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A B S T R A C T   

Rhinoviruses (RVs) cause the common cold. Attempts at discovering small molecule inhibitors have mainly 
concentrated on compounds supplanting the medium chain fatty acids residing in the sixty icosahedral 
symmetry-related hydrophobic pockets of the viral capsid of the Rhinovirus-A and -B species. High-affinity 
binding to these pockets stabilizes the capsid against structural changes necessary for the release of the ss(+) 
RNA genome into the cytosol of the host cell. However, single-point mutations may abolish this binding. RV-B5 is 
one of several RVs that are naturally resistant against the well-established antiviral agent pleconaril. However, 
RV-B5 is strongly inhibited by the pyrazolopyrimidine OBR-5-340. Here, we report on isolation and character
ization of RV-B5 mutants escaping OBR-5-340 inhibition and show that substitution of amino acid residues not 
only within the binding pocket but also remote from the binding pocket hamper inhibition. Molecular dynamics 
network analysis revealed that strong inhibition occurs when an ensemble of several sequence stretches of the 
capsid proteins enveloping OBR-5-340 move together with OBR-5-340. Mutations abrogating this dynamic, 
regardless of whether being localized within the binding pocket or distant from it result in escape from inhi
bition. Pyrazolo [3,4-d]pyrimidine derivatives overcoming OBR-5-340 escape of various RV-B5 mutants were 
identified. Our work contributes to the understanding of the properties of capsid-binding inhibitors necessary for 
potent and broad-spectrum inhibition of RVs.   

1. Introduction 

Rhinovirus species A, B, and C (80, 32, and 59 types, respectively) 
represent the major cause of common cold in all age groups (Esneau 
et al., 2022; Heikkinen and Jarvinen, 2003; Simmonds et al., 2020). 
Rhinovirus A and C are most prevalent and associated with more severe 
clinical presentations including chronic bronchiolitis, pneumonia, 
exacerbation of chronic obstructive pulmonary disease, and asthma 
(Cilloniz et al., 2022; Esneau et al., 2022; Jackson and Gern, 2022; Lee 
et al., 2007; Renwick et al., 2007; Royston and Tapparel, 2016; Ruus
kanen et al., 2011). Rhinoviruses (RVs) circulate worldwide year-round 
with the peak incidence occurring in autumn and spring (Esneau et al., 

2022; Moriyama et al., 2020). During the COVID-19 pandemic many 
countries implemented multiple complementary ‘non-pharmaceutical 
measures’, such as mask wearing, lockdown etc. to prevent SARS-CoV-2 
circulation. Although this also diminished influenza virus and respira
tory syncytial virus infections, it did not prevent RV circulation (Buch
holz et al., 2023; Mansuy et al., 2021; Vittucci et al., 2021). This 
underlines the strong need for additional preventive and/or therapeutic 
measures to control rhinovirus-induced acute respiratory infection. 

The large number of different RV types hinders the development of 
vaccines and small-molecule antivirals. Only a few research groups are 
aiming at developing molecules able to inhibit a wide spectrum of RVs 
(‘broad-spectrum inhibitors’). The targets for these inhibitors are highly 
conserved regions of viral proteases, RNA polymerases, and capsid 
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proteins (Egorova et al., 2019; Patick, 2006; Rollinger and Schmidtke, 
2011; Thibaut et al., 2016). Capsid-binding inhibitors of RVs A and B 
were considered very promising. Pleconaril, vapendavir, and the pyr
azolopyrimidine OBR-5-340 represent small-molecule leads of such 
broad-spectrum capsid binders with proven activity in vitro and efficacy 
in vivo (Barnard et al., 2004; Feil et al., 2012; Groarke and Pevear, 1999; 
Makarov et al., 2015; Pevear et al., 1999). Nevertheless, low clinical 
efficacy and side effects of pleconaril and vapendavir noted in human 
trials prevented drug approval (Egorova et al., 2019). 

