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ABSTRACT

BMAA is a neurotoxic non-protein amino acid, which may reach the
human body through the food chain. When BMAA interacts with
bicarbonate in the human body, carbamate adducts are produced, which
share high structural similarity with the neurotransmitter glutamate. It is
believed that BMAA and its carbamate adducts bind in the glutamate
binding site of glutamate receptors (GIuR) causing the neurodegenerative
effects of diseases such as Amyotrophic Lateral Sclerosis and Parkinson’s
Disease. The mechanism of BMAA action and its carbamate adducts
bound to GIuR has not been yet elucidated. In this work, we investigate the
binding affinity of BMAA and its carbamate adducts to glutamate receptors
in comparison to the natural agonist, glutamate, in order to understand
whether these can act as glutamate inhibitors. Initially, we perform
Molecular Dynamics (MD) simulations of BMAA and its carbamate adducts
bound to the AMPA glutamate receptor in order to examine the stability of
the ligands in the S1/S2 ligand-binding domain of the AMPA receptor. In
addition, we perform MD simulations coupled with Free Energy
Perturbation calculations to calculate the difference in the free energy of
binding of BMAA to glutamate receptors compared to glutamate. Our
findings indicate that one of the adducts of BMAA, B-carbamate adduct,
has enhanced stability in the binding site of the AMPA receptor compared
to the natural agonist, glutamate. In addition, the results from MD/FEP
calculations reveal that glutamate and 3-carbamate adduct of BMAA have

comparable binding affinity in the AMPA glutamate receptor.

SUBJECT AREA: Computational Chemistry
KEYWORDS: BMAA, AMPA glutamate receptor, neurodegenerative
diseases, MD simulations, FEP
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NEPIAHWH

To BMAA ¢gival €va pn TTpWTEIVIKO aPIVOEU TTOU PTTOPET va KATAANEEI
OTOV QVOPWTTIVO OpYyaviouo PECW TNG TPOQIKAG aAucidag. Otav To BMAA
oAANAemdpd pe TO dITTAVOpOKIKG 10V OoTOoV  AvBpwTtro  TTapdyovTal
KapBauIdIka TTapdywya TTou £€XouV TTapouola ol JE To veupodiaBIBaoTn
yAouTapIviko 10v. MioTtevetal 611 TO0 BMAA Kal Ta KapBauIdIKa TTapdywyd
TOU TIPOCOEVOVTAl OTO ONUEI0 TTPOCOEONS YAOUTAMIVIKWY UTTODOXEWV
TTPOKAAWVTAG VEUPIKA CUUTITWHPOTA aoBeveiwv OTTwG To Mdpkivoov Kai n
Apuotpo@ikf) MAgupik ZkAfpuvon. O unxaviouog dpdong Tou BMAA kai
TWV KAPBANIDIKWY TTOPAYWYWY TOU TIPOOOEUEVWY OE  YAOUTAMIVIKOUG
UTTOOOXEIG OeV £xEl HEAETNOEI EWG TWPA. 2€ AUTAV TNV £PYACia, EPEUVOUUE
TN OEOPEUTIKN ouyyévela Tou BMAA Kal Twv KAapBauIBIKWY TTapaywywy Tou
0€ YAOUTOUIVIKOUG UTTOO0XEIC 0€ OUYKPION HE TOV QUOIOAOYIKO AywVIOTr), TO
YAOUTAMIVIKO 16V, TTPOKEIMEVOU VA YiVEl KATavoNTO €AV QUTA PTTOPOUV vd
OpAcouv WG avaoTOAEIG YAOUTAUIVIKWY UTTOOOXEWV. APXIKA, EQapUOloUE
TTpooopoiwoels MopiakAg Auvauikic Tou BMAA Kkal Twv KapBauIdIkKwv
TTAPAYWYwV Tou oTov YAouTapiviké utrodoxéa AMPA, €101 woTte va
MEAETNOEI N 0TABEPATNTA TWV POPiWV OTNV S1/S2 Treplox TTPOCdECNS TOU
uttodoxéa AMPA. EmitTAéov, XPNOIYOTTOIOUPE TTPOCOPOIWOCEIS MopIaknig
Auvauikng o€ ouvduaoud e  uttohoyiopoug Alatdapaing EAeuBepng
Evépyeiag Trpokelgévou va uTToAoyioTel N diagopd TNG EAEUBEPNG EVEPYEIAG
Tpoodeong Tou BMAA o¢ oxéon pe 10 YAoutauiviké 16v otov AMPA
uttodoxéa. Ta atroteAéopaTta dcixvouv OTI €va ammd Ta TTapdywya Tou
BMAA, 10 B-kapBapidiké 16v, mapoucidlel 10iaitepn oTtabepdtnta oTov
uttodoxéa AMPA o©g OUyKpIOn HE TOV  QUOIOAOYIKO QywvIOTH, TO
yAouTapiviko 16v. ETriTAéov, Ta atmoTeAéopaTa atrd Toug uttoAoyiopoug FEP
UTTOOEIKVUOUV OTI TO YAOUTAMIVIKO 10V Kal TO B-KapBauidikd TTapdywyo Tou

BMAA éxouv ouykpiolun ouyyévela T1pdodeong otov uttodoxéa AMPA.

OEMATIKH MEPIOXH: YTroloyioTikA Xnueia

Vii



AE=ZEIZ  KAEIAIA: BMAA,  yAoutauivikég  utrodoxéag  AMPA,
VEUPOEKQPUAIOTIKEG aoBéveleg, Mopiakr) Auvapikr], Aiatdpaén EAeuBepng
Evépyeiag

viii



To my family



ACKNOWLEDGEMENTS

| would like to express my heartfelt gratitude and appreciation to
those who have helped me complete this thesis. First and foremost, | would
like to thank my supervisors, Dr. Zoe Cournia, Researcher - Associate
Professor Level, at the Biomedical Research Foundation of the Academy of
Athens (BRFAA) and Dr. Andreas Koutselos, Professor at the National and
Kapodistrian University of Athens for their leadership, encouragement, and
thoughtful advice throughout all these months. All the experiences have
been immensely valuable for me and my academic steps.

| would like to take this opportunity and express the deepest
appreciation to Dr. Michail Papadourakis, member of the Cournia lab, for
his useful advices and guidance in setting up and running Molecular
Dynamics simulations as well as Free Energy Perturbation calculations.

Moreover, | would like to acknowledge my fellow lab mates Dr.
loannis Andreadelis, Alexios Chatzigoulas, Dr. Sofia Kiriakidi and Zoe
Diamanti for the pleasant working environment as well as all the
constructive conversations and suggestions throughout my thesis.

In addition, |1 would like to thank my family and all my friends for
supporting me spiritually throughout this thesis.

Last, | would like to acknowledge the Greek Research & Technology
Network (GRNET) in the National HPC facility ARIS, for awarding the
project with computational time, as well as the Biomedical Research
Foundation Academy of Athens for the equipment that provided to

complete my thesis.



Contents

1

2

A B S T R A CT e Vi
TTE P IAHWH ..o Vii
ACKNOW LED GEMENT S ..o s X
PREFACE ... e e XXV
INTRODUCTION. ..o 1

1.1 BMAA: a neurotoxic non-protein amino acid linked to

neurodegenerative diISEASES .........cccvvvvvuiiiiiiiee e e e e e 1
1.2 Pathways of BMAA for human eXpoSsure ............cccccuvevmemmenenmnnnnnnnns 2
1.3 The mechanism of BMAA neurotoxiC activity.............cccccuuvernnennnnnns 3

1.4 BMAA adducts with toxic activity and structural similarity with

[0 [0 =T = - 5

1.5 Glutamate receptors and potential inhibition by BMAA and its

= o o 13 ox £ 6
1.5.1 10NOtrOPIC MECEPLOIS. ...ceiiiiiiiiiiiiiiieeeee ettt 7
1.5.2 MetabotropiC reCePLOrsS. .......ccovviiiiiiiiiiiiiieeeeeeeeeeeeeee 8

1.6 StUdY ODJECHIVES .....uuiiiiiiiiiiiiiiiii e 9
METHODOLOGY ... 11

2.1 Computer-aided drug deSign .......cooeeeeeeeeiiieeeeeeeeeee 11
2.1.1 Molecular DOCKING........ccuuviiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeee 11

2.2 Molecular Dynamics (MD) simulations ............ccccoeeeeeieiiieeeeeeen 12
2.2.1 The Empirical Potential Energy Function (force field)................ 14
2.2.2 Energy Minimization ............cooeviiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 21
2.2.3 MD FOrmMaliSM ....cevuiiiiiie e e e e e e e 23
2.2.4 Introduction to Statistical Mechanics ...........cccooveviiiiiiiiiiiiinieeeenn. 26
2.2.5 Thermostats and barostats.............cccevvviiiiiiiiiiee e 29
2.2.6 Main steps of Molecular Dynamics simulations............ccccccc..... 30

2.3 Free Energy Perturbation (FEP) calculations ............ccccc.ccoevnnnnn.n. 32
2.3.1 Relative Free Energy Calculations ..............cccccieiiiiviiiiicceennnnnn, 33

xi



2.3.2 Multistate transformation of Free Energy process (parameter A)

34

2.3.3 Topology approach to relative calculations ...........cccccvvviieeennn. 36
2.3.4 Evaluation of Free Energy with MBAR ..........ccoovviiiiiiiiiiiiiiiinnnn. 38
2.3.5 Convergence of Free Energy calculations...........ccccccevvvveeieeeennn. 39

3 RESULTS 40
3.1 Selection of target reCePLOr.........uuiiiiieeiiieiecee e 40
3.2  Simulation of target reCePtOr.........ccevvieeiiiiiiiciie e 43
3.2.1 Protein Preparation ................uuiiiiiieeeeieieiiiie e 43
3.2.2 Simulation Parameters...........ccuvvviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 44

3.2.3 Rotational Energy barrier for the L-glutamate N-C-C-C dihedral

53
3.3 MD Simulations of L-ligands/AMPA receptor........ccccccccvvvreeerennnn. 63
3.3.1 Glutamate and BMAA adduct similarity ..............cccceevvvvviinnenenn. 63
3.3.2 Validation of Glide DOCKING .........ccccevviiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeee 64
3.3.3 Analysis of L-ligands-AMPA receptor MD simulations............... 65
3.4 MD simulations of D-ligands/AMPA receptor........ccccccccvvveveeeeennen. 78

3.4.1 Analysis of D-ligands-AMPA receptor MD simulations from
preparation with superimposition and minimization..............cccc..vvvvenn.. 78
3.4.2 Analysis of D-ligands-AMPA receptor MD simulations from
preparation With doCKing .........ccccooeiiiiiiiiiiii e, 93

3.5 AAG calculation of glutamate and BMAA adducts complexed with

the AMPA receptor using FEP/MD simulations .............cccccevvviieeeeee. 102
3.5.1 Introduction of intermediate molecules and cycle closure
between L-glutamate, L-B-carbamate and an intermediate molecule 103
3.5.2 Preparation of the systems using FEPrepare platform............ 104
3.5.3 Equilibration of the SYStemMS .........cccovvvviiiiiiiiiiiiiiiiiiiieeeeeeee 105
3.5.4 FEP/MD Simulations for perturbations glutamate to intermediate-
1, intermediate-1 to B-carbamate and B-carbamate to glutamate ..... 105
3.5.5 AAG calculation...........cceuvviiiiiiiiiiiiiiiiiiee e 106
3.5.6 Error CalCulation.......ccoceeeiieieiiiiiee e 115

Xii



3.5.7 Convergence of the calculations by adding intermediate
MOIBCUIE ... 116

3.5.8 Convergence of the calculations by increase of the number of A

WINOOWS ..t 124
4 CONCLUSIONS. ... 131
FUTURE PERSPECTIVES. ... .o 133
ABBREVIATIONS - ACRONYMS ...t 134
REFERENGCES ... 135

xiii



LIST OF FIGURES

Figure 1. a) cycad seed, b) structure of 3-N-methylamino-L-alanine, c)
structure of alanine amino acid, d) cycad tree ............cceeeeveieiiiiviiiiiiciin e, 1

Figure 2. BMAA biotransfer in terrestrial and aquatic ecosystem. BMAA

levels are expressed as ug BMAA/g dry weight [8]........covvviiiiiiiiiiiiiiiinnnnnn. 3
Figure 3. BMAA and its carbamate adducts. ............ccccevvvviiiiiiie e, 4
Figure 4. The formation of carbamylation reaction....................ceevvvvvvvvnnnnnn. 4

Figure 5. Example of the mechanism of carbamylation reaction to produce

a-carbamate adduct Of BMAA. ... 5
Figure 6. Structures of a-carbamate, BMAA, B-carbamate and glutamate. .5
Figure 7. 1somers Of BMAA. ... e 6
Figure 8. Subunits and proteins of glutamate receptors. ............cccccuvvvvvnnnns 7
Figure 9. lonotropic glutamate receptors, NMDA, AMPA and Kainate......... 8
Figure 10. Domains of metabotropic receptors. ........cccccvvvvcieiieeeeeeeeeiiin, 9
Figure 11. lllustration of Molecular Docking procedure. ...............ccoevvvvnnnnn. 11

Figure 12. Graphical representation of the different time and length scales
achieved by different methods in molecular modeling. Adopted from
(00U ] 401 = U 1244 [T 13
Figure 13. Symbolic representation of the bonded interactions: bond
stretching r (upper left), bond angle bending 6 (bottom left), proper dihedral
¢ (upper right) and improper dihedral g (bottom right) and the small out-of-

plane angle a. Adopted from Adcock and McCammon [26]....................... 15
Figure 14. Definition of bond stretching between two atoms. .................... 15
Figure 15. Definition of bond bending between three atoms...................... 16
Figure 16. Definition of dihedral torsion between four atoms...................... 17
Figure 17. The improper dihedral...............ccccuviiiiiiiiiiiiiiiis 17

Figure 18. The Lennard-Jones potential. o is the collision parameter and €
the well depth. Adopted from Chemistry Dictionary & Glossary [31].......... 18
Figure 19. Schematic representation of electrostatic interactions between
three charged atoms Qi, Ok, Giceeeeeeeeeereririiiiiiiieiiieeeeeeeeee e 19
Figure 20. A periodic system illustrating the periodic boundary conditions
used in MD sSimUulations [52]........uiiiiiiiiiiiiceii e 20

Xiv



Figure 21. Representation of one-dimensional potential energy surface.
Minimization methods move downhill to the nearest minimum. ................. 21
Figure 22. Thermodynamic cycle for relative binding free energy (RBFE)
calculations. The binding of ligand A to the receptor is described by the left
vertical line and the binding of ligand B to the receptor is described by the
right vertical line. Ligand A is perturbed to ligand B in the unbound state
(top horizontal line) and the bound state (bottom horizontal line) Adapted
from Cournia et al. [49]. ....oooviiiiiiii 33
Figure 23. a) The important region of the target system is a subset of the
important region of the reference system. b) The important region of the
reference system overlaps with only a part of the important region of the
target state. ¢) The important regions do not overlap. .......ccccccceeevveeernnennns 36
Figure 24. Crystal structure of S1/S2 binding domain of GluR2 with PDB ID:
1FTJ. The AMPA receptor consists of 4 subunits, each one including a
molecule of glutamate as substrate in the LBD. This particular structure
consists of only three chains. The last chain couldn’t be crystalized due to
low electron density [53]. ...covieiiiiiii e 40
Figure 25. a) Structure of an AMPA receptor (PDB ID:5WEQ). b) Simpler
illustration of the AMPA gluR. c) S1/S2 LBD of AMPA gluR (PDB ID: 1FTJ).

................................................................................................................... 41
Figure 26. Alignment of Chains A, B and C of 1FTJ in Maestro. ............... 42
Figure 27. AMPA receptor with PDB ID: 1FTJ after being prepared with

Protein Preparation Wizard tool in Maestro. ...............euevueeimieiiiieniiiiiiiiiinnns 43

Figure 28. Total Energy of L-glutamate/AMPA in kcal/mol vs minimization
step, where we confirm that energy has converged .............cccovvvveeeeeennn. 45
Figure 29. Total energy of L-glutamate/AMPA during the heating phase. .46
Figure 30. Total energy of L-glutamate/AMPA during equilibration. The
average of the total energy is -122126 + 426 kcal/mol. ..........c.cccccceeeeeee. 47
Figure 31. Total energy of L-glutamate/AMPA during the production run. .48
Figure 32. Temperature of the system L-glutamate/AMPA during the
(1o o 18 ox 1Te] o 1N U] o AT 48
Figure 33. Pressure of the system L-glutamate/AMPA during the production
[0 PP PPPPTTR PPN 49

XV



Figure 34. RMSD of L-glutamate in the binding pocket of AMPA receptor
during the ProduCHiON FUN. .......eeiiie e e 49

Figure 35. First cluster representative (left) and last frame of the production

L0 T I (e | 1 PP 51
Figure 36. Interactions between L-glutamate and AMPA receptor. ........... 51
Figure 37. TIMe SCAlING ....ccceeiiieeiiiie e 52
Figure 38. N-C-C-C dihedral of crystal L-glutamate..................cceevvvvvvnnnnnn. 53
Figure 39. Time series of N-C-C-C dihedral of L-glutamate during the

(1 g o [T 1T o TN 1 o 1P 54
Figure 40. Probability distribution on N-C-C-C dihedral. ..................cooeeee.. 54
Figure 41. AG vs dihedral. .............uuuuiiiiiiiiiiiiiiiiiii 55
Figure 42. Selection of the frame according to the N-C-C-C dihedral of L-
o[ 7= T > = O 56
Figure 43. N-C-C-C dihedral of crystal L-glutamate (left) and of frame 842
(M) e 56
Figure 44. Total energy of L-glutamate-isomer/AMPA during minimization.
................................................................................................................... 57
Figure 45. Total energy of L-glutamate-isomer/AMPA during the heating
PRIASE. .. 58
Figure 46. Total energy of L-glutamate-isomer/AMPA during equilibration.
................................................................................................................... 58
Figure 47. Total energy of L-glutamate-isomer/AMPA during the production
(o PP 59
Figure 48. Temperature of system L-glutamate-isomer/AMPA during the

(01 g o[0T 1T ] o TN 1 o 1RSSO 60
Figure 49. Pressure of system L-glutamate-isomer/AMPA during the
(1o o 18 ox 1Te] o 1N U] o AT 60

Figure 50. RMSD of L-glutamate-isomer in the binding pocket of the AMPA
receptor during the production run..............cccooee i 61
Figure 51. N-C-C-C dihedral of L-glutamate-isomer after minimization. ....62
Figure 52. Time series of N-C-C-C dihedral of L-glutamate-isomer during

the ProduCTiON TUN. .....coiiiiiiii e 62

Figure 53. Alignment between crystal glutamate and docked glutamate. ..64

XVi



Figure 54. a) L-a-carbamate/AMPA after docking, b) L-B-carbamate/AMPA
after docking, and c) L-BMAA/AMPA after docking. ...........ccccvvvvvniinnnnnn. 65
Figure 55. a) Total energy of L-a-carbamate/AMPA during minimization. b)
Total energy of L-B-carbamate/AMPA during minimization. c) Total energy
of L-BMAA/AMPA during minimization. ...........cccoevvvuiiiiiiiiieeeeeeeeeiiiee e 66
Figure 56. a) Total energy of L-a-carbamate/AMPA during the heating
phase. b) Total energy of L-B-carbamate/AMPA during the heating phase.
c) Total energy of L-BMAA/AMPA during the heating phase. ................... 67
Figure 57. a) Total energy of L-a-carbamate/AMPA during equilibration. b)
Total energy of L-B-carbamate/AMPA during equilibration. c) Total energy
of L-BMAA /AMPA during equilibration. ............ccccooeeii 68
Figure 58. a) Total energy of L-a-carbamate/AMPA during the production
run. b) Total energy of L-B-carbamate/AMPA during the production run. c)
Total energy of L-BMAA/AMPA during the production run......................... 69
Figure 59. a) Temperature of L-a-carbamate/AMPA during the production
run. b) Temperature of L-B-carbamate/AMPA during the production run. c)
Temperature of L-BMAA/AMPA during the production run........................ 70
Figure 60. Pressure of L-a-carbamate/AMPA during the production run. b)
Pressure of L-B-carbamate/AMPA during the production run. c) Pressure of
L-BMAA/AMPA during the production ruN ..................eeeeeeeeeemieiiiiiieiiinneenn. 71
Figure 61. a) RMSD of L-a-carbamate in the binding pocket of AMPA
during the production run. b) RMSD of L-B-carbamate in the binding pocket
of AMPA during the production run. c) RMSD of L-BMAA in the binding
pocket of AMPA during the production run. ...........cccoeeveieie e 72

Figure 62. Structures of a-carbamate, BMAA, B-carbamate and glutamate.

