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Molecular Builder and Editor: Molefacture

Design Molecules from Scratch
Edit Existing Molecules
Templates for Quick Design
Molecule / Functional Groups
Library
Quick Structure Minimizer
Export Structure to:

« PSF/PDB

« MOL2

« XYZ
Interface with FFTK, QwikMD
and QMTool
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Molecular Builder and Editor: Molefacture

File menu to export

Build menu to use

Buttons for structure

Z-matrix editor

into files / QMTool library of fragments manipulation
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Molecular Builder and Editor: Molefacture
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Force Field terms for MD (CHARMM)

V= 2 k(b — by)? + Z ko (6 — 6,)% + Z ke[1 + cos(nd — 8)] +

bonds angles dihedrals

R, : 12 R ° qiq
Z min;j min;;j | 14 ]
z : Z ij ] Lj

impropers Urey—Bradley nonbonded

Lennard-Jones / VdW Coulomb/Electrostatics



Force Field terms for MD (CHARMM)

V= 2 k(b — by)? + z ko(6 — 0,)% + Z ky[1 + cos(nd — 8)] +

bonds angles dihedrals
12 6
ij inj q.9
k (w—a))2+ k(u_u)z_l_ €:: j _ j n j
w 0 u 0 Y T, T €T
impropers Urey—Bradley nonbonded Yy ] ij

Lennard-Jones / VdW Coulomb/Electrostatics

* Coordinates from pdb or trajectory files

* Parameters from the topology and parameters files
e Can be obtained by Analogy (similar structures)
CGenFF, SwissParam, MATCH

* Developed from Quantum Chemical calculations
GAAMP, Force Field Toolkit



Force Field terms for MD (CHARMM)

V= 2 ky(b — by)? + z k(6 — 6,)2 + Z ko1 + cos(nd — )] +

bonds angles dihedrals

Parameter file

BONDS

! N-C -CA i
1V(bond) = Kb(b — b@)s%k2 N-C -CA OA - HA
|

IKb: kcal/mole/Ax%2

'bo: A
[
latom type Kb bo
!
g oc 600.000 1.3350 ! ALLOW ARO HEM /OT\
! Heme vinyl substituent (KK, from propene (JCS)) HT HT
CA CA 305.000 1.3750 ! ALLOW ARO
! benzene, JES 8/25/89
HA CA 340.000 1.0830 ! ALLOW ARO
! trp, adm jr., 10/02/89
N C 260.000 1.3000 ! ALLOW PEP POL ARO PRO
! 6-31g* AcProNH2, ProNH2, 6-31g*//3-21g AcProNHCH3 RLD 4/23/93
oT HT 450.000 0.9572 | ALLOW WAT

! FROM TIPS3P GEOM



Force Field terms for MD (CHARMM)

V=) d(b—bo)+ Y ke(@—00)*+ ) kyll+cos(nb—3)] +

bonds angles dihedrals

Parameter file

ANGLES
1

1V(angle)
|

IV(Urey-Bradley) = Kub(S - S0)x*x*2
!

IKtheta: kcal/mole/rad*x2
ITheta®: degrees

IKub: kcal/mole/A%xx2 (Urey-Bradley)
1S0: A o1

! HT HT
latom types Ktheta Theta® Kub Se
!
CA CA CA 40.000 120.00 35.00  2.41620 ! ALLOW ARO
! JES 8/25/89
HA  CA CA 29.000 120.00 25.00  2.15250 ! ALLOW ARO
! trp, adm jr., 10/02/89
HT OT HT 55.000 104.5200 ! ALLOW WAT
! TIP3P GEOMETRY, ADM JR.

-N-C -CA OA - HA

Ktheta(Theta — Theta®)x%2




Force Field terms for MD (CHARMM)

V= 2 k(b — by)? + z ko (6 — 6)% + 2 ky[1+ cos(nd — 8)] +

bonds angles dihedrals

Parameter file

DIHEDRALS

! ) ) . -N-C -CA QA - HA
1V(dihedral) = Kchi(1 + cos(n(chi) - delta))

!

