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ABSTRACT 

This thesis examines the mechanism under which Photolyases (PLs) and 

Cryptochromes (CRYs) tune their semiquinone stability and reactivity and correlate 

these properties with function.  The work is supported by experiments in site-directed 

mutagenesis, oxidation kinetics, isotope effects, electrochemistry and in vivo cellular 

functional assays.  I present the first evaluation of both flavin redox potentials for PL, 

which establish, counter to existing models, that its semiquinone radical is 

thermodynamically destabilized.  Investigations of the N5-proximal Asn-to-Asp 

mutant decreases the driving force for oxidation but alleviates the kinetic barrier.  

Analysis of additional mutants demonstrates that the modulation at the N5-proximal 

residue is context dependent.  These results support a regulatory mechanism that 

exploits proton-coupled electron transfer and changes in protein conformation to 

adjust the kinetic barriers to redox reactions of the semiquinone in PLs and CRYs.  I 

also provide evidence for the biological relevance of redox tuning by correlating 

semiquinone stability to in vivo DNA repair by a series of PL mutants exhibiting a 

varying range of stability.  Together, these investigations provide molecular-level 

rationale for the evolution of function in PLs and CRYs.  My results also underscore 

two emerging general themes in biological electron transfer, the significance of 

proton transfer and kinetic mechanisms of redox regulation. 
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CHAPTER 1: INTRODUCTION 

1.1 Thesis Overview 

Despite highly homologous folded structures, photolyases (PLs) and 

cryptochromes (CRYs) have evolved a diverse array of functions central in 

Nature and human health.  While PLs are enzymes that repair UV-damaged DNA 

using photoinduced electron transfer, CRYs are involved in, e.g., plant 

photomorphogenesis, avian geomagnetic navigation and mammalian circadian 

rhythm.  Both proteins use a non-covalently bound flavin adenine dinucleotide 

(FAD) cofactor, and their function diversity likely involves regulating its redox 

properties, specifically the reactivity of the flavin semiquinone (sq) radical 

towards oxidation/reduction.  I have investigated mechanisms for tuning sq 

reactivity in these proteins through a combination of site-directed mutagenesis, 

oxidation kinetics, isotope effects and electrochemistry.  My results support a 

regulatory mechanism that exploits proton-coupled electron transfer and changes 

in protein conformation to adjust the kinetic barriers to redox reactions of the sq 

in PLs and CRYs.  The mechanism furthers our understanding of redox 

regulation amongst flavoproteins generally, and specific features that may be 

utilized by photoresponsive flavoproteins.  I also provide evidence for the 

biological relevance of redox tuning by correlating sq stability to in vivo DNA 

repair by a series of PL mutants.  Together these investigations provide 

molecular-level rationale for the evolution of function in PLs and CRYs. 
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1.2 Background on Flavoproteins 

Flavoproteins contain a nucleic acid derivative of riboflavin, FAD or flavin 

mononucleotide (FMN), and are major players in cellular redox reactions1.  The 

spectroscopic properties of the flavin cofactor make it a natural reporter for 

changes within the active site; flavoproteins are therefore ideally suited to study 

the role of dynamic alterations in protein structure in relation to their function.  

Naturally, flavoproteins are one of the most-studied enzyme families2,3. 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 1-1.  Structures of flavin mononucleotide (FMN) and flavin adenine 

dinucleotide (FAD). 
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Although flavoproteins have an extraordinary functional versatility, they 

possess recurrent features in their catalytic apparatus: (1) The hydrogen bonding 

pattern interactions between the protein and flavin; and (2) the position of the 

reactive part of the substrate with respect to the cofactor is generally conserved1.  

Presently, there is a small relationship between protein folding topologies and 

function.  The catalytic determination lies in the active site where particular atoms 

are positioned to allow substrate binding and stabilize reaction intermediates1,3,4. 

The cofactor contains a tricyclic isoalloxazine ring system and is the 

reactive part of the flavin.  Fusion of a hydrophobic dimethylbenzene moiety with 

a hydrophilic pyrimidine ring make the isoalloxazine amphipathic (Figure 1-2).  

The cofactor can exist in three redox states: the two-electron reduced 

hydroquinone (hq), which is often anionic; the one-electron reduced sq, as a 

neutral or anionic radical; and the fully oxidized form (ox) (Figure 1-3).  The two-

electron reduction-oxidation (redox) potential of free flavin is ~ -200 mV.  Redox 

potentials are measures of the tendency for a species to acquire electrons and 

thereby be reduced.  The more positive the redox potential, the greater the 

species’ affinity for electrons. Through altering the protein-flavin interactions, 

flavoproteins can tune the reduction potentials of sq and ox, E1 and E2, 

respectively (Figure 1-4), over hundreds of mV (~ -400 – 60 mV)5,6. 
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Figure 1-2. The isoalloxazine ring of oxidized FAD.  R = ribitol 

diphosphoadenosine. 

 

 

 

Figure 1-3.  Three redox states of FAD: Oxidized (FADox), semiquinone radical 

(FADH, shown in the neutral form) and reduced (FADH-, shown in the anionic 

form). 
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Figure 1-4.  Reduction steps of sq and ox FAD. 

Specific to the isoalloxazine, flavoproteins share the following recurring 

themes: (1) the N1-C2=O2 locus is usually in contact with a positively charged 

entity, most likely to stabilize the anionic form of the reduced flavin (Figure 1-3); 

and (2) the N5 locus is usually within hydrogen bonding distance from a 

hydrogen bond donor1.  In most flavoproteins, the substrate typically binds ~ 4 Å 

from the N5 atom of FAD at a defining angle with the N5-N10 atoms of ~ 96 – 

117o 1, demonstrating the optimization of flavoproteins’ active site to achieve 

precise coordination between the flavin and reactive part of the substrate.  Unlike 

conventional flavoproteins such as flavodoxins, PL and CRY bind FAD in a 

unique, bent conformation (Figure 1-5)7,8.  However, similar to most flavoproteins, 

the cofactor is located underneath the protein surface in a solvent protected 

environment (Figure 1-5). 

 In many flavoproteins9-16, the hydrogen bonding patterns at the N1 and N5 

loci, affecting the stability of the hq or sq, can regulate the ability of the flavin to 

carry out one or two electron transfers to and from substrate.  For single electron 

transfer, a stabilized sq inhibits either complete oxidation, e.g., in 

flavodoxins10,14,16 and some reductases9,12,15, or complete reduction, e.g., in 

Bacillus megaterium P450 BM3 reductase13 or Methylophilus methylotrophus 

electron transfer flavoprotein11,17, thereby preventing futile entry into dead-end 
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redox states.  Studies of each of these classes of flavoproteins have revealed a 

significant kinetic origin for sq stability derived from coupling of one of the two 

redox reactions to a proton transfer, along with associated changes in protein 

conformation to adjust the hydrogen bonding pattern at the isoalloxazine N5(H) 

group9-17.   

Just as the protein environment tunes the thermodynamic stability of its 

flavin redox states for function, so too does it control the rates of their electron 

transfer reactions18,19, as required for function.  To gauge kinetic stability, oxygen 

is used as a probe instead of the substrate to measure the electron transfer 

reactions.  Although a large variation of reactivity towards oxidation has been 

reported in flavoproteins, the process is far from being understood19.  Generally, 

the 2-electron reduced form of the protein-bound flavin transfers an electron to 

dioxygen generating a caged radical pair (sq radical and superoxide anion) at the 

C4a-N5 position of the flavin19-21.  From there, different pathways are possible: 

(1) dissociation generating oxygen radicals; (2) a second electron transfer 

producing hydrogen peroxide and flavin in the ox state; or (3) collapse to form a 

covalent adduct at the C4a atom18,22.  Thermodynamically, conversion of oxygen 

to hydrogen peroxide catalyzed by flavoproteins is strongly favored.  The 

potential of the oxygen-hydrogen peroxide couple is 281 mV at pH 723, far more 

positive than the midpoint potential of free flavin (~ -207 mV23) and those of 

flavoproteins measured to date (range from -400 mV to 60 mV3,19,24,25 ).  

However, there are several examples of flavoproteins, which make it difficult to 

generalize reaction rates with molecular oxygen based on midpoint potentials22. 
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In most flavoproteins, oxygen reacts directly with protein-bound reduced 

flavin following second-order kinetic behavior.  Interestingly, in this regard, the 

reaction is akin to the reaction of oxygen with free flavin, which has a rate 

constant of 2.5 x 102 s-1 18.  Flavoproteins display a large range of oxygen 

reactivity (rate constants range from 2 - 1.8 x 106 M-1s-1), indicating their ability to 

tune the kinetics of their flavins considerably.  In addition, because the flavin pKa 

values are highly dependent on its redox state, flavoproteins may use proton 

transfer (PT) to adjust the reaction driving force and/or act as a kinetic gate. 

One such gating mechanism, typified by the flavodoxins10,14,16, involves 

protein dynamics.  A PT necessarily changes the pattern of hydrogen bond 

donors and acceptors presented by the flavin cofactor.  This triggers reorientation 

of local residues and perhaps larger protein conformational changes, which may 

rate-limit redox reactions.  For instance, NMR studies26,27, crystal structures13,16 

and theoretical calculations28,29 indicate that the isoalloxazine ring can bend 

about its N5-N10 axis (Figure 1-2): the ring is planar in the oxidized form due to 

delocalization among the three rings, and bent in the fully reduced form of the 

flavin.  This “butterfly bending” may tune flavoproteins reduction potentials30,31 

and modify interactions within the protein binding sites32.  Studies of several 

classes of flavoproteins, including flavodoxins10, reductases12,15,33, and electron 

transfer flavoproteins (ETFs)11,17, are beginning to reveal that PT and associated 

protein conformational changes serve not only to regulate the redox potentials of 

the flavin but also the reaction kinetics, with important functional consequences. 
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Electron transfer (ET) within and between proteins is a ubiquitous and 

essential molecular process in biology.  Proteins must tightly control the rates of 

ET and lifetimes of radical intermediates to use this fundamental chemical 

reaction for a vast array of cellular functions.  A significant control mechanism 

involves coupling of the ET to a proton transfer (PT)34,35.  This coupling 

influences both the energetics and mechanism of a reaction by providing a 

reaction pathway that avoids high-energy intermediate states involved in the 

separate transfer of each particle.  The PT ensures heightened discrimination 

toward subtle changes in protein structure.  As compared with ET, it has a much 

shorter range (electrons able to tunnel ~ 10 Å, a proton with comparable energy 

limited to ≤ 0.25 Å hops) and is very sensitive to the relative orientation of a few 

atoms (the proton, donor, and acceptor).  The kinetics and thermodynamics of 

PT can be adjusted dramatically by tuning pKa values over a very large range36.  

Consequently, proton-coupled ET (PCET) is widespread in nature as many redox 

reactions involve uptake and/or release of protons from cofactor and/or in their 

protein environment, notably in biological energy conversion and redox catalysis.  

For example, flavoproteins must directly couple one or both reduction steps of 

their flavin cofactor to protonation of the isoalloxazine ring (Figure 1-3).  PCET 

can have a strong influence on thermodynamics and attention is increasingly 

focused on the importance of protonation/deprotonation events on influencing the 

kinetics of the overall redox reaction10,37,38.  Understanding the mechanisms for 

PCET and identifying its role in protein evolution are central problems in chemical 

biology. 
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Although most flavoproteins use the ground state of their cofactor in redox 

chemistry, several light-activated flavoproteins are known2. These include 

phototropins, BLUF domains, and the PLs and CRYs.  CRYs are the subject of 

increasingly intense investigation as they have numerous core functions in nature 

and human health, and very little is understood regarding their mechanisms of 

action and evolution39-42.  

1.3 Background on Crytochromes (CRYs) and Photolyases 
(PLs) 

1.3.1 Photolyase/Cryptochrome Structure 

Photolyases and cryptochromes are a functionally diverse family of light-

responsive flavoproteins40,42 present throughout the biological kingdom.  There 

are three major categories: cyclobutane pyrimidine dimer (CPD) PLs; (6-4) 

pyrimidine-pyrimidine adduct [(6-4) photoproduct)] PLs; and Cryptochromes42,43.  

All PLs are thought to have arisen from a single ancestral CPD-PL gene44 and a 

subset of CRYs, CRY-DASH, may represent an intermediate form between PLs 

and the general family of CRYs 40,42,43,45. 

PLs and CRYs share a ~ 30 to 50% primary sequence identity46, are ~ 400 

– 600 amino acids46 and all bind an FAD cofactor using a conserved binding 

pocket.42  Crystal structures reveal the striking homology between PL8,47-49 and a 

family of CRY, CRY-DASH50,51. Local and global architecture is conserved (root 

mean standard deviation ~ 1.6 Å), surface electrostatics and residues interacting 

with the non-covalently bound chromophore FAD (Figure 1-5).  The enzymes are 

divided into two domains, an α/β N-terminal and an α-helical C-terminal domain.  
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The FAD cofactor is buried in the protein, within the α-helical domain in an 

unusual U-shaped conformation where the adenine portion is in close proximity 

to the isoalloxazine moiety (Figure 1-5).  It is held tightly in place by 12 amino 

acids and is accessible through a hole located throughout the middle of the α-

helical domain.  The size of the opening easily accommodates oxygen, but 

restricts the FAD cofactor from leaving or entering the protein active site8.  PLs 

and CRYs also contain a second chromophore, either methenyltetrahydrofolate 

(MTHF) or 8-hydroxy-7,8-didemethyl-5-deazariboflavin (8-HDF). This second 

chromophore is not essential for catalysis, but under limited light conditions it can 

increase rate of repair 10 – 100 fold due to the higher extinction coefficient of the 

second chromophore compared to hq52,53. 
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Figure 1-5.  Crystal structures of PL (left, PDB: 1DNP) and CRY-DASH (right, 

PDB: 1NP7) demonstrating the conserved structural homology between the two 

proteins.  Shown in blue is the conserved FAD cofactor in a unique bent 

conformation. 

1.3.2 Photolyase Function 

Despite their similarities, PLs and CRYs have evolved to perform different 

functions.  All classes of PLs are functionally homologous; these enzymes 

catalyze the repair of UV-damaged DNA CPD or 6-4 photoproducts in duplex 

DNA.  The FAD cofactor is essential in binding damaged DNA and necessary for 

catalysis as PL’s mechanism of repair utilizes photoinduced electron transfer 

from their FAD cofactor42,54-57 (Figure 1-6).  For historical reasons and a matter of 

common practice, “photolyase” without further quantification means CPD 

photolyases throughout the rest of this thesis.   
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Figure 1-6.  Reaction Mechanism of PL (shown is the isoalloxazine portion of 

FAD cofactor).  

Ultraviolet (UV) damage poses a threat to all sun-exposed life forms, 

forming various genotoxic photoproducts.  Severely damaged DNA blocks 

replication and transcription leading to cell death58.  Fortunately, Nature has 

invented methods to repair the two major types of photoinduced DNA lesions, 

CPD and 6-4 photoproducts.  Skin cancer, one of the most prevalent types of 

cancer in North America, is caused by excessive exposure to UV radiation.  In 

Canada, skin cancer makes up over one third of all new cancer cases, with an 

incidence rate that has continued to rise over the past 30 years59.  Although PL 

does not exist in humans, studies have shown that mice expressing PL exhibit 
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superior resistance to sunlight-induced tumorigenesis60, illustrating the possible 

use of PL as a future tool to control skin cancer in humans61,62. 

 Generally, PL carries out catalysis via Michaelis-Menten kinetics with the 

exception that enzyme-substrate to enzyme-product is entirely light dependent 

(Scheme 1-1)63-67.   

 

Scheme 1-1.  Reaction scheme of PL proceeds by the classical Michaelis-

Menton kinetics.  E = enzyme, P = product. 

 

DNA containing CPDs have a ~ 20 – 30o bend and are unwound ~ 9o 68,69.  PL 

recognizes this conformation and binds to DNA independent of light, stabilizing 

the enzyme-substrate complex via ionic interactions between a positively 

charged grove on the surface of the enzyme and the phosphate groups adjacent 

to the CPD8,63.  PL slightly unwinds the duplex DNA and increases its bend to 

50o, stabilized by weak hydrogen bonds and ionic interactions with the 

complementary strand8.  These interactions weaken the duplex, allowing PL to 

base flip8,70-72 the CPD 180o out of the duplex and into the enzyme’s active site 

within van der Waals contact (~ 2-3 Å) with the FAD (Figure 1-7).  PL binds 

E + UV DNA E SH E P E + P
k1

k2

hv
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single and double stranded DNA with the same affinity (kD ~ 10-9 M) with a rate 

constant of binding ~ 107 M-1s-142,73. 

 

Figure 1-7.  Co-crystal structure of PL bound to CPD-like DNA lesion with the 

CPD flipped out of the duplex into the active site of PL (PDB: 1tez). 

Once bound, PL absorbs a photon of light in the near UV/blue range (360 – 

500 nm) which increases the reduction potential of FADH-, the catalytically active 

state of FAD42,74.  This enables the cofactor to transfer an electron over a 

distance of 5 -10 Å to the CPD at a rate of ~ 170 ps (Figure 1-6).  The electron 
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transfer is predicted to be direct from the C8 methyl group of the isoalloxazine 

moiety to the C4 carbonyl group of the 3’ thymine75.  Having accepted an 

electron and in violation of Hückel’s rule, the 5-5 and 6-6 bonds of the CPD are 

cleaved and an electron is returned to the sq, reverting it into the catalytically 

active, reduced state hq in ~ 560 ps45,56.  The total process takes ~ 1 ns with a 

quantum yield (number of CPD split per photon of light absorbed) of 0.7 – 

0.9.42,52,76 (Figure 1-6).  

Stabilization of the hq is likely important.  Recently reported values for the 

sq/hq potential (E1) of approximately -50 to 16 mV, the same within error for E. 

coli and A. nidulans PL, are more positive than that of free flavin (E1= -101 mV)23 

and become more positive by ~ 65 to 75 mV when bound to substrate DNA24,77.  

Sq stabilization is even more impressive.  In both Escherichia coli (E. coli) and 

Anacystis nidulans (A. nidulans) PL, the sq resists oxidation by O2 and strong 

chemical oxidants78,79, as well as electrochemical potentials as high as 400 mV24.  

Partial aerobic oxidation to the fully oxidized FAD occurs over days to months54, 

depending on the temperature and solvent, while even excess potassium 

ferricyanide, a powerful oxidant, requires ~ 3 days to achieve full oxidation80.  A 

stabilized sq that resists return ET with the CPD radical anion may contribute to 

the near-unity quantum efficiency of PL81.  More generally, as in several other 

flavoproteins9-11,13-17, sq stability may be used to adjust the degree of single and 

double ET9.   
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1.3.3 CRY Function 

CRY do not recognize these substrates or catalyze these reactions78,82, and 

their functions and mechanisms of action are ill-defined.  Both plant and type I 

animal CRY (e.g., insects) are photoreceptors for synchronizing circadian 

rhythm39,83, whereas type II animal CRY (e.g., humans) are light-independent 

regulators of the circadian clock, with potential roles in photoentrainment39,84,85.  

Insect and avian CRY may also be photomagnetoreceptors for navigation86.  The 

functions of the CRY-DASH subclass51,87-90 remain unclear, despite the fact that 

its members are very structurally homologous to CPD photolyases, and both lack 

C-terminal extensions found in other CRYs51,91-93.  The acronym highlights the 

close evolutionary relationship between CRY-DASH (found in, e.g., Arabidopsis 

and Synechocystis) and animal CRY (found in, e.g., Homo and Drosophila)51,90.  

CRY-DASH can repair CPD in single-stranded regions of DNA82,93, and 

compromised base flipping may account for its lack of physiological repair93. 

However, the redox properties of PL and CRY-DASH are very different; the 

exceptional stability of the blue neutral semiquinone of E. coli79 and A. nidulans94 

PL is absent in CRY-DASH in vitro51,87-90 (Figure 1-8).  As in PL, protein-specific 

redox tuning is expected to be significant to the physiological functions of CRY-

DASH and CRY generally87. 
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Figure 1-8.  UV-vis absorption spectra of PL (closed circles) and CRY-DASH 

(open circles) after purification.  PL spectrum is dominated by sq (550 – 675 nm) 

and is blue in color.  CRY-DASH is dominated by ox (450 nm) and purifies as a 

yellow protein.  Vials are pure protein directly after purification (see Chapter 6 for 

more detail). 

For reasons of simplicity, without further quantification, CRY refers to 

Synechosistis CRY-DASH for the rest of this thesis. 

1.3.4 Flavin in PL and CRY 

PLs and CRYs share an FAD cofactor which may be one of three redox 

states: oxidized, one electron reduced (neutral blue radical or anionic red radical) 

and two electron reduced (neutral or anionic) forms.  Throughout this thesis, I will 

be presenting numerous UV-vis absorption spectra depicting PL and/or CRY.  

The three redox states can be identified through the following characteristic 

absorption bands: ox at 450 nm; sq at 480, 580 and 625 nm; and reduced at 366 

nm (Figure 1-9). 
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Figure 1-9.  UV-vis absorption spectra of the three redox states of FAD bound to 

PL and CRY in aqueous buffer (pH 7). 

 PLs and CRYs are capable of undergoing light-dependent flavin 

reduction42.  FADH is reduced to FADH- via a tryptophan triad, which can be re-

reduced by extrinsic reductants (Figure 1-10)95.  The three tryptophans (Trp) are 

strictly conserved in the PL/CRY family96-98.  Generally, FADH absorbs a photon 

of visible light, abstracts an electron from the nearby Trp, which in turn abstracts 

an electron from an intermediate Trp, which finally abstracts an electron from a 

Trp on the protein surface.  The final Trp releases a proton to the aqueous phase 

resulting in a neutral radical able to be reduced by an extrinsic reductant98-102.  

