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Abstract

Human diflavin oxidoreductases, methionine synthase reductase (MSR) and cytochrome

P450 reductase (CPR), share overall structural organization, substrate specificity, and di-

rection of electron flow. However, MSR exhibits repressed catalytic activity and weak

substrate binding compared to CPR. In this study, we identified structural features that

control the differential kinetic properties of these flavoenzymes. Single point mutations in

the MSR and CPR active sites were studied by steady state and pre-steady state absorbance

spectrophotometric techniques to reveal structure-function relationships.

In the research first chapter, we investigated the role of a conserved tryptophan in

MSR that lies coplanar with the FAD cofactor. Reducing the side chain size resulted in

a 1.5- and >400-fold tighter NADPH binding affinity in W697H and W697S and lowered

the preference for NADPH over NADH. W697H also accelerated flavin reduction by 4.6-

fold. Thus, the energetic cost of Trp697 displacement by the nicotinamide ring presents an

energy barrier to NADPH binding. Consequently, Trp697 regulates coenzyme affinity, and

coenzyme preference by ensuring initial recognition of the 2’,5’-ADP moiety. The second

research chapter evaluated the effect of more conservative mutations, W697Y and W697F,

that resulted in improved coenzyme binding affinity and 9-fold accelerated flavin reduction.

Equivalent mutations in CPR slowed flavin reduction. Thus, Trp697 gates hydride transfer

in MSR, but not in CPR. Instead, following hydride transfer, electron flow in CPR is

limited by displacement of the oxidized nicotinamide ring. This is supported by the 46-

fold faster flavin reduction of the 2’-phosphate-binding site variant K602AV603K which

weakened coenzyme affinity.

In the third research chapter, we analyzed the role of FAD proximal His322 which is

within hydrogen bonding distance to the catalytic triad residue Asp674 in CPR. The equiv-

alent residue in MSR is Ala312. Through reciprocal mutagenesis, we found that H322A had

stronger affinity for NADPH but slower flavin reduction, while A312H weakened coenzyme

affinity. His322 is proposed to weaken coenzyme binding affinity by competing with the

nicotinamide ring for electrostatic interaction with Asp674, thereby accelerating NADP+

release and electron flow through CPR.

The final research chapter shifted to the conserved FAD-stacking tryptophan residue

(Trp704) in plant CPR from Artemisia annua (AaCPR) for an additional perspective on
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overall CPR catalysis. The steady state and pre-steady state data revealed that Trp704

also triggers NADP+ release, however this step is not as critical for electron flux in AaCPR

compared to human CPR.
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The work presented in Chapter 2 has been published: [Carla E. Meints], Frida S. Gustafs-

son, Nigel S. Scrutton, and Kirsten R. Wolthers (2010). Tryptophan 697 modulates hydride

and interflavin electron transfer in human methionine synthase reductase. Biochemistry. 50:

11131-11142. I designed, expressed, and purified the enzyme variants. I also measured all

the steady state and pre-steady state kinetics for each variant via UV-visible spectropho-

tometry and stopped-flow experiments. Frida Gustafsson was an undergraduate student

working with me on the project. The manuscript was drafted by Dr. Kirsten R. Wolthers

with editorial comments by Dr. Nigel Scrutton.

A portion of Chapter 3 has been published with the exception of the coenzyme-binding

residue mutations: [Carla E. Meints], Svetlana Simtchouk, Kirsten R. Wolthers (2013). Aro-

matic substitution of the FAD-shielding tryptophan reveals its differential role in regulating

electron flux in methionine synthase reductase and cytochrome P450 reductase. FEBS Jour-

nal. 280: 1460-1474. Svetlana Simtchouk generated and expressed the tryptophan variants

of CPR and conducted some of the kinetic experiments. I carried on the work by designing,

expressing and purifying all other variants. I measured all the steady state and pre-steady

state kinetics for each variant via UV-visible spectrophotometry and stopped-flow methods.

I also measured the redox potentials of specified CPR variants. I analyzed the results and

contributed to the discussion and overall preparation of the manuscript with Dr. Kirsten

R. Wolthers.

The work of Chapter 4 has been published with the exception of the MSR hinge data.

[Carla E. Meints], Sarah M. Parke, and Kirsten R. Wolthers (2014). Proximal FAD histidine

residue influences interflavin electron transfer in cytochrome P450 reductase and methionine

synthase reductase. Archives of Biochemistry and Biophysics. 547: 18-26. Sarah M. Parke

was an undergraduate student that assisted me on the project. I designed, expressed,

and purified each variant. I also conducted the steady state and pre-steady state kinetic

experiments. With the assistance of Sarah, the redox potentials of the specified variants

were determined. I analyzed the results and contributed to manuscript preparation with

Dr. Kirsten R. Wolthers.

Chapter 5 was based on work conducted by myself in Dr. Kirsten R. Wolthers’ enzy-

mology lab. I designed and expressed the variants as well as performed all the steady state
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and pre-steady state kinetic experiments through UV-visible and stopped-flow spectropho-

tometric methods. I compiled, analyzed the results, and wrote the chapter with editorial

comments from Dr. Kirsten R. Wolthers.

I also co-authored the following paper during my PhD study: Svetlana Simtchouk,

Jordan L. Eng, [Carla E. Meints], Caitlyn Makins, and Kirsten R. Wolthers (2013). Kinetic

analysis of cytochrome P450 reductase from Artemisia annua reveals accelerated rates of

NADPH-dependent flavin reduction. FEBS Journal. 280: 6627-6642. I was involved in the

pre-steady state kinetic experimentation and analysis, as well as figure preparation.
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Chapter 1

Introduction

1.1 Flavin-dependent Enzymes

1.1.1 Biological Prevalence and Diversity

Flavin-dependent enzymes are ubiquitous throughout nature and are necessary for main-

taining the living condition of all known organisms. Approximately 1-3% of prokaryotic and

eukaryotic genomes encode for proteins that use flavins.1,2 Of the estimated 19 000 protein-

encoding genes in humans, 89 genes have been identified that encode for flavin-binding

proteins.3–5 The majority of these flavoenzymes catalyze electron transfers between obli-

gate two-electron donors (e.g. NADPH, NADH) and one-electron acceptors (e.g. metals,

oxygen).5 For this reason, flavoenzymes are common participants in the electron transport

chain of major energy metabolic pathways such as oxidative phosphorylation and photosyn-

thesis.6 The ability for the flavin cofactor to harvest light energy also enables it to function

in light-dependent reactions such as DNA repair and circadian rhythm regulation.7,8 Flavo-

proteins are further utilized in the metabolism of carbohydrates, amino acids, lipids and

nucleic acids, as well as a host of other biochemical processes as illustrated in Figure 1.1.9,10

1.1.2 Flavin Discovery

In 1879, an English chemist named Alexander Blyth isolated a yellow compound from

cow’s milk and named it lactochrome.11 Over fifty years later, two independent research

groups lead by chemists Richard Kuhn and Paul Karrer, solved the chemical structure of

the yellow compound, and it was renamed riboflavin: ribo- for the ribityl side chain and

-flavin from the Latin word for yellow flavius, Figure 1.2.12–14 While the riboflavin chemical

structure was still being determined, Otto Warburg isolated the first flavin-binding pro-

tein, Old Yellow Enzyme, during his work on the mechanism of biological respiration.14,15

Following Warburg’s work, Hugo Theorell treated this protein with ammonium sulfate at

low pH, which produced a white protein precipitate and a yellow nonprotein supernatant.

Both layers lost the NADPH oxidase activity observed in the untreated protein.14,16 How-

ever, mixing the yellow supernatant with the resuspended protein at the physiological pH

restored activity, indicating that both components are required for chemistry. Theorell

1
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�

Figure 1.1: Diversity of flavin-dependent biochemical processes. Figure is adapted from
van Berkel and Joosten.9

later identified the yellow component as a phosphorylated riboflavin, flavin mononucleotide

(FMN), shown in Figure 1.2. Three years later, Warburg and Christian conducted a similar

experiment on D-amino acid oxidase and determined the yellow nonprotein component to be

the condensation product of FMN and adenosine monophosphate (AMP), flavin adenosine

dinucleotide (FAD), as shown in Figure 1.2.14,17

1.1.3 Biological Sources of Flavins

Flavin cofactors, FMN and FAD, are derived from the water-soluble dietary precursor

riboflavin, an essential growth factor also known as vitamin B2. Plants and most mi-

croorganisms can synthesize riboflavin. However animals, rare prokaryotic and eukaryotic

microorganisms cannot and must obtain it from exogenous sources.18,19 Dietary sources in-

clude milk and dairy products, meats, fatty fish, and green vegetables. A secondary source

of riboflavin is provided by natural microflora of the large intestine.18 In foods, most of

vitamin B2 is derived from flavin-bound enzymes.20 As the enzymes are digested, the flavin

cofactors are hydrolyzed by nonspecific diphosphatases and liberated as free riboflavin in

the intestinal lumen.20,21 Free riboflavin is absorbed by small intestine enterocytes while

colonocytes absorb riboflavin produced by large intestine microflora.21,22 Once across the

cellular membrane, riboflavin is phosphorylated by riboflavin kinase to yield FMN in the

reaction shown in Figure 1.3. Phosphorylation serves as a metabolic trap to prevent dif-

2
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Figure 1.2: Chemical structure of riboflavin, flavin mononucleotide (FMN) and flavin
adenosine dinucleotide (FAD). The isoalloxazine ring, the ribityl chain, phosphate groups,
and adenosine are coloured in yellow, green, blue, and purple, respectively.
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1.1. Flavin-dependent Enzymes

fusion of free riboflavin out of the cell, which can be quickly excreted through the urinary

system.20,21 Available FMN can be converted to FAD by an adenylylation catalyzed by

FMN adenylyltransferase as shown in Figure 1.3. Blood plasma proteins, albumin and

certain immunoglobins bind and protect riboflavin and its derivatives for transport within

the bloodstream to target tissues.21,23 Upon arrival, the flavins are incorporated into newly

synthesized flavin-dependent enzymes.

1.1.4 Flavin Structure

The versatile chemistry of flavins arises from the chemically active isoalloxazine ring:

7,8-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione. It can exist in three redox states: fully

oxidized quinone, semiquinone (one-electron reduced), and hydroquinone (two-electron re-

duced), see Figure 1.4. Each of these states can exist in a pH-dependent protonated,

deprotonated, or ionic form.24 The oxidized quinone has a highly conjugated ring system

that is responsible for its visible absorbance properties. It is a brilliant yellow colour with

maximal absorbance peaks at 360 and 450 nm as shown in the spectral profile of a flavoen-

zyme in the oxidized state (Figure 1.5). The neutral semiquinone is blue with a broad

absorbance maximum from 580-625 nm. The unpaired electron on the semiquinone is par-

tially stabilized through delocalization in the conjugated ring.25 Noncovalent or covalent

interactions between the flavin and protein can act to destabilize or further stabilize the

semiquinone form.14 In the hydroquinone state, conjugation is interrupted and creates the

leuco (bleached) form which causes an absorbance loss at 450 nm. This electron-rich flavin

can participate as a one-electron donor, a two-electron donor via hydride transfer, or act as

a nucleophile at N5 or C4a atoms (see Figure 1.4 for atom numbering).2

In most flavoenzymes, the flavin is bound through noncovalent interactions with lo-

cal amino acids.26 The binding affinity is typically in the nanomolar range or lower, so

the flavin is considered a nondissociable prosthetic group rather than a dissociable coen-

zyme.2 Catalytic function, substrate specificity, substrate stereochemistry and flavin redox

potential have all been found to be influenced by the protein environment surrounding the

cofactor.2,14,26 For example, local protein interactions can finely tune the reactivity of the

oxidized isoalloxazine ring, given that it is a highly polarizable molecule.

A few flavoenzymes form a covalent linkage with the C8a or C6 positions on the isoal-

loxazine ring. The side chains of histidine, cysteine or tyrosine residues participate in the

covalent linkage.27 Covalent linkage has been proposed to be involved in protein stability,

oxygen reactivity, and controlling the cofactor redox potential. It has also been shown to

suppress deleterious modifications of the flavin during catalysis. For example, the cova-

lent linkage at C6 of FMN in trimethylamine dehydrogenase prevents formation of inactive

6-hydroxy FMN.27
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1.1. Flavin-dependent Enzymes

1.1.5 Common Flavin-Catalyzed Reactions

Flavoenzyme catalysis typically consists of two separate half-reactions where the bound

flavin alternates between oxidized and reduced states, shown in Figure 1.6. In the reduc-

tive half-reaction, an electron donor is oxidized and the flavin is reduced whereas in the

oxidative half-reaction, an electron acceptor is reduced and the flavin is oxidized. In the

oxidoreductase class of flavoenzymes, both the oxidative and reductive half-reactions in-

volve one- or two-electron transfers between redox active groups, such as metal centers

and pyridine nucleotides. An example of an oxidoreductase is ferredoxin-NADP(H) reduc-

tase, which be discussed in greater detail later in this chapter. Below are examples of how

other classes of flavoenzymes, dehydrogenase, oxidase and monooxygenase, employ different

mechanisms in their oxidative and reductive half-reactions to catalyze a great diversity of

chemical reactions.

Sred

Pox

Flox

Flred S'ox

P'red

   Oxidative 
Half-Reaction

   Reductive 
Half-Reaction

Figure 1.6: Oxidative and reductive half-reactions of typical flavoenzymes.

Mammalian acyl-Coenzyme A (CoA) dehydrogenase catalyzes the first step in fatty

acid β-oxidation.28 The enzyme introduces a trans double bond into short, medium, long

and very long chain acyl-CoA thioester substrates. The reductive half-reaction illustrated

in Figure 1.7 shows the concerted breakage of the αC-H and βC-H bonds where the first

hydrogen is abstracted by an active site base and the second is transferred as a hydride to

the flavin N5 atom to generate the reduced flavin and the trans-∆2-enoyl-CoA product. In

the oxidative half-reaction, the flavoenzyme is regenerated by two consecutive transfers of

reducing equivalents to electron transferring flavoproteins (ETF), which shuttle electrons

into the respiratory chain.

Mammalian D-amino acid oxidase (DAAO) catalyzes the oxidative deamination of D-α-

amino acids to the corresponding α-imino acids.29 Neuronal DAAO has been implicated in

regulating signaling in the brain through its action on D-serine, a ligand for N-methyl-D-

aspartate (NMDA) receptors.30 Figure 1.8 shows that binding of the appropriate D-α-amino

acid substrate is followed by direct hydride transfer to the N5 atom of the oxidized flavin

isoalloxazine ring in the reductive half-reaction.29,31 The imino product is then released and

nonenzymatically hydrolyzed to the corresponding keto acid. The reduced flavin is then
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Figure 1.7: Proposed catalytic mechanism of acyl-CoA dehydrogenase.

oxidized in the oxidative half-reaction by molecular oxygen. Oxygen is released as hydrogen

peroxide.

Bacterial p-hydroxybenzoate hydroxylase acts in the catabolism of aromatic compounds

such as p-hydroxybenzoate that are liberated during the biodegradation of lignin, a ma-

jor component of wood.32 First, the oxidized enzyme binds both p-hydroxybenzoate and

NADPH. A hydrogen-bond network then deprotonates p-hydroxybenzoate to the pheno-

late anion. This triggers protein rearrangements that lead to a pendulum-like movement

of the isoalloxazine ring from a buried ’in’ conformation to a more solvent-exposed ’out’

conformation. The latter enables NADPH-FAD complex formation and reduction of the

isoalloxazine ring. Following NADP+ release, the ring returns to the ’in’ conformation.32,33

In the oxidative half-reaction, the reduced FAD transfers a single electron to molecular

oxygen to form a superoxide anion, which then rapidly reacts with the C4a atom to form

a C4a-hydroperoxoflavin intermediate. The electrophilic properties of this intermediate en-

ables transfer of a hydroxyl to the substrate, which generates 3,4-dihydroxybenzoate. The

enzyme is restored following release of water and product.

1.1.6 Unusual Flavin-Catalyzed Reactions

DNA photolyases catalyze the reduction of cyclobutane pyrimidine dimers that are

formed in UV irradiated DNA.34 They are present in many organisms, including bacte-

ria, plants and some animals such as the goldfish (Carassius auratus) and the marsupial rat

kangaroo (Potorous tridactylis).35 The flavoenzyme contains FAD and a light-harvesting

chromophore, either 5,10-methenyltetrahydrofolate or 8-hydroxy-deazaflavin. In the first

step of catalysis, the positively charged groove of the enzyme binds to the damaged DNA

phosphodiester backbone and the pyrimidine dimer flips out of the helix into the enzyme
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cavity.36 Light is then absorbed by the chromophore and the excitation energy is transferred

to the reduced flavin which is located near the interior of the cavity. Electron transfer from

the reduced flavin to the pyrimidine dimer forms a ketyl radical, which decomposes stepwise

to split the cyclobutane into a pyrimidine-pyrimidine anion radical pair.37 Final electron

transfer back onto the flavin semiquinone regenerates the reduced flavin and the repaired

DNA is released.

Iodotyrosine deiodinase is the first identified mammalian member of the NADH oxi-

dase/flavin reductase superfamily.38 This enzyme relies on FMN to catalyze the reductive

dehalogenation of byproducts of thyroid hormone synthesis to generate iodide and tyro-

sine.39 These liberated products are then reused to produce more thyroid hormone. In the

absence of this flavoenzyme, precious iodine sources are excreted and an iodine deficiency

ensues.39 Iodotyrosine deiodinase is an unusual enzyme since reductive dehalogenation is

rarely observed in aerobic organisms, even less so in mammals.38 Only one other reduc-

tive dehalogenase is known in humans, a nonflavoenzyme that involves the participation

of thiol reductants and cysteine residues.40 Although the mechanistic details are still not

fully understood, iodotyrosine deiodinase catalysis has been determined to proceed without

the use of thiols and cysteines.38,41 Thus, this flavoenzyme is an excellent example of the

ever-expanding repetoire of known flavin-mediated reactions.

1.1.7 Ferredoxin NADP(H)-dependent Reductase, an Oxidoreductase

In a recent review of over 300 flavoenzymes, it was determined that ∼ 90% of flavin-

dependent enzymes belong to the catalytic class of oxidoreductase, which encompasses

10
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Figure 1.10: Proposed catalytic mechanism of DNA photolyase.

oxidation-reduction catalysis.5 Ferredoxin NADP(H)-dependent reductases (FNR) form one

of the largest families of oxidoreductases. They are monomeric, hydrophilic FAD-bound

enzymes. The first FNR was isolated from spinach chloroplasts in 1956 by Avron and

Jagendorf and given the name ”TPNH diaphorase” for its ability to transfer electrons to or

from NADP(H).42 In the following decade, Arnon and colleagues confirmed the physiological

role for FNR.43 The enzyme catalyzes the final step of photosynthesis where electrons are

transferred from ferredoxin, a small iron-sulphur protein, to NADP+ to yield NADPH.

In 1991, the X-ray crystal structure of spinach FNR was solved.44 Figure 1.11 shows the

structure is comprised of a two-domain motif. The FAD binds to an αβα-motif with a

compact six-stranded anti-parallel flattened β-barrel. The NADP(H)-domain consists of a

five-stranded β-sheet sandwiched by six α-helices with Rossman topology. Together, these

domains are referred to as the FNR module.44,45

Many more enzymes in the FNR family have since been discovered with a myriad of

physiological roles. For example, bacterial FNR transfers reducing equivalents from NADPH

to flavodoxin, an FMN-bound structural analogue of ferredoxin. Flavodoxin has numerous

redox partners that makes FNR indispensible for nitrogen fixation, steroid metabolism,

terpenoid biosynthesis, oxidative-stress response, and iron-sulphur cluster biogenesis in het-

erotrophic bacteria and fungi.46
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Figure 1.11: Crystal structure of spinach FNR with bound FAD (yellow) and 2’,5’-adenosine
diphosphate substrate moiety (grey). PDB 1FND.

1.1.8 The Diflavin Oxidoreductase Family

Members of the diflavin oxidoreductase family are multidomain enzymes that contain

noncovalently bound molecules of FAD and FMN. The enzymes transfer reducing equiva-

lents from NADPH to FAD to FMN and onto a physiological electron acceptor. Prokaryotic

members include the α-subunit of sulphite reductase of Escherichia coli and the reductase

domain of a fatty acid hydroxylase called flavocytochrome P450 BM3 from Bacillus mega-

terium.47,48 Known eukaryotic members are cytochrome P450 reductase (CPR), the reduc-

tase domain of nitric oxide synthase (NOS), methionine synthase reductase (MSR), and

human novel reductase 1 (NR1).49–53 This family likely emerged from the early evolution-

ary fusion of ancestral genes of prokaryotic FNR and flavodoxin.54 All members share the

following structural arrangement from N- to C-terminal: i) a FMN-binding domain homolo-

gous to bacterial flavodoxin, ii) a flexible hinge region that joins with a bridging connecting

domain, and iii) a FAD/NADPH-binding domain homologous to bacterial FNR. The over-

all domain organization of diflavin oxidoreductases, shown in Figure 1.14, is represented

by the structure for the prototypic family member CPR. CPR and MSR share the great-

est sequence similarity among the known diflavin oxidoreductases; a sequence alignment

of human MSR, human CPR, and plant CPR are shown in Figure 1.12 and distinguishing

structural features between CPR and MSR are highlighted in Figure 1.13.
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Figure 1.12: Sequence alignment of three diflavin oxidoreductases: human MSR, human
CPR, and plant CPR derived from Artemisia annua. An asterisk denotes an identical
residue, a colon denotes a conserved residue, and a period denotes a semiconserved residue.
The FMN-binding residues are boxed in blue, the FAD-binding residues are boxed in red,
and the NADPH-binding residues are boxed in purple.
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Figure 1.13: Primary sequence domain organization of human methionine synthase re-
ductase and cytochrome P450 reductase. The FAD/NADPH-binding domain in purple,
connecting domain (CD) in red, hinge region in green, FMN-binding domain in teal, and
transmembrane (TM) domain in peach.

Figure 1.14: Crystal structure of the prototypical human isoform of cytochrome P450
reductase [PDB 3QE2]. Structures are shown in a cartoon model with the FAD/NADPH-
binding domain, connecting domain, and FMN-domain coloured in purple, blue, and teal,
respectively. FAD and FMN flavins are represented in yellow stick model and the NADPH
molecule is in grey with the nitrogen, oxygen and phosphorous atoms coloured as blue, red,
and orange, respectively.
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1.2 Cytochrome P450 Reductase

1.2.1 Structure

CPR is a 78 kDa monomeric enzyme that is localized to the cytosolic side of the en-

doplasmic reticulum.55 It is anchored to the endoplasmic reticulum membrane by a 6 kDa

hydrophobic α-helical domain. To date, crystallization of full-length native human CPR has

been unsuccessful. However, removal of the N-terminal membrane-spanning helix enabled

expression and purification of a soluble form of CPR which formed crystals that diffracted in

the X-ray beam.49,56,57 Soluble CPR is a poor reductant for membrane-bound cytochrome

P450s, but it can reduce the non-physiological electron acceptor cytochrome c.58

The protein structure of the FMN-binding domain of CPR is presented in Figure 1.15. It

comprises a five-stranded parallel β-sheet sandwiched between five α-helices.49 The planar

FMN isoalloxazine ring is stacked between two aromatic residues, Tyr115 and Tyr77. The

latter is tilted 40◦with respect to the cofactor.56 The crystal structure further reveals that

the solvent-exposed dimethyl benzene edge of FMN is located within 4 Å of that of FAD.

The FMN mononucleotide moiety is also stabilized by electrostatic interaction with a helix

dipole formed at the N-terminal end of an α-helix.

A short 12 amino acid (Gly231-Arg242) hydrophilic hinge links the FMN domain to

the connecting domain which tethers to the FAD/NADPH-binding domain.49 Hamdane et

al. observed that shortening the hinge length progressively impeded electron transfer from

FAD to FMN and reduced enzyme activity.59 The hinge provides the flexibility required for

the FMN domain to form mutually exclusive complexes with i) the FAD/NADPH domain,

and ii) the terminal electron acceptor.

By definition of the diflavin oxidoreductase family, the FAD/NADPH-binding domain

is homologous to the FNR module; see Section 1.1.7.49,57 The FAD isoalloxazine ring is

surrounded by the ’catalytic triad’ (residues Ser457, Cys629 and Asp675 - human CPR

numbering), which facilitate the transfer of a hydride ion from the NADPH nicotinamide

ring to the isoalloxazine ring.60 The two conserved aromatic residues that stack against

the FAD isoalloxazine ring in Figure 1.16 are Trp676 and Tyr455. With NADP+ bound,

Trp676 is partially stacked over the isoalloxazine ring. Due to steric clash, the indole side

chain blocks the NADPH nicotinamide ring from moving into the FAD active site, which

is necessary for direct hydride transfer. Deletion of the C-terminal residues Trp676 and

Ser677 enabled the nicotinamide ring to stack over the isoalloxazine ring, as observed in

the variant crystal structure.61 Thus, conformational rearrangement of Trp676 is required

to accommodate the incoming nicotinamide ring.

Interestingly, Figure 1.17 shows a second orientation of Trp676 that was captured in the

NADP+-free form of CPR where a disulfide bond was engineered between the FMN and
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Figure 1.15: Crystal structure of CPR FMN-binding domain and FMN-stabilizing residues
[PDB 3QE2]. Left : The FMN-binding domain represented in cartoon model in teal and the
FMN cofactor shown in yellow stick model. Right : FMN-stabilizing residues. The FMN
cofactor in yellow with the standard atom-coloured stick model, shown stacked against
Tyr77 and 115 on the re- and si -sides, respectively. Hydrogen bonds are shown in black
dashed between the flavin and hydroxyl groups of Ser23, Thr25, Thr27 and Tyr77. Possible
contacts between the Gly78 and the isoalloxazine ring are also shown.
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Figure 1.16: Crystal structure of CPR FAD/NADP(H)-binding domain and FAD-
stabilizing residues. Left Human CPR FAD/NADP(H)-binding domain crystal structure
[PDB 3QE2]. The FAD-binding domain is represented in blue cartoon model, NADPH-
binding domain in purple, the FAD cofactor is shown in yellow stick model, and the NADPH
is shown in grey with the standard atom colouring. Right FAD-stabilizing residues. The
FAD cofactor is in yellow stick model with the standard atom colouring and potential hy-
drogen bonds are shown in black dashes.

FAD/NADPH domains (NADP+-free CPR without the disulfide link is not available).57

In this structure the Trp676 indole side chain is flipped and rotated by 90◦, such that

the entire indole ring lies planar to the isoalloxazine ring. This second structure suggests

that Trp676 adopts multiple conformations during catalysis.57 Trp676 is first fully stacked

with the isoalloxazine ring, then undergoes a NADPH-induced conformational change to the

partially stacked position, followed by displacement from the active site by the nicotinamide

ring.

Further scrutiny of the active site reveals a loop adjacent to the FAD isoalloxazine ring

with an aspartic acid (Asp634). Figure 1.17 displays the different orientations captured for

this residue. In substrate-bound CPR, the side chain of Asp634 is rotated away from the

active site.49 However in rat variants, with an engineered disulfide link or deleted Trp676,

the aspartic acid is projected between the isoalloxazine ring and the coenzyme-binding

site, therefore this residue must also undergoes NADPH-induced conformational change.57

Additional residues that form the coenzyme-binding site are shown in Figure 1.18. The

residues (Tyr604, Lys602, Ser596, and Arg597) are positioned for hydrogen bonding with

the 2’-phosphate of NADPH. Further stabilizing interactions are formed between Arg298

and Thr535 and the NADP+ pyrophosphate.
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Figure 1.17: Different orientations of active site residues Trp676 and Asp634 in CPR. Wild-
type human CPR is shown in purple while the disulfide linked rat variant is in cyan [PDB
3QE2 and 3OJW]. The 2’,5’-ADP moiety of NADPH is shown in grey with the standard
atom-coloured stick model. FAD isoalloxazine ring is in yellow with the ribityl adenosine
tail removed for clarity.

Figure 1.18: NADPH stabilizing residues at the coenzyme binding pocket for CPR [PDB
3EQ2]. Right Residues that interact with the NADPH 2’-phosphate. Left Residues that
interact with the NADPH pyrophosphate. NADPH is shown in grey with the standard
atom-coloured stick model. Potential hydrogen bonding interactions are shown in black
dashes.
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1.2.2 Enzymology

A general reaction scheme for the CPR reductive half-reaction has been proposed, and

it is shown in Figure 1.19.57,60,61 First, NADPH binds to the fully oxidized enzyme (Step

I). In Step II, a hyride ion is transferred from NADPH to the FAD isoalloxazine to form

the FAD hydroquinone. A single electron is then transferred from FADH2 to FMN to

yield the disemiquinone (III; FMNH• and FADH•)). In the fourth step (IV), the FMN is

fully reduced to the hydroquinone by a second electron transfer. Dissociation of oxidized

NADP+ allows for a second molecule of NADPH to bind and further reduce the enzyme

to the four-electron reduced dihydroquinone (V). Release of NADP+ and transfer of two

reducing equivalents to the appropriate acceptor completes the catalytic cycle.

