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A B S T R A C T

Deoxyribonucleic acid (DNA) is the most fundamental biomolecule of all three
domains of life, acting as the premier storage of genetic information for devel-
opment, functioning, growth and reproduction of all living things. In order to
perform its universal and transcendent biological role, DNA needs to be chem-
ically stable in time, and simultaneously capable of conformational flexibility.
The thermodynamics and kinetics involving the dynamics of canonical strands
have been central to structural biology and biophysical studies throughout the
past two decades. As a result, our understanding of such systems has enjoyed
a proportional growth. On the other hand, the precise features of epigenetically
modified DNA strands remain to date poorly understood.

This dissertation focuses on the characterization of structural and dynamical
features of epigenetically modified cytosine derivatives (5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC), in particular) via state-of-the-art solution-state
Nuclear Magnetic Resonance (NMR) spectroscopy methodologies, allowing
for non-invasive and site-specific measurements coupled with well-established
physical chemistry frameworks. When dealing with epigenetically modified
bases in the context of a double-stranded DNA strand, our approach fea-
tured the design and synthesis of palindromic oligomeric systems carrying
a single, centrally positioned naturally occurring modification. In order to
comment on potential structural features, an initial assessment was achieved
via a comprehensive set of homo- (1H-1H Nuclear Overhouser Effect Spec-
troscopY (NOESY)) and heteronuclear (1H–13C Heteronuclear Single Quan-
tum Coherence (HSQC), 1H–15N band-Selective Optimized-Flip-Angle Short-
Transient (SOFAST) Heteronuclear Multiple Quantum Coherence (HMQC)) 2D
spectra for resonance assignment and chemical shift analysis purposes. Sub-
sequent studies focusing on 1H isotropic chemical shift relaxation-based ap-
proaches yielded a detailed description of the conformational equilibria involv-
ing epigenetically-edited DNA on the slower- and faster-intermediate regimes.
Further, an original theoretical framework has been developed, capable of ex-
tracting thermodynamic and kinetic parameters using exclusively 1H Chemical
Exchange Saturation Transfer (CEST)-derived data. The conservation of the
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list of figures to the introduction vii

oligomeric sequence and relevant experimental conditions for the study of dif-
ferent bases allowed for complete comparability between distinct epigenetically
modified cytosine nucleosides. Extensive discussions revolving around the
biological implications of our observations are presented across the enclosed
manuscripts, especially with respect to the active demethylation pathway and
5fC, 5caC’s hypothesized additional regulatory roles.
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1 I N T R O D U C T I O N

1.1 preface

In this chapter, a concise yet comprehensive summary of structural biology, epi-
genetic regulationmechanisms and bioNMR spectroscopy concepts and applica-
tions is offered.

Section 1.2 focuses on the history and the main features of DNA. The spotlight
is on dynamics rather than structure. Intermediate time scale motions and their
relevance with respect to biologically relevant phenomena are discussed. Partic-
ular attention is devoted to melting, annealing and base-pair dynamics, which
are central concepts to this work.

Section 1.3 dwells on the mechanisms and actors of the epigenetic regula-
tion of the genome. Here, the emphasis is placed on Cytosine (C) chemically-
modified DNA bases including their origin and their interactions with key en-
zymes. The active demethylation pathway is then discussed, introducing 5-
methylcytosine (5mC)’s oxidized derivatives, specifically 5fC and 5caC. Lastly, a
compendium of relevant work in the fields of structural biology and biophysical
characterization of epigenetically-modified DNA is presented.

Section 1.4 aims at introducing essential NMR concepts and applied state-of-
the-artmethodologies for nucleic acids’ chemical shift assignment and thereafter
characterization of potential conformational exchange phenomena. Special at-
tention is placed on experiments suitable for the study of natural-abundance
samples.

1



1.2 dna structure and dynamics 2

1.2 dna structure and dynamics

The following sections contain considerations on conformational aspects and en-
zymatic processes involving the most iconic molecule throughout the field of
biology. Section 1.2.1 summarizes DNA history and fundamental structural fea-
tures. Section 1.2.2 introduces the concepts of dynamical landscapes and high-
level overview of higher-energy conformational states in DNA. Special care is
devoted to describing the annealing andmelting processes and examples of base-
pair dynamics.

1.2.1 Brief history and general structural features

DNA is the fundamental genetic information carrier, as it dictates the instruc-
tions for the development, functioning, growth and reproduction of all known
organisms and many viruses. Identified during the 19th century by Swiss physi-
cian Friedrich Miescher, it was not isolated until 1878. [1] Throughout the 20th
century, DNA research has been one of the central themes across science, mainly
in chemistry, medicine, biology and physics. Between 1909 and 1933, several ad-
vances narrowed down its composition to nitrogenous bases, deoxyribose sugar
andphosphate linkages, in addition to identifying its essential role as a genetic in-
formation carrier. [2] It was not until 1937, although, that DNA was reported to
present a defined average structure. [3] This revelation spurred intense research
efforts in order to more accurately characterize such architecture, resulting in
the iconic double helix discovery by Wilkins, Franklin, Watson and Crick. [4]
This development, regarded as a cornerstone moment in the history of scientific
progress and effectively marking the dawn of molecular biology, ultimately led
to Francis Crick’s lecture where he first formulated its “central dogma” concept,
correlating DNA to Ribonucleic acid (RNA) and finally proteins.

dsDNA consists of two biopolymeric strands which are in turn composed of
four distinct nucleotides: Guanine (G) andAdenine (A) (the purines), andCand
Thymine (T) (the pyrimidines). DNA nucleotides are made up of a deoxyribose
ring, a phosphate backbone (linking two sugar molecules together and forming
a chain) and a heterocycle (which is the characteristic portion of a nucleoside),
also called the nucleobase or the nitrogenous base.

The X-ray diffraction data reported by Crick et al. in ref. 4 first revealed the
archetypal double-helix structure, which was later on identified as the most fre-
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Figure 1.1: (A) Watson-Crick base pair (WC) canonical base pairing geometries for A:T
(upper) and G:C (lower). (B) General structural representation of B-DNA. Key features
as major and minor grooves, together with interbase distance and the total diameter, are
highlighted in the figure.

quent double-strand configuration, nowadays commonly designated as B-DNA.
Compositionally, the main features of B-DNA can be summarized using Char-
gaff’s first and second parity rules, stating that a purine is ordinarily paired with
a pyrimidine, i.e. the number of Thymine (Cytosine) nucleosides is equal to
that of Adenosine (Guanine), both within double- and single-stranded DNA, re-
spectively. [5] Such empirical observations found statistical confirmations four
decades later by studying all sequences longer than 50000 nucleotides in the ge-
netic sequence database. [6] From a structural perspective, B-DNA strands are
arranged coiling around the same helical axis by interweaving with one another,
a pattern normally related to as “plectonemic coil” (Figure 1.1B). The geometry
of the intertwined strands generates two asymmetric apertures, characterized
by different width and depth. Such grooves, a major and a minor groove, spiral
around an imaginary axis and play key roles in the structure and conformational
stability of B-DNA, with many reader proteins or enzymes selectively recogniz-
ing either of the two through a system of specific sets of H-bond acceptors and
donors. One helical turn of B-DNA contains about 10.5 base pairs, concealed
within the helix and arranged perpendicularly to the reference axis propagating
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along the double-helical structure. In B-DNA, the distance between one base and
the following (or preceding) one across the sequence is about 3.4 Å. Apart from
such general and averaged-out features, B-DNA is in reality not entirely uniform
and its exact structure and stability are tightly linked to the exact sequence of
interest. For instance, G:C-rich B-DNA strands are characterized by higher melt-
ing points, as a result of the base-pair geometry involving three stable hydrogen
bonds. [7]

Albeit B-DNA is by far the most common configuration, especially at neutral
pH and physiological salt concentrations, less ordinary environments can en-
ergetically favour the formation of other right-handed helix conformations (A-
DNA) or even left-handed ones (Z-DNA). [8, 9] Despite the proven biological
relevance of these structural elements, such arrangements fall outside the scope
of the present work and will not be further discussed.

1.2.2 The dynamical landscape of DNA

The discovery of the iconic B-DNA structure reported by Watson and Crick in
1953 went down in history as one of the most disruptive scientific accomplish-
ments of the 20th century. While the finding was of monumental importance
on its own, it also represented a starting point for several decades of intense
research on nucleic acids involving further structural elucidation and, perhaps
most importantly, the unraveling of its dynamical features. Indeed, DNA roles
and functions cannot be enacted altogether by a unique, single static structure.
Conversely, a high degree of conformational freedom is not only useful, but
rather a strict requirement in order to allow for productive interactions to oc-
cur. As a result, considerable research efforts went into the elucidation of DNA
annealing and melting, and more broadly into its dynamics and kinetics. This
specific research field has enjoyed significant advances in the past few decades,
as increasingly precise investigationsmade extensive use of both established and
novel biophysical methodologies and techniques, such as Ultraviolet absorbance
spectroscopy (UV) [10, 11], single-molecule fluorescence resonance energy trans-
fer (smFRET) [12], imino proton exchange [13, 14] and chemical exchange relax-
ation NMR spectroscopy. [15, 16]

DNAdouble helices, similarly tomost proteins and RNAmolecules, are intrin-
sically dynamic entities and display a vast array of conformational freedom on
both fast and slow timescales. In fact, the feature of deformability is a key charac-
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teristic for the execution of DNA biological functions. [17] Macroscopically, tor-
sional stress and supercoiling are crucial factors in transcription, chromosome
architecture, DNA replication and its regulation. [18, 19] Similarly, motions on
the microscopic scale such as DNA breathing or single base extrusions are essen-
tial in several recognition processes. [20]

Below, a synopsis of the annealing andmelting process, and base-pair dynam-
ics is presented. It is to be noted that other typical DNA conformational fluc-
tuations, such as breathing, although relevant for gene expression by affecting
binding and assembly of molecular machinery, is beyond the scope of this par-
ticular body of work, and will not be considered further. [21]

1.2.2.1 Annealing and melting

The intermediate and slow-intermediate (ranging from 10−3 to 100 s) time frame
is a particularly important one formacroscopic processes such asDNAhybridiza-
tion and melting. The former is the process of establishing non-covalent and
base-specific bonds between two nucleic acids’ strands, resulting into a single
complex, a double strand (generally referred to as a “duplex”). The latter (also
referred to as DNA denaturation) entails the unwinding of a duplex into its el-
ementary constituents, i.e. into single-stranded polymeric entities, through the
breaking of base-pairing patterns and hydrophobic stacking attractions between
the bases. [22]

A number of core molecular biology concepts, including but not limited to
DNA replication, transcription, Polymerase chain reaction (PCR) and DNA se-
quencing, are fundamentally reliant on the concepts of DNA hybridization and
melting. For this reason, it is perhaps unsurprising that pioneering kinetics and
dynamics studies focused on defining the features of these processes. [23–26]
Below, the essential stages in the nucleation process are discussed.

brownian encounter and nucleation Assume two single DNA strands
are diffusing in solution via temperature-induced, stochastic Brownian motions.
In order for the annealing event to start, a diffusive encounter leading to nucle-
ation is needed, first and foremost. Such an event is defined by a minimal set of
hydrogen bond connectivity between the two random-coil strands (Fig. 1.2A).
If this first, embryonic encounter event is sufficiently long-lived, more hydrogen-
bonding events may subsequently occur (Fig. 1.2B).
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zippering and duplex formation An increasing amount of metastable
hydrogen bonds leads to a higher likelihood of progressing towards zippering
(Fig. 1.2C-D). Zippering happens as bases from random-coil, single-stranded
DNA molecules successively pair onto the growing double helix. Once an end
is reached, zippering towards the other end begins, ultimately forming the du-
plex (Fig. 1.2E). The thermodynamics and kinetics of DNA duplex melting and
annealing are discussed later on, in Chap. 2.

Figure 1.2: Adapted and reproduced with permission from Ouldridge et al. (Ref. 27):
Exemplary stages of DNA hybridization. (a) Brownian motion-induced diffusive en-
counter, the incipient intermolecular hydrogen bond is established. (b-e) Successive H-
bonds formation and zipping mechanism. Green dots indicate the 5’-end of each strand.
Schematic diagrams underneath indicate the current state of the base pairs present in
the system.

Conversely, the process of DNAmelting essentially consists of progressive un-
zippering and eventual separation of the two strands. Base pairs positioned at
the extremities of DNAmolecules in solution are known to undergo frequent yet
transient opening events (a phenomenon known as “fraying”), which can extend
further across the sequence if sufficient energy is provided. [28] In vitro, disso-
ciation can be facilitated by mainly two factors, namely either by pH-induced
base ionization (disrupting the hydrogen-bond network), or heating the DNA-
containing solution. Earlier investigations helped establishing the notion that the
association process is dependent on concentration, highlighting a second order
process which follows an anti-Arrhenius behaviour (i.e. inversely temperature-
dependent). Conversely, the dissociation process fits to an Arrhenius-type be-
haviour (directly temperature-dependent). [29]

1.2.2.2 Base-pair dynamics

The double-helical design of B-DNA addresses a specific need for a structure
whose main purpose is ensuring conformational and chemical stability. It may
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not be surprising then to ascertain that evolution selected an architecture where
the carrier of the genetic information, stored in the form of long sequence of
alternating nucleobases, is placed at the very center of the helix, where it is pro-
tected from the solvent and other potentially interactingmolecules. [30] Despite
this strategy of concealing, section 1.2.2.1 detailed how the sturdy and robust B-
DNAarrangement can indeed be subject to fraying and eventuallymelting, open-
ing up the possibility for duplication events or interaction with other molecules.
[31] Apart from melting and annealing dynamics, mobility and conformational
pliancy at the base-pair level are essential aspects or nucleic acids chemistry,
physics, biology and biotechnology. Indeed, indispensable DNA functions such
as transcription, recombination and repair, together with several protein recogni-
tion and enzymatic events, depend entirely on such motions. In the past decade,
a number of seminal contributions have shed light on themechanismof base-pair
opening and its broader biological implications. Colizzi et al. focused on the role
of base extrusion in the context of double-helix unwinding initiation, identifying
asymmetric base-pair dynamics as highly sequence and composition dependent
(specificallywith respect to its interactionswith structure-remodelling enzymes)
as opening of a base-pair follows a stepwise mechanism whose directionality
is modulated by the specific nature of the sequence. [32] Indeed, they found
that helicases can more readily unwind DNA strands with pyrimidine-rich se-
quences, highlighting how both composition and orientation of a target DNA
sequence may influence gene regulation. Other studies focused on base-pair ge-
ometries alternatives to the classical, WC configuration. Such an arrangement is
the Hoogsteen base pair (HG) (Fig. 1.3), which has been increasingly attracting
the attention of the scientific community following its discovery in 1963. [33]

Hoogsteen base pairs are transiently and sparsely populated conformations
that exist in thermal equilibriumwith standardWatson–Crick base pairs and are
believed to be crucially important for DNA-protein interactions and larger scale
remodelling such as a B-DNA to Z-DNA transition. [34, 35] The past decade
has witnessed several breakthrough contributions towards the characterization
of such rare and ephemeral conformers. Using state-of-the-art bioNMR tech-
niques, the Al-Hashimi group has achieved unprecedented structural, kinetic
and thermodynamical precision describing the WC-HG equilibrium and transi-
tions, information that revealed itself to be crucial in detailing HG base-pairs
biological relevance. In a breakthrough paper, Nikolova et al. elaborate on how
DNA is naturally prone to preexisting WC-to-HG equilibrium, with the HG con-
formation representing an energetically competent alternative to canonical base-
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Figure 1.3: Chemical structures for WC (left) and HG (right) A:T (upper) and G:C+

(lower) base pairs. Conformational switching is enabled by the simultaneous rotation
of the base around the glycosidic bond (χ) and a base-flipping event (θ) (blue arrows).

pairing. [15] Such equilibrium expands the functional diversity ofWCbase pairs
and is selectively recognized by a number of transcription factors and repair en-
zymes. [36, 37]

The existence of non-canonical DNA bases, i.e. chemically distinct moieties of
the four canonical nucleobases, adds a further layer of complexity to the branch
of DNAdynamics. The origin and role of thesemodifications are the focus of the
following section, where I will be dwelling specifically on naturally occurring
and biologically relevant cytosine modifications.
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1.3 epigenetic regulation of the genome

Epigenetics is a branch of biology that studies themodifications influencing gene
expression and any heritable phenotypic change as a result of environmental fac-
tors and/or ordinary cellular development. [38] More specifically, the field of
epigenetics is concerned with the mechanisms that act “on top” of the standard
genetic bio-machinery. [39] In the following sections, I will discuss the founda-
tional elements of this rapidly developing branch of biology in order to gain a
better appreciation of the context which inspired the present work. Section 1.3.1
focuses on the description of DNA methylation and its role in silencing gene
expression. Section 1.3.2 aims at introducing passive and active demethylation
pathways. Section 1.3.3 discusses 5fC and 5caC potential involvement as semi-
permanent standalone epigenetic markers, while section 1.3.4 focuses on in their
impact on dsDNA structure and kinetics.

1.3.1 DNA methylation

The genome is composed of only four building blocks, and all cells in multicel-
lular organisms share an identical set of genetic material. Despite this appar-
ent yet deceptive redundancy, specific cells may perform entirely different tasks
from one another. For instance, a keratinocyte (found in the outmost layer of
the epidermis) is a type of cell which produces molecules to contain potentially
dangerous radiation, heat and physical damage. DNA repair enzymes are also
in place to rectify eventual genomic deterioration. [40]

On the other hand, a neuron is capable of receiving and emitting electric pulses
in order to achieve synaptic communication. How do these cells perform such
different tasks while still sharing an identical set of genetic instructions? They
do so by manifesting a specific subset of active genes. [41] During cellular devel-
opment, cells are directed to a specialization pathway by silencing unnecessary
portions of the genome, and achieve this by cytosine methylation through the
action of DNMT enzymes (Fig. 1.4). [42]

DNMT1 and DNMT3 (and their isoforms) are the most abundant DNA
methyltransferase enzymes in humans and mammals in general. [43] Their pur-
pose is to methylate canonical cytosine nucleotides within CpG islands (i.e., por-
tions of the genome exhibiting a high abundance of 5’-CG-3’ repeats) at the C5
position. The mechanism for molecular recognition and enzymatic action of the
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Figure 1.4: The cycle of active DNA demethylation. DNA methyltransferase (DNMT)
initially methylates canonical C at the carbon C5. 5mC is then prone to either a deamina-
tion process via Activation-induced cytidine deaminase (AID) enzymes, or subsequent
oxydation steps via Ten-eleven translocation enzyme (TET). Canonical T, 5fC and 5caC
are substrates for Thymine DNA glycosylase (TDG) enzymes, producing an abasic site
which can then be repaired though Base-excision repair (BER) cycle.

human variant of DNMT1, shown in Fig. 1.5), is based on the presence of a C on
one strand and CpG on the counter-strand in duplex-DNA. [44] Cytosine’s C5
and C6 positions are located inside the major groove of B-DNA, where reduced
steric hinderance for a nucleophilic attack favours the reaction. After recognition
of a flipped-out cytosine residue, the consensus mechanism proceeds by oxida-
tion of the C6 position via Cys1226, yielding the first reaction intermediate. Sub-
sequently, methyl transfer from S-adenosyl-L-methionine (SAM) to cytosine’s C5
and proton abstraction yields 5mC.
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Figure 1.5: Adapted and reproduced with permission from Du et al. (Ref. 44). DNA
methylation catalyzed byDNMT1. (A) Consensus catalyticmechanism for DNMT1. (B)
Kinetic isotopic effect (KIE) analysis for the determination of the chemically rate-limiting
step for DNMT1. The methyl transfer has a higher energy barrier than the thiol-attack
and β-elimination steps.

The resulting methylation patterns are essential for determining cell prolif-
eration, differentiation, individual development and gene expression. In other
terms, 5mC dynamics involving the genome are responsible for the eventual fate
of a differentiating cell and its further development and life cycle.

1.3.2 DNA demethylation pathways

While cytosine methylation results in a covalent, chemically stable modification,
the reaction is reversible, and methylation levels are highly dynamic. [45] The
reverse process, DNA demethylation, removes the methyl group from 5mC in
DNA. DNA demethylation can undergo two distinct and independent mecha-
nisms: a replication-based “passive” pathway, and enzyme-dependent “active”
one. The former occurs by cell replication and subsequent dilution of methyla-
tion levels, resulting in a lack of inhibitory pressure on gene expression. On the
other hand, the active mechanism can occur in both dividing and non-dividing
cells, and requires a cascade of enzymatic-driven reactions involving a number
of 5mC derivatives. An overview is offered in Fig. 1.4. [46, 47]

PassiveDNAdemethylation can be assimilated to a replication-driven dilution
process in the absence of functional DNA methylation maintenance machinery.
While its dynamics arewell established and a consensus has been reachedwithin
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the scientific community regarding the passivemechanism, the evidence for how
the active process occurs is far from unison and uncertainty remains surround-
ing the structural details of themethylmoiety removal. [48, 49] The presentwork
dwells on naturally-occurring oxidized derivatives of 5-methylcytosine originat-
ing from the active demethylation pathway.

1.3.2.1 Active DNA demethylation pathway

The discovery of 5-hydroxymethylcytosine (5hmC) and its interplay with TET
enzymes has been one of the key breakthrough discoveries in the investigation
of the active demethylation pathway. In 2009, Tahiliani et al. found that over-
expression of TET1 was linked to a depletion of methylated DNA. [50] Shortly
after, purified TET enzymes were shown to modify 5mC-edited oligonucleotide
substrates yielding 5hmC. [51] These seminal reports represented formidable
starting points for a number of studies concerning the quantification of 5-
hydroxymethylcytosine, and established this 5mC-oxidized derivative as the de
facto 6th base of the genome. [52, 53] Further research highlighted that 5hmC
is not the only possible product of TET-induced oxidation of methylated cyto-
sine. In fact, novel chromatographic approaches in tandem with highly sen-
sitive mass spectrometry methodologies allowed for the discovery of 5fC and
5caC in the context of TET overexpression andmost importantly Embryonic stem
cells (ESC). [54] Subsequent to the discovery of 5fC and 5caC in their capacity
as TET-derived products, biologists started pondering about their potential role
within DNA demethylation and beyond. The discovery that TDG is required
for embryonic development, coupled with the recognition that some artificially
modified cytosine bases could also be substrates for TDG, motivated a stint of in-
tense biochemical research linking TDGwith 5mC oxidized derivatives. [55, 56]
While the interplay between 5mC and 5hmC, the role of TET, the in vivo equilib-
rium reached by active and passive demethylation mechanisms and the role of
enzymatic activity in stem cells development and disease are all fundamentally
important research items, for the purposes of introducing the research object of
this thesis I will now focus on the two subsequent products of 5hmC oxidation.

1.3.3 5-formyl- and 5-carboxylcytosine’s roles

The connection between the two oxidized 5hmC derivatives and TDG enzymes
came soon afterwards their discovery. [57, 58] As a result, their role as TDG sub-
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strates in completing the removal of genomic 5mC yielding the abasic site was
soon recognized. [59] Further research on the genomic locations that present
the highest concentration of 5fC and 5caC showed that dynamic TET/TDG-
mediated 5hmC oxidation and demethylation could be used to maintain those
key gene elements in an inactive or active state. [60] While 5fC and 5caC as
transient intermediates within the active demethylation pathway is a widely ac-
cepted concept, demonstrated by their low levels even after TDGdepletion, more
recent research has entertained the possibility that they could serve as semi-
permanent modification in their own right. [61] For instance, two independent
studies led by Iurlaro and Spruijt showed how 5fC is recognized bymore protein
readers compared to its methylated and hydroxymethylated precursors. [62, 63]
Further, Kellinger et al. concluded that both 5fC and 5caC reduce the rate and
substrate specificity of RNA polymerase II transcription. [64] The identification
and description of these yet undefined roles has been a sought-after research
avenue and inspired a number of contributions from the structural biology and
physical chemistry areas, which will be introduced and reviewed next.

1.3.4 Structural biology and biophysics of cytosine’s epigenetic modifications

The characterization of the fundamental biophysical aspects of proteins and
nucleic acids has gained considerable momentum since the advent of high-
resolution methodologies and continues to provide indispensable insights for
our ever-improving understanding of life and related processes. DNA oligomers
carrying naturally occurring, epigenetically-relevant cytosine derivatives repre-
sent no exception, as they attracted considerable research interest since their dis-
covery. In this paragraph I will be reviewing some of the developments that
proceeded and inspired the work presented hereby.

1.3.4.1 Impact on structure

The impact of 5fC and 5caC onDNA structure and propensity tomelt and anneal
has been a debated topic in the scientific community for the better half of the past
decade. In 2015, Raiber et al. reported compelling insights into how5fC can affect
the structure of DNA at the molecular level. [65] Their claims, which are sub-
stantiated by UV/Vis and Circular dichroism spectroscopy (CD) data combined
with X-ray crystallography (Fig. 1.6), are that 5fC does not affect the thermody-
namic stability of unmodified CpG repeat–containing oligomers. Instead, 5fC
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drives DNA structures to a new distinct conformation, dubbed F-DNA, charac-
terized by helical underwinding. The proposed biological implicationswould be
that F-DNAmay directly impact the interaction between 5fC and reader protein
at formylated sites of the genome by recognition of the localized, distorted DNA
geometry rather than the modified base itself.

Figure 1.6: Adapted and reproduced with permission from Raiber et al. (Ref. 65). (A)
Spectroscopic analysis of epigenetically modified oligomers strands. UV/Vis melting
profiles show that the differences in melting temperature of 5fC, 5caC and C-containing
dsDNA are not statistically significant. CD spectroscopy data shows a distinct spectro-
scopic signature associated with 5fC-containing oligonucleotides. (B) Crystal structure
overview of a 5fC-containing dodecamer: formyl groups (green spheres) are solvent
exposed in the major groove. (C) Zoom-in of the crystal structure showing base pair
stacking between 5fC4-G’9 and G5-5fC’8, showing considerable overlap between the π-
systems of 5fC and guanines resulting in the kinked geometry of the proposed F-DNA
arrangement. (D) Model of a longer DNA oligomer highlighting the twisted helical tra-
jectory by local variation of the grooves in F-DNA.

In 2017, Hardwick and coworkers reported a comparative study deploying
NMR and X-ray crystallographymethodologies. [66] The investigation, in sharp
contrast, acknowledged that formylated cytosine has no significant influence on
conformation in the crystal state, while attributing minor geometric alterations
to the different oligomeric sequences under consideration.

A similar literature trend can be ascertained for 5caC,whose influence onDNA
structure is reported to be either insignificant or extensive according to differ-
ent studies. [67, 68] Given the impasse reached by consideration of structural
elements alone, the identification of stabilization and destabilization effects, in-
cluding that of potential asymmetric base-pair openings, gained the interest of
structural biologists and biophysicists.
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1.3.4.2 Impact on stability and kinetics

Considerable progress has been achieved over the past few years in the character-
ization of the physico-chemical influence of thesemodifications on dsDNAkinet-
ics and dynamics. For instance, it has been shown that the incorporation of 5fC
or 5hmCmakes DNAmore flexible, while 5mC stiffens it and 5caC was deemed
almost indistinguishable from canonical C. [12] 5fC and 5caC were identified
as responsible for the alteration of the stability of the X:G base-pair due to their
Electro-withdrawing group (EWG) effect on the pKa of the N1 nitrogen. [69]
Subsequently, by leveraging 2D transient temperature jump Fourier-transform
infrared spectroscopy (FT-IR), the Tokmakoff laboratory determined and quanti-
fied the impact of oxidized 5mC derivatives by considering the dehybridization
process. [10, 11] They found that incorporation of 5fC at any pH and 5caC in
acidic conditions are linked to a decrease in melting cooperativity and a low-
ering of the free energy barrier to dissociation. In disagreement with previous
reports, further analysis by NMR spectroscopy highlighted that 5mC may actu-
ally favour dsDNA melting by increasing the 5mC:G base-pair opening kinetic
rate. [70] The same report argues that CpG repeats substituted asymmetrically
may have a different, and occasionally opposite impact on DNA melting and
base-pair stability when compared to their symmetric homologues.
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1.4 nucleic acids nmr spectroscopy

Since its infancy, the field of NMR spectroscopy has enjoyed a steady and con-
tinuous development from both a methodological and engineering standpoint.
[71, 72] In the late 90s and early 2000s, a confluence of advancements in NMR
hardware and software technology, molecular biology tools and pulse sequence
development made the investigations of structural features and dynamical phe-
nomena in biomolecules suitable in solution-state and, later on, in solid-state
applications. [73, 74] While proteins have been (and remain) the main focus in
the last three decades, investigations revolving around nucleic acids have more
recently been assuming an increasingly prominent role in the field. [16, 75]

Below, I will introduce a portion of the fundamental aspects of NMR spec-
troscopy, with a focus on phenomenological and experimental features of the
methodologies employed in the present work, together with a number of notable
applications. Section 1.4.1 was designed to provide a solid theoretical ground to
understand the content of the following chapters. The spotlight is on the intro-
duction of concepts such as the Larmor frequency, the vectormodel, NMRpulses,
chemical shifts, spin relaxation and chemical exchange phenomena, which are
central to appreciating the studies presented in Chapters 2 and 3. Sections 1.4.2
and 1.4.3 provide insight into the resonance assignment methods and common
subsequent procedures, which are the first and foremost steps of a typical nu-
cleic acids NMR study. Last, Section 1.4.4 builds upon the previous segments
to present the necessary concepts and experiments required to detect and char-
acterize the presence of sparsely and dynamically populated conformational en-
sembles of DNA, with a special focus on the microseconds-to-seconds regime.

1.4.1 Theoretical elements

NMR spectroscopy is a far-reaching analytical technique originating from the
domains of electromagnetism and quantum physics. [76] Amongst the plethora
of individual modern applications, it is notably suitable for the determination of
molecular conformation, aswell as studying physical properties at themolecular
level and with atomic precision. This feature motivated its gradual expansion
to synthetic chemistry first and then biology, designating NMR as a standard
methodology in the characterization of simple and complex molecules. [77] In
this section, I will be introducing the necessary concepts for the appreciation
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of subsequent experimental work employing the traditional semi-classical ap-
proach. [78] Unless explicitly referenced otherwise, the following sections are
based on Refs. 76, 77 and 78.

1.4.1.1 The Larmor frequency

All forms of spectroscopy require two or more distinct energy states between
which transitions can be accommodated by the means of absorption or emission
of a photon. NMR is no exception, as the phenomenon itself arises from the
interaction of nuclear magnetic dipole moments with a strong external magnetic
field (from now on referred to as B0) in the order of several Tesla, coupled with
bursts of radio frequency radiations. In turn, the dipole moment is a byproduct
of a quantum-mechanical property termed spin angular momentum. The spin
angular momentum S depends on the spin quantum number I according to the
following relationship:

~S = h̄
√

I(I + 1) (1.1)

where h̄ is the reduced Planck constant. I is property of central importance in
NMR spectroscopy and depends on the exact nuclear composition in terms of
protons and neutrons. Isotopes with an odd mass number (such as 1H, 13C and
15N) have I = ½. On the other hand, isotopes with even mass number, but odd
charge have I = n where n is an integer. Isotopes with spin quantum number 6=
½ and their features fall outside the scope of this work and will not be discussed
further. The roots of eq. 1.1 for spin one-half nuclei identifying the value of the
z-component of the angular moment Sz are +½h̄ and -½h̄. The relative energy
of these two states depends on the interaction between the dipoles and an exter-
nal magnetic field, and can be quantified through the Hamiltonian (a quantum
mechanical operator used to determine the energy of a given system). When
an ensemble of nuclear spins (a molecule, for instance) is observed outside of a
magnetic field, any possible orientation of a magnetic dipole is equal in energy,
i.e. their energetic levels are degenerate. However, the situation differs when
said molecule is exposed to a magnetic field, such as those generated by NMR
spectrometers. In the latter conditions, the Hamiltonian dictates that:

H = −γh̄B0mz (1.2)
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where mz ∝ Sz and γ is an important isotope-specific constant (the gyromag-
netic ratio). Application of eq. 1.2 identifies two energy levels for a given spin-½
nucleus as a function of the external magnetic field:

E = ±γh̄B0

2
(1.3)

where the positive value is generally referred to as α state and the negative one
as β state. An important consequence is that the energy difference between these
two states is:

∆E = Eβ − Eα = γh̄B0 (1.4)

and, by application of Planck’s equation

E = h̄ω (1.5)

one obtains the most fundamental relationship of NMR spectroscopy, the Lar-
mor frequency equation:

ω = γB0 (1.6)

The relationship above identifies ω as the observed resonance frequency of
the transition between two energy levels of a given nucleus when exposed to a
particularmagnetic field. In other words, the absorption frequency of an α−→ β

transition is directly and linearly proportional to the magnetic field strength that
the nucleus perceives. The difference in energy ∆E has the important conse-
quence of determining a slight (order to 10−6) inequality in population of the
states α (lower energy) and β (higher energy). This minute difference, quanti-
tatively definable through the Boltzmann relationship, constitutes the so-called
“bulk magnetization” (M), and represents the imperative starting condition to
any conceivable NMR experiment.
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1.4.1.2 The vector model

The frequency of transitions between lower and higher energy spin states in
nuclei is approximately nine orders of magnitude smaller compared to elec-
tronic ones, which constitute the theoretical underpinnings of techniques such
as UV/Vis and FT-IR spectroscopy. By application of Einstein’s law for sponta-
neous emission, the interesting consequence is that, in the nuclei, the lifetime of a
higher energy state is sufficiently long to yield the characteristic sharp peaks one
can normally observe in anNMRspectrum. Another feature is that this longer co-
herence lifetime can be artificiallymanipulated by themeans of a secondary (but
weaker) external magnetic field, from here on out referred to as B1. A radio fre-
quency wave (or, more properly, its oscillating magnetic field component) that
is opportunely tuned to the appropriate Larmor frequency, depending on the
target nucleus (affecting γ) and the intensity of B0, serves as B1 in any modern
NMR experiment, effectively manipulating M by exciting transitions between
the α and β states. It is precisely by this mechanism that one can experimentally
control M and ultimately extract information about a given sample.

Before I present the key equations that govern the interaction between B1 and
M, it is key to visualize these phenomena in the context of a three-dimensional
Cartesian coordinate system. In this space, M is established as parallel to the
z-axis, perfectly aligned with the external, static magnetic field B0. In order to
account for the Larmor frequency, it is common to introduce the concept of a
rotating frame of reference, meaning that the whole coordinate system rotates
around the z-axis at the exact Larmor frequency. The rotating frame of reference
is useful since it allows to more readily account for the effect of B1 on the equilib-
rium state of the bulkmagnetization. In the presence of this secondarymagnetic
field, and under the condition that said radio frequency is applied along either
x- or y-axis, M will tilt away from the z-axis. The extent to which M is diverted
away from it depends on the difference between the frequency of the pulse and
the Larmor frequency. If this difference (the offset, Ω) is equal to (or close to) 0,
then M will effectively be aligned to B1. That is a 90° pulse. The applied radio
frequency I just described will temporarily re-align M along either the x- or the
y-axis, depending on the experimental specifications. This is called a hard pulse,
and its function is to induce identical z-to-xy-axis transitions in every nucleus
within a given (usually large) spectral window. Conversely, a soft pulse may not
have the same effect on every single spin contributing to the bulk magnetization.
In other terms, a soft pulse will not induce a complete 90° rotations in spins with
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large Ω, and if Ω is large enough, then these spins could remain completely unaf-
fected and continue precessing, unperturbed, around the z-axis. Soft (or weak)
pulses are useful tools in NMR spectroscopy since they allow the NMR spectro-
scopist to selectively target only a particular region of the spectrum, and have
found extensive use in recent applications.

1.4.1.3 Chemical shift

Another fundamental concept which needs to be introduced is that of “chemical
shift”, which is of central importance to thiswork and,more broadly, to the realm
of NMR spectroscopy. Despite being exposed to the very same B0, each nucleus
within a molecule will perceive a slightly different magnetic field due to a phe-
nomenon called “shielding”. Shielding is mainly dependent on the electronic
density. A higher density will “protect” the nucleus from B0, which will precess
at a lower Larmor frequency, and vice-versa. Because the impact of shielding is
proportional to B0, and NMR spectrometers routinely used for bioNMR applica-
tions span between 10 and 20 Tesla, it is common to express the frequency of any
nucleus as a fraction relative to a reference:

δ = 106

(
ω−ωre f

ωre f

)
(1.7)

where δ indicates a given chemical shift value and ω the Larmor frequency
of a nucleus. ωre f is usually set equal to a characteristic resonance of a suit-
able internal or external standard. In practice, Sodium trimethylsilylpropane-
sulfonate (DSS) is widely used nowadays, mainly due to its ubiquitously high
solubility in commonly employed solvents, including water-based solutions
(Tetramethylsilane (TMS) is often reported in legacy literature for referencing
purposes, instead). Chemical shifts are the premier observable in NMR spec-
troscopy and are informative of bothmolecular composition and conformational
features.

1.4.1.4 Spin relaxation

Section 1.4.1.2 describes how the bulk magnetization (or a fraction of its individ-
ual components) can be tilted away from its equilibrium state along the z-axis,
yielding a non-equilibrium state. Provided that the stimulus responsible for the
generation of this higher-energy state is switched off, the magnetic moment of
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the target nuclei will not keep precessing indefinitely around B1. In fact, anNMR
signal will exponentially decay over time according to the following phenomeno-
logical relationship:

I(t) = I0e−t/T or, equivalently I0e−Rt (1.8)

where I0 is the signal immediately after B1 excitation, t represents time and T

is a characteristic time constant. In the NMR field, it is more common to refer
to relaxation rates, so R is usually the preferred notation, which is simply the
reciprocal of T.

Excited nuclear dipoles are subjected to twomacroscopic relaxation processes.
The first one arises from the re-alignment of M to the z-axis, regenerating the
original state dictated by the Boltzmann population law. In legacy literature,
this phenomenon is called “spin-lattice relaxation” and is commonly referred to
as R1 relaxation. The second relaxation process is responsible for the decay of
the detectable signal in any NMR experiment, reducing the net magnetization
present in the x-y plane. This “loss of coherence” between the spins participating
to the signals is due to three fundamental mechanisms:

R2 = R∆B
2 + RDD

2 + RCSA
2 (1.9)

where:

• R∆B
2 is due to microscopic inhomogeneities in the magnetic field B0. Apart

from being an unavoidable experimental limitation, this contribution is
usually the smallest and will not be discussed further.

• RDD
2 arises fromdipolar coupling betweenmagnetic dipoles, and is respon-

sible for the fundamentally important Nuclear Overhauser effect (NOE).

