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Abstract: When exposed to known DNA-damaging alkylating agents, Escherichia coli
cells increase production of four DNA repair enzymes: Ada, AlkA, AlkB, and AidB. The
role of three enzymes (Ada, AlkA, and AlkB) in repairing DNA lesions has been well
characterized, while the function of AidB is poorly understood. AidB has a distinct
cofactor that is potentially related to the elusive role of AidB in adaptive response: a redox
active flavin adenine dinucleotide (FAD). In this study, we report the thermodynamic
redox properties of the AidB flavin for the first time, both for free protein and in the
presence of potential substrates. We find that the midpoint reduction potential of the AidB
flavin is within a biologically relevant window for redox chemistry at −181 mV, that AidB
significantly stabilizes the flavin semiquinone, and that small molecule binding perturbs
the observed reduction potential. Our electrochemical results combined with structural
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analysis allow for fresh comparisons between AidB and the homologous acyl-coenzyme A
dehydrogenase (ACAD) family of enzymes. AidB exhibits several discrepancies from
ACADs that suggest a novel catalytic mechanism distinct from that of the ACAD
family enzymes.
Keywords: adaptive response; DNA repair; protein electrochemistry; acyl-coenzyme A
dehydrogenase; flavin cofactor; reduction potential

1. Introduction
Escherichia coli adaptive response is a process initiated by the exposure of cells to low doses of
DNA alkylating agents, which have mutagenic and cytotoxic effects on cells [1–3]. The adaptive
response process refers to the up-regulation of four proteins, Ada, AlkA, AlkB, and AidB, that reduce
the effects of alkylation on DNA [3,4]. Out of these four proteins, three have known roles in the
adaptive response as enzymes that repair DNA lesions via a variety of mechanisms: Ada as a
methyltransferase [5–8], AlkA as a glycosylase [9,10], and AlkB as a dioxygenase [11–15]. A
complete understanding of the fourth protein, AidB, remains elusive.
By sequence homology, AidB is similar to members of the acyl-coenzyme A dehydrogenase
(ACAD) enzyme family [16], which contain a redox active flavin adenine dinucleotide (FAD) cofactor
that catalyzes the α,β-dehydrogenation of acyl-coenzyme A (CoA) substrates (Scheme 1). AidB
similarly contains a FAD cofactor and displays isovaleryl-coenzyme A dehydrogenase (IVD)
activity [16,17]. This activity, however, is 1000-fold lower than that of known ACADs and therefore
probably not biologically relevant to AidB function [16,17]. The observation of bound FAD, combined
with evidence for DNA binding, led to the hypothesis that a flavin-dependent dehydrogenation
reaction similar to reactions catalyzed by ACADs could be used to repair DNA lesions [17]. This
model was superseded when the first crystal structure of AidB provided evidence that a direct reaction
between the flavin and DNA is unlikely due to spatial constraints. Instead, based on crystal packing
data it was proposed that AidB sheaths DNA by forming higher-ordered structures of tetramers,
generating pores for DNA binding and resulting in steric protection [18]. In this model, flavin has a
role protecting DNA via an unknown redox mechanism that deactivates harmful alkylating
agents [18]. Significant in vivo evidence for AidB protection of DNA against the alkylating agents
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), N-ethyl-N'-nitro-N-nitrosoguanidine, and methyl
methanesulfonate (MMS) has recently been reported [19], although it has also been shown AidB does
not directly react with MNNG [20]. Surprisingly, the DNA-binding domain of AidB is not required for
protection activity, making a steric protection mechanism unlikely [19,21]. Rather, it is suggested
that AidB uses its DNA-binding domain to preferentially localize to regions of DNA, so-called UP
elements, found upstream of ribosomal RNA genes, tRNA genes, and DNA repair genes as a means to
localize detoxification activity to these crucial genes [19].
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Scheme 1. Generic mechanism for dehydrogenation of a substrate by an acyl-coenzyme
A dehydrogenase.

A mechanism by which AidB prevents DNA damage by detoxifying alkylating agents has not been
proposed. Since no activity besides that with isovaleryl-coenzyme A (IVCoA) has been reported,
the role of bound flavin in AidB’s detoxification mechanism is unclear. In our previous work we
demonstrated that flavin clearly plays a structural role in AidB by inducing formation of a
tetramer [21]. This observation motivates a lingering question: does the AidB flavin also play a role in
redox chemistry? This possibility was most recently studied by Mulrooney et al. who observed the
reduction of AidB by E. coli flavodoxin (FldA), but at slow electron transfer rates that suggest it is not
physiologically relevant [20].
To determine the possibility of an enzymatic flavin role, we extensively characterized the redox
properties of AidB to place AidB in the context of known, specific flavin chemistries. Furthermore, we
investigated the option of redox modulations caused by potential AidB substrates such as IVCoA or
DNA, providing a comparison between AidB and the ACAD family of enzymes that have
well-characterized and distinctive redox properties. Here we show for the first time that AidB is
capable of mediating redox chemistries within a physiologically relevant window of reduction
potential. In addition, the ability of AidB to generate a significant amount of flavin semiquinone
suggests a role for AidB as a redox enzyme, but with chemistries distinct from that of the ACAD family.
2. Results
2.1. Determination of Reduction Potentials for AidB
The reduction of AidB occurs in two resolvable phases (Figure 1). The first phase is the reduction
of oxidized flavin (ox) to the distinct anionic semiquinone (sq) that has a characteristic absorbance
maximum at lower wavelengths [22]. The absorbance maximum for the AidB anionic semiquinone
is 365 nm (in agreement with 370 nm typically observed for anionic semiquinones in other
flavoenzymes [23]), with an isosbestic point at 409 nm observed during the transition from the
oxidized to the semiquinone species (Figure 1A). The second phase of reduction is the transition from
the anionic semiquinone to fully reduced flavin (red). This phase is observed simultaneously with the
reduction of phenosafranine (PS), indicative of similar reduction potentials (Figure 1B). Absorbance of
AidB semiquinone at 406 nm during the second phase of reduction was used to monitor the transition
from oxidized to reduced, and these data were plotted versus the reduction of PS as described in the
experimental procedures. We determine a reduction potential of Emsq/red = −258 ± 6 mV for the sq/red
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couple, with a log plot slope of 1.96, indicative of comparing two-electron and one-electron processes
for PS and AidB, respectively (Figure 2).
Figure 1. Complete anaerobic reduction of AidB using the xanthine/xanthine oxidase
method. (A) Representative spectra of the three redox states observed for AidB: oxidized
(solid line), anionic semiquinone (dashed line), and reduced (dotted line); (B) Reduction of
AidB in the presence of the redox dye PS (maximum absorbance at 520 nm), showing
spectra collected every ~5 min.

