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ABSTRACT

DNA glycosylase MutY plays a critical role in sup-
pression of mutations resulted from oxidative dam-
age, as highlighted by cancer-association of the hu-
man enzyme. MutY requires a highly conserved cat-
alytic Asp residue for excision of adenines misin-
serted opposite 8-oxo-7,8-dihydroguanine (OG). A
nearby Asn residue hydrogen bonds to the catalytic
Asp in structures of MutY and its mutation to Ser
is an inherited variant in human MUTYH associ-
ated with colorectal cancer. We captured structural
snapshots of N146S Geobacillus stearothermophilus
MutY bound to DNA containing a substrate, a transi-
tion state analog and enzyme-catalyzed abasic site
products to provide insight into the base excision
mechanism of MutY and the role of Asn. Surpris-
ingly, despite the ability of N146S to excise adenine
and purine (P) in vitro, albeit at slow rates, N146S-
OG:P complex showed a calcium coordinated to the
purine base altering its conformation to inhibit hy-
drolysis. We obtained crystal structures of N146S Gs
MutY bound to its abasic site product by removing
the calcium from crystals of N146S-OG:P complex to
initiate catalysis in crystallo or by crystallization in
the absence of calcium. The product structures of
N146S feature enzyme-generated �-anomer abasic
sites that support a retaining mechanism for MutY-
catalyzed base excision.

GRAPHICAL ABSTRACT

INTRODUCTION

The DNA glycosylase MutY prevents accumulation of G:C
to T:A transversion mutations resulting from oxidation of
guanine (G) to 8-oxo-7,8-dihydroguanine (OG) (1). During
DNA replication, the syn conformer of OG directs the mis-
incorporation of adenine to form stable OG:A mispairs that
evade fidelity mechanisms of the replicative polymerases
(2). MutY (MUTYH in humans) recognizes OG:A mis-
pairs and removes the undamaged adenine as the first step
in restoration of G:C base pairs (bp) through base excision
repair (BER). Failure to repair OG:A mispairs by inher-
ited variants of MUTYH has been linked to the colorectal
cancer predisposition syndrome MUTYH-associated Poly-
posis (MAP) (3,4). Providing a structural and mechanis-
tic rationale for MAP variant dysfunction and magnitude
has been a major impetus for fully elaborating molecular
features of OG:A recognition and A excision by MutY en-
zymes.

Insight into the adenine excision mechanism of MutY
has been gleaned through site-directed mutagenesis, kinetic
isotope effect measurements, X-ray crystallography and
stereochemical determination of methanolysis products (5–
9). Taken together, the available information indicates an
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SN1-like mechanism for MutY with retention of stereo-
chemistry, reminiscent of mechanisms proposed for ‘retain-
ing’ O-glycosidases (Figure 1A) (10–12). Key features of
the most up-to-date mechanism are protonation of N7 of
adenine by the catalytic glutamic acid residue (Glu43 in Gs
MutY), and formation of a transient covalent intermediate
with the catalytic residue Asp144 to C1′ of the deoxyribose
sugar to stabilize the oxacarbenium ion as the base departs
(7). The transient acetal intermediate is hydrolyzed by a wa-
ter nucleophile activated by Glu43 to form the abasic site
product. Despite the acceptance of such mechanisms for O-
glycosidases, similar retaining mechanisms have not been
widely considered for BER N-glycosylases (Figure 1A).

Structural inspiration for a retaining MutY mecha-
nism originated from the X-ray crystal structure of DNA
containing a pyrrolidine transition state analog (TSA),
1N, complexed with thermophilic Geobacillus stearother-
mophilus (Gs) MutY (TSAC-OG:1N, PDB ID 6U7T) (7).
In the TSAC-OG:1N structure, the catalytic residue Asp144
was shown to be in close contact with N1′ of 1N (Fig-
ure 1B, C), and a water molecule was positioned on the
opposite side interacting with the catalytic Glu43 residue.
Conspicuously, the active site residue Asn146 is proximal
to Asp144, suggesting a role as a ‘second sphere’ modula-
tor of catalytic activity by aligning and tuning the Asp144
nucleophile (6,7). In addition, Asn146 interacts with the 5′
phosphate group of the target nucleotide suggesting roles
in positioning the substrate for catalysis. Notably, mutation
of Asn146 to a serine corresponds to MAP variant N238S
in MUTYH (13,14). The prominent positioning of Asn146,
and the correlation with mutations at this position in MU-
TYH in MAP, suggested to us that N146S Gs MutY may be
leveraged to unveil new structural insights into the MutY
mechanism.

Herein, we report detailed in vitro kinetics and binding
experiments of N146S Gs MutY (or the equivalent variant
in E. coli MutY; N140S), along with several X-ray crys-
tal structures with DNA substrate, transition state mimic
and enzyme-generated abasic (apurinic/apyrimidinic; AP)
product. N146S Gs MutY and N140S Ec MutY retained
activity with OG:A substrates and with an alternative sub-
strate OG:P (where P = purine) (Figure 1C), albeit signif-
icantly reduced compared to the wild type (WT) enzyme.
The structure of N146S Gs MutY bound to the transi-
tion state analog OG:1N was nearly identical to that of
the WT enzyme with increased distances of the introduced
Ser to Asp144 and the phosphate of the DNA, consistent
with removal of key H-bonds originally established with
side chain of Asn146. Unexpectedly, we captured N146S
Gs MutY in complex with the OG:P substrate with the N-
glycosidic linkage to purine intact. The replacement of Asn
with the Ser residue allowed a Ca2+ ion to coordinate to
the substrate in the active site and apparently inhibit exci-
sion of the base. We obtained structures of N146S Gs MutY
bound to its enzyme-catalyzed OG:AP site product using
three different strategies: (1) replacement of Ca2+ with Na+

during crystallization, (2) addition of Ca2+ to the reaction
mixture incubated for an extended time and (3) soaking
the trapped substrate complex crystals in EGTA contain-
ing solution for Ca2+ removal. All product structures re-
vealed formation of the � anomer AP site consistent with

retention of configuration that significantly extends support
for a double-displacement mechanism involving catalytic
residues Asp144 and Glu43.

MATERIALS AND METHODS

Oligonucleotide synthesis and purification

The (3R,4R)-3-hydroxy-4-(hydroxymethyl) pyrrolidine-1-
ium phosphoramidite (1N) was synthesized as previously
described (15). The phosphoramidites of 8-oxo-dG, 2′-F-
A and 2′-deoxynebularine were purchased from Glen Re-
search. The commercially available FA phosphoramidite
that constitutes the ribo configuration of the fluorosugar
was used in the binding experiments. The 1N, OG (8-
oxo-7,8- dihydroguanosine), A, FA (2′-deoxy-2′-fluoro-
adenosine) and Purine (2′-deoxynebularine) containing
oligonucleotides were synthesized at the University of Utah
core facility. OG-containing oligonucleotides were cleaved
from the column and deprotected using ammonium hydrox-
ide with 0.25 M �-mercaptoethanol for 17 hours at 55◦C.
All oligonucleotides were HPLC purified using Dionex ion
exchange column and desalted with a Sep-Pak C18 de-
salting cartridge (Waters). Oligonucleotide integrity was
confirmed by matrix-assisted laser-desorption/ionization
(MALDI) mass spectrometry at the UC Davis Mass Spec-
trometry Facility:

Duplex 1 (5′-TGTCCAXGTCT-3′:3′-CAGGTYCAGA
A-5′) where X is 1N or P and Y is OG. Duplex 2 (5′-CTG
TAACGGGAGCTXGTGGCTCCATGATCG-3′:3′’-G
ACATTGCCCTCGAYCACCGAGGTACTAGC-5′)
where X is A, P or FA and Y is OG.

