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ABSTRACT

5-Formylcytosine (5fC) is a chemically edited, nat-
urally occurring nucleobase which appears in the
context of modified DNA strands. The understand-
ing of the impact of 5fC on dsDNA physical prop-
erties is to date limited. In this work, we applied
temperature-dependent 1H Chemical Exchange Sat-
uration Transfer (CEST) NMR experiments to non-
invasively and site-specifically measure the thermo-
dynamic and kinetic influence of formylated cyto-
sine nucleobase on the melting process involving
dsDNA. Incorporation of 5fC within symmetrically
positioned CpG sites destabilizes the whole dsDNA
structure––as witnessed from the ∼2◦C decrease in
the melting temperature and 5–10 kJ mol−1 decrease
in �G◦––and affects the kinetic rates of associa-
tion and dissociation. We observed an up to ∼5-
fold enhancement of the dsDNA dissociation and an
up to ∼3-fold reduction in ssDNA association rate
constants, over multiple temperatures and for sev-
eral proton reporters. Eyring and van’t Hoff analysis
proved that the destabilization is not localized, in-
stead all base-pairs are affected and the transition
states resembles the single-stranded conformation.
These results advance our knowledge about the role
of 5fC as a semi-permanent epigenetic modification
and assist in the understanding of its interactions
with reader proteins.

INTRODUCTION

Nucleic acids play a fundamental role within all three
domains of life, however their ‘alphabet’ is intrinsically
restricted to only four letters: G, C, A and T (U for
RNA). In order to expand this narrow ensemble of con-
stituents, an additional instructional layer can be integrated
in the genome through chemically editing the four canoni-

cal bases, whose properties on the microscopic scale (base
stacking, hydrogen bonding, solvation properties, stabiliz-
ing cross-strand terms) lie at the heart of DNA and RNA
nature, structure, function and consequent biological role
(1–3). Such alterations, broadly termed ‘epigenetic modi-
fications’, have been extensively reviewed (4–7). Naturally
occurring chemically edited bases are found in DNA and
RNA of all kingdoms of life and play a crucial regulatory
role in both development (8–12) and pathogenesis (13–17)
of a given organism. Their presence influences the physico-
chemical properties of the resulting nucleic acid molecule,
thus reshaping the biological role of the unmodified analogs
(18). Within the spectrum of epigenetic modifications in
DNA, the ones involving cytosine have been studied to the
largest extent, primarily due to their (i) remarkable abun-
dance, (ii) ubiquity across all domains of life and (iii) vast
range of biological roles. The most frequent chemical mod-
ification of cytosine is 5-methylcytosine (5mC), which pre-
dominantly occurs within symmetric CpG sites and is asso-
ciated with stable transcriptional repression, cell differenti-
ation, X-chromosome inactivation and imprinting (19–22).
5mC can also be further modified by Ten-Eleven Translo-
cation (TET) enzymes, which are involved in the context of
the active demethylation pathway and subsequent base exci-
sion repair (BER) cycle (23,24). The step-wise oxidation of
5mC process leads to 5-hydroxymethylcytosine (5hmC), 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) in a se-
quential manner. In addition, protein-DNA binding struc-
tural studies have revealed that TET preferentially oxidizes
5mC in symmetric CpG sites over non-CpG sites (25). De-
spite being orders of magnitude less abundant than 5mC or
5hmC, 5fC is equally broadly distributed in genomic DNA
(5,26). Since its discovery, 5fC has been confirmed to (i)
be a genomically stable and semi-permanent modification
(27,28), (ii) vary its concentration depending on the na-
ture, health condition and developmental state of the tissue
(29) and (iii) be recognized by several reader proteins with
exquisite specificity over an overwhelming excess of back-
ground represented by C, 5mC, and 5hmC (30,31).

*To whom correspondence should be addressed. Tel: +49 89 2180 77652; Email: petra.rovo@lmu.de

C© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/15/8796/5870335 by U

niversitaetsbibliothek der LM
U

 M
uenchen user on 24 N

ovem
ber 2020

https://orcid.org/0000-0001-6045-271X
https://orcid.org/0000-0002-3579-3317
https://orcid.org/0000-0001-7898-2831
https://orcid.org/0000-0001-8729-7326


Nucleic Acids Research, 2020, Vol. 48, No. 15 8797

Taken together, those evidences indicate that 5fC retains
an undefined number of uncharacterized epigenetic roles, in
addition to being a key intermediate in the active demethy-
lation pathway (32).

In order to fully appreciate the nature and the extent of
the various functions that 5fC performs, the properties of
formylated CpG sites have been subjected to extensive in-
vestigations in the past decade. Whether 5fC is responsi-
ble for the alteration of the canonical B-DNA secondary
structure is still not a firmly established notion, and con-
tradictory conclusions have been reported (33–36). In con-
trast, there is reasonable consensus in accounting for the en-
hanced degree of dsDNA flexibility as a result of 5fC incor-
poration that has been attributed to an increase in the base
pair wobbling around its canonical Watson–Crick, base-
paired conformation (18,37,38). It has been proposed that
the destabilization is due to the electron withdrawing nature
of the formyl substituent, which would in turn weaken the
hydrogen-bond strength between the modified base and the
counter-stranded paired guanine (38,39). Recent work by
Sanstead et al. has found that 5fC accounted for a reduc-
tion in cooperativity of duplex melting and a lowering of
the dissociation barrier, providing a global characterization
of heavily modified oligomers via T-jump IR spectroscopy
(40). On the other hand, NMR measurement on water-
exchangeable protons provided information about the ex-
tent of additional base-pair opening caused by 5fC incor-
poration and other modified cytosine bases in the presence
of ammonia acting as a catalyst for the water-exchange pro-
cess (34).

Despite the above contributions, a number of questions
still remain unanswered. In particular, it is entirely un-
known how 5fC affects the processes of DNA hybridiza-
tion. Then, the site-specific energetics of the destabilization
are unclear, i.e. whether the activation barrier between ds-
to ssDNA is reduced due to a stabilization of the transition
state, or due to a destabilization of the ground state. How
does the transition state look like? Does it resemble the ds-
or ssDNA structure? Lastly, very little is known about the
range of the enhanced flexibility, i.e. how locally 5fC desta-
bilizes dsDNA.