• RCSA
2 , where CSA stands for “chemical shift anisotropy”, which arises due

to the uneven distribution of the electron cloud around the nucleus.

This latter relaxation mechanism is fundamental in the measurement and de-
scription of chemical exchange in NMR spectroscopy.
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1.4.1.5 NMR chemical exchange

The Larmor frequency of a given nucleus is primarily dependent on the nature
of the isotopic species. The value of NMR spectroscopy stems from the ability to
differentiate between different instances of the same isotope within a molecule,
or multiple ones. This is possible due to the fact that δ is also extremely sensi-
tive to the surrounding chemical environment. Take for instance the following a
generic reaction:

GS
k1−−⇀↽−−

k−1
ES (1.10)

Where Ground state (GS) identifies themore thermodynamically stable, lower
energy species and Excited state (ES) the less thermodynamically stable, higher
energy species (note that the reaction described in Eq. 1.10 can virtually describe
any chemical or conformational transition). Because of this transition, the nu-
clei are exchanging between different chemical environments. If we assume that
these two states are characterized by distinct chemical shift δ values due to their
peculiar environments, then we obtain δGS and δES. As a consequence, one de-
fines the lifetime of GS and ES states as τGS = 1/k1 and τES = 1/k−1. Pioneering
studies leveraging this phenomenon were limited to the study of e.g. the isomer-
ization of small organic molecules. [79] Since then, methodological and engi-
neering advances have allowed the same theoretical fundamentals to be applied
to the study of complex dynamics in proteins and nucleic acids. [80, 81]

In section 1.4.1.2, we noted that the extent to which M is diverted from the
z-axis following the application of a radio frequency pulse depends on the dif-
ference between the frequency of the pulse and the Larmor frequency, i.e. the
offset Ω. Since distinct δ equals to distinct Larmor frequencies it becomes im-
plied, without loss of generality, the existence of ΩGS and ΩES. Since chemical
shift is the primary observable in NMR spectroscopy, chemical exchange affects
the spectrum of the molecule.

Back to Eq. 1.10, the exchange rates of the reaction k1 and k−1 can be combined
to yield kex, to be understood as the characteristic rate of the reaction’s dynamic
equilibrium. Traditionally, NMR chemical exchange processes are catalogued
into three groups depending on the relationship between the parameters ∆Ω =
|δGS - δES| and kex = k1 + k−1:
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• kex �∆Ω, implying that τES is in the order of seconds, is referred to as the
“slow regime”,

• kex ≈∆Ω, implying that τES is in the order of µs–ms, is referred to as the
“intermediate regime”, and finally

• kex �∆Ω, implying that τES is in the order of ps–ns, is referred to as the
“fast regime”

The intermediate regime is of specific interest in this particular work.

1.4.1.6 The intermediate regime

Exchange processes occurring on the µs–ms time scale result in the broadening
of spectral resonances in an NMR spectrum. For this reason, it has been tradi-
tionally challenging to characterize dynamics in this regime, as GS resonances
may display an abnormally large line width, while ES resonances are broad-
ened beyond detection. Due to these complications, studies concerned with the
characterization of the µs–ms time scale are usually devoted to describing “in-
visible states”. For the purposes of the present discussion it is convenient to
further distinguish between a slower-intermediate exchange regime, and a faster-
intermediate exchange regime.

slower-intermediate exchange Defined by kex < ∆Ω/2, this condition
identifies the millisecond regime, where transitions between GS and EG are
comparatively infrequent as opposed to the faster-intermediate regime. “Leaps”
between different precession frequencies lead to enhanced dephasing of trans-
verse magnetization, causing motional-induced broadening in the NMR spec-
trum. The experimental frameworks devised for the analysis of this particular
exchange regime are CEST and Carr–Purcell–Meiboom–Gill (CPMG) relaxation
dispersion. The former technique is relevant to this work and further considered
in Section 1.4.4.1.

faster-intermediate exchange Defined by kex > ∆Ω/2, this condition
identifies the microsecond regime. Since GS 
 ES transitions happen more fre-
quently, spins do not accumulate significant phase differences (motional narrow-
ing). This narrowing ultimately leads to average precession frequencies of chem-
ical environments, resulting in the fast regime (rotating frame relaxation disper-
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sion (R1ρ) is the premier methodology for investigation of faster-intermediate
exchange regimes and is evaluated in Section 1.4.4.2).

1.4.2 Assignment of chemical shifts

Chemical shift assignment is an iterative process, requiring information from
multiple nuclei (usually 1H, 13C and 15N) in order to yield unambiguous and
reliable information. Resonance assignment in NMR spectroscopy can be even
more cumbersome for nucleic acids than for proteins, due to the poor distribu-
tion (i.e., frequent overlaps) of signals in the spectra. Such a poor chemical shift
dispersion is mainly due to two factors. Firstly, DNA only features four build-
ing blocks, as opposed to proteins, which are constituted by 20 chemically dis-
tinct amino acids. Secondly, DNA is characterized by a relatively scarce variety
of conformations (which can essentially be catalogued as B-DNA, A-DNA and
Z-DNA), in stark opposition to proteins, which can access a myriad of folded,
semi-folded and unfolded architectures.

Below, I briefly describe the routine procedure for chemical shift assignments
of natural abundance DNA samples of small to moderate molecular mass.

1.4.2.1 1D 1H experiment

A 1D 1H NMR spectrum is an important staring point and yields key insights
about the status of the sample:

1. Considerations on sample concentration. Apart froman immediate qualita-
tive assessment based on the signal-to-noise ratio, internal standards such
as DSS can be used to precisely quantify the molarity of biomolecule in so-
lution;

2. Purity of the sample. The presence of unusually sharp peaks characterized
by intensities that differ substantially from the sample’s peaks could be due
to undesired organic impurities. Diffusion Ordered SpectroscopY (DOSY)
is a useful technique to ascertain whether those peak actually pertain to the
analyte, or not;

3. Water suppression efficacy. Suppressing the overwhelmingly strong H2O
signal in proton-based spectra is essential. While the identification of satis-
factory conditions is now trivial thanks to efficient automated procedures,
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Figure 1.7: 1D 1H spectrum of a 5caC-modified DNA sample measured at 37 ℃ in a
95% H2O/5% D2O phosphate buffer (pH 7.0) at 1H Larmor frequency of 800 MHz. In-
sets (A) and (B) show enlargements of the imino and aromatic/amino proton regions,
respectively. Peak at 0.00 ppm is due to the methyl protons of DSS which is used as an
internal standard for spectral referencing purposes.

water suppression performance should be checked frequently as it is heav-
ily dependent on pH and temperature conditions;

4. Imino protons chemical shift. Hydrogen-bonded imino protons in DNA
are less electronically shielded compared to non-hydrogen-bonded ones.
Annealed DNA can be recognized by the presence of peaks in the 12–15
ppm region. The absence (or weak and broad appearance) of these signals
can indicate that DNA is not properly annealed.

1.4.2.2 2D experiments

Multi-dimensionalNMRexperiments are techniques that allow for the recording
of spectra displaying correlations between two (or more) frequencies. The main
building blocks common to any 2D NMR experiment are the following:

1. Preparation period, allowing the spins to return to thermodynamic equi-
librium along the Z-axis. This period is commonly referred to as d1 or “re-
covery time”.
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2. Evolution period (t1), which serves to encode the spins’ chemical shift evo-
lution under theHamiltonian. This period is responsible for the generation
of the second dimension.

3. Mixing period, which is responsible for the magnetization transfer across
spins, whether via JHH/JXH (through bond) coupling or dipolar (through
space) coupling.

4. Detection period, when direct detection of the magnetization precessing in
the x-y plane occurs. This period is usually referred to as t2 or “acquisition
time”.

For the purpose of assigning resonances to natural abundance (i.e. isotopically
unlabelled) DNA oligomers, three kinds of experiments were used:

1. 1H–1H JHH (scalar) coupling-based methods (COSY, TOCSY);

2. 1H–1H dipolar coupling-based methods (NOESY);

3. 1H–13C, 1H–15N 1JXH scalar coupling-based methods (HSQC, HMQC).

In sections 1.4.2.3 and 1.4.2.4, I will briefly introduce and discuss the utilization
of 1H–1H spectra in the context of the assignment of canonical and epigeneti-
cally modified DNA, which is the fundamental preliminary step preceding any
further study.

1.4.2.3 2D Homonuclear NMR experiments

Figure 1.8: Standard IUPAC numbering, used throughout this chapter and following
ones, for the canonical DNA building blocks Adenosine, Guanosine, Thymine and Cyto-
sine. White, blue and red dots represent hydrogen, nitrogen and oxygen atoms, respec-
tively. Carbon atoms are implied as junctions connecting black lines.

homonuclear JHH coupling methods 1H–1H JHH coupling-basedmethods
rely on the fact that sugar protons, together with cytosine’s H5 and H6, belong
to the same spin system. Two pulse sequences are mainly used for this purpose:
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1. COSY, the simplest multidimensional NMR experiment, yields a spectrum
correlating resonances of vicinal (3JHH) or geminal (2JHH) protons. It con-
sists of a first excitation pulse to generate transverse (x-y plane) magneti-
zation, a single frequency labelling period (t1), a second excitation pulse
that acts as the mixing period, and finally the detection period;

2. TOCSY, which generates a spectrum correlating all protons within a spin
system, regardless of their respective individual relationship. It only differs
from aCOSY experiment because of themixing period, where the 90° pulse
is substituted by a series of 180° pulses (i.e. spin echo blocks), preventing
chemical shifts evolution while retaining JHH coupling evolution.

homonuclear dipolar coupling methods While scalar coupling relies
on the molecular orbitals’ electrons mediation, dipolar coupling is due to the
through-space interaction of a network of nuclear dipoles and it is regarded as
the major source of information in NMR applications involving biologically rel-
evant molecules. Consequently, 1H–1H dipolar coupling-based methods are the
premier techniques for the assignment of small, unlabelled nucleic acids sample.
They allow for the detection of reliable through-space connections which aid in
the verification of the correctness of the DNA sequence, apart from providing an
unambiguous starting point for the non-trivial process of correct aliphatic pro-
ton assignment. Based on the dipole-dipole cross-relaxation phenomenon, 2D
NOESY is the 1H–1H correlation experiment of choice when it comes to moder-
ately small systems.

1.4.2.4 Sequential walk assignment

Before NMR data can be used to inform on the structure or dynamics of a given
system, it is necessary to assign resonances in the above mentioned spectra to
their respective 1H, 13C and 15N nuclei. The standard procedure for signal as-
signments in relatively small systems (below ∼ 5 kDa) is the so-called “sequen-
tial walk assignment”. [82] First, the obtained TOCSY and NOESY spectra are
overlaid. If the DNA sample is properly annealed and the double-stranded con-
formation is the prevalent one, the two spectra will appear as partially superim-
posable. The shared peaks will be those that satisfy two conditions:

1. They are part of the same spin system, yielding a cross-peak on a TOCSY
spectrum, and
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Figure 1.9: Generic dsDNA model visualized via UCSF Chimera software. [83] Red
dashed lines highlight key C H6-X H1’ connectivities.

2. They are spatially contiguous, meaning they also develop a cross-peak in
the NOESY spectrum, which should also vary in intensity depending on
the mixing time deployed.

One particular set of protons that is especially prone to be unambiguously iden-
tified via this procedure is Cytosine’s H6 and H5. Once H6-H5 cross-peaks have
been successfully identified for each Cytosine in the sample, then the next step
entails linking H6 to H1’ in proximity. This procedure, which can be further sim-
plified with the aid of interactive visualisation software such as UCSF Chimera
(ref. 83), is relatively straightforward due to the characteristic chemical shift val-
ues of H1’ protons (the only sugar protons signal above 5 ppm in DNA). Each
but terminal Cytosine residues are expected to yield two H6-H1’ connectivities,
as per Fig. 1.9.

Whenever an H1’ resonance only has a single cross-peak with H6 (or H8, in
case of Adenosine and Thymine), that is a strong indication that such H1’ is part
of a terminal nucleoside. With this information alone, following the sequential
aromatic-H1’ proton path should suffice for a tentative identification (or verifica-
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tion) of the 5’-3’ dsDNA sequence, provided that the sample is sufficiently small,
the sequence does not display highly repetitive segments and the cross-peaks are
sufficiently sharp. Once these resonances are available, NOESY cross-peaks help
identify other key protons. For instance, Cytosine’s H5 tends to display strong
NOESY contacts with H42 and H41 protons (ref. Fig 1.8), which are in turn very
useful for explicit determination of resonances pertaining to H1 and H3 nuclei.
On the other hand, TOCSY is necessary to identify spin systems starting from the
H1’ nucleus, while NOESY is often use to infer the stereochemistry (H2’ vs H2”,
H5’ vs H5”). Due to the high chemical shift degeneracy of sugar protons, it is of-
ten the case that not every signal is unambiguously identifiable, especially when
the sample exceeds a certain size. Once the assignment of protons has reached
a satisfying level, it is common procedure to record natural abundance 1H–13C
and 1H–15N 2D correlation spectra.

1.4.2.5 2D Heteronuclear NMR experiments

Assignment of H signals allow for trivial identification of a subset of C and N
nuclei by leveraging 1JXH scalar coupling by the means of HSQC and/or HMQC
experiments. A particularly convenient set of experiments has been devised by
Schanda et al., allowing for the rapid acquisition of 1H-detected heteronuclear ex-
periments. [84] Asmentioned above, for relatively small biomolecular systems a
thorough resonance assignment can be obtained on the basis of 2D homonuclear
experiments alone in favourable cases. Nonetheless, measuring 1H–13C and 1H–
15N 2D correlation spectra, even if relatively time-consuming without isotope
labelling, can be useful for e.g. quantitative comparison of chemical shifts.

1.4.3 Chemical shift metadata

The recording of 1H–1H, 1H–13C and 1H–15N correlation spectra is not only use-
ful for assignment purposes. In fact, the chemical shift values of the assigned
resonances can be further employed to inform on conformational preferences.
[85] There are mainly two convenient methods to visualize this kind of infor-
mation that pertain to the present work: chemical shift displacement diagrams
and Chemical shift perturbation (CSP) studies. Both methodologies are briefly
introduced below.
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1.4.3.1 Chemical shift displacement diagrams

Chemical shift values are especially informative when matched against those
obtained for identical or similar samples in comparable conditions. An example

Figure 1.10: Adapted and reproduced with permission from Dubini et al. (Ref. 86).
Chemical shift displacement studies carried on the same dsDNA sequence carrying
epigenetically modified nucleobases and considered at distinct pH conditions. Purple,
green, yellow and red dots indicate 5fC and 5caC at pH 7.0, 5.8 and 4.7, respectively.
The black solid line is the reference chemical shift of an identical canonical cytosine-
containing sample.

of such analysis is shown in Fig. 1.10. There, chemical shifts extracted from
canonical cytosine-containing dsDNA are used as a reference value to inform on
the long and short range implications of the inclusion of epigenetically modified
nucleosides at different pH conditions. Similar diagrams have recently enjoyed
widespread adoption in NMR-based studies of conformational and structural
features in non-canonical nucleic acids. [87]

1.4.3.2 Chemical shift perturbation

If chemical shift data frommultiple nuclei is available, thenCSP becomes a viable
strategy to expand the previous approach. Since its inception, CSP has quickly
found widespread use within the bioNMR community due to its usefulness and
cost-effectiveness. [88] Resonances of any nucleus in a molecule are influenced
by a vast array of chemical bonds, whether of covalent or dipolar character, mak-
ing them highly sensitive to the environment they perceive. For this reason,
chemical shift values have been extensively used to characterize conformational
changes in biomolecules due to variations in pH, solvent, temperature or even
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the presence of ligands and mutations. [89] In practice, after assignment of the
signals, the following equation is used to calculate the degree of perturbation:

∆δtotal =
√

δ2
H + (α · δX)2 (1.11)

where δH and δX identify the chemical shift values for 1H and heteronuclei,
respectively. The parameter α is usually determined by comparing the chemical
shift range of hydrogen with the one of nitrogen or carbon, and literature values
of 0.14 for nitrogen and 0.3 for carbon have been suggested, as per ref. 89.

1.4.4 Chemical exchange experiments

The detection of sparsely populated, transient alternative states is a key aspect
in the characterization of biomolecules. As it has been long recognized that the
biological functions of proteins and nucleic acids cannot be performed by static
structures, the investigation of sparsely and temporarily populated conforma-
tions has captured the attention of the scientific community. A degree of con-
formational freedom is indeed a necessary condition for allowing molecular ma-
chines like enzymes, DNA and RNA to operate their respective roles. [90, 91] In
other words, biomolecules that perform functions are generally best described
by ensembles of energetically accessible structural arrangements, rather than by
the most populated conformer exclusively.

Building on top of the considerations made in Section 1.4.1.5, below I provide
an introduction to the NMR methodologies that have played key roles in the
execution of the studies presented in the following chapters. The focus is hereby
placed on the underlying concepts and phenomena useful to grasp the goals and
the outcomes of these experiments, while a more technical description can be
found in the references below, Methods and Materials sections and the relevant
Supplementary Information files of the enclosed publications.

1.4.4.1 Chemical exchange saturation transfer

The CEST experiment is themost powerful tool for observing chemical exchange
processes occurring on the slower-intermediate exchange regime. [92] First de-
scribed in 1963 in the context of Magnetic resonance imaging (MRI), CEST has
more recently found extensive adoption in high-resolution bioNMR. [93, 94]
This specific technique is especially useful if one of the two (ormore) states’ pop-
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ulations is low to the point that it becomes undetectable on an NMR spectrum.
Interconverting conformers often differ in structural features, thus the magnetic
environments of the directly involved nuclei, or adjacent ones, is distinct. This
exchange process gives rise to a stochastic modulation of Larmor frequencies.

Since epigeneticallymodifiedDNAstrands are of central interest to the present
work, let us consider the process of DNA melting:

dsDNA
kd−−⇀↽−−
ka

2 ssDNA (1.12)

The key idea is to perturb the magnetization associated with the more popu-
lated conformer (i.e., dsDNA, which is GS in eq. 1.10) by applying a weak radio
frequency field. Because the melting and annealing processes can be observed
in dynamic equilibrium conditions, the weak pulse will affect the magnetization
of a second site (ssDNA, which is ES in eq. 1.10), under opportune conditions.
While chemical exchange phenomena have been known since the early ’60s, only
exchanging conformations with similar populations have been reported until re-
cently. If left unaddressed, this limitation would have hindered the characteriza-
tion of virtually any biologically relevant system, where there often is a primary
and one or several secondary ES. In 2000, Ward et al. realized that CEST had
the potential for exposing exceedingly sparse chemical exchange phenomena re-
sulting in ES populations so low that they would otherwise be well below the
NMR detection limit. [95] Deploying the aqueous solvent signal as a reference,
they could describe a proton exchange process of the imino proton of hydrox-
ytryptophan in a 35 mM solution, accounting for a solute concentration of only
0.03%. Correspondingly, “invisible” resonances of biomolecules can be charac-
terized through the relevant resonances of highly populated GS owing to a simi-
lar amplification effect, as long as the minor states have a distinct chemical shift,
fractional populations greater than ≈ 0.5% and lifetimes in the range of ≈ 3 to
50 ms.

From a practical standpoint, the CEST experiments employs a low power, long
duration pulse (a “spin lock”, typically hundreds of milliseconds long) to satu-
rate different regions of a spectrum by varying its carrier frequency. In Fig. 1.11,
a schematic representation of the CEST experiment is offered.

If a spectrum is measured without a spin-lock pulse (or if the spin-lock pulse
is far enough off-resonance relative to our signal of interest), the GS signal is
not impacted. Whenever the carrier frequency is instead moved closer towards
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Figure 1.11: Adapted and reproduced with permission from Marusic et al. (Ref.
90. 1D spectrum representing the signal of a GS conformation engaging in a slower-
intermediate exchange process with ES (undetectable, red line). Middle: a series of
spectra are recorded featuring a weak and long pulse (spin-lock). Spin-locks affect the
appearance of the spectra depending on its carrier frequency. Bottom: the ratio of the
measured signal intensity I and the initial signal intensity I0 (spectrum measured with-
out a spin-lock) are plotted yielding a typical CEST profile.

either the ES or GS chemical shifts, GS signal intensity will decrease, provided
that the aforementioned exchange conditions are met. The reduction of intensity
of the major peak is much easier to detect than the minor exchanging peak in a
conventional spectrum, therefore small populations can be detected.

From a CEST profile (Fig. 1.11, bottom), the exchange process (including the
population and the chemical shift of the minor state together with the kinetic
rate) can be extracted finding numerical solutions to the Bloch–McConnell equa-
tions. [96] In addition, classic theoretical frameworks in the context of thermo-
dynamics can be implemented to further inform on standard Gibbs free energies
of GS and ES, together with the activation parameters of the process and its tran-
sition state. The reader is directed to Chapter 2, where such aspects have been ex-
tensively discussed and applied to the study of epigenetically modified dsDNA
strands.

Lastly, a recent research theme in bioNMR has been the adaptation of tech-
niques initially devised to probe heteronuclei such as 13C and 15N to 1H. The
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main indisputable advantage of such an approach is the dramatic reduction in
the cost of production sample, while a drawback may be represented by the re-
duced chemical shift dispersion of protons compared to carbon-13 and nitrogen-
15. Below, the 1HCEST pulse sequence used in Chapter 2 and 3 is presented (Fig.
1.12).

Figure 1.12: Pulse sequence for the SELectively Optimized Proton Experiment (SELOPE)
CEST 1H experiment. Thin and thick bars represent 90° and 180° hard pulses, respec-
tively. Selective 1H irradiation of the spectral region of interest was achieved via pulse
shapes eBurp2 (selective excitation), labelled in yellow. Suppression of the water signal
was achieved using the excitation sculpting scheme.

1.4.4.2 Rotating-frame relaxation dispersion

The R1ρ experiment is the premier experimental technique for probing chemical
exchange processes on the faster-intermediate time scale. R1ρ relaxation disper-
sion has been extensively used in the description of conformational exchange
occurring in proteins, RNA and DNA. [97–99] Similar to CEST, R1ρ is most use-
ful whenever an “invisible” conformer is suspected to populate a higher-energy
state.

From a practical perspective, decay rates are measured as exponential decays
by using spin-locks of different intensities and durations. The resulting profiles
can then be fitted using the Bloch–McConnell equations or analytical expressions
(such as the Laguerre approximation) for simplified scenarios and specific ex-
change regimes. [100] Fig. 1.13 offers a schematic description of an on-resonance
R1ρ experiment, while the two paragraphs below exemplify the two limiting
cases usually employed: the no-exchange limit and the chemical exchange limit:

no-exchange case In a simple yet realistic scenario with two non-
exchanging spins with different chemical shifts, a sufficiently strong spin-lock
pulse will keep the nuclei bulk magnetizations in the transverse plane. Signal in-
tensities will decay according to the respective R2 rates. A weaker spin-lock will
cause the bulk magnetization responsible for the red signal in Fig. 1.13 to gain
a non-zero z-component, introducing an R1 driven correction to the observed
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Figure 1.13: Adapted and reproducedwith permission fromMarusic et al. (Ref. 90). Ef-
fects of high- and low-power spin-locks on non-exchanging (upper row) and exchanging
(lower rows) systems. Red and blue labelling indicates either distinct non-exchanging
conformations (upper row) or a GS and ES (respectively, lower rows). Green and yellow
data points indicate to R1ρ profiles recorded with either high- or low-power spin-lock
pulses, respectively.

relaxation rate (now R1ρ). This instance leads R2 and R1 to a squared trigono-
metric modulation.
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chemical exchange case If a chemical exchange phenomenon is present
on the µs regime, the peak corresponding to GS is usually broadened, while the
ES peak is undetectable. In case a high-power spin-lock is deployed, no infor-
mation reporting on the chemical exchange can be extracted, as both GS and ES
resonances will decay according to R2 (the assumption is generally made that R2

is identical for both GS and ES). Whenever progressively weaker spin-locks are
applied, the off-resonance effect causing the tilt of ES magnetization away from
the transverse plane and establishing an increasingly deviated effective field ωe f f

will become more apparent. The difference in the perceived strength of the spin
lock pulse (and hence, the alignment with the respective effective field) leads to
a difference in relaxation due to the chemical exchange event. In other words, an
Rex contributes to the overall signal decay rate, in addition to R2. Rex is progres-
sively larger in magnitude the weaker the spin-lock applied.

In practice, the recording of an R1ρ relaxation dispersion profile consists of
measuring several decay rates at several spin-lock strengths. Similarly to CEST,
also R1ρ has been adapted to 1H-onlymeasurements. Production of natural abun-
dance RNA andDNA samples is usually one to two orders ofmagnitude cheaper
compared to the same amount of isotopically labelled material, making 1Hmea-
surements attractive. In addition, proton density in nucleic acids is substantially
reduced compared to protein meaning that deleterious 1H-1H network effects,
which are potentially harmful to CEST and R1ρ experiments, can more easily
be avoided compared to protein-based applications. In contrast, the limited 1H
chemical shift dispersion is usually an insurmountable obstacle whenever mea-
suring biologically relevant systems, making SELOPE-derived applications ac-
cessory techniques at best in the characterization of larger samples. Below, the
1H R1ρ pulse sequence used in Chapter 2 and 3 is presented (Fig. 1.14).

Figure 1.14: Pulse sequence for the SELOPE R1ρ
1H experiment. Thin and thick bars

represent 90° and 180° hard pulses, respectively. Selective 1H irradiation of the spectral
region of interest was achieved via pulse shapes eBurp2 (selective excitation), labelled
in yellow. Suppression of the water signal was achieved using the excitation sculpting
scheme. A heat compensation block (not shown) was included before d1 such that the
samplewas exposed to the same total radio frequency power, independent of the specific
spin-lock duration employed.
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1.5 thesis synopsis

The overarching goal of my doctoral work was the structural and dynamic char-
acterization of cytosine-derived epigenetically modified nucleosides within ds-
DNA. Projects inherent to this thesis are presented below. Chapter 2 introduces
the 5fCmodification and dwells on its impact on dsDNA structure and dynamics
in comparisonwith canonical cytosine. Chapter 3 dealswith the characterization
of 5caC, with a special focus on its pH dependent behaviour. Each of chapters 2
and 3 are preceded by a “Foreword” section, whose function is to put each spe-
cific project in the broader context of this work. Finally, chapter 4 takes stock of
the projects included in the PhD thesis and outlines futures research avenues.
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5 F C - I N D U C E D M E LT I N G K I N E T I C S
B Y C H E M I C A L E X C H A N G E

2.1 foreword and main publication

Epigeneticallymodified nucleobases reshape themolecular properties of nucleic
acids and provide an additional regulatory information layer beyond the canon-
ical base sequence. In particular, their distributional patters in distinct tissues,
interactions with enzymes and impact on the B-DNA structure have been the
most investigated aspects. The most abundant set of DNA modifications within
the genome of any domain of life occur via functionalization of the C(5) posi-
tion of canonical cytosine (see Fig. 1.8). Epigenetic modifications of cytosine
have attracted considerable research interest in the last decade, but their subtle
influence on genomic DNA has proven to be recalcitrant of thorough, compre-
hensive characterization.

This work has been devised to specifically address the thermodynamic and
kinetic features of a DNA double strand including the naturally occurring 5fC
base. Since its discovery, 5fC has been mostly considered and studied through
the lenses of biology (tissue distribution, impact on enzymatic activity) and syn-
thetic organic chemistry (synthesis of phosphoramidite precursors). Controver-
sial results obtained from structural biology or physical chemistry studies, to-
gether with its prevalent presence within cells and tissues where gene expres-
sion is sharply enhanced, have evidenced the need for further investigations in
consideration to the impact of 5fC on the double-helix dynamics of DNA. In par-
ticular slow and intermediate time scales, which are of utmost interest in relation
to DNA replication and maintenance, have long eluded experimental character-
ization.

Recent developments in bioNMR methodology allowed for experimentally
more accessible investigations accessing dynamics and kinetics information via
natural abundance samples, avoiding costly isotopic enrichment procedures.
Coupling state-of-the-art synthetic methodologies with the non-invasivity and
site-specificity typical of NMR spectroscopy, we unravelled the conformational

38
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transitions of 5fC-modified and canonical DNA strands on the millisecond
timescale. Numerical comparison of the obtained kinetic and thermodynamic
parameters yielded site specific quantification of the influence of 5fC in a biologi-
cally relevant setting, advancing our understanding of its role and its interactions
with reader proteins.

In summary, the value of the present effort is two-fold. On one hand, we
present an original theoretical framework capable of extracting thermodynamic
and kinetic parameters using exclusively CEST-derived data. On the other hand,
we apply this new methodology to unravel the dynamics of the epigenetically
relevant 5fC base.

This work is integrative in nature, coupling synthetic organic chemistry and
physical chemistry concepts. It was designed and carried out in collaboration
with the Carell group within the SFB1309 framework. A copy of the open-access
publication (available through the Creative Commons CC BY-NC license) is re-
printed below and accessible following this link.

https://doi.org/10.1093/nar/gkaa589
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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).
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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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and Carell,T. (2016) 5-Formylcytosine could be a semipermanent
base in specific genome sites. Angew. Chem. Int. Ed., 55, 11797–11800.

28. Bachman,M., Uribe-Lewis,S., Yang,X., Burgess,H.E., Iurlaro,M.,
Reik,W., Murrell,A. and Balasubramanian,S. (2015)
5-Formylcytosine can be a stable DNA modification in mammals.
Nat. Chem. Biol., 11, 555–557.

29. Zhang,Y. and Zhou,C. (2019) Formation and biological consequences
of 5-Formylcytosine in genomic. DNA Repair, 81, 102649.
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2.2 supplementary material

The Supplementary Material file for the above publication contains:

• The derivation of mathematical relationships between UV/Vis, NMR ob-
servables and thermodynamic/kinetic data,

• Additional UV/Vis and NMR melting profile plots,

• Figures and schemes supporting the Discussion and Conclusion sections,
and

• Comprehensive numerical results of the CEST fitting procedures.
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SI Text

DNA thermodynamics

The duplex (D) to single-strand (M) transition of the melting of short double-stranded DNA can be

accurately modelled as an all-or-none two-state transition [1, 2, 3]

D
kd−−⇀↽−−
ka

2 M (1)

where the dissociation equilibrium constant (Kd) can be expressed with the concentration of the duplex

and singe-stranded molecules, or equivalently, with the ratio of the dissociation (kd) and association (ka)

rates

Kd =
[M]2

[D]
=
kd
ka

(2)

it is also known that

Kd = exp(−∆G0/RT ) (3)

where the standard Gibbs free energy change (∆G0) is given as the difference of the standard enthalpy

change (∆H0) and the temperature times the standard entropy change (∆S0).

∆G0 = ∆H0 − T∆S0 (4)

The total DNA concentration (Ct) can be given as

Ct = 2[D] + [M ] (5)

and hence, the fraction of molecules that are in the double (p
D

) or single-stranded (p
M

) states equals to

p
D

=
2[D]

Ct
= 1 − p

M
(6)

p
M

=
[M ]

Ct
= 1 − p

D
(7)

from which the ssDNA and dsDNA concentration can be expressed as

[M ] = Ct(1 − p
D

) (8)

[D] =
p
D
Ct
2

(9)

By replacing eq. 24 and 23 to eq. 2 we get

Kd =
(Ct(1 − p

D
))2

p
D
Ct

2

=
2C2

t (1 − p
D

)2

p
D
Ct

=
2Ct(1 − p

D
)2

p
D

(10)

This expression can be rearranged to p
D

as

p
D

=
4Ct +Kd −

√
K2
d + 8KdCt

4Ct
(11)

At the melting temperature (Tm) p
D

= 0.5, and from eq. 10 it follows that

Kd(Tm) = Ct (12)
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The fact that the equilibrium constant at the melting temperature equals to the total DNA concen-

tration can be exploited in a DNA-concentration-dependent melting study to determine the standard

enthalpy and entropy changes of the dissociation process.[1]

∆G0(Tm) = −RT lnCt (13)

and hence

lnCt =
−∆H0

RTm
+

∆S

R
(14)

Analysis of UV melting data

Temperature-dependent UV melting analysis was used to derive a first estimate about the DNA melting

thermodynamics at low DNA concentration, and to extrapolate to the concentration regime of the NMR

measurement. Explicit thermodynamic equation for the temperature-dependence of the fraction of double-

stranded and single-stranded DNA is known from the literature. [2] Here we only outline the most

important equations that are needed to arrive at the published relationships.

The van’t Hoff equation gives the temperature dependence of the equilibrium constant in the following

form
d lnKd

d(1/T )
=

∆H0

R
(15)

The integral of this equation can be given as

lnKd =

∫
∆H0

R
d(1/T ) =

∆H0

RT
+ C, (16)

where C is an integration constant. At the melting temperature Kd(Tm) = Ct thus

lnKd − lnCt =
∆H0

R

(
1

T
− 1

Tm

)
=: x (17)

The equilibrium constant for a bimolecular reaction has been given in eq. 10, and hence

ln

(
Kd

Ct

)
= ln

2(1 − pD)2

p
D

(18)

Since we labeled the expression in eq. 17 as x, we can take its exponential and arrive at

exp(x) =
2(1 − pD)2

p
D

(19)

Solving the above equation for p
D

we obtain

p
D

= 1 − exp(x)

4

(√
1 + 8 exp(−x) − 1

)
(20)

the non-zero heat capacity change can be explicitly taken into account by defining x as

x =
∆H0(Tm)

R

(
1

T
− 1

Tm

)
− ∆Cp

R
ln

T

Tm
+

∆Cp
R

(
1 − Tm

T

)
(21)

In UV melting studies the temperature dependence of the pure double- and single-stranded DNA should

be taken into account. This is usually done assuming a linear relationship in the form of

A260nm = ε
D
p
D

+ ε
M

(1 − p
D

) (22)
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where ε
D

and ε
M

are the molar extinction coefficient of dsDNA and ssDNA, respectively.

Parameter estimation of UV melting experiment

We measured the DNA denaturation profiles at multiple total DNA concentration between the range of

1 and 12 µM, between 20 and 85 ◦C. To obtain the melting temperature at each concentration we fitted

eq. 20 and eq. 22 simultaneously with x as it is defined in eq. 21, and fixed the heat-capacity change at

1320 J mol−1 K−1 which is a good estimate for GC-rich 12mer DNA.[4] Setting this parameter to zero did

not affect the fitted value for the melting temperatures. Even though the fitting procedure includes the fit

of the standard enthalphy change at each concentration, we found that this value is highly dependent on

the quality of the baseline fit, and therefore we did not include them in any further analysis. Exemplary

UV/Vis melting profiles are shown in Figure S2 and S3.

The error of the fitted Tm was determined from quadruplicate experiments and further propagated to

the parameters obtained during the concentration-dependent thermodynamic analysis. The uncertainty

of the total DNA concentration was assumed to be 10%. With Monte Carlo error estimation method

we simulated 1000 synthetic data pairs (Tm and Ct) for each measurement condition by sampling the

Tm and Ct around their mean value assuming normal distribution and fitted them according to eq. 14.

The mean and standard deviation of the obtain slope and intercept of the fitted linears correspond to

the mean and standard deviation of ∆H0/R and ∆S0/R, from which ∆G0 and its error was obtained

according to eq. 4.

DNA melting kinetics

In the following we consider the reversible, steady-state dissociation and association kinetics of a DNA

melting process (eq. 1) and describe it with perturbation method. [5] In equilibrium, the macroscopic

changes of the dimer and monomer concentrations are zero:

[D]eqt = −kd[D]eq + ka[M ]2eq = 0 (23)

[M ]eqt = kd[D]eq − ka[M ]2eq = 0 (24)

Upon perturbation, the system reaches a new equilibrium:

[D] = [D]eq + [d]

[M ] = [M ]eq + [m]
(25)

where [d] and [m] are the small perturbations of the equilibrium values of [D]eq and [M ]eq. From the

conservation law it follows that

[d] + 2[m] = 0 (26)

The kinetic equation of [D] and [M ]

([D]eq + [d])t = −kd ([D]eq + [d]) + ka ([M ]eq + [m])
2

(27)

([M ]eq + [m])t = kd ([D]eq + [d]) − ka ([M ]eq + [m])
2

(28)

By expanding these equations we get

[D]eqt+ [d]t = −kd[D]eq − kd[d] + ka[M ]2eq + 2ka[M ]eq[m] + ka[m]2 (29)

[M ]eqt+ [m]t = kd[D]eq + kd[d] − ka[M ]2eq − 2ka[M ]eq[m] − ka[m]2 (30)
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Subtracting eq. 23 and 24 from eq. 29 and 30 respectively we get

[d]t = −kd[d] + 2ka[M ]eq[m] + ka[m]2 (31)

[m]t = kd[d] − 2ka[M ]eq[m] + ka[m]2 (32)

and neglecting the second-order terms we arrive at the kinetic equation in the form of

[d]t = −kd[d] + 2ka[M ]eq[m] (33)

[m]t = kd[d] − 2ka[M ]eq[m] (34)

These above two equation could be written in a matrix form as

d

dt

[
[d]

[m]

]
=

[
−kd +2[M ]eqka

kd −2[M ]eqka

][
[d]

[m]

]
(35)

and using the condition stated in eq. 23, 24, and 25 we arrive at

d

dt

[
[D]

[M ]

]
=

[
−kd +2[M ]eqka

kd −2[M ]eqka

][
[D]

[M ]

]
(36)

In a chemical exchange experiment, the general differential equation system that accounts for the

interconversion between two states is given as

d

dt

[
[I]

[S]

]
=

[
−k1 +k−1

k1 −k−1

][
[I]

[S]

]
(37)

from which it follows that the forward and backward reaction will equal to kd and 2[M ]eqka, respectively

k1 = kd k−1 = 2[M ]eqka (38)

Hence, the exchange rate is

kex = kd + 2[M ]eqka (39)

By rearranging eq. 39 and using eq. 2, 7, the dissociation and association rates can be expressed as

kd = kex(1 − p
D

) (40)

ka =
kd
Kd

=
kex(1 − p

D
)

2Ct(1−pD )2

p
D

=
kexpD

2Ct(1 − p
D

)
(41)

Parameter estimation of CEST experiment

At each temperature, the evolution of the signal intensities in the 1H on-resonance R1ρ, in the 1H

inversion-recovery (R1), and in the CEST experiments were analyzed and fitted concurrently to yield

baseline R0
1ρ, R1 rates, as well as exchange rates (kex), populations (p

D
, 1 − p

D
) and the chemical shifts

(Ω
D

, Ω
M

) of the exchanging states. We assumed, that the exchanging states have the same transverse and

longitudinal magnetization rates. Besides, fitted parameters included the intensity scales for R1, R1ρ and

CEST experiments, yielding a total number of nine fitted parameters at each temperature. The CEST

profiles implied a slow exchange process, therefore the Rρ rate constants which were measured with a 4

kHz on-resonance spin-lock field, were assumed to be equal to the R2 rates as they appear in the Bloch-
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McConnell equation (eq. 42). During the CEST data analysis, normalized peak intensities were extracted

from the spectra recorded as a function of the irradiation offset. Signal intensity errors were estimated

from the signal-to-noise ratio of each peak, which were then used to produce 100 synthetic data set for

Monte Carlo error estimation. The simulated data were generated by randomly sampling 100 points of

a normal distribution whose mean value equals to the measured normalized intensity and the standard

deviation equals to the measured error of the normalized intensity.

