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PS:  Quoting from The Tao is not only 
irritating to other people, but it is 
boring, useless advice.
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Abstract:

  Schrödinger speculated in his epochal 1944 monograph “What is 
Life?” that biological molecules, and the genetic material in 
particular, must be some sort of  “a-periodic crystal”. 

We have come a long way since then thanks to the tools of physics, 
but the idea of “crystals” still holds sway when talking about 
protein and DNA structure. 

In fact, biological molecules are conformationally flexible: they are 
soft.  This softness is extremely important in understanding how 
biological molecules function,. I will discuss the role that softness 
plays in the “being” of biology using work from our lab over the 
years.
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1) The conformational flexibility of 
proteins and why it matters.

2) The softness of DNA and why it 
matters.

3) Peering into the future.
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1) The conformational flexibility of proteins 
and why it matters.

100 Conformational Substates

Fig. 11.1. Most proteins can exist in at least two different states, for instance
MbO2 and deoxy Mb. In each state, the protein can assume a large number of
conformational substates.

Fig. 11.2. A system at rest and in action.

We can summarize the most basic feature of the conformational energy
surface of a protein by drawing a one dimensional cross section through the
hypersurface and we expect that it will look as the left side of Fig. 11.3.
Schematically we can represent the highly degenerate ground state by the
drawing at right. In this picture, only the small circles at the bottom represent
conformational substates. The apex is a transition state; a transition from one
substate (1) to another substate (n) occurs by a passage through the apex.

Figure 11.3, while giving a first impression of the energy landscape, is
misleading in two respects. It appears that a transition from an initial state
i to a final state f must follow a unique pathway, and entropy does not play
a role. A much better approach is given in Fig. 11.4, where the energy of the
protein is shown as a ”topographic map” with two conformational coordinates
CC1 and CC2. Substates are shown as valleys in this map. The density of
valleys in a particular part of the map describes the entropy and it is clear
that many paths lead from i to f.
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4

Proteins

A protein is a linear chain, built from 20 amino acids. (A few rare amino acids
occur occasionally, but we will not discuss them.) The chain contains of the
order of 100-200 amino acids. Of particular interest are the globular proteins,
which act for instance as enzymes (catalysis). In the proper solvent, these
systems fold into the final protein, as sketched in Fig. 4.1.

Fig. 4.1. The linear polypeptide chain (primary sequence) folds into the final ter-
tiary structure with a diameter of about 4 nm.

In this chapter we will describe the building blocks of proteins and make some
remarks about protein structure.

4.1 Amino Acids, the Building Blocks

The building blocks from which proteins are constructed are the amino acids.
To a physicist, such organic molecules are usually a nightmare. We suggest
forgetting at the beginning that they are organic molecules and simply con-
sider them building blocks with specified properties. As they appear again
and again, their properties become familiar.

22 4. Proteins (Oct 2008)

Fig. 4.2. General structure of an amino acid.

All amino acids are built around a carbon atom (Fig. 4.2).
Two of the four ligand positions (valences) connect the amino acid to the
other building blocks in the chain and the third carries a hydrogen atom. The
fourth position binds the side chain or residue R that determines the specific
properties of the amino acid. The individual building blocks in a protein are
linked together by peptide bonds. The bond has covalent character and is so
strong that it is practically never broken by thermal effects. In the formation
of peptide bonds, water is eliminated and a bond is formed: COOH· · · HNH
−→ –NH–CO– + H2O. The resulting polypeptide chain thus looks as indicated
in Fig. 4.3.

Fig. 4.3. A polypeptide chain formed from individual amino acids through peptide
bonds.

This amino acid chain consists of a polypeptide backbone with one sidechain
(R) per amino acid residue. The backbone is non-specific; the entire specificity
is in the side chain. In addition to the components shown, proteins contain
two terminal groups:

the amino terminal –NH+
3 denoted by –N

the carboxy terminal –CO−2 denoted by –C
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4.5 Some Typical Proteins

Proteins perform an amazing number of functions and we only mention a
major subdivision here between structural and functional proteins. Structural
proteins use repeated units, as in a mass-produced building. Functional pro-
teins are tailor-made for a specific job, such as storing energy or matter (oxy-
gen) or catalyzing a reaction. The basic building blocks are the same, but
they are used differently. Moreover, non-protein subunits are sometimes in-
corporated into functional proteins. The non-polypeptide part is called the
prosthetic group, the protein without it apoprotein. As shown in Fig. 4.1, a
protein first folds into a secondary and then into a tertiary structure. The
geometry of the amino acids permits only a small number of secondary struc-
tures. The two that are most often used are the alpha helix and the antiparallel
beta pleated sheet. Their basic structures are shown in Fig. 4.7.

