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ABSTRACT: S-Methylcytosine (mC) is an epigenetic mark
that impacts transcription, development, and genome stability,
and aberrant DNA methylation contributes to aging and
cancer. Active DNA demethylation involves stepwise oxidation
of mC to S-hydroxymethylcytosine, S-formylcytosine (fC), and
potentially S-carboxylcytosine (caC), excision of fC or caC by
thymine DNA glycosylase (TDG), and restoration of cytosine
via follow-on base excision repair. Here, we investigate the
mechanism for TDG excision of fC and caC. We find that S-
carboxyl-2'-deoxycytidine ionizes with pK, values of 4.28 (N3)
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and 2.45 (carboxyl), confirming that caC exists as a monoanion at physiological pH. Calculations do not support the proposal
that G-fC and G-caC base pairs adopt a wobble structure that is recognized by TDG. Previous studies show that N-glycosidic
bond hydrolysis follows a stepwise (Sy1) mechanism, and that TDG activity increases with pyrimidine N1 acidity, that is, leaving
group quality of the target base. Calculations here show that fC and the neutral tautomers of caC are acidic relative to other TDG
substrates, but the caC monoanion exhibits poor acidity and likely resists TDG excision. While fC activity is independent of pH,
caC excision is acid-catalyzed, and the pH profile indicates that caC ionizes in the enzyme—substrate complex with an apparent
pK, of 5.8, likely at N3. Mutational analysis reveals that Asn191 is essential for excision of caC but dispensable for fC activity,
indicating that N191 may stabilize N3-protonated forms of caC to facilitate acid catalysis and suggesting that N191A-TDG could

potentially be useful for studying DNA demethylation in cells.

B INTRODUCTION

The conversion of cytosine (C) to S-methylcytosine (mC)
constitutes the major type of DNA methylation in vertebrates,
and this epigenetic signal has a profound influence on biological
processes including transcription, development, and genome
stability." Moreover, aberrant DNA methylation is implicated in
aging and in human diseases including cancer.” The DNA
methyltransferases that catalyze DNA methylation are well-
characterized, but the enzymes responsible for actively
reversing the methylation mark (ie. converting mC back to
C) had remained elusive. However, recent biochemical and
biological studies have established a pathway for active DNA
demethylation involving oxidation of mC and processing of mC
derivatives via thymine DNA glycosylase (TDG) and base
excision repair (BER), as illustrated in Figure 1.

It was recently discovered that the TET (ten-eleven
translocation) family of dioxygenases can oxidize mC to S-
hydroxymethylcytosine (hmC),>* a base that was previously
detected in mammalian DNA.> Subsequent studies revealed
that TET enzymes can further oxidize hmC to S-formylcytosine
(fC) and fC to S-carboxylcytosine (caC) in a stepwise
manner.®"® We showed that TDG can rapidly excise fC from
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DNA in vitro,’ and this activity was subsequently found in
mammalian cells.'® > TDG also excises caC in vitro,® albeit
substantially slower than fC,” and this activity is found in
mammalian cells.*'""® The abasic nucleotide generated by
TDG excision fC or caC is replaced by cytosine via downstream
BER, completing the demethylation process.

No mammalian glycosylase can excise hmC, and TDG is the
only one that can remove fC or caC.">'*™'® TDG, and its
glycosylase activity in particular, is essential for embryonic
development, indicating a critical role for TDG-mediated DNA
demethylation in regulating developmental genes.'”'® TDG
also functions to maintain genome integrity; it was discovered
as an enzyme that selectively excises T from G-T mispairs, an
activity needed to protect against mutations caused by mC
deamination.'” Here, we investigate the mechanism by which
TDG excises fC and caC from DNA and the chemical
properties of these bases that dictate the catalytic requirements
for their excision.
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Figure 1. Pathway for active DNA demethylation involving TET
enzymes and TDG-initiated BER. Details and abbreviations are
provided in the main text.

Previous kinetic isotope effect (KIE) studies show that 2’-
deoxynucleotide hydrolysis reactions, including non-enzymatic
and those catalyzed by UNG, MutY, and ricin, follow a stepwise
(Syl) mechanism that involves rupture of the N-glycosidic
bond to yield a short-lived oxacarbenium ion intermediate and
subsequent addition of the nucleophile.”*~** As such, the rate
depends on the stability (leaving group ability) of the departing
nucleobase, and catalysis can be achieved by activation
(protonation) or electrostatic stabilization of the leaving
group.”>***>%¢ This chemical precedent indicates that the
TDG reaction likely follows a stepwise mechanism® rather
than a concerted (Sy2) mechanism as recently suggested.27
Consistent with this conclusion, we previously showed that
TDG activity (kyy) depends on N1 acidity of the target
pyrimidine; that is, activity increases with leaving group ability
of the excised base.'® For example, k. is much greater for S-
chlorouracil (pK,' = 8.1) relative to thymine (pK,"! = 10.2),
even though these bases have very similar steric and
electrostatic properties.'® This work also revealed that TDG
can excise cytosine analogues harboring a CS substituent (F, Br,
OH) that enhances N1 acidity relative to cytosine, which is not
excised.'®

