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Abstract

Human rhinoviruses (HRVs) are the predominant infectious agents for the common cold worldwide. The HRV-C species
cause severe illnesses in children and are closely related to acute exacerbations of asthma. 3C protease, a highly conserved
enzyme, cleaves the viral polyprotein during replication and assists the virus in escaping the host immune system. These
key roles make 3C protease an important drug target. A few structures of 3Cs complexed with an irreversible inhibitor
rupintrivir have been determined. These structures shed light on the determinants of drug specificity. Here we describe the
structures of HRV-C15 3C in free and inhibitor-bound forms. The volume-decreased S1° subsite and half-closed S2
subsite, which were thought to be unique features of enterovirus A 3C proteases, appear in the HRV-C 3C protease.
Rupintrivir assumes an “intermediate” conformation in the complex, which might open up additional avenues for the
design of potent antiviral inhibitors. Analysis of the features of the three-dimensional structures and the amino acid
sequences of 3C proteases suggest new applications for existing drugs.
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Introduction

Human rhinoviruses (HRVs), first discovered in the 1950s,
are the predominant infectious agents of the common cold
and the most common cause of upper respiratory tract
infections worldwide (Arruda et al. 1997). In recent years,
studies have shown that HRVs are responsible for the

work exacerbations of chronic pulmonary diseases and asthma
0< Hai Hou (Johnston et al. 1995). Comprising about 160 serotypes,
houhai @nwpu.edu.cn HRVs are divided into three groups HRV-A, HRV-B and
B4 Ling Zhu HRV-C, utilizing intercellular adhesion molecule 1
lingzhu@ibp.ac.cn (ICAM-1), low-density lipoprotein receptor (LDLR) and

CAS Key Laboratory of Infection and Immunity, CAS Center
for Excellence in Biomacromolecules, Institute of
Biophysics, Chinese Academy of Sciences, Beijing 100101,
China

Key Laboratory for Space Bioscience and Space
Biotechnology, School of Life Sciences, Northwestern
Polytechnical University, Xi’an 710072, China

Beijing Forestry University, No. 35 Tsinghua East Road,
Haidian District, Beijing 100083, China

Institute of Medical Research, Northwestern Polytechnical
University, Xi’an 710072, China

Department of Molecular Biophysics and Biochemistry, Yale
University, New Haven, CT 06511, USA

cadherin-related family member 3 (CDHR3) proteins,
respectively, as receptors for host-cell entry (Greve et al.
1989; Hofer et al. 1994; Bochkov et al. 2015). HRV-C
species were first discovered in 2006 and raised public
concern quickly since they can cause more severe illnesses
in children compared with HRV-A or HRV-B species, and
are closely related to acute exacerbations of asthma (Arden
et al. 2006; Lamson et al. 2006; Miller et al. 2009; Biz-
zintino et al. 2011). So far there are no effective protocols
to culture HRV-C viruses in wild-type cells.

Rhinoviruses are members of the Picornaviridae family.
Within this family, they belong to the Enterovirus genus,
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which also contains enterovirus A-D (EV A-D) (Palmen-
berg et al. 2010). Like all other picornaviruses, HRVs have
a positive-sense, single-stranded RNA genome which is
translated into a polyprotein first during replication. Two
proteases 2A and 3C cleave the polyprotein to generate
functional proteins and enzymes (Palmenberg 1990; Porter
1993). The 2A protease catalyzes the cleavage between the
structural and nonstructural proteins only, while 3C pro-
tease catalyzes most of the internal cleavages (Palmenberg
1990; Porter 1993). In addition, 3C protease plays a key
role in antagonizing antiviral immunity by cleaving the
host complement C3 and retinoic acid-inducible gene I
(RIG-]) to attenuate the innate immune response to viral
infection (Barral et al. 2009; Tam et al. 2014). It is also
reported that 3C protease cleaves the highly conserved
receptor-interacting  serine/threonine-protein  kinase 1
(RIPK1) to suppress cell apoptosis and necroptosis (Croft
et al. 2018; Lotzerich et al. 2018).

