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INFORMATION ABSTRACT

Hapiiwna o pegakuii / Received: The aim of the work. To predict the mechanisms of anticancer activity using

07.05.2024 modern web tools for the compound Les-6489.
Micns poonpavtoBaHHsA / Revised: Materials and Methods. Molecular docking of EGFR and HER2 tyrosine kinases
04.06.2024 was performed for compound Les-6489. To evaluate the stability of complexes
MpuiinaTo o apyky / Accepted: with Les-6489, molecular dynamics (MD) simulations were performed using
07.06.2024 GROMACS 13, which is accessed through the SiBioLead server.

Results and Discussion. As a result of in silico studies, a mechanism of antitumor
Key words: activity was predicted for the studied compound Les-6489, which is implemented
thiazoles; by inhibiting EGFR and HER2 tyrosine kinases.
isoindole; Conclusions. The obtained results may become a platform for further structural

anticancer activity; optimization of the identified thiazole-isoindole hybrid molecule in the development

molecular docking;
molecular dynamics simulations.

of modern anticancer agents.

Introduction.  Nitrogen- and sulfur-containing
heterocycles, particularly thiazoles, have been
extensively developed in medicinal and pharmaceutical
chemistry due to their diverse biological activities and
clinical applications [1]. Thiazole-based derivatives are a
well-recognized class of biologically active compounds,
serving as the key core for various drugs with
antimicrobial, antiviral, antioxidant, anticancer, and anti-
inflammatory properties [1]. Pharmacophore hybrid
approach is an effective tool for the synthesis of multi
targeted agents [2]. It is well known that isoindole
fragment, therapeutically used in cancer diseases, and it
possesses a wide spectrum of another activities,
especially antimicrobial, and anti-inflammatory [3-5]. As
a result, the purpose of our work was study of the in
silico mechanism of biological activity of (E)-2-((5-(3-(2-
fluorophenyl)acryloyl)-4-methylthiazol-2-yl)amino)
isoindoline-1,3-dione (Les-6489), which possess a high
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level of anticancer activity within the DTP NCI program
[6].

To investigate the potential mode of action of (E)-2-
((5-(3-(2-fluorophenyl)acryloyl)-4-methylthiazol-2-yl)
amino)isoindoline-1,3-dione (Les-6489, Fig. 1), we
employed the SwissTargetPrediction web server to
predict its target enzyme classes [7]. The results
demonstrated significant affinities for the kinase families
(40 %) Additionally, the structure of Les-6489 is
compatible with the general pharmacophore model of
EGFR inhibitors [8].

Compound Les-6489 exhibits the characteristic
pharmacophoric features of EGFR tyrosine kinase
inhibitors. This class of anticancer drugs typically
comprises four key components: (a) a terminal
hydrophobic head that fits into a hydrophobic region, (b)
a flat heteroaromatic ring that occupies the adenine
binding pocket, (c) animino linker, and (d) a hydrophobic
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tail that interacts with another hydrophaobic region of the
EGFR tyrosine kinase enzymes (Fig. 2). To estimate the
affinity of studied derivative for EGFR and HER2, we
employed common in silico approaches, including
molecular docking and molecular dynamics simulations.
HER?2 receptors were also included because EGFR and
HER2 can form heterodimers [9] and some inhibitors
that conform to the typical pharmacophore model of
EGFR also exhibit affinities for HER2 receptors [10-12].

Materials and Methods. To investigate the hypothesis
that antitumor activity is mediated through the inhibition
of EGFR and HER?2 tyrosine kinases, docking studies
were conducted. The target enzymes selected for this
study were EGFR (PDB ID: 3W32) [13] and HER2 (PDB
ID: 3PPO0) [14]. Due to the absence of certain amino
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acids in the selected PDB files, which could significantly
influence docking and molecular dynamics results, the
structures of EGFR and HER2 proteins were
reconstructed using the Swiss-Model web server [15].
This reconstruction was based on their sequences and
existing structures available on the PDB server.
AutoDock Vina 1.2.5 was selected for its capability to
accurately reproduce the positions of co-crystallized
ligands within the selected enzymes with excellent
RMSD values [16]. The energy-minimized 3D structure
of Les-6489 was generated using Avogadro with the
MMFF94 force field developed by Merck Research
Laboratories (20,000 cycles) [17]. Protein structures
were prepared for simulation using AutoDock Tools
1.5.6, which involved removing water molecules, adding
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Fig. 1. The predicted target enzymes classes with probable affinity with Les-6489.

