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What is life? (1944)

“....The mutations are actually due to quantum jumps in the gene molecule....In the light of

present knowledge, the mechanism of heredity is closely related to, nay, founded on, the very

basis of quantum theory....we may safely assert that there is no alternative to the molecular

explanation of the hereditary substance...."
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DNA double helix structure (1953)

James D Watson and Francis Crick got Nobel Prize in 1962 (with Maurice Wilkins) “for their

discoveries concerning the molecular structure of nucleic acids and its significance for information transfer in living

material”
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“the electronic and protonic structure of biologically interesting molecules and systems has to

be treated by quantum chemistry. This has lead to the opening of a new field which has been

called sub-molecular biology or “quantum biology” ....the genetic code is essentially contained in

the hydrogen bonds....after a DNA replication, the protons are necessarily in nonstationary

states which implies that there is a certain probability for “quantum jumps".... which will show

up and get manifested at the next DNA replication. This mechanism may be responsible for

the occurrence of spontaneous mutations...."
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“I want to suggest that for many years to come the student of living matter will have much

more need for an understanding of physical chemistry than for a knowledge of quantum

mechanics....This distinction is useful because ‘quantum effects’ are only noticeable when the

quanta of energy exchanged between different parts of a system are large compared to

kT ....when a biochemist begins to use quantum-mechanical language in this nebulous way,

we may justifiably suspect that he is talking nonsense"

—H. C. Longuet-Higgins

(Theoretical Chemist & Cognitive Scientist)

“Quantum Mechanics and Biology"

Biophysical Journal, 1962
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Current Science, 1984
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Three classes of QM effects on biological processes

The trivial: Fundamentally QM dictates the
atomic/molecular details of bio-systems, eg. molecular
orbitals, energy levels are determined by QM

Chemical kinetics: Chemical reactions are also
fundamentally QM processes, but classical descriptions
using mol. dynamics and chemical kinetics are very
accurate. Exceptions - reactions involving quantum
tunneling of protons/heavy atoms, etc.

Functional necessity: QM effects (coherence,
entanglement, etc.) are relevant for proper functioning of
bio-systems. This is interesting because here QM
influences emergent biological properties.

“Quantum Biology” deals mainly with the last
category, and partially with the second category
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Plan of this talk
Functional role of Quantum coherence in different
biological processes

Photosynthesis
Olfaction process

...

Magnetoreception process in Migratory Birds (Avian
Magneotreception)

Behavioral experiments with European Robin

Biochemical model for avian magnetoreception

Theoretical model

Results

Conclusion and future directions
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Photosynthesis
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Olfaction process

Smell Process Molecular docking C6H10Fe | C6H10Ni

(Lock-Key mechanism) (Identical shape)

New model

Molecular Docking

+

Vibration assisted electron tunneling
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Avian Magnetoreception
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Behavioral Experiments

European Robin Frankfurt
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Behavioral Experiments

European Robin Frankfurt

Inclination Compass

Ref. Wiltschko & Wiltschko, Science 176, 62 (1972)
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Behavioral Experiments (Contd.)

Avian magnetic compass operates in a narrow functional window that adapts to local

magnetic field conditions: ±20− 30% of local geomagnetic field
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Behavioral Experiments (Contd.)

They regain their ability after spending some time in that
stronger/weaker magnetic field

Ref. Wiltschko et. al., Naturwissenschaften 93, 300 (2006)
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Behavioral Experiments (contd.)

Very weak (1% of local geomagnetic field strength)
radio-frequency field can disrupt avian compass,
provided:

The RF field is not parallel to the local geomagnetic
field direction
Frequency of the RF field resonant with the energetic
splitting due to local geomagnetic field

Ref. Ritz et al, Biophys. J. 96, 3451 (2009)
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Strong resonance at Larmor Frequency has been
observed in 4 species
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Radical Pair based chemical model

Ref. Ritz, Adem, & Schulten, Biophys. J. 78, 707 (2000)
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Where does this reaction take place?
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Where does this reaction take place?
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Probable photo-pigment

Cryptochrome

FAD = Flavin Adenine Di-nucleotide

FADH = Semi-reduced form of FAD

Trp = Tryptophan
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Theoretical modelling

Hamiltonian : HS = Î �
←→
A � Ŝ1 + γ [

−→
B +

−→
BRF (t)] � (Ŝ1 + Ŝ2)

where : Ŝi ≡ {σ(i)x , σ
(i)
y , σ

(i)
z } ; γ = 1

2µ0g;

←→
A = diag{Ax, Ay, Az}withAx = Ay = a = 1

2Az;

−→
B = B {sin θ, 0, cos θ} [Azimuthal symmetry];B = 47µT

−→
BRF (t) = BRF cos(ωt) {sinα, 0, cosα}
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Theoretical modelling (contd.)
Initial state (density matrix) : ρ(0) = 1

21N ⊗ |S〉〈S|
The nuclear spin is in completely mixed state
The electron pair is in pure singlet state:

|S〉 = 1√
2
(| ↑↓〉 − | ↓↑〉)

Dynamics (Coherent evolution + Recombination) :
dρ
dt = −i[HS , ρ]− kS

2 (QSρ+ ρQS)− kT
2 (QTρ+ ρQT)

Singlet projection operator:
QS = |S〉〈S|

Triplet projection operator:
QT = 1−QS
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Theoretical modelling (contd.)
Model for the effect of environment on the system:
dρ
dt

= −i[HS , ρ]− kS
2 (QSρ+ ρQS)− kT

2 (QTρ+ ρQT)

+
∑

i Γi

[
LiρL

†
i − 1

2

(
L
†
iLiρ+ ρL

†
iLi

)]
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Theoretical modelling (contd.)

Singlet product yield [ΦS(θ)] : The amount of product
decaying via the singlet channel (as a function of angle)

ΦS(θ) = kS
∫∞
0 〈S|TrNρ(t)|S〉 dt

TrN = Partial trace over nuclear subspace

〈S|TrNρ(t)|S〉 : probability (quantum) of the electronic
state to be in singlet

kS dt : probability (classical) of the RP to recombine
and to produce singlet product within the time interval
[t, t+ dt]
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Results
Define : a ≡

√
A2
x + A2

y + A2
z ; Here : a =

√
6a
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Results (contd.)
We estimate : k ≃ 5× 105 for a = 1.0µs case

k ≃ 4× 105 for a = 0.5µs case

Mean life time : τ ≃ 2.0− 2.5µs {×4} (Reasonable,
experimentally observed in plant cryptochrome)

Compass Sensitivity : ∆S ≡ Φmax
S − Φmin

S
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Conclusion

We have incorporated results of both the behavioral
tests into our model

Our estimated mean life time of the RP is of the order of
micro-seconds (reasonable)

Estimated coherence time is also about few
micro-seconds...This is also acceptable value

Most interestingly, we have found a parameter regime
where environmental influence is actually enhancing the
sensitivity of avian compass....and long coherence time
is not at all needed....
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