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Switching Demethylation Activities between AIkB Family RNA/DNA
Demethylases through Exchange of Active-Site Residues**

Chenxu Zhu and Chengqi Yi*

Abstract: The AlkB family demethylases AlkB, FTO, and
ALKBH5 recognize differentially methylated RNA/DNA
substrates, which results in their distinct biological roles. Here
we identify key active-site residues that contribute to their
substrate specificity. Swapping such active-site residues
between the demethylases leads to partially switched demethy-
lation activities. Combined evidence from X-ray structures and
enzyme kinetics suggests a role of the active-site residues in
substrate recognition. Such a divergent active-site sequence
may aid the design of selective inhibitors that can discriminate
these homologue RNA/DNA demethylases.

F e and 2-ketoglutarate (2KG) dependent dioxygenases
perform a wide variety of oxidation functions in biology,
including the oxidative demethylation of methylated DNA
and RNA.! The first such dioxygenase identified was AlkB
from E. coli, which oxidatively repairs damaged bases includ-
ing N'-methyladenine in DNA and RNA (m'dA and m'A,
respectively).”! ALKBH2 and ALKBH3, two AlkB human
homologue proteins, can also demethylate m'dA, and thus are
repair proteins that protect our genome from methylation
damage.”! In contrast, FTO and ALKBHS, two other AlkB
human homologues, display only negligible activity towards
m'dA, and are considered to play regulatory roles rather than
DNA repair. The fat-mass and obesity-associated protein
FTO, which has been demonstrated to influence human
obesity and energy utilization in up to half of the world’s
population,® was first shown to demethylate N°-methylthy-
midine and N3-methyluridine,! but more recently also the
abundant mRNA modification N°-methyladenosine (m°A)
with much higher efficiency.® ALKBHS is the second
mammalian demethylase discovered to oxidatively reverse
m°A and it has an impact on RNA metabolism and mouse
fertility.” Therefore, despite the common ground of all being
nucleic acid demethylases, these AlkB family proteins
optimally recognize differentially methylated substrates and
also play different biological roles.
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N'-Methyladenine and N°-methyladenine are both N-
methylated nucleobases but differ in their position of
modification and also biological consequences (Figure 1a).
m'dA can be generated in single-stranded DNA (ssDNA) by
methylating agents and the adduct prevents formation of
Watson—Crick base pairs, and is thus cytotoxic if unrepaired;®
chemically induced m'A could also impair the function of
RNA molecules.?*¥ On the other hand, m°A is formed
enzymatically in eukaryotic mRNAs, pairs to T/U regularly,
and is believed to play important regulatory roles in mRNA
processing and metabolism.””! Thus, the biological roles of
these demethylases are determined—to a large extent—by
the differentially methylated RNA/DNA substrates they
recognize. However, the mechanism of such selective recog-
nition remains poorly understood. Although the crystal
structure of FTO has been solved,!'” it does not contain the
most preferred substrate m°A. The structure of ALKBH3 has
also been solved,'!l but it does not have a bound substrate.
Although substrate recognition by AlkB and ALKBH2 has
been relatively well-studied through crystallography,'* how
the active site of AlkB can discriminate N°-methyladenine
remains unknown. The three-dimensional folding of the
catalytic domain of these proteins looks similar in the existing
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Figure 1. The AlkB family proteins recognize differentially methylated
adenine bases. a) Chemical structures of N'-methyladenine and N°-
methyladenine. b) Sequence alignment of five AlkB family proteins.
Secondary structures are indicated on top of the aligned sequences.
Letters highlighted in red represent the divergent active-site sequences,
while those in blue denote the characteristic residues of the AlkB
family proteins. Columns with “*” at the top are ligands for Fe' ions
and the numbers of the first amino acids within the red bracket are:
D135 for AlkB, E175 for ALKBH2, E195 for ALKBH3, 1209 for ALKBHS,
and N235 for FTO.
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structures. Such limited knowledge makes it difficult to
dissect the molecular basis of their substrate recognition
and also presents challenges to efficiently discriminate these
closely related demethylases for functional studies and
therapeutic efforts.