These previous findings had suggested that TDG could
excise fC, given the expected enhancement in NI acidity
afforded by the electronic effect of a formyl group (o,, = 0.35
for CHO),”® and this prediction was confirmed.” We evaluate
the chemical properties of fC that are potentially relevant to its
enzymatic excision here, including N1 acidity and resonance
stabilization of the N1-deprotonated fC anion, and we examine
the proposal that fC forms an imino tautomer and a wobble
structure with guanine that is recognized by TDG.*”*°

The chemical properties of caC that dictate the catalytic
requirements for its excision are more complex, due to a
number of factors. First, the effect of the carboxyl substituent
on N1 acidity depends on its ionization state; acidity is
expected to be enhanced by a protonated carboxyl group (o, =

0.37)® and reduced by a deprotonated carboxyl (6, = —0.10).
A previous study reported the calculated N1 acidity for caC
with COOH,*" but the carboxyl is expected to be deprotonated
(COO™) at physiological pH,** and N1 acidity for the caC
monoanion is unknown. In addition, N3 ionization is expected
to dramatically impact N1 acidity, but this has not been
previously examined. Here, we report calculated acidities for
several different ionization and tautomeric states of caC and for
fC and other relevant pyrimidines. Because N-glycosidic bond
hydrolysis can be acid-catalyzed, the ionization sites and pK,
values are relevant to enzymatic catalysis. A previous study on
ionization of the S-carboxyl-2'-deoxycytidine (S-ca-dC) nucleo-
side reported a pK, for N3 but not for the carboxyl group
(proposed to be <1).>*> We re-examined $-ca-dC ionization
here and provide pK, values for both N3 and the carboxyl
group.

We also determined the pH dependence of catalysis for fC
and caC, and the results inform the mechanism by which TDG
excises these bases. We also determined the role of conserved
active-site residues in TDG excision of fC and caC, using site-
directed mutagenesis and enzyme kinetics and equilibrium
binding experiments. Together, the computational and
biochemical results reveal key differences in the chemical
properties of fC and caC that are relevant to enzymatic excision
and uncover differences in the mechanism used by TDG to
excise these bases, which differ by only a single atom. We also
reveal a TDG variant that exhibits normal fC activity but no
detectable caC activity, which provides a novel tool to
investigate the mechanism of DNA demethylation in cells.

B RESULTS AND DISCUSSION

lonization of 5-Carboxyl-2’-deoxycytidine. Given that
N-glycosidic bond hydrolysis can be acid-catalyzed, the pK,
values for ionization at N3 and the carboxyl of caC are
important for understanding enzymatic excision of this base
from DNA. We collected UV absorbance spectra for 5-ca-dC
under conditions of pH 0.5 to 8 (Figure 2a), and the results
indicate two ionization events. Observation of isosbestic points
for scans at pH <2.5 (257 nm, 303 nm) and pH >4.5 (267 nm)
provide wavelengths that can be used to unambiguously
determine each pK,. The pH dependence of Ajy; reflects a
single ionization, yielding a pK, = 4.28 + 0.02 (Figure 2b), and
the same result is obtained for A,5; (pK, = 4.30 + 0.06, not
shown). The pH dependence of A,4; gives pK, = 2.49 + 0.09
(Figure 2c). Other wavelengths reflect both ionizations. Fitting
the pH dependence of A,y gives pK,' = 4.25 + 0.04 and pK,* =
241 + 0.09 (Figure 2d), in excellent agreement with the values
determined at the isosbestic points (Figure 2b,c). For
comparison, we find that 2'-deoxycytidine (dC) ionizes at N3
with a pK, = 4.31 + 0.01 (Supporting Informatlon Figure S1),
which is identical to a previous finding.*®

Regarding 5-ca-dC ionization, we assign the pK, of 4.28 to
ionization at N3 (Figure 2e). Given the small electronic effect
for a carboxylate substituent (6,, = —0.10 for COO~),*® which
is probably offset by hydrogen bonding to the vicinal NH2
(Figure 2e), it is reasonable to find similar N3 pK, values for S-
ca-dC and dC. Assignment of the pK, = 4.25 to N3 is also
supported by observation that this ionization exhibits a similar
isosbestic point (267 nm) as that observed for N3 of dC (265
nm, Supporting Information Figure S1). Thus, we assign the
pK, = 2.45 to the carboxyl of caC, which is consistent with
previously determined pK, values for a carboxyl with a vicinal
NH2 in aromatic systems.’”> We consider the pK, values
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Figure 2. Ionization of N3 and the carboxyl of S-ca-dC. (a) UV
absorbance spectra for 5-ca-dC at pH 0.75—6.0; the absorbance is
essentially unchanged for pH 6.0—8.0. Isosbestic points are observed
for a subset of the scans at 257, 267, and 303 nm; absorbance at these
wavelengths depends on only one of the two ionizations. (b) The pH
dependence of Ay, was fitted to eq 1, giving pK, = 4.28 + 0.02; (c)
pH dependence of A,4; was fitted to eq 1, giving pK, = 249 + 0.09;
(d) pH dependence of A,g was fitted to eq 2, giving pK,' = 4.25 +
0.04 and pK,* = 2.41 + 0.09. (e) Ionization of 5-ca-dC as indicated by
our findings.

reported here to be more accurate than previously reported
values of pK, = 4 for N3 and pK, <1 for the carboxyl of 5-ca-
dC, which were obtained from UV absorbance monitored at a
single wavelength (As00)- Our findings confirm that caC exists
as a monoanion at physiological pH and suggest that acid
catalysis of 5-ca-dC hydrolysis is more likely to involve
protonation at N3 than at the carboxylate group. Additional
studies are needed to determine the pK, values for N3 and the
carboxyl of caC in duplex DNA, but they are not expected to be
dramatically perturbed from the values reported here.

