushed for 5 min

with water and subsequently for 5 min with N2, and was

taken out of the instrument.

Method 2: PVA capillary

For examining the formation of m7GTP by H37A mutant,

PVA-coated capillary (Agilent Technologies) [64.5 cm

(56 cm effective length) 9 50 µm internal diameter] was

employed. The coating on the capillary suppresses electro-

osmotic flow drastically and reverse voltage polarity was

applied across the ends of the coated capillary to facilitate

the rapid migration of negatively charged species such as

GTP. The capillary was thermostated at 20 °C. The sample

vials were stored in a sample tray at 8 °C. To achieve base-

line separation of the product m7GTP, a voltage of 30 kV

was applied. The sample to be analyzed was introduced

hydrodynamically in the capillary using 50 mbar pressure

for 10 s using autosampler. PVA capillary was flushed with

water for 200 s and buffer with 200 s prior to the first run

of the day. Between two successive runs, capillary was

rinsed with the running buffer for 100 s. 254 nm wave-

length was used for the detection and quantification of the

analytes.

MTase reaction

MTase reaction was carried out in a final reaction volume

of 20 µL in 50 mM Tris buffer, pH 7.0, 1 mM DTT,

10 mM/20 mM KCl, 4 mM GTP or GIDP (Guanosine 50-[b,
c-imido]triphosphate), 0.3 mM SAM, and 20 µM of VEEV

nsP1/10 µM CHIKV nsP1 and incubated at 30 °C. For

detection of m7GTP using the H37A mutant of VEEV

nsP1, MTase reaction was the same except increased con-

centration of SAM (1 mM) was used in the reaction owing

to the higher detection limit of m7GTP. MTase reaction

was also done with the D63A mutant of VEEV nsP1 to be

used as a negative control. For following the time-course

study, reaction was stopped at different time points by

adding acetonitrile in 1 : 2 (vol/vol) ratio. The mixture was

vortex-mixed for 15 s, and protein was precipitated for

20 min at 18 500 g. Supernatant was transferred to sample

vials for CE analysis. All reactions were done in duplicate.

CE-based nsP1 inhibition assays

The compounds were dissolved in DMSO, and 5-IT was

dissolved in ethanol. Typical inhibition assay reaction was

carried out in reaction volume of 20 µL in 50 mM Tris buf-

fer, pH 7.0, 1 mM DTT, 10 mM KCl, 4 mM GTP or GIDP,

0.3 mM SAM, and 20 µM of VEEV nsP1 or 10 µM CHIKV

nsP1. Sinefungin and ATA were tested at 7 different con-

centrations around reported half-maximal inhibitory con-

centration (IC50) value of each for VEEV nsP1 [34]. The

reaction mixture was incubated at 30 °C for 2 h. 3-

Deazaneplanocin A, 2-Chloroadenosine, 3-Deazaadenosine,

and 5-IT were tested at 50 µM concentration. Control reac-

tion mixtures were incubated along with inhibition assays

containing corresponding vehicle concentration. Each com-

pound was tested in duplicate.

nsP1 ELISA-based assay

GT reaction was performed in 50 mM Tris buffer pH 7.3,

5 mM DTT, 10 mM NaCl, 2 mM MgCl2, 5 mM DTT,

100 lM GTP, and 100 lM SAM with 20 lM protein at

25 °C for 30 min. Detection of CHIKV nsP1 GT activity

was done with an ELISA assay as reported earlier [16].

Briefly, reaction mixtures were transferred to 96-well high

binding ELISA plate (Greiner Bio-One, Kremsm€unster,

Austria) after the reaction was stopped by the addition of

an equal volume of 2% SDS and 5 mM EDTA followed by

incubation for 1 h at 25 °C. Wells were washed twice with

TBST buffer (20 mM Tris pH 7.5, 150 mM NaCl, 0.1%

Tween-20), blocked in 3% skim milk in TBST for 1 h,

washed again, and incubated at 25 °C for 1 h with 1 : 5000

anti-m7G cap monoclonal antibody (Merck Millipore,

Burlington, MA, USA). Subsequently, 1 : 10 000 HRP-

conjugated anti-mouse IgG1 secondary antibody (Affyme-

trix eBioscience, San Diego, CA, USA) was added to the

wells and incubated at 25 °C for 1 h after washing with

TBST. Finally, for the detection of immunoreactive pro-

tein, 100 lL of TMB/H2O2-ELISA substrate (GeNei) was

added to each well of the plate and incubated and the reac-

tion was stopped by the addition of an equal volume of 1

N H2SO4 after color development. The absorbance read-

ings at 450 nm were obtained using multi-mode plate

reader Cytation 3 (BioTek Instruments, Inc., Winooski,

VT, USA). The inhibitor was added to the reaction mixture

and subjected to the ELISA procedure as described. Wells

containing reaction mixture with vehicle control were used

as positive control, while wells without protein were taken

as background control. Each concentration was tested in

duplicate.
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Data analysis

Standard curves for SAH and m7GTP were obtained by

plotting the corrected peak areas of SAH and m7GTP

against their concentrations. Peak integration and data

acquisition were done using the Agilent CE Open Lab

analysis software associated with the instrument. The

corrected peak area of SAH was taken by subtracting

the peak area obtained in the blank assay, which con-

tains all the components of reaction mixture except the

enzyme. The progress of the reaction was quantified as

the increase in the area of the peak corresponding to

SAH. Internal standards were used to compensate for

the variability arising due to differences in injection vol-

ume. It also takes care of minor fluctuations in migra-

tion time between different CE runs. Internal standard

improves the precision in quantification of the analyte

and acts as a standard for corrected migration time.