Fig. 2. Typical structural features of EGFR inhibitors compared with Les-6489.
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polar hydrogen atoms, and assigning Kollman charges
to residues. A cubic grid box of 55 A was centered within
the ATP binding site.

The binding energies of native ligands, which are
experimentally confirmed potent tyrosine kinase
inhibitors (BDBM50432376 for EGFR and
BDBM50358456 for HER?2), were obtained and used for
comparison and inhibition activity assessment with Les-
6489. To validate the obtained results through cross-
docking, we included the structure of Tak-285, a potent
dual EGFR/HER2 inhibitor, in the set of the used
reference ligands [18].

Molecular dynamics (MD) simulations were performed
using GROMACS [19], accessed via the SiBioLead
server (https://sibiolead.com/), to assess the stability of
the complexes with Les-6489. For comparative
purposes, MD simulations were also performed with the
native ligand. The complexes obtained from the
simulations were checked and repaired using Swiss-
PDB Viewer. The protein-ligand complexes were
solvated in a triclinic box containing water, with 0.15 M
NaCl added to neutralize the system's charge. The
simulation system was parameterized with the
CHARMM27 force field [20]. Before the production run,
the system underwent equilibration using the NVT and
NPT ensembles for 300 ps each. The MD simulation
was conducted for 100 ns, utilizing the leap-frog
integrator. Trajectory frames were recorded at 20 ps
intervals throughout the 100 ns simulation, resulting in
5000 frames. The data obtained were analyzed using
GROMACS' built-in trajectory analysis tools and
Microsoft Excel.

Results and Discussion. The obtained models of
EGFR and HER2 exhibited GMQE scores of 0.86 and
0.83, and QMEAN scores of 0.82+0.05 and 0.78+0.05,
respectively. These values indicate that the quality of the
predicted models is sufficient for docking and dynamic
simulation [21]. Docking results demonstrated the
potential affinity of Les-6489 for EGFR and HER2, with
a slight preference for HER2 receptors. However, it
should be noted that the binding energies are lower
compared to the native ligands (Table).

In the EGFR compound, the NH linker forms a single
hydrogen bond with ASN842, measuring 2.50 A. The
phthalimide core interacts with ARG841 through an alkyl

Table
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interaction; however, this interaction is relatively weak
due to the more hydrophilic nature of the interacting
residue. The o-fluorophenyl substituent fits well into a
pocket formed by Leu716, Val726, Lys745, and Leu788.
The fluorine atom forms electrostatically-driven
noncovalent interactions with Aal743 and lle744,
contributing significantly to the overall binding energy
within the ATP binding site of EGFR (Fig. 3).

The Autodock docking score of Les-6489 is close to
the reference ligand and Tak-285, compared to the
results with EGFR. The molecule's tail and head fit well
into the cavities formed by the lipophilic amino acids,
interacting through t-alkyl non-covalent interactions.
Additionally, the NH linker part of the molecule forms
strong hydrogen bonds with ASP162 (2.25 A), and the
thiazole core interacts with Lys52 via a hydrogen bond
(2.63 A) (Fig. 4).

Molecular dynamics.

Dynamic simulation demonstrated the stability of both
complexes, either Les-6489 or BDBM50358456, with
HER2. Root Mean Square Deviation (RMSD) is a
measure, used to quantify the average deviation of a
ligand’s positions from a reference start point over time.
It provides insight into the overall structural stability and
conformational changes of the molecule during the
simulation. The RMSDs in both complexes are less than
0.3 nm. However, the native ligand demonstrated a
more stable position during the 100 ns simulation,
without any significant changes. In contrast, Les-6489,
despite showing a better RMSD value, exhibited greater
fluctuation during the 100 ns molecular dynamics
simulation (Fig. 5).

Root Mean Square Fluctuation (RMSF) helps to
quantify the flexibility of residues, over the time of the
simulation. It indicates how much the position of each
atom fluctuates around its average position during the
simulation. The RMSF values for both complexes
demonstrated similar stability, with a slight advantage
observed for the native ligand compared to the complex
with Les-6489 (Fig. 6).

