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Dark Reactions of Photosynthesis'

Tenths q a second

Fic. 8. The effect of dark time on yield of photosynthesis per flash of light.
Open circles are points made at 25°C., solid circles at 1.1°C. The crosses are a
check made at 25°C.

Source: R Emerson and W Arnold 1932. A separation of
the reactions in photosynthesis by means of intermittent
light. Journal of General Physiology 16:391-420.

"'The light flash duration was no more than 2 * 107 sec.
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Figure 3.1. Energy absorption (~—¥) and excitation transfer (=) between pigments in the light-
harvesting antenna and to the photochemical reaction centers of dlfferent photosynthetic
organisms

Source: Lawlor, DW (2001) Photosynthesis. 3¢ edition. Springer-Verlag



M‘nq—

_\hbc\asna.\ eoncept of antenna function wan

bontd sw twe eun(.:‘-\omllu)"l..\‘ak-\n(.{' moclals
Onr wess oo ‘?Mhlh.' oo da | (,‘:Jl.?e--ra.'t:. \u\\k-s M“Lg\\

(.\\\-?M‘?L:cubs \& N\
a s,
o LA
eacln m?mt-.
QM& A.\.‘;k'w\c__{',
Rt ssas. Ve ok’ andal
rreuwndac
o M\—ul-uim& > @

R b—;_@

_l'fu.-u. Lu:o m} w\\\ {J-\.A.\B\&' o &,\ee@l’ﬁﬂk QLLM

Ou_ HA-L W‘qpr SL C\L.\-w\-l- NL\Lva\ uwk-u\‘s.

.P |
e | : acown e W Watew
eeeanub ‘a&u- L&m e:.:i-on c-z.u.. CSD

to an allernatiue B

‘ouddle' (o cate
| puddla’ Gor e

L WL WAL NN-—\'\;SD\,
(anbesrs

le

e i
\ne.eexc.um\.s - caasunsd \’“) el‘.\o:esu-hli- e

r—ump\'wt RO




Poat 6.%

T\a.n. -:a{»ru.c_\u.w.s aﬁ’— \\fs,\k -\u:wcv.-.\-;rstb mu?hus
ore pot c.bu?\n.\-c.l\t wndersteed .

Ao o oBlen R come M mont Libadlid swrucluces
oace ero.ug et&\r\\.\ ‘.bwu?\.!-* eTaaN\SMS | A as
e pueple becterian .
For erawplay (AN LHZ

?epkms ?\asa.l.n\--;.

A 3. bl

B 1 carsteasid .

|
#\Lhﬂ\t‘\'

Lo Peord subumbs

R e de Aamen.
e e, :‘&:a bL&A'PLLL T

4 Taa ?ar?kus-‘\w n}\c-S: ans lb(.olt‘u.tl Y sw;esm\ls
{

: ~
e ,éJ'-Lt‘vv\. lsansler Laluseeun
e bl s Gast: w6 (b"‘;t.c .
leansber L Yo

_/
mk-wn u.n.LC("‘ ‘
= slowses ¢ 35"10'15&;.

el o swaler . bub el oo veachow taber W
whale” e W caakused. dasat.



Quantum Photosynthesis

|‘Pa>=2<|>2‘ n)

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

Why I refuse to teach quantum tunneling mechanisms in Photosynthesis
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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 example'), 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 well’.

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 harvesting’.

! 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.

* Lubner CE, Applegate AM, Knérzerb P, Ganago A, Bryant DA, Happe T, Golbeck JH (2011) Solar hydrogen-producing
bionanodevice outperforms natural photosynthesis. PNAS 108:20988-20991.



a. Sunlight: incoherent, stationary arXiv:1210.5022

Does coherence enhance transport in
photosynthesis?