E FAD
FMN

E FAD
FMN

NADPH NADPH

E FADH2
FMN

NADP+

E FADH
FMNH

(NADP+)

E FAD
(NADP+)

FMNH2
E FADH2
(NADP+)

FMNH2

NADPHNADP+

4H+, 4e-

I II

III

IVV

VINADP+

H+

+ H+

Figure 1.19: Proposed mechanism for NADPH-mediated reduction and oxidation of diflavin
oxidoreductases. I NADPH binds. II Donation of hydride ion from NADPH to FAD. III
Formation of the disemiquinone. IV Both electrons are transferred to the FMN to form the
hydroquinone. V Full four-electron reduction to the dihydroquinone by a second molecule
of NADPH. VI Transfer of reducing equivalents from the enzyme to terminal electron
acceptors regenerates the fully oxidized enzyme. The presence/absence of the oxidized
coenzyme is not absolutely known and depicted as parentheseses around NADP+.

Early experiments with spinach FNR established a clear bipartite binding model for

NADPH binding.62,63 Bipartite binding is defined as the initial anchoring of the 2’,5’-ADP

moiety to the enzyme, followed by displacement of the conserved FAD-stacking aromatic

residue by the nicotinamide mononucleotide (NMN) moiety of NADPH. This productive

placement orients the pro-R-hydrogen on the C4 atom of the nicotinamide ring to the N5

atom of the FAD isoallaoxazine ring shown in Figure 1.20. Deng et al. determined that for

FNR, the binding energy for the coenzyme is derived from polar interactions between the

2’,5’-ADP moiety and that initial docking of this moiety ensures that the enzyme favours
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1.2. Cytochrome P450 Reductase

binding of NADPH over NADH.62 Evidence of this bipartite binding model has also been

found in diflavin oxidoreductases, including CPR and MSR.64,65

Figure 1.20: Stereospecific orientation of the NADPH nicotinamide ring over the FAD
isoalloxazine ring. For clarity, only partial NADPH is shown in grey and the isoalloxazine
ring is shown in yellow with standard atom colouring.

Following productive placement of the nicotinamide ring, a hydride ion is donated to the

isoalloxazine ring to form the FADH2 hydroquinone.60 The midpoint potentials of the redox

couples NADPH/NADP+ (-320 mV) and FADox/hq (-333 mV) are similar, indicating that

reaction is not spontaneous (see Figure 1.21 for redox potentials).66 However, the highly

electropositive FMNox/sq couple (-66 mV) ensures that the next electron transfer step is

thermodynamically favourable. Thus, the FMNox/sq couple provides the driving force to

favour the forward flow of electrons in CPR. Kinetic analysis has shown that the hydride

and interflavin electron transfer steps (II and III) are tightly coupled.66,67

Following the first hydride transfer, the two-electron reduced CPR forms a quasi-

equilibrium mixture of disemiquinone (FADH•-FMNH•) and FMN hydroquinone (FAD-

FMNH2) due to the near isopotential values between the FADox/sq and FMNsq/hq cou-

ples.66–68 Since the FMNH• has extremely low reactivity towards cytochrome P450 reduc-

tion, FMNH2 is envisioned to serve as the electron donor.66,69 The final electron transfer

from FMN to the heme center of cytochrome P450 (∼ -300 mV) is a thermodynamically

unfavourable step. However, recent studies have shown that, when bound with substrate,

the heme center becomes +10-80 mV more electropositive than the FMNsq/hq.
70,71 In addi-
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Figure 1.21: Flavin redox potentials for diflavin oxidoreductases human MSR and
CPR. The oxidized/semiquinone redox couples are shown in white boxes, and the
semiquinone/hydroquinone redox couples are in grey boxes.

tion, the redox potentials of membrane-embedded CPR may shift to a less electronegative

value compared to soluble CPR.72

For intra- and intermolecular electron transfer, CPR undergoes large-scale conforma-

tional changes. Global domain motion in CPR has been extensively investigated through a

number of techniques including small-angle X-ray scattering, small-angle neutron scattering,

NMR and Forster fluorescence resonance energy transfer.73–76 All solved crystal structures

of native CPR are in a compact closed conformation where the interflavin distance is short-

ened to favour intramolecular electron transfer. However, since the FMN flavin is buried

in the closed state, it does not allow for electron transfer to an external protein partner.57

Therefore, the FMN domain must dissociate from the FAD/NADPH domain into an open

conformation that exposes the FMN cofactor for contact with and electron transfer to the

appropriate protein partner. Figure 1.22 shows the conformational dynamics of CPR with

respect to cytochrome P450 using available crystal structures.

1.2.3 Physiological Role

CPR catalyzes electron transfers to numerous physiological acceptors, including cy-

tochrome b5, squalene monooxygenase, and heme oxygenase.77–79 It also supplies electrons

to all microsomal cytochrome P450s, a large heme monooxygenase superfamily.67,80,81 In
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Figure 1.22: Conformational rearrangements adopted by cytochrome P450 reductase during
catalysis with cytochrome P450. Crystal structures are in cartoon coloured from N-terminal
(blue) to C-terminal (red) [PDB 3QE2, 3ES9 and 2CPP]. NOTE: the ’open’ structure is of
a CPR variant with 4 amino acids deleted from the hinge region and does not reflect the
exact in vivo conformation.

humans, fifty seven cytochrome P450 genes have been identified.82 These P450 enzymes

catalyze reactions as diverse as hydroxylations, N-, O- and S-dealkylations, peroxidations,

and epoxidations. Collectively, they act on a broad repertoire of substrates and are in-

volved in the metabolism of lipids, steroids, and fat-soluble vitamins.82,83 Additionally,

P450s metabolize xenobiotics such as drugs, polycyclic biphenols and the carcinogenetic

benzo[α]pyrene found in tobacco smoke.81 In general, the P450-catalyzed hydroxylation of

metabolites increases their solubility for downstream metabolism and excretion.

Microsomal P450 activity requires two consecutive electron transfers onto the P450 heme

to catalyze oxygen activation and substrate hydroxylation as presented in Figure 1.23. The

heme is an iron-protoporphyrin IX coordinated to a cysteine thiolate.84–87 In the resting

state, the ferric heme is bound to water. The incoming substrate displaces the water from

the center and shifts the redox potential of the heme (from -330 mV to -173 mV) to favour

electron transfer from CPR.84 A single electron is shuttled from the FMN hydroquinone of

CPR to the P450 heme. The reduced ferrous heme readily binds molecular oxygen to yield

a ferrous-dioxygen complex, which rapidly converts to a ferric superoxide complex. It is

reduced by a second electron and protonated to generate the ferric hydroperoxide complex.

This unstable complex rapidly undergoes a second protonation and heterolytic cleavage

of the O-O bond. Water is then released and the FeIV -oxo radical is formed.84,88 It is a

powerful oxidant and abstracts a substrate hydrogen to generate a short-lived carbon radical

and ferryl hydroxo intermediates.88 Finally, through a rebound mechanism the substrate is

hydroxylated and released, and the heme returns to the resting state.
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alkane hydroxylation by microsomal cytochrome P450 and reduction by cytochrome P450
reductase. The heme porphyrin ring is abbreviated to the pyrrole nitrogens coordinated to
iron. See text for details.

All microsomal P450s share similar overall topology: the conserved motif around the

heme-binding pocket, a proline-rich region, and an N-terminal hydrophobic transmembrane

domain. The most structural variation is around the substrate binding site.89,90 This struc-

tural variation accounts for the ability of the P450 family to utilize such a varied collection

of substrates. Although only 57 genes were found in humans, many more can be found in

flora. For example, 272 are identified in Arabidopsis thaliana and 457 in rice Oryza sativa

genomes.82,91,92 In plants, more P450s are required for the synthesis of pigments, growth

regulators, and plant toxins.93

1.2.4 Health Implications

CPR acts to maintain the activity of all microsomal cytochrome P450s, therefore de-

rangements in CPR function result in a broad spectrum of clinical phenotypes. These are

dependent on the affected P450s and the degree of CPR impairment. There are over 40

naturally occurring mutations identified in the gene encoding for CPR, POR.94,95 A poly-

morphic variation in one allele may not elicit any adverse effects, while eliciting subtle

effects on the physiological activity of P450s. For example, three polymorphisms in POR

have been identified that influence the P450-mediated metabolism of warfarin.96 Warfarin

is a potent anticoagulant with a very narrow therapeutic range, thus there is a potential

for thrombolic complications and haemorrhage if the dosage is overestimated. A recent
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method proposed to ensure safe dosage entails pharmacogenetic testing to determine the

specific POR polymorphisms in the patient to predict that individual’s ability to metabolize

the drug.96,97

Severe CPR deficiency arises from missense mutations in functionally important struc-

tural regions. This deficiency is a rare autosomal recessive disease with clinical phenotypes

such as congenital adrenal hyperplasia, disordered sexual development, and Antley-Bixler

Syndrome (ABS).95,98 ABS is a rare disease that causes craniofacial malformations and

additional skeletal anomalies. A comprehensive study of patients with apparant ABS re-

vealed two distinct diseases.98 First, ’classic’ ABS with normal steroidogenesis that is caused

by mutations in the fibroblast growth factor receptor 2 gene. Second, an ABS-phenotype

with steroid abnormalities and ambiguous genitalia that is caused by missense mutations

in POR.98,99 Clearly, normal CPR function is necessary for normal development. Inter-

estingly, while complete POR gene knockout mice is embryonically lethal, liver-specific

knockout mice develop normally with reproductive capabilities despite impaired bile acid

production and steroid metabolism.100–102 Therefore, hepatic CPR activity is not essential

for survival and nonhepatic CPR dysfunction must be the origin of the dysmorphology seen

in CPR deficiency.

1.3 Methionine Synthase Reductase

1.3.1 Structure

MSR and CPR share a diflavin topology with 42% amino acid sequence similarity.

Figure 1.24 displays the superimposition of MSR and CPR crystal structures to illustrate

their shared structural motifs. Unlike CPR, MSR is a 78 kDa monomeric soluble enzyme

that is localized in the cytosol.103,104 Although crystallization of full-length native human

MSR has not yet been successful, the structure of the enzyme without the FMN domain

has been solved.65 Based on the sequence alignment with CPR, the FMN domain of MSR is

expected to have the conserved FMN-binding fold, as described in Section 1.2.1. A notable

structural difference is the 82 amino acid hinge region in MSR, which is 5 times longer

than the corresponding region in CPR. The extended hinge is partially captured in the

MSR crystal structure. However, since the hinge is located at the N-terminal end of the

truncated protein, the observed extended position is likely nonphysiological.

Like CPR, the MSR FAD domain contains the ’catalytic triad’, a trio of residues

(Asp695, Cys650 and Ser454), and a conserved aromatic residue, Trp697, that lies pla-

nar to the re-face of the FAD isoalloxazine ring, shown in Figure 1.25.65 Interestingly, the

orientation of the indole side chain of Trp697 in MSR - both with and without NADP+

bound to the active site - is similar to that found in NADP+-free CPR where the entire

24



1.3. Methionine Synthase Reductase

Figure 1.24: Superimposition of the crystal structure of human MSR and CPR (with the
FMN domain of CPR removed) [PDB 3QE2 and 2QTZ]. Crystal structures are represented
in cartoon model. The connecting domain of CPR is red and light pink for MSR, FAD-
domain is in blue for CPR and light blue for MSR, NADPH-domain is in purple for CPR
and light purple for MSR. FAD bound flavin and NADPH are represented stick model as
yellow and grey, respectively.

indole side chain lies planar to the FAD. Moreover, the MSR aspartic acid residue (Asp652)

which is in the adjacent loop, projects towards the pyrophosphate in both NADP+-bound

and NADP+-free MSR. Again, while the position of the Asp652 carboxylate is similar to

that observed in the substrate-free engineered rat CPR, it is in stark contrast with that of

the substrate-bound human CPR.57,65 Thus, it seems that the binding of NADP+ to CPR

can induce stable structural changes in the coenzyme-binding cleft. These changes include

flipping of Trp676 and repositioning of the Asp loop which enables docking of the NADP+

pyrophosphate closer to the N-terminal end of the helix.57 In contrast, coenzyme binding to

MSR is unable to induce the same stable structural changes. Inspection of the 2’-phosphate

binding pocket, see Figure 1.26, reveals a similar network of polar residues that include

Tyr624, Ser610, and Arg611. A notable difference is Lys623, which is shifted by one amino

acid position in the primary sequence. This shift means that it is unable to form a direct

hydrogen bond with the 2’-phosphate.65 Figure 1.26 shows the coenzyme binding cleft of

MSR around the NADP(H) pyrophosphate. Compared to CPR, the cleft is more negatively
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Figure 1.25: Key residues around the active site in MSR [PDB 2QTZ]. The FAD isoallox-
azine ring is in yellow with the ribityl adenosine moiety removed for clarity. The ribose and
nicotinamide ring moieties of NADPH are disordered in this crystal structure, the 2’,5’-ADP
moiety is in grey with the standard atom colouring.

charged, but the electrostatic interactions from Thr547 and Lys291 with the coenzyme are

conserved.

1.3.2 Enzymology

The reductive half-reaction of MSR is expected to follow the same general reaction

scheme offered earlier for CPR in Section 1.2.2. Previous isothermal titration experiments

have also revealed the two-step binding mode of NADPH as discussed earlier for FNR and

CPR.65 Coenzyme binding in MSR is much weaker than in CPR, by >700-fold. Further-

more, while in CPR the dissociation constants (Kd) for NADP+ and 2’,5’-ADP are the same

(∼ 50 nM), in MSR they are not.64,65 The Kd for NADP+ is 37 µM and 2.4 µM for 2’,5’-

ADP, suggesting that the NMN moiety contributes unfavourably to the overall coenzyme

binding energy, as has been described for FNR.63,65

Like in CPR, hydride transfer is dependent on the displacement of Trp697 (Step I in

Figure 1.19). In contrast to CPR, hydride transfer is thermodynamically favourable, because

the FADox/hq is more electropositive (-272 mV). Moreover, hydride transfer is not coupled

to subsequent interflavin electron transfer (II and III).105 Interflavin electron transfer is

a much slower kinetic event in MSR. While the redox potentials of MSR are similar to

CPR, they span a much narrower range as shown in Figure 1.21. More compressed redox
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Figure 1.26: Stabilizing residues at the NADPH-binding cleft for MSR [PDB 2QTZ].
NADPH is shown in grey with the standard atom-coloured stick model. Potential hy-
drogen bonding interactions are shown in black dashes and water molecules are represented
as red spheres.

potentials may be a factor in the limited and slower formation of the disemiquinone in

MSR. In Step IV, the FMN hydroquinone is formed by a second electron transfer. Binding

of another NADPH generates the four-electron reduced state in Step V. Final electron

delivery to the physiological electron acceptor cobalamin-dependent methionine synthase

is thermodynamically unfavourable. The midpoint potential of the FMNsq/hq couple is -

260 mV, while that for the cob(I)alamin/cob(II)alamin couple is -490 mV.106 However, this

endergonic step is overcome by coupling electron transfer to the highly exogonic methylation

of cob(I)alamin by S-adenosylmethionine.

1.3.3 Physiological Role

Methionine synthase reductase is critical in one-carbon and folate metabolism by main-

taining the activity of methionine synthase (MS).52,103,104 MS, a vitamin B12(cobalamin)-

dependent enzyme, is at the junction of two major metabolic pathways. It catalyzes the

methyl group transfer from methyltetrahydrofolate (CH3THF) to homocysteine to produce

tetrahydrofolate (THF) and methionine.52 In the catalytic cycle shown in Figure 1.27, the

supernucleophilic cob(I)alamin (cobalt in 1+ oxidation state) abstracts the methyl group

from CH3THF to yield methylcobalamin and THF. Methylcobalamin donates the methyl to

the thiol group of homocysteine to generate methionine and regenerate cob(I)alamin. Ap-

proximately every 2000 catalytic turnovers, cob(I)alamin undergoes one electron oxidation,

producing cob(II)alamin.52 Cob(II)alamin is unable to carry on with catalysis, rendering

MS inactive. To restore MS to its active state, the MSR FMN domain forms a complex with
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the MS activation domain and transfers an electron to cob(II)alamin to yield cob(I)alamin.

This reductive reaction is coupled with a methyl donation by S-adenosylmethionine.106

In addition, MSR is also a special molecular chaperone for the conversion of MS apoen-

zyme to holoenzyme. The presence of MSR not only stabilizes the apoenzyme but its

reductase activity on aquacobalamin also produces cob(II)alamin. This is a cobalamin form

that is more easily integrated into the apoenzyme.107

MS is important for cell homeostasis for several reasons.108 First, CH3THF is the cir-

culating form of folic acid and MS is the only enzyme that can convert it to tetrahydrofo-

late. Tetrahydrofolate is an important biological cofactor for numerous pathways, includ-

ing purine and pyrimidine biosynthesis. Second, ATP-dependent conversion of methionine

yields S-adenosylmethionine (AdoMet), which is involved in all mammalian methylations

including nucleic acid, amino acid, protein, lipid, and secondary metabolite methylations.109

Enzymatic hydrolysis of the byproduct of AdoMet methylation, S-adenosylhomocysteine,

generates homocysteine, which is toxic to vascular endothelial cells in high levels.110 MS is

vital for recycling homocysteine to methionine which, in turn, is needed in protein synthesis

and reformation of AdoMet.

MS is a dynamic multidomain enzyme consisting of four distinct modules. The N-

terminal module comprises two tightly packed α/β barrel domains that form respective

substrate binding pockets for homocysteine and CH3THF (PDB 2CCZ).111 The central

module binds to cobalamin, a cobalt-containing cofactor. In the crystal structure of Es-

cherichia coli methionine synthase (MetH), the cobalamin lies at the interface of a Rossman-

like fold (βαβαβ motif) and a four helix bundle cap.112 The cap shields the cobalamin when

substrates are not bound. Lastly, the C-terminal activation domain is a C-shaped mixed α

and β domain with a central, bent antiparallel β-sheet with an AdoMet binding pocket.113

1.3.4 Health Implications

The importance of MSR in preserving the activity of MS is underscored by the clinical

consequences of derangements in folate and homocysteine metabolism. Two highly prevalent

polymorphisms have been identified in the MSR-encoding gene MTRR in humans: c.66A>G

(p.Ile22Met) and c.524C>T (p.Ser175Leu).103,114 Both polymorphisms result in MSR with

a 4-fold reduced ability to reactivate MS.115 Women that have the c.66A>G polymorphism

on both alleles have an increased risk of bearing children with neural tube closure defects or

trisomy 21 (Down’s Syndrome).116–119 Pregnant women with low plasma cobalamin levels

exasperate this risk.116,120

Severe MSR dysfunction arises from the autosomal recessive inheritance of mutations

in the MTRR gene.103 Impaired MSR leads to a decrease in MS activity that results

in hyperhomocysteinemia and hypomethioninemia.103,121 These metabolic conditions can
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lead to megaloblastic anemia, severe neurological deficits, developmental delay, and blind-

ness.122,123 Elevated plasma homocysteine levels are linked to an increase in risk for cardio-

vascular disease and Alzheimer’s disease.122,124–126 Neurological disorders may be caused

by a depletion of folate pools, thereby disrupting protein and DNA synthesis and cellular

division.126 The absence of any MSR activity is embryonically lethal, as shown in MTRR

gene knockout studies in mice.123

1.4 Research Aims

The aim of this research was to investigate the structural origins of the differential ki-

netics of electron transfer in two diflavin oxidoreductases, CPR and MSR. Superimposition

of primary and tertiary structures of CPR and MSR allowed for the design of structural

variants based on conserved and nonconserved amino acid residues at the FAD/NADPH-

binding domain. First of all, I sought out the role of the conserved FAD-stacking tryptophan

residue in the coenzyme binding and electron transfer properties in MSR. Through compar-

ative mutagenesis studies with CPR, I aimed to determine if the homologous tryptophan

retained the same functional role. Through each experiment, I strove to shed insight into

the regulation of electron flux in these enzymes. Secondly, I targeted potential active site
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residues involved in coenzyme binding and examined their influence on catalysis. Finally,

for an additional perspective of diflavin oxidoreductase catalysis, I extended my research to

CPR from Artemisia annua, a plant species.

In an effort to meet these research goals, conspicuous and subtle structural variants

of CPR and MSR were expressed and isolated. The overall catalytic performance of these

variants was assessed by the steady state reduction of an artificial terminal electron acceptor.

Furthermore, the strength of coenzyme binding in enzyme variants was measured by product

and dead-end inhibition studies. Rapid enzymatic reduction kinetics were characterized by

stopped-flow spectrophotometry. A comprehensive analysis of various enzyme variants by

these techniques revealed the functional role of specific structural elements in the catalytic

mechanism of CPR and MSR.
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Chapter 2

Probing the Regulatory Role of an

Active Site Trp697 in Methionine

Synthase Reductase

2.1 Summary

In this chapter, the role of the FAD isoalloxazine ring-shielding tryptophan residue

(Trp697) in MSR is investigated through various strategic amino acid exchanges. Two

mutations are made to the penultimate Trp697 to reduce and remove the π-π-stacking in-

teraction with the isoalloxazine ring: W697H and W697S. The C-terminal residue Ser698

is also targeted for mutagenesis: S698A and S698∆. Steady state and pre-steady state

kinetic properties of each MSR variant are characterized through the use of aerobic spec-

trophotometry and anaerobic stopped-flow spectrophotometry. Through these experimental

techniques, the large indole side chain of Trp697 is found to play an important regulatory

role in coenzyme recognition and intramolecular electron flow in MSR. Interflavin electron

transfer is enhanced by the presence of Trp697. Bipartite binding of the coenzyme is sup-

ported by shielding the FAD isoalloxazine ring, thereby ensuring substrate selectivity based

on the 2’-phosphate group.

2.2 Background

FNR enzymes, including diflavin oxidoreductases, all have a conserved aromatic residue

that stacks against the re-face of the FAD isoalloxazine ring. The conserved aromatic is a

tyrosine in FNR, phenylalanine in nitric oxide synthase, and a tryptophan in cytochrome

P450 reductase and methionine synthase reductase.49,65,127 X-ray crystallography of plant

FNRs show that the tyrosine lies coplanar to maximize π orbital overlap with the FAD

isoalloxazine ring.44 For direct hydride transfer, the nicotinamide ring must position the

C4 pro-R hydrogen within 4Å of the N5 nitrogen of the isoalloxazine ring.61,128 In this

conformation (see Figure 2.1), the nicotinamide ring occupies the same space as the aromatic
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residue, and therefore productive substrate binding requires a structural rearrangement

that, at a minimun, involves residue displacement.44

Early X-ray crystallography and mutagenesis studies in FNR have provided insight into

the role of the aromatic residue in coenzyme binding. Productively-bound nicotinamide has

only been captured in FNR crystals upon deletion or mutation of the aromatic to a smaller

side chain, suggesting that the residue does obstruct nicotinamide ring placement.62 By

mutating Tyr308 to a nonaromatic serine, the FNR variant has a much greater affinity for

NADP+ and NAD+.63 Thus, Tyr308 destabilizes the nicotinamide ring such that the ener-

getic cost of residue displacement outweighs the energetic gain of nicotinamide ring bind-

ing.62,63,129 Moreover, the Tyr308Ser variant also significantly reduced the preference for

NADPH over NADH. Equivalent mutations in NOS and CPR were shown to produce similar

effects on substrate binding.61,130–132 By obstructing the nicotinamide ring of NADPH and

NADH, the residue ensures the coenzyme binds according to the bipartite binding model

first described for FNR.44,62 Despite enhanced coenzyme binding, nonaromatic mutations

to the FAD active site residue generate reduced catalytic activities in both FNR and CPR

variants. The reduced catalytic activity is attributed to slow NADP+ release.61,63,132

Figure 2.1: Crystal structure of MSR (PDB 2QTZ) superimposed with a NADPH-bound
variant rat CPR W676XS677X (PDB 1JAO) to illustrate the inevitable steric clash between
Trp and the nicotinamide ring. The flavin is shown in yellow with the ribityl adenosine tail
removed for clarity. NADPH is in grey and the MSR C-terminal residues, Trp697 and
Ser698, are shown in light purple with the standard elemental colouring.

For MSR, the re-face of the FAD isoalloxazine ring forms π-π interactions with the indole

ring of a tryptophan residue (Trp697). X-ray crystallography shows that the entire indole

ring of Trp697 overlaps with the isoalloxazine ring.65 In NADP+-bound MSR, only electron
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density for the bound 2’,5’-ADP moiety is observed, which indicates that the nicotinamide

ring moiety is delocalized. Isothermal titration calorimetry revealed that 2’,5’-ADP binds

to MSR with a 14-fold stronger affinity than NADP+.65 As in FNR and other diflavin oxi-

doreductases, the coenzyme binds to MSR in a bipartite manner which promotes a strong

preference for NADPH over NADH. Thus, the nicotinamide ring energetically disfavours

coenzyme binding which, by analogy with FNR, is attributed to the energetic cost of aro-

matic residue displacement. To determine if the penultimate Trp697 has a differential role

in coenzyme binding in MSR, the effects of mutations to this residue are examined. Fur-

thermore, since coenzyme binding precedes hydride transfer and subsequent electron flow

through the enzyme, the effects of mutations to Trp697 on the catalytic activities of human

MSR are also investigated.

The functional role of C-terminal residues, Trp697 and Ser698, in regulating coenzyme

binding and electron flux in MSR was determined by mutagenesis. Two mutations of

Trp697 were made: W697H and W697S. The imidazole side chain of W697H reduces the

π-π stacking interaction with the FAD isoalloxazine ring. This variant is designed to reduce

the energetic cost of residue displacement by the coenzyme. The W697S variant abolishes

any π orbital overlap with the isoalloxazine ring of FAD and is anticipated to significantly

improve coenzyme binding by favouring the productive nicotinamide ring conformation.

Structural rearrangement of Trp697 is expected to confer movement to the adjacent C-

terminal Ser698, and therefore the S698∆ and S698A mutations were constructed. The

S698∆ variant was designed to examine the effect of the additional conformational change

of the C-terminal serine backbone on coenzyme binding, while the S698A variant assessed

the potential contribution of the hydroxyl side chain. The steady state kinetic properties

of each variant were measured by spectrophotometric analysis of cytochrome c reduction.

Coenzyme binding was evaluated through product and dead-end inhibition studies with

NADP+ and 2’,5’-ADP, respectively. Finally, stopped-flow spectrophotometry allowed for

detection of the rapid reduction of each variant with saturating NADPH.

2.3 Results

2.3.1 Steady state kinetic data

MSR-catalyzed reduction of cytochrome c3+ was used to determine the steady state

kinetic parameters for the four variants. The data are summarized in Table 2.1. Cytochrome

c3+ is widely used as a nonphysiological terminal electron acceptor for the kinetic analysis of

diflavin oxidoreductases, making it an ideal substrate for comparative purposes. It also only

accepts an electron from the FMN cofactor, therefore catalytic turnover, k cat, encompasses

both the hydride transfer to FAD and the FAD to FMN electron transfer steps. For wild-
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Table 2.1: Steady state kinetic parameters of wild-type and variant MSR with NADPH.
Conditions: 1 mL reaction volume, 8 µM cytochrome c3+, 2 pmole enzyme, varied [NADPH]
and [inhibitor], 50 mM Tris-HCl pH 7.5 at 25 ◦C. Assays were done in triplicate and fit to
the Michaelis-Menten equation. Inhibition data from four inhibitor concentrations were fit
to a competitive inhibition equation.a Data acquired from Wolthers et al.65

MSR Inhibitor k cat Km Ki k cat/Km

(s−1) (M × 10−6) (M × 10−6) (s−1M−1 × 10+6)

aMSRWT NADP+ 7.23 ± 0.14 2.37 ± 0.17 37 ± 3 3.1 ± 0.3

2’,5’-ADP 6.62 ± 0.13 1.95 ± 0.14 1.44 ± 0.11 3.4 ± 0.3

S698∆ NADP+ 12.2 ± 0.4 1.95 ± 0.18 2.2 ± 0.3 6.2 ± 0.8

2’,5’-ADP 13.9 ± 0.5 2.7 ± 0.3 0.45 ± 0.05 5.2 ± 0.8

S698A NADP+ 3.2 ± 0.2 4.7 ± 1.1 9 ± 2 0.7 ± 0.2

2’,5’-ADP 2.56 ± 0.13 5.6 ± 0.8 0.43 ± 0.06 0.45 ± 0.09

W697S NADP+ 0.64 ± 0.02 0.25 ± 0.06 0.09 ± 0.02 2.6 ± 0.7

2’,5’-ADP 0.69 ± 0.01 0.44 ± 0.06 2.4 ± 0.5 1.6 ± 0.2

W697H NADP+ 15.3 ± 0.6 4.0 ± 0.5 26 ± 5 3.8 ± 0.6

2’,5’-ADP 18.3 ± 0.5 3.8 ± 0.3 0.98 ± 0.08 4.8 ± 0.5

type MSR, the catalytic turnover, k cat, for cytochrome c3+ reduction is 3-7 s−1.65 An

enhanced k cat of 15 s−1 and 12 s−1 is observed for W697H and S698∆, respectively. The

rate of reduction for W697S is reduced by 12-fold to 0.6 s−1 while that for S698A (3

s−1) remains similar to wild-type. The catalytic efficiency (k cat/Km) with NADPH for all

variants is also comparable to wild-type, with the exception of a 6-fold less efficient S698A.

