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RNase A stands as a pivotal 
molecule due to its multifaceted significance across diverse domains. Its unique enzymatic properties and well-characterized structure make 
it a model for studying protein folding, enzymatic catalysis, and the intricate relationship between structure and function in proteins. Beyond 
research, RNase A and its derivatives exhibit promising potential in cancer therapy, showcasing cytotoxic effects on tumour cells. 
Temperature-induced changes in proteins are pivotal as they profoundly influence their structure and function. Specifically, the study delves 
into the interactions of various ligands, such as A3P, ATP, trehalose, sucrose, glucosylglycerol, and ribonuclease inhibitor, with RNase A across 
a range of temperatures using different computational methods. Among the ligands tested, A3P, ATP, and trehalose exhibited robust 
interactions with RNase A across diverse thermal conditions, suggesting their potential role in modulating RNase A's behaviour. Moreover, 
the investigation underscores temperature-sensitive interactions between RNase A and ribonuclease inhibitor, revealing potential 
therapeutic implications for modulating cytotoxic effects while preserving thermal stability. This study investigates the influence of 
temperature on the flexibility, stability, and function of RNase A which is explored through computational simulations and molecular 
dynamics studies. The insights obtained from this study provide a deeper understanding of molecular relationships between diverse ligands 
and proteins across varying temperatures, suggesting promising avenues for future therapeutic applications. 
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INTRODUCTION 
Bovine pancreatic Ribonuclease A (RNase A) is an enzyme 

that catalyzes the cleavage of P-O5' bonds in RNA on the 3' side 
of pyrimidines. This enzymatic action results in the formation of 
cyclic 2',5'-phosphates. This property makes RNase A important 
in the context of RNA degradation and processing, as it 
specifically targets and cleaves RNA molecules at these 
positions, producing cyclic phosphate products.1 Over time, 
RNase A has emerged as a molecular target for the development 
of small molecule inhibitors. These inhibitors are being designed 
to curb the biological activities of various RNase A homologs in 
a range of pathological conditions. These homologs encompass 
human Angiogenin (Ang), a potent inducer of neovascularization 

associated with cancer, vascular diseases, and rheumatoid 
conditions, along with eosinophil-derived neurotoxin (EDN) and 
eosinophil cationic protein (ECP), which are neurotoxins 
implicated in hypereosinophilic syndromes and allergies. RNase 
A is an α/β protein with more sheet than helical residues.2 
Variants of RNase A exhibit cytotoxicity even at low 
concentrations, unlike the native enzyme that shows cytotoxic 
effects only at exceptionally high levels. For instance, G88R 
RNase A, a monomeric variant replacing Gly88 with arginine, 
demonstrates toxicity to human leukemia cells. Further 
modification of G88R RNase A by replacing Lys7 with alanine 
(K7A/G88R RNase A) creates an even more potent toxin, 
highlighting the heightened cytotoxic potential of these 
variants.3-6 The suggested mechanism underlying ribonuclease-
induced cytotoxicity involves several stages: initial cell surface 
binding, internalization, translocation into the cytosol, evasion of 
cytosolic ribonuclease inhibitor protein (RI), and subsequent 
degradation of cellular RNA. Differences in the efficiency of 
these steps significantly impact the quantity of active 
ribonuclease within the cytosol, consequently influencing cell 

*Corresponding Author: Dr. Subhomoi Borkotoky 
Email: subhomoy.bk@gmail.com 

 

 
URN:NBN:sciencein.btl.2024.v11.903           
© ScienceIn Publishing           
https://pubs.thesciencein.org/btl  

 
                     
                         

ABSTRACT 

https://pubs.thesciencein.org/btl
https://pubs.thesciencein.org/journal/index.php/btl