Characterizing the subtle differences, whether of struc-
tural or dynamical origin, of chemically modified nucleic
acids molecules can be a demanding task, especially if site-
specific information is needed. Solution-state NMR repre-
sents an attractive option: it does not require any bulky
physical label which could confound the significance of
the small chemical modification, and it allows accessing
atomic resolution information on local dynamics on a wide
range of time scales. NMR spin relaxation techniques have
been shown to allow for such studies on a plethora of
biomolecules. Out of the several time domains that can be
accessed, the biologically relevant �s-ms frame is amenable
to investigation employing R1� and CPMG Relaxation Dis-
persion (RD) techniques (41–48). More recently another
experiment, the Chemical Exchange Saturation Transfer
(CEST), has been proposed (49), which allows for the elu-
cidation of even slower events, occurring on the ms–s time
scale. The essential working principle of the CEST method,
whose detailed theoretical framework has been recently out-
lined (50,51), relies on the presence of a major, ‘ground
state’ (GS) conformer of a target biomolecule that under-

goes an exchange process with one or more distinct and
sparsely populated ‘excited state’ (ES) conformer(s) on the
ms time scale. Experimentally, in a CEST experiment the
intensity of a signal of interest is recorded as a function of
the resonance offset frequency of a weakly saturating field,
which is stepped through a certain interval across the re-
gion of interest. The characterization of such transiently
and sparsely populated exchanging states can become in-
valuable in the attempt of describing the motions in both
proteins and nucleic acids, yielding information on the rela-
tive populations of the involved GS and ES, the precise time
frame of the exchange process, as well as an estimation of
the ES chemical shift, which can be indirectly informative
on the structure of the sporadic conformation (52–54).

In this study, we apply a recently described 1H-only
CEST experiment to gain insights into the exchange kinet-
ics and thermodynamics of several proton reporters simul-
taneously. In this endeavour, we exploit a subset of proton
probes taking advantage of the SELectively Optimized Pro-
ton Excitation (SELOPE) scheme (55), which allows for de-
tailed NMR investigations of non-isotopically labeled sam-
ples.

To further exploit the wealth of information provided by
CEST, we present an atom-specific description of the influ-
ence of 5fC base-pair thermodynamics and kinetics of both
the melting and the annealing processes, which are mecha-
nisms of primary importance given the involvement of un-
wound DNA in transcription, repair, and subsequent re-
combination. With this goal in mind, we introduce a novel
methodological framework that permits the extraction of
thermodynamic (�G◦, �H◦, �S◦, Tm) and kinetic param-
eters (�G‡, �H‡, �S‡) from the data provided by the 1H
CEST experiments.

Our results corroborate the notion that 5fC does not per-
turb the canonical B-DNA conformation of dsDNA, but
it does curtail the overall stability of the double-stranded
structure. More specifically, it impacts the kinetic rates of
both the melting and annealing processes. Combining these
effects, 5fC shifts the dissociation equilibrium constant up
to 9-fold towards the single-stranded conformer. By further
dissection of the kinetic rates through Eyring formalism,
we identified that the origin of the destabilization can be
traced back to the ground state of each nucleobase involved
in the dsDNA conformation, evidencing the wide range of
the 5fC-induced features. In addition, we find the transi-
tion state bridging the single and double-stranded struc-
tures closely resembles the ssDNA conformation, consis-
tent with the consensus nucleation mechanism for DNA hy-
bridization (3).

Taken together, the above observations indicate that the
repercussions arising from the inclusion of 5fC are only ap-
preciable in a dynamic context and aid in the unravelling of
its biological role. In our analysis, we provide a unified view
of the processes of dissociation and association, resolving
the energetics behind both processes with atomic resolution.

MATERIALS AND METHODS

Sample preparation

The canonical dsDNA sample Can12 was purchased after
purification via high-performance liquid chromatography
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(HPLC) and desalting procedure from Ella Biotech GmbH
(Martinsried, Germany).

The fdC-phosphoramidite (fdC-PA) and subsequently
the modified dsDNA sample Mod12 was prepared via phos-
phoramidite chemistry as previously reported (56). Solid
phase synthesis of oligonucleotides containing fdC was per-
formed on an ABI 394 DNA/RNA synthesizer (Applied
Biosystems) using standard DNA synthesis conditions with
a cartridge scale of 1 �mol. The phosphoramidites Bz-dA,
Ac-dC, iBu-dG and dT as well as the PS carriers were pur-
chased from LinkTechnologies. For the reaction of the fdC-
PA a coupling time of 180 s was applied. The terminal DMT
protecting group was cleaved after DNA synthesis on the
synthesizer. Basic and acidic deprotection of all oligonu-
cleotides was performed according to literature (56). Purifi-
cation of the oligonucleotides was achieved with a HPLC
system (Agilent 1260 Infinity II 400 bar pump and a Ag-
ilent 1260 Infinity II VWD detecting at 260 nm) applying
a buffer system of 0.1 M triethylammonium acetate in wa-
ter (buffer A) and 0.1 M triethylammonium acetate in 80
% aqueous MeCN (buffer B), a gradient of 0–30% buffer
B in 45 min and a flow rate of 5.0 ml/min. As stationary
phase Nucleodur columns (250/10 mm, C18ec, 5 �m) from
Macherey-Nagel were used. Purified oligonucleotides were
analyzed by MALDI-TOF (Bruker Autoflex II). Quantifi-
cation of oligonucleotides was performed via UV/Vis spec-
troscopy with a NanoDrop ND-1000 spectrophotometer at
260 nm.

Both samples were dissolved in an aqueous buffer con-
sisting of 15 mM Na2HPO4/NaH2PO4 (pH 7.0), 25 mM
NaCl in H2O. Annealing was performed by heating the
dsDNA-containing buffer solution to 90◦C for 5 min and
slowly cooling it to 5◦C in ∼90 min, after which it was al-
lowed to return to room temperature. Then, the NMR sam-
ple was prepared with the addition of 0.02% NaN3, 25 �M
DSS and 5% D2O, resulting in final sample concentrations
of 1.00 and 1.58 mM for Can12 and Mod12, respectively,
as determined via UV spectrophotometric measurements at
260 nm using the extinction coefficient calculated via the
nearest neighbor approximation.

UV/Vis spectroscopy

UV/Vis melting profiles of the oligonucleotides were mea-
sured at 260 nm with a JASCO V-650 UV/Vis spectropho-
tometer between 20 and 85◦C (scanning rate of 1◦C/min),
and each sample was measured four times. Samples were
placed into 100 �l cuvettes and diluted with the same
Na2HPO4/NaH2PO4, NaCl aqueous buffer as used in the
NMR experiment. Before each measurement, a layer of
mineral oil was placed on the surface of the sample in order
to prevent water evaporation. Mod12 was measured at six
concentrations (1.23, 1.53, 2.45, 3.72, 6.14 and 12.27 �M),
Can12 at four (1.17, 1.76, 3.52 and 7.04 �M). All concentra-
tion values yielded absorption values within the linear range
of the spectrometer.