Figure 63. First cluster representative of L-a-carbamate/AMPA (left) and
last frame of L-a-carbamate/AMPA of the production run.......................... 73
Figure 64. First cluster representative of L-a-carbamate/AMPA (left) and
last frame of L-a-carbamate/AMPA of the production run............ccccuuueeen. 74
Figure 65. First cluster representative of L-B-carbamate/AMPA (left) and
last frame of L-B-carbamate/AMPA of the production run.......................... 74
Figure 66. First cluster representative of L-BMAA/AMPA (left) and last
frame of L-BMAA /AMPA of the production run. ..........cccceveeiviiiinnnneeeeeeennns 75

XVii


file:///C:/Users/Asus/Downloads/Diploma_thesis_Diakogiannaki.docx%23_Toc76078868
file:///C:/Users/Asus/Downloads/Diploma_thesis_Diakogiannaki.docx%23_Toc76078868

Figure 67. Interactions between L-a-carbamate and AMPA. ..................... 76
Figure 68. Interactions between L-B-carbamate and AMPA. ..................... 77
Figure 69. Interactions between L-BMAA and AMPA. ........cccoooeviiiiviiiinnnnn. 77
Figure 70. a) Total energy of D-a-carbamate/AMPA during minimization. b)
Total energy of D-B-carbamate/AMPA during minimization. c) Total energy
of D-BMAA/AMPA during minimization. ...........cccevvvvuuiiiiiiiee e 79
Figure 71. Total energy of D-a-carbamate/AMPA during the heating phase.
b) Total energy of D-B-carbamate/AMPA during the heating phase. c) Total
energy of D-BMAA/AMPA during the heating phase. .........ccccvvvvviiieneen.n. 80
Figure 72. a) Total energy of D-a-carbamate/AMPA during equilibration. b)
Total energy of D-B-carbamate/AMPA during equilibration. c) Total energy
of D-BMAA/AMPA during equilibration. ............ccoooi 81
Figure 73. a) Total energy of D-a-carbamate/AMPA during production run.
b) Total energy of D-B-carbamate/AMPA during production run. c) Total
energy of D-BMAA/AMPA during production run. ............cccceeeeeeeeeeeeeeeeeen, 82
Figure 74. a) Temperature of D-a-carbamate/AMPA during production run.
b) Temperature of D-B-carbamate/AMPA during production run. c)
Temperature of D-BMAA/AMPA during production run. ..........ccceeeeeeeeeeenn. 83
Figure 75. a) Pressure of D-a-carbamate/AMPA during production run. b)
Pressure of D-B-carbamate/AMPA during production run. c) Pressure of D-
BMAA/AMPA during production FUN...............uuiiiieieeeeeieeie e 84
Figure 76. a) RMSD of D-a-carbamate in the binding site of AMPA during
production run. b) RMSD of D-B-carbamate in the binding site of AMPA
during production run. ¢c) RMSD of D-BMAA in the binding site of AMPA
during ProdUCION TUN. ......ooeiiec e 85
Figure 77. a) The alignment of the last frame of production run of the
receptor in complex with glutamate (green) and of the receptor in complex
with D-a-carbamate (violet). b) The alignment of the last frame of
production run of the receptor in complex with glutamate (green) and of the
receptor in complex with D-B-carbamate (pink). c) The alignment of the last
frame of production run of the receptor in complex with glutamate (green)
and of the receptor in complex with D-BMAA (yellow). ..., 87
Figure 78. Interactions between the receptor and D-a-carbamate at the last

frame of the ProduCTION TUN........cooiiiii e 88



Figure 79. Interactions between the receptor and D-B-carbamate at the last
frame of the ProducCtion FUN..........oooriiiiii e 89
Figure 80. Interactions between the receptor and D-BMAA of the last frame
of the Production rUN. ... 90
Figure 81. Distance for cation-1r interaction between Tyr61 and positive
charged nitrogen of L-B-carbamate. ..., 91
Figure 82. Distance for cation-1r interaction between Tyr61 and positive
charged nitrogen of glutamate (left), D-p-carbamate (middle) and D-BMAA
respectively (FgNL). ... e 91
Figure 83. Proteins after production run with binding site surfaces. a)
receptor in complex with L-glutamate (green), b) receptor in complex with
D-a-carbamate, c) receptor in complex with D-B-carbamate and d) receptor
in complex With D-BMAA. ... 92
Figure 84. a) Total energy of D-a-carbamate/AMPA during minimization. b)
Total energy of D-B-carbamate/AMPA during minimization. c) Total energy
of D-BMAA/AMPA during minimization. ... 94
Figure 85. a) Total energy of D-a-carbamate/AMPA during the heating
phase. b) Total energy of D-B-carbamate/AMPA during the heating phase.
c) Total energy of D-BMAA/AMPA during the heating phase. .................. 95
Figure 86. a) Total energy of D-a-carbamate/AMPA during equilibration. b)
Total energy of D-B-carbamate/AMPA during equilibration. c) Total energy
of D-BMAA/AMPA during equilibration. ............c.coovviiiiiiiiieeeeeeeeee e 96
Figure 87. Total energy of D-a-carbamate/AMPA during production run. b)
Total energy of D-B-carbamate/AMPA during production run. c) Total
energy of D-BMAA/AMPA during production run. ..........cccceeeeeevvivvviieeeeeennn. 97
Figure 88. Temperature of D-a-carbamate/AMPA during production run. b)
Temperature of D-B-carbamate/AMPA during production run. c)
Temperature of D-BMAA/AMPA during production run. ........ccccceevveeeeeenee. 98
Figure 89. Pressure of D-a-carbamate/AMPA during production run. b)
Pressure of D-B-carbamate/AMPA during production run. c) Pressure of D-
BMAA/AMPA during production FUN..............eeeeeeeeeeeieiiiiieieiieeeeeneeeeeeeeeeeeees 99
Figure 90. RMSD of D-a-carbamate in the binding pocket of AMPA during
production run. b) RMSD of D-B-carbamate in the binding pocket of AMPA

XiX



during production run. ¢c) RMSD of D-BMAA in the binding pocket of AMPA
(o (W] T o I o] oo [N ox i o] I U [ o PO 100
Figure 91. a) Last frame of the production run of D-a-carbamate in AMPA
receptor. b) Last frame of the production run of D-B-carbamate in AMPA
receptor. c) Last frame of the production run of D-BMAA in AMPA receptor.
In all cases, ligands are located in the binding pocket of the receptor.....101
Figure 92. Interactions in 2D of receptor with D-B-carbamate after docking
and b) interactions in 2D between the receptor and D--carbamate after
superimposition and MINIMIZALION. ............ceiiieeeiiiee e 102
Figure 93. The cycle of glutamate, intermediate-1 and 3-carbamate of

B A A e 103
Figure 94. a) Thermodynamic cycle for the perturbation of glutamate to -
carbamate. ... 104
Figure 95. a) Hybrid molecule for the perturbation of glutamate to
intermediate-B-carbamate, b) hybrid molecule for the perturbation of
intermediate-B-carbamate to 3-carbamate and c) hybrid molecule for the
perturbation of glutamate to B-carbamate.............cccccvvvviiiiiii e, 105
Figure 96. a) Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
solvent-system of perturbation glutamate to intermediate-1. ................... 107
Figure 97. a) Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
complex-system of perturbation glutamate to intermediate-1. ................. 108
Figure 98. a) Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
solvent-system of perturbation intermediate-1 to B-carbamate of BMAA. 110
Figure 99. a) Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the

complex-system of perturbation intermediate-1 to B-carbamate of BMAA.



Figure 100. a) Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
solvent-system of perturbation B-carbamate of BMAA to glutamate. ....... 113
Figure 101. a) Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
complex-system of perturbation 3-carbamate of BMAA to glutamate......114
Figure 102. Closed cycle of glutamate, intermediate-1 and B-carbamate
with the difference of the binding free energy of each perturbation. ........ 115
Figure 103. Closed cycle of glutamate, intermediate-1, intermediate-2 and
B-carbamate of BMAA. ... 117
Figure 104. Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
solvent-system of perturbation 3-carbamate to intermediate-2................ 118
Figure 105. Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
complex-system. of perturbation B-carbamate to intermediate-2............. 119
Figure 106. Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
solvent-system of perturbation intermediate-2 to glutamate. ................... 121
Figure 107. Time-evolution of the free energy, b) histograms of the
probability distributions, and c) overall free energy change for the forward
(black solid line) and backward (light solid line) transformations for the
complex-system of perturbation intermediate-2 to glutamate. ................. 122
Figure 108. Cycle closure of glutamate, intermediate-1, 3-carbamate and
intermediate-2 with the difference of the binding free energy for each
PEITUIDALION. ... 124
Figure 109. Cycle closure of glutamate, intermediate-1, f-carbamate and
intermediate-2 with the difference of the binding free energy for each

perturbation after the addition of A windows. .............coiiiiiiiii, 130

XXi



LIST OF TABLES

Table 1. Cross Tanimoto between glutamate, a-carbamate, B-carbamate

AN BM A A e 63
Table 2. Cross tanimoto of glutamate, D-a-carbamate, D-B-carbamate and
D R 93

Table 3. Binding free energy of perturbation glutamate to intermediate-1106
Table 4. Overlap between A windows of perturbation glutamate to
INEEIMEAIALE-L. ... .o e e 108

Table 5. Binding free energy of perturbation intermediate-1 to B-carbamate

OF BIMA A e e 109
Table 6. Overlap between A windows of perturbation intermediate-1 to [3-
carbamate Of BMAA . ... ... e 111

Table 7. Binding free energy of perturbation -carbamate of BMAA to
OIULAMALE ... e 112
Table 8. Overlap between A windows of perturbation 3-carbamate of BMAA
10 QIUTAMALE. ..o 114
Table 9. Binding free energy of perturbation 3-carbamate of BMAA to
INEEIMEAIALE-2.. ..o 117
Table 10. Overlap between A windows of perturbations p-carbamate to
glutamate and B-carbamate to intermediate-2. ..........cccooeeeevveieeiiiiineeeenn. 119
Table 11. Binding free energy of perturbation intermediate-2 to glutamate

Table 12. Overlap between A windows of perturbations (3-carbamate to
glutamate and intermediate-2 to glutamate. ............cccooeeeeiiei, 122
Table 13. Binding free energy of perturbation glutamate to intermediate-1
USING €Xtra A WINAOWS.......cooiiiiiiiiiiie et 125
Table 14. Overlap between A for perturbation of glutamate to intermediate-1
without extra A and with the addition of extra A. ... 126
Table 15. Binding free energy of perturbation intermediate-1 to -
carbamate of BMAA using extra A WindOwsS. ..., 127

XXii



Table 16. Overlap between A for perturbation of intermediate-1 to -
carbamate of BMAA without extra A and with the addition of A. ............... 127
Table 17. Binding free energy of perturbation 3-carbamate of BMAA to
intermediate-2 using extra A WiNdOWS. .........coooveieiiiiiieeeeee e 128
Table 18. Overlap between A for perturbation of intermediate-1 to -
carbamate of BMAA without extra A and with the addition of A. ............... 129

XXiii



PREFACE

The master thesis “Statistical Mechanical Study of B-N-methylamino-
L-alanine and its carbamate adducts as potential inhibitors of the AMPA
glutamate receptor using Molecular Dynamics Simulations” has been
conducted in collaboration with the Biomedical Research Foundation
Academy of Athens for the completion of the Postgraduate Program
“‘Physical Chemistry”, Department of Chemistry at the National and
Kapodistrian University of Athens.

In the first chapter B-N-methylamino-L-alanine (BMAA) is introduced,
as well as the mechanism of BMAA neurotoxic activity, which it is believed
that provokes the neurotoxic effects of diseases such as Amyotrophic
Lateral Sclerosis and Parkinson.

Subsequently, in the second chapter, the theoretical background of
the methods used in the present thesis are described. At the beginning,
Molecular Dynamics (MD) simulations theory is introduced, followed by the
Free Energy Perturbation (FEP) approach coupled with MD simulations.

In the third chapter, are presented the results that were obtained.
We start by the description of the procedure of setting up the systems, the
parameters used, along with the results from both MD simulations and FEP
calculations coupled with MD simulations.

Finally, the conclusions arising from this work are presented

followed by future perspectives of this project.
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1 INTRODUCTION

1.1 BMAA: a neurotoxic non-protein amino acid Ilinked to

neurodegenerative diseases

B-N-methylamino-L-alanine or (S)-2-amino-3-(methylamino)-
propanoic acid (IUPAC name), abbreviated as BMAA, is a non-
proteinogenic amino acid (Figure 1b) [1], which indicates that it is not
involved in the translational process that assemble proteins. There are
about 140 known non-proteinogenic amino acids with multiple analogues or
variants and BMAA is an alanine variant non-proteinogenic amino acid
(Figure 1c). Many of these compounds serve important functions in
organisms, e.g., the D-amino acids, which are found on bacterial cell walls,
they can be incorporated into proteins. However, some non-proteinogenic
amino acids like BMAA have been associated with toxicity [3,4].

a b. C
0] (0]
H,C HsC
3 \H/\HJ\OH 3 OH
NH, NH,
BMAA alanine

Figure 1. a) cycad seed, b) structure of 3-N-methylamino-L-alanine, ¢) structure of alanine amino

acid, d) cycad tree

It was first in the Chamorro population of the western Pacific islands
of Guam and Rota, that an unusually high incidence of neurological effects
was observed in the population, about 100 times higher than anywhere
else in the world [5]. Chamorro patient symptoms were characterized by
slowed movements, tremor, and rigidity, which are signs of parkinsonism
as well as progressive limb weakness, which common with amyotrophic
lateral sclerosis (ALS). Other patients developed cognitive dysfunction
typical of dementia found in patients with Alzheimer’s. In addition, this

incident was observed among the natives in Irian Jaya region and also



amongst the natives of the Kii Peninsula of Japan [6,7]. The common factor
in these populations was the regular consumption of cycad seeds (Figure
la, 1d) containing BMAA either for food or for medicinal purposes and it
was therefore proposed by epidemiological studies that the diseases

represent neurological damage caused by the toxin in cycad seeds.

1.2 Pathways of BMAA for human exposure

BMAA is produced by a range of ecologically diverse phytoplankton
groups such as cyanobacteria (including the common genera Anabaena
and Nostoc), diatoms, and dinoflagellates. It has been demonstrated to
bioaccumulate in various aquatic ecosystems, ranging from the subtropical
marine aquatic ecosystems of Florida, USA, to the temperate brackish
ecosystem of the Baltic Sea, and from the limnic aquatic ecosystems of the
subtropical Lake Taihu, China, to the temperate Lake Finjasjon in Sweden.
It has been demonstrated not only in aquatic ecosystems, but also in
terrestrial ecosystems and specifically in cycad trees, on which roots live
cyanobacteria of the genus Nostoc [2].

Cycad seeds were a common food source included in flour or eaten
by animals consumed by humans in Guam. Thus, BMAA may end up in
humans through the food chain not only in terrestrial ecosystems, but also
through food chain in any aquatic system. Specifically, the Chamorros were
using cycad seeds as food source, but they were aware that the cycad
seeds were toxic and generally washed the dried seed ‘chips’ with
unheated water multiple times over several days, a procedure that should
remove most of the toxic BMAA. It is true that this amount of BMAA was
negligible to provoke such neurological effects, however it was also the
flying foxes and bats, which feed of cycad seeds and are consumed by
humans. Bats can triple their weight in just one evening of feeding on cycad
seeds and the natives would regularly feast on when cooked in coconut
cream and fur, while in 1970’s there was near disappearance of the Guam
flying fox population due to over-hunting (Figure 2). In two other locations,
Irian Jaya and the Kii Peninsula of Japan, raw seeds of the Cycas revolute

Thunb are used by natives as topical medicines for cuts, hemorrhoids, and
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open sores [7]. Furthermore, BMAA is transferred from cyanobacteria via
zooplankton to organisms at higher trophic levels (fishes and humans,
Figure 2) inhabiting both pelagic and benthic water masses, thereby

representing different niches in a cyanobacterial based food web [8].

BMAA biotransfer in terrestrial ecosystem BMAA biotransferin aguatic ecosystem
Chamorro Pink shrimps
people 1247-3042 pg/g
634 ug/g T

% Shark fins
Flying foxes 144 1%26 He/e
3602 pg/g Fishes
i ) 0.01-1.35 pg/g
Cycad seeds sarcotesta
zooplankton
98 yg/e 0.004-0.087 pg/g
1+ i
Cyanobacteria Cyanobacteria
72 pg/g 0.001-0.015 pg/g

Figure 2. BMAA biotransfer in terrestrial and aquatic ecosystem. BMAA levels are expressed as g
BMAA/g dry weight [8].

1.3 The mechanism of BMAA neurotoxic activity

Investigations concerning the dependence of BMAA in presence of
bicarbonate (HCOg3’), which is produced from the interaction of carbon
diocide with water, revealed that neurotoxicity of BMAA depended on the
presence of bicarbonate, in murine cortical cells. Specifically, BMAA was
nontoxic in physiological salt solution, but became toxic in the presence of
bicarbonate. Bicarbonate unmasked BMAA toxicity by presenting
morphological changes in neurons. The explanation is that bicarbonate
interacts directly with BMAA to produce a structure suitable for glutamate
receptor activation [9,10] In addition, BMAA has been detected in post-
mortem brain and spinal cord tissues of Amyotrophic Lateral Sclerosis,

Parkinson’s and Alzheimer’s patients [1].



Carbamylation reaction

The presence of bicarbonate ions at close to physiological pH,
created ideal conditions for the formation of carbamate adducts, a-
carbamate adduct and [(-carbamate adduct of BMAA in a 86:14 ratio,

respectively, through a reaction called carbamylation (Figure 3).

a-carbamate BMAA B-carbamate
o] 0] 0] o]
H;C HsC )J\
Ny o HCOs Sy o HCOs o] N o
Hz v Ha N a0 |
86% N 14% .
HNYO NH; CH, NH;

o

Figure 3. BMAA and its carbamate adducts.

Under physiological conditions (pH ca. 7), the amines are mostly
protonated and the CO:2 exists in its hydrated form, HCOs. Though these
conditions are unfavorable for carbamylation, the favorable AG can be
attributed to the pKa values of the protonated amines increasing the
nucleophilicity. In this way, amines get deprotonated, and these conditions
are suitable for carbamate formation. The presence of an electrondeficient
HCOs™ allows the nucleophilic amine to attack the electrophilic carbon
leading to the carbamate formation, followed by stabilization of the

carbamate products by noncovalent intermolecular interactions [11,12]

tH . #H H
HN—R =" HN—R + HCOy —> -00oc—N—R
AG<0 AG<0

Figure 4. The formation of carbamylation reaction.



a-deprotonated a-protonated a-carbamate
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Figure 5. Example of the mechanism of carbamylation reaction to produce a-carbamate adduct of
BMAA.

1.4 BMAA adducts with toxic activity and structural similarity with

glutamate

The formation of the carbamate adducts of BMAA in the presence of
HCOgs™ share a high structural similarity with glutamate. Glutamate is an
important neurotransmitter, of which action on glutamate receptors is
necessary for the transduction of signals in the nervous system (Figure 6).
This, leads to a possible explanation of the mechanism by which BMAA

may bind to glutamate receptors. [12].

a-carbamate BMAA B-carbamate Glutamate
(neurotransmitter)

ﬁ* e A AL

NH;

O

Figure 6. Structures of a-carbamate, BMAA, B-carbamate and glutamate.

Isomers of BMAA

The team of Jiang by performing a database search (Scifinder,
Pubmend) were able to find isomers of BMAA. From the 260 theoretical
compounds they ended up to 7 molecules that satisfy the criteria for
chemical stability. Here are presented three of them, which have been
further studied (Figure 7) [13]. DAB, is believed to be a hepatotoxic and
neurotoxic non-protein amino acid that is found in many prokaryotic and

eukaryotic organisms and it has caused neurological effects in animals [12,



13]. AEG induces oxidate stress in metabotropic glutamate receptors in
cells [14], and BAMA has been found in mussels and oysters, however its

toxicity hasn’t been further studied [13].

”\*“\ﬁ*

B-N-methylaminoalanine 2,4-diaminobutanoic acid
(BMAA) (DAB)
N
N-(2-aminoethy)glycine B-amino-N-methylalanine
(AEG) (BAMA)

Figure 7. Isomers of BMAA.

1.5 Glutamate receptors and potential inhibition by BMAA and its
adducts

The activation of glutamate receptors is important in the
development and function of the nervous system, while they are also
essential in memory and learning. Dysfunction of glutamate receptors leads
to exitotoxic cell death [15]. Their natural agonist is glutamate but they can
be activated also by structurally similar substances, such as
guinoxalinedione derivatives [16]. Glutamate receptors are subdivided into
two categories, the ionotropic receptors and metabotropic receptors (Figure
8).
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Figure 8. Subunits and proteins of glutamate receptors.

1.5.1 lonotropic receptors

lonotropic receptors (iGIuUR) have multiple subunits, each of them

having an amino terminal domain (ATD), a ligand binding domain (LBD)

and a transmembrane domain (TMD) (Figure 9). Examples of iGIluRs

include NMDA, AMPA and Kainate receptors. In addition, iGluRs have a

membrane-spanning domain that forms ion channel. Particularly, NMDA

receptors have calcium conductivity, while AMPA and Kainate receptors

primarily mediate sodium influx [17].



lonotropic Receptors

Figure 9. lonotropic glutamate receptors, NMDA, AMPA and Kainate.

1.5.2 Metabotropic receptors

Metabotropic receptors (mGIuR) have eight proteins and in contrast
with iGIuR, they have monomers instead of multiple subunits. They have
also an ATD, a LBD and a TMD (Figure 10), however, mGluRs do not form
ion channels, but they bind with g-protein and they form signals which are

various second-messenger systems [18].



Metabotropic Receptors

Figure 10. Domains of metabotropic receptors.

