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ABSTRACT

Cofactors assist enzymes with a variety of complex chemisi
flavin adenine dinucleotide (FAD) and non-heme iron, together 1
oxidizing agent, perform a wide array of reactions. Hydroxylation ii
AidB is an adaptive response protein that is up-regulated in the I
AidB contains FAD; however, the precise role of the FAD has
another adaptive response protein that is up-regulated in the prese
member of the alpha-ketoglutarate (aKG) non-heme iron-depent
cofactor non-heme iron, and the co-substrates molecular oxygen a:
adducts on DNA bases via hydroxylation. Two well characterized
hABH2 and hABH3, also belong to the xKG/Fe(II)-dependent su
preference differ from that of AlkB.

Furthermore, FAD and non-heme iron, again with molec
agent, can perform halogenation chemistry. Flavin-dependent halo;
reactions on aromatic substrates, while non-heme iron-depe
halogenations reactions on unactivated aliphatic substrates. I
halogenase that catalyzes the chlorination of free tryptophan to fa
biosynthesis of rebeccamycin. CytC3 is an cxKG and non-heme ir,
catalyzes the chlorination of L-2-aminobutyric acid bound to
biosynthesis of y,y-dichloroaminobutyrate.

Here, we obtained the crystal structures of flavoproteir
dependent halogenase CytC3. The structural and biochemical v
insights into various possible functions of this still poorly und
structure of CytC3 suggests two important criteria for creating an (
Additionally, we established a new purification scheme for AlkB
which has yielded protein for biochemical studies aimed at ex
Finally, we have also obtained a new crystal form for E. coli AlkB.
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Chapter I

Introduction to the Use of Flavin and Non-heme Iron as Cofactors

in DNA Repair and Halogenation Chemistry

I.A. Summary

Cofactors assist enzymes with a variety of complex chemistries. Two versatile

cofactors, flavin adenine dinucleotide (FAD) and non-heme iron, together with molecular

oxygen as an oxidizing agent, perform a wide variety of reactions, ranging from DNA repair to

halogenation. The respective roles of FAD and non-heme iron in enzymes that perform

hydroxylation in DNA repair and halogenations reactions are discussed in this chapter. A few

enzymes that use these cofactors are discussed in detail: AidB is a flavoprotein that is up-

regulated in response to DNA damaging agents, but whose function is unknown, AlkB and its

human homologues use non-heme iron to perform hydroxylation reactions in DNA repair, and

CytC3 uses non-heme iron to perform halogenation reactions.



I.B. Introduction

Enzymes, composed of carbon, nitrogen, oxygen and sulfur, can perform chemical

reactions with great efficiency. However, for some complex chemistry, an enzyme may require

the help of cofactors. Cofactors are small molecules or metals that are bound to the protein and

expand the potential biological activity. This thesis will focus on the use of flavin adenine

dinucleotide (FAD) and non-heme iron as cofactors in DNA repair and halogenation chemistry.

DNA repair plays an essential role in maintaining genomic integrity. DNA damage arises

from both endogenous and exogenous sources, such as methylation by the natural coenzyme S-

adenosylmethionine and methyl methanesulfonate in the environment, respectively. The

damaged DNA must be repaired efficiently in order to prevent it from causing cellular

mutagenicity and cytotoxicity. All organisms have multiple enzymes to cover the repair of 13

methylated DNA lesions;' different DNA repair enzymes have different lesions as substrates,

and they exploit a variety of mechanisms. In E. coli, AidB is a flavin-binding adaptive response

protein whose expression is up-regulated in the presence of DNA alkylating agents. 2 Another

DNA repair enzyme that is part of the same E. coli pathway is the AlkB protein. In humans,

there are 8 different AlkB homologues (hABH1-8). AlkB and its human homologues are part of

the alpha-ketoglutarate (aKG) non-heme iron-dependent superfamily.3, 4 Enzymes in this

superfamily catalyze a range of diverse reactions, including epimerization, cyclization,

epoxidation, halogenation, and hydroxylation, among others. Specifically, AlkB and its

homologues belong to the hydroxylase subclass of the aKG/Fe(II)-dependent superfamily. The

putative repair proteins AidB, repair protein AlkB, and two human homologues of AlkB

(hABH2 and hABH3) will be discussed in this thesis.



Halogenation chemistry is important for the synthesis of many natural products that have

therapeutic properties. Over 4000 natural products are halogenated, where chlorination is the

most common, followed by bromination. 5 Examples of chlorinated natural products include

salinisporamide A, a potent anti-cancer agent, and syringomycin, an anti-fungal compound.6' 7

The incorporation of a halogen into natural products can be important for tailoring a compound's

activity. For example, the addition of a single chlorine atom to the syringomycin scaffold

increases its anti-fungal properties four-fold.8 There are four types of cofactor-mediated

halogenating enzymes: heme iron haloperoxidases, vanadium-dependent haloperoxidases, flavin-

dependent halogenases, and non-heme iron halogenases. 9 The latter two types of halogenating

enzymes, the flavin-dependent and the non-heme iron halogenases, use molecular oxygen as an

oxidizing agent in conjunction with their reactive cofactors. CytC3 is a recently discovered

chlorinating enzyme that belongs to the halogenase subclass of the XKG non-heme iron-

dependent superfamily.' 0 The second part of the thesis will examine the subtle differences that

are important for creating an enzyme active site that binds halogen to perform the halogenation

reaction.

In this introductory chapter, the following topics are discussed: (1) an introduction to

flavin chemistry in biological systems, (2) reactivity and structural features of the xKG/Fe(II)-

dependent enzymes, (3) the adaptive response to alkylating agents in E. coli for DNA repair, (4)

an adaptive response flavoprotein-AidB, (5) aKG/Fe(II)-dependent DNA repair enzymes-

AlkB and human homologues of AlkB, (6) the role of flavin and non-heme iron in halogenations,

(7) a flavin-dependent halogenase-RebH, and (8) an xKG/Fe(II)-dependent halogenase-

CytC3.



I.C. Introduction to Flavin Chemistry in Biological Systems

Flavin adenine dinucleotide (FAD) is a versatile redox cofactor used for electron

transport processes and redox reactions. FAD is usually bound to proteins and cycles between

oxidized and reduced states during enzyme catalysis. The redox potential of FAD ranges greatly

depending on the protein environment; this wide range of redox potential allows FAD to

participate in one-electron processes such as radical reactions or two-electron processes such as

oxidation reactions." In addition, reduced flavin (FADH2) can be oxidized by molecular oxygen,

which allows FAD-dependent enzymes to participate in hydroxylation reactions. A few of the

diverse roles of FAD in biological systems are oxidation, dehydrogenation, hydroxylation, and

halogenation.

Oxidation of various chemical groups often depends on a redox-active role for FAD. For

example, oxidation of hemiacetals to lactones is catalyzed by glucose oxidase, oxidation of

alcohols to aldehydes is catalyzed by glycolate oxidase, and oxidation of amines to imines is

catalyzed by amino acid oxidase. 12 These oxidases use FAD as a cofactor to oxidize the substrate.

The oxidases regenerate FAD through rapid reaction of FADH 2 with molecular oxygen to

generate a C4a-hydroperoxy FAD intermediate. The C4a-hydroperoxy FAD breaks down to

hydrogen peroxide and oxidized FAD in the protein. Another type of oxidation is the

dehydrogenation reaction, or oxidation of carboxylic acids to Xa,-unsaturated carbonyl

compounds. Many acyl-CoA dehydrogenases catalyze this type of reaction using FAD. This type

of oxidation does not require molecular oxygen. A Glu residue from the protein initiates the a-

carbon deprotonation on the substrate, followed by a hydride shift from the -carbon of the

substrate to FAD, forming reduced FADH- (Scheme I.1).13 The FADH- is reoxidized by another

FAD-dependent protein called the electron transfer flavoprotein (ETF).



In both hydroxylation and halogenation reactions, fully reduced FAD reacts with

molecular oxygen to generate the C4a-hydroperoxy FAD intermediate, just as the oxidative half-

reaction in an oxidase. For hydroxylation, the C4a-hydroperoxy FAD intermediate does not

decompose into hydrogen peroxide and oxidized FAD as in oxidase reactions; instead the

intermediate transfers a hydroxyl group to the substrate (Scheme 1.2). The resulting C4a-hydroxy

FAD returns to oxidized FAD upon dehydration. In halogenations, the C4a-hydroperoxy FAD

intermediate oxidizes a halide ion to produce hypohalous acid (Scheme 1.2). The hypohalite then

further transfers the halide to the substrate. 9

I.D. aKG/Fe(II)-Dependent Superfamily

The aKG/Fe(II)-dependent superfamily appears to be one of the most versatile families

of enzymes. These enzymes require molecular oxygen as a cosubstrate to oxidatively

decarboxylate oKG, which is then coupled to an oxidation reaction of the substrate. Carbon

dioxide and succinate are generated as products. Reactions catalyzed by some of the family

members include desaturation, ring expansion, ring formation, epoxidation, hydroxylation,

halogenation, and other oxidative reactions.14 For example, clavaminate synthase (CAS)

catalyzes three steps: the hydroxylation of deoxyguanidinoproclavaminic acid, the formation of

cyclic rings, and desaturation reactions of proclavaminic acid in the synthesis of clavulanic acid

(Scheme I.3.a); 15 deacetoxycephalosporin C synthase (DAOCS) performs both ring expansion

and hydroxylation in cephalosporin synthesis starting with penicillin N (Scheme 1.3.b);' 6 taurine

hydroxylase (TauD) hydroxylates taurine (Scheme I.3.c); 17 and CytC3 chlorinates aminobutyric

acid (Scheme I.3.d).10 The substrates for these enzymes range from large biomolecules, such as

proteins and DNA/RNA, to small molecules, such as lipids and metabolites. As versatile as the



functions of these enzymes are, they all use xKG and iron as cofactors, and they share a

conserved structural core.

All xKG/Fe(II)-dependent enzymes share a common fold, referred to as a cupin fold,

comprising anti-parallel -strands in a "jelly-roll" motif (Figure 1.1).18 Each enzyme differs in

the additional a-helices and protein loops surrounding this common core. The iron cofactor is

located in the center of the "jelly-roll" and is coordinated by a conserved 2-His-l-carboxylate

(His-X-Asp/Glu-Xn-His motif) triad. 19 These three conserved residues ligate the iron center on

one face of the octahedral site, and the other three sites are ligated by water when the enzyme is

in the resting state (Figure 1.2). There is one exception to this conserved 2-His-l-carboxylate

triad, and that is in the halogenase subclass, where the carboxylate ligand is absent. Alanine

replaces the aspartate/glutamate of the 2-His-l-carboxylate motif in the halogenases, opening an

additional coordination site on the iron.20 The active site of halogenases must be able to bind a

halogen for the reaction to occur; the small size of the alanine substitution and the non-

coordinating nature of the side chain allow room for a halogen to bind directly to iron in the

position that is typically occupied by the side chain carboxylate. The (cKG cofactor binds to the

iron in a bidentate fashion through the Cl carboxylate and the keto group on C2 (Figure 1.2 for

numbering nomenclature). Bidentate binding of xKG to iron is strictly conserved in the

xKG/Fe(II)-dependent enzyme family.21

A large number of spectroscopic, biochemical, and structural studies have been done on

the taurine hydroxylase enzyme TauD, and a general mechanism for this class of enzymes has

been proposed from these results.22-24 The resting state of the enzyme has three protein ligands

and three water molecules coordinating the iron (Figure 1.2). xKG addition displaces two water

molecules when it binds in a bidentate fashion to the iron center. 25 This replacement of neutral



water molecules with anionic ligands decreases the Fe(III)/Fe(II) reduction/oxidation potential,

leaving the iron center more susceptible to oxidation.19 Binding of the substrate causes the

displacement of the remaining water molecule, thereby creating a five-coordinate iron center,

which primes the site for binding molecular oxygen. Molecular oxygen does not bind until the

substrate and/or cofactors are bound, which serves to prevent self-inactivation in this family of

enzymes. 26 In a typical reaction, the uncoordinated oxygen atom of dioxygen attacks the C2

carbonyl of aKG, which promotes cleavage of the 0-0 bond, thus concomitantly forming the

ferryl-oxo species (Fe(IV)=O). The ferryl-oxo species has been observed in a number of

enzymes in this family, including TauD and CytC3, and is believed to be responsible for

hydrogen abstraction from the substrate. 22-24, 27, 28 The substrate radical recombines with a

hydroxyl radical to give the hydroxylated product. Product release and rehydration of the iron

center return the enzyme active site to the resting state, ready for another round of catalysis.

I.E. Adaptive Response for DNA Repair

DNA methylation by either SNl or SN2 alkylating agents can occur at 13 different sites:

12 methylation sites are on the DNA bases, including all exocyclic oxygens and most cyclic

nitrogens; one methylation site occurs on the DNA phosphate backbone (Figure 1.3).' The

adaptive response is triggered when low levels of alkylating (mainly methylating) agents are

present, thereby providing resistance to cell death caused by higher levels of such alkylating

agents.29, 30 The adaptive response is a cellular process that protects against cell death by utilizing

various cellular machineries that repair methylation damage. There are three enzyme families

involved in repairing methylated DNA lesions, and each is up-regulated during the adaptive

response: methyltransferases, DNA glycosylases, and DNA dioxygenases.



The Ada protein is a DNA repair methyltransferase in E. coli that also acts as a

transcription factor that regulates the adaptive response. 3' Methyltransferases repair methylation

on the major groove exocyclic oxygens, providing resistance to SNI alkylating agents. The Ada

protein is a bifunctional protein that is composed of two domains: an N-terminal domain that

demethylates the methylphosphotriester in DNA and a C-terminal domain that demethylates 0 6-

methylguanine (0 6-mG) and 0 4-methylthymine (0 4-mT).32 Ada demethylates DNA lesions by

direct transfer of the methyl group from the damaged base to the thiol group of a Cys residue in

the active site. Upon methylation of the active site Cys in the N-terminal domain of Ada, the

protein behaves as a transcription factor, and its affinity to the ada-alkB, alkA, and aidB operons

greatly increases, in turn, up-regulating the expression of Ada, AlkB, AlkA, and AidB proteins

(Figure 1.4). 1,31

AlkA is a DNA glycosylase that is induced as part of the adaptive response. 33 DNA

glycosylases generally repair lesions that form destabilized glycosylic bonds. These destabilized

bonds are caused by both SN1 and SN2 alkylating agents. Unlike other DNA repair enzymes that

reverse methylation directly, DNA glycosylases work by hydrolyzing the glycosylic bond to

yield an abasic site. Therefore, DNA glycosylases require the help of other proteins, such as

endonuclease, polymerase, and ligase, to complete the repair of damaged lesions. After the

hydrolysis of the methylated base, endonucleases cleave the DNA backbone. 34 A normal base is

restored by a DNA polymerase based on the sequence of the complementary strand, and a DNA

ligase joins the new base with the rest of the DNA strand.'

Another enzyme that is up-regulated in the presence of alkylating agents is the AidB

protein.2 Although AidB is known to be part of the adaptive response, its exact function has not

been discovered. From cell survival experiments, there is evidence for AidB providing resistance



to SN1 alkylating agents;2 and it is hypothesized that AidB can detoxify alkylating chemicals that

cause DNA damage.3 5' 36 AidB is a flavin-containing protein3 7, but it is unclear if the flavin is

structural or catalytic.

AlkB is a DNA dioxygenase that removes methyl groups from the nitrogen of the

heterocyclic bases involved in base pairing, providing resistance to SN2 alkylating agents. 31 AlkB

is a member of the oKG/Fe(II)-dependent dioxygenase family.38 It utilizes aKG and molecular

oxygen as a co-substrates, and non-heme iron as cofactor, to produce succinate and

formaldehyde. The decarboxylation of aKG is coupled to the hydroxylation of the methyl group

on the DNA lesion.3, 4 The resulting hydroxylated methyl group is a much better leaving group,

which is thought to decompose to formaldehyde and the unmethylated base (Scheme 1.4).

I.E.1. An Adaptive Response Flavoprotein-AidB

AidB is an E. coli adaptive response protein. 2 This protein was discovered several

decades ago; however, the true function of AidB is still a mystery. The induction of AidB

expression has been shown to be dependent on the adaptive response. AidB is overexpressed in

the presence of N-methyl-N'-nitro-nitrosoguanidine (MNNG), an SN1 methylating agent. 2' 36 The

fact that AidB responds to MNNG specifically leads to the hypothesis that AidB plays an active

role in destroying the alkylating agent MNNG, providing resistance to it.2' 35, 39 This hypothesis is

supported by knock out studies by Volkert et al.; where AidB knock out cells are more sensitive

to MNNG in a cell survival assay, which suggests that the presence of AidB provides protection

against cell death caused by MNNG.2 However, in the thesis work of Lauren Frick from

Professor John Essigmann's laboratory, this result was not reproducible.40



Independent of the adaptive response, AidB expression is also known to be induced when

cells are in an anaerobic environment or in the presence of acetate at a slightly acidic pH (pH

6.5). 41-43 The significance of AidB induction under these conditions is unclear.

Sequence alignment predicts that AidB belongs to the acyl CoA dehydrogenase

superfamily (Figure 1.5). In particular, AidB is functionally homologous to isovaleryl CoA

dehydrogenase (IVD), which is an enzyme involved in one of the main steps of leucine

metabolism. IVD catalyzes the ot,u-oxidation of 3-methylbutanoyl CoA to 3-methylcrotonyl

CoA.44 IVD is a homotetramer in solution and it contains one FAD molecule per monomer. Two

FADs bind at the interface of an IVD dimer (one per monomer), in the extended conformation. A

glutamate residue (Glu254) is the active site base that initiates proton abstraction from the

substrate (Scheme 1.1).44

Biochemical studies show that AidB binds FAD.37 However, whether the role of FAD in

AidB is structural or catalytic remains unclear because no true function for the enzyme has been

identified. Hausinger et al. suggested a possible reaction for AidB based on the following: (1)

AidB's sequence similarity to IVD, suggesting AidB performs some kind of dehydrogenation

reaction; (2) AidB's association with the adaptive response; and (3) AidB's ability to bind

DNA.3 7 Together, (2) and (3) suggest AidB performs some kind of DNA repair reaction. Putting

these clues together, a hypothetical function of AidB is the use of dehydrogenase activity to

repair alkylated DNA (Scheme 1.5). 37 In this proposed reaction, AidB forms a double bond

between the methyl group and the normal base of a methylated DNA lesion by dehydrogenase

activity and the Schiff base can be hydrolyzed by water to release as formaldehyde. Although

this proposed reaction for AidB is attractive, there is no experimental evidence for it.



A recent structural study suggests that AidB is a homotetramer, with two FADs bound at

the interface of two monomers.45 Based on crystal packing and biochemical study, Eichman et al.

proposed that double-stranded DNA (dsDNA) binds to AidB on two sides of the homotetramer,

and four tetramer units can arrange themselves so that they seclude dsDNA in a 25 A pore

(Figure 1.6). 45 This model of AidB protecting dsDNA from alkylating agent seems unlikely for a

number of reasons: (1) it requires a large concentration of AidB in the cell, (2) dsDNA is usually

present as a supercoil and thus is unable to bind to AidB as suggested in the model, and (3) the

dsDNA must be desolvated before being secluded by AidB, and such desolvation would be very

energetically unfavorable. In Chapter II of this thesis, the crystal structure of AidB and

supporting biochemical work will be presented, and various proposals for the function of AidB

will be discussed.

I.E.2. Adaptive Response aKG/Fe(II)-Dependent DNA Repair Enzymes-AlkB and Its

Human Homologues

AlkB is a DNA repair enzyme that belongs to the aKG/Fe(II)-dependent dioxygenase

family. 1 AlkB directly reverses DNA damage via oxidative demethylation.' Specifically, AlkB

repairs methylated DNA adducts on the nitrogen of the heterocyclic bases involved in pairing.1

AlkB couples the decarboxylation of uKG to the hydroxylation of the methyl group on the DNA

lesion (Scheme 1.4). The subsequent hydroxylated methyl group is unstable, and is thought to

decompose spontaneously to formaldehyde and the normal base.

Sequence searches found eight human homologues (hABH1-8) of AlkB, also putative

members of the aKG/Fe(II) dioxygenase family.46 hABH2-3 are the most studied, and their

activities are most similar to AlkB. For many years, hABH1 has been shown to provide



resistance to methyl methanesulfonate (MMS), an SN2 alkylating agent, in vivo; however, a

specific substrate has not been identified. Recently, a study shows that hABH1 demethylates 3-

methylcytosine (3mC) on a single-stranded DNA (ssDNA) as well as on RNA.47 Few studies

have been done on the other human homologues (hABH4-8), and their substrates have not been

identified. For this reason, the focus of Chapter III of this thesis will be on AlkB, hABH2, and

hABH3.

Although both the E. coli DNA repair protein, AlkB, and the human homologues,

hABH2 and hABH3, repair the same pool of methylated DNA lesions, they each have somewhat

different substrate preferences. AlkB repairs a large collection of lesions including methylated

lesions, such as 1-methyladenine (1mA), 3mC, 3-methylthymine (3mT), and 1-methylguanine

(1mG), as well as alkylated lesions, such as 1,N6-ethenoadenine (CA) and 1,N6-ethanoadenine

(EA).3, 4' 48-51 AlkB repairs these lesions on both ssDNA and RNA. 3' 4 The two human

homologues have narrower substrate specificity compared to AlkB. hABH2 repairs ImA on

dsDNA, but it does not repair RNA.52, 53 A recent study reports that hABH2 also repairs CA on

dsDNA. 54 hABH3 repairs ImA and 3mC on ssDNA and RNA (Table I.1).52, 53

The crystal structures of AlkB, 55 hABH2,56 and hABH357 were recently solved. These

structures, some with DNA substrates, can explain the differences in the preference for ssDNA

versus dsDNA. These structures contain a core fold similar to the common "jelly roll" motif

found in the (oKG/Fe(II)-dependent superfamily.55 57 The active site iron is coordinated by the

conserved 2-His-l-carboxylate triad. The crystal structure of AlkB shows a region (residues 45-

90) that is involved in interacting with the substrate and covering the active site. 55 Amide

hydrogen exchange studies have shown this region of the structure is flexible, which may explain

the broad spectrum of substrates AlkB repairs.55



He et al. reported the structures of AlkB and hABH2 cross-linked to 1mA-dsDNA. 56 The

ImA was modified with a disulfide cross-linking group. A Cys mutation for crosslinking

purposes was introduced at a residue near the active site, D135C for AlkB and E175C or G129C

for hABH2. Several other surface Cys to Ser mutations were introduced to eliminate nonspecific

cross-linking. This study shows that AlkB and hABH2 have different base flipping mechanisms

under artificial constraints linking the protein and the substrate together. In AlkB, the DNA bases

on either side of the lesion are squeezed together to maintain base stacking after the lesion is

flipped out into the enzyme's active site, and there is no protein-assisted stabilization of the base

stacking in the DNA helix. 56 On the other hand, hABH2 inserts F102 into the empty space

created by base flipping to stabilize the DNA helix. 56 According to structural alignment of AlkB

and hABH2, the F102 in hABH2 is missing in AlkB. Currently, there is no structure of hABH3

with DNA bound. Some biochemical work on AlkB, hABH2 and hABH3, and structural work

on AlkB will be discussed in detail in Chapter III.

I.F. The Role of Flavin and Non-heme Iron in Halogenation

As previously alluded to, many halogenated natural products have therapeutic properties.

Nature uses four different cofactors for halogenations reactions: heme iron, vanadium, flavin and

non-heme iron.9 Two of these cofactors, flavin and non-heme iron, assist halogenation reactions

in combination with molecular oxygen. Halogenases that use flavin or non-heme iron cofactors

are mostly found in polyketide synthetase (PKS) and nonribosomal peptide synthetase (NRPS)

assemblies. The first flavin-dependent halogenase discovered was PrnA, which catalyzes the

chlorination of free tryptophan to form 7-chlorotryptophan in the biosynthesis of pyrrolnitrin

(Scheme I.6.a).58 Similar enzymes that also chlorinate free tryptophan were later discovered:



RebH catalyzes the same reaction as PrnA, but in the biosynthesis of rebeccamycin; 59 PyrH

catalyzes the chlorination of free tryptophan at the 5-position in the biosynthesis of

pyrroindomycin; 60 and Thal chlorinates free tryptophan at the 6-position in the biosynthesis of

thienodolin. 9 Amino acids attached to the thiolation (T) domain of the NRPS are also known to

be halogenated by flavin-dependent halogenases. For example, halogenase PltA catalyzes the di-

chlorination of the pyrrole ring of the oxidized proline at the C4 and C5 position when attached

to a T-domain in the biosynthesis of pyoluteorin (Scheme I.6.b).61, 62 All of these flavin-

dependent halogenases catalyze halogenation of aromatic rings.

These flavin-dependent halogenating enzymes use molecular oxygen to oxidize the flavin

to a C4a-hydroperoxy flavin intermediate. 63 This intermediate then oxidizes a halide ion to

produce hypohalous acid. 63 The hypohalite is believed to be attached to a protein side chain, and

thus restricts the regiospecificity of the reactive intermediate that halogenates the substrate.64

While hypohalous acid is ideal for halogenating aromatic moieties, such as tryptophan

and pyrrole, the oxidizing power of hypohalous acid is not strong enough to halogenate

unactivated aliphatic carbons; therefore, the flavin-dependent halogenase is not expected to work

on such substrates. 9 For halogenations of unactivated aliphatic carbons, nature uses the non-heme

iron halogenases, found in the NRPS assembly line. Both SyrB2 and CytC3 are examples of non-

heme iron halogenases. SyrB2 catalyzes the chlorination of L-threonine bound to a thiolation

domain in the biosynthesis of syringomycin E (Scheme 1.7),65 and CytC3 catalyzes the

chlorination of L-2-aminobutyric acid (Aba), also attached to a thiolation domain (Scheme

I.3.d). 10 Biochemical studies found that the non-heme iron halogenase requires XKG, Fe(II),

chloride, and molecular oxygen for catalysis. 65 The non-heme iron halogenases are a subclass of

the axKG/Fe(II)-dependent superfamily.



