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DNA glycosylases catalyze the excision of chemically
modified bases from DNA. Although most glycosylases
are specific to a particular base, the 3-methyladenine
(m3A) DNA glycosylases include both highly specific
enzymes acting on a single modified base, and enzymes
with broader specificity for alkylation-damaged DNA.
Our structural understanding of these different enzy-
matic specificities is currently limited to crystal and
NMR structures of the unliganded enzymes and com-
plexes with abasic DNA inhibitors. Presented here are
high-resolution crystal structures of the m3A DNA gly-
cosylase from Helicobacter pylori (MagllIl) in the unli-
ganded form and bound to alkylated bases 3,9-
dimethyladenine and 1,N%-ethenoadenine. These are
the first structures of a nucleobase bound in the active
site of a m3A glycosylase belonging to the helix—
hairpin-helix superfamily. MaglIII achieves its specifi-
city for positively-charged m3A not by direct inter-
actions with purine or methyl substituent atoms, but
rather by stacking the base between two aromatic side
chains in a pocket that excludes 7-methylguanine. We
report base excision and DNA binding activities of
MagllII active site mutants, together with a structural
comparison of the HhH glycosylases.

Keywords: 3-methyladenine/base excision/DNA repair/
glycosylase/helix—hairpin—helix

Introduction

In addition to the one-dimensional genetic code, DNA
harbors a structural code that is read by proteins binding
to specific nucleobase sequences or shapes of DNA. The
stability of the genome is constantly challenged by the
chemical reactivity of DNA bases, which are subject to
modifications by cellular and environmental agents.
Alkylation, oxidation, deamination and hydrolysis of
DNA bases can cause DNA mutations or inhibit
replication and thereby cause toxicity or disease
(reviewed in Lindahl, 1993; Friedberg et al., 1995). It
is therefore important to understand the the basis for
recognition of structural damage to DNA by repair pro-
teins. Base excision repair (BER) is the principle mech-
anism by which DNA with discrete base modifications is
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restored to its original state. DNA glycosylases, each
specific for a particular type of damage, initiate this
pathway by locating and removing the modified base
through cleavage of the C1’-N glycosylic bond. The
importance of specificity during base excision is under-
scored by the fact that glycosylases must identify subtle
changes in the DNA structure amidst a vast excess of
unmodified DNA.

Several different architectures of DNA glycosylases
have evolved that are designed to gain access to
damaged bases in DNA. These enzymes distort the
double helix to expose a modified nucleotide substrate to
the enzyme active site by the process of base-flipping, a
common strategy used by enzymes that perform chem-
istry on nucleotides in double-stranded DNA (reviewed
in Roberts and Cheng, 1998). One framework for DNA
base excision is embodied by the conserved fold of the
helix—hairpin-helix (HhH) superfamily of DNA glyco-
sylases (Nash et al., 1996). The HhH motif was first
identified in the pyrimidine-specific DNA glycosylase,
Escherichia coli endonuclease III (Endolll) (Thayer
et al., 1995), and it was soon discovered that the overall
protein fold of Endolll is generally conserved in other
DNA glycosylases (Labahn et al., 1996; Yamagata et al.,
1996) with highly divergent sequences. The HhH motif
itself consists of two o-helices connected by a hairpin
loop having the consensus sequence [Leu/Phe]-Pro-Gly-
[Val/lle]-Gly. This signature sequence is present in
hundreds of proteins that bind to DNA in a sequence-
independent manner (Doherty et al., 1996). Crystal and
NMR structures of HhH superfamily glycosylases
include Endolll (Kuo et al., 1992), E.coli adenine
DNA glycosylase (MutY, Guan et al., 1998), E.coli 3-
methyladenine (m3A) DNA glycosylase I (TAG, Drohat
et al., 2002) and II (AlkA, Labahn et al., 1996,
Yamagata et al., 1996), human 8-oxoguanine (0®G)
DNA glycosylase (Oggl, Bruner et al., 2000),
Methanobacterium thermoformicicum T:G mismatch
DNA glycosylase (MIG, Mol et al., 2002) and the
mismatch glycosylase domain of eukaryotic MBD4 (Wu
et al., 2003). The crystal structures of AlkA in complex
with DNA containing a 1-azaribose abasic analog (Hollis
et al., 2000) and of Oggl bound to its DNA substrate
(Bruner et al., 2000) illustrate how the HhH motif is
used as a platform for base-flipping (Roberts and Cheng,
1998) to expose damaged bases in DNA.

Despite the growing number of HhH glycosylase
structures, their catalytic mechanisms and features impart-
ing their distinct substrate specificities are currently a
matter of speculation. This is especially true of the
alkylation-specific HhH glycosylases like E.coli AlkA and
TAG. TAG removes only m3A and to a lesser extent m’G
(Bjelland et al., 1993), whereas AlkA is able to excise
m3A, 7-methylguanine (m’G) and other alkylated or
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Table I. Data collection, phasing and refinement statistics

Native Hg peak Hg remote Hg inflection my>A €A
Data collection®
Beamline B CHESS A-1 NSLS X12-C NSLS X12-C NSLS X12-C Laboratory source Laboratory source
Wavelength (A) 0.9450 1.000 0.9686 1.0083 1.542 1.542
Resolution (A) 25-1.64 50-2.4 50-2.5 50-2.6 50-1.93 50-2.13
Unique reflections 60 643 (6066) 38 588 (3857) 33 760 (3402) 29 424 (2917) 35 778 (3327) 28 226 (2783)
Completeness (%) 99.9 (99.7) 99.9 (100.0) 99.9 (100.0) 100.0 (100.0) 95.2 (90.3) 99.8 (99.6)
Redundancy 8.1(5.7) 39 @3.5) 3.9 (3.8) 3.9 3.9 52 (3.0 29 (2.9)
Ryym (%)° 9.9 33.7) 7.4 (29.4) 7.7 (32.3) 7.9 (31.6) 5.0 (29.9) 8.4 (36.9)
<I>/<o(D)> 21.8 (4.3) 152 (3.6) 14.5 (3.4) 14.6 (3.6) 21.2 (2.5) 11.5 (2.5)
Phasing .
Resolution (A) 20-2.7 20-2.7 20-2.7
Phasing power® 0.92 0.70 -
Reunis (c/a)t 0.81/0.84 0.87/0.88 -
Reuntis (anom) 0.92 0.95 0.97
Refinement
Resolution 25-1.64 50-1.93 50-2.13
Rerys® 0.151 0.183 0.202
Riree® 0.185 0.222 0.230
Number of atoms
Protein 3474 3477 3467
Ligand 0 24 24
Solvent . 255 370 169
Average B factor (A?) 229 12.5 13.8
R.m.s.d. bonds (A) 0.021 0.015 0.013
R.m.s.d. angles (°) 1.602 1.546 1.508

2Values in parentheses refer to data in the highest resolution shell.

PReym = ZnkiZ; lj — <[>l [ Ty Ij where <[> is the mean intensity of j observations of reflection 4k/ and its symmetry equivalents.
“Phasing power = Xy Fy / Zpy |1Fpa — Fpy cacl- Value shown is the weighted average of centric and acentric data.

