
















ALKBH5

FTO ALKBH2

ALKBH3 AlkB

NRL1

NRL2

L1 loop (FTO)

βIV-V loop (ALKBH5)
Complementary DNA strand

Repaired DNA strand

FTO

`ALKBH5

(a)

(b) (c)

(d) (e)

(h)

disordered
NRL2

ALKBH8 TYW5

(f) (g)

N

C

N

C

N

C

N

C

C

N

N

C

N

C

N
CN

C

5'

3'

partially 
disordered 

NRL1

βIV-V loop

βIV-V loop

βIV-V loop

βIV-V loop
βIV-V loop

βIV-V loop

βIV-V loop

Figure 3. Comparison of NAOX structures reveals differences in their nucleotide recognition lids. NRL1 (red) and NRL2 (blue); (a) ALKBH5 (PDB
ID 4NJ4), (b) FTO (PDB ID 3LFM), (c) ALKBH2 in complex with dsDNA (PDB ID 3BUC), (d) ALKBH3 (PDB ID 2IUW) and (e) AlkB in
complex with dsDNA (PDB ID 3BIE). (f) The NRL sequences of ALKBH8 (PDB ID 3THT) are mostly disordered. (g) TYW5 (PDB ID 3AL5)
from the JmjC oxygenase subfamily; note the different structural elements for tRNA substrate recognition; potential substrate contact regions are
coloured brown. (h) Superimposition of ALKBH5 (light orange ribbon), FTO (grey ribbon) and ALKBH2 (not shown) in complex with double-
stranded DNA (green). The bIV-V loop (purple) of ALKBH5 and L1 loop (black) of FTO overlap with the ‘unrepaired’ DNA strand (light green),
potentially conferring single-strand selectivity for ALKBH5 and FTO.
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Figure 4. Comparison of the active site of ALKBH5 with those of other nucleic acid oxygenases. Active site residues of (a) ALKBH5 (white sticks),
(b) ALKBH2 (light blue sticks), (c) FTO (grey sticks), (d) ALKBH3 (green sticks), (e) ALKBH8 (pink sticks), (f) AlkB (cyan sticks) and (g) TYW5
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ALKBH2:dsDNA complex (Arg110); the ALKBH5
Arg130 equivalent Arg131Ala variant in ALKBH3 was
shown to be inactive (28). The sequence of the disordered
apex of ALKBH5 NRL2 contains two basic residues,
Lys147 and Arg148, both of which are conserved across
ALKBH5 homologues in various organisms (Figure 1d)
and may be important for substrate recognition through
interactions with the RNA substrate phosphate backbone.

ALKBH5, AlkB, FTO and ALKBH2 share a YXY/F
motif positioned on the first strand of NRL2 (b4 in
ALKBH5, ALKBH2 and FTO and on the equivalent
of the ALKBH5 ‘anti-parallel’ strand b5 in AlkB)
(Figure 1d). In the ALKBH2–dsDNA complex structure
(PDB ID 3BUC), the hydroxyl of the proximal Tyr122
interacts with the N6 atom of the m1A substrate (3.2 Å)
(Figure 4b) (27). Although the artificial covalent substrate
attachment used to obtain the ALKBH2–DNA complex
structure might slightly alter its position in the active site,
the observed distance suggests a potential role for Tyr122
in catalysis. In ALKBH2 and FTO, the distal Phe124 or

Tyr108 p-stacks directly with the base, and substitution of
Tyr108 in FTO abolishes the activity (39). This ‘base
stacking’ role is partially replaced by Trp69 in AlkB,
aided by the proximal Tyr76 (taking the place of the
distal Tyr141 in ALKBH5 due to its position on the
anti-parallel strand b5) (Figure 4f), which makes inter-
actions with Trp69 and the base as well as the phosphate
backbone. The position of the NRL2 varies in the differ-
ent NAOXs, possibly conferring specificity towards
modified-base type and/or sequence context.
The bIV–V loop of ALKBH5 contains basic residues