Fig. 4.7. Alpha helix and antiparallel beta pleated sheet.

Globular proteins are largely built from pieces of alpha helices, interrupted
by groups that permit bending and twisting, and from beta pleated sheets.
Structural proteins also use both units, but in a periodic arrangement.

4.5.1 Heme Proteins

Nature uses good tricks over and over again. In heme proteins, an organic
molecule (heme), is embedded into different proteins (“globins”). The protein
modifies the properties of the heme group so that the entire system performs
a given task. A heme protein thus looks schematically as sketched in Fig. 4.8.
Before discussing the heme group and some heme proteins in more detail, we
list in Table 4.3 a number of heme proteins with their functions.
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Fig. 4.11. The myoglobin molecule is built up from eight stretches of α helices that
form a box for the heme group. Histidines interact with the heme to the left and
right, and the oxygen molecule sits at point W. Helices E and F build the walls of
the box for the heme; B, G, and H are the floor; and the CD corner closes the open
end. After Dickerson and Geis [1].

ones bind faster. This collective behavior ensures that oxygen transport works
like a mandatory car-pool: An Hb molecule will load all four seats before
leaving. Loading also depends on the pH; high oxygen affinity at high pH, low
affinity at low pH (Bohr effect). These properties, and the difference between
Hb and Mb, can be seen in a plot of percent saturation versus oxygen pressure
in Fig. 4.12. Since pH is lower in rapidly metabolizing tissues than in the lungs,
the Bohr effect promotes the release of O2 where it is needed.

So far we have talked about Mb and Hb as if there was a structure com-
mon to all mammals. Comparison of myoglobins and hemoglobins from many
different sources shows, however, that selection does occur and that species
have proteins that are adapted to their lifestyle [25]-[27].

4.5.4 Structural Proteins

In contrast to the globular proteins, which use sophisticated arrangements
of primary sequences to arrive at tailor-made tertiary and quarternary struc-
tures, structural proteins involve simple repetition of a fixed pattern. Keratins
are the protective covering of all land vertebrates. Actin and myosin build the
muscles. Silks and insect fibers form another class. Collagen forms connective
ligaments in tendons and hides. In all these structures, the main building el-
ements are the alpha helix, the antiparallel beta pleated sheet, and the triple
helix. As an example, the beta sheet is shown again in Fig. 4.13.
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Fig. 4.8. A cross section through a heme protein.

Table 4.3. Selected Metalloporphyrin Proteins and Function.

Protein Function Central atom

Myoglobin Storage of O2, NO catalysis Fe
Hemoglobin Transport of O2 Fe
Cytochrome c Transport of electron Fe
Cytochrome P450 Hydroxilation Fe
Peroxidase Oxidation with H2O2 Fe
Chlorophyll Transformation of light Mg

into chemical energy

The metalloporphyrin group [12]-[14], shown in Fig. 4.9, consists of an
organic part and a central heavy atom. If the metal is iron, it is called the
heme group. For the chemist, the organic part, protoporphyrin, is made of
four pyrrole groups, linked by methene bridges to form a tetrapyrrole ring.
Four methyl, two vinyl, and two propionate side groups are attached to the
tetrapyrrole ring. The side groups can be arranged in 15 different ways, but
only one arrangement, protoporphyrin IX, is commonly found in biological
systems. The iron atom binds covalently to the four nitrogens in the center
of the protoporphyrin ring. The iron can form two additional bonds, one on
either side of the heme plane.

32 4. Proteins (Oct 2008)

For physicists, who are usually afraid of any molecular structure with more
than two atoms, the heme group can be shown as a disk, about 1 nm in diam-
eter and 0.2 nm thickness. The disk has an iron atom with two free valences
in the center and a one-dimensional electron ring (pi electrons) surrounds the
iron.

Fig. 4.9. The heme group as seen by chemists and by physicists. π indicates the
pi-electron ring.