In the past decade, much effort has been put into finding
ways to cure HRV infections. The highly conserved 3C
protease is one of the most important targets for drug
design and many inhibitors of this enzyme have been
screened and tested (Binford et al. 2005; Wang and Chen
2007; Baxter et al. 2011; Mello et al. 2014). Rupintrivir
(also known as AG7088) is an irreversible broad-spectrum
inhibitor of 3C protease discovered via protein structure-
based drug design methodologies. This inhibitor shows
antiviral activity against a variety of HRV serotypes as well
as some other picornaviruses, such as human enteroviruses
(HEVs) (Dragovich et al. 1998, 1999a, 1999b; Binford
et al. 2005). It has been reported that the 50% effective
concentrations (ECsq) of rupintrivir for EV71 and CVA16
is about two orders of magnitude higher than those of the
compound for HRVs (Patick et al. 1999; Binford et al.
2005; Tsai et al. 2009). Complexes of rupintrivir and 3C
protease of HRV-2, EV71 and CVA16 reveal the differ-
ences in the binding sites of 3C and the conformational
changes of the inhibitor. The conformational differences of
rupintrivir in these complexes explain the reduced binding
affinities of the drug for EV71 and CVA16 (Matthews ef al.
1999; Lu et al. 2011). However, a report by Hao et al.
showed that the ECs( of rupintrivir for HRV-C15 is about
93 nmol/L, which is around 2 to sixfold higher than those
observed for HRV-A and HRV-B serotypes (Patick et al.
1999; Hao et al. 2012). The reason behind the lower
binding affinity of rupintrivir for HRV-C15 3C protease is
still unclear.

Here, we describe the structures of HRV-C15 3C pro-
tease both in free and inhibitor-bound forms. There is no
obvious difference between the two forms of the enzyme.
Surprisingly, the half-closed S2 subsite and the size-re-
duced S1’ subsite resemble those of EV71 more than those
of HRV-2. The unique microenvironments of HRV-C15
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3C protease led the rupintrivir to tilt the o, B-unsaturated
ester away from the S1’ subsite while still inserting the
fluoro-phenylalanine group into the S2 subsite of the
protein. These conformational changes of the inhibitor
explain why it exhibits lower binding affinity for HRV-C
than HRV-A and HRV-B. Structure of the complex of
HRV-C 3C protease with rupintrivir reveals the confor-
mational flexibility of the inhibitor, which would be
instructive in the structure-based broad-spectrum drug
design. The features of the three-dimensional structure
revealed in this study and the amino acid sequence of
HRV-C 3C protease also suggest that anti HEV-A and
HEV-B drugs which target the 3C proteases would prob-
ably work better in inhibiting HRV-C than anti HRV-A
and HRV-B drugs.

Materials and Methods
Expression and Purification of 3C Protease

The DNA fragment encoding the full-length 3C protease
was synthesized and the gene was then sub-cloned into
pET-28a. Competent E. coli BL21 (DE3) cells were
transformed with the recombinant plasmid. The bacterial
cultures were grown at 37 °C to an ODggo of 0.6 and
0.5 mmol/L isopropyl B-D-1-thiogalactopyranoside (IPTG)
was added to induce the protein expression at 16 °C for
18 h. Cells were harvested and sonicated in the lysis buffer
(50 mmol/L. HEPES, 150 mmol/L NaCl and 10% (v/v)
glycerol, pH 6.5). The lysate was centrifuged at 30,700 x
g for 30 min to remove cell debris. The supernatant was
added onto a Ni-NTA agarose column (Qiagen) equili-
brated with the lysis buffer, and 3C protease was eluted
using the lysis buffer supplemented with 250 mmol/L
imidazole. The 3C protease samples were further purified
by ion-exchange chromatography and gel filtration chro-
matography. The purified protein was concentrated to ~
5 mg/mL for crystallization.