A. Ilyas et. al. 
 

 
Biomedical and Therapeutics Letters                        Biomed. Ther. Lett., 2024, 11(1), 903               Page  2 

susceptibility to cytotoxicity.3 Onconase® (ONC), an RNase A 
homolog, is being studied as a cancer chemotherapeutic 
treatment. The toxic impact of both ONC and variants of RNase 
A stems from their capacity to bypass the cytosolic ribonuclease 
inhibitor protein (RI) and break down cellular RNA.3  

In silico exploration offers an exceptional avenue to delve into 
the complex molecular interactions governing enzyme’s 
behaviour across a spectrum of temperatures, shedding light on 
the underlying mechanisms dictating its structural stability and 
functional dynamics.7-11 A study conducted on SARS-CoV-2 
reveals the effect of temperature on the spike protein of the virus 
through molecular dynamics simulation. The study includes the 
structural aspects of spike protein which can bind with human 
receptors.10 Another study focused on the unfolding pattern of the 
trp-cage  mini protein through molecular dynamics simulation.11 
Understanding the temperature-driven changes in RNase A's 
dynamics not only enhances our comprehension of protein 
thermodynamics but also holds implications for various 
industrial and biomedical applications. This work elucidates the 
critical interactions and adaptations of RNase A across diverse 
thermal environments through computational simulations. By 
employing molecular dynamics simulations and molecular 
docking methods, this study aims to unravel the temperature-
induced alterations in the structural conformations, hydrogen 
bonding patterns, and overall dynamics of RNase A. 

RESULTS AND DISCUSSION 
Temperature dependent structural dynamics 

The RNase A structure was simulated at four temperatures 
300K (~27°C), 310K (~37°C), 320K (~47°C), and 325K 
(~52°C). From the RMSD (Root Mean Square Deviation) and Rg 
(Radius of gyration) profiles (Fig.1 A & B), no major deviation 
was observed in the structure at the selected temperature. To get 
further insights, RMSF profiles were analyzed. An earlier in vitro 
study 12  has revealed that the region spanning amino acids 31-35 
and 45-46 is initially exposed during thermal unfolding, 
exhibiting increased flexibility. A previous in vitro study 12 has 
found the region between the amino acids 31-35 and 45-46 was 
first exposed during thermal unfolding and gained flexibility. A 
similar trend is observed in this study where increased flexibility 
was observed with average RMSF in the order 300K (0.12) < 
310K < (0.15) < 320K (0.16) < 325K (0.2) (Fig.1 C).  

 

 

 

Figure 1. MD Simulation results: A) RMSD, B) Radius of gyration, 
C) RMSF of residues involved in thermal unfolding. 

 
For further analysis, cartesian coordinate-based Principal 

Component Analysis (PCA) and Free Energy Landscape (FEL) 
analysis were performed to analyze the conformational dynamics 
and to extract minimum free-energy structures of RNase A at 
different temperatures. For this analysis, the final 30 ns 
trajectories were used. The FELs were generated after analyzing 
the first 20 projection eigenvectors at each temperature for their 
cosine content. From the contour maps at different temperatures, 
coordinates were collected from the largest minimum energy 
clusters, and the lowest energy representative structures 
corresponding to the coordinates were extracted. From the FEL 
analysis, it was observed that the RNase A is stable in the studied 
temperatures as evident from the single low energy basins and no 
major differences in the tertiary structures (Figure 2).  

 
MOLECULAR INTERACTIONS 
The study employed molecular docking to assess how 

temperature-induced conformations interact with various binding 
partners. At 300K, A3P exhibited the highest binding energy (-
6.3 kcal/mol), followed closely by ATP (-6.1 kcal/mol), trehalose 
(-5.3 kcal/mol), sucrose (-5.2 kcal/mol), and glucosylglycerol (-
4.9 kcal/mol). Similarly, at the optimum 310K temperature, the 
trend remained consistent with A3P displaying the highest 
binding energy (-6.6 kcal/mol), followed by ATP (-6.1 kcal/mol), 
trehalose (-6.0 kcal/mol), sucrose (-5.5 kcal/mol), and 
glucosylglycerol (-5.5 kcal/mol). Upon elevating the temperature 
to 320K and 325K, A3P and ATP continued to demonstrate 
similar high binding energies (-6.2 kcal/mol and -6.3 kcal/mol, 
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Figure 2 FEL analyses of RNase A depicting low energy basin along 
with the representative structure retrieved at each temperature: A) 
300K, B) 310K, C) 320K and D) 325K. 

