
Abstract The picornavirus family contains several major human and animal 
pathogens. Vaccines against some of these pathogens are available. However, the 
availability of potent antiviral compounds would be an appreciable advantage in 
fighting these pathogens. Inside their non-enveloped capsid, picornaviruses possess 
a positive sense RNA genome with a single open reading frame. Upon release into 
the cytoplasm, the genome is translated into a single polyprotein that is processed 
by virally encoded proteinases. These proteinases represent excellent targets for the 
development of anti-virals for two reasons. First, efficient polyprotein processing 
is essential for successful viral replication. Second, the picornaviral proteinases 
show notable differences to cellular proteinases. To aid in the development of anti-
virals, detailed knowledge of the mechanisms, substrate specificities and structures 
of these proteinases is needed. This chapter reviews recent progress, discusses 
selected substances with antiviral activity against picornavirus proteinases and 
outlines several new avenues for the design of novel anti-virals.

Keywords Poliovirus • human rhinovirus • aphthovirus • proteolytic processing • 
translational control

6.1 Introduction

The family of the positive-strand picornaviruses includes a number of important 
human and animal pathogens such as poliovirus (PV), hepatitis A virus (HAV), 
coxsackievirus (CV), human rhinovirus (HRV) and foot-and-mouth disease virus 
(FMDV) (Racaniello, 2007). Of these pathogens, only PV, HAV and FMDV can 
be controlled by vaccination. There is thus a clear need for anti-viral agents to 
combat HRV and CV. In addition, although the vaccines against FMDV and PV 
have proven effective in most cases, they are not perfect. For instance, the FMDV 
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vaccine can be only used under certain circumstances proscribed by regulatory 
authorities such as the European Union. Furthermore, the present PV vaccines may 
not be sufficient to finally achieve and maintain the eradication of PV and may need 
support from specific anti-viral agents (Aylward et al., 2005). Thus, in addition 
to the need for anti-virals against HRV and CV, there is also a need for anti-viral 
compounds against PV and FMDV.

The last 25 years have seen an enormous increase in our knowledge and under-
standing of the molecular biology and pathogenicity of many family members (see 
Semler and Wimmer, 2002) and a large number of substances have been shown to 
possess activity against picornaviruses and/or the proteins that they encode (reviewed 
in De Palma et al., 2008). Nevertheless, at present no anti-viral substances have been 
approved for clinical use against picornaviral infections.

This chapter begins by explaining the situations in which an anti-viral against a 
particular picornavirus would be advantageous, identifies the possible proteolytic 
activities against which anti-viral substances can be directed as well as reviewing 
past progress and future directions.

6.1.1 Poliovirus

PV is the subject of a WHO eradication program, initiated in 1988 and originally 
targeted for completion in 2000 (Robertson et al., 1990). However, the number of 
cases of wild-type PV reported worldwide in 2007 was 1,310; in the first 5 months 
of 2008, reports of 354 cases had been received (Anon, 2008). Several reasons for 
the lack of success in completely eradicating PV are apparent. There is the often 
low level of immunity induced by the trivalent oral vaccine, a failure to immunise 
all children, sometimes for religious reasons, and the emergence of recombinant, 
virulent strains of PV derived from the vaccine strains themselves (Andrianarivelo 
et al., 1999; Katz, 2006). Furthermore, wild-type strains of PV are still being 
detected in parts of Africa, even though cases of disease have not been reported 
(E. Wimmer, personal communication). Finally, certain immune-suppressed 
patients are capable of shedding PV for many years without showing symptoms 
(MacLennan et al., 2004; Yoneyama et al., 2001).

Several of the above problems indicate that both wild-type and  vaccine-derived 
PV strains will still be circulating when the WHO eventually  recommends the 
cessation of vaccination against PV. The non-vaccinated population, which would 
grow every year, would therefore be at risk for infection from any  circulating 
PV. To combat this eventuality, the WHO has made a series of recommenda-
tions (Aylward et al., 2005). One recommendation for treating  post-vaccination 
outbreaks of poliomyelitis is the use of an anti-PV agent (Aylward et al., 2005). 
The suitability and feasibility of anti-viral agents directed against PV was dis-
cussed at a meeting convened by the National Academy of Sciences (NAS) 
of the USA in November 2005. Subsequently, the NAS recommended that 
such anti-viral agents should be developed to treat post-vaccination outbreaks 
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and to treat immune-comprised patients suffering from persistent infections 
(N.R.C. Committee on Development of a Polio Antiviral and Its Potential Role 
in Global Poliomyelitis Eradication, 2006). Further arguments for the develop-
ment of anti-viral agents against poliovirus can be found in a recent review 
(Collett et al., 2008).

6.1.2 Coxsackievirus

Coxsackieviruses, like PV, also belong to the enterovirus genus of the picornavirus 
family. Coxsackie B viruses have long been recognised as one of the most signifi-
cant causes of dilated cardiomyopathy, a major contributor to fatal heart failure in 
the developed world (Baboonian et al., 1997). One pathway to cell damage  during 
infection is the cleavage of the structural protein dystrophin in myocytes by a 
virally encoded proteinase (Badorff et al., 1999). This loss of dystrophin also aids 
the production and release of virus particles (Badorff and Knowlton, 2004). The 
availability of anti-viral agents to prevent this damage during cardiac surgery and 
convalescence from heart disease would be of great benefit.

6.1.3 Human Rhinoviruses

Human rhinoviruses are the major causative agents of the common cold (Arruda 
et al., 1997). The replication of these viruses is usually confined to the upper 
 respiratory tract and the illness is usually mild and not dangerous. However, recent 
investigations have revealed connections to diseases of the lower respiratory 
tract such as pneumonia and influenza-like disease (Turner, 2007). Furthermore, 
 rhinovirus infections may aggravate the condition of asthma sufferers (Johnston 
et al., 1993). Two genetic groups of HRVs (HRV-A and HRV-B) have been recog-
nised for some time and found associated with disease (Savolainen et al., 2002). 
Recently, however, a new genotype of HRV, HRV-C, has been detected in patients 
suffering from influenza-like disease in which influenza virus could not be detected 
(McErlean et al., 2007). Viruses from this HRV-C genetic group have now been 
shown to be causes of hospitalisation in children across the globe (Lau et al., 2007; 
Renwick et al., 2007). Investigations into the properties of this newly discovered 
HRV genotype have not yet begun, as it has not been possible to propagate the 
viruses in cell culture. However, comparison of the available full length genomic 
sequences shows clearly that these viruses represent a new genetic group. Given the 
sheer numbers of HRV serotypes, control by vaccination is not an option. However, 
the availability of inhibitors to treat asthma patients and children hospitalised with 
respiratory disease brought about by HRV infections would be of significant value 
in the clinic. This topic has been recently reviewed by Patick (Patick, 2006).
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6.1.4 Foot-and-Mouth Disease Virus

Foot-and-mouth disease virus (FMDV), a veterinary pathogen of major economic 
importance, is still endemic in Africa, Asia and parts of South America (Thomson 
et al., 2003). The disease is controlled by vaccination and by bans on the move-
ment of infected animals as well as the export of products from infected animals 
(Grubman and Baxt, 2004). For endemic areas, an anti-viral would not be useful 
for the simple reasons of cost and the possibility of resistance. There are however 
two scenarios in which an anti-viral agent would be useful for the treatment or 
prevention of FMDV infections. These are in the treatment of outbreaks in areas 
which have been free of FMDV (e.g. in England in 2007) and in the treatment 
of persistent infections. Persistently infected animals are a problem in Africa, 
affecting buffaloes and impala (Thomson et al., 2003). The virus excreted by such 
animals can be transmitted to local farm stock and cause difficulty in the sale and 
movement of these animals. The availability of anti-viral agents against FMDV 
would make it possible to test whether persistently infected animals can be cured 
of the infection.

6.1.5 Hepatitis A virus

Since the 1990s, control of the single serotype HAV has been possible using 
an inactivated vaccine that induces a strong and protective antibody response. 
Nevertheless, in 2003, over 7,000 reported cases of HAV were reported in the USA 
alone, the majority being adults (Brundage and Fitzpatrick, 2006). There is thus 
still a need for the development of an anti-viral to shorten the period of illness, 
mitigate its symptoms and reduce the time of convalescence. An anti-viral would 
be of appreciable importance to those patients who suffer from relapses as well as 
the 1% of patients suffering liver failure and requiring a liver transplant (Brundage 
and Fitzpatrick, 2006).

6.1.6  Proteolytic Targets for Anti-viral Compounds 
in Picornaviruses

The above examples illustrate the need for further measures to control these 
members of the picornavirus family. In order to discuss the potential targets for 
anti-viral agents encoded by the picornaviruses, it is necessary to consider how 
the information present in the picornavirus genome is expressed. Picornaviruses 
possess a genome of positive polarity which is surrounded by a non-enveloped 
capsid comprising 60 copies of each of the four capsid proteins, VP1–VP4. The 
information in the genome is first expressed as a large polyprotein which is cleaved 
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into the mature viral proteins by virally encoded proteinases (Racaniello, 2007; 
Fig. 6.1). Hepatoviruses (HAV) encode just one proteinase whereas enteroviruses 
(PV and CV), rhinoviruses and aphthoviruses (FMDV) all encode two proteinases 
for processing. The 3C protease (3Cpro), a chymotrypsin-like cysteine proteinase 
responsible for the majority of cleavage events, is found in all picornaviruses. The 
second proteinase encoded by entero- and rhinoviruses, the 2A protease (2Apro), is 
also a cysteine proteinase with a chymotrypsin-like fold. In contrast, the second 
proteinase encoded by FMDV, the Leader protease (Lpro), is a papain-like cysteine 
proteinase (Skern et al., 2002). All three of these proteinases differ in many ways 
from the proteinases of the host and consequently represent drug targets. The 2A 
protein of FMDV has, in contrast, no proteolytic activity. Instead, the RNA sequence 
encoding the last three amino acids of the 2A interrupts the synthesis of the poly-
protein chain. This particular sequence on the RNA leads the ribosome to pause 
and release the structural precursor. However, a certain percentage of the ribosomes 
remain attached to the RNA and continue translation without changing the reading 
frame. This allows the non-structural part of the polyprotein to be  translated, but 
at reduced levels compared to the structural precursor. This mechanism is referred 
to as a ribosome skip (Atkins et al., 2007). A third target for anti-viral agents in all 
picornaviruses is, of course, the viral RNA polymerase (3Dpol), the enzyme replicat-
ing the viral RNA for which there is no cellular counterpart.

Over the years, most attention has focussed on the 3Cpro and 3Dpol enzymes 
because they are common to all picornaviruses and are involved in many steps of 
processing and replication. Indeed, a large body of information on the structures 

Fig. 6.1 Proteolytic processing in picornaviruses. Variations in primary cleavage events in four 
picornavirus genera. The polyproteins of the indicated viruses are shown schematically as open 
boxes. Primary cleavages are indicated. The different shadings of the 2A protein reflect differ-
ences in mechanism and size in this protein between the different genera. The proteolytic agent 
separating VP1 from 2A in HAV is believed to be an as yet unidentified host cell protease (Morace 
et al., 2008) (Adapted from Skern et al., 2002)
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and biochemistry of these enzymes is available (for 3Cpro see Table 6.1; for 3Dpol 
see Ferrer-Orta et al., 2007; Hansen et al., 1997; Lyle et al., 2002; Marcotte et al., 
2007). Furthermore, inhibitors to both enzymes have been developed (Dragovich 
et al., 1998a; Harki et al., 2006; Huitema et al., 2008) and at least one 3Cpro inhibitor 
(AG-7088, also known as rupintrivir) has been tested in the clinic (Hayden et al., 
2003; Witherell, 2000). The structures of picornaviral proteinases that have been 
determined are summarised in Table 6.1.