4.5.2 Myoglobin (Mb) [15]

Myoglobin is a protein that consists of 153 amino acids and has a molecular
weight of about 18 kD. It is responsible for the red color in muscle tissue. The
main function is oxygen storage, but it also transports oxygen in the cell and
may also carry energy. Moreover, at low pH, it catalyzes the reaction [16]

MbO2 + NO→ NO−3 + metMb+.

Schematically, the Mb molecule is as sketched in Fig. 4.8: The heme group
is embedded in the globin (folded polypeptide chain) with pockets on either
side of the heme group. The entire molecule is surrounded by the hydration
shell, a layer of water about 0.4 nm thick with properties different from liquid
water.

The primary sequence of sperm whale myoglobin is given in Fig. 4.10.
The three-dimensional structure, elucidated by X-ray diffraction (Part II) is
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100 Conformational Substates

Fig. 11.1. Most proteins can exist in at least two different states, for instance
MbO2 and deoxy Mb. In each state, the protein can assume a large number of
conformational substates.

Fig. 11.2. A system at rest and in action.

We can summarize the most basic feature of the conformational energy
surface of a protein by drawing a one dimensional cross section through the
hypersurface and we expect that it will look as the left side of Fig. 11.3.
Schematically we can represent the highly degenerate ground state by the
drawing at right. In this picture, only the small circles at the bottom represent
conformational substates. The apex is a transition state; a transition from one
substate (1) to another substate (n) occurs by a passage through the apex.

Figure 11.3, while giving a first impression of the energy landscape, is
misleading in two respects. It appears that a transition from an initial state
i to a final state f must follow a unique pathway, and entropy does not play
a role. A much better approach is given in Fig. 11.4, where the energy of the
protein is shown as a ”topographic map” with two conformational coordinates
CC1 and CC2. Substates are shown as valleys in this map. The density of
valleys in a particular part of the map describes the entropy and it is clear
that many paths lead from i to f.
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Thermal motions jiggle the amino 
acids around about 0.1 nm at 300K
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dN

dt
= −R(T )N [CO] ∼ −k(T )N N(t, T ) = No exp[−k(T )t]

k(T ) ∼ [CO]R exp[−Hba/kBT ]

Reaction Theory 131

the starting point for many discussions and we therefore need to understand
its basic features.

Consider the situation shown in Fig. 13.6 where E‡
BA denotes the height

of the barrier between the well B and the transition state between B and A.
Assume the system to be in equilibrium at temperature T . The fraction of
molecules having an energy E greater than EBA is then given by

∫∞
E‡

BA
exp[−E/kBT ]dE

∫∞
0 exp[−E/kBT ]dE

= exp[−E‡
BA/kBT ] . (13.2)

Fig. 13.6. Thermal transitions over the barrier between B and A. The Boltzmann
distribution N(E) vs E for the particles in well B are shown at right.

The molecules vibrate in well B with a frequency given by !ω = kBT , or

ν =
kBT

h
(13.3)

about 1013s−1 at 300 K. We further denote the number of states (degeneracy)
in well B by gB , on top of the barrier by gBA. The rate coefficient with which
a molecule passes from well B to A by overcoming the barrier is given by
the product of attack frequency ν, ratio of states gBA/gB . and probability of
having an energy larger than E‡

BA:

kTST = ν(gBA/gB)e−E‡
BA/kBT .
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Power-law kinetics = distribution of conformations 
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Two things happen: 

1) The system freezes into  a distribution of states.  
There is no one protein conformation, but a free 
energy landscape of them.

2)  In the frozen distribution of states the “response 
function” of the system is a power law, NOT an 
exponential.
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This work, done with Dr. CHAN Sui-ling
remains my best cited work.

BUT......it misses the true mysteries of what 
proteins actually DO.
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http://valelab.ucsf.edu/research/res_mec_overv.html

Biological motors (kinesin): This is anharmonic, 
magic, and not understood. Does it have an 
energy self-trapping core?

Monday,13 July, 09
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You all have seen this: weakly coupled 
pendula with normal mode beating: 
H(θ1, θ2) = −mgL cos(θ1)−mgL cos(θ2)−

1
2
κ(θ1 − θ2)2
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You all have seen this: weakly coupled 
pendula with normal mode beating: 
H(θ1, θ2) = −mgL cos(θ1)−mgL cos(θ2)−

1
2
κ(θ1 − θ2)2
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But have you seen this:
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But have you seen this:
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This is about self-trapped energy states in 
protein.

