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hind to the product of
deamination at methylated CpG sites
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NATURE |VOL 40430 MARCH 2000 | www.nature.com

% © 2000 Macmillan Magazines Ltd
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reveal abasic DNA binding by APE1
and DNA repair coordination
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The title of this Letter contained an error. The correct title is as
printed above.
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In addition to its well-documented effects on gene silencing,
cytosine methylation is a prominent cause of mutations. In
humans, the mutation rate from 5-methylcytosine (m°C) to
thymine (T) is 10-50-fold higher'™ than other transitions and
the methylated sequence CpG is consequently under-represented’.
Over one-third of germline point mutations associated with
human genetic disease’ and many somatic mutations leading
to cancer”® involve loss of CpG. The primary cause of mutability
appears to be hydrolytic deamination. Cytosine deamination
produces mismatched uracil (U), which can be removed by
uracil glycosylase®'’, whereas m’C deamination generates a G-T
mispair that cannot be processed by this enzyme. Correction of
m’CpG-TpG mismatches may instead be initiated by the thymine
DNA glycosylase, TDG'"">. Here we show that MBD4, an unre-
lated mammalian protein that contains a methyl-CpG binding
domain'>", can also efficiently remove thymine or uracil from a
mismatches CpG site in vitro. Furthermore, the methyl-CpG
binding domain of MBD4 binds preferentially to m’CpG-TpG
mismatches—the primary product of deamination at methyl-
CpG. The combined specificities of binding and catalysis indicate
that this enzyme may function to minimize mutation at methyl-
CpG.

MDB4 (ref. 14) was identified in a database search for proteins
with a methyl-CpG-binding domain (MBD) resembling that of the
transcriptional repressor MeCP2 (refs 13, 15). Hypothetical trans-
lation of the full-length human and mouse MBD4 complementary
DNAs revealed an amino-terminal methyl-CpG-binding domain
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and a carboxy-terminal region that was closely related to the
glycosylase/endonuclease domains of bacterial repair proteins
(Fig. 1a). Related proteins include the 8-0x0G-A mispair-specific
adenine glycosylase MutY of Escherichia coli', the G-T mismatch-
specific thymine glycosylase Mig of Methanobacterium thermo-
autotrophicum", the thymine glycol glycosylase EndollI of E. coli'®
and the photodimer-specific UV-endonuclease of Micrococcus
luteus" (Fig. 1b). Mouse and human MBD4 proteins are 86% and
95% identical in the methyl-CpG-binding domain and the C-
terminal glycosylase-like domain, respectively, but are less con-
served elsewhere (Fig. la).

On the basis of these relationships, we asked whether human
MBD4 has DNA glycosylase or endonuclease activity. The presence
of a methyl-CpG-binding domain led us to postulate that MBD4
might be involved in the processing of DNA damage associated with
methylated CpG sites. Upon incubation of recombinant human
MBD4 with a fluorescently labelled oligonucleotide duplex contain-
ing a single G-T mismatch in a CpG context, an abasic site was
generated by the removal of the mispaired pyrimidine by glycosidic
bond cleavage (Fig. 2a). In addition to the G-T mispair, G-U
substrates were also cleaved (Fig. 2b), but the processing of other
base/base mismatches, including C-A, C-C and G-G, was not
observed (data not shown). That MBD4 is a mismatch specific T/U
DNA glycosylase was confirmed by high-performance liquid chro-
matography (HPLC) analysis of the product mixture. Free T or U
could be detected in reaction mixtures which contained MBD4 and
G-T or G-U mismatches, respectively (data not shown). The sugar-
phosphate backbone of DNA was not cleaved unless treated with hot
alkali or the human AP-endonuclease HAP1 (ref. 20; and Fig. 2a).
HAP1 cleaves oligonucleotide substrates at the 5" end of abasic sites.
In the assay shown in Fig. 2a, HAP1 generates two fragments: a 5’
fluorescein-labelled 23-mer terminated at its 3" end with a hydroxy
group; and a 37-mer that has at its 5° end the baseless sugar
phosphate from which the mispaired T has been removed by the
action of MBD4. Neither glycosylase nor endonuclease activity
could be detected on perfectly matched substrates containing
symmetrically methylated, hemimethylated or non-methylated
CpG sites (Fig. 2b). From these experiments, we conclude that
MBD#4 is a mismatch-specific T/U glycosylase that lacks endonu-
clease activity.

A CpG sequence context for the mismatch was preferred, but was
not absolutely required, as G-T and G-U mismatches in other
sequences were also processed, albeit at a reduced rate (Fig. 2¢;

Glycosylase
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Figure 1 MBD4 contains a conserved glycosylase-like domain and a methyl-CpG-binding
domain. a, Diagram of MBD4 showing the N-terminal MBD and the C-terminal
glycosylase domain. Percentage conservation between human and mouse proteins is
shown below each shaded domain. b, Amino-acid sequence alignment of human MBD4
(amino acids 429—-539) with the £. colithymine glycol glycosylase Endolll, the 8-0x0G-A-
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specific adenine glycosylase MutY, the Mig G-T glycosylase of M. thermoautotrophicum
(Mthe) and the M. luteus UV endonuclease (Miut). Asterisks mark residues found in all the
proteins; triangle indicates the residue that, when basic (K), is diagnostic of an
endonuclease (glycosylase/lyase).
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Figure 2 MBD4 is a mismatch-specific T/U DNA glycosylase. a, MBD4 does not cleave
the sugar-phosphate backbone of a mismatched DNA substrate (lane ). Cleavage occurs
only upon the addition of hot alkali (lane NaOH) or human HAP1 endonuclease (lane
HAP1). b, G-T and G-U mispairs are substrates for T glycosylase processing by full-length
MBD4. Oligonucleotide substrate JJ, containing the appropriate mismatches or the
corresponding perfectly matched, methylated or unmethylated controls, was incubated
with MBD4 (see Methods). Apyrimidinic sites were then cleaved with hot alkali. Substrate

and data not shown). The methylation status of cytosine in
CpG-TpG or CpG-UpG mismatches did not affect the glycosylase
reaction in this assay (Fig. 2b). Substrate specificity in vitro is
therefore similar to that of the other known mammalian G-T
mismatch-specific DNA glycosylase, TDG'"". As anticipated from
the amino-acid sequence alignment (Fig. 1b), the glycosylase
activity resides in the C-terminal region of MBD4, as a polypeptide
corresponding to amino acids 379580 could process G-T and G-U
mispairs (Fig. 2d), whereas polypeptides in which the C terminus
was deleted were inactive (data from Figs 2 and 3 are summarized in
Fig. 4a; and data not shown). The substrate specificity and flanking
sequence preference of full-length MBD4 and its C-terminal frag-
ments were similar (compare Fig. 2b, d), indicating that the methyl-
CpG-binding domain (see below) did not influence site preference
in this assay.

