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A B S T R A C T   

Complement system plays a dual role; physiological as well as pathophysiological. While physiological role 
protects the host, pathophysiological role can substantially harm the host, by triggering several hyper- 
inflammatory pathways, referred as “hypercytokinaemia”. Emerging clinical evidence suggests that exposure 
to severe acute respiratory syndrome coronavirus-2 (SARS-CoV2), tricks the complement to aberrantly activate 
the “hypercytokinaemia” loop, which significantly contributes to the severity of the COVID19. The pathophys-
iological response of the complement is usually amplified by the over production of potent chemoattractants and 
inflammatory modulators, like C3a and C5a. Therefore, it is logical that neutralizing the harmful effects of the 
inflammatory modulators of the complement system can be beneficial for the management of COVID19. While 
the hunt for safe and efficacious vaccines were underway, polypharmacology based combination therapies were 
fairly successful in reducing both the morbidity and mortality of COVID19 across the globe. Repurposing of small 
molecule drugs as “neutraligands” of C5a appears to be an alternative for modulating the hyper-inflammatory 
signals, triggered by the C5a-C5aR signaling axes. Thus, in the current study, few specific and non-specific 
immunomodulators (azithromycin, colchicine, famotidine, fluvoxamine, dexamethasone and prednisone) 
generally prescribed for prophylactic usage for management of COVID19 were subjected to computational and 
biophysical studies to probe whether any of the above drugs can act as “neutraligands”, by selectively binding to 
C5a over C3a. The data presented in this study indicates that corticosteroids, like prednisone can have potentially 
better selectively (Kd ~ 0.38 μM) toward C5a than C3a, suggesting the positive modulatory role of C5a in the 
general success of the corticosteroid therapy in moderate to severe COVID19.   

1. Introduction 

COVID19 pandemic (Wiersinga et al., 2020) that has reshaped the 
world in many ways is caused by the orchestrated response of the im-
mune system (Paces et al., 2020), triggered by the exposure and sub-
sequent invasion of a virus, phylogenetically related to the broad class of 
coronavirus family (Hu et al., 2021), recently named as severe acute 
respiratory syndrome coronavirus-2 (SARS-CoV2). The function of the 
immune system is controlled by the active interplay between its two 
broad arms, (i) innate immunity (quick to respond) and (ii) adaptive 
immunity (slow to respond), which collectively provides lasting im-
munity to the hosts, against plethora of invading families of pathogens. 
The innate immunity arm of the immune system recruits the comple-
ment system (Freeley et al., 2016) -a cocktail of several proteins- as the 
first line of defence to protect the host from the initial assaults of the 
pathogen. However, increasing evidences strongly suggest that 

complement system also plays a pivotal role in controlling the adaptive 
immunity, by acting as a bridge between the two arms of the immune 
system (Lo and Woodruff, 2020). Thus, complement and immunity can 
be considered as both sides of the coin. Post detection of invading 
pathogens in the host body, controlled activation of the complement 
cascade is highly essential for restoring the normal physiology. Over 
stimulated complement cascade can significantly contribute toward 
several aggressive inflammation (Barrington et al., 2001) induced 
pathophysiological conditions, including multiple organ failure and 
death, through production of functionally diverse biological molecules 
(Schwartz and Suskind, 2020). Emerging clinical evidence suggests that 
in the process to fend off the SARS-CoV2 from the host body, the over-
whelmed complement triggers the lethal “hypercytokinaemia” (Bur-
gos-Blasco et al., 2020; Scala and Pacelli, 2020), which has been 
associated to contribute toward the complications, noted in patients 
with moderate to severe COVID19 (Badawi, 2020; Wang et al., 2020). In 
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fact, it is observed that about 15 % of the patients severely infected with 
SARS-CoV2 have elevated levels of proinflammatory cytokines (Cugno 
et al., 2020; Guan et al., 2020) in the plasma and are highly susceptible 
to develop the severe acute respiratory distress syndrome (ARDS) 
(Holter et al., 2020). The hyper-inflammatory response of the over-
whelmed complement is amplified by the over production of proin-
flammatory modulators, such as C3a (Coulthard and Woodruff, 2015) 
and C5a (Guo and Ward, 2005), among which the most potent one is the 
C5a, which has been strongly associated in aiding the “cytokine storm” 
(Chauhan et al., 2020; Mahmudpour et al., 2020; Mishra et al., 2020), 
mast cell degranulation (Ali, 2010) and enhancement of vascular 
permeability (Khan et al., 2013). In fact, several fold increase in the 
concentration of C5a (Carvelli et al., 2020; Prendecki et al., 2020), 
including the several cytokines have been observed in the plasma of 
moderate to severe COVID19 patients, compared to the healthy subjects. 
C5a post binding to C5aR, expressed in both myeloid and non-myeloid 
tissues promote the generation of reactive oxygen species (ROS) 
through oxidative burst, which contributes to the virus induced acute 
lung injury (ALI) and mortality (Wang et al., 2015). In addition, 
C5a-C5aR interaction promotes the adhesion of leukocytes, which sub-
sequently transmigrate to the lung parenchyma. No wonder that respi-
ratory distress is one of the prime contributors in the COVID19 related 
mortality (Carsana et al., 2020; Li and Ma, 2020). Further, over-
activation of C5a-C5aR signaling axes can contribute toward endothelial 
dysfunction (Perico et al., 2021) and thus, even if lungs appear to be the 
first target, it can potentially affect the other organs (Wadman et al., 
2020) due to the collision with other intertwined signaling axes 
(Chauhan et al., 2020). Therefore, it appears that neutralizing the 
harmful effects of the inflammatory modulators of the complement 
system (Risitano et al., 2020; Campbell and Kahwash, 2020) can actually 
be beneficial for the management of COVID19 (Huang et al., 2020). It is 
worth highlighting that clinical trials specifically targeting the com-
plement proteins (Diurno et al., 2020; Giamarellos-Bourboulis et al., 
2020), such as C3 (trial id: NCT04395456), C5 (trial id: NCT04288713) 
and C5a (trial id: NCT04333420) with neutralizing antibodies have 
already been initiated with a hope to modulate the hyper-inflammatory 
role of complement in moderate to severe COVID19. Though, available 
data indicates the possible success of the approach (Mastellos et al., 
2019), the comprehensive outcome of the above clinical studies are still 
awaited. 

