PROTEIN PHYSICS

LECTURES 7-8

Basics of thermodynamics & kinetics



THERMODYNAMISC
&
STATISTICAL PHYSICS



WHAT IS “TEMPERATURE”’?

Clapeyron, PV A .
Kelvin: PV~ T
e > : el %L DEFINITION
0 = -
0K +273% 4373 o
— t,OC + 273.150
Gas laws:

PV=NKT = P=nkT (n=N\)
" ¢°|  dP=dnkT => dPidh = (dnidh)kT)
:.:: }.:.:.: dh | > dnfdh =-n-(mg/kT)
g D Weight: dP = mgn(-dh)

=> dPidh =-nmg Boltzmann:

/

2R n ~ exp(-mghik) ~ exp(-E/kgT)




Benoit Paul Emile Clapeyron (1799 — 1864)

William Thomson, 7st Baron Kelvin (1824 -1907)

g5,
S

Ludwig Eduard Boltzmann (1844 — 19006)



WHAT IS “TEMPERATU RE”?

thermostat E -E THEORY
: B Closed
@ S~ In[I\/I] system:
: energy
E = const

CONSIDER: 1 state of “small part” with € & all
states of thermostat with E-e. M_(E-¢) =1 « M (E-¢)

k* In[M.(E-¢)] = S(E-€) = S|(E) - e+(dS/dE)]|_
M.(E-€) = exp[S(E)/K] « exp[-e+(dS/dE)|_/K] conclusions

l



COMPARE:
Probability, (€,) = M.(E-€.)/M(E) =

exp[-€,- (dS/dE)|_/k] (c.Bs)
and

Probability. (€,) = exp(-€,/keT) (goLtzmANN)
One has: (dS/dE)|. =1/T
kK = Kes
€ = &-ksel, M= Mxexp(1)=Mx2.72



Josiah Willard Gibbs
(1839 —1903)

Joseph Liouville Axkos puropbesny CuHan, 1935
(1809 - 1882) Abel Prize 2014
“...CBA3b Mexay NopsiaKkoM U XaocoMm...”
1/r3



(dS, /dE) = 1/T

S(E) = kg In|]M(E)]

cxgrvmgn ol (dS/dE)[g, = 1/T;

P,(€,) ~ exp(-€,/keT)
P(€) = exp(-€/keT)/IZ(T); 2 P(g) ="
Z(T) = Zi exp(-€/keT) partition function

CTATUCTUYHECKAA CYMMA



Along tangent:  S-S(E,)= (E-E,)/T,
i.e., F=E-T,S=const (=
S = kg In[M] | S

St

d S ! b Qi F < F, [ ] F

T<0 T<0 unstable
0 H
e 1T,

.
C

}E E




Separation of potential and kinetic energies
in classic (hon-quantum) mechanics:

P(€) ~ exp(-€/kgT) /' Classic: € =€.50rp T Exin

EKIN = mv?/2 : does not depend on coordinates

Potential energy €.,45rp- depends only on coordinates

P(€) ~ exp(-€ Ik T) ¢ exp(-€,/k;T)

COORD KIN

Z(T) = Zooorp(T)*Zin(T) = F(T) = FeoorplTIHFn(

Elementary volume: A(mv)Ax = h = (Ax)* =(h/|[mv|)’
= (h2 312
A(mv) = m|v|, and [mv| = (mk_T)"? - (h l[kaT])



IN THERMAL EQUILIBRIUM:
T =T =T

COORD outer

We may consider further
only potential energy:

E = Ecooro

M= M_o0ro

S(E) = S¢ooroEcoorn )
F(E) = Foorp»  ©tc-



TRANSITIONS:
THERMODYNAMICS



gradual transition
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Second order phase transition

Recently observed in proteins;
rare case



LANDAU: Helix-coil transition: Melting:
NOT 1-s order phase transition 1-s order phase transition

Helix & coil: 1D objects Ice & water: 3D
RS = Const + nxf AF,_ =Cxn?3+ nxf
elix_n ICE_n
1D interface 3D interface

Mid-transition: f=0

AS, i o~ IN(N) <vasmzms? AS,.. ,~ In(N)
N : very large; n ~ aN, a<<1 (e.g., a~0.001)

Const << In(N) a??-N?3 >> In(N)

phases mix phases do not mix




Iles Jasugosuy JlaHpgay
(1908 - 1968)
Hobenesckas Npemna 1962




TRANSITIONS:
KINETICS



Not
“slowly goes”, n

but ’
\

climbs, falls [

and climbs again.~.




system #1

system #2

system #N
time

averaged over
ensamble of all NV systems




FIP35 protein: simulation of folding
330, 341

.
.

D.E. Shaw et al., Oct. 2010, Science

»*

Coll

RMSD to native (A)

- =~Native

’Mj‘ing pathway
o 0~ N\ ~ Native




PARALLEL REACTIONS:

TRANSITION RATE =

SUM OF RATES
(or: =the highest rate)

RATE =1/ TIME

1/TIME = (1/1, ) x exp(-AF #/k T) + (1/1, ) x exp(-
AF */k_T)



AF#2

\ “downhill”
AF#1

C \T/AF 0 start 1
> 1 AL t ~ +

| {
+
“Iong barrier” s ; 0—...—> 0—#1—1 1>#2— 2

pAIllIEls CONSECUTIVE REACTIONS:
TRANSITION TIME = SUM OF TIMES

(or: = the highest time)

k k
0 | —1=0 . 21 : . M-+1
| 1 v Mlll———>
tart| % ki kg (f101h

0—1
1 . ”, I~ + +
long barrier”: t0—>...—>finish t0—>#1—>finish t0—>#2—>finish
steady-state approximation

TIME =1, xexp(+AF *k,T) + 1, xexp(+AF *k,T)+ ...



