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ABSTRACT
THE DESIGN AND ENGINEERING OF AN ARTIFICIAL PROTEIN MAGNETOSENSOR
Chris Bialas

P. Leslie Dutton

Recent evidence suggests that bingsects and otheranimalmay be abl® use
e T ma g n edr macigatfom. Ehis thagnetic sense ligypothesized to bfacilitated by

an ocular crygichrome(Cry): a protein containg a flavin adenine dinucleotide (FAD

and a tryptophan (Trp) triadJpon light activation, electromansfer letween the FAD and

Trp forms a spircorrdated radical pajrthe life time of whicthas been showsensitive to

mT magnetic fields. However, due to the extreme fragility of cryptochrome, studying
biological magnetesensing, haprovendifficult. Currently there is no evidence that
cryptochrome can s ens dnofder mdévercomesese teehaital a s
challenges anbetter understad the functional requirements fonelecular compass, we

have designed a simpleoatel systemprotein magettes. Maquettes are remarkably
simple, stable and absolutely designable, -made proteins that enable experiments not
possible in cryptochrome-ere we present the biophysical characterization of a family of
maquettes equipped wiffavin and tryptopha. By varying the distances between the
cofactos, we can explore their phofthysics and ability to generate a magnetically
sensitive radical pair using transient absorption spectroséggpite bearing no structlr
resemblance to the cryptochrofold, these maqguettes generate a flawyptophan radical

pair that demonstratesraagnetic feld effect at fields a®w as 1 mT This observation

E



suggests that a flawtnyptophan radical pair is sufficient for magnstensing and may
evensense afields weak as Earthos. This wor k off

could be the biological magnesensor opens the door to a multitude of future experiments.

Vi
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Introduction: Magnetism, Electron Transfer,
Biology and Protein Design

The journey of a thousand miles begins with one step.

~Lao Tzu



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
characterizatiom f magnet i s m iDespitethewidsprad uteDOntagnstic
fields for imaging and diagnostics, surprisingly little is known about how they interact with
humans or biology in genetal This dearth of knowledge has led tdesa concerns
regarding the background magnetic fields generated by cellphones, appliances, and the
electrical distribution infrastructuté®. As we seek answers to the safety of magnetism

we require a better understandfghow magnetic fields affect biology.

The Earth itself pos s’ $hiséedismabomthgsarmet i ¢ f
strength as those generated by high tension power lines, and about 5 orders of magnitude
weaker tharfields used for MRI imaginingHu mans have been using |
field for navigation since antiquftyhowever, we may not be alon@ver 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 wutilize Ea

phenomenonknen as fisnamsiié.@o

The leading theory coands that magneteensing is facilitated by a spaorrelated
radical pair generated in the retinal flavoprotein, cryptochtém&everal studies have
shown that this protein is capable of respondougnT magnetic fields, showing promise
as the facilitator of magne&ensitivity>'3. However, no study has yet to confirm that

cryptochrome or any other biological molecule is capable of responding to Earth strength



fields or detettng the direction of a fieldThis is in part due to the complexity and fragility
of the protein, as well as difficulty of isolatio@urrently the biophysical requirements for

a proteinbased magnetsensor remain a mystery.

In order to overcome thesechnical difficulties we have developed a model protein
system, called a maquetteMaquettes are remarkably simple, stable, and absolutely
designable mamade proteins that enable experiments not possible in cryptochrome. They
will serve as a tool fortadying the cryptochrome and magnstnsitivity in a biological

context. Using maquettes we will explore the biophysical requirements Eiolagical

compass: Is a flavin tryptophan radical pair sufficfentmagnetessensincgnd is it able to

detectthe directionofa  ~50 €T magnetic field?




1.2 Magnetism: electrons, spins and radical pairs
1.2.1 Spin of single anchulti-electronsystems

Magnetism is a class of ph@menathat arise from the fundamental physical
proper t y*5o3pinis heintrimsic angulanomentum of a particjelistinct from
its orbital angular momentunwhich isanalogous t@ 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 pesfy such as mass or charge. Electron spin was first
described in 1922 during the Stegerlach Experiment when a beam of Ag atoms was shot
through an inhomogeneous magnetic fizldThe electrons were split into two distinct
populations (as opposed tosagle classiddy predicteddistribution) suggsting the

existence of a quantizedgperty that interacts wittnagnetic field.

Spin is described by the quantum number For Fermiong’ which includes
electronss=%. Spin like classical angular momentum, is a vector qiya@ind carbe
representedby the vectors, the magnitudef which is quantizedand related t® by the

expression

Equation 1.1

wherell is the reduced Plank constai@ivens, the possible spirstates areepresented

by thespin projection quantum numbenswhich has 2+1 allowed values:



Mms=s,S1 1€ -s
Equation 1.2

For anelectron withs = %5, msis eitherl  ('spin ug, or implying alignmentvith an
external magnetic field) dir %2 (Z , spiridow® , o r  aligmpd against an external
magnetic field).In the absence of a magnetic figlie two states representedriyare

degenerate.

This treatment of sip can be extended to muéltlectron systemsuch asorganic
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 spoorrelated (all radical pairs discussed here are assumed to be spin

correlated).

The total spin ohsystemSis the vector sum of the inddual spinsand takes on
the same magnitude asaccording to equeon 1.1. The associatédtal spin quantum

numberSis a sum of the individuapinquantum numbers:
S=3+%
Equation 1.3

With the allowed values of;



S =(sts2), (sts2-1 ) , 169 S

Equationl.4

In this two electron systera,= s = + %2, and the only allowed values®ére 0 or
1. For each value ddthere are corresponding values for each -stdis, describedy
theangulamomentunprojection quantum numbdyls. WhenS= 0, Ms= 0; this is
known as the singlet stat&/henS= 1, Ms can take onl, 0, 1;collectively these are
known as the triplet statdn the absence of a magnetic field (and any interactions

described in section 1.2.3ll of the spin states of this radical paystem are degenerate

1.2.2 Zeeman Effect @nsingle electron

In the presence of an external magnetic field, the spin states of eldciromglti
electon system$} will align with or against the field antbse theirdegeneracyThis
energetic splitiig is known as the Zeeman Effedt arises from aml e ¢ t magmetics

momentes(aconsequence of its charge and spin)

€s=—
U

Equation 1.5

wherege=2.002319304 is the dimensionless proportionality constant for a free electron (or
gvd ue) , s isatiedBohe magneton, theat ur al uni t for expr es
magnetic moment

EB=-0ecU —_—

Equation 16
6



-0¢ IS the gyromagnetic ratio of an electron (the ratio of its magnetic moment to its angular

momentum)g, is the elerantary charge andd4is the mass of an electron.

If we apply aclassicaltreatment of thissystem the energy ofeach spin state

depends on the magnetic momeny),(and the external fieldB)):

E=-esAB
Equation 17

In the quantum mechanical analogine energy is expressed by the Hamiltonian operator,
(©F

~

G =-0AB
Equation 18

where( is the magnetic moment operatdfFor an electron we can explicitly rewriiie

(combing equations 3and 16):

N

G = -usfB = -"Qo. B
Equation 1.9

whereEis the electron spin angular momentum opera®pins can only interact with a
magnetic fieldf 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 magnédicobie

convention the z axis):



G= '02/58 = '“Q:)e EIEB
Equation 1.10

As the solutions (eigemlued o f,ar&known to be giftheenergies of théwo spin

stateZeeman energiesgye:
Ems=-"Q0emsliB = -"QesB
Equation 1.11
For the spin up and spin down states thegiasrare (respectively):
E =+ 12Q¢eBB
Equation 1.12
With the energetic difference between the two split states being:
P E XesB
Equation 1.13
1.2.3Interactionsin a radical pair system

The above expressions are only valid for an isolated efegtroa vacuum,
experiencing only the magnetic fietBl In amore complexsystemsuchas a radical pair
we must also consider the interactions of the electronseatith otheaswell asmagnetic

nuclei Theseinteractiors arethe Exchange (J), Dipoland Hyperfine Interactionsnd



cause changes in the energy levels of the singlet and triplet @agesl.1¥8. Such

interactionsallow for an interconverson from a singletd a triplet or vice versa

Hyperfine

_ Y7 Exchange
N
~
H

Fig. 1.1. The three different interactions an @en can havein a flavin
tryptophanradical pair. An electron (black dot) maguantum mechanically
interact with the other electorn in the radical pair (cyan dot) viaxchange
interaction (purple arrow) A magnetic dipolar interaction (green arroegn
occur with the magnetic field gera¢ed by the other electram the radical pair
Finally, the electron may alsbe coupled to the other nuclear spins in 1
molecule ¢ofactor in biology) on which it resides (red arrows)a the
Hyperfine Ineteradon.

The Exchange Interaction is a plyrquantum mechanical phenomertloat occurs
betweentwo indistinguishable partickesuch aghe two unpairedelectrors in the triplet
state ofa radical paf®. As a result of the exchange interactithg distance between these
two identicalelectrons will be slightly greaténanexpectedso the repulsive electrostatic
force between them will be smaller. This will lovike triplet state energy relative to the
singlet. However, if the two electrogget so abse together that a bond mayrfrahese
electrons arpushed into an antibonding orbital which raises the triplet energy state relative
to the singletstate This interaction is exponentially dependent on distance, effectively

being zero at ~14..



The Dipolar Interaction describes the interaction between the magnetic dipoles of
unpaired electrons in the radical pair. It
the magnetic fields generated by each electron interacting with the otkel e c tason6s s
well as the Zeeman Effect from an external magnetic field. We therefore modify equation

1.13to:
PE "CepBer
Equation 114
Befris the sum of the local and external fields:
Beff =Biocal + Bexternal
Equation 1.15

Since s u ¢ h alofiZeemnan interetions are difficult to compute, thegre typically

approximated by modifyingedo the effective g factor g:
mPE sB g
Equation 116

Fortunately, in thebiological radical studied herehe deviation betweene@nd gis
minimal. The Dipohr Interactioracts to lift the degeeracy oftriplet states wher#si 0
(T-1and T, zero field splitting andis effective over a greater distance than the Exchange

Interaction. While the Dipolar Interaction is anisotropic in nature, if a ragasals freely

10



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 betwan unpaired electron and the
magnetic nuclei (s= %2) of its host moleculEhis interaction changes the local magnetic

field experienced by each electron and we must again megiifgtionl.3to:

Beff =Bhyperfine + Bexternal + Blocal
Equation 1.17

In biological radical pairs, these nuclei are typicafty or *H. Theircontribution is

related to their spin staten( and coupling constant (a):

Bhyperfine =B& ®
Equation 1.17

Hyperfine interactions have a DipelEpole and Fermi Contact componerThe 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 eacimpairecelectron in theadical pairsits on adifferent molecule, each
unpaired electron will have a different Hyperfine Interactioike, the Dipolar Interaction,

the HyperfineInteraction acts to lift the degeneracy of triplet states wkkre QT.1and

Ta, zero field splitting.
11



1.2.4 Spin mixing in a radical pair

The singld (S=0) and triple{S=1) states of the radical pair can irdenvert with
each otherThe rate of this intezonversior(inter system crossingSC) isdependentipon
the interactions described in section 1.2n8 can benodulated byan external magnetic

field.

