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A quantum physics layer of epigenetics: i

a hypothesis deduced from charge transfer
and chirality-induced spin selectivity of DNA
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Abstract

Background Epigenetic mechanisms are informational cellular processes instructing normal and diseased pheno-
types. They are associated with DNA but without altering the DNA sequence. Whereas chemical processes like DNA
methylation or histone modifications are well-accepted epigenetic mechanisms, we herein propose the existence
of an additional quantum physics layer of epigenetics.

Results We base our hypothesis on theoretical and experimental studies showing quantum phenomena to be
active in double-stranded DNA, even under ambient conditions. These phenomena include coherent charge trans-
fer along overlapping pi-orbitals of DNA bases and chirality-induced spin selectivity. Charge transfer via quantum
tunneling mediated by overlapping orbitals results in charge delocalization along several neighboring bases, which
can even be extended by classical (non-quantum) electron hopping. Such charge transfer is interrupted by flip-

ping base(s) out of the double-strand e.g., by DNA modifying enzymes. Charge delocalization can directly alter DNA
recognition by proteins or indirectly by DNA structural changes e.g, kinking. Regarding sequence dependency,
charge localization, shown to favor guanines, could influence or even direct epigenetic changes, e.g.,, modification

of cytosines in CpG dinucleotides. Chirality-induced spin selectivity filters electrons for their spin along DNA and, thus,
is not only an indicator for quantum coherence but can potentially affect DNA binding properties.

Conclusions Quantum effects in DNA are prone to triggering and manipulation by external means. By the hypoth-
esis put forward here, we would like to foster research on “Quantum Epigenetics”at the interface of medicine, biology,
biochemistry, and physics to investigate the potential epigenetic impact of quantum physical principles on (human)
life.
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Introduction
Physiologic and disease development in humans, like in
other living creatures, is strongly associated with epi-
genetic modifications, which link the DNA sequence
with responses to external stimuli [1, 2]. Common to
all epigenetic mechanisms is that they are informa-
tional processes associated with DNA, which, e.g., can
regulate gene activity but, by definition, do not alter
the DNA sequence itself. The hitherto widely acknowl-
edged epigenetic mechanisms typically rely on chemi-
cal processes, including DNA methylation, various
modifications of histones, or chromatin remodeling [1].
Nevertheless, besides chemical processes, also physi-
cal principles apply to DNA, and quantum physical
processes, particularly proton tunneling (for a glossary
of quantum physics terms, see Table 1), have long been
linked to the generation of DNA mutations. Already
Watson and Crick assumed in their landmark paper on
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the structure of DNA “that the bases only occur in the
structure [i.e., the double-helix] in the most plausible tau-
tomeric forms” [3]. Lowdin put forward a hypothesis in
1963 that tunneling of protons might contribute to the
occurrence of mutations in DNA [4]. The concept of pro-
ton tunneling in mutation induction has been meanwhile
further underpinned by a series of theoretical and experi-
mental modeling studies providing evidence that quan-
tum mechanisms can contribute to mutation induction at
ambient conditions [5—-8]. Nonetheless, due to energetic
reasons, the tautomeric forms induced by quantum tun-
neling are transient with a short lifespan and, in order not
to tunnel back to the original form, need fixation during
DNA replication to end up in a bona-fide mutation on a
cellular level [5-8]. Thus, though the tautomeric occupa-
tion probability has been recently reported as consider-
ably large, the overall quantitative biological impact of
proton tunneling in introducing sequence alterations
warrants further discussion [8].

Table 1 Key physical phenomena discussed in this hypothesis paper

Charge hole:

Chirality-induced spin selectivity (CISS):

Coherence/decoherence:

Coupled harmonic oscillators:

Exciton:

Proton tunneling:

Quantum delocalization/localization:

Superexchange:

Tautomer:

Is a concept used to describe the movement of positively charged "absence” in a certain material. A hole can
be thought of as a missing electron, or a vacancy in the valence band (or HOMO in a molecule) of a material,
that behaves as a mobile positive charge carrier. This hole can move through the material as if it were a particle
carrying a positive charge