Amino Tautomers of fC and caC Likely Predominate
in DNA. We next consider the tautomeric state of fC and caC
that is likely to predominate in DNA under physiological
conditions. It was proposed that fC and caC favor an imino
tautomeric state (Figure 3) and thereby adopt a wobble
structure when paired with guanine in DNA, similar to the
structure of G'T and G-U mispairs, and that the wobble
structure is a unifying feature of substrate recognition by
TDG.***® To examine this idea, we calculated the relative
stability of the amino and imino tautomers for fC and caC
(monoanion). As shown in Figure 3, the amino tautomers of fC
and caC are much more stable than their imino counterparts in
the gas phase and in water. Notably, NMR studies find that the

H_ _H H H
9 ) e o
_C C H C _H
H | N H” \(‘\N/ H™ | N
’I\l)\o fl\l/go 'I\‘/KO
H H H
fC amino fC imino a fC imino b
AAGgys 0 6.6 14.6
8AGyater 0 8.1 13.3
© H_ _H Q.H H
T ey %y
Oﬁc\f\N O//C\f\N/H 040 ’ N/H
l!\l/ko TI/KO fl‘l/go
H H H
caC anion caC anion caC anion
amino imino a imino b
AAGgas 0 9.2 252
AAGyger O 9.0 1722

Figure 3. Calculated relative stabilities of the amino and imino
tautomers of fC and the caC anion in the gas phase and water. The
values are reported as the difference in free energy (AAG, kcal mol™")
with respect to the most stable species (AAG = 0).

amino tautomer is the predominant form of S-formyl-2'-
deoxycytidine (in DMSO).** Moreover, DNA melting studies
show that the stability of G-fC and G-caC base pairs is equal to
or greater than that of G-C pairs.*>** These findings indicate
that G-fC and G-caC pairs adopt the canonical Watson—Crick
structure rather than the destabilized wobble structure that
would be favored by imino tautomers of fC and caC. Together,
these observations do not support the proposal that amino—
imino tautomerization of fC and caC can explain how TDG
selectively recognizes G-fC and G-caC pairs in DNA.>>*

Calculated Acidities of fC, caC, and Other Pyrimidines.
As discussed above, we previously showed that TDG activity
depends on pyrimidine N1 acidity; that is, it increases with
leaving group quality of the excised base.”' Although active-
site interactions can play a significant role, pyrimidine N1
acidity is an important factor in TDG activity. To understand
the catalytic requirements for excision of fC and caC, we
calculated the acidities for these bases and other relevant
pyrimidines (Figure 4). The acidities are reported as the free
energy required for deprotonation (AG, kcal mol™'), where a
lower value indicates greater acidity. Given the biochemical and
structural evidence that the TDG active site is relatively
nonpolar,'®**73® we calculated the acidities in the gas phase as
well as in water. Notably, the acidity trends are the same for
both media, though the differences are more pronounced in the
gas phase. Our results are consistent with previous calculations
for limited subsets of these pyrimidines.'®>"** However, N1
acidities have not previously been reported for the caC anion
(1) and two of the neutral caC tautomers (2 and 4). As shown
below, this new information is important for understanding the
catalytic requirements for excision of caC from DNA.

The calculations indicate that fC is remarkably acidic (N1)
compared to other pyrimidines that are excised by TDG,
including U, T, and S-fluorocytosine (SFC). Notably, an
intramolecular hydrogen bond involving the formyl oxygen and
the vicinal NH, of fC***° stabilizes one rotamer over the other
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Figure 4. Acidity for N1 and other sites for pyrimidines in the gas phase and bulk solution. The calculated acidities are reported as the free energy

(AG, kcal mol™) required for deprotonation in the gas phase and in water (parenthetical values).

by about $ kcal/mol (Supporting Information Figure S2), but it
does not substantially alter N1 acidity (compare fC and fC* in
Figure 4). The robust acidity of fC is attributable to the
electronic effect of the formyl substituent (o, = 0.35 for
CHO)?® and resonance stabilization of the fC anion, via charge
delocalization to the formyl oxygen and O2 (Figure S) (o, =

fC fc*

Figure S. Resonance stabilization of the fC anion.

0.42, 6,~ = 1.03; para values given because 6,,” is not available,
to our knowledge).”® The resonance effect likely accounts for
the greater acidity of fC relative to SFC, given the equivalent
electronic effects for fluoro and CHO (o,, of 0.34 and 0.35,
respectively).”® Previous findings that TDG excises fC some 17-
fold faster than SEC*'® can likely be explained by the much
greater N1 acidity of fC relative to SFC and perhaps by
electrostatic catalysis of fC excision via stabilization of negative
charge9 fsesonating to the formyl oxygen of the departing fC
anion.”