Experience with anti-viral agents against human immunodeficiency virus (HIV) 
has shown that it is important to have more than one target for anti-viral agents to 
combat the development of resistance in viruses with RNA genomes. Nevertheless, 
in contrast to the situation with 3Cpro and 3Dpol, interest in the 2Apro of entero- and 
rhinoviruses and the Lbpro of FMDV as drug targets has been limited. This lack 
of interest is based on the fact that both 2Apro and Lbpro perform just one single 
intramolecular cleavage on their respective polyprotein. Given the rapid kinetics 
of these reactions (Glaser et al., 2001; Glaser et al., 2003), the general consensus 
of opinion has been that it will be difficult to inhibit these reactions in the infected 
cell. However, recent work by Crowder and Kirkegaard (Crowder and Kirkegaard, 
2005) has suggested that the inhibition of 2Apro cleavage by anti-viral agents would 
actually be a very effective strategy to block replication of those picornaviruses 
encoding such an enzyme. Crowder and Kirkegaard showed that mutations in 
2Apro had a trans dominant effect on the replication of the wild-type virus. Thus, 
co-transfection of a wild-type PV RNA with a PV RNA containing a debilitating 
mutation in 2Apro led to a reduction in the replication of the wild-type virus. The 
simplest explanation of this result is that the mutant virus fails to free the 2Apro 
from the capsid protein precursor. This capsid precursor with the 2Apro extension 
can also be incorporated into the assembling wild-type capsid; however, the 2Apro 
extension prevents completion of the capsid and thus has a detrimental effect on 
the assembly and virus production of the wild-type. This phenomenon has two 
implications for the targeting of the 2Apro. First, it is not necessary for the 2Apro to 

Table 6.1 Overview of known structures of picornaviral proteases

Protease Virus Method Resolution PDB-entry Reference

3Cpro HRV2 X-Ray 1.85Å 1CQQ Matthews et al. (1999)
HRV14 X-Ray 2.30Å Not available Matthews et al. (1994)
HRV14 NMR 2IN2 Bjorndahl et al. (2007)
PV1 X-Ray 2.10Å 1L1N Mosimann et al. (1997)
HAV X-Ray 2.00Å 1HAV Bergmann et al. (1997)
FMDV X-Ray 1.90Å 2BHG Birtley et al. (2005)
CVB3 X-Ray 2.40Å 2VB0 Anand et al., unpublished

3CDpro PV X-Ray 3.00Å 2IJD Marcotte et al. (2007)
2Apro HRV2 X-Ray 1.95Å 2HRV Petersen et al. (1999)

CVB4 NMR 1Z8R Baxter et al. (2006)
Lpro FMDV X-Ray 3.00Å 1QOL Guarné et al. (1998)

FMDV NMR 2JQF Cencic et al. (2007)
sLpro FMDV NMR 2JQG Cencic et al. (2007)
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be inhibited completely. A few incorrect capsid precursors will be able to interfere 
with a large number of correctly processed ones. Second, it will be theoretically 
more difficult for the virus to develop resistance to the inhibitor because the pres-
ence of sensitive viruses will upset the replication of any resistant mutants which 
may arise (Crowder and Kirkegaard, 2005; Semler, 2005).

A similar situation can be imagined in FMDV with mutants that prevent 
 processing by the Lbpro. As mentioned above, Lbpro also just carries out one intramo-
lecular cleavage on the viral protein; unlike 2Apro, this cleavage is between its own 
C-terminus and the N-terminus of the capsid protein precursor (Fig. 6.1). This will 
eventually lead to the generation of an N-terminal extension of VP4. Incorporation 
of such molecules into the capsid can be expected to have a detrimental effect on 
viral infectivity similar to that found with the 2Apro extension of VP1 in PV.

In order to make use of the observation of Crowder and Kirkegaard (Crowder 
and Kirkegaard, 2005), a thorough knowledge of the molecular mechanisms of the 
2Apro and Lbpro is required. Over the years, a substantial amount of biochemical and 
structural information on these enzymes has been generated (Table 6.1; reviewed 
in Skern et al., 2002; Baxter et al., 2006; Cencic et al., 2007). However, much 
knowledge of fundamental importance, such as how 2Apro specificity is defined 
and whether there is a difference between the intra- and intermolecular cleavage 
 reactions, remains outstanding.

6.2 Picornaviral 3C Proteinases

The first investigations of the protein processing cascade in picornaviruses used 
inhibitor profiling to identify 3Cpro as a member of the cysteine protease  family 
(Gorbalenya and Svitkin, 1983; Pelham, 1978). Subsequently, comparison of protein 
sequences and protein modelling revealed that the 3Cpro, although cysteine proteases, 
possess a similar fold to that of chymotrypsin (Argos, 1984; Bazan and Fletterick, 
1988; Gorbalenya et al., 1989). The catalytic triad of the 3Cpro was, however, predicted 
to comprise the residues cysteine, histidine and glutamate (Gorbalenya et al., 1989). 
The first structures of the 3Cpro of HAV (Allaire et al., 1994) and HRV14 (Matthews 
et al., 1994) confirmed these predictions of a chymotrypsin fold. Furthermore, the 
catalytic triad of the HRV14 3Cpro did indeed have glutamate as the third residue of 
the active site. The situation in the HAV enzyme was however less clear. Initially, 
James and co-workers favoured the hypothesis that residue tyrosine 143 oriented the 
active site histidine residue (Allaire et al., 1994; Bergmann et al., 1997). However, 
in later work using an alternative crystal form, the active site had rearranged to 
allow aspartate 84 to orient the histidine, as seen in the canonical chymotrypsin-like 
enzymes (Yin et al., 2005). Subsequent structures of 3Cpro from other genera revealed 
that the third member of the catalytic triad was glutamate in PV 3Cpro and aspartate 
in the FMDV enzyme (Birtley et al., 2005; Mosimann et al., 1997).

The 3Cpro are the workhorses of the picornaviral processing reaction. Starting at 
the 2C/3A junction, they cleave to generate all the mature proteins shown in Fig. 6.1, 



108 D. Neubauer et al.

except at the site between VP4 and VP2 and at the sites mentioned above for which 
the L and 2A proteinases are responsible. The VP4/VP2 cleavage takes place during 
maturation of the viral capsid by an as yet unidentified proteolytic activity.

The sequences at which the 3Cpro cleave vary between the genera. The most 
 specific enzymes are the PV and HRV 3Cpro, requiring a small residue at P4, 
glutamine at P1 and glycine at P1′. The HRV 3Cpro in particular also shows a strong 
preference for proline and other hydrophobic residues at the P2′ position (Duechler 
et al., 1987; Skern et al., 2002). In contrast, the HAV 3Cpro has a preference for a 
bulky, hydrophobic residue at P4, a small aliphatic residue at P2 and glutamine or 
glutamate at P1. The HAV 3Cpro has little or no specificity at the P′ side (Bergmann 
et al., 1997). Like the HAV enzyme, the FMDV 3Cpro can also accept glutamine 
or glutamate at P1 and prefers a bulky residue at P4. The P2 residue is frequently 
lysine or threonine. At the P1′ position, the enzyme can accept glycine, serine and a 
variety of large hydrophobic residues (Birtley et al., 2005). The structural basis for 
these cleavage  requirements are briefly explained for the individual enzymes in the 
sections below.

In addition to the processing on the viral polyprotein, picornaviral 3Cpro have 
been shown to cleave host cell proteins during viral replication; many of these 
cleavages modulate transcription and translation in the infected cell (reviewed in 
Lloyd, 2006). However, at present, no common cellular target for all picornaviral 
3Cpro has been identified. For this reason, the cellular targets of 3Cpro are mentioned 
in the specific sections below devoted to the 3Cpro of the different genera.

In addition to all these proteolytic activities, all the picornaviral 3Cpro also pos-
sess an RNA binding site, located on the opposite face of the molecule to that 
responsible for proteolysis (Allaire et al., 1994; Matthews et al., 1994; Skern et al., 
2002). Specifically, the RNA binding site comprises parts of the N- and C-terminal 
helices as well as the part of the polypeptide chain that links the N- and C-domains. 
In entero- and rhinoviruses, this RNA binding site of 3Cpro or its precursor 3CD has 
been shown to bind to the clover-leaf structure at the 5′ end of the viral RNA to set 
up the replication complex on the genomic RNA (Andino et al., 1990; Zell et al., 
2002). As this RNA binding sequence is extremely well conserved throughout the 
picornaviruses (Skern et al., 2002; Yin et al., 2005), a substance that interferes with 
the RNA binding site of one picornaviral 3Cpro may interfere with several other 
viruses across the different genera.

Comprehensive lists and descriptions of all 3Cpro inhibitors developed in the 
recent years have been compiled by Lall (Lall et al., 2004) and De Palma (De Palma 
et al., 2008).

6.2.1 Poliovirus 3Cpro

The PV 3Cpro is the most specific of its class, cleaving solely at glutamine-glycine 
amino acid pairs. The structure of this 3Cpro, determined by Mosimann et al. 
(Mosimann et al., 1997), revealed that glycine at the P1′ was required to turn the 
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polypeptide chain of the substrate away from the β-strand bI1 that effectively 
prevents the acceptance of any amino acid with a side-chain at the P1′ posi-
tion. The specificity for the glutamine at P1 appears to be due to the presence 
of the uncharged residue histidine 161 that lies at the bottom of the P1 pocket. 
Importantly, histidine 161 is maintained in an uncharged state by hydrogen bonding 
of the hydroxyl group of tyrosine 138 with the nitrogen atom in the imidazole ring 
(Mosimann et al., 1997).

The specificity of PV 3Cpro whilst still bound to the 3Dpol protein is different from 
that of the mature 3Cpro. Ympa-Wong et al. (Ypma-Wong et al., 1988) have shown 
that the 3CD protein is the form of 3Cpro responsible for cleaving the cleavages sites 
between capsid proteins VP2 and VP3 and between VP3 and VP1. However, the 
molecular and structural basis for this observation is not known. Even the recent 
determination of the structure of the 3CD precursor (Marcotte et al., 2007) failed 
to shed light on this issue.

Poliovirus 3Cpro has been reported to cleave a large variety of cellular proteins 
involved in transcription (Skern et al., 2002), translation (Lloyd, 2006; Perera et al., 
2007; de Breyne, 2008), the ultrastructure of the cell (Joachims et al., 1995) and 
inflammation (Neznanov et al., 2005).

Sarkany and Polgar (Sarkany and Polgar, 2003) have examined in detail the 
catalytic mechanism of PV 3Cpro and note several unusual aspects whilst Gouvea 
and colleagues noted an unexpected behaviour of the enzyme towards chaotropic 
salts (Gouvea et al., 2006).

Given the need for a PV anti-viral outlined above, it is suprising that there are 
very few reports documenting specific inhibitors of PV 3Cpro, in contrast to the 
 situation with HRV (De Palma et al., 2008) and HAV (Lall et al., 2004).

6.2.2 Rhinovirus 3Cpro

The groups of Matthews and Patick have made an extensive study of HRV 3Cpro and 
have developed many compounds active against these enzymes (Dragovich et al., 
1998b; Hayden et al., 2003; Matthews et al., 1999; Matthews et al., 1994). One of 
the most effective compounds was AG7088 (later known as rupintrivir) (Matthews 
et al., 1999), a potent inhibitor of all HRV serotypes tested as well as some other 
related human enteroviruses (Binford et al., 2005). This compound showed promise 
in a phase II trial in the clinic (Hayden et al., 2003); however, in a further trial, the 
compound failed to diminish both viral load and disease severity and was thus not 
developed further (Patick, 2006; Patick et al., 2005).

The development of rupintrivir (shown bound to HRV2 3Cpro in Fig. 6.2a) clearly 
illustrates that it is possible to develop a single inhibitor that is capable of inhibiting 
the replication of most rhinovirus serotypes (Binford et al., 2005). Such a property 
is not immediately obvious as the identity between serotypes can be as low as 50% 
(Duechler et al., 1987; Skern et al., 1985). However, analysis shows that many of 
the 3Cpro residues involved in binding rupintrivir are conserved in HRVs and human 
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enteroviruses, including PV (Binford et al., 2005). Interestingly, rupintrivir has 
been shown to be very effective against PV in cell culture (De Palma, communica-
tion at the XIV Meeting of the European Study Group on the Molecular Biology 
of Picornaviruses, Finland, Nov. 2006). In addition, Fig. 6.2a shows that rupintrivir 
makes contacts to both the N-terminal and C-terminal domains. Figure 6.2b shows 
that most of the residues at this domain interface are indeed conserved. As men-
tioned below, this is not the case for the domain interfaces of HRV 2Apro.

