The Molecular Dynamics Method
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PDB Files

a little information

Simulations start with a crystal structure from the Protein Data Bank,
In the standard PDB file format.

PDB files contain standard records for species, tissue, authorship,
citations, sequence, secondary structure, etc.

We only care about the atom records...
— atom name (N, C, CA)

— residue name (ALA, HIS)
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PSF Files

atomic properties (mass, charge, type)

e Every atominthe simulationislisted.

* Providesall static atom-specific values:
— atom name (N, C, CA)
— atomtype (NH1, C, CT1)
— residue name (ALA, HIS)
— residueid (integer)
— segment id (6PTI)
— atomic mass (in atomic mass units)
— partia charge (in eectronic charge units)

e What isnot in the PSF file?

— coordinates (dynamic data, initially read from PDB file)
— velocities (dynamic data, initially from Boltzmann distribution)
— forcefield parameters (non-specific, used for many molecules)



PSF Files

molecular structure (bonds, angles, etc.)

Bonds: Every pair of covalently bonded atoms is listed.

Angles: Two bonds that share a common atom form an angle. §
Every such set of three atoms in the molecule is listed. '

Dihedrals: Two angles that share a common bond form a dihedral.
_ Every such set of four atoms in the molecule is listed.

Impropers: Any planar group of four atoms forms an improper.
Every such set of four atoms in the molecule is listed.




Topology Files
blueprints for building a PS- file

* For every type of residue known:
— atom name, type, mass, and charge
— bonds within the residue
— bondsto other residues
— any planar impropers (rare)
o Additional “patches’ for:
— terminating protein segments
— joining protein segments
— modifying protonation states
— adding disulphide bonds
— deoxygenating nucleic acids




CHARMM Potential Function

form without substance

o Simple, fixed algebraic form for every type of interaction.
» Variable parameters depend on types of atoms involved.
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Parameter Files
biomolecular paint by numbers

 Equilibrium value and spring constant for
— every pair of atom types that can form and bond
— every triple of atom types that can form an angle

— every quad of atom types that can form a dihedral or improper
(many wildcard cases)

o vdW radius and well depth for every atom type

— actually need these for every pair of atoms types!
— pair radius calculated from arithmetic mean
— pair well depth calculated from geometric mean

* Closaly tied to matching topology file!



Molecular Dynamics Method

PDB, PSF, topology, and parameter files

Molecular dynamics
...Inanideal world
...and in our world
...with computers
...using NAMD

Preparing a protein using VMD
Y ou prepare aprotein using VMD
...and simulate it using NAMD
...In the hands-on tomorrow afternoon

Don’t worry, the written tutorial is very complete.
You will learn by doing. Thistalk isan overview.



Classical Dynamics
F=ma at 300K

Energy function: U (7, 75, -+ - TN) = U(ﬁ)

used to determine the force on each atom:

yields a set of 3N coupled 2M-order differential equations
that can be propagated forward (or backward) in time.

Tr;

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

Maintain appropriate temperature by adjusting velocities.



Langevin Dynamics
come on, fedl the noise

Langevin dynamics deals with each atom separately, balancing
a small friction term with Gaussian noise to control temperature:

m7 = F(F) — ym7 + R(t)

(R(t) - R(t")) = 6kgT~d(t — t')



From the Mountains to the Valleys

\|

Conformation

a molecular dynamics fairy tale

Initial coordinates have bad contacts, causing high energies and forces.

Minimization finds a nearby local minimum.

/‘\Equilibration escapes local minima with low energy barriers.

Basic simulation samples thermally accessible states.



From the Mountains to the Valleys

a molecular dynamics fairy tale

Steering forces are needed to access other

intermediate states in a timely manner. /VO
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Step by Step

discretization in time

Use positions and accelerations at time t and the positions
from time t-0t to calculate new positions at time t+0t.