Next, we investigated the DNA-binding specificity of MBD4.
Mouse MBD4 binds to densely methylated DNA molecules in vitro
and localizes to heavily methylated foci in mouse cell nuclei when
overexpressed'!. Bandshift assays with probes that contained non-
base-paired regions, however, revealed additional specificity.
Human MBD4 gave a strong complex with a probe that had three
m’CpG-TpG mismatches but bound relatively weakly when
m°CpG-m’CpG pairs were substituted at these sites (Fig. 3a, left
panel). The probe with non-methylated, mismatched CpG-TpG
sites also gave a weak complex. We conclude that both G-T
mismatch and m°C moieties are important for recognition by
MBD4. Dependence of mismatch binding on the methyl-CpG-
binding domain was shown by bandshift assays with truncated
versions of MBD4. The N-terminal 165 residues, which include the
DNA-binding domain, retained specificity for the methylated mis-
match (Fig. 3a, right panel), whereas fragments that excluded all or
part of the domain could not bind any of the probes (Fig. 4a;
polypeptides 1-580 and 379-580). The results show that MBD4
preferentially binds to the mismatch that results from hydrolytic
deamination of m’C in mammalian genomic DNA.

The complexes in Fig. 3a were formed under conditions in which
processing of the mismatched site is undetectable (data not shown).
After incubation for 20min at 37°C, MBD4-DNA complexes
reproduced the specificity of the glycosylase reaction, which prefers
mismatches in a CpG context, but is indifferent to methylation
(Fig. 2b). The full-length protein and a C-terminal fragment lacking
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and product bands are indicated. ¢, Kinetics of MBD4 glycosylase action in CG and non-
CG sequence contexts. G-U (diamonds) or G-T (squares) in a CG context is compared with
G-T in a GG context (triangles). d, A C-terminal fragment of MBD4 that includes the
glycosylase domain (amino acids 379-580; see Fig. 4a) can process G-U or G-T
mismatches. a, b and d are fluorescence scans of denaturing 15% polyacrylamide gels.
M denotes m°C.

the methyl-CpG binding domain (379-580; Fig. 3c) formed a
complex with each of the mismatched probes (Fig. 3b), but a
truncation lacking the C-terminal glycosylase-like domain did not
form the complex (data not shown). As other DNA glycosylases
bind tightly to the abasic site resulting from their catalytic action',
we suspected that the observed complexes also represented product
binding by MBD4. Accordingly, we found that the glycosylase
domain (379-580) and the intact form of MBD4 bound efficiently
to abasic sites under the same conditions (Fig. 3¢; and data not
shown). Thus the N terminus of MBD4 binds to the MG-TG
mismatch that is the substrate for base removal, whereas the C
terminus, following processing, binds to the abasic product of the
reaction.

MBD4 shows no apparent amino-acid sequence similarity to
TDG, a protein that also excises mispaired T and U from G-T and
G-U mismatches'"">. The two proteins probably evolved from
different ancestors, as TDG is related to a bacterial G-U-processing
enzyme, Mug®, whereas MBD4 seems to have arisen through the
fusion of a glycosylase domain, such as that of bacterial MutY, to an
N terminus that may target the enzyme to methylated mismatches.
TDG does not contain a methyl-CpG-binding domain. Despite
these sequence differences, MBD4 and TDG show very similar
catalytic specificities in vitro, both enzymes preferring G-T and
G-U mismatches within a CpG context”™. In addition, both proteins
bind to the apyrimidinic site that arises following mismatch
processing (ref. 21; and Fig. 3b, ¢).

MEDI1 (identical to MBD4) is reportedly a binding partner of
MLH]1, a protein implicated in mismatch repair®. It was proposed
that MBD4/MEDI is an endonuclease that binds to hemi-methy-
lated CpG sites and directs mismatch repair via a single strand nick
towards the newly replicated strand, in a manner analogous to
bacterial MutH*?*. Against this hypothesis, we find that MBD4
lacks endonuclease activity. The weak binding of MBD4 to hemi-
methylated CpG sites compared with symmetrically methylated
CpG* or m*CpG-TpG mismatches also argues against the MutH
homologue model.

We propose instead that the function of MBD4 is to counteract
the mutability of m°C by initiating conversion of m’CpG-TpG
mismatches back to m’CpG-CpG. Among the sequences that we
have tested, only m’CpG-TpG shows both preferential binding by
the N terminus of MBD4 and processing by its catalytic domain
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Figure 3 DNA-binding specificities of MBD4 and its truncated derivatives to DNA
containing methylated and non-methylated duplexes with or without G-U or G-T
mismatches. a, Binding of full-length MBD4 (left) and the N-terminal 165 amino acids of
MBD4 (right) to probe ‘BH’ (see Methods), which contains three potential CoG mismatch
sites. Within each probe, all three sites were CpG-CpG duplex (CG-CG), m°CpG-m>CpG
duplex (MG-MG), m®CpG-TpG mismatch (MG-TG) or CpG-TpG mismatch (CG-TG). Major
complexes (C) are indicated. The slower migrating complexes in the MG-MG and MG-TG
lanes of the 1—165 panel may be due to binding of more than one protein molecule to the
probe. b, Full-length MBD4 incubated under conditions that favour the glycosylase
reaction with fluorescently labelled probe JJ, in which a single CpG site was methylated or
mismatched as shown (see Methods). Complexes were formed with G-U or T-G
mismatches regardless of methylation status. For comparison, the complex between
CG-TG mismatch and the T glycosylase TDG is shown (lane TDG). ¢, Under the same
conditions, a C-terminal fragment (amino acids 379-580; see Fig. 4a) that can carry out
the glycosylase reaction complexed with all mismatches in probe JJ, which was
mismatched or methylated as shown. Asterisk denotes an abasic site.