9Reuttis = Cnwa WFpu = Fpl = Fi carel) / Zpi |Fpr — Fpl. c/a, centric/acentric data.

CReryst = Znkt [Fobs — KFcaicl / Zhit [Fopsl. Riree = Reryst for 5% of reflections that were not used in refinement (Briinger, 1992).

oxidized bases from DNA (McCarthy et al., 1984;
Bjelland et al., 1994; Saparbaev et al., 1995). There is
no structural information showing how substrate bases
bind to these HhH enzymes.

A small group of HhH glycosylases that are highly
selective for alkylation-damaged DNA have recently
been identified in the genomic sequences of prokaryotic
organisms. The Thermatoga maritima methylpurine
DNA glycosylase (Mpgll) shares no significant sequence
homology with other m3A glycosylases outside of the
HhH motif, yet it excises both m3A and m’G (Begley
et al., 1999). Maglll is a m*A DNA glycosylase from
Helicobacter pylori that shares 32% identity with the
sequence of Mpgll. However, Maglll is unable to
remove m’G or hypoxanthine from DNA (O’Rourke
et al., 2000) and, in this regard, it resembles the TAG
protein. MagllIl presents a unique opportunity to under-
stand enzymatic selectivity for alkylation-damaged
DNA.

We present crystal structures of Maglll alone and
bound to the alkylated bases 3,9-dimethyladenine
(my>°A) and 1,N%-ethenoadenine (gA), along with
mutational studies of Maglll enzymatic activity and
DNA binding. Specificity for alkylated bases arises from
favorable m—m stacking interactions between the posi-
tively charged m?A base and aromatic side chains within
a binding pocket identified in the crystal structures. The
shape of the binding pocket disfavors binding of m’G. A
structural comparison of the active site structures of
several purine-specific DNA glycosylases provides a
basis for understanding the selection of modified bases
for removal from DNA.

Results and discussion

Maglll is a HhH glycosylase

The crystal structure of H.pylori Maglll was determined
with experimental phases obtained by a multiwavelength
anomalous diffraction (MAD) experiment (Table I,
Figure 1A). A crystallographic model consisting of two
MaglIl molecules in the asymmetric unit has been refined
against X-ray data extending to 1.64 A resolution
(Figure 1B). As predicted (Begley et al., 1999;
O’Rourke et al., 2000), the fold of Maglll is representative
of the HhH superfamily of DNA glycosylases (Figure 2).
However, unique features within the active site can
explain selectivity for m3A. Maglll comprises two o-
helical domains separated by a deep cleft (Figure 1C),
corresponding to the most highly conserved features of the
HhH glycosylases (Figure 2). One domain of MagIII (the
N/C domain) consists of an o-helix (A) from the N-
terminus packed against a cluster of four C-terminal o-
helices (J-M). The other domain is formed from eight
remaining o-helices (B-I) including the canonical HhH
motif (helices H and I), referred to here as the HhH
domain.

The HhH motif of Maglll is positioned next to the
interdomain cleft and opposite an aspartic acid that is
conserved in all HhH glycosylases (Figures 1C, 2A and
B) (Nash et al., 1996). This location of the HhH is
conserved in all seven HhH glycosylases whose struc-
tures have been determined (Figure 2B); the protein fold
of MaglII superimposes nicely onto these other enzymes
simply by aligning the HhH motifs. The HhH domains
of these glycosylases are more structurally conserved
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than the N/C domains, which include additional struc-
tural elements (Figure 2B). For example, Endolll, MutY
and MIG each contain an iron—sulfur cluster (Fe,S,) that
is ligated by four conserved cysteines at the C-terminus
of the N/C domain. AlkA and Oggl don an additional -

domain. TAG has the basic HhH architecture, but with a
different topology and a unique zinc-binding motif
within its N/C domain (Kwon et al., 2003). The HhH
motif of MagllIl is most similar to those of the Fe,Sy-
containing enzymes, yet Maglll lacks a metal cluster

sheet at their N-terminus that packs against the N/C (Figure 2B). Instead, Maglll has an unusual interaction

Fig. 1. The structure of MaglIl. (A) A cross-section of the refined model and the 2.7 A solvent-flattened experimental electron density map, contoured
at 16. (B) Same view of the refined model against the final 65-weighted 2mF,~DF, electron density map contoured at 16. (C) Stereoscopic ribbon
representation of MaglIl with the HhH domain at the top and the N/C-terminal domain at the bottom of the figure. Helices are labeled A-M, and the
HhH motif is highlighted yellow. The nucleobase binding residues are colored green and putative catalytic residues are blue. DNA intercalating
(Asn42, magenta) and ‘wedge’ (Phe45, yellow) residues responsible for base flipping are also shown, as well as the carbamylated lysine residue in the
N/C-terminal domain (orange).

Fig. 2. The HhH superfamily of DNA glycosylases. (A) The structure-based sequence alignment of MaglIII with the HhH glycosylase structures and
the MpglI sequence was prepared using the program SEQUOIA (Bruns ez al., 1999). Maglll secondary structure elements are shown schematically,
with the HhH motif highlighted as yellow cylinders (helices H-I of MagllI). The HhH residues that contact the DNA in the AIkKA-DNA complex are
boxed, and the conserved catalytic aspartic acid is shaded blue. Residues in the nucleobase binding pocket confirmed (green) or predicted (gray) to
contact the target base are shaded, and the positions of the side chains that intercalate the DNA helix at the lesioned and non-lesioned strands are
shaded pink and yellow, respectively. Residues that contact the orphaned DNA base opposite the modified base in AIkA and Oggl are colored blue,
while residues shown by mutagenesis to be important for either catalysis or DNA binding are colored red. Side chains that coordinate the Fe,S,
clusters (Mpgll, Endolll, MutY, MIG) and Zn?** ion (TAG), as well as the carbamylated lysine in Maglll are shaded orange. (B) Schematic
representations of the HhH glycosylase structures are oriented as in Figure 1C. Helices are shown as red and yellow (HhH motif) cylinders, B-sheets
as light blue arrows, and Fe,S, clusters as golden CPK spheres. Side chains of functionally significant active site residues are rendered as sticks, with
the conserved aspartic acid colored dark blue. (C) Solvent accessible surfaces are colored according to electrostatic potential (blue, positive; red,
negative) and were created with GRASP (Nicholls ef al., 1991). The substrate binding pockets at the domain interface are circled. The structures have
been rotated ~90° with respect to the views shown in (B). Larger versions of (B) and (C) are available as Supplementary data.
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between a carbamylated lysine (Lys205) and both
Arg201 and Tyrl189 that probably contributes to the
stability of the N/C domain (See Supplementary
figure S1, available at The EMBO Journal Online).
Another notable distinction of Maglll’s N/C domain is
helix M, which is considerably longer than the corres-

3-methyladenine DNA glycosylase substrate specificity

ponding helix of any other HhH glycosylase (Figure 2B).
Residues from helix M contribute to the substrate
binding pocket and the carbamylation site of Maglll
(Figure 2A). Thus, the simple HhH glycosylase fold of
MagllIl has several unique features that illustrate the
structural variation of HhH superfamily glycosylases.

