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Due to the emerging variants of Severe Acute Respiratory Syndrome Coronavirus type-2 (SARS CoV-2), the causative
virus of coronavirus disease-2019 (COVID-19), the efficacy of vaccines against COVID-19 is severely challenged.
Additionally, certain chemotherapeutic antiviral agents may worsen this global health issue even more. Molnupiravir is
an antiviral agent approved for COVID-19 treatment that works by incorporating itself into the viral RNA causing
severe mutagenesis and lethality to SARS CoV-2. In this study we hypothesized that if such severely mutated variants
of SARS CoV-2 were to survive and replicate then the surface topology of these mutant viral spike proteins (antigen)
would be altered thus challenging the antibodies generated from the current vaccine administrations. In order to
address this hypothesis, we performed a systematic in silico analysis of all the possible mutant variants that can be
generated by molnupiravir and evaluated the possible risks that they can cause to the current vaccines. Our results
suggest that the mutant viral variants generated due to the incorporation of molnupiravir may cause low to severe
damage to the efficacy of current vaccines due to the altered structure of the mutant viral spike protein models. The
outcome of this study should be considered in the future vaccine design so that a co-administration of molnupiravir
along with vaccination may result in a synergy rather than a catastrophe.
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Several vaccine strategies have been deployed to combat the
recent pandemic caused by the coronavirus disease-2019
(COVID-19). According to the world health organization
(WHO) more than 12 billion vaccine doses have been
administered globally as of August, 2022. In spite of
vaccinations the global cumulative number of deaths are
close to 6.5 million as of August, 2022 since December 2019
(https://covid19.who.int/). Due to the advancements in the
diagnostic methods, the global cumulative number of
confirmed cases increased >12,000-fold as of January 2022
compared to January 2020. While Europe and the Americas
were hard hit by COVID-19, the rest of the world equally
contributed to the number of cases resulting in a global
cumulative number of confirmed cases close to 0.6 billion
thus qualifying COVID-19 as an ongoing pandemic as of
August 2022 since December 2019. Owing to this perplexing
epidemiological data from WHO mankind has witnessed the
emergence of SARS CoV-2 variants from wild type, alpha,
beta, etc. to omicron with constant changes in its genome
challenging the existing vaccines (1). The viral spike protein
(2) is critical in binding the human angiotensin converting
enzyme-2 (ACE-2) receptor for viral entry into the host cell.
Hence the viral spike protein is considered as a primary
target (antigen) for vaccine design or passive immune
therapies including plasma therapy. Besides huge efforts
being put on vaccine development for COVID-19,
development of antiviral agents gained equal importance.
Among several small molecules, remdesivir, molnupiravir,
favipiravir (inhibitors of viral replication by targeting the
viral RNA-dependent RNA Polymerase, RdRp) were mainly
focused on for clinical trials (3). These small molecules can
be used in combination with other classes of drugs if needed
(4). It has been shown that the latest omicron strain can also
be treated successfully with these small molecules (5).
Among these three antiviral agents, the mechanism of action
for favipiravir is ambiguous (6), but both remdesivir (7) and
molnupiravir (8, 9) have clear mechanisms of action i.e.,
slowing down or complete inhibition of viral replication by
targeting the viral RdRp.

Molnupiravir is a small molecule (Molecular
weight.: 329 Da) nucleoside-analog (10) with good oral
bioavailability (11). As shown in Figure 1, molnupiravir is a
prodrug that is activated intracellularly. The active
ingredient in the prodrug, β-D-N4-Hydroxycytidine
5'-triphosphate (NHC- TP) that mimics cytidine and also its
tautomeric form mimics uridine (12, 13). The human
carboxylesterase-2 (CES-2) has been shown to activate the
prodrug into active molnupiravir (NHC-TP) and that any
genetic polymorphisms in CES-2 may affect the metabolism
of NHC-TP (14). Normally during the emergence of SARS
CoV-2 mutant variants, structure of the viral spike protein
changes which may not only affect the efficacy of
neutralizing antibodies (15) but also the viral fitness in

parallel. Recently we have shown in a systematic study that
mutations in the spike protein can lead to significant
structural deviations posing threat to the efficacy of current
vaccines (16, 17). As shown in Figure 2, molnupiravir is
designed to generate mutations within the daughter strands
of the viral RNA during the replication, escaping the
proof-reading mechanism of the viral RdRp (18, 19). The
resultant daughter strands of viral RNA may either contain
mutations or encounter one of the three stop codons (UAG,
UGA and UAA). The stop codons may result in truncated
protein sequences i.e. truncated mutants of the viral spike
protein. For example, as shown in Figure 3, we calculated
that there is a possibility of 8 truncated mutants of the viral
spike protein within the receptor binding domain (RBD)
sequence (16) that was considered in this study. In spite of
mutagenicity, carcinogenicity, teratogenicity and
embryotoxicity (20), molnupiravir has been approved for
COVID-19 treatment based on its antiviral activity in
clinical trials (21-24) hoping for better management of the
COVID-19 pandemic.

In this study, we hypothesized that the
molnupiravir induced mutations or truncations in the viral
spike protein may have severe damaging effects on the
success of current vaccines. We performed a systematic
computational analysis of the mRNA stability for various
mutants including the truncated variants and compared this
data with the resultant protein structural deviations in order
to assess the damage that can be potentially caused to the
efficacy of current vaccines. All calculations were
performed using publicly available servers.

Materials & Methods:

Preparation of mutant RNA sequences: The nucleotide
sequence for the RBD of wild type SARS-CoV-2 spike
protein was taken as the working template as described
previously (16). The entire nucleotide sequence containing
600 bases was divided into 200 triplet codons and the
possible mutant nucleotide sequences (Figure 2) were listed
based on the mutations that can be induced by molnupiravir
for each codon separately (Table S1). During the replication
cycle, molnupiravir causes mutations in the nucleotide
sequence by replacing the nucleotides with either C’s or U’s
(Figure 2). A set of mutant sequences were prepared
systematically where each mutant sequence has a specific
amino acid substitution or a stop codon (Table S2) in it.
These mutant sequences were saved as separate files so that
they can be copy-pasted into the online RNAfold web
server.

RNAfold - energy calculations: The RNA secondary
structures for mutants were generated along with the
associated minimum free energy (MFE) values and
ensemble diversity (ED) numbers using the RNAfold server
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Figure 1. Activation mechanism of molnupiravir from its prodrug.
The 5'-hydroxyl group is blocked in the prodrug form which is
cleaved off and the phosphate groups are attached. The nitrogen
base structure of molnupiravir mimics mostly with cytosine but its
tautomeric form can also mimic uracil. This diagram was generated
using ChemSketch software from ACD Labs.

(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cg
i) (25-27) as previously described (16). Briefly, the mutant
sequences were individually copy-pasted into the RNAfold
web server and the results were downloaded. In order to
compare the values, uniformity is maintained by dividing the
MFE value of each mutant secondary structure by its
corresponding ED number to obtain the average MFE
(AMFE) values per iteration of the secondary structure
ensemble. These AMFE values (Table S1) were then plotted
in a multi-circular (MICI) plot as shown in Figure 4. This
MICI plot also shows the correlations between AMFE values
with protein structural deviations.

Generation of mutant protein models: Using the generated
mutant RNA sequences above, corresponding amino acid
sequences were manually generated as described previously
(16). The mutant amino acid sequences were used for
generating mutant protein models using the online SWISS
MODEL web server (28, 29) as described previously (16).
Briefly, mutant amino acid sequences were submitted to the
online SWISS MODEL server and the resulting protein 3D
model was downloaded.

Structural deviations: Structural deviations for mutant spike
proteins were assessed based on the Root Mean Square
Deviations (RMSDs) of Cα atomic positions as described

previously (16, 17). Briefly, the mutant and wild type
protein models generated using the SWISS MODEL server
were superposed onto each other using LSQKAB program
in the CCP4 (https://www.ccp4.ac.uk/) and resulting
deviation at Cα atomic positions is noted (Table S3). The
RMSDs were then plotted on the y-axis for the amino acid
positions taken on the x-axis. The positions that show
deviations below 5 Å are shown in Figure 4 (see top left
small circle of MICI plot) and those that are above 5 Å are
shown in Figure 5.

Protein-protein docking and binding affinity calculations:
The protein models that have Cα RMSDs above 5 Å are
superimposed onto the crystal structure containing spike
protein RBD bound with ACE-2 receptor (PDB ID: 6M0J)
one at a time using LSQKAB/CCP4. The mutant spike
protein model built as described above and ACE-2 receptor
of the 6M0J crystal structure are then considered for
protein-protein docking using Rosie from Robetta server
(https://rosie.rosettacommons. org/) (30). From the top 10
best scoring structures that are docked for each model that is
given as input, the Interface Score (I_sc) of the first
resultant structure (the highest score) is noted. I_sc gives the
energy of interaction at the interface of spike protein RBD
model and ACE-2 receptor. This can be considered as
binding affinity (https://rosie.rosettacommons.org/docking2/
documentation). Relative binding affinity of mutant protein
models was obtained by dividing the binding affinity values
of the mutant models with that of the wild type (Table S4).

Surface topology calculations for truncated mutants:
Mutations induced by molnupiravir may result in stop codons
at some positions generating truncated mutants (31) as shown
in Figure 2 (see Tables S1 and S2 for further reference).
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Figure 2. Site specific incorporation of molnupiravir tautomers
mimicking either cytosine or uracil over 3 cycles of viral replication
starting from the wild type parent RNA sequence CAA is shown
here. Initially the complementary sequence of the parent strand
(wild type) GUU can exist in 4 different combinations in the
presence of molnupiravir viz. GUU, GUC, GCC and GCU. In the
first round of replication, these 4 combinations give rise to CAA
(wild type parent), CAG (mutant 1, M1), CGG (mutant 2, M2) and
CGA (mutant 3, M3). In the second round of replication, M1 can
also exist as M4 (UAG, stop codon); M2 can also exist as M5
(UGG) and M3 can also exist as M6 (UGA, stop codon). In the third
round of replication, the M4 is capable of generating M7 (UAA,
stop codon). Thus, in this particular wild type codon (CAA), there is
a possibility of obtaining seven mutant codons (M1 to M7) of which
three are stop codons (M4, M6 and M7) resulting in truncated
proteins. Note: Stop codon incorporation does not affect viral
replication but generates truncated proteins. This diagram was
prepared using Biorender software.

