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ABSTRACT: The Escherichia coli (E. coli) AlkB protein and its
functional human homologues belong to a subfamily of 2-
oxoglutarate (2OG) dependent oxygenases (2OG oxygenases for
simplicity) that enable the repair of cytotoxic methylation damage
in nucleic acids and that catalyze t-RNA oxidations. DNA
alkylation is a major mechanism of action for cytotoxic anticancer
drugs. Thus, the inhibition of oxidative demethylation, catalyzed
by these enzymes, has the potential to improve the efficacy of
chemotherapies. Here we report that oligonucleotide aptamers
constitute a new class of potent inhibitors of 2OG oxygenases. DNA aptamers can selectively bind to AlkB, with nanomolar
affinity, and efficiently inhibit catalysis. The mechanism of inhibition was studied by capillary electrophoresis (CE) with laser-
induced fluorescence (LIF) detection. Inhibition constants of the aptamers were determined and shown to correlate well with Kd
values. The results of kinetic analyses imply that the aptamers bind AlkB away from the active site. Our findings should stimulate
the development of oligonucleotide aptamers for human homologues of AlkB and further their study as potential enhancers of
chemotherapy efficiency.

1. INTRODUCTION
Alkylating agents can cause DNA damage-induced apoptosis
and are widely used in anticancer chemotherapy. However, the
efficiency of chemotherapeutic agents, which work through
damaging DNA, is strongly reduced by DNA repair systems.
Inhibition of nucleotide repair enzymes can be used in
combination with anticancer alkylating agents to allow for
dose reduction and improvement of therapeutic efficiency.1

One mechanism of DNA repair involves enzymes from the
subfamily of 2OG oxygenases. These enzymes catalyze the
dealkylation of DNA or RNA that have been modified by
alkylating agents present in the environment or cellular
metabolism.2 2OG oxygenases acting on nucleic acids can
also catalyze RNA hydroxylation and the oxidation of 5-
methylcytosine bases. 2OG oxygenases that modify nucleic
acids are linked to diseases including obesity and cancer.3

The AlkB protein from E. coli is a well studied 2OG
oxygenase. It is often used as a typical representative of the
subfamily of 2OG oxygenases in functional studies on these
enzymes and in the development of new methods for studying
them.4−12 AlkB catalyzes demethylation of 1-methyladenine
and 3-methylcytosine lesions in both single- and double-
stranded DNA. As with other 2OG oxygenases, AlkB catalysis
employs 2OG and oxygen as cosubstrates and produces CO2

and succinate as coproducts (Figure 1). Following oxidative
decarboxylation of 2OG, a ferryl intermediate is generated,
which then reacts to give a hydroxylated intermediate. The

further oxidation step of the enzymatic reaction releases
formaldehyde, succinate, and the dealkylated DNA product.
The AlkB-type cellular defense mechanism, which involves

the hydroxylation of alkyl groups from nucleic acid substrates, is
conserved from bacteria to humans.4 In total, eight human AlkB
homologues, and related nucleic acid oxygenases, are identified.
Some of these enzymes are linked to diseases, including
neurological disorders, obesity development, and various types
of cancer.13−16 For example, ABH8 is reported to contribute to
bladder cancer progression.17,18 AlkBH2 and AlkBH3 ex-
pression are linked to human gastric cancer and non-small-
cell lung cancer.19−21 Further studies of AlkB and its human
homologues require efficient and selective regulators of their
enzymatic activity and reliable affinity probes that allow one to
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Figure 1. Schematic of AlkB-catalyzed demethylation of DNA.
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measure the expression levels of these proteins in complex
biological matrixes.
As with many other proteins, antibodies are important

reagents in studies on nucleic acid oxygenases.22 It has also
been shown that ABH8 antibodies can inhibit catalysis and can
potentially be utilized for cancer diagnosis and treatment.23

Oligonucleotide aptamers (aptamers for simplicity) are single-
stranded DNA or RNA structures that can recognize
biomacromolecules with high affinity and selectivity. Aptamers
are generally more stable than antibodies, as well as less
expensive and easier to synthesize without the use of animals or
cell culture. Nucleic acids offer multiple options for chemical or
biochemical modification; accordingly, aptamers can usually be
tagged with fluorophores without changing their native
conformation or compromising their affinity.24