1.6 Study objectives

As previously mentioned, there have been investigations reporting
the structural similarity of BMAA and its adducts with the neurotransmitter
glutamate, the toxic activity of BMAA, suggesting that BMAA and its
carbamate adducts bind in glutamate’s binding site [3,4,10,12]. However,
the role of BMAA and its carbamates adducts bound to GluR has not been
reported. The aim of this thesis is to investigate the binding affinity of
BMAA and its carbamates to GIuR in comparison with the natural agonist,
glutamate, in order to understand whether these can act as glutamate
inhibitors. In the eventuality that they have better affinity than glutamate, it
would give an explanation of whether BMAA provoke dysfunction on
neurons, leading to neurodegenerative diseases. Accordingly, our research
will focus on the following objectives in increasing order of complexity. First,
we will study the stability of BMAA and its adducts in the AMPA receptor

using long atomistic Molecular Dynamics simulations. Subsequently, we



will calculate the difference of the free energy of binding between glutamate
and the molecule that will present the highest stability in the receptor of

interest. For this purpose, we will use free energy perturbation (FEP)
calculations coupled with MD simulations.

10



2 METHODOLOGY

2.1 Computer-aided drug design

Computer aided drug design is a powerful technique that uses
approximations and restrictions in order to find promising drug candidates.
This approach has become an essential part in the drug design process due
to its ability to accelerate drug discovery by utilizing existing knowledge on
receptor-ligand interactions, energy and structural optimization. With this
technique, bioactive molecules with desired properties can be discovered [19].

In computer-aided drug design, the most commonly used methods is
the structure-based drug design and the ligand-based drug design. Structure-
based drug design methods analyze the conformation of the macromolecular
target and finds significant binding sites and interactions for this target [20].
Ligand-based drug design methods focus on existing ligands for the target,
which are used as guides in discovering new drugs with improved properties.

Nowadays, there are multiple computational instruments provided to
assist drug design. The main challenge of is to use them wisely in order to
provide a useful output corresponding to the current needs in a reasonable
time [19].

2.1.1 Molecular Docking

flexible ligand T .
@ N
ensemble of
rigid protein conformations - k

ensemble of receptor-ligand poses

Figure 11. lllustration of Molecular Docking procedure.
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Molecular docking is a tool to find the most favorable position of one
molecule in a receptor when they are brought together to form a complex. It
plays an important role in structure-based drug design and in the research of
protein structures and functions. Docking is achieved through two interrelated
steps. First, by sampling conformations of the ligand in the active site of the
protein (most of the times, it is assumed that the receptor is rigid, while the
ligand if flexible). As a result, an ensemble of conformations for the ligand is
generated. In the following step, it is evaluated, which of this ensemble of
conformations fits better energetically and geometrically to the receptor of
interest by giving a score using scoring functions. This score is an

approximation of ligand binding free energy to receptors.

AG bind = AGsolv. + AGcont. + AGint. + AGrot. + AGur + AGuib. (2.1.)

where, AGsov is the contribution of the solvation free energy. AGcons IS the
contribution of conformational changes in the ligand and in the protein. AGint is
the free energy, due to ligand-protein interactions. AGrot (entropic contribution)
is the free energy loss arising from freezing internal rotations of protein and
the ligand. AGyr is the penalty for the loss of translational and rotational free
energy caused by the association of two-bodies (ligand and receptor) to
create a single body (complex). AGyi» is the free energy of the system due to
changes in vibrational modes. Some of the ligand conformations are rejected

because of high-energy clashes with the protein [21,22]

2.2 Molecular Dynamics (MD) simulations

In this section, the scope of MD is highlighted, as well as how
simulations are performed and how macroscopic properties for the systems
can be calculated through statistical mechanics. The study of molecular
systems’ properties is achieved with the aid of computer models. The size of
systems, as well as the time scales in which interesting phenomena occur
differs and therefore different techniques are used (Figure 12). For instance,
Quantum Mechanics (QM) describe the electrons of a system [23], Brownian

Dynamics (BD) have been widely used for microsized particle simulation in
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the Cartesian space [24] and MD uses an empirical potential to calculate the
energy of a system based on the nuclear positions only. MD simulations
numerically integrate Newton's equations of motion in order to describe the
dynamics of the system and to generate information about the system on the
microscopic level. Subsequently, the microscopic information is linked to the

macroscopic observables through statistical mechanics.

mesascale continuum
2 brownian
T: dynamics
(’;J) V2 "‘ BN \!
s\
(] 1 ()-6 S molecular .“‘& it
= dynamics R < '
= ’ 2 Vst domain
P % n
-8 quantum Fig=
IG5 ame o
1 0-12 S ‘. O 1 F=ma
H—E
101°M 10¥M 10°M 10M
Length Scale

Figure 12. Graphical representation of the different time and length scales achieved by different

methods in molecular modeling. Adopted from Cournia [27]

MD is based on different approximations, such as the Born-
Oppenheimer approximation and the potential energy function. According to
Born-Oppenheimer approximation, electron motion in molecules is so much
faster that nuclear motion and therefore can be considered to be fixed. In
addition, the empirical potential energy function describes the intra- and inter-
molecular interactions that occur between the nuclei and it is further

discussed in the next section [25, 26].
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2.2.1 The Empirical Potential Energy Function (force field)

The energy of a system is represented by the Hamiltonian:
H=T+ V(@2.2)

where T is the Kinetic Energy and V is the Dynamical (potential) Energy. In
2
classical mechanics, the kinetic energy of a system can be described by zp—m.

However, the description of the potential energy term, V, is more complicated,
due to the fact that the intermolecular interactions need to be taken into
consideration. Therefore, the potential energy, V(r), can be defined as the

non-bonded and bonded energy terms of the system [28].

V() = Vhondea + Vnon—bondea (2.3.)

the bonded terms involve the simple covalent binding in addition to the
complex hybridization and 1r-orbital effects, while the non-bonded interactions
are described by the intermolecular van der Waals and electrostatic
interactions. In order to simulate the bonded and non-bonded energy terms of
a molecular system in a classical mechanic’s framework, an empirical
potential energy function that describes these interactions is introduced with a
set of equations, also known as force field [29, 30]. The different equations for
bonded and non-bonded interactions that comprise the potential energy

function are presented below.
the Viondea term is the summation of the terms that correspond to the types of

the atom movement. This includes terms for bonds, angles, proper dihedrals

and improper dihedrals (Figure 13):

Vbonded = Vbonds + Vangles + Vdihedrals + Vimpropers (2-4-)

Non-bonded interactions involve two types of interactions: the van der Waals

interaction energy and the electrostatic interaction energy:
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Vnon—bonded = Vvdw + Velectrostatic (2-5-)

These interactions are the most computationally demanding due to the fact
that they include long-range interactions between the atoms in the system.

BONDED INTERACTIONS

Figure 13. Symbolic representation of the bonded interactions: bond stretching r (upper left), bond angle
bending 6 (bottom left), proper dihedral ¢ (upper right) and improper dihedral y (bottom right) and the
small out-of-plane angle a. Adopted from Adcock and McCammon [26].

Bond Stretching

ki
O——0
Figure 14. Definition of bond stretching between two atoms.
In molecules, atoms are connected with covalent bonds which vibrate (Figure

14). The bond vibrations are described by a harmonic potential according to

Hooke’s law:
F = —kx (2.6))

Taking into consideration that the force can be written as the gradient of the

potential energy of the system, we conclude to this formula:

F= —kx= -VV(27),
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And hence the potential of bond stretching becomes:

V= —kx?, (2.8)

which is expressed to describe the force constant k» of the vibration of the
spring and the distance between the two atoms, b, from the average distance,

bo, of the two bonded atoms:

Vbonas = kp(b — bo)z (2.9.)

Bond Angle Bending

Figure 15. Definition of bond bending between three atoms.

The angle bending terms describe the force originating from the
deformation of the valence angles between three covalently bonded atoms
(Figure 15). This conformational change can be described again using
Hooke’s law (eq. 2.8) ensuing into an angle bending term, which is expressed

as:

Vangles = kg (0 — 80)2 (2.10.)

where ke is a force constant, 6 is the angle between three atoms and 6o is the

reference angle.
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Dihedral Torsion Term

y

4

Figure 16. Definition of dihedral torsion between four atoms.

Torsional terms describe the barriers to rotations existing between four
covalently bonded atoms. They are weaker than the bond stretching and
angle bending terms, however, the need for the proper torsional potential
arises, as bond-stretching or angle-bending potentials cannot describe the
energetics of rotatable bonds, since they appear in four covalently bonded

atoms (Figure 16).

The rotation along a covalent bond is characterized by periodicity, that’'s why
the torsional potentials can be outlined by a cosine function as presented

below:

Vainedrals = k(p(1 — cos(ng —6) (2.11)
where kg is a force constant, n is the periodicity, ¢ is the angle between the
planes formed by the first and the last three of the four atoms, and § sets the

minimum energy angle.

Improper Dihedral Term

_H

(V)

Figure 17. The improper dihedral.
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The improper dihedral term is designed both to maintain chirality about
a tetrahedral heavy atom and to maintain planarity about certain atoms. The
improper angle is defined as the angle between the plane formed by the
central atom and two peripheral atoms and the plane formed by the peripheral

atoms (Figure 17). The improper potential is expressed by a harmonic
function:
Vimpropers =k (w — wo)z (2.12))

where w is the angle between the planes as described above.

NON-BONDED INTERACTIONS

Van Der Waals Interactions

Repulsive term

Potential Energy, U(r;)

Attractive term

\J

Distance between atoms, r

Figure 18. The Lennard-Jones potential. o is the collision parameter and ¢ the well depth. Adopted from
Chemistry Dictionary & Glossary [31].

The van der Waals interaction occurs on atoms in close proximity. It is
strongly repulsive at short range and attractive when there are vacillations in

the charge dispersion in the electron clouds [32]. It is described by a Lennard-

Jones potential:
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4e;; [(:-;)12 — (:—jﬂ (2.13)

where rij is the distance between two atoms. It is parametrized by o, which is
the collision parameter (the separation for which the energy is zero) and the

depth of the potential well, ¢ (Figure 18).

Electrostatic Interactions

Figure 19. Schematic representation of electrostatic interactions between three charged atoms qi, gk, g;.

Two non-bonded atoms having a charge or partial charge may interact
electrostatically with each other. (Figure 19) [33]. This long-distance

electrostatic interaction between two atoms is described by Coulomb’s law:

qiqj
4megrij

(2.14)

Velectrostatic -

Equation of the potential energy function

Finally, the equation of the potential energy function that represents the force
field is:

VY= > ky(b—bo)t+ ) ko(6—6)

bonds angles
+ Z k,(1+ cos[ng — 8]) + Z k,(w— wy)?
dihedrals impropers
qlq] Oij ¢
+ Z AmreyT; + Z tey < > B <r_>
electrostatic b vd Y

(2.15.)
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In MD simulations the long-range interactions are the most time-
consuming ones. Assuming having a box consisting of 500 molecules, the
range of these forces is greater than half of the box length. The most
commonly used method in MD simulations, in order to correctly account of the
electrostatic interactions, is the Ewald sum, which includes the interaction of
an ion or molecule with all its periodic images [34,35].

More precisely, simulations systems with periodic boundary conditions
can be a good approximation to the behavior of a small subsystem in a larger
bulk phase. During the simulation it is assumed that as a molecule leaves the
central box, its periodic image will enter the central box from the other side in
exactly the same way (Figure 20). At the boundary of the central box there are
no walls and no surface molecules. In addition, it is undesirable for a single
particle to interact with the same particle multiple times. In order to prevent
this, a cut-off of many non-bonded interactions should be chosen that is less
than half the length of the simulation box in any dimension. In this way, a
natural lower limit to the size of a periodic simulation box is applied, as the
box must be large enough to capture all of the most significant non-bonded

interactions [36].
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Figure 20. A periodic system illustrating the periodic boundary conditions used in MD simulations [52].
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2.2.2 Energy Minimization

The energy landscape of a biomolecule includes a large number of
minima. Prior to beginning a MD simulation, the system should undergo an
energy minimization and reach a local energy minimum (Figure 21). Through
this process, steric clashes between atoms, distorted bond angles or lengths,
as well as any non-physical van der Waals contacts, will be relieved and it will
be ensured that there is a realistic starting structure. Otherwise, these
interactions may lead to an unbalanced simulation [37].

Given a function f, which depends on the variables xi, x2, ..., Xn, @
minimum or maximum of f is defined as a point where the first derivative of the
function with respect to each of the variables is zero and the second

derivative is positive:

of _ o 91
o = 0 o > 0 (2.16.)

energy barrier

Energy

Local energy
minimum

\l

Conformational Parameter

Global energy
minimum

Figure 21. Representation of one-dimensional potential energy surface. Minimization methods move

downhill to the nearest minimum.

Most common minimization algorithms use derivatives of the energy
with respect to the coordinates in order to predict the location of the closest
minimum [38]. The three main algorithms that are used are: Steepest
Descent, Conjugate Gradient and Newton-Raphson algorithms. The
appropriate selection of the method is based on the quantity of iterations
essential to converge, as well as on the quantity of function assessments

necessary per iteration [37].

21



Steepest Descent

The basis for the Steepest Descent method, also known as the
gradient descent method, is the simple observation that a continuous function
should decrease, at least initially, if one takes a step along the direction of the

negative gradient. The search direction is given by:

F(r) = —d‘;—(:) (2.17.)

The step length is predicted with a line search, which utilizes the
direction vector obtained from the first derivative of the potential function, and
in this way, locates the optimal step size close to this direction vector. The
moment this restricted minimum close to the direction of the derivative is
settled, the step can be acquired. In order to find the best possible step size,
the line search needs an enormous number of function assessments. The two
main computational advantages of the steepest descent algorithm are the
simplicity with which a computer algorithm can be implemented and the low
storage requirements necessary [38,39].

Conjugate gradient and Newton-Raphson

Conjugate Gradient and Newton-Raphson algorithms are more efficient
methods for energy minimization. The first, utilizes information from first
derivatives to find the most optimal direction for a line search, while the
Newton-Raphson method makes use of the second derivatives in combination
with the first ones in order to accomplish the same result with higher
accuracy. In addition, the Newton-Raphson takes advantage of the curvature
to forecast the point where the gradient of the function will be changed into

another direction [38].

V() = V() + VT (r — 1) + V"(To)(;" —n)®

av

dzv
e 0; Tz >0 (2.18)
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2.2.3 MD Formalism

As mentioned previously, MD simulations are based on Newton’s second law

of motion:

192ri .
Fi = m;a; = miw,l = 1, ,N (2.19.)

where m; is the mass of each atom i and a; is the acceleration on atom i.
Forces can be expressed as the negative derivatives of the potential energy

function V(r, r2, r3, ..., rn):
9V
F; = ~ o (2.20.)

By combining the two equations:

C1a m 92
‘L9T'i_ t

Ti
> (2.21)

and by solving this differential equation a trajectory of the system is obtained.

To begin a MD simulation, an initial structure of the system is required.
Most often, the initial configuration is an X-ray crystallography or NMR
structure that can be easily obtained by the Protein Data Bank (PDB). The
initial coordinates are defined from these experimental structures, while
velocities can be obtained from a distribution, e.g. Maxwell — Boltzmann

distribution, which is expressed as:

N — /L e~ /2kpT gy (0 2 )
N 21k, T

where dN/N is the fraction of molecules moving at velocity u to u+du, m is the
mass of the molecule, ks is the Boltzmann constant and T is the temperature
[40].

The equations are solved synchronously in short time steps, while the

parameters such as the temperature and pressure maintain constant at the
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desired values throughout the simulation. The different coordinates, related to
time, represent the trajectories of the system.

MD simulations evolved into a mature technique that can be used
effectively to understand macromolecular structure-to-function relationships
and along with the continuous evolution of technology that provides faster and
cheaper computers the time and the cost for performing a MD simulation has
been significantly decreased. The time scale of solvated protein simulations is
up to nanoseconds, however, simulations up to milliseconds have been also
recorded [41].

Numerical methods for integrating Newton’s equations of motion

The potential energy function, which was analyzed in 2.2.1, is not
appropriate to provide an analytical solution in order to solve the equations of
motion. Therefore, we conclude to treat the classical equations numerically.
Many algorithms have been developed to integrate the equations of motion
and some of those algorithms are presented below [42].
Generally, all the integration algorithms predict the positions, velocities and

accelerations of the atoms using the Taylor series expansion:

r(t + 6t) = r(t) + v(t)6t + %a(t)étz + e

v(t + 6t) = r(t) + a(t)st +%b(1:)61:2 + -

a(t + &t) = a(t) + b(t)ot + -
(2.23.)

where r is the position, v is the velocity (also can be expressed as the first
derivative with respect to time) and «a is the acceleration (second derivative
with respect to time) [42]. 6t is a short time interval and is defined by the
fastest vibration of the system, which is the C-H bond (6t=1 fs= 1071% s).

The total force remains constant during each time step and is equal to the
vector sum of its interactions with other particles at time t. From the force, the
acceleration, positions and velocities of the particles are calculated, and the
available information at time t are used to calculate the system’s positions and

velocities at time t+§t.
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Verlet Algorithm
The most common integration algorithm is the Verlet algorithm, which
doesn’t requisite the velocities, but requires a single force calculation per

cycle and uses the following two equations:

r(t+6t) =r(t) + v(t)ot + %a(t)é‘tz + -

r(t—6t) =7(t) —v(t)ot + %a(t)dtz + ..

(2.24.)
The sum of these two is the basic formalism of this algorithm:

r(t + 8t) = 2r(t) — r(t — 6t) + a(t)6t? (2.25.)

The Verlet algorithm utilizes the positions (r) and accelerations (a) at time t, as
the updated positions at time t + &t are calculated from the positions at time t

— Ot. The velocities can be calculated from the equation below:

r(t+6t)—r(t—-46t)
26t

V(t) = (2.26.)

The Verlet algorithm’s advantage is that it requires small amount of storage

memory; however, it may generate a lot of errors [42].

Leap-Frog Algorithm
The Leap-Frog algorithm, which is a variation of the Verlet algorithm,

uses these two equations:

1
r(t+6) = r(£) + v(t + E5t>

v (t + %St) =v (t - %St) + a(t)st (2.27.)

In particular, it calculates the velocities at time t + 1/25t, and these
velocities are used to calculate the positions at time t + &t. This algorithm

calculates the velocities directly, but not at the same time with the positions.
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The advantage of this algorithm lies on the fact that it generates less errors
than the Verlet algorithm. [42]

2.2.4 Introduction to Statistical Mechanics

MD simulations can be used to connect the microscopic properties to
macroscopic properties using statistical ensembles via statistical mechanics.
A statistical ensemble is a set of representative points in the 6N-dimensional
phase space (3N for the spatial coordinates, r, and 3N for the momentum, p)
[44]. The “ergodic hypothesis”, which derives from the greek word épyov
(energy) and o0d6¢ (path), states that the ensemble average and the time
average is the same over an infinite period of time. Using means of a
distribution function that describes the ensemble behavior, an average
ensemble property (e.g. energy) can be calculated. The distribution function is
the probability that at some time, under specific thermodynamic conditions,
the system has a particular energy. As a result, by calculating the values of
the property at different times t, the property average will be computed [43].
The partition function

To calculate the distribution function of an ensemble, the type of the
ensemble should be specified. The canonical ensemble (NVT) is the set of the
possible positions and momenta for all particles such that the number of
particles, N, the volume, V, and the temperature, T, are fixed and it specifies
variation of energy.

The probability function, P(I') in the NVT ensemble is described by the
Gibbs’s distribution:

o—BH;N pM)

() = ;e BHiNpM) (2.28)

where rV,pNare a specific set of positions and momentum respectively, H; is

the Hamiltonian function that describes the total energy in state i, f = 1/kBT'

T is the temperature and ks is the Boltzmann constant (ke=1.38 x 10723 JK™1)
[45].
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The denominator of Equation 2.28. is known as the partition function and

usually is symbolized as Qnvr.
Quyr = X e FHEP™ (2.29)

The partition function computes the number of the microstates accessible to

the system at a specific temperature [46].

Due to the fact that the set of microstates is uncountable, the partition function
is expressed as an integral:

Qnvr = h_,j,N, J e_BH(TN'pN)dTNde (2.30.)

Where h is Plank’s constant (h=6.6210-34), 1/h3N and is used in order to make

the quantity dimensionless. 1/N! takes into consideration that the N particles

are indistinguishable. Assuming that the kinetic (K) and potential energy (U)

terms of the Hamiltonian are separable, Equation 2.30. will become:

H(r,p) =K+U

Qnvr = hS;,N,fe‘ﬁU(rN)drNe‘ﬁK(pN)de = ZyyrQp (2.31.)

Where Zyyr is the configuration integral:
ZNVT == fe_BU(TN)dT‘N (232)

And @, is the momentum integral, which can be analytically obtained using

the following formula:

Q== (—VZ’TW>3N(2.33.)

N! h?
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Where m is the molecular mass.

The partition function Qnvr plays significant role in statistical mechanics, due

to the fact that it is associated with the Helmholtz free energy:

Ayyr = —kgTIn(Qyyr) (2.34.)

