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ABSTRACT

CHARACTERIZATION OF E. coli Aid B: A COMPONENT OF THE ADAPTIVE

RESPONSE TO ALKYLATING AGENTS.

By

Mukta S. Rohankhedknr

Upon exposure to alkylating agents, Escherichia coli increases expression of aidB along

with three genes (ada, aIkA, and aIkB) that encode DNA-repair proteins. In order to begin

to identify the role of AidB in the cell, the protein was purified to homogeneity, shown to

possess stoichiometric amounts of FAD, and confirmed to have low levels of isovaleryl-

CoA dehydrogenase activity. A homology model of an AidB homodimer was constructed

based on the structure of 'a four-domain acyl-CoA oxidase; the predicted structure

revealed a positively charged groove connecting the two active sites and a second canyon

of positive charges in the C-terminal domain, both of which could potentially bind DNA.

Three approaches were used to confirm that AidB binds to DNA, and the protein has

slightly greater affinity for MNNG-treated (alkylated) dsDNA. On the basis of its ability

to bind DNA and its possession of a redox-active flavin, AidB is predicted to catalyze the

direct repair of alkylated DNA.
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CHAPTER 1

INTRODUCTION



This thesis focuses on the characterization of AidB, an Escherichia coli protein

thought to firnction in cellular protection against alkylating agents. As an introduction to

my studies, described in chapters 2 and 3, this chapter describes the general mechanisms

of damage to deoxyribonucleic acid (DNA), summarizes the cellular mechanisms of

DNA repair including a process known as the adaptive response, and provides

background information on AidB.

Mechanisms ofDNA damage:

The DNA of all living organisms is constantly exposed to endogenously produced

and externally derived damaging agents (49). For example, oxygen reacts with flavin-

containing electron carriers in the respiratory chain of E. coli to produce superoxide anion

(02') and hydrogen peroxide (11202) at rates estimated to be 5 p.M-S’l and 14 uM-s'l (17).

The H202 produced is especially deleterious because it reacts with ferrous ions in the cell

to produce hydroxyl radicals ('OH), which can damage DNA in many ways including

strand breakage, formation of abasic Sites, and base modifications (described below). In

addition to various types of oxidative damage, DNA can be modified by reactive

compounds produced in the cell such as S-adenosyhnethionine, a cellular methylating

agent. In addition to the harmful reactions associated with these endogenous compounds,

a wide variety of environmental agents can damage DNA as described in the following

paragraphs.

Several types of radiation can lead to DNA damage (54). Ultraviolet (UV)-A and

UV-B radiation, reaching the earth’s surface from the sun, are known to dimerize the

rings of adjacent thymines and lead to the formation of cyclopyrimidine dimers. While



both UV-A and UV-B radiation are directly absorbed by biomacromolecules such as

proteins and nucleic acids, UV-A radiation also can lead to the formation of reactive

oxygen species (ROS), which can be mutagenic to the DNA. Ionizing radiation such as X

rays and gamma rays lead to the direct ionization Of the DNA bases, causing Single-

stranded (SS) or double-stranded (ds) breaks in addition to producing free radicals.

Oxidative damage to pyrimidine residues leads to the formation of thymine glycol, uracil

glycol, S-hydroxydeoxyuridine (S-OHdU), and 5-hydroxydeoxycytidine (S-OHdC).

Similarly, interaction of 'OH with purines will generate 8-hydroxydeoxyguanine (8-

OHdG), 8-hydroxy—deoxyadenine (8-OHdA), and forrnarnidopyrirnidines (Figure 1.1)

Various chemical mutagens are well known for their ability to cause direct or

indirect damage to DNA and RNA (19). Base analogues such as bromouracil, which

resembles thymine, and aminopurine, an analog of adenine, can cause potentially toxic

A:T to G:C or G:C to A:T transitions in the DNA. Intercalating agents such as ethidium

bromide and acridine orange can insert themselves in between DNA bases, thus causing

the DNA to stretch and leading to frame shifi mutations upon replication. Alkylating

agents such as methyl methane sulfonate (MMS), 4-(methylnitrosaminO)-1-(3-pyridyl)-l -

butanone, 4-(methylnitrosamino)-1-(3-pyridyl)-l-butanol, N'-nitrosonornicotine, N-

methyl-N’-nitro-N-nitrosoguanidine (MNNG), N-methyl-N-nitrosourca (MNU) and

methyl iodide (MI) are well known for their ability to damage DNA. Alkylation can

cause both cytotoxic lesions which block replication and mutagenic lesions that lead to

heritable mutations in DNA. DNA methylating agents can react with the N and O atoms

ofdsDNA (Figure 1.2) resulting in 7-methylguanine (7-meG), 3-methyladenine (3-meA),

and 06-methylguanine (6-meG) as the most common lesions.
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(From: http://wwwdoiind0.com/newsletter/rcview‘vol2.html )

Figure 1.1: DNA damage as a result of external damaging agents. Various

environmental and cellular agents lead to damage to DNA bases. These bases if left

unrepaired, can cause cytotoxic and mutagenic lesions in the DNA.
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Figure 1.2: DNA methylating agents. Based on their reaction mechanism, DNA

methylating agents are classified as SNl (MNNG, MNU) or 8N2 (MMS, MI) type

alkylating agents.



In ssDNA the most common lesions are 1-methyladenine (l -meA) and 3-meC. l-

meA, 3-methylcytosine (3-meC), 3-meA, and 3-methylguanine (3-meG) are cytotoxic

and thereby block replication, whereas 6-meG and 04-methylthymine (4-meT) cause

mutations. Based on their mechanism of action, alkylating agents are classified as SN]

type, such as MNNG and MNU that introduce an alkyl group at both the N and O atoms

in DNA, or $1.12 type, such as MS and MI that primarily introduce an alkyl group at the

N atoms in DNA.

Mechanisms ofDNA repair:

The cell employs many mechanisms to repair DNA damage to maintain the

integrity of the genetic information that. is passed on to the daughter cells (4). These

include the key repair pathways such as base excision repair (BER), nucleotide excision

repair (NER), mismatch repair (MMR), and, of greatest relevance to this thesis, the

adaptive response to DNA damage.

BER (Figure 1.3) is the principle pathway for the repair of oxidatively damaged

DNA (28). Enzymes in this pathway recognize DNA lesions such as abasic sites,

deaminated cytosine and adenine, and individual bases damaged by oxidative

intermediates or alkylating agents. This pathway is initiated by a DNA glycosylase which ‘

cleaves the N-glycosydic bond between the target base and the deoxyribose, releasing a

free base and leaving an apurinic/apyrimidinic (AP) Site. The damaged DNA strand is

then cleaved upstream of this AP site by an AP endonuclease to create a 3’-OH terminus

adjacent to the AP site. A DNA polymerase then extends this 3’OH terminus and a DNA

ligase finally seals the DNA fragments to complete the repair process.



The NER pathway (Figure 1.4) begins with the initial recognition of the lesion by

the UvrA-UvrB complex which tracks along the DNA backbone looking for lesions (62).

The UvrA dimer in this complex is responsible for recognizing and binding to damage on

dsDNA. The binding of the UvrA dimer to the DNA activates the UvrB helicase activity

and leads to the unwinding of the DNA. The conformational change caused by the

binding of UvrB to the DNA causes the dissociation of the UvrA dimer, which leads to

the binding of UvrC protein. UvrB then initiates the incision ofthe DNA about 5 bases 3’

to the lesion, followed by another incision located 8 bases 5’ to the lesion by UvrC. The

oligomer thus formed is dissociated by the subsequent binding of the Uer helicase

protein making the site accessible to repair by specific DNA polymerases and ligases,

which complete the repair process.

