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Abstract
AIM: To evaluate the suitability of rupintrivir against 
Enterovirus 71 (EV71) induced severe clinical symptoms 
using computational methods.

METHODS: The structure of EV71 3C protease was 
predicted by homology modeling. The binding free 
energies between rupintrivir and EV71 3C and human 
rhinovirus 3C protease were computed by molecular 
dynamics and molecular mechanics Poisson-Boltzmann/
surface area and molecular mechanics generalized-born/
surface area methods. EV71 3C fragments obtained 
from clinical samples collected during May to July 2008 
in Shanghai were amplified by reverse-transcription and 
polymerase chain reaction and sequenced. 

RESULTS: We observed that rupintrivir had favorable 
binding affinity with EV71 3C protease (-10.76 kcal/mol).  
The variability of the 3C protein sequence in isolates 

of various outbreaks, including those obtained in our 
hospital from May to July 2008, were also analyzed to 
validate the conservation of the drug binding pocket.

CONCLUSION: Rupintrivir, whose safety profiles had 
been proved, is an attractive candidate and can be 
quickly utilized for treating severe EV71 infection. 
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INTRODUCTION
During March to May 2008, an outbreak of  hand, foot 
and mouth disease (HFMD) erupted in Anhui province, 
China. Thousands of  people, mostly infants and 
children, were admitted into hospitals with moderate to 
severe symptoms, e.g. encephalitis, aseptic meningitis 
and pulmonary edema etc., and over twenty deaths 
were reported by the health authorities. Laboratory 
investigations revealed that human enterovirus 71 (EV71) 
was responsible for this epidemic. Our center also 
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received 103 cases of  HFMD (77 positive for EV71) 
from May to July 2008 with mild (fever, pneumonia) 
to severe (meningitis, encephalitis) symptoms and one 
patient died of  viral encephalitis. Currently, treatment 
options for EV71 infection are limited, individual 
symptoms such as fever, encephalitis and meningitis are 
eased by supportive medication. 

EV71 belongs to the picornaviridae family, which 
also include Poliovirus, Rhinovirus, and Coxsackie 
virus etc. It has a 7.4 kb positive-stranded RNA genome 
encoding one big polyprotein which was cleaved by virally 
encoded 2A and 3C protease in the process of  protein 
synthesis[1]. This results in four structural proteins, VP1, 
VP2, VP3, VP4, and several non-structural proteins, 2A, 
2B, 2C, 3A, 3B, 3C and 3D-Pol. In addition to its role 
in precursor polyprotein cleavage, the 3C protease is 
capable of  cleaving host factors associated with host cell 
transcription and binding viral RNA as a constituent of  
replication complex[2-4]. The pivotal role of  3C in the viral 
life cycle makes it an ideal target for drug design. Indeed, 
there have been publications on the development of  
3C peptidomimetic inhibitors against the picornaviridae 
family members[5-7], including HRV (Human rhinovirus), 
an etiological cause of  common colds[8]. Among them, 
rupintrivir (Figure 1), an irreversible inhibitor of  HRV 
3C, is by far the only 3C inhibitor that has entered clinical 
trials[9-12]. Matthews et al[8] designed this molecule by 
taking advantage of  covalent adduct formation (Michael 
reaction) with a reactive serine or cysteine at the active site 
of  the protease such that the inhibitory potency is greatly 
enhanced. The Phase Ⅰ and Phase Ⅱ results, according 
the company’s press release, showed good safety and 
pharmacokinetics profiles. Furthermore, reduction in 
respiratory symptom scores and HRV titer in the upper 
respiratory tract of  experimentally induced HRV infection 
was also documented. 

It has been recently reported that a cell based 
yeast two hybrid assay system supported the idea that 
rupintrivir can effectively bind to EV71 3C[13]. We 
attempted to evaluate the affinity of  rupintrivir to EV71 
3C by homology modeling and atomistic molecular 
dynamics (MD) simulation. First, a comparative model of  
EV71 3C was constructed based on the crystal structure 
of  HRV (1CQQ) and Poliovirus 3C protease (1L1N). 
EV71 3C-rupintrivir was then modeled according to the 
HRV 3C-rupintrivir complex (1CQQ) and 2 nanosecond 
MD simulations were performed on both complexes. We 
observed that rupintrivir can fit into the catalytic core of  
EV71 3C and is stable during MD. Binding free energy 
analyses using molecular mechanics Poisson-Boltzmann/
surface area and molecular mechanics generalized-born/
surface area methods were also performed. The estimated 
values suggested that rupintrivir has a decreased but still 
favorable affinity to EV71 3C compared with its HRV 
homolog. To test whether rupintrivir could fit for the 
majority of  circulating isolates of  EV71, we collected 
the 3C sequences of  various epidemics from Genbank 
together with those obtained from clinical isolates in our 
center and analyzed the effects on drug-target interaction. 