NMR spectroscopy

All experiments were performed on Bruker Avance III spec-
trometer operating at a 1H Larmor frequency of 800 MHz

(corresponding to a magnetic field of 18.8 T) equipped with
a 5 mm triple-resonance cryogenically cooled probe. Stan-
dard 2D NOESY (mixing time of 150–250 ms, shown in
Supplementary Figure S1D and E) spectra were recorded
at 37◦C for resonance assignment. Site-selective spin relax-
ation measurements were performed following the SELOPE
scheme; these included 1H CEST, on-resonance 1H R1� ,
recorded with a spin-lock strength of 4 kHz, and 1H R1 ex-
periments at temperatures between 37 and 62◦C. The em-
ployed R1� and 1H CEST pulse sequences have been mod-
ified from Schlagnitweit et al. (55) in order to allow for
data acquisition in an pseudo-3D interleaved fashion, while
an in-house pseudo-2D 1H R1 pulse sequence (displayed
in Supplementary Figure S5) with selective excitation and
water suppression was used to record 1H inversion recov-
ery. 1H R1� relaxation decays were collected with time de-
lays of 20, 30, 40, 60, 80, 100 and 120 ms, while the inver-
sion recovery profile of the 1H R1 measurement was col-
lected with time delays of 0.5, 1, 5, 10, 25, 50, 75, 100, 200,
500, 750 and 1000 ms. All 1H CEST profiles were recorded
with a spin lock B1 field of 25 Hz using a TEX of 0.4 s, ad-
ditional measurement conditions for each temperature are
summarized in Supplementary Table S1. All NMR experi-
ments were recorded with a relaxation delay (d1) of 1 s, with
the exception of R1 measurements for which d1 was set to
10 s. When not at the water resonance to allow for water
suppression, the 1H carrier was positioned in the middle of
the H8/H6/H2 region allowing for selective irradiation of
the desired aromatic sites (Figure 1). The CEST measure-
ments were performed at 37, 45, 53, 57, 58, 59, 60, 61, 62◦C
for Can12 and at 37, 45, 53, 55, 56, 57, 58, 59, 60◦C for
Mod12. In total, eleven sites for Can12 and twelve for Mod12
(namely for C2H6, G3H8, A4H2, A4H8, T5H6, C6H6,
A8H2, A8H8, T9H6, C10H6, and C12H6 for Can12 and
G1H8, C2H6, A4H2, A4H8, T5H6, C6H6, C6H7, A8H2,
A8H8, T9H6, C10H6, and C12H6 for Mod12) could be
uniquely picked and assigned in the CEST spectra. Recon-
struction of pseudo-3D interleaved spectra was achieved
through an in-house Perl script. Both assignment and spin
relaxation data was processed and inspected using TopSpin
3 or 4. Calibration of the DSS signal at 0 ppm allowed for
exact spectral referencing at all temperatures. Subsequent
1H resonance assignments and raw relaxation data extrac-
tion (including peak height and signal to noise) were carried
out in Sparky (57).

RESULTS

We studied the following 12mer, homo-formylated palin-
dromic sequence: 5′-GCGAT-X-GATCGC-3′, where X =
5fC in the modified sample, Mod12 and unedited C in the
canonical sample, Can12 (Figure 1A). The selection was
made taking into consideration that (i) it contains a cen-
trally positioned CpG domain, which is the naturally oc-
curring settings of 5fC and (ii) being a self-complementary
sequence, the resulting 1H-based NMR spectra are less
crowded, and thus less prone to be affected by overlapping
signals. The latter feature can be ascertained by inspecting
the 2D SELOPE spectrum of Mod12 (Figure 1B), where
each signal arising from the H6 of C and T, and H8, H2
protons of A in Mod12 is resolved. Guanine H8 protons
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Figure 1. (A) DNA constructs of Can12 and Mod12, gray box highlights the site of the 5fC incorporation. (B) SELOPE 2D 1H–1H correlation spectrum
of the Mod12 aromatic region. H6 protons of canonical cytosine bases appear as crosspeaks due to their 3J coupling to H5, while the H6 proton of the
formylated cytosine C6, lacking the coupling partner H5, appears at the diagonal. The formyl proton C6H7 appears at 9.4 ppm.

represent an exception as they almost completely overlap
for G3, G7 and G11 H8 in Mod12 in CEST spectra, thus no
site specific analysis was possible for these sites.

Structural impact

A set of NOESY and natural abundance 1H–13C HSQC
spectra were recorded to weigh on the influence of the 5fC
modification on the ground-state conformation of DNA.
The very weak intensity of the H2’–H4’ cross-peaks in
NOESY spectra (indicative of the C2’-endo sugar pucker-
ing) and dihedral angles obtained from the 3J1H–1H cou-
plings of the sugar moieties confirmed the predominant
presence of B-DNA conformation in both samples (58).

The chemical shift values for all 1H and 13C nuclei are
highly comparable between the two samples, as expected,
the only differences occur for sites nearby the modified base.
Most notably, the resonance frequency of both amino pro-
tons of the formylated base shift markedly downfield from
6.5 and 8.2 to 7.9 and 9.1 ppm, respectively indicating the
formation of a strong hydrogen bond between the formyl
group and the amino protons, as per the predicted 5fC:G
base-pair in Figure 1 B). This intramolecular hydrogen
bond is stable even at high temperatures, only marginally
weakening (0.08 ppm upfield shift) when the sample ap-
proaches the melting temperature. Besides, the 0.4 ppm up-
field shift the G7 imino proton resonance of the modified
sample with respect to the same proton of Can12 (Supple-
mentary Figure S1A–C) suggests a reduced H-bonding and
thus weakened base-pairing capacity in the 5fC:G with re-
spect to C:G pair as observed by others (34,38).

Aldehydes in aqueous solution can undergo an acid/base
catalyzed hydration reactions (59). Contrary to previous re-
ports on different dsDNA sequences featuring 5fC in the
context of X:C mismatches (where X is either 5mC, 5hmC,
5fC or 5caC) (60), we do not detect resonances compatible
with such a hydrate form neither in 1H nor in 13C based ex-
periments.

In accordance with previous studies, we did not identify
any difference in the ground-state conformation of Can12
and Mod12 (34–36). The two samples displayed localized
and discrete chemical shifts in both the 1H and 13C di-
mensions due to the presence of the formyl substituent on
the edited cytosine (C6) ring and the nearest neighbouring
bases T5 and G7 (Supplementary Figure S1). Considering
the affinities between the spectral features of the two sam-
ples, we conclude that 5fC is well tolerated in the context of
B-DNA conformation.