Stop codons in a sequence lead to the termination of protein
synthesis thereby resulting in truncated proteins with
moderate to severe alterations in surface topology (16, 17).
Determining the surface topology for truncated proteins is
done by calculating the solvent accessible surface area using
AreaiMol from CCP4 (https://www.ccp4.ac.uk/) as described
previously (16, 17). The resultant surface area values were
plotted in Figure 4 (see the top right small circle of the MICI
plot).

PISA (Proteins, Interfaces, Structures and Assemblies)
calculations: In order to understand the interface for the
spike protein models that were generated above, the PISA
(32-34) web server (https://www.ebi.ac.uk/pdbe/pisa/) was
used. The coordinate file for each mutant was uploaded one
at a time to the PISA server and the corresponding interface
in terms of binding and assembly formation was calculated as
the solvation free energy, ΔG kcal/mol. A total of 200 models
were uploaded to the PISA server for the calculations as
summarized in Table S5.

Results and Discussion:

Molnupiravir-induced mutant mRNA sequences show higher
stability than wild type mRNAs: The viral spike protein
expression levels are directly proportional to their
corresponding mRNA stability i.e., the secondary structure of
that particular mRNA sequence in the host cell cytoplasm.
Hence we predicted the secondary structures of 1,401 mutant
spike protein mRNA sequences (including the wild type )
using RNAfold web server (http://rna.tbi.univie.ac.at/
cgi-bin/RNAWebSuite/RNAfold.cgi) and plotted their
average MFE (AMFE) values (see the RNAfold - energy
calculations sections under the methods for details about
AMFE calculations). As shown in the MICI plot in Figure 4,
the big circle contains AMFE values of all the 1,401 mutants.

______________________________________________________________________________________________________
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Figure 3. Multiple sequence alignment (MSA) showing all possible
8 truncated mutant protein sequences along with the position at
which the stop codon was generated due to the site specific
incorporation of molnupiravir. The sequence length of these
truncated mutants range from 24 amino acids (W25STOP) to 177
amino acids (Q178STOP) when compared to the wild type which
contains 200 amino acids covering the RBD of viral spike protein
(16). This MSA was performed using CLUSTAL Ω.

The spike protein mRNA sequences are plotted in 7
concentric circles @ 200 mutants per circle. As shown in
Figure 2, each triplet codon has a possibility to give rise to 7
mutants (including stop codons). Out of the 1,400 mutants,
close to 560 mutants (~40%) showed higher AMFE values
and 116 mutants (>8%) showed equal AMFE values
compared to the wild type spike protein mRNA sequence,
respectively (Figure 4). This analysis suggests that these
mutant mRNAs might have an equal or better chance of
survival in the host cell cytoplasm for longer periods of time
and yield more mutant spike proteins, possibly outnumbering
the wild type spike proteins. Excluding the above mentioned
mutants, the remaining ~52% of the mutants have relatively
lower AMFE values compared to the wild type spike protein
mRNA thus supporting the antiviral activity of molnupiravir

i.e. causing lethality to the virus. However, it is noteworthy
that a given viral particle may not necessarily contain all wild
type spike proteins on its surface but it may be a combination
of both wild type and mutant viral spike proteins rather
which creates heterogeneity. Such viral particles may or may
not be successfully neutralized by the antibodies elicited by
the current vaccines.

Structural deviations of substitution and truncated mutant
spike protein models: Molnupiravir -induced base
substitutions in the mRNA sequences lead to the production
of mutant spike proteins that may either have amino acid
substitutions or may be truncated due to a premature stop
codon (Figures 2 and 3). Hence we analyzed the structural
deviations of these mutant spike proteins by building their
3-dimensional models using SWISS MODEL web server. As
detailed in Table S3, each triplet codon is capable of
generating 7 different mutant codons due to the incorporation
of molnupiravir (Figure 2). For example, the first codon in
the sequence that was analyzed in this study at the 5'-end is
“UUU” which codes for the amino acid F. In the presence of
molnupiravir, this particular codon can also give rise to 7
mutant codons CUU, UCU, UUC, CCU, UCC, CUC & CCC.
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Figure 4. Multi-circular (MICI) plot showing the correlations
among the mRNA AMFE values with protein structural deviations
in molnupiravir induced mutants. This MICI plot contains three
circles, one large circle (bottom) and two small circles (top left and
top right). The large circle contains mRNA AMFE values for 1,400
molnupiravir-induced mutants plotted in 7 concentric circles with an
inner circle filled with correlation lines from the top left small circle
and PISA values plotted in the large circle between the two small
circles on the top. The top left corner circle focuses on the structural
deviations of 110 mutant spike protein models that have RMSDs
between 1 Å and 4.99 Å (neglecting the truncated mutants). The
inner circle (red color peaks) represents the offsite structural
deviations for 14 mutants and the outer circle (cyan color peaks)
represents the onsite structural deviations for 96 mutants. The
RMSDs of 4 mutants (T142V, T142A, S141L & I144A) onsite and
6 mutants (S110P, S110F, N111S, N112G, F169S & F169L) offsite
ranging from 4.4Å to 4.99Å are considered to be the highest among
the 110 mutants. The mutants - S115P, G118D, G118S and G118N
show both onsite and offsite RMSDs ranging 1 Å to 3.9 Å. The top
right corner circle represents the data set corresponding to the stop
codons of mutants, which is further divided into three sectors of
Structural deviations (SDs), Relative binding affinities (RBAs) and
surface area (SAs). It is observed that the molnupiravir induces stop
codons (UAG, UGA and UAA) at eight positions (W25STOP,
Q81STOP, Q86STOP, W108STOP, Q146STOP, Q165STOP,
Q170STOP & Q178STOP) in the spike protein of SARS-CoV-2.
The mutant strains Q165STOP and Q178STOP are observed to have
more surface area in comparison with the wildtype spike protein.
Out of the 8 stop codon mutants, only four of them (Q146, Q165,
Q170 & Q178) are observed to have the highest binding affinities
relative to wildtype spike protein. The Q165 mutant shows highest
RMSD when superimposed with the wild type among all the 8 stop
codons. The Q165 mutant is observed to be the highest in all the
three sectors. The two knots coming out of the two small circles of
the MICI plot are connected to the Average Minimum Free Energy
(AMFE) values. There are 200 codons present in the wildtype spike
protein of the SARs-CoV-2. There are seven concentric circles
present in the major circle as each wildtype codon has 7 possible
mutant codons. The mutants are represented with five different
colors just to distinguish the set of codons from each other. PISA
calculations are to estimate the total energy (measured in Kcal/mol)
of mutant spike protein models which is based on crystallographic
symmetry mates. Majority of the mutant models showed energy
values between -3.8 kcal/mol and -3.9 kcal/mol with the wildtype
value being -3.9 kcal/mol. However, the amino acid substitutions
C8Y (-4.0 kcal/mol), S43F/L (-3.4/ -3.6 kcal/mol) and S45P (-4.1
kcal/mol) fall outside this range.

These mutant triplets code for the amino acids, L, S, F, P, S,
L and P, respectively. Due to the codon redundancy (also
known as degeneracy) multiple codons may code for a
single amino acid which is evident in the repetition of the
amino acids, L, S, F and P (Table S3). This suggests that at
the first position (5'-end) of the sequence, there is a
possibility of “F” being substituted with L/S/P/F only but
not other amino acids. Based on this example, we prepared

606 mutant spike protein models (598 models containing
amino acid substitutions + 8 truncated models due to
premature stop codons) for the 200 triplet codons
considered in this study instead of 1,400 models (200
triplets x 7 models per triplet = 1,400) to avoid any
redundancy in our analysis. Similarly, out of 1,400 triplet
codons, we obtained a total of 8 stop codons due to the
incorporation of molnupiravir at positions W25, Q81, Q86,
W108, Q146, Q165, Q170 and Q178. Evidently these stop
codons are found replacing either Q (CAA, CAG) or W
(UGG) because of the redundant nature of their triplet
codons compared to stop codons UAA, UAG and UGA.