Caffeine was used as an internal standard to assess the

product formation by normalizing the value of peak area

of SAH against the peak area of caffeine, while UMP

was used to normalize the m7GMP peak area.

Data values were normalized with peak area of the inter-

nal standard for each run. The average of two duplicate

readings and standard deviations was calculated using

Microsoft Excel. Percentage inhibition was calculated using

the following equation:

inhibition% ¼ 100�
� x

blank
� 100

�
:

where x is the corrected peak area of the product in the

presence of inhibitor, while blank is the peak area when

only the substrate is present in the reaction mixture. IC50

values of sinefungin and ATA were calculated using GRAPH-

PAD PRISM
� software (GraphPad, San Diego, CA, USA).

Nonlinear regression was used for curve fitting and equa-

tion for the sigmoidal dose response (variable slope) was

used to interpolate values for determining IC50 values.

Cell viability assay

Cytotoxicity of 5-IT was determined in Vero cells prior to

the evaluation of its antiviral efficacy. Standard MTT (3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)

assay was used to assess the cell viability profile of 5-IT

against Vero cells. Briefly, Vero cells were seeded in a 96-

well plate and incubated overnight for attachment. The

next day, cells were treated with different concentrations of

5-IT along with 0.1% ethanol as the positive control. Cells

were incubated for 24 h prior to the addition of MTT.

Plates were then incubated for 4 h at 37 °C followed by the

addition of DMSO to dissolve the resulting formazan crys-

tals. Finally, absorbance was measured at 570 nm using

Cytation 3 multi-mode plate reader (BioTek Instruments,

Inc.). Each concentration was tested in triplicate.

Viral-yield reduction assay

To evaluate the antiviral efficacy of the compound in vitro,

plaque-reduction assay was performed to quantify the change

in viral titer in the presence of compound. Vero cells were

seeded in a 24-well plate and incubated overnight for attach-

ment. When cells were 80% confluent, they were infected with

CHIKV at MOI = 1 along with varying concentrations of the

compound in the DMEM medium with 2% FBS. After 24 h,

supernatants of compound-treated/vehicle-treated cells were

harvested and stored at �80 °C. Viral-induced cytopathic

effects (CPE) were observed with light microscope (Carl Zeiss,

Oberkochen, Germany) 48 hpi (hours postinfection). For

time-of-addition studies, cells were pretreated 2 h before infec-

tion with 0.75 µM compound. Cell monolayer was washed

with PBS, and viral infection was done at an MOI of 1. For

posttreatment and simultaneous treatment of the cells, 5-IT

was added to the media at 0, 1, 2, 3, 4, and 6 h postinfection.

Cell culture supernatant was harvested at 24 h after infection

for the determination of viral titer.

Titer determination was performed with conventional pla-

que-forming assay [35,36]. Briefly, 10-fold dilutions of different

viral stocks were prepared in DMEM medium with 2% FBS

and were used to infect cell monolayer for 1.5 h at 37 °C.
Infected cells were washed, overlaid with 1% carboxymethyl

cellulose (CMC; Sigma) in minimum essential medium

(MEM) with 2% FBS, and incubated for 48 h. Overlay media

was removed, and cells were fixed and stained with 10%

formaldehyde-1% crystal violet solution for counting of pla-

ques. Virus titer was indicated as plaque-forming units per

milliliter (PFU per mL). Each concentration was tested in trip-

licate. Concentration at which compound is able to reduce

viral titer by 50% compared to vehicle control (EC50) was cal-

culated with GraphPad Prism (GraphPad Software).

Immunofluorescence assay

CHIKV-infected monolayer of Vero cells was incubated in

the presence of different concentrations of 5-IT for 36 h prior

to being processed for indirect immunofluorescence assay.

Monolayers of cells were fixed with acetone–methanol (1 : 1)

for 15 min followed by washing with DPBS. Cells were sub-

jected to 0.5% Triton X-100 for 10 min to facilitate permeabi-

lization and washed with DPBS. Cells were then incubated for

1 h with 1 : 250 mouse anti-alphavirus IgG2a monoclonal

antibody that recognizes the alphavirus group surface antigen

(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and were

subsequently washed 3 times with DPBS before incubation

for another 1 h in 1 : 500 goat anti-mouse secondary anti-

body conjugated with fluorescein isothiocyanate (FITC;

Sigma). Cell nuclei were counterstained with 4’,6-diamidino-

2-phenylindole (DAPI). Image acquisition was done on EVOS

FL imaging system (Thermo Fisher Scientific) using both

DAPI and GFP channels. Images were processed by EVOS

FL software (Waltham, MA, USA).
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Quantitative reverse transcription polymerase

chain reaction (qRT-PCR)