Concentration dependent UV/Vis melting studies

As an initial assessment of the effect of 5fC on the stability
of the dsDNA conformer, we determined the concentration-
dependent melting temperature (Tm) of the two samples via
UV/Vis spectroscopy. Since DNA annealing is a bimolecu-
lar process, the melting temperature of the double-stranded
conformation is highly concentration dependent, causing
its Tm to steadily increase with the molarity of the sample
(61). Such relationship can be exploited to obtain an overall
estimation about the melting thermodynamics (�G◦, �H◦,
�S◦) and to extrapolate to the expected melting tempera-
ture to higher concentrations; in our case to the concen-
tration range of the NMR samples which is approximately
two- to three-orders-of-magnitude higher than that of the
UV/Vis samples.

Hence, we recorded the melting profiles of both samples
at multiple concentrations in the 1–10 �M range, and ex-
tracted the thermodynamic parameters assuming a linear
relationship between ln (Ct) and Tm, where Ct is the total
monomer concentration (Supplementary Figure 2, S2 and
S3). This method assumes that �H◦ is temperature inde-
pendent i.e. the specific heat capacity (Cp) is constant within
the temperature range under consideration. In Table 1, we
compare the fitted bulk thermodynamic parameters with
the site-specific thermodynamic parameters obtained from
CEST NMR measurements (vide infra). Systematic devia-
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Figure 2. Concentration-dependent UV/Vis melting temperatures analy-
sis of Can12 (blue) and Mod12 (orange). The reciprocal of the observed
Tm is plotted as a function of the logarithm of the total DNA concentra-
tion (Ct). The slope and the intercept of the fitted linear corresponds to
�H◦/R, and �S◦/R, respectively. The obtained thermodynamic parame-
ters and the expected Tm at 1 mM concentration are listed in Table 1.

tion between the derived thermodynamic parameters of the
two methods indicate a non-zero �Cp, which is expected but
rarely taken into account explicitly (62).

The fitted standard enthalpy and enthropy changes, and
derived Gibbs free energy differences indicate that inclusion
of a 5fC site in a dsDNA oligomer leads to a consistent de-
crease in stability. The lower extent of cohesion between the
two strands in Mod12 is apparent from the decrease of both
�H◦ and �S◦ with respect to �H◦ and �S◦ of Can12. The
enthalpy–entropy compensation is only partial, leading to
a decrease of �G◦ by 5 kJ mol−1 at 37◦C and to a lowered
melting temperature (�Tm = 2◦C) at 1 mM total monomer
concentration.

Temperature-dependent CEST profiles

While UV/Vis melting studies provided a coarse glimpse
into the impact of 5fC modification on the overall DNA
stability, they are not sufficient to account for the kinet-
ics related to the hybridization and melting processes. Con-
versely, CEST measurements recorded in a temperature-
dependent manner can reveal both the kinetics and thermo-
dynamics of ssDNA association and dsDNA dissociation
in a site-specific manner. Therefore, we directed our efforts
to study the melting profiles of Can12 and Mod12 using 1H
CEST experiments.

Overall, we recorded CEST profiles in a SELOPE
pseudo-3D interleaved fashion for both samples at multi-
ple temperatures between 37 and 62◦C. We focused on the
spectral region between 6.5 and 10 ppm, populated by res-
onances belonging to purines’ H8 and H2 and pyrimidines’
H6 in addition to the formyl proton of the formylated cyto-
sine site (C6H7) (Figure 1B).

Due to reliance of the CEST technique on the non-equal
chemical shifts between the interconverting states (in this
case between dsDNA and ssDNA), only those sites could be
analysed where this condition was met. The population of
the ssDNA species fell below the detection limit at the three
lowest measured temperatures (37, 45 and 53◦C for both

samples), and hence, those data sets were not employed in
the parameter fitting procedure (see Supplementary Data
text for details about the fitting and error estimation). High-
temperature CEST profiles together with their fits to a two-
state exchange model for three exemplary proton reporters
(T5H6, C6H6 and A8H8) are displayed in Figure 3, and the
rest is shown in Supplementary Figure S4.

We observed a single excited state species across all con-
ditions for both samples. Coincidentally, the chemical shift
of the single, uniquely detectable ES closely resembles the
predicted value for a random coil shifts, whose values were
calculated considering the nearest and next-nearest neigh-
bor effect (63,64). A comparison between the CEST-derived
chemical shifts and the predicted values is offered in Supple-
mentary Table S2. This outcome suggests that there is a sin-
gle predominant exchange process which involves melting
of the dsDNA and annealing of ssDNA, and no detectable
bulge or kink formation is present on the slow ms timescale.
A comparison between the proton chemical shift values of
the ds- and ssDNA strands is shown in Figure 4, which dis-
plays the simulated 1D spectra featuring the sites that could
be identified and characterized via CEST. The simulations
used the chemical shifts and R1, R2 relaxation rate constants
that were obtained from the CEST fitting procedure.

We proceeded by fitting the CEST profiles assuming an
all-or-none two-state exchange model (dsDNA � 2 ss-
DNA), which we consider to be a reasonable assumption
given the relatively short length of the selected sequence
(65). As fitted parameters we obtained populations (pD for
dsDNA, 1 − pD for ssDNA), exchange kinetics (kex), and
chemical shifts of the exchanging states at each of the five
highest temperatures, while we used the the sixth (lowest
temperature of the ensemble for each sample) CEST pro-
file to compare the predicted back-calculated value from the
fits to the experimental value. To ease the fitting procedure,
we measured 1H longitudinal (R1) and transverse (R2) re-
laxation rates separately at multiple temperatures and used
those rates as inputs for the CEST fits assuming that the
rates of the dsDNA and ssDNA states are the same. The
details of the fitting procedure is discussed in the Supple-
mentary Data Text, and the fitted values are listed in Sup-
plementary Tables S3 and S4.

Site specific quantification of thermodynamic and kinetic pa-
rameters

To obtain a rigorous, site-specific assessment of the DNA
melting and annealing processes and the associated energet-
ics, we analysed the CEST-derived site specific populations
and exchange rates in the context of Eyring and van’t Hoff
theories. Within the proposed framework, concentrations
are explicitly taken into account and extracted parameters
are thus normalized and amenable to a scrupulous compar-
ison.

