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A B S T R A C T

Pyrazolo[3,4-d]pyrimidines represent one potent class of well tolerated and highly active rhinovirus (RV) in
hibitors that act as capsid binders. The lead compound OBR-5-340 inhibits a broad-spectrum of RVs. Aiming to 
improve lead activity, we evaluated the impact of structural modifications in the 3-phenyl ring of OBR-5-340 on 
its potency and spectrum of anti-RV activity vitro. Our results demonstrate the crucial role of substitution at 
position 4 for strong, broad-spectrum anti-RV activity. The 4-methyl (RCB23137) and 4-chloro (RCB23138) 
derivatives outperformed OBR-5-340 in terms of potency and anti-RV activity spectrum. Based on these findings, 
the compounds were selected for computational binding studies. Molecular dynamic simulations with six RVs 
differing in OBR-5-340, RCB23137, and RCB23138 sensitivity proved the impact of dynamic features of two VP1 
loops enveloping these inhibitors on antiviral potency.

Rhinovirus (RV) species A, B, and C (80, 32, and 59 types, respec
tively) cause millions of mild acute respiratory infections, called com
mon cold, annually (Esneau et al., 2022; Heikkinen and Jarvinen, 2003; 
Simmonds et al., 2020). RVs also considerably contribute to the burden 
of severe acute respiratory diseases 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; Lerman et al., 2023; Renwick et al., 2007; Roy
ston and Tapparel, 2016; Ruuskanen et al., 2011). The mortality rate in 
patients admitted with RV infection was found to be nearly similar to 
that of infections with influenza A/B virus, respiratory syncytial virus, 
and metapneumovirus recently (Boon et al., 2024).

There is no direct-acting drug to treat RV-induced diseases today. 
Ideally, anti-RV medications should exert activity against all or at least 

the majority of RV types (broad-spectrum activity) because the circu
lation of a certain RV type is unpredictable (Esneau et al., 2022; Mor
iyama et al., 2020). A broad-spectrum anti-RV activity was shown for 
small molecules targeting the viral protease, RNA polymerase, and 
capsid proteins (Egorova et al., 2019; Patick, 2006; Rollinger and 
Schmidtke, 2011; Thibaut et al., 2016). Among the most promising leads 
of broad-spectrum capsid binders are pleconaril, vapendavir, and the 
pyrazolo[3,4-d]pyrimidine OBR-5-340 (Barnard et al., 2004; Feil et al., 
2012; Groarke and Pevear, 1999; Makarov et al., 2015; Pevear et al., 
1999). These inhibitors hinder RV adsorption and/or uncoating (Braun 
et al., 2015; Feil et al., 2012; Groarke and Pevear, 1999; Makarov et al., 
2015; Wald et al., 2019). While pleconaril and vapendavir fit deeply 
within a small hydrophobic pocket in the canyon of the viral capsid 
protein 1 (VP1), the binding site of OBR-5-340 only partially coincides 
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with them. OBR-5-340 shifts closer towards the pocket pore (Wald et al., 
2019) what might explain the strong differences regarding inhibitor 
susceptibility found. Thus, pleconaril-insensitive RVs (naturally resis
tant), for example, rhinovirus B5 (RV-B5) are highly sensitive to 
OBR-5-340 (Richter et al., 2024; Wald et al., 2019). Using RV-B5 as 
example, we characterized the risk of resistance development (fre
quency and amino acids involved), suggested a molecular binding 
mechanism, and identified OBR-5-340 derivatives with structural 
modifications in position 4 of the 3-phenyl ring with strong inhibitory 
activity against OBR-5-340 escape mutants of RV-B5 (Richter et al., 
2024). The impact of the studied structural modifications in the 
3-phenyl ring on the antiviral activity against other RVs remained 
unclear.

Here, we analyzed the cytotoxicity and in vitro anti-RV activity 
(potency and spectrum) of the 10 derivatives from the RV-B5 study 
(Richter et al., 2024) against further 49 RV types (Supplementary Ta
bles 1 and 2) aiming to identify derivatives with stronger and broader 
anti-RV activity than the lead OBR-5-340. Pleconaril was included as 
control. Molecular dynamics (MD) simulations with a set of six RV 
structures in complex with OBR-5-340 and two derivatives that out
performed OBR-5-340 in terms of potency and activity spectrum were 
applied to prove our hypothesis on the molecular base for the RV 
type-specific antiviral activity of these compounds. All Material and 
Methods are described in Supplementary Material 1.

