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



Coordinates for the seminar

Karsten Rippe
Division of Chromatin Networks
Bioquant, Room 645, 6th floor
Telefon: 54-51376
e-mail: karsten.rippe@bioquant.uni-heidelberg.de

Overview on learning Biophysics in Heidelberg 
http://malone.bioquant.uni-heidelberg.de/teaching/index_teaching.html 

Material for the lecture: Biophysical concepts and theoretical 
descriptions 

http://malone.bioquant.uni-heidelberg.de/teaching/BPC_lectures/
BPC_1+2.html 
Username: teaching 
Password: nonukes



• Problem set #1 handed out last time (Oct 17) and available from the web 
page is to be returned until Oct 31, 2:15 pm _before_ the beginning of the 
seminar by mail to me (Karsten.Rippe@bioquant.uni-heidelberg.de) 

• Answers to the problem set (and any problems) are then discussed. 

• Working in groups to answer the problem sets is fine but everybody 
needs to return an individual answer. 

• The explanation/reasoning in your answer is graded. A simple “Yes” or 
“No” or only a number will not get you any points. 

• Give references and indicate when/for what ChatGPT/Claude/Perplexity 
is used. Provide sufficient explanation so that one can understand how you 
arrive to your answer and why it makes sense (“sanity check”). 

• If you encounter answers (e.g., from the literature/ChatGPT) that you 
think are incorrect, mention that, too, and explain why you arrive at this 
conclusion.

Grades for “benotete Scheine”: 6+1 problem sets (biweekly)



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

Length scales: What is larger, the mRNA of 
actin or the actin protein (374 amino acids)?



Actin: mRNA size compared to protein



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 average male 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
in molecules ATP:
12 000 kJ / 60 kJ/mol ATP = 200 mol ATP or 100 kg ATP or 1.2·1026 molecules



ATP numbers: hydrolysis per day / cell and ATP 
turnover

Energy metabolism average male 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
in molecules ATP:
12 000 kJ / 60 kJ/mol ATP = 200 mol ATP or 100 kg ATP or 1.2·1026 molecules

With 3.7·1013 cells per human body (Bianconi, Ann Hum Biol 40, 463-471, 2013):
3.8·1012 ATP hydrolyzed / cell / day



Cartoons vs numbers -  
different languages to describe biology 



Cartoons vs numbers - 
different languages to describe biology 

Study #1

A

B

Study #2

A

C

Study #3

C

B

A

B

C

Summary

Is A a repressor or
activator of B?

concentration

concentration

concentration
affinity 
or rate

affinity 
or rate

affinity 
or rate

Depends on numbers!



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



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