What is the basis for the potency of rupintrivir? The electron acceptor of rupin-
trivir is a Michael group which forms a stable covalent adduct with the SH group 
of the active site nucleophile cysteine 147 of the 3Cpro. In Fig. 6.2a, the cysteine 
147 side-chain is covalently attached to the inhibitor. The specificity of rupintrivir 

Fig. 6.2 The structure of 
HRV2 3Cpro (PDB 1CQQ) 
bound to the inhibitor 
rupintrivir and amino acid 
sequence conservation at the 
domain-interface. (a) Crystal 
structure of the HRV2 3Cpro 
covalently bound to the inhibi-
tor rupintrivir. The protein is 
shown as a cartoon in blue 
with its catalytic triad shown 
as orange sticks. The inhibitor 
is depicted as a stick model, 
with carbon atoms in green, 
oxygen atoms in red, sulphur 
atoms in yellow, and nitrogen 
atoms in blue. The groups of 
the inhibitor mimicking the 
P4, P2 and P1 sites are labeled 
(generated with PyMOL 
DeLano, 2002). (b) Amino 
acid sequence alignment of 
HRV2 and HRV14 3Cpro. 
Residues lining the interface 
between the N- and C-terminal 
domain are colored red and 
green respectively. Conserved 
residues are shown in reverse 
video (generated with JalView 
Clamp et al., 2004)
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derives from the moieties occupying the P1, P2 and P4 positions. At P1, a lactam 
ring (actually a cyclised analogue of glutamine) is present that makes favourable 
contacts with the residues of the P1 pocket (Fig. 6.2a) and may also stablise the free 
inhibitor in a conformation close to that found in the bound inhibitor (Matthews 
et al., 1999). The P2 residue of the inhibitor is a fluoro-phenyl moiety that mimics 
the large, bulky residue that is preferred by HRV 3Cpro. Finally, the P4 moiety of the 
inhibitor is an iso-oxazole derivative that is well accepted by the small P4 pocket of 
these enzymes (Matthews et al., 1999). The position of each of the three moieties 
can be clearly seen in Fig. 6.2a.

Like PV 3Cpro, HRV14 3Cpro has been shown to cleave the p65-RelA subunit of 
NF-kappaB during replication (Neznanov et al., 2005).

6.2.3 Coxsackievirus 3Cpro

In contrast to the other 3Cpro, the first structural work on CV 3Cpro was to investigate 
its interaction with a synthetic RNA representing one of the stem-loops from the 
clover-leaf at the 5′ end of the viral RNA (Ohlenschlager et al., 2004; Zell et al., 
2002). Interestingly, these observations show that the 3Cpro binds to a specific struc-
ture rather than a particular sequence of nucleotides. This suggests that inhibitors 
of CV 3Cpro binding may also inhibit the RNA binding of 3Cpro across the genera. 
Very recently, the structure of the CV 3Cpro itself was determined by Anand and 
co-workers using X-ray crystallography and the co-ordinates deposited in the data-
base (see Table 6.1). This structure should aid in developing specific inhibitors for 
the CV 3Cpro and in understanding the interactions between the protein and the 5′ 
RNA clover-leaf.

Lee et al. have used rupintrivir as a lead compound to develop compounds effec-
tive against CVB2 3Cpro (Lee et al., 2007).

6.2.4 Hepatitis A virus 3Cpro

HAV 3Cpro differs strongly from the rhino- and enterovirus enzymes in that it pre-
fers large residues at P4, smaller ones at P2, can accept glutamine or glutamate at 
P1 and has no specificity at the P’ side. It can even accept such bulky residues as 
methionine or arginine at the P1′  position (Skern et al., 2002). Specificity at P4 
in HAV 3Cpro is achieved through a larger pocket than in PV 3Cpro; at P2, a small 
pocket is present for this residue that is absent in PV 3Cpro. The P1 pocket residue 
of HAV is, as in HRV and PV 3Cpro, an uncharged histidine residue, although the 
residues orienting this residue are not conserved (Skern et al., 2002). The differ-
ence at the P¢ side is explained by the greater distance of the β-strand bI1 from 
the active site in the HAV 3Cpro, removing the need for a glycine residue to turn the 
 polypeptide chain of the substrate from this structure (Bergmann et al., 1997).



112 D. Neubauer et al.

Several reports have described specific inhibitors for HAV 3Cpro (reviewed in 
Huitema et al., 2008; Lall et al., 2004; Yin et al., 2005). The enzyme has also been 
shown to cleave the host cell proteins poly(A) binding protein (PABP) and poly(C) 
binding protein II (Zhang et al., 2007a, b). Another unusual characteristic of this 
enzyme is that it has been reported to bind structures from the 5′ region of the viral 
RNA much more efficiently as a dimer than as a monomer (Peters et al., 2005).

6.2.5 Foot-and-Mouth Disease 3Cpro

The structure of the 3Cpro of FMDV is similar to those of other picornaviral 3Cpro, 
the major difference being the flexibility of a β-ribbon in the C-terminus of the 
molecule. This ribbon is capable of folding over the substrate binding site of the 
enzyme and providing residues involved in determining specificity. For example, 
the β-ribbon residue cysteine 142 appears to be involved in binding to the generally 
hydrophobic side chains of the P4 and P2 residues (Curry et al., 2007; Sweeney 
et al., 2007). The unusual ability of this enzyme to accept glutamate or glutamine 
equally at P1 remains unclear as the arrangement of the FMDV 3Cpro pocket accept-
ing the P1 residue does not differ greatly from those of 3Cpro that discriminate 
against glutamate (e.g. HRV2 3Cpro and PV 3Cpro) (Birtley et al., 2005).

The FMDV 3Cpro has been shown to cleave a number of cellular proteins, 
including histone 3C (Falk et al., 1990; Tesar and Marquardt, 1990), the translation 
factors eIF4A (Li et al., 2001a) and eIF4G (Belsham et al., 2000) and gamma-
tubulin (Armer et al., 2008).

6.3 Enteroviral and Rhinoviral 2A Proteinases

The first report that the 2A protein of PV contained a proteolytic activity cleaving 
between the C-terminus of VP1 and its own N-terminus was published by Toyoda 
et al. (Toyoda et al., 1986) in 1986. Subsequently, the same activity was demon-
strated for the 2A proteins of HRV and CV (Liebig et al., 1993; Sommergruber 
et al., 1989). Inhibitor profiling and protein modelling showed that the 2Apro, like 
the 3Cpro, are cysteine proteinases with a chymotrypsin-like fold. It seems likely 
that the 2Apro arose by a duplication of the 3Cpro on the evolutionary precursor of the 
entero- and rhinoviruses. Despite this close relationship, there are however several 
clear differences between the 2Apro and 3Cpro that preclude development of a single 
inhibitor for both proteinases. These differences concern the overall structures, the 
mechanisms and the specificity determinants. Thus, although the 2Apro are closely 
related to the smaller serine proteinases such as streptomyces G protease B (SGPB) 
and α-lytic proteinase (Bazan and Fletterick, 1988; Petersen et al., 1999), structural 
analysis of the HRV and CV 2Apro shows that their N-terminal domain lacks four 
β-strands present in the N-terminal domain of SGPB and 3Cpro. In contrast, the 
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2Apro contain a zinc ion in the C-terminal domain, using a structural motif that is 
unique amongst the chymotrypsin-like proteinases (Petersen et al., 1999). In terms 
of mechanism, all 2Apro use an aspartate residue as the third member of their active 
site triad; as mentioned above, glutamate or aspartate maintain this function in the 
3Cpro. Turning to specificity, the main specificity determinants for the 2Apro are at 
P4, P2, P1′ and P2′, with several residues being accepted at the P1 position (Skern 
et al., 2002). This is in clear contrast to the well-defined P1 specificities observed 
in the 3Cpro.

Rhino- and enteroviral 2Apro have also been shown to cleave host cell proteins. 
In contrast to 3Cpro, however, all 2Apro have one cellular target in common, namely 
the cellular translation molecule eukaryotic initiation factor (eIF) 4G (Morley et al., 
1997). This protein is present as two homologues, eIF4GI and eIF4GII (Gradi 
et al., 1998a). Cleavage of these homologues at a single site leads to the inability 
of the host cell to synthesise protein from its own capped mRNA. In contrast, viral 
RNA can still be translated from its internal ribosome entry site (IRES) and is 
even stimulated under these conditions (Ziegler et al., 1995). Individual 2Apro have 
also been shown to cleave a variety of other cellular proteins. Some of these are 
 discussed in the sections on the individual 2Apro below.

The available structures for rhino- and enteroviral 2Apro are listed in Table 6.1.

6.3.1 Poliovirus 2Apro

The PV 2Apro was purified to homogeneity from infected cells just 2 years after its 
identification as a protease (Koenig, 1988). Subsequently, the recombinant protein 
was purified by affinity chromatography using maltose-binding protein and hexa-
histidine tags (Ventoso et al., 1998; Yalamanchili et al., 1997). In spite of these suc-
cesses, it has not been possible to produce material of sufficient quantity and purity 
to allow structural work to proceed. This structure is perhaps the most important 
remaining target amongst the picornaviral proteases.

In contrast, much biochemical and molecular biological work has revealed a mul-
titude of proteins that are cleaved by PV 2Apro. In addition to the eIF4G homologues, 
these cellular targets of PV 2Apro include amongst others: the poly(A) binding protein 
PABP (Joachims et al., 1999), the TATA-binding protein (Yalamanchili et al., 1997), 
the catalytic subunit of the DNA-dependent protein kinase (Graham et al., 2004), 
proteins of the nuclear pore complex (Gustin and Sarnow, 2001; Park et al., 2008) 
and the protein gemin of the U snRNP assembly (Almstead and Sarnow, 2007).

The above list documents that the PV 2Apro plays a major role in tailoring the 
infected cell to the needs of the virus. In addition, over and above its role in proteo-
lytic processing, the PV 2Apro has been shown to be involved in regulating stability, 
replication and translation of the RNA (Jurgens et al., 2006; Li et al., 2001b). PV 
2Apro is therefore truly a multifunctional enzyme. Along with the trans-dominant 
effect of certain 2Apro mutations referred to above (Crowder and Kirkegaard, 2005), 
these properties make PV 2Apro an excellent target for anti-viral substances.
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6.3.2 Human Rhinovirus 2Apro

As mentioned above, the HRV genus contains over 100 antigenically distinct 
 serotypes that can be grouped into the genetic clusters A and B. Comparison of the 
2Apro sequences from members of the different groups reveals an identity of only 
40% (Sousa et al., 2006), about 10% less than between the 3Cpro of the different 
clusters (Argos, 1984). Nevertheless, for the 3Cpro, these differences did not prevent 
the development of an inhibitor such as rupintrivir that was capable of inhibiting 
the 3Cpro of both groups and of several enteroviruses (De Palma et al., 2008). For 
HRV 2Apro, however, several lines of evidence suggest that the differences between 
the genetic group A and B 2Apro will be sufficient to impede the development of a 
general inhibitor for HRV 2Apro. Indeed, over the years, we and others have made 
several observations that indicate differences in specificity and possibly also in 
mechanism between the 2Apro of various rhinovirus and enterovirus 2Apro. These 
observations are summarised below.