The number of hydrogen bonds facilitates to estimate
of the interactions and stability within and between
HER2 and the tested ligands. Consistency in the number
of hydrogen bonds over time may indicate the stabilityy of
a molecular complex. Stable interactions are often

Binding energies for Les-6489 and experimentally confirmed ligands of the EGRF and HER2

Compounds EGFR HER2
P (kcal/mol) (kcal/mol)
Les-6489 -9.52 -10.32
BDBM50432376( PDB: W32) 127 -
BDBM50358456 (PDB: 03Q) _ 1157
Tak-285 -11.08 [11.44
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Fig. 3. 3D&2D schemes of the EGFR — Les-6489 interaction.

characterized by a consistent number of hydrogen
bonds throughout the simulation. Both complexes
exhibited a stable number of hydrogen bonds during the
simulation. However, the native ligand maintained three
hydrogen bonds for a longer duration compared to Les-
6489, indicating better overall stability of the native
ligand complex (Fig. 7).

The radius of gyration (Rg) quantifies the overall
compactness and distribution of a molecule's mass
around its center of mass, providing insights into the

molecule's structural characteristics and changes during
the simulation. A stable Rg value over time suggests that
the molecule maintains a consistent overall structure,
while fluctuations in Rg may indicate structural instability
or transitions between different states. The Rg for HER2
— Les-6489 complexes indicates slight changes in the
compactness of the complex during the simulation,
whereas the complex with the native ligand exhibits
more stable compactness. This stability suggests a
more stable connection for the native ligand complex.
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Fig. 4. 3D&2D schemes of the HER2 — Les-6489 interaction.
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Fig. 5. The comparison of the RMSDs values for Les-6489 and BDBM50358456.
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RMSFs values for complexes of HER2 with Les-6489 and
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Fig. 6. The calculated average RMSF for HER2 complexes with Les-6489 and BDBM50358456.
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Fig. 7. The number of hydrogen bonds during the simulation for complexes of HER2 with Les-6489 and BDBM50358456.

Nevertheless, both complexes are quite comparable in

terms of their overall structural characteristics (Fig. 8).
Dynamic simulation demonstrated the stability of

both Les-6489 and BDBM50358456 complexes with

native ligand complex
demonstrated superior stability across multiple
metrics compared to the Les-6489 complex.
Nevertheless, both complexes were quite comparable

HER2. Overall, the
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Rg of the Les-6489 and BDBM50358456 comlexes with
HER2

2,05
2,03
2,01

~~

£1,99

51,97

1,95

5 10 14 19 24 29 33 38 43 48 53 57 62 67 72 76 81 86 91 96

Time (ns)

Les-6489  ——-BDBMS50358456

Fig. 8. The Rg values for HER2 with compound 3 and BDBM50358456.

in their overall structural characteristics, with each
showing distinct advantages in specific areas of
stability assessment.

Conclusion. Complex studies based on molecular
docking and molecular dynamics (MD) simulations have
established a significant potential of the compound Les-
6489, which can be considered as a potential direction
for further in-depth studies of anticancer activity of

thiazole derivatives with isoindole fragments in the
structure.

Funding. This research received no external funding.

AaHi npo chiHaHcoBY nigTPUMKY. Lle gocnigpkeHHs
He MaJ10 30BHILUHBLOIO (PiHAaHCYBaHHS.

Conflicts of interest: authors have no conflict of
interest to declare.

KoHchnikT iHTepeciB: BiACyTHIi.

IN SILICO JOCNIIXEHHA MEXAHI3MY MPOTUMYX/IMHHOI AKTUBHOCTI (E)-2-((5-(3-(2-
®YOPO®EHIM)AKPUNOIM)-4-METUNTIA30/-2-1/T) AMIHO)I3OIHAO0MIH-1,3-410HY (LES-6489)

0O.-M. B. ®egyceBuuy

JlbgiBCbKUl HayioHasIbHUl MeduydHul yHisepcumem iMeHi [aHuna asiuybko2o
olgafedysevuch1998@gmail.com

MeTta po60Tu. 34iliCHATN NPOrHO3yBaHHA MeXaHi3MiB peastisavii NpoTUNYXIMHHOT aKTUBHOCTI 3 BUKOPUCTaHHAM CyYaCHUX
BE6-iHCTPYMEHTIB ans cnonykn Les-6489.

Marepianu i metogu. [ina cnonyku Les-6489 npoBefeHO MONEKYAPHUIA AOKIHT Wwoao EGFR Ta HER2 Tupo3nHkiHasz. Ans
OLjiHKM cTabinbHOCTI KoMNekciB 3 Les-6489 6y/10 NnpoBeAeHO MOAENOBaHHA MONEKYNAPHOI anHamiki (ML) 3a fonomororo
GROMACS-13, gocTtyn A0 SKOro 34iicHIETbCS Yepes cepBep SiBioLead.

