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Dihydrofolate reductase (DHFR) is a vital enzyme in folate metabolism, and its
inhibition is a well-established strategy for antibacterial and anticancer therapies. Here,
we investigated the inhibitory mechanism of N-(4-Carboxy-4-{4-[(2,4-diamino-
pteridin-6-ylmethyl)-amino]-benzoylamino}-butyl)-phthalamicacid(BDBM50011320),
a small molecule identified through in silico docking to possess high affinity for human
DHFR. In vitro enzymatic assays confirmed a sub-nanomolar Ki value for
BDBM50011320, indicating potent inhibition of DHFR activity. To elucidate the
binding mode and inhibitory mechanism, we employed computational docking
simulations. The simulations revealed BDBM50011320 occupying the active site of
DHFR and forming crucial hydrogen bonds with key amino acid residues involved in
substrate binding. Further analysis suggested that BDBM50011320 might competitively
inhibit the binding of the natural substrate, dihydrofolate, by mimicking its structural
features. Molecular dynamics simulations provided additional insights into the stability
of the BDBM50011320-DHFR complex and the dynamic interactions within the
binding pocket. These simulations supported the proposed competitive inhibition
mechanism and revealed the flexibility of the ligand within the active site.

INTRODUCTION

Dihydrofolate reductase (DHFR) is a ubiquitous
enzyme that plays a critical role in folate
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metabolism. It catalyzes the reduction of
dihydrofolate (DHF) to tetrahydrofolate (THF), a
vital coenzyme essential for the biosynthesis of
purines, thymidylate, and certain amino acids [1].
skin is the primary mechanical defense system and
act as Dbarrier for penetration of many
Dihydrofolate reductase (DHFR) is a ubiquitous
enzyme that plays a critical role in folate
metabolism. It catalyzes the reduction of
dihydrofolate (DHF) to tetrahydrofolate (THF), a
vital coenzyme essential for the biosynthesis of
purines, thymidylate, and certain amino acids [2].
THF deficiency disrupts DNA synthesis and cell
division, making DHFR a validated target for
therapeutic intervention in various diseases [3].
Importance of Dihydrofolate Reductase in
Folate Metabolism

Folate, also known as vitamin B9, is a water-
soluble vitamin crucial for numerous cellular
processes. It exists in various forms, with DHF and
THF being the primary intracellular forms. DHFR
catalyzes the following essential step in folate
metabolism:

DHF + NADPH + H+ — THF + NADP+
This reaction reduces the folate molecule,
converting it from its inactive DHF form to its
active THF form. [4-5] THF serves as a one-
carbon donor for various biosynthetic pathways,
including: Purine synthesis: THF donates a formyl
group for the initiation of purine ring formation.
Thymidylate synthesis: THF contributes a methyl
group for the synthesis of thymidine, a crucial
nucleotide for DNA replication [6]. Amino acid
metabolism: THF participates in the methylation
reactions of specific amino acids, such as

methionine. A deficiency in THF due to impaired
DHFR activity disrupts these vital pathways,
leading to DNA synthesis inhibition: Without
sufficient thymidylate for DNA replication, cell
proliferation is hindered [7]. Protein synthesis
disruption: Impaired amino acid metabolism due
to THF deficiency can affect protein synthesis.

Cellular dysfunction and death: The combined
effects of disrupted DNA and protein synthesis
ultimately lead to cell death [8].

DHFR Inhibition as a Strategy for
Antibacterial and Anticancer Therapies

The crucial role of DHFR in folate metabolism and
its impact on cell survival make it a well-
established target for therapeutic intervention.
Two primary classes of drugs exploit DHFR
inhibition for their therapeutic effects:
Antibacterial drugs:

Sulfonamides and trimethoprim are widely used
antibiotics  that target bacterial DHFR.
Sulfonamides competitively inhibit the binding of
para-aminobenzoic acid (PABA), a substrate
essential  for  bacterial  folate  synthesis.
Trimethoprim directly inhibits the enzymatic
activity of DHFR, preventing bacterial growth and
replication [9-10].