To quantify the intracellular viral RNA, cells were trea-

ted with the compound as described in the above-

mentioned section. Cells were lysed and RNA was

extracted using Trizol as described in the manufac-

turer’s instructions. Subsequently, cDNA was generated

using M-MLV Reverse Transcriptase (Promega), random

hexamers, and 1 lg of RNA as recommended by the

manufacturer. Reverse-transcribed DNA was used to

amplify actin and viral E1 genes employing KAPA

SYBR fast universal qPCR kit on Quantstudio real-time

PCR system (Applied Biosystems, Carlsbad, CA, USA)

following manufacturer’s protocol. The primer sequences

used were as follows: E1 forward: 50-AAGTACACTG

TGCAGCTGAGT-30; E1 reverse: 50-GCATAGCACCA

CGATTAGAATC-30; actin forward: 50-ATTGCCGACA

GGATGCAGAA-30 and actin reverse: 50-GCTGATCC

ACATCTGCTGGAA-30 (IDT, USA). Melting curve

analysis was performed to ascertain the specificity of

the product. DDCt method was used for the relative

quantification of actin and E1, and the experiment was

undertaken in triplicate.

Results

nsP1 purification

VEEV nsP1 gene was cloned in E. coli. with a fused

hexa-histidine tag at the N terminus, and the construct

was confirmed by Sanger sequencing. The recombinant

protein was purified to homogeneity using Ni-NTA

affinity chromatography. H37A and D63A, the two

mutants of VEEV nsP1, were generated by site-di-

rected mutagenesis, and recombinant proteins were

purified using the same protocol for enzymatic charac-

terization (Fig. 1A). Purified protein samples were ana-

lyzed on 12% SDS/PAGE gel for homogeneity

(Fig. 1B and 1C). The identity of purified VEEV nsP1

wt protein was further confirmed by MALDI-TOF

after trypsin digestion (data not shown). A C-terminal

truncated form of CHIKV nsP1 (residues 1-509),

which has been recently characterized by our labora-

tory, was also purified [16]. The MTase enzymatic

activity of purified nsP1 proteins from VEEV and

CHIKV was characterized using the developed nonra-

dioactive CE-based method.

Fig. 1. Alphaviral nsP1 sequence

comparison and purified recombinant

nsP1. (A) Sequence alignment of nsP1

from different alphaviruses was done

using Clustal Omega [37]. Graphical output

was generated using ESPript [38]. The

conserved region from 29 to 259 amino

acids (amino acid residues in VEEV nsP1)

referred to as the ‘core’ region based on

sequence homology is considered as the

putative MTase-GTase domain [39,40].

The region spanning ~ 200 amino acids

downstream of this core region is also

essential for nsP1 MTase and GTase

activities [10,12,41]. Invariable residues

are shown in red background, while similar

residues are in yellow background. Asp-63

and His-37 of VEEV nsP1, vital for MTase

and GT activities, respectively, were

mutated in this study and are denoted

with ▲ under them. RRV, Ross River

virus; SFV, Semliki Forest virus; ONNV,

O’nyong-nyong virus. (B) and (C) SDS/

PAGE analysis of purified recombinant

VEEV and CHIKV nsP1.
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Optimization of CE running conditions

Running buffer or background electrolyte (BGE) was

optimized to achieve good separation of analytes for

performing CE-based nsP1 MTase assay. The main

purpose was to resolve the SAM and SAH peaks.

SAM is a substrate, and SAH is one of the products in

the MTase reaction of nsP1. In the initial trials to

resolve analytes, 50 mM phosphate buffer, pH 2.5,

200 mM glycylglycine buffer, pH 8.4, 20 mM Tris buf-

fer, pH 7.0, and 150 mM phosphate buffer, pH 1.5,

were tried out before using 50 mM borate buffer, pH

9.3, as the BGE. CE runs with buffers other than

borate suffered from either poor baseline separation,

peak broadening, or current leakage during each run.

Complete separation of SAM and SAH was achieved

with the use of borate buffer. Additionally, the two

diastereomeric forms of SAM (S,S and R,S) were dis-

tinguished from each other during CE analysis (Fig. 2).

Furthermore, injection parameters, namely injection

mode (electrokinetic or hydrodynamic injection), pres-

sure, time, and running voltage, were optimized as

hydrodynamic pressure injection with 50 mbar pressure

for 10 s and 30 kV running voltage (normal polarity).

CE run using borate buffer alone was able to

achieve complete baseline separation of SAM and

SAH but suffered from poor migration time repro-

ducibility. Addition of an organic modifier (acetoni-

trile) as an additive to the BGE enhanced both the

resolution and migration time reproducibility of the

peaks. Methanol was also tested as an organic modi-

fier but could not improve the reproducibility of

migration time. The percentage of acetonitrile in the

separation buffer was optimized to 10% to strike a

balance between migration time and resolution. The

other substrate, GTP, could not be detected within

11 min of CE run time under the given CE running

conditions (Fig. 2).

When reaction buffer was injected without depro-

teinization of the reaction mixture, protein compo-

nents adhered to the capillary wall affecting migration

time in the subsequent runs. Using trichloroacetic acid

for deproteinization of the reaction mixture resulted in

peak deformation essentially due to a change in matrix

component because of low pH. Therefore, acetonitrile

(2 : 1, v/v) was used to precipitate protein before

injecting it for analysis by CE. Acetonitrile in the sam-

ple buffer gives rise to transient pseudo-isotachophore-

sis where the salt acts as a leading ion, and acetonitrile

functions as a terminating ion to provide the high field

strength for sample concentration and band sharpen-

ing improving the overall separation efficiency [42,43].

