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ABSTRACT

Serum uric acid levels are commonly assessed in human and other mammalian studies. Given the
evolutionary loss of the gene encoding uricase in these species, elevated uric acid levels may lead to conditions
such as tumor lysis syndrome, gout, and renal disorders. Consequently, the stability of this enzyme has
garnered significant interest among researchers. Among various stabilization methods, the utilization of
natural deep eutectic solvents (DESs) has been favored due to their numerous advantages over alternative
approaches. In this study, DES was synthesized using three components: fructose, sucrose, and glycerol.
Recombinant uricase (rasburicase) was produced in the BL21 bacterial strain, followed by protein purification
using a nickel-affinity column. The optimal solvent concentration for the corresponding enzyme was
determined, and molecular dynamics simulations were performed at this optimal concentration over a duration
of 35 nanoseconds using GROMACS software. Analyses of RMSD, RMSF, SASA, and Rg were conducted,
revealing reductions in these values, which correlate with decreased structural fluctuations and enhanced
structural compactness. Additionally, analyses of RDF, total energy (sum of electrostatic and Lennard-Jones
interactions), and number of contacts for each eutectic component were calculated, with sucrose exhibiting
the highest values relative to the other components. Overall, molecular dynamics simulation results indicated
an increase in enzyme stability in the presence of the eutectic compared to the free enzyme.
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1. INTRODUCTION

Uricase (urate oxidase) is a non-glycosylated [1] homotetramer [2] (Fig 1) belonging to the oxidoreductase
family, comprising four identical subunits, each weighing 30 kilodaltons [3]. This enzyme is present across all
three domains of life [4]; however, during evolutionary processes, it has been lost from the genomes of
mammals, certain reptiles, and birds [5]. Rasburicase, a recombinant form of uricase [6], has a molecular
mass of 135 kilodaltons and consists of 302 amino acids [3, 7]. The active site of uricase is located on the
external surface of the tetramer, at the interface between subunits A-B and C-D (between S7 and S8), and is
composed of key amino acids including lysine 10 (which forms hydrogen bonds with threonine 57 and histidine
256), threonine 57, phenylalanine 159, arginine 176, glutamine 228, and asparagine 254. Proline 284 and
glycine 286, positioned between lysine 10 and asparagine 254, likely play a crucial structural role in
maintaining the conformation of the enzyme's active site. Additionally, leucine 170 and phenylalanine 159
create a hydrophobic pocket for the enzyme's substrate [8]. Uric acid (CsHi«N+Os) acts as the substrate for
uricase, being a heterocyclic molecule with a molecular weight of 168.11 Da [9] and representing the final
product of purine catabolism [10-12]. Prolonged elevation of uric acid levels in the body is associated with
various complications, including tumor lysis syndrome, hyperuricemia, gout, and renal failure [13]. In many
birds and primates, including humans and chimpanzees, the uricase gene has become inactive during
evolution, leading to the accumulation of uric acid as the terminal product of purine metabolism [14].
Nevertheless, the administration of rasburicase has been shown to reduce uric acid levels [6]. Given the
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significance of uricase, particularly in therapeutic contexts, numerous researchers have sought to explore
methodologies for enhancing the stability of this enzyme. One such approach involves the use of additives as
stabilizing agents [15, 16]. Natural deep eutectic solvents [17], composed of substances like amino acids and
sugars, have garnered attention due to their numerous advantages, including low toxicity, cost-effectiveness,
and high solubility, contributing to enhanced enzyme stability [15]. Generally, deep eutectic solvents (DES)
are obtained by heating or mixing donor and acceptor hydrogen-bonding groups in a specific ratio [18].

Typically, to predict enzyme properties and investigate the impact of various phenomena, researchers
employ two methodologies: experimental laboratory tests and computer-based simulations. While
experimental procedures often require substantial costs and time, the latter approach, which relies on
simulations, alleviates these constraints and provides valuable insights into structural changes in proteins.
Molecular dynamics (MD) simulation is one of the most important computational tools for studying protein
structures [19], enabling theorists to model and predict outcomes based on their theoretical frameworks [20),
21]. In simulations, after reviewing the substance of interest, an initial model is constructed, and the positions
and velocities of atoms are determined using appropriate software [22-24]. Subsequently, suitable interactions
between two molecules are selected, and new velocities are computed based on intermolecular forces. Finally,
interaction energies are assessed to confirm equilibrium within the system [25]. This methodology has been
applied across various chemical, biochemical, materials science, and polymer systems, representing a novel
advancement in the field of bioinformatics. Utilizing this technique also allows for the investigation of the
structures of biomacromolecules, analysis of structural complexes, and examination of their structural
interactions, paving the way for potential modifications

In this study, we investigate the effects of a DES composed of sucrose, fructose, and glycerol on the stability
of uricase through molecular dynamics simulations.