On the other hand, while the hunt for the safe and efficacious vac-
cines were underway, polypharmacology based combination therapies 
involving small molecule drugs were fairly successful in reducing both 
the morbidity and mortality of COVID19 across the globe. For example, 
synergistic combination of hydroxychloroquine / ivermectin (Patri and 
Fabbrocini, 2020), ruxolitinib / eculizumab (Giudice et al., 2020), 
nitazoxanide / azithromycin (Kelleni, 2020), and remdesivir / cortico-
steroids (Wang et al., 2021) have shown appreciable results in small to 
medium scale studies against COVID19. In addition, several small 
molecule drugs, such as azithromycin (Schwartz and Suskind, 2020; 
Pani et al., 2020), colchicine (Schlesinger et al., 2020), famotidine 
(Mather et al., 2020), fluvoxamine (Lenze et al., 2020), dexamethasone 
(Sterne et al., 2020; Ledford, 2020) and prednisone (Bartoletti et al., 
2021) have also been subjected to small controlled studies as prophy-
lactic to manage the COVID19 pandemic. Both azithromycin (macro-
lide) and colchicine have immunomodulatory effects and are known to 
downregulate proinflammatory cytokines, and chemokines respectively. 
Famotidine is a histamine receptor blocker used for treatment of peptic 
ulcer disease, whereas fluvoxamine is a selective serotonin reuptake 
inhibitor (SSRI), prescribed as an antidepressant for treatment of social 
anxiety disorder. Both dexamethasone and prednisone belongs to the 
corticosteroid class of drugs with potent anti-inflammatory activities 
(Rizk et al., 2020) and are generally prescribed for managing the 
“cytokine storm”, as they exerts antagonistic action on glucocorticoid 
receptors (Kadmiel and Cidlowski, 2013), a protein that shuttles be-
tween cytosol and nucleus, belonging to the broad class of nuclear 

receptor family. The publicly available results for the above drugs are 
generally encouraging in nature, though exact mechanism of action of 
these drugs in the context of COVID19 is not well understood so far. 
Interestingly, among all, corticosteroid class of drugs, such as dexa-
methasone and prednisone have demonstrated really appreciable results 
in large scale studies involving patients with moderate to severe 
COVID19 (Sterne et al., 2020; Bartoletti et al., 2021). It is worth 
mentioning that we have been pursuing the idea whether small molecule 
drugs can be repurposed to act as potential “neutraligands” of C5a 
(Mishra et al., 2020; Mishra and Rana, 2019; Mishra et al., 2021), as an 
alternative to the known antibodies, so that the amplification of the 
hyper-inflammatory response can be modulated in a dose dependent 
manner, under the disease settings. Our basic studies indicate that se-
lective small molecule drugs can strongly bind to any one of three po-
tential “hotspots” on C5a (Mishra et al., 2020; Mishra and Rana, 2019), 
triggering conformational alteration, which can significantly affect the 
interaction of C5a with C5aR and thus, can alleviate the strong inflam-
matory response. This approach has a strong potential similar to the 
small molecule protein degraders (Raina and Crews, 2017), which re-
quires further exploration. Thus, in the current study, azithromycin, 
colchicine, famotidine, fluvoxamine, dexamethasone and prednisone 
(Fig. 1) were subjected to both computational and biophysical studies to 
probe whether the general success of any of the above drugs in managing 
COVID19 could be partially due to their selective neutralizing in-
teractions with the complement proteins like C3a or C5a. The data 
presented in this study indicates that prednisone can have potentially 
better selectively toward C5a than C3a, which can act as a positive 
modulator in reducing the inflammatory response exerted by the im-
mune system in COVID19. Prednisone’s dual action on C5a, including 
the glucocorticoid receptors (GRs) (Kadmiel and Cidlowski, 2013; 
Oakley and Cidlowski, 2013) could be the plausible reason behind the 
general success of the corticosteroid therapy in treatment of moderate to 
severe COVID19. 

2. Material and methods 

2.1. Computational methods and chemicals 

PDB coordinates of the C3a (Bajic et al., 2013) (4HW5) and C5a 
(Zhang et al., 1997) (1KJS) were downloaded from www.rcsb.org. 
PyMOL (The PyMOL Molecular Graphics System, Version 1.1r1, 
Schrödinger, LLC) and Discovery studio (Accelrys) software were uti-
lized for initial processing, visualization, analysis, and presentation of 

Fig. 1. The steroid and non-steroid class of drugs screened against the various 
conformers of the complement proteins like C3a and C5a. (a) prednisone, (b) 
dexamethasone, (c) azithromycin, (d) colchicine, (e) fluvoxamine and 
(f) famotidine. 
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the protein structures. The initial coordinates of the drug molecules (a) 
prednisone (1H61) (Barna et al., 2001), (b) dexamethasone (3GN8) 
(Bridgham et al., 2009), (c) azithromycin (5UXD) (Pawlowski et al., 
2018), (d) colchicine (5NKN) (Barkovskiy et al., 2019), (e) fluvoxamine 
(4MM9) (Wang et al., 2013) and (f) famotidine (6G3V) (Angeli et al., 
2018) were respectively extracted from the www.rcsb.org. Subse-
quently, the topological parameter of all the drug molecules required for 
docking and molecular dynamics (MD) simulation were generated by 
using the PRODRG server (Schüttelkopf and Van Aalten, 2004). Pred-
nisone’s parameters were appropriately edited to suit the gromos-96 
43a1 force field built into GROMACS (Hess et al., 2008). Experimental 
and computational data were plotted in GraphPad Prism (version 6 for 
Windows, GraphPad Software, La Jolla California USA, www.graphpad. 
com). The R&D Systems provided the recombinant C5a protein. Sigma 
Aldrich supplied the prednisone molecule. Solvent accessible surface 
area (SASA) calculation for the fluorophores on C5a were performed by 
using the NACCESS program with a Ala-X-Ala template and solvent 
probe radius set to 1.4 Å. 

