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CONSPECTUS

NA methylation is arguably one of the most important H r T H
chemical signals in biology. However, aberrant DNA ("INLJ"C W ?f:)"c” 0 ("IE" 5
methylation can lead to cytotoxic or mutagenic consequences. Dh:d” TR e ;v

A DNA repair protein in Escherichia coli, AIkB, corrects some " amea
of the unwanted methylations of DNA bases by a unique oxi- "”:,‘,C.._ Ao, ABH o ABHS [ (1::'” | ho

dative demethylation in which the methyl carbon is liber- ,},Jeeo PREre—— ,:,k,o B Qlo t
ated as formaldehyde. The enzyme also repairs exocyclic e s |, o ] i

DNA lesions—that is, derivatives in which the base is aug-
mented with an additional heterocyclic subunit—by a simi- o

lar mechanism. Two proteins in humans that are homologous

to AlkB, ABH2 and ABH3, repair the same spectrum of

lesions; another human homologue of AlkB, FTO, is linked to 5 S “r =
obesity. In this Account, we describe our studies of AIkB, ;

2

ABH2, and ABH3, including our development of a general
strategy to trap homogeneous protein—DNA complexes \
through active-site disulfide cross-linking. 1_ 2

AIKB uses a non-heme mononudear iron(ll) and the cofac-
tors 2-ketoglutarate (2KG) and dioxygen to effect oxidative
demethylation of the DNA base lesions 1-methyladenine
(1-meA), 3-methylcytosine (3-meC), 1-methylguanine (1-meG), and 3-methylthymine (3-meT). ABH3, like AIkB, works bet-
ter on single-stranded DNA (ssDNA) and is capable of repairing damaged bases in RNA. Conversely, ABH2 primarily repairs
lesions in double-stranded DNA (dsDNA); it is the main housekeeping enzyme that protects the mammalian genome from
1-meA base damage.

The AlkB-family proteins have moderate affinities for their substrates and bind DNA in a non-sequence-specific man-
ner. Knowing that these proteins flip the damaged base out from the duplex DNA and insert it into the active site for fur-
ther processing, we first engineered a disulfide cross-link in the active site to stabilize the Michaelis complex. Based on the
detailed structural information afforded by the active-site cross-linked structures, we can readily install a cross-link away
from the active site to obtain the native-like structures of these complexes. The crystal structures show a distinct base-
flipping feature in AIkB and establish ABH2 as a dsDNA repair protein. They also provide a molecular framework for under-
standing the demethylation reaction catalyzed by these proteins and help to explain their substrate preferences. The chemical
cross-linking method demonstrated here can be applied to trap other labile protein—DNA interactions and can serve as a
general strategy for exploring the structural and functional aspects of base-flipping proteins.

I*

Introduction cals widely used in clinical settings and prevalent

Cellular DNA is constantly challenged by endog- ~ In the environment that create cytotoxic DNA

enous and exogenous chemicals, often resulting
in cytotoxic or mutagenic covalent adducts.'™*
Alkylating agents are one group of such chemi-

Published on the Web 01/27/2009  www.pubs.acs.org/acr
10.1021/ar800178j CCC: $71.50 © 2009 American Chemical Society

lesions.>~80nce damaged, cellular DNA must be
promptly repaired. Organisms have evolved a
variety of mechanisms to repair these cytotoxic or

Vol. 42, No. 4 = April 2009 = 519-529 = ACCOUNTS OF CHEMICAL RESEARCH = 519



Downloaded by UNIV MAASTRICHT on August 29, 2009 | http://pubs.acs.org
Publication Date (Web): January 27, 2009 | doi: 10.1021/ar800178]

Non-Heme Iron-Mediated Chemical Demethylation Vi et al.