Fig 1. Molecular structure of the uricase tetramer, depicted using PyYMOL. A. Lateral view,; B. Frontal view.

2. MATERIALS AND METHODS

2.1 Materials

The following reagents were utilized in this study: tryptone, yeast extract, agar, sodium chloride (NaCl),
potassium hydrogen phosphate (K:HPO.), potassium dihydrogen phosphate (KH:PO.), IPTG, sodium
hydrogen phosphate (NaH:PO.), imidazole, uric acid, ammonium persulfate (APS), tetra methyl ethylene
diamine (TEMED), Tris-HCI, tetraborate, acetic acid, methanol, glycine, EDTA, nickel sulfate (NiSO.), and
phosphoric acid.

Escherichia coli BL21 containing the recombinant plasmid pET28a” UOX was employed as the bacterial
strain, while kanamycin served as the antibiotic. Protein purification was conducted using NI-NTA nickel
affinity chromatography. Fructose, sucrose, and glycerol were utilized for the synthesis of the deep eutectic
solvent (DES). Luria-Bertani medium was prepared for bacterial culture.
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2.2 Bacterial Culture and Protein Production

The BL21 bacterial strain harboring the recombinant plasmid pET28a”™ UOX was cultured in sterile Luria-
Bertani medium supplemented with agar (comprising 1 g tryptone, 0.5 g yeast extract, 1 g NaCl, and 1.5 g
agar in 0.1 L deionized water) and kanamycin. The culture was incubated at 37°C for 13 to 14 hours.
Subsequently, a suitable colony was transferred to 10 mL of liquid LB medium (prepared with the same ratio
but without agar) containing the antibiotic and incubated overnight at 37°C for 16 to 17 hours. 1 mL of this
overnight culture was then added to 100 mL of TB medium (containing 90 mL of base components, which
included 1.2 g tryptone, 2.4 g yeast extract, and 0.4 mL glycerol, along with 10 mL of salts comprising 1.2 g
K:HPO; and 0.23 g KH:PO.). Upon reaching the desired optical density (OD) of 0.5, protein expression was
induced by adding 2 mL of 1 M IPTG for 5 hours. The resulting solution was subjected to sonication and
centrifugation at 13,000 rpm for 20 minutes at 4°C to facilitate the purification process, after which it was
transferred to the nickel affinity column. Protein expression was assessed via SDS-PAGE electrophoresis.

2.3 Synthesis and Optimization of DES Concentration

For the synthesis of DES, the required amounts of sucrose (Fig 2-A), fructose (Fig 2-B), and glycerol (Fig
2-C) were weighed and mixed under heating (Table 1). The resulting clear solution was stirred for an
additional 15 minutes to achieve a semi-solid and viscous environment.

Subsequently, to determine the optimal concentration of the eutectic, seven different concentrations were
prepared in the presence of Tris-HCI buffer (pH = 8.5), and the absorbance spectrum was recorded using a
spectrophotometer over the wavelength range of 200 to 700 nanometers. This procedure was also performed
for the burax buffer containing the substrate, and a concentration below 10% was selected. The enzymatic
activity was measured using the formula (1) for concentrations of 1%, 5%, and 10% for the eutectic enzyme,
with the free enzyme diluted in Tris serving as the control.

Table 1. DES Synthesis

Materials Amount
Sucrose 2 mMol
Fructose 2 mMol
Glycerol 4 mMol
Distilled water 1 mMol
Volume activity (%) = A(A01; :6;)1; V- @

Ay is the absorbance without substrate, Ag is the absorbance in the initial minute, V is the total reaction
mixture volume (0.730 mL), D represents enzyme extinction coefficient, 12.6 is the molar absorptivity of uric
acid (mM'.cm™), d is the path length (1 cm), and v refers to the enzyme sample volume (0.02 mL).