The results on cytotoxicity (Table 1) and anti-RV activity (Table 2) of 
pleconaril and OBR-5-340 confirm published data (Ledford et al., 2004; 
Makarov et al., 2015). Overall 12% of the studied RV types (RV-B5, 
RV-B42, RV-A44, RV-B48, RV-A54) were insensitive to pleconaril in 
cytopathic effect inhibition assays in HeLa cells. OBR-5-340, was well 
tolerated and exerted high antiviral activity (IC50 ≤ 1 μM) against these 
pleconaril-insensitive RVs. RV-A54, RV-A55, and RV-A64 were insen
sitive to OBR-5-340 (6% of the studied RV types of Table 2).

Our results obtained for the 10 OBR-5-340 derivatives clearly 
demonstrated a strong impact of modifications in the 3-phenyl ring on 
cytotoxicity and anti-RV activity (Tables 1 and 2, Supplementary Fig. 1). 
Both the position and the number of substituents in the 3-phenyl ring are 
important. Six of the ten derivatives, RCB04166 (R1 = R2 = H), 
RCB23139 (R1 = 4-Me, R2 = H), RCB23138 (R1 = 4-Cl, R2 = H), 
RCB23141 (R1 = 4-F, R2 = H), RCB23142 (R1 = H, R2 = 2-F), and 
RCB23144 (R1 = 4-F, R2 = 2-F) were well tolerated in HeLa and GMK 
cells (Table 1). In contrast to OBR-5-340, compounds RCB04166, 
RCB23142, and RCV23144 lack activity against the majority of tested 

RV types. The activity of RCB23141 resembled OBR-5-340. The 
moderately cytotoxic compound RCB23143 (R1 = 4-F, R2 = 3-F) also 
demonstrated strongly reduced anti-RV activity compared with 4-mono- 
substituted derivatives. Surprisingly, RCB23145 (R1 = 5-F, R2 = 3-F) 
acted slightly stronger compared with its structural isomers. Among 4- 
halogen-containing derivatives, RCB23139 (R1 = 4-Br, R2 = H) and 
RCB23140 (R1 = 4-I, R2 = H) showed the lowest 50% inhibitory con
centration (IC50) values for a wide range of RV types. However, when 
entering also cytotoxicity into activity evaluation RCB23137 and 
RCB23138 outperformed RCB23139 and RCB23140.

Importantly, RV-B5, -B42, -A44, -B48 and -B69, which were insen
sitive to pleconaril, were highly sensitive to all OBR-5-340 derivatives, 
regardless of substituents in the 3-phenyl ring.

Because some modifications rendered OBR-5-4-340 from ineffective 
to effective and vice versa, the anti-RV spectrum of activity was changed 
(Supplementary Fig. 1). In case of the RCB04166, RCB23139-145 it 
became narrower compared to OBR-5-340. In contrast, RCB23138 
inhibited all except two of the RVs studied. RCB23137 inhibited all the 
RV tested, even the RV-A54, RV-A55, and RV-A64 that are insensitive to 
the parent OBR-5-340. The stronger and broader antiviral activity ach
ieved by methyl (RCB23137) and chlorine (RCB23138) substitutions in 
position 4 of the 3-phenyl ring further proves that the addition of those 
substituents to the best-fit position can markedly improve target binding 
(Chiodi and Ishihara, 2023; Schonherr and Cernak, 2013). Because these 
derivatives also overcame OBR-5-340-resistance of RV-B5 mutants 
selected under treatment (Richter et al., 2024), we conclude that 
RCB23137 and/or RCB23138 might represent novel lead candidates for 
further anti-RV drug development. Beforehand, these compounds have 
to outperform OBR-5-340 also in terms of their pharmacokinetic and 
toxicity profile (Makarov et al., 2015) in future preclinical studies. 
Otherwise, further structure modification will be indicated.

Based on cryo-EM data on OBR-5-340 binding to VP1 (Wald et al., 
2019) and MD simulations performed with RV-B5 and 
OBR-5-340-resistant variants thereof (Richter et al., 2024) we hypoth
esized that the correlated motion of two VP1 loops (VP1 192–195 and 
VP1 217–219) enveloping OBR-5-340 is required for strong anti-RV 
activity. Herein we checked the transferability of this hypothesis to i) 
another RV-B type and four RV-A types with distinct OBR-5-340 sensi
tivity and ii) to the two most potent OBR-5-340 derivatives RCB23137 
and RCB23138. RV-B6 was included in our studies because of its 
markedly lower sensitivity to OBR-5-340 than RV-B5. Among RV-A 
types we chose the OBR-5-340-, RCB23137- and RCB23138-sensitive 
RV-A16 and RV-A18 and the OBR-5-340-insensitive RV-A55 and 
RV-A64. In contrast to RV-64, RV-A55 demonstrated binding with 
RCB23137 and RCB23138 as did RV-A16 and RV-A18. The distinct in
hibitor sensitivity of the selected RV became even more visible in the 
dose-response curves shown together with the MD simulation results in 
Fig. 1A/B, 2A/B, and 3A/B.