2.2. Molecular dynamics (MD) studies 

All the MD studies involving the proteins or protein complexed to 
drug molecule were carried out at 300 K in presence of explicit water. 
Prior to MD simulation, the system was subjected to energy minimiza-
tion in a cubic box with appropriate periodic boundary, by recruiting the 
gromos-96 43a1 united atom force field built in to the GROMACS. 
Briefly, the side chains of Lys and Arg were positively charged, whereas 
the side chain of the Asp and Glu were negatively charged on both C3a 
and C5a proteins to roughly mimic the protonation state at the physio-
logical pH. Both the systems were energy minimized to 100 kJ mol− 1 

nm− 1 tolerances with steepest descent, first in vacuum and then in 
presence of simple point charge (SPC) water molecules, as provided in 
GROMACS. The systems were solvated by using appropriate number of 
SPC water molecules covering the entire protein with solvent density set 
to the value corresponding to 1 atm at 300 K and further, the net charge 
of the systems were neutralized, by randomly placing requisite number 
of counter ions to the box. For example, the C3a system contained total 
41,011 atoms with 13,390 solvent molecules and 7 chloride ions. 
Similarly, the C5a-prednisone system contained total 36,867 atoms with 
12,031 solvent molecules and 7 chloride ions. Both the system were 
equilibrated through NVT (0.5 ns) and NPT (0.5 ns) conditions prior to 
MD studies. The C3a protein was subjected to 50 ns of production MD 
run, whereas the C5a-prednisone complex was subjected to 200 ns 
production MD run. Protein and solvents-ions were coupled indepen-
dently to V-rescale bath at 300 K, to the coupling time constant 0.1 ps. 
Bonds were constrained with LINCS with order 4. Non-bonded pair list 
cut-off was 1.2 nm with a grid function. Numerical integrations were 
performed in step size of 2 fs and the coordinates were updated every 5 
ps. Conformational clustering across the trajectory was performed every 
50 ps with RMSD cut-off ≤ 1.5 Å, by recruiting the gromos fitting 
method, as defined in GROMACS. The trajectories were thoroughly 
analysed for both the systems, by recruiting the utility modules available 
within the GROMACS. 

2.3. Automated docking studies 

All the drug molecules were respectively subjected to automated 
docking, by recruiting the AutoDock (Morris et al., 2009) against various 
conformers of C3a and C5a. For example, all the drugs were screened 
against the entire surface area of energy minimized conformer of C3a, as 
well as against the most populated conformer of C3a evolved over 50 ns 
of MD. Similarly, the entire surface area of the most populated 
conformer of C5a, mono-glycosylated and tri-glycosylated C5a evolved 
over 50 ns of MD were subjected to scanning against all the drug mol-
ecules initially. Subsequently, the most populated conformers of C5a 
complexed to prednisone evolved over 200 ns of MD were further 

subjected to rigid docking to gauge the range for realistic binding af-
finities. Optimum grid dimension covering the entire protein surface 
along XYZ directions was achieved by using AutoGrid program. The 
Lamarckian genetic approach (LGA) was applied for a population size of 
250 with the maximum number of generations set to 27,000. Structur-
ally distinct conformational clusters of the drugs were ranked in terms of 
increasing energy. All the drug molecules were initially subjected to flexi 
dock, followed by rigid dock until the best bound conformer having the 
least binding energy with maximum intermolecular contacts was 
obtained. 

2.4. Estimation of the binding free energies of the prednisone-C5a 
complex 

The following equation: ΔGbinding = Gcomplex − (Gprotein −
Gligand), implemented in the g_mmpbsa program was used for calcu-
lating the binding free energy of the prednisone complexed to C5a, by 
recruiting the Molecular mechanics Poisson-Boltzmann surface area 
(MM-PBSA) method, as described elsewhere (Kumari et al., 2014). The 
free energy contribution of the prednisone was estimated by the 
following equation: G = EMM + Gsolv – TSsolute, where EMM (mo-
lecular mechanics energy) represents the summation of van der Waals 
and electrostatic, Gsolv represents the solvation energy contributed by 
both polar and non-polar solvation free energy, and TSsolute represents 
the temperature and entropy of the solute. Dielectric constant of solute 
and solvent were respectively fixed at 20 and 80 respectively for 
calculation of polar solvation energy. A value of 0.5 Å grid space was 
taken to calculate electrostatic energy. Probe radius was set to 1.4 Å to 
calculate the non-polar contribution to solvation free energy through 
SASA method. Finally, 200 conformers randomly selected from the first 
major cluster populated over the 200 ns of the MD trajectory were 
respectively used for calculating the average binding free energy for the 
prednisone. 

2.5. Pilot biophysical studies 

The fluorescence studies on C5a were performed in pure 1X PBS (pH 
~ 7.4) at 25 ◦C, by using the Cary Eclipse Fluorescence Spectropho-
tometer (Agilent Technologies) equipped with PCB 1500 Water Peltier 
System. The excitation and emission slit widths were set to 5 nm with 
excitation wavelength set at 280 nm and emission range set between 290 
and 450 nm. The fluorescence spectra of 0.1 μM C5a were recorded both 
in presence and absence of 0–10 μM prednisone with an average of three 
scans and the background spectra of the buffer were appropriately 
subtracted. Prednisone with absorption maximum at 242 nm did not 
display significant fluorescence emission between 290− 450 nm. The 
absorption spectra of prednisone was recorded by using nanodrop plates 
in a Spectramax ID3 plate reader. Binding affinity of prednisone toward 
C5a was estimated by fitting the normalized fluorescence of C5a against 
the prednisone doses, by recruiting the non-linear regression methods 
available in GraphPad Prism. The circular dichroism (CD) studies of C5a 
were carried on a Chirascan CD spectropolarimeter system in far-UV 
region at 25 ◦C. Each sample was subjected to minimum 3 scans with 
a time constant of 1 s and step size of 1 nm. The solvents and buffers used 
in the study were filtered and degassed by nitrogen bubbling method. 
The C5a was solubilized in 1X PBS (pH~ 7.4) and the prednisone stock 
solutions were prepared in 1X PBS after solubilizing it in DMSO. The CD 
spectra of 0.1 μM C5a were recorded both in presence and absence of 1 
μM prednisone. Similarly, CD spectra of 1 μM prednisone was also 
recorded and subsequently subtracted from the C5a + prednisone 
spectra. Samples were incubated for minimum 1 h at 4 ◦C prior to the CD 
studies. The molar ellipticity was converted to mean residue ellipticity 
[θMRE] after background subtraction, by using the methods described 
elsewhere (Greenfield, 2006). 
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3. Results 

