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ABSTRACT: The continuous outbreak of various viruses reminds us to prepare broad-
spectrum antiviral drugs. Human dihydroorotate dehydrogenase (hDHODH) inhibitor N
exhibits broad-spectrum antiviral effects. In order to explore the novel type of human O
dihydroorotate dehydrogenase inhibitor (hDHODHI), we have optimized, designed, and Fendcompuand
synthesized 17 compounds and conducted biological activity evaluation, molecular

docking, and molecular dynamics studies. The results of biological activity evaluation i
showed that compounds 10 and 16 exhibited submicromolar inhibitory activity, with ICs, »

Computer aided drug design Hit synthesis

values of 0.188 + 0.004 and 0.593 + 0.012 uM, respectively. Molecular docking studies ‘TN\%}[ O ‘ X

showed that compounds 10 and 16 were in good agreement with the hDHODH activity | °" | | - Molecular docking

pocket and interacted well with amino acid residues. Compared to the cocrystallized Dis - Bieic

structure of the brequinar analogue complex, inhibitors 10 and 16 increased their direct u.\”.. I asnamc
| <

interaction with AlaS5. In addition, molecular dynamics studies showed that inhibitors 10

and 16 have strong affinity for proteins, and their complexes are stable, which confirms the

significant inhibitory effect of inhibitors 10 and 16 on hDHODH in vitro. Through analysis, it was found that the carboxyl group and
para introduced fluorine atoms in R', as well as the naphthalene in R?, are key factors in improving activity. This conclusion provides
help for further research into hDHODH inhibitors in the future. This study has promoted the significance of the development of
broad-spectrum antiviral drugs.

1. INTRODUCTION antiviral drugs of targeting host factors have significant
advantages in controlling the outbreak of new viruses."?

In recent years, the rampant outbreak of viruses has become ) o ) R
Viruses are parasitic organisms and rely on host replication.

increasingly frequent, seriously threatening global public health S aus Y ) e
security and causing huge economic losses." At present, the HTA drugs can not only effectively inhibit the rapid replication

World Health Organization has announced six international of viral nucleic acids but also combat viral resistance mutations.
public health emergencies, namely, the 2009 HIN1 influenza Therefore, the development of HTA drugs with broad-

pandemic,z the 2014 polio epidemic,3 the 2014 Ebola epidemic spectrum antiviral effects has always been a goal pursued in
in West Africa,” the 2015—2016 Zika epidemic,” the 2018 the field of new anti-infective drug development.'> Due to the
Ebola epidemic in the Democratic Republic of the Congo,*” unique structure of viruses, in order to replicate within host
and the severe acute respiratory syndrome coronavirus 2 cells, it is necessary to utilize the raw materials and machinery
(SARS-CoV-2) pneumonia pandemic at the end of 2019.° In of host cells for nucleic acid and protein production and
addition, severe acute respiratory syndrome coronavirus processing.'* HTA drugs achieve antiviral effects by altering or
(SARS-CoV), middle east respiratory syndrome coronavirus eliminating the host materials necessary for virus replication.

(MERS CoV), chikungunya virus (CHIKV), dengue virus Research has found that human dihydroorotate dehydrogenase

(DENY)’ %rl‘ilz other viruses have caused epiderflic infecti9ns (hDHODH) is one of the universal host factors necessary for
worldwide. The epidemics caused by these viruses remind the replication of many acutely infectious viruses.'*'

us of the need to develop broad-spectrum antiviral drugs to
cope with the sustained outbreaks of various viruses.
Antiviral drugs can be divided into two broad categories:
direct-acting antiviral agents (DAAs) that directly act on the
virus itself and host-targeting antiviral (HTA) drugs."’ Due to
the virus specificity of DAA drugs, existing DAA drugs have
limited or no therapeutic effects on emerging viruses, and it
takes a long time to develop new DAA drugs. Therefore,
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Table 1. Chemical Structures and In Vitro Activity Evaluation of hDHODH Inhibitors
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Table 1. continued
1 , inhibition (%)
Compound R R ICsop (uM)
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Brequinar 0.00940.001
AT771726 0.163£0.002

Inhibiting hDHODH can inhibit viral replication and thus play
an antiviral role. Therefore, the research for hDHODH
inhibitors has great clinical significance and application value.

