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Abstract 

Enteroviruses (EVs) include many human pathogens of increasing public health concern. 

These EVs are often associated with mild clinical manifestations, but they can lead to serious 

complications such as encephalitis, meningitis, pneumonia, myocarditis or poliomyelitis. 

Despite significant advances, there is no approved antiviral therapy for the treatment of 

enterovirus infections. Due to the high genotypic diversity of EVs, molecules targeting highly 

conserved viral proteins may be considered for developing a pan-EV treatment. In this regard, 

the ATPase/Helicase 2C, which is a highly conserved non-structural protein among EVs, has 

essential functions for viral replication and is therefore an attractive antiviral target. Recent 

functional and structural studies on the 2C protein led to the identification of molecules 

showing ex vivo anti-EV activity and associated with resistance mutations on the coding 

sequence of the 2C protein. This review presents the current state of knowledge about the 2C 

protein from an antiviral target perspective and the mode of action of specific inhibitors for 

this therapeutic target.  
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Introduction 

Several dozen enteroviruses infect human beings and cause nearly three billion infections per 

year. Viruses belonging to the genus Enterovirus (family Picornaviridae) include a group of 

viruses classified in 15 species: enteroviruses (EV) A to L and rhinoviruses (RV) A to C. 

Human-infectious EVs are grouped into seven species, EV-A, EV-B, EV-C, EV-D, RV-A, 

RV-B and RV-C. These species include, among others, polioviruses (PV; EV-C) pathogens 

responsible for poliomyelitis, coxsackieviruses (CVA and CVB; EV-A to EV-C) and 

echoviruses (E; EV-B) [1]. Non-polio EV (NPVE) infections are very common and often 

associated with benign clinical manifestations (mild respiratory and gastrointestinal illnesses, 

rash). However, they can lead to serious complications such as encephalitis, meningitis, 

pneumonia, myocarditis, pancreatitis or poliomyelitis, especially in children under five years 

of age and people with weakened immune system [2-3]. Recently, several EVs have emerged 

as pathogens of increasing public health concern. For example, EV-A71 in Southeast Asia [4] 

and EV-D68 in North America [5] are causing epidemics associated with severe neurological 

complications. Since 2016, in France, an increased circulation of these two viruses has been 

associated with severe neurological manifestations. On the other hand, rhinoviruses are one of 

the most common causes of respiratory disease worldwide. Most of the time, rhinovirus 

infections go unnoticed, causing a mild flu-like illness. They can, however, trigger some 

serious respiratory illnesses such as bronchiolitis in children and life-threatening pneumonia 

in the elderly and immunocompromised adults [6-9]. Concerning coxsackievirus B (CV-B), 

they can be associated with aseptic meningitis, as well as neonatal septicemia [10].
 

 

There is a great genetic diversity in enteroviruses, which can be explained by frequent 

recombination events and by the mutagenic properties of the viral polymerase [11-13]. 

Although vaccination has almost eradicated polio worldwide and several EV-A71 vaccines 

are on the market in China [4], there is, to date, no effective antiviral treatment for human 

EVs, highlighting the need to develop new broad-spectrum therapeutic strategies. The risk 

associated with EVs is illustrated by the recent resurgence of Poliovirus infection in Europe 

and Israel, despite high vaccination coverage. Two therapeutic approaches have been 

considered, one targeting the host factors responsible for viral spread and the other relying on 

the development of direct-acting antivirals (DAAs) targeting viral proteins [14].  

EVs are small (30 nm in diameter), non-enveloped, icosahedral capsid viruses with a single-

stranded RNA genome of positive polarity of about 7.2 to 8.5 kb. Their genome, lacking a 

cap, has an IRES (Internal Ribosome Entry Site) structure in its 5' region and is 

polyadenylated at its 3' end (Figure 1). The genomic RNA is composed of two "ORFs" (Open 

Reading Frame), named ORFu and ORF. ORFu encodes a small 8 kDa protein (uORFp) 

involved in pathogenesis [15] and ORF encodes a long polyprotein of 250 kDa that is cleaved 

by the mature viral proteases 2Apro, 3Cpro and 3CDpro into ten proteins (Figure 1), 

including three capsid proteins (VP2/VP4, VP1 and VP3) and seven non-structural replication 

proteins (2A-2C and 3A-3D). Currently, DAAs described in the literature are either directed 

against structural proteins to block viral infection at an early stage [16-17] or directed against 

classical antiviral targets, such as 3C protease and 3D polymerase, to inhibit viral 

replication/transcription mechanisms [16- 17]. Several inhibitors of these viral proteins have 



been identified and some have been tested in clinical trials, mainly to treat rhinovirus 

infections, but the trials have failed due to their low efficacy or toxicity [18-20].
  