The MMR pathway (Figure 1.5) is involved in the repair of newly synthesized

DNA in prokaryotes. The process is initiated by the MutS protein, which recognizes

mismatched bases (53). The MutL homodimer is recruited to the DNA-MutS complex in

an ATP dependent reaction. The MutH protein binds to this complex, causing the DNA to

form a IOOped structure. The MutH protein recognizes the hemi-methylated GATC

sequence in the complex and introduces a nick 5’ to the unmethylated GATC sequence of

the daughter strand containing the lesion. This nick is then further degraded beyond the

site of the mismatch by exonucleases (exonuclease VII for a 5’ nick and exonuclease I for

a 3’ nick), and the DNA strand is repaired by the action of the appropriate polymerases

and ligases.



AGCTTAmeATAGTAGAA

TCGAAT—TATCATCTT

AP site DNA glycosylase

\
AGCTTA TAGTAGAA

TCGAATTATCATCTT

l AP endonuclease

AGCT TAGTAGAA

TCGAATTATCATCTT

DNA polymerase I

DNA ligase

AGCTTAATAGTAGAA

TCGAATTATCATCTT

Figure 1.3: Base excision pathway for DNA repair. The damaged base is recognized

and excised by a DNA glycosylase to create an apurinic/apyrimidinic site (AP site). The

DNA is further cleaved upstream of the AP Site by an AP endonuclease to create a 3’-OH

terminus which is then extended by a DNA polymerase. A DNA ligase then seals the gap

and the strand is repaired.
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Figure 1.4: Nucleotide excision repair pathway for DNA repair. The lesion in the

DNA is recognized by the UvrA-UvrB complex. Binding to DNA causes UvrA to

dissociate. The UvrB and UvrC proteins then cleave the DNA 3’ and 5’ to the site of the

damage. The oligomer thus formed is dissociated by the subsequent binding of the Uer

helicase protein making the Site accessible to repair by specific DNA polymerases and

ligases, which complete the repair process.
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Figure 1.5: Mismatch repair pathway. The process is initiated by the MutS protein,

which recognizes mismatched bases (53). The MutL homodimer is recruited to the DNA-

MutS complex in an ATP dependent reaction. The MutH protein binds to this complex,

causing the DNA to form a looped structure. The MutH protein recognizes the hemi-

methylated GATC sequence in the complex and introduces a nick 5’ to the unmethylated

GATC sequence of the daughter strand containing the lesion. This nick is then further

degraded beyond the site of the mismatch by exonucleases (exonuclease VII for a 5’ nick

and exonuclease I for a 3’ nick), and the DNA strand is repaired by the action of the

appropriate polymerases and ligases.
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An important system involved in the protection of DNA against damage caused

by alkylating agents involves the “adaptive response” pathway (57, 63, 64, 67, 68)

(Figure 1.6). The most important member of this pathway is the Ada protein. Ada is a

methyltransferase (20, 51, 56) with two distinct domains, and is capable of transferring

methyl groups from DNA onto two Specific cysteine residues in its sequence. When the

protein encounters 6-meG or 4-meT, it irreversibly transfers the methyl group onto the

Cys-321 residue in its carboxyl terminal domain. This is a single turnover reaction, with

the protein becoming inactivated as it is methylated at this position. In addition to this

carboxyl terminal domain activity, the Ada transfers the methyl group Of methylated

phosphate triesters to the CyS-38 residue in its amino terminal domain. Methylatcd

phosphate groups are not highly mutagenic but indicate abnormal methylation activity in

the DNA. When Ada is methylated at CyS-38 (indicated by mAda), it acts as a

transcription factor that binds to the promoter regions of three genes making them

accessible to transcription by RNA polymerases (60). Methylation at this position is

thought to induce a conformational change in Ada and convert it into an active

transcription factor. The 3 promoters at which l""‘Ada acts are those encoding Ada (in a

two-gene operon with AlkB), AlkA, and AidB proteins. These proteins are responsible

for the repair of methylated DNA.
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Figure 1.6: Ada mediated response to DNA methylation. Ada transfers the methyl

group from methylphosphotriesters onto the CyS-38 residue and in the meAda form can

activate the transcription of ada, aIkA, aIkB and aidB.

 



Activation of ada/alkB and aidB is achieved by Similar mechanisms (34). The

amino terminal domain Of meAda binds to the UP promoter element in the promoter

regions, independent ofRNA polymerase. Initial binding is followed by the interaction of

the carboxyl terminal domain of meAda with the a subunit ofRNA polymerase, mediated

by a patch of negatively charged residues in the 070 subunit of RNA polymerase. This

interaction in turn leads to the formation of a stable ternary complex required for the

initiation of transcription. Structural data indicate that Cys-321 and its surrounding amino

acids are buried in the interior of the protein and not accessible to solvent. Upon binding

to DNA the protein undergoes a conformational change that exposes these residues, and

methylation of Cys-321 stabilizes this conformation. Thus, methylation of Cys-321 is

required for optimal “Ada-mediated transcription.

In the case of the alkA promoter, the meAda binding site is located such that its

amino terminal domain can simultaneously interact with both the 070 subunit of the RNA

polymerase as well as its a-carboxyl terminal domain. Unmethylated Ada is capable of

activating the alkA promoter weakly but cannot do the same at the promoters of ada/alkA

and alkB. Although the transcriptional activation of aIkA, alkB and aidB is similar, their

protein products act in very different ways to repair methylated DNA.

AlkA is an alkyl base glycosylase which acts mainly on the 3-meA and 3-meG

residues in DNA. It binds to the DNA and flips out the nucleotide substrate to expose it to

the enzyme’s active site (15). The enzyme active site is filled with electron-rich residues,

which explain its specificity towards electron-deficient damaged bases. The enzyme

removes the methylated base from the DNA creating an abasic site, which is acted upon

13



by an AP endonuclease, a repair specific DNA polymerase, and a ligase to complete the

repair process.

AlkB is an Fe(II)- and a-ketoglutarate dependent dioxygenase that repairs l-meA

and 3-meC lesions (61). In the presence of Fe(II) and a-ketoglutarate, it oxidatively

decarboxylates a-ketoglutarate to form succinate while hydroxylating the methyl group in

these bases to create an intermediate that spontaneously releases formaldehyde fi'om the

repaired bases. AlkB acts on both SSDNA and dsDNA, though its efficiency is much

higher with the former. Several human homologues ofAlkB have recently been identified

(1, 70), but their functions are still not completely clear.

The Adaptive Response Protein AidB.

AS opposed to Ada, AlkA and AlkB, very little information is available about the

role and mechanism of action of AidB. The gene was identified as a part of the adaptive

response to methylating agents and is induced by Ada (63, 67, 68). In these studies,

random insertions were made using Mu dl(ApRlac) and the resulting mutants were

selected such that B-galactosidase synthesis was under the control of genes whose

promoters were induced in response to treatment with MS and MNNG. It was Observed

that some Of the mutant cells had increased resistance to the methylating agent MNNG,

while other derivative strains exhibited increased resistance to MNNG but not to other

methylating agents (33). This surprising result might be due to enhanced activity or

stabilization of the protein in these constructs where the Sites of insertion were localized

to the 3’ region ofthe gene. However the exact positions ofthe insertions are unclear.

l4



 

AidB was also reported to be induced by anaerobiosis (65) and acidification ofthe

cytoplasm (59). As in the above-mentioned experiments, insertional mutants were used

for these studies. Strains containing fusions of aidB::Mu dl(bla lac) were used to test

induction of aidB by monitoring the B-galactosidase activity in the cell extracts Of

anaerobically grown cells (65). B-galactosidase activity remained low in the aerated

culture, but aidB::Mu dl(bla lac) was induced to high levels in the unaerated culture.

However, the exact location of this insertion was unclear, as was the reason for the

observed increase in expression. It was also noted that the expression of aidB under

anaerobic conditions is mediated by rpoS (66), a gene which encodes an alternative Sigma

factor Of RNA polymerase which is mainly active in late exponential and stationary

phases ofE. coli growth.

In another study, random insertions of mini-Tn10(Kan') were introduced via P1-

mediated transduction into the bacterial strain MV2450 containing an aidB-lacZ operon

fusion to detect mutations affecting aidB expression under anaerobic conditions (42).

These experiments indicated that anaerobic induction of aidB requires the presence of a

functional cysA operon encoding a sulfate permease. The functional Significance of this

finding is still unclear.