; N T )
(0] 0 (,%N 0 o)
V2

0-...__ bl’“Hisw'
Q70w | T~Aspias

0--...FI o HiS 134
H20" | ~~Aspiaz

0O,

N
PR
ch NHZ HZ

i 0-..._, | r_.-HIS|3-|

O—Qw=— | T=Aspias

Hisqa7 His1gz Hisqg7
9,“{," Decarboxylatioj onk
M_7 i CO;
N-{ | N
e N 0 (,;, ‘?gl
s (o] P
R 0 A
. o) 3! &
H0 1 MOEJL,‘HEIM
HaO II...--H15131 ok : | T~Aspia3
Hzo,——' | "-.Aspwa N E@ " Hisgr
Hisqg7 54 2 ‘i’]‘ H™H D\\\P‘ QﬂP\
- ! g!
NH; deﬁanra 1 )
n o, "’Gous _}N " }
) . War;oﬂ g ¢
(o] o] HOH,¢©  NHz 0 OH H,e©  NH
o o)s\/To-_ - O)\/\“/oﬁ-. e HiS 131
= | T~Aspia3 ""Aspﬁa
Hisqar Hlsm

FIGURE 1. Proposed repair mechanism for the AlkB-family proteins. Several repair intermediates are shown.

mutagenic damages. In Escherichia coli, AIKB protein is one
of the four proteins that are activated when E. coli is chal-
lenged with high doses of methylation agents.*°''° It belongs
to a dioxygenase family that uses a non-heme mononuclear
iron(ll) and the cofactors 2KG and dioxygen to perform an oxi-
dative demethylation of DNA base lesions, 1-methyladenine
(1-meA) and 3-methylcytosine (3-meC) (Figure 1)."' '3

In the event of oxidation reactions, AIkB utilizes an iron(ll)
site, which is coordinated by the conserved His2/Asp motif, to
activate the dioxygen molecule for oxidation of the inert C—H
bond. A possible mechanism involves formation of a super-
oxo radical anion (O,~) bound to iron(lll), a subsequent
bridged peroxo intermediate produced by the attack of the
superoxide to the a-keto carbon of an iron-bound 2-KG, and
a speculated high-valent iron(lV)—oxo intermediate that
hydroxylates the C—H bond of the methyl lesion.'*'> One of
the oxygen atoms from the dioxygen cofactor is incorporated
into succinic acid and the other becomes the oxygen of the
hydroxyl product (Figure 1). This mechanism is shared by a
variety of enzymes within the non-heme iron protein family.
In the case of AIkB, the initial hydroxylation at the methyl
group on the N'-position of adenine or N3-position of cytosine
leads to the heterocleavage of C—N bonds, which gives the
unmodified base and formaldehyde. The overall effect of the
oxidation reaction is the direct repair of the damaged base.

520 = ACCOUNTS OF CHEMICAL RESEARCH = 519-529 = April 2009 = Vol. 42, No. 4

Substrates

The AlkB-family proteins remove methyl adducts that block
Watson—Crick base pairs in DNA and RNA. Base lesions
1-meA and 3-meC are the best substrates for AlkB.""'? Stud-
ies have shown that AIKB prefers 1-meA and 3-meC in a poly-
nucleotide, but it is capable of demethylating shorter
nucleotides as well.'® A polynucleotide is not required for effi-
cient repair, but the presence of a 5’-phosphate seems to be
essential.'® Survival assays for the alkylated bacteriophage
have extended AIKB'’s substrates to include methyl, ethyl, pro-
pyl, hydroxyethyl, and hydroxypropyl DNA adducts.'”~'? In
vitro studies have confirmed that 1-ethyladenine can be
repaired by AIKB to give adenine with acetaldehyde pro-
duced."”

Minor alkylated DNA bases 3-methylthymine (3-meT) and
1-methylguanine (1-meG) are also repaired by AIKB, but less
efficiently (Figure 2a).'®~2" Exocyclic DNA adducts such as
1,N6-ethenoadenine (¢A), 3,N*-ethenocytosine (¢C), and 1,N*-
ethenoguanine (¢G) are another group of lesions that com-
pletely block Watson—Crick base pairing. They can be
generated endogenously when cells are under oxidative
stress, particularly when DNA is exposed to side products of
lipid peroxidation.>%#* Recent reports from Essigmann’s group
and our laboratory have revealed that ¢A can be efficiently
repaired by E. coli AIKB and its human homologues both in
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(a) DNA/RNA alkylations that are known to be repaired by AlkB family proteins
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FIGURE 2. (a) Methylated and exocyclic DNA adducts that are repaired by AIKB proteins and (b) proposed repair mechanism for the AIkB-

mediated oxidative reversal of ¢A.

