
Methods in Molecular Biophysics: Structure, Dynamics, Function

BME, Tuesdays, 5PM

Instructors: David Case & Babis Kalodimos



Biophysics: An integrated approach

Why?



From in vivo to in vitro

A realistic drawing of the E. coli
bacterium by David Goodsell 



What Biophysics can do for Biochemistry?

Biochemistry describes in molecular terms the structures, 
mechanisms, and chemical processes shared by all organisms and 
provides organizing principles that underlie life in all its diverse forms, 
principles we refer to collectively as the molecular logic of life

Development of high-throughput techniques: 

Bioinformatics (analysis of genomic information)

Functional proteomics (identification of all the proteins present in a cell)

Dynamic proteomics (determining how this population responds to external conditions)

Structural genomics (protein structure determination)



Phylogeny of the three domains of life

All organisms are remarkably uniform at the molecular level. This uniformity reveals that all organisms on 
Earth have arisen from a common ancestor!



Structural hierarchy in the molecular organization of cells



The size of organisms and its components



The size of organisms and its components

Electromagnetic radiation

Relative sizes and detection devices

λ (m) 10-15 10-12 10-9 10-6 10-3 1 103
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Time scales in biology
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Time scales in biology
Associated energies and temperatures of biophysical methods
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Biological Molecules



The central dogma of biology



The genetic code



Genomics



Protein structure

Proteins are built from a repertoire of 20 amino acids



Protein structure

Proteins are built from a repertoire of 20 amino acids



Protein structure



Protein structure

hemoglobin



Protein structure



Structure-Function



Macromolecules are the major constituents of cells



Structure foundations
Configuration is conferred by the presence of either:

double bonds, around which there is no freedom of rotation



Structure foundations
Configuration is conferred by the presence of either:

chiral centers, around which substituent groups are arranged in a specific sequence

Similar or identical chemical properties but different physical and biological properties



Structure foundations

Distinct from configuration is molecular conformation

Conformers are free to assume different positions in space because of the freedom of rotation about single bonds 



Structure foundations

Interactions between biomolecules are stereospecific

Complementary fit between a macromolecule and a small molecule



Chemical bonds - Foundations

The noncovalent molecular interactions are responsible for the strength and specificity of recognition 
among biomolecules

Electrostatic interactions

Hydrogen bonds

van der Waals interactions



Chemical bonds - Foundations

An electrostatic interaction depends on the electric charges on atoms

Electrostatic interactions

E=kq1q2/Dr2

E.g., the electrostatic interaction between two atoms bearing two single opposite charges separated by 3 Å in water (D=80) 
has an energy of 1.4 Kcal mol-1.



Chemical bonds - Foundations

Hydrogen bonds

They are highly directional and  have energies of 1-3 Kcal mol-1.



Chemical bonds - Foundations

van der Waals interactions

Energies are quite small (0.5-1 Kcal mol-1).



Chemical bonds - Foundations

Energy scale



Molecular recognition

Noncovalent interactions govern molecular recognition



Molecular recognition

Noncovalent interactions govern molecular recognition



The role of water

The properties of water affect biomolecular interactions 

Water is the most abundant substance in living systems, making up 70% or more of the weight of most organisms

water is polar

water is cohesive



The role of water

The properties of water affect biomolecular interactions 

Water is the most abundant substance in living systems, making up 70% or more of the weight of most organisms



The role of water

The properties of water affect biomolecular interactions 

Hydrophobic- nonpolar molecules do not dissolve in water



The role of water

The properties of water affect biomolecular interactions 

Hydrophobic- nonpolar molecules do not dissolve in water



The role of water

water release - driving binding force



The role of water

water binding in hemoglobin



The role of water

water mediated interactions stabilize protein structures



Lightning review of statistical thermodynamics

David A. Case
case@biomaps.rutgers.edu, 445-5885

Spring, 2010



Introduction to classical and statistical thermodynamics

Computational Biochemsitry and Biophysics, edited by Becker,
MacKerell, Roux and Watanabe (Marcel Decker)

Read: Preface, Chaps. 1, 2 and 9

Introduction to Chemical Physics, J.C. Slater (Dover)

Read: pp. 3-51 [handout]

Herschbach, Johnston and Rapp, J. Chem. Phys. 31, 1652
(1959) [handout]



Computational Equilibrium Statistical Mechanics

(good reading: J.C. Slater, “Introduction to Chemical Physics”; Dover,
pp. 3-51)

First law of thermodynamics:

dU = dQ−dW or ∆U =
∫

dU =
∫

dQ−
∫

dW (1)

Second law of thermodynamics:

dS ≥ dQ/T or TdS ≥ dU + dW (2)



Connections to microscopic properties

Let pi be the probability (fraction) of micro-state i . Then we can
postulate a connection to the entropy:

