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Quantum Photosynthesis

Exciton delocalization and energy flow in 
the Fenna-Matthews-Olson (FMO) complex



Quantum Photosynthesis 

 
Even so, it's a source of recent excitement amongst physicists, so I do feel a need to 
discuss it in a limited way.  
 
The basic idea is that an exciton created by a photon interacting with a light-absorbing 
pigment is not located at a unique place but instead can be located in multiple places at 
once. This is known as coherence. In addition, an exciton may be entangled with another 
exciton, so that their fates are intertwined. There's no simple way to describe this, and the 
math is really harsh (see above for an example). The net outcome is that quantum effects 
can increase the efficiency of energy transfer. Now, these kinds of effects have been well 
established for many decades in biological pigments (hemes for example1), but the 
experimental proof used pigments at very cold temperatures (liquid nitrogen or even 
colder). There was no expectation that the effects could be demonstrated at normal 
physiological temperatures because thermal motions at the time scale of quantum effects 
are very strong and would short-circuit any quantum effect. It came as a surprise when 
quantum effects in Rhodopseudomonas light harvesting complexes were demonstrated at 
room temperature, and even more so when it was observed in other light harvesting 
complexes as well2. 
 
Is this important? To a physicist, yes. And, as a biologist, I have fun telling my physicist 
colleagues that biological organisms discovered quantum physics 4000 million years ago. 
But from the viewpoint of photosynthesis, it's probably not all that important. Exciton 
transfers relies on normative mechanisms, entanglement does not provide anything better 
from the viewpoint of selective pressure in evolution. One place where it might be 
important is in organisms adapted to survive at extremely low light intensities where 
every photon counts. But even here, why not just increase the absorptive area by using 
more pigments? 
 
What is important is its potential importance in artificial photosynthesis. Simple systems 
--much simpler than those required by biological organisms-- could use the greater 
efficiency of quantum effects to maximize energy harvesting3. 

                                                
1 Don De Vault and Britton Chance (1966) Studies of photosynthesis using a pulsed laser I. Temperature dependence of cytochrome 
oxidation rate in Chromatium. Evidence for tunneling. Biophysics Journal 6:825–847.  
2 Collini E, Wong CY, Wilk KE, Curmi PMG, Brumer P & Scholes GD (2010) Coherently wired light-harvesting in photosynthetic 
marine algae at ambient temperature. Nature 463:644-647. 
3 Lubner CE, Applegate AM, Knörzerb P, Ganago A, Bryant DA, Happe T, Golbeck JH (2011) Solar hydrogen-producing 
bionanodevice outperforms natural photosynthesis. PNAS 108:20988-20991. 
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Organization and structure of the four major protein complexes of the thylakoid membranes (a) 

Photosystem II is located primarily in the grana thylakoids, and Photosystem I and ATP synthase almost 

entirely in the stroma thylakoids and the outer portions of the grana. The cytochrome b6/f complexes are 

distributed evenly throughout the membranes. The spatial separation of the photosystems requires mobile 

electron carriers such as plastoquinol and plastocyanin to shuttle electrons between the separated membrane 

complexes. (b) The structure of the four major protein complexes and the soluble proteins of the 

photosynthetic apparatus. 

 

 

 

 

Figure 7-13 Organization and structure of the four major protein complexes of the thylakoid 

membranes (a) Photosystem II is located primarily in the grana thylakoids, and Photosystem I and ATP 

synthase almost entirely in the stroma thylakoids and the outer portions of the grana. The cytochrome b6/f 

complexes are distributed evenly throughout the membranes. The spatial separation of the photosystems 

requires mobile electron carriers such as plastoquinol and plastocyanin to shuttle electrons between the 

separated membrane complexes. (b) The structure of the four major protein complexes and the soluble 

proteins of the photosynthetic apparatus. 







LHC-1 Reaction Center and LHC2s
http://www.ks.uiuc.edu/

http://www.ks.uiuc.edu/

Schematic of the vesicular 
photosynthetic chromatophore. 
Shown here is a drawing of a 
chromatophore from Rba. 
sphaeroides. The LH1-RC dimers 
and LH2 complexes are closely 
packed in the bulb of the 
chromatophore, and the bc1 
complex and ATP synthase,are 
tentatively placed near the neck of 
the chromatophore. 
Picture drawn by Olga Svinarski.



Reaction Centers and Light-Harvesting 
Complexes within the Chloroplast Membrane 

Jen Hsin, James Gumbart, Leonardo G. Trabuco, Elizabeth Villa, Pu Qian, C. Neil Hunter, and 
Klaus Schulten. Protein-induced membrane curvature investigated through molecular dynamics 
flexible fitting. Biophysical Journal, 97:321-329, 2009. (PMC: 2711417)

http://www.ks.uiuc.edu/
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 Recent observations of coherence 
in photosynthetic complexes have 
led to the question of whether 
quantum effects can occur in vivo, 
not under femtosecond laser 
pulses but in incoherent sunlight 
and at steady state, and, if so, 
whether the coherence explains 
the high exciton transfer 
efficiency. […]two partially 
coherent mechanisms—ENAQT 
and supertransfer—can enhance 
transport even in sunlight and thus 
constitute motifs for the 
optimisation of artificial sunlight 
harvesting.
Kassel, Yuen-Zhou and Rahimi-Keshari 
(2012) Does coherence enhance transport in 
photosynthesis? arXiv:1210.5022v1
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pigments in
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phycocyanobilin
(linear tetrapyrrole)



alternative
light-harvesting
pigments in
photosynthesis

We observe a complex relationship between fluorescence intensity and lifetime that cannot be explained by simple 
static kinetic models. Light-induced conformational changes are shown to occur and evidence is obtained for 
fluctuations in the spontaneous emission lifetime, which is typically assumed to be constant. Our methods provide 
a new window into the dynamics of fluorescent proteins and the observations are relevant for the interpretation of 
in vivo single-molecule imaging experiments, bacterial photosynthetic regulation and biomaterials for solar energy 
harvesting.

Goldsmith & Moerner (2010) Watching
conformational- and photodynamics of
single fluorescent proteins in solution.
Nature Chemistry2:179–186

Photosynthesis
Overview



Photosystem II (cyanobacteria)
(wikipedia —Curtis Neveu)

note the
numerous

chlorophylls

Photosystem I (plants)
(wikipedia —Curtis Neveu)



Cytochrome b6f (plants)
(PDB 1q90 coordinates)


