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ABSTRACT 

THE DESIGN AND ENGINEERING OF AN ARTIFICIAL PROTEIN MAGNETOSENSOR 

Chris Bialas 

P. Leslie Dutton 

Recent evidence suggests that birds, insects, and other animals may be able use Earthôs 50 

ɛT magnetic field for navigation.  This magnetic sense is hypothesized to be facilitated by 

an ocular cryptochrome (Cry): a protein containing a flavin adenine dinucleotide (FAD) 

and a tryptophan (Trp) triad.  Upon light activation, electron transfer between the FAD and 

Trp forms a spin-correlated radical pair, the life time of which has been shown sensitive to 

mT magnetic fields.  However, due to the extreme fragility of cryptochrome, studying 

biological magneto-sensing, has proven difficult.  Currently there is no evidence that 

cryptochrome can sense fields as weak as Earthôs.    In order to overcome these technical 

challenges and better understand the functional requirements for a molecular compass, we 

have designed a simple model system; protein maquettes.  Maquettes are remarkably 

simple, stable and absolutely designable, man-made proteins that enable experiments not 

possible in cryptochrome.  Here we present the biophysical characterization of a family of 

maquettes equipped with flavin and tryptophan.  By varying the distances between the 

cofactors, we can explore their photo-physics and ability to generate a magnetically 

sensitive radical pair using transient absorption spectroscopy.  Despite bearing no structural 

resemblance to the cryptochrome fold, these maquettes generate a flavin-tryptophan radical 

pair that demonstrates a magnetic field effect at fields as low as 1 mT.   This observation 
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suggests that a flavin-tryptophan radical pair is sufficient for magneto-sensing and may 

even sense a field as weak as Earthôs.   This work offers further proof that cryptochrome 

could be the biological magneto-sensor opens the door to a multitude of future experiments.   
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Introduction: Magnetism, Electron Transfer, 

Biology and Protein Design 

 

The journey of a thousand miles begins with one step. 
 

~ Lao Tzu 
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1.1 Motivation  
 

 How do magnetic fields interact with biology?  Are they harmful?  Do they have 

therapeutic potential?  These questions and many others have baffled researchers since the 

characterization of magnetism in the mid 1800ôs.  Despite the wide-spread use of magnetic 

fields for imaging and diagnostics, surprisingly little is known about how they interact with 

humans or biology in general1.   This dearth of knowledge has led to safety concerns 

regarding the background magnetic fields generated by cellphones, appliances, and the 

electrical distribution infrastructure2,3,4.  As we seek answers to the safety of magnetism 

we require a better understanding of how magnetic fields affect biology. 

 The Earth itself possesses a magnetic field (~50ɛT)5.  This field is about the same 

strength as those generated by high tension power lines, and about 5 orders of magnitude 

weaker than fields used for MRI imagining.  Humans have been using Earthôs magnetic 

field for navigation since antiquity6
, however, we may not be alone!  Over the last 50 years, 

there has been a growing body of evidence suggesting that birds and other winged insects 

may be able to sense and even utilize Earthôs magnetic field for navigation in a 

phenomenon known as ñmagneto-sensingò7,8,9,10.   

 The leading theory contends that magneto-sensing is facilitated by a spin-correlated 

radical pair generated in the retinal flavoprotein, cryptochrome11.  Several studies have 

shown that this protein is capable of responding to mT magnetic fields, showing promise 

as the facilitator of magneto-sensitivity12,13.  However, no study has yet to confirm that 

cryptochrome or any other biological molecule is capable of responding to Earth strength 
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fields or detecting the direction of a field.  This is in part due to the complexity and fragility 

of the protein, as well as difficulty of isolation.  Currently the biophysical requirements for 

a protein-based magneto-sensor remain a mystery.   

In order to overcome these technical difficulties we have developed a model protein 

system, called a maquette.  Maquettes are remarkably simple, stable, and absolutely 

designable man-made proteins that enable experiments not possible in cryptochrome.  They 

will serve as a tool for studying the cryptochrome and magneto-sensitivity in a biological 

context.  Using maquettes we will explore the biophysical requirements for a biological 

compass: Is a flavin tryptophan radical pair sufficient for magneto sensing and is it able to 

detect the direction of a ~50 ɛT magnetic field? 
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1.2 Magnetism: electrons, spins and radical pairs 
 

1.2.1 Spin of single and multi-electron systems 

 

Magnetism is a class of phenomena that arise from the fundamental physical 

property of ñspinò14,15.  Spin is the intrinsic angular momentum of a particle, distinct from 

its orbital angular momentum (which is analogous to a planet orbiting the sun).  Spin has 

no classical analogue (the idea of an electron spinning on its axis is misleading) and is best 

thought of as a fundamental property such as mass or charge.  Electron spin was first 

described in 1922 during the Stern-Gerlach Experiment when a beam of Ag atoms was shot 

through an inhomogeneous magnetic field16.  The electrons were split into two distinct 

populations (as opposed to a single classically predicted distribution) suggesting the 

existence of a quantized property that interacts with magnetic fields. 

Spin is described by the quantum number s.  For Fermions,17 which includes 

electrons, s=½.  Spin, like classical angular momentum, is a vector quantity and can be 

represented by the vector s, the magnitude of which is quantized and related to s by the 

expression: 

ȿ▼ȿ ίί ρ ü 

Equation 1.1 

where ü is the reduced Plank constant.  Given s, the possible spin states are represented 

by the spin projection quantum number, ms which has 2s+1 allowed values: 
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ms = s, s ï 1,é-s 

Equation 1.2 

For an electron with s = ½, ms is either İ (ŷ,"spin up", or implying alignment with an 

external magnetic field) or ï ½ (Ź, ñspin downò, or implying aligned against an external 

magnetic field).  In the absence of a magnetic field, the two states represented by ms are 

degenerate. 

This treatment of spin can be extended to multi electron systems such as organic 

radical pairs.  In a radical pair, two molecules undergo a redox reaction with the acceptor 

molecule oxidizing the donor molecule, resulting in an unpaired electron on each molecule.  

Since these two radicals are formed simultaneously, the spin of the system is conserved 

and the radicals are spin-correlated (all radical pairs discussed here are assumed to be spin-

correlated). 

The total spin of a system S is the vector sum of the individual spins and takes on 

the same magnitude as s according to equation 1.1.  The associated total spin quantum 

number S is a sum of the individual spin quantum numbers: 

S = s1 + s2 

Equation 1.3 

With the allowed values of: 
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S = (s1+s2), (s1+s2 -1),é|s1-s2| 

Equation 1.4 

In this two electron system, s1= s2 = ± ½, and the only allowed values of S are 0 or 

1.  For each value of S there are corresponding values for each subs-state, described by 

the angular momentum projection quantum number, Ms.  When S = 0, Ms= 0; this is 

known as the singlet state.  When S = 1, Ms can take on -1, 0, 1; collectively these are 

known as the triplet state.  In the absence of a magnetic field (and any interactions 

described in section 1.2.3) all of the spin states of this radical pair system are degenerate. 

1.2.2 Zeeman Effect on a single electron 

In the presence of an external magnetic field, the spin states of electrons (or multi 

electron systems) will align with or against the field and lose their degeneracy. This 

energetic splitting is known as the Zeeman Effect.  It arises from an electronôs magnetic 

moment ɛs (a consequence of its charge and spin): 

ɛs = 
Ἳ

ü
 

Equation 1.5 

where ge=2.002319304 is the dimensionless proportionality constant for a free electron (or 

g value), and ɛB is the Bohr magneton, the natural unit for expressing an electronôs 

magnetic moment: 

ɛB = -ɔe ü
ü

 

Equation 1.6 



7 

 

-ɔe is the gyromagnetic ratio of an electron (the ratio of its magnetic moment to its angular 

momentum), e, is the elementary charge and me is the mass of an electron.  

If we apply a classical treatment of this system, the energy of each spin state 

depends on the magnetic moment (ɛs), and the external field (B): 

E = - ɛs Ā B 

Equation 1.7 

In the quantum mechanical analogue, the energy is expressed by the Hamiltonian operator, 

(Ǧ):  

Ǧ = -ûĀ B 

Equation 1.8 

where û is the magnetic moment operator.  For an electron we can explicitly rewrite û 

(combing equations 1.5 and 1.6):  

Ǧ = -usĀ B = -Ὣɔe ȄĀ B 

Equation 1.9 

where Ȅ is the electron spin angular momentum operator.  Spins can only interact with a 

magnetic field if they are not orthogonal to it.  Therefore, we need only concern ourselves 

with the component of spin that lies along the axis of an applied magnetic field (by 

convention the z axis): 
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Ǧ = -ûzĀ B = -Ὣɔe ȄzĀ B 

Equation 1.10 

As the solutions (eigenvalues) of Ȅz are known to be msüȟ the energies of the two spin 

states (Zeeman energies) are: 

Ems = -Ὣɔe msüB = -ὫɛBB 

Equation 1.11 

For the spin up and spin down states the energies are (respectively): 

E = ± ½ὫɛBB 

Equation 1.12 

With the energetic difference between the two split states being: 

ȹE= ὫɛBB 

Equation 1.13 

1.2.3 Interactions in a radical pair system 

The above expressions are only valid for an isolated electron in a vacuum, 

experiencing only the magnetic field B.   In a more complex system such as a radical pair, 

we must also consider the interactions of the electrons with each other as well as magnetic 

nuclei.   These interactions are the Exchange (J), Dipolar and Hyperfine Interactions and 
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cause changes in the energy levels of the singlet and triplet states (Fig. 1.1)18.  Such 

interactions allow for an inter conversion from a singlet to a triplet or vice versa. 

 

The Exchange Interaction is a purely quantum mechanical phenomenon that occurs 

between two indistinguishable particles such as the two unpaired electrons in the triplet 

state of a radical pair19.  As a result of the exchange interaction, the distance between these 

two identical electrons will be slightly greater than expected, so the repulsive electrostatic 

force between them will be smaller.  This will lower the triplet state energy relative to the 

singlet.  However, if the two electrons get so close together that a bond may from, these 

electrons are pushed into an antibonding orbital which raises the triplet energy state relative 

to the singlet state.  This interaction is exponentially dependent on distance, effectively 

being zero at ~10 Å.     

Fig. 1.1. The three different interactions an electron can have in a flavin 

tryptophan radical pair.  An electron (black dot) may quantum mechanically 

interact with the other electorn in the radical pair (cyan dot) via the exchange 

interaction (purple arrow).  A magnetic dipolar interaction (green arrow) can 

occur with the magnetic field generated by the other electron in the radical pair. 

Finally, the electron may also be coupled to the other nuclear spins in the 

molecule (cofactor, in biology) on which it resides (red arrows) via the 

Hyperfine Ineteraction. 
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The Dipolar Interaction describes the interaction between the magnetic dipoles of 

unpaired electrons in the radical pair.  It can be thought of as a ñlocal Zeeman Effectò, with 

the magnetic fields generated by each electron interacting with the other electronôs spin as 

well as the Zeeman Effect from an external magnetic field.  We therefore modify equation 

1.13 to: 

ȹE = ὫɛBBeff 

Equation 1.14 

Beff is the sum of the local and external fields: 

Beff =Blocal + Bexternal 

Equation 1.15 

Since such ñlocalò Zeeman interactions are difficult to compute, they are typically 

approximated by modifying ge to the effective g factor g: 

ȹE = gɛBB 

Equation 1.16 

Fortunately, in the biological radical studied here, the deviation between ge and g is 

minimal. The Dipolar Interaction acts to lift the degeneracy of triplet states where Ms Í0       

(T-1 and T1, zero field splitting) and is effective over a greater distance than the Exchange 

Interaction.  While the Dipolar Interaction is anisotropic in nature, if a radical pair is freely 
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tumbling in solution and not fixed in place, this interaction averages out to zero, becoming 

isotropic.   

The Hyperfine Interaction is magnetic in nature (the electronic component is 

negligible in biological radical pairs), and present between an unpaired electron and the 

magnetic nuclei (s= ½) of its host molecule.  This interaction changes the local magnetic 

field experienced by each electron and we must again modify equation 1.3 to: 

Beff =Bhyperfine + Bexternal + Blocal 

Equation 1.17 

In biological radical pairs, these nuclei are typically 14N or 1H.  Their contribution is 

related to their spin state (mI) and coupling constant (a): 

 

Bhyperfine =Вάὥ 

Equation 1.17 

Hyperfine interactions have a Dipole-Dipole and Fermi Contact component.  The Dipole-

Dipole component is nearly identical to the Dipolar Interaction described above.  The 

Fermi Contact interaction occurs when the unpaired electron is very near or in the magnetic 

nucleus.    Since each unpaired electron in the radical pair sits on a different molecule, each 

unpaired electron will have a different Hyperfine Interaction.  Like, the Dipolar Interaction, 

the Hyperfine Interaction acts to lift the degeneracy of triplet states where Ms Í0 (T-1 and 

T1, zero field splitting).   



12 

 

1.2.4 Spin mixing in a radical pair 

The singlet (S=0) and triplet(S=1) states of the radical pair can interconvert with 

each other.  The rate of this inter conversion (inter system crossing, ISC) is dependent upon 

the interactions described in section 1.2.3 and can be modulated by an external magnetic 

field.    

