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Upon exposure to alkylating agents, Escherichia coli increases expression of aidB along with three genes (ada,
alkA, and alkB) 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 flavin adenine dinucleotide
(FAD), and confirmed to have low levels of isovaleryl-coenzyme A (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 double-stranded DNA. 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.

Two general classes of environmental and laboratory chem-
icals are known to alkylate DNA. SN1 reagents (e.g., methylni-
trosourea and N-methyl-N�-nitro-N-nitrosoguanidine [MNNG])
react primarily with the N7 and O6 positions of guanine, N3 of
adenine, O6 or O4 of pyrimidines, and the nonphosphodiester
oxygen atoms of the phosphate backbone. In contrast, SN2
agents (e.g., methyl methanesulfonate and dimethylsulfate) re-
act primarily with the N1 position of adenine and N3 of cyto-
sine (40). 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 meth-
ylation, Escherichia coli possesses a variety of DNA repair
enzymes, some of which are induced as part of the “adaptive
response to alkylating agents” (40, 43–46). 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 irrevers-
ibly methylating its Cys-38 side chain. Similarly, the carboxyl-
terminal domain of Ada possesses 4-methyl-T and 6-methyl-G
methyltransferase activities that irreversibly methylate
Cys-321. In addition to the single-turnover 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-methyl-A DNA glycosylase that removes the alkylated base
to create abasic sites in the DNA product. AlkB is an Fe(II)-

and �-ketoglutarate-dependent hydroxylase that uses oxidative
demethylation chemistry to reverse methylation damage to
1-methyl-A and 3-methyl-C (42). In contrast to the situation
for 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 dehydroge-
nase activity (22). Overexpression of aidB leads to reduced
levels of mutagenesis caused by MNNG exposure (22), but the
mechanism of protection against mutation is unknown. Curi-
ously, some derivative strains with the gene insertionally inac-
tivated exhibit enhanced tolerance to a methylating agent (45).
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 hy-
pothesized to repair unidentified DNA lesions or to detoxify
certain SN1 reagents (22, 23).

As a first step to defining its role, we purified AidB and
characterized several of its biophysical properties. We estab-
lished that AidB is a flavin-containing protein with weak
isovaleryl-CoA dehydrogenase activity. We generated a homol-
ogy model of AidB based on the structure of a four-domain
acyl-CoA oxidase, revealing a positively charged groove con-
necting the active sites and a second canyon of positive
charges. These features represent potential DNA-binding
sites. Significantly, we demonstrated that AidB binds to dou-
ble-stranded DNA (dsDNA), which protects a large region of
the protein from proteolysis. These studies set the stage for
future efforts to characterize the function of AidB.

MATERIALS AND METHODS

Cloning and expression of aidB. The aidB gene of E. coli K-12 (22) was
amplified from host DNA by using the forward and reverse primers aidB-Nco-F
5�-AGG ATA TAC CAT GGA GGG AGA CAC AGT GCA C-3� (introducing
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an NcoI site at the 5� end of the gene; the start codon is 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 of the gene). The amplified
gene was digested with NcoI and HindIII 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] (33) that was grown on Luria-Bertani
agar plates containing kanamycin (50 �g/ml), and the construct was confirmed to
be correct by analyzing the NcoI and HindIII digestion products on a 1% agarose
gel and by DNA sequencing. Cultures were grown overnight at 37°C with con-
stant shaking at 200 rpm, and 1 ml was used to inoculate 1 liter of Terrific Broth
(TB) medium (Fisher Biotech) containing kanamycin (50 �g/ml). Cells were
grown at 37°C to an optical density at 600 nm of �0.4, following which isopropyl-
�-D-thiogalactopyranoside (IPTG) was added (final concentration of 2 mM), and
the cultures were allowed to grow overnight. Cells were harvested by centrifu-
gation, 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 hydro-
chloride (TCEP; Pierce Biotechnology, Rockford, IL) as reductant, and 0.5 mM
phenylmethylsulfonyl fluoride to prevent proteolysis], disrupted by sonication,
and centrifuged at 27,000 � g for 2 h at 4°C.