Under these analysis conditions, we could detect SAH

in concentrations as low as 0.5 µM using extended light

path fused-silica capillary.

We also optimized the BGE and separation parame-

ters for CE analysis of products of MTase reaction of

H37A VEEV nsP1 mutant using PVA-coated capillary.

We evaluated the efficiency of various concentrations

of MES buffer, pH 6.4, for separating m7GTP from

other reaction components in the MTase assay reac-

tion mixture. m7GTP could be identified in the reac-

tion mixture using 75 mM MES buffer as BGE and

using the injection and running parameters mentioned

Fig. 2. Typical electropherogram of nsP1 MTase reaction products. Overlay of CE-electropherograms obtained for MTase enzymatic activity

of VEEV nsP1 at indicated time points (0, 0.5, 1, and 2 h). MTase reaction was performed with reaction conditions as discussed in the

methodology section. The separation was performed in borate buffer, pH 9.3, with 10% acetonitrile; pressure injection with 50 mbar for

10 s; applied voltage: 30 kV; extended light path fused-silica capillary, 64.5 cm length (56 cm to the detector) and 50 µm internal diameter.

Black stars indicate the SAH peak. Absorbance was measured at 260 nm. IS, internal standard (caffeine).
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in the methodology section. 75 mM MES buffer

offered baseline separation of the product, m7GTP

from proteic material, and remaining GTP or GDP

present in the reaction mixture.

The two CE methods were validated for SAH and

m7GTP detection under the optimized CE analysis

conditions with respect to limit of quantitation, RSD

of migration time, and linearity (Table 1). Calibration

curves of the analytes (SAH and m7GTP) were gener-

ated using different concentrations of the analytes.

With the use of internal standards, linearity of the cali-

bration curve for corrected migration time (R2) of

SAH was found to be 0.9998, while for m7GTP detec-

tion using PVA-coated capillary, the R2 for corrected

migration time was calculated to be 0.9865.

Optimization of reaction conditions for MTase

activity

For preliminary characterization of the MTase reac-

tion using the CE-based method, VEEV nsP1 (full-

length) and C-terminal truncated CHIKV nsP1 were

incubated at different concentrations with the reaction

mixture for different time periods. Enzyme activity for

VEEV nsP1 (20 µM) in 30 min and CHIKV nsP1

(10 µM) could be detected in 45 min using 300 µM

SAM. Methyl acceptor GTP was included in the reac-

tion at a saturated concentration (4 mM). Lower con-

centrations of enzymes/substrates did not yield

detectable product within the assay time. This concen-

tration of enzyme and substrates was used for all sub-

sequent experiments. Next, the MTase activity of

VEEV nsP1 and CHIKV nsP1 was assayed for deter-

mining the optimal reaction parameters viz. pH, mag-

nesium ion concentration, temperature, and salt (KCl)

concentration.

The analysis for the temperature dependence of

alphavirus nsP1 MTase activity demonstrated a bell-

shaped profile for the temperature dependence of the

activity with maximum activity at 30 °C (Fig. 3A).

Next, for determining the pH maximal of the MTase

activity of VEEV nsP1 and CHIKV nsP1, activity was

performed at pH ranging from 6.5 to 8.5. Both the

enzymes showed a pH maximal corresponding to phys-

iological pH 7 (Fig. 3B). Thus, the MTase reaction is

favoured at physiological conditions that mimic the

cellular environment inside the host cell where viral

RNA capping takes place.

For CHIKV nsP1, increasing the concentration of

KCl in the final assay buffer to 50 and 100 mM had a

negligible effect on the MTase activity. Above 100 mM

KCl there was a steep reduction in enzymatic activity

for both VEEV and CHIKV nsP1 (Fig. 3C). The

MTase activity of VEEV and CHIKV nsP1 as a func-

tion of magnesium concentration was evaluated using

the CE method. A gradual decline in the enzymatic

activity with an increase in Mg+2 ion concentration

was observed (Fig. 3D). This observation is in agree-

ment with the earlier findings reported for alphaviral

nsP1 that the enzyme does not require magnesium ions

for its MTase activity [34,44,45]. Taken together,

under the conditions employed in the enzymatic assay,

VEEV and CHIKV nsP1 exhibited the highest enzy-

matic activity at pH 7.0, at KCl concentration 10/

20 mM, and at 30 °C in the absence of magnesium ion.

Time-course MTase reaction

A time-course experiment where GTP was taken as the

methyl acceptor in the presence and absence of magne-

sium ion was performed with optimal buffer condi-

tions. Intriguingly, it was observed that in the absence

of metal ion the MTase reaction with GTP proceeds

linearly for 2 h as the SAH formation showed a linear

range. In contrast, when magnesium ion, which acts as

a cofactor in the subsequent GT reaction, was present,

the progress curve became nonlinear after 1 h

(Fig. 4A). It is speculated that the subsequent GT

reaction that guanylate nsP1 might affect the activity

of the enzyme by product inhibition. Hence, to decou-

ple the MTase and GT reactions catalyzed by the same

enzyme, a nonhydrolyzable analog of GTP with a b-c
nonhydrolyzable bond, GIDP was used (Fig. 4B and

4C). The use of GIDP excludes the possibility of the

guanylation of nsP1 that can interfere with the linear-

ity of SAH formation over the reaction time. Thus, for

subsequent assay development and testing of inhibitors

GIDP was used instead of GTP as the methyl acceptor

and the reaction time was maintained at 2 h. A typical

Table 1. Validation parameters for the two CE methods: limit of

detection, limit of quantitation, linearity of calibration curve, and

reproducibility of migration time.