For simplicity, this process can be visualized in Cartesian space where each 

individual spin in the radical pair (s1 or s2) is a vector of  length ǩσȾς (s = ½ into Equation 

1.1), that is precessing along the axis of an external magnetic field20.  The cones that these 

vectors trace out shows all possible orientations (angular momenta or energy) of the 

system. The rate of the precession (the Larmor Frequency, ɤL) is dependent on the energy 

gap between the singlet and triplet states brought on by the interactions described in section 

1.2.3 and the strength/direction of the external magnetic field: 

ȹEz= gɛBBeff= ǩɤL 

ɤL=
Ἄ

ü
 

Equation 1.18-19 

The four arrangements of the singlet and the three triplet sub-states (T-1, T0, and T1) 

are shown graphically in Fig. 1.2. 
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When the two spins are antiparallel to each other, their sum (angular momentum or 

energy) is zero.  This is the singlet (S) state, its energy is not affected by the external 

magnetic field.  The spins can also arrange themselves in such an orientation that their 

resultant sums to one (maximum angular momenta or energy).  The three ways that this 

can occur is collectively known as the triplet state (T0, T1 and T-1).  In the T0 sub-state (Mz 

= 0), even though the two spins sum to one, the resultant is orthogonal to the magnetic field 

and its energy is unaffected.  Therefore, despite being formed by a different arrangement 

of the spins, T0 is isoenergetic with the S state even in the presence of a magnetic field.  On 

the other hand, the resultants of the two other triplet sub-states, T1 and T-1 (Ms = -1 or 1), 

are non-orthogonal to the field and hence their energies are affected by the field (although 

in opposite fashions).  The change in energies of T1 and T-1 as well as the precession rate 

Fig. 1.2. A simplified vector representation of the singlet (S) and triplet 

(T0, T1,T-1) states.  The spin vectors of the individual spins s1and s2 are 

shown as red and blue arrows, their resultant, S is shown as a big purple 

arrow.  The spins precess about the axis of the magnetic field B, at their 

Larmor frequency and trace a cone of all their possible angular momenta.    
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(spin mixing) of the spin vectors brought on by the external field changes the amount of 

time the system is in a singlet or triplet state; this is the magnetic field effect*21. 

Magnetically induced spin mixing depends on both the strength and direction of the 

applied field (Fig. 1.3).  Since our radical pairs are tumbling freely in solution, the 

directional effect of the field cancels out (in an immobilized sample the direction of the 

field must be considered).    In a low strength magnetic field situation, the T-1 and T1 states 

split slightly, putting T1 in resonance with S (and T-1 further out of resonance, Fig. 1.13A).  

This causes a greater likelihood spin flip from singlet to triplet than in the absence of a 

magnetic field.  If the radical pair is formed in the singlet state, this will cause the radical 

pair to have a longer lifetime (Fig. 1.3 B) as charge recombination (return to the ground 

state via back electron transfer) is spin forbidden from the triplet state.  In order to 

deactivate, the radical pair must first return to the singlet state.  This is known as the low 

field effect.  If in the same singlet born radical pair, a higher strength field is applied, the 

triplet T-1 and T1 states split even further out of resonance with S making a spin flip to any 

T sub-state energetically unfavorable.  In this case, charge recombination is favored in 

order to conserve spin multiplicity.  This is the high field effect.  The polarity of the effect 

is opposite for a triplet born radical pair. 

 The mechanism of magnetic field mediated spin mixing depends on the strength of 

the applied field (Fig. 1.3C).  In a lower field regiment, the differences in the hyperfine 

coupling of each member of the radical pair combine with the external field to alter the 

splitting of the T-1 andT1 states and hence the spin state (hyperfine mechanism).   At a 

higher field strength, the small, previously negligible, differences in the g values of each 
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electron (reflective of the local fields each electron feels) alter the energies of the T-1 and 

T1 states and the spin mixing rate (ȹg mechanism).    

Magnetic field mediated spin mixing effects have been observed in radical reactions 

since the late 1960ôs22,23,24.  Such effects have been observed by NMR25 and EPR26.  The 

spin chemistry of radical pairs is a burgeoning branch of physical chemistry (~300 

publications produced per year over the last 8 years search term ñspin mixingò into Scopus, 

~100 publications produced per year over the last 8 years search term ñradical pair 

mechanismò into Scopus.  Search date 3/1/17).   Spin mixing of radical pairs is currently 

believed to be the physical basic of biologic magneto-sensing facilitated by cryptochrome 

proteins (radical pair mechanism)11. 
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Fig.1.3. A very simple model of the radical pair mechanism between a donor (D) and acceptor (A).  

A)  The effect of the magnetic field upon the spin states of a radical pair.  If no magnetic field is 

present the three triplet states very close in energy (effectively degenerate) with a slight splitting of 

T-1 and T1 due to the Dipolar/Hyperfine Intercations.  In a low field, states T1 and T-1 are split, putting 

T1 in resonance with S, allowing for more interaction and spin mixing, thereby effecting the charge 

recombination rate of the radical pair.  As the field increases, T1 and T-1 are further split becoming 

less in resonance with S than in the presence of no field, this again affects spin mixing and radical 

pair lifetime.  B) The photo-physical scheme of the radical pair mechanism. The acceptor (or donor) 

becomes photo excited to the singlet state.  It can fluoresce (fl) back to the ground state or oxidize 

(ET) the donor (or acceptor) to form a spin correlated radical pair with its partner in the singlet state. 

The singlet radical pair will then mix to the triplet statewith some efficiency.  The rate of this spin 

mixing (SM) can be affected by an external magnetic field.   The singlet can decay to ground state 

via charge recombination (CR), while the triplet cannot as it is spin forbidden.  Since the external 

magnetic field will alter the single-triplet population, it can affect the lifetime of the radical pair.  

Also the radical pair can eventuallylose spin correlation (DP) and the individual radicals can decay 

or react separately (E CR). For a radical pair formed form the triplet state, the effect is opposite in 

polarity.  C) A depiction of the magnetic field effect as a function of field strength.  The magnetic 

field strengths at which the low and high field effects occur are highlighted.  At ~mT fields the effect 

is facilitated by the Hyperfine mechanims, at ~T strengths the ȹg mechanism dominates. 
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1.3 Biological Electron Transfer: Theory and Practice 
 

 Electron transfer (ET) is essential to life as we know it.  Photosynthesis, for 

example, utilizes light energy to transfer electrons from water and uses this energy to fix 

CO2 into glucose.  In respiration, glucose is broken down and the electrons are utilized to 

reduce NAD to NADH2 and to generate ATP, the energy currency of the cell.  Likewise, 

ET between a flavin and a tryptophan is required to form the magnetically sensitive radical 

pair found in cryptochrome. 

ET, like many chemical reactions, depends upon the interaction of the donor and 

acceptor molecules.    This can be described abstractly using a reaction coordinate diagram.  

Here the (classically represented) potential energy surfaces of the reactant nuclei (reduced 

donor and oxidized acceptor) are shown transitioning into the positions of the products 

(oxidized donor and reduced acceptor, Fig. 1.4).  With a strong coupling between donor 

and acceptor, the reaction proceeds on a single energy surface with a thermal activation 

barrier between reactant and product.  This is an example of an adiabatic (no net heat 

transfer) reaction.  Here, electrons tunnel from donor to acceptor, nevertheless, such 

adiabatic cases can be well explained with transition state (Eyring) theory 27: 

kET = kvn e
-ȹG*/RT 

Equation 1.17   

The rate of ET (kET) is dependent upon the collisional or diffusion limit of the system (vn, 

about 1011 M-1s-1 for a small molecule), the free energy between the activated 

complex/precursor (ȹG*), and the temperature (T).   R is the universal gas constant.  The 
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reaction is also dependent upon the transmission coefficient (k), which is a measure of the 

coupling of the reactant/product potential energy surfaces once the activated complex 

forms.  In a well coupled (adiabatic) reaction, k approaches unity. 

 

 

ET in biology is distinct from ET in chemical systems, as the electron donor and 

acceptor molecules (cofactors) are not physically joined and do not interact diffusionally 

in solution.  Instead, the cofactors are often fixed in place, and spatially separated, resulting 

 

Fig. 1.4.  The two types of electron transfer. The nuclear coordinates refer to the orientation of the 

reactants, products and solvent before after and during electron transfer.  The parabolas represent the 

potential energy surfaces of the reactants (purple) and products (black). In the adiabatic case, the 

waveforms of the reactant and product are highly coupled (through proximity) so their surfaces fuse, 

once the activation energy is overcome, electron transfer occurs with certainty.  Transition state theory 

can satisfactorily explain these.  In the biologically relevant, non-adiabatic case, the surfaces are poorly 

coupled so even if the activation energy is overcome, there is only a limited probability of electron 

transfer.  Here, we must use different theoretical constructs. 
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in poor coupling of the product and reactant potential surfaces.  The probability of the 

reaction moving forward once the transition state forms is therefore very low (k<<1, note 

that vn here does not refer to molecular collisions but instead the nuclear vibrations of the 

donor and acceptor ).28 

In such non-adiabatic cases (a net heat transfer), we must consider a more 

sophisticated ET theory.  On  the most basic level, we can describe such ET as a quantum 

mechanical transition from donor to acceptor using Fermiôs Golden Rule29: 

ũiĄf = 2ˊ/ǩ |<f|Hô|i>|2ɟ 

Equation 1.18 

The probability of transition from the initial to the final state (ũiĄf, as a rate /s) is a function 

of the transition energy (obtained from the inner product of the initial energy state and the 

final state wave function, where the initial energy state is determined by applying the 

Hamiltonian on the initial state wave function) and the density of states of the final state 

(ɟ, the number of available final states) scaled by the Plankôs constant (ǩ). When Fermiôs 

golden rule is applied to tunneling limited electron transfer (i.e. there is no barrier to ET 

other than quantum mechanical tunneling) the equation becomes:30 

 

kET =  2ˊ/ǩ |Hab|
2FC 

Equation 1.19 
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Here the rate of ET (kET) is determined by applying the Franck Condon principle31, 

to separate the slow nuclear transitions (nuclear term, FC) from the fast electronic ones 

(electronic matrix element, HAB).  HAB describes the degree of electronic overlap between 

the donor and acceptor and hence the rate of electron tunneling when the nuclei are in 

optimal position for electron transfer:   

|HAB(r)|2 = ὠeɓR 

Equation 1.20 

  This process is highly dependent upon the distance (R) and medium (ɓ) between the donor 

and acceptor.   ὠ represents the maximal overlap between the electronic wave functions 

of the donor acceptor. The nuclear term in equation 1.19, FC, represents the probability of 

bringing the acceptor and donor nuclei to the optimal location on the reactant coordinate 

for ET.  It is essentially the overlap of their nuclear vibronic states.  There are many ways 

to calculate both HAB and FC from completely quantum mechanical to classical 

approximations.  A fully quantum approach for biological electron transfer typically 

involves unnecessary, face-melting computational complexity and is disfavored. 

One particularly useful way to calculate FC for biological ET was proposed by  R. 

A. Marcus.32  Marcus treated the nuclear term as a classic simple harmonic oscillator and 

calculated the activation energy of non-adiabatic ET in the Eyring expression (Equation 

1.17) as   
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ȹG*  = wr+ 
  

 

ȹGoô = ȹGo + wp-wr 

Equation 1.21-22 

The free energy difference between the activated and precursor complex (ȹG*) is 

dependent upon the electrostatic work term of bringing the donor and acceptor together to 

form the activated complex (wr), and then the electrostatic work term to separate them post 

transfer (wp).  If one of the species is uncharged these terms drop out since there is no 

longer an electrostatic repulsion or attraction.  The parameter ȹGo is the free energy 

between the reactants and products if they are infinitely far apart (-ȹGo is the driving force 

of the reaction).  This reaction also depends upon the reorganization energy (ɚ), the energy 

required to distort the geometry of the donor-acceptor systems from the equilibrium 

geometry of the reactant, to the equilibrium geometry of the product, while still keeping 

the electron on the donor, or vice versa: 

ɚ = ɚi+ ɚo 

Equation 1.23 

The inner sphere component (ɚi), is sum of the energy cost of rearrangement of bond length 

and geometry: 

ɚi =  İ Ɇj kj(ȹxj)
2 

Equation 1.24 



22 

 

kj is the normal mode force constant of the bond in question, whereas ȹxj are the change in 

bond length upon electron transfer.  The outer sphere component on the other hand, is the 

energy required to rearrange the solvent molecules to form the transition state/post reaction 

state and is modeled as a dielectric continuum (for ease of computation): 

ɚo = e2 [ (2rd)
-1 + (2ra)

-1 ïd-1][Dop
-1ï Ds

-1] 

Equation 1.25 

where e is the electron charge transferred, rd and ra are the spherical radii of the donor and 

acceptor molecules, d is the distance between their centers, and Dop and Ds are the optical 

and static dielectric constants of the solvent, respectively.  From here we can see that the 

smaller the donor and the acceptor molecules, the less solvent rearrangement will be 

required and hence a lower reorganization energy.  When the solvent of the system is non-

polar, Dop = Ds, we no longer need to concern ourselves with the outer sphere 

reorganization energy.  Combining equations 1.17 and 1.21 produces the classic Marcus 

theory formalism for determining the electron transfer rate in biological systems (note that 

the electronic matrix element HAB present in Fermiôs Golden Rule is not explicitly 

mentioned here. Instead, vn, is still used to describe the degree of electronic overlap 

between donor and acceptor): 

kET = kvn e
-((ɚ + ȹGo)^2)/(4ɚRT) 

Equation 1.26 
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From this formalism we can see that the rate of electron transfer depends highly on 

the driving force and the reorganization energy.  One counter-intuitive consequence of this 

theory is that the reaction rate exhibits a quadratic dependence on the driving force (Fig. 

1.5).  The reaction will proceed at increasing rate until the driving force is equivalent to the 

reorganization energy; this is the normal region.  Any additional driving force will not 

increase reaction rate, but in fact hinder it; this is the inverted region.  The origins of this 

effect are quantum mechanical in nature and will be omitted in this discussion.  These cases 

are illustrated below: 

Marcus theory successfully describes many biological electron transfer processes.  