All the 606 mutant and truncated spike protein
models were analyzed for their structural deviations i.e.
their Cα RMSDs using the wild type spike protein model as
the reference. Interestingly as reported previously by our
group (16, 17) we observed major structural deviations in
the mutant/truncated models both at the site of mutation
(onsite) and away from the site of mutation (offsite). As
shown in Figure 5, the major onsite and offsite RMSDs of
152 mutants (out of 606 mutant models, 25%) containing
amino acid substitutions range from 10 Å to >20 Å and 23
mutants (out of 606 mutant models, ~4%) show RMSDs
between 5 Å and 10 Å. As shown in Figure 6, four mutant
spike proteins containing amino acid substitutions showed
major RMSDs. Major RMSDs are: Y125H (onsite: 2.4 Å
and offsite: 21.9 Å at position N153), S131L (onsite: 2.5 Å
and offsite: 22.6 Å at position G154), T150V (onsite:
15.325 Å and offsite: 23.8 Å at position G148) and E156G
(onsite: 20.8 Å and offsite: 22.0 Å at position V155).
RMSDs that were <1 Å were considered insignificant (see
top left small circle in Figure 4) owing to the errors in
model building algorithms. Four out of 8 truncated mutant
spike protein models generated due to premature stop
codons showed RMSDs >3 Å. As shown in Figure 4 (see
top right small circle) the truncations Q146STOP and
Q165STOP exhibited the highest RMSDs of 5.4 Å and 16.0
Å, respectively while the Q170STOP and Q178STOP each
showed an RMSD value of <4 Å (Table S2). All RMSDs for
the truncated mutants were seen offsite. Onsite RMSDs
were not calculated due to the truncation. Thus, the
structural deviations presented in this study contribute to
significant changes in the antigen topology posing threat to
the neutralizing antibodies that are generated by current
vaccines and these RMSDs should be considered carefully
in future vaccine design in order to increase their efficacy.
However, molnupiravir-induced mutants with significant
structural deviations may also prove to be lethal for the
survival of the mutant virus in addition to challenging the
efficacy of current vaccines. In order to further dissect this
dilemma, we investigated the binding affinities of the
mutant spike protein models (with high RMSDs) against the
human ACE-2 receptor.
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Figure 5. Circular plot showing the structural deviations (>5) in
molnupiravir induced mutant spike protein models compared to the
wild type spike protein model. The outermost circle of the circular
plot contains the average minimum free energy values ranging from
-0.7 kcal/mol to -2.5 kcal/mol. The center circle consists of 305
codons that code for the mutant spike proteins that are showing the
structural deviations above 5Å, out of which a small sector towards
the top right corner shows less than 5Å. Three codons have onsite
deviations below 5Å deviations & offsite deviations between
5Å-10Å. The total of 19 codons has onsite deviations between
5Å-10Å where the offsite deviations are above 10Å. The other 302

codons have the offsite deviations of above 10Å, out of which 23
codons have onsite deviations of above 10Å. The innermost circle
consists of relative binding affinities (RBA) [RBA= binding affinity
(BA) of the mutant spike protein / binding affinity of the wildtype
spike protein] of mutant spike proteins (MSPs) towards the ACE2
receptor; there are three MSPs (Y121H, D139G & F158L) with
RBA of 0.7 to 0.79 which are considered as the least RBA binding
affinity and there are nine MSPs (A24I, N94D, D114S, Y123H,
S131L, S149D, V155T, E156R & Y161H) with RBA of 1.0 to 1.99
which are considered as the highest RBA. While the rest of the 140
MSPs have the moderate binding affinities. 
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Figure 6. Major structural deviations in mutants with amino acid
substitutions (left panel) and truncated mutants with premature stop
codon (right panel). In both panels the wild type and mutant spike
protein models are shown in white color and red color, respectively.
In the left panel, the amino acid substitution (Ser to Leu) at position
131 resulted in an RMSD of 2.5 Å (onsite) and 22.6 Å at G154
(offsite). In the right panel the stop codon at position 165 (not
shown here) resulted in an RMSD of 16 Å at N153 (offsite).

Binding affinities: Considering the significant structural
deviations in the mutant spike protein models discussed
above, we further evaluated their binding affinities against
the human ACE-2 receptor by using the Rosie
protein-protein docking from Rosetta web server. Our focus
was mainly on the mutant spike protein models that showed
>5 Å RMSDs (Figure 5). Among the 175 mutants containing
amino acid substitutions plotted in Figure 5, nine of them
(A24I, N94D, D114S, Y123H, S131L, S149D, V155T,
E156R & Y161H) exhibited reasonable binding affinity that
is either comparable or better than the binding affinity of
wild type spike protein against the human ACE-2 receptor.
Among the 8 truncated mutants of the spike protein, only two
(Q165STOP and Q170STOP) showed reasonable binding
affinities (see top right small circle in Figure 4) that are either
comparable or better than the binding affinity of wild type
spike protein against human ACE-2 receptor. The Rosie
docking did not work for 4 of the truncated mutants,
W25STOP, Q81STOP, Q86STOP and W108STOP partially
indicating that they could be lethal for the virus. Our current
data analysis suggests that out of all possible mutant and
truncated variants of spike protein models that can be
generated due to the incorporation of molnupiravir, a total of
11 (9 substitution mutants and 2 truncated mutants) can bind
the human ACE-2 receptor with reasonable binding affinities
that are comparable or better than the binding affinity of the
wild type spike protein. These variants, if survive and
replicate successfully, then there is a high chance of risk to

the efficacy of current vaccines owing to the fact that a single
viral particle may contain heterogeneously distributed spike
proteins on its surface that are a mix of wild type, mutants
and trucations.

Decrease in surface area of truncated mutants explains loss
of binding affinity: Our study demonstrates the possibility of
8 stop codons into the viral mRNA during the viral
replication in the presence of molnupiravir (Figures 2 and 3).
Among the 8 truncated spike protein models, 3 of them
(W25STOP, Q81STOP and Q86STOP) show >50% loss of
the total protein length. Hence we analyzed the total solvent
accessible surface area of these truncated mutants in
comparison to the full length wild type (16). As shown in
Figure 4 (top right small circle) the total surface area for each
of these 3 truncated mutants is at least 1.5- to 3.5-fold lower
than the surface area of wild type. The significant decrease in
the surface area explains loss of binding affinity for these 3
truncated mutants against the human ACE-2 receptor thus
posing a lethal threat for the survival of the virus. However,
the truncated mutant Q165STOP showed more surface area
than wild type and also this particular truncated mutant spike
protein showed increased binding affinity than wild type
spike protein against human ACE-2 receptor suggesting that
it could be a threat to the efficacy of current vaccines.
Additionally, the changes in surface area could also
contribute to the changes in the topology of the antigen
(spike protein) thus altering the epitopes for the neutralizing
antibodies.

We further performed interface calculations for wild
type and mutant spike protein models using the PISA web
server (https://www.ebi.ac.uk/ pdbe/pisa/). As shown in
Figure 4, the majority of mutant spike protein models
showed comparable calculated solvation free energy (ΔG
kcal/mol.) values with the wild type spike protein model
indicating that they are capable of interacting with ACE-2
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receptor and that they are also capable of forming assemblies
with other interacting proteins. Out of 590 mutant models
(Table S5), the C8Y and S45P substitutions showed slightly
better solvation free energy (ΔG kcal/mol.) while mutant
models S43F and S43L showed lower solvation free energy
(ΔG kcal/mol.) compared to the wild type. The remaining
99% of the models showed solvation free energy values
either equal (-3.9 kcal/mol.) or almost equal (-3.8 kcal/mol)
to the solvation free energy of the wild type spike protein
model (-3.9 kcal/mol.). This finding suggests that 99% of
mutant spike protein models that were generated in this study
behave normally with respect to the wild type spike protein
models for physiological purposes such as the spike protein
trimer formation. If such molnupiravir-induced mutant spike
protein models can camouflage the wild type then the
success of current vaccines is at risk.

Conclusion: Taken together, our studies provide substantial
insights into the lethal effects of molnupiravir usage on the
success and efficacy of current vaccines. However, our
hypothesis makes an assumption that such vaccine failure is
only possible if the mutant variants of SARS CoV-2
generated due to the incorporation of molnupiravir can
survive and successfully replicate (e.g., the truncated mutant,
Q165STOP). Further, this study is exclusively focused on the
viral spike protein but molnupiravir-induced mutations may
also occur in other viral proteins such as the viral RdRp that
is responsible for proofreading the viral transcripts during
replication. Functional mutants of RdRp with lost
proofreading mechanism may pose a severe threat to the
current vaccines either in the presence or absence of
molnupiravir in future thus fueling the emergence of lethal
viral strains that could be hard to treat even with the
antivirals such as paxlovid (35). Although our efforts were
focused on balancing the synergistic and catastrophic effects
of molnupiravir co-administered with vaccination, our results
point more towards the catastrophe rather than synergy. Our
current in silico studies, however, require further validations
through appropriate in vitro and in vivo experiments in the
future. We are currently comparing the mutants from this
study with corresponding clinical data from hospitals.
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In vitro drug metabolism studies are very critical in the preclinical drug discovery pipeline. During the recent
coronavirus disease-2019 (COVID-19) pandemic, many research laboratories were severely affected by the shortage of
reagents such as human liver microsomes, etc. In parallel, there was an urge to evaluate many new drugs for their
potential as antiviral agents to treat COVID-19 patients warranting the need for alternate and reliable sources of drug
metabolizing enzymes. In this study, we used the common broiler chicken (BCh) liver homogenates as the source of
enzymes and evaluated the metabolism of paracetamol. Our proton NMR spectra demonstrate that the BCh liver
homogenates were able to metabolize paracetamol. Additionally, we performed an extensive sequence homology-based
bioinformatics survey and identified BCh homologs that might potentially be involved in the metabolism of
paracetamol. Further, the binding profiles of paracetamol in the active sites of the homolog enzymes provided more
insights into the drug metabolism by our docking studies. Taken together, our studies serve as a prototype for in vitro
drug metabolism studies using BCh liver homogenates as a source of metabolizing enzymes in combination with
bioinformatics. Our prototype from this study will be expanded to evaluate the metabolism of various classes of drugs in
the future.

Citation: Mukala, N., Aggunna, M., and Yedidi, R.S. (2023).Sequence homology-based identification of
paracetamol metabolizing enzymes in chicken liver homogenates for in vitro drug metabolism studies.
TCABSE-J, Vol. 1, Issue 5:12-19. Mar 22nd, 2023. Epub: Oct 25th, 2022.

Coronavirus disease-2019 (COVID-19) has been an ongoing
pandemic since the early 2020 with the omicron variant of the
severe acute respiratory syndrome coronavirus-2 (SARS
CoV-2) being the latest emerging mutant virus
(https://covid19. who.int/). Many countries have witnessed
lockdowns allowing only medical emergency vehicles on the
streets. Other than hospitals/clinics and drug stores, most of
the businesses were shut down denting the economies across
the globe (1). Vaccinations are usually the most effective way
to control viral pandemics (2). However, due to the
emergence of variants in SARS-CoV-2, the efficacy of
vaccines can be compromised. Recently we showed that
mutations in the viral spike protein can lead to significant
structural and topological changes thus altering the epitopes
that are crucial for the efficacy of vaccines (3, 4). In light of
the emergence of such variants, usage of antiviral drugs is
also important to support the efficacy of vaccines especially
in the case of the latest highly mutated variants such as the
omicron family (5). Hence, preclinical drug discovery,
including drug metabolism studies must go on even during
the pandemic situation.