The poor N1 acidity of hmC (Figure 4) likely accounts in
large part for its resistance to excision by TDG, given previous
findings that TDG rapidly excises S-hydroxymethyluracil
(hmU) and can therefore accommodate a hydroxymethyl
group at the CS position of pyrimidines.'®

The predominant form of caC expected under physiological
conditions, the monoanion (Figure 2), is likely to resist
enzymatic excision, given that the dianion is expected to be
unstable and thus a poor leaving group. Consistent with this
notion, the caC anion 1 is much less acidic than pyrimidines
that are excised by TDG, including fC, U, T, and SFC (Figure
4). By contrast, the neutral forms of caC exhibit remarkable
acidity, including the zwitterion 2 and the uncharged amino 3
and imino 4 tautomers. Indeed, 2 and 4 are substantially more
acidic than U, T, and fC, and 3 exhibits similar acidity to these
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bases. These relative acidities have implications for catalysis of
caC excision, as discussed below. Our findings confirm that
ionization of the carboxyl group has a major impact on N1
acidity (Figure 4, compare 1 and 3), consistent with a large
difference in the substituent electronic effects (o, is —0.10 for
COO™ and 0.37 for COOH).?® The calculations also show that
protonation at N3 greatly increases N1 acidity of caC, even if
the carboxyl remains deprotonated (compare 1 and 2). As
shown above, this N3 ionization occurs with pK, = 4.3 for 5-ca-
dC (Figure 2). Resonance effects likely contribute to acidity of
the caC tautomers, as noted above for fC (Figure $). Thus, our
calculations indicate that protonation of the caC monoanion to
give one of the neutral caC tautomers (2, 3, or 4), that is, acid
catalysis, could be an effective strategy for enzymatic excision of
caC from DNA.

pH Dependence of Catalysis for Excision of fC and
caC. To examine the potential role for acid catalysis of caC
excision, we determined the pH dependence of TDG activity
for caC and fC. The kinetics experiments were performed
under saturating enzyme conditions such that the rate constants
are not influenced by enzyme—substrate association or events
after the chemical step (product release or inhibition).'® As
shown in Figure 6, the fC excision activity of TDG is essentially
unchanged for pH 6.0—9.0. This is consistent with expect-
ations; while N3 protonation would likely enhance fC excision,
it is unlikely to occur given a pK, value of 2.6 for N3 of fC.**
Notably, we previously shown that TDG activity for G-U and
G-T substrates is also nearly constant for pH 6—9.*' These
findings indicate no evidence of acid or base catalysis for G-fC,
G-U, or G'T substrates. In stark contrast, caC activity increases
with decreasing pHj k,y, is 420-fold higher at pH 5.5 than at pH
9.25 (Figure 6). A previous study found that caC activity is 10-
fold higher at pH 5.5 versus pH 8.0 for the catalytic domain of
TDG (residues 111—308).”” However, we find that full-length
TDG (410 residues) exhibits a much higher 57-fold difference
in caC activity for the same pH values (Figure 6). This
discrepancy could indicate that a full-length enzyme should be
used for examining the pH dependence of catalysis. Previous
studies show that the N-terminal region of TDG contributes to
binding and base excision, particularly for G-T substrates,**~**
and it could potentially contribute to caC activity.

dx.doi.org/10.1021/ja406444x | J. Am. Chem. Soc. 2013, 135, 15813—15822
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Figure 6. pH dependence of TDG activity for G-fC (A) and G-caC
(O) substrates. Fitting the G-caC data to a model for ionization of an
essential protonated group (eq 4; dotted line) gives an apparent pK, =
5.80 + 0.03 and a limiting k., of 4.4 + 0.1 min™", but fitting is poor for
pH >7. Fitting to a model with an essential protonated group and a
second, non-essential group (eq S, solid line) gives apparent pK, values
of pK,' = 5.75 + 0.03 and pK,> = 8.2 + 0.7, a limiting kg, of 4.5 + 0.1
min~!, and a rate enhancement factor (1 + a) of 4.5 (i.e., the fold
increase in kg, resulting from deprotonation of the second group).

Because the kinetics experiments were conducted under
saturating enzyme conditions, the pH profile for caC excision
reflects the ionization of one or more groups in the enzyme—
substrate (ES) complex. We fitted the caC data to a standard
equation for ionization of a single essential protonated group
(Figure 6, dotted line); this model assumes that no activity
remains when the ionizing group is deprotonated (ie., log
linear, slope = —1). While this yields an apparent pK, of 5.80 +
0.03, the kg, values are displaced increasingly above the fitted
curve for pH >7 (kg is about 1.7-, 2.8-, and 4.3-fold greater
than predicted for pH 8.0, 8.5, and 9.0, respectively). This
deviation could reflect ionization of a second, non-essential
group that leads to modestly (~4.3-fold) higher activity upon
deprotonation. The fitting is improved for a double-ionization
model (Figure 6, solid line), giving apparent pK, values of pK,'
= 5.75 + 0.03 for the essential protonated group and pK,” = 8.2
+ 0.7 for the non-essential deprotonated group.

