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Abstract: MutY excises adenine (A) from 8-oxo-guanine:adenine (OG:A) lesions in DNA to initiate base excision
repair (BER) and thereby prevent mutations. A catalytic Glu, found at position 43 in the enzyme from Geobacillus
stearothermophilus (Gs MutY), protonates the nucleobase at N7 to labilize the N-glycosidic bond. The resulting
oxocarbenium ion transition state is stabilized by a covalent DNA-enzyme intermediate and resolved by
nucleophilic attack to yield the beta-anomer abasic AP site product. The retaining SN1 mechanism for MutY
posits deprotonation of the nucleophile by the catalytic Glu. Here we tested kinetic and structural consequences
of Glu replacement and found that E43Q and E43S substitution variants were severely impaired, retained
measurable activity, but engage the substrate nucleobase in an anti conformation, rotated by 180 ° from the syn
conformation seen in previous substrate complexes. The enzyme-generated AP product is observed in its
alpha-anomer configuration for these Glu-replacement variants. Comparison with inverting adenine glycosylases
that act on RNA or nucleosides shows that MutY’s mechanism is uniquely reliant on one catalytic residue for both
leaving group and nucleophile activation, a situation that may serve to ensure only rare adenines paired with OG
are excised.

Introduction

Oxidative damage erodes information stored in DNA. With its low redox potential, guanine reacts readily to
generate the most common oxidation product 8-oxo-7,8-dihydroguanine (OG). OG pairs with cytosine but also
mispairs with adenine to generate the pro-mutagenic OG:A lesion. The GO repair pathway prevents mutations
associated with OG lesions in DNA. An OG-specific base excision repair (BER) DNA glycosylase finds and
initiates repair at OG:C lesions by removing the damaged base. In bacteria this OG DNA glycosylase is Fpg
encoded by the MutM gene,!"? while eukaryotes and archaea encode a functional ortholog called OGG1.5
MutT (MTH1 in humans) hydrolyzes OG nucleotide triphosphates, thus minimizing OG incorporation into the DNA
daughter strand.®”! MutY and its homolog MUTYH in mammals provide the last line of protection. These adenine
DNA glycosylases intercept OG:A lesions and initiate BER by cleaving the N-glycosidic bond of the mismatched
2'-deoxyadenosine.® Although MutY will process G:A mispairs in vitro and is often annotated as an A/G specific
adenine DNA glycosylase, its primary substrate in cells is the OG:A lesion as evidenced by genetic
complementation and cellular repair assays.*"!

The importance of the GO repair pathway is highlighted by consequences when the system underperforms in
cancer patients. For example, biallelic defects in the human gene encoding MUTYH lead to a high rate of G:C —
T:A mutation in somatic cells, eventually disabling tumor suppressor genes to explain early onset cancer, first
recognizg%f%r a pattern of inherited predisposition for colon polyps and termed MUTYH associated polyposis
(MAPS).I812

MutY/MUTYH belong to the Helix-hairpin-Helix (HhH) DNA glycosylase superfamily which includes Endolll and
OGGH1. As is true for most DNA glycosylases, Endolll and OGG1 find and initiate repair by removing a damaged
base. Unique among these glycosylases, MutY excises a chemically normal purine and must integrate
information from the partner strand to distinguish appropriate and rare substrate adenines paired with damaged
OG from other, much more abundant adenines in DNA. MutY employs OG-specific interactions provided by three
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residues that comprise the FSH motif in its C-terminal domain (CTD). The FSH motif establishes two hydrogen
bonds with OG that are not made with G,!" is highly conserved across enzymes from bacteria and
eukaryotes,'®'® and replacement of these FSH residues disables mutation suppression function in bacteria.!'*!"!

All HhH DNA glycosylases employ a catalytic Asp residue to facilitate N-glycosidic bond cleavage. MutY, but not
other HhH family members, complements the catalytic Asp with a catalytic Glu which features prominently in the
first step of a dissociative SN1 mechanism.!'®'® Replacement of the Asp with Asn, and replacement of the Glu
with GIn or Ser inactivated MutY from Escherichia coli (Ec MutY), explaining increased mutational burden in
cultures and an inability to repair synthetic OG:A lesions in cells.?°2" Notably, replacement of the Asp with Glu, or
Glu with Asp, retained some activity, confirming the importance of a carboxylic acid at both positions.
Non-synonymous mutations in human MUTYH that replace these critical residues are associated with pathology
in cancer patients as documented with ClinVar® %

Further evidence for the importance of the catalytic Asp and Glu comes from X-ray crystal structures. The
fluorinated lesion recognition complex (FLRC) structure showed Glu43 in MutY from Geobacillus
stearothermophilus (Gs MutY) within H-bonding distance of N’ of the substrate adenine base,"® thereby
identifying the Glu as the acid/base catalyst in early steps of the mechanism. Proton transfer from Glu to adenine
pulls electrons from the N-glycosidic bond, thereby activating the nucleobase as a leaving group (Figure 1). The
N-glycosidic bond breaks and reforms reversibly before irreversible water hydrolysis results in the
apurinic/apyrimidinic (AP) site product.l'® The transition state analog complex (TSAC) structure of MutY revealed
close approach of both Asp144 and Glu43 with the 1N group ((3R,4R)-4- (hydroxymethyl) pyrrolidin-3-ol) that
mimics the shape and charge of the oxocarbenium ion transition state, consistent with electrostatic
stabilization.?

HH2

Gludd N2 Glu4d3 Glua3 Glud3
oH “) 06 —y oF) oH
—_—n HN. H
Y i) s, Y L ~
o [L \ o o \ @ l o
o i H
Tyr126 oNa? N Tyr126 s . Tyr126 S o™ Tyr126 "o
Bl NH2 . N NH2 ‘I.{"-'-I NH2 o NH2
oHA g — D ) a CHA — ONA -
o =0 0 o
‘FF'J&(J fJ&(J A(J /QCJ
Aspla4 Asplad Aspldd Aspla4
Asnl46 Asnl46 Asnl46 Asnl46

Figure 1. Mechanism of MutY. A glutamic acid (Glu43) initiates glycosidic bond cleavage by protonating N7 of adenine and guides
stereochemistry of nucleophile attack in the retaining mechanism for MutY. Drawn with Avogadro v1.2.0,? on the basis of structures of the
FLRC (PDB ID 3g0q),"'® the TSAC (PDB ID 6u7t),? and structures of Gs MutY (N146S) in complex with the enzyme-generated AP site.?®

The crystal structures indicated different points of attack for the hydrolysis phase of the mechanism. The FLRC
inhibitor-enzyme structure showed electron density for a solvent molecule on the 3’ face, close to Asp144 that
was interpreted as the nucleophile.[' However, the TSAC transition state structure showed that this 3'-face water
is an unlikely nucleophile because it is far away (4 A) from the C" position and Asp144 blocks its path.?® In the
TSAC, a water held in place by Glu43 was much closer (3 A), with unhindered access to the electrophile from the
5’ face.® This 5'-face water was not evident in the FLRC structure because the nucleobase was still present.
The product of enzyme-catalyzed methanolysis accumulated with retention of stereochemistry, further supporting
attack from the 5’ face.*® Structures for Gs MutY (N146S) complexed with enzyme-generated AP product
confirmed the beta stereoisomer expected for a double-displacement, retaining mechanism.?® The double
displacement, retaining mechanism for MutY predicts a covalent DNA-enzyme intermediate, which has been
observed through QM/MM calculations. !

The MutY mechanism implicates the catalytic Glu in both early and late steps.[?*?% Herein, we replaced Glu43 in
Gs MutY with two different, catalytically inert residues, Ser and Gin, evaluated the E43S and E43Q variant
enzymes in glycosylase assays that revealed impaired glycosylase activity, and determined structures for
substrate and enzyme-generated AP product complexes. The overall architecture of MutY was preserved,
however the details at the active site were different and revealing. We captured a substrate complex with the
adenine base oriented in an unexpected anti conformation; all previous structures show the substrate base in a
syn conformation. A structure of the enzyme-generated AP product in complex with E43S Gs MutY revealed the
alpha-anomer, suggesting an inverting mechanism contributes to product accumulation when the catalytic Glu is
unavailable. These results point to a previously unrecognized role for the catalytic Glu in determining the pose of
the nucleobase and are consistent with nucleophile activation by the catalytic Glu in the final step of the retaining
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mechanism for MutY. The multiple roles played by the catalytic Glu in both leaving group and nucleophile
activation make MutY’s mechanism uniqgue among adenine N-glycosylases.