For simplicity, this process can hasualizedin Cartesianspace where each

individual spin in the radical pajsior <) is a vectoof lengthk of¢ (s= ¥ into Equation
1.1), thatis precessing along the axa§an external magnetic field The cons that these
vectors trace oushows all possible orientatiorfangular momentar energy of the
sydem The rate of the precession (the Larmor Frequewncyis dependent on the energy
gapbetween the singleind triplet statelrought on by the interacts described in section

1.2.3 and the strength/direction of the external magnetic field

P E= geeBefi=k ¥

Equation 1.1819

The fourarrangerentsof thesinglet and the threeplet substates -1, To, and T)

are showrgraphicallyin Fig. 1.2.

12



RP

S T T T

1 -1
Fig. 1.2.A simplified vector representation of the singlet (S) aiplet
(To, T1,T-1) states. The spin vectors of the individual sgiands: are
shown as red and blue arrows, their resuli@ig shown as a big purple
arrow. The spins mcess about the axis of the magnetic fiBlcat their
Larmor frequency and trace a cone ofladlir possibleangular momenta

When the two spins are antiparallel to each gtheir sum(angular momenturar
energy is zero This is the singlet (S) statés energyis na affected by the external
magnetic field The spinscan also arrange themselves in such an orientation that their
resultant sums to on@aximum angular momenta or energyjhe three ways that this
can occur is collectively known as thiglet state(To, T1 and T1). In the To substate M,
= 0), even though the two spins sunotwe theresultant is orthogonal the magnetic field
and itsenergyis unaffected Therefore, despite being formeg adifferentarrangement
of the spins, dis isoenergetiwith the S state even in the presence of a magnetic fid.
the other handhe resultans of thetwo other triplet sutstates, Tand Ti(Ms= -1 or 1),
arenon-orthogonako the fieldand hencéheir energies are affected by the fiéddthough

in opposite fashions)The change in energies of &nd T1 as well as the precession rate

13



(spin mixing) of the spin vectotsrought on by the external fiethangs the anount of

time the system is in a sihg or triplet state; this is thenagnetic field #ect*21.

Magnetically inducedsn mixing depends onoththe strengtland directiorof the
applied field (Fig. 1.3. Since our radical pairs amembling freely in solution, the
directional effect of the field cancels oiih animmobilized sample the direain of the
field must be considered) In a low strength magnetic field situation, thednd T, states
split slightly, putting T in resonance with S (and;Turther out of resonanc€&ig. 1.13A.
This causes greater likelihood spin flip from sirgfl to triplet than in the absence of a
magnetic field. If the radcal pair is formed in the sihg state, his will cause theadical
pair to have a longer lifetime (Fi@.3 B) as charge recombination (return to the ground
state via back electron traesf is spin forbidden ém 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. Ifin the same singletdon radical paira higher strength field is applied, the
triplet T.1 and T; states split even further out of resonance with S making a spin #ipyto
T substate energetically unfavorable. In this gadearge recombination i&voredin
orderto conservespin multiplicity. This is the high field effeciThe poérity 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, thiéerences in the hyperfine
coupling of each mmber of the radical pair combine with the external field to alter the
splitting of the F1 andT: states and hence the spin state (hyperfine mechanigkb)a

higher field strength, the small, previously negligible, differences in the g values of each
14



electron (reflective of the local fields each electron feal®r theenergief the Ty and

T1 statesand the spin mixing rat@p gnechanism).

Magnetic fieldmediatedspin mixing effects have been observed in radical reactions
since t he&*3% aSuch eféictd Badedsen observed by NMBNdEPR®. The
spin chemistry of radical pairs is a burgeoningbranch of physical chemistr{~300
publications produced per yearerthe last8yeasse ar ch ter m Aspi,n mi xi
~100 publications produced per year over
mechani s mo. BearchadateS3¢14.D $ps1 mixing ofradical paisis currently
believed to be the physical basic of biologic magfsetasing facilitated by cryptochrome

proteins(radical pair mechanisri)

15
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Low Field Effect

Field Strength

Fig.1.3 A very simple model of the radical pair mechanism between a donor (D) and accept
A) The effect of the ngnetic field upon thapin statesof a radical pair If no magnetic field is
present the three triplet statesry close in energy (effectively degenerate) with a slight splittin
T.1and Tidue to the Dipolar/Hyperfine Intercationt a low field states & and T1 are split, putting
T1in resonance with S, allowing for more interaction and spin mixing, thereby effecting the @
recombination rate of the radical pair. As the field increaseand T. are further split becoming
less in resonanagith S than in the presence of no field, this again affects spin mixing and rg
pair lifetime. B) The photephysical scheme of the radical pair mechanism. The acceptor (o)d
becomes photo excited to the singlet state. It can fluoresce (flXd#ok ground state or oxidiz
(ET) the donofor acceptorjo form a spin correlated radical puwiith its partneitin the singlet state.
The singlet radical pair will then mix to the triplet statewith some efficiency. Thefrtesspin
mixing (SM) @n be #ected by an external magnetic field. The singlet can decay to ground
via charge recombination (CR), while the triplet cannot as it is spin forbidden. Since the e
magnetic field will alter the sgle-triplet population, it canféect thelifetime of the radical pair.
Also the radical pair caaventuallybse spin correlation (DP) and the individual radicals coag
or react separately (E CRjor a radical pair formed form the triplet state, the effect is opposi
polarity. C) A depictionof the magnetic field effect as a function of field strengiihe magnetic
field strengths at whictine low and high fiel@ffects occur are highlighted\t ~mT fields the effect
is facilitated by the Hyperfinenechanimsat ~T strengths thgg mechanism dominates.
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1.3Biological Electron Transfer: Theory and Practice

Electron transfer(ET) is essential to life as we know itPhotosynthesjsfor
example, utilizes light energy to transfer electrons from water argthisesnergy to fix
CQ; into glucose. In respiratioluccseis broken down and thelectronsareutilized to
reduce NAD to NADH and to generate ATP, the energy currency of the télewise,
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 reactanfradatced
donor and oxidized acceptor) are shown transitioning into the positions of the products
(oxidized donor and reduced accepteig. 1.4). With a strong coupling between donor
and acceptor, the reaction proceeds on a single energy surfacethdtmal activation
barrier between reactant and produdthis is an example of an adiabatic (no net heat
transfer) reaction Here, electrons tunnel from donor to acceptor, neverthedess,

adiabatic casesan be well explained with transition statey(&g) theory?”:
Ket = kvn g CRT
Equation 1.17

The rate of ET (kr) is dependent upon the collisional or diffusion limit of the system (v
about 16! M1s! for a small molecule), the free energy between the activated

compl ex/ prieandthestemperafu@@). R is t@versal gas constant. The
17



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 couple¢adiabaticyeaction k approachesnity.

Adiabatic Non-Adiabatic

A E

E Prod E
Prod

React

A

Potential Energy

-

Nuclear Coordinate

Fig. 1.4 The two types of electron transfer. The nuclear coordinates refer to the orientation
reactants, products and solvent before after and during electron transfer. The parabolas repr
potential energy staces of the reactants (purple) and products (black). In the adiabatjaheag
waveforms of the reactant and product are highly coupled (through proximity) so their surface
once the activation energy is overcome, electron transfer occurs wémmter Transition state theory
can satisfactorily explain these. In the biologically relevant;atiabatic case, the surfaces are poqg
coupled so even if the activation energy is overcome, there is only a limited probability of el
transfer. Here, we must use different theoied! constructs

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 irdéfastonally

in solution Instead, the cofactors are often fixed in plaoel spatially separatgesulting
18



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 w here does at refer to moleculacollisions but instead the nuclear vibrations of the

donor and acceptors.

In such noradiabatic cases (a net heat transferg, must consider a more
sophisticated ET theoryOn the most basic level, we can describe such ET as a quantum

mechanicatransitionfrom donor to acceptr  u s i n Goldén®ulefti 6 s
Giar=2 | k |%kf | HO| i >|
Equation 1.18

The probability of transi tafasaraté)ssafonctione i ni |
of thetransitionenergy(obtainedfrom the innerproduct of the initiakrergy state and the

final statewave function where the initialenergystateis determinedby applying the
Hamiltonian on the initiabtatewave function and thedensity of statesf thefinal state

( 4the number bavailable final states) scaled by thd a n k 6 s cVdhnesnt aFnetr nfiko)s.
golden rule is applied to tunneling limited electron transfer (i.e. there is no barrier to ET

other than quantum mechanical tunneling) the equation bec8mes:

ker= 2 abﬁl:@ | H

Equation 1.19
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Herethe rate of ET (k) is determined by applying the Franck Condon prinéiple
to separate the slow nuclear transitions (nuclear term, FC) from the fast electronic ones
(electronic matrix element, Ad). Hag describes the degree of electronic overlap between
the donor and acceptor ahénce the rate of electron tunneling when the nuclei are in

optimal paition for electron transfer:
|HAB(F)|2: weR
Equation 1.20

This process is highly dependent upon the
and acceptor.@ represents the maximal overlap between the electwave functions
of the donor acceptor. The nuclear termanationl.19, FC, represents the probability of
bringing the acceptor and donor nuclei to the optimal location on the reactant coordinate
for ET. Itis essentially the overlap of their nuclear vibronic staldgere are many ways
to calculate both kk and FC from completely quantum mechanical to classical
approximations. A fully quantum approach for biological electron transfer typically

involves unnecessary, faceelting computational complexity and is disfavored.