The Gibbs free energy can be computed using another ensemble, the
isothermal-isobaric ensemble (NPT). In this ensemble, the number of
particles, N, the pressure, P and the temperature, T, are constant. The

partition function can be written as:
Enpr = [[[ e BHTN P eBPV YN grN gpN qy (2.35.)
Then, the Gibbs free energy is:
G = —kgTIn(Zypr) (2.36.)
Finally, in the same way as in the NVT ensemble, Zypr will become:
Zypr = [[ e V)PV qrN gy (2.37)

Consequently, the Gibbs free energy can be computed from Znpt, which can
be calculated from the potential energy of the system. The MD simulations
similarly sample the system’s potential energy completes the sampling of the
system’s potential energy [43,45,46] when they are conducted under constant

temperature and pressure.
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2.2.5 Thermostats and barostats

In this section, we discuss why thermostats, which seek to manage the
temperature of a simulation, and barostats, which are used to control the
pressure of a simulation are often needed for molecular simulations. We
analyze the theoretical background of thermostats and barostats to

understand their function.

Thermostats

When performing MD simulations, it is desirable to emulate the
laboratory experiments conditions. In order to achieve this, sampling from the
canonical ensemble is demanded, where the temperature is constant [69].
Normally, if the temperature of the system must be maintained during the
simulation, some thermostat algorithm will be employed.

During a MD simulation the temperature is measured from the kinetic

energy using the equation:

—Nkb <Z mv?)
(2.40.)

Where the angled brackets indicate that the temperature is defined as a time-
averaged quantity. However, if we use the equation 2.40. to calculate the
temperature for a single snapshot in time of an MD simulation instead of time-
averaging, this quantity is referred to as the instantaneous temperature. The
instantaneous temperature will undergo fluctuations around the target
temperature.

There are several thermostat algorithms in order to control
temperature. Some thermostats rescale velocities outside of the molecular
dynamics’ equations of motion, while others include stochastic collisions
between the system and an implicit bath of particles, or they explicitly include
additional degrees of freedom in the equations of motion giving the effect of
an external heat bath [47]. Some popular thermostats are the Langevin [63],
Andersen [71] and Berendsen [72].
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Barostats

The thermodynamic properties, which are studied in a laboratory, are
measured under open-air conditions, meaning that they are measured at
essentially constant pressure and temperature (isothermal - isobaric
ensemble). In order to obtain a non-atmospheric pressure, some device,
would be needed to control the pressure and volume of the system. As is the
case with thermostats, if the pressure must be maintained in a simulation, a
barostat algorithm will be employed to sample this ensemble.

Barostat algorithms control pressure alone, so if the target ensemble is
isothermal-isobaric, they must be applied along with a thermostat. The
pressure of an MD simulation is commonly measured using the Clausius virial
theorem (an expectation value relating to positions and forces) and when
pairwise interactions and periodic boundary conditions are considered,
different approaches are utilized. These formulas give pressure as a time-
averaged guantity, so if we use these formulas to compute the pressure for a
single snapshot, this quantity, as in the case with temperature, is referred to
as instantaneous pressure, which will undergo under fluctuations around the
target pressure.

Considering a hypothetical system being compressed by a fictitious
piston, which has a mass acting from all directions, it can be considered as
applying a uniform compression. The mass of the piston can be adapted such
that it will change the frequency that the particles in the system will interact
with the system enclosure. These impacts from the particles on the
“enclosure” will transfer a stress on the system box from the surroundings and
serve as a type of barostat [47]. Some barostats frequently used are the
Berendsen [72], Andersen [71] and Parrinello-Rahman [73].

2.2.6 Main steps of Molecular Dynamics simulations

The process of performing an MD simulation generally includes these steps:
1. System preparation

2. Minimization/Relaxation

3. Equilibration

4. Production
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System Preparation
This step focuses on preparing the starting state of the desired system.
This includes building a starting structure, solvating (if necessary),
neutralizing, applying a force field, etc. As this step differs so much
depending on the system and what data are available about the starting
structure, it is a step that varies a great deal depending on the nature of

the system at hand and as a result may require unique tools.

Minimization/Relaxation
The goal of minimization, or relaxation, is to find a local energy
minimum to start MD simulation from a realistic structure. This involves
standard minimization algorithms such as steepest descent. In this way,
we guarantee the removal of any unfavorable van der Waals interactions,

which may exist (See also section 2.2.2.).

Equilibration
When running a MD simulation, it is desired some properties to be
fixed (i.e. temperature or pressure), as we run under constant NVE or
NVT. Therefore, it is required to invest simulation time in order to bring the
system to the appropriate state point. For this reason, it is advised that a
simulation using thermostat is performed prior to a desired production
simulation. The thermostat will maintain the temperature by adding or

removing heat.

Production
After bringing the system to equilibration, we may proceed with the
collection of data for analysis. Typically, this phase is called “production”.
Production simulation run more time than equilibration and production data

should never be collected immediately after a change in conditions [47].
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2.3 Free Energy Perturbation (FEP) calculations

Suppose you want to compute the binding affinity, or free energy of binding, of
a ligand L to a receptor R, given by:

R+ LS RL. (2.41)

The binding constant (Ky) is given by the law of mass action as the ratio of

concentrations of product [RL] and reactants [R], [L]:

0 — co IRL]
K, =c LIR] (2.42.)

The standard state concentration ¢ depends on the reference state, but it is
usually set to 1 mol/L assuming a constant pressure of 1 atm. Thus, the Gibbs

free energy of binding AGyind is given by:
AGpina = —kpTInkKy, (2.43)

where kg is the Boltzmann constant and T the temperature of the system.

A natural, though computationally expensive, way to estimate the
equilibrium constant is by directly simulating several binding and unbinding
events and using them to compute the probability of binding the receptor-
ligand system in the bound state, P(RL), or the unbound state, P(R+L).
Assuming the volume change upon binding to be negligible, then the Gibbs
free energy AGeingL iS approximately equal to the Helmholtz free energy
AAbingL, and we are able to simulate the system in a box of volume V to

obtain:

AGI(J)ind,L ~ AA(I;ind,L = _kBTanl()) (2-44)

The free energy difference between the bound and unbound states can
be predicted by sampling many configurations, computing the energies of
each microstate, and evaluating the partition function Z (deriving from the

German “Zustandssumme”):
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AAGping,ap = AGpina,z — AGpina,a

ZRB) Z(RA))

~ kT (an(R +B) "“ZR+4)

Z(state) = [e U@, (2.45)

where Z(state) is the configuration integral of the bound or unbound state,

B=1/ksT and U(q) is the potential energy of conformation G [50,52]

2.3.1 Relative Free Energy Calculations

Figure 22. Thermodynamic cycle for relative binding free energy (RBFE) calculations. The binding of

ligand A to the receptor is described by the left vertical line and the binding of ligand B to the receptor is
described by the right vertical line. Ligand A is perturbed to ligand B in the unbound state (top horizontal

line) and the bound state (bottom horizontal line) Adapted from Cournia et al. [49].

Alchemical relative free energy calculations avoid the need to simulate
binding and unbinding events by making use of the fact that the free energy is
a state function and exploiting the thermodynamic cycle as illustrated in
Figure 22. This is apparent after rewriting the Eq. 2.45. as

_ Z(RB) Z(R+B)\ _ Z(RB) Z(B)
AAGping ap = —kpT <an(RA) - an(R +A)> = —kgT (an(RA) - an(A))

= AGbound - AGunbound (246)
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where AGboundunbound IS the free energy of changing A to B in the
bound/unbound state. Eq. 2.46. and Figure 22 present us that the difference
in free energy of binding between (A) and (B) can be computed by running
two independent calculations estimating the free energy cost of perturbating A
into B in the binding pocket (AGbound Or AGcomplex) and in solvent (AGunbound OF
AGsolvent) [50].

2.3.2 Multistate transformation of Free Energy process (parameter A)

In practice, the mutation of A to B is defined by a coupling parameter A
controlling the potential energy function U(qg;A). Thus the direct transformation
of A to B is separated in k intermediate steps such that Ao = A=0.0and A1 =B
= 1.0. The first approach to calculate the free energy differences between
thermodynamic states, was introduced by Zwanzig in 1955 and it’s called
Free Energy Perturbation (FEP). If one implements MD simulations using the
potential energy function of thermodynamic state A to compute the free

energy change of changing A to B, the following equation can be used:

~(Up@-Ua@)
AGA—>B =—RTIn< e RT >A (247)

where the angular brackets <> indicate that the quantity inside is averaged
over all the configurations of A and weighted by their Boltzmann probabilities.
The procedure involves periodically computing the potential energy that B will
have for a given qi value and subtracting this from the potential energy of A at
the same qi. Ultimately, the free energy difference is calculated by using the
evaluated potential energies. Hence, the free energy between two
thermodynamic states A and B is the Boltzmann weighted probability of the
difference of the potential energies between A and B.

An effective way to validate the result of the computation is by
performing the reverse process using the following equation, since, as we

mentioned before, energy is a state function and AGa-s =-AGs-A:

-(Ua@-Up@)
AGB—)A =—RTIn< e RT >B (248)
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Though the free energy changes between the two processes must be
equal (if we assume that the number of samples is infinite), this is not the
case in practice, due to the fact that datasets are necessarily finite. We are
able to calculate the deviations from the expected results using the quantity h,
which is called hysteresis and it is defined as the absolute value of the sum of

the two free energy changes as described below:

h = |AGB—>A + AGA—)Bl (249)

where h value should be as low as possible.

The problem with this strategy is the asymmetry in the rate of
convergence of the free energy estimate to the true free energy change. This
asymmetry can be understood in terms of state space overlap between the
low energy configurations of A and B. In other words, the phase-space
overlap measures the degree to which the high-probability conformations (or
low energy conformations) in one state are also high-probability
conformations in the other state. Ideally, the reference state should be the
state of higher entropy, as the low energy configurations of the perturbed
state is more likely to be a subset of the low energy configurations of this state
(Figure 23a). Unfortunately, it is difficult to know a priori, which protein-ligand
complex has the higher entropy, therefore it is not easy to determine
beforehand in which direction the FEP equation converge more rapidly. The
important region of the reference system might overlap with only a part of the
important region of the target state (Figure 23b) or do not overlap at all
(Figure 23c).
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Figure 23. a) The important region of the target system is a subset of the important region of the

reference system. b) The important region of the reference system overlaps with only a part of the

important region of the target state. c) The important regions do not overlap.

An effective way to deal with this problem is by multi-staging the
transformation of A to B. A coupling parameter A is defined to control this
conversion, thus the direct transformation of A to B is separated in Kk
intermediate steps such that Ao = A = 0.0 and A1 = B = 1.0 as illustrated in

Equation:

k=n=1

AGap= ) AGQh = dir).
k=0

(2.50.)

The result is that the exponential averaging is only implemented
between states that have high degree of phase space overlap. Although the
number of simulations is increased by a factor k, each of these simulations
converge faster and the overall process is more accurate. These intermediate
states are unphysical and for this reason the method is called alchemical free
energy calculations [50].

2.3.3 Topology approach to relative calculations

There are three approaches to relative calculations, single topology,
dual topology, or hybrid topology. The distinction between these can be
illustrated by considering a hypothetical transformation from molecule A to
molecule B, where both atoms share a common substructure but differ in their
substituents [50].
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Single

In single topology calculations, the overall transformation is set up to
involve as few additional atoms as possible. For instance, considering a
transformation of benzene to benzyl alcohol, the benzene would be typically
changed into benzyl alcohol by changing one of the hydrogens into a carbon.
This site will also be the future home of two additional hydrogen atoms bound
to the new carbon, so these must initially be present as non-interacting atoms
called “dummy atoms”. Dummy atoms retain their bonded interactions but do
not interact with the rest of the system, while bond parameters as well as
partial charges between the changing atoms are adjusted accordingly
between the initial and final state. Thus, in a single topology calculation,
atoms may change their type, ensuring minimal dummy atoms are created
[50].

Dual

In contrast, in a dual topology alchemical free energy calculation, no
atoms are allowed to change type. This means that the benzene to benzyl
alcohol transformation involves starting with benzene plus the non-interacting
dummy atoms making up the hydroxyl methyl group, then passing through an
intermediate state where some atoms are partially interacting— particularly,
those atoms which are becoming dummy atoms or ceasing to be dummy
atoms. The transformation finally culminates in a state where benzyl alcohol is
present along with the additional dummy atom which was previously a
corresponding hydrogen of the benzene [50].

Hybrid

Hybrid topology calculations essentially works by turning one
molecule’s interactions with the environment off, while turning the other
molecule’s interaction on at the same time. These calculations are in fact two

absolute free energy calculations in opposite directions at the same time [50].
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2.3.4 Evaluation of Free Energy with MBAR

Free energy calculations can be performed using a variety of schemes
such as the thermodynamic integration approach or free energy perturbation
using the Zwanzig formula (Equation 2.48.). Another scheme is the Bennett
acceptance ratio (BAR), as well as the multistate BAR (MBAR) variation. The
latter has been suggested to be the most efficient way to conduct free energy
calculations and appears to be the most widely used in practice and has the

following equation:

(F(BlUA)—Upq)—ClB

AGBAR(A > B) = —B711
(A - B) p n(f(B[UB(q)—UA(q)_CDA

+ C (2.51)

where the numerator of the ratios is the ensemble average of the function f. It
takes as input B times the difference between Ua and Us for a given
microstate g minus a constant C. This constant is obtained from data sampled
from equilibrium distribution f(B). The denominator is the ensemble average of
the same function but with opposite sign. For this equation is necessary to
assume that the same number of samples is used for both datasets. For a
finite number of samples, the statistical optimal choice that minimizes the

standard error is provided by the Fermi function as shown in equation:

1
1+e*

flx) = and C = AG (2.52.)

Since AG is usually not known in advance, the equation must be
solved self-consistently. Firstly, a guess is made for C and then the ratios
from Equation 2.48. are solved to obtain AG and then one sets C = AG. The
process is iterated until AG is not changing anymore. It can be proved that
this procedure always converges to the most accurate AG given available
data [51].
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2.3.5 Convergence of Free Energy calculations

There are several ways to improve the convergence of FEP
calculations when it is insufficient. First of all, it is advisable all ligands to be
connected in a single graph in a way that each ligand is connected to at least
two other ligands with closed cycles. The closure of the cycle contributes to
compute sampling error estimates, since energy is a state function and the
total free energy change should sum to zero.

In addition, extension of simulation runtimes is a way to improve the
simulation convergence, due to the fact that insufficient sampling may lead to
error in the calculations. Another method that can be applied in order to
increase the convergence of the calculation is the addition of supplemental
intermediate molecules. The addition of these compounds implies to a
mutation, in which the target state is structurally more similar to the reference
state, and as a result the phase space overlap will be increased.

Instead of including extra intermediate molecules, a man could
increase the number of A windows. Poor overlap between of some A windows
is a potential source of error in FEP calculations. This problem can be solved
by attaching extra windows between those that present low convergence.
Last, the calculations can be run in triplicates. It is possible that one
calculation alone won’t be reliable. It is suggested to run triplicates so that the

result is statistically significant [52].
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3 RESULTS

3.1 Selection of target receptor

Criteria for selection of the receptor

For the selection of the appropriate receptor we need some criteria. We
desire the receptor to have only glutamate as ligand, good resolution,
crystallization conditions close to natural and the receptor to be isolated from
human protein. For these simulations, it is suggested that we use the receptor
with PDB ID: 1FTJ [53] (Figure 24) for the following reasons. The receptor is
the crystal structure of S1/S2 binding core of GIuR2 in complex with
glutamate. It has been crystallized from rattus norvegicus with T = 277 K, pH
= 6.5 and with resolution 1.90 A. The fact that the receptor hasn’'t been
crystalized from human protein is something that we need to take into
consideration, due to the fact that if rat protein and human protein differ to a

big extend, the simulation won'’t reflect the reality.

PDB ID: 1FT) A

GLU 275
Chain C

LA GLU 276
oy y Chain B

Figure 24. Crystal structure of S1/S2 binding domain of GIuR2 with PDB ID: 1FTJ. The AMPA receptor
consists of 4 subunits, each one including a molecule of glutamate as substrate in the LBD. This
particular structure consists of only three chains. The last chain couldn’t be crystalized due to low

electron density [53].
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Comparison of rat and human AMPA protein using BLAST

The comparison of the sequences of rat protein and human protein
using BLAST [54] revealed a 99.5% sequence similarity between the two
proteins. In particular, we found out that there are four differences in residues
between the two sequences. After visualization in Maestro [55], we located
the differences. Only one of them is in the ligand binding domain S1/S2 (G at
position 231 of rat is replaced by R at the same position in human) and it is in
a distance of ca. 17 A from the center of mass of glutamate. As a result,

crystal structure 1FTJ is the best choice for the calculations.

Domain of AMPA glutamate receptor with PDB ID:1FTJ

a. b. C. poBID: 1FD

¢ |
\&
Qe B
o
‘»{3,’./ s
V,.I X :

AMPA‘-rceptor S1/S2 LBD of AMPA receptor

Figure 25. a) Structure of an AMPA receptor (PDB ID:5WEOQ). b) Simpler illustration of the AMPA gluR.
c) S1/S2 LBD of AMPA gluR (PDB ID: 1FTJ).

Our receptor is an AMPA receptor, consisting of 4 subunits (Figure
25a). Figure 25b illustrates a simpler illustration of the receptor’s subunits.
There is the amino terminal domain, the ligand binding core, which includes 2
domains, the S1 and S2, with the ligand-binding pocket situated between the
two domains. 1, 2 and 3 represent the three transmembrane segments to

which ligand binding-core is connected.
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However, we are interested only in the ligand binding core. Fortunately,
this PDB ID includes only the S1/S2 LBD of the AMPA Receptor (Figure 25c)
and as a result, this will speed up the calculations. So, scissors in Figure 25b
indicate the locations that are modified to generate the ligand-binding core.
The isolation was achieved by using a five residue linker with the dipeptide
Gly—Thr (GT) dipeptide linker [53]. In particular, if we examine the S1/S2 LBD
of our receptor we will notice that the receptor consists of 3 chains, chain A, B
and C, each one having a molecule of glutamate as a substrate as shown in
figure 25c. The last chain couldn’t be crystalized due to the fact that the
electron density for this region was not well defined, probably because
multiple conformations were occupied. After alignment in Maestro all chains
A, B and C are identical, apart from only one residue, Asn 3, that exist in the
terminal of chain B (Figure 26). Furthermore, chain A has one Zn?* metal,
while chain B and chain C include two Zn?* metals. Zn?* metals are not
located inside the binding pocket or close to it. For these simulations, chain A
was selected as Heinzelmann et al. chose for the calculation of the standard

binding free energy of glutamate in the AMPA receptor [56].

Chain A

Figure 26. Alignment of Chains A, B and C of 1FTJ in Maestro.
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3.2 Simulation of target receptor

3.2.1 Protein Preparation

Chain A in complex with glutamate from crystal structure PDB:1FTJ
was loaded in Maestro. The selected structure was prepared with Protein
Preparation Wizard tool provided by Schrédinger [57], where the missing side
chains were filled in using Prime, water molecules were deleted, and protein
was optimized and minimized (Figure 27). Chain A in complex with glutamate
and glutamate alone were exported as a .pdb files. Glutamate was uploaded
on the CGenFF [58] platform and the .str file was created, which contains
bonded information and parameters for glutamate. The force field that was
used for the simulations is CHARMM36 [59] both for the protein and the
ligand.

Figure 27. AMPA receptor with PDB ID: 1FTJ after being prepared with Protein Preparation Wizard tool

in Maestro.

Subsequently, a tcl script was used in VMD [60], in order to generate the .psf
file, to solvate and neutralize the system. The topology files used are:

o top_all36_prot.rtf

e top_all22_prot_metals.inp for zinc

e top_all36_cgenff.rtf

o top_all_lipid.rtf

e top_all36_na.rtf and
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e _strfile for glutamate

Chain A in complex with glutamate was placed in a water box with
dimensions such that there is a layer of water 15 A in each direction from the
atom with the largest coordinate in that direction. The system was neutralized
by adding six chlorine ions. We prepared a system consisting of ca. 50,000
atoms, including ca. 15,300 water molecules.

3.2.2 Simulation Parameters
Minimization

Performing an energy minimization will guarantee the removal of any
unfavorable van der Waals interactions that may exist, which might otherwise
lead to local structural distortion and result in an unstable simulation. The
software that was used is NAMD [61]. NAMD incorporates the Particle Mesh
Ewald (PME) algorithm, which takes the full electrostatic interactions into
account and reduces the computational complexity of electrostatic force

evaluation.

The parameters and topology files used are:
par_all36_lipid.prm

par_all36m_prot.prm

par_all36_na.prm
par_all22_prot_metals.inp
toppar_water_ions_namd.str
par_all36_carb.prm

par_all36_cgenff.prm
toppar_all36_na_nad_ppi.str

.str file for ligand

The system was minimized for 50,000 steps.

44



Total Energy during Minimization
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Figure 28. Total Energy of L-glutamate/AMPA in kcal/mol vs minimization step, where we confirm that

energy has converged

In figure 28 it is observed that after some steps the energy has reached

plateau and so, minimization has converged.

Heating

During the heating phase, initial velocities are assigned at a low
temperature, 5 K, and the simulation is started with periodically assigning new
velocities at a slightly higher temperature of 10 K and letting the simulation
continue. This step is repeated until the desired temperature 310 K is

reached.