Ilvan Kassal, Joel Yuen-Zhou, Saleh Rahimi-
Keshari

b. An inaccurate picture:

c. A more accurate picture:
LHII to LHI

Incoherent

excitation No light pulses
E No localised excitation
A No wavelike transport

B800 = Microscopic coherence doesn't help
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planters
arXiv:1210.5022
Does coherence enhance transport in photosynthesis?
Ivan Kassal, Joel Yuen-Zhou, Saleh Rahimi-Keshari


Figure 4.11. Simplified structure of LHCII determined by electron crystallography, showing the
three protein chains spanning the thylakoid membrane, and the locations of chlorophyll
molecules (Reprinted with permission from Nature, Kilhbrandt et al., Atomic model of plant light-
harvesting complex by electron crystallography. 1994; 367: 614—621. Copyright 1994, Macmillan
Magazines Limited)

Source: Lawlor, DW (2001) Photosynthesis. 3¢ edition. Springer-Verlag
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Granum

vecelealeelececleniealece o/ Stroma
O
lesloeole 0000000000000000 Y TS
Thylakoid lumen
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Sesece 0000000000000000, eceeliee
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Photosystem Il Photosystem|  ATP Cytochrome
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Figure 7-13a

Raven Biology of Plants, Eighth Edition
© 2013 W.H.Freeman and Company

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 b¢/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.

ATP synthase
Ferredoxin-NADP* ;

reductase -
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bg/f complex \: =y 8
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" Photosystem |
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Figure 7-13b
Raven Biology of Plants, Eighth Edition
© 2013 W.H.Freeman and Company

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 b¢/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.
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Light-Harvesting Complex Regulation of PS I and PS II
Photosynthesis’

=1
)

F

o
o

Figure 6

The molecular recognition model for phosphorylation-induced changes in the organization
of the chioroplast thylakoid. PSIl centres may be connected laterally and transversely for
excitation energy transfer by docking of LHCIl complexes with the PSII core antenna system
(diagonally hatched) and with each other (lefthand side). This brings the acceptor side of
PSII reaction centres into opposition. Phospho-LHCII has a decreased affinity for the PSII
core (lateral protein—protein interactions) and for itself {transverse protein-protein interac-
tions), and therefore becomes free to diffuse independently of PSIl within the membrane,
eventually to dock instead with the PSI antenna system {right-hand side). In contrast to the
surface charge model (Fig. 1), only thermal energy is required for dissociation of phospho-
LHCH from PSIl. The connectivity and antenna size of PSII units are decreased, and the
loss of adhesion contact surfaces may cause some transverse separation of adjacent thy-
lakoids of the grana stack. A proportion of PSIl reaction centres ceases 1o be in oppo-
sition, The altered shape of the block representing LHCII is intended to convey a structural
change in the surface exposed domain (Fig. 5), electrostatic blocking of protein—protein
interactions by the phosphate groups, or a combination of both.

' Source: JF Allen 1992. How does protein phosphorylation regulate photosynthesis?

TIBS 17: 12-17.
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packed in the bulb of the
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complex and ATP synthase are
tentatively placed near the neck of
the chromatophore.

Picture drawn by Olga Svinarski.
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Beckman Institute
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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)

ATP synthase

Beckman Institute
University of lllinois at Urbana-Champaign



quantum photosynthesis

Why I refuse to teach quantum tunneling mechanisms in Photosynthesis
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quantum a. Sunlight: incoherent, stationary

photosynthesis

Kassel, Yuen-Zhou and Rahimi-
Keshari (2012) Does coherence
enhance transport in photosynthesis?
arXiv:1210.5022v1
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photon

Kassel, Yuen-Zhou and Rahimi-
Keshari (2012) Does coherence
enhance transport in photosynthesis?
arXiv:1210.5022v1

quantum
photosynthesis

Kassel, Yuen-Zhou and Rahimi-
Keshari (2012) Does coherence
enhance transport in photosynthesis?
arXiv:1210.5022v1
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a. Sunlight: incoherent, stationary

quantum
photosynthesis

Recent observations of coherence
in photosynthetic complexes have
led to the question of whether e
quantum effects can occur in Vivo, 4% *a%s
not under femtosecond laser !
pulses but in incoherent sunlight
and at steady state, and, if so,
whether the coherence explains
the high exciton transfer
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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
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