However, it fails at cryogenic temperatures (as in Chromatium), where the reaction rate 

unexpectedly levels off33.  Quantum mechanical corrections34,35 are therefore required.  In 

1974, Hopfield36  proposed a semi classical treatment nuclear term (FC) of Femiôs golden 

rule.  Much like the spectral overlap integral used to calculate Förster Resonance Energy 

Fig. 1.5.  The thee regimes of electron transfer on the Marcus Curve shown as left) a reaction coordinate and right) a 

function of driving force. The nuclear coordinates refer to the orientation of the reactants, products and solvent before, 

after, and during electron transfer.  The parabolas represent the potential energy surfaces of the reactants (purple) and 

products (black).  Where the two intersect electron transfer moves forward.  The reaction proceeds slowly (normal 

region) when the driving force (-ȹG) is lower than the reorganization energy (ɚ) until ïȹG = ɚ where it occurs at 

maximum velocity (optimal).  However when ïȹG >ɚ, there exists a potential barrier to the reaction and the reaction 

rate slows (inverted region).   
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Transfer (FRET) efficiency, Hopfield created an analogous overlap integral of the nuclear 

spectra (all of the possible nuclear positions) of oxidized donor (Dox) and reduced acceptor 

(Ared).  This overlap integral is a collection of all common states between donor and 

acceptor, otherwise known as the transition state of the reaction:  

ὈὉ ὃὉ  ὨὉ 

Equation 1.27 

The major innovation was that each distribution of nuclear states contained a zero point 

width, reflective of a quantized model of the nuclear vibrational frequency (characteristic 

frequency, hɤ = ~70 meV).  This upgrade successfully predicted electron transfer rate at 

lower temperatures.  Hopfieldôs equation, derived from the gold rule:   

kET =  2ˊ/ǩ |Hab|
2᷿ ὈὉ ὃὉ  ὨὉ 

Equation 1.28 

Other more robust quantum mechanical corrections can also be added to provide a more 

accurate description of the nuclear frequency, however these greatly increase the 

complexity of the theoretical description37,38. 

In the 1980ôs Marcus offered additional quantum mechanical corrections to his 

description of the nuclear term in his original theory to produce the semi classical Marcus 

Theory32: 
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kET = Ὄ Ὡ   ͮ Ⱦ  

Equation 1.29 

According to semi-classical theory, the rate of electron transfer decreases exponentially by 

a factor of 1.4 per angstrom of tunneling medium. Å (All terms in equation 1.29 have the 

same definitions as in earlier equations).   

Having a solid theoretical description of the nuclear term, we now turn our attention 

to determining the electronic overlap between the donor and acceptor waveforms, HAB.  

This parameter is particularly important to non-adiabatic biological electron transfer 

reactions where spatial separation between donor and acceptor can be considerable.  As 

mentioned earlier, HAB can be computed using a purely quantum mechanical approach37,38, 

however, this in itself requires many approximations, the relative merits of which are 

debatable. 

 A more empirical solution to HAB was proposed by McConnell and coworkers, who 

treated it as a function of the electron tunneling medium39.   However, instead of tunneling 

through the entire span of the donor/acceptor distance, the electron is viewed to ñhopò 

through each bond in the span via many fast tunneling steps.   This model considers each 

bond (m) separating the donor and acceptor as an identical ñbridgeò (Ů): 

HAB Ŭ Ům 

Equation 1.30 
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This model is very simple, and fails to accurately describe HAB for biological electron 

transfer40.  Beratan and coworkers proposed a slightly more complex super exchange model 

where each ñhopò was treated depending on the tunneling medium, be it a covalent bond 

(Ůc), hydrogen bond (ŮH), or simply through space (Ůs)
40: 

HAB Ŭ ɄŮcɄŮHɄŮs 

Equation 1.31 

The semi-classical description coupled with Beratanôs interpretation of HAB does 

satisfactorily describe the data collected over the last 30 years by Gray, Winkler and 

colleagues41 as well as by Dutton, Moser, Gunner and colleagues42.    

Gray et al. have further extended this model to suggest that there exist discrete 

electron transfer pathways in proteins43.  This model successfully explains ET in Ru-

modified Azurin work44, however, it does have some limitations.  Firstly, the model 

requires intimate knowledge of the protein structure (in order to compute HAB) and 

struggles at predicting ET in situations where a high-resolution structure is not available. 

Secondly, as a pathway becomes more complex, so does the difficulty of calculating HAB.  

Finally, one must be very careful when expanding this model to natural systems. Often, 

when ET different pathways are compared, it is tempting to declare that the most efficient 

ET pathway must be the ñbestò and naturally selected for.  This is simply not the case as 

many of these ET proteins are quite inefficient45.  Photosynthesis for example, loses over 

half the energy it absorbs as heat.  Secondly, if such pathways did exist, a single point 
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mutation in the tunneling medium could disrupt electron transfer resulting in catastrophic 

short-circuiting. 

 

  

To overcome these difficulties, we will use a less sophisticated, although 

sufficiently accurate alternative model.  Instead of trying to calculate each individual 

electron ñhopò by counting the bonds that reside between donor and acceptor, this entire 

space can be treated as a glassy solvent (of various packing densities for different proteins).  

Such a uniform tunneling barrier negates the need for high resolution structural data and 

electron transfer pathways46: 

 

Fig. 1.6. Different theoretical description of electron transfer rates as a function of driving force 

assuming a reorganization energy of 0.8 eV at room temperature, from43.  Dashed green: the classic 

Marcus approach. Black dots: a fully quantized model with an 80 mV characteristic frequency, ET will 

only occur at quantized integer values of ȹG. Dotted lines: a fully quantized hard (80 mV) and soft 

mode (2mV). Solid purple: a fully quantized soft mode (12 mV).  Red line: the Moser Dutton (semi-

classical Hopfield) simple approximation of a quantized characteristic frequency dominated by a hard 

mode (70 mV). 
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ὰέὫὯὩὸὩὼὩὶ=13ī0.6(Ὑī3.6)ī3.1 

Equation 1.32 

This expression is known as the Moser Dutton Ruler (MDR) and is empirically derived 

from decades of studying biological electron transfer47.  It contains elements of semi 

classical electron transfer theory: 13, is the Erying rate limit (for nuclear vibrations at 

298K), 0.6 is the tunneling decay constant through the protein tunneling medium (reflective 

of the packing density of the protein), R is the inter-cofactor distance (whether center to 

center or edge to edge is still a matter of dispute) 3.6 is van der Waals contact, the 3.1 is 

derived from Hopfieldôs characteristic nuclear frequency, ȹG is the driving force of the 

reaction and ɚ is the 

reorganization energy.   

The strength of this 

equation lies in its simplicity as 

well as its accuracy (Fig. 1.6, 

1.7)46.  Unlike other descriptions, 

the MDR does not require 

computationally intensive 

calculations, having only three 

degrees of freedom.  Additionally, 

the equation accurately explains 

experimental data and is able to precisely predict electron transfer in systems where only 

 

Fig. 1.7. Experimental vs. Moser Dutton Ruler calculated rates of 

light activates electron transfer (free energy optimized) in bacterial 

reaction centers and Ru modified proteins taken from45.  The black 

dots use a version of the MDR with an average protein packing 

density of 0.75 (integrated in equation 1.32).  Gray dots assume a 

slightly different density calculated from the protein structure. 
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limited structural information is available.  It can even be used as a ñspectroscopic rulerò 

to predict inter cofactor distances48.  The parameters, R, ȹG, and ɚ can be determined with 

reasonable effort.  In systems where structural information is available R can easily be 

found through the protein data bank (PDB).  If no such information is available it can be 

fit from the rate of electron transfer.  ȹG can be obtained by measuring the difference of 

the redox potential (Em, the thermodynamic drive of a cofactor to be reduced by an electron) 

of the cofactors performing electron transfer.  Em can easily be measured using a 

potentiometric titration, or voltammetry.  ɚ on the other hand, is more difficult to measure 

directly and is often a fit parameter derived from systems where the intercofactor distance 

is fixed but the driving force is varied.  However, since it has been determined for many 

different types of systems, an educated estimate will often suffice49.  

One potential limitation of a uniform tunneling barrier is in situations when a 

cofactor becomes very energetic.  Here the electron might be very close to the barrier 

height, especially if a redox active amino acid (i.e. W, Y, M, H) lies on the other side.  In 

this case, tunneling may proceed faster than predicted by the MDR.  Fortunately, the MDR 

has been successfully used to describe electron transfer in the flavin-based systems50.  

Therefore, due to its simplicity and accuracy we will be using the MDR to predict electron 

transfer rates as well as inter cofactor distances in the systems discussed. 
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1.4 The Flavin Cofactor 
 

Biological ET typically occurs between redox cofactors; a group of molecules that 

can become oxidized or reduced. One such class of cofactors, flavins, are involved in a 

plethora of redox 

reactions51.  The flavin 

nucleus is a three ring 

system bearing 

pyrimidine and xylene 

faces.  The nucleus 

may be attached to a 

variety of chemical 

moieties at the N-10 

position, as well as be 

covalently or 

noncovalently 

attached to a protein.  

These modifications 

change the physical 

and chemical 

properties of the 

system (Fig. 1.8)52.  

 

Fig. 1.8. The naming convention and five redox states of flavin cofactor. Flavin 

refers to the three fused ring system.  The addition of different functional groups to 

the N-10 position changes the name of the molecule (H) = lumichrome, (-Me) = 

Lumiflavin, (-Ribital) = Riboflavin, (-Ribital-PO4) = Flavin Mononucelotide 

(FMN), (-Ribital-(PO4)2-Adenosine) = Flavin Adenine Dinucleotide (FAD).  Five of 

the nine possible redox states of the flavin and the pKaôs of their protonation.  The 

doubly reduced singly protonated form is quite unstable and rare in biology.  The 

flavin can be attached non-covalently or covalently at the 6, 7, 7Ŭ, 8 and 8 Ŭ positions 

to the cys, met, his and tyr amino acids.   
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Flavins have the capacity to carry one or two electrons, with the possibility of 

proton coupling, resulting in nine unique redox states53.  Conveniently, the four 

biologically relevant states have very conspicuous spectroscopic signatures (Fig. 1.9).  

Flavin-catalyzed electron transfers may be facilitated over a wide range of range of redox 

potentials depending on the protein environment as well as protein attachment54.  The 

driving force for flavin-mediated reactions may be thermodynamic (based on the redox 

potential difference between the flavin and its partner) or light activated.  Flavin can absorb 

light in the UV and visible region making it an extremely powerful oxidant (Em>2V).  This 

unique combination of properties makes flavins involved in diverse functions ranging from 

respiration, photosynthesis, DNA repair and oxygen utilization55. 

One interesting light-

activated reaction of flavin is 

the oxidation of the amino 

acid tryptophan.  This 

reaction takes place in the 

DNA repair enzyme 

Photolyase and the circadian 

rhythm regulator 

Cryptochrome56.    The result 

of this reaction is the 

formation of a spin correlated 

radical pair.  This radical pair 

 

Fig. 1.9. The four biologically relevant states of riboflavin adapted 

from53.  Oxidized riboflavin (orange) is characterized by two sharp 

bands.  The one electron reduced semiquinone flavin has a strong 

absorptive feature in the blue region (blue).  The protonated form of the 

semiquinone, the neutral semiquinone has a broad red feature (red).  The 

two electron reduced, doubly protonated reduced flavin has a low broad 

absorbance in the blue (black).  These diverse features make it possible 

to spectroscopically identify the different oxidation states of flavin. 
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has been shown to be magnetically sensitive and is thought to be responsible for magneto-

perception in certain species12. 
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1.5 Biological Magnetic Field Effects and Cryptochromes 
 

Recently several biological processes have been shown to interact with magnetism, 

including bacteria growing along magnetic field lines57, magnetic fields influencing plant 

growth58 and even animal perception of magnetic fields8.  In 1855 von Middendorf, 

proposed that birds might be navigating with the help of Earthôs magnetic field.  In the 

1960ôs and 1970ôs experiments with caged birds and artificial magnetic fields showed that 

birds are able to perceive magnetism on the order of Earths field97.  Additionally, birds 

were able to distinguish north and south from east and west, but not north from south nor 

east from west, 

suggesting that 

they could 

perceive the 

angle of earthôs 

magnetic field 

with the horizon 

(magnetic dip, 

inclination 

compass)59. 

The mechanism of avian magneto-sensitivity was originally thought to arise from 

magnetite rock (Fe3O4) found in birdôs beak
60.  However, despite the disruption of this 

system, a birdôs ability to orient in a magnetic field was still preserved61.  Additional 

experiments have shown that the orientation is dependent upon green or higher energy light 

 

Fig. 1.10.  Evidence for a light activated magnetosensing in the European Robin (Erithacus 

rubecula) adapted from58.  A) Cross section of a magnetically shielded experimental cage 

where a local magnetic field can be applied.  B) When the applied field points to true north 

birds will face that direction and upon release fly towards it.  C) When a false north is 

added, the birds will orient towards it.  D, E and F)  The ability to orient is dependent upon 

green or higher energy light. Birds subject to red light failed to orient directionally.   
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(Fig 1.10)8.  These findings led Schulten to propose that avian magnetoperception was 

based on a spin 

chemical process in 

pigments interacting 

with the 

geomagnetic field62.  

In this model, a 

protein equipped 

with a pigment 

would generate a 

magnetically 

sensitive spin 

correlated radical.  