 

 

Figure 1. Schematic representation of the EV genome and 2C protein architecture. (A) Genomic and 

protein organization of EVs. The EV genome is composed of two open reading frames (uORF and 

ORF) flanked by two untranslated regions, 5'UTR and 3'UTR. The uORF overlaps the 5'UTR and 

ORF, and encodes a small 8 kDa protein (uORFp). The main ORF of EV encodes four structural 

proteins (VP1-VP4) and seven non-structural proteins (2A- 2C, 3A-3D). (B) Diagram of the 

organization of the 2C protein. The N-terminal (N-ter) portion of the 2C protein has an amphipathic 

helix interacting with intracellular membranes (light gray). The ATPase domain (light blue) contains 

the conserved Walker A (WA), Walker B (WB) and Walker C (WC) motifs (green) characteristic of 

the SF3/AAA+ superfamily helicases. The location of the AGSINA sequence is also highlighted in 

orange on this domain. Downstream of the ATPase domain is the zinc finger domain (red), a Cys-rich 

region involved in zinc coordination that adopts a characteristic zinc finger fold. The amphipathic C-

terminal helix (C-ter) has an oligomerization motif (black) that mediates 2C-2C interaction and self-

oligomerization of 2C proteins by interacting with two other motifs located at the interface of the 

ATPase domain and the Zn finger of the adjacent 2C. The 2C protein has two putative RNA-binding 

sites (dark gray), the first is on the N-ter amphipathic helix and the second on the C-ter. 

 

The 2C protein
 
is highly conserved among Enteroviruses and plays a crucial role in almost all 

stages of the virus life cycle (Figure 1). Recent structural and functional studies led to a better 

understanding of its pleiotropic roles during viral infection and, de facto, to the identification 

of specific inhibitors. The 2C protein is, thus, considered an attractive target for the 

development of broad-spectrum DAAs to treat EV infections [21].  



In this review, we present the current knowledge of the structure and functions about the 2C 

protein of EVs, and we describe advances in the development of specific 2C inhibitors and 

their mode of action.   

 

Structure and functions of the 2C protein in Enterovirus life cycle   

In the 1990s and 2000s, many biological functions of the 2C protein in the viral cycle were 

highlighted. Studies have shown an ATPase/Helicase activity of this protein [22-23], its 

involvement in the RNA replication process, the viral decapsidation [24-28], the 

rearrangement of the host cell membrane [29-31], the recruitment of host factors [32], the 

encapsidation and the viral morphogenesis [33] as well as the disruption of the antiviral 

cellular response [34-35]. An unconventional single-stranded ribonuclease (sbRNase) activity 

has also been attributed to the 2C [36]. However, the biological role of this activity remains 

poorly understood. Furthermore, the cellular E3 ligase TRIM7, which plays an antiviral role 

against human EVs, has been described as an actor of the ubiquitination of the C-terminal 

Glutamine of the 2C protein, leading to its degradation by addressing the cellular proteasome 

[37-38].  

By sequence homology, EV 2C proteins were classified as superfamily 3 (SF3) helicases. In 

2015, Xia et al. demonstrated the catalytic helicase activity associated with the 2C protein, 

confirming the prediction of sequence analyses and the central role of the 2C protein in viral 

RNA replication [39]. In addition to RNA-helicase-ATP-dependent activity, 2C protein 

possesses an ATP-independent chaperone activity that destabilizes helices bidirectionally, 

facilitates strand hybridization and the formation of complex RNA structures, independently 

of ATP hydrolysis. The catalytic helicase activity is carried by the ATPase domain of the 2C 

protein of EV-A71, while the C-terminus is essential for its ability to chaperone RNA.  

Like all superfamily 3 (SF3) helicases, the 2C protein requires multimeric structural 

organization in order to acquire its helicase activity. The multimerization of recombinant 2C 

protein from PV1 and E30 has been previously observed [40-41]. Given the relationship 

between oligomerization and helicase and/or ATPase activity, the multimerization interface 

could be an interesting antiviral target, as recently demonstrated for the 2C protein of EV-

A71[42] and foot-and-mouth disease virus (virus of the genus Aphtovirus of the 

Picornaviridae family [43]. Structural characterization of the 2C protein of two EVs, EV-A71 

(PDB 5GQ1 and 5GRB) and PV-1 (PDB 5Z3Q), has led to a better understanding of the 

organization of the different functional domains [44-45]. The crystallographic structure of the 

soluble part of the 2C protein (116-329 aa) of EV-A71 was solved to 2.5 Å by Guan et al. in 

2017. For this purpose, the N-terminal region (115 amino acids) corresponding to a region 

predicted as partially helical and amphipathic was deleted.  This is the first high-resolution 

structure of 2C protein of the Picornaviridae family. Structurally, this 2C protein consists of 

an ATPase domain, an atypical cysteine-rich zinc-binding domain, and a C-terminal helical 

domain of amphipathic nature (Figure 2A). The ATPase domain of protein 2C has the 

characteristic signature of the AAA+ superfamily of ATPases and is formed by the conserved 



Walker A and B motifs as well as the Walker C motif typical of SF3 helicases (Figure 1B and 

2A).  

