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Abstract

In the active cytosine demethylation pathway, 5- methylcytosine (5mC) is oxidized sequentially to
5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC).
Thymine DNA glycosylase (TDG) selectively excises 5fC and 5caC but not cytosine (C), 5mC,
and 5hmC. We propose that the electronwithdrawing properties of -CHO and —COOH in 5fC and
5caC increase N3 acidity, leading to weakened hydrogen bonding and reduced base pair stability
relative to C, 5mC, and 5hmC, thereby facilitating the selective recognition of 5fC and 5caC by
TDG. Through 13C NMR, we measured the pK, at N3 of 5fC as 2.4 and the two pK;’s of 5caC as
2.1 and 4.2. We used isotope-edited IR spectroscopy coupled with density functional theory (DFT)
calculations to site-specifically assign the more acidic pK, of 5caC to protonation at N3, indicating
that N3 acidity is increased in 5fC and 5caC relative to C. IR and UV melting studies of self-
complementary DNA oligomers confirm reduced stability for 5fC-G and 5caC-G base pairs.
Furthermore, while the 5fC-G base pair stability is insensitive to pH, the 5caC-G stability is
reduced as pH decreases and the carboxyl group is increasingly protonated. Despite suggestions
that 5fC and 5caC may exist in rare tautomeric structures which form wobble GC base pairs, our
two-dimensional infrared (2D IR) spectroscopy of 5fC and 5caC free nucleosides confirms that
both bases are predominantly in the canonical amino-keto form. Taken together, these findings
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support our model that weakened base pairing ability for 5fC and 5caC in dsDNA contributes to
their selective recognition by TDG.

Graphical abstract
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Thymine DNA glycosylase (TDG) is known to recognize and excise the thymine moieties
from G-T mismatches in double-stranded DNA (dsDNA) by N-glycosidic bond hydrolysis
and to initiate base replacement through the DNA base-excision repair (BER) pathway.1:2 It
can also remove uracil and 5-hydroxymethyluracil (5hmU) from mismatches with
guanine.3# This enzyme plays a central role in cellular defense against genetic mutation
caused by the spontaneous deamination of cytosine (C) and 5-methylcytosine (5mC) and
helps maintain genome integrity.>

Recently, another major role of TDG has been recognized in epigenetic regulation through
an active 5mC demethylation pathway.57 Methylation and demethylation at the C5 position
of cytosine are critical for transcriptional regulation and genome reprogramming in
eukaryotes.5-8 Unlike the well-known methylation pathway, the active demethylation
pathway was poorly understood until the recent discovery of sequential oxidation steps by
the ten—eleven translocation (TET) family of enzymes.? TET enzymes can oxidize 5mC to
5-hydroxymethylcytosine (5ShmC),1011 oxidize 5hmC to 5-formylcytosine (5fC), and then
oxidize 5fC to 5-carboxylcytosine (5caC) in a stepwise manner.6:9.1213 TDG can excise 5fC
and 5caC from dsDNA to give an abasic site both in vitrol# and in mammalian cells,15-18
and 5fC shows greater activity than 5caC under physiological conditions.1* The abasic site
can be replaced by cytosine through downstream BER, completing the active demethylation
pathway.” We have shown through binding affinity studies that TDG preferentially binds
5fC-G and 5caC-G over mismatched T-G and U-G base pairs in duplex DNA despite greater
excision activity toward the latter pairs. This observation indicates preferential recognition
of 5fC and 5caC by TDG and suggests the need for a more detailed understanding of the
properties of 5fC and 5caC and their influence on the DNA duplex.1® We suspect that 5fC-G
and 5caC-G base pairs have weakened stability due to their modification, which contributes
to their selective flipping by TDG in the genome.

Hashimoto et al. proposed that 5fC/5caC may favor an imino tautomeric state that forces a
waobble structure when paired across from G (similar to G-T and G-U mispairs) and thereby
facilitates the flipping of 5fC/5caC into the active site of TDG.20 The observation that the
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TDG catalytic domain binds significantly more weakly to C, 5mC, and 5hmC than to 5fC
and 5caC supports the existence of a discrimination step before stable complex
formation.19:20

Alternatively, Maiti et al. provided an explanation attributing the TDG specificity to the N-
glycosidic bond stability,2! as estimated by the electronic substituent constant (oy,) of the C5
substituent?2 or the N1 pK, value of the pyrimidine base.23 The observation that the TDG
catalytic domain has higher activity toward G-5caC base pairs at pH 5.5 compared to pH 7.5
and 8.0 is consistent with this picture of N-glycosidic bond stability as the origin of TDG
activity, but that alone cannot fully account for the activity at neutral or higher pH. In
addition, this study does not address whether TDG can flip C, 5mC, or 5hmC into the active
site. If TDG does flip each base into the active site and selectivity is due only to N-
glycosidic bond stability, then such a recognition process must be inefficient considering the
~3 billion base pair human genome.