First, the specificities of the HRV2 and HRV14 2Apro, although not fully under-
stood, appear to be different. Table 6.2 shows that the self-processing cleavage sites 
for the two enzymes clearly have only a few residues in common. Table 6.2 also 
shows the cleavage sites of HRV2 2Apro on the eIF4G homologues; it is believed 
that HRV14 2Apro cleaves the eIF4G homologues at these sites but it has not yet 
been demonstrated to do so. We have investigated this question by replacing the 
self-processing cleavage site of both HRV2 2Apro and HRV14 2Apro with that of 
the eIF4GI sequence shown in Table 6.2. The 2Apro of HRV2 cleaved the eIF4GI 
site with the same efficiency as the wild-type sequence. In contrast, the eIF4GI 
cleavage site was refractory to HRV14 2Apro cleavage (Sousa et al., 2006). Using 
site-directed mutagenesis, we determined that lack of cleavage by the HRV14 
enzyme was due to the presence of arginine at the P1 site in the self-processing 
reaction. HRV14 2Apro could not accept this residue whereas the HRV2 enzyme 
could (Sousa et al., 2006). This suggests that the substrate binding pockets for the 
P1 residue on these two 2Apro differ considerably.

To examine this question more carefully, we examined the residues proposed to 
be involved in binding the P1 in HRV2 2Apro, the only 2Apro for which a high-resolu-
tion structure is available. In HRV2 2Apro, the residue at the bottom of the P1 pocket 
appears to be Cys101 (Petersen et al., 1999); the corresponding residue in HRV14 
would be A104. Substitution of A104 with cysteine did not, however, confer the 

Table 6.2 Known cleavage sites of HRV2 and HRV14 2Apro. The arrow indicates the cleavable 
bond. The cleavage sites on the eIF4G homologues have only been determined for HRV2 2Apro 
(Gradi et al., 2003; Skern et al., 2002)

Substrate P5 P4 P3 P2 P1 ↓ P1′ P2′ P3′ P4′
HRV2 (VP1–2Apro) Ile Ile Thr Thr Ala Gly Pro Ser Asp
HRV14 (VP1–2Apro) Asp Ile Lys Ser Tyr Gly Leu Gly Pro
eIF4G I Thr Leu Ser Thr Arg Gly Pro Pro Arg
eIF4G II Pro Leu Leu Asn Val Gly Ser Arg Arg
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ability to recognise arginine at P1 by the HRV14 2Apro (Sousa et al., 2006). These 
results show that substrate recognition differs between enzymes of the two genetic 
groups and indicate that we do not at present know exactly which 2Apro residues are 
involved in recognising the P1 residue. Insight into this question will require the 
determination of one or more structures of a 2Apro from the genetic group B as well 
as a structure of a 2Apro bound to an inhibitor or to a substrate analogue.

Another clear difference between HRV2 and HRV14 2Apro is their  behaviour toward 
the inhibitor zVAM.fmk (benzyloxycarbonyl-Val-Ala-Met- fluoromethylketone). This 
inhibitor was developed after the observation by Deszcz et al. (Deszcz et al., 2004) 
that benzyloxycarbonyl-Val-Ala-Asp (OMe)-fluoromethylketone (zVAD.fmk) 
could inhibit replication of HRV2 by inhibiting the activity of the HRV2 2Apro. 
zVAD.fmk was originally designed as a caspase inhibitor and is synthesised in an 
uncharged form to allow passage of the inhibitor through the cell membrane. Inside 
the cell, the methyl group on the aspartic acid residue is removed and the compound 
is able to inactivate caspases. Deszcz et al. (Deszcz et al., 2004) determined that 
the uncharged form of the inhibitor was responsible for the inhibition of the 2Apro. 
This agreed with previous data that had indicated that HRV2 2Apro can accept basic
and hydrophobic residues at P1 but not acidic residues (Skern et al., 1991). 
Deszcz and colleagues (Deszcz et al., 2006) made use of this property to synthe-
sise zVAM.fmk. This substance should inhibit HRV2 2Apro through the hydro-
phobic methionine residue but cannot be activated to an inhibitor of caspases. In 
cell culture experiments, zVAM.fmk could inhibit the replication not only of the 
genetic group A viruses HRV2 and HRV16, but also of the genetic group B virus 
HRV14 (Deszcz et al., 2006). This suggested a common mechanism of inhibi-
tion. However, further analysis showed that the HRV14 2Apro is inhibited in both 
intra- and intermolecular cleavage by zVAM.fmk whereas the HRV2 2Apro is only 
inhibited in intermolecular cleavage (Deszcz et al., 2006) (Sousa, C. and Skern, T., 
2007, unpublished). Although these experiments indicate differences in HRV 2Apro, 
they do suggest that it may be possible to find inhibitors that inactivate a spectrum 
of 2Apro, even if the mechanism of inhibition differs. Second, these experiments 
clearly show that it is possible to design inhibitors that are specific for the 2Apro but 
do not possess anti-caspase activity.

Another approach to finding compounds that inactivate the replication of a 
broad spectrum of HRVs would be to target genetic group A and B HRV separately. 
The above results suggest that a derivative of zVAM.fmk in which the methionine 
at the P1 position is replaced with arginine (zVAR.fmk, benzyloxycarbonyl-Val-
 Ala-Arg-fluoromethylketone) will inhibit the replication of genetic A group viruses 
but not genetic B group viruses. If this is true, it may be possible to specifically 
target genetic group B HRV in the same way.

A third example of differences between the genetic group A and B HRV is 
the difference in the onset of cleavage of eIF4GI and eIF4GII observed in cell 
culture (Gradi et al., 1998b; Seipelt et al., 2000; Svitkin et al., 1999). HRV2 
2Apro has been shown to cleave the two homologues at about the same time dur-
ing replication whereas the HRV14 2Apro clearly cleaves eIF4GI before eIF4GII. 
Neither the biological relevance nor the basis of this difference is understood, 
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although the difference could be a reflection of the above-mentioned differences 
in substrate specificity and inhibitor sensitivity.

The above examples document three phenotypic differences between the HRV2 
and HRV14 2Apro. We hypothesised that phenotypic differences might be deter-
mined by the property of one of the two domains of the 2Apro. In an attempt to 
investigate this further, we constructed a hybrid 2Apro containing the N-terminal 
domain of HRV14 and the C-terminal domain of HRV2. To achieve this, we noticed 
that an MfeI restriction site could be introduced into the coding region of both 
enzymes at two of the four residues that form the zinc binding site. These two resi-
dues, asparagine 56 and cysteine 57 in HRV14 and asparagine 53 and cysteine 54 
in HRV2 2Apro, lie at the C-terminal end of the polypeptide linking the two domains 
(Fig. 6.3). Using the MfeI and BamHI sites, we introduced the C-terminal domain 
of HRV2 2Apro (Fig. 6.3a, dark blue) into the HRV14 2Apro (Fig. 6.3a, grey). Figure 
6.3b shows the domain arrangement using the same colour scheme, based on the 
structure of HRV2 2Apro.

We then tested the ability of this hybrid 2Apro to carry out the self-processing 
reaction at the C-terminus of VP1 and its own N-terminus when either the HRV14 
2Apro or the HRV2 2Apro cleavage site was present (Fig. 6.4). RNAs were transcribed 
in vitro and translated in RRLs. Figure 6.4 shows that the HRV14/2 2Apro hybrid 
was unable to cleave either of the substrates. Even after 300 min of incubation, the 
only product produced was the uncleaved VP1-2Apro running at 50 kDa; cleavage 
products running at 35 kDa (VP1) and 17 kDa (2Apro) were absent (Fig. 6.4).

Fig. 6.3 Construction of an HRV14/2 hybrid 2Apro. (a) MfeI sites were introduced into the 
 plasmids coding for either HRV2 or HRV14 VP1–2Apro to enable exchange of restriction enzyme 
fragments encompassing an intact N- or C-terminal domain. An MfeI and BamHI fragment of 
HRV2 2Apro was used to replace the C-terminal domain of HRV14 2Apro and create a hybrid con-
taining HRV14 VP1, the N-terminal 2Apro domain of HRV14 and the C-terminal 2Apro domain of 
HRV2. The sequence at the changeover is given. (b) The structure of HRV2 2Apro (2HRV) is 
coloured according to its N-terminal and C-terminal domain. In the hybrid 2Apro, the grey 
N-terminal domain will be exchanged by the respective HRV14 2Apro domain. The catalytic triad 
(numbered according to HRV2 2Apro) is coloured in yellow (His18 and Asp35) and red (Cys106) 
(generated with PyMOL DeLano, 2002)
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The hybrid 2Apro is clearly inactive. What might the reasons for this be? To 
answer this question, we examined the nature of the residues that comprise the 
substrate binding region at the interface of the N- and C-terminal domains in HRV2 
and HRV14 2Apro. Figure 6.5 shows that only 6 of the 20 residues lining the inter-
face of the N- and C-terminal domains are identical in the 2Apro of the two genetic 
groups. Furthermore, three of these are involved in generating the active site 
triad. In contrast, this is not the case for the picornaviral 3Cpro; in this enzyme, the 
opposite is true and most of the residues lining the domain interface are conserved 
(Fig. 6.2). These differences in 2Apro between the genetic groups appear from the 
experiment in Fig. 6.4 to affect substrate specificity and will have to be born in 
mind when designing inhibitors that should possess a broad spectrum of activity 

Fig. 6.4 Self-processing of HRV14/2 2Apro hybrid  proteinase on the HRV14 (a) and HRV2 
(b) cleavage site. The amino acids in the cleavage sites are shown above the gels. Differences 
between the sites are underlined in the HRV2 sequence (b). Rabbit reticulocyte lysate was 
 programmed in the presence of 35S methionine with in vitro transcribed RNA coding for HRV14/2 
VP1–2Apro (10 ng/μl) and incubated at 30°C. Negative controls were prepared by adding water 
instead of RNA. 10 μl aliquots were taken at the given time points and put on an icecold mix of 
25 μl 2x Laemmli  sample buffer, 15 μl H

2
O and 1 μl unlabeled methionine/cysteine (20 mM). Viral 

proteins were then separated by SDS-PAGE on 17.5% gels and visualized by fluorography. 
Protein standards (M) in kDa are given on the left
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against HRV 2Apro. Furthermore, this observation again underlines the need for the 
determination of the structure of a 2Apro from a genetic group B virus.

The section on the PV 3Cpro outlined the differences in structure and function 
between the 3Cpro and its precursor 3CD. For entero- and rhinoviral 2Apro, there is 
the similar possibility that the adjacent protein on the polyprotein, 2B, can  influence 
the properties of the 2Apro. We have observed such an effect on the processing by 
2Apro in RRLs. Figure 6.6 shows that the presence of a single mutation, the sub-
stitution of isoleucine for asparagine at residue 94, four amino acids from the 
C-terminus of 2B, is capable of completely abrogating the activity of HRV14 2Apro. 
Cleavage by wild-type 2Apro-2B takes place over a period of 60–180 min, with the 
cleavage products VP1 (40 kDa) and 2Apro-2B (28 kDa) being visible even after 
20 min (Fig. 6.6a). In contrast, only the uncleaved precursor is visible in the I94N 

Fig. 6.5 Residues situated at the interface between the N-terminal and C-terminal domain of 
HRV2 2Apro. (a) The 2Apro molecule is shown as a grey ribbon at half-transparency to allow all 
domain interface residues to be visualised. Residues at the domain interface are shown as sticks. 
(b) Alignment of HRV2 and HRV14 2Apro sequences. N-terminal domain residues at the domain 
interface are coloured red, C-terminal domain residues at the domain interface are in green. Reverse 
video in the labels and the alignment indicates conserved residues between HRV2 and HRV14 
2Apro. (structure generated with PyMOL DeLano, 2002) and JalView (Clamp et al., 2004)
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mutant (Fig. 6.6b). It will be of interest to investigate whether the differences in 
the inhibition profiles seen with zVAM.fmk on HRV replication may derive from 
differences in the properties of the 2AB precursor.