 
respectively), whereas the energies for trehalose, sucrose, and 
glucosylglycerol showed fluctuations (Table 1). In essence, the 
results consistently highlight that RNase A exhibits the maximum 
binding affinity with A3P and ATP across various temperature 
ranges, indicating their strong interaction and potential 
significance in molecular associations at different thermal 
conditions. 

Among osmolytes, trehalose interacted with RNase A at all 
temperatures more strongly than other osmolytes. This 
observation is consistent with the previous study which shows the 
presence of trehalose enhances the thermal stability of RNase A 
13. While both sucrose and glucosylglycerol exhibit varying 
binding energies across the range of temperatures, a notable 
observation emerges at 310K and 325K. At 310K, both sucrose 
and glucosylglycerol showcase equally strong binding energies 
of -5.5 kcal/mol, indicating robust interactions with RNase A at 
this temperature. However, at 325K, while sucrose maintains a  

 

 

 

 

Figure 3 The 2D interaction pattern of ATP (upper panel) and A3P 
(lower panel) docked to different temperature induced conformations 
of RNase A. 
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high binding energy of -5.5 kcal/mol, glucosylglycerol's 
interaction slightly decreases to -5.1 kcal/mol. This indicates that 
at 325K, glucosylglycerol's affinity for RNase A weakens 
compared to its interaction at 310K and to Sucrose's interaction 
at 325K. Therefore, while both osmolytes exhibit the highest 
interactions at 310K, Glucosylglycerol's interaction with RNase 
A shows a relatively decreased affinity at 325K compared to its 
interaction at 310K and to Sucrose's interaction at 325K. (Table 
1). All the ligands interacted with the critical residues of RNase 
A (Figure 3-5). 

 

 

 

 
Figure 4 The 2D interaction pattern of Trehalose (upper panel) and 
Sucrose (lower panel) docked to different temperature induced 
conformations of RNase A. 

 

 
Figure 5 The 2D interaction pattern of glucosylglycerol docked to 
different temperature induced conformations of RNase A. 

 
Following the docking of RNase A structures at various 

temperatures with RI via the HADDOCK server, Table 2 
highlights the most favorable interaction models. These models 
were selected based on their HADDOCK score and binding 
energy. At 310K, the RI exhibited the most robust interaction 
with RNase A, displaying the highest HADDOCK score (-135.7 
± 7.7) and binding energy (-12.8 kcal/mol) among the 
temperatures tested. The subsequent notable interaction was at 
320K, recording a HADDOCK score of -121.2 ± 14.3 and a 
binding energy of -12.1 kcal/mol. Comparatively lower scores 
and energies were observed at 300K (-113.1 ± 12.9 & -10.9 
kcal/mol) and 325K (-98.2 ± 3.4 & -10.1 kcal/mol), indicating 
reduced affinity in contrast to the optimal 310K temperature.   
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(d)

 

Figure 6 The 2D interaction pattern of RI docked to different 
temperature induced conformations of RNase A: A) 300K, B) 310K, 
C) 320K and D) 325K. 

 

Table 1 Molecular docking results of various chemicals across 
different temperatures. The binding energies are reported in 
kcal/mol.  