Figure 2. Simultaneous reduction of the AidB anionic semiquinone and PS. The visible
absorbance spectra for the anionic semiquinone (monitored at 406 nm) and PS (monitored
at 555 nm) decrease during their reduction. Inset: Plot of log [ox]/[red] for PS vs.
log [sq]/[red] for AidB, used to calculate the midpoint potential with respect to the
reference value of PS (−283 mV, pH 8).
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To analyze the first step of reduction, we measured the maximum amount of semiquinone
intermediate formed during the experiment (Figure 3). This fraction corresponds to the semiquinone
formation constant (Ksq, Equation 1) according to Equation 2 as derived by Clark [24]. Ksq reflects the
difference in midpoint potentials of the two single-electron redox transitions as shown in Equation 3.

K sq =

Em

ox / sq

[sq]2
[ox][red]

(1)

K sq
 [sq] 

 
 [AidB]  max 2  K sq

(2)

 Em

(3)

sq / red

 2.303( RT / F ) log K sq

Where Ksq is the semiquinone formation constant, ([sq]/[AidB])max is the maximum proportion of
semiquinone formed, and Emox/sq and Emsq/red are the one-electron reduction potentials of flavin. Since
Emsq/red has already been measured (–258 mV), the oxidized to semiquinone reduction potential
was calculated, Emox/sq = −103 ± 10 mV. The midpoint potential for the two-electron reduction of
AidB (Emox/red) was also calculated from the average of Emox/sq and Emsq/red, Emox/red = −181 mV.
Figure 3. Maximum proportion of semiquinone formed by AidB during reduction is
determined by plotting absorbance values at 365 nm vs. 440 nm. The linear fits,
shown as dashed lines, are used to determine the theoretical absorbance of complete
semiquinone formation.

2.2. Effect of IVCoA on Reduction Potential
To better understand possible AidB dehydrogenase activity, we studied the redox properties as a
function of IVCoA concentration. As expected, anaerobic incubation of IVCoA with AidB did not
result in any reduction or alteration of the FAD absorption spectrum [17]. Reduction in the presence of
saturating IVCoA concentrations significantly shifted both potentials in the negative direction to
Emox/sq = −148 ± 10 mV and Emsq/red = −297 mV ± 5 mV, a −42 mV change in Em. The amount of
semiquinone formed was unaffected by the presence of IVCoA. The dependence of Em on [IVCoA]
was used to determine the apparent dissociation constant (Kdapp, Figure 4). The shift in reduction
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potential was fit to a simple two-state binding model (Equation 4) for determining the
dissociation constant.

[IVCoA ]
max
0 
  Em 0
Em  ( Em  Em ) app
(4)

 K d  [IVCoA ] 
Where Em is the midpoint potential at a given IVCoA concentration, Em0 is the midpoint potential
without IVCoA, Emmax is the reduction potential at saturating concentrations of IVCoA, and Kdapp is the
apparent dissociation constant. The determined Kdapp = 87 ± 27 μM represents binding of IVCoA to
oxidized, semiquinone, and reduced forms of the enzyme. Binding of IVCoA causes a negative shift in
reduction potential, which indicates a preference for and stabilization of oxidized AidB.
Figure 4. Midpoint reduction potential (Em) of AidB lowers as a function of isovaleryl-CoA
(IVCoA) concentration. The dotted line is the fit to equation 4 to determine Kdapp.

2.3. Ionic Strength Dependent Reduction Potentials
It has been shown that AidB binds DNA using its C-terminal positively charged domain [18]. Due
to the electrostatic nature of this interaction, it is highly dependent on ionic strength [17,18,21]. To
measure changes in redox properties when AidB is exposed to DNA, the reduction potential had to
first be characterized without DNA in the presence of 100 mM NaCl, which is a concentration of NaCl
where AidB is known to have a high affinity for DNA [17,21]. Compared to 300 mM NaCl in
earlier measurements, lowering the NaCl concentration to 100 mM shifts the reduction potential to
significantly more negative values. At 100 mM NaCl, reduction potentials are: Emox/sq = −160 ± 6 mV
and Emsq/red = −315 ± 4 mV, with no change in the amount of semiquinone formed. Further studies at a
broader NaCl range showed that below 300 mM NaCl, the AidB reduction potential depends strongly
on NaCl concentration (Figure 5).
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Figure 5. Midpoint reduction potential (Em) of AidB at various NaCl concentrations.

