
On Cultivating the sixth sense
“…in after years I have deeply regretted that I did 
not proceed far enough at least to understand 
something of the great leading principles of 
mathematics, for men thus endowed seem to have 
an extra sense.”

Rob Phillips, Caltech Physical Biology of the Cell KITP, Feb 26, 2011



Talk Outline

(Bustamante et al.)

An analogy – astronomy to 
biology.

Surprises, sanity checks 
and mechanisms.

Some examples from 
genome science.

An experiment to change 
your life for.

The physics of genome 
packing.

Idea: Link between compelling biological (information management) and physical

(random walks) themes.

How cells decide.

Constructing the 
cytoskeleton.

Other random walks
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“Measure what is measurable, and make measurable what is not 
so”  - Galileo (supposedly)

(Berman et al.)

Science has always been propelled by new 
ways of observing and measuring the world 
around us.

A classic and important example: Tycho
Brahe (1546-1601) and the emergence of 
modern astronomy and physics.

Proposition: Biology is enjoying a halcyon 
moment like that seen in astronomy over 
the 150 year period between 1543 and 1687.

"By the study of the orbit of Mars, we must either 

arrive at the secrets of astronomy or forever remain 

in ignorance of them." -Johannes Kepler 3



New instruments = new science
Tycho Brahe was intensely dissatisfied with the experimental state of the art in 
astronomy and consecrated his life to making instruments that were up to the 
challenge. 

In parallel, he used those instruments diligently to measure the positions of 
heavenly bodies.
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Beyond the telescope: new instruments and new science
The spectroscope was an addition to the telescope that made it possible 
to measure the composition and velocities of stars.
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The biological moment: New ways of seeing the unseen have 
transformed our view of the living world

At the time my parents were born, most people 
thought proteins were the molecules of heredity.  In 
just under 60 years, biology has been completely 
rewritten.

The ability to read and write DNA has completely 
changed the face of biology.

Example: an entirely new domain of life.

unknown before 1970s

Proposition: Biology is enjoying a 
halcyon moment like that seen in 
astronomy over the 150 year period 
between 1543 and 1687. 6



Don’t Forget to see the unseen
The “great plate count anomaly”.   Hard to know what 
is out there, hard to study and really hard to find out 
how they depend upon and hurt each other.
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Viruses and their hosts
The question: how do we find what viruses are in a natural environments?  More 
importantly yet, who are their hosts?
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(Müller-Hill et al.)

Genome Management Gene regulation

(Smith et al.)

Often, biological data reports on functional relationships like those that are the 
lifeblood of physics.

Data of this variety imposes much stricter demands on biological theory.   No 
amount of words or cartoons suffice to describe such data.

This approach allows us to see things that we can’t see with words and cartoons 
alone (i.e. Darwin’s sixth sense).

Experiments to change your life for: A serious role 
for theory in biology

How can we even know if these results are surprising?
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“The Job of Theorists in Biology Is to Be Wrong” –
Analogies That Might Make the Point

(Berman et al.)

On the Secular Cooling of the Earth

By Lord Kelvin (William Thomson)

Excerpt. Transactions of the Royal Society of Edinburgh, Vol. 
XXIII, pp. 167-169, 1864. 

“In order to recognize an anomaly, one needs a theory 
or a rule or at least a prejudice.” – Pais on Einstein’s 
work on specific heats.

Goal of my teaching: 

Data of Weber Data of Dulong and Petit
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A question of proximity

Proximity of topics in physical biology is completely 
different than in cell biology.  The same ideas on 
molecular detection and counting operate in embryonic 
development as in bacterial chemotaxis.

In fat Alberts, bacterial chemotaxis is on pg. 941 and 
Drosophila development 400 pages later on pg. 1328.  
From the kind of physical perspective I will advocate 
today, they can be on the same few pages.

http://www.igh.cnrs.fr/equip/mechali/images/embryon.jpg
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“The unreasonable effectiveness of mathematics in 
the natural sciences”

Isn’t it wonderful that the same underlying equations 
describe the distribution of carbon in steel and the 
conformations of DNA or polyethylene? 