As the previous two sections mention, AlkB also belongs to the xKG/Fe(II)-depedent

superfamily, in the most common hydroxylase subclass. A major difference between

hydroxylases and halogenases is that the hydroxylases coordinate the iron with the typical 2-His-

1-carboxylate (Asp/Glu) motif, whereas the halogenases coordinate the iron with only two

histidines.20 Alanine takes the place of the aspartate/glutamate of the 2-His-l-carboxylate

(Asp/Glu) motif in the halogenases; the small size of the alanine substitution and the non-

coordinating nature of the side chain allow room for chloride to bind directly to iron in the

position that is typically occupied by the side chain carboxylate. 66 In addition to the protein

ligands, the remaining coordination sites of iron are taken by chloride, xKG and molecular

oxygen.

I.F.1. Flavin-Dependent Halogenase-RebH

Rebeccamycin is a chlorinated antitumor agent.67 One of the early steps in the

biosynthesis of rebeccamycin is the chlorination of L-Trp to form 7-chlorotryptophan, which is

catalyzed by FAD-dependent halogenase RebH. 59 The chlorination reaction requires FADH2,

molecular oxygen, and chloride ion. Another protein, RebF, catalyzes the NADH-dependent

reduction of FAD to regenerate the FADH 2 which then binds to RebH.59

As the previous section discussed, FADH 2 reacts with molecular oxygen to generate a

C4a-hydroperoxy FAD intermediate. This oxidative half reaction of FADH2 does not require the

substrate of RebH-tryptophan--nor does the rate of the C4a-hydroperoxy FAD intermediate

formation change in the presence of tryptophan, suggesting that the flavin intermediate does not

directly react with tryptophan. 63 Instead, the flavin intermediate must react with chloride ion to



form hypochlorous acid (HOC1) and C4a-hydroxyl FAD.63 The dehydration of the C4a-hydroxy

FAD generates FAD.

HOCI is a powerful enough oxidant to chlorinate tryptophan.64 However, since HOCi is a

small molecule that can diffuse through the proteins easily, it is difficult to believe that HOCI

can carry out chlorination with specific regiochemistry only at the 7-position of tryptophan. Yeh

et al. have shown a long-lived, up to 63 h at 4oC, chlorinating intermediate that is covalently

attached to RebH. 64 The structure of RebH suggests that a lysine (Lys79) could react with HOCi

to form a protein bound lysine chloramine, which then further transfers the chloride to the

substrate with regiospecificity. 64 Mutation of Lys79 results in a loss of the covalently bound

chlorinating intermediate and inactivates the enzyme. It is thus believed that halogenation

through a protein bound chloramine is less reactive than the free hypochlorous acid but provides

more regioselectivity.

I.F.2. aKG/Fe(II)-Dependent Halogenase--CytC3

There are many therapeutic natural products containing a halogen atom in their final

structure, and the biological activity that this halogen atom contributes can be significant.5

Another role for halogenations is in the biosynthesis of natural products with cyclopropane ring

structures; these reactions involve so-called "cryptic halogenations" where a halide is used to

functionalize a non-reactive group and is subsequently displaced by a substrate-derived enolate

to generate the three-membered ring.68 Since chlorination by chemical synthesis can be

environmentally unfriendly and technically challenging, there is interest in understanding

enzymatic halogenation chemistry for the production of various natural products.



The biosynthesis of 1 -aminocyclopropane- l-carboxylate (ACC) from L-2-aminobutyric

acid (Aba) uses non-ribosomal peptide synthetase (NRPS) modules involving cryptic

chlorination, reminiscent of that for coronamic acid.' The gene cluster for ACC biosynthesis

contains four open reading frames, CytC1-C4. 10 CytC1 is a free-standing adenylation domain

that loads the nonproteinogenic amino acid Aba onto the phosphopantetheine arm of a thiolation

domain, CytC2 (Scheme 1.8). While the amino acid is tethered to CytC2, CytC3 then catalyzes

tandem chlorinations of the y-methyl of Aba. Presumably, the tethered chlorinated Aba would

form ACC by intramolecular displacement of the chloride. This step has been shown to be

catalyzed by CmaC, an enzyme that facilitates the cyclization to form a cyclopropyl ring on a

tethered substrate. 68 Lastly, CytC4 is the thioesterase that hydrolytically releases chlorinated

aminobutyrate from the phosphopantetheine arm of CytC2. ACC is postulated to be incorporated

into an apoptosis inducer, Cytotrienin A, in Streptomyces soil bacteria. 69

While Aba is the natural substrate for the CytC biosynthetic pathway, other amino acids

can also be adenylated by CytC1. By measuring the reversible amino acid-dependent exchange

of 32PPi into ATP, Masashi and coworkers determined that five other amino acids, L-valine,

ACC, D-Aba, D-valine, and 4-Cl-L-Aba (the product of CytC3) are adenylated better than the

natural substrate, L-Aba (Table 1.2).10 This data suggests that CytC1 is a promiscuous

adenylation domain, which is surprising because most other adenylation domains are relatively

substrate-specific. For example, the adenylation on the biosynthetic pathway of coronamic acid,

CmaA, has high specificity for L-Ile. 68

Many spectroscopic studies have been done on CytC3. These include freeze-quench

M6ssbauer spectroscopy to characterize the presence of an iron(IV)-oxo intermediate, stopped-

flow absorption to study the kinetics of CytC3 reaction, and circular dichroism (CD) and



magnetic circular dichroism (MCD) to reveal the structural effects of the perturbation of

carboxylate (Asp/Glu) to Ala mutation in the active site. 27' 28' 70 The stopped-flow absorption and

the freeze-quench M6ssbauer spectroscopies identify an intermediate in the catalytic cycle that is

comprised of two high-spin Fe(IV) states in rapid equilibrium. Similar high-spin Fe(IV)

intermediate states are also observed in TauD, which is the model system for non-heme iron

hydroxylase studies. One of the intermediate species is the high-spin Fe(IV) oxo species that is

responsible for hydrogen abstraction. 27 The second intermediate species in rapid equilibrium is

the Fe(II)-containing enzyme-product complex. 27

The CD study shows that apo CytC3/C1- does not bind iron; however, 0.9 equivalents of

iron binding can be detected in the presence of xKG. 70 This result is in agreement with metal

analysis of SyrB2 reconstituted both without and with oKG, which contained 0.3-0.4 and 0.85-

0.95 mole Fe(II)/mole subunit, respectively.', ' 65 The MCD study shows that the aKG/Fe(II)/C1-

complex of CytC3 contains a weakly coordinated water ligand, suggesting the complex is ready

to bind oxygen. 70 The weakly coordinated water ligand is also observed in TauD; however, a

strongly coordinated water ligand is observed in clavaminate synthase (CAS). These

spectroscopic studies provide a deeper understanding of the local environment of the CytC3

active site. The crystal structure of CytC3, discussed in detail in Chapter IV, will give insights

into the important criteria for creating an enzyme-bound Fe-Cl catalyst.
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I.K. Tables, Reaction Schemes and Figures

Table 1.1. List of substrate preferences for AlkB and two human homologues, hABH2 and
hABH3.

DNA or RNA preference Lesions preferred

AlkB dsDNA, ssDNA, RNA ImA, 3mC, 3mT, ImG, EA, EA

hABH2 dsDNA ImA

hABH3 ssDNA, RNA ImA, 3mC



Table 1.2. Steady-state kinetics of CytC1 for different amino acid substrates.' 0 Amino acid

adenylation by CytC1 is a reversible reaction. The kinetics are measured through the amino acid-

dependent exchange of 32 PPi into ATP.

Substrate Km (mM) kcat (min) kcat/Km (min "' mM"')

L-Val 0.60 ± 0.05 17.2 ± 0.4 29 ± 3

1-aminocyclopropane- 1.65 ± 0.07 11.9 ± 0.2 7.2 ± 0.4

1 -carboxylate

D-Aba 4.0 + 0.3 17.4 ± 0.5 4.3 + 0.4

D-Val 6.9 ± 0.5 10.7 ± 0.4 1.6 ± 0.2

4-Cl-L-Aba 7.6 ± 0.6 7.6 + 0.3 1.0 + 0.1

L-Aba 13 ± 1 10.7 ± 0.5 0.8 ± 0.1

L-allo-Ile 18 ± 3 12 ± 1 0.6 ± 0.2

D-Cys 47 ± 12 29 ± 6 0.6 ± 0.3

L-Cys 5.2 ± 0.7 2.7 ± 0.2 0.5 ± 0.1



Scheme 1.1. Mechanism of dehydrogenation reaction as seen in acyl CoA dehydrogenase.' 3
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Scheme 1.2. FAD chemistry in flavin-dependent hydroxylation versus halogenation. 12,71
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Scheme 1.3. Reaction scheme of enzymes in the xKG/Fe(II)-dependent superfamily. a)

clavaminate synthase (CAS). CAS catalyzes the hydroxylation of deoxyguanidinoproclavaminic

acid, as well as the cyclization and desaturation reactions of proclavaminic acid in the synthesis

of clavulanic acid. 15 b) Reaction scheme of deacetoxycephalosporin C synthase (DAOCS).

DAOCS catalyzes the ring expansion and hydroxylation of penicillin N in the synthesis of

cephalosporin. 72 c) Reaction scheme of taurine dioxygenase (TauD). TauD catalyzes the

hydroxylation of taurine. 17 d) Reaction scheme of chlorination of L-aminobuytric acid attached

to a stand-alone thiolation domain CytC2 by the non-heme iron halogenase CytC3. The

thiolation domain CytC2 is labeled as T, and the phosphopantetheine arm that is post-

translationally attached to the thiolation domain is indicated by a wavy line.
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Scheme 1.4. Reaction scheme of AlkB with ImA and 3mC substrate.
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Scheme 1.5. Reaction scheme of AidB proposed by Hausinger et al.37 AidB may repair DNA

lesions through dehydrogenase activity, forming a double bond between the methyl group and

the normal base. The Schiff's base can be hydrolyzed by water to leave as formaldehyde.
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Scheme 1.6. Flavin-dependention halogenations reactions. a) Regioselective chlorination of

tryptophan by FAD-dependent halogenases, PrnA or RebH (top of the reaction scheme), PyrH

(middle), and Thal (bottom). 9 b) Reaction scheme of dichlorination of the pyrrole moiety of the

oxidized proline attached to a thiolation domain by the flavin-dependent halogenase PltA. The

thiolation domain is labeled as T, and the phosphopantetheine arm that is post-translationally

attached to the thiolation domain is indicated by a wavy line.
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Scheme 1.7. Reaction scheme for the chlorination of L-threonine attached to the thiolation

domain of SyrB1 by the non-heme iron halogenase SyrB2.65 SyrBi consists of an adenylation

domain and a thiolation domain, labeled as A and T, respectively. The phosphopantetheine arm

that is post translationally linked to the thiolation domain is indicated by a wavy line.
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Scheme 1.8. Production of 4-Cl-L-Aba by CytCl-3. CytCl loads L-Aba-AMP onto the

phosphopantetheine arm (wavy line) on CytC2. CytC3 chlorinates the tethered substrate to form

4-Cl-L-Aba.'O The 4-Cl-L-Aba is postulated to form Cytotreinin A.68 CytC1 is an adenylation

domain (A), and CytC2 is a thiolation domain (T).
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Figure I.1. The conserved "jelly-roll" or P-barrel motif in all cxKG/Fe(II)-dependent superfamily

members. The conserved 2-His-l-carboxylate motif that coordinates the iron is shown as sticks,

with iron as a sphere.



Figure 1.2. General mechanism of hydroxylation by ctKG/Fe(II)-dependent enzymes.21
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Figure 1.3. Sites of DNA methylation. 12 sites are on DNA bases, and one is on the phosphate

backbone of DNA. Red arrows indicate DNA methylation sites in single stranded DNA (ssDNA)

that are caused by SN2 methylating agents. Blue arrows indicate DNA methylation sites that are

caused by SN1 methylating agents. Green arrows indicate DNA sites that are alkylated by most

alkylating agents. The yellow arrow indicates the methylation sites created by reaction with a

methyl radical. The percentage near each arrow indicates the relative abundance modifications at

that site in DNA.'
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Figure 1.4. Schematic diagram of the adaptive response in E. coli. The Ada protein acts as a

transcription factor when its N-terminal domain demethylates the phosphate backbone lesion in

DNA. The Ada transcription factor binds to the promoter and up-regulates the expression of Ada,

AlkB, AlkA, and AidB proteins.
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Figure 1.5. Sequence alignment of AidB with isovaleryl CoA dehydrogenase (IVD) from human

and medium chain acyl CoA dehydrogenase (MCAD) from human. Strictly conserved residues

are highlighted in red. Numbers given above the sequence follow the AidB numbering.

1 10 20 30 40 50 60

AidB ....... VHWQTHTVFNQPIPLNNSNLYLSDGALCEA TRE SGWDD FpI GGAE E LG LAN
MCAD .................................... GFISFE L EQ KEFQI A'RKF RIE. E I IIPVAIAEYD
IVD MATATRLLGWRVASWRLRPPLAGFVSQRAHSLLPVDDAINGL[SEE QIQL QTM KIKFLQ. HLA KAIQE ID

70 80 90 100 110 120

AidB VNPPELLRYDAQGRRLDDVRFHPAWHLL QALCTNR H AW E..... RSGAF AR IFMLHQVE
MCAD R2GE ...................... YPVPLLKRAWEL LM THIPESFGGL .. .GIIIDS LIiTEEL [YGC
IVD RSNE .................. FKNLREFWKlQGNLL ITAPVQYGGS ... GYLEHtLVMEEI[SRAS

130 140 150 160 170 180 190

AidB A SLCPITMTF.iA TP ~QMLAP DWTTPrLLSDRYDSHLLPGGQKRGLIGMGM KQ MSN
MCAD TGVQTAIEANT .LQV IIGGN QQQKKYLGR MT ............. EPLI CAYC PGA AG I
IVD G A[GLSYGAHSNjL IN "VRNGN Q KYLP LIS. ............... GEYIGALAMIS PN VS M

200 210 220 230 240 250

AiLd TT RLEDGS YRVI WFF VP. dDAHL, QL AG ........ GL CaF RFLPDGQRNAIRLERL
MCAD K 1K KGD. I MWI NGGRWYF SDPDPKAPASKAF I D.....TPG QIIGRK
IVD KL KKGN. LNHNiW I NGPDbADVL I YKTDLAAVPAS.RG IAI G.....MPGFISKK

260 270 280 290 300 310 320

AidB KDMNSAC TENI .. L G EAI . IRFI-LKMGG MFD CYHSHAHRR-jAFS IYYH H7
NCAD E lN0 C Ra V VRVPKE A F IA.GTFD P V QRLDEII1KY L
IvD LD 1 l]C I CKIPAAGN VYL SGLDL LVL MIQAGLD ~IPYG H DLT

330 340 350 360 370 380 390

Aid HN PRIIQQPL RH SRA LEG ALLF [ RRADAKEALWAWL FTP KF ICKRGMPF A
MCAD K KLLAEHQGIISF LLADA EL RLSYQ E S IGR ...... RN TYYASI KAYADIANQLAT
IVD E IQ K[,GHFQL1 QG KMDY TRLMA RQYVYN -K IGI H .... CTAKD CA IL YLAECATQV L

400 410 420 430 440 450 460

AidB EAI vLMI YCEESELILY SPMC LAGLNKQAGVYDLLSEAFVEVKGQDRYFD
MCAD DAVQV F FNTEYPVIKL EMDA1IYlQDYIEAlQ I RIIIII EIH I GRYK ...................
IVD DG I[C FiNYI NDF PMG[FLQDAL EGtA SQVRRTIC'AGFNADFH ....................

470 480 490 500 510 520 530

AidB RAVRRLQQQLRKPAEELGREITHQLFLLGCGAQMLKYASPPMAQAWCQVMLDTRGGVRLSEQIQNDLLLR
M4CAD
IVD .. . . .. . . . . . . . . . .. . . . . . . . . . . . .. . . . . . . . .. . . . . . .

540

AidB ATGGVCV
MCAD .......
IVD



Figure 1.6. A model proposed by Eichman et al. of AidB protecting DNA from alkylating agents

by secluding the DNA helix in a 25 A pore formed by arranging four tetrameric units around the

DNA.4 5 One tetrameric unit of AidB is colored by subunit (cyan, green, magenta, and orange), in

cartoon representation. The other AidB tetramer units are shown in black cartoon. FADs in the

central subunit are shown as yellow spheres. The proposed DNA binding regions of each

tetramer AidB unit are colored in pink. DNA helices are shown as light grey circles.



Chapter II

Crystallographic and Biophysical Characterization

of Adaptive Response Flavoprotein AidB

II.A. Summary

AidB is an FAD-binding protein that is induced in the presence of alkylating agents in E.

coli.' AidB shares sequence homology with the acyl CoA dehydrogenase family.' Although its

exact function is not yet known, it has been shown that AidB has low isovaleryl CoA

dehydrogenase (IVD) activity and binds DNA.' 2 Based on the low IVD activity and its ability to

bind DNA, it has been proposed that AidB could repair alkylated DNA lesions by dehydrogenase

activity.1 A recent crystal structure of AidB was determined by Eichman et al., and based on this

structure, authors proposed that AidB protects DNA from damaging agents by sequestering the

DNA in a large complex formed by the protein with pores that can bind DNA.3 Both the AidB

sequence homology to IVD and previous crystallographic analysis suggest that AidB is a

tetramer, just like other enzymes in the acyl CoA dehydrogenase family, but with a different

tetrameric arrangement. Here, the crystal structure of AidB was'solved in a different space group,

P32, with a different crystal packing. The large complex that was proposed to sequester DNA

previously reported was not observed in this crystal form. Furthermore, biophysical data and

these crystallographic analyses suggest that the oligomeric state of AidB might be concentration

dependent, and thus AidB might function as a dimer depending on the concentration of AidB in

the cell.



Protein purification, biophysical studies, crystallization, and structure determination of AidB

were done by C. Wong. Structural analysis was done by, and the paper was written by both C.

Wong and C.L. Drennan.



II.B. Introduction

DNA damage arises from both endogenous and exogenous alkylating agents, causing

cellular cytotoxicity and mutagenicity. In E. coli, four enzymes are up-regulated as part of the so-

called adaptive response in the presence of alkylating agents to prevent such cellular cytotoxicity

and mutagenicity: Ada, AlkA, AlkB and AidB proteins.4 Ada is the DNA methyltransferase, and

upon methylation of its N-terminus, it becomes a transcription factor that regulates the

expression level of itself and the adaptive response proteins.4 AlkA is a DNA glycosylase that

repairs lesions that form destabilized glycosylic bonds, including 3-methyladenine, 7-

methyladenine, and 7-methylguanine. 5 AlkB is a DNA dioxygenase that mainly repairs lesions

that interrupt base pairing, including 1-methyladenine, 3-methylcytocine, 1-N6-ethenoadenine,

and 1-N6-ethanoadenine. 6-9 AidB is a flavoprotein that is up-regulated in the presence of

alkylating agent N-methyl-N'-nitro-N-nitrosoguanidine (MNNG); 10 however, the function of

AidB in DNA repair has not yet been identified beyond its ability to nonspecifically bind DNA.1

Sequence alignment predicts that AidB belongs to the acyl CoA dehydrogenase

superfamily. In addition, AidB possesses low levels of isovaleryl CoA dehydrogenase (IVD)

activity.2 IVD catalyzes the o,3-oxidation of 3-methylbutanoyl CoA to 3-methylcrotonyl CoA as

part of the leucine metabolism pathway. IVD is a homotetramer in solution and contains one

FAD per monomer. Biochemical studies show AidB also contains FAD. However, whether the

role of FAD in AidB is structural or catalytic remains unclear because no true function for AidB

has been identified. On the basis of AidB's IVD activity, Hausinger et al. have proposed a DNA

repair reaction for AidB in which AidB uses dehydrogenase activity to demethylate a damaged

lesion. In particular, AidB could use dehydrogenase activity to form a double bond between the



methyl group and the base, which could then be released as formaldehyde via a hydrolysis

reaction (Scheme 1I.1).1

A recent structural study reports that AidB is a homotetramer, with FAD bound at the

interface of two monomers.3 Based on the crystal structure packing and a biochemical study

showing by gel shift assays that AidB binds DNA,] Eichman et al. have proposed that double-

stranded DNA (dsDNA) binds to AidB at two ends of the homotetramer, and that tetramer units

can arrange themselves into a "mega complex" with pores that are 25 A in diameter for

sequestering DNA (Figure II.1).3 Here we present the crystal structure of AidB that has different

crystal packing, along with biophysical data suggesting that the oligomeric state of AidB might

be concentration-dependent. We further consider the relevance of oligomeric state to the

proposed functions for AidB. To address whether the FAD is likely to have a catalytic or

structural role, we use site-directed mutagenesis and analytical ultracentrifugation to determine if

FAD binding is needed for AidB dimerization. We also analyze the structure of FAD binding site.

This new crystal form of AidB with the biochemical data presented here suggest that AidB does

more than merely shielding DNA from chemical attack.

II.C. Materials and Methods

Cloning and Over Expression ofAidB

The AidB gene was amplified from host E. coli AB 1157 strain using the forward primer

AidB-Nco-F 5'-AGGATATACCATGGAGGGAGACACAGTGCAC-3' (the Ncol restriction

enzyme recognition site is underlined) and the reverse primer AidB-Hind-R 5'-

TCTCGTAGAAGCTTTTACACACACACTCCCCCCG-3' (the HindIII restriction enzyme

recognition site is underlined). The PCR amplification used annealing temperature of 50'C and a



5 min extension time over 20 cycles. The amplified gene was digested with NcoI and HindIII

(New England Biolab) and subcloned into a pET28a vector (Novagen) that had also been

digested with NcoI and HindIII. The AidB-pET28a clone was confirmed to be correct by DNA

sequence analysis, and was transformed into E. coli BL21(DE3) cells for expression. Overnight

cultures were grown in Luria-Bertani (LB) media with kanamycin (50 pg/mL) at 370 C with

constant shaking at 250 rpm. These overnight cultures were used to inoculate 8 L of LB media

containing kanamycin (50 gg/mL). Cells were grown at 370 C to an optical density at 600 nm of

-0.5, at which point isopropyl-3-D-thiogalactopyranoside (IPTG) was added to a final

concentration of 1 mM for induction, and the cultures were transferred to 21 0C for overnight

growth. Cells were harvested by centrifugation at 6000 x g for 20 min, cell pellets were frozen in

liquid nitrogen and stored at -800C until purification.

Various AidB mutants were made by site-directed mutagenesis of the wild type AidB-

pET28a clone. AidB mutants were over expressed in the same condition as wild type described

above. The primers used for each AidB mutants are listed in Table II.1.

Purification ofAidB

For a typical 8 L cell culture, 25 g of wet cells were resuspeded in 125 mL lysis buffer

(10 mM Tris, pH 7.8, 1 mM ethylenediaminetetraacetic acid (EDTA), 300 mM NaCl, 10%

glycerol, 2 mM P-mercaptoethanol (BME)), homogenized by sonication, and the cell debris was

separated from the soluble supernatant by centrifugation at 35,000 x g for 30 min at 40 C. The

cell lysate was treated with 30% and 45% ammonium sulfate precipitation at room temperature,

with each addition followed by centrifugation at 6,000 x g at 40C to collect the precipitated

protein. The protein that precipitated between 30 to 45% ammonium sulfate was saved and



dissolved in lysis buffer with 1 M NaCi. The soluble protein was loaded onto an S200 size

exclusion fast performance liquid chromatography column (EMD Biosciences) that was

equilibrated with lysis buffer, and the protein was eluted with 1.5 column volumes of lysis buffer.

Fractions containing AidB were pooled and loaded onto a phenyl-agarose column (EMD

Bioscience) equilibrated with lysis buffer. The column was washed with 10 column volumes of

lysis buffer, and the protein was eluted with lysis buffer containing 0.4% w/v deoxycholate. The

protein was dialyzed against storage buffer (10 mM Tris, pH 7.8, 100 mM NaC1, 10% glycerol

and 2 mM BME) overnight at 4'C. The purified AidB was analyzed by SDS-PAGE (Figure 11.2).

AidB protein was concentrated to -20 mg/mL and flash frozen in liquid nitrogen and stored at -

80'C. Protein concentration was determined by measuring the absorbance at 280 nm, and the

theoretical extinction coefficient (76,150 M-'cm -') was used for calculating the concentration. A

typical 8 L culture yielded about 2 - 3 mL of 20 mg/mL purified protein. Wild type AidB and

various mutants were purified the same way.

Crystallization, Data Collection and Processing

AidB crystallized in several different conditions using the hanging drop method by

mixing 1 pL of protein (10 mg/mL AidB in 10 mM Tris, pH 7.8, 100 mM NaCl, 10% glycerol

and 2 mM BME) with 1 gtL of precipitant solution (Hampton Research): 0.1 M HEPES, pH 7.5,

20% v/v ethanol, 0.25 M MgCl 2 (Figure II.3.a); 0.1 M Tris, pH 8.0, 2% v/v tacsimate, 20% w/v

PEG 3,000 (Figure II.3.b); and 0.1 M imidazole, pH 8.0, 0.3 M Li2SO 4, 20% w/v PEG 3,000

(Figure II.3.c). Diffraction quality AidB crystals were optimized using the hanging drop method

by mixing 2 gL protein with 1 gL precipitant solution (0.1 M HEPES, pH 7.5, 20% v/v ethanol,

and 0.2 M MgCl 2) over 0.5 mL of precipitant solution at room temperature. Trigonal crystals



with dimensions of about 0.3 mm x 0.2 mm x 0.1 mm appeared in 2-3 weeks. No cryo-protectant

was used prior to cryo-cooling the crystals in liquid nitrogen as the AidB crystals were fragile

and dissolved quickly in solutions that were slightly different from the mother liquor. Crystal

qualities varied greatly from one crystal to the next, and many crystals were screened to find the

two best crystals that were used to obtain native datasets. Data were collected to 3.9 A and 2.8 A

resolutions for two different crystals at Argonne Advanced Photon Source on beamline 24ID-C

using Q315 ADSC detector. Data were processed and scaled using Denzo and Scalepack (Table

11.2).