Evidence has been found that in CPD-PL, the terminal electron donor is a 

tyrosine (Figure 1-10)103. 

- 
 rad 
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Figure 1-10.  The electron transfer chain that reduces photoexcited FADH via a 

conserved Trp triad43.  A tyrosine is involved in anacystis nidulans.  ET = electron 

transfer. 

1.4 Hypothesis 

The hypothesis is that the functional significance of sq stabilization by PL 

relates to its mechanism for DNA repair.  PL requires the cofactor to be in its fully 

reduced form (FADH-) for catalysis74 (Figure 1-6).  The overall photochemical 

reaction is extremely efficient, with quantum yields for DNA repair ranging 

between 0.7 and 0.9 for CPD-PL46.  Upon photoexcitation, the reduced FAD 

donates one electron to the bound CPD to transiently generate the CPD radical 

anion, and FAD sq104,105.  This incites rapid (ps) cleavage of the CPD, followed 

by the return of its extra electron to the FAD sq which regenerates the 

catalytically active PL104 (Figure 1-6).  Recent studies demonstrate a significant 

delay in the formation of intact thymine with respect to the formation of the sq 

(e.g., with respect to electron transfer from FADH- to the CPD)106 (Figure 1-6).  
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Back electron transfer from the dimer radical to the FAD competes with the 

splitting of intradimer bonds106.  A stabilized sq will better resist return electron 

transfer with the CPD radical anion before cleavage, as well as loss of a second 

electron to form a functionally useless fully-oxidized state.  It is likely that sq 

stability in PL contributes to its near-unity quantum efficiency for DNA repair.  

More generally, protein-specific redox regulation of sq stability is expected to be 

significant to the physiological functions of PL and CRY7.  Using a series of PLs 

mutants exhibiting a range of sq stabilities in cellular-based experiments, I 

propose a correlation between sq stability and function in this important class of 

proteins. 

1.5 Experimental Approach 

The principal experimental tool of this thesis work is UV-vis absorption 

spectroscopy.  For reasons already discussed, the redox state of the FAD in PL 

and CRY, particularly that of the sq, can be monitored at characteristic 

wavelength bands (reduced: ~ 360 nm, oxidized: ~450 nm, sq: ~ 580 and 625 

nm).  To obtain thermodynamic stability measurements of the sq in PL and 

mutants, I have followed the classical Dutton electrochemical method (see 

Chapter 6 for more detail).  Generally, once anaerobic, small amounts of 

chemical oxidant potassium ferricyanide, or reductant sodium dithionite, are 

introduced into the protein solution.  Dithionite is a powerful reducing agent, Eo = 

- 420 mV, and given that PL and it’s mutants’ midpoint potentials are more 

positive, there is a large driving force for the reaction.  Similarly, potassium 

ferricyanide is a strong oxidant, Eo = 436 mV, and given it is much more positive 
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than the potential of PL, CRY and mutants, there is a large driving force for 

protein oxidation.  The redox state of the FAD cofactor is readily monitored by 

UV-vis absorbance spectroscopy and the potential is measured by a potentiostat.  

Data are fit to a modified Nernst Equation from which potentials are extracted (for 

more detail, see Chapter 6). 

The kinetic stability of the sq is measured by the rate at which the reduced 

flavin reacts with molecular oxygen.  In these experiments, the protein is reduced 

by photoreduction in the presence of ethylene diamine tetraacetic acid (EDTA), 

according to Equation 1-1107.  This photoreduction mechanism involves light 

absorption by a transiently dissociated oxidized FAD cofactor, followed by 

reduction of the excited state cofactor by EDTA: 

 

For the oxidation experiments described in this thesis, photoreduced PL, 

CRY and mutants were obtained by irradiating a sample containing EDTA with 

white light (see Chapter 6 for details) and complete reduction was confirmed by 

UV-vis absorbance spectroscopy. 

 Once I created a series of PL mutants with varying range of kinetic sq 

stability, I inserted the corresponding genes into a cell line that was void of any 

E-FAD E + FAD

FAD FAD*hv

FAD*  + EDTA FADH  + ED-Triacetate + CO2 + CH2O

FADH  + E-FAD + H2O FADH  + E-FADH  + OH
FADH   + E-FADH FADH  + E-FADH

2FADH FAD + FADH   + H+

Eq. 1-1 
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DNA repair mechanisms to assess their impact on function, more specifically, on 

their ability to rescue UV damaged DNA (see Chapter 6 for more detail). 

1.6 Aim and Scope of Thesis 

The aim of this thesis is to provide information on how PLs tune their FAD 

cofactor to exhibit sq resistant to oxidation and how this stability correlates with 

function.  More generally, my research is focused on understanding the 

molecular-level origins of functional divergence amongst PLs and CRYs.  

Progress in these aspects is made possible by the results of this thesis work.  

The following experiments described herein establish: (1) the first measurements 

of the redox potentials for the two redox couples sq/hq (E1) and ox/sq (E2) in PL.  

These values establish that the sq is not thermodynamically stabilized in PL and 

indicate that its long lifetime is kinetically-controlled; (2) Deuterium and pH effects 

indicate that sq oxidation is kinetically limited by PCET; (3) Through a mutation at 

the N5-proximal position, my results support a regulatory mechanism that also 

exploits changes in protein conformation to adjust the kinetic barriers in PL; (4) 

By evaluating a series of PL mutants where I replaced conserved amino acids 

with their homologs in CRY-DASH, I identified two distal residues that contribute 

to the kinetics of proton transfer.  This confirms that the effect at the N5-proximal 

residue is context dependent; and (5) Utilizing an in vivo cellular assay, I 

demonstrate a correlation between kinetic stability of the sq and cellular function. 
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1.6.1 Why Study CPD-PL and CRY-DASH 

CRY-DASH may be the evolutionary link between PLs and CRYs: (1) 

CRY-DASH are more structurally related to PLs than any other CRY43; (2) CRY-

DASH have the ability to photoreduce their cofactor to the active state FADH-; (3) 

CRY-DASH possess a basic channel entrance, similar to PL and therefore bind 

DNA similarly91,92; and (4) CRY-DASH have the ability to repair lesions in single-

stranded DNA, but not double-stranded DNA82; a co-crystal structure illustrates 

that CRY-DASH binds thymines in a similar fashion to PL, however, with the 

inability to base-flip93. 
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CHAPTER 2: MECHANISMS FOR REGULATING 
SEMIQUINONE STABILITY IN PHOTOLYASE 

This chapter comprises work from the manuscripts “Impact of the N5-

proximal Asn on the Thermodynamic and Kinetic Stability of the Semiquinone 

Radical in Photolyase,” published in The Journal of Biological Chemistry (2011, 

286, 4382-4391) and “Kinetic Stability of the Flavin Semiquinone in Photolyase 

and Cryptochrome-DASH” published in Biochemistry (2009, 48, 11399-11411).  

Secondary authors: Jordan J. Nostedt helped grow and purify mutant protein 

N386D-PL and performed replicates of oxidation experiments on same; Gary N. 

Yalloway helped develop protein preparation protocols; Jessica Lu helped grow 

and purify the mutant proteins; and Neahlanna R. McLeod helped develop and 

create the mutant W392Y-PL. 

 

 

It has long been known that the sq in PL is stable towards oxidation79.  

Upon isolation of the PL proteins under aerobic conditions, the FAD hq, which 

presumably predominates in the cell42,74, oxidizes only partially, and most of the 

FAD is in the sq form. This contrasts with free FAD where the hq is fully oxidized 

upon exposure to O2 due to diffusion-controlled disproportionation of the sq, and 

rapid reaction of both hq and sq with O2
18. However, with exposure to air during 

complete purification (3 days), the PL contains a quantitative amount of sq, as 
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monitored by UV-vis absorption spectroscopy.  My electrochemical data, together 

with sq oxidation kinetics, suggest that PL uses a kinetic mechanism to confer sq 

stability.  In this thesis, I show through kinetic isotope effects (KIEs) and pH 

effects, that oxidation is rate-limited by PT.  The new findings in this thesis have 

appeared elsewhere108. 

2.1 Electrochemical Investigations of the Thermodynamic 
Stability of PL Semiquinone 

Despite the fact that photolyase has been studied for over 50 years63, the 

first electrochemical investigation on redox potentials was not reported until 

2005.77  Recent electrochemical studies, aimed at measuring the one electron 

redox potentials of PL, reported values for E1 ranging from -48 to 0 mV, the same 

within experimental error for E. coli and A. nidulans CPD-PL24,109.  In these 

experiments, the hq-sq redox couple was titrated, with quantitative production of 

the sq, while the sq-ox couple proved inaccessible at potentials as high as ~ 400 

mV.  In similarly performed electrochemical titrations of the hq-sq couple of A. 

nidulans PL, I measured a comparable value of E1 = -50 mV (see Chapter 6 for 

more details).  However, I also found that over extended equilibration times (e.g. 

> 30 minutes to several h), the absorption spectra and electrochemical potentials 

did not stabilize (Figure 2-1).  I suspected that the sq observed during these 

experiments may be a kinetic product, with the slow kinetics of PT contributing to 

the accumulation of sq, and inhibiting further oxidation and equilibration of the 

system. 
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Figure 2-1.  Spectroelectrochemical oxidative titration of PL in the presence of 

mediators.  Absorption of sq at 580 nm (4 trials), normalized for differences in 

protein concentration, is plotted versus potential; line is fit to Nernst Equation 

(see Eq. 6-5) yielding an E1 = -58 ± 6 mV vs NHE (average and standard 

deviation from 4 trials).  The 4 most positive points were excluded from the fit. 

Consistent with this conclusion is the severe hysteresis observed between 

oxidative and reductive titrations over both redox couples (Figure 2-2).  In 

contrast to oxidative titrations where sq was clearly observed (Figure 2-1), no sq 

is detected in reductive titrations starting with the fully oxidized protein (Figure 2-

3).  Although full oxidative titrations are kinetically unfeasible (> 15 to 20 h for 

equilibration at some steps), I am confident that equilibration was achieved in the 

reductive direction (15 min. - 2 h), and that accurate potentials can be derived 

from these data.  An analogous kinetic barrier, associated with rate-limiting PT, is 

observed in titrations of the anionic sq-hq couple of M. methylotrophus ETF11,17.  

Due to prohibitively long equilibration times for oxidation of the hq, redox 
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potentials for this protein have likewise been obtained by titrations in the 

reductive direction only11.  

Figure 2-2.  UV-vis absorption spectra taken during spectroelectrochemical 

oxidative and reductive titrations of wild-type PL at -52 mV (versus NHE), in the 

presence of mediators at pH 7. 
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Figure 2-3.  UV-vis absorption spectra taken during spectroelectrochemical 

reductive titration of A. nidulans PL in the presence of mediators at pH 7. 

Figure 2-4.  Spectroelectrochemical reductive titrations of CPD-PL at pH 7 (all 

potentials reported versus NHE).  The plot shows the variation in extinction 

coefficient at 445 nm with potential (data from 5 replicates).  The lines are fit to 

the Nernst Equation (Eq. 6-5), yielding E1 = -140 ± 7 mV and E2 = -219 ±7 mV. 
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The variation in absorbance at 450 nm with potential (Figure 2-4), when fit 

to the Nernst Equation (Eq. 6-5), yields EM = (-182 ± 2) mV, E1 = (-140 ± 7) mV, 

and E2 = (-219 ± 7) mV.  In PL, the sq is clearly destabilized relative to both hq 

and ox (Figure 2-5).  With ΔE = -79 mV, the maximum yield of sq under 

thermodynamic equilibrium would be < 10 %.  The build-up of sq during non-

equilibrium oxidation  

Figure 2-5.  Comparison of the redox potentials of CPD-PL and free FMN, 

whose sq is extremely unstable in aqueous buffer.  ΔE is the difference between 

the reduction potential of ox and the reduction potential of sq; gauge of sq 

stability.  Note: free FMN and free FAD have comparable reduction potentials.  

of the hq by O2 during protein purification and in titrations of the hq-sq couple 

only24,108,109, is likely a kinetic phenomenon, and may be responsible for the 

significantly more positive E1 values previously reported.  The very negative E2 

value is consistent with predictions made based on the relative binding affinities 
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of PL for FAD sq and ox (-191 mV > E2 > -242 mV, see below for more detail).  

This value confirms that the resistance of the sq towards oxidation is due to a 

kinetic barrier, rather than thermodynamic stabilization.  Since CPD-PL uses the 

hq-sq couple for DNA repair42, it presumably has evolved mechanisms to prevent 

futile cycling into the oxidized state. 

2.2 Kinetic Regulation of Stability of PL Semiquinone 

The rate constants and mechanisms for reaction of the FAD hq with 

molecular oxygen (Scheme 2-1) provide quantitative measures of the kinetic 

stability of the hq and sq toward oxidation9,16.  

The initial step, both in solution and while protein-bound, is transfer of a 

single electron from the FAD hq to O2, generating the caged sq/superoxide 

radical pair16,18,19. The geminal superoxide may accept a second electron and a 

proton from the flavin N5 atom, either directly, or mediated through the formation 

of a C4(a)-(hydro)peroxide intermediate; following protonation of the resultant 

hydroperoxide anion, this pathway yields the two-electron transfer products, fully 

oxidized FAD and hydrogen peroxide (Scheme 2-1).  Such reactivity with 

molecular oxygen is characteristic of free flavin and flavoprotein oxidases18. 

Alternatively, dissociation of the radical pair yields the neutral sq and superoxide 

(Scheme 2-1), as observed for electron transferases18. The sq is itself 

susceptible to a second oxidation by single electron transfer to another molecule 

of O2.  Reaction of the sq requires both electron loss and deprotonation at N5 to 

complete the conversion to FAD ox. 
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Scheme 2-1.  Kinetic and thermodynamic parameters for exchange among FAD 

redox states.  The neutral sq is reduced to the anionic hq at reduction potential 

E1.  The hq reacts with O2 to regenerate the sq with a pseudo first-order rate 

constant, k1, ox is reduced to the sq radical at reduction potential E2.  Formation 

of the neutral sq radical requires a proton transfer.  This radical is oxidized by O2 

with a rate constant k2 that requires deprotonation.  The overall two-electron 

reduction of ox to hq is characterized by the midpoint potential EM; the complete 

conversion of hq to ox by reaction with O2 is characterized by the rate constant k. 

The FAD hq, prepared by photochemical reduction of anaerobic samples of 

PL (see chapter 6.2 and 6.3 for more detail), reacts with saturating 

concentrations of O2 over a period of several hundred minutes. During this time, 

the hq was consumed and the sq grew in to reach a maximum near quantitative 

formation (Figure 2-6). This, together with several isosbestic points (420, 380, 
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and 320 nm), suggest complete conversion of hq to sq through single ET to O2, 

with production of transient superoxide (Scheme 2-1); direct two-electron 

oxidation of the hq does not appear to be competitive with sq formation in PL. 

The resultant sq was subsequently converted cleanly to fully oxidized FAD 

(Figure 2-7), and the expected isosbestic points are seen near 490 and 340 nm. 

Oxidation of the sq is also mediated by ET to O2, but deprotonation of the 

isoalloxazine N5(H) atom is required to generate ox, and the sq is much less 

reactive than the hq. Moreover, sq reactivity of PL is extremely slow compared to 

free flavin, which completely oxidizes with a rate constant of 2.5 x 102s-1 19 (Table 

2-1). Importantly, spectra of anaerobic protein samples are unchanged over 

these times under similar conditions (Figure 2-8), and the 445 nm and 455 nm 

Abs peaks, characteristic of bound FAD, remain unchanged throughout the 

experiments (Figures 2-7, 2-8).  This is strong evidence the FAD remains protein-

bound throughout all experiments.  With PL, partial formation of ox is evident 

after 2 days, but most of the sq remains unreacted and some sq persists for 

weeks at 4 oC (Figure 2-8). 
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Figure 2-6.  Oxidation of FAD hq in PL.  Shown are time-dependent UV-vis 

absorption spectra for the first 390 mins following introduction of O2 into fully 

reduced PL.  During the first phase of the oxidation reaction, the hq is consumed 

and accumulation of sq occurs.  PL is at a concentration of ~ 30 µM in phosphate 

buffer (pH 7). 



 

 34 

 Figure 2-7. FAD sq oxidation in PL.  Shown are time-dependent UV-vis 

absorption spectra profiling the reaction of O2 with FAD sq in PL.  Each starting 

spectrum is at the time of peak sq formation (maximum absorption between 500 

and 700 nm; for each earlier time spectrum of sq formation, see Figure 2-6).  

With time, the sq absorbance decreases and absorption bands characteristic of 

FAD ox appear in between 350 and 500 nm.  Specta are excluded for purpose of 

clarity 
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Figure 2-8.  Time-dependent UV-vis absorption spectra monitoring PL over a 

period of 1500 – 3000 minutes.  All conditions were matched to those in oxidation 

experiments, with the exception that O2 had been excluded.  These control 

experiments establish that the spectral changes observed in oxidation 

experiments require O2. 
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Figure 2-9.  UV-vis absorption spectra monitoring loss of sq in PL during 

extended exposure to O2.  Spectra were recorded ~ 2 (2540 min), ~11 (15500 

min) and ~30 (42900 min) days following quantitative generation of the sq by hq 

oxidation with O2.  Samples were stored at 4 oC in the dark.  Inset:  The kinetics 

of oxidation monitored by absorption changes at 580 nm over a period of ~ 2800 

min, are fit to a first-order growth and decay (line), which is extrapolated to 

complete sq decay.  Data points (square + diamond) indicate measured 

absorbance from the spectra shown. 

The oxidation kinetics were analyzed quantitatively according to the mechanisms 

outlined in Scheme 2-1, by simultaneous fitting of the experimental data at 580 

and 445 nm to Equations 2-1 – 2-3: 
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[hq]! =    [hq]!𝑒! !!!  !! ! 

 

[sq]! =    [hq]!
!!

!!! !!!!!
𝑒! !!!!! ! − 𝑒!!!!  

 

[ox]! =    [hq]!
!!!!

!!!!! !!! !!!!!
+ !!

!!!!!
1− 𝑒! !!!!! !  

−
[hq]!𝑘!

𝑘! − 𝑘! + 𝑘!
1− 𝑒 !!!!  

 

The kinetic model closely reproduces the experimental data at both wavelengths 

(Figure 2-9) and this analysis confirms that a simplified kinetic model is sufficient 

to describe the experimental data, due to the significant separation between the 

rate constants (k1 > k2 >> k).  In the multivariable analysis, the k term consistently 

converges to zero, as direct two-electron oxidation is not competitive with sq 

formation.  The predicted values of k1 and k2 closely match those from analysis of 

changes in sq concentration monitored at 580 nm alone, according to Equation 

2-2, where k1 + k ~ k1. Moreover, since k1 is at least ~10-fold larger than k2, the 

pre-exponential term in Equation 2-2 approaches unity, and analysis of the 580 

nm kinetics with a simple first-order growth plus decay gives the same rate 

constants within experimental error (Table 2-1, Figure 2-9). 

Eq. 2-1 

Eq. 2-2 

Eq. 6-3 
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Figure 2-10.  Comparison of the change in absorbance at 580 nm (sq 

absorbance only) and 445 nm (absorbance by all three species, with ox 

dominant) as a function of oxidation time. 

 

All attempts to force inclusion of a k term (Scheme 2-1) were deleterious to the 

quality of the fit; a direct oxidation pathway does not match the observed lag, and 

slow build-up of ox. Instead, the low sq yield is ascribed to its slower formation, 

and especially its rapid reaction via k2.  For PL, hq oxidation is at least 10 - 100-

fold faster than sq oxidation.  Continuous monitoring of the very slow sq oxidation 

in these proteins is not feasible. The sq concentration measured after long 

reaction times (up to 30 days) suggests that the rate constants for sq oxidation 

may be considerably smaller than those estimated from fitting ≤ 25% of their 

decay recorded over 2 days (Figure 2-8). The k2 values presented in Table 2-1 

for PL represent an upper limit. 



 

 39 

2.3 Analysis of Proton Coupled Electron Transfer by Isotope 
and pH Effects 

Complete oxidation of PL requires proton transfer, while conversion of hq to 

sq does not.  The significance of proton transfer to sq kinetic stability in the PL 

proteins is revealed by the large deuterium isotope effect for its oxidation.  In 

aqueous buffer at neutral pH, replacement of the exchangeable protons, 

including the N5(H) group of FAD, with deuterium110 decreases the rate constant 

for sq oxidation by ~4-fold [k2 (Table 2-1), Figure 2-11].  Importantly, the rate 

constant for hq to sq conversion (k1) is not significantly affected by deuterium 

exchange. This large kinetic isotope effect, near the maximum for N-H bond 

cleavage, given secondary solvent isotope effects, indicates that sq-ox 

interconversion involves proton-coupled ET.  Results at lower pH are consistent 

with this conclusion. Although not as pronounced a difference as the deuterium 

exchange, in a more acidic environment, the sq lifetime increases. 
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Figure 2-11.  Evidence that oxidation of PL-bound sq proceeds by proton 

coupled ET.  Shown are spectra ~2700 min after exposure of fully reduced PL to 

O2 at pH 7 following replacement of exchangeable protons with deuterium (D2O, 

pH 7).  The oxidation kinetics of the slowly decaying sq is further reduced by 

deuterium exchange.  The kinetics at 580 nm (inset) highlight the significant 

decrease in sq reactivity at lower pH, or following deuterium exchange. 
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Protein k1 (10-5 s-1)a k2 (10-5 s-1) a k1/k2 

PL 12 ± 2 < 0.4b > 30 

PL (D2O) 11 ± 2 < 0.1 > 110 
    

Table 2-1.  Oxidation Kinetics of FAD hq and sq in Wild-Type PL.  aFor PL, the 

rate constants were derived from fitting the sq absorbance (580 nm) vs time to a 

first-order growth (k1) plus decay (k2).  This analysis yields the same values, 

within experimental error, as fitting the 580 nm data to an A to B to C kinetic 

scheme, or simultaneous fitting of the 580 nm and 445 nm data to this scheme 

with inclusion of parallel A to C pathway.  bUpper limit from fitting partial decay: 

0.40 ± 0.04 for PL. 

