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hence any hydrogen bonding interaction of the inhibitor with  Tyr268 will interfere with the proteolytic activity 
of the SARS-CoV-2  PLpro22. 3)  Glu167 in SARS-CoV-2 PLpro plays an important role in ubiquitin core recogni-
tion, and mutations of  Glu167causes a significant loss of DUB  activity22. Similar to  Tyr268, any hydrogen bonding 
interaction with  Glu167 interferes with the DUB activity of the SARS-CoV-2 PLpro.

The interaction of aloin isomers to the ligand site of GRL0617, in the SARS-CoV-2 PLpro (PDBID: pbd7cmd) 
was analyzed using MOE software. Orientations that showed strong structural interaction with Tyr268 were 
considered for 100 ns MD simulation, as any hydrogen bonding interaction with  Tyr268 will interfere with the 
proteolytic activity. Molecular docking studies of aloin A and B with PLpro resulted in 20 orientations for each 
of them. Four best orientations (two for each) with hydrogen bonding interaction at  Tyr268 were chosen and 
then simulated with MD to evaluate the stability of these orientations at the 100ns time interval (Fig. 4A–D). 
The MD simulation data suggests that all four orientations were stable, and the molecules remained bound to 
the enzyme throughout the 100ns simulated time (Movies S1-S4). The analysis of protein–ligand interaction 
fingerprint between the SARS-CoV-2 PLpro enzyme and aloin A showed that the orientation-1 had a very weak 
 Try268 interaction throughout the duration of simulation (Fig. 5A, panel-I). Orientation-1 for aloin A also showed 
significant interaction with  Gln269 (Fig. 5A, panel-I). In contrast, orientation-2 for aloin A (Fig. 5B, Panel-I) 
showed significant interaction with  Try268,  Gln269, and  Glu167. As mentioned earlier,  Glu167 plays an important 
role in the deubiquitination of the enzyme and aloin A, molecular modeling predicted that the orientation-2 
of aloin A significantly impairs the DUB activity of SARS-CoV-2 PLpro. The fingerprint region of aloin A with 
PLpro over 100ns time showed that the S-score for orientation-1 fluctuated from − 6.25 to − 4.25 kcal/mol but 
was stable for the period of computation (Fig. 5A, panel-II). The S-score for orientation-2 (− 6.5 to − 4.25 kcal/
mol) of aloin A was stable for the first 80ns but fluctuated over the last 20ns of the calculation, however, the 
molecule always stayed bound to the enzyme over the period of study (Fig. 5B, panel-II). Hence based on the 
interaction of aloin A with  Glu167,  Tyr268, and  Glu269, the orientation-2 of aloin A seems to be predominant for 
its interaction with the SARS-CoV-2 PLpro.

Figure 5C, D shows the fingerprint region and S-score of the two different orientations of aloin B with the 
SARS-CoV-2 PLpro enzyme. Figure 5C, panel-I shows that the orientation-1 of aloin B has a very strong interac-
tion with  Try268,  Gln269, and  Glu167 during the period of simulation similar to orientation-2 of aloin A (Fig. 5B, 
panel-I). These interactions of orientation-1 of aloin B with  Try268,  Gln269, and  Glu167 can explain the strong inhi-
bition of proteolytic as well as DUB activity of PLpro. The S-score for orientation-1 of aloin B ranged from − 6.75 
to − 5.65 kcal/mol and was very stable over the period of 100ns (Fig. 5C, panel-II). Figure 5D, Panel-I shows that 
the orientation-2 of aloin B has a very strong interaction with  Try268 and  Gln269 but did not show any interac-
tion with  Glu167 during the period of simulation. The S-score for orientation-2 of aloin B was also very unstable 
throughout the period of simulation (Fig. 5D, panel-II) and varied from − 6.75 to − 3.85 kcal/mol. Hence based 
on the interaction of aloin B with  Glu167,  Tyr268, and  Glu269 orientation-1 of aloin B seems to be predominant 
during its interaction with the SARS-CoV-2 PLpro. Thus, orientation-2 of aloin A and orientation-1 of aloin B 

Figure 3.  Aloin A and B specifically inhibits the SARS-CoV-2 PLpro proteolytic activity. Aloin A, aloin B, 
chlorhextidine, ecalyptol, hexetidine, menthol, triclosan, methyl salicylate, sodium fluoride and providone 
iodide were selected for their inhibitory activity against SARS-CoV-2 PLpro enzyme as described under 
Materials and Methods. The fluorescence intensity was used to calculate the percent enzymatic activity 
considering DMSO treated control as 100% activity. Blank values were subtracted before calculating the percent 
activity. DMSO (0.1%) with enzyme and 50 µM of substrate served as positive control. Wells with 50 µM of 
GR-L0617 compounds served as specificity controls for PLpro. Representative of three experiments (n = 3) 
with triplicate values were presented graphically. P value < 0.001 considered as statistically significant. One-way 
ANOVA with Bonferroni’s Multiple Comparison post-hoc test was used to calculate the statistical significance.
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Figure 4.  Structural analysis of interaction of aloin isomers with SARS-CoV-2 PLpro.  (A) Interaction of 
aloin A orientation-1 with  Tyr268 of PLpro through hydrogen bonding. (B) Interaction of aloin A orientation-2 
with  Tyr268 of PLpro through hydrogen bonding. (C) Interaction of aloin B orientation-1 with  Tyr268 of PLpro 
through hydrogen bonding. (D) Interaction of aloin B orientation-2 with  Tyr268 of PLpro through hydrogen 
bonding. Site view and ligand interaction maps were presented to illustrate the hydrogen bonding.