A — IR S O ————
MagIII LDSFEILKALKSL-DLL------- ENAPA-Wl§-NAL----- KFEALLGAVLTONTKEEAVLKSLENLKNAFILE--- 62
MpgII  IILSMRLTELYRK-LLE------- THGSVGKWWPGTP-—----- EEIVITAVLTONTNWKNVERAMENIK--—------ 63
EndoIII MNKAKRLEILTRLRENN------- PHPT-ELNF-S-S-----PFELLIAVLLSAGATHVS VNKATAKLY PVA—~~-—- 58
MutY MOASOFSAQVLDWYDKY——————- GRKTL-PWQI-DKT---—- PYKVWLSEVMLOQTOVATVIPYFERFMARE—————— 59
MIG KKRKVFVSTILTFWNTD------- R-RDF-PWRH-TRD-----PYVILITRILLRRTTAGHVKKIYDKFFVKY--—--— 64
AlkR  -——--- LGRLGARRPGL-~~~-—~-- RL---—-~- PG-CVYD----- AFEQGVRAILGQEVSMAMAAKLTARVAQLYGERLDD 148
hOGG1  GSVDSHFQEVAQKFQGV-—————- RL--————- L-ROD-—--~- PIECLFSFICSSHNNIARITGMVERLCQAFGPRLIQ 172
TAG ~ ———m—mmmmmn MEREGHVSQDPLE TARED-NERG-VPETDSKKLFEMICLEGQOAGLSHI TVLKKRENYRACFH-~~~~ 61
MagIII -----NDDEIN--LKKIAYIE-—-FSKLAECVRPSGFYNQKAKRLIDLSGNILKDFQSFENFKQE-—————-——-——-— 117
MpgII  ----- NEVKGNNLLKELDSLP---EEKVAELIRPAGFFNIKTKRLKELLKFLKEYNYNLSRLRDLP-TH-------=-= 123
EndoIIl —--—------ NT--PAAMLELG---VEGVKTY IKTIGLYNSKAENT IKTCRILLE-QHNGEVPE----- et 107
MUty — —mmmmm—ee PT--VTDLANAP---LDEVLHLWTGLGY - YARARNLHKARQQVAT - LHGGKFPE==-=~ Tmmmmmmm e 107
MIG ~— ==—=====m- KC--FEDILKTP---KSEIAKDIKEIGLSNQRAEQLKELARVVIN-DYGGRVPR--~-~ N-=—mmmmm - 113
AlkA FPE--YICFPT--PQRLAAAD---PQALKAL--GM-B-LKRAEALTHLANAALEGTLEMT I PG--—=~ e 201
hOGGl  LDDVTYHGFPS--LOALAGPE--VEAHLRKL--GLGY---RARYVSASARAI LEEQGGLAWLOQLRESS=====m==m= 232
TAG  =—————-m- QFD--PVKVAAMQEEDVERLVQDAGI IRH-RGKIQAT IGNARAY LQMEQNGEPFADFVWSFVNHQPQMTQA 129

THD £) I — =
MagIIl =---—-====---- VTREWLLD-JORGIGRESPDAT LCYACAK-EVMVV-BKYSYLFLKKL-GIEI-—-—-——-—-~- EDY 167
MpgIl — ==—-—m—=——mmm- ILRERLLK--IKGIGKETROAILLYALEK-PVEVV-DSYTRRLLKRIFNIEL -~~~ ~-——~-~ NDY 174
EndoIIl -————-—————————- RAALEA-LPGVGRKTRNVVLNTAFGW-PTTAV-BTHI FRVCNRTQFAPG—-—-— K-—-—— NV 156
MUtY — ——mmmmmm—memmmee FEEVAA--{LPGVGRSTRGATLSLSLGK-HFPTL-DGNVKRVLARCYAVSG--—-~ WPGKKEVE 161
MIG ~—  ——————————— - RKAILD-LPGVGKETICAAVMC LAFGK—-KAAMV-DANFVRVINRY FGGSY—-——— ENLNYNH- 166
AlkA VEQAMKTLQT-FPGIGRWTANEFALRGHQAKDVFLPDBY LI KQRFPGM—=—=—=—==—=————— TP 250
hOGG1 YEEAHKALCI--{LPGVGTKYADEICLMALDKPQAYVPYV-DVHMWHIAQRDY SWHPTTSQORKGPSPQTN 296
TAG TTLSEIPTSTPASDALSKALKKRAFKEVETTICYBFMBAC-GL- === === === == m = e e e e e e 171
MagIII DELQHFFEKGVQENLNSALALYENTISLAQLYARFHGRIVEFSPOKLELK-—-————=—-——— - mmmmmm e 217
MpgIl  DEVQKLEMTHYPEDV===========m=mm RLYQEFHGLIVEHAKKFESKT-PKEGVEPLKKEBCHVSQ-MNGFS ===~ 232
EndoIII EQVEEKLLKVVP--—-—-————-————- AEFKVDCHEWLILHGRYTEIARKPREGSEI IEDLEEY-KEKVDI -—-—-—- 211
Muty NKLWSLSEQVTP—-—-—-—————————— AVGVERFNEAMIDLGAMIETRSKPKESLEPLONGE IARANNSWALYPGKKP 224
MIG KALWELAETLVP--—---—====—=—== GGKCRDFNLGLMDFSAT I@APRKPKEEKECMSKLESYYEKC-——-—-—-—~ 219
AlkA  AQIRRYAERW----——---—-————-—- KPWRSYALLHIRYT-——---—-——-—-- EGWQPDEA-——-—-————-——-~- - 282
hOGG1 ~ KELGNFFRSLWG--—-——————-—————- PYAGWAAV LSADLRO-————— === ———mmm oo e 325
TAG =~ ———m—mmmmm e VNBEYVGECCY PGNKP— == == === == mmmm e mm e e 187
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Fig. 3. Structure of the MagllI active site. Alkylated bases my>°A (A), and €A (B) are shown in the unbiased F,—F, annealed omit electron density
contoured at 3. The view looks down on the N/C-terminal domain from the HhH domain, with the core of the protein at the right of the figure and
the entrance to the active site at the bottom. (C) Stereo view of m,*°A bound to MaglIll shows the nucleobase stacked between the aromatic side
chains of Trp24 and Phe45 and bounded at its edges by Trp25, Pro26 and Lys211. Ordered waters are rendered as red spheres, and hydrogen-bonds

are shown as dashed lines.