In 2000 Ritz 

proposed that a 

retinal 

cryptochrome 

protein was capable 

of facilitating this 

type of chemistry, 

and therefore the 

actor of 

 

Fig. 1.11 Structure and Activity of the Cryptochrome adapted from 46 and 70.  A) The 

Drosophila Cryptochrome is a 55 kDa, protein consisting of 19 Ŭ helices.  The core of 

the protein is a photolyase homology domain (PHD) bearing the radical pair forming 

machinery: FMN and a chain of three tryptophans.  The structure is highly conserved 

among the species. B)  The mechanism of magnetic field sensing is based upon the 

photocycle of radical pair formation.  1) The FMN absorbs a photon and becomes photo 

excited.  2)  Rapid election transfer between the FMN and nearby tryptophan.  The 

electron hole is passed to the distal tryptophan (C or W342).  The result is a singlet spin 

correlated radical pair  3) An external magnetic field can alter the population of singlet 

and triplet radical pair via the Zeeman Effect in ns spin mixing for a total radical pair 

lifetime of ~10us. 4) Deprotonation of the distal tryptophan helps to stabilize the radical 

pair and is spin independent.  5)  In certain species the FMN can become protonated for 

stability. 6) Recombination is only permitted from the singlet state and spin forbidden 

from the triplet. Since an external magnetic field can alter this population via step 3, the 

lifetime of te radical pair is altered.   However, if the radical pair becomes decoherent, 

recombination may proceed via other mechanisms.  7)  Back electron transfer may occur 

at any stage of the radical pair formation regardless of protonation or spin state. 
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magnetoperception11.  This notion has been supported by a number of studies in 

Drosophila63,64, fish65, amphibians66, plants67 and birds8.  Additionally, cryptochrome 

knockouts resulted in a loss of magneto-perception in Drosophila with a functional rescue 

with a knock in of human cryptochrome68. The cryptochrome protein is a 55 kDa protein 

found across many different phyla, including, plants, insects, birds, reptiles and man (Fig. 

1.11)69.  Aside from its proposed function as a magneto-sensor, it is a regulator of circadian 

rhythm70.  The protein is primarily alpha helical in nature and contains a non-covalently 

attached FAD cofactor, a chain of three tryptophans and depending on species, an antenna 

molecule for light absorption71.  Cryptochrome is believed to have evolved from DNA 

photolyase, a flavoenzyme that is involved repairing thymidine dimers in E. coli.  Both 

have similar folds, active sites and features such as the FAD and tryptophan triad. 

Magneto-sensitivity in the cryptochrome arises from the photo induced formation 

of a spin correlated radical pair between a flavin and a tryptophan13.  Upon photo excitation, 

FAD oxidizes a nearby tryptophan which in turn oxidizes a medial tryptophan, which itself 

oxidizes a distal tryptophan, resulting in the charge separated state.  A ~18 Å distance and 

a redox potential barrier to back electron transfer stabilizes the state for ms.  The resulting 

spin correlated radical pair is born in the singlet state where it can decay to the ground state 

or spin flip to the triplet state, where charge recombination is spin forbidden.  The presence 

of an external magnetic field alters this spin inter conversion by altering the energy of the 

T-1 and T1 triplet states.  Depending on the strength of the applied field, the lifetime of the 

radical pair may increase (low field) or decrease (high field).  See section 1.2 for a more 

complete discussion.  Since the cryptochrome is tethered to the plasma membrane, this 
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system could potentially be sensitive to the direction of the applied field72. While a 

magnetically induced change in the cryptochrome radical pair lifetime has been observed 

from isolates of many different species, the mechanism of signal transduction is not yet 

known.  Theories include structural changes to the protein that alter cryptochromeôs 

interaction with different signaling proteins58,73, activating proteins74, degradation 

machinery75, or transcription factors76.  One very recent study suggests that cryptochrome 

can interact with MagR (an iron containing protein) and align spontaneously with ɛT 

magnetic fields77.  Other less developed theories include changes in the production of 

superoxide78, or altering the rate of cys-trans retinol isomerization79. 

To date, the experimental evidence for crytochrome as a magneto-sensor while 

growing, is still largely circumstantial.  For example, all magneto-sensitivity has been 

demonstrated at mT field strengths, about 1000 times the strength of Earthôs (~50ɛT).  Also 

there is no evidence of cryptochrome being able to elicit a directional response to a 

magnetic field.  So far only an abiotic chemical model has been able to show an effect at 

40 ɛT or a directional response80.  In order to determine if a cryptochrome can elicit a 

directional response at low magnetic fields, more studies are required.  Unfortunately, this 

is no easy task; cryptochrome is extremely fragile and technically challenging to work with.  

To meet this challenge we propose to study the active moiety of the cryptochrome, the 

flavin-tryptophan radical pair in a simple, easy-to-work-with, man-designed protein 

platform.    
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1.6 Difficulties in Studying Natural Systems and the Protein 

Design Problem 
 

Biology is complicated; studying it is hard.  The biochemistry of proteins is 

particularly challenging due to the sheer number of variables we must consider.  For 

example, the ñaverageò protein is ~300 amino acids long, thatôs 5760 atoms all moving, 

rotating breathing, and catalyzing chemistry in the cellular milieu81.  This is further 

complicated as proteins are rarely optimized for their intended function; often simply 

ñgood enoughò45.  This occurs as many amino acids gather multiple, often redundant 

functions over the many millennia of 

evolutionary time (Fig. 1.12).  In order to 

deal with this evolutionary complexity, 

biologists have evolved to either studying 

simple natural systems or using models.  

Models come in many flavors: 

computational, chemical, or modified 

natural proteins, each with their own 

strengths and pitfalls.  One particularly 

appealing model system is the synthetic 

protein. Synthetic proteins offer the 

benefit of being simple enough to 

understand while hearty enough to 

withstand experimental interrogation.  

 

Fig 1.12. A depiction of the complexity brought on by 

evolution in the form of Mullerôs Ratchet. A) The function 

of an imaginary, three amino acid protein is to cross a 

river.  B) Over time, a fourth, nonfunctional amino acid in 

the form of a plank is added.  The function of the protein 

is unchanged but it would become unclear to someone 

studying it if the plank or the beige stone are required for 

function. C) If the beige stone were removed the plank 

takes on a new importance.  D) Its removal would now 

lead to catastrophic failure.   
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Additionally, their absolute designability allows the experimentalist to individually test the 

function of each amino acid82.  These also offer the promise of harvesting the seemingly 

infinite catalytic potential of nature to produce energy and valuable industrial or medicinal 

chemicals83.  The appeal of designing a synthetic protein can be summarized by an elegant 

quotation from physicist Richard Feynman:  ñWhat I cannot create I do not understandò. 

Unfortunately, designing synthetic proteins has proven to be a unique challenge 

within itself, stemming from our incomplete understanding of protein folding, structure, 

and chemistry84.  Current approaches to the problem are redesigning natural proteins, 

computational, combinatorial, or de novo approaches85.   

The most basic approach to protein design is to modify a natural system to perform 

or optimize a particular function.  This approach was pioneered in the 1970ôs by Kaiser, 

who replaced the flavin cofactor of Flavopapain, greatly enhancing its catalytic power86.  

Since the molecular biology revolution of the 1980ôs brought the ability to mutate, insert 

or delete amino acids, the use of this approach has become ubiquitous 87.  In one interesting 

example, the mutation of a Heme ligating His to a Cys in Myoglobin altered its function 

from O2 to H2O2 production, teaching us about the functional requirements of both 

enzymes88.  Despite the methodôs popularity, it is still limited both in its ability to elucidate 

the minimal design principles of biological function and to produce effective catalysts.  

This is due to the reliance on natural sequence, which is rife with evolutionary baggage; 

what works in one protein may not be applicable to a different system. 
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Computational methods offer a more generalized approach to protein design.  

Algorithms such as David Bakerôs Rosetta, function by generating protein structures to 

serve particular functions89.  Rosetta searches through the Protein Data Bank (PDB) and 

fitting snippets of known structures together to create the target design.  This is 

accomplished through a complex minimization of fold energy and rotational conformation 

optimization of the individual amino acid chains.  Computational approaches have yielded 

several interesting enzymes such as a Simian Respiratory Virus antibody90 and a Kemp 

Eliminase91.   Although much has been learned from this approach, it is still in its infancy 

and does have limitations including the reliance on incomplete or biased structural 

information and huge computational demand83.  Much refinement is still required before 

ñon demandò design can be achieved 

Another protein design approach relies on combinatorial strategies such as directed 

evolution.  Here, an enormous library of random or pseudo random sequences are generated 

and then winnowed down to those that can perform the intended function92.  This method 

searches for a molecular needle in a very large haystack, requiring a strong assay to select 

for hits.  Often multiple rounds of selection and enrichment are required. An example of 

successful application is Michael Hechtôs design of peroxidases93.  Combinatorial methods 

are effective at designing or optimizing proteins that will form an interaction with a ligand 

or substrate.  However, the method is slow, selection is tedious, and the Mullerian 

complexity present in natural system remains here, making the absolute function of every 

amino acid difficult to discern. 
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De novo strategies start from absolute scratch, leveraging knowledge of protein 

folds and biochemistry.  They are typically effective at designing simple folds such as 

helical bundles94.  Since each amino acid in these designs is placed with purpose, we are 

able to isolate their individual contributions to fold or function and learn about the design 

requirements of biological processes95.  Despite these benefits, the method is slow, often 

requiring many iterations to optimize a design or deduce a function.  Additionally as the 

designs become complicated, their behavior becomes more difficult to predict or manage. 

As the field begins to mature, multiple approached are often utilized in tandem to 

achieve a design goal.  For example, in the two examples of computationally designed 

proteins presented here, the first was optimized by manual selection while the second was 

optimized using directed evolution.  In some of the de novo designs produced by the Dutton 

group, directed evolution is used to rapidly test multiple designs (Joshua Mancini, work 

not yet published). 
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1.7 The Maquette Approach to Protein Design 
 

The model proteins presented here were designed using the Maquette Approach, a 

de novo rational design method particularly effective in the design of oxido-reductases.  

Here the active site cofactors of a protein of interest are ñreconstitutedò in a maquette 

frame, a specialized four helical scaffold.   One is then free to test different mutations, 

cofactors or variables without fear of disrupting the fold.  This iterative process produces 

a wealth of ñnoise freeò information about the biochemistry of the protein of interest, which 

can then be used to optimize the design for a specific target. 

The history of maquettes dates back to 1988 when DeGrado and Regan de novo 

designed a four helical bundle that self-assembled and retained its structure in solution96.  

The Dutton group has since successfully used this system to study redox active enzymes 

that contain multiple, colorful cofactors with overlapping spectra. Maquettes offer the 

flexibility to simplify these complex systems while testing the effects of an absolutely 

designable protein environment on their electron and energy transfer properties. 

Over the last 30 years an entire family of maquettes has been spawned coming in 

many flavors, from soluble97, to three helix bundles98, to amphiphilic membrane embedded 

proteins99.  These also have the ability to ligate many different cofactors both covalently 

(flavins100, quinones101, porphyrins), non-covalently (porphyrin, chlorins, iron sulfur 

clusters)102 and even some through in vivo assembly (Heme C103).  These designs have 

been used to replicate and study the functions of many different biological oxido-
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reductatses including O2 binding in myoglobin104, photosynthetic charge separation/energy 

transfer and in this thesis, magneto-sensitivity of the flavin-tryptophan radical pair. 
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1.8 Global Data Fitting with Singular Value Decomposition 
 

Singular value decomposition (SVD) and Global Fitting will be used extensively to 

analyze the transient absorption spectral data in Chapter 3.  SVD is used to deconvolute 

complex overlapping spectra and extract the spectra of individual species, particularly 

those with small populations or weak extinction coefficients.  For the uninitiated, the 

mathematics can be overwhelming and will be described very briefly.  More in-depth 

discussions with a special applications to transient absorption spectroscopy are also 

available105.   SVD is a purely mathematical operation that takes data, (here, time resolved 

spectra) and breaks it down into a linear combination of components.  This informs us 

about the minimum number of unique species present, which helps to select a physically 

meaningful and mathematically sound model.  These components can then be fit to a model 

by weighing their relative contribution to the data set.  This results in the wavelength 

dependence of each component (spectra of each species) and its evolution over time (rate 

constants). 

 Transient absorption data can be displayed as an m x n matrix (A) consisting of 

intensity values at different wavelengths over time.  The A matrix can be broken down into 

the product of three matrices (Fig 1.13) 

A = USVT 

Equation 1.33 

U (m x n) is the left singular vector consisting of the absorption intensity information at 

each wavelength, S is the diagonal rank matrix (n x n) informing on the number of unique 
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species present and VT(n x n) is the right singular vector containing the time evolution of 

each unique component (in order for the matrix multiplication to work, we must use the 

transpose of V, VT).  Once the minimum number of components is determined, the data set 

can then be reconstructing using only these: 

A å UôSôVôT 

Equation 1.34 

The prime symbol (ô) indicated that these matrices have been reduced to only include the 

significant components. The reduced right singular vector can be further broken down into: 

VôT å CTP 

Equation 1.35 

P (r x r) is the linear parameter (weighting) matrix of each component at each time.  P 

contains the solutions to differential rate equations for each component at each time, given 

a particular model.  For example, if we have a simple two state model, AĄB, a solution 

for determining the concentration of A at time t would be [A] = e-kt.   CT (n x r) is the 

transpose (again for matrix multiplication reasons) of the amplitude matrix of each unique 

species (r) at each time.  This can be thought of as the weighting parameter for each 

component, and tells us its relative contribution to the total observed spectra at each time.  