We propose that the electron-withdrawing -CHO and —-COOH substituents at C5 in 5fC and
5caC not only decrease the pK, of N1 and weaken the N-glycosidic bond but also decrease
the electron density at N3 (and thus the pKy). This would result in weakened hydrogen
bonding of the G-5fC and G-5caC base pair and thereby facilitate flipping of 5fC and 5caC
for recognition by TDG, Figure 1. To test this hypothesis we measured the N3 pK, values of
5fC and 5caC by 13C NMR and IR spectroscopy. Careful analysis of the data yields an
opposite site assignment of the two 5caC pK, values (N3 and COOH) with respect to the
previous suggestions,23:24 and we assign the more acidic pK, to N3. Subsequent IR and UV
measurement of the stability of modified-cytosine-containing dsDNA oligomers confirmed
that 5fC and 5caC oligomers are destabilized with respect to the unmodified oligomer with
5caC-oligomer stability being pH-dependent. These findings provide a chemical basis for
distinguishing 5fC and 5caC from C, 5mC, and 5hmC in the DNA duplex that could be used
for selective recognition and excision by TDG.

RESULTS AND DISCUSSION

Both 5fC and 5caC Favor an Amino-Keto Tautomeric State

To test whether 5fC or 5caC could exist in the rare imino-keto tautomeric form, we used
vibrational spectroscopy since different tautomers are expected to give distinct vibrational
fingerprints.2> We focused on the frequency window for in-plane base vibrations (1450-
1800 cm~1) which includes carbony! stretches and ring breathing modes that mix C=C, C=N
stretching, and ND, bending. As a first step, we acquired temperature-dependent Fourier
transform infrared (FTIR) spectra since the coexistence of multiple tautomers can result in
spectral shifts and isosbestic points depending on their equilibrium thermodynamic
properties.28 Both 5fC and 5caC (Figure 2a,b) exhibit minimal changes under physiological
conditions, suggesting that only one tautomeric form is predominant. We assign the amino-
keto species predominant for both 5fC and 5caC based on DFT calculations and comparison
to the known amino-keto spectrum of 2’-deoxycytidine (SI).

The 2D IR spectra of the 5fC and 5caC free nucleosides provide direct evidence that the
amino-keto tautomer is the only appreciable form. Ultrafast 2D IR spectroscopy reports on
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the coupling between molecular vibrations. By correlating excitation (w;) and detection (w3)
frequencies, mixtures of tautomers can be separately resolved before they exchange through
the distinct cross-peak patterns unique to each tautomer. Previous studies have shown that
for a single tautomer of a nucleobase or nucleobase analog, cross-peaks exist between all of
the in-plane base vibrations due to the delocalization of these modes.2’+28 This is also the
case for both 5fC and 5caC, as seen in their 2D IR spectra plotted in Figure 2a,b,
respectively. The diagonal peaks in the 2D spectrum mirror the peaks in the linear FTIR
spectrum, each consisting of an oppositely signed doublet (red above blue). The gridlines
help to illustrate that cross-peaks are observed between all the diagonal peaks, indicating the
presence of a single dominant tautomer species for both nucleosides. In the event that
multiple tautomers were present, we would expect to see multiple overlapping grid patterns
lacking cross peaks to one another.2% We have also considered the possibility of
tautomerism in singly protonated 5caC, but we find no evidence for tautomers other than the
dominant amino-keto species (see Sl for details). Together the temperature-dependent FTIR
and 2D IR spectra provide direct experimental evidence arguing against the presence of
multiple 5fC and 5caC tautomers under physiological conditions. This result is consistent
with computational predictions that the amino-keto tautomer of 5fC and 5caC is the most
stable species.23

Measurement of N3 pKy's by 13C NMR

The extent of hydrogen bond weakening due to the -CHO and —~COOH substituents can be
correlated with changes in the pKj at the N3 site. If our hypothesis is correct, both 5fC and
5caC should demonstrate increased N3 acidity. In the past, these pK,’s have been
determined by pH-dependent UV spectra,2324 but site-specific assignment is difficult since
the carboxyl group of 5caC complicates the investigation by introducing a second pK, not
present in the other cytosine derivatives. We reassessed the pK, values of 5ShmC, 5fC, and
5caC by recording the 13C NMR spectra of the corresponding 13C-labeled free nucleosides
as a function of pH. The label was inserted at the exocyclic carbon atom connected to C5 of
cytosine.