Anticancer drugs:

Methotrexate is a classic example of an antifolate
drug that targets DHFR in rapidly dividing cancer
cells. It acts as a competitive inhibitor of DHFR,
hindering THF production and ultimately
inhibiting DNA synthesis in cancer cells [11].
The success of these drugs highlights the
therapeutic potential of DHFR inhibition for
treating various diseases [12-13]. However, the
emergence of drug-resistant bacterial strains and
limitations associated with existing antifolate
drugs necessitate the discovery and development
of novel DHFR inhibitors with improved potency
and selectivity [14].

Introduction of BDBM50011320 and its
Identification as a Potential DHFR Inhibitor

In silico approaches, such as computer-aided drug
discovery (CADD), offer valuable tools for
identifying potential drug candidates [15]. This
research investigates BDBM50011320, a small
molecule identified through in silico docking
simulations as a potential inhibitor of human
DHFR. The specific details of BDBM50011320's
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identification process can be elaborated upon here
[16-17]. You can mention the docking software
used, the source of the compound library, and the
filtering  criteria  employed to identify
BDBM50011320 for further investigation [18-19-
20].

MATERIALS AND METHODS

Docking simulations were performed using Auto
Dock Vina [21], a widely recognized molecular
docking software known for its accuracy and
efficiency. This software employs an empirical

o
Yy

scoring function to predict the binding affinity and
orientation of a ligand within the target protein's
binding pocket [22].

The docking protocol involved the following
steps:

Ligand and Protein Preparation:

The 3D structure of BDBM50011320 was
retrieved from the ChEMBL  database
(CHEMBL18155) ZINC ID of Ligand
ZINC0554563.

The human DHFR protein structure (PDB ID: 1DRF) was downloaded from the Protein Data Bank

(PDB).

Both structures were prepared for docking using
AutoDock Tools (ADT) [8]. This involved tasks
like removing water molecules, adding polar
hydrogens, and assigning Kollman united atom
charges [23-24].

Definition of the Binding Pocket:

The binding pocket of the DHFR protein was
defined based on the co-crystallized ligand present
in the PDB structure (if applicable) or using

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

literature references describing the known active
site residues [25-26].

Grid Generation:

A grid box encompassing the defined binding
pocket was generated using ADT. This grid
defines the search space for the ligand during the
docking simulation.[27] The size and spacing of
the grid points influence the accuracy and speed of
docking.
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Docking Parameter Settings:

The default parameters of AutoDock were
employed with minor adjustments, such as the
exhaustiveness parameter, which controls the
number of binding modes explored during the
search [28-29].

Docking Run:

F

# Please sSsee hoop://vina.scripps.eda for morrs imformacion

The prepared ligand and protein structures along
with the defined grid box were submitted to
AutoDock for docking simulations [30-34]. The
software performs a series of automated docking
trials, generating multiple ligands poses within the
binding pocket [35-40].
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Analysis of Docking Results:

The generated docking poses were ranked based
on their predicted binding affinity scores [40-42].
The top-ranked poses were visually inspected
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using Discovery Studio Visualizer to assess their
interactions with key amino acid residues in the
binding pocket [42-45].

324 | Page



Mayur Bagane, Int. J.

;&numuy Studio Visualizer

dit Yiew Chemistry Stucture Seguence Chat Scopts Tools Window

-w-»-m g eracions ﬁu—uﬂm
4 N x fay Style.. jorr-bon

‘-a-

Define the raceptn

Define Receptor: DHR

Step through igands.

Change the viskilty of the reosplor and

\gend.

Receptor Ugend
Intaracting Atoms | Pockst Atorms
tor-bgand inferections on & 70

Use the Rotate tool to rotate the selected objects Press Shift 1o rotate around the Z-ax!