In addition to being efficient affinity probes, oligonucleotide
aptamers (mostly RNA) have been shown to control the
activity of enzymes with high affinity and specificity. Examples
of typical target proteins include glycosylases, protein kinases,
RNA polymerases, and others.25

Aptamers can be produced from highly diverse DNA or RNA
libraries via systematic evolution of ligands by exponential
enrichment (SELEX).26,27 Partitioning of binders from non-
binders by nonequilibrium CE of equilibrium mixtures
(NECEEM) enables rapid aptamer selection.28 In addition,
NECEEM can be utilized as a general tool for measuring
binding parameters of aptamer−target interaction (equilibrium
dissociation constant, Kd, and the rate constant of complex
dissociation, koff) and for the quantitative target detection in
aptamer-based affinity analyses.28−32 Recently, we reported the
use of NECEEM for (i) the development of AlkB binding
aptamers with affinity constants in the nanomolar range and (ii)
the quantitative aptamer-based detection of AlkB in vitro in the
presence of E. coli cell lysates.33

Here, we report studies on the inhibition reaction of
aptamers for AlkB. Our overall goal was to establish a
bioanalytical approach for studying the mechanisms of
inhibition of AlkB catalysis by aptamers and determining
their inhibition constants. The developed methodology is
general and should be applicable to the selection and
characterization of aptamer-based inhibitors of other 2OG/
Fe(II)-dependent oxygenases. Moreover, aptamer-based inhib-
itors can be developed for use in in vitro and potentially in vivo
studies of other known nucleic acid modifying enzymes and in
the discovery of new members of this family.

2. MATERIALS AND METHODS
2.1. Materials. Uncoated fused silica capillaries were purchased

from Polymicro (Phoenix, AZ, U.S.). Synthetic fluorescently labeled
DNA substrate (5′-TTCmTTTTTTTTTTTT-3′-fluorescein) and
product (5′-TTCTTTTTTTTTTTT-3′-fluorescein) were synthesized
by ATDbio (University of Southampton, U.K). AlkB from E. coli was
purified according to the published procedure.4 A 1 mM stock solution
of AlkB in 50 mM Tris-HCl, 500 mM NaCl, 1 mM DTT at pH 7 was
stored at −80 °C. Fluorescently labeled DNA aptamers were
synthesized and HPLC-purified by IDT, Coralville, IA. We analyzed
the purity of aptamers by CE to confirm that it was not less than 95%.
The aptamers had a total length of either 79 or 80 nucleotides,
including 2 constant flanking regions of 20 nucleotides each; a
fluorescein label was attached to the 5′-end. The aptamers were stored
at −20 °C. All other chemicals were obtained from Sigma-Aldrich
(Toronto, ON, Canada). All solutions were made using deionized
water filtered through a 0.22 μm filter (Millipore, Nepean, ON,
Canada).

2.2. Instrumentation. CE experiments were performed with a P/
ACE MDQ instrument from Beckman Coulter (Fullerton, CA, U.S.)
utilizing LIF detection (excitation at 488 nm and emission at 520 nm)
and light absorption detection (280 nm). Uncoated fused silica
capillaries with a total length of 50 cm (40 cm to the detection
window) and inner and outer diameters of 75 and 365 μm,
respectively, were used. All samples were introduced into the capillary
by pressure.

The capillary temperature was kept at 15 °C. Electrophoresis was
carried out for a total of 30 min by an electric field of a specified
strength with a positive electrode at the injection end of the capillary.

2.3. AlkB Aptamers. We used previously selected DNA aptamers
in their full lengths including the “random” region and two constant
flanking regions.33 In this study, the following aptamers were used:
aptamer A2, TGCCTAGCGTTTCATTGTCCCTTCTTATTAGGT-
GATAATA; aptamer A3, CCCATATCGGTGAATGCACGAG-
CAACCGATTGACACGGG; aptamer A11, AGAAATTGGTACTG-
TATGAAACGGCAGCTGCACGTCGCG; aptamer A24 ,
GACTGCTGATGAGTCACTTTAACGTGGAGCAAAGATTAAA.
The names A2, A3, A11, and A24 are adapted from the original
work.33 Aptamers used in the inhibition assays did not contain a
fluorescent label, while the aptamers used in the affinity assays has a 6-
carboxyfluorescein fluorescent label at their 5′-ends.