2.4. Effect of DNA on Reduction Potential
After determining the effects of ionic strength on AidB redox properties, we could determine the
impact of DNA on the observed reduction potentials. AidB binds several forms of DNA, ranging from
small oligomers (25 bp) [18] to entire plasmids such as pUC19 [17]. To determine if DNA binding
regulates AidB’s redox properties, we measured reduction potentials under saturating DNA
concentrations. Two forms of DNA were used for binding during reductions: pUC19 and a double
stranded 28 bp oligomer containing the UP element in addition to the −35 box of the rrnB P1 promoter
(5'-GAAAATTATTTTAAATTTCCTCTTGTCA-3'). The sequence for the 28-mer was chosen
because AidB offers above average protection from damage to this DNA segment [19]. Measurements
with pUC19 included 500 ng/mL DNA (322 bp per AidB tetramer), and measurements with the
28-mer included 214 ng/mL DNA (154 bp per AidB tetramer). Reduction potential measurements
were completed in lowered ionic strength solutions (100 mM NaCl) as described above. Both plasmid
and the 28-mer resulted in a positive shift of the reduction potentials of AidB. Addition of pUC19 to
the reduction of AidB at 100 mM NaCl shifted the potentials positively Emox/sq = −121 ± 11 mV,
Emsq/red = −274 ± 5 mV, with no change in the yield of the AidB semiquinone. Similarly, the 28-mer
shifted the potentials positively Emox/sq = −129 ± 11 mV and Emsq/red= −282 ± 5 mV, also with no
change in the amount of semiquinone.
2.5. AidB-ETF Docking Model
If an ideal substrate for the AidB reductive half reaction exists, a mechanism would need to be in
place to allow for reoxidation of the flavin cofactor. For ACADs such as medium-chain acyl-coenzyme
A dehydrogenase (MCAD) and IVD, an electron transfer flavoprotein (ETF) accepts the electrons
from the reduced flavin of the ACAD and further transfers them to the respiratory chain [25].
Structures of ETFs from Paracoccus denitrificans [26] and human [27] are known, and the
determinants of binding to ACADs and other partner proteins are well-characterized on the basis of
crystal structures of the human MCAD-ETF complex and a complex of Methylophilus methylotrophus
ETF with trimethylamine dehydrogenase (TMADH) [28,29]. To examine whether AidB could interact
with an ETF, we generated models of a complex between AidB and the human ETF using the known
crystal structure of the MCAD-ETF complex (Figure 6).
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Figure 6. Model of the docking between AidB and the human ETF. (A) Side-by-side views
of the AidB-ETF docking model (left) and the MCAD-ETF complex structure (right),
shown in the same orientation. For the docking, the crystal structure of AidB (PDB ID:
3U33 [21]) was superimposed onto the MCAD-ETF complex structure (PDB ID: 1T9G [29]).
All structures are shown in ribbon representation, with the ETF in red, AidB protomers in
yellow and orange, and MCAD protomers in dark and light green. Only one dimer is
shown both for the AidB tetramer and the MCAD tetramer, the second dimer is omitted for
clarity in both cases. Transparent surfaces are shown around all proteins in red (ETF),
yellow (AidB) and green (MCAD). Bound FAD-cofactors of AidB and MCAD are shown
in ball-and-stick representation with carbon atoms in light green and orange, respectively.
The ETF recognition loop is shown in purple and interacting hydrophobic residues of AidB
and MCAD are shown as orange and green spheres, respectively; (B) Wall-eyed stereo
view of the ETF recognition loop interactions. The docking was generated in the same
fashion as in (A). The recognition loop is shown in purple ribbons, with Leu195 shown as
sticks. MCAD residues from the MCAD-ETF complex structure that are interacting with
the recognition loop are shown with pale green carbons. AidB residues near the putative
location of ETF Leu195 are shown with yellow carbons. The axes of the recognition loop
helix, MCAD helix C, and the corresponding AidB helix are shown and colored by dipole
moment from blue (positive) to red (negative); (C) Multiple sequence alignment of ETFs
from different organisms. The residue that inserts into the hydrophobic pocket of partner
proteins is highlighted in yellow. Other conserved residues are shown in blue.
Ec, E. coli (protein YdiQ); Bs, Bacillus subtillis; Mme, Methylophilus methylotrophus;
Mb, Mycobacterium bovus; Pd, Paracoccus denitrificans; Ca, Clostridium acetobutylicum;
At, Arabidopsis thaliana; Hs, Homo sapiens; Mmu, Mus musculus; Bb, Bos bovus.
A
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When considering docking of the ETF to an AidB tetramer, which is the predominant state of AidB
in solution [21], one dimeric unit of AidB is unfavorably close to the human ETF FAD-binding
domain (not shown). However, the implications of this clash are difficult to assess, as the ETF
FAD-binding domain is thought to be flexible both when the ETF is free in solution and in complex
with its partner proteins [25,29–31]. In terms of docking with an AidB dimer, here the overall shape
complementarity is favorable and similar to the human MCAD-ETF complex (Figure 6A) and the
bacterial TMADH-ETF complex (not shown). Critical determinants for efficient electron transfer,
however, are missing. In particular, both MCAD and TMADH present a hydrophobic pocket to the
ETF recognition loop (residues 191–200, human numbering), which inserts a conserved hydrophobic
residue (Leu195, human numbering) into this pocket (Figures 6A, 6B) [28,29]. Mutation of Leu195 or
proteolytic removal of the recognition loop abolishes electron transfer between the ETF and its partner