To fit the CEST intensity profiles we used the homogeneous form of the Bloch-McConnell differential

equation system which describes the time evolution of the exchanging spin-states (two-state model) as

they experience a continuous wave irradiation (ωx).

d

dt




E/2

Dx

Dy

Dz

Mx

My

Mz




= −




0 0 0 0 0 0 0

0 R2 + k1 Ω
D

−ωy −k−1 0 0

0 −Ω
D

R2 + k1 ωx 0 −k−1 0

−2ΘD ωy −ωx R1 + k1 0 0 −k−1

0 −k1 0 0 R2 + k−1 Ω
M

−ωy
0 0 −k1 0 −Ω

M
R2 + k−1 ωx

−2ΘM 0 0 −k1 ωy −ωx R1 + k−1







E/2

Dx

Dy

Dz

Mx

My

Mz




(42)

Here, ΘD = 2p
D
R1 and ΘM = 2p

M
R1 are the thermal equilibrium magnetizations in the dimer D and

monomer M states which are proportional to the populations p
D

= k−1/kex and p
M

= k1/kex.

The CEST profiles were fitted with eq. 42 using in-house written Mathematica scripts (Wolfram

Research) assuming an initial magnetization state in the form of Dx = 0, Dy = 0, Dz = p
D

, Mx = 0,

My = 0, Mz = p
M

using the NonlinearModelFit function of Mathematica. Fitted parameters and their

errors were obtained as the the mean and standard deviation of the result of the 100 individual CEST

fits. CEST profiles measured at 58, 59, 60, 61, and 62 ◦C for Can12 and at 56, 57, 58, 59, and 60 ◦C

for Mod12 were used to obtain the populations and exchange rates of the DNA melting process. The

population of the monomer state at 57 and 55 ◦C for Can12 and Mod12 was too low to produce a reliable

parameter fit for p
D

and kex, therefore we excluded them from the analysis, and used those values only

to validate and back-predict the exchange rates and populations based on the obtained thermodynamics

and kinetics parameters.

From the obtained kex, pD , and total DNA concentration (Ct) we derived kd, ka rates and Kd equi-

librium constant at each temperature according to eq. 40, 41, and 2. These values were further analysed

using the Eyring-Polanyi and van’t Hoff formalism as described in the main text. The parameter errors of

the CEST experiments were further propagated to the fits of the kinetic and thermodynamic equations

by fitting the derived 100 synthetic data individually.

Supplementary Discussion: Considerations regarding Adenosine H2 and H8

protons

H2 and H8 protons of adenosine bases of both samples Can12 and Mod12 show moderate but systematic

variations in the obtained thermodynamic parameters, reflecting the fact that the differences between

the melting thermodynamics observed via adenosine H2 and H8 protons are related to the base type and

not to the sequential position, and also implies that the two-site exchange model is illsuited to describe

the base-pair opening mechanism even on the individual base pair level.

By inspecting the equilibrium constants of adenine H2 and H8 protons, we could establish that Keq

of H8 protons are always 1.5 – 2.5 times higher than that of H2 protons, i.e. the H8 protons have a higher

propensity to be found in the excited state conformation than the H2 protons have. This difference in
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Keq translates to an apparent 1-2 ◦C lower melting temperature for H8 than for H2 (c.f. Table 1 of the

main text). Such scenario can only be explained by extending the two-state melting model and including

a third species into the description:

dsDNA
k1−−⇀↽−−−
k−1

Intermediate
k2−−⇀↽−−−
k−2

ssDNA (43)

The higher equilibrium constant of H8 suggests that in the intermediate species the position and the

chemical environment of H8 is similar to its environment in the ssDNA conformation, while the chemical

environment of H2 has not changed and thus resembles the dsDNA state, presumably because the H-

bonds and the π − π stacking interactions are still intact. To gather further evidence for the presence

of an intermediate species on the potential energy surface one could potentially measure the melting

kinetics/thermodynamics of the sugar protons. If the above assumption is correct and the intermediate

species has higher backbone flexibility than the dsDNA state has then the melting thermodynamics of

the sugar protons will reflect similar behavior as H8 does.
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Supplementary Figures

Figure S1: A 1D 1H NMR spectrum of the 1H imino region of Can12 (blue) and Mod12 (orange) measured
at 37 ◦C at 800 MHz 1H Larmor frequency. B and C NMR melting profiles of the imino proton region
of Can12 and Mod12 between 10 and 62◦C. D and E Exerts from the1H-1H NOESY spectra of Can12

(blue) and Mod12 (orange) showing the assignment of the H6/H2/H8 protons, measured at 37 ◦C.
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Figure S2: Representative UV melting profiles of Can12 measured at 1.17, 1.76, 3.52, and 7.04 µM total
DNA concentration at 260 nm. Solid line represents the fitted melting function according to eq. 20,
eq. 22, and eq. 21, while dashed lines serve as representation of the two baselines (upper and lower),
needed in order to describe unfolded and folded forms, respectively, and identification of the Tm through
the calculation of the median.
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Figure S3: Representative UV melting profiles of Mod12 measured at 1.23, 1.53, 2.45, 3.72, 6.14, and
12.27 µM total DNA concentration at 260 nm. Solid line represents the fitted melting function according
to eq. 20, eq. 22, and eq. 21, while dashed lines serve as representation of the two baselines (upper and
lower), needed in order to describe unfolded and folded forms, respectively, and identification of the Tm
through the calculation of the median.
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Figure S4: Continued on next page
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Figure S4: First and second column: Temperature-dependent 1H CEST profiles of all uniquely accessible
H2/H6/H8 sites of Can12 (first column, blue) and Mod12 (second column, orange). Third column: van’t
Hoff and Eyring plots of all sites displayed on the left. Shades of orange and blue indicate data entries and
linear fits for Can12 and Mod12, respectively. White data points represent back-calculated values. Fitted
values for the association and dissociation rate constants (ka and kd) and the dissociation equilibrium
constant Kd are listed in Table S5 and S6. Insets present the relevant Gibbs free energy plots at each site
at 37 ◦C.
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Figure S5: Pulse scheme for 1H R1 inversion recovery determination. Rates were measured in pseudo-2D
interleaved fashion using fixed time increments labelled as “vd” in the pulse sequence. Filled grey symbols
denote hard 180◦ pulses, while filled white items represent selective 180◦ pulses at water resonance.
Selective 1H irradiation of the spectral region of interest was achieved via pulse shapes IBurp2 (selective
inversion) and Q5 (selective excitation), as labelled. Suppression of the water signal was achieved using
the excitation sculpting scheme. The phase cycle was φ1: x,-x; φ2: x, y; φ3: -x, -y; φ4: x, x, y, y; φ5: -x,
-x, -y, -y; φr: x, -x, -x, x.
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'-5
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Figure S6: Molecular model for the visualization of 5fC-induced destabilization. The lower stability of the
5fC-G base pair implies a higher propensity for nucleotide vibrations around its canonical, Watson-Crick
paired position.
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Figure S7: Schematic representation of the impact of 5fC on the melting dynamics. Blue bars symbolize
Watson-Crick hydrogen bonding, gray wiggles identified weakened Watson-Crick hydrogen bonding and
the black vertical wiggles indicate positions in the DNA that are prone to initiate dsDNA melting. (A, B)
At 10 ◦C, all base pairs in both Can12 (top row) and Mod12 (bottom row) are formed and stable. (C, D)
At intermediate temperatures, the 5’- and 3’-ends start fraying. The lower H-bonding strength associated
with the 5fC-G base pair as compared with the canonical C-G pair generates instability in the middle of
the sequence, in addition to the fraying at the termini. (E, F) Close to the melting temperatures, 5fC-G
base pair is kinetically more prone to base-pair opening. This phenomenon accounts for the ∼ 2 ◦C lower
melting temperature of Mod12 with respect to Can12.
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Supplementary Tables

Table S1: Measurement conditions for the 1H CEST experiments. The profiles obtained at 37, 45, and 53
◦C were not used for parameters fitting or the followup thermodynamic analysis.

Carrier frequency Profile resolution Condition

Range, spacing (ppm) Sampled points (–) Temperature (◦C)

Mod12

6.7 – 8.2 and 9.1 – 10.1, 0.02 127 37

6.7 – 8.2 and 9.1 – 10.1, 0.02 127 45

6.75 – 8.47 and 9.1 – 10.1, 0.02 137 53

6.8 – 8.8 and 9.1– 10.1, 0.02 152 55

6.8 – 8.8 and 9.1– 10.1, 0.02 152 56

6.8 – 8.8 and 9.1– 10.1, 0.02 152 57

6.8 – 8.8 and 9.1– 10.1, 0.02 152 58

6.8 – 8.8 and 9.1– 10.1, 0.02 152 59

6.8 – 8.8 and 9.1– 10.1, 0.02 152 60

Can12

6.9 – 8.4, 0.02 76 37

7.1 – 8.4, 0.02 66 45

6.8 – 8.4, 0.02 81 53

7.0 – 8.6, 0.02 81 57

7-0 – 8.4, 0.02 81 58

7.0 – 8.6, 0.02 81 59

7.0 – 8.6, 0.02 81 60

7.0 – 8.6, 0.02 81 61

7.0 – 8.6, 0.02 81 62
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Table S2: Comparison between random coil (calculated as per References 6, 7 using the program DSHIFT,
available at http://www.chem.cuhk.edu.hk/DSHIFT/ran input.asp) and experimentally determined ss-
DNA for both Mod12 and Can12 at 60 ◦C. Errors are given as one standard deviation. Data labelled
as “N/A” could not be determined either because of (i) lack of a suitable reference for the random coil
predictor, or (ii) the site could not be uniquely assigned in our CEST experiment.

Chemical shift

δ(Random coil prediction) (ppm) δ(Mod12 ssDNA) (ppm) δ(Can12 ssDNA) (ppm)

G1H8 N/A 7.722 ± 0.0004 N/A

C2H6 7.558 7.493 ± 0.0022 7.485 ± 0.0012

G3H8 7.773 N/A

A4H2 8.051 8.012 ± 0.0017 8.004 ± 0.00073

A4H8 8.285 8.228 ± 0.0012 8.237 ± 0.0016

T5H6 7.406 7.399 ± 0.0036 7.368 ± 0.0016

C6H6 7.557 8.478 ± 0.0019 7.542 ± 0.0014

C6H7 N/A 9.466 ± 0.0016 N/A

G7H8 7.798 N/A 7.675 ± 0.048

A8H2 8.051 8.022 ± 0.0011 8.005 ± 0.00071

A8H8 8.285 8.25 ± 0.0012 8.246 ± 0.00091

T9H6 7.406 7.412 ± 0.0025 7.416 ± 0.0019

C10H6 7.590 7.581 ± 0.0019 7.571 ± 0.0012

G11H8 7.961 N/A N/A

C12H6 N/A 7.699 ± 0.0016 7.679 ± 0.001
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Table S3: Results of the fit of 1H CEST measured at 800 MHz 1H Larmor frequency. The temperature of
each measurement is indicated on the leftmost column of the table. Chemical shifts relevant to dsDNA
and ssDNA are given together with the relaxation parameters R1 and R2 for each available reporter of
Mod12. Errors are given as one standard deviation.

Chemical shift Relaxation rates

δ(dsDNA) (ppm) δ(ssDNA) (ppm) R1 (s−1) R2 (s−1)

Mod12

55 ◦C

G1H8-H8 7.905 ± 0.34 7.688 ± 0.0015 0.882 ± 0.01 3.27 ± 0.04

C2H6-H5 7.354 ± 5.9 7.468 ± 0.024 1.94 ± 0.04 8.92 ± 0.1

A4H2-H2 7.773 ± 0.15 8.001 ± 0.00036 0.946 ± 0.02 2.8 ± 0.04

A4H8-H8 8.1 ± 2.2 8.186 ± 0.021 1.69 ± 0.04 6.67 ± 0.04

T5H6-H6 6.952 ± 0.31 7.362 ± 0.0015 2.18 ± 0.05 6.53 ± 0.05

C6H6-H6 8.313 ± 0.26 8.482 ± 0.0025 2.16 ± 0.05 9.18 ± 0.05

A8H2-H2 7.716 ± 0.18 8.011 ± 0.00038 0.91 ± 0.02 2.95 ± 0.04

A8H8-H8 8.016 ± 0.15 8.236 ± 0.00096 1.57 ± 0.03 6.01 ± 0.05

T9H6-H6 7.12 ± 0.25 7.406 ± 0.0013 1.96 ± 0.04 6.09 ± 0.06

C10H6-H5 7.399 ± 0.16 7.552 ± 0.0012 1.89 ± 0.04 5.87 ± 0.05

C12H6-H5 7.48 ± 0.17 7.641 ± 0.0012 1.49 ± 0.04 4.03 ± 0.06

Mod12

56 ◦C

G1H8 7.903 ± 0.27 7.685 ± 0.0009 0.857 ± 0.01 3.16 ± 0.04

C2H6 7.354 ± 0.85 7.465 ± 0.021 1.86 ± 0.04 8.62 ± 0.2

A4H2 7.774 ± 0.1 8.001 ± 0.00047 0.934 ± 0.02 2.85 ± 0.04

A4H8 8.104 ± 0.067 8.206 ± 0.0011 1.66 ± 0.03 6.3 ± 0.04

T5H6 6.952 ± 0.19 7.368 ± 0.0018 2.08 ± 0.04 6.31 ± 0.06

C6H6 8.313 ± 0.11 8.47 ± 0.0012 2.09 ± 0.04 9.69 ± 0.07

C6H7 9.365 ± 0.047 9.472 ± 0.00072 1.09 ± 0.02 7.11 ± 0.08

A8H2 7.717 ± 0.095 8.01 ± 0.0004 0.887 ± 0.01 2.66 ± 0.03

A8H8 8.015 ± 0.1 8.23 ± 0.00077 1.52 ± 0.03 6.05 ± 0.06

T9H6 7.12 ± 0.14 7.401 ± 0.0012 1.92 ± 0.05 5.87 ± 0.07

C10H6 7.4 ± 0.096 7.557 ± 0.0011 1.83 ± 0.04 5.92 ± 0.06

C12H6 7.481 ± 0.1 7.649 ± 0.0016 1.45 ± 0.03 3.93 ± 0.06

Mod12

57 ◦C

G1H8 7.901 ± 0.21 7.701 ± 0.00092 0.859 ± 0.01 3.36 ± 0.04

C2H6 7.355 ± 0.065 7.467 ± 0.0018 1.84 ± 0.04 8.68 ± 0.07

A4H2 7.776 ± 0.084 8. ± 0.00039 0.938 ± 0.02 3.03 ± 0.04

A4H8 8.103 ± 0.055 8.21 ± 0.00076 1.63 ± 0.03 6.36 ± 0.04

T5H6 6.954 ± 0.12 7.372 ± 0.0015 2. ± 0.04 6.16 ± 0.05

C6H6 8.311 ± 0.061 8.471 ± 0.00096 2.06 ± 0.04 9.71 ± 0.05

C6H7 9.367 ± 0.033 9.469 ± 0.00075 1.07 ± 0.02 7.63 ± 0.07

A8H2 7.718 ± 0.063 8.013 ± 0.00038 0.886 ± 0.01 2.78 ± 0.03

A8H8 8.014 ± 0.061 8.235 ± 0.00061 1.49 ± 0.03 6.07 ± 0.05

T9H6 7.12 ± 0.081 7.405 ± 0.0012 1.87 ± 0.04 5.89 ± 0.05

C10H6 7.398 ± 0.059 7.558 ± 0.0011 1.79 ± 0.04 5.82 ± 0.04

C12H6 7.484 ± 0.076 7.659 ± 0.00089 1.43 ± 0.04 3.84 ± 0.05

Mod12

58 ◦C

G1H8 7.9 ± 0.15 7.698 ± 0.00063 0.837 ± 0.01 3.08 ± 0.04

C2H6 7.357 ± 0.029 7.475 ± 0.00098 1.83 ± 0.03 8.27 ± 0.06

A4H2 7.778 ± 0.052 8.001 ± 0.00056 0.963 ± 0.02 3.09 ± 0.04

A4H8 8.101 ± 0.024 8.206 ± 0.00065 1.62 ± 0.03 6.33 ± 0.04

T5H6 6.96 ± 0.08 7.378 ± 0.0018 1.99 ± 0.04 5.91 ± 0.06

C6H6 8.312 ± 0.036 8.466 ± 0.00087 2.05 ± 0.05 9.26 ± 0.05

C6H7 9.368 ± 0.033 9.47 ± 0.00088 1.04 ± 0.02 7.73 ± 0.07

A8H2 7.721 ± 0.047 8.014 ± 0.00057 0.89 ± 0.01 2.75 ± 0.04

A8H8 8.014 ± 0.044 8.234 ± 0.00076 1.48 ± 0.03 5.83 ± 0.05

T9H6 7.123 ± 0.057 7.403 ± 0.0014 1.88 ± 0.04 5.77 ± 0.06

C10H6 7.401 ± 0.039 7.564 ± 0.00084 1.81 ± 0.04 5.64 ± 0.05

C12H6 7.487 ± 0.039 7.671 ± 0.00083 1.42 ± 0.03 3.72 ± 0.04

Mod12

59 ◦C

G1H8 7.897 ± 3.4 7.708 ± 0.0061 0.823 ± 0.01 3.19 ± 0.2

C2H6 7.359 ± 0.022 7.478 ± 0.0014 1.78 ± 0.03 7.94 ± 0.09

A4H2 7.781 ± 0.041 7.999 ± 0.00079 0.962 ± 0.02 3.06 ± 0.05

(Continues on the next page...)
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Table S3: Results of the fit of 1H CEST measured at 800 MHz 1H Larmor frequency. The temperature of
each measurement is indicated on the leftmost column of the table. Chemical shifts relevant to dsDNA
and ssDNA are given together with the relaxation parameters R1 and R2 for each available reporter of
Mod12. Errors are given as one standard deviation.

Chemical shift Relaxation rates

δ(dsDNA) (ppm) δ(ssDNA) (ppm) R1 (s−1) R2 (s−1)

A4H8 8.102 ± 0.023 8.214 ± 0.0011 1.57 ± 0.03 6.05 ± 0.05

T5H6 6.969 ± 0.061 7.381 ± 0.0029 1.85 ± 0.04 5.98 ± 0.1

C6H6 8.311 ± 0.03 8.471 ± 0.0015 1.93 ± 0.04 9.05 ± 0.07

C6H7 9.37 ± 0.026 9.466 ± 0.00089 1.02 ± 0.01 7.85 ± 0.06

A8H2 7.724 ± 0.039 8.012 ± 0.00074 0.874 ± 0.01 2.96 ± 0.04

A8H8 8.015 ± 0.034 8.235 ± 0.00092 1.43 ± 0.02 5.71 ± 0.05

T9H6 7.126 ± 0.045 7.404 ± 0.0019 1.79 ± 0.03 5.49 ± 0.08

C10H6 7.401 ± 0.024 7.561 ± 0.0011 1.72 ± 0.03 5.42 ± 0.05

C12H6 7.492 ± 0.033 7.675 ± 0.0011 1.38 ± 0.03 3.83 ± 0.06

Mod12

60 ◦C

G1H8 7.906 ± 0.093 7.722 ± 0.0004 0.829 ± 0.02 3.51 ± 0.06

C2H6 7.376 ± 0.019 7.493 ± 0.0022 1.62 ± 0.03 7.85 ± 0.1

A4H2 7.8 ± 0.041 8.012 ± 0.0017 1.03 ± 0.04 3.17 ± 0.06

A4H8 8.115 ± 0.015 8.228 ± 0.0012 1.49 ± 0.03 5.79 ± 0.07

T5H6 6.994 ± 0.042 7.399 ± 0.0036 1.7 ± 0.03 5.59 ± 0.1

C6H6 8.326 ± 0.021 8.478 ± 0.0019 1.84 ± 0.03 7.94 ± 0.1

C6H7 9.369 ± 0.037 9.466 ± 0.0016 1. ± 0.01 7.63 ± 0.1

A8H2 7.742 ± 0.029 8.022 ± 0.0011 0.87 ± 0.01 3.13 ± 0.05

A8H8 8.028 ± 0.027 8.25 ± 0.0012 1.3 ± 0.03 5.6 ± 0.07

T9H6 7.147 ± 0.031 7.412 ± 0.0025 1.67 ± 0.03 5.06 ± 0.1

C10H6 7.417 ± 0.022 7.581 ± 0.0019 1.57 ± 0.03 5.35 ± 0.1

C12H6 7.512 ± 0.022 7.699 ± 0.0016 1.28 ± 0.03 3.57 ± 0.08
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Table S4: Results of the fit of 1H CEST measured at 800 MHz 1H Larmor frequency. The temperature of
each measurement is indicated on the leftmost column of the table. Chemical shifts relevant to dsDNA
and ssDNA are given together with the relaxation parameters R1 and R2 for each available reporter of
Can12. Errors are given as one standard deviation.

Chemical shift Relaxation rates

δ(dsDNA) (ppm) δ(ssDNA) (ppm) R1 (s−1) R2 (s−1)

Can12

57 ◦C

C2H6 7.367 ± 0.095 7.466 ± 0.0011 1.74 ± 0.03 5.21 ± 0.05

A4H2 7.79 ± 0.12 7.994 ± 0.0004 0.787 ± 0.01 2.07 ± 0.03

A4H8 8.124 ± 0.39 8.221 ± 0.0051 1.46 ± 0.03 5.35 ± 0.09

T5H6 7.076 ± 0.2 7.359 ± 0.0012 1.77 ± 0.04 5.3 ± 0.09

C6H6 7.344 ± 0.16 7.538 ± 0.0012 1.82 ± 0.04 6.15 ± 0.09

G7H8 7.828 ± 0.17 7.645 ± 0.0011 1.58 ± 0.03 8.07 ± 0.08

A8H2 7.747 ± 0.14 8.005 ± 0.00032 0.785 ± 0.01 2.09 ± 0.03

A8H8 8.084 ± 0.097 8.237 ± 0.00065 1.5 ± 0.03 4.67 ± 0.06

T9H6 7.094 ± 0.26 7.42 ± 0.0013 1.79 ± 0.03 5.59 ± 0.08

C10H6 7.401 ± 0.11 7.563 ± 0.00083 1.75 ± 0.04 4.99 ± 0.07

C12H6 7.477 ± 0.095 7.643 ± 0.00078 1.41 ± 0.02 3.71 ± 0.05

Can12

58 ◦C

C2H6 7.368 ± 0.06 7.475 ± 0.0014 1.73 ± 0.03 5.22 ± 0.06

A4H2 7.792 ± 0.089 7.997 ± 0.00045 0.787 ± 0.01 2.17 ± 0.03

A4H8 8.122 ± 0.052 8.218 ± 0.00084 1.47 ± 0.03 4.6 ± 0.05

T5H6 7.076 ± 0.14 7.36 ± 0.001 1.76 ± 0.04 5.33 ± 0.09

C6H6 7.343 ± 0.093 7.542 ± 0.0012 1.81 ± 0.04 6.25 ± 0.09

G7H8 7.826 ± 0.066 7.658 ± 0.001 1.56 ± 0.03 8.45 ± 0.09

A8H2 7.749 ± 0.17 7.998 ± 0.00063 0.783 ± 0.01 2.35 ± 0.04

A8H8 8.083 ± 0.052 8.238 ± 0.00049 1.5 ± 0.03 4.6 ± 0.06

T9H6 7.094 ± 0.17 7.419 ± 0.0013 1.79 ± 0.03 5.37 ± 0.08

C10H6 7.401 ± 0.072 7.559 ± 0.00096 1.74 ± 0.04 5.05 ± 0.07

C12H6 7.48 ± 0.083 7.659 ± 0.00095 1.4 ± 0.02 4.16 ± 0.05

Can12

59 ◦C

C2H6 7.368 ± 0.041 7.482 ± 0.00047 1.66 ± 0.04 4.87 ± 0.05

A4H2 7.793 ± 0.049 8.001 ± 0.00028 0.774 ± 0.01 1.89 ± 0.03

A4H8 8.12 ± 0.027 8.223 ± 0.00037 1.41 ± 0.03 4.45 ± 0.04

T5H6 7.077 ± 0.068 7.363 ± 0.0007 1.68 ± 0.04 5.28 ± 0.08

C6H6 7.344 ± 0.037 7.541 ± 0.0005 1.75 ± 0.03 5.98 ± 0.07

G7H8 7.823 ± 0.03 7.664 ± 0.00052 1.5 ± 0.03 7.75 ± 0.09

A8H2 7.75 ± 0.066 8.005 ± 0.00031 0.757 ± 0.01 1.98 ± 0.03

A8H8 8.081 ± 0.037 8.244 ± 0.00029 1.45 ± 0.03 4.44 ± 0.04

T9H6 7.097 ± 0.075 7.424 ± 0.00097 1.73 ± 0.04 4.94 ± 0.08

C10H6 7.401 ± 0.037 7.566 ± 0.00037 1.7 ± 0.04 4.91 ± 0.06

C12H6 7.481 ± 0.045 7.668 ± 0.00046 1.34 ± 0.02 3.34 ± 0.04

Can12

60 ◦C

C2H6 7.371 ± 0.027 7.485 ± 0.0012 1.68 ± 0.04 4.34 ± 0.08

A4H2 7.794 ± 0.04 8.004 ± 0.00073 0.773 ± 0.01 1.29 ± 0.06

A4H8 8.12 ± 0.024 8.237 ± 0.0016 1.41 ± 0.03 4.61 ± 0.06

T5H6 7.08 ± 0.065 7.368 ± 0.0016 1.68 ± 0.04 5.1 ± 0.1

C6H6 7.348 ± 0.034 7.542 ± 0.0014 1.72 ± 0.03 5.86 ± 0.1

G7H8 7.822 ± 0.48 7.675 ± 0.048 1.48 ± 0.03 8.01 ± 0.3

A8H2 7.751 ± 0.058 8.005 ± 0.00071 0.757 ± 0.01 1.8 ± 0.04

A8H8 8.081 ± 0.028 8.246 ± 0.00091 1.44 ± 0.03 4.77 ± 0.06

T9H6 7.098 ± 0.069 7.416 ± 0.0019 1.72 ± 0.04 5.04 ± 0.1

C10H6 7.403 ± 0.038 7.571 ± 0.0012 1.69 ± 0.04 4.77 ± 0.09

C12H6 7.486 ± 0.04 7.679 ± 0.001 1.34 ± 0.02 3.13 ± 0.08

Can12

61 ◦C

C2H6 7.372 ± 0.026 7.492 ± 0.0014 1.52 ± 0.03 4.34 ± 0.2

A4H2 7.798 ± 0.044 7.998 ± 0.00094 0.765 ± 0.01 2.16 ± 0.06

A4H8 8.122 ± 0.014 8.228 ± 0.00078 1.32 ± 0.02 3.99 ± 0.08

T5H6 7.085 ± 0.053 7.37 ± 0.0022 1.5 ± 0.03 4.88 ± 0.2

C6H6 7.35 ± 0.035 7.542 ± 0.0018 1.58 ± 0.03 5.52 ± 0.2

G7H8 7.817 ± 0.016 7.689 ± 0.00098 1.39 ± 0.02 7.03 ± 0.2

(Continues on the next page...)
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Table S4: Results of the fit of 1H CEST measured at 800 MHz 1H Larmor frequency. The temperature of
each measurement is indicated on the leftmost column of the table. Chemical shifts relevant to dsDNA
and ssDNA are given together with the relaxation parameters R1 and R2 for each available reporter of
Can12. Errors are given as one standard deviation.

Chemical shift Relaxation rates

δ(dsDNA) (ppm) δ(ssDNA) (ppm) R1 (s−1) R2 (s−1)

A8H2 7.754 ± 0.064 8.006 ± 0.0012 0.729 ± 0.02 1.88 ± 0.07

A8H8 8.083 ± 0.024 8.246 ± 0.00087 1.35 ± 0.03 4.28 ± 0.1

T9H6 7.102 ± 0.054 7.416 ± 0.002 1.54 ± 0.03 5.49 ± 0.2

C10H6 7.404 ± 0.028 7.57 ± 0.0012 1.53 ± 0.03 5.22 ± 0.1

C12H6 7.492 ± 0.028 7.683 ± 0.0013 1.25 ± 0.02 2.87 ± 0.1

Can12

62 ◦C

C2H6 7.379 ± 0.023 7.502 ± 0.0025 1.47 ± 0.03 4.55 ± 0.2

A4H2 7.8 ± 0.036 8.004 ± 0.0014 0.762 ± 0.01 2.34 ± 0.1

A4H8 8.124 ± 0.011 8.231 ± 0.0012 1.31 ± 0.02 3.85 ± 0.1

T5H6 7.094 ± 0.059 7.374 ± 0.0042 1.51 ± 0.03 4.11 ± 0.2

C6H6 7.356 ± 0.028 7.548 ± 0.0026 1.5 ± 0.04 5.46 ± 0.2

G7H8 7.815 ± 0.022 7.691 ± 0.0021 1.36 ± 0.02 7.26 ± 0.2

A8H2 7.76 ± 0.047 8.007 ± 0.0017 0.722 ± 0.02 2.24 ± 0.1

A8H8 8.087 ± 0.018 8.248 ± 0.0015 1.3 ± 0.03 4.42 ± 0.1

T9H6 7.115 ± 0.068 7.418 ± 0.0062 1.51 ± 0.05 5.11 ± 0.3

C10H6 7.412 ± 0.025 7.575 ± 0.0025 1.51 ± 0.03 4.91 ± 0.2

C12H6 7.5 ± 0.031 7.693 ± 0.0026 1.22 ± 0.02 3.25 ± 0.2
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Table S5: Results of the thermodynamic and kinetic analysis based on of 1H CEST fitted data measured
at 800 MHz 1H Larmor frequency. The relevant temperature for each of the parameters’ sets is indicated
on the leftmost column of the table. The population of dsDNA, the kinetic rates and the dissociation
equilibrium constants are given for each available reporter of Mod12. Errors are given as one standard
deviation.

dsDNA

population
Kinetic rates

Eq.

constants

pD (–) kex (s−1) kd (s−1) ka (103 M−1s−1) k1 (s−1) Keq (10−6 M−1)

Mod12

56 ◦C

G1H8 0.9874 ± 0.00018 18.99 ± 0.61 0.2392 ± 0.0089 472.5 ± 15. 18.75 ± 0.6 0.5063 ± 0.015

C2H6 0.9512 ± 0.016 23.9 ± 3.2 1.168 ± 0.41 182. ± 170. 22.73 ± 3.1 8.796 ± 5.4

A4H2 0.9629 ± 0.00061 24.09 ± 0.32 0.8945 ± 0.019 198.3 ± 4.4 23.19 ± 0.31 4.513 ± 0.15

A4H8 0.956 ± 0.0012 21.15 ± 1.6 0.9317 ± 0.081 145.8 ± 11. 20.22 ± 1.5 6.393 ± 0.37

T5H6 0.9365 ± 0.0019 32.59 ± 1.3 2.071 ± 0.11 152.6 ± 7.5 30.52 ± 1.2 13.59 ± 0.83

C6H6 0.9477 ± 0.0018 23.32 ± 1.7 1.219 ± 0.1 134.4 ± 10. 22.1 ± 1.6 9.088 ± 0.64

C6H7 0.9382 ± 0.0017 1.915 ± 0.14 0.1184 ± 0.0093 9.233 ± 0.76 1.796 ± 0.14 12.85 ± 0.71

A8H2 0.9654 ± 0.00039 24.44 ± 0.28 0.8458 ± 0.014 216.5 ± 3.5 23.6 ± 0.27 3.908 ± 0.09

A8H8 0.9547 ± 0.001 22.76 ± 0.76 1.03 ± 0.043 152.5 ± 6. 21.73 ± 0.72 6.765 ± 0.3

T9H6 0.9436 ± 0.0017 26.05 ± 1.3 1.469 ± 0.086 138.5 ± 8. 24.58 ± 1.2 10.62 ± 0.64

C10H6 0.9465 ± 0.0016 24.48 ± 1.4 1.31 ± 0.083 137.7 ± 9.1 23.17 ± 1.3 9.532 ± 0.59

C12H6 0.9518 ± 0.0013 27.83 ± 1.6 1.343 ± 0.085 174.4 ± 11. 26.48 ± 1.5 7.711 ± 0.42

Mod12

57 ◦C

G1H8 0.9851 ± 0.00021 22.26 ± 0.43 0.3308 ± 0.008 468.4 ± 11. 21.93 ± 0.43 0.7066 ± 0.02

C2H6 0.9247 ± 0.0036 26.12 ± 2.5 1.968 ± 0.22 102. ± 11. 24.15 ± 2.3 19.36 ± 1.9

A4H2 0.9506 ± 0.001 25.57 ± 0.38 1.263 ± 0.034 156.3 ± 3.8 24.3 ± 0.36 8.086 ± 0.34

A4H8 0.9297 ± 0.003 28.69 ± 1.2 2.015 ± 0.11 120.8 ± 8.4 26.67 ± 1.2 16.77 ± 1.5

T5H6 0.9136 ± 0.0025 36.38 ± 1.2 3.144 ± 0.15 122.2 ± 5.1 33.24 ± 1.1 25.78 ± 1.6

C6H6 0.9232 ± 0.0024 28.44 ± 1.5 2.185 ± 0.13 108.6 ± 6.8 26.25 ± 1.4 20.17 ± 1.3

C6H7 0.9146 ± 0.0023 2.583 ± 0.23 0.2206 ± 0.02 8.792 ± 0.84 2.363 ± 0.21 25.14 ± 1.4

A8H2 0.9489 ± 0.00058 26.99 ± 0.33 1.378 ± 0.022 159.3 ± 2.9 25.61 ± 0.32 8.654 ± 0.2

A8H8 0.9311 ± 0.0015 24.97 ± 0.72 1.721 ± 0.065 107.2 ± 3.8 23.25 ± 0.67 16.08 ± 0.74

T9H6 0.9173 ± 0.0023 32.91 ± 1.3 2.723 ± 0.14 115.9 ± 5.3 30.19 ± 1.2 23.53 ± 1.4

C10H6 0.9259 ± 0.0023 31.28 ± 1.7 2.32 ± 0.15 124.1 ± 7.5 28.96 ± 1.6 18.72 ± 1.2

C12H6 0.9334 ± 0.0021 30.11 ± 0.8 2.006 ± 0.074 134.1 ± 6.3 28.11 ± 0.76 15. ± 0.97

Mod12

58 ◦C

G1H8 0.978 ± 0.00037 17.86 ± 0.39 0.3922 ± 0.01 252.6 ± 7.6 17.47 ± 0.39 1.554 ± 0.053

C2H6 0.8822 ± 0.0039 21.79 ± 1.3 2.566 ± 0.17 51.89 ± 3.8 19.23 ± 1.2 49.59 ± 3.5

A4H2 0.9242 ± 0.0016 28.52 ± 0.31 2.163 ± 0.052 110.4 ± 2.8 26.36 ± 0.29 19.61 ± 0.86

A4H8 0.8956 ± 0.0027 24.04 ± 0.91 2.509 ± 0.12 65.55 ± 3. 21.53 ± 0.81 38.34 ± 2.1

T5H6 0.8791 ± 0.0029 37.08 ± 1.2 4.485 ± 0.17 85.62 ± 3.7 32.6 ± 1. 52.46 ± 2.7

C6H6 0.8868 ± 0.0033 29.79 ± 1.7 3.374 ± 0.21 74.14 ± 4.9 26.42 ± 1.5 45.6 ± 2.8

C6H7 0.9044 ± 0.0032 4.944 ± 0.48 0.4728 ± 0.048 14.86 ± 1.5 4.471 ± 0.43 31.89 ± 2.2

A8H2 0.9254 ± 0.001 29. ± 0.34 2.163 ± 0.038 114.2 ± 2.1 26.83 ± 0.31 18.94 ± 0.53

A8H8 0.9041 ± 0.0018 27.16 ± 0.68 2.605 ± 0.084 81.31 ± 2.5 24.56 ± 0.61 32.06 ± 1.2

T9H6 0.8832 ± 0.003 30.75 ± 1.1 3.592 ± 0.14 73.84 ± 3.6 27.15 ± 0.96 48.74 ± 2.7

C10H6 0.8875 ± 0.0033 31.13 ± 1.1 3.503 ± 0.15 78.01 ± 3.8 27.63 ± 0.96 45. ± 2.8

C12H6 0.9059 ± 0.002 33.73 ± 0.79 3.174 ± 0.1 103.1 ± 3.5 30.55 ± 0.72 30.82 ± 1.4

Mod12

59 ◦C

G1H8 0.9679 ± 0.019 11.14 ± 4.1 0.3622 ± 0.24 146.4 ± 250. 10.78 ± 4. 4.623 ± 4.3

C2H6 0.836 ± 0.0059 31.1 ± 1.8 5.1 ± 0.34 50.42 ± 3.6 26. ± 1.5 101.5 ± 8.1

A4H2 0.8972 ± 0.0019 31.17 ± 0.45 3.205 ± 0.073 86.4 ± 2.1 27.97 ± 0.41 37.12 ± 1.4

A4H8 0.8518 ± 0.0046 34.31 ± 1.6 5.083 ± 0.26 62.71 ± 4. 29.23 ± 1.4 81.29 ± 5.5

T5H6 0.8337 ± 0.0043 39.97 ± 1.4 6.646 ± 0.31 63.68 ± 2.9 33.32 ± 1.2 104.5 ± 6.

