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 @bioguant.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



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

* 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.

e \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.

e 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”).

e 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.



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: mMRNA size compared to protein

mRNA protein
actin: 1852 nt, 570 kD actin: 374 aa, 42 kD

5'UTR
N\ sl 3' poly-A tail
L |
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Protein and DNA size scales
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The length, time and energy coordinate system
to find your way in the cell

A% 5

»
| 8

i

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

\\ N
Target site Q
In genome Phosphorylation \

External
stimulus



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 kd/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 kd / day

ATP: 507 g / mol, hydrolysis ~60 kd / mol

iIn molecules ATP:

12 000 kJ / 60 kd/mol ATP = 200 mol ATP or 100 kg ATP or 1.2-1026 molecules



ATP numbers: hydrolysis per day / cell and ATP
turnover

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
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Study #1

A

Cartoons vs numbers -
different languages to describe biology

Study #2

A

Study #3

C

Summary
concentration A
affinity
or rate
. concentration
affinity
or rate C
affinity
or rate

concentration B

Is A a repressor or
activator of B?

Depends on numbers!



Quantitative biology needs numbers...

CELL BIOLOGY

by the numbers

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

http://book.bionumbers.org

-
Ron Milo "
Rob Phillips

Hustrated by

Nigel Orme




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

= TONUNVMIB3ROS

THE DATABASE OF USEFUL BIOLOGICAL NUMBERS

Home \ Search Browse Resources Cell Biology by the Numbers About Us Login \ Submit

Popular BioNumbers | Recent BioNumbers | Key BioNumbers | Amazing BioNumbers

Find Terms (—]search »

e.g., nbosome coli , p53 human , transcription , OD

Help improve by sending Ron Milo your feedback
(data to add, errors found or an unsolicited thumbs up...)


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 1 um?
budding yeast 30 pms3

Hela cell line 3 000 pm?



Cell volumes

average

cell type volume (um?3) BNID

sperm cell 30 109891, 109892
red blood cell 100 107600
lymphocyte 130 111439
neutrophil 300 108241

beta cell 1,000 109227
enterocyte 1,400 111216
fibroblast 2,000 108244

Hela, cervix 3,000 103725, 105879
hair cell (ear) 4,000 108242
osteoblast 4,000 108088
alveolar macrophage 5,000 103566
cardiomyocyte 15,000 108243
megakaryocyte 30,000 110129

fat cell 600,000 107668

oocyte 4,000,000 101664



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

Nucleus diameter: ~10 ym, 0.4 pl volume



The mammalian cell nucleus

Cleavage Body PcG BOd.?

mMRNP

Nuclear Pore
Complex

Cajal Body
Gem

OPT Domain Chromosome
Territory
Transcription Site
PML Body

Paraspeckle

Nuclear Lamina Nuclear Speckle

Perinucleolar
Compartment

SAMG68 Nuclear
Body

Nucleolus Heterochromatin



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

carbohydrates:
green

Ribosomes:
magenta




Cells and their nucleic acids

Mitochondrion e —— D N A .

Nucleus .
99% genomic DNA
V . 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

mRNA Metabolites

DNA
rRNA peptidoglycan

165
tRNA ooy

rRNA 23S

rRNA 5s

P rotein =

glycogen

Density relative to water

object

DNA (unhydrated)

RNA

DNA (in solution with 7M CsCl)
chromatin

proteins

chloroplasts

mammalian viruses
mitochondria

hepatocyte

erythrocyte

E. coli

budding yeast

skeletal muscle

synaptic vesicle

Hela

fibroblast

membrane (including proteins)
phospholipid (+ cholesterol)
adipocyte tissue (fat cells)

density
2.0
20
1.7-1.8
1.4
1.2-14
1.1-1.2
1.1-1.2
1.05-1.2
1.05-1.15
1.1
1.08-1.10
1.08-1.10
1.06
1.05
1.04-1.08
1.03-1.05
1.02-1.18
1.01
0.92

BNID

107858, 111208

111208

107857

106492

104272,111208
106492, 109442
106492, 106494, 109442
106492, 106494, 109442
106494, 109441
101502, 109441
103875, 102239, 110096
106439