Purification of AidB. The cell extracts were treated by using stepwise increas-
ing concentrations of ammonium sulfate at room temperature, with each addi-
tion followed by centrifugation at 6,000 � g at 4°C to pellet the precipitated
protein. The pellet resulting from the 30 to 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 phenyl-
agarose column (Sigma, St. Louis, MO) equilibrated in the same buffer. Con-
taminating proteins were eluted by washing the column with buffer A lacking
NaCl, and AidB was eluted with buffer A containing 0.4% (wt/vol) deoxycholate.
Fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) using a 10% running gel (21). 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 X-100. Fractions were analyzed by
SDS–10% PAGE.

Native molecular mass of AidB. Size exclusion chromatography was performed
by using a Protein-Pak 300SW [diol(OH), 10 �m; 7.5 mm by 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 mass of the native protein was estimated by
comparing its retention time (monitored at 214 or 280 nm) to those of molecular
mass standards (thyroglobulin, 670,000 Da; bovine �-globulin, 158,000 Da;
chicken ovalbumin, 44,000 Da; equine myoglobin, 17,000 Da; vitamin B12, 1,350
Da; Bio-Rad).

Characterization of the 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 ion-
ization (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) (11).

The effects of chemical reduction on the UV-visible spectra of free and pro-
tein-bound FAD cofactor (26 �M) were assessed by titrating samples (purged
with nitrogen 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 spectrophotometer. 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 (8 �M subunit) was
carried out by exposing an anaerobic sample (in buffer A containing 15 mM
EDTA, 0.3 M NaCl, and 0.185 �M 5-deazaflavin; the latter was generously
provided by Dave Arscott, Sumita 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 us-
ing a Perkin-Elmer Luminescence spectrometer (model LS-50B).

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 monitored upon addition of 5 mM sodium sulfite, 100 �M
NADH, 15 mM nitroethane, 200 �M 5-methylcytosine, 200 �M 7-methylgua-
nine, or 200 �M 5-methyl-2-deoxycytidine. Finally, the effect on AidB cofactor
fluorescence was examined for protein in the presence of 10 �g/ml of a randomly
chosen 29-mer of dsDNA.

Isovaleryl-CoA dehydrogenase activity assay. Isovaleryl-CoA dehydrogenase
activity assays were performed essentially as described previously (8) but omit-

ting the phenazine 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 dialyzed to remove TCEP. Isovaleryl-CoA
was synthesized as previously described (38) or was 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 ac-
ceptor in a final volume of 300 �l. 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 (8).
DNA binding assays. The ability of AidB to bind to DNA was assessed by three

independent approaches. For one method, AidB (5 to 450 �g) was applied to
columns of dsDNA-cellulose (200 �g calf thymus DNA per ml of resin; 1.0 cm
by 10 cm; Sigma) equilibrated in buffer A (except that TCEP was replaced by
dithiothreitol), pH 8.0, and the columns were washed in a stepwise manner with
buffer solutions containing 0, 0.1, 0.5, and 1.0 M NaCl (5). 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 (Nova-
gen) (200 ng) was incubated with 50 �g of purified AidB in 20 �l buffer (20 mM
Tris, 1 mM EDTA, pH 7.8) for 1 h at 37°C, chymotrypsin (Sigma) was added
(1:20 [wt/wt], protease:AidB), samples were incubated at 37°C for 0, 3, or 6 h,
and the reactions were 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 h at 4°C) onto a polyvinylidene difluoride membrane using transfer
buffer containing 10% methanol and 10 mM CAPS [3-(cyclohexylamino)-1-
propanesulfonic acid], pH 11 (31). After staining with 0.1% Coomassie R-250 in
40% methanol for 45 s to identify the location of the desired band, the mem-
brane 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 incu-
bated with AidB (1 �M to 50 �M) in 10 �l 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 (14). 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 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 (10). Secondary-structure predictions were
carried out by using the four best-validated (19) secondary-structure servers,
PsiPRED (15, 32), SABLE2 (1), SAM-T2K (16), and PROFsec (39). The results
were parsed, formatted, and visualized using laboratory-written software that is
publicly available on a web-server (http://proteins.msu.edu/Servers/Secondary
_Structure/visualize_secondary_structure_predictions.html) 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
1JQI) and rat liver peroxisomal acyl-CoA oxidase-II (PDB accession code 1IS2),
were obtained from the PSI-BLAST (2) and FFAS03 (13) servers, respectively.
These PIR alignments and the corresponding PDB files were converted into a
homology model of AidB by using laboratory-written software that is publicly
available on a web server (http://proteins.msu.edu/Servers/Homology_Modeling
/construct_homolog_PDB.html) and covered by the GNU General Public Li-
cense. Ribbon illustrations of the models were generated by using MOLMOL
(20), and electrostatic potential analyses utilized GRASP (37).