 

 

Figure 2. Overall structure of the 2C protein. (A) Ribbon model of the crystal structure of EV-A71 

protein 2C-Δ115 complexed with ATP-γ-S (PDB 5GRB). The ATPase, zinc finger, and C-terminal 

domains are highlighted in light blue, red, and duck blue, respectively. Walker A (WA), Walker B 

(WB), and Walker C (WC) motifs of the ATPase domain catalytic site are highlighted in green. (B) 

Overview of the assembly process of two protomers of EV-A71 protein 2C (PDB 5GRB). 

Polymerization of the 2C protein occurs through a specific interaction between the C-terminal portion 

of one protomer (blue duck) and the zinc finger domain of the adjacent protomer (red). (C) 

Superposition of the 2C crystal structure of EV-A71 (PDB 5GRB, chain B) with the 2C of PV (PDB 

5Z3Q, chain A), CV-B3 (PDB 6T3W, chain A), FMDV (PDB 7E6V, chain A) and HAV (PDB 7XT3, 

chain A). The WA, WB, and WC motifs of the ATPase domain of various 2C proteins are shown in 

light green. 

 

Structure resolution of the ATPase domain of the 2C protein from various Picornaviridae has 

revealed that this domain is highly conserved beyond the EV genus, which is not the case for 

the specific zinc finger domain found specifically in EV (Figure 2C). Unlike other ATPases, 

the C-terminus of 2C proteins forms a helix that participates in homo-oligomerization by a 

specific interaction with the neighboring protomer at a concave pocket formed between the 

ATPase site and the zinc finger domain (Figure 2B). This homo-oligomerization is required 

for ATPase activity of the 2C protein and replication of EV-A71, and allows the formation of 

an ATP binding site at the interface between two protomers [46]. This assembly leads to the 

formation of a hexamer, which was modeled in structural studies of EV-A71 and PV 2C 

proteins, and then experimentally confirmed by electron microscopy experiments performed 

with a chimeric recombinant 2C protein from CV-B3. Recently, Hurdiss et al. identified the 

presence of a site adjacent to the ATP binding site in the 2C protein of CV-B3 [46]. Mutations 

in this site are generally deleterious for viral replication. In addition, synthetic molecules 

capable of interacting with the oligomerization domains inhibit both the ATPase activity of 

the 2C protein and viral replication.  These studies confirm that inhibition of 2C protein 



functions, by disrupting 2C-2C self-oligomerization or by inhibiting its catalytic activities, is 

a relevant strategy for inhibiting EV replication. 

 

 

Antivirals targeting the 2C protein of Enteroviruses 

 

So far, about twenty molecules demonstrating ex vivo anti-EV activity and associated with 

resistance mutations on the coding sequence of the 2C protein have been identified (Table 1). 

These include Guanidine-HCl, HBB, MRL-1237, TBZE-029, Metrifudil, N6-benzyladenosine 

and its analogues, Formoterol, Zuclopenthixol, Pirlindole mesylate, Dibucaine and its 

analogues, pyrazolopyridine derivatives, Fluoxetine and its analogues, N-benzylamide 

derivatives, and the 2CL peptide. The inhibition properties of these molecules are described in 

the following subchapters. For some of them, their mode of action is not completely 

elucidated. Guanidine-HCl and Fluoxetine, identified by a drug repositioning approach, are 

the most studied 2C inhibitors. 



Table 1. Chemical structure, anti-enteroviral properties and EVs targeted by the known 2C inhibitors. 

Molecules Enteroviruses 

tested 

Residues 

of resistance mutations  

EC50 

(µM) 

SI References 

 

PV-1 

 

EV-A71 

RV-87 

EV-D68 

CV-B3 

E-9 

I142, A143, N179, M187, S225 

I227, A233 

I127, T173, M187, M193, S224 

nd 

I127, T173, M187, M193, S224 

A224, I227, A229 

E64, A133 

nd 

 

305 

91 

91 (Fermon) 

nd 

nd 

 

 

12 

40 

40 

48, 50, 51 

 

53, 54 

54 

54, 55 

46 ,57 

52 

 

E-9  

PV-1 

CV-B3 

  I227, A229 

nd 

A224, I227 and A229 

nd 

26 (Sabin 2) 

70 

 

15 

nd 

59, 52 

62 

46, 57 

 

PV-1 

 

 

CV-B3 

I120, F164 

 

 

A224, I227 and A229 

11 (Mahoney) 

2.9 (Sabin 2) 

 

nd 

51 

190 

 

nd 

62 

 

 

46 

 

CV-B3 A224, I227 and A229 0.18  nd 57 

 