We then iterate through this parameter with a fitting algorithm (e.g. MATHEMATICA 

FindMinimum) such that the difference between acquired data and the model fit is 

minimized: 
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s2|| Vô- (CôP) ||2  = min(ɉ2) 

Equation 1.36 

CT now contains the rate constants of each relevant spectral species.  Finally, owing to the 

relation: 

UôSôVôT = FCT 

Equation 1.37 

We are able to use the output of the SVD, UôSôVôT, and the minimized CT to solve for F 

(m x r), a matrix containing the intensities of each component at each wavelength; or more 

simply put, the spectra of each component. 

 

Fig. 1.13. A data matrix of time resolved transient absorption data (A) can be broken down into the 

product of three matrices: U, the left singular vector consisting of the wavelength dependence of each 

component, S, the square diagonal rank matrix informing on the significance of each component and 

VT
, the right singular vector showing the time evolution of each component. 
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1.9 Conclusions 
 

We began with a review of essential topics: electron spin, magnetism, biological 

electron transfer and how biological radical pairs could potentially interact with magnetic 

fields.    We then introduced the cryptochrome, along with the technical obstacles to its 

study.  Finally, we offer flavomaquettes as a model system to study magnetic field effects 

in biology.   Using maquettes we will explore the biophysical requirements for a biological 

compass: Is a flavin tryptophan radical pair sufficient for magneto-sensing and is it able to 

detect the direction of a ~50 ɛT magnetic field? 

In Chapter 2 the design and engineering principles behind the flavomaquette system 

will be described in detail.  A rigorous biophysical characterization will attest to their 

validity as a model system for studying biological magnetic field effects.  Chapter 3 will 

demonstrate the electron transfer properties of the maquettes on time scales ranging from 

ps to ɛs, showing the maquetteôs ability to generate a radical pair.  Chapter 4 will describe 

the magnetic field response that this system is able to elicit as well as the insights we apply 

to natural systems.    
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The Design, Engineering and Characterization of 

Flavomaquettes 
 

 

What I cannot create, I do not understand. 

~Richard Feynman 

 

 

 

 

 



48 

 

2.1 Introduction  
 

In this chapter we present the flavomaquette model system.  This family of soluble 

proteins is specialized to covalently bind a flavin cofactor at a fixed distance away from a 

tryptophan. This chapter will focus on the design and biophysical characterization of 

flavomaquettes.  We will also present alternative designs making use of multiple 

tryptophans, different electron donating amino acids and a new generation of the maquette 

platform.  We will test the systemôs ability to form a photo induced flavin-tryptophan 

radical pair in Chapter 3 and determine if it is sufficient to sense magnetic fields in Chapter 

4.   
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2.2 Designing a Flavomaquette 
 

The basic flavomaquette design is a variant of a maquette described previously97.   

It was originally named by its architect, Goutahm Kodali, as the ñSingle Chain 

Hydrophobic Flavomaquette v2ò (SHPF v2).  The overall fold is a four helical bundle (Fig 

2.1).  Each helix is contains a hydrophobic and hydrophilic face built around the heptad 

repeat:  

Amino Acid: 
F E D A L K Q 

Helical Position: A    B   C     D    E     F    G 

 

Following the traditional helical position nomenclature106, the positions A, D and 

sometimes E, were populated with the bulky phenylalanine or smaller alanine.   This 

produced a sufficiently hydrophobic core while leaving enough room for flavin and other 

cofactors.  The C, B, and F positions were solvent-exposed and were filled with polar or 

charged amino acids including lysine, aspartic acid, glutamic acid, asparagine, or 

glutamine.  These hydrophilic amino acids ensured solubility.  The E and G positions were 

interfacial and contained some polar and hydrophobic amino acids including glutamine and 

leucine.  In solution, the four helices came together via the hydrophobic effect, forming a 

well ordered structure107.  Each helix was connected to its neighbor with a flexible seven-

member serine-glycine loop forming a single chain protein (Fig. 2.1).   



50 

 

The single chain design offered advantages over earlier dimers or helix-loop-helix 

variants104.  These earlier variants were synthesized on a solid phase peptide synthesizer, 

which loses fidelity with increased sequence length.  To maximize sequence length, 

individual helices or helix-loop-helix subunits were designed to dimerize, resulting in 

symmetrical proteins.  Since the single chain was produced in bacteria, it was no longer 

limited by protein length or subject to symmetry restrictions, offering greater freedom of 

design. 

Flavomaquettes were equipped with a cysteine located in a buried D position 

(position 9 on helix 2) in order to covalently bind the flavin.  Binding proceeded through a 

nucleophilic substitution of a halogen group (Br or Cl) at the 8 position of the flavin by the 
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maquetteôs cysteine.  The reaction was relatively mild and easily carried on the bench top 

(Fig. 2.2). 

 

In the past our laboratory used 7 acetyl LMF100.  However for this work, 8-Cl-RFL 

or 8-Br-RFL was chosen due to its commercial availability from Sigma Aldrich, thus 

saving months of complicated chemical synthesis.  8 position attachment is distinct from 

 

Fig. 2.1.  Two maquette topologies: Left) Parallel and antiparallel adjacent 

helices of the Shpfv2 design. Right) A fully antiparallel arrangement of the 

Fmk-1 design. The  4-helix bundle topology is viewed from the amino (N1) 

end of the first of four helices connected by loops (black lines) with the 

heptad positions A, D, and E comprised predominantly of nonpolar residues 

(purple) that self-associate to form the bundle core, with a buried flavin 

(orange rectangle).  Below each design is a model generated from a crystal 

structure of a closely related design.4 
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the non-covalently bound FMN in natural cryptochromes and was chosen for several 

reasons: 1) As of this writing there is no consensus sequence for the non-covalent binding 

of flavins to proteins;  2) Most non-covalent flavin binding in nature uses the ribital chain, 

phosphate, or adenine moiety at the N-10 position, which are extremely difficult 

interactions to engineer in a small, four helical bundle; 3) The nature of these non-covalent 

attachments are rather non-specific which could result in unstable attachment or a 

population of differently bound species.  Covalent tethering resolved all of these issues 

while still providing a functionally similar flavin.  

The electron donor in the radical pair was tryptophan.  Its placement relative to the 

flavin was carefully selected, as the flavin-tryptophan separation will affect both the rate 

of electron transfer, and the lifetime of the radical pair (see section 1.3 for a complete 

discussion).  In the absence of high-resolution structural data on the actual intercofactor 

distance, we tested three different distances: 5.6 Å, 11.2 Å, and 16.8Å.  Each of these was 

a multiple of the 

~5.6 Å helical 

turn in a 

flavomaquette as 

measured from 

the cysteine-

tryptophan ɓ 

carbons. A no-

tryptophan 

 

Fig. 2.2.  The mechanism of maquette cysteine flavination at the 8 position.  The 

reaction was a nucleophilic aromatic substitution where the halide at the 8 

position was replaced with the cysteine.  The conditions were relatively mild and 

performed on the bench top.  The maquette was denatured with 6 M Guanidinium 

Chloride to allow for access to the cysteine, TCEP kept the cysteine from forming 

double bonds and the high pH assured the cysteine deprotonated.  A 3-5 fold 

molar excess of flavin was used.  The reaction progress was monitored by HPLC 

and typically proceeded to quantitative yield.   
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control maquette was also synthesized.  Designs are referred to by the position of their 

tryptophan on helix two.  For example, a design with a tryptophan in the 13th position (5.6 

Å away from the flavin) will be referred to as W13.  In the interest of simplicity, this series 

only contains one tryptophan per bundle as opposed to a chain of three tryptophans as 

found in cryptochrome.     The majority of this work will focus on these single tryptophan 

designs, collectively referred to as the ñW seriesò (Fig. 2.3). 

Aside from the W series, a two-W series, a non-W series, and a mixed series was 

also designed.  The two W series aimed increase the magnetic field effect observed in the 

W series (see Chapter 4) by producing a longer-lived radical pair in greater yield.  

Placement of a near tryptophan was expected to promote facile, rapid electron transfer 

between the flavin.  A second, more distant tryptophan would then be oxidized by the near 

tryptophan. The end result would be a greater distance between the flavin and second 

tryptophan, which would disfavor charge recombination.  

Since a magnetic field effect was observed between a flavin and a tryptophan, we 

wanted to see if an effect could also be obtained for a radical pair between a flavin and 

another amino acid.  We chose amino acids that are known to form radicals and whoôs Em 

was low enough to be oxidized by photo excited flavin: histidine108, methionine109 and 

tyrosine110.  Collectively these flavin-other amino acid design were known as the non-W 

series.   Unfortunately, non-W designs did not contain a tryptophan to produce a 280nm 

spectroscopic feature, making purification significantly more difficult.  Concentration 

measurements were performed using a Bradford Assays and SDS-PAGE gels.  
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The mixed series built on the two-W series and the non-W series in order to extend 

the yield and life time of the radical pair by favoring forward electron transfer and 

 

Fig. 2.3.  Schematics of different maquette designs.  Top) An example of 

a W series maquette, W16 is shown as a snake diagram (left) and as a 

cartoon representation from a molecular dynamics simulation (right).  The 

cofactors are highlighted on helix II and the final flavin- cofactor distance 

is shown.  Middle) An example of the 2 W series maquette W16 W 20.  

Bottom) The mixed series maquette M13 W16 Y 20. 
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disfavoring back electron transfer.  

The mixed series contained three 

closely spaced cofactors down a 

favorable redox potential gradient 

which were expected to promote fast 

forward transfer.  The greater final 

distance and energetic barrier were 

thought to help prevent back transfer.  

The unique spectroscopic signature 

of the redox state of each amino acid 

donor will be useful in tracking the 

electron transfer in this design.  A summary description of all designs is presented in table 

2.1. 

Flavomaquettes were designed for expression in E. coli from an exogenous plasmid 

(Fig. 2.4).  A six histidine tag was affixed upstream for purification on a Ni-NTA resin.  A 

tobacco etch virus (TEV) protease site is placed between the 6-Histadine tag and the start 

codon so that the tag could be removed after initial purification.  The original gene was 

purchased from DNA 2.0 and cloned into a PJ414 vector (For a detailed description of 

molecular biology see Appendix 1).  Subsequent designs were cloned from the original 

using PCR mutagenesis.  Expression and purification yielded ~150-250 mg of protein per 

liter of media. 

 

Fig. 2.4. The expression vector used to produce 

maquettes.  PJ 414 contained an Ampicillin resistance 

gene, and a cloning site behind a ribosome binding 

sequence and a T7 promoter.  The maquette construct was 

directionally cloned in with Xba I and Xho I and contained 

a six histadine site for purification, separated from the 

actual maquette sequence by a TEV protease site. 
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 Briefly, purification consisted of disruption of 

bacteria with a homogenizer and sonication, followed by 

centrifugation.  Clarified lysate was then applied to a Ni 

NTA column and the eluent treated with TEV protease 

overnight.  Cleaved protein was again applied to a Ni NTA 

column and flow-through was concentrated in a pressure 

cell.  Guanidinium hydrochloride was used to denature the 

protein for overnight flavination.  Flavinated protein was 

purified via High Performance Liquid Chromatography, 

snap frozen in liquid N2 and lyophilized (Fig. 2.5). 

 

 

 

 

 

 

 

 

 

Fig. 2.5. A work diagram 

depicting the main steps in 

expression and purification 

of a flavomaquette. 

 



57 

 

 Name Electron 

Donating 

Amino 

Acid(s) 

Electron 

Donor(s) 

Position on Helix 

2 

Final 

Electron 

Donor 

Final 

Radical Pair 

Separation 

(Å) 

W
 

W13 Trp 13 Trp 5.6 

W16 Trp 16 Trp 11.2 

W20 Trp 20 Trp 16.8 

Control None None None None 

2
W

 

W13W16 Trp 13,16 Trp 11.2 

W16W20 Trp 16,20 Trp 11.2 

W20W25 Trp 20,25 Trp 11.2 

N
o

n
 W

 

H6 His 6 His 5.6 

Y16 Tyr 16 Tyr 11.2 

M16 Met 16 Met 11.2 

Mixed M13W16Y20 Met,Trp,Tyr 13,16,20 Tyr 16.8 

F
M

k
-1

 

Control None None None None 

Near Trp Helix 3 11 Trp 7 

Far Trp Helix 3 18 Trp 13 

Table 2.1.  A summary of the maquette designs showing the electron donating amino acid, final electron 

donor, position of the donor and the final radical pair separation. 

 

 

 

 

 

 

 

 

2.3 Confirmation of Flavin Incorporation 
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 After purification, flavin incorporation was verified.  An HPLC chromatogram 

showed spectra matching literature for an 8-cys-flavinated species111.  Such features were 

absent in unflavinated maquettes (Fig. 2.6). 

 

 

 

 

Fig. 2.6. HPLC purification of a flavomaquette on a C18 column.  A) A flavinated control maquette trace 

at 475 nm shows a single peak at 33 minutes; the peak at 10 minutes is the injection peak containing excess 

free flavin.  B)  The UV Vis spectrum of the 33 minute peak corresponds to a cys coupled flavin.  C)  The 

UV Vis spectrum of an unflavinated control maquette shows no flavin spectral signature.  Note the absence 

of a 280nm absorbance, as the control does not contain a Trp. 
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The MALDI-TOF mass spectrometry showed an upward mass shift following flavination.  

The shift corresponds to the mass of the riboflavin analogue minus the halogen group and 

a proton (Fig 2.7).   

