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Human AlkB homolog 6, ALKBHS6, plays key roles in nucleic
acid damage repair and tumor therapy. However, no precise
structural and functional information are available for this
protein. In this study, we determined atomic resolution crystal
structures of human holo-ALKBH6 and its complex with li-
gands. AIkB members bind nucleic acids by NRLs (nucleotide
recognition lids, also called Flips), which can recognize DNA/
RNA and flip methylated lesions. We found that ALKBH6 has
unusual Flipl and Flip2 domains, distinct from other AlkB
family members both in sequence and conformation. More-
over, we show that its unique Flip3 domain has multiple un-
reported functions, such as discriminating against double-
stranded nucleic acids, blocking the active center, binding
other proteins, and in suppressing tumor growth. Structural
analyses and substrate screening reveal how ALKBH6 dis-
criminates between different types of nucleic acids and may
also function as a nucleic acid demethylase. Structure-based
interacting partner screening not only uncovered an uniden-
tified interaction of transcription repressor ZMYNDI11 and
ALKBHS6 in tumor suppression but also revealed cross talk
between histone modification and nucleic acid modification in
epigenetic regulation. Taken together, these results shed light
on the molecular mechanism underlying ALKBH6-associated
nucleic acid damage repair and tumor therapy.

As a-ketoglutarate (a-KG) and Fe(II)-dependent dioxyge-
nases, AlkB family members are widespread in the biological
kingdom and play important roles in epigenetics. The AlkB
gene was found in Escherichia coli, and its product was
involved in repairing alkylated bases (1). Human genome en-
codes nine AlkB homologs named ALKBH1-8 and FTO (fat
mass and obesity-associated) with low sequence identity (2, 3).
All the nine AIkB homologs have different substrates and
functions including DNA repair, RNA modification, actomy-
osin demethylation, and fatty acid metabolism (4—6). Most of
them have essential roles in metabolism and diseases curbing
such as cancers (7-9). Currently, more than 20 kinds of
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nucleic acids methylated adducts have been reported as AlkB
members substrates (10). The AlkB family members have
broad substrates selectivity: ALKBH1 can demethylate DNA
6mA modification enriched in human glioblastoma (7); it also
can demethylate 3mC, 1mA, et al. (11, 12). ALKBH2 deme-
thylates ImA and 3mC both in ssDNA and dsDNA; ALKBH3
preferentially demethylates ImA and 3mC in ssDNA (13).
ALKBH4, without any structural information, can demethylate
6mA on dsDNA and might also on actin K84mel (6). ALKBH5
and ALKBH8 can demethylate m°A RNA or mecm®U RNA,
respectively (10). ALKBH7 is recently reported to be able to
demethylate m,”G and m'A of mt-RNA (14). FTO prefers to
catalyze RNA substrates; it can suppress colorectal cancer with
a better prognosis in an m°A-dependent manner, which
highlights its clinical functions (9). Besides, we previously
solved structures of human ALKBH5, ALKBH7, and ALKBH1
(15-17), providing precise structural information for function
research.

Being a member of the AIkB family, ALKBH6 located in
nuclei and cytoplasm is widely distributed with the highest
expression in testis and pancreas (2, 18). Chromosomal gain of
ALKBHS is frequently detected in embryonal rhabdomyosar-
coma but not in alveolar rhabdomyosarcoma, suggesting that
ALKBH6 may play important roles in embryonal rhabdo-
myosarcoma (19). Besides, mice immunized with a mutant
peptide of ALKBH6 can suppress tumor growth significantly,
whereas the wildtype cannot (20). ALKBH6 has been identified
as a “cancer gene” in endometrial tumors (21). Recently, re-
searchers showed that ALKBH6 can complement AIkB-
deficient E. coli strain resistance against alkylating agent
methyl methane sulfonate (22). During exposure to the alky-
lating agent, ALKBH6 plays a crucial role in protecting
pancreatic cancer from alkylating-induced DNA damage and
promoting cell survival. Furthermore, the overexpression of
ALKBHS® in patients with pancreatic cancer has been linked to
better survival outcomes (22). The above information indicates
that ALKBH6 may play key roles in DNA damage repair and
tumor therapy. Huong et al. (23) reported that Arabidopsis
ALKBHS6, with 36% identity to human ALKBHS6, could affect
seed germination and survival under abiotic stress serving as a
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potential eraser protein of RNA methylation. Besides, when
rice faced drought, cold, or ABA treatment, the expression
level of ALKBH6 was decreased. These data suggest that plant
ALKBH6 might be instrumental in abiotic stress responses
(24). However, the structure, interacting partner, substrates,
and activity of human ALKBH6 remain fantasy to date.
Moreover, ALKBH6 has a low sequence identity (less than
18.5%) to all the released structures, hindering further research
of its function.

In this article, we present two high-resolution structures of
human ALKBHS6, in complex with Tris or cofactor «-KG.
These structures reveal a conventional p-strand jelly-roll fold
with multiple unique features. With multiple kinds of nucleic
acids screened, we demonstrated that ALKBH6 could bind
nucleic acids and it preferred single-stranded nucleic acids.
Structure-based interacting partner screening found that
ALKBH6 could physically interact with both itself and
ZMYND11, which offered us novel clues for functional
research.