 

2.4 Discussion 

Flavoproteins can dramatically tune the kinetics of their reaction with 

molecular oxygen, at least over a range of 106 18,19.  These reactions are 

ascribed to direct collision of O2 with the protein-bound hq or sq.  Flavin 

accessibility is not thought to play a significant role in kinetic tuning since O2 can 

readily enter flavin binding sites either directly or by diffusing through the 

fluctuating protein matrix19.  In contrast, in many flavoproteins, including PL and 

CRY, dissociation of the flavin tends to be quite restricted thermodynamically and 

kinetically, and the cofactor is often tightly buried within the protein.  

Consequently, flavin oxidation mechanisms involving dissociation of a non-

covalent cofactor, reaction with O2 in solution, followed by rebinding, are 

generally not considered.  Such a rationale may be offered in support of an 

intraprotein oxidation mechanism for the proteins investigated here.  Dissociation 
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of FAD from these proteins is very difficult because the cofactor is integral to the 

protein fold and stability.  The conditions required for apoprotein generation, e.g., 

dialysis for >30 days at pH ~4 and against 100 mM KCl for A. nidulans PL111, 

attest to the very tight binding of the cofactor. Thus, koff is expected to be very 

slow, and not competitive with oxidation in the active site.  This expectation is 

borne out by high-resolution structural data that reveal a flavin unable to exit 

without (partial) protein unfolding; however, an access channel to the FAD large 

enough for O2 and water to easily penetrate exists.  This conclusion is further 

corroborated by recent measurements of koff of ~8 x 10-5 and ≤ 3 x 10-5 s-1 for 

dissociation of FAD ox (KD ~1 µM) and hq (KD ~8 nM), respectively, from E. coli 

PL112. I expect that the sq dissociation rate constant may be even slower. 

I can more directly address the possibility of a dissociation-oxidation-

rebinding mechanism with my oxidation data.  If such a mechanism were 

operative, dissociation (or possibly rebinding) would be rate-limiting, since 

oxidation in solution occurs with a rate constant of 104
 M-1s-1 18.  The oxidation 

kinetics I report would thus correspond to these binding kinetics. In this case, one 

would expect at most a small (no more than ~8%) binding isotope effect on the 

kinetics113 . Instead, I observe a large kinetic isotope effect for sq oxidation, on 

the order of ~4-fold for PL.  These facts are consistent with N-H(D) bond 

cleavage in the rate-determining step, and oxidation within the protein as the 

dominant mechanism.  Intraprotein oxidation is also not surprising given the 

redox potential of the FAD sq/ox couple (E2 = -219 mV) within wild-type PL.  This 

potential may be predicted using thermodynamic cycles that relate differences in 
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binding affinity of each of the redox states to differences in their free and protein-

bound redox potentials (Equation 2-4): 

𝛥𝐺!! − 𝛥𝐺!" = 𝛥𝛥𝐺 = −𝐹 𝐸! − 𝐸!
!"## + 𝐸! − 𝐸!

!"##  

where F is Faraday’s constant114.  The known potentials of the two redox couples 

for free FAD, -101 and -313 mV for E1 and E2, respectively23, and the previously 

reported E1 value for wild-type PL of -50 mV24 yield the following expression for 

E2 (Equation 2-5): 

𝐸! 𝑣𝑜𝑙𝑡𝑠 =
𝛥𝛥𝐺 + 8.39  𝑘𝑐𝑎𝑙  𝑚𝑜𝑙!!

−23.06  𝑘𝑐𝑎𝑙  𝑚𝑜𝑙!!𝑉!!  

At ambient temperature (293 K), ΔΔG may be evaluated according to Equation 2-

6: 

𝛥𝛥𝐺 = −0.58  𝑥  𝑙𝑛 !!!
!!"

 

Where Khq and Ksq  represent the hq and sq association constants, respectively. 

For PL, the hq binding affinity is expected to be significantly higher than that of 

ox115.  Recent measurements reporting dissociation constants of ~8 nM and ~1 

µM for hq and ox of E. coli PL, respectively112, indicate that binding of hq is at 

least 125-fold stronger.  Using these relative binding affinities, Equation 2-5 and 

2-6 predict E2 ~-242 mV in wild-type PL.  If Khq ~1000Kox, then E2 ~ -190 mV. 

Even if Khq is as much as 10000Kox, the predicted E2 of approximately -130 mV is 

still quite small.  With these potentials, oxidation of the sq by O2 [E = -150 mV116] 

in the protein active site is thermodynamically favored and/or feasible. 

Eq. 2-4 

Eq. 2-5 

Eq. 2-6 
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CHAPTER 3: IMPACT OF THE N5-PROXIMAL RESIDUE 
ON SEMIQUINONE STABILITY 

This chapter comprises work from the manuscript “Impact of the N5-

proximal Asn on the Thermodynamic and Kinetic Stability of the Semiquinone 

Radical in Photolyase,” published in The Journal of Biological Chemistry (2011, 

286, 4382-4391).  Jordan J. Nostedt, second author on the manuscript, helped 

grow and purify mutant protein N386D-PL and performed replicates of oxidation 

experiments on same. 

 

 

The identity of the N5-proximal residue plays a central role in redox 

regulation by flavoproteins.  In flavodoxins this residue is a Gly, which orients its 

backbone carbonyl to provide a hydrogen bond acceptor to the protonated flavin 

N5 of the hq and neutral sq radical10,14,16.  Complete oxidation requires 

deprotonation, and the flipping of Gly to offer its backbone NH as a hydrogen 

bond donor to N5.  This pattern of H-bonding thermodynamically stabilizes the 

neutral sq, and therefore presents a kinetic barrier to its oxidation (Figure 3-1).  

Similar mechanisms coupling PT, changes in hydrogen bonding, and protein 

dynamics are operative in other flavoproteins12,15,33.   
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Figure 3-1.   Structure overlay of C. beijerinckii flavodoxin in its hq/sq (left) (PDB: 

5ull, 2fox) and ox (right) (PDB: 5nll) FAD redox states14.   

In Type I animal CRY, where the N5-proximal residue is a Cys, the sq 

exists as an anion radical that resists further reduction117,118.  In plant CRY, 

where the N5-proximal residue is an Asp, the sq exists in protonated, neutral 

form119-121, and may be further reduced to the hq120: The Asp may act as the 

proton donor/acceptor120,121.  In PL, the N5-proximal Asn is not likely to act as a 

proton shuttle, given that in solution it is very difficult to protonate (pKa < 0) or 

~ 3 Å ~ 3.5 Å 
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deprotonate (pKa ~ 17).  Instead, it has been proposed to stabilize the neutral sq 

radical by providing its side chain carbonyl as a hydrogen bond acceptor81.  As in 

flavodoxins, full oxidation of PL requires sq deprotonation, and loss of this 

hydrogen bond, unless the Asn flips orientation to present its side chain amino 

groups as a H-bond donor to the N5.  The intrinsic rate of deprotonation, and/or 

conformational change, may serve to kinetically gate the oxidation. 

To test this hypothesis, I investigated the N-5 proximal residue mutation 

N386D-PL.  The absorption spectra recorded during/after purification of this 

protein under aerobic conditions clearly reveal loss of the sq stabilization 

provided by wild type.  As compared to blue PL, which possesses near 

quantitative sq, the yellow mutant is completely oxidized (Figure 3-2).  It is not 

surprising that mutation of the N5-proximal residue should have a large affect on 

the FAD redox properties; indeed, mutation of this Asn to Ser in E. coli PL also 

severely destabilized the sq81.  However, the results with the Ser mutant do not 

establish how the conserved Asn stabilizes the neutral sq in wild type PL.  No 

redox potentials or oxidation kinetics were reported for this mutant.  Moreover, 

like Asn, an N5-proximal Ser can provide a hydrogen bond acceptor to stabilize 

the neutral sq, and is unlikely to act as a base in PT.  By replacing the N5 

proximal Asn with Asp, I aimed to specifically address the role of PT in sq 

stability within these proteins.  



 

 47 

Figure 3-2.  UV-vis absorption spectra of PL (dashed line) and N386D-PL in 

aqueous aerated buffer (pH 7) following complete purification.  The concentration 

of each holoprotein was ~ 25 µM. 

 

3.1 Kinetic Stability of the Semiquinone in N386D-PL 

 To investigate whether the N386D mutation impacts the kinetic barrier to 

sq oxidation, I examined reaction of the fully reduced protein with O2.  My 

previous investigations of PL, CRY-DASH, and several other mutants, 

established that this oxidation occurs within the proteins108, and reactivity 

towards O2 can be used as a quantitative gauge of sq kinetic stability18,19.  The 

hq was obtained by photoreduction of fully oxidized N386D PL with white light in 

the presence of EDTA.  At neutral pH a small amount of sq was observed during 

photoreduction.  Oxidation of the mutant differs markedly from wild type PL.  

First, essentially no sq (< 10 %) was detected during conversion of hq to ox in the 
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N386D mutant, whereas sq formed quantitatively in wild type (Figure 3-3).  

Second, the overall oxidation was complete in  ~ 3 h, whereas it requires weeks 

in wild type (Figures 2-10, 3-4).  In wild type PL, oxidation of hq to sq, with rate 

constant k1 = 12 ± 2 x10-5 s-1, is much faster than oxidation of the sq, with rate 

constant, k2 << 0.4 x10-5 s-1 (k1 >> k2, Scheme 2-1, Table 3-1).  In N386D-PL, 

since little sq is observed, it is likely that k2 >> k1.  It is possible that oxidation 

occurs via direct transfer of two electrons to the hq (k, Scheme 2-1).  However, 

O2 generally acts as a single electron reductant, and in analogous oxidation 

experiments with the homologous CRY-DASH, where little sq accumulates, my 

kinetic analysis indicated that oxidation proceeds by two single ET steps with k2 

>> k1 (see Chapter 6.3 for more detail).  The overall rate constant for oxidation of 

N386D-PL, derived from the formation of ox at 450 nm (Figure 3-4), is k = 18 x10-

5 s-1.  Thus, complete oxidation of the mutant is more rapid than sq formation in 

wild type PL (>> 45-fold rate enhancement for ox formation).  Kinetic stabilization 

of the sq in PL is clearly lost by conversion of the N5-proximal residue from Asn 

to Asp.   
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Figure 3-3.  Oxidation of FAD hq in A) N386D-PL and B) PL over a period of 

~1100 and 2000 min, respectively.  In N386D-PL, the FAD fully oxidizes during 

this time and < 10% sq is detected.  In PL, hq oxidizes quantitatively to the sq, 

which in turn is resistant to further oxidation.  

Figure 3-4.  Time-dependent change in absorbance at 450 nm following 

introduction of O2 into fully reduced PL (squares) and N386D-PL (circles).  The 

absorbance values have been adjusted to account for small differences in 

concentration of each protein sample (~25 µM). 
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3.2 Electrochemical Investigation of the Thermodynamic 
Stability of PL Semiquinone 

Consistent with the observation that the N386D mutation alleviates the 

kinetic barrier to sq oxidation in PL, I found fully reversible reductive and 

oxidative titrations over both redox couples in N386D-PL.  In sharp contrast to 

wild type, where equilibration could only be achieved in the reductive direction, 

equilibration was achieved in standard times (~ 0.5-2 hrs.), and no hysteresis is 

observed (Table 3-1, Figure 3-5).  Like wild type, and as expected from oxidation 

kinetics of the N386D mutant, no sq was detected during interconversion of hq 

and ox under equilibrium conditions (Figures 3-5, 3-6).  Significantly, the EM 

value of (-90 ± 2) mV obtained for N386D-PL is nearly 100 mV more positive 

than wild type (Figure 3-7).  Moreover, both E1 = (-56 ± 7) and E2 = (-124 ± 7) are 

upshifted for the mutant, and by a similar amount, 84 and 95 mV, respectively 

(Table 3-1).  Thus, while reduction of ox and sq are made more 

thermodynamically favorable by the mutation, ΔE = -69 mV is effectively the 

same as wild type, and the sq remains thermodynamically prone to 

disproportionation.  The increases in E1 and E2, respectively, indicate that both 

the hq and sq are thermodynamically stabilized by the mutation (Figure 3-8).  

Based on electrostatic arguments alone, one might have predicted that replacing 

a neutral Asn with the (likely) negatively-charged Asp would lower the driving 

force for reduction of the sq, and decrease E1.  One explanation for the observed 

increase in both redox potentials, consistent with the model proposed to 

rationalize the oxidation kinetics, is that the deprotonated Asp serves as a 

stronger hydrogen bond acceptor to the hq and sq, than does the neutral Asn. 
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Figure 3-5.  UV-vis absorption spectra taken during spectroelectrochemical 

reductive titrations of A) N386D-PL and B) PL in the presence of mediators at pH 

7. 

Figure 3-6.  UV-vis absorption spectra taken during spectroelectrochemical 

oxidative and reductive titrations of A) N386D-PL and B) PL at -52 mV (versus 

NHE), in the presence of mediators at pH 7 (see chapter 6 for more details). 
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Figure 3-7.  Spectroelectrochemical reductive titration of PL (squares) and 

overlay of reductive (solid circles) and oxidative (open circles) titrations of 

N386D-PL at pH 7 (all potentials reported versus normal hydrogen electrode, 

NHE).  The plot shows the variation in extinction coefficients at 445 nm with 

potential (data from 5 to 7 replicates).  The lines are fits to a modified Nernst 

Equation (see Chapter 6 for more detail) for PL yielding E1 = -140 ±7 mV and E2 

= -219 ±7mV and for N386D-PL yielding E1 = -56 ±7 mV and E2 = -124 ±7mV. 
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Figure 3-8.  Qualitative reaction coordinate diagram for exchange among FAD 

redox states in PL and its N386D mutant (normalized to the energy of ox). 

 

3.3 Model for N5-proximal Residue as Key Regulator of Proton-
Coupled Electron Transfer in PLs and CRYs 

Evidence that the N5 mutation in PL facilitates oxidation specifically by 

impacting PT comes from KIE.  The large KIE of ~ 4 for sq oxidation in wild type 

PL is reduced to ~ 2 in the mutant (Figure 3-9 A).  In addition, while the oxidation 
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kinetics of wild type are slowed ~ 5-fold by lowering the pH from 7 to 5.4, 

oxidation of N386D PL shows relatively little dependence on pH (Figure 3-9 B).   

Figure 3-9.  Change in absorbance at 450 nm following introduction of O2 to fully 

reduced samples of N386D-PL.  Since very little sq is detected in the absorption 

spectra recorded during oxidation, the growth at 450 nm represents the formation 

of fully oxidized FAD.  Panel A demonstrates the effect of deuterium exchange 

(KIE ~2) while panel B compares the kinetics of ox formation as a function of pH. 

The simplest explanation for the accelerated rate of oxidation, and more 

facile PT in N386D-PL is that the N5 proximal Asp acts as a proton shuttle, 

increasing the rate of PT, and eliminating the need for a conformational flip upon 

oxidation.  Additionally, flavoproteins can tune their butterfly bending through 

various protein-flavin interactions.  N386D-PL may affect the planarity of the 

flavin, thereby influencing the ability to accept one or two electrons and 

accelerating the rate of oxidation.  However, currently there are no crystal 

structures of oxidized PL and changes in FAD planarity between the three redox 

states, in the context of the PL environment remain to be verified.  
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In the conformational flip model (Figure 3-10), D386 is deprotonated in the 

hq and sq redox states; its pKa is presumably lower than the flavin N5-H in these 

redox states, and its side chain carboxylate serves as a hydrogen bond acceptor.  

Potentially unfavorable electrostatic interactions between the negatively charged 

hq and carboxylate of D386 are minimized by this hydrogen bonding interaction, 

and the fact that the negative charge of the hq is localized at N1 where it is 

stabilized by H-bonding with conserved R352.  Complete oxidation requires 

deprotonation at N5, and the bonding arrangement may shift in the ox redox 

state.  If the pKa of D386 is higher than the oxidized flavin N5-H(+), it may accept 

the proton, and then serve as a hydrogen bond donor, without conformational 

change.  The lower barrier to deprotonation, and preorganization by Asp of the 

proton donor and hydrogen bonding pattern for sq oxidation, may accelerate the 

rate relative to wild type.  An analogous model has been proposed for plant 

CRYs, whereby the conserved N5-proximal Asp, protonated when the protein is 

fully oxidized, donates its proton to the flavin to generate the neutral sq, and 

ultimately the anionic hq, during photoreduction120,121.  The N5-proximal Asn in 

wild type PL is not expected to function in such a proton exchange.  The pKa of 

its conjugate acid is likely less than that of the oxidized N5-H(+), such that it does 

not accept that proton during oxidation.  Similarly, the high pKa of the amide 

protons may prevent Asn from providing a proton during protein reduction.  

Oxidation/reduction in wild type PL requires protonation from another source, 

such as a bound/mobile water117, and conformational rearrangement of the N5-

proximal Asn to re-establish hydrogen bonding. 
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Figure 3-10.  A model of PCET for interconversion between flavin sq/ox in 

PLs/CRYs with an N5-proximal Asn (A) or Asp (B).  Oxidation of PL (A) requires 

participation beyond the N5-proximal Asn, possibly by a bound/mobile water, as 

shown.  The deprotonation is shown to follow ET.  It could be concerted.  A 

conformational change of the Asn side chain is also necessary to achieve 

hydrogen bonding with the deprotonated flavin N5.  When the N5-proximal 

residue is an Asp (B), the proton can be exchanged between the flavin and the 

carboxylate with no additional participant in the PT or a conformational change.  

The identity and properties of the N5-proximal residue are thus expected to 

regulate the activation barrier for PCET.  R = ribitol diphosphoadenosine, R’ = 

polypeptide chain. 
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Additional experimental evidence in support of D386 acting as a proton 

shuttle comes from the pH-dependence of photoreduction.  During 

photoreduction of N386D-PL at pH 7 and 5.4, a small amount of sq accumulates 

on route to the hydroquinone, as evidenced by its characteristic absorption 

between 550 – 700 nm (Figure 3-11).  The spectral changes recorded during 

photoreduction at pH 9, however, are notably different.  In particular, the long 

wavelength absorption due to the neutral sq is nearly absent, and absorption 

bands distinctive of the sq anion radical are evident.  These include a sharp peak 

at 400 nm, increased absorption at 360 nm, and a peak at 480 nm with trailing 

absorption between 500 – 550 nm (Figure 3-12).   
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Figure 3-11.   UV-vis absorption spectra (plotted as extinction coefficient) 

recorded during white light photoreduction of anaerobic samples of N386D-PL at 

three different pH values.  Spectra were measured throughout the course of 

photoreduction; those presented were taken at the time of maximum sq 

accumulation. 

λ/nm
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Figure 3-12.  UV-vis absorption spectra (plotted as extinction coefficient) during 

white light photoreduction of N386D-PL in aqueous buffer containing 10 mM 

EDTA at pH 9 (circles) and pH 5.4 (solid).  The concentration of holoproteins was 

~ 15 µM.  Spectra shown correspond to the photoreduction time at which sq 

formation was at its maximum at pH 9. 

In contrast, photoreduction of wild type PL does not produce the anionic sq 

(Figure 3-13).  These observations are consistent with a model in which D386 is 

protonated in the oxidized protein at pH 7; it can donate this proton to FAD, 

allowing photoreduction through the neutral sq, and accept the proton to facilitate 

oxidation (Figure 3-10).  At pH 9, D386 is more likely to be deprotonated in the 

oxidized protein, and photoreduction would then produce the sq anion radical.  It 

is worth noting that the pH-dependent photoreduction profiles are not 

inconsistent with the largely pH-independent oxidation kinetics, since the 

mechanistic paths followed during these reactions differ, as do the relevant pKa 

λ/nm
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values.  When photoreduction is initiated, FAD is fully oxidized and lacks a proton 

at N5.  If the proximal Asp is deprotonated (e.g. pH = 9), photoreduction may 

generate the sq anion radical.  In order to complete reduction to the hq, this 

anion would have to extract a proton from another source.  If the Asp is 

protonated (e.g. pH = 7), it may transfer its proton to the sq radical anion, 

provided that its pKa is less than that of the neutral sq.  In contrast, when 

oxidation is initiated, the flavin N5 is protonated and presumably H-bonded to 

D386 (deprotonated at pH 7).  In this case, transfer of the proton from FAD to 

D386 to complete oxidation will depend on the relative pKa values of the Asp and 

the flavin N5-H(+). 

Figure 3-13.  UV-vis absorption spectra (plotted as extinction coefficient) 

recorded during white light photoreduction of anaerobic samples of PL and its 

N386D mutant at pH 9.  Spectra were measured throughout the course of 

photoreduction; those presented were taken at the time of maximum sq 

accumulation. 

