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Biological Electron TransferBiological Electron Transfer
All known oxygenAll known oxygen--breathing (aerobic) life breathing (aerobic) life 
is sustained by is sustained by nanoscopicnanoscopic electric motors!electric motors!

Electrical current Electrical current 
powers a series of powers a series of 
hydrogen pumps, hydrogen pumps, 
creating a charge creating a charge 
gradient to power gradient to power 
ATP ATP synthasesynthase..



Mitochondria & FriendsMitochondria & Friends

ParacoccusParacoccus denitrificansdenitrificans
is suspected to share a is suspected to share a 
common ancestor with common ancestor with 
eukaryotic mitochondria eukaryotic mitochondria 
((endosymbioticendosymbiotic theory).theory).

Many membraneMany membrane--
bound molecular bound molecular 
structures sustain structures sustain 
respiration!respiration!



An Electron Transfer ExampleAn Electron Transfer Example
Electron transport from MADH (tan) to Electron transport from MADH (tan) to amicyaninamicyanin (cyan) (cyan) 
is vital to cellular respiration in is vital to cellular respiration in ParacoccusParacoccus denitrificansdenitrificans..
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The electron The electron 
transfer Hilbert transfer Hilbert 
space is huge! space is huge! 
So we cheatSo we cheat……

amicyaninamicyanin

methylaminemethylamine
dehydrogenasedehydrogenase



Two State ApproximationTwo State Approximation
For decades, biochemists have modeled For decades, biochemists have modeled 
electron transfer (ET) systems as electron transfer (ET) systems as qubitsqubits!!
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||DD〉〉 describes an electron at the describes an electron at the ““donordonor”” molecule,molecule,
||AA〉〉 at the at the ““acceptoracceptor”” molecule.molecule.
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What are What are ||DD〉〉 andand ||AA〉〉 ??

||00〉〉

||11〉〉

||++〉〉||−−〉〉

||DD〉〉||AA〉〉

Assume Assume ||DD〉〉 && ||AA〉〉 are real and that are real and that 〈〈DD||AA〉〉 ≠≠ 0.0.
Assume resonance: Assume resonance: 〈〈EE〉〉DD == 〈〈DD||HH||DD〉〉 == 〈〈AA||HH||AA〉〉 == 〈〈EE〉〉AA..

We therefore define We therefore define αα == αα* such that sin* such that sinαα == 〈〈DD||AA〉〉,,

without loss of generality.without loss of generality.
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The Transfer Matrix ElementThe Transfer Matrix Element
ET is usually treated as a unitary resonant ET is usually treated as a unitary resonant 
tunneling (tunneling (““superexchangesuperexchange””) event!) event!
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||DD〉〉||AA〉〉

Define Define TTDADA as the as the ““electron transfer matrix element.electron transfer matrix element.””
It gives the frequency of It gives the frequency of qubitqubit rotation.rotation.

TTDADA

hh
012 EETDA −

==f

DiagonalizingDiagonalizing the full the full 
Hamiltonian is too hard!Hamiltonian is too hard!
How can we calculate How can we calculate TTDADA??



Calculating TCalculating TDADA

||00〉〉

||11〉〉

||++〉〉||−−〉〉

||DD〉〉||AA〉〉

We assume We assume ||DD〉〉 && ||AA〉〉 are real, and sinare real, and sinαα == 〈〈DD||AA〉〉 ≠≠ 0.0.
We also assume We also assume EEDD == 〈〈DD||HH||DD〉〉 == 〈〈AA||HH||AA〉〉 == EEAA..

To obtain To obtain EE1 1 −− EE00, we solve the , we solve the eigenvalueeigenvalue equationequation

in terms of only {in terms of only {||DD〉〉,,||AA〉〉},},
which is a spanning setwhich is a spanning set
but not a basis!but not a basis!
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Solving the Secular EquationSolving the Secular Equation
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Introduce the POVM element Introduce the POVM element B =B = ||00〉〈〉〈DD|| + + ||11〉〈〉〈AA||..
Since Since det(ABdet(AB) = ) = det(A)det(Bdet(A)det(B), we can instead solve), we can instead solve

with with TTDADA = (E= (E11−−EE00))/2  to obtain/2  to obtain

TTDADA
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The Electron Transfer MatrixThe Electron Transfer Matrix
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Also of interest:Also of interest:
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Thus, we represent the Thus, we represent the 
quantum channel as a quantum channel as a 
nonnon--linear operatorlinear operator……??



Golden Rule (Marcus Theory)Golden Rule (Marcus Theory)
Finally, to obtain the overall transfer rate, we use Finally, to obtain the overall transfer rate, we use 
first order perturbation theory, replacing first order perturbation theory, replacing HH with with TT
in Fermiin Fermi’’s Golden Rule:s Golden Rule:
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Density of Nuclear States Density of Nuclear States 
((““FrankFrank--CondonCondon”” factor)factor)

PrefactorPrefactor

ElectronicElectronic
Matrix ElementMatrix Element

This is R.A. MarcusThis is R.A. Marcus’’ Nobel prize equation,Nobel prize equation,
but it ignores electronic but it ignores electronic decoherencedecoherence!!

RateRate



More Detailed Models of ETMore Detailed Models of ET
We want a model of electron transfer that includes We want a model of electron transfer that includes 
nonnon--unitary effects (electronunitary effects (electron--nuclei entanglement)nuclei entanglement)……

amicyaninamicyanin

methylaminemethylamine
dehydrogenasedehydrogenase

How does the How does the 
electron really electron really 
get from donor get from donor 
to acceptor?to acceptor?
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Crash Course in BiochemistryCrash Course in Biochemistry
……but we must first introduce a few biochemical concepts!but we must first introduce a few biochemical concepts!