Cloning of aidB was performed in two steps using the aidB::Mu dl(bla lac) fusion

strain, which yielded all the regulatory sequences and upstream promoters of aidB, while

the rest of the gene was subcloned from 3.654(MG10) of the Kohara collection (33).

DNA sequencing yielded an Open reading flame of 1642 nucleotides with a putative

protein product of 60.5 kDa. It was also demonstrated that cells overexpressing aidB had

a considerably reduced frequency of mutation upon exposure to different concentrations

15



ofMNNG. The protein encoded by aidB had significant sequence homology with several

mammalian acyl-coenzyme A (COA) and isovaleryl-COA dehydrogenases. NO sequence

homology was detected with ada, alkA, alkB, or any other DNA repair proteins. Assays

revealed that cell extracts overexpressing aidB demonstrated some isovaleryl-COA

dehydrogenase activity, although no values were reported. Also, no activity with other

acyl-COA’S was observed.

Great emphasis has been placed on the transcriptional regulation of aidB by

meAda and its interaction with different subunits of RNA polymerase. AS mentioned

above, when bound to the aidB promoter "Ada interacts with a negatively charged patch

of 070 subunit of the RNA polymerase; specifically, the interaction involves residues Glu-

574, Glu-575, Glu-591, Glu-605, and Asp-612 (34). More recent reports have shown that

both the OS and 070 forms of RNA polymerase can initiate transcription from the aidB

promoter. However, it was Observed that a functional rpoS gene is necessary for optimal

““Ada dependent aidB expression (66). It was also observed that as could initiate

transcription at the aidB promoter more efficiently than 070, both in the presence and

absence ofAda (29-31).

Given the available information, the cellular fimction of AidB remains unclear.

The AidB sequence reveals a close relationship to acyl-COA dehydrogenases and crude

cell extracts overproducing the protein exhibit isovaleryl-COA dehydrogenase activity

(33), but there is no obvious requirement for expression of another acyl-COA

dehydrogenase when cells are exposed to alkylating agents. Overexpression OfaidB leads

to reduced levels of mutagenesis caused by MNNG exposure (33), but the mechanism of

protection against mutation is unknown. Although many questions about its function

16



remain, AidB has been hypothesized to repair unidentified DNA lesions or to detoxify

certain SN] reagents (33, 35).

Focus of this Thesis.

As a first step to defining its role, I purified AidB and characterized several of its

biophysical properties (Chapter 2). Specifically, I established that AidB is a flavin-

containing protein with weak isovaleryl-COA dehydrogenase activity. I describe features

Of a homology model of AidB constructed by Dr. William Wedemeyer based on the

structure Of a four-domain acyl-COA oxidase, that reveals a positively charged groove

connecting the active sites and a second canyon of positive charges. These features

represent potential DNA-binding sites. Significantly, I demonstrated that AidB binds to

dsDNA with a slight preference for the methylated polymer. Furthermore, I showed that

binding to DNA protects a large region of AidB from proteolysis. I carried out additional

studies (Chapter 3) that begin to address the physiological function of AidB by analysis

of an aidB deletion strain. In addition, I provided protein to Dr. Allen Orville, a

crystallographer, who has succeeded in generating AidB crystals. These studies set the

stage for future efforts to characterize the fimction of AidB.

17



CHAPTER 2

CHARACTERIZATION OF THE Aid B COMPONENT OF THE E. coli

ADAPTIVE RESPONSE TO METHYLATING AGENTS.

(A modified version of this chapter has been accepted for publication in the Journal of

Bacteriology with the title “The AidB Component of the Escherichia coli Adaptive

Response to Alkylating Agents is a Flavin-Containing, DNA-Binding Protein” with

coauthors listed as Mukta S. Rohankhedkar, Scott B. Mulrooney, William J. Wedemeyer

and Robert P. Hausinger. Dr. Mulrooney assisted me with the cloning and spectroscopy

studies. Dr. Wedemeyer carried out sequence homology alignments and created the

sequence homology model.)
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Two general classes of environmental and laboratory chemicals are known to

alkylate DNA. SNl reagents (e.g., methylnitrosourea and N-methyl-N’-nitro-N-

nitrosoguanidine, MNNG) react primarily with the N7 and 06 positions of guanine, N3 of

adenine, 06 or 04 of pyrimidines, and the non-phosphodiester oxygen atoms of the

phosphate backbone. In contrast, 8N2 agents (e.g., methylmethanesulfonate and

dirnethylsulfate) react primarily with the NI position Of adenine and A13 of cytosine (57).

Microorganisms generate endogenous methylation compounds, such as S-

adenosylmethionine, and are exposed to exogenous methylating substances that can

modify their DNA, RNA, and other cellular components.

To overcome the mutagenic and toxic effects of DNA methylation, Escherchia

coli possesses a variety ofDNA repair enzymes, some ofwhich are induced as part ofthe

“adaptive response to alkylating agents” (57, 63, 64, 67, 68). A key component of this

process is the Ada protein, associated with three distinct activities. The amino terminal

domain of Ada catalyzes a methyl phosphotriester methyltransferase reaction that repairs

methyl phosphotriesters in the DNA backbone while irreversibly methylating its Cys-38

side chain. Similarly, the carboxyl terminal domain of Ada possesses 4-meT and 6-meG

methyltransferase activities that irreversibly methylate Cys-321. In addition to the single-

tumover reactions catalyzed by Ada, the protein (in its CyS-38 methylated form)

functions as an activator that enhances transcription of its own gene as well as those

encoding AlkA, AlkB, and AidB. AlkA is a 3-meA DNA glycosylase that removes the

alkylated base to create abasic Sites in the DNA product. AlkB is an Fe(II)- and a-

ketoglutarate-dependent hydroxylase that uses oxidative demethylation chemistry to

reverse methylation damage to l-meA and 3-meC (61 ). In contrast to the Situation for
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Ada, AlkA, and AlkB, the role of AidB in the adaptive response process remains

uncharacterized.

The AidB sequence reveals a close relationship to acyl-coenzyme A (COA)

dehydrogenases, and crude cell extracts overproducing the protein exhibit isovaleryl-COA

dehydrogenase activity (33). Overexpression of aidB leads to reduced levels of

mutagenesis caused by MNNG exposure (33), but the mechanism of protection against

mutation is unknown. Curiously, some derivative strains with the gene insertionally

inactivated exhibit enhanced tolerance to a methylating agent (67). This surprising result

might be due to enhanced activity or stabilization of the protein in these constructs where

the sites of insertion are localized tO the 3’ region of the gene. While many questions

about its function remain, AidB has been hypothesized to repair unidentified DNA

lesions or to detoxify certain SN] reagents (33, 35).

As a first step to defining its role, I purified AidB and characterized several of its

biophysical properties. I established that AidB is a flavin-containing protein with weak

isovaleryl-COA dehydrogenase activity. A homology model Of AidB, generated by Dr.

William Wedemeyer and based on the structure Of a four-domain acyl-COA oxidase,

revealed a positively charged groove connecting the active sites and a second canyon of

positive charges. These features represent potential DNA-binding sites. Significantly, I

demonstrated that AidB binds to dsDNA with a slight preference for the methylated

polymer. Furthermore, the binding of DNA was shown to protect a large region of AidB

from proteolysis. These studies set the stage for future efforts to characterize the fimction

OfAidB.
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Materials and Methods

Images in this thesis are presented in color.

Cloning and expression ofaidB.