A. & B. C.

0 OH

~
OH <
OH HO HO OH

Fig 2. Drawing two and three-dimensional structure of eutectic components. A. Sucrose, B. Fructose and C.
Glycerol.
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2.4 Molecular Dynamics Simulation
Molecular Dynamics (MD) simulation provides a molecular perspective on the interactions between the
molecules present in the eutectic and the enzyme under investigation [26]. For this purpose, the initial structure

of uricase, with the code 1R56, was utilized from the protein database [AL Molecular simulations were

conducted using GROMACS version 2023 and the CHARMM?7 force field [27]. To maintain the temperature
at an optimal 35°C, the Velocity Rescaling algorithm was employed [28). Furthermore, the Berendsen
algorithm was applied to regulate pressure at 1 bar. The Particle-Mesh Ewald (PME) method was used for
estimating long-range electrostatic interactions [29], and the Lennard-Jones potential described van der
Waals interactions at a cutoff distance of 1.4 nm to limit non-covalent interactions [30]. The LINCS algorithm
was implemented to impose constraints on all covalent bonds [31], while the Grid algorithm facilitated the
search for neighboring cells. The Steepest Descent (SD) algorithm was utilized for energy optimization under
constant pressure and temperature, ensuring system equilibrium and preventing inappropriate geometric and
spatial overlaps. Ultimately, the final stages of the simulation were conducted for 35 ns.

Root Mean Square Deviation (RMSD) analysis (2) was performed on the alpha carbon atoms to compare
the protein structure before, during, and after the simulation, examining the conformational changes in the
enzyme in the presence and absence of the eutectic [32]. Subsequently, Root Mean Square Fluctuation (RMSF)
analysis (3) was conducted to assess the flexibility of the protein and its structural variations, focusing on the
residues that exhibit the highest accessibility within different structural regions [33]. The Solvent Accessible
Surface Area (SASA) reflects the solvent's accessibility to the amino acids within the protein structure, thereby
providing insights into the stability of the protein chain [34]. Another critical parameter in studying structural
changes and protein compactness during the reaction is the Radius of Gyration (4), which indicates the
distribution of components along the principal axis. For each molecule, the distance from the center of mass
was calculated, followed by squaring these distances. The mean square of these distances was then computed,
with its square root representing the Radius of Gyration [35].

T @)
RMSD = N; (r(®) —1:(0))*
i 3)
RMSF = FZ (ri(6) — ())?
: 4

1w 1v
Rg = Nz i —Tem)? Tem = Mzrimi
i=1 i=1

In these equations, RMSD represents the root mean square deviation (nm), RMSF denotes the root mean
square fluctuation (nm), R, indicates the radius of gyration (nm), N refers to the number of atoms or particles,
ri(t) is the position of atom i at time t, T signifies the number of simulation frames, (r;) is the average position
of atom i throughout the simulation, r.. denotes the center of mass position of the molecule, M is the total mass,
and m; represents the mass of atom i.

Subsequently, each component of the eutectic was examined individually. The radial distribution function
(RDF) analysis (5) was performed to determine the probability density of a particle's presence at a specified
distance from the enzyme or other particles throughout the simulation, as well as to assess the interaction
strength for each eutectic component separately. Van der Waals interaction energies were calculated using
the Lennard-Jones potential, while electrostatic interactions were computed employing the Long-range
algorithm. The cumulative graph of these two energy types was plotted against time. To assess the number of
molecular collisions with the enzyme over time, the collision radius between particles was first defined, and
the distance between particle pairs was determined. A collision was registered if the distance between two
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particles was less than the defined collision radius. Thus, the number of collisions was directly calculated by
counting the frequency at which particles approached one another.

V dN Q)
g(r) = N2 dr

g(r) is defined as the radial distribution function (nm), V represents the total volume of the system, N is the
number of particles, and r is the radius of the spherical shell (nm).