Self-trapping of energy is a non-linear process 
where energy localizes in a particular mode. 

There is a long history coming from condensed 
matter theory about quantum self-trapping of 
energy in  coupled anharmonic systems.

Davydov, A.C. Scott tried to take this into 
protein dynamics, and I got trapped..

Monday,13 July, 09



Monday,13 July, 09



Monday,13 July, 09



A farewell to Arms....the Free 
Electron Laser wars to find solitons.
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The alpha-helix is 
an important 
structural element.

The amide-I mode 
is a C=O stretch 
coupled to N-H, 6 
um (1650 cm-1)
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FELIX: the marvelous 
IR-FIR
(3 microns to 100 
microns!!!)
Free Electron Laser 
near Utrecht, the 
Netherlands
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Pump-probe 
experiments
are direct 
probes of 
anharmonic 
effects: a 
harmonic system 
cannot be 
saturated. In 
the IR, you can 
selectively pump 
modes.
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Small, fast, 
boring.
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Anharmonic oscillator: for blue side, decreasing absorption (bleach) with
pump level, for red side, increasing absorbance (absorb) with pump level.
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NO long-lived wave like the “silver dragon”
in Hangzhou!
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2) The softness of DNA and why it matters.
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DNA contains the code
for you.  There
are about 3 billion
basepairs in the
human genome,
or about 1 meter
of DNA.
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Sequencing the human genome was an absolutely
 stupendous problem.

How do you fit 1 meter of DNA into a 5 micron diameter 
ball?  Very carefully!
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Stress = (Force)/(Area) = σ =
F

A

Strain = (Deformation)/(length) = ε =
x

L

Note: E has units of Energy/volume = Pressure.  

Y oung Modulus = (Stress)/(Strain) = E =
σ

ε

“Soft” condensed matter physics: a “little” math reveals 
that for a cube of Tofu of side length L:

f =
1

2πL
[
E

ρ
]1/2

I estimate E for Gweilo Tofu is about 105 ergs/cm3
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For DNA, calculate the energy to bend a rod of 
length L and diameter d into a curve of radius of 
curvature R. I’ll wait while you do it.

U(R) =
LEπd4

64R2

The persistence length p of DNA is the average 
radius of curvature due to thermal excitations 
(kT):

p =
Eπd4

64kBT
∼ 50nm

E of DNA is about 1010 egs/cm3, quite high.
Monday,13 July, 09
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Who cares? 

Chapter 1: Polymers to People 6

Figure 1.1: The proteins encoded by both the Cro and repressor genes bind to all three of these sites, but

Cro has the highest affinity for OR3, while repressor binds most favourably to OR1. When Cro binds

to OR3, RNA polymerase cannot bind to the promoter region of the repressor gene, which can therefore

no longer be transcribed, so that the repressor molecule is no longer produced. In the same way, with

repressor protein bound to OR1, RNA polymerase is blocked from binding to the promoter of the Cro

gene, and Cro synthesis ceases. Various genes involved in triggering the lytic phase lie beyond the Cro

gene; their transcription is therefore also prevented by the repressor

esi/pps97/course /section12/DNAdimers.html, outlines how this switch

occurs. Terminology is evrything in biology, so we have to explain a

few things in this Figure. An operator is a small section of DNA to which

repressors and promotors bind specifically. In the case of a bistable switch

the operator has regions that promote both repressor protein, which shuts

down amplification, and Cro, which promotes it. The genome is expressed

in two directions, and depending on the occupancy can be in two states.

This relative occupancy can be inherited by the progeny of the organism,

so that even without irreversible changes in the genome there is transmi-

tance of state of the system.

I will not at this point go into the network stability of such a system, that

is a topic for later in the book. We are still nerds in this part of the book,

so the question is, how is sequence specificity obtained in the binding of

the proteins? There seem to be two parts to the puzzle as I see it: specific

interactions of amino acids with the basepairs of the double helix, and

sequence specific elastic energy terms which modulate the binding. The

Control of gene expression: what 
turns a gene on and off?
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Figure 1.2: High resolution X-ray structure the 434 repressor complex. This is from the Protein Data

Bank, structure PDBXXX.
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Chapter 1: Polymers to People 9

Figure 1.3: Guess what.

side, which means we will emphasize quantitative models an intuitive un-

derstanding. Clearly, this can only go so far but I it think helps you peer

into how the beast works. And the simplest question I can think to ask is:

does DNA show local sequence specific variance of its elastic properties?