(Fig. 4b). Although processing of mismatches in vitro was not
accelerated by methylation, it is possible that in vivo the N-terminal
domain targets MBD4 to these sites as they arise by hydrolytic
deamination of m°C (Fig. 4c). Repair of the resulting abasic site may
involve interaction with MLH1 (ref. 24). Given the known impor-
tance of CpG to TpG transitions in genetic disease and cancer, it will
be of interest to test the effect of MBD4 loss on mutation frequency
and cancer predisposition. O

Methods

Protein expression.

MBD#4 deletion constructs were made by PCR amplification from an MBD4 ¢cDNA and
cloning the resulting products into the pET6H vector. Recombinant proteins were
expressed and purified as described'*. N-terminal constructs were made by amplifying
with the 5" primer 5'-CCTGCTCCATGGGCACGACTGGGCTG-3' and one of the
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Figure 4 The properties of MBD4 suggest a role in initiating repair of m°CpG-TpG
mismatches. a, Summary of DNA-binding and T glycosylase activity of truncated MBD4
polypeptides against m3CpG-TpG (data is from Figs 2 and 3; and data not shown). The
failure of the 160—-580 protein to process mismatches is unexplained (aberrant protein
folding?). b, Of the DNA sequences tested, only the methylated mismatch m°CpG-TpG is
both bound by the N terminus of MBD4 and processed by its glycosylase domain. ¢, A
scheme for the role of T-G glycosylases in initiation of repair of deaminated methyl-CpG
pairs. Solid circles in b and ¢ indicate interstrand base mismatches.

following 3 primers: (580) 5'-GCGGGATCCTGAGCTTGAAAGCTGCAG-3'; (539)
5-GCGGGTACCAATCCCATGAAGCTC-3'; (165) 5'-GCGGATCCGATGTC-
AGGGCTGCCATG-3'; (112) 5'-GCGCAGCTGATAAAGTACACACTC-3'. The 1-457
construct was made by cloning the N-terminal Ncol fragment of the 1-580 construct into
pET6H. C-terminal constructs were made by amplifying with the 580 primer (above) and
one of the following 5’ primers: (160) 5'-CGCCATGGCAGCCCTGACATC-3'; (379)
5'-GCGCCATGGGCTCTGAAATGGACAACAAC-3'.

Enzymatic activity assay.

The enzymatic activity of the wild-type and mutant recombinant proteins was monitored
using a ‘nicking assay’. A 60-mer double-stranded oligonucleotide substrate containing
different mismatches was prepared by annealing oligonucleotides to give the ‘JJ” duplex:
5'-TAGACATTGCCCTCGAGGTACCATGGATCCGATGTZRACCTCAAACCTAGACGAATTCCG-3'
3’ fATCTGTAACGGGAGCTCCATGGTACCTAGGCTACACTYTGGAGTTTGGATCTGCTTAAGGCfFf 5'
where F is fluorescein and R = G or A, Y = C, m°C, Tor U, and Z = C or m°C (see
underlined dinucleotide). A 0.5 .M solution of the labelled lower strand and 1 pM
solution of the unlabelled upper strand were heated for 5min at 95 °C in 10 mM Tris-HCl
pH 8.0, 50 mM NaCl, and the solution was allowed to cool slowly to room temperature. In
standard ‘nicking reactions’, 50 nM substrate and 50 nM protein were incubated for 1h at
37°Cin a total volume of 20 pl in 1x nicking buffer (50 mM Tris-HCl pH 8.0, 1 mM DTT,
0.1 mgml™ BSA, 1 mM EDTA). The reaction was stopped by adding NaOH to a final
concentration of 90 mM and heating for 10 min at 99 °C. The NaOH treatment cleaves the
AP sites resulting from the removal of the mispaired bases by the glycosylase. After adding
0.5 ul 10 mgml™ transfer RNA, 1/10 vol. 3M NaOAc pH 5.2 and 3 vol. cold ethanol
(—20°C) to the reaction mixture, the DNA was precipitated at —20 °C for 1h, pelleted by
centrifugation and washed with 80% ethanol (—20 °C). The dried DNA was resuspended in
10 wl formamide buffer (90% formamide, 1x TBE) and heated for 5 min at 99 °C before
loading on a 15% denaturing polyacrylamide gel. The fluorescein-labelled DNA fragments
were detected using the blue fluorescence mode of the PhosphorImager (Storm 860,
Applied Biosystems). The HAP1 endonuclease was expressed and purified from a clone
donated by I. Hickson.

In some experiments, glycosylase activity was also assayed by incubating 1-10 ng
recombinant protein with a radiolabelled 27-mer oligonucleotide,

5'-TCAGATTCGCGCMGGCTGCGATAAGCT

3'-AGTCTAAGCGCGGTCGACGCTATTCGA

(where M signifies m°C), in 25 mM sodium phosphate pH 7.2, 10 mM EDTA, 50 mM
NaCland 1 mg ml™" BSA for 30 min at 37 °C. Piperidine was added to 1 M and the reaction
was incubated at 90 °C for 30 min, after which the reactions were completely dried under
vacuum. Samples were resuspended in 90% formamide gel loading buffer”, denatured at
95 °C for 5min, and separated on a 15% denaturing polyacrylamide gel.
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Bandshift assays.