These studies become challenging during the
pandemic where ordering and delivery logistics of research
chemicals, reagents, etc. are severely affected. Additionally,
lack of funding in low income countries and remote villages
warrants designing an alternative and reliable approach for
performing the drug metabolism studies in order to continue
the monitoring of small molecule drug efficacies and
toxicities. In this study, we used paracetamol (6, 7, 8) as a
model drug to evaluate its metabolism in vitro using the
broiler chicken (BCh) liver homogenate as a source of
cytochrome P450 (CYP) enzymes (9, 10), sulfotransferases
(SULT) and UDP-glucuronosyl transferases (UGT). As
shown in Figure 1, paracetamol is typically metabolized in
four major ways viz, glucuronidation, sulfation, oxidation and
deacetylation resulting in paracetamol glucuronide,
paracetamol sulfate, N-acetyl-p-benzoquinone imine
(NAPQI) and p-aminophenol, respectively (9, 10). The
1H-NMR spectra were obtained and analyzed to evaluate the
metabolism of paracetamol incubated with the BCh liver
homogenates at different concentrations.
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Figure 1. Overview of paracetamol metabolism in humans. This
diagram mainly shows the three main types of metabolizing
enzymes, CYPs, SULTs and UGTs. This diagram was generated
using ChemSketch software from ACD Labs.

In this study we performed an extensive
Bioinformatics analysis of the human and chicken CYPs,
SULTs and UGTs with a goal to understand not only the
sequence homology between the two but also the plausibility
of using BCh liver homogenates as a reliable alternative
source of drug metabolizing enzymes for preclinical drug
metabolism studies.

Materials & Methods:

NCBI search for sequences: The National Center for
Biotechnology Information (NCBI) web server was used to
search for the gene and protein sequences of both human
and chicken enzymes that are the focus of this study. For
each search, the RefSeq details were obtained to avoid any
ambiguity in the sequences followed by the Genbank and
Genpept reports for further technical details. The human
CYP2E1 (Gene ID: 1571) and CYP3A4 (Gene ID: 1576)
are involved in the metabolism of paracetamol (Figure 1).
Similarly, there are 3 sulfotransferases and 2 UDP-
glucuronosyltransferases involved in the metabolism of

paracetamol (Figure 1). The NCBI RefSeq protein accession
IDs for human CYP2E1, CYP3A4, SULT1A1, SULT1A3,
SULT1E1, UGT1A1 and UGT1A6 are given in Table 1.

NCBI BLAST: NCBI BLAST was performed by using the
human protein sequences with RefSeq accession IDs given
in Table 1. The BLAST (11, 12) search was streamlined for
chicken sequences so that the results will display only for
Gallus gallus. In order to choose the homolog from G.
gallus for each of the human enzymes, the sequence identity
was given first preference such that the best G. gallus
sequence matching the corresponding human enzyme
sequence with highest sequence homology can be identified.
The second preference was given to the sequence coverage
with respect to the total sequence length of the identified G.
gallus sequence. Additionally, we preferred the target
sequences with significantly low E values (<1.0). The final
identified G. gallus protein sequence accession IDs along
with the homology details are given in Table 2.

Pairwise and multiple sequence alignments: All pairwise
alignments were performed using the global align algorithm
in the NCBI-BLAST web server (11, 12, 13) and the
multiple sequence alignments (MSA) were performed using
the CLUSTAL OMEGA web server (14).
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Figure 2. Pairwise alignment of human CYP2E1 vs. chicken
CYP2C18 (left) and human CYP3A4 vs. chicken CYP3A80 (right).

Pairwise alignments for the human vs. chicken protein
sequences given in Table 1 are detailed in Figures S1 to S7.
The pairwise alignment of human and chicken CYPs are
shown in Figure 2. MSA for SULT1A1 isoforms is given in
Figure S8. MSA for human SULTs is given in Figure S9.
MSA for human UGTs is given in Figure S10.

CYP homology modeling: Due to the unavailability of
experimentally determined structure for the CYP-
paracetamol complex, SWISS MODEL web server (15, 16)
was used to build the 3-dimensional CYP models. The
FASTA sequences for human CYPs 2E1 and 3A4 as well as
for chicken CYPs, 2C18 and 3A80 were used as input for the
SWISS MODEL web server to calculate the homology
models. Experimentally determined structures downloaded
from the protein data bank (https://www.rcsb.org) were used
wherever possible.

Paracetamol docking: AutoDock-Vina (17) was used for
paracetamol (ligand) docking against the human (CYP2E1
and CYP3A4) and chicken (CYP2C18 and CYP3A80)
receptors. Docking was performed as described previously
(17, 18). The AutoDock tools (version 1.5.7) was used to set
the docking grid box, a virtual box of dimensions that is set
to cover the active site of the macromolecule/receptor,
including the Heme ring. Docking grid parameters are given
in Table S1. Vina was used for exhaustive conformational
sampling. The output docking poses were manually analyzed
for proper orientations in the active site and were chosen for
further analysis. The corresponding binding affinities of the

docking poses were also considered (Table 3) to compare the
binding of paracetamol in humans vs. chicken CYPs. The
best binding poses for all 4 CYPs for paracetamol are shown
in Figure 3.

Preparation of BCh liver homogenate: The BCh raw liver
that was used in this study was purchased from a local
butcher/meat shop that sells chicken liver as a delicacy. The
BCh liver was homogenized into a paste using a mortar and
pestle in the presence of prechilled 1X TAE buffer that was
added in aliquots making up to the final volume of 30 ml.
This volume was chosen so that the final slurry was easily
transferable using laboratory pipettes for the ease of further
experiments. The slurry was then carefully aliquoted into 5
tubes @ 6 ml per tube.

Paracetamol incubation with BCh liver homogenate:
Paracetamol was used as the model drug for the current
metabolism studies using the BCh liver homogenates. Over
the counter paracetamol tablets were crushed into fine
powder using a clean dry mortar and pestle. The powdered
tablet was then weighed and added to the five tubes
containing BCh liver homogenate prepared above. Tubes 1 to
5 received 0.01 g, 0.1 g, 0.25 g, 0.5 g and 1.0 g of powdered
tablets, respectively. Each tube was thoroughly mixed by
brief vortexing at lower speed to obtain a homogeneous
slurry containing the BCh liver homogenate and the
powdered tablet. An additional tube containing 1.0 g of
powdered tablets homogenized with 6 ml. of 1X TAE buffer
without the BCh liver homogenate was prepared as a control.
All 6 tubes were incubated at 37℃ overnight. The tubes were
then taken out of the incubator and processed further to
extract paracetamol and its metabolites from the incubations.
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Figure 3. Docking poses of paracetamol in the active sites of CYP
enzymes. Panels A and B show the paracetamol binding in the
active site of human CYP3A4 and its chicken homolog, CYP3A80,
respectively. Panels C and D show the paracetamol binding in the
active site of human CYP2E1 and its chicken homolog, CYP2C18,
respectively. In all panels the protein is shown as a cartoon in the
background while the heme ring along with the paracetamol is
shown as stick models with white carbon atoms, red oxygen atoms,
blue nitrogen atoms and the iron atom in the middle of the heme
ring is shown in blood red color.

Table 1. NCBI accession ID numbers for the human and the
corresponding homologs from chicken paracetamol metabolizing
enzymes focused on in this study.

Table 2. Sequence homology of human vs chicken enzymes.
(Details: Figures S1 to S7).

Preparation of extracts: Preparation of extracts was
performed using a modified protocol published before (19).
The contents of all 6 tubes (including the control) were
briefly centrifuged at 13,000 rpm to pellet the particulate
matter and the clear supernatant (labeled as supernant-1)
was carefully transferred into new tubes. The pellets were
then resuspended in 60% methanol solution and were boiled
at 95℃ briefly for 5 min. in the chemical fume hood to
avoid the methanol vapors with intermittent mild shaking.
The samples were then centrifuged at 13,000 rpm for 10
min. to pellet all the cellular debris. The methanol
containing supernatants were carefully collected and
transferred into new tubes labeled as supernant-2. The
supernatant-1 for all 6 tubes were air dried and methanol
extraction was performed as described above using 60%
methanol solution. These extracts were then mixed with the
supernatant-2 individually for all 6 tubes and the solvents
were evaporated using a rota-evaporator. The final samples
were prepared further for NMR studies.

NMR sample preparation: The dried product after the
solvent evaporation was then dissolved in 1 ml. of
deuterated-DMSO (DMSO-d6). The volume of DMSO-d6
was kept constant in all 6 tubes to maintain consistency in
the extraction and NMR sample preparation protocols
although the current study is purely qualitative based on the
proton NMR spectra of the 6 samples. The DMSO-d6
containing the extracts was then carefully transferred into
NMR tubes for data acquisition.

NMR Spectroscopy: BRUKER Ascend 400 MHz magnet was
used for the acquisition of 1H-NMR spectra for all the 6
samples (including the control without BCh liver
homogenate). The FIDs were deconvoluted and fourier
transformed into the individual spectra using TopSpin
software. All proton spectra are given in Figures S11 to S16.
A comprehensive diagram of all peaks from 6 samples are
shown in the hand-drawn circular plot (20) along with their
correlations in Figure 4.
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Table 3. Paracetamol-CYP docking results. (Details of docking
parameters: Table S1).