Crystallization, Data Collection, and Structure
Determination

Crystals of 3C protease and the complex of 3C protease
with rupintrivir were grown at 16 °C using the hanging
drop vapor diffusion method over a reservoir solution
consisting of 0.05 mol/L citric acid, 0.05 mol/L BIS-TRIS
propane, pH 5.0, 16% (w/v) polyethylene glycol 3,350.
Diffraction data sets were collected at beamline BL17U of
the Shanghai synchrotron facility. Datasets were processed
and scaled using the HKL.2000 package (Otwinowski and
Minor 1997). The initial structure solutions of 3C protease
and the complex of 3C protease with rupintrivir were
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obtained by molecular replacement using the program
Phaser v2.1 (Mccoy et al. 2007) with the crystal structure
of 3C protease of human rhinovirus serotype 2 (Protein
Data Bank [PDB] entry: 1CQQ (Matthews et al. 1999) and
HRV-CI15 3C protease as a search template, respectively.
Manual model building and refinement were performed
using COOT (Emsley and Cowtan 2004) and PHENIX
(Adams et al. 2010). The structural figures were drawn
with the program PyMOL (DeLano 2004).

Protein Structure Accession Numbers

Coordinates and structure factors have been deposited with
RCSB accession codes: 6KU7, 6KUS.

Result
Overall Structure of the HRV-C15 3C Protease

Similar to the previously reported structures of the 3C
proteases, the HRV-C15 3C protease contains a chy-
motrypsin-like fold that can be divided into two major
domains and one soft linker (Table 1) (Mosimann et al.
1997; Matthews et al. 1999; Anand et al. 2002; Yang et al.
2003; Lee et al. 2009; Lu et al. 2011). In domain I, seven
B-strands (Bal-Pgl) surround the oB short helix and make
up the core of the domain (Fig. 1). The domain II is mainly
composed of nine B-strands (Ball-Bill), which is further
stabilized by the neighboring N-terminal helix oA (Fig. 1).
The two main domains are linked by aC and a long loop
which are positioned on the opposite side of the catalytic
center (Fig. 1). Three highly conserved residues, H40, E71
and C147, located in the center of the substrate-binding
groove formed by the two major domains, play key roles in
the catalysis (Fig. 1). The long soft linker situated on the
opposite side enables the substrate-binding groove to be
more flexible in terms of size and orientation (Fig. 1).

Structure of the Complex of HRV-C15 3C
Protease and Rupintrivir

Rupintrivir is a specific 3C inhibitor which was designed
based on the protein structure (Matthews et al. 1999). As
reported previously, this irreversible inhibitor could be
divided into five groups—a lactam (P1), a fluoropheny-
lalanine (P2), a Val (P3), a 5-methyl-3-isoxazole (P4), and
an o, B-unsaturated ester (P1’) (Matthews er al. 1999; Lu
et al. 2011). Rupintrivir fills itself into the catalytic pocket
of 3C protease and further stabilizes the binding with a
covalent linkage to C147, one of the three key catalytic
residues (Fig. 2A and Table 1). Four of the five groups of
the inhibitor: P1, P2, P3 and P1’, and the covalent bond can

be traced based on clear and unambiguous density, while
the P4 group of rupintrivir is totally invisible in the com-
plex, suggesting that a simplified inhibitor lacking the P4
group could still possibly block the cleavage efficiently
(Fig. 2A).

The overall structures of 3C protease of HRV-C15 in
free and inhibitor-bound forms are very similar (Fig. 2B).
Superimposition of the two structures of 3C protease yields
an RMSD of 0.239 A for the overlapping Co atoms and
reveals that rupintrivir blocks the catalytic activity of 3C
without changing the overall conformation of the protease.
Interestingly, although the overall structures of complexes
of 3C protease and rupintrivir of HRV-2, HRV-C15, EV71
and CVAI6 are very similar, subtle deviations in the
structures have been observed during the superposition
(Fig. 2C). Two antiparallel B-strands (Bal and Bbl) of
domain I move “down” towards domain II by about 4 A
when compared with the same two [B-strands of the other
three complexes (Fig. 2C). The Ball-Bbll loop of domain II
(the loop connecting the Pall and BbII strands) varies in
conformation and the Ball-BblI loops of HRV-2 and HRV-
C15 tend to bend towards the catalytic center, which is
different from those observed for 3C proteases from EV71
and CVA16 (Fig. 2C). These conformational changes of
HRV-C15 3C protease lead to a relatively more closed S1’
subsite (the binding site of rupintrivic P1’ group) and
reduce the volume of this substrate-binding pocket.

