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(Bacl(ground: Human AlkB homolog 5 (Alkbh5) is an RNA demethylase that erases m®A modification.
Results: Crystal structures of an enzymatically active Alkbh5 construct in complex with cofactors or small molecules were

Conclusion: Structure and activity analyses showed that Alkbh5 strongly prefers single-stranded oligos and small molecule

Significance: The Alkbh5 structure reveals potential for structure-based design of selective inhibitors.
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N®-Methylation of adenosine is the most ubiquitous and
abundant modification of nucleoside in eukaryotic mRNA and
long non-coding RNA. This modification plays an essential role
in the regulation of mRNA translation and RNA metabolism.
Recently, human AlkB homolog 5 (Alkbh5) and fat mass- and
obesity-associated protein (FTO) were shown to erase this
methyl modification on mRNA. Here, we report five high reso-
lution crystal structures of the catalytic core of Alkbh5 in com-
plex with different ligands. Compared with other AlkB proteins,
Alkbh5 displays several unique structural features on top of the
conserved double-stranded f-helix fold typical of this protein
family. Among the unique features, a distinct “lid” region of
Alkbh5 plays a vital role in substrate recognition and catalysis.
An unexpected disulfide bond between Cys-230 and Cys-267 is
crucial for the selective binding of Alkbh5 to single-stranded
RNA/DNA by bringing a “flipping” motif toward the central
B-helix fold. We generated a substrate binding model of Alkbh5
based on a demethylation activity assay of several structure-
guided site-directed mutants. Crystallographic and biochemical
studies using various analogs of a-ketoglutarate revealed that
the active site cavity of Alkbh5 is much smaller than that of FTO
and preferentially binds small molecule inhibitors. Taken
together, our findings provide a structural basis for understand-
ing the substrate recognition specificity of Alkbh5 and offer a
foundation for selective drug design against AIkB members.
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Over 100 post-transcriptional modifications have been iden-
tified in different types of RNA, including rRNA, tRNA, mRNA,
and snRNA (1). N°>-Methyladenosine (m®A)? is the most prev-
alent and abundant internal methylated nucleoside in mamma-
lian mRNA and is also found in the RNA of plants and viruses
(2, 3). Mapping of m°®A in human and mouse RNA identified
that m®A modification happens mainly within the consensus
sequence (G/A)(G/A)m°AC(A/C/U) in a non-stoichiometric
manner with only three to five m®A sites observed per mRNA
molecule (4 — 6). m®A sites are enriched near stop codons and in
the 3'-UTR of mRNA (5, 6). As a result, scientific interest in the
mCA modification has increased. The m®A modification is pre-
dicted to be involved in various pathways of RNA metabolism
and to play a vital role in the regulation of gene expression (5, 6).
Similar to DNA and protein modifications, the m°A methyla-
tion is reversible and can be temporally and spatially regulated
by methyltransferases and demethylases (7, 8).

Alkbh5 belongs to the conserved AlkB family of non-heme
Fe(II)/a-KG-dependent dioxygenases (9, 10) that repair N-al-
kylated nucleobases by oxidative demethylation. The Esche-
richia coli AlkB has been shown to restore 3-meC, 1-meA,
3-meT, 1-meG, and other lesions in DNA and RNA (11, 12).
The human genome encodes nine AIkB homologs (Alkbhl-8
and FTO). Alkbh1 is a mitochondrial protein that demethylates
3-meC in both RNA and DNA (13). Alkbh2 and Alkbh3 share
the same repair activities as AlkB, but Alkbh3 and AIkB prefer
ssDNA and ssRNA substrates, whereas Alkbh2 prefers dsDNA
(14-16). Alkbh8 catalyzes the hydroxylation of hypermodified
wobble uridines in tRNA that are associated with bladder can-
cer invasion (17). FTO was initially shown to demethylate
3-methylthymine and 3-methyluracil in synthetic ssDNA and

3 The abbreviations used are: m°A, N®-methyladenosine; Alkbh5, human AlkB
homolog 5; FTO, fat mass- and obesity-associated protein; a-KG, a-keto-
glutarate; ssRNA, single-stranded RNA; ssDNA, single-stranded DNA; NOG,
N-oxalylglycine; PDCA, pyridine 2,4-dicarboxylate; ITC, isothermal titration
calorimetry; DSBH, double-stranded B-helix; dsRNA, double-stranded
RNA.
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ssRNA (18, 19). Structural studies have confirmed that FTO
selects against double-stranded nucleic acids (20). Further-
more, FTO was recently shown to exhibit high demethylation
activity toward m°®A, confirming that ssRNA-containing m°A is
the preferred substrate of this enzyme (21).

Alkbh5 is a direct transcriptional target of hypoxia inducible
factor-1 and is induced by hypoxia in a range of cell types (22).
The expression of Alkbh5 can be negatively regulated by
PRMT?7 (23). A proteome study revealed that Alkbh5 binds
preferentially toward the distal 5 regions of the coding
sequences (24). Although Alkbh5 has been known for many
years, the substrate and function of this enzyme remained elu-
sive until recently. Zheng et al. (25) demonstrated that Alkbh5
is the second mammalian RNA demethylase that removes the
mCA modification both in vitro and in vivo. This study showed
that Alkbh5 co-localizes with nuclear speckles, which are
involved in the assembly of mRNA -processing factors. Alkbh5-
mediated demethylation of mRNA significantly affects nuclear
mRNA export and RNA metabolism. Alkbh5 demethylation
activity was also shown to regulate spermatogenesis and apo-
ptosis in mouse testes. The study also thoroughly characterized
the enzyme activity of Alkbh5, which shows a preference for
single-stranded oligos with a selective bias toward m°®A within
the consensus sequence (25).