HDHODH is a flavin-dependent mitochondrial enzyme that
catalyzes the dehydrogenation of dihydroorotate (DHO) acid
to orotate (ORO) and is a key enzyme in the fourth step of
pyrimidine nucleotide de novo synthesis. HDHODH inhib-
itors block the de novo synthesis pathway of pyrimidine
nucleotides, leading to the depletion of intracellular
pyrimidine, which is an essential material for viral RNA/
DNA replication. Therefore, hDHODH inhibitors exhibit
broad-spectrum antiviral effects. Research has shown that
hDHODH inhibitor leflunomide/A771726 has broad-spec-
trum antiviral activity, such as cytomegalovirus (CMV), herpes
simplex virus (HSV), BK polyomavirus (BKV), human
immunodeficiency virus (HIV), respiratory syncytial virus
(RSV), severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), Zika virus (ZIKV), Ebola virus (EBOV),
dengue virus (DENV), etc.'*™**

At present, the inhibitors targeting hDHODH mainly
include brequinar, leflunomide, and A771726. A771726 is an
active metabolite of leflunomide.””™>* When brequinar is
administered in combination with cisplatin or cyclosporine A,
it can cause adverse reactions such as leukopenia and
thrombocytopenia as well as mucosal inflammation. Lefluno-
mide is the only hDHODH inhibitor already on the market.
However, long-term use of leflunomide can cause significant
adverse reactions, such as diarrhea, hypertension, rash, and
severe liver function damage. Therefore, the search for
hDHODH inhibitors with novel structures, high activity, and
low toxicity remains a hot research topic in the field of antiviral
HTA drugs.

In the preliminary research, we used high-throughput
screening to obtain a structurally novel thiazolidin-4-one
hDHODH inhibitor 1. In this study, we optimized the
structure of inhibitor 1 based on the amino acid characteristics

around the binding pocket of hDHODH protein and
synthesized a series of novel thiazolidin-4-one hDHODH
inhibitors. Then, we evaluated the in vitro biological activity of
the novel inhibitors, studied the structure—activity relationship
of the inhibitors, and performed molecular docking on the
inhibitors with better activity to investigate the mode of action
between the inhibitors and proteins. Finally, we studied the
binding ability between the inhibitors with better activity and
proteins through molecular dynamics (MD) and finally
obtained a novel thiazolidin-4-one hDHODH inhibitor with
novel structure, better activity, and higher binding energy. The
discovery of this type of inhibitor may be of great significance
for newly emerging viruses or viruses that may appear in the
future and also lays the foundation for the development of
broad-spectrum antiviral HTA drugs.

2. RESULTS AND DISCUSSION

2.1. Structure—Activity Relationship. Through prelimi-
nary screening, we obtained hDHODH inhibitor 1, which is
shown in Table 1. In this study, inhibitor 1 was used as a lead
compound for structural optimization, mainly to optimize R'
and R? parts. The optimized compounds and analytical spectra
are shown in Table S1. The optimized inhibitor was tested for
in vitro activity, and the results are shown in Table 1. The raw
test data are provided in Table S2.

The optimization of R' mainly involves the introduction of
different functional groups on the benzene ring. First, we
introduced a fluorine atom and a chlorine atom in the para-
position. When the structure of R* was the same, we found that
the activity of introducing the fluorine atom was higher than
that of introducing the chlorine atom. Inhibitors 2—11 can
basically explain this viewpoint, with inhibitor 10 having the
best activity and ICg, value of 0.188 + 0.004 M. When the
position of the fluorine atom was changed from the para to
meta position, compound 12 was obtained, which has lower

https://doi.org/10.1021/acsomega.4c11459
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Figure 1. Picture “a” shows the binding modes of compound 10 with hDHODH. HDHODH (PDB ID: 1D3G) is shown as a transparent blue-
white cartoon. The critical residues are presented as cyan lines. Argl36, GIn47, and AlaSS are displayed as green sticks. Compound 10 is colored
salmon. Hydrogen bonds are shown as black dashed lines. Picture “b” shows the binding modes of compound 16 with hDHODH. HDHODH
(PDB ID: 1D3G) is shown as a transparent blue-white cartoon. The critical residues are presented as slate lines. Argl36, Gln47, and AlaS5 are
displayed as green sticks. Compound 2 is colored cyan. Hydrogen bonds are shown as black dashed lines. We used PyMOL to analyze protein—
ligand interactions and visualize the binding modes.