All three compounds affect the early steps of the RV reproduction 
cycle by inhibiting its adsorption and/or uncoating through binding to a 
small hydrophobic pocket in the viral capsid protein 1 (VP1) (Braun 
et al., 2015; Feil et al., 2012; Groarke and Pevear, 1999; Makarov et al., 
2015; Wald et al., 2019). A comparison of the available 3D-structures of 
representatives from the Enteroviruses genus complexed with capsid 
binders like pleconaril reveal quite similar binding geometry, mean
while OBR-5-340 only partially overlaps with this binding site (Wald 
et al., 2019). Therefore, the spectrum of anti-RV activity of OBR-5-340 is 
broader and includes pleconaril-, and vapendavir-resistant RVs, for 
example, rhinovirus B5 (RV-B5) (Wald et al., 2019). The promising in 
vitro antiviral activity and favorable in vivo efficacy of OBR-5-340 
together with its metabolic stability and lack of CYP induction 
(Makarov et al., 2015; Wald et al., 2019) indicate that this molecule 
could become a suitable lead compound for further optimization into an 
antiviral drug candidate. 

In lead-to-candidate optimization, it is important to know the rate of 
resistance development, to identify mutations conferring resistance, and 
to determine structural modifications of the lead that overcome resis
tance. Such data are available for coxsackievirus B3 virus (Makarov 
et al., 2015) but not for RVs. Generally, RNA viruses exhibit high genetic 
variability and evolve as quasispecies (Domingo et al., 2021). Conse
quently, virus variants with resistance-conferring amino acid sub
stitutions likely already exist prior to treatment with the inhibitor or 
emerge during treatment (Kirkegaard et al., 2016; Perales et al., 2012). 
Amino acid substitutions that confer low level (partial) or high-level 
(full) resistance to capsid-binding inhibitors of RVs were identified 
(Heinz et al., 1989). Such resistance-conferring amino acid substitutions 
were detected inside and outside of the drug-binding pocket (Braun 
et al., 2015; Feil et al., 2012; Groarke and Pevear, 1999; Lanko et al., 
2021; Makarov et al., 2015). 

To fill the gap in the knowledge of RV resistance to OBR-5-340, we 
aimed at (i) determining the frequency and the type (partial or full) of 
OBR-5-340-resistant RV-B5, (ii) identifying amino acid substitutions 
affecting OBR-5-340 susceptibility, (iii) explaining the underlying mo
lecular mechanism, and (iv) evaluating the effect of resistance- 
conferring mutations on viral replication and thermostability. Another 
goal was to identify key structural features of OBR-5-340 derivatives 
capable of overcoming resistance. 

2. Materials and methods 

2.1. Compound synthesis 

The phenylpyrazolo[3,4-d]pyrimidine-4-amines used in this study 
were synthesized mainly according to the scheme and synthetic pro
cedures described in (Makarov et al., 2015). A brief description of syn
thetic procedure, a synthetic scheme, and compound characteristics are 
given in Supplementary Material 1. 

2.2. Cells and viruses 

HeLa Ohio cells (Flow Laboratories, USA) were grown in Eagle’s 
minimal essential medium (MEM) supplemented with 5% calf serum 
(PAA, Cölbe, Germany). RV-B5 was received from the National Collec
tion of Pathogenic Viruses, Salisbury, UK and termed RV-B5 WT1. RV-B5 
WT2 was obtained by further passaging of RV-B5 WT1 for mechanism of 
action studies (Wald et al., 2019). RV propagation and antiviral studies 
were performed in MEM with 2% calf serum (test medium) in HeLa Ohio 
cells. 

2.3. Isolation and purification of OBR-5-340-resistant RV-B5 mutants 

Ten OBR-5-340-resistant plaque isolates (PI) of RV-B5 WT1 were 
obtained as published previously with some modifications (Braun et al., 
2015; Groarke and Pevear, 1999; Makarov et al., 2015). Briefly, 10 
samples of a tenfold RV-B5 WT1 dilution were incubated with 1 μM 
OBR-5-340 in test medium at 33 ◦C. After 1 h, virus suspensions were 
further diluted (10− 2, 10− 3, 10− 4) in OBR-5-340-containing (1 μM) test 
medium and 500 μl aliquots were transferred onto HeLa cell monolayers 
in 12-well culture plates. After adsorption at 33 ◦C for 1 h, the inoculum 
was removed and 1 ml test medium containing 0.4% agar ± OBR-5-340 
(1 μM) was added. One mock-infected, mock-treated cell control and 
three mock-treated virus controls were included in all assays. After in
cubation at 33 ◦C for 4 days individual plaques were collected and two 
times plaque-purified in the presence of 1 μM OBR-5-340. 