Results
Structure determination of ALKBH6

The human ALKBHS6 protein expressed from E. coli failed to
form crystal after extensive screening both fragments and
crystallization conditions. By using the Pichia pastoris X-33
expression system, we successfully got the full-length ALKBH6
protein and performed crystal screening. Finally, high-
resolution crystals of ALKBH6 in complex with Tris and
cofactor a-KG were obtained after optimization. However,
owing to the low sequence homology (less than 18.5%) to all
structures in the Protein Data Bank (PDB), all molecular re-
placements failed when using single or multiple homologous
structures as models. Then we tried different truncations of
the predicted structure by Raptorx (25) as molecular replace-
ment (MR) models, such as removing disordered loops or
short B-sheets. After substantial trials of different resolution
and space groups, the best solution was found by BALBES (26).
After numerous cycles of manual rebuilding and refining, the
final structure of the ALKBH6-Ni*"+Tris was refined to a
resolution of 1.79 A in the space group P2;2,21, with an Ry
of 19.8% and an Rgee of 21.8% (Table 1). The structure of
ALKBH6 complexed with cofactor a-KG and Mn>* (holo-
ALKBH6) was determined by molecular replacement using the
ALKBH6-Ni** - Tris structure as a model and was refined to a
final Ryopi Of 17.2% and Reee of 19.7% at 1.75 A (Table 1). Each
cell contains one ALKBH6 molecule (Fig. S1A). An overlay of
holo-ALKBH6 and ALKBH6-Ni**-Tris structures revealed
high similarity in the overall conformation with a root-mean-
square deviation (r.m.s.d.) of 0.2 A (Fig. S1A).

Structural characterization of ALKBH6

The overall structure of ALKBH6 shows a double-stranded
B-helix (DSBH) fold at the catalytic core, which is conserved in
the Fe(ll)/a-KG-dependent dioxygenase superfamily (27). The
overall similarity is evident in the central DSBH core. DALI
search (http://www2.ebi.ac.uk/dali) reveals that S. Pombe
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Table 1

Data collection and refinement statistics of ALKBH6 complexes

Data

ALKBH6 - Ni** - Tris

ALKBH6-Mn?** - a-KG

Data collection
Space group
Cell dimensions
ab,c (A)
aBy O
Resolution (A)?
Rmerge
I/o
Completeness (%)

Total no. of reflections

Unique reflections

Redundancy
Refinement

Resolution (A)

P2,2:24

464, 64.2, 89.0
90, 90, 90
50.0-1.79 (1.84-1.79)
9.0% (79.0%)
31.5 (2.4)

99.8 (87.1)

180,599
25,643
7.1 (3.3)

50.0-1.79 (1.84-1.79)

P2,2:24

46.1, 64.4, 88.4
90, 90, 90
50.0-1.75 (1.78-1.75)
9.9% (46.9%)
15.0 (2.1)
99.4(95.1)

122,192
27,487
4.5 (3.5)

50.0-1.75 (1.80-1.75)

No. of reflections 24,111 25,773
Ryvorkd/ Recee (%) 19.8/21.8 17.2/19.7
No. of atoms
Protein 1569 1706
Ligand/ions 9 11
Water 89 86
Average B-factors (AP)
Protein 24.6 22.2
Ligand/ion 25.3 16.9
Water 29.1 23.6
rms deviations
Bond lengths (A) 0.008 0.009
Bond angles (°) 1.467 1.495
Ramachandran plot (%)" 97.5/2.5/0 99.5/0.5/0
Molprobity score
Overall 1.26 (98th percentile)  1.01 (100th percentile)
Clashcore 1.91 (100th percentile) ~ 2.07 (99th percentile)

“ Statistics for highest resolution shell.
? Residues in favored, allowed, and outlier regions of the Ramachandran plot,
respectively.

OFD2 (PDB: 5YL6) is the most similar structural homolog of
the ALKBHS6 in the PDB database, with the Z-score of 19.2 and
an r.m.s.d. of 2.4 A over 164 Ca atoms. The ALKBHS6 structure
also has values comparable with other solved human AlkB
family members, such as ALKBHS8 (the Z-score of 19.0 and
r.m.s.d. of 2.2 A), ALKBH5 (the Z-score of 18.5 and r.m.s.d. of
2.5 A), and ALKBHS3 (the Z-score of 18.4 and r.m.s.d. of 2.1 A).
Significant differences occur in the secondary structures out of
the DSBH fold, such as the protein-interacting regions and the
substrate-binding regions near the active sites (Fig. S1B). In
ALKBHS6, 11 antiparallel B-strands constitute the DSBH
domain, which is surrounded by seven a-helices. The DSBH
contains a major sheet formed by seven B-strands (1, 2, B3,
4, B6, B9, and B13), a minor sheet formed by four B-strands
(B5, B7, P8, and B10), and sandwiches Mn** and a-KG at the
active center (Fig. 1A). Two large a-helices (a3 and a5) and
three small a-helices (a1, a2, and a4) buttress the major sheet.
Consistent with other AlkB family members, ALKBHS6 also has
Flip1 (residues from A45 to R56) and Flip2 (residues from G62
to P76) (Fig. 1). Interesting, a unique loop (residues from E139
to P158) including a 319 helix (a6) inserts between 7 and B8 in
the ALKBH6+-Mn**+a-KG structure, nearly overhanging ver-
tical to DSBH, hereafter named Flip3 (Fig. 1). However, in the
ALKBH6-Ni** - Tris structure, most of the Flip3 (residues
from P140 to P155) had no visible electron density and,
therefore, could not be built (Fig. S1A). The reason may be that
the cofactor a-KG from the symmetric unit induces the sta-
bilization of the Flip3 conformation in the crystal packing.
Meanwhile, residues from A195 to G210 between short 11
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Figure 1. Overall structure of human ALKBH6 complexes. A, overall structure of human ALKBH6 - Mn?*.a-KG in stereo mode. Mn?* ion is shown as a blue
sphere, a-KG and key secondary structures are labeled respectively. a-Helices, cyan; B-sheets, magenta; loops, salmon. Flip1, Flip2, and Flip3 are circled in dark
blue, purple, and orange, respectively. B, topology of ALKBH6. Flip1, dark blue; Flip2, purple; Flip3, orange; Loop-CTD, pink.