EV-A71 E325 1.3 > 38 64 

 



 

EV-A71 

 

H118, I324 

 

0.10 

 

33000 

 

64 

 

 

EV-A71 

 

nd 

 

4.3 

 

> 101 

 

65 

 

 

EV-A71 

 

nd 

 

0.66 

 

645 

 

66 

 

 

EV-A71 

 

nd 0.068 > 3456 67 

 

CV-B3 

EV-A71 

PV-1 

EV-D68 

RV-A2 

RV-B14 

nd 

 

2.36 

0.83 

0.88 

0.51 

0.30 

0.34 

nd 

 

68 

 

CV-B3 

 

A224, I227 and A229 

 

nd  68 

 

CV-B3 

EV-D68 

 

A224, I227 and A229 9.91 

9.24 

 

nd 

 

68 



 

CV-B3 

EV-A71 

EV-D68 

 

A224, I227 and A229 1.60 

7.59 

3.03 

 

nd 

 

68 

 

EV-D68 

 

nd 0.04 1057 70 

 

EV-D68 

EV-A71 

CV-B3 

nd 0.2 

3.1 

0.2 

162 

11 

200 

71 

 

EV-A71 nd 1.2 85 72 

 

EV-A71 

CV-B3 

 

nd 0.5 

0.8 

 

>400 

>250 

 

74 

 

EV-D68 

EV-A71 

CV-B3 

 

 

D183, D323 0.1 

0.1 

0.2 

2000 

2000 

625 

75 



 

CV-B3 

EV-D68 

RV-A2 

RV-B14 

C179, F190, A224, I227, A229 

 

 

0.42 

0.67 

7.95 

6.3 

71 

42 

3.6 

4.5 

77 

 

 

 

CV-B3 

EV-D68 

RV-A2 

RV-B14 

 

C179, A224, I227 and A229 0.19 

0.11 

7.49 

0.98 

 

315 

545 

8 

61 

 

83 

 

EV-A71 

CV-B3 

PV-1 

CV-A24 

EV-D68 

RV-A2 

RV-B14 

nd 0.49 

0.0029 

1.39 

1.33 

0.086 

2.75 

0.095 

nd 84 

 

EV-D68 

EV-A71 

 

I227, Q322 4.1 

18 

29 

7 

85 

 

EV-A71 

CV-A16 

CV-B3 

E-11 

 1.35 

2.16 

2.29 

0.38 

>111 

nd 

nd 

nd 

42 

 

EC50, 50% effective (virus-inhibiting) concentration; SI, selectivity index (CC50 / EC50); nd, not determined. 



Guanidine-HCl 

Guanidine-HCl is a low molecular weight molecule (Table 1), approved by the FDA for the 

treatment of Lambert-Eaton myasthenic syndrome (LEMS) [47] but is no longer commonly used 

because of its toxicity (nephrotoxicity, hepatotoxicity, myelotoxicity and cardiotoxicity). 

Guanidine-HCl inhibits the replication of several EVs in cell culture, including PV [48-51], E-9 

[52], EV-A71 [53-54], RV-87 [54] and several strains of EV-D68 (EC50 ~ 100 μM) [54]. Despite its 

low ex vivo antiviral potency, Guanidine-HCl has shown in vivo antiviral efficacy in respiratory and 

neurological infection models of EV-D68 [55]. In 1997, Barton and Flanegan [56] demonstrated 

that Guanidine-HCl inhibits one or more function(s) carried by the 2C protein that is involved in the 

initiation of negative-stranded, but not positive-stranded, RNA synthesis and elongation. In 

addition, several studies have reported that Guanidine-HCl can inhibit ATPase activities [23] and 

helicase activities of EV-A71 protein 2C [53] and CV-B3 [57]. Its mechanism of antiviral action 

has been particularly studied in PV. These studies revealed that resistance to Guanidine-HCl is 

located in the 2C region (Figure 3A). This resistance is mainly attributed to two mutations, a "class 

N" mutation (Asn mutated at position 179) or a "class M" mutation (Met mutated at position 187), 

located in a loop adjacent to the Walker B motif. In addition to these two main mutations, a few 

additional mutations in the PV 2C protein at positions 142, 143, 225, 227 and 233 confer resistance 

to Guanidine-HCl (Figure 3A).  

 

 
Figure 3. Mapping of resistance and/or dependency mutations on different motifs of protein 2C. (A) 

Resistance and/or dependency motifs to Guanidine-HCl as well as to MRL-1237 are shown on the structure 

of 2C protein of PV (PDB 5Z3Q) in gray and red, respectively. (B) Residues of resistance to Guanidine-HCl 

(I127, T173 WB motif; M187 and M193), Metrifudil (E325), and N6-benzyladenosine (H118 and I324 key 

C-terminal part for hexamerization) are shown on the structure of EV-A71 protein 2C (PDB 5GRB). (C) 

Resistance motifs to Guanidine-HCl, HBB, MRL-1237, TBZE-029, Dibucaine, Pirlindole, Zuclopenthixol, 

and Fluoxetine are shown on the structure of the 2C protein of CV-B3 (PDB 6T3W). Residues A224, I227, 

and A229 of the AGSINA loop (orange) are resistance residues common to the different inhibitors listed. 



