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Abstract: A fully analytical treatment of the base-pair and codon dynamics in double-stranded
DNA molecules is introduced, by means of a realistic treatment that considers different mass values
for G, A, T, and C nucleotides and takes into account the intrinsic three-dimensional, helicoidal
geometry of DNA in terms of a Hamitonian in cylindrical coordinates. Within the framework of the
Peyrard-Dauxois—-Bishop model, we consider the coupling between stretching and stacking radial
oscillations as well as the twisting motion of each base pair around the helix axis. By comparing the
linearized dynamical equations for the angular and radial variables corresponding to the bp local
scale with those of the longer triplet codon scale, we report an underlying hierarchical symmetry.
The existence of synchronized collective oscillations of the base-pairs and their related codon triplet
units are disclosed from the study of their coupled dynamical equations. The possible biological
role of these correlated, long-range oscillation effects in double standed DNA molecules containing
mirror-symmetric codons of the form XXX, XX"X, X’XX’, YXY, and XYX is discussed in terms of the
dynamical equations solutions and their related dispersion relations.

Keywords: double-stranded DNA; DNA dynamical models; correlated oscillations in macromolecules;
epigenetic changes

1. Introduction

The specific role of certain physical properties on the possible biological function of
macromolecules of biological interest still remains as a fundamental open question spurring
ongoing research in theoretical biophysics. For instance, the study of charge migration
through DNA strands of different length has opened new avenues to understand damage
recognition processes or protein binding mechanisms at work in nucleic acids, naturally
leading to the design of nanoscale devices aimed at sensing genomic mutations within the
emerging field of nanobiotechnology [1-3]. In physiological conditions, DNA double helix
exhibits a full-fledged three-dimensional (3D) geometry, so that the consecutive Watson—
Crick base pairs (bps) appear nearly parallel and twisted by a certain angle around the
helix axis (fy >~ 36° in equilibrium conditions). Now, full-atomistic modular dynamics
simulations indicate that double-stranded DNA (dsDNA) undergoes large-scale global
oscillatory motions dominated by rise and twist oscillations of the bps planes as a whole,
which dominate the range of molecular conformations generated by thermal agitation.
Since, by all indications, charge transfer between consecutive bps proceeds through the
rt—7r aromatic orbital overlap among the stacked bps, one reasonably expects that structural
fluctuations modifying their mutual overlapping as a function of time will strongly affect
charge carriers’ transport through dsDNA molecules at physiological temperatures [4-8].
In this scenario, the relative orientation of neighboring bases is ever changing, and the
motion of consecutive bps can either occur in a synchronized manner or incoherently.

In this work, we will focus on coherent dynamics arising from the coupling between
the radial oscillations of complementary bases within Watson—Crick bps and the twisting
motion of each bp as a whole around the helical axis. In this way, attending to the
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local symmetry of the structural unit cell formed by three consecutive bps (the so-called
codon in genomics), we disclose a number of remarkable symmetries of the dynamical
motion equations, naturally leading to the emergence of synchronized helical waves and
orchestrated collective, long-range oscillation modes propagating through the dsDNA
molecule. This correlated motion is very important in certain biological processes, such as
denaturation and transcription [9], and it is most relevant to any biological process which
relies on shape recognition. To this end, we will exploit the Peyrard-Dauxois-Bishop (PDB)
model [10,11], which explicitly takes into account the stacking interaction, mediated by
the orbital overlapping between adjacent bps and hydrogen bond distortions along the
helix [12,13].

The paper is organized as follows: in Section 2, we introduce the model Hamiltonian
describing the lattice dynamics, which is expressed in cylindrical coordinates in order to
explicitly take into account the 3D geometry of the double helix DNA molecule. Then,
in Section 3, we derive the dynamical equations of motion corresponding to the angular
and radial variables for both single bps and triplets containing three consecutive bps
each (codon units) in polyX-polyX’, polyXX’-polyX’X, and polyXYX-polyX'Y’X" dsDNA
polymers, where X’ stands for the complementary Watson—Crick base of the base X. By
comparing the mathematical structure of bp and codon motion equations, we realize that
they become identical to each other upon a suitable variable change in certain particu-
lar cases, involving dsDNA chains composed of mirror-symmetric codons of the form
XXX, XX'X, X’XX’, YXY, and XYX. In doing so, we disclose a number of characteristic
frequencies, related to the presence of collective oscillations corresponding to both syn-
chronized helical waves, for which the intertwined angular and radial variables share the
same frequency value, and orchestrated long-range waves given by a superposition of two
harmonic oscillations with different frequencies for twist and radial motions. The helical
waves’ dispersion relations for the acoustic and optical branches are analytically derived in
Section 4, and the obtained results are compared to some available experimental results.
In Section 5, we solve the codon dynamical equations, reporting on the presence of certain
resonance conditions closely related to the nucleotides’ mass values distribution. In the
light of these results, the role of possible epigenetic changes in the resulting dynamical
behavior of dsDNA molecules is discussed. Finally, the main conclusions of this work are
summarized in Section 6.

