
ATP Synthase

Henning Stahlberg, 

LBEM, IPHYS, SB, EPFL

Physics of Life 
PHYS-468

1



ITAIPU

produces 
25% of Brasil‘s and almost 

100% of Paraguay‘s electricity.

5 km long
220 m height, 118 m hydraulic height,

20 turbines with 700 m3/s of water flow,  
giving 700 MW each, 

Output Power = 14 GW
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ITAIPU’s Turbine

Waterflow ∗ Waterforce

 


Current ∗ Tension 

Schematic drawing 
of turbine and 

generator

Assembly of 
the turbine

Turbine from 
inside the water 

channel
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http://www.itaipu.gov.br/


Sandia Microbot: 
One of the smallest robots of 

the world

1 nm

1 µm

1 mm

1 m

1 km
ITAIPU Rotor

Car engine

Microbot Motor

Human cell

Bacteria

ATP Synthase

Atoms

1000 km
Earth
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from Voet & Voet, Biochemistry

Photosynthesis in Plant Leaves
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The Respiratory Chain in Mitochondria

Adenosine Tri-Phosphate
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Electron Tomography of a Mouse Heart Mitochondrion 
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• Cell disruption with 
bead-beater

• Preparation of yeast 
mitochondria

• Solubilisation using 
dodecylmaltoside

• Q-Sepharose

• Gelfiltration

Purification of the F1F0 ATPase from S. cerevisiae
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ATP Synthase in synthetical “cell“

Racker & Stoeckenius, J. Biol. Chem. 249 (1974)

Liposomal  
membrane

from the purple membrane

Light Light

Bacteriorhodopsin

10



ATP-Synthesis ATP-Hydrolysis
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First TEM images of the ATP Synthase 

Gogol et al., FEBS Lett. 1987
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TEM images of  
negatively stained ATP Synthase

Karrasch & Walker, 1999
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Rubinstein, Walker, Henderson, EMBO J., 2003
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Rubinstein, Walker, Henderson, EMBO J., 2003
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Rubinstein, Walker, Henderson, EMBO J., 2003
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Rubinstein, Walker, Henderson, EMBO J., 2003
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E. coli EFOEF1 - ATPase  (in year 2000)

EF1

EFO

adapted from Sigfried Engelbrecht and Wolfgang Junge,

α3β3γδε
381 kDa

ab2c10-14

160 kDa

EFOEF1: 541 kDa

α β

γ

δec

εec

c
a

b
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subunit MW [kDa] bovine/yeast sequence identity/length 

alpha
beta
gamma
delta
epsilon

b
OSCP
d
a

e
F6
f
h

g
A6L
c
IF1

55.2 / 55.3
51.7 / 52.5
30.1 / 30.6
15.0 / 14.6
5.7 / 6.6

24.7 / 23.3
20.9 / 20.9
18.6 / 19.7
24.8 / 27.9

(8.2 / 10.9)
9.0 / ----
9.4 / 11.3
---- / 14.1

(11.4 / 12.9)
8.0 / 5.9
7.6 / 7.8
(9.6 / 9.3)

73% / 507 residues
79% / 467
40% / 277
34% / 143
39% / 38

24% / 179
34% / 186
22% / 145
34% / 205

42% / 43
    ----
25% / 44
    ----

29% / 105
42% / 24
64% / 70
39% / 46 Not shown: 

e, f, g, A6L

Comparison of bovine/ yeast F1Fo ATPase
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3 x α subunits

3 x β subunits

1 x γ subunit

4 x AMPPNP

1 x ADP

The bovine F1 ATPase

3 x α 3 x β

1 x γ

Abrahams et al. 
(1994) Nature 

370, 621
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3 x α 3 x β

1 x γ

Abrahams et al., Nature 370 (1994)

The bovine F1 ATPase
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Boyer’s Binding Change Model
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The three-fold symmetric structure of F1
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The Walker Domain A and B in Alpha and Beta Subunits  
form the ATP binding pocket
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Direct Observation of Rotation

H. Noji, M. Yasuda, M. Yoshida, K. Kinosita, (1997) Nature 386, p. 299.
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http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9069291&dopt=Abstract
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Sambongi et al. Science 286, 1722 - 1724 (1999)
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Cross-linking Experiments:


Stator-Subunits (α, β, δ, a, b) 


Rotor-Subunits (γ, ε, c)


Cross-linking within one group is OK


Cross-linking between two groups 
inhibits function.

adapted from W. Junge

What can rotate ?
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βD380C-γC87 αA334C-γL262C

αR283C-γL276C αP280C-γA285C

Gumbioski et al. (Sigi Engelbercht group), JBC 2001 

cross-linking γ  with α or β (experimental layout)

inhibited inhibited

inhibited
functional 

????
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 The torque developed from ATP  
   hydrolysis is sufficient to overcome 

   Ramachandran restrictions
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https://www.youtube.com/watch?v=PjdPTY1wHdQ
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adapted from Lehninger (1994)

Mitochondria ChloroplastsBacteria

F-type ATPases

matrix

inner membrane space stroma

thylacoid lumen

inner membrane space

cytosol

H+/Na+
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Amplitudes: Dataset to 3.9 Å from beamline ID2, Grenoble.