and B12 had no visible electron density in either
ALKBH6-Ni** - Tris or ALKBH6-Mn**+a-KG structures and
thus could not be built. At the same time, these two short
B-sheets (f11 and f12) were far away from the potential active
sites with high temperature factors (Fig. S1C) and they had an
almost 90-degree bend conformation. These two B-sheets and
the disorder region between them might mediate regulatory
interactions with the DSBH minor sheet as in the ALKBHS.
In a previous study (27), the H x D...H motif is conserved in
the active center of the Fe(Il)/a-KG-dependent dioxygenase
superfamily. Here in ALKBH6, H114, D116, and H182
compose the motif of H x D...H and coordinate the metal ion
stably. In the active center of the apo-ALKBH6
(ALKBH6-N12+-Tris) structure, an electron density of Tris,
from the buffer, was found unexpectedly, which had not been
reported in other AlkB family members (Fig. 2A). Surprising,
Tris tridentately chelates Ni**, which forms hexadentate co-
ordination and forms two hydrogen bonds with N103 and D116
of ALKBH6. In the ALKBH6-Mn**-a-KG complex, cofactor
a-KG coordinates the Mn>* bidentately in a standard confor-
mation resembling that seen in other iron(Il)/a-KG-based
oxygenases and binds to the side chains of N103, Y105, R218,
and S220 from 4 or 13 by hydrogen bonds or salt bridges
(Fig. 2B). Thus, there are fewer interactions between Tris and
ALKBH6 compared with those in the ALKBH6-Mn**-a-KG

complex. Besides, the key residues in the above interaction
network have no evident conformational difference between
the ALKBH6+Ni** Tris and ALKBH6+Mn”*+ a-KG structures.
Consistently, the defective mutant of three residues (mutant A,
N103A/Y105A/R218A) can sharply reduce the binding of a-KG
to ALKBHS6 (Fig. 2C).

The distinct structural features of ALKBH6 Flip1 and Flip2

Although ALKBH4 was reported to have protein substrates
(6), all structure-solved human AIlkB family members had
nucleic acid oxygenase activity. ALKBH7 was recently reported
to be able to demethylate m,>G and m'A of mt-RNA (14).
However, the substrate(s) of ALKBH6 remains a mystery for
decades. Structural analyses of secondary structures out of the
DSBH domain might give some clues.

To characterize the difference between ALKBH6 and other
AlKB proteins, we overlayed their structures. AlkB family
proteins bind and immobilize substrates by nucleotide recog-
nition lids (NRLs, also called Flips), containing several key
loops around the catalytic domain (28). The NRLs contribute
to substrates’ selectivity (28, 29) and are less conserved among
AlkB members. The Flipl and Flip2 of ALKBHG6 (Fig. 3A) form
the NRL domain and are notably different from those of other
human AlkB family proteins (Figs. 3B and S1B).
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Figure 2. ALKBH6 has an unusual active center. A, the interaction network around Tris and Ni** in the ALKBH6-Ni**-Tris structure, Fo-Fc (3.0 o, gray
mesh). B, the interaction network around a-KG (Fo-Fc, 3.0 o, gray mesh) and distribution of binding sites. C, binding analysis of ALKBH6 or mutant A with
a-KG (mutant A: N1T03A/Y105A/R218A). The experiments were repeated three times.
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Figure 3. Key Flips have impacts on the binding of ALKBH6 to ssDNA.

A, key loops of ALKBH6. B, overlay analysis of ALKBH6, ALKBH2, and ALKBH3

around the Flip domains; secondary structures are labeled based on ALKBH6 (ALKBH6, cyan; ALKBH2, yellow, PDB code 3557; ALKBH3, warm pink, PDB code
2IUW). G, the binding of His-tag labeled ALKBH6 with different unlabeled ssDNAs, Kp measured by MST. D, EMSA assay shows the binding of ALKBH6 with
FAM-labeled ssDNA1. The EMSA assay was detected by the fluorescence of FAM. Unlabeled ssDNA1 is a competitor of the labeled ssDNA1 to rule out
spurious interactions. E, ALKBH6 binding with different FAM-labeled bubble DNAs. The experiments were repeated three times. F, structure-based sequence

alignment of ALKBH6 in different species or its family members within the

Flip3 region. Secondary structural elements are represented according to the

structure of ALKBH6. hALKBH6, human ALKBH6; mALKBH6, mouse ALKBH6 (Q8K2U2); dALKBH6, Danio rerio ALKBH6 (Q6IQE9); XxALKBH6, Xenopus laevis
(Q5PQ59). Cylinders and arrows represent a-helices and B-sheets, respectively. Invariable residues are highlighted. The length of sequences omitted for the
clarity of the presentation are shown in brackets. Evidently, Flip3 in red font shaded yellow is a unique motif of human ALKBH6.

The Flipl of ALKBH6 contains a short a-helix a4, a short
B-sheet B2, and a loop (Fig. 3B). It is the shortest one among
the family members, which may affect substrates’ binding. The
B2 is the outermost B-sheet of the seven-stranded major sheet
and is less conserved in the family. Owing to the high
temperature factors of Flipl (Fig. S1C), it may take a confor-
mational change upon substrate binding. In the ALKBH2-
dsDNA complex structure, F102, which locates in the Flipl of
ALKBH?2, intercalates into the duplex stack and fills the DNA
gap (30), whereas ALKBHG6 lacks any aromatic residues in the
corresponding position (Fig. S24). The Flip2 of ALKBHS6 is
solved as a loop (Fig. 3A4). Surprising, among the human AlkB
family proteins, only the Flip2 of ALKBH6 does not have any
aromatic residue (Fig. S2A4). In the total 27 residues of Flipl