C6H6 0.8506 ± 0.0047 35.7 ± 1.8 5.336 ± 0.34 64.56 ± 3.8 30.36 ± 1.6 82.82 ± 5.7

C6H7 0.8869 ± 0.004 7.626 ± 0.61 0.8628 ± 0.075 19.01 ± 1.7 6.764 ± 0.54 45.53 ± 3.4

A8H2 0.9002 ± 0.0015 31.16 ± 0.45 3.108 ± 0.063 89.29 ± 2. 28.05 ± 0.41 34.83 ± 1.1

A8H8 0.881 ± 0.0021 30.08 ± 0.75 3.581 ± 0.12 70.7 ± 2. 26.5 ± 0.65 50.68 ± 1.9

T9H6 0.8533 ± 0.0032 38.78 ± 1.2 5.689 ± 0.2 71.64 ± 3. 33.09 ± 1. 79.51 ± 3.8

C10H6 0.8491 ± 0.0037 34.7 ± 1.1 5.237 ± 0.2 62.01 ± 2.7 29.46 ± 0.92 84.6 ± 4.5

(Continues on the next page...)
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Table S5: Results of the thermodynamic and kinetic analysis based on of 1H CEST fitted data measured
at 800 MHz 1H Larmor frequency. The relevant temperature for each of the parameters’ sets is indicated
on the leftmost column of the table. The population of dsDNA, the kinetic rates and the dissociation
equilibrium constants are given for each available reporter of Mod12. Errors are given as one standard
deviation.

dsDNA

population
Kinetic rates

Eq.

constants

pD (–) kex (s−1) kd (s−1) ka (103 M−1s−1) k1 (s−1) Keq (10−6 M−1)

C12H6 0.8604 ± 0.0035 36.07 ± 0.98 5.034 ± 0.19 70.65 ± 2.8 31.04 ± 0.85 71.35 ± 3.9

Mod12

60 ◦C

G1H8 0.9669 ± 0.00058 15.62 ± 0.49 0.5165 ± 0.018 145.1 ± 5.4 15.1 ± 0.48 3.563 ± 0.13

C2H6 0.7762 ± 0.0095 29.34 ± 2.1 6.568 ± 0.56 32.37 ± 2.9 22.77 ± 1.7 203.9 ± 20.

A4H2 0.8335 ± 0.0054 36.55 ± 0.69 6.086 ± 0.25 58.15 ± 2.3 30.46 ± 0.57 104.9 ± 7.4

A4H8 0.806 ± 0.0045 34.85 ± 1.1 6.76 ± 0.26 45.99 ± 1.9 28.09 ± 0.87 147.2 ± 7.6

T5H6 0.7807 ± 0.0054 42.45 ± 1.4 9.308 ± 0.37 48.01 ± 2.2 33.14 ± 1.1 194.3 ± 11.

C6H6 0.7985 ± 0.0061 39.67 ± 2.2 7.996 ± 0.56 49.94 ± 3.1 31.67 ± 1.8 160.4 ± 11.

C6H7 0.8681 ± 0.0072 15.46 ± 1.7 2.039 ± 0.24 32.43 ± 4.2 13.42 ± 1.5 63.39 ± 7.4

A8H2 0.8528 ± 0.0022 34.41 ± 0.61 5.066 ± 0.12 63.27 ± 1.5 29.34 ± 0.52 80.12 ± 2.6

A8H8 0.8338 ± 0.004 35.7 ± 0.95 5.934 ± 0.21 56.87 ± 2.3 29.76 ± 0.81 104.5 ± 5.5

T9H6 0.7961 ± 0.0056 41.2 ± 1.4 8.4 ± 0.39 51.12 ± 2.2 32.8 ± 1.1 164.6 ± 10.

C10H6 0.8065 ± 0.0056 37.52 ± 1.3 7.258 ± 0.3 49.72 ± 2.6 30.26 ± 1.1 146.4 ± 9.5

C12H6 0.8065 ± 0.0049 40.25 ± 1. 7.786 ± 0.26 53.31 ± 2.3 32.46 ± 0.88 146.3 ± 8.3
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Table S6: Results of the thermodynamic and kinetic analysis based on of 1H CEST fitted data measured
at 800 MHz 1H Larmor frequency. The relevant temperature for each of the parameters’ sets is indicated
on the leftmost column of the table. The population of dsDNA, the kinetic rates and the dissociation
equilibrium constants are given for each available reporter of Can12. Errors are given as one standard
deviation.

dsDNA

population
Kinetic rates

Eq.

constants

pD (–) kex (s−1) kd (s−1) ka (103 M−1s−1) k1 (s−1) Keq (10−6 M−1)

Can12

58 ◦C

C2H6 0.94 ± 0.0019 21.9 ± 2.3 1.315 ± 0.15 171.7 ± 18. 20.59 ± 2.2 7.665 ± 0.49

A4H2 0.9641 ± 0.00056 18.68 ± 0.42 0.67 ± 0.019 251.1 ± 6.9 18.01 ± 0.41 2.669 ± 0.085

A4H8 0.9491 ± 0.0014 13.2 ± 1.5 0.6716 ± 0.076 123.2 ± 14. 12.53 ± 1.4 5.462 ± 0.3

T5H6 0.9459 ± 0.0015 18.08 ± 1.3 0.9795 ± 0.079 158. ± 11. 17.1 ± 1.2 6.203 ± 0.36

C6H6 0.9383 ± 0.0018 21.21 ± 1.1 1.31 ± 0.08 161.3 ± 9.5 19.9 ± 1. 8.13 ± 0.48

G7H8 0.9387 ± 0.0014 13.47 ± 0.97 0.8254 ± 0.064 103.2 ± 7.6 12.64 ± 0.91 8.007 ± 0.38

A8H2 0.9635 ± 0.00089 13.23 ± 0.68 0.4834 ± 0.028 174.6 ± 9.9 12.75 ± 0.65 2.771 ± 0.14

A8H8 0.9465 ± 0.001 14.6 ± 0.66 0.7808 ± 0.039 129.2 ± 6.2 13.82 ± 0.62 6.045 ± 0.23

T9H6 0.9475 ± 0.0015 16.11 ± 1.1 0.8462 ± 0.061 145.4 ± 10. 15.26 ± 1. 5.829 ± 0.34

C10H6 0.9408 ± 0.0015 18.62 ± 1.1 1.102 ± 0.071 148. ± 9.8 17.51 ± 1. 7.462 ± 0.38

C12H6 0.9527 ± 0.00095 16.12 ± 0.99 0.7618 ± 0.05 162.5 ± 10. 15.36 ± 0.94 4.69 ± 0.19

Can12

59 ◦C

C2H6 0.9221 ± 0.0022 25.33 ± 1.1 1.973 ± 0.1 150.1 ± 8.1 23.36 ± 1.1 13.17 ± 0.76

A4H2 0.9454 ± 0.00077 18.77 ± 0.23 1.025 ± 0.02 162.4 ± 2.9 17.74 ± 0.21 6.311 ± 0.18

A4H8 0.9268 ± 0.0016 20.41 ± 1.2 1.495 ± 0.1 129.2 ± 8. 18.92 ± 1.1 11.58 ± 0.52

T5H6 0.9245 ± 0.0016 18.42 ± 0.59 1.391 ± 0.048 112.8 ± 4.9 17.03 ± 0.55 12.35 ± 0.55

C6H6 0.9156 ± 0.0015 19.68 ± 0.85 1.661 ± 0.081 106.8 ± 4.8 18.02 ± 0.77 15.56 ± 0.58

G7H8 0.9191 ± 0.0013 12.59 ± 0.62 1.018 ± 0.053 71.53 ± 3.8 11.57 ± 0.57 14.24 ± 0.49

A8H2 0.9499 ± 0.00068 21.28 ± 0.21 1.065 ± 0.017 201.9 ± 3.7 20.21 ± 0.2 5.28 ± 0.15

A8H8 0.9279 ± 0.0014 20.61 ± 0.55 1.486 ± 0.05 132.7 ± 4.3 19.12 ± 0.51 11.21 ± 0.45

T9H6 0.9102 ± 0.0022 20.32 ± 0.73 1.825 ± 0.085 103.1 ± 4.3 18.5 ± 0.66 17.73 ± 0.92

C10H6 0.9216 ± 0.0016 19.71 ± 0.64 1.546 ± 0.062 115.8 ± 4.3 18.17 ± 0.59 13.36 ± 0.57

C12H6 0.9345 ± 0.0011 22.39 ± 0.52 1.465 ± 0.038 159.9 ± 5.2 20.93 ± 0.49 9.171 ± 0.33

Can12

60 ◦C

C2H6 0.8752 ± 0.004 23.84 ± 1.1 2.975 ± 0.15 83.71 ± 5.3 20.87 ± 0.98 35.65 ± 2.4

A4H2 0.9219 ± 0.0013 25.34 ± 0.54 1.979 ± 0.052 149.6 ± 4.2 23.36 ± 0.5 13.24 ± 0.46

A4H8 0.8716 ± 0.0039 34.35 ± 1.9 4.41 ± 0.28 116.7 ± 7.6 29.93 ± 1.7 37.88 ± 2.4

T5H6 0.887 ± 0.0033 21.17 ± 1.1 2.393 ± 0.15 83.12 ± 5. 18.78 ± 0.99 28.84 ± 1.8

C6H6 0.8765 ± 0.0028 22.9 ± 1.3 2.828 ± 0.17 81.29 ± 5.1 20.07 ± 1.1 34.83 ± 1.7

G7H8 0.8986 ± 0.017 13.52 ± 1.6 1.369 ± 0.27 62.18 ± 16. 12.15 ± 1.4 23.67 ± 7.8

A8H2 0.9274 ± 0.0014 21.06 ± 0.53 1.528 ± 0.047 134.6 ± 4.4 19.53 ± 0.49 11.36 ± 0.44

A8H8 0.8727 ± 0.0026 26.73 ± 0.93 3.404 ± 0.14 91.67 ± 3.7 23.33 ± 0.81 37.16 ± 1.6

T9H6 0.878 ± 0.0035 30.19 ± 1.6 3.683 ± 0.21 108.7 ± 7.2 26.51 ± 1.4 33.96 ± 2.1

C10H6 0.8795 ± 0.0035 22.9 ± 1. 2.759 ± 0.14 83.68 ± 4.8 20.14 ± 0.9 33.04 ± 2.1

C12H6 0.8973 ± 0.0023 23.88 ± 0.81 2.453 ± 0.099 104.4 ± 4.4 21.43 ± 0.73 23.53 ± 1.1

Can12

61 ◦C

C2H6 0.8508 ± 0.0059 25.18 ± 1.5 3.759 ± 0.27 71.9 ± 5.3 21.42 ± 1.3 52.47 ± 4.5

A4H2 0.8962 ± 0.0028 19.84 ± 0.7 2.061 ± 0.091 85.69 ± 4. 17.78 ± 0.63 24.09 ± 1.4

A4H8 0.8454 ± 0.003 23.74 ± 0.88 3.672 ± 0.15 64.92 ± 2.9 20.07 ± 0.75 56.61 ± 2.4

T5H6 0.8566 ± 0.004 22.82 ± 1.2 3.272 ± 0.18 68.22 ± 4.4 19.55 ± 1. 48.08 ± 2.9

C6H6 0.8455 ± 0.0045 21.09 ± 1.4 3.259 ± 0.25 57.75 ± 4.2 17.83 ± 1.2 56.54 ± 3.6

G7H8 0.8404 ± 0.0036 19.74 ± 0.96 3.152 ± 0.18 51.99 ± 2.7 16.59 ± 0.8 60.68 ± 3.

A8H2 0.8975 ± 0.003 21.87 ± 0.64 2.24 ± 0.09 95.87 ± 4.3 19.63 ± 0.58 23.41 ± 1.4

A8H8 0.8543 ± 0.0031 22.75 ± 0.76 3.314 ± 0.15 66.73 ± 2.5 19.43 ± 0.64 49.71 ± 2.3

T9H6 0.8632 ± 0.0029 21.78 ± 1.2 2.978 ± 0.17 68.79 ± 4.5 18.8 ± 1.1 43.36 ± 2.

C10H6 0.8547 ± 0.0038 20.73 ± 1.2 3.01 ± 0.18 61.03 ± 4. 17.72 ± 1. 49.42 ± 2.8

C12H6 0.858 ± 0.003 24.7 ± 0.88 3.507 ± 0.15 74.69 ± 3.2 21.2 ± 0.76 47.01 ± 2.1

Can12

62 ◦C

C2H6 0.78 ± 0.01 33.01 ± 3. 7.26 ± 0.72 58.71 ± 6.5 25.75 ± 2.4 124.5 ± 13.

A4H2 0.8674 ± 0.0036 25.87 ± 0.99 3.429 ± 0.16 84.68 ± 4.2 22.44 ± 0.86 40.57 ± 2.3

A4H8 0.7753 ± 0.0051 28.58 ± 1.1 6.424 ± 0.32 49.34 ± 2.1 22.16 ± 0.84 130.4 ± 6.8

(Continues on the next page...)
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Table S6: Results of the thermodynamic and kinetic analysis based on of 1H CEST fitted data measured
at 800 MHz 1H Larmor frequency. The relevant temperature for each of the parameters’ sets is indicated
on the leftmost column of the table. The population of dsDNA, the kinetic rates and the dissociation
equilibrium constants are given for each available reporter of Can12. Errors are given as one standard
deviation.

dsDNA

population
Kinetic rates

Eq.

constants

pD (–) kex (s−1) kd (s−1) ka (103 M−1s−1) k1 (s−1) Keq (10−6 M−1)

T5H6 0.8027 ± 0.0079 31.09 ± 1.7 6.135 ± 0.41 63.36 ± 4.8 24.96 ± 1.4 97.27 ± 8.6

C6H6 0.7715 ± 0.0085 32.43 ± 1.8 7.411 ± 0.48 54.86 ± 4.1 25.02 ± 1.4 135.7 ± 12.

G7H8 0.7958 ± 0.0082 28.2 ± 2.5 5.763 ± 0.59 55.02 ± 5.1 22.44 ± 1.9 105. ± 9.6

A8H2 0.864 ± 0.0034 22.83 ± 0.93 3.106 ± 0.15 72.56 ± 3.6 19.73 ± 0.8 42.87 ± 2.3

A8H8 0.7951 ± 0.0056 27.84 ± 1.2 5.706 ± 0.28 54.06 ± 3. 22.14 ± 0.96 105.8 ± 6.5

T9H6 0.7909 ± 0.011 29.63 ± 1.6 6.2 ± 0.51 56.2 ± 4.5 23.43 ± 1.3 111.1 ± 14.

C10H6 0.7785 ± 0.0086 28.69 ± 1.4 6.354 ± 0.37 50.52 ± 3.8 22.34 ± 1.2 126.4 ± 11.

C12H6 0.7962 ± 0.0073 25.75 ± 1.5 5.247 ± 0.33 50.39 ± 3.9 20.5 ± 1.2 104.6 ± 8.4
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3
M E C H A N I S T I C B A S I S O F
5 C A C - I N D U C E D D E - / S TA B I L I Z AT I O N

3.1 foreword and main publication

5caC and 5fC, the twomost oxidized derivatives of 5mC, share a number of simi-
larities. They are both genomically stable, semipermanent although exceedingly
sparse epigenetically nucleobases. Within the active demethylation pathway,
they both are substrates for TDG enzymes, acting as necessary intermediates in
erasing methylated portions of DNA. In contrast, a key difference is represented
by the intrinsic chemical nature of the formyl versus the carboxyl functionalities.
While the former acts as an electron-withdrawing group under any physiolog-
ical condition, the latter’s impact ultimately depends on the acidity, basicity or
neutrality of the pH of the solvent. The chameleonic behaviour of 5caC has been
a recurring item of research interest in enzymology, structural biology and bio-
physical chemistry studies in the past decade.

The work presented below, which can be considered as an expansion of the
investigation displayed in Chapter 2, aims at the characterization of 5caC in-
corporation into canonical DNA strands at multiple pH and temperature con-
ditions. By adopting identical experimental conditions as previously performed
for 5fC, structural, kinetic and thermodynamic data could be accurately com-
pared, allowing for a comprehensive picture of the similarities and differences
between the two. In addition to the slower millisecond time scale previously
discussed, we hereby performed a complementary analysis of the microsecond
domain. The insights yielded by said analysis have been instrumental in the un-
derstanding of the de-/stabilization mechanisms operated by 5fC and 5caC.

In summary, the significance of this study lies in the successful dissection
of the impact of protonated carboxylcytosine against its deprotonated counter-
part. The ability to numerically compare previously obtained results for 5fC and
canonical cytosine dsDNA oligomers, together with an exploratory examination
of the µs time scale, yielded valuable insights into how the two epigenetic marks
operate and influence dsDNA.
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This work is integrative in nature, coupling synthetic organic chemistry and
physical chemistry concepts. It was designed and carried out in collaboration
with the Carell group within the SFB1309 framework. A copy of the open-
access publication (available through the Creative Commons CC BY license) is
re-printed below and accessible following this link.
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1H NMR Chemical Exchange Techniques Reveal Local and Global
Effects of Oxidized Cytosine Derivatives
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ABSTRACT: 5-Carboxycytosine (5caC) is a rare epigenetic
modification found in nucleic acids of all domains of life. Despite
its sparse genomic abundance, 5caC is presumed to play essential
regulatory roles in transcription, maintenance and base-excision
processes in DNA. In this work, we utilize nuclear magnetic
resonance (NMR) spectroscopy to address the effects of 5caC
incorporation into canonical DNA strands at multiple pH and
temperature conditions. Our results demonstrate that 5caC has a pH-
dependent global destabilizing and a base-pair mobility enhancing
local impact on dsDNA, albeit without any detectable influence on
the ground-state B-DNA structure. Measurement of hybridization thermodynamics and kinetics of 5caC-bearing DNA duplexes
highlighted how acidic environment (pH 5.8 and 4.7) destabilizes the double-stranded structure by ∼10−20 kJ mol−1 at 37 °C when
compared to the same sample at neutral pH. Protonation of 5caC results in a lower activation energy for the dissociation process and
a higher barrier for annealing. Studies on conformational exchange on the microsecond time scale regime revealed a sharply localized
base-pair motion involving exclusively the modified site and its immediate surroundings. By direct comparison with canonical and 5-
formylcytosine (5fC)-edited strands, we were able to address the impact of the two most oxidized naturally occurring cytosine
derivatives in the genome. These insights on 5caC’s subtle sensitivity to acidic pH contribute to the long-standing questions of its
capacity as a substrate in base excision repair processes and its purpose as an independent, stable epigenetic mark.
KEYWORDS: DNA, Epigenetic modifications, 5-formylcytosine, 5-carboxycytosine, NMR, Dynamics

■ INTRODUCTION

Apart from the four canonical bases, DNA may also contain
modified versions of cytosine, thymine, or adenosine nucleo-
sides.1,2 Such naturally occurring DNA modifications are
broadly named epigenetically modified bases, and they
constitute an additional regulatory layer by extending genomic
complexity and have been shown to play several crucial roles.3

The discovery of ten-eleven translocation (TET)-induced
oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcy-
tosine (5hmC) has been a key catalyst for the exploration and
subsequent characterization of both 5-formylcytosine (5fC)
and 5-carboxycytosine (5caC).4

5fC and 5caC retain a yet undefined number of functional
roles, besides being intermediates within the active demethy-
lation pathway,5,6 as they represent genomically stable,
semipermanent modifications with clearly defined tissue
distributional patterns.7−9 Both have been reported as
abnormally abundant in prostate, breast and plasma cells
cancer.10−13 Their biological significance is not limited to the
initial appearance and progression of diseases, since 5fC and
5caC are transiently accumulated during lineage specification
of neural stem cells (NSCs) in culture and in vivo,14 reduce the
rate and substrate specificity of RNA polymerase II tran-

scription,15 or can be selectively recognized by specialized
proteins.16

Despite extensive research efforts in recent years, it is yet
unclear how reader proteins recognize 5fC and 5caC with high
specificity and selectivity regardless of their sparse genomic
abundance and their chemical similarity to canonical,
methylated or hydroxymethylated cytosines. 5fC has been
more extensively studied compared to its carboxylated
counterpart. Recent research endeavors clarified initial contra-
dictory reports about its impact on structure and stability,
leaning toward the notion that 5fC does not affect the B-DNA
form.17−19 As a result of the destabilizing effect that
formylation imparts on the C−G base pair, 5fC was found
to facilitate melting and hinders annealing, although without
affecting the structure to any measurable extent, an aspect
which has been investigated via FT-IR and NMR spectrosco-
py.20,21
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From a structural perspective, it has been recently suggested
that 5caC is able to induce a kink in dsDNA, and such
geometric alteration has been deemed essential for recognition
and enzymatic action by Thymine DNA Glycosylase (TDG).22

On the other hand, disagreement arises concerning its impact
on dsDNA melting and annealing, with studies reporting
inconsistent de/stabilization-related properties even when
studied under nearly identical conditions.23−25 While 5fC-
induced weakening of the base pair was found to be
independent of the mildly basic or acidic conditions naturally
occurring within different tissues and/or organisms, with the
introduction of the titrable carboxyl group, a pH-dependent
behavior emerges for 5caC.25,26 Protonation/deprotonation
events of the carboxyl group induce 5caC to act as an electron-
withdrawing group (EWG)/electron-donating group (EDG),
respectively. These aspects have been reported to be
biologically significant. Indeed, the carboxyl group protonation
state has a subtle impact on hydrogen bonding, a behavior that
was rationalized via the pKa values of the two solvent-exposed
sites: the nitrogen atom N3 and the carboxyl group
itself.21,26,27 Correspondingly, activity studies on DNA
polymerases also concluded that 5caC acts as a base-pair
mismatch during DNA replication, signaling that protonated
5caC is a highly destabilizing entity in the context of dsDNA.28

In addition, structural biology investigations have suggested
that the degree of protonation of 5caC’s carboxyl group might
be a key factor in the mechanism of excision operated by
TDG.26

Even though other studies have considerably advanced our
understanding of epigenetically modified DNA bases within
the context of nucleic acids, a number of aspects remain
unsettled. In this paper, we seek to shed light on the extent to
which 5caC-edited dsDNA’s structural features and kinetics-
related phenomena deviate from its formylated and canonical
equivalents. By employing state-of-the-art methodologies and
analytical frameworks in solution-state NMR spectroscopy, we
aimed at providing a noninvasive, label-free and site-specific
description of the structure and dynamics of these samples
using three distinct approaches. First, we compared the impact
of the 5caC modification on dsDNA at pH 7.0, 5.8, and 4.7
with respect to 5fC and canonical C by measuring 1H, 13C, and
15N chemical shift perturbations. Second, we applied temper-
ature-dependent 1H chemical exchange saturation transfer
(CEST) experiments to assess the impact of 5caC on dsDNA
melting and annealing processes providing site-specific
parameters for dissociation (Δ °

‡Gd,37 C, Δ ‡Hd , Δ ‡Sd) and

association kinetics (Δ °
‡Ga,37 C, Δ ‡Ha , Δ ‡Sa ) and for melting

thermodynamics (Δ ° °G37 C, ΔH°, ΔS°).
20,29 Third, we explored

the microsecond time scale exchange kinetics via 1H on-
resonance R1ρ relaxation dispersion (RD) targeting potential
base-specific motions. Watson−Crick (WC) to Hoogsteen
(HG) base-pair exchange processes occurring in this regime
have been characterized in the context of canonical DNA and
protein−DNA complexes,30−32 but no other exchange
phenomena are known to occur in undamaged, non-
mismatched DNA helices which are not interacting with a
reader protein or enzyme.33,34

Collectively, our findings reveal that 5caC’s pH-induced
chameleonic behavior is not due to any permanent structural
changes, opposite to previously reported results.22 In fact, we
observed that the repercussions of 5caC and 5fC incorporation
into otherwise canonical dsDNA are uniquely perceptible in

the context of conformational dynamics affecting at least two
distinct time scales: a slower one (tens of milliseconds) and a
faster one (hundreds of microseconds). In addition, we found
that carboxycytosine does noticeably affect dsDNA annealing
and melting phenomena when exposed to progressively lower
pH conditions. Our unified analysis provides a highly
comparable and comprehensive overview of the mechanistic
details involving both global (such as energetics of DNA
strands association and dissociation) and local (site specific
motions involving a single base-pair) dynamics phenomena,
and sets the stage for future studies of protein−DNA
interactions.

■ RESULTS
We considered the pH-dependent structural features, thermo-
dynamic stability, and site-specific dynamics of a self-
complementary 12mer homocarboxylated DNA with the
sequence of 5′-GCGATXGATCGC-3′ where X stands for
5caC (Figure 1). The corresponding samples were named

caC7.0, caC5.8, and caC4.7 indicating the pH at which they were
studied. In order to evaluate the influence of cytosine
carboxylation in a broader context, we compare the chemical
shifts and the NMR-derived thermodynamics, kinetics, and
dynamics parameters to analogous values obtained for
canonical (C7.0) and 5fC-modified (fC7.0) samples featuring a
sequence identical as what we considered here, which were
previously reported in ref 20.

Figure 1. (A) DNA sequence of caCpH’s model sequence. The
modified cytosine nucleoside is highlighted in gray, marked as X. (B)
Structural model showing the expected 5caC−G base pair
conformation, consistent with 1H, 13C, and 15N chemical shift values.
(C) Absolute CSP values comparing samples at pH 7.0 and 4.7 are
schematically displayed onto the B-DNA structural model of caCpH.
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Structural Impact by Chemical Shift Analysis

To spot any unusual features induced by inclusion of
carboxylated cytosine within otherwise canonical DNA, we
recorded a comprehensive set of homo- (1H−1H NOESY) and
heteronuclear (1H−13C HSQC, 1H−15N SOFAST HMQC)
2D spectra for resonance assignment and chemical shift
analysis purposes.35

Previous crystallographic studies have reported contrasting
results concerning a potential geometric alteration of the
dsDNA helix induced by 5caC.22,23 Our results, in support of
ref 23, indicate that the 5caC nucleobase does not induce any
detectable, permanent deviation from the canonical B-DNA
structure. At pH 7.0, when compared to the 5fC−G base-
pairing interactions, 5caC−G appears to be equally well-
tolerated within a canonical double-helix architecture: all of
1H−13C and 1H−15N cross-peaks are superimposable among
the canonical, and 5fC and 5caC-containing 12mer DNA
constructs, with the sole exception represented by those nuclei
in direct proximity to the epigenetic modification (Figures 2,
S1, and S2).
An analogous comparison of caC7.0 with caC5.8 and caC4.7

points to no detectable structural change upon acidification.
1H, 13C, and 15N resonances, 3JHH couplings and 1H−1H
NOESY cross-peak patterns suggest that carboxylated cytosine
leaves the B-DNA structure entirely unperturbed at both
neutral and acidic pH values, resulting in no substantial
structural difference from the canonical or formylated cytosine-
bearing constructs in any studied condition (Figures S3−S6).
Figure 2 compares the perturbations of representative 1H,

13C, and 15N chemical shifts of fC7.0, caC7.0, caC5.8, and caC4.7

with respect to the shifts of the canonical 12mer sequence.
Figure 2A shows imino protons, which are sensitive reporters
of the strength of base-pairing: downfield (upfield) shifted
signals, appearing at higher (lower) ppm values, revealing
stronger (weaker) intermolecular hydrogen bonds. Interest-
ingly, the only responsive site to pH changes is G7H1, which
reports on the X:G base pair, where X is either C, 5fC, or 5caC
at the three distinct pH conditions we selected. Substantial
chemical shift perturbations are also visible for aromatic 1H
sites T5H6 and X6H6, 13C X6C6, and 15N G7N1 (Figures
2B−D and S7−S10). Among those nuclei, the trends suggest
that caC4.7’s resonances resemble fC7.0 the most, while in
neutral conditions caC7.0 is comparable with canonical C7.0.
These pH-induced shifts were most prominent for H-bond

forming protons, namely, for caC6H41, H42, and G7H1. The
nature of the effect is related to the reshuffling of electron
densities around the base-pairing atoms due to altered Pauli
repulsion between occupied atomic orbitals.36 An increased 1H
chemical shift is associated with a decreased electron density
(1H shielding) around the proton and hence with a stronger
H-bond, or shorter H−X distance. As the carboxyl group of
5caC becomes progressively protonated with decreasing pH,
the intrabase H-bond between caC6H42 and the carboxyl
oxygen O7 gets weaker (caC6H42 Δδ = −0.3 ppm), while the
interbase H-bond formed by caC6H41 and G7O6 (Figure 1B)
gets stronger (caC6H41 Δδ = +0.1 ppm). Meanwhile,
hydrogen bonding between G7H1 and caC6N3 weakens
(G7H1 Δδ = −0.15 ppm) due to the decreased electron
density at N3 caused by the EWG properties of the protonated
carboxyl group, compensating for the increased base-pairing
stability gained by the H41−O6 interaction (Figures S7−S10).
The fine balance between the strengths of the intra- and

interbases hydrogen bonds in the 5caC−G base pair leads to
close to optimal base-pairing both at neutral and mildly acidic
conditions, leaving the B-DNA structure unperturbed through
the entire studied pH range.
5caC’s Influence on DNA Melting and Annealing

A thorough characterization of nucleic acids’ global structural
rearrangements, such as folding, melting, annealing, and
binding should entail a comprehensive analysis of kinetic
events occurring on the millisecond to second time scale.37

CEST experiments have found adoption in modern bio-
molecular NMR, allowing for quantitative and site-specific
determination of population, chemical shift, and exchange
kinetics of sparsely populated conformations.29,38 When
measured in a temperature-dependent fashion, the shift in

Figure 2. Comparison of chemical shift perturbations Δδ for
representative imino 1H (A), aromatic 1H (B), aromatic 13C (C),
and imino 15N (D) resonances with respect to the chemical shifts of
the canonical 12mer sample (blue spectrum in A, black horizontal line
in B−D). Magenta, green, yellow, and red symbols represent fC7.0,
caC7.0, caC5.8, and caC4.7, respectively. A full comparison of all
comparable chemical shifts between the five samples is displayed in
Figures S7−S10.
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exchange parameters can reveal atomistic details about the
melting thermodynamics and kinetics of the studied system
providing unprecedented insights into the molecular processes.
In pursuance of the study of 5caC-induced DNA destabiliza-
tion, we proceeded by recording CEST profiles for the
aromatic protons in all caCpH samples in the 55−61 °C range.
As an example, Figure 3A displays the melting CEST profiles
for C10H6 at three pH values (profiles for other comparable
protons can be found in Figures S11−S18). The appearance of
a distinctive secondary dip at increasingly higher temperatures
indicates the presence of an alternative conformer, which we
identify as the single-stranded conformation (ssDNA) as per
comparative chemical shift analysis.
To obtain a more quantitative comparison, we fit the CEST

profiles to a two-state exchange model (dsDNA ⇌ 2 ssDNA)
that yielded a numerical estimation of populations (pD for
dsDNA, 1 − pD for ssDNA), exchange kinetics (kex), and
chemical shifts of the exchanging states at each of the highest
temperatures, while we used the lowest temperature of the
ensemble for each sample (55 °C) to compare the predicted
back-calculated value from the fits to the experimental data
points. 1H longitudinal (R1) and transverse (R2) relaxation

rates were measured separately at multiple temperatures and
used as inputs for the CEST fits assuming that the rate
constants of the dsDNA and ssDNA states are the same.
As an example, Figure 3B shows the logarithm of the

obtained kinetic rates and equilibrium constants for C10H6.
Consistently with results obtained for fC7.0 and C7.0, two
observations can be made: (i) a linear fit could be identified for
kinetic rates and equilibrium constants against T−1, suggesting
a single transition state is plausible for the melting and
annealing phenomena, and (ii) all sites show thermally
activated kinetics with a positive dissociation barrier
(Arrhenius behavior) and a negative association barrier (anti-
Arrhenius).
In addition, CEST measurements run at multiple distinct

temperatures allow for the extraction of Gibbs free energy and
related parameters by leveraging the temperature-dependent
nature of kinetics and thermodynamic phenomena. In order to
achieve an estimation of the degree of protonation-induced
destabilization to dsDNA, we applied our recently described
methodological framework for the decomposition of traditional
CEST output into enthalpic and entropic stability and
activation changes.20 Succinctly, we assumed the observed

Figure 3. (A) Temperature-dependent CEST melting profiles together with the obtained two-site exchange fits for proton C10H6. caC7.0, caC5.8,
and caC4.7 are shown in shades of green, yellow, and red, respectively. Dashed blue and red lines indicate dsDNA and ssDNA chemical shift values.
(B) van’t Hoff plots relative to the CEST melting profiles. Shades of green, yellow, and red indicate data entries and linear fits of ln ka, ln kd, and
ln Kd vs 1/T − 1/Thm, where Thm is the harmonic mean of the measured temperatures, for caC7.0, caC5.8, and caC4.7, respectively. White data points
represent back-calculated values for 55 °C that were used to validate the CEST fits. Insets present the relevant Gibbs free energy plots at each pH
condition at 37 °C.
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dynamic equilibrium is the reversible melting/annealing
process of a dsDNA strand into two single-stranded DNA
sequences. If the concentration of DNA is known, then kinetics
of association (ka) and dissociation (kd) can be extracted. From
the temperature dependence of ka and kd, activation barriers for
both process (Δ °

‡Gd,37 C and Δ °
‡Ga,37 C) can be derived.

Analogously, the ratio between ka(T) and kd(T) rates allows
for the determination of the equilibrium dissociation constant
(Kd) and consequently the quantification of thermodynamic
parameters such as Δ ° °G37 C.
This analysis allows us to directly compare caC7.0, caC5.8,

and caC4.7 not only between them, but also with otherwise
identical canonical and formylated samples (C7.0 and fC7.0,
respectively), which we previously discussed in ref 20. In Table
1, we compare three proton reporters across all five samples

(comprehensive tables including fitting results for all proton
reporters can be found in Tables S1−S6, while an extended
version of Table 1 is available in Table S7). From a
thermodynamic perspective, among the C-modified samples,
caC7.0 scores as the most stable one, which is highly
comparable to C7.0, as observed by UV/vis spectroscopy
(Figure S19) as well as in other studies.23,27 Acidification of the
buffer to pH 5.8 destabilizes the double-stranded conformer by
∼2−10 kJ mol−1 and further by another ∼6−13 kJ mol−1 when
the pH is decreased from 5.8 to 4.7. Interestingly, Δ °

°G37 C for
caC5.8’s proton reporters are very similar to those we obtained
for fC7.0. Kinetics of dissociation data, as expected, support the
notion that caC7.0 and C7.0 require the most energy for
undergoing a dsDNA → 2 ssDNA conformational transition.
According to this metric, fC7.0 is slower in undergoing the
melting process when compared to caC5.8 and caC4.7, as
Δ °

‡Gd,37 C is higher by ∼3−7 kJ mol−1. Lastly, kinetics of
association suggest that caC4.7 is the slowest in performing an
annealing process, followed by fC7.0. Compellingly, Δ °

‡Ga,37 C
data indicate that the rate of association of caC7.0 is ∼8 kJ
mol−1 less energetically demanding when compared to C7.0, a

behavior that can be rationalized considering the EDG nature
of the carboxylate substituent (5caC at neutral pH) when
compared to a proton (canonical C).
In Figure 4, we show the correlation between the

dissociation and equilibrium free energy changes across all

samples and conditions, for every proton reporter. Here, Δ ‡Gd
is plotted as a function of ΔG° for all five samples across all
eligible proton reporters. Data points accounting for caC7.0 and
C7.0 tend to cluster at the upper right-hand corner of the plot.
Conversely, Δ °

°G37 C
0 and Δ °

‡Gd,37 C values are substantially
decreased whenever fC7.0, caC5.8, or caC4.7 is considered, as
elaborated above.
Protonation-Induced Microsecond Dynamics
1H and 15N chemical shift values for G7H1/N1 nuclei, both
reporters of the centrally positioned 5caC6-G7 base pair’s
stability, have evidenced that the protonation state of the
exocyclic carboxylic group 5caC has a selective impact on this
imino proton resonance (Figure 2A, D), which have long been
regarded as key indicators of hydrogen bond strength.23,39

Because of this observation, we aimed at investigating whether
this protonation-induced, localized weakening is accompanied
by increased probability of local fast time-scale motions.
Our CEST-based kinetic and thermodynamic analysis has

established that caC5.8, caC4.7, and fC7.0 destabilize the double-
stranded DNA structure without any apparent static, persistent
impact on its helical architecture. In order to investigate the
presence of a potentially localized conformational exchange
which might contribute to the destabilization, we interrogated
the faster, microsecond time scale by applying 1H R1ρ
relaxation dispersion (RD) methods.37,40

In Figure 5, we show X6H6 (where X = C, 5fC or 5caC,
depending on the sample under current consideration) 1H on-
resonance R1ρ RD profiles measured at 55 °C, a condition that
ensures that the melting process is still rather sparse and

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
Parametersa

sample
ΔG37°C°

(kJ mol−1)
ΔGd,37°C

‡

(kJ mol−1)
ΔGa,37°C

‡

(kJ mol−1)

C7.0 C2H6 71.1 ± 1.7 99.2 ± 2.2 28.1 ± 2.1
T9H6 70.2 ± 1.8 102.2 ± 1.5 31.9 ± 1.5
C10H6 71.3 ± 1.4 100.3 ± 1.3 29.0 ± 1.3

caC7.0 C2H6 73.3 ± 7.4 93.0 ± 4.3 19.7 ± 4.1
T9H6 75.7 ± 0.8 99.2 ± 0.9 23.4 ± 0.9
C10H6 77.3 ± 3.6 98.6 ± 3.2 21.3 ± 2.9

caC5.8 C2H6 71.1 ± 1.2 94.8 ± 1.4 23.7 ± 1.3
T9H6 68.0 ± 0.9 96.6 ± 0.9 28.6 ± 1.0
C10H6 67.4 ± 1.4 92.4 ± 1.2 24.9 ± 1.1

caC4.7 C2H6 58.6 ± 0.7 93.1 ± 0.7 34.5 ± 0.9
T9H6 62.1 ± 0.4 95.2 ± 0.4 33.1 ± 0.5
C10H6 56.8 ± 0.6 92.9 ± 0.6 36.1 ± 0.6

fC7.0 C2H6 74.7 ± 10.4 99.7 ± 5.6 25. ± 5.5
T9H6 64.6 ± 1.2 97.1 ± 1.0 32.5 ± 1.0
C10H6 66.4 ± 1.2 97.5 ± 1.0 31.1 ± 1.1

aErrors are given as one standard deviation. An extended version of
Table 1 can be found in the Supporting Information file (Table S7).