2. Dynamical DNA Model Hamiltonian

When describing the phonon dynamics DNA, the inner degrees of freedom of the
nucleotides can be disregarded, since the fast vibrational atomic motions about their
equilibrium positions can be separated from the slower molecular groups ones. Thus,
in the lattice model shown in Figure 1, each nucleotide (base + sugar + phosphate) is
regarded as a point mass, helically distributed and mutually connected by elastic springs
representing both the sugar-phosphate backbone along each strand and the interstrand
H-bonding between complementary bases [14-16]. We explicitly take into consideration
the mass difference among the four nucleotides, namely, mg = 347.05, my = 331.06,
mr = 322.05, mc = 307.05 amu, where the subscripts stand for guanine (G), adenine (A),
thymine (T), and cytosine (C). By inspecting these values, we realize that the mass of each
bp as a whole is essentially the same, i.e., M = mg + mc = my + mp = 653.5+ 0.5 amu.
Analogously, the bps’ reduced mass, y, = mum!, /M, take on very similar values as well
(see Table 1). Adopting the reference frame indicated in Figure 1, the position of the
nth nucleobase on the right strand can be expressed as x, = r,C0S @y, Y = ¥y sin @y,
and z, = c@,, where n labels the considered bp along the dsDNA, r,, and ¢, are usual
cylindrical coordinates, and ¢ = hg /6y is the rise parameter, where hy ~ 0.34 nm (B-DNA
form) is the equilibrium distance between two successive bp planes along the z-axis, and
8 is the equilibrium relative angular separation between neighboring bps. Thus, we can
express the Euclidean distance between adjacent bases along the right strand as:
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dypt1 = \/029%,;&1 + (Ro + pna1)” + (Ro + pu)* = 2(Ro + pa1) (Ro + pn) €08 0y a1 (1)

(d, . for the left strand is obtained by simply replacing p, — pj, in Equation (1)), where
we have defined Opne1 = E£(@ue1 — @n) as the relative angle between two neighbor-
ing bps, and p, = r; — Rp as the radial displacements about the equilibrium position
(Ro = 1 nm). In equilibrium, both distances reduce to the value Iy = d,, ;41| . =

d%,n:tl’ = \/h% + 4R3 sin?(fp/2) ~ 0.685 nm, where we have adopted 6y = 77/5.2 =~

eq.
34.6°. We note that the distance between successive bps along the z-direction is propor-

tional to the twist angle, thereby preserving the helical structure during the dynamical
evolution [17]. It is further assumed that the dsDNA molecule does not move as a whole,
so that the center of mass is constant for each bp, and the radial displacements about the
equilibrium position satisfy p}, = Anpn, where Ay, = my, /m),.

Figure 1. On the left, sketch of the dsDNA 3D lattice model showing the harmonic bonds between
adjacent base pairs through the sugar-phosphate backbone and between complementary bases due
to H-bonds. The right strand runs in the 5° — 3’ direction, whereas the left strand runs in the
antiparallel 3 — 5" direction. On the right are details of one of the bp planes, showing the effect the
mass difference has on radial displacements, shifting the center of mass outside the axis of the helix.
Reprinted from Physics Letters A, 376, Torrellas, G.; Macid, E., Twist-radial normal mode analysis in
double-stranded DNA chains, 3407-3410, Copyright (2012), with permission from Elsevier.

Therefore, the dsSDNA molecule lattice Hamiltonian can be written as [8,18]:

1 N (P P2
H = — "+ : +Ug+ U 2
PTOM =\ A T Ap2 + &+ 4Rgpumy M BT HS @)

where 7 runs over the number N of bps, P,, and P, denote the conjugate momenta of the

nth bp radial and twist variables, respectively, and § = {/c2 + R3 ~ 1.147 nm is related to
the helical geometry of the system, so that {6, ,11 measures the helix arc length providing
the shortest path between two points along a helical coil. In the limit of small radial and
twist oscillations (r, ~ R, 0, ,+1 < 1), Equation (1) reads dy 11 = \/R3 + 2 6,11 =
€Oy n+1, so that the Euclidean distance coincides with the helix arc length in this case [19].
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The potential term:

kp N 2 / 2
Up = 2 % [(@nr = 10)” + (0 — o), )
n=1

describes the harmonic interaction between neighboring bases along the backbone’s strands,
and the term:

Ugs = nil Dy [e*“?”@“")f’" - 1]2 + %S 1:211 (1 + e*%”"tl'") (“2+1,n>2/ )

describes the elastic energy related to radial displacements. The fist term in Equation (4) rep-
resents the radial stretching of the hydrogen bonds between complementary bases sited on
opposite strands of the double helix via Morse potentials of depth D,, and width «;, [20]. The
second term, with u,jf,m = (14 An)pn = (1 + Ay)pm, describes the stacking interaction be-
tween adjacent bps, which prevents configurations with large relative radial displacements
between neighboring pairs. This interaction gives rise to local constraints in nucleotide
motions, and it is characterized by the exponential factor that effectively modulates an oth-
erwise harmonic radial oscillation. This contribution is measured by the stacking stiffness
ks and the interaction range b parameters. The description of the radial degree of freedom
via the nonlinear potential given by Equation (4) accounts for long-range cooperative elastic
effects caused by hydrogen bonds distortion and 7t-type orbitals overlapping [20], hence
being more realistic than a purely harmonic approach. Indeed, this potential has proved
successful in capturing denaturation as well as transcription initiation processes in several
DNA model chains [21-23]. The model parameter values used in this work are listed in
Table 1.

Table 1. Geometrical, dynamical, and potential model parameters adopted in the dSDNA model
studied in this work. The same effective Morse potential is used to describe H-bonding in both GC
and AT bps. The spring constant kp is difficult to estimate, and different possible values, ranging
from 0.04 to 0.5 eV A2, have been reported in the literature [24-29].