We recorded 13C NMR spectra in the pH range 0.5 to 8 and tracked the chemical shift of the
labeled carbon for the nucleosides 5fC, 5hmC, and 5caC. For both 5fC and 5hmC, plotting
chemical shift vs pH results in a single-transition titration curve that is readily fit to the
Henderson—Hasselbalch equation, yielding a pK; value of 2.4 for 5fC and 4.0 for 5hmC
(Figure 3a,b). These pK, values are comparable to those obtained by UV measurements30
and indicate that the more electron-withdrawing formyl substituent in 5fC lowers the N3
pKj, significantly in contrast to C and 5hmC, consistent with our reasoning.

For 5caC, the chemical shift vs pH curve results in two transitions with pK, values of 4.2
and 2.1. Although these values are similar to the pK,’s measured by UV, 23 it is difficult to
conclusively assign which pK, corresponds to N3 because there are two possible neutral
species of 5¢caC depending on which site protonates first (Figure 3d,e). Since the carboxylic
proton is much closer to the 13C-labeled carbon than the N3 proton, we expect the greater
change in chemical shift to be associated with the carboxylic proton. We found that the
change in chemical shift around pH 4.2 (~3 ppm) is greater than the shift around pH 2.1 (~2
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ppm), suggesting that the pK, of 4.2 should be assigned to the carboxylic group while the
pK; of 2.1 should be assigned to N3. These assignments, however, are not definitive and are
the opposite of previous assignments in the literature.23.24

Determination and Site-Assignment of the pKjy’s of 5-Formylcytidine and 5-
Carboxylcytidine by FTIR Spectroscopy

To independently examine these conclusions, we measured the pK, values of 5fC and 5caC
through pH-dependent FTIR spectroscopy. Because a mixture of protonated and
deprotonated species exists at each pH point, we employ singular value decomposition
(SVD) analysis and a maximum entropy method to disentangle the pH-dependent spectra
and reconstruct pure component spectra that individually represent each of the contributing
species. We can then compare these reconstructed spectra directly against DFT calculations
to assign the structure of each protonation state. As a control on this method, we assigned
the pKj of 2’-deoxycytidine to be 4.5 and the pK, of 5fC to be 2.4 (Figure 4, details in Sl),
consistent with previous reports.30:31

Turning to 5caC, we faced the more complicated problem of site-specific assignment of two
pK,’s. As a result, we adopted an isotope labeling strategy similar to the 13C NMR
experiments in which a 13C isotope label was inserted at the exocyclic carbon atom
connected to C5 of cytosine. The pD-dependent FTIR spectra for unlabeled (UL) 5caC

and 13C-labeled 5caC are presented in Figure 5a and b, respectively. At a pD of 7.4, the two
coupled C=0 stretches of UL 5caC give rise to the main carbonyl mode at 1655 cm™ and a
weaker band at 1567 cm™1, as assigned by DFT. In general, the spectra of 13C labeled 5caC
are similar to UL 5caC, except that the 1567 cm™1 carbonyl peak red shifts to 1540 cm™1,
indicating that this mode has significant contribution from the labeled carboxyl group.

We performed SVD analysis and reconstruction of pure component spectra corresponding to
the cationic, neutral, and anionic 5caC species for both unlabeled and 13C labeled 5caC. The
reconstructed spectra are plotted in Figure 6a—c, with the UL 5caC and the 13C labeled 5caC
represented by solid and dashed lines, respectively. The corresponding population fractions
for the three species as a function of pD are plotted in Figure 5¢c and d. Through this
analysis, the two pKj values of 5caC were determined to be 2.1 and 4.7 from the UL 5caC
spectra and, in reasonable agreement, 2.4 and 4.8 from the 13Clabeled 5caC spectra.