One particularly useful way to calculate FC for biological ET was proposed by R.
A. Marcus® Marcus treated the nuclear term asassic simple harmonic oscillator and
calculated the activation energy of radiabatic ET in the Eyring expressifiBquation

1.17)as
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PG=w+

PGo= GoaP-w
Equation 1.2122

The free energy difference betweedDisthe a
dependent upon the electrostatic work term of bringing the donor and acceptor together to
form the activéed complex (W, and then the electrostatic work term to separate them post
transfer (W). If one of the species is uncharged these terms drop out since there is no

l onger an electrostatic repUlisshe ree energy at t r
between the reactants and products if they are infinitely far ajpp®{s the driving force

of the reaction). This reaction also depeil
required to distort the geometry of the doacceptor systems from ehequilibrium

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

the electron on the donor, or vice versa:
o= ot 3
Equation 1.23

The inner sphere componea)(is sum of the energy cost of rearrangement of bemgth

and geometry:
a=1 B B°
Equation 1.24
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k;is the normal mode force constant of the bond in question, whgxease the change in
bond length upon electron transfer. The outer sphere component on the other hand, is the
energy required teearrange the solvent molecules to form the transition state/post reaction

state and is modeled as a dielectric continuum (for ease of computation):
oy — 62 [ (2rd)-1 + (Zra)—lT d—l][D op—1.|. Ds-l]
Equation 1.25

where e is the electron charge transferrgdnd & are the spherical radii of the donor and
acceptor molecules, d is the distance between their centersyganttl) are the optical

and static dielectric constants of the solvent, respectively. From here we can see that the
smaller the donor anthe acceptor molecules, the less solvent rearrangement will be
required and hence a lower reorganization energy. When the solvent of the system is non
polar, Dpp = Ds, we no longer need to concern ourselves with the outer sphere
reorganization energy. dinbiningequations 1.17 antl.21 produces the classic Marcus
theory formalism for determining ¢felectron transfer rate in biological systems (note that

the electronic matrix elementallpr es ent i n Rele mind sxplickly | d en
mentioned here. Itsad, v, is still used to describe the degree of electronic overlap

between donor and acceptor):

ket = kvn e‘(( &+ "GoR)T

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. Gnanterintuitive consequencef this
theory is that the reaction rate exhibitsumdratic 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 ratbut 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:

-AG = A
A Normal Optimal Inverted ‘
E

React

EProd
-AG >

-AG < A

Potential Energy
Log K¢,

Nuclear Coordinate > -AG >
Fig. 1.5 The thee regimes of electron transfarthe MarcusCurve shown as left) a reaction coordinate and righ
function of driving forceThe nuclear coordinates refer to the orientation of¢hetants, products and solvent befo
after, and during electron transfer. The parabolas represent the potential energy surfaces of the reactants (p
products (black). Where the two intersect electron transfer moves forward. The reacterdprslowly (normal
region) when the driving forcéqis) is lower than the reorganization energy @ntil T g = a-where it occurs at
maximum velocity (optimal). However whéigs >gy there exists a potential barrier to the reaction and the rea

rate sows (inverted region).

Marcus theory successfully describes many biological electaosfér processes.

However, it fails at cryogenitemperature (as inChromatium, wherethe reaction rate
unexpectedlyevels off3. Quantum mechanical correctioh® are therefore required. In
1974, Hopfield® pr oposed a semi classical treatment

rule. Much like the spectral overlap integral used to calculatstdf Resonance Energy
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Transfer (FRET) efficiency, Hopfield creatad analogous overlap integral of the nuclear
spectra (all of the possible nuclear positions) of oxidized dongydbBd reduced acceptor
(Ared. This overlap integral isa collection of all common states between donor and

acceptor, otherwise known as tin@nsition state of the reaction:

00 060 Q0

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
f requencymeV)h ¥his apgradé Successfully predicted electron transfer rate at

|l ower temperatures. Hopfieldds equation,
ket = 247 KOPH6O QO
Equation 1.28

Other more robust quantum mechanical cdivaes can also be added to provide a more
accurate description of the nuclear frequency, however these greatly increase the

complexity of the theoretical descriptiiie.

I n the 19806s Marcus offered additional
description of the nuclear term in his original theory to prodoeesémi classical Marcus

Theory?
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ket= ———0 Q —

Equation 1.29

According to semtlassical theory, the rate of electron transfer decreases exponentially by
a factor of 1.4 per angstrom of tunneling medium. A (All terms in equation 1.29eve t

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 wavefagns, H
This parameter is particularly imgant to noradiabatic biological electron transfer
reactions where spatial separation between donor and acceptor can be considerable. As
mentioned earlier, kk can becomputedising a purely quantum mechanical appréath
however this in itself requires many approximat®rthe relative merits ofwhich are

debatable.

A more empirical solution to k¢ was proposed bylcConnell and cavorkers,who
treatedt as a function of the electron tunneling medfimHowever, instead of tunneling
through the entire span of the donor/ accey
througheach bond in the span via many fast tunneling steps. niddgl considers each
bond (m) separating the donor and acceptor

Hag U ™U

Equation 1.30
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This model is very simple, and fails to accurately descrike fbr biological electron
transfef®. Beratan and coworkers proposed a slightly more complex super exchange model
wher e e acdtrealel depeadingv@n the tunneling medium, be it a covalent bond

(&, hydrogen oororsd mpU y9)*t hr ough space (U
Hie U 880 ©
Equation 1.31

The semic| assi cal description coupl egldoesi t h
satisfactorily describe the data collected over the last 30 years by Grakleiand

colleague$ as well as by DuttarMoser, Gunner and colleagdés

Gray et al have further extended this model to suggest that there exist discrete
electron transfer pathways in proteihs This model successfully explairET in Ru
modified Azurin work?® however, it does have some limitations. Firstly, the model
requires intimate knowledge of the protein structure (in order to compage amd
struggles at predicting ET in situations where a Hggolution structure is not availab
Secondly, as a pathway becomes more complex, so does the difficulty of calddkating
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 thab#tefficient

ET pathway must be the Abesto and natur al

many of these ET proteins are quite ineffictentPhotosynthesis for example, loses over

half the energy it absorbs as heat. Secondly, if such pathways did existieapsiimg

26
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mutation in the tunneling medium could disrupt electron transfer resulting in catastrophic

shortcircuiting.

Endergonic Exergonic
4 ” 0 2

-0.5

AG (eV)

Moser/Dutton
(Eq 5)

Single Quantum V4
Oscillators (Eq3) fi i “!

L-7
logqq ket(s™)

hard mode
80 meV

Hard & Soft Quantum
Oscillators (Eq 4)

“\L®\_ softmode
H 12 meV

soft mode
2meV

[

ho

mode (70 mV).

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

assuming a reorganization energy of 0.8 eV at room temperaturé?.fr@ashed green: the class
Marcus approach. Black to a fully quantized model witm@&0 mV characteristic frequency, ET wi
only occur at quantized integer valuesq@. Dotted lines: a fully quantized hard (80 mV) and s
mode @mV). Solid purple: a fully quanted soft mode (12 mV)Red line: the Moser Dutton (sem
classical Hopfield) simple approximation of a quantized characteristic frequemiyated by a hard

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

sufficiently accurate alternative model.

el ectron fAhopo

by

Instead of tryiagcalculate each individual

counting the bonds

t hat

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

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

electron transfer pathwaifs
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G20 =1 BHYI3. 6 )F=3— 1

Equation 1.32

This expression is known as the Moser Dutton Ruler (MDR) and is empirically derived
from decades of stuihyg biological electron transfét 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 constanbtigh the protein tunneling medium (reflective

of the packing density of the protein), R is the irdefactor 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

deri ved f r eharackospcfnickedr fteguenapGis the driving force of the

reaction and =
14
Black: packing . .
of G, 8 reorganization energy.
Ounproductive RC
HRu cyt b562
® Ru cyt .
o T whumpaciiti ® /o The strength of this
® ¥ Ru azurin 490 4
G = SR o 459 . L
3 equation lies in its simplicity as
£s
g well as its accuracy (Fig. 1.6,
w
4
1.7Y%. Unlike other descriptions,
2
the MDR does not require
0

0 2 4 6 8 10 12 14
Calculated log rate computationally intensive

Fig. 1.7. Experimental vs. Moser Dutton Ruler calculated rateg . .
light activates electron transfer (free energy optimized) in bactg calculations, having only three
reaction centers and Ruoodified proteins taken froth The black
dots use a version of the MDR witln average protein packin i

density 0f0.75 (integrated in equation 1)32Gray dots assume degrees of fresom. Addltlona”y’
slightly different density calcutad from the protein structure.

the equation accurately explains

experimental data and is able to precisely predict electron transfer in systems where only
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' imited structur al information is avail abl
to predict inter cfactor distanceéS. The parameters,,BpGanda= can be det er mi
reasonable effort. Isystems 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 transfegp Gecan be obtained by measuring the difference of

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

of the cofactors performing electron transfer., &n easilybe measured using a
potentiometric titration, orvat mme t r y . & oigmore Hiféculttotmeasure h a n d
directly and is often a fit parameter derived from systems where the intercofactor distance

is fixed but the driving force is varieddowever, since it has been determined for many

different type of systems, an educated estimate will often sdffice

One potential limitation of a uniform tunneling barrie 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 casetunneling may proceed faster than peéed by the MDR. Fortunately, the MDR
has been successfully used to desceleetron transfer in the flavibased systerns
Therefore, due to its simplicity and accuracy we will be using the MDR togpeddctron

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 eofafiavins, are involved in a

Flavin Adenine Dinucleotide FAD

NH,
Flavin Mononucleotide FMN plethora of redox
- = N _ .
N | > reactions®. The favin
Riboflavin K s
-~ O 0 N : :
I | nucleusis a three ring
H,C—0—P—0—P—0
L4 Lo |
HO——H © 0 \ system bearing
< < HO—{—H
-< Lumiflavin HO—H OH OH pyrimidine andxylene
L”““Cl“c’“‘e H2 L faces The nucleus
may be attached to a
NH 3
o \

variety of chemical

Ox1dlzed 0o e’+
/ \1 moieties atthe N-10

N o
position, as well as be
pKa—SS
N covalently or
e 0
A S ©
H nionic Semiquinone Neutral Sennqumone H nomovalently
attached to a protein.
_0
NH These modifications
change the physical
Reduced Reduced (Hy droquinone)

and chemical
Fig. 18. The naming convention and five redox states of flavin cofactor. Fl
refers tothe three fused ring system. The addition of different functional grouy
the N-10 position changes the name of the moleculeH)michrome, {(Me) =
Lumiflavin, (-Ribital) = Riboflavin, ¢(Ribital-PQi) = Flavin Mononucelotide
(FMN), (-Ribital-(PQOs)2-Adenosine) Flavin Adenine Dinucleotide (FAD). Five o system(Fig. 1.8)32.
the nine possible redox states of

doubly reduced singly protonated form is quite unstable and rare in biolduy.
flavin can be attached narovalently or covalently atthe 6, 7[7, 8 Upositibns §
to the cvs. met. his and tvr amino acids.

properties of the
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Flavins have thecapacityto carry one or two electrons, with the possibility of
proton coupling resulting in nine uniqueredox stateS. Conveniently, the four
biologically relevantstates havevery conspiaous spectroscopic signaturesg(F1.9).
Flavin-catalyzedelectron transfers mayelfacilitated over a wide range of range of redox
potentials dependingn the protein environment as well as protaitachmer?. The
driving force for flavinmediated 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 regh making it an extremely powerful oxidant£2V). This
unique combination of properties makes flavins involved in diverse functions ranging from

respiration, photosynthesis, DNA repair and oxygen utilization

One interesting light T T T T

6 Anionic Semiquinone l

activated reaction of flavin ig

the oxidation of the aming 2l ]

acid tryptophan. This E‘ [
s 8 .
reaction takes place in thl & | _
“ L Neutral Semiquinone -
DNA repair enzyme 4 .
I Reduced -

Photolyase and the circadia -
O3()0 — 4(I)0 - S(IJO 600 ' 700

rhythm regulator Wavelength / nm

Cryptochroméﬁ. The result Fig. 1.9 The four biologically relevant states of riboflavin adapt
from®3. Oxidized riboflavin (orange) is characterized by talwarp

bands. The one electron reduced semiquinone flavin has a g
absorptive feature in the bluegion blue). The protonated form of th
semiquinone, the neutral semiquinone has a broad red feature (red
formation of aspin correlated| two electron reduced, doubly protoedtreduced flavin has a low broa
absorbance in the blue (black). These diverse features make it po
to spectroscopically identify the differentidation states of flavin.