proteins, and mutational studies have furthermore demonstrated that the size of the hydrophobic pocket
is also critical for efficient electron transfer [28,29]. Notably, even though MCAD and TMADH bind
to the ETF in the same manner, they share no structural homology with each other, suggesting that the
ETF uses the same binding mode for a range of structurally dissimilar partner proteins. While AidB
contains a number of hydrophobic residues in the corresponding region, including Trp38, Phe42, and
Leu103, the guanidinium moiety of AidB Arg120 would be pointed directly at the hydrophobic residue
inserted by the ETF, providing an unfavorable interaction (Figure 6B). Arg120 is stabilized in this
position by interaction with AidB Asp39 (not shown). Furthermore, helix C in AidB (residues 88–98)
is tilted by 18°and appears unable to achieve the ideal alignment of the corresponding helix in MCAD
(residues 50–60) with the ETF recognition loop helix, which is thought to stabilize the MCAD-ETF
complex [28,29] (Figure 6B). Although the AidB helix could adopt a more favorable position upon
binding of the ETF, no change is observed for MCAD upon ETF binding [29,32].
The docking was carried out with the human ETF, but the critical residues are conserved in the
M. methylotrophus ETF and the E. coli ETF (Figure 6C). In particular, Leu195 is Met, which can
likely insert into the hydrophobic pocket in the same mode, and the hydrophobic Ile is found in
position 191. In addition, I/L186, N187, P189, R190, and S/T194, which are thought to be important to
stabilize the recognition loop structure, are conserved. A homology model of the E. coli ETF
furthermore indicates that the E. coli ETF likely has the same conserved structure (not shown).
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3. Discussion
In this work, we have characterized the thermodynamic redox properties of AidB for the first time.
We report the two one-electron reduction potentials for flavin bound to AidB, oxidized to semiquinone
and semiquinone to reduced. Although this is the first characterization of AidB reduction potentials,
the closely related ACAD family has been extensively studied [33]. A comparison of the AidB
electrochemical properties reported here and those of homologous ACAD enzymes reveals both
intriguing similarities and differences.
The two-electron midpoint potential we have measured for AidB (Emox/red = −181 mV) is at the
lower end of the −60 to −180 mV range reported for the two-electron reduction of ACAD enzymes at
neutral pH values [33–38]. We also find that AidB stabilizes a large amount (92%) of the anionic
semiquinone intermediate, a result that agrees with the reported single electron reduction of AidB
using photoreduction methods [17]. In contrast, ACADs typically yield 0%–20% semiquinone.
Stabilization of 0%–20% semiquinone intermediate indicates that the second one-electron reduction of
the ACAD flavin is more thermodynamically favorable than the first, as denoted by a higher reduction
potential. This coupling is essential because it allows for the two-electron transfer required during the
dehydrogenation mechanism of ACADs. Since AidB stabilizes 92% of the anionic semiquinone, the
second one-electron reduction step is less thermodynamically favorable by −155 mV. Uncoupling of
the two one-electron reduction steps to this extent significantly hinders the ability for AidB to extract
two electrons as needed for ACAD activity. Thus, these data indicate that AidB could be involved in a
different type of reaction, possibly involving one-electron transfers.
In general, the reduction potentials of ACADs are more negative than the reduction potentials of
their acyl-CoA substrates, which themselves have reduction potentials of roughly −40 mV [34]. To
generate a thermodynamically favorable electron transfer from acyl-CoA to flavin, a large positive
shift in the reduction potential of the bound flavin occurs when ACAD enzymes bind their biological
substrates. This trend has been demonstrated in several ACADs from various sources, including
short-chain acyl-CoA dehydrogenase (SCAD) from Megasphaera elsdenii (MeSCAD) [35–37],
MCAD from pig kidney (pMCAD) [34,38], glutaryl-CoA dehydrogenase from Paracoccus
denitrificans (PdGCD) [39], and human SCAD (hSCAD) [40] (Table 1). This substrate-dependent
redox modulation, which facilitates dehydrogenation of the appropriate substrate, is a distinctive redox
property of ACADs. Such modulation could be an important feature retained in AidB that is necessary
for catalytic activity.
We therefore measured the AidB reduction potentials in the presence of the putative substrates
IVCoA and DNA. Notably, IVCoA induces a decrease in the AidB flavin reduction potentials, which
expands the overall difference in reduction potential between the acyl-CoA and the flavin. A similar
phenomenon of decreasing flavin reduction potentials has been observed for ACADs in the presence
of non-natural substrates (Table 1) [35,36,38–40]. With hSCAD, for example, the ideal ligand,
butyryl-CoA, shifts the reduction potential positively, while longer acyl chains lead to a negative
shift [40]. Similar down-regulating behavior observed in AidB with IVCoA could indicate that an
increase of the AidB flavin reduction potential takes place upon binding to its as yet unknown
biological substrate, and that once again IVCoA is not the relevant substrate.
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Table 1. Comparison of AidB with previously reported ACAD reduction potentials in mV.
Measurements are listed for free enzymes as well as proteins in the presence of substrate (S),
product (P), or non-optimal substrates described in the text or corresponding references.
Protein