Rupintrivir Adopts an “Intermediate”
Conformation

3C proteases of HRV-2, HRV-C15, EV71 and CVAI6
share a chymotrypsin-like fold in the overall structure and a
highly conserved catalytic center. Rupintrivir binds to the
different proteases in a similar manner. Besides the obvious
covalent linkage, some distinct characteristics have been
observed from the conformation of the inhibitor while
comparing these complexes. In different complexes, P1
and P3 groups of the inhibitors are in the same position
while the P1’ and P2 groups rotate to adapt to the different
microenvironments of the binding subsites (Fig. 3).
Rupintrivir shows a new conformation upon binding to
HRV-C15 3C protease when compared to its binding to 3C
proteases of HRV-2, EV71 and CVA16. The P1’ group
rotates ~ 54° relative to its position in the complex with
HRV-2 and stretches out into the solvent, which is similar
to that observed in the complexes of the inhibitor with
EV71 and CVA16 (Fig. 3). The P2 group sticks into the S2
subsite of HRV-C15 in a manner similar to that observed
for HRV-2 3C-rupintrivir complex and is tilted 21° from
the P2 groups of rupintrivir binding with 3C proteases of
EV71 and CVAL16 (Fig. 3). An “intermediate” conforma-
tion of rupintrivir appears in the complex of HRV-C15 and
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Table 1 Data collection and

refinement statistics.

Name

3C

3C in complex with rupintrivir

Data collection
Resolution (/QX)
Unique reflections
Space group

Cell dimensions

a(A)

b (A)

¢ (A)

o (°)

B ()

7 (%)

Redundancy
Completeness (%)

“Roperge
Va(l)

Refinement
Resolution(A)
No. reflections

*Ruvori! Rpree

50-2.15 (2.23-2.15)
13,578 (1332)

50.00-2.05 (2.12-2.05)
16,114 (1496)

No. of non-H atoms
Protein
Mean B-factor (Az)
Ramachandran statistics (%)
Most favored
Allowed
Outliers
R.m.s.deviations
Bond lengths (A)
Bond angles (°)

2221 2221
52.1 52.9

94.7 95.6

98.1 98.9

90 90

90 90

90 90

7.5 (6.4) 3.1 (3.0)
99.8 (99.5) 92.1 (90.2)
0.069 (0.328) 0.060 (0.263)
35.6 (8.1) 22.8 (7.0)
2.15 2.05

13,546 14,812
0.210/0.253 0.184/0.223
1498 1,419

315 28.0

97.2 98.3

2.8 1.7

0.0 0.0

0.010 0.008

1.089 1.086

Values in parentheses are for highest-resolution shell.

*Rmeree = Zhia Zi [T(hkl),— <I(hkl) > |/Zpq Zil (hk1);,

"Ruork = Zrua|Fo(hkl) — Fe(hkl)|/ ZpqFo(hkl).

“Riree Was calculated for a test set of reflections (5%) omitted from the refinement.

displays some characteristics of both conformers. The new
conformation of rupintrivir and the differences in various
binding modes might help explain the differences in the
inhibitor’s binding affinities and ECsq values for different
viruses.