Enzyme preparation

The single point N146S and N140S mutations in Gs
MutY and Ec MutY respectively were created using liga-
tion independent cloning with PCR primers (16,17). The
pET28a vector encoding either WT or N146S Geobacil-
lus stearothermophilus (Gs) MutY with N-terminal His6-tag
were overexpressed at 30◦C in BL21(DE3) Rosetta II E. coli
cell lines transformed with the pRKISC plasmid that en-
codes iron-sulfur cluster cofactor assembly proteins (18). Gs
MutY was purified using Ni+2-NTA (Qiagen), MonoQ (GE
Healthcare) and Superdex 200 (GE healthcare) chromatog-
raphy columns as similarly described previously (7,19). Tag-
less N140S Ec MutY in pKK223 vector was overexpressed
in JM101 mutY−E. coli cells and purified as previously de-
scribed (20). The crude extract was separated from nucleic
acids by streptomycin sulfate precipitation which was fol-
lowed by precipitation of proteins with 40% ammonium
sulfate. N140S variant was then further purified by using
HiPrep 26/10 desalting (Pharmacia), HiTrap SP HP cation-
exchange (GE healthcare), and HiTrap Heparin HP cation
exchange (GE healthcare).

Determination of glycosylase activity

The rate constants for Gs and Ec MutY were measured by
using previously described glycosylase assay methods (21).
To determine the rate constant of adenine removal, k2, and
the rate constant describing product release, k3, a 30 base
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Figure 1. Active site structure and mechanism of MutY. (A) Retaining mechanism of adenine excision by DNA glycosylase MutY is an SN1-like mechanism
with formation of a covalent MutY-DNA intermediate (7). (B) The hydrogen bond network between the nucleotide and active site residues shows the
interaction between Asn146 and Asp144 (TSAC-OG:1N, PDB ID 6U7T) (7). (C) The structure of substrate purine (P) and pyrrolidine transition state
analog (1N) used in this work.

pair Duplex 2 with a central OG:A mismatch was utilized.
The 5′-end of the A-containing strand is radiolabeled us-
ing � -32P-ATP and T4 Polynucleotide Kinase (NEB) and
annealed to its complementary strand containing OG in
a buffer solution containing 20 mM Tris pH 7.6, 10 mM
EDTA and 150 mM sodium chloride. The 20 nM duplex
was incubated with enzyme at 60◦C for Gs and 37◦C for
Ec MutY with final reaction conditions of 20 mM Tris pH
7.6, 10 mM EDTA, 0.1 mg/ml bovine serum albumin (BSA)
and 30 mM NaCl. Reactions were performed at 60◦C since
the thermophilic homolog Gs MutY has optimal activity
at higher temperatures (22). The aliquot removed from the
reaction at certain time points is quenched with sodium hy-
droxide to introduce a single DNA strand break at the aba-
sic site forming a 14-nucleotide (nt) product strand. The un-

processed 30-nt substrate strand is separated from the prod-
uct strand using a denaturing PAGE for quantification. A
rapid quench flow instrument (Kintek) was used for reac-
tions faster than that can be measured with manual kinet-
ics where k2 > 2 min−1. Enzyme concentrations of 4, 8 and
12 nM were used for glycosylase assays performed under
multiple turnover conditions to measure k3 values. The rate
constant of adenine removal, k2, was measured under single
turnover (STO) conditions using enzyme concentrations of
120 nM for WT Gs, 100 nM for N146S Gs, 40 nM for WT Ec
and 100 nM for N140S Ec MutY. The metal inhibition test
was performed using glycosylase assays under STO condi-
tions with 30 min reaction incubation of OG:A containing
radiolabeled DNA with excess enzyme. To obtain the pH
profiles of WT and N146S Gs MutY, the glycosylase assay
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was performed at each pH condition in the range of 4–10.5
with final reaction conditions of 20 mM pH buffer, 5 mM
EDTA, 0.1 mg/ml bovine serum albumin (BSA) and 30 mM
sodium chloride (23). Sodium acetate was used as a buffer
in the reaction for pH range of 4–5.5, MES for 5.5–6.5 and
Tris-HCl for pH conditions higher than 6.5 as previously
described for Ec MutY. The slow rates at pH 4 for N146S
were calculated from the initial rates of three time points.

Electrophoretic mobility shift assay (EMSA)

The DNA binding affinity was measured by using elec-
trophoretic mobility shift assays (EMSA) for Ec MutY us-
ing previously described procedures (24). The 5′-end of radi-
olabeled 2′-F-A containing strand was annealed to its com-
plementary strand with OG and a DNA master mix was
prepared in buffer containing 40 mM Tris pH 7.6, 2 mM
EDTA, 200 M sodium chloride, 20% (w/v) glycerol, 0.2
mg/ml BSA, 2 mM DTT and 20 pM of radiolabeled Du-
plex 2. Equal volumes of DNA master mix were combined
with enzyme in decreasing concentrations (prepared at 4◦C
in dilution buffer containing 20 mM Tris pH 7.6, 10 mM
EDTA and 20% glycerol) and incubated for 30 min at 25◦C.
The enzyme bound DNA was separated from the unbound
DNA using 6% nondenaturing polyacrylamide gel ran with
0.5X TBE buffer at 120 V for 2 hr at 4◦C. The gels were
dried and quantified, and the data was fit to single binding
isotherm model to derive the dissociation constant, KD.

Crystallization and structure determination

Crystals of MutY complexed to DNA were obtained by
hanging-drop vapor diffusion complemented by micro-
seeding. Typically, N146S Gs MutY was mixed in equal vol-
ume with Duplex 1 and incubated for 30 min at room tem-
perature to yield a final solution comprising 175 �M pro-
tein, 263 �M DNA, 15 mM Tris pH 7.6, 100 mM sodium
chloride and 2.5 mM �-mercaptoethanol. Crystallization
well solutions consisted of 100 mM Tris pH 8.5, 14% (w/v)
PEG 4000, 500 mM calcium acetate, 2% (v/v) ethylene gly-
col, and 5 mM �-mercaptoethanol. The Ca-free crystals
were obtained with crystallization solutions containing 100
mM Tris pH 8.0, 29% (w/v) PEG 4000 and 250 mM sodium
acetate, a condition previously described in the literature
for MutY crystallization (25). Crystals grew from reactions
prepared by mixing 1 �l MutY-DNA with 1 �l well solution
containing microcrystals prepared from crystals previously
obtained from similar conditions (26). Golden brown crys-
tals appeared as rods or plates within a few days at room
temperature. Crystals were harvested directly from drops or
washed briefly in a solution matching the reservoir condi-
tions prior to freezing in liquid nitrogen. The Ca-depleted
(N146S-OG:APCa-depleted) crystals were rinsed in small 10-ul
drops of EGTA-containing solutions, soaking for at least
5 min, and serially moving the crystal from one drop to
the next, for a total of three rinsing steps, before final in-
cubation for one week in a 2 ml solution containing 100
mM Tris pH 8.0, 14% (w/v) PEG 4000, 100 mM sodium
acetate, 2% (v/v) ethylene glycol and 200 mM EGTA. X-
ray diffraction data were collected at the Advanced Light
Source beamlines 8.3.1 and 5.0.1. The diffraction data were