To assign the molecular origin of the two pK, values, we compared the experimental spectra
(Figure 6a—c) with DFT calculated spectra (Figure 6d—g) for both UL and 13C labeled 5caC.
The pink arrows in Figure 6 highlight frequency shifts upon isotopic labeling, while the
orange bars indicate peaks that are unaffected by the label. In the calculations, 5caC
molecules with -1, 0, and +1 charges were solvated by three explicit water molecules near
the hydrogen bond donor/acceptor sites. Two different isomers of neutral 5caC were
considered: one protonated at the carboxyl group (Figure 6e, green) and another protonated
at the N3 atom (Figure 6g, purple).

As a check on the validity of our DFT calculated spectra, we first compared the cationic and
anionic experimental spectra (Figure 6a,c) against their calculated spectra (Figure 6d,f).
Since these species correspond to either complete protonation or deprotonation of the
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nucleobase, there is no ambiguity in molecular structure. Overall, we find a close match in
the peak pattern, peak intensities, and 13C isotope shift between the experimental and
calculated spectra for both the 5caC cation and anion. This provides strong support for the
use of DFT calculations to assign these vibrational spectra, and therefore we turn to
assigning the neutral 5caC species with pK, at 4.7.

The neutral species of 5caC can be protonated at one of two sites: either the carboxyl group
or the N3 of cytosine. As seen in Figure 6e and g, DFT calculations predict distinct spectra
for these two possible structures. However, the spectrum calculated for the isomer with a
protonated exocyclic carboxyl group (Figure 6e) best reproduces the experimental spectra,
displaying a similar C=0 peak pattern and the presence of low frequency ring modes
between 1450 and 1550 cm™? (highlighted by the green shading in Figure 6). The 13C
labeled spectrum for neutral 5caC (Figure 6b, dashed line) demonstrates that upon isotope
labeling the 1713 cm™1 peak does not shift but the 1657 cm™ peak red shifts, indicating that
these peaks involve mostly C2=0 and carboxyl C=0 character, respectively. This isotope-
induced frequency shift is in excellent agreement with the calculated spectra for the neutral
5caC molecule protonated at the carboxyl group (Figure 6e). In contrast, the calculated
spectra for the neutral 5caC molecule protonated at N3 (Figure 6g) predict that the highest
frequency mode is mostly carboxyl C=0 stretch (seen to red shift upon 13C labeling), but
this pattern does not match the experimental observation. Moreover, the lower frequency
delocalized ring vibrations around 1500 cm™1 are not reproduced for the N3-protonated
structure. In light of these results, we assign the pK, of 4.7 to the carboxyl group and the pK,
of 2.1 to the N3 position.

Our assignment of the 2.1 pK, of 5caC to N3 is the opposite of previous assignments that
were based on similar isosbestic points between the UV spectra of 2’-deoxycytidine and
5caC and chemical analogies to other aromatic compounds possessing a carboxyl group with
a vicinal amine.2%24 Our assignment supports the hypothesis that the electron-withdrawing
substituent —-COOH lowers the pK, of N3 and destabilizes G-5caC base pairs.

Stability of DNA Duplexes Containing 5-Formlycytidine and 5-Carboxylcytidine

In order to further test that both G-5fC and G-5caC base pairs form less stable hydrogen
bonds than the canonical G-C base pair, we studied the thermal stability of dSDNA
oligonucleotides containing different cytosine modifications using IR and UV spectroscopy.
To accentuate the difference in melting temperature (T,,), we used a self-complementary
dsDNA oligomer containing six G-X base pairs with sequence 5-TAXGXGXGTA-3/,
where X denotes C, 5mC, 5hmC, 5fC, or 5caC. Temperature-dependent FTIR spectra
measured at a pD of 7.3 (Figure S6) were analyzed using SVD, and the resulting melting
curves were fit to a two-state model described in the Materials and Methods. The analogous
UV measurements were also collected, but a single frequency intensity at 260 nm was
tracked as a function of temperature, and this trace was fit to the same two-state model.
Melting temperatures for the set of dSDNA are listed in Sl Table 1. The ~10 °C difference in
Tm’s measured by the two techniques is explained by the oligomer concentration difference
between the two methods (1000 pM for IR vs 4 uM for UV). Figure 7 shows the melting
curves fit to each data set as well as a comparison of the melting temperature trend measured
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by each technique. The oligomer where X = 5hmC is omitted for clarity, as the T, of this
oligomer is equal to the Ty, for X = C (see Sl Table 1).