3.1. MD studies on C3a 

All the pathways of complement converge at C3, whose proteolytic 
cleavage produces the C3a anaphylatoxin (Fig. 2a), a 77-aa polypeptide 
(Bajic et al., 2013) with close structural similarity with C5a. Interest-
ingly, C3a does not have an unpaired cysteine as observed in case of C5a. 
Literature evidences that after reaching a critical concentration in the 
plasma, C3a can exert both pro-inflammatory and anti-inflammatory 
action on the surrounding cells (Coulthard and Woodruff, 2015). 
Though C3 concentration in plasma is usually high, anti-inflammatory 
action of C3a, in response to the proinflammatory role of C5a in 
COVID19 has not been clinically corelated to the elevated plasma con-
centration of C3a so far. Moreover, conformational integrity and dy-
namic behaviour of C3a are not postulated in the literature so far. Thus, 
the human C3a structure (4HW5) observed in solid was subjected to 50 
ns MD simulation in presence of explicit water molecules to probe its 
conformational heterogeneity, prior to the screening of the drug mole-
cules, illustrated in Fig. 1. Structural comparison indicates that the four 
helix bundle structure of C3a observed in solid (Fig. 2a) is not sustained 
in solution (Fig. 2b). The Helix2 on C3a becomes an extended loop in the 
major conformer of C3a evolved over 50 ns of MD. In addition, the 
length of the Helix4 is also shortened significantly, making the last 13 aa 
[Arg65-Arg77] of the C-terminus completely structurally unordered 
(Fig. 2b). This observation made in MD is in agreement with the 
conformational analysis data obtained from the synthetic peptides cor-
responding to Arg65-Arg77 region of C3a (Hugli and Erickson, 1977). 
Overall, the data presented in Fig. 2 indicates that C3a can be con-
formationally dynamic and perhaps prefers to remain as an intrinsically 
disordered protein (Oldfield and Dunker, 2014) in solution, after being 
detached from C3. Thus, it is important to consider this aspect of C3a, 
while performing both high throughput in silico or cell culture based 

drug screening studies (Rowley et al., 2020). More importantly, given 
the intrinsically disorder structure of C3a, the potent small molecule 
antagonist of C3aR receptors (Scully et al., 2010) should also be checked 
for their cross reactivity with C3a to further understand their biological 
implications. 

3.2. Screening of the drug molecules against the conformers of C3a 

In the complement cascade, C3a is upstream of C5a and thus, the 
drug molecules presented in Fig. 1 were first subjected to screening 
against C3a, by recruiting automated docking studies. In this process, 
the entire surface area of the energy minimized structure (conformer 1) 
of C3a (Fig. 2a) and the major conformer of C3a (conformer 2) evolved 
during MD (Fig. 2b) were respectively screened against the drug mole-
cules to find the potential binding sites with a cut-off for estimated Ki ≤
10 μM. This was done to effectively probe the range of binding affinity, 
which can vary with conformational heterogeneity of C3a. The data 
summarized in Table 1 indicates that the steroid class of drugs, such as 
prednisone and dexamethasone demonstrated an estimated binding af-
finity ranging between 8− 17 μM toward the conformers of C3a, whereas 

Fig. 2. (a) The energy minimized four helix 
bundle structure of C3a. (b) The central 
conformer of the first major cluster populated 
for C3a, over the 50 ns of MD at 300 K. The 
structurally unordered last 13 aa [Arg65-Arg77] 
of the C-terminus is highlighted in pink. (c) 
Monitoring the basic structural parameters of 
C3a over the duration of MD. The decrease in 
total number of hydrogen bonds indicates 
structurally unordered nature of C3a. (d) The 
number of major conformational clusters of C3a 
evolved over the duration of MD.   

Table 1 
Estimated binding affinity of the drugs screened against the major conformers of 
C3a. Drugs demonstrating ~ Ki ≤ 10 μM are highlighted in bold.  

Drug 
~ Ki (μM) / B. E. (kcal/mol) toward C3a 

Conformer 1 Conformer 2 

Prednisone 8.92 / -6.89 12.14 / -6.71 
Dexamethasone 10.23 / -6.81 17.44 / -6.49 
Azithromycin 4090 / -3.26 1020 / -4.08 
Colchicine 23.32 / -6.32 6.17 / -7.11 
Fluvoxamine 8040 / -2.83 815.95 / -4.21 
Famotidine 352.95 / -4.71 508.21 / -4.49  
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among the non-steroid drugs, only colchicine demonstrated an esti-
mated binding affinity ranging between 6− 23 μM toward the con-
formers of C3a. Thus, considering the general cut-off of 10 μM, beside 
colchicine, the steroid class of drugs, especially the prednisone appears 
to be the ideal candidate that can modulate the immune response, by 
acting on complement proteins like C3a. 

3.3. Screening of the drug molecules against the conformers of C5a 

C5a is the most potent proinflammatory polypeptide of the com-
plement cascade, which has lasting effects on the surrounding tissues 
than any other complement protein. More importantly, C5a has been 
strongly associated with variety of inflammatory conditions, including 
the most recent COVID19 (Cugno et al., 2020). Thus, to find the most 
consistent drug molecule in the list, automated docking studies were 
also performed by recruiting three most populated conformers (Fig. S1), 
respectively evolved for unglycosylated (conformer 1), monoglycosy-
lated (N-acetyl glucosamine attached to Asn64; conformer 2) and tri-
glycosylated (N-acetyl glucosamine attached to Asn29, Asn30, and 
Asn64; conformer 3) C5a over 50 ns of MD (Mishra et al., 2021). The 
mono- and triglycosylated conformers of C5a were recruited to loosely 
mimic the heavily glycosylated natively activated state of C5a 
(Huber-Lang et al., 2002). The estimated binding affinity and energy 
observed for the drug molecules for the various conformers of C5a is 
presented in Table 2. The data indicates that prednisone could bind to all 
the conformers of the C5a within a range of 0.8− 6 μM, which is well 
within the hypothesized cut-off of estimated Ki ≤ 10 μM. Moreover, 
prednisone demonstrated binding at all the three hypothesized hotspots 
on C5a (Fig. S1). Similar observations has also been made in earlier in 
silico studies (Mishra et al., 2021) for trans-resveratrol, a phytoalexin 
known to demonstrate anti-inflammatory activities in both in vitro and in 
vivo studies (Issuree et al., 2009). It is interesting, as prednisone also 
demonstrated comparatively weaker binding affinity to C3a (Fig. S2). 
Apart from this, the next best molecule was dexamethasone, which 
demonstrated binding affinity in a range of 5− 46 μM toward all the 
conformers of C5a. In comparison, colchicine demonstrated a binding 
affinity ranging between 3− 89 μM toward all the conformers of C5a and 
thus, was not pursued further in the current study, including the azi-
thromycin, famotidine and fluvoxamine (Fig. S3). Collectively, predni-
sone appears to be the most consistent drug molecule among the seven 
drug molecules that has been screened against C3a and C5a. Further, as 
prednisone demonstrated stronger binding affinity consistently toward 
C5a than C3a, it was subjected to further MD studies involving C5a. 