Scheme 1. Minimal kinetic scheme of glycosylase activity.

indexed, scaled and merged with the XDS package, keeping
Friedel Mates separate so as to be able to detect metal ions
(27). Initial phases were generated from rigid body refine-
ment with published and unpublished structures of MutY
in complex with DNA. Refinement of the structures was
performed in PHENIX with model adjustments in Coot
guided by 2|Fo| – |Fc|, |Fo| – |Fc| and anomalous difference
maps interleaved with each cycle of refinement (28–30). Re-
finement included at least one round of torsion-angle simu-
lated annealing with a starting temperature of 2200–2500 K,
and several repeats of positional refinement together with
individual B-factor and occupancy optimizations. At the fi-
nal stage, parameters describing a limited number of TLS
groups for the N-terminal domain, C-terminal domain, and
DNA were included for those models that benefited from
anisotropic temperature factors as evidenced by a signif-
icant drop in Rfree larger than 0.8%. Supplementary Ta-
bles S1 and S2 contain the detailed data collection and
model refinement statistics. Figures of the structures were
prepared using UCSF Chimera (31). The movie was made
with UCSF ChimeraX (32). Structures were deposited at
the Protein Data Bank with PDB ID: 8DVP, 8DW7, 8DW0,
8DVY, 8DW4.

RESULT AND DISCUSSION

Impact on kinetic and binding parameters of Asn to Ser in Gs
and Ec MutY

We anticipated that the Asn-to-Ser substitution would im-
pact MutY-catalyzed base excision based on the prominent
positioning of Asn146 in the Gs MutY-DNA structures. The
catalytic activity of N146S Gs MutY and N140S Ec MutY
variants was analyzed using gel-based glycosylase assays
under single and multiple-turnover conditions (21). Both
N146S Gs MutY and N140S Ec MutY displayed ‘burst’ ki-
netics under multiple turnover (MTO) conditions ([DNA]
> [MutY]) due to rate-limiting product release as observed
with WT ((k3 < k2), Scheme 1). Therefore, we used an anal-
ogous approach to determine rate constants for the vari-
ants, relating to product release (k3) and all steps from E–S
to E–P (Scheme 1) including N-glycosidic bond hydrolysis
(k2) (Scheme 1) (7,21). The product release rate constant
(k3) determined under MTO conditions showed that N146S
Gs MutY releases the AP-site product approximately 3-fold
slower than WT (Table 1). The rate constant for adenine ex-
cision (k2) was measured under single turnover conditions
([MutY] > [DNA] and KD, Table 1). Specifically, the rate
constant k2 for adenine excision across OG with N146S Gs
MutY at 60◦C was ∼180-fold reduced relative to WT Gs
MutY. Similarly, N140S Ec MutY had a ∼70-fold decrease
in adenine removal at 37◦C with the OG:A substrate com-
pared to WT Ec MutY (Table 1). The dissociation constant
(KD) measured by EMSA of N140S Ec MutY with a ra-
diolabeled 30 bp DNA duplex containing a non-cleavable
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Table 1. Kinetic parameters of Gs and Ec MutY variants with OG:A and OG:P containing DNA duplexa

MutY T (◦C) k3 (min−1) OG:A k2 (min−1) OG:A k2 (min−1) OG:P

WT Gs 60 0.035 ± 0.004b 54 ± 4c 1.1 ± 0.1
N146S Gs 60 0.013 ± 0.004 0.3 ± 0.1 0.012 ± 0.002
WT Ec 37 0.004 ± 0.002d 12 ± 1e 5 ± 1d

N140S Ec 37 0.005 ± 0.003 0.17 ± 0.01 0.024 ± 0.002

aKinetic parameters k2 and k3 were measured using glycosylase assay at 37 and 60◦C with 20 nM radiolabeled DNA and 30 mM NaCl. Detailed protocol
including protein concentrations can be found in Methods and Material section. The dissociation constant KD was measured using EMSA at 25◦C with
5 pM radiolabeled DNA and 100 mM NaCl. The kinetic and binding parameters are reported as averages and standard deviations of at least three trials.
Due to the absence of biphasic (‘burst’) kinetics with N146S Gs and N140S Ec MutY with OG:P containing DNA, the k3 values could not be determined
in these assays. The k3 value for WT Ec MutY with OG:P was previously measured as 0.003 ± 0.001 min−1 (33).
bValue previously reported (22).
cValue previously reported (7).
dValue previously reported (33).
eValue previously reported (54).

substrate analog FA across OG, was comparable to that of
WT (Figure 2). This finding is consistent with previous work
that has shown the high affinity of MutY for its substrates
and products is dominated by interactions of the C-terminal
domain with OG (33–35). Of note, the determination of
DNA binding affinity using EMSA has not been success-
ful for Gs MutY; hence we determined the KD of Ec MutY
for comparison. Taken together, the functional assays in-
dicate that the reduced activity resulting from the Asn-
to-Ser substitution arises mainly from altering chemical
step(s) of base excision, rather than overall DNA substrate
affinity.

Next, we tested the glycosylase activity of N146S Gs
MutY and N140S Ec MutY with DNA containing a sub-
strate, purine (P), across OG, with the goal of slowing steps
in catalysis to potentially capture intermediates and glean
new mechanistic insights. The purine substrate is struc-
turally similar to adenine except for the lack of exocyclic
amino group that alters base-pairing with OG, as well as
potential contacts within the MutY active site. Purine has
been previously reported to show a higher acid lability than
adenine and is excised only ∼2-fold slower than adenine
by WT Ec MutY (33,35) with a product release rate of
0.003 ± 0.001 min−1 (33). In contrast, the rate constants
k2 for purine removal by N146S Gs MutY and N140S
Ec MutY revealed a much more dramatic reduction in
the activities by ∼92-fold and ∼200-fold in comparison to
the respective WT enzymes (Table 1, Figure 2A&B). The
product release rate for the variants was not measurable
due to lack of burst kinetics (k3 �<k2). The higher selectiv-
ity for adenine relative to purine for WT Gs MutY (49-
fold) over N146S (25-fold) highlights the potential signifi-
cance of the interaction between the exocyclic amino group
of adenine and Glu188 observed in the Fluorinated Le-
sion Recognition Complex (FLRC, PDB ID: 3G0Q) struc-
ture (6). Moreover, these results show that minor struc-
tural alterations from the preferred natural substrate ade-
nine are even less well-tolerated combined with mutations
in the active site and further underscore a key role of
Asn146 in base-excision steps of catalysis. The ability to fur-
ther slow catalysis with the OG:P substrate suggested its
use in strategies to capture new Gs MutY–DNA complex
structures.

Strategies for capturing structural snapshots of N146S Gs
MutY

To understand the structural basis for impaired catalytic
performance, we crystallized N146S Gs MutY in com-
plex with several different DNAs (Figure 3A). Herein, we
present three classes of structures for the Gs MutY variant
N146S in complex with DNA containing mechanistically
distinct moieties: (i) substrate (purine), (ii) transition state
analog (1N) and (iii) abasic site product (AP). As demon-
strated here, N146S Gs MutY has reduced glycosylase ac-
tivity, especially when adenine is replaced with purine, sug-
gesting that purine would be a suitable candidate for crys-
tallization to obtain a substrate, an intermediate or a prod-
uct structure of MutY. The incubation of OG:P contain-
ing DNA with the enzyme for 30 min and mixing the com-
plex with Ca2+ containing crystallization solution resulted
in capturing the structure in the first class with intact purine
substrate, referred to as N146S-OG:P. Crystals belonging
to this substrate class grew in the familiar P212121 space
group, diffracted synchrotron radiation to very high resolu-
tion, and the structure we are reporting refined to the 1.54
Å resolution limit. The high-resolution structure of N146S-
OG:P revealed interesting new features of the enzyme with
a Ca2+ ion coordinated in the active site inhibiting excision
of purine by positioning the target base in an unproductive
conformation.