Results and Discussion:

Sequence homology between human and chicken CYPs: The
human enzymes that are involved in paracetamol metabolism
(Table 1) were used as the query sequences in NCBI
BLASTp with a focus on identifying the chicken
homologous enzymes. Multiple protein sequences from
chicken were obtained as search results for each of the 7
human enzymes listed in Table 1. The best homologous
sequences from chicken (Table 1) were chosen based on
several factors such as the sequence identity, coverage,
length of the query, E value, etc. as described in the material
and methods section of this study. As shown in Figure 2, the
human CYP2E1 has a sequence homology of 51% with an
overall 68% positives and 23 gaps aligned with the chicken
CYP2C18. The human CYP3A4 showed a sequence
homology of 56% with an overall 72% positives and 31 gaps
aligned with the chicken CYP3A80 (Figure 2). The sequence
homology details of all human paracetamol metabolizing
enzymes aligned with the chicken enzymes are given in
Table 2 (for details please see Figures S1 to S7). All the
chicken homologs have >50% sequence homology with
<10% gaps in the sequences compared to the query human
sequences suggesting that these chicken sequences can be
considered further with confidence.

Some of the human paracetamol metabolizing
enzymes such as SULT1A1 have multiple isoforms. In such
cases, all the isoforms were aligned using CLUSTAL
OMEGA first to identify any sequence discrepancies. Nine
out of 10 human SULT1A1 isoforms were completely
aligned with 100% sequence homology and no gaps (Figure
S8). The tenth isoform was not included because it is a
truncated form. The isoform 1 was considered for further
BLAST search in order to identify the chicken homolog. As
shown in Table 1, the chicken SULT1D1 was chosen as a
homolog for all three human SULTs (1A1, 1A3 and 1E1)
because the human SULT1A1 and SULT1A3 show a
sequence homology of >92% without any gaps (Figure S9)
although the overall sequence homology among all three
human SULTS is almost 49% (Figure S9). Moreover, the

chicken SULT1D1 showed an average sequence homology
of >60% against the human SULTs without any gaps (Table
2). The human UGTs showed a sequence homology of
>68% with <0.5% gaps (Figure S10). Both UGT1A1 and
UGT1A6 from humans showed sequence homologies of
>60% with the chicken UGT1A1 and UGT1A9,
respectively suggesting that these homologs can be
confidently used for further evaluations.

Binding profiles of paracetamol in human and
chicken CYPs: In order to analyze the binding profiles of
paracetamol in the active sites of the human and chicken
CYPs, the 3-dimensional molecular models were generated
for all 4 CYPs listed in Table 1. Due to non availability of
any structural data for CYP-paracetamol complex in the
protein data bank, we generated the molecular models for
CYPs in this study. Moreover, using the molecular models
for all 4 CYPs gives consistency in docking avoiding any
model vs. structure bias. Followed by the docking, each
binding pose of paracetamol was manually observed and the
final binding pose for further analysis was chosen
accordingly (Table 3). As shown in Table 3, the binding
affinity of paracetamol was found to be similar towards all
four CYPs analyzed in this study. Highest binding affinity
for paracetamol was found to be in the active site of the
human CYP2E1 (-6.3 kcal/mol.) and the lowest binding
affinity was found to be against the chicken CYP3A80 (-4.9
kcal/mol.). The difference in binding affinity values of
paracetamol against the human CYP2E1 and its chicken
homolog, CYP2C18 is 1.1 kcal/mol. while the difference in
paracetamol binding affinity against the human CYP3A4 vs
its chicken homolog, CYP3A80 is 0.1 kcal/mol. These
results suggest that paracetamol can not only bind in the
active sites of the chicken homologs of human CYPs but
also exhibit similar binding affinities that are comparable
with that of the human CYPs.

In vitro proton-NMR-based evaluation of paracetamol
metabolism: Paracetamol was used as a model drug to test
the in vitro drug metabolism using the BCh liver
homogenate as a source of metabolizing enzymes. In order
to evaluate the metabolism, the proton-NMR spectra
(Figures S11 to S16) were obtained and compared. We
performed a qualitative analysis without quantifying the
proton peaks in these spectra and summarized our finding in
Figure 4. As shown in Figure 4, a total of 6 concentric
circles were drawn to represent the 6 spectra that were
obtained for paracetamol concentrations, 0.01 g, 0.1 g, 0.25
g, 0.5 g, 1.0 g and control. The total number of peaks for
each of the 6 samples were plotted as a histogram
containing color coded bars. Correlation lines are drawn
from the bottom of each bar connecting to the peak
positions for each of the 6 samples. Additionally, the
number of peaks in each sample that are divided into
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various chemical groups such as aliphatic, aromatic, etc. are
also given in the circular plot.

Figure 4. Hand-drawn circular plot showing the qualitative
analysis of the proton NMR spectra. The 6 concentric circles
indicate the x-axes for the proton NMR spectra of the 6
samples: control, 0.01 g, 0.1 g, 0.25 g, 0.5 g, 1.0 g from the

center of the circle to the outer circumference. These axes
show ppms 1-3.5 ppm on the top left side of the plot and

6.5-10 ppm on the bottom right side of the plot. The
histogram contains color coded bars (cyan-control,
green-0.01 g, yellow-0.1 g, orange-0.25 g, red-0.5 g and
blue-1.0 g) representing the number of peaks in each sample
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along with correlation lines connecting to the peaks
represented by small wedges. The number of aromatic,
aliphatic, etc. peaks are shown for each axis/sample using
broken shaded bars. Individual y-axes are given for the data.

Evidently, the paracetamol concentrations 0.01 g,
0.1 g and 0.25 g displayed more proton peaks in their spectra
compared to the control, while the paracetamol
concentrations 0.5 g and 1.0 g yielded relatively lower
number of proton peaks yet more peaks compared to the
control. While the aldehyde and aromatic peaks were seen in
all 6 samples, the aliphatic/methyl peaks were seen in
variable proportions. Thus, our qualitative analysis of the
number of peaks suggest that the paracetamol is indeed
metabolized by the BCh liver homogenate containing the
drug metabolizing enzymes.

Discussion: In this study, we performed an extensive
Bioinformatics evaluation of the sequence homology
between the human paracetamol metabolizing enzymes
listed in Table 1 and the chicken enzymes in order to
support our in vitro proton NMR-based paracetamol
metabolism studies performed using the BCh liver
homogenate as the source of enzymes. In the initial round of
unbiased NCBI BLASTp search using human sequences as
queries, we were unable to obtain any corresponding
chicken sequences with reasonable homology (details not
mentioned here). Hence, in the second round of the NCBI
BLASTp search, we included chicken as the target organism
as the subject where we obtained results with high sequence
homology which were discussed in this article. Although all
the E values for our NCBI BLASTp searches were well
below 1.0, we did not give preference to the E values but we
focused on the sequence identities and query coverage
rather, in the context of the total length of the sequence
under analysis. In this way, we were able to obtain the
chicken homologs within a reasonable sequence homology
range of 51% to 67% (Table 2) that showed <10% gaps and
>68% positives. Typically higher sequence homology can
be expected in mammals such as sheep, goat, etc. rather than
chicken (avian) due to longer evolutionary distance from the
humans. However, the BCh liver availability is more
plausible at the local meat shops rather than that of a sheep
or goat. In order to support the reasonable sequence
homology between the human and chicken enzymes, we
further evaluated the binding orientations and related
binding affinities of paracetamol docked into the active sites
of both human and chicken CYPs. As shown in Figure 3, we
successfully obtained the docked poses of paracetamol in
the active sites of all four CYPs that are listed in Table 1.
These docking models are specifically important in this
study due to the lack of any structural data in the protein
data bank related to paracetamol binding to the CYPs. As of
September 2022, we were able to obtain 10 structures in the

protein data bank that contain paracetamol but none of them
contained CYPs. The binding affinities for paracetamol
bound in the active sites of human CYP2E1, human
CYP3A4, chicken CYP2C18 and chicken CYP3A80 were
-6.3 kcal/mol., -5.0 kcal/mol., -5.2 kcal/mol. and -4.9
kcal/mol., respectively. The docking results suggest that
paracetamol can bind both human and chicken CYPs with
similar binding affinities thus supporting our in vitro proton
NMR-based paracetamol metabolism studies performed
using the BCh liver homogenate.

Our study demonstrates the qualitative analysis of
paracetamol metabolism using BCh liver homogenate
containing the drug metabolizing enzymes. Considering the
similarity in paracetamol binding affinities docked against
the human vs. chicken CYPs, we safely conclude that the
paracetamol is indeed metabolized by the homologs
identified in this study (Table 1). However, we did not focus
on the quantitative analysis of paracetamol metabolism by
the BCh liver homogenate in this study because we are
currently in the process of evaluating the genetic
polymorphisms in human vs. BCh CYPs including the
paracetamol-protein adducts (PPA) (21, 22) studies to build
a comprehensive open source database that one can refer to
during the in vitro drug metabolism studies. Our current
study establishes direct support from the Bioinformatics
related sequence homology analysis followed by the
3-dimensional docking analysis for our in vitro paracetamol
metabolism evaluation using BCh liver homogenate. Our
future investigation will include similar studies with other
small molecules related to cancer chemotherapy and
antiviral agents in order to establish a strong platform for
utilization of BCh liver homogenate in the place of human
liver microsomes. Paracetamol has been shown to form
protein adducts especially with the cysteines. These PPA
may interfere with the normal protein function and may
even be fatal some times. Whether a similar PPA formation
mechanism exists in the BCh is yet to be evaluated in the
future.
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Solvent-guided quantitative structure-activity relationship (SG-QSAR): In silico
SG-QSAR-based improvement of the human uridine phosphorylase-2 inhibitor binding
affinity with potential applications in reducing the toxicity of chemotherapy
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In silico drug discovery protocols typically include structure-based, fragment-based, quantitative structure-activity
relationship (QSAR) studies, crystallographic solvent mapping, etc. In this study we combined the QSAR studies guided
by the conserved crystallographic water molecules in the active site of human uridine phosphorylase-2 (hUPP-2) using
the hUPP-2 receptor taken from PDB ID: 3P0F. The pre-existing inhibitor (5-benzylacyclouridine) complexed with
hUPP-2 in this structure was taken as the starting lead compound (AG01001). Our current solvent-guided QSAR
(SG-QSAR) studies systematically replaced the four conserved water molecules in the active site of hUPP2, one at a
time, while optimizing the structure of AG01001 simultaneously. We were successful in improving the binding affinity of
AG01001 from -8.0 kcal/mol. to -9.7 kcal/mol. The final SG-QSAR optimized compound (AG01056), although showed
an improvement in its binding affinity in the absence of conserved waters (-9.7 kcal/mol.), showed a significant decrease
in its binding affinity in the presence of conserved waters (-6.7 kcal/mol.) suggesting that AG01056 is indeed SG-QSAR
optimized. AG01056 will be synthesized and evaluated in the future for its in vitro inhibitory activity.