 

 

 

 

 

 

 

Fig. 2.7. MALDI -TOF mass spectra.  A) The unflavinated control maquette showed a single peak at 14,573 kDa  

B)  The flavinated control maquette shows a major peak corresponding to a flavinated maquette + 363 mass units, 

a minor peak to an unflavinated maquette and a doubly charged peak of lower m/z. 
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2.4 Structural Verification of the W-Series using Spectroscopic 

Techniques 
 

2.4.1 Secondary Structure: Circular Dichroism 

The structure of the W series was validated using Circular Dichroism (CD) 

spectroscopy.  Maquettes were highly alpha helical, displaying a classic alpha helical 

spectrum.  Helicity was calculated using CDNN 2.1 software112  to be an average of ~70%, 

compared to 79% expected (104 amino acids in the helices, 27 in the loops, 131 total).  This 

discrepancy was attributed to helical fraying at the ends of the maquette and/or a slight 

kink in helix 2 due to the flavin.  These flavomaquettes have shown robust stability across 

a range of pHs and temperatures (Figs. 2.8 and 2.9).  

 

 

 

Fig. 2.8.  CD traces of the flavomaquettes with Trp residues at position 13, 16, and 20 on helix 2. A) The 

relative intensities at 208 nm and 222 nm suggest the maquette protein structure consisted primarily of an 

Ŭ-helical bundle. B) Thermal stability curves of various flavomaquette designs. The Tm for each maquette 

was determined by monitoring the loss of helicity at 222 nm and fitting to a single Boltzmann; control 

(black) 49°C, W13 (Red) 50.5 °C, W16 (Orange) 53.2°C and W20 (Blue) 58.3 °C 
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Fig. 2.9. CD traces of the control maquette at various pH values. A) The relative intensities at 208 nm and 222 

nm suggested the maquette protein structure consisted primarily of Ŭ-helices. B) Thermal stability curves fit to 

a single Boltzmann; pH 6.5 (black) 56.4 °C, pH 7.5 (red) 54.2 °C, and 53.8°C. 

 



62 

 

2.4.2 Flavin Environment 

UV-Vis spectroscopy was used 

to validate designs.  Before flavination, 

a typical feature of the W series 

maquettes was the tryptophan 

absorption at 280nm.  The cys coupling 

directly to the ring system of the flavin 

at the 8-position substantially changed 

the electronic properties of the flavin 

compared to free 8-halogenated 

riboflavin or non-covalently attached 

flavin.   Significant band shifts included theS0ĄS1 transition (444 nm to 475 nm) and the 

depletion of the S0ĄS2 361nm feature.  Fortuitously, cys attachment also increased the 

extinction coefficient of the S0ĄS1transition from 11,300113 to 24,640 M-1 cm-1, as 

expected for 8-mercapto coupled flavins111 (Fig. 2.10).  

Fig. 2.10. Absorption spectra of the apo maquette 

(grey), free 8-Br-riboflavin precursor (black), oxidized 

flavomaquette (blue), reduced flavomaquette (orange) 

and the emission spectra for the oxidized 

flavomaquette (green, fluorescence and red, 

phosphorescence, respectively). 
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Close examination of the 475 band revealed two key features: a doublet (458 and 

475nm, presumably a vibronic feature) and a shoulder at 525nm.  Both the ratio of the 

458/475nm and the 525 nm band are highly dependent on the flavin-tryptophan distance, 

being strongest as the distance shrinks, and disappearing in the flavin-only control.  This 

feature is believed to be a charge transfer band formed due to a spatial interaction between 

the flavin and tryptophan (Fig 2.11).   

Steady state excitation of the flavin at 475 nm resulted in emission at 512nm (Fig 

2.12).  The emission amplitude followed a similar trend as the charge transfer feature, 

depending heavily on intercofactor distance.  The greatest amount of signal was produced 

by control maquette, which decreased as the flavin moved closer to the tryptophan.  This 

Fig. 2.11.  A comparison of the UV-vis of the W series 

flavomaquette: control (black), W13 (red), w16 (orange) 

W20 (blue).  The shoulder around 525 nm suggests a 

charge transfer band that increases as the flavin and Trp 

distance decreases. 
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quenching trend was most likely due to singlet deactivation via electron transfer.  As the 

distance between the cofactors closes, the efficiency of electron transfer and recombination 

increased competing with fluorescent emission. 

  

Time-correlated single photon counting (TCSPC) experiments corroborated the 

quenching observed in the steady state fluorescence measurements (Fig. 2.13).  As the 

distance between the cofactors increased so does the intensity-averaged lifetime, peaking 

in the control maquette.   We again attributed this to electron transfer opening a new singlet 

deactivation pathway.  In all designs, the flavin lifetimes could be best explained by three 

exponentials.  This suggests the existence of a population of different flavin arrangements 

inside the maquette.  

 

 

 

Fig. 2.12.  A comparison of the steady state flavin 

fluorescence of the W series: W13 (red), W16 (orange) 

W20 (blue).  All traces were corrected lamp current 

intensity and normalized for concentration. 
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A similar trend of increasing phosphorescence lifetime correlated to increasing 

flavin tryptophan distance was observed (Fig. 2.14).  The same ET quenching mechanism 

is believed to be in play.  These data suggested that electron transfer is not limited to just 

the singlet state, but also occurs from the triplet.   

 

 

Fig. 2.13.  Time Correlated Single Photon Counting decay curves (blue) and instrument response 

time functions (red) for the W series: A) the control (1.15 ns), B) W13 (0.606 ns), C) W16 (0.846 

ns), and D) W20 (0.974 ns). A 482 nm picosecond diode laser was used as an excitation source. 

Emission was recorded at 512 nm. The best fit to the data was triple exponential 
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Fig. 2.14.  Phosphorescence decay curves for the W 

series at 77 oK.   The control (red, 18.3 ms), W13 (blue 

7 ms), and D) W20 (black 1206 ms). A 482 nm ns diode 

laser) was used as an excitation source. Emission was 

recorded at 612 nm. The best fit to the data was a single 

exponential. 
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2.4.3 Tryptophan Environment 

The protein environment of the tryptophan in the W series maquettes was probed using 

fluorescence emission (Fig. 2.15).  Tryptophan emission exhibited noticeable 

solvatochromic shifts due to the polarity of its surrounding environment.  A very polar 

environment such as aqueous buffer results in a redshift (bathochromism) while a less polar 

environment such as the core of a protein resulted in a (hypsochromic) blue shift.  We 

therefore, expect a well-

buried tryptophan to be blue 

shifted relative to a solvent 

exposed tryptophan which 

would be red shifted.  

Emission was measured after 

a 280nm excitation.  The 

emission of free tryptophan 

in buffer (to simulate the 

aqueous environment) and in 

1-4 dioxiane (to simulate the 

protein environment) were 

used as standards.  All of the 

designs showed a blue band 

Fig. 2.15.  A comparison of the normalized Trp fluorescence of the 

flavomaquette series.  Free Trp in dioxane and an aqueous buffer 

were used as solvatochromic standards. The maximum of the Trp 

fluorescence in all the maquettes was blue shifted relative to the 

aqueous standard, consistent with the Trp being located in the 

hydrophobic interior of the maquette Ŭ-helical bundle. 
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shift that most closely matched the emission of tryptophan in dioxiane.  This suggests a 

well-buried homogenous tryptophan environment across the W series. 
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2.5 Redox Potential Measurements in the W series 
 

 To generate a radical pair, sufficient driving force between the cofactors must exist.  

The driving force is the difference of the redox potentials (Em) of the cofactors.  We 

determined these values for the flavin and tryptophan experimentally. 

 

2.5.1 Flavin 

The Em of the flavin was measured by redox titration using a spectroelectrochemical cell 

(Fig. 2.16 A).  The cell was used to control the potential of a maquette solution while the 

redox state of the flavin was monitored spectroscopically using the 475 nm absorption 

 

Fig. 2.16. Redox potential of the cofactors A) Plot of the fraction of reduced maquette calculated from the 

intensity of the absorption at 475 nm measured during spectro-electrochemical reduction of the flavin. The solid 

lines show the fit to the data from the Nernst equation for a two electron reduction. The values of the redox 

potential are control (black, -110mV), W13 (red, -137 mV), W16 (orange, -118 mV), and W20 (blue, -130 mV). 

B) A plot of the current as a function of potential from a square wave voltammogram.  The current corresponds 

to the redox potentials of Trp/Trpo+ in W13 (red, 1.1 V), W16 (orange, 1.08 V), and W20 (blue, 1.06 V).  All 

potentials are relative to the SHE. 
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band.  These data were then base lined, fit to the Nernst Equation and the Em of the flavin 

determined: 
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Equation 2.1 

Ecell is the potential of the solution, n is the number of electrons transferred, and 

log([red]/[ox]) is the ratio reduced to oxidized species present in the solution.  These data 

were best fit to a two electron transfer.   Additionally, there was no spectroscopic evidence 

for a one electron reduction of flavin to semiquinone. Thus we were unable to determine 

the potential for F/Fo and used the two electro reduction F/FH2 as a surrogate for the flavin 

Em, the average value of which was ~125mV vs. the Standard Hydrogen Electrode (SHE) 

2.5.2 Tryptophan 

Measuring the Em of the tryptophan radical was significantly more challenging than 

the flavin.  Trp/Trp+ is highly energetic (<1V vs. SHE), and will readily oxidize 

neighboring amino during the minutes timescale of the spectroelectrochemical 

measurement.  As an alternative we utilized square wave voltammetry.   By varying the 

pulse waveform from oxidizing to reducing, we were able to capture a signal before the 

tryptophan radical had a chance to react and degrade. For better electrical contact with the 

electrode, the maquette was immobilized using a DSP linker (see methods for details).  

Broad peaks at ~ 1.08 V vs. SHE were present in all designs except for the control. We 

have assigned the peak to a tryptophan radical (Fig. 2.16 B).    



71 

 

 

Table 2.2.  A summary of the important characteristics of the W series.  The quantum yield of fluorescence 

is calculated relative to riboflavin114.  The phosphorescence lifetime was determined at 77 oK 

 

 

 

 

 

 

 

 

 

 

 

 

 

Design Tm / ÁC ūFlour
 ŰFl  / ns Űphs / ms W Emis. 

Max /nm 

Flavin Em / mV
 W Em / V

 

Control 49.0 0.054 1.150 18.3 ï ï 110 ï 

W13 50.5 0.012 0.606 7 335 ï 137 1.1 

W16 53.2 0.034 0.846 N D 338 ï 128 1.08 

W20 55.3 0.048 0.974 12.6 337 ï 130 1.06 
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2.6 Characterization of other designs 
 

Similar experiments were used to characterize the other design series.  As expected, all 

tested designs showed a high degree of alpha helicity and thermal stability as measured via 

CD spectroscopy (Fig 2.17). 

 

 

 

 

 

Fig. 2.17. CD traces of the 2 W series. A) The relative intensities at 208 nm and 222 nm suggest the 

maquette protein structure consists primarily of an Ŭ-helix, W16 W20 (black), W20 W25 (red).   B) 

Thermal stability curves fit to a single Boltzmann; W16 W20 (black) 36°C, W20 W25 (red) 35 °C, W13 

W16 (blue) 32 °C. 
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The flavin had a comparable UV-Vis absorbance and fluorescence emission (Figs. 2.18-

2.19).  The Non W series showed steady state fluorescence quenching similar to the W 

series.  This was again attributed to electron transfer. 

 

 

 

Fig 2.18.  A comparison of UV Vis absorbance of the non W series: H6 

(black), Y16 (red), M16 (blue) and the control maquette as a reference 

(grey dash).  Note that the M16 sample was slightly photodamaged from 

over exposure to ambient light and shows a feature at ~370nm. 
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Due to either the lack of tryptophan or the presence of multiple cofactors, solvatochromic 

experiments were not possible.  In all other tested cases the flavin had a similar midpoint 

potential (Fig. 2.20).  

 

 

 

 

 

 

Fig 2.19.  A comparison of the normalized steady state flavin fluorescence 

of the non W series: H6 (black), Y16 (red), M16 (blue) and the control 

maquette as a reference (grey dash).  Note that the M16 sample was 

slightly photodamaged. 
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Fig. 2.20. Redox potential of the flavin in the 2 W series.  A plot 

of the fraction of reduced maquette calculated from the intensity 

of the absorption at 475 nm measured during spectro-

electrochemical reduction of the flavin. The solid lines show the 

fit to the data from the Nernst equation for a two electron 

reduction. The values of the redox potential were W16 W20 

(black, -196 mV), W20 W25 (red, -195 mV), W13 W16 (blue, -

179 mV). All potentials were relative to the SHE. 
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2.7 FMk-1 and the Future of Flavomaquettes 
 

 During the course of these studies a new class of maquette was under development 

by Nathan Ennist (Resulted not yet published).  This scaffold was designed differently than 

the SHPFv2 based maquettes and offered increased rigidity, stably, and crystalizability.  A 

more rigid, stable platform was desirable to keep the cofactors in one orientation, making 

electron transfer more predictable (see section 1.3).  Additionally, it would help prevent 

any structural distortions when multiple bulky cofactors are used as in the mixed series.  

Finally, high-resolution structural data is always a welcome feature to validate these 

designs. 

 The FMk-1(Flavomaquette Mark-1) class of proteins stemmed from the same idea 

of a binary patterned heptad repeat forming a four helical bundle (Fig. 2.1): 

I R E A L Q L 

A    B   C     D    E     F    G 
 These proteins also assemble based on the hydrophobic effect, however, there were 

some additional design features that help increase their rigidity.  The hydrophobic core was 

arranged into ñlayersò of equal size with core amino acids fitting together like puzzle 

pieces.  At layers where a cys ligated flavin or a tryptophan are present, smaller amino 

acids such as alanine were placed to allow a snug fit for the cofactors with minimal helical 

distortions.   This resulted in a core of uniform circumference, much like a cylinder.  