vitro and in vivo, and the effect of ¢C lesions is also
mitigated.?*~2¢ Chemically, A is oxidized at the etheno bond
to give an epoxide intermediate.?® This result supports the
proposed mechanism shown in Figure 2b, in which the puta-
tive iron(IV)—oxo intermediate epoxidizes the exocyclic dou-
ble bond of the base lesion. Subsequent hydrolytic
decomposition of the epoxide intermediate liberates the
repaired base and dialdehyde glyoxal.**2>

The N'-adenine and N3-cytosine positions are involved in
hydrogen bonding and are inaccessible in dsDNA. If these
positions are in a single-stranded oligonucleotide, they are
much more susceptible to methylation. Failure to repair these
lesions in DNA could lead to cell death.?” AIKB actually pre-
fers to fix lesions in ssDNA rather than dsDNA (~5—10
fold),' 829 although it is also efficient in repairing lesions in
dsDNA. Moreover, studies have revealed its ability to repair
1-meA and 3-mecC lesions in RNA as a defense mechanism
against alkylation damage.?%3'

Characterization of the Non-Heme Iron(ll)
Site of AIkB

Our laboratory reported the overexpression and isolation of
the native protein AIKB with bound cofactors directly from E.
coli.3? The purified protein sample exhibited a UV—vis band
at 560 nm, which is characteristic of a bidentate 2-KG bound
to an iron(ll) ion (Figure 3). Adding excess ssDNA caused an
immediate 9 nm shift to higher energy, suggesting a DNA-
binding-induced geometric change at the active site of the pro-
tein. This geometric change is further investigated by X-ray
absorption spectroscopy, which has indicated that AIKB has a
five-coordinate iron(ll) geometry in the absence of DNA. Upon

UV-Vis spectrum
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FIGURE 3. UV spectra showing a shift in the absorption peak
when AIKB is exposed to ssDNA.

addition of the excess ssDNA, iron(ll) becomes six-coordinat-
ed.>? The dioxygen activation for this group of dioxygenases
is likely to be regulated by substrate binding. Upon binding of
ssDNA, a conformational change may be stimulated, which
facilitates the binding of dioxygen to iron(ll) and the subse-
quent oxidation of iron(ll).

Human Homologues of E. coli AlkB

There are nine human homologues of E. coli AIKB; two of
them, ABH2 and ABH3, have been shown to repair 1-meA and
3-meC.'73933 A third, FTO, which affects obesity in mammals,
recently has been shown to repair 3-meT and 3-meU.>*3> The
fourth one, ABH1, seems to exclusively repair 3-meC in sSDNA
with low activity.3® ABH2 prefers dsDNA while ABH3, like
AIKB, works better on single-stranded substrates.?® AIkB acts
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equally well toward 1-meA and 3-meC, while ABH2 is more
effective in repairing 1-meA. The situation for ABH3 is just the
reverse: it repairs 3-meC more efficiently than 1-meA."”33
Both enzymes are ubiquitous in mammalian cells; however,
ABH?2 is confined within the nucleus, while ABH3 is found in
the nucleus and cytoplasm.'”3337 Mouse knockout experi-
ments have shown that ABH2-null mice are sensitive to
methyl methanesulfonate (MMS)-induced methylation, and
they have established ABH2 as the primary enzyme to fix
1-meA lesions in DNA in vivo.?” However, no obvious pheno-
type has been observed in ABH3-null mice upon treatment
with a high but nonlethal dose of MMS. ABH3 may work in
vivo on targets other than dsDNA. One possibility is RNA
because ABH3 has been shown to repair RNA damage in vitro
and in vivo.?®3" Recently, an exciting discovery indicated that
the obesity susceptible gene FTO encodes a functional homo-
logue of AIkB.>* How the DNA/RNA demethylation function of
FTO is linked to obesity will be an intensely studied subject in
the future.®®