The observed exchange rate in the CEST experiment (kex)
is the sum of the forward (k1) and backward (k−1) reactions,
where the forward rate is equivalent to the rate of duplex
dissociation (k1 = kd), and the backward rate is related to
the association rate, ka

k−1 = 2[ssDNA]eqka, (1)
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Table 1. Thermodynamic and kinetic parameters of the dsDNA melting process obtained from the van’t Hoff and Eyring analysis of the CEST-derived
exchange parameters, and from UV/Vis melting studies. Errors are given as one standard deviation

Thermodynamics Dissociation kinetics Association kinetics
�G0

37C �H0 �S0 Tm (1 mM) �G‡
d,37C �H‡

d �S‡
d �G‡

a,37C �H‡
a �S‡

a

kJ mol−1 kJ mol−1 J K−1 mol−1 ◦C kJ mol−1 kJ mol−1 J K−1 mol−1 kJ mol−1 kJ mol−1 J K−1 mol−1

Mod12 G1H8 64.6 ± 7.4 470 ± 128 1306 ± 389 75 ± 14.1 86.8 ± 4.6 122 ± 79 115 ± 241 22.2 ± 4.7 − 347 ± 80 − 1191 ± 244
C2H6 74.7 ± 10.4 769 ± 158 2238 ± 475 62 ± 0.5 99.7 ± 5.6 413 ± 84 1011 ± 253 25. ± 5.5 − 356 ± 83 − 1227 ± 250
A4H2 73.1 ± 1. 712 ± 16 2060 ± 49 63 ± 0.1 101.6 ± 0.6 432 ± 9 1064 ± 28 28.5 ± 0.6 − 281 ± 9 − 996 ± 28
A4H8 71.9 ± 1.2 716 ± 19 2078 ± 58 62 ± 0.1 101.7 ± 1.2 444 ± 18 1102 ± 55 29.8 ± 1.1 − 273 ± 18 − 975 ± 53
T5H6 64.3 ± 1.1 613 ± 18 1768 ± 53 62 ± 0.1 93.9 ± 0.8 340 ± 12 792 ± 38 29.6 ± 0.8 − 273 ± 12 − 976 ± 37
C6H6 67.4 ± 1.3 652 ± 20 1886 ± 60 63 ± 0.1 99.9 ± 1.6 422 ± 24 1038 ± 73 32.5 ± 1.2 − 230 ± 19 − 848 ± 58
C6H7 48.6 ± 1.6 344 ± 26 953 ± 78 68 ± 0.8 118.8 ± 1.8 640 ± 28 1680 ± 86 70.2 ± 1.9 296 ± 30 727 ± 90
A8H2 71.2 ± 0.6 678 ± 9 1955 ± 28 64 ± 0.1 99.6 ± 0.4 398 ± 6 962 ± 18 28.4 ± 0.4 − 280 ± 6 − 994 ± 18
A8H8 65.3 ± 0.9 604 ± 14 1737 ± 42 63 ± 0.1 98.2 ± 0.7 383 ± 11 920 ± 34 32.9 ± 0.6 − 221 ± 10 − 817 ± 31
T9H6 64.6 ± 1.2 611 ± 18 1761 ± 55 63 ± 0.1 97.1 ± 1. 383 ± 16 920 ± 47 32.5 ± 1. − 228 ± 15 − 841 ± 45

C10H6 66.4 ± 1.2 636 ± 19 1835 ± 57 63 ± 0.2 97.5 ± 1. 384 ± 16 924 ± 49 31.1 ± 1.1 − 252 ± 17 − 911 ± 50
C12H6 69.7 ± 1. 679 ± 15 1964 ± 47 63 ± 0.1 98.7 ± 0.9 402 ± 14 977 ± 43 29. ± 1. − 277 ± 15 − 987 ± 45
UV/Vis 50.4 ± 1.2 338 ± 25 1056 ± 77 66 ± 1.0

Can12 C2H6 71.1 ± 1.7 641 ± 26 1838 ± 77 65 ± 0.2 99.2 ± 2.2 372 ± 31 880 ± 94 28.1 ± 2.1 − 269 ± 30 − 958 ± 91
G3H8 69. ± 1.3 608 ± 20 1738 ± 59 66 ± 0.2 106.4 ± 1.9 459 ± 28 1138 ± 84 37.4 ± 1.6 − 149 ± 23 − 600 ± 71
A4H2 72.5 ± 0.9 626 ± 14 1784 ± 41 67 ± 0.2 100.1 ± 0.7 363 ± 11 847 ± 32 27.7 ± 0.7 − 263 ± 11 − 936 ± 32
A4H8 77.6 ± 1.1 732 ± 16 2110 ± 48 65 ± 0.1 108.3 ± 1.8 498 ± 25 1258 ± 76 30.7 ± 1.8 − 234 ± 25 − 852 ± 75
T5H6 71. ± 1.6 633 ± 23 1812 ± 70 65 ± 0.2 102.7 ± 1.4 415 ± 20 1006 ± 60 31.7 ± 1.3 − 218 ± 19 − 806 ± 57
C6H6 70.7 ± 1.4 638 ± 21 1829 ± 63 65 ± 0.2 99.8 ± 1.2 379 ± 17 900 ± 51 29.1 ± 1.2 − 259 ± 17 − 929 ± 51
A8H2 73.8 ± 1.1 643 ± 17 1834 ± 50 67 ± 0.2 103.6 ± 1. 409 ± 15 986 ± 45 29.8 ± 1. − 233 ± 14 − 849 ± 42
A8H8 73.1 ± 1. 666 ± 15 1910 ± 45 65 ± 0.1 104.3 ± 1. 439 ± 14 1078 ± 43 31.2 ± 0.9 − 227 ± 13 − 833 ± 40
T9H6 70.2 ± 1.8 626 ± 27 1791 ± 80 65 ± 0.3 102.2 ± 1.5 410 ± 22 993 ± 66 31.9 ± 1.5 − 216 ± 22 − 798 ± 65

C10H6 71.3 ± 1.4 642 ± 21 1841 ± 64 65 ± 0.2 100.3 ± 1.3 382 ± 19 908 ± 56 29. ± 1.3 − 260 ± 20 − 933 ± 59
C12H6 77.6 ± 1.1 723 ± 17 2082 ± 50 65 ± 0.1 104.2 ± 1.3 434 ± 18 1064 ± 55 26.6 ± 1.3 − 289 ± 19 − 1018 ± 58
UV/Vis 55.2 ± 2.5 408 ± 43 1130 ± 131 69 ± 1.5

where [ssDNA]eq = Ct(1 − pD ) is the equilibrium concen-
tration of the ssDNA, and Ct is the total ssDNA concentra-
tion. The expression of equation (1) was derived assuming a
weak perturbation as described in the Supplementary Data
(66). ka and kd kinetic rates can be inferred from fitted kex
and pD parameters as follows:

ka = kex pD

2Ct(1 − pD )
(2)

kd = kex(1 − pD ) (3)

The temperature dependence of kd and ka can be used to
derive the activation barriers for the dissociation (�G‡

d (T))
and association (�G‡

a(T)) processes. Subsequently, the cor-
responding activation enthalpy (�H‡

d , �H‡
a ) and entropy

(�S‡
d , �S‡

a) changes can be obtained. Further, the ratio be-
tween kd(T) and ka(T) rates, which gives the equilibrium
constant (Kd(T)) for dissociation, is relevant for the calcula-
tion of the site-specific melting thermodynamics parameters
(�G◦, �H◦, �S◦ and Tm).