The helices are connected to each other along their length via leucine zippers placed 

in the interfacial G and sometimes core A/D positions.  By slightly extending the core area 
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and fitting the leucines together, a tighter coil-coil interaction was formed, reducing the 

helical pitch to 3.5 Å.  The leucine zippers were directionally designed so they will only 

form between helix 1/4 and 2/3, resulting in an energetic incentive to adopt this one 

conformation.  The solvent exposed positions B, C, F contained either charged or polar 

amino acids so as to promote solubility.  Occasionally, there were salt bridges formed 

between neighboring helices.  The alternating placement of salt bridges again favored only 

one orientation over others by creating an energetic penalty for placing like charges near 

one another.     

 Each helix was end capped with a proline-containing sequence that curled upon 

itself reducing fraying at the end of helices.  Like in the SHPFv2 designs, the loops were 

soluble serine and glycine, however, they were shortened from seven to five amino acids.  

Using these new design principles, we created three new proteins:  a flavin only control, a 

flavin-trp separated by 7 Å (Near) and a flavin-trp separated by 13 Å (Far).     

 These proteins are novel and have only been characterized by CD spectroscopy and 

UV Vis Spectroscopy (Figs. 2.21-2.22).  They were almost completely helical (>90%) and 

melted over 100 oC   
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Fig. 2.21. CD traces of the FMk-1 control maquette A) The relative intensities at 208 nm and 222 nm 

suggest the maquette protein structure consists primarily of and Ŭ-helical bundle. B) Raw thermal stability 

curve of the protein monitoring the mean molar elipticity at 222nm.  Since the end of the melting curve 

exceed the boiling point of the sample, the data could not be normalized nor fit for a melting point.   

 

 

Fig. 2.22. The UV Vis features of the FMk-1 control maquette 

(black).  For reference the control maquette of the shpfv2 design 

is also shown (grey dashed). 
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2.8 Discussion 
 

We present a family of flavomaquettes to serve as model for cryptochrome magneto-

sensitivity.  We have designed five series: W, Two-W, Non-W, Mixed, and FMk-1.  Each 

of these contained a flavin and one or more cofactors.  The characterization of these 

maquettes showed that they are designed as intended, and will serve as a good system to 

study the magneto-sensitivity of a flavin tryptophan radical pair. 

In all series, maquettes were well-structured, thermally stable alpha helices.   Analysis 

of the CD spectra showed a helical propensity slightly lower than expected of the protein 

sequence.  We attributed this to fraying at the ends of the helices.    Given the results 

obtained in the following chapter, it was clear that the fraying was minor and unlikely to 

affect electron transfer or magneto-sensitivity.  Nevertheless, the FMk-1 series, has been 

equipped with proline-based helical caps to prevent fraying. 

The UV vis absorbance of the maquette coupled flavin differed from free riboflavin or 

non-covalently attached riboflavin.   The heavy atom effect of the direct coupling of the 

cysteine to the ring system of the flavin was most likely responsible.  The spectra of this 

flavin was in very good agreement with 8-thio flavins111 in the literature, further validating 

our designs.     

  UV-Vis, fluorescent and phosphorescence measurements have confirmed the 

placement of the tryptophans in the W series (the next few paragraphs will deal exclusively 

with the W series). The charge transfer band and luminescence quenching were directly 

correlated to the distance between the flavin and the tryptophan.  When the distance was 
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very small, as in W13, the cofactors are interacting and most likely transferring electrons 

both from the singlet and triplet state of the flavin.  As the distance increased electron 

transfer become less favorable resulting in the loss of the transfer feature, as well as 

quenching.  There was no quenching due to electron transfer in the control maquette but 

the cys coupled flavin did have a lower quantum yield of fluorescence than free riboflavin, 

again attributed to the heavy atom effect114.   

The three exponentials required to explain the flavin fluorescence lifetime indicate a 

mixed population of flavins.  The flavin could have various orientations in the maquette, 

with some being more quenched then others.  Since a tri exponential fit is used in the 

control maquette, there must be some other quenching distinct from electron transfer with 

the tryptophan.  Quenching mechanisms may include electron transfer with the ribital 

chain, energy or radiation less transfer to a neighboring amino acid.  

The observation of a distance-dependent quenching trend in the phosphorescence of 

the flavin suggested that electron transfer occurs not just from the flavin singlet but also 

from the triplet.  This was surprising given that the intercofactor distance in W13 is so 

short.  However, because the experiment was conducted at cryogenic temperature it is 

conceivable that the lowest energy conformation of the cofactors is at a greater distance 

than what was designed.  The single exponential suggested a single uniform population of 

flavin orientations at cryogenic temperatures. 

Across the W series, the flavin and the tryptophan exist in similar protein environments 

and had similar Em values.  The Em for the flavin were in agreement with literature values 
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for 8-cys coupled flavins115. Likewise, we were unable to observe any evidence of a 

semiquinone state and used a two electron fit for the Em.  This suggests that the single 

electron reduced flavin must be unstable, and rapidly followed by a second, extremely 

favorable reduction.  For this to occur the difference between the midpoint potential of the 

first and second electron reductions must be within 100 mV of each other.  Therefore, the 

two electron Em was an appropriate estimate for the one electron redox couple.  

The Em  of the tryptophans was also in agreement with literature values116. The 

assignment of the peak in the voltammogram to tryptophan was somewhat ambiguous as 

there was a significant baseline shift and a broad peak.  The constantly rising baseline, 

present in all cases, even when the electrode was bare, was from an oxidation state change 

of the gold electrode.  The broadening of the tryptophan signal was attributed to the 

inhomogeneous coupling of the maquette to the electrode.  The presence of many lysines 

in the maquette resulted in numerous coupling modes to the electrode.  It is even 

conceivable that some maquettes contained multiple links to the electrode.  The result was 

a population of maquettes with tryptophans of different degrees of electrical contact with 

the electrode. 

      The presence of constant Em values across the series was critical, as it controlled for 

differences in driving force in the W series.  Therefore, we could confidently test the effects 

of distance in flavin-tryptophan electron transfer without worrying about any confounding 

variables.  
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2.9 Future work  
 

 In the future we aim to complete three objectives: a complete spectroscopic 

characterization of all series of flavomaquettes, obtaining structural data on relevant 

designs and the eventual transition to the FMk series.  Currently only the W series was 

completely spectroscopically characterized as it was the main focus of this study.  We must 

now extend this characterization to the other series, particularly multiple cofactor series. 

 High-resolution structural information would be a valuable asset for future designs 

of flavomaquettes.  Knowing the relative orientation of the cofactors as well as the actual 

distances between them would help better predict electron transfer, particularly for 

positioning multiple cofactors.  Unfortunately, maquettes with similar sequences have 

proven challenging to crystalize and are too redundant for NMR studies.   

 Due to these difficulties we propose moving our work into the FMk series.  A close 

relative, designed by Nathan Ennist has proven to be crystalizable with up to four cofactors.  

Additionally, the structural stability of these designs would prove more amenable to multi 

cofactor designs.   

   Finally, we would like to explore the magnetic field sensitivity of radical pairs that 

do not contain a flavin or an amino acid.  We will explore designs including various 

quinones, porphyrins, chlorins and even metal clusters.   
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2.10 Conclusions 
 

 Flavomaquettes are-non-natural proteins that serve as a model system for studying 

the biophysical requirements for a cryptochrome-like magneto-sensor.  These maquettes 

were four alpha-helical bundles that ligate an 8-cys coupled-flavin and contain an electron-

donating amino acid such as a tryptophan.  We have provided the framework and 

engineering principles for the design of flavomaquettes.  We have spectroscopically 

characterized their biophysical properties.  Despite some differences in the flavin and 

tryptophan number these maquettes will still serve as a robust model system.  Future work 

sections will discuss their electron transfer and magneto-sensing properties. 
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The electron transfer properties of the Flavin-

Tryptophan radical pair in Flavomaquettes 
 

 

Reality is in the observations, not in the electron. 

 

~Werner Heisenberg 

 

 

 

The electron: may it never be of any use to anybody! 

 

~J. J. Thompson 
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3.1 Introduction 
 

 In order to test the biophysical requirements for a cryptochrome like magneto-

sensor, we investigated if the W series maquettes (referred to as only maquettes in this 

chapter) could form a flavin tryptophan radical pair (RP).   First, we performed electron 

transfer (ET) simulations using the Moser Dutton Ruler (Equation 3.1).  We then tested 

maquette ET using transient absorption (TA) spectroscopy on the ultrafast (UF) and fast 

(ɛs) timescales.  Due to technical challenges, observations on each time scale were 

performed using two different experimental set ups.  The UF work spanned ~1 ps to ~3 ns 

and was done in collaboration with the Stanley Group at Temple University (Philadelphia, 

Pa).  The ɛs work spanned 0.5-40 ɛs, and was done in collaboration with the Hore Group 

at the University of Oxford (Oxford, UK).   

In both TA experiments, the flavin was excited with a blue laser and a UV-Vis 

spectrum was taken at a time delay after excitation.  A non-laser excited spectrum was then 

subtracted out from the laser excited spectrum, producing a difference spectrum (Fig. 3.1).  

Features in the difference spectra were assigned to particular excited and redox states of 

the flavin and tryptophan.  The changes of these features were analyzed over time and with 

a global fit model. 
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Fig. 3.1.  A simplified schematic of a transient absorption spectrometer.  A temperature controlled, stirred, sample is 

excited by a blue laser.  At some delay after laser excitation, a light source is fired and aUV Vis spectra is recorded at 

a detector.  A non-laser excited spectrum is then subtracted from the laser excited spectrum showing the difference 

spectrum.  The timing of the system is computer controlled using a delay generator.   
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3.2 Simulation of Electron Transfer in Flavomaquttes 
 

The ET rates between the flavin and the tryptophan were simulated using the Moser 

Dutton Ruler (MDR, Equation 3.1).  According to the MDR, the rate of RP formation (kET) 

depends upon driving force (ȹG), the distance between the cofactors (R), and the 

reorganization energy (ɚ).  We assumed that the ET was tunneling limited and not subject 

to any other barriers such as protein motion or spin. 

ÌÏÇ Ὧ ρσ πȢφ2 σȢφ σȢρЎ' ʇ  Ⱦ ʇ 

Equation 3.1 

 The parameters for the simulation were determined using experimental and 

literature values.  The driving force for this reaction was the difference in midpoint 

potential (Em) of the photo excited flavin and its redox partner.  The Em of the flavin single 

electron reduction F/Fo was estimated from the potentiometric titration in the preceding 

chapter to be on average -125 mV (vs. SHE).   Since the RP formation was light activated, 

the excitation energy was added.  We considered ET from both the singlet and triplet states 

of the flavin  and determined the excitation energy from the maximum of the fluorescence 

and phosphorescence emission(E=hc/ɚ)117.  The Em of the electron donating tryptophan, 

Trp/Trpo+ was determined by square wave voltammetry in the previous chapter to be on 

average 1.1 V.  The driving force of charge recombination was considered the energetic 

difference between the RP and the ground state of the cofactors. 
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 The distance between the cofactors was measured as the difference between the ɓ 

carbon of the flavin ligating cysteine and the ɓ carbon of the tryptophan.  We chose 

tryptophan placements of 5.6 Å, 11.2 Å, and 16.8 Å, correspond to one, two and three 

helical turn away from the flavin.  This wide range of distances was selected since there is 

no high resolution structural data informing on the orientation or dynamics of the cofactors 

in these maquettes.  Therefore, the actual inter-cofactor distances may be quite a bit shorter 

or longer.  The reorganization energy (ɚ), was the energy required to rearrange the 

surrounding bonds vectors or solvent upon electron transfer.  This quantity was difficult to 

measure experimentally and was estimated based on previous experiments to be 1.2eV.  

This is a value consistent with small moderately polar proteins45. 

 The results of the simulation of RP formation and decay presented in Table 3.1.  

From these rates we expected that only W16 and W20 will produce a radical pair on the ɛs 

time scale required for a magnetic field effect.   
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W Series Singlet Electron Transfer 

  Forward  

Electron Transfer 

Charge 

Recombination 

 Design Distance 

(Å) 

Log kET kET  log kCR kCR 

W 13 5.6 11.21 1.61*1011 11.18 1.51*1011 

W 16 11.2 7.85 7.01*107 7.82 6.61*107 

W 20 16.8 4.49 3.06*104 4.46 2.88*104 

Reorg. 

Energy 

(V) 

1.2 Driving 

Force (V) 

-1.2 Driving 

Force 

(V) 

-1.2 

 

W series Triplet Electron Transfer 

 Forward Electron 

Transfer 

Charge 

Recombination 

 Design  Distance 

(Å) 

Log kET kET  log kCR kCR 

W 13 5.6 10.17 1.49*1010 11.18 1.51*1011 

W 16 11.2 6.81 6.49*106 7.82 6.61*107 

W 20 16.8 3.45 2.83*103 4.46 2.88*104 

Reorg. 

Energy 

(V) 

1.2 Driving 

Force (V) 

-.81 Driving 

Force 

(V) 

-1.2 

 

Table 3.1 The MDR simulated formation and decay rates of the RP in the W 

series. Top, ET begins from the flavin singlet. Bottom, ET begins from the 

flavin triplet. 
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3.3 Ultra-Fast Transient Absorption Spectroscopy 
 

3.3.1 Single Wavelength Spectral Analysis 

 Argon purged samples of maquettes were probed using UF TA over 0.4 ps to 3.5 

ns at 5 oC, 25 oC and 37 oC.  Very early time points (<1ps) were discarded due to the 

presence of a chirp.  The spectra and time of evolution of several interesting features were 

observed in the control maquette (Fig. 3.2), W20 (Fig. 3.3), W16 (Fig. 3.4), and W13 (Fig. 