We present here a detailed study to understand the
molecular basis of the demethylation specificity of AIkB,
FTO, and ALKBHS by using both biochemical approaches
and X-ray crystallography. Inspired by the observations that
AlkB and ALKBH2 use acidic residues (D135 in AlkB and
E175in ALKBH?2) in the active site to recognize the exocyclic
amino group of the positively charged m'dA (see Figure S1 in
the Supporting Information),*“¢ we focused our attention
on a loop region (between 36 and 37) immediately C-terminal
to the invariant HXD motif that serves as ligands for Fe" ions
(Figure 1b, and see Figure S2 in the Supporting Information).
A multiple sequence alignment shows that the amino acid
composition varies significantly within this loop region.
Particularly, for demethylases that work efficiently for the
positively charged m'dA/m'A (AlkB, ALKBH2, and
ALKBH3), negatively charged residues are found at the
equivalent positions of AlkB D135, while amino acids with
neutral side chains are often present for demethylases that act
on the neutral N°-methyladenine (Figure 1b). Thus, we
envisioned that such divergent amino acid sequences may
play a role in determining the optimal substrate recognized by
these demethylases.

We chose methylated ssDNA and ssRNA for evaluation
of the activity since AlkB, FTO, and ALKBHS all prefer
single-stranded substrates. We first generated single or double
mutants of AlkB at the D135 and/or E136 positions by using
amino acids at the equiv-
alent positions of FTO or

enhancement is also observed for NS-methyladenine in the
context of a 15 mer ssRNA with the same sequence (see
Figure S3 in the Supporting Information). It is noticeable that
the mutation of D135 to leucine (which is also neutral, but
differs from the corresponding sequence of FTO and
ALKBHS) shows no noticeable change in the m°*dA deme-
thylation activity compared to wtAlkB (see Figure S4 in the
Supporting Information), thereby arguing against the notion
that any mutation introduced into the loop region can
enhance the m°dA demethylation activity of AlkB. All the
AlkB mutants we examined have decreased activity towards
m'dA, as anticipated (see Figure S5 in the Supporting
Information).

We next tested the possibility of enhancing the demethy-
lation activity to m'dA by replacing amino acids in the loop
region of FTO and ALKBHS. Both FTO and ALKBHS were
reported to exhibit only negligible m'dA demethylation
activity in their wild-type forms.!! As we had hoped,
substituting just one or two amino acids in the loop region
of FTO and ALKBHS with sequences from either AlkB or
ALKBH?2 can significantly increase the demethylation activ-
ity towards m'dA (Figure 2c,d), and meanwhile decrease the
activity to m°dA (see Figure S6 in the Supporting Informa-
tion). The most noticeable enhancement was found with the
FTO N235D/L236E double mutant and L.236R single mutant,
as well as the ALKBHS 1209D and I209E single mutants.
Swapping active-site residues between these demethylases
thus results in partially switched demethylation activities.

To elucidate the roles of these active-site residues at the
molecular level, we solved the crystal structure of AlkB
bound to m®dA-containing duplex DNA and compared this
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activities. a) Typical HPLC traces of digested m®dA-containing substrates, showing the enhanced m°dA
demethylation activity of AlkB D135I. Repair curves of b) mutant AlkBs with increased m°dA demethylation
activity as well as ¢) mutant FTOs and d) mutant ALKBH5s with increased m'dA demethylation activity. The
activities of wild-type enzymes to the cognate substrate are plotted as well for comparison; specific enzymes
and their corresponding activity curves are shown in the same color. All the demethylation experiments shown
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structure to previously reported structures of AlkB with
a cognate m'dA substrate (Figure 3a,b). Overlay of the
m°dA-wtAlkB structure with the m'dA-wtAlkB structure
(PDB ID: 3BIE) shows that the two structures are almost
identical (rmsd of ca.0.28 A), with a major conformational
change found in a flexible loop that caps the flipped base
(Figure 3b). A closer examination reveals that this flexible
loop (K134 to L139) coincides with the active-site region
highlighted in Figure 1b. In the m'dA structure, D135 forms
a crucial hydrogen bond with the amino group of m'dA, and
E136 also projects towards m'dA (see Figure S1 in the
Supporting Information). In the case when m°dA is bound,
both residues point away from m°dA (Figure 3b): the side
chain of E136 is now fully exposed to solvent and, very
interestingly, D135 forms a salt bridge with R183 (see
Figure S7 in the Supporting Information). Additionally,
R210, a characteristic residue of the AlkB family dioxyge-
nases, now occupies the original position of E136 and is,
together with Y78, within van der Waals contact with the
methyl group of m°dA (Figure 3¢). The stacking interaction
between W69 and H131 is preserved for both m'dA and
m°dA. Thus, the flipped m°dA base can still be recognized by
AIkB; however, compared to the optimal binding of m'dA,
the recognition of m*dA is less tight.