Currently, no clear consensus exists in the literature regarding the influence of naturally
occurring cytosine derivatives on the stability of dsSDNA. A survey of past reports and a
comparison with our results is included in the SI. Consistent with our hypothesis of
weakened N3 hydrogen bonding, we find the 5fC oligomer to be less stable than the
unmodified oligomer, having a significant 5 and 3 °C decrease in T, from IR and UV
measurements, respectively. Once again, the story surrounding 5caC proves more
complicated. Our experiments show that the 5caC oligomer has an equal (UV) or slightly
lowered (IR) Ty, compared to the unmodified oligomer at neutral pH, but in light of our
5caC pKj, assignments one would expect that the protonation state of the carboxyl group
could influence the properties of the base pair. We have explored this possibility below with
pH-dependent melting studies.

It has been reported that the excision of 5¢caC by TDG is acid catalyzed, while the excision
of 5fC is pH independent.23 To determine whether the pH dependence in excision rate is
correlated with pH dependent stability of the 5fC and 5caC oligomers, we repeated the
infrared T, determination for these duplexes in a pD 3.7 solution prepared at identical salt
and buffer concentration as the previous measurements. For the 5fC oligomer, we observe
no pD dependence for the Tp,, while we observed a 7 °C drop in T, for the 5caC oligomer
(Figure S7). The destabilization of the 5caC oligomer relative to the 5fC oligomer is likely
due to the influence of protonation at the carboxyl group of 5caC. Therefore, 5fC, with only
the N3 site to protonate, displays no pD dependence. In general, for 5caC, one would expect
that the increased positive charge due to protonation at the carboxyl group would lower the
pK, at N3 and destabilize the base pair, consistent with the observed reduction in Ty, at
decreased pD. To further explore the pH dependence of the 5caC oligomer’s Ty, we carried
out a series of UV melting experiments as a function of pH. The oligomer concentration and
salt concentration were the same as the previous UV experiments (Figure 7); however, to
increase the buffer capacity, we increased the buffer concentration from 10 to 100 mM. The
change in sodium cation concentration accounts for the ~4 °C difference in T, for the 5caC
oligomer measured at a similar pH above. Figure 8 shows the pH dependence of the X =
5caC oligomer’s melting curve and melting temperature. As seen in the Figure 8 inset, the
Tm plateaus around 53 °C above pH = 6, decreases with decreasing pH, and then plateaus
around 45 °C below pH = 3.5. Fitting this profile to the Henderson—Hasselbalch equation
results in a pKj, of 4.5, consistent with the pK, measured for the carboxyl group of the 5caC
free nucleoside. These observations support a picture in which increasing protonation of the
carboxyl group of 5caC (pK, = 4.7) within the duplex weakens the 5caC-G base pairs,
accounting for the behavior of the T, with decreasing pH. These findings suggest that
previous reports of acid catalyzed excision of 5caC could be explained by the influence of
increasing protonation of the 5¢caC nucleobase at the exocyclic carboxyl group leading to a
weakening of the 5caC-G base pair.
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Our studies have revealed two observations that have direct consequences for the
mechanism of base recognition by TDG. First, we assign the lower pK, of 5caC to N3
instead of the carboxyl group based on direct site-specific assignment of the pK, values
through IR spectroscopy measurement and DFT computation. Second, using two different
techniques, we provide a complete data set reporting the influence of the naturally occurring
cytosine modifications on dsDNA stability in order to provide a robust survey of the
stability trend. Specifically, we find that at neutral pH the T, of a 5caC-containing oligomer
is not significantly different from the analogous C-containing oligomer while the Ty, of a
5fCcontaining oligomer is significantly lower. Furthermore, we observed the T, of the 5fC-
containing oligomer to be pH-independent, while we observed the T, of the 5caC-
containing oligomer to drop below that of the 5fC-containing oligomer with decreasing pH
as the carboxyl groups are increasingly protonated. This influence can well explain the pH
dependence of both the Ty, for 5caC-containing oligomers as well as the limited TDG
activity toward 5caC at physiological pH, since some small percentage of the carboxyl
groups will be transiently protonated and thus capable of flipping into the active site of
TDG. These results demonstrate that an electron-withdrawing substituent at C5 decreases
the electron density at N3 (and thus the pK,) such that the hydrogen bonding capacity of the
base is weakened. Furthermore, we believe that weakened base-pairing facilitates
extrahelical flipping of the modified base for recognition and excision by TDG. Our
proposal can explain the previous finding that the excision of 5caC is acid catalyzed, with
5caC serving as an even more effective TDG substrate than 5fC at low pH.23

It should be noted that the electron-withdrawing properties of the 5-formyl and 5-carboxyl
groups may also affect base stacking and hydrophobicity due to a shift in the electronic
distribution on the base and the observed destabilization is likely not due solely to weakened
N3 hydrogen bonding, but also to these more global changes.