2.4. RNA isolation, RT-PCR, and sequencing of the capsid-protein 
encoding region P1 

RNA was extracted by using an RNeasy Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instructions and stored in 30 
μl of RNase-free water at − 80 ◦C. A two-step reverse transcription (RT)- 
polymerase chain reaction (PCR) was utilized to amplify the capsid- 
protein encoding P1 region of RV-B5. RT was conducted with the 
Omniscript RT kit (Qiagen, Hilden, Germany), the RV-B5 RT primer 5′- 
CTA CTT TGG GTG TCC G-3′, and 1.5 μg of RNA in a final reaction 
volume of 20 μl. PCR amplification was carried out using the Taq Core 
kit 10. Primers are listed in Supplementary Table S1 and the cycling 
conditions in Supplementary Table S2. Amplified DNA was purified by 
using the QIAquick Gel extraction kit (Qiagen, Hilden, Germany) or the 
QIAquick PCR purification kit (Qiagen, Hilden, Germany) and stored at 
− 20 ◦C. Nucleotide sequences were determined by using fluorescence- 
labelled nucleotides with the GenomeLab™ DTCS Quick Start Kit 
(Qiagen, Hilden, Germany). RV-B5 amino acid sequences were aligned 
and compared to sequence FJ445112.1 (Palmenberg et al., 2009) with 
BioEdit (version 5.0.9). 

2.5. Amino acid sequencing by using mass spectroscopy 

The amino acid sequence of the viral capsid protein VP3 of RV-B5 
WT2 was confirmed by order issued to the mass spectrometry facility 
of the Max Perutz Labs of the Vienna Biocenter (Supplementary Material 
2). 

Nomenclature 

AAS amino acid substitutions 
CPE cytopathic effect 
PI plaque isolates 
hpi hours post infection 
PCR polymerase chain reaction 
PRA plaque reduction assay 
RV-B5 rhinovirus B5 
RT reverse transcription 
RVs rhinoviruses 
TCID50 tissue culture infection dose 50% 
VP1-4 virus capsid proteins 1-4 
WT wild-type  
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2.6. One-step virus growth analysis and thermostability studies 

We focused on studying the impact of single mutations Q2131L (PI- 
2) and Y1201H (PI-9) on replication kinetics and thermostability studies 
because the interpretation of the properties of triple mutants is difficult 
and would remain highly speculative without reverse engineering. 
Semiconfluent HeLa cells grown in 4-well tissue culture plates (Nunc 
GmbH & Co. KG, Langenselbold), one per time point, were infected with 
RV-B5 WT1, PI-2 or PI-9 at a multiplicity of infection of 1 TCID50/cell in 
300 μl test medium (3 wells) or mock-infected for control (1 well) at 
33 ◦C as described (Braun et al., 2015). At selected times infection was 
halted by freezing at − 80 ◦C. After thawing, the virus titer was deter
mined by endpoint titration. Thermostability was assessed by heating 
samples of RV-B5 WT1, WT2, PI-2, and PI-9 to 46 ◦C, 48 ◦C, and 50 ◦C. 
For control, samples were kept on ice for 10 min. Then, titer reduction 
relative to the control samples was determined. 

2.7. Antiviral assays 

Susceptibility of RV-B5 and resistance of all ten PI against OBR-5-340 
(maximum 2.7 μM) was studied with plaque reduction assays (PRA) in 
confluent HeLa cells grown in 12-well plates. Three untreated virus 
controls and one uninfected, untreated cell control were included in all 
assays. Each compound concentration was tested twice. After incubation 
at 33 ◦C for 4 days, cells were fixed and stained with crystal violet, 
plaques were counted and used to calculate the percentage of plaque 
reduction as described previously (Schmidtke et al., 2001). 

CPE inhibition assays were performed in one-day-old semi confluent 
monolayers of HeLa cells in 96 well flat-bottomed microtiter plates as 
published (Makarov et al., 2015; Schmidtke et al., 2001). Infection with 
RV-B5 WT1 and WT2 (MOI 0.01) and six selected OBR-5-340-resistant 
PI (MOI 0.15) resulted in nearly complete CPE at 72 h p.i. 

2.8. Molecular dynamics simulations 

Coordinates of heavy atoms of the RV-B5 WT complex with the OBR- 
5-340 were taken from the cryogenic electron microscopy (cryo-EM) 
structure PDB ID: 6SK5 (Wald et al., 2019). Amino acid substitutions 
were manually introduced to construct a set of five OBR-5-340/RV-B5 
complexes: L3221, L3221F, Y3175F, Y1201H and Q2131L (the first 
digit denotes the VP) as well as the triple mutant, including L1043V, 
E1117D, and Y3175F. 