Crystal: Spacegroup P21, a=136Å, b=178Å, c=139Å, β= 91.5º, 
1 Molecule/AS.


Phases: Molecular replacement with bovine F1 ATPase Ca 
coordinates as search model.


Refinement: Solvent flattening  
(~ 60% solvent content).
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Structure Determination of 

yeast F1c10 ATP synthase

Stock et al., Science  (1999)
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10 subunits c

The ATP Synthase from Yeast Mitochondria

Stock et al., Science (1999)

The subunits 
a, b and δ

were missing.

X-Ray Diffraction

3.9 Å resolution
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A model for the ATP Synthase

b2

β
αα

δ

γ ε

c

a

ATP

ADP + Pi

H+

H+

Membrane

F1

FO

0,000 000 008 m

Locations of the a, b2, and δ subunits are speculation.
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What about friction ? 

1000 rpm with 8 nm diameter 
gives a rotation speed of 2.5 µm/s

Brownian Motion at 300K for a proton: 
E = kT = 1/2 * m * v2 

=>   v = sqrt(2 * k * T / m) 
k = Boltzmann constant = 1.38*10-23 m2kg2s-2K-1 

T = Temperature = 300K 
m = mass of a proton  = 1.67*10-27 kg 

v = sqrt(2 * 1.38*10-23 * 300 / 1.67*10-27) 
= 2226 m/s

No Friction ! 

Ratchet  Motor !
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Ratchet Motor,  
driven by Brownian motion

https://youtu.be/QU2CKQQLDt4


https://youtu.be/EpVPG2fZrHE


39

https://youtu.be/QU2CKQQLDt4
https://youtu.be/EpVPG2fZrHE


Efficiency

R = Gas Constant = 8.315 J/mol/K 
T = Temperature (= 300 Kelvins at room temperature) 

F = Faraday Constant = 96.5 kJ/V/mol  
ΔΨ = electrical membrane potential = 200 mV

PMF := 2.3 RT ΔpH + F ΔΨ

ATP-Energy = ΔG(ATP ➞ ADP+Pi)

Therefore: 
ΔG = -30.5 kJ/mol - 21.2 kJ/mol = -51.7 kJ/mol

ΔG = ΔG0 + RT ln [ADP][Pi ]
[ATP]

ΔG = ΔG0 + RT ln 0.25 ⋅10−3 ⋅2.0 ⋅10−3

2.5 ⋅10−3
$

%&
'

()

ΔG = ΔG0 + RT ln(0.0002)

Typically: [ADP]=0.25 mM, [Pi]=2.0 mM, [ATP]=2.5 mM

How much energy does the hydrolysis of ATP give?

How much energy does the Proton Motive Force give for protons 
that traverse the membrane?
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Efficiency

Waterflow ∗ Waterpressure 
  

Current ∗ Tension 

ITAIPU ATP Synthase

Proton-flow ∗ Proton-Motive Force (PMF)  

ATP-Flow ∗ ATP-Energy

R = Gas Constant = 8.315 J/mol/K 
T = Temperature (= 300 Kelvins) 
F = Faraday Constant = 96.5 kJ/V/mol  
ΔΨ = electrical membrane potential

PMF := RT ln([H+]i / [H+]o) + F ΔΨ 
= log(e) RT ΔpH + F ΔΨ 

= 2.3 RT ΔpH + F ΔΨ

Waterflow in 18 turbines = 12‘600 m3/s  
Waterforce = 118m*g = 1158 N 

g = gravity constant = 9.81 N/m (on Earth) 
Waterpower = 12‘600‘000 liter/s * 1158 N  

= 14‘591‘000 Watt = 14.6 GigaWatt 
ITAIPU Nominal Output = 14 GigaWatt 

ITAIPU Average Output 2016 = 11.7 GigaWatt 
Efficiency = ~80% 

Assuming ΔpH = 0.7,     ΔΨ = 70mV;   then:  PMF = 10.7 kJ/mol 
Input = 14 protons cross the membrane = 14 * PMF  

= 14 * (2.3 RT ΔpH + F ΔΨ)
= 14 * (2.3 * 8.315J/mol/K * 300K * 0.7 + 96.5 kJ/V/mol  * 0.070V ) 

= 14 * 10.7 kJ/mol = 150 kJ/mol

ATP-Energy = ΔG(ATP ➞ ADP+Pi) = -50 kJ/mol  
Output = 3 ATP synthesized = 3 * 50 kJ/mol = 150 kJ/mol 

Efficiency (3 ATP for 14 protons) = 100 %

Typical for Chloroplasts: in Thylokoid: pH=5; in Stroma: pH=7.8 
With a membrane potential of 200mV,  how much is 14*PMF?
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Mitochondria Chloroplasts

yeast:

10 H+ / 3 ATP


(+ 3 H+ / 3 ATP)

spinach:

14 H+ / 3 ATP

I. tartaricus 
(Bacteria)

I. tartaricus: 

11 Na+ / 3 ATP

F-ATPases

S. platensis:

15 H+ / 3 ATP

S. platensis 
(Bacteria)
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F-type ATPases

•  8 subunits for bos taurus                           (PNAS 107 (2010) 16823)
• 10 subunits for yeast                   (Science 286 (1999) 1700)
• 11 subunits for bacteria I.tartaricus            (EMBO Rep. 2(3) (2001) 229)
• 13 subunits for bacteria B. pseudofirmis    (PNAS 110 (2013) 7874)
• 14 subunits for spinach chloroplast            (Nature 405 (1999) 418)
• 15 subunits for bacteria S. platensis           (EMBO Rep. 6(11) (2005) 1040)
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The cation powered rotor of ATP synthase

Rotor stoichiometry varies between organisms:
        10 subunits for yeast              (Science 286 (1999) 1700)
        14 subunits for spinach chloroplast        (Nature 405 (1999) 418)
        11 subunits for bacteria I.tartaricus        (EMBO Rep. 2(3) (2001) 229)
        15 subunits for bacteria S. platensis      (EMBO Rep. 6(11) (2005) 1040)

Rotor stoichiometry does not vary within one organism.
        The cation-to-ATP ratio of ATP synthesis should 
        therefore be constant within one organism.

Rotor diameter appears to be defined by its transmembrane 
subunits.
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a-subunit c-ring

a-subunit

c-ring

c-ring

c-ring

a-subunit

a-subunit

a-subunit

https://elifesciences.org/content/4/e10180

Rotational positions of the c8-ring. Arg159 is shown as 
a blue sphere. Glu58 are moving from a proton-locked 
to an open conformation. Scale bar, 25 Å.
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https://elifesciences.org/content/4/e10180


http://www.jove.com/video/51228/visualization-atp-synthase-dimers-mitochondria-electron-cryo
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http://www.jove.com/video/51228/visualization-atp-synthase-dimers-mitochondria-electron-cryo


http://www.jove.com/video/51228/visualization-atp-synthase-dimers-mitochondria-electron-cryo
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http://www.jove.com/video/51228/visualization-atp-synthase-dimers-mitochondria-electron-cryo


http://www.jove.com/video/51228/visualization-atp-synthase-dimers-mitochondria-electron-cryo
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http://www.jove.com/video/51228/visualization-atp-synthase-dimers-mitochondria-electron-cryo


V-ATPases F-ATPases
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The V1 part of the V-ATPase  
reversibly dissociates

VO-ATPase V-ATPase

Yeast  
F-ATPase
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The V-ATPase plays a role in: 
•pH regulation in intracellular compartments:

•Endosomes, lysosomes, secretory vesicles.

•bone degradation, 

•control of cytoplasmic pH

•Membrane fusion (!?!)

•HIV entry
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Figure 1.  V-ATPase, synaptic vesicle acidification and hypotheses 
beyond. ATP-driven H+ transport through fully assembled V-ATPase at 
synaptic vesicle (SV) membranes is crucial for synaptic vesicle loading 
in neurotransmitters (NT). Completion of synaptic vesicle loading may 
lead to dissociation of the V1 sector and render V0 accessible to bind 
VAMP2. The c-subunit hexamer (illustrated as two apposed green 
ovals) assembles a radial array of five to six VAMP2 molecules and 
could thus act as scaffolding to position an optimal number of v-
SNAREs for fusion. (Left) In this pathway, the radial array of v-
SNAREs pairs with t-SNAREs and drives fusion mechanically. V0 
subunits (single green ovals) disperse laterally in the plane of the 
membrane during fusion. (Right) SNARE-pairing apposes two V0 
sectors to form trans complexes (illustrated as four apposed green 
ovals). In this configuration, V0 sectors might constitute an aqueous 
fusion pore. Note that SNARE-binding partners that act at late steps in 
fusion (e.g. synaptotagmin, complexin….), as well as V0 a- and d-
subunits have been omitted to simplify the schema.

J. Neurochem. (2011) 117, 603–612.

A role for V-ATPase subunits in 
synaptic vesicle fusion?

Oussama El Far, Michael Seagar
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The VO Rotor of the V-ATPase
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Or variable transmission ?

Chloroplast F-ATP Synthase:

14 x 

“high gear”

10 x 

Yeast F-ATP Synthase:

“low gear”

Bovine V-ATPase:

10 x 

“low gear”

Different gear ratios

11 x 

I. tartaricus F-ATP Synthase:

“intermediate gear”

N1

N2

Nvar

N2

14

11

10

10

S. platensis F-ATP Synthase:

15 x 

“high gear”
15 Fixed gear?
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http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10839529&dopt=Abstract
http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10542203&dopt=Abstract


Structure of ATP Structure of ATP synthase under strain 
during catalysis


Hui Guo, John L Rubinstein


Structure of ATP synthase under strain during catalysis 
Hui Guo, John L Rubinstein 

bioRxiv 2022.01.24.477618; doi: https://doi.org/10.1101/2022.01.24.477618

(year ~2000)
(year 2022)
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