Results and Discussion
Glycosylase activity for E43S and E43Q Gs MutY

We previously evaluated the kinetics for wildtype Gs MutY under single- and multiple-turnover conditions./*!
Kinetic Scheme 1 applies for this enzyme that is subject to product inhibition.?”! K, characterizes the rapid
equilibration of bound and unbound DNA, k, represents the rate of chemical conversion from substrate to
product, and k; is the rate of product release, which is the limiting step under multiple turnover conditions.”!
Here, we measured and compared reaction rates for Glu43 replacement variants of Gs MutY, monitoring the
progress by gel electrophoresis to separate radiolabeled substrate and product DNAs. Accumulation of product
catalyzed by the E43S and E43Q variants of Gs MutY showed one phase, indicating a step prior to product
release was now rate limiting for these impaired enzymes (Figure 2). Accordingly, we applied a simpler analysis
as described previously,?”! to determine that adenine excision rates (k,) were 0.015 (x 0.004) min™ and 0.0098 (+
0.0004) min™ for the E43Q and E43S enzymes, respectively. Replacement of Glu43 with GIn and Ser slowed the
reac1ti[c2>3|:]1 by a factor of 3,600 and 5,500 relative to wildtype Gs MutY, previously characterized with k, = 54 (+ 4)
min™.
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Scheme 1. Kinetic scheme for MutY. Kd is rapid equilibration of bound and unbound substrate DNA. For the wildtype enzyme with slow
product release, k; < k,, burst kinetics with two phases are observed. If adenine excision, k,, becomes rate-limiting, one phase is observed.
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Figure 2. Adenine glycosylase activity for E43Q and E43S Gs MutY. DNA containing OG across from adenine was combined with enzyme,
incubated at 60 °C, and reactions were quenched by addition of sodium hydroxide to cleave DNA at the AP product. Bands correspond to
the low-mobility substrate DNA (30 nt) and high-mobility product DNA (14 nt) and were visualized by autoradiography. Time course data
were fit to a single exponential phase. Trials were repeated 3 times (E43S) or 5 times (E43Q).

Replacement of catalytic residues reveals their importance by comparison of the variant and wildtype
enzymes.?®31 Our previous work showed that replacement of this catalytic residue in MutY from E. coli resulted
in a catalytically inactive enzyme that was unable to repair OG:dA lesions in a cellular repair assay.*! Although
impaired, Gs MutY enzyme variants with Ser and GlIn substituting for the catalytic Glu retained activity. As Gs
MutY comes from an extreme thermophile, assays described in the current work were at 60 °C over two hours,
conditions that are not feasible for Ec MutY, an enzyme from a mesophile. Activity remaining for the E43S and
E43Q variants of Gs MutY is significantly greater than the activity for variants of subtilisin with catalytic triad
residues replaced by Ala, which are 19,000-fold to 1.3 million-fold slower than the wildtype enzyme.??



X-ray crystallography

To better understand mechanistic contributions of the catalytic Glu and the source of significant residual adenine
glycosylase activity, we crystallized the E43S and E43Q variants in complex with DNA containing OG paired with
adenine (dA) or purine (dP) and determined the structures by crystallography. Diffraction data with synchrotron
generated X-rays were measured to high resolution and the structures were determined by molecular
replacement followed by model rebuilding and refinement. Importantly, the substrate base was omitted from initial
refinement so as to observe unbiased discovery maps, which revealed intact substrate for some structures and
conversion to the AP (abasic site) product in other cases.

We selected for complete model refinement three representative structures on the basis of data quality (Table 1),
and will refer to these structures by the replacing residue at position 43 and the nature of the DNA lesion. For
example, E43S,¢.4a indicates the E43S variant of Gs MutY in complex with DNA containing OG across from
adenine. Likewise, E43Qq¢.qp denotes the E43Q variant with an OG:purine (OG:dP) lesion, and E43Sqg.ap is the
structure of E43S Gs MutY in complex with the enzyme-generated apurinic/apyrimidinic (AP) site. In other
contexts AP refers generally to any abasic linker within DNA, often the tetrahydrofuran linker, which is a synthetic
component not found naturally in DNA; however, here AP signifies the authentic product of the MutY-catalyzed
reaction. After multiple rounds of energy minimization interleaved with model rebuilding, the average temperature
factors for these structures ranged from 50 to 58 A?, typical for DNA-MutY complexes, and R-free and R-work
values ranged from 22-25% (R-free) and 19-22% (R-work). The final refined models were characterized by
high-quality expectations for Ramachandran plots, clash avoidance, and bond geometry (see Supplementary
Information Table S1).

Table 1. Structures for Glu43 replacement variants of Gs MutY

E43Soc.aa E43Qoc.ap E43Socap
Position 43 Ser Gin Ser
DNA active site Adenine Purine* AP product
Resolution (A) 2.60 2.20 1.68
R-free 0.253 0.234 0.245
R-work 0.208 0.192 0.222
PDB ID 8dwf 8dwe 8dwd

* Partial occupancy

Overview of structures

Two structures, E43S¢.4a and E43Qqc.qp, Were obtained in the P2, space group with two copies of the MutY-DNA
complex in the asymmetric unit (Figure 3A and Figure 3B). This space group arises for some of our unpublished
structures for Gs MutY, and has been reported previously for Gs MutY complexed to its anti-substrate,*® and the
N1468S variant of Gs MutY in complex with DNA containing a transition state analog.?® A third structure,
E43Sqc.ap, Crystallized in the P2,2,2, space group (Figure 3C), which has been more commonly observed for Gs
MutY structures. The double stranded DNA could be built into robust electron density for ten complete base pairs,
including the intra-helical OG nucleotide across from its extra-helical partner. Weaker density clouded the view for
some of the 5’-overhanging nucleotides and these remained unpaired even in the P2, space group where 10-mer
duplexes stack end-to-end at the non-crystallographic 2-fold axis (Figure 3A and Figure 3B).
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Figure 3. Structures of Gs MutY with Glu43 replacement. DNA is
colored grey and black. The site of replacement is highlighted with
magenta in the ribbon overviews. A-B. E43Sqs.¢a (A) and E43Qog.¢p
(B) crystallized in the p2, space group with two DNA-MutY complexes
in the asymmetric unit. Detailed views show the active site with
simulated annealing composite omit maps (grey) contoured at the 1-o
r.m.s.d. level. C. E43Sy¢.4p Crystallized in the p2,2,2, space group
with one DNA-MutY complex in the asymmetric unit. Detailed views
show the active site, the iron-sulfur metal center, and the OG
recognition site, with the simulated annealing composite omit map
contoured at the 1.2-¢ level and the anomalous map contoured at the
6-0 level (orange). Note the alternate conformations for the [4Fe-4S]
metal center and alpha stereoconfiguration for AP product (C).
Solvent molecules are found nearby the AP product and Asp144
(labelled a, b, c).

The overall structures are comparable to those previously described for MutY complexed to DNA. The enzyme is
crescent shaped with two domains connected by a linker nearly encircling the DNA. An iron-sulfur cluster



[4Fe-4S] is chelated by four Cys residues in the N-terminal domain (NTD). For the E43Sq.ap Structure captured
at relatively high resolution (1.68 A) two alternate conformations are distinguishable in anomalous difference
maps for the [4Fe-4S] metal center (Figure 3C), a feature noted in other high-resolution views of Gs MutY with
amino acid replacements. 2%

Strong electron density defined the replacing residue at position 43 and the nature of the DNA at the active site
(Figure 3). The NTD inserts intercalating wedge residues GIn48 and Tyr88 into the minor groove to bend the
DNA at an angle of ~50 degrees. The substrate base (Figure 3A and Figure 3B) or AP product (Figure 3C) are
extruded into the active site defined by residues Tyr126, Asp144, and Asn146 along with the replacing residue at
position 43. Interactions with the orphaned, yet intra-helical OG base in these structures were preserved as
described for previous structures.!'*2*3 Figure 3C shows a representative detailed view of the OG lesion as
found in the E43Sys.4p structure. The peptide carbonyl group of GIn48 and the side chain of Thr49 make
hydrogen bonds with N' and N? along the Watson-Crick-Franklin face of OG. The C-terminal domain (CTD)
contributes the FSH motif at the tip of a beta loop,!'¥ with Ser308 making OG-specific hydrogen bonds with N’
and O® found along the Hoogsteen face which distinguishes OG from undamaged guanine.