2.4. Assay of AlkB Activity. The AlkB enzymatic activity assay
was based on the quantification of the demethylated product from the
following methylated substrate: 5′-TTCmTTTTTTTTTTTT-fluores-
cein-3′ (TTCm), where Cm is 3-methylated cytosine. The enzymatic
reaction was initiated by the addition of AlkB, at a final concentration
of 5 nM, to a mixture containing 50 mM Tris-HCl at pH 7.5, 4 mM L-
ascorbic acid (AA), 160 μM 2OG, 80 μM (NH4)2SO4·FeSO4·6H2O as
a source of iron(II), 20−400 nM TTCm, and 10 000 units/mL of
catalase (all concentrations are final). To stop the reaction, EDTA was
added at a final concentration of 5 mM to equilibrium mixtures
containing the enzyme and substrate that had been incubated over
different times. The initial reaction rate (nM/min) was measured as a
slope of the initial (linear) part of the “product versus reaction time”
curve. The initial reaction rate was determined for varying
concentrations of the methylated DNA substrate; Km and kcat values
were calculated by fitting the Michaelis−Menten equation to the
experimental curve using the Origin Pro 8 SPO software (OriginLab
Corporation, MA, U.S.).

2.5. Binding Assay of AlkB Aptamers. To determine Kd values
of the aptamer−AlkB complexes, the reaction mixture containing 50−
200 nM AlkB and 50−100 nM fluorescein-labeled aptamer (A2, A3,
A11, or A24) was incubated at room temperature for 20 min. Then
this mixture was injected into a 50-cm-long capillary by a 0.5 psi × 10 s
pressure pulse. An electric field of 400 V/cm was applied to the
capillary with the positive electrode being at the inlet. The
electrophoresis run buffer was 50 mM Tris-acetate, pH 8.2. Areas
corresponding to the free and bound DNA were quantified by LIF
detection, and the Kd values were determined using the NECEEM
mathematics described elsewhere.31

The incubation buffer was 50 mM Tris-HCl, pH 7.5. The binding
assay conditions were varied by adding the following components to
the incubation buffer: (a) 50 mM NaCl, (b) 80 μM
(NH4)2SO4·FeSO4·6H2O, 160 μM 2OG, and 4 mM AA, (c) 150
nM TTCm, 80 μM FeSO4, 100 μM N-oxalylglycine (NOG), and 4
mM AA, and (d) 150 nM TTCm, 3 mM CoCl2, 4 mM AA, and 15 mM
2OG. In the aptamer competition binding assays, the reaction mixture
contained 200 nM AlkB, 100 nM fluorescein labeled A2 aptamer, and
either 300 nM unlabeled A2 (A3) aptamer or 2 μM unlabeled A11
(A24) aptamer in the incubation buffer.

2.6. Inhibition Assay. Inhibition assays were performed under the
same conditions as the activity assay described above but with addition
of the inhibitor into the same buffer. The reaction product (P) and
unreacted substrate (S) were separated by CE using a 20 mM borax,
60 mM sodium dodecyl sulfate run buffer at pH 8.5 and quantitated
with LIF detection. The initial rate of reaction was determined as a
function of aptamer concentration at fixed TTCm substrate
concentrations in the range of 20−300 nM. In the inhibition assays,
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we used the same four DNA aptamers described above but without the
6-carboxyfluorescein fluorescent label at the 5′-end of the aptamer.
Concentrations of aptamers were varied as follows: (a) A2 was present
at concentrations ranging between 0.5 and 25 nM; (b) A3, A11, and
A24 were present at concentrations ranging between 30 and 250 nM.
The concentration of NOG inhibitor was varied between 8 and 80 nM.
For the determination of Ki values, the Lineweaver−Burk plot (Figure
5) and Morrison fits were used (Figure 4).