The aidB gene of E. coli K12 (33) was amplified from host DNA by using the

forward and reverse primers aidB-Nco-F 5’-AGG ATA TAC CMA GGG AGA

CAC AGT GCA C—3’ (introducing an Ncol site at the 5’-end of the gene; start codon

underlined) and aidB-Hind—R 5’—TCT CGT AGA AGC TTT TAC ACA CAC ACT CCC

CCC G—3’ (which introduces a HindIII site at the 3’-end ofthe gene). The amplified gene

was digested with Neal and HindIlI, and subcloned into the NcoI and HindIII sites of a

pET28a vector (Novagen) to create pET28aAidB. This plasmid was transformed into E.

coli C41[DE3] (45) that was grown on LB agar plates containing kanamycin (50 ug/mL),

and the construct was confirmed to be correct by analyzing the Neal and HindIII

digestion products on a 1% agarose gel and by DNA sequencing. Cultures were grown

ovemight at 37 °C with constant shaking at 200 r.p.m., and 1 mL was used to inoculate 1

L of TB medium (Fisher Biotech) containing kanamycin (50 ug/mL). Cells were grown

at 37 °C to an ODsoo of ~0.4 following which IPTG was added (final concentration of 2

mM) and the cultures were allowed to grow overnight. Cells were harvested by

centrifugation, resuspended in 30 mL lysis buffer (10 mM Tris, pH 7.8, containing 1 mM

EDTA, 0.3 M NaCl, 20% glycerol, 2 mM Tris(2-carboxyethyl)phosphine hydrochloride

(TCEP; Pierce Biotechnology, Rockford, IL) as reductant, and 0.5 mM

phenylmethylsulfonyl fluoride to prevent proteolysis), disrupted by sonication, and

centrifuged at 27,000 x g for 2 h at 4 °C.
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Purification ofAidB.

The cell extracts were treated by using stepwise increasing concentrations of

ammonium sulfate at room temperature, with each addition followed by centrifugation at

6,000 x g at 4 °C to pellet the precipitated protein. The pellet resulting from the 30-45 %

ammonium sulfate treatment was dissolved in buffer A (10 mM Tris, pH 7.8, 1 mM

EDTA, 20 % glycerol, 2 mM TCEP) containing 1 M NaCl, and the soluble proteins were

applied to a phenylagarose column (Sigma, St. Louis, MO) equilibrated in the same

buffer. Contaminating proteins were eluted by washing the column with buffer A lacking

NaCl, and AidB was eluted with buffer A containing 0.4 % (w/v) deoxycholate. Fractions

were analyzed by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-

PAGE) using a 10 % running gel (32). The fractions containing the protein of interest

were pooled, applied to a DEAE Sepharose column equilibrated in buffer A, and eluted

with a linear gradient from buffer A to 1 M NaCl in buffer A containing 0.02 % Triton-

X100. Fractions were analyzed by 10% SDS-PAGE.

Native molecular weight ofAidB

Size exclusion chromatography was performed by using a Protein-PakTM 3OOSW

(diol(OI-I) 10 um, 7.5 mm x 300 mm) column equilibrated in buffer containing 10 mM

Tris, pH 7.8, 0.3 M NaCl, and 10 % glycerol at 1 mL/min. The molecular weight of the

native protein was estimated by comparing its retention time (monitored at 214 or 280

nm) to those of molecular weight standards (thyroglobulin, 670,000 Da; bovine y-

globulin, 158,000 Da; chicken ovalbumin, 44,000 Da; equine myoglobin, 17,000 Da;

vitamin B12, 1,350; Bio-Rad).
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Characterization ofthe AidB cofactor.

Spectrophotometric quantification of the chromophore in AidB was carried out

after denaturing the protein in 1% SDS. For cofactor identification, the intact AidB

protein was applied to a matrix containing 2,5-dihydroxybenzoic acid and matrix-assisted

laser desorption!ionization (MALDI)-mass spectrometric (MS) analysis was performed

by using the Applied Biosystems Voyager System 4148. The observed m/z ratio was

compared to that for an authentic standard of flavin adenine dinucleotide (FAD) (14).

The effects of chemical reduction on the UV-visible spectra of free and protein-

bound FAD cofactor (26.41 uM) were assessed by titrating samples (purged with argon

gas) with dithionite in an anaerobic cuvette while monitoring the absorbance (300 nm to

600 nm) with a Beckman DU 7500 or Hewlett-Packard HP8453 spectrophometer. The

concentration of dithionite used in this assay was quantified by monitoring the

absorbance changes during analogous titration of protein-free FAD. Photoreduction of

the flavin of AidB (4 uM subunit) was carried out by exposing an anaerobic sample (in

buffer A containing 15 mM EDTA, 0.3 M NaCl, and 0.185 M S-deazaflavin; the latter

was generously provided by Dave Arscott, Surnita Chakraborty, and Vincent Massey) to

a 100 W halogen light (Philips narrow spot) source at a distance of 8.5 cm and at 0 °C.

The absorbance spectrum (300 nm to 600 nm) was monitored every 5 min by using a

Beckman DU 7500 spectrophotometer. Fluorescence spectra were acquired using a

Perkin Elmer Luminescence spectrometer (model LS-SOB).

Changes to the absorbance spectra of oxidized and fully-reduced AidB protein

were examined in the presence of 1 mM COA, 1 mM butyryl-COA, 1 mM isovaleryl-

COA, or 100 mM MNNG. In addition, the absorbance spectrum of oxidized protein was
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monitored upon addition of 5 mM sodium sulfite, 100 M NADH, 15 mM nitroethane,

200 uM S-meC, 200 uM 7-meG, or 200 uM 5-methyl-2-deoxycytidine. Finally, the effect

on AidB cofactor fluorescence was examined for protein in the presence of 10 ug/mL of

a randomly chosen 29-mer OfdsDNA.

Isovalery-CoA dehydrogenase activity assay.

Isovaleryl-COA dehydrogenase activity assays were performed essentially as

described previously (11), but omitting the phenazinc methosulfate mediator and

reductant. Assays were carried out at room temperature in 200 mM phosphate buffer, pH

8.0, and using purified recombinant protein that had been dialde to remove TCEP.

Isovaleryl-COA was synthesized as previously described (52) or purchased (Sigma). For

routine assays, 2 mM isovaleryl-COA was used as the substrate and 0.1 mM 2,6-

dichlorophenolindophenol (DCPIP) was used as the terminal electron acceptor in a final

volume of 300 pl. The change in absorbance at 600 nm was monitored by using a

Beckman DU 7500 spectrophotometer, and the enzyme activity was calculated by

assuming an extinction coefficient of 20.6 mM'1 cm'1 for DCPIP (11).

DNA binding assays.

The ability of AidB to bind to DNA was assessed by three independent

approaches. As one method, AidB (5 to 450 pg) was applied to columns of dsDNA-

cellulose (Sigma; 200 ug calf thymus DNA per mL of resin; 1.0 X 10 cm) equilibrated in

buffer A (except that TCEP was replaced by dithiothreitol), pH 8.0, and the columns
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were washed in a stepwise manner with buffer solutions containing 0, 0.1, 0.5, and 1.0 M

NaCl (8). Fractions eluting from the column were examined for AidB by SDS-PAGE.

A second technique to assess DNA binding by AidB focused on the ability Of

bound DNA to protect AidB from proteolysis. Linearized pCAT DNA (Novagen) (200

ng) was incubated with 50 pg of purified AidB in 20 pL buffer (20 mM Tris, 1 mM

EDTA, pH 7.8) for 1 hr at 37 °C, chymotrypsin (Sigma) was added (1:20 w/w,

proteasezAidB), samples were incubated at 37 °C for 0, 3, or 6 h, and the reactions

quenched by adding 0.3 volumes of 8 % trichloroacetic acid followed by incubation on

ice. The extent of proteolysis and sizes of the resulting AidB fragments were identified

by SDS-PAGE using gels comprised Of 18 % polyacrylamide. The proteolytically-

derived peptides were electroblotted (50 V for 3 hr at 4 °C) onto a polyvinylidene

difluoride membrane using transfer buffer containing 10% methanol and 10 mM CAPS,

pH 11 (43). After staining with 0.1% Coomassie R-250 in 40% methanol for 45 sec to

identify the location of the desired band, the membrane was destained with several

changes of 50% methanol and rinsed with water. The amino-terminal sequence of the

desired AidB fragment was obtained at the MSU Macromolecular Structure, Sequencing,

and Synthesis Facility by using an Applied Biosystems Procise cLC 494 Protein/Peptide

Sequencer.

