Protein Physics 2016 Lecture 10, February 24

Thermodynamics of
structural transitions,

folding & denaturation

e
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Structural classification

Evolution of structure and sequence
Size of proteins, helices, sheets
Stabilization of a few kcal/mol

- Common folds are common because
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- e Moltenglobule

e Properties of structural transitions

e How do proteins fold and unfold?

e What does it mean for stabilization?

e Atomic models/theories of folding
e Importance of hydrophobic effect
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® Side-chain packing
® Energy gap stabilization
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Structural tran5|t|ons
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Thermodynamic stability

Separate issue: kinetic properties

S-curves for observables: abrupt change
Cooperative transition Titi 12 Equibrium Denaturation Curv
Salt concentration

e Urea, GuHCI o
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Refolding

e Christian Anfinsen, 1967
“Reductive Cleavage of Disulfide Bridges in Ribonuclease”

e Nobel Prize 1969

Phlp 7 inthe Presence of EGTA
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Gradual vs. all-or-none

gradual all-or-none

T, T°T,
Temperature

To what extent do semi-
folded states exist?
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e Measurements of heat capacity per
protein

e Does an abrupt change
imply cooperativity of the transition?

e No, justthatit
happens fast!

Specific heat capacity
P PR
C‘p,pr (calK™' g™
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van't Hoff criterion /
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What is the specific heat change “per
melting unit” upon denaturation?

Compare to specific heat per molecule
(easy to calculate from concentration)

if melting unit = full protein -> all-or-
none

if melting unit < full protein -> unfolds in
smaller parts

if melting unit > full protein -> aggregate



Fold rraction

e Native: Energy E, entropy S
e Molten: Energy E; entropy S’
e Free energy G=E-TS and G'=E’-TS’

e Assume Boltzmann state distribution
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e Fold fraction P and the temperature
width AT can be obtained from calorimetry

d ~ APmolten iy il
T O T e T\ T

I T T,
(a) Temperature

e Can we calculate the derivative in terms of
energy E from the Pmolten €Xpression?
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e At transition temperature, Pmoiten=0.5
o |f AE/KT >> 1, this is close to middle point
e dP/dT =0.25 AE/kTo?2
e Combine with dP/dT=1/AT:
- ® AE=4KTo%/AT for a“melting unit®™
o AE=AH/N for entire protein molecules
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e Why is the protein unfolding?
o AG=AE-TAS
e Explained by hydrophobic effect
e AE increases with temperature
-~ e ASpositive forunfolding

But S will drop with temperature

ll:m mobile solvent molecules)



Protein Cold Denaturation as Seen From the Solvent
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Abstract
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Unlike most ordered molecular systems, globular proteins exhibit a temperature of
maximum stability, implying that the structure can be disrupted by cooling. This cold
denaturation phenomenon is usually linked to the temperature-dependent hydrophobic
driving force for protein folding. Yet, despite the key role played by protein-water
interactions, hydration changes during cold denaturation have not been investigated
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Specific heat vs. temp

AG (kecal mol ™! )
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Structures
evolved to
survive low
temperatures




Denatured state /

e What does the denatured state look like?

e Extended coil?

e Surprisingly, experiments indicate they
can be quite compact - almost like a
hative protein

e Secondary structure still present

e Complete unfolding requires strong
denaturants like GuHCI in high conc.



Multiple states

Proteins seem to have
both a non-native but
still compact “molten
globule” state,

as well as completely
unfolded coils!

—~
2
(J
T
=
48
(2
®
e
o
=
o
E
o
L
2
=
&
G

20

' MOLTEN

40
Temp (°C)

60




y s e 4 / - :i\

0 \
s .' ’ A

/)\/ :

//'//’ 5 X' 27;
Molten globule
e What is the molten globule?
e Main chain ordering (trace & structure)
e Hydrophobic core size & density

e Volume of the protein molecule (radius)

e Transition native-globule is well defined,
yet the structures are quite similar

e Transition globule-coil less sharp



The molten globule - "
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Like native

Like unfolded

Compact, hydrophobic core

Not rigid structure

Secondary structure

No second melting
transition to coil

Partial sidechain order
(TRP buried)

No unique sidechain
packing

Partial S-S bond formation

Not functional
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e Consider disconnected monomers vs. a
simple homopolymer chain

e Energy is roughly the same

e Disconnected particles achieve very high
entropy when completely separated
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Entropy errects

e The energy per monomer is roughly the
same in a cloud and chain

e How does the entropy change?
e Accessible volume per monomer
o Cloud:V'’=(V-Nw)/N=V/N(1-p)=w/p(1-p)
e Chain:V'=Q(1 -p)

® Entropy S>=KiIn V"
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Phase @ Nofirst-order
transition phase transition




e Free energy barriers is a basic
requirement of an all-or-none / first-
order phase transition

e Where does it come
from in proteins?

collapsed,
hydrophobic
internal,
molten
globule




Free energy barrlers/f"
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e The initial denaturation process is always
unfavorable, since the protein expands and
ruins sidechain packing

e Water cannot yet enter (too packed)

e Eventually water gets
in, barrier is crossed




Folding criteria fulfilled
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Energy changes

gradually

Entropy shows a jump
WHERRI I EMER
increased enough for
sidechains to move

. _ Gives a free energy
03 F ‘ barrier and all-or-none
weasly transition




The native state

e What defines the native state? Uniqueness?

e Close packing

e Low energy

No. of Native Contacts No. of Native Contacts
HP5A (AAQAA),

End-to-End Distance (A)

No. of Native Contacts No. of (i,i+4) Hydrogen Bonds
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Entropy in the Iandscap

p(r) < exp—AE /kT

Plot S vs E:

0.8
Density

E,S,and F

0 <« gap > Energy Energy
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protein chain (b) random heteropolymer
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e Very few structures have low energy

e The lowest-energy structures seem to be
separated from the rest by an energy gap

e |f gap islarge compared to kT, there will
be a free energy barrier

e Specific for proteins because of packing
e Not valid for general polymers

e Not valid for random polypeptides!
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Transition temperatures =

What determines

if the barrier to the

native state can be
0 ‘"ga"_}g " }: surmounted and if
Rl T it is stable?

protein chain (b) random heteropolymer

Folding/melting: transition between native and other states
Vitrification: chain gets stuck in glass-like low-energy state

What does Teiting > Tvitrification meoanvfor proteins?
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e Sequences that fold into stable proteins
do so because their native structure is
separated by an energy gap from the rest

e Natural selection

How common is this?

Use the distribution from last lecture:
Pfold = exp (-AE/ KT vitrification)

With AE >> KTyitrification (Say, 20x) we get
Pfold =102



e But why is the native state unique?
e What about two stable native states?

® Proig? =101 Pfold® =10-24
Very rare, but it does happen!
e AmyI0|d peptldes
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e Folding, denaturation, refolding

e Cooperative and all-or-none transition

e Cold & hot denaturation Book:
chapters 17 & 18

e Molten globule and coil conformations
Free energy barriers & energygaps

e Proteins are different from random chains!




