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a  b  s  t  r  a  c  t

Noroviruses  belong  to the  Caliciviridae  family  of  single-stranded  positive-sense  RNA  viruses.  The genus
Norovirus  includes  seven  genogroups  (designated  GI-GVII),  of which  GI, GII and  GIV  infect  humans.
Human  noroviruses  are  responsible  for widespread  outbreaks  of acute  gastroenteritis  and  represent
one  of  the  most  common  causes  of  foodborne  illness.  No  vaccine  or  antiviral  treatment  options  are avail-
able  for  norovirus  infection.  The  RNA-dependent  RNA polymerase  (RdRp)  of noroviruses  is a  key enzyme
responsible  for transcription  and  replication  of  the  viral  genome.  Here,  we  review  the  progress  made  in
understanding  the structures  and  functions  of  norovirus  RdRp  and  its use  as  a  target  for  small  molecule
inhibitors.  Crystal  structures  of the  RdRp  at  different  stages  of substrate  interaction  have been  deter-
aliciviridae
NA-dependent RNA polymerase (RdRp)
irus inhibitors
ucleoside analogs
on-nucleoside inhibitor

mined,  which  shed  light  on its  multi-step  catalytic  cycle.  The  in  vitro  assays  and  in  vivo  animal  models  that
have  been  developed  to identify  and  characterize  inhibitors  of  norovirus  RdRp  are  also  summarized,  fol-
lowed by  an  update  on the  current  antiviral  research  targeting  different  regions  of  norovirus  RdRp.  In the
future,  structure-based  drug  design  and rational  optimization  of  known  nucleoside  and  non-nucleoside
inhibitors  of norovirus  RdRp  may  pave  the way  towards  the next  generation  of  direct-acting  antivirals.

© 2016  Published  by  Elsevier  B.V.
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. Introduction to noroviruses

Noroviruses are the primary cause of foodborne illness globally,
esulting in sometimes massive outbreaks of gastroenteritis. In this
ection, we describe in more details the medical burden associated
ith norovirus, the current status of biomedical efforts to address
orovirus infection, and the norovirus genome organization.

.1. Medical burden of human norovirus infection

Human noroviruses (HuNoVs) are Category B biodefense agents
nd the major cause of viral gastroenteritis. Less than twenty viral
articles can establish a norovirus infection and prior exposure
oes not lead to protection from a repeat infection. The clini-
al symptoms of norovirus infection include vomiting, diarrhea,
bdominal cramps, and nausea, usually lasting 2–4 days. The Cen-
ers for Disease Control and Prevention estimates that 900,000
linic visits among children result from norovirus infection in
eveloped countries and up to 200,000 deaths annually in chil-
ren less than 5 years of age in developing countries (Patel et al.,
009; Scallan et al., 2011). In the United States alone, norovirus-
ssociated foodborne illness is responsible for about 20 million
ases yearly, with more than 70,000 hospitalizations and about 800
eaths (Hall et al., 2012; Lopman et al., 2012). In healthy adults,
orovirus causes acute self-limiting disease lasting 1–3 days, but it
auses long-lasting infection in elderly, juvenile, and immunocom-
romised patients. Noroviruses are a significant cause of morbidity
nd mortality in immunocompromised patients such as transplant
ecipients (Boillat Blanco et al., 2011; Capizzi et al., 2011; Roos-Weil
t al., 2011; Saif et al., 2011; Schorn et al., 2010; Schwartz et al.,
011). Norovirus infections in infants can lead to seizures (Chen
t al., 2009; Medici et al., 2010) and have been linked to necro-
izing enterocolitis (Turcios-Ruiz et al., 2008). In adults, norovirus
nfection can exacerbate inflammatory bowel disease (Khan et al.,
009). Increased disease severity is linked to the use of statins
o regulate cholesterol levels (Rondy et al., 2011). Cultured cells
reated with statins increases norovirus replication, which is espe-
ially a concern given the number of patients using statins (Mann
t al., 2008). Despite the clear need for medical intervention to pre-
ent and treat norovirus infection, no approved vaccines or small
olecule treatment options are currently available.

.2. Strategies for preventing and controlling norovirus infection
Both vaccines and small molecules are currently being evaluated
s potential strategies for medical intervention in cases of norovirus
nfection.
 .  . .  .  . .  . . . .  . . .  . . . . . .  . . . . .  . . .  . . .  . . . . . . .  . . . . . . .  .  . .  . . . . .  .  . .  . . .  . .  . . .  .  . . . . . . .  .  . .  .  .  30

1.2.1. Vaccines
Although vaccines have been successfully developed to treat

diarrheal diseases caused by other RNA viruses such as rotaviruses,
efforts to develop anti-norovirus vaccines based on live-attenuated
virus have been hampered by the inability to grow HuNoV effi-
ciently in cell culture. Therefore, current strategies for developing
anti-norovirus vaccines rely on the production of virus-like par-
ticles from recombinant and self-assembling protein capsids (for
recent review: (Tan and Jiang, 2014), (Richardson et al., 2013)).
Norovirus-like particles can be produced from a variety of expres-
sion systems such as baculovirus infection of insect cells, which is
among the most advanced and is currently used in the manufac-
ture of clinical trial materials. Both orally and nasally administered
virus-like particles have been well tolerated and immunogenic in
Phase 1 clinical trials and even conferred some protection against
norovirus gastroenteritis in healthy adults in a human experimen-
tal challenge model (Atmar et al., 2011; El-Kamary et al., 2010;
Tacket et al., 2003). A bivalent norovirus-like particle candidate
that is safe and immunogenic in adults is currently under evalu-
ation for safety in children and in the elderly and for efficacy in
adults (Treanor et al., 2014) (Clinical Trial Identifiers NCT02153112,
NCT02661490, and NCT02669121).