3. RESULTS AND DISSCUTION

3.1 Bacterial Culture and Protein Purification

The cultivation of BL21 bacteria containing the recombinant uricase plasmid was conducted in a medium
supplemented with kanamycin. Single colonies were utilized for further culturing (Fig 3). The pET28a™ plasmid
serves as a high-copy expression vector [36, 37], comprising the T7 promoter, the lac repressor, and a His-
tag, which are appended to both the N- and C-termini of the protein. Additionally, it contains a gene conferring
resistance to kanamycin, which is employed during the screening process. The BL21 strain possesses the laci
gene, which encodes the lacUV'5 repressor, inhibiting expression under normal conditions, alongside the DE3
genetic segment that harbors the lacUV5 promoter and the T7 RNA polymerase gene [38]. In the presence of
IPTG, the inhibition of laci and subsequent cessation of its activity activates the lacUV5 promoter, leading to
the transcription of the T7 RNA polymerase-encoding gene. E. coli is a Gram-negative bacterium with an
optimal growth temperature of 37 °C [39]. Excessive expression, resulting from prolonged induction time,
increased inducer concentration, or temperatures exceeding the optimal range, can lead to reduced yield due
to bacterial cell death. In this study, based on prior research, an induction period of 5 hours and an IPTG
concentration of 1 M at 37 °C were established.

Uricase contains a histidine tag, which exhibits a strong affinity for nickel ions. The purification of the
produced enzyme was achieved through nickel affinity chromatography, followed by competitive elution using
imidazole to separate the enzyme from the column. Imidazole, having a higher affinity for nickel ions, displaces
the enzyme, facilitating its elution from the column.

Fig 3. The bacterial culture containing the plasmid was maintained in a kanamycin-supplemented growth
medium, from which single colonies were selected for subsequent procedures.

3.2 Eutectic Synthesis and Optimal Concentration Determination

In the synthesis of DES from glycerol, fructose, and sucrose, glycerol was highlighted for its critical role.
Pajang et al. noted that glycerol, by distancing itself from proteins and interacting with hydrophobic surface
sites, prevents the inactive aggregation of protein structures, thereby enhancing their stability [40]. This
viscous, non-volatile, non-toxic, and biodegradable substance boasts a high boiling point. Additionally, Lin et
al. reported that sucrose increases surface tension, leading to protein hydration and consequently improving
protein stability [41].
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Subsequently, the optimization of eutectic concentration was performed, selecting a range of 1% to 10%.
Concentrations exceeding 10% exhibited higher absorption spectra than uric acid, resulting in spectral
interference that disrupted enzyme adsorption and activity assessment (Fig 4). Following activity
measurements, a 5% eutectic concentration was determined to be optimal within the total enzyme volume (Fig

5).
4 uric acid
35 burax
® 3 eu50%
225
3 ) eu30%
—
245 eu20%
< 1 /\ euls%
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200 300 400 500 600 700
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Fig 4. A comparative analysis of the absorbance intensities of various eutectic concentrations across
wavelengths from 200 to 700 nanometers alongside the absorbance intensity of burax containing uric acid
within the same wavelength range.
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Fig 5. Comparison of the activity of free enzyme (red) versus enzyme containing eutectic (blue) at a
wavelength of 293 nanometers to ascertain the optimal concentration.

3.3 Molecular Dynamics

The Root Mean Square Deviation (RMSD) analysis serves as a critical metric for assessing the influence
of solvent on the stability and structural integrity of proteins over time (Fig 6). The results indicate that, during
the initial stages of the simulation, the RMSD profiles in both the presence and absence of the eutectic solvent
are nearly superimposed. However, over time, a notable decrease in RMSD values is observed in the presence
of the eutectic, which may be attributed to constraints on the structural freedom of the enzyme, ultimately
leading to enhanced stability. A study conducted by Zabali et al. corroborates this observation, demonstrating
that the fluctuations of the treated enzyme are significantly reduced compared to those of the free enzyme,
suggesting a decrease in variability and an increase in stability over time [42].
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In terms of Root Mean Square Fluctuation (RMSF) analysis, the highest fluctuations were observed in the
terminal residues of the protein structure (Fig 7), likely due to the greater flexibility of these residues compared
to those in the central region. Furthermore, in the presence of the eutectic solvent, these fluctuations are
diminished relative to the free enzyme, indicating enhanced stability of the residues and a reduction in their
mobility and interaction. Residues characterized by lower mobility and greater structural stability often
represent critical regions that play vital roles in various biological processes.
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Fig 6. RMSD Analysis in the presence (blue) and absence (red) of the eutectic solvent over the simulation
duration (35 ns).
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Fig 7. RMSF Analysis concerning structural fluctuations of the enzyme in both the presence (blue) and
absence (red) of the eutectic.