Standard bandshift reactions (Fig. 3a) utilized 2p_labelled ‘BH’ probes that contained
three CpG sites (underlined below) whose methylation/mismatch status was varied. The
BH probes used in Fig. 3¢ were

5'TCAGATTCGCGCZGGCTGCGATAAGCTGZGCGGATCCZGGGAATTCAGCT3’

3'AGTCTAAGCGCGGYCGACGCTATTCGACGYGCCTAGGGYCCTTAAGTCGAS'

where Y = C, m°C, Tor U, and Z = C or m°C (see underlined dinucleotides). The three
CpG sites were identically modified/mismatched within each probe. Binding reactions
were carried out at room temperature for 30 min in 20 mM HEPES pH 7.9, 25 mM NaCl,
10 mM B-mercaptoethanol, 1 mM EDTA, 4% glycerol, 1% digitonin and 50 ng sonicated
E. coli DNA. The glycosylase reaction does not occur under these conditions (data not
shown). Complexes were electrophoresed through 6% polyacrylamide gels in 0.5 X TBE
at 4°C.

Complexes formed under conditions favourable to the glycosylase reaction (Fig. 3b, ¢)
utilized the fluorescent or *?P-labelled JJ oligonucleotide (see above) as a probe. In
standard gel-retardation reactions, 200 nM protein was incubated with 66 nM labelled
oligonucleotide substrate and 333 nM unlabelled homoduplex oligonucleotide in 50 mM
Tris—HCI pH 8.0, 1 mM DTT, 5% glycerol, 1 mM EDTA at 37 °C for 20 min. The samples
were electrophoresed immediately through a 6% native 0.5 X TBE polyacrylamide gel for
45 min at 100 V. A probe with an abasic site was generated by treatment of oligonucleotide
JJ containing a MG-UG mismatch with the enzyme uracil DNA glycosylase.
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Full sintering of
powdered-metal bodies
in a microwave field

Rustum Roy, Dinesh Agrawal, Jiping Cheng
& Shalva Gedevanishvili

Nature 399, 668—670 (1999)

In the penultimate paragraph of this Letter, there are two instances
where “electric field” has been used when “magnetic field” is meant:
one is in the fourth sentence and the other in the last. Ul
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molar excess of y**P-labelled top strand in 10 mM MOPS, pH 6.5, 1 mM EDTA. The
solution was heated to 95 °C for 2 min and cooled to room temperature over 90 min.
Duplexes were separated from single-strand RNA by native PAGE, visualized by radiolytic
scanning (Packard Instant Imager) and excised from the gel.

Unwinding reactions

Unwinding reactions were performed at room temperature in 30 pl of 40 mM Tris-HCI
buffer, pH 8.0, and 4 mM MgCl, or CoCl,. The reaction also contained 25 mM NaCl,
which was introduced with the protein storage buffer. In a typical reaction, 1-2 nM RNA
substrate was incubated with 10—15nM NPH-II in reaction buffer without ATP at room
temperature for 5-7 min. Longer pre-incubation time did not change the reaction
kinetics. Saturation of substrate with protein before the reaction was verified by gel-shift
analysis"®. The unwinding reaction was initiated by adding the ATP to a final concentration
of 3.5mM, unless otherwise stated. Aliquots at the respective time points were quenched
with two volumes of stop buffer (25 mM EDTA, 0.4% SDS, 0.05% BPB, 0.05% XCB, 10%
glycerol) containing 200 nM of unlabelled top-strand RNA to prevent re-annealing of
unwound duplexes during electrophoresis. Reannealing of unwound duplexes during the
reaction did not affect unwinding kinetics under any reaction conditions, as verified by
independent measurements of association rate constants of the substrate strands. Trap
RNA (200 nM final concentration, added with the ATP) was a single-strand of 39
nucleotides of unrelated sequence. Higher concentrations of trap RNA did not change
observed reaction amplitudes.

Unwinding reactions were also monitored in real time using fluorescence energy
transfer experiments on substrates labelled at the 3" and 5’ ends of the duplex terminus
farthest from the single-stranded 3’ overhang. These measurements were superimposable
with results from gel-shift measurements and confirmed the first-order nature of the time
courses as well as the rate constants.

Kinetic analysis

Data were fit numerically using the FITSIM software package®'. Time courses were
corrected for the reaction amplitudes, and initial kinetic parameters were determined
using the KINSIM software”. Unwinding step size and rate constants were determined
from time courses in Co®* using a kinetic model in which the unwinding reaction consists
of N consecutive first-order reactions, where N is the number of kinetic steps. Rate
constants (except for the first step, see below) were linked, that is, forced to yield the same
value in the fitting. The linked rate constants and the first rate constant were allowed to
float simultaneously. On the basis of the observation that an initial step is slower than
subsequent steps in Mg”" (see Fig. 3b and text), the first kinetic step was defined as having
a different rate constant (k) than subsequent kinetic steps (ky). Using this model,
increasing numbers of steps (N) were examined iteratively for each duplex until k; and
ky approached constant values for the different duplexes. Convergence occurred when
k=23+02min ' and k, = 13.4 = 0.8 min .

Note that ky is an apparent rate constant that depends on the ATP concentration
according to ky = kyi [ATP/(ATP + K)], where kyjg; is the respective rate constant at
ATP saturation. The step size (m) was calculated according to m = L/(N — y), where y is
the number of kinetic steps that do not contribute to the actual strand displacement and L
is the duplex length. A step size of m = 6 and a value of y = 1 were consistently calculated
for all duplexes including multi-piece substrates.

The lower limit for the translocation rate constant in Mg* was estimated by considering
that a lag phase was not observed with the longest (83 bp) duplex (Fig. 1b). Assuming an
unwinding step size identical to that in Co®* (6 bp), and that ky must be equal or greater
than a value that does not cause an apparent lag phase in 14 unwinding steps, the
translocation rate constant was estimated as k; > ~350 min .

Equation (1) was derived from the expression describing the dependence of reaction
amplitude (A) on the processivity (P)":

A=(1-x)pP" )

where x is the fraction of protein that dissociates from the substrate before unwinding
occurs. P is then substituted with a term that relates processivity and ATP concentration
under the conditions specified by the scheme in Fig. 5.