Temperatur
e 

AT
P 

A3
P 

Trehalos
e 

Sucros
e 

Glucosylglycer
ol 

300K -6.1 -6.3 -5.3 -5.2 -4.9 

310K -6.1 -6.6 -6.0 -5.5 -5.5 

320K -6.2 -6.2 -5.2 -5.0 -4.9 

325K -6.3 -6.3 -5.9 -5.5 -5.1 

 
Table 1 Molecular docking results of Ribonuclease inhibitor (RI) 
with RNase A across different temperatures. The binding energies 
are reported in kcal/mol. 

Temperature HADDOCK Score ΔG (kcal/mol) 

300K -113.1 ± 12.9 -10.9 

310K -135.7 ± 7.7 -12.8 

320K -121.2 ± 14.3 -12.1 

325K -98.2 ± 3.4 -10.1 

 
MATERIALS AND METHODS 

MD SIMULATION 
Utilizing the WebGRO online server, MD simulations were 

conducted to explore conformational alterations, structural 
adaptability, and stability within the RNase A protein across 
varying temperatures.19 RNase A underwent simulation at 
distinct temperatures: 300K, 310K, 320K, and 325K, employing 
the GROMOS96 54a7 forcefield.20 The protein was placed in a 
triclinic box using the SPC water model, and neutralized with 
0.15M NaCl. 5000 steps steepest-descent method was opted for 
system minimization. To prepare the system, a steepest-descent 
method comprising 5000 steps was utilized for system 
minimization. Equilibration was achieved through NVT/NPT 
ensembles at all temperatures (300K, 310K, 320K, 325K), 
maintaining a constant pressure of 1.0 bar. Each simulation was 
executed for 50 ns, generating 5000 frames per simulation. All 
the simulations were performed in triplicates amounting to 150 
ns each. The acquired simulation data underwent analysis in 
terms of RMSD (root mean square deviation), RMSF (root mean 
square fluctuation), and Rg (radius of gyration). 

Utilizing the mass-weighted covariance matrix of atomic 
fluctuations in proteins, Principal Component Analysis (PCA) 
was conducted to characterize coordinated motions within 
trajectories. GROMACS tools like gmx covar, gmx anaieg, gmx 
sham, and gmx analyze facilitated this analysis. The cosine 
contents (ci) were computed for each principal component (pi) to 
construct a Free Energy Landscape (FEL) via PCA. Typically, 
principal components (PCs) exhibiting cosine content values 
below 0.2 tend to offer clearer single-basin observations 21,22. 
Evaluating the first five PCs of the simulation trajectory for each 
osmolyte complex, the cosine values were determined using the 
gmx analyze tool. Specifically, PCs (PC1 and PC2) with cosine 
contents below 0.2 were selected to establish the Free Energy 
Landscape (FEL). 

MOLECULAR DOCKING 
The molecular docking calculations were carried out using 

AMDock (Assisted Molecular Docking) tool.23 AMDock 
simplifies protein-ligand docking using AutoDock Vina and 
AutoDock4. It is a graphical tool that streamlines file preparation 
and search space definition, offering various user-friendly 
options and supervision levels. The docking grid was centered 
around the residues: Lys 7, Gln 11, His 12, Lys 41, Thr 45, Asn 
67, Asn 71, His 119, Phe 120 and Asp 121. Multiple ligands were 
used for docking. The substrate of RNase A, ATP, was obtained 
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from the crystal structure of RNase A-5'-ATP complex (PDB ID: 
2W5G).24 Two osmolytes glucosylglycerol (PubChem ID: 
131700592) and sucrose (PubChem ID: 5988) were also used as 
ligands. These two osmolytes were previously proposed to be 
strong binders to RNase A.25 Another osmolyte, trehalose in 
which the presence RNase A became more resistant to 
denaturation or maintained its structural stability at higher 
temperatures across various pH ranges.13  