1.2.2. Small molecules
To date, the only small molecule tested in the clinic as a potential

anti-norovirus drug is nitazoxanide, which was originally devel-
oped and commercialized as an antiprotozoal agent. Nitazoxanide
has demonstrated some benefit in treating adults suffering from
norovirus gastroenteritis (Rossignol and El-Gohary, 2006; Siddiq
et al., 2011). While nitazoxanide’s mechanism of action is not well
understood, it probably involves multiple host factors rather than
directly targeting a norovirus protein. Nitazoxanide also inhibits
a broad range of other RNA and DNA viruses including the respi-
ratory syncytial virus, parainfluenza virus, coronavirus, rotavirus,
hepatitis B virus, hepatitis C virus, dengue virus, yellow fever virus,
Japanese encephalitis virus, and the human immunodeficiency
virus (Rossignol, 2014).

Antiviral approaches involving direct-acting antiviral agents
remain at early stages of preclinical research and mainly target
two viral proteins: the protease and the RNA polymerase (Kaufman
et al., 2014; Weerasekara et al., 2016). The following sections of
this review focus on the structure, function, and small-molecule
inhibition of norovirus polymerase.

1.3. Genomic organization and function of viral-encoded proteins
Noroviruses are a genetically diverse group within the Cali-
civiridae family, which includes six genera: Vesivirus, Lagovirus,
Nebovirus, Sapovirus, Recovirus, and Norovirus.  The genus Norovirus
is subdivided into seven genogroups (designated GI–GVII), based on
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Fig. 1. Genome organization of the human norovirus. HuNoV genome organization, translation and processing. The VPg linked positive single-stranded RNA genome of
HuNoV  contains three open reading frames, ORF1, ORF2 and ORF3. The subgenomic RNA only contains ORF2 and ORF3. The ORF1 is translated by host translation machinery
i e into six nonstructural proteins, named p48, NTPase, p22, VPg, Protease (Pro), and the
R jor and the minor capsid proteins, named VP1 and VP2, respectively. Currently available
s : 1IHM, RdRp PDB: 1SH0, protease PDB: 2FYQ.
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Table 1
Name and function of norovirus proteins.

Protein Name Function(s)

P48 (NS1/2) Viral replication complex formation, recruit
host membrane vesicles

NTPase (NS3) NTPase and RNA helicase
P22 (NS4) Viral replication complex formation, recruit

host membrane vesicles
VPg (NS5) Protein primer for genomic and subgenomic

RNA replication; interact with protein
synthesis machinery and facilitate protein
synthesis

Pro (NS6) Cleave the polyprotein translated from ORF1
Pol  (NS7) RdRp responsible for viral RNA synthesis
VP1 Major capsid protein, part of the viral capsid,

SD domain interact with RdRp and stimulate
viral replication

VP2 Minor capsid protein, part of the viral capsid

(HCV) RdRp and contribute to cures of HCV infection. Therefore,
nto  a single polypeptide which then is proteolytically cleaved by the viral proteas
NA  dependent RNA polymerase (RdRp). ORF2 and ORF3 are translated into the ma
tructures of norovirus proteins are illustrated under each named protein. VP1 PDB

hylogenetic analysis of the capsid gene (Vinje, 2015). Genogroups
I, GII and GIV infect humans and cause acute gastroenteritis.
orovirus strains commonly isolated in cases of acute gastroen-

eritis belong to GI and GII. Within these two groups, cases of GII
enotype 4 (GII.4) infection account for the majority of outbreaks
f gastroenteritis. Noroviruses are non-enveloped viruses with
ositive-stranded genomes of 7400–7700 nucleotides. The genome
ypically contains three open reading frames (ORFs), named ORF1-

 (Clarke and Lambden, 2000; McFadden et al., 2011) (Fig. 1). ORF2
nd ORF3 encode the major and minor structural capsid proteins
P1 and VP2, respectively. Ninety dimers of VP1 form the icosa-
edral capsid of norovirus (Donaldson et al., 2010). VP1 contains
wo major domains: the shell domain and the protruding domain
hat binds to receptors on host cell surfaces (Prasad et al., 1999;
trong et al., 2012). Only a few copies of VP2 reside on the interior
urface of the capsid (Vongpunsawad et al., 2013). ORF1, located in
he first two-thirds of the genome encodes a ∼200 kDa polyprotein
hat is proteolytically processed by the virus-encoded protease to
ield 6 non-structural proteins named P48 (NS1/2), NTPase (NS3),
22 (NS4), VPg (NS5), Pro (NS6), and Pol (NS7) (Belliot et al., 2003)
Fig. 1). The function of these non-structural proteins is listed in
able 1. P48 and P22 are involved in viral replication complex
ormation by recruiting host membrane vesicles. P48 promotes dis-
ssembly of the Golgi complex and prevents cell surface proteins
xpression and trafficking to facilitate the recruitment of cellular
embranes to its replication complex (Ettayebi and Hardy, 2003;

ernandez-Vega et al., 2004). P22 contains an endoplasmic reticu-
um export signal that was proposed to promote P22 uptake into the
oat protein complex II vesicles, leading to vesical mislocalization
nd Golgi body disassembly (Sharp et al., 2012, 2010). Together,
22 and P48 interrupt the host protein secretion pathway and are
ikely responsible for the rearrangement of the cellular membrane

nd recruitment of membrane for the replication factory. VPg is
ovalently linked to the 5′ end of the genome and the subgenomic
NA. The linkage of VPg to viral RNA is thought to occur during viral
NS: Nonstructural; NTP: Nucleoside triphosphate; ORF: Open reading frame; RdRp:
RNA-dependent RNA polymerase; VP: Viral protein.

genome replication whereby VPg is attached as a protein primer
to the 5′ terminus of the genomic RNAs (Rohayem et al., 2006b).
Protein-primed initiation of RNA synthesis is also found in Picor-
naviruses and Potyviruses (Goodfellow, 2011).