Given the striking biological role of Alkbh5 as an m°A RNA
demethylase, it is of considerable scientific interest to elucidate
the molecular mechanism underlying Alkbh5 demethylation
activity. To this end, we determined five crystal structures of
the human Alkbh5 catalytic core in complex with citrate and
acetate, Mn>", and Mn”" with ligand a-KG, N-oxalylglycine
(NOG), or pyridine 2,4-dicarboxylate (PDCA). Structure com-
parison with AlkB homologs and activity analysis of site-di-
rected mutants were also carried out and provided insights into
the distinct substrate preference of Alkbh5 and selective inhib-
itor design.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—DNAs encoding the
wild-type and various mutants of human AlkbhS were ampli-
fied by PCR and subcloned into a modified pET-28a (Novagen)
vector encoding a tobacco etch virus protease recognition site.
The final clones were verified by DNA sequencing. All of the
recombinant plasmids were transformed into E. coli strain
BL21(DE3). Cells were grown in LB at 37 °C until A, reached
0.8-1.0, and protein overexpression was induced overnight at
18 °C by addition of 0.2 mmM isopropyl 1-thio-B-p-galactopyra-
noside. The cultures were harvested by centrifuging at 4000 X g
for 10 min. Cell pellets were then resuspended in buffer A (20
mwm Tris-HCI, pH 8.0, 500 mm NaCl) replenished with Triton
X-100 and PMSF (Invitrogen). The cells were lysed by sonica-
tion, and lysates were clarified by centrifuging at 20,000 X g for
15 min. The supernatant was then filtrated through a 0.45-um
filter membrane to remove cell debris before being applied to a
His affinity column (GE Healthcare). After the sample was
loaded, the column was washed with buffer B (buffer A contain-
ing 20 mM imidazole), and the target protein was eluted with
buffer C (buffer A containing 300 mm imidazole). Tobacco etch
virus protease was added to the elutant at a 1:10 (w/w, protease/

11572 JOURNAL OF BIOLOGICAL CHEMISTRY

protein) ratio for 3 h at 4 °C to remove the His tag. Uncleaved
proteins and tobacco etch virus protease were removed by pass-
ing the elutant through a second Ni*"-chelating column. The
Alkbh5 sample was then loaded onto an ion exchange column
(Q-Sepharose, GE Healthcare) eluted with buffer containing 20
mM Tris-HCl, pH 8.0 and 50 mm NaCl. Further purification was
performed by size exclusion chromatography using a Superdex
200 column (GE Healthcare) with GF buffer (20 mm Tris-HCI,
pH 8.0, 500 mMm NaCl). Peak fractions were collected and exam-
ined using Coomassie Blue-stained SDS-polyacrylamide gels.
Fractions containing the target protein were pooled and con-
centrated to 8 —40 mg/ml. All the protein purification proce-
dures were performed at 4 °C.

Crystallization and Data Collection—Crystallizations were
performed at 24 and 4 °C using both the hanging drop and sit-
ting drop vapor diffusion methods. Initial crystals of Alkbh5
were grown in a reservoir solution of 30% PEG 4000, 200 mMm
CH,CO,NH,, 100 mm sodium citrate, pH 5.6 at 24 °C. High
quality crystals were finally obtained after 2 weeks at 24 °C in a
hanging drop containing 1 ul of protein solution (150 mm NaCl,
20 mm Tris-HCI, pH 8.0, 5 mm MnCl,, 10 mm -mercaptoeth-
anol, 10 mm «-KG) mixed with an equal amount of optimized
well solution (28% PEG 4000, 200 mm CH,CO,NH,, 100 mMm
sodium citrate, pH 5.4, 2% (v/v) glycerol). The complexes of
Alkbh5-Mn?", Alkbh5-Mn**-a-KG, Alkbh5-Mn*"-NOG, and
Alkbh5-Mn**-PDCA were prepared by soaking the native crys-
tals in well solution containing 5 mm MnCl, or additionally
with 50 mMm a-KG, 5 mM NOG, or 5 mm PDCA, respectively. All
the crystals were transferred to a cryobuffer (reservoir buffer
supplemented with 20% ethylene glycol) and flash frozen in
liquid nitrogen before data collection.

Native data were collected at beamline NE3A at Photon Fac-
tory. The data for complex crystals containing Mn>* and dif-
ferent ligands (a-KG, NOG, and PDCA) were collected at
beamline NE3A at Photon Factory, beamline BL17U1 at the
Shanghai Synchrotron Radiation Facility, and beamline 1W2B
at the Beijing Synchrotron Radiation Facility, respectively. Data
were indexed, integrated, and scaled with the HKL2000 suite of
programs (26). Data collection details and processing statistics
are shown in Table 1.

Structure Determination and Refinement— An initial molec-
ular replacement solution was obtained from the BALBES (27)
server using the structure of Alkbh2:dsDNA (Protein Data
Bank code 3BTZ; 19% identity to Alkbh5) as a model after
extensive trials of high resolution ranges between 2.0 and 3.0 A.
The solution has a molecular replacement score of 3.45 and an
R, o1/ Revoo value of 0.497/0.574. The primitive density map has
arelatively clear outline with several recognizable a-helices and
B-strand bundles. After removing the inappropriate main and
side chains in the model using the program Coot (28), we iter-
atively refined and built the model with CNS (29), Phaser (30),
AutoBuild (31), and REFAMCS5 (32). The best solution stopped
at an R, . /Ry.. value of 0.395/0.452. At this point, we
attempted to use the IPCAS package from the CCP4 suite (33).
The running mode was set as partial model extension without
single wavelength anomalous diffraction/single isomorphous
replacement information with 10 interactive cycles of phasing
by OASIS (34), density modification by DM (35), and model
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FIGURE 1. Overall structure of human Alkbh5-a-KG-Mn?*. A, Alkbh5 in vitro enzymatic activity assays. As shown by the HPLC analysis of digested substrates,
Alkbh5 66 -292 used for crystallization shows the same repair activity as the longer fragment Alkbh5 66 -394. B, the overall structures of Alkbh5 66-292 in the
presence of a-KG and Mn?*. The Mn?" ion is shown as a magenta sphere. The disulfide bond between Cys-230 and Cys-267 is highlighted in yellow and
indicated by the black arrow. Key residues as well as a-KG are shown as sticks, and secondary structures are labeled. Flip1, Flip2, and Flip3 are shown in green,

blue, and magenta, respectively. mAU, milli-absorbance units.

building by Buccaneer (36), all of which improved the R,/
Ry,.. value. The final cycle of refinement gave a qualified model
withthe R, .1/ Ry... values of 0.266/0.308. After five more cycles
of manual rebuilding by Coot and refinement with REFAMCS5,
the structure was refined to 2.17 A with an R, of 20.3% and
R Of 23.2%. The crystal of Alkbh5 belongs to space group
P4,2,2 with one molecule in the asymmetric unit. The complex
structures of Mn”*-bound Alkbh5 or additionally with differ-
ent ligands (a-KG, NOG, and PDCA) were all determined by
molecular replacement using the native structure as a model.
All structural figures were prepared using the PyMOL program
(37).