The nucleobase binding pocket of Maglll

Although the HhH glycosylases utilize a common archi-
tecture to bind DNA and expose a target base, each has a
unique substrate binding pocket that is suited for a
particular type of modified base. Different nucleobase
modifications impart unique physical and chemical char-
acteristics that can be selectively recognized. The sub-
strate binding and catalytic residues of HhH glycosylases
are located in the cleft between the HhH and N/C domains
(Figure 2) (Schirer and Jiricny, 2001). MaglII’s DNA base
binding pocket was identified within this cleft by soaking
crystals with the alkylated adenine bases my>°A (Fujii
et al., 1989) and €A (Figure 3). The dialkylated base
m,>°A has a formal positive charge, mimicking the
electron-deficient state of a m3A DNA substrate prior to
cleavage of the glycosylic bond. Although €A is a poor
substrate for excision (Table II), it also binds in the pocket
(Figures 3B and 4). The bound m,>°A and €A bases were
readily identified by difference electron density calculated
from experimental MAD phases and amplitude differences
for diffraction data obtained from base-soaked and native
crystals. The resulting structures of enzyme complexes
with my*?A and €A were refined against X-ray data
extending to 1.9 and 2.1 A resolution, respectively
(Table I). F,—F. omit electron density maps calculated

4902

for both complexes show strong (>36) planar electron
density consistent with a bound purine deep within the
interdomain cleft (Figures 3A and B). No other significant
difference density (>10) is present, indicating that these
alkylated bases bind selectively to the hydrophobic pocket
that is bounded by Trp24, Trp25, Pro26, Phe45 and
Lys211 (Figure 3C).

The binding pocket of Maglll is perfectly shaped for
modified adenine bases. The side chains of Trp24 and
Phe45 pack against the faces of m,>°A and €A, whereas
the edges of the bases are contacted by Trp25 and Pro26 on
one side and by Lys211 on the other side. The difference
electron density for m,>A clearly reveals the positions of
its exocyclic amino and methyl substituents, indicating
that the base binds in one orientation (Figure 3A). The two
methyl groups of m,>°A point towards the entrance to the
active site where a DNA substrate would bind (Figure 3C
and Supplementary figure S2). MaglIl does not directly
contact the aberrant methyl group of m?A, nor does it
contact the exocyclic N° of adenine. The N® amino group
is exposed to solvent through the opening between
Lys211, Glu46 and Pro26 (Figure 3C). The m® methyl of
m,>°A donates a hydrogen bond to a water that partici-
pates in an extensive hydrogen bonding network linking
His203, Asp150 and Glu132. The orientation of the m,*A
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Table II. Glycosylase activities and DNA binding for wild-type and active site mutants of MaglIII

m3A activity? €A-C activity® m’G-T activity® DNA binding?

Kobs Relative Keat Relative Keat Relative Ky Relative

(102 min™' uM—") activity (1075 min™") activity (10~ min™") activity (uUM) affinity
WT 38.8 53 (1.0) 232 + 35 (1.0) 189.1 + 38.1 (1.0) 048 £0.10  (1.0)
DI150N 1.7 £ 0.8 0.04 n.d. <0.04 n.d. <0.40 0.54 = 0.09 0.90
E132Q 341 =72 0.90 n.d. <0.04 0.11 = 0.02 4.40
D150N E132Q 47 £ 2.6 0.10 n.d. =<0.04 0.18 £ 0.01 2.60
H203N 3014 0.08 n.d. <0.04 7.03 = 1.35 0.10
H203A 25 %05 0.07 n.d. <0.04 7.01 = 3.31 0.10
Y140F 18.7 = 3.1 0.50 122 + 2.5 0.50 0.57 = 0.10 0.80
W25F 3.1 £0.6 0.08 n.d. <0.04 1.26 = 0.13 0.40
W25A 24+ 04 0.06 n.d. <0.04 n.d. <0.40 0.80 = 0.06 0.60
K211A 1.6 £ 0.7 0.04 157 = 0.8 0.70 151.0 = 8.3 0.80 3.23 = 1.02 0.15
F45wW 584 + 1.2 1.50 41.6 = 13.0 1.80 356.5 + 53.6 1.90 1.66 = 0.70 0.30
E46K 152.8 £ 3.1 3.90 15.0 = 1.0 0.70 1584.1 = 68.5 8.40 0.06 = 0.01 8.40
F45W E46K 190.8 = 27.0 4.90 322 *+57 1.40 2312.7 £ 70.7 12.20 0.12 = 0.00 4.00
N42A 104.9 = 18.0 2.70 214 =438 0.90 146.7 = 5.0 0.80 0.13 = 0.03 3.70
F89A 29 + 0.6 0.07 204 £ 1.3 0.90 n.d. =<0.40 5.53 = 047 0.10

aSecond-order rate constants for PHJm3A release from N-[?’H]methyl-N-nitrosourea-treated genomic DNA
YFirst-order rate constants for €éA excision from a 25mer oligonucleotide duplex containing a €A-C mispair. Rates indistinguishable from a non-

enzymatic control (k = 1.0 X 10~ min™!) are labeled n.d. (none detected).

CFirst-order rate constants for m’G excision from a 25mer oligonucleotide duplex containing a m’G-T mispair. Rates indistinguishable from a non-

enzymatic control (k = 71.3 X 10> min~!) are labeled n.d.

dDissociation constants for a 25mer oligonucleotide duplex containing a 1-azaribose AP site.
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Fig. 4. Selective binding of alkylated bases to Maglll. Inhibition of
Maglll excision of m3A from genomic DNA by the modified adenine
bases my>°A (closed circles), m3A (open circles), €A (shaded triangles)
is shown, whereas adenine (crosses) did not inhibit MaglIl. The dotted
lines represent K; = 0.8 mM (modified bases) and K; = 8.8 mM
(adenine).

base is compatible with a DNA docking model that is
discussed below. The shape of the electron density
corresponding to €A suggests that it binds in two different
orientations (Figure 3B; see Materials and methods).
Although it is not well ordered, the €A base is clearly
stacked between Trp24 and Phe45 with its bulky etheno
group located between Lys211 and Pro26 but not directly
contacting the protein (Figure 3B). The inferior quality of
the electron density for this bound base suggests that the
binding pocket is not well suited for €A, consistent with
MagllII’s low activity towards this substrate (Table II).
The functional significance of the base binding pocket
identified by our crystallographic studies was tested by
measuring the potencies of alkylated and unmodified

adenine bases as inhibitors of m3A glycosylase activity.
The rate of m3A excision was measured using genomic
DNA treated with the alkylating agent N-methyl-N-
nitrosourea (Bjelland et al., 1994). This agent primarily
produces m’G and m3A lesions in DNA, and Maglll
selectively excises m3A but not m’G (O’Rourke et al.,
2000). Figure 4 shows that under the conditions of our
assay (see Materials and methods), m3A release is
effectively inhibited by the alkylated bases m,>°A, m3A
and €A (K; = 0.8 = 0.1 mM), but unaffected by adenine (K;
= 8.8 mM). The selective inhibition of m3A glycosylase
activity by alkylated DNA bases and not adenine agrees
well with the crystallographic results for nucleobase
binding.

Recognition of alkylated DNA bases

The aromatic character of Maglll’s substrate binding
pocket is particularly well suited for interactions with
alkylated bases. Other m3A DNA glycosylases like E.coli
AIKkA and human AAG feature electron-rich aromatic
active sites that could stack against electron-deficient,
ring-substituted purines (Labahn et al., 1996; Hollis et al.,
2000; Lau et al., 2000). RNA binding proteins that
specifically recognize the m’G cap of mRNAs also feature
aromatic binding pockets (Hodel et al, 1997;
Marcotrigiano et al., 1997; Mazza et al., 2002), suggesting
this is a robust strategy for the recognition of methylated
purines. Methylation or protonation of a purine enhances
the m-orbital overlap between the modified base and
aromatic side chains (Ishida et al., 1983, 1988b), creating a
more favorable stacking interaction with the methylated
base that extends beyond the surface of the methyl group
itself. Molecular orbital calculations suggest that the
strength of m—m stacking interactions between methyl-
purines and aromatic side chains decreases in the order of
tryptophan, tyrosine and phenylalanine (Ishida et al.,
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1988a). Mutational studies of the mRNA cap binding
proteins are consistent with this proposal (Hu et al., 1999;
Hsu et al., 2000; Mazza et al., 2002).