2. Structure and functions of norovirus polymerase

The norovirus RdRp (NS7) is the central enzyme in norovirus
RNA replication. Viral RdRps are important targets for antivirals, as
evidenced by the efficacy of drugs that inhibit the hepatitis C virus
structural and functional studies of norovirus RdRp are important
not only to understand norovirus replication, but also for guiding
rational antiviral drug candidate selection and development.
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Fig. 2. Structure of norovirus polymerase. (A) Schematic of the HuNoV NS7 protein. The fingers, palm and thumb subdomains are colored green, grey and cornflower blue. The
motifs are highlighted in distinct colors and the numbers above the motifs denote the amino acid residues that encode the motifs. The structures are based on the structure
of  the HuNoV complex complexed to the ternary complex and associated with CTP (pdb: 3BSN). (B) Ribbon structures of the NS7 protein. The subdomains are colored green,
grey  and Motifs A through F are in, respectively, light blue, magenta, grey, and cornflower blue. The motifs and their colors are: A: blue, B: magenta, C: red, D: sky blue, E:
green.  The front and back views are rotated by 180 ◦C. (C) A cut-away view of the HuNoV RdRp that illustrates the locations of the template channel, the central channel, and
t of CTP
b  to the
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he  NTP channel. The locations of motifs are colored as in panel C. (D) Recognition 

y  the active site aspartates are in purple. A water molecule that is used to H-bond
ecognize the CTP are shown.

.1. Structural features of norovirus polymerase

Multiple high-resolution structures of HuNoV RdRp have been
etermined (Ng et al., 2004; Zamyatkin et al., 2008, 2009, 2014;
roci et al., 2014a,b; Mastrangelo et al., 2012). These include struc-
ures from the GI Norwalk virus and the GII.4 HuNoV that are
esponsible for the majority of human infections. Additional struc-
ures for related viruses in the Caliciviridae family have also been
etermined (Alam et al., 2012). The structures are for the apo-

nzyme, RdRp with divalent metals bound at the active site, RdRp
ound to nucleoside triphosphates (NTPs), the ternary complex
ith the template RNA and a primer, and several ternary complexes
ith nucleotide analogs. Structures of the HuNoV RdRp bound to
 in the HuNoV ternary complex. Divalent metals, manganese that are coordinated
 template RNA is shown as a blue sphere. Only the side chains of amino acids that

allosteric compounds that inhibit RNA synthesis are also known
(Croci et al., 2014a). Thus, there is extensive knowledge about the
structures of the HuNoV RdRp as they relate to RdRp function.

The structure of the norovirus RdRp is highly similar to those
of other positive-strand RNA viruses (Alam et al., 2012; Hogbom
et al., 2009; Ng et al., 2004; Zamyatkin et al., 2008). The RdRp can
be described as a partially closed right hand, with fingers, thumb,
and palm subdomains (Fig. 2A and B). The fingers and the thumb
subdomains interact to close the hand structure (Fig. 2B), form-

ing a channel where the single-stranded template RNA can thread
into the polymerase. The template channel merges with the cen-
tral channel where the 3′ end of template RNA and the nascent RNA
exit (Fig. 2C). At the confluence of the template and central chan-
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VPg also increases the activity of the RdRp in a cell-based reporter
Fig. 3. The steps in catalysis of RNA extension by the norovirus RdRp.

el is the NTP channel where NTPs enter. Lining the channels are
ighly conserved residues organized into motifs A through G, which

nteract with the template, the nascent RNA, and the NTPs for RNA
ynthesis. The active site lies at the convergence of the template
hannel and the NTP channel and contains aspartate residues that
oordinate divalent metals to promote nucleotide polymerization
Fig. 2) (Alam et al., 2012; Zamyatkin et al., 2009).

.2. The active site of norovirus RdRp

RNA synthesis by the norovirus RdRp active site occurs by a
-step reaction that is well conserved in RdRps of different viral
pecies (Fig. 3). The five steps are: (1) RdRp bound to the tem-
late binds an NTP complementary to the template base to form an
pen ternary complex; (2) A change in the conformation to form

 closed complex; (3) Nucleotidyl transfer and translocation of the
emplate; (4) Conformational change in the complex; (5) Release
f the pyrophosphate that allows another NTP to bind to the active
ite. The steps in RNA synthesis involve significant conformational
hanges in the RdRp and the high quality structures have captured
everal distinct conformations. The apo-enzyme has the RdRp C-
erminal tail bound to its active site (Ng et al., 2004). The ternary
omplex of the Norwalk virus RdRp during elongative RNA synthe-
is that was determined by Zamyatkin et al. (2008) shows that the
inding of the template and primer RNA and the substrate NTP dis-
laced the C-terminal tail from the active site and induced a rotation
f the central helix in the thumb subdomain of the RdRp to form

 binding pocket for the primer RNA (Zamyatkin et al., 2008). This
ffectively represents the closed conformation of the RdRp trapped
ust prior to nucleotidyl transfer.

The active site of the palm subdomain coordinates two  diva-
ent metals that mediate catalysis by the RdRp (Fig. 2D). Metal A
orms an octahedral coordination with Asp242 (Motif A), Asp343,
nd Asp344 (Motif C), the 3′ OH of the primer, the �-phosphate
f the NTP, and a water molecule. The water is activated to be a
eneral base to extract a proton from the primer 3′OH to enable it
o become a better nucleophile. Metal B also forms an octahedral
oordination between the carboxylate groups of Asp242, Asp343,
nd Tyr243 and oxygens of all three phosphates in the NTP. The side
hains of the highly conserved Arg182 in Motif F of the RdRp forms
lectrostatic interaction with the �-, �-phosphates of the incoming
TP, likely to stabilize the pyrophosphate as a leaving group. The

ibose of the NTP is stabilized by van der Waals forces. In addition,
he 2′ OH forms an H-bond with Asn309 and donates an H-bond
o Ser300 that donates an H-bond to Asp247 (Fig. 2D). This net-
ork of interactions allows the RdRp to distinguish ribonucleotides

rom deoxyribonucleotides. Following nucleotidyl transfer and the
elease of the pyrophosphate, the RdRp active site remains in a
losed conformation, but helices in the thumb subdomain return to
he state similar to that seen in the apo-protein (Zamyatkin et al.,

014). This leads to a loosening of the contacts with the RNA duplex,

ikely to facilitate the translocation of the RNA as well as to open
he pocket for binding of the next nucleotide.
ch 234 (2017) 21–33 25