For the second structure class, we used duplex DNA
containing the azaribose transition state analog (3R,4R)-
4-(hydroxymethyl)pyrrolidine-3-ol (1N) that exhibits excep-
tionally high affinity for MutY enzymes by mimicking the
shape and charge of the oxacarbenium ion transition state
and intermediate (7,15,36). We captured the structure of
N146S complexed to the OG:1N transition state analog
containing DNA using the same calcium containing crys-
tallization conditions as for OG:P substrate duplex (Figure
3B). Crystals belonging to the transition state analog class
grew in the P21 space group with two enzyme-DNA com-
plexes in the asymmetric unit and diffracted synchrotron
radiation to the 1.9 Å resolution limit. The refined struc-
ture, referred to as N146S-OG:1N, showed stabilizing inter-
actions highly comparable to those previously described for
wild-type Gs MutY, except that the hydrogen bond between
the residue at position 146 and Asp 144 is absent.
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Figure 2. Glycosylase activity and substrate affinity of Asn-to-Ser MutY variants. (A) Representative plots of a single trial used to determine the adenine
excision rate, k2, of each variant with OG:A or OG:P substrates using enzyme concentrations of 120 nM, 100 nM, 40 and 100 nM for WT Gs, N146S Gs,
WT Ec and N140S Gs MutY, respectively. (B) A zoomed in view of Panel A with time shown up to 5 min. (C) Representative plots of a single trial used
to determine the dissociation constant, KD, of WT14 and N140S Ec MutY with OG:FA containing DNA substrate at 25◦C. The KD values for WT and
N140S Ec MutY were representing an average of at least three trials were 0.12 ± 0.02 (53) and 0.14 ± 0.03, respectively.

Finally, we obtained several structures belonging in the
third class with N146S Gs MutY in complex with the
enzyme-generated abasic (apurinic/apyrimidinic, AP) site.
Crystals belonging in this AP site product class all grew in
the P212121 space group and diffracted synchrotron radia-
tion to varying resolution limits ranging from 1.68 to 2.49
Å. Three structures were fully refined, each generated by
a different strategy starting from OG:P containing DNA,
and each with important implications for mechanistic inter-
pretation. As described further below, divalent metal ions,
such as calcium ions included in crystallization reactions
for many MutY crystal structures, inhibit the enzyme (Sup-
plementary Figure S1). We leveraged this metal-ion inhi-
bition to control the timing of crystal formation relative
to start or termination of the enzyme-catalyzed base exci-
sion reaction. In the first strategy, we incubated the enzyme-
DNA mixture for 3 days at room temperature to allow suf-
ficient time for full conversion of substrate to product. In-
deed, using this strategy, we trapped N146S in a complex
with ring-closed abasic (AP) product coordinated to a Ca2+

ion with no evidence of an intact purine N-glycosidic bond
or free purine base in the active site indicating full con-
version of substrate to product (Figure 3C). We will refer
to this AP product structure prepared with long incuba-

tion time and calcium inhibition as AP-calcium-inhibited
(N146S-OG:APCa-inhibited). In the second strategy for ob-
taining the abasic site product, we incubated the enzyme
with OG:P containing DNA for 30 min at room tempera-
ture and mixed it with a crystallization solution containing
sodium acetate instead of calcium acetate (Figure 3D). High
concentrations of Na+ ions reduce MutY performance but
do not block the chemical reaction (37). This method ex-
cluded calcium before and during crystallization and pro-
vided a complex of N146S with an AP site and a small
amount of �- and δ-elimination products, that we will re-
fer to as AP-calcium-free (N146S-OG:APCa-free). In the fi-
nal strategy, a crystal structure of the AP product formed
in crystallo was captured by soaking N146S-OG:P substrate
crystals in an EGTA-containing solution for 7 days at room
temperature to remove the Ca2+ ion inhibitor (Figure 3E).
This third method ensured that the AP product was gener-
ated in the enzyme active site after crystallization. We will
refer to this product structure where the AP site was gener-
ated by EGTA chelation as AP-calcium-depleted (N146S-
OG:APCa-depleted). The AP product structures of MutY ob-
tained by these three different strategies revealed an exciting
outcome in that only the � anomer of the AP site was ob-
served consistent with retention of stereochemistry. Details
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Figure 3. Crystallization Strategies. (A) N146S-OG:P, (B) N146S-OG:1N, (C) and N146S-OG:APCa-inhibited crystallized with calcium containing crys-
tallization solution with their corresponding incubation time and temperature. (D) Crystallization conditions containing sodium instead of calcium for
obtaining N146S-OG:APCa-free. (E) The N146S-OG:P crystals soaked in EGTA containing solution for 7 days to remove calcium from active site to initiate
the reaction in N146S-OG:APCa-depleted structures.
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of the N146S structures will be further discussed in the fol-
lowing sections.

Intact purine coordinates to a Ca2+ in the active site of N146S

Initial maps for N146S-OG:P revealed several features indi-
cating intriguing structural differences relative to the MutY-
DNA structure used for molecular replacement. Strong
negative density highlighted the carboxamide side chain of
residue 146 in the |Fo| - |Fc| map consistent with replacement
with a smaller amino acid. We also observed strong positive
density in the position expected for a base within the ac-
tive site. Accordingly, we rebuilt position 146 with Ser and
modeled the N146S-OG:P complex with an intact purine
base (Figure 4A). Additional positive features remained in
the active site, even after building in the purine base and
replacing Asn with Ser at position 146. The region once oc-
cupied by the amide group of Asn146 in previous structures
(6,7) contained a new electron density with an anomalous
difference peak indicating the presence of a metal ion. We
modeled a Ca2+ ion in this region due to high concentra-
tion of calcium acetate in our crystallization solution. The
purine structure represents the first example of cation metal
coordination in the active site of Gs MutY. We hypothesize
that replacement of Asn146 with a smaller serine residue al-
lowed space for the Ca2+ ion to coordinate with active site
residues, a phosphate of DNA backbone, and the purine
base itself in the N146S-OG:P structure.

The Fe–S cluster cofactor in the N-terminal domain of
MutY was modeled with two different conformations, with
each alternate conformation supported by strong anoma-
lous difference signals for each iron atom in both confor-
mations (Figure 4B). Conformation B retains the overall
shape of conformation A, but the atoms are translated 1.86
(±0.09) Å in a direction that is nearly perpendicular to the
nearby alpha helix comprising residues 145–156. This sug-
gests the possibility of communication with the active site
as this helix contributes the residue at position 146 and is
capped by the catalytically critical residue Asp 144 (Sup-
plementary Figure S2A). The iron-coordinating cysteine
residues (198, 205, 208 and 214) accommodate the move-
ment of the iron-sulfur cluster by adopting correspond-
ing alternate conformations to maintain the interactions
with the Fe–S cluster. However, the impact on structure
appears highly localized as neighboring residues are satis-
factorily modeled with single conformations. The reason
why we see alternate conformations while other structures
of MutY only include a single conformation for the Fe–S
cluster probably relates to the very high 1.54-Å resolution
limit obtained for our diffraction data. Indeed, the struc-
ture with an enzyme-generated AP site that we refined to
the 1.68-Å resolution limit (N146S-OG:APCa free, described
below) also features alternate conformations for the Fe–S
cluster.