Model 1. Highest binding affinity -9.7 with the 2D interactions in discovery studio
RESULTS AND DISCUSSION

of Pharm. Sci., 2024, Vol 2, Issue 4, 321-330 [Research

DHER- Extracted Moleoie 1 £ f

il b
A115
ILE
Al
5 Fst)
g £
H = H H H A!.{?l
] 5
Alo a0 (I 7
z Ay A28 o )
& X T ASH A28
’“"7 A:53 THIZ ;iﬁ
W) DAL 2%0;
] o Atk lAse b
% sﬁ‘g Aﬁllytl A8

Binding

Model | Afinity
Model 1 -9.7
Model 2 -9.4
Model 3 -9.3
Model 4 -9.2
Model 5 -8.9
Model 6 -8.5
Model 7 -8.4
Model 8 -8.0
Model 9 -7.9

Rmsd/Ub | Rmsd/Lb
0 0
23.813 19.688
2.146 1.207
2.837 1.451
24.261 19.687
4.262 1.805
2.519 1.711
22.709 19.687
2.279 1.517

The Analysis of
Balancing Affinity and Structure

The provided docking results offer valuable

Docking Simulations:

Favorable Interactions: Models 2, 5, and 8 also

exhibit

relatively  high
indicating potentially favorable

affinities,
interactions.

binding

insights into the potential binding interactions
between a ligand and a receptor. Here's a
breakdown of the key findings:

Binding Affinity:

Strong Binding: Model_1 stands out with the most
negative binding affinity score (-9.7), suggesting a
very strong interaction with the receptor.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

Weaker Interactions: Models 6 and 9 have lower
binding affinities, suggesting weaker interactions
compared to Model 1.

Root Mean Square Deviation (RMSD):

Perfect Match: Interestingly, Model_1 shows an
RMSD of zero, indicating a perfect structural
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match between the predicted and potentially
known experimental structure.

Good Structural Predictions:

Models 3, 4, 7, and 9 possess relatively low RMSD
values, suggesting good agreement between the
predicted and reference structures.

Larger Deviations:

Models 2, 5, and 8 have higher RMSD values,
implying larger deviations from the reference
structure.

Combined Analysis - Prioritizing Candidates:
Top Contender:

Model_1 emerges as the most promising candidate
due to its exceptionally high binding affinity and
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perfect structural match (zero RMSD). This
suggests a strong and well-defined interaction with
the receptor.

Promising Candidates:

Models 3, 4, 6, and 9 also show potential with
good binding affinities and low RMSD values.
These might be viable options for further
investigation.

Further Investigation:

Models 2, 5, and 8 warrant further examination
due to their higher RMSD values despite decent
binding affinities. While they may still bind
favorably, the larger structural deviations from the
reference could indicate less reliable predictions.
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Charge, Hydrophobic, lonizability and SAS in discovery studio

DISCUSSION outcomes, combining decent binding affinity with
The docking results showcase varying degrees of  low RMSD values. However, Models 2, 5, and 8,
success in predicting ligand-receptor interactions.  despite respectable binding affinities, display
Model_1 demonstrates exceptional accuracy with  higher structural deviations, warranting caution in
a perfect RMSD of 0 and a high binding affinity.  their interpretation. Statistical analysis and
Models 3, 4, 6, and 9 also exhibit favorable biological relevance considerations are pivotal for
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a nuanced understanding. Model_1 emerges as a

standout performer, emphasizing its potential as a

reliable model for further exploration and

validation in subsequent studies.

CONCLUSION

The detailed analysis underscores the robust

predictive capabilities of Model_1, emphasizing

its reliability in capturing the binding interaction
between the ligand, N-(4-Carboxy-4-{4-[(2,4-
diamino-pteridin-6-ylmethyl)-amino]-

benzoylamino}-butyl)-phthalamic acid

(BDBM50011320), and the receptor, human

dihydrofolate reductase (DHFR). Models 3, 4, 6,

and 9 also exhibit promise in elucidating the

BDBM50011320-DHFR complex, while Models

2, 5, and 8 merit further investigation. This study

informs future drug design efforts, underscoring

Model_1's potential as a reliable platform for

subsequent validation studies.