We conclude that the essential protonated group (pK,' =
5.75) is the caC base, rather than a TDG side chain serving as a
general acid (i.e., to protonate caC). Crystal structures reveal
only two residues that could potentially serve as an essential
general acid, H151 and Y152 (Figure 7). However, the H1S1A
and Y152F variants exhibit pH profiles for caC excision that are
very similar to that of native TDG (Supporting Information
Figure S3). Thus, H151 and Y152 do not serve as an essential
general acid nor can they be assigned as the second (non-
essential) ionizing group. Together, the data support a model
whereby TDG excises a neutral form of the caC base but not
the caC anion, and deprotonation of a second group, likely
from the enzyme, enhances this activity. Such a model is
consistent with the very poor calculated N1 acidity of the caC
anion, which suggests that it is unlikely to be excised by TDG.

It seems reasonable that the proton needed for ionization of
caC in the ES complex is derived from solvent, given that caC
excision is relatively slow (minute time scale), and that the
TDG active site is relatively permissive and protected from
solvent by two loops that move with nucleotide flipping and by
residues in the disordered N-terminal region (L124, Figure 7).
Observation that the free 5-ca-dC nucleoside ionizes with pK,

1139p 1400
‘ 30 !

113951

}5;\

AMSB

Figure 7. Previously reported structure of TDG (catalytic domain)
with a S-carboxyl-dC analogue (noncleavable) flipped into the active
site (PDBID: 3UOB).*® Hydrogen bonds (dashed lines) and van der
Waals contacts (dotted lines, d < 3.7 A) are shown. Similar
interactions are observed for a structure of the N140A-TDG variant
(catalytic domain) bound to DNA containing an A-caC mismatch
(PDBID: 3U07).*

values of 4.28 for N3 and 2.4S for the carboxyl (Figure 2)
suggests that protonation of caC in the ES complex (pK,' =
5.75) occurs at N3 rather than the carboxyl, to give either the
zwitterion 2 or the uncharged imino tautomer 4 (Figure 4).
This is supported by findings that activity is much higher for
caC versus fC at low pH (Figure 6) and that N3-protonated
forms of caC (2 and 4) are more acidic than fC while the
carboxyl (COOH) form 3 is less acidic (Figure 4). Additional
evidence for protonation of caC at N3 rather than the carboxyl
is provided by the mutational studies below. Our finding that
caC excision is acid-catalyzed accounts for the initially puzzling
observation that caC is excised ~5-fold slower than fC at pH
7.5, even though the N3-protonated forms of caC (2 and 4)
are more acidic than fC (Figure 4); the apparent pK,' = 5.75
indicates a low population of N3-protonated caC and a high
population of the excision-resistant anion 1 in the ES complex
at pH 7.5.

Mutational Analysis of fC and caC Excision by TDG.
We previously characterized the role of conserved side chains i in
TDG excision of uracil or thymine (G-U or G-T mispairs),
but their contribution to fC and caC excision was unknown.
Crystal structures of DNA bound TDG, with either caC
(Figure 7)** or uracil® flipped into its active site, reveal
potential catalytic interactions between the flipped base and
enzyme backbone and side chain groups. A structure is not
available for the TDG-fC complex, but existing structures
suggest interactions that could facilitate fC excision. We used
mutagenesis and kinetics experiments to examine the role of
four conserved side chains in the excision of fC and caC, and
the results are given in Table 1. Because the experiments were
performed under saturating enzyme conditions, the rate
constants (k) reflect the maximal rate of product formation
without influence from enzyme—substrate association or
product release or product inhibition.'**

dx.doi.org/10.1021/ja406444x | J. Am. Chem. Soc. 2013, 135, 15813—15822
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Table 1. Glycosylase Activity for TDG and Variants®

substrate enzyme Ky (min™) relative to wild-type TDG
GAfC TDG 0.61 + 0.04
Al45G 0.22 + 0.02 0.36
HI1S1A 0.35 + 0.06 0.57
Y152F 091 + 0.09 1.5
NI157A 0.14 + 0.03 0.23
N191A 1.00 + 0.03 1.6
G-caC TDG 0.14 + 0.01
Al145G 0.60 + 0.01 4.3
HI1S51A 0.072 + 0.002 0.51
Y152F 0.29 + 0.04 2.1
N157A 0.13 + 0.001 0.89

NI191A ND

“The k,,, values are the mean and standard deviation for three
independent experiments collected at 22 °C under saturating enzyme
conditions and analyzed by HPLC. ND, activity not detected. Data for
wild-type TDG was previously reported.”

Regarding fC excision, we find small (<2-fold) effects on kg,
for the H1S1A, Y152F, and N191A mutations (Table 1),
indicating that the H1S51 and N191 side chains and the
hydroxyl of Y152 contribute minimally to fC excision. The
A145G mutation causes a 2.7-fold decrease in k.. Thus, fC is
the only substrate identified to date for which A14S5 facilitates
catalysis; A14$ curtails activity for G-T® and G-caC substrates
(Table 1). The crystal structure with flipped caC raises the
possibility that the A145 methyl contacts the formyl group of
fC (Figure 7), which could potentially help position the flipped
base to optimize catalytic interactions with its formyl or O2
oxygen. The N157A mutation causes a 4-fold loss in kg, for G-
fC activity (Table 1). Previous studies found that the same
mutation diminishes activity for G-U, G-hmU, and G-T
substrates.””*° This damaging effect for numerous substrates
can be reasonably explained by disruption of the contact
between the N157 side chain NH2 and the 5’-phosphate of the
flipped nucleotide (Figure 7). Consistent with this idea, the
N157D mutation causes a greater loss in G-U and G-hmU
activity than the N157A mutation,*® as expected for
electrostatic repulsion between negatively charged Asp side
chain and the 5’-phosphate. Notably, this Asn is conserved in
prokaryotic MUG enzymes that are homologous to TDG and
in the more distally related UNG enzymes. Moreover, the
Asn—phosphate contact is seen in all DNA-bound structures of
TDG, MUG, and UNG.>*3¢7384647