Preparation of Substrates—Two m°A-containing single-
stranded DNA oligonucleotides (8-mer, CGG(m°A)CTGG;
10-mer, GTCA(m®A)CAGCC) were chemically synthesized
(GenScript). A hemimethylated 10-mer dsDNA was prepared
by annealing a slight excess of complementary oligos to the
above 10-mer m°®A-containing ssDNA in 10 mm Tris-HCl, pH
8.0, 100 mm NaCl buffer. Annealing was performed first by
heating the mixture at 96 °C for 5 min and then slowly cooling it
to room temperature. Additionally, the 6-methyldeoxyadeno-
sine was synthesized according to a previous report (38).

In Vitro Demethylation Activity Assays—The demethylation
activity assay was carried out in a 100-ul reaction mixture con-
taining 10 uM m°A-containing oligos, 10 uM human Alkbh5
wild type or mutant proteins, 50 mm HEPES, pH 7.2, 150 um
(NH,),Fe(SO,),, 300 um a-KG, and 2 mm L-ascorbic acid. The
sample was incubated at room temperature for 30 min
before the reaction was quenched by heating at 96 °C for 5 min.
We then digested the single-stranded oligonucleotides into sin-
gle nucleosides using nuclease P1 (Sigma N8630) and alkaline
phosphatase (Takara 2250A). The treated solution was ana-
lyzed in an HPLC system equipped with an Agilent Eclipse
XDB-C18 analysis column (150 X 4.6 mm) eluted with buffer A
(H,O) and buffer B (methanol) with a flow rate of 0.5 ml/min at
room temperature. The detection wavelength was set at 260
nm. When the dsDNA was used as substrate, the reaction mix-
ture was heated at 100 °C for 5 min and then chilled rapidly in
an ice bath. The denatured DNA was digested and analyzed
using the same procedure as that for ssDNA.
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Inhibition Assays for Alkbh5—For the inhibition assay, 5 um
Alkbh5 was incubated in a reaction buffer containing 50 mm
HEPES, pH 7.2, 150 um (NH,),Fe(SO,),, 2 mm L-ascorbic acid,
and inhibitors at various concentrations for 30 min at 24 °C
prior to the addition of 10 um 8-mer m°®A-ssDNA and 160 um
a-KG. After incubation for 3 h, the reactions were quenched by
heating at 96 °C for 5 min. Other procedures were the same as
those in the demethylation activity assays. Most of the assays
were repeated in triplicate. All inhibitors were assayed at five
different concentrations. IC;, values were calculated as the
inhibitor concentration that reduces Alkbh5 activity to half its
maximal level using GraphPad Prism 5.0 software.

Isothermal Titration Calorimetry (ITC) Assays— Alkbh5 pro-
tein was subjected to size exclusion chromatography with
buffer D (20 mm Tris, pH 8.0, 150 mm NaCl). Both a-KG and
succinate were dissolved in buffer D at 100 mm, and the pH of
the stock solutions was adjusted to 8.0 using sodium hydroxide.
The solutions were then diluted to a final concentration of 4 mm
using buffer D. a-KG and succinate in the syringe were titrated
into 0.22 and 0.38 mM Alkbh5 protein in the cell, respectively.
The experiments were performed using a Nano-2G-1TC instru-
ment (TA Corp.) at 4 °C, and the ITC data were processed with
NanoAnalyze software.

RESULTS

Structure of the Enzymatically Active Alkbh5 Core Exhibits a
Conserved Double-stranded B-Helix Fold—Full-length human
Alkbh5 and a series of truncated variants were overexpressed
and purified from E. coli. After extensive crystallization trials,
diffracting crystals could only be obtained for a truncated form
of Alkbh5 (residues 66 —292) lacking the N-terminal 65 residues
and the C-terminal 103 residues. To verify whether this trun-
cated fragment, which contains the entire predicted double-
stranded B-helix (DSBH) fold, was enzymatically active, we per-
formed an in vitro enzyme assay to compare the activity of
various truncation variants of Alkbh5. In agreement with pre-
viously published results (25), fragment 66 -394 displayed full
demethylation activity toward ssDNA containing m°A (Fig.
1A). The crystallizable fragment 66 —292 also retained full de-
methylation activity. For simplicity, we hereafter refer to the
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TABLE 1
Data collection and refinement statistics of hAlkbh5 complexes*
There were three crystal experiments for each structure. r.m.s., root mean square.

Alkbh5-citrate:
acetate Alkbh5-Mn?* Alkbh5-Mn?*-a-KG Alkbh5-Mn?**NOG Alkbh5-Mn>**-PDCA
Data collection

Wavelength 1.0000 1.0000 1.0000 1.0000 1.0000
Space group P4,2,2 P4,2,2 P4,2,2 P4,2,2 P4,2,2
Cell dimensions

a, b, c(A) 56.73, 56.73, 146.32 57.09, 57.09, 145.73 56.18, 56.18, 144.94 56.55, 56.55, 143.87 56.77,56.77, 144.71

a By () . 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (&) 50-2.17 (2.23-2.17) 50-1.78 (1.83-1.78) 50-2.30 (2.36-2.30) 50-1.80 (1.83-1.80) 50-2.50 (2.57-2.50)
Roperge (%) 7.7 (74.4) 6.7 (70.1) 9.9 (62.3) 6.1(67.9) 9.7 (50.3)
I 50.3 (2.4) 54.5 (2.3) 38.2 (4.9) 53.8 (2.2) 19.9 (3.1)
Completeness (%) 99.3 (91.0) 99.3 (100) 90 (92.1) 99.7 (99.9) 99.4(99.8)
Total no. of reflections 264,645 258,635 89,316 466,373 61,371
Unique reflections 13,441 24,002 11,010 22,530 8,780
Redundancy 19.8 (6.2) 10.9 (11.4) 9.0 (9.3) 20.8 (9.8) 7.0 (7.2)

Refinement

Resolution (A) 50-2.17 (2.22-2.17) 50-1.78 (1.83-1.78) 50-2.30 (2.36-2.30) 50-1.8 (1.83-1.80) 50-2.50 (2.57-2.50)
No. of reflections 12,575 (756) 22,569 (1,453) 9,350 (486) 20,719 (983) 8,215 (477)
R/ Rivee (%) 20.3/23.2 21.4/23.7 23.7/25.6 21.8/19.6 22.3/24.9
No. of atoms

Protein 1,636 1,639 1,572 1,664 1,608

Ligand/ion 17 1 11 11 13

Water . 66 77 110 106 4
B-factors (A?)