Geometrical Dynamical Potential
6o = /5.2 rad M = 653.5 amu b=05A"1[1530]
ho = 0.34 nm Ace = 1.130 x=5A"1[14,30,31]
lp = 0.68 nm Aar = 1.028 D = 0.15eV [21,30,31]
Ry = 1.00 nm tge = 163.06 amu kg =0.7eV A"2[21]
&=1.15nm piar = 163.15 amu kg = 0.04 eV A2 [30]

3. Dynamical Equations of Motion
3.1. General Expressions

From the lattice Hamiltonian given by Equation (2), we can obtain the linearized
canonical equations of motion [8]:

P+ Wi (200 = Pn1 — Pur1) = Iy Wy[(1+ Aui1)onir — (L 4+ Ay 1)pual, ()

and:

. 1 ag _
On =+ C‘JéSH,nPn - E(wés,n,nflpnfl + wés,n,nJrlanrl) = 7(1 + A, 1)“’;(%71 = @ut1), (6)
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An,ni—l,niZ

By n+1,n42

which has introduced the characteristic lengths Ig = 2fy/ go, with fo = c¢*6y + R3siny ~
0.759 nm?, and gy = Ro(1 — cos ) =~ 0.177 nm, so that Iz ~ 8.575 nm (i.e., about 25 bps)
and ag = gog2 / fo ~ 0.307 nm, along with the twist frequency:

2kp [ fo \*
2 _ B 0
=B (A 7
YT M (Clo> ' 7
and the coupled frequencies:
Copn = Malo+ 0} +Bol) - 2302, ®
Wosper = (14 Az (14 A w§ = (A + Aper ) Bpeg, ©)

where A, = A1 (14 A,)? = M/ py is a dimensionless ratio, w?, = Da?/(2M) is the radial
stretch H-bonding frequency, w? = kg/M is the lateral stacking oscillation frequency of
bps, and bp = ap/¢ ~ 0.268 is a dimensionless factor. We note that A, is invariant upon
the transformation A, — A1, describing the permutation of nucleotides in the Watson~—
Crick bp (i.e., m, <> m),). Making use of the M and y,, values listed in Table 1, we get
Agc = 4.008 and A o7 = 4.006, so that we can safely make the approximation A, ~ A =4,
Vn, and Equation (8) can be reasonably approximated as Wés g~ AWk +wh) + 2b%wé,
which no longer depends on the site label .

The time scale of the bp twist Equation (5) is completely determined by the character-
istic frequency w,, whereas the radial Equation (6) involves three different characteristic
frequencies, namely, wg, W s n,n+1 (related to twist-stacking coupling), and w sy (fully cou-
pling twist, stacking, and stretching interactions). The set of coupled Equations (5) and (6)
describes the dynamics of general dsDNA molecules, with two kinds of bps arranged either
periodically or aperiodically [32-36], and their mathematical structure clearly shows the
correlated nature of next-neighboring bps dynamics. Thus, it is most convenient to zoom
our perspective and consider the dynamics of consecutive triplets of bps, known as codon
units in genomics. Therefore, we properly add up the dynamical equations of consecutive
bps corresponding to sites n — 1, n, and n + 1, grouping the resulting expression in terms
of the collective variables x;, = 2¢y — ¢;,—1 — ¢n+1 and Y, = 2p4 — Py—1 — Pn+1, tO Obtain:

Xn + W%p(zxn — Xp—-1— xn+1) = lglwé[(l + An+2)]/n+l - (1 + An—Z)]/nfl + Hx]/ (10)

with:
Hy = (A2 = An—2)pn +2(An—2 = Au—1)pn—1 + 2(Aps1 — Ap2) Pt (11)
and:
. 2 1 2 2
Yn + C‘)(pSH.]/” - E(w(ps,nfl,nfzynfl + w(pS,n+1,n+2]/n+l - Hy) =
a _ _
waé [(1 T /\nll)an —(1+ An}ﬂ)xnﬂ + ch]/ (12)
with:
Hy = An,n:tl,n:thn + 2Bn,n71,n72pn71 + ZBn,n+1,n+2pn+lr (13)
Gy = (/\;;Jlrl - A;1)§0n+1 + (Arjl - 7\;31)90”71 =+ (/\,;31 - /\;}A)q)nf (14)
where:
= (2)\71 —Ap2— /\n+2)E(pS + [A;}ﬂ()‘n - )\n+2) + /\;11()\71 - ArﬁZ)} w%/ (15)
An — Aptt ) - Andnr = A2y
= A —A 4+ — 8 — =W, 16
( n2 = Ang1 + T | Egs Ao S (16)

o — 2 _12,,2
where E,5 = wg — bpwy,.
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By comparing Equations (10) and (12), which describe the codon dynamics as a whole,
with Equations (5) and (6), respectively describing the motion of their constituent bps,
we can appreciate that they exhibit a closely related algebraic structure, which is further
highlighted when the auxiliary functions Hy, Hy, and G, simultaneously vanish, so that
Equations (10) and (12) become formally identical to Equations (5) and (6) upon the variable
exchange ¢, < x, and p, <> y;, respectively. In order to get Hy = 0, the bps mass ratios
Ar must take on correlated values of the form A,,_» = A, 4p and A4y = A,4q. Such a
relationship is naturally satisfied by bps sequences of the form 5.. XXYXX...3’, which
display mirror symmetry with respect to the Y bp, located at the central nth site. On
the other hand, the G, = 0 and Hy = 0 conditions involve the central bp Y mass ratio
value, leading to long-range correlations of the form A, = A1 (hence, A,,_1 = A,,41), and
An = Apxa, thereby requiring the presence of homogeneous bps sequences of the form
5 OXXXXX... 3.