Heating ran for 10,000 steps for each 10 K of temperature elevation and for a
total 0.6 ns.
The parameters that were used are the same with those at the minimization

step.
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Total Energy during Heating
Beceptor in complex with L-glulamate
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Figure 29. Total energy of L-glutamate/AMPA during the heating phase.

Equilibration

Once the heating process is over and the desired temperature is
reached, the simulation is continued and during this phase, properties such as
structure, pressure, temperature and the energy are monitored (simulation is
performed in the NVT ensemble). As mentioned before, the point of the
equilibration phase is to run the simulation until these properties become
stable with respect to time.

The temperature was controlled with a langevin thermostat, which was
set at 310 K and langevinDamping option, which is about damping coefficient,

was set at 1 (damping coefficient of 1/ps) [62].
Equilibration ran for 500,000 steps with a time step of 2 fs (1 ns).

The parameters that were used are the same with those at the minimization
step.
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Total Energy during Equilibration
Receptor in complex with L-gluinmate
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Figure 30. Total energy of L-glutamate/AMPA during equilibration. The average of the total energy is -
122126 + 426 kcal/mol.

Production Run

During this process coordinates of the system at different times are
stored in the form of trajectories. These are then used for calculations of
mean energy, root mean square (RMS) fluctuations between structures etc. In
addition, a Nosé-Hoover barostat was used to control pressure. Option
“‘useGroupPressure” was activated, which is needed for rigid bonds, as well
as langevinPiston was. LangevinPistonTarget was used to specify target
pressure for Langevin piston method at 1 atm (latm = 1.01325 bar),
langevinPistonPeriod specified barostat oscillation time scale for the Langevin
piston method at 100.0 fs, and langevinPistonDecay was used, in order to

specify barostat damping time scale for the method at 50.0 fs [63,64].

The simulation was run for 500,000,000 steps with a time step of 2 fs (100

ns).
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Total Energy during Production Run
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Figure 31. Total energy of L-glutamate/AMPA during the production run.

Temperature during Production Run
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Figure 32. Temperature of the system L-glutamate/AMPA during the production run.
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Pressure during Production Run
Receptor in complex with L-glutamate
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Figure 33. Pressure of the system L-glutamate/AMPA during the production run.
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Figure 34. RMSD of L-glutamate in the binding pocket of AMPA receptor during the production run.

Figure 31 shows the total energy of the system during the production
run with average - 122299 + 249 kcal/mol. The average proves that the
system is at equilibration. Figure 32 show the fluctuations of the temperature
during the production run. The average temperature is 309.2 £ 1.4 K, which
reveal that the thermostat worked successfully. Figure 33 show the change of
the pressure during the production run, where the average pressure is 1.1

0.6 atm. As a result, the barostat also worked successfully.
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Figure 34 illustrates the RMSD (Root Mean Square Deviation) time
series of L-glutamate in the binding pocket of the receptor during the

production run. RMSD uses the following equation

RMSD(v,w) = \/%Zi“:l [(vix — Wix)2 + (Viy — Wiy)2 + (Viz - Wiz)z], (3.3)

where Vi, y, z are the coordinates of the atoms of one frame and wix, y, z are the
coordinates of the atoms of another frame, and calculates the difference of x,
y and z coordinates. RMSD average for L-glutamate is 2.1 + 0.8 A, indicating

that the ligand remains in the binding pocket of the receptor after 100 ns.

Note: Part of the proteins left the water box during the production run. In order
to avoid such visualization problems, the trajectories were centered in VMD
using the following command: pbc wrap -centersel "protein” -center com -

compound residue -all.

Analysis of trajectories — Analysis of interactions of last frames

The first cluster representative of the production run was visualized in
Maestro in order to inspect the interactions between the receptor and L-
glutamate. In addition, in Figure 35 the structure of the receptor in complex
with L-glutamate is presented, in order to inspect where the ligand is located
most time of the production run and after the production run. In both cases the

molecule is located in the binding pocket of the receptor (Figure 35).
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Figure 35. First cluster representative (left) and last frame of the production run (right).

Interactions between receptor and L-glutamate

SER 142

THR 143

e N

Figure 36. Interactions between L-glutamate and AMPA receptor.

51



The residues participating in electrostatic interactions are Tyr61l Arg96,
Serl42, Thr143 and Glul193.

In figure 36 ion-dipole interactions are observed between the hydrogen of
amide group of Serl142 and the carboxyl oxygen of L-glutamate, the hydrogen
of the hydroxyl group of Serl42 with the oxygen of the second carboxyl group
of the substrate, the hydrogen of the hydroxyl group of Thrl43 and the
carboxyl oxygen of L-glutamate, and the hydrogen of the amide group of
Thr143 and the carboxyl oxygen of the substrate. In addition, there is cation-Tr
interaction between the aromatic benzene ring of Tyr61 and the positive
charged nitrogen of L-glutamate as well as salt bridge between the positive
charged nitrogen of guanidinium group of Arg96 and the negative charged
carboxyl oxygen of the substrate.

Scaling of the Molecular Dynamics simulations code
All the simulations were completed at the Greek Research & Technology
Network (GRNET) in the National HPC facility ARIS.

For the plain MD simulations, we present below scalability results for NAMD
2.14 in ARIS (GRNET) for the AMPA glutamate receptor. The multicore
NAMD on a single node for 100,000 steps yielded 0.0026 s/step for ca.
50,000 atoms, 0.0014 s/step on two nodes, 0.0008 s/step on four nodes and
0.0007 s/step on 8 nodes (Figure 37). The multimode NAMD scaled almost
linearly up to 4 nodes.

0,003

0,0025 —

0,002 — —

0,0015 — —

seconds/step

0,001 — —

0,0005 — —

0 1 | 1 | I | 1 |
0 4 8 12 16 20
Number of nodes (#)

Figure 37. Time scaling
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3.2.3 Rotational Energy barrier for the L-glutamate N-C-C-C dihedral

The aim of this step is to examine the stability and the interactions of a
different isomer conformation of L-glutamate, by rotation of the dihedral angle
N-C-C-C, in the binding pocket of the same receptor. An MD simulation will be
performed in order to inspect whether this new conformation leads to a
possible better binding on the binding pocket of AMPA glutamate receptor.

Selection of the conformation of L-glutamate by rotation of the dihedral angle
N-C-C-C

The trajectory of L-glutamate on the AMPA glutamate receptor, which
was obtained from previous step, was visualized in VMD and the desirable
dihedral N-C-C-C was selected as shown in Figure 38. Subsequently, the time
series of this particular dihedral were plotted (Figure 39) and the probability of
each dihedral was found and plotted (Figure 40) as well as the corresponding
energies in kcal/mol (Figure 41), which were calculated using the following

equation:

AG = —kzTInP,(3.1)

where kg is the Boltzmann constant, T is temperature and P is the probability.

Figure 38. N-C-C-C dihedral of crystal L-glutamate.
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Figure 39. Time series of N-C-C-C dihedral of L-glutamate during the production run.

250

200 —

150 —

Probability

g
|

50

- -

-200 -100 0 100

Dihedral (degrees)

Figure 40. Probability distribution on N-C-C-C dihedral.
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Figure 41. AG vs dihedral.

The previous simulation started with L-glutamate’s dihedral N-C-C-C =
-73.91° (Figure 38), which corresponds to a conformation from the global
minimum. We would like the new simulation to start from a conformation with
different dihedral, obtained from a local minimum. Frame 842, where L-
glutamate’s dihedral N-C-C-C = 55.46° is a very good option to start the
simulation (Figures 42, 43).
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Time series of dihedral N-C-C-C of L-glutamate

200

]
I
\

100 i

Wy l | I,
degrees: 35 46 J | i
frame: 842 ) |
| B B

Dihedral (degrees)
=

muﬂ*%m?ﬁwﬂw'-- i ulmﬂlwwlwﬁﬂﬁ"w

| Hob itk gl

200, 500 1000 1500 2000
Frame

Figure 42. Selection of the frame according to the N-C-C-C dihedral of L-glutamate.

Figure 43. N-C-C-C dihedral of crystal L-glutamate (left) and of frame 842 (right).

The preparation of the system, the simulation as well as the conditions were

completed as described previously. The system consists of ca. 55,000 atoms

including ca. 17,000 water molecules.
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Results

The system was minimized for 50,000 steps.
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Total Energy during Minimization
Receptor in complex with L-glutamate-isomer

Sedlb —

Total Energy (keal/mol)

lesh =

Jel =

Je+ —

Jeslb —

T I ! I T ] ' |

T 1 T T & T

TODOEN 200000 30000 ELLL L
Minimization siep

SO0

Figure 44. Total energy of L-glutamate-isomer/AMPA during minimization.

In figure 44, it is observed that after some steps the energy has reached

plateau and so, minimization has converged.

Heating ran for 10,000 steps for each 10 K of temperature elevation and for

total 0.6 ns.
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Total Energy during Heating
Receptor in complex with L-glutamate-isomer
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Figure 45. Total energy of L-glutamate-isomer/AMPA during the heating phase.

Figure 45 illustrates the total energy of the system during the simulation.

Equilibration ran for 500,000 steps with a time step of 2 fs (total 1 ns).
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Figure 46. Total energy of L-glutamate-isomer/AMPA during equilibration.
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Figure 46 illustrates the total energy vs time during the equilibration
phase of the system. Particularly, the average of the total energy is - 134,759
+ 413 kcal/mol. The total energy during equilibration for the L-glutamate was -
122,126 £ 426 kcal/mol. The energy difference is due to the fact that the
system with the L-glutamate-isomer is consisted of more atoms (ca. 5,000

more atoms).

The simulation was run for 500,000,000 steps with a time step of 2 fs (100

ns).
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Figure 47. Total energy of L-glutamate-isomer/AMPA during the production run.
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Temperature during Production Run
Receptor in complex with L-glutamate-isomer
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Figure 48. Temperature of system L-glutamate-isomer/AMPA during the production run.
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Figure 49. Pressure of system L-glutamate-isomer/AMPA during the production run.
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RMSD of L-glutamate-isomer during Production Run
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Figure 50. RMSD of L-glutamate-isomer in the binding pocket of the AMPA receptor during the

production run.

Figure 47 shows the total energy of the system during the production
run with average — 134,967 + 257 kcal/mol. The total energy of the system
with L-glutamate was — 122,299 + 249 kcal/mol. This difference is due to the
different number of atoms of the systems.

Figure 48 shows the change of the temperature during the production
run. The average temperature is 309.2 + 1.3 K, which reveal that the
thermostat worked successfully. Figure 49 show the change of the pressure
during the production run. The average pressure is 1.0 £ 0.5 atm.

Figure 50 illustrates the RMSD time series of L-glutamate-isomer in the
binding pocket of the receptor during the production run. RMSD average for L-
glutamate is 2.0 + 0.7 A. The RMSD of L-glutamate was 2.1 + 0.8 A. As a
result, L-glutamate-isomer remains in the binding pocket of the receptor after
100 ns and the RMSD indicates that the rotation of the dihedral angle N-C-C-
C, didn’t affect the results.

It seems that despite the fact that the initial structure had dihedral N-C-C-C =
55.46°, it changed after the simulations. Specifically, after minimization it
changed to N-C-C-C= -76.84° (Figure 51), which is close to the angle of
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crystal’s structure (-73.9°). During the production run, the dihedral is mostly
close to -77° and at the last frames of the simulation -175° (Figure 52).
However, this result arises due to the minimization step. Minimization should

have been avoided in this step, as it changes the dihedral into the initial angle.

Figure 51. N-C-C-C dihedral of L-glutamate-isomer after minimization.
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Figure 52. Time series of N-C-C-C dihedral of L-glutamate-isomer during the production run.
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3.3 MD Simulations of L-ligands/AMPA receptor

3.3.1 Glutamate and BMAA adduct similarity

In order to prove that our molecules L-a-carbamate, L-B-carbamate,
and L-BMAA are similar with respect to glutamate, we used tanimoto
coefficient. Tanimoto is a similarity measure for comparing chemical
structures represented by means of fingerprints. A fingerprint is a series of
bits that represent the presence (1) or absence (0) of chemical substructures
in a molecule (i.e. of a fingerprint: 101000101000100000000) [65]. By using

the equation
N¢

T=—"S_(32)

o Npg+Ng—N¢

where Nc is the number of bits ON (1) at Molecule 1 and 2, Na is the number
of bits ON at molecule 1 and Ns is the number of bits at molecule 2, the
similarity measure for L-ligands was calculated using ChemBioServer 2.0

platform [66] and the results are presented in the table below.

Table 1. Cross Tanimoto between glutamate, a-carbamate, 3-carbamate and BMAA.

Molecule Glutamate  a-carbamate [-carbamate BMAA
Glutamate 1 0.50 0.50 0.47
a-carbamate 0.50 1 0.87 0.82
B-carbamate 0.50 0.87 1 0.70
BMAA 0.47 0.82 0.70 1

All ligands have T = 0.50, and as a result L-a-carbamate, L-B-carbamate, and
L-BMAA are similar molecules with respect to L-glutamate.
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3.3.2 Validation of Glide Docking

For the preparation of the systems, it is necessary to select a method
in order to place properly the ligands in the binding pocket of the receptor. For
this purpose, we decided to use Glide Docking [67] and we validated the
method by self-docking.

Self-docking is a procedure, where two poses, one of a docked
molecule and one of a crystal molecule, are compared in order to examine
how different they are. We used the receptor of our interest, AMPA, and with
Glide we placed the same ligand, glutamate, in the binding pocket. Then, we
compared how different were the poses between the docked glutamate and
the crystal glutamate with RMSD. For reliable predictions RMSD mustn’t
exceed 2 A. The RMSD that we calculated was 1.0 A (Figure 53), so we can
say that glide is a reliable method for docking L-glutamate, and the similar

molecules L-a-carbamate, L-B-carbamate, and L-BMAA.

crystal glu
docked glu

Figure 53. Alignment between crystal glutamate and docked glutamate.
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3.3.3 Analysis of L-ligands-AMPA receptor MD simulations

Next, we proceeded with MD simulations of L-a-carbamate, L-B-
carbamate, and L-BMAA in the binding pocket of the AMPA receptor. The
preparation of the system, the simulation as well as the conditions were
completed as described at first place, but before that, L-a-carbamate, L-B-
carbamate, and L-BMAA were placed in the binding pocket of the receptor by

docking using Glide (Figure 54). The systems are consisted of ca. 50,000

atoms including ca. 17,000 water molecules.

" -
P 1
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& / L

Figure 54. a) L-a-carbamate/AMPA after docking, b) L-B-carbamate/AMPA after docking, and c) L-
BMAA/AMPA after docking.
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Results

The systems were minimized for 50,000 steps.

a. Total Energy during Minimization b. Total Energy during Minimization
Receptor in complex with L-alpha-carbamate Receptor in complex with L-beta-carbamate
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Figure 55. a) Total energy of L-a-carbamate/AMPA during minimization. b) Total energy of L-B-carbamate/AMPA during minimization. c) Total
energy of L-BMAA/AMPA during minimization.

In figure 55 it is observed that after some steps the energy has reached

plateau and so, minimization has converged in all cases.
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Heating ran for 10,000 steps for each 10 K of temperature elevation and for a

total 0.6 ns.
a. Total Energy during Heating b. Total Energy during Heating
Receptor in complex with L-alpha-carbamate Receptor in complex with L-beta-carbamate
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Figure 56. a) Total energy of L-a-carbamate/AMPA during the heating phase. b) Total energy of L-B-carbamate/AMPA during the heating phase. c)
Total energy of L-BMAA/AMPA during the heating phase.

Figure 56 illustrates the total energy of the systems during the simulations.
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Figure 57. a) Total energy of L-a-carbamate/AMPA during equilibration. b) Total energy of L-B-carbamate/AMPA during equilibration. c) Total
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Figure 57 illustrates the total energy vs time during the equilibration

phase for all three systems. Particularly, the average of the total energy is -

122,293 + 497 kcal/mol for the structure with L-a-carbamate as ligand (Figure

57a), -122,132 + 376 kcal/mol for the structure with L-B-carbamate as ligand
(Figure 57b) and -122,283 + 509 kcal/mol for the structure with L-BMAA as

ligand (Figure 57c). The average of the total energy for L-glutamate was -

122126 + 426 kcal/mol.
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The production simulation was run for 500,000,000 steps with a time step of 2

fs (100 ns).
a. Total Energy during Production Run b. Total Energy during Production Run
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Figure 58. a) Total energy of L-a-carbamate/AMPA during the production run. b) Total energy of L-B-carbamate/AMPA during the production run. c)
Total energy of L-BMAA/AMPA during the production run.
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a. Temperature during production Run b. Temperature during Production Run
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Figure 59. a) Temperature of L-a-carbamate/AMPA during the production run. b) Temperature of L-B-carbamate/AMPA during the production run.
c¢) Temperature of L-BMAA/AMPA during the production run
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Pressure during Production Run
Receptor in complex with L-beta-carbamate

a. Pressure during Production Run b.
Receptor in complex with L-alpha-carbamate
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Figure 60. Pressure of L-a-carbamate/AMPA during the production run. b) Pressure of L-B-carbamate/AMPA during the production run. c) Pressure

of L-BMAA/AMPA during the production run
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a.  RMSD of L-alpha-carbamate during Production Run
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Figure 61. a) RMSD of L-a-carbamate in the binding pocket of AMPA during the production run. b) RMSD of L-B-carbamate in the binding pocket of
AMPA during the production run. ¢) RMSD of L-BMAA in the binding pocket of AMPA during the production run.

Figures 58a, 58b and 58c show the total energies of the three systems
(receptor in complex with L-a-carbamate, receptor in complex with L-B-
carbamate, and receptor in complex with L-BMAA) during the production run
with average -122,442 + 240 kcal/mol for the structure with L-a-carbamate, -
122,312 + 241 kcal/mol for the structure with L-B-carbamate, and -122,429 +
236 kcal/mol for the structure with L-BMAA. The averages prove that all
systems are at equilibration. The average for L-glutamate was - 122299 + 249

kcal/mol.

Figures 59a, 59b and 59c show the change of the temperature during

the production run. The average temperature is 309.2 £ 1.4 K for all systems,
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which reveal that the thermostat worked successfully. Figures 60a, 60b and
60c show the change of the pressure during the production run. The average
pressure is 1.1 £ 0.6 atm for all systems and as a result, the barostat also
worked successfully.

Figures 6l1a, 61b, and 61c illustrate the RMSD time series of L-a-
carbamate, L-B-carbamate, and L-BMAA respectively in the binding pocket of
the receptor during the production run. RMSD average for L-a-carbamate is
2.4 + 0.4 A (Figure 61a), RMSD average for L-B-carbamate is 1.2 + 0.2 A
(Figure 61b), and RMSD average for L-BMAA is 3.0 + 0.8 A (Figure 61c). The
RMSD for L-glutamate was 2.1 + 0.8 A. As a result, all three molecules remain
in the binding pocket of the receptor for 100 ns with the best RMSD being for
L-B-carbamate, then for L-glutamate, L-a-carbamate, and last for L-BMAA.
This indicates that L-p-carbamate, which shares the highest structural
similarity among the three ligands (Figure 62), is more stable than the natural
substrate, glutamate. In addition, L-BMAA for which it is reported that is not
the one that binds in glutamate’s binding site [9,12], is the least stable

molecule.

a-carbamate BMAA B-carbamate Glutamate
(neurotransmitter

o )
0 o o] 0 0
HiC_ y
N © HC_
: N o o N o o 0
HN o H, | )
\f NH!‘ N H:s‘

NH; CH,

o

Figure 62. Structures of a-carbamate, BMAA, B-carbamate and glutamate.

Analysis of trajectories — Analysis of interactions of last frames

The first cluster representatives of the production runs were visualized in
Maestro in order to inspect the interactions between the receptor and L-a-
carbamate, L-B-carbamate and L-BMAA. In addition, in figures 64, 65, and 66
the structures of the receptor in complex with L-a-carbamate, L-B-carbamate
and L-BMAA are presented respectively, in order to inspect where the ligands
are located most time of the production run (left) and after the production run
(right). In all cases the molecules are located in the binding pocket of the

receptor.
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Figure 64. First cluster representative of L-a-carbamate/AMPA (left) and last frame of L-a-carbamate/AMPA of
the production run.

Figure 65. First cluster representative of L-8-carbamate/AMPA (left) and last frame of L-8-carbamate/AMPA of
the production run.
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Figure 66. First cluster representative of L-BMAA/AMPA (left) and last frame of L-BMAA /AMPA of the production
run.

Interactions between receptor and L-a-carbamate
The residues participating in electrostatic interactions are Thr91, Arg96,
Serl42 and Glul93.

In Figure 67 there are two ion-dipole interactions and two salt bridges
being observed. One ion-dipole interaction between the hydrogen of the
hydroxyl group Thr91 and the carboxyl oxygen of L-a-carbamate, and another
one between the hydrogen of the amide group of Serl42 and the oxygen of
the second carboxyl group of the ligand. The salt bridges are being observed
between the positive charged nitrogen of guanidinium group of Arg96 and the
negative charged carboxyl oxygen of the ligand, and between the negative
charged carboxyl oxygen of Glu193 and the positive charged nitrogen of L-a-

carbamate.
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Figure 67. Interactions between L-a-carbamate and AMPA.

Interactions between receptor and L-B-carbamate
The residues participating in electrostatic interactions are Arg96, Thr9l,
Pro89, Serl142, Thr143 and Glu193.