“Theories of the known, which are described by 
different physical ideas may be equivalent in all their 
predictions and are hence scientifically 
indistinguishable. However, they are not 
psychologically identical when trying to move from 
that base into the unknown. For different views 
suggest different kinds of modifications which might 
be made and hence are not equivalent in the 
hypotheses one generates from them in ones attempt 
to understand what is not yet understood.”  - Feynman 
Nobel Lecture 

The physical world view: a psychologically 
inequivalent way of generating hypotheses about 
living matter.

 

∂p
∂t

= D∂ 2 p
∂x2

12



Bombs and Exploding Genomes: 
An analogy

Politicians and generals 
can make some 
information “classified” 
and it can be 
circumvented by 
cleverness.

This is a segue into our 
main topic: genomes and 
their use.  Estimates on 
genome management.
Same idea could be used 
to estimate genome length 
by examining exploding 
genomes.

The concept: figure out 
the length of the genome 
using a single picture and 
pure thought!

(G. Stent)
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Random Walks: How Big Are Genomes?
Use the simplest nunchuk physics of 
random walks to estimate the genome 
size (i.e. size in terms of number of 
base pairs).

What makes DNA different from some 
other polymer?  The persistence 
length!

The radius of gyration scales as N1/2, 
which allows us to estimate the 
number of such Kuhn segments and 
hence back out the genome length.

Note: This also tells us that work 
needs to be done to squish genomes 
into their hosts.

(G. Stent)
(R. Kavenoff)

14



Talk Outline

(Bustamante et al.)

An analogy – astronomy to 
biology.

Surprises, sanity checks 
and mechanisms.

Some examples from 
genome science.

An experiment to change 
your life for.

The physics of genome 
packing.

Idea: Link between compelling biological (information management) and physical

(random walks) themes.

How cells decide.

Constructing the 
cytoskeleton.

Other random walks

15



Physical Consequences of the Tight Squeeze in the 
Life Cycle of a Bacteriophage

Rate of packing: 100bp/sec

“Some assembly required”
Self-assembly

Rate of ejection: ≈ 100 - 10000bp/sec

Construct a physical 

model of these 
processes.

Forceful ejection
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From Hershey-Chase to Optical Tweezers: 
Phage are Stressed Out!

Force resisting further packaging

(Smith, Bustamante et al.)

An experiment to change your life for
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Capsids and their genomes
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Relevant Scales in the Squeeze 

Capsid size = 40nm
(Hendrix)

Persistence length of DNA, length over which DNA can

be thought of as being stiff.

There is a negative charge every .17nm of length along DNA –

electrostatic energy crucial also.

Governing dimensionless parameter

(check it out for sperm, other viruses, etc.)

The idea: assemble these two energies to reckon the packing forces (Riemer &

Bloomfield, Odijk, Gelbart et al., Grosberg et al.) 19



Concept of Single Molecule Ejection Experiment

Viruses attached to cover slip in a weak flow 
(performed on T5 by Mangenot et al and taught 
to Paul Grayson). 

Solution contains LamB and fluorescent label.  

Monitor the extent of ejection as a function of 
time
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Results of Single Molecule Ejection 
Experiment

Key outcome: we can explicitly measure the velocity of 
ejection. 

Single virus analysis reveals features of the ejection 
process that are masked by bulk experiments.  
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Single Molecule Ejection 
Trajectories

10mM MgSO4, λc160 

10mM MgSO4, λb221

10mM NaCl, λc160

10mM NaCl, λb221

1 s / 4 frames

10 um

Time 22



Ejection in living cells
We have seen that we can 
watch ejections into solution.  
But what about the problem we 
really care about which is how 
genomes get into living cells?
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Why is the rogers video so beloved?

It is often said that a picture is worth a 
thousand words.   This tantalizingly “simple” 
video reveals a thousand research programs 
with deep roots back to early studies of 
immunity by Metchnikoff and reaching to the 
present day and the quantitative study of the 
physical limits on biological action.

We will consider a little vignette that centers
on the question of how the cell knows where 
to install new actin filaments.
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Cell Motility and Actin Polymerization
Motility is driven by the protein actin.  Actin assembles into long filaments.

Through hydrolysis of ATP, these filaments can actually do work as a result of this 
polymerization process by pushing on membranes, for example.

(Theriot et al.)
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Space-time Control of Actin Polymerization 
at the Leading Edge

Spacetime control of 
polymerization is mediated by a 
host of different proteins that 
do stuff such as: cap, nucleate, 
branch, sequester, etc. the actin 
itself.