Structural Basis for the Transformation
of Rupintrivir

In the complex of HRV-C15 3C protease with rupintrivir,
microenvironment in the pocket somewhat impacts the
inhibitor’s conformation, especially while binding to S1’
and S2 subsites. In the S1° subsite of HRV-C15 3C-
rupintrivir complex, the 4 A-movement of Bal and Bbl
reduces the volume of the subsite remarkably when
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compared with those of HRV-2, EV71 and CVAI16 (the
structure of CVA16 3C protease is almost identical to that
of EV71 and therefore omitted in the following structural
analysis) (Figs. 2 and 4A). Residues with long side chains
in the B-strands, such as K22 and F25, compress the S1’
subsite further and leave insufficient space for holding the
P1’ group of rupintrivir. Steric clashes would have occurred
if the P1’ group inserted itself into the subsite in HRV-C15
3C-rupintrivir complex just like that observed in the
complex of HRV-2. Residue N22 of HRV-2 3C protease
and Q22 of EV71 3C protease stretch their side chains out
to the solvent and bring much less stress than K22 of HRV-
C15 3C protease does (Fig. 4A). The highly conserved
residue F25 follows the movement of the two B-strands to
encroach on the subsite with its long side chain (Fig. 4A).
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Fig. 1 Overall structure of the
HRV-C15 3C protease. Cartoon
representation of the structure of
HRV-CI15 3C protease is shown
with domain I, domain II and
the linker colored green, red and
blue, respectively. The o-helices
are marked oA to oD and the B-
strands are labeled Pal to gl in
domain I and fall to Bill in
domain II according to their
occurrence along with the
primary structure. The catalytic
triad (H40, E71, and C147) is
shown as orange sticks and
labeled.

Fig. 2 Structure of the HRV-C15 3C-rupintrivir complex. A Overall
structure of the 3C-rupintrivir complex. 3C protease is colored and
labeled as Fig. 1. The rupintrivir is shown as sticks. The covalent
bond formed between the inhibitor and the protease is highlighted
with an arrow. The inset corresponds to zoomed-in view of boxed
region and illustrates the features of the inhibitor. B Line represen-
tation of the superimposition of the 3C protease in free and inhibitor-
bound forms colored in cyan and blue, respectively. C Cartoon
representation of the superimposition of the 3C proteases of HRV-2,
HRV-C15, EV71 and CVAL16, colored orange, blue, red and green,
respectively. Insets correspond to zoomed-in views of boxed regions
and illustrate the structural differences with secondary elements
labeled.

Fig. 3 Rupintrivir adopts a new conformation. The inhibitor (shown
in sticks) and the 3C proteases (shown in cartoon) of HRV-2, HRV-
C15, EV71 and CVAI16 are colored orange, blue, red and green,
respectively. The transparency of the cartoon representation of 3C
proteases of HRV-2, EV71 and CVA16 is 0.7. Insets correspond to
zoomed-in views of boxed regions and illustrate the conformational
changes of the inhibitor with the rotation angles labeled.

Interestingly, although the S1 pocket of HRV-C15 3C
protease is smaller than that of EV71, the rotation angle of
the inhibitor’s P1’ group in its complex with HRV-C15 3C
is smaller than that observed for EV71 3C-rupintrivir
complex (Figs. 3 and 4A).

Two states of the S2 subsite, fully open and half-closed,
have been reported for the 3C protease of HRV-2 and
EV71, respectively. Accordingly, the P2 group of rupin-
trivir has been observed to insert itself into S2 subsite when
open, and reach out of the subsite when half-closed (Mat-
thews et al. 1999; Lu et al. 2011). Interestingly, the P2
group of rupintrivir still inserts itself into the pocket while
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S1’ subsite

HRV-C15
S2 subsite

HRV-2

Fig. 4 Structural comparison of the S1° and S2 subsites of 3C
proteases of HRV-2, HRV-C15 and EV71. In A and B, rupintrivir is
shown as sticks and the 3C proteases are shown in surface
representations with the key residues and secondary structural

the S2 subsite of HRV-C15 3C protease stays half-closed,
which indicates that the binding mode of P2 group of
rupintrivir is not determined by the state of the subsite
(Figs. 3 and 4B). N130 is conserved in HRV-2 and HRV-
C15, and the orientations of its side chain control the state
of the S2 subsite together with K69/D69 located on the
other side. The state of the subsite switches from fully open
to half-closed as the side chain of N130 swaps from
“downside” (like that observed for N130 of HRV-2 3C
protease) to “upside” (as observed for K130 of EV71 3C
protease) (Fig. 4B). The polar interaction between R39 and
rupintrivir P2 group makes the P2 group turn ~ 21° and
extend into the solvent since the long side chain of R39
stretches out of the subsite (Figs. 3 and 4B). The conserved
T39 residues in rhinoviruses do not interact with rupintrivir
so that the P2 group could remain inserted inside the
subsite (Figs. 3 and 4B).