Protein 39.04 32.98 53.59 23.23 32.17

Ligand/ion 45.87 27.24 60.45 21.57 30.23

Water 43.6 35.71 61.76 28.95 31.71
r.m.s. deviations

Bond lengths (A) 0.005 0.006 0.007 0.005 0.005

Bond angles (°) 1.34 1.057 1.166 0.98 1.00
Ramachandran plot ( %)® 93.4/6.6/0/0 92.8/7.2/0/0 90.2/9.8/0/0 93.4/6.6/0/0 92.3/7.7/0/0

“ Statistics for highest resolution shell.

» Residues in most favored, additional allowed, generously allowed, and disallowed regions of the Ramachandran plot.

latter fragment as Alkbh5 throughout the remainder of this
study unless otherwise specified.

Blast searches of Alkbh5 sequence against the solved struc-
tures in the Protein Data Bank returned hits with low sequence
homology of 16 -26% identity. The Alkbh2 structure (Protein
Data Bank code 3BTZ) was used for molecular replacement to
get the initial model of Alkbh5. After extensively iterative man-
ual model building and refinement, the native structure of
Alkbh5 was refined to a final R, ,, 0f 20.3% and R, of 23.2% at
2.17 A (Table 1). Unexpectedly, the native structure contains
citrate and acetate molecules from the reservoir solution (see
below for details). The structures of Mn**-bound Alkbh5
(Mn?" is a substitute for Fe*") or additionally with cofactor
a-KG or inhibitors NOG and PDCA were obtained at 1.78, 2.3,
1.8, and 2.5 A, respectively (Table 1), using the structure of
Alkhb5 as a model.

The Alkbh5 structure contains seven a-helices and nine
B-sheets (Fig. 1B and supplemental Movie S1). The N-terminal
seven residues could not be modeled due to a lack of electron
density. Residues 143—149 in the loop between 83 and o4 also
had no visible electron density and therefore could not be built
(Fig. 1B, shown as blue dashed lines). The catalytic core of
AlkbhS5 also contains the DSBH fold (also known as the jelly roll
fold) characteristic of the a-KG-dependent dioxygenase super-
family but without the canonical eight antiparallel B-strands:
only six B-strands (34 to B9) were observed in the fold with 34,
B5, B8, and B9 forming the major sheet, whereas 36, 37, and a
short a-helix («7) plus a long loop (C1) formed the minor sheet
(39). Helix a1 lies in the N terminus of the DSBH fold followed
by B1 located on the same side of the major sheet, which is
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further buttressed by two helices, @2 and «4. In addition, the
active site contains three residues, His-204, Asp-206 and His-
266, that form the conserved HX(D/E)X H motif that coordi-
nates the metal ion (Fig. 1B).

The Unique Structural Features of Alkbh5—As recognized
extensively in the literature (39), it is the outer secondary struc-
tural elements of the common DSBH fold that contribute most
toward the substrate selectivity of the AlkB family. The activity
of Alkbh5 has been confined during evolution to demethylate
m°A exclusively without any activity toward other base lesions.
The latter are targeted by the rest of the AlkB family members
(22). Therefore, we compared the structure of Alkbh5 with
those of other AlkB family members to uncover the basis of this
selectivity.

Structural comparison revealed that the most significant
structural difference between Alkbh5 and other AlkB proteins
rests on the so-called “nucleotide recognition lid” outside the
DSBH fold, which has been further divided into two sections
named “Flip1” and “Flip2” (39) (Fig. 24). Here, we took Alkbh2
and FTO for example to illustrate the unique structural ele-
ments of Alkbh5. The Flipl regions of both Alkbh2 and FTO
contain two antiparallel B-strands and one «a-helix. However,
the Flipl region of Alkbh5 (residues 117-129) contains one
a-helix (a3) and one B-strand (B82) (supplemental Fig. S1),
exposing an uncovered and relatively large space over the active
site (Fig. 2A). In addition, the Flip2 region of Alkbh5 contains a
long loop, whereas those of Alkbh2 and FTO contain a shorter
loop and two additional antiparallel B-sheets (Fig. 24). The
Alkbh5 Flip2 region (residues 136 —165) is also highly flexible
with higher B-factors (supplemental Movie S2), especially
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FIGURE 2. The distinct lid region of Alkbh5 is vital for its substrate recognition and catalysis. A, structural comparison of Alkbh5 with FTO (tinted; Protein
Data Bank code 3LFM) and Alkbh2 (gray; Protein Data Bank code 3BTZ) around the lid region. The most distinct regions, Flip1 (residues 117-129) and Flip2
(residues 136-165), of Alkbh5 are shown in green and blue, respectively. The discrete region is shown in blue dashed lines. The uncovered and larger space over
the active site of Alkbh5 is labeled in the red frame. B, superposition of the partial key residues involved in nucleoside recognition. Alkbh5 (cyan), AlkB (Protein
Data Bank code 3BIE; yellow; left panel), Alkbh2 (Protein Data Bank code 3BTZ; gray; middle panel), and FTO (Protein Data Bank code 3LFM; tinted; right panel) are
shown. The nucleoside is colored green. Hydrogen bonds are indicated as red dashed lines. a-KG and Mn?* from Alkbh5 are labeled. C, mutations of the key
residues in the lid region (shown in supplemental Movie S1) greatly impair Alkbh5 demethylation activity. mAU, milli-absorbance units.

within the sections adjacent to the missing residues 143—149
(red dashed lines shown in supplemental Movie S2). According
to previous enzymological and structural studies of the AlkB
family members (39 —41), the lid region is a unique structural
feature of the AlkB family that determines substrate binding
and specificity. The distinctive composition and conformation
of Flipl and Flip2 in Alkbh5 are likely to confer the substrate
selectivity characteristic of this enzyme.