RESULTS

Purification of AidB. 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
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centrifugation, cell extracts were treated with increasing con-
centrations of ammonium sulfate, and the desired protein was
found to precipitate in the 30% to 45% fraction. The resolu-
bilized sample was subjected to phenyl-Sepharose chromatog-
raphy, with elution requiring low salt and inclusion of 0.4%
(wt/vol) deoxycholate, to provide yellow fractions that con-
tained a protein coinciding with the predicted molecular mass
of 60,900 Da (Fig. 1). The pooled sample was purified to
apparent homogeneity by DEAE-Sepharose chromatography
in buffer that contained 0.02% Triton X-100 to enhance the
protein stability. The typical yield was 30 mg of purified AidB
per liter of culture. Purified protein was stored in this buffer at
4°C.

Biophysical characterization of AidB. On the basis of its
retention time during size exclusion chromatography and com-
parison to standard proteins, AidB was estimated to possess a
molecular mass of 200,000 
 30,000 Da (data not shown).
Given that the monomer molecular mass is predicted to be
60,591 Da, the sample is most consistent with a homotrimeric
or homotetrameric quaternary structure.

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 of purified AidB exhibited
major features at 460 and 370 nm, consistent with the presence
of a flavin. A sample of AidB was treated with 1% SDS and
heated for 5 min at 37°C to release the flavin; on the basis of
the absorbance intensity at 460 nm and an FAD ε450 of 11,300
M	1 cm	1, AidB was estimated to contain 0.92 mol of flavin
per mol of subunit. Direct confirmation of the presence of
FAD (as opposed to flavin mononucleotide or riboflavin) was
obtained by MALDI-MS analysis that revealed a feature at m/z
of 787.60 (data not shown), agreeing well with the calculated
value of 785.16 for FAD (11). 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 of the 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 dithion-
ite in an anaerobic cuvette (data not shown). Titration of the
enzyme 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 dithio-
nite 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-free FAD
with dithionite (used to quantify the concentration of the di-
thionite reductant) led to a monotonic conversion of the oxi-
dized to the reduced flavin (spectra not shown). The interme-
diate observed during reduction of the protein corresponds to
the stable, one-electron-reduced anionic semiquinone; forma-
tion of this stable species is characteristic of many flavoprotein
oxidases (27). Unlike most flavin-containing oxidases (29),
however, the protein did not react with added sulfite as shown
by the lack of any spectroscopic change (data not shown).

In the presence of EDTA, free flavins are known to effi-
ciently catalyze the photoreduction of a wide variety of fla-
voproteins (28, 30); 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 (Fig. 2). Although these conditions are highly arti-
ficial, the 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 semiqui-
none and fully reduced states was reoxidized upon incubation
in the presence of oxygen.

FIG. 1. SDS-PAGE analysis of AidB purification. AidB was iso-
lated from extracts of E. coli C41[DE3] cells containing pET28aAidB
by ammonium sulfate precipitation followed by successive chromatog-
raphy using phenyl-Sepharose and DEAE-Sepharose columns. Frac-
tions were analyzed by using SDS–10% PAGE. Lane 1, standards; lane
2, cell extracts; lane 3, 30 to 45% ammonium sulfate pellet dissolved in
buffer A; lanes 4 and 5, phenyl-Sepharose fractions; lane 6, DEAE-
Sepharose pooled fractions.

FIG. 2. Photoreduction of AidB. An anaerobic sample of AidB
(�8 �M subunit concentration) was photoreduced by using a 100-W
halogen lamp while monitoring changes in its spectrum at 5-min in-
tervals. The final AidB spectrum corresponds to the one-electron-
reduced flavin state.
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Several other additives were examined for their effects on
the AidB flavin spectrum. No perturbation of the visible spec-
trum was observed upon addition of NADH, 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 oxi-
dase [35]) 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).

Enzymatic characterization of AidB. Using the artificial
electron acceptor DCPIP, AidB was confirmed to possess low
levels of isovaleryl-CoA dehydrogenase activity (0.0060 

0.0022 �mol min	1 [mg protein]	1 when using 2 mM acyl-CoA
substrate). The presence of DNA did not influence the level of
dehydrogenase activity significantly. The finding of weak
isovaleryl-CoA dehydrogenase activity despite the lack of spec-
tral perturbation by isovaleryl-CoA can be rationalized by ei-
ther a very weak affinity for this poor substrate or the presence
of only a small population of protein molecules with this ac-
tivity.

