Protein Physics 2016 Lecture 5, February 2

Statistical mechanics, the
partition function, and first-
order phase transitions
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e Secondary structure & turns

e Properties, simple stability concepts
e Geometry/topology

e Amino acid properties, titration

~® Natural selection of residues iprteis i

* Free energy of hydrogen bond

proteins when in vacuo or aqueous uh:un






F=E-TS
F=E-T(kInV) i.e. number of accessible states
probability - exp(-F/kT)
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In vacuo  State A State B

Ea=O,Sa=O Eb=EH,Sb=O
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e Statistical mechanics

e The partition function

e Free energy & stable states
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- e Gradual changes & phase transitions




Fluctuationsin a
closed system - E conserved

thermostat: E—¢

“small part”

Consider all microstates of this system with energy E

# thermostat microstates Mherm With the energy (E-€)
DEﬁne: S — k*ln Mtherm



ENtro Py Q
Stherm (E _ 6) — k1n [Mtherm (E

Now do series expansion; only 1st order matters - why?

dS

th

Stherm (& — €) = Stherm (£) — ¢ (ﬁ)
Solve for M

EE df"
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Observation or micro

e The probability of observing the small part
in this state is proportional to the number of
microstates corresponding to it

px M(E —¢€) xexp{—el|(dS/dE)|g/k|}




In | M(E + kgT)| =S(E+ kgT)/kp =

- =|S(E) +kp(1/T)| /kp =In|[M(E)|+1
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probability of being in a state |

EXP (—Ei/kBT)
Z(T)

Normalization factor
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"The partition function’
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= Stirling: nl=(n/e)"

Tll!ng' T |
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System mstablllty.. o

Entropy

e
Q.
o
—
=
aa




-
F
- —a
_—
-
2

—
—
F
-——
f+ N
-—

S(E)
S=kyIn[M ]




I
Temperature

What does this correspond to”? Examples?
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A first-order phase transition!
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Temperature

A“secondr-order phase transttton!




Free energy barriers ' =

n” = n exp(-AF#/kgT) T(n/n¥) = T exp(AF#/ksT)

to—1 = T exXp (+AF#//<;BT)

Ko—1 = 1/t0—>1
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e Alpha helix formation
e Equilibrium between helix & coil
e Beta sheet formation

Propertles of the random coil,
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e Hydrogen bonds: ito i+4

o 0-4,1-5, 2-6 M

e First hydrogen bond “locks”
residues 1,2,3 in place

e Second stabilizes 2,3,4 (etc.)

e N residues stabilized by N-2 hydrogen bonds!

Residue number
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e Free energy of helix vs. “coil” states:

number of residues H-bond free energy ~ Entropy I?SS of ﬁxat.mg one
residue in helix

| V4
AFy = Fo — Fegil :\n — 2)fH-bond — "I Sa
= —2/H-bond T ™ (fH—bond sl

.n’."'"'} / |
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e First, consider ice in water

noV oxrs

A o 12 x n?/3

e S=kIn(N)



How does a helix form?

Landau: Phases cannot co-exist in 3D

First order phase transitions means either
state can be stable, but not the mixture

Think ice/water - either freezing or melting

noV o re

A o 12 x n?/3

But a helix-coil transition in a chain is 1D!

Interface helix/coil does not depend on n



How does a helix form?

ice/water: n molecules in ice, N in water
energy cost * nA2/3 & entropy: kin N
helix/coil: n residues in helix out of N in total

finit - KT In (N-n) i.e. opposite to water/ice!l



e Or:What helix length corresponds to the
transition mid-point? jpp, = /g — 175« =0

e Assuming helix can start/end anywhere,
there are NA2/2 positions

e Ll onlln N 2Ll N
AFpelix & fINIT — 2kI'In N
e At transition midpoint we have AF=0 & N=no

o) — eXP (fINIT/QkT) = 1/\/3
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IX parameters-.

We can measure no from CD-spectra
Calculate o from last equation

Typical values for common amino acids:
no= 30 finir=4 kcal/mol o =0.001

fy = -finit/2 = -2 kcal/mol

TSa =fu - feL = -2 kcal/mol
(Conformational entropy loss of helix res.)
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e Temperature dependence

e Elongation term dominant for large no

® dF(aIpha) = finiT + no*fEL
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CD spectra
Determines & o

Alanine: s=2, fgr=-0.4kcal/mol

Glycine: s=0.2, fei=+1kcal/mol T
Proline: s=0.01-0.001, fei=+3-5kcal/mol

Bioinformatics much more efficient for
prediction, though!
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Rate of Formatlon{if

e Experimentally: Helices form in ~0.1ps!
(20-30 residue segments)

e Oneresidue <5 ns...

Number of residues, N




Formation...

e Rate of formation at position1:  T:| re5|due
elongation

tNTTo = 7 exP (fINTT/FkT) = 7/0

e Rate of formation anywhere (n0=1/+/0):

LNIT = 7/ f

o Propagation to all residues: T s

e Half time spent on initiation, half elongation!




HellX summary

e Very fast formation
e Both initiation & elongation matters
e Quantitative values derived from CD-spectra
- e Lowfreeenergy barriers, ~1kcal/mol