Our finding that A14S, HI1S1, Y152, N157, and N191
contribute minimally or not at all to excision of fC is consistent
with its robust N1 acidity (Figure 4), which renders it
inherently amenable to enzymatic excision. Nevertheless,
crystal structures suggest that three backbone amide groups
of TDG could contact the O2 and formyl oxygens of fC (Figure
7). These contacts could help retain the flipped fC in the active
site and promote C—N bond cleavage by stabilizing the
departing fC anion. While these interactions could be sufficient
to catalyze fC excision, we cannot rule out a potential role for
side chains other than the five examined here.

We next consider the role of the same five active-site residues
in caC excision by TDG. We find a negligible role for H151 in
caC excision (Table 1), which is consistent with findings that
the imidazole is distal from the caC base (Figure 7). Our
finding does not support the proposal that the imidazole
(protonated) of H1S1 contributes to recognition of the caC

anion.®® The Y152F mutation gives a 2.1-fold increase in
activity, demonstrating that the hydroxyl of Y152 is dispensable
and suggesting that caC excision is modestly enhanced by the
more hydrophobic environment (benzyl versus phenol).
Remarkably, the Al45G mutation gives a 4-fold increase in
caC activity (Table 1). Crystal structures indicate that the A14S
methyl contacts the caC carboxyl (Figure 7).>® The nonpolar
methyl could potentially disfavor flipping of the caC anion or
impede the formation of optimal catalytic interactions with
other active-site groups. This finding is reminiscent of the 13-
fold increase in G-T activity caused by the A145G mutation,*®
raising the question of why a residue that curtails activity for
two biological substrates is strictly conserved in TDG enzymes
(vertebrates). Our previous studies indicate that A145 counters
aberrant excision of T from A-T pairs,*® and we find here that it
contributes to fC excision.

The N157A mutation has no significant effect on caC
excision (Table 1), even though it does adversely impact
activity for G-fC (Table 1), G-U, G-hmU, and GT
substrates.””>° These findings do not support the proposal
that the NIS7A mutation has no effect on substrate
specificity.’® As noted above, N157 contacts the $'-phosphate
of the flipped nucleotide (Figure 7) and is highly conserved in
TDG, MUG, and UNG enzymes. The absence of a damaging
effect for N157A on caC activity suggests that the expected loss
could be offset by an effect for Ala at position 157 that favors
excision of caC but not the other bases (fC, U, hmU, T). One
possibility is that the neutral carboxyl (COOH) of caC is
stabilized to a greater extent by Ala versus Asn; that is, Ala
could favor neutral forms of caC (3 and 4) that are more acidic
than the monoanion 1.

Strikingly, the N191A variant has no detectable caC excision
activity (Table 1 and Figure 8a), even for extended reaction
times (up to 3 h) and enzyme concentrations that greatly
exceed the saturating level for nonspecific DNA (5—10 uM >
KNS = 0.2 uM).*® This is not due to a mutational effect on
protein stability because N191A-TDG retains full fC activity
(Table 1 and Figure 8a) and substantial activity for G-U
mispairs.>® Moreover, an electrophoretic mobility shift assay
(EMSA) shows that the N191A mutation does not substantially
weaken the binding of TDG to DNA containing a G-caC pair
(Figure 8b). These observations indicate that N191 plays a key
role in the chemical step of the reaction for excision of caC, a
role that is not needed for fC excision.

Implications for Catalysis. Together, the calculated
acidities, mutational studies, and previous crystal structures
suggest that N191 facilitates acid catalysis of caC excision, a
function that is not required for fC excision (Figure 9). Crystal
structures indicate that the N191 side chain oxygen (Oj)
contacts N3 of caC (Figure 7). This interaction would favor the
N3-protonated forms of caC (2 and 4) but not the anion or the
neutral amino tautomer 3 and could account for findings that
the N3 pK, of caC is increased by 1.5 units in the enzyme—
substrate complex relative to the S-ca-dC nucleoside.

While the zwitterion 2 is acidic and should be highly
amenable to TDG excision, a nonpolar active site could favor
the facile conversion of 2 to the imino tautomer 4 (Figure 9
and Supporting Information Figure $4). Calculations show that
2 is more stable than 4 in water (AAG, . = S kcal mol™),
while 4 is much more stable in the gas phase (AAGgas =9 kcal
mol™'; Supporting Information Figure S4). As such, 4 might be
favored in the TDG active site, which is relatively non-
polar.'%*73%%2 Indeed, TDG forms many nonpolar contacts,
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Figure 8. Effect of the N191A mutation on substrate binding and base
excision. (a) Electrophoretic glycosylase assay shows that N191A-
TDG has normal G-fC activity, markedly reduced G-T activity, and no
significant G-caC activity, even for a reaction time of 3 h. Reactions
were performed with 0.20 yM enzyme, 0.10 M substrate, and were
quenched after S min or 3 h (as indicated). (b) Electrophoretic
mobility shift assay (EMSA) shows that N191A-TDG binds G-caC
DNA with high affinity, similar to that observed for N140A-TDG.
Previous studies show that N140A-TDG binds G-caC and other
substrates with essentially the same affinity and/or enzyme—substrate
contacts as native TDG,*®* but it does not excise caC (under the
EMSA conditions here). DNA (10 nM) was incubated with enzyme
(5—50 nM) at 22 °C for 30 min prior to running the EMSA.

