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Relaxation in Liquids (briefly!)Relaxation in Liquids (briefly!)

The fluctuations of each bond vector can be described in terms of an angular

correlation function, 

G(τ) =1/5 0.5(3(Cosθ(τ))2 −1( )

We want to describe the temporal decay of G(τ) - take a Fourier Cosine transform,

J(ω) = 2 Cos(ωτ )G(τ )dτ
0

∞

∫

Essentially the cosine transform ‘filters’ G(τ) for changes occurring on the timescale

of τ=2π/ω and returns a result of the contribution that frequencies in the range

ω,ω+dω make toward G(τ).

Spectral Density



NMR relaxation in liquids is well established for 15N,13C and 2H

1
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= A j

1,2
J(ω j )

j

∑

Molecular motion enters this equation through the spectral density function J(ω)

Macroscopic relaxation rates for backbone amide 15N nuclei are given by

Spectral density is most often formulated in terms of an order parameter (S2)

indicating the degree of spatial restriction for backbone amide 15N-1H bond vectors
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is the overall

correlation time

τe
is the correlation time

describing fast motions

Semi-Classical Relaxation Theory



Eotaxin Internal Motions derived using Lipari-Szabo Model free Analysis
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Fast motions

Slow motions

Fast and Slow Motions within Eotaxin

correlate with Functional Regions



The link between dynamics and macroscopic thermal properties

General expressions for the root mean square of the fluctuation of internal

energy of a protein around the mean.

δU 2 = kT 2mCv

Cv
= 0.32 cal g-1 deg-1, 25oC, m = 4.2 x 10-20g(25kDa)

Gives, δURMS = 6.4 x 10-20 cal molecule,

or 38 kcal mol-1

Small size implies that large, transient fluctuations are thermodynamically

inevitable, even at thermal equilibrium.

Tells us little about the precise molecular form of the fluctuations or the exact 

nature of the relationship between dynamics and thermodynamic quantities.

Similarly, δVRMS = 5 *10−23cm3
sufficient for cavity or channel formation

Cooper, A. (1976) PNAS, 73, 2740-2741



The Gibbs free energy for a two-state transition such as calcium binding to

a protein can be calculated from S2 values (with S2 > 0.5).

∆G = −kT ln (1− S j,2

2 ) /(1− S j,1

2 )[ ]
j=1

N

∑

where the summation extends over j residues for states 1 and 2.

Contribution of Entropy to Gibbs Free Energy

Akke et al., 1993, JACS, 115, 9832.

Demonstrated that ∆∆G = ∆GI ,II − ∆GII < 0 where ∆GII
is the free

energy of binding of the first ion to site II and ∆GI ,II is the binding of the second

ion to site I after the first ion has bound. Results indicated that the alterations in

intramolecular fluctuations of the protein were large enough to contribute

significantly to overall cooperativity



The Entropy ChangeThe Entropy Change

∆Sr = −k ln (3 − 1+ 8S j,2 ) /(3− 1+ 8S j ,1 )[ ]
j=1

N

∑

The entropy change for a two-state transition can be calculated according to

where S2 < 0.95 

Ala3 S1

2 = 0.86, S1 = 0.93

         S2

2 = 0.28, S2 = 0.53

∆Sr =16.5 ±1.3 J/mol K

∆Sr = Sunfolded − S folded

Yang and Kay, 1996, JMB 263, 369-382



S = −(∂A /∂T)υ  and A = −kT lnZTOT

Equations for the probability distribution function for bond vectors are derived

from statistical thermodynamics

Assumptions include,

1) All molecules are independent (So, ZTOT = Z
N /N!)

2) Factorising          into a product of partition functions comprised

of bond vector fluctuations that can be measured by NMR and a

remaining contribution from other sources (ZTOT =ZoZu)

3) The major assumption that each fluctuating bond vector does so

independently of the others,

ZTOT

Z = ZU z( j)
j

∏

Limitations of this approach



Further Limitations - choice of modelFurther Limitations - choice of model

Sp ( j) /k = − p(q)ln p(q){ }dv
v

∫

p(q) = p(θ,φ)

Probability Density Function

SLZ

2 = (4π /5) p(q)Y2r(q)dv
v

∫
r

∑
2

Derived from Statistical Mechanics

Order Parameter as calculated by Lipari-Szabo



The question is - which model?The question is - which model?