It was found that the residues which make direct contacts 
with rupintrivir showed minimal sequence variation 
in 48 divergent isolate sequences. Taken together, we 
suggest that rupintrivir has a significant affinity and 
chemical reaction rate with EV71 3C. Given that the 
pharmacokinetics and safety profiles of  this drug have 
been proved, the findings of  this study suggest that 
rupintrivir may be speedily utilized for treatment of  severe 
EV71 infections, which will be significantly more efficient, 
in terms of  time and resource, than development from a 
new chemical entity. 

MATERIALS AND METHODS
Patients
One hundred and three cases of  HFMD were admitted 
into the Shanghai Public Health Clinical Center and 
tested for EV71 and Coxsackie virus 16 with reverse 
transcription and polymerase chain reaction during May 
to July 2008. Seventy seven of  these patients tested 
positive for EV71, in whom, respiratory symptoms and 
neurological symptoms (meningitis, encephalitis) were 
documented. There was one death of  a 20-mo-old child 
caused by severe viral encephalitis after being transferred 
to our hospital. 

Viral culture, sequencing and phylogenetic analysis
Throat swabs and stools were obtained from patients 
with HFMD in Shanghai public health clinical center. If  
they tested positive for EV71, samples were grown in RD 
cells, a human rhabdomyosarcoma cell line, in DMEM 
with 10% fetal bovine serum, 2 mmol/mL L-glutamine,  
100 U/mL penicillin and 0.1 mg/mL streptomycin at 37℃ 
with 5% CO2. If  cytopathic effects were observed, culture 
supernatants were collected and RNA was extracted with 
TRIzol (Invitrogen) reagent and reverse transcribed with 
superscript Ⅱ reverse transcriptase (Invitrogen). cDNA 
from four isolates (42T, 44T, 61T, 122F) were used as 
templates to amplify viral 3C sequence. The primers used 
were as follows, 3C forward: 5'-GATYRTHCCTGAW
RCTCCCACCA, 3C reverse 5'-GGGTCTTTACTRKK
CAASACWG. The 891 bp fragment covering the entire 
3C sequence was amplified and TA-cloned into pGEM-T 
easy vector (Promega). To ensure accuracy, each cDNA 
was amplified and TA-cloned twice and each clone was 
sequenced in both directions and assembled. Nucleotide 
sequences of  the 3C region of  the four EV71 strains were 
submitted to Genbank and were analyzed together with 
the 44 strains in GenBank. The 48 strains were aligned 
with CLUSTALX software. Phylogenetic trees were 
constructed by the neighbor joining method and plotted 
using the program Tree-view. The robustness of  the trees 
was then tested by bootstrap analysis with 1000 pseudo-
replicates. 

Homology modeling of EV71 3C protease 
The 3C reference sequence (GenBank EU703812) was 
from a complete genome of  an EV71 isolate in Fuyang, 
Anhui Province, May 2008 and was reported by National 
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Polio and Measles Lab, Institute for Viral Disease Control 
and Prevention, China CDC. Two homologous entries in 
the protein data bank with over 44% and 55% identity, 
i.e. 1CQQ (HRV 3C-rupintrivir complex, resolution  
1.85 Å) and 1L1N (poliovirus 3C, resolution 2.10 Å) were 
used as templates for modeling. Homology modeling 
was performed on a SGI Tezro workstation using the 
Homology module in the InsightⅡ 2000 software package. 
The protein sequences were aligned with PSI-BLAST 
and were further refined by using structural alignment 
functionality. This alignment was used for comparative 
modeling implemented in the Modeler module which 
generates structures by applying spatial restraints and 
MD refinement[14]. Three models were generated with the 
optimization level set as “high” and the coordinate with 
the lowest probability density function value was chosen. 
The quality of  the model was assessed by MolProbity 
sever[15] and 3D-profile[16,17]. 

