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The living (in vivo) cell is a crowded 
place

• Assuming E. Coli has a volume of 
!"#$%&~1)*+: about 20% of the volume is 
occupied by proteins; about 6% by RNA …

• Overall macromolecules occupied about 40 to 
60% of the volume of a living cell.

• The dilute gas approximation used in many 
calculations is not valid.

• See data on next page for calculation
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Appendix B

Numerical values

A single number has more genuine and permanent value than an

expansive library full of hypotheses. – Robert Mayer, 1814-1878

Not all of the values mentioned below are actually used in the text.

Fundamental Constants

Boltzmann constant, kB = 1.38 · 10−23J · K−1. Thermal energy at Tr ≡ 295 K:
kBTr = 4.1 pN·nm= 4.1 ·10−21J = 4.1 ·10−14 erg= 2.5 kJ mole−1 = 0.59 kcal mole−1 =
0.025 eV.

Charge on a proton, e = 1.6 · 10−19 coul. (The charge on an electron is −e.) A useful
restatement is e = 40kBTr/volt.

Permittivity of vacuum, ε0 = 8.9 · 10−12 F m−1 (or coul2 · N−1 · m−2) The combination
e2/(4πε0) equals 2.3 · 10−28 J · m. We treat water as a continuum dielectric with
ε = 79ε0.

Stefan–Boltzmann constant, σ = 5.7 · 10−8 W m−2K−4.

Magnitudes

Sizes

hydrogen atom radius 0.05 nm

water molecule radius 0.135 nm

covalent bond length ≈ 0.1 nm

H-bond, distance between atoms flanking H 0.27 nm

sugar, amino acid, nucleotide = 0.5 – 1 nm

electron microscope resolution 0.7 nm

Debye screening length (of physiological Ringer’s solution) λD ≈ 0.7 nm

Bjerrum length of water at room temp ℓB ≡ e2/4πεkBTr = 0.71 nm; thus 4πℓB = 8.9 nm.
diameter of DNA 2 nm

globular protein diameter 2–10 nm (lysozyme, 4 nm; RNA polymerase, 10 nm )
bilayer membrane thickness ≈ 3 nm

diameter of F-actin 5 nm
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diameter of nucleosome 10 nm

E. coli flagellum radius 10 nm

synaptic cleft in chemical synapse 20–40 nm (myoneural junction, 50–100 nm)
poliovirus diameter 25 nm (smallest virus, 20 nm)
microtubule diameter 25 nm

ribosome diameter 30 nm (25 nm for E. coli)
casein micelle diameter 100 nm

thinnest wire in Pentium processor chip, about 100 nm

eukaryotic flagellum diameter 100–500 nm

width of transistor in consumer electronics ≈ 180 nm

optical microscope resolution 200 nm

vertebrate axon diameter 0.2–20µm

wavelength of visible light, 400–650 nm

size of bacterium 1µm (smallest, 0.5µm)
myofibril diameter 1–2µm

capillary diameter, as small as 3 µm

length of E. coli flagellum 10µm (20 000 subunits)
diameter of human cell, about 10µm (red blood cell, 7.5µm)
muscle fiber diameter 20–80µm (1000–2000 myofibrils)
T4 phage DNA length 54µm (160kbp); T4 capsid, about 100nm long
human hair diameter 100µm

naked eye resolution 200µm

squid “giant” axon diameter 1mm

E. coli genome length 1.4 mm

length of human genome ≈ 1 m

radius of Earth, 6.4 · 106 m

Energies
Most of the values below are expressed as multiples of the thermal energy at room temperature.

Complete oxidation of one glucose releases 1159 kBTr.
Triple covalent bond (e.g. C≡N) = 9eV=325kBTr; double bond (e.g. C=C), 240kBTr;

single bond 140kBTr for C–C.
Visible photon (green) = 120kBTr.
Break streptavidin/biotin bond: 40kBTr.
ATP hydrolysis under normal cell conditions has ∆G = −11 to −13 kcal mole−1 ≈

−20kBTr/molecule. Standard free energy change ∆G′0 = −12.4kBTr; but cells are
far from standard conditions. ATP production in humans: ≈ 40 kgof ATP each day.

Generic van der Waals (dispersion) attraction energy between atoms, 0.6–1.6kBTr.

Human resting heat output 100W.
Energy content of glucose 1.7 · 107 J/kg; of beer 0.18 · 107 J/kg; of gasoline 4.8 · 107 J/kg.
Peak mechanical power of human athlete 200W; of bumblebee 0.02 W.
Solar energy ouput, 3.9 · 1026 W; power density striking Earth, 1.4 · 103 W/m2.
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Specialized values

Water

Energy to break an intramolecular hydrogen bond in water, 1–2kBTr; hydrogen bond
when two water molecules condense in vacuum, 8 kBTr.