“trap”: on “trap”: out
0 X 1 X 0 1
reaction coordinate reaction coordinate

TRANSITION TIME IS ESSENTIALLY

EQUAL FOR “TRAPS” AT AND OUT OF
PATHWAYS OF CONSECUTIVE REACTIONS:

TRANSITION TIME = SUM OF TIMES
(or: =the longest time)




DIFFUSION:
KINETICS



Mean kinetic energy of a particle: <MV?4/2> ~ K T

— 5 _ 5 5 3
<E> = Zj Pi(€) -€ V2 = (v, 2)+(v, 2)+(V,2)
{mvy/2>=
James Clerk 000000 , ,
Maxwell : [ [ [expE(mv72)/keTT(mv72) dvidvy dv,

(1831 -1879) oo - =

[ | [exp[-(mv72)/kgT T-dvydvydv,
000

000000

keT - [ [exp[-(mv¥2ksT] (mv7/2kgT)-dVydvy dV,

000 B
000000 =

J J (J; exp [-(mv72kgT]-dvydvydV,

000000

keT-[ [ [exp[-r?]r*dndrdr
000 3 _
e =3kgr In3D

(J; (J; gexp [-r?]-drydr,dr;




Friction stops a molecule within picoseconds:

m(dv/dt) = -(3mDn)v  [Stokes law], or m(dv/dt) = -(k;T/D v
[Einstein-Stokes]

D — diameter; R

m ~ D® - 1g/cm*® — mass; Z

n — viscosity
t. =10 sec x (D/nm)?

Inet . : G

In water i
| ' b | -
Sir George Gabriel Stokes Albert Einstein

DIFFUSION: (1819-1903) (1879-1995)
During t .. the molecule moves by L . ~vet

Then it restores its kinetic energy mv?/2 ~ kg T from thermal
kicks of other molecules, and moves in another random side

CHARACTERISTIC DIFFUSION TIME: nanoseconds JL




Friction stops a molecule within picoseconds:

DIFFUSION:

CHARACTERISTIC DIFFUSION
TIME: nanoseconds

The random walk allows the molecule
to diffuse at distance D (~ its diameter)
within ~(D/L .)? steps, i.e., within

t (DIL _)2=D2D

difft klnet diff

=|4¢10"%sec x (D/nm)*| in water




The End



For “small part™: Pj(aj) = exp(-aj/kBT)/Z(T);
Z(T) = Zj exp(-/kgT)
Zj P(e) =1
E(T) =<€>=2¢.P )
fall €=€: #STATES = 1/P, ie.. S(T)=kyIn(1/P)
S(T) = k_<In(#sTATES)> = kB-Zj In[1/P,(e)]-P,(€)
F(T) = E(T) - TS(T) = -k, T - In[Z(T)]



Thermostat: T, =dE, /dS,

S(E) = kg In[M(E)]

(dS/dE)|g, = 1/T;

STATISTICAL
MECHANICS

“Small part™  P(g, T, )~ exp(-/kgT,);

E(T,) = Z e 1P (E,T,)
S(Ty,) = kg1&, In[1/P (e, T, )]

T  =dE(TYdS(T =T



Along tangent: S-S(E,)= (E-E,)/T.
l.e.,
F=E-T,S=const (=F,=E, -T.,5))

S = kg In[M]

S1




Separation of potential energy
in classic (hon-quantum) mechanics:

P(€) ~ exp(-e/kgT) Classic: €=¢€

£KIN
Potential energy €

T €
COORD  “KIN

= mv?/2 : does not depend on coordinates

coorp- depends only on coordinates
T)

P(€) ~ exp(-& Ik T) * exp(-€

COORD KINIkB

Z n(T) = ZK exp(-€, /K, T): don’t depend on coord.

Z (T) = Zcexp(-ec/kBT): depends on coord.

COORD
Z(T) = ZCOORD(T).ZKIN(T) = F(T) = |:COORD(T)-H:KIN(T)



I:)(‘E:KIN-l-E:COORD) & eXp(-&:COORD/kBT).eXp(-gKlN/kBT)

P(€ = exp(-€ kgT) 1 Z T)

COORD) COORD COORD(

Z

coorplT) = ZCeXp('EC/kBT)Z depends ONLY

on coordinates

P(€n) = eXP(-En/KgT) I Zyn(T)

KIN) KIN B

Z n(T) = ZK exp(-€, /K, T): don’t depend on coord.

<8KIN> = 0 at T<0

due to

P(aKIN) ~ exp(—aKIN/kBT)




“all-or-none” (or first order) phase transition

o YT/ (s o AS ST
T T, — OE/KT; = (AE/KT)@T/T) = (AS/K)GET/Ty) = 757

S SE=AE(1-T/T"

Coexistence: if |3F/kT| £ 1,
or |OT/THAE/KTY| < 1,

i.e., in T-range AT/T"x1/Aln(M)

AS=kAln(M)
F(T SMALL MOLECULE Aln(M) =1 AT=T* :
( 1) (1 degree of freedom) non-cooperative
PROTEIN Aln(M)=100 AT=~0.01T"
______ 4L (100 degrees of freedom)
| > BOTTLE Aln(M)=10%° AT=1072T*
25
10°- degrees of freedom ' '
l | > ( gr ) HYSTERESIS: coexistence in
E, E, E not observable
Ty W(E)
H‘ . :E
. : 5 istence
T: WwW(E)| A e
£ £ ‘of stable
. ; E states
T: w(E) '
N~ unstable state

T T E, E;, E with phase boundary