Another unusual structural feature involves the adenine
neighboring the purine nucleotide. Adenine-17 which is 5′
to the substrate purine at position 18 assumes an unusual
syn conformation to form a Hoogsteen base pair (bp) with
thymine (Supplementary Figure S2B). Notably, recent work
has shown that Hoogsteen bps are often present in protein–
DNA complexes at ‘stressed’ or distorted sites such as those

proximal to lesions, metal ions and nicks (38). Intriguingly,
Ca2+ coordination in the active site likely leads to a chain of
conformational perturbations that emanate from the DNA
phosphate backbone to the neighboring adenine nucleotide
and the Fe–S cluster.

In the N146S-OG:P structure, the purine nucleotide
adopts a conformation that appears incompatible with
catalysis. As a consequence of Ca2+ ion coordination, N7
of the purine base is 4 Å away from Glu43, significantly
farther than 2.8 Å observed in the previously published
substrate-enzyme structure (6), and too far for facile pro-
tonation of the base in the first step of catalysis (Figure
4C–F). Despite the observed activity of N146S Gs MutY in
vitro, the presence of the Ca2+ ion during crystallization ap-
pears to have stalled the ability of enzyme to protonate N7
of purine by Glu43 needed for catalysis. The lack of engage-
ment of the adenine base with Glu43 was similarly observed
in the Lesion Recognition Complex (LRC, PDB ID 1RRQ)
that replaced Asp 144 with asparagine to prevent catalysis
(D144N), (Figure 4E) (39). The non-productive orientation
of purine seen in N146S-OG:P is most likely a consequence
of coordination of N3 of purine to the Ca2+ ion and the ab-
sence of the 6-amino group, normally present in adenine for
hydrogen-bonding and positioning with Glu188. Indeed,
Glu188 adopts a different rotamer away from the base that
is not completely engaged in the LRC structure (39) as well
as in the N146S-OG:P structure (Figure 4F). The disen-
gaged base position seen in the LRC and the N146S-OG:P
structure described here suggests subtle changes in active
site residues alter the proper alignment of the base, which
is likely a key quality control mechanism by MutY, and is
consistent with previous work that showed reduced activity
with structural changes in A (35).

The ability of Ca2+ ions present during crystallization to
stall purine excision suggested that metal cations may gen-
erally inhibit MutY glycosylase activity. We tested for metal
inhibition under single turnover conditions in the presence
of Mg2+, Ca2+ and Na+ ions (Supplementary Figure S1).
Glycosylase assays of WT and N146S Gs MutY with OG:A-
containing DNA in the presence of Mg2+ and Ca2+ showed
significantly reduced activity at concentrations of either di-
valent metal above 15 mM. The diminished activity was
similar for both WT and N146S Gs MutY indicating re-
duced activity is not specific to mutation of Asn146. No-
tably, similar concentrations of Na+ ions did not prevent
product formation by WT MutY or the N146S variant, in-
dicating that the abolished activity with Mg2+ and Ca2+ is
specific to divalent metal ions.

Asp144 loses its hydrogen bond partner

In the second class of crystal structures containing a transi-
tion state analog, N146S-OG:1N, many active site residues
assume similar conformations and interactions as seen in
previous structures of the enzyme (6,7). Similar to the
TSAC-OG:1N structure, N146S-OG:1N features close ap-
proach of the carboxylate group of Asp144 with the posi-
tively charged secondary amine of 1N (N1′), explaining the
high affinity for 1N containing DNA and indicating sta-
bilization of the transition state is a major contributor to
catalysis for both enzymes. Also, highly comparable to the
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Figure 4. Structural overview of N146S Gs MutY-OG:P complex. (A) The final refinement map of N146S-OG:P. A Ca2+ ion coordination is observed
with purine base and active site residues in N146S-OG:P complex structure. (B) Fe-S cluster with alternate conformations The 2|Fo | – |Fc | map (gray)
was calculated to the 1.68 Å resolution limit and contoured at 1.0 rmsd. The |Fo | - |Fc | map (green, positive features; red, negative) was contoured at 3.5
rmsd. The ANOM map contoured to 5.0 rmsd (gold). (C) N146S-OG:P complex structure with purine coordinated to Ca2+ and disengaged from Glu43.
(D) Fluorinated Lesion Recognition Complex (FLRC) showing the interaction of active site residues and adenine (PDB ID:3G0Q, gray) (6). (E) Lesion
Recognition Complex (LRC) showing adenine disengaged from Glu43 (PDB ID:1RRQ, light pink) (39). (F) The overlay of N146S-OG:P (cyan) with
FLRC (PDB ID:3G0Q, gray) (6) and LRC (PDB ID:1RRQ, light pink) (39) shows differences in base engagement within active site.

original TSAC structure, N146S-OG:1N harbors a water
molecule located between Glu43 and N1′ consistent with
the proposal that abasic site product formation occurs with
activation of the nucleophile by Glu43 and attack from
the 5′ face of the sugar. These preserved structural features
strongly suggest that N146S Gs MutY uses a mechanism
similar to that of the WT enzyme.

The significant structural differences revealed by compar-
ing the two TSAC structures appear to be localized to the
interaction of residue 146 with DNA and Asp144. Because
of the different sizes of Asn and Ser, the residue at position
146 is located much farther from Asp144 in N146S-OG:1N.

The carboxamide nitrogen of the Asn146 side chain is posi-
tioned 2.9 Å away from the carboxylate oxygen of Asp144
in the TSAC-OG:1N structure (Figure 1B), while the cor-
responding distance to the hydroxyl oxygen of Ser146 was
measured as 4.7 Å in N146S-OG:1N (Figure 5A). Similarly,
the closest distance from residue 146 to the 5′-phosphate
group of the transition state analog was measured as 4.6
Å in N146S-OG:1N, much further than the 3.0 Å measured
for TSAC-OG:1N. In other words, Ser at position 146 is too
small and positioned too far away to maintain a hydrogen
bonding network analogous to that in the wild-type enzyme
with the DNA phosphodiester backbone and Asp144.
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Figure 5. The structural overview of N146S-OG:1N. (A) Electron den-
sity maps for N146S-OG:1N showing chain A and C. The 2|Fo | - |Fc | map
(gray) was calculated to the 1.96 Å resolution limit and contoured at 1.0
rmsd. The |Fo | – |Fc | map (green, positive features; red, negative) was con-
toured at 3.5 rmsd. (B) The electron density map of iron–sulfur cluster with
ANOM map contoured to 5.0 rmsd (gold).