We further solved the m*dA-bound structures of several
AlkB mutants (D1351, E136L, and D135I/E136H) which have
the swapped sequences from FTO or ALKBHS and hence
improved demethylation activity towards m°dA and m°A. The

Figure 3. m°dA recognition by AlkB. Protein is colored in cyan, m®dA
in magenta, and DNA in orange. a) Overall structure of m*dA-wtAlIkB.
b) Overlay of m®dA-wtAlkB and m'dA-wtAIkB (3BIE). The pink box
highlights the conformational change of the active-site loop of AlkB to
recognize m°dA, with a zoom-in view shown on the right. c) Detailed
interactions in the active-site of AIkB to accommodate m°dA. The
black curves represent van der Waals contacts and dotted lines
represent metal coordination.
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exact conformations of the mutated active-site loop vary
between these structures, and they also differ from those seen
in wtAlkB/m°dA and wtAlkB/m'dA structures (see Figure S8
in the Supporting Information). Although direct interactions
between the mutated amino acids and the N°-methyladenine
base are not found, a common feature is that the introduced
mutations all changed the original conformation of the loop in
the wtAlkB/m°dA structure, which appears unfavorable for
m°dA recognition. Therefore, we postulate that in addition to
discriminating between m'dA and m°dA, the active-site loop
of AlkB, when equipped with one or two mutations, could also
allow better accommodation of the noncognate substrate
m°dA.

Finally we performed a detailed kinetic analysis to
characterize the m°®A demethylation reactions catalyzed by
wild-type and mutant AlkBs (see Figures S9 and S10 in the
Supporting Information). For a fair comparison, we chose the
exact m®A-containing RNA sequence used previously to
evaluate the demethylation kinetics of FTO and
ALKBHS5.7 Under the conditions used, FTO and
ALKBHS are approximately 90-fold and 15-fold more
efficient, respectively, than wtAlkB in terms of catalyzing
m°A demethylation (Table 1). By making one single mutation

Table 1: Kinetic constants of AlkBs, FTO, and ALKBHS5.

Enzyme Substrate® Ky, [um] keae [min~'] Kear/ K
[min~ um™]

AlkB m'dA 2.00+0.35 7.414+047 3.7
AlkB m'A 2324031 3.72+£0.19  1.60
FTO m°A 0.604+0.12 0.381+0.114 0.634
ALKBH5  m°A 1.66+0.16 0.174+0.008 0.105
AlkB m°A 14.93+2.46 0.107+0.013 0.007
AlkB m°A 5.77+0.84 0.10340.008 0.018
D135N

AlkB m°A 3.4740.37 0.10440.005 0.030
E136L

AlkB m°A 2.764+0.34 0.09740.005 0.035
D135l

[a] All methylated adenine bases are part of a 15 mer ssDNA/ssRNA
sequence.

(D1351 or E136L), we increased the catalytic efficiency of
AlkB to about one third of that of ALKBHS. More
interestingly, the turnover numbers of wild-type and mutant
AlkBs towards m°A are very similar (see Table 1). It appears
to us that the increased demethylation efficiency results fully
from the K, value, an inverse measure of the substrate’s
affinity for the enzyme. Together with our crystallographic
observations, we conclude that the improved recognition of
NS-methyladenine by the mutant AlkBs are mainly respon-
sible for the observed enhancement in demethylation effi-
ciency.

In summary, we have identified an active-site region in
AIkB (and potentially ALKBH2), FTO, and ALKBHS which
is critical for substrate recognition and demethylation specif-
icity. Swapping the active-site sequences between the deme-
thylases results in partially exchanged demethylation activ-
ities. Combined evidence from crystallographic observations
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and kinetic studies indicates a role of the active-site residues
in substrate recognition. As selective inhibition of the AlkB
family demethylases is of particular interest (in terms of
developing both functional probes for research and potential
lead compounds for therapeutics),'* the divergent active-site
sequences identified here provide opportunities for the design
of selective inhibitors that are capable of discriminating
between these closely related demethylases.
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