The size-reduced S1’ and the half-closed S2 subsites are
not the unique features of the enterovirus A 3C proteases
(such as EV71 and CVA16). The S1’ subsite of HRV-C
protease is even smaller than that of EV71 as well as
CVAL16 and the half-closed S2 subsite is also observed in
the protease of HRV-C. Unexpectedly, the states of the S2

@ Springer

HRV-C15

EV-71

elements shown as sticks and cartoon, respectively. The polar
interaction between R39 and P2 group of the inhibitor in the complex
of EV71 is colored yellow in B.

subsite have no impact on the conformation of the P2 group
of rupintrivir. Although most 3C proteases share a highly
conserved overall structure, the differences in the residues
could result in variations in the local microenvironments of
the subsites. Consequently, the conformation of the inhi-
bitor changes to adapt to the variations in the subsites.

Discussion

3C protease, a highly conserved enzyme of picornaviruses,
not only cleaves the viral polyprotein during replication,
but also helps the virus escape the host immune system
(Palmenberg 1990; Porter 1993; Barral et al. 2009; Tam
et al. 2014). The three amino acid residues that form the
catalytic triad (H40, E71 and C147) are highly conserved
in rhinoviruses A-C as well as enteroviruses A-D
(Fig. 5A). Here, we present the structures of HRV-C15 3C
protease both in free and inhibitor-bound forms. Rupin-
trivir adopts a new “intermediate” conformation in the
HRYV-C15 3C protease-rupintrivir complex when compared
with the conformation of the inhibitor observed in complex
with 3C proteases of HRV-2, EV71 and CVA16 (Matthews
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HRV-C15

HRV-A24
Rhinovirus A {HRV—A3 6
HRV-A76
HRV-B06
Rhinovirus B {HRV—BI7
HRV-B35
HRV-C15
HRV-C26
HRV-C32
EV-AT71
Enterovirus A{CV—Al 0
CV-Al6
CV-B2
Enterovirus B{CV—B3
CV-B5
CV-Al3
CV-A20
CV-A24
EV-D68
Enterovirus D{EV—D 70
EV-D94

Rhinovirus C

Enterovirus C

HRV-C15

HRV-A24
HRV-A36
HRV-A76
HRV-B06
Rhinovirus B {HRV—BI7
HRV-B35
HRV-C15
HRV-C26
HRV-C32
EV-A71
Enterovirus A{CV—Al 0
CV-Al6
CV-B2
Enterovirus B{CV—B3
CV-B5
CV-Al3
Enterovirus C{CV-AZ 0
CV-A24

Rhinovirus A

Rhinovirus C

EV-D68
Enterovirus D§ EV-D70
EV-D94

HRV-C15

HRV-A24
HRV-A36
HRV-A76
HRV-B06
HRV-B17
HRV-B35
HRV-C15
HRV-C26
HRV-C32
EV-AT71
CV-Al0
CV-Al6
CV-B2
CV-B3
CV-B5
CV-Al3
CV-A20
CV-A24
EV-D68
Enterovirus D{EV—D 70
EV-D94

Rhinovirus A

Rhinovirus B

Rhinovirus C

Enterovirus A

Enterovirus B:

Enterovirus C

Fig. 5 Sequence analysis of the 3C proteases from rhinovirus A—C
and enterovirus A-D. A Multiple-sequence alignment of the 3C
proteases using ESPript (Robert and Gouet 2014). The spiral lines
indicate o-helices and the horizontal arrows represent f-strands. The
catalytic triad is colored cyan. The residues which play key roles in
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background. The residues that control the state of the S2 subsite are
colored green. The residue which interacts with the P2 group of
rupintrivir is highlighted with a yellow background. B Phylogenetic
tree of the 3C proteases generated using the online tool—Phylogeny
(Dereeper et al. 2008, 2010).