It is fair to first ask WHY one would expect there to be variances. Are

the basepairs different, is G-C different from A-T? The answer to that

question is clearly yes. Let’s go back to a Figure we had earlier and exam-

ine the basepairing. This image is swiped from http://www.accessexcellence.

org/AB/GG/dnamolecule.html.

Hmm, G-C has three hyrogen bonds spanning the gap, A-T has two. It

doesn’t take a metric system thinking rocket scientist to guess that perhaps

GC rich DNA is stiffer than AT rich materials, and this should show up

in the Young’s modulus E and Shear modulus G and perhaps in the pretty

elastica one can make. Before I go over the evidence for the basepair

sequence dependence of the elastic properties of DNA, we can briefly

mention some simplier ways to guess there might be elasticity differences.

One easy one is the melting points: the more rigid an object is, the higher

the melting point simply because it is held together more strongly. The

most exhaustive work on this subject has been from the Breslauer lab [13],

The Young Modulus E and Shear Modulus G
of DNA are sequence dependent. G-C basepairs 
are about x5 stiffer than A-T basepairs.
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I discovered this is 1983 with my buddy Mike 
Hogan at Princeton University, published in 
Nature.

Nobody believed me or Mike because it was not 
a consensus opinion.

I lost all my grants, my colleague Mike Hogan 
didn’t get tenure.  I am still angry.

Lesson: don’t do basic research unless you can 
stand the pain.
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(note unlucky license plate number)
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(note unlucky license plate number)
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IF you believe my measurements, you can 
treat DNA a chain of little springs 
representing the base-pairs, and knowing the 
sequence and how the stiffness varies with 
local sequence calculate the sequence 
averaged bending spring constant B and 
twisting spring constant C for a length L:

1
C

=
L

Ip
[
fAA

GAA
+

fAG

GAG
+

fGG

GGG
]

1
B

=
I

IAL
[
fAA

EAA
+

fAG

EAG
+

fGG

EGG
]
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Then use this stiffness to calculate the 
energy stored in a twist and a bend due to 
the protein distorting the DNA as 434 
repressor does:

Utwist =
Cφ2

2L
;Ubend =

B

2R2

Monday,13 July, 09



Finally, use the Boltzmann relation to see 
how binding constants K vary with the 
energies required to bend and distort the 
DNA/protein complex:

K(U) ∼ Ko exp[−U/kBT ]

log[
K1

K2
] ∼ U2 − U1

kBT
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Repressor Binding Coefficients

Name Sequence fAA fAG fGG C B (K1/Kn log(K1/Kn

1 ATAT 1 0 0 0.37 1.15 1 0

2 TTAA 1 0 0 0.37 1.15 1.5 0.4

3 CTAG 1/3 2/3 0 0.57 1.8 5 1.6

4 GTAC 1 0 0 0.57 1.8 5 1.6

5 GTAT 1 0 0 0.45 1.4 2.5 0.9

6 AATT 1 0 0 0.37 1.15 1 0

7 AAAT 1 0 0 0.37 1.15 0.3 -1.2

8 ACGT 1 0 0 0.9 2.8 50 3.9

9 AGCT 1 0 0 0.9 2.8 50 3.9

10 AGAT 1 0 0 0.57 1.8 7 1.9

We have listed the sequences as enumerated by Ptashne et al., not in a

logical sequence of effective binding constants. At the simplest level one

can check to see if the strain model explains the data by simply looking

for a linear correlation between the changes in the bending or the twisting

elastic coefficients Bn − B1 or Cn − C1 with the log of the ratio of

the measured binding constants log(Kn/K1). We plot in Figure 1.4 the
results plotting∆C vs log(Kn/K1).
It is also possible to curve fit the experimental binding coefficents to

the predicted ones by assuming either a bending angle R in the strained

repressor complex or a twist angle θ. The same linear fit as observed in
Figure 1.4 can be made by asssuming a pure twist angle of 32o along the

4 basepair uncontacted region or a bend radius of 33 Å.