Phenomenon in which the spin of an electron passing through a chiral molecule (a molecule that is not
superimposable on its mirror image) is preferentially oriented in a certain direction. In other words, CISS refers
to a dependence of the spin of an electron on the chirality of a molecule through which it passes. This effect
has been observed in a variety of organic molecules, including amino acids, DNA, and proteins

Quantum coherence is a property of quantum systems that refers to the ability of different quantum states
to interfere with each other, resulting in a pattern of constructive and destructive interferences. In contrast,
decoherence refers to the loss of coherence in a quantum system due to its interaction with its environment.
As a guantum system interacts with its surroundings, the coherence of the system can be disrupted, causing
the quantum system to behave more like a classical system

A harmonic oscillator is a system that exhibits simple harmonic motion, such as the motion of a mass

on a spring. When two or more harmonic oscillators are coupled, meaning they interact with each other

in some way, the resulting system is known as a harmonic chain. The interaction between oscillators can
lead to the formation of collective excitations (known as phonons), energy transfer between oscillators, and,
for quantum oscillators, the creation of entangled states

In physics, an exciton is a bound state of an electron and a positively charged "electron hole" that are attracted
to each other by the Coulomb force. When an atom or molecule is illuminated by an external source, such

as light, an electron can be excited to an energetically higher lying state. This creates an electron-hole pair,
where the vacancy (hole) is the lower energy state. This pair of charges then interacts to form a so-called
exciton

Also known as “proton transfer,'is a quantum mechanical phenomenon where a proton (H+) moves

through an energy barrier that it would not be able to overcome according to classical physics. In the case

of proton tunneling, a proton can move through a barrier, such as a hydrogen bond, to form a new (covalent)
bond with another atom or molecule. In DNA replication, proton tunneling has been proposed as a mecha-
nism for ensuring that the correct nucleotide bases are paired together, helping to prevent mutations

Quantum delocalization refers to the spread-out nature of a quantum particle’s wave function over a larger
region of space. This phenomenon can also be related to wave-like superposition. Quantum localization,
on the other hand, refers to the confinement or localization of a quantum particle within a small region

of space

Transfer of electrons via quantum tunneling from a donor to an acceptor through an intermediate and ener-
getically higher lying ‘bridge’ The concept of superexchange can be applied to biological systems, particularly
in the context of electron transfer reactions in proteins and enzymes

Is a type of isomer, a molecule with the same chemical formula as another molecule, with a different arrange-
ment of atoms, specifically isomers that differ in the placement of a proton (H+) and the double bond
within the molecule




Siebert et al. Clinical Epigenetics (2023) 15:145

Hypothesis

In contrast to the impact of quantum effects on muta-
tional mechanisms, the role of quantum physical
principles in epigenetics has not yet been deeply inter-
rogated [9, 10]. Nevertheless, as discussed in detail
below, theoretical modeling and experimental studies
provide compelling evidence for a range of physical
phenomena leading to altered properties of DNA mol-
ecules beyond mutation and chemical modification.
External factors can trigger these physical phenomena
and potentially influence gene expression. Thus, we
here hypothesize (I) that a layer of epigenetics driven
by quantum physical processes in DNA exists; (II) that
two (potentially interacting) quantum physical pro-
cesses (not exclusively) contributing to this layer of epi-
genetics are (a) coherent charge/exciton transfer along
DNA and (b) chirality-induced spin selectivity by DNA
(see Table 1); (III) that the quantum physical layer of
epigenetics can interfere with and is not erased by well-
recognized chemical epigenetic layers like DNA and
histone modification or chromatin structure; and (IV)
that the quantum physical layer acts under ambient cel-
lular conditions.
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General considerations for the hypothesis