3.4. Probing the structural stability of the C5a-prednisone complex 

Among the three major conformers of C5a, prednisone demonstrated 
relatively strongest in silico affinity toward the monoglycosylated C5a 
and weakest affinity toward the triglycosylated C5a. Since, most of the 
biomolecular signaling studies reported in the field recruits the ungly-
cosylated recombinant C5a, the prednisone complexed to unglycosy-
lated C5a was subjected to MD studies in explicit water over 200 ns at 
300 K. Further, this complex was preferred over others primarily for the 

ease of correlation with the subsequent pilot biophysical studies 
involving recombinant C5a. 

The data presented in Fig. 3a suggests that prednisone could remain 
bound to the hotspot of C5a over the duration of the MD trajectory, 
indicating the physical viability of the strong intermolecular in-
teractions existing between C5a and prednisone. The physical viability 
of the complex derives strength from average three number of inter-
molecular hydrogen bonds consistently sustained over the duration of 
MD (Fig. 3a). In addition to this, prednisone appears to be comfortably 
nestled inside the defined “hotspot” lined by several amino acids side 
chains that have both hydrophobic and hydrophilic properties (Fig. 3b). 
This is further supported by the central conformers (Fig. S4) of the C5a- 
prednisone complex, representing the first three major clusters (Fig. 3c), 
populated over the entire MD trajectory. The backbone RMSD of these 
central conformers vary between 0.98–2.35 Å from the unglycosylated 
structure of C5a (Fig S1a). In order to judge the more realistic range of 
binding affinity and to remove the conformational biasness from the 
docking results, prednisone was further subjected to guided docking 
involving the three central conformers (Fig. S4), which are illustrated as 
the representative C5a-prednisone complexes in Fig. 4. The combined 
docking data indicates that prednisone may bind to recombinant human 
C5a with an estimated affinity ranging between 0.019− 12 μM. 

3.5. Estimating the binding free energy of the C5a-prednisone complex 

Molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) 
calculation was performed to estimate the binding free energy of the 
C5a-prednisone complex. The calculation of the binding free energy of 
the complex involved 200 conformers selected randomly from the first 
major cluster populated over the entire 200 ns MD trajectory, by 
following the procedure detailed under the materials and methods. The 
binding free energy obtained for the complex (-60.89 ± 7.96 kcal/mol) 
suggests that prednisone strongly interacts with C5a, which can be 
positively correlated with the binding affinity estimated from the 
docking studies. The estimated free energy of binding is based on the van 
der Waals energy (-47.48 ± 5.37 kcal/mol), electrostatic energy (-23.79 
± 9.19 kcal/mol), polar solvation energy (14.14 ± 3.50 kcal/mol) and 
apolar energy (-3.76 ± 0.32 kcal/mol), as obtained for the C5a- 
prednisone complex. Further analysis (Fig. 5a) suggests that several 
amino acids on C5a strongly contribute toward the overall free energy of 
binding of prednisone. Interestingly several C-terminal amino acids, 
responsible for downstream signaling of C5a, including the Arg74 
strongly contributed toward the binding of prednisone. 

3.6. Probing the interaction of prednisone with C5a by fluorescence and 
CD spectroscopy 

Pilot biophysical studies involving fluorescence and circular di-
chroism (CD) spectroscopy were performed further in PBS buffer to 
confirm the observations made in the computational studies. Prednisone 
with an absorption maximum (λmax) at 242 nm (Fig. 6a) did not display 
any observable intrinsic fluorescence (Fig. 6b), while excited between 
278− 280 nm. 

Since computational studies estimated that prednisone’s affinity 
(Fig. 4) toward C5a may be somewhere between 19 nM - 12 μM, the 
fluorescence of C5a was recorded both in presence and absence of 0− 10 
μM of prednisone. Interestingly, an appreciable blueshift (Δλ ~ 8 nm) in 
the fluorescence emission maximum of C5a was noted in presence of 
0− 0.5 μM prednisone (Fig. 6b), though the intrinsic fluorescence in-
tensity of C5a did not change significantly, suggesting changes in the 
microenvironment of the fluorophores of C5a, which is most likely due 
to the hydrophobic burial induced by the binding of prednisone. Further 
increase in concentration of prednisone (1− 10 μM), significantly 
contributed toward the increase in the intrinsic fluorescence intensity of 
C5a (Fig. 6b), which almost saturated in presence of 1 μM prednisone, 
though minor changes in fluorescence intensity of C5a was also noted in 

Table 2 
Estimated binding affinity of the drugs screened against the major conformers of 
C5a. Drugs demonstrating ~ Ki ≤ 10 μM are highlighted in bold.  

Drug 
~ Ki (μM) / B. E. (kcal/mol) toward C5a 

Conformer 1 Conformer 2 Conformer 3 

Prednisone 2.70 / -7.60 0.858 / -8.28 6.83 / -7.05 
Dexamethasone 46.59 / -5.91 5.92 / -7.13 18.98 / -6.44 
Azithromycin 380.53 / -4.67 1410 / -3.89 207.83 / -5.02 
Colchicine 88.99 / -5.53 3.69 / -7.41 89.07 / -5.53 
Fluvoxamine 558.98 / -4.44 735.51 / -4.27 117.01 / -5.36 
Famotidine 26.16 / -6.25 146.26 / -5.23 118.11 / -5.36  
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presence of 5− 10 μM prednisone. To probe this observation further, 
solvent accessible surface area (SASA) of the intrinsic fluorophores (Tyr 
13 and Tyr 23) of C5a were calculated considering the energy minimized 
structure of free C5a as the reference. SASA calculation performed 
relative to Ala-X-Ala tripeptide indicates that the side chains of both Tyr 
13 and Tyr 23 are highly buried and only 27 ± 2% of Tyr 13 and 30 ± 3% 
of Tyr 23 side chains are relatively exposed to the solvent. In compari-
son, the side chains of both Tyr 13 and Tyr 23, respectively demon-
strated 18 ± 6% and 24 ± 4% relative solvent accessibility in C5a- 
prednisone complex, indicating further hydrophobic burial of the 
intrinsic fluorophores. Collectively, the data suggests that prednisone 
strongly binds to C5a, however further CD studies were performed to 
understand the overall effect of prednisone binding on the conformation 
of C5a. Since, 1 μM prednisone almost saturated the fluorescence signal 
of C5a, further CD studies were performed with 0.1 μM C5a both in 
presence and absence of 1 μM prednisone. C5a in the absence of pred-
nisone produced the characteristic CD signature of helical bundle pro-
teins. Similarly, prednisone being inherently chiral also demonstrated a 
characteristic CD signature in the far-UV region (Fig. 6c). As presented 
in Fig. 6d, the CD signature of the 0.1 μM C5a did not display any 

significant conformational changes in presence of 1 μM prednisone. 
Nevertheless, correcting the CD spectra for the contribution made by the 
1 μM prednisone displayed the strong conformational changes in C5a, in 
agreement with the fluorescence studies. In addition, this observation is 
in sync with the earlier observations made for other neutraligands of C5a 
(Mishra and Rana, 2019; Mishra et al., 2021). Moreover, fluorescence 
titrations (Fig. 7) of 0− 10 μM prednisone against 0.1 μM provided an 
estimated Kd ~ 0.38 μM, confirming the high affinity binding interaction 
between prednisone and C5a. 