DNA binding by AidB. AidB was suspected to bind to DNA
on the basis of its coregulation with DNA repair enzymes and
because a short region of its C terminus was homologous to a
DNA-binding region of topoisomerase I (see the 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 (data not shown). Second, the presence
of dsDNA was shown to protect a domain of AidB (�50 kDa)
from digestion by chymotrypsin (with the protected domain
and the protease indicated by arrows in Fig. 3). N-terminal
sequencing of the protected fragment revealed an amino acid
sequence of SNTTRAERLE, consistent with cleavage after
residue Met-194 (predicted to be located in a flexible loop of
the 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 (Fig. 4). In
these studies, the major band of starting material is the super-

coiled plasmid and the slower-migrating species is the nicked
plasmid; AidB appears to bind preferentially to the relaxed
form. Remarkably, dsDNA-AidB 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 (lanes 2 to
11), and little interaction was noted when using single-stranded
DNA (ssDNA) (lanes 27 to 31). Of potential functional signif-
icance, repeated experiments demonstrated that slightly lower
concentrations of AidB were required to perturb the migration
of MNNG-treated DNA (lanes 20 to 25) compared to non-
methylated samples (lanes 13 to 18). It should be noted, how-
ever, that the methylated DNA also contained a larger per-
centage of nicked DNA; thus, AidB may prefer to bind to the
relaxed polymer. Consistent with the absence of precise DNA
sequence specificity, AidB was shown to shift each of the bands
arising from EarI 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 nonmethylated oligomer according to
mobility shifts in a 4 to 20% gradient polyacrylamide gel (data
not shown).

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 (9), a family of enzymes that form

FIG. 3. DNA-induced protection against protease digestion of an
AidB domain. AidB (50 �g) was digested with 2.5 �g of chymotrypsin
for 0, 3, or 6 h in the absence of DNA (lanes 2, 4, and 6) or in the
presence of 200 ng of plasmid DNA (lanes 3, 5, and 7) at 37°C. The
reactions were quenched with trichloroacetic acid, and the samples
were analyzed by SDS-PAGE on an 18% gel. Lane 1 contains molec-
ular mass markers (97.4, 66.2, 45, 31, 21.5, and 14.4 kDa). The band
designated by the upper arrow is the 50-kDa fragment that was sub-
jected to Edman degradation, and the band shown by the lower arrow
is chymotrypsin. FIG. 4. AidB-induced mobility shift of dsDNA. Varied concentra-

tions (0 �M, 0.1 �M, 0.5 �M, 0.75 �M, 1 �M, and 2 �M) of heat-
denatured AidB (lanes 2 to 11) or native AidB (lanes 13 to 31) were
incubated with nonmethylated dsDNA (lanes 2 to 6 and 13 to 18),
methylated dsDNA (MeDNA) (lanes 7 to 11 and 20 to 25), and ssDNA
(lanes 27 to 31) for 1 h at 37°C prior to analysis on a 1% agarose gel.
The DNA samples included 200 ng pUC19 dsDNA (yielding the in-
tense lower band of supercoiled plasmid and the slower-migrating
relaxed species) or M13 phage ssDNA (showing the prominent lower
band from circular ssDNA and the upper band of contaminating
dsDNA) in 10 �l 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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tightly bound homodimers or homotetramers and typically
have three domains: an N-terminal �-helical domain, a middle
�-sheet domain, and a C-terminal helical bundle (18). The
dimeric structure of a related protein family member, rat liver
peroxisomal acyl-CoA oxidase II (PDB accession code 1IS2),
features a fourth helical domain (36). A consensus of second-
ary-structure servers agreed that the C-terminal 102 residues
of AidB are �-helical and consistent with the 1IS2 structure
(Fig. S1 in the supplemental material). Therefore, we made a
homology model of the full-length AidB homodimer using

1IS2 as the parent structure (Fig. 5). This four-domain model
is best understood after carrying out a detailed sequence com-
parison of AidB analogues to identify critical residues, as de-
scribed below.