( [ATP] )

USI\ 77 | rATD1

_ K + [ATP]

P [ATP] [ATP] ®
ko (o ) ke (1=
UBI\ K} + [ATP] ) K} + [ATP]

where K is the apparent dissociation constant of ATP from the enzyme substrate
complex.
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DNA-bhound structures and mutants
reveal abasic DNA binding by APE1
DNA repair and coordination
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Non-coding apurinic/apyrimidinic (AP) sites in DNA are con-
tinually created in cells both spontaneously and by damage-
specific DNA glycosylases'. The biologically critical human base
excision repair enzyme APE1 cleaves the DNA sugar-phosphate
backbone at a position 5 of AP sites to prime DNA repair
synthesis’™®. Here we report three co-crystal structures of
human APE1 bound to abasic DNA which show that APE1 uses
a rigid, pre-formed, positively charged surface to kink the DNA
helix and engulf the AP-DNA strand. APE] inserts loops into both
the DNA major and minor grooves and binds a flipped-out AP site
in a pocket that excludes DNA bases and racemized 3-anomer AP
sites. Both the APEl active-site geometry and a complex with
cleaved AP-DNA and Mn*" support a testable structure-based
catalytic mechanism. Alanine substitutions of the residues that
penetrate the DNA helix unexpectedly show that human APE] is

451




letters to nature

structurally optimized to retain the cleaved DNA product. These
structural and mutational results show how APE1 probably
displaces bound glycosylases and retains the nicked DNA product,
suggesting that APEl acts in vivo to coordinate the orderly
transfer of unstable DNA damage intermediates between the
excision and synthesis steps of DNA repair.

Despite the essential and central role of APE] in human base
excision repair (BER)>’, there have been no clear hypotheses
concerning how APE1 coordinates human DNA repair between
the first damage-specific stage carried out by distinct DNA glyco-
sylases, and the subsequent damage-general stage of DNA repair
synthesis. To resolve the molecular basis for substrate recognition,
catalysis and progression of BER steps coordinated by APE1, we
determined two co-crystal structures of human APE1 bound to 11-
base-pair (bp) and 15-bp DNA substrates with synthetic abasic sites,
at2, 95A and 2.65A resolution, respectively. We also determined the
3.0A resolution ternary product complex of APEI, nicked abasic
DNA and a divalent metal ion (Fig. 1a, b; see Methods).

APE] electrostatically orients a rigid, pre-formed DNA-binding
face and penetrates the DNA helix from both the major and minor
grooves, stabilizing an extrahelical conformation for target abasic

3I
phosphate

Abasic
Site

5' target
phosphate

phosphate

Abasic
Site

5' target
phosphate

Figure 1 Stereo views of simulated-annealed omit electron density for APET—DNA
complexes showing the flipped-out abasic site and phosphodiester bond cleavage.
Electron-density maps were calculated excluding the abasic and flanking nucleotides, and
the divalent metal ion in b. APE1-bound DNA is shown with phosphorus (yellow), oxygen
(red), nitrogen (blue) and carbon polytubes (white) highlighted. a, The APE1 active site
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nucleotides and excluding normal DNA nucleotide and racemized
abasic site binding (Fig. 2a, b, and see animation in Supplementary
information). Although nucleotide flipping to expose damaged
bases is characteristic of DNA glycosylases, it is not obviously
required by APE1 and other DNA-backbone-cleaving endonucleases,
and is not seen for the very short patch DNA repair endonuclease
(VSR)®. However, abasic nucleotide flipping also occurs in a
structurally unrelated AP endonuclease, endonuclease IV (ref. 7),
resembling that seen in these APE1-DNA complexes, and suggest-
ing that nucleotide flipping may be a property of AP endonucleases.
Unlike the open-to-closed conformational transition that occurs
in DNA glycosylases and polymerases, the APE1 structure is pre-
formed for abasic DNA recognition. The r.m.s. dev1at10n is only
~0.7A between Ca atoms of the free APE1 enzyme® and those of
DNA-bound structures. The overall DNA-binding posmon resem-
bles the model suggested by the unbound enzyme®; however, the
APEI-bound DNA is severely distorted, with the DNA bent ~35
and the helical axis kinked or displaced ~5A, where the two inserted
loops cap the extrahelical AP site (Fig. 2a, b). In agreement with
biochemical results’, the enzyme—~DNA interface encompasses both
DNA strands but is dominated by contacts with the AP-DNA strand.

" phosphate

Abasic
Site

5' target
phosphate

phosphate

SEES

Abasic
Site

5' target
phosphate

from the 2.65A resolution APE1—DNA complex. Omit electron-density contours are
shown at 3¢ (blue) and 9o (red). b, The APE1 active site from the ternary complex with
bound Mn?* (green sphere) and nicked DNA. Omit electron-density contours are shown at
40 (blue) and 100 (red).
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The positively charged, grooved APE1 DNA-binding face (Fig. 2b)
buries nearly 1,600A2 of DNA solvent-accessible surface area, with
~1,000A? contributed by the AP-DNA strand, and ~600A” by the
opposing strand. The interface is centred on the flipped-out abasic
nucleotide and its flanking phosphates, which account for ~500A>
of the total buried DNA surface area.

APE1 stabilization of the kinked abasic DNA is mediated by
residues emanating from four loops and from one a-helix (Fig. 2a).
As AP sites fit within a B-DNA helix in solution'’, APE1 DNA
contacts facilitate and stabilize the extrahelical AP site. 5’ of the AP
site, three APE1 helical residues (Arg 73, Ala 74 and Lys 78) contact
three consecutive DNA phosphates of the opposing strand, and
Tyr 128 and Gly 127 span and widen the minor groove ~2A. These
5’ contacts may anchor the DNA for the extreme kinking caused by
three APEl loops 3’ of the extrahelical abasic site (Fig. 2a).
Immediately 3’ of the AP site, APE1 binds two phosphates and
braces the AP-DNA backbone for double-loop insertion. Across

letters to nature

from the flipped-out AP site, Met 270 inserts through the minor
groove to pack against the orphan base partner of the abasic site and
to occupy the space where it would be in unkinked B-DNA. The
APE1-bound DNA is so severely distorted, however, that the orphan
base still stacks with the 5" base (Fig. 2a). Above the abasic site,
Arg177 inserts through the DNA major groove and delivers a
hydrogen bond to the AP site 3’ phosphate (Fig. 3a). This DNA
major groove interaction is unusual for a DNA repair enzyme, and,
as the sequence and conformation of the Arg 177 loop is unique to
APE], it probably reflects specific APE1 functions. The double-loop
penetration of the DNA helix, from the insertion of Arg 177 in the
major groove and Met270 in the minor groove, caps the DNA-
bound enzyme active site, stabilizes the extrahelical AP site con-
formation and effectively locks APE1 onto the AP-DNA.