decreasing the S1° subsite volume are highlighted with a blue
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et al. 1999; Lu et al. 2011). Notably, the “intermediate”
conformation for rupintrivir observed in HRV-CI15 are not
possibly caused by low pH since that all three complexes
(HRV-C15 3C-rupintrivir, EV71 3C-rupintrivir and
CVAL16 3C-rupintrivir) were crystallized at pH < 5, sug-
gesting the specific interactions between the HRV-C15 3C
and rupintrivir. The P1” group of the inhibitor is oriented
towards the solvent after binding with the HRV-CI15 3C
protease. Such mode of binding of rupintrivir is similar to
that observed in its complex with EV71. The P2 group
stays embedded in the S2 subsite, which is akin to that
observed in the complex of HRV-2 with rupintrivir. These
conformational changes could provide some explanation to
the differences in ECsy values of rupintrivir for HRV-2,
HRV-C15 and EV71.

Based on the structures of the complexes of 3C protease
with rupintrivir, an in-depth characterization of the S1° and
S2 subsite could provide potential guidelines for rational
design of broad-spectrum inhibitors. In the S1’ subsite of
HRV-C15 3C, the two antiparallel B-strands (Bal and BbI)
with long side-chain residues (K22 and F25) move about
4 A and reduce the volume of this pocket. Interestingly,
F25 is highly conserved in rhinovirus A—C and enterovirus
A-D while N22/K22/Q22/Y22 are conserved in each sub-
group only (Fig. 5A). Based on the structures and analysis
of the amino acid sequences, it is quite likely that the S1’
subsite is not large enough to hold the inhibitor’s P1’ group
and therefore a smaller group at this position is suggested
for designing new broad-spectrum inhibitors. In the S2
subsite, positions of two residues, N130 and D69/K69,
determine whether the pocket is fully open or half-closed.
Interestingly, the states of the subsite do not influence the
insertion of the P2 group of rupintrivir. The residue R39
which forms polar interaction with the P2 group stretches
out to the solvent and makes the P2 group turn outside.
Surprisingly, R39 is highly conserved just in enterovirus A
and B, whereas in rhinovirus A—C and enterovirus C-D,
residue 39 is occupied by threonine (Fig. SA). Without the
polar interaction, the P2 group would probably insert into
the S2 subsite in rhinovirus A—C and enterovirus C-D,
regardless of whether the pocket is fully open or half-
closed. Therefore, a nonpolar P2 group would be an
appropriate choice for designing broad-spectrum inhibitors.
Given that K130 and R130 are conserved in enterovirus A
and C, respectively, the long side chains block the S2
subsite more easily than the short side chains of T130/
V130/N130 of rhinoviruses A-C, as well as enteroviruses
B and D (Fig. 5A). Therefore, the P2 group is suggested
not to be too long in the broad-spectrum inhibitor design.
Otherwise, the binding of the inhibitor would probably be
affected by the half-closed S2 pocket.

The antiviral effects of rupintrivir against HRV-C15 and
other viruses could validate the potential relationship

@ Springer

between the “intermediate” conformation and the lower
binding affinity. However, lack of HRV-C15 efficiently
infected cell model limit this exploration in this study. To
utilize existing drugs for curing the viral infection is as
important as designing new broad-spectrum inhibitors.
Intriguingly, phylogenetic analysis of 3C proteases based
on the amino acid sequences reveals that 3C proteases of
HRV-C resemble the enzymes of HEV-A and HEV-B more
than those of HRV-A and HRV-B (Fig. 5B). Taking into
consideration the phylogenetic analysis and the reduced
volume of S1’ subsites of 3C proteases of HRV-C and
HEV-A, it seems that anti HEV-A and HEV-B drugs which
target the 3C proteases would probably work better in
inhibiting HRV-C than anti HRV-A and HRV-B drugs
targeting the 3C protease.
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