Residues C179 and F190 are for Fluoxetine only. (A-C) Residues of WA, WB and WC motifs of the ATPase 

catalytic site domain are highlighted in green. 

 

The action of Guanidine-HCl has been studied in other EVs, with mutations at positions 127, 173, 

187, 193 and 224 of EV-A71 (Figure 3B), at positions E64 and A133 of E-9, and at positions A224, 

I227 and A229 of CV-B3 (immediately downstream of the Walker C helicase motif) (Figure 3C), 

conferring resistance. It was also shown in recombinant protein that the ATPase activity of 2C is 

inhibited by Guanidine-HCl and that resistance mutations confer ATPase activity with improved 

tolerance to Guanidine-HCl. Remarkably, some resistance mutations have led to the genesis of 

resistant strains whose ex vivo replication is conditioned by the presence of Guanidine-HCl in the 

culture medium [51]. This dependency mechanism can be explained by the deleterious effect of the 

resistance mutation on ATPase activity, which is partly restored by the presence of Guanidine-HCl 

at sub-millimolar concentrations [46]. Guanidines are universally present in the biological 

environment and can bind to the surface of viral RNA remodeling proteins to alter their 

conformations, electrostatic states, and protein-protein or protein-RNA interactions, thereby 

inhibiting these RNA remodeling activities. The development of less toxic and more selective 

Guanidine-HCl derivatives may lead to the identification of new broad-spectrum DAAs against 

EVs. 

 

HBB, MRL-1237 and TBZE-029 

HBB [1H-benzimidazol-2-yl(phenyl)methanol] is another compound, identified decades ago, which 

selectively inhibits viral replication of most EVs (Table 1) [58]. Sequence analysis of HBB-resistant 

viruses and characterization of E-9,  revealed that HBB susceptibility corresponds to the 2C protein, 

following the identification of mutations at positions I227 and A229 of the target protein [59-60]. 

Three mutations in the 2C protein of CV-B3, A224V, I227V and A229V, located downstream of 

the Walker C [46,57,61] confer resistance to HBB, as well as two of its derivatives, namely MRL-

1237 [62] and TBZE-029 [63], that share a common benzimidazole motif (Table 1), despite their 

different antiviral spectra (Figure 3C). A study done by Shimizu et al. [62] on PV showed that 

independent F164Y and I120-Y mutations could be responsible for the reduced susceptibility to 

MRL-1237 (Figure 3A). At this point, it is important to note that some loci where MRL-1237 

resistance mutations are found are close or identical to those mentioned for Guanidine-HCl 

resistance, and some mutations may induce cross-resistance [62], suggesting the presence of 

resistance mutation hot-spots in the multimerization domains (Figure 3).  

 

Metrifudil, N6-Benzyladenosine and derivatives 

In 2008, Arita et al. demonstrated that two adenosine receptor agonists, the nucleoside analogs 

Metrifudil and N6-benzyladenosine, interact with 2C protein and inhibit EV-A71 viral replication 

[64] (Table 1). Resistance mutants of EV-A71 protein 2C to these two inhibitors were identified at 

position E325G for resistance to Metrifudil and at positions H118Y and I324M for resistance to N6-

benzyladenosine (Figure 3B). The group of S. Mikhailov reported the synthesis of several series of 

N6-benzyladenosine analogues. Thus, compound 7, N6-(5-hexene-2-yne-1-yl) adenosine (EC50 = 

4.3 ± 1.5 μM, SI ~ 101) (Table 1) [65], as well as compound 6, N6-(trans-3-phenyl-2-propen-1-

yl)adenosine (EC50 = 0.66 ± 0.12 μM, SI ~ 645) (Table 1) [66], demonstrated strong selective 

inhibition on a panel of EV-A71 clinical isolates belonging to different EV-A71 genogroups. More 



recently, compound 10, N6-(3-trifluoromethylbenzyl) adenosine, an analog with a trifluoromethyl 

moiety on the benzene ring of N6-benzyladenosine, has been shown to be the most promising ex 

vivo candidate (EC50 = 0.068 ± 0.01 μM, SI ~ 3456) [67].  

 

Formoterol, Zuclopenthixol, Pirlindole, Dibucaine and derivatives 

In 2016, Ulferts et al. identified Formoterol, Zuclopenthixol, Pirlindole mesylate and Dibucaine as 

novel CV-B3 inhibitors through a drug screen in CV-B3 infected cell culture (Table 1) [68]. 