In Figure 68 ion dipole interactions are depicted between the hydrogen
of the amide group of Thr91 and the carboxyl oxygen of L-B-carbamate,
hydroxyl hydrogen of Serl42 and the second carboxyl oxygen of the ligand,
the hydrogen of the amide group of Serl42 and the oxygen of the second
carboxyl group of the ligand, the hydrogen of the amide group of Thr142 and
the carboxyl oxygen of the ligand, the hydrogen of the hydroxyl group of
Thrl42 and the second carboxyl oxygen of the ligand, between the carboxyl
oxygen Glul93 and the hydrogen of the amide group L-B-carbamate, and
between the carbonyl oxygen of Pro89 and the hydrogen of the amide group
of the ligand. In addition, a salt bridge is forming between the positively
charged nitrogen of guanidinium group of Arg96 and the negatively charged

carboxyl oxygen of L-B-carbamate.
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Figure 68. Interactions between L-B-carbamate and AMPA.

Interactions between receptor and L-BMAA

The residues participating in electrostatic interactions are Thr91 and Arg96.
There are only two electrostatic interactions between L-BMAA and the

receptor depicted (Figure 69). An ion-dipole interaction is forming between the

hydrogen of the amide group of Thr91 and the carboxyl oxygen of the ligand,

and a salt bridge between the positive charged nitrogen of guanidinium group

of Arg96 and the negative charged oxygen of the ligand.

Figure 69. Interactions between L-BMAA and AMPA.
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After inspecting the electrostatic interactions, it is known that L-B-
carbamate has the greatest number of electrostatic interactions, then L-
glutamate, then L-a-carbamate, and last L-BMAA with only two electrostatic
interactions being observed. It is now understandable why L-3-carbamate is
the molecule that remains most stable in the binding pocket of the receptor
(1.2 £ 0.2 A) and L-BMAA the one that remains the least (3.0 + 0.8 A).

3.4 MD simulations of D-ligands/AMPA receptor

Even though the L-ligands are the molecules that are believed to bind
into glutamate’s binding pocket, it is biologically interesting to study also the
D-ligands in the AMPA receptor, since there could be racemic mixture of L-
BMAA and D-BMAA. We will examine their stability in the binding pocket and
inspect whether they have better affinity with respect to the L-ligands. In this
step, we decided to use during the preparation of the systems, an extra
method for placing the molecules in the binding pocket of the AMPA receptor.
So, we have run MD simulations preparing the systems using

superimposition/minimization with respect to L-glutamate and Glide Docking.

3.4.1 Analysis of D-ligands-AMPA receptor MD simulations from

preparation with superimposition and minimization

Preparation of the system with superimposition and minimization

Chain A from crystal structure PDB:1FTJ and L-a-carbamate of BMAA
were loaded in Maestro. Glutamate from the crystal structure PDB:1FTJ and
D-a-carbamate were superimposed in Maestro using as reference structure
glutamate, in order to place D-a-carbamate in the binding site of the receptor.
Subsequently, D-a-carbamate and chain A without glutamate were merged,
and the complex (chain A from PDB ID: 1FTJ and D-a-carbamate) was
minimized using the Protein Preparation Wizard tool, provided by Maestro, so
that the ligand could perform the appropriate interactions in the binding pocket
of the receptor. The rest of the steps concerning the preparation of the

systems were completed as described for the previous simulations. The same
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procedure was followed also for D-B-carbamate, and D-BMAA. Three systems

of ca. 50,000 were prepared, including ca. 15,300 water molecules each.

Results

The systems were minimized for 50,000 steps.

Total Energy (kcal/mol)

a. Total Energy during Minimization b. Total Energy during Minimization
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Figure 70. a) Total energy of D-a-carbamate/AMPA during minimization. b) Total energy of D-B-carbamate/AMPA during minimization. c) Total
energy of D-BMAA/AMPA during minimization.

In Figures 70a, 70b, and 70c it is observed that after some steps the energy

has reached plateau and so, minimization has converged in all cases.
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Heating ran for 10,000 steps for each 10 K of temperature elevation and for a

total 0.6 ns.
a. Total Energy during Heating b. Total Energy during Heating
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Figure 71. Total energy of D-a-carbamate/AMPA during the heating phase. b) Total energy of D-B-carbamate/AMPA during the heating phase. c)
Total energy of D-BMAA/AMPA during the heating phase.

Figure 71 illustrates the total energy of the systems during the simulations.
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Total Encrgy (kcal/mol)

Equilibration ran for 500,000 steps with a time step of 2 fs (1 ns).

a. Total Energy during Equilibration b. Total Energy during Equilibration
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Figure 72. a) Total energy of D-a-carbamate/AMPA during equilibration. b) Total energy of D-B-carbamate/AMPA during equilibration. c) Total
energy of D-BMAA/AMPA during equilibration.

Figure 72 illustrates the total energy vs time during the equilibration
phase for all three systems. Particularly, the average of the total energy is -
122,293 + 497 kcal/mol for the structure with D-a-carbamate as ligand (Figure
72a), -122,132 + 376 kcal/mol for the structure with D-B-carbamate as ligand
(Figure 72b), and -122,283 + 509 kcal/mol for the structure with D-BMAA as
ligand (Figure 72c).
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Towal Encrgy (kealimol)

The simulation was run for 500,000,000 steps with a time step of 2 fs (100

ns).
Total Energy during Production Run b. Total Energy during Production Run
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Figure 73. a) Total energy of D-a-carbamate/AMPA during production run. b) Total energy of D-£-
carbamate/AMPA during production run. c) Total energy of D-BMAA/AMPA during production run.
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Temperature during Production Run b.
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Figure 74. a) Temperature of D-a-carbamate/AMPA during production run. b) Temperature of D-S-carbamate/AMPA during production run. c)

Temperature of D-BMAA/AMPA during production run.
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a. Pressure during Production Run b. Pressure during Production Run

chain A of receptor 1FTJ in complex with D-a-carby chain A of receptor 1FT) in complex with D.b-carb
T i T 4 T = P e e T |
L . 201~ 7
3| | 1t i
g .lo— I 5 i 1
- p wn— -y
ASf “ - 1
- 4 S0+ —
20 M 1 A 1 " 1 A 1 N R 1 i 1 2 1 A 1 .
0 20 0 @ $0 100 0 d 40 & 80 100
ime (ns) Time (ns)
c. Pressure during Production run
chain A of receptor 1FT) in complex with D-BMAA
20 - ' - T ; : . T ;

IS =

i 10 z

S -

or . 1 A 1 3 1 . 1 A a

o 20 0 60 0 100

Tume (ns)

Figure 75. a) Pressure of D-a-carbamate/AMPA during production run. b) Pressure of D-S-carbamate/AMPA during production run. c) Pressure of
D-BMAA/AMPA during production run.

84



RMSD (A)

6

o

W

[

RMSD of D-a-carbamate during Production Run b. RMSD of D-p-carbamate during Production Run

T : T L T T ' T ' T !

I
)

| I | Ha = M
" | M o |
' ‘ i )
T ] 2 4H
» |
1 | L | 1 | 1 0 1 | Il | 1 | 1
500 1000 1500 2000 0 500 1000 1500
Frame Frame
c. RMSD of D-BMAA during Production Run
7 . T T T T T T
6 =
S o
24F -
o | 4
ﬁ
Z 3k B
s o
1= =
0 1 l 1 l 1 I 1
0 500 1000 1500 2000
Frame

Figure 76. a) RMSD of D-a-carbamate in the binding site of AMPA during production run. b) RMSD of D-
B-carbamate in the binding site of AMPA during production run. c) RMSD of D-BMAA in the binding site
of AMPA during production run.

Figures 73a, 73b and 73c show the total energies of the three systems
(receptor in complex with D-a-carbamate, receptor in complex with D-B-
carbamate, and receptor in complex with D-BMAA) during the production run
with average -122,530 + 237 kcal/mol for the structure with D-a-carbamate, -
122,382 + 244 kcal/mol for the structure with D-B-carbamate, and -122,513 *
243 kcal/mol for the structure with D-BMAA. The averages prove that all

systems are at equilibration.
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Figures 74a, 74b, and 74c show the change of the temperature during
the production run. The average temperature is 309.2 £ 1.4 K for all systems,
which reveal that the thermostat worked successfully.

Figures 75a, 75b, and 75c show the change of the pressure during the
production run. The average pressure is 1.0 + 0.4 atm for the system with D-
a-carbamate as a ligand, 1.0 £ 0.0 atm for the system with D-B3-carbamate as
a ligand, and 1.0 £ 0.4 atm for the system with D-BMAA as a ligand. As a
result, the barostat also worked successfully.

Figures 76a, 76b and 76c illustrate the RMSD time series of D-a-
carbamate, D-B-carbamate, and D-BMAA respectively in the binding pocket of
the receptor during the production run. RMSD average for D-a-carbamate is
3.1 + 0.5 A (Figure 76a), indicating that the ligand is mobile, however, it did
not leave from the binding pocket of the receptor during the simulation. RMSD
average for L-B-carbamate is 6.3 + 0.8 A (Figure 76b), which means that the
ligand was more mobile in the binding site of the receptor than D-a-carbamate
(RMSD ca. 3 A) and glutamate (RMSD ca. 2 A), and it left from the binding
site. RMSD average for D-BMAA is 3.6 = 0.5 A (Figure 76c¢), which indicates
that the ligand was also mobile, but it did not leave from the binding pocket of

the receptor during the production run.

Analysis of trajectories — Analysis of interactions of last frames

The first cluster representative frames of the production runs were
visualized in Maestro in order to inspect the interactions between the receptor
and D-a-carbamate, D-B-carbamate, and D-BMAA. In addition, in Figure 77
the structures of the receptor AMPA in complex with D-a-carbamate, D-B-
carbamate, and D-BMAA are presented, in order to inspect where the ligands
are located after the production run. Particularly, Figure 77a illustrates the
alignment of the last frame of production run of the receptor in complex with
glutamate (green) and of the receptor in complex with D-a-carbamate (violet).
It is observed that at the end of the production run, D-a-carbamate is located
in the binding site as RMSD proved (RMSD = 3.3 A). Figure 77b illustrates the
alignment of the last frame of production run of the receptor in complex with

glutamate (green) and of the receptor in complex with D-B-carbamate
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(magenta). It is noticed that D-B-carbamate is not in the binding site of the
receptor, which is confirmed from the RMSD that was calculated, 6.3 A. In
Figure 77c, the alignment of the receptor in complex with glutamate (green)
and in complex with D-BMAA (yellow) is presented. D-BMAA is still located in
the binding site of the receptor at the end of the production run as was
mentioned before (RMSD = 3.6 A).

Figure 77. a) The alignment of the last frame of production run of the receptor in complex with glutamate
(green) and of the receptor in complex with D-a-carbamate (violet). b) The alignment of the last frame of
production run of the receptor in complex with glutamate (green) and of the receptor in complex with D-
B-carbamate (pink). c) The alignment of the last frame of production run of the receptor in complex with

glutamate (green) and of the receptor in complex with D-BMAA (yellow).

Interactions between receptor and D-a-carbamate
The residues participating in electrostatic interactions are Arg96, Thr91, Tyr61
and Glu193.

Hydrogen bonds are observed, depicted in blue dashed lines, between
the two carboxyl oxygen atoms of the ligand and the two hydrogen atoms of
the guanidinium group of Arg96, the carboxyl oxygen of the ligand and the
hydrogen of the hydroxyl group of Thr91, the carboxyl oxygen of the ligand
and the hydrogen of the amino group of Thr91, and the hydrogen of the
positive charged amino group of the ligand and the carboxyl oxygen of
Glu193. Moreover, salt-bridge is forming, depicted in pink dashed lines,
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between the negative charged carboxyl oxygen the ligand and the positive
charged nitrogen of guanidinium group of Arg96, and the positive charged
nitrogen of the amino group of the ligand and the negative charged oxygen of
carboxyl group of Glul93, as well as cation-Tr interactions are presented,
colored in green dashed line, between the positive charged nitrogen of the

ligand and the benzene ring of Tyr61 (Figure 78).

e -
ba

\ A\
y GLU 193

Figure 78. Interactions between the receptor and D-a-carbamate at the last frame of the production run.

Interactions between receptor and D-B-carbamate
The residues participating in electrostatic interactions are Arg96, Serl40,
Gly141 and Glul145.

Hydrogen bonds, colored in blue dashed lines, are observed between
the carboxyl oxygen of the ligand and the hydrogen of guanidinium group of
Arg96, the hydrogen of the positive charged nitrogen of the ligand and the
carbonyl oxygen of Gly141, and the hydrogen of the positive charged nitrogen
of the ligand and the carbonyl oxygen of Serl140. In addition, salt-bridge are
forming, colored in pink dashed lines, between the negative charged oxygen
of the ligand and the positive charged nitrogen of guanidinium group of Arg96,
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and the positive charged nitrogen of the ligand and the negative charged

carboxyl oxygen of Glu145 (Figure 79).
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Figure 79. Interactions between the receptor and D-B-carbamate at the last frame of the production run.

Interactions between receptor and D-BMAA
The residues participating in electrostatic interactions are Arg96, Thr9l,
Tyr61, Glul93 and Serl142.

Hydrogen bonds are being observed, colored in blue dashed lines,
between the two carboxyl oxygen atoms of the ligand and two hydrogens of
guanidinium group of Arg96, the carboxyl oxygen of the ligand and the
hydrogen of the amino group of Thr91, the hydrogen of the terminal amino
group of the ligand and the hydroxyl oxygen of Serl42, the hydrogen of the
amino group of the ligand and the oxygen of Glu193, and the hydrogen of the
positive charged amino group of the ligand and the oxygen of Glul93. In
addition, salt-bridge interactions are being observed, depicted in pink dashed
lines, between the negative charged carboxyl oxygen of the ligand and the
positive charged nitrogen of guanidinium group of Arg96, the two positive
charged nitrogen atoms of the ligand and negative charged oxygen of Glu193,
as well as cation-1 interactions are being presented, in green dashed lines,
between the two positive charged nitrogen atoms of D-BMAA and the

benzene ring of Tyr61 (Figure 80).
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Figure 80. Interactions between the receptor and D-BMAA of the last frame of the production run.

Similarities of interactions of D-a-carbamate, D-B-carbamate and D-BMAA
with the receptor with respect to glutamate’s

D-a-carbamate and glutamate have common residues, Arg96 and
Tyr61, which participate in the same interactions. D-B-carbamate and
glutamate have only Arg96 as common residues that participate in the same
interactions, and D-BMAA and glutamate have common residues Arg96,
Tyr61 and Serl142, which participate in the same interactions. As a result, D-
B-carbamate has the least common interactions with glutamate. In particular,
for the interaction with residue Tyr61, which exist in all rest of the cases, the
benzene ring is in a distance of 7.28 A (Figure 81), when in all other cases is
less than 5 A (Figure 82).
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Figure 81. Distance for cation-1r interaction between Tyr61 and positive charged nitrogen of L-$3-

carbamate.

Y

Figure 82. Distance for cation-mt interaction between Tyr61 and positive charged nitrogen of glutamate (left), D-8-
carbamate (middle) and D-BMAA respectively (right).

Trajectory Snapshots at the end of the simulations

By inspecting the poses of the last frames, it is observed that at the
end of the simulation glutamate, D-a-carbamate, and D-BMAA are located in
the binding site (Figures 83a, 83b, 83d), while D-B-carbamate seems to leave
the receptor, since the protein has opened and a big part of D-B-carbamate

interacts with the solution (Figure 83c).
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Figure 83. Proteins after production run with binding site surfaces. a) receptor in complex with L-
glutamate (green), b) receptor in complex with D-a-carbamate, c) receptor in complex with D-(-

carbamate and d) receptor in complex with D-BMAA.

It is remarkable that D-B-carbamate, which shares the highest
structural similarities with glutamate between D-a-carbamate and D-BMAA
(Figure 62), is the one that leaves the binding site of the receptor. This may
be due to the method that was used to place the ligand in the receptor. By
superimposing glutamate and D-B-carbamate, the latter might was forced to
be in a pose that was less desirable even though the structure was minimized

after the placement of D-B-carbamate in the receptor.
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3.4.2 Analysis of D-ligands-AMPA receptor MD simulations from

preparation with docking

Similarity between glutamate, D-a-carbamate, D-B-carbamate and D-BMAA

Cross tanimoto coefficient was calculated for molecules glutamate, D-
a-carbamate, D-B-carbamate and D-BMAA. The results are presented in
Table 2 below.

Table 2. Cross tanimoto of glutamate, D-a-carbamate, D-B-carbamate and D-BMAA.

Molecule Glutamate a-carbamate B-carbamate BMAA
Glutamate 1 0.48 0.51 0.45
a-carbamate 0.48 1 0.87 0.82
B-carbamate 0.51 0.87 1 0.70
BMAA 0.45 0.82 0.70 1

The tanimoto that was measured is ca. 0.50 in all cases, so Glide
Docking method can be used in order to place the compounds D-o-
carbamate, D-B-carbamate, and D-BMAA in the binding pocket of the AMPA
receptor.

Preparation of the systems

Chain A from crystal structure PDB:1FTJ and D-a-carbamate of BMAA
were loaded in Maestro. D-a-carbamate, D-B-carbamate, and D-BMAA were
placed in the binding pocket of the receptor by docking using Glide. The
complexes were prepared with Protein Preparation Wizard tool provided by
Schrddinger, where the missing side chains were filled in using Prime, water
molecules were deleted, and protein was optimized and minimized. The rest
of the procedure followed as described previously. The force field that was
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Total Energy (keal/mol)

used for the simulations is CHARMM36 both for the protein and the ligand.
Three systems were prepared each one consisting of ca. 50,000 atoms,

including ca. 15,300 water molecules

Results

Minimization run for 50,000 steps.

Receptor in complex with D-a-carbamate
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Figure 84. a) Total energy of D-a-carbamate/AMPA during minimization. b) Total energy of D-g-
carbamate/AMPA during minimization. c) Total energy of D-BMAA/AMPA during minimization.

In Figure 84 it is observed that after some steps the energy has

reached plateau and so, minimization has converged in all cases.
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Heating ran for 10,000 steps for each 10 K of temperature elevation and for a

with D-o-carbamate
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Figure 85. a) Total energy of D-a-carbamate/AMPA during the heating phase. b) Total energy of D-(-
carbamate/AMPA during the heating phase. c) Total energy of D-BMAA/AMPA during the heating

phase.

Figure 85 illustrates the total energy of the systems during the simulations.
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Equilibration ran for 500,000 steps with a time step of 2 fs (1 ns).
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Figure 86. a) Total energy of D-a-carbamate/AMPA during equilibration. b) Total energy of D-3-
carbamate/AMPA during equilibration. c) Total energy of D-BMAA/AMPA during equilibration.

Figure 86 illustrates the total energy vs time during the equilibration
phase for all three systems. Particularly, the average of the total energy is -
122250 + 461 kcal/mol for the structure with D-a-carbamate as ligand (Figure
86a), -122115 + 463 kcal/mol for the structure with D-B-carbamate as ligand
(Figure 86b), and -122208 + 474 kcal/mol for the structure with D-BMAA as
ligand (Figure 86c¢).
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Figure 87. Total energy of D-a-carbamate/AMPA during production run. b) Total energy of D-£-
carbamate/AMPA during production run. c) Total energy of D-BMAA/AMPA during production run.
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Figure 88. Temperature of D-a-carbamate/AMPA during production run. b) Temperature of D-§3-
carbamate/AMPA during production run. ¢) Temperature of D-BMAA/AMPA during production run.
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Figure 89. Pressure of D-a-carbamate/AMPA during production run. b) Pressure of D-$3-

carbamate/AMPA during production run. c) Pressure of D-BMAA/AMPA during production run.
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Figure 90. RMSD of D-a-carbamate in the binding pocket of AMPA during production run. b) RMSD of
D-B-carbamate in the binding pocket of AMPA during production run. c) RMSD of D-BMAA in the
binding pocket of AMPA during production run.

Figures 87a, 87b and 87c show the total energies of the three systems
(receptor in complex with D-a-carbamate, receptor in complex with D-B-
carbamate, and receptor in complex with D-BMAA) during the production run
with average -122250 + 461 kcal/mol for the structure with D-a-carbamate, -
122115 £ 463 kcal/mol for the structure with D-B-carbamate, and -122417 *
249 kcal/mol for the structure with D-BMAA. The averages prove that all
systems are at equilibration.

Figures 88a, 88b and 88c show the change of the temperature during
the production run. The average temperature is 309.2 £ 1.4 K for all systems,

which reveal that the thermostat worked successfully.
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Figures 89a, 89b, and 89c show the change of the pressure during the
production run. The average pressure is 1.0 £ 0.7 atm for the system with D-
a-carbamate as a ligand, 1.1 £ 0.5 atm for the system with D-B-carbamate as
a ligand, and 1.1 + 0.6 atm for the system with D-BMAA as a ligand. As a
result, the barostat also worked successfully.