Structural insights from both N146S-OG:P and N146S-
OG:1N showed loss of hydrogen bond interaction to
Asp144 even as this residue maintains stabilizing interac-
tions with the transition state mimic, providing a struc-
tural basis for the biochemical impact of the asparagine
to serine replacement. Indeed, the hydrogen bond inter-
action of Asn146 with Asp144 seen in structures of wild-
type Gs MutY may be modulating the pKa of Asp144, and
loss of this hydrogen bond to Asp144 may increase its pKa
in N146S MutY contributing to reduced activity. We per-
formed a pH-dependent kinetics experiment for N146S Gs
MutY to test for a potential shift in the pKa of Asp144 due
to loss of hydrogen bonding upon replacement of Asn146
with serine. We evaluated the pH dependence of the ob-
served rate of adenine removal (kobs) for WT and N146S Gs
MutY under single turnover conditions for the pH range of
4.0–10.5 (Supplementary Figure S3A). The pKa of Asp144

for WT Ec MutY has been previously reported as 4.9 from
the one-legged curve in which rate decreases with decreasing
pH values between 7.5 and 4.0 (23). Both WT and N146S
Gs MutY have been shown to display a bell-shaped curve
where the rate of adenine excision decreases with decreased
pH between 7.5 and 4.0 as well as with the increased pH
between 8.0 and 10.0 (Supplementary Figure S3A). Addi-
tionally, a dip is observed between pH 5.0 and 6.0. A similar
pH profile was observed with WT Ec MutY using the G:A
containing substrate and it was interpreted as presence of
three residues affecting the pH profile with pKas of 4.8, 6.1
and 8.8 (23). The first pKa of 4.8 overlaps with the pKa of
Asp144 supporting the idea that the pKa of Asp144 can be
obtained between pH 4.0 and 5.5 range. When the pH pro-
files of WT and N146S variant are overlayed, an increase in
pKa of Asp144 is apparent in the shift of the curve in the pH
range of 4–5.5 (Supplementary Figure S3B). We estimated
an approximate ∼0.5–1 increase in the pKa of Asp144 in
N146S Gs MutY by fitting the data in the pH range of 4.0–
6.0.

The increased pKa of Asp144 in N146S Gs MutY sug-
gests that the presence of hydrogen bond partner asparagine
may contribute to maintaining the deprotonated state of
the Asp residue needed for transition state stabilization
as positive charge accumulates on C1′. Notably, in Bacil-
lus circulans �-xylanase (Bcx) the pKa of the nucleophilic
Glu (Glu78) was shown to be modulated by H-bonding
with a Tyr residue (Tyr69) and a nearby Gln residue anal-
ogous to the Asp/Asn interaction in MutY (40). In addi-
tion, replacement of Glu78 with 4-fluoroglutamic acid or
4,4-difluoroglutamic acid that exhibited reduced pKas, re-
sulted in increased leaving group ability of the introduced
Glu from the covalent enzyme-substrate intermediate (41).
In this context, the increase in pKa of Asp resulting from re-
placement of Asn with Ser may have altered the participa-
tion of Asp144 as a nucleophile in the adenine excision step
and also altered its leaving group potential in the hydrolysis
of an MutY-DNA acetal intermediate. Hence, a more sta-
ble covalent acetal intermediate due to the altered pKa of
Asp144 may be a significant factor of the reduced activity
of N146S Gs MutY. The sensitivity of the pKa of Asp144
to the Asn mutation, and dramatic influence of this subtle
change on activity is indicative of fine-tuning of electrostat-
ics and H-bonding present in the MutY active site to opti-
mize catalysis.

Abasic site product captured coordinated to a calcium in the
active site of N146S

Increasing the incubation time of N146S with the OG:P
substrate, prior to initiation of crystallization with the
calcium acetate conditions, provided a structure of
N146S Gs MutY bound to its AP site product (N146S-
OG:APCa-inhibited, Figure 3C). The formation of the AP site
product was immediately clear by inspection of the electron
density maps that closely outlined the deoxyribose sugar
and the absence of electron density for the purine base. We
observed strong additional density close to the hydroxyl
of Ser146 and the carboxylate of Asp144, similar to the
situation observed in the N146S-OG:P, and interpreted
this as a Ca2+ ion with partial occupancy (Figure 6A,
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Figure 6. Structural overview of the three AP product structures. (A) The active site view of N146S-OG: APCa-inhibited shows Ca2+ coordination and
� anomer AP product. The 2|Fo | – |Fc | map (gray) was calculated to the 2.36 Å resolution limit and contoured at 1.0 rmsd. The |Fo | – |Fc | map (green,
positive features; red, negative) was contoured at 3.5 rmsd. (B) Electron density features in the |Fo | – |Fc | map indicate the α anomer is incompatible with
measured diffraction data. (C) The active site view of N146S-OG:APCa-free with AP site product. (D) �- and δ-elimination products shown with alternate
conformations of Q48 coordinating to the phosphate backbone conformations of G (2|Fo | – |Fc | map contoured to 1.0 rmsd and |Fo | – |Fc | map contoured
to 3.5 rmsd). (E) N146S-OG:APCa-depleted structures with the � anomer AP product (2|Fo | – |Fc | map contoured to 1.0 rmsd and |Fo | – |Fc | map contoured
to 3.8 rmsd) and (F) chemical structures of AP site, �-elimination and �- and δ-elimination products.

B). The Ca2+ ion is coordinated by Ser146, Asp144 and
surrounding DNA phosphate groups. The concentration
of negatively charged groups in this region explains why
a metal ion would be attracted to this site. The Ca2+ ion
refined best with partial occupancy meaning it is not held
as tightly as seen for N146S-OG:P, a situation explained
since now the purine base is not covalently attached and no
longer contributes to the coordination sphere. Indeed, our
understanding of the inhibitory impact of divalent metal
ions on the reaction and the absence of electron density for
the purine base strongly indicates that substrate converted

to the AP product before the reaction was mixed with the
calcium-containing crystallization solution.

The �-anomer AP site product fit to the electron density
maps calculated to 2.4 Å for N146S-OG:APCa-inhibition, with
minor residual positive and negative features (Figure 6A).
The potential for the presence of α anomer of the AP site
was also tested based on AP site product structures reported
with MBD4, UDG, and TDG that showed formation of a
single α or mixture of α/� anomer AP site product (42–
44). The maps calculated for the N146S-OG:APCa-inhibition
structure rebuilt with α anomer AP site featured a poor fit
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for the sugar group and a strong positive signal in the space
where a � anomer hydroxyl group would occupy (Figure
6B). The result of this anomer test strongly indicates that
the α anomer is incompatible with our X-ray diffraction
data. We further analyzed the AP site stereochemistry with
the higher resolution data measured for Ca-free AP product
structure as described in the following section, ultimately
reaching the same conclusion that the enzyme-generated
AP product found at the active site of MutY is a closed-ring
� anomer consistent with retention of stereochemistry.

Abasic site product structures inform the adenine excision
mechanism of MutY that proceeds with retention of stereo-
chemistry

We next evaluated Ca2+ free strategies to trap the AP site
product. We crystallized the N146S with OG:P containing
DNA using a previously reported crystallization condition
containing sodium acetate (25) in place of calcium acetate
with the expectation that glycosylase activity would be re-
tained during and possibly after crystallization. The crystal
obtained in this calcium free condition afforded the high-
est resolution (1.68 Å) view of the enzyme-catalyzed ring-
closed AP product structure (Figure 6C). Density for the
calcium ion in the AP-Ca-inhibited structure had prevented
a clear view of the AP site, but such is not the case for the
N146S AP-Ca-free structure. We see an unobstructed view
of the AP site with clear indication of the beta anomer.
Given the importance of this stereochemical configuration
for the MutY mechanism, we wanted to be extra careful to
not overlook alternate interpretations and therefore tested
both the beta anomer and alpha anomer of the AP site
in several sugar puckers. In each case, regardless of which
sugar pucker was analyzed, the alpha anomer refined with
an unrealistically high temperature factor for the hydroxyl
group, fit poorly to the electron density, and left a promi-
nent positive feature in the |Fo| – |Fc| difference map (Sup-
plementary Figure S4A–D). Hence, we could confidently
eliminate this configuration and conclude that the MutY-
generated AP site is the beta anomer. Assignment of the
sugar pucker for the beta anomer was less clearcut since
C3′-exo, C2′-endo and C1′-exo each fit the electron den-
sity (Supplementary Figure S4E-H). However, refinement
with weaker torsion angle restraints always resulted in the
structure relaxing to the C3′-exo sugar pucker. Although
C3′-exo is considered unstable relative to C3′-endo and C2′-
endo sugar puckers in normal DNA, interaction with the
active site and absence of the base moiety probably create a
different energy landscape with respect to pseudorotation.
Indeed, the computational KIE study for MutY indicated
C3′-exo pucker is the most stable conformation observed for
the transition state and oxacarbenium ion intermediate in
an SN1-like mechanism (8). In addition, the N146S-OG:1N
transition state structure suggested the mechanism remains
unchanged with replacement of Asn146 with serine, hence
we selected � anomer product formation with C3’-exo sugar
pucker by implication from the mechanism, KIE studies
and structural insights.