In order to infer on the thermodynamics of the process,
we assumed �S◦ and �H◦ to be temperature independent
(so-called van’t Hoff assumption) and fitted the variation of
Kd with temperature accordingly

Kd(T) = exp
(−�H◦

RT
+ �S◦

R

)
(4)

leading to a linear dependence between ln Kd and 1/T (Fig-
ure 6). See Supplementary Data text for the details of the
derivation of the thermodynamic parameters.

Consistently with published experimental and compu-
tational DNA melting kinetic studies, we find that the

temperature-dependence of the kd (ka) rates follow a
Eyring-Polanyi relationship and they increase (decrease)
with increasing temperature (3,65). The dissociation is a five
orders-of-magnitude slower process than the bimolecular
association, the former being in the range of 0.5–10 s−1, and
the latter in 0.5–2 × 105 M−1 s−1. When comparing the two
samples at the same temperatures (Figure 5), we find that
the kd rates are consistently and systematically 2- to 5-fold
higher for Mod12 than for Can12.

In analogy to the dissociation rates, also ka values show
a regular pattern. We detect the hybridization process to be
1.5- to 3.5-fold faster in the canonical sample. These results
indicate that 5fC simultaneously facilitates the melting pro-
cess and hinders the annealing process.

Figure 6 shows the logarithm of the obtained kinetic rates
and equilibrium constants for T5H6, C6H6 and A8H8 pro-
tons as a function of 1000(1/T − 1/Thm), where Thm =
n(

∑n
i T−1

i )−1 is the harmonic mean of the temperatures
used in the CEST studies, which is 58 and 60◦C for Mod12
and Can12, respectively. The linear change of the kinetic
rates with T−1 suggests a single, well-defined transition
state. According to a modified version of the Eyring–
Polanyi equation, which takes into account the statistical
bias induced by the different temperatures used, the disso-
ciation and association rate can be given as

ki (T) = κkBT
h

× exp

(
−�G‡

i (Thm)
RThm

− �H‡
i

R

(
1
T

− 1
Thm

))
(5)

where i stands for association (a) or dissociation (d), kB is
the Boltzmann constant, R is the universal gas constant,
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Figure 3. Temperature-dependent 1H CEST profiles and fits of T5H6, C6H6 and A8H8 protons of Can12 (blue, upper row) and Mod12 (orange, bottom
row). Dashed blue and red vertical lines indicate the chemical shifts of the double-stranded and single-stranded conformations, respectively. As expected,
the population of ssDNA increases gradually with increasing temperature.

Figure 4. Simulated 1H 1D spectra. Darker and lighter shades represent
the ground-state (dsDNA) and excited-state (ssDNA) conformations. Only
those sites are included that showed a second dip in the CEST profiles.

A B

Figure 5. Correlation between the site-specific kd (A) and ka (B) kinetic
rates between the observable sites of Mod12 and Can12 at 57, 58, 59 and
60◦C. Dashed lines represents the linear fits at each temperature with a
slope of 2.5–3.5 for kd and 0.47–0.55 for ka.

and � is the transmission coefficient, assumed to be 1.
The slope and intercept of the linear fit to ln ki/T versus
1000(1/T − 1/Thm) gives the activation enthalpy change

(�H‡
i ) and the Gibbs free energy change at Thm (�G‡

i (Thm))
respectively, from which the activation entropy (�S‡

i ) can be
derived as

�S‡
i = �H‡

i − �G‡
i (Thm)

Thm
(6)

From Figure 6 and Supplementary Figure S4 it is appar-
ent that, for all sites, our results indicate thermally activated
kinetics with a positive dissociation (Arrhenius behavior)
barrier and a negative association barrier (anti-Arrhenius),
with the notable exception of the formyl C6H7 proton of
the modified base (Supplementary Figure S4) where both
processes follow an Arrhenius behavior. The robustness of
the CEST-based thermodynamics and kinetics analysis is
reflected in the exceptionally high consistency between the
temperature-dependence of the kinetic rates and equilib-
rium parameters when the same proton of the two samples
are compared.

Site-specific activation kinetics and thermodynamics pa-
rameters for both samples are summarized in Table 1, and
visualized in the insets of Figure 6 and in Figure 7. Con-
sistently with the UV/Vis melting study, we found that the
5fC modification destabilizes the 12-mer DNA by ∼4-8 kJ
mol−1 at 37◦C, and decreases the melting temperature by
∼2◦C. As a support for the two-state exchange model, we
found that the destabilization effect is not localized, but
rather it involves the whole molecule. The �S and �H pa-
rameters are scattered over a large range and seemingly
there is little or no correlation between their absolute value
and their location in the sequence or chemical type (i.e. if
they are purine or pirimidine H2, H6, or H8 protons). The
only main outlier is the formyl proton of the modified cyto-
sine base, C6H7, whose �H◦ and �S◦ are half the size, �H‡

d

and �S‡
d are ∼70% larger, and �H‡

a and �S‡
a have the oppo-
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Figure 6. van’t Hoff plots are displayed for three selected sites. Shades of
orange and blue indicate data entries and linear fits for Mod12 and Can12,
respectively. White data points represent back-calculated values. Fitted val-
ues for the association and dissociation rate constants (ka and kd) and the
equilibrium constant of dissociation Kd are listed in Supplementary Tables
S5 (Mod12) and S6 (Can12). Insets present the relevant Gibbs free energy
plots at each site at 37◦C.

site sign as those of the other H2, H6 and H8 protons in the
molecule. To assess whether this large difference in the ther-
modynamics and kinetics values of C6H7 reflects a diver-
gence from a two-state equilibrium we plotted �H as a func-
tion of �S (such a plot reflects the genuine entropy-enthalpy
compensation). Since �G = �H − T�S, therefore the plot
of �H versus �S gives a linear with a slope of Tc which cor-
responds to the characteristic temperature of the measure-
ment, and the intercept reflects the �G at Tc. Figure 7A–C
displays the entropy-enthalpy compensation plots for both
thermodynamic and kinetic processes with a fitted linear in-
cluding all observable protons of both samples. Most sites

are clustered together, while C6H7, G1H8 and C2H6 pro-
tons of Mod12 have distinctly different �H and �S values,
however their �H and �S compensate each other leading
to a �G, which agrees well with the overall �G of the sys-
tem. The fitted slopes (Tc) and intercepts (�G(Tc)) are close
to the experimental Thm and obtained average �G(Thm) val-
ues.

