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ABSTRACT: Protein binding regulates a drug's pharmacokinetics, bioavailability and therapeutic efficacy. This
study explores the interaction between the antiviral drug Molnupiravir and bovine serum albumin (BSA), 76% of
whose sequence is homologous to human serum albumin and widely accepted in preliminary drug—protein interaction
studies, to determine binding mechanisms and pharmacokinetic effects. Fluorescence spectroscopy at physiological
pH (7.4) and temperatures (302 and 310 K, representing normal and febrile physiological conditions, respectively)
showed concentration-dependent quenching at excitation wavelengths of 280 and 293 nm, indicating the involvement
of tryptophan and tyrosine residues in the binding interaction. The Stern-Volmer analysis affirmed a dynamic
quenching operation, with constants increasing from 0.0166 to 0.0176 uM™. Thermodynamic parameters indicate
spontaneous, entropy-driven binding (AG = —24.4 kJ/mol at 302 K), dominated by hydrophobic interactions. Using
AutoDock Vina, binding at Sudlow site | was discovered with an affinity of -7.9 kcal/mol, involving critical residues

GLY327 and ARG208.
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INTRODUCTION

The binding of a drug to plasma proteins affects
its therapeutic potential, bioavailability, and efficacy.
Drugs mainly interact with serum albumin, which
makes up about 60% of plasma proteins." These
interactions impact free drug levels, as only unbound
drugs can pass cell membranes to reach targets.
Therefore, understanding binding is essential for
predicting drug behavior and adjusting doses.?

Bovine Serum Albumin (BSA) is often used as a
protein model for drug-protein binding because 76%
of its sequence is homologous to human serum
albumin (HSA).® BSA (MW 66,210 Da) is a globular
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protein with 585 amino acids in three domains, 17
disulfide bonds, a free cysteine at residue 34 and two

tryptophans at residues 134 and 212.*
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Figure 1. Molecular Structure of Molnupiravir.

Molnupiravir (MK-4482/EIDD-2801, Figure 1)
is an approved oral antiviral for emergency use with
mild to moderate COVID-19, a global outbreak cause
of millions of dealths.®® As a prodrug of N4-
Hydroxycytidine (NHC), it is rapidly metabolized
into NHC-triphosphate (NHC-TP).
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Figure 2. Metabolic activation pathway of molnupiravir to NHC-triphosphate

This compound acts as a ribonucleoside analog

incorporated into viral RNA during replication.’
When integrated, NHC-TP exhibits ambiguous base
pairing, sometimes mimicking cytidine and other
times uridine, leading to mutations (C—U and G—
A). Over multiple cycles, these mutations accumulate
beyond the virus's repair ability, causing lethal
mutagenesis or viral error catastrophe, thereby
halting replication.?
Although molnupiravir is rapidly hydrolyzed to its
primary circulating metabolite, NHC, before systemic
entry, understanding the albumin-binding properties
of the parent prodrug remains important for
characterizing early distribution.®*°

Despite its clinical importance, comprehensive
data on Molnupiravir's protein-binding properties
remain limited. Regulatory assessments have shown
that plasma protein binding of Molnupiravir cannot
be precisely measured due to its instability in plasma.
In contrast, its active metabolite, NHC, exhibits an
unbound fraction of about 1, indicating minimal
protein binding across various matrices and
concentrations.’®** However, the mechanistic binding
parameters of the parent compound—such as binding
constants, stoichiometry, thermodynamic profiles,
and molecular interactions—are still uncharacterized,
leaving a gap in pharmacokinetic knowledge. This
study employs fluorescence spectroscopy to

investigate molnupiravir's interaction with BSA under
physiological conditions. The aims are to: (1)
elucidate the mechanism of BSA fluorescence
quenching by molnupiravir; (2) determine binding
constants and stoichiometry at relevant temperatures;
(3) analyze thermodynamic parameters (AG, AH, AS)
and (4) identify the molecular forces involved. These
findings are crucial for understanding
pharmacokinetics, predicting drug interactions, and
guiding dosing strategies.