Steady state inhibition studies were conducted to measure the affect of the amino acid

variations on the binding of NADP+ and 2’,5’-ADP. The results are compiled in Table

2.1. Inhibition constants, Ki, for 2’,5’-ADP binding in the variants range from 0.4 µM

to 2.4 µM, similar to wild-type. Across all variants, the 2’,5’-ADP moiety elicits a tighter

binding affinity over NADP+, as observed for wild-type MSR, with the exception of W697S.

Stronger binding affinity for the oxidized coenzyme was measured in all variants, with the

highest binding affinity observed for W697S (Ki = 0.09 µM). Notably, the W697S variant

also elicited the slowest catalytic turnover. Next strongest is S698∆ with Ki of 2 µM,

followed by S698A (Ki = 9 µM) and then W697H (Ki = 25 µM).
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Figure 2.2: The NADPH oxidation activity of MSR variants. Conditions: 1 mL reaction
volume, 2 pmole enzyme, 1 mM NADPH, 50 mM Tris-HCl pH 7.5 at 25 ◦C. The average
of three replicates and the associated error are listed above for each variant.

2.3.2 Uncoupled NADPH oxidation

To dissect the individual steps of the catalytic mechanism that are affected by the active

site substitutions, uncoupled NADPH oxidase activity was evaluated. The results are shown

in Figure 2.2. Uncoupled NADPH oxidase activity is defined as flavin reduction by NADPH

and the subsequent flavin re-oxidation by O2. Therefore, the observed rates of NADPH

oxidation are not dependent on interflavin electron transfer. W697H and S698∆ exhibited

enhanced NADPH oxidase activity of 8- and 10-fold, respectively. S698A oxidase activity

was modestly slower than wild-type, while that of W697S was reduced by approximately

half. As the interflavin electron transfer step is excluded from these activity studies, the

enhanced steady state turnover rates observed are accredited to improved hydride transfer

and/or coenzyme binding/dissociation.

2.3.3 Coenzyme Preference

Wild-type MSR possesses a strong >19 000-fold preference for 2’-phosphorylated

NADPH over NADH.65 To test if this coenzyme specificity is preserved in the W697

variants, the kinetic properties using NADH as an electron donor were measured, and

the results are summarized in Table 2.2. Coenzyme specificity is reported by the ra-

tio of [(k cat/KNADPH)/(k cat/KNADH)]; W697H preference for NADPH dropped to 3473-

fold, while W697S almost lost coenzyme discrimination with only a 20-fold preference for
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Table 2.2: Steady state kinetic parameters of wild-type and W697 MSR variants with
NADH. Conditions: 1 mL reaction volume, 2 pmole enzyme, 8 µM cytochrome c3+, var-
ied [NADH], 50 mM Tris-HCl pH 7.5 at 25 ◦C. Assays were done in triplicate and fit to
Michaelis-Menten equation. a Data acquired from Wolthers et al.65

MSR k cat Km k cat/Km (k cat/KNADPH)/
(s−1) (M ×10−3) (s−1M−1 ×10+3) (k cat/KNADH)

aMSRWT 0.24 ± 0.03 3.5 ± 0.6 0.068 ± 0.014 19400

W697S 8.1 ± 0.4 0.06 ± 0.01 131 ± 30 20

W697H 4.7 ± 0.9 4.5 ± 0.4 1.1 ± 0.3 3473

NADPH. Aromatic stacking with the isoalloxazine ring clearly imparts regulatory control

in the proclivity of NADPH use versus NADH.

2.3.4 Multiple wavelength pre-steady state kinetics

Pre-steady state reduction of MSR variants with saturating NADPH was followed by

stopped-flow spectrophotometry in an oxygen-free environment. Photodiode array detection

allowed for the recording of UV-visible spectra from 380 to 700 nm over a select time domain.

Figure 2.3 shows the full spectra collected for S698A over 200 s by this method. These spec-

tral data are then resolved by the singular value decomposition (SVD) algorithm to give an

approximate number of spectral intermediates. This analysis aids in determining the best

model for use in global analysis, see Figure 2.4 and Table 2.3. As for wild-type MSR, the

S698 variants were best fit to a four species, triphasic irreversible model (a→b→c→d).133

W697 variants fit best to a three species, biphasic model (a→b→c). The intermediate

spectral profiles and their respective observed rate constants of formation/decay represent

an equilibrium distribution of enzyme intermediates that form over the course of the re-

action. As such, the spectral intermediates (a, b, c, d) do not represent distinct enzyme

intermediates.

The first kinetic phase is assigned to the reduction of fully oxidized enzyme, spectral

species a, to a partially reduced species b. Across all variants, this kinetic phase (kobs1)

shows only a partial loss of absorbance at the flavin maxima 454 nm. Based off of this ab-

sorbance change, the first kinetic phase represents hydride transfer to FAD to form FADH2.

The fastest observed rate constants for hydride transfer were observed for W697H and

S698∆ (115 s−1 and 82 s−1, respectively), which are 4- and 3-fold faster than wild-type

MSR. The rate constant for S698A is comparable to native MSR. The W697S variant,

however, is 8-fold slower (3 s−1).
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Figure 2.3: Anaerobic reduction of MSR variant S698A with saturating NADPH monitored
with multiple wavelength stopped-flow spectrophotometry. Conditions: 10 µM enzyme, 100
µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Full spectral reduction of S698A,
300 scans over 200 s, is reduced to ∼20 traces for clarity.

Table 2.3: Observed rate constants of the pre-steady state reduction of MSR variants. Con-
ditions: 10 µM enzyme, 100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. S698
variant reduction was best fit to a three-step kinetic model while W697 variant reduction
was best fit to a two-step kinetic model.a Data acquired from Wolthers et al.65

MSR kobs1 (s−1) kobs2 (s−1) kobs3 (s−1)

aMSRWT 24.9 ± 0.1 0.18 ± 0.01 0016 ± 0.003

S698∆ 82.1 ± 0.7 2.01 ± 0.04 0.019 ± 0.001

S698A 27.2 ± 0.3 2.33 ± 0.01 0.025 ± 0.001

MSR kobs1 (s−1) kobs2 (s−1)

W697S 3.4 ± 0.1 0.011 ± 0.001

W697H 115.3 ± 0.6 0.008 ± 0.001

37



2.3. Results

0

1 0

2 0

3 0

4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0
0

1 0

2 0

3 0

4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0

 

A

 

 

Mo
lar

 Ab
sor

bti
vit

y (
mM

-1 
cm

-1 )

a

b

c

d

 

 

B

 

 

a

b

c

d

C

c

b
a

Mo
lar

 Ab
sor

pti
vit

y (
mM

-1 cm
-1 )

W a v e l e n g t h  ( n m )

  

 

W a v e l e n g t h  ( n m )

a

b

c

D

Figure 2.4: Spectral profiles for anaerobic reduction of MSR variants by saturating NADPH
monitored with multiple wavelength stopped-flow spectrophotometry. Conditions: 10µM
enzyme, 100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Time-resolved
spectral intermediates for S698A (A), S698∆ (B), W697H (C ), and W697S (D). S698
variants follow a three-step kinetic model with four discrete spectral species (a→b→c→d)
and W697 variants follow a two-step kinetic model with three discrete spectral species
(a→b→c), associated rate constants are summarized in Table 2.3.
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The second kinetic phase (kobs2) for the S698 variants is attributed to interflavin elec-

tron transfer, and this is represented by a further decrease in absorbance at 454 nm and

an increase in absorbance at 600 nm. The latter absorbance change is indicative of the

formation of the disemiquinone species E-FADH•-FMNH•. Both S698A and S698∆ elicit

a kobs2 of ∼2 s−1 for the conversion of spectral species b to c. Over 100 s, the formation

and decay of the disemiquinone is observed at 600 nm, see Figure 2.7. The third phase,

conversion of species c to d, represents the binding of a second molecule of NADPH and

reduction to the four-electron reduced state E-FADH2-FMNH2. This final phase, kobs3, is

equivalent to wild-type MSR for both S698 variants (∼0.02 s−1).

The kinetic profile for the W697 variants are notably different. For these variants,

reduction occurs in two kinetic phases without an observable disemiquinone intermediate.

As stated above, the first kinetic phase occurs with the absorbance loss at 454 nm. For both

variants, the associated amplitude change for the first kinetic phase is less than that observed

in wild-type and S698 variants. Furthermore, unlike the native enzyme, the second kinetic

phase is not accompanied by an increase in absorbance at 600 nm. Inspection of absorbance

traces at 600 nm over 100 s (Figure 2.7) reveals a lack of any detectable disemiquinone.

Thus, the second kinetic step encompasses the conversion of two-electron reduced species b

to the full four-electron reduced species c by a second NADPH molecule. The kobs2 for this

second kinetic phase is ∼0.01 s−1 for both W697 variants.

The fact that W697H and W697S are reduced to the full four-electron reduced state

(evident by the final absorbance spectra), indicates that interflavin electron transfer occurs

in these enzyme variants. This is further confirmed by the ability of the two variants

to reduce cytochrome c3+, which accepts electrons from the FMN cofactor. To further

test that the W697 variants are capable of interflavin electron transfer and formation of

the disemiquinone species, they were rapidly mixed with an equimolar concentration of

NADPH to produce a two-electron reduced species. As predicted, a decrease in absorbance

at 454 nm with an increase at 600 nm marked the slow interflavin exchange of electrons

as equilibrium is established over 750 s (Figure 2.5). These results suggest that the lack of

detectable disemiquinone is a consequence of attenuated interflavin electron transfer, rather

than the inability of the enzymes to form the disemiquinone species.

2.3.5 Single wavelength pre-steady state kinetics

Enzymatic reduction was followed at the flavin and disemiquinone absorption max-

ima 454 nm and 600 nm, respectively, by anaerobic stopped-flow spectrophotometry. The

collected traces are shown in Figure 2.6 and Figure 2.7. Data acquisition over a single

wavelength generates stopped-flow traces which facilitate determination of individual, fast

rate constants. Fitting traces at 454 nm to a double-exponential equation produced two

39



2.4. Discussion

4 0 0 5 0 0 6 0 0
0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

0 . 2 0

4 0 0 5 0 0 6 0 0 7 0 0
W a v e l e n g t h  ( n m )

A
Ab

sor
ban

ce

W a v e l e n g t h  ( n m )

B

Figure 2.5: Anaerobic reduction of MSR variants by equimolar NADPH monitored with
multiple wavelength stopped-flow spectrophotometry. Conditions: 10µM enzyme, 10 µM
NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. W697S (Panel A) and W697H (Panel
B) were rapidly mixed with NADPH and monitored over 750 s.

observed rate constants for each variant over a 10 s time frame. As in the PDA data anal-

yses, kobs1 is fastest for W697H (136 s−1) followed by S698∆ (106 s−1), S698A (23 s−1)

and W697S (3.5 s−1). The second kinetic phase for S698∆ and S698A occurs with a rate

constant kobs2 of 3.7 s−1 and 1.6 s−1, respectively. An extended time frame of 500 s captures

the complete reduction of W697S and W697H and yields a kobs2 of 0.005 s−1 for both which

are comparable to the PDA acquired rate constants.

The dependence of kobs1 on the concentration of NADPH for each variant was also ana-

lyzed by single wavelength absorption studies at 454 nm. In wild-type MSR, the hyperbolic

dependence of kobs1 on NADPH concentration allows for the extraction of a dissociation

constant, Kd.133 Figure 2.8 shows the independence of kobs1 on [NADPH] observed for all

MSR variants, which suggests that the binding of NADPH is much tighter for these variants.

2.4 Discussion

2.4.1 Regulation of coenzyme preference by Trp697

Coenzyme preference is clearly established in native MSR with a strong 19 400-fold

preference for NADPH over NADH.65 The two coenzymes only differ by a 2’-phosphate

group. At the coenzyme binding cleft, the 2’-phosphate group sits in a pocket of well-

conserved polar residues. The strong affinity for the 2’,5’-ADP moiety is attributed to
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Figure 2.6: Anaerobic reduction of MSR variants by saturating NADPH monitored with
single wavelength stopped-flow spectrophotometry at 454 nm. Conditions: 10 µM enzyme,
100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. S698A (Panel A), S698∆
(Panel B), W697H (PanelC ), and W697S (Panel D) were rapidly mixed with NADPH and
monitored over 10 s at 454 nm. Insets for Panel C and D are the linear absorbance traces
at 454 nm over 500 s to show completion.
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Figure 2.7: Anaerobic reduction of MSR variants by saturating NADPH monitored with
single wavelength stopped-flow spectrophotometry at 600 nm. Conditions: 10 µM enzyme,
100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. S698A (Panel A), S698∆
(Panel B), W697S (PanelC ), and W697H (Panel D) were rapidly mixed with NADPH and
monitored over 100 - 150 s at 600 nm.
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Figure 2.8: Dependence of kobs1 on NADPH concentration. S698A (�), S698∆(•), W697H
(N) and W697S (H).
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polar interactions with these residues. While the 2’,5’-ADP moiety binds tightly, the binding

of full-length NADP+ is 15-fold weaker, indicating that the nicotinamide mononucleotide

(NMN) moiety does not contribute favourably to the coenzyme binding energy.

By exchanging the bulky indole side chain of Trp697 for a smaller side chain, a loss in

NADPH specificity over NADH was observed. The mutations did not affect the 2’,5’-ADP

binding site, as the inhibition constants (Ki) for 2’,5’-ADP remained similar to wild-type.

However, the resulting Ki for NADP+ revealed a more pronounced effect on the binding of

the NMN moiety among the variants. In W697H, the affinity for NADP+ is only 1.5-fold

stronger, indicating that the aromatic imidazole can partially substitute for the indole in

disrupting NMN binding. For this variant and both S698 variants, the two-step binding

of NADPH is still preserved where the 2’,5’-ADP first binds tightly and then the NMN

moiety moves into the FAD active site. The tighter binding of NADP+ reflects the reduced

energetic cost of productive nicotinamide binding in these variants. In contrast, bipartite

binding is not maintained in W697S since NADP+ binds with a greater affinity than 2’,5’-

ADP. The energetic cost of NMN binding is substantially reduced as removal of the aromatic

residue likely exposes the re-face isoalloxazine ring to solvent, which would favour binding

of the nicotinamide ring. Therefore, both binding sites are immediately accessible. As a

consequence, the initial selection for the 2’-phosphorylated substrate by the polar pocket

is lost, hence the weak 64-fold preference for NADPH over NADH in W697S. Thus, the

presence of Trp697 controls substrate preference for NADPH over NADH.

2.4.2 Regulation of hydride transfer by Trp697

Hydride ion transfer to the isoalloxazine ring occurs directly from the nicotinamide ring,

therefore variants that reduce the energetic barrier for nicotinamide stacking against the

flavin are expected to accelerate this first chemical step. The first observed rate constant,

kobs1, is assigned to hydride transfer. For both W697H and S698∆, the rate constant is

indeed accelerated by 5- and 6-fold respectively, while the rate constant was unchanged for

S698A. The accelerated rate constant for W697H is likely attributed to the reduced π-π

stacking between the FAD isoalloxazine ring and the imidazole side chain, which presumably

lowers the thermodynamic barrier for residue displacement. Likewise, the increase in kobs1

for S698∆ suggests that the C-terminal residue may also contribute to the thermodynamic

barrier to Trp697 conformational change, possibly through steric constraint. Thus, removal

of S698 would alleviate some conformational restriction on Trp697 displacement. Since the

equivalent rate constant for S698A is the same as wild-type, the steric constraint likely

originates from the C-terminal residue backbone rather than the Cβ-hydroxyl side chain.

Although W697S is expected to ameliorate productive NADPH binding by removing the

thermodynamic barrier for residue displacement, the variant elicited a 8-fold slower kobs1.
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Since it exhibits strong coenzyme affinity, the W697S variant may be limited by NADP+

release. However, no evidence of a charge-transfer complex between the nicotinamide ring

and the FAD cofactor was observed in the stopped-flow data. The bipartite binding mode

of NADPH is impaired in W697S and may be the origin of the slower kobs1. Without

the initial docking of the 2’,5’-ADP moiety, the nicotinamide ring may adopt a number of

nonproductive binding states before attaining a catalytically relevant orientation. Moreover,

while the FAD active site is more accessible to the nicotinamide ring in W697S, as serine

occupies less space than the bulky tryptophan, the distance between the nicotinamide and

isoalloxazine rings may not be optimal for hydride transfer.

2.4.3 Regulation of interflavin electron transfer by Trp697

During the MSR reductive half-reaction, the disemiquinone species forms as an interme-

diate. This is evident by the appearance and subsequent disappearance of an absorbance

band centered at 600 nm. For the W697 variants, the disemiquinone intermediate does

not accumulate to a detectable amount. However, interflavin electron transmission does

still take place, as both W697 variants are able to catalyze cytochrome c3+ reduction,

fully reduce to the four-electron level under saturating NADPH conditions, and achieve the

disemiquinone state upon equilibration with equimolar NADPH. Therefore, while electron

transfer between the flavins is still possible in the W697 variants, the presence of Trp697

in wild-type and the S698 variants accelerates this step and allows for buildup of the dis-

emiquinone.

The mechanism by which Trp697 accelerates interflavin electron transfer is still un-

clear, however given that the Trp697 is positioned at the FAD/FMN domain interface, it

is conceivable that the residue influences the conformational equilibria of the enzyme. The

enzyme is envisioned to alternate between a closed conformation for intramolecular electron

transfer and an open conformation for intermolecular electron transfer. The open state in-

creases the distance between flavins, thereby disfavouring interflavin electron transfer. The

closed state, captured in the crystal structure of rat CPR, brings the flavins less than 4 Å

together in an arrangement that is anticipated to allow for rapid electron exchange.49 Since

Trp697 lies at the FAD/FMN domain interface, it is proposed that the residue stabilizes

the interdomain contact to favour the closed state in which the interflavin distance is mini-

mized and interflavin electron transfer is favoured. Thus, mutation of this residue may shift

the conformational equilbiria to the open state which would attenuate interflavin electron

transfer.

Despite the enhanced rate constants associated with hydride transfer and uncoupled

NADPH oxidation in W697H and S698∆, the variants only modestly increased the rate of

steady state cytochrome c3+ reduction. Cytochrome c3+ receives a single electron from the
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FMN cofactor, thus reduction of cytochrome c3+ reflects the sum of all the forward and

reverse rate constants of the catalytic mechanism, including NADP(H) binding and release,

hydride transfer, and interflavin electron transfer. For W697H, the faster rate constant for

hydride transfer is offset by slower disemiquinone formation, so turnover is only modestly

affected. S698∆ elicited a faster rate constant for hydride transfer, interflavin electron

transfer, and a strong NADPH binding affinity. However, the turnover for this variant may

be limited by the slower dissociation of the tightly bound oxidized coenzyme for the next

round of catalysis.

2.4.4 Extension of regulatory role of tryptophan to CPR

Wild-type human CPR evokes an over 4 300-fold preference for NADPH over NADH.

Previous studies have shown that by exchanging the Trp676 residue (CPR equivalent of

Trp697) for a histidine or alanine, the substrate affinity is greater and the preference for

NADPH drops. A dramatic decrease was measured for W676A whose preference for NADPH

over NADH is only 4-fold. The shift in coenzyme selectivity is attributed to the loss of

bipartite binding due to a lack of steric control by the active site Trp676.132

For full-length CPR, hydride transfer is tightly coupled to interflavin electron transfer,

and this is observed in one kinetic phase with a kobs1 of 20 s−1.67 For CPR W676H, this

rate constant decreases to 3 s−1 and the enzyme only reduces to the two-electron level.

Interestingly, the kobs1 for W676H reduction is the same as that measured for the wild-type

FAD domain. In full-length native CPR, the hydride transfer step is not thermodynamically

favourable since the midpoint potential of the hydride-receiving FADox/hq redox couple (-340

mV) is more electronegative than that of NADP(H) (-320 mV).66,67 However, the presence

of the very electropositive FMNox/sq couple (-66 mV) shifts the equilibria towards reduced

FMN. In the isolated FAD domain, the ∼ 7-fold slower kobs1 is a consequence of the lost

thermodynamic pull by FMN, and this is reflected by an attenuated rate constant. Although

the FMN domain is still present in W676H, the lack of reduction past the two-electron level,

along with the reduced kobs1 and slow overall catalytic turnover, indicates that interflavin

electron transfer is impeded in this variant.

If the role proposed for Trp697 in accelerating interflavin electron transfer in MSR is

applied to CPR, then the histidine variant would be expected to slow down the kobs1 in

CPR but not in MSR. In W697H of MSR, the kobs1 for hydride transfer is not negatively

affected by the reduced interflavin electron transfer because the two events are kinetically

distinct. In contrast, the two kinetic events are coupled in CPR. As such, the slow kobs1 of

CPR W676H is due to disruption of electron transfer from FAD to the more electropositive

FMN, thereby adversely affecting the thermodynamic drive of electron flux through the
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enzyme. Thus, the role of the conserved active site tryptophan in accelerating interflavin

electron transfer is conserved in CPR and MSR.

2.5 Experimental Procedures

2.5.1 Materials

Unless otherwise stated, all chemical reagents were purchased from Fisher. The reagents

NADPH, NADH, NADP+, 2’,5’-ADP, and cytochrome c3+ were obtained from Sigma

Aldrich (Oakville, ON, Canada). Pfu Turbo DNA polymerase, Taq DNA polymerase and

Xl1 Blue cell lines were purchased from Agilent Technologies (Mississauga, ON, Canada).

Rosetta(DE3)pLysS competent cells were obtained from EMD Biosciences. Protein purifi-

cation supplies, Resource Q column and glutathionine sepharose 4B resin, were purchased

from GE Biosciences.

2.5.2 Generation and expression of MSR tryptophan variants

The W697S, W697H, S698∆ and S698A MSR variants were generated from the wild-type

MSR plasmid template pGEX-4T1-MSR using the QuikChange Site-Directed Mutagenesis

Kit (Agilent Technologies). Oligonucleotide primers were designed based on the published

sequence (Accession number AF121214) and purchased from Integrated DNA Technolo-

gies (Coralville, Iowa, USA). The primers used are tabulated in Table 2.4. The NAPS

DNA Sequencing Laboratory of the University of British Columbia (Vancouver, Canada),

confirmed the desired amino acid mutations and the absence of additional PCR-induced

errors. Successfully designed mutant plasmids were transformed into the Escherichia coli

strain Rosetta2(DE3)pLysS using the heat shock method. Recombinant GST-fusion pro-

teins were grown in 200 mL cultures of Luria-Bertani medium, containing 100 µg mL−1

of ampicillin and 34 µg mL−1 chloramphenicol, overnight at 37 ◦C and 225 rpm using a

Innova44 incubator shaker. With 10 mL of the 200 mL cultures, 0.5 L cultures of Terrific

Broth containing 100 µg mL−1 ampicillin and 34 µg mL−1 chloramphenicol were inoculated

and grown at 30 ◦C to an Abs600 of 0.8. Cultures were then induced with 0.1 mM IPTG

and the temperature was lowered to 25 ◦C overnight. The cells were harvested at 6,360 ×
g for 10 min and stored at −80 ◦C.

2.5.3 Purification of MSR variants

All purification steps were performed on ice or at 4 ◦C. Cells overexpressing the recom-

binant enzyme were resuspended in 200 mL of 1×GST bind/wash buffer (10×GST = 43

mM Na2HPO4, 14.7 mM KH2PO4, 1.37 M NaCl, 27 mM KCl, pH 7.3 with 1 mM EDTA,
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Table 2.4: The forward (F) and reverse (R) oligonucleotide primers designed for each MSR
C-terminal variant. Mutation is in bold.

MSR Variant Oligonucleotide Sequence

S698∆ F 5’ CTTCAGGATATTTGG∆TAGCGGCCGCATCGTGAC 3’
R 5’ GTCACGATGCGGCCGCTA∆CCAAATATCCTGAAG 3’

S698A F 5’ CTTCAGGATATTTGGGCATAGCGGCCGCATCGTGAC 3’
R 5’ GTCACGATGCGGCCGCTATGCCCAAATATCCTGAAG 3’

W697H F 5’ CTTCAGGATATTCATTCATAGCGGCCGCATCGTGAC 3’
R 5’ GTCACGATGCGGCCGCTATGAATGAATATCCTGAAG 3’

W697S F 5’ CTTCAGGATATTTCGTCATAGCGGCCGCATCGTGAC 3’
R 5’ GTCACGATGCGGCCGCTATGACGAAATATCCTGAAG 3’

1 mM DTT) and protease inhibitors benzamidine (2 mM) and PMSF (1 mM). The cell

mixture was sonicated with the Sonicator S-4000 (Misonix Inc.) at 22% power amplitude

with alternating 8 s pulses and 1 min pauses for a total of 45 min. Cell lysate was then

centrifuged at 39,120 × g for 45 minutes to separate the soluble protein from cellular debris.

The supernatant was collected and loaded onto a Glutathione-Sepharose 4B (GE Health-

care) column equilibrated with 1×GST bind/wash buffer and was washed with 5 column

volumes of 1×GST bind/wash buffer. The GST-tagged protein was eluted with the elution

buffer (50 mM Tris-HCl, 1 mM EDTA and DTT, and 10 mM glutathione). The eluate was

then dialyzed overnight with 20 U/mg thrombin (GE Healthcare) at 4 ◦C in dialysis buffer

(4 L of 1×GST bind/wash buffer, 1 mM EDTA and 1 mM DTT). The dialyzed sample was

again applied to a 1×GST-equilibrated column and the cleaved protein was collected from

the flow-through. The sample was further purified by anion exchange chromatography on a

1 mL Resource Q column (GE Healthcare) using an AKTApurifier system (GE Healthcare)

with a linear gradient from 50 to 500 mM NaCl in 50 mM Tris-HCl pH 7.5 at a flow rate of 2

mL/min. The desired fractions were collected based on the absorbance readings at 280 nm

and the yellow colour that is characteristic of oxidized flavoproteins. The final concentration

of purified MSR was determined by the absorption at 454 nm and the Beer-Lambert Law,

Equation 3.1.

Abs = εlc (2.1)

where c is the concentration of sample, Abs is the absorbance at 454 nm, ε is the molar

extinction coefficient of MSR (25.6 mM−1cm−1), and l is the light path length (1 cm).
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The purified MSR mutants were flash-frozen in liquid nitrogen and stored in 20% glycerol

at −80 ◦C for later steady-state assays and pre-steady state stopped-flow analysis.

2.5.4 Steady state turnover analysis

The rate of cytochrome c3+ reduction was assessed for each variant at 25 ◦C by the

change in absorbance at 550 nm (∆ ε = 21.1 mM−1cm−1) on a Lambda 25 UV/Vis Spec-

trometer (Perkin Elmer). The 1 mL reaction mixture contained 50 mM Tris-HCl buffer,

pH 7.5, 8 µM cytochrome c3+, and varied NADPH concentrations from 0.25 µM - 50 µM,

and the reaction was initiated by 2 pmoles of the MSR variant. Reaction velocites for each

NADPH concentration were collected in triplicate and the data were fit to the Michaelis-

Menten equation by non-linear least-squares regression analysis using Origin 8.5 software

(OriginLab Co.). For the inhibition assays, the reaction mixtures contained 50 mM Tris-

HCl, pH 7.5, 8 µM cytochrome c3+, and varying concentrations of substrate, NADPH, and

inhibitor (NADP+, 2’,5’-ADP); the inhibition reactions were initiated by 2.0 × 10−12 mole

of MSR. Product and dead-end inhibition assays were triplicated and fit with non-linear

least-squares regression analysis to the competitive inhibition equation, Equation 2.2 in the

Origin 8.5 software (OriginLab Co.)

νi =
V A

Km(1 + I
Ki

) +A
(2.2)

where νi is the initial velocity, V is the maximal velocity, A is the varied substrate

concentration, Km is the apparent Michaelis constant, I is the inhibitor concentration, and

Ki is the inhibition constant.