Our story will focus on one little
piece of this complex system, 
namely, the way in which Arp2/3 
leads to the  synthesis of new 
filaments.

Key point: signal integration –
how do cells know when and 
where to put in new actin 
filaments?

Pollard & Borisy
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(Dueber, Lim et al., Science, 2003)

External signals activate Arp2/3 
which in turn nucleates actin 
polymerization.

Group of Wendell Lim has used a 
Lego approach to mix and match 
components so that signals normally 
reserved for other circuits can 
induce polymerization.

Do we really “understand” how these 
molecules work?  Let theory and 
predictions be the judge of that!

Signaling and Polymerization
And gate – signal integration
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Tethering motifs in biology

Motifs like those described on the 
previous slide are specific examples of the 
much more general phenomenon of 
“tethering”.

Hidden within the tethering concept is the 
notion that often, proteins should be 
thought of as two-state systems.
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The physics of tethered ligands

We begin with the toy problem of a receptor and a 
partner tethered ligand.  

We ask how the probability of ligand-receptor binding 
depends upon the length of the tether (the key tuning 
variable for these problems).
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Concentration dependence of the Switch

The switch changes state when 
p_loop and c/c_0 are comparable.

This calculation serves as the 
starting point for the much more 
interesting case of signal 
integration by tethered ligand-
receptor pairs.  Further, it leaves 
in its wake very specific 
prejudices about how such 
tethered pairs work (i.e. length 
dependence of the tether). 
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Random walks : Using Drunks to Count Proteins 
and Measure Expression

(Berman et al.)

Find new ways to count, new watches, new 
rulers. 

Key point: in order to use the statistical 
mechanical theory, we must know the number 
of transcription factors. This suggested a cool 
new way to count and to measure the whole 
fold-change function.

KEY PROBLEM: no calibration factor between 
fluorescence and number of proteins.

(Rosenfeld, Young, Alon, Swain, Elowitz, 
Science, 2005)

 

fold change = (1+
R
N

e−β ∆ε )−1
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Cells do vegas
If the partitioning is random, then the statistics will be like those resulting from coin 
flips.

Indeed, one of the main points of my whole talk is the way in which again and again 
there are secrets hidden in distributions.

Cleverly, the fluctuations can be used to establish the standard candle!
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The Dilution Circuit

• We track the dilution of LacI-CFP and the production rate of YFP over time and over 
multiple generations.
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We Count Repressors Using Fluctuations

• Each point corresponds to a cell division event
• Calibrate using (I1-I2)2 = a (I1+I2)
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Beanbag genetics
Two of the great evolutionary biologists of the 
last century had an ongoing debate about the 
uses and abuses of “beanbag genetics”. 

Opinion: the more ideological a field, the 
more that field is in need of data, the more 
clear it is that the subject is still not finished.

All just to say that lots of interesting 
things can be learned by coin flips, urn 
drawing, etc. 37



Working problems with all tools at hand
Gene Kranz – “Let’s work the problem people”.  The concept embodied in his 
words is that we need to bring every possible tool at our disposal to bear on 
solving important problems with complete indifference to what these tools are 
called and what we are called (i.e. biologists, mechanicians, biochemists, 
mathematicians, engineers, physicists, etc.). 
Biology will be (and already has been) transformed by invoking Darwin’s “extra 
sense” and using it to “work the problem”.
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Warning: Criticisms of the philosophy 
and implementation

(Berman et al.)

What is a biophysicist?. Superficiality is a many-headed, 
dangerous monster (wrong questions, ignorance of 
literature, “not even wrong”, throwing out the meat of the 
problem, using models to “fit the data”, etc.)   “You can’t 
be interdisciplinary without the disciplines”.
Many of the most important recent discoveries in biology 
such as the role of small RNAs have not required any 
physical input.

Biologists want “new biology” and physicists want “new 
physics”. For now, perhaps both groups view “physical 
biology” as dotting “i”s and crossing “t”s.  The only way I 
know how to progress is by making thorough attack on 
specific, detailed case studies and seeing if the approach 
pays off. Not clear to me that Dulong and Petit, Weber, 
Brown and many others new they were engaged in getting 
“new physics” or “ new biology” – they were just going 
down the rabbit hole.

Specificity is the soul of credibility.
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