4 | Biol. Chem. (2022) 298(3) 101671

and Flip2, only 1 aromatic residue W50 exists. Of note, Flipl
and Flip2 of ALKBHG6 have a higher basic amino acids ratio (7/
27) compared with ALKBH2 (5/40), ALKBH3 (6/35), or
ALKBHS5 (6/45). Moreover, a prominent feature of the NRL
domain is that Flip2 is restrained by the C-terminal loop
(hereafter Loop-CTD, residues V226-K238). Flip2 has hy-
drophobic interaction network with Loop-CTD. Especially, the
ALKBH6 Loop-CTD has the highest content of hydrophobic
residues (7/13) among the family (Fig. S24). Consistently, an
extensive hydrophobic network is formed by P65, M70, V71,
P72 from Flip2 and V226, V229, 1230, L235 from Loop-CTD.
Moreover, the main chain of residue M70 forms two hydrogen
bonds with main chains of residues R228 and L230 from Loop-
CTD. The side chain of R68 forms two hydrogen bonds with

SASBMB
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the carbonyl group of residue G237 (Fig. S2B). Thus, Loop-
CTD greatly stabilizes the conformation of Flip2 and the
average temperature factor of Flip2 is lower than that of Flipl

(Fig. S1C).

Substrates screen for ALKBH6

As the substrate for ALKBHS is still unknown, we carefully
analyze the structure and superpose with homologous
members. The distribution of the positive charge of ALKBH6
is different from that of the other family proteins (Fig. S2C).
ALKBH6 has fewer positively charged residues compared
with ALKBH1 or ALKBH2 at the surface of the active site.
But it has some similarities to ALKBH3 and ALKBHS5. A
positively charged groove traverses the potential active site
between Flipl and Flip2; however, it is very narrow. The
positively charged groove may directly bind the substrates.
Most of the structure-solved AlkB family members have dy-
namic flexible Flips to dock substrates into the active site.
However, it is difficult to accurately figure out the natural
substrates of ALKBH6 because of these characteristic flexible
Flips.

As the residues in the DSBH core shift less when binding
nucleotides, here we analyze some of these residues involved
in nucleotides’ recognition. In the structure of the ALKBH2-
dsDNA complex (30), the nucleobase ring of cytidine forms
aromatic stacking interaction with the Fe?*-ligating residue
H171, while H114 is in the same conserved conformation in
ALKBHS. In structures of the human AlkB family members,
the C terminus of Flipl (except in ALKBH7?) has a key posi-
tively charged residue that is involved in interacting with the
nucleic acid (Fig. S2, A and D). R110 in ALKBH2 directly
binds the phosphate backbone (30); ALKBH6 R56 and
ALKBHS8 R174 are in similar positions (31). In addition, the
positions of 1111 and R224 are invariant among ALKBH2,
ALKBH6, and ALKBHS8. Moreover, the ALKBH6 active cen-
ter contains four residues (L58, N60, L101, and Y120) that are
similar to those in ALKBH2 (Fig. S2D). Therefore, these
similarities reveal that ALKBH6 might act as a DNA/RNA
demethylase like other human AlkB family members. As re-
ported, expression of ALKBHS6 in AlkB-deficient E. coli strain
increases survival dramatically after methyl methane sulfo-
nate treatment (22).

Based on the structural clues, we proposed that ALKBH6
could interact with nucleic acids directly. Then we explored
various substrates, such as dSDNA, ssDNA, RNA, and bubble
or bulge DNA with different numbers of mismatched base
pairs in the middle of dsDNA (17, 32). With extensive and
multiple screening, we finally found that ALKBH6 could bind
ssDNA (Fig. 3, C and D and Table S1), bubble DNA (Figs. 3E
and S3A), bulge DNA (Fig. S3B), and RNA (Fig. S3, C and D)
but not dsDNA (Fig. S3E). All the nucleic acids have no
notable conservative motif or any characteristics such as GC
rich or AT rich. To eliminate the nonspecific binding, an
unlabeled ssDNA1 competitor was used to rule out spurious
interaction. With the competitor concentration increasing, the
FAM-labeled complex signal decreased (Fig. 3D).

SASBMB

In Arabidopsis, ALKBH6 binds to m°A and m°C RNA (23),
but the enzymatic activity has not been reported. Human
ALKBHS®6 has a 36% identity with its homology in Arabidopsis.
It implies that human ALKBH6 might bind RNA. We used
FAM-labeled 30-nt poly(A) as a potential substrate to incubate
with ALKBH6. We got a similar binding affinity as ssDNA by
microscale thermophoresis (MST) and a complex band in
EMSA (Fig. S3C). In eukaryotes, the mRNA has a 3'-poly(A);
the above results prompt us to think if ALKBH6 could bind to
mRNA and this awaits further demonstration.

When the mutant ALKBH6ALoop-cTp is used to test the
binding with bubble or bulge DNA, it shows a compromised
binding affinity (Figs. S3A and 3B). Therefore, the Loop-CTD
has a moderately positive effect on binding bubble or bulge
DNA. To know the key residues in binding nucleic acids, we
carefully chose several residues to make sure the essential
position for binding. R68A or R74A mutants almost
completely abolished the ssDNA binding activity, whereas the
R225A/R228A mutant was comparable with the wildtype
(Figs. 4A and S3F). As both R68 and R74 are located in Flip2,
Flip2 plays key roles during substrates binding. According to
the above analysis and experimental data, two possible binding
models between ALKBH6 and single-stranded/bubble nucleic
acid were proposed. One end of the single-stranded nucleic
acid extends along the groove formed by Flip2 and Flip3, and
the other end extends along the groove formed by Flip2 and
Flipl (Fig. 4B). To bind bubble nucleic acid, the other strand
might interact with Loop-CTD, which has four positive resi-
dues and no negative residues (Fig. 4C). To a certain extent,
the establishment of these models provides a theoretical basis
for understanding the molecular mechanism of ALKBH6
binding to substrates and has an ongoing significance to un-
cover the recognition mechanism.