Diffusion in a cone

Diffusion in a cone but with

a Gaussian distribution around

symmetry axis

p(q) =
1

φ0(1− Cosθ0)

∆Sr = −k ln
(3− 1+ 8S j,2 )

(3 − 1+ 8S j,1 )
/
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Binding of Pheromone to MUP-1Binding of Pheromone to MUP-1

R1, R2, NOE

Spectral Densities

Order Parameters

Conformational
Entropy, Sconf

S N
SBT



Distribution of changes in S2Distribution of changes in S2

MUP-I-pheremone complex

color coded according to the

changes in order parameter

Changes for 68 residues out of 162

showed significant reductions in S2

values upon ligand binding

Distributed over the structure but not

necessarily in contact with the binding

region

Zidek et al., 1999 NSB, 6, 1118.



Adding up ContributionsAdding up Contributions

Contribution to ∆G from backbone NH motions (-T∆S)  -52 +/- 3 kJ mol-1

∆G of binding

~ +55.0 +/- kJ mol-1Contributions to ∆G from loss of rot. and trans. motion

-34.3 +/- kJ mol-1

Contributions to ∆G from loss of side-chain motion ~ +20.0 +/- kJ mol-1

Contributions to ∆G from ligand solvation enthalpy ~ -23.0 - 35 +/- kJ mol-1

Contributions to ∆G from cavity solvation enthalpy ~ -23.0 - 35 +/- kJ mol-1

Contributions to ∆G vibrational entropy ~ -14.0 - 29 +/- kJ mol-1

A total free energy change in the absence of the conformational entropy term

A total free energy change with the conformational entropy term

~ -24.0 - 15 +/- kJ mol-1

~ -76.0 - 37 +/- kJ mol-1



Conformational Heat CapacityConformational Heat Capacity

Spj

k
= ln[π (3 − 1+ 8S )]      

Cpj =
∂Spj (T)

∂[ln(T)]

The methods used to estimate conformational entropy, 

can be extended to allow estimation of heat capacity associated with bond vector 

fluctuations from the temperature dependence of Spj

…subject to same limitations as outlined for the derivation of conformational  entropy



Heat Capacity can be probed in a site specific manner



Heat Capacity applied to folding

∆GF−U

0 (T) = ∆H 0(Tm )[1− T /TM ]− ∆Cp

0[Tm − T + T ln(T /TM )]
Gibbs-Helmholtz

Equation

Stone, MJ (2001) Acc. Chem. Res. 2001, 34, 379-388



Villin Headpiece
Heat Capacity folded vs. unfolded conformations

Measured the temperature dependence of generalised 

order parameters

Showed theoretically and experimentally that the 

conformational heat capacity of the headpiece was 

close to maximal

Little increase and possibly even a decrease can be

anticipated for this contribution to the backbone dynamics

of the unfolded state.

Hence no significant net contribution to the heat capacity difference

between the folded and unfolded states would be predicted to arise from these

motions.



Other Areas

Addressing Independency and sampling of motions - Zuiderweg - measured
1H-15N relaxation and 13Cα-13CO with correlated relaxation. Concluded that the NH
vector may actually underrepresent peptide backbone motions.

Wang et al., 2003 JACS, 125, 8639.

I have not said anything about side-chain dynamics.

….



Temperature dependence of Dynamics.

Spj

k
= ln[π (3 − 1+ 8S )]      

Cpj =
∂Spj (T)

∂[ln(T)]

Site 1 Site 2

Ca2+Ca2+

High AffinityLow Affinity

Cp(1) > Cp(2)

Application to Cardiac TnC

So site 1 residues will be moving in a 
flatter potential, and therefore be able to
access more states thermally than site 2.