The initial coordinate for the EV71 3C-rupintrivir 
complex was constructed in InsightⅡ according to the 
1CQQ crystal structure. Briefly, EV71 3C and 1CQQ 
were superimposed and the covalent bond between the 
Cys147 thiol group and rupintrivir C19 was broken. 
After removal of  HRV 3C protease, EV71 3C and 
rupintrivir were merged and subjected to further energy 
minimization. 

Molecular dynamic simulations
The simulations were performed using the AMBER 9 
package with AMBER99SB[18] and GAFF[19] force fields. 
The coordinate of  rupintrivir was prepared by breaking 
the bond between the inhibitor and the Cys147 thiol 
group in 1CQQ and resuming the trans-unsaturated 
bond. Partial charges and missing force field parameters 
were generated by the Antechamber program[19] in the 
AMBER suite using the AM1-BCC method. The 1CQQ 
complex (inhibitor detached from Cys147) and the 

EV71 3C-rupintrivir structure as described above were 
employed as the starting point for energy minimization 
and MD simulations. Missing hydrogen atoms were added 
using the Xleap program. The protonation state of  the 
histidine residues was checked by H++ server[20]. The 
complexes were solvated with 8 Å of  TIP3P in a truncated 
octahedron by solvateOct command in Xleap. The systems 
were neutralized by sodium or chlorine ions. 

Because of  the large VDW repulsion energy caused 
by the manually built coordinate, the EV71-rupintrivir 
complex was carefully minimized before starting MD in 
a four-step manner, with 200 cycles of  steepest descent 
and 800 cycles of  conjugate gradient each step and 
descending restraints (500, 50, 10 and 2 kcal/mol-Å2). The 
1CQQ complex was minimized with similar parameters 
except with less restraint (50, 10, 2 and 0 kcal/mol-Å2).  
The particle mesh Ewald method was used to treat long-
range electrostatics and a cutoff  was set to 12 Å. The 
SHAKE procedure was utilized to fix all hydrogen atoms, 
the time step was set to 2.0 fs. The system was heated 
in 50 ps from 0 to 300 K using Langevin dynamics with 
a collision frequency of  2.0/ps and 2.0 kcal/mol-Å2 
restraint. A 500 ps equilibration was performed in a NPT 
ensemble followed by a 2 ns production dynamics. The 
coordinates were saved every 2 ps. 

Binding free energy analysis
The binding free energy was calculated using the MMPB-
SA[21] and MMGB-SA procedures[22,23]. The binding free 
energy is calculated as follows: ΔGbinding = ΔEgas + ΔGsol - 
TΔS, where ΔEgas = ΔEele + ΔEvdw. The gas phase energy, 
desolvation energy and entropic contributions are averaged 
over the snapshots generated during MD. The desolvation 
energy can be further separated into polar and nonpolar 
parts, that is, ΔGsol = ΔGPB/ΔGGB + ΔGSA. The polar 
solvation energy can be estimated by Poisson Boltzmann 
or Generalized Born method implemented in the 
mm_pbsa script[23] in AMBER9. The nonpolar solvation 
energy (ΔGSA) is computed with Molsurf. The ΔGPB was 
calculated with grid spacing set to 0.5 Å and ionic strength 
was set to 0. The ΔEgas and ΔGsol was calculated with 100 
snapshots of  the trajectory at time interval of  20 ps. The 
entropy contribution (TΔS) was estimated by normal-
mode analysis utilizing the nmode module, which computes 
vibrational, rotational, and translational entropies. Each 
snapshot was minimized 50 000 steps until the energy 
gradient was below 0.0001 kcal/mol Å with a distance-
dependent dielectric constant of  4r (r is the distance 
between two atoms). Ten snapshots at each trajectory were 
calculated due to the computation cost of  normal mode 
analysis. 

Energy decomposition using MM-GBSA method
Apart from the computation efficiency compared with 
the PBSA approach, the GBSA energies can be further 
decomposed on a per residue and even a backbone 
or side-chain basis which provides a simple means to 
evaluate energy contributions of  each residue. All energy 
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Figure 1  Chemical structure of rupintrivir.
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components were estimated using the decomposition 
functionality in mm_pbsa module using 100 snapshots of  
the trajectory at time interval of  20 ps. 