Structures of AlkB and ABH3

To better understand how these enzymes function at the
molecular level, high-resolution crystal structures are strongly
desired. The structure of E. coli AIKB bound to a short trimer
nucleotide d(T-N'-meA-T) and the structure of ABH3 have
been solved recently by two separate groups.2®3° These struc-
tures reveal a common g-strand jelly-roll fold that coordinates
a catalytically active iron(ll) utilizing a conserved HxD/Ex,H
binding motif."*'> The AIKB structure consists of three well-
defined regions: a catalytic core in the carboxyl-terminal
domain, a unique nucleotide-recognition lid, and an N-termi-
nal extension. Several important residues in the active site
were also identified. Trp69 and His131 stack against 1-meA
to facilitate substrate recognition through w—m and z—cation
interactions. Tyr76 forms hydrogen bond interactions to the
two phosphates 5" of the methylated base, probably helping
to pin the substrate into the active site. Asp135 and Glu136
(through a water molecule) hydrogen bond to the exocyclic
amino group of 1-meA, explaining why 1-meA and 3-meC are
better substrates than 1-meG and 3-meT.38 The first reported
ABH3 structure also revealed interesting features of the iron(ll)/
2-KG dependent dioxygenase family. The active site of ABH3
is more polar than that of AIKB and the residue organization
seems to be quite different.> For detailed comparisons to be
made, a bound nucleotide is necessary in the ABH3 structure.

Despite all the efforts mentioned above, there were still sig-
nificant questions unaddressed. For example, how does AIKB
bind longer, more physiologically relevant substrates? AIkB
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and ABH3 prefer single-stranded substrates, but how do they
discriminate dsDNA? Also, the structure of ABH2, the primary
house-keeping enzyme in mammalian cells against 1-meA,
remained to be solved at the time. These enzymes tend to
bind nucleic acids in a weak and non-sequence-specific man-
ner.2 They are likely to interact with partner proteins and thus
gain enhanced affinity toward their physiological substrates in
vivo. To perform structural studies of their DNA interaction,
new strategies must be introduced to stabilize homogeneous
complexes. We therefore employed a chemical disulfide cross-
linking strategy to covalently stabilize the AIKB—DNA
complexes.

Disulfide Cross-Linking To Stabilize Protein
on DNA

The disulfide cross-linking technique was first developed by
Verdine et al. in the characterizations of structural snapshots
of ordinarily transient intermediates and complexes having
multiple recognition modes.*°~*2 Briefly, the disulfide cross-
link is the covalent bond formation between the side chain of
a cysteine residue and a thio-tethered modified DNA base (Fig-
ure 4a). The cysteine residue is engineered into the DNA bind-
ing surface of the protein through site-directed mutagenesis
and the alkanethiol tether is synthetically incorporated into
DNA. The selection of appropriate covalent linkage is crucial
and requires detailed investigation of the system of interest.
Generally, trapping strategies fall into two categories: mech-
anism-based trapping and structure-based trapping.*' The
former depends on a detailed picture of the enzyme mecha-
nism and chemically interrupts the normal course of the reac-
tion. This results in trapping and stabilizing an otherwise
transient intermediate in damage recognition or processing.
The latter converts a known point of a noncovalent interac-
tion of protein and DNA into a covalent linkage, stabilizing
and accumulating a certain state of the complex. For the struc-
tural characterizations of the AlkB-family proteins, both aspects
of trapping are taken into account. Their combination yields
the correct selection of disulfide bonds finally producing the
high-resolution structures of the protein—DNA complexes.

Active-Site Cross-Linking

The dilemma we faced at the beginning was the absence of
protein—DNA interaction information to set up cross-linking
sites. During our initial biochemical studies of AIkB and
another class of direct DNA repair proteins, AGT (or C-Ada in
E. coli), we have developed an active-site cross-linking strat-
egy to circumvent this requirement. Both AIKB and Ada are
direct DNA damage repair proteins overexpressed in the adap-
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tive response of E. coli to methylating agents.®'° The C-ter-
minal domain of Ada (C-Ada) and the human homologue
hAGT recognize and repair 0°®-meG damage in duplex
DNA.*34% Both AIKB and the hAGT proteins flip the damaged
base into their active sites for lesion recognition and process-
ing. We hypothesized that it might be possible to design a
chemical reaction that traps the damage recognition moment
in which the lesioned base has been inserted into the active
site. The presence and utilization of a reactive cysteine resi-
due in the active site of C-Ada and hAGT for damage removal
helped us develop such a cross-linking strategy in our study
of these proteins.*> The oxidation reaction of AIKB itself is dif-
ficult to manipulate, but we envisioned that a disulfide-teth-
ered cytosine (C* in Figure 4) may be able to access the
substrate binding pocket if there is enough space to accom-
modate it. This was made possible after the mutation of con-
served iron ligand residues to cysteine and the removal of the
bound metal ion and cosubstrate 2-KG (Figure 4b).*® The engi-
neered cysteine residue was expected to attack the disulfide
group and form a cross-linked complex if C* can be flipped by
AIKB and enter the active site pocket. To our delight, we found
that cross-linking did take place when we positioned a mis-
matched A or T opposite C in a duplex DNA as shown by the
appearance of a new band with retarded mobility on the
SDS—PAGE gel (Figure 4b).*® When we had a matched C*:G
base pair in a duplex DNA, we failed to observe reasonable
cross-linking. The wild-type AIKB did not form a cross-link with
modified dsDNA containing a C*:A or C":T base pair, which
supports the formation of a disulfide bond to the engineered
cysteine residue in the active site of AIKB. Sensing an unsta-
ble base pair appears to be a key step for AIkB to locate
potential base damage in duplex DNA. The same property was
also observed for its human homologues.*’