Our APE1 substrate and product complexes suggest a reaction
mechanism distinct from previous predictions®'"", in which the
target phosphate is polarized about the scissile bond and attacked by

Figure 2 Stereo views of the APE1 complex with AP-DNA showing double-loop
penetration of the DNA helix, plus charge and surface complementarity. a, DNA (top)
binding to APE1 (bottom) from the co-crystal structure of APE1 bound to the 11-bp abasic
DNA. The complex is viewed from the side that is roughly perpendicular to the kinked DNA
helix axis oriented with the AP strand running 5" (left) to 3’ (right), and shows the two
central, six-stranded APE1 B-sheets (orange arrows), «- and 31 -helices (blue coils), and
coils (green tubes). Five APET DNA-binding regions (yellow; residues 73—79, 126—-129,
174-178, 221-228 and 268—272) contact both the AP-DNA strand (pink carbon
polytubes and transparent surface) and the opposing strand (orange polytubes and
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surface). The position of the divalent metal ion (green sphere) which is 5 of the AP site as
derived from the ternary product complex, and the side chains for key residues are shown.
b, DNA binding to APE1 viewed looking down on the enzyme—DNA interface, rotated
~90’ from the view in a. Arg 177 penetrates the DNA major groove (bottom) and Met 270
inserts through the DNA minor groove (top), capping the DNA-bound APE1 active site. The
APE1-bound DNA, which is bent ~35° with the helix axis kinked ~5A, complements the
positively charged DNA-binding surface of APE1, coloured red (1.5 KT e™") to blue (+1.5
KT ™" according to its electrostatic potential (calculated including the Mn?* ion), which
engulfs the AP-DNA strand (pink) around the flipped-out AP site.
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an aspartate-activated hydroxyl nucleophile, with the metal ion
stabilizing the transition state and the leaving group of the phospho-
diester cleavage reaction. On the 3'side of the APE1-DNA complex,
Trp 280 contacts a DNA phosphate, and a chain of three asparagine
residues, Asn 222, Asn 226 and Asn 229, lines the back of the active site
and contacts two 3" AP-DNA phosphates. On the 5’ side of the active
site, the side chains of Asn 174 and Asn 212 form hydrogen bonds
with O5’ and O2P of the target phosphate, and the metal ion, bound by
Glu 96, ligates the O3’ atom (Fig. 3a). In our structure-based reaction
scheme, which agrees with known mutagenesis results'>"?, the con-
served Asp 283/His 309 pair makes a direct hydrogen bond from
His 309 Ne2 to the remaining O1P atom (Fig. 3b, and animation in
Supplementary information). These APEl-phosphate contacts
orient and polarize the scissile P-O3’ bond with the Asp 210 side
chain favourably aligned to activate an attacking nucleophile.
Positioned by hydrogen bonds with the backbone amide of Asn 212
and Asn 68 N&2, the pK, of buried Asp 210 is probably elevated, and
along with the Asp 283/His 309 phosphate interaction, probably results
in the observed maximal APEI activity at pH7.5, with a pH6.7-9
activity profile'. Protonation of Asp 210 can generate the proposed
attacking hydroxyl nucleophile (Fig. 3b). The divalent metal ion may
facilitate the O3’ leaving group, either by direct ligation or through
a water in the first hydration shell of a Mg** ion. Specific binding of
APEI to extrahelical AP sites derives from a hydrophobic pocket

bordered by Phe 266, Trp 280 and Leu 282, which pack with the
hydrophobic side of the abasic deoxyribose (Fig. 3a). This tight
packing excludes the binding of normal DNA nucleotides, and is
specific for the a-anomer of natural AP sites generated as the direct
product of DNA glycosylases and not the -anomer obtained by
racemization of AP sites in solution. Thus, this APE1 specificity
indicates that in vivo the AP site may be passed directly to APE1 from
the damage-specific DNA glycosylases, thereby avoiding the release of
repair intermediates more toxic than the original damage.

To investigate the role of double-loop penetration in AP-site
detection and APE1 function, we determined the effects on enzyme
activity of site-directed alanine substitutions for Met 270, Met 271
and Arg 177. Unexpectedly, none of these residues is required to
promote abasic nucleotide flipping (Fig. 4), indicating that APE1
may be a structure-specific nuclease that detects and productively
binds DNA that can adopt the kinked conformation and can present
a flipped-out AP site to the APEI recognition pocket. Both the
Met270Ala and Met271Ala mutant enzymes have essentially wild-
type levels of activity, whereas the specific activity is, surprisingly,
increased for the Argl77Ala mutant enzyme (Fig. 4). Under the
appropriate assay conditions of excess substrate, these data support
the hypothesis that the Arg 177 intercalation and phosphate inter-
action slow APE1 dissociation from the cleaved product". More-
over, kinetic analysis of the Argl77Ala mutant confirms that it is
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Figure 3 APE1 interactions with the flipped-out AP site provide damage specificity and
suggest a specific reaction mechanism for phosphodiester bond cleavage. a, APE1
active-site interactions with the flipped-out abasic deoxyribose and target 5" phosphate.
The hydrophobic face of the extrahelical AP site packs within a complementary APE1
pocket formed by the side chains of Phe 166, Trp 280 and Leu 282. The Arg 177 side
chain inserts through the kinked DNA major groove to form a hydrogen bond to the non-
target AP site 3" phosphate. The target AP site 5’ phosphate is oriented by hydrogen
bonds with Asn 174, Asn 212 and His 309. Asp 210 is oriented by hydrogen bonds from
the Asn 212 backbone amide and Asn 68 N&2. The metal ion position (derived from the
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ternary product complex) stabilizes the transition state and facilitates the 03’ leaving
group, perhaps through a first hydration shell water molecule of a Mg?*ion. b, Structure-
based reaction mechanism for phosphodiester bond cleavage. Substrate AP-DNA is
oriented by the bound divalent metal ion and APET1 active-site residues for attack of an
hydroxyl nucleophile activated by buried Asp 210 (left panel). Collapse of the
pentacovalent transition state (middle panel) leads to cleavage of the scissile P—03" bond,
with the transition state and 03" leaving group stabilized by the metal ion, leading to bond
cleavage and inversion of the phosphate configuration (right panel).
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over 25% more efficient than wild-type APE1, with an increased
Michaelis constant (K,) offset by a larger increase in the rate
constant (k) (Fig. 4). As evolutionary selection occurs at the
level of biological function rather than single enzyme rates, this
apparent dichotomy supports a biological role for tight product
binding by APE1. Thus, the biological need to coordinate APE1
with downstream DNA BER enzymes'®" has evidently guided the
evolution of the APE1 structure, rather than maximizing catalytic
efficiency and allowing rapid release of toxic, incised DNA products.