3.2. Dynamics of Homopolymer dsDNA Chains

There exist four kinds of homopolymer dsDNA molecules, namely, polyG-polyC,
polyA-polyT, polyT-polyA, and polyC-polyG chains, all of them satisfying Ay, = A, Vk, so
that Hy = Hy = Gy = 0 and Equations (5), (6), (10) and (12) respectively adopt the form:

gbn + wé(zgon — Pp-1— (Pn+1) = A/\wé(PnJrl - Pnfl)r (17)
in + wé(zxn —Xp 1= Xpp1) = A/\wé(yrﬁl - yn—l)r (18)
and:
QZ
Pon + wéSHPn - Tq)S(Pnfl =+ Pn+1) = B/\w?o(q’nfl - §0n+1)f (19)
QZ
Yn + wéSH}/n - T(Ps(yn—l + ]/n+1) = B/\w?g(xn—l - xn+1)/ (20)

where A = lgl (1+A)and By = ap(1+ A1) /2 are constants, and we have introduced the
frequency Qés =Awi—(A+ A‘l)b%wfo > 0, since b%a)é is about an order of magnitude
smaller than w? (see Table 2). We note that this characteristic frequency remains exactly the
same upon the exchange A — A1, describing a bp nucleotides’ permutation. By inspecting
Equations (17)-(20), we realize that the bps and codon dynamical equations of motion
are exactly identical to each other upon the variable exchange ¢, <> x; and p, < Vs,
respectively. This property can be regarded as expressing a triplet renormalization operation
of the dynamical equations when going from the bp local scale to the longer triplet codon
scale, hence disclosing an underlying scale-invariant hierarchical symmetry. In fact, by
iterating the renormalization process grouping codons in successive triplets of nested
codon units recurrently, we will obtain isostructural dynamical equations all the way long
up to the entire DNA molecule itself, so that, by solving this fundamental dynamical
equations set, we are actually capturing the main features of the dsSDNA homopolymer
dynamics as a whole.
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Table 2. Characteristic frequencies and their related scale times in the lattice dynamics of polyX-
polyX’, poly(XX")-poly(X'X) and poly(XYX)-poly(X'Y'X") dsDNA molecules with A = Agc and
A* = Ayr. The values for the alternative choice A = Ay and A* = A slightly differ by just a few
GHz. The frequencies wen, I'+, I'yxy, and I'xyx are related to the orchestrated codon oscillations
described in Section 5.

Oscillation Codon  wy (102 rads™!) v, (THz) 7 (ps)
Twist Wy 1.067 0.170 5.874
Stacking ws 3.260 0.519 1.927
Stretching wy 5.335 0.849 1.178
XXX T Qs 6.122 0.974 1.026

YXY ngs 6.362 1.013 0.988

Twist-Stacking XXX Qys 6.507 1.036 0.966
XYX (N)(PS 6.670 1.062 0.942

XXX +Qq,s 6.918 1.101 0.908

Twist-Stretching XXX WeH 10.685 1.701 0.588
XXX | g 10.425 1.659 0.603

XYX I'xyx 10.498 1.671 0.599
Twist-Stacking-Stretching YXY Tyxy 10.810 1.728 0.579
XXX’ | 10.911 1.737 0.576

WeSH 12.511 1.991 0.502

3.3. Dynamics of Poly(XX’)-Poly(X’X) dsDNA Molecules

Double-stranded DNA chains of the form poly(XX’)-poly(X’X) consist of a periodic
repetition of a dinucleotide unit cell, and they provide the next step in an increasing chemi-
cal complexity route, going from the single-nucleotide based homopolymers considered
in Section 3.2, to the fully informative aperiodically ordered DNA chains. Attending to
the possible local ordering of the nucleotide sequence along the poly(XX’)-poly(X'X) chain,
two kinds of codons can be identified, namely, X"XX" and XX’X, both exhibiting a mirror
symmetry leading to long-range correlations of the form A,_» = A, = A, 12 = A*! and
A1 = Apy1 = AT, Vn, depending on whether the central nth site is occupied by a X or
a X’ base, respectively. Therefore, wés,n,n = A‘lwis and wés,n IR /\“%51 for X' XX’
codons, where wés = Aw? — Zb%wé > 0. Accordingly, if we choose the reading frame so
that the dsDNA sequence can be expressed as a periodic concatenation of codons of the form
X'XX’, we have Hy = 2(A =A™ 1) (pu—1 = 1), Hy = 2(A = A7)l s(pu—1+ pn+1), and
Gy = (A= A7) (@us1 — @n_1), and Equations (5), (6), (10) and (12) are respectively written:

¢n + wé(zq)n — Pn-1— Pus1) = AilA/\wé(Prwl —Pn-1), (21)
Xn + wgzo(zxn — Xp-1— anrl) = A/\wé [ynJrl —Yn—1t 2(1 - Ail)(pnfl - Pn+1)} ’ (22)
and
B+ Wgsrn — —5" (Pn=1 + Pns1) = Brwy (Puo1 — Pus1), (23)
- 2 _Q%PS 2 2

i+ @hsian = —52 [ A2 (a1 + Yui1) +2(1 = A)(pao1 +pua) | =

Brwp[AM(xp—1 = xp1) +2(1 = A)(@n-1 — @us1)], (24)
where iﬂfps = Ailwés.

Completely analogous expressions are obtained if we choose the reading frame so
that the dsDNA sequence can be expressed as a periodic concatenation of codons of the
the form XX’X, by simply replacing A*! — AF! in the above expressions. As we see,
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Equations (21)—(24) do not exactly coincide with each other upon the renormalization
transformation ¢, <> x, and p, <> v, except in the case A = 1 (i.e,, m,; = m’,), which
describes mismatched repeats of the form poly(XX")-poly(XX") or poly(X'X)-poly(X’X) that
no longer contain complementary Watson—Crick bps. Therefore, at variance with the
remarkable self-similar symmetry displayed by homopolymers, such as 5'-... GGGGG... 3’
or5'...CCCCC...3’, dsDNA chains based on an alternating sequence of both bases, such
as 5'-...GCGCGCGCGC... 3/, completely lack that symmetry property.