Uncoupled NADPH oxidation 1 mL reactions were carried out at 25 ◦C in 50 mM Tris-

HCl, pH 7.5 with saturating 1 mM NADPH. Consumption of NADPH was monitered

spectrally at 340 nm over 90 s. The assays were performed in triplicate. Initial veloc-

ity (M/min−1) was calculated from the slope at 340 nm using the extinction coefficient of

6.22 mM−1cm−1.

2.5.5 Pre-steady state kinetic analysis

Stopped-flow studies were performed under anaerobic conditions using the SF-61DX2

Stopped-flow apparatus from TgK Scientific in a Belle Technology glove box. Kinetic exper-

iments were conducted in 50 mM Tris-HCl pH 7.5 that was degassed by extensive bubbling

with nitrogen gas and allowed to equilibriate in the glove box overnight. Protein samples

were brought into the glove box and oxygen was removed via gel filtration over Bio-Rad

Econo-Pac 10 DG column equilibrated with anaerobic 50 mM Tris-HCl pH 7.5. Substrate

was dissolved in anaerobic 50 mM Tris-HCl pH 7.5 buffer. A diluted sample was taken out
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of the glove box to determine the concentration spectrally at 340 nm (ε = 6.22 mM−1cm−1).

For single and multiple wavelength studies, pseudo-first order conditions were established

with a 10-fold saturating concentration of substrate. Two syringes were filled with an initial

concentration of 20 µM enzyme and 200 µM substrate, respectively.

Multiple wavelength absorption changes over substrate-mediated reduction were moni-

tored with a photodiode array detector (PDA) (TgK Scientific). Substrate and MSR variant

samples were both diluted 2-fold after mixing. The spectra were measured over 200 s with

the monochromator auto-shutter on to reduce the likelihood of photoreduction. Spectral

species were resolved by applying the singular value decomposition (SVD) algorithm to

the spectral data in ReactLab Kinetics (Jplus Consulting Pty Ltd., Karawara, Australia).

SVD is an unbiased algorithm that decomposes the original data matrix into a reduced set

of output data that is defined in terms of the linearly independent components and their

weighted significance. This allows for the determination of the number of spectral species in

a reaction model. Global analysis of the reduced SVD data were best fitted to a three-step

(a→b→c→d) or two-step (a→b→c) model with four or three discrete spectral species.

For single wavelength studies, the reduction of NADPH was followed at 454 nm with

a photomultiplier detector at 25 ◦C with varying NADPH concentrations. The substrate

and MSR sample were both diluted 2-fold after mixing. An average of 3 traces of the

single-wavelength data were fitted to a double-exponential equation (Equation 2.3)

A = C1e
−kobs1t + C2e

−kobs2t + b (2.3)

where kobs1 and kobs2 are the observed rate constants for the fast and slow phases,

respectively. C1 and C2 are their relative amplitudes, and b is the final absorbance. The

data were extracted from an Excel file generated from ReactLab and imported into Origin

for graphical representation.
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Chapter 3

Comparative investigation into the

role of coenzyme-coordinating

residues and the FAD-shielding

tryptophan in coenzyme binding

and electron flux in MSR and CPR

3.1 Summary

In this chapter, the functional role of the FAD isoalloxazine ring-stacking tryptophan is

further investigated in MSR with a comparative study in CPR. In addition, the influence

of stabilizing interactions between active site residues and the coenzyme on MSR and CPR

catalytic properties is examined. First, conservative amino acid mutagenesis of the active

site tryptophan to phenylalanine and tyrosine assessed the effect of residue side chain size

and polarity on catalytic properties in MSR (W697F and W697Y) and in CPR (W676F

and W676Y). Second, strategic mutations were made to coenzyme-coordinating residues

to strengthen or weaken the interaction with NADPH in MSR (K291R and A622K) and

in CPR (R298A and K602AV603K). Aerobic and anaerobic spectrophotometric techniques

were employed to characterize the steady state and pre-steady state kinetics of each variant.

Through these studies, I determined a differential regulatory role for the FAD-shielding

tryptophan in electron flux in MSR and CPR. The hydride transfer step in MSR is gated

by tryptophan displacement, as the free energy cost of disrupting the FAD-Trp interaction

outweighs the gain of nicotinamide placement. In contrast, electron flow through CPR is not

gated by tryptophan displacement but rather by displacement of the oxidized nicotinamide

ring by the bulky residue following hydride transfer. Alterations at the coenzyme-binding

sites of MSR and CPR also elicited differential results. As anticipated, the removal or

addition of potential hydrogen bonding interactions with the coenzyme resulted in weakened

or strengthened coenzyme binding affinity, respectively. The accelerated flavin reduction
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in CPR variants with weaker coenzyme binding affinity was attributed to faster release

of oxidized coenzyme. In contrast, the accelerated flavin reduction in MSR variants with

stronger coenzyme binding affinity was ascribed to improved coenzyme binding.

3.2 Background

Of the diflavin oxidoreductase family members, MSR and CPR are the most structurally

related with 41 % amino acid sequence similarity. Despite the high level of sequence sim-

ilarity, the human forms of MSR and CPR elicit different rates of electron transfer and

coenzyme binding affinity. Both 2’,5’-ADP and NADP+ bind tightly to CPR with a disso-

ciation constant (Kd) of ∼50 nM.64 The nearly equal binding affinities indicates that the

nicotinamide ring moiety does not contribute to the coenzyme binding energy of NADP+.

In contrast, for MSR and also for FNR, the Kd values for NADP+ and 2’,5’-ADP are not

equivalent with values of 37 µM and 2µM for MSR and 14 µM and 2µM for FNR.65,134

Thus, the nicotinamide ring moiety contributes unfavourably (7 kJ/mol MSR and 5 kJ/mol

FNR) to the NADP+ binding energy of these enzymes.63,65 The Kd values also reveal that

the binding of 2’,5’-ADP and NADP+ is 40- and 700-fold weaker in MSR compared to CPR.

For the electron transfer kinetics, the differences between these two enzymes are evident

in their overall turnover rates for the non-physiological electron acceptor cytochrome c in

vitro. The reductase activity of CPR is >7-fold faster than that of MSR (in varied buffer

conditions).65,132 Cytochrome c reduction by CPR was performed in 300 mM phosphate

buffer, while 50 mM Tris was used for MSR assays. This distinction is made since inorganic

phosphate competitively inhibits NADPH at the 2’-phosphate-binding site and may influ-

ence the measured rate of cytochrome c reduction at high concentrations.135 Analogous

mutagenesis studies on the FAD-shielding tryptophan residue in MSR and CPR emphasize

their differing kinetic properties. While in the W676H variant of CPR the rates of FAD

reduction and cytochrome c turnover are attenuated, the W697H variant of MSR elicits an

enhancement of both kinetic events.132,136,137 In light of these differences, the specific role of

the FAD-isoalloxazine ring-shielding tryptophan in MSR and CPR was further scrutinized

by generating more conservative substitutions. In addition to providing insight into the

functional role of this active site tryptophan, these substitutions also enabled evaluation

of the clear preference for the bulky tryptophan over smaller aromatic residues in diflavin

oxidoreductases.

Furthermore, the structural origin of the contrasting coenzyme binding affinities in MSR

and CPR are investigated. Inspection of the available crystal structures for MSR and CPR

shows that the coenzyme binds to the NADPH/FAD-binding domain primarily through

a number of polar interactions and hydrophobic contacts with the 2’,5’-ADP moiety of
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3.2. Background

Figure 3.1: NADPH-coordinating residues at the coenzyme-binding pocket for CPR (PDB
3QE2) Right and MSR (2QTZ) Left. NADPH is shown in grey with the standard atom-
coloured stick model. Potential hydrogen bonding interactions are shown in black dashes.

the substrate. Most of these residues are conserved between MSR and CPR, however two

notable differences are highlighted in Figure 3.1. At the pocket lined with polar residues

that coordinate to the 2’-phosphate group of the substrate, a lysine residue (Lys602) of

CPR is clearly within hydrogen bonding distance to the 2’-phosphate group. In MSR, a

water molecule instead hydrogen bonds with the 2’-phosphate as the equivalent residue is

an alanine (Ala622). A lysine residue (Lys623) is present in the polar pocket, however it

is not in a position for direct hydrogen bonding to the phosphate group. At the NADPH

pyrophosphate-coordinating site, CPR has an additional interaction with the substrate

through an arginine (Arg298) as opposed to a lysine (Lys291) in MSR. Thus, amino acid

substitutions to these designated active site residues are made in an effort to identify the

origin of the respective coenzyme binding affinities of MSR and CPR, and also to examine

how substrate binding influences intramolecular electron flux.

The specific nature of the functional role of the penultimate C-terminal residue, Trp697

and Trp676, in regulating coenzyme binding and electron flux in MSR and CPR was deter-

mined through mutagenesis. The FAD isoalloxazine ring-shielding tryptophan was mutated

to a tyrosine and a phenylalanine: W697Y and W697F (MSR) and W676Y and W676F

(CPR). These conservative residues were chosen to preserve residue aromaticity and π-π in-

teractions with the FAD isoalloxazine ring, while testing the effect of residue side chain size

and polarity. To study the potential benefit of a bidentate over a monodentate interaction

with the substrate pyrophosphate group, CPR Arg298 was mutated to an alanine and MSR

Lys291 was mutated to an arginine. In an effort to mirror the polar pocket active site of

CPR, the Ala622 of MSR was exchanged for a lysine. The active site of CPR was made more

MSR-like by a double mutation of Lys602Ala Val603Lys. Steady state kinetic properties

of each variant were measured by spectrophotometric analysis of cytochrome c reduction.
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Table 3.1: Steady state kinetic parameters of MSR W697 and CPR W676 variants. Condi-
tions: 1 mL reaction volume, 8 µM cytochrome c3+, 0.2-2 pmole enzyme, varied [NADPH]
and [inhibitor] at 25 ◦C. Assay buffer for MSR is 50 mM Tris-HCl pH 7.5 and 50 mM
KPi pH 7.5 for CPR. Assays were done in triplicate and fit to the Michaelis-Menten equa-
tion. Inhibition data from four inhibitor concentrations were fit to a competitive inhibition
equation.a Data acquired from Wolthers et al.65

k cat Km Ki k cat/Km

Enzyme (s−1) (M × 10−6) (M × 10−6) (s−1M−1 × 10+6)
NADP+ 2’,5’-ADP

Wild-typeMSR
a 7.2 ± 0.1 2.4 ± 0.2 37 ± 3 1.4 ± 0.1 3.1 ± 0.3

W697FMSR 17.0 ± 0.3 1.2 ± 0.1 3.0 ± 0.3 0.10 ± 0.01 15 ± 2
W697YMSR 24.3 ± 0.4 1.2 ± 0.1 4.2 ± 0.5 0.7 ± 0.1 21 ± 2

Wild-typeCPR 20.0 ± 0.2 0.7 ± 0.1 1.0 ± 0.1 0.6 ± 0.1 28 ± 2
W676FCPR 3.8 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 1.9 ± 0.3 12 ± 1
W676YCPR 13.1 ± 0.2 0.6 ± 0.1 0.7 ± 0.1 1.2 ± 0.1 24 ± 2

Product and dead-end inhibition studies with NADP+ and 2’,5’-ADP, respectively, were

performed to assess coenzyme binding. The pre-steady state kinetics of flavin reduction

were measured by stopped-flow spectrophotometry. Lastly, to determine if the amino acid

substitutions affected the redox potentials of the flavin centers, redox potentiometry was

performed for the CPR W676F and W676Y variants.

3.3 Results

3.3.1 Steady state kinetic data

The steady state kinetic parameters for cytochrome c3+ reduction by MSR and CPR

variants are summarized in Table 3.1. For the MSR variants, a 2.4- and 3.4-fold faster

k cat was measured for W697F and W697Y. They were also more catalytically efficient with

k cat/Km values 4.8- and 6.7-fold greater than wild-type. In contrast, the same mutations

in CPR resulted in slower and less efficient catalytic turnover. The k cat decreased by 6.4-

and 1.5-fold for W676F and W676Y, with a 2.4- and 1.2-fold reduced catalytic efficiency.

The effect of amino acid substitutions on substrate binding was examined by steady state

inhibition studies with NADP+ and 2’,5’-ADP; the results are summarized in Table 3.1.

Previous isothermal titration calorimetry (ITC) experiments with MSR revealed a Kd of

34.5 µM for NADP+ which is in agreement with the inhibition constant of 37 µM determined

from steady state inhibition assays.65 For CPR, a Kd of 50 nM was determined from ITC
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experiments in phosphate-free buffer.64 This Kd represents an over 700-fold tighter NADP+

binding affinity in CPR compared to MSR. In the present studies, the NADP+ Ki in CPR

is only ∼40-fold tighter. The discrepancy is accredited to the buffer conditions used. A

phosphate-free buffer is used for MSR assays, while a potassium phosphate (KPi) buffer

is used for CPR assays. Binding studies in housefly CPR reveal that the free inorganic

orthophosphate anion in the KPi buffer will competitively bind to the NADPH binding

site. This competitive inhibition leads to an increase in the observed Ki for NADP+ and

2’,5’-ADP and in the apparant Km for NADPH.135 Indeed, ITC experiments conducted in

phosphate buffer demonstrated a 15-fold increase in the Ki for NADP+ binding in CPR.64

Presumably, due to competition of the phosphate anion with the substrate at the 2’,5’-ADP

binding site. Here, the CPR assays are in 50 mM KPi buffer because the true Km is too low

for the detection limits of a 1 cm path length cuvette. In the analyses to follow, I assume

that the orthophosphate anion binds to each of the CPR variants with the same affinity

and, thus, perturbs the apparant Ki and Km values to the same extent.

In MSR, a 12.3- and 8.8-fold tighter binding affinity for NADP+ was observed for W697F

and W697Y, respectively. Slightly tighter binding of the substrate analogue 2’,5’-ADP was

also observed in W697Y (Ki = 0.1 µM) and W697F (Ki = 0.7 µM). A modest increase in

NADP+ binding affinity was measured for CPR W676Y (Ki = 0.4 µM) and W676F (Ki =

0.7 µM) compared to the native enzyme (Ki = 1.0 µM). In addition, a slight decrease is

observed for 2’,5’-ADP.

3.3.2 Multiple wavelength pre-steady state kinetics of CPR variants

Pre-steady state reduction of the CPR variants by saturating NADPH was monitored by

stopped-flow spectrophotometry in an anaerobic environment. The spectral changes upon

reduction with NADPH, shown in Figure 3.2, were resolved by SVD and fitted globally

to a best fit model. The observed rate constants are tabulated in Table 3.2. For wild-

type CPR, reduction occurs in two kinetic phases. The first kinetic phase involves the

reduction of oxidized enzyme to a two-electron reduced species (a → b). This relatively

fast phase has a rate constant of 19 s−1. The spectral changes show flavin bleaching at

454 nm accompanied with the appearance of a broad absorbance band centered at 600 nm.

These spectral features indicate that the hydride anion transfer from NADPH to FAD is

kinetically coupled to interflavin electron transfer. The second kinetic phase entails further

reduction of the enzyme population by another molecule of NADPH to spectral species c

with an observed rate constant of 2.7 s−1. The spectral changes associated with this kinetic

phase include additional bleaching of absorbance at 454 and 600 nm. Unlike wild type CPR,

the reduction of W676 variants occurs in only a single kinetic phase. Conversion of oxidized

spectral species a to spectral species b shows loss of absorbance at 454 nm concomitant
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Table 3.2: Observed rate constants of the pre-steady state reduction of CPR W676 variants.
Conditions: 22 µM wild-type CPR, 16 µM W676F, 36 µM W676Y, 10-fold excess NADPH,
anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Wild-type CPR was best fit to a two-step
model with three spectral intermediates (a → b → c). W676 variant spectral data were
best fit to a single-step model with two spectral intermediates (a → b).

CPR kobs1 kobs2

(s−1) (s−1)

Wild-type 19.00 ± 0.01 2.72 ± 0.01
W676F 0.64 ± 0.01 –
W676Y 6.12 ± 0.03 –

with the emergence of a flat absorbance band in the longer wavelengths (550-700 nm). The

rate constant for this kinetic step is 0.64 s−1 for W676F and 6.12 s−1 for W676Y.

In addition, unique spectral features are observed for these variants. In wild-type CPR,

the absorbance maxima is at 454 nm with a shoulder at 474 nm, Figure 3.2A,D. The ab-

sorbance maxima at 454 nm is attributed to both flavins, while the shoulder at 474 nm

originates from the FMN cofactor. For native CPR, the shoulder at 474 nm becomes less

prominent in the conversion of spectral species a to b, which indicates that the FMN is

reduced over this kinetic phase. The spectra of W676Y is similar to that of wild-type CPR

(Figure 3.2 E,F). On the other hand, the flavin absorbance maxima of W676F shifts to 474

nm with a 456 nm shoulder. Upon NADPH reduction of both CPR variants, the absorbance

maxima decreases and shifts to reveal a pronounced 474 nm shoulder (more so for W676F).

Given that the 474 nm shoulder is a diagnostic of the oxidized FMN flavin, the stopped-

flow data suggests that the FMN is not significantly reduced to the semiquinone in the first

kinetic phase. Instead, this phase involves the reduction of FAD by a hydride ion trans-

fer from NADPH, followed by formation of the FADH2-NADP+ charge-transfer complex.

Evidence of the charge-transfer complex is provided by the broad, flat absorbance band

over the longer wavelengths (>550 nm). The lack of appreciable disemiquinone absorbance

maxima centered at 600 nm supports the formation of the charge-transfer complex rather

than the disemiquinone species. Lastly, the greater amplitude change at 454 nm observed

for W676Y over W676F, indicates that W676Y is further shifted from the oxidized state to

the two-electron reduced form (E-FADH2-FMN).

3.3.3 Primary kinetic isotope effect with (R)-[4-2H]-NADPH on CPR

reduction

Rapid reduction of the CPR variants with NADPH and (R)-[4-2H] NADPH was followed

at 454 and 600 nm by stopped-flow spectrophotometry. The absorbance traces collected
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Figure 3.2: Spectral changes upon NADPH reduction of CPR W676 variants monitored by
multiple-wavelength stopped-flow spectrophotometry. Conditions: 22 µM wild-type CPR,
16 µM W676F, 36 µM W676Y, 10-fold excess NADPH, anaerobic 50 mM Tris-HCl pH 7.5
at 25 ◦C. Time-dependent spectral changes over a 200 s time frame are shown for wild-type
CPR (A), W676F (B) and W676Y (C). Global analysis of SVD-resolved spectra generated
deconvoluted spectral intermediates for wild-type CPR (D), W676F (E) and W676Y (F).
Wild-type CPR was best fit to a two-step model with three spectral intermediates (a → b
→ c). W676 variant spectral data were best fit to a single-step model with two spectral
intermediates (a → b).
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Figure 3.3: Anaerobic reduction of CPR variants by saturating substrate monitored at
454 and 600 nm by single-wavelength stopped-flow spectrophotometry. Conditions: 10 µM
enzyme, 100 µM NADPH, 100 µM (R)-[4-2H] NADPH, anaerobic 50 mM Tris-HCl pH 7.5
at 25 ◦C. Absorbance traces at 454 nm over 10 s for W676F (A) and W676Y (B) reduction
with NADPH (black line) and (R)-[4-2H]-NADPH (grey line). Absorbance traces at 600
nm over 10 s for NADPH-mediated reduction of W676F (C) and W676Y (D).

at 454 and at 600 nm over 10 s are shown in Figure 3.3 and were best fit to a single

exponential equation. The equivalent rate constants for the monophasic spectral changes

at 454 and 600 nm represent the same kinetic phase and are assigned to substrate binding,

hydride transfer, and charge-transfer formation. The resulting observed rate constants are

summarized in Table 3.3. In W676F and W676Y, reduction with (R)-[4-2H]-NADPH yields

a slight increase in the observed rate constant for flavin reduction, and the primary kinetic

isotope effect is lost with KIE of 0.90 for W676F and 0.94 for W676Y. In these variants

there is more of a commitment to the reverse reaction (e.g. hydride transfer from FADH2

to NADP+) than there is in native enzyme.

3.3.4 Thermodynamic analysis of CPR variants

Anaerobic redox potentiometry was performed with each CPR variant to determine if

the kinetic behavior observed is a consequence of altered flavin redox potentials. Spec-

tral data were collected during gradual titration of the fully oxidized enzyme with 0.25
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Table 3.3: Observed rate constants and kinetic isotope effects for the pre-steady state reduc-
tion of CPR W676 variants monitored at 454 and 600 nm by single-wavelength stopped-flow
spectrophotometry over 10 s. Conditions: 10 µM enzyme, 100 µM NADPH, 100 µM (R)-[4-
2H] NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Absorbance traces were averaged
(3-5) then fit to a single exponential equation.

Wavelength CPR Substrate kobs1 kobs2 isotope effect
(s−1) (s−1) kobs1

H/kobs1
D

454 nm Wild-type NADPH 15.8 ± 0.2 4.12 ± 0.06 1.08 ± 0.02
NADPD 14.63 ± 0.07 3.29 ± 0.05

W676F NADPH 0.66 ± 0.01 – 0.90 ± 0.03
NADPD 0.73 ± 0.01 –

W676Y NADPH 5.60 ± 0.04 – 0.94 ± 0.02
NADPD 6.0 ± 0.1 –

600 nm W676F NADPH 0.70 ± 0.01
W676Y NADPH 7.5 ± 0.1

µL aliquots of sodium dithionite until full reduction was reached. With each addition of

dithionite, the potential value and the absorbance spectrum were recorded. A plot of the

summed absorbance values from 590 to 605 nm (the semiquinone absorbance maxima) ver-

sus the reduction potential (normalized to the standard hydrogen electrode) allowed for the

extraction of midpoint potentials. For W676F, the midpoint potentials of the FMNox/sq

(-99 mV) and FMNsq/hq (-215 mV) couples are comparable to those of wild-type enzyme.

On the other hand, the FADox/sq (-252 mV) and FADsq/hq (-275 mV) couples are ∼30

and 110 mV more electropositive. However, this shift in potential would be anticipated to

favour hydride transfer from NADPH, which is not reflected in the first rate constant. For

W676Y, the redox potentials of FADox/sq (-263 mV) and FADsq/hq (-260 mV) are also more

electropositive than native enzyme and similar to those values determined for W676F albeit

with greater error. Surprisingly, the tyrosine substitution has a more pronounced effect on

the FMN redox couples with midpoint potentials of -166 mV and -198 mV for FMNox/sq

and FMNsq/hq, respectively. It is unclear as to why W676Y elicits such an effect on the

FMN redox center, however it may be due to an altered electronic environment surrounding

W676Y since tyrosine is a polar residue and the isoalloxazine rings are highly polarizable.

Although the midpoint potentials are more compressed in these variants compared to na-

tive CPR, the electron flow is still thermodynamically favoured through NADPH to FAD

to FMN. Therefore, the dampened rates of flavin reduction observed are not a product of

less favourable thermodynamics.
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Figure 3.4: Redox potentiometric data of human CPR W676Y and W676F variants. Spec-
tral properties of W676F (A) and W676Y (C) during redox titration. Spectra were recorded
after each addition of the reductant dithionite. Plots of the summed absorbance values be-
tween 590 and 605 nm versus the normalized reduction potential for W676F (B) and W676Y
(D). Fits of both data sets were made with the four-electron Nernst equation, as described
in Experimental Procedures, and results are summarized in Table 3.4.

Table 3.4: Reduction potentials of the flavin couples of W676Y and W676F CPR variants.a

Data acquired from Munro et al.66

reduction potential (mV) vs standard hydrogen electrode

FAD cofactor FMN cofactor

Enzyme Ox/Sq Sq/Hq Ox/Hq Ox/Sq Sq/Hq Ox/Hq

Wild-type CPRa -283 ± 5 -382 ± 8 -333 ± 7 -66 ± 8 -269 ± 10 -168 ± 9
W676F -252 ± 10 -275 ± 8 -263 ± 9 -99 ± 1 -215 ± 5 -157 ± 5
W676Y -263 ± 56 -260 ± 25 -262 ± 40 -166 ± 3 -198 ± 4 -182 ± 4
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Table 3.5: Observed rate constants of the pre-steady state reduction of MSR W697 variants.
Conditions: 10 µM enzyme, 100 µM NADPH, anaerobic 50 mM Tris pH 7.5 at 25 ◦C. W697
variant reduction was best fit to a three-step kinetic model.a Data acquired from Wolthers
et al.65.

MSR kobs1 kobs2 kobs3

(s−1) (s−1) (s−1)

Wild typea 24.9 ± 0.1 0.18 ± 0.01 0.016 ± 0.003
W697F 215.1 ± 0.1 1.15 ± 0.01 0.016 ± 0.001
W697Y 214.5 ± 0.1 1.32 ± 0.01 0.015 ± 0.001

3.3.5 Multiple wavelength pre-steady state kinetics of MSR variants

The anaerobic NADPH-mediated reduction of MSR variants was followed by stopped-

flow photodiode array detection. The spectral changes over the course of the reductive

half-reaction are shown in Figure 3.5. Bleaching at the flavin absorbance maxima 454 nm

is not accompanied by significant formation of an absorbance band at 600 nm. Inspection

of the single absorbance trace at 454 nm reveals three resolvable kinetic phases, shown in

Figure 3.6. The first extracted rate constant (kobs1) is 215 s−1 and 213 s−1 for W697F and

W697Y, respectively. Since this first kinetic phase occurs in less than 6 ms and photodiode

array detector scans every 1.5 ms, this initial rate constant could not be extracted from the

PDA data. However, the time-resolved spectral data were globally fit to a three-step kinetic

model with the first rate constant fixed at the value determined from single wavelength

analysis, refer to Section 3.2.6.

Similar rate constants were extracted for kobs2 (1.2 - 1.3 s−1) and kobs3 (0.015 s−1) for

both MSR variants. The second rate constant is 5-fold higher than native MSR but similar

to S698A and S698∆. Full reduction of the enzyme by a second equivalent of NADPH is

comparable in W697F, W697F and native enzyme. Neither variant shows accumulation

of the semiquinone absorbance band at 600 nm from data acquired from single or multi-

wavelength mode. The stopped-flow data reveal that reduction in the size of the aromatic

side chain significantly increases the rate of FAD reduction in MSR, while suppressing

electron transfer from FAD to FMN.

3.3.6 Primary kinetic isotope effect with (R)-[4-2H]-NADPH on MSR

reduction

Reduction of MSR variants using NADPH and (R)-[4-2H] NADPH was monitored at

454 nm using stopped-flow spectrophotometry. The absorbance traces were biphasic over 5

s with a third slow phase observed over 200 s. The absorbance traces were fit from 0.001
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Figure 3.5: Anaerobic reduction of MSR W697 variants by saturating NADPH monitored
by multiple-wavelength stopped-flow spectrophotometry. Conditions: 10 µM enzyme, 100
µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Full spectra of W697F (A) and
W697Y (B) NADPH-mediated reduction over 200 s with ∼ 20 traces shown for clarity.
Time-resolved spectral intermediates for W697F (C ) and W697Y (D) variants follow a
three-step kinetic model with four discrete spectral species (a→b→c→d), associated rate
constants are summarized in Table 3.5.
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Table 3.6: Observed rate constants and kinetic isotope effects for the pre-steady state
reduction of MSR W697Y and W697F variants monitored at 454 and 600 nm by single-
wavelength stopped-flow spectrophotometry.

Wavelength MSR Substrate kobs1 kobs2 isotope effect
(s−1) (s−1) kobs1

H/kobs1
D

454 nm W697F NADPH 215 ± 13 0.91 ± 0.12 2.02 ± 0.12
NADPD 106 ± 10 1.36 ± 0.03

W697Y NADPH 213 ± 12 1.11 ± 0.01 2.05 ± 0.14
NADPD 104 ± 1 1.3 ± 0.2

600 nm W697F NADPH 0.20 ± 0.01 –
W697Y NADPH 0.207 ± 0.006 –

to 5 s to a double exponential generating an initial rate constant kobs1 of 215 and 213 s−1

and a kobs2 of 0.91 and 1.1 s−1 for W697F and W697Y, respectively. The kobs1 is 10-fold

faster than the corresponding rate in native MSR, indicating that the indole side chain of

tryptophan greatly attenuates step(s) in the mechanism leading to the first hydride transfer

event. When the same experiments were performed with deuterated substrate, the kobs1

decreased to 108 and 106 s−1 for W697F and W697Y. As a result, these variants both elicit

a primary kinetic isotope effect of 2.0. Compared to wild-type MSR (KIE = 1.7), the KIE

is slightly greater which indicates that hydride transfer becomes less rate-determining in

these variants.

Unlike the W697H and W697S variants described in Chapter 2, W697F and, to a greater

degree, W697Y exhibited a very small signal for the disemiquinone at 600 nm. The am-

plitude change of the formation and decay of the signal is very minor but shows that the

W697Y can partially preserve the role of the Trp697 in facilitating disemiquinone formation.