Another significant structural feature of Alkbh5 is the forma-
tion of an unexpected disulfide bond between residues Cys-230
and Cys-267. The disulfide bond restrains a region defined as Flip3
(residues 229 —242) between 36 and 37 toward the minor sheet of
the DSBH fold, presenting it as a noticeable overhang vertical to
the plane of the minor sheet (Fig. 34 and supplemental Fig. S1).
As a direct consequence, when the double-stranded DNA
from the AlkB or Alkbh2 complex structures was modeled
onto the catalytic site of Alkbh5, the Flip3 region of Alkbh5
was well accommodated by the modified strand, whereas it
greatly interfered with the binding of the unmethylated
strand (Fig. 3B). Therefore, we propose that Flip3 impedes
the access of dsDNA and dsRNA to the active site of Alkbh5
and that this is the basis for the selectivity of Alkbh5 toward
single-stranded substrates.

Key Residues in the Lid Region Are Potential Determinants of
m°A Recognition and Demethylation by Alkbh5S—A combina-
tion of hydrogen bonds, hydrophobic interactions, and electro-
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static interactions are believed to hold protein and substrate
complexes together (15, 20). Accordingly, identifying residues
that participate in the substrate-enzyme interaction network
shall suggest the mechanisms underlying the substrate specific-
ity and catalytic activity of the protein of interest. With this in
mind, we compared the primary sequence and the three-di-
mensional structure of Alkbh5 with those of other AlkB family
proteins that have been comprehensively studied. Several cru-
cial residues of Alkbh5 were selected for mutagenesis to inves-
tigate the possible mechanisms of m°A recognition and cataly-
sis (supplemental Fig. S1).

In the structure of the AIkB-Tm'AT complex, the nucleobase
ring of m'A is sandwiched between the side chains of Trp-69
from Flip2 and the invariant Fe>"-ligating residue, His-131,
from the active site (42). This well known aromatic stacking
interaction is highly conserved in the AIkB family. The aromatic
ring corresponding to Trp-69 is presented by Phe-124 in
Alkbh2 (15) and Tyr-108 in FTO (20) (Fig. 2B). In the Flip2
region of Alkbh5, Tyr-141 is the candidate residue for the same
role (supplemental Fig. S1); the side chain of this residue is
directed toward the exterior of Alkbh5 in the native struc-
ture (supplemental Movie S1 and Fig. 2B), but upon binding to
the substrate, it may undergo a conformational change to stack
with the nucleobase (43). In addition to Tyr-141, neighboring
aromatic residue Tyr-139 is also well conserved (supplemental
Movie S1 and Fig. 2B). The counterparts of Tyr-139 in AlkB
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(Tyr-76) and in Alkbh2 (Tyr-122) (supplemental Fig. S1) are
closely engaged in the recognition of m'A (15, 43) (Fig. 2B);
thus, it is reasonable to speculate that Tyr-139 in Alkbh5 may
form a critical hydrogen bond with m®A to reinforce binding.
The importance of these two neighboring aromatic residues in
the Flip2 region of Alkbh5 was confirmed by the fact that
mutant Y139A displayed less than 2% activity of the wide type,
whereas the variant Y141A abolished Alkbh5 catalytic activity
(Fig. 2C).

In all solved structures of the AlkB family members, Flip1 and
Flip2 were separated by a B-strand (83 in Alkbh5) that contains
key positively charged residues that are involved in interactions
with the nucleoside (supplemental Fig. S1). Arg-131 in Alkbh3
and Arg-110 in Alkbh2 were reported to interact with the
1-meA N-3 atom (15, 16). In FTO, a hydrogen bond between
Arg-96 and the O-2 atom of 3-meT is vital for its repair activity
(20). In Alkbh5, Arg-130, which lies on the 33 strand (supple-
mental Movie S1), may rotate to make contact with mCA, and a
nearby charged residue, Lys-132, may also have interaction
with m®A (supplemental Fig. S1 and Movie S1). In support of
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this hypothesis, mutant R130A was catalytically inactive,
whereas mutant K132A severely impaired Alkbh5 (Fig. 2C).

The Active Center Pocket Plays a Key Role in Substrate
Discrimination and Oxidative Demethylation Activity—In
the active center of Alkbh5, many conserved interactions are
observed. The manganese ion is chelated in an octahedral
coordination geometry by a water molecule and residues
His-204, Asp-206, and His-266 and bidentately by the C-1
carboxylate and C-2 ketone groups of a-KG cofactor (Fig.
4B). Apart from its chelation with Mn*", a-KG is further
stabilized by a series of interactions with residues conserved
throughout the AIkB family. These include two hydrogen
bonds formed by the side chains of Asn-193 and Tyr-195 as
well as three salt bridges formed by Lys-132, Arg-283, and
Arg-277 (Fig. 4C). Echoing the significance of the interac-
tions involving the Mn>" or a-KG, any of the three mutants
H204A, Y195A, and R277A/R283A showed completely abol-
ished repair activity (Fig. 4D), confirming that Alkbh5 imple-
ments m°A oxidative demethylation in an iron- and a-KG-
dependent fashion.

VOLUME 289-NUMBER 17+APRIL 25,2014
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loop of the jelly roll fold. mAU, milli-absorbance units.

The loop linking the canonical second and third strands of
the DSBH fold is directly involved in substrate binding and
catalysis (40, 41). In the loops of most AlkB family members,
besides the conserved HX(D/E) motif, there are two polar
amino acids and at least one aspartic acid or glutamic acid (Asp-
135in AlkB, Glu-175 in Alkbh2, and Glu-234 in FTO) that form
an important hydrogen bond with the nucleobase that contrib-
utes to the selection of different methylated nucleobases within
the target proteins (15, 16, 20) (Fig. 4A and supplemental Fig.
S1). However, the same region in Alkbh5 is more hydrophobic
and lacks a polar side chain (Fig. 4A4), which may contribute to
the selectivity of Alkbh5 toward m®A. We constructed a double
mutant, H209A/I210A (supplemental Fig. S1), which exhibited
dramatically reduced repair performance of less than 1% activ-
ity in comparison with the WT protein (Fig. 4D). These two
residues are located in the entrance loop of the active pocket
and probably interact with the phosphate backbone of the RNA
substrate (Fig. 5E) and may also help maintain the stability of
the active site structure of Alkbh5.