Emox/sq

Emsq/red

Emox/red

% sq

pH

Radical

Ref.

AidB (300 mM NaCl)
AidB + IVCoA (300 mM NaCl)
AidB (100 mM NaCl)
AidB + pUC19 (100 mM NaCl)
AidB + 28-mer (100 mM NaCl)

−103
−148
−160
−121
−129

−258
−297
−315
−274
−282

−181
−222
−237
−197
−205

92
91
92
92
92

8.0
8.0
8.0
8.0
8.0

anionic
anionic
anionic
anionic
anionic

-

MeSCAD
MeSCAD + S/P
MeSCAD + Butyl-CoA
MeSCAD + Acetoacetyl-CoA

-

-

−79
−19
−79
−180

5
0
0
0

7.0
7.0
6.9
7.0

neutral
-

[35]
[37]
[36]
[35]

PdGCD
PdGCD + S/P
PdGCD + Acetoacetyl-CoA

−154 †

−104 †

−85
30
−129

0
5
15

6.4
6.4
6.4

anionic
neutral

[39]
[39]
[39]

pMCAD
pMCAD + S/P
pMCAD + Butyl-CoA

−166
−189 †

−129
−155 †

−136
−26
−172

20
0
20

7.6
7.6
7.6

neutral
neutral

[38]
[34]
[38]

hSCAD *
hSCAD * + Butyryl-CoA
hSCAD * + Octanoyl-CoA

-

-

−141
−103
−161

≤5
≤5
≤5

7.6
7.6
7.6

-

[40]
[40]
[40]

* hSCAD reduction potentials reported for inactivated mutant enzyme. † Values calculated from reported Em
and percent semiquinone values.