Similarly to RV-B5 and OBR-5-340 ((Richter et al., 2024) and Fig. 1C 
here), we found for complexes with both RV-B5 and RV-B6 with 
RCB23137 or RCB23138 that the VP1 217–219 and VP1 192–195 loops 
belong to the same community (Fig. 1E–H). This community also 
included the inhibitor. RV-B6 demonstrated low affinity to OBR-5-340 
(Table 2). The dynamic network analysis with RV-B6 and OBR-5-340 
revealed a different community’s composition. Here, the two VP1 
loops belong to different communities; still each of these communities 
comprised a part of OBR-5-340 (Fig. 1D).

For the four RV-A types we identified similar structural fragments 
that are likely to envelope the inhibitor: VP1 184–186 and 211–214 
fragments. For the OBR-5-340-, RCB23137- and RCB23138-sensitive 
RV-A16 and RV-A18 (Fig. 2A and B) we observed similar patterns of 
the dynamic behavior whereat both loops and the inhibitors belonged to 
the same community (Fig. 2C–E, G and H). The only exception was the 
RV-A18–RCB23137 complex: the loops were in the same community, 
while the inhibitor molecule belonged to a separate community not 
including protein fragments (Fig. 2F). The most challenging case was 

Table 1 
Cytotoxicity of the compounds determined for HeLa, GMK, and LF cell lines and 
expressed as 50% cytotoxic concentration (CC50).

CC50 (mean ± SD) towards cell lines (μM)

Compound R1 R2 HeLa GMK

Pleconaril 36.28 ± 14.27 17.67 ± 5.01
OBR-5-340 4-CF3 H >270.05 >270.05
RCB04166 H H >165.40a >330.80
RCB23137 4-Me H >316.06 >316.06
RCB23138 4-Cl H >296.91 >296.91
RCB23139 4-Br H 9.46 ± 1.95 62.48 ± 29.64
RCB23140 4-I H 10.14 ± 2.95 41.95 ± 5.47
RCB23141 4-F H >312.21 >312.21
RCB23142 H 2-F >312.21 >312.21
RCB23143 4-F 3-F 84.71 ± 25.60 209.68 ± 5.07
RCB23144 4-F 2-F >295.60 >295.60
RCB23145 3-F 5-F 31.39 ± 6.96 ≥295.60

a Maximum test concentration 50 μg/ml.
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Table 2 
Anti-rhinovirus activity of the compounds determined in HeLa cells using a cytopathic effect inhibition assay.
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Fig. 1. Dose-response curves and complexes of RV-B5 and RV-B6 with pyrazolo[3,4-d]pyrimidines. A Dose-response curves obtained with RV-B5, highly sensitive 
OBR-5340, RCB23137, and RCB23138 and B RV-B6, sensitive to OBR-5340, RCB23137, and RCB23138. Mean values and standard deviations of at least three in
dependent assays are shown. C Complex of RV-B5 and D RV-B6 with OBR-5-340. E Complex of RV-B5 and F RV-B6 with RCB23137. G Complex of RV-B5 and H RV- 
B6 with RCB23138. With the exception of D where the community with VP1 217–219 and another part of inhibitor is colored blue, all communities comprising loops 
and an inhibitor are colored violet. Viral capsid proteins are colored as follows: VP1 – cyan, VP2 – green, VP3 – pink, VP4 – grey. Loops 195–198 and 217–219 from 
VP1 enveloping the inhibitor are colored yellow. The atoms of inhibitors are colored accordingly: C – green, N – blue, H – white and F – pink.
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discrimination of RV-A55 with different sensitivity to the selected 
compounds (Fig. 3A) that, in fact differ in only one substituent (4-CF3 vs 
4-Me or 4-Cl in OBR-5-340, RCB23137, and RCB23138, respectively). 
For the potential RV-A55-OBR-5-340 complex, we observed that only 
the VP1 184–186 fragment forms the same community with the OBR-5- 
340 (Fig. 3C). In contrast, MD simulations with RV-A55 and RCB23137 

or RCB23138 demonstrated that both VP1 loops and the inhibitor 
belong to the same community (Fig. 3E and G). In case of RV-A64 with 
no (OBR-5-340 and RCB23138) or poor (RCB23137) sensitivity to the 
selected compounds (Fig. 3B), the inhibitor fragments comprised the 
same community only with one of the VP1 loops (Fig. 3D–F, H).