one hydrogen bond, and no ionic interactions with the carboxyl
of caC (Figure 7). Notably, 4 could also be derived directly
from the caC anion via coupled abstraction of an amino (NH,)
proton by COO™ and protonation at N3 (Figure 9). This
would likely be facilitated by NI191 and perhaps by the
nonpolar contacts with the carboxyl (Figure 7), which could
favor the COOH of 4 over the COO™ of 1.

Concluding Remarks. The studies reported here advance
our understanding of the chemical properties of fC and caC
that dictate the catalytic requirements for their excision from
DNA and the mechanism by which TDG excises these oxidized
forms of mC. We show that the 5-ca-dC nucleoside ionizes with
pK, values of 4.28 (N3) and 2.45 (carboxyl), confirming that
caC exists as a monoanion at physiological pH. The calculated
stabilities of the amino and imino tautomers for fC and caC
(anion) do not support the proposal that G-fC and G-caC pairs
adopt a wobble structure that is recognized by TDG.>**° The
calculated N1 acidities for fC and the neutral forms of caC are
comparable to other TDG substrates, but the caC anion
exhibits poor acidity, indicating resistance to enzymatic
excision. We find that TDG excision of fC is pH-independent,
while excision of the caC anion is acid-catalyzed (Figure 9).
The pH profile indicates that caC ionizes in the enzyme—
substrate complex with an apparent pK, of 5.75, likely at N3.
Mutational analysis of five conserved active-site side chains
reveals that none are critical for excision of fC, in keeping with
its robust N1 acidity. Nevertheless, fC excision likely requires
electrostatic catalysis, and crystal structures suggest this could
involve backbone amide groups contacting the formyl and O2

oxygens of fC (Figure 9). In contrast to the results for fC, N191
is essential for excision of caC. The results suggest N191
facilitates acid catalysis by stabilizing an N3-protonated form of
caC (2 and 4).

Our finding that N191A-TDG possesses normal fC activity
but no detectable caC activity suggests that this variant could be
useful for examining the role of TDG in active DNA
demethylation in mammalian cells. In particular, N191A-TDG
could potentially be used to examine the possibility that
excision of fC, rather than caC, constitutes the major role of
TDG in a TET-initiated pathway for active DNA demethyla-
tion. Observation that the N191A variant also has diminished
G-T activity®® should not preclude its potential utility in this
regard, because G-T mispairs do not arise in the TET-initiated
demethylation pathway. A recent study found that N157D-
TDG exhibits selective activity for caC over fC at pH 6, but at
neutral pH, this variant has greatly reduced activity for both
caC and fC substrates compared to native TDG.*® Thus, the
utility of N157D-TDG for cellular studies is unclear. Never-
theless, a TDG variant that exhibits selective activity for caC
over fC under physiological conditions could be useful for
studying the function of TDG in active DNA demethylation;
our findings could inform the design of such a variant.

B EXPERIMENTAL SECTION

Materials. The duplex DNA substrates consisted of 5'-GGGA-
GAAGAGGAGGAAXGAAGAGAGCTC, where x = fC, caC, or T, and
a complementary strand that places G opposite the target base (x).
This 28 bp DNA construct also places the target base (x) in a CpG
context, consistent with the specificity of TDG. For reactions analyzed
by denaturing PAGE, the target strand included a 3’-fluorescein-dT.
The oligodeoxynucleotides were synthesized, purified, and quantified
as described.” Full-length human TDG was expressed in Escherichia
coli and purified as described.” The TDG variants A145G, H151A,
and N191A were prepared as described.*® Expression plasmids for
Y152E-TDG and N157A-TDG were generated using site-directed
mutagenesis** (primers provided in Supporting Information Table
S1), and the mutation was confirmed by DNA sequencing. The
Y152F-TDG and N157A-TDG variants were expressed and purified
using the protocol for native TDG.>*** 5-Carboxyl-2'-deoxycytidine
was from Berry & Associates.

pK, Determinations. Ionization of S-ca-dC (100 uM) was
monitored by UV absorbance in buffers of varying pH (0.5—8.0)
consisting of 25 mM sodium phosphate, 25 mM sodium acetate, and
50 mM NaCl. The pH dependence of absorbance a given wavelength
was fitted by nonlinear regression using equations for a single
ionization (eq 1) or double ionization (eq 2) with Grafit 6.0.%°

(4, — 41007 PV
10PH-PK) 4 g (1)

A=A +

(4, — A)10PHPeY
10PH-PKaD) 4

(4, — A,)100PH—PK2)
10PH-PK) 4

A=A +

@)