Figure 4. Correlation plot between the changes of the Gibbs free
energy of activation for the dissociation process and the equilibrium
free energy of previously reported values for fC7.0 and C7.0 (magenta
and blue, respectively) together with 5caC-containing samples (caC7.0
as green, caC5.8 as yellow, and caC4.7 as red) at 37 °C. fC7.0 X6H7
(featuring much higher activation free energies and lower equilibrium
energies than the rest of the molecule) is an outlier due to its stable
intramolecular hydrogen-bond between the formyl O7 atom and the
adjacent amino H42 proton.
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infrequent. The data sets recorded for caC7.0, caC5.8, and C7.0
are best fit to a no-exchange model, resulting in flat profiles
(black lines). Conversely, profiles for caC4.7 and fC7.0 fit best to
the exchange model, exposing a chemical exchange contribu-
tion to its R2 relaxation rate. Such motions, consistent with a
τex in the order of hundreds of microseconds, fall within the
intermediate exchange regime and are approximately 2 orders
of magnitude faster compared to the overall melting process as
characterized by our CEST measurements. This result is
especially interesting when comparing the H6 proton of the
modified base in samples caC4.7 and fC7.0 to any other available
1H nucleus. No other profile is consistent with an exchange
phenomenon on this interval (Figures S20−S24), suggesting
that the detected phenomenon is unrelated to the previously
reported Watson−Crick to Hoogsteen base-pair exchange
process.30−32 In other words, this motions appears to be
sharply localized, leaving all other bases unaffected.
This result can be rationalized by considering our previous

speculations on the mechanism by which 5fC (and by
extension protonated 5caC) weakens the dsDNA conformer.20

Deprotonated (or not protonated to a sufficient extent) 5caC
proved itself to be either a neutral or even a stabilizing factor in
terms of base-pair strength and agrees well both with NOESY-
derived chemical shift values and the literature. Instead,
whenever the pH of the buffer is sufficiently acidified, the
weakening of the 5caC-G hydrogen bond induces a chemical
exchange process in the intermediate microsecond time scale.
The fact that this motion is sharply localized at the modified
site seems to suggest that the protonation of the exocyclic
carboxyl moiety and the consequent lowered basicity of the
hydrogen-bonded N3 atom could be deemed responsible for
generating a sparse and transitory fraying event in the middle
of the DNA strand, presumably synergistic with the global
destabilization effect on the whole structure.

■ DISCUSSION
In pursuance of understanding the role of 5caC, we addressed
the structural and dynamic features of oligomeric DNA double
strands carrying a single version of such modification on each
strand. Incorporation of carboxycytosine into DNA is a
naturally occurring phenomenon that has been mainly
discussed within two biological frameworks: (i) its recently
devised (and to date mostly obscure) semipermanent

epigenetic role and (ii) as a DNA lesion that undergoes the
base excision repair (BER) process.2−4,41

Considerations on 5caC Protonation Sites

In their report on divergent mechanisms of enzymatic excision
for 5caC and 5fC, Maiti et al. have elaborated how, in a TDG-
DNA complex, nitrogen N3 of 5caC (Figure 1B) is likely more
basic than the carboxyl group and thus undergoes protonation
before the carboxylic exocyclic moiety does.26 In contrast,
despite assigning a pKa,COO

− of 4.7 and pKa,N3 of 2.1 for the
isolated nucleoside, a distinct infrared spectroscopy and
quantum mechanical analysis suggests that, when in the
context of a dsDNA strand, the first protonation site is the
carboxyl group.25 Our results support the latter idea. In Figure
2A, we show that no other base pair is affected by the pH
change over the entire 7.0−4.7 interval. Indeed, T9H3, T5H3,
and G3H1 display negligible chemical shift differences, while
G11H1 shifts upfield by ∼0.05 ppm likely due to its proximity
to the fraying ends of the oligomeric model system. In sharp
contrast, the signal reporting on G7H1 consistently shifts
upfield with decreasing pH. While this preference for
protonation of the weaker base (i.e., 5caC’s carboxylate
group over N3) is apparently counterintuitive, we reason
that in a dsDNA setting the N3 site is well protected from the
solvent environment, both for steric and electrostatic reasons.

5fC and 5caC as Semipermanent Modifications

For a long time, 5fC and 5caC have been mainly considered as
transient intermediates within the active demethylation
pathway.42 However, research toward their capacity as
standalone epigenetic marks has gained increasingly more
traction. For instance, both 5fC and 5caC overlap with
H3K4me1 marked regions, associated with active tran-
scription.43 Also, several developmental and metabolic related
genes show 5fC enrichment on promoters before gene
upregulation,44 while 5caC has been reported to transiently
accumulate at promoter regions preceding gene expression
during lineage specification and differentiation.45 Lastly, a
number of cancerous diseases are correlated with a significant
enrichment of such oxidized cytosine epigenetic modifica-
tions.10−13

From a structural and conformational perspective, both 5fC
and 5caC have been reported to induce structural changes
localized in the proximity of the modified nucleoside,22,26 while
the pH dependence of 5caC characteristics on dsDNA stability
has been previously discussed in the context of short oligomers
carrying several clustered modifications.21,27 In the context of
longer (90 bp) DNA strands, Ngo et al. reported a 3-fold
enhancement of cyclization rate for 5fC containing strands,
while the sample carrying 5caC at pH 8.0 showed no
detectable difference when compared to canonical cytosine.46

In contrast to refs 22 and 26, our results indicate that,
identically to 5fC, 5caC does not induce any permanent
structural modification detectable by NMR spectroscopy at any
pH condition under consideration (Figures 2 and S2−10). In
fact, in analogy to 5fC, 5caC was found to affect dsDNA
melting and annealing equilibrium and kinetics, rather than B-
DNA average structure. On average, and across all sites, caC5.8
and caC4.7 resemble fC7.0, both thermodynamically and
kinetically, when it comes to annealing and melting. In
contrast, and consistently with previous cyclization essays and
FRET studies, the behavior of deprotonated 5caC is most
similar to canonical cytosine.

Figure 5. R1ρ relaxation dispersion profiles of C7.0 (blue), fC7.0
(magenta), caC7.0 (green), caC5.8 (yellow), and caC4.7 (red) recorded
at 55 °C. Lines represent best fits to models either accounting for
(color-coded) or discounting chemical exchange (black).
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5mC oxidation derivatives have been shown to accumulate
and persist in a relatively stable state in certain biological
contexts. For this reason, they have been suggested to carry out
additional roles apart from being intermediates in biochemical
pathways. In light of the foregoing, we contend that our results
could correlate with the relative abundance of 5caC and 5fC in
cancerous tissues. How protonation of the exocyclic carboxyl
moiety affects the thermodynamics and kinetics of melting and
annealing in vitro has been discussed in this and previous
reports.20,21,25,27 Our results corroborate the protonation-
induced destabilization of the double strand, and we speculate
that a similar effect might take place in cancerous tissues,
triggered by the low pH environment. Cell proliferation is
notoriously accelerated in cancer, and the acidic microenviron-
ment where such diseases thrive is widely recognized as a
phenotypic trait, making the presence of the two most oxidized
cytosine epigenetic derivatives more than circumstantial.47,48

5fC- and 5caC-Driven Enzymatic Recognition

In mammals, active DNA demethylation takes place via an
enzymatic tandem of TET and TDG, which together govern
the initial stages of the BER pathway. In order to successfully
complete the removal of 5mC, the presence of either 5fC or
5caC is ultimately necessary, as they are substrates for TDG,
which generates the abasic site.26 Apart from TET and TDG,
several additional proteins are able to selectively recognize,
bind, and exert their respective enzymatic activity upon 5fC
and 5caC.12,13,49 The mechanism by which different reader
enzymes selectively recognize cytosine’s epigenetic modifica-
tions has long been established as a crucial theme in chemical
biology.6 Across the proposed enzymatic mechanisms, many
rely on a specific residue to initiate the base-extrusion process
into the active site. For instance, the “pinch−push−pull”
mechanism proposed for TDG leans on Arg275 to promote
the breakage of an X:G base pair, where X = T, 5fC, or
protonated 5caC.50,51 Alternative studies suggest that partially
extruded nucleotide conformations, which are sparse but
naturally occurring events, might play a role in recognition and
base excision.52 This second mechanism of action seems to
agree with DNA replication studies, which highlighted how
5caC:G base-pair can behave as a DNA lesion.28

Although the data hereby presented is not conclusive, we
believe our on-resonance R1ρ RD data assist in providing one
more piece of evidence in this complex puzzle. By observing
site selective and spontaneous (i.e., not triggered by the
enzyme) base-flipping of protonated 5caC:G, especially in the
context of a weakened dsDNA strand as evidenced in our
CEST analysis, we present further experimental evidence that
5fC and protonated 5caC could indeed act as DNA lesions.33

We hypothesize that, albeit undetected in our study, such
kinetic processes could be present at physiological temper-
atures and decisively impact enzyme recognition and mode of
action.

■ CONCLUSIONS

In this work, we have considered the impact of 5caC
incorporation into a model dsDNA oligomer (caCpH) in
three pH conditions, namely, at pH 7.0, 5.8, and 4.7. We
obtained chemical shift, melting/annealing, and microsecond
conformational exchange data which we could reliably
compare with our recent study focusing on 5fC and canonical
cytosine. Assignment and chemical shift studies on comparable
1H, 13C, and 15N nuclei have shown that there is no evidence

of a permanent structural change: all caCpH samples, together
with C7.0 and fC7.0, are compatible with a standard B-DNA
helical arrangement. CEST-derived kinetic and thermodynamic
data suggested that the reduced cohesion of the X6:G7 base
pair, evidenced by chemical shift studies, affects the extent to
which nearby bases are able to cooperatively stabilize one
another. caC4.7 and fC7.0 emerged as the most destabilized
samples of the cohort, while caC7.0 and C7.0 showed
remarkably similar properties overall.
caC4.7 and fC7.0 also revealed a detectable chemical exchange

process at or in the proximity of the modified nucleoside X6 on
the microsecond time scale. The data hereby presented
indicate that 5caC’s impact on B-DNA is only evident through
the lenses of conformational dynamics, as protonation of the
exocyclic carboxyl moiety affects the melting-annealing
equilibrium as well as induces sparse and localized micro-
second time scale base-pair dynamics. We believe our findings
are relevant in the context of several open questions
concerning this sparse epigenetic mark. Future investigations
may consider expanding our initial exploration of the
microsecond time scale by recording off-resonance R1ρ RD
experiments or studying protein−DNA interactions featuring
isotopic labeled 5fC or 5caC nucleosides to unravel the exact
mechanistic details of the interaction between TET, TDG (and
other enzymes), and cytosine’s oxidized derivatives.

■ MATERIALS AND METHODS

Sample Preparation

The cadC-phosphoramidite (cadC-PA) and subsequently the
modified dsDNA samples caCpH were prepared via phosphoramidite
chemistry as previously reported.53 Solid phase synthesis of
oligonucleotides containing cadC was performed on an ABI 394
DNA/RNA synthesizer (Applied Biosystems) using standard DNA
synthesis conditions with a cartridge scale of 1 μmol. The
phosphoramidites Bz-dA, Ac-dC, iBu-dG, and dT as well as the PS
carriers were purchased from LinkTechnologies. For the reaction of
the cadC-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 oligonucleotides was performed
according to literature.53 Purification of the oligonucleotides was
achieved with a HPLC system (Agilent 1260 Infinity II 400 bar pump
and a Agilent 1260 Infinity II VWD detecting at 260 nm) applying a
buffer system of 0.1 M triethylammonium acetate in water (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 μm) from Macherey-Nagel were used. Purified oligonucleo-
tides were analyzed by MALDI-TOF (Bruker Autoflex II).
Quantification of oligonucleotides was performed via UV/vis
spectroscopy with a NanoDrop ND-1000 spectrophotometer at 260
nm. Samples caC7.0 and caC5.8 were dissolved in aqueous buffers
consisting of 15 mM Na2HPO4/NaH2PO4 (pH 7.0 and 5.8,
respectively), 25 mM NaCl in H2O. Sample caC4.7 was prepared by
titrating a 1 M HCl solution into the same buffer described above.
The thermal stability of the buffer between room temperature and 60
°C was ascertained by pH-meter measurements. Annealing was
performed by heating the dsDNA-containing buffer solution to 90 °C
for 5 min and slowly cooling it to 5 °C in approximately 90 min, after
which it was allowed to return to room temperature. Then, the NMR
sample was prepared with the addition of 0.02% NaN3, 25 μM DSS
and 5% D2O, resulting in final sample concentrations of ∼0.66 mM
for all samples, as determined via UV spectrophotometric measure-
ments at 260 nm using the extinction coefficient calculated via the
nearest neighbor approximation.
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UV/Vis Spectroscopy
UV/vis melting profiles of the oligonucleotides were measured at 260
nm with a JASCO V-650 UV/vis spectrophotometer between 20 and
85 °C (scanning rate of 1 °C/min), and each sample was measured
four times. Samples were placed into 100 μL 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. caC7.0 was measured at four concentrations (1.25, 2.50,
5.00, and 10.00 μM), while fC7.0 and C7.0 were measured as described
in ref 20. All concentration values yielded absorption values within the
linear range of the spectrometer.

NMR Spectroscopy
All experiments were performed on Bruker Avance III spectrometer
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 TCI probe. Standard 2D NOESY (mixing time
250 ms) spectra were recorded at 37 °C for resonance assignment.
Natural abundance 1H−13C and 1H−15N HSQC and HMQC spectra
were recorded using standard fast-pulsing pulse sequences.54 Site-
selective spin relaxation measurements were performed following the
SELOPE scheme; these included 1H CEST, on-resonance 1H R1ρ,
recorded either with a single spin-lock strength of 10 kHz or as an
entire RD profile ranging from 1 to 10 kHz, and 1H R1 experiments at
temperatures between 37 and 60 °C. The employed on-resonance R1ρ
and 1H CEST pulse sequences have been modified from Schlagnitweit
et al.40 CEST profiles and pseudo-2D 1H R1 and pseudo-3D on-
resonance R1ρ experiments were performed, processed, and analyzed
as previously described.20
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3.2 supplementary material

The Supplementary Material file for the above publication contains:

• Additional 1H-1H NOESY, 1H-13C HSQC and 1H-15N HMBC spectra for
chemical shift comparisons,

• ∆δ plots for all available nuclei and samples,

• CEST and R1ρ profiles for all available nuclei and samples, and

• Comprehensive numerical results of the CEST fitting procedures.
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Figure S1: 1H-13C HSQC aromatic region spectrum of fC7.0, caC7.0 and C7.0 recorded at 800
MHz at 37 ℃.
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Figure S2: 1H-15N HMQC imino region spectrum of fC7.0, caC7.0 and C7.0 recorded at 800
MHz at 37 ℃.
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Figure S3: 1H-15N HMQC imino region spectrum of caC7.0, caC5.8 and caC4.7 recorded at
800 MHz at 37 ℃.
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Figure S4: 1H-13C HSQC aromatic region spectrum of caC7.0, caC5.8 and caC4.7 recorded at
800 MHz at 37 ℃.
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Figure S5: 1H-1H NOESY imino region spectrum of caC7.0, caC5.8 and caC4.7 recorded at
800 MHz at 37 ℃.
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Figure S6: 1H-1H NOESY aromatic region spectrum of caC7.0, caC5.8 and caC4.7 recorded at
800 MHz at 37 ℃.
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Figure S7: Comparison of chemical shift perturbations ∆δ for all comparable aliphatic and
aromatic 1H nuclei across all samples in identical conditions. Resonances are reported with
respect to the chemical shifts of C7.0. Magenta, green, yellow and red symbols represent fC7.0,
caC7.0, caC5.8 and caC4.7, respectively. Remainder of the figure follows in Fig. S3.
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Figure S8: Comparison of chemical shift perturbations ∆δ for all comparable aliphatic and
aromatic 1H nuclei across all samples in identical conditions. Resonances are reported with
respect to the chemical shifts of C7.0. Magenta, green, yellow and red symbols represent fC7.0,
caC7.0, caC5.8 and caC4.7, respectively.
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Figure S9: Comparison of chemical shift perturbations ∆δ for all comparable aromatic 13C
nuclei across all samples in identical conditions. Resonances are reported with respect to the
chemical shifts of C7.0. Magenta, green, yellow and red symbols represent fC7.0, caC7.0, caC5.8

and caC4.7, respectively.

Figure S10: Comparison of chemical shift perturbations ∆δ for all comparable aromatic 15N
nuclei across all samples in identical conditions. Resonances are reported with respect to the
chemical shifts of C7.0. Magenta, green, yellow and red symbols represent fC7.0, caC7.0, caC5.8

and caC4.7, respectively.
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Figure S11: Temperature-dependent CEST melting profiles and van’t Hoff plots for proton
C2H6. caC7.0, caC5.8 and caC4.7 are shown in shades of green, yellow and red, respectively.
Dashed blue and red lines indicate GS and ES chemical shift values. In the van’t Hoff plots,
shades of green, yellow and red indicate data entries and linear fits for caC7.0, caC5.8 and
caC4.7, respectively. White data points represent back-calculated values. Insets present the
relevant Gibbs free energy plots at each pH condition at 37 ℃.
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Figure S12: Temperature-dependent CEST melting profiles and van’t Hoff plots for proton
A4H2. caC7.0, caC5.8 and caC4.7 are shown in shades of green, yellow and red, respectively.
Dashed blue and red lines indicate GS and ES chemical shift values. In the van’t Hoff plots,
shades of green, yellow and red indicate data entries and linear fits for caC7.0, caC5.8 and
caC4.7, respectively. White data points represent back-calculated values. Insets present the
relevant Gibbs free energy plots at each pH condition at 37 ℃.
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Figure S13: Temperature-dependent CEST melting profiles and van’t Hoff plots for proton
A4H8. caC5.8 and caC4.7 are shown in shades of yellow and red, respectively. Dashed blue
and red lines indicate GS and ES chemical shift values. In the van’t Hoff plots, shades of
yellow and red indicate data entries and linear fits for caC5.8 and caC4.7, respectively. White
data points represent back-calculated values. Insets present the relevant Gibbs free energy
plots at each pH condition at 37 ℃.
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Figure S14: Temperature-dependent CEST melting profiles and van’t Hoff plots for proton
T5H6. caC7.0, caC5.8 and caC4.7 are shown in shades of green, yellow and red, respectively.
Dashed blue and red lines indicate GS and ES chemical shift values. In the van’t Hoff plots,
shades of green, yellow and red indicate data entries and linear fits for caC7.0, caC5.8 and
caC4.7, respectively. White data points represent back-calculated values. Insets present the
relevant Gibbs free energy plots at each pH condition at 37 ℃.
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Figure S15: Temperature-dependent CEST melting profiles and van’t Hoff plots for proton
A8H2. caC7.0, caC5.8 and caC4.7 are shown in shades of green, yellow and red, respectively.
Dashed blue and red lines indicate GS and ES chemical shift values. In the van’t Hoff plots,
shades of green, yellow and red indicate data entries and linear fits for caC7.0, caC5.8 and
caC4.7, respectively. White data points represent back-calculated values. Insets present the
relevant Gibbs free energy plots at each pH condition at 37 ℃.
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Figure S16: Temperature-dependent CEST melting profiles and van’t Hoff plots for proton
A8H8. caC7.0, caC5.8 and caC4.7 are shown in shades of green, yellow and red, respectively.
Dashed blue and red lines indicate GS and ES chemical shift values. In the van’t Hoff plots,
shades of green, yellow and red indicate data entries and linear fits for caC7.0, caC5.8 and
caC4.7, respectively. White data points represent back-calculated values. Insets present the
relevant Gibbs free energy plots at each pH condition at 37 ℃.
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Figure S17: Temperature-dependent CEST melting profiles and van’t Hoff plots for proton
T9H6. caC7.0, caC5.8 and caC4.7 are shown in shades of green, yellow and red, respectively.
Dashed blue and red lines indicate GS and ES chemical shift values. In the van’t Hoff plots,
shades of green, yellow and red indicate data entries and linear fits for caC7.0, caC5.8 and
caC4.7, respectively. White data points represent back-calculated values. Insets present the
relevant Gibbs free energy plots at each pH condition at 37 ℃.
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Figure S18: Temperature-dependent CEST melting profiles and van’t Hoff plots for proton
C12H6. caC7.0, and caC5.8 are shown in shades of green and yellow, respectively. Dashed
blue and red lines indicate GS and ES chemical shift values. In the van’t Hoff plots, shades
of green and yellow indicate data entries and linear fits for caC7.0 and caC5.8, respectively.
White data points represent back-calculated values. Insets present the relevant Gibbs free
energy plots at each pH condition at 37 ℃.

Figure S19: Concentration-dependent UV/Vis melting temperatures analysis of C7.0 (blue),
fC7.0 (magenta) and caC7.0 (green). The reciprocal of the observed Tm is plotted as a function
of the logarithm of the total DNA concentration (Ct). The slope and the intercept of the
fitted linear corresponds to ∆H0/R, and ∆S0/R, respectively.
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Figure S20: On-resonance R1ρ relaxation dispersion profiles for each available proton reported
of C7.0 recorded at 55 ℃. Lines represent best fits either to models accounting for (color-
coded) or discounting chemical exchange (black). Fitted R2 relaxation rates are displayed
for each site.
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Figure S21: On-resonance R1ρ relaxation dispersion profiles for each available proton reported
of caC7.0 recorded at 55 ℃. Lines represent best fits either to models accounting for (color-
coded) or discounting chemical exchange (black). Fitted R2 relaxation rates are displayed
for each site.
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Figure S22: On-resonance R1ρ relaxation dispersion profiles for each available proton reported
of caC5.8 recorded at 55 ℃. Lines represent best fits either to models accounting for (color-
coded) or discounting chemical exchange (black). Fitted R2 relaxation rates are displayed
for each site.
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Figure S23: On-resonance R1ρ relaxation dispersion profiles for each available proton reported
of caC4.7 recorded at 55 ℃. Lines represent best fits either to models accounting for (color-
coded) or discounting chemical exchange (black). Fitted R2 relaxation rates are displayed
for each site, while exchange parameters such as τex and ϕex are only available for profiles
best fit to the exchange model.
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Figure S24: On-resonance R1ρ relaxation dispersion profiles for each available proton reported
of fC7.0 recorded at 55 ℃. Lines represent best fits either to models accounting for (color-
coded) or discounting chemical exchange (black). Fitted R2 relaxation rates are displayed
for each site, while exchange parameters such as τex and ϕex are only available for profiles
best fit to the exchange model.
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Table S1: Results of the fit of 1H CEST measured at 800 MHz 1H Larmor frequency. The
temperature of each measurement is indicated on the leftmost column of the table. Chemical
shifts relevant to dsDNA and ssDNA are given together with the relaxation parameters
R1 and R2 for each available reporter of sample caC7.0. Errors are given as one standard
deviation.

Chemical shift Relaxation rates

δ(dsDNA) (ppm) δ(ssDNA) (ppm) R1 (s−1) R2 (s−1)

56 ℃

C2H6 7.36 ± 2.17 7.462 ± 0.012 1.74 ± 0.02 4.82 ± 0.01

A4H2 7.79 ± 0.44 8.008 ± 0.001 0.73 ± 0.02 1.94 ± 0.03

T5H6 6.85 ± 0.37 7.276 ± 0.003 2.1 ± 0.02 11.51 ± 0.03

A8H2 7.76 ± 0.62 8.025 ± 0.001 0.74 ± 0.02 2.2 ± 0.04

A8H8 8.06 ± 0.27 8.229 ± 0.001 1.47 ± 0.02 5.08 ± 0.01

T9H6 7.11 ± 0.29 7.402 ± 0.001 1.84 ± 0.03 4.86 ± 0.01

C10H6 7.41 ± 0.18 7.557 ± 0.001 1.79 ± 0.03 4.47 ± 0.01

C12H6 7.47 ± 0.27 7.649 ± 0.002 1.36 ± 0.02 3.17 ± 0.01

57 ℃

C2H6 7.36 ± 0.12 7.473 ± 0.002 1.67 ± 0.03 4.78 ± 0.04

A4H2 7.79 ± 2.44 8.008 ± 0.004 0.73 ± 0.03 2.1 ± 0.07

T5H6 6.86 ± 0.5 7.281 ± 0.002 2.08 ± 0.02 11.36 ± 0.03

A8H2 7.76 ± 0.54 8.026 ± 0.001 0.76 ± 0.02 2.41 ± 0.05

A8H8 8.06 ± 0.4 8.24 ± 0.002 1.44 ± 0.02 5.04 ± 0.01

T9H6 7.11 ± 0.23 7.398 ± 0.001 1.77 ± 0.02 4.73 ± 0.01

C10H6 7.4 ± 0.11 7.559 ± 0.001 1.73 ± 0.02 4.39 ± 0.01

C12H6 7.48 ± 0.13 7.66 ± 0.002 1.31 ± 0.02 3.14 ± 0.01

58 ℃

C2H6 7.36 ± 2.32 7.467 ± 0.047 1.62 ± 0.04 4.57 ± 0.04

A4H2 7.79 ± 0.14 8.008 ± 0.001 0.74 ± 0.02 2.24 ± 0.01

T5H6 6.86 ± 0.24 7.288 ± 0.002 2.09 ± 0.03 10.95 ± 0.03

A8H2 7.76 ± 0.21 8.022 ± 0.001 0.73 ± 0.03 2.22 ± 0.06

A8H8 8.06 ± 0.1 8.235 ± 0.001 1.41 ± 0.02 4.96 ± 0.01

T9H6 7.11 ± 0.12 7.4 ± 0.001 1.73 ± 0.02 4.63 ± 0.01

C10H6 7.4 ± 0.08 7.561 ± 0.001 1.69 ± 0.02 4.29 ± 0.01

C12H6 7.48 ± 0.1 7.665 ± 0.001 1.28 ± 0.02 3.1 ± 0.01

(Continues on the next page...)
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59 ℃

C2H6 7.36 ± 0.03 7.485 ± 0.001 1.6 ± 0.02 4.4 ± 0.05

A4H2 7.79 ± 0.13 8.011 ± 0.001 0.72 ± 0.03 2. ± 0.05

T5H6 6.86 ± 0.18 7.293 ± 0.003 2.04 ± 0.04 10.69 ± 0.11

A8H2 7.76 ± 0.17 8.02 ± 0.001 0.71 ± 0.02 2.21 ± 0.06

A8H8 8.06 ± 0.21 8.238 ± 0.002 1.39 ± 0.02 4.71 ± 0.1

T9H6 7.11 ± 0.06 7.399 ± 0.001 1.7 ± 0.02 4.75 ± 0.05

C10H6 7.4 ± 0.05 7.566 ± 0.001 1.66 ± 0.03 4.29 ± 0.05

C12H6 7.48 ± 0.05 7.673 ± 0.001 1.26 ± 0.02 3.1 ± 0.04

60 ℃

C2H6 7.36 ± 0.02 7.491 ± 0.001 1.52 ± 0.02 4.18 ± 0.02

A4H2 7.79 ± 0.06 8.01 ± 0.001 0.74 ± 0.03 2.08 ± 0.02

T5H6 6.87 ± 0.07 7.298 ± 0.003 2.19 ± 0.04 10.31 ± 0.06

A8H2 7.77 ± 0.06 8.02 ± 0.001 0.72 ± 0.02 2.43 ± 0.02

A8H8 8.06 ± 0.03 8.241 ± 0.001 1.33 ± 0.02 4.53 ± 0.02

T9H6 7.12 ± 0.04 7.398 ± 0.001 1.58 ± 0.02 4.23 ± 0.02

C10H6 7.41 ± 0.02 7.568 ± 0.001 1.58 ± 0.03 3.9 ± 0.02

C12H6 7.49 ± 0.04 7.687 ± 0.001 1.21 ± 0.02 2.73 ± 0.02

61 ℃

C2H6 7.37 ± 0.07 7.498 ± 0.005 1.48 ± 0.03 4.59 ± 0.24

A4H2 7.8 ± 0.06 8.014 ± 0.001 0.73 ± 0.02 2.52 ± 0.04

T5H6 6.88 ± 0.03 7.301 ± 0.001 2.14 ± 0.04 10.77 ± 0.13

A8H2 7.77 ± 0.06 8.021 ± 0.001 0.72 ± 0.02 2.62 ± 0.05

A8H8 8.06 ± 0.02 8.244 ± 0.001 1.34 ± 0.02 4.86 ± 0.04

T9H6 7.12 ± 0.02 7.4 ± 0.001 1.6 ± 0.02 4.59 ± 0.04

C10H6 7.42 ± 0.12 7.578 ± 0.01 1.53 ± 0.12 4.3 ± 0.24

C12H6 7.5 ± 0.1 7.693 ± 0.008 1.17 ± 0.03 2.92 ± 0.25
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Table S2: Results of the fit of 1H CEST measured at 800 MHz 1H Larmor frequency. The
temperature of each measurement is indicated on the leftmost column of the table. Chemical
shifts relevant to dsDNA and ssDNA are given together with the relaxation parameters
R1 and R2 for each available reporter of sample caC5.8. Errors are given as one standard
deviation.

Chemical shift Relaxation rates

δ(dsDNA) (ppm) δ(ssDNA) (ppm) R1 (s−1) R2 (s−1)

56 ℃

C2H6 7.36 ± 0.11 7.48 ± 0.002 1.74 ± 0.025 5.23 ± 0.01

A4H2 7.79 ± 0.38 8.005 ± 0.001 0.83 ± 0.015 2.64 ± 0.

A4H8 8.12 ± 0.12 8.205 ± 0.002 1.53 ± 0.02 5.5 ± 0.01

T5H6 6.87 ± 0.51 7.272 ± 0.004 2.67 ± 0.045 14.4 ± 0.05

A8H2 7.75 ± 0.39 8.047 ± 0.001 0.82 ± 0.017 3.11 ± 0.02

A8H8 8.04 ± 0.14 8.244 ± 0.001 1.48 ± 0.02 5.88 ± 0.01

T9H6 7.11 ± 0.14 7.415 ± 0.001 1.81 ± 0.028 4.89 ± 0.01

C10H6 7.41 ± 0.1 7.579 ± 0.001 1.76 ± 0.025 4.54 ± 0.01

C12H6 7.49 ± 0.12 7.661 ± 0.002 1.35 ± 0.024 3.29 ± 0.01

57 ℃

C2H6 7.36 ± 0.05 7.486 ± 0.001 1.67 ± 0.03 5.08 ± 0.05

A4H2 7.79 ± 0.11 8.005 ± 0.001 0.8 ± 0.02 2.22 ± 0.03

A4H8 8.12 ± 0.03 8.207 ± 0.001 1.49 ± 0.02 5.51 ± 0.03

T5H6 6.87 ± 0.17 7.281 ± 0.003 2.96 ± 0.05 15.21 ± 0.17

A8H2 7.76 ± 0.14 8.042 ± 0.001 0.8 ± 0.01 2.52 ± 0.04

A8H8 8.04 ± 0.07 8.244 ± 0.001 1.44 ± 0.02 5.66 ± 0.04

T9H6 7.12 ± 0.1 7.413 ± 0.001 1.75 ± 0.02 4.86 ± 0.05

C10H6 7.41 ± 0.06 7.582 ± 0.001 1.74 ± 0.03 4.48 ± 0.06

C12H6 7.49 ± 0.07 7.67 ± 0.001 1.33 ± 0.02 3.18 ± 0.05

58 ℃

C2H6 7.36 ± 0.03 7.488 ± 0.001 1.59 ± 0.03 4.64 ± 0.04

A4H2 7.79 ± 0.07 8.009 ± 0.001 0.76 ± 0.01 2.09 ± 0.04

A4H8 8.12 ± 0.03 8.212 ± 0.001 1.45 ± 0.02 4.93 ± 0.04

T5H6 6.88 ± 0.1 7.284 ± 0.003 2.91 ± 0.05 16.28 ± 0.28

A8H2 7.76 ± 0.09 8.04 ± 0.001 0.76 ± 0.01 2.53 ± 0.05

A8H8 8.04 ± 0.04 8.247 ± 0.001 1.38 ± 0.02 5.29 ± 0.05

(Continues on the next page...)
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58 ℃

T9H6 7.12 ± 0.06 7.412 ± 0.001 1.71 ± 0.02 4.47 ± 0.05

C10H6 7.41 ± 0.04 7.584 ± 0.001 1.65 ± 0.03 4.1 ± 0.05

C12H6 7.49 ± 0.04 7.683 ± 0.001 1.27 ± 0.02 2.81 ± 0.04

59 ℃

C2H6 7.37 ± 0.02 7.492 ± 0.001 1.56 ± 0.03 5.01 ± 0.06

A4H2 7.79 ± 0.06 8.009 ± 0.001 0.8 ± 0.01 2.49 ± 0.04

A4H8 8.12 ± 0.02 8.213 ± 0.001 1.43 ± 0.02 5.44 ± 0.06

T5H6 6.89 ± 0.08 7.295 ± 0.004 2.4 ± 0.06 14.47 ± 0.24

A8H2 7.76 ± 0.07 8.036 ± 0.001 0.79 ± 0.02 2.93 ± 0.06

A8H8 8.05 ± 0.02 8.248 ± 0.001 1.36 ± 0.02 5.84 ± 0.06

T9H6 7.12 ± 0.04 7.41 ± 0.001 1.62 ± 0.02 4.81 ± 0.07

C10H6 7.41 ± 0.03 7.585 ± 0.001 1.58 ± 0.03 4.39 ± 0.06

C12H6 7.5 ± 0.04 7.693 ± 0.001 1.24 ± 0.02 2.96 ± 0.06

60 ℃

C2H6 7.37 ± 0.02 7.499 ± 0.001 1.5 ± 0.02 4.57 ± 0.06

A4H2 7.8 ± 0.04 8.01 ± 0.001 0.79 ± 0.02 2.52 ± 0.05

A4H8 8.12 ± 0.02 8.215 ± 0.001 1.41 ± 0.02 5.33 ± 0.07

T5H6 6.9 ± 0.06 7.296 ± 0.004 1.98 ± 0.06 13.11 ± 0.21

A8H2 7.77 ± 0.05 8.035 ± 0.001 0.77 ± 0.01 2.99 ± 0.06

A8H8 8.05 ± 0.02 8.249 ± 0.001 1.32 ± 0.02 5.71 ± 0.06

T9H6 7.13 ± 0.03 7.409 ± 0.002 1.57 ± 0.02 4.67 ± 0.06

C10H6 7.41 ± 0.02 7.588 ± 0.001 1.53 ± 0.03 4.43 ± 0.06

C12H6 7.5 ± 0.02 7.702 ± 0.001 1.19 ± 0.02 2.96 ± 0.06
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Table S3: Results of the fit of 1H CEST measured at 800 MHz 1H Larmor frequency. The
temperature of each measurement is indicated on the leftmost column of the table. Chemical
shifts relevant to dsDNA and ssDNA are given together with the relaxation parameters
R1 and R2 for each available reporter of sample caC4.7. Errors are given as one standard
deviation.