The cross-linking experiments were performed in the
absence of any detailed structural information. The yields
were still low, perhaps due to potential constraint introduced
through the covalent linkage. In 2006, the first crystal struc-
ture of AIKB bound to a short trimer T-N'-meA-T DNA became
available. In the structure, the side chain of Asp135 is within
hydrogen-bonding distance of the exocyclic amino group of
1-meA. We decided to convert this noncovalent interaction
into a covalent disulfide bond to improve the cross-linking
yield. This AIkB D135C mutant was prepared and reactions for
cross-linking with various DNA probes bearing C*:A were car-
ried out under equilibrium conditions (Figure 4c¢). It cross-
linked efficiently with the ssDNA probe and a dsDNA
containing an unstable central base pair C*:A. In the presence
of a stable C":G base pair, AIKB formed negligible cross-link-
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ing product with the DNA probe, indicating that the enzyme
is unable to actively break stable base pairs in duplex DNA.

Based on sequence alignment, we also prepared the ABH2
E175C mutant, the counterpart of AIKB D135C. As expected,
the ABH2 mutant protein also formed efficient cross-linking
with disulfide tethered dsDNA. The active-site cross-linked
complexes for both AIKB and ABH2 were readily separated by
Mono Q anion-exchange chromatography and the purified
complexes were used for crystallization screens. By varying
the sequences of DNA, we succeeded in crystallizing and solv-
ing the first structures of AIkB—dsDNA and ABH2—dsDNA
complexes.*?

Distal Cross-Linking

An advantage of AlkB D135C and ABH2 E175C cross-linking
over the iron ligand mutant is that they allow binding of a
metal ion and the cosubstrate 2-KG in the active sites of these
proteins.?® However, in these two structures, mechanisms of
lesion recognition were not revealed due to the presence of
C* and the disulfide bond in the active sites. This is particu-
larly unsatisfactory for ABH2; the structure and the residue
arrangement in the active site were not reported previously.
However, detailed interactions between protein and DNA are
available from the active-site cross-linked structures. Subse-
quently, new sites of the disulfide cross-link away from the
active site were selected for structure-based trapping. AIKB
S$129C and ABH2 G169C mutant proteins were chosen to
form cross-links distal from the active site pockets. Both resi-
dues, AIKB Ser129 and ABH2 Gly169, are two base pairs
away from the flipped bases and close to DNA. Both proteins
present the major groove of that part of DNA toward them-
selves. Thus, a tether at the N* position of cytosine will point
to the protein and is expected to form a covalent bond with
an engineered cysteine. The two mutants were prepared, and
cross-linking was found to occur as anticipated. Crystals of the
complexes with cross-linking away from the active site were
obtained using the same DNA sequences that yielded the
active-site cross-linking structures under slightly different con-
ditions.*® Notably, the protein portions of the active-site cross-
linked structure and cross-linking away structure overlap
perfectly with each other for both AIKB and ABH2, indicating
that no noticeable interruption has been introduced by the for-
mation of a covalent disulfide bond.