LEU-58

ALA-59

activity. Simultaneous introduction of fluorine atoms in both
para and ortho positions gave compound 13, which has lower
activity. This indicated that the position of introduction of the
fluorine atom was optimal in the para-position, and
introduction of one fluorine atom was better than introduction
of two fluorine atoms. When methoxy groups were introduced
in the para and meta positions respectively, compounds 14 and
15 were obtained. From the activity test results, it can be seen
that the para-position was better than the meta position, but
the activity was lower than when the fluorine atom was
introduced. When methyl groups were introduced in the para
and meta positions, respectively, compounds 16 and 17 were
obtained. Compound 16 exhibited high activity with an ICs,
value of 0.593 + 0.012 uM, while the activity of compound 17
sharply decreased. This also indicated that introducing
functional groups in the para-position was superior to the
introduction of functional groups in the meta position.

On the basis of compound 1, methoxy groups were first
introduced at the para-position of R* to obtain compounds 4
and S, whose activity was similar to that of compounds 2 and 3.
When methoxy groups were introduced simultaneously in the
para and meta positions, compounds 8 and 9 were obtained.
The activity of compounds 8 and 9 was significantly lower than
that of compounds 4 and S, indicating that introducing groups
only in the para-position was better than introducing groups
simultaneously in the para and meta positions. When
trifluoromethyl was introduced in the para-position, com-
pounds 6 and 7 were obtained and their activity was similar to
that of compounds 2 and 3. Compounds 8—17 all directly
replaced the R? portion with naphthalene, with compounds 10
and 16 showing significant activity enhancement, both
reaching submicromolar levels, especially compound 10,
which was similar to the positive control A771726, indicating

12396

that the R* portion was more suitable for larger hydrophobic
groups.

In summary, the introduction of a fluorine atom on the
benzene ring of R' was superior to the introduction of other
functional groups, and the fluorine atom was in the optimal
position in para-position. This indicated that the benzene ring
of R' was more suitable for the introduction of hydrophobic
groups with smaller structures, which may be related to the
spatial position of the binding pocket. After the R* part was
replaced with naphthalene, the activity was significantly
improved, indicating that the introduction of hydrophobic
groups with larger structures in the R* part was superior to the
introduction of other groups. Simultaneous optimization of R*
and R’ to the optimal level can significantly enhance the
inhibitor activity. The structure—activity relationship diagrams
of the inhibitors are shown in Figure S1.

2.2. Molecular Docking. To better understand the mode
of action between inhibitors and proteins, molecular docking
was performed on all compounds. Figure 1 shows the binding
patterns of inhibitors 10 and 16 to proteins. In Figure 1A, the
carboxyl group of R' directly forms hydrogen bonds with
Argl36 and GIn47, while the oxygen and nitrogen atoms on
the connecting arm directly form hydrogen bonds with AlaS$,
allowing the inhibitor to bind to the protein. Meanwhile, the
naphthalene of R* forms strong hydrophobic interactions with
Tyr38, Leu42, Phe62, Leu67, Leu68, Pro69, Metlll, and
Pro364, further enhancing the activity of inhibitor 10. In
Figure 1B, there is a slight change in the spatial position of
inhibitor 16. The carboxyl group of R' forms hydrogen bonds
with Argl36 and Gln47, while only the nitrogen atom on the
connecting arm forms hydrogen bonds with Ala55. Due to the
change in the spatial position, the hydrophobic interaction
formed by the naphthalene of R* is also slightly weaker. This

https://doi.org/10.1021/acsomega.4c11459
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Figure 2. Picture “a” shows the binding modes of all compounds with hDHODH. HDHODH (PDB ID: 1D3G) is shown as a transparent blue-
white cartoon. The critical residues are presented as slate lines. Argl36, GIn47, and AlaS5 are displayed as cyan sticks. Compound 10 is colored
salmon. Compound 16 is colored green. Other compounds are colored yellow. Hydrogen bonds are shown as black dashed lines. Picture “b” shows
the binding modes of all compounds with hDHODH. HDHODH (PDB ID: 1D3G) is shown as a transparent pale cyan surface. Compound 10 is
colored salmon. Compound 16 is colored green. Other compounds are colored yellow. We used PyMOL to analyze protein—ligand interactions

and visualize the binding modes.
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Figure 3. Time evolution RMSD of the protein C-a atom over 100 ns for hDHODH bound to compound 10 (a) and compound 16 (b).

may be the reason why inhibitor 16 has slightly lower activity
than inhibitor 10. However, compared to the cocrystallized
structure of the brequinar analogue complex (Figure S2),
inhibitors 10 and 16 increased their direct interaction with
AlaSS.