An enhanced -7 interaction with m3A could account
for MaglII’s enzymatic specificity. The adenine deriva-
tives m,>A and €A both stack between the aromatic side
chains of Trp24 and Phe45 of MagllI (Figure 3). The low
activity of MagllIl towards the neutral base €A (Table II)
could be explained by the absence of formal positive
charge (Dougherty, 1996) in the n—7 stacking interaction
between €A and Trp24/Phe45. The base stacking residue
Phe45 is a tryptophan in the closely related enzyme MpglI
(Figure 2A), which excises both m3A and m’G from DNA
(Begley et al., 1999). Substituting Phe45 with a larger
tryptophan side chain increased MaglIl’s glycosylase
activity for all alkylated substrates (Table II). This
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Fig. 5. Steric exclusion of m’G from the Maglll substrate binding
pocket. 7,9-Dimethylguanine (m,”°G) was modeled by superimposing
its purine ring onto the crystal structures of my>°A (top) and €A
(bottom) bound to Maglll. Transparent van der Waals surfaces of
m,”G (yellow), protein (gray) and waters (red) are shown. Steric
clashes between atoms are highlighted as light blue stars. The views
are the same as those in Figure 3A and B.

enhancement is evidence that aromatic stacking plays a
significant role in the recognition of alkylated bases. We
also examined the effect of the Phe45Trp mutation on m’G
excision. Low levels of m’G excision by wild-type MaglII
can be detected for a DNA substrate containing a m’G-T
mismatched base pair (Table II), whereas no detectable
excision activity was seen in the context of a m’G-C
substrate (not shown). However, the Phe45Trp mutant
MagllI did not enhance the excision of m’G-T relative to
m3A or €A (Table 1), so the tryptophan at this position
alone does not explain MpgIl’s robust m’G excision
activity.

The shape of MaglII’s substrate binding pocket suggests
why m’G is a poor substrate. After superimposing m’G
onto my>°A or €A in the crystallographic models, it is
evident there is no orientation of the m’G base that avoids
steric clashes of either the m’ methyl group with Trp25/
Pro26 or the N? amino group with Lys211 (Figure 5). One
side of the base binding pocket is bounded by the side
chain of Lys211, which is fixed by its interactions with
both Glu46 and Glu208 (Figure 3C). This restricts the size
of the binding pocket and would appear to exclude m’G.
The Mpgll glycosylase is active towards m’G and m3A
(Begley et al., 1999), yet it differs from MagIII in only two
residues within the active site, Phe45 (Trp52 in Mpgll,
discussed above) and Glu46 (Lys53 in Mpgll). The
substitution of Glu46 with a lysine would disrupt the
interaction with Lys211 and it might widen the binding
pocket to accommodate m’G. In order to test this idea, we
substituted Phe45 and Glu46 of MaglIl with the corres-
ponding residues from Mpgll. The Phe45Trp/Glu46Lys
mutant showed increased rates of excision of both m’G
and m?A in comparison to wild-type Maglll, and the
Glu46Lys substitution alone accounted for most of this
increase in activity (Table II). These amino acid substi-
tutions caused a slight selective advantage for m’G
excision relative to other substrates.

The steric exclusion of m’G from the MaglII active site
was further investigated by mutating the residues that pack
against the edges of the m,>°A base in the crystal structure
(Figure 3). Lys211 was mutated to alanine and Trp25 was
changed to either phenylalanine or alanine in order to
relieve the steric constraints on base binding. The
Lys211Ala mutant exhibits a 25-fold reduction in the
observed rate of m?A excision, measured by necessity
under subsaturating conditions (see Materials and meth-
ods). Under saturating conditions, the rate of m’G-T
release was unaffected by the Lys211Ala mutation
(Table II), giving the appearance that Lys211 selectively
affects m3A excision. However, the Lys211Ala mutant
exhibited a 10-fold reduction in DNA binding affinity
(Table II). It seems likely that, under the conditions of our
assay, decreased m3A excision activity resulted from the
compromised DNA binding activity of Lys211Ala. Trp25

Fig. 6. Characteristics of the substrate binding pockets from purine-specific HhH glycosylases. (A) MaglIll-m,3A, (B) AlkA bound to 1-azaribose
AP-DNA (Hollis ef al., 2000), (C) Oggl bound to 08G-DNA (Bruner ef al., 2000), (D) MutY-adenine (Guan et al., 1998), and (E) TAG (Drohat ef al.,
2002). Each protein was aligned to give the same views into the substrate binding pocket from the perspective of the incoming DNA (golden sticks).
At the left side of the figure are stereo views showing the specific contacts important for base recognition. Transparent van der Waals surfaces of
substrate bases are colored green, and protein surfaces are colored according to electrostatic potential (blue, positive; red, negative). At the right side
of the figure are the solvent accessible surfaces of the binding pockets colored according to electrostatic potential (GRASP, Nicholls et al., 1991).

Substrate bases are white.
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is located at the opposite side of the binding pocket, where with phenylalanine or alanine caused a loss of detectable
it is important for positioning the m3A base and/or for glycosylase activity, even though the mutants are compe-
stabilizing the fold of the pocket. The substitution of Trp25 tent to bind to DNA (Table II).

4905



B.F.Eichman et al.

Previous studies have attributed the enzymatic specifi-
cities of the HhH glycosylases to the shape and chemical
characteristics of their active sites (Figure 6). The
proposed binding pockets of the pyrimidine-specific
glycosylases Endolll (Thayer et al., 1995) and MIG
(Mol et al., 2002) are narrower than those of purine-
specific glycosylases, consistent with activity towards
smaller pyrimidine bases. The narrow substrate binding
pocket of Oggl is shaped to interact with every accessible
face of its 083G substrate except at the 8-oxo carbonyl
substituent (Figure 6C), and this arrangement is consistent
with accommodation of the ring-opened 7,8-dihydro-8-
oxoguanine (Bruner et al., 2000). In contrast, the wide
active site cleft of the broadly specific AlkA glycosylase
(Figure 6B) can stack against alkylated bases of many
different shapes and sizes (Labahn ez al., 1996; Yamagata
et al., 1996). Specific hydrogen bonding interactions with
substrate bases also contribute to selectivity. For example,
the adenine-specific HhH glycosylase MutY forms two
bidentate hydrogen bonds with the Watson-Crick and
Hoogsteen faces of adenine (Figure 6D) (Guan et al.,
1998). The direct read-out of 08G by Oggl is accom-
plished by a hydrogen bond between the protein and the
protonated N7 nitrogen of the modified base 03G (Bruner
et al., 2000). Likewise, it has been proposed that the m3A-
specific TAG glycosylase (Figure 6E) gains specificity
through hydrogen bonding interactions with the N1, N°®
and N7 nitrogens of m3A (Drohat et al., 2002). It is
therefore surprising that MagIll does not recognize
adenine bases specifically through hydrogen bonding
interactions, nor does it directly contact the alkylation-
specific features of substrates. How, then, does Maglll
bind selectively to uncharged, alkylated bases m3A and €A
but not to unmodified adenine (Figure 4)? The alkyl
substituents alter the shape and increase the size and
hydrophobicity of adenine. It could be that the increased
surface area of the modified base stacking face contributes
adequate binding energy to discriminate against adenine,
provided that the shape of the base fits inside the pocket. It
is evident that active site features other than specific
hydrogen bond donors/acceptors, (but) including the
shape, aromaticity and electrostatic potential, are likely
to be key determinants for the selective binding of
substrates to MaglII.