2.3. Initiation of RNA synthesis by norovirus RdRp

Accurate initiation of RNA synthesis is critical to prevent the
loss of viral genetic information (Kao et al., 2001). The norovirus
RdRp specifically recognizes the viral genome for RNA synthesis.
In murine norovirus (MNV) the positive- or minus-sense RNA from
the viral sgRNA stimulates VPg nucleotidylation, possibly by sta-
bilizing the structure of the viral RdRp (Goodfellow, 2011). The
MNV  and HuNoV variants can also preferentially recognize RNA
segments to direct initiation of the RNA towards subgenomic RNA
(Lin et al., 2015). Subgenomic RNA synthesis by caliciviruses occurs
by internal initiation on the minus-strand RNA (Morales et al.,
2004) (Fig. 4A). Within the minus-strand RNA, a highly conserved
stem-loop structure upstream of the start site of the sgRNA ini-
tiation nucleotide was  identified in all caliciviruses (Fig. 4B). In
MNV, mutations in this RNA structure debilitated MNV  sgRNA syn-
thesis and suppressor mutations that restored the RNA structure
were found to restore MNV  infectivity (Simmonds et al., 2008;
Yunus et al., 2015). NS7 from MNV  and HuNoV preferentially rec-
ognize their cognate subgenomic promoters and a short stretch
of template sequence that contributes to accurate initiation of the
subgenomic RNAs and efficient RNA synthesis. Crosslinking of the
subgenomic RNA hairpin to the MNV  and HuNoV RdRp showed
that helix 1 in the thumb subdomain of the MNV RdRp contacts the
MNV  subgenomic promoter hairpin. Notably, this mode of recog-
nition of the promoter for RNA synthesis is similar to that of phage
RNA polymerases, which recognize promoter sequences for accu-
rate initiation of RNA synthesis (Cheetham et al., 1999; Imburgio
et al., 2000).

2.4. Other viral proteins involved in RNA synthesis by the
norovirus RdRp

Norovirus can initiate RNA synthesis through two distinct
modes (Rohayem et al., 2006b) (Fig. 4A). The replication interme-
diate minus-strand RNA is thought to be initiated by a de novo
mechanism (i.e., in the absence of a pre-existing primer). In this
case, the first nucleotide serves as a primer to provide the ribose 3′

OH for the attachment of subsequent nucleotides. De novo initia-
tion allows RNA synthesis to take place opposite to the 3′-terminal
nucleotide in the template RNA, thus preventing the loss of genetic
information. The positive-strand genomic RNA and the subgenomic
RNAs contain the protein VPg covalently attached to their 5′ ter-
minus. The NS7 protein or the unprocessed NS6-7 proteins are
involved in both de novo-initiated and VPg-primed RNA synthesis
(Belliot et al., 2005).

VPg is essential for translation initiation from the norovirus
genomic and subgenomic RNAs and appears to also act in the
recruitment of ribosomes (Daughenbaugh et al., 2003; Thorne and
Goodfellow, 2014). For RNA synthesis, the norovirus VPg contains
a tyrosine, likely Tyr27 for HuNoV, whose hydroxyl side chain is
involved in RNA synthesis, which has recently been confirmed by
mass spectrometry (Olspert et al., 2016). In vitro, purified NS7 can
add uridylates to purified VPg and then use the VPg-polyU to prime
the synthesis of the full-length subgenomic RNA (Rohayem et al.,
2006b). VPg-primed RNA synthesis was  not observed with minimal
promoter-RNA templates, perhaps due to the lack of a sequence
such as the cis-replication element that directs the uridylation of
the VPg (Lin et al., 2015). The cis-acting replication element of
noroviruses remain to be identified. De novo nucleotide-initiated
norovirus subgenomic RNA synthesis suggests that the VPg could
be recognized in a way  functionally equivalent to an initiation NTP.
assay without the production of VPg-primed RNA, suggesting that
VPg can promote a state of the RdRp that is more competent for RNA
synthesis (Subba-Reddy et al., 2011; Chaudhry et al., 2006). Muta-
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Fig. 4. Mechanism of RNA replication by norovirus RdRp. (A) Norovirus RdRp recognizes the 3′ end of the viral RNA(+) genome (blue), and produces the negative-strand
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ion in the nucleotidylation residue reduced the stimulatory effect.
he structure of the central region of the MNV  VPg determined by
uclear magnetic resonance spectroscopy supports the hypothesis
hat a large structural rearrangement in the RdRp is required for it
o recognize the cognate tyrosine needed for uridylation (Leen et al.,
013). However, details of the molecular interaction between NS7
nd VPg are unknown, mainly because a crystal structure of the
rotein complex is not yet available.

Activities of the norovirus RdRp are also modulated by the
orovirus capsid proteins. VP1 can enhance RNA synthesis by the
dRp in a concentration-dependent manner when the proteins are
o-expressed in cells. The shell domain of VP1 is responsible for
he stimulatory activity and can bind to the RdRp (Subba-Reddy
t al., 2012). Overexpression of the MNV  VP1 also stimulated the
inetics of MNV  replicon replication in cells. The VP1 enhancement
f RNA synthesis is species specific since the MNV  VP1 could not
nhance the HuNoV GII.4 RdRp activity. A regulatory role of the
ctivity of viral structural proteins on viral RNA synthesis is becom-
ng an increasingly important theme in RNA virology (Ni and Kao,
013).