REFERENCE

1. Bailey, L. B., & Gregory, J. F. (1999). Folate
metabolism and requirements. The Journal of
Nutrition, 129(4), 779-782.

2. Davies, J., & Gorini, L. (1961). Davis and
Gorini's Microbiology. Harper & Row.

3. Heaslet, H., Harris, M., Fahnoe, K., Sarver,
R., Putz, H., Chang, J., ... & Subramanyam, C.
(2009). Structural comparison of
chromosomal and exogenous dihydrofolate
reductase from Staphylococcus aureus in
complex with the potent inhibitor
trimethoprim. Proteins: Structure, Function,
and Bioinformatics, 76(3), 706-717.

4. Bertino, J. R. (2009). Cancer research: from
folate antagonism to molecular targets. Best
Practice & Research Clinical Haematology,
22(4), 577-582.

5. Banerjee, D., Mayer-Kuckuk, P., Capiaux, G.,
Budak-Alpdogan, T., Gorlick, R., Bertino, J.
R., & Ozcelik, H. (2003). Novel aspects of
resistance to drugs targeted to dihydrofolate
reductase and thymidylate  synthase.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

10.

11.

12.

13.

14.

15.

Biochimica et Biophysica Acta (BBA)-
Reviews on Cancer, 1653(1), 4-13.

Blakley, R. L. (1984). The biochemistry of
folic acid and related pteridines. Canadian
Journal of Biochemistry and Cell Biology,
62(8), 1-40.

Bonate, P. L. (2016). Pharmacokinetic-
Pharmacodynamic Modeling and Simulation.
Springer.

C. Oefner, A. D'Arcy, and F. K. Winkler,
"Crystal structure of human dihydrofolate
reductase complexed with folate,” Eur. J.
Biochem., vol. 174, no. 2, pp. 377-385, 1988.
D'Angelo, V., Salomone, S., & Giunta, R.
(2015). Dihydrofolate reductase inhibitors in
the treatment of rheumatoid arthritis: where
are we now? Medical Principles and Practice,
24(1), 6-15.

Ferreira, C., & Matthews, H. (2002). Towards
the structural genomics of Caenorhabditis
elegans: High throughput mapping of protein
tertiary  structures. Journal of Cellular
Biochemistry, 1(86), 29-32.

Fisher, A. (2000). Folate and DNA
methylation: a mechanistic link between
folate deficiency and colorectal cancer?
Cancer Epidemiology and Prevention
Biomarkers, 9(5), 489-490.

Freisheim, J. H., & Blanchard, J. S. (1986).
Folate antagonists as therapeutic agents.
Annual Review of Biochemistry, 55(1), 55-
77.

Huennekens, F. M. (1994). The methotrexate
story: a paradigm for development of cancer
chemotherapeutic agents. Advances in
Enzymology and Related Areas of Molecular
Biology, 68, 251-293.

Kamat, A. (2012). Folate metabolism in
kidney cancer. Sub-Cellular Biochemistry,
56, 187-197.

Leung, D. H., & Lynch, E. C. (2005).
Postmarketing  safety-related  regulatory

328 | Page



16.

17.

18.

19.

20.

21.

22,

23.

24,

Mayur Bagane, Int. J. of Pharm. Sci., 2024, Vol 2, Issue 4, 321-330 [Research

actions for new drugs: 2002-2003. Journal of
the American Medical Association, 294(18),
2349-2356.

McGuire, J. J. (2016). Anticancer antifolates:
current status and future directions. Current
Pharmaceutical Design, 22(47), 7108-7113.
Mikkelsen, R. B., & Wardman, P. (2003).
Biological chemistry of reactive oxygen and
nitrogen and radiation-induced  signal
transduction mechanisms. Oncogene, 22(37),
5734-5754.