To identify full-length homologues of AidB (versus the many
acyl-CoA dehydrogenases resembling only the three N-termi-
nal domains), we submitted its C-terminal 102 residues to the
NCBI PsiBLAST server (http://www.ncbi.nlm.nih.gov/BLAST).
After seven rounds of PsiBLAST, no new homologues were
identified above the E � 0.005 level. In all, PsiBLAST identi-

FIG. 5. Homology model of AidB. (a) An electrostatic potential analysis of the homodimer, with the 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 terminus, with a dodecamer of B-form DNA manually 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 from panels 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 panel 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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fied 57 homologues of AidB of similar lengths, 550 
 13
residues (2� deviation). These sequences, all annotated as
putative acyl-CoA dehydrogenases, were filtered to remove
sequences with greater than 90% identity, producing a nonre-
dundant set of 34 homologous sequences. The closest hits were
from two related enterobacteria, Salmonella and Yersinia, but
hits were also identified from some �-proteobacteria (Pseudo-
monas, Idiomarina, Azotobacter, and Acinetobacter), �-pro-
teobacteria (Burkholderia, Ralstonia, Chromobacterium, Azoar-
cus, and Bordetella), �-proteobacteria (Brucella, Bartonella,
Rhodopseudomonas, and various rhizobia), and even gram-
positive bacteria (Mycobacterium, Streptomyces, Nocardia, and
Desulfitobacterium).

The 34 nonredundant, full-length AidB-like sequences were
aligned (Fig. S2 in the supplemental material) using the T-
Coffee webserver (http://igs-server.cnrs-mrs.fr/Tcoffee/tcoffee
_cgi/index.cgi), which is the best-validated multiple sequence
alignment method (19). Despite the evolutionary distance be-
tween the organisms, AidB is highly conserved, with no less
than 67 absolutely conserved residues (numbering is based on
the E. coli AidB sequence): Asn10, Ala62, Pro67, Gly76, Arg78,
Pro86, Cys133, Pro134, Met137, Thr138, Lys175, Gly181,
Thr185, Glu186, Lys187, Gln188, Gly189, Gly190, Asp192,
Ala200, Gly212, His213, Lys214, Phe216, Ser218, Pro220,
Asp223, Cys237, Phe238, Pro241, 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, Arg413, Glu417, Pro419, Trp424, Glu425,
Gly426, Gly428, Asn429, Asp434, Arg437, and Arg483. The
residues shown in boldface are identical in AidB-like se-
quences but not highly conserved among the non-AidB-like
homologues; residues in normal typeface are nearly universally
found, or conservatively replaced, in the entire group of acyl-
CoA dehydrogenases. In addition, five charges are conserved
absolutely: Glu128, Asp166, Arg242, Glu407 and Arg416, again
with boldface indicating that all five are conserved in the AidB-
like homologues but not in non-AidB-like acyl-CoA dehydro-
genases. 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 of AidB.

The homodimer structure (Fig. 5) has three noteworthy fea-
tures that may pertain to the function of AidB. First, there is a
prominent “canyon” composed mainly of the C-terminal heli-
cal hairpin stacked across similarly long helices of the third
domain. The canyon has a strong positive electrostatic poten-
tial (Fig. 5a) and has the correct dimensions (�20 Å wide, �20
Å deep, and �40 Å long) to accommodate a 12-bp stretch of
dsDNA, as illustrated by the models (Fig. 5b and c) that in-
clude a Dickerson-Drew dodecamer of B-form DNA (6). This
domain also exhibits weak similarity (17 identities over 47
AidB residues) to a DNA-binding domain of human topoisom-
erase I (data not shown), 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, Lys187,
His213, Lys258, and Lys260 from one subunit and Arg324,
Arg413, and Arg416 from the other (16 blue side chains in Fig.
5d). Of these residues, only Arg324 is widely distributed in
non-AidB-like acyl-CoA dehydrogenases. There is one con-
served negative charge in the center of the groove (Glu407)
and two (Glu270, Glu272) on its periphery (six red side chains
in Fig. 5d), with these residues not well conserved in non-
AidB-like sequences. The electrostatic potential of this region
is generally positive (Fig. 5e), 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 Fig. 5f), namely, Lys214, Arg242, Arg299,
Arg375, Lys382, and Arg437 (all from the same subunit), three
conserved negative charges (Asp192, Asp434, and the catalytic
Glu425, shown as red side chains in Fig. 5f), and a conserved
cysteine residue, Cys237 (shown in yellow in Fig. 5f). Only
three of these residues (Lys214, Lys382, and Glu425) are con-
served beyond the AidB-like sequences.