We performed simulations of 250–300 ns and analyzed only equili
brated systems that we controlled by the time dependence of the RMSD 
of protein heavy atoms. We checked that these curves reach plateau and 
performed dynamical network analysis for the different trajectory 
lengths: 100, 150 and 200 ns. Independently on the trajectory length, we 
observed the same behavior in the ligand and 1192–1195 and 
1217–1219 loops region. Therefore, we suppose that this criterion is 
reliable and can be utilized for classification. Thus, molecular dynamics 
(MD) simulations were performed as follows: 50 ns system equilibration 
followed by the 100 ns production run for each model system. The 
protein macromolecule was described with CHARMM36 force field pa
rameters (Best et al., 2012; Denning et al., 2011), OBR-5-340 with the 
CGenFF (Vanommeslaeghe et al., 2010) and solvent water molecules 
with the TIP3P (Jorgensen et al., 1983) parameters. Simulations were 
performed in the NPT ensemble at T = 300 K and p = 1 atm with a 1 fs 
integration time step. All MD simulations were carried out with the 
NAMD software. Dynamical network analysis (Sethi et al., 2009) was 
utilized by dividing the complex to communities with correlated mo
tions within them; every amino acid was represented by a single node; 
the OBR-5-340 molecule was divided into three parts. Any two nodes 
(except the neighbors) were connected by an edge if the distance be
tween any pair of atoms of the respective residues was less than 4 Å for 
more than 75% of the simulation time. Covariance and correlation 
matrices for dynamical network analysis were calculated with the 

Carma program (Glykos, 2006). 

2.9. Statistical analysis 

Mean and standard deviations were calculated with EXCEL2016. 
Linear regression was applied to derive the 50% CPE inhibitory con
centration (IC50) in PRA and CPE inhibition assays with EXCEL. The two- 
sided t-test was used for statistical analysis of one-step virus growth 
analysis with EXCEL. 

3. Results 

3.1. Isolation and phenotypic characterization of OBR-5-340-resistant 
RV-B5 variants 

The highly OBR-5-340-sensitive RV-B5 (Makarov et al., 2015) was 
selected to evaluate resistance development. The molecular binding 
mechanism of OBR-5-340 to the viral capsid was deciphered by using 
cryo-EM structure determination of the virus/inhibitor complex (Wald 
et al., 2019). 

The mutation frequency was determined as the fraction of virus 
forming plaques in the presence of a high inhibitor concentration, 
analogous to earlier studies (Braun et al., 2015; Groarke and Pevear, 
1999; Heinz et al., 1989; Makarov et al., 2015). The frequency of RV-B5 
WT1 (for the definition of WT1 and WT2 see 3.2) mutants forming 
plaques in the presence of OBR-5-340 was 7.5 × 10− 3. 

Ten RV-B5 escape mutants were isolated from the above plaques 
(referred to as plaque isolates, PI 1–10, in Table 1) and phenotypically 
characterized. Viral escape from OBR-5-340 inhibition was confirmed in 
plaque reduction assays for all PI as well as in CPE inhibition assays for 6 
selected PI (Fig. 1A and B). Mean dose-response curves of RV-B5 WT1 
compared to PI show a strong reduction of susceptibility to OBR-5-340. 
The maximum compound concentration applied in plaque reduction 
assay of PI diminished the number of plaques by only up to 40%, indi
cating incomplete escape. Application of higher concentrations in CPE 
inhibition assays enabled the calculation of 50% inhibitory concentra
tions (IC50 values) of the PI as given in Table 1. The 41 to 557-fold- 
increased IC50 values as compared to both RV-B5 WT1 and WT2 
confirmed the strongly reduced OBR-5-340 susceptibility of PI. 

3.2. Amino acid substitutions detected in OBR-5-340-resistant RV-B5 

Sequence analysis of the P1 region, which includes all four viral 
capsid proteins (VP1-4) and comparison to sequence FJ445112.1 (Pal
menberg et al., 2009) revealed a natural polymorphism at 3 positions: 
1101 (asparagin, N or aspartate, D), 3004 (alanin, A or threonine, T), 
and 3221 (leucine, L or phenylalanine, F) marginally impacting on 
OBR-5-340 susceptibility against RV-B5 WT1 and WT2 (Table 1). Mass 
spectrometry protein sequencing essentially confirmed the covered 
peptides of VP3 of RV-B5 WT2 (Supplementary Material 2). Intriguingly, 
about 2% phenylalanine and 98% leucine was identified at position 
3221, suggesting that one or the other residue might be selected by the 
viral propagation conditions. 