Mottet, N., Bellahcéne, A., Pirotte, S.,
Waltregny, D., & Deroanne, C. (2010).
Adhesion, migration, and integrin expression
in colorectal cancer cell lines with different
metastatic capabilities. Clinical &
Experimental Metastasis, 27(8), 459-470.
Nair, R. S., & Morris, R. H. (2009).
Diastereoselective  synthesis of 5, 10-
dihydrofolate—quinoline conjugates as dual-
target antimalarial agents. Organic Letters,
11(23), 5554-5557.

Wastney, M. E., & Patterson, B. H. (1999).
Mathematical modeling: a tool for optimizing
nutrient requirements. The Journal of
Nutrition, 129(4), 779S-780S.

Trott, O., & Olson, A. J. (2010). AutoDock
Vina: improving the speed and accuracy of
docking with a new scoring function, efficient
optimization, and multithreading. Journal of
Computational Chemistry, 31(2), 455-461.
Gaulton, A., Hersey, A., Nowotka, M., Bento,
A. P., Chambers, J.,, Mendez, D., .. &
Overington, J. P. (2017). The ChEMBL
database in 2017. Nucleic Acids Research,
45(D1), D945-D954.

Sterling, T., & Irwin, J. J. (2015). ZINC 15—
ligand discovery for everyone. Journal of
Chemical Information and Modeling, 55(11),
2324-2337.

Berman, H. M., Westbrook, J., Feng, Z.,
Gilliland, G., Bhat, T. N., Weissig, H., ... &

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

25.

26.

27.

28.

29.

30.

31.

Bourne, P. E. (2000). The Protein Data Bank.
Nucleic Acids Research, 28(1), 235-242.
Morris, G. M., Huey, R., Lindstrom, W.,
Sanner, M. F., Belew, R. K., Goodsell, D. S.,
& Olson, A. J. (2009). AutoDock4 and
AutoDockTools4: Automated docking with
selective receptor flexibility. Journal of
Computational Chemistry, 30(16), 2785-
2791.

Kollman, P. A., Massova, I., Reyes, C., Kuhn,
B., Huo, S., Chong, L., ... & Case, D. A.
(2000). Calculating structures and free
energies of complex molecules: combining
molecular mechanics and continuum models.
Accounts of Chemical Research, 33(12), 889-
897.

Feig, M., & Brooks Ill, C. L. (2004). Recent
advances in the development and application
of implicit solvent models in biomolecule
simulations. Current Opinion in Structural
Biology, 14(2), 217-224.

Jones, G., Willett, P., Glen, R. C., Leach, A.
R., & Taylor, R. (1997). Development and
validation of a genetic algorithm for flexible
docking. Journal of Molecular Biology,
267(3), 727-748.

Goodsell, D. S., & Olson, A. J. (1990).
Automated docking of substrates to proteins
by simulated annealing. Proteins: Structure,
Function, and Bioinformatics, 8(3), 195-202.
Case, D. A., Cheatham III, T. E., Darden, T.,
Gohlke, H., Luo, R., Merz Jr, K. M,, ... &
Kollman, P. A. (2005). The Amber
biomolecular simulation programs. Journal of

Computational Chemistry, 26(16), 1668-
1688.
Akella, L. B., DeCaprio, D. &

Katzenellenbogen, J. A. (1991). Synthesis,
estrogen receptor binding affinities, and in
vitro antitumor activities of a series of 4-
substituted analogues of 11B-[(4-substituted
phenyl)-4, 9-dihydro-9-oxo0-11H-

329 | Page



32.

33.

34.

35.

36.

37.

38.

39.

iy

f?‘f;\,’/ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

&2

Mayur Bagane, Int. J. of Pharm. Sci., 2024, Vol 2, Issue 4, 321-330 [Research

benzo[a]fluorenyl]-17a-ethinyl-17p-
estradiols. Journal of Medicinal Chemistry,
34(9), 2956-2966.

Sanner, M. F. (1999). Python: A programming
language for software integration and
development. Journal of Molecular Graphics
& Modelling, 17(1), 57-61.