We are building our hypotheses on the fact that DNA is a
chiral molecule with a vibrating and, in general, dynami-
cal structure (rather than a rigid structure as might be
suggested by the classical Watson—Crick model) (Fig. 1A)
[3, 11-16]. Moreover, it is known that in a double-helical
structure of a B-DNA with proper base pairing, the pi-
orbitals of neighboring bases of a strand tend to overlap.
Thus, electron clouds (i.e., delocalized negative charges)
shared by neighboring DNA bases can be formed
(Fig. 1B) [17-23]. This tendency is counterbalanced by
the vibrating dynamics of DNA and its backbone which
typically suppresses delocalization. Between these clouds,
charge transfer and charge separation can be induced by
a tunneling mechanism or classical hopping, which leaves
a (positively) charged hole on the donor base [17-22].
The quantum tunneling, including superexchange phe-
nomena, between spatially separated areas differs from
thermally-induced (i.e., non-quantum) hopping in that
the latter relies on overcoming classical energy barriers
for electron (charge) movement (Fig. 1B) [17-22, 24-26].
Finally, it must be recognized that at physiological tem-
peratures, DNA is embedded in an environmental "bath"
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Fig. 1 A Schematic visualization DNA as harmonic oscillator in a cell. Far from being a rigid, isolated stairwise structure of subsequent nucleobases,
DNA is considered as an elastic complex, in constant interaction with surrounding molecules (indicated by water molecules in the example)

and the thermal excitations (indicated by grey temperature gradient) coming from its background. B DNA with stacking pi-orbitals allowing
electron tunneling. Schematic representation of DNA double strand. Each sphere represents a nucleotide along the strands, surrounded

by its Lowest Unoccupied Molecular Orbital (LUMO) populated by an excited electron. The overlap of close by orbitals (blue arrows) allows

the electron to move from a base to the other through quantum tunneling phenomena. Eventual lack of orbital overlap (domain walls) prevents
this phenomenon to happen, resulting in the electron only managing to populate the neighboring base through classical hopping processes,
thermally enhanced. In this representation, we use pi-orbitals as example of LUMO as in the literature there are many references to these

orbitals as being the most suitable for our modeling. C Chirality-induced spin selectivity by DNA. The chiral structure of the DNA helix is such

that electrons with opposite spin are pushed in different directions along the chain, resulting in an effective quantum spin selectivity phenomenon
within the DNA structure. D Guanine as charge trap in DNA. The dynamics of an excited electron along the chain (decided by the energy landscape
characterizing the strand) is usually dragged toward sites containing guanine bases. The cytosine on the opposite strand of the guanine is prone

to epigenetic modification (e.g, methylation) in a CpG context. Whereas cytosine methylation itself does not discontinue charge transfer (but might
change its dynamics), flipping out the base for modification in the enzymatic process can perturb charge transfer
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consisting of ionic and dipolar molecules (e.g., water)
that can interact with DNA at a quantum level by alter-
ing the geometrical and electrical properties of the DNA
structure [27, 28], thereby also suppressing quantum
coherence (Fig. 1A, Table 1) [29-33].

Supporting evidence for the hypothesis

Charge and exciton transfer in DNA

On a theoretical level, we and others investigated the
quantum diffusion of single charges, excitons, and
the relation to spin selectivity along and across both
strands of DNA under ambient (physiologic) condi-
tions using tight-binding lattice models representing
the two-strands of DNA embedded in thermal envi-
ronments mimicking solvent and/or residual molecu-
lar degrees of freedom (backbone) (Fig. 1C) [34, 35
Rossini et al., in preparation]. Such models predict that
even at moderate temperatures coherence (tunneling)
of charges over a few nucleobases may play an impor-
tant role depending on the energetic profile deter-
mined by the sequences and on proper conformations
of neighboring bases. Strong evidence exists that the
intra-strand quantum features may survive on relatively
long-time scales compared to bases-intrinsic electronic
processes. In addition, a series of investigations using
a broad range of experimental designs has documented
relatively large charge mobility over rather long molec-
ular distances (up to 34 nm, i.e., over up to 100 bases,
corresponding to a picoseconds time scale for charge
dynamics) in DNA [17-22]. An efficient charge transfer
prerequisite is proper stacking of the bases and double-
stranded DNA ensuring proper stacking of pi-orbitals
[17-22, 36, 37]. Perturbation of the DNA stack by e.g.,
mismatches, some DNA binding proteins, or conforma-
tional changes hampers charge transfer, thus, creating
“sections” in the DNA defined through their differen-
tial charge transfer potential [38—40]. In line with the
transfer along the pi-orbitals of the nucleobases in the
long axis of the DNA, perturbation of its sugar DNA
backbone seems not to affect charge transfer, arguing
for a sequence-related charge transfer pattern in DNA
[37]. Current data suggest the coexistence of two mech-
anisms of charge transfer along DNA: coherent tun-
neling over short distances of 3 to 4 bases fostered by
vibrating movements of nucleobases with overlapping
pi-orbitals and incoherent (thermal) classical hopping
between domains of such well-coupled stacked bases
[17-22]. Charge transfer over even longer distances
(4 nm) is facilitated by the interaction of these base
stacks triggered by external light. Further, light-induced
electron transfer events between redox active metal
complexes bound to DNA suggest strong participation