A unique Flip3 of ALKBH6 determines the preference of
unpaired substrates

According to the phylogenetic position in the human AlkB
family, ALKBH6 has the highest homology with ALKBHS,
which can catalyze RNA hypermodification (2, 31). A DALI
search also showed that ALKBHS is the most similar structural
homolog of ALKBH6 among human AlkB family members.
We superposed ALKBH6 and ALKBHS; the unique Flip3 of
ALKBHS6 has a partial overlay with the RNA recognition motif
(RRM) of ALKBHS8 (Fig. S4A). To test whether Flip3 has a
similar function as RRM, we constructed an ALKBHG6piip3
mutant. Surprising, when Flip3 was deficient, the binding af-
finity of this mutant to ssDNA was higher than that of the
wildtype (Fig. S4B). Thus, Flip3 may have a self-inhibitory ef-
fect on the binding of ALKBH6 to nucleic acids, contrary to
the function of RRM. To explore the reason, we further
compared the structures of this family.

In the human AlkB family, only ALKBH6, ALKBH5, and
ALKBH2 have a long Flip3 (Figs. S1B and S2A). The ALKBH2
Flip3 binds to the complementary strand of the methylated
strand with residues Gly204 and Lys205 to grasp dsDNA (30).
The ALKBHS5 Flip3 is fixed to the minor sheet of the DSBH
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Figure 4. ALKBH6 binds with different types of DNAs. A, ALKBH6 and mutants interact with FAM-ssDNA1. R68A and R74A mutants almost completely
abolished the ssDNA binding ability, whereas the R225A/R228A mutant was comparable with the wildtype. Proposed model of ALKBH6 binding with single-
stranded (B) or bubble nucleic acid (C), the key residues for binding are circled in yellow and labeled. D, ALKBH6fjip3 binds with dsDNA. CKAFlip3, only

ALKBH6fiip3 protein; CKN, only nucleic acid.

fold by a disulfide bond between C230 and C267, which im-
pedes the binding of the unmethylated strand and thus only
selects single-stranded substrates (15). Of interest, ALKBH6
has the longest Flip3 among this family. There are eight pro-
line residues in total 20 residues of Flip3. As we know, proline
is the most rigid among the 20 usual residues. The high proline
content rigidifies the Flip3 region significantly, making it hard
to change orientation. When the AlkB—dsDNA or ALKBH2-
dsDNA complex structures are superimposed with ALKBHS,
the methylated strand is well accommodated by ALKBHS,
whereas the unmethylated strand has a stereo clash with the
Flip3 region (Fig. S4C). Moreover, six negative residues in
Flip3 form a negatively charged surface and might electro-
statically repulse the phosphate backbone of the neighbor
unmethylated strand. The rich negative surface may explain its
self-inhibition that the deletion of Flip3 can enhance
the binding affinity to ssDNA (Fig. S4B). To further confirm
the above analysis, we tested the binding ability of the
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ALKBH6apjips to dsDNA. EMSA results showed that this
mutant could bind dsDNA and the binding was concentration
dependent (Figs. 4D and S3E). Taken together, Flip3 of
ALKBH6 impedes the access of paired double-stranded
nucleic acids to the active site and may confer ALKBH6 the
ability to discriminate against double-stranded nucleic acids.

Structure-based interaction screens

Immunization of mice with a mutant peptide of ALKBH6
Flip3, which binds the major histocompatibility complex and
renders the overall peptide more rigid, can suppress tumor
growth significantly (20). As the unique Flip3 has the highest
temperature factor in the solved structure (Fig. S1C) and is far
away from the potential catalytic core, we wonder if it is able to
bind proteins. Based on the symmetry of the structure, we
found that Flip3 could insert into the adjacent ALKBHS6 active
center (Figs. 54 and S5A). Thus, we suspected that ALKBH6
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Figure 5. ALKBH6 interacts with proteins. A, the Flip3 of ALKBH6 interacts with a neighboring ALKBH6 molecule in crystal packing. B, ALKBH6 (MBP-
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C, MST measured ALKBH6 interacting with ZMYND11 peptide or ALKBH6 itself. The experiments were repeated three times.

might interact with Flip3 from another ALKBH6. And then, we
verified it by pull-down and Western blotting. We detected the
signal band clearly (Figs. 5B and S5B). Wondering if there were
any similar peptides in the human proteome that could
interact with ALKBH6, we searched the human database based
on the sequence (143PEDDDPTE5,) to find if there are any
similar peptides. Initially, we used the motif PEDDDPTE and
only found ALKBHS6 itself. Because no obvious interactions
were observed for D145 and D147, we used PExDxPT(E/D) (x
means any residue) as searching motifs; ultimately, only three
proteins were found (Table S2). Based on the structural in-
formation that positive charges are rich in the surface of the
active center of ALKBH6 (Fig. S54), the binding might be
enhanced by introducing additional negative charges. Finally,
we optimized the searching motifs by mutating proline to
glutamic or aspartic acid, so two motifs PExDx(E/D)T(E/D)
and (E/D)ExDx(E/D)T(E/D) were used. A total of 5 and 19
candidates were found, respectively (Table S2). We chose
several candidates to verify according to their sublocation and
functions. In the pull-down experiments (Fig. 5B), LAIR1 (the
corresponding sequence: PEKDRETD), with one proline
replacement, did not bind ALKBH6. Fortunately, a peptide
from V71 to K151 of ZMYNDI11 (the found motif: DEI-
DWETE), with two proline replacements, could interact with
ALKBHS6 by pull-down experiments (Fig. 5B), and the binding
was concentration dependent (Fig. S5C). Moreover, the bind-
ing affinity of ZMYND11 to ALKBH6 was 3.5-fold higher than
ALKBHS6 itself (Fig. 5C), giving us a new insight into the
ALKBHS6 function regulated by ZMYND11. As the peptide of
ZMYNDI11 has a zinc finger that belongs to the plant home-
odomain (PHD) type, we then checked whether ALKBH6 can
bind other PHD-type zinc fingers without a similar sequence.
UHREF1, an E3 ubiquitin-protein ligase, also has a zinc finger
that belongs to the PHD type from N310 to D366 whose
sequence does not show any similarity to the Flip3 of
ALKBH6. Then we made a construct from R296 to A367 of
UHREF1 containing its PHD domain and tested the interaction
between ALKBH6 and UHRF1 by pull-down. As the results
shown in Figure 58, ALKBH6 had no physical interaction with
the UHRF1 PHD domain. Thus, the interaction between
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ALKBH6 and the ZMYNDI11 PHD domain has sequence
selectivity.