Analyte SAHa m7GTPb

Limit of detection (LOD) 0.5 µM 5 µM

Limit of quantification (LOQ) 1.5 µM 15 µM

Linearity of calibration curve; R2 0.9998 0.9865

Mean value of migration time

(min) � SD (n = 12)

10.04 � 0.06 10.02 � 0.06

RSD of migration time (%) 0.61 0.54

Total separation time 11 min 12 min

RSD, Relative standard deviation; SD, Standard deviation.
a Using extended path-length fused-silica capillary.
b Using PVA coated capillary.
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electropherogram of the MTase nsP1 reaction assay

mixture at different time points is shown in Figure 2.

nsP1 mutant D63A (MTase-deficient) of VEEV nsP1

was taken as a negative control and no increase in

peak area corresponding to SAH with time in the

MTase reaction mixture was observed.

Fig. 3. Determination of optimal MTase

reaction conditions for VEEV (●) and

CHIKV nsP1 (■). The optimal MTase

reaction conditions were determined by

individually varying (A) temperature,

(B) pH, (C) KCl concentration, and

(D) magnesium ion concentration, while

the other three parameters were kept at

optimal levels. Activity was calculated as

an increase in the corrected peak area of

SAH in the CE electropherogram. For each

parameter, the optimal activity observed

was taken as 100% and the relative

activity was calculated at other conditions.

Data points represent mean values and

error bars are standard deviations from

duplicate experiments.

Fig. 4. Time-course of the MTase reaction

of VEEV and CHIKV nsP1. (A) A 6-point

calibration curve was generated to

demonstrate the linearity of SAH detection

using optimized CE method. Corrected

peak area plotted against concentrations

of SAH show a linear curve in the

concentration range 2–200 µM. Effect of

magnesium in the reaction buffer on the

linearity of product formation was

assessed. Reaction progression was

measured by the increase in corrected

peak area of SAH with caffeine as the

internal standard. MTase reaction was

carried out with SAM as the methyl donor

and GIDP or GTP as the methyl group

acceptor and incubated at 30 °C for 3 h.

Reaction samples were collected at

different time points, and reactions were

stopped with the addition of acetonitrile.

(B) and (C), SAH formation showed a

linear range for 2 h under given reaction

conditions with both VEEV nsP1 and

CHIKV nsP1 when GIDP was used as a

methyl acceptor. Data points represent

mean values, and error bars are standard

deviations from duplicate experiments.

AU, arbitrary units.
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Identification of m7GTP using H37A VEEV nsP1

mutant

H37A mutant of nsP1 has been shown to be deficient in

the formation of nsP1-m7GMP intermediate covalent

complex by nsP1 GT enzyme reaction [34]. To further

characterize the molecular mechanism of RNA capping

reaction by alphaviral nsP1, the formation of m7GTP

by mutant protein was analyzed. To achieve this, H37A

mutation was engineered in VEEV nsP1 and purified

H37A mutant was used for enzyme characterization. It

was hypothesized that the m7GTP, which is otherwise

formed transiently during the nsP1 capping reaction

and covalently attaches itself to the alphavirus nsP1 pro-

tein as m7GMP moiety, could be observed in the reac-

tion mixture when the MTase reaction is carried out

with H37A mutant. The formation of m7GTP was ana-

lyzed with the help of a PVA-coated capillary using

reverse voltage polarity at the capillary ends (Fig. 5A).

Reaction samples were also spiked with m7GTP for pos-

itive identification of the product. UMP was taken as

the internal standard during m7GTP analysis. Time-

course reaction with H37A mutant in the presence of

SAM and GTP showed a linear formation of m7GTP

over a 150-min period (Fig. 5B). The peak correspond-

ing to m7GTP was absent when 10 µM sinefungin or

100 µM ATA was added to the MTase reaction mixture

further confirming that the H37A mutant of nsP1

indeed produced m7GTP.

Inhibition of VEEV and CHIKV nsP1 MTase

activity

To validate the established assay for SAH detection,

inhibition efficiency of two known inhibitors of

nsP1, sinefungin and ATA, was evaluated against

nsP1 (from VEEV and CHIKV), and their respective

Fig. 5. Detection of m7GTP by precapillary

CE method using PVA capillary. (A)

Overlay of CE-electropherograms

illustrating m7GTP formation by MTase

activity of H37A mutant of VEEV nsP1

detected with PVA capillary. Black stars

indicate the m7GTP peak.