.5. Role of norovirus RdRp in pathogenesis and epidemiology

A significant increase in the global incidence of norovirus out-
reaks since 2002 has been associated with the emergence of the
ighly transmittable HuNoV GII.4 lineage (Lopman et al., 2004;
iebenga et al., 2009). In this pandemic strain, the RdRp displays
educed replication fidelity, which results in higher mutation rate
nd rate of viral evolution compared to the nonpandemic and less
requently detected strains (Bull et al., 2010). During the winter
eason of 2014–2015, a newly emerging GII.17 isolate outcom-
eted the GII.4 in parts of Asia, with risk of spreading globally (Lu
t al., 2016). The GII.17 isolate displays evolutionary rates at least

 order of magnitude higher than those seen with GII.4, further
stablishing the role of the RdRp in the emergence of new epidemic
trains (Chan et al., 2015). The hypothesis that RdRp-driven genetic
iversity is vital for viral fitness and pathogenesis is not unique
o norovirus, and has been well documented for other virus fam-
lies such as Picornaviruses (Vignuzzi et al., 2006; Peersen, 2017).
onsistent with reports on the poliovirus polymerase, Arias et al.

eported a high-fidelity MNV  polymerase variant associated with
he I391L mutation (Arias et al., 2016). When mutated at this posi-
ion, the corresponding MNV  clone displayed delayed replication
inetics in vivo and lower transmission rate compared to the wild-
o recruit VPg as primer for synthesis of new RNA(+) copies of viral genomic RNA.
 present on the downstream of the VP-1 gene on the negative-strand intermediate

type virus. The impact of a single point mutation in the RdRp on viral
replication and transmission further highlights the dynamic inter-
play between replication fidelity, viral fitness, and the emergence
of dominant strains of norovirus.

3. Inhibitors of norovirus polymerase

Although a number of small molecule anti-norovirus agents
have been described, the majority of them remain at early stages of
preclinical development. This section reviews these efforts, as well
as the assays that have been developed to study such molecules.

3.1. In vitro assays and in vivo models available to characterize
norovirus polymerase inhibitors

3.1.1. Biochemical and biophysical tools
The production of recombinant norovirus NS7 protein is

amenable to high yield and purity, which has facilitated the devel-
opment of norovirus polymerase assays used for inhibitor testing.
The most common RdRp assays are based on the incorporation of a
radiolabeled nucleotide onto the RNA primer strand (Fukushi et al.,
2004; Rohayem et al., 2006a). RNA synthesis is initiated de novo
on nonpolyadenylated negative-strand RNAs containing a specific
promoter sequence. Although gel-based assays provide qualita-
tive information about the types of RNAs formed enzymatically,
their application to inhibitor testing was optimized by adapting
the radiometric readout to a 96-well format for higher through-
put purposes (Jin et al., 2015). The use of fluorescence readout
based on the binding of the PicoGreen dye to double-stranded
RNA products even further enhanced the compatibility of norovirus
RdRp assay with high-throughput screening (Mastrangelo et al.,
2012). As described earlier in this review, X-ray crystallography
is also a valuable tool to understand the binding interactions at
the atomic level between norovirus RdRp and small molecule
inhibitors. This has been done both with the apo-protein and
with protein in complex with primer/template (Ng et al., 2004;
Zamyatkin et al., 2008). Finally, other biophysical methods have
been employed to characterize the binding interaction between
norovirus polymerase and small molecules (e.g., the thermal-shift

assay measuring changes in melting temperature associated with
compound binding (Mastrangelo et al., 2012) and the fluores-
cent polarization assay to measure protein-RNA binding (Lin et al.,
2015)).
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NoV EC50 =  12.7 /3.2  μM
CC50 >100 μM

T-705
NoV EC50 =  21  μM
CC50 >100 μM

2CM-C

HuNo Vpol IC50= 22  μMHuNoVpol IC50= 0.27  μM

T-1106 -TP  2CM-T-11 06-TP

Ribavirin

A

B

NoV EC50 =  43  μM
CC50 >100 μM

NoV EC50 =  8.2  μM
CC50 >100 μM

Fig. 5. Nucleoside analogs inhibiting norovirus RdRp. (A) Structure and inhibi-
J. Deval et al. / Virus R

.1.2. Cell-based assays
Until recently, all attempts to develop a robust HuNoV in vitro

eplication assay have failed because of the lack of permissive cells,
ncluding human macrophages and dendritic cells from susceptible
umans (Duizer et al., 2004; Herbst-Kralovetz et al., 2013; Lay et al.,
010; Papafragkou et al., 2014; Takanashi et al., 2014). Despite this

imitation, the in vitro effect of small molecules on HuNoV repli-
ation has been studied using a stable human hepatoma cell line
xpressing the part of the Norwalk virus RNA genome encoding the
on-structural proteins and carrying the neomycin resistance gene
Chang et al., 2006). In this norovirus minigenome, or replicon, pro-
uction of the viral RNA leads to the reconstitution of a functional
orovirus RNA replication complex. The challenge associated with
eveloping an authentic in vitro infection assay for HuNoV has also

ed to the exploration of calicivirus surrogates more amenable to
ell-based assays. Multiple non-human enteric calicivirus systems
ave been described (for complete review, see Rocha-Pereira et al.,
014). Among them, MNV  is the closest to HuNoV, and therefore
he most broadly used for inhibition studies. MNV  replicates well
n mouse monocytes and macrophages (Wobus et al., 2004; Wobus
t al., 2006). In 2014, Jones et al., demonstrated successful infection
f human B cells with HuNoV from GII.4, using commensal bacte-
ia as cofactor (Jones et al., 2015, 2014). The infection of B cells
esulted in measurable translation of viral proteins and production
f infectious progeny, and the increase in viral genome copies was
ignificant, but overall low. B cells are not the only site of HuNoV
nfection. Ettayebi et al. recently reported the successful cultiva-
ion of human GII.4 norovirus in stem cell-derived human intestinal
nteroids isolated from intestinal crypts in human intestinal tissues
Ettayebi et al., 2016). The addition of bile to enteroids was  not
equired for GII.4 virus but enhanced its replication, while other
trains only replicated in the presence of bile. Taken together, it is
ikely that the establishment of B cell and enteroid in vitro infec-
ion systems will find broad applications in the development of
iagnostics, vaccines, and therapeutics.