Page 4 of 7

of the extended pi-orbital network of DNA [40]. In
sum, these charge dynamics lead to shorter (coher-
ent) and longer distance (incoherent) charge transfer,
which change the electrostatic properties of regions in
the DNA [17-22, 41]. Besides altering the structure of
the DNA (e.g., kinks, bends), such local charge imbal-
ances can potentially affect proper sequence and/or
conformation-dependent binding of proteins and, thus,
the regulation of transcriptional processes [38, 41, 42].
This may be particularly true in a cell environment
under oxidative stress [21]. In reverse, protein bind-
ing has been shown to affect charge transfer, which
can be exploited for diagnostic purposes [43]. Moreo-
ver, recent reports indicate that human DNA primase
utilizes electron transfer through dsDNA to determine
the DNA replication activity [44]. Notably, there seem
to exist different probabilities for certain genomic
domains to be involved in charge transfer processes,
thus more likely displaying local charge imbalances [11,
17-22, 45]. Whether such physically “cold” and “hot”
DNA areas transfer into special biological properties
warrants further investigation.

Chirality-induced spin selectivity by DNA

Chirality is a geometric property of certain biological
molecules, including DNA, describing that such mole-
cules and their mirror images are non-superimposable. A
physical property of chiral molecules is that the transfer
of electrons also depends on their spin degree of freedom,
e.g., by filtering electrons with different spin orientations
when passing through those molecules such that an accu-
mulation of electrons with the same spin orientation
appears in certain areas (Fig. 1C) [46]. The in-depth phys-
ical principles underlying this so-called chirality-induced
spin selectivity have yet to be wholly understood [47-49].
Remarkably, spin dependent charge transfer leading to
spin polarization and charge transfer through double-
stranded DNA have been experimentally documented
indicating that charge transfer and chirality-induced spin
selectivity are interconnected physical principles in DNA.
The impact of this connection on chemical or structural
DNA properties, however, requires further investigation.
Findings describing that spin-dependent charge transfer
is enhanced through oxidatively damaged DNA, which,
as discussed above, is less conductive in charge trans-
fer, might indicate that the spin-selectivity could also be
linked to the otherwise more insulating sugar backbone
or even the water spine of DNA [50]. CISS might also
reduce the coherent backscattering of electrons resulting
in enhanced charge transfer through DNA. Whatever the
mechanisms are, spin selectivity can e.g., affect spin-sen-
sitive interactions of DNA [51, 52].
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Interaction of the quantum physical with chemical
epigenetics layers

At least for charge transfer in DNA, it has been experi-
mentally shown that it is not prevented or grossly hin-
dered by DNA methylation or binding to histones [39,
50]. Moreover, if protein binding to DNA does not affect
proper base stacking, it preserves coherent charge trans-
fer [38]. Thus, classical chemical mechanisms do not
principally prevent quantum physical epigenetic effects.
On the other hand, some chemical epigenetic processes
might interfere with physical phenomena: binding of
proteins, like TBP, transcription factors, CTCE, or cohes-
ins, which kink, bend, or otherwise affect the pi-orbital
stacking disrupt charge transfer [38, 53, 54]. Remark-
ably, prominent examples of proteins disrupting proper
pi-stacking are many writers, readers, and erasers of the
modified DNA bases (e.g., a series of DNA methylases
and demethylases), which flip a target nucleobase within
the DNA for their recognition and/or modification [55].
Hence, charge transfer is attenuated by such epigenetic
modifiers [38, 56]. In turn, it has not escaped our atten-
tion that the guanine base has been identified in our and
also in other models as a charge trap (holes) as guanine is
the most easily oxidized DNA base (Fig. 1D) [17, 20-22,
57, Rossini et al. in preparation]. Consequently, charge
holes (i.e., a positive charge) are more stable on a G:C
base pair, an effect even enhanced in guanine doublets
and triplets named “charge sinks” Considering that the
cytosine paired with the guanine in both strands of the
CpG dinucleotide is the preferred base of DNA modifi-
cation, it is intriguing to speculate that charge transfer,
charge delocalization, and charge separation are involved
in directing or facilitating this epigenetic change. Besides
altering the DNA structure or spin-selective binding of
proteins, many other effects of quantum physical changes
in the DNA can be envisioned to change the transcrip-
tional activity of the genome. Nevertheless, these yet lack
experimental evidence.