Additional interesting features were observed in the
N146S-OG:APCa-free structure after the analysis of the ac-
tive site pocket. These included alternate conformations

for the Fe-S cluster (Supplementary Figure S5A) as pre-
viously noted above and further discussed in a separate
section below. Electron density peaks nearby the phos-
phate groups connecting the AP site to its nucleotide neigh-
bors in maps calculated for N146S-OG:APCa-free indicated
strand cleavage consistent with minor (∼20%) side prod-
ucts resulting from � and δ elimination. Accordingly, we
modeled alternate conformations for the free 3′ phosphate
(3′P) and 5′ phosphate (5′P) groups and adjusted the occu-
pancy of the AP site (Figure 6D and Supplementary Fig-
ure S5B). We looked for but could not find unambiguous
electron density defining the nucleotide remanent expected
after �-elimination and before δ-elimination. This species
may be relatively unstable or may assume multiple confor-
mations. Indeed, a recent extensive study of products de-
rived from chemical reactions involving the AP abasic site
in DNA established that strand breaks and several rema-
nent nucleotide species are formed with heat or long incu-
bation times (45). Notably, low levels of ‘adventitious’ �-
elimination at the AP site have also been previously seen in
Ec MutY (46,47).

A glutamine residue, Gln48, intercalates with the DNA
to fill a void created when adenine is extruded into the
active site of MutY. Electron density maps indicated this
residue adopts alternate conformations in the structure of
N146S-OG:APCa-free. Conformer A is commonly observed
in structures of MutY making aromatic stacking interac-
tions with bases of the DNA and hydrogen bonding with
the phosphate group connecting the substrate nucleotide
(or transition state analog) to its 3′-nucleotide neighbor
dG-19 (6,7,48). Conformer B of Gln48 retains its interac-
tion with the alternate conformer B of the free 5′ phos-
phate group of dG-19 generated by beta elimination (Fig-
ure 6D and Supplementary Figure S5B). This conformer B
of Gln48 has also been previously observed in structures of
Gs MutY, in complex with the reduced AP product (PDB
ID: 1VRL) (39) and in complex with anti-substrate (PDB
ID: 4YOQ) (25). Each of these previously described struc-
tures features an ‘exo’ site engaged with a chemical group,
either the reduced AP product or the cytosine of the OG:C
anti-substrate. In these structures, Gln48 adopts a different
conformation to maintain its interaction with the 5′ phos-
phate backbone even as it is displaced to accommodate in-
teractions with the ‘exo’ site. Our structure does not show
any molecule present in the ‘exo’ site; however, the alter-
nate conformer B of Gln48 fits in the same conformation to
maintain similar interactions with the 5′ phosphate back-
bone resulting from �-elimination.

Having successfully replaced Ca2+ with Na+ in crystal-
lization conditions, we next aimed to initiate the excision of
purine in crystallo by removing the Ca2+ in N146S-OG:P
crystals and trapping the resulting product by freezing. For
this strategy, we incubated an N146S-OG:P crystal in a so-
lution containing EGTA that chelates Ca2+ ions. Prelimi-
nary trials showed that small soaking volumes and short in-
cubation times (5 min to 2 h) with either EDTA or EGTA
were insufficient to completely remove calcium ions from
crystals as evidenced by electron density maps. The crys-
tal that provided the N146S-OG:APCa-depleted structure was
serially washed in small volumes of the EGTA solution,
and then incubated in a 2 ml reservoir of the EGTA so-
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lution for one week to allow sufficient time for the Ca2+

removal and product accumulation. The advantage of this
strategy is that release of DNA, an outcome that is al-
ready unlikely because of very high affinity of MutY for
its product, but which could promote anomerization, is
made highly improbable in the crystalline state. The Ca-
depletion strategy succeeded as evidenced by no indica-
tion of Ca2+ ions either at the active site or at the metal
ion-binding site involving Ser118 and a phosphate of the
DNA seen in previous structures. Although EGTA chelates
Fe ions in solution, the electron density maps showed no
loss of Fe–S cluster after chelator treatment that depleted
calcium. Removal of Ca2+ initiated the MutY reaction in
the crystalline state as evidenced by clear density outlin-
ing the enzyme-generated AP product as its closed-ring
beta anomer and an absence of density for the base moi-
ety in the structure for N146S-OG:APCa-depleted (Figure 6E).
As previously described for the N146S-OG:APCa-free struc-
ture, extra density by the phosphate linking the AP site in
N146S-OG:APCa-depleted with its 3′-nucleotide neighbor in-
dicated strand cleavage for the phosphodiester bond and
minor accumulation (∼40%) of a side product through �-
elimination. We made several attempts to build the nu-
cleotide remanent, ultimately concluding that the positive
features in electron density maps could not unambiguously
define a single conformation, probably due to the existence
of multiple conformers and instability with respect to sub-
sequent delta elimination. These exciting results demon-
strate MutY catalyzes base excision from a substrate mis-
pair within DNA in crystals, mitigating the product racem-
ization caveat, and therefore establishing the stereochem-
istry of the hydrolysis product consistent with a retaining
mechanism for MutY.

Conformations of iron-sulfur cluster in N146S structures

Among the five structures of the N146S variant we observe
a variance in conformational flexibility for the Fe-S clus-
ter. In the higher resolution structures, N146S-OG:P and
N146S-OG:APCa-free, two conformations for the Fe–S clus-
ter were supported by strong features in the electron density
maps including the map calculated with anomalous differ-
ence signals. On the other hand, the N146S-OG:1N struc-
ture harbors a single conformation for the Fe–S cluster, cor-
responding to conformer A in the structures with alternate
conformations, and evidenced by the anomalous difference
map clearly highlighting Fe and S atoms (Figure 5B). While
we can explain lack of alternate Fe–S conformations for the
Ca-depleted and Ca-inhibited AP structures based on rela-
tively lower resolution, the transition state structure was re-
fined to the 1.96-Å resolution limit with 0.33-Å coordinate
error, sufficient to detect a nearly 2-Å shift in Fe–S position
if present. The presence of alternate Fe–S conformations in
some but not other high-resolution structures for the N146S
variant suggests that a mechanism may exist to communi-
cate changes in the active site to influence Fe–S cluster po-
sitional flexibility. We speculate that the presence of Ca2+

metal ion coordination in the active site of N146S-OG:P led
to subtle conformational adjustments and changes in the
electrostatic field that were transmitted via the DNA phos-
phate backbone and involving the alpha helix with residues

Ser146 and Arg149, finally impinging on the Fe–S cluster
via Cys198 (Supplementary Figure S2C). Similarly, distor-
tions in the DNA backbone resulting from � elimination
could activate this mechanism to realize alternate positions
for Fe–S in the N146S-OG:APCa-free structure. In support
of these ideas, previous work has shown that the Fe-S clus-
ter is more easily oxidized when MutY is bound to DNA
indicating that alterations resulting from DNA binding im-
pact the Fe–S cluster environment and properties (49). The
mechanism for communication seems to work in both direc-
tions as different oxidation states of the cluster appear to be
transmitted to the active site and influence adenine excision
(50).