In addition to new insights regarding the effect of N3 acidity, we emphasize the importance
of past findings by Maiti et al. regarding the influence of the formyl and carboxyl groups on
glycosidic bond stability as well as critical interactions between 5fC and 5caC with the
enzyme. We believe our new insight regarding the nucleobases and DNA duplex are
complementary with these past results.23 Maiti et al. reported an apparent pK, of 5.75 for
5caC when bound in the enzyme-substrate complex, but they assign this pK; to protonation
at N3. In light of our IR/DFT analysis, we believe this apparent pK, corresponds to
protonation at the carboxyl group of 5caC. In the presence of the enzyme, this elevated
apparent pK, would allow for more protonation of the carboxyl group and can further help
explain the limited TDG activity toward 5caC under neutral conditions.

MATERIALS AND METHODS
Synthesis of 13C-labeled 5fC, 5caC, and 5hmC

13C-labeled 5fC was synthesized directly from the commercially available 5-
iododeoxycytidine through a simplified version of our former procedure using 13C-labeled
carbon monoxide, but without the need to protect the free 3’ and 5’-hydroxyl groups.32
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Reduction of the 13C-labeled 5fC with sodium borohydride provided the corresponding 3C-
labeled 5hmC. Similarly, 13C-labeled 5caC was synthesized by coupling 5-iodo-
deoxycytidine with 13CO in methanol in the presence of Pd(OAc), followed by alkaline
hydrolysis using sodium hydroxide instead of potassium carbonate to avoid residual
carbonate that would interfere with IR measurements.

Determination of pK, Values by 13C NMR Spectroscopy

Citrate buffers (0.5 mL, 0.2 M) with a series of pH values were prepared and loaded into
separate NMR tubes. 13C-labeled 5caC and 5hmC samples were dissolved in water at a
concentration of 20 mg mL~L. Due to the lower solubility of 5fC, 13C-labeled 5fC was
prepared as a clear saturated solution. The pK, values were obtained by fitting the chemical
shift versus pH titration profiles to the Henderson—-Hasselbalch equation.

DNA Oligomer Synthesis of 5'-TAXGXGXGTA-3’ (X = C, 5mC, 5hmC, 5fC, or 5caC)

Unmodified and 5mC phosphoramidites were purchased from Glen Research. 5fC and 5caC
phosphoramidites and DNA oligomers containing them were prepared by following our
former procedure, and 5mC-containing oligomers were obtained directly from 5fC-
containing oligomers by treatment with sodium borohydride.32 All the DNA oligomers were
purified by C18 reverse-phase columns using acetonitrile in TEAA (0.05 M) and
characterized by Maldi-TOF MS.

IR Spectroscopy

For all IR spectroscopy, the sample cell consists of ~25 or ~40 pL (depending on path
length) of sample solution between two 1-mm-thick CaF, windows that are separated by a
50 um Teflon spacer for 1 mM oligomer samples and a 125 pm spacer for the 3 mg mL™1
free nucleotide samples. Spectra were taken in deuterated water (D,O; Cambridge Isotopes)
in order to remove interference from the H,O bend absorption at 1650 cm™1.

The pH dependent FTIR spectra were acquired on a Bruker Tensor 27 spectrometer at 4
cm~1 resolution by averaging 60 scans. The deuterated samples were pH adjusted using DCI
and NaOD solutions, and the pH was measured using a standard glass electrode. Measured
pH values were converted to pD values according to ref 33.

Singular value decomposition (SVD) analysis of the FTIR spectra in the 1450 cm~1 to 1800
cm~1 region was used to determine the pK,’s for the nucleosides using the procedure
detailed in ref 34. A maximum entropy method outlined in ref 35 was employed to
reconstruct the pure component spectra corresponding to each of the distinct molecular
species that contribute to the experimentally measured spectrum as well as their
corresponding population profiles.