As a third approach, aliquots of pUC19 DNA (200 ng, Novagen) were incubated

with AidB (1 pM to 50 IIM) in 10 uL buffer A at 37 °C for 30 min before being

electrophoresed in a 1 % agarose gel using 40 mM Tris, pH 7.8, 1 mM EDTA buffer, as

previously described (21). To probe the ability of AidB to bind to methylated DNA,

pUC19 DNA was methylated by incubating it with 10 mM MNNG at 30 °C for 1 h. The
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methylated plasmid DNA was purified by using spin columns (Qiagen) to remove excess

MNNG and examined for interaction with AidB as described above. In some cases, the

plasmid was treated with restriction enzymes prior to incubation with AidB.

Sequence analysis and homology modeling.

The full-length sequence of AidB was submitted to the Bioinfo.pl Meta Server

(http://bioinfo.pl/Meta/) hosted by the BioinfoBank Institute Of Poland (13). Secondary-

structure predictions were carried out by using the four best-validated (26) secondary-

structure servers, PSiPRED (22, 44), SABLE2 (2), SAM-T2K (23), and PROFsec (55).

The results were parsed, formatted, and visualized using lab-written software that is

publicly available as a web-server (http://proteins.msu.cdu/Scn’ch/Secondarv_Structure 

/visualize_secondaryistructurejerdictionhtml) and covered by the GNU General Public 

License.

PIR (protein information resource) alignments of full-length AidB to two parent

structures, rat short chain acyl-COA dehydrogenase (PDB accession code lJQI) and rat

liver peroxisomal acyl-COA oxidase-II (PDB accession code 1182), were Obtained fi'om

the PSI-BLAST (3) and FFASO3 (18) servers, respectively. These PIR alignments and the

corresponding PDB files were converted into a homology model of AidB by using lab

written software that is publicly available as a web-serve

(http://pr0teins.msu.edu/Scrvers/Ilomology_MOdcling/construct_h0molog PDB.html)

and covered by the GNU General Public License. Ribbon illustrations of the models were

generated by using MOLMOL (27) and electrostatic potential analyses utilized GRASP

(50).
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RESULTS

Purification ofAidB

E. coli aidB was amplified by PCR to yield the expected 1.7 kb fragment which

was cloned into the NcoI-HindIII site of pET28a (Novagen) and transformed into E. coli

C41[DE3] cells. Using TB medium, optimal production of AidB was observed following

overnight growth at 37 °C and using 2 mM IPTG (data not shown). Following sonication

and centrifugation, cell extracts were treated with increasing concentrations of

ammonium sulfate, and the desired protein was found to precipitate in the 30 % - 45 %

fraction. The resolubilized sample was subjected to phenyl Sepharose chromatography,

with elution requiring low salt and inclusion of 0.4% (w/v) deoxycholate, to provide

yellow fractions that contained a protein coinciding with the predicted molecular weight

of 60,900 Da (Figure 2.1). The pooled sample was purified to apparent homogeneity by

DEAE-Sepharose chromatography in buffer that contained 0.02 % Triton-X100 to

enhance the protein stability. The typical yield was 30 mg of protein per L of culture.

Purified protein was stored in this buffer at 4 °C.

Biophysical characterization ofAidB

On the basis of its retention time during size exclusion chromatography and

comparison to standard proteins, AidB was estimated to possess a molecular weight of

200,000 :l: 30,000 Da (data not Shown). Given that the monomer molecular weight is

predicted to be 60,090 Da, the sample is most consistent with a homotrimeric or

homotetrameric quaternary structure.
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Figure. 2.1: SDS-PAGE analysis of AidB purification. AidB was isolated from extracts

of E. coli C41 [DE3] cells containing pET28aAidB by ammonium sulfate precipitation

followed by successive chromatography using phenyl-Sepharose and DEAE-Sepharose

columns. Fractions were analyzed by using 10 % SDS PAGE. Lane 1, standards; lane 2,

cell extracts; lane 3, 30 — 45 % ammonium sulfate pellet dissolved in buffer A; lanes 4

and 5, Phenyl-Sepharose fractions; lane 6, DEAE-Sepharose pooled fractions.
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AidB was examined for the presence of a flavin cofactor, suspected from the

protein’s distinctive yellow color and the known sequence homology to acyl-COA

dehydrogenases and oxidases. The absorbance spectrum ofpurified AidB exhibited major

features at 460 and 370 nm, consistent with the presence Of a flavin. On the basis Of the

absorbance intensity at 460 nm and an FAD 8450 of 11,300 M'cm", AidB was estimated

to contain 0.92 moles of flavin per mole of subunit. Direct confirmation of the presence

of FAD (as Opposed to FMN or riboflavin) was Obtained by MALDI-MS analysis that

revealed a feature at rn/z of 787.60 (data not Shown), agreeing well with the calculated

value of 785.16 for FAD (14). The FAD cofactor bound to AidB was examined for its

fluorescence properties by scanning excitation wavelengths from 300 to 500 nm and

measuring emission at 520 nm. No significant emission was detected, indicating that the

fluorescence ofthe FAD is highly quenched when bound to the protein.

To further characterize the AidB-bound flavin, the protein was treated with the

chemical reducing agent sodium dithionite in an anaerobic cuvette. As illustrated in

Figure 2.1, titration of the enzyme (26.4 M subunit) with a solution of dithionite led to

changes in the absorbance spectra that were cOnsistent with three distinct phases The

first few additions of reductant did not affect the absorbance, presumably because

residual oxygen was being consumed. Further addition of up to one equivalent of

dithionite resulted in a steady decrease in absorbance at 450 nm and an increase in

absorbance at 372 nm. Continued addition of dithionite resulted in a uniform decrease in

absorbance across the spectrum, ending with the completely reduced form of protein-

bound FAD. In contrast, titration of protein-flee FAD with dithionite (used to quantify

the concentration of the dithionite reductant) led to a monotonic conversion of the
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oxidized to the reduced flavin (spectra not shown). The intermediate observed during

reduction of the protein corresponds to the stable, one-electron reduced anionic

semiquinone; formation of this stable species is characteristic of many flavoprotein

oxidases (3 8). Unlike most flavin-containing oxidases (40), however, the protein did not

react with added sulfite as shown by the lack of any spectroscopic change.

In the presence of EDTA, free flavins are known to efficiently catalyze the photo-

reduction Of a wide variety of flavoproteins (39, 41); thus, additional AidB flavin

reduction studies were carried out using 5-deazaflavin and excess EDTA in the presence

Of light. Photoreduction of AidB for 30 min converted the enzyme-bound FAD to the

anionic semiquinone state, but no additional changes were Observed upon further

incubation (Figure 2.3). These Observations provide added support that the one-electron

reduced form of the enzyme is stable, perhaps due to the presence of a positively charged

side chain near the anionic N1 of the flavin. The enzyme-bound flavin in both the

semiquinone and fully reduced states was reoxidized upon incubation in the presence of

oxygen.

Several other additives were examined for their effects on the AidB flavin

spectrum. No perturbation of the visible spectrum was observed upon addition ofNADH,

sulfite (see above), COA, butyryl-COA, or isovaleryl-COA to the oxidized enzyme.

Similarly, neither the methylating agent MNNG nor nitroethane (a substrate for the

flavoenzyme nitroalkane oxidase (47)) led to any changes in the FAD Spectrum. COA,

butyryl-COA, isovaleryl-COA, and MNNG also failed to affect the spectrum of fully

reduced enzyme (data not shown).
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Figure 2.2: Dithionite titration of AidB. The changes in the spectrum of AidB (26.4

pM protomer) in 1 ml of buffer containing 1X T.E with 0.02 % tritonX-IOO, 20 %

glycerol and 2 mM DTT, pH 7.8, were monitored anaerobically during addition of 2 pl

aliquots Of dithionite (1.028 mM stock). The concentration Of the dithionite solution was

determined by anaerobic titration of a stock FAD solution. (A) The initial traces at first

exhibited little change, followed by reduction of the enzyme to the one-electron reduced

anionic state that is characterized by the intense absorbance feature at 375 nm. (B)

Subsequent reduction generated the two-electron reduced state.
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Figure 2.3: Photoreduction of AidB. An anaerobic sample of AidB (~4 pM subunit

concentration) was photoreduced in the presence of excess EDTA and deaza FAD by

using a 50 W halogen lamp while monitoring changes in its spectrum at 5 min intervals.