Overall, the MD simulations results of 18 RV-compound complexes 

Fig. 2. Dose-response curves and complexes of RV-A16 and RV-A18 with pyrazolo[3,4-d]pyrimidines. A Dose-response curves obtained with OBR-5-340, RCB23137, 
and RCB23138-sensitive RV-A16 and B RV-A18. Mean values and standard deviations of at least three independent assays are shown. C Complex of RV-A16 and D 
RV-A18 with OBR-5-340. E Complex of RV-A16 and F RV-A18 with RCB23137. G Complex of RV-A16 and H RV-A18 with RCB23138. A community comprising loops 
and an inhibitor is colored violet (panels C–H). Viral capsid proteins are colored as follows: VP1 – cyan, VP2 – green, VP3 – pink, VP4 – grey. Loops 184–186 and 
211–214 from VP1 enveloping the inhibitor are colored yellow. For inhibitors the atoms are colored accordingly: C – green, N – blue, H – white and F – pink.
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correspond with the distinct sensitivity of the six RVs studied to OBR-5- 
340, RCB23137, and RCB23138. They proved our hypothesis that dy
namic features of VP1 determine the activity of studied pyrazolo[3,4-d] 
pyrimidines against RVs (Richter et al., 2024). Dynamic network 

analysis is commonly utilized to determine signaling pathways to the 
active site upon binding of the inhibitor to the allosteric site (Cui and 
Karplus, 2008; Ni et al., 2017; Nussinov and Tsai, 2013). Other appli
cations are in the field of the characterization of motion of protein parts. 

Fig. 3. Dose-response curves and complexes of RV-A55 and RV-A64 with pyrazolo[3,4-d]pyrimidines. A Dose-response curves obtained with RV-A55, insensitive to 
OBR-5-340, sensitive to RCB23137 and RCB23138 and B RV-A64, insensitive to OBR-5-340 and RCB23138, sensitive to RCB23137. Mean values and standard 
deviations of at least three independent assays are shown. C Complex of RV-A55 and D RV-A64 with OBR-5-340. E Complex of RV-A55 and F RV-A64 with 
RCB23137. G Complex of RV-A55 and H RV-A64 with RCB23138. A community comprising loops and an inhibitor is colored violet (panels C–H). Viral capsid 
proteins are colored as follows: VP1 – cyan, VP2 – green, VP3 – pink, VP4 – grey. Loops 184–186 and 211–214 from VP1 enveloping the inhibitor are colored. For 
inhibitors the atoms are colored accordingly: C – green, N – blue, H – white and F – pink.
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More precisely, one can determine protein fragments, so-called “com
munities”, that demonstrate correlated motion. This qualitative measure 
is more reliable as direct calculations of binding energies suffer from 
large errors (de Ruiter and Oostenbrink, 2020). To avoid these errors, we 
analyzed dynamic behavior of the binding site region in the viral capsid 
proteins of RVs and proposed criterion that can be utilized for qualita
tive discrimination of binding affinities. In case of strong binding, an 
inhibitor and two VP1 loops that envelope it belong to the same com
munity. This can be explained by stronger binding, which means 
stronger interactions between the protein and ligand, likely reduce 
fluctuations in the corresponding interatomic distances, thereby 
increasing the weight of the edges connecting these fragments and 
grouping them into the same community.

As shown here, complexes of RVs with pyrazolo[3,4-d]pyrimidines 
(RV-B5, RV-B6, RV-A16, RV-A18, RV-A55, and RV-A64 with OBR-5- 
340, RCB23137 and RCB23138) exhibit different dynamic behavior 
depending on their potency. In pyrazolo[3,4-d]pyrimidine-sensitive 
RVs, the compound is enveloped by two VP1 loops: VP1 192–195 and 
VP1 217–219 for RV-B types and VP1 184–186 and VP1 211–214 for RV- 
A types. If a stable complex is formed, an inhibitor molecule acts like a 
bridge (zipper-like) between these two loops, and these molecular 
fragments movements are correlated. Contrary, if the complex is un
stable, the compound demonstrates correlated motions with only one of 
two loops. For intermediate cases, loops belong to different commu
nities, but are connected via the inhibitor. These correlations are valid 
for all considered compounds, RV-A, and RV-B. Herein, we derive to the 
conclusion that not only static interactions between the inhibitor and its 
target are important for the complex formation, but also, dynamic 
behavior determines the binding affinity, at least for these particular 
systems. These findings provide important information for further 
rational design of anti-RV capsid binders.
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