Figure 2 shows a comparison of the binding modes of
inhibitors 10 and 16 with those of other inhibitors. From the
figure, it can be seen that inhibitors 10 and 16 have a higher
degree of coincidence with the protein binding pocket,
especially the naphthalene ring in the R® part, which can
better fill the spatial position of the binding pocket while
generating stronger hydrophobic interactions. Due to the
pushing effect of the naphthalene ring in the R* part, the

12397

binding position of the inhibitor moves deeper into the binding
pocket. This movement allows the R' group to interact better
with the surrounding amino acids, and the connecting arm also
interacts directly with the surrounding amino acids. This may
be an important factor in enhancing the activity of inhibitors
10 and 16.

In summary, the hydrophilic end of the inhibitor was located
deep in the binding pocket, and the hydrophobic end was
located at the entrance of the binding pocket. The carboxyl
group of R' was the focus of the interaction between the
inhibitors and proteins. The introduction of the fluorine atom
of R' enabled better interaction between inhibitors and
proteins, and the introduction of the fluorine atom was the

https://doi.org/10.1021/acsomega.4c11459
ACS Omega 2025, 10, 12393—-12402
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key to enhancing the activity of inhibitors. The design of R*
naphthalene enabled inhibitors to have stronger hydrophobic
interactions with surrounding amino acids while pushing the
inhibitor inward, allowing the entire inhibitor to better interact
with binding sites. R* naphthalene was also the key to
enhancing the inhibitor activity.

2.3. Molecular Dynamics. In order to further investigate
the binding ability of inhibitors to proteins, we selected
compounds 10 and 16 with the highest experimental activities
for MD studies.

2.3.1. Root Mean Square Deviation. Root mean square
deviation (RMSD) analysis is a commonly used metric in MD
simulations to measure the structural stability of a protein over
time. By calculating the RMSD, we can assess how much the
protein structure deviates from its initial conformation, which
gives insights into the protein’s stability, flexibility, and
conformational changes throughout the simulation. From
Figure 3, we can see that after approximately 30 ns, the
RMSD curve reaches a plateau, indicating that the protein
structure has reached a stable state during the simulation
process. The averages of RMSD for hDHODH bound to
compound 10 and compound 16 are 1.87 and 1.40 A (Table
2).

Table 2. RMSD, RMSF, and SASA Profile of hDHODH
Bound to Compound 10 and Compound 16

compound RMSD RMSF SASA
10 1.87 0.72 16106.75
16 1.40 0.73 16031.35

“Values are represented as estimated averages and expressed by A.

2.3.2. Root Mean Square Fluctuations. Root mean square
fluctuations (RMSFs) provide valuable insight into the
flexibility of different regions within a protein by measuring
the average deviation of each residue or atom from its mean
position over the course of an MD simulation. RMSF analysis
is particularly useful for identifying flexible or mobile regions,
such as loops or binding sites, as well as stabilizing elements,
such as helices and sheets. From Figure 4, we can see that the
two compounds form complexes with the protein, and that the
overall movement trend of the protein is similar. A small area

on the protein undergoes more intense movement changes,
such as the movement of residues 180—190 on the 16 complex
protein being more intense than that on the 10 complex. The
averages of RMSF for hDHODH bound to compound 10 and
compound 16 are 0.72 A and 0.73 A (Table 2).

2.3.3. Solvent Accessible Surface Area. Solvent accessible
surface area (SASA) is a metric used in MD and structural
biology to quantify the surface area of a protein that is
accessible to solvent molecules, usually water. SASA analysis
provides insight into protein folding, stability, binding
interactions, and conformational changes over time. From
Figure §, it can be seen that after approximately 30 ns, the
SASA curve reaches a plateau and remains stable. The protein
structure remained stable thereafter, which is consistent with
the results of RMSD. The averages of SASA for hDHODH
bound to compound 10 and compound 16 are 16106.75 A and
16031.35 A (Table 2).