MATERIALS AND METHODS
Materials. Molnupiravir (CisHisNsO7, 329.31

g/mol, 99.99% purity) was procured from
MedChemExpress (MCE), USA, as a white
crystalline powder. It exhibited a maximum

absorption wavelength (Anax) at 235 nm. Bovine
Serum Albumin (fraction V, 96-99% purity, fatty
acid-free, molecular weight 66210 Da) was supplied
by Sigma Chemical Co., USA. Analytical-grade di-
sodium hydrogen phosphate (Na,HPO,; 141.96
g/mol) and potassium dihydrogen phosphate
(KH,PO4; 136.09 g/mol) were acquired from Glaxo,
United Kingdom. Analytical-grade methanol, ethanol
and deionized water were employed as solvents
throughout the study. A fluorescence
spectrophotometer (Hitachi FL-7000, Japan) and a
spectrophotometer  (UV-1800, Shimadzu) were
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utilized for recording absorption values. Moreover, a
metabolic shaking incubator (Fisher Scientific, UK),
a water bath (Unitronic Orbital, P-Spectra, Spain),
micropipettes (ZONGTAI Biomedical, China), an
analytical balance (AND GH-200, UK), a pH meter
(Hanna Instrument & Co., USA) and a temperature-
controlled oven (Memmert, Germany) were utilized
in this research.

Sample preparation

Buffer solution. A buffer (phosphate, pH 7.4)
was prepared following the previous method (Perrin,
2012) through Na,HPO, solution and KH,PO,
solution.

Protein and drug sSolution. A stock solution
(10 uM of BSA) was prepared in the phosphate
buffer solution. A 1 mM molnupiravir stock solution
was prepared using deionized water. Both solutions
were kept at 4°C until needed. All necessary
precautions were taken to prevent foam formation.
Since molnupiravir was prepared in deionized
water—the same bulk solvent as the phosphate
buffer—the final assay solutions contained <1% v/v
water after mixing, which cannot significantly alter
buffer pH or ionic strength due to the phosphate
system's buffering capacity.*?

Sample preparation for fluorescence titration

Standard curve preparation. A standard curve
(absorbance vs. concentration) has been prepared to
calculate the strength of Molnupiravir in the sample.
Varying concentrations of Molnupiravir were
generated through serial dilution (10, 20, 40, 60, 80,
120, and 160 pM). After thorough mixing,
absorbance was measured at 235 nm using a UV
spectrophotometer, with a buffer solution as the
reference. The 235 nm wavelength was chosen
because it aligns with molnupiravir's absorption
maximum (Amax), representing the m—n electronic
transition of its nucleoside analog chromophore,
where analytical sensitivity is optimal and minor
wavelength shifts minimally affect absorbance.’**
Although BSA shows background absorbance below
250 nm, interference was prevented by using a 10 uM

BSA solution at pH 7.4 as the reference blank,
ensuring that absorbance readings solely reflected
molnupiravir.

Sample preparation and absorbance. For
absorbance measurements of Molnupiravir and BSA,
a 10 uM BSA (pH 7.4) solution was considered. A
serial dilution was used to generate concentrations of
Molnupiravir at 10, 20, 40, 60, 80, 120 and 160 uM.
The control group was the BSA solution in buffer.
All samples were thoroughly mixed for 2 minutes,
then equilibrated at the two experimental
temperatures, 302K and 310K, for 25 minutes before
fluorescence measurements. This procedure was
repeated four times: (1) 302K with 280 nm
excitation, (2) 302K with 293 nm excitation, (3)
310K with 280 nm excitation, and (4) 310K with 293
nm excitation. The excitation wavelength of 280 nm
was selected because it simultaneously excites both
tryptophan (Trp) and tyrosine (Tyr) residues of BSA,
whereas 293 nm provides selective excitation of
tryptophan residues only; this dual-wavelength
approach allows discrimination of the individual
contributions of each fluorophore type to the
observed quenching and provides deeper mechanistic
insight into the residues primarily involved in drug-
protein binding.***®

