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The length, time and energy coordinate system 
to find your way in the cell 

Length scales: What is the size of biological macromolecules?  



Actin: How does the mRNA size compare to protein size?



Protein and DNA size scales



The length, time and energy coordinate system 
to find your way in the cell 

Time scales: How long does it take for a transcription factor (TF) to find 
its target sequence in a human cell once it has entered the nucleus?  



What is the search/accessible volume? 
What is the target size? 

How fast does the transcription factor move?

?
Transcription 

factor

Phosphorylation

External 
stimulus

Target site in 
genome



The length, time and energy coordinate system 
to find your way in the cell 

Energy scales: How many ATP molecules are hydrolyzed in a 
cell/day? How much is this in kJ/mol?



ATP numbers: hydrolysis per day / cell and ATP turnover

Energy metabolism of a student 19-25 years, 74 kg:

• 1 820 kcal/day basal x 1.65 (typical activity coefficient due to 
movements on campus)

• 3 000 kcal/day or 12 000 kJ/day

• ATP: 507 g/mol, hydrolysis ~60 kJ/mol

• 12 000 kJ/60 kJ/mol ATP = 200 mol ATP or 100 kg ATP or 
1.2·1026 ATP molecules

• 3.2·1013 ATP/cell with 3.7·1013 cells per human body (Bianconi, 
Ann Hum Biol 40, 463-471, 2013)



Quantitative biology needs numbers… 

Cell biology by the numbers 
(book by Rob Philipps & Ron 
Milo, Lecture by Ron Milo). 
Book draft: 
http://book.bionumbers.org 



Bionumbers database: 
http://bionumbers.hms.harvard.edu

http://bionumbers.hms.harvard.edu


What we would like to do… 

 Develop a coordinate system and intuition about the 
cellular world

 Apply it to “sanity” checks, e.g., in discussions of the 
research results or for the design of experiments. 

 Understand principles that rationalize how the cell operates



Some examples for basic numbers in 
cell biology and how to use them



What is the volume of a cell?

E. coli 

budding yeast 

HeLa cell line

1 µm3 

30 µm3 

3 000 µm3



Cell volumes



HeLa cell (wikipedia): DNA, blue; microtubuli, 
cyan; actin, red

Nucleus diameter: ~10 µm, 0.4 pl volume



The mammalian cell nucleus

 



The cell is a very crowded place (David Goodsell)

from left to right: 

cell surface 

cytoplasm 

synthesis of proteins 
from the endoplasmic 
reticulum 

Golgi apparatus,  

coated vesicle 

mitochondrion   

nucleus  

proteins: blue 

DNA and RNA: red 
and orange 

lipids: yellow 

carbohydrates: 

green 

Ribosomes: magenta



Cells and their nucleic acids

DNA: 
99% genomic DNA 
1% mtDNA 

RNA: 
80% ribosomal RNA 
15% transfer RNA 
5% messenger RNA and 
     other non-coding RNAs



Mass fractions in dry 
mass of E. coli growing at 
doubling time of 40 min

Density relative to water



Concentration of proteins and DNA/RNA in the nucleus 
that take up 20-30% of its volume

Zeskind Nature Methods 4, 567 - 569. https://dx.doi.org/10.1038/nmeth1053



The density of DNA and proteins expressed as their “partial specific volume”

The artial specific volume v bar ( )

V: volume 
m: mass
ρ: density 

for protein: 0.73 ml g-1 

for DNA: 0.55 ml g-1 v̄ =
1
ρ

v̄ = ( ∂V
∂m )

T,p



Calculating volume and friction coefficient of a spherical protein 

The volume of a sphere with radius r

Stokes law: The frictional coefficient f of a sphere 
with radius r in a solution with viscosity η

Volume of a spherical macromolecule

f = 6πηr

Vsphere =
4
3

πr3

Vsphere =
M v̄
NA

: Partial specific volume, 0.73 ml/g (protein) or 0.55 ml/g (DNA) 
M: Molecular mass of the macromolecule 
NA: Avogadros number, 6.022·1023 
ρ: density of the solution, 0.9982 g ml-1 for water at 20 ˚C 
η: viscosity of the solution, 1.002 mPa second for water at 20 ˚C



How many mRNA molecules are in an E. coli cell? 

a) 103 - 104  

b) 105 - 106 

c) 107 - 108 

d) 109 - 1010

a) same  

b) 10x 

c) 100x 

d) 1000x

and in a human cell?



Strategies to answer the question

• Look it up in “Cell biology by the numbers book” at http://
book.bionumbers.org 

• Look it up in the Bionumbers database at http://
bionumbers.hms.harvard.edu 

• Ask the AI-powered search engine perplexity.ai 

• Derive the number from other data that you have



One strategy to derive the number from other data

• Calculate the number of proteins per cell 

• Estimate the protein synthesis rate R from the division time 

• Estimate the protein production rate r per mRNA 

• Calculate the number of mRNA = R/r



How many proteins are in a cell?



Estimating the protein synthesis rate R



Estimate the protein production rate r per mRNA



Calculate the number of mRNAs



Summary