Action of a quantum physical layer under ambient cellular
conditions

For decades, it has been postulated that time scales for
decoherence are too short for quantum mechanics to
apply to macromolecules under ambient conditions, like
DNA. Nevertheless, as outlined above, current mod-
els taking into account physiological temperatures and
charge decoherence by the environment as well as experi-
mental findings at corresponding conditions and using
DNA in solution (and even embedded in histones), sug-
gest quantum effects to be active in DNA in living cells.
Vice versa, DNA in living cells is exposed to a wealth of
environmental intracellular and extracellular physical
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stimuli, which can trigger and modify the processes out-
lined above, ranging from the radiation of various wave-
lengths and magnetic fields up to reactions providing
electrically charged radicals. A quantum physics layer of
epigenetics may help to explain the physiologic responses
to such threads.

Conclusion and outlook

In summary, we think there is sufficient evidence for pos-
tulating a quantum physics layer of epigenetics, which we
propose to name “Quantum Epigenetics". Our hypoth-
esis on this layer’s existence, along with some features,
is built on theoretical and experimental data from many
groups. Remarkably, whereas physics principles in DNA
have been extensively explored until the early years of
this millennium, research on quantum effects in cellular
DNA seems thereafter to have mainly focused on muta-
tional mechanisms. It seems intuitive to us that the more
volatile epigenetic landscape is much more susceptible
to the transient and partly stochastic quantum effects.
These, in turn, might be susceptible to induction or influ-
ence by external stimuli, as proposed for irradiation
[58]. The principles outlined herein offer, on one hand,
the opportunity to further understand how information
in DNA is bringing the phenotype (including diseases)
into being and how this can be influenced by external
factors. As an additional part, charge transfer in DNA-
RNA hybrids and quantum features of RNA molecules
might extend the present hypothesis toward more epi-
transcriptomic aspects [59, 60]. On the other hand, the
charge transfer and spin properties can be explored for
(epi)genetic and functional diagnostics, as it has already
been documented for charge transfer and DNMT1 activ-
ity [43]. Finally, the physical principles outlined above
are, in principle, prone to external manipulation, e.g., in
the context of treatment.

Abbreviations

CISS Chirality-induced spin selectivity
CTCF CCCTC-binding factor

DNA Desoxyribonucleic acid

HOMO  Highest occupied molecular orbital
LUMO  Lowest unoccupied molecular orbital
TBP TATA box binding protein

Acknowledgements

We would like to thank Ciprian Padurariu, Bjoérn Kubala, Jirgen Stockburger,
Sima Karimi Farsijani, Alexander Mengele and Emil Chteinberg for fruitful
discussions and Helene Kretzmer and Gioia Di Stefano for comments on

the draft. We would like to acknowledge all colleagues who published data
underlying the presented hypothesis and would like to excuse to whose work
we could not cite due to space constraints.

Author contributions
All authors contributed to developing the concepts underlying this hypoth-
esis paper. RS drafted the manuscript, MR prepared the figures, and revised



Siebert et al. Clinical Epigenetics (2023) 15:145

the manuscript. OA and JA revised the manuscript. All authors approved the
final version of the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. Financial sup-
port of the Center for Integrated Quantum Science and Technology (IQST)
and the BMBF through the project QCOMP in the Cluster4Future QSens is
gratefully acknowledged.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Not applicable.