Fluorescence spectroscopy measurements and
guenching analysis. The mechanism and efficiency
of fluorescence quenching (Stern-Volmer equation)
were evaluated:

F°—1+K
7o sv [Q]

Fo represents the fluorescence intensity of BSA
without Molnupiravir, whereas F indicates the
fluorescence intensity in its presence. The symbol
[Q] signifies the Molnupiravir strength and K,
denotes quenching constant (Stern-Volmer). Values
of Ky, were derived from the linear graph slope by
plotting Fo/F against [Q]. The temperature
dependence of K, was utilized to discern between
dynamic and static quenching.”**"*® All fluorescence
measurements were performed in triplicate (n = 3)
and the data were calculated as mean * standard
deviation (SD).
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Thermodynamic parameters. Two
physiologically relevant temperatures (302 K and 310
K), representing near-normal and mild febrile body
states, respectively,  were  employed  for
thermodynamic analysis. This two-point Van't Hoff
approach aligns with common practice in drug—BSA
fluorescence quenching, where two-temperature
designs are used to obtain reliable thermodynamic
parameters.®*®!® The equation (Van't Hoff)* was
used to determine the thermodynamic parameters that
were essential for the binding interaction
—AH AS
RT TR

Where AH and AS are equal to the change in
enthalpy and entropy, respectively. R = 8.314 J mol
K= (universal gas constant), T signifies the absolute
temperature and K,, is the binding constant at that
temperature. The AS and AH values were derived
from the intercept and slope of the linear plot (In Ky
versus 1/T).®" The Gibbs free energy (AG) was
determined using the following equation:

AG = AH—-TAS

Binding constants and stoichiometry. K
(binding constant) and the frequency of binding sites
per albumin molecule (n) were determined by
utilizing the double logarithmic equation. The K and
n values were obtained from the intercept and slope,
respectively (log [(Fo-F)/F] versus log [Q]).}"*®

Fo
F

InKsv =

log[->—] = log K + n10g[¢]

Molecular docking. The 3D structure of BSA
(PDB ID: 415s) was obtained from the RCSB Protein
Data Bank in PDB format to study molnupiravir
interactions. BSA is a homodimer of two chains, A
and B; chain B was used for docking. Discovery
Studio 2020 prepared the protein by removing water
and  co-structures, then  performed energy
minimization using conjugate gradient and steepest
descent methods. Energy calculations were
performed in vacuo with GROMOS 96 43B1 in
Swiss-PDB Viewer. PDB files were converted to
pdbgt using AutoDock Tools. Molnupiravir was
obtained from PubChem in SDF, exported to PDB via
Open Babel, and then converted to PDBQT. Docking
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analysis was performed using AutoDock Vina. The
docking search space was centered at X = 2451 A Y
= 31.84 A and Z = 1827 A, with grid box
dimensions of 30 A x 30 A x 30 A. Binding affinities
were reported in kcal/mol. The process was
automated with a provided shell script, with ligand
affinities in kcal/mol. Visualization of interactions
was done in Discovery Studio 2020.

RESULTS AND DISCUSSION

UV-Visible spectroscopy and standard curve.
The UV-visible spectrum of molnupiravir exhibited a
characteristic absorption peak at 235 nm, aligning
with its nucleoside analog structure. A calibration
curve generated over a concentration range of 10-160
uM demonstrated excellent linearity (R? = 0.9942;
Figure 3), confirming compliance with the Beer—
Lambert law and allowing precise quantification of
molnupiravir in the binding studies.

Fluorescence  quenching  studies.  Upon
excitation of BSA at 280 nm and 293 nm,
characteristic emission maxima at ~340 nm were
observed. The fluorescence intensity decreased
gradually with increasing molnupiravir concentration
at both wavelengths, indicating a concentration-
dependent binding interaction (Table 1). Quenching
at 280 nm (exciting both tryptophan and tyrosine)
and 293 nm (selective for tryptophan) suggests the
interaction mainly affects tryptophan residues. The
higher Fo/F values at 293 nm compared to 280 nm
further support tryptophan's primary involvement. As
shown in Table 1, Fo/F ratios increased with higher
molnupiravir concentrations at both temperatures,
confirming binding.