One to three additional amino acid substitutions were identified in 
the OBR-5-340-resistant PI (Table 1). PI-1 has three substitutions: 
L1043V, E1117D, and Y3175F. Q2131L was detected in five PIs (PI 2–6), 
and, together with H3229Y, in PI-7. In addition, Q2131 was detected in 
PI-2 (intensity approximately 50% of the L2131 intensity). Finally, three 
RV-B5 plaque isolates (PI 8–10) had the substitution Y1201H. This 
leaves us with the single mutations Q2131L and Y1201H and/or the 
triple mutation L1043V, E1117D, Y3175F to be considered further. It is 
of note that the mutations Q2131L and Y1201H did not affect resistance 
against pleconaril and susceptibility to disoxaril (Table 1). 
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3.3. Influence of resistance-conferring amino acid substitutions on virus 
replication and thermostability 

Resistance-conferring amino acid substitutions might affect viral 
replication kinetics (Hoffmann et al., 2016; Lonberg-Holm and 
Noble-Harvey, 1973). The results of one-step growth kinetics of RV-B5 
WT1, PI-2, and PI-9 in HeLa cells revealed a coincidence for PI-2 and 
PI-9. In contrast, significant differences were found between RV-B5 WT1 
and PI-2, as well as RV-B5 WT1 and PI-9 from 5 to 10 h post infection 
(hpi) and 6–9 hpi, respectively (p < 0.05) (Fig. 2A). This suggests that 
Y1201H and Q2131L confer an advantage to viral uncoating (release of 
viral RNA from the capsid). Nevertheless, the maximal virus yield of 
RV-B5 WT1, PI-2, and PI-9 was similar at 11 and 12 hpi. 

Uncoating of RVs requires conformational changes in viral capsid 
proteins (Fuchs and Blaas, 2010) that might be affected by amino acid 
substitutions. Heating RVs to ≥50 ◦C artificially triggers uncoating 
(Harutyunyan et al., 2015; Lonberg-Holm and Noble-Harvey, 1973). 
This results in a temperature-dependent reduction of infectious virus 
because, under the conditions used, the released viral RNA cannot infect 
(Lacroix et al., 2015; Lonberg-Holm and Noble-Harvey, 1973). As seen 
in Fig. 2B and in agreement with previous findings (Wald et al., 2019), 
RV-B5 WT2 lost 99% of its infectivity after 10 min at 48 ◦C, as did PI-2 
and PI-9, whereas RV-B5 WT1 was somewhat more stable. 

3.4. Molecular origin of different inhibitory potency of OBR-5-340 
toward the RV-B5 variants 

Table 1 demonstrates that amino acid substitutions in the RV-B5 
escape mutants confer reduced binding potency of OBR-5-340. Two 
amino acid substitutions, Y1201H and Q2131L, are located close to the 
OBR-5-340 binding site, whereas two others in VP3 (H3229Y and 
Y3175F) are quite distant (Fig. 3A). The most distant one, Y3175F, 
affected the IC50 value, whereas L3221F (natural polymorphism) did 
not. Classical molecular dynamics simulations were performed for OBR- 
5-340/RV-B5 complexes: L3221, L3221F, Y3175F, Y1201H, Q2131L 
and for the triple mutant including L1043V, E1117D, and Y3175F to 
clarify these experimental observations. OBR-5-340 is located between 
the sequence stretches 1217-219 and 1192-195 of VP1 (Fig. 3B). Likely, 
formation of the complex should fix these two regions relative to each 
other via interactions with the inhibitor. The proper way to quantify this 
effect is to perform dynamical network analysis of the MD trajectory and 
divide the entire system into communities that are characterized by 
correlated motions. 

For both wild-type RV-B5 amino acid sequences (Fig. 3C and D), 
included for control, we found that both VP1 1217–1219 and 
1192–1195 fragments and OBR-5-340 belong to the same community. In 
case of PIs with higher IC50 values, the OBR-5-340 motions are corre
lated only with amino acid residues of VP1 1192–1195 (Fig. 3E–G). The 
results for the triple mutant, including L1043V, E1117D, and Y3175F 
correspond with that of the other PIs and are not shown. Thus, increase 
of the IC50 value can be explained by formation of more relaxed com
plexes in which the inhibitor does not stabilize the protein fragments 
that envelope it. 

