Molecular Dynamics of Proteins

Ubiquitin




Equilibrium Properties of Proteins

Ubiquitin

Root Mean Squared Deviation: measure f
for equilibration and protein flexibility |
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NMR structures
aligned together to see flexibility
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MD simulation

The color represents mobility of the protein
through simulation (red = more flexible)



Thermal Motion of Ubiquitin from MD
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Thermal Motion of Ubiquitin from MD
Temperature Dependence of Crystal Diffraction (Debye-Waller factor)

Bragg'slaw

2d sinf = A\

structure factor > S W

fj eXp[_Zg . f}} The diffraction signal is the sum of the

structure factors of all atomsin the crystal.

But the atom carries out thermal vibrations around equilibrium

position Z
ri(t) = & + u;(t)
Accordingly:

— - —

(fjexp|—i5-7j]) = fjexp[—i5-T;| (exp|—i5 - U;])



Thermal Motion of Ubiquitin from MD
Temperature Dependence of Crystal Diffraction (Debye-Waller factor)

One can expand:

(exp[—iF- @) = 1 — i (5- @) —5{F-@)") +..

=0
Spatia average: (5 1;)°) = 55 (uf)

One can carry out the expansion further and show

(exp|—15- 1)) = exp [—182(@1,?)]

Using for the thermal amplitude of the harmonic oscillator

1 2,02 _— 3
ymwu; = SkpT

one obtains Debye-Waller factor

(fiexp|—i5-75]) = f; exp[—szl-cBT/Qme] exp|—iS - T;



Equilibrium Properties of Proteins

Energies: kinetic and potential

3
4—(2 mj j = §NkBT

Kinetic energy (quadratic)
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Equilibrium Properties of Proteins

Energies: kinetic and potential
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M axwell Distribution of Atomic Ve ocities
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Mean Kinetic Energy
Exercise in Statistics

imo?) = [ dv (5mv?) p(v)

L m mu?
= A/ kol f dv mv ) EXp { QA:BT}
. T TTZU . ‘TTZ-UQ
= kg1 \// S d T) exp{ QkBT:|

= kT \ﬁ [ dyy*exp —y]

Use formula bel ow: (%m’(ﬂ) — %/{BT

f()’)c dy ym exp[_yQ] __ %F (-m;rl)
Ma+1) =), TE) =4/}



Maxwell Kinetic EnergyDistribution

Second Exercise in Statistics

One-dimensional kinetic energy: €, = %mvg

plep) = p(vg)fig” —  pler) = \/1/7kpT\/1/e; exp|—er/kpT]

(factor 2 from restriction of integration to positive values)

Distributinn of velocitles 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

0.122— y -
E i _(Ekiﬂ. - (Ekm})?
o.us:— . P{Ehn:l C exXp = (&wfﬂ?) “2)
E 1 .
0.04f ]
000t 100 o The distribution function for the temperature (1" = 2F},;,/3kp) fluctuations
Temperature [K] &.’11 - TT . 'Ig iﬂthen
P(AT) = cexp[-(AT)*/20%], o&*> = 2T?/3N (13)

For Ty = 100K and N = 557, this gives ¢ = 3.6.



Normal Distribution of Temperatures
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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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