Author details

lInstitute of Human Genetics, Ulm University & Ulm University Medical

Center, Albert-Einstein-Allee 11, 89081 Ulm, Germany. 2Center for Integrated
Quantum Science and Technology (IQST) Ulm-Stuttgart, Ulm, Germany. *Insti-
tute for Complex Quantum Systems, Ulm University, 89069 Ulm, Germany.
4Institute of Inorganic Chemistry I, Ulm University, 89081 Ulm, Germany. °Insti-
tute of Theoretical Physics, Ulm University, 89081 Ulm, Germany. ®Institute

for Quantum Optics, Ulm University, 89081 Ulm, Germany.

Received: 9 June 2023 Accepted: 28 August 2023
Published online: 08 September 2023

References

1. Allis CD, Jenuwein T. The molecular hallmarks of epigenetic control. Nat
Rev Genet. 2016;17:487-500.

2. Janssen SM, Lorincz MC. Interplay between chromatin marks in develop-
ment and disease. Nat Rev Genet. 2022;23:137-53.

3. Watson JD, Crick FHC. Molecular structure of nucleic acids: a structure for
deoxyribose nucleic acid. Nature. 1953;171:737-8.

4. Léwdin P-O. Proton tunneling in DNA and its biological implications. Rev
Mod Phys. 1963;35:724-32.

5. Godbeer A, Al-Khalili J, Stevenson P. Modelling proton tunnelling in the
adenine-thymine base pair. Phys Chem Chem Phys. 2015;17:13034-44.

6. Kimsey lJ, Petzold K, Sathyamoorthy B, Stein ZW, Al-Hashimi HM. Visual-
izing transient Watson-Crick-like mispairs in DNA and RNA duplexes.
Nature. 2015;519:315-20.

7. Kimsey 1), Szymanski ES, Zahurancik WJ, Shakya A, Xue Y, Chu CC, Sathy-
amoorthy B, Suo Z, Al-Hashimi HM. Dynamic basis for dG-dT misincorpo-
ration via tautomerization and ionization. Nature. 2018;554:195-201.

8. Slocombe L, Sacchi M, Al-Khalili J. An open quantum systems approach
to proton tunnelling in DNA. Commun Phys. 2022;5:109.

9. McFadden J, Al-Khalili J. The origins of quantum biology. Proc Math Phys
Eng Sci. 2018;474:20180674.

10. Kim'Y, Bertagna F, D'Souza EM, Heyes DJ, Johannissen LO, Nery ET, Pante-
lias A, Sanchez-Pedrefio Jimenez A, Slocombe L, Spencer MG, Al-Khalili J,
Engel GS, Hay S, Hingley-Wilson SM, Jeevaratnam K, Jones AR, Kattnig DR,
Lewis R, Sacchi M, Scrutton NS, Silva SRP, McFadden J. Quantum biology:
an update and perspective. Quantum Rep. 2021;3(1):80-126.

11. Kalosakas G, Rasmussen KO, Bishop AR. Charge trapping in DNA due to
intrinsic vibrational hot spots. J Chem Phys. 2003;118(8):3731-5.

12. Privalov PL, Crane-Robinson C. Forces maintaining the DNA double helix.
Eur Biophys J. 2020;49(5):315-21.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 6 of 7

. Privalov PL, Crane-Robinson C. Forces maintaining the DNA double

helix and its complexes with transcription factors. Prog Biophys Mol Biol.
2018;135:30-48.

. CramerT, Krapf S, Koslowski T. DNA Charge transfer: an atomistic model. J

Phys Chem B. 2004;108(31):11812-9.

. Starikov EB. Nucleic acids as objects of material science: Importance of

quantum chemical and quantum mechanical studies. Int J Quantum
Chem. 2000;77:859-70.

. Starikov EB. Electron—phonon coupling in DNA: a systematic study. Phil

Mag. 2005,85(29):3435-62.

. Dekker C, Ratner MA. Electronic properties of DNA. Phys World.

2001;14(8):29.

. Delaney S, Barton JK. Long-range DNA charge transport. J Org Chem.

2003;68(17):6475-83.

. O'Neil MA, Barton JK. DNA charge transport: conformationally gated hop-

ping through stacked domains. J Am Chem Soc. 2004;126(37):11471-83.
Arnold AR, Grodick MA, Barton JK. DNA charge transport: from chemical
principles to the cell. Cell Chem Biol. 2016;23(1):183-97.

