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Continuing Theme

How can we understand the bulk properties of a substance
from the properties of individual molecules

Density=0.6548 g/ml
Boiling point=69 °C

H3C—CH3—CH3-CH3—CH3-CH3 ? Meltlng pOint=—95°C
etc.
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The Game Plan

* Review the two-state system

— butene cis/trans example
— activation energy and kinetics

* Brief intermezzo on the free energies
* (Generalize the two-state problem to an N-state problem

— We will see how this relates to the folding of proteins
— This will give a new perspective on entropy



Butene Gas

* Recall, some molecules of the gas will be in the cis
conformation, others will be in the trans conformation:
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Butene Gas

* The butene potential energy surface
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*NB: Spartan can compute these
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*How do you expect the ratio of
cis/trans isomers to behave?
*Consider both the high T and
low T limits.
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Butene Gas cis/trans Probability

Three key properties of our probability function:
1. It should be a function of energy and temperature

P =P (E,T) and P=P(E,T)

2. Independent events should multiply, ie for any two
butene molecules

P, =P P, . P, =P, ,=P. P P
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3. Probabilities should be normalized to 1

P +P =1



Three key properties of our probability function:
1. It should be a function of energy and temperature

—E_/RT —E,/RT
P oce and P oce
. \ Boltzmann
2. Independent events should multiply Factor
. ~E_/RT —EJ/RT _ —(E.+E)/RT
Pcl,tz_Pc'PtOCe 'C —€
Probabilities should be normalized to 1
—E_/RT —E,/RT ~EJ/RT , —EJ/RT
c c c +¢c
P +P =1= + =
Q Q Q ~——_ Patition
—E_/RT = —E/RT Function

where Q=¢ +e



Butene Gas cis/trans Probability

So our final result was,
€—EC/RT e—EC/RT
P.= — ~E/RT , —E/RT
Q e +e
e—Et/RT e—Et/RT
P = — _EJRT . __EJRT
Q € +€



Butene Gas Isomerization Kinetics

* We estimated the rate at which the a jug of all cis butene
will isomerize to trans butene by finding

— what fraction of the molecules at a given time are at the
transition state

— this is the same calculation we just did, but now AE=16kcal/mol
instead of 3kcal/mol

—-AE_, —16kcal/mol
e RT e(.002 kcal /mol-K)300K
1 e 1
kcis — trans P ( tSt) S = —~AE__ S = —16kcal /mol 5
.002 kcal/mol-K) 300K
1 1e RT 1 + e( cal/mol-K)

=k 10 "*/s ie 30000yr halflife

C1s — trans



Free Energy Intermezzo

From last time,
AG=AH-TAS

AH=AE+PAV, but PAV=~0 forbio.
= AH~AE

>AG ~ AE-TAS = AA

/ Helmholtz Free Energy

Gibbs Free Energy (More important too us than it
might look at first glance.)



Free Energy Intermezzo

e We have now defined,

— The partition function: Q

— The Helmholtz free energy: AA
e |[f we can relate AA and Q, then

— can express the free energy in terms of Boltzmann factors

— can derive other thermodynamic parameters such as pressure,
entropy, heat capacity, isothermal compressibility, etc



Free Energy Intermezzo

It can be shown,
AA=—RTIn(Q)

pr—rT2Q
oV

zaan
0T

<E>=RT

__ 0
S—aT(RTan)

etc...



Generalizing the 2-State Solution

* We have now seen that we can think of our butene
molecule rattling between three different states

— The trans state (lowest in energy, most stable)
— The cis state (higher in energy, but still long lived)

— The transition state (very high in energy, short lived)

* We should be able to derive the the probability of a
butene molecule occupying any of these three states



Generalizing the 2-State Solution

For 3 states we find ,

e—EJRT e—EJRT
P = = = .99 : .82
t —E_/RT —E /RT —~E_/RT  "77298K > *““1000K
Q e +e +e
—E_/RT —E_/RT
p=S_ © — 01 18
c ~ —E/RT —E,/RT ~E_/RT "7 7298K > = "~1000K
Q e ° —+e +ec °
~E,_/RT e—Em/RT
~12 —4
P.= — =10 - 10
tst —E /RT —E /RT —E_/RT 298K 1000K
Q e ° +e ' +e "

where E, = 0Okcal/mol ; E_=3kcal/mol ; E = 16kcal/mol



Many State Problems

* Most “real world” chemical problems have very many
states:

— The number of ways liquid water molecules can arrange
themselves in a cup

— The number different shapes a protein can trace

— The number of different positions and velocities gas particles
can assume in a box

-
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Protein Folding

* Proteins are polymers

— thin
— eac
— eac

K of this as a string of beads
N bead is an amino acid

n amino acid has two rotatable

bonds (phi, psi) connecting it to each
other amino acid

— the string changes shape by rotating
around these bonds

— When in water, each protein will
spontaneously fold into a specific,
well defined, shape

http://tigger.uic.edu/classes/phys/phys461/phys450/ANJUMO5/psi_phi_angles.jpg




Protein Folding

* Most proteins contain 100-200 amino acids

e Each amino acid can assume roughly ten different pairs of
phi and psi angles

» So the total conformational space (ie all the shapes it
can fold into) is 10" states

* Our goal is to understand the thermodynamics of
protein folding



Protein Folding

e \/isualization of the ~10 stable states for each amino acid

L—-Ala,QM,Vac,Energy

http://helix.nih.gov/research/janakim_jan2005.jpg J http://www.math.princeton.edu/~weiging/alanine/ala2.gif



Protein Folding

Unfolded State:

Qmﬂ 0100 Conformations

Intermediate Folded
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Protein Folding

* The single folded state
of a given protein is
typically quite
complicated

* |t must be in this fold to
function

* Prion diseases are
caused by unfolded
proteins




Protein Folding

* This is a many state problem

— There exists 1 single folded state with energy E.

- There exist ~10™ unfolded states with energy E

» We will treat each of the unfolded states as though they
have the same energy

e We will see

— the large number of unfolded states opposes folding (entropy)

— the favorable interaction energy of the folded state promotes
folding (enthalpy)



Protein Folding
We find for protein being folded or unfolded,

—E,/RT 100 —E,/RT __ _—E./RT —E,/RT
Q=e " 4+107e¢ ¥ =e 7 +Q0e "
—E,/RT —E./RT
P — C - C
F Q ~ _—E/RT 110" Ey/RT  “Degeneracy’=10""
—E,/RT —E,/RT
p.—10'" C _ C
U E./RT 100 ,~ E,/RT
Q +10"%e ™™

What can we learn about protein folding from this solution?



Protein Folding

* Experimentally,

— Most proteins are nearly entirely folded at 25°C
— Most proteins are half unfolded at 75°C
— Most proteins are nearly entirely unfolded at 90°C

* Notice that this process is much more temperature
dependent than the butene isomerization

* For the rest of the discussion we will choose our energy
scale such that E =0 and E =AE



Protein Folding
We can calculate A E; by forcing P.=.5 @ 350K,

—E./RT

e 1

/RT-l- 10100 —E, /RT 1_I_lol()o ®

PFZ

—AE,/R-350K

= A E,;=161.2kcal/mol

What does this say about the occupancy of the folded state at

different temperatures ?
1

_ - N 11
Pr @300k = ey =1 and Pp g o ~ 10
100 R-300K
1+10 e




Probability a generic protein is folded as a function of temperature
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Protein Folding

We can calculate A A of unfolding from this derived data ,

(.o AE/RT
AA. =—RTIn%=—RTln[ - ]
F-U 1

F

~AE,/RT

> AA; ,=—RTIne —RT In Q2
>AA. ,,=AE;—RTInQ

but we have already showed ,

AA. ,=AE,—T-AS = AS,=RInQ



Protein Folding
The value of A A at 300K 1s also interesting,
AA,. ,=—RTIn[Q-e "]
>AA._ ,=AE,—RTIhQ
= A A ,=161.2kcal/mol — 138.2kcal /mol = 23kcal / mol

For perspective , a water — water hydrogen bond is Skcal /mol



Conclusions

* Proteins have a relatively small and abrupt window of
thermal stability

— this Is because both the entropic and enthalpic terms are very
large and opposed

* These methods of calculating AE, AA,and AS are at the
core of computational chemistry

* We typically get AE from a model

e Once we have AE for each state we can calculate bulk
thermodynamic properties