Both Selenomethionine (SeMet) AidB crystals and heavy atom derivatives of AidB

crystals were used in an attempt to obtain experimental phases. Only small SeMet AidB crystals

appeared in the same condition that yielded good diffracting native crystals, and both micro-

seeding and streak seeding were used to improve the SeMet AidB crystal size. Upon streak

seeding in 0.1 M HEPES, pH 7.5, 19% v/v ethanol, 0.25 M MgCl 2, plate-shaped SeMet AidB

crystals were obtained (Figure II.3.d). However, these plate-shaped SeMet crystals diffracted to

-8-9.5 A at the face of the plate, and almost no diffraction on the side of the plate. For heavy

atom derivatives, native crystals (grown in 0.1 M tris, pH 7.5, 2% v/v tacsimate, 25% w/v PEG

3,000) were soaked in 1 mM of the following heavy atom solutions overnight: K2PtCl 6,

KAu(CN) 2, K2 HgI4 , Sm(0 2C2H3)3 , Sm(NO 3)3 , H2PtCl4, Pb(N0 3)2 and GdCl 3. While crystals

tolerated the heavy atom soaks without cracks or obvious crystal deterioration, none of these

heavy atom soaked crystals diffracted.



Structure Determination and Refinement

The structure of AidB was solved by molecular replacement using PHASER" with the

2.8 A resolution native dataset. A monomer of the tetrameric structure of AidB (3DJL; 100%

identity), the same protein from E. coli published by T. Bowels et al.,3 without any cofactors or

waters was used as a search model. The best rotational and translational solution for the P32

space group had a correlation coefficient of 26.9 with 12 AidB molecules per asymmetric unit (3

tetramer units related by non-crystallographic symmetry). The PHASER solution was used in a

rigid body refinement followed by simulated annealing refinement.12 After the first round of

refinement, the R and Rfree were 31.9% and 31.5%, respectively. Water molecules were added to

the model at 2.8 A resolution followed by iterative rounds of model building and refinement

using COOT and CNS, respectively. 12' 13 Non-crystallographic symmetry (NCS) restraints were

used for each tetramer with high weight for the protein backbone and low weight for the bfactors,

300 and 2, respectively. Omit maps calculated using CNS simulated annealing were used to

validate the model. 12 Refinement statistics for the final model is shown in Table 11.3.

Final Protein Model

The final structure was refined to 2.8 A resolution with Rcrys 23.9% and Rfree 27.5%.

Residues 2 - 540 were observed out of a total of 541 residues. There is one disulfide bond within

each chain, between Cys28 and Cys540. Ramachandrain plot shows 88.5% of the residues are in

the most-favored region, 10.6% of the residues in the allowed region, 0.5% of the residues in the

generously allowed region, and 0.4% of the residues in the disallowed region.



Purification ofApo-AidB (FAD-free AidB)

A few methods were used to attempt to remove the FAD from AidB: (1) washing with 2

M KBr under slight denaturing condition, (2) dialysis under slight denaturing condition, (3)

rechromatography, and (4) addition of CaC12. The purified FAD-containing AidB were first

obtained as described in purification section above, further purification followed to remove FAD

from the purified protein.

In the first attempt, FAD-containing protein was washed with KBr. The purified FAD-

containing AidB was loaded onto a phenyl sepharose column (EMD Bioscience). While the

protein was bound to the column, 10 column volumes (CV) of protein storage buffer (50 mM

Tris, pH 7.8, 1 mM ethylenediaminetetraacetic acid (EDTA), 300 mM NaC1, 10% glycerol, 2

mM P-mercaptoethanol (BME)) with 2 M KBr and 2 M urea was used to wash the column. The

protein bound on the column was then washed with 10 CV of storage buffer to remove the KBr

and urea. Finally the protein was eluted in storage buffer with 0.4% w/v deoxycholate, and

dialysis against storage buffer overnight was used to remove the deoxycholate.

In the second method, the purified FAD-containing AidB was dialyzed against storage

buffer with 2 M urea. The dialysis buffer was changed twice over a 24 h period. The urea was

removed from the protein by further dialysis against only the storage buffer.

In the third method, the purified FAD-containing AidB was rerun on the size exclusion

column further in an attempt to remove the FAD. The Superose 6 (EMD Bioscience) was pre-

equilibrated with 2 CV of AidB storage buffer prior to sample loading. The purified FAD-

containing AidB was loaded onto the column and eluted in 1.5 CV of storage buffer. AidB eluted

off the column in a single peak.



In the fourth method, 2 M CaCl 2 was used to degrade the FAD. Two methods of CaC12

addition were tested: (1) solid CaCl 2 was added directly to the FAD-containing AidB to a final

concentration of 2 M, and (2) 3 volumes of 3.4 M CaCl 2 stock was mixed with 2 volumes of

purified FAD-containing AidB protein. In both of these trials, the sample was mixed constantly

during CaCl 2 addition. The solutions were left mixing at 40 C overnight. The precipitated protein

was centrifuged and separated from the supernatant. Several buffers were used to redissolve the

protein precipitate: AidB storage buffer, 0.1 M sodium phosphate buffer, pH 7.5, and 0.1 M

disodium pyrophosphate buffer, pH 7.5. Apo AidB prepared with this method was used to carry

out analytical ultracentrifugation experiment.

Sedimentation Velocity Experiments

Sedimentation velocity experiments were done with a Beckman Coulter Optima XL-I

analytical ultracentrifuge with a Beckman An60Ti rotor, and a Beckman XL-A Monochrometer

in the MIT Biophysical Instrumentation Facility. Absorbance data were collected using a

velocity sedimentation run at 100 C at 30,000 rpm. Protein samples (wild type AidB and

TI 85V/S 191 R/R324D triple mutant of AidB) were purified as described above, and stored in 10

mM Tris, pH 7.8, 300 mM NaCl, 1 mM EDTA, 10% glycerol, and 5 mM BME. The apo AidB

was prepared by 2.0 M CaCl2 precipitation to remove the FAD, and the precipitated protein was

redissolved in 0.1 M disodium pyrophosphate, pH 7.5. Protein samples (6.1 M and 7.5 RM of

wild type AidB; 6.3 jgM and 17.8 jgM of T185V/S191R/R324D triple mutant of AidB; and 3 jiM

apo AidB) were loaded into one side of the sample cell, and the storage buffer without protein

was loaded into the other side of the sample cell. Sednterpl 4 and SEDANAL 15 were used for the

data analyses of the wild type AidB and the triple mutant AidB. Sednterp' 4 was used to calculate



values based on the experimental conditions and protein sequence for the density, partial specific

volume, and the mass extinction coefficient at 280 nm. SEDANAL 15 was used to analyze the

absorbance data from the sedimentation velocity experiments, along with the values obtain in

Sednterp. DCDT+ 16 was used for the data analysis of the apo AidB.

II.D. Results

Structural Overview

We have determined the structure of the FAD-containing protein AidB to 2.8 A

resolution in a P32 space group. The AidB structure obtained here belongs to a different space

group compared to the one obtained by Eichman et al. (1222 space group). 3 While the crystal

packing is different, the overall structures are similar to one another, with an RMSD of 0.34 A

over 538 Ca atoms. As noted previously, AidB contains a similar overall structural fold as

members of the acyl CoA dehydrogenase family. 3 An AidB monomer consists of three major

domains: an a-helical N-terminal domain (residues 25-64 and 86-161), a P-sheet domain in the

middle (residues 198-282), and another a-helical C-terminal domain (residues 287-535) (Figure

11.4). These three domains are arranged so that the a-helical regions are on one side of the

monomer and the 3-sheet domain is on the other side of the monomer (Figure 11.4). The first 20

amino acids at the N-terminus are extended in a loop, which interacts with the neighboring

monomer. There is little difference between each monomer within the asymmetric unit of the P32

cell; the RMSDs between each of 12 monomers range from 0.27 - 0.37 A over 539 Ca atoms.

Monomers A and B form a tight dimer (Figure II.5.a-c). The buried surface area between

monomers A and B is extensive, 3,459 A2, indicating that the dimeric interactions between A and

B is unlikely to be a crystallographic artifact. This dimer interaction is also observed in the AidB



structure obtained by Eichman et al.3 There is one FAD per AidB monomer, and the FADs bind

at the interface of the AB dimer in an extended conformation. The isoalloxazine ring of the FAD

is sandwiched between the a-helical region and the P-sheet region within a monomer, and the

adenine end of the FAD interacts with the neighboring monomer.

On the basis of sequence and structural alignment, AidB belongs to the acyl CoA

dehydrogenase family. Structural alignment of AidB with isovaleryl CoA dehydrogenase (IVD;

sharing 24% identity and 44% homology) and with medium chain CoA dehydrogenase (MCAD;

24% identity and 43% homology) shows that the AB dimers of these three structures share a

similar core structure. AidB has an RMSD of 1.68 A over 314 Ca atoms with IVD, and an

RMSD of 1.70 A over 303 Ca atoms with MCAD. Unlike enzymes in the acyl CoA

dehydrogenase family, AidB has an extra a-helix at the N-terminus (Figure 1I.6). The MCAD is

shorter at the N-terminus, and IVD has only a short 310 helix in place of AidB's first a-helix. In

addition, AidB has two P-strands, antiparallel to each other, between a-helix3 and 4. Both IVD

and MCAD lack these P-strands; a sequence gap is in place of these two 3-strands. The biggest

difference between AidB and enzymes in this family is the extra a-helical region, (l4 - (l8, at

the C-terminus.

Enzymes in the acyl CoA dehydrogenase family are often tetramers. Although the

dimeric interaction seen between AidB monomers A and B is conserved, the tetrameric

arrangement of AidB differs from other acyl CoA dehydrogenases. In the crystal, AidB is a

tetramer, composed of two dimers (AB and CD dimers) (Figure II.7.a); the same tetramer is

observed in the AidB structure obtained by Eichman et al.3 Due to the presence of the extra a-

helices at the C terminus, the tetramer arrangement in AidB is different from other enzymes in

the acyl CoA dehydrogenase family (Figure II.7.b). In AidB, the dimers are packed against each



other at the N-terminus; specifically, they are packed against a3, a4, p and P2. However, in

IVD and MCAD, the dimers are packed against each other at the C-terminus; they are packed

against a10-13.

FAD Binding Site

There are two FADs bound at the interface of monomers A and B. The FADs bind in the

extended conformation; the isoalloxazine ring is buried between the a-helical half and the P-

strand half of the monomer, and the adenine end of the FAD is at the interface of the a-helical

halves of two monomers (Figure II.5.c). The same binding mode for FAD is observed in the acyl

CoA dehydrogenase family. The FAD is somewhat solvent accessible (33% of the FAD is

exposed to solvent); both at the isoalloxazine ring (-17%) and the adenine end (-16%) of the

FAD (Figure II.8.b). The dimethylbenzene end of the isoalloxazine ring is buried as it in the acyl

CoA dehydrogenase family.

The isoalloxazine ring of the FAD is between F216 and W424 (Figure II.9.b). Based on

the structural alignment, both IVD and MCAD have an aromatic residue, W166, at the position

corresponding to F216. However, W424 is not well conserved among these proteins; a Gly is in

place of the Trp in IVD, and a Tyr is in place of the Trp in MCAD.' 7 The Tyr in MCAD does not

participate in aromatic stacking with the isoalloxazine ring of the FAD as the Trp in AidB does.' 7

The FAD-protein interactions are well conserved within the acyl CoA dehydrogenase

family. There are few hydrogen bonding interactions to the FAD that are contributed by protein

side chains, instead many are contributed by the backbone amides or carbonyls instead. The few

hydrogen bond interactions contributed by the protein side chains are from Thrl85, Serl91, and

Ser218 from the same molecule, and Arg324 from the neighboring molecule (Figure 11.9).



Thr185 hydrogen bonds with Ni of the isoalloxazine ring of FAD. This OH-N1 interaction is

structurally conserved between IVD (Ser-OH in place of Thr-OH) and MCAD (Thr in the same

position). Ser218 side chain hydrogen bonds with the N5 of the isoalloxazine ring of FAD

(Figure II.9.a). This residue is a Thr in both IVD and MCAD, which is also able to contribute to

hydrogen bonding to the FAD at N5 position. The hydroxyl of Serl91 hydrogen bonds with the

ribityl 01 oxygen (Figure II.9.a). Arg324 side chain hydrogen bonds with the ribityl 02 oxygen

(Figure II.9.a). Both Serl91 and Arg324 are strictly conserved between AidB, IVD and MCAD.

Surprisingly, there are no hydrogen bond interactions between the protein and the adenine ring of

the FAD; this part of the FAD is mostly stabilized by hydrophobic interactions. These

interactions between AidB and the FAD are also observed by Eichman and coworkers in their

structure.3

Both a photoreduction study on the FAD in AidB,' as well as an electrochemical study on

the redox potential of the FAD in AidB (personal communication with Professor Sean Elliott's

laboratory), show that the FAD can be reduced to a stable anionic semiquinone FAD species.

From the structure, it appears that Thrl85 could play two roles in stabilizing an anionic

semiquinone species. The side chain hydroxyl group of Thrl 85 (2.8 A away) is set up to donate a

hydrogen bond to the NI nitrogen of the isoalloxazine ring to stabilize a partial negative charge

on the semiquinone FAD species. Furthermore, the amide backbone of Thr185, at 2.8 A away

from the C2 carbonyl oxygen of the isoalloxazine ring, could help further stabilize a partial

negative charge in that oxygen through hydrogen bonding. Since the isoalloxazine ring binding

site is surrounded by relatively hydrophobic residues with few positively charged residues to

balance the negative charge on the anionic semiquinone, the solvent exposed nature of the FAD

is likely to play a role in stabilizing the anionic semiquinone. Solvent exposure is known to



modulate redox potentials in flavodoxins. 18 Furthermore and most importantly, Ser218 is 2.87 A

away from the N5 nitrogen of the isoalloxazine ring (Figure II.9.a), and since serine is protonated

at neutral pH, it may physically inhibit protonation at N5, leading to the anionic state of the

semiquinone flavin. It is the protonation state of N5 that controls the charge of the flavin

semiquinone.

Putative Substrate Binding Site

The CAVER programl9 was used to find a tunnel starting from the isoalloxazine ring of

the FAD to the surface of the protein. A tunnel of approximately 25 A long and 6.3-15 A wide

(the narrowest part of the tunnel is at the end near the W424) was found (Figure II.8.a). This

tunnel could be the putative substrate binding site or an entryway for the putative substrate. The

same tunnel is present in the IVD and the MCAD structures when they are superimposed onto

the AidB structure (Figure II.8.c). In the MCAD structure, the substrate (octanoyl CoA) is bound

in this site." In the IVD structure, coenzyme A persulfide that co-purified with the enzyme is

bound in this site.20

There is a cleft across the surface of the protein perpendicular to the tunnel (Figure II.8.b).

The surface of the cleft is composed of many positively charged residues, such as Arg289,

Lys293, Arg365, Arg375, Lys441, and Arg437. There are also positively charged residues on the

inside surface of the tunnel, such as Lys293 and Arg299. As the tunnel goes deeper, the positive

electrostatic nature of the tunnel changes to neutral. At the end of the tunnel is the negatively

charged residue Glu425 (Figure II.8.a), which is in the same position as the catalytic base in

MCAD based on structural alignment. In MCAD, the catalytic base (Glu376) initiates the proton



abstraction from the a-carbon in the substrate (Scheme 1.1 in Chapter I). Since the substrate and

the activity of AidB are unknown, it is unclear if Glu425 plays the same role in AidB.

A unique feature of the putative active site in AidB compared to IVD and MCAD is the

number of cysteines it contains. There are three cysteines (Cys133, Cys 302 and Cys386)

positioned below the isoalloxazine ring of the FAD (Figure 1I.9). None of these cysteines are

present in the active site of IVD or MCAD. 17' 20 Cys133 is 5.51 A away from the N5 nitrogen of

the isoalloxazine ring. Cys302 is 8.90 A away from Cys133, which is relatively far; but Trp424

is between these two cysteines, at 6.42 A away from Cys302 and at 5.31 A away from Cys133.

Cys386 is a little further, 5.50 A away from Cys302. This arrangement of cysteines so close to

the isoalloxazine ring is intriguing but no function for these residues has been proposed.

Since AidB is on the adaptive response pathway for DNA repair, one hypothesis for the

substrate of AidB is DNA. Hausinger et al. has shown by the use of gel shift assays that AidB

binds to dsDNA,' and Eichman et al. proposed based on the structure and a site-directed

mutagenesis study that dsDNA binds to the positively charged patch (consisting Arg461, Arg465,

Arg468, Arg469, Arg475, and Arg518) at the C-terminus of the protein, the portion of the

structure unique to AidB (Figure II. 10.a). 3 This proposed DNA binding site is approximately 38

A from the entrance of the tunnel where putative substrate binds (the distance is calculated by the

shortest trajectory on the surface of the protein that goes from the middle of the positively

charged patch of the proposed DNA binding domain to the entrance of the tunnel) (Figure

II.10 O.b). Furthermore, this proposed DNA binding site is approximately 40 A from the

isoalloxazine ring of FAD (the distance is calculated by a straight line from middle of the

positively charged patch to the isoalloxazine ring of FAD). Therefore, a damaged DNA strand

binding at this proposed DNA binding site is too far from the putative substrate binding site for



the DNA lesion to be directly repaired. On the other hand, the positively charged cleft located

outside the tunnel is more suitable as a DNA binding site for AidB if AidB is involved in direct

DNA repair. A damaged DNA strand could bind at this positively charged cleft, and the lesion

could enter the tunnel.

To examine whether a typical lesion is long enough to reach down this 25 A long tunnel

to the isoalloxazine ring of FAD for repair, possibly by dehydrogenase activity, an

ethenoadenine lesion flipped out of dsDNA has been docked into this channel (Figure II.11). We

find that a lesion flipped out of a dsDNA is not long enough to reach the FAD. Eichman et al.

modeling results are consistent with our findings. 3 The shortest distance between the

ethenoadenine and the N5 nitrogen of FAD is about 11.5 A (Figure II.11). In order for this lesion

to reach closer to the FAD, the dsDNA would have to be nicked and unwound. Alternatively, the

substrate could be a damaged free nucleotide or a larger nucleotide adduct of DNA. Apart from

DNA lesions as substrate for AidB, of course small molecules such as alkylating agents could

also fit into the putative substrate binding channel.

AidB-ETF Docking Model

Assuming an ideal substrate for this channel exists, the next question is how the flavin is

reoxidized. Once catalysis occurs in acyl CoA dehydrogenases (e.g., MCAD and IVD), an

electron transfer flavoprotein (ETF) accepts the electrons from the reduced flavin of the acyl

CoA dehydrogenase, and further transfers them to the respiratory chain. 2 1 Studies have shown

that the electron transfer between acyl CoA dehydrogenases and ETF occurs by forming a

transient complex while the product of the acyl CoA dehydrogenase is still bound to the

protein.22 To examine whether E. coli AidB might interact with an ETF, a docking model of



AidB with the ETF from human has been created. The human ETF is chosen for the docking for

several reasons: (1) there is no E. coli ETF structure known; (2) the full structure of human ETF

alone is known; and (3) the structure of human ETF complex with MCAD is known, although

the FAD binding domain of the ETF in the MCAD-ETF complex is disordered (Figure II. 12.a).

The docking of AidB with the human ETF is generated first by superposition of the full length

structure of the human ETF (1EFV) onto the MCAD-ETF complex (1T9G), to predict the

location of the missing FAD-binding domain of ETF with respect to the MCAD-ETF complex

(Figure II. 12.b). Second, the AidB tetramer is superimposed using the AB dimer onto the orange

dimer of the MCAD-ETF complex (Figure II. 12.b). This superposition orients the AidB tetramer

with respect to the ETF. Combining the two superpositions together, a docking model of AidB

with the human ETF is generated (Figure II. 12.c).

The first thing that is noticeable about the AidB-ETF tetrameric docking model is that the

CD dimer of the AidB tetramer clashes with the FAD-binding domain of the ETF (Figure

II. 12.c). Due to the different tetramerization modes of MCAD and AidB, no clash is observed

between the MCAD dimer colored in deep olive and ETF (Figure II.12.b). The FAD binding

domain of ETF has two minor clashes with monomer B of AidB in the docking model (Figure

II.13.a); one is between the C-terminal residues (3238-244) of the human ETF and the N-

terminal residues (4-9) of monomer B of AidB, and another is between a turn (0303-306) of

human ETF and the N-terminal residues (11-13) of monomer B of AidB. These minor clashes

are also observed in the superposition of the FAD binding domain of ETF onto the MCAD-ETF

complex, which might be due to the slightly different orientation of the FAD binding domain of

ETF assumes when not bound to its partner protein.21



Excluding the minor clashes, there is high overall shape complementarity between the

AidB dimer and human ETF (Figure 11.13.a-c). There are only a few interactions observed

between ETF and MCAD in the complex, which agrees with the kinetics data that ETF only

forms a transient complex with its dehydrogenase partner.2 2 The main interaction is between

residues 191-200 of the n-subunit of the ETF, called the recognition loop, and a hydrophobic

patch on its partner.2 1 This interaction is satisfied in the AidB-ETF docking model (Figure

II.13.b); the recognition loop of ETF fits in the hydrophobic patch on the monomer B of AidB.

Both kinetics and structural studies have shown that once the recognition loop of the ETF binds

to its partner, the FAD-binding domain of ETF is free to sample a wide range of conformational

space to find a position that is suitable for transient electron transfer. 22 Since ETF binds many

acyl CoA dehydrogenase partners, the interactions between the FAD-binding domain of ETF and

its partner protein are promiscuous.2 2

The closest distance between the FAD of AidB monomer A (C6 carbon of the

isoalloxazine ring) and the FAD of human ETF (N3 nitrogen of the adenine ring) is 21 A. The

shortest distance between the isoalloxazine ring of AidB monomer A and that of human ETF is

33 A, whereas the shortest distance between the isoalloxazine ring of AidB monomer B and that

of human ETF is 38 A (Figure II1.13.c). These distances are comparable to what one would

expect to find in the MCAD-ETF complex, where the closest distance between the two

isoalloxazine rings is predicted to be 35 A.21 Although a 33 A - 35 A distance is long for

electron transfer, the ETF partner is expected to go through a conformational change that brings

the two FADs closer together during electron transfer, an idea consistent with the ETF FAD

domain being disordered in the MCAD-ETF crystal structure. While there are no data on



whether AidB binds to an ETF, this docking model suggests that such interaction or complex is

possible, and further study should be focused on determining if AidB interacts with ETF.

Design and Oligomeric State Analysis of the T185V/S191R/R324D Triple Mutant ofAidB

Since the FAD binds at the interface of two monomers (A and B), an interesting question

that arises is whether FAD binding is required for AidB dimerization. The answer to this

question will also provide insight into whether the role of FAD is at least partially structural in

nature. To address this issue, a triple mutant was designed to knock out FAD binding, and the

oligomeric state of this mutant protein was analyzed by analytical ultracentrifugation.

Since there are only a few hydrogen bonding interactions between the protein side chain

and the FAD, with most of the interactions provided by the backbone atoms, designing a mutant

that no longer binds FAD was difficult. Thrl85 contribute two hydrogen bonds to the FAD

through its side chain hydroxyl group (Figure II.9.a), mutating Thrl 85 to a Val would eliminate

the two hydrogen bonds, and the structure of Val is sterically the same as Thr, and thus this

change not expected to perturb the overall protein structure.

The hydroxyl group of Serl91 hydrogen bonds with one of the oxygen atoms on the

phosphate group of FAD (Figure II.9.a). Ser is a relatively small amino acid, thus allowing room

for the phosphate of FAD to be present. However, if Serl91 is mutated to a large side chain

amino acid, such as Arg, the side chain of Arg is expected to extend to the same space that is

occupied by the FAD; but yet not large enough to extend into the space of the neighboring AidB

molecule to prevent dimerization (assuming dimerization does not require the presence of FAD).

Since many of the other hydrogen bond interactions to FAD contributed by the protein backbone

are still present in the mutant protein, it may be important to have a final mutation that sterically



blocks FAD binding rather than just destabilizing FAD binding. Therefore, the last mutation

involves changing Arg324 to an Asp. The positively charged Arg side chain hydrogen bonds

with the negatively charged phosphate oxygen on FAD (Figure II.9.a). Asp, on the other hand, is

a negatively charged residue at neutral pH, and thus should repel the negatively charge

phosphate oxygen on FAD. Additionally, the side chain of Asp is smaller than Arg, and should

not perturb the overall AidB structure.

The T185V/S191R/R324D triple mutant of AidB was created by site-directed

mutagenesis, and purified using the same method as used for the wild type AidB. The mutations

have successfully eliminated FAD binding, based on the clear color of the solution of the final

purified triple mutant protein, suggesting the absence of FAD.

An analytical ultracentrifugation experiment was used to determine if the

T185V/S191R/R324D triple mutant of AidB is a monomer or dimer in solution. From a

sedimentation velocity experiment for the triple mutant of AidB at concentrations of 6.3 jtM and

17.8 glM, the best fit sedimentation coefficient (S) is 6.9, and the best fit molecular weight is

63+1.1 kDa (Figure II.14). The best fit molecular weight of the triple mutant of AidB is similar

to the theoretical molecular weight of AidB, 61 kDa, suggesting that the triple mutant of AidB is

a monomer in solution at 6.3 gM and 17.8 gLM. These data imply that in the absence of FAD

binding, AidB is a monomer. Ideally, further biophysical analyses on this mutant protein are

needed to prove that the mutations affect only the FAD binding ability and not the structure of

the AidB monomer. Such biophysical analyses could include circular dichroism (CD) to

determine the overall proper folding of the mutant protien, crystallization to determine structural

impact of the mutations, and isothermal titration calorimetry (ITC) to measure the FAD binding

constant.



Purification and Analytical Ultracentrifugation Analysis ofApo-AidB (FAD-free AidB)

Since we were unsure whether the mutations perturb the protein structure, measuring the

oligomeric state of apo (FAD-free) AidB would also address the issue of whether FAD binding

is required for dimerization. Four different methods were tried to remove the FAD from AidB. In

the first method, 2 M KBr and 2 M urea were used to wash the FAD-containing protein while it

was bound to a phenyl sepharose column. About half of the protein came off the column during

the KBr/urea wash, probably because of the slightly denaturing conditions. The protein that

washed off the column early still had its FAD bound to the protein, judging by the yellow color

of the protein solution. The other half of the protein stayed bound to the column during the

KBr/urea wash. However, this protein also had FAD bound when it was finally eluted from the

column, again judging by the yellow color of the protein solution. The protein that stayed bound

to the column was most likely properly folded, such that the FAD could not be easily removed.