Attraction energy of two 0.3nm ions in water, about kBTr.
Heat of vaporization of water Qvap = 2.3 · 106 J kg−1.
Oil–water surface tension, Σ = 0.04 J m−2; air–water surface tension, 0.072 J m−2.
Number density of water molecules in pure water, 55 M; mass density of water at 20◦C,

998 kg m−3.
Diffusion constant for generic small molecules in water, D ≈ 1 µm2/ms. Specifically,

for O2 it’s 2 µm2/ms; for water molecules themselves, 2.2 µm2/ms; for glucose,
0.67 µm2/ms.

Diffusion constant for typical globular protein in water, D ≈ 10−2 µm2/ms.
Heat capacity of water at room temperature, 4180 J kg−1K−1. This corresponds to

0.996 cal cm−3K−1.
Thermal conductivity of water at 0◦C, 0.56 J s−1 m−1 K−1; at 100◦C it’s 6.8 J s−1 m−1 K−1.

Times and rates

The turnover number for an enzyme can vary from around 5 · 10−2s−1 (chymotrypsin
on N-acetylglycine ethyl ester) to 1 · 107s−1 (catalase). For acetylcholinesterase it’s
25 000 s−1.

Artificial membranes

Bilayer bending stiffness (dimyristoyl phosphatidylcholine, or DMPC), κ = 0.6 ·
10−19 J = 14kBTr.

Bilayer stretch modulus (DMPC), 144mN m−1.
Rupture tension (DMPC), about 5, mN/m.
Permeability Pw for water: 70 µm s−1 for DMPC. For dialysis tubing it’s 11µm s−1.

Filtration coefficient Lp for dialysis tubing 3.4 · 10−5 cm s−1atm−1.
Permeability of solutes, Ps: For small inorganic cations, like sodium or potassium,

through bilayers, 10−8 µm s−1; for Cl− it’s 10−6; for glucose, 10−3 µm s−1 . For
sucrose through 2 mil cellophane, 1.0 µm s−1. For glucose through dialysis tubing,
1.8 µm s−1.

Natural cell membranes

Water permeability of human red blood cell membrane, 53µm s−1. Filtration coefficient
Lp for human red blood cell membrane, 91 · 10−7 cm s−1atm−1. For capillary blood
vessel walls, 69 · 10−7 cm s−1atm−1.

Polymers

B-form DNA: Bend persistence length ≈ 50 nm = 150 basepairs (in 10mM NaCl); “in-
trinsic,” or high-salt limit, 40 nm. Twist persistence length, 75–100 nm. Stretch
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Conductivity of squid axoplasm κ ≈ 3 Ω−1m−1

Brain:
Power consumption 10W (about 10% of whole-body resting total).
1013 cells in human body, of which 1011 nerve cells.
6 · 1013 synapses.
1016 synaptic events/second, or 10−15 J = 2.5 · 105kBTr per event (compare supercom-

puter, 106 W)/(1015 ops s−1 = 10−9 J per operation).

Miscellaneous

Acceleration of gravity at Earth’s surface, g = 9.8 m s−1.
Viscosity of water at 20◦C, 1.00 · 10−3 Pa · s; of air, 1.72 · 10−5 Pa · s; of honey, 0.1Pa · s;

of glycerol, 1.4Pa · s. The effective viscosity of cell cytoplasm depends on the size of
the object considered: For molecules smaller than 1 nm it’s similar to that of water;
for particles of diameter 6 nm (such as a 105 g mole−1 protein) it’s about 3 times
greater. For 50–500 nm particles it’s 30–300 times as great as water, while the entire
cell behaves as though its viscosity were a million times as great as water.

Viscous critical force for water, 10−9 N, of air, 2 · 10−10 N; of glycerine, 10−3 N.
Typical acceleration in an ultracentrifuge, 3 · 106 m s−2.
pH values: Human blood, 7.35–7.45; human stomach contents, 1.0–3.0; lemons, 2.2–2.4,

drinking water, 6.5–8.0. Ion product of water at room temperature, 10−14.
pK values: Dissociation of acetic acid, 4.76; of phosphoric acid, 2.15. Deprotonation of

aspartic acid, 4.4; of glutamic acid, 4.3; of histidine, 6.5; of cysteine, 8.3; of tyrosine,
10.0; of lysine, 11.0; arginine, 12; of serine, > 13.0.
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Filament Networks Architecture inside 
and outside the cell (Figure 14.1)

 



Crowding by Macromolecules alter 
Chemical Equilibria

 

 



Crowding alters Kinetics 
(Hydrodynamics) in cells

 

 



Crowding alters Kinetics 
(Hydrodynamics) in cells

 
 

This is figure 14.4
See class notes for 
calculation to verify 
this behavior.



Crowding Effect on Binding

Figure 6.4 Binding with 
no crowding

Figure 14.9  Binding with 
crowding Molecules

 

 



Binding without Crowding

Figure 6.4 Binding with no crowding

 

 

 
 



Crowding Effect on Binding: Ligand and 
Crowding Molecule are the same size

Class note will show that there’s 
no effect!

 

 



Crowding Effect on Binding: Large 
Ligands and Small Crowding Molecules

 

 

• It is entropically favorable for large ligand to bind
• This “force” is called a depletion force