The observed reduction potential modulations upon IVCoA binding are unusual because there is no
obvious change in the FAD absorption spectrum upon IVCoA binding. Thus, the interactions between
the acyl-CoA and AidB do not seem to have major structural impact on the FAD isoalloxazine ring.
This finding is also consistent with semiquinone yield remaining constant. Unfortunately, we could not
characterize the interaction between AidB and IVCoA using isothermal titration calorimetry due to the
instability of AidB in the time course of the experiment. However, by taking advantage of the AidB
FAD reduction potential shift upon IVCoA binding, we determined the apparent dissociation
constant between AidB and IVCoA to be 87 μM. This binding affinity for IVCoA is, not surprisingly,
weak compared to those of ACADs for their biologically relevant substrates (see for example
references [40–44] and references therein). The reduced affinity for IVCoA, however, does not fully
explain why the AidB dehydrogenase activity is so weak. Instead, our results suggest that unfavorable
redox thermodynamics are the major factors limiting catalysis.
When DNA binds to AidB, we observed an up-shift of AidB flavin reduction potentials. This
up-shift was observed with both plasmid and a double stranded 28-mer to which AidB preferentially
binds in vivo [19], with the caveat that strong binding occurs at low ionic strengths which themselves
have a drastic negative effect on reduction potential. The redox dependence on ionic strength
marginalizes our observed regulation of reduction potential by DNA, as it is more likely that simple
counter-ions are maintaining high reduction potentials in vivo. When DNA is present with 100 mM
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NaCl during in vitro experiments, some of these counter-ions are likely provided by the charged
phosphate backbone, allowing for only a modest shift in reduction potential when compared to the
effects of 300 mM NaCl. These data suggest that the presence of DNA does not have a strong effect on
the flavin reactivity in AidB, a hypothesis that agrees with in vivo studies where the DNA-binding
domain is removed without affecting AidB’s detoxification activity [19].
For AidB to catalyze a redox reaction, a mechanism would have to be in place to restore the
oxidation state of the flavin cofactor, either reoxidizing reduced flavin after oxidation of a substrate by
AidB, or vice versa. For ACADs, reoxidation of flavin occurs by two one-electron transfers to two
ETFs [33,45]. ETFs are thought to form transient complexes with their different partner proteins,
accepting electrons from different redox cofactors through reduction of their own flavin cofactor [25].
Efficient complex formation is dependent on docking of the recognition loop of the ETF to a
hydrophobic pocket on the surface of its partner protein [28,29]. In our docking experiments, we find
that this interaction is not conserved for AidB. Although modeling experiments cannot rule out an
AidB-ETF interaction, the absence of the structural motifs in AidB thought to be crucial for this
protein:protein interaction suggests that ETF is not a physiological electron acceptor for AidB. Thus,
both the reductive and the oxidative half reactions of the AidB flavin appear to be different from the
ACAD family. Since the chemistry of AidB has not been established, we do not know if flavin needs
to be reoxidized, like ACADs by ETF as described above, or rereduced to catalyze its reaction. In this
light, Mulrooney et al. investigated flavin reduction in AidB by flavodoxin (FldA) [20]. Flavodoxin is
reported to bind to AidB and reduce flavin in AidB to the semiquinone state, but at a slow rate [20].
However, our electrochemical results demonstrate that the midpoint potentials of AidB
(Emox/sq = −103 mV, Emsq/red = −258 mV) and FldAox/sq (–285 mV, [46]) are poised for effective
electron transfer. Despite an appropriate reduction potential and binding affinity [20] the reduction of
AidB by flavodoxin is sluggish, possibly due to the fact that the flavin in AidB is far from any
accessible surface. The physiological relevance, if any, of this slow reduction by flavodoxin remains to
be determined.
Overall, AidB exhibits major differences to its ACAD sequence homologs in terms of the redox
chemistry of the associated flavin cofactor. These differences could be important for the divergent role
of AidB. While ACADs perform oxidations of acyl chains, AidB has an important function in the
bacterial adaptive response to alkylating agents. In particular, recent studies have demonstrated that
AidB exerts a general protective effect on DNA against alkylation [19]. The protection itself does not
rely on the DNA-binding domain, as demonstrated by studies with a truncated mutant lacking the
DNA-binding domain. In agreement with these results, we do not observe a change in the AidB
reduction potential in the presence or absence of DNA. The DNA-binding capacity of AidB instead
appears to be important to localize AidB to so-called UP elements, resulting in increased protection of
the crucial downstream genes such as ribosomal RNA genes, tRNA genes, and DNA repair genes [19].
Our electrochemical studies confirm that AidB is indeed poised for redox chemistry. The
accumulated data point toward a function of AidB in the detoxification of alkylating agents, either by
oxidation or by reduction, to prevent, rather than repair, DNA damage. Such a reaction could occur
through one-electron chemistry that AidB can engage in, as indicated by the high degree of
semiquinone stabilization. Possible substrates for AidB could be alkylating agents such as MNNG and
MMS, although AidB was shown not to react with MNNG [20], or their metabolically activated forms,
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the exact natures of which are still unknown. Other hypotheses, such as direct DNA repair or a distinct
ACAD activity, seem improbable at this point. The major task at hand now is the identification of
AidB’s substrate, which will likely reveal the function of this enigmatic protein.
4. Experimental Section
4.1. Redox Potentiometry
Reduction potentials of the AidB FAD cofactor were measured using the xanthine/xanthine oxidase
system described by Massey [47]. All measurements were conducted under anaerobic conditions
(100% N2) in an MBraun glovebox using a S. I. Photonics 400 series spectrophotometer. E. coli AidB
was prepared as described elsewhere [21]. The solution contained ~10 μM freshly purified protein in
buffer (50 mM Tris, pH 8.0, 1 mM ethylenediaminetetraacetic acid, 300 mM NaCl, 10% (v/v) glycerol,
5 mM β-mercaptoethanol, 3–5 μM phenosafranine (PS), 1 μM benzyl viologen, 1 μM methyl viologen,
and 350 μM xanthine). PS was added as the reference dye, and benzyl viologen and methyl viologen
were included to ensure rapid equilibrium, but at small concentrations that would not perturb the
spectra. Reduction of the mixture was initiated by the addition of 500 nM xanthine oxidase and full
spectra were collected every 3–5 min until completion. When IVCoA or DNA was included, time was
allowed for equilibration before the addition of xanthine oxidase. AidB absorbance was isosbestic at
555 nm so it could be used to monitor concentrations of oxidized and reduced PS. AidB reduction was
monitored at the PS isosbestic point, 406 nm. Oxidized (ox) to reduced (red) absorbance transitions for
PS and AidB were plotted as log ([ox]/[red])PS vs. log ([ox]/[red])AidB. From this plot, AidB reduction
potentials (Em) were calculated based on the known reduction potential of PS, −283 mV at pH 8 [48].
All potentials reported are versus the standard hydrogen electrode.
The maximum amount of semiquinone intermediate (sq) formed during the experiment was
determined as previously described [47]. The reduction of AidB was monitored at two wavelengths
representing the oxidized (440 nm) and semiquinone (365 nm) forms. The plot of these two
wavelengths during the course of reduction has two linear regions. The intercept of these linear fits is
determined and the y-coordinate of this intercept corresponds to the theoretical absorbance
of semiquinone at 365 nm if 100% semiquinone was formed. The experimental maximum
semiquinone absorbance can then be used to determine the maximum proportion of semiquinone
formed, ([sq]/[AidB])max.
4.2. Structural Modeling of Electron Transfer Flavoprotein Docking
To generate the docking model of AidB and human electron transfer flavoprotein (ETF), a dimer or
tetramer of AidB (PDB ID: 3U33 [21]) was aligned with chain D of MCAD from the MCAD-ETF
complex structure (PDB ID: 1T9G [29]) by a sequence-independent structure-based alignment in
PyMOL [49]. Figures of the docking were generated in PyMOL [49].
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5. Conclusions
We have characterized the redox properties of the AidB FAD cofactor, whose reduction potentials
are well within the known flavin reduction potential range for biological chemistries. Like ACADs, the
binding of CoA thioesters alters the redox properties of the flavin, but unlike ACADs, the semiquinone
form of the flavin is highly stabilized. The reduction potentials of AidB are affected more dramatically
by ionic strength than by the presence of DNA, suggesting that the adaptation of the ACAD-fold for
DNA binding, which is observed in the AidB protein, is largely inconsequential in terms of redox
chemistry. While flavodoxin can reduce AidB slowly, docking studies suggest that unlike members of
the ACAD family, ETF would not be a good electron acceptor for AidB. Overall, while there are
structural and redox similarities to the ACAD family of enzymes, AidB is not poised to carry out a
reaction by the typical ACAD mechanism. Since the reduction potentials of AidB are in a biologically
relevant range, our work is consistent with AidB being a redox active enzyme. However,
the mechanism that AidB employs will likely have diverged from that engaged by ACAD
family members.
Acknowledgments
This work was supported by National Institute of Health grants R01-GM072663 (to Sean J. Elliott)
and P30-ES002109 and R01-GM69857 (to Catherine L. Drennan), National Science Foundation grant
MCB-0543833 (to C.L.D.), and the Boston University UROP Office (to Nicholas C. Bene). C.L.D. is a
Howard Hughes Medical Institute Investigator.
Conflict of interest
The authors declare no conflict of interest.
References
1.
2.
3.
4.
5.
6.

7.