Together these APE1-DNA complex structures and mutagenesis
results suggest a coherent and testable model for the orderly transfer
of DNA damage in BER. First, we propose that the extensive double-
strand DNA (dsDNA)-binding interaction surface of APEl and
pronounced kinking of the DNA helix as compared with DNA
glycosylases allow APEI to stage human DNA repair by displacing
bound glycosylases from AP sites, consistent with the observed
APE1 enhancements of human uracil- and thymine-DNA glycosy-
lase activities'®". Second, by being optimized to retain its nicked
DNA product and to also interact with the repair polymerase Polf3
in the presence of DNA, the kinked APE1-DNA complex may
recruit Polp to sites of DNA damage. The high relative amounts of
APE1 per cell (350,000 to 7,000,00)*° compared with Polf (~50,000
molecules)®' suggest that functionally relevant interactions with
PolB may be mediated by recognition of the distorted APE1-DNA
complex. Through the known interactions*** of Pol, XRCC1 and
DNA ligase I11, the entire DNA repair synthesis machinery may then
be assembled. Most DNA BER synthesis replaces only the single
damaged nucleotide, and the religated and repaired DNA should
disfavour the ~90  bend for PolB binding, and promote enzyme
dissociation after repair synthesis. Thus, these structural and
mutational analyses of human APE1 reveal adaptations that are
counterintuitive in terms of single enzyme catalysis and provide
insights into the evolutionary optimization of APEI biological
function for maintaining DNA integrity through the efficient
transfer of DNA damage in BER. O
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Figure 4 Activities and kinetics of wild-type and mutant human APE1 enzymes. AP
endonuclease activities of wild-type APE1 (green), and Met 270 (cyan), Met 271 (blue) and
Arg 177 (red) site-directed alanine mutant enzymes. Enzyme activity was assayed using a
43-bp oligonucleotide (160 nM) containing a single AP site analogue* with a [F2PJATP 5/
end label and 100 pg of purified protein. Wild-type APET and mutant enzymes were
incubated at 37" with ~160 nM substrate in a volume of 20 wl containing 60 mM Tris
pH 8.0, 1 mM MgCl,, 0.2 mM EDTA, 1 mM DTT and 100 .g mi~" bovine serum albumin.
The reaction was stopped at the indicated time points, separated on 20% polyacrylamide
gels containing 7 M urea, and quantified by phosphorimage analyses. Results are the
average of three independent experiments with ranges as indicated by the error bars.
Enzyme kinetic analyses of Arg177Ala were performed as described for wild-type APE1
(ref. 13).
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Methods
Biochemistry and crystallization

Expression and purification of full-length APE1 and of a fully active, N-terminal truncated
enzyme containing residues 40-318 (NA40APE1) were done as described", with
expression of the NA40 APE1 gene in E. coli TZ1 (xth nfo DE3) to create an N-terminal
6xHis tag. The enzyme was treated with thrombin (1:1,000 for 6 h at 37°C) to remove the
6xHis tag; and purified recombinant human NA40APE1 enzyme was concentrated to 20
mg ml™, and mixed with an equal volume of ~2mM 11-bp dsDNA (5'-GCTACFGATCG-
3') containing a synthetic tetrahydrofuran (F) AP site analogue (Midland Certified
Reagent Co.) This AP site analogue is more stable than, and binds to and is cleaved by
APEL at rates comparable to, a deoxyribose with a C1” hydroxyl group™'>***,

Co-crystals were grown by mixing equal volumes of enzyme—DNA solution with
reservoir solutions of 20% polyethylene glycol monomethylether (MPEG) 5000 (Sigma),
50 mM 2-(N-morpholino)ethanesulphonic acid buffer pH 6.5 and 200 mM Li,SO,.
Crystals grew to full size (0.5 x 0.2 X 0.06 mm) in ~2 weeks, belong to the body-centred,
tetragonal space group I4,, a=b= 123.4, c= 107.1A, and contain two APE1—-DNA
complexes in the asymmetric unit. X-ray diffraction data were collected from single
crystals flash-cooled at —170" at beamline 9-1 of the Stanford Synchrotron Radiation
Laboratory (SSRL) on a 34.5 cm MARresearch imaging plate and processed with DENZO
and SCALEPACK™ to yield 42,400 observations of 15,572 unique reflections to 2.95A
resolution (93% complete) with an average I/ol of 12.7 and an overall Ry, between
symmetry related reflections of 0.050 (94% complete, I/ocI= 2.2, Ry, =0.302; for the 2.95
t0 3.06A resolution shell). The APE1-DNA—Mn>" complex crystals were obtained by co-
crystallization with 25 mM MnCl, and the same 11-bp dsDNA, and belong to space group
P2,2,2,, a=90.1, b=98.3, c= 101.14, with 41,650 observations of 16,996 unique reflections
to 3.0A (91% complete), an oxierall I/olof 8.6, and Ry, =0.086 (92% complete, I/al= 2.3,
Ryym =0.424; for the 3.0-3.11A resolution shell). Crystals of APEI bound to a 15-bp
dsDNA oligonucleotide (5'-GCGTCCFCGACGACG-3') are grown using full-length,
wild-type APEI from well solutions containing 100 mM Cacodylate (pH 6.5), 200 mM
Li,SO, and 27% MPEG 2000 (Sigma). These crystals also have two APE1-DNA complexes
in the asymmetric unit, and belong to space group P2;,a =71.2,b =724, c= 93.7A, B=
94.3, with 61,212 observations of 24,575 unique reflections to 2.65A (93% complete),
I/oI=7.8, and Ry, = 0.087 (92% complete, I/GI= 2.2, Ry, =0.367; for the 2.65-2.75A
resolution shell).