3.3.7 Steady state kinetic data of the coenzyme-binding variants of

MSR and CPR

MSR and CPR variant-catalyzed reduction of cytochrome c3+ was monitored by spec-

trophotometric methods. The determined steady state kinetic parameters are summarized

in Table 3.7. In CPR, substituting the coenzyme pyrophosphate-coordinating Arg298 to

an alanine only moderately affected the overall catalytic turnover, with a slower k cat of 12

s−1 for cytochrome c reduction and a moderate decrease in catalytic efficiency compared

to native CPR. The binding affinity for NADP+, as measured by the inhibition constant

Ki, was 2-fold weaker for R298A. Likewise, a reduced k cat of 13 s−1 was determined for the

double variant at the coenzyme 2’-phosphate-binding site, K602AV603K. A significant 39-

fold reduction in the catalytic efficiency was also measured. K602AV603K elicited a much
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Figure 3.6: Anaerobic reduction of MSR W697 variants by saturating substrate monitored
with single-wavelength stopped-flow spectrophotometry at 454 and 600 nm. Conditions:
12.5 µM enzyme, 250 µM NADPH, 250 µM (R)-[4-2-H] NADPH, anaerobic 50 mM Tris-
HCl pH 7.5 at 25 ◦C. W697F (Panel A and C ) and W697Y (Panel B and D) were rapidly
mixed with NADPH (black line) and (R)-[4-2-H] NADPH (grey line) and monitored over
10 and 200 s at 454 nm and 600 nm, respectively.
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Table 3.7: Steady state kinetic parameters of coenzyme-binding residue variants of CPR
and MSR. Conditions: 1 mL reaction volume, 8 µM cytochrome c3+, 2-12 pmole enzyme,
varied [NADPH] and [inhibitor], 50 mM KPi pH 7.5(CPR), 50 mM Tris-HCl pH 7.5(MSR) at
25 ◦C. Assays were done in triplicate and fit to the Michaelis-Menten equation. Inhibition
data from four inhibitor concentrations were fit to a competitive inhibition equation. a

Assays were conducted in 50 mM Tris pH 7.5 to compare this CPR variant with wild-type
MSR.b Data acquired from Wolthers et al.65

Enzyme k cat Km Ki k cat/Km

(s−1) (M × 10−6) (M × 10−6) (s−1M−1 × 10+6)

CPRWT 20.0 ± 0.2 0.7 ± 0.1 1.0 ± 0.1 28.2 ± 1.8
R298A 12.4 ± 0.1 0.64 ± 0.02 2.0 ± 0.1 19.5 ± 0.9
K602AV603Ka 13.1 ± 0.1 18.1 ± 1.1 46.4 ± 6.5 0.72 ± 0.05

MSRWT
b 7.23 ± 0.14 2.37 ± 0.17 36.89 ± 2.70 3.05 ± 0.28

K291R 3.73 ± 0.08 2.92 ± 0.29 16.08 ± 1.05 1.28 ± 0.15
A622K 1.90 ± 0.02 0.84 ± 0.07 13.07 ± 1.88 2.26 ± 0.20

greater effect on coenzyme binding, with a 46-fold weaker binding affinity for NADP+ (Ki

= 46 µM).

For MSR, exchanging the coenzyme pyrophosphate-coordinating Lys291 for an arginine,

produced no notable effect on the catalytic turnover with only an approximate 2-fold de-

crease in catalytic efficiency. However, the NADP+ binding affinity was 2.3-fold stronger

for K291R. Mutation at the 2’-phosphate-coordinating polar pocket in the A622K variant

elicited a moderately slower reduction of cytochrome c with slightly reduced catalytic effi-

ciency. As with K291R, A622K exhibited a stronger binding affinity for NADP+ compared

to native MSR, by 2.8-fold.

3.3.8 Multiple and single wavelength pre-steady state kinetics of

coenzyme-binding variants of MSR and CPR

The pre-steady state kinetics of flavin reduction in the coenzyme-binding variants of

MSR and CPR were measured by stopped-flow spectrophotometry. The spectral changes

occurring over the reductive half-reaction were resolved and fit to the appropriate kinetic

model. CPR variant spectra are featured in Figure 3.7 and the observed rate constants are

in Table 3.8. Both R298A and K602AV603K elicited biphasic reduction and were best fit to

a two-step kinetic model with three discrete spectral species, as described for wild-type CPR

in Section 3.3.2. The observed rate constants for the first (kobs1) and second (kobs2) kinetic

phases are 14 s−1 and 3 s−1 for R298A, which are comparable to those determined for wild-

type CPR reduction. See Table 3.9 and Figure 3.8 for rate constants derived from double
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Figure 3.7: Spectral changes upon NADPH reduction of CPR coenzyme-binding variants
monitored by multi-wavelength stopped-flow spectrophotometry. Conditions: 10 µM en-
zyme, 100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Full spectra of R298A
(A) and K602AV603K (B) NADPH-mediated reduction over 100 s with ∼ 20 traces shown
for clarity. Time-resolved spectral intermediates for R298A (C ) and K602AV603K (D)
variants follow a two-step kinetic model with three discrete spectral species (a→b→c), as-
sociated rate constants are summarized in Table 3.8.

exponential fits of single wavelength absorbance data at 454 nm. These are in agreement

with the multiple wavelength data. No significant differences were observed in the single

and multiple wavelength spectra of R298A. In contrast, K602AV603K elicited observed rate

constants that were both accelerated with a kobs1 of 57 s−1 and a kobs2 of 17 s−1. These

rates are moderately faster than those measured from single wavelength absorbance traces.

Spectral data from single wavelength traces show considerable differences in the amplitude

change at 454 nm and particularly at 600 nm. The small amplitude change at 600 nm

suggests that the disemiquinone does not accumulate in this variant to the same extent

as in wild-type. Furthermore, variant reduction by (R)-[4-2H] NADPH yielded a kobs1 of

34.76 ± 0.18 s−1, resulting in a KIE of 1.2 that suggests the hydride transfer step is less

rate-determining.
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Table 3.8: Observed rate constants for flavin reduction in CPR and MSR coenzyme-binding
residue variants acquired from multi-wavelength stopped-flow data. Conditions: 10 µM
enzyme, 100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. CPR variants were
best fit to a biphasic kinetic model while MSR variants were best fit to a triphasic kinetic
model.a Data acquired from Wolthers et al.65

Enzyme kobs1 kobs2 kobs3

(s−1) (s−1) (s−1)

Wild-typeCPR 19.00 ± 0.01 2.72 ± 0.01 –
R298A 13.58 ± 0.03 3.37 ± 0.01 –
K602AV603K 57.34 ± 0.01 17.44 ± 0.06 –

Wild-typeMSR
a 24.9 ± 0.1 0.18 ± 0.01 0.016 ± 0.003

K291R 28.64 ± 0.01 3.12 ± 0.01 0.033 ± 0.001
A622K 35.00 ± 0.01 0.372 ± 0.002 0.017 ± 0.001

Figure 3.8: Anaerobic reduction of CPR coenzyme-binding variants by saturating NADPH
monitored at 454 and 600 nm with single wavelength stopped-flow spectrophotometry. Con-
ditions: 10 µM enzyme, 100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Panel
A shows the absorbance traces over 1 s at 454 nm of native CPR (black line), R298A (gray
line) and K602AV603K (light gray line). Panel B shows the absorbance traces over 10 s at
600 nm of the CPR variants in the same colours detailed for Panel A.
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Table 3.9: Observed rate constants for flavin reduction in CPR and MSR coenzyme-binding
residue variants acquired from single wavelength 454 nm stopped-flow data. Conditions: 10
µM enzyme, 100 µM NADPH, anaerobic 50 mM Tris pH 7.5 at 25 ◦C. CPR variants were
best fit to a biphasic kinetic model while MSR variants were best fit to a triphasic kinetic
model.a Data acquired from Wolthers et al.65

Enzyme kobs1 kobs2

(s−1) (s−1)

R298A 12.52 ± 0.05 1.95 ± 0.09
K602AV603K 40.9 ± 0.4 10.9 ± 0.4

K291R 25 ± 2 2.00 ± 0.01
A622K 26.9 ± 0.4 1.76 ± 0.14

Figure 3.9: Spectral changes upon NADPH reduction of MSR coenzyme-binding variants
monitored by multiple wavelength stopped-flow spectrophotometry. Conditions: 10 µM
enzyme, 100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Full spectra of
K291R (A) and A622K (B) NADPH-mediated reduction over 150 s with ∼ 20 traces shown
for clarity. Time-resolved spectral intermediates for K291R (C ) and A622K (D) variants
follow a three-step kinetic model with four discrete spectral species (a→b→c→d), associated
rate constants are summarized in Table 3.8.
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Figure 3.10: Anaerobic reduction of MSR coenzyme-binding variants by saturating NADPH
monitored at 454 and 600 nm with single wavelength stopped-flow spectrophotometry. Con-
ditions: 10 µM enzyme, 100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Panel
A shows the absorbance traces over 10 s at 454 nm of native MSR (black line), K291R (gray
line) and A622K (light gray line). Panel B shows the absorbance traces over 200 s at 600
nm of the MSR variants in the same colours detailed for Panel A.

For NADPH-mediated reduction of MSR variants, the spectral changes occurring over

the course of the reaction are similar to native MSR. Figure 3.9 shows the progressive

loss of absorbance at the flavin maxima at 454 nm along with the appearance and partial

disappearance of the semiquinone absorbance signal centered at 600 nm. Global analysis

of the photodiode array-derived data revealed a kobs1 of 29 s−1 for K291R, which is only

slightly improved from wild-type, and a kobs1 of 35 s−1 for A622K. Similar rate constants

were extracted for kobs2 (3.7 and 0.1 s−1) and kobs3 (0.03 and 0.02 s−1) of K291R and

A622K, respectively. Rate constants determined from global analysis are consistent with

those obtained from double-exponential fits of 454 nm absorbance traces (Table 3.9). Figure

3.10 shows the absorbance changes occurring over the course of the flavin reduction in

K291R and A622K. At both 454 and 600 nm, K291R exhibits similar absorbance changes

as wild-type MSR. However, for A622K at 454 nm, a faster kinetic phase is clearly observed

followed by a slower multiphasic reduction from 0.1 - 10 s. Furthermore, a greater amplitude

change at 600 nm is observed for A622K, indicating that a greater fraction of the enzyme

population is forming the disemiquinone compared to wild-type.

3.4 Discussion

3.4.1 Hydride transfer is gated by Trp697 in MSR but not in CPR

Substitution of the FAD isoalloxazine ring-stacked Trp residue had opposite effects on

MSR and CPR catalysis. In MSR, mutation of Trp697 to a smaller aromatic residue re-
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sulted in variants with an enhanced rate of cytochrome c reduction with greater catalytic

efficiency. These catalytic improvements originate from the 10-fold more rapid initial rate

constant, kobs1, for flavin reduction measured for both variants. In MSR, kobs1 is assigned

to the hydride transfer step and also all the physical preceding steps including coenzyme

binding and displacement of Trp697. Since hydride transfer is expected to be rapid once

the nicotinamide ring is correctly positioned over the FAD isoalloxazine ring, the rate en-

hancement is likely due to a reduction in the energy barriers for the physical steps that lead

to productive NADPH binding. As Trp697 forms extensive π-π stacking interactions with

the FAD isoalloxazine ring, disruption of these dispersion forces presents an energetic bar-

rier for productive nicotinamide ring placement and subsequent hydride transfer136. Thus,

substitution of Trp697 with a smaller aromatic is expected to reduce the energy barrier.

Moreover, the slight increase in the kinetic isotope effect of W697Y and W697F for kobs1

suggests that the isotopically insensitive steps (e.g. structural rearrangement of the aro-

matic residue) are less rate-determining in these variants and the intrinsic isotope effect

associated with breakage of a C-H bond is partially unmasked. As an additional note, the

polarity of the residue does not affect the rate of displacement since both variants have,

within error, similar values for kobs1 and KIE.

Swapping Trp676 for a tyrosine or phenylalanine in CPR did not result in as dramatic

effects as in MSR. Instead of enhancing flavin reduction, the same variants elicited slightly

slower rates of flavin reduction. The size of the aromatic residue does not influence pro-

ductive substrate binding in the same way as in MSR, as the CPR variants only elicited

moderately tighter NADP+ binding affinity. Subtle conformational changes at the active

site upon coenzyme binding may account for these results.

As previously proposed for CPR, two separate conformational rearrangements of the

active site tryptophan are envisioned to take place in MSR prior to hydride transfer.57

In substrate-free and NADP+-bound forms of MSR, the indole ring is orientated over the

re-side of the FAD isoalloxazine ring to maximize π orbital overlap with the FAD. In CPR,

however, substrate binding may induce structural rearrangements in the active site that lead

to a flip and rotation of the indole where only partial π-π interaction is maintained. This

may be the stable position of Trp676, as it is consistently captured in all wild-type crystal

structures of substrate-bound CPR. This second conformation may weaken the residue-FAD

interaction such that the energetic cost of tryptophan displacement is overcome by the en-

ergetic gain of nicotinamide ring placement. Since CPR appears to adopt this conformation

more readily than MSR, it may be the origin of the differential coenzyme binding properties

between these two enzymes. Thus, the weaker interaction of the smaller aromatic residues

with the FAD isoalloxazine in MSR would be expected to lower the energetic cost of the

required conformational changes and may account for the dramatic increase in kobs1 for
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the MSR variants. For the CPR variants, a similar shift to the second conformation as in

native CPR is expected. Thus, the weakened interaction between the isoalloxazine ring and

residue is potentially very similar among the variants and wild-type CPR, thereby having

little effect on the overall rate of flavin reduction.

3.4.2 Interflavin ET influenced by residue polarity in MSR and CPR

MSR and CPR adopt closed and open conformational states over the course of catalysis.

In the closed state, the interflavin distance is shortened to facilitate electron transfer. Ac-

cording to Dutton’s electron transfer rate ruler and the 4 Å interflavin distance (obtained

from CPR crystal structure), the internal electron transfer rate should be approximately 3

x 1010 s−1.138 However, the measured rates in wild-type MSR and CPR are substantially

lower.133,138 In MSR, although the rate of electron transfer from FAD to FMN is rela-

tively slow, we have previously shown that the active site Trp697 accelerates this step.136

By exchanging Trp697 for histidine or serine, the transient absorbance signal at 600 nm

is lost indicating a lack of any detectable semiquinone buildup. However, interflavin elec-

tron transfer does still take place (at an attenuated rate) since these variants achieve full

four-electron reduction by two NADPH molecules and reduce cytochrome c, which receives

electrons directly from FMN. In the W697Y variant there remained an absorbance signal

at 600 nm albeit with a smaller amplitude than in wild type MSR. This indicates that,

to a certain degree, tyrosine can act as trytophan in accelerating FAD to FMN electron

transfer. The modest increase in internal electron transfer in W697Y may be the origin of

the slightly faster cytochrome c turnover compared to W697F. This may also be the case for

the CPR variants since the W676Y variant has a greater rate of flavin reduction with a large

amplitude change compared to W676F as well as faster cytochrome c turnover. The precise

mechanism of how Trp, and to a lesser extent Tyr, enhance internal electron transfer is still

unclear. However, it may arise from the role of the bulky tryptophan residue in displacing

the oxidized nicotinamide ring which is discussed further in the following section.

3.4.3 Trp676 displaces the oxidized nicotinamide ring and as such

controls electron flow

The hydride transfer and interflavin electron transfer steps are tightly coupled in one

kinetic phase in CPR. Let us consider the reduction potentials of the CPR flavins. Based

off of the -320 mV midpoint potential of NADP(H) and -333 mV of FADox/hq, the transfer

of a hydride ion from NADPH to the FAD isoalloxazine ring is not thermodynamically

favoured. However, the FMNox/sq couple is much more electropositive (-66 mV) and pro-

vides the thermodynamic driving force for the forward electron flow through the enzyme.
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By exchanging Trp676 for a smaller aromatic the transfer of an electron from FADH2 to

FMN is hindered, as evident by the lack of a disemiquinone absorbance signal at 600 nm

that typically accompanies the loss of absorbance at 454 nm. Instead, the first phase of

flavin reduction by NADPH results in the formation of a broad charge-transfer band that

is assigned to a distribution of the NADPH-FAD-FMN and NADP+-FADH2-FMN com-

plexes. Since the electrons remain on the FAD cofactor and the nicotinamide ring remains

associated in the active site, there is a shift in favour of the reverse reaction (hydride trans-

fer back to NADP+). Moreover, the charge-transfer complex is not observed in wild-type

CPR, indicating that NADP+ dissociation is faster than in the variants. Thus, following

hydride transfer to FAD, the bulky tryptophan is required for displacement of the oxidized

nicotinamide ring.

Moreover, early stopped-flow studies on rabbit CPR first hypothesized that NADP+

release was rate-limiting in the rapid flavin reduction kinetics.68 Through mutagenesis and

X-ray crystallographic methods, Hubbard et al. identified residues that form a hydrogen

bond network around the FAD isoalloxazine ring, and the involvement of these residues in

proton release and FAD semiquinone stabilization. They proposed that NADP+ release was

required prior to interflavin electron transfer.61 Therefore, the impeded rate of flavin reduc-

tion observed in the W676 variants may be a consequence of a NADP+ release becoming

more rate-determining.

3.4.4 Differential influence of coenzyme binding affinity on CPR and

MSR flavin reduction kinetics

Additional electrostatic interactions with the coenzyme improves substrate binding affin-

ity, however tighter coenzyme binding has differential effects on flavin reduction in CPR and

MSR. In CPR, removal of the Arg298 bidentate interaction with the coenzyme pyrophos-

phate group did not generate dramatic changes to CPR catalytic turnover. As expected,

binding of NADP+ was weakened by this mutation but only by 2-fold. The relatively small

change in Ki may be due to the presence of other stabilizing active site residues, includ-

ing a second arginine (Arg567) that coordinates to the pyrophosphate group (also present

in MSR - Arg581). A much greater effect on coenzyme binding and flavin reduction was

measured for K602AV603K. Removing the direct hydrogen bonding interaction of Lys602

with the 2’-phosphate group of NADPH resulted in a 46-fold weaker binding affinity for

NADP+. Since the binding energy for the coenzyme is largely derived from hydrogen bond

interactions between the 2’,5’-ADP moiety and polar residues at the coenzyme binding cleft,

the significantly weaker binding affinity for NADP+ in K602AV603K was anticipated.64

Weakening the interaction between the enzyme and substrate in K602AV603K produced

a 3- and 6-fold enhancement in the kobs1 and kobs2 of flavin reduction, respectively. These
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accelerated rate constants are attributed to faster dissociation of the oxidized coenzyme as

NADP+ release becomes less rate-determining. Indeed, a slight increase in the KIE to 1.2

from that of wild-type (KIE = 1.1), indicates that hydride transfer becomes slightly more

rate-determining in K602AV603K.

As anticipated for MSR, coenzyme binding is improved by additional electrostatic inter-

actions at the coenzyme-binding site. Replacing a monodentate with a bidentate interaction

with the coenzyme pyrophosphate group, the K291R variant elicited tighter binding affinity

for NADP+ with modestly improved flavin reduction. Furthermore, an additional hydrogen

bond interaction with the coenzyme 2’-phosphate group also increased the enzyme’s affinity

for NADP+, as evident by the 2.8-fold lower Ki for A622K. This variant also elicited faster

rates of flavin reduction with a kobs1 of 35 s−1. As kobs1 encompasses hydride transfer as

well as the preceding physical steps such as coenzyme binding, the accelerated kobs1 for

these MSR variants is attributed to improved coenzyme binding affinity.

Despite the accelerated rates of flavin reduction in the K602AV603K and A622K vari-

ants, the overall k cat of cytochrome c reduction was modestly slower than the wild-type

counterparts. Although the origin of this effect is not immediately clear, it may be due

to alterations in the active residues that confer subtle structural changes upon coenzyme

binding. Previous studies with CPR have shown that binding of the coenzyme and the

2’,5’-ADP moiety alone enhance the interflavin electron transfer rate in CPR.73,75 This

rate enhancement was attributed to a shift in the conformational equilibria to a closed

state that brings the flavin cofactors together to facilitate interflavin electron communica-

tion. For CPR, and by extension for MSR, it is possible that the mutations introduced

at the 2-phosphate-binding site may influence the residues involved in this conformational

equilibrium. These variants may adopt the closed conformation more readily than the open

conformation, which would disfavour electron transfer from FMNH2 to the external electron

acceptor.

3.5 Experimental Procedures

3.5.1 Materials

Reagents NADPH, NADH, NADP+, 2’,5’-ADP, and cytochrome c3+, ethanol-d6 and al-

cohol dehydrogenase were obtained from Sigma Aldrich (Oakville, ON, Canada). Pfu Turbo

DNA polymerase, Taq DNA polymerase and Xl1 Blue cell lines were from Agilent Tech-

nologies (Mississauga, ON, Canada). Rosetta(DE3)pLysS and BL21(DE3)pLysS competent

cells and yeast alcohol dehydrogenase were purchased from EMD Biosciences. Protein pu-

rification supplies, Resource Q column and glutathionine sepharose 4B resin, were obtained

from GE Biosciences. All other chemical reagents were purchased from Fisher.
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3.5.2 (R)-[4-2H]-NADPH synthesis and purification

(R)-[4-2H]-NADPH was synthesized enzymatically using a procedure adapted from Viola

and colleagues.139 In a 30 mL beaker wrapped in foil, a 20 mL reaction mixture was made

of 20 mM TAPS buffer pH 9, 330 mg NADP+, 33 units of alcohol dehydrogenase, 100 units

aldehyde dehydrogenase and 0.343 mL of ethanol d6. At room temperature, the reaction is

stirred and the pH was monitored continuously to maintain a pH of 9. Throughout the day,

small samples were analyzed at 340 nm using a Lambda 25 UV/Vis Spectrometer (Perkin

Elmer). At a concentration of 5.37 mM, 100 µL of chloroform was added and the solution

was mixed thoroughly. It was then spun at 27,170 × g for 30 minutes. The supernatant

was lyophilized overnight.

The first purification method was by ethanol precipitation. In the morning, the NADPD

preparation was resuspended in 2 mL of 20 mM TAPS pH 9 then 24 mL of −20 ◦C ethanol

was added. The solution was spun at 27 170 × g for 30 minutes. The supernatant was

discarded and the resuspension was repeated. After a second round of centrifugation, the

supernatant was discarded and the pellet was resuspended in 2 mL 20 mM TAPS then

transferred to a round bottom flask. Contents were lyophilized overnight.

A further purification step was performed with a Q-Sepharose column. The column

was equilibrated with 10 mM ammonium hydrogen carbonate pH 9 (buffer A) and a 2 mL

solution of the previously dried NADPD sample was applied to the column. The column

was washed with two column volumes of buffer A then a gradient was applied with 400 mM

ammonium hydrogen carbonate pH 9 over 3 column volumes (buffer B). Two additional

column volumes were run at 100 % buffer B. The resulting peaks were collected and analyzed

spectrophotoscopically to determine the 260/340 nm ratio. Fractions with a ratio of 2.5 or

less were pooled together and lyophilized until completely dry. Samples were wrapped in

foil and stored at −80 ◦C.

3.5.3 Generation and expression of CPR and MSR tryptophan variants

The CPR W676F and W676Y variants and the MSR W697F and W697Y variants were

generated from soluble (transmembrane domain cleaved) wild-type CPR plasmid pET-15b

and wild-type MSR plasmid pGEX-4T1 using the QuikChange Site-Directed Mutagenesis

Kit (Agilent Technologies). Oligonucleotide primers were designed based on the published

sequence (Accession number: NM000941 CPR and AF121214 MSR) and purchased from

Integrated DNA Technologies (Coralville, Iowa, USA). The primers are tabulated in Table

3.10. Successful mutagenesis was confirmed by the NAPS DNA Sequencing Laboratory of

the University of British Columbia (Vancouver, Canada). Mutant plasmids were then trans-

formed into the Escherichia coli strain Rosetta2(DE3)pLysS for MSR and BL21(DE3)pLysS
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Table 3.10: The forward (F) and reverse (R) oligonucleotide primers designed for each
specified MSR and CPR variant. Mutation is in bold.

Enzyme Variant Oligonucleotide Sequence

MSR
W697F F 5’ CTTCAGGATATTTTTTCATAGCGGCCGCATCG 3’

R 5’ CGATGCGGCCGCTATGAAAAAATATCCTGAAG 3’
W697Y F 5’ CTTCAGGATATTTACTCATAGCGGCCGCATCG 3’

R 5’ CGATGCGGCCGCTATGAGTAAATATCCTGAAG 3’
K291R F 5’ CGAATGATGCCATAAGAACCACTCTGCTG 3’

R 5’ CAGCAGAGTGGTTCTTATGGCATCATTCG 3’
A622K F 5’ GAGGAGGAAGCCCCAAAAAAGTATGTACAAGAC 3’

R 5’ GTCTTGTACATACTTTTTTGGGGCTTCCTCCTC 3’

CPR
W676F F 5’ GCCTACTCCTGGACGTGTTTAGCTAGGATCCGAATTCGG 3’

R 5’ CCGAATTCGGATCCTAGCTAAACACGTCCAGGAGTAGC 3’
W676Y F 5’ GCTACTCCTGGACGTGTACAGCTAGGATCCGAATTCGG 3’

R 5’ CCGAATTCGGATCCTAGCTGTACACGTCCAGGAGTAGC 3’
R298K F 5’ CCAGGGAACCGAGCGCCCACCTCATGCACCTGG 3’

R 5’ CCAGGTGCATGAGGTGGGCGCTCGGTTCCCTGG 3’
K602AV603K F 5’ CGGGAGCAGTCCCACGCTAAGTACGTCCAGCAC 3’

R 5’ GTGCTGGACGTACTTAGCGTGGGACTGCTCCCG 3’

for CPR using the heat shock method. The MSR recombinant GST-fusion proteins were

expressed and harvested as previously described in Section 2.5.2. The CPR recombinant

His-tagged proteins were grown in 200 mL cultures of Luria-Bertani medium, containing

100 µg mL−1 of ampicillin and 34 µg mL−1 chloramphenicol, overnight at 37 ◦C and 225

rpm. 0.5 L cultures of Terrific Broth containing 100 µg mL−1 ampicillin and 34 µg mL−1

chloramphenicol were inoculated with 10 mL of the 200 mL cultures and grown at 30 ◦C to

an Abs600 of 0.8. Cultures were then induced with 0.1 mM IPTG and the temperature was

lowered to 20 ◦C to grow overnight. In the morning, cells were harvested at 6,360 × g for

10 min and stored at −80 ◦C.

3.5.4 Purification of MSR variants

Purification of MSR variants followed the procedure previously described in Section

2.5.4.

3.5.5 Purification of CPR variants

All purification steps were performed on ice or at 4 ◦C. Cells overexpressing the recom-

binant His-tagged enzyme were resuspended in 300 mL of 50 mM Tris/HCl pH 7.5 with

protease inhibitors benzamidine (2 mM) and PMSF (1 mM). The resuspension was soni-
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cated with the Sonicator S-4000 (Misonix Inc.) at 22% power amplitude with alternating

8 s pulses and 1 min pauses for a total of 45 min. Cell lysate was then centrifuged at 39

120 × g for 45 minutes to separate the soluble protein from cellular debris. 0.5 M NaCl

and 20 mM imidazole was added to the collected supernatant. The crude extract was then

loaded onto a HisTrap FF crude 5 mL affinity column (GE Healthcare) equilibrated with 10

column volumes of 50 mM Tris/HCl pH 7.5, 0.5 M NaCl and 20 mM imidazole. Followed

by a 5 column volume wash, the column was attached to the AKTApurifier system (GE

Healthcare). Buffer A: 50 mM Tris/HCl pH 7.5 and 0.5 M NaCl; Buffer B: 50 mM Tris/HCl

pH 7.5, 0.5 M NaCl and 0.3 M imidazole. Nonspecifically bound protein was eluted with 10

% buffer B for 2 column volumes. His-tagged enzyme was eluted by a linear gradient from

10% to 100% buffer B over 8 column volumes. Fractions were pooled together and dialyzed

overnight in 4 L 50 mM Tris/HCl pH 7.5, 1 mM EDTA and 1.7 mL β-mercaptoethanol

at 4 ◦C to remove excess salt. Dialysate is concentrated down to 20 mL, loaded onto the

AKTApurifier system and applied to an equilibrated 55 mL Q Sepharose anion exchange

column. Buffer A: 50 mM Tris/HCl pH 7.5; Buffer B: 50 mM Tris/HCl pH 7.5 and 0.5 M

NaCl. The enzyme was eluted with a linear gradiant from 0 % to 100 % buffer B over eight

column volumes at a flow rate of 2 mL/min. The desired fractions were collected based on

the absorbance readings at 280 nm and the yellow colour that is characteristic of oxidized

CPR. The final concentration of purified CPR (∆ε = 21.6 mM−1cm−1) was determined by

the absorption at 454 nm and the Beer-Lambert Law, Equation 3.1.