A Unique Disulfide Bond Assists AlkbhS to Differentiate
between Single-stranded and Double-stranded Substrates—As
demonstrated in Fig. 3A and supplemental Movie S1, Alkbh5

APRIL 25,2014 +VOLUME 289+-NUMBER 17

harbors a unique disulfide bond between Cys-230 and Cys-267
that may confer Alkbh5 the ability to discriminate against dou-
ble-stranded nucleic acids. To test this hypothesis, a C230S
mutant was constructed.

An electrophoretic mobility shift assay (EMSA) was carried
out wherein double-stranded oligodeoxynucleotides contain-
ing m®A were incubated with the recombinant wide-type or the
mutant C230S protein. Although the protein'DNA complexes
in several lanes did not enter the acrylamide gel and the com-
plex bands were not always apparent, it was clear that with
increasing protein concentration the amount of free dSDNA
detected on the gel decreased quickly when mixed with the
mutant C230S, whereas the amount of free dsDNA did not
show remarkable change when mixed with the wild-type pro-
tein (Fig. 3E, upper panel). Conversely, when a partial duplex
DNA with a 5’ eight-nucleotide ss-DNA was used, the WT and
mutant C230S proteins displayed similar binding affinities (Fig.
3E, lower panel).

We also used an HPLC-based demethylation assay to evalu-
ate the activity of the mutant C230S. As expected, the mutant
C230S retained full activity toward single-stranded nucleic
acids. Meanwhile, its repair capacity toward double-stranded
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nucleic acids increased markedly compared with the almost
undetectable activity of WT (Fig. 3D).

To examine whether disruption of the disulfide bridge affects
the overall secondary structure of Alkbh5, we performed a cir-
cular dichroism (CD) measurement. Far-UV CD spectra were
recorded in the 180-260-nm range, and the results indicated
that there were no significant conformational differences
between the WT protein and the mutant C230S (data not
shown).

This unique disulfide bond is highly conserved among
Alkbh5 proteins from different species but is not shared by
other AlkB family members (Fig. 3C). It can be predicted that
the disulfide bond could have been selected during evolution to
ensure a proper conformation of Alkbh5 and its selectivity
toward single-stranded nucleic acids.
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A Substrate Model Based on Mutagenesis Data—We made
every effort to crystalize the m®A-containing ssDNA-Alkbh5 com-
plex, but all attempts were unsuccessful. Eventually, we settled for
exploring protein-DNA interactions of the complex. To this end,
we carried out site-directed mutagenesis for selected surface resi-
dues of Alkbh5 along with a demethylation assay.

Initially, the electrostatic potential map of Alkbh5 was calcu-
lated (Fig. 5A4). This map shows that a positively charged area is
distributed around the active site and extends from the cavity of
the catalytic core toward the minor B-sheet where it is sepa-
rated into two possible substrate-binding grooves (groovel and
groove2) by the Flip3 region, which shows up as a positively
charged protrusion. Additionally, the discrete portion of the
Flip2 loop is also positively charged, further suggesting that the
area might bind with the substrate (Fig. 54).

ACEVEN
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FIGURE 6. Comparison of electrostatic surfaces among Alkbh5, AlkB, FTO,
and Alkbh2. All the structures are shown in the same scale. Positively
charged surfaceis colored in blue, negatively charged surface is colored in red,
and neutral surface is colored in white. Alkbh5 is less positively charged com-
pared with AlkB (Protein Data Bank code 3BIE), FTO (Protein Data Bank code
3LFM), and Alkbh2 (Protein Data Bank code 3BTZ). «-KG and Mn?* are shown.
The active center is shown in a yellow ellipse.

On the whole, the distribution of the surface positive charges
around the active site represents the possible binding region of
the single-stranded nucleic acids. This region is much narrower
compared with those of other AlkB members (Fig. 6). To fur-
ther probe the substrate-binding mode, we mutated several res-
idues located within different areas of the positively charged
surface and measured demethylation activity (Fig. 5B).

Although residues Gln-146, Lys-147, and Arg-148 are
located in the middle of Flip2 (supplemental Fig. S1) and are not
visible in the solved structure of Alkbh5 (Fig. 1B), their positive
charges and polar side chains make them good candidates for
substrate binding. Two triple mutants were generated. When
residues Gln-Lys-Arg were mutated to Ala-Asp-Asp, this triple
mutant displayed 73.3% activity toward ssDNA, whereas
another triple mutant, Q146A/K147A/R148A, only retained
44% of the WT activity (Fig. 5C). Combining the data from the
Y141A and Y139A mutants mentioned above (Figs. 5B and 2C)
suggests that the long Flip2 loop of Alkbh5 consolidates its
interactions with one end of the single-stranded nucleic acids
and confers recognition of the specific nucleotide base similarly
to what occurs for the other AIkB members (15, 16, 20, 43).

Next, we designed a series of mutants of the residues located
at the two grooves. Residues Arg-269, GIn-271, Phe-232, GIn-
233, and Phe-234 were selected from groovel, and Lys-231 and
Lys-235 were selected from groove2 (Fig. 5, A and B). Double
mutation R269A/Q271A did not affect the repair efficiency of
Alkbh5; however, the R269E/Q271E mutant greatly reduced
catalytic activity to ~50% (Fig. 5C), which suggests their inter-
actions with the phosphate group of the substrate. Similarly, the
F232A/F234A mutant exhibited 41% activity toward m®A-con-
taining ssDNA. When three negatively charged residues (Asp,
Asp, and Glu) replaced residues Phe-232, GIn-233, and Phe-
234, the variant displayed a severe loss of activity, demonstrat-
ing only 13.5% of WT activity (Fig. 5C). These mutagenesis
results suggested that the other end of the single-stranded
nucleic acids may stretch along the minor -sheet or specifi-
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cally along the positively charged groovel on the surface, mak-
ing contacts with the residues mentioned above. On the con-
trary, neither the K231A/K235A nor the K231E/K235E double
mutation in groove2 had an impact on the repair capacity of
Alkbh5 (Fig. 5C). Thus, based on these data, we believe groovel
and Flip2, but not groove2, are involved in substrate interac-
tion. A model of ssSRNA binding to Alkbh5 is shown in Fig. 5E.

