Molecular Dynamics of Proteins
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The Molecular Dynamics Simulation Process

Classical Dynamics
at 300K

Energy function: /{7, 7o, - - Fy) = U(R)

psed to determine the force on each atom:

d*F;
my— = = — "-..TE 7]
! df* (4)
yields a set of 3N coupled 2™-order differential equations
that can be propagated forward (or backward) in time.

Initial coordinates obtained from crystal structure,
velocities taken at randem from Boltzmann distribution.

Maintain appropriate temperature by adjusting velocites.




Langevin Dynamics

feel the noise

Lanpgevin dynamics deals with each atom separaiely, balancing
a small friction term with (aussian noeise (o control temperature:

—

m7v = F(7) — ym7 + R(t)
(R(t) - R(t")) = 6kgT~d(t — t')

Classical Dynamics
discretization in time for computing
a7
dt=

Use positions and accelerations at time t and the positions
from time t-6t to calculate new positions at time t+bt.

: |
rit + ot) == r(t) + v(t)dt + Ea{f_]m"

= F = —VU(R)

T

r(t — ot) = r(t) — v(t)dt + éa{!]ﬂ'.’“

“Verlet algorithm ‘ U ﬁ:}lr 07
f I

r(t + 8t) == 2r(t) — r{t — §t) + a’f:]mir'**




Potential Energy Function
of Biopolymer

»  Simple, fixed algebraic form for every type of interaction.

= Wariable parameters depend on types of atoms invoelved.
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Large is no problem. But ...

Molecular dvnamics
simulation of alpha-
hemolysin with about
300 M) atoms




But long 1s!

biomolecular timescale and timestep limits

Rotztion of buried sidechains
Local denaturations
Allostesic transitions

Hinge bending
Rotation of surface sidechains
Elastic vibeation:

Bond stretching {
Muolecular dynamics timestep —
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PDB Files

gives one the structure and starting position

o Simulations start with a crystal strocture from the Protcin Data Bank,

in the standard PT*B file formarn.

= PDB fles contain standard recosds for species, tssue, authorship,
citations, seguence, sccondary stnactare. cic.

*  We only care shout the atom records. ..

a2l name (N, C, CA)

residdue name (ALA, HIS)

resiclue id finteger)
conrdinates (x, y, z)

aecupancy (U0 b 1400

lemp. faclor (a.ka. beta)

segmenl id (GFTT)
No hydrogen atoms!

IWe musl add themn ourselves )
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PSF Files

* Every atom in the simulation is listed.
* Provides all static atom-specific values:

aipm name (N, C,CA)

stom type (NHI,C CTI)

residue name (ALSA, HIS)

mesidue id (inteper)

segmmenl id (GFT1)

atmss mass (in alomic mass umls)

partial charge Gn eloclironic charge unls)
* ‘What is not in the PSF file?

coundinates [dynamic date, nitially resd from PE¥E file)

velocitios (dynarmic data, inttiadly Erom Baltomann dastribution)

farce Geld parameters (pom-speaiic, wied foe many molecules)

PSF Files

molecular structure (bonds, angles, ete.)

Bomds: Every puir of covalently bonded stoms s hsed

Angles: Two bonds that share a comomon alom form an angle.
Ewery such set of thoee atoms m the molecele 5 listed.

Dibedrals: Taq angles that share g coammon bond e a dibedral.
Every sach sel af four atoms in the molecule 15 Listed

Impropers: Any plenar group of four stoms firms an impraper.
Every such sef of fowr alomns m the molecale 15 listed.
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Preparing Your System for MD

Solvation

Biclogical activity is the result of interactions

berween molecules and cccurs at the interfaces . .
between molecules {protein-protein, protein-OMA, mitochondrial
protein-solvent, DN A-solvent, eic). bel complex

Wiy model solvation?

= many biological processes ooour in 2gueous
solution

¢ solvation effects play a eracial role in determining
mealecular conformation, electronic properties,
binding cnermics, cte

How 1o model solvation?

= gxplicit treatment: solvent molecules are added to
the molecular sysiem

s implicit treatment: solvent is modeled as a
contimum dielectric or sp-called implicit force
ficid

Preparing Your System for MD

Solvation

Biological activity is the result of interactions

berween molecules and cecurs an the fnterfaces . .
berween molecules {protein-protein, protein- mitochondrial
DM A, protein-solvent, DNA-solvent, ete). bel complex

Why madel solvation?