6.3.3 Coxsackievirus 2Apro

One of the missing pieces in our understanding of the 2Apro is the mechanism of 
self-processing. We attempted to gain information on this subject by using NMR 
to investigate the structure of inactive CVB4 2Apro containing 8 amino acids of 
VP1 at the N-terminus. The enzyme was inactivated to prevent loss of the eight 
amino acids of VP1 by substituting the active site residue Cys110 with alanine. 
CVB4 2Apro was used because we were unable to obtain soluble protein with the 
analogous HRV2 protein. We were able to assign 13C and 15N signals for most of 
the CVB4 2Apro (Baxter et al., 2006). Unfortunately, however, NMR signals could 
not be assigned for the last C-terminal eight amino acids of VP1 and first eight 
N-terminal amino acids of the 2Apro. The reason for this inability was determined by 
performing studies on the conformational dynamics of the CVB4 2Apro. 15N NMR 
relaxation measurements clearly indicated that the N-terminus of the enzyme and 

Fig. 6.6 Effect of a mutation 
at the C-terminus of 2B on the 
self-processing of HRV14 
2Apro on the VP1–2Apro-2B 
polyprotein. Rabbit  reticulocyte 
lysate was programmed with 
in vitro transcribed RNA 
 coding for HRV14 VP1–
2Apro-2B wild-type (a) and 
I94N (b). The experiment was 
performed as described in the 
legend to Fig. 6.4
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its VP1 extension were slowly and reversibly moving in and out of the active site, 
resulting in a broadening of these signals beyond detection (Baxter et al., 2006).

Structural information on the mechanism of self-processing by 2Apro will be 
vital for the development of substances active against CV. We are continuing to 
investigate this question using X-ray crystallography on CV 2Apro bearing a range 
of different VP1 extensions.

As mentioned above, the CV 2Apro cleaves the myospecific protein dystrophin 
during infection (Badorff et al., 1999). This cleavage has been detected in a 
biopsy from a patient with dilated cardiomyopathy (Badorff and Knowlton, 2004). 
Encouragingly, this cleavage could be inhibited in vitro by a substance correspond-
ing to the CV 2Apro cleavage site on dystrophin (benzyloxycarbonyl-LeuSerThr-
Thr–fluoromethylketone) (Badorff et al., 2000). However, the potential of this and 
related compounds has not yet been followed up.

6.4 Aphthoviral L Protease

6.4.1 Foot-and-Mouth Disease Virus L Protease

The Leader protease (Lpro) of FMDV was demonstrated to be able to free itself 
from the growing polypeptide chain by cleavage at its own C-terminus and the 
N-terminus of VP4 by Beck and Strebel (Strebel and Beck, 1986). Subsequently, 
Gorbalenya et al. (Gorbalenya et al., 1991) proposed that Lpro was a papain-like 
cysteine protease. This proposal was further supported by the ability of E64, a clas-
sical inhibitor of papain-like proteases, to inhibit Lpro (Kleina and Grubman, 1992) 
and modelling of the Lpro based on structural comparisons with those of papain 
and papain-like cathepsins (Skern et al., 1998). The determination of the three-
dimensional structure of Lpro in 1998 (Guarné et al., 1998) confirmed these findings, 
revealing that Lpro has indeed a classical, if somewhat reduced, papain-like fold. In 
contrast to papain, however, Lpro has no pre-pro domain at the N-terminus; instead, 
it possesses a C-terminal extension (CTE) of 18 amino acids protruding from the 
globular domain of the enzyme. The CTE is thought to be flexible enough to reach 
back into the active site of the enzyme to allow intramolecular self-processing at the 
junction of the C-terminus with VP4. In the crystal structure, however, the CTE of 
one molecule was found in the active site of the adjacent one and vice-versa, thus 
presenting a picture of an intermolecular cleavage in the form of a homodimer.

Like the 2Apro of rhino- and enteroviruses, Lpro also cleaves the eIF4G homo-
logues, again inhibiting the translation of the host cell mRNA (Devaney et al., 1988; 
Gradi et al., 2004). However, attempts to find other targets for this enzyme in the
infected cell have not been fruitful (Foeger, N., Hampoelz, B. and Skern, T., 2003, 
unpublished). Recent work has demonstrated that a portion of the Lpro in the infected 
cell trans locates to the nucleus (de Los Santos et al., 2006). This raises the intriguing 
possibility that Lpro may have targets in this cellular compartment.
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The inhibition of Lpro processing and FMDV replication shows that Lpro is a suitable 
target for anti-viral therapy (Kleina and Grubman, 1992). In addition, a recombinant 
FMDV lacking the Lpro sequence did not spread in an infected animal and appeared 
to be extremely sensitive to the interferon response, probably as a direct result of the 
absence of eIF4G cleavage (de Los Santos et al., 2006). E64, although well-tolerated 
by animals, is nevertheless a general inhibitor of many papain-like cysteine protein-
ases. It is therefore necessary to develop inhibitors that are more specific for Lpro.

Attempts to generate specific peptido-mimetic inhibitors of Lpro have however 
been hampered by the inability to define a consensus sequence for Lpro cleavage. 
Table 6.3 shows the cleavage sequences of the three known in vivo substrates of 
Lpro. At first glance, the sequences appear quite disparate and, on reflection,  intensify 
the interest in the question why Lpro does not appear to cleave more  proteins in the 
infected cell. However, close examination reveals that the cleavage sites imply spe-
cificity at P2 for leucine or valine and a requirement for a basic amino acid at P1, 
P1′ or P2′. If a basic residue is not present at one of these positions, then a small res-
idue such as glycine or serine at P1 or P1′ or alanine or threonine at P2′ is required. 
Mutational analysis confirmed this interpretation, showing that Lpro accepted poorly 
substrates containing phenylalanine at P2 and did not cleave well on substrates lack-
ing basic residues at P1, P1′ and P2′ (Glaser et al., 2001). These specificity deter-
minants of Lpro are extremely unusual. It is indeed quite exceptional that a protease 
is able to cleave before as well as after a basic residue. This unusual property may 
however be advantageous in efforts to develop specific inhibitors of Lpro.

As with 2Apro, little is known about the mechanism of self-processing in Lpro. To 
investigate this question, we again turned to NMR, believing that this method could 
show how the CTE moves in and out of the active site. We also felt that measuring 
the structure of Lpro in solution would prevent the formation of the dimer observed 
in the crystal. We were therefore very surprised when the full-length Lpro behaved 
in solution as it did in the crystal structure by forming a homo-dimer (Cencic et al., 
2007). Again, the dimer was formed by the insertion of the CTE of one molecule 
into the active site of the second molecule and vice versa and appeared to be further 
stabilised by residues at the interface of the two globular domains.

We confirmed that the C-terminus of the Lpro was responsible for the formation 
of the dimer by analysing the NMR signals of a variant of Lpro (termed sLpro) lacking 
six amino acids at the C-terminus. sLpro behaved as a monomer in solution, with the 
truncated 12 amino acid long CTE indeed showing a great degree of flexibility.

To examine the strength of dimerisation, we first added sodium chloride to 
the NMR sample; however, the dimer remained stable up to 2M sodium chloride, 
indicating that the Lpro dimer is a very stable one. To investigate the strength of the 

Table 6.3 Known cleavage sites of Lpro. The arrow indicates the cleavable bond (Gradi et al., 
2004; Skern et al., 2002)

Substrate P5 P4 P3 P2 P1 ↓ P1′ P2′ P3′ P4′
Polyprotein (Lpro–VP4) Gln Arg Lys Leu Lys Gly Ala Gly Gln
eIF4G I Phe Ala Asn Leu Gly Arg Thr Thr Leu
eIF4GII Leu Leu Asn Val Gly Ser Arg Arg Ser
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dimer further, we then turned to size exclusion chromatography, as this approach 
requires much lower amounts of protein than NMR. With this method, we were 
able to estimate an upper limit of 500 nM for the K

D
 of Lpro dimer dissociation. 

This value suggests that Lpro may be present as a dimer even at the low concentra-
tions of Lpro found in the infected cell and thus be relevant for biological activity. 
This observation represents an interesting avenue of future research.

In a further attempt to examine the self-processing reaction, we decided to 
examine the properties of a mutant of Lpro in which residue leucine 200 (i.e. the last 
but one residue at the C-terminus corresponding to the P2 position of the substrate) 
had been replaced by phenylalanine. We had previously shown that this mutant was 
severely impaired in self-processing (Kuehnel et al., 2004; Mayer et al., 2008) and 
believed that the presence of the phenylalanine would impair or even completely 
eliminate dimer formation. This would allow us to examine the properties of a 
monomeric form of Lpro that contains a full-length CTE that could still be expected 
to move in and out of the active site, affecting the NMR signals of atoms in this 
area and providing information on self-processing.

To this end, we expressed and purified the L200F mutant of Lpro as described 
(Kirchweger et al., 1994) and examined its behaviour on size exclusion chromatog-
raphy. Figure. 6.7 shows that this protein indeed behaves as a monomer, eluting at 
about 68 ml, the same position as sLpro. In contrast, the wild-type Lpro elutes at about 
58 ml, corresponding to the dimeric form. We are now investigating the behaviour 
of the CTE of the L200F mutant by NMR. Although we have not yet shown that the 

Fig. 6.7 Size exclusion chromatography of the FMDV Leader protease (Lpro), the shortened form 
(sLpro) and a mutant Leader protease (Lpro L200F) on a HiLoad 16/60 Superdex 75 prep grade. 
Experiments were performed as described by Cencic et al. (Cencic et al., 2007). Ribonuclease 
A (RNase) with a molecular mass of 13.7 kDa was used as a reference. The elution profiles of 
the following combinations are shown: (a) Lpro (1 mg) and RNase (3 mg); (b) sLpro (1 mg) and 
RNase (3 mg); (c) Lpro L200F (1 mg) and RNase (3 mg). Samples were applied at a flow rate of 1 ml 
min−1 in buffer A (50 mM NaCl, 50 mM Tris-HCl pH8, 1 mM EDTA, 5 mM DTT, 5% Glycerol). 
The apparent molecular masses in kDa are shown above the peaks. Lpro elutes at a volume corre-
sponding to a molecular mass of about 40 kDa, indicating the formation of a dimer; in contrast, sLpro 
elutes corresponding to a molecular mass of about 20 kDa, indicating a monomeric state. Lpro L200F 
elutes at a volume corresponding to a molecular mass of 20 kDa and thus resembles a monomer
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dimer is present in vivo, its strength suggests that it may be involved in its biologi-
cal activity. If so, the prevention of dimerisation by small molecular compounds 
may be another approach to interfering with the replication of FMDV.

6.4.2  The Interaction of HRV2 2Apro and Lpro 
with the Cellular Protein eIF4GI

The above discussion concentrated on the feasibility of developing classical  inhibitors 
of the proteolytic activity of the picornaviral proteases. In the last few years, it has 
however become clear that both the HRV2 2Apro and the Lpro interact with the cel-
lular protein eIF4G using exosites (i.e. regions of the protein away from the canoni-
cal substrate binding site). This was first observed with mutations in the CTE of 
Lpro lying ca 40 Å from the active site that interfered with the cleavage of eIF4GI 
without affecting the self-processing reaction (Foeger et al., 2002). Subsequently, it 
was shown that residues 183–195 of the CTE bound directly to the region 645–657 
of eIF4GI, about 20 residues upstream of the Lpro  cleavage site between glycine 674 
and arginine 675 (Table 6.3) (Foeger et al., 2002; Foeger et al., 2005). A similar situ-
ation was also observed with HRV2 2Apro. Here, residues 17–35 of the N-terminal 
domain, lying outside of the canonical substrate binding domain, were found to 
affect eIF4GI cleavage without impairing the self-processing reaction. Site-directed 
mutagenesis and binding experiments showed that this region of the HRV2 2Apro 
interacted directly with a region of eIF4GI between residues 600 and 674, some dis-
tance from its actual cleavage site between amino acids arginine 681 and glycine 682 
(Table 6.2) (Foeger et al., 2003). Thus, in spite of the fact that HRV2 2Apro and Lpro 
are completely different enzymes in terms of structure, mechanism and specificity, 
both have evolved a mechanism to enable rapid cleavage of a molecule that is central 
to protein synthesis. At present, no host proteins have been identified as binding to 
eIF4G in this same manner. Therefore, inhibition of these specific interactions may 
also represent drug targets to fight infections with these viruses. The recent report 
of an inhibitor that can inhibit the interaction of eIF4GI with its binding partner 
eIF4E strengthens this notion (Moerke et al., 2007). The idea of inhibiting the HRV2 
2Apro or Lpro  interaction with the eIF4G homologues is in line with a recent review 
covering the general idea of inhibiting protein-protein interactions for therapeutic 
purposes (Wells and McClendon, 2007). In the future, it will therefore be important 
to identify further specific interactions of picornaviral proteases with viral and host 
proteins in order to widen our options in fighting picornaviral infections.