 

λ/nm
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Oxidation Kinetics (10-5 s-1)a Redox Potentials (mV vs NHE)f 

 wt-PLb N386D-PLe  wt-PL N386D-PL 

      
k1 12 ± 2  EM -182 ± 2 -90 ± 2 
k2 << 0.4c  E1

h -140 ± 7 -56 ± 7 
k  18 ± 1 E2

h -219 ± 7 -124 ± 7 
kH2O/D2O 4d 2 ΔE -75 ± 14 -69 ± 24 

Table 3-1.  Oxidation Kinetics and Redox Potentials of FAD in Wild-Type PL and 

N386D-PL.  aAverages and standard errors of 3-5 experiments.  bFrom data 

reported in reference 33.   The rate constants are derived from fitting the sq 

absorbance (580 nm) versus time to a first order growth (k1) plus decay (k2), or 

simultaneous fitting of the 580 and 445 nm data to an hq-to-sq-to-ox kinetic 

scheme with inclusion of a parallel direct hq-to-ox pathway (see Figure 2-1 for 

definition of rate constants).  Both analyses yield the same values, since a direct 

hq-to-ox pathways is not operative in wt-PL.  cUpper limit from fitting < 20% of the 

sq decay; in wt-PL sq persists in the presence of oxygen for at least two weeks. 
dIsotope effects on the rate constant for sq oxidation, k2, at pH 7.  eDerived from 

fitting the growth at 450 nm to a first-order exponential expression.  Since 

minimal sq is detected during oxidation experiments (< 10% monitoring at 580 

nm, see Fig. 2d), the 450 nm absorbance represents ox formation.  These data 

cannot distinguish between a hq-to-sq-to-ox pathway where k2 >> k1, or direct 

two electron oxidation of the hq with rate constant k (see Figure 2-1). fAverage of 

4 to 7 titrations; values derived from fitting e445 versus potential (Figure 3-7) to 

modified Nernst Equations (see Chapter 6 for more detail). 

3.4 Discussion 

The significance of the N5-proximal residue to evolution within the PL/CRY 

family, and specifically to tuning the reactivity of the sq intermediate, has 

received considerable attention over the past few years7,81,117,118,120-122.  There is 
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general agreement that the identity of this residue adjusts the protonation state of 

the sq.  However, two models for the photocycle and mechanism of action of 

CRY, differing in the role of this residue, have been presented.  Investigations of 

plant CRYs have led to a model where the ground/dark state is fully 

oxidized119,121.  Light absorption induces photoreduction, through a strictly 

conserved Trp triad, to produce a one-electron reduced signaling state.  PT 

following this reduction has been proposed as a key feature that distinguishes 

plant CRYs from animal CRYs, as well as PLs.  Specifically, in plant CRYs, 

which possess an N5-proximal Asp, PT takes place to generate the neutral sq 

radical, while PT does not occur in animal CRYs and PLs, which lack the Asp.  

On the other hand, based on studies of Type 1 animal CRYs and PL, a common, 

anionic ground state, either the sq anion radical, or the fully reduced hq, has 

been proposed for the entire family117,118.  Light absorption by either of these dark 

states yields a potent one electron reductant that serves as the 

signaling/catalytically active state.  In this model, the identity of the N5-proximal 

residue governs whether the hq or sq serves as the dark state, and, 

correspondingly, whether the E1 or E2 redox couple is used for photoinduced ET.  

If the N5-proximal residue is a Cys, as it is in Type 1 animal CRYs, PT and 

further reduction to the hq does not occur; the sq anion radical serves as the 

ground state.  If the N5-proximal residue is an Asp or Asn, as it is in the other 

CRYs or PLs, PT from the Asp or a water molecule generates the hq ground 

state.   



 

 63 

 Evidence that the ground state of plant CRYs is fully oxidized is provided 

by the redox potentials for A. thaliana CRY1, E1 = -161 mV, and E2 = -153 mV24.  

Given these values and a typical plant cell potential of -100 mV, Brettel and 

coworkers estimated that ~ 90 % of plant CRYs should be oxidized in vivo.  

These authors also measured an E1 of -39 mV for PL, and observed that 

potentials as positive as 400 mV could not oxidize the sq24.  Consequently, a 

downshift in both redox potentials for plant CRYs, leading to a stabilization of the 

oxidized redox state, was proposed as an essential step in the evolution of CRY 

from PL.   

 The values of both redox couples for PL provide important new insight, 

and may be used to assess models for redox regulation and the role of the N5-

proximal residue in PLs and CRYs.  First, I find that the downshift in the sq/hq 

redox couple is relatively small since the E1 value I measure for PL is only ~ 20 

mV more positive than A. thaliana CRY1.  More significant is the large negative 

E2 of PL, which is almost 70 mV lower than plant CRY.  These redox potentials 

suggest that the sq/ox couple is actually upshifted significantly in plant CRYs, 

that the driving force for complete oxidation is higher in PL.  Consequently, PL 

should be mostly oxidized at typical cellular potentials, yet, it is well established 

that the catalytically-active form of PL is the hq, and the dark state in vivo is the 

hq/sq42.  A consideration of the thermodynamics of ET may be insufficient to 

evaluate the functionally-relevant redox states.  I suggest that PL uses a kinetic 

mechanism, involving PCET, to prevent complete oxidation of its FAD cofactor, 

and ensure efficient use of the E1 redox couple in catalysis (Figures 1-5, 3-7).  
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Thermodynamic destabilization of the sq provides a driving force to maintain the 

hq ground state, and for re-reduction of the sq, formed transiently during 

catalysis, to complete the cycle with high quantum yield.   

 My results with N386D-PL are consistent with this proposal.  As with plant 

CRYs24, its sq/ox redox potential, E2, is significantly upshifted relative to wild 

type.  The driving force for oxidation is actually less when the N5-proximal Asn is 

replaced by Asp.  Although the Asn in PL likely cannot accept a proton from FAD 

to complete oxidation, this does not present a thermodynamic obstacle to 

oxidation.  The stability of the neutral sq in PL is rooted in a kinetic barrier to 

oxidation.  This stability is evident from the significantly enhanced rates of 

reaction with O2 in the N386D mutant.  Although the driving force for oxidation of 

this mutant is less than wild type, it reacts at a much faster rate, presumably 

since the N5-proximal Asp can act as a proton shuttle to reduce the barrier 

(Figure 3-10).  The Asp also appears to alleviate the kinetic bottleneck in plant 

CRYs: Here too, the driving force for oxidation is less than PL, but the rate 

constants for reaction with O2 are ~ 10-3 s-1 119,123, several orders of magnitude 

faster than PL.  That the kinetics of PT to (and from) the oxidized flavin are tuned 

by the N5-proximal residue is also borne out by photoreduction data.  During 

photoreduction, protonation of the anionic sq is not observed in type 1 animal 

CRYs117,118, requires longer than ms to s in CPD-PL118,124, as well as in type 1 

animal CRYs with the Cys-Asn mutation117, and occurs on the µs timescale in 

plant CRYs120.   
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CHAPTER 4: TUNING REGULATION OF PCET BY OTHER 
FAD-BINDING POCKET RESIDUES 

This chapter comprises work from the manuscript “Kinetic Stability of the 

Flavin Semiquinone in Photolyase and Cryptochrome-DASH” published in 

Biochemistry (2009, 48, 11399-11411).  Secondary authors: Gary N. Yalloway 

helped develop protein preparation protocols; Jessica Lu helped grow and purify 

the mutant proteins; and Neahlanna R. McLeod helped develop and create the 

mutant W392Y-PL. 

4.1 Analysis of Conservation Patterns in PLs and CRYs 

 Although the kinetics of PT may be an important contributor to mechanistic 

and functional divergence among CRYs and PLs, these kinetics are not 

governed by the N5-proximal residue alone.  In the context of PL, replacing the 

N5-proximal Asn with Asp dramatically accelerates the rate of oxidation; this 

mutation shifts the sq reactivity closer to that in plant CRY, and suggests that the 

N5-proximal Asp in both proteins plays a defining role in PT.  Conversely, in type 

1 animal CRYs, replacing the N5-proximal Cys with Asp has no apparent effect 

on PT, since these mutants behave like wild type, generating only anionic sq 

upon photoreduction117,118.  Other residues undoubtedly tune the reactivity of the 

sq towards protonation and oxidation/reduction.  Perhaps, within the environment 

of type I animal CRYs, the relative pKa values of the N5-proximal Asp and the N5 

of FAD ox/sq are altered such that PT is shut down.  Differences in the flavin 
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binding environment are expected since six of the 12 residues in direct contact 

with the isoalloxazine in PL differ in type I animal CRYs, as do most of the amino 

acids interacting with the ribitol chain and diphosphate of FAD (Figure 4-1).  

Closer homology among FAD binding residues is found between PL and plant 

CRYs.   

 

Figure 4-1.  Structural alignments of conserved (right) and non-conserved (left) 

isoalloxazine-binding residues in A. nidulans PL (Protein Data Bank (PDB): 1qnf 

and A. thaliana CRY1 (PDB: 1u3c).  For non-conserved residues, those from A. 

thaliana CRY1 are labelled in bold. 

 The functional relevance of regulating the reactivity of the FAD sq in PLs 

and CRYs has yet to be established.  However, several lines of evidence hint at 

a correlation.  For instance, the N5-proximal Asn-to-Ser mutant of PL was found 

to be fully oxidized following isolation and purification, and to be catalytically-

inactive in vitro and in cells81.  In Type 1 animal CRYs, mutation of the N5-

proximal Cys to Asp increases both the stability of the sq radical anion (i.e. 
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resistance to O2), and photoreceptor response in degradation assays117.  It was 

proposed that the intrinsic stability of the sq anion radical may regulate the 

photosignaling quantum efficiency in Type 1 animal CRYs.  In Type 2 animal 

CRYs from mice (mCRY1), the D387N and R358K mutations were shown to 

compromise the function of these proteins as transcriptional repressors in vivo7.  

This Asp-Arg pair is strictly conserved throughout the PL and CRY family, and is 

seen to form a salt bridge over the Re face of the isoalloxazine in all high 

resolution structures solved to date.  Although the impact of disrupting this salt 

bridge on cofactor binding and protein structure are unknown, the authors 

suggest that the intact bridge serves to position the guanidinium group of R352 

over the flavin C4a, and stabilize the sq radical7.  More generally, it was 

proposed that regulation of sq stability may be central to the diverse functions of 

CRYs and PLs7.   

 The evolution of reaction mechanisms and function through tuning of sq 

pKa values and reactivity has been described in several other classes of 

flavoproteins, and is likely general.  For instance, many ETFs function as one 

electron carriers that cycle between ox and sq anion radical, although most can 

be fully reduced to the hq, with the exception of M. methylotrophus ETF11,17.  

Here, R237, which is positioned over the si face of the isoalloxazine, is thought to 

strongly stabilize the anionic sq radical, and this residue is found to induce large 

thermodynamic and kinetic barriers to hq formation17.  This is analogous to the 

bottleneck to complete reduction in Type 1 animal CRYs, and to complete 

oxidation in PLs.  Also thematic is the wide variation in redox potentials and sq 
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stabilities in ETFs, despite high conservation of residues (including strictly 

conserved R237) in the flavin binding pocket.  Thus, although a single residue 

may play the dominant role in redox regulation in one protein (e.g. R237 in M. 

methylotrophus ETF), the same residue in a homologous protein (e.g. R249 in 

human ETF) often exerts a different effect17.  Undoubtedly the local environment 

modulates the impact of the N5-proximal residue in PLs and CRYs.   

A second example is provided by the FMN-binding/reductase domains of 

the cytochromes P450 and nitric oxide synthases (NOS).  Sharing homology with 

flavodoxins, the FMN-domains of most of these proteins are characterized by a 

large, positive, ΔE (E2 > E1), indicative of thermodynamic stabilization of the sq, 

and the sq/hq couple is used in ET12,15.  A proton-coupled sq/ox transition 

provides significant kinetic stabilization that traps the neutral sq and inhibits 

oxidation, much like PL.  As in flavodoxins, the kinetic bottleneck is related to a 

conformational change within a flavin binding loop (“50’s loop” in flavodoxins); 

this reorients the backbone of a key Gly residue to accommodate the change in 

hydrogen bonding pattern at the flavin N5 during interconversion between ox and 

neutral sq.  In contrast, in the FMN-binding domain of P450 from Bacillus 

megaterium (P450- BM3), it is the sq anion radical that forms, and much more 

transiently, as its ΔE is negative (E2 < E1), and the sq/ox couple is used in ET33.  

The thermodynamically destabilized sq anion radical can be kinetically trapped, 

since the proton-coupled transition to the hq introduces a barrier to complete 

reduction.  In the case of P450-BM3, distinct sq reactivity and redox potentials 

evolved through the loss of the Gly from the binding loop.  Presumably, this 
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prevents the required conformational change, and/or hydrogen bond stabilization 

of the neutral sq radical.  Validation of this model comes from elegant 

experiments in which the relative values of E1 and E2 are reversed, either by 

deleting the loop Gly in NOS80, or by inserting the loop Gly in P450-BM3125. 

4.2 Rationale for Design of M353Q, A385S, G389N, W392Y 
Mutant PLs 

Ten of the residues closest to the FAD isoalloxazine are conserved 

between PL and CRY (Figure 4-2)49,51.   

Figure 4-2.  Sequence alignment of isoalloxazine-binding residues from species 

representing six classes of PLs and CRYs: Type 1 CPD-PL, 6-4PL, CRY-DASH, 

plant CRY and Type 1 and Type 2 animal CRY.  Starred residues are strictly 

conserved, whereas residues marked with a closed circle differ between CPD-PL 

and plant CRY.  An = A. nidulans; Ec = E. coli; Dm = Drosophila melanogaster; 

Dr = Danio rerio; At = A. thaliana; Hs = homo sapiens.  Colors were used to 

distinguish between residues.   

 

I have targeted four conserved residues in the vicinity of the FAD cofactor in PL 

that are distinct in CRY (Figure 4-3):  PL A385, which is also within H-bonding 
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distance of the isoalloxazine N5 atom (~ 4 Å), is replaced with S391 in CRY.  PL 

G389 is ~ 7-9 Å from the isoalloxazine N5 atom and adenine, while in CRY, the 

corresponding N395 is positioned to H-bond with N1 and the exocyclic amine of 

adenine. PL M353 and W392 are even more distal from the isoalloxazine N5 

atom (distances of ~ 9 and 13 Å, respectively).  M353 has been proposed to 

mediate electron tunneling from FAD to DNA, and all proteins shown to catalyze 

CPD repair in duplex DNA have this Met; proteins lacking this activity have a 

different residue, e.g., Q359 in CRY126.  PL W392, which stacks side on with 

bound CPD8, is replaced with Y398 in CRY.  Different orientations of these Tyr 

and Trp residues, with their rings flipped ~180o, have been seen in CRY51,91-93, 

and more recently in 6-4-PL7,72, in unbound and bound forms. 
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Figure 4-3.   Overlay of crystal structures of A. nidulans PL (PDB: 1qnf) and 

Synechocystis sp. PCC 6803 CRY (PDB: 1np7, underlined residues) highlighting 

distinct residues in the FAD binding pocket, the conserved N5-proximal 

Asn386/392, and structurally conserved water molecules common to both 

proteins (black), unique to PL (grey) or unique to CRY (magenta). 

 

4.3 Assay of Semiquinone Reactivity in Mutant PLs and CRY-
DASH 

Following overexpression in E. coli, isolation, and purification, all proteins 

contain near-stoichiometric amounts of noncovalently bound FAD [~100% except 

CRY (Figure 6-4)].  The absorption spectra confirm a folate cofactor (MTHF) is 

also bound to CRY-DASH, as expected91-93.  My PL preparations contain only 
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FAD since A. nidulans PL uses 8-HDF as an antenna cofactor, and this is not 

synthesized by E. coli.  Upon isolation of the PL proteins under aerobic 

conditions, the FAD hq, which presumably predominates in the cell42,74, oxidizes 

only partially, and most of the FAD is in the sq form.  However, with exposure to 

air during complete purification (3 days), the PL proteins oxidize to different 

extents, as revealed by their colors.  Colorless hq has a weak but defining UV 

band at 360 nm; blue sq is the only species absorbing between 500 and 700 nm, 

and yellow ox dominates absorption between 350 and 500 nm, with characteristic 

fine structure in protein-bound form (Figure 6-6).  Wild- type PL, A385S-PL, and 

M353Q-PL are blue after purification, while G389N-PL and W392Y-PL are 

yellow-green; significantly less sq is evident in their absorption spectra (Figure 4-

4).  CRY is yellow following isolation from the cell, and little sq is detected 

spectroscopically during or after purification. 
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Figure 4-4.  UV-vis absorption spectra of PL, PL mutants, and CRY in aqueous 

aerated buffer (pH 7) following complete purification.  The concentration of each 

holoprotein was ~ 35 µM. 

The FAD hq, prepared by photochemical reduction of anaerobic samples 

of PL and CRY (Figure 6-5, see chapter 6 for more detail), reacts with saturating 

concentrations of O2 over a period of several hundred minutes.  During this time, 

the hq is consumed and the sq grows in to reach a maximum near quantitative 

formation in each of the PL proteins (Figure 4-5).  This, together with several 

isosbestic points (420, 380, and 320 nm), suggests complete conversion of hq to 

sq through single ET to O2, with production of transient superoxide (Scheme 2-

1); direct two-electron oxidation of the hq does not appear to be competitive with 

sq formation in these proteins.  The resultant sq is subsequently converted 

cleanly to fully oxidized FAD (Figure 4-6), and the expected isosbestic points 

(Figure 6-6) are seen near 490 and 340 nm.  Oxidation of the sq is also mediated 
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by ET to O2, but deprotonation of the isoalloxazine N5(H) atom is required to 

generate ox (Scheme 2-1), and the sq is much less reactive than the hq.  

Moreover, sq reactivity varies significantly among the PL proteins.  A reaction 

time of ~2 or 3 days is required for complete conversion of sq to ox in W392Y-PL 

or G389N-PL, respectively.  Importantly, spectra of anaerobic protein samples 

are unchanged over these times under similar conditions (Figures 2-8, 4-7), and 

FAD remains protein-bound throughout all experiments (Figure 6-4).  With wild-

type PL, as well as its M353Q and A385S mutants, partial formation of ox is 

evident after 2 days, but most of the sq remains unreacted.  In these proteins, 

some sq persists for weeks at 4 oC (Figure 2-9).  I note that the slow kinetics of 

sq decay and formation of fully oxidized FAD in wild-type PL and its M353Q and 

A385S mutants may contain some contribution from sq disproportionation. 
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Figure 4-5.  Oxidation of FAD hq in wild-type and mutant PL and CRY.  Shown 

are time-dependent UV-vis absorption spectra for the first ~ 100 – 450 min 

following introduction of O2 into fully reduced (A) PL, (B) A385S-PL, (C) M353Q-

PL, (D) G389N-PL, (E) W392Y-PL and (F) CRY.  During the first phase of the 

oxidation reaction, the hq is consumed and accumulation of sq formation is seen.  

Spectra are reported on the same scales.  The strong absorbance between 320 

and 420 nm in CRY is due to MTHF.  Proteins were at a concentration of ~ 30 

µM in phosphate buffer (pH 7). 
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Figure 4-6.  Different degrees of FAD sq oxidation in wild-type and mutant PL 

and CRY.  Shown are time-dependent UV-vis absorption spectra profiling the 

reaction of O2 with FAD sq in PL proteins (A-E as in figure 4-5) and with FAD 

hq/sq in CRY (F).  Each starting spectrum is at the time of peak sq formation 

(maximum absorption between 500 and 700 nm; for earlier time spectra of sq 

formation, see Figure 4-5).  This closely matches the spectrum of pure sq in all 

PL proteins, and with time, the sq absorbance decreases and absorption bands 
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characteristic of FAD ox appear in between 350 nm and 500 nm.  A similar 

growth is seen in CRY; however, FAD ox dominates the spectra from the 

beginning.  Spectra are reported on the same time scales.  The strong 

absorbance between 320 and 420 nm in CRY is due to MTHF.  Proteins were at 

a concentration of ~ 30 µM in phosphate buffer (pH 7). 

Figure 4-7.   Time dependent UV-vis absorption spectra monitoring anaerobic 

CRY over a period of ~ 2000 min.  All conditions were matched to those in 

oxidation experiments, with the exception that O2 has been excluded.  The 

control experiment establishes that the spectral changes observed in oxidation 

experiments require O2.  Note that the large absorbance between ~ 320 – 400 

nm in the spectra corresponds to its MTHF cofactor. 

The sq is the most reactive towards oxidation in CRY.  This is clearly 

evident from the data presented in Figures 4-5 and 4-6.  While the sq reaches its 

maximum detected concentration after reaction of the hq with O2 for a similar 

time in all proteins (tmax ~ 200-500 min), only in CRY does the fully oxidized FAD 

form concomitantly, and the peak sq is no more than ~15% of the total FAD 

concentration.  These results indicate that k2 is significantly faster in CRY (i.e., k2 
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> k1) than in the PL proteins (Table 4-1), and/or an alternative channel for direct 

two-electron oxidation89 of the hq is competitive (Scheme 2-1). 

The oxidation kinetics were quantitatively analyzed according to the 

mechanisms outlined in Scheme 2-1, by simultaneous fitting of the experimental 

data at 580 and 445 nm to Equations 2-1 – 2-3 (see Chapter 6 for more detail).  

The kinetic model closely reproduces the experimental data at both wavelengths.  