Discussion

Epigenetics has been of increasing importance in human
development, diseases diagnosis, and treatment (33, 34). AlkB
family members can participate in the modification of nucleic
acids and have great impacts on human diseases especially
carcinomas (8, 35-38). Despite being a member of the AlkB
family, ALKBH6 has been a mystery for decades. Here we
report the structure and interacting partners of ALKBH6 and
provide many clues for functional research.

In this study, we found that ALKBH6 could bind Tris in the
active center (Fig. 2A), which has never been found in other
members of this family. Tris, commonly used in experiments,
occupies the position of a-KG and may thus interfere with the
activity and should be avoided in the functional assay of
ALKBHS. It is intriguing that Tris chelates the metal ion in the
active center in a tridentate manner. To the best of our
knowledge, this is the first report of a chemical compound that
coordinates the metal ion tridentately in the AIkB family.
Thus, it may be a special start point for the selective drug
design against AlkB family proteins.

As reported, human AlkB homologs seem to work on
ssDNA, dsDNA with a damaged base on an unstable base
pair, or modified RNA (15, 39-41). In the human AlkB ho-
mologs, ALKBH1 prefers bubble or bulge DNA (17, 42);
ALKBH2 binds dsDNA as substrate (30); ALKBH3 chooses
ssDNA or RNA as substrates (37, 42); and ALKBHS5,
ALKBHS, and FTO function as RNA demethylases (43-45).
In our study, we found that the unique Flip3 was key for the
binding of ALKBH6 to unpaired nucleic acids rather than
dsDNA. Moreover, ALKBH6 prefers ssDNA or ssRNA to
other types of DNAs without notable sequence preference.
Consistently, self-hydroxylation of L101 in ALKBH6 was
observed (42), revealing that ALKBH6 has enzymatic activity.
We did not observe obvious demethylase activity of ALKBH6
on several kinds of modified nucleic acids, such as m'A and
m°A  ssDNA/ssRNA. Structural alignments reveal that
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ALKBHS6 has unique features. First, the Flipl of ALKBH®6 is
the shortest one among the family members and lacks an
aromatic residue corresponding to F102 in ALKBH2 to
intercalate into the duplex stack and fill the DNA gap (30)
(Fig. S2A4). Second, in the Flip2 of AlkB members, Y122 and
F124 from ALKBH2, Y143 in ALKBH3, Y139 and Y141 in
ALKBHS5 could interact with substrates by hydrogen bonds or
van der Waals. Unfortunately, the ALKBH6 Flip2 loses any
aromatic residues. Finally, ALKBH6 has the self-inhibitory
ability as its Flip3 deletion has higher affinity than the wild-
type and the active center is occupied by the negatively
charged Flip3 intermolecularly. Structure-based sequence
alignment shows that the ALKBH6 Flip3 in human is a
unique loop compared with other family members or that in
other nonmammal species (Figs. 3F and S2A). In short, a
combination of Flip3, Flip1, and Flip2 results in ALKBHS6 self-
inhibition and weak binding to substrate; this may be the
main reason why it is difficult to find the natural substrates of
ALKBH6 under normal physiological situations.

In a previous study, Kernstock et al. (46) used yeast two-
hybrid to screen and define the potential binding partner of
ALKBH6; however, they failed at the confirmed progress.
Here, from the crystal packing of the ALKBH6+-Mn**-a-KG
structure, we found that the unique Flip3 binds the active
center with a buried interface area of 309 A% The intermo-
lecular interaction between Flip3 and ALKBH6 may be caused
by the opposite charges distribution in Flip3 and the active
center and is concentration dependent. Then we conducted
the small-angle X-ray scattering (47) assay (Table S3), with the
results showing that ALKBH6 was mainly monomeric in so-
lution (Fig. S6). However, when the dimer component was
added, the Minimal Ensemble Search fit was improved
significantly, revealing the existence of dimer.

Furthermore, to find potential interacting partners of
ALKBH6, we used structure-based sequence similarity or
mutation enhancement strategies to search the human data-
base and found many candidates. Our experiments revealed
that ALKBH6 not only interacts with itself but also has a
stronger binding affinity to ZMYND11, giving new insights for
functional research. ZMYNDI11 can link histone H3.3K36
trimethylation (H3.3K36me3) to transcription elongation and
tumor suppression (48). ZMYNDI11 has several “reader”
domains especially for histone, including a PHD, a bromodo-
main, and a PWWP domain (named for a conserved Pro-Trp-
Trp-Pro motif). The peptide from V71 to K151 covers the
PHD domain (from Y102 to C145). When the PHD domain is
deficient, the binding between ZMYND11 and H3.3K36me3
peptide can be greatly diminished (48). In the beginning, we
found that ALKBH6 could bind nucleic acids; now our results
showed that it also could interact with proteins, highlighting
the importance of ALKBH6 in vivo. We speculated that the
binding of ZMYND11 may affect the activity of ALKBH6 and
thus influence the demethylation of modified nucleic acids,
even though no experimental evidence has been reported.
ZMYNDL11, as a reader protein for modified histones, interacts
with ALKBH6 and thus may bidirectionally influence their
functions in the cell.
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Finally, analysis of the COSMIC database revealed that
many cancer-associated ALKBH6 mutations occur in Flipl,
Flip2, and Flip3 (Table S4). These mutations might be able to
disrupt the enzymatic function, protein interaction, and im-
munity, thereby contributing to tumorigenesis. We made
several cancer-associated mutations based on the cosmic data
and validated the interaction between ALKBH6 and
ZMYNDI11. The R68Q or R68P mutants located in Flip2 can
diminish the interaction between ALKBH6 and ZMYND11,
whereas P65H or P65S mutants have comparable ability to the
wildtype ALKBH6 (Fig. S7). These observations might be
caused by the loss of the positive charge of Flip2. Our results
showed that the cancer-relevant mutations of the key positive
residue could greatly diminish the interaction between
ALKBH6 and ZMYNDI11, underscoring the vital role of
ALKBHS6 in tumor suppression.