Enzyme activity by crystallography

The three structures selected for complete refinement were representative of several crystals with the same
substrate versus product status. In other words, we have reproducible results applying X-ray crystallography to
diagnose progress of the enzyme-catalyzed glycosylase reaction. Outcomes as observed in electron density
maps obtained from multiple crystals of each class are summarized in Table S2. Substrate was consistently
observed in four crystals for the E43S variant complexed with DNA containing dA across from the OG lesion.
Electron density was missing for the base moiety in seven examples for the E43S variant originally complexed
with DNA containing purine across from the OG lesion. The three crystals measured for E43Q complexed with
the OG:dP lesion consistently revealed density for the base moiety, albeit with weaker signal in |Fo| - |Fc|
difference maps, indicating partial conversion to product. The group occupancy for the purine base in the fully
refined E43Qqq.qp structure was 0.7-0.8. Thus, crystallography corroborates our finding that Glu43 replacement
impairs but does not completely ablate glycosylase activity.

The presence of substrate base or AP product in crystals likely reflects multiple processes including enzyme
catalysis and crystal growth. Divalent metal ions such as Ca®" included with crystallization reactions inhibit Gs
MutY and Gs MutY (N146S).% To encourage intermediates and products, DNA and enzyme were combined and
incubated at ambient temperature for 30-90 min or at 4 °C for several hours before adding crystallization
solutions with calcium acetate (Table S5). We speculate that slow enzyme catalysis favors crystals with the
substrate base and also crystals with the AP product. Rapid catalysis may have prevented growth of crystals,
perhaps due to AP product instability. This model explains why the E43Q enzyme, which is faster than E43S
(Figure 2), could not be crystallized with DNA containing dA across from OG, the substrate that is processed
faster than dP (Figure S1), and why the wildtype enzyme failed to crystallize with either substrate.

For the E43S enzyme and DNA with the OG:dP lesion, catalysis and crystallization apparently collaborated to
generate the enzyme-bound AP site product trapped in crystals. DNA with OG across from dP was a poor
substrate in glycosylase assays for E43S and E43Q (Figure S2). With only 50% conversion to product by E43S
acting on OG:dP during overnight incubation at 60 °C, preincubation of enzyme and DNA for 30 min at ambient
temperature would not be sufficient to accumulate significant product from the dP substrate. To explain 100% AP
product in the crystals of E43Sqg.4p, Mmetal ions must have failed to inhibit the E43S variant enzyme so that
catalysis proceeded concurrently with and possibly after crystallization. In support of this model, enzyme activity
has been demonstrated in crystallo for Gs MutY (N1468S).%!

Active site structure for substrate

To structurally evaluate the contribution of Glu43 we focused attention on the active site of MutY looking for
elements that were preserved and things that changed in response to replacement of Glu43. For the Ser
substituted variant with adenine in the active site, E43Sqs.4, We observed tight fitting electron density for a small
residue at position 43 (Figure 3A), consistent with Ser replacing Glu. Previous structures of wildtype Gs MutY,
complexed with DNA containing a non-cleavable substrate analog,!"® showed Glu43 interacting with Tyr126 and
engaged with N7 of the 2'-fluoro-2’-deoxy-adenine (Figure 4A). Relative to this reference structure, Ser43 shows
a substantially different and reduced set of interactions (Figure 3A and Figure 4B). Tyr126 has shifted to partly
fill the space vacated by Glu43 replacement. Other active site residues preserved interactions seen in previously
described structures. For example, catalytic residues Asp144 and Asn146 maintained hydrogen bonding
interactions with each other and the DNA backbone. From this we may conclude that perturbations consequent to
E43S replacement were fairly localized.



Figure 4. Active site structures. A. The nucleobase of 2'-fluoro-2’-deoxy-adenosine (FA) orients in a
syn-like conformation (Chi-1 = -30.5°) and hydrogen bonds with Glu43 and Glu188 in the active site of the
FLRC (PDB ID 3g0q). B. Adenine (dA) orients in an anti-like conformation (Chi-1 = -172°) and hydrogen
bonds with Tyr126 and Glu188 in the active site of the E43S variant enzyme. C. Purine (dP) orients in the
anti-like conformation (Chi-1 = -186°) and hydrogen bonds with Tyr126 in the active site of the E43Q variant
enzyme. For each of these substrate complexes the nucleobase is sandwiched between Leu46 and lle191.
D. The AP product, generated by E43S acting on DNA with dP, is observed as the ring-closed alpha
anomer. Solvent molecules nearby the AP site are labelled (a, b).

Local perturbations to DNA structure are evident. The adenine base adopted an anti-like orientation (Figure 3A
and Figure 4B), with O* and C* in frans and rotated by ~180° relative to the syn-like conformation observed for
prior substrate complexes, including the lesion recognition complex (LRC),?® the fluoro-A (FA) lesion recognition
complex (FLRC),!" and a recently described structure for the N146S variant of Gs MutY complexed with purine
(N146Sqg.4p).2® Evidence for the unexpected anti conformation comes from maps calculated after initial
molecular replacement, which outlined a nucleobase with an exocyclic group (Supplementary Information Figure
S2). Replacement of Glu43 and rotation of the N-glycosidic bond change the hydrogen-bonding interactions
available to the nucleobase. Glu43 of the wildtype enzyme approaches closely with N” and C8 of FA in the
syn-like conformation (Figure 4A).'" In the anti conformation, N fails to find a partner and N* of dA
hydrogen-bonds with the hydroxyl group of Tyr126. Glu188 adapts its rotamer configuration to preserve the
hydrogen bond with exocyclic N (Figure 4B). Switching from syn to anti is coupled with a different sugar pucker:
C?-endo for syn becomes C*-exo for anti. The net effect preserves the position of the nucleobase, sandwiched
between Leu46 and lle191, for the wildtype enzyme and for E43Sqs.4, described here.

We also observed the anti-like conformation with C¥-exo sugar pucker for the dP nucleobase in the E43Qqg.qp
structure (Figure 3B and Figure 4C), an outcome that indicates the anti conformation does not rely on N®
interactions that are available for dA but absent for dP. We also infer that, in the absence of Glu43, the syn-like
orientation is unstable relative to the anti orientation. In the E43Qqq.qp Structure, GIn43 hydrogen bonded with
Tyr126 and adopted the same rotamer as seen for Glu43, meaning it was in the correct position to interact with a
syn nucleobase. However, the dP nucleobase remained disengaged from GIn43 by rotation about the
N-glycosidic bond. We may conclude that shifting the anti-syn equilibrium toward the syn conformation is coupled
with the strongly shared proton connecting glutamic acid of the wildtype enzyme and the adenine nucleobase.

Glutamic acid at position 43 is understood to be the acid/base catalyst that initiates adenine excision by
protonation of N7 (Figure 1).I'¥ We examined the structures looking for other residues that could serve as an
alternate acid/base catalyst in the E43S and E43Q variant enzymes. R31 and E188 make a solvent-mediated
interaction with N' of dP in the structure of E43Qqg.4p. Additionally, Tyr126 hydrogen bonds with N® of the
nucleobase in the structures for E43Sqg.4a and E43Qqq.q4p. Proton transfer from the water molecule held in place
by R31 and E188 to N' or from Tyr126 to N®> may thus contribute to impaired glycosylase activity measured for



these variant enzymes (see Figure S3). In support of this idea, the wildtype enzyme from E. coli (Ec MutY)
excised a hydrophobic isostere of adenine that lacked N7 and retained N°, 7-deaza-adenine,®® and the isostere
lacking N3, 3-deaza-adenine, was excised at a rate 150-fold slower relative to the authentic substrate,'”
observations that highlight the contribution of N* for adenine excision.