Volkert, M.R. Adaptive response of Escherichia coli to alkylation damage. Environ. Mol.
Mutagen. 1988, 11, 241–255.
Volkert, M.R.; Nguyen, D.C. Induction of specific Escherichia coli genes by sublethal treatments
with alkylating agents. Proc. Natl. Acad. Sci. USA 1984, 81, 4110–4114.
Sedgwick, B. Repairing DNA-methylation damage. Nat. Rev. Mol. Cell Biol. 2004, 5, 148–157.
Samson, L.; Cairns, J. A new pathway for DNA repair in Escherichia coli. Nature 1977, 267,
281–283.
Sedgwick, B.; Robins, P.; Totty, N.; Lindahl, T. Functional domains and methyl acceptor sites of
the Escherichia coli ada protein. J. Biol. Chem. 1988, 263, 4430–4433.
Demple, B.; Sedgwick, B.; Robins, P.; Totty, N.; Waterfield, M.D.; Lindahl, T. Active site and
complete sequence of the suicidal methyltransferase that counters alkylation mutagenesis.
Proc. Natl. Acad. Sci. USA 1985, 82, 2688–2692.
Landini, P.; Volkert, M.R. Regulatory responses of the adaptive response to alkylation damage:
A simple regulon with complex regulatory features. J. Bacteriol. 2000, 182, 6543–6549.

Int. J. Mol. Sci. 2012, 13
8.
9.
10.
11.

12.
13.
14.

15.

16.
17.

18.
19.

20.

21.
22.
23.

24.

16913

Sedgwick, B.; Lindahl, T. Recent progress on the Ada response for inducible repair of DNA
alkylation damage. Oncogene 2002, 21, 8886–8894.
Evensen, G.; Seeberg, E. Adaptation to alkylation resistance involves the induction of a DNA
glycosylase. Nature 1982, 296, 773–775.
Karran, P.; Hjelmgren, T.; Lindahl, T. Induction of a DNA glycosylase for N-methylated purines
is part of the adaptive response to alkylating agents. Nature 1982, 296, 770–773.
Trewick, S.C.; Henshaw, T.F.; Hausinger, R.P.; Lindahl, T.; Sedgwick, B. Oxidative
demethylation by Escherichia coli AlkB directly reverts DNA base damage. Nature 2002, 419,
174–178.
Falnes, P.O.; Johansen, R.F.; Seeberg, E. AlkB-mediated oxidative demethylation reverses DNA
damage in Escherichia coli. Nature 2002, 419, 178–182.
Falnes, P.O. Repair of 3-methylthymine and 1-methylguanine lesions by bacterial and human
AlkB proteins. Nucleic Acids Res. 2004, 32, 6260–6267.
Delaney, J.C.; Smeester, L.; Wong, C.; Frick, L.E.; Taghizadeh, K.; Wishnok, J.S.;
Drennan, C.L.; Samson, L.D.; Essigmann, J.M. AlkB reverses etheno DNA lesions caused by
lipid oxidation in vitro and in vivo. Nat. Struct. Mol. Biol. 2005, 12, 855–860.
Frick, L.E.; Delaney, J.C.; Wong, C.; Drennan, C.L.; Essigmann, J.M. Alleviation of
1,N6-ethanoadenine genotoxicity by the Escherichia coli adaptive response protein AlkB.
Proc. Natl. Acad. Sci. USA 2007, 104, 755–760.
Landini, P.; Hajec, L.I.; Volkert, M.R. Structure and transcriptional regulation of the
Escherichia coli adaptive response gene aidB. J. Bacteriol. 1994, 176, 6583–6589.
Rohankhedkar, M.S.; Mulrooney, S.B.; Wedemeyer, W.J.; Hausinger, R.P. The AidB component
of the Escherichia coli adaptive response to alkylating agents is a flavin-containing, DNA-binding
protein. J. Bacteriol. 2006, 188, 223–230.
Bowles, T.; Metz, A.H.; O’Quin, J.; Wawrzak, Z.; Eichman, B.F. Structure and DNA binding of
alkylation response protein AidB. Proc. Natl. Acad. Sci. USA 2008, 105, 15299–15304.
Rippa, V.; Duilio, A.; di Pasquale, P.; Amoresano, A.; Landini, P.; Volkert, M.R. Preferential
DNA damage prevention by the E. coli AidB gene: A new mechanism for the protection of
specific genes. DNA Repair 2011, 10, 934–941.
Mulrooney, S.B.; Howard, M.J.; Hausinger, R.P. The Escherichia coli alkylation response protein
AidB is a redox partner of flavodoxin and binds RNA and acyl carrier protein. Arch. Biochem.
Biophys. 2011, 513, 81–86.
Hamill, M.J.; Jost, M.; Wong, C.; Elliott, S.J.; Drennan, C.L. Flavin-induced oligomerization in
Escherichia coli adaptive response protein AidB. Biochemistry 2011, 50, 10159–10169.
Massey, V. The chemical and biological versatility of riboflavin. Biochem. Soc. Trans. 2000, 28,
283–296.
Massey, V.; Palmer, G. On the existence of spectrally distinct classes of flavoprotein
semiquinones. A new method for the quantitative production of flavoprotein semiquinones.
Biochemistry 1966, 5, 3181–3189.
Clark, W.M. Oxidation-Reduction Potentials of Organic Systems; The Williams & Wilkins Company:
Baltimore, MD, USA, 1960.