3.4. Dynamics of Poly(XYX)-Poly(X"Y’X") dsDNA Molecules

Another instance of a dsDNA system exhibiting a suitable local mirror symmetry is
provided by periodic DNA chains whose unit cell includes codons of the form XYX, so
that the local bps arrangement around Y type bases reads 5'... XXYXX...3'. If we label
the bps in such a way that the Y base occupies the n reference site, then we have the
relationships A, 1p = A,11 = A, and A, = A*, Vn, so that we get Hy = 0. Therefore, the
bps and codon dynamical equations corresponding to the twist variables just coincide with
Equations (17) and (18) previously obtained for the homopolymer case. On the other hand,
we have:

AF—A AF—A

Hy =2—+ [A*Qipn +AO (pp—1 +Pn+1)]/ Gy = — 7 (#ns1 = Pn-1), (25)

where 03 = )\ilEq,s + w?. Thus, the radial motion equations read:

02
P+ Wosppn — T(P(Pn—l +Pnt1) = Bl (91— @nt1), (26)

where prs = Awi — (A +1/A%)bgwg, with A* = (14 A)(1 4 A*)/A* == 420, and:

0% A=A
iin + Wspyn — T(p(yn—l Y1) + {)\*Qipn +A0% (051 + Pn+1)} =
A —A
BAWy | Xn-1 = Xut1 +2m(¢n+1 - %1)]- (27)

Completely analogous expressions are obtained for poly(YXY)-poly(Y’X"Y") polymers by
simply permuting A* <+ A in Equations (25)-(27). By comparing Equations (26) and (27),
two main differences can be drawn. Firstly, the frequencies (s and ()q,s are different
in general, and only coincide in the homopolymer case. Secondly, in the codon motion
equations, the bps variables explicitly appear in the factor A* — A terms, hence they do not
coincide with each other upon the transformation p, <+ y,.

Making use of the model parameters shown in Table 1, we obtain the values listed
in Table 2 for the characteristic frequencies we have introduced through Sections 3.2-3.4,
along with their related time scales. The data in Table 2 indicate that the time scale of
pure angular motions, determined by the twist frequency, amounts to ~6 ps, so that they
are an order of magnitude slower than those corresponding to the fully coupled twist-
stacking-stretching frequency wgsp. The time scale related to twist-stacking oscillations is
close to 1 ps, while that related to twist-stretching motions range in within the 0.5-0.6 ps
interval. For the sake of comparison, the transition times reported for intrastrand hole
transfer in ds-GT,,GGG oligonucleotides, range from T = 0.5 ps for n = 1 to T = 315 ps for
n = 4 [37]. Remarkably, recent studies on the electrical response of biological dsDNA
chains to light irradiation, performed to engineer a DN A-based molecular switch, have
unveiled that electrical current turns on for incident light frequencies above the 2 THz
threshold [38], a figure very close to that listed for vysp in Table 2, a frequency involving en-
ergy enough to activate all the fundamental interactions present in the system Hamiltonian
in a coupled way.
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4. Helical Waves Related Dispersion Relations

Motivated by previous results [19,39], we look for solutions of the form
@ = @oel @19 and p, = pge!(@t=19¢), describing a helical wave propagating through-
out the dsDNA with frequency w and wave vector g, where ¢g >~ 8° = 0.14 rad, and
po ~ 0.05 nm, are the twist and radial oscillation amplitudes at ambient temperature,
respectively [40]. In so doing, Equations (17) and (19) for dsDNA homopolymers can be
expressed in the matrix form [8]:

G(g) — w? 2iA)w? sin(g¢) @\ _ (0
( —~2iB)w? sin(q¢) Hig) - w? )( pg ) - < 0 ) )

where G(q) = 4wé sin?(q¢/2) and H(q) = wéSH — Q%PS cos(q¢). The solution to
Equation (28) requires the matrix determinant to identically vanish, thereby leading to a
biquadratic equation whose solutions yield the dispersion relations for the acoustic and
optical phonon branches given by:

2

WA () = 3 (H+G) % 2 \/(H— G)F + A2 sin(4C). (29)

NM—‘

Since Ab%wq) is much smaller than both Aw? and Aw?, terms, the exact dispersion
relations given by Equation (29) can be very well approximated by the simpler expressions:

V2 —41/ sin <q§> V2 —A[VH—i-ZvSsm <q§)], (30)

in agreement with previously reported results [15,21].

By comparing Equations (17) and (21), along with Equations (19) and (23), we re-
alize that Equation (28) also holds for poly(XX’)-poly(X'X) chains by simply replacing
A) — AT1A) and Qé)s — AjFlwéS, respectively. Thus, we obtain the following dispersion
relations for poly(XX")-poly(X’X) and poly(X"X)-poly(XX’), respectively:

= 41/ sin (qC) 13 = A[V%I +(1 - AT cos(qé’))vé] (31)

Analogously, by comparing Equations (19) and (26), we realize that Equation (28) holds
for poly(XYX)-poly(X"Y’X’) chains as well by simply replacing By — B, and Qés — Q%pS’
respectively, so that we get the following dispersion relations:

= 41/ sin <q§) i = A [1/%{ + (1 —apps cos(q@))vg}, (32)

where
A1+ A%)

satisfies the relationship ay«) = a;Al*, and it takes on two possible values: agc ar = 1.0466
and AAT,GC = 0.9555.