Structure for enzyme-generated product

Electron density for a substrate nucleobase moiety was missing in the E43Sy.4p Structure. Absence of electron
density for the purine base in the discovery maps calculated for initial rounds of refinement, well defined
simulated annealing composite omit maps (Figure 3D), and difference maps calculated for the final model refined
with data to the 1.68 A resolution limit (Figure S4) provide strong evidence that the base has been excised. The
detached free base was evidently not retained following cleavage of the N-glycosidic bond since unexplained
volumes of electron density were absent in neighboring regions. Electron density surrounding the abasic site
defined an AP group in its closed-ring furanose form, with density extending beyond C" in an equatorial
disposition, consistent with a hydroxyl group in the alpha stereoconfiguration (Figure 3D and Figure S4B) and
very different from the beta stereoconfiguration observed for the AP product generated by the N146S enzyme
(Figure S4A).2%

We took special care in selecting the C*-endo sugar pucker and alpha sterecisomer for the AP site. The alpha
anomer with C*-endo pucker appeared to best fit electron density best (Figure 3D), refined with reasonable
temperature factors for all atoms in the AP group, and avoided steric clashes (Supplementary Information Table
S7). The alpha anomer with C*-endo pucker places the O" group within hydrogen bonding distance of Asp144
and Tyr126 (Figure 4D) and was unexpected since previous studies show Gs MutY with Glu at position 43
converts substrate to the beta anomer in both methanolysis and hydrolysis reactions.?*2% Comparison of the
E43Sqg.ap Structure described here with N146S..4p, described previously,?® indicates Glu43 replacement has
dramatically altered interactions with the AP product (Figure S4), and suggests an alternative inverting
mechanism may contribute to product accumulation (Figure S3).

Implications for MutY’s catalytic mechanism and regulation

Our work reinforces and extends the idea that recruitment of a catalytic glutamic acid residue was a cornerstone
innovation for the evolution of an OG:A-specific adenine glycosylase with a retaining mechanism. DNA
glycosylases are tasked with finding and precisely identifying rare substrates among vast amounts of normal
DNA, placing evolutionary pressure to finetune substrate specificity. The search for substrate while avoiding
off-target decoys is made especially challenging for MutY which excises an undamaged adenine nucleobase.
Most other glycosylases remove a damaged base, and therefore can take advantage of distinct chemical groups
for recognition and the inherent instability of the N-glycosidic bond following chemical modification.®”=% In the
absence of chemical damage, excision of the adenine base places additional demands for catalysis and
substrate recognition. These demands likely contributed to the recruitment of a second catalytic carboxylic acid
residue. All HhH glycosylase family members employ an Asp for catalysis (Asp 144 in Gs MutY), and MutY
augments this with the catalytic Glu that is found only among MutY, and closely related MAG1 / MIG enzymes.['®

Since the nucleobase being excised is highly prevalent, MutY must strictly integrate information from the
OG-recognition site to distinguish appropriate OG:dA substrates. Off target activity would lead to massive AP
accumulation and genome instability. This molecular logic makes clear the need for an “on hold” state that
precedes the fully licensed catalytic state of MutY. Switching between states likely involves allosteric
communication among distant sites, including the OG-site, the active site, and the [4Fe-4S] metal center.
Connectivity with the metal center is supported by recently reported new structures for Gs MutY and human
MUTYH complemented by molecular dynamic analysis.?¥ In that work, variants of MutY that interrupt the
connection, namely N146S and R141Q, retain structure, bind substrate DNA normally, yet are catalytically
disabled.® The structures for E43 replacement variants of MutY described herein extend these ideas and
suggest that an “on hold” state could be created (and released) by taking advantage of anti-syn conformational
switching. With the nucleobase in an anti-like conformation, Glu43 would be disengaged from N7, thereby
keeping catalysis in check. In this model, switching to a syn-like conformation would release the “on hold” state,
allow catalytic engagement between glutamic acid and the nucleobase, and initiate efficient adenine excision.

The covalent intermediate

The retaining mechanism of MutY predicts a covalent DNA-enzyme intermediate,”>?! and a covalent crosslink
from C" in DNA to the carboxylate of Asp 144 in MutY has been observed in QM/MM structures.?® The hope of
capturing this covalent DNA-MutY intermediate in a crystal structure provided impetus for exploring Glu43
replacement variants. We reasoned that purine, with its enhanced leaving group potential, would increase the
rate of forming the covalent intermediate, while Glu replacement would slow its destruction. Similar Glu
replacement with GIn led to capture of covalent enzyme-glycosyl intermediates for hen egg white lysozyme and
the human nucleotide salvage factor DNPH1.14'42 However, expectations were not fulfilled for our MutY system.
Substrate purine was processed by E43S and E43Q enzymes only very slowly (Figure S1), suggesting that
purine is a poor leaving group for the enzyme-catalyzed reaction, perhaps consequent to adopting the anti



configuration. The “on hold” state proposed for regulating MutY catalysis may further explain why the expected
covalent intermediate of MutY eluded capture. Release of the “on hold” state presents additional kinetic steps
preceding catalysis. If any of these earlier steps are slower than the final nucleophile attack, the MutY covalent
intermediate will remain poorly populated.

Catalytic strategies for adenine glycosylases

A comparison of MutY with other DNA glycosylases and O-glycosidases has been discussed previously.® Here
we compare and contrast the dsDNA adenine glycosylase MutY with other N-glycoside bond-hydrolyzing
enzymes acting on adenine in the context of structured RNA and ribonucleoside substrates, namely the ribosome
inactivating proteins (RIPs) ricin A-chain and saporin-L3, and the purine-specific nucleoside hydrolase (NH) from
Trypanosome vivax (Figure 5). These enzymes each solve the challenge of breaking a beta-N-glycoside bond
connecting C", of D-ribose or 2’-deoxyribose, to N° of adenine, as well as other purine substrates. As the proteins
have completely different folds, the solutions are the result of convergent evolution. Kinetic isotope effect (KIE)
analysis demonstrated differences in transition state structure,!'®43-*%! yet each adenine glycosylase breaks the
N-glycoside bond in a dissociative SN1-like mechanism, leading to a neutral or positively charged leaving group
and a positively charged oxocarbenium ion intermediate that is resolved by electrophile migration to an activated
nucleophile. The strategies employed for leaving group stabilization are distinct in detail but consistently involve
multiple hydrogen bonds to the nucleobase as inferred from the substrate ground state structure in the case of
MutY,"® and from structures of transition state mimics complexed with ricin A-chain, saporin-L3 and NH.“¢41 The
nucleophile is activated by a carboxylate group, either Asp or Glu, with attack from the beta face distinguishing
MutY from the RNA and nucleoside glycosylases, which resolve the transition state with attack from the alpha
face.[22546471 These adenine glycosylases treat the oxocarbenium ion transition state intermediate very differently,
with MutY providing strong covalent interactions,*2%2¢! and the other glycosylases avoiding covalent catalysis. As
a result of these differences, the abasic AP product retains stereoconfiguration in the case of MutY and inverts
stereoconfiguration in the case of RIPs and NH.

One residue serves multiple catalytic functions for the MutY mechanism. The catalytic Glu (Glu43) is the
acid/base catalyst for activation of the leaving group, activation of the nucleophile, and contributes, along with the
catalytic Asp (Asp144), to electrostatic stabilization of the positively charged transition states encountered before
and after the covalent intermediate (Figure 1). In other words, Glu43 is involved in all of the catalytic tasks. For
RIPs and purine-specific NH, these catalytic tasks are delegated to several residues. For example, the RIP
saporin-L3 accomplishes leaving group stabilization by an extended z-bond stacking interaction involving an Arg
and two Tyr residues coupled with protonation at N® by a conserved and catalytically critical Arg.*® These
residues devoted to leaving group activation are different from those that provide electrostatic stabilization of the
oxocarbenium ion transition state and nucleophile activation, tasks fulfilled by a catalytic Glu.“¥ Comparable to
RIPs, the purine-specific NH also stabilizes the leaving group via z-bond stacking interactions with two Trp
residues,*’*? which are uninvolved with nucleophile activation or TS stabilization.