3. RESULTS AND DISCUSSION
The AlkB-binding DNA aptamers studied here were isolated
from a random-sequence DNA library by using the NECEEM
method.33 The aptamers did not show any detectable
nonspecific binding to other proteins present in the E. coli
cell lysate and were selective for the AlkB protein.33 Here, we
utilized the NECEEM method to analyze the affinity of the
AlkB aptamers toward AlkB and gauge their activity as
inhibitors. Example of typical NECEEM electropherograms
are shown in Figure 2. The equilibrium mixture contained

AlkB, a DNA aptamer, and the AlkB−aptamer complex. To
determine Kd values, peak areas corresponding to unbound
DNA and protein−DNA complex in the NECEEM electro-
pherograms were analyzed. Since the DNA aptamers were
fluorescently labeled, its complex with AlkB was also labeled
and detectable by LIF. The equilibrium mixture was injected
into an uncoated capillary with the positive electrode at the
inlet. The mixture was then subjected to free-zone electro-
phoresis with a considerable electroosmotic flow that could

carry all components of the equilibrium mixture to the capillary
outlet. Unbound DNA, characterized by highly negative charge
to size ratio, migrated more slowly than AlkB when the positive
electrode is placed at the capillary inlet. The complex of the
aptamer with the protein migrated between the unbound
protein (not detected, since it was not labeled) and the
unbound DNA.
We used 4 out of the 16 previously selected aptamers to

investigate the aptamers' ability to modulate AlkB catalysis.33

Four representative candidates were selected to cover a range of
Kd values that included strong and moderate binders. The
activity assay required experimental conditions different from
those reported in the binding assay; thus, we tested the affinity
of the strongest binder, aptamer A2, at varying complex
formation conditions (Table 1). We found that the addition of
50 mM NaCl to the Tris-HCl incubation buffer increased the
Kd of the A2 aptamer by a factor of 4. Perhaps increasing the
ionic strength suppresses electrostatic interactions involving
charged phosphate groups on DNA; such interactions are likely
important for noncovalent binding between the protein and
aptamer.
We then investigated the effect of adding Fe(II) and 2OG on

aptamer binding to AlkB. The individual addition of either
component resulted in a significant decrease in Kd, but a 2-fold
decrease was observed when they were combined (Figure 2).
This observation may reflect the reported conformational
changes that Fe(II) and 2OG have upon AlkB binding as
observed by NMR.34 In contrast, the other three aptamers, A3,
A11, and A24, did not change their affinity in the presence of
the 2OG and iron (Table 1). The results may suggest that the
binding sites on AlkB for these aptamers are different from the
one that participates in A2 aptamer binding.
To investigate the proximity of the A2 binding site to the

active site, we compared A2 aptamer binding to the enzyme−
substrate complex with its binding to the AlkB protein without
the substrate. Crystal structures of the AlkB protein and AlkB−
ssDNA substrate complex reveal that the presence of the
substrate widens the active site binding groove to allow
hydrogen bonding with the DNA backbone.35 Accordingly, it
was suggested that AlkB can exist in two distinct conformations
that correspond to a “searching” DNA mode and a “repair
DNA” mode. Therefore, if the aptamer binding site on the AlkB
is close enough to the substrate binding region, the substrate-
induced conformational change could also affect aptamer
binding. We therefore employed NOG, a catalyatically inert
2OG analogue, and Co(II), a similarly inert substitute for
Fe(II) in AlkB catalysis.36 In the presence of TTCm substrate,

Figure 2. Influence of Fe2+ and 2OG on the formation of an affinity
complex between AlkB and the A2 aptamer. See text for details.

Table 1. Kd (nM) and Ki (nM) Determined for AlkB Aptamersa

conditions A2 A3 A11 A24

Kd HEPES/NaClb 59.1 ± 10.2 27.1 ± 11.4 312 ± 20 136 ± 24
HEPES 46.1 ± 14.4
Tris 27.5 ± 2.5 29.3 ± 7.7 426 ± 88 117 ± 10
Tris/NaCl 103 ± 6.4
Tris/Fe2+ 16.5 ± 2
Tris/2OG 15.0 ± 3.2
Tris/2OG/Fe2+ 7.36 ± 1.26 32.8 ± 10.9 375 ± 94 131 ± 20
Tris/2OG/Co2+/TTCm 37.8 ± 9.1
Tris/Fe2/NOG/TTCm 24.8 ± 8.2