of this reaction is the

radical pair. This radical pai

31



has been shown to be magnetically sensitive and is thought to be responsible &iomagn

perception in certain spectés
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1.5Biological Magnetic Field Effects and Cryptochromes

Recently several biological processes have been shown to interact with magnetism,
including bacteria growing along magnetic didineS’, magnetic fieldsnfluencing plant
growti?® and even animal perception of magndigds®. In 1855 von Middendorf,
proposed that birds might be navigating wi
196006s and 19with daged @rds@med rartifima magrsetic fields showed that
birds are able to perceive magnetism on the order of Earth8’fiedtiditionally, birds

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

N

I east from west,
- »uu‘" C
suggesting  that
w E W
they could
E F perceive the

angl e of eart

magnetic  field

with the horizon

Fig. 1.1Q Evidence for a light activated magnetosensing in the Eurdpelim (Erithacus (magnetic dip,
rubecula) adapted frath A) Cross section of a magnetically shielded experimental ¢
where a local magnetic field can be applied. B) When the applldgbets to true north

birds will face that direction and upon release fly towards it. C) When a false no, inclination
added, the birds will orient towards it. D, E and F) The ability to orient is dependent
areen or higher eneray light. Birds subijected light failed to orient directionally. Compass""f_

The mechanism ofvéan magnetesenstivity was originally thought to ariseom
magnetite rock (©2) f ound i ¥. Howeved despitebtiediaription of this
systema bi r d 6 sorieatlinialmadnetic fieldvas still preservéd. Additional

experiments have shown that the orientation is dependent upon ghegimesrenergy light
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(Fig 1.10%. These findings led Schulten to propose tnaan

magetoperception was

based ona spin
chemical process in
pigments interacting
with the
geomagnetic fielf.

In this model, a
protein  equipped
with  a pigment

would generate a

magnetically
sensitive spin
correlated radical.
In 2000 Ritz
proposed that 4§
retinal

cryptochrome

protein wascapable
of facilitating this
type of chemistry,
the

and therefore

actor of

B 1[FAD*]+Trp H
electron transfer
A \mur sub-ps) (3)

mixing

(2)

YFAD +Trp H'] & > 3[FAD +Trp.H™]

(73) (ns)
(a) Trp. deprotonation (4)
(0.1-10 ps)
7b
o | ™ 1rAD+Trp,] }[FAD"+Trp( ]
Y\ ( i(s) F—AL)E)V‘U;_){M"JUH (s)i
(1-10 ps)
79 1[rADH:+Trp,] 3[FADH-+Trp ]

Back electron FAD oxidation /

(6) Trp reduction (6)

transfer (~10 us)
(>100 ps)

FAD+TrpcH <

Fig. 1.11Structure and Activity of the Cryptochrome adapted fdgand70. A) The
DrosophilaCryptochrome is a 55 kDa, protein consisting ofiigelices. The core of
the protein is a photolyase homology domain (PHD) bearing the radical pair for
machinery: FMN and a chain of three tryptophans. The structure is highly cons
among the species. B) The mechanism of magnetic field sensbagésl upon the
photocycle of radical pair formation. 1) The FMN absorbs a photon and becomes
excited. 2) Rapid election transfer between the FMN and nearby tryptophan.
electron hole is passed to the distal tryptophan (C or W342). Theisessiinglet spin
correlated radical pair 3) An external magnetic field can alter the population of s
and triplet radical pair via the Zeeman Effect in ns spin mixing for a total radical
lifetime of ~10us. 4) Deprotonation of the distal tryghan helps to stabilize the radic
pair and is spin independent. 5) In certain species the FMN can become protona
stability. 6) Recombination is only permitted from the singlet state and spin forbi
from the triplet. Since an external magndigtd can alter this population via step 3, tf
lifetime of te radical pair is altered. However, if the radical pair becomes decoh
recombination may proceed via other mechanisms. 7) Back electron transfer may
at any stage of the radicalipformation regardless of protonation or spin state.
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magnetoperceptidh  This notion has been supported by a number of studies in
Drosophild3®4, fish®, amphibian®, plant§’ and birdé. Additionally, cryptochrome
knockouts resulted in a loss of magnpeyception irDrosophilawith a functional rescue

with a knock in of human crypthromé&®.  The cryptochrome protein is a EBa protein

found acoss many different phyla, including, plants, insects, birds, reptiles and man (Fig.
1.11¥°. Aside from its proposed function as a mag+setosor, it is a regulator of circadian
rhythm’®. The protein is primarily alpha helical in nature and contains ecaealently
attached FAD cofactpa chain of three tryptophans and depending on species, an antenna
molecule for light absorptidh Cryptochrome is believed to have evolved from DNA
photolyase, a flavoenzyme that is involved repairing thymidine dimers @olE. Both

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

Magnetosenstivity in the cryptochrome arises from thehoto inducedormation
of a spin correlated radical pair between a flavin and a tryptéphidpon photo excitation,
FAD oxidizes a nearby tryptophan which in turn oxidizes a medial tryptophan, which itself
oxidizes a distal tryptophan, dng in the charge separated state~18A distance and
a redox potential barrier to back electron transfer stabilizes the state for ms. The resulting
spin correlated radical pas born in the singlet statehere it can decay to the ground state
or spin flip to the triplet state, where chargeasmbinatio is spin forbidden The presence
of an external magnetic field alters this spin inter conversicalteying the energy of the
T..and T triplet states Depending on the strength of the appliettf the lifetime of the
radical pair may increase (low field) or decrefsgh 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 dimectof the applied field. 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 ncl ude structur al changes to the
interaction with different signaling protein8’3, activating proteing*, degradation
machinery?®, or transcription factorS. One very recent study suggests that cryptochrome

can interact with MagR (an iron containing protein) and align spontaneouslyeWith
magnetic field§. Other les developed theories include changes in the production of

superoxidé, oraltering the rate of cysans retinol isomerizatidh

To date the experimental evidence for crytochrome as a maggeisor while
growing, is still largely circumstantial. For exple, all magneteensitivity has been
demonstrated at mT field strengths, about
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 beeriablow an effect at
40 T or a di®8 éncotdér tordetdrmine & a pryptochireme can elicit a
directional response at low magnetic fields, more studies are required. Unfortunately, this
is no easy task; cryptbrome 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, easywork-with, man-designed protein

platform.
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1.6 Difficulties in Studying Natural Systems andthe Protein
DesignProblem

Biology is complicated; studying it is hardThe bochemistryof proteins is
particularly challenging due to th&heer number of variables we must considEor
example,he fHageod ipsr o+3F&0dt amino aci ds niodng,qg, t ha
rotating breathingand catalyzing chemistry in the cellular miliéd This is further
complicatedas proteins are rarely optimized for their intendfunction; often simply

igood &.n Dhis@deurs as many amino acids gather multiple, often redundant

functions oer the many millennia of

evolutionarytime (Fig. 1.12). In order to
deal with thisevolutionary complexity,

biologists have evolvetb either studying

simple natural systemsr ushg models.

Models come in many flavors:

computational, chemical, or modified
natural proteins, each with theown

strengths and pitfalls. One particularly

appealing model systeis the synthetic

Fig 1.12 A depiction of the complexity brought on b
evolutionint he form of MidHefuectiod | protein, Synthetic proteinsoffer the
of an imaginary, three amino acjotein is to cross ¢
river. B) Over time, a fotth, nonfunctional amino acid in ] ) _
the form of a plank is added. The function of the prot{ benefit of being simple enough to
is unchanged but it would become unclear to some|
studying it if the plank or the beigeosie are required for .
function. C) If the beige stone were removed thani understand while hearty enoth to

takes on a new imptance. D) Its removal would now
lead to catastrophic failure. withstand experimental interrogation.
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Additionally, their absaltedesigrability allows the experimentalist todividually test the
function of each amino acfd. These also offer the promise of harvesting the seemingly
infinite catalytic potential of nature to produaseegy and valuable industrial or medicinal

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

guotation from physWhaitstl Riammertd cHeyanmnea n:

Unfortunately, designing synthetic proteins Ipgsven to be a unique challenge
within itself, stemming from our incomplete understanding of protein folding, structure
and chemistdf. Current approachsto the problem are redesiggi natural proteins,

computationalcombinatorial or de novoapproachés.

Themost basic approach to protein design is to modify a natural system to perform
or optimize a particular function. This approach was piatkeer thel970 Oby Kaiser,
who replaced the flavin cofactof Flavopajin, greatly enhancing its catalytic pofer
Since the molecular biology revolution of the9 8 Bréughtthe ability to mutate, insert
or delete amino acigthe use of this approatiasbecome ubiquitou¥’. In one interesting
example the mutation of a Heme ligating Hi® a Gss in Myoglobin altered itunction
from O to H2O2 production, teaching usbaut the functional requirements of both
enzyme®. Despite the met hodd sbothimpsability toelucigate i t
the minimal design principles of biological function and to produce effective catalysts.
This is due to the reliance omatural sequence, which is rife with evolutionary baggage;

what works in one protein may not be applile to a different system.
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Computationalmethods offer a more generalized approach to protein design.
Al gor i t hms s u c hRosetsg furigtionby geneBating praotednsstructures to
serve particular functiof% Rosettasearcheshrough the Protein Data Bank (PDB) and
fitting snippets of known structures geether to create the target design. This is
accomplished through a complex minimization of fold energyratational conformation
optimization of the individual amino acid chains. Computational approaches have yielded
seveal interestingenzymes such as Simian Respiratory Virus antibothand a Kenp
Eliminasé. Although much hebeen learned fronhis approach, it is still instinfancy
and does have limitations including the reliance on incomplete or biased structural
information and huge computational dem&ndviuch refinement is still requirecefore

Aon demandod design can be achieved

Another protein design approach relies on combinatsitiategies suchs directed
evolution Here anenormous library of random or pseudo random sequemneegnerated
andthenwinnowed down to those that can perform the intended furfétidrnis method
searches for a moleculaeedle ima very large haystack, requiring a strong assay to select
for hits. Often multiple rounds of selection and enrichment acpired. An example of
successful applicationis Michae He c ht 6 s d e s°f. Gambimaforiaprethanlx i d a s
are effective at designing or optimizing proteins that will form an interaction igarad
or substrate. However, the method is slow, selection is tedams the Mullerian
complexity present in natural system remains hmeking the absolute function of every

amino acid difficult to discern.
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De novo strategies start from absolute scratielveragingknowledge of protein
folds and biochemistry. They are typicallffeetive at designing simple fatddsuch as
helical bundle¥. Sinceeach 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 proces$esDespite these benefits, the method is slow, often
requiring many iterations to optimize a design or deduce a function. Additionally as the

desigrs become complicated, their behavior becomes more difficplerictor manage

As the field begins to mature, multiple approached are often utilized iertatal
achieve a design goal. For examplethe 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 ofdkeenovalesigns produakby 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

Themodelproteirs presented hereere designed using the Maquette Approach
de novorational design method particularly effectivethe design of oxidereductass.
Here theactive sitecofactors of a protein of interest afier e ¢ 0 n sirt @ naquetee d 0
frame, a specializetbur helical scaffold One is then free to test difést mutations,
cofactors or variables without fear of disrupting the fold. This iterative process produces
a wealth of Anoise freeo informati,ehmchabout

can therbe used to optimize the design for a speddrget.