Abs = εlc (3.1)

where c is the concentration of sample, Abs is the absorbance at 454 nm, ε is the molar

extinction coefficient of CPR, and l is the light path length (1 cm).

3.5.6 Steady state turnover analysis

Steady state turnover assays for MSR variants were conducted as previously described

in Section 2.5.5. CPR variant assays followed the same protocol but were performed in 50

mM KPi pH 7.5 buffer.

3.5.7 Pre-steady state kinetic analysis

Pre-steady state kinetic assays for MSR and CPR variants were conducted as previously

described in Section 2.5.6.
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3.5.8 Redox potentiometry

All potentiometric titrations were performed in an anaerobic nitrogen environment at

room temperature in 50 mM Hepes/KOH pH 7.0 buffer. Through extensive bubbling with

nitrogen, the buffer was made anaerobic and left to equilibrate in the glove box for over 16

hours. Enzyme samples W676Y and W676F were fully oxidized with potassium ferricyanide,

brought into the glove box then gel-filtered over a 50 mM Hepes/KOH pH 7.0 equilibrated 10

mL size-exclusion column (Bio-Rad Econo-Pac 10 DG column, Mississauga, ON, Canada).

Small fractions of the eluted protein were removed from the glove box for spectrophotometric

determination of the sample concentration. In the anaerobic environment, the enzyme

was diluted to 14-28 µM in a total volume of 3 mL. Redox mediators benzyl viologen

(1 µM), methyl viologen (0.2 µM), 2-hydroxy-1,4-napththoquinone (5 µM) and phenazine

methosulfate (2 µM) were added to the glass cuvette with the enzyme solution. A specially

designed cuvette holder held the fiber optic cables of the stopped-flow to allow for sample

illumination by the xenon lamp and the spectra were recorded by the photodiode array

detector. Absorbance spectra (280-703 nm) were recorded on a SF-61DX2 Stopped-flow

apparatus from TgK Scientific and the electrochemical potential was monitored using a

Mettler Toledo FiveEasy voltmeter coupled to a platinum-Ag/AgCl electrode. The enzyme

solutions were titrated electrochemically with small aliquot volumes of sodium dithionite as

described by Dutton et al.140 After each addition, the sample was mixed thoroughly, allowed

to equilibrate, and the spectrum was recorded when the potential stabilized. This step was

repeated until the enzyme was fully reduced. The observed potentials were normalized to

the standard hydrogen electrode by adding 197 mV. The spectral data were adjusted to the

same absorbance baseline at 703 nm to account for drift observed during the redox titration.

Data manipulation and analysis was performed using Origin 8.5 software (OriginLab

Co.). Absorbance values from 590 to 605 nm, the semiquinone absorbance maxima, were

summed and plotted against the normalized potential to determine the midpoint potentials.

Data were fitted to Equation 3.1, which represents a sum of two two-electron redox processes

derived by the Beer-Lambert Law and the Nernst equation.

A =
a10(E−E′

1)/59 + b + c10(E
′
2−E)/59

1 + 10(E−E′
1)/59 + 10(E

′
2−E)/59)

+
d10(E−E′

3)/59 + e + f10(E
′
4−E)/59

1 + 10(E−E′
3)/59 + 10(E

′
4−E)/59)

(3.2)

In this equation, E is the observed potential, E1’ and E2’ are the oxidized/semiquinone

and semiquinone/hydroquinone midpoint potentials of one flavin. E3’ and E4’ are the corre-

sponding midpoint potentials for the second flavin. A is the total absorbance, a, b and c are

the component absorbance values contributed by one flavin in the oxidized, semiquinone,

and reduced states, respectively. The d, e and f are the corresponding absorbance com-
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ponents for the second flavin. The absorbance contribution of oxidized and reduced forms

of FAD and FMN are assumed to be equal (a = d and c = f ). The initial values for En’

(where n = 1, 2, 3, 4) were based on the previously determined midpoint potentials for

wild-type CPR.66 With only one variable fixed and all others floating, data fitting resulted

in decent flavin absorbance values (a-f ). Several iterations of data fitting with varied com-

binations of absorbance values fixed (a and d, b and e, and c and f ) with the potentials

floating generated reasonable estimates of the individual midpoint potentials. This fitting

was followed by a final iteration where the potential values and absorbance values a, c, d

and f were allowed to vary. To prevent overparameterization, b and e were fixed in the

final iteration.
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Chapter 4

Role of histidine residue at the

FAD active site in regulating

intramolecular electron flow in

CPR and MSR

4.1 Summary

In this chapter the functional role of a proximal FAD histidine residue in interflavin

electron transfer is investigated in human CPR and MSR. Hydride transfer and interflavin

electron transfer in CPR are tightly coupled in one kinetic step, while the two catalytic

events are two kinetically distinct phases in MSR. The FAD proximal catalytic triad is well-

conserved in CPR and MSR with an established role in stabilizing steps of the catalytic

mechanisms. In CPR, Asp674 of the triad forms a hydrogen bond with His322. The

equivalent residue in MSR is Ala312. Consequently, the potential role of this residue in

regulating electron flux in CPR and MSR is evaluated by generating reciprocal substitutions:

H322A and A312H. The steady state and pre-steady state kinetic properties of these variants

were determined through aerobic and anaerobic spectrophotometric techniques. Through

these studies, the hydride and interflavin electron transfer steps in MSR were successfully

coupled in one kinetic phase. In CPR, I proposed that His322 weakens coenzyme binding

affinity by competing with the nicotinamide ring for interaction with Asp674. By weakening

the coenzyme-enzyme interaction, coenzyme release is promoted which, in turn, accelerates

electron flow through CPR.

4.2 Background

MSR and CPR are envisioned to switch from a closed to an extended conformation

during the transmission of electrons from NADPH to external electron accepting pro-

teins.73,74,113,141 The compact, closed conformation brings FAD and FMN flavins together,

such that they are poised for rapid interflavin electron transfer. In this conformation, the
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FMN cofactor is buried and cannot interact with and transfer an electron to the terminal

electron acceptor. To accomplish this half of the reaction, the FMN domain undergoes

large-scale conformational motion to adopt an extended state that leads to solvent expo-

sure of the FMN.73,74,113 Several studies using different methodologies including NMR and

small-angle X-ray crystallography in CPR have provided strong evidence that these con-

formational transitions take place during catalysis.73–76,142 The 12-amino acid hinge that

tethers the FMN domain to the connecting domain of CPR has been shown to be critical to

the conformational dynamics.57 Interestingly, the corresponding hinge in MSR is an extra

82 amino acids longer suggesting an increased mobility of the FMN domain.

Spectroscopic studies of the rapid, single turnover kinetics of CPR and MSR reduction

with NADPH reveal differential kinetic behaviors. Scheme 4.1 shows the mechanistic steps

involved in MSR and CPR catalysis. In CPR, the initial event of hydride transfer from

NADPH to FAD (II) and electron transfer from FAD to FMN (III) are tightly coupled such

that there is no accumulation of the FAD hydroquinone intermediate. In MSR, however,

these two catalytic events are represented by two discrete kinetic phases such that there is

transient accumulation of E-FADH2-FMN. This species accumulates due to the slow rate

of interflavin electron transfer. To further investigate the origin of these different kinetic

behaviors, the amino acids surrounding the FAD isoalloxazine ring were compared for CPR

and MSR.

E FAD
FMN

E FAD
FMN

NADPH NADPH

E FADH2
FMN

NADP+

E FADH
FMNH

(NADP+)

E FAD
(NADP+)

FMNH2
E FADH2
(NADP+)

FMNH2

NADPHNADP+

2H+, 2e-

I II

III

IVV

VINADP+

Figure 4.1: Proposed mechanism for NADPH-mediated reduction of CPR and MSR. I
NADPH binds. II Donation of hydride ion from NADPH to FAD. III Formation of the
disemiquinone. IV Both electrons are transferred to the FMN to form the hydroquinone.
V Full four-electron reduction to the dihydroquinone by a second molecule of NADPH. VI
Transfer of reducing equivalents from the enzyme to terminal electron acceptors regenerates
the fully oxidized enzyme. The presence/absence of the oxidized coenzyme is not absolutely
known and depicted as parentheseses around NADP+.
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Figure 4.2: Proximal FAD isoalloxazine ring residues in wild-type MSR (Right) and CPR
(Left). PDB 2QTZ and 3Q2E

Three well-conserved residues referred to as the catalytic triad, Asp674, Ser457 and

Cys629 (CPR numbering), are positioned in close proximity to the FAD isoalloxazine ring

active site, see Figure 4.2. Ser457 is positioned within hydrogen bonding distance to the

catalytically important N5 atom of FAD. Asp674 forms a hydrogen bond interaction with

Ser457; however, this interaction is disrupted upon coenzyme binding as Asp674 forms new

contacts with the C4 atom of the nicotinamide ring. Cys629, lying above the isoalloxazine

ring, is orientated to also interact with the incoming nicotinamide ring. These residues

stabilize the transition state for hydride transfer from the C4 atom of the nicotinamide ring

to the N5 atom of the FAD isoalloxazine ring. Upon nicotinamide ring release, the Ser457

and Asp674 residues reform a hydrogen bond network to the N5 atom of the reduced FAD

and stabilize the semiquinone state.44,60,61

The catalytic triad is conserved in plant-type ferredoxin NADP+-reductases, although

the aspartate residue is replaced for a glutamate.129 Recall that FNR operates in the reverse

direction from MSR and CPR, by transferring reducing equivalents from reduced ferredoxin

onto NADP+. Theoretical studies on FNR by Dumit et al. have proposed that, during

catalysis, the glutamate residue functions as a proton donor to the N5 nitrogen of the FAD

isoalloxazine ring through the serine side chain.143 Catalysis of MSR and CPR functions in

the reverse of that of FNR, and the aspartate residue has been suggested to play a similar

role in catalysis but as a proton acceptor. Notably, the FAD active site of CPR depicts a

histidine residue (His322 - numbering based off of ratCPR crystal structure and not human
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CPR sequence (His319)) that lies within hydrogen bond distance of Asp674 as shown in

Figure 4.2. This histidine residue is conserved among CPR homologues and those of nitric

oxide synthase, which also couple hydride and interflavin electron transfer. However, as

shown in Figure 4.2, the equivalent residue in MSR is an alanine (Ala312). The presence

of histidine in CPR and NOS but not in MSR may influence the ability of Asp to act as a

general base and may be the origin of the differences in kinetic behaviors in CPR and MSR.

In an effort to determine the structural basis for the differential kinetic behavior of

CPR and MSR, mutations were made to His322 in CPR and the equivalent residue Ala312

in MSR. Reciprocal mutations H322A and A312H were made in an attempt to replicate

the local amino acid environment of MSR in CPR and vice versa. Both residues were also

mutated to a glutamine, which can still participate in hydrogen bonding to aspartate but not

in acid/base chemistry. The steady state kinetic properties of each variant were measured

by spectrophotometric analysis of cytochrome c or ferricyanide (Fe(CN)6
3−, abbreviated

FeCN) reduction. Uncoupled NADPH oxidase activity was also determined for each variant.

Product inhibition assays with NADP+ reported on the relative coenzyme binding affinities

of each variant. Lastly, stopped-flow spectrophotometric studies of flavin reduction under

pseudo-first order conditions were utilized to evaluate the effect of the mutation on the

rapid turnover kinetics for these two enzyme variants.

In addition, the effect of the hinge length on the kinetic properties of MSR was examined.

The much longer hinge of MSR compared to CPR may impart greater conformational

freedom to the FMN domain, which could limit electron transfer between FAD and FMN.

Therefore, the MSR hinge was truncated to 12 amino acids (the equivalent length in CPR)

to determine the potential consequence of a longer, more flexible hinge on electron flux in

MSR.

4.3 Results

4.3.1 Flavin characteristics of variants

The visible absorption spectrum of each variant was measured under aerobic conditions

using a UV-Vis spectrophotometer. Figure 4.3 shows the reduction of the enzyme variants

by equimolar and saturating concentrations of NADPH. Under equimolar conditions, a loss

of absorbance at the flavin absorbance maxima 454 nm was observed with the appearance

of a large disemiquinone absorbance signal centered around 585-605 nm. In the presence

of saturating amounts of NADPH, the absorbance peaks at both 454 nm and 600 nm were

reduced. These spectral properties are similar to those observed for wild-type CPR and

MSR, indicating that mutation at the His322 (CPR) and Ala312 (MSR) do not affect

NADPH-mediated flavin disemiquinone formation in an aerobic environment.
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Figure 4.3: Visible absorption spectra of CPR and MSR variants H322Q (A), H322A (B),
A312Q (C), and A312H (D) under aerobic conditions. The recorded spectral properties
of fully oxidized enzyme (solid black line), after a 5 min incubation with an equimolar
concentration of NADPH (dashed line), and after 10 min incubation with a saturating
concentration of NADPH (dotted line).
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Table 4.1: Steady state kinetic parameters of wild-type, A312 and H322 variants of MSR
and CPR. Conditions: 1 mL reaction volume, 8 µM cytochrome c3+, 0.5 mM FeCN, 2-10
pmole enzyme, varied [NADPH] and [NADP+] at 25 ◦C. Assay buffer for MSR is 50 mM
Tris-HCl pH 7.5 and 50 mM KPi pH 7.5 for CPR. Assays were done in triplicate and fit to
the Michaelis-Menten equation. Inhibition data from four inhibitor concentrations were fit
to a competitive inhibition equation.a Data acquired from Wolthers et al.

Enzyme k cat
cytc Km NADPH Ki NADP+ k cat/Km k cat

FeCN

(s−1) (M × 10−6) (M × 10−6) (s−1M−1 × 10+6) (s−1)

WTMSR
a 7.2 ± 0.1 2.4 ± 0.1 36.9 ± 2.7 3.1 ± 0.3 7.9 ± 0.1

A312Q 7.8 ± 0.1 6.2 ± 0.2 29.1 ± 1.9 1.3 ± 0.1 7.1 ± 0.1
A312H 3.6 ± 0.1 15.0 ± 0.7 72.9 ± 7.8 0.24 ± 0.01 7.1 ± 0.1

WTCPR 20.0 ± 0.2 0.71 ± 0.04 0.95 ± 0.05 28.3 ± 1.8 43.5 ± 0.1
H322Q 11.3 ± 0.2 0.58 ± 0.04 0.65 ± 0.05 19.4 ± 1.7 26.1 ± 0.1
H322A 5.4 ± 0.1 0.31 ± 0.04 0.30 ± 0.04 17.4 ± 2.5 18.1 ± 0.1

4.3.2 Steady state kinetic data

Steady state kinetics of each variant were analyzed using two different artificial electron

acceptors, ferricyanide (FeCN) and cytochrome c3+. FeCN receives an electron from either

FAD or FMN cofactors, while cytochrome c only receives an electron directly from the

FMN cofactor. The data collected from all steady state assays are summarized in Table

4.1. The H322A CPR variant elicited a 4-fold decrease in cytochrome c+3 reduction and a

1.5-fold decrease in FeCN reduction. H322Q showed an approximate 50% reduction in the

steady state turnover of cytochrome c+3 and FeCN. Both variants had moderately tighter

binding affinity for NADP+ and a loss of catalytic efficiency attributed to the reduced rate

of catalytic turnover with cytochrome c+3. As shown in Figure 4.4, uncoupled NADPH

oxidation assays revealed a modest decrease in k cat (1.5-fold slower) for H322A, while k cat

was unchanged for H322Q compared to wild-type.

Exchanging alanine for histidine in MSR (A312H) weakened the binding of NADP(H),

evident by the increase in the apparent Km and Ki for the binding of NADP(H). This

variant also elicited slower rates of FeCN and cytochrome c+3 turnover and, together with

weaker substrate binding, has 13-fold lower catalytic efficiency. A312Q elicited a similar

k cat for cytochrome c+3 and FeCN reduction, with a modest increase in substrate binding

affinity. Catalytic efficiency of this variant decreased by about half due to a higher apparent

Km value. The uncoupled NADPH oxidase activity of the MSR variants did not change

significantly from that of the native enzyme.
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Figure 4.4: Uncoupled NADPH oxidation activity of CPR H322 and MSR A312 variants.
Conditions: 1 mL reaction volume, 2 pmole enzyme, 1 mM NADPH, 50 mM Tris pH 7.5
at 25 ◦C. For wild-type CPR, H322Q and H322A, the rate constant of uncoupled NADPH
oxidase activity generated from linear fits of triplicated data is 1.1 ± 0.1 s−1, 1.0 ± 0.1 s−1

and 0.71 ± 0.02 s−1, respectively. The rate constants measured for wild-type MSR, A312Q
and A312H are 0.85 ± 0.02 s−1, 0.85 ± 0.03 s−1 and 0.77 ± 0.003 s−1.

4.3.3 Multiple and single wavelength pre-steady state kinetics of CPR

variants

The pre-steady state rates of NADPH-dependent reduction of CPR variants were moni-

tored by anaerobic stopped-flow spectrophotometry. Spectral changes upon reduction with

NADPH were collected over 1 s and resolved by SVD. Spectral data are shown in Figure

4.5. Resolved data were then fitted to a two-step biphasic kinetic model for H322Q and a

one-step monophasic kinetic model for H322A; the generated observed rate constants are

summarized in Table 4.2. The kinetic profile of H322Q reduction was comparable to that

of wild-type CPR. The initial fast rate constant (kobs1 = 17 s−1) occurred with a 77% ab-

sorbance loss at 454 nm with a simultaneous appearance of a broad absorbance band at 600

nm representing formation of the disemiquinone. The second phase was slower (kobs2 = 5

s−1) with only a 23% amplitude change at 454 nm and a slight loss of absorbance in the

longer wavelengths. This second phase is assigned to a small portion of the two-electron

reduced enzyme population being further reduced to the four-electron level by a second

equivalent of NADPH.

The H322A variant exhibited monophasic reduction to the two-electron reduced state.

This phase change occurred with a slower rate constant of 8 s−1, 2.5-fold less than kobs1 of

wild-type CPR. Unlike H322Q and wild-type CPR, the absorbance loss at 454 nm was not

accompanied by the formation of an absorbance signal at 600 nm, see Figure 4.5. Indeed,
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Table 4.2: Observed rate constants of the pre-steady state reduction of CPR H322 variants.
For details see Figure 4.5

CPR kobs1 (s−1) kobs2 (s−1)

Wild-type 19.00 ± 0.01 2.72 ± 0.01
H322Q 16.6 ± 0.1 5.2 ± 0.1
H322A 8.0 ± 0.1 -

single wavelength traces for H322A at 600 nm do not show an absorbance change, confirming

the absence of the disemiquinone species or charge-transfer (CT) complex (Figure 4.6)

during the reductive half-reaction. These stopped-flow data indicate that the two-electron

reduced enzyme population is either in the FAD hydroquinone (E-FADH2-FMN), the FMN

hydroquinone (E-FAD-FMNH2), or perhaps a mixture of the two redox states. Over a

longer time frame of 150 s with the autoshutter on to avoid light-induced flavin bleaching,

there is a small, gradual buildup of the broad absorbance band at 600 nm indicative of the

disemiquinone species(Figure 4.6). This signal is only a fraction of the equivalent signal in

wild-type CPR and H322Q when allowed to reach equilibrium, suggesting that interflavin

electron transfer is not as well supported in the H322A variant. Spectral data for the

equimolar reduction of this variant over a longer time frame, in Figure 4.7, also show only

a minor disemiquinone signal. As H322A does not reduce beyond the two-electron level

during single turnover assays, the enzyme likely populates the FAD hydroquinone state (E-

FADH2-FMN) rather than the FMN hydroquinone (E-FAD-FMNH2), as the latter would

presumably allow for reduction by a second equivalent of NADPH, which is not observed

in the stopped-flow data.

4.3.4 Multiple and single wavelength of isolated FAD domain of

wild-type and H322A CPR

NADPH-mediated flavin reduction of the isolated FAD domain of wild-type (WTFAD)

and H322A (H322AFAD) CPR were analyzed by stopped-flow spectrophotometry. Ab-

sorbance changes over multiple wavelengths (375-700 nm) over 10 s were collected and

subjected to SVD analysis, show in Figure 4.8. Both WTFAD and H322AFAD elicited

biphasic reduction and were best fitted to a two-step kinetic model. The resulting rate

constants were comparable for the two enzymes with a kobs1 of ∼ 32 s−1 and a kobs2 of

1 s−1. These rates are also comparable to those obtained from single wavelength traces

obtained at 454 nm, see Figure 4.9. Spectral changes associated with kobs1 include the loss

of absorbance at 454 nm coupled with an appearance of a small flat absorbance band in

the long wavelengths (>550 nm). This flat absorbance band represents the formation of a
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Figure 4.5: Spectral changes upon NADPH reduction of CPR H322 variants monitored
by multi-wavelength stopped-flow spectrophotometry. Conditions: 20 µM enzyme, 10-fold
excess NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Time-dependent spectral
changes over a 1 s time frame are shown for H322Q (A) and H322A (B). Global analysis
of SVD-resolved spectra generated deconvoluted spectral intermediates for H322Q (C) and
H322A (D). H322Q spectral data were best fit to a two-step model with three spectral
intermediates (a → b → c). H322A spectral data were best fit to a single-step model with
two spectral intermediates (a → b).
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Figure 4.6: Anaerobic reduction of H322Q and H322A by saturating [NADPH] monitored
by single wavelength stopped-flow spectrophotometry at 454 and 600 nm. Conditions: 20
µM enzyme, 200 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Wild-type CPR
(a), H322Q (b) and H322A (c). Rapid absorbance changes over 10 s at 454 nm (Panel A)
and 600 nm (Panel B). Panel C shows the absorbance changes occuring at 600 nm over 150
s.
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Figure 4.7: Spectral changes upon equimolar NADPH reduction of H322Q and H322A mon-
itored by multi-wavelength stopped-flow spectrophotometry. Conditions: 20 µM enzyme,
20 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C.

charge-transfer complex between the FAD isoalloxazine ring and NADP+. Figure 4.9 shows

the 454 nm single wavelength traces and double exponential fits of these spectra revealed

that the first rate constant of flavin reduction at 454 nm is equal to that of the rate constant

for the ’up’ phase at 600 nm, while decay of the CT complex occurs with the same rate

constant as the kobs2 for flavin reduction.

In full-length CPR, the flat absorbance band is not observed, instead the absorbance

peak at 600 nm is attributed to the appearance and decay of the disemiquinone species.

The lack of the CT signal in full-length CPR indicates the E-FADH2-NADP+ complex does

not accumulate as an intermediate, presumably due to rapid interflavin electron transfer.

For full-length H322Q, and to a much greater degree for H322A, the diminished absorbance

signal at 600 nm observed in Figure 4.6 indicates impeded interflavin electron transfer in

these variants.

4.3.5 Redox Potentiometry of H322A

Potentiometric analysis of H322A was performed to determine if the removal of the

imidazole side chain alters the midpoint potentials of the FAD redox couples. Previous redox

titrations with wild-type CPR found that the FAD couples were similar in the full-length

enzyme and the isolated NADPH/FAD domain.66 Thus, the fitting process was simplified by

using the H322AFAD alone in the titrations. Under anaerobic conditions, gradual addition

of dithionite led to formation of the FAD semiquinone and complete reduction to the FAD

hydroquinone. A plot of the absorbance values at 600 nm against the measured potential

values that were normalized to the standard hydrogen electron is presented in Figure 4.10.
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4.3. Results

Figure 4.8: Spectral changes upon NADPH reduction of wild-type and H322A FAD domain
variants monitored by multi-wavelength stopped-flow spectrophotometry. Conditions: 20
µM enzyme, 10-fold excess NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Time-
dependent spectral changes over a 1 s time frame are shown for wild-type FAD domain (A)
and H322A FAD domain (B). Global analysis of SVD-resolved spectra generated deconvo-
luted spectral intermediates for WTFAD (C) and H322AFAD (D). WTFAD and H322AFAD

were best fit to a two-step model with three spectral intermediates (a → b → c).
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4.3. Results

Figure 4.9: Anaerobic reduction of WTFAD (black line) and H322AFAD (gray line) by
saturating [NADPH] monitored over 10 s by single wavelength stopped-flow spectropho-
tometry at 454 and 600 nm. Conditions: 20 µM enzyme, 200 µM NADPH, anaerobic 50
mM Tris-HCl pH 7.5 at 25 ◦C. The 454 nm spectral data were fit to a double exponential
generating a kobs1 of 31.9 ± 0.1 s−1 and 31.6 ± 0.3 s−1 and a kobs2 of 1.0 ± 0.1 s−1 and 1.2
± 0.1 s−1 for WTFAD and H322AFAD.
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A fit of the data in the plot to the Nerst equation generated midpoint potentials of -273 ±
6 mV for the FADox/sq couple and -398 ± 20 mV for FADsq/hq. These values compare well

to those obtained for WTFAD, indicating that the imidazole side chain does not influence

the midpoint potentials of the FAD redox center.

Figure 4.10: Redox titrations of H322AFAD. Panel A: Spectral features of H322AFAD after
each addition of reductant. Panel B: Plot of absorbance at 600 nm againsts the normalized
redox potential. These data were fit to the Nernst equation which yielded a midpoint
potential of -273 ± 6 mV for FADox]sq and -398 ± 20 mV for FADsq/hq.

4.3.6 Multiple and single wavelength pre-steady state kinetics of MSR

variants

Rapid turnover of the MSR variants with saturating amounts of NADPH were followed

by anaerobic stopped-flow spectrophotometry. After rapid mixing with NADPH, the spec-

tral changes over 150 s were recorded from 375 to 700 nm. The spectra obtained for A312Q

resembles that of wild-type MSR where reduction follows a three-step kinetic model with

four distinct spectral species. The first kinetic phase (a → b) represents reduction of the

fully oxidized enzyme to the FAD hydroquinone species (E-FADH2-FMN). This is evident

by the absorbance bleaching at 454 nm and lack of absorbance change at 600 nm. The first

phase occurs with a kobs1 that is 1.9-fold slower than that of wild-type MSR but with a sim-

ilar amplitude change. Conversion of spectral species b to c involves absorbance loss at 454

nm and the emergence of an absorbance peak at 600 nm. Thus, the second phase reports

on interflavin electron transfer and formation of the disemiquinone. Complete loss of an ab-

sorbance signal across the detected wavelengths corresponds to the enzyme reduction by a

second reducing equivalent from NADPH to form the four-electron reduced dihydroquinone

(E-FADH2-FMNH2).

91



4.3. Results

Table 4.3: Observed rate constants of the pre-steady state NADPH reduction of MSR A312
variants by stopped-flow spectrophotometry. See Figure 4.11 for details.

MSR kobs1 (s−1) kobs2 (s−1) kobs3 (s−1)

Wild-type 24.9 ± 0.1 0.18 ± 0.01 0.016 ± 0.003
A312Q 13.0 ± 0.1 1.6 ± 0.01 0.10 ± 0.01
A312H 0.76 ± 0.01 0.032 ± 0.001 -

In contrast to wild-type MSR and A312Q, the kinetic profile of A312H reduction under

pseudo-first order conditions fits best to a two-step kinetic model. The conversion of spectral

species a to b occurs with the loss of absorbance at 454 nm and the appearance of an

absorbance signal at 600 nm, as is observed in wild-type CPR. These spectral changes

indicate that the hydride and interflavin electron transfer steps are coupled in A312H.

However, the rate constant associated with this step is 30-fold slower than the equivalent

step in wild-type MSR. To determine if the reduced rate of flavin reduction measured for

A312H is due to slower hydride transfer, kinetic isotope effect studies were performed with

(R)-[4-2H] NADPH. A KIE of 1.3 was determined for the MSR variant, which is slightly

less than the KIE of 1.7 measured for native MSR.65 Therefore, the hydride transfer step

becomes less rate-determining in A312H than in wild-type MSR.

Single wavelength absorption spectrophotometry conducted at 454 and 600 nm allowed

for the determination of initial rate constants for A312Q and A312H reduction. Both

variants exhibited bleaching of the flavin absorbance maxima at 454 nm and were fitted

to a double and single exponential equation for A312Q and A312H. The resulting rate

constants were in agreement with those previously determined by global analysis of multiple

wavelength data. Both variants also exhibited an ’up’ and ’down’ phase at 600 nm that

reached a maxima at ∼5 - 10 s then decayed over 100 s during the reductive half-reaction.

These two kinetic phases were assigned to the formation and decay of the disemiquinone

(E-FADH•-FMNH•). Reliable fits of the 600 nm absorbance changes were not possible.

Despite a smaller amplitude change of the 600 nm peak in A312Q and A312H, the variants

form the disemiquinone over a shorter time frame than wild-type MSR, suggesting that

these variants are more efficient at FADH2 to FMN interflavin electron transfer.