6.5 Conclusions

Picornaviral proteinases represent attractive anti-viral targets for two reasons. First, 
they are absolutely required for the replication of the viruses, second, their substrate 
specificities differ from proteases of the host cell. Despite intensive research over 
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the last 25 years, however, anti-virals to treat picornaviral diseases have not been 
approved. The most promising of all candidates, rupintrivir, unfortunately failed to 
reduce viral severity in the clinic and development was halted. This result implies 
that treatment of picornaviral infections may require two anti-viral substances 
attacking different viral targets for full inhibition. Although the development of a 
second substance as promising as rupintrivir may seem a daunting task, the work 
described here outlines several new avenues for the generation of such substances. 
Above all, the Lpro of FMDV and 2Apro of rhino- and enteroviruses have not been 
fully examined. In addition, the possibility of inhibiting RNA binding by 3Cpro 
requires further investigation. All of these approaches need to be examined soon if 
anti-viral therapy is to play a role in the end-game of poliovirus eradication.

Acknowledgements This work was supported by a grant from the Austrian Science Foundation 
(P20889) to T.S.

References

Allaire, M., Chernaia, M.M, Malcolm, B.A., and James, M.N.G. 1994, Picornaviral 3C cysteine 
proteinases have a fold similar to chymotrypsin-like serine proteinases. Nature 369: 72–76.

Almstead, L.L. and Sarnow, P. 2007, Inhibition of U snRNP assembly by a virus-encoded protei-
nase. Genes Dev. 21: 1086–1097.

Andino, R., Rieckhof, G.E., and Baltimore, D. 1990, A functional ribonucleoprotein complex 
forms around the 5′ end of poliovirus RNA. Cell 63: 369–380.

Andrianarivelo, M.R., Rabarijaona, L., Boisier, P., Chezzi, C., and Zeller, H.G. 1999, Wild polio-
virus circulation among healthy children immunized with oral polio vaccine in antananarivo. 
Madagascar Trop Med Int Health 4: 50–57.

Anon, 2008, Progress toward interruption of wild poliovirus transmission – Worldwide, January 
2007–May 2008. Morbidity and Mortality Weekly Report of the CDC 57: 489–494.

Argos, P., Kamer, G., Nickelin, M.J.H., and Wimmer, E. 1984, Similarity in gene organisation and 
homology between proteins of animal picornaviruses and a plant comovirus suggest a common 
ancestry of these virus families. Nucl Acids Res 12: 7251–7267.

Armer, H., Moffat, K., Wileman, T., Belsham, G.J., Jackson, T., Duprex, W.P., Ryan, M., and 
Monaghan, P. 2008, Foot-and-mouth disease virus, but not bovine enterovirus, targets the host 
cell cytoskeleton via the nonstructural protein 3Cpro. J Virol 82: 10556–10566.

Arruda, E., Pitkaranta, A., Witek, T.A., Jr., Doyle, C.A. and Hayden, F.G. 1997, Frequency 
and natural history of rhinovirus infections in adults during autumn. J Clin Microbiol 35: 
2864–2868.

Atkins, J.F., Wills, N.M., Loughran, G., Wu, C.Y., Parsawar, K., Ryan, M.D., Wang, C.H., and 
Nelson, C.C. 2007, A case for “StopGo”: reprogramming translation to augment codon mean-
ing of GGN by promoting unconventional termination (Stop) after addition of glycine and then 
allowing continued translation (Go). RNA 13: 803–810.

Aylward, R.B., Sutter, R.W., and Heymann, D.L. 2005, Policy. OPV cessation – the final step to 
a “polio-free” world. Science 310: 625–626.

Baboonian, C., Davies, M.J., Booth, C., and McKenna, W.J. 1997, Coxsackie B viruses and 
human heart disease. Curr Top Microbiol Immunol 223: 31–52.

Badorff, C. and Knowlton, K.U. 2004, Dystrophin disruption in enterovirus-induced myocarditis 
and dilated cardiomyopathy: from bench to bedside. Med Microbiol Immunol. 193: 121–126.

Badorff, C., Lee, G.H., Lamphear, B.J., Martone, M.E., Campbell, K.P., Rhoads, R.E., and 
Knowlton, K.U. 1999, Enteroviral protease 2A cleaves dystrophin: evidence of cytoskeletal 
disruption in an acquired cardiomyopathy. Nature Med 5: 320–326.



6 Picornaviruses 125

Badorff, C., Berkely, N., Mehrotra, S., Talhouk, J.W., Rhoads, R.E., and Knowlton, K.U. 2000, 
Enteroviral protease 2A directly cleaves dystrophin and is inhibited by a dystrophin-based 
substrate analogue. J Biol Chem 275: 11191–11197.

Baxter, N.J., Roetzer, A., Liebig, H.D., Sedelnikova, S.E., Hounslow, A.M., Skern, T., and Waltho, J.P. 
2006, Structure and dynamics of coxsackievirus B4 2A proteinase, an enzyme involved in the 
etiology of heart disease. J Virol 80: 1451–1462.

Bazan, J.F. and Fletterick, R.J. 1988, Viral cysteine proteases are homologous to the trypsin-like 
family of serine proteases: structural and functional implications. Proc Natl Acad Sci USA 85: 
7872–7876.

Belsham, G.J., McInerney, G.M., and Ross-Smith, N. 2000, Foot-and-mouth disease virus 3C 
protease induces cleavage of translation initiation factors eIF4A and eIF4G within infected 
cells. J Virol 74: 272–280.

Bergmann, E.M., Mosimann, S.C., Chernaia, M.M., Malcolm, B.A., and James, M.N.G. 1997, 
The refined crystal structure of the 3C gene product from hepatitis A virus: specific proteinase 
activity and RNA recognition. J Virol 71: 2436–2448.

Binford, S.L., Maldonado, F., Brothers, M.A., Weady, P.T., Zalman, L.S., Meador, 3rd, J.W., 
Matthews, D.A., and Patick, A.K. 2005, Conservation of amino acids in human rhinovirus 3C 
protease correlates with broad-spectrum antiviral activity of rupintrivir, a novel human rhino-
virus 3C protease inhibitor. Antimicrob Agents Chemother 49: 619–626.

Birtley, J.R., Knox, S.R., Jaulent, A.M., Brick, P., Leatherbarrow, R.J., and Curry, S. 2005, Crystal 
structure of foot-and-mouth disease virus 3C protease. New insights into catalytic mechanism 
and cleavage specificity. J Biol Chem 280: 11520–11527.

Bjorndahl, T.C., Andrew, L.C., Semenchenko, V., and Wishart, D.S. 2007, NMR solution struc-
tures of the apo and peptide-inhibited human rhinovirus 3C protease (Serotype 14): structural 
and dynamic comparison. Biochemistry 46: 12945–12958.

Brundage, S.C. and Fitzpatrick, A.N. 2006, Hepatitis A. Am Fam Physician 73: 2162–2168.
Cencic, R., Mayer, C., Juliano, M.A., Juliano, L., Konrat, R., Kontaxis, G., and Skern, T. 2007, 

Investigating the substrate specificity and oligomerisation of the leader protease of foot and 
mouth disease virus using NMR. J Mol Biol. 373: 1071–1087.

Clamp, M., Cuff, J., Searle, S.M., and Barton, G.J. 2004, The Jalview Java alignment editor. 
Bioinformatics 20: 426–427.

Collett, M.S., Neyts, J., and Modlin, J.F. 2008, A case for developing antiviral drugs against polio. 
Antiviral Res. 79: 179–187.

Crowder, S., and Kirkegaard, K. 2005, Trans-dominant inhibition of RNA viral replication can 
slow growth of drug-resistant viruses. Nat Genet 37: 701–709.

Curry, S., Roque-Rosell, N., Sweeney, T.R., Zunszain, P.A., and Leatherbarrow, R.J. 2007, 
Structural analysis of foot-and-mouth disease virus 3C protease: a viable target for antiviral 
drugs? Biochem Soc Trans 35: 594–598.

DeLano, W.L. 2002, The PyMOL Molecular Graphics System, DeLano Scientific, San Carlos, CA.
de Los Santos, T., de Avila Botton, S., Weiblen, R., and Grubman, M.J. 2006, The leader protein-

ase of foot-and-mouth disease virus inhibits the induction of beta interferon mRNA and blocks 
the host innate immune response. J Virol 80: 1906–1914.

De Palma, A.M., Vliegen, I., De Clercq, E., and Neyts, J. 2008, Selective inhibitors of picornavi-
rus replication. Med Res Rev 28: 823–884.

Deszcz, L., Seipelt, J., Vassilieva, E., Roetzer, A., and Kuechler, E. 2004, Antiviral activity of 
caspase inhibitors: effect on picornaviral 2A proteinase. FEBS Lett 560: 51–55.

Deszcz, L., Cencic, R., Sousa, C., Kuechler, E., and Skern, T. 2006, An anti-viral peptide 
inhibitor active against picornaviral 2A proteinases but not cellular caspases. J Virol 80: 
9619–9627.

Devaney, M.A., Vakharia, V.N., Lloyd, R.E., Ehrenfeld, E., and Grubman, M.J. 1988, Leader 
protein of foot-and-mouth disease virus is required for cleavage of the p220 component of the 
cap-binding protein complex. J Virol 62: 4407–4409.

Dragovich, P.S., Webber, S.E., Babine, R.E., Fuhrman, S.A., Patick, A.K., Matthews, D.A., 
Lee, C.A., Reich, S.H., Prins, T,J., Marakovits, J.T., Littlefield, E.S., Zhou, R., Tikhe, J., 



126 D. Neubauer et al.

Ford, C.E., Wallace, M.B., Meador, J.W.R., Ferre, R.A., Brown, E.L., Binford, S.L., Harr, J.E., 
DeLisle, D.M., and Worland, S.T. 1998, Structure-based design, synthesis, and  biological 
evaluation of irreversible human rhinovirus 3C protease inhibitors. 1. Michael acceptor 
structure-activity studies. J Med Chem 41: 2806–2818.

Dragovich, P.S., Webber, S.E., Babine, R.E., Fuhrman, S.A., Patick, A.K., Matthews, D.A., 
Reich, S.H., Marakovits, J.T., Prins, T.J., Zhou, R., Tikhe, J., Littlefield, E.S., Bleckman, T.M., 
Wallace, M.B., Little, T.L., Ford, C.E., Meador, J.W.R., Ferre, R.A., Brown, E.L., Binford, S.L., 
DeLisle, D.M., and Worland, S.T. 1998, Structure-based design, synthesis, and biological 
evaluation of irreversible human rhinovirus 3C protease inhibitors. 2. Peptide structure-
activity studies. J Med Chem 41: 2819–2834.

Duechler, M, Skern, T., Sommergruber, W., Neubauer, C., Gruendler, P., Fogy, I., Blaas, D., and 
Kuechler, E. 1987, Evolutionary relationships within the human rhinovirus genus: comparison 
of serotypes 89, 2, and 14. Proc Natl Acad Sci USA 84: 2605–2609.

Falk, M.M., Grigera, P.R., Bergmann, I.E., Zibert, A., Multhaup, G., and Beck, E. 1990, Foot-and-
mouth disease virus protease-3C induces specific proteolytic cleavage of host cell histone-H3. 
J Virol 64: 748–756.

Ferrer-Orta, C., Arias, A., Perez-Luque, R., Escarmis, C., Domingo, E., and Verdaguer, N. 2007, 
Sequential structures provide insights into the fidelity of RNA replication. Proc Natl Acad Sci 
USA 104: 9463–9468.