Formoterol, a bronchodilator known to have antiviral activity against RV-B14 [69], inhibits 

replication of all EVs and rhinoviruses tested (EV-A71, CV-B3, EV-D68, PV-1, RV-A2 and RV-

B14). Zuclopenthixol (an antipsychotic), Pirlindole mesylate (an antidepressant) and Dibucaine (a 

local anesthetic) exert an inhibitory effect by acting at the early stage of CV-B3 genome replication. 

Pirlindole and Dibucaine inhibit EV-D68, Dibucaine also inhibits EV-A71, but none of them 

inhibits the tested rhinoviruses (RV-A2 and RV-B14) and PV-1. Mutations (A224V, I227V, and 

A229V) in the coding sequence of CV-B3 2C protein have been identified to confer resistance to 

Dibucaine, Pirlindole, and Zuclopenthixol, suggesting a relationship to inhibition of a 2C protein 

function, but not to Formoterol, whose mechanism of action remains to be elucidated (Figure 3C). 

Given the ease of Dibucaine synthesis, a structure-activity relationship (SAR) study conducted in 

2019 yielded quinoline analogs, such as compound 12a (EC50 < 1 μM, SI > 5000) (Table 1), with 

significantly improved antiviral activity and selectivity index against five different strains of EV-

D68 [70]. Another study, carried out by the same team in 2020, yielded quinoline analogues with 

broad-spectrum antiviral activity (EV-D68, EV-A71, and CV-B3) and favorable in vitro 

pharmacokinetic properties [71]. The best representative, compound 6aw (Table 1), exhibits 

submicromolar EC50 values against two strains of EV-D68, two strains of EV-A71 and one strain of 

CV-B3. Compound 6aw is stable in mouse microsomes (t1/2 ~ 115 min) and represents a promising 

broad-spectrum antiviral for the treatment of EV. Meanwhile, another SAR study performed in 

2020 by Tang et al. identified Dibucaine analogues with improved antiviral activity and cell 

selectivity index [72]. The most effective compound, 6i (EC50 EV-A71 ~ 1 μM) (Table 1), exhibits 

in vivo antiviral efficacy without significant toxicity in EV-A71 infected mice. However, the 

pharmacokinetic properties of these compounds have not been reported to date. 

 

Pyrazolopyridine derivatives 

In 2016, the phenotypic screen performed by Zuo et al. identified a series of pyrazolopyridine 

derivatives as antivirals against CV-B3 [73]. These pyrazolopyridine derivatives also exhibit broad-

spectrum antiviral activity against EV-A71, PV-1, PV-3, as well as several coxsackieviruses and 

echoviruses; they significantly reduce viral RNA and viral protein synthesis in infected cells. 

Sequence analysis of mutants resistant to these compounds suggests that the 2C protein is the viral 

target. 

In 2018, a SAR study led to the synthesis of new, more potent and selective pyrazolopyridine 

inhibitors, including JX040 (Table 1) which has the strongest antiviral activity against non-polio 

EVs (EC50 EV-A71 = 0.5 μM, EC50 CV-B3 = 0.8 μM, EC50 PV-1 > 10 µM) [74]. 

A most recent SAR study, conducted in 2021, identified a series of pyrazolopyridine analogues with 

broad-spectrum antiviral activity against EV-D68, EV-A71 and CV-B3 in several cell lines, 

including RD cells and SH-SY5Y80 neuronal cells [75]. Compound 7d (EC50 EV-A71 = 0.1 μM, 

EC50 CV-B3 = 0.2 μM, EC50 EV-D68 = 0.1 µM) (Table 1) was used as a chemical probe for 



mechanistic studies and revealed that the protein 2C is the viral target for this series of compounds. 

Resistance mutants of EV-D68 protein 2C to compound 7d were identified at position D183V and 

D323G. Although EV-D68 2C-D183V/D323G exhibits reduced sensitivity to compound 7d, the 

competitive growth assay showed that its replication capacity is compromised compared to the 

wild-type virus. Optimization of the pharmacokinetic properties of these compounds could lead to 

good candidates for in vivo studies in animal models as well as chemical probes for in vivo 

validation of drug targets. 

 

Fluoxetine and derivatives 

One of the most studied repositioned drugs targeting 2C is Fluoxetine (Prozac®) (Table 1), a 

selective serotonin uptake inhibitor antidepressant. In 2012, Zuo et al. reported the in vitro anti-

enteroviral action of Fluoxetine [76], confirmed by a second study that furthermore identified 

protein 2C as a target of this antidepressant [61]. Fluoxetine interferes with viral RNA replication 

and selectively suppresses replication of EV-B (EC50 CV-B3 = 3.36 μM; EC50 E-9 = 4.58 μM ) and 

EV-D (EC50 EV-D68 = 1.35 μM), but not with the tested EV-A and EV-C, nor of RV-A or RV-B 

[61]. The mechanism of antiviral action of Fluoxetine was studied on CV-B3, the amino acids of 

the 2C protein whose substitution confers resistance to Fluoxetine are located at positions A224, 

I227 and A229 (short 224AGSINA229 motif C-terminal to the Walker C motif, which is considered 

to be a "hot-spot" for resistance mutations). This AGSINA motif is conserved in EV-B and EV-D 

but is not present in other EV [20,61]. 