3.5. Identification of modified pyrazolopyrimidines with improved activity 
against OBR-5-340-resistant mutants 

To overcome the RV-B5 resistance to OBR-5-340, we synthesized a 
number of N3,6-diphenylpyrazolo [3,4-d]pyrimidine-4-amines contain
ing substituents at the 3-phenyl ring (Table 2). The 3-non-substituted 
pyrazolo [3,4-d]pyrimidine RCB04166 was poorly active against the 
OBR-5-340-resistant mutants. The size of the halogen probably in
fluences the antiviral activity of pyrazolo [3,4-d]pyrimidine: compounds 
with similar halogen size at the para-position of the phenyl ring (4- 
chloro and 4-bromo) exhibited comparable activity against OBR-5-340- 
resistant strains, whereas the introduction of the bulkier halogen, 
iodine, led to reduced activity. The smallest halogen, fluorine, resulted 
in a strong or even complete loss of activity of compound RCB23141-145 
against OBR-5-340-resistant mutants, and the introduction of two fluo
rine atoms at different positions of the 3-phenyl ring did not improve the 
activity. However, compound RCB23137, with the slightly sterically 
larger methyl group compared to iodine exerted in vitro activity against 
resistant strains comparable to RCB23137 and RCB23138. 

4. Discussion 

In the present study, we identified amino acid substitutions in VP1 
(L1043V, E1117D, Y1201H), VP2 (Q2131L), and VP3 (Y3175F) in the 
P1 coding region of OBR-5-340-resistant RV-B5 mutants. Based upon the 

Table 1 
Susceptibility of rhinovirus B5 (RV-B5) variants to pleconaril, disoxaril, and 
OBR-5-340.  

RV-B5 
wild type 
(WT) 
and 
plaque 
isolates 
(PI) 

Amino acid 
substitutions 
compared to 
the sequence 
published by 
Palmenberga 

IC50 (μM)b 

OBR-5-340 Pleconaril Disoxaril 

Plaque 
reduction 

CPE 
inhibition 

CPE 
inhibition 

CPE 
inhibition 

WT1 N1101D, 
A3004T, 
L3221F 

0.02 ±
0.01 

0.02 ±
0.01 

NA 2.66 ±
2.47 

WT2 A3004T 0.10 ±
0.02 

0.11 ±
0.04 

NA 0.85 ±
0.50 

PI-1 N1101D, 
L1043V, 
E1117D, 
A3004T, 
Y3175F 

>2.7 ND ND ND 

PI-2 N1101D, 
Q2131L, 
A3004T 

>2.7 11.15 ±
3.15 

NA 3.40 ±
1.43 

PI-3 N1101D, 
Q2131L, 
A3004T 

>2.7 ND ND ND 

PI-4 N1101D, 
Q2131L, 
A3004T 

>2.7 10.49 ±
1.70 

NA ND 

PI-5 N1101D, 
Q2131L, 
A3004T 

>2.7 8.52 ±
1.29 

NA ND 

PI-6 N1101D, 
Q2131L, 
A3004T 

>2.7 ND ND ND 

PI-7 N1101D, 
Q2131L, 
A3004T, 
H3229Y 

>2.7 ND ND ND 

PI-8 N1101D, 
Y1201H, 
A3004T, 
L3221F 

>2.7 5.09 ±
2.05 

NA ND 

PI-9 N1101D, 
Y1201H, 
A3004T, 
L3221F 

>2.7 4.18 ±
1.02 

NA 3.55 ±
1.99 

PI-10 N1101D, 
Y1201H, 
A3004T, 
L3221F 

>2.7 4.90 ±
1.74 

NA ND  

a Positions of amino acids exchanged with respect to the ones published by 
Palmenberg et al., (2009), are given plus 1000, 2000, or 3000 for VP1, VP2, or 
VP3, respectively. Amino acid substitutions detected in OBR-5-340-resistant PI 
but not in the two OBR-5-340-sensitive wild-type RV-B5 (WT1 and WT2) are 
marked in bold. 

b The mean 50% inhibitory concentration (IC50) and standard deviation 
determined in at least 3 independent assays; NA not active at non-cytotoxic 
concentrations; ND not determined. 
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cryo-EM data revealing OBR-5-340 binding to the entrance of the hy
drophobic pocket in RV-B5 (Wald et al., 2019), the molecular mecha
nism of resistance can be explained. Y1201H and Y3175F might directly 
hamper OBR-5-340 binding whereas Q2131L acts indirectly by modi
fying the orientation of Y1201. A similar indirect mechanism of resis
tance is also known for the induction of oseltamivir resistance by H274Y 
in the neuraminidase of subtype 1 of influenza A viruses (Yadav et al., 
2021; Yusuf et al., 2016). 