By comparing Equations (30)-(32), we see that the acoustic branch of polyX-polyX’,
poly(XX")-poly(X'X) and poly(XYX)-poly(X"Y’X") chains is exactly the same, and it is
completely determined by twist oscillations, so that it is insensitive to the particular
nucleotide sequence order along the dsDNA chain. On the contrary, the optical branches
depend on both stretch and stacking oscillations and they reflect the role of the underlying
bps ordering throughout the chain, which is expressed by the presence of AT and 4,/
factors in Equations (31) and (32) for poly(XX")-poly(X’X) and poly(XYX)-poly(X"Y'X")
chains, respectively. For homopolymer chains, the g = 0 bandgap, Avyp = v (0) —v_(0) =
VAvy ~ 1.698 THz (~7 meV), is fixed by the H-bond stretching frequency value, whereas
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it depends on both stacking and stretching frequencies for more complex dsDNA chains,

according to the expressions Avy = 2\/1/12{ + (1=A"1vZand Ay = 2\/1/12{ + (1= ayn)v3
for poly(XX’)-poly(X"X) and poly(XYX)-poly(X"Y"X") molecules, respectively. Therefore,
the g = 0 bandgap of poly(XX")-poly(X’X) molecules is always somewhat wider than that
of homopolymers, whereas, in the case of poly(XYX)-poly(X"Y’X") polymers, it can be
wider or narrower depending on the nature of the Y bp. Indeed, by inspecting Figure 2,
we observe that poly(GAG)-poly(CTC) chains exhibit the smaller § = 0 bandgap value
(1.687 THz), while the wider bandgap (1.734 THz) corresponds to poly(GC)-poly(CG)
chains. The maximum bandgap width occurs for g* = 71/& ~ 2.732 nm~!, as can be seen in

the top inset of Figure 2, with Av(g*) = 24/v% + 2v2 — 2v, ~ 1.905 THz for homopolymers.
A close look at the bottom inset reveals that the wider the ¢ = 0 bandgap, the narrower the
maximum bandgap at g* for the considered dsDNA chains.

202 T

' ' ' ' ' ' ' ' ' ' ' '
16 18 20 22 24 26 28 30 32 34 36 38 40 T

15 20 25 3.0 35 4.0
*
g g
Figure 2. (Main frame) Optical phonon branches for polyG-polyC (black), poly(GC)-poly(CG)

(magenta), poly(AT)-poly(TA) (siena), poly(GAG)-poly(CTC) (green), and poly(AGA)-poly(TCT)
(light blue) dsSDNA polymers, where g is measured in nm~!, and we have used the values of the the

model parameters and characteristic frequencies listed in Tables 1 and 2, respectively. (Low inset)
Close up view of the optical branch curves shown in the main frame in the interval 1.5 < g < 4. (Top
inset) Acoustic v_(g) and optical v () phonon branches for polyG-polyC dsDNA homopolymers.
(Reprinted from Macia, E. Base-Pairs’ Correlated Oscillation Effects on the Charge Transfer in Double-
Helix B-DNA Molecules. Materials 2020, 13, 5119).

5. Orchestrated Codon Oscillations

In addition to the synchronized helical waves, for which the intertwined angular
and radial variables share the same w value, we can also disclose long-range correlated
motions of the angular and radial variables in time, orchestrated in such a way that they
simultaneously satisfy the conditions ¢,_1(t) = ¢,11(t) and p,,—1(t) = pu4+1(t) V. In that
case, the collective variables read x,, = 2(¢n — @u11) = F26, 441 and vy = 2(0n — Ppt1) =
F2pp n+1, Where the collective motion variable p,, ,4+1 plays for radial oscillations a role
completely analogous to that played by the variable 6, ,.1 for twist ones. In terms of
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the revamped collective variables, the codon dynamical Equations (10) and (12) can be
respectively rewritten in the form:

Ot + 4wl nir =I5 wf [()‘wz = Ant2) Prptr F 7x , (34)
and:
" 1 H _ _
Prnt1+ c‘JéSH - E(w?os,n—l,n—z + wéS,n+1,n+2):| Pnnt1 + Ty = apwp(A, Ly = Ayiy)Bunir- (35)

The condition p,,—1(f) = p,+1(t) guarantees that Hy = 0 for polyXX'-polyX’X dsDNA
molecules (see Section 3.2). In addition, polyX-polyX” and poly XYX-poly X"Y'X" polymers
satisfy the relationships A,_1 = A,4+1 and A,,_» = A4 in a natural way. Accordingly,
codon Equations (34) and (35) can be properly simplified to read:

H
9n,n:|:1 + 4“7;971,71:!:1 =0, Pun+1 + l—%pn,n:tl + Ty =0, (36)

where I'Z = wés H— wés/n +1 442 (1 labels the DNA unit cell type), so that its precise value
depends on the nature of the codons present in the considered dsDNA molecule. Thus, for
polyX-polyX’ polymers, I3 = wés = prs = A(w} + b%wé) = wéH. This frequency ac-
counts for the collective radial oscillations of XXX (alternatively, X’X"X") codons, describing
a long-range oscillation where stacking interactions become ineffective, giving rise to a cou-
pled twist-stretching mode which cannot be observed at the bp scale. Since homopolymers
satisfy the H, = 0 condition, the resulting dynamical equations of motion (36) become
effectively decoupled in terms of simple harmonic motions with two different natural fre-
quencies, namely, 2w,, for twist, and w,y for radial motions, respectively. Solving the twist
harmonic expression 6, ,,+1(t) = 69 cos(Zw(Pt + dp) for the time variable, and plugging it
into the radial harmonic expression p, ,+1(t) = pocos(wynt + &;), where the phases dy
and ¢, are determined from the initial conditions, we get the relationship:

w 0
st = pocos| 52 cos (Bl gy ) 4 gy, @)
9

describing the spatial pattern of the long-range correlated motion in terms of the collective
variables 8, ,+1 and p, y+1.