2.3.4. Binding Free Energy. The MM/GBSA method is a
popular approach to estimate the binding free energy between
a protein and ligand. It combines molecular mechanics energy
calculations with solvation models to approximate binding
affinities, making it both computationally efficient and
reasonably accurate for various protein—ligand systems. A
negative binding free energy (AG) indicates favorable binding;
the more negative, the stronger the binding affinity. From the
calculation of binding free energy (Table 3), it can be seen that
compound 10 has a lower binding energy than compound 16,
indicating that compound 10 has a stronger binding affinity
with proteins, which also demonstrates that compound 10 has
better inhibitory activity. Compared with the binding free
energy of brequinar (AG = —49.18), compound 16 has a
slightly higher AG, while compound 10 has a lower AG, which
further confirms the strong binding affinity of compounds 10
and 16 with the hDHODH protein.

3. CONCLUSIONS

HDHODH inhibitors were initially developed to treat
autoimmune diseases and are now increasingly being explored
for their potential in antiviral therapy. Their antiviral
mechanisms primarily include effectively reducing the
pyrimidine sources necessary for viral replication, stimulating
the expression of interferon-stimulated genes (ISGs), and
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Figure 4. Time evolution RMSF of each residue of the protein C-a atom over 100 ns for hDHODH bound to compound 10 (a) and compound 16

(b).
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Figure S. Structural representation of alterations occurring during the binding of compound 10 (a) and compound 16 (b), solvent accessible
surface area of hDHODH.

Table 3. Binding Free Energies (kcal/mol) of hDHODH compared the position of the introduction between the
with Compounds 10 and 16“” meta- and para-positions and found that the para-position
was better. We also compared the number of introduced

d AE AE, AE AE AG . .
compotn FLE vew GBSUR P groups and found that introducing one group was the best.
10 T24452 =582 —431 24825 —5639 The above results indicated that it was most suitable for R' to
16 —22121 —53.82 473 231.58 . —48.18 introduce a smaller functional group in the para-position while
“All energy components are expressed as keal/mol. "ABpy = maintaining the carboxyl group, which may be related to the
electrostatic energy; AEypy = van der Waals; AEgpsur = nonpolar spatial position of the binding pocket and the structural

solvation free energy; AEgp = polar solvation free energy; AG =

. properties of the surrounding amino acids. The structural
binding free energy.

optimization of R* first involved the introduction of methoxy
and trifluoromethyl groups on the benzene ring. It was found
that there was no significant improvement in activity; especially
when three methoxy groups were introduced simultaneously,
the activity decreased significantly. This indicated that the
optimization strategy of directly introducing functional groups
onto the benzene ring was not appropriate. Based on the
spatial position of the pocket, R* was more suitable for
introducing larger functional groups. Therefore, we directly
replaced the benzene ring with naphthalene. After the
replacement, we were surprised to find that the activity
increased sharply. This indicated that our optimization strategy
was reasonable, and we have obtained the optimal compound

inhibiting virus-induced cytokine storms. While the use of
hDHODH inhibitors alone has shown certain limitations in
clinical applications, combining them with other DAA drugs
has demonstrated enhanced antiviral efficacy. Examples of such
combinations include teriftunomide with ribavirin,”® brequinar
with molnupiravir,”* and $312 with oseltamivir."* This
improved efficacy is attributed to the different mechanisms
of action between HTA and DAA drugs. Synergistic therapy
with these drugs can target multiple steps and factors in the
viral life cycle, thereby enhancing the overall antiviral activity.
HDHODH inhibitors have shown effectiveness against a wide