Since �G is the difference of two large quantities, the
�H versus �S plot is ill-suited to indicate any site-specific
differences in the Gibbs free energy differences. The subtle
destabilization caused by the epigenetically relevant 5fC nu-
cleotide can be better appreciated in Figure 7 D where �G‡

d
is plotted as a function of �G◦ for both samples. Here again,
C6H7 seems to be an outlier with much higher activation
free energies and lower equilibrium energies than the rest
of the molecule. Generally, both the �G◦ and �G‡ values
are decreased by ∼10 and ∼20 kJ mol−1 in Mod12 with re-
spect to the same values in Can12, respectively. Otherwise,
we see a linear correlation between the activation and equi-
librium free energies (C6H7 was excluded from this analy-
sis). In terms of linear Gibbs free energy relation, the slope
d�G‡/d�G◦, with a value between 0 and 1, measures how
much the transition state resembles the GS or ES conforma-
tions (67). In our case, the slope of the Gibbs energy changes
associated with the DNA melting process is 0.83 which in-
dicates that the transition state is structurally related to the
single-stranded conformation.

DISCUSSION

The naturally occurring 5fC DNA modification is an epi-
genetic marker whose biological roles have not been yet
precisely defined (4–7). In order to account for the impact
of 5fC incorporation into dsDNA, we studied how such a
modification reshapes the thermodynamics and kinetics of
the process of DNA melting and annealing.

We propose that our findings can be interpreted within
the framework of two separate, but complementary aspects:
the role of 5fC as an independent, semi-permanent modifi-
cation and its unique interactions with TDG protein within
the framework of the active demethylation cycle.

5fC as a semi-permanent modification

In agreement with previous studies, we identified no indi-
cations of 5fC-induced wobble base-pairing arising from
an imino-amino tautomerization processes, nor any hint
pointing towards a deviation from the B-DNA structure
(34–36). If there is no obvious modification on the ground-
state structure of dsDNA due to 5fC incorporation then the
questions arise, whether it impacts the properties of a rarely
visited excited state or it alters the potential energy surface
around the accessible conformations.

To address these questions, we performed a thorough,
site-specific thermodynamics and kinetics study on the
melting process involving two 12mer dsDNA samples.
From the preliminary UV/Vis melting study, we could con-
firm that 5fC destabilizes the DNA structure when com-
pared to canonical C by increasing the equilibrium constant
of the dissociation, but this method was unable to clarify
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DA B C

Figure 7. (A–C) Correlation between the enthalpy and entropy changes of the thermodynamic and kinetic processes for Can12 (blue) and Mod12 (orange).
The solid lines represent a linear fit in the form of �H = Tc�S + �G. (D) Correlation between the dissociation and equilibrium free energy changes of
Can12 (blue) and Mod12 (orange) obtained at 37◦C.

if this increase was a consequence of the decreased asso-
ciation rate, or the increased dissociation rate. Hence, we
turned our attention to CEST measurements which pro-
vide site-specific information about both the kinetics (ex-
change rates) and the thermodynamics (populations) of
simple equilibrium processes. With CEST, we could estab-
lish that the decreased stability of 5fC modified DNA was
a consequence of the ∼2–5-fold increase of the dissocia-
tion rate and the ∼1.5–3.5-fold decrease of the association
rate, leading to a ∼4–9 times higher equilibrium dissocia-
tion constant.

We propose that these results are relevant for our under-
standing of 5fC as an independent, semi-permanent mod-
ification and can be explained considering the molecular
grounds of the destabilization. Experimental and compu-
tational studies have described the electron-withdrawing
(EW) properties of the formyl group on position 5 (38,39),
and it is conceivable that the very same EW effects that mod-
ulate the dissociation process have a similar impact on the
annealing kinetics by curtailing the extent to which the crit-
ical amount of bases needed to trigger the nucleation pro-
cess, a key factor in double-stranded nucleic acid hybridiza-
tion, come in contact (3).

By performing the CEST measurements in a
temperature-dependent fashion we ascertained that
the kinetic rates and the equilibrium constants follow an
Eyring and van’t Hoff relationship, respectively (cf. Figure
6 and Supplementary Figure S4). Indeed, the overall
similarity of the profiles between equivalent sites of the two
samples suggests that inclusion of 5fC leaves the transition
states and potential energy surfaces unaltered. Consistently
with previous investigations of the melting kinetics of short
dsDNA sequences, the dissociation kinetics were found to
be compatible with an Arrhenius process, in opposition to
the annealing mechanism, which appears to progressively
slow down at higher temperatures (3,65). The validity of
the above observations holds for both samples, indicating
that 5fC does not drastically perturb dsDNA and does
not fundamentally change its hybridization and melting
dynamics.

In order to understand the subtle differences arising from
the incorporation of formylated cytosine in DNA, we re-
sorted to a global analysis of the thermodynamics and ki-
netic parameters determined via our CEST and UV/Vis
studies. The correlation of the activation free energy change

(�G‡
d ) with the standard Gibbs free energy change (�G0)

assists in rationalizing the elusive 5fC-induced destabiliza-
tion, which stems from the higher energy associated with
the ground state of the dsDNA conformer. Indeed, values
relative to Mod12 tend to cluster at the lower energy side
of the correlation plot, meaning that the lower energy bar-
rier separating ds- and ssDNA is mostly, if not entirely due
to the lower cohesion between the two strands. Further-
more, the impact of the destabilization generated by the
centrally placed modification is not localized as previously
suggested (38,68,69). Rather, it appears to be broad and all
base pairs are consistently affected when compared to the
canonical sample. This evidence implies that 5fC curtails
the extent to which bases in dsDNA can cooperatively sta-
bilize each other, causing a global weakening of the dou-
ble stranded structure, albeit without disrupting the origi-
nal B-DNA geometry. By examining the 1H 1D spectra of
Mod12 and Can12, it can be appreciated how the sole proton
in the imino region which is shifted upon 5fC incorporation
is G7H1, indicating that the hydrogen bond strength of the
centrally positioned C6:G7 base pair is significantly weak-
ened upon cytosine formylation. In sharp contrast, other
base pairs, and most notably even the immediate neighbour
T5:A8, are entirely unaffected in terms of H-bonding ca-
pacity. The above observation is deceptively simple when
compared to the numerical results obtained via our CEST
analysis. How can then such a localized effect impact global
processes such as melting and reannealing? We propose that
the weakened H-bond of 5fC6:G7 diminishes the extent to
which the entire ensemble of bases can cooperatively sta-
bilize each other via mechanisms of �–� stacking, cross-
strands interactions etc. as previously reported (1–3). Lower
H-bond propensity translates into a higher propensity for
base wiggling on very fast (ns–�s) time scales, which in
turn weakens the extent to which neighboring bases stabi-
lize each other. A schematic representation of this process
is depicted in Supplementary Figures S6 and S7.