4.3.7 Kinetic parameters of the truncated hinge variant of MSR

A variant was constructed with only the first 12 amino acids of the 82 amino acid long

hinge region for wild-type MSR. Steady state assays on the MSR hinge variant revealed

only a moderate decrease in the rate of cytochrome c3+ reduction (k cat = 2.01 ± 0.05

s−1). The ability of the variant to catalyze the reduction of cytochrome c3+ indicates
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Figure 4.11: Anaerobic multiple wavelength stopped-flow spectrophotometry of NADPH-
mediated reduction of MSR A312 variants. Conditions: 20 µM enzyme, 200 µM NADPH,
anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Absorbance changes from 375 to 700 nm during
the course of A312Q (A) and A312H (B) reduction. Global analysis of spectral data revealed
a three-step kinetic model for A312Q (C) and a two-step kinetic model for A312H (D).
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4.3. Results

Figure 4.12: Anaerobic reduction of A312Q and A312H by saturating NADPH monitored
by single wavelength stopped-flow spectrophotometry at 454 and 600 nm. Conditions: 20
µM enzyme, 200 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 25 ◦C. Wild-type MSR
(a), A312Q (b) and A312H (c). Rapid absorbance changes over 10 s at 454 nm (Panel A)
and 600 nm (Panel B). Panel C shows the absorbance changes occuring at 600 nm over 150
s.
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that electron transfer through the variant is still possible. Pre-steady state kinetics of the

NADPH-mediated reduction of the MSR hinge variant was monitored by photomultiplier

and photodiode array detection, shown in Figure 4.13. Due to low purification yields, a final

concentration of only 6 µM of the hinge variant was possible. Pseudo-first order conditions

with NADPH were still maintained, however the smaller amplitude changes are attributed

to the lower concentration. As expected, the mutation did not affect the rate of FAD

reduction (kobs1). However, the second and third rate constant decreased by 10- and 2-fold

from wild-type, reporting on hindered interflavin electron.

4.4 Discussion

4.4.1 Active site His322 weakens coenzyme binding

The presence of His322 in the FAD isoalloxazine active site of CPR weakens the bind-

ing affinity for the coenzyme. Steady state inhibition assays with NADP+ revealed that

exchanging the histidine for an alanine in CPR resulted in tighter coenzyme binding while

substituting the equivalent residue in MSR with a histidine resulted in weaker coenzyme

binding. To understand the origin of this effect on coenzyme binding by the active site

histidine, the crystal structure of the W676X variant is analyzed. This variant, in which

the C-terminal residues Trp676 and Ser677 are removed, enables productive binding of the

nicotinamide ring which is stacked at a 30◦tilt over the FAD isoalloxazine ring. In this

position, the carboxamide group of the coenzyme nicotinamide ring forms a strong hydro-

gen bond (∼2.5 Å) to the side chain of Asp674. This polar interaction with the coenzyme

repositions Asp674, such that the hydrogen bonds with the side chain of Ser457 is severed

(over 4 Å away). However, His322 remains hydrogen-bonded to Asp674 and potentially

competes with the carboxamide group for polar interaction with Asp674. As a consequence

of this competitive interaction, the histidine may indirectly weaken NADP(H) binding and

promote NADP+ release.

Previous mutagenesis studies by Hubbard et al. in rat CPR proposed that the release

of oxidized coenzyme is required for interflavin electron transfer and disemiquinone for-

mation.61 They suggested that disruption of the hydrogen bonding network among the

catalytic triad, due to stacking of the nicotinamide ring, prevents deprotonation of FADH2.

Supporting this hypothesis are my results for the W676Y and W676F variants. In these

variants, interflavin electron transfer was impeded because the nicotinamide ring remained

stacked against the FADH2, forming a stable CT species.144 Since the oxidized coenzyme

remains tightly bound in the flavin active site, the hydrogen-bonding network presumably

remains disrupted and prevents FAD hydroquinone deprotonation.
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4.4. Discussion

Figure 4.13: Single and multiple wavelength absorbance changes during the anaerobic
reduction of the MSR hinge variant. Conditions: 6 µM enzyme, 60 µM NADPH, anaerobic
50 mM Tris-HCl pH 7.5 at 25 ◦C. Panel A and B show the 454 and 600 nm absorbance
changes over the 10 s rapid reduction of the hinge variant, respectively. Hinge variant is
shown in grey and wild-type MSR is in black. Panel C shows full spectral changes over 500
s (300 spectral scans reduced to 10 for clarity). Panel D shows the deconvoluted spectral
profile of the hinge variant following a three-step kinetic model with four spectral species
(a→b→c→d) with observed rate constants of kobs1 = 25.78 ± 0.01 s−1, kobs2 = 0.0200 ±
0.0004 s−1 and kobs3 = 0.00711 ± 0.0008 s−1.
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4.4. Discussion

4.4.2 His322 promotes interflavin electron transfer

My results show that participation of the His322 imidazole side chain in the hydrogen-

bonding network around the FAD isoalloxazine ring favours interflavin electron transfer. In

H322Q and to a much greater degree in H322A, the interflavin electron transfer is impeded,

as evident by the loss of the disemiquinone absorbance signal at 600 nm. Reduction of

H322A did not involve any significant buildup of a NADP+-FADH2 CT signal. Thus,

unlike the W676 variants, the impeded intramolecular electron transfer in H322A is not

due to persistent stacking of the oxidized coenzyme at the FAD active site. Despite the

tighter binding affinity observed in H322A, the bulky Trp676 still functions to displace the

oxidized nicotinamide ring. Moreover, the equivalent rate constants measured for wild-type

and H322A FAD domain variants indicate that hydride transfer is not influenced by the

imidazole side chain and is not the origin of the diminished disemiquinone signal. Instead,

the 2.5-fold decrease in the kobs1 of H322A is likely due to disrupted electron transfer from

FADH2 to FMN. Disrupted electron transfer is also evident in the steady state kinetic data

for reduction of cytochrome c and FeCN, where a larger decrease was observed for the

former oxidant compared to the latter. Given that FeCN receives an electron from FAD

or FMN and cytochrome c receives an electron only from FMN, a mutation that would

hinder interflavin electron transfer would be expected to affect cytochrome c turnover more

significantly than that of FeCN. This was observed for the H322A variant.

The stopped-flow data did however show that, under anaerobic conditions, interflavin

electron transfer is possible in H322A since the variant can form the disemiquinone. How-

ever, it is only over much longer time domains and only at a fraction of the absorbance

signal observed in wild-type. Under aerobic conditions, the disemiquinone absorbance band

in H322A is comparable to that of wild-type. Formation of the disemiquinone under these

conditions is likely attributed to single electron transfer from FADH2 to O2, to form FADH•
and a superoxide radical.

The definitive mechanism of how His322 promotes interflavin electron transfer is still

unclear. However, due to its position at the active site, the influence of His322 on catalysis

likely originates from its role in the hydrogen-bonding network around the FAD cofactor.

Through the network, His322 contributes to the correct positioning of Asp674 to optimize

the hydrogen bond contact with Ser457. A stronger interaction between Asp674 and Ser475

would favour proton abstraction and formation of the FAD semiquinone. It is also possible

that the pKa of Asp674 is affected by the non-covalent interaction with His322, thereby

influencing the ability of Asp674 to act as a general base.
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4.4.3 Differential effect of introducing histidine into MSR active site

In an effort to reconstruct the hydrogen-bonding network observed for CPR in MSR,

the A312H and A312Q variants were expressed and analyzed. Substituting an alanine for

a glutamine only elicited modest effects on the kinetic and coenzyme binding properties of

MSR. Notably, disemiquinone formation did peak at an earlier time in A312Q compared

to wild-type MSR. It is possible that the polar side chain of glutamine forms weak polar

interactions with Asp695 that partially mimics the interactions of the water molecules found

in this position in MSR. Interestingly, reduction of the A312H variant was more similar to

wild-type CPR than MSR. The first observable phase involved the absorbance loss at 454

nm along with the emergence of an absorbance band at 600 nm. Like in CPR, the hydride

transfer and interflavin electron transfer steps are tightly coupled into one kinetic phase in

A312H. However, this kinetic coupling may be a consequence of the dramatically reduced

rate of FAD reduction as well as the long delay that precedes flavin reduction observed at

454 nm. Thus, the FAD hydroquinone does not accumulate in this variant. The earlier

appearance of the disemiquinone in A312 variants suggests that the more solvent-exposed

Asp695 in wild-type MSR is less efficient at deprotonating the N5 nitrogen of the FAD

isoalloxazine ring.

4.4.4 Role of the extended hinge in MSR

In an effort to determine if the 82 amino acid extended hinge of MSR adversely af-

fected the rate of intramolecular electron transfer, a variant with a shortened hinge was

constructed. The selected amino acid sequence was homologous to the first 12 amino acids

of the CPR hinge. MSR and CPR require large-scale conformational motion to alternate

between a closed state for intramolecular electron transfer and an open state for intermolec-

ular electron transfer. Since MSR has a much longer hinge region that tethers the FMN

domain to the FAD/NADPH domain compared to CPR, the enzyme is expected to have a

much greater entropic cost going from the open to closed conformation. Therefore, short-

ening the hinge was hypothesized to reduce the entropic cost of conformational change and

enhance interflavin electron transfer. Kinetic analysis of the hinge variant revealed that

the first rate constant associated with hydride transfer was not altered by the mutation

however, the second and third rate constants of flavin reduction were significantly slower.

A possible explanation for these effects are that the residues specifically involved in the

coordinated motion of the FMN domain were removed, thereby disrupting the formation

of the closed enzyme state. Furthermore, truncating such a large segment of the primary

amino acid sequence may have led to a degree of misfolding in the secondary and tertiary

structures of MSR.
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4.5 Experimental Procedure

4.5.1 Materials

Unless otherwise stated, all chemical reagents were purchased from Fisher Scientific.

NADPH, NADP+, 2’,5’-ADP, and cytochrome c3+ were obtained from Sigma Aldrich

(Oakville, ON, Canada). [4(R)-2H]NADPH (A-side NADPD) was synthesized and iso-

lated as previously described.144 Pfu Turbo DNA polymerase, Taq DNA polymerase and

Xl1 Blue cell lines were purchased from Agilent Technologies (Mississauga, ON, Canada).

Rosetta(DE3)pLysS competent cells were obtained from EMD Biosciences. Protein purifi-

cation supplies, Resource Q column and glutathionine sepharose 4B resin, were purchased

from GE Biosciences.

4.5.2 Generation and expression of MSR and CPR variants

The MSR A312H and A312Q variants and the CPR H322A and H322Q variants were

generated from soluble (transmembrane domain cleaved) wild-type CPR plasmid pET-15b

and wild-type MSR plasmid pGEX-4T1 using the QuikChange Site-Directed Mutagenesis

Kit (Agilent Technologies). Oligonucleotide primers were designed based on the published

sequence (Accession number: NM000941 CPR and AF121214 MSR) and purchased from

Integrated DNA Technologies (Coralville, Iowa, USA). The primers are tabulated in Table

4.4. NAPS DNA Sequencing Laboratory of the University of British Columbia (Vancouver,

Canada) confirmed the desired mutations were made without additional errors. Successful

plasmids of both MSR and CPR were then transformed into the Escherichia coli strain

Rosetta2(DE3)pLysS using the heat shock method. The MSR recombinant GST-fusion

proteins were expressed and harvested as previously described in Section 2.5.2. The CPR

recombinant His-tagged proteins were expressed and harvested as described in Section 3.4.3.

4.5.3 Generation and expression of the isolated FAD/NADP(H) domain

of CPR

The gene encoding for the isolated FAD/NADP(H)-binding and connecting domain of

CPR was PCR amplified from the cDNA of wild-type CPR. The primers were designed

based on the published sequence (Accession number: NM000941) with flanking NdeI and

BamHI restriction sites, Table 4.4. Both the PCR amplified product and the pET15b

vector were digested with NdeI and BamHI then ligated together using the T7 DNA ligase

and allowed to ligate overnight at 16 ◦C. Ligation products were then transformed into the

XL1-Blue cell strain (Novagen). The plasmid construct (pCPR-FAD) was isolated using the

E.Z.N.A Plasmid Mini Kit I from Omega Bio-tek then sent off for sequencing at the NAPS
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Table 4.4: The forward (F) and reverse (R) oligonucleotide primers designed for each MSR
and CPR variant. Mutation is in bold.

Enzyme Variant Oligonucleotide Sequence

A312HMSR F 5’ CCTATCAGCCTGGAGATCACTTCAGCGTGATCTGC 3’
A312HMSR R 5’ GCAGATCACGCTGAAGTGATCTCCAGGCTGATAGG 3’
A312QMSR F 5’ CTATCAGCCTGGAGATCAGTTCAGCGTGATCTGC 3’
A312QMSR R 5’ GCAGATCACGCTGAACTGATCTCCAGGCTGATAG 3’

H322ACPR F 5’ GTATGAATCTGGGGACGCCGTGGCTGTGTACC 3’
H322ACPR R 5’ GGTACACAGCCACGGCGTCCCCAGATTCATAC 3’
H322QCPR F 5’ GTATGAATCTGGGGACCAAGTGGCTGTGTACC 3’
H322QCPR R 5’ GGTACACAGCCACTTGGTCCCCAGATTCATAC 3’

FAD-domain F 5’ GTAGCTCATATGCGTCAGTACGAGCTTGT 3’
R 5’ CAAGTCGGATCCCTAGCTCCACACGTCC 3’

DNA Sequencing Laboratory at the University of British Columbia (Vancouver, Canada).

Successful clones of pCPR-FAD were kept and stored at −20 ◦C. The H322A mutation was

made in pCPR-FAD by site-directed mutagenesis then isolated and sent for sequencing.

Successfully mutated plasmids were transformed into Rosetta2(DE3)pLysS and expressed

as described in Section 3.4.3.

4.5.4 Generation of MSR truncated hinge

To avoid adding more mutations than necessary to the sequence of MSR, recursive PCR

was used to synthesize the wild-type FMN-domain with the new hinge sequence. First, an

Xbal restriction enzyme site was introduced into the C-terminal end of the hinge region in

wild-type MSR using the following primers: Forward 5’ GCC TCT CTG AAT ATT CTA

GAT TTA CCC CCA GAA TAT TTA C 3’, and Reverse 5’ G TAA ATA TTC TGG GGG

TAA ATC TAG AAT ATT CAG AGA GGC 3’. The mutation was introduced using the

recommended reaction mixture concentrations and cycling conditions from the QuikChange

Site-Directed Mutagenesis Kit (Agilent Technologies). The mutation was confirmed by the

NAPS DNA Sequencing Laboratory of the University of British Columbia (Vancouver,

Canada).
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Table 4.5: Recursive PCR forward (F) and reverse (R) oligonucleotide primers designed for wild-type MSR FMN-domain with
CPR hinge synthesis.

Name Oligonucleotide Sequence

Flanking
1 (EcoR1 Site) F 5’ GTGCCGCGCGGCGAATTCATGCGCCGCTTTCTGCTGCTGTATGCTACCCAGCAGGG 3’
2 (Xba1 Site) R 5’ CCTGTAAATATTCTGGGGGTAAACCAGGAATATCTAGACGAATGCTGGACTCC 3’

Internal
1 R 5’ GCTCACATATTTCTTCTGCGATGGCCTTTGCCTGTCCCTGCTGGGTAGCATACAG 3’
2 F 5’ CGCAGAAGAAATATGTGAGCAAGCTGTGGTACATGGATTTTCTGCAGATCTTC 3’
3 R 5’ TCGGTTTTTAGGTCATACTTATCGGATTCACTAATACAGTGAAGATCTGCAGAAAATCCA 3’
4 F 5’ GACCTAAAAACCGAAACAGCTCCTCTTGTTGTTGTGGTTTCTACCACGGGCACCGGAG 3’
5 R 5’ CTGTATTTCCTTAACAAACTTGCGGGCTGTGTCGGGTGGGTCTCCGGTGCCCGTG 3’
6 F 5’ GCAAGTTTGTTAAGGAAATACAGAACCAAACACTGCCGGTTGATTTCTTTGCTCACCTG 3’
7 R 5’ GTATTCTGAATCACCGAGACCCAGTAACCCATACCGCAGGTGAGCAAAGAAATCAAC 3’
8 F 5’ GTCTCGGTGATTCAGAATACACCTACTTTTGCAATGGGGGGAAGATAATTGATAAACG 3’
9 R 5’ GTGTCATAGAAATGCCGGGCTCCAAGCTCTTGAAGTCGTTTATCAATTATCTTCCCCC 3’
10 F 5’ CCGGCATTTCTATGACACTGGACATGCAGATGACTGTGTAGGTTTAGAACTTGTGGTTG 3’
11 R 5’ CTTTCTGAGGGCTGGCCAGAGTCCAGCAATCCACGGCTCAACCACAAGTTCTAAACC 3’
12 F 5’ GCCAGCCCTCAGAAAGCATTTTGGGGTGGAAGCCACTGGCGAGGAGTCCAGCATTCGT 3’
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De novo synthesis of the wild-type MSR FMN-domain with the CPR hinge was accom-

plished through ”one pot” recursive PCR.145. Fourteen individual oligonuleotide strands

with lengths ranging 53-60 bases were designed based on the coding and non-coding nu-

cleotide sequence to form ∼20 bp overlapping complimentary ends for extension during

the PCR cycles, see Table 4.5. The existing N-terminal EcoR1 site and the original FMN

domain sequence were preserved while the hinge sequence (5’463AGGT...TATT726 3’) was

exchanged for that of CPR with a terminal Xba1 site (underlined) (5’ GGG GTG GAA

GCC ACT GGC GAG GAG TCC AGC ATT CGT CTA GA 3’).105 The 50 µL reaction

mixture consisted of 5 µL 10× Taq reaction buffer, 1.5 µL dNTP (10 mM each), 0.2 µM of

each internal oligo, 2 µM of each flanking oligo, and 2 units of Taq DNA polymerase. PCR

cycling conditions were as follows: 30 cycles of 1 min at 95 ◦C, 1 min at 64 ◦C, and 1 min at

72 ◦C with a final extension time of 5 min at 72 ◦C. The resulting PCR product was then

amplified using the flanking oligos. Successful, complete gene synthesis was confirmed by

the NAPS DNA Sequencing Laboratory using the flanking oligos as primers.

Synthesized gene insert and full length MSR plasmid with introduced Xba1 site vector

were purified using a Cycle Pure Kit from Qiagen (Valencia,CA), and digested with EcoR1

and Xba1 restricting enzymes for two hours, or overnight at 37 ◦C, respectively. The vector

was then dephosphorylated with antarctic phosphatase (37 ◦C for 30 min, followed by 65 ◦C

for 30 min). The insert and vector were again purified using a Cycle Pure Kit from Qiagen.

Cut plasmid was isolated using a Gel Extraction Kit (Qiagen). One hundred nanograms of

vector and 21 ng of insert were then ligated in a total volume of 20 µL, containing 1 unit of

T4 DNA ligase and 2 µL 10× buffer at 16 ◦C overnight. Ligation products were transformed

into E.coli Xl1 Blue cell strain onto LB plates containing 100 µg mL−1 ampicillin and grown

overnight at 37 ◦C. Successful mutagenesis and ligation without any PCR-induced errors

was confirmed through sequencing.

4.5.5 Purification of MSR variants

Purification of the MSR variants followed the procedure previously described in Section

2.5.4.

4.5.6 Purification of CPR variants

Purification of the CPR variants followed the procedure previously described in Section

3.4.5.
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4.5.7 Steady state turnover analysis

Steady state turnover assays for the MSR variants were conducted as previously de-

scribed in Section 2.5.5. CPR variant assays followed the same protocol but were performed

in 50 mM KPi pH 7.5 buffer. Steady state reduction of FeCN was also monitored at 420

nm by spectrophotometry (extinction coefficient of 1 020 M−1cm−1) with 0.5 mM FeCN,

100 µM NADPH and 10 nM of enzyme.

4.5.8 Pre-steady state kinetic analysis

Pre-steady state kinetic assays for the MSR and CPR variants were conducted as pre-

viously described in Section 2.5.6.

4.5.9 Redox Potentiometry

Pre-steady state kinetic assays for the MSR and CPR variants were conducted as pre-

viously described in Section 3.4.8. Potentiometric titrations on the isolated FAD/NADPH-

and connecting domain of CPR were conducted in 50 mM potassium phosphate pH 7.0 with

20 % glycerol to discourage precipitation.
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Chapter 5

Conservation of an aromatic

FAD-shielding residue, Trp704, in

Artemisia annua Cytochrome

P450 Reductase

5.1 Summary

In this chapter, the role of the FAD isoalloxazine ring-shielding tryptophan residue

(Trp704) in plant CPR derived from Artemisia annua is investigated through site-directed

mutagenesis. Four mutations are made to the C-terminal Trp704 to reduce and remove the

π-π-stacking interaction with the isoalloxazine ring: W704Y, W704F, W704H, and W704S.

Aerobic and anaerobic spectrophotometry allowed for the steady state and pre-steady state

kinetic characterization of each AaCPR. Through these studies, the Trp704 in AaCPR,

as in human CPR, was determined to trigger NADP+ release which is a partially rate-

determining step in AaCPR catalysis. However, dissociation of the coenzyme is not as

rate-determining in AaCPR as it is in human CPR. The flavin reduction kinetics of AaCPR

variants differ notably from those of human CPR and are discussed herein.

5.2 Background

Artemisia annua is a Chinese herb that is harvested for the medicinal chemical

artemisinin. Artemisinin, an endoperoxidized sesquiterpene, is a highly effective antimalar-

ial, and artemisinin-based combination therapies are recommended by the World Health

Organization as the first-line treatment for the disease.146 To increase drug affordabil-

ity and availability, metabolic engineering of microbes has been employed for large-scale

semi-synthesis of artemisinin.147–149 Keaslings and coworkers transformed Saccharomyces

cerevisiae and Escherischia coli with three genes from A. annua that encode for enzymes

in the artemisinin biosynthetic pathway: amorpha-4,11-diene synthase, CYP71AV1, and

cytochrome P450 reductase (AaCPR).148,149 Amorpha-4,11-diene synthase catalyzes the
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first committed step in artemisinin synthesis, the conversion of farnesyl pyrophosphate to

amorpha-4,11-diene. The cytochrome P450 monooxygenase CYP71AV1 catalyzes the three-

step oxidation of amorpha-4,11-diene to produce the artemisinin precursor, artemisic acid.

CYP71AV1 activity requires the sequential transfer of two electrons from AaCPR.

CPR from Artemisia annua shares ∼ 50% amino acid sequence similarity with human

CPR, and the overall catalytic mechanism of the plant enzyme is expected to be similar

to that formerly described for human CPR. In an effort to further optimize the engineered

biosynthetic pathway for artemisinin production, Simtchouk et al. investigated the kinetic

and thermodynamic properties of AaCPR.150 Overall, the catalytic performance of AaCPR

is improved compared to human CPR as the plant enzyme reduces cytochrome c with a

3-fold faster k cat. Interestingly, it does so with a 30-fold weaker binding affinity for NADP+.

Most striking of all is the pre-steady state flavin reduction of AaCPR over the reductive

half-reaction. Even with the temperature lowered from 25 ◦C to 6 ◦C, flavin reduction is

much faster in AaCPR with reduction of the enzyme by the first and second NADPH

equivalent occurring at rate constants of >500 and 18 s−1. The improved rates are not

attributed to the flavin center redox potentials, as they are similar to those determined in

human CPR. However, unlike human CPR, the spectral changes associated with the first

kinetic phase include formation of a large absorbance signal in the long wavelengths that

is characteristic of a charge-transfer species. This charge-transfer species is assigned to the

interaction between FAD and the nicotinamide ring of the coenzyme. A greater propensity

for the Trp704-displaced conformation in AaCPR may be the origin of the accelerated

observed rates of flavin reduction.

Alternatively, Simtchouk et al. also proposed that the accelerated flavin reduction may

be due to weaker binding of the oxidized coenzyme. Previous studies with mammalian

CPR have found that NADP+ release is necessary for formation of the disemiquinone in-

termediate and binding of a second NADPH for further flavin reduction; as such NADP+

release has been proposed as the rate-determining step in the reductive half-reaction in

mammalian CPR.60,68,144 These studies revealed an increase in the primary kinetic isotope

effect associated with hydride transfer under high ionic strength conditions. These condi-

tions weaken coenzyme binding, such that product release is less rate-determining. This, in

turn, unmasks the isotope effect associated with breakage of a C-H/D bond. In low ionic

strength conditions (conditions that promote tight coenzyme binding), the intrinsic KIE for

hydride transfer is diminished to 1.0, which indicates that other steps (i.e. NADP+ release)

are more rate-determining.151 Furthermore, an elevated primary KIE measured for AaCPR

(1.7) in comparison with human CPR (1.1) under the same assay conditions reveal a shift

in the rate-determining step from NADP+ release to hydride transfer in AaCPR.150

105



5.3. Results

Despite an exceptional difference in coenzyme binding affinity in AaCPR, an amino acid

sequence alignment with human CPR shows that the key residues identified for coenzyme

binding are conserved in AaCPR. Furthermore, the FAD isoalloxazine ring-stacking aro-

matic trytophan (Trp704) is also conserved. In light of the regulatory role of the conserved

aromatic residue in coenzyme binding and intramolecular electron flow in human CPR and

other diflavin oxidoreductases, the potential differential regulatory role of Trp704 in AaCPR

was investigated.

The subtle differential regulatory role of the C-terminal Trp704 residue in coenzyme

binding and electron flow in AaCPR was determined by mutagenesis. For direct compari-

son with human CPR, the following mutations were made: W704S, W704H, W704Y, and

W704F. Mutation to histidine (W704H), tyrosine (W704Y) and phenylalanine (W704F)

were chosen to maintain residue aromaticity, while investigating the role of side chain size

and polarity. The effect of reducing side chain size and aromaticity is evaluated from mu-

tation of Trp704 to a serine (W704S). Spectroscopic analysis cytochrome c reduction with

each variant was used to determine their respective steady state kinetic properties. Pre-

steady state flavin reduction under anaerobic conditions with saturating NADPH for each

variant was measured by stopped-flow spectrophotometry.

5.3 Results

5.3.1 Steady state kinetic parameters

CPR-catalyzed reduction of cytochrome c was used to determine the steady state kinetic

properties of each W704 variant. The data are summarized in Table 5.1. Compared to wild-

type AaCPR, all W704 variants elicited slower enzymatic turnover with k cat values ranging

from 0.11 to 9.21 s−1. The slowest variant is W704S followed by W704F, W704H, and the

fastest is W704Y. Under the same assay conditions as wild-type AaCPR, it was not possible

to extract an inhibition constant for NADP+ as the necessary [NADPH] values were too

low for the detection limits of a 1 cm path length cuvette. The lack of detectable Ki for

W704Y and W704F, together with the Ki determined for W704H and W704S, indicates

that the coenzyme binding affinity is much higher in the W704 variants.
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Table 5.1: Steady state kinetic parameters of AaCPR W704 variants. Conditions: 1 mL re-
action volume, 8 µM cytochrome c3+, 2 pmole enzyme, varied [NADPH] and [NADP+], 50
mM Tris-HCl pH 7.5 at 25 ◦C. Assays were done in triplicate and fit to the Michaelis-Menten
equation. Inhibition data from four inhibitor concentrations were fit to a competitive inhi-
bition equation.

Enzyme k cat Km Ki k cat/Km

(s−1) (M × 10−6) (M × 10−6) (s−1M−1 × 10+6)

WT 66 ± 1 1.22 ± 0.11 1.59 ± 0.18 54 ± 5

W704Y 22.5 ± 0.4 0.07 ± 0.01 – 132 ± 20
W704F 4.3 ± 0.1 0.15 ± 0.02 – 29 ± 4
W704H 5.8 ± 0.1 0.42 ± 0.04 0.38 ± 0.04 14 ± 2
W704S 0.110 ± 0.001 0.11 ± 0.01 0.24 ± 0.03 1.0 ± 0.1

5.3.2 Multiple and single wavelength pre-steady state kinetics

Pre-steady state reduction of AaCPR variants with saturating NADPH was monitored

by anaerobic stopped-flow spectrophotometry. With wild-type AaCPR, initial studies at

25 ◦C revealed a large loss of spectral data within the dead-time of the stopped-flow.150 The

temperature was then reduced to 6 ◦C in an effort to capture the first rate of flavin reduction.