Graphical abstract:
The structure of
(AG01001) from PDB
ID: 3P0F was
optimized using the
solvent molecules in
the binding site using
SG-QSAR to obtain
the final optimized
compound (AG01056).
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(SG-QSAR): In silico SG-QSAR- based improvement of the human uridine phosphorylase-2 inhibitor binding affinity with
potential applications in reducing the toxicity of chemotherapy. TCABSE-J, Vol. 1, Issue 5:20-25. Epub: Mar 12th, 2023.
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Cancer is still one of the leading causes for human
morbidity worldwide with 10 million deaths in the year 2020
according to the World Health Organization (WHO). The
cancers pertaining to breast, lung, prostate, gastric, skin,
colon and rectum were listed among the most frequent [1].
Most often the chemotherapy (CTX) involving a cocktail of
various anti-cancer drugs (ACDs) [2] is used as the first line
of defense. Typically the ACDs include DNA
damaging/alkylating agents such as cisplatin [3], cytotoxic
antibiotics such as doxorubicin [4], antimetabolites such as
antifolates (methotrexate) [5], purine analogs
(mercaptopurine) [6], pyrimidine analogs (fluorouracil) [7],
innate immunity boosters such as recombinant interferon
gamma [8], histone deacetylase enzyme inhibitors such as
belinostat [9], antiandrogens such as flutamide [10],
antiestrogens such as tamoxifen [11], monoclonal antibodies
(rituximab) [12], protein kinase inhibitors (imatinib) [13],
natural products from plants such as taxanes (paclitaxel)
[14], vinca alkaloids such vin-blastine) [15], topoisomerase
inhibitors such as etoposide [16] and other agents such as
pomalidomide [17], etc. Usage of pyrimidine analogs in CTX
such as 5'-fluorouracil (5FU) and capecitabine (prodrug
containing 5FU) primarily involves the uridine and
thymidine starvation of cells due to low levels of uridine and
thymidine [18]. This leads to decreased levels of DNA
synthesis and/or replication and dysfunctional RNA
molecules in the tumor cells which ultimately triggers
apoptosis [19]. Most of the ACDs in CTX rely on this
cellular apoptotic phenomenon. The 5FU is known to cause
liver injury [20] due to toxic intermediate metabolites that
may cause inhibition of mitochondrial function [21] and
other issues such as neuronal disorders [22]. The 5FU and
capecitabine are activated by the human uridine
phosphorylase-2 (hUPP-2). Inhibition of hUPP-2 has been
shown to have modulatory effects on the toxicology of 5FU/
capecitabine by raising the cellular uridine levels [23]. It has
been previously shown that 5-benzyl acyclouridine (BAU)
inhibits hUPP-2 with nanomolar potency (Ki: 98 nM [24]).
The X-ray crystal structure of hUPP-2 in complex with BAU
has been previously published with PDB ID: 3P0F [25]. Our
recent structural analysis of hUPP-2 in complex with the
BAU revealed at least four conserved crystallographic water
molecules. In this study, we hypothesized that the binding
affinity of BAU can be increased by redesigning BAU taking
advantage of the 4 conserved waters in the active site of the
hUPP-2. Accordingly, we performed a systematic solvent-
guided quantitative structure-activity relationship (SG-
QSAR) analysis study on BAU.

Materials & Methods:

Designing BAU analogs: Chemsketch software was used to
prepare the 2D all the structures of BAU (AG01001) analogs.

Figure 1. Two-dimensional structure of 5-bezylacyclouridine
(BAU). This diagram was generated using ChemSketch
software from ACD Labs.

Chemsketch was also used to generate the molecular weight,
log P, log D, pKa values etc. for the analogs in the study.
Chemsketch 3D view was used for generating the 3D
conformers of each analog.

Preparation of the receptor: The 3D-structure of the hUPP2
in an inactive conformation with the bound
5-benzylacyclouridine (PDB-ID: 3P0F) was downloaded
from the protein data bank (https://www.rcsb.org) and was
analyzed using the PyMOL software. The protein-drug
complex along with their interactions was saved for further
analysis. The chain-A along with the four water molecules
were saved as a protein molecule that served as the docking
receptor. The receptor was further converted from .pdb
format to .pdbqt file format using AutoDock Tools molecular
graphics. The final receptor.pdbqt file was used to generate
the docking grid.

Preparation of docking grid: The macromolecule (receptor)
is taken to set the grid (a virtual box of dimensions that is set
to cover the active site of the macromolecule, containing the
area of the small molecule binding site and the obtained
points of the dimensions and the center is used to create a
configuration text file that is given to the Autodock Vina to
read the file for extracting the binding affinities of different
poses of each analog of the small molecule (ligand) [26]. The
version 1.5.7 of Autodock tools is used to set the protein
structure molecule from the 3P0F is used to adjust the grid to
10, 8 and 12 for X-dimension, Y-dimension and Z-dimension
respectively. The 3-D center of the grid is taken as 14.128,
-1.754 & 58.337 (x-center, y-center & z-center respectively).
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Figure 2. Analogs with binding affinity greater than AG01001.

The rotatable and non-rotatable bonds of each of the analogs
are adjusted and saved as .pdbqt file formats. The files are
saved in the .pdbqt formats for the AutoDock Vina to
recognise and read the file for obtaining the binding
affinities. AutoDock Vina produces the table of possible
binding affinities by changing its modes of each analog (the
binding pose of the drug molecule varies). The highest
binding affinity is considered in each case. Analog
AG010056 has the highest binding affinity of -9.7 kcal/mol
while the parent drug (AG01001) has the binding affinity of
-8.4 kcal/mol.

Molecular docking: The parent drug (AG01001) was
re-docked using Vina software [27] as a positive control and
subsequently all the analogs were docked using the same grid
one at a time. Each of the PDBQT files of the analogs are
used to compile in the configuration files. The configuration
file helps Autodock Vina to read the files and compile which
calculates the binding affinities. The command “--config
conf.txt --log log.txt'' helps the Autodock Vina to read the
configuration file and write the log file (which is also a text
file that gets automatically created after Vina finishes its
run). Autodock Vina creates a possible number of poses of
each analog, based on the evaluation of each binding pose
with respect to the hUPP2 (receptor/protein); the best one
with the best binding pose was considered for log-p values.

Structural analysis: The output files of each analog with the
possible binding poses were evaluated using the PyMOL
software and all the analogs are found with the better in the
first binding pose. The molecular weights and the Log-P
values of all the analogs were calculated using the
Chemsketch software. Polar contacts were calculated in
PyMOL and were considered only if they were relevant to
that particular binding pose. Other binding poses showing
non-selective binding and/or non-selective hydrogen bonds
were discarded.

Results and Discussion:

In silico QSAR of the analogs: The binding affinities of all
the tested analogs are summarized in Figure 2 and Figure 3.

Figure 3. Analogs with binding affinity less than AG01001.

As shown in Table S1, the minimum (-4.4 kcal/mol.) and
maximum (-16.5 kcal/mol.) binding affinities were obtained
for the analogs AG01013 & AG01011, respectively,
compared to the parent AG01001. As shown in Figure 2, the
analogs, AG01011, AG01012, AG01014 and AG01016
showed significantly higher binding affinities compared to
the parent compound, AG01001. As shown in Figure 3,
AG01013 showed the least binding affinity among the 60
analogs that were built and tested in this study. Analogs with
binding affinity values less than that of the parent compound
were discarded irrespective of their binding poses. Similarly,
analogs with binding affinity values greater than that of the
parent compound were only considered for further analysis if
their binding poses were similar to the parent compound.
Hence the analog, AG01056 was considered as the lead
molecule even though its binding affinity was far less than
AG01011. Upon checking the binding pose and the
corresponding binding affinity value, we further evaluate the
binding profiles with polar contacts.
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Figure 4. Binding profiles of analogs
AG01001, AG01020, AG01034,
AG01041, AG01042, AG01044,
AG01045, AG01046, AG01047,
AG01048, AG01051, AG01052 and
AG01054 are shown in panels A to M,

respectively. All analogs show multiple hydrogen bonds in the
active site that are comparable to the parent compound, AG01001.

Evaluation of the binding profiles: The binding profiles
including the hydrogen bonds, van der Waals contacts, etc.
were analyzed for a total of 13 compounds including the
parent (AG01001). As shown in Figure 4, all the 12 analogs
showed hydrogen bonding within the active site with the key
amino acid residues similar to AG01001 (Table 1). However,
the binding profile for AG01056 will be published elsewhere
and hence it is not displayed in Figure 4. Overall, these
binding profiles support their corresponding binding
affinities in comparison to the parent compound suggesting
that the SG-QSAR is a better way of lead optimization rather
than simple in silico QSAR studies.

Solvent guidance: The four conserved crystallographic water
molecules that were chosen within a radius of 5 Å from the
original compound, BAU were successfully used in the
current solvent guided QSAR. During this process we added
an additional benzene ring to the compound (Figure 4, panel
B) that acted as a strong anchor for the compound while the
solvent mapping was explored. Analogs with extremely high
binding affinity values were not considered in this study as
they were designed strictly based on the solvent molecules
ignoring the binding orientation of the parent molecule,
AG01001.