The history of maquettes dates bacKl888 when DeGrado and §ade novo
designed dour helicalbundle that selissemble@nd retained & structure in solutiof.
The Dutton group has since successfully used shggemto studyredox active enzymes
that containmultiple, colorful cofadors with overlapping spectrdMaquettes offethe
flexibility to simplify these complex system¢hile tesing the effects an absolutely

designable protein environmemt their electron and energy transfer properties.

Over the last 30 yeaemn entire family of maquettes has been spaskcomingin
many flavors, fom solubl€”’, tothree helix bundi€§, toamphiphilicmembranembedded
proteing®. These also have the ability to ligate many déffercofactors both covalently
(flavinst®, quinone¥™, porphyrirs), non-covalently porphyrin chlorins, iron sulfur
clusters}®? and even some through vivo assemiyl (Heme C%). These designs have

been usedo replicate and study the functions of many different biological exido
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reductatses includingAdinding in myoglobif®, photosynthetic charge separatienérgy

transfer and in this thesimagnetesensitivityof the flavzin-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 transnt absorption spectral data im&pter 3. SVD is used to deconvolute
complex overlappingpectra 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 briéflgre indepth
discussios with a special applicatiosto transient absorption spectropy are also
availablé®. SVD is a purely mathematical operation that takes data, (here, time resolved
spectra) and breaks it down into a linear combimatbcomponents. 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 tlata 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 m@&}roofsisting of
intensity values at different walengths over time. Th& matrix can be broken down into

the product of three matrices (Fig 1.13)
A =USV'
Equation 1.33

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

each wavelengtl§ is the diagonal rank atrix (n x n) informing on the number of unique
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species present andf (n x ) 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, VT). Once tle minimum number of components is determined, the data set

can then be reconstructing using only these:
A Uswd
Equation 1.34

The prime symbold indicated that these matrices have been reduced to only include the

significant components. The reduced right singular vector can be further broken down into:
vdac'p
Equation 1.35

P (r x r) is the linear paraeter (weighting) matrix of each component at each tiRe.
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 mo8eB, A& solution

for determiningthe concentration of A at time t would be [A] e 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
compaent, 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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£|Vé (CP) |F =min( ?)
Equation 1.36

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

relation:
ussove = FCT
Equation 1.37

We are able to use the output of the SUD) S & &ndl the minimize€ to solve forF
(m x r), a matrix ontaining the intensities of each component at each wavelength; or more

simply put, the spectra of each component.

A = U S v

Fig. 1.13 A data matrix of time resolved transient absorption dajacén be broken down into th
product of three matricesl, the left singular vector consist of the wavelength dependence of eg
componentS, the square diagonal rank matrix informing on the significance of each compone
VT the right singular vector showing tHee 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 radipairs 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 maquées we will explore the biophysical requirements fbradogical

compass: Is a flavin tryptophan radical pair sufficfenimagnetesensing and is it able to

detectthe directionoh ~50 &€ T magnetic field?

In Chapter 2 the design and engineering prilesippehind thavomaquette 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
demonstratéhe electron transfer prepies of the maquettes on time scales ranging from
ps to ¢€s, s h dsmabiliygo generate amadigal pait. tCleapter 4 will describe
the magnetic field response that this system is able to elicit as well as the insights we apply

to natural syems.
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The Design, Engineering and Characterization of
Flavomaquettes

What | cannot create, | do not understand

~Richard Feynman
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2.1 Introduction

In this chapter we present the flavomaquette model system fafhily of soluble
proteinsis 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 als@resentalternative designs making use of multiple
tryptophans, different electron donating amino acids and a new generation of the maquette
pl atfor m. We wi | | test t he sys-tryptopldaa abi |
radical pair inChapter 3 and determine if it is sufficient to sense magnetisfiel@hapter

4.
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2.2 Designing a Flavomaquette

The basidlavomaquettedesignis a variant of a maquettiescribe previously’.
|t was originally named by i ts architect
Hydrophobic Fl avomaquett e v 2phelicabldirile (kv 2 ) .
2.1). Each helix is contains laydrophobic and hydrophilic fadauilt around theheptad

repeat

Amino Acid: F E D A L K Q

HelicalPositon: A B C D E F G

Following the traditional helicgbosition nomenclatut€’, the positionsA, D and
sometimes Ewere populatedwith the bulky phenylalanineor smaller alanine This
produceda sufficientlyhydrophobiccore while aving enough room for flavin and other
cofactors TheC, B, andF positionsweresolventexposed aneverefilled with polar or
charged amino acids including lysine, aspartic acid, glutamic agdaraginge or
glutamine. These hydrophilic amino acids ensured solubility. The E and G posigoas
interfacial and contained some polar and hydrophobic amino acids including glutamine and
leucine. In solution, the four helices came together via the hydrophobic &ffetng a
well ordered structuf®’. Each helix wasonnected to its neighbor withflaxible seven

memberserineglycine loop forning a single chaimprotein(Fig. 2.1)
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The shgle chain design offered advantages over earlier dimers orlbephelix
variants®®. 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 helioop-helix subunits were designed to dimerize, resulting in
symmetrical proteins. Since the single chain was produced in badterés no longer
limited by protein length or subject to symmetry restrictions, offering greater freeflom

design.

Flavomaquettesvere equipped with a cystein®cated in a buried D position
(position 9on helix 2)in order tocovalently bind the flavin. Binding proceeded through a

nucleophilic substution of a halogen group (Br or Cl) at the 8 positiéthe flavin by the
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ma g u edystemeé Ehe reaction was relatively mild aeasilycarriedon the bench top

(Fig. 2.2).

Parallel and
Antiparallel packing

Antiparallel packing

Fig. 2.1 Two maquette topologieselit) Parallel and antiparallel adjacer
helices of the Shpfv2 desigRight) A fully antiparallel arrangement of th
Fmk-1 designThe 4-helix bundle topology is viewed from the amino (N
end of the first of four helices connected by loops (black lines) thie
heptad position4, D, andE comprised predominantly of nonpolar residu
(purple) that selassociate to form the bundle core, with a buried fla
(orange rectangle). Below each design is a model generated from a ¢
structure of a closely tated desigr.

In the pasbur laboratory used 7 acetyl LM$. However forthis work, 8CI-RFL
or 8Br-RFL was chosen due to its commercial availability from Sigma Aldrich, thus

saving months of complicatedhemical synthesis. 8 position attachment is distinct from
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the noncovalently bound FMN in natural cryptochromes and was chosen for several
reasons: 1As of this writing there is na@onsensus sequence for the oowalent binding

of flavinsto proteins 2) Most norcovalent flavinbinding in nature uses the ribital chain,
phosphate or adenine moiety at the -N) position which are extremely difficult
interactionsto engineer in a smaflour helical bundlg3) The nature of these namovalent
attachments are rather nepecific which could result in unstable attachment or a
population of differently bound species. Covalent tethering resolved all of idsemss

while still providing a functionally similar flavin.

Theelectrondonor in the radicgbair was tryptophanlts placement relative to the
flavin wascarefully selectedas the flavifryptophan separation will affect both the rate
of electron trasfer, and the lifetime of the radical pair (see section 1.3 for a complete
discussion). In the absence of higdsolution structural data on the actual intercofactor

distance, we tested three different distances: 5.6 A, 11.2 A, and 16.8A. Each ofahese

OH OH _
a multiple of the
OH o OH
vaquette " ~5.6 A helical
é OH Maquette .
turn in a
Br. N N
z
II Z NH pH9Buffer ;@: flavomaquette as
N 1mM TCEP
55°C measured from
Overnight
Fig. 2.2 The mechanism of magtte cysteine flavination at the 8 position. T| the cysteine
reactionwas anucleophilic aromatic substitution where the halide at th
positionwasreplaced with the cysteine. The conditiovererelatively mildand| t r y pt op han
perfamed on the bench top. The maquetésdenatured with 6 M Guanidiniun
Chloride to allow for acess to the cysteine, TCEP k#y# cysteine from formun carbons. A ne
double bonds and the high pH assutleel cysteine deprotonatedd 3-5 fold )
molar excess of flavin wassed. The reaction progress wanitored by HPLC
and typically proceeded to quantitative yield. tryptophan
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control maquette was also synthesized. Designs are referred to by the position of their
tryptophan on helix two. For examptedesign with a tryptophan in the™gosition (5.6

A 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 cryptochrora.  The majority of this work will focus on these single tryptophan

designs, collectivelyrefeerd t o as t he23fiW serieso (Fig.

Aside from the W series, a tw' series, a noiV series, and a mixed series was
also designed. The two W series aimattéase the magnetic field effect observed in the
W series (seeChapter 4) by producing a longkved radical pair in greater yield.
Placement of a near tryptophan was expected to promote facile, rapid electron transfer
between the flavin. A second, matistant tryptophan would then be oxidized by niear
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 ftendra 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 macids
was low enough tde oxidized by photo excitedafin: histidine'®® methioniné® and
tyrosing'®. Collectively these flaviother amino acid design were known as the-won
series. Unfortunatg)] nonW designgdid not contain aryptophan to produce 280nm
spectroscopic featurenaking purification significantly more difficult. Concentration

measurements were performeging aBradfard Assays and SDBAGE gels.
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W Series: W16

N L Helx] - i i >C

' - Wic rs I N _
1164 A
N = >C L

CL iHele Wy 1 N
Two W Series: W16 W20

N L Helx! - - ___DC
-
g ¢ iHeleIIE\QO Wi6 £ I N &
N 1684 "
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Mixed Series: M13 W16 Y20
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-
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Fig. 2.3 Schematis of differentmaquette designs. Top) An example
a W series maquette, Wi$ shown as a snake diagram (left) aamla
cartoon epresentation from a molecular dynansggaulation (right). The
cofactors are highlighted on helix 1l and the final flavinfactor distance
is shown. Middle) An example of the 2 W series maquette W16 W
Bottom) The mixed series maquette M13 W160¢ 2

—

The mixed series built oneéhtwo-W series and the ne series in order to extend

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

AN
N

Fig. 2.4 The expression vector used to produ
maguettes. PJ 414 contained an Ampicillin resista
gene, and a cloning site behind a ribosome bind
sequence and a T7 promoter. The maquette construc
directionally cloned in with Xba | andi6 | and contained
a six histadine site for purification, separated from

actual maquette sequence by a TEV protease site.

disfavoring back electron transfer.
The mixed series contained three
closely spaced cofactors down a
favorable relox potential gradient

which wereexpected 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

donorwill be useful in tracking the

electrontransferin 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 upesim for purification on a NNTA resin. A

tobacco etch virus (TEV) protease site is placed betweenlthst&dine tag and the start

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

purchased from DNA.0 and clone into a PJ414 vectoF6r a detailed description of

molecular biology see Appendix 1S5uWsequent designs were clonednfrohe original

using PCR mutagenesis. Expression and purificatielded ~150-250 mgof protein per

liter of media.