Previous research has established the notion that the rate
limiting step in the process of ssDNA association dynam-
ics is the nucleation (3,70). During the formation of a DNA
double strand, the transition state structure only features a
few preformed base pairs. Then, by progressively ‘zipping-
up’ the remaining sites until it reaches the termini, and
achieves the formation of the double strand. The nega-
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tive �H‡
a that we observed for all but one sites corrobo-

rates this idea and indicates that the transition state towards
a double-stranded structure is enthalpically stabilized by
newly formed hydrogen bonds. Remarkably, the only pro-
ton which follows an opposite trend is the formyl proton
of 5fC. Here, the positive �H‡

a suggests that the formyl
group forms enthalpically favorable interactions (e.g. H-
bonds) even in the single-stranded state, and these interac-
tions should break and newly form during the hybridiza-
tion process. The anomalous behavior of C6H7 with respect
to other proton reporters could stem from the rotation of
the formyl group along the axis of the carbonyl carbon and
the covalently bonded ring carbon, which would normally
occur on the nanosecond timescale. We speculate that the
strong hydrogen bond between the carbonyl oxygen and the
nearby amino protons slows this rotation down to the ms
time scale and makes this exchange process interfere with
the melting kinetics. Thus, the observed kinetics and ther-
modynamics of C6H7 is a mixture of both bond rotation
and DNA hybridization.

The correlation between standard and activation Gibbs
free energy changes has been long used to comment on
the nature of the transition state (71). The slope of the fit-
ted linear normally ranges between 0 and 1, meaning that
the transition state structurally resembles the reactant or
the product, respectively. Consistently with this view, we
find a slope of 0.83, providing experimental support to the
nucleation theory where the otherwise floppy strands are
anchored only at few locations and hence resembling the
single-stranded form. This finding is in contrast to the con-
clusion of the studies related to individual base-pair open-
ings, which found that the transition state of that process
resembles the dsDNA architecture more than the ssDNA
random coil (67).

In view of the foregoing, we conclude that formylation of
cytosine within its naturally occurring setting distinctly en-
hances dsDNA opening. It has been long established that
the presence of the simplest cytosine epigenetic modifica-
tion, 5mC, is linked to ‘genetic silencing’, i.e. repression of
gene expression (19–21). 5mC has also been confirmed to
stabilize the dsDNA conformer, both kinetically and the-
modynamically (34,38,40). Our study suggests that, in sharp
contrast, by enhancing dsDNA double strand opening 5fC
might facilitate gene expression. The fact that formylated
cytosine is abundant (relative to its presence in different
types of genomes) in the context of cancerous and stem cells,
where cell activity is enhanced, is perhaps more than coin-
cidental.

5fC as a substrate

A central conundrum of epigenetics is how reader proteins
recognize their substrates with such high specificity over the
overwhelming background represented by canonical nucleic
acids. This puzzle is especially intriguing for TDG which
can differentiate between carbonyl-bearing epigenetically
modified cytosines such as 5fC and 5caC versus canoni-
cal, methylated and hydroxymethylated (C, 5mC, 5hmC) cy-
tosines. Several studies have proposed the so-called ‘pinch-
push-pull’ mechanism to explain the outstanding recogni-
tion capabilities of TDG towards dsDNA mismatches (e.g.

the G–T mismatched base-pair), 5fC and 5caC (although in
a highly pH-dependent manner) (72–75). According to the
consensus enzymatic model for TDG substrate recognition,
base extrusion is proposed to be initiated by residue Arg275,
which interferes with Watson-Crick base-pairing geometry
and triggers the process of substrate flipping into the ac-
tive site of TDG. An array of subsequent recognition and
binding processes precedes the enzymatic event of the gly-
cosidic bond cleavage. Although our work does not involve
studies of DNA-protein interactions, and thus is ill-suited
to comment on the whole enzymatic process, we propose
that our results fit nicely within the above mentioned ‘pinch-
push-pull’ mechanism. Indeed, we suggest that the lower
activation barrier at 37◦C that 5fC-bearing DNA encoun-
ters in the course of a melting process facilitates the base
extrusion enacted by TDG. Upon interrogation of Arg275,
the weakened (by the inclusion of 5fC) Watson-Crick base
pair geometries facilitate base flipping into the active site of
the enzyme. In this context, canonical bases (or other epige-
netic modifications lacking the carbonyl moiety which are
not recognized by TDG, such as 5mC and 5hmC) are then
released and resume their Watson-Crick hydrogen bonding.
Otherwise, 5fC is recognized and retained in the active site,
allowing TDG to perform base-excision.

CONCLUSION

In this work, we investigated the effect of the inclusion of
5fC within its naturally occurring settings and conditions in
the context of a double-stranded DNA 12mer, focusing our
efforts on the slow time-scale dynamics close to the melting
temperature.

We achieved a quantitative assessment of the degree of
destabilization degree by 5fC via 1H CEST techniques,
which yielded the populations of both the single and dou-
ble stranded DNA conformers, their chemical shifts, and
the overall exchange kinetic rates kex for each temperature.
Further decomposition of the site-specific kex into kd and
ka allowed for the determination of kinetic rates for both
the melting and annealing processes. We find that both kd
and ka are consistently affected by the presence of 5fC and
their combined impact on the dissociation equilibrium con-
stant near the melting temperature can be almost as large
as an order of magnitude. To gain further insights into the
energetics of double helix to single helix transition, we de-
veloped a methodological framework for the extraction of
thermodynamic (�G◦, �H◦, �S◦, Tm) and kinetic (�G‡,
�H‡, �S‡) parameters from the CEST derived kex and
population values. Our findings indicate that inclusion of
5fC generates a tenuous degree of destabilization in the du-
plex state without affecting the transition state architec-
ture, which remains structurally indistinguishable from its
canonical counterpart. Said destabilization affects the con-
formational dsDNA-ssDNA conformational equilibrium.
We speculate the identified features induced by 5fC onto ds-
DNA might account for the both its role as an independent,
semi-permanent epigenetic marker and the selective recog-
nition and activity of the TDG protein towards sites bearing
the modification.

In this study, we confined our analysis to slow ms time-
scale motions, focusing on the site-specific quantification of
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5fC-related energetics. The noticeable and localized weak-
ening of the 5fC:G base pair in contrast to its canonical C:G
counterpart implies that the origin of the induced destabi-
lization effects has its roots in a faster time-scale motion,
which has as of yet gone undetected. Further research will
be needed to unravel and characterize possible excited states
on faster time scales that might be impacting in a localized
fashion the dsDNA flexibility at (or near) the 5fC:G base
pair.
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Supplementary Data are available at NAR Online.
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