Table 1. Number of hydrogen bonds made by each one of the
analogs displayed in Figure 4. The receptor may have none of the
waters deleted (0Δ) or two waters deleted (2Δ) or three waters
deleted (3Δ).

Table 2. Binding affinities of selected analogs against receptors
containing 3 (1Δ), 2 (2Δ), 1 (3Δ), 0 (4Δ) and 4 (0Δ) conserved
water molecules in their active site.

However, these compounds will be considered further in
a future study. As shown in Table 2, the active site waters
were systematically replaced with a parallel QSAR of the
parent compound, AG01001 that resulted either in an
increase or decrease in the overall binding affinity of the
analog. Hence we only considered those analogs that follow
the binding orientation and hydrogen bonding pattern of the
parent compound in this study. Evidently from Table 1,
AG01056 is the only analog that showed a systematic
increase in the binding affinity replacing the active site
waters and a sudden drop in the binding affinity in the
presence of all four waters. This trend was not clearly seen
for any of the other analogs listed in Table 1 thus making
AG01056 the lead molecule obtained through SG-QSAR.
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Pharmacological properties of analogs: The BAU analogs
evaluated in this article have altered properties such as an
increase in the molecular weight or change in the predicted
LogP values that may affect their pharmacological properties
such as the bioavailability and ADME-T (absorption,
distribution, metabolism, excretion and toxicity). However,
the increase in molecular weight is not significantly high
even though some analogs violate Lipinski's rule of five.
These details can be understood only after the synthesis and
evaluation of these analogs in future.

Conclusion:

The current study successfully explored the conserved
crystallographic water molecules in the active site of the
hUPP-2 by taking the PDB ID: 3P0F as the starting structure.
Four conserved water molecules were identified (highlighted
with white circles in the graphical abstract of this article) that
were systematically replaced along with the QSAR of BAU.
The new analog, AG01056 identified in this study has
potential implications in combination chemotherapy where
one could reduce the toxic effects of 5-FU, Capecitabine, etc.
This analog will be synthesized and evaluated in future.
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Full Figure Legends:

Figure 1. Two-dimensional structure of 5-bezylacyclouridine
(BAU) along with its binding orientations into the receptor
binding pockets, A1, A2 and A3 taken from the PDB ID:
3P0F. This diagram was generated using ChemSketch
software from ACD Labs.

Figure 2. Analogs with binding affinity greater than the
parent compound, AG01001. A total of 20 compounds were
identified with their binding affinity values ranging between
-8.4 kcal/mol. and -16.5 kcal/mol.

Figure 3. Analog with binding affinities lower than the
parent compound, AG01001. A total of 39 compounds were
identified with their binding affinity values ranging between
-8.4 kcal/mol. and -4.4 kcal/mol.

Figure 4. Binding profiles of analogs AG01001, AG01020,
AG01034, AG01041, AG01042, AG01044, AG01045,
AG01046, AG01047, AG01048, AG01051, AG01052 and
AG01054 are shown in panels A to M, respectively. All
analogs show multiple hydrogen bonds in the active site that
are comparable to the parent compound, AG01001. The
heterocyclic ring that forms the uridine base is constantly
engaged in three hydrogen bonds in all panels which was one
of the criteria that was implied in choosing the lead
molecule.
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Acquiring stem cells is a difficult task especially using the canonical invasive methods. Considering the endless
applications of stem cells in biomedical sciences a search for non-invasive methods is always in progress. As a part of
these efforts, we plan to isolate and propagate the endometrial stem cells from the human menstrual waste. However,
the menstrual waste has to pass through the vaginal canal that has a typical microbiome which may affect the potency
of the endometrial stem cells. In this study, we used vaginal swabs to explore the human vaginal microbiome primarily
focused on the identification of the predominant bacteria, the Lactobacillus spp. diversity. As a natural control we used
the yogurt/buttermilk samples to compare the bacterial diversity. Fermentable sugars were used to identify various
Lactobacillus spp. in both samples. Our results suggest that both samples show a similar profile with significant
diversity in the Lactobacillus spp. present in them. The sugar fermentation patterns were similar if not the same in both
samples indicating that the effect of this bacterial microbiome would be cumulative in nature which further warrants
the species identification using the 16S rRNA sequencing along with the LC/MS-based metabolite profiling in future.

In terms of ecology every organism is interdependent on
other organisms for its growth and survival. Sometimes this
association could be mutualistic and thus beneficial to both
ends or it could be the other way around. Just like that, the
human body and several microorganisms also co-evolved to
be interdependent on each other [1]. Microorganisms present
in the human body contribute to the human microbiome,
which exist in mutualistic interaction with each other. Over
decades many studies established its importance in protecting
the host from various diseases at cellular level [2]. With most
emphasis given on intestinal and gut microbiome studies,
little is known about the importance and effects of vaginal
microbiome at molecular level [1]. Vaginal microbiome also
harbors several species of bacteria as determined by 16s
rRNA sequencing and contributes to 9% of total human
microbiota [3, 4, 5]. It gives protection against diseases like
STD’s, bacterial vaginosis, etc. [4]. Vaginal microbiome is
highly variable and the species composition differs between
individuals and also changes during the lifetime of an
individual, but when compared to other habitats in the body
it is considered to have higher stability [11]. Several factors
like hormonal levels contribute to changes of vaginal
microbiome in an individual, with pregnant women having
predominance of Lactobacillus spp., Actinomycetales,
Clostridiales, and Bacteroidales and non-pregnant women
having predominance of Lactobacillus spp. Actinobacteria,
Prevotella, Veillonellaceae, Streptococcus, Proteobacteria,
Bifidobacteriaceae, Bacteroides and Burkholderiales [6, 7].

Lactobacillus rich human vaginal microbiota is seen in
reproductive age women with L. iners, L. crispatus, L.
gasseri and L. jensenii being usually predominant [4, 7-9]. It
would be an interesting question to answer how this shift in
species composition is seen during the lifetime of an
individual. Lactobacillus spp. are gram-positive, rod-shaped
and anaerobic, non-spore forming bacteria [10].
Lactobacillus produces lactic acid which results in low pH of
around 4.5 in the surrounding niche [12]. Thus it is shown to
have a protective role against opportunistic pathogens by
indirectly triggering the immune system [12, 13]. They also
produce antimicrobial proteins called bacteriocins which
affect the growth of other bacteria [5, 14]. Loss of

Lactobacillus spp leads to decrease in pH levels in vagina
and loss of protective barrier [15]. This eventually leads to
increased abundance of facultative bacteria such as the
Gardnella spp. causing bacterial vaginosis [15, 16]. Thus
Lactobacillus plays a critical role in vaginal health that may
have consequences on delivered babies’ immune system
compared to babies born through cesarean section.

The 16s rRNA sequencing has greatly enhanced our
understanding of microbial species in the vaginal
microbiome however its high cost as a limiting factor makes
it less accessible [17-19]. Therefore culture dependent ways
of identifying and characterizing species still serve the
purpose. As a part of our project as mentioned in our
previous report, we want to analyze the effects of the vaginal
microbiome and metabolome on menstrual blood derived
stem cells [20]. Microorganisms that are present in the
vaginal canal may have influence on the quality and survival
capabilities of the endometrial stem cells that are drained out
during the menstrual cycles. It is important to understand
their effect on these stem cells before proceeding to further
differentiation experiments. Our aim is to use culture
dependent methods such as fermentation of different sugars
to identify the species of Lactobacillus genus present in the
vaginal swab using the commercial yogurt samples as
control. Commercially different species of Lactobacillus are
used to produce industrial products by the process of
fermentation by utilizing sugars in the medium [21].
Different species are capable of using different sugars. The
end product of the metabolism by utilizing these sugars will
result in the pH change which can be detected by an indicator
or a color change when phenol red broth is used [22]. By
using this approach, it is possible to approximately estimate
the Lactobacillus spp. composition present in the sample. As
a preliminary study to identify the presence of Lactobacillus
spp. in yogurt/buttermilk and vaginal microbiome using
culture based technique, we collected the samples and
cultured them followed by identification of Lactobacillus spp
present in sample with 12 tests namely esculin hydrolysis,
catalase test, xylose, cellobiose test, arabinose test, maltose
test, galactose test, mannose test, melibiose test, raffinose
test, sucrose test, trehalose test using phenol red broth.
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Figure 1. Lactobacillus from vaginal swabs on MRS-Agar plates.

Materials & Methods:

Preparation of MRS agar plates: MRS agar (From HiMedia)
was used to selectively grow Lactobacilli. Followed by
autoclaving at 15lbs for 15 minutes the media was poured
into 5 sterile petri plates. Buttermilk sample was streaked
onto one plate and was labeled. Upon consent from a healthy
volunteer, a vaginal sample was collected using a sterile
swab and streaked onto three plates with MRS agar within
less than 15 minutes from the time of sample collection. One
plate was used as a negative control without streaking any
samples. All 5 plates were incubated at 37℃ overnight.

Preparation of MRS broth: A volume of 50 ml MRS broth
was prepared. After autoclaving, 5ml of the MRS broth was
taken into 3 sterile 15ml culture tubes and a loopful of
culture from the MRS agar plates was inoculated into two
tubes containing broth while the third tube was not
inoculated to serve as a negative control. All three tubes were
kept in an incubator at 37°C overnight. Turbidity is seen after
24 hours of incubation in both inoculated tubes while the
negative control remained transparent.

Lactobacillus species identification using samples:
Lactobacillus spp. identification strips are purchased from
Himedia Laboratories. Each strip contains 12 wells with
media in each well along with sugars of different types in
each well. Therefore 12 tests which corresponds to namely
esculin hydrolysis, catalase test, xylose test, cellobiose test,
arabinose test, maltose test, galactose test, mannose test,
melibiose test, raffinose test, sucrose test, trehalose test can
be performed at a time using single strip. Into the 12 wells of
one strip 50 μl of sample from broth is inoculated and

covered with a lid and placed in an incubator at 37℃
overnight.