Overall, disulfide cross-linking reactions were performed
under equilibrium conditions, avoiding the kinetically trapped
high-energy intermediate states, which are often the concern
for photo-cross-linking reactions. The selection of appropri-
ate sites to install a cross-link is crucial in the success of the
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structural resolution of the complex. Through active-site cross-
linking, we can obtain the first sets of protein—DNA complex
structures. Once the detailed protein—DNA interactions are
revealed, a cross-link away from the active site can be readily
engineered to provide native-like structures of the protein—
DNA complexes (Figure 4a).*°

Structures of AlkB and ABH2 Bound to
dsDNA

The structures of AIKB and ABH2 bound to dsDNA showed
that both proteins have a common jelly-roll fold, which is
shared by other iron(ll)/2-KG-dependent dioxygenases, and
flip 1-meA into an active site pocket (Figure 5a,b).'*"'> How-
ever, the two enzymes interact with dsDNA in quite different
manners (Figure 5c).>° AIKB interacts almost exclusively with
the strand bearing the damaged base, while ABH2 makes sig-
nificant contact with both strands. Moreover, ABH2 has three
extra -sheets compared with AIKB: one is at its N-terminus
and the other two are crucial antiparallel sheets between
ABH2’s 85 and o1. The last two constitute an important part
of its base-flipping motifs, a finger residue Phe102 at the tip
of the hairpin between 53 and 4 (Figure 5e). ABH2 uses this
aromatic finger to intercalate into the duplex stack and fill the
DNA gap induced by base-flipping. AIkB does not possess
such a motif and must utilize a different strategy to flip the
damaged base.

Base Flipping by AlkB

AIkB manipulates the DNA backbone near the flipped
1-meA base so that the two flanking bases, A7 and A9, are
“squeezed” and stacked together, ~3.4 A apart (Figure 6a).
The conformations of the sugar rings of the two nucleo-
sides are quite unusual: A9 adopts the C3’-endo conforma-
tion, standard in A-form DNA, and surprisingly, A7 along
with its base is twisted by ~180°. This twist results in an
inverted sugar with O4’ pointing toward the 3’ end of the
DNA strand. The inversion of the sugar ring is locally
enforced by residues 51—53 (Thr-Pro-Gly), which “pinch”
the phosphate linking A6 and A7, and through multiple
protein—DNA interactions anchoring the two phosphate
groups flanking 1-meA.

The complementary stand accommodates the unique
conformation of the lesion-containing strand through spon-
taneous conformational rearrangements. The inversion of
A7 would leave a ~6.8 A (two base pair) gap between A7
and A6. This vacancy is filled by the intercalation of the
base opposite 1-meA, which generates a local one-base
wide stack that contains bases from both strands (Figure
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6a). The base at the 7’ position is forced out of the duplex
and is disordered in the structure. To support the observed
conformational rearrangements of the complementary
strand, the context dependence of AlkB-mediated repair
was measured.?® AIKB can efficiently repair the 1-meA
lesion in the sequence used in crystallization, which has two
A:T base pairs flanking 1-meA:T. When they were replaced
with more stable G:C pairs, repair activity dropped by
~3-fold. The introduction of an abasic site at the 7’ posi-
tion to the G:C rich sequence, which destabilizes the base
pair 7:7’ (the base at the 7’ position is forced out of
the duplex in the crystal structure), restored the repair effi-
ciency to the original level. The highest repair activity (at
least 6-fold higher compared with the dsDNA sequence
used in crystallization) was observed with the ssDNA con-
taining 1-meA (Figure 6b).

Base Flipping and Lesion Recognition by
ABH2

ABH2 uses commonly observed strategies to flip the dam-
aged base in dsDNA.2? First, it has a crucial hairpin motif
between 53 and 4 that bears the finger residue Phe102
(Figure 7a). This intercalating residue fills the void created
by the flipped 1-meA and maintains the normal length and
stacking of duplex DNA. Second, ABH2 has several extra
DNA binding motifs that grasp the complementary strand of
dsDNA. It uses the positively charged RKK loop (Arg
241—Lys 243) between 14 and 15 and a flexible long
loop between 11 and 12 to bind the opposite DNA
strand. The presence of these extra binding motifs estab-
lishes ABH2 as a dsDNA repair protein (Figure 5b,e).