Ki see Section 2.4 4.42 ± 1.91 34.4 ± 6.4 224 ± 16 178 ± 10

aThe data are for synthetic aptamers except where indicated. bMeasured for PCR-amplified bacterial clones.32
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the aptamer affinity for AlkB was the same as that without
TTCm (Table 1). Thus, the A2 aptamer displayed equal affinity
for both the free enzyme and the ES complex, and the aptamer
binding site is not affected by the presence of the substrate.
However, because AlkB can catalyze the conversion of 2OG to
succinate and CO2 without the substrate,5 these results are
difficult to interpret unambiguously.
Table 1 summarizes the results of affinity assays performed

for all four aptamers, showing a wide range of affinity constants.
We confirmed the aptamer affinity ranking previously obtained
by using PCR-amplified bacterial clones with the synthetic
aptamers utilized in this study.33

Strong binding of aptamers to AlkB protein suggests the
possibility of controlling the AlkB protein DNA repair
activity.24 We thus studied possible inhibition using a detailed
CE-based kinetic analysis. Crystallographic and other bio-
physical studies indicate that the formation of the AlkB
enzyme−substrate complex occurs because of hydrophobic
interactions, hydrogen bonding, and electrostatic interactions
between the polyphosphate backbone of the DNA substrate
and an electropositive DNA binding groove.35−38 Both DNA
substrate and DNA aptamer are negative-charge-carrying
molecules that may compete for the same positive charges on
the proteins surface. To further investigate the potential of
aptamers for inhibition, we used a CE approach based on the
separation and quantitation of the reaction product, TTC, and
unreacted substrate, TTCm. (a 15-nt DNA strand with a single
methylated cytosine).10 To illustrate the method, we show in
Figure 3 electropherograms depicting the conversion of the

methylated substrate into the demethylated product in the
absence and in the presence of the A2 aptamer. The kinetic
assay revealed a reduction in the amount of product formed in
the presence of the aptamer (Figure 3, top trace).
To study the mechanism of inhibition, kinetic analyses were

performed in the presence of varying concentrations for each of
the four aptamers. One of the strongest binders, aptamer A2,
demonstrated exceptional inhibitory activity and completely
stopped AlkB-catalyzed demethylation at concentrations

comparable to the enzyme concentration. These results suggest
that A2 is a tight binding inhibitor, and therefore, the data for
this inhibitor were processed by using the Morrison fit.39 Our
data analysis revealed that the Ki for the A2 aptamer was as low
as 2 nM (Figure 4). We found that A2 inhibited the reaction in

a DNA substrate-independent fashion. That suggests that A2 is
a noncompetitive inhibitor with respect to the substrate. The
other three aptamers, A3, A11, and A24, appeared to be weaker
inhibitors, and kinetic assay data were analyzed with the
classical Lineweaver−Burk approach. The results revealed that
each of these aptamers had caused significant reduction in the
maximum reaction rate of AlkB catalysis, Vmax, with no change
in Km (Figure 5). These data indicate that A3, A11, and A24 act
as noncompetitive inhibitors of the AlkB protein DNA repair
activity with respect to both 2OG and the DNA substrate and
inhibit by binding the protein at a site distinct from the
enzyme’s active site (at least with the tested substrate).
Inhibition of AlkB activity by aptamers was further compared

with the established 2OG analogue, NOG, which competes
with 2OG for AlkB binding. Graph E in Figure 5 shows that
NOG is a competitive inhibitor causing an increase in Km, with
no change in Vmax. Competitive inhibition by NOG with
respect to 2OG was expected and served as another
confirmation that the mechanisms of AlkB inhibition were
determined correctly. We also found a previously unknown
noncompetitive mechanism of inhibition by NOG with respect
to the DNA substrate (graph A in Figure 5).
In contrast, aptamers had exhibited noncompetitive inhib-

ition in relation to the cofactor 2OG in the same manner as to
the substrate (graphs F−H). The noncompetitive nature of
inhibition by DNA aptamers with respect to DNA substrate
was somewhat surprising, as both molecules are very similar in
their physical−chemical properties and could be expected to
bind AlkB in a similar fashion. As judged by their Ki values, the

Figure 3. Aptamer inhibition of demethylation of 100 nM methylated
TTCm substrate by 5 nM AlkB (see Materials and Methods, sections
2.4 and 2.6). CE-based separation of the substrate (S) from the
demethylated product (P) under the standard assay conditions is
shown for the reaction mixture incubated for 1 min in the absence
(middle line) and presence of 2 nM A2 aptamer (top line). The
negative control (bottom line) was the reaction mixture before the
addition of AlkB.