Briefly, we successfully solved structures of ALKBH6, which
broaden the structural knowledge of the AlkB family. Besides,
based on the structural information we demonstrated that
ALKBHS6 can bind several different types of nucleic acids; also,
we figured out the key Flips for its binding ability, providing
new insights into its substrates screen and even for its enzy-
matic activity research. We also found that ALKBH6 could
interact with ZMYND11 directly, which may act as a new point
of view for ALKBHS6 function illustration. In general, the above
results provide the bases for characterizing ALKBH6 functions
such as nucleic acid damage repair and tumor therapy.

Experimental procedures
Protein expression

The full-length ALKBH6 was amplified from cDNA. For
eukaryotic expression, the fragment was inserted into EcoR I
and Kpn I sites in a modified pPICZ-B vector with a tobacco
etch virus (TEV) protease cleavage site, followed by a GFP-
6xHis tag. GFP was used as a reporter to show the expression
of target gene, which can simplify the screening process.
P. pastoris X-33 cells transformed with pPICZ-B-ALKBH6
were incubated in yeast extract peptone dextrose medium at
30 °C until the absorbance at 600 nm (Ago) reached 4 to 5 and
then induced at 28 °C with BMMH medium for an additional
72 h.

For prokaryotic expression, full-length ALKBH6, trunca-
tions, or mutants were amplified and cloned into a modified
pET-28a vector with a TEV site. The fragments were inserted
into the BamH I and Xho I sites. Final clones were verified by
DNA sequencing and transformed into Rosetta competent
cells. Cells were grown in LB medium at 37 °C until Agg
reached 0.6 to 0.8. Target protein overexpression was induced
overnight at 18 °C by the addition of 0.2 mM isopropyl-f-D-
thiogalactoside. The MBP-fused proteins, constructed by
vector V28E4 (49), were prepared by prokaryotic expression
and used for pull-down and EMSA.

Protein purification

Both yeast and E. coli cultures were harvested by centrifu-
gation at 3500¢ for 10 min and resuspended in buffer A
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(20 mM Tris pH 7.5, 1 M NaCl) and disrupted by high-
pressure (1800 bar, P. pastoris) cell disruptor or sonication
(E. coli). After centrifugation at 47,000g for 60 min to remove
cells debris, the soluble fraction was applied to a Ni**-
chelating column (GE Healthcare).

After protein binding, the column was washed with buffer B
(20 mM Tris pH 7.5, 1 M NaCl, 20 mM Imidazole) and eluted
with buffer C (20 mM Tris pH 7.5, 150 mM NaCl, 100 mM
Imidazole, 3 mM [-Me). TEV protease was added to the
protein-containing eluent to remove the His-tag at a 1:5 weight
ratio overnight at 4 °C. The digestion was reloaded onto a Ni**
affinity column to remove His-tag and His-tagged TEV protease.
The protein sample was then loaded onto an SP sepharose
column (GE Healthcare) and eluted with a NaCl gradient from
0 to 1 M NaCl in 20 mM Tris pH 7.5. The eluent was further
purified by gel filtration (Superdex increase 200 10/300, GE
Healthcare) with buffer D (20 mM Tris pH 7.5, 150 mM NaCl).
Peak fractions were collected and visualized by SDS-PAGE fol-
lowed by Coomassie Bright Blue staining. The purified protein
was concentrated by ultrafiltration (Amicon Ultra-15 centrifugal
filter units, Millipore) to 10 to 13 mg/ml for crystallization. All
the protein purification procedures were performed at 4 °C. The
protein used for pull-down, EMSA, and MST was purified in
Hepes (pH 7.5) buffer instead of Tris buffer.

Crystallization and data collection

Extensive crystallization screens were performed at both 18
and 4 °C with many commercial kits. Small crystals of
ALKBHS6 expressed from P. pastoris were initially obtained in
reservoir solution using the sitting drop vapor diffusion
method. To get high-quality crystals, we optimized the con-
centration of ALKBHS6, different buffer pH, and precipitant
concentration at both 18 and 4 °C. Finally, for apo-ALKBHS6,
purified ALKBH6 10 mg/ml was mixed with a well solution
containing 10% PEG 8000, 0.1 M Tris pH 8.5 at 4 °C. For
ALKBH6-Mn**-a-KG complex, the purified protein was
mixed with 2 mM MnCl,, 10 mM «-KG and incubated on ice
for more than 5 h. Mn(Il) was used to replace Fe(Il). Crys-
tallization trials were performed at 4 °C.

The crystals were transferred to a solution containing 30%
(v/v) glycerol for cryoprotection and flash cooled in liquid
nitrogen before data collection. The data were collected on
beamlines BL17U1 and BL19U1 at the Shanghai Synchrotron
Radiation Facility. Data were indexed, integrated, and scaled
with HKL2000 suite of programs (50). Data collection statistics
are summarized in Table 1.