Pe3ynbtatu i 0GroBOpPEeHHs. Y pe3ynbrati npoBeaeHux in silico pocnigpxkeHb gns cnonykn Les-6489, siky BuBvanu, 6yno
CMPOrHO30BaHO MeXaHiaM NPOTUMYX/TMHHOI aKTUBHOCTI, LLIO Peasti3yETbCs LIAXOM iHribyBaHHA EGFR Ta HER2 TpO3mHKiHa3.
BucHoBKW. Pe3ynsTaty, OTpUMaHi B npoueci JOC/iKeHb, MOXYTb CcTatu naattopMolo A1 NoAasibLUol CTPYKTYPHOT
onTumisauii i4eHTMIKkoBaHOI CMOMYKM Ha OCHOBI Tia30/-i30iHA0MbHUX FOPUAHMX MOMEKYsT Yy po3pobLi CcydYacHUx
NPOTUMYXIMHHUX areHTiB.

KniouoBi cnoBa: Tia3onu; i30iH40N; NPOTMPaKoBa aKTUBHICTb; MOMEKY/NSPHWIA OOKIHT; MOLETHOBAHHSA MOMEKYIAPHOT
ONHaMIKN.

List of bibliographic references
1. Thiazole: A review on chemistry, synthesis and thera-

peutic importance of its derivatives. Current topics in 2.
medicinal chemistry | T. M. Chhabria, S. Patel, P. Modi,

P. S. Brahmkshatriya. 2016. Vol. 16 (26). P. 2841-2862.
Synthesis and evaluation of the anticancer activity of
2-aminoisoindole-thizolidinone hybrids / O. M. Fedu-

ISSN 2312-0967. Pharmaceutical review. 2024. Ne 2

11



CuHTe3 06i0JI0TiYHO aKTUBHHUX CIIOJIYK

Synthesis of biologically active compounds

10.

11.

12.

sevych, I. M. Yushyn, I. L. Demchuk, R. B. Lesyk. Phar-
maceutical review. 2023. No. 4. P. 5-11.

Weintraub R. A., Wang X. Recent Developments in
Isoindole Chemistry. Synthesis. 2023. Vol. 5(04).
P. 519-546.

Csende F., Porkolab A. A review on antibacterial activ-
ity of some isoindole derivatives. Der Pharma. Chem.
2018. No.10. P. 43-50.

Kaur Bhatia R. Isoindole derivatives: Propitious an-
ticancer structural motifs. Current topics in medicinal
chemistry. 2017. Vol. 17 (2). P. 189-207.
2-((5-(3-(2-Fluorophenyl) acryloyl)-4-methylthiazol-
2-yl)amino)isoindoline-1,3-dione / O. M. Fedusevych,
A. Lozynskyi, M. Sulyma, R. Lesyk. Molbank. 2024.
Vol. 24 (1). M1785.

SwissTargetPrediction: a web server for target predic-
tion of bioactive small molecules / D. Gfeller et al. Nu-
cleic acids research. 2014. Vol. 42 (W1). P. W32-38.
New quinazoline sulfonamide derivatives as potential
anticancer agents: Identifying a promising hit with dual
EGFR/VEGFR-2 inhibitory and radiosensitizing activity
/ M. M. Ghorab, A. M. Soliman, K. EI-Adl, N. S. Hanafy.
Bioorganic Chemistry. 2023. No. 140. 106791.

Press M. F,, Lenz H. J. EGFR, HER2 and VEGF path-
ways: validated targets for cancer treatment. Drugs.
2007. Vol. 67. P. 2045-2075.

Bose P., Ozer H. Neratinib: an oral, irreversible dual
EGFR/HER2 inhibitor for breast and non-small cell
lung cancer. Expert opinion on investigational drugs.
2009. Vol. 18 (11). P. 1735-1751.

Therapeutic potential of the dual EGFR/HER?2 inhibitor
AZD8931 in circumventing endocrine resistance / G.
Morrison et al. Breast cancer research and treatment.
2014. Vol. 144. P. 263-272.

Montemurro F., Valabrega G., Aglietta M. Lapatinib:
a dual inhibitor of EGFR and HER2 tyrosine kinase
activity. Expert opinion on biological therapy. 2007.
No. 7 (2). P. 257-268.