In contrast to the amino acid substitutions conferring complete 
resistance of coxsackievirus B3 to OBR-5-340 (Makarov et al., 2015), 
those found in RV-B5 led to a partial loss of inhibitory activity. This is in 
good agreement with the frequency of resistant mutants in the virus 
population determined for OBR-5-340 that is commonly high in case of 
low (partial) resistance to capsid-binding inhibitors (Heinz et al., 1989). 
OBR-5-340-resistant PI with Y1201H and Q2131L are characterized by 
lower thermostability. These data suggest that the amino acid sub
stitutions in VP1 and/or VP2 of RV-B5 WT2, PI-2, and PI-9 decreased the 
thermostability of the viruses. Apparently, the otherwise neutral 

substitution L3221F made the capsid more resistant to elevated tem
perature. This might be due to a cavity-filling effect of phenylalanine 
(Saito et al., 2000). Whether the faster increase of virus yield of 
OBR-5-340-resistant PI represents an advantage for human infection 
remains doubtful because the maximum virus yield was similar at 11 
hpi. 

As expected, pleconaril was inactive against both wild-type RV-B5 
and the OBR-5-340-resistant mutants. This is in good agreement with 
the fact that naturally occurring as well as experimentally selected 
(cross)resistance of RVs to the majority of known capsid-binding in
hibitors, including pleconaril, is mainly based on amino acid sub
stitutions at one or two positions of VP1 in the center of the hydrophobic 
binding pocket (Badger et al., 1989; Feil et al., 2012; Heinz et al., 1989; 
Lacroix et al., 2015; Ledford et al., 2004). The capsid structures of the 
pleconaril-sensitive RV-B14 and RV-A16, and vapendavir-sensitive 
RV-A2 have been determined by X-ray crystallography to atomic reso
lution (Feil et al., 2012; Zhang et al., 2004). It was proposed that amino 
acid substitutions at position 1188 and/or 1199 in the center of the 

Fig. 1. Dose dependent inhibition of RV-B5 replication by OBR-5-340 in HeLa cells. (A) Plaque reduction assays were performed with RV-B5 wildtype 1 (RV-B5 WT1) 
and ten plaque isolates (PIs). (B) Resistance to OBR-5-340 was confirmed in CPE inhibition assays with RV-B5 WT1 and six selected PIs. Data points represent the 
mean and standard deviation of at least 3 assays. 
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hydrophobic binding pocket sterically hinder inhibitor binding, in 
particular by interfering with its central ring (Ledford et al., 2004). 

Disoxaril, an early-identified capsid-binder, inhibited wild-type RV- 
B5 as well as the OBR-5-340-resistant PI similarly. This was surprising 
because disoxaril binds also deep into the hydrophobic binding pocket 
like pleconaril. At the same time, in contrast to pleconaril and all other 
capsid-binding inhibitors with known x-ray structure of their virus 
complex, a second disoxaril molecule binds near to the entrance of the 
hydrophobic pocket in VP1, as does OBR-5-340 (Hendry et al., 1999). 
Our results indicate that binding of disoxaril to the entrance of the hy
drophobic pocket might suffice to inhibit RV replication. In contrast to 
amino acid substitutions at positions 1105, 1219, and 1223 in RV-B14 
(Heinz et al., 1989), the mutations Y1201H and Q2131L found in the 
OBR-5-340-resistant RV-B5 PI-2 and PI-9 did not reduce the antiviral 
activity of disoxaril. 

Lower IC50 values for OBR-5-340 inhibition of wild-type RV-B5 are 
explained by more rigid structures of the corresponding complexes as 
seen in the correlated motions of inhibitor and the neighboring regions 

of VP1 in MD experiments. However, other mechanisms cannot be 
excluded. For example, the mutations might lead to a static change in 
structure that reduces the binding affinity to the drug candidate. 
Without determination of the 3D-structure of the mutants and the 
temperature factors of the amino acid residues concerned, this question 
will not find a definitive answer. 

In the RV-B5 PIs with lower binding affinity the VP1 regions that 
envelope the inhibitor, move independently, conferring additional 
flexibility to the complex. However, small structural modifications in the 
3-phenly ring of OBR-5-340 facilitated stronger inhibitor-binding to 
these PIs. In particular, RCB23137-139 broke the resistance. 