4. Discussion 

Advanced clinical studies conducted so far to understand the path-
ophysiology of COVID19 suggest that it is a systemic syndrome, with 
elevated inflammatory markers in the serum, which gets exacerbated 
due to the strong hyperinflammatory response triggered by the host’s 
immune system, subsequently leading to the moderate to severe 
COVID19. The fine balance between the protective immunity and 
dysfunctional immune response decides recovery or death as one of the 
clinical outcome in case of COVID19. While both innate and adaptive 

Fig. 3. (a) Monitoring the various structural parameters for probing the physical viability of the C5a-prednisone complex at an interval of 50 ns over 200 ns of MD at 
300 K. The prednisone molecule nestled inside the “hotspot” is presented in CPK model. (b) The representative amino acids lining the “hotspot” on C5a involved in 
binding the prednisone are highlighted in sticks. (c) The major conformational clusters of C5a evolved over the duration of MD, highlighting the number of structures 
in each cluster. 

Fig. 4. Illustrations of the C5a-prednisone complexes, highlighting the nanomolar to micromolar binding range of prednisone, nestled inside the defined “hotspot” of 
C5a. Prednisone highlighted in the CPK model is presented in complex with the respective central conformer of the (a) cluster 1, (b) cluster 2 and (c) cluster 3 of C5a 
evolved over the duration of MD. One of the fluorophore of C5a (Tyr 23) closest to the illustrated binding site is highlighted in stick. Prednisone binding interlocks the 
side chain of Arg74, presented in stick is known to be highly important for biomolecular signaling of C5a. The binding site of the C5a is rendered in typical “blue- 
white-brown” surface mode to indicate the contribution of both hydrophilic (blue) and hydrophobic (brown) side chains of different amino acids. 
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arm of the immune system plays a cohesive role in providing lasting 
protective immunity leading to the recovery, the innate immunity is the 
fast acting arm of the first and second line of defence system built in to 
immune system, which provides non-specific protection against patho-
gens, by triggering both local and systemic inflammation. Complement 
system comes under the innate arm of the immunity, which acts as a 
bridge between innate and adaptive immunity. Thus, it is hypothesized 
that dysregulated complement can strongly contribute toward hyper-
inflammatory response, which can eventually modulate the immune 
system’s ability to clear pathogens from the host body. Indeed, the role 
of the complement in COVID19 is just beginning to unravel and no 
wonder that immunosuppression therapies (Rizk et al., 2020) targeting 
the excessive activation of the complement for managing severe 
COVID19 is being currently evaluated. Interestingly, several specific 
immunomodulators are also being tested for their anti-cytokine property 
for managing severe COVID19. In addition, corticosteroids like dexa-
methasone, methylprednisolone are also being tested as non-specific 
immunomodulators for managing COVID19. Beside, other drugs such 
as azithromycin, colchicine, hydroxychloroquine and several others are 
being used as prophylactic for their anti-inflammatory and immuno-
modulatory effects for managing the COVID19. It is noteworthy that 
C5a, is one of the most potent proinflammatory complement glycopro-
tein, whose overproduction in a dysregulated complement system (Java 
et al., 2020) has been associated with the lethal “hypercytokinaemia” 
and in fact C5a has been found to be elevated in patients with severe 
COVID19 (Carvelli et al., 2020). In this regard, our recent studies 
(Mishra et al., 2020) suggest that raloxifene, which is prescribed to 
alleviate the pain and inflammation in rheumatoid arthritis can be 
explored as a non-specific immunomodulator either as monotherapy or 
in combination with other synergistic drugs, as an alternative poly-
therapy for possible management of COVID19. In fact, raloxifene’s po-
tential as an antiviral agent (Hong et al., 2021) has recently been 
explored and repurposing of raloxifene alone or in synergistic combi-
nation with nelfinavir (Schultz et al., 2021) for treatment of SARS-CoV2 
infection is currently being explored. Among all non-specific immuno-
modulators being tested, corticosteroids have shown remarkable results 
in managing severe COVID19 (Sterne et al., 2020) so far across the 

globe. In fact, world health organization also endorses the benefit of 
corticosteroid use in patients with severe and critical COVID19. Corti-
costeroids (Liu et al., 2013) are in clinical practice for a very long time 
and are generally prescribed for effective treatment of various inflam-
matory and autoimmune diseases, such as chronic obstructive pulmo-
nary disease (COPD) (de Jong et al., 2007), severe asthma, systemic 
lupus, rheumatoid arthritis etc. for their ability to act as both 
anti-inflammatory and immunosuppressive agents (Coutinho and 
Chapman, 2011). Both genomic and nongenomic mode of action 
contribute toward the overall effectiveness of the corticosteroid therapy 
(Stahn and Buttgereit, 2008). Under genomic mode of action, cortico-
steroids bind to cytoplasmic GRs, which further enters into nucleus and 
binds to glucocorticoid responsive element (GRE). This leads to the 
upregulation of anti-inflammatory genes and downregulation 
pro-inflammatory genes, which further exerts the anti-inflammatory and 
immunosuppressive effects. However, therapeutic benefit of 
non-genomic mode of action of corticosteroids is not completely clear 
and it appears from the current study that C5a could be a good target 
candidate for its non-genomic mode of action. Both dexamethasone and 
prednisone are corticosteroid class of drugs with identical backbone 
structure and the current study suggests that both of them can poten-
tially interact with C5a, though prednisone appears to demonstrate 
higher affinity toward C5a. 