Dialysis sometimes can remove FAD from FAD-containing proteins if the flavin is

loosely bound.23 Since the dialysis membrane only allows small molecules like FAD or ions to

pass through, but not large molecules like protein, loosely bound FAD can be removed from the

protein in this way. When the FAD-containing AidB was dialyzed against a large volume (4 L)

of storage buffer overnight, with two buffer changes in between, the FAD remained bound to the

protein after 24 hrs of dialysis, judging by the yellow color of the protein solution. Some studies

have shown that extensive dialysis (for as long as a month) with frequent buffer changes are

sometimes necessary to remove the FAD from the protein.23 Extensive dialysis was not tried, and

should be reexamined in the future if other methods fail to remove the FAD from AidB.

Another method to remove FAD from other FAD-containing proteins is the use of

multiple chromatography rounds. When AidB was purified twice using the size exclusion



chromatography, the protein solution still had a faint yellow color, indicating that FAD was still

bound to the protein.

Lastly, adding CaCl 2 to protein has been shown to successfully remove FAD from

xanthine oxidase24. High concentration of CaC12 is believed to promote hydrolysis of FAD,

resulting in a degraded form of FAD that does not bind to proteins.24 One drawback of this

method is that CaC12 is known to cause copious protein precipitation. 24 Although protein

precipitates can be redissolved in various buffers, the yield of FAD-free protein is low. Two

ways of adding CaCl2 to AidB were tested to minimize protein precipitation; (1) solid CaCl 2 was

added directly to the FAD-containing AidB to a final concentration of 2 M, and (2) 3 volumes of

3.4 M CaC12 stock was mixed with 2 volumes of purified FAD-containing AidB protein. The

mixing of 3 parts CaC12 stock with 2 parts AidB protein seemed to better minimize protein

precipitation as judged by the size of the precipitated protein pellet. Of the various buffers (AidB

storage buffer; 0.1 M sodium phosphate buffer, pH 7.5; and 0.1 M sodium pyrophosphate buffer,

pH 7.5) that were tested to redissolve the AidB precipitate, sodium pyrophosphate worked the

best. This method was successful in removing the FAD from AidB, as judged by the lack of

yellow color of the protein solution. However, this method yielded little apo AidB for

biophysical experiments. Using this method without optimization, an 8 L protein preparation

yielded 1 mL of 3.2 jgM of apo AidB, just enough apo protein to do one analytical

ultracentrifugation experiment. Further optimization, or doing large protein preparations this way,

will be required to obtain enough apo AidB for more biophysical experiments, such as analytical

ultracentrifugation with different protein concentrations to determine the oligomeric state of apo

AidB and isothermal titration calorimetry (ITC) to measure the FAD binding constant.



The sedimentation velocity experiments for apo AidB at a concentration of 3 gM.

Yielded a best fit sedimentation coefficient (S) of 6.7, and the best fit molecular weight of

66±1.0 kDa (Figure II.15). The best fit molecular weight of the apo AidB is similar to the

theoretical molecular weight of AidB, 61 kDa, suggesting that the apo AidB is a monomer in

solution at 3 gM. Although these data are consistent with the triple mutant data indicating that

AidB is a monomer in the absence of FAD binding, these data are preliminary and this

experiment must be repeated.

Oligomeric State of Wild Type AidB in the Crystal

The AidB structure presented here has a different crystal packing compared to the one

solved by Eichman and coworkers. 3 This AidB structure belongs to the P3 2 space group, and the

asymmetric unit contains 12 monomers of AidB (3 tetramers related by a 3-fold non-

crystallographic symmetry) (Figure 1I.16). The interfaces between monomers of the same color

are also observed in a different crystal form, 1222, observed by Eichman and coworkers. 3

However, the interfaces between monomers of different colors (e.g., between a blue and a green

molecule, or a green and a pink molecule, or a blue and a pink molecule) have not been observed

previously. In the 1222 space group that Eichman and coworkers obtained, AidB can form higher

order oligomers; four AidB tetramers form a 25 A pore with the proposed DNA binding region

of two tetramers on the side of the pore (Figure 11.1).3 The "mega complex" of AidB, generated

by crystal packing, led to a proposed model that DNA can be sequestered in these pores, thus

shielding the DNA from alkylating agents in the environment. 3 This model seems highly unlikely

for several reasons that will be discussed in more detail later. But based on the crystal packing

observed here, AidB tetramers do not form the same higher order oligomers as the one Eichman



observed in 1222 crystals, making it more unlikely that the crystal packing Eichman observed is

physiologically relevant.

In the AidB tetramer observed here, the buried surface area between monomers A and B

is extensive, 3,459 A2 (Figure II. 17.a and b), consistent with a physiologically relevant dimer. A

large number of interactions between these monomers are hydrogen bonding interactions, listed

in Table 11.4. On the other hand, the buried surface area between monomers A and C or B and D

is only 883 A2. Contrary to the AB dimer (32 putative hydrogen bonds), there are only three

putative hydrogen bonds between monomers A and C, listed in Table 11.5. There seems to be

little interactions stabilizing the AC or BD dimer, thus raises the question of whether the tetramer

is a relevant oligomeric state for AidB in solution.

Analytical Ultracentrifugation of Wild Type AidB

To identify the relevancy of the AC or BD dimer observed in the crystal, analytical

ultracentrifugation characterization was used to determine the oligomeric state of wild type

FAD-bound AidB in solution. From the sedimentation velocity experiments for wild type AidB

at 6.1 gM and 7.5 gM, the best fit sedimentation coefficient (S) is 5.0, and the best fit molecular

weight is 122+1.3 kDa (Figure II. 18). The theoretical molecular weight of AidB monomer is 61

kDa, about half of the experimentally fit molecular weight. These data imply that wild type AidB

is a dimer in solution at concentrations of 6.1 gM and 7.5 gM.

Our analytical ultracentrifugation data suggest that the wild type AidB is a dimer, while

both crystal structures show a tetramer; other literature reports say that AidB is a tetramer based

on analytical ultracentrifugation or gel filtration, but data are not shown.", 3 The concentration of

AidB present in the analytical ultracentrifugation and crystallographic experiments might



account for the discrepancy in these results. In our analytical ultracentrifugation experiments,

less than 1 mg/mL of protein was present. Under such low concentration, the interactions

between the AB and CD dimer discussed above may not be strong enough to keep the protein in

a tetrameric state. On the other hand, 10 mg/mL of protein solution was used for crystallization,

and the concentration of AidB would most likely be greater than 10 mg/mL in the crystal. Under

such high concentration, AidB forms a tetramer at least in the crystalline state. Whether the

oligomeric state of AidB is a dimer (as observed in our analytical ultracentrifugation experiment)

or tetramer (as observed in the crystal structures and as previously reported), 1' 3 the oligomeric

state under physiological condition is likely to depend on the local concentration of AidB in the

cell.

II.E. Discussion

AidB is an adaptive response flavoprotein that was discovered several decades ago. 1'

Although AidB has been shown to be up-regulated in the presence of alkylating agents, its

function is still unknown beyond its ability to bind DNA non-specifically. We solved the crystal

structure of AidB in a different space group (P3 2) from the one reported previously (1222) by

Eichman et al.3 Structural analysis of AidB, along with some biochemical work, has has allowed

us to reconsider the several possible functions for AidB. Proteins usually achieve their function

non-enzymatically, as in the case of transcription factors, or enzymatically, as in the case of

dehydrogenases, or both, as in the case of the Ada protein. One hypothesis is that AidB could

prevent DNA damage by sequestering DNA from alkylating agents, as in the model proposed by

Eichman et al.3 Another possibility would be that AidB acts as an enzyme to deactivate

alkylating agents or repair alkylated DNA damage lesions. Or, AidB could function like the Ada



protein, where it is an enzyme that repairs DNA methylation damage and then becomes a

transcription factor upon transfer of a methyl group to its active site cysteine. 25

The AidB crystal structure solved here contains the same dimeric and tetrameric

arrangement of AidB as the ones observed by Eichman et al.; however, the tetrameric units do

not form a pore with DNA binding domains pointing toward each other as Eichman proposed

(Figure II. 1). In the crystal packing observed here, three tetramer units of AidB are packed with a

central non-crystallographic three-fold axis (Figure 11.16). It is energetically costly for AidB to

protect only a small section of the dsDNA from alkylating agents by secluding the DNA from the

environment using four tetramer units of AidB (16 monomers). Additionally, from our

biochemical study, it is unclear if AidB will be a tetramer under cellular concentrations. AidB

does form a tetramer when present in high concentrations (about 200 gM) as in crystallization.

On the other hand, analytical ultracentrifugation experiments show AidB is a dimer in lower

concentrations (about 7 gM). These biochemical experiments suggest the oligomeric state of

AidB might depend on its concentration. The concentration of AidB in the E. coli cell before and

after an adaptive response is not known. However, it is known that the level of Ada protein is

about 3000 molecules per cell after the adaptive response, 26 and that Ada is up-regulated more

than AidB. 27 Given these findings, 3000 molecules is an upper estimate for the number of

molecules of AidB in E. coli under stress due to DNA damaging agents. Assuming a 10-15 L

volume for an E. coli cell, the upper estimate concentration for AidB is 5 gM, a concentration

consistent with a dimeric state. Since the concentration of AidB inside the cell has not been

measured, it would be premature to conclude that AidB could form the "mega complex" that

Eichman et al. proposes. Furthermore, the desolvation energy for removing the water molecules

around the DNA prior to binding in the pore is energetically high; raising questions about the



physiological relevance of a DNA sequestration model. The AidB "mega complex" in the

previously observed space group (1222) is most likely a coincidental result of crystallographic

packing.

The AidB structure contains several characteristics that suggest that the protein could be

an enzyme that carries out a reaction similar to that catalyzed by acyl CoA dehydrogenases. First,

the AidB dimer structure shares a similar structural fold and high sequence homology with other

enzyme dimers in the acyl CoA dehydrogenase family; however, the tetramer unit is assembled

differently. Two AidB dimers are packed against their N-terminus, whereas the acyl CoA

dehydrogenase dimers, such as IVD and MCAD, are packed against their C-termini. Secondly,

AidB binds one FAD per monomer, just as the acyl CoA dehydrogenases do. In both cases, the

FAD binds in an extended conformation at the dimer interface with the dimethylbenzene side of

the flavin ring buried from solvent. Lastly, based on structural alignment with other acyl CoA

dehydrogenases, AidB also contains the conserved glutamate residue (Glu425), which is the

catalytic base in other acyl CoA dehydrogenases that initiates proton abstraction from the o-

carbon of the substrate. These structural similarities suggest that AidB could function as an

enzyme with acyl CoA dehydrogenase-like activity. In fact, AidB does exhibit low levels of IVD

activity. 2

Since the function of the AidB protein is unknown, it is unclear if the role of the FAD is

structural or catalytic. As discussed above, the structural relationship with acyl CoA

dehydrogenases suggests that the role of FAD is catalytic, but analytical ultracentrifugation

results discussed below suggest that it could play a structural role as well. In terms of the AidB

FAD, both a photoreduction study' and an electrochemical study (personal communication with

Professor Sean Elliott's laboratory), show that the FAD is redox-active, and that it can be



reduced to a stable anionic semiquinone FAD species. From the structure, residues Thri85 and

Ser218 are likely to play a role in stabilizing an anionic semiquinone species. In particular,

Ser218 may block protonation of N5 by acting as a hydrogen bond donor to the deprotonated N5

of isoalloxazine ring. These important hydrogen bonding contacts are conserved between AidB

and the acyl CoA dehydrogenase family.

If the role of FAD in AidB is catalytic, then AidB must have a way to reoxidize either the

anionic semiquinone or FADH2 to regenerate the FAD for another round of catalysis. For other

members of the acyl CoA dehydrogenase family, electrons are transferred one at a time to an

electron transfer flavoprotein (ETF). Kinetic studies have shown that electron transfer between

ETF and acyl CoA dehydrogenases occurs when product is still bound through a transient

complex formed by these proteins. 2 8, 29 One ETF usually interacts with several acyl CoA

dehydrogenases. For example, the human ETF interacts with nine acyl CoA dehydrogenases,

including IVD and MCAD.30 Since there is no crystal structure of ETF from E. coli, and the

complex structure of human ETF with MCAD is known, the human ETF was used to generate a

docking model with AidB.

From the AidB-ETF docking model, it is obvious that the CD dimer interferes with ETF

binding to the AB dimer of AidB. However, ETF binding does not interfere with MCAD

tetramerization due to the difference in its tetrameric arrangement. If ETF interacts with AidB, it

would interact with the AidB dimer. The docking model with an AidB dimer and ETF shows

high overall shape complementarity. There is only a minor clash between a few residues at the

N-terminus of AidB and the FAD binding domain of ETF (Figure 11.13.a). Such minor clashes

are also present when the FAD binding domain of ETF is superimposed onto the structure of the

MCAD-ETF complex where the FAD binding domain of ETF is disordered. The interaction



between the "recognition loop" of ETF (P191-P200) and a hydrophobic patch on MCAD is

conserved in the AidB-ETF docked model (Figure II.13.c). The fact that the structure of AidB

docks so well with the structure of an ETF, taken together with the similarities in the FAD-

protein interactions, suggests that the re-oxidation process used by acyl Co dehydrogenases may

also be in play here.

The structure of AidB suggests a putative substrate binding tunnel similar to the one

found in acyl CoA dehydrogenases. The tunnel is approximately 25 A long and 6.5-15 A wide.

The DNA binding ability of AidB and its adaptive response to alkylating agents suggest one

possible substrate for AidB would be damaged DNA. An ethenoadenine base flipped out of

dsDNA was docked in the putative substrate binding tunnel, and it was found that a flipped base

is too short to reach the FAD site. Alternatively, the substrate could be a damaged free nucleotide

or a larger nucleotide adduct of DNA. The tunnel is relatively positive charged, and thus a

negatively charged DNA substrate is a reasonable possibility. Small molecule substrates, such as

DNA damaging agents, would also fit inside the putative substrate tunnel. However, the tunnel

seems to be too large for one small molecule to block off the active site from the outside

environment during catalysis.

The entrance of the tunnel that leads to the putative active site is 38 A away from the

DNA binding domain proposed by Eichman et al., suggesting that AidB could be a dual-function

protein. AidB could be like the Ada protein, which has only one catalytic turnover to

demethylate DNA lesions by directly transferring the methyl group to an active site cysteine

residue, at which point it turns into a transcription factor and binds to DNA for gene regulation.

In comparison, AidB also has cysteines (Cys133, Cys302 and Cys 386) near the putative active



site, especially Cys133 at 5.5 A away from N5 nitrogen of the isoalloxazine ring seems

intriguing.

Although the electrochemistry and the structural environment of the AidB FAD suggest

that its role is likely to be catalytic, that does not rule out a second role for FAD in supporting

dimerization. Based on analytical ultracentrifugation experiments, the triple mutant of AidB that

is deficient in FAD binding is also monomeric in solution, whereas the holo- (FAD-containing)

wild type AidB is dimeric. These data suggest that FAD induces AidB dimerization. However,

FAD does not seem to have an influence on dimerization of other acyl CoA dehydrogenases. For

example, the apo butyryl-CoA dehydrogenase exists as a dimer in solution, and it reassociates as

a tetramer in the presence of excess FAD.3 1 On the other hand, the short-chain acyl CoA

dehydrogenase (SCAD), MCAD, and long-chain acyl CoA dehydrogenase (LCAD) have all

been shown to be tetramers in the apo form.32 An improved method for obtaining apo (FAD-free)

AidB will be necessary to fully address the influence of FAD binding on the AidB oligomeric

state.

Determining the function of AidB has been challenging due to the lack of reproducible

phenotypes in vivo.33 While there is a report that knocking out AidB leads to higher sensitivity to

MNNG,2' 10 this finding could not be repeated, even when using the same knock-out cells.3 3 In

the absence of a phenotype, the structure of AidB has allowed us to reconsider what the function

of AidB might be, although it is premature to settle on any one of them. Further studies will be

required to test these possibilities. For example, computational experiments on the energetics of

DNA desolvation would be useful in evaluating the likelihood of DNA being sequestered by a

mega protein complex like the one proposed by Eichman et al. Biochemical studies should be

conducted with different lesions, whose toxicity or mutagenicity could be alleviated by



dehydrogenation-like chemistry, as potential AidB substrates. Also, determining if AidB

interacts with an E. coli ETF could provide insight as to whether the function of AidB is more

closely related to dehydrogenases or oxidases; such studies should be done under concentrations

where AidB exists as a dimer. As for thinking about the role of FAD, other studies that might

further dissect the influence of FAD binding on AidB dimerization would be useful for

considering the possibility of a dual-function protein.

Every cell encounters frequent endogenous and environmental carcinogens. AidB is up-

regulated, along with other DNA repair enzymes (AlkA, AlkB and Ada), in the presence of

alkylating agents, suggesting that AidB plays an important role in the cellular response to DNA

damage. Understanding of the role of each player in maintaining the genomic integrity is

important for preventing genetic diseases, cancers, and cell deaths that might arise from damaged

DNA.
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II.H. Tables, Schemes and Figures

Table II.1. Primer pairs for each AidB mutants.

AidB Mutants
T185V/S191R/R324D
mutant

Triple

T1 85V/S 191 R/R324D/W424A
Quadtriple mutant

Primer pairs
T185V-S191R-F: 5'-
GGCATGGGAATGGTGGAAAAGCAGGGCGGTAGG
GATGTTATGAGC-3'
T185V-S191R-R: 5'-
GCTCATAACATCCCTACCGCCCTGCTTTTCCACCA
TTCCCATGCC-3'
R324D-F: 5'-
TATCATGCACATCAAGACCATGTTTTTGGTAAT-3'
R324D-R: 5'-
ATTACCAAAAACATGGTCTTGATGTGCATGATA-
3'
T185V-S191R-F: 5'-
GGCATGGGAATGGTGGAAAAGCAGGGCGGTAGG
GATGTTATGAGC-3'
T185V-S191R-R: 5'-
GCTCATAACATCCCTACCGCCCTGCTTTTCCACCA
TTCCCATGCC-3'
R324D-F: 5'-
TATCATGCACATCAAGACCATGTTTTTGGTAAT-3'
R324D-R: 5'-
ATTACCAAAAACATGGTCTTGATGTGCATGATA-
3'
W424A-F: 5'-
CCGGTAAACAGTATTGCGGAAGGTTCCGGCAAT-
3'
W424A-R: 5'-
ATTGCCGGAACCTTCCGCAATACTGTTTACCGG-
3'

C133S mutant C133S-F: 5'-
GAGGCAGGGTCGTTATCTCCGATAACCATGACC-
3'
C133S-R: 5'-
GGTCATGGTTATCGGAGATAACGACCCTGCCTC-
3'

C302S mutant C302S-F: 5'-
ATGACGCGTTTTGATTCCGCCCTGGGTAGCCAT-3'
C302S-R: 5'-
ATGGCTACCCAGGGCGGAATCAAAACGCGTCAT-
3'

I
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Table 11.2. Data collection and processing statistics for two AidB native datasets.

Structure AidB Native AidB Native2

Crystal Parameter

Space Group P3 2  P32

Unit cell dimension (A) 179.72, 179.72, 204.24 179.62, 179.62, 209.10
90, 90, 120 90, 90, 120

# of molecules per ASU 12 12

Data Collection

Wavelength (A) 1.0 1.0

Resolution limitb (A) 50.0 - 2.80 (2.90 - 2.80) 50.0 - 3.90 (4.04 - 3.90)

Rsyma,b (%) 9.5 (45.7) 9.7 (30.7)

No. of unique 174735 65147
reflections

Redundancyb 6.1 (5.1) 9.2 (4.9)

Completenessb (%) 96.2 (97.4) 97.1 (75.1)

I/sigmab 14.1 (3.3) 24.5 (5.2)

aRsym= (Xhkl1ili(hkl) - <I(hk)>j)/X hklii(hkl) for n independent reflections and i observations of
a given reflection. <I(hkl)> = average intensity of the ith observation.

bNumbers for the highest resolution shell are shown in parentheses.



Table 11.3. Model refinement statistics for AidB structure with the native dataset.

Resolution range 50.0 - 2.80

Rcryst/Rfreea (%) 23.9/27.5

No. of protein atoms 50838

No. of FAD molecules 12

No. of water molecules 773

Rmsd bond lengths (A) 0.0076

Rmsd bond angles (0) 1.42

Ramachandran analysis

Most favored (%) 88.5

Allowed (%) 10.6

Generously allowed (%) 0.5

Disallowed (%) 0.4

B-factors (A2)

Protein 43

FAD 50

Water 35

aRcryst = ZhllFo(h)l - IFc(h)l / hlFo(h), where Fo and Fc are the observed and calculated structure
factors, respectively. Rfree is calculated the same way with a test set of reflections (10%) that are
not used during refinement.



Table II.4. List of putative hydrogen bond distances between molecule A and B of AidB. These

distances are calculated in PISA Server, http://www.ebi.ac.uk/msd-srv/protint/pistart.html.

Monomer A residue Distance (A) Monomer B residue

1 ARG 324[ NH2] 2.82 LYS 187[ O ]

2 ASN 10[ ND2] 2.66 GLN 188[ O ]

3 GLU 407[ N ] 2.95 ASP 259[ O 0

4 ARG 483[ NH1] 3.16 GLU 395[ OE1]

5 ARG 483[ NH2] 2.79 GLU 395[ OE2]

6 LYS 387[ NZ ] 2.97 GLU 395[ OE2]

7 SER 422[ OG ] 2.56 GLU 398[ OE1]

8 GLY 428[ N ] 3.00 GLU 398[ OE2]

9 LYS 387[ NZ] 2.49 GLU 398[ OE2]

10 LEU 261[ N ] 3.00 TYR 405[ O ]

11 TYR 415[ OH ] 2.76 TYR 415[ O i

12 TYR 405[ OH ] 2.70 ARG 416[ O ]

13 ARG 522[ NE ] 2.69 GLU 480[ OE2]

14 THR 517[ OG1] 2.47 THR 517[ OG1]

15 THR 517[ OG1] 2.83 THR 517[ O ]

16 THR 5[0 ] 2.78 ARG 199[ NH1]

17 LYS 187[ O ] 2.69 ARG 324[ NH2]

18 LYS 187[ ] 2.63 GLN 11[NE2]

19 GLN 188[0 ] 2.59 ASN 10[ ND2]

20 ASP 259[ O ] 2.91 GLU 407[ N ]

21 GLU 395[ OE1] 3.03 ARG 483[ NH1]

22 GLU 395[ OE2] 2.81 ARG 483[ NH2]

23 GLU 398[ OE1] 2.56 SER 422[ OG ]

24 GLU 398[ OE2] 2.73 LYS 387[ NZ ]

25 GLU 398[ OE2] 2.99 GLY 428[ N ]

26 TYR 405[ O ] 3.05 LEU 261[ N i

27 TYR 415[ O ] 2.82 TYR 415[ OH ]

28 ARG 416[ O ] 2.69 TYR 405[ OH ]

29 GLU 480[ OE2] 2.67 ARG 522[ NH2]

30 GLU 484[ OE1] 2.78 GLY 520[ N ]

31 THR 517[ O ] 2.87 THR 517[ OG1]

32 GLY 519[ O ] 2.61 ARG 469[ NH1]



Table 11.5. List of putative hydrogen bond distances between molecule A and C of AidB. These

distances are calculated in PISA Server, http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html.

Monomer A residue Distance (A) Monomer C residue
1 TRP3 [ NE1] 2.59 ASP275 [ OD2]

2 VAL8 [ O ] 2.95 ARG77 [ NH1]

3 ASP275 [ OD2] 2.70 TRP3 [ NE1]



Scheme II.1. Reaction scheme of AidB proposed by Hausinger et al.1 AidB repairs DNA lesion

by dehydrogenase activity, forming a double bond between the methyl group and the base. The

Schiff's base can be hydrolyzed by water to release the methyl group as formaldehyde.

DNA DNA DNA
I I I

H3C-NH(base) ---- H2C=N(base) NH2(base)

AidB-FAD AidB-FADH 2  H20 HCHO

H20 2 02



Figure II.1. A model proposed by Eichman et al. of AidB protecting DNA from alkylating

agents by secluding the DNA helix in a 25 A pore formed by arranging four tetrameric units

around the DNA.3 a) One tetrameric unit of AidB is colored by subunit (cyan, green, magenta,

and orange), in cartoon representation. The other AidB tetramer units are shown in black cartoon.

FADs in the central subunit are shown as yellow spheres. The proposed DNA binding regions of

each tetramer AidB unit are colored in pink. DNA helices are shown as light grey circles. b) Side

view of the same complex shown in (a) rotated 90 degree looking down the axis indicated by a

black arrow. The side view shows that not all tetramer units of AidB are on the same level, and

there is little interaction between each tetramer subunits that are on same level.
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Figure 11.2. SDS-PAGE of purified wild type AidB and triple mutant AidB. a) SDS-PAGE of

purified wild type AidB. The left lane is a molecular weight marker; the molecular weight

corresponding to each band is labeled on the left. The right lane is 20 gg of final purified AidB. b)

SDS-PAGE of purified triple mutant of AidB. The left lane is 30 jig of final purified triple

mutant AidB. The right lane is a molecular weight marker; the molecular weight corresponding

to each band is labeled on the right.
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Figure 11.3. Photos of native AidB crystal grown under various conditions. a) Native AidB

crystals grown in 0.1 M HEPES, pH 7.5, 20% v/v ethanol, 0.25 M MgCl 2. The scale bar at the

lower left comer is 200 gm. b) Native AidB crystals grown in 0.1 Tris, pH 8.0, 2% v/v tacsimate,

20% w/v PEG 3,000. The scale bar at the lower left comer is 200 glm. c) Native AidB crystals

grown in 0.1 M imidazole, pH 8.0 0.3 M Li 2SO 4, 20% w/v PEG 3,000. The scale bar at the lower

left comer is 200 gtm. d) Upon streak seeding, SeMet AidB crystals grown in 0.1 M HEPES, pH

7.5, 19% v/v ethanol, 0.25 M MgCl 2. The scale bar at the lower left comer is 50 g.m.
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Figure 11.4. Overall structure of AidB monomer shown in stereo view. The a-helical N-terminal

domain (residues 25-64 and 86-161) is colored in light orange, the -sheet domain (residues 198-

282) in the middle is colored in green, a part of the a-helical C-terminal domain (residues 287-

443) is colored in light cyan, another part of the a-helical C-terminal domain, the DNA binding

domain proposed by Eichman et al., is colored in light pink (residues 445-535), and the extra 3-

strands (residues 68-83) are colored in red. The N-terminus is an extended loop. The

isoalloxazine ring of FAD (shown in sticks representation) binds between the a-helical region

and the 1-sheet region of the monomer. The adenine end of the FAD binds at the interface of two

monomers (the other monomer is not shown).