A DNA binding model

The electrostatic potential landscapes of the HhH
glycosylases (Figure 2C) no doubt contribute to their
interactions with DNA substrates, and the entrance to
MaglII’s nucleobase binding pocket is strikingly electro-
negative (Figure 6A). The HhH motif contributes several
acidic residues (Asp150, Glul32), which are required for
efficient base excision activity (Table II). Both MaglII and
the m3A-specific glycosylase TAG have an acidic patch
surrounding their base binding pocket, in contrast to other
HhH glycosylases (Figures 2C and 6). This charged patch
might be important for the selection of positively-charged
m3A nucleotides by assisting in their exposure from DNA
during base-flipping. After base-flipping, the physico-
chemical constraints of the base binding pocket would
further restrict the catalytic specificity of MaglIl for
m3A.

4906

Crystal structures of AIkA (Hollis et al., 2000) and
Oggl (Bruner et al., 2000) in complex with DNA show a
common mode of DNA binding and base-flipping.
Residues from the HhH motif (Figure 2A) and a nearby
positively charged patch of residues (Figures 2C and 6)
anchor the DNA against these enzymes and an intercalat-
ing side chain occupies the gap in the DNA left by the
flipped-out nucleotide. Both enzymes bend the DNA by
approximately 70° and this conformation is stabilized by
the partial intercalation of a proline (AlkA) or tyrosine
(Oggl) that wedges into the non-lesioned DNA strand
opposite the flipped out nucleotide.

The crystal structure of Maglll is consistent with this
general model of DNA binding by HhH glycosylases.
DNA from the AlkA or Oggl complexes superimposes
well onto the fold of MaglII (Supplementary figure S2A).
The DNA in this docking model has a few unfavorable
clashes with MaglIl that can be relieved by a small
adjustment to the DNA model. Nearby residues from the
HhH motif and positively charged residues flanking the
active site cleft are positioned to make favorable inter-
actions with the DNA. In the docking model, the side chain
of Asn4?2 intercalates into the gap left by the flipped-out
nucleotide, and Phe89 wedges between bases on the non-
lesioned strand at the position of a sharp kink in the DNA
(Supplementary figure S2B). The deoxyribose ring of the
flipped-out nucleotide sits neatly inside the active site cleft
next to Aspl50, Glul32, Tyrl152, Thr40 and several
ordered water molecules (Figure 3C). The C1’ carbon of
the modeled deoxyribose lies in the plane of the m,3°A
base complexed to Maglll. However, the free base is
located deep in the binding pocket, ~4 A away from C1’ of
the flipped-out nucleotide. This suggests that, following
cleavage of the glycosylic bond, the product base can
move further into the binding pocket, possibly exiting the
active site through an opening located between Pro26 and
Lys211 (Figure 3C) before dissociation of the abasic DNA
product.

The DNA docking model was used as a guide for
mutational studies of MaglIl’s DNA binding and glyco-
sylase activities. The DNA binding affinities of wild-type
and mutant MaglII enzymes for duplex DNAs containing a
1-azaribose abasic (AP) site were measured by a fluores-
cence anisotropy assay (Table II; Supplementary
figure S3B). The positively-charged 1-azaribose
(C1’—>N) and pyrrolidine (O4’—N) AP-DNAs are potent
inhibitors of many DNA glycosylases that were designed
to mimic the positive charge of the proposed transition
state for hydrolysis of the glycosidic bond (Schirer et al.,
1995; Makino and Ichikawa, 1998). It is striking that
MagllI binds to the 1-azaribose AP site (Kyg = 0.5 uM;
Table II) with >6-fold greater affinity than to the
pyrrolidine AP analog (Kq > 3 uM; data not shown).
Compared with other HhH glycosylases, MaglIl binds
weakly to the tetrahydrofuran AP site (K4 >4 uM) and the
enzymatically generated, unreduced AP site (K4 > 16 uM).
This intriguing result suggests that MaglII forms stabiliz-
ing interactions with the 1-azaribose AP site that are
absent from other AP-DNA complexes. Based on the
DNA docking model, the candidate interactions between
MaglIl and the flipped-out deoxyribose are water-medi-
ated contacts with His203, Asp150 and Glul32, as well as
direct contacts to Glul32 or Thr40 (Supplementary



figure S2B). Substitution of Glul32 with glutamine
actually increased the binding affinity for the 1-azaribose
DNA about 4-fold (Table II), probably by relieving an
unfavorable interaction between Glul32 and a DNA
phosphate located ~3 A away in the docking model.
Replacing Asp150 with asparagine had no effect on DNA
binding. In contrast, the substitution of His203 with either
asparagine or alanine decreased DNA binding affinity by
>14-fold (Table II). These amino acid changes are
expected to disrupt water-mediated interactions between
His203 and the deoxyribose.

Several other residues located at the DNA binding
interface affect MaglII’s affinity for DNA. The loss of a
DNA phosphate contact predicted by the docking model
(Lys211Ala mutant) decreases affinity for DNA, whereas
substituting Glu46 with a positively-charged side chain
(Glud46Lys mutant) increases DNA binding affinity
(Table II). Unexpectedly, the Asn42 side chain, which is
predicted to intercalate into the gap left by the flipped-out
nucleotide, actually seems to interfere with DNA binding.
The Asn42Ala mutant binds 4-fold more tightly than wild-
type Maglll to the 1-azaribose AP-DNA (Table II). This
result might be indicative of an unfavorable equilibrium
for flipping the substrate nucleotide from DNA bound by
wild-type Maglll. This is consistent with low levels of
Maglll activity towards some modified bases only in the
context of a mismatch (¢A-C and m’G-T, Table II; U-T, not
shown). The Phe89 ‘wedge’ that is predicted to engage the
non-lesioned strand and stabilize a bend in the DNA bound
to MagllI contributes to DNA binding affinity. Mutating
Phe89 to an alanine causes a 10-fold reduction in AP—
DNA binding affinity (Table II). This is the first demon-
stration of the importance of this DNA-wedging residue in
any HhH glycosylase.