In 2019, Bauer et al. demonstrated through mechanistic studies that (S)-Fluoxetine (Kd = 9.5 µM, 

EC50 = 0.42 μM) binds and inhibits CV-B3 protein 2C with higher affinity than (R)-Fluoxetine 

(Kd > 200 µM) [77]. This stereospecificity is valid for the inhibition of EV-D68, RV-A2 and RV-

B14 replication. In contrast, neither the racemic mixture nor (S)-Fluoxetine is active against EV-

A71 and PV-1 in infected cell culture, at concentrations where (S)-Fluoxetine is not toxic ex vivo.  

The X-ray crystallographic structure of the 2C protein of CV-B3 (117-329) in complex with (S)-

Fluoxetine was recently solved (PDB ID: 6T3W) [46]. This structure revealed that (S)-Fluoxetine 

binds to an allosteric site on the ATPase domain of CV-B3 protein 2C (Figure 4A). Further 

biochemical investigation on the mode of action of (S)-Fluoxetine demonstrated that it inhibits 2C 

ATPase activity, which is corroborated by structural data. Indeed, cryo-electron microscopy 

analysis has refined our knowledge on the mechanism of (S)-Fluoxetine and demonstrated that it 

locks the 2C protein in a hexameric ring-shaped complex (Figure 4B). This structural constraint 

could either affect ATP binding or limit the conformational changes necessary for its hydrolysis, 

thus explaining its mode of action. The (S)-Fluoxetine resistance mutations are positioned both on 

the (S)-Fluoxetine binding site (C179F, C179Y, and F190L) and on the 224-AGSINA-229 loop 

(A224V, I227V, and A229V) (Figure 3C). The latter does not interact directly with (S)-Fluoxetine, 

but it has been proposed that the 224-AGSINA-229 loop stabilizes the loop containing the Walker 

B motif in an "open conformation" allowing (S)-Fluoxetine binding.  

 



 
Figure 4. (A) Crystal structure of CV-B3 2C-Δ116 in complex with (S)-Fluoxetine. The Walker A and B 

motifs as well as the Walker C motif of the ATPase domain are highlighted in green. An ammonium sulfate 

molecule binds to the loop of the WA motif delineating the ATP-binding region. The loop highlighted in 

orange delineates the AGSINA sequence region. (S)-Fluoxetine (molecule in duck blue) binds to the WB 

allosteric pocket and to the direct 2C protein interaction regions (highlighted in the same color as the 

inhibitor). (B) Positioning of CV-B3 2C-Δ116/(S)-Fluoxetine monomers in the cryo-EM map of the 2C-

Δ116 protein hexameric construct. The (S)-Fluoxetine binding site as well as the ATP binding site (marked 

by the ammonium sulfate position) are shown. 

 

Despite convincing ex vivo results and an elucidated mechanism of action, Fluoxetine has 

unfortunately not shown antiviral efficacy in EV-D68 infected mouse models [55,78]. It has been 

tested in clinical trials for the treatment of patients with proven or presumed EV-D68-associated 

AFM (acute flaccid myelitis), but has been shown to be ineffective [79-80]. However, Fluoxetine 

has been used successfully to treat an immunocompromised child with chronic enteroviral 

encephalitis [81] and a patient with meningoencephalitis due to chronic E-13 infection [82]. These 

examples highlight the need for further development of Fluoxetine-derived inhibitors with higher 

efficacy and specificity for protein 2C, especially in the treatment of EV-D68 infection. 

 

With this in mind, a SAR study described by Manganaro et al. led to the synthesis of a Fluoxetine 

analogue, racemic compound 2b (EC50 CV-B3 = 0.87 μM, EC50 ED-68 = 0.56 µM, EC50 EV-A71 = 

not active) (Table 1), in which the methylamine group was substituted with a guanidine moiety, 

showing similar antiviral activity to (S)-Fluoxetine [83]. A chiral separation allowed the isolation of 

the (S)-2b enantiomer, which exerts much higher antiviral activity (EC50 CV-B3 = 0.19 μM, EC50 

ED-68 = 0.11 µM) compared to the racemic mixture and confirms the importance of the chiral 

configuration. The observed resistance mutations (positions A224V, I227V, A229V, C179F) 

indicate that compound 2b interacts with viral protein 2C in a similar manner to (S)-Fluoxetine. 