101



Figure 11.5. Overall structure of AidB dimer colored by molecule. Molecule A is color in cyan,

and molecule B is colored in magenta. a) Dimer arrangement of AidB in cartoon representation.

FAD is represented in sticks. b) Dimer arrangement of AidB in surface representation. c) Dimer

arrangement of AidB in ribbon representation, and FADs are shown as yellow spheres.
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Figure II.6. Structural alignment of AidB, isovaleryl CoA dehydrogenase (IVD, pdb code IIVH),

and medium chain acyl CoA dehydrogenase (MCAD, pdb code 3MDE). Secondary structure of

AidB is defined above the AidB sequence, and the secondary structure of IVD is defined below

its sequence. Residues that are strictly conserved across all three proteins are highlighted in red.

Alpha helices are indicated by helical lines with ox labels, beta strands are indicated by arrows

with p labels, and 310 helices are indicated by helical lines with rj labels.
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Figure II.7. Structural overlay of AidB, isovaleryl CoA dehydrogenase (IVD, pdb code IIVH),

and medium chain acyl CoA dehydrogenase (MCAD, pdb code 3MDE). a) Overlay of tetramer

unit of AidB, with dimer unit of IVD and MCAD. Tetramer unit of AidB found in asymmetric

unit is colored in cyan, dimer unit of IVD is colored in pink, and dimer unit of MCAD is colored

in orange. The top bracket denotes the extra a-helices in AidB that are not present in IVD or

MCAD. The middle bracket denotes the AB dimer unit of AidB, IVD and MCAD. The bottom

bracket denotes the CD dimer of AidB. b) Overlay of tetramer unit of AidB and tetramer unit of

IVD. AidB is colored in cyan, and IVD is colored in pink. The top bracket denotes the CD dimer

of IVD. The middle bracket denotes the AB dimer of AidB and IVD. The bottom bracket denotes

the CD dimer of AidB.
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Figure 11.8. Electrostatic surface of the putative substrate binding tunnel in AidB. a) Cut-away

view of the putative substrate binding tunnel in AidB. The tunnel surface is shown in

electrostatic representation; red indicates negatively charged residues on the surface, and blue

indicates positively charged residues on the surface. FAD is shown in yellow stick representation;

N3 nitrogen of the isoalloxazine ring is labeled. W424 is shown in surface representation, and

colored light green for clarity. The red patch at the end of the tunnel is where Glu425 located.

The tunnel is 25 A in length, and 6 - 15 A in width. b) Top view of the putative substrate binding

tunnel. The protein surface is shown in electrostatic representation; red indicates negatively

charged residues on the surface, and blue indicates positively charged residues on the surface.

FAD is shown in stick representation. There is a cleft with positively charged residues on the

surface around the entrance to the tunnel. The scale bar at the bottom is about 10 A. c)

Superposition of the putative substrate binding tunnel in AidB, and substrate binding site in IVD

and MCAD. The tunnel surface of AidB is shown in electrostatic representation; red indicates

negatively charged residues on the surface, and blue indicates positively charged residues on the

surface. FAD of AidB is shown as yellow sticks, FAD of IVD is shown as green sticks, and FAD

of MCAD is shown as red sticks. CoA persulfide in the substrate binding site of IVD is shown as

cyan sticks, and octanoyl CoA in the substrate binding site of MCAD is shown as magenta sticks.
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Figure 11.9. Residues near the FAD binding site in AidB. a) Distances between T185, S191,

S218, R324 and FAD are shown. b) Distances between C133, 302, 386, and between N5 of FAD

and C133 are shown.
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Figure II.10. Electrostatic surface representation of the AB dimer of AidB. Red indicates

negatively charged residues on the surface, and blue indicates positively charged residues on the

surface. The putative substrate binding tunnel is shown in green spheres. a) DNA binding

domain proposed by Eichman et al. shown in electrostatic surface representation. 3 Yellow stars

indicate the proposed DNA binding residues. Black arrows indicate the entrance to the putative

substrate binding tunnel. b) Side view of the AB dimer that shows the DNA binding domain

proposed by Eichman et al. is 38 A from the entrance to the putative substrate binding tunnel.

Yellow stars indicate the proposed DNA binding residues by Eichman.3 Black arrow indicates

the shortest trajectory on the surface of the protein that goes from the middle of the positively

charged patch of the proposed DNA binding domain to the entrance of the tunnel
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Figure II.11. Sliced view of the docking model of an ethenoadenine flipped out of a dsDNA

inside the putative substrate binding channel in AidB. Double stranded DNA is shown in light

green cartoon representation. The flipped out ethenoadenine base and FAD are shown in stick

representation. The shortest distance between the ethenoadenine and the N5 nitrogen of the

isoalloxazine ring is labeled.
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Figure 11.12. Docking model of AidB tetramer with human ETF based on MCAD-ETF structure.

a) Crystal structure of MCAD-ETF (1T9G) with ETF FAD domain disordered.21 One MCAD

dimer is colored in orange, another MCAD dimer is colored in deep olive. ETF is colored in blue.

FAD bound to MCAD is shown as yellow spheres. b) Superposition of full human ETF (1EVF)

structure solved separately with the structure of MCAD-ETF complex. One MCAD dimer is

colored in orange, another MCAD dimer is colored in deep olive. The ETF from the crystal

structure of the MCAD-ETF complex is colored in blue. The full ETF structure determined

separately is colored in light blue. FADs are shown in yellow spheres. c) Docking model of AidB

tetramer with the human electron transfer flavoprotein (ETF) based on the superposition of

molecules A and B of AidB with orange dimer of MCAD. With this superposition, ETF clashes

with the second dimer of AidB (molecules C and D). Molecule A is colored in cyan, molecule B

is colored in magenta, molecule C is colored in yellow, and molecule D is colored in green. The

human ETF is colored in light blue, shown in surface representation.
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Figure II.13. Docking model of AidB dimer with human ETF. a) Molecule A of AidB is colored

in cyan, molecule B of AidB is colored in magenta, and the ETF is colored in light blue. FAD's

from both AidB and ETF are colored in yellow, shown in stick representation. Minor clash

between the FAD binding domain of ETF and the N-terminus of monomer B of AidB is circled.

b) The AidB dimer is shown in electrostatic surface representation. The human ETF is colored in

light blue, and the "recognition loop" (P91 -P200) is colored in black. c) Molecule A of the AidB

dimer is colored in cyan, molecule B of the AidB dimer is colored in magenta, and the human

ETF is colored in light blue. FAD's from molecule A of AidB and from ETF are colored in

yellow, and the distance between them is labeled.
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Figure 11.14. Sedimentation velocity of 6.3 gtM T185V/S191R/R324D triple mutant of AidB.

The g(s*) plot is shown on the top, and the residual plot is shown at the bottom. The

experimental g(s*) data points are shown as blue squares ( I ) and the fitted g(s*) plot is shown

as a continuous red line. The residual is best fit to 9.64E-3. Sedimentation velocity of 17.8 jtM

triple mutant AidB yielded similar result (data not shown).
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Figure 11.15. Sedimentation velocity of 3 g1M apo (FAD-free) AidB. The g(s*) plot is shown on

the top, and the residual plot is shown at the bottom. The experimental g(s*) data points are

shown as open red circles (o) and the fitted g(s*) plot is shown as a continuous blue line. The

residual is best fit to 2.40E-2.
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Figure 11.16. Overall crystal packing of AidB in the asymmetric unit in P3 2 space group. The

AidB molecules are colored by tetrameric units. FADs are shown in spheres representation.
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Figure 11.17. Overview of the tetramer unit of AidB. Molecule A is color in cyan, molecule B is

colored in magenta, molecule C is colored in yellow, and molecule D is colored in green. a)

Tetramer arrangement of AidB in cartoon representation. FAD is represented in sticks. b)

Tetramer arrangement of AidB in surface representation.
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Figure 11.18. Sedimentation velocity of 6.1 gM wild type AidB. The g(s*) plot is shown on the

top, and the residual plot is shown at the bottom. The experimental g(s*) data points are shown

as blue squares ( ) and the fitted g(s*) plot is shown as a continuous red line. The residual is

best fit to 9.38E-3. Sedimentation velocity of 7.5 lgM wild type AidB yielded similar result (data

not shown).
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Chapter III

Characterization of AlkB and hABH 2-3

III.A. Summary

E. coli AlkB is a DNA repair enzyme that belongs to the a-ketoglutarate (cKG)

mononuclear Fe(II)-dependent dioxygenase family. AlkB directly repairs DNA damage via

oxidative demethylation. There are eight different AlkB homologues in humans (hABH1-8);

however, the activities of only three of the homologues (hABH1-3) are known.' 2 The substrate

preference for AlkB and its functionally known human homologues differ greatly. Specifically,

AlkB repairs Ni-methyladenine (lmA) and N3-methylcytosine (3mC) lesions on both DNA and

RNA, whereas hABH2 repairs ImA and 3mC on DNA only, and hAHB3 repairs both DNA and

RNA.1, 2 The crystal structure of AlkB with methylated DNA substrate (TmAT) was recently

solved.3 This chapter describes, a new purification scheme developed to purify large quantity of

AlkB protein to > 95% purity and free of exonuclease activity, which is important for

crystallization and biochemical studies. Our collaborators in Professor John Essigmann's group

used the AlkB protein purified with this new purification scheme and found that AlkB also

repairs alkylated lesions: 1,N6-ethenoadenine (EA) and 1,N6-ethanoadenine (EA) lesions.4 ' 5 The

purifications of hABH2 and hABH3 were also established, and have been shown to be active by

Jim Delaney in Professor John Essigmann's group. In addition, the structure of the substrate-free

form of AlkBAN 11 was solved in the P1 space group.
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This chapter is reproduced in part from:

1. J. C. Delaney, L. Smeester, C. Wong, L. E. Frick, K. Taghizadeh, J. S. Wishnok, C. L.

Drennan, L. D. Samson, J. M. Essigmann, AlkB Reverses Etheno DNA Lesions Caused By

Lipid Oxidation In Vitro and In Vivo; Nat. Struct. Mol. Biol. (2005), 12(10), 855-60.

2. L. E. Frick, J. C. Delaney, C. Wong, C. L. Drennan, J. M. Essigmann, Alleviation of 1,N6-

Ethanoadenine Genotoxicity by the Escherichia coli Adaptive Response Protein AlkB; Proc.

Natl. Acad. Sci. USA (2007), 104(3), 755-60.

Protein purifications, crystallization, and structure determination were done by C. Wong. All

biochemical studies and mass spectrometry were done by Jim Delany and Lauren Frick in

Professor John Essigmann's laboratory, with the exception of the MMS plate mentioned in this

chapter which was done by C. Wong. Structural analysis was done by both C. Wong and C.L.

Drennan.
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III.B. Introduction

Both endogenous and environmental alkylating agents are ubiquitous in nature. These

alkylating agents damage DNA, causing cytotoxicity and mutagenicity in cells. Organisms have

various DNA repair pathways to protect themselves against alkylating agents, one of which is by

direct reversal of alkylation damage. AlkB is one of the DNA repair proteins that is part of the

adaptive response in E. coli, and it is up-regulated in the presence of methylating agents. 6- 10

AlkB belongs to the a-ketoglutarate (cKG) mononuclear iron-dependent dioxygenase

family.11"', 12 Studies have shown that AlkB repairs various DNA lesions by oxidative

demethylation, including Ni-methyladenine (1mA), N3-methylcytosine (3mC), N1-

methylguanine (lmG) and N3-methylthymine (3mT) on both single-stranded and double-

stranded DNA. 1-13 AlkB repairs methylated DNA lesions by hydroxylation of the methyl group,

coupled to the decarboxylation of xKG. The subsequent hydroxylated methyl group is proposed

to decompose to formaldehyde and the unmethylated base (Figure III.1).

The presence of several AlkB human homologues, hABH1, hABH2, and hABH3,

suggest that human cell lines employ a similar DNA repair strategy to that of E. coli. 1,2 While

the E. coli protein, AlkB, has broader substrate specificity, these human homologues are more

specific in their activities and have distinct substrate preferences. Recently, hABH1 has been

shown to demethylate 3mC in DNA as well as RNA. 14 Both hABH2 and hABH3 repair ImA and

3mC, but hABH2 prefers double-stranded DNA while AlkB and hABH3 prefer single-stranded

DNA.' Additionally, AlkB and hABH3 also repair RNA lesions.'

In addition to the methylated DNA lesions that AlkB repairs, our collaborator in

Professor John Essigmann's group discovered that AlkB also repairs 1,N6-ethenoadenine (EA)

and 3,MN-ethenocytosine (EC), while it reduces the toxicity and mutagenicity of 1,N6-
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ethanoadenine (EA).4' 5 These lesions are a result of oxidative stress, or vinyl chloride and its

metabolites. A recent study reports that hABH2 also repairs LA on dsDNA. 15 Another study

showed that hABH3 also repairs cA, though much less efficiently than AlkB, and it is unclear if

the activity is real or a result of a contaminant. 16 It is proposed that AlkB repairs EA by

performing an epoxidation reaction on the ethenolated lesions rather than hydroxylation as in the

case of methylated lesions. The epoxide ring on the ethenolated substrate is thought to open by

hydrolysis to yield glycol, and the two-carbon adduct leaves as the dialdehyde glyoxal (Figure

111.2). 4 Although AlkB does not completely repair EA, it reduces the toxicity and mutagenicity of

EA via oxidative dealkylation as well. 5 It is proposed that AlkB hydroxylates the C8 carbon of

EA, and the ethano-ring opens to form an acetaldehyde covalently attached to the N9 of adenine

(Figure 11.2), which could be further metabolized.5

Recently, the crystal structures of AlkB with and without a trimer DNA substrate (TmAT)

were solved, showing AlkB with an overall structural fold that belongs to the cupin superfamily.3

Enzymes in this superfamily catalyze a range of diverse reactions but share a conserved core

structure, composed of a n-barrel or "jelly roll" motif.'7 The active site of these enzymes has a

conserved structural motif that binds a divalent iron center through three protein ligands, two

histidines and one carboxylate from an aspartate residue, which together form the facial triad.

These three conserved residues coordinate the iron center on one face of the octahedral site, and

the other three sites are coordinated by water when the enzyme is in the resting state.

A mechanism for AlkB has been proposed based on structural and other biophysical

studies (Figure III.3). 3' 18-20 The catalytic cycle begins by binding oKG to the iron in a bidentate

fashion, replacing two water molecules in the iron center, and the binding of substrate displaces

the last water to give a five coordinate iron center, which primes the site for binding dioyxgen

124



(shown as one step in Figure 111.3). The decarboxylation of XKG promotes the cleavage of the

0-0 bond, thus concomitantly forming the oxo-ferryl species. This high valent iron intermediate

is believed to be responsible for hydrogen abstraction and subsequently hydroxylates the methyl

group on the damaged base. According to the crystal structure, the methyl group on the DNA

lesion is too far away for hydrogen abstraction to occur without oxo-ferryl migration (not shown

in figure). 3 Lastly, formaldehyde, undamaged base, and succinate leave the enzyme active site

with three waters coming in to complete the iron hydration, as in the beginning of the catalytic

cycle. The proposed mechanism does not discriminate between AlkB reactions with methylated

substrates versus ethenolated substrates. The published structures have revealed interactions

between the enzyme and its methylated substrate. However, there is no structural information on

AlkB with ethenolated DNA lesions. It remain unclear how AlkB accommodates the bulkier

ethenolated substrate in its active site or how AlkB repairs different alkylated substrates by

different mechanisms.

This chapter describes the new purification scheme for AlkB, hABH2 and hABH3. The

purified enzyme had been used for biochemical studies by Professor John Essigmann's

laboratory. The crystallization and structural analysis of the substrate-free form of AlkBAN 11 is

discussed.

III.C. Materials and Methods

The original genes for all proteins (AlkB, hABH2 and hABH3) described in this Chapter

were a generous gift from Professor Leona Samson's laboratory. These genes were all in pET28a

vectors. Construct reengineering described below was made in Professor Catherine Drennan's

laboratory. The original vector for AlkB had a frame shift, which was corrected by sub-cloning
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the gene. The AlkBAN11 construct was made by sub-cloning. The hABH2 vector had an Arg203

to Cys mutation, which was corrected by site-directed mutagenesis. The hABH2-MBP fusion

construct was made by sub-cloning. The hABH3 vector was fine. The All the DNA substrates

used in crystallization were synthesized by Jim Delaney in Professor John Essigmann's

laboratory.

Subcloning, Expression and Purification ofAlkB and AlkBAN 11

The AlkB gene was subcloned using the forward primer AlkB-NdeI-F 5'-

GGAATTCCATATGTTGGATCTGTTTGCCGATGCTGAACCG (underlined sequence is the

Nde I restriction enzyme recognition site) and the reverse primer AlkB-EcoRI-R 5'-

CGGAATTCTTATTCTTTTTTACCTGCCTGACGG (underlined sequence is the EcoR I

restriction enzyme recognition site). The PCR amplification used an annealing temperature of

550 C and a 2 min extension time over 30 cycles. The amplified gene was digested with Nde I

and EcoR I (New England Biolabs) and subcloned into a pET28a vector (Novagen) that had also

been digested with Nde I and EcoR I. The sequence of the AlkB-pET28a clone was confirmed

by DNA sequence analysis and was transformed into E. coli Rosetta 2(DE3) cells for expression.

To create the AlkBAN11 construct (the first 11 residues at the N-terminus were removed

from the full length AlkB gene) construct, the AlkB gene was subcloned using the forward

primer AlkBAN11-NdeI-F 5'-GGAATTCCATATGCAAGAGCCACTGGCGGCTGGTGCGG

(underlined sequence is the Nde I restriction enzyme recognition site, and the beginning of the

gene starts at the twelfth amino acid) and the reverse primer AlkBAN11-Xhol-R 5'-

CCGCTCGAGGCCTTGAAAATATAGGTTTTCTTTTTTACCTGCCTG (underlined sequence

is the Xho I restriction enzyme recognition site, and highlighted sequence in red is the Tobacco
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Etch Virus (TEV) recognition site). The PCR amplified gene was digested with Nde I and Xho I

(New England Biolabs) and subcloned into a pET24a vector (Novagen) that was also digested

with Nde I and Xho I. The sequence of the AlkBAN11-pET24a clone was confirmed by DNA

sequence analysis and was transformed into E. coli BL21 (DE3) cells for expression.

Overnight cultures were grown in 250 mL of Luria-Bertani (LB) media with kanamycin

(50 gg/mL) at 370 C with constant agitation at 250 rpm. The overnight culture was used to

inoculate 4 L of LB media with kanamycin antibiotics. Cells were allowed to grow at 370 C until

optical density at 600 nm reached 0.4 - 0.8, at which point isopropyl-p-D-thiogalactopyranoside

(IPTG) was added to a final concentration of 1 mM for induction. At this point, the cultures were

transferred to 300 C for an additional 4 hr. Cells were harvested by centrifugation at 6000 x g for

20 min, and cell pellets were frozen in liquid nitrogen and stored at -80'C.

Cells were homogenized by sonication in lysis buffer (10 mM Tris, pH 7.34, 300 mM

NaC1, 2 mM CaC12, 10 mM MgC12, 5% glycerol, 1 mM P-mercaptoethanol (BME)). Cell debris

was removed by centrifugation at 35,000 x g for 30 min. The supernatant was loaded onto a Ni-

NTA column (Qiagen) that was pre-equilibrated with lysis buffer; 1 mL of resin slurry to 1 g of

wet cell paste was use to pack the Ni-NTA column. The column was washed with 10 and 20

column volumes (CV) of lysis buffer with 10 mM and 20 mM imidazole, respectively. The His-

tagged AlkB protein was eluted in 5 CV of lysis buffer with 70 mM and 250 mM imidazole. It

was important to use two concentrations of imidazole (70 mM and 250 mM) to elute the protein

from the Ni-NTA column; otherwise, the protein precipitated as it came off the column. The

protein that eluted from the Ni-NTA column was pooled, mixed with thrombin (0.005U/10 lgg

protein), and dialyzed against thrombin cleavage buffer (20 mM Tris-HC1, pH 8.4, 150 mM

NaC1, 2.5 mM CaC12, 1 mM BME) overnight at 4oC. AlkB protein was then concentrated,
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exchanged into 50 mM 2-[(tris(hydroxymethyl)methyl)amino]-l-ethanesulfonic acid (TES), pH

7.1 buffer, and loaded onto the SP Sepharose cation exchange column (Amersham Biosciences)

that had been equilibrated with the same buffer. AlkB was eluted with a linear gradient of NaCl

(0.0 - 1.0 M), and fractions containing AlkB were pooled, concentrated, and flash frozen for

storage at -800 C. The final purified protein was analyzed by SDS-PAGE electrophoresis (Figure

111.6). AlkBAN 11 protein was purified using the same procedure, with the exception that the His-

tag was removed using TEV instead of thrombin.

Initial AlkB Crystallization, and Co-crystallization ofAlkBAN11 with eA Substrates

Initial crystallization screens for AlkB crystals yield "promising looking" phase

separation by mixing 1 gL of AlkB (in 50 mM TES, pH 7.1) and 1 gL of precipitant solution

(0.1 M HEPES, pH 7.3 and 10% w/v PEG 6000) (Hampton Research) in a drop placed over 0.5

mL of precipitant solution. Further optimization with N,N-dimethyldecylamine- 3-oxide (DDAO)

detergent (Hampton Research) dramatically improved the phase separation into needle haystack

clusters (Figure 111.4). These haystack crystals are not diffraction quality crystals; they are thin

and non-single. At the time of further optimization for these crystals, Hunt et. al solved the

crystal structure of AlkAN11 with and without TmAT substrate. 3 Therefore, optimization of this

crystal condition was not pursued further, as AlkBAN11 crystals were reproducible with the

published conditions. 3

AlkBAN11 crystals were obtained using the published condition with the hanging drop

vapor diffusion method under anaerobic conditions. 3 AlkBAN 11 (10 mg/mL) in 50 mM Tris-HC1,

pH 7.5, 100 mM NaC1, and 1 mM BME were mixed with 0.2 M sodium formate, 10% glycerol,

and 22% w/v PEG 3350 precipitant solution in a 1:1 ratio. uoKG (Sigma), Fe(NH4 )2 (SO 4)2 and
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TEAT DNA substrate were added to the protein stock solution to a final concentration of 5 mM,

2 mM and 1.8 mM, respectively, prior to the crystallization setup. Large crystals appeared after 2

- 3 days (Figure 111.5) Crystallization of AlkBAN11 with 5'-phosphorylated trimer substrate

(pTEAT) and etheno-adenine nucleotide (EA) were set up in the same manner as described above.

No cryoprotectant was used prior to cryo-cooling using liquid nitrogen.

Data Collection and Processing of AlkBAN11 Crystals Co-crystallized With TEAT, pTAT, and

A& Nucleotide Substrates

Datasets for the AlkBAN11 crystals co-crystallized with TEAT and EA nucleotide

substrates were collected to 1.2 and 1.5 A resolution, respectively, at the Advanced Photon

Source (Argonne, Illinois) on beamline 241D-C Northeast Collaborative Access Team. A dataset

for the AlkBAN 11 crystal co-crystallized with pTEAT substrate was collected to 1.8 A resolution

at the home source on a Rigaku system. All AlkBAN11 crystals (with TEAT, pTEAT, and EA

nucleotide substrates) obtained in this study belong to the P space group, and contained similar

cell dimensions (40.1 A, 40.9 A, 73.7 A, 74.70, 77.00, 63.20). The space group and cell

dimension of the AlkBAN 11 crystals obtained here were different from the space group and cell

dimension of the published AlkBAN11 with TmAT substrate. All datasets were integrated and

scaled using Denzo and Scalepack, respectively. 2 1 Data collection statistics are shown in Table

III.1.

AlkBAN11 Structure Determination and Refinement

The structure of AlkBAN11 co-crystallized with TEAT was solved by molecular

replacement using PHASER22 to 2.5 A resolution. The structure of AlkB (2FDJ)3, solved by
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Hunts et. al, without any ligands or water molecules was used as a search model. The best

solution had rotational and translational correlation coefficients of 16.2 and 10.5, respectively,

with two AlkBAN11 molecules per asymmetric unit. The PHASER output solution was refined

by rigid body, followed by minimization and simulated annealing in CNS.23 Phases were

extended to 1.2 A resolution, and waters were added to the model after a few rounds of

refinement. Iterative rounds of model building and refinement were done in COOT and

Refmac5.24, 25 No non-crystallographic symmetry (NCS) restraints or sigma cutoff were used

during the refinement.

Since the AlkBAN1 1 crystals co-crystallized with pTEAT and LA nucleotide substrates

were isomorphous with the AlkBAN11 crystal co-crystallized with TEAT, a rigid body

refinement followed by simulated annealing refinement was used to obtain a model. Further

model building and refinements were done in COOT and Refmac5, respectively.24' 25 No NCS

restraints or sigma cutoff were used during the refinement. Composite omit maps calculated

using CNS 23 simulated annealing were used to validate all the models. Refinement statistics for

all models are shown in Table 111.2.

The final structure of AlkBAN1 I co-crystallized with TeAT substrate was refined to 1.2

A resolution with Rcrst of 19.8% and Rfree of 21.4%. The final structure of AlkBAN11 co-

crystallized with pTEAT sbustrate was refined to 1.8 A resolution with Rcrst of 23.1% and Rfree

of 26.7%, with the same reflection test set as for the AlkBAN11-TeAT structure. The final

structure of AlkBAN11 co-crystallized with EA nucleotide substrate was refined to 1.5 A

resolution with Rcryst of 22.7% and Rfre of 24.8%, with the same reflection test set as all the other

structures. For all of the structures, no substrate was modeled due to little or no electron density

observed where DNA is expected to bind.
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Methyl Methanesulfonate (MMS) Plate Assay For hABH2 Activity

The MMS plate was made with two layers of 2% LB agar. A generic square cell culture

dish plate was used, 13 mL of 2% LB agar with 0 - 0.06% of MMS gradient was poured at the

bottom layer of the plate. After the bottom layer had dried, another layer of 25 mL of 2% LB

agar with no MMS was poured on top of the plate. The control plate has no MMS drug in either

layer of LB agar.