= many biological processes DooUE D BQUEOLS
soluzion

* solvation offieces play a eracial role in
determining molecular conformation, electronic
properties, binding ensrgies, et

How 1o model solvation?

= gxplicit treatment: solvent molecules are added
to the molecular sysicm

= implicit treatment: solvent is modeled as a
contiruum dielectric




Preparing Your System for MD

Solvation

Biclogical activity is the result of interactions

berween molecules and cccurs at the interfaces .
between molecules {protein-protein, protein- mitochondrial
DN A, protcin-solvent, DM A-solvent, cte). bel complex

Wiy model solvation?

= many biolopical processes ooour in 2gueous
solution

¢ solvation effects play a eracial role in
determining molecular conformation, electronic
properties, binding encrgies, et

How 1o maodel solvation?
= gxplicit treatment: solvent molecules are added

b the molecular sysiem (Usually periodic!
s implictt treatment: salvent is modeled 2z a Avoids surface effects)

contiruum dielectric

From the Mountains to the Valleys
‘ how to actually describe a protein

Inrizel coandimtes have bal conlscls, cassmy high energaes amd forees (due 1o 2veragng
i irhservateon, crystal packing, or due o difference belween theonstica] and aetual farces)

Mimimzsation fnds a nearby Jocal mmmemn

Healang and cooling or equalibration al lxed temperature penmmts biepolymer 1o
mcape Jocal mimima witl

Energy A\

kT

Inatzz] dymammics samples thermally sceessable stabes,

Conformation




From the Mountains to the Valleys

a molecular dynamics tale

Loaper dymamics socess ather mbermediate stales; one
may apply exlernal lonces b access other available

slates In @ mmare tmely manner. -
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NAMD: The Program we will Use

Development cost 1990 - 2007: 520 million
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Molecular Dynamics Ensembles
Constant energy, constant number of particles (NE)
Constant energy, constant volume (NVE)

Constant temperature, constant volume (NVT)

Constant temperature, constant pressure (NPT)

Choose the ensemble that best fits vour system and start the simulations,
but use NE to check on accuracy of the simulation.

Cutting Corners
cutoffs, PME, rigid bonds, and multiple timesteps

o Nonbonded interactions sequire order M- computer time!
Truncating 21 K reduces this o onder N By

Paricle mesh BEwald (PME} method adds long range electrestabics @ order
M Iugg M, aaly mimor cost compared o culoll caleulatzon.

»  Canwe extend the timestep, and do this work fewer times?
Banels ts hvdrsgen atoems, whach reguine a T mestep, cin be held at
their egruilibrium lenpths, allowing 26 steps.
Lomg range electmstales foroes vary slowly, and may be evalusizd les

aflen. such as an every secomd or Ltard step,
o

*  Coarse Graining




Residue-Based Coarse-Grained Model

= Protein model uses two CG
beads per residus

= e CG bead per side chain
ancther for backone

»  Lipid model: MARTINI

v Level of cogrsa-graining: =4 haavy
aloms per CG bead

v |ntaractions paramelenzed based on
experimerial data and thermadynamic
praperies of small maleculas PY-NERTI g e pepioe

Fedar L Freconing, Aninn Arkhipon fomy Y. S5hih, Ying Yon, Jhongehcg Chen, asd Klags Sichoilen. Application of
raeidus-hased and shaps-hagsd cosrer grainicg be blomolpsulas dmubilione In Gregory A Vobh ecior, Doscse-
rnng ot Condensss Frass sod ddnmaieciise Spslems, chaghe: Z pp 2598-000, Crapean and HalTRG Prass
Togine 3ngd France mug, JCH

Nanodisc Assembly CG MD Simulation

« 10 ps simulation

= Ascambly proceeds in bavo sleps:
— Apgregation of protsins and
lipids driven by the hydrophobic
effct

— Diptimizaton of the protein
structure driven by incressingly
specfic probein-probein
inleractions

«  Farmation of 1ha ganarally
accepled double-bell model for
discoidal HDL e e

hd

Fully beadrated




Validation of Simulations

fEverse coarse-gramning and smai-amgie X-ray scallenng

Reverse coarse-graining:

1. Map canter of mass of the group of

Ell:cmspran'e:sanled by & EiﬂgIEIg ¥ T DI
bead to that beads location = T T L
2. MD miremization, simulated = i
annegling with reslraints, and ] == Mol cnmrdin] e
equilibretion to get all-atom struciure g =

Small-angle X-ray scattering:

Calzulated from reverss coarss-

grained all-atom mods! and compared

with expenmental measuremenis il

Q. (A7)

30 m

Shape-Based Coarse-Grained (CG) model

= Fully automatic {7 a
= Mumber of CG beads is chosen by a user i
iwe used =200 atoms per CG bead) -
Peler L Fredickng, Aalon Aalvpoy, &ty ¥ Shif ¥ing Y Znensshos Ches, @i Miocs Sotwiles Assiication o
resbdusbased ard shape-bised codrse graning io Beemolecular simadsiora. o Sogosp & Soh, edins Sodrso.

Sravieg of Comtoitdd Flase and Bemobsculas Syvaheea, chaglen 20, po. 2050315 Chaginan and Hal¥CAC Pricd
Tawkod afed Fignicis Gssig, 2008




Reversible and irreversible indentations
Ay

Steps 1n a Typical MD Simulation

= 1. Prepare malecule
= Read in pdb and psl fle
- Dlsually meguires sling up the syslem, eg., salvation
= Many teals avazlable in WAD
= I, Minimizalion
~  Reconcile ohuerved stroctune with foce el
= 3 Hesling
Bause temperature of the system
= . Bquilibation

- Ensure syslem s stable

= 5. Dymamics "
- Similate ander desired conditions (NVE, NET et) %
= Collect your dats
= 6. Analyis
- Evaluate ohservables (macroscopic level peoperes) e
= O orelake o single molecule experiments




Example: MD Simulations of the

K+ Channel Protein

lon channels are membrane -
spanning proteins that form a
pathway for the flux of inorganic
ions across cell membranes.

Potassium chanrels are a
particularly interesting class of
1on channels, managing to
distinguish with impressive
fidelity between K- and Na™ ions
while maintaining a very high
throughput of K- ions when
maled.

« refrieve the PDB (coordinates)
file from the Protein Data Bank

* add hydrogen atoms using
PSFGEN

« use psf and parameter files to
sel up the structure

« minimize the protein strocture
using NAMDZ




Setting up the system (2)

= Y lipids
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Simulate the protein in its natural environment: solvated lipid bilayer

Setting up the system (3)
Inserting the profein in the'lipid bilayer

-

Automatic Il;sq_r-ﬂan. imio the lipid hitayer IE‘I,%E to hiﬂ:&‘ﬁ!“hﬁ_‘!"‘:m the
protein and the membrane ='E'reuu'ﬂ equilibra uh-.l:lrht required to fill the paps.

Solution! manpally adjust the position of Lpids around the protein. Employ
constant (lateral and normal) pressure control.




The system

ool vent

Kisa channel protein
in blue) embedded in
B (3:1) POPEPOPG
= ” lipid bilayer. Water
-"’.ﬁh h s molecules inside the
1'|'hl". ,h - R {1.,. e channe] are shown
’ 1 1l vdW represensation.

Lol vernt

Simulating the system:
Free MD

Summary of simulations:

* protein/membrane svstem contains 38,112 atoms, including
3117 water moelecules, 100 POPE and 34 POPG lipads, plus K-
Counlerions

* CHARMM26 forcefield

» periodic boundary conditions, PME electrostatics

* | ns equilibration at 310K, NpT

= 2 ns dynamics, MpT

Program: MAMIDZ

Platform: Cray T3E (Pittsburgh Supercomputer Center) or local
computer cluster; choose ~1000 atoms per processor.




| MD Results
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Termpemture factors for mdreidual resodues m the four monomers of the BesA charmel
protein indwsate thal the mast flexible parts of the protem are the N and C lermim] emlds,
residuis 5360 and resndues B4-90, Kesidues 74-80 m e selectvely Gller bave low
temperabare Eaclors aml ase very stable dummg the simuelabon.

Simulation of Ion Conduction (here for Kv1.2)
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Theoretical and Computational Biophvsics Group Developers

Sy
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NI Corter {or Resoamch Resocoroes @

= focus on systems biology  « theoretical biophysics = develops repewable cnergy
* focus on quanium biolegy * compuiational kicphysics = guides bicnanotechnolomy