The Structures of AlkbhS with Different Ligands Shed Light on
Potential Selective Drug Design— Although cofactors Mn*" and
a-KG were premixed with the purified Alkbh5 before setting up
crystallization, the actual binding site in the resolved structure
was occupied by the citrate and acetate molecules from the
reservoir buffer. Soaking was used to obtain Mn*" - and a-KG-
bound Alkbh5 crystals. An overlay of Alkbh5-citrate-acetate
and Alkbh5-Mn>"+a-KG structures revealed little difference in
the overall conformation (root mean square deviation of 0.4 A)
except for the side chain of Asp-206, which rotates by 86.8° and
binds Mn?" in the a-KG complex structure (Fig. 7B).

Interestingly, although the citrate and acetate molecules
compete with a-KG for binding and ultimately block a-KG
from entering the active center, their positions do not superim-
pose with the actual a-KG binding site. Instead, they are located
at the two ends of a-KG, respectively (Fig. 7B). To elaborate, the
acetate molecule resides in the position proximate to the C-5
carboxylate of a-KG and makes tight contacts with Arg-277
and two crystallographic water molecules (Fig. 7, A and B). The
citrate molecule is close to the entrance of the active pocket
with one of its carboxylates pointing toward the same direction
as the C-1 carboxylate oxygen of a-KG, forming extensive
hydrogen bonds with Asn-193, Lys-132, and three water mole-
cules. The central carboxylate of the citrate was involved in
electrostatic and hydrogen-bonding interactions with a water
molecule and the side chains of Arg-283, His-204, Asp-206, and
His-266. The third carboxylate is orientated toward the deep
interior of the active site, forming a hydrogen bond with a water
molecule in the crystal structure (Fig. 7A4). We aligned the
structure of Alkbh5-a-KG to that of FTO-citrate in which the
citrate molecule occupies the a-KG binding site. The superim-
position uncovered that there would be considerable steric hin-
drance between the citrate molecule of FTO and residues Ile-
281 and Tyr-195 of Alkbh5, explaining why the citrate molecule
in the Alkbh5 structure cannot locate to the position predicted
from the FTO structure (Fig. 7D).

The naturally grown crystal structure of Alkbh5 in complex
with the citrate and acetate molecules prompted us to investi-
gate selective inhibitors of Alkbh5. In this regard, we tested two
well characterized «-KG oxygenase inhibitors, NOG and
PDCA, both of which are non-reactive analogs of a-KG. In
addition, citrate and succinate (the product of «-KG decarbox-
ylation) were chosen to explore their inhibition of Alkbh5 activ-
ity. To identify a suitable substrate concentration for these inhi-
bition assays, we first performed an ITC experiment to
determine the binding affinity of a-KG toward Alkbh5. The
equilibrium dissociation constant (K,;) between Alkbh5 and
a-KG was ~9.6 um (Fig. 7E). By increasing the inhibitor con-
centrations relative to a-KG in a proportional manner and then
monitoring the demethylation capacity of Alkbh5 by HPLC, we
determined the IC,, values of the four candidate inhibitors (Fig.
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7C). PDCA was found to be a relatively moderate inhibitor of
Alkbh5 with an IC,, value of 347.2 um, whereas citrate was a
much less effective inhibitor with an ICy, of 627.9 um. NOG
and succinate inhibited Alkbh5 with IC,, values of 25.85 and
30.00 um, respectively. This result is different from that by FTO
(44) for which PDCA is the strongest inhibitor and succinate is
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the weakest inhibitor among the four inhibitors. To further
confirm this result, we measured the binding affinity of succi-
nate toward Alkbh5 by ITC. The ITC datarevealed a K, value of
~20 uM (Fig. 7E), which is consistent with the IC,, value. These
results imply that these small molecules have very different
inhibitory specificities toward FTO and Alkbh5, which may
provide a good foundation for the future design of selective
inhibitors toward the AlkB family. Previous studies have shown
that FTO can demethylate several methylated nucleotides (18,
38), whereas Alkbh5 can only demethylate m®A. A possible
explanation is that the active site cavity of Alkbhb5 is relatively
small. Calculations reveal that the cavity volume is 490.2 A* for
Alkbh5 and 817.5 A® for FTO. This might also explain the more
potent binding affinity of smaller inhibitors toward Alkbh5
than larger inhibitors.

To examine the binding mode of the Alkbh5 inhibitors, we
determined the structures of Alkbh5 in complex with NOG at
1.8 A and with PDCA at 2.5 A. As expected, both inhibitors are
located in the a-KG binding site (Fig. 7B), with the C-5 carbox-
ylate of NOG and C-4 carboxylate of PDCA forming hydrogen
bonds and electrostatic interactions with Tyr-195 and Arg-277,
respectively. A slight difference between the two inhibitors is
that NOG bound to Mn>" via its C-1 carboxylate and C-2
ketone groups, whereas PDCA chelated Mn”" through its C-2
carboxylate and pyridyl nitrogen atom (Fig. 7F).

DISCUSSION

In this study, we presented five high resolution crystal struc-
tures of the Alkbh5 catalytic core without Mn>™", with Mn>™"
alone, or with Mn?" in addition to another ligands, NOG,
a-KG, or PDCA. Alkbh5 was shown to possess several unique
structural features compared with other AlkB family members.
First of all, the nucleotide recognition lid of Alkbh5 emerges as
a distinct region. On the one hand, Flipl of Alkbh5 leaves a
larger space open over the active site. On the other hand, the
long and discrete Flip2 loop is much more flexible (Fig. 24 and
supplemental Movie S2). Based on our mutagenesis analyses
(Figs. 2C and 5C) and the known substrate recognition mecha-
nisms of other AIkB members (15, 16, 20, 43), the long Flip2
loop of Alkbh5 was proposed to play a significant role in sub-
strate recognition and binding through interaction with one
end of the single-stranded nucleic acid substrate (Fig. 5E). Once
in contact with the substrate, the Flip2 loop may undergo a
large conformational change and turn upward to the Flip1l-ex-
posed open area to accommodate the substrate effectively.
Moreover, the significance of the Flip2 region (residues 136 —
165) in Alkbh5 can also be inferred from the data in COSMIC
(Catalogue of Somatic Mutations in Cancer) (45). The E153G
mutation of Alkbh5 has been observed in human breast carci-
noma, which led us to test the E153G mutant (Fig. 5B). How-
ever, the E153G mutation did not affect the demethylation
activity of Alkbh5 in vitro (Fig. 5C). It was possible that E153G
affected the co-regulation of Alkbh5 by endogenous partners in
vivo.