Stern-volmer analysis. Table 2 shows that the
Stern-Volmer quenching constant increased from
0.0166 uM™* at 302K to 0.0176 uM™* at 310K. The
linear Stern-Volmer plots and high correlation
coefficients suggest that a single quenching
mechanism is at work in these experiments. Figure 4
shows that these plots (Fo/F vs [Molnupiravir]) are
highly linear at both temperatures. The quenching
constants (K,,) were obtained from the slopes.
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Figure 3. Standard curve of Molnupiravir

Table 1. Fluorescence quenching data at 302K and 310K.

[Molnupiravir]/[BSA] FolF FolF FolF FolF
(302K, (302K, (310K, (310K,
280nm) 293nm) 280nm) 293nm)

1 1.251 1.375 1.264 1.335
2 1.447 1.766 1.598 1.549
4 1.554 1.736 1.604 1.635
6 1.819 2.198 1.966 1.997
8 2.248 2.586 2.522 2.318
12 2.975 3.798 3.314 2.704
16 3.744 4.060 3.846 3.881
4.5
= y =0.0176x + 1.0691
3.5 R? =0.9811
3

200

y =0.0166x + 0.9843

2.5 R? = 0.9846
2
15
1
0.5
0
0 20 40 60 80 100 120 140 160 180
® F/F302K © F/F310K — (J:;;;K) (Fo'}i:giak)

*Molnupiravir concentrations on the x-axis are expressed in uM; Fluorescence intensity ratio is expressed in Fo/F in y-axis.

Figure 4. Stern-Volmer plots for the BSA-Molnupiravir system at 302K and 310K
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Table 2. Stern-Volmer quenching constants at different

temperatures.

Temperature (K) Ko (uM™1) R?
302 0.0166 0.995
310 0.0176 0.997

Thermodynamic parameters. Thermodynamic
parameters, obtained from the temperature
dependence of binding constants (Table 3), were
analyzed through the Van't Hoff plot depicted in
Figure 5 (In Ky versus 1/T). This
demonstrated that AG is negative at both
temperatures examined, indicating that the binding
process is spontaneous and thermodynamically
favorable. The positive AH (+5.74 kJ/mol) indicates
an endothermic binding process, consistent with the
disruption of ordered water molecules at hydrophobic
surfaces. Additionally, the positive AS (+99.8
J/mol-K) suggests an increase in system entropy,
consistent with hydrophobic-driven binding and

analysis
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release of structured water molecules upon complex
formation (Table 4).

Table 3. Temperature dependence of binding constants

Temperature (K) Ko (uM1)  InK,,  1/T (K?)
302 0.0166 +9.717  0.00331
310 0.0176 +9.776  0.00323

* Ksv values were converted to M (1.66 x 10*and 1.76 x 10+
M) before logarithmic transformation for Van't Hoff analysis.

Table 4. Thermodynamic parameters for Molnupiravir-BSA

binding
Parameter Value Unit
AH +5.74 kJ/mol
AS +99.8 J/mol-K
AGspz —24.4 kJ/mol
AGsio -25.2 kJ/mol

y = -684.6x + 11.98
R? =

9.650 T T
0.00320 0.00322 0.00324

0.00326

0.00328 0.00330 0.00332 0.00334

Figure 5. Van't Hoff plot (In K, vs 1/T) for Molnupiravir-BSA interaction.

Binding constants and stoichiometry. Table 5
and Figure 6 illustrate that the binding constant
increased from 0.032 uM™* at 302K to 0.038 uM™ at
310K. This indicates that binding affinity was
stronger at physiological temperature. The number of
binding sites (n) was approximately 0.84 at 302K and

0.83 at 310K, suggesting that Molnupiravir and BSA
interact in a 1:1 molar ratio. The consistent n values
at both temperatures substantiate the binding
hypothesis and imply that each BSA molecule
accommodates roughly one Molnupiravir molecule.
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Table 5. Data for binding constant determination.