The stacking interactions featured in leaving group activation for RIPs and NH are absent for MutY (Figure 5).
Residues sandwiching the adenine nucleobase in MutY are hydrophobic, aliphatic residues (Leu46 and lle191 in
Gs MutY), and aromatic residues are avoided at these positions among bacterial orthologs (Figure S5).
Inspection of amino acid sequence alignments shows Phe is accepted at these adenine-sanwiching positions at a
frequency of ~1% (51/6143 at position 46; 65/6143 at position 191), indicating aromatic residues fit into this
space, but there are no examples with both positions occupied by an aromatic residue. Avoidance of aromatic
residues, that are otherwise commonly observed for other adenine glycosylases, may prevent premature,
inappropriate adenine excision.

MutY’s retaining mechanism relies on Glu43 for both leaving group and nucleophile activation and thereby
necessitates a covalent intermediate, an intermediate that is avoided by the other inverting glycosylases. The
different catalytic strategies may reflect different biological constraints guiding evolution. Distributing catalytic
tasks among many structural features likely contributed to efficient turnover realized for RIPs, which evolved to
destroy structured rRNA and thereby disable numerous ribosomes in a cell as quickly as possible. The biological
purpose of nucleotide hydrolyases varies, but a high turnover was apparently desirable. Aromatic residues
sandwiching the nucleobase in these adenine glycosylases contribute to catalytic efficiency through stabilizing
cation-z interactions, in addition to, or in place of acid/base catalysis for leaving group activation.! !

By comparison to the RNA and nucleoside adenine glycosylases, MutY is marked by slow turnover, a result of
strong product inhibition.?” High catalytic turnover was not a priority for MutY as there are few authentic
substrates in the cell. Instead, evolution invested in making MutY’s search for rare adenine substrates paired with
OG rapid,® and avoiding chemically identical but inappropriate adenines. The proposed “on hold” state would
provide added layers of protection to ensure MutY serves a DNA-repair function even as it breaks the
N-glycosidic bond at chemically correct but informationally misplaced adenines. We further suggest that
establishing and releasing such a checkpoint is facilitated by strong reliance on one catalytic residue for leaving
group activation. This model predicts that faster, more promiscuous versions of a MutY-like enzyme would be
created by replacing both of the adenine-sandwiching residues with aromatic residues.



_ =
i H P
~ i b0
\)\\O" @2:0 /
D261 D10

Figure 5. Comparison of DNA, RNA, and nucleoside adenine
glycosylases. Adenine-sandwiching residues are highlighted. A. MutY
excises adenine from DNA and sandwiches the nucleobase with
non-aromatic, aliphatic residues. B. Saporin-L3 excises adenine from
RNA and sandwiches the leaving group with two aromatic Tyr
residues, supported by an Arg. C. Purine specific nucleoside
hydrolase sandwiches the nucleobase leaving group with two
aromatic Trp residues. Drawn on the basis of PDB IDs 3g0q,!'®!
2ff2,1481 and 3hiw.“"!




Conclusion

The outcomes described here are summarized in Figure 6. Replacement of the catalytic Glu with Ser or GIn
reduced the adenine excision rate by three orders of magnitude. Structures of these Glu43 replacement variants
in complex with DNA showed the substrate nucleobase in an unfamiliar anti conformation and the
enzyme-generated AP product in a closed-ring, alpha anomer configuration, very different from the beta
stereoisomer seen for the N146S variant enzyme in crystal structures,®® and as inferred for the wildtype enzyme
on the basis of enzyme-catalyzed methanolysis.”® We knew from previous work that Glu is critical for facilitating
initial steps involving acid/base catalysis to activate the leaving group.l'®2% The results described here are
consistent with the same catalytic Glu also activating the nucleophile to attack from the beta face, the same face
as leaving group departure. Other adenine excising enzymes acting on RNA and nucleosides distribute catalytic
tasks for activating the leaving group and activating the nucleophile among many residues to establish an SN1
inverting mechanism, while MutY relies heavily on the one catalytic Glu for both leaving group and nucleophile
activation in an SN1 retaining mechanism. The unique features of MutY’s mechanism may be important to
establish the pre-licensing “on hold” state that is released upon integrating information from the partner DNA
strand, so as to avoid genome instability caused by inappropriate activity on abundant adenines that should be
ignored, and allow for licensed DNA restoring function of MutY at rare substrate adenines paired with oxidative
lesions.

Glu NH2 Glu -

/\\/ ﬁ) ol /\(U L B anomer

\23:71 ;lsii E_ ?Bg 4

wt MutY N ,-«&Gﬂsp “a
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Figure 6. The catalytic Glu activates both the leaving group in a syn
conformation and the nucleophile for efficient adenine excision with retention
of stereochemistry (top). As revealed in this article describing structures and
kinetics for E43S and E43Q replacement variants of Gs MutY, in the absence
of Glu the nucleobase adopts an anti conformation, the reaction is very slow,
and the resulting AP product is observed in a furanose ring-closed form with
alpha stereoconfiguration. These features contribute to our understanding of
MutY’s function to restore DNA in the face of oxidative damage.

Experimental Section
See Supplementary Information for the Experimental Section.
Data and Reagent Availability

Plasmid DNAs have been archived with AddGene. Protein structures have been deposited with the Protein Data
Bank.[5"52]
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Table S1. Data collection and model refinement statistics

Data collection statistic
Wavelength (A)
Resolution range (A)
(Highest resolution)
Space group

Unit cell a, b, ¢ (A)

beta (°)

Total reflections

Unique reflections (+) (-)
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)

Wilson B-factor (A?)
R-merge (%)

R-meas (%) *

CC1/2 (%)

Model refinement statistic
Reflections used in refinement
Reflections used for R-free
R-work

R-free

Number of non-hydrogen atoms
MutY

DNA

80G

Active site DNA

S43:Adenine

1.116

50.14 - 2.6

(2.693 - 2.6)

P1211

49.08 137.974.52

101.436

150327 (10956)

58172 (4259)

29767 (2942)

2.6 (2.6)

99.68 (99.12)

5.6 (0.8)

55.18

19.1 (207)

24.0 (262)

98.1 (9.1)

S43:Adenine

29763 (2942)

771 (79)

0.2354 (0.3499)

0.2607 (0.3496)

6373

5374

879

46

42

Q43:Purine

1.116

68.98 - 2.2

(2.279-2.2)

P1211

48.63 137.96 74.49

101.000

328794 (24485)

96293 (7112)

48807 (4834)

3.4 (3.4)

99.92 (99.96)

5.9 (0.9)

48.18

11.5 (142)

13.6 (168)

99.3 (30.0)

Q43:Purine

48787 (4834)

1234 (123)

0.2080 (0.3392)

0.2400 (0.3707)

6509

5427

861

46

40

S43:Abasic

1.000

42.96 - 1.68

(1.74 - 1.68)

P212121

37.74 85.92 140.69

90

679161 (51832)

100381 (7356)

53020 (5165)

6.8 (7.0)

99.64 (98.81)

9.4 (1.1)

30.73

9.0 (191)

9.8 (205)

99.8 (31.3)

S43:Abasic

53019 (5165)

1328 (130)

0.2207 (0.3742)

0.2483 (0.3879)

3344

2681

422

23

12



Table S1. Data collection and model refinement statistic (continued)
Model refinement statistic S43:Adenine Q43:Purine S43:Abasic

Number of non-hydrogen atoms

calcium 2 5 2
4Fe4S 16 16 16 €
solvent 98 200 224
Protein residues 701 702 346
RMS(bonds) 0.003 0.003 0.01
RMS(angles) 0.53 0.66 1.24
Ramachandran favored (%) 97.4 971 96.5
Ramachandran allowed (%) 2.6 2.9 3.5
Ramachandran outliers (%) 0 0 0
Rotamer outliers (%) 0.2 0 1.1
Clashscore 1.2 0.9 6.2
Number of TLS groups 4 4 3
Average B-factor (A?) 57.7 58.2 49.6
MutY 59.5 60.0 51.1
DNA 48.0 48.9 43.3
80G 39.2 40.7 26.6
active site DNA 52.0 60.3 33.1
calcium ion 50.5 60.0 63.5
4FeS4 52.8 51.1 38.0
solvent 50.2 50.5 452

Occupancy of active site
nucleobase 1.00, 1.00 0.84,0.73 0.00

* Redundancy independent measure of R.I®®
€ 4Fe-4S modeled with two alternate conformations.