The final AidB spectrum corresponds to the one electron reduced flavin state.
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Enzymatic characterization ofAidB.

Using the artificial electron acceptor DCPIP, AidB was confirmed to possess low

levels of isovaleryl-COA dehydrogenase activity (0.0060 i 0.0022 pmoles min" (mg

protein)’1 when using 2 mM acyl-COA substrate). The presence ofDNA did not influence

the level of dehydrogenase activity significantly.

DNA binding by AidB.

AidB was suspected to bind to DNA on the basis of its co-regulation with DNA-

repair enzymes and because a short region of its C-terminus was homologous to a DNA-

binding region of topoisomerase I (see next section). To further test this hypothesis, three

approaches were used to evaluate whether AidB binds DNA. First, AidB was Shown to be

retained by a column of dsDNA-cellulose, but could be eluted with 0.5 M NaCl (Figure

2.4). Second, the presence of dsDNA was shown to protect a domain of AidB (~50 kDa)

from digestion by chymotrypsin (Figure 2.5). N-terminal sequencing of the protected

fiagment revealed an amino acid sequence of SNTTRAERLE, consistent with cleavage

after residue Met-194 (predicted to be located in a flexible loop ofthe protein, see below)

to produce a C-terminal fragment with the predicted size of 50,257 Da. Finally, gel band

mobility shift studies demonstrated that AidB binds to dsDNA (Figure 2.6). Remarkably,

dsDNAzAidB interaction resulted in a shift of the dsDNA band to the top of the gel as if

each protein molecule is capable of binding to multiple molecules of dsDNA and each

DNA molecule binds several AidB proteins, resulting in aggregation. DNA retardation

was not Observed when using heat denatured (~70 °C for 5 min) AidB
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Figure 2.4: Binding of AidB to DNA cellulose. 200 pg/ml of calf thymus DNA

cellulose was packed in a1 X 10 cm column in a buffer containing 1X TE, 20 % glycerol

and 2 mM DTT. 5-450 pg of purified AidB was incubated with the DNA cellulose and

then eluted in a step wise manner with the above mentioned bufler supplemented with

0.1, 0.5 and l M NaCl. All fractions were collected separately and analyzed by 10 % SDS

PAGE.
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Figure 2.5: DNA-induced protection against protease digestion of an AidB domain.

AidB (50 pg) was digested with 2.5 pg of chymotrypsin for 0, 3, or 6 hr in the absence of

DNA (lanes 2, 4, and 6) or in the presence of 200 ng ofplasmid DNA (lanes 3, 5, and 7)

at 37 °C. The reactions were quenched with trichloroacetic acid and the samples analyzed

by SDS-PAGE on an 18 % gel. Lane 1 contains molecular weight markers (97.4, 66.2,

45, 31, 21.5, and 14.4 kDa). The band located above the 31-kDa marker and found in

lanes 2-7 is chymotrypsin.
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Figure 2.6: AidB-induced mobility shift of dsDNA. Varied concentrations (0 pM, 0.1

pM, 0.5 pM, 0.75 pM, 1 pM and 2 pM) of heat-denatured AidB (lanes 2-11) or native

AidB (lanes 13-31) were incubated with non-methylated dsDNA (lanes 2-6 and 13-18),

methylated dsDNA (lanes 7-11 and 20-25), and ssDNA (lanes 27-31) for 1 hr at 37 °C

prior to analysis on a 1 % agarose gel. The DNA samples included 200 ng pUCl9

dsDNA or M13 phage ssDNA in 10 pl of buffer (pH 7.2). AidB was denatured by

heating it to ~70 °C for 5 min prior to incubation with DNA. Lane 1 shows the New

England Biolabs 2-log DNA ladder as the standard.
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(lanes 2-11), and little interaction was noted when using SSDNA (lanes 27-31). Of

potential functional significance, repeated experiments demonstrated that slightly lower

concentrations of AidB were required to perturb the migration of MNNG-treated DNA

(lanes 20-25) compared to non-methylated sample (lanes 13-18). Consistent with the

absence of precise DNA sequence specificity, AidB was shown to shift each of the bands

arising from Earl digestion of pCAT plasmid DNA and to bind to a randomly selected

29-mer dsDNA oligomer (data not shown). In addition, methylated 29-mer dsDNA was

bound more tightly than the non-methylated oligomer according to mobility Shifts in a 4 —

20 % gradient polyacrylamide gel.

Sequence analysis and homology modeling.

Preliminary analysis using the bioinfo.pl server showed that the N-terminal 440

residues of the 541-residue AidB are homologous to the acyl-COA dehydrogenases (12),

a family of enzymes that form tightly bound homodirners or homotetramers and typically

have three domains: an N-terminal a-helical domain, a middle B-sheet domain, and a C-

ternrinal helical bundle (25). The dirneric structure of a related protein family member,

rat liver peroxisomal acyl-COA oxidase II (PDB accession code 1182), features a fourth

helical domain (48). A consensus of secondary-structure servers agreed that the C-

terminal 102 residues of AidB are a-helical and consistent with the 1182 structure (Data

not shown). Therefore, we made a homology model of the full-length AidB homodimer

using 1182 as the parent structure (Figure 2.7). This four-domain model is best
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understood after carrying out a detailed sequence comparison of AidB analogues to

identify critical residues, as described below.

To identify full-lengm homologues of AidB (versus the many acyl-COA

dehydrogenases resembling only the three N-tenninal domains), its C-terminal 102 amino

acid residues were submitted to the NCBI PsiBLAST server

(http://www.ncbi.nlm.nih.gov/BLAST). Afier. seven rounds of PsiBLAST, no new

hOmologues were identified above the E = 0.005 level. In all, PsiBLAST identified 57

homologues of AidB of similar lengths, 550 i 13 residues (20 deviation). These

sequences, all annotated as putative acyl-COA dehydrogenases, were filtered to remove

sequences with greater than 90% identity, producing a non-redundant set of 34

homologous sequences. The closest hits were from two related enterobacteria, Salmonella

and Yersinia, but hits were also identified from some y-Proteobacteria (Pseudomonas,

Idiomarina, Azotobacter and Acinetobacter), B-Proteobacteria (Burkholderia, Ralstonia,

Chromobacterium, Azoarcus and Bordetella), a-Proteobacteria (Brucella, Bartonella,

Rhodopseudomonas, and various Rhizobia) and even Gram-positive bacteria

(Mycobacterium, Streptomyces, Nocardia and Desulfitobacterium).

The 34 non-redundant, full-length AidB-like sequences were aligned (data not shown)

using the T-Coffee webserver (h_tt;p://igs-server.cnrs-

_m_rs.fr/'I‘cofl‘ee/tcoffee_ch_/'index.cgi ), which is the best-validated multiple sequence

alignment method (26). Despite the evolutionary distance between the organisms, AidB

is highly conserved, with no less than 67 absolutely conserved residues (numbering based

on the E. coli AidB sequence):
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Figure 2.7: Homology model of AidB. (a) An electrostatic potential analysis of the

homodimer, with positive charge in blue and negative charge in red, depicting a

positively charged canyon created by the C-terminal region of the protein. (b) The same

view shown as a ribbon diagram, with the chain color varying from blue to red

progressing from the N- to C-terrninus, with a dodecarner of B-form DNA manually
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positioned in the positively charged canyon at the top. (c) The same molecule rotated by

90 ° around a vertical axis. (d) Ribbon diagram of the homodimer as viewed after rotating

the structure in (a) and (b) by ~ 90 ° around a horizontal axis. The canyon is now at the

back of the molecule. A shallow groove is depicted with conserved positive residues