For the PL proteins, this analysis confirms that a simplified kinetic model is 

sufficient to describe the experimental data, due to the significant separation 

between the rate constants (k1 > k2 >> k3).  In the multi-variable analysis, the k3 

term consistently converges to zero, as direct two-electron oxidation is not 

competitive with sq formation.  The predicted values of k1 and k2 closely match 

those from analysis of changes in sq concentration monitored at 580 nm alone, 

according to Equation 6-2, where k1 + k3 ~ k1.  Moreover, since k1 is at least ~10-

fold larger than k2  for all of the PL proteins, the pre-exponential term in Equation 

6-2 approaches unity, and analysis of the 580 nm kinetics with a simple first-

order growth plus decay gives the same rate constants within experimental error 

(Table 4-1, Figures 4-8). 
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Figure 4-8.  Distinct oxidation kinetics in wild-type and mutant PL and CRY.  (A) 

Growth and decay of the FAD sq monitored at 580 nm following introduction of 

O2 into each anaerobic protein sample.  PL proteins were fit to Equation 6-2 in 

the limit of k1 >>k3 (i.e. A to B to C kinetics with no parallel A to C pathway).  The 

absorbance values have been adjusted to account for small differences in 

concentration of each protein sample (20-30 µM), such that the yield of sq may 

be directly compared.  (B-D)  Comparison of the changes in absorbance at 580 

nm (sq absorbance only) and 445 nm (absorbance by all three species, with ox 

dominant) as a function of oxidation time in M353Q-PL, where the sq is highly 

stabilized [as in wild-type PL (Figure 4-6)] (B), W392Y-PL, where the sq is much 

more reactive (C), and in CRY, where k1 < k2 (D, 580 nm data multiplied by 10).  

The fits are a result of simultaneous fitting of the data (O and ☐) to Equations 6-1 

– 6-3; in no case does this analysis yield a non-zero k3 term. 
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Protein k1 (10-5 s-1)b k2 (10-5 s-1) b k1/k2 

PL 12 ± 2 < 0.4c > 30 

A385S-PL 13 ± 2 < 0.2c > 65 

M353Q-PL 14 ± 4 < 0.4c > 30 

G389N-PL 20 ± 3 1.2 ± 0.1 17 

W392Y-PL 27 ± 4 2.6 ± 0.4 9 

W392Y-PL (pH 5.4)d 27 ± 5 < 0.5c > 68 

PL (D2O) 11 ± 2 < 0.1 > 110 

W392Y-PL (D2O)d 13 ± 5 < 0.6 > 20 

CRY-DASH 13 ± 1 4.9 ± 0.9 3 

Table 4-1.  Oxidation Kinetics of FAD hq and sq in Wild-Type and Mutant PL and 

CRYa.  aAverages and standard errors of three or four experiments.  bFor PL and 

PL mutants, the rate constants are derived from fitting the sq absorbance (580 

nm) vs time to a first order growth (k1) plus decay (k2).  This analysis yields the 

same values, within experimental error, as fitting the 580 nm data to an A to B to 

C kinetic scheme, or simultaneous fitting of the 580 and 445 nm data to this 

scheme with inclusion of a parallel A to C pathway (Equations 6-1 – 6-3).  For 

CRY, the rate constants are those obtained from simultaneous fitting of the 580 

and 445 nm data to Equations 6-1 – 6-3.  cUpper limit from fitting partial decay: 

0.40 ±0.04 for PL, 0.18 ±0.02 for A385S-PL, 0.38 ±0.04 for M353Q-PL and 0.48 

±0.08 for W392Y-PL.  dAverage of two replicates. 

That multivariable analysis converges to the same rate constants as simpler 

models for the PL proteins is significant, as it lends credence to the application of 

Equations 6-1 – 6-3 for modeling the oxidation kinetics in CRY.  Here, given the 

low yield of sq, simultaneous fitting of the 580 and 445 nm data is required to 
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establish the role of the two-electron pathway, and the relative magnitude of k1  

and k2.  Significantly, as in the PL proteins, two electron oxidation pathway is not 

required to model the kinetic data.  The k3 term also converges to zero in 

multivariable analysis of CRY oxidation, and the data at both wavelengths are 

described well by k1 and k2 alone (Figure 4-8 and Table 4-1).  All attempts to 

force inclusion of a k3 term were deleterious to the quality of the fit; a direct 

oxidation pathway does not match the observed lag, and slow buildup of ox.  

Instead, the low sq yield is ascribed to its slower formation, and especially a rapid 

reaction via k2.  Multivariable analysis of the oxidation kinetics establishes that in 

CRY, unlike the PL proteins, k2 > k1 (Table 4-1). 

4.4 Development of a Series of Mutant PLs with a Range of 
Semiquinone Stabilities 

The kinetic stability of the sq, k1/k2, varies as follows: A385S- PL > PL ~ 

M353Q-PL >> G389N-PL > W392Y-PL >> CRY (Table 4-1).  For the PL proteins, 

hq oxidation is at least 10-100-fold faster than sq oxidation. This reactivity ratio 

may be even higher for the very persistent sq in PL, A385S-PL, and M353Q-PL.  

Continuous monitoring of the very slow sq oxidation in these proteins is not 

feasible.  The sq concentration measured after long reaction times (up to 30 

days) suggests that the rate constants for sq oxidation may be considerably 

smaller than those estimated from fitting ≤ 25% of their decay recorded over 2 

days (Figure 2-9).  The k2 values presented in Table 4-1 for PL, A385S-PL, and 

M353Q-PL are upper limits.  The significant variation in the k1/k2 ratio in the PL 

proteins is dominated almost exclusively by differences in sq oxidation, since the 
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rate constant for hq oxidation is similar in all proteins [W392Y-PL is slightly faster 

within experimental error (Table 4-1)].  While substitution of M353 for Gln has 

little impact on sq stability, replacing A385 with Ser further enhances the sq 

stability of wild-type PL.  In contrast, the kinetic stability of the sq is significantly 

reduced in W392Y-PL and G389N-PL, since their k2 values are at least 10-fold 

faster than that of the wild type.  The sq oxidation rates in these two proteins, 

especially W392Y-PL, more closely resemble that in CRY than in wild-type PL; 

however, the overall kinetic stability of the sq in CRY is further diminished by a 

larger kinetic barrier to sq formation.  In CRY, sq formation is slower than its 

decay. 

4.5 Semiquinone Oxidation is Rate-limited by PCET in PL and 
CRY-DASH 

The lack of competitive two-electron oxidation of the hq in the PL proteins 

and CRY may not be surprising, given that complete oxidation also requires 

proton transfer, while conversion of hq to sq does not.  The significance of proton 

transfer to sq kinetic stability in the PL proteins was revealed by the large 

deuterium isotope effect for its oxidation.  In aqueous buffer at neutral pH, decay 

of the sq in W392Y-PL is complete within 2700 min (Figure 4-8).  Replacement of 

the exchangeable protons, including the N5(H) group of FAD, with deuterium110 

decreases the rate constant for sq oxidation by ~4-fold [k2 (Table 4-2)], and more 

than ~60% of the sq persists after the same reaction time (Figure 4-8).  The 

same experiment with the very unreactive sq in wild-type PL likewise decreases 

its rate constant for oxidation by a factor of ~4 (Figure 4-8 and Table 4-2).  In 



 

 83 

both proteins, the rate constant for hq to sq conversion (k1) is not significantly 

affected by deuterium exchange.  These large kinetic isotope effects, near the 

maximum for N-H bond cleavage, given secondary solvent isotope effects, 

indicate that sq-ox interconversion involves proton-coupled ET.  Results at lower 

pH are consistent with this conclusion.  In a more acidic environment, the sq 

lifetime increases by ~5-fold (Figure 4-8 and Table 4-2).  With CRY, deuterium 

exchange or reduction in pH nearly doubles the low yield of sq (Figure 4-9).  The 

~ 2-fold increase in sq lifetime indicates that proton transfer is also rate-limiting 

with respect to sq oxidation in CRY, although to a lesser extent than in the PL 

proteins. 
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Figure 4-9.  Evidence that oxidation of PL-bound sq proceeds by proton-coupled 

ET.  Shown are spectra ~2700 min after exposure of fully reduced W392Y-PL to 

O2 in acidic solution (H2O, pH 5.4) a neutral solution (H2O, pH 7), or at pH 7 

following replacement of exchangeable protons with deuterium (D2O, pH 7).  In a 

neutral aqueous solution, W392Y-PL is completely oxidized during this time, 

while in H2O at pH 5.4 or D2O at pH 7, considerable absorbance by the sq of 

≥500 nm remains.  The kinetics at 580 nm (inset) highlights the significant 

decrease in sq reactivity at lower pH, or following deuterium exchange.  The 

protein concentration was ~25 µM. 
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Figure 4-10.  Kinetic isotope effect on oxidation of CRY sq.  Spectra were taken 

at the time of maximum sq accumulation following introduction of O2 to fully 

reduced CRY (~25 µM) exchanged into H2O or D2O buffer at pH 7.  Inset:  The 

kinetics of sq formation and oxidation monitored by absorption changes at 580 

nm. 

4.6 Models for Impact of W392 and G389 on PCET in PL 

While sq formation is ~ 3-fold slower in CRY than in PL, sq oxidation, which 

requires rate-limiting deprotonation, is > 20 times faster in CRY (Table 4-1).  Sq 

oxidation may be accelerated with an increase in the rate of electron or proton 

transfer, as well as conformational rearrangement that exchanges hydrogen 

bond acceptor for donor, upon deprotonation at the FAD N5(H) group.  The rate 

of ET is governed, in part, by electron density distribution in the sq, which in PL is 

localized mainly on the central and pyrimidine rings of the isoalloxazine127.  

However, the unusual U-shaped conformation of the FAD cofactor in these 

proteins affords intramolecular stacking and possible delocalization onto adenine 
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(Figure 4-3).  In structures of CRY, the side chain of N395 forms a hydrogen 

bond with N1 and the exocyclic amine of adenine51,91-93.  Interestingly, this Asn is 

conserved in 6-4-PL, and the same hydrogen bonding pattern with adenine has 

been recently reported7,72.  With G389 at this position, these interactions are not 

possible in PL; instead, two conserved water molecules apparently fill the gap 

(Figure 4-3).  The Asn-adenine interaction may contribute to enhanced kinetic 

reactivity of the sq in CRY, G389N-PL, and 6-4-PL110,128 by, for example, 

decreasing the degree of electron delocalization onto adenine.  Type 1 animal 

CRY also have an Asn at this position, while in plant CRY, it is a Gly-like PL.  

The identity of this residue may play a function-defining role by regulating FAD 

redox properties mediated through its adenine moiety.   

The polarity of the FAD binding site is also higher in CRY, due to more 

bound waters, and replacement of PL W392, G389, A385, and M353 with 

residues of higher polarity (Figure 4-3)51,91-93.  This may accelerate water- 

mediated proton transfer and contribute to the increased rate constants for sq 

oxidation in G389N-PL, as well as in W392Y- PL.  The Trp is highly conserved in 

most PL and animal CRY, while it is a Tyr in CRY-DASH and plant CRY.  In PL, 

this Trp stacks with the CPD8 and is functionally essential.  The ~100- fold loss of 

catalytic activity of the W392F mutant has been attributed to weakened substrate 

binding95.  However, in 6-4-PL, the corresponding Trp-Ala mutant exhibited 

substrate binding comparable to that of the wild type, but significantly diminished 

catalytic activity129.  In addition, Saccharomyces cerevisae PL, which is unusual 

in having a Phe at this position, is the only PL known to resist oxidation to the sq 
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when isolated from cells130.  Although it is relatively distal from the FAD, I predict 

that this residue may also be a functional keystone in PL and CRY, through its 

impact of FAD redox properties.  The data presented here show that replacement 

of Trp in PL with the more polar Tyr increases sq reactivity such that it 

approaches that of CRY.  The residue at this position has a greater impact on sq 

reactivity than more FAD-proximal PL M353 and A385, where mutation to CRY 

homologues had little, or an opposite effect, on reactivity.  In the context of CRY, 

mutation of Y398 to Trp does not enhance sq stability.  If anything, this mutation 

increases sq reactivity, by further reducing the k1/k2 ratio, or shifting the balance 

to direct two-electron oxidation of the hq (Scheme 2-1), since no sq is detected 

during oxidation of Y398W-CRY (Figure 4-11).  As with the N5-proximal Asn in 

PL and CRY, and as seen in other flavoproteins17, the impact of conserved 

residues on redox reactivity may differ within homologous proteins, especially 

when proton transfer and/or conformational motion also contributes to the rates 

of ET.  While subtle, local structural changes at keystone residues may regulate 

FAD redox or protonation state and function in PL and CRY7, these changes 

must involve correlated interactions at multiple sites and/or with bound water, or 

affect FAD stability through FAD structural changes. 
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Figure 4-11.  Time-dependent UV-vis absorption spectra monitoring complete 

oxidation of fully reduced Y398W-CRY.  The protein concentration is ≤ 10-fold 

lower than that used in analogous experiments with PL, W392Y-PL and CRY.  

However, should the sq be stabilized as in PL, it would be clearly evident in these 

spectra; instead little sq is detected.  Inset shows the time-dependent 

absorbance at 445 nm due to ox formation.  This kinetic profile is qualitatively 

similar to wild-type CRY.  The region of the spectrum below 400 nm is dominated 

by absorption of the MTHF cofactor. 

4.7 Discussion 

CRY and PL use a common FAD cofactor and homologous protein scaffold 

to accomplish numerous, seemingly dissimilar functions.  PL are light-driven, 

DNA repair enzymes, found in a variety of bacteria and eukaryotes, although 

absent in most mammals42.  CRY are widely distributed in all kingdoms of life and 

involved in numerous fundamental biological processes39,40,42,51,82-86.  Like PL, 

many of their activities require light.  For instance, plant and type I animal CRY 

(e.g., insects) are photoreceptors for synchronizing circadian rhythm, for 
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regulating plant growth and development39,83, and possibly for insect and avian 

geomagnetic navigation86.  A light-responsive role for type 2 animal CRY (e.g., 

humans) has yet to be found; however, these proteins also participate in the 

circadian clock as light-independent transcriptional repressors84,85.  Also like PL, 

photoinduced (or ground state) ET mediated by FAD may play a role in the many 

functions of CRY89.  Differences in redox properties among various CRY and PL 

have become apparent over the past few years24,117,119,131,132, and a recent study 

proposes that regulation of sq stability is generally essential, with local tuning of 

the FAD environment acting to achieve functional diversity7.  While this is clearly 

a critical correlation to establish, little is known regarding the regulation of redox 

properties in either CRY or PL.  I have focused on comparative studies of PL and 

the CRY-DASH subclass to begin understanding redox tuning in this family of 

proteins.  CRY is structurally very homologous to PL8,49,51,91-93, both in global 

protein architecture (including its lack of a species-specific C-terminal extension) 

and in conservation of FAD-binding residues.  It also shares some functional 

remnants of PL.  While all CRY have lost the ability to function as PL in the cell, 

CRY does catalyze repair of CPD within single-stranded regions of DNA82,93. 

These features, coupled with the fact that it is found in all kingdoms of life and is 

evolutionarily close to animal CRY51,90, suggest that studies of CRY-DASH may 

be key to revealing molecular origins of evolution in PL and CRY.  My results 

establish that sq oxidation in PL and CRY-DASH is rate-limited by proton 

transfer.  Through mutagenesis, I identify two residues, relatively distal from the 

FAD, that are essential to sq kinetic stability in PL, and gain first insights into the 
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origin of enhanced sq reactivity in CRY.  The conservation pattern of these 

residues throughout the PL and CRY family indicates that they are functional 

keystones.   

As is the case with any mutagenesis study that aims to investigate protein 

structure-function relationships, it is possible that a mutation may impact protein 

fold.  For instance, destabilization of the native PL fold in favour of an alternative 

structure that alters the FAD binding pocket could contribute to the reduced sq 

stability in W392Y-PL or G389N- PL.  The evidence against this as the dominant 

effect is first the fact that the absorption spectra of FAD bound to each of the four 

mutants are identical to that of wild-type PL (Figure 4-4).  Relatively subtle 

differences in binding site microenvironment and polarity may be expected to 

shift the position of the FAD absorption bands111.  Second, the mutant proteins 

exhibit stability in solution that is comparable to that of wild-type PL, as gauged 

by overexpression yields, solubility, and especially the maintenance of structural 

integrity and cofactor binding through multiple cycles of oxidation and reduction 

lasting at least several days.  If the mutations are changing the protein fold, the 

non-native structures provide comparable FAD binding interactions and overall 

stability.  A difference between the CRY and PL proteins investigated here is the 

presence or absence, respectively, of an MTHF cofactor.  Although the second 

cofactor is not functionally essential and is >15 Å from the FAD in PL and CRY, 

one may question whether the presence of MTHF destabilizes the sq in CRY.  

However, CRY lacking an MTHF cofactor does not exhibit enhanced sq stability.  

The E149A mutant A. thaliana CRY does not bind MTHF91.  Absorption spectra 
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of this protein following purification under aerobic conditions indicate that it 

contains its FAD cofactor in nearly fully oxidized form.  In addition, the 

photoreduction kinetics of CRY with and without its MTHF antenna are identical, 

and both proceed with no accumulation of sq91.  Similarly, the presence of the 

MTHF cofactor does not cause loss of sq stability in PL.  A large body of 

literature attests to the stability of the sq in E. coli PL (which contains MTHF) and 

suggests that, when subject to the same conditions, sq stability is comparable in 

E. coli and A. nidulans PL.  Together, these observations suggest that the MTHF 

cofactor has relatively little impact on the sq stability and FAD redox properties in 

PL and CRY. 

In this study, I report large kinetic isotope and pH effects on the rate 

constants for FAD sq oxidation which reveal that proton transfer is rate-limiting in 

CRY, and especially PL.  Two PL-specific residues, W392 and G389, 

independently ensure a high kinetic barrier to sq reactivity in PL.  These residues 

have a much greater impact on sq reactivity than the more FAD-proximal M353 

or S395, and I propose models for their tuning of redox kinetics involving 

interactions with the adenine moiety of FAD and/or adjustment of the polarity of 

the binding site.  These first insights into such a mechanism of redox regulation 

in PL and CRY are expected to advance recently proposed correlations between 

sq stability and function7,81, unraveling of the biological roles of CRY, and 

understanding of flavoprotein redox tuning, generally. 
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CHAPTER 5: BIOLOGICAL RELEVANCE OF 
SEMIQUINONE STABILITY 

This chapter comprises of work performed by the thesis author and Roberto 

Trasolini: experimental design, supervision and data analysis were conducted by 

the thesis author; optimization and experimental replicates on each mutant were 

conducted by R. Trasolini. 

5.1 Cellular Assays to Analyze the Effects of Semiquinone 
Stability on the DNA Repair Function of PL 

Nature uses the flavin molecule to mediate a vast array of cellular 

processes.  The activity of most flavoproteins involves redox reactions at the 

flavin, which may cycle between two electron-oxidized (ox) and two electron-

reduced (hq) forms through a semiquinone (sq) radical intermediate (Scheme 2-

1).  Functional diversity may be achieved by tuning flavin redox potentials and 

pKa values, and, consequently, sq stability.  For photoresponsive flavoproteins, 

regulation of flavin photophysics affords an additional layer of control.  Such 

principles of supramolecular design are illustrated by the PLs and CRYs.  This 

family of flavoproteins uses homologous global structures and FAD binding 

pockets to accomplish a range of functions41,42. 

DNA repair by PL is catalyzed by photoinduced electron transfer from its 

fully reduced cofactor, FADH-, to the CPD.  The resultant CPD radical anion 

undergoes cleavage in the enzyme active site before returning the electron to the 
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transiently generated sq (Figure 5-1).  Within a few hundred picoseconds, and 

with very high quantum efficiency (~ 0.7 to 0.9), the catalytic cycle is complete.  

Although the mechanisms of action of CRYs have yet to be uncovered, these are 

generally believed to also involve light-driven redox reactions at the flavin.  

Existing hypotheses for functional divergence of PLs and CRYs have thus 

focused on differences in their redox properties24,109,117,120.  Experiments aimed to 

identify the active state of the flavin cofactor, and the redox couple or photocycle 

have lead to distinct models for plant and animal CRYs.  In particular, the stability 

and protonation state of the sq have emerged as key variables; tuning of sq 

reactivity by subtle changes in the local protein environment has been proposed 

to underlie the evolution of function in the PL/CRY family7.  This is an appealing 

hypothesis especially since it is well-known that in PL, unlike any CRYs, the 

neutral sq is exceptionally stable54,108,133(Chapters 1, 2) and this has been 

suggested to be important to the efficiency of photoinduced electron transfer by 

PL81.  However, there is currently little experimental data addressing the role of 

sq reactivity in the function of either CRYs or PLs.  Here, I show that enhanced 

kinetic stability of the flavin sq correlates with more efficient DNA repair by these 

proteins; destabilization of the radical by CRYs likely contributes to its evolution 

of divergent functions. My results further reveal the significance of a PL-defining 

methionine residue to DNA repair. 
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Figure 5-1.  Reaction mechanism of PL, and structures of flavin cofactor, 

substrate and product.  Grey pathways are non-competitive in wild type ((B/R)ET 

= (back/return) electron transfer, ox = oxidation, frg = fragmentation). 