Enzymatic catalysis of base excision

In the HhH glycosylases, a conserved aspartic acid located
8-9 residues C-terminal to the HhH motif (Figure 2A)
contributes to the base excision activity of all enzymes that
have been examined (Thayer et al., 1995; Labahn et al.,
1996; Guan et al., 1998; Mol et al., 2002; Norman et al.,
2003). This aspartate could function as a general base,
activating a water or protein nucleophile for attack of the
C1’ anomeric carbon (Thayer et al., 1995; Nash et al.,
1997), or the aspartate might directly stabilize a carboca-
tion intermediate formed during cleavage of the glycosylic
bond (Hollis et al., 2000). The enzymatic contributions of
the conserved aspartate (Aspl150) and nearby glutamate
(Glu132), which occupies the position of the lysine
nucleophile of Oggl (Nash et al., 1997) and Endolll
(Thayer et al., 1995), were examined by mutational
studies. Mutating Asp150 to the isosteric residue aspar-
agine decreased the rates of m3A and €A excision by at
least 25-fold (Table II; below the detection limit of our €A
excision assay). This MaglIl mutant retains substantially
greater base excision activity than analogous aspartate
mutants of other HhH glycosylases (Thayer et al., 1995;
Labahn et al., 1996; Guan et al., 1998) (see Supplementary
figure S3A). A relatively modest effect on base excision
activity has also recently been reported for mutations of
the analogous Asp268 in Oggl (Norman et al., 2003),
suggesting that the conserved catalytic aspartate residue
could play different roles during base excision by different

3-methyladenine DNA glycosylase substrate specificity

HhH glycosylases. The Glul32GIn mutation did not
measurably affect m3A excision and it reduced an already
modest €A excision activity to undetectable levels
(Table II). The residual glycosylase activity of the
Asp150Asn mutant was unaffected by the additional
mutation of Glul32 (Aspl50Asn/Glul32GIn double
mutant), and we conclude that Glul32 contributes little
to enzymatic catalysis by MaglII. Although Asp150 has a
significant role in catalysis (Table II), it is not essential for
measurable glycosylase activity. This may indicate that
less catalytic assistance is required for cleavage of the
labile glycosylic bond of m3A (Berdal et al., 1998).

Conclusions

The crystal structures of H.pylori Maglll bound to
alkylated bases provide the first structural information
for understanding the selection of methyladenine lesions
targeted for base excision by this and related HhH
glycosylases. MagllIl appears to stabilize a flipped-out
m3A substrate in its active site by stacking the base
between aromatic side chains of the base binding pocket,
and without making hydrogen bonding interactions with
the modified base. A major product of DNA methylation,
m’G, is sterically excluded from the binding pocket of
MagllIl. The results of mutational studies support these
conclusions based on the crystal structure, and they reveal
the importance of, but not an absolute requirement for,
the conserved aspartate (Aspl50) in the base excision
reaction.

Materials and methods

Maglll purification and crystallization
Maglll was expressed as a GST-fusion protein in E.coli JM109 cells at
16°C and affinity purified using Glutathione Sepharose 4B resin
(Pharmacia). After cleavage of the GST-tag, MaglII was further purified
by heparin affinity chromatography, followed by anion exchange on
Source Q resin (Pharmacia). The protein was >99% pure at this stage, but
further purification by gel filtration was necessary to obtain high-quality,
diffracting crystals. MaglII was concentrated to 4 mg/ml in 20 mM Tris
buffer (pH 7.5), 100 mM NaCl, 2 mM DTT and 0.1 mM EDTA.
Crystals of Maglll were grown by vapor diffusion at 4°C using a
reservoir solution containing 25% PEG 4000 and 100 mM HEPES buffer
(pH 7.0). Drops containing equal volumes of protein (4 mg/ml) and
reservoir solution plus 2% 2-methyl-2,4-methylpentanediol (MPD) were
equilibrated against reservoir which contained no MPD. The crystals
grew as thin rods (~500 X 60 X 20 um?3) in 1-2 days.

X-ray data collection, phasing and structure refinement

Prior to X-ray data collection, crystals were equilibrated at 4°C for 6 hin a
harvest solution containing 28% PEG 4000, 100 mM HEPES buffer
(pH 7.0) and 10% MPD and flash frozen in liquid nitrogen. Native
diffraction data (Table I) were collected at Station A-1 at the Cornell High
Energy Synchrotron Source (Ithaca, NY) and processed with DENZO/
SCALEPACK from the HKL2000 package (Otwinowski and Minor,
1997). The crystals belong to space group C2 with unit cell dimensions
a=146.61 A, b =44.40 A, ¢ = 81.52 A and B = 106.40°. Two MaglII
protein molecules that are related by translational symmetry occupy the
asymmetric unit.

Experimental X-ray phases were obtained from a multiwavelength
anomalous diffraction (MAD) experiment using a single crystal that was
soaked for 60 h at 4°C in harvest solution containing 0.2 mM ethyl
mercury phosphate. Diffraction data (Table I) were collected at energies
corresponding to the peak, inflection point and a high-energy remote
setting near the Ly edge of mercury at Beamline X-12C at the National
Synchrotron Light Source (Upton, NY). Two Hg atoms were evident in
anomalous difference Patterson maps and they were positioned in the
asymmetric unit using the program SOLVE (Terwilliger and Berendzen,
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1999) (www.solve.lanl.gov). The Hg positions were refined and phases
calculated to 2.7 A using MLPHARE from the CCP4 package
(Collaborative Computational Project, 1994). Solvent flattening using
data from 50-2.7 A was carried out with RESOLVE (Terwilliger, 2000),
which resulted in a figure of merit of 0.60 and produced easily
interpretable electron density maps. The Maglll model was built
manually into the experimentally phased electron density using
XtalView/Xfit (McRee, 1999). i

The model was refined using all the X-ray data (25-1.64 A) with a
maximum likelihood target for experimental phases, as implemented in
REFMAC 5.1 (Murshudov et al., 1997) (Table I). Improvements to the
model were made by manual inspection of c5-weighted 2mF,-DF, and
mF,-DF. electron density maps, and they were judged successful by a
decrease in Ry during refinement. Translation/libration/screw-rotation
(TLS) refinement in REFMAC was used to model anisotropic motion of
each protein domain (four in total). Individual anisotropic B-factors were
derived from the refined TLS parameters and held fixed during
subsequent rounds of refinement, which resulted in a 2% decrease in
both R and Rg.. and a noticeable improvement in the electron density
maps.

The structures of my>°A and €A bound to MagIIl were determined by
soaking crystals for 16 h at 4°C in harvest solution containing either
50 mM m,>°A-HCI or 2 mM ¢€A. Diffraction data from cryocooled
crystals were collected on a rotating anode Cu-Kow X-ray source. The
nucleobases were identified by Fyoa—Fnat, dmap difference Fourier maps
and positioned into F,—F, density after refinement of the native structure
against data collected on soaked crystals. F,—F, annealed omit electron
density showed m,>°A to be well-ordered, and €A to be disordered in the
plane of the base. Four possible €A orientations were modeled and
subsequently refined. The unbiased F,—F. omit and refined 2F,—F. and
F,—F. maps, as well as the behavior of Ry after refinement, show two
predominant orientations of €A in which the base is flipped about its long
axis.

The model coordinates, experimental phases and structure factor
amplitudes for native, my*>?A- and eA-bound MagllII structures have been
deposited in the Protein Data Bank under accession numbers 1PU6, 1PU7
and 1PUS, respectively.