3.5).  The notable features investigated were at 450-480 nm, 480-500 nm, 523 nm, and 550 

nm.  Unambiguous assignment of these features was difficult as this was the first ultra-fast 

study on 8-cys coupled riboflavin.  Assignments were made with the aid of the ultrafast 

spectra of FMN118, FAD119 and photolyase50.  The negative signal in the 450-480 nm region 

was assigned to the ground state bleach, the recovery of which represents the relaxation of 

the system to the ground state.  480-500 nm contained a rough isosbestic point that changed 

little over time, temperature or maquette design.  The point at which this range crossed zero 

was chosen as a proxy for the decay of the flavin excited singlet.  523 nm began as a 

negative signal due to stimulated emission and over time evolved into a rounded positive 

feature assigned to the flavin excited triplet.  550 nm also contained information about the 

stimulated emission but was not closely monitored in these studies. 

 The control maquette (Fig. 3.2) was first examined as it contained no electron 

transfer partner and had the simplest photochemistry. At 5 and 25 oC the bleach signal 

showed a redshift beginning at sub ps times to about 20ps.  This was a consequence of 

exciting the flavin to a hot vibronic state from which it needed to relax to a stable singlet.  
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At 37 oC this was not observed.  No bleach recovery was observed at lower temperature, 

in fact, the signal appeared to get more negative over time, most likely due to the vibronic 

band shift.   At 37 oC a 20% recovery was observed, best fit with a double exponential at 6 

and 94 ps.  Singlet decay was observed at 25 and 37 oC as a single exponential at  ~700 ps 

and not observed at 5 oC.  Triplet formation was seen across all temperatures ~500 ps fit 

with a single exponential.   

 W20 (Fig. 3.3) behaved similarly to the control maquette.  The bleach signal did 

not recover at any temperature and was broadened/redshifted at lower temperatures.  

Singlet decay was observed at all temperatures as a single exponential ~660 ps and not 

observed at 5 oC.  Triplet formation was seen across all temperatures as a single exponential 

at ~500 ps.   

 W16 (Fig. 3.4) showed a ~40% bleach recovery at 5 and 25 oC and a ~30% recovery 

at 5 oC.  A broadening and redshift was also observed as in the control and W20.  Single 

exponentials described the singlet decay at ~ 600ps, and triplet formation at ~ 400 ps across 

all temperatures.  Slightly slower, ~15% rates for both were observed for both features at 

25 oC.   

 W13 (Fig. 3.5) at 25 and 37 oC demonstrated 80% bleach recovery, and no obvious 

band shift was obvious.  Surprisingly, at 5 oC, there was no bleach recovery nor band shift.  

Single exponential Singlet decay occurred at ~ 30 ps at higher temperatures and 600 ps at 

37 oC, while Triplet formation was ~450ps at higher temperatures and ~250ps at 5 oC.  A 

summary of the fits for all data is presented in table 3.2 and table 3.3. 



92 

 

 

 

Fig. 3.2.  Ultra-Fast Spectroscopy of the Control maquette at 5 oC (A), 25 oC (B), and  37 oC (C).  

Each line is a spectra taken at a delay time (in ps) after the laser flash as indicated by the legend.  The 

normalized intensities over time of important features are in the right column for the bleach recovery, 

450nm (D), the isosbestic of the singlet (E), and triplet, 528nm (F).  The bleach recovery is fit to a 

double exponential, where possible.  The singlet isosbestic is fit with a single exponential where 

possible, the first 10 ps are excluded as they follow a different rising trend.    The triplet is fit to a 

single exponential.  All fits are shown in table 3.2 
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Fig. 3.3.  Ultra-Fast Spectroscopy of W20 at 5 oC (A), 25 oC (B), and  37 oC (C).  Each line is 

a spectra taken at a delay time (in ps) after the laser flash as indicated by the legend.  The 

normalized intensities over time of important features are in the right column for the bleach 

recovery 450nm (D), the isosbestic of the singlet (E), and triplet 528nm (F).  The bleach 

recovery is fit to a double exponential, where possible.  The singlet isosbestic is fit with a 

single exponential where possible, the first 20 ps are excluded as they follow a different rising 

trend.    The triplet is fit to a single exponential.  All fits are shown in table 3.2 
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Fig. 3.4.  Ultra-Fast Spectroscopy of W16 at 5 oC (A), 25 oC (B), and  37 oC (C).  Each line is a spectra 

taken at a delay time (in ps) after the laser flash as indicated by the legend.  The normalized intensities 

over time of important features are in the right column for the bleach recovery 450nm (D), the 

isosbestic of the singlet (E), and triplet 528nm (F).  The bleach recovery is fit to a double exponential, 

where possible.  The singlet isosbestic is fit with a single exponential where possible, the first 20 ps 

are excluded as they follow a different rising trend.    The triplet is fit to a single exponential.  All fits 

are shown in table 3.2 
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Fig. 3.5.  Ultra-Fast Spectroscopy of W13 at 5 oC (A), 25 oC (B), and  37 oC (C).  Each line is a 

spectra taken at a taken at a delay time (in ps) after the laser flash as indicated by the legend.  The 

normalized intensities over time of important features are in the right column for the bleach recovery 

450nm (D), the isosbestic of the singlet (E), and triplet 528nm (F).  The bleach recovery is fit to a 

double exponential, where possible.  The singlet isosbestic is fit with a single exponential where 

possible, the first 15 ps are excluded as they follow a different rising trend.    The triplet is fit to a 

single exponential.  All fits are shown in table 3.2 
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Design Temperature 

/ oC 

Bleach 

450 nm 

 Ű1 / ps 

Bleach 

450 nm 

 Ű2 / ps 

Singlet 

isosbestic 

nm  

Ű / ps 

Triplet  

528 nm  

Ű / ps 

W13 5 9 ± 15 190 ± 80 640 ± 10 500 ± 30 

25  5 ± 2 60 ± 10 22 ± 90 250 ± 50 

37  8 ± 5 71 ± 14 46 ± 46 400 ± 80 

W16 5 6 ± 1 430± 50 720 ± 20 350 ± 20 

25  4 ± 3 25 ± 41 530 ± 80 52 0± 60 

37  5 ± 1 350 ± 40 570 ± 20 330 ± 20 

W 20 5 10 ± 26 180 ± 80 630 ± 20 490 ± 30 

25  No Fit 710 ± 30 500 ± 40 

37  No Fit 660 ± 20 490 ± 30 

Control  5 4 ± 3 110 ± 140 No Fit 450 ± 60 

25  No fit 840 ± 90 520 ± 90 

37  6 ± 5 94 ± 92 680 ± 80 500 ± 100 

 

Table 3.2.  A summary of the fits of the UF TA data for the W series maquettes.  The bleach recovery was 

measured at 450nm, normalized to the maximum recovery and fit with a double exponential.  The singlet 

decay at the isosbestic point at which the trace crosses zero and the triplet formation at 528nm.  Where 

possible each fit is a single or double exponential.  In all cases the goodness of fit r2> 0.94, except for the 

bleach recovery in the control at 5 oC r2 =0.7 and 37 oC r2 = 0.8. 
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Temperature oC Singlet decay 

Average Ű /ps 

Triplet 

formation 

Average Ű /ps 

Intersystem 

Crossing Ű /ps 

5 620 ± 20 470 ± 50 550 ± 20 

25 780 ± 60 510 ± 50 640 ± 50 

37 670 ± 50 500 ± 70 580 ± 30 

Average 690 ± 40 490 ± 60 590 ± 40 

 

Table 3.3.The singlet decay and triplet formation rates calculated as an average of 

the control and W20 at three temperatures.  The intersystem crossing rate calculated 

as an average of singlet decay and triplet formation at three temperatures 

 

3.3.2 Global Analysis 

 Due to the complexity of the spectra, the data was also fit using a global analysis.  

Global analysis helped resolve the multiple, overlapping components, particularly those 

with very low populations.  The number of components in each measurements was 

determined using the singular value decomposition (SVD) function in MATHEMATICA.  

The data set for each measurement was then reconstructed with only those components to 

form the reduced dataset.  The residuals between both the actual and reduced data sets were 

small and mostly random in all cases.   Physically relevant models were constructed by 

multiplying each component with a weighting matrix to produce their spectral and temporal 

dependencies.  The fitting was performed using the FindMinimum function in 

MATHEMATICA.  The starting guesses and constraints were derived from the results in 

the previous section. All transitions between states were modeled as single exponentials. 
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Three models were used to 

describe the UF data sets.  The 

simplest was a three component 

model consisting of a flavin singlet 

which could relax to the (spectrally 

silent) ground state or intersystem 

cross to the triplet.  It was possible 

that there was an electron transfer 

step between the singlet and the 

ground state.  However, in this 

model the charge separated state 

was not present in an appreciable 

population.  Therefore, its presence 

was indirectly reflected in the decay 

rate from singlet to ground state.  

From the triplet, the system can also 

relax, although this occurred at a 

rate beyond the timeline of the 

experiment and not considered here.  W20 at 37 oC and the control maquette at 37 oC were 

fit with this model. 

 

Fig. 3.6. The three global fit models used to analyze the UF 

TA data.  Top) a three component model, middle) a four 

component model, bottom) a five component model 
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 In the four component model, the flavin started in a vibronically excited hot singlet 

state and could decay to the (spectrally silent) ground state or relax to the stable singlet.   

Electron transfer was possible from either singlet, however the state was not present in 

appreciable yield and was rolled into the decay rate as in the three component model.  From 

the stable singlet the flavin could intersystem cross to the triplet or go to the ground state.  

The triplet decay rate was left in the model.   Control maquette at 5 and 25 oC, W20 at 5 

and 25 oC, W16 at 25 oC and W13 at all temperatures were fit with this model. 

A five component model built on the four component model by explicitly 

populating the charge separated state from either singlet or triplet. The relaxation rate from 

the hot singlet to the stable singlet was fixed, and electron transfer from the hot singlet was 

ignored for computational simplicity. 5 and 37 oC were fit with this model. 
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Fig. 3.7. The global fit of the control maquette at 5 oC.  A)  The Singular Value Decomposition showed three 

significant components.  B)  The residuals of the original data set minus the reconstructed data set using only 

the significant components.  C)  The model that was used to explain the reduced data set consisting of a hot 

flavin singlet, flavin singlet, flavin triplet and spectrally silent ground state.  The half times of the transitions 

between states are shown.  D) The spectra of each of the components: the hot singlet (red), singlet (green) 

and triplet (blue).  E)  The goodness of fit of the model (line) to the data (dots) using the same color scheme 

as in D.    
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Fig. 3.8. The global fit of the control maquette at 25 oC.  A)  The Singular Value Decomposition 

showed three significant components.  B)  The residuals of the original data set minus the 

reconstructed data set using only the significant components.  C)  The model that was used to 

explain the reduced data set consisting of a hot flavin singlet, flavin singlet, flavin triplet and 

spectrally silent ground state.  The half times of the transitions between states are shown.  D) The 

spectra of each of the components: the hot singlet (red), singlet (green) and triplet (blue).  E)  The 

goodness of fit of the model (line) to the data (dots) using the same color scheme as in D.    
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Fig. 3.9. The global fit of the control maquette at  37oC.  A)  The Singular Value Decomposition 

showed two significant components.  B)  The residuals of the original data set minus the 

reconstructed data set using only the significant components.  C)  The model that was used to 

explain the reduced data set consisting of a flavin singlet, flavin triplet and spectrally silent ground 

state.  The half times of the transitions between states are shown.  D) The spectra of each of the 

components: the singlet (red), and triplet (green).  E)  The goodness of fit of the model (line) to 

the data (dots) using the same color scheme as in D.    
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Fig. 3.10. The global fit of W20 at 5 oC.  A)  The Singular Value Decomposition showed three significant 

components.  B)  The residuals of the original data set minus the reconstructed data set using only the 

significant components.  C)  The model that was used to explain the reduced data set consisting of a hot flavin 

singlet, flavin singlet, flavin triplet and spectrally silent ground state.  The half times of the transitions 

between states are shown.  .  D) The spectra of each of the components: the hot singlet (red), singlet (green) 

and triplet (blue).  E)  The goodness of fit of the model (line) to the data (dots) using the same color scheme 

as in D.    
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Fig. 3.12. The global fit of W20 at 25 oC.  A)  The Singular Value Decomposition showed three 

significant components.  B)  The residuals of the original data set minus the reconstructed data set 

using only the significant components.  C)  The model that was used to explain the reduced data 

set consisting of a hot flavin singlet, flavin singlet, flavin triplet and spectrally silent ground state.  

The half times of the transitions between states are shown.  D) The spectra of each of the 

components: the hot singlet (red), singlet (green) and triplet (blue).  E)  The goodness of fit of the 

model (line) to the data (dots) using the same color scheme as in D.    
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Fig. 3.13. The global fit of W20 at 37 oC.  A)  The Singular Value Decomposition showed two 

significant components.  B)  The residuals of the original data set minus the reconstructed data 

set using only the significant components.  C)  The model that was used to explain the reduced 

data set consisting of a flavin singlet, flavin triplet and spectrally silent ground state.  The half 

times of the transitions between states are shown.  D) The spectra of each of the components: the 

singlet (red), and triplet (green).  E)  The goodness of fit of the model (line) to the data (dots) 

using the same color scheme as in D.    

 

 

 


































































































































