AlkB, hABH2, and hABH3 in pET28a vector, and empty pET28a vector were

transformed into HK82 (AlkB deficient) E. coli cells. Each of these cells was grown in 5 mL of

LB media with kanamycin (50 gg/mL) at 37°C overnight. The cells were spun down gently and

resuspended in 1 mL of LB media. Prior to stamping the cells onto the MMS plates, 1 mL of

cells was mixed with 1 mL of 1% LB agar. The long edge of a specimen glass slide was used for

stamping the cells on the MMS plate.

Expression and Purification of hABH2 by Maltose-Binding Protein Fusion

hABH2 was initially purified using a maltose-binding protein (MBP) fusion in an attempt

to avoid the protein forming inclusion bodies. The hABH2 gene was subcloned into the pMAL

vector that contained a MBP fusion. The hABH2-pMAL vector was transformed into Rosetta

2(DE3)pLysS cells (Novagen). An overnight culture of hABH2 in Rosetta 2(DE3)pLysS cells

was used to inoculate 4 L of LB media supplemented with glucose (2 g/L) and ampicillin (20

gg/mL). Cells were agitated at 370 C and 250 rpm until the optical density at 600 nm reached 0.5,

at which point IPTG was added to a final concentration of 1mM for induction. Cells were

allowed to continue to grow at 25°C overnight. Cells were harvested by centrifugation at 6000 x

g for 20 min, and cell pellets were frozen in liquid nitrogen and stored at -800 C.
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Cells were homogenized by sonication in lysis buffer (20 mM Tris-HCL, pH 7.4, 200

mM NaCI, 1 mM EDTA, and 10 mM BME) with 1 mg/mL lysozyme (Sigma). Cell debris was

removed by centrifugation at 35,000 x g for 30 min. The supernatant was loaded onto an amylose

column (New England Biolabs) that was pre-equilibrated with lysis buffer. The column was

washed with 20 column volumes (CV) of lysis buffer. The hABH2-MBP fusion protein was

eluted in 5 CV of lysis buffer with 10 mM maltose, and dialyzed overnight at 40 C against lysis

buffer with 0.2 mg of Enterokinase (New England Biolab) to cleave the MBP. The protein was

then loaded onto an amylose column (New England Biolab) that had been equilibrated with lysis

buffer to remove the cleaved MBP and any hABH2-MBP fusion protein that had not yet been

cleaved. The flow through from the amylase column containing hABH2 was then concentrated,

and loaded onto a S75 size exclusion column (Amersham Biosciences) that had been equilibrated

with storage buffer (50 mM TAPS, pH 8.0, 300 mM NaCi, 10% glycerol, and 1 mM BME).

After the lengthy hABH2 purification, there was no detectable soluble hABH2 protein in the

final FPLC elute. This method for hABH2 purification was thus abandoned.

Expression and Purification of hABH2 by His-tag

The expression conditions for hABH2 had been optimized by adjusting the induction

temperature and the time length of the growth culture post-induction. Maximum expression was

achieved at 37'C, with hABH2 allowed to grow for 4-6 hrs post-induction.

An overnight culture of hABH2 in Rosetta 2(DE3)pLysS cells was used to inoculate 4 L

of LB media with kanamycin (50 gg/mL). Cells were agitated at 370 C and 250 rpm until the

optical density at 600 nm reached 0.5, at which point IPTG was added to a final concentration of

ImM for induction. Cells were allowed to continue to grow at 37°C for an additional 4 - 6 hr.
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Cells were harvested by centrifugation at 6000 x g for 20 min, and cell pellets were frozen in

liquid nitrogen and stored at -800 C.

Cells were homogenized by sonication in lysis buffer (50 mM NaH2PO4, pH 8.0, 300

mM NaCi, 1 mM BME) with 1 mg/mL lysozyme (Sigma). Cell debris was removed by

centrifugation at 35,000 x g for 30 min. The supernatant was loaded onto a Ni-NTA column

(Qiagen) that was pre-equilibrated with lysis buffer. The column was washed with 20 column

volumes (CV) of lysis buffer with 20 mM imidazole. The His-tagged hABH2 was eluted in 5 CV

of lysis buffer with 70 mM and 250 mM imidazole. It was important to use two concentrations of

imidazole (70 mM and 250 mM) to elute the protein from the Ni-NTA column; otherwise, the

protein precipitated as it came off the column. The eluted hABH2 was dialyzed against 50 mM

NaH2PO 4, pH 8.0 and 1 mM BME overnight in 4°C. The protein was then loaded onto the SP

Sepharose cation exchange column (Amersham Biosciences) that had been equilibrated with

dialysis buffer, and hABH2 was eluted with a linear gradient of NaCl (0.0 - 1.0 M). hABH2 was

directly collected for in vitro activity assay, performed by Jim Delaney in John Essigmann's

group. SDS-PAGE electrophoresis was used to analyze purity (Figure 111.8).

Expression and Purification of hABH3

Overnight culture of his-tagged hABH3 in Rosetta 2(DE3)pLysS cells was used to

inoculate 4 L of LB media with kanamycin (50 gg/mL). Cells were agitated at 370 C and 250 rpm

until the optical density at 600 nm reached 0.6 - 0.8, at which point IPTG was added to a final

concentration of 1 mM for induction. Cells were allowed to continue to grow at 30'C for an

additional 6 hr. Cells were harvested by centrifugation at 6000 x g for 20 min, and cell pellets

were frozen in liquid nitrogen and stored at -800 C.
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Cells were homogenized by sonication in lysis buffer (25 mM Tris-HC1, pH 8.0, 300 mM

NaCI, 1 mM EDTA and 1 mM BME) with 1 mg/mL lysozyme (Sigma). Cell debris was removed

by centrifugation at 35,000 x g for 30 min. The supernatant was loaded onto a Ni-NTA column

(Qiagen) that was pre-equilibrated with lysis buffer. The column was washed with 20 CV of lysis

buffer with 20 mM imidazole. The His-tagged hABH3 was eluted in 5 CV of lysis buffer with 70

mM and 250 mM imidazole. It was important to use two concentrations of imidazole (70 mM

and 250 mM) to elute the protein from the Ni-NTA column; otherwise, the protein precipitated

as it came off the column. To remove the His-tag, the eluted hABH3 was mixed with thrombin

(0.005U/10 gg protein), and the mixture was dialyzed against thrombin cleavage buffer (20 mM

Tris-HC1, pH 8.4, 150 mM NaCl, 2.5 mM CaC12, 1 mM BME) for 4 hr at room temperature. The

thrombin digested protein was eluted through another Ni-NTA column where the uncleaved His-

tag protein separated. The protein was then concentrated, and loaded onto the S75 size exclusion

column (Amersham Biosciences) that had been equilibrated with storage buffer (50 mM TAPS,

pH 8.0, 300 mM NaC1, 10% glycerol, and 1 mM BME). The fractions with hABH3 were pooled,

and loaded onto the SP Sepharose cation exchange column (Amersham Biosciences) that had

been equilibrated with storage buffer, and the protein was eluted with a linear gradient of NaCl

(0.0 - 1.0 M). hABH3 was directly collected for in vitro activity assay, performed by Jim

Delaney in John Essigmann's group. SDS-PAGE electrophoresis confirmed the hABH3 was >95%

pure (Figure 111.6).
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III.D. Results

MMS Plate Assay ofAlkB, hABH1-3

Since the in vitro assay using purified hABH2 was not initially reproducible by following

the assay conditions published,' the MMS plate assay was used to confirm that our constructs of

AlkB and its human homologues, hABH2-3, were functioning properly in vivo. An empty

pET28a vector was used as a negative control, the hABH2 clone from Leona Samson's lab that

has been shown to be active was used as a positive control, and AlkB and hABH2-3 genes were

tested in the AlkB-deficient E. coli (HK82) cells. When these cells were plated on a no-drug

control plate, all of them survived and grew across the entire plate (Figure III.7.a). When these

cells were plated on a 0% - 0.06% (from left to right) MMS plate, all cells grew to a lesser extent

compared to their growth on the control plate (Figure III.7.b). In row A, the empty pET28a

vector encodes no DNA repair enzyme, and thus the cells died at MMS concentration greater

than about 0.03%. In row B, the positive control grew more than the negative control in the

presence of MMS, indicating functional protein was produced to sustain cell survival at a greater

concentration of MMS. In rows C-E, vectors containing the AlkB, hABH2 and hABH3 gene

from our lab were shown to grow similarly compared to the positive control in row B. Therefore,

this data suggested that the clones of AlkB and hABH2-3 were correctly constructed, and they

encode functional proteins.

Expression and Purification ofAlkB, AlkBAN11 and hABH3

For crystallization and biochemical studies, AlkB and its homologue proteins were

purified with His-tags on a Ni-NTA chromatography column in the initial step of purification.

The His-tag was cleaved in the next step of the purification, either by thrombin for AlkB and
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hABH3, or by TEV for AlkBAN 11. Further purification of the proteins was performed by either

the use of a SP Sepharose cation exchange fast-protein liquid chromatography (FPLC) (for AlkB

and AlkBAN 1l), or by size exclusion FPLC (for hABH3). For hABH3, an extra step of

purification employing the SP Sepharose cation exchange FPLC was used. Purifying these

proteins with a SP Sepharose cation exchange column was important for removing the

exonuclease activity from the protein. Expression of an 8 L culture of the AlkB, AlkBAN 11, and

hABH3 produced about 5 mL of 10 mg/mL of purified protein, which was a sufficient quantity

for biochemical and crystallization studies. Protein concentrations were determined by

absorbance at 280 nm using the theoretical extinction coefficients of each protein; 32,680 M-'cm

] for AlkB, 31,065 M-'cm-' for hABH2, and 66,140 M-lcm' for hABH3.

All the purified proteins, AlkB (Figure III.6.a), AlkBAN11 (Figure III.6.b) and hABH3

(Figure III.6.c), were >95% pure as judged by SDS-PAGE electrophoresis. All the purified

proteins were also free of exonuclease activity; this is very important, as exonuclease degrades

the DNA substrate that is required for the biochemical assay. The activities of AlkB and its

homologues were determined by Jim Delaney in John Essigmann's lab using mass spectrometry.

All purified AlkB, AlkBANI 11 and hABH3 samples were fully active (data not shown).

Optimized Expression, Purification, and Activity of hABH2

The previous lack of hABH2 in vitro activity was believed to be due to the low yield in

protein purification, a result of hABH2 being expressed in an inclusion body. To avoid the low

yields and insolubility issues, many expression conditions and constructs have been tested.

Expression at low temperature (150C overnight after induction) produced soluble hABH2 protein;

however, the yield was very low. The exact concentration was unable to be determined using UV

136



absorbance at 280 nm, but the presence of hABH2 could be detected by FPLC. Expression of

hABH2 fused to a maltose-binding protein (MBP) at higher expression temperatures (300 C for 4-

6 hr after induction) produced soluble hABH2-MBP protein; however, hABH2 became unstable

and precipitated upon cleaving the MBP. Finally, the expression condition that yielded a

reasonable amount of soluble hABH2 protein was using very high temperature (370 C) for a short

induction time (4 hr or less). Although the expression of hABH2 at 370 C for a short period of

time yielded a reasonable amount of soluble protein, it was still significantly less than the yields

of AlkB or hABH3 (an 8 L culture yielded only 3-4 mL of < 1 mg/mL of hABH2). In addition,

the purification procedure for hABH2 has not been optimized to obtain the quality and quantity

of hABH2 required for crystallization.

The SDS-PAGE electrophoresis of the purified hABH2 showed a mixture of full length

hABH2 and its degraded fragments in solution (Figure 111.8). Full length hABH2 has been

reported to be labile and easily degraded.' There were three major fragments resulting from

hABH2 proteolysis: the molecular weights of each as judged by SDS-PAGE electrophoresis is

approximately 27 kDa, 17 kDa and 12 kDa. Full length hABH2 and three degraded fragments

were present at equal amounts in solution as judged by the SDS-PAGE electrophoresis gel. In

spite of the proteolysis of hABH2, the purified hABH2 mixture was active. An in vitro activity

assay done by Jim Delaney showed that hABH2 repaired about 60% of the methylated 16-mer

dsDNA in 30 min after incubation with the mixture of full length and degraded hABH2

fragments (Figure 111.9). In Figure 111.9, the envelope of peaks to the left corresponds to the

complementary strand of the 16-mer double-stranded DNA. The middle envelope of peaks

corresponds to the repaired DNA strand. The envelope of peaks on the right corresponds to the

methylated DNA strand that was left unrepaired by hABH2.
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Co-crystallization ofAlkBAN 1 with TeAT

The ethenoadenine lesion was recently found to be a new type of substrate repaired by

AlkB. 4 Studies have shown that AlkB repairs LA lesions in vivo, as well as the TAT trimer in

vitro.4,16 However, there is no kinetic data present for the repair of TEAT trimer in vitro; a study

has only shown that complete repair of TEAT trimer occurs in 1 h with a 10-fold excess of

substrate over the enzyme. 16 The structure of AlkBAN11 with uKG and iron was determined at

1.2 A resolution. The structure belongs to the P1 space group with cell dimension 40.1 A, 40.9 A,

73.7 A, 74.70, 77.00, 63.2'. There are two molecules of AlkBANI 11 in the asymmetric unit (ASU),

related by two-fold non-crystallographic symmetry (Figure III.10). The structure exhibits the

same jelly-roll motif as all the other enzymes in the oKG mononuclear iron-dependent

superfamily. The active site contains iron, coordinated by Hisl31, Asp133, Hisl87, LKG

(bidentate binding), and a water molecule. This structure is very similar to both the published

structures with (2FD8) 3 and without (2FDJ) 3 TmAT substrate bound, and with RMSDs of 0.911

A over 197 Ca atoms and 0.873 A over 174 Ca atoms, respectively.

While the active site of AlkBAN11 is well assembled and the iron-coordinating ligands

are well ordered (the average B-factor for Hisl31, Asp133, Hisl87 and cXKG is 10 A2), the

substrate DNA is disordered, as indicated by the lack of electron density near the DNA binding

site (Figure III.11). In an attempt to improve the electron density for the DNA substrate, the

TEAT trimer was modeled and refined against the data; however, this technique failed to produce

a better quality electron density map for the DNA substrate. Structural alignment between this

AlkBAN11 structure and the published AlkB structure with TmAT substrate bound (2FD8) 3

predicts that the DNA binding sites of each monomer in the ASU point toward each other in our

structure. The reason why TEAT does not bind becomes apparent when two TEAT molecules are
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modeled into each monomer of AlkBAN 11 in the ASU. The space between the two monomers is

not large enough to accommodate two TeAT molecules, as the ends of the DNA would clash if

two DNA molecules were present in the ASU (Figure 111.12). Although the DNA substrate was

pre-mixed with the protein and the mixture was allowed to equilibrate at room temperature for

15-30 min prior to crystallization setup, the DNA substrate either did not bind to the protein or

unbound from the protein during the time that it took for crystal formation. Since this crystal

packing clearly does not favor substrate binding, as there is not enough room between the protein

molecules to accommodate two pieces of trimer DNA, the crystal selectively forms with the

AlkBAN 11 protein that does not have substrate DNA bound to it.

It is possible that AlkBAN11 did not crystallize without DNA bound because the TEAT

binding was not tight enough to form a stable complex between AlkBAN11 and the TEAT

substrate for the duration of 2-3 days of crystal growth. In an attempt to capture a more stable

AlkB-DNA complex, a 5'-phosphorylated TEAT (pTAT) substrate was used in hope that the 5'

phosphate will create multiple hydrogen bonds with the protein and stabilize the protein-

substrate interactions.

Co-crystallization ofAlkBAN 11 with pTA T

The structure of AlkBAN 11, xKG and iron co-crystallized with pTEAT was determined

at 1.8 A resolution. Like the structure of AlkBAN11 co-crystallized with TEAT, this structure

belongs to the P1 space group with cell dimension 39.3 A, 39.7A, 72.3 A, 74.60, 77.00, 63.50.

The cell dimension of this crystal is similar to the the AlkBAN11 structure co-crystallized with

TEAT. There are two molecules of AlkBAN 11 in the ASU, and they are related by two-fold non-

crystallographic symmetry. This AlkBAN11 structure has RMSDs of 0.910 A over 197 Ca atoms
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and 0.829 A over 174 C atoms with the published AlkB structures with (2FD8)3 and without

(2FDJ) 3 DNA bound, respectively.

Since this crystal form has the same space group and cell dimension as the crystal of

AlkBAN11 co-crystallized with TEAT, we were concerned that crystal packing in this crystal

would be the same, thus preventing pTEAT from binding to AlkBAN11. The structures of

AlkBAN11 co-crystallized with TAT and pTEAT are very similar, with an RMSD of 0.382 A2

over 199 Ca atoms. Upon several rounds of model building and refinement, an electron density

map was made without DNA substrate in the model. The 2Fo-Fc map shows little electron

density where DNA binds, suggesting either pTAT is not present or is disordered with low

occupancies at the substrate binding site (Figure III. 13).

Since the addition of an extra phosphate group at the 5' end of the DNA trimer does not

increase its binding to the protein, variations of the length of DNA substrate could be tested. A

longer piece of DNA could provide more protein-substrate interactions to stabilize substrate

binding in the crystal, or a shorter piece of DNA may allow the substrate to fit between the

AlkBAN 11 molecules in the existing crystal form. A structure of AlkBAN 11 with a longer piece

of DNA substrate would also be more physiologically relevant. However, there is no data about

the optimal length for DNA binding to AlkB, and a larger piece of DNA might alter the

crystallization condition, such that sparse matrix screening of the protein-substrate complex

would be required. On the other hand, if a smaller substrate, FA nucleotide, is used, the DNA

substrate might be able to soak into the AlkBAN11 crystals, eliminating the issue of low DNA

binding affinity to AlkB. In addition, previous studies have shown that AlkB has repair activity

for a lone nucleotide lesion, e.g. 1-methyl adenosine nucleotide. 26 27 With these advantages and
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disadvantages in mind, we decided to pursue AlkBAN11 co-crystallization with the EA

nucleotide.

Co-crystallization ofAlkBAN] with &4 Nucleotide

Nucleotide substrates have been shown to be repaired by AlkB, though with less

efficiency than longer DNA substrates, with a kcat of -4 min-' and 7.5 min-' for nucleotide and

trimer, respectively.27 However, AlkB's reactivity to EA nucleotide has not been tested.

The structure of AlkBAN11, oKG and iron co-crystallized with EA nucleotide was

determined at 1.5 A resolution. Like the other structures of AlkBAN11 co-crystallized with a

trimer DNA substrate, this structure also belongs to the P1 space group with cell dimension 39.2

A, 39.7 A, 72.3 A, 74.90, 77.20, 63.60. The cell dimension of this crystal is similar to the

AlkBAN11 structure co-crystallized with TeAT and pTeAT. There are two molecules of

AlkBAN11 in the ASU that are related by two-fold non-crystallographic symmetry. Like the

other two AlkBAN 11 structures that are co-crystallized with TEAT and pTAT, this structure has

RMSDs of 0.891 A over 197 Ca atoms and 0.835 A over 180 Ca atoms for the published

AlkBAN11 structures with (2FD8) 3 and without (2FDJ) 3 TmAT substrate bound, respectively.

The three AlkBAN11 structures mentioned here are remarkably similar to one another (Table

11.3).

After several rounds of model building and refinement without modeled substrate, a 2Fo-

F, map was made to see if there is unbiased electron density for the substrate. The 2Fo-Fc map

shows a blob of electron density where the etheno lesion should bind, which at initial structural

analysis is a good sign of having the EA nucleotide bound to the protein (Figure III. 14). However,

there is no electron density for the sugar or the phosphate of the nucleotide. An EA nucleotide
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was modeled and refined against the data; however, the small blob of density where the

ethenoadenine ring should be located was not enough electron density to refine the rest of the EA

nucleotide in the active site. Previous studies have shown that the apparent Km between a 1-

methyl adenine trimer DNA substrate and AlkB is about 3 gM.27 It is possible that the

ethenoadenine substrate has weaker binding compared to 1-methyl adenine. In addition, the

published crystal structure of AlkBAN 11 with T-1-methyl-A-T substrate reveals that most of the

protein-DNA interactions are from the DNA backbone, and the methylated nucleotide is only

stabilized by the n stacking between Trp69 and the active site His131.3 It is possible that with

just the cA nucleotide, the n stacking between the aromatic residues are not tight enough for the

LA nucleotide to stay in the AlkB active site during the crystallization experiment.

III.E. Discussion

AlkB is a DNA repair enzyme in E. coli with broad substrate specificities. It repairs one-

carbon adduct lesions such as ImA, 3mC, ImG and 3mT on both DNA and RNA;1 l-13 it also

repairs two-carbon adduct lesions such as LA, EC and EA. 4' 5, 16 While these lesions are all

repaired by AlkB in E. coli, only some are repaired by each human homologue of AlkB. For

example, hABH2 repairs ImA, 3mC, and eA on DNA only; and hABH3 repairs ImA and 3mC

on DNA and RNA. The differences between these enzyme active sites that account for their

difference in substrate preference has been of interest to many scientists. In this work, AlkB,

hABH2 and hABH3 were purified using a new purification method that allowed efficient

removal of exonuclease activity. The important step for removing the exonuclease activity is

running the protein through a cation exchange chromatography column.
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Co-crystallization of AlkBAN11 (purified by the new method described in this Chapter)

with TEAT, pTEAT and cA nucleotide yielded a substrate-free form of the AlkBAN11 structure.

The most obvious difference between the published AlkBAN11 structure with TmAT substrate

bound and the structures obtained here is the difference among the space groups, P4 3 versus Pl,

respectively (Table 111.4). In space group P4 3, there is a screw axis down the long side of the unit

cell. A screw axis is a combination of rotational and translational elements. For example, the

screw axis in P43 space group is a combination of rotating the red molecule around the axis by

3600/4 or 90' (Figure III. 15.a) and then translating it by 3/4 of the unit cell length (Figure III.15.b)

to end up in the green molecule. P is the simplest space group, and it has no rotational or screw

axes. Any asymmetric unit in the P1 space group is related to another molecule by a simple

translation along one of its unit cell axes (Figure III.15.c). Although the differences in space

group alone cannot explain why no TEAT or eA nucleotide substrates were observed in these

crystals, the difference in space group results in different crystal packing, which may be one

reason why no substrate is bound in our P1 cell. One of the published AlkBAN11 structure

without DNA substrate also crystallized in a P1 space group (Table 111.4); it is possible the

crystal packing in a P cell does not have space for the DNA substrate. The variation in substrate

used (TmAT versus TEAT) is unlikely to be responsible for the different quality of density

observed in the active site.

AlkBAN1 1 crystallized as a dimer in both the P4 3 and P1 space groups. However, the

arrangement of the molecules in the dimer is different. In the case of the P4 3 space group, the

two AlkB molecules were packed stacked on top of each other, such that one molecule's active

site is pointing towards the bottom face of another molecule (Figure III. 16). In the case of the P

space group, the two molecules are pointing at each other, with one molecule's active site
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pointing towards the active site of another molecule (Figure 111.12). In Figure 111.12, the

substrates were modeled based on structural alignment with the published AlkBAN11 structure

with TmAT substrate bound; they were not modeled based on density from a dataset.

There was no substrate observed in the co-crystallization experiments of AlkBAN 11 with

TEAT and pTEAT, the reason became clear after modeling the substrates in the P space group

dimer. The P space group dimer has active sites of each monomer pointing towards each other

due to the crystal packing, which would have resulted in the substrates of the two monomers

clashing against each other if both of them were bound at once. Since the trimer substrates

cannot be bound to both molecules at the same time, each monomer has either no substrate

bound or one substrate per dimer. The sharing of substrate within the dimer may lead to the

substrate "swinging" between the two monomers, resulting in a substrate occupancy of -50% of

the time for each monomer, which contributes to little or no density. Upon the realization of this

setback to obtaining a structure of AlkBAN 11 with TEAT substrate bound, the first thought was

to use a nucleotide substrate instead of the trimer DNA. Based on the structural alignment

modeling of the substrate, a nucleotide lesion should be fully buried in the active site of

AlkBAN 11, thereby resolving the issue of two substrates clashing against each other. However,

we once again saw little or no substrate density in the EA co-crystallized form.

The published AlkBAN11 structure with TmAT substrate bound and the structures

obtained here are aligned to compare the differences in conformation that might explain why the

substrate is not bound. The RMSD between the published AlkBAN11 structure with TmAT

bound and AlkBAN11 co-crystallized with TEAT is 0.911 A over 197 Ca atoms. When we

examine the active site region of the aligned structures, one obvious difference is the

conformation of the loop and the n-strand that follows, consisting of residues Gly74 to Ser79.
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The published AlkBAN11 with TmAT structure has a closed conformation where the loop and

the f-strand are closed down at the substrate binding site to lock the substrate in place. In

contrast, in the structure obtained here, without the TEAT bound, the loop and P-strand are

farther from the substrate binding site, which is probably not the optimal conformation to lock

down the substrate (Figure III. 17). While this difference in conformation of the loop and the P-

strand above the substrate binding site is obvious and apparent, it is unclear if this difference in

conformations can by itself explain the lack of EA substrate binding.

Further study is necessary to elucidate the active site differences between AlkB with

1mA substrate and AlkB with EA substrate bound. A longer piece of DNA might be important

for obtaining a structure of AlkBAN1 1 with EA substrate bound. If a structure of AlkBAN 11 co-

crystallized with EA nucleotide will be pursued in the future, testing AlkB's activity on EA

nucleotide to ensure that FA nucleotide is also an AlkB substrate might also be important.
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III.H. Tables and Figures

Table III.1. Data collection and processing statistics for models of AlkBAN11 co-crystallized

with TEAT, pTEAT and EA nucleotide.