Chemical shift Relaxation rates

δ(dsDNA) (ppm) δ(ssDNA) (ppm) R1 (s−1) R2 (s−1)

56 ℃

C2H6 7.37 ± 0.06 7.496 ± 0.002 1.67 ± 0.03 5.21 ± 0.03

A4H2 7.79 ± 0.08 8.008 ± 0. 0.82 ± 0.01 2.34 ± 0.03

A4H8 8.12 ± 0.04 8.219 ± 0.001 1.5 ± 0.02 5.33 ± 0.03

T5H6 6.89 ± 0.07 7.28 ± 0.001 2.22 ± 0.02 13.5 ± 0.06

A8H2 7.75 ± 0.15 8.066 ± 0.001 0.81 ± 0.01 2.65 ± 0.04

A8H8 8.02 ± 0.07 8.262 ± 0.001 1.49 ± 0.02 6.4 ± 0.04

T9H6 7.12 ± 0.07 7.431 ± 0.001 1.81 ± 0.02 5.01 ± 0.04

C10H6 7.41 ± 0.05 7.606 ± 0.001 1.76 ± 0.03 4.63 ± 0.04

57 ℃

C2H6 7.37 ± 0.06 7.502 ± 0.002 1.64 ± 0.03 4.97 ± 0.04

A4H2 7.79 ± 0.09 8.01 ± 0.001 0.81 ± 0.01 2.29 ± 0.04

A4H8 8.12 ± 0.03 8.22 ± 0.001 1.48 ± 0.02 5.31 ± 0.03

T5H6 6.89 ± 0.07 7.286 ± 0.001 2.22 ± 0.03 13.62 ± 0.06

A8H2 7.75 ± 0.13 8.06 ± 0.001 0.8 ± 0.02 2.64 ± 0.05

A8H8 8.03 ± 0.05 8.26 ± 0.001 1.42 ± 0.02 6. ± 0.04

T9H6 7.12 ± 0.07 7.428 ± 0.001 1.77 ± 0.03 4.87 ± 0.04

C10H6 7.41 ± 0.05 7.605 ± 0.001 1.76 ± 0.03 4.52 ± 0.04

58 ℃

C2H6 7.38 ± 0.02 7.507 ± 0.001 1.5 ± 0.02 4.92 ± 0.05

A4H2 7.79 ± 0.04 8.012 ± 0.001 0.79 ± 0.01 2.49 ± 0.03

A4H8 8.12 ± 0.01 8.224 ± 0. 1.4 ± 0.02 5.11 ± 0.03

T5H6 6.9 ± 0.03 7.294 ± 0.001 1.83 ± 0.02 13.18 ± 0.08

A8H2 7.75 ± 0.05 8.057 ± 0.001 0.78 ± 0.01 2.73 ± 0.04

A8H8 8.02 ± 0.04 8.264 ± 0.001 1.34 ± 0.02 6.24 ± 0.04

T9H6 7.13 ± 0.03 7.428 ± 0.001 1.65 ± 0.02 4.77 ± 0.04

C10H6 7.42 ± 0.02 7.609 ± 0.001 1.58 ± 0.02 4.4 ± 0.04

(Continues on the next page...)
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59 ℃

C2H6 7.38 ± 0.02 7.514 ± 0.001 1.43 ± 0.02 4.75 ± 0.05

A4H2 7.8 ± 0.03 8.013 ± 0.001 0.79 ± 0.01 2.74 ± 0.04

A4H8 8.12 ± 0.01 8.225 ± 0.001 1.36 ± 0.02 4.97 ± 0.03

T5H6 6.91 ± 0.02 7.301 ± 0.001 1.67 ± 0.02 12.85 ± 0.07

A8H2 7.76 ± 0.04 8.054 ± 0.001 0.77 ± 0.02 2.88 ± 0.04

A8H8 8.03 ± 0.02 8.262 ± 0.001 1.27 ± 0.02 6.4 ± 0.04

T9H6 7.14 ± 0.02 7.426 ± 0.001 1.59 ± 0.02 4.44 ± 0.04

C10H6 7.42 ± 0.02 7.61 ± 0.001 1.49 ± 0.02 4.19 ± 0.04

60 ℃

C2H6 7.38 ± 0.02 7.518 ± 0.001 1.37 ± 0.03 4.59 ± 0.02

A4H2 7.8 ± 0.04 8.016 ± 0.001 0.8 ± 0.01 2.97 ± 0.01

A4H8 8.12 ± 0.01 8.226 ± 0.001 1.32 ± 0.02 4.99 ± 0.01

T5H6 6.92 ± 0.02 7.304 ± 0.002 1.61 ± 0.02 13.16 ± 0.04

A8H2 7.76 ± 0.04 8.048 ± 0.001 0.76 ± 0.01 3.05 ± 0.01

A8H8 8.03 ± 0.02 8.26 ± 0.001 1.14 ± 0.02 5.2 ± 0.02

T9H6 7.14 ± 0.02 7.422 ± 0.002 1.48 ± 0.02 4.27 ± 0.01

C10H6 7.42 ± 0.02 7.609 ± 0.001 1.37 ± 0.02 3.79 ± 0.02
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Table S4: Results of the thermodynamic and kinetic analysis based on of 1H CEST fitted
data measured at 800 MHz 1H Larmor frequency. The relevant temperature for each of the
parameters’ sets is indicated on the leftmost column of the table. The population of dsDNA,
the kinetic rates and the dissociation equilibrium constants are given for each available
reporter of sample caC7.0. Errors are given as one standard deviation.

dsDNA

population
Kinetic rates

Eq.

constants

pD (–) kex (s−1) kd (s−1) ka (103 M−1s−1) k1 (s−1) Keq (10−6 M−1)

56 ℃

C2H6 0.9652 ± 0.0249 28.36 ± 3.58 0.977 ± 0.694 635.849 ± 2014.48 27.387 ± 3.641 2.554 ± 2.693

A4H2 0.9825 ± 0.0007 13.99 ± 0.88 0.245 ± 0.018 596.901 ± 45.487 13.75 ± 0.868 0.412 ± 0.032

T5H6 0.9673 ± 0.0009 12.14 ± 1.1 0.397 ± 0.038 272.921 ± 25.826 11.747 ± 1.064 1.457 ± 0.085

A8H2 0.9845 ± 0.0005 15.27 ± 1.26 0.237 ± 0.021 736.862 ± 67.056 15.03 ± 1.241 0.322 ± 0.023

A8H8 0.9705 ± 0.0014 9.18 ± 1.26 0.271 ± 0.04 229.485 ± 33.069 8.912 ± 1.226 1.187 ± 0.117

T9H6 0.9688 ± 0.0011 19.76 ± 1.54 0.617 ± 0.054 465.649 ± 38.815 19.142 ± 1.489 1.328 ± 0.095

C10H6 0.9687 ± 0.0009 27.21 ± 2.38 0.852 ± 0.08 639.56 ± 58.795 26.356 ± 2.302 1.334 ± 0.082

C12H6 0.9749 ± 0.0009 24.67 ± 1.67 0.619 ± 0.047 727.494 ± 55.507 24.046 ± 1.626 0.854 ± 0.062

57 ℃

C2H6 0.958 ± 0.0019 26.28 ± 2.61 1.103 ± 0.118 456.048 ± 51.193 25.18 ± 2.503 2.431 ± 0.219

A4H2 0.9695 ± 0.0114 10.61 ± 2.14 0.325 ± 0.146 333.599 ± 285.054 10.285 ± 2.064 1.446 ± 0.948

T5H6 0.9559 ± 0.0027 13.45 ± 1.19 0.594 ± 0.068 221.954 ± 22.426 12.86 ± 1.137 2.692 ± 0.334

A8H2 0.9724 ± 0.0015 10.33 ± 0.9 0.285 ± 0.029 277.255 ± 29.969 10.049 ± 0.879 1.035 ± 0.114

A8H8 0.9549 ± 0.0045 9.15 ± 2.4 0.412 ± 0.115 148.669 ± 42.321 8.74 ± 2.288 2.831 ± 0.58

T9H6 0.9595 ± 0.0012 20.5 ± 1.3 0.83 ± 0.061 368.712 ± 24.499 19.669 ± 1.239 2.255 ± 0.136

C10H6 0.9562 ± 0.0014 24.68 ± 1.48 1.083 ± 0.079 408.743 ± 26.322 23.601 ± 1.415 2.653 ± 0.175

C12H6 0.9638 ± 0.0009 21.87 ± 1.2 0.792 ± 0.049 442.122 ± 26.453 21.082 ± 1.16 1.793 ± 0.093

58 ℃

C2H6 0.8951 ± 0.1962 25.58 ± 4.8 2.585 ± 5.082 -65.025 ± 2421.53 22.997 ± 7.102 93.137 ± 142.913

A4H2 0.9622 ± 0.0009 13.91 ± 1.25 0.526 ± 0.048 269.025 ± 25.801 13.387 ± 1.207 1.957 ± 0.1

T5H6 0.9333 ± 0.0027 12.97 ± 0.82 0.865 ± 0.069 137.934 ± 9.757 12.104 ± 0.76 6.288 ± 0.526

A8H2 0.9635 ± 0.0011 14.67 ± 0.76 0.536 ± 0.033 293.994 ± 17.539 14.137 ± 0.728 1.826 ± 0.112

A8H8 0.9457 ± 0.0018 11.92 ± 1.09 0.647 ± 0.062 157.797 ± 15.945 11.276 ± 1.037 4.113 ± 0.284

T9H6 0.9406 ± 0.0014 20.32 ± 1.26 1.206 ± 0.081 244.39 ± 16.079 19.112 ± 1.187 4.941 ± 0.241

C10H6 0.9399 ± 0.0016 21.3 ± 1.17 1.281 ± 0.079 252.837 ± 15.681 20.023 ± 1.104 5.075 ± 0.279

C12H6 0.9513 ± 0.0013 20.25 ± 1.08 0.986 ± 0.06 300.413 ± 17.509 19.265 ± 1.027 3.286 ± 0.175

59 ℃

C2H6 0.917 ± 0.0018 24.11 ± 1.11 2.001 ± 0.102 202.267 ± 10.274 22.112 ± 1.015 9.902 ± 0.441

A4H2 0.952 ± 0.0015 16.41 ± 0.55 0.787 ± 0.034 247.313 ± 12.106 15.623 ± 0.524 3.191 ± 0.205

T5H6 0.908 ± 0.0036 20.34 ± 1.32 1.872 ± 0.134 152.582 ± 12.567 18.472 ± 1.21 12.318 ± 1.007

A8H2 0.9493 ± 0.0017 13.77 ± 0.69 0.698 ± 0.043 195.652 ± 11.632 13.068 ± 0.656 3.577 ± 0.238

A8H8 0.9267 ± 0.0072 15.92 ± 1.39 1.168 ± 0.158 154.099 ± 20.951 14.749 ± 1.289 7.736 ± 1.554

T9H6 0.9188 ± 0.0015 22.54 ± 0.78 1.831 ± 0.075 193.472 ± 7.373 20.706 ± 0.718 9.468 ± 0.357
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59 ℃
C10H6 0.9195 ± 0.0022 24.05 ± 0.98 1.935 ± 0.096 208.583 ± 10.249 22.11 ± 0.898 9.294 ± 0.535

C12H6 0.9277 ± 0.0013 18.38 ± 0.8 1.329 ± 0.061 178.896 ± 8.83 17.049 ± 0.744 7.438 ± 0.286

60 ℃

C2H6 0.8642 ± 0.0031 21.9 ± 1.04 2.975 ± 0.159 105.764 ± 5.641 18.924 ± 0.902 28.158 ± 1.368

A4H2 0.9156 ± 0.0026 16.88 ± 0.63 1.425 ± 0.07 138.985 ± 6.919 15.454 ± 0.578 10.277 ± 0.654

T5H6 0.8522 ± 0.0034 21.62 ± 1. 3.195 ± 0.164 94.702 ± 5.234 18.429 ± 0.859 33.786 ± 1.705

A8H2 0.9112 ± 0.0021 14.77 ± 0.54 1.311 ± 0.06 114.997 ± 4.952 13.454 ± 0.493 11.416 ± 0.571

A8H8 0.8741 ± 0.0032 18.34 ± 0.81 2.308 ± 0.109 96.711 ± 5.381 16.031 ± 0.716 23.91 ± 1.292

T9H6 0.8686 ± 0.0027 22.5 ± 0.89 2.956 ± 0.139 112.928 ± 4.929 19.545 ± 0.77 26.199 ± 1.16

C10H6 0.868 ± 0.0029 22.96 ± 0.91 3.029 ± 0.134 114.639 ± 5.506 19.927 ± 0.798 26.458 ± 1.254

C12H6 0.8795 ± 0.0028 20.41 ± 0.65 2.46 ± 0.097 113.092 ± 4.655 17.951 ± 0.57 21.777 ± 1.095

61 ℃

C2H6 0.8345 ± 0.0169 27.62 ± 5.47 4.591 ± 1.13 106.44 ± 22.406 23.024 ± 4.464 43.923 ± 9.729

A4H2 0.9097 ± 0.0022 25.89 ± 0.56 2.338 ± 0.078 197.974 ± 6.55 23.551 ± 0.513 11.826 ± 0.598

T5H6 0.8125 ± 0.0023 26.93 ± 0.75 5.05 ± 0.156 88.52 ± 2.756 21.876 ± 0.61 57.066 ± 1.56

A8H2 0.8974 ± 0.0026 20.9 ± 0.43 2.144 ± 0.065 138.812 ± 5.201 18.754 ± 0.396 15.469 ± 0.819

A8H8 0.8325 ± 0.0025 20.74 ± 0.5 3.473 ± 0.094 78.231 ± 2.417 17.264 ± 0.42 44.421 ± 1.44

T9H6 0.8106 ± 0.0029 24.7 ± 0.48 4.678 ± 0.123 80.247 ± 2.036 20.024 ± 0.389 58.325 ± 1.987

C10H6 0.7795 ± 0.0382 35.77 ± 7.03 7.918 ± 2.21 100.316 ± 35.853 27.853 ± 5.511 86.126 ± 30.785

C12H6 0.7996 ± 0.0241 26.83 ± 3.43 5.374 ± 0.932 82.729 ± 16.851 21.453 ± 2.85 67.735 ± 18.616
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Table S5: Results of the thermodynamic and kinetic analysis based on of 1H CEST fitted
data measured at 800 MHz 1H Larmor frequency. The relevant temperature for each of the
parameters’ sets is indicated on the leftmost column of the table. The population of dsDNA,
the kinetic rates and the dissociation equilibrium constants are given for each available
reporter of sample caC5.8. Errors are given as one standard deviation.

dsDNA

population
Kinetic rates

Eq.

constants

pD (–) kex (s−1) kd (s−1) ka (103 M−1s−1) k1 (s−1) Keq (10−6 M−1)

56 ℃

C2H6 0.9586 ± 0.0015 25.94 ± 2.35 1.075 ± 0.105 455.759 ± 44.699 24.861 ± 2.25 2.364 ± 0.169

A4H2 0.9636 ± 0.0026 8.89 ± 1.27 0.322 ± 0.047 180.032 ± 31.536 8.564 ± 1.233 1.818 ± 0.265

A4H8 0.963 ± 0.0018 20.71 ± 2. 0.767 ± 0.08 409.896 ± 46.152 19.946 ± 1.926 1.882 ± 0.186

T5H6 0.9498 ± 0.0028 33.6 ± 4.24 1.687 ± 0.244 483.734 ± 63.779 31.914 ± 4.018 3.506 ± 0.401

A8H2 0.974 ± 0.0009 15.23 ± 1.09 0.396 ± 0.031 433.742 ± 35.156 14.832 ± 1.06 0.914 ± 0.062

A8H8 0.9535 ± 0.0016 11.34 ± 1.25 0.527 ± 0.062 176.776 ± 20.179 10.816 ± 1.187 2.988 ± 0.209

T9H6 0.9528 ± 0.001 20.02 ± 1.45 0.946 ± 0.072 306.444 ± 23.03 19.076 ± 1.386 3.09 ± 0.127

C10H6 0.9556 ± 0.001 25.59 ± 1.56 1.137 ± 0.075 417.699 ± 27.049 24.452 ± 1.494 2.725 ± 0.126

C12H6 0.965 ± 0.0009 25.11 ± 1.74 0.879 ± 0.067 525.351 ± 38.026 24.227 ± 1.68 1.675 ± 0.086

57 ℃

C2H6 0.9308 ± 0.0019 21.11 ± 1.66 1.46 ± 0.12 215.67 ± 18.415 19.646 ± 1.55 6.782 ± 0.378

A4H2 0.9559 ± 0.0011 13.19 ± 0.67 0.582 ± 0.035 217.205 ± 11.695 12.613 ± 0.637 2.681 ± 0.14

A4H8 0.9359 ± 0.0014 14.24 ± 1.3 0.913 ± 0.084 157.915 ± 15.15 13.331 ± 1.216 5.789 ± 0.261

T5H6 0.9115 ± 0.0033 29.17 ± 1.81 2.58 ± 0.164 228.542 ± 18.855 26.594 ± 1.674 11.338 ± 0.895

A8H2 0.9575 ± 0.0009 15.58 ± 0.58 0.662 ± 0.029 266.515 ± 11.086 14.914 ± 0.552 2.485 ± 0.109

A8H8 0.9352 ± 0.0017 12. ± 0.79 0.778 ± 0.057 131.466 ± 8.881 11.226 ± 0.733 5.926 ± 0.317

T9H6 0.9269 ± 0.0016 19.95 ± 0.95 1.459 ± 0.079 192.037 ± 9.941 18.493 ± 0.882 7.602 ± 0.356

C10H6 0.9335 ± 0.0016 25.57 ± 1.07 1.701 ± 0.079 272.579 ± 13.87 23.874 ± 1.003 6.248 ± 0.309

C12H6 0.9483 ± 0.0009 22.09 ± 0.81 1.143 ± 0.049 307.314 ± 12.101 20.947 ± 0.769 3.721 ± 0.135

58 ℃

C2H6 0.9095 ± 0.0024 27.5 ± 1.21 2.489 ± 0.126 209.887 ± 11.376 25.014 ± 1.108 11.877 ± 0.649

A4H2 0.9478 ± 0.001 19.29 ± 0.46 1.007 ± 0.032 265.775 ± 8.164 18.283 ± 0.439 3.793 ± 0.149

A4H8 0.9138 ± 0.0023 24.93 ± 1.2 2.149 ± 0.116 200.719 ± 11.692 22.782 ± 1.104 10.724 ± 0.611

T5H6 0.8789 ± 0.0043 30.35 ± 2.1 3.678 ± 0.304 167.271 ± 12.64 26.674 ± 1.836 22.038 ± 1.689

A8H2 0.9484 ± 0.0009 21.12 ± 0.47 1.089 ± 0.034 294.777 ± 7.476 20.029 ± 0.44 3.696 ± 0.13

A8H8 0.9198 ± 0.0014 19.81 ± 0.71 1.589 ± 0.061 172.334 ± 7.293 18.219 ± 0.658 9.231 ± 0.337

T9H6 0.9065 ± 0.0021 26.73 ± 1.01 2.498 ± 0.111 196.801 ± 8.739 24.228 ± 0.915 12.705 ± 0.593

C10H6 0.9085 ± 0.0019 28.22 ± 0.94 2.582 ± 0.099 212.718 ± 8.872 25.641 ± 0.858 12.153 ± 0.523

C12H6 0.9276 ± 0.0013 28.43 ± 0.88 2.06 ± 0.071 276.303 ± 10.472 26.372 ± 0.817 7.46 ± 0.284

59 ℃

C2H6 0.8646 ± 0.0031 20.81 ± 1.18 2.817 ± 0.179 100.874 ± 6.092 17.99 ± 1.017 27.958 ± 1.392

A4H2 0.9212 ± 0.0018 16.96 ± 0.65 1.337 ± 0.059 150.568 ± 6.987 15.627 ± 0.601 8.888 ± 0.425

A4H8 0.864 ± 0.0042 20.34 ± 1.03 2.766 ± 0.158 98.167 ± 6.298 17.575 ± 0.9 28.252 ± 1.904
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S33

3.2 supplementary material 125



59 ℃

T5H6 0.834 ± 0.0057 25.69 ± 1.78 4.267 ± 0.335 98.031 ± 7.735 21.427 ± 1.483 43.647 ± 3.256

A8H2 0.9132 ± 0.0022 18.9 ± 0.69 1.641 ± 0.076 150.991 ± 6.546 17.261 ± 0.625 10.879 ± 0.572

A8H8 0.8727 ± 0.0015 18.12 ± 0.67 2.307 ± 0.089 94.281 ± 3.729 15.815 ± 0.586 24.476 ± 0.621

T9H6 0.8601 ± 0.0027 23.13 ± 1.02 3.235 ± 0.162 107.96 ± 5.162 19.893 ± 0.873 29.987 ± 1.267

C10H6 0.8654 ± 0.0032 23.69 ± 0.96 3.189 ± 0.132 115.648 ± 6.297 20.503 ± 0.855 27.626 ± 1.415

C12H6 0.8886 ± 0.0025 23.93 ± 0.69 2.665 ± 0.097 144.971 ± 5.468 21.265 ± 0.616 18.401 ± 0.86

60 ℃

C2H6 0.8346 ± 0.0036 27.2 ± 1. 4.5 ± 0.193 104.195 ± 4.7 22.704 ± 0.843 43.24 ± 2.073

A4H2 0.9048 ± 0.0019 18.86 ± 0.58 1.795 ± 0.063 136.131 ± 5.405 17.067 ± 0.527 13.2 ± 0.568

A4H8 0.8202 ± 0.0061 21.31 ± 1.17 3.831 ± 0.257 73.834 ± 4.823 17.474 ± 0.954 52.028 ± 3.937

T5H6 0.8098 ± 0.0061 27.3 ± 2.47 5.195 ± 0.519 88.278 ± 8.334 22.109 ± 1.99 58.968 ± 4.268

A8H2 0.8922 ± 0.0025 18.88 ± 0.63 2.036 ± 0.083 118.625 ± 4.984 16.847 ± 0.56 17.185 ± 0.861

A8H8 0.8404 ± 0.0033 20.8 ± 0.93 3.318 ± 0.159 83.174 ± 4.375 17.48 ± 0.787 39.946 ± 1.823

T9H6 0.8293 ± 0.0035 26.22 ± 0.82 4.476 ± 0.167 96.738 ± 3.863 21.749 ± 0.684 46.319 ± 2.13

C10H6 0.8351 ± 0.0042 27.91 ± 0.94 4.603 ± 0.191 107.333 ± 4.898 23.31 ± 0.796 42.956 ± 2.396

C12H6 0.8545 ± 0.0026 24.19 ± 0.87 3.52 ± 0.15 107.825 ± 4.132 20.672 ± 0.736 32.664 ± 1.244
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Table S6: Results of the thermodynamic and kinetic analysis based on of 1H CEST fitted
data measured at 800 MHz 1H Larmor frequency. The relevant temperature for each of the
parameters’ sets is indicated on the leftmost column of the table. The population of dsDNA,
the kinetic rates and the dissociation equilibrium constants are given for each available
reporter of sample caC4.7. Errors are given as one standard deviation.

dsDNA

population
Kinetic rates

Eq.

constants

pD (–) kex (s−1) kd (s−1) ka (103 M−1s−1) k1 (s−1) Keq (10−6 M−1)

56 ℃

C2H6 0.9392 ± 0.0016 24.26 ± 1.78 1.475 ± 0.115 284.68 ± 22.629 22.789 ± 1.677 5.189 ± 0.287

A4H2 0.9602 ± 0.0006 17.92 ± 0.44 0.713 ± 0.022 328.342 ± 8.772 17.205 ± 0.419 2.171 ± 0.069

A4H8 0.9462 ± 0.0011 18.42 ± 1.25 0.992 ± 0.068 245.787 ± 17.88 17.431 ± 1.183 4.039 ± 0.167

T5H6 0.93 ± 0.0008 18.28 ± 0.54 1.28 ± 0.041 184.298 ± 5.944 17. ± 0.506 6.945 ± 0.171

A8H2 0.9613 ± 0.0007 19.05 ± 0.64 0.736 ± 0.027 359.525 ± 14.06 18.31 ± 0.612 2.049 ± 0.072

A8H8 0.9474 ± 0.0009 24.13 ± 0.68 1.271 ± 0.044 329.571 ± 10.293 22.862 ± 0.641 3.857 ± 0.135

T9H6 0.9332 ± 0.001 21.86 ± 0.74 1.46 ± 0.051 231.693 ± 8.922 20.398 ± 0.69 6.307 ± 0.188

C10H6 0.9348 ± 0.001 24.84 ± 0.96 1.62 ± 0.068 270.121 ± 11.293 23.219 ± 0.9 6.002 ± 0.195

57 ℃

C2H6 0.9261 ± 0.0026 25.92 ± 1.4 1.914 ± 0.12 246.919 ± 16.586 24.003 ± 1.303 7.774 ± 0.554

A4H2 0.9563 ± 0.0008 22.53 ± 0.63 0.985 ± 0.034 374.083 ± 12.66 21.547 ± 0.603 2.635 ± 0.104

A4H8 0.9325 ± 0.0013 18.41 ± 1.17 1.243 ± 0.083 193.036 ± 12.685 17.167 ± 1.089 6.441 ± 0.252

T5H6 0.914 ± 0.0014 20.02 ± 0.82 1.722 ± 0.077 161.46 ± 7.203 18.298 ± 0.754 10.671 ± 0.364

A8H2 0.9545 ± 0.0009 21.29 ± 0.55 0.968 ± 0.03 339.092 ± 11.859 20.317 ± 0.529 2.858 ± 0.12

A8H8 0.9379 ± 0.0009 24.8 ± 0.66 1.539 ± 0.047 284.431 ± 8.727 23.258 ± 0.615 5.413 ± 0.164

T9H6 0.9208 ± 0.0014 23.46 ± 0.97 1.857 ± 0.081 207.039 ± 9.648 21.599 ± 0.895 8.977 ± 0.326

C10H6 0.9234 ± 0.0015 29.96 ± 1.15 2.294 ± 0.102 274.297 ± 11.575 27.667 ± 1.062 8.368 ± 0.343

58 ℃

C2H6 0.872 ± 0.0022 22.3 ± 0.81 2.856 ± 0.111 115.282 ± 4.869 19.448 ± 0.709 24.792 ± 0.915

A4H2 0.917 ± 0.0014 21.5 ± 0.32 1.785 ± 0.039 180.22 ± 4.521 19.716 ± 0.301 9.913 ± 0.355

A4H8 0.8764 ± 0.002 20.67 ± 0.7 2.556 ± 0.102 111.197 ± 4.036 18.116 ± 0.611 22.997 ± 0.814

T5H6 0.8492 ± 0.002 18.15 ± 0.51 2.737 ± 0.09 77.547 ± 2.308 15.412 ± 0.428 35.309 ± 1.014

A8H2 0.914 ± 0.0013 22.38 ± 0.45 1.925 ± 0.049 180.554 ± 4.705 20.459 ± 0.41 10.667 ± 0.345

A8H8 0.8907 ± 0.002 29.11 ± 0.77 3.18 ± 0.107 180.118 ± 5.762 25.927 ± 0.68 17.669 ± 0.699

T9H6 0.8518 ± 0.0024 24.37 ± 0.57 3.612 ± 0.096 106.331 ± 3.394 20.763 ± 0.497 33.997 ± 1.184

C10H6 0.8685 ± 0.0021 28.54 ± 0.81 3.754 ± 0.119 143.003 ± 4.943 24.786 ± 0.706 26.271 ± 0.893

59 ℃

C2H6 0.8287 ± 0.0041 26.31 ± 1.01 4.505 ± 0.204 96.638 ± 4.609 21.8 ± 0.841 46.691 ± 2.459

A4H2 0.8935 ± 0.0017 23.69 ± 0.51 2.523 ± 0.071 150.858 ± 4.054 21.168 ± 0.457 16.734 ± 0.575

A4H8 0.8191 ± 0.0041 22.98 ± 0.73 4.158 ± 0.147 79.013 ± 3.655 18.826 ± 0.623 52.709 ± 2.665

T5H6 0.807 ± 0.0024 21.37 ± 0.63 4.125 ± 0.133 67.812 ± 2.227 17.248 ± 0.507 60.86 ± 1.689

A8H2 0.8761 ± 0.0024 23.26 ± 0.51 2.882 ± 0.085 124.813 ± 3.949 20.374 ± 0.452 23.109 ± 0.977

A8H8 0.8457 ± 0.0021 27.76 ± 0.76 4.282 ± 0.134 115.458 ± 3.565 23.473 ± 0.644 37.105 ± 1.096
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59 ℃
T9H6 0.8005 ± 0.0029 28.46 ± 0.57 5.678 ± 0.144 86.667 ± 2.27 22.782 ± 0.459 65.546 ± 2.127

C10H6 0.834 ± 0.0031 31.81 ± 1.03 5.28 ± 0.177 121.359 ± 5.283 26.535 ± 0.89 43.561 ± 1.797

60 ℃

C2H6 0.8323 ± 0.0039 31.1 ± 0.86 5.216 ± 0.191 117.175 ± 4.576 25.885 ± 0.724 44.581 ± 2.305

A4H2 0.8998 ± 0.0018 31.34 ± 0.52 3.14 ± 0.079 213.587 ± 5.433 28.198 ± 0.465 14.713 ± 0.564

A4H8 0.8052 ± 0.0049 25.08 ± 0.71 4.886 ± 0.17 78.74 ± 3.559 20.198 ± 0.603 62.173 ± 3.523

T5H6 0.7877 ± 0.0027 24.53 ± 0.59 5.208 ± 0.143 69.072 ± 1.993 19.324 ± 0.467 75.442 ± 2.221

A8H2 0.8607 ± 0.0029 27.09 ± 0.69 3.774 ± 0.125 127.096 ± 4.477 23.32 ± 0.597 29.724 ± 1.363

A8H8 0.8508 ± 0.0023 31.44 ± 0.58 4.691 ± 0.111 136.03 ± 3.623 26.746 ± 0.502 34.507 ± 1.172

T9H6 0.7852 ± 0.0038 29.81 ± 0.51 6.405 ± 0.172 82.693 ± 2.145 23.408 ± 0.396 77.523 ± 3.164

C10H6 0.8392 ± 0.0031 38.61 ± 0.69 6.21 ± 0.163 152.914 ± 4.437 32.401 ± 0.589 40.652 ± 1.734
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Table S7: Thermodynamic and kinetic parameters of the dsDNA melting process obtained
from the van’t Hoff and Eyring analysis of the CEST-derived exchange parameters. 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 ℃ kJ mol−1 kJ mol−1 J K−1 mol−1 kJ mol−1 kJ mol−1 J K−1 mol−1

C7.0

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 68.8 ± 1.5

caC7.0

C2H6 73.3 ± 7.4 669 ± 106 1920 ± 318 65.2 ± 1. 93. ± 4.3 287 ± 64 625 ± 192 19.7 ± 4.1 -382 ± 61 -1295 ± 183
A4H2 72.4 ± 2.8 607 ± 38 1725 ± 113 67.7 ± 0.4 103.9 ± 1.7 412 ± 24 993 ± 70 31.5 ± 1.7 -195 ± 24 -731 ± 71
T5H6 75. ± 0.9 696 ± 14 2002 ± 42 64.8 ± 0.1 106.6 ± 1.1 481 ± 16 1208 ± 49 31.6 ± 1.1 -215 ± 16 -794 ± 48
A8H2 79.4 ± 1.0 715 ± 14 2048 ± 44 66.2 ± 0.2 104.2 ± 1.1 414 ± 16 998 ± 47 24.8 ± 1.1 -301 ± 17 -1050 ± 50
A8H8 73.6 ± 1.4 663 ± 21 1899 ± 63 65.5 ± 0.2 107.9 ± 2. 485 ± 29 1217 ± 88 34.3 ± 2.1 -177 ± 30 -682 ± 91
T9H6 75.7 ± 0.8 700 ± 13 2014 ± 38 65. ± 0.1 99.2 ± 0.9 372 ± 13 879 ± 40 23.4 ± 0.9 -328 ± 13 -1134 ± 40
C10H6 77.3 ± 3.6 727 ± 59 2096 ± 180 64.7 ± 0.6 98.6 ± 3.2 371 ± 51 879 ± 156 21.3 ± 2.9 -356 ± 46 -1217 ± 140
C12H6 81.8 ± 2.4 785 ± 38 2267 ± 114 64.6 ± 0.3 99.6 ± 1.7 374 ± 26 884 ± 80 17.7 ± 1.9 -411 ± 30 -1382 ± 91
UV/Vis 52.9 ± 2.9 388 ± 52 1079.8 ± 158 67.7 ± 1.7

caC5.8

C2H6 71.1 ± 1.2 660 ± 19 1899 ± 56 64.2 ± 0.2 94.8 ± 1.4 324 ± 22 739 ± 67 23.7 ± 1.3 -336 ± 19 -1160 ± 58
A4H2 61.4 ± 1.7 470 ± 26 1316 ± 80 68.8 ± 0.6 101.5 ± 1.8 392 ± 28 937 ± 84 40.1 ± 1.7 -78 ± 26 -379 ± 79
A4H8 77. ± 1.7 750 ± 26 2170 ± 77 63.6 ± 0.2 99.6 ± 1.8 391 ± 28 939 ± 84 22.6 ± 2.1 -359 ± 32 -1231 ± 97
T5H6 68.7 ± 2.1 641 ± 32 1844 ± 97 63.8 ± 0.3 88.7 ± 1.9 244 ± 30 501 ± 89 20. ± 2. -397 ± 32 -1343 ± 95
A8H2 74.4 ± 1.1 671 ± 17 1923 ± 51 65.6 ± 0.2 100.3 ± 1.2 379 ± 18 897 ± 54 25.9 ± 1.2 -292 ± 18 -1026 ± 55
A8H8 67.6 ± 1. 602 ± 15 1722 ± 47 65. ± 0.2 102.8 ± 1.4 432 ± 21 1062 ± 64 35.2 ± 1.5 -170 ± 23 -660 ± 69
T9H6 68. ± 0.9 615 ± 14 1765 ± 43 64.5 ± 0.2 96.6 ± 0.9 352 ± 13 825 ± 40 28.6 ± 1. -263 ± 15 -940 ± 45
C10H6 69.7 ± 1. 639 ± 16 1834 ± 50 64.4 ± 0.2 93.6 ± 1. 309 ± 16 694 ± 47 23.9 ± 1.1 -330 ± 17 -1140 ± 51
C12H6 74.1 ± 0.9 690 ± 14 1985 ± 42 64.6 ± 0.1 95.7 ± 1. 331 ± 16 760 ± 48 21.6 ± 1. -358 ± 16 -1225 ± 47

caC4.7

C2H6 58.6 ± 0.7 483 ± 11 1369 ± 32 65.6 ± 0.2 93.1 ± 0.7 309 ± 11 695 ± 34 34.5 ± 0.9 -175 ± 14 -674 ± 42
A4H2 58.5 ± 0.5 441 ± 8 1232 ± 24 68.5 ± 0.2 96.5 ± 0.5 339 ± 7 782 ± 22 38. ± 0.4 -102 ± 7 -451 ± 21
A4H8 64.9 ± 0.7 583 ± 11 1669 ± 34 64.3 ± 0.1 96.6 ± 0.8 357 ± 12 840 ± 37 31.8 ± 0.8 -226 ± 12 -829 ± 35
T5H6 60. ± 0.4 519 ± 6 1479 ± 19 64.4 ± 0.1 94.2 ± 0.5 324 ± 8 740 ± 24 34.3 ± 0.6 -195 ± 9 -739 ± 26
A8H2 64.5 ± 0.6 546 ± 9 1552 ± 27 66. ± 0.1 98.1 ± 0.6 368 ± 9 870 ± 29 33.6 ± 0.6 -178 ± 9 -682 ± 27
A8H8 60.8 ± 0.5 505 ± 8 1433 ± 25 65.8 ± 0.1 92.3 ± 0.5 294 ± 8 650 ± 24 31.5 ± 0.5 -211 ± 8 -783 ± 23
T9H6 62.1 ± 0.4 550 ± 7 1575 ± 21 64.1 ± 0.1 95.2 ± 0.4 347 ± 7 813 ± 20 33.1 ± 0.5 -203 ± 7 -761 ± 21
C10H6 56.8 ± 0.6 454 ± 10 1280 ± 29 66.1 ± 0.2 92.9 ± 0.6 312 ± 9 708 ± 26 36.1 ± 0.6 -142 ± 9 -573 ± 28

fC7.0

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
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4 C LO S I N G R E M A R K S

4.1 summary

This work represents a pursuit of the characterization of sparse epigenetically
modified DNA cytosine modifications. Despite their eerily similar chemical
structure with respect to canonical cytosine, 5mC and its oxidized derivatives
have a noticeable impact on DNA. Assignment and chemical shift analysis of
low-energy conformers revealed that no permanent detectable change in B-DNA
structure is induced by the presence of 5fC or 5caC. On the other hand, an in-
depth investigation of the slower- and faster-intermediate regimes has evidenced
that these modifications impact the extent to which dsDNA is able to undergo
molecularmotions, modulating the population size of higher-energy conformers
and the kinetic rates characterizing the dynamic equilibrium process.

The work presented in chapter 2 focuses on the effect of the inclusion of 5fC
within its naturally occurring settings and conditions in the context of a double-
stranded DNA oligomer. We obtained a quantitative evaluation of 5fC-induced
destabilization by the means of 1H CEST techniques, ultimately resulting in the
identification of ES chemical shifts, and the overall exchange kinetic rates. Fur-
ther, kex could be decomposed into ka and kd, allowing for the discrimination of
the annealing and melting mechanisms, respectively. Eyring-Polanyi and van’t
Hoff treatment showed that 5fC generates a tenuous degree of destabilization in
the duplex state without affecting the transition state architecture.

An extension of the study above is presented in chapter 3, where the effects
of 5caC incorporation into canonical DNA strands at multiple pH and tempera-
ture conditions is addressed. The investigationwas designed to characterize how
protonation of the exocyclic carboxyl moiety affects the melting-annealing equi-
librium as well as potentially inducing sparse and localized microsecond time
scale base-pair dynamics. Applying a similar methodological approach as per
our previous investigation, 5caC was considered at three acidic conditions: pH
7.0, 5.8, and 4.7. CEST-derived kinetic and thermodynamic data suggested that
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the reduced degree of of cohesion of the 5caC6:G7 base pair, also evidenced by
chemical shift studies, affects the extent to which nearby bases are able to coop-
eratively stabilize one another. An exploration of conformational exchange on
the microsecond time scale regime revealed a protonation-triggered, sharply lo-
calized base-pair motion involving exclusively the modified site and its immedi-
ate surroundings, which could be subsequently identified in the 5fC-containing
sample as well.

The overall significance is two-fold. On one hand, our site-specific biophysical
characterization of cytosine derivatives by the means of commonly utilized ther-
modynamic and kinetic frameworks allowed for the extraction of reliable and
comparable parameters, which utility might apply, for instance, to the interpre-
tation of enzymatic mechanisms and activity. On the other hand, our results
provide additional pieces to the puzzle concerning the specific roles of epigenet-
ically modified DNA bases. It is my conviction that the most relevant dilemmas
in biology necessarily require an holistic and interdisciplinary approach, and
the work hereby presented was performed with the intention and hope that one
day, the larger questions regarding the nature, the function and the finality of
epigenetics might be clarified and successfully engineered to the betterment of
humankind.
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4.2 future directions

This work specifically focuses on the investigation of natural abundance epige-
netically modifed dsDNA oligomers. While our results were also interpreted in
the light of current structural biology literature, they are ultimately ill-suited for
commenting on the larger scale processes occurring within cells. Below, I list a
number of potential perspective studies that might take advantage of the work
hereby presented and further advance our understanding of oxidized methylcy-
tosine derivatives.

A central conundrum remains the recognition and activity mechanisms of
reader enzymes acting upon dsDNA. While the pinch-push-pull mechanism for
base-extrusion and base-cleaving was proposed by Maiti et al. in 2013, there is
currently little structural evidence supporting the hypothesis. In this respect,
one natural extension of this work might be represented by (i) a detailed NMR
characterization of TDG enzymes and (ii) the investigation of the interaction be-
tween a modified dsDNA strand and and equimolar amount of TDG in solution.

On a different note, a relatively new field within bioNMR spectroscopy is
represented by in-cell NMR. This young and fast-developing methodology has
gradually emerged as the link between structural and cellular biology, filling
the critical gap between in vitro-oriented structural techniques, such as NMR
spectroscopy, ultra-high resolution cellular imaging techniques, such as super
resolution microscopy and cryo-electron tomography. [101] Nucleosomes, the
basic unit of chromatin, help the packaging of genetic material while controlling
access to the genetic information. 5fC has been shown to affect nucleosome or-
ganization by increasing occupancy in vitro and in vivo. [102] Incorporation of
isotopically labelled 5fC into DNA to be wrapped around a histone might pro-
vide clues into their roles and functions.



5 A P P E N D I X

5.1 dsdna chemical shift assignment

Below are reported the BMRB-compliant chemical shift values for the dsDNA
samples used for studies presented in Chapters 2 and 3. The published files,
which also include information about experimental details (buffer conditions,
software used to perform the assignment and the spectrometers employed to
record the spectra) can be reached online at the following links:

1. Publication in Chapter 2, including C- and 5fC-containing dsDNA assign-
ments,

2. Publication in Chapter 3, including 5caC-containing dsDNA assignments.

5.1.1 NMR-STAR assignment of 5caC pH 4.7

save_assigned_chemical_shifts_3

_Assigned_chem_shift_list.Sf_category assigned_chemical_shifts

_Assigned_chem_shift_list.Sf_framecode assigned_chemical_shifts_3

_Assigned_chem_shift_list.Entry_ID 51337

_Assigned_chem_shift_list.ID 3

_Assigned_chem_shift_list.Name ’5caC-containing 12mer dsDNA pH 4.7’

_Assigned_chem_shift_list.Sample_condition_list_ID 1

_Assigned_chem_shift_list.Sample_condition_list_label $sample_conditions_1

_Assigned_chem_shift_list.Chem_shift_reference_ID 1

_Assigned_chem_shift_list.Chem_shift_reference_label $chem_shift_reference_1

_Assigned_chem_shift_list.Chem_shift_1H_err .

_Assigned_chem_shift_list.Chem_shift_13C_err .

_Assigned_chem_shift_list.Chem_shift_15N_err .

_Assigned_chem_shift_list.Chem_shift_31P_err .

_Assigned_chem_shift_list.Chem_shift_2H_err .

_Assigned_chem_shift_list.Chem_shift_19F_err .