The Solvent Accessible Surface Area (SASA) throughout the simulation remains relatively stable in both
conditions, with lower values observed in the presence of the eutectic solvent compared to the free state (Fig
8). This reduction in SASA suggests that a smaller surface area is accessible to the solvent, which is commonly
associated with more stable structures or situations in which the molecule is aggregating. A study by
Khajesteband et al. further supports this notion, indicating that a decrease in SASA correlates with an increase
in intramolecular hydrogen bonding, enhanced structural compactness, reduced solvent accessibility, and
improved thermodynamic stability [43].

The changes in the Radius of Gyration (Rg) at the onset of the analysis are nearly identical in both
scenarios, with an increase in simulation time to 35 nanoseconds resulting in a decrease in Rg in the presence
of the eutectic compared to the free enzyme (Fig 9). This reduction signifies an increase in the density and
complexity of the protein structure. The similarity of Rg values for both the free enzyme and the eutectic-treated
enzyme at the beginning and end of the simulation confirms the dynamic stability of the protein.

https://chemistry.bcnf.ir Page 7



e e
' R gil— g FRub
V o anwgi U jiumgpjl

th National Congress of
Chemistry and Nanochemistry fromResearch to

National Development

184
182

£ 180

£

< 178

5]

< 176

wnn
174
172 >

-5000 5000 15000 25000 35000 UOX

Time (ps) ——UOX/eu

Fig 8. SASA Values and calculations of solvent-accessible surface area for both the free enzyme (red) and the
eutectic-treated enzyme (blue) throughout the simulation period.
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Fig 9. Rg Analysis and its reduction in the presence (blue) of the solvent compared to the free enzyme (red).

Despite the fact that the glycerol concentration utilized in the current eutectic composition was twice that
of the other components, it was anticipated that the interaction intensity for this formulation in the solvent
would surpass that of the others. Contrary to this expectation, the results obtained from the Radial Distribution
Function (RDF) analysis indicate an increase in interaction intensity in the following order: sucrose, fructose,
and glycerol (Fig 10). This finding may be attributed to the larger molecular structure of sucrose, which
possesses a greater number of hydroxyl groups compared to the other two compounds. Moreover, the most
significant interactions were observed at a distance of approximately 1.5 nanometers.

The total energy, representing the cumulative contributions of van der Waals and electrostatic interactions,
was found to be highest for sucrose, followed by fructose and glycerol (Fig 11). The previously mentioned
structural characteristics of sucrose likely contribute to this observation, as it also exhibited the highest
number of contacts among the components.
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Fig 10. RDF Analysis and assessment of interaction intensities among the constituents of the eutectic. The
highest interaction intensities were recorded for sucrose (purple), followed by fructose (black) and glycerol

(green).
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Fig 11. Total energy calculation (comprising the sum of electrostatic and Lennard-Jones energies) for each
component within the eutectic system.
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Fig 12. Number of contacts calculation for the eutectic constituents, with sucrose depicted in purple, fructose
in black, and glycerol in green.
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4. CONCLUSION

The role of uricase in the treatment of conditions such as gout and hyperuricemia, alongside its stability
limitations due to factors like temperature, has led to a concerted effort among researchers to enhance its
stability through various methodologies. In the present study, we focused on investigating the effect of a deep
eutectic solvent (DES) composed of sucrose, fructose, and glycerol on the stability of uricase, employing
molecular dynamics simulations. Following the cultivation of bacteria containing the uricase gene, we
successfully expressed and purified the protein, ultimately synthesizing the eutectic. An optimal concentration
of 5% was determined for the study. The molecular dynamics simulations conducted using specialized software,
along with the corresponding analyses, revealed a notable reduction in the RMSD and an increase in structural
compactness in the presence of the eutectic compared to its absence. Additionally, the observed decrease in
RMSF values indicated reduced fluctuations, while the decline in SASA suggested a lower solvent-accessible
surface area for the treated enzyme relative to the free enzyme, both of which are indicative of enhanced
structural stability and resilience of the enzyme in this formulation. The reduction in the Radius of Gyration
(Rg) further substantiated the increase in structural density. A meticulous analysis of the individual
components of the eutectic revealed a significantly higher interaction intensity for sucrose relative to the other
two compounds, which can be attributed to the greater number of hydroxyl groups present in this relatively
larger molecule.
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