Figure 5.  100ns MD simulation studies of aloin isomers with SARS-CoV-2 PLpro. The Fingerprint region and 
S-score of the two different orientations of aloin A and B with the SARS-CoV-2 PLpro enzyme. Fingerprinting 
map (Panel-I) and S-score distribution vs time scale (ns) (Panel-II) for aloin A and B with PLpro. (A) Aloin A 
orientation-1 shows weak interaction with  Tyr268 and strong interaction with  Glu167. (B) Aloin A orientation-2 
shows interaction with  Tyr268,  Gln269 and  Glu167. (C) Aloin B orientation-1 shows strong interaction with  Try268, 
 Gln269, and  Glu167. (D) Aloin B orientation-2 shows strong interaction with  Try268 and  Gln269 but not with  Glu167.
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with interactions with  Glu167,  Tyr268, and  Glu269 can explain for their strong inhibition of both proteolytic and 
DUB activity of PLpro.

Inhibition of deubiquitination (DUB) activity of SARS‑CoV‑2 PLpro by aloin isomers. Our MD 
Simulation data revealed that both aloin isomers may demonstrate DUB inhibitory activity of PLpro, therefore, 
we investigated the in vitro DUB activity of PLpro in the presence of aloin A and B. Previous data suggests that 
aloin isoforms inhibit the proteolytic activity of SARS-CoV-2 PLpro enzyme (Fig. 3). We performed the in vitro 
DUB activity using the Papain-like Protease (SARS-CoV-2) Deubiquitinase Assay Kit (BPS biosciences). As 
shown in Fig. 6, both the isoforms were able to inhibit more than 70% of DUB activity of the SARS-CoV-2 PLpro 
enzyme at 50µM concentration. These data aligns with the predicted interaction from MD simulation studies 
data suggesting that both aloin isomers A and B not only inhibits the proteolytic activity of SARS-CoV-2 PLpro 
but also its DUB activity.

Dose and time dependent inhibition of both proteolytic and DUB activity of SARS‑CoV‑2 by 
aloin isomers. Next, we subjected both aloin A and B for further dose-dependent studies to calculate the 
concentration required to inhibit the 50% of PLpro enzymatic activity  (IC50).  IC50 is the most widely used meas-
ure of antagonist drug potency in pharmacological research. In this study,  IC50 represents the concentration of 
aloin compounds required for 50% inhibition of PLpro and DUB enzymatic activity in vitro. As we observed in 
Fig. 7, aloin isomers inhibited around 80% proteolytic and DUB activity of PLpro at 100 µM concentration. The 
concentration of aloin isomers against the percent activity of PLpro was used to determine the  IC50 with non-
linear curve fit model as described in Methods section. The  IC50 value for aloin A and B was found to be 13.16 
and 16.08µM for proteolytic activity and 15.68 and 17.51µM for DUB activity, respectively. Further, the time 
dependent data (Fig. 8) suggests that the aloin isomers started exhibiting their inhibitory effect towards both 
proteolytic and DUB activity of PLpro as early as 1h and attained their maximum inhibitory effect by 4h under 
our assay conditions and the inhibition continued till 18h.

Additionally, aloin A and B did not exhibit cytotoxic effect on African green monkey kidney epithelial cells 
Vero-E6 (C1008) for 24 and 48h at 50 and 100µM concentration (Supplementary figure S2) respectively. Vero-
E6 cells are known to be sensitive to SARS-CoV-223,24 therefore we selected Vero-E6 cells for cell viability assay. 
Although aloin isomers did not alter the cell viability at the tested dose for up to 48h, it is possible that the aloin 
isomers cytotoxic effect may alter up on viral infection, therefore future studies are warranted for possible changes 
in the effective concentrations of aloin isomers.

Taken together, our data suggest that both aloin A and B are specific inhibitors of proteolytic and DUB activ-
ity of PLpro but not 3CLpro enzyme of SARS-CoV-2 virus and thus may help in the inhibition of SARS-CoV-2 
viral replication.

Figure 6.  Aloin-A and B  inhibits the SARS-CoV-2 PLpro DUB activity. Aloin A, and B isoforms were 
selected for their DUB inhibitory activity against SARS-CoV-2 PLpro enzyme as described under materials 
and methods. The fluorescence intensity was used to calculate the percent DUB activity considering DMSO 
treated control as 100% activity. Blank values were subtracted from before calculating the percent activity. 
DMSO (0.1%) with enzyme and 50µM of substrate served as positive control. Wells with 50µM of GRL-0617 
compounds served as specificity controls for PLpro. Representative of three experiments (n = 3) with triplicate 
values were presented graphically. P value < 0.001 considered as statistically significant. One-way ANOVA with 
Bonferroni’s Multiple Comparison post-hoc test was used to calculate the statistical significance.


