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Procedural issues 

Course meeting times and makeups, grading, TAs, … 

Why now and what material? 



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. 

What are biology’s equivalent of the 

spectroscope? 



Some day people may look back on the isotope as being as important to medicine 

as the microscope – archibold Hill 

 

Tools that have revolutionized 
biology. 



(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. 

Why now? 

(Perozo et al.) 

Ion Channel Gating 



“You can observe a lot just by watching” – 
Yogi Berra 

(Berman et al.) 

Courtesy of Linda Song and Hernan Garcia 



“You can observe a lot just by watching” – 
Yogi Berra 

(Berman et al.) 

Beautiful paper of Rosenfeld, Young, Swain, Elowitz 

and Alon, Science 2005 



e.coli  as The bacterial standard ruler 

•  All cells share with E.coli the fundamental biological directive to convert Eenvir into 

structural order and to perpetuate their species.  

• Min requirements for the perpetuation of cellular life, as observed on Earth:  

  DNA-based genome 

  mechanisms for DNA RNA    proteins  
ribosomes 

Human hair 
1/500 E.coli 

DNA 

E.coli as a standard ruler: 

• Note: size of E.coli depends on the nutrients provided: richer 

media => larger size.  

• Biochem. studies usually use “minimal medium”: salts+glucose 



Street fighting mathematics: Rules for 

estimators 
The simple estimates are among the most sophisticated things 
we will do. 



How big is a bacterium – the microscopy answer 



How big is a bacterium – dependence upon growth 

rate 

(Figures adapted from M. Godin et al., Nat. 

Meth. 7: 387, 2010.) 



Thinking Up the Number of Genes: “What is true for E. 
coli is true for the elephant” 

(Berman et al.) 



Class estimate: number of genes in a 
bacterial genome 

(Berman et al.) 



Typical mRNA and protein size 

RNA 2012 18: 284-299 originally published online December 21, 2011 

Ajaykumar Gopal, Z. Hong Zhou, Charles M. Knobler, et al. 



Thinking Up the Number of Genes: “What is true for E. 
coli is true for the elephant” 

(Berman et al.) 

The bet: genesweep pool- Science 6 June 2003: 

Vol. 300. no. 5625, p. 1484 

A Low Number Wins the GeneSweep Pool 

Elizabeth Pennisi 

COLD SPRING HARBOR, NEW YORK--The human genome has been sequenced, but calculating the number of 

genes it contains is taking more time. DNA experts have nonetheless decided they know who made the best 

prediction. 

A betting pool (Las Vegas for estimates) 
was set up on the number of genes in 
the human genome and responses 
varied from 25,000 to 150,000. 

A winner was declared, but the issue 
remains unsettled. 

Simplest logic: use “typical” protein 
size of 300 amino acids, which requires 
roughly 1000 nucleotides to code for 
them.  This naïve estimate says: 



Ngenes  Nbp /1000
Works great for E. coli, fails 
miserably for elephants (and 
humans). 



Gene size and number of genes 



The e. coli census 

• What makes up a bacterium and how do we know? 

 

 

 



Concentrations in e. coli units – the rule 

of thumb 



Sizing up e.coli 

 

         Estimate Nprotein in an E.coli cell: 

 Nprotein = mtotal protein / m per protein 

 VE.coli ≈ 1fL, assume E.coli ≈ H20 =1 g/mL => mE.coli ≈ 1 pg 

 from exp.: cell’s dry weight = 30% cell’s total weight, protein = 50% of dry weight  

 => mtotal protein ≈ 0.15 pg 

 Aver.protein = 300 AA, mAA ≈ 100 Da  => mper protein= 30,000 Da; 1Da ≈ 1.610-24 g  

 => mper protein= 5 10 -20 g  

 Nprotein = mtotal protein / m per protein ≈ (15 10 -14 g) / (5 10 -20 g) ≈ 3 106 

 

 

 

 

 1/3 proteins coded in a typical genome = membrane proteins  

 => Ncytoplasmic protein ≈ 2  106, Nmembrane protein ≈ 106  

Nprotein ≈ 3  106 



Sizing up e.coli 

  Estimate Nribosome in an E.coli cell: 

 

 Nribosome = mtotal ribosome / m per ribosome 

 facts: ribosomal protein = 20% cell’s total protein,  

 m per ribosome ≈ 2.5 MDa,  

 mper ribosome ≈ (1/3 protein + 2/3 RNA)  

 

 Nribosome= mtotal ribosomal protein / m protein per ribosome  

          ≈ (0.2  0.15  10 -12 g) / (830,000 Da)  (1 Da) / (1.6  10-24g) ≈ 20,000 ribosomes 

 

 
 

 

 dribosome ≈ 20 nm => volume taken up by 20,000 ribosomes:  

 Vtotal ribosome ≈ 108 nm3 <=> 10% of total cell volume 

Ribosome - cellular machine 

that synthesizes proteins 

20% of cell’s protein 

is ribosomal 

15% of cell’s mass is 

protein 

cell mass 
1/3 of the ribosomal 

mass is protein 

Nribosome ≈ 20,000 



Sizing up e.coli 

   ≈      or  or  

 

 =>      surface area    AE.coli ≈ 6 m2  

 

 Estimate Nlipid associated with the inner and outer membranes of an E.coli cell: 

 

 Nlipid = 4  0.5  AE.coli / Alipid  

 

 

 ≈ 4  0.5  (6  106 nm2) / 0.5 nm2 ≈ 2  107  

 

roughly half of the surf. area is covered 

by membrane proteins rather than lipids 

Nlipid ≈ 2  107 



Sizing up e.coli 

  Estimate NH2O in an E.coli cell: 