References

1.

Chhabria TM, Patel S, Modi P, Brahmkshatriya PS.
Thiazole: A review on chemistry, synthesis and thera-
peutic importance of its derivatives. Current topics in
medicinal chemistry. 2016;16(26):2841-62.
Fedusevych OM, Yushyn IM, Demchuk IL, Lesyk RB.
Synthesis and evaluation of the anticancer activity of
2-aminoisoindole-thizolidinone hybrids. Pharmaceuti-
cal review. 2023;4:5-11.

Weintraub RA, Wang X. Recent Developments in Isoin-
dole Chemistry. Synthesis. 2023;55(04):519-46.
Csende F, Porkolab A. A review on antibacterial activ-
ity of some isoindole derivatives. Der Pharma. Chem.
2018;10:43-50.

Kaur Bhatia R. Isoindole derivatives: Propitious an-
ticancer structural motifs. Current topics in medicinal
chemistry. 2017;17(2):189-207.

Fedusevych OM, Lozynskyi A, Sulyma M, Lesyk
R. 2-((5-(3-(2-Fluorophenyl)acryloyl)-4-methylthi-
azol-2-yl)amino)isoindoline-1,3-dione. Molbank.

13.

14.

15.

16.

17.

18.

19.

20.

21.

10.

11.

Design and synthesis of novel pyrimido[4,5-b]lazepine
derivatives as HER2/EGFR dual inhibitors / Y. Kawaki-
ta et al. Bioorganic & medicinal chemistry. 2013.
No. 21 (8). P. 2250-2261.

Structural analysis of the mechanism of inhibition and
allosteric activation of the kinase domain of HER2 pro-
tein / K. Aertgeerts et al. Journal of Biological Chemis-
try. 2011. Vol. 286 (21). P. 18756—18765.

Guex N., Peitsch M. C. SWISS-MODEL and the Swiss-
Pdb Viewer: an environment for comparative protein
modeling. Electrophoresis. 1997. Vol. 18 (15). P. 2714—
2723.

AutoDock Vina 1.2. 0: New docking methods, ex-
panded force field, and python bindings / J. Eberhardt,
D. Santos-Martins, A. F. Tillack, S. Forli. Journal of
chemical information and modeling. 2021. Vol. 61 (8).
P. 3891-3898.

Halgren T. A. Merck molecular force field. I. Basis,
form, scope, parameterization, and performance of
MMFF94. Journal of computational chemistry. 1996.
Vol. 17 (5-6). P. 490-519.

Development of new TAK-285 derivatives as potent
EGFR/HER?2 inhibitors possessing antiproliferative ef-
fects against 22RV1 and PC3 prostate carcinoma cell
lines/ S. Son. Journal of Enzyme Inhibition and Medici-
nal Chemistry. 2023. Vol. 38 (1). 2202358.
GROMACS: fast, flexible, and free / D. V. Spoel et al.
J Comput Chem. 2005. Vol. 26 (16). P. 1701-1718.
Implementation of the CHARMM force field in GRO-
MACS: analysis of protein stability effects from correc-
tion maps, virtual interaction sites, and water models /
P. Bjelkmar et al. Journal of chemical theory and com-
putation. 2010. Vol. 6 (2). P. 459-466.

Sasidharan S., Saudagar P. Prediction, validation, and
analysis of protein structures: a beginner’s guide. In-
Advances in Protein Molecular and Structural Biology
Methods 2022 (pp. 373—-385). Academic Press.

2024;24(1):M1785.

Gfeller D, Grosdidier A, Wirth M, Daina A, Michielin O,
Zoete V. SwissTargetPrediction: a web server for target
prediction of bioactive small molecules. Nucleic acids
research. 2014;42(W1):W32-8.

Ghorab MM, Soliman AM, EI-Adl K, Hanafy NS. New
quinazoline sulfonamide derivatives as potential an-
ticancer agents: Identifying a promising hit with dual
EGFR/VEGFR-2 inhibitory and radiosensitizing activ-
ity. Bioorganic Chemistry. 2023;140:106791.

Press MF, Lenz HJ. EGFR, HER2 and VEGF path-
ways: validated targets for cancer treatment. Drugs.
2007;67:2045-75.

Bose P, Ozer H. Neratinib: an oral, irreversible dual
EGFR/HER2 inhibitor for breast and non-small cell
lung cancer. Expert opinion on investigational drugs.
2009;18(11):1735-51.