Moreover, our structure-guided mutagenesis analysis fur-
ther suggested the significance of the Alkbh5 lid region in m°A
recognition and catalysis. Among the lid residues, besides the
relatively conserved residues in Flip2, the residues located in
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B3, which separates Flipl and Flip2, are also vital. Here, it is
particularly worth mentioning that Alkbh5 is the only member
that simultaneously bears two critical residues, Arg-130 and
Lys-132, in the conserved B-strand (supplemental Fig. S1)
among the AIkB family. This may explain Alkbh5 substrate
specificity on m®A. It is possible that both the residues Arg-130
and Lys-132 (supplemental Fig. S1 and Movie S1) make strong
interactions only with m®A instead of other modified nucleo-
tides. Additionally, compared with FTO, Alkbh5 might have
the extra interactions contributed by Arg-130, which may
explain its higher m®A binding affinity and specificity (18, 25).
Furthermore, it is noteworthy that Lys-132 acetylation of
Alkbh5 was identified by high resolution mass spectrometry in
the presence of the histone deacetylase inhibitor suberoylani-
lide hydroxamic acid (46). Lysine acetylation has been proven
to play a key role in diverse cellular processes such as RNA
splicing, transcription, and nuclear transport. Acetylation of
Lys-132 of Alkbh5 regulates the activity of Alkbh5 as shown by
the diminished activity of the K132A mutant.

The structure of Alkbh5 presents a unique disulfide bond
between residues Cys-230 and Cys-267. Our work has demon-
strated that this novel disulfide bond enables Alkbh5 to distin-
guish single-stranded from double-stranded oligos. Both the
EMSA and the HPLC-based demethylation assay supported the
stronger dsDNA binding affinity and the higher dsDNA cata-
lytic activity in the C230S mutant. It is likely that disruption of
the disulfide bridge allows the Flip3 region of Alkbh5 to move
away from the minor sheet to leave sufficient space to accom-
modate the unmethylated strand of double-stranded nucleic
acids without steric hindrance (Fig. 3B). To our knowledge, this
disulfide bond is a novel structural element that determines the
substrate preference of AlkB family proteins besides the Flipl
hairpin in Alkbh2 (15) (Fig. 24) and the L1 loop in FTO (20). It
is well known that mRNA may exist as a partially double-
stranded structure in vivo. Therefore, it is expected that reduc-
ing metabolites at certain points may be high enough to break
the disulfide bond of Alkbh5. Under this physiological condi-
tion, Alkbh5 could effectively demethylate m®A-containing
dsRNA by changing its Flip3 conformation, which in turn
would affect many biological processes, including gene expres-
sion and RNA metabolism. The substrate selectivity of Alkbh5
might in this way be dynamically regulated, further indicating
the critical role of Alkbh5 in mammalian cells.

Recently, it was reported that FTO catalyzes the formation of
N°®-hydroxymethyladenosine and N°-formyladenosine in a
stepwise manner during m®A demethylation (38), whereas
these two intermediates were not detected in the Alkbh5-cata-
lyzed m°®A demethylation process (47). This may be structurally
explained by the fact that the residues adjacent to the key motif
HX(D/E) in the substrate catalysis pocket of Alkbh5 are more
hydrophobic (Fig. 44) and therefore unlikely to confer affinity
toward the hydrophilic groups of N®-hydroxymethyladenosine
or N°-formyladenosine. These residues might prevent Alkbh5
from carrying out further oxidation of these intermediates.

We proposed an ssSRNA binding model of Alkbh5 based on
the results of site-directed mutagenesis of the surface residues
together with demethylation assays. However, we still cannot
explain the specific preference of Alkbh5 for the consensus
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sequence PuPum®AC(A/C/U) (where Pu represents purine) in
single-stranded nucleic acids (25). In this study, we also found
that Alkbh5 did not have any activity toward 6-methyldeoxy-
adenosine. No converted adenine peak was detected by HPLC
(Fig. 5D), and no formaldehyde was measured using the Nash
assay (data not shown) when Alkbh5 was incubated with
6-methyldeoxyadenosine. Presumably, the methyl group in
the 6-methyldeoxyadenosine cannot be positioned correctly
toward the Alkbh5 active site for effective demethylation.
Hence, it is very likely that the interaction between Alkbh5 and
the nucleotide backbones, especially the nucleobase portions
flanking m°®A, is essential for the optimal orientation of m°A,
the productive binding of single-stranded nucleic acids, and the
final Alkbh5-mediated m°A oxidative demethylation. A struc-
ture of Alkbh5 in complex with nucleic acid substrate contain-
ing the consensus sequence is needed to fully account for this.

Our work also investigated the regulation of Alkbh5 repair
activity by a-KG competitors. Through crystallographic and
biochemical studies, we found that, in contrast to FTO, Alkbh5
has potent binding preference toward smaller molecule inhib-
itors that is likely caused by the small active site cavity of
Alkbh5. Although the sample size of Alkbh5 inhibitors pre-
sented here is small, our results offer a basis for the rational
design of specific AIkB inhibitors and activators based on the
distinct binding pocket of this protein family and prompt the
exploration of the physiological functions of Alkbh5-mediated
mCA demethylation.

Finally, the recent findings have shown the significant bio-
logical, clinical, and therapeutic implications of Alkbh5.
Human Alkbh5 is one of the disease-related gene candidates
located on chromosome 17p11. The genes along this chromo-
some are known to be involved in a wide range of human
genetic diseases caused by chromosomal deletions or duplica-
tion (48, 49). In addition, ONCOMINE cancer database (Com-
pendia Bioscience, Ann Arbor, MI) searches showed that
human Alkbh5 levels dramatically decrease in Korkola semi-
noma and testicular yolk sac tumors as well as in several types of
breast cancer. Thus, abrogated expression or enzymatic activity
of Alkbh5 has been strongly implicated in human diseases. The
study of Alkbh5 in transcription regulation will shed light on
the mechanisms of RNA epigenetic regulation in tumorigene-
sis, which will provide the molecular basis for designing de-
methylase inhibitor-guided anticancer drugs in the future.

Taken together, our results further the structural knowledge
of the AlkB family and provide insights into their diverse sub-
strate recognitions. Additionally, our study of Alkbh5 as the
m°A demethylase will avail the investigation of the modulation
of m®A modification in diverse fundamental processes and cast
light on the realm of RNA epigenetics.
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