Figures 90a, 90b and 90c illustrate the RMSD time series of D-a-
carbamate, D-B-carbamate and D-BMAA respectively in the binding pocket of
the receptor during the production run. RMSD average for D-a-carbamate is
2.7 + 0.6 A (Figure 90a), RMSD average for L-B-carbamate is 2.6 + 0.5 A
(Figure 90b), RMSD average for D-BMAA is 1.9 + 0.4 A (Figure 90c), which
indicates that the all three ligands are located in the binding pocket of the

receptor during the production run (Figure 91).
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Figure 91. a) Last frame of the production run of D-a-carbamate in AMPA receptor. b) Last frame of the
production run of D-B-carbamate in AMPA receptor. c) Last frame of the production run of D-BMAA in

AMPA receptor. In all cases, ligands are located in the binding pocket of the receptor.

Using docking as method for the preparation of the systems, all
molecules were able to find some interactions and stay located in the binding
pocket of AMPA receptor for 100 ns. However, with the
superimposition/minimization method D-B-carbamate wasn’t able to find

appropriate interactions before or during the simulation possibly due to the
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fact that it adopted different conformation (rotation of 180° of dihedral N-C-C-

C). This is also confirmed from the illustration of the interactions in 2D right

after protein preparation

with  docking

(Figure

92 a)

and with

superimposition/minimization (Figure 92 b). D-B-carbamate has three more

electrostatic interactions when system was prepared with docking.
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Figure 92. Interactions in 2D of receptor with D-8-carbamate after docking and b) interactions in 2D between the
receptor and D-8-carbamate after superimposition and minimization.

3.5 AAG calculation of glutamate and BMAA adducts complexed with
the AMPA receptor using FEP/MD simulations

In this section, the difference of the free energy of binding between
glutamate and BMAA adducts on the AMPA receptor was studied using
FEP/MD simulations. The results concerning the study of the stability of L-
glutamate, L-BMAA, L-a-carbamate, and L-B-carbamate, in the binding site of
AMPA glutamate receptor using MD simulations, revealed that L-B-carbamate
was the most stable molecule in the binding pocket of the receptor (RMSD =
1.2 £ 0.2 A). The rest of the molecules presented higher mobility (RMSD = 2.1
+ 0.6 A for L-glutamate, RMSD = 2.4 + 0.4 A for L-a-carbamate, and RMSD =
3.0 + 0.8 A for L-BMAA). Regarding the free energy perturbation method, it
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was decided to study the molecule, which indicated the greater stability in the
binding pocket of the AMPA receptor, L-B-carbamate, and investigate the
difference in the free energy of binding with respect to glutamate.

3.5.1 Introduction of intermediate molecules and cycle closure between

L-glutamate, L-B-carbamate and an intermediate molecule

For the calculation of the difference of the binding free energy between
glutamate and B-carbamate of BMAA, an intermediate molecule was used, to
which we will refer as intermediate-1. In this way, a cycle closure was
designed between glutamate, intermediate-1 and B-carbamate (Figure 93),
which will validate the calculations, since the total energy should be equal to
zero. To achieve this an intermediate molecule was constructed that will
achieve a smooth change between the two states improving the accuracy of
the calculation. Three perturbations were completed both in solvent and in
complex, which are: glutamate to intermediate-1, intermediate-1 to -

carbamate and glutamate to B-carbamate.
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O O
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NH;
O 0] 0] O
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H
NH CHs NH;'
intermediate-1 B-carbamate of BMAA

Figure 93. The cycle of glutamate, intermediate-1 and B-carbamate of BMAA.
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3.5.2 Preparation of the systems using FEPrepare platform

L-glutamate from the crystal structure with PDB ID:1FTJ and L-B-
carbamate of BMAA were loaded in Maestro, the intermediate-1 was created,
using L-B-carbamate as reference molecule, and all three were superimposed
with respect to glutamate. The molecules were exported as .pdb files, they
were uploaded on the LigParGen [67] platform and the .pdb, .prm and .rtf files
were created, which contain bonded information and parameters for each
molecule. Subsequently, the chosen AMPA receptor with PDB ID:1FTJ was
loaded in UCSF Chimera [68], where the hydrogens were excluded and the
receptor with no hydrogens or ligand was exported as .pdb file. In order to
prepare the systems both in solvent and in complex (Figure 94), the
FEPrepare platform [69] was used, where the .pdb, .rtf, .prm files for each
molecule and the receptor with no hydrogens were uploaded and the hybrid
molecule was created for each system as well as all the appropriate files. The
three solvent systems were consisting of ca. 4,000 atoms each, including ca.
1,300 water molecules, and the three complex systems were consisting of ca.
50,000 atoms each, including ca. 15,300 water molecules. The force field
used was OPLS-AA [70].
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*
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Figure 94. a) Thermodynamic cycle for the perturbation of glutamate to -carbamate.
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Figure 95. a) Hybrid molecule for the perturbation of glutamate to intermediate-B-carbamate, b) hybrid

molecule for the perturbation of intermediate-B-carbamate to 3-carbamate and c) hybrid molecule for the

perturbation of glutamate to B-carbamate.

3.5.3 Equilibration of the systems

Each system was equilibrated in the NVT ensemble, where the
temperature was set at 310 K, which was controlled with a langevin
thermostat, and the langevinDamping option, which is about damping
coefficient, was set at 1 (damping coefficient of 1/ps). The simulation ran for
500,000 steps with a time step of 2 fs (1 ns). Then, the systems were
equilibrated in the NPT ensemble, were the temperature was set at 310 K and
was controlled with a langevin thermostat, while a Nosé-Hoover barostat was
used to control pressure. Option “useGroupPressure” was activated, which is
needed for rigid bonds, as well as langevinPiston was. LangevinPistonTarget
was used to specify target pressure for Langevin piston method at 1 atm
(1atm = 1.01325 bar), langevinPistonPeriod specified barostat oscillation time
scale for the Langevin piston method at 100.0 fs, and langevinPistonDecay
was used, in order to specify barostat damping time scale for the method at
50.0 fs.

3.5.4 FEP/MD Simulations for perturbations glutamate to intermediate-
1, intermediate-1 to B-carbamate and B-carbamate to glutamate

After the equilibration of the systems in the NPT ensemble, the
simulations for the calculation of the binding energies were started. The A
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windows that were used were 16. In particular, A windows are: A=0.0000 to
A=0,06250, A=0,6250 to A=0.12500, A=0.12500 to A=0.18750, A=0.18750 to
A=0.25000, A=0.25000 to A=0.31250, A=0.31250 to A=0.37500, A=0.37500 to
A=0.43750, A=0.43750 to A=0.50000, A=0.50000 to A=0.56250, A=0.56250 to
A=0.62500, A=0.62500 to A=0.68750, A=0.68750 to A=0.75000, A=0.75000 to
A=81250, A=0.81250 to A=0.84500, A=0.84500 to A=0.93750, A=0.93750 to
A=1.00000. Each simulation ran for 5,000,000 steps with a time step of 2 fs
(total 10 ns). The energy intervals were 5,000 steps. After the simulations
were completed, the .fepout files for the forward process and the backward
process both for solvent-system and complex-system and for all three

perturbations were obtained.

3.5.5 AAG calculation

For the analysis of the calculations, the “ParseFEP” tool in VMD was
used. The temperature was set at 310 K and the Gram-Charlier order was set
at 0. Then, the .fepout file for the forward process of the solvent-system of
perturbation glutamate — intermediate-1 was uploaded as well as the .fepout
file for the backward process. Subsequently, the BAR-estimator option was
marked, and the plugin was run. The same procedure was followed for the
complex-system and for the rest two perturbations, intermediate-1 — -

carbamate and 3-carbamate — glutamate.

e Perturbation glutamate — intermediate-1

Table 3. Binding free energy of perturbation glutamate to intermediate-1

System Solvent Complex
Energy (kcal/mol) -115.83 £ 0.02 -114.83 £ 0.16

Binding Free Energy = complex — solvent = 1.00 * 0.16 kcal/mol

The degree of overlap between the reference (glutamate) and the
target (intermediate-1) states of the transformation can be assessed from the
diagrams being presented bellow (Figure 96 for the solvent system and Figure

97 for the complex system). Figures 96a and 97a show the time-evolution of
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the free energy between two A windows, figures 96b and 97b are histograms
of the probability distributions between two A windows and figures 96¢ and
97c illustrate the overall free energy change for the forward (black solid line)
and backward (red solid line) transformations. Both solvent and complex
systems indicate good overlap, however, the overlap in the solvent-system is
better than that in the complex-system (Table 5), as the complex-system is

consisted of ca. 46,000 more atoms and has much more degrees of freedom.
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Figure 96. a) Time-evolution of the free energy, b) histograms of the probability distributions, and ¢)
overall free energy change for the forward (black solid line) and backward (light solid line)

transformations for the solvent-system of perturbation glutamate to intermediate-1.
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Figure 97. a) Time-evolution of the free energy, b) histograms of the probability distributions, and c)

overall free energy change for the forward (black solid line) and backward (light solid line)

transformations for the complex-system of perturbation glutamate to intermediate-1.

Table 4. Overlap between A windows of perturbation glutamate to intermediate-1.

Ak
0.00000
0.06250
0.12500
0.18750
0.25000
0.31250
0.37500
0.43750
0.50000

0.06250
0.12500
0.18750
0.25000
0.31250
0.37500
0.43750
0.50000
0.56250

Solvent

A+ PO_overlap_P1 (%)

58.49
58.49
54.72
55.94
58.16
60.49
63.60
66.93
51.72
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complex

PO_overlap_P1 (%)

45.17
45.17
46.17
77.25
50.06
36.51
66.26
57.82
62.71

0,00 0,00
20 -100-8,0-60-40-2000  -10,080-80-40-2,000

aAad

(av)“a ' (av)™



0.56250 0.62500 59.16 87.24

0.62500 0.68750 57.05 66.15
0.68750 0.75000 57.94 45.73
0.75000 0.81250 54.61 47.72
0.81250 0.87500 55.72 36.74
0.87500 0.93750 53.61 23.64
0.93750 1.00000 50.61 34.96

e Perturbation intermediate-1 — B-carbamate of BMAA

Table 5. Binding free energy of perturbation intermediate-1 to S-carbamate of BMAA

System Solvent Complex
Energy (kcal/mol) 67.42 £ 0.08 65.88 £ 0.11

Binding Free Energy = complex — solvent = -1.54 * 0.13 kcal/mol

The degree of overlap between the reference (intermediate-1) and the
target (B-carbamate) states of the transformation can be assessed from the
diagrams being presented bellow (Figure 98 for the solvent system and Figure
99 for the complex system). Figures 98a and 99a show the time-evolution of
the free energy, figures 98b and 99b are histograms of the probability
distributions and figures 98c and 99c illustrate the overall free energy change
for the forward (black solid line) and backward (red solid line) transformations.
Both solvent and complex systems indicate good overlap, however, the
overlap in the solvent-system is better than that in the complex-system (Table
7), as the complex-system is consisted of ca. 46,000 more atoms and has

much more degrees of freedom.
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Figure 98. a) Time-evolution of the free energy, b) histograms of the probability distributions, and c)

overall free energy change for the forward (black solid line) and backward (light solid line)

transformations for the solvent-system of perturbation intermediate-1 to S-carbamate of BMAA.
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Figure 99. a) Time-evolution of the free energy, b) histograms of the probability distributions, and c)
overall free energy change for the forward (black solid line) and backward (light solid line)

transformations for the complex-system of perturbation intermediate-1 to 3-carbamate of BMAA.

Table 6. Overlap between A windows of perturbation intermediate-1 to 8-carbamate of BMAA

Solvent complex
A« A+ PO_overlap_P1 (%) PO_overlap_P1 (%)
0.00000 0.06250 48.06 58.05
0.06250 0.12500 48.06 58.05
0.12500 0.18750 40.40 59.71
0.18750 0.25000 42.73 47.39
0.25000 0.31250 50.61 56.16
0.31250 0.37500 46.61 66.93
0.37500 0.43750 51.61 4451
0.43750 0.50000 51.50 39.84
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0.50000 0.56250 31.52 28.86

0.56250 0.62500 57.05 73.47
0.62500 0.68750 55.27 69.92
0.68750 0.75000 53.83 67.70
0.75000 0.81250 56.05 62.71
0.81250 0.87500 52.50 31.74
0.87500 0.93750 47.06 40.40
0.93750 1.00000 46.50 53.05

e Perturbation B-carbamate of BMAA — glutamate

Table 7. Binding free energy of perturbation B-carbamate of BMAA to glutamate

System Solvent Complex
Energy (kcal/mol) 55.00 £ 0.06 52.78 £ 0.16

Binding Free Energy = complex — solvent = -2.22 * 0.17 kcal/mol

The degree of overlap between the reference (glutamate) and the
target (B-carbamate) states of the transformation can be assessed from the
diagrams being presented bellow (Figure 100 for the solvent system and
Figure 101 for the complex system). Figures 100a and 10l1a show the time-
evolution of the free energy, figures 100b and 101b are histograms of the
probability distributions and figures 100c and 101c illustrate the overall free
energy change for the forward (black solid line) and backward (red solid line)
transformations. Both solvent and complex systems indicate good overlap,
however, the overlap in the solvent-system is better than that in the complex-
system (Table 9), as the complex-system is consisted of ca. 46,000 more

atoms and has much more degrees of freedom.
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Figure 100. a) Time-evolution of the free energy, b) histograms of the probability distributions, and c)

overall free energy change for the forward (black solid line) and backward (light solid line)

transformations for the solvent-system of perturbation 3-carbamate of BMAA to glutamate.
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Figure 101. a) Time-evolution of the free energy, b) histograms of the probability distributions, and c)

overall free energy change for the forward (black solid line) and backward (light solid line)

transformations for the complex-system of perturbation 3-carbamate of BMAA to glutamate.

Table 8. Overlap between A windows of perturbation 8-carbamate of BMAA to glutamate.

Ax
0.00000
0.06250
0.12500
0.18750
0.25000
0.31250
0.37500
0.43750

Ax+3i
0.06250
0.12500
0.18750
0.25000
0.31250
0.37500
0.43750
0.50000

Solvent

PO_overlap_P1 (%)

58.27
58.28
58.38
63.60
58.38
25.60
67.48
63.60
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complex
PO_overlap_P1 (%)
48.39
48.39
48.61
58.16
61.60
49.83
58.49
63.37
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0.50000 0.56250 60.49 56.16

0.56250 0.62500 60.93 46.28
0.62500 0.68750 58.93 58.05
0.68750 0.75000 59.49 61.04
0.75000 0.81250 58.05 41.51
0.81250 0.87500 56.83 61.04
0.87500 0.93750 52.28 53.61
0.93750 1.00000 49.83 41.62

3.5.6 Error Calculation

Cycle closure error
The total energy of the cycle was calculated by adding all the

differences of the binding free energies of the three systems (Figure 102).

AG = (1.04 £ 0.17) + (= 1.54 £ 0.13) + (- 2.22 + 0.17) = -2.72 + 0.27 kcal/mol

glutamate
O O
0 o
1.04 £ 0.17 NH," —-1.54+0.13
kcal/mol kcal/mol
O O 0] @)
O)j\” o} _— OJJ\T O
" ~-2.22:0.17 oy ny
kcal/mol
intermediate-1 B-carbamate of BMAA

Figure 102. Closed cycle of glutamate, intermediate-1 and 8-carbamate with the difference of the binding free
energy of each perturbation.
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The difference in the binding free energy is negative, indicating that the
target molecule, glutamate, has greater affinity than the reference molecule,
B-carbamate of BMAA.

The error is ca. -2.70 kcal/mol, while it was expected not to exceed £ 1.50
kcal/mol. There are many ways that can be applied in order to improve the
error as described in section 2.3.5. First, we decided to introduce another
intermediate molecule for the perturbation 3-carbamate to glutamate in the
closed cycle, as the convergence of the complex-system of this specific

perturbation was medium (ca. 40-60%).

3.5.7 Convergence of the calculations by adding intermediate molecule

We will refer to the new intermediate molecule as intermediate-2. A
new closed cycle was designed (Figure 103), where two new perturbations
were completed. The first was B-carbamate of BMAA to intermediate-2 and
intermediate-2 to glutamate. Intermediate-2 was designed in Maestro, and
superimposed with respect to glutamate. The molecule was exported as .pdb
file, it was uploaded on the LigParGen platform and the .pdb, .prm and .rtf
files were created, which contain bonded information and parameters for each
molecule. Subsequently, the systems were prepared both in solvent and in
complex using the FEPrepare platform. The two solvent systems were
consisting of ca. 4,000 atoms each, including ca. 1,300 water molecules, and
the two complex systems were consisting of ca. 50,000 atoms each, including
ca. 15,300 water molecules. The force field used was OPLS-AA. Each system
was equilibrated and simulated as described previously using also the same A

windows.
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glutamate

CH, NH;'

NH5
intermediate-1 \ o o / intermediate-2

CH; NH5"

B-carbamate of BMAA

Figure 103. Closed cycle of glutamate, intermediate-1, intermediate-2 and B8-carbamate of BMAA.

e Perturbation B-carbamate of BMAA — intermediate-2

Table 9. Binding free energy of perturbation 8-carbamate of BMAA to intermediate-2

System Solvent Complex
Energy (kcal/mol) 71.68 £ 0.07 74.04 £ 0.28

Binding Free Energy = complex — solvent = 2.36 * 0.29 kcal/mol

The degree of overlap between the reference (B-carbamate) and the
target (intermediate-2) states of the transformation can be assessed from the
diagrams being presented bellow (Figure 104 for the solvent system and
Figure 105 for the complex system). Figures 104a and 105a show the time-
evolution of the free energy, figures 104b and 105b are histograms of the
probability distributions and figures 104c and 105c illustrate the overall free
energy change for the forward (black solid line) and backward (red solid line)
transformations. Both solvent and complex systems indicate good overlap,
with solvent system having better overlap than the complex system. The
overlap in the complex-system compared to the one of the perturbation (-

carbamate to glutamate, generally is improved as shown in Table 11.
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Figure 104. Time-evolution of the free energy, b) histograms of the probability distributions, and c) overall free
energy change for the forward (black solid line) and backward (light solid line) transformations for the solvent-
system of perturbation 8-carbamate to intermediate-2.
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b.

Figure 105. Time-evolution of the free energy, b) histograms of the probability distributions, and c) overall free
energy change for the forward (black solid line) and backward (light solid line) transformations for the complex-
system. of perturbation 8-carbamate to intermediate-2.

Table 10. Overlap between A windows of perturbations 8-carbamate to glutamate and 8-carbamate to
intermediate-2.

Ak+5i

0.06250
0.12500
0.18750
0.25000
0.31250
0.37500

B-carbamate — glutamate

Solvent

Complex

Solvent

complex

B-carbamate — intermediate-2

PO_overlap_P1 PO_overlap_P1 PO _overlap_P1 PO _overlap_P1

(%)
58.27
58.28
58.38
63.60
58.38
25.60

(%)

48.39
48.39
48.61
58.16
61.60
49.83

(%)
63.26
56.71
58.60
57.82
55.38
50.39

(%)
45.06
66.15
90.90
86.57
51.83
69.70



0.37500
0.43750
0.50000
0.56250
0.62500
0.68750
0.75000
0.81250
0.87500
0.93750

0.43750
0.50000
0.56250
0.62500
0.68750
0.75000
0.81250
0.87500
0.93750
1.00000

e Perturbation B-carbamate of intermediate-2 — glutamate

Table 11. Binding free energy of perturbation intermediate-2 to glutamate

67.48
63.60
60.49
60.93
58.93
59.49
58.05
56.83
52.28
49.83

58.49
63.37
56.16
46.28
58.05
61.04
41.51
61.04
53.61
41.62

57.38
59.71
71.59
58.16
69.26
56.49
60.71
54.94
49.61
48.50

65.04
77.36
78.14
60.49
17.65
59.38
20.09
64.37
26.08
47.39

System

Solvent

Complex

Energy (kcal/mol)

-6.72 £ 0.04

-7.47+£0.14

Binding Free Energy = complex — solvent = -0.75 * 0.15 kcal/mol

The degree of overlap between the reference (intermediate-2) and the

target (glutamate) states of the transformation can be assessed from the

diagrams being presented bellow (Figure 106 for the solvent system and

Figure 107 for the complex system). Figures 106a and 107a show the time-

evolution of the free energy, figures 106b and 107b are histograms of the

probability distributions and figures 106c and 107c illustrate the overall free

energy change for the forward (black solid line) and backward (red solid line)

transformations. Both solvent and complex systems indicate good overlap,

with solvent system having better overlap than the complex system. The

overlap in the complex-system compared to the one of the perturbation (-

carbamate to glutamate, was improved in some cases, but deteriorated in

other cases as shown in Table 13.

120



ParseFEP: Free energy sheet 1

= 1000010 0.9375
° 02

A=0.9375t0 0.8750 0,080

a.