range of viruses and their variants regardless of whether 10, which has activity similar to that of positive control
mutations occur. When used in combination with DAA drugs, A771726. According to the analysis of binding patterns, we
they can expand the spectrum of targeted viruses, ultimately found that naphthalene could better occupy spatial positions
achieving broad-spectrum antiviral effects. However, existing while also generating stronger interactions with surrounding
hDHODH inhibitors have shown varying degrees of adverse amino acids. It also promoted the inhibitor to move deeper
reactions in clinical applications. Therefore, the development into the binding pocket, promoted the interaction between the
of new hDHODH inhibitors is of great significance for connecting arm and surrounding amino acids, and further
advancing the field of broad-spectrum HTA drugs. enhanced the interaction between R! and surrounding amino
In the preliminary research, we used high-throughput acids. Compared to the cocrystallized structure of the
screening to obtain a structurally novel thiazolidin-4-one brequinar analogue complex, inhibitors 10 and 16 increased
hDHODH inhibitor 1. In this study, we optimized the their direct interaction with AlaSS. In order to better explore
structure of inhibitor 1 and synthesized a series of novel the interaction between inhibitors and proteins, we selected
thiazolidin-4-one hDHODH inhibitors. We then conducted in the most active compounds, 10 and 16, for MD simulation.
vitro activity testing, molecular docking, and MD simulations Through dynamics simulation analysis, we found that
of the novel inhibitors. It was found that compounds 10 and 16 inhibitors 10 and 16 have strong affinity for proteins, and
exhibited good activity, with IC;, values of 0.188 + 0.004 and their complexes are stable. This also confirms the significant
0.593 + 0.012 uM, respectively. In the optimization process, inhibitory effect of inhibitors 10 and 16 on hDHODH in vitro.
we first maintained the carboxyl structure of R' unchanged and Through optimization, we have concluded that the carboxyl
then introduced fluorine, chlorine, methyl, and methoxy group of R' and the fluorine atom introduced in the para-
groups on the benzene ring for comparison. We found that position, as well as the naphthalene of R?, were key factors in
the introduction of fluorine was the most suitable. We enhancing activity. This conclusion may provide important
12399 https://doi.org/10.1021/acsomega.4c11459
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support for the continued development of hDHODH
inhibitors in the future. In further research, it may be possible
to consider further optimizing the connecting arms to enhance
the activity and interaction. We hope to find hDHODH
inhibitors with high activity, good targeting, low side effects,
and good medicinal properties to provide assistance for the
development of HTA drugs.

4. MATERIALS AND METHODS

4.1. Materials. The hDHODH plasmid was obtained from
prelaboratory preservation. pET-19b vector, E. coli BL21
(DE3), and E. coli DHSa were purchased from Novagen
company. T4 DNA ligase (M1801), Taq enzyme (M7122),
restriction endonuclease BamHI (R6021), restriction endonu-
clease Ndel (R6801), protein marker (V523S5S), and DNA
marker (G1741) were purchased from Promega company.
Plasmid extraction kit (A1330) was purchased from the
Axygen company. The microplate reader, protein electro-
phoresis analyzer, high-pressure cell breaker, gel imaging
system, nucleic acid electrophoresis analyzer, etc. were
purchased from Bio-Rad, and Ni-NTA was purchased from
Bioengineering Co., Ltd.

4.2. Chemistry. All compounds were synthesized by
Chongging, (Changshou) Green Chemical and New Materials
Industry Technology Research Institute. The structures of the
synthesized compounds were determined by methods such as
nuclear magnetic resonance, and their purity was analyzed by
high-performance liquid chromatography.

4.3. Construction of the pET-19b-hDHODH Plasmid.
Primer design and synthesis were based on the hDHODH
gene sequence. The synthesized DNA was used as a template
for PCR amplification, followed by amplification with nucleic
acid electrophoresis and gel recovery. The pET-19b vector was
digested using Ndel and BamHI, and the PCR product was
also digested using the same restriction endonucleases. After
digestion, the product was recovered. The recovered product
was coupled with T4 DNA ligase, transferred to the competent
cell E. coli DHSa, and finally identified and sequenced. The
sequencing was correct, indicating that the pET-19b-
hDHODH plasmid had been constructed.

4.4. Protein Expression. The constructed pET-19b-
hDHODH plasmid was transferred into the expression strain
E. coli BL21(DE3) and cultured on solid medium at 37 °C.
After the monoclonal colony was produced, it was transferred
to liquid medium for cultivation at 37 °C and 220 r/min.
When the ODgy, was about 0.6, isopropyl B-p-1-thiogalacto-
pyranoside (IPTG) was added to reach a final concentration of
0.5 mmol/L, and cultivation was continued overnight. The
cultured bacterial solution was identified by protein gel
electrophoresis, and mass production was carried out after
confirmation of the expression.