({1 +6t) ~ x(1) + V(1)5t + pa(t)or

r(t — ot) = r(t) — v(t)ot + %a(?ﬁ)ét2

v —/YU(R)/ m;

/S
1(t + 6t) =~ 2r(t) — r(t — 0t) + a(t)dot’




Hurry Up and Walit
biomolecular timescales and timestep limits
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Cutting Corners
cutoffs, PME, rigid bonds, and multiple timesteps

* Nonbonded interactions require order N% computer time!
— Truncating at R, reducesthisto order N R, °

cutoff

— Particle mesh Ewald (PME) method adds long range electrostatics at order
N log N, only minor cost compared to cutoff calculation.

o Can we extend the timestep, and do this work fewer times?

— Bonds to hydrogen atoms, which require a 1fs timestep, can be held at
their equilibrium lengths, allowing 2fs steps.

— Long range electrostatics forces vary slowly, and may be evaluated less
often, such as on every second or third step.



Linux Clusters 101

parallel computing on a professor’s salary

Learn to build your own Linux cluster!

92K atoms with PME
1.4 ——ms-simulated per week)

processor
| A




Linux Clusters 101

parallel computing on a professor’s salary

Learn to build your own Linux cluster!

. Easyto

: it \i‘——:“. manage
e o 92K atoms with PME
N A | | 1.4 ——ns simulated per week)




Equilibrium Properties of Proteins

Root Mean Squared Deviation: measure - 1
for equilibration and protein flexibility - )

| —— RMSD ubiquitin backbone atoms (INVE ensemble)
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Temperature Factor

2d Sin 6 = A Bragg’s Law

F=2 f; exp( 121 1;.5)
structure factor

More than one atom in the unit cell
r;=x,+u, (X;:equilibrium position, u;: vibrations T > 0)
[Fl,=<2X fJ exp (2m1 s.(u; +X;) ) >
averaged over time and unit cells

[~ { [F]T }2



The Atomic B Valuesin Protein Crystallography

<exp (2mis.u;) ) >= 1+ 2nis. <u>- 27 <(s.u)>+ ...
For small vibrations and symmetric potentials (like harmonic oscillator) <u>=0
[Fl; =2 f exp (27 x;.8 ) exp (-21* <(u;.5)*>)

<(u;.8)>>=s><u; >>= (2 Sin 6/N)* <u; >>

[Fl;= = f exp (i2m x;.s ) exp (-B2 Sin 26/ 12) !
B,=-8 n* <uyCos” ¢ > Temperature Factor

Isotropic harmonic potential m, w:
B.= -8/3n* <u*>=-16/3 n*kzT / m w?
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Equilibrium Properties of Proteins

Energies: kinetic and potential
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Maxwell-Boltzmann distribution

An NVT (temperature held constant) ensemble simulation at T=300K was terminated and
continued as an NVE (energy constant) ensemble simulation. After an equilibration phase, the
distribution of velocities from all atoms was determined (red) and fitted to the Maxwell velocity
distribution (blue); the best fit corresponded to a temperature T=297.8 K.

Distribution of velocities at T=297.8 K
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wins 1 (free dynamics)
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Temperatur Fluctuations

Maxwell distribution

The atOmi C dP(ve) = cexp(—m v2 [2kpT) duy, (7)
Vel OCity Individual kinetic energy e, = muv2/2

ther mometer dP(e,) = (7Toen) V2 exp(—e,/ksTh) de, (8)
IS Inaccur ate ;

One can derive

duetothe le.) = To/9 9)
finitesizeof a {en) = 37T5/4 (10)
proten! (n) = (en)® = T5/2 (11)

The distribution of the total kinetic energy Fy;, = 32; %mjtﬁ, according to the

J
central limit theorem, is approximately Gaussian
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For Ty = 100K and N = 557, this gives ¢ = 3.6.
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Show BPTI trajectory



dihedral angle ¢ (degree)
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Energy (kcal/mol)
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Specific Heat of a Protein

Total energy of ubiquitin (NVE ensemble)
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