Thus, for a direct comparison with wild-type AaCPR, all stopped-fow experiments with

W704 variants were also performed at 6 ◦C. Figure 5.1 displays the multiple wavelength

spectra of the oxidized variant combined with the spectra recorded over 15 s after rapid

mixing with excess NADPH. Like in wild-type AaCPR, some spectral data of W704F and

W704Y are lost in the dead-time (1.5 ms), indicating the relatively rapid (>600 s−1) rate

of flavin reduction in these variants. An approximate 30 % amplitude change at the flavin

absorbance maxima is observed for W704Y, while an amplitude change of ∼ 14% is observed

for W704F. Despite the lost spectral data in W704Y and W704F, double exponential fits of

single wavelength traces at 454 nm (Figure 5.3) enabled the extraction of a fast kobs1 and

slow kobs2. The data are summarized in Table 5.2. The kobs1 for both W704Y and W704F

is > 700 s−1, while the corresponding rate constant in wild-type AaCPR is 500 s−1. These

values underestimate the true rate constant, as there was a small loss of absorbance within

the dead-time of the stopped-flow.150 The smaller initial amplitude change associated with

kobs1 of W704Y and W704F may indicate that a smaller fraction of the population is being

initially reduced. The 4- and 6-fold slower kobs2 of W704Y and W704F indicates a slower

reduction in these variants. No spectral data are lost within the dead-time for W704H and

W704S reduction, indicating that flavin reduction is relatively slow in these variants with

kobs1 of 4 s−1 and 0.018 s−1, respectively. The initial reduction of W704S is significantly

delayed, as shown in Figure 5.3 and 5.4 A.
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Like native AaCPR, the spectral profile of the NADPH-dependent reduction of W704Y

shows the loss of the flavin absorbance maxima with the simultaneous appearance of a

broad absorbance band from 530-700 nm. This broad flat absorbance band is assigned

to the accumulation of a charge-transfer species between the nicotinamide and the FAD

isoalloxazine rings. The band is fully formed in the dead-time and Figure 5.3 shows that

the concentration of the species is constant over the course of the reductive half-reaction,

even over a 150 s extended time domain. In Figure 4.5 panel B, the flavin reduction of

W704F at 454 nm is also accompanied by a build up of a flat absorbance band at >500

nm that is indicative of a charge-transfer species. Unlike wild-type AaCPR and W704Y,

flavin reduction of W704F and formation of the CT species at 600 nm occurs gradually and

completes within 15 s. As equilibrium is established over 150 s, the disemiquinone signal is

slightly unmasked as a slight peak centered at 600 nm is observed. The overlapping signals

of the disemiquinone and the charge-transfer complex complicate the analysis of spectral

data at 600 nm. Attempts have been made in Anabaena FNR to assign specific spectral

features to different charge-transfer complexes, however these analyses are conducted at

longer wavelengths (700-1000 nm) which are beyond the limits of the photodiode array

used here.152

Reduction of W704H is well within the detection limits of the stopped-flow instrument.

Like W704F, a gradual decrease in absorbance at 454 nm occurs with the gradual increase

in absorbance in the longer wavelengths. While W704H forms the charge-transfer species, it

does so at approximately half the amplitude observed in W704F (see 5.1 and 5.3). Substi-

tution of Trp704 with a serine severely disrupted flavin reduction as evident by the minimal

spectral changes at 454 and 600 nm over the same time domain as the other W704 variants,

shown in Figure 5.3. Figures 5.1 and 5.4 show that even after an extended time domain of

150-300 s, the variant is only partially reduced with a small absorbance signal assigned to

the disemiquinone species.

The early ’up’ and ’down’ phases at 600 nm observed in wild-type AaCPR are not present

in any of the variants. In wild-type AaCPR, this peak was assigned to the formation and

decay of the disemiquinone intermediate. In the W704 variants, the disemiquinone species

may not accummulate and/or the spectral signal may be masked by the greater absorbance

signal for the CT species.

5.4 Discussion

A comparison of the Trp704 variants of AaCPR with the Trp676 variants of human CPR

was made to assess the potential differential role of the FAD-stacking aromatic residue

in CPR catalysis. Recall from Chapter 3 that mutation of W676 to a smaller aromatic
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Figure 5.1: Visible spectra of AaCPR W704 variants during reduction by NADPH, moni-
tored by multiple wavelength stopped-flow spectrophotometry. Conditions: 10 µM enzyme,
10-fold excess NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 6 ◦C. Spectral scans of wild-
type AaCPR (A), W704Y (B), W704F(C ) and W704H(D) show the progressive reduction
of oxidized enzyme (black) to reduced (light gray) over a 15 s time domain. After 150 s,
another trace was recorded (black dashed line).

Table 5.2: Observed rate constants of the pre-steady state reduction of AaCPR variants at
454 nm. Conditions: 10µM enzyme, 100 µM NADPH, anaerobic 50 mM Tris-HCl pH 7.5
at 6 ◦C. An average of 3-5 traces was taken and the resulting trace was fitted to a double
exponential equation.

Enzyme kobs1 (s−1) kobs2 (s−1)

WT 499 ± 4 18.10 ± 0.04

W704Y >700 4.76 ± 0.04
W704F >700 2.78 ± 0.02
W704H 4.4 ± 0.1 0.82 ± 0.01
W704S 0.018 ± 0.007 0.006 ± 0.001
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Figure 5.2: Visible spectra of W704S variant during reduction by NADPH, monitored by
multiple wavelength stopped-flow spectrophotometry. Conditions: 10 µM enzyme, 10-fold
excess NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at 6 ◦C. Spectral scans of W704S show
the oxidized enzyme (black) mixed with NADPH over 15 s (gray). After 150 s, another
trace was recorded (black dashed line).

residue led to tighter binding of NADP(H).144 This was evident in the lower Ki values for

NADP+ in the W676F and W676Y variants. By decreasing the size of the isoalloxazine

ring-stacking residue, the energetic cost of nicotinamide displacement is presumably lowered

and coenzyme binding becomes more energetically favourable. Tighter coenzyme binding

was also evident in stopped-flow studies, where a stable NADP+-FADH2 charge-transfer

(CT) complex was generated upon reduction of the fully-oxidized enzyme with NADPH.

The inability of the smaller aromatic side chains to effectively displace the nicotinamide ring

away from the FAD likely leads to the stable formation of this CT complex. As a result,

NADPH-mediated reduction of human CPR W676Y and W676F is monophasic (as opposed

to biphasic for the native enzyme) leading to a two-electron reduced form of the enzyme.

At the completion of the reductive half-reaction, there is a distribution of the NADPH-

FAD-FMN and NADP+-FADH2-FMN complexes. The rate constants for flavin reduction

in human CPR W676Y and W676F are reduced to 6 and 0.7 s−1, respectively, presumably

because tight binding of NADP+ prevents disemiquinone formation, which would otherwise

drive the forward flux of electrons to the higher potential FMN cofactor.

Likewise, the W676H variant, reported by Gutierrez and coworkers, also exhibits

monophasic flavin reduction to the two-electron level with a slower kobs of 3 s−1.137 W676H

flavin reduction is also accompanied by formation of the CT complex (NADP+-FADH2-
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Figure 5.3: Anaerobic single wavelength stopped-flow traces of AaCPR W704 variants.
Conditions: 10 µM enzyme, 10-fold excess NADPH, anaerobic 50 mM Tris-HCl pH 7.5 at
6 ◦C. Panel A: Averaged traces taken at 454 nm over 1 s. Panel B: Averaged traces taken
at 600 nm over 10 s. W704Y (dark gray), W704F (gray), W704H (light gray), and W704S
(black).
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5.4. Discussion

Figure 5.4: Anaerobic flavin reduction of W704S monitored by single wavelength stopped-
flow spectrophotometry. Conditions: 10 µM enzyme, 10-fold excess NADPH, anaerobic 50
mM Tris-HCl pH 7.5 at 6 ◦C. Panel A: an average of 3 traces of W704S reduction at 454
nm over 300 s. Panel B : an average of 3 traces of W704S reduction at 600 nm over 150 s.

112



5.4. Discussion

FMN). For W676H, W676Y and W676F, the oxidized coenzyme is essentially ’locked’ in

the active site, however the CT complex does not form irreversibly since all three variants

are capable of reducing cytochrome c under steady state conditions, albeit at a slower rate

than that of wild-type CPR.

Like the W676Y and W676F variants of human CPR, the corresponding variants of

AaCPR elicited a reduction in k cat for cytochrome c3+ and a tighter binding affinity for

the coenzyme as evident by the lower Km for the substrate. These data suggest that,

as for the human enzyme, the bulky W704 triggers release of NADP+ to make this step

less rate-determining in the overall mechanism. That being said, W676 is perhaps more

critical for this step of catalysis compared to the AaCPR W704. Since coenzyme binding

affinity is much stronger in human CPR, the oxidized coenzyme remains bound in the active

site and requires disruptive repulsive interactions to promote its release. For AaCPR, the

coenzyme binding affinity is weaker compared to human CPR, therefore release of the

oxidized coenzyme may be less rate-determining in the plant species.

This hypothesis is based on stopped-flow data collected for the W704F and W704Y

variants of AaCPR, where in contrast to the W676 variants of human CPR, the W704Y

variants of AaCPR exhibit biphasic reduction kinetics. Like native AaCPR, there was an

initial rapid phase of flavin reductin (kobs1) at >700 s−1, for both W704Y and W704F,

followed by a slower kobs2 of 5 and 3 s−1, respectively. For W704Y, approximately half of

the first kinetic phase is complete within the dead-time of the stopped-flow as there was

an ∼58% absorbance loss at 454 nm. This absorbance loss is approximately 38% greater

than that observed for native AaCPR, suggesting that reduction by the first NADPH is

faster with the W704Y substitution. Also like native AaCPR, a charge-transfer species also

fully forms within the dead-time of the stopped-flow, but unlike in human CPR W676Y

and W676F variants, this species does not appear to greatly affect further reduction of

the enzyme by a second equivalent of NADPH. This is evident by the biphasic nature of

flavin reduction in W704Y and W704F. Thus, further reduction suggests that the smaller

aromatic side chains are more proficient at displacement of the nicotinamide ring in the

AaCPR variants compared to the human CPR variants.

It is unclear as to why the appearance of the charge-transfer complex in AaCPR does not

lead to inhibition of further reduction of the enzyme by a second equivalent of NADPH. It is

possible that, in AaCPR, more FAD is initially reduced by NADPH and that a fraction of the

enzyme population will be converted to the disemiquinone and FMN hydroquinone states

upon NADP+ release while the rest remains bound to the coenzyme as NADP+-FADH2-

FMN. Further reduction of the FMN hydroquinone (FAD-FMNH2) population by a second

molecule of NADPH then forms the four-electron reduced state FADH2-FMNH2 which may

also be bound to oxidized coenzyme. Thus, the large CT signal is attributed to a mixture of
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two-electron reduced (NADP+-FADH2-FMN) and four-electron reduced (NADP+-FADH2-

FMNH2) enzyme species, accounting for the constant high concentration of CT signal in

W704Y. Alternatively, the charge-transfer complex may arise from the unproductive binding

of NADPH against the various forms of two- and four-electron reduced flavins (NADPH-

FADH•-FMNH•, NADPH-FAD-FMNH2, or NADPH-FADH2-FMNH2). The identity of the

charge-transfer complexes that form over the course of the reductive half-reaction of AaCPR

is key to understanding the catalytic behavior of this enzyme. Recently, some success in

this area has been acheived in Anabaena FNR however a photodiode array with a wider

wavelength range (up to 900-1000 nm) is necessary.152

For W704F, the amplitude change associated with kobs1 is significantly smaller compared

to native AaCPR and W704Y, but like these two forms, the rate constant is >700 s−1 and

a significant portion of this phase of the reaction occurs in <1 ms. The smaller amplitude

change indicates that a smaller fraction of the enzyme is reduced in this first kinetic phase.

It is unclear as to why this is, but it may be due to changes in the electronic environment

around the FAD cofactor or the greater accumulation of the CT absorbance band in this

variant. Further reduction of W704F spans a greater time domain than W704Y and is also

multiphasic.

In W704H, the biphasic flavin reduction was slower with kobs1 of 4 s−1 and kobs2 of 0.8

s−1, and the coenzyme binding affinity is moderately stronger in this variant, as evident

by the Ki for NADP+. Unlike W704Y and W704F, the initial kinetic phase of W704H

reduction is fully captured by stopped-flow spectrophotometry. The reason behind this

significantly slower flavin reduction is not immediately clear. Interestingly, the W704H

variant also does not form a CT band within the dead-time of the stopped-flow, meaning

that placement of the nicotinamide ring against the FAD is inhibited in this variant. This

may account for the reduced kobs1.

Exchanging the Trp704 for a serine renders the AaCPR variant catalytically inactive.

This is evident by the severely reduced rates for the steady state reduction of cytochrome

c. Moreover, the severely delayed flavin reduction is no longer under pre-steady state

conditions and is likely nonphysiological. Since the serine side chain does not form any

π-π-stacking interactions with the FAD isoalloxazine ring, the energetic cost of residue

displacement is expected to be reduced significantly. Therefore, nicotinamide ring placement

over the hydrophobic isoalloxazine should be favourable. However, there is no spectral

evidence of a rapidly formed charge-transfer complex in W704S. Interestingly, mutation of

the equivalent Trp704 residue in pea FNR to a serine (Y308) resulted in a much greater

active site occupancy of the nicotinamide ring as determined from spectral data, and was

captured in Y308S crystal structures.62 Later theoretical modeling studies on Y303S in

Anabaena FNR suggest that the active site aromatic Tyr303 residue contributes to the
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optimal orientation of the nicotinamide ring to the isoalloxazine ring, thereby influencing

the efficiency and mechanism of the reaction.152–154 Therefore, it is possible that in W704S,

the nicotinamide ring may be binding to the active site in a nonproductive way that does

not favour formation of the charge-transfer complex or hydride transfer.

5.5 Experimental Procedures

5.5.1 Materials

The reagents NADPH, NADP+, 2’,5’-ADP, and cytochrome c3+ were ordered from

Sigma Aldrich (Oakville, ON, Canada). Agilent Technologies (Mississauga, ON, Canada)

provided the Pfu Turbo DNA polymerase, Taq DNA polymerase and Xl1 Blue cell lines.

Rosetta(DE3)pLysS competent cells were purchased from EMD Biosciences. Protein purifi-

cation supplies, nickel-nitriloacetetic acid, Resource Q column and glutathionine sepharose

4B resin, were obtained from GE Biosciences. All other chemical reagents were purchased

from Fisher Scientific.

5.5.2 Generation and expression of AaCPR variants

The W704 variants of Artemisia annua CPR were generated from soluble (trans-

membrane domain cleaved) wild-type AaCPR plasmid pET-15b (pETAaCPR) using the

QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies).150 Oligonucleotide

primers were designed from the DNE sequencing results of pETAaCPR and ordered from In-

tegrated DNA Technologies (Coralville, Iowa, USA). See Table 5.3 for the primer sequences.

The mutations were confirmed by sequencing from the NAPS DNA Sequencing Laboratory

of the University of British Columbia (Vancouver, Canada). We transformed the plasmids

using the heat shock method into the Escherichia coli strain Rosetta2(DE3)pLysS. The His-

tagged recombinant AaCPR variants were expressed and harvested as previously described

in Section 3.4.3.

5.5.3 Steady state turnover analysis

Steady state turnover assays for the AaCPR variants were performed as previously

described in Section 2.5.5. for MSR, including the same 50 mM Tris-HCl pH 7.5 buffer

conditions.

5.5.4 Pre-steady state kinetic analysis

Pre-steady state kinetic assays for the AaCPR variants were performed as previously

described in Section 2.5.6.
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Table 5.3: The forward (F) and reverse (R) oligonucleotide sequences for W704 variants of
AaCPR. Mutations are highlighted in bold.

CPR Variant Oligonucleotide Sequence

W704S F 5’ CTACCTGCGTGATGTCTCGTAAGGATCCGGCTGC 3’
R 5’ GCAGCCGGATCCTTACGAGACATCACGCAGGTAG 3’

W704F F 5’ CTACCTGCGTGATGTCTTCTAAGGATCCGGCTGC 3’
R 5’ GCAGCCGGATCCTTAGAAGACATCACGCCAGTAG 3’

W704Y F 5’ CTACCTGCGTGATGTCTACTAAGGATCCGGCTGC 3’
R 5’ CTACCTGCGTGATGTCTACTAAGGATCCGGCTGC 3’

W704H F 5’ CTACCTGCGTGATGTCCACTAAGGATCCGGCTGC 3’
R 5’ GCAGCCGGATCCTTAGTGGACATCACGCAGGTAG 3’
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Conclusion

MSR and CPR share considerable similarities in structure and function, including 41%

amino acid similarity. Large-scale conformational motion allows these dynamic multidomain

flavoenzymes to adopt a closed and open conformation to support intra- and intermolecular

electron transfer. Catalysis involves transfer of a hydride ion from the obligate two-electron

donor NADPH to the bound FAD isoalloxazine ring, followed by the consecutive transfer of

single electrons to the FMN isoalloxazine ring, and final one-electron delivery from FMN to

an external acceptor. While these general characteristics are shared, their kinetic properties

and coenzyme affinity differ. These dissimilarities spurred investigation into the inherent

regulatory structures of MSR and CPR using site-directed mutagenesis. Evaluation of the

steady state kinetic properties of each generated variant was performed by steady-state

kinetic analysis of cytochrome c reduction. Dead-end and product inhibition experiments

determined the relative substrate binding affinities. Stopped-flow spectroscopy was used to

investigate the pre-steady state kinetic properties of the variants. Through these methods,

the structural nuances that lead to the distinct catalytic properties of MSR and CPR were

uncovered.

In MSR, a large aromatic residue Trp697 forms π-π stacking interactions with the FAD

isoalloxazine ring. Steric clash between Trp697 and the nicotinamide ring weakens the

binding of the coenzyme.65 Swapping the tryptophan indole ring for a smaller aromatic

side chain improved the rate of cytochrome c reduction and accelerated the pre-steady state

rate of NADPH-dependent reduction of FAD. An increase in the KIE from 1.7 in native

MSR to 2.0 in W697Y and W697F variants suggest that isotopically insensitive steps, such

as conformational movement of the aromatic residue, becomes less rate-determining in the

variants. Reducing the size of the aromatic side chain weakens the π-π stacking interaction

with the isoalloxazine ring and presumably lowers the energetic cost for displacement of the

side chain, which, in turn, accelerates hydride transfer. These combined data suggest that

displacement of Trp697 by the nicotinamide ring partially gates hydride transfer in MSR.

NADPH initially binds to a polar pocket of MSR through the 2’,5’-ADP half of the

molecule. The majority of the favourable coenzyme binding energy arises from interactions

between the 2’-phosphate group and conserved active site residues. The nicotinamide ring,

however, does not contribute favourably to the binding energy because of steric clash be-
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tween the nicotinamide ring and Trp697.65 As expected, aromatic substitution of Trp697 did

not affect the 2’,5’-ADP binding affinity. However, the substitutions did increase the bind-

ing affinity for both NADPH and NADH such that the variants elicited a lower substrate

preference for NADPH over NADH compared to the native enzyme. Presumably, reduced

steric clash between the nicotinamide ring and the smaller side chains in the variants made

the binding of this portion of the nicotinamide ring more favourable, which reduced the dif-

ferences in binding affinities between the phosphorylated and unphosphorylated coenzyme.

Thus, Trp697 contributes to the strong coenzyme preference observed in MSR.

In addition to Trp697, other residues in the FAD/NADPH binding domain have been

found to influence the catalytic properties of the enzyme. Weaker coenzyme binding was

observed in the A312H variant of MSR. A312 is located within hydrogen bond distance of the

catalytic triad that surrounds the FAD isoalloxazine ring. In human CPR, the corresponding

residue is a histidine (His322). The histidine residue was proposed to weaken coenzyme

association by competing with the nicotinamide ring for hydrogen bond contact with the

catalytic triad residue Asp695 (MSR numbering). Flavin reduction was significantly reduced

(33-fold slower rate) in the A312H variant. Weaker coenzyme binding affinity potentially

contributes to the slow flavin reduction of A312H. Alternatively, given the location of the

amino acid variation near the FAD isoalloxazine ring, the substitution may also affect the

FAD redox potential.

Mutagenesis studies targeting residues that form electrostatic interactions with the py-

rophosphate and 2’phosphate group of NADPH generated variants that improve coenzyme

binding affinity and accelerated FAD reduction. Not surprisingly, a substitution at the 2’-

phosphate-binding pocket (A622K) elicited the greatest effect, as amino acid interactions

with this moiety provides the majority of the coenzyme binding energy. Given that these

substitutions were not near the FAD isoalloxazine ring, they were not expected to affect

the reduction potential of the cofactor. Thus, increases in flavin reduction are attributed

to improved coenzyme binding affinity.

In contrast to MSR, the FAD-shielding Trp676 of human CPR does not pose a thermo-

dynamic barrier to coenzyme binding and hydride transfer. The binding of the nicotinamide

ring is not significantly disrupted by Trp676, as evident by the equivalent dissociation con-

stants of 2’,5’-ADP and NADP+.64 As a consequence, reducing the size of the aromatic

side chain does not dramatically enhance the coenzyme binding affinity or accelerate flavin

reduction, as observed for MSR. CPR catalysis is not limited by Trp676 displacement. In-

stead, Trp676 acts to displace the oxidized nicotinamide ring. This conclusion is supported

by stopped-flow data of Trp676 variants that show the stable formation of the NADP+-

FADH2-FMN complex. Since the nicotinamide ring remains planar with the isoalloxazine

ring, interflavin electron transfer is hindered. The prolonged interaction between the FAD
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hydroquinone and the oxidized nicotinamide ring also leads a shift towards the reverse re-

action (hydride transfer to NADP+); this is evident by the inverse KIE of 0.9 measured for

W676Y and W676F. Slow flavin reduction is also a product of a greater shift towards the re-

verse reaction as well as impaired interflavin electron transfer. Thus, the large bulky indole

ring of Trp676 is more proficient than other aromatic residues at displacing the oxidized

nicotinamide ring from the FAD active site.

Parallel alignment of the nicotinamide ring against the FAD disrupts the hydrogen bond

that forms between the Asp674 and Ser457 residues of the catalytic triad (CPR number-

ing). Asp674 repositions itself to interact with the carboxamide group of the nicotinamide

ring. This interaction is likely responsible for optimizing the orientation of the C4 atom of

NADPH for hydride transfer. It has been proposed that electron transfer from FADH2 to

FMN requires the reformation of the hydrogen bond between Asp674 and Ser457, which

enables Asp674 to act as a general base and abstract a proton from the N5 of FADH2

via Ser467.61,155 Previously, only the three residues of the catalytic triad (Asp674, Ser457,

Cys629) were assigned to this hydrogen bond network, however in this work, a neighbouring

histidine residue that is within hydrogen bond distance to Asp674 was identified. Substitut-

ing the histidine for an alanine revealed that the imidazole weakens coenzyme binding and

promotes interflavin electron transfer. Competition between the histidine and the nicoti-

namide ring for hydrogen bonding with Asp674 likely weakens coenzyme affinity, thereby

favouring NADP+ release. Restoration of the hydrogen bond network provides a proton

relay pathway for the hydrogen atom of the N5 nitrogen of the isoalloxazine ring and in-

teraction with Ser457 stabilizes the resulting FAD semiquinone, thus enhancing interflavin

electron transfer.

NADP+ release is the rate-determining step in CPR catalysis. This conclusion is sup-

ported by the K602AV603K variant, which effectively removes a direct salt-bridge interac-

tion with the coenzyme 2’-phosphate group. Coenzyme binding affinity was dramatically

weakened and a faster rate constant of flavin reduction was observed. Thus, promoting

NADP+ release (by weak coenzyme binding or by bulky Trp676) is important in CPR

catalysis.

The different catalytic role of the FAD-stacking tryptophan in MSR and CPR may arise

from how the tryptophan is orientated with respect to the FAD in both enzymes. In both

substrate-free and substrate-bound MSR, the entire indole ring is positioned over the FAD,

maximizing π-π interaction. For CPR, the only available substrate-free crystal structure

has an engineered disulfide bond between the FAD and FMN domains.57 In this structure,

Trp676 adopts the same position as that observed in MSR, while in substrate-bound CPR,

Trp676 is flipped by 180 degrees and rotated so that only the phenyl group is in van der

Waals contact with the isoalloxazine ring. Therefore, a conformational change in Trp676 to
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a presumably more stable state upon coenzyme binding is apparently more favourable in

CPR than in MSR. Thus, it is possible that the partially stacked position of Trp676 in CPR

weakens the flavin-indole contact such that it is easily displaced by the nicotinamide ring.

Moreover, previous studies on the conformational dynamics of CPR have shown that binding

of 2’,5’-ADP and NADP+ confer a shift towards the closed conformation, which shortens

the interflavin distance. In the presence of 2’,5’-ADP alone, the rate constant associated

with interflavin electron transfer is enhanced.73,75 Recent studies on the conformational

behavior of MSR indicate that it exists primarily in the open state, and the conformational

distribution is not influenced by the presence of 2’,5’-ADP.156,157 However, in the presence

of NADP+, the conformational equilibria is shifted to the closed state. Thus, I propose that

subtle interactions at the 2’,5’-ADP binding site confer conformational changes to Trp676

to facilitate displacement by the nicotinamide ring in CPR, but not in MSR.

The structural nuances involved in regulating the differential catalytic performance of

MSR and CPR have been investigated in this work. Examining these regulatory structures

contributes to the overall understanding of diflavin oxidoreductase catalysis and provide a

stepping stone for future work on these flavoenzymes. Through mutagenesis studies, I have

successfully enhanced MSR catalysis by reducing the size of the FAD-shielding aromatic

side chain. In an effort to improve interflavin electron communication as well as FAD re-

duction, a combination of the W697Y and the A312H mutation would be of interest. For

CPR, the presence of the Trp676 and His322 appears to be necessary for rapid flavin ki-

netics with NADPH. Instead, further mutations aimed to weaken coenzyme binding at the

coenzyme-binding cleft may prove to be effective in accelerating flavin reduction. In fact,

the double mutant K602AV603K did elicit much faster flavin reduction, however the overall

rate of cytochrome c reduction remained similar to native CPR. This may be a consequence

of disruption to the subtle conformational changes that take place upon 2’,5’-ADP binding

that influence the conformational dynamics of CPR. Thus, investigation into the partici-

pating residues and the mechanism of this relationship would be of interest. Moreover, the

aspartic acid loop that extends into the coenzyme-binding site ought to be analyzed for its

potential role in regulating coenzyme binding through structural rearrangement. Further

analysis of single-amino acid mutations in the isolated FAD/NADPH domain in comparison

with full-length MSR and CPR would aid in pinpointing the effect elicited from local ver-

sus large-scale structural changes. If the intention is to engineer a NADH-dependent MSR

or CPR, then reducing the size of the FAD-shielding aromatic side chain consistently re-

duced the preference for NADPH over NADH.132 Use of NADH is favourable for engineered

systems because it is relatively inexpensive compared to the phosphorylated counterpart.

Smaller aromatic substitutions coupled with mutations at the coenzyme-binding site aimed
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to weaken coenzyme affinity, may enhance the overall catalytic performance of CPR or MSR

with NADH.

Lastly, there is some ambiguity in the charge-transfer complex assignment among di-

flavin oxidoreductases. In AaCPR, appropriate identification of the charge-transfer complex

that is formed over the reductive half-reaction is important in understanding the catalytic

behavior of this plant CPR species. In human CPR, substitution of Trp676 for a smaller

aromatic results in the persistent stacking of the oxidized nicotinamide ring over the FAD

isoalloxazine ring, thereby impeding further reduction. In contrast, reduction of AaCPR is

much more rapid and occurs with the formation of a charge-transfer complex. With muta-

tions that mirror those of human CPR, the charge-transfer complex still forms and does not

appear to impede further reduction in the same way as human CPR. Thus, the ability to

identify which charge-transfer species are formed or favoured in AaCPR compared to human

CPR would be paramount to characterizing the catalytic behavior of these enzymes. This

problem has been explored in FNR, and studies have shown some success at distinguishing

charge-transfer complexes over longer wavelengths (600 - 1000 nm).152,158,159

In the future this research may contribute to improving MSR activity in MS deficient

individuals through gene therapy. A small study where patient cell lines were transfected

with wild-type MTRR minigene constructs in vitro resulted in a significant enhancement

in MS activity, marked by methionine production.160 Although this may seem far-fetched

at the moment, it may prove to be an attractive treatment option for early neonatal treat-

ment or for individuals that do not benefit from the available therapies today.161,162 Cer-

tainly, the co-expression of mammalian CPR in cytochrome P450 gene-directed enzyme

therapy has already been employed in preclinical trials to support cytochrome P450 ac-

tivity on anticancer prodrugs within target tumor cells.163–165 Mammalian CPR has also

been co-expressed with cytochrome P450s for detoxification of water and soil in transgenic

plants, however the system is limited by CPR activity.166 Cytochrome P450s are also widely

employed as biocatalysts for industrial synthesis of numerous chemicals, food ingredients,

and pharmaceuticals.167,168 Thus, strategies to maximize the catalytic efficiency of the cy-

tochrome P450-CPR system are desired to further develop these biocatalysts for commercial

and medicinal use. This research thesis provides the structural platform on which to mod-

ulate the catalytic performance of MSR and CPR.
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