(Lys231, Lys235 and Arg238) and overlaps with the comple-
mentary ‘unrepaired’ strand for dsDNA when superimposed
with ALKBH2–dsDNA structure, potentially conferring
ssRNA selectivity (Figure 3h). In ALKBH5, the bIV–V
loop includes a 310-helix that is absent in the other
ALKBHs. The 310-helix contains a solvent-exposed phenyl-
alanine, Phe234, which might act as a phenylalanine finger to
flip the m6A base into the active site by inserting between
flanking bases (see below). The bIV–V loop, along with
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Figure 5. (a and c) ALKBH5 electrostatic surface representation (basic in blue; acidic in red) with 90� rotation along the X-axis and (b and d)
corresponding ribbon representation. The substrate-binding groove around the active site is largely basic for the binding of the negatively charged
ssRNA phosphate backbone. The basic region between the bIV-V loop and a1-helix forms a potential substrate binding groove.
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the a1-helix, appears to form a positively charged groove,
which could be important for binding the negatively charged
ssRNA phosphate backbone (Figure 5a–d). A similar
ssRNA selectivity role has been proposed for a loop in
FTO, the L1 loop, which is located between DSBH
strands I and II (39). When ALKBH5 and FTO are
superimposed, the L1 loop of FTO is situated in the same
relative position near the active site as the bIV–V loop of
ALKBH5 (Figure 3h). AlkB also has a bIV–V loop,
although not as long as that observed in ALKBH5. In
AlkB, Arg161 is located at the apex of the bIV–V loop.
The AlkB Arg161Ala variant shows a decrease in affinity
for methylated DNA, but its rate of activity was not
affected. Thus, AlkB Arg161 is believed to play a role in
the recognition of damaged bases (82).

Model of substrate binding

Based on the structural information available for NAOX
substrate complexes, we manually docked and energy-
minimized two different modes of substrate binding to
ALKBH5. Because ALKBH5 prefers ssRNA as a sub-
strate, we modelled the consensus sequence 50-GGm
6ACU-30 obtained by m6A-seq (8,9). The 50–30 direction
of the strand through the active site was kept, consistent
with that observed for the DNA in complex with AlkB
and ALKBH2 (27,51). Two base-flipping modes, one with
the flanking bases directly stacking against each other (as
observed for ssDNA bound to AlkB) (51) and one with
the insertion of a phenylalanine finger, Phe234, between
the flanking bases (as observed for ALKBH2) (27). We
restrained the docking to preserve the predicted inter-
action between Arg130 and the phosphate backbone
(as observed in the ALKBH2–dsDNA complex) (27) and
set the m6A substrate N6-methylgroup-metal distance to
�4.1 Å, which is the average ‘substrate carbon to enzyme
metal distance’ observed for most 2OG oxygenase–
substrate structures (13). Tyr141 was placed in a
position to interact with the phosphate backbone as for
the AlkB–dsDNA complex (51). After manually adjusting
for the two known base-flipping mechanisms, the models
were energy-minimized to correct for geometry and
steric interactions. The preliminary results suggest that
the phenylalanine finger base-flipping mode involving
Phe234 from the bIV–V loop intercalating the bases
flanking m6A (Supplementary Figure S9) is more likely
than the direct base-stacking mode. Although Phe234
appears relatively distant from the substrate binding
groove, its position could change on substrate binding in
an induced-fit mechanism aided by reduction of the
Cys230–Cys267 disulfide (Supplementary Figure S4).

CONCLUSIONS

The discovery that RNA N-methylation is reversible
has opened up new avenues both for developing an under-
standing of the regulation of gene expression and for its
medicinal exploitation. To date, the only oxygenases
reported to remove m6A in RNA are ALKBH5 and
FTO. Both enzymes appear to be physiologically import-
ant: FTO is associated with obesity, whereas ALKBH5 is

involved in fertility (12,43). Although ALKBH5 reveals
conserved structural elements with FTO, including a
similar general active site chemistry and the use of an
NRL, there are also clear differences. Work with other
2OG oxygenases (52) suggests these differences can be ex-
ploited in the development of selective compounds that
can be used to test the validity of ALKBH5 and FTO as
medicinal chemistry targets.
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