Table S2. Glycosylase activity detected by X-ray crystallography

Starting Evaluation of DNA Number of
DNA

Variant in active site crystals
E43S OGA Substrate, 4
anti conformer
E43S OoG:P AP Product, 7
alpha anomer
E43Q OGA NA [ 0
E43Q OG:P Substrate, 3

partial occupancy,
anti conformer

Bl E43Q complexed with OG:dA DNA failed to crystallize



Glycosylase activity for E43S and E43Q Gs MutY acting on OG:dP

With the purine substrate these enzymes are even slower, in fact so impaired that instead of precise rate
determination we left reactions to proceed for a full day and compared rates by comparing the extent of observed
product accumulation after 3h, 6h, and 24h. We observed three to nine-fold greater product accumulation for the
enzyme catalyzed reactions in comparison to the no enzyme control. E43Q produced 19% cleaved product and
E43S produced 54% cleaved product after a 24 hour period compared to the no enzyme control of 6% cleaved
product (Figure S1). After subtracting background, these values yielded estimates of 0.0002 min™' and 0.001
min~ for the upper limit of purine excision for the E43Q and E43S enzymes, respectively. The E43S enzyme
tolerated the switch to a purine substrate better than E43Q, although both were severely impacted. In summary,
replacement of Glu43 makes the enzyme extremely slow, especially with the purine substrate, yet the variant Gs

MutY enzymes retain residual catalytic activity contrary to previous work with the E. coli enzyme.

E43Q Gs MutY E43S Gs MutY No Enzyme
Time 3hr 6 hr 24 hr 3hr 6 hr 24 hr 3 hr 6 hr 24 hr
Percent Cleavage 6% 9% 19% 17% 32% 54% 6.4% | 3.5% | 6.2%

Substrate 30nt

Product 14nt

Figure S1. Glycosylase reactions with E43Q and E43S processing the OG:dP substrate. Radiolabelled dsDNA containing OG
across from purine was combined with enzyme, incubated at 60 °C, and reactions were quenched by addition of sodium
hydroxide to cleave DNA at the AP product. Bands correspond to the low-mobility substrate DNA (30 nt) and high-mobility
product DNA (14 nt). Percent cleavage values were calculated after subtracting the no-enzyme control. The E43S and E43Q
variants show glycosylase activity that is impaired relative to the wildtype enzyme but not completely dead.




Distinguishing anti/syn conformations for substrate nucleobase

Discovery maps calculated early in the structure refinement process for E43Sqs.4a reveal the outline of an
adenine base in an anti-like conformation with the six-member ring pointed away from the sugar moiety (Figure
S2A). A starting model with a syn nucleobase would emerge in this anti conformation following reciprocal space
refinement with Phenix (Figure S2B). Obtaining a model with the syn conformation required increased torsion
angle restraints to freeze rotation about the C"-N° glycosidic bond. Difference maps calculated for such a model
showed clear negative and positive electron density features (Figure S2C) that indicate the anti conformation
predominates in structures for the Glu replacement variant enzyme.

Figure S2. Adenine adopts an anti orientation
A. Map calculated at the active site of E43Sqg.4a
after molecular replacement with Gs MutY
complexed with DNA containing the abasic
transition state mimic 1N (PDB ID 6u7t). B.
Adenine in its anti conformation fits the 2|Fo| -
|Fc| map with few features in the. C. The syn
conformation poorly fits the the electron density
map, with significant positive and negative
peaks in the |Fo| - |Fc| difference map (red,
green).




Alternative mechanisms

The alpha anomer generated by the E43S variant enzyme suggests an inverting mechanism may contribute to
product accumulation. In the absence of Glu43, an inverting mechanism for E43S may initiate with protonation at
N?® of the nucleobase in its anti conformation. Prior structure activity relation (SAR) studies with substrate analogs
showed the importance of hydrogen bonding with N2 for adenine excision by MutY.2¢¢%61 With replacement of
Glu43 and adoption of the anti conformation with C*¥-exo sugar pucker, the water-mediated hydrogen bond
network involving N® observed for the wildtype enzyme is replaced by a direct hydrogen bond to Tyr126 (Figure
4), and we speculate that Tyr126 serves as the proton donor to activate the leaving group (Figure S3). The
inverting mechanism proceeds with nucleophile attacking from the 3’ face, facilitated by Asp144 (Figure S3, top
branch), as proposed originally for MutY.['¥! Alternatively, AP product accumulation in the alpha anomer may
result from the now established inverting mechanism for MutY,?® with Tyr126 or some other acid/base catalyst
serving to activate the nucleophile (Figure S83, bottom branch), followed by racemization via the ring-open
aldehyde intermediate and selection for the alpha anomer by the enzyme. However, this alternate route is made
less plausible when the alpha anomer AP product observed for E43S is compared to the beta anomer AP product
observed for N146S (see below, Figure S4). As the interactions available for stereospecific selection from a
racemic mixture are essentially the same for E43S and N146S, its difficult to explain the distinct stereoisomers
observed in electron density maps for these different MutY variants. Therefore, we favor the more direct route to
the alpha anomer observed for the structure of E43S¢.4p described in this work, but cannot exclude alternate
routes.
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Figure S3. Catalytic routes to an alpha AP site for E43S. In the absence of a catalytic Glu, an alternate residue (we suggest
Tyr126) protonates the nucleobase in its anti-like conformation. Two alternate routes diverge following leaving group activation
and departure. In the top branch, Asp144 activates the nucleophile (a), and Tyr126 in its alkoxide form stabilizes the transition
state that resolves with attack from the 3'-face to yield the alpha AP site directly. An indirect route follows the bottom branch. In
this indirect route, Tyr126 activates the nucleophile (b), and Asp144 stabilizes the oxocarbenium ion transition state that resolves
with attack from the 5'-face to yield the beta anomer, which interconverts via the ring-open aldehyde intermediate. In the indirect
route, interactions with the enzyme active site selects the alpha anomer from the racemic mixture. Of these two possibilities, we
favor the direct route because interactions with active site residues are highly comparable for E43S and N146S variants of Gs
MutY, yet the stereoconfiguration of the enzyme-generated AP site is alpha for E43S and beta for N146S (Figure S4).




Comparison of enzyme-generated AP product for N146S and E43S

We recently described structures for Gs MutY with the cancer associated N146S amino acid replacement.* One
of these reveals the enzyme-generated AP product refined with data measured to the 1.68-A resolution limit,
sufficient to distinguish the ring-closed furanose beta anomer with a C*-exo sugar pucker (Figure S4A). The
electron density map for E46Sq 4 (Figure S4B), also calculated to the 1.68-A resolution limit, is very different
from that of N146Sqq.4p (Figure S4A) in the region of the AP site and at the substituting positions. The catalytic
Asp (D144) and supporting Tyr (Y126) residues are positioned similarly in the two structures, as defined by clear
electron density. These are the only hydrogen-bonding partners available to the hydroxyl group of the AP site in
both structures; Glu 43 is too distant to make a significant interaction. Selecting the alpha anomer or the beta
anomer from a racemized mixture seems an unlikely explanation for the different outcomes observed for
N146Sgc.ap and E43Sqa.ap, given the very similar positions of Asp144 and Tyr126. It is reasonable and plausible,
therefore, to suggest that the AP product seen in electron density maps is the sterecisomer generated by enzyme
catalysis.
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Figure S4. Comparison of enzyme-generated AP sites. Electron density maps were calculated to the 1.68 A resolution limit
and contoured at the 1.2-sigma level for 2|Fo| - |Fc| maps (grey) and at the +/- 3.8-sigma level for |Fo|-|Fc| maps (green, red).
The N146S-generated AP product adopts the beta anomer consistent with retention of stereoconfiguration (A) while the
E43S-generated AP product adopts the alpha anomer consistent with inversion of stereoconfiguration (B).