ABH2 also possesses a more complex residue arrangement
in the active site than AIKB to recognize the 1-meA lesion (Fig-
ure 7b). Phe124 and His171 stack against 1-meA; an analo-
gous interaction was observed for 1-meA recognition by
Trp69 and His131 in AIKB. The N6 and N7 positions of 1-meA
are recognized by a network of hydrogen-bonding residues
including Tyr122, Glu175, Asp174, and a water molecule.
Only the N6 nitrogen atom is recognized by Asp135 and
Glu136 in AIKB, while the N7 position of 1-meA is unrecog-
nized. The metal binding site of ABH2 is standard for iron(ll)/
2-KG-dependent dioxygenases (Figure 7b). Manganese(ll),
which occupies the iron(ll) site without supporting catalysis, is
used in these studies. The metal ion is ligated by His171,
Asp173, His236, a bidentate 2-KG, and a water molecule in
an octahedral geometry. Similar interactions are observed in
the AIKB/DNA structure.
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a AlkB-DNA

b ABH2-DNA

FIGURE 5. Crystal structures of the cross-linking away AIkB—DNA complex and the active site cross-linked ABH2—DNA complex. (a)
AIkB—DNA structure with a cross-link away from the active site. The protein is shown in green (the cross-linking residue Cys129 is labeled),
manganese(ll) in orange, 2-KG in blue, DNA in yellow-orange, the flipped base 1-meA and the two flanking bases A7 and A9 in light
magenta, the disulfide bond in red, and the orphaned base A8’ in cyan. (b) Active site cross-linked ABH2—DNA structure. The color coding as
in panel a is used. The finger residue Phe102 and the cross-linking residue Cys175 are green, and the orphaned base A7’ is cyan. The
location of a DNA binding loop containing an RKK sequence is indicated. (c) Cartoons showing two different strategies used by AlkB and
ABH2 to flip out 1-meA from the duplex DNA. (d, €) The same structures as in panels a and b, but rotated 90° to the right. A DNA binding

flexible long loop of ABH2 is labeled in panel e.

Preference for ssDNA or dsDNA

Comparisons can be made with the structures of AIkKB—dsDNA
and ABH2—dsDNA. The AIkB protein, lacking a finger resi-
due, promotes base-flipping by squeezing together the two
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flanking bases such that they stack onto one another. This
base flipping mechanism is unprecedented and has only been
observed for AIKB so far. It helps to explain the preference of
AIKB for ssDNA over dsDNA. This enzyme interacts almost
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2 b DMA 1+ 5'-AGGTAAXATCGTA-3'
3¢ -rccATTTTAGCAT-5'
The inverted ’
sugar ring DNA2 gllrtg
DMNA 3" GXG
«TC

*DNA4"  5' -AGGTAAXATCGTA-3'

X =1-meA, < = Abasic site

100% 4

80% 4

60% 1

40% 4

Repair percentage

FIGURE 6. (a) Close view of the base-flipping region of AIkB, with the same coloring as in Figure 5a. A7 stacks with the A9:T9’ base pair.
Residues Thr51 and Gly53 are hydrogen bonded to the phosphate linking A7 and A6. The sugar ring of A9 adopts the 3"-endo
conformation, while the sugar ring of A7 is forced to be inverted by ~180° by the protein. T8" from the complementary strand intercalates
between A7 and A6, forming a one-base wide stack containing bases from both strands. (b) Activity assay designed to measure the context
dependence of repair efficiency of AIkB (45 min for dsDNA and 15 min for ssDNA).

a b

cr*

Tyr122
Ser125

Phe124

FIGURE 7. (a) Close view of the base-flipping region of ABH2, with the same coloring as in Figure 5a. Phe102 inserts into the DNA duplex
with A7” as the orphaned base. (b) Close view of the ABH2 active site obtained from the cross-linking away structure, with manganese(ll)
(orange), 2-KG (blue), and 1-meA (light magenta). N6 of 1-meA is within hydrogen bond distance to Tyr122 (3.3 A) and Glu175 (2.8 A). N7
forms a hydrogen bond to a water molecule (3.0 A), which also interacts with Asp174 (2.6 A) and Glu175 (2.6 A).

exclusively with the lesion-containing strand, while the com- leads to an energetic penalty that must be compensated by
plementary strand has to accommodate its unique conforma-  the binding energy of the protein to dsDNA. With flexible
tion through spontaneous conformational rearrangements.  ssDNA, a much lower energetic penalty is associated with
This distortion of the relatively rigid duplex DNA structure  base-flipping, which contributes to AIkB's preference toward

Vol. 42, No. 4 = April 2009 = 519-529 = ACCOUNTS OF CHEMICAL RESEARCH = 527



Downloaded by UNIV MAASTRICHT on August 29, 2009 | http://pubs.acs.org
Publication Date (Web): January 27, 2009 | doi: 10.1021/ar800178]

Non-Heme Iron-Mediated Chemical Demethylation Yi et al.