Figure 4. The top panel shows inhibitory activity of the A2 aptamer in
comparison to those of A3, A11, and A24 aptamers and NOG. The
inset shows the same graph with the expanded x axis. The bottom
panel illustrates the determination of Ki for the A2 aptamer by using
the Morrison fit.
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aptamers are about 3 orders of magnitude more potent
inhibitors than NOG. For example, the Ki for NOG was 11.6
μM while that for A3 inhibitor was 34.3 nM. The inhibition
mechanisms revealed by the Lineweaver−Burk analysis were
also confirmed by curve fitting.
Although all four aptamers could bind and inhibit AlkB-

catalyzed demethylation, A2 demonstrated a dramatically
stronger inhibitory activity (Figure 4, top panel). The observed
difference between the inhibitory activity of A2 and other three
aptamers correlates with their difference in binding affinity and
sensitivity to the presence of 2OG and iron(II). Table 1 shows
that the ranking of Ki values obtained for the four aptamers is in
agreement with the ranking of Kd values for the AlkB−aptamer
complexes and that the A2 aptamer is the strongest binder and
inhibitor.
The potent inhibitory activity of the A2 aptamer and the

dependence of this affinity on 2OG binding suggest that A2
binds in a region different from the regions binding A3, A11,
and A24 aptamers. To test this hypothesis, we tested the ability
of the fluorescently labeled A2 aptamer to form a complex with
AlkB in the presence of an excess of the other unlabeled
aptamers. Figure 6 shows that the amount of the A2−AlkB
complex did not change as the other aptamers (A3, A11, or
A24) were added in a 20-fold excess (compare the bottom and
three upper lines), while the addition of the unlabeled A2
aptamer, used as a positive control, almost completely
suppressed the complex formation between AlkB and the
fluorescently labeled A2 (red line). The absence of competition
between A2 and the rest of the aptamers suggests that A2 and
the other three aptamers bind to different, nonoverlapping sites.
At present we do not know how the identified aptamers bind to
AlkB, and it cannot be ruled out that they bind at a biologically
relevant nucleic acid binding site that is not involved in binding
our substrate.
The approach developed here for the evaluation of DNA

aptamers, which can bind and specifically inhibit the activity of
a target protein, can be potentially used for any 2OG/Fe(II)-
dependent oxygenase. We note that not only do aptamers have
the potential to decrease the catalytic rate of enzymes but they

can also increase it. This methodology can be applied toward
studies on aptamer−enzyme complexes and an aptamers’ ability
to regulate protein activity in vivo and for the discovery of new
aptamer-based drug candidates.

4. CONCLUSIONS
We have studied DNA aptamers as potential inhibitors of AlkB-
catalyzed DNA demethylation. Our investigations reveal the
ability of DNA aptamers to be highly potent inhibitors of AlkB-
catalyzed demethylation of DNA. The aptamers are non-
competitive inhibitors with respect to 2OG and, at least with
the tested sequences, noncompetitive with respect to substrates.
Not only can aptamers exhibit exquisitely selective binding
properties but they are also able to modulate the function of
AlkB when present in the nanomolar range of concentrations.
Noncompetitive inhibition allows low concentrations of
aptamers to efficiently moderate the enzymatic activity. This
might be an advantage for potential pharmaceutical applications

Figure 5. Kinetic (Lineweaver−Burk) analysis of AlkB inhibition kinetics by DNA aptamers and, in-contrast, by NOG, a structural analogue of 2OG.
Initial rates of AlkB-catalyzed demethylation of TTCm were determined at substrate concentrations ranging from 1 to 50 nM in the presence of 0, 30,
100, and 250 nM DNA aptamer (B−D) or 0, 8, 16, and 80 nM NOG (A, E).

Figure 6. Competition of A3, A11, and A24 aptamers with A2 aptamer
for the A2-binding site on AlkB. The A2 aptamer was fluorescently
labeled and present at 100 nM, while the competing aptamers were
unlabeled and present at 2 μM. Displacement of the labeled A2
aptamer (100 nM) by the unlabeled A2 aptamer (300 nM) was used as
a positive control (red trace).
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of aptamers as inhibitors of human 2OG/Fe(II)-dependent
oxygenases.
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