Electropherograms showing the separation

of (1) authentic standards of GTP (with

contaminating GDP) and m7GTP to

determine standard migration time of each

analyte, (2) MTase reaction products after

methylation reaction was carried out for

60 min, (3) methylation reaction product

with sinefungin in the reaction mixture

under conditions and substrate

concentrations mentioned in the

methodology section. Separation of the

analytes was performed using pressure

injection with 50 mbar pressure for 10 s at

�30 kV voltage using 75 mM MES buffer,

pH 6.4, in a PVA capillary, 64.5 cm length

(56 cm to the detector) and 50 µm internal

diameter. (B) Calibration curve of m7GTP

detection using optimized CE method is

linear over the concentration range 25–

100 µM. Linearity of m7GTP formation as a

function of time as analyzed by CE with

UMP as the internal standard. Absorption

was measured at 254 nm. IS, internal

standard (UMP).
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IC50 values for both the enzymes were calculated

(Fig. 6). Sinefungin and ATA are known inhibitors

of VEEV nsP1. IC50 values of sinefungin and ATA

for VEEV nsP1 and CHIKV nsP1 are shown in

Table 2. The IC50 values of sinefungin and ATA cal-

culated by the CE-based nsP1 MTase assay are very

similar to the ones reported earlier [34]. The

observed slight differences in the IC50 values of sine-

fungin and ATA for VEEV nsP1 can be attributed

to the differential folding of the protein owing to the

different purification protocols or the different con-

centrations of substrates used in CE-based assay.

This validates the utility of the CE-based nsP1

MTase assay for screening inhibitors against alphavi-

ral nsP1 MTase. The inhibition efficiency of these

two inhibitors has not been evaluated for MTase

activity of CHIKV nsP1 previously.

Using the developed CE-based nsP1 MTase assay, a

few adenosine analogs were evaluated for their potency

to inhibit the MTase enzyme activity of VEEV nsP1

and CHIKV nsP1. A fixed (50 µM) concentration of

each inhibitor candidate, 2-Chloroadenosine, 3-Deaza-

adenosine, 3-Deazaneplanocin A, and 5-IT, was used

to assess their nsP1 inhibition efficiency. Among the

compounds tested against nsP1, only 5-IT showed

effective inhibition of the nsP1 enzyme (Fig. 7A). An

indirect ELISA assay was also performed which mea-

sures the m7GMP-nsP1 adduct formation. It detects

m7GMP covalently bound to the nsP1 protein formed

as a result of the GT activity of nsP1 using anti-m7-

GMP antibodies [16]. This assay also showed a con-

centration-dependent reduction in CHIKV nsP1 GT

activity in the presence of the inhibitor with an IC50

value of 11.25 µM confirming CHIKV nsP1 GT activ-

ity inhibition by 5-IT (Fig. 7B).

Anti-CHIKV activity of 5-IT

The effect of 5-IT on cell viability was examined on

Vero cells. 5-IT exerted a weak cytotoxic effect on cells

at concentrations above 2 µM at 24 h (Fig. 8A). To

remove the possibility of 5-IT mediated cytotoxicity,

concentrations below 1.5 µM were used for investigating

the antiviral activity of 5-IT. To test the in vitro antivi-

ral efficacy of 5-IT, CHIKV-infected cells were grown

in the presence of varying concentrations of 5-IT for

24 h and viral titers were quantified using plaque-form-

ing assay. 5-IT displayed significant inhibition of infec-

tious progeny virus with an EC50 of 0.409 µM (Fig. 8B).

5-IT exhibited compound-mediated inhibition of

CHIKV-induced CPE, which were monitored 48 h after

infection (Fig. S1). Anti-CHIKV activity of 5-IT was

further confirmed by CHIKV immunostaining assay.

Anti-alphavirus antibody was used to evaluate CHIKV

reduction in cell culture in the presence of 5-IT.

Fig. 6. Dose-dependent inhibition obtained

for VEEV nsP1 (A, B) and CHIKV nsP1 (C,

D) by inhibitors: sinefungin (A, C) and ATA

(B, D). MTase reaction was carried out by

incubating the enzyme, SAM, and GIDP

for 2 h with indicated concentrations of

the inhibitors at reaction conditions

discussed in the methodology section. The

relative MTase activity is obtained by

analyzing the reaction mixture with CE and

quantifying the corrected peak area of

SAH formed during the reaction relative to

the vehicle control. IC50 values of the

inhibitors were calculated by curve fitting

in graph pad prism and are illustrated in

Table 2. Data points represent mean

values and error bars are standard

deviation generated from duplicate

experiments.

Table 2. Calculated IC50 values of sinefungin and ATA for VEEV

nsP1 and CHIKV nsP1.

Inhibitors

IC50

(VEEV nsP1)

IC50

(CHIKV nsP1)

IC50

(VEEV nsP1)a

Sinefungin 2.31 � 0.32 µM 2.94 � 0.74 µM 1.4 � 0.58 µM

ATA 21.86 � 2.56 µM 49.82 � 14.6 µM 56.9 � 1.59 µM

a Values reported by Li et al. [34].
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Fluorescence was barely detectable in infected cells trea-

ted with 1 µM compound as compared to untreated

cells confirming the reduction of CHIKV antigen

expression in the treated cells (Fig. 8C).

The ability of 5-IT to inhibit viral RNA inside the

infected cells was assessed by qRT-PCR. Treatment of

infected cells with the compound led to a dose-depen-

dent reduction in the intracellular viral RNA relative

to mock-treated cells. Viral RNA was gradually

reduced in treated cells above 0.5 µM concentration of

the compound, and an approximately 9-fold reduction

was observed at 1 µM (Fig. 8D and 8E). This comple-

ments the data from plaque-reduction assay. Taken

together, the results of plaque-reduction assay, qRT-

PCR, and immunofluorescence indicate that 5-IT inhi-

bits CHIKV replication in cell culture.