AlkB -- (47) RQMVTP-—-——- GGYTMSV--
AlkB bop

ABH1 -(156) ATKRRP~———~ RSLLEKLR-~-

ABH2 ——(92)FTeﬁgAﬁgQVFGKgHSVPR——
ABH?2 - =)

ABH3 -(116) KQRTGIRED---ITYQQPR~-~-
ABH3 ﬁ) 3}

mFTO -—(79) FRDVVRIQG---KDVLTPV-—

hFTO --(79) FRDLVRIQG---KDLLTPV--

FIGURE 8. Structure—sequence alignment of the AlkB-family
proteins in the region containing the base-flipping hairpin motif in
ABH2 and ABH3.

ssDNA over dsDNA. On the other hand, ABH2, possessing an
intercalating finger residue to maintain the duplex structure
after base-flipping, interacts extensively with both strands of
duplex DNA. This protein binds dsDNA preferentially over
ssDNA, which correlates well with its house-keeping role
against 1-meA in human genomes.

Nucleotide-Flipping by the AIkB Family
Proteins

A dlose inspection of the sequence—structure alignment of the
AlkB-family proteins reveals several interesting aspects (Fig-
ure 8). ABH2 utilizes a hairpin motif bearing a finger residue
to intercalate the duplex, while AIKB does not possess such a
motif and uses a short “pinch” (residues 51—53 Thr-Pro-Gly)
to squeeze together the two flanking bases to facilitate base-
flipping.2® ABH3 also contains a similar g-sheet hairpin motif
as presented in ABH2. Within this hairpin region, mutation
studies have shown that Arg122 and Glu123 play important
roles in dsDNA and ssDNA repair of ABH3.3° We suggest that
this hairpin region may be engaged in a more profound dis-
tortion of the DNA duplex when ABH3 recognizes dsDNA. The
other two functional homologues, ABH1 and FTO, were shown
to work exclusively on single-stranded substrates.>*3® The
conserved region of ABH1 resembles more AIKB. Both human
and mouse FTO proteins seem to have a -sheet hairpin sim-
ilar to that of ABH3 based on the secondary structure predic-
tion (Figure 8).34

Conclusions and Implications

The AlkB-family proteins perform oxidative dealkylation repair
of base damages in DNA/RNA.'" 123931 Recent studies of FTO
and ABH1, the AlkB-family proteins in humans, suggest that
these oxidases may also have broad regulatory
functions.>*3¢ They likely catalyze oxidative demethylation
on key regulatory nucleic acid components that have yet to be
revealed. Unlike other DNA base repair family proteins, the
majority of the AIKB proteins have a preference for SSDNA
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over dsDNA.?#3>36 We have shown that a simple DNA dis-
tortion mechanism is used by AIKB to facilitate base-flipping
and to discriminate against more rigid dsDNA vs flexible
ssDNA.?° This delicate mechanism could be used by other
SSDNA or RNA binding proteins to concentrate on their cellu-
lar substrates in the presence of excess dsDNA. The AlkB-fam-
ily proteins bind their substrate nucleic acids weakly and
nonspecifically in vitro, often rendering it difficult to obtain a
homogeneous protein—DNA complex sample for structural
studies.*® We have developed an active-site cross-linking tech-
nique to covalently trap and characterize the base-flipping
event.*>~*” After detailed interactions are revealed from the
active-site cross-linked structures, the disulfide link can be
installed outside of the active site to provide native-like struc-
tures of the complexes.?® This strategy can be widely applied
to other base-flipping DNA/RNA repair and modification pro-
teins such as FTO, ABH3, DNA methyltransferases, and DNA/
RNA deaminases. Overall, our cross-linking strategy offers a
general solution to trap labile protein—DNA and protein—RNA
interactions for base-flipping proteins.
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