““Amino AcidsAmino Acids”” are the are the ““building blocks of life.building blocks of life.””
These small molecules hook These small molecules hook 
together to form chains called together to form chains called 
““proteins.proteins.””
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Like a glycine chain:Like a glycine chain:

MethionineMethionine’’ss
““residueresidue”” is bigger! is bigger! 
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Genetic EngineeringGenetic Engineering
““SiteSite--Directed MutagenesisDirected Mutagenesis””
Biochemists use this method to alter the genetic Biochemists use this method to alter the genetic 
code for a protein, one amino acid at a time. code for a protein, one amino acid at a time. 
((Nobel Prize in ChemistryNobel Prize in Chemistry 19931993))

This creates an incredible opportunity to study This creates an incredible opportunity to study 
proteins at the atomic scale. E.g., swapping proteins at the atomic scale. E.g., swapping 
glycine for glycine for alaninealanine changes only four atoms!changes only four atoms!
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Investigating the InterfaceInvestigating the Interface
How does proteinHow does protein--toto--protein electron transfer change protein electron transfer change 
when we alter when we alter amicyaninamicyanin by just a few atoms?by just a few atoms?

amicyaninamicyanin

methylaminemethylamine
dehydrogenasedehydrogenase

What if we swap What if we swap 
residues at the residues at the 
electron transfer electron transfer 
interface?interface?
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Making Mutant Making Mutant AmicyaninAmicyanin
MethionineMethionine 51 mutation 51 mutation 
in in amicyaninamicyanin molecule.molecule.

Unchanged features:Unchanged features:
•• spectraspectra
•• structurestructure
•• conformationconformation
•• equilibrium constantequilibrium constant

Electron transfer rate Electron transfer rate 
changes drastically!changes drastically!
BiochemistryBiochemistry 4646 11137 (2007)11137 (2007)

mutantmutant
((alaninealanine))

““wild typewild type””
((methioninemethionine))



More Amino Acid MutationsMore Amino Acid Mutations
MethionineMethionine
(wild type)(wild type)

AlanineAlanineLysineLysineLeucineLeucine
BiochemistryBiochemistry 4646 11137 (2007)11137 (2007)



Failure of Standard TheoryFailure of Standard Theory
Element Element TTDADA exceeds exceeds ““nonnon--adiabaticadiabatic”” limit.limit.
““Reorganization energyReorganization energy”” λλ 300% too big.300% too big.
Separation Separation rr is unreasonably small.is unreasonably small.
TTDADA ““borrowedborrowed”” from very different system.from very different system.

The theory used is not satisfactory!The theory used is not satisfactory!
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The usual Marcus equation:The usual Marcus equation:

empirical fudge factor!empirical fudge factor!



Water Bridge HypothesisWater Bridge Hypothesis

Electron transport Electron transport 
across a across a stablizedstablized
water water ““bridgebridge”” from from 
the hydroxide group the hydroxide group 
in MADH to copper in MADH to copper 
atom in atom in amicyaninamicyanin??

Carbon
Oxygen

Hydrogen
Nitrogen
Sulphur
Copper

ee−−
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Met71Met71



Loss of stable HLoss of stable H22O Bridge?O Bridge?

Some special Some special ““molecular conformationmolecular conformation””
present in the wild type system is absent present in the wild type system is absent 
in mutants, in mutants, BiochemistryBiochemistry 4646 11137 (11137 (‘‘07).07).

Similar phenomena discovered in PHM Similar phenomena discovered in PHM 
system due to destabilized water bridge. system due to destabilized water bridge. 
dede lala LandeLande etet alal, , JACSJACS 129129 1170011700 ((‘‘07). 07). 

Is resonant tunneling (Is resonant tunneling (““superexchangesuperexchange””) ) 
being suppressed due to rotationbeing suppressed due to rotation--induced induced 
decoherencedecoherence, as in , as in PNASPNAS 102102 3552 (3552 (‘‘05)?05)?



Poor Substitutes?Poor Substitutes?
We hypothesize that the We hypothesize that the 
amino acids swapped in to amino acids swapped in to 
replace replace methioninemethionine do not do not 
properly stabilize nearby properly stabilize nearby 
water molecules.water molecules.

LeucineLeucine

LysineLysine

Carbon
Oxygen

Hydrogen
Nitrogen
Copper



Our ApproachOur Approach……
Simulate Simulate amicyaninamicyanin’’ss molecular dynamics molecular dynamics 
to determine nuclear conformations for to determine nuclear conformations for 
various mutants (CHARMM).various mutants (CHARMM).

Use DFT to evaluate Use DFT to evaluate HHABAB, , ΔΔGG00, and , and λλ..

Determine how mutations alter bridging Determine how mutations alter bridging 
effects during the transfer process.effects during the transfer process.

Do nuclear dynamics play a role on the Do nuclear dynamics play a role on the 
timescale of the electronic coupling    timescale of the electronic coupling    
(i.e., tumbling water molecules)?(i.e., tumbling water molecules)?



Outlook (FeynmanOutlook (Feynman’’s Vision)s Vision)

Quantum Quantum 
ComputingComputing

Quantum Information ScienceQuantum Information Science

Quantum ThermodynamicsQuantum Thermodynamics

Quantum EnginesQuantum Engines

BiomolecularBiomolecular
MachinesMachines

We can learn a lot from the quantum thermodynamic We can learn a lot from the quantum thermodynamic 
machines found in living systems.machines found in living systems.
The advent of humanThe advent of human--made quantum made quantum nanomachinesnanomachines
will drastically change human life as we know it.will drastically change human life as we know it.
ThereThere’’s still s still ““plenty of room at the bottom!plenty of room at the bottom!””
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