Glycosylase Activity. The kinetics experiments used to determine
the glycosylase activity of TDG and the TDG variants were performed
essentially as described,*® using a saturating concentration of enzyme
(5 or 10 uM) and DNA substrate concentrations of 0.5 or 1.0 uM, in
HEMN.1 buffer (0.02 M HEPES pH 7.5, 0.1 M NaCl, 0.2 mM EDTA,
2.5 mM MgCl,) at 22 °C. The reactions were monitored by
electrophoresis’ or anion-exchange HPLC under denaturing con-
ditions.'® The HPLC data were fitted by nonlinear regression to a
single exponential equation (eq 3).

fraction product = A(1 — e_kobs‘) 3)
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Figure 9. Potential mechanisms for TDG excision of fC and caC as suggested by the results here and previous structural studies.*® (a) Excision of fC
does not require a large role for the side chain of any active-site residue examined here, consistent with the robust N1 acidity of fC (Figure 4).
Nevertheless, it seems likely that fC excision involves electrostatic catalysis, where backbone amide groups (139, 140, 152; Figure 7) stabilize the
departing fC anion. (b) In contrast to the results for fC, our findings indicate that excision of the caC anion, the predominant species at neutral pH,
requires acid catalysis. Findings that N191 is essential for caC excision but dispensable for fC activity suggest that N191 is needed to stabilize an N3-
protonated form of caC, which could be the zwitterion 2 or the neutral imino tautomer 4. It seems likely that excision of caC also involves

electrostatic catalysis, via the same three backbone amide groups.

where A is the amplitude, k, is the observed rate constant, and ¢ is
reaction time. Because the experiments were performed under
saturating enzyme conditions ([E] > [S] > K,), the rate constants
(kops) reflect the maximal rate of product formation (i.e., kops & ko)
and are not influenced by product release or product inhibition. The
attainment of saturating enzyme conditions was confirmed by
observation that using a 2-fold higher enzyme concentration yielded
the same k,, value (within error). Notably, previous findings from
kinetics and equilibrium binding experiments show that TDG binds
very tightly to G-T, G-fC, and G-caC substrates and tightly to
nonspecific DNA (K = 0.1-0.3 uM).'636454849,51

pH Dependence of Activity. The dependence of TDG activity
(ksps) on pH was monitored for G-fC and G-caC substrates at 22 °C
using a buffer consisting of 0.01 M NaMES, 0.01 M NaHEPES, 0.01 M
Tris, 0.01 M NaCHES, 0.1 M NaCl, 2.5 mM MgCl,, and 0.2 mM
EDTA. The caC activity of TDG could not be determined for pH <5.5
or pH >9.25, due likely to loss of TDG structural integrity, consistent
with our previous observations for pH dependence of activity for G-U
and G-T substrates and pH effects on enzyme stability.*' As noted
above, kinetics experiments were performed under saturating enzyme
conditions, as confirmed by observation of equivalent k., values for
multiple TDG concentrations (ranging from 2.5 to 15 uM). The pH
profile for caC activity was fitted by nonlinear regression to equations

involving ionization of a single group (eq 4) or two groups (eq S) in
the enzyme—substrate complex:

k., = &

T poWHRR 4y ©)
Lkt ak,/(10®<27P 4 )

obs —

lo(pH—pKal) +1 (5)

For eqs 4 and S, kg, is the observed rate constant and k, is the limiting
rate constant.

Equilibrium Binding Experiments. The equilibrium binding of
enzyme to DNA was monitored using an electrophoretic mobility shift
assay (EMSA), essentially as previously described.** The binding
reactions (30 uL) were performed by incubating G-caC DNA (10 nM)
with varying concentrations of enzyme (5—S0 nM) at room
temperature for 30 min in binding buffer (25 mM HEPES pH 7.5,
0.1 M NaCl, 1 mM EDTA, 1 mM DTT, 0.1 mg/mL BSA, 5%
glycerol). Samples were loaded to a precast 6% native polyacrylamide
gel (Invitrogen), and electrophoresis was performed for 60 min at 100
V, S °C. The gels were analyzed using a Typhoon 9400 imager (GE
Healthcare) in the fluorescence mode to detect the 3’-fluorescein-
labeled DNA.
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Computational Studies. The gas-phase calculations were
conducted at the B3LYP/6-31+G(d) level of theory using Gaussian
03 and Gaussian 09.%>7%° Structures were fully optimized in the gas
phase and frequencies calculated (no imaginary frequencies were
found). Gas-phase acidity and relative stability values are reported as
AG in kcal mol™". The only exception is the caC zwitterion 2 (Figure
4), which is not a stable minimum in the gas phase and therefore is
partially optimized. For the caC zwitterion 2, AG values are estimated
from AE values. Dielectric medium calculations were done using the
conductor-like polarizable continuum solvent model (CPCM, fully
optimized at B3LYP/6-31+G(d) with UFF cavity) as implemented in
Gaussian 03.” 7" The one exception is the N3—H acidity of 4 (Figure
4); the deprotonated structure is not stable in solution, so the gas-
phase optimized structure was used. The “total free energy in solution”
(AG) values are reported, and these account for the free energy of
solvation of a proton (—265.9 kcal mol™1).506!
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Supplementary Figures S1—S4, Supplementary Table S1, and
the Cartesian coordinates and energies (in Hartree) for the
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