Making use of Equations (13)—(16) into Equation (36), we obtain the following expres-
sions for the radial codon equations corresponding to polyXX’-polyXX’, and polyXYX-
polyX"Y’X’ chains, respectively:

fjn,nil + ripn,nil = i(/\il - Aﬂ)“’éspn = ¢(ri - r%)Pnr (38)

where T} = wiSH — )\ilw?ps, henceIZ — T2 = (A~1 — )\)wés, and:

*

) A=A,
Pt + TkyxPuns1 = F o (VL +2000 )on, (39)

where
AT —A
A*A
Completely analogous expressions are obtained for poly(YXY)-poly(Y’X'Y’) polymers
by simply permuting A* <+ A in Equations (38)—(40). The obtained dynamical equations
indicate that for the resonance conditions I'y = I'_, for polyXX’-polyXX’ chains, and
N2 = —2002 for polyXYX-polyX'Y’X’ chains, the twist and radial equations decou-
ple from each other leading to two harmonic motions in a way completely analogous to
that previously described for the homopolymers case. In the polyXX’-polyX’X case, the
relationship given by Equation (37) holds by simply replacing wypg — I'+. It is impor-

Tyx = Wy +2 (14 M)wd - b (40)
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tant to note that this resonance can only take place for dsDNA molecules satisfying the
mismatch condition A = 1, so that it may be regarded as signaling the presence of local
alterations in the due bp sequencing. Alternatively, within the framework of epigenetic
processes, one may consider the attachment of a small molecule with the required mass
value (i.e., Am = m, — m},) to the lighter pyrimidine nucleotide in order to get the required
resonance condition A = 1. In the polyXYX-polyX"Y’X’ case, the resonance condition leads

to the expression:
M2 ws \P ks (o) )
(1—|—)\)(2+/\*) N bBw(P N 2kp F(0) !

which depends on the mass ratio values A and A*, along with the twist and stacking
characteristic frequencies, which, in turn, can be expressed in terms of model parameters.

The general solution to the dynamical equations for polyXX’-polyX'X polymers can
be obtained from the knowledge of the general solution to the homogeneous version
of Equation (38) given by m, = Agcos(I'+t + Jy), plus the particular solution ansatz
Pn = —Pnn+1, leading to the differential equation f,, ;41 + I& Pnn+1 = 0, whose solution
reads 71, = By cos(I'+t + ¢))). For the sake of simplicity, we adopt the initial conditions
0n(0) = p,+1(0) =0, and p,(0) = —py n+1(0), so that we get:

. -r T r
Punt1 = Tn + 7Ty = £4po sin(mt) sin(Tt) = +4pgsin(y_t) sin(y4t) = —pn(t), (42)

2

describing a modulated oscillation where y_ = 39 GHz and ¢4+ = 1.698 THz. Since
OPnntl = Pn £ Punt1 = 20n, we see that all the bps in the codon move in phase. A similar
solution describing a modulated oscillation in opposite phase is obtained by choosing
Pn = Pnn+1 as the particular solution to the inhomogeneous differential Equation (38). In
this case, we get a larger high frequency value v = 1.774 THz. By following a completely
analogous procedure, Equation (39) for polyXYX-polyX"Y’X’ polymers can be solved in a
similar way.

6. Environmental Effects in the DNA Dynamics

At physiological conditions, nucleotides are fully hydrated in B-DNA, so that the
effective mass of nucleotides is increased as compared to that corresponding to the dry
model introduced in Section 2. Reasonably assuming that six water molecules are associated
with each nucleotide on average, we get a mass increase of 108.09 amu, which represents
more than a 30% of the original nucleotide mass. This figure is further increased if one
includes the presence of counterions interspersed along the sugar-phosphate backbone.
Generally speaking, any effective bp mass increase leads to a slow down of frequencies
wy, wy, and wg, along with their related coupled frequencies. For the sake of illustration,
by replacing M — M = 869.68 amu, we obtain 7, = 0.146 THz, #s = 0.444 THz, and
g = 0.726 THz, so that the characteristic twist oscillations time scale slows down by
about 1 ps (see Table 2). A smaller twist frequency value has two main effects: (1) the
acoustic dispersion relation slope declines, so that the sound speed is reduced as well,
and (2) the gap between the acoustic and optical branches (see Figure 2) widens. On the
other hand, the twist-stacking-stretching coupled frequency, which provides the lower time
scale reference value, significantly decreases from w,sy ~ 1.99 THz to @,sy ~ 1.70 THz.
In a similar vein, epigenetic processes such as methylation (i.e., the addition of a methyl
group -CHj3 to a base), or the presence of ligands attached onto the sugar-phosphate
backbone, will modify the nucleobases effective mass, thereby changing their mass ratio
parameter A, value. Albeit the nucleotide’s mass change is in this case significantly smaller
than that corresponding to the hydration effect, we must keep in mind that even small
changes in the A, values would break the mirror symmetry relationships discussed in
Sections 3.3 and 3.4, hence affecting the resulting codon dynamics.