Structure determination

ALKBHS6 has a low sequence identity (less than 18.5%) to all
the released structures in the PDB, so we failed to find a good
molecular replacement result for the ALKBH6 - Ni** - Tris. But
fortunately, a new idea came to our mind and we used a
predicted result of ALKBH6 structure by Raptorx (25) as an
MR model. We tried different truncations of the predicted
structure as MR models, such as removing disordered loops or
short B-sheets. After extensive trials of different resolution and
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space groups, the best solution was found by BALBES (26)
with an MR score of 3.61 while the Ryq,i/Reee Were both above
0.50. After removing the inappropriate main and side chains in
the model using the program COOT (51), the optimized
structure was used to find the right position by BALBES again.
The primitive density map has a relatively clear outline with
recognizable B-sheets and a-helices with an MR score of 14.56
and an R,,o1/Reee Of 0.410/0.488.

Then we iteratively refined and built the model using CNS
(52), the CCP4 suite (53), and autobuild program in the Phenix
(54). According to the density, the nonrational main and side
chains were adjusted using the program COOT followed by
REFMACS5 (55) refinement. After numerous cycles of manual
rebuilding and refining, the best solution stopped at an R,,o.i/
Reee value of 0.198/0.218. The complex structure of
ALKBH6+-Mn** - a-KG was determined by molecular replace-
ment using the above structure as a model. Structure valida-
tions were carried out with Molprobity (56). The
ALKBH6-Ni** - Tris has a Molprobity score of 1.26 (98th
percentile) and a clashscore of 1.91 (100th percentile). The
ALKBH6-Mn**-a-KG has a Molprobity score of 1.01 (100th
percentile) with a clashscore of 2.07 (99th percentile) (Table 1).

Microscale thermophoresis

MST was used to measure the dissociation constant for the
interaction of wildtype or mutated proteins with a-KG
cofactor, proteins, and DNA substrates.

To measure the binding affinities between o-KG and
ALKBH6, ALKBH6 wildtype and mutants were labeled with a
fluorescent dye NT-647 according to the manufacturer’s
manual. 10 uM of 10 pl labeled protein in buffer containing
20 mM Hepes pH 7.5, 80 mM NaCl, 0.4% NP40 was mixed
with 10 pl «-KG at various concentrations. After incubation
for 30 min at room temperature, the samples were loaded into
capillaries. Thermophoresis was measured at 22 °C for 30 s
with 40% infrared laser power. Datasets were combined and
analyzed using the MO-Affinity analysis software.

To measure the binding affinities between DNA oligonu-
cleotides and ALKBH6 using MST, the oligonucleotides were
labeled with 5'-FAM or the protein was labeled by using His-
tag labeling kit RED-tris-NTA. The MST buffer was 20 mM
Hepes pH 7.5, 80 mM KCl, 200 pM «o-KG, 5 uM MnCl,, 0.4%
NP40. We illustrated two experimental setups by using labeled
DNA with unlabeled protein or labeled protein with unlabeled
DNA. The mixtures are incubated at room temperature for
15 min then loaded into capillaries and measured at 22 °C for
30 s with 40% or 60% infrared laser power.

His-tag labeled ALKBH6 was used to measure protein—
protein interaction in MST buffer containing 20 mM Hepes
pH 7.5, 80 mM KCI, 200 uM a-KG, 5 pM MnCl,, 0.05% NP40,
0.15% Tween 20, 0.025% PEG 8000, 0.05% Triton X-100, and
1 mM DTT with 60% infrared laser power.

Electrophoretic mobility shift assay
EMSA separates unbound nucleic acid from protein-bound

nucleic acid through polyacrylamide. EMSA was performed to
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detect the nucleic acid binding ability of ALKBH6 or mutants
fused with the MBP tag. Protein, 10 to 300 pmol, was incu-
bated with 10 pmol FAM-labeled DNA (Table S1) in 20 pl
reaction mixture containing 20 mM Hepes pH 7.5, 80 mM
KCl, 200 uM a-KG, 5 uM MnCl, for 30 min at 4 °C. After
incubation, 5 pl 30% glycerol was added to each sample and
5 ul of the mixture was then separated on a 5% to 7% native
polyacrylamide gel (acrylamide:bisacrylamide = 39:1 or 79:1) in
1xTB (45 mM Tris pH 8.3, 45 mM boric acid) at 170 V for
40 min. The gel was scanned with ChemiDoc MP Imaging
System (Bio-Rad) at the wavelength of 488 nm to detect the
fluorescent signal of FAM-DNA.

Pull-down assay

ALKBH6 was fused with MBP tag, and the interacting
candidates were GST tag fusions. One hundred micrograms of
MBP-ALKBH6-6xHis was incubated with different GST-
proteins for 2 h at 4 °C in 1 ml binding buffer (20 mM
Hepes pH 7.5, 75 mM NaCl, 1 mM MnCl,, 10 mM o-KG, 5%
Glycerol, 3 mM B-Me, 0.1% Tween-20, and 1 mM benzami-
dine hydrochloride) in the presence of amylose resin. Then the
resin was rinsed with the same buffer three times to remove
the unbound and nonspecifically bound proteins. Proteins left
on the beads were separated by SDS-PAGE and analyzed by
Western blotting of anti-GST tag antibody.

Small-angle X-ray scattering

Small-angle X-ray scattering measurements were per-
formed on beamline BL19U2 at the Shanghai Synchrotron
Radiation Facility. Proteins were purified by gel filtration in
a buffer containing 20 mM Hepes pH 7.5, 150 mM NaCl,
2 mM B-Me. Various concentrations of protein were used
from 1 to 5 mg/ml. Measurements were carried out at 10
°C. Individual data were processed by RAW (57). The
control buffer was measured before and after each sample
measurement.

Data availability

Atomic coordinates and structure factors for the reported
crystal structures have been deposited with the Protein Data
bank under accession numbers 7VJS and 7VJV.
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