5. Conclusions 

Phenotyping and genotyping of OBR-5-340 escape mutants of RV-B5 
revealed a high frequency of partial resistance type of this capsid- 
binding inhibitor. Amino acid substitutions near to and distinct to the 
binding site of OBR-5-340 were identified that directly or indirectly 

Fig. 2. Comparison of growth kinetics and thermostability of RV-B5. (A) One-step growth cycle experiments were performed with RV-B5 WT1, PI-2, and PI-9 in HeLa 
cells challenged with a multiplicity of infection of 1 TCID50/cell. Virus titer was determined at the times indicated. Mean and SD of 3 parallels per time point are 
shown. (B) Samples of RV-B5 WT1, WT2, PI-2, and PI-9 were kept untreated or heated to 46, 48, or 50 ◦C for 10 min. Then, the residual infectivity in each sample was 
assayed and the temperature-dependent virus titer reduction was calculated. Means of 3 independent experiments with standard deviations are shown. 
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hamper its inhibitory activity. According to MD simulation results 
changes in the dynamic features of VP1 represent one of the underlying 
mechanisms. For complexes with lower IC50 values motions of the in
hibitor and neighboring protein regions are correlated. Structural 
modifications in the 3-phenyl ring of OBR-5-340 resulted in drug can
didates with improved activity. 
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Fig. 3. (A) Complex of RV-B5 with OBR-5-340. Protein is colored by subunits: VP1 – lavender, VP2 – cyan, VP3 – yellow, VP4 – red. Amino acid residues that are 
substituted in the RV-B5 variants are shown as spheres and colored by subunit. OBR-5-340 is colored by atom type: C – green, N – blue, H – white and F – pink. (B) 
Fragments of VP1 (residues 1195–1198 and 1217–1219) that envelop OBR-5-340. (C–G) Dynamical network analysis of OBR-5-340 in the context of the RV-B5 
variants. Nodes and edges of a community are shown by pink balls and sticks, respectively. For the complexes with both wild type RV-B5 variants (C) L3221 
(RV-B5-WT2) and (D) L3221F (RV-B5 WT1) the residues from both VP1 regions and OBR-5-340 belong to the same community (highlighted with light blue dashed 
circles). In the complexes with Y1201H (E), Y3175F (F) and Q2131L (G) mutants of the RV-B5 community contain OBR-5-340 and residues from the 192–195 
fragment of VP1 only (highlighted with yellow dashed circles). 

Table 2 
Inhibitory concentration IC50 (mean ± SD) of selected pyrazolo [3,4-d]pyrimi
dine-4-amines against wild-type (WT) RV-B5 and OBR-5-340-resistant PI. 

Cpd R1 R2 Mean ± SD of IC50 (μM) against rhinovirus B5, (μM) 

Wild-type Y1201H Q2131L 

WT1, WT2 PI-8 PI-9, PI-10 PI-2, PI-3, PI-4 

OBR-5-340 4-CF3 – 0.07 ± 0.06a 5.23 ± 1.16a 10.22 ± 0.97a 

RCB04166 – – 0.02b 6.86 ± 1.72 14.24 ± 5.64 
RCB23137 4-Me – 0.01 ± 0.00 0.41 ± 0.16 1.20 ± 0.49 
RCB23138 4-Cl – 0.01 ± 0.01 0.71 ± 0.10 1.66 ± 0.12 
RCB23139 4-Br – 0.01 ± 0.01 0.68 ± 0.16 1.22 ± 0.10 
RCB23140 4-I – 0.03 ± 0.01 1.00 ± 0.12 2.58 ± 0.19 
RCB23141 4-F – 0.02 ± 0.01 4.72 ± 0.70 7.21 ± 0.80 
RCB23142 2-F – 0.01 ± 0.01 1.22 ± 0.28 10.24 ± 6.14 
RCB23143 3-F 4-F 0.09 ± 0.07 Not active Not active 
RCB23144 2-F 4-F 0.01 ± 0.01 2.01 ± 1.17 21.22 ± 9.90 
RCB23145 3-F 5-F 0.18 ± 0.13 6.92 6.70 ± 3.91  

a Mean of the IC50 values shown in Table 1 are shown here for comparison. 
b RV-B5 WT1 (RV-B5 WT2 not tested). 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.antiviral.2024.105810. 
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