1Kchi: kcal/mole
'n: multiplicity
ldelta: degrees
|

latom types Kchi n delta

, oT
! N
CA CA CA CA 3.1000 2 180.00 ! ALLOW ARO HT HT
! JES 8/25/89
HA CA CA CA 3.5000 2 180.00 ! ALLOW ARO
! adm jr., 10/02/89
HA CA CA HA 2.5000 2 180.00 ! ALLOW ARO
! ADM JR., 10/02/89
CT1 C N CP3 2.7500 2 180.00 ! ALLOW PRO

I 6-31g% AcProNH2, ProNH2, 6-31g%//3-21g AcProNHCH3 RLD 4/23/93



Example Case: Acetaminophen

e Also known as Paracetamol or APAP
* Widely used medication to treat fever and pain

10



RESI fIVR 6.00 e
GROUP : :
ATOM N NH1 -0.47 ! | © HD1 HE1
ATOM HN H .31 ! HN-N N |
ATOM CA CT1 0.07 ! |  HB1: CD1--CE1
ATOM HA  HB 0.09 ! | =7/ \\
GROUP ! HA-CA--CB-+CG CZ--OH
ATOM CB  CT2 -0.18 ! I - N \
ATOM HB1 HA 0.09 ! |  HB2: CD2--CE2 HH :
ATOM HB2 HA .69 | 0=C = | :
RGO ey : | T
:ATOM CG CA 0.90 : e
- GROUP :
:ATOM CD1 CA -0.115:
:ATOM HD1 HP 0.115:
: GROUP :
:ATOM CE1 CA -0.115:
; : . :ATOM HE1 HP 9.115:
Tyrosine side-chain : GROUP ;
- :ATOM CZ CA 9.11 :
Topology for Ace-patch [ATOM O oML -0.54 :
PRES ACE 0.00 ! acetylated N-terminus : ATOM HH H 0.43
GROUP ! use in generate statement : GROUP :
ATOM CAY CT3 —0.27 lrresrsesrsensnennas : ATOM CD2 CA -0.115:
ATOM HY1 HA 0.09 !:HY1 HY2 HY3: : ATOM HD2 HP 0.115;
ATOM HY2 HA .09 = \ | / : GROUP :
ATOM HY3 HA 0.09 !: CAY : :ATOM CE2 CA —0.115:
GROUP ¥ | : : ATOM HE2 HP 9.115:
AToM CY  C 0 51 i oysoy ¢ s
ATOM OY O -0.51 I | : Name Type Charge

Name Type Charge 11



Example Case: Acetaminophen

* Need to define new Atom types (N, H) and Charges: g;
» Generate bond, angle and dihedral parameters: (k?°"%, 19, k"7, 8o, k", n;,8))

4

Force Field Toolkit



Force Field Toolkit Workflow

Typical Parameterization Workflow
PSF/PDB Files

[ JON ) VMD Main

File Maolecule Graphics Display Mouse ER4CUELUER Help | & Reqwred Actions
Analysis 4 s D — o = ——— 1

ID_T A D F Molecule Atoms - - Structure Find Missing Parameters initialize parameters
Modeling 4| Add lons Pre aration s
Simulation | Add Salvation Box P update coordinates
Visualization » | Automatic PSF Builder

| 1 VMD Preferences | Dowser ChargeS

1 .
4| zoom ™ [Loop =] step [ 1 N speed] I Fix Chirality Errors

I I
I I
I I
I I
I I
S Fix Cis Peptide Bonds : |
|

| I
I I
I I
I I
I I

Inarganic Builder

MDFF Angles

Membrane Builder

Molefacture Dihedrals {

update parameters

Mutate Residue
Nanotube Builder
TorsionPlot

AN O I R — Parameter File (PAR)

(BuildParY Opt. Geometry Y Water Int. Y Opt. Charges Y Calc. Bonded Y Opt. Bonded Y Scan Torsions Y Opt. Torsions \

| update parameters ]

P Identify Missing Parameters

P Assign Missing VDW/L) Parameters by Analogy > FFTK generates a” but the VDW/LJ Pa rameters
P Prepare Parameterization from CGenFF Program Output
P Update Parameter File with Optimized Parameters ° Requires a Quantum Mechanics (QM) Softwa re

GAUSSIAN or ORCA (new)

GUI Event Log (OFF) <click to toggle>

To cite ffTK please use: C.G. Mayne, J. Saam, K. Schulten, E. Tajkhorshid, J.C. Gumbart. J. Comput. Chem. 2013 | 34, 2757-2770. 13