To identify the stage of viral replication affected by

5-IT, it was added to the infected cell monolayer at

different time points (Fig. 8F). Pretreatment of the

cells with 5-IT showed minimal inhibitory effect

against CHIKV infection. Addition of the compound

at 4 hpi or 6 hpi did not show a marked reduction of

CHIKV viral titer. 5-IT was most efficient when added

0-2 hpi, suggesting that it inhibits an early, postentry

step of the viral replication cycle. The time dependence

of the antiviral efficiency of the compound is in agree-

ment with its anti-nsP1 activity [1].

Discussion

Alphaviruses use an unconventional mechanism of

RNA capping, distinct from their host counterpart

where the transfer of methyl group from SAM to

GTP occurs before the transguanylation step (transfer

of GTP to RNA). Alphavirus capping enzyme, nsP1

adds a type 0 cap structure at 50-end of the nascent

RNA [8]. As RNA capping is a critical point in the

viral life cycle, nsP1 is a promising candidate for the

development of therapeutic intervention against

alphaviruses. MTase activity of recombinant nsP1 has

been demonstrated with nsP1 from different alpha-

viruses including SINV and VEEV [34,45]. Previous

efforts to detect MTase activity of nsP1 were based

on the detection of radioactive product which albeit

are sensitive and more reliable than their alternatives,

are time-consuming and cumbersome. Radiolabels

also cause environmental, health, cost, waste, and reg-

ulatory issues. Another drawback of using this tech-

nique is that the SAH produced during the reaction

inhibits the activity of most SAM-dependent methyl-

transferases (MTases).

Recently, as an alternative to the radioactive

assays, a number of colorimetric and fluorometric

assays have been developed and commercialized for

the characterization of MTase enzymes. These are

coupled assays wherein the SAH generated in the

MTase reaction is subsequently acted upon by other

enzymes included in the assay mixture. The final

products of these coupled assays are then quantified

by colorimetric or fluorometric detection. The cou-

pled-assay approach is indirect and circumvents the

problem of SAH accumulation, which can act as the

potent inhibitor of the MTases [46–49]. These enzyme

assays, however, when used for inhibitor screening

suffer from artefacts arising mainly because of the

promiscuity of several compounds that interfere with

the enzyme coupling system by off-target inhibition

[50]. Inhibitors identified through such a screening

strategy require a secondary assay for hit validation

before being considered for follow-up studies.

Fig. 7. Inhibitory effect of adenosine analogs on the MTase activity of nsP1. (A) Inhibitors were tested at 50 µM concentration in the MTase

reaction mixture of VEEV and CHIKV nsP1, and reaction was carried out as discussed in the methodology section. Relative MTase activity

for VEEV nsP1 (black bars) and CHIKV nsP1 (gray bars) was calculated using vehicle control as 100%. (B) CHIKV nsP1 activity inhibition in

the presence of 5-IT was determined by an ELISA assay in terms of the amount m7GMP-nsP1 adduct formation by anti-m7-GMP antibodies,

and the absorbance was measured at 450 nm. Data points represent mean values of relative activity, and error bars are standard deviations

from duplicate experiments.
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Fig. 8. Anti-CHIKV activity of 5-IT.

(A) Monolayers of Vero cells were

incubated with indicated concentrations of

5-IT for 24 h to evaluate cytotoxicity. MTT

reagent was added, and readings were

taken at 570 nm. (B) Dose–response curve

of 5-IT against CHIKV. Subconfluent Vero

cell monolayer was infected with CHIKV

(strain no. 119067) at MOI of 1 along with

varying concentrations of 5-IT. 24 hpi

culture supernatant was collected and

subjected to viral titer determination using

plaque assay. Percent reduction in viral

titer was calculated with titer in vehicle-

treated cells as 100%.

(C) Immunofluorescence assay for the

assessment of CHIKV inhibition by 5-IT.

Cells were processed at 36 hpi, incubated

sequentially with primary anti-alphaviral

antibody and FITC-conjugated secondary

antibody, and then counterstained with

DAPI. This is a representative micrograph

of multiple assessments. Scale bar,

200 µm. (D) Chemical structure of 5-IT.

(E) Reduction in intracellular viral RNA as

assessed by qRT-PCR. Fold reduction in

viral RNA in treated cells relative to the

control is plotted. Actin: endogenous

control; CHIKV E1: target gene. (F) CHIKV

viral titer (PFU/ml) at 24 hpi when 0.75 µM

5-IT was added at indicated time points.

Cells were infected with CHIKV at an MOI

of 1 and viral titer was measured with

standard plaques assay. Data points

represent mean values and error bars are

standard deviations from triplicate

experiments. Significance of difference

between viral RNA or PFU per mL in

treated cells and vehicle control was

measured by one-way ANOVA test and

Dunnett’s post-test. ***, P < 0.001.
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The CE method developed in this study holds sev-

eral advantages such as simple sample preparation,

low sample requirement, and low cost. It also elimi-

nates the need for expensive and potentially hazardous

radioactive materials. Moreover, the assay relies on

the direct detection of SAH generated in the MTase

reaction, thereby minimizing any possible interference

from inhibitor compounds. This reported assay allows

the rapid detection of MTase activity of nsP1 capping

enzyme. Whole CE analysis takes 13 min including the

buffer run between two runs and multiple samples can

be analyzed at once with an automated injection pro-

cedure without any manual intervention in between

consecutive runs. This assay can be used for batch

screening of inhibitors and can be modified and

adapted for fully automated in-line CE assays. Separa-

tion of m7GTP from the reaction mixture of H37A

mutant using PVA capillary has been demonstrated in

this study. Alanine substitution at this position dis-

rupts the formation of the phosphoramide bond

between nsP1 and m7GMP, and this supports the

hypothesis that the alphaviral capping enzyme methy-

lates GTP before it is hydrolyzed to GMP and trans-

ferred to the 5’-end of RNA unlike host capping

enzymes [51].