Prednisone is a prodrug, which gets rapidly metabolized to the 
bioactive prednisolone (Fig. 8) in presence of the 11 β-hydroxysteroid 
dehydrogenase enzymes, found to be expressed in both bone and sy-
novial tissue, including macrophages (Raza et al., 2010). On the other 
hand, no such interconversion is known in case of dexamethasone, 
which has comparatively longer anti-inflammatory action than the 
prednisolone. However, given the minor structural differences between 
dexamethasone, prednisone and prednisolone, all are likely to bind C5a, 
which is upstream to GRs. Among all, dexamethasone is preferred, as it 
demonstrates lower mineral corticosteroid activity than the predniso-
lone derivatives and is less likely to contribute toward retention of so-
dium and fluids. On the other hand, low dose (35− 70 mg / day/ 70 KG 
adult) of methylprednisolone is generally preferred for shorter duration 
to manage severe COVID19 with ARDS (Shang et al., 2020). In fact 

Fig. 5. (a) Decomposition of the MM energy plot highlighting the “hotspot” residues on C5a contributing toward the overall binding free energy of C5a-prednisone 
complex. (b) Schematic illustration of the intermolecular interaction observed in a representative C5a-prednisone complex. Amino acids involved in only hydro-
phobic interaction and the amino acids involved in both hydrophobic and electrostatic interactions are respectively coloured in green and blue. The amino acids 
coloured in orange are also involved in “alkyl-π” interactions. The green dotted arrows indicate the directionality of the hydrogen bonds. 
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higher dose of the prednisolone (Edalatifard et al., 2020) has also been 
shown to reduce the “hypercytokinaemia”, observed in 15 % of patients 
with COVID19. In addition, prednisolone has also been shown to 
improve the condition of patients with severe COPD (de Jong et al., 
2007). No wonder that collectively corticosteroid therapy (dexametha-
sone: 6 mg / day; or oral prednisone / prednisolone: 40 mg / day) 
(Farkas, 2020) have been shown to improve the survival rate in patients 
with severe COVID19. It is increasingly becoming clear that over-
activated complement in the lungs, kidney, liver and heart has an un-
deniable role in the progression (Noris et al., 2020) of severe COVID19. 
It is also established that endothelial cells expresses the angiotensin 
converting enzyme 2 (ACE2) (Hamming et al., 2004), which acts as a 
gateway for the SARS-CoV2 infection of the cells (Hoffmann et al., 
2020). Further, It is well known that C5a contributes significantly to the 
inflammation induced endothelial damage and virus induced acute lung 
injury (ALI) (Wang et al., 2015). In addition, it is believed that C5a could 
be an early biomarker for diagnosis of disease severity than the con-
ventional biomarkers like C-reactive protein (Prendecki et al., 2020). 

Moreover, literature evidences that anti-complement protein products 
can be therapeutically valuable for management of COVID19 (Mastellos 
et al., 2019; Jodele and Köhl, 2020). Thus, there is a considerable evi-
dence, which suggests that C5a may be a key protein contributing to-
ward the lung pathology in patients with COVID19. The observation 
made in this study indicates that corticosteroid like prednisone can bind 
to C5a with Kd ~ 0.38 μM, which is well within the therapeutic dose 
limit prescribed for managing the severe COVID19. It is noteworthy that 
synthetic corticosteroids have high oral bioavailability and are generally 
prescribed at a physiologically equivalent concentration. Interestingly, 
depending on the prescribed dose size, the total peak plasma concen-
tration of corticosteroids can reach high micromolar range. However, 
most of the synthetic corticosteroids demonstrate ~Kd 5− 10 nM for the 
GRs (Andreae et al., 2001). The wide range of action demonstrated by 
the corticosteroids cannot be accounted by their sole interaction with 
the genomic targets. C5a is a potent glycoprotein of the complement 
system, known to contribute significantly toward the “cytokine storm” 
(Chauhan et al., 2020; Mahmudpour et al., 2020), as well as chronic 

Fig. 6. (a) Absorption spectra of prednisone (PDN), highlighting the absorption maximum in PBS buffer. (b) The effect of 0.1-10 μM prednisone (PDN) on the 
intrinsic fluorescence spectra of 0.1 μM C5a, highlighting the observed blueshift in the fluorescence emission maximum of C5a. (c) The signature CD pattern observed 
for 1 μM prednisone at 25 ℃ in PBS buffer. (d) Conformational perturbation observed for 0.1 μM C5a in response to 1 μM prednisone (PDN), suggesting the binding of 
prednisone to C5a. 
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inflammation (Guo and Ward, 2005). Further, the complex crosstalk 
between the complement, coagulation and cytokines is well known. C5a 
is upstream of glucocorticoid receptors and it is well known that clin-
icians/physicians usually prescribe the steroids at a concentration (high 
μM), which is way higher than what is required for completely blinding 
the GRs (low nM). Thus, it can be hypothesized that the excessive cor-
ticosteroids can contribute toward the specific non-genomic benefit, by 
binding to either plasma proteins or membrane receptors. 

Under normal circumstances physiological concentration of C5a is 
tightly regulated, which synergistically function to saturate, desensitize 
and regenerate the C5aR in a defined signaling cycle to maintain the 
basal level activity. However, in response to stress, injury and infection, 
aberrant activation of the complement produces C5a at pathological 
concentration, which disrupts the synergistic signaling cycle of C5aR, 
and at a given point of time the number of C5a available can outnumber 
the number of C5aR available to saturate on the cell surface. Targeting 
the excessive C5a in a non-competitive manner under a disease setting 
like COVID19 can be really effective for controlling the hyper-
inflammatory response of C5aR. The bioavailability and half-life of the 
corticosteroids are generally very high and thus, the binding of corti-
costeroids to excessive C5a in the plasma at low μM concentration is 
technically feasible, which in principle can reduce the persistent satu-
ration of C5aR, subsequently contributing toward the overall thera-
peutic benefit of the corticosteroids. It is noteworthy that currently the 
molecular complexes of C3a/C5a with their cognate receptors are not 
crystal clear. However, highly refined model structural complex of C5a 
bound to C5a receptor (C5aR) has already been described in the litera-
ture (Sahoo et al., 2018), which is most likely to be similar for C3a-C3aR 
system. It is evidenced that N-terminus of C5aR strongly interacts with 