Along with the mass increase related dynamical effects, the water-layer shell also
leads to dissipative effects that can be described in terms of two main forces, namely, the
Stokes viscous forces, caused by the interactions among DNA nucleotides and particles of
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solvent, and the hydrodynamical viscous forces caused by the hydrodynamic interactions
between inner DNA nucleotides. The Stokes viscous force is given by Fy = —n,7ys0n,
and the hydrodynamic dissipation is given by F}! = —m, vy (2¢n — ¢n_1 — ¢nr1), where
s and vy are the Stokes and hydrodynamic damping constants, respectively [41,42].
According to Raman spectroscopy measurements, the viscous effects can be confidently
neglected in the study of H-bond related stretching oscillations, since the very small
amplitude of the motion within the hydrogen bond well (0.12-0.2 A) should not induce
significant rearrangements of surrounding water molecules responsible for viscosity [21].
Notwithstanding this, it is instructive to ascertain the possible effect of both dissipation
terms in the mathematical structure of the dynamical equations obtained in previous
sections. In doing so, Equations (5), (6), (10) and (12) adopt the form

Gn+ YHQ2Pn — Pno1 — Pur1) + 0o (200 — Pn1 — Pui1) =I5 WS [(1 4+ Aug1)ons1 — (1 + Ap_1)pn—1l, (43)

.. . 1 ag _
Pn + Yspn + wéSH,np” - E(wéS,n,nflpnfl + wés,n,nJrlanrl) = 7(1 + A Ws (Pu-1 — Pur1), (44)

in+ 'YH(2xn —Xp1— J.antl) + w?o(zxn — Xp-1— xn+l) = lglwé[(l + )\n+2)yn+1 - (1 + )\n—Z)ynfl + Hx]/ (45)

and:
Yn +YsYn + wq)SH]/" 2 (quS,nfl,n72yn*1 + w¢5,n+l,n+2yn+1 y) =
ag _ _
D1+ A )1 — (14251 )51 +26G,, (46)
respectively. Therefore, the dynamical equations corresponding to homopolymer DNA
chains can be written as:

Pn+ YHQPn — Puo1 — Pur1) + 0o (200 — Pu1 — Pur1) = Arwh (01 — Pu—1), (47)
En +YH (2% — dpo1 = dpg1) + W5 (200 — Xpo1 = Xpy1) = An@Wo(Yns1 — Yn-1), (48)
and:
QZ
Pn + YsPn + w?oSHPn - Tq)s(pnfl +pont1) = BAwé((Pnfl — Pni1), (49)
QZ
Yn +vsYn + wfgSH]/n - T(Ps(yn—l + ]/n-&-l) = B)\“Jé(xn—l - xn-&-l)' (50)

Accordingly, the scale invariant hierarchical symmetry of these dynamical equations
still holds when dissipative effects are explicitly taken into account, so that the inclusion
of damping forces still preserves the general structure of the linear dynamical equations,
hence not disturbing the symmetrical properties underlying the very existence of the
synchronized reported oscillations. Nevertheless, the amplitudes of both the synchronized
helical waves and orchestrated oscillations are now decaying functions with time, leading
to a spiral trajectory approaching zero in the space phase portrait. In order to keep
the oscillatory motion external forces field arising from inhomogeneities, and additional
molecules or external agents acting as gain energy sources must also be added to the
motion equations. This external driving force is generally treated as a white noise signal
(that is, uncorrelated in time), with an amplitude defined to add just as much energy to the
system as is taken out by the friction terms on average [43]. The inclusion of this force into
Equations (47)-(50) above does alter their characteristic hierarchical symmetry either. In
this scenario, we can regard the synchronized oscillations reported in the previous sections
as providing a suitable limit cycle attractor in the phase space.

7. Conclusions

We have performed a systematic analytical study of the nucleotides’” dynamics in
dsDNA chains characterized by the presence of mirror-symmetric codons. By considering
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the mathematical structure of the dynamical equations at the local, single bp scale, and
the triplet codon longer scale, two kinds of long-range, collective motions of nucleotides
have been identified on the basis of the symmetry properties of these equations upon the
variable exchange ¢, < x, and p, <> y, describing a renormalization transformation
involving suitable collective variables. For one thing, we have helical waves, characterized
by intertwined angular and radial oscillations sharing the same frequency value. On the
other hand, we have orchestrated motions of codon triplets where twist and radial variables
harmonically vibrate with different values of their natural frequencies, giving rise to the
presence of a modulated oscillation extending over the whole dsDNA molecule. We have
also identified the possible existence of certain resonance conditions related to the presence
of mismatch mutations involving a relatively small number of neighboring nucleotides.
Indeed, a remarkable feature of our treatment is that, as far as we are concerned on the DNA
dynamical behavior, the chemical nature of bps plays no role at all, since the nucleotide
sequence along the dsDNA molecule is fully described in terms of the bps mass ratio
parameters Ay. As a consequence, the behavior of the reported correlated oscillations can
be significantly perturbed when the DNA molecule is bonded with other small molecules,
or it is subjected to epigenetic processes.

To conclude, some words are in order regarding possible experimental measurements
aimed at exploring some of the results reported in this work. To this end, Raman spec-
troscopy is a very useful tool for studying the collective modes of DNA molecules in
solution, since the Raman scattering intensity is directly related to the density of normal
modes, which in turn can be readily derived from the knowledge of the acoustic and optical
dispersion relations given by Equations (30)—(32) [21]. The use of terahertz time-domain
spectroscopy for recording the far-infrared (0.5-4.0 THz) dielectric function of the four
nucleobases and nucleosides has also been demonstrated as an efficient method to ana-
lyze the collective motions associated with intermolecular hydrogen bond vibrations [44].
In particular, this technique may be employed to check for the expected redshift of the
twist-stacking codon frequencies listed in Table 2 due to hydration effects.
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