Giese B. Long-distance electron transfer through DNA. Annu Rev Bio-
chem. 2002;71(1):51-70.

Genereux JC, Barton JK. Mechanisms for DNA charge transport. Chem
Rev. 2010;110(3):1642-62.

Rieper E, Anders J, Vedral V. Quantum entanglement between the elec-
tron clouds of nucleic acids in DNA. arXiv preprint arXiv:1006.4053. 2010.
Muhlbacher M, Ankerhold J, Escher C. Path-integral Monte Carlo simula-
tions for electronic dynamics on molecular chains. I. Sequential hopping
and super exchange. J Chem Phys. 2004;121(24):12696-707.

Lucke A, Mak CH, Egger R, Ankerhold J, Stockburger J, Grabert H. Is the
direct observation of electronic coherence in electron transfer reactions
possible? J Chem Phys. 1997;107(20):8397.

Venkatramani R, Keinan S, Balaeff A, Beratan DN. Nucleic acid charge
transfer: black, white and gray. Coord Chem Rev. 2011;255(7):635-48.
Westhof E. Water: an integral part of nucleic acid structure. Annu Rev
Biophys Biophys Chem. 1988;17:125-44.

Westhof E, Beveridge DL. Hydration of nucleic acids. Water Sci Rev.
1990;5:24-123.

Kopka ML, Fratini AV, Drew HR, Dickerson RE. Ordered water struc-

ture around a B-DNA dodecamer: a quantitative study. J Mol Biol.
1983;163(1):129-46.

Bagchi B. Water in and around DNA and RNA. In: Pollack GH, Chai B,
editors. Water in biological and chemical processes: from structure and
dynamics to function. Cambridge: Cambridge University Press; 2013. p.
151-66.

Perets EA, Yan ECY. The H,0O helix: the chiral water superstructure sur-
rounding DNA. ACS Cent Sci. 2017;3(7):683-5.

Davey CA, Sargent DF, Luger K, Maeder AW, Richmond TJ. Solvent medi-
ated interactions in the structure of the nucleosome core particle at 1.9 A
resolution. J Mol Biol. 2002;319(5):1097-113.

Zilly M, Ujsaghy O, Wolf DE. Conductance of DNA molecules: effects of
decoherence and bonding. Phys Rev B. 2010;82(12): 125125.

Gutiérrez R, Caetano RA, Woiczikowski BP, Kubar T, Elstner M, Cuniberti

G. Charge transport through biomolecular wires in a solvent: bridging
molecular dynamics and model Hamiltonian approaches. Phys Rev Lett.
2009;102: 208102.

Bittner ER. Frenkel exciton model of ultrafast excited state dynamics in AT
DNA double helices. J Photochem Photobiol A. 2007;190(2-3):328-34.
Crespo-Hernandez CE, Cohen B, Kohler B. Base stacking controls excited-
state dynamics in A-T DNA. Nature. 2005;436(7054):1141-4.

Liu T, Barton JK. DNA electrochemistry through the base pairs not the
sugar-phosphate backbone. J Am Chem Soc. 2005;127(29):10160-1.
Rajski SR, Barton JK. How different DNA-binding proteins affect long-
range oxidative damage to DNA. Biochemistry. 2001;40(18):5556-64.
Boal AK, Barton JK. Electrochemical detection of lesions in DNA. Biocon-
jug Chem. 2005;16(2):312-21.

Arkin MR, Stemp EDA, Holmlin RE, Barton JK, Hormann A, Olson EJC,
Barbara PF. Rates of DNA-mediated electron transfer between metalloint-
ercalators. Science. 1996;273:475.

Zwang TJ, Tse ECM, Barton JK. Sensing DNA through DNA charge trans-
port. ACS Chem Biol. 2018;13(7):1799-809.

Rohs R, Jin X, West SM, Joshi R, Honig B, Mann RS. Origins of specificity in
protein-DNA recognition. Annu Rev Biochem. 2010;79:233-69.


http://arxiv.org/abs/1006.4053

Siebert et al. Clinical Epigenetics

43.