nsP1, being an attractive drug target, can be effec-

tively perturbed to feed the drug discovery pipeline for

anti-alphaviral therapeutics. Sequence alignment

reveals that the putative MTase domain or ‘core

region’ of nsP1 [spanning from 28–259 amino acids in

VEEV nsP1; [39,40]] is highly conserved within the

alphavirus superfamily. The capping enzymes of alpha-

viruses share a high level of sequence homology, and

thus, the development of nsP1 inhibitors can warrant

pan-alphavirus therapeutics. Moreover, viruses from

alphavirus-like superfamily, which includes several

plant and animal viruses such as bamboo mosaic virus,

brome mosaic virus, tobacco mosaic virus, alfalfa

mosaic virus, and hepatitis E virus, carry out capping

of viral RNA using a mechanism similar to nsP1 [52–

56]. This nonradioactive assay provides a robust and

versatile platform for screening and identification of

novel inhibitors against these viral capping enzymes

and other similar SAM-dependent MTases. Developed

CE-based assay for MTase activity of nsP1 is based on

the general detection method of SAH formed during

the MTase reaction of alphavirus nsP1. Under our

assay conditions, SAH accumulation in the MTase

reaction was linear for at least 2 h. This is in agree-

ment with the reports on VEEV and for SINV nsP1

[34,45]. The same detection range was used for the

characterization of inhibitors of nsP1. Out of the

tested compounds, only 5-IT showed efficient

inhibition of both VEEV and CHIKV nsP1 and was

further taken up for cell culture-based viral inhibition

studies.

5-IT is a derivative of tubercidin (7-deaza-adenosine)

and a known adenosine kinase inhibitor. It has been

shown to possess antitumor activity [57,58]. The anti-

seizure activity of 5-IT has been demonstrated in vivo

[59]. This compound is also being studied for its

potential as a therapeutic agent to treat epilepsy using

mice model [60,61]. The role of cellular kinases in

alphavirus replication remains poorly understood. A

recent study that profiled the cellular kinome following

CHIKV infection found a number of kinases to be

undergoing changes in terms of abundance or activity

[62]. To our knowledge, adenosine kinase was not

implicated in CHIKV infection in this or any other

study. Thus, host adenosine kinase seems to be not

involved in alphavirus infection. Time-of-drug addition

studies indicate that 5-IT affects an early, postentry

replication step of the viral life cycle. Though extensive

studies are required to identify other possible cellular

or viral targets of 5-IT, at this stage it is reasonable to

believe that antiviral effects of 5-IT are most likely, at

least partially, can be attributed to the inhibition of

alphaviral nsP1. Further studies are also needed for

screening and improving the inhibition potency of

compounds similar to 5-IT. In the absence of the

structure of nsP1, it is rather difficult to establish a

structure–activity relationship (SAR). Thus, at this

point of time, we are not able to conjecture the inter-

action of different moieties of the compound with

specific amino acid residues of nsP1. Chemical modifi-

cation by addition or removal of chemical moiety/moi-

eties may result in enhanced potency of 5-IT in terms

of increased efficacy and improved pharmacokinetic

properties. With the availability of the structure of

nsP1 from the alphavirus genus, an extensive struc-

ture–activity study of 5-IT will be required to use it as

a reference compound for rational drug designing and

identification/development of more potent and specific

therapeutic agents targeting nsP1 protein.

In conclusion, a simple, robust, and versatile CE-

based assay for measuring MTase activity of VEEV

and CHIKV nsP1 was developed. Favorable assay

parameters for MTase activity of VEEV and CHIKV

nsP1 viz pH, temperature, salt concentration, and

metal ion (Mg2+) concentration were optimized. For

the mechanistic study of nsP1, m7GTP formation by

H37A mutant of nsP1 was analyzed with the help of a

PVA capillary using a separate CE method. The assay

was further used to evaluate the IC50 values of known

nsP1 inhibitors, sinefungin, and ATA. Evaluation of

enzymatic activity in the presence of potential
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inhibitors led to the identification of adenosine analog

5-IT as the inhibitor of MTase activity of the enzyme.

The potent hit compound was further evaluated in a

secondary orthogonal ELISA assay that quantitates

m7GMP-nsP1 adduct formed after nsP1 GT activity.

5-IT showed a marked reduction in CHIKV replica-

tion as evident by the results of the plaque reduction

assay, viral-induced CPE reduction, qRT-PCR, and

IFA studies. The developed CE-based assay can fur-

ther accelerate the screening of inhibitors against nsP1

of alphaviruses and identification or development of

new antiviral drugs against alphaviruses. With the

effective inhibition of CHIKV replication in cell cul-

ture by 5-IT, the possible new approach of targeting

alphaviral nsP1 with adenosine analogs can be further

investigated for identification and development of pan-

alphavirus antiviral agents.
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