Trajectory analysis and visualization
Trajectories from MD simulation were analyzed by the 
ptraj module. Hydrogen bond formation was analyzed by 
the hbond command and atom-to-atom distance, angle and 
dihedral angle were measured by distance, angle and dihedral 
command, respectively. Trajectories were visualized and 
inspected by VMD[24], the Chimera suite[25] was used for 
graphic presentations of  the complexes.

RESULTS
Homology modeling of EV71 3C protease
Using PSI-BLAST to search similar PDB sequences, a 
number of  homologous entries were found including 
1L1N (poliovirus 3C protease, 55% identity), 2IJD 
(poliovirus 3CD precursor, 54% identity), 2B0F (NMR 
structure of  HRV 3C protease, 49% identity) and 1CQQ 
(Type 2 HRV 3C with rupintrivir, 44% identity). 1L1N[26] 
and 1CQQ[8] were subsequently chosen for template of  
homology modeling because of  higher resolution and 
the preferable holo coordinate (Figure 2). The predicted 
structures generated by Modeler were then evaluated by 
Profile-3D; one model was selected with a score of  85.38 
(expected score 82.94) and a sound folding profile for 
further analysis. The stereochemical property as indicated 
by the Ramachandran plot was highly reasonable. 98.9% 
of  the residues were in favored regions and 99.4% were 
in allowed regions. Only one residue (Asp32) was barely 
outside of  the allowed regions (data not shown).

The structure of  EV71 3C protease retained the key 
features of  HRV and poliovirus 3C with a two β-barrels 
fold and a shallow groove for substrate binding between 

the two domains (Figure 3). The backbone root mean 
square deviation (RMSD) between EV71 3C-1L1N and 
EV71 3C-1CQQ is 0.229 Å and 1.48 Å, respectively

Stability of the EV71 3C-rupintrivir complex
To further probe the stability of  the EV71 3C-rupintrivir 
complex, we then performed MD simulations and 
RMSD of  Cα atoms during the production phase relative 
to initial coordinate was plotted (Figure 4A). Compared 
with 1CQQ complex (RMSD 1.04 Å), the EV71 protein 
backbone showed relatively higher displacement during 
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production MD (1.56 Å), which was mainly caused 
by the five N terminal residues (G1PSLD5). Unlike its 
template, 1CQQ, these residues didnot adopt a helical 
conformation and showed very high fluctuation during 
MD (data not shown). This was presumably caused by 
the less reasonable starting coordinate assigned during 
homology modeling. Nevertheless, these residues were 
not in close contact with the inhibitor and hence didnot 
significantly influence the binding energy. Indeed, if  
the displacement was measured without these residues, 
EV71 complex showed displacement similar to that of  
1CQQ and reached equilibrium and remained stable 
during the simulation (Figure 4A). Ligand heavy-
atom RMSD plot (Figure 4B) also indicated similar 
displacement (average, 1CQQ:1.18 Å, EV71: 1.16 Å) but 
remained stable in a 2ns run (STD, standard deviation, 
1CQQ: 0.16 Å, EV71: 0.25 Å). 

Both 1CQQ and EV71 MD simulations retained 

the major binding mode in the crystal structure (Figure 
5). The P1 lactam group filled into the pocket formed 
by Thr142, His 161 etc., the carboxamide oxygen and 
the amide nitrogen interacted with these residues via 
hydrogen bonds. The P2 4-fluoro-Phe group fitted 
very well in the S2 specificity pocket. The isoxazole 
group was buried in the S4 pocket and the vinyl group 
was close to and oriented well with the SG atom of   
Cys147. 