44,

45.
46.
47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2023) 15:145

Furst AL, Muren NB, Hill MG, Barton JK. Label-free electrochemical
detection of human methyltransferase from tumors. Proc Natl Acad Sci.
2014;111(42):14985-9.

O'Brien E, Holt ME, Thompson MK, Salay LE, Ehlinger AC, Chazin WJ, Bar-
ton JK. The [4Fe4S] cluster of human DNA primase functions as a redox
switch using DNA charge transport. Science. 2017,355:813.

Afek A, Shi H, Rangadurai A, et al. DNA mismatches reveal conformational
penalties in protein-DNA recognition. Nature. 2020;587(7833):291-6.
Naaman R, Paltiel Y, Waldeck DH. Chiral induced spin selectivity and its
implications for biological functions. Annu Rev Biophys. 2022;51:99-114.
Xie Z, Markus TZ, Cohen SR, et al. Spin specific electron conduction
through DNA oligomers. Nano Lett. 2011;11(11):4652-5.

Vittmann C, Kessing RK, Lim J, Huelga SF, Plenio MB. Interface-induced
conservation of momentum leads to chiral-induced spin selectivity. J
Phys Chem Lett. 2022;13(7):1791-6.

Varela S, Peralta M, Mujica V, Berche B, Medina E. Spin polarization
induced by decoherence in a tunneling one-dimensional Rashba model.
SciPost Phys Core. 2023;6:044.

Mishra S, Poonia VS, Fontanesi C, Naaman R, Fleming AM, Burrows CJ.
Effect of oxidative damage on charge and spin transport in DNA. J Am
Chem Soc. 2019;141(1):123-6.

Kumar A, Capua E, Kesharwani MK, et al. Chirality-induced spin polariza-
tion places symmetry constraints on biomolecular interactions. PNAS.
2017;114(10):2474-8.

Geyer M, Gutierrez R, Mujica V, et al. The contribution of intermolecular
spin interactions to the London dispersion forces between chiral mol-
ecules. J Chem Phys. 2022;156: 234106.

Werner MH, Gronenborn AM, Clore GM. Intercalation, DNA kinking, and
the control of transcription. Science. 1996 Feb 9; 271(5250):778-84.
Erratum in: Science. 1997 Jun 27;276(5321):1957.

Ali T, Renkawitz R, Bartkuhn M. Insulators and domains of gene expres-
sion. Curr Opin Genet Dev. 2016;37:17-26.

Hong S, Cheng X. DNA base flipping: a general mechanism for

writing, reading, and erasing DNA modifications. Adv Exp Med Biol.
2016,945:321-41.

Wagenknecht H-A, Rajski SR, Pascaly M, Stemp EDA, Barton JK. Direct
observation of radical intermediates in protein-dependent DNA charge
transport. J Am Chem Soc. 2001;123(19):4400-7.

Hawke LG, Kalosakas G, Simserides C. Electronic parameters for charge
transfer along DNA. Eur Phys J E Soft Matter. 2010;32(3):291-305.
Rosenberg RA, Haija MA, Ryan PJ. Chiral-selective chemistry induced by
spin-polarized secondary electrons from a magnetic substrate. Phys Rev
Lett. 2008;101: 178301.

LiY, Artés JM, Qi J, Morelan IA, Feldstein P, Anantram MP, Hihath J. Com-
paring charge transport in oligonucleotides: RNA:DNA hybrids and DNA
duplexes. J Phys Chem Lett. 2016;7(10):1888-94.

Kratochvilovd |, Vala M, Weiter M, Spérova M, Schneider B, Pav O, Sebera J,
Rosenberg |, Sychrovsky V. Charge transfer through DNA/DNA duplexes
and DNA/RNA hybrids: complex theoretical and experimental studies.
Biophys Chem. 2013;180-181:127-34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 7 of 7

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A quantum physics layer of epigenetics: a hypothesis deduced from charge transfer and chirality-induced spin selectivity of DNA
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Hypothesis
	General considerations for the hypothesis
	Supporting evidence for the hypothesis
	Charge and exciton transfer in DNA
	Chirality-induced spin selectivity by DNA
	Interaction of the quantum physical with chemical epigenetics layers
	Action of a quantum physical layer under ambient cellular conditions

	Conclusion and outlook
	Acknowledgements
	References