Force Field Toolkit Workflow
D [

[ NN Force Field Toolkit (fFTK) GUI

! BuildPar ' Opt. Geomel.'ry¥ Water Int. v Opt. Charges Y Calc. Bonded v Opt. Bonded V Scan Torsions V Opt. Torsions \

Input/Qutput
Input PDEB File: /Users/mspivakTests/TYL.pdb Browse
Qutput QM FiIe:IIUsers/mspivakfl’ests!TYL—opt.inp | SaveAs
QM Settings
ORCA b

Processors: 1 | Memory(GB): 1 Charge: 0  Multiplicity: 1 Reset to Defaults
Route: ! MP26-31G" TightSCF opt

Write QM Software Input File

Write Updated PDB

Original PDB File: | /Jsers/imspivak/Tests/TYL.pdb Browse

QM Output File: /Msers/mspivak/Tests/TYL-opt.out Browse

Output PDB File: /Users/mspivak/Tests/TYL.1.pdb . SaveAs
Load QM QOutput File Write Optimized Geometry to PDB

Run QM Simulation externally

CUI Event Log (OFF) <click to toggle>

To cite ffTK please use: C.G. Mayne, J. Saam, K. Schulten, E. Tajkhorshid, J.C. Gumbart. J. Comput. Chem. 2013 |, 34, 2757-2770.
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Force Field Toolkit Workflow
I ¢ AMBER: RESP Fitting

[ NON | Force Field Toolkit (ffTK) GUI Generates Cha rges that flt the
electrostatic potential around the
molecule.

f BuildPar }Ir Opt. Geometry ' Water Int. *( Opt. Charges Y Calc. Bonded Y Opt. Bonded T Scan Torsions ]Ir Opt. Torsions ﬂ

Charge Optimization Method: = Water Interaction [ [N

e CHARMM: Water Interaction

Input/Qutput .
PSF File: |/Users/mspivakTests/TYL.psf Browse Generates Cha rges that flt the QM
PDB File: /Usersimspivak/Tests/TYL.1.pdb Browse interactions between water and a
Output Path: /Users/mspivak/Tests Browse donor / acce pto r atom.
Basename: TYL Basename From TOP Load PSF/PDB
A Hydrogen Bond Hydrogen Bond
Hydrogen Bonding Atoms Acceptor Orientation Donor Orientation
Donor Indices (Interact with oxygen of water) Toggle Atom Labels J '/7
16 Toggle Sphere Viz. o.... - o.... (\
Acceptor Indices (Interact with hydrogen of water) AutoDetect Indices
] Clear Lists B

O=0 e XIS e

QM Software Settings

ORCA v
Processors: 1 | Memory (GB): 1 | Charge: 0 | Multiplicity: 1 Reset to Defaults
Route: I HF 6-31G" TightSCF opt
Write QM Software Input Files Load QM Input Files Load QM Qutput Files

Connected Interaction Water 15
Atom(s) Site Position



New Development: Halogen parametrization

* Many drug molecules have added halogen
atoms to optimize binding affinities, absorption
or enhance blood-brain barrier permeation

e New CHARMM force field includes
“o-hole particle” to improve treatment of
halogen bonds in ligand-protein interaction

Hydrogen bond
A---

Halogen bond
- X-D

A--

H-D

Thr 113 ' =~

OH\

A”
,LQ

CH,3

v IDD 594
Jﬁ)”“
’ 55@
o F

Human Aldose Reductase-Inhibitor complex

Soteras, Lin, Vanommeslaeghe, Lemkul, Armacost, Brooks, MacKerell, Bioorg Med Chem. 2016; 24(20): 4812—4825 doi:10.1016/j.bmc.2016.06.034

e Latest FFTK 2.0 includes charge parametrization
for halogens following CHARMM recipe

* FFTK setups water interaction around halogen

e Publication with validation:

Pang, Pavlova, Tajkhorshid, Gumbart. Parameterization of a drug
molecule with a halogen o-hole particle using ffTK: Implementation,
testing and comparison. (2020) J. Chem. Phys. In press.

(b)

HBD180°
HBD90°
: HBA180°

16




Theoretical and Computational Biophysics Group
NIH Center for Macromolecular Modeling & Bioinformatics Beckman Institute,
University of lllinois at Urbana-Champaign

I ILLIN : Is Scalable.Molecular Dynamics tnsua;MolecuIar Dynamics

m) National Institutes of Health P41-GM104601 17