AidB can be aligned with acyl-CoA dehydrogenases that
form homotetramers, such as isovaleryl-CoA dehydrogenase
(18), from which a tetrameric model of AidB could be con-
structed. However, the tetramerization interface of these en-
zymes coincides with the predicted location of the C-terminal
helices that we have suggested form a DNA-binding “canyon.”
Therefore, we cannot reliably propose such a homotetramer
model.

DISCUSSION

Characterization of AidB as a flavin-containing protein with
spurious isovaleryl-CoA dehydrogenase activity. 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 com-
parisons and in agreement with the observed activity in crude
cell extracts (22), 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 dehydro-
genases, whereas human isovaleryl-CoA dehydrogenase pos-
sesses an Ala at this position and utilizes a Glu on a distinct
helix as its general base (18). The level of isovaleryl-CoA
dehydrogenase activity observed in AidB is quite low com-
pared to other acyl-CoA dehydrogenases. For comparison, hu-
man isovaleryl-CoA dehydrogenase exhibits 8.2 to 11.7 �mol
min	1 (mg protein)	1 under similar conditions or 1,000-fold-
higher activity (3, 34). In addition, human butyryl-CoA dehy-
drogenase (7), human glutaryl-CoA dehydrogenase (25), and
various rat acyl-CoA dehydrogenases (12) exhibit specific ac-
tivities of 7.4 to 15.3 �mol min	1 (mg protein)	1 using this
assay. We conclude that isovaleryl-CoA dehydrogenase activity
in AidB is a side reaction that is distinct from its functional
role.

Identification of AidB as a DNA-binding protein. We dem-
onstrated that AidB binds to dsDNA-cellulose, is protected
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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. No se-
quence specificity was observed when examining large plasmid
fragments, but further studies are warranted to characterize
this in greater detail.

Quaternary structure of AidB. The gel-permeation chro-
matographic properties of AidB are consistent with a trimeric
or tetrameric quaternary structure, but on the basis of its struc-
tural relationships to acyl-CoA dehydrogenases/oxidases
(which are all found to be dimers or tetramers) (18), we con-
clude that AidB is most likely a tetramer. Thus, the homology
model shown in Fig. 5 represents only half of the native size of
the 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 of AidB. Overall, AidB seems likely to
adopt a four-domain fold similar to rat liver peroxisomal acyl-
CoA oxidase II (1IS2). A homology model of an AidB ho-
modimer using this parent structure reveals a groove of posi-
tively 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 puta-
tive 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 dehydroge-
nases. We propose that the groove binds �20 bp of dsDNA,
positioning it near the active sites. At least one acyl-CoA de-
hydrogenase family member binds to a large-molecule sub-
strate; i.e., FkbI functions in FK520 biosynthesis and binds
acylated acyl carrier protein (47).

Interestingly, the fourth domain of AidB (residues 440 to
541) in our 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 difficulty 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 us 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 po-
sitions the catalytic residues.

Potential cellular function of AidB. Although AidB’s role in
the cell remains unknown, the presence of an enzymatically
active flavin and the protein’s demonstrated DNA-binding ca-
pability suggests that AidB uses a dehydrogenase activity to
repair alkylated DNA by a mechanism such as that shown in
Fig. 6 (note that reoxidation of the reduced flavin is shown to
occur by an oxygenase reaction, but electron donation to a
separate electron carrier is another reasonable option). Sev-
eral small molecules are known to be dealkylated by such
oxidase mechanisms, including methylglycine (17), polyamines
(24), and �-N-methylaminobutyrate (4). In addition, a prece-
dent for demethylation of methylated proteins by the LSD1
flavoenzyme, a methylated histone demethylase, was recently
reported to use this mechanism (41). Alternatively, a flavin-
dependent monooxygenase activity could be invoked to repair
alkylation damage. Other potential roles are possible for AidB,
such as prevention of DNA damage as seen in the case of the
Dps protein (26). Further experiments to delineate the func-
tion 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 Photorhab-
dus, that possess other alkylation repair enzymes. The number
of homologues of AidB seems to be far smaller than those of
AlkA and AlkB. We also note that whereas ada and alkB form
a transcriptional unit, alkA and aidB are well separated from
this operon and from each other. These observations raise the
possibility that AidB may be of secondary importance for re-
pair of alkylation damage to DNA.
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