.1.3. In vivo models
Replication of HuNoV has been described using large animals

uch as chimpanzees, pigs, and calves (for review, see (Rocha-
ereira et al., 2014), but mouse is the most common species for in
ivo inhibition studies with small molecules. Immunocompetent
ice infected with MNV  are typically asymptomatic and represent

 natural host for MNV  infection (Karst et al., 2003). For MNV-1
lone, reactive antibodies have been found in 22% of mouse serum
amples from research colonies across the United States and Canada
Hsu et al., 2005). Other strains of norovirus such as MNV-3, MNV
R6, and MNV  O7 have been shown to cause a persistent yet asymp-
omatic infection in immunocompetent mice (Arias et al., 2012;
su et al., 2006; Kahan et al., 2011; Shortland et al., 2014). MNV

nfection in immunocompromised mice lacking innate immunity
actors such as STAT1 or interferon receptors can result in per-
istent or acute virus replication associated with severe diarrhea,
eight loss, and mortality (Karst et al., 2003; Wobus et al., 2004).

n particular, the knockout mouse strain AG129 defective of inter-
eron alpha/beta and gamma  receptors has been a widely utilized

odel to test the in vivo efficacy of norovirus polymerase inhibitors
Rocha-Pereira et al., 2013). This particular strain of mice is also
sed as model for dengue and Zika virus infection (Aliota et al.,
016; Johnson and Roehrig, 1999; Zmurko et al., 2016). Small-

nimal models have also been developed to study HuNoV infection.
ALB/c mice deficient in recombination activation gene (Rag) 1 or 2
nd common gamma  chain (�c) (Rag-�c) are permissive to HuNoV
nfection (Taube et al., 2013).
tion potency of ribavirin, T-705/Favipiravir, and T-705 ribonucleoside triphosphate
analogs T-1106-TP and 2CM-T-1106-TP. (B) Structure and inhibition potency of
2′-C-methyl-cytidine (2-CMC) and 2′-C-methyl-2′-fluroro-cytidine (2′F-2′C-Me-C).

3.2. Nucleoside analogs as inhibitors of norovirus polymerase

3.2.1. Ribavirin
Replicon cell lines expressing subgenomic components of Nor-

walk virus have enabled fast and simple testing of norovirus
replication inhibitors. Ribavirin was  one of the first small molecules
identified to inhibit norovirus in in vitro replicon assays. Ribavirin
reduced the viral genome and proteins with a weak half-maximal
effective concentration (EC50) value of about 40 �M (Chang and
George, 2007; Jin et al., 2015) (Fig. 5A). Combining interferon-
alpha with ribavirin showed additive effects on the inhibition of
norovirus replication. The mechanism of action was evaluated by
adding guanosine to the ribavirin treatment, resulting in mod-
erately reversed antiviral effect. The reversal in the presence of
guanosine indicates that ribavirin’s effect may  be at least partially
associated with the depletion of guanosine triphosphate in the cells,
suggesting a mechanism other than direct targeting of the poly-
merase. Recent in vitro work from Julian et al. using MNV  suggested
that ribavirin treatment also increases viral quasispecies diversity,
which could be contributing to its antiviral effects (Julian et al.,
2016).

3.2.2. T-705 (Favipiravir) and its analogs
The nucleoside precursor 6-fluoro-3-hydroxy-2-

pyrazinecarboxamide (T-705, favipiravir) is structurally related
to ribavirin (Fig. 5A). T-705 was originally developed against
influenza virus (for review: (Furuta et al., 2013)). The molecule has
also been shown to inhibit other RNA viruses including members
of Orthomyxo-, Noro-, Bunya-,  Arena-, and Flaviviridae (Furuta et al.,

2013). In vitro, the antiviral potency of T-705 against MNV  replica-
tion is fairly modest, but more potent than ribavirin (Rocha-Pereira
et al., 2012b) (Arias et al., 2014; Jin et al., 2015). Time-of-addition
assays revealed that T-705 exerts its activity at a timepoint that
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oincides with the onset of viral RNA synthesis, suggesting that
-705 might target the polymerase of norovirus. In cells, T-705
s efficiently converted to a ribofuranosyl 5′-triphosphate form
T-705 RTP) by cellular enzymes (Furuta et al., 2009). Similar to
revious work with influenza, T-705 RTP is recognized as substrate
uring norovirus RNA synthesis, which results in enzyme inhibi-
ion by delayed and incomplete chain termination (Furuta et al.,
005; Jin et al., 2013, 2015). Treatment of norovirus-infected cells
ith T-705 induces viral mutagenesis in vivo through a mechanism

imilar to that of ribavirin that may  be associated with incorpora-
ion of the nucleotide analog into viral RNA (Arias et al., 2014). The
ntrinsically low antiviral potency of T-705 prevents experiments
imed to select drug-associated resistance mutations, which
ould otherwise represent an important orthogonal validation of

ts proposed mechanism of action. Attempts to identify analogs
f T-705 with increased selectivity against human polymerases
y adding a 2′C-methyl substitution had limited success, with a

oss of recognition both by human mitochondrial RNA polymerase
nd norovirus RdRp (Jin et al., 2015) (Fig. 5A). Other promising
nalogs of T-705 have been tested against influenza virus and
ts polymerase, but antiviral effect of those analogs against the
orovirus counterpart has not been reported (Wang et al., 2016).

.2.3. 2CM-C and 2′-F-2′-C-MeC
The nucleoside analog 2′-C-methyl-cytidine (2CM-C) was  orig-

nally developed against the polymerase of HCV and advanced as
alopicitabine/NM283, an orally bioavailable 3′-valine ester pro-
rug (Pierra et al., 2006) (Fig. 5B). Although valopicitabine was
fficacious in chronically HCV-infected patients, its clinical devel-
pment was halted because of adverse events. 2CM-C was  later
ound to inhibit the replication of MNV  (Rocha-Pereira et al., 2012a).
n this assay, viral RNA and virus-induced plaque formation were
nhibited with an EC50 value of about 2 �M.  Similar to prior work

