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Equilibrium Properties of Proteins
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Thermal Motion of Ubiquitin from MD

RMSD values per residue
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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

f] eXp [_Zg . ’]7]] 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 T
ri(t) = &5 + u;(?)
Accordingly:

— - =

(fjexp[—i5-T;]) = fjexp|—i5 - &}] (exp|—i5 - u;])



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

One can expand:

(exp[~i5- @) = 1 — i (5 @) — (5 7)) +..
_0 i
i : = 82y 1272
Spatial average:  ((5- 1;)7) = 38 <u7>

One can carry out the expansion further and show

(exp|—15- u,;]) = exp [—132 <u§>]

Using for the thermal amplitude of the harmonic oscillator

L 2,02 _ 3
MW U, = kT

one obtains Debye-Waller factor

(fiexp|—i5-75]) = fi exp[—sszT/Qmwz] exp|—iS - T



Equilibrium Properties of Proteins
Energies: kinetic and potential
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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

= [ dv (5mv7) plv)

97TABT f dv (—mv ) exp { 27]711;;}

_ m va mw?
= kgl \/7 / T O QABT CAP | T 2ksT

kT \ﬂ [C dyy?exp —y?

Use formula bel ow: <lm?)2> = %kBT

2

j;)oc dy ym GXp[—yQ} _ %F (fm,;H)
Ma+1) = 2T@), T3 =/}



AnaIySIS of Ekm, T (free dynamics)
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Maxwell Kinetic EnergyDistribution

Second Exercise in Statistics

One-dimensional kinetic energy: €, = %mvg

pler) = p(vs)52 — Bler) = /1/mkpT\/1/ex exp[—ey/kpT]

(factor 2 from restriction of integration to positive values)

Distribution of velocmes at T=297.8 K
350

For the total kinetic energy = MDSmuaion 1]
(in three dimensions) "l |
holds then

pler) =
—= (kpT)" >\ /ex expl—ex/kpT]
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Temperature Fluctuations

Maxwell distribution
dP{vn) = cexp(—-m-vi/?lﬂg’l‘) dun, (7)

Individual kinetic energy €, = muv?/2

dP{e;) = (7r'1’oe.,,,)_l"2exp(—en/larg'l'o)de,, (8)
One can derive
(e,,) = '1’0/2 (9)
() = 3T5/4 (10)
<5;21> = <6n>2 = 762/2 (11)

The distribution of the total kinetic energy Ly, = >_; %mj'v;?, according to the

—central limit theorem, is approximately Gaussian

=g (Ekin == (Eki'n) )2
9 (31\*/-.;;’;5 )

The distribution function for the temperature (1" = 2F};,/3kg) fluctuations
AT = T — Ty isthen

P(Ejn) = ¢ exp (12)

P(AT) = cexp[—(AT)?*/20%] , g® = 2T%/3N (13)

For T = 100K and N = 557, this gives 0 = 3.6.
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Normal Distribution of Temperatures
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dihedral angle ¢ (degree)
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Energy (kcal/mol)

Specific Heat of a Protein

Total energy of ubiquitin (NVE ensemble)
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