55



Briefly, purification consisted of disruption o Plasmid

bacteria with a homogenizer and sonication, followed| [ | Transform

centrifugation. Clarified lysate was then applied to a [ Culture

: Cell Disruption
NTA column and the eluent treated with TEV proteé - ISrupH

Spin
overnight. Cleaved protein was again applied to BT I:I P

[T NiColumn
- TEV cut
[ Ni Column
I Concentrate

purified via High Performance Liquid Chromatograph |:| Flavinate

column and flowthrough was concentrated in a press
cell. Guanidiniumhydrochloride was used to denature {

protein for overnight flavination. Flavinated protein w|

snap frozen in liquid Nand lyophilized (Fig. 2.5). - HPLC

- Lyophilize

v

Protein

Fig. 2.5 A work diagram
depicting the main steps i
expression and purificatior
of a flavomaquette.
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Name Electron Electron Final Final

Donating Donor(s) Electron Radical Pair
Amino Positionon Helix | Donor Separation
Acid(s) 2 A)

W13W16

W16W20

W20W25

Table 2.1 A summary ofthe maquette designs showitige electrordonating 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 acy8flavinated speciés®. Such features were

absent in unflavinated maquettes (FA®).

A B

0.5

04 | 4 3 156,747

0.3 | -

Absorbance 475nm

0 5 10 15 20 25 30 35 40 P

Time (min)

25000 300.00 350.00 40000 45000 50000 550,

Fig. 2.6 HPLC purification of a flavomaquette on a C18 column. A) A flavinated control maquette
at 475 nm shows a single peak at 33 minutes; the peak at 10 minutes is the injection peak containir
free flavin. B) The UV Vis spectrum of the 33 minute peak cpomeds to a cys coupled flavin. C) T
UV Vis spectrum of an unflavinated control maquette shows no flavin spectral signature. Note the
of a 280nm absorbance, as the control does not contain a Trp.
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The MALDI-TOF mass spectrosiry 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).

l \ T T T T T T T T T B 1600 T T T T T T T T

14,935 kDa
2000 - 14,573 kDa _ 1400 | _

1200 = -1

1500
1000 = -

800 |- -1
1000

7472 kDa

600 |- 14,572 kDa 7

Counts (AU)

500 400 = -1

200 - -

Mass / kDa

Fig. 2.7 MALDI -TOF mass spectra. A) Theflavinated control maquette showadingle peak at 14,573 kD
B) The flavinated control maquette shows a major peak corresponding to a flavinated maquette + 363 m
a minor peak to an unflavinatethquetteand a doubly charged peak of lower m/z.
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2.4 Structural Verification of the W-Seriesusing Spectroscopic
Techniques

2.4.1Secondary 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 sefreé'!? to be an average of ~70%,
compared to 79% expected (104 amino aitidse helices, 27 in the loops, 131 total). This
discrepancy was attributed kelical fraying at the ends of thmaquette andt a slight
kink in helix 2 due to the flavin These flavomaquettes have shown robust stability across

a range of pls and temeratures (Figs. 2.8 dr2.9).

A) —_— 5000 L] L] L] L] B) L] L] L] L] L] L] L] L L]

o 1.00} ;.

E

2

~N 0 |

<

= - 075k o

*u ) —

3 -5000}= e Conitrol % _5‘3’;’”0'

= —{13 - w16

= wie6 5 0s50p e /20

S 10000k —W20 5]

g g

frr} 025p

E‘ -15000f=

Q

=

% 0.00f=

g _2000 " 'l . L " L A L A A 'l A L A 'l A - 'l A i A 1 A Il A 1

200 220 240 260 280 300 0 10 20 30 40 50 60 70 80 90
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Fig. 2.8 CD traces of the flavomaquettes with Trp residues at position 13, 16, and 20 on helix 2.
relative intensities at 208 nm and 222 nm suggest the maquette protein structuredypmsiatily of an
Uhelical bundle. B) Thermal stabiliturves of various flavoaquette designs. The Tm for each maqug
wasdetermined by monitoring the loss of helicity at 222 nm and fitting to a single Boltzmann; c
(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 &

nm suggested the maquette protein structurs ¢gors t e d

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

10 20 30 40 50 60 70 8 90 100
Temperature / °C
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61



2.4.2Flavin Environment

05 —p T T

Ox F Maq Fluor Phos

04 | §

03 5

8 Br
RFL OX 7

Absorbance /0D

4 NS .
300 400 500 600 700 800
Wavelength /nm

Fig. 2.1Q Absorption spectra of the apo maque
(grey), free8-Br-riboflavin precursor (black), oxidizeg
flavomaquette (blue), reduced flavomaquette (orar
and the emission spectra for thexidized
flavomaquette dreen, fluorescence and red
phosphorescenceespectivelv).

flavin.

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 te ring system of the flavin
at the 8position substantially changed
the electronic properties of the flavin

compared to free

-Balogenated

riboflavin or noncovalently attached

Sgnificant band shifts includetheSeA S: transition 444 nmto 475nm) and the

depletion of thes)A S, 361nm feature. Fortuitously, cys attachment also increased the

extinction coefficient of theSoA Sitransition from 11,308° to 24,640M* cm®, as

expecteddr 8-mercapto coupled flavif$' (Fig. 2.10).
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w—Control

—\13
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—\N20

Absorbance / AU

400 500 600 700 80C
Wavelength / nm

Fig. 2.11 A comparison of the UWis of the W series
flavomaquette: control (blackyvV13 (red), wl6 (orange
W20 (blue). The shoulder around 525 nm sugges
charge transfer band that increases as the flavin ang
distance decreases.

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 barre &ighly dependent on the flaviryptophan distance,
being strongest as the distance shrinks, and disappearing in theofféicontrol. This

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

the flavinand typtophan(Fig 2.11).

Steady state excitation of the flavin at 475 nm resultasiission at 512nr(Fig
2.12). The emission amplitude followed a similar trend as the charge transfer feature,
depending heavily on intercofactor distanddwe greatest aount ofsignal was produced

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

63



guenching trend was most likely due to singlet deactivation via electron transfer. As the
distance between the cofactors closes, tha@fioy of electron transfer and recombination

increased competing with fluorescent emission.

Control

Corrected Counts x 10%6

PR TP S B o v
500 550 600 650 700

Emission Wavelength /nm

Fig. 2.12 A comparison of the steady state flavin
fluorescence of the W series: W13 (red), WaGnge)
W20 (blue). All traces were corrected lamp current
intensity and normalized for concentration.

Time-correlated single photon counting (TCSPC) experiments corroborated the
guenching observed in the steady state fluorescence measuremengsl1®ig As the
distance between the cofactors increased so does the intreiaged lifetimepeaking
in the control maquette. We again attributed this to electron transfer opening a new singlet
deactivation pathway. In all designs, the flavin lifetimes coulddst é&xplained by three

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

inside the maqued.
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Fig. 2.13 Time Correlated Singl®hoton Counting decay curves (blue) and instrument respg
time functions (red) for the W series: A) the coh{th15 ns), B) W13 (0.606 ns), C) W16 (0.84
ns), and D) W20 (0.974 ns). A 482 nm picosecond diode laser was used as an excitation
Emission was recorded at 512 nm. The best fihéodata was triple exponential

A similar trend of increasing phosphorescence lifetime correlated to increasing
flavin tryptophan distance wabseved (Fig. 2.14) The sam&T 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.
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Control
—_—W13
— W20

Counts * 10000/ AU

Time / ms

Fig. 2.14 Phosphorescenageca curves for the W
series at 77K. The control (red, 18.3 ms), W13 (blu
7 ms), and D) W20 (black 1206 ms). A 482 nm ns dig
laser) was used as an excitation source. Emission
recorded at 612 nm. The best fit to the data was a si
exponential.
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2.4.3TryptophanEnvironment

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

fluorescence emission (Fig2.15). Tryptophan emission exhibited noticeable

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

environment such agjueous 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

16
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Fig. 2.15 A comparison of the normalized Trp fluorescence of
flavomaquette series. Free Trp iroxtine and an aqueous buff
wereused as solvatochromic standards. The maximum of the
fluorescence in all the maquettess blue shifted relativeotthe

aqueous standard, consistent with the Trp being located in

hyvydrophobi ¢c i nt e-helical bundbef t he
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therefore, expect a well
buried tryptophan to be blue
shifted relative to a solvent
exposed tryfpphan 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 dfet

designs showed a blue band



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 RedoxPotential Measurementsin 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) (& the cofactors. We

determined these values for the flavin and tryptophan experimentally.
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Fig. 2.16 Redox potential of the cofactors A) Plot of the fraction of reduced maquette calculated frg
intensity of the almrption at 475 nm measured during speeiiectrochemical reduction of the flavin. The so
lines show the fit to the data from the Nernst equation for a two electron reduction. The values of th
potential are control (blackl10mV), W13 (red;137mV), W16 (orange;118 mV), and W2@blue,-130 mV).
B) A plot of the current as a function of potential from a square wave voltammogram. The current corre
to the redox potentials of Trp/Ttpin W13 (red, 1.1 V), W16 (orange, 1.08 V), and W20 €bl1.06 V). All
potentials are relative to the SHE.

2.5.1Flavin

The Enof 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 thensd7&bsorption
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band. These data were thease linedfit to the Nernst Equation and the, Bf the flavin

determined:

T8T L ogi . £ 0QQQa Q0

e '?‘,Q\O s I ' : i . ’
O a% € ;l QQ0 wQQ

Equation 2.1

Ecen is the potential of the solution, n is the nuwenlof electrons transferredna
log([red]/[ox]) is the ratio reduced to oxidized species present in the solution. These data
were best fit to a two electron transfer. Additionglyere was no spectroscopic evidence

for a one electron reduction of ¥ia to semiquinone. Thus we were unable to determine
the potential for F/fandused the two electro reduction F/A&$ a surrogate for the flavin

Em, the average value of which wa$25mVyvs.the Standard Hydrogen Electrode (SHE)

2.5.2Tryptophan

Measurirg the B, of the tryptophan radical was significantly more challengfiag
the flavin. Trp/Trp is highly energetic (<1Ws. SHE), and will readily oxidize
neighboring amino during the minutes timescale of the spectroelectrochemical
measurement. As antatnative we utilized square wave voltammetry. By varying the
pulse waveform from oxidizing to reducinge were able to capture a signal before the
tryptophan radical had a chance to react and degrade. For better electrical contact with the
electrode, he maquette was immobilized using a DSP linker (see methods for details).
Broad peakat~ 1.08V vs. SHE were present in all designs except for the control. We
have assigned the peak to a tryptophan radical 2FiB).
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Desi |Tm/ JOriou B/ ns|Gukms|W Em{Fl avid/n W FE V
M

ax [/
Cont|49.00.0!1.1518. 3]i 1110 |
W1 3 50. 50.0]0. 607 335 1137 1.1
W1 6 53.20.0J0. 84N D 338 1128 1. 08
W2 0 55.30.040.9712.6|337 1130 1.06

Table 2.2 A summary of the importartharacteristics of the W series. The quantum yield of fluorescence
is calculated relative to riboflavitf. The phosphorescence lifetimas determinedt 77°K
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2.6 Characterization of dher designs

Similar experiments were used to characterize the other desiggs. As expected, all
tested designs showed a high degree of alpha helicity and thermal stabitiéasured via

CD spectroscopy (Fig 2.17).
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Fig. 2.17 CD traces of the 2 W series. A) The relative intensities at 208 nm and 222 nm sugg
maquette protein str uc-helix W16 svah(klacly,tWwe0 W25 (redp r B
Thermal stability curves fit to a single Boltzmann; W16 W20 (black) 36°C, W20 W25 (red) 35 °C,
W16 (blue) 32 °C.
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The flavin had a comparable WVis absorbance and fluorescence emission (Figs- 2.18
2.19). The Non W sees showed steady state fluorescence quenching similar to the W

series. This was again attributed to electron transfer.
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Fig 2.18 A comparison of UV Vis absorbance of the non W series:
(black), Y16 (red), M16 (blue) and the control maquette as aerafer
(grey dash). Note that the M16 sample was slightly photodanfiagad
over exposure to ambient ligahd shows a feature at ~370nm.
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Fig 2.19 A comparison of the normalized steady state flavin fluoresce
of the non W series: H6 (black), Y16 dje M16 (blue) and the contro
maquette as a reference (grey dash). Note that the M16 sample
slightly photodamaged.