Structure AlkBAN11 Co- AlkBAN11 Co- AlkBAN11 Co-
crystallized with crystallized with crystallized with

TAT pTeAT eA nucleotide
Crystal Parameter

Space group P1 P1 P1

Unit cell dimension 40.1, 40.9, 73.7, 39.3, 39.7, 72.3, 39.2, 39.7, 72.3,
a,b,c, (A)
a,13,y (0) 74.7, 77.0, 63.2 74.6, 77.0, 63.5 74.9, 77.2, 63.6

Data Collection

Wavelength (A) 1.0 1.0 1.0

Resolution limitb (A) 50 - 1.20 30 - 1.86 50 - 1.50

(1.24 - 1.20) (1.93 - 1.86) (1.55 - 1.50)

Rsyma'b (%) 3.4 (19.9) 3.3 (12.3) 5.3 (24.7)

No. of unique 113395 29625 44052

reflections

Redundancyb 3.6 (3.4) 3.3 (2.6) 2.1 (1.6)

Completeness b (%) 90.8 (90.4) 93.8 (86.2) 73.2 (44.9)

Mean I/sigma b  28.3 (6.7) 31.8 (6.3) 12.2 (2.9)

aRsym = (,hk ili(hkl) - <I(hkl)>l)/ hklCiji(hkl) for n independent reflections and i observations of
a given reflection. <I(hkl)> = average intensity of the ith observation.

bNumbers for the highest resolution shell are shown in parentheses.
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Table III.2. Refinement statistics for models of AlkBANI 11 co-crystallized with TEAT, pTEAT

and EA nucleotides.

Structure AlkBAN11 Co- AlkBAN11 Co- AlkBAN11 Co-
crystallized with crystallized with crystallized with

TAT pTAT sA nucleotide
Rcryst/Rfreea (%) 19.8/21.4 23.1/26.7 22.7/24.8

Rmsd bond lengths (A) 0.014 0.018 0.010

Rmsd bond angles (deg) 1.367 1.716 1.367

Ramachandran analysis

Most favored (%) 88.3 90.7 90.9

Allowed (%) 10.8 8.4 8.5

Generously allowed (%) 0 0.3 0

Disallowed (%) 0.9 0.6 0.6

aRcryst h= hlFo(h)| - IFc(h)l / hIFo(h)I, where Fo and Fc are the observed and calculated structure
factors, respectively. Rfree is calculated the same way with a test set of reflections (10%) that are
not used during refinement.
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Table 111.3. RMSD between different models of AlkBAN11 co-crystallized with different

substrates.
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Models RMSD Over # Ca Atoms

TAT/pTeAT 0.382 199

TAT/eA nucleotide 0.379 199

pTcAT/eA nucleotide 0.125 199



Table 111.4. Space group comparison of the published structures with structures

Published Substrate Space group Cell Dimension Resolution

Structures3  a,b,c, (A) (A)

009y (0)

Co/aKG/TmAT Yes P43  41.3, 41.3, 116.8 2.10

90, 90, 90

Mn/aKG/TmAT Yes P43  40.7, 40.7, 118.3 2.10

90, 90, 90

Fe/aKG/TmAT Yes P43  40.7, 40.7, 118.3 2.30

90, 90, 90

Fe/SUC/TmAT Yes P43  40.5, 40.5, 117.4 2.20

90, 90, 90

Fe/SUC No P1 36.8, 38.7, 40.2 2.10

75.8, 75.0, 66.1

EA co-crystallization

structures

TEAT No P1 40.1,40.9, 73.7, 1.20

74.7, 77.0, 63.2

pTEAT No P1 39.3, 39.7, 72.3, 1.86

74.6, 77.0, 63.5

EA nucleotide No P1 39.2, 39.7, 72.3, 1.50

74.9, 77.2, 63.6
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Figure III.1. AlkB reactions with imA and 3mC substrates.
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Figure 111.2. Proposed reaction of AlkB with EA and EA substrates.4' 5
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Figure III.3. Proposed mechanism of AlkB with methylated DNA. The oxo-ferryl migration is

hypothesized (not shown in the figure) based on the crystal structure of AlkB with ImA bound.3
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Figure III.4. Clusters of needle haystacks of AlkB grew from optimized conditions with N,N-

dimethyldecylamine-P3-oxide (DDAO) detergent.
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Figure 111.5. Crystal of AlkBAN11 grown in the presence of TEAT substrate, shown under

polarized light. The rystal grew in published conditions3, but with a different unit cell.
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Figure 111.6. SDS-PAGE electrophoresis gel of final purified AlkB, AlkBAN11 and hABH3

proteins to be >95% purity. a) SDS-PAGE analysis of purified AlkB. Lanes 1 and 3 are the

protein standard molecular weight marker. Lanes 2 and 4 are 50 gg and 80 glg of purified AlkB,

respectively. The theoretical molecular weight of AlkB is 25 kDa. b) SDS-PAGE analysis of

purified AlkBAN11. Lane 1 is the protein standard molecular weight marker. Lane 2 is 80 gg of

purified AlkBAN11. The theoretical molecular weight of AlkBAN11 is 24.7 kDa. c) SDS-PAGE

analysis of purified hABH3. Lane 1 is the protein standard molecular weight marker. Lane 2 is

50 jlg of purified hABH3. The theoretical molecular weight of hABH3 is 33 kDa.
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Figure 111.7. MMS plate assay of AlkB, hABH2 and hABH3. Row A is the empty pET28a

vector, as a negative control. Row B is the hABH2 from Professor Leona Samson's lab, as a

positive control. Rows C-E are AlkB, hABH2 and hABH3 from our lab, respectively. a) Control

plate with no MMS drug. b) Assay plate with MMS concentrations range from 0% (left) to 0.06%

(right) on the plate.
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Figure 111.8. SDS-PAGE electrophoresis gel of purified hABH2. Lane 1 is the protein standard

molecular weight marker. Lane 2 is 50 glg of purified hABH2. The top band corresponds to full-

length hABH2; theoretical molecular weight of full length hABH2 is 29.3 kDa. The lower three

bands have molecular weights of approximately 27 kDa, 17 kDa, and 12 kDa.
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Figure III.9. MALDI-MS trace of hABH2 activity assay with 16-mer methylated double-

stranded DNA. The envelope of peaks to the left corresponds to the complementary strand of the

16-mer double-stranded DNA. The middle envelope of peaks corresponds to the repaired DNA

strand. The envelope of peaks on the right corresponds to the methylated DNA strand that was

left unrepaired by hABH2.
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Figure III.10. Overall structure of AlkBAN1 I co-crystallized with TeAT. The crystallographic

dimer is colored by molecule. The iron ligands: Hisl31, Asp133, His187 and xoKG are shown in

stick representation. The iron metal center is shown in sphere representation. Substrate TAT

was not modeled.
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Figure III.11. Active site of AlkBAN 11 co-crystallized with TEAT. The iron ligands: His l31,

Asp133, His187 and aKG are shown in stick representation. The iron metal center and water is

shown in brown and red sphere representations, respectively. A 2Fo-F, map contoured at la is

shown in blue mesh around the stick residues and the substrate binding region where the TEAT

should be bound.
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Figure 111.12. AlkBAN11 dimer with TmAT modeled in the P1 space group. The

crystallographic dimer is colored by molecule, with the AlkBAN 11 protein molecules shown in

cartoon representation. The ends of the DNA trimer substrates are shown in stick representation,

with the clashing portion enlarged in the inset figure.
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Figure III.13. Active site of AlkBAN11 co-crystallized with pTeAT. The iron ligands: His l31,

Asp133, Hisl87 and aKG are shown in stick representation. The iron metal center and water is

shown in sphere representation. A 2Fo-Fc map contoured at 1 a is shown in blue mesh around the

stick residues and the substrate binding region where the pTAT should be bound.
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Figure III.14. Active site of AlkBANI 11 co-crystallized with EA nucleotide. The iron ligands:

His l31, Asp133, His187 and cxKG are shown in stick representation. The iron metal center and

water is shown in sphere representation. A 2Fo-Fc map contoured at ly is shown in blue mesh

around the stick residues and the substrate binding region where the EA nucleotide should be

bound.
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Figure 111.15. Crystal packing in P4 3 and P1 space groups. a) Top view of P4 3 space group

lattice packing. The unit cell is defined by the blue rectangular box. Four molecules of TmAT

DNA substrate are shown in stick representation, and are colored by molecule. For clarity, the

protein atoms have been omitted from the figure. A screw axis perpendicular to the paper is

defined by a black circle. b) Side view of P4 3 space group lattice packing. The unit cell is defined

by the blue rectangular box. Four molecules of TmAT DNA substrate are shown in stick

representation, and are colored by molecule. For clarity, the protein atoms have been omitted

from the figure. A screw axis is defined by a black line along the unit cell edge. An arrow

indicates the direction of translation. c) Lattice packing of P1 space group. The unit cell is

defined by the blue rectangular box. Two molecules of AlkBAN11 are shown in cartoon

representation and are colored by molecule. An arrow indicates the direction of translation.
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Figure 111.16. AlkBAN11 I dimer with TmAT in P43 space group.3 The crystallographic dimer is

colored by molecule. The TmAT DNA substrates are shown in stick representation.
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Figure 111.17. Structural alignment of the published AlkBAN 11 with TmAT bound (orange) and

the AlkBAN11 without substrate (magenta) obtained when co-crystallized with TEAT. The

His 131, Trp69 and the DNA substrate are shown in stick representation. The rest of the protein is

shown in cartoon representation. A black arrow is shown where the loop and the 1-strand are in

different conformations for the two structures.
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Chapter IV

Crystallographic Analysis of an Open Active Site Conformation of Non-heme Iron

Halogenase CytC3

IV.A. Summary

CytC3, a member of the recently discovered class of non-heme Fe(II) and a-ketoglutarate

(aKG)-dependent halogenases, catalyzes the double chlorination of L-2-aminobutyric acid (Aba)

to produce a known Streptomyces antibiotic, y,y-dichloroaminobutyrate. Unlike the majority of

the Fe(II)-caKG-dependent enzymes that catalyze hydroxylation reactions, halogenases catalyze a

transfer of halides. To examine the important enzymatic features that discriminate between

chlorination and hydroxylation, the crystal structures of CytC3 both with and without xKG/Fe(II)

have been solved to 2.2 A resolution. These structures capture CytC3 in an open active site

conformation, in which no chloride is bound to iron. Comparison of the open conformation of

CytC3 with the closed conformation of another non-heme iron halogenase, SyrB2, suggests two

important criteria for creating an enzyme-bound Fe-Cl catalyst: (1) the presence of a hydrogen-

bonding network between the chloride and surrounding residues, and (2) the presence of a

hydrophobic pocket in which the chloride resides.

Note: This chapter was previously published as: C. Wong, D.G. Fujimori, C.T. Walsh, and C.L

Drennan, Structural Analysis of the Open Active Site Conformation of CytC3: an Alpha Ketoglutarate

Nonheme Iron Halogenase. JACS (2009) 131, p4872-9. D.G. Fujimori in Dr. C.T. Walsh's laboratory in

Harvard Medical School purified the CytC3, the holo-CytC2, and synthesized the amino-acylated holo-

CytC2 analogs. C. Wong crystallized and solved the structure of apo and iron-containing CytC3. C. Wong

and C.L. Drennan analyzed the result and wrote the paper.
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IV.B. Introduction

Many halogenated natural products have important therapeutic properties, such as anti-

cancer and anti-fungal activities.' Examples of chlorinated natural products include

salinisporamide A, a potent anti-cancer agent,2 and syringomycin, an anti-fungal compound.3

The incorporation of chlorine into natural products can be important for tailoring a compound's

activity. For example, the addition of a single chlorine atom to the syringomycin scaffold

increases its anti-fungal properties 4-fold.4 The biosynthesis of natural products with

cyclopropane ring structures can involve so called "cryptic halogenations", where a halide is

used to functionalize a non-reactive group and is subsequently displaced by a substrate-derived

enolate to generate the three member ring. Since chlorination by chemical synthesis can be

environmentally unfriendly and technically challenging, 5 there is interest in enzymatic

halogenation chemistry for the production of various natural products.

The biosynthesis of y,y-dichloroaminobutyrate in soil Streptomyces is carried out by a

four component non-ribosomal peptide synthetase (NRPS) assembly, CytC1-CytC4. 6 CytC is a

free-standing adenylation domain that loads the nonproteinogenic amino acid L-2-aminobutyric

acid (Aba) onto the phosphopantetheine arm of a thiolation domain, CytC2 (Figure IV. 1). While

the amino acid is tethered to CytC2, CytC3 then catalyzes tandem chlorinations of the y-methyl

of Aba. Lastly, CytC4 is the thioesterase that hydrolytically releases chlorinated aminobutyrate

from the phosphopantetheine arm of CytC2.

CytC3 is part of a newly discovered class of bacterial halogenase enzymes that use a-

ketoglutarate (aKG) and non-heme Fe(II) for catalysis.6 The only non-heme iron halogenase that

has been structurally characterized thus far is the syringomycin biosynthetic enzyme II (SyrB2),

which is involved in the biosynthesis of the anti-fungal agent syringomycin. 7-9 CytC3 is highly
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similar to SyrB2, with 58% identity and 71% homology. l0 All acKG/Fe(II)-dependent enzymes

share a common fold, referred to as a cupin fold, comprising anti-parallel P-strands in a jelly-roll

motif.'l The iron cofactor is located in the center of the jelly-roll and is typically coordinated by

a 2-His-1-carboxylate (from Asp or Glu) triad. 12 Reactions catalyzed by this enzyme superfamily

include epimerization, cyclization, epoxidation, and hydroxylation among others, where the

hydroxylation reaction is the most common.' 3 A major difference between hydroxylases and

halogenases is that the hydroxylases coordinate the iron with the typical 2-His--carboxylate

motif, whereas the halogenases coordinate the iron with only two histidines. Alanine is in place

of the aspartate/glutamate of the 2-His-1-carboxylate motif in the halogenases, the small size of

the alanine substitution and the non-coordinating nature of the side chain allow room for chloride

to bind directly to iron in the position that is typically occupied by the side chain carboxylate.8 In

addition to the protein ligands, the remaining coordination sites of iron are taken by chloride,

oKG and molecular oxygen. 13 Upon decarboxylation of aKG, an Fe(IV)-oxo species is

generated, which is proposed to be the active intermediate responsible for hydrogen abstraction

in both hydroxylases and halogenases. 14-17 The step after hydrogen abstraction is where the two

mechanisms diverge; in hydroxylases, it is hypothesized that Fe(III)-OH undergoes a hydroxyl

radical rebound to form the hydroxylated product.' 4 In halogenases, the substrate radical is

postulated to abstract a chlorine radical to form the chlorinated product. 17 It is as yet unclear how

the proteins selectively promote hydroxyl or chloride transfer to the substrate.

Efforts have been made to convert the halogenase to hydroxylase and vice versa.

Substitution of alanine with aspartate or glutamate in halogenase SyrB2, and substitution of

aspartate for alanine in hydroxylase TauD abolishes all activity without the gain of new function

in both cases.8' 18 However, it is unclear if there is chloride binding to the active site iron in the
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hydroxylase mutant. From a protein engineering perspective, it is important to understand the

features responsible for chloride binding in these halogenases. However, with only one

structurally characterized non-heme iron halogenase, SyrB2, it is difficult to pinpoint the

essential attributes for chloride binding. In this study, the structure of a second halogenase,

CytC3, was solved showing an open conformation of the active site. The comparison of the open

conformation of CytC3 with the closed conformation of SyrB2 provides some insights into the

features important for chloride binding.

IV.C. Materials and Methods

Overexpression, Purification and In Vitro Reconstitution of CytC3

The halogenase CytC3 was overproduced and purified as described6 with the exception

that the iron-reconstitution step was performed after the gel filtration. Following reconstitution,

the protein was desalted on a Bio-Gel P-6 DG (Bio-Rad) column equilibrated in 20 mM Hepes,

pH 7.5, 80 mM NaCl. Fractions containing proteins were pooled, concentrated in Amicon stirred

ultrafiltration cells (Millipore) under N2 pressure, flash-frozen in liquid N2 in 25 gL aliquots, and

stored at -80 C.

Crystallization, Data Collection and Processing

CytC3 crystals were obtained using the hanging drop method by mixing 1 gL of protein

(38 mg/mL CytC3 in 20 mM HEPES, pH 7.5) with 1 gL of 2.8 M sodium acetate trihydrate, pH

7.0 precipitant solution (Hampton Research), and placing the drop over 0.5 mL of precipitant

solution at room temperature. (KG (Sigma) was added to the protein stock solution to a final

concentration of 5 mM prior to crystallization setup. Square bi-pyramidal crystals appeared after
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2 - 3 weeks. For crystals containing iron, the crystals grown aerobically without iron were

brought into an anaerobic glove box (Coy Laboratory) and soaked in degassed mother liquor

with Fe(NH 4)2(SO 4)2 (10 mM), xKG (5 mM) and chloride (80 mM). Variations on the order

addition for Fe(NH4) 2(SO 4)2 and aKG cofactors include (1) soaked Fe(NH 4)2(SO 4)2 first,

followed by aKG; (2) soaked aKG first, followed by Fe(NH4)2(SO 4)2; and (3) soaked

Fe(NH4)2(SO 4)2 and uKG together. Prior to cryo-cooling in liquid nitrogen, crystals were soaked

in mother liquor with 15% trehalose overnight. Fe(NH4)2(SO 4)2, xKG, and chloride were also

present in the mother liquor with the cryo-protectant when crystals were soaked overnight.

Data for the native crystals were collected to 2.2 A resolution for both the apo and iron

structures at Stanford Synchrotron Radiation Laboratory (Palo Alto, California) on beamline 11-

1, integrated in Denzo, and scaled in Scalepack.19 To locate the iron sites, a dataset was collected

at the iron peak wavelength using crystals prepared as described above. An iron anomalous

dataset was collected to 2.75 A resolution at the Argonne Advanced Photon Source (Argonne,

Illinois) on beamline NE-CAT-24-ID-C, integrated in Denzo, and scaled in Scalepack. 19 Data

collection statistics are shown in Table IV. 1.

Structure Determination and Refinement

The structure of apo CytC3 was solved by molecular replacement using PHASER20 to 3

A resolution. The structure of SyrB2 (2FCU), with 58% identity and 71% homology to CytC3,

without any ligands or waters was used as a search model.8 The best rotational and translational

solution has correlation coefficient of 16 with two CytC3 molecules per asymmetric unit. The

resulting electron density map was solvent flattened in SHARP. 2 1 Side chains were added to the

model at 3 A resolution followed by iterative rounds of model building and refinement using
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XtalView and CNS, respectively.22, 23 Phases were extended to 2.2 A resolution, and waters were

added to the model after few rounds of refinement, and further model building and refinements

were done in COOT and CNS, respectively. 23 , 24 No non-crystallographic symmetry (NCS) or

sigma cutoff was used during the refinement.

Since the iron CytC3 crystals were isomorphous with the apo CytC3 crystals, a rigid

body refinement followed by simulated annealing refinement was used. Further model building

and refinements were done in COOT and CNS, respectively. 23, 24 No non-crystallographic

symmetry (NCS) or sigma cutoff was used during the refinement. The iron structure was refined

using a patch that restrains the bond lengths and angles of the ligands to the metal using higher

weights for protein ligands (500 for both bond length and angle weights) and xoKG (500 bond

length weight and 100 angle weight), and lower weights for the water molecules (50 bond length

weight and no angle weight).

Composite omit maps calculated using CNS23 simulated annealing were used to validate

the models, and an anomalous difference map calculated using CCP4 25 program was used to

verify the positions of the irons. Refinement statistics for both models are shown in Table IV.2.

Final Protein Models

The final apo structure was refined to 2.2 A resolution with Rcryst 21.8% and Rrec 26.0%.

The final iron structure was refined to 2.2 A resolution with Rcryst 23.8% and Rree 27.8% with the

same reflection test set as for the apo structure. For both the apo and iron structures, residues 8 -

317 were observed out of a total of 319 residues. There is one major chain break in both

structures (residues 178 - 220 in molecule A, and 179 - 216 in molecule B), and a minor chain

break only in molecule A of the apo structure (residues 170 - 172). In the apo structure, 89.2%
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of the residues are in the most-favored region of the Ramachandran plot, with 0.2% of the

residues in the disallowed region. In the iron structure, 86.4% of the residues are in the most-

favored region of the Ramachandran plot, with 0.9% of the residues in the disallowed region.

IV.D. Results

Structural Overview

We have determined the structures of apo and iron/ KG-bound CytC3, both at 2.2 A

resolution. Both structures belong to P4 3212 space group, and the asymmetric unit contains a

dimer of two CytC3 molecules related by a two-fold non-crystallographic symmetry. Although

CytC3 crystallizes as a dimer, gel filtration chromatography indicates that CytC3 functions as a

monomer.6 The core structure of CytC3 is a -sandwich 'jelly-roll' motif, common to the aKG

non-heme iron enzyme family, and it comprises beta-strands 32, 13, 15, P6, and 19-12 (Figure

IV.2.a). Dimerization occurs between beta-strand 3 of each monomer, each strand hydrogen

bonding to form a continuous eight-stranded beta-sheet (consists of 33, 16, 19 and 1311 from

each monomer). In addition to the 3-strands, there are five alpha helices near the N-terminus

packed on the outside of the dimer (Figure IV.2.a). The apo and iron/lKG-bound CytC3

structures are very similar, with an RMSD of 0.461 A over 263 Ca atoms.

Each monomer in the CytC3 dimer has a large disordered region encompassing residues

178 to 219, which we will refer to as the "missing loop" (Figure IV.2.a). There is electron

density around the vicinity of the missing loop indicating the presence of mobile amino acids;

however, the quality of the density is too poor to model. Residues near the ends of the missing

loop have elevated B-factors comparing to the rest of the protein, 75 A2 compared to 45 A2.

Structural alignment between CytC3 and SyrB2, with an RMSD of 1.16 A over 221 Ca atoms,
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predicts that two beta-strands (17 and 38) should be located in the missing loop (Figure IV.2.b

and 3). These two beta-strands and the residues of the corresponding missing loop are very

important in SyrB2 as they cover the active site.8

The structural alignment between CytC3 and SyrB2 strongly indicates that the

interactions between the two molecules of CytC3 in the asymmetric unit are a crystallographic

artifact. The core secondary structural elements in both CytC3 and SyrB2 align well, with the

exception of the two -strands and the two 310 helices that cover the active site in SyrB2 that are

missing in CytC3. This part of the structure should occupy the space that is occupied by the

second molecule in the CytC3 non-crystallographic dimer (Figure IV.2.b). Therefore, crystal

packing has allowed us to capture an open active site conformation of the CytC3 protein. Based

on sequence alignment, it is predicted that in solution the inter-molecular hydrogen bonds across

the two CytC3 molecules are not present, and the missing loop in CytC3 folds over the active site

as it does in SyrB2 (Figure IV.3). Given that dimerization of CytC3 requires shifting the missing

loop (residues 178 - 220) out of the way, one can imagine that this region of the structure has

some mobility and it may be important in interacting with the substrate, which is the amino-

acylated thiolation domain (CytC2).

Active Site Features

The active sites of the two CytC3 monomers are located at the dimer interface positioning

them very close to each other; the irons are within 10 A. Surface representations reveal that the

active sites are highly solvent exposed from one side of the dimer (Figure IV.2.c). Unlike most

other enzymes in the cupin superfamily, CytC3 and SyrB2 only contain two histidine residues as

protein ligands to the iron. 8 Other iron coordination sites are available to bind chloride, waters
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and/or xKG. Since co-crystallization with iron, chloride and oKG yielded slow growing apo

crystals, we obtained a structure with iron and aKG bound by soaking the apo CytC3 crystals in

high concentrations of Fe(NH 4)2(SO 4)2 (10 mM), xKG (5 mM) and chloride (80 mM). In the

soaked structure, both CytC3 molecules have one iron bound; however, even with such high

concentrations of external ligands, only one molecule in the dimer has aKG in the active site,

and no chloride is observed in either molecule.

In addition to the iron and the iron-bound aKG, the open and solvent accessible active

sites of CytC3 can accommodate other molecules from the crystallization conditions such as

excess xKGs, acetate and sulfate. There are many charged residues near the active site that

interact with these molecules. For example, the side chains of R102 and D116 and the backbone

of H125 and F123 interact with an extra molecule of oKG, and a sulfate ion hydrogen bonds

with Dl116 and K62 (Figure IV.4.a). It is unlikely that these excess binding events are

physiologically relevant.

To verify the presence of iron in the active site, a data set was collected at the iron peak

wavelength, 1.73989 A. One iron per monomer is observed at the active site as judge by the 120

peak in the anomalous difference map (Figure IV.4.b). Additionally, if water molecules are

placed in the iron sites and refined after fixing the B-factor to the average B-factors of the

protein at 45 A2, the resultant occupancies for waters are 3.19 and 2.91, suggesting the presence

of a heavier atom at the site. The occupancies for iron atoms refined in the iron sites are 0.93 and

0.84, which are consistent with the conclusion based on the anomalous difference map.

Chloride is observed bound to iron in the SyrB2 structure, an interaction that is expected

to be important for the chlorination activity of the protein.8 Since CytC3 and SyrB2 are

structurally similar to each other and perform the same chemistry, it is predicted that the
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mechanism by which CytC3 chlorinates is the same as that for SyrB2. Therefore, a chloride ion

is expected to be one of the ligands for the iron. To examine whether water or chloride is bound

to iron, B-factors were refined for modeled water and modeled chloride after fixing occupancies

to one. The B-factors for chloride ions modeled as ligands are 185.3 A2 and 178.3 A2, which are

much higher than the average B-factors for the protein, suggesting that an atom lighter than

chloride is bound. The B-factors for modeled waters are 43.5 A 2 and 32.2 A2, which are

consistent with the average B-factors for the rest of the protein, indicating the presence of water

molecules in the other open iron coordination sites (Figure IV.4.c). It is surprising that no

chloride ion is bound to the iron given the concentration of chloride used in the soaks was 80

mM. In contrast, iron-containing SyrB2 was unable to be crystallized without a chloride bound.8

The composite omit map of the active site only shows electron density for XKG in one of

the CytC3 monomers (Figure IV.4.c, data for the monomer without caKG is not shown),

suggesting the open active site conformation of CytC3 is not an optimal environment for xKG

binding. The B-factor for the active site aKG is also higher than the average B-factor for the

protein, 67 A2 versus 45 A2, indicating that the xKG is not as well ordered. The xKG binds to

the iron through its 02 and 05 oxygens (Figure IV.4.b for numbering nomenclature) in a

bidentate and planar fashion. Bidentate binding of cKG to iron is strictly conserved in the

uKG/Fe(II)-dependent enzyme family, although the geometry of uKG varies. 26

CytC3 and SyrB2 Active Site Comparison

Our results suggest that residues that do not directly contact the iron are also important in

binding (cKG and chloride in these halogenating enzymes. These surrounding residues are highly

conserved between CytC3 and SyrB2; however, due to the difference in crystal lattice contacts,
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the interactions of these CytC3 residues with aKG are not the same as those observed in SyrB2.