At this point, neither the racemic mixture nor the (S)-enantiomer of Fluoxetine and compound 2b 

are active against EV-A71 and PV-1 in cell culture, raising the limit of the antiviral spectrum of 

these inhibitors against EVs.  

 

N-benzylamide derivatives 

In this context, Bauer et al. optimized new antivirals from a compound previously identified by 

HTS [73] which is structurally related to Fluoxetine and targets the 2C protein of EV-A71. 

Synthesis of several substituted amides, derived from N-benzylamide, has identified several 

inhibitors with a broader spectrum than Fluoxetine and that inhibit representative members of all 

human EV and rhinovirus species [84]. Compound 12b (Table 1), the most active, inhibits EV-A71, 



EV-D68, CV-B3, PV-1, CV-A24, RV-A2, and RV-B14 with EC50 values ranging from 0.0029 to 

1.39 µM. The structure of complex 2C bound to compound 12b would allow identification of its 

binding pocket and elucidation of its mechanism of action. 

Importantly, the structure of compound 12b, described by Bauer et al. is structurally similar to 

another 2C inhibitor described by Ma et al. in 2020, compound R523062 (Table 1). Compound 

R523062 was identified by a high-throughput phenotypic screen and inhibits multiple strains of 

EV-D68 (EC50 from 2.3 to 6.4 µM) and, less efficiently, strains of EV-A71 (EC50 from 9.6 to 

55.7 µM) [85]. The 2C-I227L/Q322R mutant virus indicates that these mutations confer significant 

resistance to R523062. Analysis of the in vitro interaction between the 2C protein of EV-D68 and 

the compound R523062 showed that it binds directly to the wild-type 2C protein and the 2C-Q322R 

mutant, but not to the 2C-I227L mutated protein. This confirms that the 2C protein is the direct 

target of R523062 and that residue I227 is crucial for binding this inhibitor [85]. 

 

Peptide 2CL 

In this latest study published in 2021, Fang et al. design a peptide, named 2CL (Table 1), based on 

the structure of the 2C protein of EV-A71 [42]. This peptide effectively alters the oligomerization 

of the 2C protein of EV-A71 and inhibits the RNA-helicase activities of 2C proteins encoded by 

EV-A71 and CV-A16 (EV-A), and shows potent antiviral efficacy against EV-A71 (EC50 = 1.50 

µM) and CV-A16 (EC50 = 2.16 µM), CV-B3 (EC50 = 2.31 µM) and E-11 (EC50 = 0.37 µM)[42]. In 

addition, 2CL treatment resulted in strong in vivo protective efficacy against EV-A71-related lethal 

infection. These results demonstrate that targeting the helicase activity of 2C protein with a 

rationally designed peptide is a promising antiviral strategy against EVs, and that 2CL peptide is an 

important target for broad-spectrum drug candidate development against EVs. 

 

Conclusion 

Since 1980s, the 2C protein has been identified as a target for the development of antiviral 

molecules against enteroviruses (EVs). The 2C protein is highly conserved in enteroviruses and 

potentially the least permissive to the occurrence of resistance mutations that do not affect 

replicative fitness. In the absence of structural data, understanding the modes of action has long 

been limited to the characterization of resistance mutations. Intriguingly, many compounds that 

inhibit viral replication induce cross-resistance mutations in relatively targeted regions of the 2C 

protein, despite a wide range of structural diversity in the selected compounds. The recent 

accumulation of structural and functional data has helped to better characterize the role of the 

protein in the viral cycle, to identify the molecular mechanisms of inhibition for some of these 

antiviral molecules and to understand the associated resistance mechanisms. It has now been 

demonstrated that antiviral molecules inducing resistance mutations on the coding sequence of the 

2C protein inhibit some of its functions by binding directly to the protein surface. To date, at least 

two antiviral target sites have been characterized, namely an allosteric site to which Fluoxetine 

binds and the assembly interface of the 2C hexamer. Given their high sequence conservation and 

data published so far, these two sites should allow the development of anti-EV molecules targeting 

a broad spectrum of viruses, that, combined, could limit the risk of mutations emerging in 

populations.  

 



Future development of antiviral drugs targeting 2C may benefit from structural optimization of 

guanidine derivatives with better inhibitory effects and less toxicity. Similarly, Fluoxetine, long 

used to treat major depression and anxiety disorders, has more recently been used as an antiviral 

treatment for immunocompromised children with chronic EV encephalitis [81] demonstrating its 

potential for clinical use as an inhibitor of protein 2C functions. However, its pharmacokinetics and 

side effects restrict its use to the treatment of chronic EV infections [82]. It is therefore important to 

continue to optimize molecules based on (S)-Fluoxetine, to clarify the molecular mechanisms 

determining inhibitor efficacy, and to evaluate the spectrum of efficacy on a wide panel of EVs, 

especially in relevant in vivo models. 
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