Due to either the lack of tryptophan or the presence of multiple cofactors, solvatochromic

experiments were not possible. Inatlher tested cases the flavin had a similar midpoint

potential(Fig. 2.20)
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Fig. 2.2Q Redox potential of the flavin in the 2 W serigsplot
of the fraction of reduced maquette calculated from the inter
of the absorption at 475 nm measured during speq
electrochemical reduction of the flavin. The solid lines show
fit to the data from the Nernst equation for a two elect
reduction. The values of the redox potentiadre W16 W20
(black,-196 mV),W20 W25 (red;195 mV), W13 W16 (blue,

179 mV). All potentialsvererelative to the SHE.
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2.7 FMk-1 and theFuture of Flavomaquettes

During the course of these studies a new class of maquette was under development
by Nathan Ennist (Resulted not yet pabéd). 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 nre predictable (see section 1.3\dditionally, it would help prevent
any structural distortions when multiple bulky cofactors are used as in the mixed series.
Finally, highresolution structural data is always a welcome feature to validate these

designs

The FMk1(Flavomaquette Mark) class of proteins stemmed from the same idea

of a binary patterned heptad repeat forming a four helical bundle (Fig. 2.1):

IREALQL

A BC D E F G

These proteins also assemble based on the hydrmpdféect, however, there were
some additional design features that help increase ifielity. The hydrophobic core vga
arranged into fAlayerso of equal size with
pieces. At layers where a cys ligated iftawr 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 connecteddach other along their length veauctine 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 -@mll interaction was formed, reducing the
helical pitch b 3.5 A. 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 &ids 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 chaeges

one another.

Each helix was end capped with a prolowntaining sequence that curled upon
itself reducing fraying at the end bélices Like in the SHPFv2 designs, the loops were
soluble serine and glycine, howevtreywere shortened fromessen to five amino acids.
Using thes new design principles, veeated three new proteins: a flavin only control, a

flavin-trp separated by 7 A (Near) and a flatiip separated by 13 A (Far).

These proteins are novel and have only been charaxtdryzCD spectroscopy and
UV Vis SpectroscopyFigs. 2.212.22) They were almost completely helical (>90%) and

melted over 100C
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Fig. 2.21 CD traces of the FMi control maquette A) The relative intensities at 208 nm and 222
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(black). For reference the control maquette of the shpfv2 de
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 haveesigned five series: W, Twd¥, NonW, Mixed, and FMk1. Each

of these contained a flavin and one or more cofactors. The characterization of these

magquettes showed that they are designed as intended, and will serve as a good system to

study the magneteensitivity of a flavin tryptophan radical pair.

In all series, maquettes were wsltuctured, thermally stable alpha helices. Analysis
of the CD spectra showed a helical propensity slightly lower than expected of the protein
sequence. We attributedighto fraying at the ends of the helices.  Given the results
obtained in the following chapteat,was clear that the fraying waminor and unlikely to
affect electron transfer or magnetensitivity. Nevertheless, the FMKkseries, has been

equipped wih prolinebased 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 thfe flavin was most likely responsible. The spectra of this
flavin was in very good agreement witHt8o flavins'!tin the literature, further validating

our designs.

UV-Vis, fluorescent and phosphoresce measurements have confirmed the
placemat 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
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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 traesifierre, as well as
guenching. 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 eft&tt

The three exponentials required to expline 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. Sinceexgonential fit is used in the
control maquette, there must @me 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 distandependent ggnching 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 empent 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 gtogenic temperatures.

Across the W series, the flavin and the tryptophan exist in similar protein environments

and had similar gvalues. The Efor the flavin were in agreement with literature values
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for 8-cys coupled flaving®. Likewise, we were unable to observe any evidence of a
semiquinone statand used a two electron fit for the.EThis suggests thahe single
electron reduced flavin must be unstable, and rapidlpvi@t by a second, extremely
favorablereduction. For this to occur the difference between the midpoint potential of the
first and second electron reductions musivitein 100 mV ofeach other. Therefore, the

two electron i wasan appropriate estimate for the one electron redox couple.

The Em of the tryptophans was also in agreement with literature Vafudhe
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, waarfroxidation 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 modethdoelectrode. 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, Ealues across the series was critical, aittrolledfor
differences in driving force in the W series. Therefore, we could confidently test the effects
of distance in flavirtryptophan electron transfer without worrying about any@ending

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. CurrenghttemW 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 alwable 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. Unfortunatelgnaquettes 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 beatimadile 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 aldvin or an amino acid. We will explore designs including various

quinones, porphyrins, chlorins and even metal clusters.
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2.10Conclusions

Flavomaquettes amon-natural proteins that serve as a model system for studying
the biophysical requirementsr a cryptochromdike magnetesensor. These maquettes
were four alphéhelical bundles that ligate arcys coupleeflavin and contain an electren
donating amino acid such as a tryptophan. We have provided the framework and
engineering principles forhe 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 discustheir electron transfer and magnetnsing 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 mever be of any use to anybody!

~J. J. Thompson
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3.1 Introduction

In orderto test the biophysical requirements for a cryptochrome like magneto
sensor, we investigated if the W series maquettes (referred to as onlgtteadu this
chapter) coulddrm a flavin tryptophan radical pair (RP). First, we performed electron
transfer (ET) simulations using the Moser Dutton R{gguation 3.1) We then tested
maquetteET using transient absorption (TA) spectroscopy on the ultrafast (UF) and fast
( € $mescale. Due to technical challengespservatios on each time scale exe
performed using two different experimelndat ups. The UF work spannetips to 3 ns
andwas done in collaboration with the Stanley Group at Temple University (Pipladgl
Pa) Thee svork spanned.54 0 , andwas done in collaboration with the Hore Group

atthe University of Oxford (Oxford, UK).

In both TA experiments, the flavin was excited with a blue laser and -&iElV
spectrum was taken at a time delay aftagitation. A noHaser excited spectrum was then
subtracted out from the laser excited spectrum, producing a diffespaceum Fig. 3.1).
Features in the difference spectra were assigned to particular excited and redox states of
the flavin and tryptphan. The changes of these features were analyzed over timéland

a global fit model.
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Fig. 3.1 A simplified schematic of a transient absorption spectrometer. A temperaturelledntstirred, sample ig
excited by a blue laser. At some delay after laser excitation, a light source is firdd\&Nis spectra is recorded g
a detector. A notaser excited spectrum is then subtracted from the laser excited spectrum showiiffgrieced
spectrum. The timing of the system is computer controlled using a delay generator.
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3.2 Simulation of ElectronTransfer 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 MDRthe rate of RP formatiofker)
depends upon driving forcé pG) , the distance between
reorganz at i on eWeassgnedhdt g ET wasunneling limited and not subject

to any other barers such as protein motion or spin.

117" pom®2 o opy 1 T
Equation 3.1

The parameter for the simulation were determined using experimental and
literature values. The driving force for this reaction was the difference in midpoint
potential (&) of the photo excited flavin and its redox partner. Th®&he flavin single
electron reduction FMRwas estimated from the potentiometric titration in the preceding
chapter to be on average25 mV (vs. SHE). Since the RP formatiorsvight activated,
the excitation energy was addéde considered ET from both teaglet and triplet states
of the flavin and determined the excitation enefgym the maximum of the fluorescence
and phosphor es c e h’c &he &ofithe ddctmomdonEtndtiypgtophan,
Trp/Trp°" was determinedby square wave voltammetry in the previous chajatdre on
average 1.. The drivirg force of charge recombinatiavas consideed the energetic

difference between thiRP and the ground state of the cofactors.
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The distance between the cofactors was measgtbe difference between thie
carbon of the flavin | i gattryptaqphar YWe thesene an
tryptophanplacements of 5.6 A, 11.2 A, and 16.8 A, correspond to one, two and three
helical turn away from the flavin. This wide range of distances was selected&ree
no high resolution structural data informing on the orientation or dynamics of the cofactors
in these maquettes. Therefore, the actual-taéactor distances may be quite a bit shorter
orlonger The reorgani zati on e rgqured jo reareange thewas t
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 pptateing®.

The resuls of the simulation of RP formation and decay presented in Table 3.1.
From these rates we expected that only W16

time scale required for a magnetic field effect.
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W Series Singlet Electron Transfer

Forward Charge
Recombination

Electron Transfer

Design | Distance| Log Ket Ker log ker | kcr
A

W 13 5.6 11.21 1.61*10 | 11.18 1.51*10'
W 16 11.2 7.85 7.01*10 | 7.82 6.61*10
W 20 16.8 4.49 3.06*10" | 4.46 2.88*1(¢}
Reorg. 1.2 Driving -1.2 Driving |-1.2

Force (V) Force
Energy (V)
V)

W series Triplet Electron Transfer

Forward Electron Charge

Transfer Recombination
Design | Distance| Log ket | ket log ker | ker

A

W 13 5.6 10.17 1.49:10%°| 11.18 1.51+10%
W 16 11.2 6.81 6.49-10° | 7.82 6.6110’
W 20 16.8 345 2.8310° | 4.46 2.8810%
Reorg. 1.2 Driving -.81 Driving |-1.2

Force (V) Force
Energy )
V)

Table 3.1The MDR simulated formation and decay rates of the RP in the W
series.Top, ETbegirs from the flavin singlet. Bottom, ET begin®ih 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°C, 25°C and 37°C. Very early time points{1p9 were discarded du® the
presence of a chirp. The spectra and time of evolution of several interesting features were
observedn the contromaquetteFig. 3.2), W20 Fig. 3.3), W16 Fig. 3.4), and W13Kig.