Mutagenesis, enzyme activity and DNA binding

Mutations were made in the MaglII expression plasmid using the Quik
Change Site-Directed Mutagenesis kit (Stratagene), and they were
verified by DNA sequencing. Mutant proteins were expressed and
purified the same as the wild-type enzyme, but without the final gel
filtration step.

DNA glycosylase activity assays for m3A excision (Supplementary
figure S3A) were performed similarly to the method previously described
(O’Rourke et al., 2000). The reaction mixture (50 pl) contained 3 uM
enzyme and 3000 c.p.m. of N-[*H]methyl-N-nitrosourea-treated calf-
thymus DNA in activity buffer (50 mM HEPES buffer (pH 7.5), 100 mM
KCl, 10 mM DTT, 1 mM EDTA). Reactions were incubated at 37°C and
terminated at various time points by ethanol precipitation of the DNA.
The release of radioactive bases into the soluble fraction was quantitated
by liquid scintillation counting. Rate constants were determined from
single-exponential fits to data from three experiments. For this assay, the
enzyme concentration was subsaturating with respect to substrate at the
highest concentration of enzyme tested (15 uM). The failure to saturate
might be caused by non-specific binding of MaglII to the vast excess of
unmodified bases in the genomic DNA substrate. The observed second-
order rate constants were shown to be linearly dependent on enzyme
concentration up to at least 15 uM, and therefore reflect both binding and
catalysis under these conditions.

The inhibition of m3A activity by modified adenine bases was
measured using the same assay after pre-incubating 3 uM MagllIl with
m,>A, m3A, €A or adenine at different concentrations up to the solubility
limit (Figure 4). The inhibition constant (K;) for each base was
determined by fitting the data using the equation kops = kmax/(1 + [I]/
K;), where k. is the maximum rate in the absence of inhibitor (I).

Maglll activity towards €A and m’G was measured by alkaline
cleavage of the AP-DNA product of base excision from a 25mer
oligonucleotide duplex containing either ¢A-C or m’G-T mismatches.
Oligonucleotides containing €¢A were chemically synthesized, while m’G
was incorporated enzymatically using the appropriate primer/template
and DNA polymerase I Klenow fragment (New England Biolabs)
(Asaeda et al., 2000). The oligonucleotide carrying the modified base (X)
in the sequence 5-GACTACTACATGXTTCCCTACCATT was 32P-
labeled at the 5’-end and annealed to excess complementary strand (5’-
ATGGTAGGGAAYCATGTAGTAGTCA) containing the mismatched
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pyrimidine Y. In a 10 pl reaction, 2 nM radiolabeled DNA duplex was
incubated with 3 UM enzyme in activity buffer. The reaction was stopped
at various times by addition of 0.2 N NaOH, and heated at 70°C for
10 min. Products and remaining substrate were separated by denaturing
polyacrylamide gel electrophoresis and quantitated by autoradiography.
Rate constants were calculated from exponential fits to data from three
experiments. Under the conditions of this assay, the enzyme concentra-
tion is saturating with respect to enzyme.

DNA binding was measured by following an increase in fluorescence
anisotropy as protein was added to a fluorescently-labeled oligonucleo-
tide (Supplementary figure S3B). Using the same 25mer DNA sequence
described above, AP-containing oligonucleotide (X) was annealed in
excess to the complementary strand (Y = C) containing a 6-
carboxyfluorescein moiety at the 3’-end. Maglll was added over the
concentration range of 0.05-5 UM to a solution containing 25 nM DNA
duplex in activity buffer. Polarized fluorescence intensities using
excitation and emission wavelengths of 495 and 515 nm were measured
for 20 s (1/s) and averaged. Anisotropy (r) was calculated using the
equation 7 = (Ipa—Iperp)/(Ipart2lperp), Where I, and I, are the observed
fluorescence intensities recorded through polarizers oriented parallel and
perpendicular, respectively, to the direction of vertically polarized light.
Dissociation constants (Ky) were derived by fitting a simple two-state
binding model to data from three experiments using Kaleidagraph 3.5
(Synergy Software, PA).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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Figure S1. The carbamylated lysine interaction. Side chains and surrounding waters within
the N/C-terminal domain that contact the carbamylated lysine from helix M are fit to the
final ca-weighted 2mF,-DF. electron density map (contoured at 1.55). The carboxylate
added to Lys205 counterbalances the high concentration of positive charge in this region
of the protein, and bridges adjacent residues with hydrogen bonds (dashed lines) that stabilize
the fold of the N/C domain.



Figure S2. Theoretical model of DNA bound to MaglIl. The DNA from the AlkA-DNA
crystal structure (Hollis ez al., 2000) was docked onto the MaglIII-m,*’A structure by

superimposition of the two protein backbones. (A) Two orthogonal views of DNA modeled
onto the solvent accessible surface (GRASP, Nicholls ez al., 1991) of Maglll show the
flipped DNA ribose threaded into the negatively charged (red) active site entrance, and the
DNA backbone contacting a positively charged (blue) face of the protein. The DNA atoms
are colored gold, and the m,*’A base is colored according to atom type (white carbons, blue
nitrogens). Putative DNA intercalating side chains Asp42 (N) and Phe89 (F) are labeled.
(B) Stereoscopic view of the DNA model (yellow) inside the active site. The orientation
of the model is similar to the figure on the right in panel A. Maglll is depicted as a red
ribbon with blue active site side chains. The bound m,™’A base is colored green, and ordered
waters are shown as red spheres. The separation between the nucleobase m’ methyl and
the C1' of the flipped DNA ribose (each colored black) is highlighted with a double-headed
arrow. Several potential contacts between active site residues and the DNA model are shown
as dashed lines. Effects on base excision and DNA binding activity of MagllI as a result

of mutating these residues are described in the text.
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Figure S3. DNA glycosylase and binding activities of MaglIl. Experimental details and

curve fitting are described in Materials and Methods. (A) m*A activity. Enzymatic (circles)

and non-enzymatic (crosses) release of [’H]-m’A from alkylated genomic DNA as a function

of time is shown for wild-type (filled circles) and Asp150Asn mutant (open circles) forms

of Maglll. (B) DNA binding. The fluorescence anisotropy was measured while increasing

amounts of wild-type (closed symbols) and mutant (open symbols) forms of MaglII was

added to fluorescein-labeled oligonucleotides containing a 1-azaribose AP site. As a control,

binding of wild-type MagllI to oligonucleotides containing no AP site (crosses) was also

measured.
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Figure S4. The HhH superfamily of DNA glycosylases. Schematic representations of the crystal and NMR structures (referenced in the text)
are shown at the top of the figure. Helices are shown as red and yellow (HhH motif) cylinders, B-sheets as light blue arrows, and FesS, clusters
as golden CPK spheres. Side chains of functionally significant active site residues are rendered as sticks, with the conserved aspartic acid colored
dark blue. At the bottom of the figure are the solvent accessible surfaces (GRASP, Nicholls ef al., 1991) colored according to electrostatic potential
(blue, positive; red, negative). The substrate binding pockets at the domain interface are circled. The structures have been rotated ~90° with

respect to the cylinder models.
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