Temperature dependent FTIR were collected across a temperature range of 10 to 95 °C.
Oligomer samples were filtered, H-D exchanged, and then prepared at 1 mM concentration
in deuterated 10 mM sodium phosphate buffer plus 40 mM NacCl. Similar to the pH
dependence, SVD analysis was applied to the FTIR temperature series, and the resulting
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second SVD component was fit to a melting curve that reports on the duplex fraction
following the two-state model:

D = M;+M;
K= _exp(~AG/RT)
AG=AH°+AC, [T—Tm—Tln (Tl)] —TAS°®
Here, the reference temperature is set to the melting temperature T, which is defined as the
temperature at which 50% of the total DNA oligomers are duplexed, or where 2[D] = [M] +
[M2].
2D IR spectra were collected on a 2D IR spectrometer built to a previously described
design.36 All spectra were acquired with polarization set to perpendicular (ZZYY). The
waiting time was set to 7 = 150 fs, and the evolution time 7 was scanned outto 3.0 psin 4
fs steps.
UV Spectroscopy

Measurement of the melting curves for the same self-complementary dsDNA oligomer for X
= C, 5mC, 5hmC, 5fC, and 5caC was conducted on an Agilent 8453 Spectrophotometer.
Each HPLC purified oligomer (4 pmol, 1.2 mL) was dissolved in a 1 cm cuvette with 10
mM phosphate buffer (pH 7.5) and 200 mM NaCl. UV spectra were recorded from 26 to 90
°C. The UV intensity at 260 nm vs temperature was fit to the same two-state model
described for the IR measurements. The pH-dependent melting studies of the X = 5caC
oligomer were similarly conducted, except the phosphate buffer concentration was increased
to 100 mM.

Computation of IR Spectra

Density functional theory (DFT) calculations were performed using Gaussian 09 to help
assign the experimental IR spectra.3” The B3LYP hybrid functional was implemented with
the 6-31G(d,p) basis set to optimize molecular geometries and determine the vibrational
normal modes. The calculated frequencies were scaled by a factor of 0.9614 to help match
experimental frequencies.38 Following previous studies that described the importance of
explicit water molecules,27-29 calculations were performed in the gas phase with three
explicit D,O molecules positioned around the hydrogen bond acceptor/donor sites. All labile
protons were deuterated in order to match the experimental conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of 5fC and 5caC base pairs and schematic of the extrahelical flip and recognition

by TDG.
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Figure 2.
Temperature-dependent FTIR spectra of (a) 5fC and (b) 5caC, pD 7.3, ranging from 10 to 95

°C (blue-red). 2D IR spectra with ZZY'Y polarization of 5fC and 5caC are aligned beneath
the temperature ramp spectra.
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Figure 3.

Increasing pH > [ Increasing pH >

Chemical shift vs pH titration profiles obtained from 13C NMR measurements of 13C-
labeled 5fC, 5hmC, and 5caC (a, b, and c, respectively). Possible neutral species for 5caC
include the Zwitterionic species protonated only at N3 (purple, d) or the species protonated
at the carboxyl group (green, e).
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Figure4.
pD-dependent FTIR spectra of 5fC. The inset shows the titration curves for the protonated

and neutral 5fC species obtained from the SVD analysis.
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pD-dependent FTIR spectra of (a) unlabeled and (b) 13C labeled (exocyclic carbonyl carbon)
5caC. (c,d) Titration curves of 5¢caC cation (red), neutral (green), and anion (blue) species

derived from the SVD analysis.
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Comparison between the experimental (left) and DFT calculated (right) spectra for 5¢caC
cation (red), neutral (green/purple), and anion (blue) species. Both unlabeled (solid lines)
and 13C labeled (dashed lines) 5caC spectra are shown. Pink arrows highlight frequency
shifts upon isotopic labeling, while orange bars highlight frequencies that are unaffected by

the label.
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Figure7.
Melting curves obtained at physiological pH and fit to a two-state model to determine T, for

each of the oligonucleotides (a) obtained from the second SVD component of the FTIR
spectra and (b) tracking the UV intensity at 260 nm. (c) Relative Ty, trends between the
methods.
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Figure8.
UV melting curves of the 5¢caC oligomer as a function of pH and, inset, the T, vs pH trace

fit to the Henderson—Hasselbalch equation revealing a consistent pK, of 4.5.
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