111214

101502

109441

101502, 106494, 109441
106492, 106494, 109442
108142

111213



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

DNA RNA Protein
~15mg/ml (6pg DNA per ~11 mg/ml (5-25pg RNA | ~106-215 mg/ml 1n various
cell, * nucleus ~1/10 per cell,  18% in regions of the
of cell volume 4x10™ nucleus,*® nucleus nucleus.”’
? em’ typical) ~1/10 of cell ~108mg/ml (6pg DNA per
~18.5Smg/ml (56mM volume 4x10™ e’ cell,”” protein mass
nucleosome typical).” 72X DNA mass and
concentration, *' 200 | ~12-15mg/ml (27.1- cell volume 4x107
bp/nucleosome, 33.1pg/cell,” 18% cm3 typical).*
2bases/bp,1 Mbase/3 in nucleus,” ~200-300mg/ml in E.coli.”®
30g. > nucleus ~1/10 of
~19 mg/ml ~ cell volume 4x107
~20-31 mg/ml (8.1- cm’ typical).?
12.5pg/cell, **
nucleus ~1/10 of cell
volume 4x10~ e’
typical ) *°

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




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

and In a human cell?

a)103 -104 a)same
b)10° - 106 b) 10x
c) 107 - 108 c) 100x

d)10° - 1070 d) 1000x



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 Al-powered search engine perplexity.al

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 mMRNA

Calculate the number of mMRNA = R/r



How many proteins are in a cell?

protein mass per volume (= 0.2 g/ml)

J
number of N CP
proteinsper 1 — =
cell volume v |,,X M,, <— massaa (=100 Da)

|

tein ( ~400 —22
aa per protein ( orotem )

Avogadro’s number

b
D _ |
0.2 [g/ml] x 6x1023[?a‘ x 10 12[’"—3‘

% = — ~ Y~ 3x10° Pr:::;ns
400 protein‘ x 100 [5‘
organism characteristic volume number of proteins
E. coli 1 pm? ' ~ 3x10°
budding yeast = 30 pm® " k—> ~ 100 x 10°
HeLa cell line = 3,000 pm® | =~ 10x 10°




Estimating the protein synthesis rate R

N .
protein
v ~ 3x10° pro'(:eins/pm3
bacteria
rate of protein Z
production per cell V=1 pm-, I x 1 O6 proteins 3 .
\ T=~1h > = = 10~ proteins/s
N / 3,000 5
R = protein
t 10
_ :
doubling/time > 2 10~ proteins ~ 10° proteins/s
mammalian cell = P

5 10°s
V = 3,000pm°,
T=24h



Estimate the protein production rate r per mRNA

rate of translation

e
v =10-50 bases/s rate of protein
— production per mRNA
£y
r= ? = 0.1-1 protein/mRNA/s
distance . )
b
ceween —d=x 30- 300 bases
7N

ribosomes  few ribosomes per mRNA
touching (supported by observations)



Calculate the number of mMRNAS

. 10° proteins/
bacteria  ~ Pro¥eins’s . 103-10* mRNA/bacterial cell

o /’ 0.1-1 protein/mRNA/s
r
\ 10° proteins/s

mamml?“a" " 0.1-1 protein/mRNA/s
ce

NmRNA =

~ 10°-10° mRNA/mammalian cell



Summary

mRNA protein
actin: 1852 nt, 570 kD actin: 374 aa, 42 kD
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topoisomerase
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nucleosome ' activator protein : : ﬁ
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coding sequence (1128 nt) 3'UTR
. . . total protein
one molecule in an ribosomes in P

E. colivolume  ~signaling proteins E. coli total metabolites

-9 -6 -3
107 (nM) 107 (uM) 107 (mM) concentration (molar)
generation time
molecular motor : |
1 um transport E. coli
protein diffusion step of DNA protein diffusion mRNA half life | budding
across E. coli  polymerase across Hela cell in E. coli yeast Hela cell
Lol - I ——
1073 (ms) 10° 10° (= 20 min)

time (seconds)