Morrison G, Fu X, Shea M, Nanda S, Giuliano M,
Wang T, Klinowska T, Osborne CK, Rimawi MF,

ISSN 2312-0967. ®apManeBTUUHMI yacomuc. 2024. Ne 2

12



12.

13.

14.

15.

16.

Schiff R. Therapeutic potential of the dual EGFR/
HER2 inhibitor AZD8931 in circumventing endocrine
resistance. Breast cancer research and treatment.
2014;144:263-72.

Montemurro F, Valabrega G, Aglietta M. Lapatinib: a
dual inhibitor of EGFR and HER2 tyrosine kinase activ-
ity. Expert opinion on biological therapy. 2007;7(2):257-
68.

Kawakita Y, Seto M, Ohashi T, Tamura T, Yusa T, Miki
H, lwata H, Kamiguchi H, Tanaka T, Sogabe S, Ohta Y.
Design and synthesis of novel pyrimido[4,5-b]Jazepine
derivatives as HER2/EGFR dual inhibitors. Bioorganic
& medicinal chemistry. 2013;21(8):2250-61.
Aertgeerts K, Skene R, Yano J, Sang BC, Zou H,
Snell G, Jennings A, lwamoto K, Habuka N, Hiroka-
wa A, Ishikawa T. Structural analysis of the mechanism
of inhibition and allosteric activation of the kinase do-
main of HER2 protein. Journal of Biological Chemistry.
2011;286(21):18756-65.

Guex N, Peitsch MC. SWISS-MODEL and the Swiss-
Pdb Viewer: an environment for comparative protein
modeling. electrophoresis. 1997;18(15):2714-23.
Eberhardt J, Santos-Martins D, Tillack AF, Forli S.
AutoDock Vina 1.2. 0: New docking methods, expan-
ded force field, and python bindings. Journal of chemi-

Information about the author
Fedusevych O.-M. V. — PhD student of the Department of Pharmaceutical, Organic and Bioorganic Chemistry, Danylo
Halytsky Lviv National Medical University, Lviv, Ukraine. E-mail: olgafedysevuch1998@gmail.com,

ORCID: 0000-0001-7151-2159.

BigomocTi npo aBTOpa
®depyceBuu O.-M. B. — acnipaHT kaceapun hapmaLeBTUYHOT, OpraHiyHoi i 6ioopraHivyHoT Ximii, JIbBIBCbKMIA HaLiOHaIbHNT
MeZVYHWUIA yHiBepcuTeT iMeHi Jannna Manvupkoro, M. J1bBiB, YkpaiHa. E-mail: olgafedysevuch1998@gmail.com,

ORCID: 0000-0001-7151-2159.

ISSN 2312-0967. Pharmaceutical review. 2024. Ne 2

CuHTe3 6i0JI0TiYHO aKTUBHUX CIIOJIYK

17.

18.

19.

20.

21.

Synthesis of biologically active compounds

cal information and modeling. 2021;61(8):3891-3898.
Halgren TA. Merck molecular force field. 1. Basis, form,
scope, parameterization, and performance of MMFF94.
Journal of computational chemistry. 1996;17(5-6):490-
519.

Son S, Elkamhawy A, Gul AR, Al-Karmalawy AA, Alnaj-
jar R, Abdeen A, lbrahim SF, Alshammari SO, Alsham-
mari QA, Choi WJ, Park TJ. Development of new TAK-
285 derivatives as potent EGFR/HER2 inhibitors pos-
sessing antiproliferative effects against 22RV1 and PC3
prostate carcinoma cell lines. Journal of Enzyme Inhibi-
tion and Medicinal Chemistry. 2023;38(1):2202358.
Spoel DV, Lindahl E, Hess B, Groenhof G, Mark AE,
Berendsen HJ. GROMACS: fast, flexible, and free. J
Comput Chem. 2005;26(16):1701-18.

Bjelkmar P, Larsson P, Cuendet MA, Hess B, Lin-
dahl E. Implementation of the CHARMM force field in
GROMACS: analysis of protein stability effects from
correction maps, virtual interaction sites, and water
models. Journal of chemical theory and computation.
2010;6(2):459-66.

Sasidharan S, Saudagar P. Prediction, validation, and
analysis of protein structures: a beginner’s guide. In-
Advances in Protein Molecular and Structural Biology
Methods 2022 (pp. 373-385). Academic Press.

13