A=0.8750t0 0.8125

A=0.8125t0 0.7500

§>;€;

0,450 f— - = =
oso0lililul 1T gapelululyl 1] Eolo o1 Llilild
o200 15079010 08875 4 g0 L= 0TS o DEESD 3 1= LSZE0 1o DOR22 g B0 1o 05000 (2
o150k ] o250 - 0,250 - 0350 EE
,150 |- N o,zooﬁ;.\,_._._\_\—_ 0,200 [~ — 0,300 4=
0,100 1 o150 = 3 0,150 N 0,250 3 >
0,050 — ot00f- - 0100 — 0,200 =
0.000 1 0,050 &= - 0,050 4 0,150 = 5C)
g |||l|||l|_o‘oou'slxlllx L'O.Mo'lll[11|||'0.100 [
A= 0.5000t0 0.4375 A=04875t0 0.3750 A=0.312510 0.2500 ~
0,800 P TR T 0,800 AT PR s S
0.700 1 o750 = e - =
L ] 0,700 4 - 4 0
0,600 }M— 0,850 - 3 F 3 Q_J
¥ 1 0,600 3 - - 4 =
0.500 7 o550 3 o550 - o550 4 3
000 il Loty 1T giggoba bu 111 gsgobililals 1] gsgobalulul ilid &
=

i=0.1875t0 0.1250

A=0.1250to 0.0625

i=0.0825to 0.0001

ParseFEP: Probability distribution sheet 1

2,000 AT 3000 T L T T
- 1 2,000 — ] | | 2,200 -
1,000 — — - B 1
i | 1,000 — | 1800 1 1100 —
0,000 Ly L gp00 Lt A 1M 00 Lt LA o000 LA
-3,02,52,01,51,00,9,0 3,0 20 -1,0 0,0 2.0-1,5-1,0-050,0 0,5 2,0 1,0 0,0 1,0 2
1800 LT T LTI T TH T 1go0 T T T T T 7] 200071 I B B
L ] 2,200 -
- | 1,000
0,900 0,900 1,100
0,000 0,000 L1 L. 9000 0,000
-0,50,00,51,01,520  -1,0 00 1,0 20 30 0
T l T I T | ] T ‘ T I T I T | T
1,600 |— —{ 1,800 - —
2,200 [— -1 7 ' 1,400
1,100 — 0,800 — 0,800 — 0,700
0.000 L Lo gooollliitha 1014 gg00 | L1 6000
00 1,0 20 30 40 0,01,020304050, 00 10 20 30 40 0,
REBEREREES T T 290 T 4 oo
L | - 1,500 4
1,400 1,400 C 1 1200
3 8 - 4 1,000 —
0,700 —{ 0,700 - 3 B
> i ] » i ] 0,500_ | 0,500 —
0,000 L4_L Lol o] gogold Ly L gp00L v o
0,01,020304050 001020304050 001020304050  0,01,02030405060

ParseFEP: Summary

AU (kcal/mol)
C.

LI I N IO L L L L )

LA L L L L L L L B

8,000
4,000
2,000

0,000

0,0

caad v b b braa

0,1 0,2 0,3

08 0,7

0,8 0,9

1,0

(lowy[eoy) oV

Figure 106. Time-evolution of the free energy, b) histograms of the probability distributions, and c) overall free
energy change for the forward (black solid line) and backward (light solid line) transformations for the solvent-
system of perturbation intermediate-2 to glutamate.
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Figure 107. Time-evolution of the free energy, b) histograms of the probability distributions, and c) overall free
energy change for the forward (black solid line) and backward (light solid line) transformations for the complex-
system of perturbation intermediate-2 to glutamate.
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Table 12. Overlap between A windows of perturbations 8-carbamate to glutamate and intermediate-2 to
glutamate.
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Intermediate-2 — glutamate

complex

A+ PO_overlap_P1 PO _overlap_P1 PO_overlap_P1 PO _overlap_P1

0.06250
0.12500
0.18750
0.25000
0.31250
0.37500
0.43750

(%)
58.27
58.28
58.38
63.60
58.38
25.60
67.48

(%)
48.39
48.39
48.61
58.16
61.60
49.83
58.49
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(%)
90.57
87.13
80.69
87.13
86.79
76.69
77.80

(%)
76.91
46.73
63.26
82.69
56.16
76.14
81.69



0.43750 0.50000 63.60 63.37 69.26 44.06
0.50000 0.56250 60.49 56.16 83.13 49.28
0.56250  0.62500 60.93 46.28 78.47 38.96
0.62500 0.68750 58.93 58.05 83.57 44.17
0.68750 0.75000 59.49 61.04 76.03 72.59
0.75000 0.81250 58.05 41.51 76.58 62.60
0.81250 0.87500 56.83 61.04 71.03 64.59
0.87500 0.93750 52.28 53.61 72.59 50.83
0.93750 1.00000 49.83 41.62 66.93 39.07

Cycle closure error
The total energy of the cycle was calculated by adding all the
differences of the binding free energies of the four systems (Figure 108).

AG =(1.03+£0.17) + (- 1.54 £0.13) + (2.36 £ 0.29) + (- 0.75 £ 0.15)
=1.10 + 0.41 kcal/mol

It is observed that the cycle closure error improved crucially with the
addition of the extra intermediate molecule, as the energy was calculated
between two states with more similar configurations.

In addition, for the perturbation of -carbamate to glutamate, which we
are interested in, using the intermediate-2 (Figure 108), the difference of the

binding free energy is:

AAG = (2.36 + 0.29) + (-0.75 + 0.15) = + 1.61 + 0.32 kcal/mol

The difference in the binding free energy is positive, indicating that the
reference molecule, B-carbamate of BMAA has greater affinity than the
natural agonist, glutamate. However, taking into consideration the error of the
method and the standard deviation we can’'t state that B-carbamate has

greater affinity, but it has certainly comparable affinity with glutamate.
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Figure 108. Cycle closure of glutamate, intermediate-1, 8-carbamate and intermediate-2 with the difference of
the binding free energy for each perturbation.

3.5.8 Convergence of the calculations by increase of the number of A

windows

The addition of an extra intermediate molecule improved remarkably
the cycle closure error. Now, we will increase the number of A windows and
we will examine the results in the convergence and the cycle closure error.
The addition of the A windows will take place at the points, where the
convergence is clearly low (overlap < 40%). In the first perturbation, glutamate
to intermediate-1, in the complex-system, A windows: A=0,31250 to
A=0,37500, A=0,81250 to A=0,87500, A=0.87500 to A=0.93750 and A=0.93750
to A=1.0000 have convergence 36.5%, 36.7%, 23.6% and 35.0% respectively
according to the ParseFEP.log file (also confirmed from Table 5 and Figure
97b). In addition, in the second perturbation, intermediate-1 to B-carbamate, in
complex-system, A windows: A=0.5000 to A=0,56250 and A=0,81250 to
A=0,87500 have convergence 29.0% and 32.0% respectively (Table 7 and
Figure 99b). Last, in perturbation of B-carbamate to intermediate-2, in the
complex system, A windows: A=0.62500 to A=0.68750, A=0.75000 to
A=0.81250 and A=0.87500 to A=0.93750 have convergence 17.65%, 20.09%
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and 26.08% respectively (Table 11 and Figure 105b). An extra A window can

be added in these cases in order to increase the convergence.

Extra A windows in perturbation glutamate — intermediate-1

A=0.31250 to A=0.37500 was split: A=0.31250 to A=0.34000 and
A=0.34000 to A=0.37500. The convergence increased from 36.51% to
70.70% and 70.26%.

A=0.81250 to A=0.87500 was split: A=0.81250 to A=0.84000 and
A=0.84000 to A=0.87500. The convergence increased from 36.74% to
46.17% and 51.50%.

A=0.87500 to A=0.93750 was split: A=0.87500 to A=0.90000 and
A=0.90000 to A=0.93750. The convergence increased from 23.64% to
69.92% and 83.80%.

A=0.93750 to A=1.00000 was split: A=0.93750 to A=0.97000 and
A=0.97000 to A=1.00000. The convergence increased from 34.96% to
49.50% and 35.85%.

Also, the A of the backward process changed accordingly.

Table 13. Binding free energy of perturbation glutamate to intermediate-1 using extra A windows.

System Solvent Complex

Energy (kcal/mol) -115.87 £ 0.07 -114.83 + 0.13

Binding Free Energy = complex — solvent = -1.04 * 0.17 kcal/mol

The free energy for perturbating glutamate to intermediate-1 in the

complex system is -1.04 + 0.13 kcal/mol and before insert A windows it was -

1.03 + 0.17 kcal/mol. The convergence has improved significantly as shown in

Table 15, however, the energy didn’t change at all.
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Table 14. Overlap between A for perturbation of glutamate to intermediate-1 without extra A and with the

Without extra A

Ak

0.00000
0.06250
0.12500
0.18750
0.25000
0.31250

0.37500
0.43750
0.50000
0.56250
0.62500
0.68750
0.75000
0.81250

0.87500

0.93750

Ak+5i

0.06250
0.12500
0.18750
0.25000
0.31250
0.37500

0.43750
0.50000
0.56250
0.62500
0.68750
0.75000
0.81250
0.87500

0.93750

1.00000

glutamate — intermediate-1

complex
PO _overlap_P1
(%)
45.17
45.17
46.17
77.25
50.06
36.51

66.26
57.82
62.71
87.24
66.15
45.73
47.72
36.74

23.64

34.96

addition of extra A.

With extra A
A« Ax+5i
0.00000 0.06250
0.06250 0.12500
0.12500 0.18750
0.18750 0.25000
0.25000 0.31250
0.31250 0.34000
0.34000 0.37500
0.37500 0.43750
0.43750 0.50000
0.50000 0.56250
0.56250 0.62500
0.62500 0.68750
0.68750 0.75000
0.75000 0.81250
0.81250 0.84000
0.84000 0.87500
0.87500 0.90000
0.90000 0.93750
0.93750 0.97000

0.97000
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1.00000

complex
PO _overlap_P1
(%)
45.17
45.17
46.17
77.25
50.06
70.70
70.26
66.26
57.82
62.71
87.24
66.15
45.73
47.72
46.17
51.50
69.92
83.80
49.50
35.85



BMAA

Extra A windows in perturbation intermediate-1 — (-carbamate of

A=0.50000 to A=0.56250 was split: A=0.50000 to A=0.53000 and
A=0.53000 to A=0.56250. The convergence changed from 28.86% to
27.75% and 72.25%.
A=0.81250 to A=0.87500 was split: A=0.81250 to A=0.84000 and
A=0.84000 to A=0.87500. The convergence increased from 31.74% to
64.37% and 75.03% (Table 17).

Also, the A of the backward process changed accordingly.

Table 15. Binding free energy of perturbation intermediate-1 to 8-carbamate of BMAA using extra A windows.

System

Solvent

Complex

Energy (kcal/mol)

67.42 £ 0.08

65.99 + 0.16

Binding Free Energy = complex — solvent = -1.43 * 0.18 kcal/mol

The free energy for perturbating intermediate-1 to p-carbamate in the

complex system is -1.43 + 0.18 kcal/mol and before insert A windows it was -

1.54 + 0.13 kcal/mol. The convergence has improved significantly as shown in

Table 15, however, the energy changed slightly 0.1 kcal/mol.

Without extra A

Ak

0.00000
0.06250
0.12500
0.18750
0.25000
0.31250

intermediate-1— B-carbamate of BMAA

Complex With extra A
Ax+5i PO_overlap_P1 A« Ax+5i
(%)
0.06250 58.05 0.00000 0.06250
0.12500 58.05 0.06250 0.12500
0.18750 59.71 0.12500 0.18750
0.25000 47.39 0.18750 0.25000
0.31250 56.16 0.25000 0.31250
0.37500 66.93 0.31250 0.34000
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Table 16. Overlap between A for perturbation of intermediate-1 to 8-carbamate of BMAA without extra A and
with the addition of A.

complex
PO_overlap_P1
(%)
58.05
58.05
59.71
47.39
56.16
66.93



0.37500 0.43750 4451 0.37500 0.43750 4451

0.43750  0.50000 39.84 0.43750 0.50000 39.84
0.50000 0.56250 28.86 0.50000 0.53000 27.75

0.53000 0.56250 72.25
0.56250 0.62500 73.47 0.56250 0.62500 73.47
0.62500  0.68750 69.92 0.62500 0.68750 69.92
0.68750 0.75000 67.70 0.68750 0.75000 67.70
0.75000 ' 0.81250 62.71 0.75000 0.81250 62.71
0.81250 0.87500 31.74 0.81250 0.84000 64.37

0.84000 0.87500 75.03
0.87500 0.93750 40.40 0.87500 0.90000 40.40
0.93750 1.00000 53.05 0.93750 0.97000 53.05

e Extra A windows in perturbation g-carbamate of BMAA — intermediate-
2

A=0.62500 to A=0.68750 was split: A=0.62500 to A=0.65000 and A=0.65000 to
A=0.68750. The convergence increased from 17.65% to 63.15% and 48.95%.
A=0.75000 to A=0.81250 was split: A=0.75000 to A=0.78000 and A=0.78000 to
A=0.81250. The convergence improved from 31.74% to 64.37% and 75.03%
A=0.87500 to A=0.93750 was split: A=0.87500 to A=0.90000 and A=0.90000 to
A=0.93750. The convergence increased from 26.08% to 43.62% and 75.80%
(Table 19).

In addition, the A of the backward process changed accordingly.

Table 17. Binding free energy of perturbation 8-carbamate of BMAA to intermediate-2 using extra A windows.

System Solvent Complex
Energy (kcal/mol) 71.68 £ 0.07 74.14 + 0.27

Binding Free Energy = complex — solvent = 2.46 % 0.29 kcal/mol

The free energy for transforming -carbamate to intermediate-2 in the
complex system is 2.46 = 0.29 kcal/mol and before insert A windows it was
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2.36 = 0.29 kcal/mol. The convergence has improved significantly as shown in

Table 19, however, the energy changed slightly 0.1 kcal/mol.

Table 18. Overlap between A for perturbation of intermediate-1 to 8-carbamate of BMAA without extra A and

Without extra A

Ak

0.00000
0.06250
0.12500
0.18750
0.25000
0.31250
0.37500
0.43750
0.50000
0.56250
0.62500

0.68750
0.75000

0.81250
0.87500

0.93750

Ak+5i

0.06250
0.12500
0.18750
0.25000
0.31250
0.37500
0.43750
0.50000
0.56250
0.62500
0.68750

0.75000
0.81250

0.87500
0.93750

1.00000

with the addition of A.

intermediate-1— B-carbamate of BMAA

Complex
PO _overlap_P1
(%)
45.06
66.15
90.90
86.57
51.83
69.70
65.04
77.36
78.14
60.49
17.65

59.38
20.09

64.37
26.08

47.39

With extra A
A Ax+5i
0.00000 0.06250
0.06250 0.12500
0.12500 0.18750
0.18750 0.25000
0.25000 0.31250
0.31250 0.34000
0.37500 0.43750
0.43750 0.50000
0.50000 0.53000
0.56250 0.62500
0.62500 0.65000
0.65000 0.65750
0.68750 0.75000
0.75000 0.78000
0.78000 0.81250
0.81250 0.84000
0.87500 0.90000
0.90000 0.93750
0.93750 1.00000
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complex
PO _overlap_P1
(%)
45.06
66.15
90.90
86.57
51.83
69.70
65.04
77.36
78.14
60.49
63.15
48.95
59.38
71.37
83.57
64.37
43.62
75.80
47.39



Cycle closure error
The total energy of the cycle was calculated by adding all the

differences of the binding free energies of the four systems.

AG=(1.04+£0.17) + (- 1.43+£0.18) + (2.46 £ 0.29) + (- 0.75 £ 0.15)
=1.30 + 0.41 kcal/mol

glutamate
0 o]
0 o]
A £0.17 N -o,TS:ER
kcal/mol kecal/mol
0 o} o a
OJ-LH/\HJ\O OJ‘L{\')J\O
-1.43+0.18 2.46+0.29

NH3’ CH, NH,'

kcal/mol kcal/mol
intermediate-1 o 5 / intermediate-2

OJ\T%

CHs NH;'

B-carbamate of BMAA

Figure 109. Cycle closure of glutamate, intermediate-1, 8-carbamate and intermediate-2 with the difference of
the binding free energy for each perturbation after the addition of A windows.

The cycle closure error is 1.30 = 0.41 kcal/mol, while before adding the A

windows it was 1.10 £ 0.41 kcal/mol. The change is negligible as it is covered

from the standard deviation error.
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4 CONCLUSIONS

MD simulations has evolved into a mature theoretical technique that
can be used effectively to understand macromolecular structure-to-function
relationships, which cannot be achieved by smaller-scale simulations such as
guantum mechanical calculations due to restrictions in computational power
or existing experimental approaches alone. In this context, with MD
simulations we were able to study the stability of glutamate, BMAA and its
carbamates, both in their L- and D- form, inside the AMPA glutamate receptor
in atomic-level detail. In addition, with MD simulations coupled with FEP
calculations, we managed to investigate the binding affinity of BMAA and its
carbamate adducts with respect to glutamate in the binding site of the AMPA
receptor using a robust method for predicting ligand-protein binding affinities
via molecular simulations. Using this method, we inspected whether the L-
ligands have better affinity to the receptor with respect to the natural agonist,
glutamate, which would might be causing the effects of neurodegenerative
diseases.

First, we studied the stability of L-glutamate in the binding pocket using
MD simulations. It has been found that L-glutamate remains in the binding
pocket of the receptor after 100 ns. Next, we studied the stability of L-a-
carbamate, L-B-carbamate and L-BMAA in the AMPA receptor using the
docking procedure as preparation method for the systems. The results
revealed that all of the molecules, also remain in the binding pocket of the
receptor after 100 ns with more stable being L-B-carbamate, then L-a-
carbamate, and L-BMAA. Remarkably, L-B-carbamate, also the molecule with
the highest structural similarity to glutamate, presented enhanced stability
even from the natural L-glutamate, indicating that is the most promising
molecule for binding with better affinity to the AMPA receptor.

Subsequently, the stability of D-BMAA and its carbamate adducts was
studied in the AMPA receptor. The docking procedure was also used during
the preparation of the systems. It was revealed that D-BMAA was the most
stable molecule, then D-B-carbamate, and last D-a-carbamate. Afterwards,

the superimposition/minimization method was used for the preparation of the
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systems. Interestingly, the results were completely different using the two
methods. With superimposition/minimization, the most stable molecule was D-
a-carbamate, then D-BMAA and last D-B-carbamate. The latter, not only was
the less stable molecule between the three, but it left the binding pocket of the
receptor. By visualizing D-B-carbamate after the sumperimposition
/minimization it was observed that the molecule adopted a different
conformation (rotation of 180° of dihedral N-C-C-C) and possibly this is the
reason why it could not be able to find the appropriate interactions and remain
located in the binding pocket of the receptor during the simulation. However,
we will not pursue with this method further.

Finally, in this study, the difference in the free energy of binding
between L-B-carbamate and glutamate was calculated using FEP/MD
calculations. For the calculation, initially one intermediate molecule was used.
The closed cycle error was ca. -2.70 kcal/mol instead of + 1.50 kcal/mol. In
addition, the difference of the free energy of binding of B-carbamate to
glutamate was -2.22 £ 0.17 kcal/mol, which indicates that the target molecule,
glutamate, has greater affinity. However, the error of the closed cycle is higher
than the acceptable value of 1.50 kcal/mol, which is the error of the FEP/MD
method, and as a result we investigated another approach. With the addition
of a second intermediate molecule in the closed cycle, the result improved
crucially, as the cycle closure error was 1.10 £ 0.41 kcal/mol. The difference
in the free energy of binding between B-carbamate and glutamate is +1.61 +
0.32 kcal/mol, indicating that the reference molecule, B-carbamate, has
comparable affinity with the natural glutamate in the AMPA receptor. Last, we
investigated a potential increase of the simulation convergence using extra A
windows, which led to negligible cycle closed error change.

We conclude that the results from this work provided significant insight
of the stability of BMAA and its carbamate adducts in the AMPA gluR.
Especially, L-B-carbamate of BMAA, revealed enhanced stability in the
binding pocket of the AMPA receptor, comparable affinity with respect to the
natural agonist, glutamate in the AMPA gIuR, and the inference that it may act
as potential inhibitor of the AMPA gluR.
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FUTURE PERSPECTIVES

Although the results that we obtained are significant, further
investigation is needed to cover all of the aspects of the binding affinity of the
other molecules. More calculations need to be completed concerning the
calculation of the difference in the free energy of binding between glutamate
and L-a-carbamate as well as between glutamate and L-BMAA. This further
study would give us a better aspect of the binding affinity of the rest of the
molecules.

In addition, QM simulations could be performed to inspect the chemical
reaction of BMAA with bicarbonate in human. So far, it is believed that BMAA
interacts with bicarbonate to produce carbamate adducts, however, this
specific interaction hasn’t been studied through MD simulations so far.

Furthermore, as mentioned at the introduction, BMAA has quite a large
number of isomers, included molecules that have presented also toxic activity.
The study of the affinity of isomers of BMAA, which present toxic activity, on
glutamate receptors opens space to explorations of great biological interest.

Finally, absolute free energy calculations can be performed in order to
compute the absolute binding free energy of glutamate, and (-carbamate
adduct of BMAA on the AMPA gluR. The result regarding the computation of
the absolute binding free energy of glutamate can be compared to existed
experimental data [74] as well as computational data [56]. This calculation will
validate the method and will probably help us to understand which ligand has
better affinity to the AMPA receptor.
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ABBREVIATIONS - ACRONYMS

ALS Amyotrophic Lateral Sclerosis
ATD Amino Terminal Domain

LBD Ligand Binding Domain

TMD Transmembrane Domain
iIGIluR lonotropic Glutamate Receptor
mMGIuR Metabotropic Glutamate Receptor
MD Molecular Dynamics

PDB Protein Data Bank

FEP Free Energy Perturbation

PME Particle Mesh Ewald

RMSD Root Mean Square Deviation
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