ith T-705, time-of-addition assays demonstrated that 2CM-C acts
uring viral RNA synthesis, which is consistent with the viral RNA
olymerase being the antiviral target. Target identification was
onfirmed in biochemical assays showing that 2CM-C triphosphate
irectly inhibits norovirus polymerase by terminating RNA synthe-
is (Jin et al., 2015). In vitro combination of 2CM-C with ribavirin
nduced a marked antagonistic antiviral effect by a mechanism
hat was not clearly understood (Rocha-Pereira et al., 2012a). In

 separate study, however, no antagonism was observed between
CM-C and ribavirin (Costantini et al., 2012). 2CM-C also inhibits
uNoV replication in a Norwalk virus replicon assay, with reduced

nhibition potency compared with the MNV  assay (Rocha-Pereira
t al., 2013) (Jin et al., 2015). Importantly, the antiviral activity
f 2CM-C against HuNoV was confirmed in the B-cell line BJAB
nfection assay with an EC50 value of 0.3 �M,  which is significantly

ore potent than the value obtained with the HuNoV replicon
Kolawole et al., 2016). Treatment of MNV-infected AG129 mice
ith 2CM-C prevented virus-induced onset of diarrhea and mortal-

ty by reducing viral load in organs (Rocha-Pereira et al., 2013), even
hen treatment started between 12 h and 2 days post-infection

Rocha-Pereira et al., 2016). In contrast, 2CM-C did not reduce
ortality when treatment was initiated after the onset of symp-

oms 3 days post-infection. In a norovirus transmission model,
rophylactic treatment of sentinel mice with 2CM-C also protected
gainst transmission of MNV  infection (Rocha-Pereira et al., 2015).
CM-C also had an antiviral effect against HuNoV in BALB/c Rag-
c-deficient mice (Kolawole et al., 2016).

The nucleoside analog 2′-fluroro-2′-C-methyl-cytidine (2′-F-2′-
-MeC, or PSI-6130) is structurally related to 2CM-C (Fig. 5B). It is

he parent nucleoside of the prodrug mericitabine, an HCV inhibitor
hat acts as a chain terminator and has reached Phase 2 clini-
al development during which it was well tolerated. In cell-based
ssays, 2′-F-2′-C-MeC and 2CM-C have comparable antiviral activ-
ch 234 (2017) 21–33

ity against both MNV  and HuNoV (Costantini et al., 2012). Although
no biochemical data directly compare the inhibition effect on the
target of each NTP, this result suggests that 2′-F-2′-C-MeC and
2CM-C are both recognized as a cytidine analog for the norovirus
polymerase with similar substrate efficiency. For this reason, it
would be interesting to further evaluate the antiviral efficacy of
2′-F-2′-C-MeC in a mouse model of norovirus infection.

3.2.4. 5-Nitro and 2′-amino cytidine
The antiviral activity of 5-nitrocytidine was first described

against poliovirus and coxsackievirus B3, demonstrating greater
inhibition potency than the control drug ribavirin (Harki et al.,
2007). In the same study, 5-nitrocytidine triphosphate (NCT)
inhibited poliovirus RdRp activity. A high-resolution structure of
norovirus polymerase bound to NCT was  determined by X-ray crys-
tallography (Zamyatkin et al., 2008). In this structure, the RdRp is
trapped in a ternary complex that includes a self-complementary
primer-template RNA and two metal ions, mimicking the confor-
mation of the protein during RNA synthesis. The NCT molecule
occupies the nucleotide binding site and its interactions with the
active site residues in the HuNoV are different from those of nat-
ural cytidine triphosphate (i.e., the negatively-charged nitro group
of the NCT is positioned close to the primer 3′OH to destabilize
the transition state of the nucleotidyl transfer reaction) (Fig. 6A).
The nitro group also displaces a water molecule from interacting
with the �-phosphate of the NCT and results in increased dis-
tance in the coordination between Asp344 and metal A. Finally,
the side chain of Arg182 is spatially affected to decrease its inter-
action with the �-phosphate of the NCT, likely decreasing the
effectiveness of Arg182 from stabilizing the pyrophosphate leav-
ing group. Although 2′-amino-cytidine triphosphate (ACT) makes
overall similar interactions with the polymerase of norovirus, it
also features some significant differences (Zamyatkin et al., 2009).
The nucleobase of ACT forms Watson-Crick hydrogen bonds with
the template nucleotide and the ribose exhibits primarily a C3′-
endo pucker typically found in RNA (Fig. 6B). The ribose and
triphosphates of the ACT are shifted in position to accommodate
the 2′-amino group. Asp247, which normally forms a hydrogen
bond with Ser300 to recognize the ribose 2′OH,  is out of place.
Asp242 that binds both divalent metal ions is displaced by 2 Å
and could impact divalent metal occupancy in the active site.
As a result of these relatively subtle changes, the primer 3′OH
and the �-phosphate in ACT are not positioned to allow cataly-
sis of nucleotidyl transfer. These interactions could have important
implications in the inhibition of norovirus RNA replication by
nucleotide analogs. Although prior studies have shown that other
2′-amino nucleosides can have an antiviral effect on viruses unre-
lated to Caliciviridae (De Clercq et al., 1980), more work is needed to
demonstrate that 5-nitro and 2′-amino cytidine have the potential
to inhibit norovirus replication.

3.3. Non-nucleoside inhibitors of norovirus polymerase

3.3.1. Suramin and its analogs
Suramin is an antiparasitic molecule originally developed by

Bayer in 1916. It has a long symmetric structure containing two
charged naphthalene-trisulfonic acid heads (Fig. 7). Suramin has
also been identified in vitro as an antiviral agent potent against
human immunodeficiency virus reverse transcriptase and hepati-
tis B virus (Jentsch et al., 1987; Offensperger et al., 1993). More
recently, suramin was identified in an in silico docking search
for compounds predicted to bind to the active site of norovirus

polymerase (Mastrangelo et al., 2012). This modeling exercise
was confirmed by measuring the inhibition of the RdRp activ-
ity of HuNoV and MNV  polymerase by suramin, resulting in IC50
values 25 and 70 nM,  respectively. NF023, an analog of suramin
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ig. 6. Structure of 5-nitro and 2′-amino cytidine triphosphate and their molecula
nteraction with HuNoV RdRp. (B) Structure of 2′-amino cytidine triphosphate and 