Experimental Section
Sequence conservation analysis

The amino acid sequences of MutY from 6143 different bacteria species were harvested from KEGG and split
into groups of 200 before alignment with MUSCLE.®? Each alignment included the Gs MutY reference sequence.
The two motifs corresponding to positions 41-51 and positions 186-196 in Gs MutY were located and analyzed
for amino acid type with an R program written by the author M.P.H. The LOGOs shown in Figure S5 were
obtained with the WebLogo server,®¥ https://weblogo.berkeley.edu/ after randomly selecting 2000 sequences.
Inclusion in this analysis required the MutY to be longer than 320 residues and contain Glu or Asp at position 43
(Figure S5, E in the first motif). Most of these sequences also retained the iron-sulfur cluster, although this was
not a requirement for inclusion. The residues sandwiching the adenine nucleobase were most often Leu at
position 46 and most often Met or lle at position 191 (Figure S5, L in the first motif and M/l in the second motif).

weblogo.berkelay.edu

Figure S5. Sequence conservation. The catalytic Glu at position 43 is shown in red (top). Residues that
sandwich the adenine nucleobase are shown in magenta at position 46 (top) and position 191 (bottom). Out
of 6143 MutYs included in this analysis, 51 have an aromatic Phe residue in place of Leu at position 46 and
65 have an aromatic Phe residue in place of M/I at position 191. There were no examples with both
positions occupied by an aromatic residue.



https://weblogo.berkeley.edu/

Oligonucleotide synthesis and purification

8-0x0-dG-CE Phosphoramidite (OG) and 2'-DeoxyNebularine-CE Phosphoramidite (Purine) were purchased from
Glen Research. The University of Utah DNA / Peptide core facility synthesized the 11-mer DNAs for
crystallography (Table $3). Oligonucleotides were decoupled and annealed in 10 mM Tris pH 7.5 as described
previously.!"!

Table S3. DNA sequences for crystallography

DNA Sequence
V110G 5 - AAGAC(dOG)TGGAC - 3
cV11A 5 - TGTCCA(dA)GTCT - 3
cV11P 5 - TGTCCA(dP)GTCT - 3

Molecular cloning

The pET28 plasmid with T7 promoter driving expression of wildtype Gs MutY with an N-terminal 6xHis tag and
thrombin cleavage site was generously provided by the Verdine lab. Site directed mutagenesis to replace the
codon for Glu43 with a codon for Ser was completed with the QuickChange kit (QiaGen) according to
manufacturer’s instructions and with primer DNAs listed in Table S4. Ligation independent cloning was applied to
generate the pET28 plasmid for E43Q Gs MutY expression. Two PCR reactions with primers listed in Table 4
created overlapping DNAs for the left-hand (LH) and right-hand (RH) halves of the pET28a(+) plasmid. The
forward primer for the RH reaction (E43Q-crick) and the reverse primer for the LH reaction
(E43Q-watson-franklin) each encoded a GIn codon at position 43 of Gs MutY. These primers were paired with
oligo DNAs complementary to a sequence immediately downstream of the ori origin of replication of the
pET28a(+) vector (CW-mph, CCW-mph). PCR products were separated by gel electrophoresis, bands of the
correct length were recovered and DNA was purified with the GeneJet kit (Thermo Scientific) according to
manufacturer’s instructions. The purified PCR products were mixed and directly transformed into competent
DH5a cells. Kanamycin resistant transformants were recovered by selection on LB plates with 40 ug / mL
kanamycin and the sequence encoding E43Q Gs MutY with N-terminal 6xHis tag was confirmed by Sanger
sequencing by the University of Utah sequencing core using the primers T7trm and T7.2_crk (Table 4).

Table S4. DNA primers for molecular cloning

DNA Sequence
E43Q-crick 5" CCATATAAAGTATGGGTGTCGCAAGTGATGCTGCAGCAAACG 3
E43Q-watson-franklin 5 CGTTTGCTGCAGCATCACTTGCGACACCCATACTTTATATGG 3
CW-mph 5 GCAACGCGGCCTTTTTACGGTTCC 3
CCW-mph 5" GGAACCGTAAAAAGGCCGCGTTGC 3
T7-v2 5 CGTCCGGCGTAGAGGATCG 3’

T7-term 5 GCTAGTTATTGCTCAGCGG 3’




Glycosylase Assay

The rate constants of Gs MutY and its variants were measured by using previously described glycosylase assay
methods (ref). A 30 base pair DNA duplex with a central OG:dA or OG:dP mismatch was utilized to determine the
rate constants. The 5'-end of the A/P-containing strand was radiolabeled using y-32P-ATP and T4 Polynucleotide
Kinase (NEB) and annealed to its complementary strand containing OG in a buffer composition of 20 mM Tris pH
7.6, 10 mM EDTA and 150 mM sodium chloride. The 20 nM duplex was incubated with the enzyme at 60°C in
reaction buffer of 20 mM Tris pH 7.6, 10 mM EDTA, 0.1 mg/ml bovine serum albumin (BSA) and 30 mM NacCl.
Each aliquot removed from the reaction at certain time points was quenched with sodium hydroxide to introduce
a single DNA strand break at the abasic site to form a 14-nucleotide (nt) product strand. Enzyme concentrations
of 4, 8 and 12 nM were used for glycosylase assays performed under multiple turnover conditions to measure
active enzyme concentration and rate constant of product release, k;. The rate constant of adenine cleavage, k,,
was measured under single turnover (STO) conditions where enzyme concentration is higher than DNA
concentration. The unprocessed 30-nt substrate strand was separated from the product strand using a
denaturing PAGE for quantification of percent product formation.

X-ray crystallography

The Glu substitution variants of Gs MutY were overexpressed and purified as previously described.['¥ Gs MutY
was exchanged into a buffer containing 20 mM Tris pH 8, 150 mM sodium chloride, and 5 mM
beta-mercaptoethanol in the final Superdex-200 size-exclusion chromatography. Fractions enriched for MutY as
quantified by A280 and A410 were combined with an equal volume of 50% sterile autoclaved glycerol before
storing at -80 °C. For crystallization, MutY was concentrated to between 270-360 uM with 10 kDa MWCO ultra
centrifugal filters (Millipore). Pure protein was mixed with an equal volume of annealed DNA (525 uM) containing
either an OG:dA or OG:Pu lesion. The enzyme-DNA mixture was pre-incubated at various temperatures and
times before assembly of crystal trays (Table S5). Crystallization well solutions were composed of 100 mM Tris
pH 8-9, 12% PEG 4000, 400 mM calcium acetate, 2% ethylene glycol, and 5 mM beta-mercaptoethanol.
Microseeds were prepared using the Hampton Research Seed Bead kit (HR2-320). Crystals and 50 pL of the
well solution were combined in the Seed Bead tube, vortexed for 3 min to completely crush the starting crystals,
before increasing the volume by adding 450 uL of a solution matching the original well solution to yield the final
1x microseed stock solution. Microseeds were serially diluted in 10-fold steps with a solution matching the
original well solution to yield 10, 102, 103, ..., 10 dilutions. Microseeds were either used fresh or the whole
dilution series was frozen at -80°C for later use; both methods yielded crystals. We observed some variance in
microseed stock performance with some stocks not producing crystals. Microseed stocks that did not produce
crystals were discarded and fresh stocks were assembled. We mixed 1uL of the pre-incubated enzyme-DNA
mixture with 1uL of microseed dilution to prepare crystallization reactions using the hanging-drop vapor-diffusion
method. Yellow to golden crystals, long and flat in shape grew within a few days (Figure S6). Crystals were
washed briefly with a solution that matched the crystallization well except for the added cryoprotectant, 5%
ethylene glycol, before looping and freezing in liquid nitrogen. Crystals were looped with Hampton Research
Mounted Cryoloops (0.1-0.2 mm HR4-947) attached to magnetic CrystalCaps (HR4-779) and stored in
CrystalCap vials under liquid nitrogen.