In addition to these various inhibitors were also studied. One 
inhibitor, adenylic inhibitor 3′,5′-ADP (A3P), which was 
obtained from the crystal structure of RNase A in complex with 
3',5'-ADP (PDB ID: 1O0F).2 The Ribonuclease inhibitor (RI), a 
cytosolic protein, structure was obtained from the RNase A-RI 
complex (PDB ID: 1DFJ).5 The protein-protein docking was 
performed using HADDOCK (High Ambiguity Driven protein-
protein DOCKing) server.26 HADDOCK is a widely used 
docking program, that employs a data-driven approach, and 
accommodates diverse experimental data for protein-protein 
docking. For the docking process, the residues for RNase A (Lys 
7, Gln 11, Asp 38, Lys 66, Asn 67, Asn 71, Ser 89, Glu 111) and 
RI (Glu 202, Cys 404, Val 405, Tyr 433, Arg 453, Ser 456) were 
selected as active residues based on the RNase A-RI complex 
crystal structure. The passive residues were automatically 
defined around the active residues. The binding energy was 
calculated using the PRODIGY (PROtein binDIng enerGY 
prediction) server.27-29  

CONCLUSION 
Proteins rely on structural changes for their vital biological 

functions 14-16. Enzymes, pivotal for binding substrates, triggering 
reactions, and releasing products, often undergo structural 
adaptations. However, increased flexibility typically trades off 
with thermodynamic stability. Temperature significantly governs 
a protein's flexibility, stability, and overall shape, dictating its 
function.17,18 Computational simulations and molecular dynamics 
studies have played a pivotal role in unravelling these complex 
protein behaviours.9 For instance, a comparative exploration of 
molecular dynamics simulations involving five RNase H 
homologs, each exhibiting distinct thermostabilities and 
activities at room temperature. These simulations unveil 
consistent dynamic processes in the RNase H handle region, 
shedding light on how these motions impact substrate binding 
and identifying critical residues that regulate these mechanisms.17 

In this investigation of RNase A interactions with different 
ligands across varying temperatures, A3P and ATP consistently 
exhibited the highest binding energies, suggesting robust and 
persistent interactions with RNase A across diverse thermal 
conditions. Trehalose consistently displayed stronger affinities 
with RNase A compared to other osmolytes at all temperatures, 
aligning with prior studies indicating its role in enhancing RNase 
A's thermal stability. Notably, while both sucrose and 
glucosylglycerol showcased similar strong interactions with 
RNase A at 310K, glucosylglycerol's affinity weakened at 325K 
compared to its interaction at 310K and sucrose's interaction at 
325K. These results shed light on distinct ligand-protein 
interactions, emphasizing the potential significance of A3P, ATP, 

and trehalose in modulating RNase A's behaviour across varying 
thermal environments. 

The diverse binding energies observed during the docking of 
Ribonuclease Inhibitor (RI) with RNase A across temperatures 
(300K, 310K, 320K, and 325K) underscore the temperature-
sensitive nature of their interaction. The affinity of a ribonuclease 
for RI plays an integral role in defining the potency of a cytotoxic 
effect of ribonuclease. An earlier study5 highlights the 
significance of preserving the native conformation of 
ribonucleases for eliciting cytotoxic responses at physiological 
temperature and  RNase A is not cytotoxic when binds to RI with 
high affinity. Specifically, engineered alterations in RNase A 
were aimed at diminishing its interaction with RI while 
safeguarding its thermal stability. In this study, docking RI with 
RNase A structures at varying temperatures revealed the highest 
binding energy at 310K (-12.8 kcal/mol), closely followed by 
320K (-12.1 kcal/mol). The minimal difference in binding energy 
between 310K and 320K suggests a robust interaction even at 
both temperatures. Furthermore, our MD simulations 
demonstrated that RNase A remained stable across all tested 
temperatures. Hence, the results suggest that the cytotoxic effect 
of RNase A can be inhibited by RI at both 310K and 320K 
without compromising thermal stability.  

In conclusion, this study could be pivotal in unraveling the 
intricate molecular relationships between diverse ligands and 
RNase A across fluctuating temperatures, offering promising 
avenues for future therapeutic applications. 
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