bulk of C5a, which induces conformational changes in C5a, leading to 
the interaction of its C-terminus peptide with the extracellular surface of 
C5aR. This synergistic interaction is absolutely important for the for-
mation of a biologically active structural complex between C5a and 
C5aR, which is required for initiation of the downstream signaling. A 
recent study suggests that blockage of C5a-C5aR can help COVID19 
patients with ARDS (Carvelli et al., 2020), by reducing the excessive 
lung inflammation through controlled infiltration of the myeloid cells. 
The data presented in Figs. 4, 5 and 7 suggests that prednisone binding 
to C5a may be able to lock the C-terminus peptide of C5a, in addition to 
altering its biologically active conformation. The conformational 
altering induced by the binding of prednisone is likely to dampen the 
physiological affinity of C5a toward C5aR, in a non-competitive manner, 
which can eventually augment the disruption of a biologically active 
complex between C5a and C5aR (Mishra and Rana, 2019). A similar 
assumption can be made for C3a-C3aR system based on the data pre-
sented in Fig. S2. In addition, it can also be hypothesized that under 
immune inflammatory conditions, alteration in the biologically active 
conformer of C5a due to the binding of prednisone can reduce the 
excessive concentration of C5a available in the plasma post saturation of 
the C5aR, by triggering degradation similar to a targeted small molecule 
protein degrader, which can be helpful in controlling the undesired 
immune response in the body. As observed, the estimated affinity of the 
prednisone toward C5a is in sub-micromolar range compared to the 
native affinity of C5a toward C5aR, which is estimated to be in 
picomolar/sub-nanomolar range. The picomolar affinity of C5aR toward 
C5a is majorly contributed by the N-terminus peptide of C5aR binding to 
the bulk of C5a, as the signaling studies evidence that the peptide ago-
nists based on the last ten amino acids of the C-terminus of C5a has a 

Fig. 7. (a) Fluorescence titration studies involving 0.1-10 μM prednisone (PDN) against 0.1 μM C5a. (b) Calculation of the binding affinity of prednisone from the 
normalized fluorescence data of C5a. 

Fig. 8. (a) Interconversion of prednisone to the bioactive prednisolone and vice-versa by the 11 β-hydroxysteroid dehydrogenase (11β-HSD) enzymes. The changed 
functional group is highlighted in prednisolone. 
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high micromolar affinity toward the extracellular surface (ECS) of C5aR. 
Small molecule based agonist/antagonist known for the C5aR basically 
target the ECS of C5aR, as technically such small molecules cannot 
compete off the N-terminus of C5aR binding to the bulk of C5a. Since, 
small molecule based ligands are known to block the ECS of C5aR to 
prevent the interaction of the C-terminus of C5a, then it can also be 
hypothesized that prednisone like small molecules can alternatively 
block the availability of the C-terminus of C5a (Figs. 3b and 5) for 
interaction with the ECS of C5aR. Considering the role of complement in 
the COVID19 and the data presented in this study, it appears that 
binding of corticosteroids can augment the neutralization of the exces-
sive C5a under hyperinflammatory conditions, which may be contrib-
uting positively toward the general success of corticosteroid therapy in 
managing severe COVID19. However, further biomolecular signaling 
studies in appropriate system will be needed to rationalize this 
hypothesis. 

5. Conclusion 

The current study indicates that C5a could be one of the non-genomic 
target of corticosteroids and binding of dexamethasone / prednisone to 
C5a can potentially neutralize the hyperinflammatory signal triggered 
by the excessive C5a in the plasma, thereby amplifying the reported 
therapeutic benefits of the corticosteroid administrations, observed in 
patients with moderate to severe COVID19. It is understood that pro-
longed exposure to high dose corticosteroids can be generally immu-
nosuppressive, as it can weaken the ability of immune system to fight 
pathogens, resulting unchecked pathogen replication and co-infections. 
Considering the immense importance of the immune system both in 
general physiology and severe pathology, further detailed studies are 
required not only to clearly understand the complement proteins role, 
but also to devise the timing for intervention in COVID19. Nevertheless, 
synergistic pairing of low dose corticosteroids with other drugs at an 
appropriately regulated regimen should further be explored vigorously 
in the clinical settings to harness the maximum therapeutic benefit, 
which may become essential in near future for effective management of 
severe COVID19. In addition, the current study also hints that design 
and synthesis of new chemical entities with exceptionally high binding 
affinity toward C5a should be further explored considering the estab-
lished pathophysiological importance of the C5a under hyper-
inflammatory conditions. 

Author contributions 

A. D. conducted the biophysical experiments and prepared the fig-
ures. S. R. conducted the computational modelling and MD studies. A. D. 
and S. R. analysed the data. S. R. wrote the manuscript and conceived 
the idea for the project. 

Declaration of Competing Interest 

The authors report no declarations of interest. 

Acknowledgements 

This research is supported by the SERB (EMR/2016/000681). Use of 
supercomputing facility at IIT Delhi is highly appreciated. Usage of the 
analytical instrumentation facility of IIT Bhubaneswar is strongly 
acknowledged. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.compbiolchem.20 
21.107482. 

References 

Ali, H., 2010. Immunol. Lett. 128, 36–45. 
Andreae, J., Tripmacher, R., Weltrich, R., Rohde, W., Keitzer, R., Wahn, U., Paul, K., 

Buttgereit, F., 2001. Pediatr. Res. 49, 130–135. 
Angeli, A., Ferraroni, M., Supuran, C.T., 2018. ACS Med. Chem. Lett. 9, 1035–1038. 
Badawi, A., 2020. J. Inflamm. Res. 13, 255. 
Bajic, G., Yatime, L., Klos, A., Andersen, G.R., 2013. Protein Sci. 22, 204–212. 
Barkovskiy, M., Ilyukhina, E., Dauner, M., Eichinger, A., Skerra, A., 2019. Biol. Chem. 

400, 351–366. 
Barna, T.M., Khan, H., Bruce, N.C., Barsukov, I., Scrutton, N.S., Moody, P.C., 2001. 

J. Mol. Biol. 310, 433–447. 
Barrington, R., Zhang, M., Fischer, M., Carroll, M.C., 2001. Immunol. Rev. 180, 5–15. 
Bartoletti, M., Marconi, L., Scudeller, L., Pancaldi, L., Tedeschi, S., Giannella, M., 

Rinaldi, M., Bussini, L., Valentini, I., Ferravante, A.F., Potalivo, A., Marchionni, E., 
Fornaro, G., Pascale, R., Pasquini, Z., Puoti, M., Merli, M., Barchiesi, F., Volpato, F., 
Rubin, A., Saracino, A., Tonetti, T., Gaibani, P., Ranieri, V.M., Viale, P., Cristini, F., 
P.S. Group, 2021. Clin. Microbiol. Infect. 27, 105–111. 

Bridgham, J.T., Ortlund, E.A., Thornton, J.W., 2009. Nature 461, 515–519. 
Burgos-Blasco, B., Güemes-Villahoz, N., Santiago, J.L., Fernandez-Vigo, J.I., Espino- 
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