Not that there is one uncontacted sequence that does NOT fit the ex-

pected trend, namely a AAAT sequence. This is what is known as an “A-

tract”, and it is indicative that our simple “only nearest neighbors model”

has some flaws to it at several levels: we will have to include entropy in

our modeling and we may have to learn how structure as well as rigidity

The sequence of the distorted DNA in the 
434 repressor-DNA complex is known, 
and you can predict how binding 
constants should depend on sequence.
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Chapter 1: Polymers to People 14

Figure 1.4: Comparison of observed and predicted binding coefficients for the 434 repressor complex.

can change with basepair sequence.

1.9 Modulation of DNA Flexibility

We saw in the previous section how apparently the sequence of a partic-

ular DNA fragment, in that case the A-tract AAAT, gave a much tighter

affinity than you would expect. In fact, It seems clear from the exten-

sive use of non-coding sequences in chromosomal DNA that base-pair

sequence codes for much more than simple the sequence of a proteins.

Apparently the basepair sequence also contains information that is used

by Nature to control both structure of the chromatin and recognition by

proteins. The revolutionary discovery of restriction enzymes is a dramatic

example of how precisely Nature is able to recognize certain sequences.

In keeping with our mission o trying to understand biological phenom-

ena from as simple and physical a perspective as possible, I will in this

section first discuss how various physical probes can measure the internal

flexibility of DNA and then discuss several attempts to use the knowledge
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3) Peering into the future.

1. A woman who seeks to be equal with men lacks ambition.

2. The greatest danger today could be your stupidity.

3. He who laughs last is laughing at you.

4. It's over your head now. Time to get some professional help.

I don’t remember reading of this in The Tao
Monday,13 July, 09



1. Will we ever understand the basic physics 
of molecular motors?

 I think the answers lie in the large-scale 
collective modes of the protein, out where the 
mode energies are roughly kBT (terahertz), 
and strongly coupled to the solvent.

“Collective dynamics of HIV-1 reverse transcriptase: Examination of Flexibility and Enzyme Function”
I. Bahar, B. Erman, R. L. Jernigan, A. R. Atilgan, & D. Covell J. Mol. Biol. 285, 1023-1037, (1999)
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Calculation of an entire virus capsid [2]. The virus capsid is made up of hundreds of proteins that form the protective casing for a nasty piece of 
viral DNA. The virus capsid is known to exist in an immature form with a given symmetry. On maturation, the capsid changes into a different 
symmetry.
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Here is the experimental result for FIR pump/probe on

bacteriorhopsin at 87 microns (115 cm-1).  Do you
believe it? It is a very strange result. Lifetime of 500
ps= Q of about 300. You should be worried.
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But I quit, I’ve run out of time and money.
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2) Will we ever understand how proteins 
bind with high basepair selectivity to DNA 
at some basic level of physics?

DNA bending is an important structural feature for indirect readout in protein-DNA 
recognition......We applied a new all-atom Monte Carlo (MC) algorithm that 
combines effective sampling with fast conformational equilibration. The resulting 
MC ensembles resemble the corresponding high-resolution crystal structures very 
well.....Distinct bending is observed for the E2-DNA binding site with a central 
AATT linker in contrast to an essentially straight DNA with a central ACGT linker.... 
Contributions of specific base pair steps to the overall bending are shown in terms 
of local structural parameters. The analysis of conformational substates provides 
new insights into the energetic origins of intrinsic DNA bending.

I ’m not sure people are interested in analytical 
analysis anymore, if the computer says so 
then that is the end of the story.

Structural and Energetic Origins of Sequence-Specific DNA Bending: Monte Carlo Simulations of Papillomavirus E2-DNA Binding Sites
Structure, Volume 13, Issue 10, Pages 1499-1509, 2009
R. Rohs, H. Sklenar, Z. Shakked
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But, to anticipate TUNG Chih-kuan a bit, my 
former student Walter Reisner has been 
playing with melting DNA in nanochannels.

Note that thermodynamically the weaker 
the bonds, the lower the melting point.

It is well known that DNA melting points are 
sequence dependent, I wonder if you can 
visualize that and get the sequence of DNA....
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Oh yes!
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THANKS!
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