_Assigned_chem_shift_list.Error_derivation_method .

_Assigned_chem_shift_list.Details .

_Assigned_chem_shift_list.Text_data_format .
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_Assigned_chem_shift_list.Text_data .

loop_

_Chem_shift_experiment.Experiment_ID

_Chem_shift_experiment.Experiment_name

_Chem_shift_experiment.Sample_ID

_Chem_shift_experiment.Sample_label

_Chem_shift_experiment.Sample_state

_Chem_shift_experiment.Entry_ID

_Chem_shift_experiment.Assigned_chem_shift_list_ID

7 ’2D 1H-13C HSQC’ . . . 51337 3

8 ’2D 1H-15N HSQC’ . . . 51337 3

9 ’2D 1H-1H NOESY’ . . . 51337 3

stop_

loop_

_Chem_shift_software.Software_ID

_Chem_shift_software.Software_label

_Chem_shift_software.Method_ID

_Chem_shift_software.Method_label

_Chem_shift_software.Entry_ID

_Chem_shift_software.Assigned_chem_shift_list_ID

1 $software_1 . . 51337 3

stop_

loop_

_Atom_chem_shift.ID

_Atom_chem_shift.Assembly_atom_ID

_Atom_chem_shift.Entity_assembly_ID

_Atom_chem_shift.Entity_assembly_asym_ID

_Atom_chem_shift.Entity_ID

_Atom_chem_shift.Comp_index_ID

_Atom_chem_shift.Seq_ID

_Atom_chem_shift.Comp_ID

_Atom_chem_shift.Atom_ID

_Atom_chem_shift.Atom_type

_Atom_chem_shift.Atom_isotope_number

_Atom_chem_shift.Val

_Atom_chem_shift.Val_err

_Atom_chem_shift.Assign_fig_of_merit

_Atom_chem_shift.Ambiguity_code

_Atom_chem_shift.Ambiguity_set_ID
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_Atom_chem_shift.Occupancy

_Atom_chem_shift.Resonance_ID

_Atom_chem_shift.Auth_entity_assembly_ID

_Atom_chem_shift.Auth_asym_ID

_Atom_chem_shift.Auth_seq_ID

_Atom_chem_shift.Auth_comp_ID

_Atom_chem_shift.Auth_atom_ID

_Atom_chem_shift.Details

_Atom_chem_shift.Entry_ID

_Atom_chem_shift.Assigned_chem_shift_list_ID

1 . 1 . 1 1 1 DG H1’ H 1 5.968 0.000 . 1 . . . . . 1 G H1’ . 51337 3

2 . 1 . 1 1 1 DG H2’ H 1 2.560 0.001 . 1 . . . . . 1 G H2’ . 51337 3

3 . 1 . 1 1 1 DG H2’’ H 1 2.731 0.002 . 1 . . . . . 1 G H2’’ . 51337 3

4 . 1 . 1 1 1 DG H3’ H 1 4.824 0.001 . 1 . . . . . 1 G H3’ . 51337 3

5 . 1 . 1 1 1 DG H8 H 1 7.921 0.000 . 1 . . . . . 1 G H8 . 51337 3

6 . 1 . 1 1 1 DG C8 C 13 136.341 0.000 . 1 . . . . . 1 G C8 . 51337 3

7 . 1 . 1 2 2 DC H1’ H 1 5.646 0.000 . 1 . . . . . 2 C H1’ . 51337 3

8 . 1 . 1 2 2 DC H2’ H 1 2.037 0.000 . 1 . . . . . 2 C H2’ . 51337 3

9 . 1 . 1 2 2 DC H2’’ H 1 2.390 0.001 . 1 . . . . . 2 C H2’’ . 51337 3

10 . 1 . 1 2 2 DC H3’ H 1 4.842 0.001 . 1 . . . . . 2 C H3’ . 51337 3

11 . 1 . 1 2 2 DC H5 H 1 5.418 0.001 . 1 . . . . . 2 C H5 . 51337 3

12 . 1 . 1 2 2 DC H6 H 1 7.379 0.000 . 1 . . . . . 2 C H6 . 51337 3

13 . 1 . 1 2 2 DC H41 H 1 8.422 0.000 . 1 . . . . . 2 C H41 . 51337 3

14 . 1 . 1 2 2 DC H42 H 1 6.515 0.000 . 1 . . . . . 2 C H42 . 51337 3

15 . 1 . 1 2 2 DC C6 C 13 140.263 0.000 . 1 . . . . . 2 C C6 . 51337 3

16 . 1 . 1 3 3 DG H1 H 1 12.706 0.001 . 1 . . . . . 3 G H1 . 51337 3

17 . 1 . 1 3 3 DG H1’ H 1 5.642 0.001 . 1 . . . . . 3 G H1’ . 51337 3

18 . 1 . 1 3 3 DG H2’ H 1 2.700 0.001 . 1 . . . . . 3 G H2’ . 51337 3

19 . 1 . 1 3 3 DG H2’’ H 1 2.805 0.001 . 1 . . . . . 3 G H2’’ . 51337 3

20 . 1 . 1 3 3 DG H3’ H 1 5.010 0.001 . 1 . . . . . 3 G H3’ . 51337 3

21 . 1 . 1 3 3 DG H8 H 1 7.885 0.001 . 1 . . . . . 3 G H8 . 51337 3

22 . 1 . 1 3 3 DG C8 C 13 135.640 0.000 . 1 . . . . . 3 G C8 . 51337 3

23 . 1 . 1 3 3 DG N1 N 15 147.209 0.000 . 1 . . . . . 3 G N1 . 51337 3

24 . 1 . 1 4 4 DA H1’ H 1 6.232 0.002 . 1 . . . . . 4 A H1’ . 51337 3

25 . 1 . 1 4 4 DA H2 H 1 7.777 0.000 . 1 . . . . . 4 A H2 . 51337 3

26 . 1 . 1 4 4 DA H2’ H 1 2.597 0.001 . 1 . . . . . 4 A H2’ . 51337 3

27 . 1 . 1 4 4 DA H2’’ H 1 2.918 0.001 . 1 . . . . . 4 A H2’’ . 51337 3

28 . 1 . 1 4 4 DA H3’ H 1 4.984 0.000 . 1 . . . . . 4 A H3’ . 51337 3

29 . 1 . 1 4 4 DA H8 H 1 8.147 0.000 . 1 . . . . . 4 A H8 . 51337 3

30 . 1 . 1 4 4 DA C8 C 13 138.549 0.000 . 1 . . . . . 4 A C8 . 51337 3

31 . 1 . 1 5 5 DT H1’ H 1 5.852 0.002 . 1 . . . . . 5 T H1’ . 51337 3

32 . 1 . 1 5 5 DT H2’ H 1 1.960 0.000 . 1 . . . . . 5 T H2’ . 51337 3

33 . 1 . 1 5 5 DT H2’’ H 1 2.493 0.000 . 1 . . . . . 5 T H2’’ . 51337 3
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34 . 1 . 1 5 5 DT H3 H 1 13.372 0.000 . 1 . . . . . 5 T H3 . 51337 3

35 . 1 . 1 5 5 DT H3’ H 1 4.828 0.001 . 1 . . . . . 5 T H3’ . 51337 3

36 . 1 . 1 5 5 DT H6 H 1 6.909 0.000 . 1 . . . . . 5 T H6 . 51337 3

37 . 1 . 1 5 5 DT H71 H 1 1.291 0.000 . 1 . . . . . 5 T H71 . 51337 3

38 . 1 . 1 5 5 DT H72 H 1 1.291 0.000 . 1 . . . . . 5 T H72 . 51337 3

39 . 1 . 1 5 5 DT H73 H 1 1.291 0.000 . 1 . . . . . 5 T H73 . 51337 3

40 . 1 . 1 5 5 DT C6 C 13 135.251 0.000 . 1 . . . . . 5 T C6 . 51337 3

41 . 1 . 1 5 5 DT N3 N 15 158.863 0.000 . 1 . . . . . 5 T N3 . 51337 3

42 . 1 . 1 6 6 1CC H1’ H 1 5.586 0.003 . 1 . . . . . 6 caC H1’ . 51337 3

43 . 1 . 1 6 6 1CC H2’ H 1 2.022 0.002 . 1 . . . . . 6 caC H2’ . 51337 3

44 . 1 . 1 6 6 1CC H2’’ H 1 2.394 0.001 . 1 . . . . . 6 caC H2’’ . 51337 3

45 . 1 . 1 6 6 1CC H3’ H 1 4.803 0.000 . 1 . . . . . 6 caC H3’ . 51337 3

46 . 1 . 1 6 6 1CC H6 H 1 8.040 0.003 . 1 . . . . . 6 caC H6 . 51337 3

47 . 1 . 1 6 6 1CC H41 H 1 8.894 0.000 . 1 . . . . . 6 caC H41 . 51337 3

48 . 1 . 1 6 6 1CC H42 H 1 8.272 0.001 . 1 . . . . . 6 caC H42 . 51337 3

49 . 1 . 1 6 6 1CC C6 C 13 145.920 0.000 . 1 . . . . . 6 caC C6 . 51337 3

50 . 1 . 1 7 7 DG H1 H 1 12.317 0.003 . 1 . . . . . 7 G H1 . 51337 3

51 . 1 . 1 7 7 DG H1’ H 1 5.706 0.001 . 1 . . . . . 7 G H1’ . 51337 3

52 . 1 . 1 7 7 DG H2’ H 1 2.679 0.002 . 1 . . . . . 7 G H2’ . 51337 3

53 . 1 . 1 7 7 DG H2’’ H 1 2.798 0.000 . 1 . . . . . 7 G H2’’ . 51337 3

54 . 1 . 1 7 7 DG H3’ H 1 4.981 0.001 . 1 . . . . . 7 G H3’ . 51337 3

55 . 1 . 1 7 7 DG H8 H 1 7.867 0.001 . 1 . . . . . 7 G H8 . 51337 3

56 . 1 . 1 7 7 DG C8 C 13 135.814 0.000 . 1 . . . . . 7 G C8 . 51337 3

57 . 1 . 1 7 7 DG N1 N 15 146.438 0.000 . 1 . . . . . 7 G N1 . 51337 3

58 . 1 . 1 8 8 DA H1’ H 1 6.183 0.001 . 1 . . . . . 8 A H1’ . 51337 3

59 . 1 . 1 8 8 DA H2 H 1 7.730 0.000 . 1 . . . . . 8 A H2 . 51337 3

60 . 1 . 1 8 8 DA H2’ H 1 2.530 0.001 . 1 . . . . . 8 A H2’ . 51337 3

61 . 1 . 1 8 8 DA H2’’ H 1 2.872 0.000 . 1 . . . . . 8 A H2’’ . 51337 3

62 . 1 . 1 8 8 DA H3’ H 1 4.944 0.001 . 1 . . . . . 8 A H3’ . 51337 3

63 . 1 . 1 8 8 DA H8 H 1 8.032 0.001 . 1 . . . . . 8 A H8 . 51337 3

64 . 1 . 1 8 8 DA C8 C 13 138.199 0.000 . 1 . . . . . 8 A C8 . 51337 3

65 . 1 . 1 9 9 DT H1’ H 1 5.900 0.001 . 1 . . . . . 9 T H1’ . 51337 3

66 . 1 . 1 9 9 DT H2’ H 1 2.022 0.000 . 1 . . . . . 9 T H2’ . 51337 3

67 . 1 . 1 9 9 DT H2’’ H 1 2.423 0.001 . 1 . . . . . 9 T H2’’ . 51337 3

68 . 1 . 1 9 9 DT H3 H 1 13.500 0.003 . 1 . . . . . 9 T H3 . 51337 3

69 . 1 . 1 9 9 DT H3’ H 1 4.830 0.000 . 1 . . . . . 9 T H3’ . 51337 3

70 . 1 . 1 9 9 DT H6 H 1 7.142 0.000 . 1 . . . . . 9 T H6 . 51337 3

71 . 1 . 1 9 9 DT H71 H 1 1.290 0.000 . 1 . . . . . 9 T H71 . 51337 3

72 . 1 . 1 9 9 DT H72 H 1 1.290 0.000 . 1 . . . . . 9 T H72 . 51337 3

73 . 1 . 1 9 9 DT H73 H 1 1.290 0.000 . 1 . . . . . 9 T H73 . 51337 3

74 . 1 . 1 9 9 DT C6 C 13 135.819 0.000 . 1 . . . . . 9 T C6 . 51337 3

75 . 1 . 1 9 9 DT N3 N 15 158.910 0.000 . 1 . . . . . 9 T N3 . 51337 3

76 . 1 . 1 10 10 DC H1’ H 1 5.686 0.001 . 1 . . . . . 10 C H1’ . 51337 3

77 . 1 . 1 10 10 DC H2’ H 1 2.013 0.000 . 1 . . . . . 10 C H2’ . 51337 3
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78 . 1 . 1 10 10 DC H2’’ H 1 2.378 0.001 . 1 . . . . . 10 C H2’’ . 51337 3

79 . 1 . 1 10 10 DC H3’ H 1 4.827 0.002 . 1 . . . . . 10 C H3’ . 51337 3

80 . 1 . 1 10 10 DC H5 H 1 5.591 0.001 . 1 . . . . . 10 C H5 . 51337 3

81 . 1 . 1 10 10 DC H6 H 1 7.425 0.000 . 1 . . . . . 10 C H6 . 51337 3

82 . 1 . 1 10 10 DC H41 H 1 8.383 0.001 . 1 . . . . . 10 C H41 . 51337 3

83 . 1 . 1 10 10 DC H42 H 1 6.728 0.002 . 1 . . . . . 10 C H42 . 51337 3

84 . 1 . 1 10 10 DC C6 C 13 140.920 0.000 . 1 . . . . . 10 C C6 . 51337 3

85 . 1 . 1 11 11 DG H1 H 1 12.971 0.000 . 1 . . . . . 11 G H1 . 51337 3

86 . 1 . 1 11 11 DG H1’ H 1 5.962 0.004 . 1 . . . . . 11 G H1’ . 51337 3

87 . 1 . 1 11 11 DG H2’ H 1 2.623 0.000 . 1 . . . . . 11 G H2’ . 51337 3

88 . 1 . 1 11 11 DG H2’’ H 1 2.710 0.002 . 1 . . . . . 11 G H2’’ . 51337 3

89 . 1 . 1 11 11 DG H3’ H 1 4.970 0.000 . 1 . . . . . 11 G H3’ . 51337 3

90 . 1 . 1 11 11 DG H8 H 1 7.905 0.000 . 1 . . . . . 11 G H8 . 51337 3

91 . 1 . 1 11 11 DG C8 C 13 135.751 0.000 . 1 . . . . . 11 G C8 . 51337 3

92 . 1 . 1 11 11 DG N1 N 15 147.437 0.000 . 1 . . . . . 11 G N1 . 51337 3

93 . 1 . 1 12 12 DC H1’ H 1 6.193 0.000 . 1 . . . . . 12 C H1’ . 51337 3

94 . 1 . 1 12 12 DC H2’ H 1 2.173 0.002 . 1 . . . . . 12 C H2’ . 51337 3

95 . 1 . 1 12 12 DC H2’’ H 1 2.213 0.001 . 1 . . . . . 12 C H2’’ . 51337 3

96 . 1 . 1 12 12 DC H3’ H 1 4.492 0.000 . 1 . . . . . 12 C H3’ . 51337 3

97 . 1 . 1 12 12 DC H5 H 1 5.569 0.001 . 1 . . . . . 12 C H5 . 51337 3

98 . 1 . 1 12 12 DC H6 H 1 7.507 0.000 . 1 . . . . . 12 C H6 . 51337 3

99 . 1 . 1 12 12 DC C6 C 13 140.953 0.000 . 1 . . . . . 12 C C6 . 51337 3

stop_

save_
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5.1.2 NMR-STAR assignment of 5caC pH 5.8

save_assigned_chemical_shifts_2

_Assigned_chem_shift_list.Sf_category assigned_chemical_shifts

_Assigned_chem_shift_list.Sf_framecode assigned_chemical_shifts_2

_Assigned_chem_shift_list.Entry_ID 51337

_Assigned_chem_shift_list.ID 2

_Assigned_chem_shift_list.Name ’5caC-containing 12mer dsDNA pH 5.8’

_Assigned_chem_shift_list.Sample_condition_list_ID 1

_Assigned_chem_shift_list.Sample_condition_list_label $sample_conditions_1

_Assigned_chem_shift_list.Chem_shift_reference_ID 1

_Assigned_chem_shift_list.Chem_shift_reference_label $chem_shift_reference_1

_Assigned_chem_shift_list.Chem_shift_1H_err .

_Assigned_chem_shift_list.Chem_shift_13C_err .

_Assigned_chem_shift_list.Chem_shift_15N_err .

_Assigned_chem_shift_list.Chem_shift_31P_err .

_Assigned_chem_shift_list.Chem_shift_2H_err .

_Assigned_chem_shift_list.Chem_shift_19F_err .

_Assigned_chem_shift_list.Error_derivation_method .

_Assigned_chem_shift_list.Details .

_Assigned_chem_shift_list.Text_data_format .

_Assigned_chem_shift_list.Text_data .

loop_

_Chem_shift_experiment.Experiment_ID

_Chem_shift_experiment.Experiment_name

_Chem_shift_experiment.Sample_ID

_Chem_shift_experiment.Sample_label

_Chem_shift_experiment.Sample_state

_Chem_shift_experiment.Entry_ID

_Chem_shift_experiment.Assigned_chem_shift_list_ID

4 ’2D 1H-13C HSQC’ . . . 51337 2

5 ’2D 1H-15N HSQC’ . . . 51337 2

6 ’2D 1H-1H NOESY’ . . . 51337 2

stop_

loop_

_Chem_shift_software.Software_ID

_Chem_shift_software.Software_label

_Chem_shift_software.Method_ID

_Chem_shift_software.Method_label

_Chem_shift_software.Entry_ID

_Chem_shift_software.Assigned_chem_shift_list_ID
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1 $software_1 . . 51337 2

stop_

loop_

_Atom_chem_shift.ID

_Atom_chem_shift.Assembly_atom_ID

_Atom_chem_shift.Entity_assembly_ID

_Atom_chem_shift.Entity_assembly_asym_ID

_Atom_chem_shift.Entity_ID

_Atom_chem_shift.Comp_index_ID

_Atom_chem_shift.Seq_ID

_Atom_chem_shift.Comp_ID

_Atom_chem_shift.Atom_ID

_Atom_chem_shift.Atom_type

_Atom_chem_shift.Atom_isotope_number

_Atom_chem_shift.Val

_Atom_chem_shift.Val_err

_Atom_chem_shift.Assign_fig_of_merit

_Atom_chem_shift.Ambiguity_code

_Atom_chem_shift.Ambiguity_set_ID

_Atom_chem_shift.Occupancy

_Atom_chem_shift.Resonance_ID

_Atom_chem_shift.Auth_entity_assembly_ID

_Atom_chem_shift.Auth_asym_ID

_Atom_chem_shift.Auth_seq_ID

_Atom_chem_shift.Auth_comp_ID

_Atom_chem_shift.Auth_atom_ID

_Atom_chem_shift.Details

_Atom_chem_shift.Entry_ID

_Atom_chem_shift.Assigned_chem_shift_list_ID

1 . 1 . 1 1 1 DG H1’ H 1 5.969 0.001 . 1 . . . . . 1 G H1’ . 51337 2

2 . 1 . 1 1 1 DG H2’ H 1 2.563 0.001 . 1 . . . . . 1 G H2’ . 51337 2

3 . 1 . 1 1 1 DG H2’’ H 1 2.745 0.002 . 1 . . . . . 1 G H2’’ . 51337 2

4 . 1 . 1 1 1 DG H3’ H 1 4.832 0.003 . 1 . . . . . 1 G H3’ . 51337 2

5 . 1 . 1 1 1 DG H5’ H 1 3.700 0.000 . 1 . . . . . 1 G H5’ . 51337 2

6 . 1 . 1 1 1 DG H8 H 1 7.928 0.000 . 1 . . . . . 1 G H8 . 51337 2

7 . 1 . 1 1 1 DG C8 C 13 136.266 0.000 . 1 . . . . . 1 G C8 . 51337 2

8 . 1 . 1 2 2 DC H1’ H 1 5.664 0.003 . 1 . . . . . 2 C H1’ . 51337 2

9 . 1 . 1 2 2 DC H2’ H 1 2.029 0.001 . 1 . . . . . 2 C H2’ . 51337 2

10 . 1 . 1 2 2 DC H2’’ H 1 2.390 0.001 . 1 . . . . . 2 C H2’’ . 51337 2

11 . 1 . 1 2 2 DC H3’ H 1 4.845 0.000 . 1 . . . . . 2 C H3’ . 51337 2

12 . 1 . 1 2 2 DC H5 H 1 5.393 0.000 . 1 . . . . . 2 C H5 . 51337 2
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13 . 1 . 1 2 2 DC H6 H 1 7.368 0.001 . 1 . . . . . 2 C H6 . 51337 2

14 . 1 . 1 2 2 DC H41 H 1 8.420 0.001 . 1 . . . . . 2 C H41 . 51337 2

15 . 1 . 1 2 2 DC H42 H 1 6.464 0.001 . 1 . . . . . 2 C H42 . 51337 2

16 . 1 . 1 2 2 DC C6 C 13 140.221 0.000 . 1 . . . . . 2 C C6 . 51337 2

17 . 1 . 1 3 3 DG H1 H 1 12.712 0.003 . 1 . . . . . 3 G H1 . 51337 2

18 . 1 . 1 3 3 DG H1’ H 1 5.646 0.002 . 1 . . . . . 3 G H1’ . 51337 2

19 . 1 . 1 3 3 DG H2’ H 1 2.696 0.001 . 1 . . . . . 3 G H2’ . 51337 2

20 . 1 . 1 3 3 DG H2’’ H 1 2.808 0.001 . 1 . . . . . 3 G H2’’ . 51337 2

21 . 1 . 1 3 3 DG H3’ H 1 5.010 0.000 . 1 . . . . . 3 G H3’ . 51337 2

22 . 1 . 1 3 3 DG H8 H 1 7.876 0.006 . 1 . . . . . 3 G H8 . 51337 2

23 . 1 . 1 3 3 DG C8 C 13 135.640 0.000 . 1 . . . . . 3 G C8 . 51337 2

24 . 1 . 1 3 3 DG N1 N 15 147.226 0.000 . 1 . . . . . 3 G N1 . 51337 2

25 . 1 . 1 4 4 DA H1’ H 1 6.228 0.000 . 1 . . . . . 4 A H1’ . 51337 2

26 . 1 . 1 4 4 DA H2 H 1 7.774 0.000 . 1 . . . . . 4 A H2 . 51337 2

27 . 1 . 1 4 4 DA H2’ H 1 2.580 0.000 . 1 . . . . . 4 A H2’ . 51337 2

28 . 1 . 1 4 4 DA H2’’ H 1 2.922 0.001 . 1 . . . . . 4 A H2’’ . 51337 2

29 . 1 . 1 4 4 DA H3’ H 1 4.996 0.001 . 1 . . . . . 4 A H3’ . 51337 2

30 . 1 . 1 4 4 DA H8 H 1 8.152 0.001 . 1 . . . . . 4 A H8 . 51337 2

31 . 1 . 1 4 4 DA C8 C 13 138.595 0.000 . 1 . . . . . 4 A C8 . 51337 2

32 . 1 . 1 5 5 DT H1’ H 1 5.849 0.001 . 1 . . . . . 5 T H1’ . 51337 2

33 . 1 . 1 5 5 DT H2’ H 1 1.941 0.001 . 1 . . . . . 5 T H2’ . 51337 2

34 . 1 . 1 5 5 DT H2’’ H 1 2.476 0.001 . 1 . . . . . 5 T H2’’ . 51337 2

35 . 1 . 1 5 5 DT H3 H 1 13.364 0.002 . 1 . . . . . 5 T H3 . 51337 2

36 . 1 . 1 5 5 DT H3’ H 1 4.831 0.001 . 1 . . . . . 5 T H3’ . 51337 2

37 . 1 . 1 5 5 DT H6 H 1 6.881 0.001 . 1 . . . . . 5 T H6 . 51337 2

38 . 1 . 1 5 5 DT H71 H 1 1.291 0.000 . 1 . . . . . 5 T H71 . 51337 2

39 . 1 . 1 5 5 DT H72 H 1 1.291 0.000 . 1 . . . . . 5 T H72 . 51337 2

40 . 1 . 1 5 5 DT H73 H 1 1.291 0.000 . 1 . . . . . 5 T H73 . 51337 2

41 . 1 . 1 5 5 DT C6 C 13 135.282 0.000 . 1 . . . . . 5 T C6 . 51337 2

42 . 1 . 1 5 5 DT N3 N 15 158.821 0.000 . 1 . . . . . 5 T N3 . 51337 2

43 . 1 . 1 6 6 1CC H1’ H 1 5.559 0.001 . 1 . . . . . 6 caC H1’ . 51337 2

44 . 1 . 1 6 6 1CC H2’ H 1 2.025 0.000 . 1 . . . . . 6 caC H2’ . 51337 2

45 . 1 . 1 6 6 1CC H2’’ H 1 2.380 0.001 . 1 . . . . . 6 caC H2’’ . 51337 2

46 . 1 . 1 6 6 1CC H3’ H 1 4.808 0.001 . 1 . . . . . 6 caC H3’ . 51337 2

47 . 1 . 1 6 6 1CC H6 H 1 7.990 0.002 . 1 . . . . . 6 caC H6 . 51337 2

48 . 1 . 1 6 6 1CC H41 H 1 8.835 0.000 . 1 . . . . . 6 caC H41 . 51337 2

49 . 1 . 1 6 6 1CC H42 H 1 8.436 0.001 . 1 . . . . . 6 caC H42 . 51337 2

50 . 1 . 1 7 7 DG H1 H 1 12.381 0.003 . 1 . . . . . 7 G H1 . 51337 2

51 . 1 . 1 7 7 DG H1’ H 1 5.672 0.001 . 1 . . . . . 7 G H1’ . 51337 2

52 . 1 . 1 7 7 DG H2’ H 1 2.676 0.002 . 1 . . . . . 7 G H2’ . 51337 2

53 . 1 . 1 7 7 DG H2’’ H 1 2.787 0.000 . 1 . . . . . 7 G H2’’ . 51337 2

54 . 1 . 1 7 7 DG H3’ H 1 4.982 0.000 . 1 . . . . . 7 G H3’ . 51337 2

55 . 1 . 1 7 7 DG H8 H 1 7.859 0.005 . 1 . . . . . 7 G H8 . 51337 2

56 . 1 . 1 7 7 DG C8 C 13 135.768 0.000 . 1 . . . . . 7 G C8 . 51337 2
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57 . 1 . 1 7 7 DG N1 N 15 146.584 0.000 . 1 . . . . . 7 G N1 . 51337 2

58 . 1 . 1 8 8 DA H1’ H 1 6.192 0.000 . 1 . . . . . 8 A H1’ . 51337 2

59 . 1 . 1 8 8 DA H2 H 1 7.742 0.000 . 1 . . . . . 8 A H2 . 51337 2

60 . 1 . 1 8 8 DA H2’ H 1 2.544 0.000 . 1 . . . . . 8 A H2’ . 51337 2

61 . 1 . 1 8 8 DA H2’’ H 1 2.878 0.001 . 1 . . . . . 8 A H2’’ . 51337 2

62 . 1 . 1 8 8 DA H3’ H 1 4.956 0.000 . 1 . . . . . 8 A H3’ . 51337 2

63 . 1 . 1 8 8 DA H8 H 1 8.062 0.001 . 1 . . . . . 8 A H8 . 51337 2

64 . 1 . 1 8 8 DA C8 C 13 138.277 0.000 . 1 . . . . . 8 A C8 . 51337 2

65 . 1 . 1 9 9 DT H1’ H 1 5.894 0.000 . 1 . . . . . 9 T H1’ . 51337 2

66 . 1 . 1 9 9 DT H2’ H 1 2.021 0.000 . 1 . . . . . 9 T H2’ . 51337 2

67 . 1 . 1 9 9 DT H2’’ H 1 2.424 0.001 . 1 . . . . . 9 T H2’’ . 51337 2

68 . 1 . 1 9 9 DT H3 H 1 13.499 0.003 . 1 . . . . . 9 T H3 . 51337 2

69 . 1 . 1 9 9 DT H3’ H 1 4.829 0.000 . 1 . . . . . 9 T H3’ . 51337 2

70 . 1 . 1 9 9 DT H6 H 1 7.135 0.000 . 1 . . . . . 9 T H6 . 51337 2

71 . 1 . 1 9 9 DT H71 H 1 1.298 0.000 . 1 . . . . . 9 T H71 . 51337 2

72 . 1 . 1 9 9 DT H72 H 1 1.298 0.000 . 1 . . . . . 9 T H72 . 51337 2

73 . 1 . 1 9 9 DT H73 H 1 1.298 0.000 . 1 . . . . . 9 T H73 . 51337 2

74 . 1 . 1 9 9 DT C6 C 13 135.807 0.000 . 1 . . . . . 9 T C6 . 51337 2

75 . 1 . 1 9 9 DT N3 N 15 158.913 0.000 . 1 . . . . . 9 T N3 . 51337 2

76 . 1 . 1 10 10 DC H1’ H 1 5.692 0.001 . 1 . . . . . 10 C H1’ . 51337 2

77 . 1 . 1 10 10 DC H2’ H 1 2.011 0.001 . 1 . . . . . 10 C H2’ . 51337 2

78 . 1 . 1 10 10 DC H2’’ H 1 2.378 0.001 . 1 . . . . . 10 C H2’’ . 51337 2

79 . 1 . 1 10 10 DC H3’ H 1 4.827 0.000 . 1 . . . . . 10 C H3’ . 51337 2

80 . 1 . 1 10 10 DC H5 H 1 5.587 0.001 . 1 . . . . . 10 C H5 . 51337 2

81 . 1 . 1 10 10 DC H6 H 1 7.419 0.001 . 1 . . . . . 10 C H6 . 51337 2

82 . 1 . 1 10 10 DC H41 H 1 8.382 0.000 . 1 . . . . . 10 C H41 . 51337 2

83 . 1 . 1 10 10 DC H42 H 1 6.708 0.001 . 1 . . . . . 10 C H42 . 51337 2

84 . 1 . 1 10 10 DC C6 C 13 140.934 0.000 . 1 . . . . . 10 C C6 . 51337 2

85 . 1 . 1 11 11 DG H1 H 1 12.995 0.002 . 1 . . . . . 11 G H1 . 51337 2

86 . 1 . 1 11 11 DG H1’ H 1 5.951 0.000 . 1 . . . . . 11 G H1’ . 51337 2

87 . 1 . 1 11 11 DG H2’ H 1 2.611 0.001 . 1 . . . . . 11 G H2’ . 51337 2

88 . 1 . 1 11 11 DG H2’’ H 1 2.718 0.001 . 1 . . . . . 11 G H2’’ . 51337 2

89 . 1 . 1 11 11 DG H3’ H 1 4.968 0.000 . 1 . . . . . 11 G H3’ . 51337 2

90 . 1 . 1 11 11 DG H8 H 1 7.899 0.000 . 1 . . . . . 11 G H8 . 51337 2

91 . 1 . 1 11 11 DG C8 C 13 135.705 0.000 . 1 . . . . . 11 G C8 . 51337 2

92 . 1 . 1 11 11 DG N1 N 15 147.442 0.000 . 1 . . . . . 11 G N1 . 51337 2

93 . 1 . 1 12 12 DC H1’ H 1 6.188 0.000 . 1 . . . . . 12 C H1’ . 51337 2

94 . 1 . 1 12 12 DC H2’ H 1 2.158 0.000 . 1 . . . . . 12 C H2’ . 51337 2

95 . 1 . 1 12 12 DC H2’’ H 1 2.194 0.000 . 1 . . . . . 12 C H2’’ . 51337 2

96 . 1 . 1 12 12 DC H3’ H 1 4.492 0.000 . 1 . . . . . 12 C H3’ . 51337 2

97 . 1 . 1 12 12 DC H5 H 1 5.540 0.000 . 1 . . . . . 12 C H5 . 51337 2

98 . 1 . 1 12 12 DC H6 H 1 7.477 0.001 . 1 . . . . . 12 C H6 . 51337 2

99 . 1 . 1 12 12 DC C6 C 13 140.764 0.000 . 1 . . . . . 12 C C6 . 51337 2

stop_
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save_
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5.1.3 NMR-STAR assignment of 5caC pH 7.0

save_assigned_chemical_shifts_1

_Assigned_chem_shift_list.Sf_category assigned_chemical_shifts

_Assigned_chem_shift_list.Sf_framecode assigned_chemical_shifts_1

_Assigned_chem_shift_list.Entry_ID 51337

_Assigned_chem_shift_list.ID 1

_Assigned_chem_shift_list.Name ’5caC-containing 12mer dsDNA pH 7.0’

_Assigned_chem_shift_list.Sample_condition_list_ID 1

_Assigned_chem_shift_list.Sample_condition_list_label $sample_conditions_1

_Assigned_chem_shift_list.Chem_shift_reference_ID 1

_Assigned_chem_shift_list.Chem_shift_reference_label $chem_shift_reference_1

_Assigned_chem_shift_list.Chem_shift_1H_err .

_Assigned_chem_shift_list.Chem_shift_13C_err .

_Assigned_chem_shift_list.Chem_shift_15N_err .

_Assigned_chem_shift_list.Chem_shift_31P_err .

_Assigned_chem_shift_list.Chem_shift_2H_err .

_Assigned_chem_shift_list.Chem_shift_19F_err .

_Assigned_chem_shift_list.Error_derivation_method .

_Assigned_chem_shift_list.Details .

_Assigned_chem_shift_list.Text_data_format .