Binding free energy estimate of EV71-rupintrivir complex
We then estimated the binding free energy of  EV71 
complex and 1CQQ complex using MM-PBSA and 
MM-GBSA methods. To save computational cost, the 
singe trajectory approach was used since no significant 
conformational changes upon complex formation were 
reported. Indeed, 1L1N (no inhibitor bound) and 1CQQ 
(rupintrivir bound) have 0.75 Å backbone RMSD with 
43.89% sequence identity, and the shapes of  catalytic core 
are essentially the same (catalytic pocket residue backbone 
RMSD = 1.01 Å). As shown in Table 1, the PBSA 
method predicted binding free energy of  -18.96 kcal/mol 
for 1CQQ and -10.76 for EV71 complex. However, the 
GBSA method gave considerably higher free energy 
(-27.56 kcal/mol for 1CQQ, -21.41 kcal/mol for EV71) 
because of  lower estimation of  unfavorable electrostatic 
solvation energy. The non-polar solvation energy gave 
a favorable contribution (-8.22 kcal/mol in 1CQQ and 
-8.11 kcal/mol in EV71) because of  reduced surface area. 
Overall, we observed that the EV71 complex still had 
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Figure 5  Binding mode of AG7088 with 1CQQ (A) and EV71 3C (B). The 
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Table 1  Binding free energies (kcal/mol) of Rhinovirus 3C protease and EV71 3C protease complexed with rupintrivir

Receptor ΔEele ΔEvdw ΔGSA ΔGPB ΔGGB -TΔS ΔGPBSA ΔGGBSA

Rhino 3C Mean -40.70 -64.31      -8.22       64.17             55.67       30.10      -18.96 -27.56
STD    4.75    3.63  0.37   3.78   3.71   6.26    9.45    9.42

EV71 3C Mean -37.74 -60.67 -8.11 66.68 56.24 28.87 -10.76 -21.41
STD    8.57    3.75  0.16   5.88   5.23   3.85  11.70  11.39

ΔEele: Coulombic energy; ΔEvdw: Van der Waals energy; ΔGSA: non-polar salvation free energy; ΔGPB: Poisson-Boltzmann polar solvation 
energy; ΔGGB: Generalized-Born polar salvation energy; ΔGPBSA = ΔEele + ΔEvdw + ΔGSA + ΔGPB - TΔS; ΔGGBSA = ΔEele + ΔEvdw + ΔGSA + ΔGGB - 
TΔS; STD: Standard error of mean values.
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favorable binding energy although slightly lower than that 
in 1CQQ. 

Energy decomposition 
To further analyze the energy contributions of  individual 
residues, we decomposed the binding energies of  1CQQ 
and EV71 complex (Figure 6). It can be concluded from 
the plot that the decreased binding free energy was 
not governed by a single or two residues but a sum of  
cumulative effects. Indeed, residue Phe25, Ser128, Thr142, 
Gly145, 146Tyr/Gln, Cys147, His161 contributed less 
favorably in EV71 complex. Notably, all these sites, except 
for residue 146, have the same amino acid which suggests 
that the decreased energy contribution is caused by minute 
differences in the backbone coordinate. Nevertheless, we 
also observed several sites (His40, Ala144 and Ile162) 
that had more binding energy contributions than those in 
1CQQ. Further analysis indicates that these residues all 
have preferred VDW and solvation energy. 

Sequence variability of EV71 3C protease and its effect 
on rupintrivir binding
As RNA viruses typically exhibit a high mutation rate in 
their replication process which could facilitate drug resis-
tance, we sought to evaluate natural sequence variations 
in isolates collected in various epidemics and their effect 
on rupintrivir binding. Four sequences of  3C isolated 
in our hospital were also included (Figure 7A). Phylog-
eny analysis indicated that very high similarity between 
isolates in Shanghai and in Fuyang, Anhui province and 
122F has 100% identity with the EU703812 reference 
sequence (Figure 7A). We then further scrutinized the 
variability of  the residues with considerable contact with 
rupintrivir. As shown in Figure 8, most strains exhibited 
high conservation on key residues (red open box) in the 
binding site (residue 25, 40, 125-128, 142-147, 161-165, 

170). However, variations on key sites were repeatedly 
shown in isolate 2272.TW.98 which was obtained from a 
patient who died of  pulmonary hemorrhage and shock 
in 1998, Taiwan. Further structural analysis suggests 
that Arg128 in 2272.TW.98 (Ser in Reference sequence) 
may create a steric hindrance to the 4-fluoroPhe group 
of  rupintrivir (Figure 7B). In addition, the Pro142 in 
2086.TW.98, which replaced the conserved Thr residue 
important for hydrogen bond formation with the lactam 
ring, could also drastically affect inhibitor docking. The 
variability observed in residue 144, 145 in 2272.TW.98 
and BrCr.70 is unlikely to abolish rupintrivir’s activ-
ity as the unsaturated ester group is shown to be quite 
flexible in simulation (data not shown). Taken together, 
although the catalytic core of  EV71 3C is generally pre-
served in a wide range of  isolates, potential natural drug 
resistance may exist which would limit the usefulness of  
rupintrivir. 