arboring the same two groups connected by a shorter linker, dis-
layed similar inhibition potency (Fig. 7). Interestingly, NF023 is
lso a known competitive and reversible P2 × 1 receptor antag-
nist (Sneddon et al., 2000; Soto et al., 1999). The analysis of
he detailed binding mode of suramin and NF023 to the MNV
olymerase domain was made possible by X-ray crystallogra-
hy. It showed that both molecules occupy the same binding
ite, between the fingers and the thumb subdomains. The impor-
ance of the interaction of the two molecules with tryptophan 42
as demonstrated by site-directed mutagenesis, which resulted

n significant loss in inhibition potency. Two smaller analogs of
uramin, naphthalene di-sulfonate and pyridoxal-5′-phosphate-6-
2′-naphthylazo-6′-nitro-4′,8′-disulfonate (PPNDS), retained some
evel of biochemical effect and were also able to bind to a sec-
nd region of the protein located in the thumb subdomain (Croci
t al., 2014a,b; Tarantino et al., 2014) (Fig. 7). One would predict
hat the high inhibition potency of suramin and its analogs in bio-
hemical assays would translate to a significant antiviral effect
n cells infected with MNV. However, suramin has only a mod-

st antiviral effect on norovirus replication, presumably due to
ow cell permeability (Mastrangelo et al., 2014). In order to fur-
her advance these compounds as potential anti-norovirus drugs,
ttempts have been made to improve cellular permeability by
raction with the HuNoV RdRp. (A) Structure of 5-nitro cytidine triphosphate and
ction with HuNoV RdRp.

delivering suramin through liposomes (Mastrangelo et al., 2014).
A separate study showed the in vitro and in vivo antiviral activity
of suramin against enterovirus 71, a member of the Picornaviri-
dae family (Ren et al., 2014). The same study reported that suramin
blocked enterovirus 71 replication by interfering with the viral cap-
sid assembly process. Taken together, these results indicate that
suramin and its structural analogs are promiscuous binders that can
interact with multiple classes of proteins, including but not limited
to the norovirus polymerase (Morgan et al., 2011; Torrente et al.,
2014). To minimize the off-target liability caused by promiscuous
binding, it may  be possible to increase the selectivity of this class
of compounds by further building binding interactions between
naphthalene di-sulfonate or PPNDS and the second thumb binding
pocket in norovirus polymerase.

3.3.2. Other non-nucleoside inhibitors
the fluorescence-based PicoGreen biochemical assay has been

used in a high throughput screening campaign to identify small
molecule inhibitors of GII.4 HuNoV RdRp activity (Eltahla et al.,

2014), using a model previously established for HCV polymerase
(Eltahla et al., 2013). The four most interesting hits were a phenylth-
iazole carboxamide (NIC02) and a pyrazole acetamide (NIC04)
with IC50 values around 5 �M,  and a triazole (NIC10) and a pyra-
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HuNoVpol IC50= 5.0 μM
MNV EC50= 4.8 μM

NIC02 NIC04

NIC10 NI C12

HuNoVpol IC50= 5.5 μM
MNV EC50= 32.8 μM

HuNoVpol IC50= 9.2 μM
MNV EC50= 34.5 μM

HuNoVpol IC50= 9 .8  μM
MNV EC50= 38.1 μM
ig. 7. Suramin and its analogs as inhibitors of norovirus RdRp. Structure and inhi-
ition potency of suramin, NF023, naphthalene di-sulfonate, and PPNDS.

olidinedione (NIC12) that were about 2-fold less potent in the
olymerase assay (Fig. 8). Interestingly, NIC12 had already been
eported to weakly inhibit poliovirus RdRp (Campagnola et al.,
011), while the three other compounds were not previously
nown to inhibit viral polymerases. NIC02 was the only com-
ound to also show consistent cell-based inhibition in the Norwalk
eplicon and MNV  infection assays. In comparison, NIC04 was
ignificantly less potent. NIC10 and NIC12 were inactive in the repli-
on, and weak (EC50 ∼35 �M)  in the MNV  assay. Mode of action
nhibition studies suggested that NIC02 and NIC04 occupy a differ-
nt binding pocket of HuNoV RdRp than NIC10 and NIC12. However,
hese findings will need to be confirmed by other methods such as
-ray crystallography and/or identification of resistance-associated
utations.

. Conclusions

The key role that the norovirus RdRp plays in viral genome
eplication and the fact that host cells lack an equivalent func-
ion make norovirus RdRp an attractive target for development of
orovirus-specific antiviral therapies. Although many in vitro and

n vivo systems are now available to identify and develop inhibitors
f norovirus RdRp, current research in this field remains at an early
tage of drug discovery, with nitazoxanide being the only small
olecule to be evaluated in human clinical trials. The fact that
orovirus typically causes a short and self-limiting infection, with
 narrow time window for therapeutic intervention has limited
he effort and interest in the development of antivirals. However,
he consequences of norovirus infection can be severe and pro-
Fig. 8. Other non-nucleoside inhibitors of norovirus RdRp. Structure and inhibition
potency of NIC02, NIC04, NIC10, and NIC12.

longed in vulnerable populations such as children, the elderly, and
immunocompromised patients. Therefore, increased commitment
to the development of small molecules treatments alongside the
current anti-norovirus vaccine approach is needed. In fact, much
is already known about the specific recognition of nucleotides
and nucleotide analogs that should guide structure-based inhibitor
design. Additional locations in the HuNoV RdRp that bind nonnucle-
oside inhibitors have also been identified and characterized. Finally,
since norovirus RdRp shares functional and structural features with
proteins from other RNA viruses such as HCV, it may be possible to
identify nucleo(s/t)ide analogs, like 2CM-C, which inhibits a range
of viral polymerases. Identifying novel broad-spectrum nucleoside
or non-nucleoside molecules that block RdRp and inhibit a panel
of positive-strand RNA viruses, including norovirus, provides an
exciting prospect for future antiviral therapies.
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