4.5. Protein Purification. We dissolved the cultured
bacteria in a buffer solution consisting of 400 mmol/L NaCl,
50 mmol/L HEPES, 10 mmol/L imidazole, 10% glycerol, 0.1%
Triton X-100, and pH 7.0 and then crushed the dissolved
bacteria using a high-pressure cell crusher to dissolve the
protein in the buffer solution. After crushing, we performed
high-speed centrifugation and collected the supernatant after
centrifugation. The supernatant was slowly passed through the
processed Ni-NTA column to allow the protein to fully bind to
the column. After the completion of binding, the impurities
were washed off with wash buffer. Depending on the situation
of the impurities, multiple washings can be carried out. The

washing solution increased the concentration of imidazole on
the basis of the buffer. After the washing of the impurities was
completed, the liquid should be changed, mainly by changing
0.1% Triton X-100 to 10 mmol/L UDAQO, while leaving the
other components unchanged. Finally, the target protein was
eluted, and the elution buffer consisted of 400 mmol/L NaCl,
50 mmol HEPES, 500 mmol/L imidazole, 10 mmol/L UDAO,
10% glycerol, and pH 7.0. After elution, the target protein was
packaged and stored for subsequent experiments. The entire
purification process was completed in a low-temperature
environment.

4.6. Biological Activity Evaluation. We diluted the
hDHODH protein to a final concentration of 10 nM using an
activity test solution. The components of the activity test
solution were 150 mM KCI, 50 mM HEPES, 0.1% Triton X-
100, and pH 8.0. After dilution, a final concentration of 100
#M CoQ and a final concentration of 120 yuM DCIP were
added and mixed well. The hDHODH inhibitor was dissolved
in DMSO. The 199 uL mixture was transferred into the 96-
well plate, and different concentrations of inhibitors were
added. We waited for the reaction for S min at room
temperature and then added the substrate DHO to achieve a
final concentration of 500 M. The 96-well plate was placed in
the microplate reader and a wavelength of 600 nm was selected
for reading. The inhibition rate of the compound was
calculated using the formula (1-V;/V,)*100%. The ICs, value
of the compound was calculated using Origin 8.0 based on the
inhibition rates of different concentrations. During the testing
process, A771726 and brequinar were used as positive controls,
and parallel measurements were conducted three times.

4.7. Molecular Docking. We downloaded the crystal
structure 1D3G>* of the hDHODH complex from the PDB
database, removed water molecules and other ligand
molecules, and used it as a docking template. We drew the
three-dimensional structure of the inhibitor using Chem3D
and then converted it to mol2 format using Open Babel for
backup. The AutoDock was used for molecular docking, which
opened macromolecular proteins to perform hydrogenation
and charge calculations, and finally, it was saved in PDBQT
format. The small molecules were imported and then
processed using ligand and were saved in PDBQT format.
The large molecule proteins and small molecule ligand were
opened in the Grid and we set the parameters for an AutoGrid
run, with all Grid parameters set by default. The macro-
molecular proteins and small molecule ligands were opened in
docking, and the genetic algorithm was selected to run
AutoDock; all docking parameters were set by default. After
the docking was completed, the docking results were opened
for analysis, and the conformation with the lowest binding
energy was selected for binding mode analysis. Simultaneously
verify through redocking.

4.8. Molecular Dynamics. MD simulation of the modeled
protein complex was performed by AMBER22 software.”’
Protein and compound were parameterized with the AMBER
ff14SB force field”® and the general AMBER force field
(gaff),”” respectively. The complex system was solvated with
the TIP3P*® water model with a distance of 10 A between the
solute and box. Counter-ions (Na* or CI”) were added to
neutralize the solvated system. The solvated system was
minimized by the gradient descent algorithm. After mini-
mizations, the system was gradually heated from 0 to 300 K in
the NVT (T = 300 K) ensemble over a period of 500 ps and
then relaxed in the NPT ensemble (T = 300 K and P = 1 atm).
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SHAKE algorithm was used to constrain the bonds involving
hydrogen atoms. The cutoff value of 10 A was set to calculate
the short-range interactions. The particle mesh Ewald (PME)
algorithm was used to calculate the long-range electrostatic
interactions. The time step was set to 2 fs, and the snapshots
were recorded every 20 ps. A 100 ns production simulation
was performed. RMSD, RMSF, and SASA analyses were
conducted by the CPPTRAJ module implemented in AMBER
software. 50 structural snapshots extracted from the equili-
brated trajectory were used for binding free energy calculation
by the MM/GBSA method” implemented in AMBER
software.
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