Foeger, N., Glaser, W., and Skern, T. 2002, Recognition of eukaryotic initiation factor 4G isoforms 
by picornaviral proteinases. J Biol Chem 277: 44300–44309.

Foeger, N., Schmid, E.M., and Skern, T. 2003, Human rhinovirus 2 2Apro recognition of eukaryo-
tic initiation factor 4GI. Involvement of an exosite. J Biol Chem 278: 33200–32007.

Foeger, N., Kuehnel, E., Cencic, R., and Skern, T. 2005, The binding of foot-and-mouth dis-
ease virus leader proteinase to eIF4GI involves conserved ionic interactions. FEBS J 272: 
2602–2611.

Glaser, W., Cencic, R., and Skern, T. 2001, Foot-and-mouth disease Leader proteinase: involve-
ment of C-terminal residues in self-processing and cleavage of eIF4GI. J Biol Chem 276: 
35473–35481.

Glaser, W., Triendl, A., and Skern, T. 2003, The processing of eIF4GI by human rhinovirus 2 
2Apro: relationship to self-cleavage and role of zinc. J Virol 77: 5021–5025.

Gorbalenya, A., and Svitkin, Y. 1983, Protease of encephalomyocarditis virus: purification and 
role of the SH groups in processing of the structural proteins precursor. Biochemistry (USSR) 
48: 385–395.

Gorbalenya, A.E., Donchenko, A.P., Blinov, V.M., and Koonin, E.V. 1989, Cysteine proteases of 
positive strand RNA viruses and chymotrypsin-like serine proteases. A distinct protein super-
family with a common structural fold. FEBS Lett 243: 103–114.

Gorbalenya, A.E., Koonin, E.V., and Lai, M.M. 1991, Putative papain-related thiol proteases of 
positive-strand RNA viruses. Identification of rubi- and aphthovirus proteases and delineation 
of a novel conserved domain associated with proteases of rubi-, alpha- and coronaviruses. 
FEBS Lett 288: 201–205.

Gouvea, I.E., Judice, W.A., Cezari, M.H., Juliano, M.A., Juhasz, T., Szeltner, Z., Polgar, L., and 
Juliano, L. 2006, Kosmotropic salt activation and substrate specificity of poliovirus protease 
3C. Biochemistry 45: 12083–12089.

Gradi, A., Svitkin, Y.V., Imataka, H., and Sonenberg, N. 1998, Proteolysis of human eukaryotic 
translation initiation factor eIF4GII, but not eIF4GI, coincides with the shutoff of host protein 
synthesis after poliovirus infection. Proc Natl Acad Sci USA 95: 11089–11094.

Gradi, A., Imataka, H., Svitkin, Y.V., Rom, E., Raught, B., Morino, S., and Sonenberg, N. 1998, 
A novel functional human eukaryotic translation initiation factor 4G. Mol Cell Biol 18: 334–342.

Gradi, A., Svitkin, Y.V., Sommergruber, W., Imataka, H., Morino, S., Skern, T., and Sonenberg, N. 
2003, Human rhinovirus 2A proteinase cleavage sites in eukaryotic initiation factors (eIF) 4GI 
and eIF4GII are different. J Virol 77: 5026–5029.

Gradi, A., Foeger, N., Strong, R., Svitkin, Y.V., Sonenberg, N., Skern, T., and Belsham, G. 2004, 
Cleavage of eukaryotic translation initiation factor 4GII within foot-and-mouth disease virus-
infected cells: identification of the L-protease cleavage site in vitro. J Virol 78: 3271–3278.



6 Picornaviruses 127

Graham, K.L., Gustin, K.E., Rivera, C., Kuyumcu-Martinez, N.M., Choe, S.S., Lloyd, R.E., 
Sarnow, P., and Utz, P.J. 2004, Proteolytic cleavage of the catalytic subunit of DNA-dependent 
protein kinase during poliovirus infection. J Virol 78: 6313–6321.

Grubman, M.J. and Baxt, B. 2004, Foot-and-mouth disease. Clin Microbiol Rev 17: 465–493.
Guarné, A., Tormo, J., Kirchweger, K., Pfistermueller, D., Fita, I., and Skern, T. 1998, Structure of 

the foot-and-mouth disease virus leader protease: a papain-like fold adapted for  self-processing 
and eIF4G recognition. EMBO J 17: 7469–7479.

Gustin, K.E., and Sarnow, P. 2001, Effects of poliovirus infection on nucleo-cytoplasmic 
 trafficking and nuclear pore complex composition. EMBO J 20: 240–249.

Hansen, J.L., Long, A.M., and Schultz, S.C. 1997, Structure of the RNA-dependent RNA 
polymerase of poliovirus. Structure 5: 1109–1122.

Harki, D.A., Graci, J.D., Galarraga, J.E., Chain, W.J., Cameron, C.E., and Peterson, B.R. 2006, 
Synthesis and antiviral activity of 5-substituted cytidine analogues: identification of a potent 
inhibitor of viral RNA-dependent RNA polymerases. J Med Chem 49: 6166–6169.

Hayden, F.G., Turner, R.B., Gwaltney, G.M., Chi-Burris, K., Gersten, M., Hsyu, P., Patick, A.K., 
Smith, 3rd, G.J., and Zalman, L.S. 2003, Phase II, randomized, double-blind, placebo-controlled 
studies of rupintrivir nasal spray 2-percent suspension for prevention and treatment of experi-
mentally induced rhinovirus colds in healthy volunteers. Antimicrob Agents Chemother. 47: 
3907–3916.

Huitema, C., Zhang, J., Yin, J., James, M.N., Vederas, J.C., and Eltis, L.D. 2008, Heteroaromatic 
ester inhibitors of hepatitis A virus 3C proteinase: evaluation of mode of action. Bioorg Med 
Chem 16: 5761–5777.

Joachims, M., Harris, K.S., and Etchison, D. 1995, Poliovirus protease 3C mediates cleavage of 
microtubule-associated protein 4. Virology 211: 451–461.

Joachims, M., Van Breugel, P.C., and Lloyd, R.E. 1999, Cleavage of poly(A)-binding pro-
tein by enterovirus proteases concurrent with inhibition of translation in vitro. J Virol 73: 
718–727.

Johnston, S.L., Bardin, P.G., and Pattemore, P.K. 1993, Review - viruses as precipitants of asthma 
symptoms.3. Rhinoviruses - molecular biology and prospects for future intervention. Clin Exp 
Allergy 23: 237–246.

Jurgens, C.K., Barton, D.J., Sharma, N., Morasco, B.J., Ogram, S.A., and Flanegan, J.B. 2006, 
2Apro is a multifunctional protein that regulates the stability, translation and replication of 
poliovirus RNA. Virology 345: 346–357.

Katz, S.L. 2006, Polio – new challenges in 2006. J Clin Virol. 36: 163–165.
Kirchweger, R., Ziegler, E., Lamphear, B.J., Waters, D., Liebig, H.D., Sommergruber, W., 

Sobrino, F., Hohenadl, C., Blaas, D., Rhoads, R.E., and Skern, T. 1994, Foot-and-mouth dis-
ease virus leader proteinase: purification of the Lb form and determination of its cleavage site 
on eIF-4 gamma. J Virol 68: 5677–5684.

Kleina, L.G. and Grubman, M.J. 1992, Antiviral effects of a thiol protease inhibitor on 
 foot-and-mouth disease virus. J Virol 66: 7168–7175.

Koenig, H. and Rosenwirth, B. 1988, Purification and partial characterization of poliovirus 
 protease 2A by means of a functional assay. J Virol 62: 1243–1250.

Kuehnel, E., Cencic, R., Foeger, N., and Skern, T. 2004, Foot-and-mouth disease virus leader pro-
teinase: specificity at the P2 and P3 positions and comparison with other papain-like enzymes. 
Biochemistry 43: 11482–11490.

Lall, M.S., Jain, R.P., and Vederas, J.C. 2004, Inhibitors of 3C cysteine proteinases from picorna-
viridae. Curr Top Med Chem. 4: 1239–1253.

Lau, S.K., Yip, C.C., Tsoi, H.W., Lee, R.A., So, L.Y., Lau, Y.L., Chan, K.H., Woo, P.C., and K.Y. 
Yuen. 2007, Clinical features and complete genome characterization of a distinct human 
rhinovirus (HRV) genetic cluster, probably representing a previously undetected HRV spe-
cies, HRV-C, associated with acute respiratory illness in children. J Clin Microbiol 45: 
3655–3664.

Lee, E.S., Lee, W.G., Yun, S.H., Rho, S.H., Im, I., Yang, S.T., Sellamuthu, S., Lee, Y.J., Kwon, S.J., 
Park, O.K., Jeon, E.S., Park, W.J., and Kim, Y.C. 2007, Development of potent inhibitors of the 
coxsackievirus 3C protease. Biochem Biophys Res Commun 358: 7–11.



128 D. Neubauer et al.

Li, W., Ross-Smith, N., Proud, C.G., and Belsham, G.J. 2001, Cleavage of translation initiation 
factor 4AI (eIF4AI) but not eIF4AII by foot-and-mouth disease virus 3C protease: identifica-
tion of the eIF4AI cleavage site. FEBS Lett 507: 1–5.

Li, X., Lu, H.H., Mueller, S., and Wimmer, E. 2001, The C-terminal residues of poliovirus 
proteinase 2A(pro) are critical for viral RNA replication but not for cis- or trans-proteolytic 
cleavage. J Gen Virol 82: 397–408.

Liebig, H.-D., Ziegler, E., Yan, R., Hartmuth, K., Klump, H., Kowalski, H., Blaas, D., 
Sommergruber, W., Frasel, L., Lamphear, B., Rhoads, R., Kuechler, E., and Skern, T. 1993, 
Purification of two picornaviral 2A proteinases: interaction with eIF-4gamma and influence 
on in vitro translation. Biochemistry 32: 7581–7588.

Lloyd, R.E. 2006, Translational control by viral proteinases. Virus Res 119: 76–88.
Lyle, J.M., Clewell, A., Richmond, K., Richards, O.C., Hope, D.A., Schultz, S.C., and 

Kirkegaard, K. 2002, Similar structural basis for membrane localization and protein priming 
by an RNA-dependent RNA polymerase. J Biol Chem 277: 16324–16331.

MacLennan, C., Dunn, G., Huissoon, A.P., Kumararatne, D.S., Martin, J., O’Leary, P., 
Thompson, R.A., Osman, H., Wood, P., Minor, P., Wood, D.J., and Pillay, D. 2004, Failure to 
clear persistent vaccine-derived neurovirulent poliovirus infection in an immunodeficient man. 
Lancet 363: 1509–1513.

Marcotte, L.L., Wass, A.B., Gohara, D.W., Pathak, H.B., Arnold, J.J., Filman, D.J., Cameron, C.E., 
and Hogle, J.M. 2007, Crystal structure of poliovirus 3CD protein: virally encoded protease 
and precursor to the RNA-dependent RNA polymerase. J Virol 81: 3583–3596.

Matthews, D.A., Smith, W.W., Ferre, R.A., Condon, B., Budahazi, G., Sisson, W., Villafranca, J.E., 
Janson, C.A., McElroy, H.E., Gribskov, C.L., and Worland, S. 1994, Structure of human rhi-
novirus 3C protease reveals a trypsin-like polypeptide fold, RNA-binding site, and means for 
cleaving precursor polyprotein. Cell 77: 761–771.

Matthews, D.A., Dragovich, P.S., Webber, S.E., Fuhrman, S.A., Patick, A.K., Zalman, L.S., 
Hendrickson, T.F., Love, R.A., Prins, T.J., Marakovits, J.T., Zhou, R., Tikhe, J., Ford, C.E., 
Meador, J.W., Ferre, R.A., Brown, E.L., Binford, S.L., Brothers, M.A., DeLisle, D.M., and 
Worland, S.T. 1999, Structure-assisted design of mechanism-based irreversible inhibitors of 
human rhinovirus 3C protease with potent antiviral activity against multiple rhinovirus sero-
types. Proc Natl Acad Sci USA 96: 11000–11007.