3.5). The notable featuresvestigated were at 45480nm, 486500nm, 523nm, and 550

nm. Unambiguous assignment of these features was difficult as this was the fhfststiltra
study on 8cys coupled riboflavin. Assignments were made with the aid of the ultrafast
spectra of FMN FAD*®and photolyas€. The negative signal in the 4880nm region

was assigned to the ground state bleach, the recovery of which represents the relaxation of
the systen to the ground state. 48D0nm contained a rough isosbestic point that changed
little over time, temperature anaquettalesign. The point at which this range crossed zero
was chosen as proxy for the decay of the flaviexcited singlet. 528m bega as a
negative signal due to stimulated emission and over time evolved into a rounded positive
feature assigned to the flavin excited triplet. BB0also contained information about the

stimulated emission but was not closely monitored in these studies.

The control maquetteF{g. 3.2) was first examined as it contained no electron
transfer partner and had the simplest photochemistry. At 5 af@ 2% 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 °C this was not observedNo bleach recovery was observed at lower temperature,
in fact, the signal appeared to get more negative over time, most likelfodtie vibronic
band shift. At 3?C a 20% recovery was observed, best fit with a double exponential at 6
and 94 ps. Singlet decay was observed at 25 afi@ 83 a single exponentia ~700ps

and not observed at®. Triplet formation was seercr@ss all tempetares~500 psfit

with a single exponential

W20 (Fig. 3.3) behaved similarly to the control maquette. The bleach signal did
not recover at any maperature and was broadenedgtdfted at lower temperatures.
Singlet decay was observedl all temperatures as a single exponential 4&6@nd not
observed at 8C. Triplet formation was seen across all temperaagessingle exponential

at ~500ps.

W16 (Fig. 3.4) showed a ~40% bleach recovery at 5 arftC28hd a ~30% recovery
at 5°C. A broadening and redshift was also observed as in the control andSifle
exponentials described thaglet decay at ~ 600pandtriplet formation at ~ 40Q@s across
all temperatures. Slightly slower, ~15% rates for both were observed foiebhtihesat

25°C.

W13 (Fig. 3.5) at 25 and 37C demonstrated 80% bleach recovairyd no obvious
band shift was obvious. Surprisingly, &G there was no bleach recoveigr band shift.
Single exponential Siglet decay occurred at ~ 30 ps at legtemperatures and 68 at
37°C, while Triplet formationwas ~450ps at higher temperatures and ~250p8Git B\

summary of the fits for all data is presented in table 3.2 and table 3.3.
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A Absorbance

A Absorbance

A Absorbance

Fig. 3.2 Ultra-Fast Spectroscopy of the Control maquette & %A), 25°C (B), and 37C (C).
Each line isa spectraaken at a delay time (in ps) effthe laser flash as indicated by the legehide
normalized intensities over time of important features are in the right column for the bleach rec
450nm (D), the isosbestic of the singlet (E), and trjfd@8nm (F). The bleach recovery is fitdo
double exponential, where possible. The singlet isosbestic is fit with a single exponential
possible, the first 10 ps are excluded as they follow a different rising trend.

—

25
—50
— 100
— 282
— 563
— 1123
—3162

650

—08
—9

25
—50
— 100
|——282
— 563
— 1123

3162

!
450

1
500

L !
550 600

Wavelength /nm

1
650

700

L
350

L
400

L 1
450 500
Wavelength /nm

600

single exponential. All fits are shown in tal8.2

A Abs 450 nm

A Abs isosbestic nm

A Abs 528nm

0.8

06

04

0.2

0.0

0.8

0.6

0.4

0.2

0.0

08

0.6

0.4

02

0.0

T T T T T T T
. 4
.. - . . L] .
-
'. . .
L . 4
i
¥ 0O *
. . .
d -
.
e 5C
] e 25C
. e 37C b
' 1 L L L L L
o] 500 1000 1500 2000 2500 3000 3500
time / ps
T T T T T T T
o 4
.
. 4
. ® 5C494nm
: ® 25C 483 nm
. ° ® 37C480nm |
.
.
. -
1
°
™ 4
.
L}
. -
!

1 1 L 1 L
500 1000 1500 2000 2500 3000 3500

°

time / ps

1 ! 1 L 1 L
o] 500 1000 1500 2000 2500 3000 3500

time / ps

The triplet is f

92



>
W)

Wl APPS T T T ]
o
e, . . . .
o8l § o i
.
—
g —10 E osl 4
25 s
]
2 —— 45 2
3 %]
ﬁ —n2 2 o4} —
b ———280 < e 5C
—511 s 25C
— 1272 02 e 37C
—3162 “r
20t L L L L L 0.0 1 1 1 1 L L L
350 400 450 500 550 600 0 500 1000 1500 2000 2500 3000 3500
Wavelength /nm time / ps
T T T T T T T
10 i
® 5C480nm
& 25C480nm
08 e 37C487nm | 7
£
c
] L 06 i
g b7
© g
8 @
& 3 o4l g
< 8
< <
< o2t J
00+ i
L L L L L L L L L L L
450 500 550 600 650 700 o 500 1000 1500 2000 2500 3000 3500
Wavelength /nm time / ps
T T T T T T T T
4 10 i
] 08+ B
—1
g —9 E 06 | i
o] 25 @
£ \ —50 o
3 —112 5 04t i
2 N —— 278 <
N —51
) ——1271 02 b
——3163
00t 4
' L L L L L L ' L L
350 400 450 500 550 600 o 500 1000 1500 2000 2500 3000 3500
Wavelength /nm time / ps

Fig. 3.3 Ultra-Fast Spectroscopy of W20 atG (A), 25°C (B), and 3PC (C). Each lineis
a spectra taken at a delay time (in ps) after the laser flash as indicated by the [Eigen
normalized intensities over time of important featuaes in the right column for the bleag
recovery 450nm (D), the isosbestic of the singlet (E), and triplet 528nm (F). The |
recovery is fit to a double exponential, where possible. The singlet isosbestic is fit
single exponential where pos&bthe first 20 ps are excluded as they follow a different ris
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@ (A), 25°C (B), and 3PC (C). Each linés a pectra
taken at a delay time (in ps) after the laser flash as indicated by the I8denarmalized intensities
over time of important features are in the right column for the bleach recovery 450nm (O
isosbestic of the singlet (E), and triplet 528(F). The bleach recovery is fit to a double exponen
where possible. The singlet isosbestic is fit with a single exponential where possible, the firs
are excluded as they follow a different rising trend. The triplet is fit to a singtmential. All fits
are shown in table 3.2
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Fig. 3.5 Ultra-Fast Spectroscopy of W13 afG (A), 25°C (B), and 3PC (C). Eachlineis a
spectra taken at a taken at a delay time (in ps) after the laser flash as indicated by theTlegend
normalized intensities over time of important features are in the right column for the bleach re
450nm (D), the isosbestic of the singlet (E), and triplet 528nm (F). The bleach recovery is fit {
double exponential, where possible. The singlet isosbiedit with a single exponential where
possible, the first 15 ps are excluded as they follow a different rising trend. The triplet is fit t
single exponential. All fits are shown in table 3.2
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Design | Temperature | Bleach Bleach Singlet Triplet

rc 450 nm 450 nm | isosbestic | 528 nm
A/ ps G/ ps r,l'm U / ps
u / 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 0t 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 th&JF TA data for the W seriemaquettes Thebleachrecovery was

measured at 450nm, normalized to the maximum recovery and fit with a double exponentiainglete
decay at the isosbestic point at elhithe trace crosses zero and tiiglet formation at 528nm. Where
possible each fit is a single or double exponential. In all cases the goodnes$>0d 4, except for the
bleach recovery in the control a6 r?=0.7 and 37C r>=0.8.
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Temperature °C | Singlet decay| Triplet Intersystem
Av er ag el formation .

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 3.3The singlet decay and tripl&armation 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 thspectra, 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 singulaalue 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 iall 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 EedMinimum function in
MATHEMATICA. The starting gusses and constraints were derived from the results in

the previous section. All transitions between stateemodeled as single exponentials
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1F*hot kisc 3F*
KR

Fig. 3.6 The three global fit models used to analyie UF
TA data. Top) a three component model, middle) a f

component model, bottom) a five component model

Three models were used to
describe the UF data sets. The
simplest was a three component
model consisting o& flavin singlet
which could relax to théspectrally
silent) ground state or interstem
cross to the triplet. It wasossible
that therewas an electron transfer
step between the singlet and the
ground state. However, in this
model the charge separdtestate
was not present in an appreciable
population. Therefore, its presence
wasindirectly reflected in the decay
rate from singlet to ground state.
From the tripletthe system caalso

relax, although this occurredt a

rate beyond the timeline of ¢h

experiment and not considered here. W20 &C3&nd the control maquette at &7 were

fit with this model.
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In the four component model, the flavin séalin a vibronicallyexcited hot singlet
state and couldecay to the (spectrally silent) grourtdts or relax to the stable singlet.
Electron transfewas possible from either singlet, however the ste&s not present in
appreciable yield angasrolled into the decay rate as in the three component model. From
the stable singlet the flavocouldintersystem cross to the triplet or go to the ground state.
The triplet decay rate was left in the model. Control maquette at 5 di@ 2620 at 5

and 25°C, W16 at 25°C and W13 at all temperatures were fit with this model.

A five component modebuilt 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 computatinal simplicity 5 and 37°C were fit with this model.
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Fig. 3.7. The global fit of the control maquette atG. A) The Singular Value Decomposition showed three
significant components. B) The residuals of the original data set minus thetmecteasdata 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

asinD.

100




p2

Component /|
* M 5 ® % ‘..
® &
g .
c
-
l-lg - ¥
T
L
bk L]
g‘ -4
T —2
. ——
"Pens e T — M
5 “""‘"_'_‘Tr-u-.. Ve,
G B30
iy

i

amr

Wavealength / nm

0.1

=

<01
0.

[ =
L= ]

0205,

115118108 100-95-90-85
Log time

=
=

.4
03

02

Log time

0.1

,”£ 115-110-10.510.0-9.5 -9.0 -8 5
L
Log time

=11 540610510095 90 -85

Fig. 3.8 The gldal fit of the control maquette at 26. 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 thetedde

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 halsir{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°@7 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 tripdet@ectrally 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 sarmolor scheme as in D.
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Fig. 3.10 The global fit of W20 at 83C. A) The Singular Value Decomposition showed three significant

B) The residuals of the original data set minus the reconstructed data set using only the
significant conponents. 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
D) The specteacii 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

components.

between states are shown. .
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Fig. 3.12 The global fit of W20 at 28C. A) The Singular Valu®ecomposition 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 flavsinglet, flavin singlet, flavin triplet and spectrally silent ground state.

The half times of the transitions between states are shown.

components: the hot singlet (red), singlet (green) and triplet (blue). E) The goofifiessthe
model (line) to the data (dots) using the same color scheme as in D.
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D) The spectra of each of the



Fig. 3.13 The global fit of W20 at 37C. A) The Singular Value Decomposition showed two
significant components. B) The residuals of the original data set nfiaugconstructed 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 betweemtgts 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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