Implications for the adenine excision mechanism

The snapshots of N146S Gs MutY described in previous
sections provided us a nearly complete structural movie of
the purine excision mechanism (Supplementary Movie S1).
We first captured the purine intact in the active site before it
was excised by the enzyme, albeit in an unproductive confor-
mation, too far away for protonation by Glu43 due to cal-
cium coordination. We believe removal of the calcium ion
allows the base to assume the productive conformation for
the protonation step of the mechanism. The transition state
structure N146S-OG:1N showed a water molecule between
Glu43 and N1 as previously seen in the TSAC-OG:1N,
suggesting the base excision mechanism occurs through a
similar double displacement mechanism for the Asn-to-Ser
variant. The stereochemical analysis of the product of the
MutY-catalyzed methanolysis reaction had previously in-
dicated formation of the AP product in the hydrolysis reac-
tion proceeds with retention of stereochemistry (7). Our en-
zymatically formed ring-closed AP site product structures
with N146S provide new direct evidence for the �-anomer
formation with retention of stereochemical configuration,
necessitating that the water nucleophile approaches from
the same side as leaving group departure, and validating in-
ferences from the methanolysis experiment. The AP prod-
uct structures lack clear density for the cleaved base in the
active site, consistent with diffusion of the leaving group
away from the sugar to avoid steric clashes as the water nu-
cleophile moves into position close to Glu43. During the in-
tervening time, the highly unstable oxacarbenium ion tran-
sition state intermediate is stabilized by strong interaction
with Asp144, probably by forming a transient covalent in-
termediate.

Enzymatically generated AP sites have been observed in
structures of other DNA glycosylases, and comparisons
provide insight into mechanism and evolution of this im-
portant family. Previously, the wtUDG-product complex
containing a cleaved uracil base nearby the 5′ face of the
sugar featured the α anomer AP site product (43). However,
L272A UDG was captured with the � anomer AP product
and also missing the cleaved uracil in the active site. The dif-
ferent outcomes for UDG and its L272A variant were ratio-
nalized by DNA binding kinetics which make it more likely
for L272A UDG to release the product and provide an op-
portunity for anomerization of AP site product (43). Sim-
ilarly, TDG was found in complex with α-anomer AP site
product alongside an acetate ion in the active site (44). With
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removal of acetate from crystallization conditions, TDG
was trapped with a mixture of α and � anomers (51), sug-
gesting either anomerization of the AP product or forma-
tion of AP product through a stereochemically ambivalent
SN1 mechanism where water can attack from either side of
the sugar.

By contrast to these examples with mixed outcomes, our
product structures consistently showed a single � anomer
despite applying three different strategies for its capture.
Furthermore, the high affinity of MutY to its product
makes it highly probable that the product formed was re-
tained in the active site without DNA rebinding events. Op-
portunity for anomer reorganization was especially unlikely
when we precrystallized the MutY-OG:P DNA complex
and initiated enzyme-catalyzed purine excision in crystallo
by calcium ion depletion (with EGTA). Precedent for cap-
ture of enzyme-generated AP site in a pure stereochemical
configuration comes from a recent MBD4 structure which
showed a single α-anomer AP site with no interference by
cleaved base or crystallization compounds (42).

These structures indicate the formation of anomers ap-
pears to depend highly on the active site structure. Indeed,
while UDG and MBD4 each harbor an Asp residue that
coordinates the water nucleophile for α-anomer formation,
TDG is missing a comparable carboxylate-bearing residue
and the resulting lack of direction probably contributes
to the observed mixed stereochemistry. MutY harbors an
Asp for transition state stabilization and a Glu that co-
ordinates and activates the water nucleophile for attack,
a constellation of chemical groups that ensures a single
beta anomer outcome as observed in our new structures of
N146S MutY. Our findings are consistent with the idea that
the Glu residue in MutY is not only important for adenine
protonation but also for activating and positioning the wa-
ter nucleophile, and thereby directing stereochemistry of the
AP site product.

Significance of the mechanistic findings in cancer

The cancer association of inherited variants of MUTYH
highlights the importance of understanding how MutY
functions to recognize its substrate and excise its target base.
The biochemical and structural study of the MAP asso-
ciated Asn-to-Ser variant in bacterial MutY revealed the
significance of the asparagine residue in adenine excision.
Our findings suggested that this asparagine plays an active
role and its replacement with serine, as found in MAP, sig-
nificantly impairs catalysis due to disruption of the hydro-
gen bond network with the catalytic aspartate and DNA.
The human MUTYH active site harbors a similar structure
to the bacterial homologs, each containing the highly con-
served catalytic Glu and Asp residues with their hydrogen
bonding partners, Tyr and Asn (52). It is therefore reason-
able to infer the MUTYH MAP variant N238S may also
have altered catalytic activity due to severed hydrogen bond
interactions, thus explaining accumulation of OG:A mis-
pairs and early onset of cancer. Furthermore, the active site
structure of N146S-OG:P with a Ca2+ ion coordinating to
an intact purine base suggests that excision of the target
base may be impaired by invasion of transition metals. In a
medical context, the inhibitory effect of metal coordination

in the additional space made available by the N238S mu-
tation may additionally contribute to underperformance of
this MAP variant.

Conclusion

Our extensive investigation revealed the biochemical and
structural significance of the Asn residue immediately ad-
jacent to a catalytic Asp residue in the MutY active site.
Structure determination with a substrate and a transition
state analog showed that the Asn residue is critical for es-
tablishing a hydrogen-bonding network involving catalytic
residues and the DNA. Activity performance and pH profile
alterations highlight the role of the Asn in fine-tuning the
pKa and nucleophilic character of the catalytic Asp. Inter-
estingly, despite the excision ability of the Asn-to-Ser vari-
ant, we captured N146S Gs MutY with OG:P containing
DNA with calcium ion coordination in the active site appar-
ently preventing base removal. Further crystallization stud-
ies revealed the removal of this Ca2+ ion from the active site
can initiate adenine excision, providing a method to trap
different steps of the mechanism in a crystalline state. In-
deed, when Ca2+ ion was removed from the active site using
EGTA or by excluding divalent metal ions from crystalliza-
tion solutions, an enzyme-catalyzed AP product structure
in complex with the MutY N146S variant was obtained.
Furthermore, crystallization of N146S with OG:P under
Ca-free, Ca-inhibited and Ca-depleted conditions each re-
vealed exclusively the � anomer of the AP product, thus
extending current evidence for a retaining MutY mech-
anism. In conclusion, the structural snapshots of N146S
Gs MutY have created a structural movie showing several
steps of the purine excision mechanism, including base mis-
engagement, transition state stabilizing interactions, and
stereochemistry of the AP product formation in the active
site, and provides further evidence for the double displace-
ment mechanism of MutY.
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