Catalase test: The Catalase test is performed by taking 2 ml
of 3% H2O2 into a microcentrifuge tube.To this tube a loopful
of culture is inoculated from the HiLacto kit incubated at
37℃.

Results and Discussion:

Bacterial colonies: The MRS Agar plates inoculated with the
buttermilk and human vaginal swab samples gave multiple
colonies while the control plate did not have any colonies.
The plate with the buttermilk sample resulted in a lawn of
bacterial colonies that overlapped undistinguishably (data not
shown) while the plates with the human vaginal swabs
resulted in a few to many colonies that were well separated
and clearly distinguishable from each other. As shown in
Figure 1, three plates were streaked with the human vaginal
swabs which yielded a different number of colonies on each.
In order to identify the Lactobacillus spp. diversity, colonies
from all 3 plates shown in Figure 1 were considered for the
sugar fermentation test.

Lactobacillus spp. identification test: Three multicolored,
multiwell strips containing different sugars were considered
among which, one was used as a negative control without
any bacterial inoculation. The other two strips were
inoculated with the Lactobacillus culture obtained from
buttermilk and the human vaginal swab each. As shown in
Figure 2, the initial colors of all wells changed in the two
strips that were inoculated with Lactobacillus culture while
the negative control did not change the colors. These color
changes were then analyzed using the standard reference
chart given by the manufacturer for species identification.
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Figure 2. Post fermentation analysis of Lactobacillus spp.

The color changes are as shown in Table 1. Positive result
in well no. 1 is seen as the color change from yellow to
Black which indicates that esculin hydrolysis has happened.
Positive result in wells no. 3-12 is seen as the color change
from purple to yellow which indicates fermentation of sugars
present in the media of each well (Figure 2). These color
changes can only identify groups of Lactobacillus spp. that
have the capability to ferment that particular sugar. For
further delineating the individual species, one has to choose
the 16S rRNA sequencing in combination to the above
mentioned fermentation results.

As shown in Table 1, a panel of 36 Lactobacillus spp.
were identified from the sugar fermentation test. Just to name
a few among the species that were identified contain: L.
collinoides, L. ferninotoshensis, L. frumenti, L. mucosae, L.
panis, L. thermotolerans, L. diolivovans, L. hammesii, L.
hilgardii, L. ingluviei, L. oris, L. paracollinoides, L. spicheri,
L. suebicus, L. vaccinostercus, L. gastricus, etc.

The Catalase test is performed as described in materials
and methods briefly, the culture from well no.2 is taken using
a sterile pipette tip and placed into the microcentrifuge tube.
As shown in Figure 3, the effervescence (formation of
bubbles) is not observed in the tubes with Lactobacillus

taken from the plates (Figure 2). However, effervescence was
seen in the control tube containing a random laboratory
bacterial culture that was not Lactobacillus (Figure 3). This
test further confirms the presence of Lactobacillus spp.

Conclusion and Future directions:

Taken together, these results showed that Lactobacillus
species are present in both the samples (buttermilk and
human vaginal swab) after streaking the sample collected on
MRS plates. To know the type of Lactobacillus spp. we did a
preliminary study by initially identifying the Lactobacillus
species that might be present in the buttermilk sample by 2
conventional biochemical and 10 carbohydrate fermentation
tests. However we also believe that 16S rRNA sequencing
will serve the purpose of species identification more
accurately. Therefore our future direction is to do the
sequencing taking vaginal microbiome samples from
different age groups and to identify how species composition
varies among the population. These studies followed by
metabolite profiling using LC-Mass spectrometry/NMR
spectroscopy and their testing on stem cell culture will give
us an understanding about the type of metabolites that might
show an effect on the viability or potency of Menstrual
Blood derived stem cells.
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Table 1. List of Lactobacillus spp. vs. sugar fermentation.
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Figure 3. Catalase effervescence test for bacteria.
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Full figure legends:

Figure 1. Lactobacillus colonies obtained from the vaginal
swabs of the volunteer on the MRS Agar plates. Total
number and distribution of colonies from plate to plate shows
variation. Similar plate with the Lactobacillus culture
obtained from the yogurt/buttermilk sample (not shown here)
gave a lawn of colonies that were undistinguishable.

Figure 2. Display of the multicolored, multiwell strips
containing sugars before and after incubation with the
Lactobacillus cultures that were obtained from the human
vaginal swab and yogurt/buttermilk.

Figure 3. Effervescence in a random control sample (left
panel) is seen but not in the Lactobacillus spp. samples taken
from either the buttermilk or the human vaginal swab (right
panel).
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A cup of tea or coffee is quite common among several human beings across the world. On one hand, the corporate style
tea maintains quality demanding high prices while the local brands are sold for cheap, sacrificing the quality. Decreased
quality in the taste may not be a problem but if adulteration that may target the health of individuals takes place then it
would pose a threat to human life. It has been in the news that saw/wooden dust, cashew nut shell powder and even iron
fillings may be the common contaminants that have been detected in adulterated tea samples that have caused severe
damages to the digestive system as well as the liver. In this study, we screened a few local tea samples along with the
corporate tea sample to verify the adulteration of tea. Proton NMR spectra were obtained for each of these samples and
were compared. Our study revealed shocking differences between the local tea samples compared to the branded tea
sample. Further evaluation of these samples needs to be done in the future to confirm the contaminants in the tea.
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Figure 1. Methanol extractions and filtration of three local non-branded tea powders (panels A and B) and one branded tea powder (panels C
and D) for proton NMR spectral acquisition. The local tea powder extracts showed red to green colors (panel A) while the branded tea
powder extract showed brown color (panel C).

Chai is very common in India irrespective of the region
within the country. Also known as tea, chai is also famous
across the globe in various countries with various names and
flavors. Typically obtained from the dried leaves powder, tea
is available lavishly across the world although some
countries depend on imports for the same. India is blessed
with plenty of tea growing areas across the country that it
always had an upper hand in the exports [1]. Unfortunately,
tea adulteration has been a problem in various parts of India
[2]. While some regions in India claim wood/saw dust as a
contaminant, other regions claim the dried cashew nutshell
powder as the contaminant within various local loose tea
packings that are typically available in the markets to
purchase. Households may follow alerts in buying such
unbranded/unmarked tea packets but the road-side tea stalls
and vendors on wheels may not care as much as the
households do when it comes to the quality of the tea
powder. Especially, with the add ons such as ginger,
cardamon, other spices, etc., the road-side vendors do not
care as much for the quality of the tea powder which not only
helps them to gain more profits [3] but also at the same time

cause health hazards to the public that depends on these
vendors for their daily routine cups of chai.

In this study, we were interested in comparing the proton
NMR spectra of various local non-branded vs. branded tea
powders. All samples were prepared by grinding the starting
material into fine powder in a mortar with pestle followed by
methanol extraction, filtration and solvent drying (Figure 1).
As shown in Figure 1, the branded tea extract showed a
typical brown color on the filter paper and also of the final
extract while the non-branded loose tea powders showed red
and green colors on the filter papers and in their final
extracts. The final preparations were then submitted for the
proton NMR spectral acquisition. As shown in Figures 2 and
3, the local non-branded tea spectrum showed additional
peaks between 8 and 1 ppm. The total number of peaks
observed in the branded tea was 7 (Figure 3) while the total
number of peaks observed in the non-branded tea sample was
25 (Figure 2) which is more than 3-fold compared to the
branded tea sample. These additional peaks in the
non-branded tea sample can be attributed to either add ons
such as ginger, cardamon, etc. or impurities that are
responsible for the tea adulteration.
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Figure 2. Proton NMR spectrum of adulterated tea powder extract.

Proton NMR spectral information for commonly added
spices were obtained from the PubChem database to identify
any of the spices being added to the non-branded tea sample.
Although a very few of the peaks in Figure 2 (1 to 3) were
identified as probable peaks from the spices the rest of peaks
were not identified. These data suggest that the non-branded
tea sample in this study did contain contaminants other than
the commonly used spices. These contaminants will further
be evaluated using the combination of NMR and LC/MS in
future [4]. The contaminants may explain the reason for
various gut-related disorders such as indigestion, acidity, etc.
in addition to liver failure, diabetes, hypertension, etc.
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Figure 3. Proton NMR spectrum of branded tea powder extract.

Author contributions: R.T. collected the tea samples and
prepared the extracts and NMR spectra with the help of
J.Ch., M.S. and A.G. R.S.Y. is the principal investigator who
designed the project, trained R.T., J.Ch., M.S. and A.G. in
experiments, secured required material for the project,
provided laboratory space, facilities needed and wrote/edited
the manuscript.

References

1. Gurusubramanian G, Rahman A, Sarmah M, Ray S, Bora S.
Pesticide usage pattern in tea ecosystem, their retrospects and
alternative measures. J Environ Biol. 2008;29(6):813-826.

2. Bansari Trivedi, J. Loose tea powder found mixed with coal tar
dye. Deccan Chronicle. Apr 3rd, 2022.

3. Gafner S, Blumenthal M, Foster S, Cardellina JH 2nd, Khan
IA, Upton R. Botanical Ingredient Forensics: Detection of
Attempts to Deceive Commonly Used Analytical Methods for
Authenticating Herbal Dietary and Food Ingredients and
Supplements. J Nat Prod. 2023;86(2):460-472.

4. Farag MA, Elmetwally F, Elghanam R, et al. Metabolomics in
tea products; a compile of applications for enhancing
agricultural traits and quality control analysis of Camellia
sinensis. Food Chem. 2023;404(Pt B):134628.

______________________________________________________________________________________________________

Tamarala et al. 35



© All rights reserved.
Published by TCABS-E Press on behalf of TCABS-E, Rajamahendravaram. India.