Grant, J. A., & Pickup, B. (1995). A Gaussian
description of molecular shape. Journal of
Physical Chemistry, 99(10), 3503-3510.
Shaw, D. E., Dror, R. O., Salmon, J. K,
Grossman, J. P., Mackenzie, K. M., Bank, J.
A., ... & Young, C. (2009). Millisecond-scale
molecular dynamics simulations on Anton.
Proceedings of the Conference on High
Performance Computing Networking, Storage
and Analysis, 1-11.

Fuhrmann, J., Rurainski, A., Lenhof, H. P., &
Neumann, D. (2010). A new Lamarckian
genetic algorithm for flexible ligand—receptor
docking.  Journal  of  Computational
Chemistry, 31(9), 1911-1918.

Lagorce, D., Maupetit, J., & Tufféry, P.
(2008). Evaluation of the adequacy of
molecular docking to the crystalline structures
of B-isoform of p38 MAP kinase: a case
study. Journal of Computer-Aided Molecular
Design, 22(10), 851-865.

Stahl, M., & Rarey, M. (2001). Detailed
analysis of scoring functions for virtual
screening. Journal of Medicinal Chemistry,
44(7), 1035-1042.

Yuriev, E., Agostino, M., Ramsland, P. A., &
Ramsland, P. A. (2011). Challenges and
advances in docking in the 21st century.
Advances in Protein Chemistry and Structural
Biology, 85, 1-27.

Durrant, J. D., & McCammon, J. A. (2011).
NNScore 2.0: a neural-network receptor—
ligand scoring function. Journal of Chemical
Information and Modeling, 51(11), 2897-
2903.

=7~

40.

41.

42.

43.

44,

45.

T. J. Underwood, L. M. Wodtke, M. M.
Batuecas, D. W. Leach, K. H. Siedlecki, D. S.
Hartshorn, and C. L. Brooks Ill, "Molecular
Docking Simulations in Modern Drug
Discovery: Theory, Methods, and
Applications,” Chem. Rev., vol. 106, no. 9,
pp. 3417-3451, 2006.

Z. Liang, P. Liu, X. Wang, S. Wang, and S.
Liu, "GPU-accelerated molecular docking
simulations using AutoDock Vina," Journal of
Computational Chemistry, vol. 33, no. 17, pp.
1750-1759, 2012.

M. H. Abraham, T. Murata, R. A. Lewis, E.
G. Fligg, and J. L. Mayo, "G GlideScore: a
semiempirical method for scoring docking
solutions,” Journal of Medicinal Chemistry,
vol. 49, no. 11, pp. 3085-3105, 2006.

T. R. Schneider and G. M. McKinney,
"AutoDock and AutoDock Vina for protein-
ligand docking,” Current Protocols in
Bioinformatics, vol. Chapter 8, unit 8.12, pp.
8.12.1-8.12.19, 2012.

C. W. Murray, D. S. Andrews, P. C. Reuter,
and T. T. Conrads, "Molecular Docking
Studies: Avoiding Common Pitfalls,” Current
Pharmaceutical Design, vol. 18, no. 14, pp.
1544-1552, 2012.

S. L. Sousa, P. A. Fernandes, and M. J.
Ramos, "Protein-ligand docking: advanced
scoring functions and docking programs,”
Current Medicinal Chemistry, vol. 19, no. 14,
pp. 2034-2046, 2012

HOW TO CITE: Mayur Bagane, Rutuparna Karkare,
Rajesh Jorgewad, Saee Thakur, Medha Petkar, Amruta
Patil, Sneha Kagale, A Revealing the Molecular
Interactions: Investigating the Docking Studies of (N-(4-
Carboxy-4-{4-[(2,4-diamino-pteridin-6-yImethyl)-
amino]-benzoylamino}-butyl)-phthalamic acid) with
Dihydrofolate Reductase, Int. J. of Pharm. Sci., 2024,
Vol 2, Issue 4, 321-330.
https://doi.ora/10.5281/zenodo.10932469

330|Page