Shown in blue and conserved negative residues in red. (e) An electrostatic potential

analysis of AidB in the same view. (f) Ribbon diagram of AidB as viewed in (c) with six

conserved positively charged residues, three conserved negatively charged residues, and a

conserved Cys, all located at the substrate-binding site of acyl-COA

dehydrogenases/oxidases, shown in blue, red, and yellow.
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Asn10, Ala62, Pro67, Gly76, Arg78, Pro86, Cysl33, Prol34, Metl37, Thrl38,

Lysl75, Glyl8l, Thrl85, Glu186, Lysl87, Glnl88, Glyl89, Gly190, Asp192, A1a200,

Gly212, His213, Ly8214, Phe216, Ser218, Pr0220, Asp223, Cys237, Phe238, Pro24l,

Asn250, Leu257, Lys258, Lys260, Gly262, Asn263, Asn266, Ser268, Glu270, Glu272,

Gly282, Gly287, Met294, Thr298, Arg299, Arg311, Arg324, Leu331, Met337,

Arg375, LyS382, Glu395, Glu398, Gly401, Gly402, Gly404, Arg4l3, Glu4l7, Pro419,

Trp424, Glu425, Gly426, Gly428, Asn429, Asp434, Arg437, and Arg483. The residues

shown in bold are identical in AidB-like sequences, but not highly conserved among the

non-AidB-like homologues; non-bold residues are nearly universally found, or

conservatively replaced, in the entire group of acyl-COA dehydrogenases. In addition,

five charges are conserved absolutely: Glu128, Aspl66, Arg242, Glu407 and Arg4l6,

again with bold indicating that all five are conserved in the AidB-like homologues, but

not in non-AidB-like acyl-COA dehydrogenases. The absolutely conserved residue

Glu425 corresponds to the catalytic glutamate in most of the short- and medium-chain

acyl-COA dehydrogenases. Of interest, this residue is an alanine in human isovaleryl-

COA dehydrogenase that uses Glu254 as the general base, whereas AidB Thr298,

absolutely conserved in AidB-like sequences, corresponds to the catalytic glutamate

found in the long-chain acyl-COA and isovaleryl-COA dehydrogenases. The conservation

of Glu425 suggests that a dehydrogenase or oxidase activity is essential to the

physiological function ofAidB.

The homodimer structure (Figure 2.7) has three noteworthy features that may

pertain to the function of AidB. First, there is a prominent “canyon” composed mainly of

the C-terminal helical hairpin stacked across similarly long helices of the third domain.
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The canyon has a strong positive electrostatic potential (Figure 2.7a) and has the correct

dimensions (~20 A wide, ~20 A deep, and ~40 A long) to accommodate a 12 bp stretch

of dsDNA, as illustrated by the models (Figure 2.7bc) that include a Dickerson-Drew

dodecamer of B-form DNA (9). This domain also exhibits weak similarity (17 identities

over 47 AidB residues) to a DNA-binding domain of human topoisomerase I, further

supporting our hypothesis that dsDNA binds to this region of AidB. Second, the opposite

face has a more Shallow groove lined with conserved positive charges from both subunits,

specifically, Arg78, Lysl87, His213, Ly3258 and Lys260 fi'om one subunit and Arg324,

Arg413 and Arg4l6 from the other (16 blue side chains of Figure 2.7d). Of these

residues, only Arg324 is widely distributed in non-AidB-like acyl-COA dehydrogenases.

There is one conserved negative charge in the center Of the groove (Glu407) and two

(Glu270, Glu272) on its periphery (six red Side chains in Figure 2.7d), with these

residues not well conserved in non-AidB-like sequences. The electrostatic potential Of

this region is generally positive (Figure 2.7e), consistent with this symmetric groove

being a secondary DNA binding Site. This groove is oriented at approximately 45°

relative to the putative DNA-binding canyon described above. Third, the catalytic

substrate binding site also is lined with conserved positive charges (blue side chains in

Figure 2.71), namely, Ly3214, Arg242, Arg299, Arg375, Lys382, and Arg437 (all from

the same subunit), three conserved negative charges (Aspl92, Asp434 and the catalytic

Glu425, Shown as red side chains in Figure 2.7f) and a conserved cysteine residue,

Cys237 (shown in yellow in Figure 270. Only three of these residues (Ly8214, Lys382,

and Glu425) are conserved beyond the AidB-like sequences.
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AidB can be aligned with acyl-COA dehydrogenases that form homotetramers,

such as isovaleryl-COA dehydrogenase (25), from which a tetrarneric model of AidB

could be constructed. However, the tetramerization interface of these enzymes coincides

with the predicted location Ofthe C-terminal helices that we have suggested form a DNA-

binding “canyon”. Therefore, we cannot reliably propose such a homotetramer model.

DISCUSSION

Characterization ofAidB as aflavin-containing isovaleryl-CoA dehydrogenase.

The results described above present the first reported purification of AidB, a

component of the E. coli adaptive response to alkylating agents. Consistent with

expectations based on sequence comparisons and in agreement with the observed activity

in crude cell extracts (33), purified AidB is a flavin-containing enzyme with isovaleryl-

COA dehydrogenase activity. Curiously, AidB possesses a Glu residue (position 425) at

the position of the active Site carboxylate base found in most acyl-COA dehydrogenases,

whereas human isovaleryl-COA dehydrogenase possesses an Ala at this position and

utilizes a Glu on a distinct helix as its general base (25). The level of isovaleryl-COA

dehydrogenase activity observed in AidB is quite low when compared to other acyl-COA

dehydrogenases. For comparison, human isovaleryl-COA dehydrogenase exhibits 8.2 to

11.7 pmoles min'l (mg protein)’1 under similar conditions, or >1000-fold higher activity

(5, 46). In addition, human butyryl-COA dehydrogenase (10), human glutaryl-COA

dehydrogenase (37), and various rat acyl-COA dehydrogenases (16) exhibit specific

activities of 7.4 to 15.3 pmol min'l (mg protein)‘1 using this assay. I conclude that
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isovaleryl-COA dehydrogenase activity in AidB is a Side reaction that is distinct from its

firnctional role.

Identification ofAidB as a DNA-bindingprotein.

I demonstrated that AidB binds to dsDNA-cellulose, is protected from proteolysis

by added dsDNA, and causes a mobility shift of dsDNA bands in native gels. This

interaction between AidB and dsDNA was quite surprising given the sequence homology

of AidB to acyl-COA dehydrogenases, but is compatible with AidB possessing a

methylated dsDNA repair activity. The gel band shifi assays indicate a Slight, but

experimentally reproducible, higher affinity for binding to methylated samples. No

sequence specificity was observed when examining large plasmid fragments, but further

studies are warranted to characterize this in greater detail.

Quaternary structure ofAidB.

The gel-permeation chromatographic properties of AidB are consistent with a

trimeric or tetrarneric quaternary structure, but on the basis of its structural relationships

to acyl-COA dehydrogenases/oxidases (which are all found to be dimers or tetrarners)

(25), I conclude that AidB is most likely a tetramer. Thus, the homology model shown in

Figure 2.7 represents only half of the native size ofthe molecule. A less likely alternative

is that AidB forms a homodimer with unstructured regions that cause the protein to have

an unusually large hydrodynamic volume for its mass.



Predicted structure ofAidB.

Overall, AidB seems likely to adopt a four-domain fold Similar to rat liver

peroxisomal acyl-COA oxidase II (1182). A homology model of an AidB homodimer

using this parent structure reveals a groove of positively charged residues that are

absolutely conserved among full-length AidB homologues, but not among non-AidB-like

acyl-COA dehydrogenases. This groove connects the two putative active sites, which are

themselves lined with absolutely conserved positive charges, a Single cysteine (Cys237)

and a glutamate that is necessary for catalysis in the structurally homologous short- and

medium-chain acyl-COA dehydrogenases. I propose that the groove binds ~20 bp of

dsDNA, positioning it near the active Sites. At least one acyl-COA dehydrogenase family

member binds to a large molecule substrate; i.e., Fkbl functions in FK520 biosynthesis

and binds acylated acyl carrier protein (69).