 

  fact: 70% mE.coli 
 ≈ mH2O   =>  mtotal H2O  

 ≈ 0.7 pg 

 

  NH2O  ≈ 0.7  10 -12 g / (18 g/mol)      (6  10 23 molecules/mol)  

   ≈ 2  10 10 water molecules 

 

 

 

 Estimate Ninorganic ions in a typical bacterial cell:  

  assume a typical concentration of inorganic ions (e.g., K+) is 100 mM  => 

 Ninorganic ions ≈ (100  10 -3 mol) / (1015 m3)  (6  10 23 molecules/mol)  1 m3  

                 ≈ 6  10 7  

 

NH2O ≈ 2  1010 

1L Cell volume 
Nions ≈ 6  107 



Taking the molecular census of e.coli: how? 

•  An important tool: gel 

  break open cells, keep only protein components 

  separate complex protein mixture into 

 individual molecular species:  

 1. Load the mixture at one end of the gel, apply el. 

field across the gel          => 

diff. proteins migrate at rates ~ net charge; 

 2. Add charged detergent that binds to all proteins 

=> N of detergent molecules associated with a 

protein ~ the protein’s size; 

 3. Apply  el. field;  net charge on the detergent 

molecules >> original charge of the protein        => 

diff. proteins migrate at rates ~ protein size; 

 stain proteins with a non-specific dye to locate  

cut each spot out, elute protein, determine size and 

AA-content with mass spectrometry 

• Use similar tricks to characterize RNA, lipids, etc. 

Protein census of E.coli using 2D 

polyacrylamide gel electrophoresis. Each 

spot represents an individual protein with 

a unique size and charge distribution. 

(Swiss Inst. of Bioinformatics) 



e. Coli census 

• More modern techniques use either mass spectrometry of cells or 

alternatively, look at living cells with fluorescent fusions. 

• We want to think carefully all the time about how things are measured and 

how well they agree.  Remember the measurements on Avogadro’s 

number? 

 



Sizing up e.coli: you should be able to think up 

this table and figure 

Observed molecular census of 

an E .coli cell. (Data from 

Neinhardt et al., 1990, and 

Schaechter et al., 2006) 



Coming at Problems Many Ways: Perrin, Avogadro 

and Fluctuations 
Intriguing tradition of using fluctuation-based methods to shed light on the system of 
interest.  After this table, Perrin says: “the existence of the molecule is given a 
probability bordering on certainty.” 

My point: Demanding independent treatments of the same problem is a powerful way 
to obtain definitive understanding. 



Cells and the small numbers limit 

(Berman et al.) 



Cells and the small numbers limit 

(Berman et al.) 



Phylogenetic trees in Concept space: Physical  

proximity vs biological proximity 

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

(Dave Savage, Pamela Silver, et al., Science, 2010) 

Another key feature of 
the physical approach is 
that it leads to different 
phylogenetic trees of 
relatedness of 
phenomena.   

Here we talk of 
expression and 
photosynthesis in the 
same breath. 

(Teng, Bassler, Wingreen, et al., Biophys. J. 2010) 



Timing the central dogma 

(Berman et al.) 



Timing  The machines of the central dogma 

Parental strands: orange, newly synthesized strands: red 

 

• DNA replication in bacteria is undertaken by 2 replication complexes which travel in opposite 

directions away from the origin of replication on the circular chromosome. 



Replication at the Single Molecule 

Level 

Van Oijen et al., Nature 

• The process of replication involves 
many tasks: opening up the DNA into 
single strands, making the copy on 
both strands, fixing the fragments on 
the lagging strand.   

• This figure shows the replication 
complex from bacteriophage T7.  

• Helicase: opens up the double-
stranded DNA double helix. 

• Primase: constructs the primers so 
that the polymerase can make the 
relevant copy.  



The Concept of the Replication 

Experiment 
• Experimental concept: Tether the DNA to the surface using molecular 

velcro (routine).  DNA has a bead on its end, now apply a weak flow to 
stretch the DNA out and then monitor the position of the bead as the 
replication process proceeds.  

Van Oijen et al., Nature 



Data on Leading Strand Synthesis 

Van Oijen et al., Nature 

• As replication complex moves along, it replaces dsDNA on tether with ssDNA. This 
shortens the tether and hence by examining tether shortening (as reported by bead 
motion) one can measure kinetics of the replication complex.  

• Remember, we estimated this rate by thinking about cell division. 



Measuring the rate of Transcription in 
cells 

(Berman et al.) 



Timing  The machines of the central dogma 

           Estimate the mean time to synthesize   

 a typical protein. 

 

 

• E.coli: Nprotein ≈ 3  106 , each protein: 300 AA,  

cell ≈ 3000 s  

=> Rate of AA incorporation by the ribosome: 

 dNAA/dt ≈ (9  108 AA) / 3000 s ≈ 3  105 AA/s 

• Nribosome ≈ 20,000  =>  rate per ribosome: 15 AA/s (exp.: 25 AA/s) 

=> tprotein ≈ 20 s 

• Rate of protein synth. by the ribosome < rate of mRNA synthesis by RNA polymerase. 

• Simultaneous translation of  a single mRNA by multiple ribosomes 

• => When considering the net rates of processes in cells: N of mol. players + the intrinsic rate. 

Translation in Eukaryotes 



Ribosomes and growth rate 



Anatomy of the classic model eukaryote 



Census in Yeast 


