Statistical Mechanics of Proteins
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Ubiquitin

Equilibrium Properties of Proteins
Ubiquitin

Root Mean Squared Deviation: measure
for equilibration and protein flexibility
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Thermal Motion of Ubiquitin from MD
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Protein sequence exhibits characteristic permanent flexibility!

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

Bragg’s law
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fj exXP [—ZS - T J] structure factor f;
But the atom carries out thermal vibrations around equilibrium

position a_fj B B .
ri(t) = & + u;(?)

Accordingly:

(fiexp|—i5-T5]) = fjexp|—i5-T;] (exp|—1i5- uj])




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

One can expand:

(exp[—i5- @) = 1 — i (5-;) —3((5-@)°) +...
—0 )
Spatial average for harmonic oscillator: {(§ - ﬁj)2> = %82<u?>

One can carry out the expansion further and show all further terms vanish

(exp[—i5 - uj]) = eXp[ 1g? <u2>}

o
Using for the thermal amplitude of the harmonic oscillator
2mw u _ 3 k T thermal
. “weakening”
one obtains

Debye-W (111(1 factor of struct. factor
(fjexp[—i§- 7]y = f;c ‘\p[—s ABT/?mW ] exp|—15 - Z;]

Equilibrium Properties of
Proteins

Energies: kinetic and potential
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Equilibrium Properties of
Proteins

Energies: kinetic and potential
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Equilibrium Properties of
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Energies: kinetic and potential
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Maxwell Distribution of Atomic Velocities
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Analysis of E.,,, T (free dynamics)
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Temperatur Fluctuations

Maxwell distribution

The atomic dP(vy)
velocity Individual kinetic energy ¢, = mu2/2
thermometer

is inaccurate

f’,’lll_.,,' -(:I“-nl’ expl~e,

One can denive

due to the (&) = To/2
finite size of a (@) = 3T5/4

protein! o R
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The distnibution of the total kinetic energy Fyy,
central lirmit theorem, is approximately Gaussian
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The distribution function for the temperature (7

Temperare AT = T — T, is then
P(AT) c exp|=(AT) /207,
ForT, = 100K and N = 557, this giveso = 3.6
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Normal Distribution of Temperatures
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Specific Heat of a Protein

Total energy of ubiquitin (NVE ensemble)
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Simulated Cooling of Ubiquitin

Proteins function in a narrow (physiological)
temperature range. What happens to them when the
temperature of their surrounding changes significantly
(temperature gradient) ?

+ Can the heating/cooling process of a protein be
simulated by molecular dynamics ? If yes, then how?

What can we learn from the
simulated cooling/heating of
a protein ?




How to simulate cooling ?

Heat transfer through
mechanical coupling between
atoms in the two regions

oolant layer of atoms

motion of atoms is subject
to stochastic Langevin
dynamics

mr=Fq +F+F4F,
F,, —force field

F,, —harmonic restrain
F, — friction

F, —Langevin force

atoms in the inner region
follow Newtonian dynamics

mr=F,,

Simulated Cooling - Result

t | Tim) ] ¢t [ Toim) | ¢t | (Toim) | t | (Toim)

0.05 | 208.75 || 1.05 [ 276.00 [[ 1.95 | 267.00 || 3.25 | 261.00

0.15 | 289.25 || 1.15 | 276.50 || 2,05 | 268.50 | 3.45 | 258,50 |

0.35 | 285,50 || 1.25 | 275.25 || 2.25 | 266.50 | 3.55 | 259.50
1.35 | 271.00 || 2.35 | 264,50 | 3.95 | 256.50
1.45 | 271.75 || 2.55 | 263.50 || 4.05 | 257.25
1.65 | 269.50 || 2.65 | 264.50 || 4.45 | 254.00 Result from simulation
1.75 | 271.00 || 2.85 | 262.00 || 4.55 | 255.25 .
1.85 | 268.00 || 3.05 | 262.50 || 4.85 | 252.00 that cools a proteln,

Table 1: Mean temperature (T,,) [K] of the protein as a function of time t [ps). lnltlally at T — 300 K,

o4 sumulabon

Femperature |K)
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Time [ps]

from the edge down to
200 K. Only first 5 ps
are shown in which short
time interval T drops to
250 K.




Heat Conduction Equation

cl(r,t
(r, )=1)V“I(r,l) ,
Vol mass density
thermal diffusion /
coefficient D=K]/ P C‘\
I specific heat

thermal conductivity

* approximate the protein with a

homogeneous sphere of radius
R~20 A

* calculate 7{r, #)assuming initial
and boundary conditions:

I'(r,0)=T, for r<R
T(R,O)=T

hath

Solution of the Heat Equation

J1(r,t)
ot
B,

= DV?T(r,t),
K/pc,

Initial condition

T'(r.0) = {(Temm)(0) for < R,

Boundary condition

T(R t) = Tba.th. .




Solution of the Heat Equation

Spherical IT(r,t) 1,

symmetry ot = D ;arrT(ra t) TbCLth
We assume

T(T'a t) = Tpan + Z a,,,,e)‘”'tu.,,,(/r)

n=1
difference from bath

Here u, are the eigenfunctions of the spherical diffusion operator
2

— ——rup(r) = Mpun(r) , up(0) = finite, up(R) = 0

Solution of the Heat Equation

T(r.t) = Toatn + Z(Ln, exp l— (%)QD?L} sin (nar/X) (n;rr/R) Tbath
n=1
U = ﬁAT(—1)m+1
mm
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Solution of the Heat Equation

Temperature averaged over volume
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