My investigation requires a quantitative measure of sq stability and 

functional fitness in a series of PLs/CRYs differing predominantly in redox 

properties alone.  I have reported evidence that PL uses a mechanism based on 

proton-coupled electron transfer to kinetically stabilize its sq (Sections 2.2, 2.3).  I 

also identified several residues involved in this mechanism and, consequently, 

generated a series of PL mutants exhibiting sq stabilities much less than, greater 

than, and equal to wild type.  As the mutants were designed based on patterns of 

amino acid conservation within the PL/CRY family, they likely represent important 



 

 95 

sequence variations along their course of evolution.  When expressed in E. coli, 

each mutant yields comparable levels of folded, soluble protein, not significantly 

less than wild type, and the fraction of apoprotein is minimal (< 10%) (Figure 6-

4).  In addition, a straightforward, quantitative measure of PL function in E. coli 

cells is well-documented in the literature8,82,134.   

The functional assay for PL activity relies on the use of a DNA-repair 

deficient strain of E. coli, UNC1085.  These cells lack effective genes for PL, as 

well as nucleotide excision and recombination, and have no mechanism for any 

form of DNA repair.  When subjected to UV irradiation they accumulate CPDs 

and 6-4 photoproducts, and have a much lower survival rate than healthy strains.  

If transfected with a plasmid encoding for wild type or mutant PL, repair of CPD 

lesions may be activated by visible (photoreactivating) light, leading to cell rescue 

and providing a gauge of PL activity.  Transfected cells grown in the dark to late 

log phase are plated on LB-agar.  Continued growth in the absence of light yields 

healthy colonies that may be quantitated ~ 24 h after plating (Figure 5-2).  

Increasing doses of UV irradiation progressively reduces the colony number, 

while subsequent irradiation with photoreactivating light leads to significant 

rescue at each UV fluence.  This rescue requires the presence of PL, since 

photoreactivating light has minimal effect on cells harbouring an empty vector.   



 

 96 

Figure 5-2.  Growth colonies after ~24 h of incubation of rescued PL and 

W392Y-PL demonstrating inhibited functional repair in W392Y.  Expected colony 

numbers had been normalized through corresponding dilutions before 

experiment. 

Semilog plots of the fraction survival versus UV fluence without (hνUV) or 

with photoreactivating light (hvPL) were linear, with slopes of -10.5 ± 0.4 and -2.7 

± 0.1, respectively, for wild type PL (Figure 5-3).  The ratio of these slopes, 

hvPL/hvUV referred to as the dose reduction factor (DRF), reflects the residual UV 

dose experienced by cells containing PL.  A quantitative measure of PL efficiency 

is provided by the fraction of cells rescued from UV- induced death: ƒrescue = 1-

DRF.  For wild type PL, I found ƒrescue = 0.49 ± 0.01.  This compares well to 

previous reports for cellular repair by PL measured under similar conditions 

(Section 6.5). 
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Analogous experiments were carried out with 5 PL mutants, M353Q, 

A385S, N386D, G389N, and W392Y (Figure 5-4), as well as CRY, which is 

incapable of catalyzing repair of CPDs in duplex DNA, and cannot rescue cells 

from UV-damage.   

Figure 5-3.  Dose response curves for PL and W392Y-PL.  Shown are the 

fraction of surviving cells with increasing UV fluence in the absence (hvUV) and 

presence of subsequent photoreactivating light (hvPL).  Error bars are the 

standard errors of 9 to 15 experiments. 

Cells expressing each protein grow very similarly in the dark, judged by 

individual colony size and overall colony numbers, and exhibit comparable 

sensitivities to UV irradiation.  The slopes of the UV-death curves, hvUV, are the 

same within experimental error (average -9.4 ± 0.8) for cells harboring no 

additional plasmid, an empty vector, or any of the PL/CRY proteins.  Clear 

differences are observed in the hvPL values (Figure 5-3).  For M353Q-PL (-6.2 ± 

0.3) and N386D-PL (-5.4 ± 0.5), these values are not significantly different from 
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CRY (-6.3 ± 0.1).  On the other hand, hvPL for A385S-PL (-2.9 ± 0.2) clusters with 

wild type.  Intermediate values of hvPL were observed for G389N-PL (-3.4 ± 0.1) 

and W392Y-PL (-4.5 ± 0.3).   

Figure 5-4.  Overlay from crystal structures of A. nidulans PL (PDB: 1qnf, green), 

Synechocystis CRY (PDB: 1np7, blue residue labels italicized), and A. thaliana 

CRY1 (PDB: 1uc3, D396) highlighting residues in FAD binding pocket targeted 

for mutagenesis.  Numbers in grey are approximate distances to the FAD N5. 

The significant variation in DNA repair efficiency is evident from the ƒrescue values 

(Figure 5-5): PL ~ A385S-PL > G389N-PL > W392Y-PL > N386D-PL ~ M353Q-

PL ~ CRY. 
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Figure 5-5.  Cellular efficiency (ƒrescue) of PL mutants and CRY.  Error bars are 

standard errors of 9-15 experiments. 

5.2 Correlating sq stability with Function 

With the notable exception of M353Q-PL, the trend in enzyme activity 

matches the order of sq stability measured for these proteins in vitro.  As the 

kinetic stability of the sq increases, so does the efficiency of PL-catalyzed DNA 

repair, for 6 of the 7 proteins examined.  This relationship is presented 

quantitatively in Figure 5-6.  The rate constants for sq formation and decay 

provide a measure of its kinetic stability.  I evaluate these rate constants from 

reaction of the fully reduced proteins with oxygen: FADH- reacts with O2 to form 

the sq with rate constant k1.  This intermediate then decays through a second 

reaction with O2, with rate constant k2, to generate the fully oxidized flavin108,133.  

A semilog plot of this ratio, k1/k2 against ƒrescue shows a definitive correlation that 
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extends over several orders of magnitude (Figure 5-6, N386D-PL is not included 

as insufficient sq accumulates to measure k1/k2)133.  For A385S-PL, G389N-PL, 

W392-PL, and CRY, ln(k1/k2) scales linearly with enzyme efficiency.   

Figure 5-6.  Correlation of cellular efficiency (ƒrescue) of PL, mutants and CRY-

DASH with kinetic stability of the flavin sq.  Data fit to a line. 

Wild type PL adheres to this correlation, but exhibits slightly better activity 

than A385S-PL, despite the fact that the sq stability of this mutant is ~ 2-fold 

higher.  The efficiency of DNA repair measured in this cellular assay depends on 

the copy number of active enzymes, their affinity for the CPD-DNA substrates 

(KM), and the rate constant for catalysis (kcat).  Only kcat is expected to be affected 

by the stability of the semiquinone intermediate (Figure 5-1).  My expression of 

these mutants in E. coli for the in vitro study suggests that they possess 
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comparable cellular stabilities, albeit somewhat less than wild type.  These 

results is not surprising, and a simple explanation for the highest activity from 

wild type protein is a greater number of properly folded, functional enzymes in 

the cell. 

The diminished cellular activity of the mutant PLs could be due to lower 

binding affinity for CPD-containing DNA.  However, the correlation between 

overall efficiency and sq kinetic stability argues against compromised binding as 

the dominant effect.  Substrate binding by PL requires the FAD cofactor, but 

does not depend its redox state54.  This is consistent with crystallographic data 

which reveals that the FAD isoalloxazine does not interact directly with the bound 

CPD; the two moieties are separated by ~7.5 Å in the co-crystal structure8.  The 

FAD cofactor is likely required for substrate binding because it is also needed for 

proper folding and stability of PL. 

Interestingly, the mutation most debilitating to cellular function of PL is 

M353Q, despite the fact that this mutation has no impact on sq stability (Figure 5-

6).  It is possible that this mutation abrogates substrate binding by PL: M353 

“stacks” with the 3’-side of the CPD, positioning between its N1 and N38.  

However substitution by Gln, at least in the context of homologous CRY, has little 

effect on CPD binding.  Unlike other CRYs, the DASH subclass possesses the 

ability to repair CPDs with an efficiency comparable to PL, provided that these 

lesions are within single stranded (ss) DNA substrates82,93.  The inability of CRY-

DASH to rescue UV-damaged cells stems from ineffective binding of CPDs in 

duplex DNA, due to compromised base-flipping.  The co-crystal structure of CRY 
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bound to a CPD in ssDNA shows its Gln filling the role of M3538, by using its side 

chain carbonyl oxygen as a mimic of the sulfur in M353.  If the M353Q mutation 

in PL is hindering binding, it is likely by influencing base flipping.  An alternative 

explanation for lost activity by M353Q-PL is the role of M353 in the catalytic 

chemistry.  PL binds its FAD in a bent conformation which positions the adenine 

between the CPD and electron donating isoalloxazine, and in close contact with 

M353 (Figure 5-4).  The A may act as a bridge, facilitating rapid electron transfer 

and minimizing wasteful back electron transfer in the catalytic cycle135 (Figure 5-

4), through a mechanism involving M353126.  Since this Met is strictly conserved 

in all PLs, and is variable in CRYs, it may be a pivotal function-defining 

residue126.  The results reported here provide experimental support for the 

unique and important role of this Met to DNA repair by PLs. 

5.3 Discussion 

My previous in vitro investigations were aimed at understanding radical 

stabilization by PL, and its loss in CRYs108,133.  In PL, oxidation of the sq is 

inhibited by a kinetic trap, due to extremely slow proton-coupled electron transfer.  

N386 is the kingpin of this trap, as it cannot serve as a base to deprotonate the 

sq, and it must undergo a conformational switch upon oxidation in order to 

maintain critical hydrogen bonding with the N5.  W392 and G389 are more distal 

gatekeepers of the trap that may slow proton-coupled electron transfer by limiting 

access of water to the binding pocket, and/or adjusting the electronics of the 

flavin through interaction with the bridging adenine.  These PL residues, N386, 

W392, and G389, are replaced in CRYs by C/D, Y, and N/S, respectively (Figure 
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5-4).  Their conservation within subclasses of PLs and CRYs suggests that they 

are important in specifying function.  Although tuning of sq stability has been 

proposed as a major mechanism for specifying function within the PL/CRY 

family7, experimental evidence has been lacking.  Hints have been provided by 

N5-proximal mutants: N386S-PL is fully oxidized when purified and is inactive81, 

while mutation of the homologous Cys to Asp in Type 1 animal CRY increases 

the stability of its sq radical anion together with its photoreceptor response in 

degradation assays117.  Here, by probing mutants of several key residues, N5-

proximal and beyond (Figure 5-4), I now provide the first quantitative correlation 

between sq stability and function in these proteins.  These results directly test 

existing hypotheses, and offer important insights into the molecular origins of 

evolution in PLs and CRYs.  They are expected to fuel new investigations, in 

these proteins and other systems, which link basic principles of supramolecular 

design with biological activity. 
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CHAPTER 6: EXPERIMENTAL 

This chapter contains the biological and chemical approaches I employed to 

obtain my thesis results.  They are organized in a somewhat chronological order 

beginning with protein production and ending with semiquinone stability 

experiments and functional assays.  Also included are techniques I used to 

confirm cofactor stoichiometry throughout the experiments.  

6.1 Preparation of Protein Samples 

6.1.1 Expression and Purification 

I am grateful to Drs. Takeshi Todo and Akira Yasui for providing the genes 

encoding Synechocystis sp PCC 6803 cryptochrome (CRY-DASH) and Anacystis 

nidulans photolyase (PL), respectively.  The PL and CRY-DASH mutants were 

generated by site-directed mutagenesis, and all sequences were confirmed prior 

to protein preparation. 

Anacystis nidulans photolyase and Synechocystis sp PCC 6803 

cryptochrome were prepared as previously described87,94; analogous procedures 

were used for the mutants.  PL was overexpressed in Escherichia coli BL21 

(DE3)pLysS cells grown in 8 x 1 L batches at 37 oC.  Protein expression was 

induced by addition of 600 µM isopropyl 1-thio-β-D-galactopyranoside (IPTG) at 

an OD600 of ~ 0.9 (after ~ 3 to 4 h), and cell growth was continued for 3 h at 37 

oC.  Cells were harvested by centrifugation (5000 rpm) at 4 oC for 10 minutes and 
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the resulting pellet was washed and resuspended in 3 x 20 mL of column buffer 

(10 mM KH2PO4/ K2HPO4, 100 mM NaCl, pH 7.0), flash frozen and allowed to 

thaw overnight on ice.  The cell-free extract was prepared by sonication followed 

by centrifugation (16000 rpm) for 1 h at 4 oC.  The filtered cell-free extract was 

loaded onto a 5 mL Heparin column, washed with 5 column volumes of column 

buffer to remove unbound protein impurities, and then washed with a salt 

gradient (100 – 900 mM NaCl in column buffer).  All PL proteins eluted at salt 

concentrations of 450 – 650 mM NaCl, as monitored by SDS-PAGE and UV-vis 

spectroscopy.  Elutions containing PL were pooled, exchanged into column 

buffer, reapplied to a Heparin column, and eluted as described.  The PL elutions 

were pooled and exchanged into DEAE-sepharose column buffer (10 mM 

KH2PO4/ K2HPO4, 40 mM NaCl, 5 mM β-mercaptoethanol, pH 7.0) and then 

applied to a DEAE sepharose column.  PL was eluted with a salt gradient (80 – 

200 mM NaCl) and assayed for purity by SDS-PAGE (Figure 6-1).  Pure fractions 

were combined, exchanged into storage buffer (KH2PO4/ K2HPO4, 350 mM NaCl, 

10% glycerol, pH 7), aliquoted, flash frozen, and stored at – 80 0C.  The typical 

yield of pure PL and mutants was 2 mg/L (except for N386D-PL, which was 0.25 

mg/L). 
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Figure 6-1.  PL and PL mutants following complete purification.  7% SDS-PAGE 

gel stained with Coomasie Brilliant Blue shows each PL protein at the expected 

molecular weight (~55 kDa). 

Plasmids encoding GST-tagged CRY-DASH and its mutant were 

overexpressed in E. coli JM109 grown in 24 x 1 L batches at 37 oC.  Protein 

expression was induced at an OD600 of ~ 0.9 (after ~ 3 to 4 h), by addition of 400 

µM IPTG, and growth was continued overnight at 37 oC.  Cells were harvested by 

centrifugation (5000 rpm) at 4 oC for 10 minutes and the resulting pellet was 

washed and resuspended in 6 x 30 mL of column buffer (10 mM KH2PO4/ 

K2HPO4, 140 mM NaCl, 5 mM DTT, 5% glycerol, pH 7.4), flash frozen in liquid 

nitrogen and allowed to thaw overnight on ice.  The cell-free extract was 

prepared by sonication, followed by centrifugation (16000 rpm) for 1 h at 4 oC, 

and filtration.  The cell-free extract was applied to a 5 mL glutathione-S-

transferase (GST) column, subsequently washed with 5 column volumes of 

column buffer, followed by elution using 10 mM glutathione in column buffer.  The 
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presence and purity of GST-CRY in the elutions was probed by UV-vis 

spectroscopy and SDS-PAGE.  These samples consistently contain fusion 

protein (~ 83 KDa), together with a co-eluting impurity (~ 60 KDa), as previously 

observed (Figure 6-2).[4]  The elutions were concentrated to a final volume of 2 

mL (Centricon-10) and subjected to thrombin digest (2U/mL) at ambient 

temperature for 2 to 3 h.  Complete cleavage of GST was confirmed by SDS-

PAGE (Figure 6-2).  The resulting mixture was then applied to a 5 mL Heparin 

column.  Washing with 5 column volumes of column buffer elutes GST and the 

other protein impurity.  A salt gradient (150 mM – 600 mM NaCl in column buffer) 

was then used to elute pure CRY-DASH.  Elutions containing pure CRY-DASH 

(350-460 mM NaCl), as determined by UV-vis spectroscopy and SDS-PAGE 

(Figure 6-2), were pooled, concentrated in storage buffer (10 mM KH2PO4/ 

K2HPO4, 350mM NaCl, 10% glycerol, pH 7), aliquoted, flash frozen and stored at 

- 80 oC.  The typical yield of pure CRY-DASH was 1 mg/L.  Expression yields 

and solubility of Y398W-CRY-DASH were significantly lower. 
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Figure 6-2.  Purfication of CRY-DASH.  Representative 7% SDS-PAGE gel 

stained with Coomasie Brilliant Blue after each step of protein purification.  CRY-

DASH, overexpressed as a GST fusion (~ 82 kDa), is seen as a dark band in the 

cell-free extract lane.  After eluting from the GST column, the protein is nearly 

pure with the exception of a co-eluting contaminant.  This is removed following 

thrombin cleavage and purification on Heparin-sepharose. 

6.1.2 Protein Characterization 

In these preparations, A. nidulans PL contains FAD only, since E. coli 

does not synthesize its antenna cofactor, 8-hydroxy-7-deazaflavin (8-HDF); 

Synechocystis CRY-DASH contains both FAD and its antenna cofactor, 5,10-

methenyltetrahydrofolate (MTHF).  The protein concentration and cofactor 

stoichiometry were determined as follows: 1) Absorption spectra of the fully 

oxidized holoproteins were taken in order to estimate the total protein 

concentration from A280.  The ε280 includes contributions from the protein (Trp and 
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Tyr), oxidized FAD, and MTHF (CRY-DASH).  For PL, A385S-PL, and M353Q-

PL, full oxidation was achieved by incubating the protein at 4 oC with 10 mM 

potassium ferricyanide for a period of three days; excess ferricyanide was 

removed by exchange into storage buffer (Centricon-10).  2) The proteins were 

heat denatured (100 oC for 5 minutes in storage buffer), precipitated protein 

removed by centrifugation, and the absorption spectra of the released FAD were 

collected (this process destroys absorption by MTHF in CRY-DASH).  This 

provides an accurate measure of the total concentration of FAD using its known 

ε-value in solution.  3) The concentration of MTHF cofactor in CRY-DASH was 

estimated from its protein-bound absorption at 380 nm, after correction for 

absorption at that wavelength by FAD.  The following extinction coefficients (M-1 

cm-1) were used: FAD: ε440 = 11300136, ε380 = 10274, ε280 = 21200137; MTHF: ε380 

= 25900138, ε280 = 16000137; PL apoprotein: ε280 = 119860 (18 Trp, 14 Tyr); PLox: 

ε280 = 141060; CRY-DASH apoprotein: ε280= 120320 (17 Trp, 18 Tyr); CRYox: 

ε280 = 157520.   

Oxidized PL, with a stoichiometric complement of its FAD cofactor, should 

have an absorbance ratio, A280/A440 ~13.  For both wild type and mutant PL 

(Figure 6-3, Figure 6-4), I consistently find A280/A440 = 12-14, indicating near 

quantitative preparation of the holoproteins.  Oxidized CRY-DASH, if both the 

MTHF and FAD cofactors are stoichiometric, should have an absorbance ratio of 

A280:A380:A440 ~ 14: 4: 1.  With wild type CRY-DASH I usually observe 

substoichiometric concentrations of each cofactor, typically 70 to 80% for both 

FAD and MTHF.  Although I generated relatively little soluble Y398W-CRY-DASH 
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to characterize extensively, it appears to contain somewhat lower concentration 

of cofactors (50 to 60%) than wild type (Figure 6-4).  

Figure 6-3.  UV-vis absorption spectra (plotted as extinction coefficient) 

comparing fully oxidized wild type PL with N386D-PL (normalized protein 

concentration).  The absorbance ratio at 280:440 nm (~12 -14), see in A), 

indicates that both protein preparations possess near stoichiometric complement 

of their FAD cofactor.  The fine structure in the oxidized FAD absorption bands, 

seen in B), confirms that the FAD is protein-bound. 

 

A) 

B) 
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Figure 6-4.  UV-vis absorption spectra (plotted as extinction coefficient) of A) 

fully oxidized proteins wild type PL, A385S-PL, M353Q-PL, G389N-PL and 

W392Y-PL, showing ratio of absorbances at 280:440 nm (normalized protein 

concentration), indicative of the apoprotein:FAD stoichiometry ~ 1:1.  B) Fully 

oxidized CRY-DASH and Y309W-CRY-DASH showing the ratio of absorbances 

at 280:380:330 nm, indicative of the apoprotein: MTHF:FAD stoichiometry.  In 

wild-type CRY-DASH, the cofactor stoichiometry is typically ~ 1:0.8:0.7, while in 

Y398W-CRY-DASH it is ~ 1.0:0.6:0.5.  C) W392Y-PL and D) CRY-DASH, fully 

oxidized after completion of ~ 48 h oxidation experiments and FAD cofactors 

released upon denaturation.  The fine structure in the oxidized FAD absorption 

bands, seen only prior to denaturation, confirms that the FAD remains protein-

bound throughout the oxidation experiments.  The comparable absorbance 

before and after cofactor release indicates full oxidation in both cases.  In CRY-
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DASH, the MTHF cofactor is responsible for the strong absorption between ~ 320 

- 400 nm. 

 

6.2 Sample Preparation 

6.2.1 Oxidation Experiments 

Proteins (20-30 µM in 600 mL PBS (12 mM KH2PO4/ K2HPO4 350 mM 

NaCl, pH 7) containing 10% glycerol and 10 mM EDTA (for photoreduction) were 

contained in a custom-built quartz anaerobic cuvette (1 cm pathlength) equipped 

with an indicator side-arm filled with ~ 600 mL of 3 mM methyl viologen, 3 mM 

EDTA, and 40 mM FAD in PBS.  The cuvette was made anaerobic by 4 cycles of 

evacuation/flushing with ultrapure argon; the cell was then sealed.  The solution 

in the side arm was photoreduced (deep blue) with white light prior to each 

experiment.  The indicator solution serves to scavenge extraneous oxygen and 

provides a sensitive measure of its presence in the cell.  Experiments at pH 5.4 

were done in citrate buffer with 350 mM NaCl.  I note that the citrate buffer at pH 

7 causes a small decrease in sq reactivity relative to phosphate buffer at the 

same pH.  Samples for kinetic isotope experiments were prepared by repeated 

buffer exchange of oxidized proteins110 into D2O-PBS (4 times with 15-fold 

excess deuterated buffer) and incubation at 4 oC in the dark, overnight. 