Temperature Binding Constant Number of R?
(K) K (uM™) Binding Sites (n)
302 0.032 0.84 0.992
310 0.038 0.83 0.994

Molecular docking analysis. Molecular docking
demonstrated that molnupiravir binds specifically to

06
0.4

02

0 0.5

log((Fo-F)/F)

Sudlow site I on BSA, with a binding affinity of —=7.9
kcal/mol, consistent with the outcomes of
fluorescence spectroscopy. It occupies a hydrophobic
cavity, stabilized through hydrogen bonds with
GLY327 and ARG208, carbon—hydrogen bonds with
ALA212 and LYS350 and interactions with LYS211,
VAL215, ALA349, and LEU346. This suggests a
single primary binding site and a 1:1 binding ratio.

25

log(Molnupiravir), uM

A 302K ® 310K

Linear (302K)

Linear (310K)

Figure 6. Double logarithmic plots for determining binding constants and binding sites at 302K and 310K
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Figure 7. (A & B) Three-dimensional representation of the interaction between molnupiravir and BSA, (C) Two-dimensional representation

of the interaction between molnupiravir and BSA.
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This study evaluates how Molnupiravir interacts
with bovine serum albumin (BSA) via fluorescence
spectroscopy and molecular docking, offering insight
into its protein-binding behavior under physiological
conditions. It analyzes quenching mechanisms,
binding parameters and thermodynamics, aiding
understanding of its pharmacokinetics. Fluorescence
quenching at 280 and 293 nm shows perturbation of
BSA’s tryptophan residues (Trpl34 and Trp212).
This implication is inferred from molecular docking
results rather than from direct experimental
identification of the individual residue. Stronger
quenching at 293 nm indicates these residues are key
in binding.***® Docking locates Molnupiravir at
Sudlow site I, near Trp212, implying fluorescence

changes result from microenvironmental and
conformational shifts near this site, not direct
contact 1,4,17,18,20

The Stern—Volmer analysis indicated that
quenching constants increased with temperature,
demonstrating a dynamic quenching mechanism.
Elevated temperatures enhance diffusion and
collision frequency, thereby boosting quenching
efficiency and suggesting rapid binding—dissociation
between Molnupiravir and BSA rather than stable
complexes. Thermodynamic data showed negative
Gibbs free energy values at both temperatures,
confirming spontaneous binding with moderate
affinity. Positive enthalpy and entropy changes
suggest an interaction driven mainly by hydrophobic
forces, stabilized by hydrophobic interactions, with
hydrogen bonds involving GLY327 and ARG208
providing additional stability.

Docking results indicate hydrogen bonds
between GLY327 and ARG208, along with van der
Waals and hydrophobic contacts within the Sudlow
site | cavity. The interaction with ARG208 is a
charge-assisted hydrogen bond that supports stability
without significantly affecting thermodynamics.***
Spectroscopic  and computational data  show
hydrophobic interactions predominantly drive
Molnupiravir-BSA binding, consistent with the
positive AH and AS observed, while hydrogen bonds
involving GLY327 and ARG208 offer additional
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stabilization.”® The hydrophobic driving forces are
validated by docking results, which highlight
extensive alkyl and hydrophobic contacts with
LYS211, VAL215, ALA349 and LEU346 at Sudlow
site 1. Binding constants suggest a moderate affinity
that slightly increases with temperature. This trend
aligns with the entropy-driven interaction: as
temperature rises, the favorable TAS contribution
outweighs the endothermic AH, resulting in a more
negative AG at 310 K (—25.2 kJ/mol) compared to
302 K (—24.4 kJ/mol). The n values of approximately
0.84 at 302 K and 0.83 at 310 K are close to unity,
which, in  previously published drug-BSA
fluorescence quenching studies, is conventionally
interpreted as indicating approximately one primary
binding site per protein molecule.®  This
interpretation is further corroborated by the
molecular  docking result, which localizes
molnupiravir to a single site at Sudlow site 1.
Temperature influences binding strength but not
stoichiometry, indicating a stable interaction.*’*®

Molnupiravir's moderate binding affinity means
most remains unbound, enabling effective antiviral
activity and some transport. Rapid equilibria allow
dose flexibility. Compared to highly protein-bound
antivirals, it has weaker, more dynamic albumin
binding, reducing displacement risk, though studies
are needed. These traits suggest favorable
pharmacokinetics and clarify its in vivo behavior.