_Assigned_chem_shift_list.Text_data .

loop_

_Chem_shift_experiment.Experiment_ID

_Chem_shift_experiment.Experiment_name

_Chem_shift_experiment.Sample_ID

_Chem_shift_experiment.Sample_label

_Chem_shift_experiment.Sample_state

_Chem_shift_experiment.Entry_ID

_Chem_shift_experiment.Assigned_chem_shift_list_ID

1 ’2D 1H-13C HSQC’ . . . 51337 1

2 ’2D 1H-15N HSQC’ . . . 51337 1

3 ’2D 1H-1H NOESY’ . . . 51337 1

stop_

loop_

_Chem_shift_software.Software_ID

_Chem_shift_software.Software_label

_Chem_shift_software.Method_ID

_Chem_shift_software.Method_label

_Chem_shift_software.Entry_ID

_Chem_shift_software.Assigned_chem_shift_list_ID
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1 $software_1 . . 51337 1

stop_

loop_

_Atom_chem_shift.ID

_Atom_chem_shift.Assembly_atom_ID

_Atom_chem_shift.Entity_assembly_ID

_Atom_chem_shift.Entity_assembly_asym_ID

_Atom_chem_shift.Entity_ID

_Atom_chem_shift.Comp_index_ID

_Atom_chem_shift.Seq_ID

_Atom_chem_shift.Comp_ID

_Atom_chem_shift.Atom_ID

_Atom_chem_shift.Atom_type

_Atom_chem_shift.Atom_isotope_number

_Atom_chem_shift.Val

_Atom_chem_shift.Val_err

_Atom_chem_shift.Assign_fig_of_merit

_Atom_chem_shift.Ambiguity_code

_Atom_chem_shift.Ambiguity_set_ID

_Atom_chem_shift.Occupancy

_Atom_chem_shift.Resonance_ID

_Atom_chem_shift.Auth_entity_assembly_ID

_Atom_chem_shift.Auth_asym_ID

_Atom_chem_shift.Auth_seq_ID

_Atom_chem_shift.Auth_comp_ID

_Atom_chem_shift.Auth_atom_ID

_Atom_chem_shift.Details

_Atom_chem_shift.Entry_ID

_Atom_chem_shift.Assigned_chem_shift_list_ID

1 . 1 . 1 1 1 DG H1’ H 1 5.969 0.001 . 1 . . . . . 1 G H1’ . 51337 1

2 . 1 . 1 1 1 DG H2’ H 1 2.565 0.001 . 1 . . . . . 1 G H2’ . 51337 1

3 . 1 . 1 1 1 DG H2’’ H 1 2.757 0.001 . 1 . . . . . 1 G H2’’ . 51337 1

4 . 1 . 1 1 1 DG H3’ H 1 4.836 0.002 . 1 . . . . . 1 G H3’ . 51337 1

5 . 1 . 1 1 1 DG H5’ H 1 3.704 0.000 . 1 . . . . . 1 G H5’ . 51337 1

6 . 1 . 1 1 1 DG H8 H 1 7.934 0.001 . 1 . . . . . 1 G H8 . 51337 1

7 . 1 . 1 1 1 DG C8 C 13 136.175 0.000 . 1 . . . . . 1 G C8 . 51337 1

8 . 1 . 1 2 2 DC H1’ H 1 5.673 0.001 . 1 . . . . . 2 C H1’ . 51337 1

9 . 1 . 1 2 2 DC H2’ H 1 2.027 0.001 . 1 . . . . . 2 C H2’ . 51337 1

10 . 1 . 1 2 2 DC H2’’ H 1 2.393 0.003 . 1 . . . . . 2 C H2’’ . 51337 1

11 . 1 . 1 2 2 DC H3’ H 1 4.848 0.001 . 1 . . . . . 2 C H3’ . 51337 1

12 . 1 . 1 2 2 DC H5 H 1 5.381 0.001 . 1 . . . . . 2 C H5 . 51337 1
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13 . 1 . 1 2 2 DC H6 H 1 7.365 0.000 . 1 . . . . . 2 C H6 . 51337 1

14 . 1 . 1 2 2 DC H41 H 1 8.421 0.000 . 1 . . . . . 2 C H41 . 51337 1

15 . 1 . 1 2 2 DC H42 H 1 6.439 0.000 . 1 . . . . . 2 C H42 . 51337 1

16 . 1 . 1 2 2 DC C6 C 13 140.163 0.000 . 1 . . . . . 2 C C6 . 51337 1

17 . 1 . 1 3 3 DG H1 H 1 12.717 0.002 . 1 . . . . . 3 G H1 . 51337 1

18 . 1 . 1 3 3 DG H1’ H 1 5.646 0.003 . 1 . . . . . 3 G H1’ . 51337 1

19 . 1 . 1 3 3 DG H2’ H 1 2.693 0.000 . 1 . . . . . 3 G H2’ . 51337 1

20 . 1 . 1 3 3 DG H2’’ H 1 2.813 0.001 . 1 . . . . . 3 G H2’’ . 51337 1

21 . 1 . 1 3 3 DG H3’ H 1 5.011 0.000 . 1 . . . . . 3 G H3’ . 51337 1

22 . 1 . 1 3 3 DG H8 H 1 7.876 0.001 . 1 . . . . . 3 G H8 . 51337 1

23 . 1 . 1 3 3 DG C8 C 13 135.606 0.000 . 1 . . . . . 3 G C8 . 51337 1

24 . 1 . 1 3 3 DG N1 N 15 147.219 0.000 . 1 . . . . . 3 G N1 . 51337 1

25 . 1 . 1 4 4 DA H1’ H 1 6.228 0.002 . 1 . . . . . 4 A H1’ . 51337 1

26 . 1 . 1 4 4 DA H2 H 1 7.774 0.001 . 1 . . . . . 4 A H2 . 51337 1

27 . 1 . 1 4 4 DA H2’ H 1 2.567 0.000 . 1 . . . . . 4 A H2’ . 51337 1

28 . 1 . 1 4 4 DA H2’’ H 1 2.926 0.001 . 1 . . . . . 4 A H2’’ . 51337 1

29 . 1 . 1 4 4 DA H3’ H 1 5.007 0.001 . 1 . . . . . 4 A H3’ . 51337 1

30 . 1 . 1 4 4 DA H8 H 1 8.159 0.001 . 1 . . . . . 4 A H8 . 51337 1

31 . 1 . 1 4 4 DA C8 C 13 138.596 0.000 . 1 . . . . . 4 A C8 . 51337 1

32 . 1 . 1 5 5 DT H1’ H 1 5.845 0.005 . 1 . . . . . 5 T H1’ . 51337 1

33 . 1 . 1 5 5 DT H2’ H 1 1.926 0.001 . 1 . . . . . 5 T H2’ . 51337 1

34 . 1 . 1 5 5 DT H2’’ H 1 2.466 0.004 . 1 . . . . . 5 T H2’’ . 51337 1

35 . 1 . 1 5 5 DT H3 H 1 13.360 0.003 . 1 . . . . . 5 T H3 . 51337 1

36 . 1 . 1 5 5 DT H3’ H 1 4.837 0.000 . 1 . . . . . 5 T H3’ . 51337 1

37 . 1 . 1 5 5 DT H6 H 1 6.860 0.000 . 1 . . . . . 5 T H6 . 51337 1

38 . 1 . 1 5 5 DT H71 H 1 1.296 0.000 . 1 . . . . . 5 T H71 . 51337 1

39 . 1 . 1 5 5 DT H72 H 1 1.296 0.000 . 1 . . . . . 5 T H72 . 51337 1

40 . 1 . 1 5 5 DT H73 H 1 1.296 0.000 . 1 . . . . . 5 T H73 . 51337 1

41 . 1 . 1 5 5 DT C6 C 13 135.260 0.000 . 1 . . . . . 5 T C6 . 51337 1

42 . 1 . 1 5 5 DT N3 N 15 158.771 0.000 . 1 . . . . . 5 T N3 . 51337 1

43 . 1 . 1 6 6 1CC H1’ H 1 5.537 0.001 . 1 . . . . . 6 caC H1’ . 51337 1

44 . 1 . 1 6 6 1CC H2’ H 1 2.024 0.002 . 1 . . . . . 6 caC H2’ . 51337 1

45 . 1 . 1 6 6 1CC H2’’ H 1 2.373 0.001 . 1 . . . . . 6 caC H2’’ . 51337 1

46 . 1 . 1 6 6 1CC H3’ H 1 4.811 0.001 . 1 . . . . . 6 caC H3’ . 51337 1

47 . 1 . 1 6 6 1CC H6 H 1 7.949 0.003 . 1 . . . . . 6 caC H6 . 51337 1

48 . 1 . 1 6 6 1CC H41 H 1 8.785 0.000 . 1 . . . . . 6 caC H41 . 51337 1

49 . 1 . 1 6 6 1CC H42 H 1 8.581 0.001 . 1 . . . . . 6 caC H42 . 51337 1

50 . 1 . 1 7 7 DG H1 H 1 12.437 0.000 . 1 . . . . . 7 G H1 . 51337 1

51 . 1 . 1 7 7 DG H1’ H 1 5.644 0.001 . 1 . . . . . 7 G H1’ . 51337 1

52 . 1 . 1 7 7 DG H2’ H 1 2.675 0.002 . 1 . . . . . 7 G H2’ . 51337 1

53 . 1 . 1 7 7 DG H2’’ H 1 2.777 0.001 . 1 . . . . . 7 G H2’’ . 51337 1

54 . 1 . 1 7 7 DG H3’ H 1 4.987 0.000 . 1 . . . . . 7 G H3’ . 51337 1

55 . 1 . 1 7 7 DG H8 H 1 7.854 0.003 . 1 . . . . . 7 G H8 . 51337 1

56 . 1 . 1 7 7 DG C8 C 13 135.782 0.000 . 1 . . . . . 7 G C8 . 51337 1
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57 . 1 . 1 7 7 DG N1 N 15 146.746 0.000 . 1 . . . . . 7 G N1 . 51337 1

58 . 1 . 1 8 8 DA H1’ H 1 6.199 0.001 . 1 . . . . . 8 A H1’ . 51337 1

59 . 1 . 1 8 8 DA H2 H 1 7.754 0.000 . 1 . . . . . 8 A H2 . 51337 1

60 . 1 . 1 8 8 DA H2’ H 1 2.558 0.001 . 1 . . . . . 8 A H2’ . 51337 1

61 . 1 . 1 8 8 DA H2’’ H 1 2.886 0.000 . 1 . . . . . 8 A H2’’ . 51337 1

62 . 1 . 1 8 8 DA H3’ H 1 4.968 0.001 . 1 . . . . . 8 A H3’ . 51337 1

63 . 1 . 1 8 8 DA H8 H 1 8.090 0.000 . 1 . . . . . 8 A H8 . 51337 1

64 . 1 . 1 8 8 DA C8 C 13 138.302 0.000 . 1 . . . . . 8 A C8 . 51337 1

65 . 1 . 1 9 9 DT H1’ H 1 5.892 0.001 . 1 . . . . . 9 T H1’ . 51337 1

66 . 1 . 1 9 9 DT H2’ H 1 2.022 0.001 . 1 . . . . . 9 T H2’ . 51337 1

67 . 1 . 1 9 9 DT H2’’ H 1 2.426 0.000 . 1 . . . . . 9 T H2’’ . 51337 1

68 . 1 . 1 9 9 DT H3 H 1 13.498 0.003 . 1 . . . . . 9 T H3 . 51337 1

69 . 1 . 1 9 9 DT H3’ H 1 4.829 0.001 . 1 . . . . . 9 T H3’ . 51337 1

70 . 1 . 1 9 9 DT H6 H 1 7.131 0.000 . 1 . . . . . 9 T H6 . 51337 1

71 . 1 . 1 9 9 DT H71 H 1 1.306 0.000 . 1 . . . . . 9 T H71 . 51337 1

72 . 1 . 1 9 9 DT H72 H 1 1.306 0.000 . 1 . . . . . 9 T H72 . 51337 1

73 . 1 . 1 9 9 DT H73 H 1 1.306 0.000 . 1 . . . . . 9 T H73 . 51337 1

74 . 1 . 1 9 9 DT C6 C 13 135.760 0.000 . 1 . . . . . 9 T C6 . 51337 1

75 . 1 . 1 9 9 DT N3 N 15 158.918 0.000 . 1 . . . . . 9 T N3 . 51337 1

76 . 1 . 1 10 10 DC H1’ H 1 5.695 0.001 . 1 . . . . . 10 C H1’ . 51337 1

77 . 1 . 1 10 10 DC H2’ H 1 2.011 0.002 . 1 . . . . . 10 C H2’ . 51337 1

78 . 1 . 1 10 10 DC H2’’ H 1 2.381 0.001 . 1 . . . . . 10 C H2’’ . 51337 1

79 . 1 . 1 10 10 DC H3’ H 1 4.826 0.002 . 1 . . . . . 10 C H3’ . 51337 1

80 . 1 . 1 10 10 DC H5 H 1 5.587 0.000 . 1 . . . . . 10 C H5 . 51337 1

81 . 1 . 1 10 10 DC H6 H 1 7.417 0.001 . 1 . . . . . 10 C H6 . 51337 1

82 . 1 . 1 10 10 DC H41 H 1 8.386 0.000 . 1 . . . . . 10 C H41 . 51337 1

83 . 1 . 1 10 10 DC H42 H 1 6.699 0.000 . 1 . . . . . 10 C H42 . 51337 1

84 . 1 . 1 10 10 DC C6 C 13 140.901 0.000 . 1 . . . . . 10 C C6 . 51337 1

85 . 1 . 1 11 11 DG H1 H 1 13.009 0.001 . 1 . . . . . 11 G H1 . 51337 1

86 . 1 . 1 11 11 DG H1’ H 1 5.945 0.000 . 1 . . . . . 11 G H1’ . 51337 1

87 . 1 . 1 11 11 DG H2’ H 1 2.604 0.000 . 1 . . . . . 11 G H2’ . 51337 1

88 . 1 . 1 11 11 DG H2’’ H 1 2.721 0.002 . 1 . . . . . 11 G H2’’ . 51337 1

89 . 1 . 1 11 11 DG H3’ H 1 4.967 0.000 . 1 . . . . . 11 G H3’ . 51337 1

90 . 1 . 1 11 11 DG H8 H 1 7.896 0.000 . 1 . . . . . 11 G H8 . 51337 1

91 . 1 . 1 11 11 DG C8 C 13 135.652 0.000 . 1 . . . . . 11 G C8 . 51337 1

92 . 1 . 1 11 11 DG N1 N 15 147.442 0.000 . 1 . . . . . 11 G N1 . 51337 1

93 . 1 . 1 12 12 DC H1’ H 1 6.185 0.000 . 1 . . . . . 12 C H1’ . 51337 1

94 . 1 . 1 12 12 DC H2’ H 1 2.152 0.000 . 1 . . . . . 12 C H2’ . 51337 1

95 . 1 . 1 12 12 DC H2’’ H 1 2.179 0.000 . 1 . . . . . 12 C H2’’ . 51337 1

96 . 1 . 1 12 12 DC H3’ H 1 4.492 0.001 . 1 . . . . . 12 C H3’ . 51337 1

97 . 1 . 1 12 12 DC H5 H 1 5.523 0.000 . 1 . . . . . 12 C H5 . 51337 1

98 . 1 . 1 12 12 DC H6 H 1 7.460 0.001 . 1 . . . . . 12 C H6 . 51337 1

99 . 1 . 1 12 12 DC C6 C 13 140.623 0.000 . 1 . . . . . 12 C C6 . 51337 1

stop_
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save_
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5.1.4 NMR-STAR assignment of 5fC pH 7.0

save_assigned_chemical_shifts_1

_Assigned_chem_shift_list.Sf_category assigned_chemical_shifts

_Assigned_chem_shift_list.Sf_framecode assigned_chemical_shifts_1

_Assigned_chem_shift_list.Entry_ID 50278

_Assigned_chem_shift_list.ID 1

_Assigned_chem_shift_list.Name Mod12_assignment_37C_NMR-STAR

_Assigned_chem_shift_list.Sample_condition_list_ID 1

_Assigned_chem_shift_list.Sample_condition_list_label $sample_conditions_1

_Assigned_chem_shift_list.Chem_shift_reference_ID 1

_Assigned_chem_shift_list.Chem_shift_reference_label $chem_shift_reference_1

_Assigned_chem_shift_list.Chem_shift_1H_err .

_Assigned_chem_shift_list.Chem_shift_13C_err .

_Assigned_chem_shift_list.Chem_shift_15N_err .

_Assigned_chem_shift_list.Chem_shift_31P_err .

_Assigned_chem_shift_list.Chem_shift_2H_err .

_Assigned_chem_shift_list.Chem_shift_19F_err .

_Assigned_chem_shift_list.Error_derivation_method .

_Assigned_chem_shift_list.Details .

_Assigned_chem_shift_list.Text_data_format .

_Assigned_chem_shift_list.Text_data .

loop_

_Chem_shift_experiment.Experiment_ID

_Chem_shift_experiment.Experiment_name

_Chem_shift_experiment.Sample_ID

_Chem_shift_experiment.Sample_label

_Chem_shift_experiment.Sample_state

_Chem_shift_experiment.Entry_ID

_Chem_shift_experiment.Assigned_chem_shift_list_ID

3 ’2D 1H-1H NOESY’ . . . 50278 1

stop_

loop_

_Chem_shift_software.Software_ID

_Chem_shift_software.Software_label

_Chem_shift_software.Method_ID

_Chem_shift_software.Method_label

_Chem_shift_software.Entry_ID

_Chem_shift_software.Assigned_chem_shift_list_ID

1 $software_1 . . 50278 1
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stop_

loop_

_Atom_chem_shift.ID

_Atom_chem_shift.Assembly_atom_ID

_Atom_chem_shift.Entity_assembly_ID

_Atom_chem_shift.Entity_assembly_asym_ID

_Atom_chem_shift.Entity_ID

_Atom_chem_shift.Comp_index_ID

_Atom_chem_shift.Seq_ID

_Atom_chem_shift.Comp_ID

_Atom_chem_shift.Atom_ID

_Atom_chem_shift.Atom_type

_Atom_chem_shift.Atom_isotope_number

_Atom_chem_shift.Val

_Atom_chem_shift.Val_err

_Atom_chem_shift.Assign_fig_of_merit

_Atom_chem_shift.Ambiguity_code

_Atom_chem_shift.Ambiguity_set_ID

_Atom_chem_shift.Occupancy

_Atom_chem_shift.Resonance_ID

_Atom_chem_shift.Auth_entity_assembly_ID

_Atom_chem_shift.Auth_asym_ID

_Atom_chem_shift.Auth_seq_ID

_Atom_chem_shift.Auth_comp_ID

_Atom_chem_shift.Auth_atom_ID

_Atom_chem_shift.Details

_Atom_chem_shift.Entry_ID

_Atom_chem_shift.Assigned_chem_shift_list_ID

1 . 1 . 1 1 1 DG H1’ H 1 5.968 0.001 . 1 . . . . . 1 G H1’ . 50278 1

2 . 1 . 1 1 1 DG H2’ H 1 2.556 0.001 . 1 . . . . . 1 G H2’ . 50278 1

3 . 1 . 1 1 1 DG H2’’ H 1 2.755 0.001 . 1 . . . . . 1 G H2’’ . 50278 1

4 . 1 . 1 1 1 DG H4’ H 1 3.697 0.000 . 1 . . . . . 1 G H4’ . 50278 1

5 . 1 . 1 1 1 DG H8 H 1 7.933 0.000 . 1 . . . . . 1 G H8 . 50278 1

6 . 1 . 1 2 2 DC H1’ H 1 5.674 0.000 . 1 . . . . . 2 C H1’ . 50278 1

7 . 1 . 1 2 2 DC H2’ H 1 2.020 0.001 . 1 . . . . . 2 C H2’ . 50278 1

8 . 1 . 1 2 2 DC H2’’ H 1 2.387 0.002 . 1 . . . . . 2 C H2’’ . 50278 1

9 . 1 . 1 2 2 DC H4’ H 1 4.133 0.029 . 1 . . . . . 2 C H4’ . 50278 1

10 . 1 . 1 2 2 DC H5 H 1 5.374 0.001 . 1 . . . . . 2 C H5 . 50278 1

11 . 1 . 1 2 2 DC H6 H 1 7.355 0.000 . 1 . . . . . 2 C H6 . 50278 1

12 . 1 . 1 2 2 DC H41 H 1 6.438 0.000 . 1 . . . . . 2 C H41 . 50278 1

13 . 1 . 1 2 2 DC H42 H 1 8.416 0.000 . 1 . . . . . 2 C H42 . 50278 1

14 . 1 . 1 3 3 DG H1’ H 1 5.657 0.004 . 1 . . . . . 3 G H1’ . 50278 1
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15 . 1 . 1 3 3 DG H2’ H 1 2.691 0.001 . 1 . . . . . 3 G H2’ . 50278 1

16 . 1 . 1 3 3 DG H2’’ H 1 2.807 0.001 . 1 . . . . . 3 G H2’’ . 50278 1

17 . 1 . 1 3 3 DG H3’ H 1 5.006 0.000 . 1 . . . . . 3 G H3’ . 50278 1

18 . 1 . 1 3 3 DG H4’ H 1 4.343 0.001 . 1 . . . . . 3 G H4’ . 50278 1

19 . 1 . 1 3 3 DG H8 H 1 7.869 0.000 . 1 . . . . . 3 G H8 . 50278 1

20 . 1 . 1 4 4 DA H1’ H 1 6.216 0.001 . 1 . . . . . 4 A H1’ . 50278 1

21 . 1 . 1 4 4 DA H2 H 1 7.758 0.000 . 1 . . . . . 4 A H2 . 50278 1

22 . 1 . 1 4 4 DA H2’ H 1 2.588 0.001 . 1 . . . . . 4 A H2’ . 50278 1

23 . 1 . 1 4 4 DA H2’’ H 1 2.884 0.003 . 1 . . . . . 4 A H2’’ . 50278 1

24 . 1 . 1 4 4 DA H3’ H 1 4.987 0.000 . 1 . . . . . 4 A H3’ . 50278 1

25 . 1 . 1 4 4 DA H4’ H 1 4.232 0.000 . 1 . . . . . 4 A H4’ . 50278 1

26 . 1 . 1 4 4 DA H8 H 1 8.132 0.000 . 1 . . . . . 4 A H8 . 50278 1

27 . 1 . 1 5 5 DT H1’ H 1 5.845 0.001 . 1 . . . . . 5 T H1’ . 50278 1

28 . 1 . 1 5 5 DT H2’ H 1 1.873 0.001 . 1 . . . . . 5 T H2’ . 50278 1

29 . 1 . 1 5 5 DT H2’’ H 1 2.470 0.002 . 1 . . . . . 5 T H2’’ . 50278 1

30 . 1 . 1 5 5 DT H6 H 1 6.966 0.001 . 1 . . . . . 5 T H6 . 50278 1

31 . 1 . 1 5 5 DT H71 H 1 1.262 0.002 . 1 . . . . . 5 T H7 . 50278 1

32 . 1 . 1 5 5 DT H72 H 1 1.262 0.002 . 1 . . . . . 5 T H7 . 50278 1

33 . 1 . 1 5 5 DT H73 H 1 1.262 0.002 . 1 . . . . . 5 T H7 . 50278 1

34 . 1 . 1 6 6 5FC H1’ H 1 5.643 0.001 . 1 . . . . . 6 C H1’ . 50278 1

35 . 1 . 1 6 6 5FC H2’ H 1 2.078 0.000 . 1 . . . . . 6 C H2’ . 50278 1

36 . 1 . 1 6 6 5FC H2’’ H 1 2.461 0.002 . 1 . . . . . 6 C H2’’ . 50278 1

37 . 1 . 1 6 6 5FC H4’ H 1 4.120 0.000 . 1 . . . . . 6 C H4’ . 50278 1

38 . 1 . 1 6 6 5FC H6 H 1 8.337 0.000 . 1 . . . . . 6 C H6 . 50278 1

39 . 1 . 1 6 6 5FC H7 H 1 9.360 0.000 . 1 . . . . . 6 C H7 . 50278 1

40 . 1 . 1 6 6 5FC H41 H 1 7.857 0.000 . 1 . . . . . 6 C H41 . 50278 1

41 . 1 . 1 6 6 5FC H42 H 1 9.122 0.000 . 1 . . . . . 6 C H42 . 50278 1

42 . 1 . 1 7 7 DG H1’ H 1 5.699 0.000 . 1 . . . . . 7 G H1’ . 50278 1

43 . 1 . 1 7 7 DG H2’ H 1 2.677 0.000 . 1 . . . . . 7 G H2’ . 50278 1

44 . 1 . 1 7 7 DG H2’’ H 1 2.800 0.000 . 1 . . . . . 7 G H2’’ . 50278 1

45 . 1 . 1 7 7 DG H3’ H 1 4.985 0.001 . 1 . . . . . 7 G H3’ . 50278 1

46 . 1 . 1 7 7 DG H4’ H 1 4.451 0.000 . 1 . . . . . 7 G H4’ . 50278 1

47 . 1 . 1 7 7 DG H8 H 1 7.888 0.000 . 1 . . . . . 7 G H8 . 50278 1

48 . 1 . 1 8 8 DA H1’ H 1 6.181 0.001 . 1 . . . . . 8 A H1’ . 50278 1

49 . 1 . 1 8 8 DA H2 H 1 7.708 0.000 . 1 . . . . . 8 A H2 . 50278 1

50 . 1 . 1 8 8 DA H2’ H 1 2.528 0.000 . 1 . . . . . 8 A H2’ . 50278 1

51 . 1 . 1 8 8 DA H2’’ H 1 2.869 0.000 . 1 . . . . . 8 A H2’’ . 50278 1

52 . 1 . 1 8 8 DA H3’ H 1 4.947 0.001 . 1 . . . . . 8 A H3’ . 50278 1

53 . 1 . 1 8 8 DA H4’ H 1 4.406 0.000 . 1 . . . . . 8 A H4’ . 50278 1

54 . 1 . 1 8 8 DA H8 H 1 8.047 0.000 . 1 . . . . . 8 A H8 . 50278 1

55 . 1 . 1 9 9 DT H1’ H 1 5.881 0.001 . 1 . . . . . 9 T H1’ . 50278 1

56 . 1 . 1 9 9 DT H2’ H 1 2.027 0.003 . 1 . . . . . 9 T H2’ . 50278 1

57 . 1 . 1 9 9 DT H2’’ H 1 2.423 0.000 . 1 . . . . . 9 T H2’’ . 50278 1

58 . 1 . 1 9 9 DT H4’ H 1 4.153 0.000 . 1 . . . . . 9 T H4’ . 50278 1
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59 . 1 . 1 9 9 DT H6 H 1 7.135 0.001 . 1 . . . . . 9 T H6 . 50278 1

60 . 1 . 1 9 9 DT H71 H 1 1.287 0.000 . 1 . . . . . 9 T H7 . 50278 1

61 . 1 . 1 9 9 DT H72 H 1 1.287 0.000 . 1 . . . . . 9 T H7 . 50278 1

62 . 1 . 1 9 9 DT H73 H 1 1.287 0.000 . 1 . . . . . 9 T H7 . 50278 1

63 . 1 . 1 10 10 DC H1’ H 1 5.700 0.000 . 1 . . . . . 10C H1’ . 50278 1

64 . 1 . 1 10 10 DC H2’ H 1 1.995 0.005 . 1 . . . . . 10C H2’ . 50278 1

65 . 1 . 1 10 10 DC H2’’ H 1 2.373 0.001 . 1 . . . . . 10C H2’’ . 50278 1

66 . 1 . 1 10 10 DC H3’ H 1 4.984 0.000 . 1 . . . . . 10C H3’ . 50278 1

67 . 1 . 1 10 10 DC H4’ H 1 4.098 0.002 . 1 . . . . . 10C H4’ . 50278 1

68 . 1 . 1 10 10 DC H5 H 1 5.577 0.001 . 1 . . . . . 10C H5 . 50278 1

69 . 1 . 1 10 10 DC H6 H 1 7.407 0.001 . 1 . . . . . 10C H6 . 50278 1

70 . 1 . 1 10 10 DC H41 H 1 6.689 0.001 . 1 . . . . . 10C H41 . 50278 1

71 . 1 . 1 10 10 DC H42 H 1 8.376 0.001 . 1 . . . . . 10C H42 . 50278 1

72 . 1 . 1 11 11 DG H1’ H 1 5.940 0.001 . 1 . . . . . 11G H1’ . 50278 1

73 . 1 . 1 11 11 DG H2’ H 1 2.600 0.000 . 1 . . . . . 11G H2’ . 50278 1

74 . 1 . 1 11 11 DG H2’’ H 1 2.720 0.001 . 1 . . . . . 11G H2’’ . 50278 1

75 . 1 . 1 11 11 DG H3’ H 1 4.964 0.000 . 1 . . . . . 11G H3’ . 50278 1

76 . 1 . 1 11 11 DG H8 H 1 7.895 0.000 . 1 . . . . . 11G H8 . 50278 1

77 . 1 . 1 12 12 DC H1’ H 1 6.183 0.001 . 1 . . . . . 12C H1’ . 50278 1

78 . 1 . 1 12 12 DC H2’ H 1 2.146 0.001 . 1 . . . . . 12C H2’ . 50278 1

79 . 1 . 1 12 12 DC H2’’ H 1 2.183 0.001 . 1 . . . . . 12C H2’’ . 50278 1

80 . 1 . 1 12 12 DC H3’ H 1 4.962 0.000 . 1 . . . . . 12C H3’ . 50278 1

81 . 1 . 1 12 12 DC H4’ H 1 4.040 0.001 . 1 . . . . . 12C H4’ . 50278 1

82 . 1 . 1 12 12 DC H5 H 1 5.520 0.000 . 1 . . . . . 12C H5 . 50278 1

83 . 1 . 1 12 12 DC H6 H 1 7.460 0.001 . 1 . . . . . 12C H6 . 50278 1

stop_

save_
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5.1.5 NMR-STAR assignment of C pH 7.0

save_assigned_chemical_shifts_2

_Assigned_chem_shift_list.Sf_category assigned_chemical_shifts

_Assigned_chem_shift_list.Sf_framecode assigned_chemical_shifts_2

_Assigned_chem_shift_list.Entry_ID 50278

_Assigned_chem_shift_list.ID 2

_Assigned_chem_shift_list.Name Can12_assignment_37C_NMR-STAR

_Assigned_chem_shift_list.Sample_condition_list_ID 2

_Assigned_chem_shift_list.Sample_condition_list_label $sample_conditions_2

_Assigned_chem_shift_list.Chem_shift_reference_ID 1

_Assigned_chem_shift_list.Chem_shift_reference_label $chem_shift_reference_1

_Assigned_chem_shift_list.Chem_shift_1H_err .

_Assigned_chem_shift_list.Chem_shift_13C_err .

_Assigned_chem_shift_list.Chem_shift_15N_err .

_Assigned_chem_shift_list.Chem_shift_31P_err .

_Assigned_chem_shift_list.Chem_shift_2H_err .

_Assigned_chem_shift_list.Chem_shift_19F_err .

_Assigned_chem_shift_list.Error_derivation_method .

_Assigned_chem_shift_list.Details .

_Assigned_chem_shift_list.Text_data_format .

_Assigned_chem_shift_list.Text_data .

loop_

_Chem_shift_experiment.Experiment_ID

_Chem_shift_experiment.Experiment_name

_Chem_shift_experiment.Sample_ID

_Chem_shift_experiment.Sample_label

_Chem_shift_experiment.Sample_state

_Chem_shift_experiment.Entry_ID

_Chem_shift_experiment.Assigned_chem_shift_list_ID

4 ’2D 1H-1H NOESY’ . . . 50278 2

stop_

loop_

_Chem_shift_software.Software_ID

_Chem_shift_software.Software_label

_Chem_shift_software.Method_ID

_Chem_shift_software.Method_label

_Chem_shift_software.Entry_ID

_Chem_shift_software.Assigned_chem_shift_list_ID

1 $software_1 . . 50278 2
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stop_

loop_

_Atom_chem_shift.ID

_Atom_chem_shift.Assembly_atom_ID

_Atom_chem_shift.Entity_assembly_ID

_Atom_chem_shift.Entity_assembly_asym_ID

_Atom_chem_shift.Entity_ID

_Atom_chem_shift.Comp_index_ID

_Atom_chem_shift.Seq_ID

_Atom_chem_shift.Comp_ID

_Atom_chem_shift.Atom_ID

_Atom_chem_shift.Atom_type

_Atom_chem_shift.Atom_isotope_number

_Atom_chem_shift.Val

_Atom_chem_shift.Val_err

_Atom_chem_shift.Assign_fig_of_merit

_Atom_chem_shift.Ambiguity_code

_Atom_chem_shift.Ambiguity_set_ID

_Atom_chem_shift.Occupancy

_Atom_chem_shift.Resonance_ID

_Atom_chem_shift.Auth_entity_assembly_ID

_Atom_chem_shift.Auth_asym_ID

_Atom_chem_shift.Auth_seq_ID

_Atom_chem_shift.Auth_comp_ID

_Atom_chem_shift.Auth_atom_ID

_Atom_chem_shift.Details

_Atom_chem_shift.Entry_ID

_Atom_chem_shift.Assigned_chem_shift_list_ID

1 . 2 . 2 1 1 DG H1’ H 1 5.970 0.001 . 1 . . . . . 1 G H1’ . 50278 2

2 . 2 . 2 1 1 DG H2’ H 1 2.570 0.001 . 1 . . . . . 1 G H2’ . 50278 2

3 . 2 . 2 1 1 DG H2’’ H 1 2.758 0.006 . 1 . . . . . 1 G H2’’ . 50278 2

4 . 2 . 2 1 1 DG H8 H 1 7.937 0.000 . 1 . . . . . 1 G H8 . 50278 2

5 . 2 . 2 2 2 DC H1’ H 1 5.682 0.001 . 1 . . . . . 2 C H1’ . 50278 2

6 . 2 . 2 2 2 DC H2’ H 1 2.027 0.001 . 1 . . . . . 2 C H2’ . 50278 2

7 . 2 . 2 2 2 DC H2’’ H 1 2.394 0.001 . 1 . . . . . 2 C H2’’ . 50278 2

8 . 2 . 2 2 2 DC H5 H 1 5.382 0.001 . 1 . . . . . 2 C H5 . 50278 2

9 . 2 . 2 2 2 DC H6 H 1 7.371 0.000 . 1 . . . . . 2 C H6 . 50278 2

10 . 2 . 2 2 2 DC H41 H 1 6.441 0.001 . 1 . . . . . 2 C H41 . 50278 2

11 . 2 . 2 2 2 DC H42 H 1 8.428 0.000 . 1 . . . . . 2 C H42 . 50278 2

12 . 2 . 2 3 3 DG H1 H 1 12.727 0.000 . 1 . . . . . 3 G H1 . 50278 2

13 . 2 . 2 3 3 DG H1’ H 1 5.664 0.000 . 1 . . . . . 3 G H1’ . 50278 2

14 . 2 . 2 3 3 DG H2’ H 1 2.706 0.000 . 1 . . . . . 3 G H2’ . 50278 2
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15 . 2 . 2 3 3 DG H2’’ H 1 2.816 0.002 . 1 . . . . . 3 G H2’’ . 50278 2

16 . 2 . 2 3 3 DG H3’ H 1 5.017 0.000 . 1 . . . . . 3 G H3’ . 50278 2

17 . 2 . 2 3 3 DG H8 H 1 7.890 0.001 . 1 . . . . . 3 G H8 . 50278 2

18 . 2 . 2 4 4 DA H1’ H 1 6.234 0.001 . 1 . . . . . 4 A H1’ . 50278 2

19 . 2 . 2 4 4 DA H2 H 1 7.777 0.000 . 1 . . . . . 4 A H2 . 50278 2

20 . 2 . 2 4 4 DA H2’ H 1 2.593 0.002 . 1 . . . . . 4 A H2’ . 50278 2

21 . 2 . 2 4 4 DA H2’’ H 1 2.926 0.005 . 1 . . . . . 4 A H2’’ . 50278 2

22 . 2 . 2 4 4 DA H3’ H 1 4.995 0.000 . 1 . . . . . 4 A H3’ . 50278 2

23 . 2 . 2 4 4 DA H8 H 1 8.154 0.000 . 1 . . . . . 4 A H8 . 50278 2

24 . 2 . 2 5 5 DT H1’ H 1 5.847 0.001 . 1 . . . . . 5 T H1’ . 50278 2

25 . 2 . 2 5 5 DT H2’ H 1 1.980 0.001 . 1 . . . . . 5 T H2’ . 50278 2

26 . 2 . 2 5 5 DT H2’’ H 1 2.407 0.004 . 1 . . . . . 5 T H2’’ . 50278 2

27 . 2 . 2 5 5 DT H3 H 1 13.452 0.000 . 1 . . . . . 5 T H3 . 50278 2

28 . 2 . 2 5 5 DT H6 H 1 7.089 0.000 . 1 . . . . . 5 T H6 . 50278 2

29 . 2 . 2 5 5 DT H71 H 1 1.318 0.000 . 1 . . . . . 5 T H7 . 50278 2

30 . 2 . 2 5 5 DT H72 H 1 1.318 0.000 . 1 . . . . . 5 T H7 . 50278 2

31 . 2 . 2 5 5 DT H73 H 1 1.318 0.000 . 1 . . . . . 5 T H7 . 50278 2

32 . 2 . 2 6 6 DC H1’ H 1 5.610 0.001 . 1 . . . . . 6 C H1’ . 50278 2

33 . 2 . 2 6 6 DC H2’ H 1 1.918 0.001 . 1 . . . . . 6 C H2’ . 50278 2

34 . 2 . 2 6 6 DC H2’’ H 1 2.332 0.001 . 1 . . . . . 6 C H2’’ . 50278 2

35 . 2 . 2 6 6 DC H5 H 1 5.514 0.001 . 1 . . . . . 6 C H5 . 50278 2

36 . 2 . 2 6 6 DC H6 H 1 7.352 0.000 . 1 . . . . . 6 C H6 . 50278 2

37 . 2 . 2 6 6 DC H41 H 1 6.584 0.001 . 1 . . . . . 6 C H41 . 50278 2

38 . 2 . 2 6 6 DC H42 H 1 8.302 0.000 . 1 . . . . . 6 C H42 . 50278 2

39 . 2 . 2 7 7 DG H1 H 1 12.524 0.000 . 1 . . . . . 7 G H1 . 50278 2

40 . 2 . 2 7 7 DG H1’ H 1 5.610 0.001 . 1 . . . . . 7 G H1’ . 50278 2

41 . 2 . 2 7 7 DG H2’ H 1 2.675 0.001 . 1 . . . . . 7 G H2’ . 50278 2

42 . 2 . 2 7 7 DG H2’’ H 1 2.780 0.002 . 1 . . . . . 7 G H2’’ . 50278 2

43 . 2 . 2 7 7 DG H3’ H 1 4.986 0.000 . 1 . . . . . 7 G H3’ . 50278 2

44 . 2 . 2 7 7 DG H8 H 1 7.858 0.001 . 1 . . . . . 7 G H8 . 50278 2

45 . 2 . 2 8 8 DA H1’ H 1 6.194 0.001 . 1 . . . . . 8 A H1’ . 50278 2

46 . 2 . 2 8 8 DA H2 H 1 7.738 0.001 . 1 . . . . . 8 A H2 . 50278 2

47 . 2 . 2 8 8 DA H2’ H 1 2.573 0.007 . 1 . . . . . 8 A H2’ . 50278 2

48 . 2 . 2 8 8 DA H2’’ H 1 2.898 0.002 . 1 . . . . . 8 A H2’’ . 50278 2

49 . 2 . 2 8 8 DA H3’ H 1 4.968 0.000 . 1 . . . . . 8 A H3’ . 50278 2

50 . 2 . 2 8 8 DA H8 H 1 8.117 0.000 . 1 . . . . . 8 A H8 . 50278 2

51 . 2 . 2 9 9 DT H1’ H 1 5.871 0.001 . 1 . . . . . 9 T H1’ . 50278 2

52 . 2 . 2 9 9 DT H2’ H 1 2.011 0.002 . 1 . . . . . 9 T H2’ . 50278 2

53 . 2 . 2 9 9 DT H2’’ H 1 2.431 0.005 . 1 . . . . . 9 T H2’’ . 50278 2

54 . 2 . 2 9 9 DT H3 H 1 13.463 0.000 . 1 . . . . . 9 T H3 . 50278 2

55 . 2 . 2 9 9 DT H6 H 1 7.112 0.001 . 1 . . . . . 9 T H6 . 50278 2

56 . 2 . 2 9 9 DT H71 H 1 1.311 0.000 . 1 . . . . . 9 T H7 . 50278 2

57 . 2 . 2 9 9 DT H72 H 1 1.311 0.000 . 1 . . . . . 9 T H7 . 50278 2

58 . 2 . 2 9 9 DT H73 H 1 1.311 0.000 . 1 . . . . . 9 T H7 . 50278 2
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59 . 2 . 2 10 10 DC H1’ H 1 5.707 0.001 . 1 . . . . . 10 C H1’ . 50278 2

60 . 2 . 2 10 10 DC H2’ H 1 2.001 0.001 . 1 . . . . . 10 C H2’ . 50278 2

61 . 2 . 2 10 10 DC H2’’ H 1 2.375 0.003 . 1 . . . . . 10 C H2’’ . 50278 2

62 . 2 . 2 10 10 DC H5 H 1 5.579 0.000 . 1 . . . . . 10 C H5 . 50278 2

63 . 2 . 2 10 10 DC H6 H 1 7.411 0.000 . 1 . . . . . 10 C H6 . 50278 2

64 . 2 . 2 10 10 DC H41 H 1 6.700 0.001 . 1 . . . . . 10 C H41 . 50278 2

65 . 2 . 2 10 10 DC H42 H 1 8.389 0.001 . 1 . . . . . 10 C H42 . 50278 2

66 . 2 . 2 11 11 DG H1 H 1 13.013 0.000 . 1 . . . . . 11 G H1 . 50278 2

67 . 2 . 2 11 11 DG H1’ H 1 5.944 0.001 . 1 . . . . . 11 G H1’ . 50278 2

68 . 2 . 2 11 11 DG H2’ H 1 2.608 0.002 . 1 . . . . . 11 G H2’ . 50278 2

69 . 2 . 2 11 11 DG H2’’ H 1 2.722 0.003 . 1 . . . . . 11 G H2’’ . 50278 2

70 . 2 . 2 11 11 DG H3’ H 1 4.968 0.000 . 1 . . . . . 11 G H3’ . 50278 2

71 . 2 . 2 11 11 DG H8 H 1 7.897 0.000 . 1 . . . . . 11 G H8 . 50278 2

72 . 2 . 2 12 12 DC H1’ H 1 6.186 0.001 . 1 . . . . . 12 C H1’ . 50278 2

73 . 2 . 2 12 12 DC H2’ H 1 2.152 0.001 . 1 . . . . . 12 C H2’ . 50278 2

74 . 2 . 2 12 12 DC H2’’ H 1 2.187 0.000 . 1 . . . . . 12 C H2’’ . 50278 2

75 . 2 . 2 12 12 DC H5 H 1 5.519 0.001 . 1 . . . . . 12 C H5 . 50278 2

76 . 2 . 2 12 12 DC H6 H 1 7.458 0.001 . 1 . . . . . 12 C H6 . 50278 2

stop_

save_
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