Mayer, C., Neubauer, D., Nchinda, A.T., Cencic, R., Trompf, K., and Skern, T. 2008, Residue 
L143 of the foot-and-mouth disease virus leader proteinase is a determinant of cleavage spe-
cificity. J Virol 82: 4656–4659.

McErlean, P., Shackelton, L.A., Lambert, S.B. Nissen, M.D., Sloots, T.P., and Mackay, I.M. 2007, 
Characterisation of a newly identified human rhinovirus, HRV-QPM, discovered in infants 
with bronchiolitis. J Clin Virol 39: 67–75.

Moerke, N.J., Aktas, H., Chen, H., Cantel, S., Reibarkh, M.Y., Fahmy, A., Gross, J.D., 
Degterev, A., Yuan, J., Chorev, M., Halperin, J.A., and Wagner, G. 2007, Small-molecule inhi-
bition of the interaction between the translation initiation factors eIF4E and eIF4G. Cell 128: 
257–267.

Morace, G., Kusov, Y., Dzagurov, G., Beneduce, F., and Gauss-Muller, V. 2008, The unique role 
of domain 2A of the hepatitis A virus precursor polypeptide P1-2A in viral morphogenesis. 
BMB Rep 41: 678–683.

Morley, S.J., Curtis, P.S., and Pain, V.M. 1997, eIF4G: translation’s mystery factor begins to yield 
its secrets. RNA 3: 1085–1104.

Mosimann, S.C., Cherney, M.M., Sia, S., Plotch, S., and James, M.N.G. 1997, Refined X-ray 
crystallographic structure of the poliovirus 3C gene product. J Mol Biol 273: 1032–1047.

Neznanov, N., Chumakov, K.M., Neznanova, L., Almasan, A., Banerjee, A.K., and Gudkov, A.V. 
2005, Proteolytic cleavage of the p65-RelA subunit of NF-kappaB during poliovirus infection. 
J Biol Chem 280: 24153–24158.

N.R.C. Committee on Development of a Polio Antiviral and Its Potential Role in Global 
Poliomyelitis Eradication. 2006, Exploring the Role of Antiviral Drugs in the Eradication of 
Polio: Workshop Report, The National Academies Press, Washington, DC.



6 Picornaviruses 129

Ohlenschlager, O., Wohnert, J., Bucci, E., Seitz, S., Hafner, S., Ramachandran, R., Zell, R., and 
Gorlach, M. 2004, The structure of the stemloop D subdomain of coxsackievirus B3 cloverleaf 
RNA and its interaction with the proteinase 3C. Structure 12: 237–248.

Park, N., Katikaneni, P., Skern, T., and Gustin, K.E. 2008, Differential targeting of nuclear pore 
complex proteins in poliovirus-infected cells. J Virol 82: 1647–1655

Patick, A.K. 2006, Rhinovirus chemotherapy. Antiviral Res 71: 391–396.
Patick, A.K., Brothers, M.A., Maldonado, F., Binford, S., Maldonado, O., Fuhrman, S., 

Petersen, A., Smith, 3rd, G.A., Zalman, L.S., Burns-Naas, L.A., and Tran, J.Q. 2005, In vitro 
antiviral activity and single-dose pharmacokinetics in humans of a novel, orally bioavailable 
inhibitor of human rhinovirus 3C protease. Antimicrob Agents Chemother 49: 2267–2275.

Pelham, H.R.B. 1978, Translation of encephalomyocarditis virus RNA in vitro yields an active 
proteolytic processing enzyme. Eur J Biochem 85: 457–462.

Perera, R., Daijogo, S., Walter, B.L., Nguyen, J.H., and Semler, B.L. 2007, Cellular protein modi-
fication by poliovirus: the two faces of poly(rC)-binding protein. J Virol 81: 8919–8932.

Peters, H., Kusov, Y.Y., Meyer, S., Benie, A.J., Bauml, E., Wolff, M., Rademacher, C., Peters, T., 
and Gauss-Muller, V. 2005, Hepatitis A virus proteinase 3C binding to viral RNA: correlation 
with substrate binding and enzyme dimerization. Biochem J 385: 363–370.

Petersen, J.F., Cherney, M.M., Liebig, H.-D., Skern, T., Kuechler, E., and James, M.N. 1999, The 
structure of the 2A proteinase from a common cold virus: a proteinase responsible for the shut-
off of host-cell protein synthesis. EMBO J 18: 5463–5475.

Racaniello, V.R. 2007, Picornaviridae: The viruses and their replication. In B.N. Fields, D.M. Knipe, 
and P.M. Howley (Eds.), Fields Virology, Lippincott Williams & Wilkins, Philadelphia, PA, 
pp. 795–838.

Renwick, N., Schweiger, B., Kapoor, V., Liu, Z., Villari, J., Bullmann, R., Miething, R., Briese, T., 
and Lipkin, W.I. 2007, A recently identified rhinovirus genotype is associated with severe 
respiratory-tract infection in children in Germany. J Infect Dis 196: 1754–1760.

Robertson, S.E., Chan, C., Kim-Farley, R., and Ward, N. 1990, Worldwide status of poliomyelitis 
in 1986, 1987 and 1988, and plans for its global eradication by the year 2000. World Health 
Stat Q43: 80–90.

Sarkany, Z. and Polgar, L. 2003, The unusual catalytic triad of poliovirus protease 3C. 
Biochemistry 42: 516–522.

Savolainen, C., Blomqvist, S., Mulders, M.N., and Hovi, T. 2002, Genetic clustering of all 102 
human rhinovirus prototype strains: serotype 87 is close to human enterovirus 70. J Gen Virol 
83: 333–340.

Seipelt, J., Liebig, H.D., Sommergruber, W., Gerner, C., and Kuechler, E. 2000, 2A proteinase of 
human rhinovirus cleaves cytokeratin 8 in infected HeLa cells. J Biol Chem 275: 20084–20089.

Semler, B.L. 2005, Resistance is futile. Nat Genet 37: 665–666.
Semler, B.L. and Wimmer, E. 2002, Molecular Biology of Picornaviruses, ASM Press, 

Washington, DC
Skern, T., Sommergruber, W., Blaas, D., Gruendler, P., Frauendorfer, F., Pieler, C., Fogy, I., 

and Kuechler, E. 1985, Human rhinovirus 2: complete nucleotide sequence and proteolytic 
processing signals in the capsid protein region. Nucl Acids Res 13: 2111–2126.

Skern, T., Sommergruber, W., Auer, H., Volkmann, P., Zorn, M., Liebig, H.-D., Fessl, F., Blaas, D., 
and Kuechler, E. 1991, Substrate requirements of a human rhinoviral 2A proteinase. Virology 
181: 46–54.

Skern, T., Fita, I., and Guarne, A. 1998, A structural model of picornavirus leader proteinases 
based on papain and bleomycin hydrolase. J Gen Virol 79: 301–307.

Skern, T., Hampoelz, B., Guarné, A., Fita, I., Bergmann, E., Petersen, J., and James, M.N.G. 2002, 
Structure and function of picornavirus proteinases. In B.L. Semler, and E. Wimmer (Eds.), 
Molecular Biology of Picornaviruses, ASM Press, Washington, DC, pp. 199–212.

Sommergruber, W., Zorn, M., Blaas, D., Fessl, F., Volkmann, P., Maurer-Fogy, I., Pallai, P., 
Merluzzi, V., Matteo, M., Skern, T., et al. 1989, Polypeptide 2A of human rhinovirus type 
2: identification as a protease and characterization by mutational analysis. Virology 169: 
68–77.



130 D. Neubauer et al.

Sousa, C., Schmid, E.M., and Skern, T. 2006, Defining residues involved in human rhinovirus 2A 
proteinase substrate recognition. FEBS Lett 580: 5713–5717.

Strebel, K. and Beck, E. 1986, A second protease of foot-and mouth disease virus. J Virol 58: 
893–899.

Svitkin, Y.V., Gradi, A., Imataka, H., Morino, S., and Sonenberg, N. 1999, Eukaryotic initiation 
factor 4GII (eIF4GII), but not eIF4GI, cleavage correlates with inhibition of host cell protein 
synthesis after human rhinovirus infection. J Virol 73: 3467–3472.

Sweeney, T.R., Roque-Rosell, N., Birtley, J.R., Leatherbarrow, R.J., and Curry, S. 2007, Structural 
and mutagenic analysis of foot-and-mouth disease virus 3C protease reveals the role of the 
beta-ribbon in proteolysis. J Virol 81: 115–124.

Tesar, M. and Marquardt, O. 1990, Foot-and-mouth disease virus protease 3C inhibits cellular 
transcription and mediates cleavage of histone H3. Virology 174: 364–374.

Thomson, G.R., Vosloo, W., and Bastos, A.D. 2003, Foot and mouth disease in wildlife. Virus 
Res 91: 145–161.

Toyoda, H., Nicklin, M.J., Murray, M.G., Anderson, C.W., Dunn, J.J., Studier, F.W., and Wimmer, E. 
1986, A second virus-encoded proteinase involved in proteolytic processing of poliovirus 
polyprotein. Cell 45: 761–770.

Turner, R.B. 2007, Rhinovirus: more than just a common cold virus. J Infect Dis 195: 765–766.
Ventoso, I., MacMillan, S.E., Hershey, J.W., and Carrasco, L. 1998, Poliovirus 2A proteinase 

cleaves directly the eIF-4G subunit of eIF-4F complex. FEBS Lett 435: 79–83.
Wells, J.C. and McClendon, C.L. 2007, Reaching for high-hanging fruit in drug discovery at 

protein-protein interfaces. Nature 450: 1001–1009.
Witherell, G. 2000, AG-7088 Pfizer. Curr Opin Investig Drugs 1: 297–302.
Yalamanchili, P., Banerjee, R., and Dasgupta, A. 1997, Poliovirus-encoded protease 2APro 

cleaves the TATA-binding protein but does not inhibit host cell RNA polymerase II transcrip-
tion in vitro. J Virol 71: 6881–6886.

Yin, J., Bergmann, E.M., Cherney, M.M., Lall, M.S., Jain, R.P., Vederas, J.C., and James, M.N. 
2005, Dual modes of modification of hepatitis A virus 3C protease by a serine-derived beta-
lactone: selective crystallization and formation of a functional catalytic triad in the active site. 
J Mol Biol 354: 854–871.

Yoneyama, T., Yoshida, H., Shimizu, H., Yoshii, K., Nagata, N., Kew, O., and Miyamura, T. 2001, 
Neurovirulence of sabin 1-derived polioviruses isolated from an immunodeficient patient with 
prolonged viral excretion. Dev Biol (Basel) 105: 93–98.

Ypma-Wong, M.F., Dewalt, P.G., Johnson, V.H., Lamb, J.G., and Semler, B.L. 1988, Protein 3CD 
is the major poliovirus proteinase responsible for cleavage of the P1 capsid precursor. Virology 
166: 265–270.

Zell, R., Sidigi, K., Bucci, E., Stelzner, A., and Gorlach, M. 2002, Determinants of the recognition 
of enteroviral cloverleaf RNA by coxsackievirus B3 proteinase 3C. RNA 8: 188–201.

Zhang, B., Morace, G., Gauss-Muller, V., and Kusov, Y. 2007, Poly(A) binding protein, 
C-terminally truncated by the hepatitis A virus proteinase 3C, inhibits viral translation. Nucleic 
Acids Res 35: 5975–5984.

Zhang, B., Seitz, S., Kusov, Y., Zell, R., and Gauss-Muller, V. 2007, RNA interaction and cleav-
age of poly(C)-binding protein 2 by hepatitis A virus protease. Biochem Biophys Res Commun 
364: 725–730.

Ziegler, E., Borman, A.M., Deliat, F.G., Liebig, H.-D., Jugovic, D., Kean, K.M., Skern, T., and 
Kuechler, E. 1995, Picornavirus 2A proteinase-mediated stimulation of internal initiation of 
translation is dependent on enzymatic activity and the cleavage products of cellular proteins. 
Virology 213: 549–557.