Overall, this study provides an original in vitro
characterization of molnupiravir-BSA binding,
establishing a foundational pharmacological profile
for the parent prodrug. Nevertheless, in vitro
characterization of the parent prodrug's albumin-
binding properties remains justified. Because
molnupiravir contacts plasma proteins during pre-
systemic absorption before enzymatic conversion,
potentially affecting early distribution kinetics.”** On
top of that, to our knowledge, no prior study had
characterized the BSA-binding properties of
molnupiravir ~ using  fluorescence  quenching
spectroscopy and molecular docking, making the
present findings an original mechanistic contribution
to its pharmacological characterization.
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Methodological Considerations and Limitations

However, some limitations should be considered.
BSA was used as a model protein for HSA, which
shares 76% homology but may differ in binding-site
structure, particularly at the Sudlow site I, affecting
binding parameters; direct studies with HSA are more
relevant for therapy. Experiments used simple buffer
systems  without other plasma components
influencing protein binding. The study focused solely
on Molnupiravir, not its main metabolite, N4-
hydroxycytidine, which may bind differently.
Fluorescence quenching provides clues about nearby
tryptophan residues, but other methods like circular
dichroism or isothermal titration calorimetry reveal
more about structure and thermodynamics. Although
the two-temperature-point approach is widely used in
drug—-BSA fluorescence quenching studies and gives
high linearity (R > 0.99), future studies should
include three or more temperature points to improve
the robustness of the VVan't Hoff regression and better
estimate AH and AS values.

Clinical Significance and Future Directions

This study's findings inform the clinical
application of Molnupiravir for COVID-19. Its
moderate protein binding suggests dose adjustments
are unnecessary in hypoalbuminemic patients, as free
drug levels are likely to remain within therapeutic
ranges. The modest binding and dynamic interactions
indicate a low risk of displacement interactions with
drugs such as dexamethasone or anticoagulants. An
increased binding affinity at 310 K (AG = —25.2
kJ/mol vs. —24.4 kJ/mol at 302 K) implies febrile
conditions cause only minor changes in protein
binding.  Thermodynamic data reveal that
hydrophobic interactions mainly drive binding,
supported by hydrogen bonds that enhance stability
and reduce competition with drugs primarily relying
on electrostatic mechanisms. Further studies are
required, including with HSA, active metabolite N4-
hydroxycytidine, co-administered drugs, disease
states and clinical data.

CONCLUSION

This study examined Molnupiravir's interaction
with bovine serum albumin (BSA), finding moderate
binding with constants of 0.032 uM™* at 302 K and
0.038 uM™* at 310 K. Fluorescence quenching
indicated a dynamic mechanism, with Stern-Volmer
constants rising from 0.0166 pM* at 302 K to 0.0176
uM™ at 310 K, suggesting collisional quenching
rather than stable complex formation.
Thermodynamic data indicate a spontaneous process
primarily driven by hydrophobic interactions, with
positive AH and AS values. Negative Gibbs free
energy values confirm spontaneous binding at
physiological temperatures. Molecular docking
shows the drug binds at Sudlow site | (subdomain
[1A) of BSA, forming hydrogen bonds with GLY327
and ARG208, along with hydrophobic interactions,
consistent with a 1:1 binding ratio. Fluorescence
shifts at 280 and 293 nm suggest binding affects
tryptophan environments, particularly in domain II.
Overall, Molnupiravir exhibits protein binding,
supporting favorable pharmacokinetics for COVID-
19 and informing future serum albumin studies.
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