6.2.2 Electrochemistry 

Protein samples (20-30 µM) were prepared in phosphate buffer (10mM 

KH2PO4/ K2HPO4, 450 mM NaCl, pH 7) containing 10 % glycerol. Samples, 1.3 
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mL in volume, were placed in custom-built quartz anaerobic cuvettes (1 cm 

pathlength) equipped with an indicator side-arm filled with ~ 600 mL of 3 mM 

methyl viologen, 3 mM EDTA, and 40 mM FAD in phosphate buffer.  The cuvette 

for electrochemical measurements was fitted with a platinum wire working 

electrode (0.5 mm diameter with platinum mesh) and a calomel reference 

electrode calibrated prior to the measurements (+260 mV at 10 oC, pH 7).  The 

cuvettes were made anaerobic by 4-6 cycles of evacuation/flushing with ultrapure 

argon; the cell was then sealed.  The solution in the side arm was photoreduced 

(deep blue) with white light prior to each experiment.  The indicator solution 

serves to scavenge extraneous oxygen and provides a sensitive measure of its 

presence in the cell. 

 

 

 

 

 

 

 

 

Figure 6-5.  Anaerobic cell apparatus.  Shown is the electrochemical setup; 

oxidative experiment setup is similar minus electrodes. 
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6.2.3 In vivo Cellular Assays 

A modified K-12 strain, UNC1085 (phr-, recA-, uvrA-),110 provided by the E. 

coli genetic stock center was used.  Competent cells were transformed by heat 

shock with pET3a vector containing the gene for either wild-type or mutant 

cyclobutane pyrimidine dimer (CPD) photolyase, or cryptochrome-DASH.  

Mutants were generated by site directed mutagenesis and confirmed by 

sequencing.  Transformants were selected on ampicillin containing Luria-Bertani 

(LB) agar plates and cultured in selective liquid LB media overnight at 37 °C and 

200 rpm, then stored at -80oC in 60% glycerol. 

6.3 Oxidation Experiments and Kinetic Analysis 

Absorption spectra were recorded at 10 ± 0.5 °C on a Varian Cary 100 

spectrophotometer equipped with a temperature-controlled multicell holder. 

Spectra were recorded from 800 to 200 nm with a 1 nm step size, a 1 s 

integration time, and a 1 nm spectral bandwidth. Anaerobic protein samples, in 

the presence of EDTA as an electron donor, were photoreduced by irradiation 

with white light (300 W, ~ 10 cm) for 20-40 min in an ice-water bath, until they 

were fully reduced139,140. Absorption spectra were recorded during the reduction 

to monitor the changes in FAD redox state (Figure 6-5).  Fully reduced, 

anaerobic samples were made aerobic by releasing the seal of the sample cell 

and allowed to react with O2 at 10 °C for 2-3 days. Time-dependent absorption 

spectra (~130) were recorded, using the Varian software scanning kinetics 

program, to monitor the decay of hq, the formation of ox, and the growth and 

decay of sq. 
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Figure 6-6.  UV-vis absorption spectra recorded during white light photoreduction 

of A) PL, B) A385S-PL, C) M353Q-PL, D) G389N-PL, E) W392Y-PL, and F) 

CRY-DASH in aqueous buffer containing 10 mM EDTA (pH 7).  The 

concentration of holoproteins was 20 – 30 µM.  Numbers in the figures legend 

correspond to total irradiation time in seconds.  Reduction was monitored by loss 

of absorbance at 580 nm (sq) and 450 nm (sq, ox).  In the CRY-DASH spectra, 

the x-axis is truncated at 400 nm, below which absorption by the MTHF cofactor 

becomes dominant. 
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The changes in the concentration of each of the three species were 

analysed according to the mechanism presented in Scheme 2-1, namely A to B 

to C kinetics, with a parallel A to C pathway. Assuming that each step is 

irreversible and proceeds with pseudo-first-order kinetics, the analytical 

expressions for the time- dependent concentrations of A (hq), B (sq), and C (ox) 

are given by Equations 6-1 to 6-3: 

[hq]! =    [hq]!𝑒! !!!  !! ! 

 

[sq]! =    [hq]!
!!

!!! !!!!!
𝑒! !!!!! ! − 𝑒!!!!  

 

[ox]! =    [hq]!
!!!!

!!!!! !!! !!!!!
+ !!

!!!!!
1− 𝑒! !!!!! !  

−
[hq]!𝑘!

𝑘! − 𝑘! + 𝑘!
1− 𝑒 !!!!  

where [hq]o is the initial concentration of hq. Multivariable analysis involving 

simultaneous fitting of the experimental data at two wavelengths, 580 and 445 

nm, to Equations 6-1 – 6-3 was performed (Microsoft Excel with Solver Program). 

These wavelengths were chosen since the sq is the only species to absorb at 

580 nm, while ox absorbs strongly at 445 nm (at no wavelength is absorption of 

the hq dominant). The fitting algorithm evaluates the time-dependent 

concentrations, [hq]t, [sq]t, and [ox]t, according to Equations 6-1 – 6-3, varying 

the three rate constants iteratively, to reach the best match with the experimental 

data. Specifically, the fit criterion was set to minimize the sum of the squared 

Eq. 6-1 

Eq. 6-2 

Eq. 6-3 
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standard deviations between the model and the data at both 445 and 580 nm 

(χ2). The χ2
 values for these simultaneous analyses typically fell in the range of 

10-3-10-4.  Because little sq is detected during oxidation of the N386D-PL mutant, 

the change in absorbance at 450 nm was fit to a single exponential growth to 

yield the rate constant k, for formation of oxidized FADox. 

The calculated [hq]t, [sq]t, and [ox]t values were multiplied by their extinction 

coefficients at each wavelength for comparison with the input experimental data 

(absorbance vs time at 580 and 445 nm). The extinction coefficients were 

evaluated experimentally in the proteins (Figure 6-6) by recording absorption 

spectra in the fully reduced, fully oxidized, or fully sq (PL only) state and then 

denaturing the protein to release the FAD and accurately measure its 

concentration (εFAD = 11300 M-1
 cm-1

 at 440 nm). Within experimental error 

(≤10%), where measurable, these values do not vary significantly among the 

different proteins. Consequently, I have fixed the extinction coefficients to the 

following values in my kinetic analysis: at 580 nm, εsq= 5000 M-1
 cm-1; at 445 nm, 

εox= 11500 M-1
 cm-1, εsq= 3670 M-1

 cm-1, and εhq = 1750 M-1
 cm-1. These values 

are within the range expected for flavins and flavoproteins. Small changes in ε 

values (e.g., 10 to 20%) generally do not notably change the shape of the kinetic 

profile or output rate constants. Significant changes in ε values generally prevent 

reasonable convergence between the model and data. The kinetic analysis 

according to Equations 6-1 – 6-3 also requires a value for [hq]o.  This may be 

evaluated from the absorbance of the fully reduced protein at the start of an 

oxidation experiment (εhq= 6000 M-1
 cm-1at 360 nm), from the absorbance of the 
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sq at peak formation (when produced approximately quantitatively), and/or from 

denaturing the protein and releasing the FAD at the end of the experiment. 

These methods generally give consistent measures of total FAD concentration 

(within 1-2 μM for typical experiments with 20-30 μM total FAD). Experiments 

with Y392W-CRY were conducted at a lower concentration (1-2 μM) as I am 

unable to express reasonable yields of the soluble protein. Moreover, no sq was 

detected at this concentration. Consequently, quantitative kinetic analysis was 

not feasible. 



 

 119 

Figure 6-7. UV-vis absorption spectra of the three redox states of FAD, bound to 

PL, in aqueous buffer (pH 7), and free oxidized FAD in the same buffer.  The 

holoprotein concentration was ~ 20 µM.  Extinction coefficient, plotted on the Y-

axis, was determined from the absorption spectrum of the fully oxidized FAD 

released from each protein sample (with FADox ε440 = 11300 M-1cm-1).  The hq 

spectrum was obtained by complete photoreduction of PL; the spectrum was 

obtained after near quantitative oxidation of the hq to the sq, where the 

concentration of sq accounts for the ~ 90% of the FAD concentration; the ox 

spectrum was obtained after incubation for 3 days with 10 mM potassium 

ferricyanide followed by dialysis into storage buffer. 

 

6.4 Spectroelectrochemistry 

Redox titrations of PL and its N386D mutant were carried out according to 

the method of Dutton141, in the presence of the following mediators: benzyl 

viologen (1 µM), 2-OH-1,4-naphthoquinone (15 µM), 2,5-dihydroxyl-1,4-

benzoquinone (15 µM), 5,8-dihydroxy-the 1,4-naphthoquinone (15 µM), 

duroquinone (15 µM), phenozine ethosulfate (1 µM), phenozine methylsulfate (1 

µM), 1,2 naphthoquinone (15 µM) and anthroquinone-2-sulfonic acid (1 µM).  The 
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redox potential was adjusted stepwise (5-20 mV per step) by the addition of small 

volumes (~ 2.5 µL) of sodium dithionite as reductant or potassium ferricyanide as 

oxidant.  The solution was mixed and stirred for 5 minutes.  The potential range 

scanned varied from -350 mV to + 350 mV (versus NHE), depending on the 

protein and the experiment.  After each step, the solution was allowed to 

equilibrate until the open circuit potential stabilized, ΔE < 1 mV/15 mins, and two 

or more identical UV-vis absorption spectra were recorded.  Typical equilibration 

times were 25 to 60 minutes.   

 The spectroelectrochemical data were analyzed using the Nernst 

Equation, modified according to the Beer-Lambert law to express the total 

change in absorbance (or extinction coefficient) in terms of the absorbance 

contributions of each redox state of FAD15,33.  Since essentially no sq was formed 

during equilibrium redox titrations of PL or its N386D mutant, absorbance 

changes were analyzed at 445 nm, which is near a maximum for the oxidized 

FAD.  Plots of ε445 versus potential were first fit to the Nernst Equation for a two 

electron transfer process, Equation 6-4: 

 

𝜀!!" =
𝜀!"10 !!!!! /!.!"# + 𝜀!"
10 !!!! /!.!"# + 1

 

where εox and εhq are the extinction coefficients of the oxidized FAD and its fully 

reduced hydroquinone, respectively, at 445 nm.  The factor, 0.028 V, in Equation. 

6-4, is the value of RT/nF for a two electron transfer at the experimental 

temperature of 10 0C.  Because this Equation contains only 3 parameters, two of 

Eq. 6-4 
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which have been determined in independent experiments (at 445 nm: εox = 11 

000 M-1 cm-1, εhq = 1750 M-1 cm-1), accurate EM values are obtained from this 

treatment.  This is confirmed by the observation that the calculated extinction 

coefficients are very close to the known values, and fixing them in the analysis 

does not change the output EM value.  In addition, the EM values derived from 5-7 

independent experiments with both wild type and the N386D mutant were very 

reproducible (standard error ± 2 mV).  In order to extract the (hq/sq) potential E1 

and the (ox/sq) potential E2, the change in absorbance/extinction coefficient at 

445 nm was fit to the modified, two-step Nernst Equation, Equation 6-5: 

𝜀!!" =
𝜀!"10 !!!! /!.!"# + 𝜀!" + 𝜀!!10 !!!! /!.!"#

10 !!!! /!.!"# + 10 !!!! /!.!"# + 1
 

where εsq is the extinction coefficient of the FAD sq at 445 nm.  The factor, 0.056 

V in Equation 6-5, represents the value of RT/nF for a single electron transfer (n 

= 1) at the experimental temperature of 10 oC.  This Equation now has 5 

parameters, and although such single wavelength analysis has been reported to 

extract the two redox couples of flavoproteins12,24, I constrained the fit using my 

EM values (i.e. E1 = EM*2 – E2).  I could further reduce the number of parameters 

to 3 by using known value for εsq= 3670 M-1 cm-1 at 445 nm.  Fixing this extinction 

coefficient is reasonable since its value does not alter the calculated potential.  I 

found this analysis to be robust, and to yield reproducible midpoint potentials for 

both redox couples.  Although the standard errors of the 5-7 trials (± 7 mV) are 

expectedly larger than those for EM, they are well within the range of those 

reported in the literature. 

Eq. 6-5 
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6.5 Functional in vivo Assay for Photolyase Activity 

Except during irradiations, all plates and cultures were kept in the dark or 

under yellow/red light.  Transformed UNC1085 cells were grown overnight (14 to 

19 h at 37 °C, shaking at 200 rpm) in 5 mL of LB media containing mg/L 

ampicillin.  This produced stationary phase cell growth with concentrations on the 

order 107 - 108 cells/mL (based on growth curves carried out under the same 

conditions).  Cells were removed from the incubator and placed on ice.   

Appropriate dilutions were made with fresh, cold LB to ensure colony numbers of 

~ 20 - 400 per standard-sized plate (10 cm).  Aliquots of 100 µL were then 

spread onto ampicillin-containing, LB-agar plates, and placed immediately at 4 

°C to prevent cell division.  In a typical experiment, 48 plates would be prepared 

(~ 40 mins).  Plates were removed from 4 °C as needed, and exposed to either 

4, 10, 15, 20, 25 or 30 seconds (0 - 0.5 mJ) of 254 nm light (6 plates per time 

point) from a 4-watt, compact UV lamp (UVP).  The lamp was fitted with a 12.5 % 

transmittance filter, and positioned at a height of 60 cm.  This configuration 

delivered a fluence of 0.015 J/m2s as measured by chemical actinometry (iodide-

iodate).142  After UV irradiation, 3 plates were placed immediately at 37 °C in the 

dark.  The remaining 3 were exposed to photoreactivating light (365 nm) from 2 

Blak-Ray (UVP) lamps positioned at a height of 30 cm, and filtered through 11 

mm of window glass to remove any contaminating UV light.  These plates were 

then also placed at 37 °C in the dark.  For determining dose reduction factors 

(DRF), plates were subjected to photoreactivating light for 30 m.  In optimizing 

experimental protocols, I observed near saturation in cell rescue by this time.  
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Plates were removed from the incubator after 24 to 48 h, and the number of 

colony-forming units (CFUs) were counted.  Experiments were repeated 3 to 5 

times for each construct, resulting in 9 to 15 replicate plates for each UV-fluence.  

Plates were removed from 4 °C and placed in the incubator without exposure to 

any light at regular intervals during the experiment (12 plates total over ~ 4 h).  

No significant variation in colony number was detected in these controls.  The 

fraction of surviving cells was evaluated according to:  

Survival = (colony number + UV)/(colony number - UV) 

The colony number in the absence of UV was evaluated from the average 

value of the unexposed plates in each experiment.  Semilog plots of the fraction 

survival versus UV fluence without (hnUV) or with photoreactivating light (hnPL) 

are linear.  The ratio of these slopes, hnPL/hnUV provides a measure of the dose 

reduction factor (DRF), reflecting the residual UV dose experienced by cells after 

photoreactivation.  A quantitative measure of photoreactivation efficiency is 

provided by the fraction of cells rescued from UV-induced death: frescue = 1 - DRF.  

For wild type PL, I find an uncorrected frescue = 0.75 ± 0.01, which is consistent 

with previous measurements made under similar conditions.143 In control 

experiments with empty vector, a frescue = 0.25 ± 0.03 is observed.  A similar 

phenomenon has been reported in the literature (indirect photoreactivation).144  I 

have corrected my frescue values by subtracting this background activity, in order 

to reflect direct photoactivation by the PL enzymes only. 



 

 124 

6.6 Data Analysis 

All experimental data were analyzed using KaleidaGraph 4.0 and Excel with 

the program Solver.   

6.7 Structures and Figures 

All chemical structures were generated using Chemdraw software.  All 

protein structures were generated using MacPyMOL software.  All spectra were 

generated using KaleidaGraph 4.0 software. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

Photolyases (PLs) and cryptochromes (CRYs) are light-responsive proteins 

which share a similar overall architecture and FAD-binding pocket, yet they have 

evolved divergent functions.  While photolyases repair UV-damaged DNA by 

photoinduced electron transfer from their FAD cofactor, CRY are involved in 

varied cellular processes, including light-dependent plant growth, regulation of 

mammalian circadian rhythm, and possibly magnetoreception.  Despite their 

importance in Nature and human health, little is known about how they tune their 

FAD redox properties to achieve remarkable functional diversity.  This work 

significantly advances the understanding of redox regulation within the family of 

these flavoproteins.  It specifically addresses mechanisms for tuning the 

reactivity of the FAD semiquinone radical and the role of the N5-proximal 

residue, both of which are at the heart of current theories for evolution of function 

within these proteins. 

Flavoproteins can dramatically adjust the thermodynamics and kinetics of 

electron transfer at their flavin cofactor. A versatile regulatory tool is proton 

transfer.  Here, I demonstrate the significance of proton-coupled electron transfer 

to redox tuning and semiquinone stability in photolyases and cryptochromes.  I 

report the first measurement of both FAD redox potentials for cyclobutane 

pyrimidine dimer PL (CPD-PL, Anacystis nidulans). These values, E1(hq/sq) = -
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140 mV and E2(sq/ox) = -219 mV, establish that the sq is not thermodynamically 

stabilized (ΔE = E2 - E1 = -79 mV).  Results with N386D-PL support my 

hypothesis of a kinetic barrier to sq oxidation associated with proton transfer.  

Both E1 and E2 are upshifted by ~100 mV in this mutant; replacing the N5-

proximal Asn with Asp decreases the driving force for sq oxidation.  However, 

this Asp alleviates the kinetic barrier, presumably by acting as a proton shuttle, 

because the sq in N386D-PL oxidizes orders of magnitude more rapidly than wild 

type.  These data clearly reveal, as suggested for plant CRYs, that an N5-

proximal Asp can switch on proton transfer and modulate sq reactivity.  However, 

the effect is context-dependent.  More generally, I propose that PLs and CRYs 

tune the properties of their N5-proximal residue to adjust the extent of proton 

transfer, hydrogen bonding patterns, and changes in protein conformation 

associated with electron transfer at the flavin. 

I find that the sq in CRY is substantially more reactive toward oxidation than 

in PL and, using deuterium isotope and pH effects, show that rate-limiting proton 

transfer contributes to the exceptional kinetic stability of the PL sq.  Through 

mutagenesis, I identify two PL-specific residues in the flavin binding pocket, 

W392 and G389 (Y398 and N395 in CRY, respectively), that ensure this kinetic 

stability, possibly through interactions with the adenine moiety of FAD and/or 

adjusting the polarity of the binding site.  Significantly, these relatively distal 

residues have a much more profound impact than two amino acids closer to the 

FAD.  By quantifying sq stability in a series of PL-CRY exchange mutants, my 

findings pave the way for investigations aimed at correlating sq stability with 



 

 127 

function in these proteins.  As is being recognized with other flavoproteins, I 

expect that kinetic tuning of the rates of electron transfer will play a function-

defining role in photolyases and cryptochromes. 

Functional DNA repair activity is examined by a series of photolyases 

designed to exhibit a range of semiquinone stabilities through mutation of key 

residues to their CRY counterparts.  I present the first quantitative correlation 

between the kinetic stability of the semiquinone radical and cellular function.  

These results lay important groundwork for understanding molecular 

mechanisms of evolution in this fascinating family of flavoproteins. 

I expect that these insights into redox regulation by PLs and CRYs will 

reshape existing models for their mechanisms of action and fuel further 

advances, especially towards correlating sq stability with function.  These results 

also underscore two emerging general themes in biological ET, the significance 

of proton transfer, and kinetic mechanisms of redox regulation. 

7.2 Future Work 

The aim of future work would be to: (1) obtain additional information on the 

protein conformation of the redox states in PL and CRY; (2) further investigate 

the impact of the N5-proximal residue on thermodynamic and kinetic stability of 

the sq; and (3) strengthen the correlation of sq stability to function.  To advance 

our understanding, I would consider the following experiments: 

 (1) Obtain crystallographic images of PL, PL mutants and CRY, in their 

three redox states (ox, sq and hq).  There are currently no crystal structures of 
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wild-type PL in its oxidized state and the mutants I present here are novel.  

These results will enable me to further establish changes in the hydrogen 

bonding pattern between different redox states and analyze the effects of single 

point mutations in PL.  To carry out these experiments, I would collaborate with a 

scientific group proficient in crystallography.  There are also problems associated 

with obtaining crystallographic data of the ox state in PL.  As I am experimenting 

with efficient light-responsive proteins, X-rays may reduce ox PL into a hq/sq 

state.  However, crystal structures of flavoproteins in their ox state have been 

obtained in flavodoxins14,16. 

(2) Additional N5-proximal PL mutants will enable me to gain insight into 

binding site pKas, hydrogen bonding patterns and molecular dynamics.  I 

propose mutants N386P, N386Q and N386E.  N386P will help me probe the side 

chain flip that I propose is slowed down kinetically in N386.  N386H may act as a 

proton shuttle similar to N386D; however, with a more basic pKa in solution, it 

may speed up the proton transfer and overall oxidation kinetics.  N386Q and 

N386E are equivalent mutations to wild-type N386 and N386D and may act as 

positive controls.  If my hypothesis is correct, N386Q and N386E should harbour 

similar oxidation kinetics and redox potentials. However, their increase in size 

might cause an effect and therefore are not expected to be perfect controls.  