Structure solution and refinement

The 2.95A resolution APE1-DNA structure was solved by molecular replacement with
AMoRe” using free APEI (ref. 8) as a search model and all data from 4.0-15.0A resolution.
The correct solutions gave a correlation coefficient of 0.36 and an R value of 0.47, with the
corresponding values for the next highest peak 0.25 and 0.51. This model was refined with
X-PLOR 3.8 (ref. 28) and electron density for the DNA was clearly visible in 0A-weighted”
2F,—F,, F,—F. and simulated-annealed omit electron-density maps. Cycles of model
building and stereochemically restrained simulated annealing and positional refinement
allowed all the DNA to be placed, with manual inspection and rebuilding of the structure
performed with XFIT®. The APE1-DNA complex structure contains 4,364 non-hydrogen
protein atoms and 874 DNA atoms and has been refined to an R value of 0.192 (R
=0.308) for 12,453 reflections from 20.0 to 2.95A resolution with F > 3.00F (74%
complete), with r.m.s. deviations from ideality of 0.010A for bond lengths, and 1.48" for
bond angles. This structure was used to solve the ternary product complex with AMoRe
(correlation coefficient =0.60, R=0.37), which was refined as with the APE1-DNA
complex and data from 20.0 to 3.0A resolution (13,766 reflections, 75% complete), to an
R=0.181 (Ree =0.274), and r.m.s. deviations 0f0.006A for bond lengths and 1.48 for bond
angles. The 2.65A resolution APE1-DNA complex structure was also solved with AMoRe
and refined with X-PLOR 3.8 using data from 20.0 to 2.65A with F>2.00F (25,211
reflections, 90% complete) to yield an R value of 0.203 (Rge. =0.291) with 0.007A deviation
in bond lengths and 1.40" for bond angles. The ~40 N-terminal residues and the last base
pair are disordered in this structure, and all three structures contain a cis peptide bond
betwen Val 247 and Pro 248.
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Design of single-layer 3-sheets
without a hydrophobic core
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The hydrophobic effect is the main thermodynamic driving force
in the folding of water-soluble proteins'?. Exclusion of nonpolar
moieties from aqueous solvent results in the formation of a
hydrophobic core in a protein, which has been generally consid-
ered essential for specifying and stabilizing the folded structures
of proteins'®. Outer surface protein A (OspA) from Borrelia
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burgdorferi contains a three-stranded [-sheet segment which
connects two globular domains’. Although this single-layer (-
sheet segment is exposed to solvent on both faces and thus does
not contain a hydrophobic core, the segment has a high confor-
mational stability’. Here we report the engineering of OspA
variants that contain larger single-layer B-sheets (comprising
five and seven -strands) by duplicating a B-hairpin unit within
the B-sheet. Nuclear magnetic resonance and small-angle X-ray
scattering analyses reveal that these extended single-layer f3-
sheets are formed as designed, and amide hydrogen—deuterium
exchange and chemical denaturation show that they are stable.
Thus, interactions within the 3-hairpin unit and those between
adjacent units, which do not involve the formation of a hydro-
phobic core, are sufficient to specify and stabilize the single-layer
B-sheet structure. Our results provide an expanded view of
protein folding, misfolding and design.

The crystal structure of OspA revealed that this protein has an
unusual architecture’: it is dumbbell-shaped and contains a three-
stranded ‘single-layer’ B-sheet in the centre (Fig. 1). The single-layer
B-sheet segment is rich in polar amino acids, and its amino-acid
sequence does not follow the canonical, alternating hydrophobic/
hydrophilic pattern usually found in amphipathic 3-sheets (Fig. 2).
Our previous studies showed that the solution structure of OspA is
similar to the crystal structure®, and that the protein, including the
unusual single-layer B-sheet region, is highly stable®'".

The OspA single-layer B-sheet, although it does not contain a
hydrophobic core, buries nonpolar surfaces to a degree comparable
to that found in small globular proteins that do contain a hydro-
phobic core®. We attributed this effective burial of nonpolar surfaces
to strategically placed amino acids with long side chains in the -
sheet. Despite the lack of a hydrophobic core in this region, the
single-layer B-sheet architecture can gain sufficient stabilization
from the hydrophobic effect, generally considered the dominant
factor in protein stability"”. However, B-strands 8 and 10 of the
three-stranded single-layer B-sheet make extensive interactions
with the globular domains (Fig. 1), and thus these two strands

B-strand 7/9

B-strand 8/10

Figure 1 Structure of wild-type OspA. a, b, Drawings of the OspA structure’. The
molecule in b is rotated along a horizontal axis relative to the molecule in a. The
homologous B-hairpins (B-strands 7 and 8, and 9 and 10) in the single-layer B-sheet
region are labelled and shown in blue and cyan, respectively. ¢, Superposition of the 3-
hairpin units. B-strands 7 and 8 (residues 95—118; black lines) and 9 and 10 (119-141;
red lines) have been superimposed using C,, atoms in the B-strand regions. The root-
mean-squared deviation for the backbone atoms in the 3-strands is 0.51 A.
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	erratum: DNA-bound structures and mutants reveal abasic DNA binding by
APE1 and DNA repair coordination