If the structures of CytC3 and SyrB2 are aligned by all the residues on one side of the active site

(H125, R259, T148, F106, W150, R253, and K108 in CytC3, and N123, R254, T143, F104,

W145, R248 and K106 in SyrB2), the agreement of the aligned residues is good. However, the

agreement between the unaligned residues (H118, H240 and T115 for CytC3, and H116, H235

and T113 for SyrB2) is not (Figure IV.5.a). Likewise, when residues on the other side of the

active site (T115 in CytC3, T113 in SyrB2) and (H118 and H240 in CytC3, H116 and H235 in

SyrB2) are aligned, the upper half of the active site in CytC3 is no longer superimposed with that

in SyrB2 (Figure IV.5.b). Collectively, these differences dramatically affect the contacts between

protein, aKG and chloride.

There are a number of interactions that anchor the aKG in the SyrB2 active site, such as

hydrophobic stacking against F104 and many hydrogen binding interactions (Figure IV.5.c).

Hydrophobic stacking between xKG and the protein is not observed in CytC3 due to the slightly

altered conformation of xKG, and the greater distance between the cxKG and the corresponding

phenylalanine (F106) (Figure IV.5.d). There are also multiple hydrogen bonds between

surrounding residues and aKG in SyrB2: R254 interacts with 02 of XKG (Figure IV.4.b for

xKG numbering nomenclature), W145 and R248 interact with 03 of aKG, R248 and T115

interact with 04 of uKG (Figure IV.5.c). However, none of these interactions are preserved in

the "open" CytC3 active site; in each case, the distances are too long to represent hydrogen

bonds (Figure IV.5.d). Instead, new interactions are observed in this conformation of the CytC3

active site to stabilize the oKG: K108 interacts with 04 of xKG, and W150 interacts with 01 of

acKG through a water molecule (w3) (Figure IV.5.d). Overall, the "open" active site

conformation of CytC3 results in xKG having fewer total stabilizing interactions compared to
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SyrB2, which is consistent with the higher degree of disorder observed for this (aKG molecule.

We predict that these weak interactions between uKG and CytC3 are only present when the

active site is in a relatively open state as observed in this structure, and that (XKG binding will

mimic that in SyrB2 in a closed structure of the active site as would occur during catalysis.

The comparison of CytC3 and SyrB2 active sites provides insight into why no chloride is

bound to iron in CytC3. In SyrB2, a hydrogen-bonding network between residues N123, T143,

R254 and chloride connected by water molecules appears to stabilize the chloride in the active

site (Figure IV.5.c). However, no such hydrogen-bonding network is observed in CytC3, as the

corresponding residues H125, T148 and R259 are too far from the chloride binding site for a

single water molecule to form a hydrogen-bonding network. Additionally, the chloride in SyrB2

is situated in a large hydrophobic pocket, consisting of All 18, F121 and the -carbon of S231

(Figure IV.6.a), that might be important for its binding.8 This hydrophobic pocket is not present

in this open structure of CytC3; while the alanine is in the same relative place, both the

corresponding phenylalanine (F123) and serine (S236) residues are more than 12 A and 8 A

away, respectively (Figure IV.6.b).

There are three chloride-binding loops in SyrB2 (55 - 61, 122 - 128 and 271 - 275) that

undergo conformational changes to close the active site upon chloride binding.8 Based on the

structural alignment between CytC3 and SyrB2, the predicted chloride-binding loops in CytC3

consists of residues 60 - 63, 124 - 130 and 278 - 280 (Figure IV.3). The first predicted chloride-

binding loop in CytC3 is shortened by a three residue gap compared to that of SyrB2, and residue

63 is part of a-helix 3 instead of being part of a loop. The second predicted chloride-binding

loop in CytC3 precedes 1-strand 4 in the structure, as is the case for SyrB2. The third predicted

chloride-binding loop in CytC3 is located at a hairpin between -strands 14 and 15. No
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movement in these predicted chloride-binding loops is observed when the apo and the

Fe(II)/ KG/C1- soaked CytC3 structures are compared, which is not surprising since no chloride

is bound to the iron center in CytC3. It is difficult to confirm the locations, the lengths or the

roles of these chloride-binding loops in CytC3 without a chloride bound structure for

comparison.

IV.E. Discussion

The metal centers in CytC3 and SyrB2 vary from the common iron centers found in other

members of the aKG-mononuclear iron enzyme family. These halogenases harvest the oxidizing

power of the simple metal center of other aKG/Fe(II)-dependent enzymes and adapt it to bind

chloride for chlorination of unactivated carbons. The metal centers in hydroxylases with three-

protein ligands (two His and one carboxylate from Asp or Glu) are transformed to a center with

two-protein ligands (only two His) in halogenases; in the place of the carboxylate, an alanine

residue is present in the halogenases, leaving room for chloride to bind to the iron. 27 There has

been much interest in understanding the features that are important for chloride binding to an

iron center, converting hydroxylation chemistry to that of halogenation. Is it a simple steric issue

or are there other factors involved, such as hydrogen-bonding or hydrophobic interactions

through the secondary coordination sphere of the metal? The structural comparison of a

halogenase containing no bound chloride with one containing bound chloride has allowed us to

investigate these questions. Although the CytC3 used in these studies is fully active, a crystalline

state of this enzyme has been captured to which chloride binding is impaired. While in solution

this "open" chloride-free state would be in equilibrium with a "closed" chloride-bound state, in
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the crystal, the transformation between states is prevented by lattice contacts allowing us to

observe this otherwise transient enzyme conformation.

With only two protein ligands in iron halogenases, iron does not bind tightly in the

absence of cxKG. When apo CytC3 crystals are soaked in 10 mM Fe(NH 4)2(SO 4 )2 , or soaked in

10 mM Fe(NH4)2(SO 4)2 first, followed by 5 mM xKG, or vice versa, little density is observed in

the active site for (cKG or iron, indicating very low occupancies of both. Iron is only bound in

high occupancy to the crystalline CytC3 active site when the crystals are soaked in both 10 mM

Fe(NH 4)2(SO 4 )2 and 5 mM oxKG together, which suggests the binding of ixKG helps to keep iron

in the active site. Poor iron binding is also observed in the DI01A mutant of TauD, where the

iron content is low (0.50 ± 0.49 mole Fe/mole subunit) when it is measured without the presence

of (KG." 8 Like CytC3, SyrB2 can only be reconstituted with 0.3 - 0.4 mole Fe/mole subunit in

the absence of xKG, but the iron content is much higher (0.85 - 0.95 mole Fe/mole subunit) in

the presence of cKG. 7

The hydrogen-bonding network between residues surrounding the active site and the

chloride appears to be an important feature for chloride binding in CytC3 and SyrB2. The

"closed" active site in SyrB2 allows residues near the metal center (R254, T143 and N123) to

hydrogen bond with chloride through two water molecules. In the light-driven chloride pump

halorhodopsin, the chloride is also stabilized in a hydrogen-bonding network with protein

residues via water molecules. 28 However, due to the "open" active site in this CytC3 structure,

the corresponding residues are too far from the chloride binding site for hydrogen bonding,

which may contribute to the lack of observed chloride binding. Secondary coordination sphere

hydrogen bonds have been shown to be important for modulating ligand affinity to metal centers

in both metalloproteins as well as synthetic model compounds that mimic enzymatic active sites.
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For example, the removal of a hydrogen bond distal to the active site in horseradish peroxidase

changes the metal center from five coordinate to six coordinate in the resting state. 29 Likewise, in

a series of model compounds with varying numbers of secondary coordination sphere hydrogen

bonds, a range of affinities for oxygen binding to cobalt is observed. 30

Another feature that may be important for chloride binding to iron is the presence of a

suitable hydrophobic pocket around the chloride. In the closed SyrB2 active site, hydrophobic

residues (Ala, Phe and the -carbon of Ser) are within 4 A of chloride, providing a hydrophobic

pocket for chloride binding. Corresponding residues in the open CytC3 active site are more than

8 A to 12 A from the chloride, and are thereby unable to provide a similar environment.

Hydrophobic chloride binding sites have been observed in the light driven chloride pump

halorhodopsin and CIC chloride binding channel as well. In both of these proteins, the chloride

binding environment is made up of hydrophobic residues such as Gly, Ile, Phe, Trp, the 1-carbon

of Ser, and the y-carbon of Thr.2 8 31 Along the lines of a binding pocket for chloride, Tolman,

Que and co-workers have recently explored the use of a sterically bulky a-ketocarboxylate

ligands to prepare structural models of iron-halogenase active sites.32 They found that the use of

bulky a-ketocarboxylate ligands leads to inactive iron complexes that structurally mimic

halogenase active sites, complete with an Fe-Cl bond, but are unable to catalyze oxidative

decarboxylation of a-keto ligand. On the other hand, the use of less bulky a-ketocarbxylate

ligands leads to the formation of iron complexes that lack an Fe-Cl bond, but are able to catalyze

oxidative decarboxylation of the a-keto ligand. Thus, while steric hinderance is useful for the

creation or stability of the Fe-Cl bond in these models, it impedes decarboxylation activity,

presumably by preventing the attack of the bound 02 on the a-keto group. The challenge will be
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to create the appropriate binding pocket for chloride without interfering with the oxidative

decarboxylation reaction.

Since the discovery of aKG/Fe(II) dependent halogenases, several groups have tried to

convert hydroxylases to halogenases and vice versa. In an attempt to convert SyrB2 to do

hydroxylation chemistry, A118D and A118E mutant proteins were prepared. These mutations

abolished chlorination activity, but no hydroxylation activity was observed. 8 Hausinger et al.

tried to convert hydroxylase TauD to do a chlorination reaction by mutating the active site

carboxylate to an alanine, but the D 101A variant showed no chlorination activity." However, in

the latter case, it is unclear if the lack of chlorination was due to a lack of chloride and/or iron

binding to the active site or if the mutation introduced a perturbation to the protein structure. The

data presented here suggest that the selective activity towards hydroxylation or chlorination

depends on more than just the steric issue of the number of protein ligands to iron. Based on our

observations in the open CytC3 active site structure, chloride binding to iron depends on a

combination of a hydrogen-bonding network and/or hydrophobic environment, in addition to an

open coordination at the iron site.

IV.F. Conclusion

The fortuitous "open" active site structure of CytC3 has allowed us to investigate the

protein features that allow chloride to bind directly to the iron center, a necessary step for

chlorination and not hydroxylation in this family of enzymes. The structure of SyrB2 revealed

that the substitution of Ala for Asp/Glu creates space in the protein structure for chloride to bind

directly to iron, however, as the biochemistry shows, this substitution is insufficient to switch a

hydroxylase to a halogenase. Therefore, the SyrB2 structure alone did not indicate which other
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protein features might be important for chloride binding. Here we find that chloride binding is

impaired when a hydrogen-bonding network to the surrounding residues is interrupted, and when

a hydrophobic pocket is not properly formed. These findings will assist in the protein design of

halogenating enzymes and in the creation of model complexes.

IV.G. Future Work

Although the structure of CytC3 provided insight into the necessary scaffold of a

halogenase active site, it provides no information about the interactions between the substrate

and the enzyme active site. Information about these interactions could explain how this class of

enzymes achieves regio- and stereo-specific halogenation, which is essential for engineering new

therapeutics. Therefore, the future extension of this study will be to crystallize CytC3 with its

substrate holo-CytC2 and amino acylated substrate analogs. Screening for the CytC3/CytC2

complex has been initiated.

CytC2 and CytC3 Purification and CytC2/CytC3 Complex Formation

The apo form of the thiolation domain protein CytC2 was overproduced and purified as

described 6 with the following modification to the protocol. Following elution from the Ni-NTA

resin, proteins were loaded onto a 26/60 Superdex 75 gel filtration column (Amersham

Biosciences), the apo CytC2 was eluted in 20 mM HEPES pH 7.5, concentrated, frozen in liquid

nitrogen and stored at -80 oC. The holo form of CytC2 was prepared via incubation of 335 gM

apo CytC2 with 15 mM MgCl 2, 1.5 mM coenzyme A and 3.7 gM phosphopantetheinyl

transferase Sfp in 20 mM HEPES, pH 7.5, at 23 oC for 1.5 h. The mixture was subsequently
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concentrated and then loaded onto a 26/60 Superdex 75 column equilibrated in 20 mM HEPES,

pH 7.5. The eluted holo-CytC2 was concentrated, frozen in liquid nitrogen and stored at -80 oC.

CytC3 purification is described in the Materials and Methods section. Four valine amino

acylated CytC2 analogs were also synthesized by our collaborator Danica G. Fujimori in

Professor Christopher Walsh's laboratory (Figure IV.7).

Prior to preparing the CytC2/CytC3 complex, CytC3 was reconstituted with

Fe(NH4 )2(SO 4 )2 (2 mM) and xoKG (5 mM) in storage buffer (10 mM HEPES, pH 7.5, and 80 mM

NaCI storage buffer). Reconstituted CytC3 and holo-CytC2 proteins were mixed at a 1:2 molar

ratio to form three mixtures of CytC2/CytC3 complexes at three different final concentrations:

(1) 2.3 mg/mL CytC2 with 3.5 mg/mL CytC3, (2) 6.5 mg/mL CytC2 with 10 mg/mL CytC3, and

(3) 11 mg/mL CytC2 with 17 mg/mL CytC3.

CytC2/CytC3 Complex Crystal Screening

With three different concentrations of the CytC2/CytC3 complex, sparse matrix screens

were carried out with 1:1 drop to precipitant ratio using hanging drop methods. The following

sparse matrix screens were used: Index, Crystal Screen I and II, Wizard Screen I, II and III,

PEG/ION, Salt screen, ProComplex Screen, and Pre-Synergy Screen. These screens were set up

both at room temperature in an anaerobic chamber (Coy Scientific), as well as at 40C in an

anaerobic chamber (Coy Scientific).

Crystallization screens with the CytC2/CytC3 complex mixture 1 were clear, and a few of

the drops showing oil droplets or phase separation. Crystallization screens with the CytC2/CytC3

complex mixture 3 were mostly heavy precipitate, suggesting that the protein concentration was

too high. Crystallization screens with the CytC2/CytC3 complex mixture 2 yielded three hits
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summarized in Table IV.3. Index #4 was only observed once, only with the CytC2/CytC3

complex mixture 1. Needle cluster crystals appeared after 2-3 days, but disappeared after 5 days.

This hit was never reproduced. ProComplex #27 and #34 yielded the same type of crystal at 40C

with CytC2/CytC3 complex mixture 2, but neither of these hits were reproducible. Index #66 and

#67 hits were observed both at room temperature and at 40 C using CytC2/CytC3 complex

mixture 2. At room temperature, both the Index #66 and #67 condition yielded needle cluster

crystals grown from precipitate after 2-3 days (Figure IV.8). At 4oC, the same needle cluster

crystals appeared in clear drops after 1-2 weeks in Index #66, and the same crystals appeared in

slightly precipitated drops after 1-2 weeks in Index #67. Index #66 was optimized at 4°C by

varying buffers pH (pH 5-7, with 0.2 pH increments), ammonium sulfate concentration (0.15-0.3

M, with 0.05M increments) and PEG 3,350 concentrations (20%-35%, with 2% increments). In

addition, different salts, PEGs and buffers were used to replace ammonium sulfate and PEG

3,350 in an attempt to improve crystals (Table IV.4). Drop size ratios and sitting drops were also

tested in an attempt to improve the crystal quality; however neither the drop size ratio nor using

the sitting drop method improved the crystals.

The best optimized CytC3/CytC2 complex crystals were obtained using the hanging drop

method at 40 C in an anaerobic chamber by mixing 1 gL of CytC2/CytC3 complex mixture 2

with 1 pL of 0.1 M Bis-Tris, pH 5.5, 0.2 M ammonium sulfate, and 30% PEG 3,350, and placing

the drop over 0.5 mL of precipitant solution. Both holo-CytC2 and four amino acylated CytC2

analogs were used in the optimization process, and the crystals yielded by either holo-CytC2 or

any of the amino acylated CytC2 analogs were the same. Needle haystack crystals appeared from

clear drops after 1-2 weeks like the one shown in Figure IV.8.a. In order to confirm that these

crystals are crystals of the CytC3/CytC2 complex, a few clusters of these needle haystacks were
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washed in mother liquor three times to remove any protein on the surface of the crystal, and

dissolved in water to be analyzed in SDS-PAGE electrophoresis. The crystals grown under this

condition were confirmed to be crystals of CytC3/CytC2 complex (Figure IV.8.b). After several

rounds of streak seeding, needle haystack crystals were turned into thin plate crystals. Crystals

were cryo-cooled in liquid nitrogen without using any cryo-protectant.

Data Collection and Processing

A preliminary dataset of the thin plate CytC3/CytC2 crystal was collected to 3.5-4 A

resolution at the Advanced Photon Source at the Argonne National Laboratory (Argonne,

Illinois) on beamline NE-CAT-24-ID-C. Using one frame, the crystal was indexed using

HKL2000 to a primitive orthorhombic space group with cell dimension 48.8, 73.5, 106.6 A. 19

However, the crystal probably has multiple lattices, as judged by the split spots on the diffraction

pattern (Figure IV.9), and was not processed. Further data processing and/or obtaining of better

crystals will be necessary to yield a structure of the complex of two NRPS domains.
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IV.J. Table and Figures

Table IV.1. Data collection and processing statistics for apo, iron and iron anomalous CytC3

datasets.

Structure Apo CytC3 Iron CytC3 Iron
Anomalous
CytC3c

Crystal Parameters

Space group P4 3212 P4 3212 P4 3212

Unit cell dimension (A) 90.0, 90.0, 249.2 89.0, 89.0, 248.4 89.8, 89.8, 249.1

# of molecules per ASU 2 2 2

Data Collection

Wavelength (A) 1.0 1.0 1.73989

Resolution limitb (A) 50 - 2.2 50 - 2.2 50 - 2.75

(2.28 - 2.20) (2.28 - 2.20) (2.85 - 2.75)

Rsyma' b (%) 5.6 (20.0) 8.2 (48.0) 9.8 (35.9)

No. of unique 50903 50583 50102
reflections

Redundancy b  13.7 (2.6) 10.9 (7.1) 11.0 (2.1)

Completenessb (%) 99.1 (81.5) 97.6 (81.3) 98.3 (91.2)

I/sigmab 33.8 (3.7) 27.8 (2.5) 11.3 (2.3)

Rsym = (Xhkl1illi(hkl) - <I(hkl)>I)/ Y hklii(hkl) for n independent reflections and i observations of
a given reflection. <I(hkl)> = average intensity of the ith observation.

bNumbers for the highest resolution shell are shown in parentheses.

cAn iron anomalous CytC3 dataset was collected at iron peak wavelength and scaled
anomalously.
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Table IV.2. Model refinement statistics for apo and iron CytC3 structures.

Structure Apo CytC3 Iron CytC3

Rcryst/Rfreea (%) 21.8/26.0 23.8/27.8

No. of protein atoms 4313 4321

No. of metal ion 0 2

No. of ligands 5 13

No. of water molecules 249 247

Disordered residues 170-172, 178-220 (chain 178-220 (chain A)
A)

179-216 (chain B)
179-215 (chain B)

Rmsd bond lengths (A) 0.0065 0.0077

Rmsd bond angles (0 ) 1.33 1.43

Ramachandran analysis

Most favored (%) 89.2 86.4

Allowed (%) 9.7 12.1

Generously allowed (%) 0.9 0.7

Disallowed (%) 0.2 0.9

B-factors (A2)

Protein 41 46

Iron - 49

oKG - 67

Water 45 50

aRryst = YhI Fo(h) - |IF(h)l / hIFo(h), where Fo and F, are the observed and calculated structure
factors, respectively. Rfre, is calculated the same way with a test set of reflections (10%) that are
not used during refinement.
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Table IV.3. Summary of initial crystal hits for CytC2/CytC3 complex.

Screen & Hit # Condition CytC2/CytC3 Temperature

complex mixture

Index #4 0.1 M Bis Tris, pH 6.5 1 Room temperature

2 M (NH4)2SO4

Index #66 0.1 M Bis Tris, pH 5.5 2 Room temperature,

0.2 M (NH4)2 S0 4  40 C

25% PEG 3,350

Index #67 0.3 M Bis Tris, pH 6.5 2 Room temperature,

0.4 M (NH4 )2SO 4  40C

25% PEG 3,350

ProComplex 0.1 M Na acetate, pH 5 2 40C

(Qiagen) #27 0.2 M ammonium acetate

20% PEG 4,000

ProComplex 0.1 M MES, pH 5.5 2 40C

(Qiagen) 0.15 M (NH4)2SO4

25% PEG 4,000
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Table IV.4. A list of salts, PEGs and buffers in optimizing crystals of CytC2/CytC3 complex.

These salts, PEGs and buffers were used to substitute for ammonium sulfate, PEG 3,350 and Bis

Tris pH 5.5 in the original hit (Index #66) in an attempt to improve crystal quality. Each salt was

mixed with all three PEGs and all four buffers.

Salts PEGs Buffers

0.2 M ammonium sulfate 25% PEG 400 0.1 M Bis Tris, pH 5.5

0.2 M sodium acetate 25% PEG 1,000 0.1 M Bis Tris, pH 6.5

0.2 M sodium chloride 25% PEG 3,350 0.1 M cacodylate, pH 6.5

0.4 M diammonium citrate 0.1 M imidazole, pH 6.5

0.2 M triammonium citrate

0.2 M trisodium citrate

0.2 M magnesium formate

0.2 M ammonium nitrate

0.2 M sodium nitrate

0.2 M tacimate
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Figure IV.1. Production of 4-Cl-L-Aba by CytC1-4. CytC1 loads L-Aba-AMP onto the

phosphopantetheine arm (wavy line) on CytC2. CytC3 chlorinates the tethered substrate to form

4-Cl-L-Aba. CytC1 is an adenylation domain (A) and CytC2 is a thiolation domain (T).

OH

L-ABA CytC 1

C1

H2 H2

+ SH S CytC3 (Fe') S

, C, KG + CO2 + Succinate

CytC2 CytC2 CytC2
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Figure IV.2. Overall structure of CytC3 dimer. a) Crystallographic dimer is colored by molecule.

The iron ligands: two protein residues (His118 and His240) and (aKG are shown in stick

representation, and waters in active site are shown in sphere representation. The ends of the

disordered region are indicated as "missing loop", which consists of residues 178-219. b)

Structural alignment of SyrB2 monomer (pink) and CytC3 dimer (blue). c) Surface

representation of CytC3 dimer showing access to active site on one face of the crystallographic

dimer. Active site waters are colored in red; each monomer of CytC3 is colored yellow and blue.

The ends of the disordered region are colored in green.
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Figure IV.3. Sequence alignment of CytC3 and SyrB2 with secondary structures defined above

the sequence. Alpha helices are indicated by helical lines with c labels, beta strands are indicated

by arrows with 3 labels, and 310 helices are indicated by helical lines with ir labels. Red stars

indicate the active site residues, blue arrows indicate the ends of the missing loop, and green bars

indicate the chloride binding loops in SyrB2.
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Figure IV.4. CytC3 active site region. a) Open active site in CytC3 structure allows for

molecules from crystallization solution to bind, shown in stereo view. A 2Fo-F, composite omit

map contoured at 1(a is shown in blue mesh around excess ligands (aKG and sulfate). Iron is

shown in brown, and waters are shown in red. b) An iron anomalous difference map contoured at

12y is shown in brown mesh around the iron. The xKG is labeled with the numbering

nomenclature for each oxygen atoms. c) A 2Fo-Fc composite omit map contoured at 2y is shown

in blue mesh around the active site ligands.
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Figure IV.5. Active site comparison for CytC3 and SyrB2. Iron is shown in brown, chloride ion

is shown in green, and waters are shown in red. a) Comparison between CytC3's "open" active

site (blue) and SyrB2's "closed" active site (pink), where structures are aligned by F106, K108,

H125, W150, T148, R253 and R259 of CytC3 with the corresponding residues in SyrB2. b)

Comparison of CytC3 (blue) and SyrB2 (pink) where structures are aligned by the two active site

histidines. c) Active site residues of SyrB2 and relevant distances. Dash lines indicate hydrogen

bonding with labeled distances. d) Active site residues of CytC3 and relevant distances. The

corresponding hydrogen bond interactions between the protein and aKG as observed in SyrB2

are indicated by black dashes. New interactions observed between CytC3 and aKG are indicated

by green dashes with labeled distances.
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Figure IV.5
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Figure IV.6. Chloride binding pocket of SyrB2 and CytC3. Iron is shown in brown, chloride ion

is shown in green, and waters are shown in red. a) Residues A118, F121 and the n-carbon of

S231 form a nice hydrophobic pocket for chloride in the closed state of SyrB2 active site. b) The

corresponding residues, A 120, F123 and S236, in the open state of the CytC3 active site are too

far from the chloride binding site to form a hydrophobic pocket environment.
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Figure IV.7. Valine amino acylated holo CytC2 substrate analogs. a) Natural CytC2 substrate. b)

Analog with an amide linkage between the valine amino acid and the phosphopantetheine arm. c)

Analog with an ester linkage between the valine amino acid and the phosphopantetheine arm. d)

Analog with a methylene linkage between the valine amino acid and the phosphopantetheine arm.
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Figure IV.8. Crystals of CytC2/CytC3 complex. a) Needle haystack crystals of CytC2/CytC3

complex grown in 0.1 M Bis-Tris, pH 5.5, 0.2 M ammonium sulfate, and 30% PEG 3,350 at

room temperature in Coy Chamber. b) SDS-PAGE of 3 clusters of crystals shown in a. Lane 1,

Crystals were dissolved in water after three washes in mother liquor. The band corresponding to

CytC3 is at the top. The theoretical molecular weight of CytC3 is 37 kDa. The band

corresponding to CytC2 is denoted by the second arrow. The theoretical molecular weight of

CytC2 is 12 kDa. The two bands are probably due to phosphopantetheine hydrolysis. Lane 2,

molecular weight marker.
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Figure IV.9. Diffraction pattern of crystal of CytC2/CytC3 complex.
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