Interestingly, the fourth domain of AidB (residues 440-541) in the homology

model forms a deep “canyon” that seems likely to bind double-stranded DNA. This

domain is poorly conserved, however, and dsDNA bound in this canyon would have

difiiculty in reaching the putative active Site, requiring a sharp turn that is inconsistent

with the known stiffness of dsDNA. This is true even for models of tetrameric AidB in

which dsDNA bound in the canyon of one dimer could in principle bind in the active Site

of the other homodimer. These features lead me to hypothesize that the fourth domain

does not directly influence catalysis but serves a structural role; e.g., a “scaffolding” that

binds to DNA, stabilizes the relative position of the subunits in the homodimer and,

possibly, precisely positions the catalytic residues.
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Potential cellularfunction ofAidB.

Although AidB’S role in the cell remains unknown, the presence Of an

enzymatically active flavin and the protein’s demonstrated DNA-binding capability

suggests that AidB uses a dehydrogenase activity to repair alkylated DNA by a

mechanism such as that shown in Scheme. 2.1 (note that rcoxidation of the reduced flavin

is shown to occur by an oxygenase reaction, but electron donation to a separate electron

carrier is another reasonable option). Several small molecules are known to be

dealkylated by such oxidase mechanisms, including methylglycine (24), polyarnines (36),

and y-N-methylaminobutyrate (7). In addition, precedent for demethylation of methylated

proteins by the LSDl flavoenzyme, a methylated histone demethylase, was recently

reported to use this mechanism (58). Alternatively, a flavin-dependent monooxygenase

activity could be invoked to repair alkylation damage. Further experiments to delineate

the firnction of AidB are in progress. Interestingly, full-length AidB homologues are not

detected in many bacteria closely related to E. coli, such as Klebsiella, Vibrio,

Shewanella and Photorhabdus that possess other alkylation repair enzymes. The number

of homologues of AidB seems to be far fewer than those of AlkA and AlkB. Whereas

ada and alkB form a transcriptional unit, aler and aidB are well-separated from this

operon and from each other, raising the possibility that AidB may be of secondary

importance for repair Of alkylation damage to DNA.
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DNA DNA DNA

CHa-HN(base) 7: CH3=N(base) 7: H2N(base)

AidB-FAD AidB-FADHZ H20 HCHO

><
H202 02

Scheme 2.1: Hypothetical function of AidB. On the basis of its FAD cofactor and its

ability to bind to methylated DNA, AidB might function as a methylated base

dehydrogenase. The Schiff’s base product would hydrolyze to release the free base plus

formaldehyde, and the reduced flavin could either react with oxygen to produce hydrogen

peroxide (as Shown) or transfer electrons to another suitable electron acceptor. Analogous

chemistry is possible for demethylation of bases alkylated at certain oxygen atoms.
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CHAPTER 3

CONCLUSIONS AND FUTURE DIRECTIONS
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The goal of this thesis was to characterize AidB, a protein that is part of the E.

coli “adaptive response pathway” to DNA damage. This pathway includes the Ada

protein that recognizes DNA damaged by methylating agents, transfers certain methyl

groups onto itself, and serves as a specific transcription factor in its methylated form

denoted “Ada of four genes: ada, alkA, alkB, and aidB. While Ada, AlkA and AlkB had

been well characterized and shown to catalyze DNA repair, the function of AidB

remained a mystery. It had been reported that cells over expressing aidB showed

increased tolerance to 8N1 type of methylating agents such as MNNG; however this

activity had never been quantified and no studies had characterized the isolated protein.

The initial part of this study deals with the cloning and over-expression of aidB,

the isolation of the encoded protein, and the characterization Of its properites. I

determined that AidB is a flavoprotein with weak isovaleryl-COA dehydrogenase activity,

in agreement with expectations from a similar activity reported in cell extracts. I showed

that chemical reduction of the flavin moiety of AidB with sodium dithionite proceeds in

two stages, with the flavin going through a stable anionic semiquinone before being

completely reduced. 1 further Showed that photoreduction Of the flavin yields a stable

one-electron reduced state. I used gel mobility Shift assays to reveal that AidB binds to

double stranded MNNG-methylated and unmethylated DNA, with a preference for the

former. Using protease protection assays I showed that DNA binding protected a ~50-

kDa domain of the 61-kDa protein from digestion. Finally, I compared the N-terminal

440 residues of the 541-residue AidB to the sequences Of acyl-COA dehydrogenases and

analyzed a homology model (generated by Professor William Wedemeyer using 1182 as
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the parent structure) of the full-length AidB homodimer. These efforts highlighted the

AidB residues and domains that are potentially involved in DNA binding.

Although I’ve made good progress in characterizing many properties of AidB, the

function of the protein in the cell remains unanswered. The very low levels of isovaleryl-

COA dehydrogenase that I detected with the purified protein indicate that it is a secondary

activity of the protein. While previous reports have indicated that AidB could function as

a DNA repair protein upon challenge with MNNG, firrther experiments need to be

performed to substantiate this claim. I have recently Obtained an aidB knockout strain

(provided by Dr. Hirotada Mori at the Nara Institute of Science and Technology Research

and Education Center for Genetic Information, Japan) and have initiated experiments to

determine their survival upon MNNG treatment in comparison with the wild-type strain. I

will examine the effects of using different inducing concentrations of MNNG on the

survival rates of the knockout strain, the wild-type strain and the aidB overexpressing

strain (6). These experiments should begin to provide valuable information about the

physiological relevance of AidB in the E. coli cell and its potential role in protecting the

cell against methylating agents. In order to determine the role of AidB in preventing

damage induced mutagenesis, firturc studies by other investigators could include analysis

Of Ames strains. P1 mediated transduction fi'om the present knock-out strain can be used

to create an aidB deletion in the appropriate Ames strain. The deletion strain thus

created, along with the wild type and an aidB overexpressing strain, could be treated with

increasing concentrations of MNNG and assayed for the rate of reversion Of amino acid

auxotrophy. If AidB protects the E. coli cells from MNNG induced mutagenesis, then the

aidB overexpressing strain Should Show the least number of revertants.
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As mentioned above, sequence homology based modeling was used to develop a

putative model of AidB. Even though AidB shows highest sequence homology to acyl-

COA dehydrogenases, it shows a very low specific activity with isovaleryl-COA as the

susbtrate. NO activity was detected when other acyl-COA’S were used. To get a better

understanding of the structure of the protein, attempts are being made, in collaboration

with Dr. Allen Orville (Georgia Institute of Technology), to determine the crystal

structure of AidB. Preliminary results have yielded small, needle-like crystals of AidB

(Figure 3.1) using 30 % dioxane with 0.1 M MES, pH 5.5, at room temperature. Attempts

are being made to grow larger crystals and to expand the set of conditions used to obtain

them. If better crystals are obtained, they would yield valuable information about the

structure of AidB and lend important clues regarding its physiological role.

Sequence homology-based analysis revealed that AidB has a 100 amino acid

carboxyl terminal extension that is absent in other acyl-COA dehydrogenases. Preliminary

sequence homology analysis of this region showed that it has a low homology to the

DNA binding helix of human topoisomerase 1. Further analysis of this region by Dr.

Wedemeyer revealed that the carboxyl terminal extension of AidB has 4 u-helical

regions, similar to those seen in DNA topoisomerase I. In light of these similarities, it

could be hypothesized that at least a portion ofthe DNA binding activity demonstrated by

AidB could be attributed to this region. I have created a deletion mutant of this region

and future efforts could include studies to overexpress and purify this truncated protein.

Once this is accomplished, DNA binding studies could be carried out to test if the loss of

the carboxyl terminal 100 amino acid residues affects the DNA binding ability of AidB.
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These studies along with the information I have already collected should provide

valuable information about the physiological role of AidB in the E. coli cell.
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Figure 3.1: Crystals of AidB. Crystals ofAidB were obtained at the Orville lab (Georgia

Institute of Technology) using 30 % dioxane with 0.1 M MES, pH 5.5, at room

temperature.
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