These additional mutants, displaying varying kinetic stabilities, will enable me to 

strengthen my correlation between sq stability and function. 
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APPENDIX 

Appendix A: Distinct Loop Dynamics in CRY and PL 

This appendix contains an unmodified version of the manuscript entitled 

“Distinct recognition loop dynamics in cryptochrome-DASH and photolyase 

revealed by limited proteolysis” by Neahlanna R. Mcleod, Matthew A. Brolich, 

Michael J. Damiani and Melanie A. O’Neill.  A large portion of the experimental 

work was completed by Matthew A. Brolich, a graduate student under the 

direction of Dr. Melanie O’Neill, and Neahlanna R. Mcleod, an undergraduate 

research assistance under the direction of Dr. Melanie O’Neill.  My contributions 

were as follows: (1) grew and purified proteins PL and CRY; (2) created all of the 

manuscript figures; and (3) helped write and edit the manuscript. 
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Abstract 

Cryptochromes (CRY) are light-responsive flavoproteins that play central 

roles in nature and human health, including circadian rhythm regulation. They are 

closely related to photolyases (PL), but, unlike PL, they cannot repair 

cyclobutane pyrimidine dimers (CPD) or [6–4] photoproducts in duplex DNA. Yet, 

if the barrier for flipping the CPD from the duplex is reduced, CRY-DASH, the 

subclass most structurally homologous to CPD PL, binds and repairs CPD like 

PL. Here, using limited proteolysis, we have identified the most flexible loops in 

CPD PL. One corresponds to a ‘‘recognition loop” that changes conformation 

substantially during substrate binding, and engages key interactions with the 

flipped CPD and the complementary DNA strand. Proteolysis kinetics reveal that 

the homologous loop in CRY-DASH is at least 10-fold more reactive. We propose 

that heightened dynamics of the recognition loop in CRY-DASH contribute to its 

compromised DNA base flipping, and its evolution of divergent function from PL. 

Introduction 

Crytochromes (CRY) are archaic flavoproteins, widely distributed from 

bacteria to human beings, and phylogenetically related to DNA photolyases (PL) 

[1–3]. Plant and animal CRY appear to have several functions, including light-

dependent and light-independent roles in circadian rhythm regulation [1–5]. The 

CRY-DASH subclass [6–8] is sporadically distributed in plants, animals, and 

bacteria, and its function is unknown, despite sharing striking structural homology 

with cyclobutane pyrimidine dimer (CPD) PL (Fig. S1) [7,9]. Conserved in both 

proteins are the local and global architecture, surface electrostatics, and most 
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residues needed for interacting with their non-covalently bound flavin adenine 

dinucleotide (FAD) cofactor and CPD-DNA [10]. By flipping the CPD from double 

stranded (ds) DNA [10], PL tightly binds and positions it for ultrafast 

photoinduced electron transfer [11] from its reduced FAD cofactor, inciting dimer 

repair [12]. While CRY-DASH is inert towards this substrate, and cannot act as a 

surrogate for PL in the cell [13], these proteins do repair CPD in single-stranded 

(ss) DNA in vitro, with an efficiency comparable to PL [13]. The properties of the 

FAD cofactor and PL active site required for the catalytic chemistry may be 

maintained in CRY-DASH. Indeed, a recent co-crystal structure of CRY-DASH 

bound to a ssDNA substrate revealed a binding mode very similar to PL, and 

repair of dsDNA substrates by CRY-DASH can be activated, if the CPD is 

positioned in mismatched loop regions [14]. Induced-fit binding involving 

reorganization of flexible loops is commonly utilized by base flipping enzymes 

[15,16]. Such a ‘‘recognition loop” may be identified in PL and CRY-DASH, 

between residues W392-P408 and Y398-I414, respectively (Fig. 1, Anacystis 

nidulans PL and Synechocystis sp. PCC680 CRY numbering). Crystal structures 

of Arabidopsis thaliana CRY-DASH [14,17] suggest that this loop moves to 

coordinate substrate binding: Complexed with ssDNA [14], the loop is displaced 

by ~ 4.6 Å, enabling several loop residues to interact directly with the CPD. 

Structures of free [9] and bound [10] PL likewise reveal loop displacement of up 

to 10 Å, and interaction of the homologous residues with the CPD. However, 

bound to dsDNA, the recognition loop in PL is further ordered by interaction of 

P402 and L403 with the CPD-complementary adenines [10], and other residues 
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that occupy the ~10 x 10 Å hole left by the occluded CPD. Movement and 

restructuring of this loop may contribute to the barrier for DNA base flipping. 

Here, we assayed the conformational dynamics of PL (A. nidulans) and 

CRY-DASH (Synechocystis) using limited proteolysis. Since proteolysis of native 

proteins requires conformational rearrangement to position an extended peptide 

segment (e.g., ~12 residues). in the protease active site, it provides a probe of 

local unfolding and protein dynamics, Scheme 1 [18–23]. We find that proteolysis 

occurs selectively at one or two sites in native CRY or PL, respectively. With 

proteinase K, one site maps to the recognition loop, marking it among the most 

flexible region in both proteins. However, differences in the rates of proteolysis 

indicate that the recognition loop is more readily unfolded in CRY-DASH. We 

propose that heightened dynamics of the recognition loop in CRY-DASH may 

contribute to its compromised base flipping and inability to repair dsDNA. 

Materials and Methods 

Protein expression and purification. Anacystis nidulans PL and Synechocystis sp. 

PCC 6803 CRY-DASH (subsequently referred to as CRY) were prepared as 

previously described [6,24]. Briefly, GST-tagged CRY (pGEX vector, T. Todo) 

and untagged PL (pET3a vector, A. Yasui) were overexpressed in Escherichia 

coli JM109 and BL21, respectively, cultured at 37 °C. Cells were harvested by 

centrifugation, resuspended in column buffer (10 mM KPO 4, 140 mM NaCl, pH 

7–7.4; 5 mM DTT), flash frozen, and thawed on ice. Cell-free extracts were 

prepared by sonication. Crude CRY was purified on GST-Sepharose, 

concentrated to 5 mL, and cleaved from GST by thrombin digest. The mixture 
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was applied to heparin-Sepharose, pure CRY was eluted with a salt gradient, 

concentrated in storage buffer (10 mM K2PO4, 350 mM NaCl, 10% glycerol, pH 

7.3), aliquoted, flash frozen and stored at -‐80 0C (typical yield 1 mg/L). Crude PL 

was purified on two sequential heparin-Sepharose columns, followed by a DEAE-

Sepharose column, each eluted with salt gradients. Pure fractions were com-

bined, glycerol was added to a final concentration of 50%, aliquots were flash 

frozen and stored at -80 
o
C (typical yield ~2 mg/L).  

Limited proteolysis. Proteolysis reactions were carried out at ambient 

temperature (23 °C) in 10 mM Na2PO4/150 mM NaCl, pH 7.4, using chymotrypsin 

(CHY) or proteinase K (PK). Substrate concentrations were 0.5–0.7 µg/µL( 

~1µM), enzyme:substrate ratios ranged from 1:2000 to 1:10, and reaction times 

were 30 s to 77 h. Reactions were stopped by addition of SDS loading dye, and 

heat deactivation (3 min. at 97 °C). Proteolysis mixtures were analyzed by SDS–

PAGE (7 to 10%), stained with Coomassie Brilliant Blue or SYPRO Ruby Red 

(Invitrogen), and scanned using a conventional scanner or Typhoon imager 

(Amersham Biosciences), respectively. Bands intensities were quantified using 

Un-scan-it (Silk Scientific) or ImageQuant (Molecular Dynamics).  

Identification of proteolytic cleavage sites. The primary sites of proteolysis in PL 

and CRY were mapped by LC/MS/MS. After SDS–PAGE separation of limited 

proteolysis reactions, bands containing undigested parent proteins and the 

primary daughter proteins were excised from the gel. These samples were then 

in-gel digested with trypsin, extracted from the gel, separated by nano LC 

(reverse phase C-18), and detected by electrospray MS/MS (Midwest Bioser-
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vices, Fig. S2, Table S1, S2). Peptides were identified based on their mass and 

best match of secondary MS fragmentation pattern to those predicted for 

sequences within proteins. Peptide coverage maps were generated for each 

protein (Fig. S3). Comparison of the maps for the parent and daughter proteins 

identifies the primary cleavages sites (see Supplementary data). 

Results 

Primary proteolysis sites in CRY and PL  

Shown in Fig. 2A and B are SDS–PAGE analyses following 2 min 

proteolyses of CRY or PL with CHY or PK. Despite very different specificities 

(CHY cleaves at large hydrophobic residues, PK is non-specific), reaction of 

each protease with either CRY or PL generates a similar set of 1–4 products, 

closely matched in molecular weight (Fig. 2C, Fig. S4). Reaction with CHY yields 

one major daughter protein of high molecular weight (>40 KDa), together with the 

corresponding polypeptides fragments seen at the bottom of the gel (MW < 15 

KDa). The 3 KDa difference in molecular weight between the large daughter 

proteins, PL-CHY and CRY-CHY (Fig. 2C), is comparable to that between the 

parent proteins, suggesting a common proteolysis site. Reaction of CRY with PK 

also generates one major daughter protein (CRY-PK), smaller than that formed 

by CHY, together with lower molecular weight, minor products (asterisks in Fig. 

2B). With PL, PK generates two large daughter proteins (PL-PK1 and PL-PK2), 

and more evident lower molecular products (PL-PK3 and PL-PK4). The similar 

differences in MW, and results from extended proteolysis (Fig. S5), suggest that 

PL-PK3 and PL-PK4 are derived from secondary proteolysis of PL-PK1 and PL-
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PK2, respectively. The larger daughter protein, PL-PK1, has the same molecular 

weight as that formed by CHY, while PL-PK2 is smaller, and 3 KDa less than 

CRY-PK, implicating a second common proteolysis site in both proteins. This site 

appears to be unique to PK. In PL, PK is active at both sites, while in CRY it is 

selective for one.  

The primary cleavage sites generating the large daughter proteins were 

identified by LC/MS/MC (Material and methods, Supplementary data). As 

predicted from SDS–PAGE, cleavage to yield CRY-CHY, PL-CHY, and PL-PK1 

occurs at a common site in CRY and PL, specifically within the N-terminal, α/β 

domain at the K80-L81, W98-N99, and E94-A95 peptide bonds, respectively (Fig. 

2D, Fig. S1). The proteolytic sites yielding PL-PK2 and CRYPK map to a different 

common site in the α-helical domains of both proteins, specifically within the 

recognition loop (Fig. 2D, Fig. S1); PL-PK2 is generated by a cleavage between 

residues 402 and 404, while CRY-PK is generated by a cleavage between 401 

and 410.  

Sites of proteolytic susceptibility within native proteins correlate to sites of 

enhanced dynamics and greater access to higher energy cleavable 

conformations [20–23]. Crystallographic B-factors provide one measure of 

peptide flexibility in proteins. The B-factors of the recognition loop are the highest 

in CRY, 63 Å2 at Arg 407 [7], and are also large in PL, 69 Å2 at Lys 401 [9]. Yet, 

B-factors as high as 90 Å2 are reported for the unreactive loop 13 (Fig. S1) in PL 

[9]. Similarly, although the α-helical domain exhibits the largest crystallographic 

B-factors in PL and CRY, we also ob serve cleavage in the α/β domain of both 
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proteins. This is the exclusive CHY cleavage site in both proteins, and competes 

for cleavage of the PL recognition loop by PK. Each of these cleavage sites 

resides at the interface between a loop and a b-sheet (Fig. 2D) and has among 

the highest B-factors within the α/β -domain (33–52 Å2).  

Proteolytic reactivity of CRY and PL  

We next compared the reactivity of the two proteins towards short 

proteolyses at relatively high concentrations of PK where complete degradation 

may be observed (Fig. 3). The accumulation of daughter protein intermediates, 

PL-PK1, PL-PK2, and CRY-PK, marks initiating sites of enhanced reactivity 

within the parent proteins. A close correlation between loss of parent and 

formation of small peptide fragments is observed, and is qualitatively similar for 

PL and CRY. In CRY this occurs through selective reaction in the recognition 

loop, while in PL it involves competing primary cleavage in the N-terminal α/β 

domain: The recognition loop of CRY may be proteolytically more reactive.  

The time-dependence of PK proteolysis at a low E:S ratio reveals two 

significant differences in the proteolytic reactivity of CRY and PL (Fig. 4). First, 

CRY is completely cleaved in ~	  20 h, whereas PL persists for > 80 h. Second, 

loss of the parent proteins does not obey first order kinetics as expected for 

limited proteolysis under these experimental conditions where [S] << KM (vide 

infra) [20– 23,25]; the deviation, which slows decay of parent, is subtle for CRY, 

but severe for PL. The initial faster decay, which accounts for loss of 40% of both 

parent proteins, is complete within 0.5 h, similar for PL and CRY, and is not 

quantitatively analyzed here. The subsequent loss of parent protein may be fit to 
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a first order exponential decay to yield rate constants, (kobs, Scheme 1) of (6 ± 1) 

x	  10-5s-1 and (5±1) x	  10-6s-1 for CRY and PL, respectively. 

The biphasic decay kinetics, evident predominantly for PL, indicate 

reduced rate of primary cleavage as daughter proteins accumulate during 

proteolysis. The simplest explanation is product inhibition, through interaction 

with either the protease or the parent protein. The former leads to cleavage of the 

daughter proteins (Fig. 4), and could account for reduced cleavage of parent PL. 

However, if significant, reaction of CRY daughter proteins should likewise 

compete for its primary cleavage. Alternatively, interaction of the daughter 

proteins or peptide fragments with the parent protein may inhibit primary 

cleavage by PK. Since this inhibition is significant only for PL, it may be 

dominated by interaction at its unique cleavage site in the N-terminal α/β domain. 

Consequently, we propose that the first order reaction seen for both CRY and PL 

at times >>0.5 h predominantly reflects cleavage in their recognition loops.  

Discussion 

Correlating proteolysis kinetics with recognition loop dynamics  

The initial kinetic data presented here reveal faster recognition loop cleavage and 

lack of a competing reaction site in CRY, as compared to PL. The observed rate 

constants include the Michaelis–Menton kinetics for enzyme reaction with a 

denatured polypeptide segment, kint = kcat/KM[E] (Scheme 1), since the KM of PK 

[26] is in the range of 300–600 µM, the protein concentration is 1 µM, and the 

cleavable ‘‘substrate” concentration will be significantly lower [20,25]. As we have 

not identified the exact cut site within the recognition loops, we have not 
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measured kint [20]. However, given that PK is largely non-specific, significant 

variations in kint are not expected. Consistent are results from proteolysis under 

denaturing conditions (0.5% SDS): Lacking the constraints of their secondary 

and tertiary structures, both parent proteins are cleaved much more rapidly, with 

kobs ~1 x	   10-3s-11, similar for PL and CRY within experimental error. Greater 

access to cleavable recognition loop conformations in CRY likely contributes 

significantly to its 10-fold higher reactivity than PL under native conditions.  

It is possible that PL and CRY proteolyze only when denatured [22,23], and that 

increased access to reactive conformations in CRY reflects lower global stability. 

Detailed investigations of the thermodynamic stability of these proteins will be 

required to address this fully. However, our current results are not consistent with 

a proteolytic mechanism that requires global unfolding. First, reaction of largely 

unfolded protein with the non-specific PK should generate many fragments [27], 

rather than the specific primary cleavage products observed. Second, these 

proteins precipitate significantly if denatured. When CRY or PL is incubated with 

BSA for the same time periods, we detect little loss (≤10%) of soluble parent 

protein by UV–Vis spectroscopy or electrophoresis. Differences in accessibility of 

the recognition loop are also not readily ascribed to variations in the static 

structures of PL and CRY: The proteins possess ≤ 60% identical or closely 

related residues, >90% homology in secondary structure, and <1 Å RMSD in 

their tertiary structures from crystallography [7,9]. Their solvent-exposed surface 

areas, 20454 Å2 for PL (475 residues), and 21293 Å2 for CRY (483 residues), are 

also closely matched.  
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Instead, since cleavage requires local unfolding, the distinct reactivity of 

these structurally homologous proteins likely reflects differences in their complete 

energy landscapes [21]. This includes partially unfolded forms of the recognition 

loop that are reactive towards proteolytic cleavage, and whose formation is 

governed by the kinetics for conformational rearrangement within the native 

protein (kop, kcI Scheme 1) [20–23]. Specifically, the results suggest that in CRY, 

Kop = kop/kcI is shifted more towards the partially unfolded recognition loop. We 

note at least three conserved recognition loop residues in PL, W392, P402, and 

P408, that are distinct in CRY (Y398, D408, I414, respectively), and may 

contribute to differences in kop/kcI. A complete picture of the energy landscapes of 

these proteins will require characterization of the kinetics and thermodynamics of 

local and global folding/unfolding, and will be significant to understanding their 

divergent evolution. By identifying the recognition loop as a target for limited 

proteolysis, this report lays the groundwork for such investigations.  

Functional relevance of distinct recognition loop dynamics in CRY and PL 

Substitution of conserved PL residues, Met353 and Trp392, with Q359 

and Y398, respectively (Fig. 1), and an increase in the number of bound waters 

[14], decreases the hydrophobicity of the active site in CRY. This has been 

proposed to reduce the affinity of interactions with the CPD, and prevent CRY 

from maintaining the base flipped conformation [14,17]. However, the binding 

affinity of CRY for a CPD in ssDNA regions is closely matched to PL, as required 

for their equivalent repair efficiency [13,14].  I propose that heightened 

recognition loop dynamics in CRY may contribute to its compromised base 
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flipping. Base flipping enzymes access nucleosides by bending the DNA duplex, 

and rotating the target nucleoside(s) near 180° [15,16]. For PL, the activation 

barrier is estimated at 5–7 kcal/mol [28], and base flipping is presumably 

facilitated by the 30° kink in the DNA duplex induced by the CPD [29]. Induced-fit 

binding modes, engaging interactions with the flipped out dimer and 

complementary strand, likely also contribute significantly to the affinity of PL for 

its dsDNA substrate, but require ordering, and loss of conformational entropy, 

within the recognition loop. The more dynamic recognition loop of CRY may 

render this entropic penalty too large, and deactivate base flipping. By providing 

first data on distinct recognition loop dynamics in these proteins, our results offer 

a testable model for compromised base flipping by CRY.  
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Figures 

 

Fig. 1. The recognition loop in PL and CRY. Right: Zoom in on recognition loop (thick ribbon) of 

Anacystis nidulans photolyase (blue) bound to thymine dimer-containing dsDNA (purple). 

Residues interacting with the flipped out dimer, W392 and M353, as well as the complementary 

strand, P402, and L403 are shown as sticks. Left: Zoom in on the same region of Synechocystis 

sp. PCC6803 cryptochrome (green), with the coordinates of the PL-bound DNA superimposed 

(purple). Homologous recognition loop residues, Y398, Q359, D408, and F409, respectively, are 

represented as sticks. Structures rendered in Pymol using PDB files, 1tez [10] and 1np7 [7]. 
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Scheme. 1. Cartoon representation of proteolysis of a folded protein. Reversible, local unfolding, 

with ‘‘opening” and ‘‘closing” rate constants, kop and kcl, provides access to cleavable 

conformations, enabling proteolysis characterized by the intrinsic rate constant, kint. The observed 

proteolysis rate constant, kobs, includes the kinetics of local unfolding/folding. 

 

Fig. 2. Proteolytically-reactive sites in PL and CRY. Representative 8% SDS–PAGE gel stained 

with Coomassie Brilliant Blue following a 2 min proteolysis reaction of PL (A) or CRY (B) with 

CHY (E:S = 1:100) or PK (E:S = 1:400). Masses of molecular weight standards shown in KDa. 

Daughter proteins are labeled, and their molecular weights (±3 KDa, average of 3–6 experiments) 

are given in (C). Asterisks in (B) denote minor cleavage products, which like PL-PK3 and PL-PK4, 

are ascribed to secondary cleavage (see text). Primary cleavage sites generating each daughter 

protein are shown by arrows in the secondary structure schematics (a-helices and b-sheets 

denoted by cylinders and thick arrows, respectively), and surrounding sequence (D). Each 

daughter protein fragment is listed in (C).  
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Fig. 3. Proteolytic degradation of PL and CRY. Representative 7% SDS–PAGE gels stained with 

Coomassie Brilliant Blue following 2 min proteolysis of PL (A) or CRY (B) by PK. The E:S ratio is 

given above each lane. The undigested parent is at the far right, and masses of the molecular 

weight standards (KDa) indicated. The composition of each proteolysis mixture, quantitated from 

the SDS–PAGE gels, is plotted as a function enzyme concentration for PL (C), or CRY (D). 
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Fig. 4. Distinct proteolysis kinetics of PL and CRY. Representative 7% SDS–PAGE gels stained 

with SYPRO Ruby Red that illustrate the proteolytic pattern of PL (A) or CRY (B) by PK as a 

function of reaction time (E:S = 1:750). Proteolysis time (hours) is given above each lane; 

asterisks denote minor cleavage products as in Fig. 2. The concentration of parent protein 

(fraction of initial concentration on logarithmic scales, averages of three experiments with 

standard errors) as a function of proteolysis time for PL and CRY is shown in (C). Lines are fits to 

first order exponential decays (t ≤ 0.5 h), or linear equations (t ≥ 1 h). Inset shows same data 

plotted on a linear scale; lines are fits to a double first order exponential decays. 
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