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Equilibrium Properties of Proteins
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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’s law \4- i
2d sinf = A \%\/ﬁ,—.

structure factor »

fj eXp [_ 18 - rro]] The diffraction signal is the sum of the

structure factors of all atoms in the crystal.

But the atom carries out thermal vibrations around equilibrium
position &

rj(t) = T + ()
Accordingly:

(fjexp|—is-Tj]) = fjexp[—is - &}] (exp|—i5- U;])



Thermal Motion of Ubiquitin from MD

Temperature Dependence of Crystal Diffraction (Debye-Waller factor)

One can expand:

(exp|—is-u;]) = 1 — 1 (5 ;) —% (5-u5)°) +
=0
Spatial average:  ((§"- ﬂ’j)2> — %32@?)

One can carry out the expansion further and show

(exp|—15 - U,]) = exp [—182«113)]

Using for the thermal amplitude of the harmonic oscillator

1 2,2 —_ 9
SIW™ U, = kT’

one obtains Debye-Waller factor

(fiexp|—is- 1) = f; exp|—s°kpT/2mw-] exp[—i5 - T



Equilibrium Properties of Proteins
Energies: kinetic and potential
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Kinetic energy (quadratic)

U(R) = N kberd(r; — rg)* 4 Z B0 — 0)°
|'.-4’ el angles
0/6 from ubiquitin.psf e o
26190 INATOM: atoms Z f\':'r'l-'r“ ] “+ r0s lf”."'f-.}f rJ'Il'.:II
17867 INBOND: bonds dihedrala
— 10572 INTHETA: angles T

3293 INPHI: dihedrals
&7, 204 INMPHI impropers

Tij i

Lllru [ _)w_ (;w)[ l!‘fl‘w;

Potentialc energy (not all quadratic)




Energy [kcal/mol]

1x10°

Equilibrium Properties of Proteins

Energies: kinetic and potential
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Maxwell Distribution of Atomic Velocities
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Mean Kinetic Energy

Exercise in Statistics
(gm?) = [ dv (%va) p(v)

m 1 2 | mu?
kil e dv (3mu?) exp { QkBT}

= kpT \/7 / T dv I 'T) exp {—;f;T}
kT \/; [ dyy*exp —y°]

Use formula below: (%mv2) — %kBT

Jo dyy™ expl—y?] = 3T (%)

Ne+1) =xT(x), (3 =
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Maxwell Kinetic EnergyDistribution

Second Exercise in Statistics

One-dimensional kinetic energy: €. = %m’U(Zj

pler) = p(vg)‘;zz —  pler) = /1/7kpT\/1/e; exp|—er/kpT]

(factor 2 from restriction of integration to positive values)

Digtribution of velosities ot T=X78 K

For the total kinetic energy + D Simubation

m— Riaee| Disinbulion

(in three dimensions)
holds then

pler) =
%(kBT) \/aexp[—ek/]fBT]
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AnalySIS Of Ekin? 1 (free dynamics)
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The atomic
velocity
thermometer
is inaccurate
due to the

finite size of a

protein!
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Temperatur Fluctuations
Maxwell distnbution
dP(v,) ¢ expl-m :, [2kuT) du,, (7)

Individual kinetic energy ¢, = mu /2

dPle,) (7Toen) " oxpl =, [kpTy) de., (%)
One can denve
\n) To/2 ()
() = 3T5/4 (10)
(3) = () = T3/2 (1)
The distnbution of the total Kinetic energy £, r _i,m J:';'. according to the

central limit theorem, is approximately Gaussin

~(Evin — (Euin))?
P Ein) C exp | . \ L (12)
2( INE; T ]
" The distribution function for the temperature (1 25500 /38 4) fuctuations
AT = T - T, isthen
PIAT) « coexp|l=(AT) /207, o w 2T%3N (13)

ForT, = 100K and N = 557, this gives o0 = 3.6.



Normal Distribution of Temperatures

o NVE Simulation (N=11000)
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Specific Heat of a Protein

Total energy of ubiquitin (NVE ensemble)
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