S =−k ∑
i

pi lnpi (3)

This is large when the system is “random”. For example, if pi = 1/W
(same for all i), then S = k lnW . This entropy is also additive (or
“extensive”). Consider two uncorrelated systems that have a total
number of states W1 and W2. The total number of possibilities for the
combined system is W1W2. Then:

S = k ln(W1W2) = k lnW1 + k lnW2 = S1 + S2 (4)



The canonical ensemble: temperature

Now consider dividing an isolated system (whose total energy U is therefore fixed)
into a number of subsystems, each of which could have its own internal energy Ei , but
where there is thermal contact between the subsystems, so that energy can be
transferred among them. The fixed total energy is

U = ∑
i

Ei pi

where pi is the probability that subsystem i will have energy Ei . Let us find the most
probable configuration by maximizing the entropy, subject to the constraint of constant
total energy and that ∑pi = 1:

dS = 0 =−k ∑dpi(lnpi)+ kβ ∑Ei dpi − ka∑dpi (5)

Here a and β are undetermined multipliers. The only general solution is when the
coefficients of the dpi terms add to zero:

lnpi = a−βEi

pi =
exp(−βEi)

∑exp(−βEi)
(6)



Connections to clasical thermodynamics

The Lagrange multiplier a is just the denominator of Eq. 6. To figure
out what β is, we connect this back to thermodynamics:

dS = kβ ∑
i

dpiEi = kβdQ ⇒ β = 1/kT

The denominator of Eq. 6 is called the partition function, and all
thermodynamic quantities can be determined from it and its
derivatives:

Z ≡∑exp(−βEi)

A = U−TS =−kT lnZ

S = −(∂A/∂T )V = k lnZ + kT (∂ lnZ/∂T )V

U = −(∂ lnZ/∂β ); CV = T

(
∂ 2(kT lnZ )

∂T 2

)



Connections to classical mechanics

We have implicitly been considered a discrete set of (quantum) states,
Ei , and the dimensionless partition function that sums over all states:

ZQ = ∑
i

e−βEi

How does this relate to what must be the classical quantity, integrating
over all phase space:

ZC =
∫

e−βH(p,q)dpdq

Zc has units of (energy · time)3N for N atoms. The Heisenberg
principle states (roughly): ∆p∆q ' h, and it turns out that we should
“count” classical phase space in units of h:

ZQ ' Zc/h3N

For M indistinguishable particles, we also need to divide by M!. This
leads to a discussion of Fermi, Bose and Boltzmann statistics....



Separation of coordinates and momenta

In classical mechanics, with ordinary potentials, the momentum
integrals always factor out:

Z = h−3N
∫

e−βp2/2mdp
∫

e−βV(q)dq

The momentum integral can be done analytically, but will always
cancel in a thermodynamic cycle; the coordinate integral is often called
the configuration integral, Q. The momentum terms just give ideal gas
behavior, and the excess free energy (beyond the ideal gas) is just

A =−kT lnQ

The momentum integrals can be done analytically:

Z = Q
N

∏
i=1

Λ−3
i ; Λi = h/(2πmikBT )



Molecular partition functions

Q =
N

∏
i=1

Vi

Overall translation and rotation:
Since there is no potential for translation or rotation, the
integration over the “first five” degrees of freedom always gives
V8π2 (for non-linear molecules).
Harmonic vibrations:
Consider a non-linear triatomic where
U = 1

2 kr (∆r)2 + 1
2 kr ′(∆r ′)2 + 1

2 kθ (∆θ)2. Then we get:

V1 = V ; V2 = 4πr2(2πkBT/kr )
1/2;

V3 = 2πr ′ sinθ(2πkBT/k |r ′)1/2(2πkBT/kθ )1/2

V2 is a spherical shell centered on atom 1; its thickness is a measure of the average
vibrational amplitude of 1-2 stretching. V3 is a torus with axis along the extension of
the 1-2 bond, an a cross section that is product of a 2-3 stretch amplitude and a 1-2-3
bond bend.



Building up molecules one atom at a time



Quantum corrections

The classical expressions for Vi will fail if a dimension becomes
comparable to or less than Λi . For a harmonic oscillator, let
ui = h̄ω/kBT ; then the quantum corrections will be:

Qq/Qc =
3N−6

∏
i=1

Γ(ui)

Γ(u) = u exp(−u/2)(1−e−u)−1

For frequencies less than 300 cm−1, the error is less than 10%,
but can become substantial at higher frequencies. Furthermore,
u is mass dependent, whereas Qc is not: hence isotope effects
are quantum dynamical effects.

An equilibrium constant involves the difference of two free
energies, or the ratio of two partition functions:

Q(products)

Q(reactants)
= ∏

i

Vi(products)

Vi(reactants)