Table S5. Preincubation and crystallization reaction conditions

Structure Preincubation Well solution pH
E43Soca 4°C,20h 8.0
E43Qocp Ambient, 1.5 h 9.0

E43Socap Ambient, 0.5 h 8.5




Figure S6. Crystals of Glu43 replacement variants of Gs MutY complexed with DNA

Crystals were sent in a dry shipping Dewar to the Advanced Light Source at Berkeley National Laboratory. Data
were collected remotely due to the COVID-19 pandemic with Pilatus3 6M detectors at beamlines 5.0.2 and 8.3.1.
The highly sensitive next generation detectors enable real time data collection to achieve higher resolution limits.
Data were collected in multiple sweeps exposing a crystal at different locations to minimize radiation damage.
Most crystals were measured with a strategy of 4 sweeps, each covering 90° in phi, with 0.4 s exposure per
frame of 0.2° oscillation. The crystal that yielded the high resolution product structure was measured with a single
helical sweep of 360° with 0.25 seconds exposure per frame of 0.25°.

Data processing

Data integration and processing was accomplished with XDS and XSCALE,®**¥ keeping Bijovet pairs separate
so as to calculate anomalous maps useful for distinguishing metals such as calcium ions and the 4Fe-4S metal
cluster. For cross-validation, 2.5% of the data were assigned to the test group and these data did not guide
minimization of energy functions during model refinement with version 1.20.1 of Phenix.[*® Initial phases were
obtained by rigid body refinement with a previously refined model. For structures that crystallized in the P2,
space group, the starting model was an unpublished model of MutY-DNA refined in the P2, space group with
crystal id cg71. For the product structure which crystallized in the more frequently encountered P2,2,2, space
group, a previously published structure of MutY with PDB ID 6u7t served as the starting model. Both structures
feature the transition state analog 1N in the DNA at the position across from OG and thus do not contain a base
in the active site. Significantly, this approach minimized concerns with respect to model bias and yielded
discovery maps to diagnose presence or absence and pose (if present) of the base. Structure refinement
included a round of simulated annealing early in the process to further eliminate model bias. For the high
resolution product structure the starting temperature during torsion angle simulated annealing refinement was
900K and the final temperature was 50K, and for the other structures the starting temperature was 1100K and the
final temperature 300K. Refinement proceeded with multiple rounds of manually adjusting the models in the
context of electron density maps with the model building program Coot,®® followed by positional, temperature
factor, and occupancy strategies as implemented with Phenix Refine.®® For the E43Sog.ap Structure, the 4Fe-4S
metal center and chelating Cys ligands were modeled with two alternate conformations as indicated by
anomalous difference maps. For the E43Q¢.4p Structure we applied a group occupancy refinement strategy for
the purine base so as to refine a common occupancy for all atoms in this group. Parameters defining three TLS
groups (DNA, MutY N-terminal domain, MutY C-terminal domain) accounted for anisotropic atom displacement in
the final cycle of refinement. Simulated annealing composite omit maps were calculated by the Composite Omit
Map module of Phenix, with 3% of the structure omitted, submitting the remaining structure to torsion angle
simulated annealing starting from a temperature of 1100 K, calculating the 2|Fo| - |Fc| map for the omitted region,
and repeating this procedure until the entire asymmetric volume is sampled.

Ligand restraints

Ligand restraints describing the covalent structures of non-standard OG, purine and AP site nucleotides were
constructed with the REEL module of Phenix.®”! Attempts to use restraints from the ligand server or to build these
ligand restraints by quantum mechanical calculations and energy minimization with eLBOW produced unnatural
rings with, for example, unequal C*-O* and C"-O* bond lengths, or incorrectly attached hydrogen atoms. For
this reason, restraints were edited manually starting with restraints for a standard adenine or guanine nucleotide
and modifying atom names and adjusting parameters appropriate for atom substitutions. Values assigned for a
subset of the torsion angles enforced specific sugar puckers, for example C?-endo. We updated restraints for the
purine nucleotide (PRN), the OG nucleotide (80G) and the abasic site (AAB, ORP) to match common sugar



puckers. Additionally, we created alternate versions of the abasic site restraints to designate R or S chirality at the
C" position corresponding to beta and alpha anomers with the hydroxyl group pointing towards the 5’ phosphate
or the 3’ phosphate. At first, we modeled the more common sugar puckers, C#-endo and C¥exo, in combination
with the alpha and beta stereoconfiguration to test if conformations could be excluded based on fit to electron
density (Figure S7A). This approach excluded the C*-endo beta stereoisomer due to strong electron density map
difference features (Figure S7A). Next, we expanded this analysis to include alpha and beta anomers for four
different sugar puckers sampling across the pseudorotation landscape.®® Of the different combinations, the alpha
anomer fit electron density well, whereas the beta anomer yielded poorer matches, unreasonably high
temperature factors for atom O", lower correlation coefficients, and additional steric clashes (Figure S7B).
Electron density calculated with phases from each of these eight possible structures consistently featured a bump
on the 5-membered ring with equatorial disposition and extending towards the 5’-face indicating the model should
be changed to the alpha anomer. This was the case even when phases were determined by the beta anomer
structures, ruling out the possibility of phase bias. The simulated annealing composite omit map, which should be
the least biased map, matched the shape for alpha anomers with an equatorial -OH group. Finally, we tested 10
different sugar puckers for the alpha anomer and selected C*-endo as the best conformation on the basis of fit to
electron density and avoidance of steric clashes (Figure S7C and Table S7).
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Figure S7. Comparison of different sugar puckers for alpha and beta anomers of the enzyme-generated AP site. Inversion of
stereoconfiguration corresponds to the alpha anomer and retention generates the beta anomer. A. Initial tests with alpha and beta
anomers and two common sugar puckers. B. More comprehensive tests for alpha and beta anomers and four sugar puckers. C. Testing
10 different sugar puckers for the alpha anomer. For torsion angles defining each sugar pucker see Table S6 and Figure S8.




Table S6. Sugar pucker torsion angles (°)

Angle Atoms C3'-endo C4'-exo O4-endo C1-exo C2-endo C3-exo C4'-endo O4-exo C1-endo C2'-exo
0 C4',04',Cc1',Cc2 2.8 -18.0 -26.7 -35.8 -19.3 1.6 18.0 26.7 35.8 19.3
1 04',c1',Cc2',C3' -25.0 0.6 18.0 34.6 32.8 15.5 -0.6 -18.0 -34.6 -32.8
2 C1',Cc2',Cc3,c4' 35.9 16.5 -0.6 -20.2 -33.1 -24.3 -16.5 0.6 20.2 33.1
3 C2',C3',c4',04' -35.3 -24.3 -16.5 -1.7 22.6 26.7 243 16.5 1.7 -22.6
4 C3',Cc4',04',C1' 20.5 26.7 243 23.1 -2.3 -18.0 -26.7 -24.3 -23.1 2.3

delta C5',C4',C3',03' 84.8 924 102.5 124.8 145.2 164.2 143.7 1325 118.9 95.8

Figure S8. Torsion angles defining sugar pucker.




Table S7. Refinement outcomes for alpha anomer with different sugar puckers

Metric C3-endo C4'-exo 0O4-endo C1-exo C2-endo C3-exo C4'-endot O4'-exo C1-endo C2-exo

Sum of

steric 0.963 0.940 0.514 0.912 0.421 0.878 0.403 0.495 0.514 0.974
overlaps

31\/’3(51;28) 38.10 37.06 36.79 38.02 39.86 38.93 38.77 38.28 39.45 39.33

Map 0.983 0.983 0.984 0.985 0.984 0.984 0.985 0.986 0.986 0.985
correlation*  (0.91) = (0.91) = (0.92) = (0.92) = (0.92)  (0.92) = (0.92)  (0.92) = (0.92) = (0.91)

|Fol - [Fc|

feature  0.3979 (+) 0.4065 (+) 0.3990 (+) 0.3905 (+) 0.3164 (+) 0.2835 (+) 0.2836 (+) 0.2690 (+) 0.2918 (+) 0.3577 (+)
(e-I1A%)

* Correlation with |2Fo| - |Fc| (correlation with simulated annealing composite omit map)

* The final model was refined with C*-endo restraints (highlighted)