Int. J. Mol. Sci. 2012, 13

16914

25. Toogood, H.S.; Leys, D.; Scrutton, N.S. Dynamics driving function: New insights from electron
transferring flavoproteins and partner complexes. FEBS J. 2007, 274, 5481–5504.
26. Roberts, D.L.; Salazar, D.; Fulmer, J.P.; Frerman, F.E.; Kim, J.J. Crystal structure of
Paracoccus denitrificans electron transfer flavoprotein: Structural and electrostatic analysis of a
conserved flavin binding domain. Biochemistry 1999, 38, 1977–1989.
27. Roberts, D.L.; Frerman, F.E.; Kim, J.J. Three-dimensional structure of human electron transfer
flavoprotein to 2.1-A resolution. Proc. Natl. Acad. Sci. USA 1996, 93, 14355–14360.
28. Leys, D.; Basran, J.; Talfournier, F.; Sutcliffe, M.J.; Scrutton, N.S. Extensive conformational
sampling in a ternary electron transfer complex. Nat. Struct. Biol. 2003, 10, 219–225.
29. Toogood, H.S.; van Thiel, A.; Basran, J.; Sutcliffe, M.J.; Scrutton, N.S.; Leys, D. Extensive
domain motion and electron transfer in the human electron transferring flavoprotein.medium
chain Acyl-CoA dehydrogenase complex. J. Biol. Chem. 2004, 279, 32904–32912.
30. Chohan, K.K.; Jones, M.; Grossmann, J.G.; Frerman, F.E.; Scrutton, N.S.; Sutcliffe, M.J. Protein
dynamics enhance electronic coupling in electron transfer complexes. J. Biol. Chem. 2001, 276,
34142–34147.
31. Swanson, M.A.; Kathirvelu, V.; Majtan, T.; Frerman, F.E.; Eaton, G.R.; Eaton, S.S. Electron
transfer flavoprotein domain II orientation monitored using double electron-electron resonance
between an enzymatically reduced, native FAD cofactor, and spin labels. Protein Sci. 2011, 20,
610–620.
32. Kim, J.J.; Wang, M.; Paschke, R. Crystal structures of medium-chain acyl-CoA dehydrogenase
from pig liver mitochondria with and without substrate. Proc. Natl. Acad. Sci. USA 1993, 90,
7523–7527.
33. Ghisla, S.; Thorpe, C. Acyl-CoA dehydrogenases. A mechanistic overview. Eur. J. Biochem.
2004, 271, 494–508.
34. Lenn, N.D.; Stankovich, M.T.; Liu, H.W. Regulation of the redox potential of general acyl-CoA
dehydrogenase by substrate binding. Biochemistry 1990, 29, 3709–3715.
35. Fink, C.W.; Stankovich, M.T.; Soltysik, S. Oxidation-reduction potentials of butyryl-CoA
dehydrogenase. Biochemistry 1986, 25, 6637–6643.
36. Pace, C.P.; Stankovich, M.T. Oxidation-reduction properties of short-chain acyl-CoA
dehydrogenase: Effects of substrate analogs. Arch. Biochem. Biophys. 1994, 313, 261–266.
37. Stankovich, M.T.; Soltysik, S. Regulation of the butyryl-CoA dehydrogenase by substrate and
product binding. Biochemistry 1987, 26, 2627–2632.
38. Johnson, B.D.; Stankovich, M.T. Influence of two substrate analogues on thermodynamic
properties of medium-chain acyl-CoA dehydrogenase. Biochemistry 1993, 32, 10779–10785.
39. Byron, C.M.; Stankovich, M.T.; Husain, M. Spectral and electrochemical properties of
glutaryl-CoA dehydrogenase from Paracoccus denitrificans. Biochemistry 1990, 29, 3691–3700.
40. Saenger, A.K.; Nguyen, T.V.; Vockley, J.; Stankovich, M.T. Thermodynamic regulation of
human short-chain acyl-CoA dehydrogenase by substrate and product binding. Biochemistry
2005, 44, 16043–16053.
41. Becker, D.F.; Fuchs, J.A.; Stankovich, M.T. Product binding modulates the thermodynamic
properties of a Megasphaera elsdenii short-chain acyl-CoA dehydrogenase active-site mutant.
Biochemistry 1994, 33, 7082–7087.

Int. J. Mol. Sci. 2012, 13

16915

42. He, M.; Burghardt, T.P.; Vockley, J.A novel approach to the characterization of substrate specificity
in short/branched chain Acyl-CoA dehydrogenase. J. Biol. Chem. 2003, 278, 37974–37986.
43. Frerman, F.E.; Miziorko, H.M.; Beckmann, J.D. Enzyme-activated inhibitors, alternate substrates,
and a dead end inhibitor of the general Acyl-Coa dehydrogenase. J. Biol. Chem. 1980, 255,
1192–1198.
44. Maier, E.M.; Gersting, S.W.; Kemter, K.F.; Jank, J.M.; Reindl, M.; Messing, D.D.; Truger, M.S.;
Sommerhoff, C.P.; Muntau, A.C. Protein misfolding is the molecular mechanism underlying
MCADD identified in newborn screening. Hum. Mol. Genet. 2009, 18, 1612–1623.
45. Husain, M.; Steenkamp, D.J. Partial purification and characterization of glutaryl-coenzyme A
dehydrogenase, electron transfer flavoprotein, and electron transfer flavoprotein-Q oxidoreductase
from Paracoccus denitrificans. J. Bacteriol. 1985, 163, 709–715.
46. Vetter, H., Jr.; Knappe, J. Flavodoxin and ferredoxin of Escherichia coli. Hoppe. Seylers Z.
Physiol. Chem. 1971, 352, 433–446.
47. Massey, V. A Simple Method for the Determination of Redox Potentials. In Flavins and
Flavoproteins; Curti, B., Rochi, S., Zanetti, G., Eds.; Water DeGruyter & Co.: Berlin, Germany,
1991; pp. 59−66.
48. Stiehler, R.D.; Chen, T.T.; Clark, W.M. Studies on oxidation-reduction. XVIII. simple Safranines.
J. Am. Chem. Soc. 1933, 55, 891–907.
49. The PyMOL Molecular Graphics System, Version 1.5.0.4; Schrödinger, LLC. Available online:
http://www.pymol.org/ (accessed on 8 December 2012).
© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