DISCUSSION
Since the first case of  EV71 infection in California in 
1969, EV71 has been identified in several small-scale 
outbreaks in United States, Europe, Australia, Japan, 
Brazil and Malaysia[27-32]. EV71 infection has become 
a prominent public health issue since the outbreak in 
Taiwan, China, 1998, with 129 106 cases of  HFMD and 
405 cases of  severe disease[33]. Notably, a recent EV71 
epidemic in Anhui province during March to May 2008, 
PR China has also caused over 20 deaths and raised 
public awareness of  the HFMD.

There have been some reports on anti-EV71 drug 
development in recent years[34-36]. Notably, Kuo et al[7] 
designed a series of  compounds against EV71 3C 
based on the structure of  rupintrivir. Nevertheless, 
most of  these drugs are still in the early phase and need 
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further optimization of  pharmacokinetics and ADMET 
(absorption, distribution, metabolism, excretion and 
toxicity) profiles. EV71 vaccine research is also in an 
early development stage[37] and needs further human 

safety tests. The scarcity of  available antiviral medication 
renders clinical intervention of  severe cases challenging. 

In this report, we suggest that an available drug, 
rupintrivir, is an attractive candidate for treatment of  
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Figure 7  Sequence variability of EV71 3C protease and its effect on rupintrivir binding. A: Phylogenetic tree of 48 isolates of EV71 in various outbreaks; B: A 
colored representation of sequence variation on the surface of 3C protease. Positions with two, three and over three different residues are labeled green, yellow and 
red, respectively. Residue Ser 128 and Thr 142 were labeled.  
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Figure 8  Sequence alignment of 3C protease from isolates collected in various epidemics (CHN: Mainland China; TW: Taiwan, China; FY: Fuyang, Anhui 
Province, China; SHZN: Shenzhen, China; AUS: Australia; SAR, SIN, MAL: Malaysia; KOR: Korea; NO: Norway). Residues important for rupintrivir are labeled 
with red open boxes.
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severe cases of  EV71 infection. MD and MM-PBSA 
(GBSA) analysis suggested a decreased but still favorable 
interaction with EV71 3C protease compared with 
HRV 3C. In addition, rupintrivir had been shown to be 
effective against all the human HRV serotypes and several 
human enterovirus strains (CVB2, 5, EV6, 9) because 
of  high conservation in the rupintrivir binding site, 
although EV71 was not tested[9]. Recently, using plaque 
reduction assay and a real-time fluorescence resonance 
energy transfer model, rupintrivir showed around  
0.8 μmol/L EC50 activity[38]. Of  note, the EC50 in 
EV71 (0.8 μmol/L[38]) and in type 2 HRV (20 nmol/L[8,9])  
can be well correlated with free energy estimate in our 
research (-18.96 kcal/mol in HRV and -10.76 kcal/mol in 
EV71, MM-PBSA method). Collectively, using molecular 
simulation and binding free energy estimation, we suggest 
that rupintrivir can effectively inhibit EV71 3C protease, 
which is confirmed by recent in vitro viral culture study. 
Utilization of  old drugs for treatment of  new indications 
has its intrinsic superiority since all the pre-clinical 
research and most of  clinical research can be obviated. If  
rupintrivir could prove its efficacy in HFMD patients, this 
drug could be quickly administered to EV71 patients with 
severe symptoms and possibly reduce the mortality rate of  
HFMD in infants.
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with severe complications.
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vere symptoms. Although, reports of compounds that can inhibit EV71 replica-
tion in vitro are accumulating, they still need to be tested in pharmacokinetics, 
ADMET (absorption, distribution, metabolism, excretion and toxicity) and other 
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Innovations and breakthroughs
In this article, the authors modeled the EV71 3C protease, which is critical for 
viral replication, based on the crystal structure of rhinovirus and poliovirus 3C. 
They further evaluated an irreversible inhibitor of rhinovirus 3C, rupintrivir as a 
possible drug against EV71 by molecular dynamics and molecular mechanics 
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suitability of rupintrivir in inhibiting EV71 3C protease.
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