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Role of Hoogsteen interaction in the stability of different phases of triplex DNA
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A simple coarse-grained model of DNA which includes both Watson-Crick and Hoogsteen base pairing
has been used to study the melting and unzipping of triplex DNA. Using Langevin dynamics simulations, we
reproduce the qualitative features of one-step and two-step thermal melting of triplex as seen in experiments. The
thermal melting phase diagram shows the existence of a stable interchain three-strand complex (bubble-bound
state). Our studies based on the mechanical unzipping of a triplex revealed that it is mechanically more stable

compared to an isolated duplex-DNA.
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I. INTRODUCTION

The structure of DNA is critical to its biological func-
tion. Beside the canonical B-DNA structure, DNA is capable
of adopting several noncanonical forms, e.g., triplex, G-
quadruplex etc. A DNA triple helix can form when a single
strand of appropriate complementarity binds with a Watson-
Crick (WC) paired duplex DNA via Hoogsteen (HO) base
pairing mechanism [1]. Triple helix have been found both
in vivo and in vitro conditions [2]. Three strand complexes
can also form sans HO base pairing. A situation of this
kind appears during homologous recombination [1]. There is
also a proposal of a different type of bound state for three
stranded DNA, named Efimov-DNA, which exists due to the
thermal fluctuations near the duplex melting point [3-6]. The
triplexes can be inter- or intramolecular. RNAs have also
been shown to be involved in stable triplex structures [2].
Triplexes form with high probability when there are presence
of mirror repeats [7]. The mirror repeats are widespread in
Eukaryote genomes; as a result, triplex structures have been
deemed to play controlling roles in gene expression, DNA
replication and genome instability [2,8,9] etc. The sequence
specific binding of the third strand has been utilized to recog-
nize DNA sequences without disturbing the duplex structure
and to design potential anti-gene strategy drugs. Syntheti-
cally designed triplex forming oligonucleotides (TFOs) can
bind with specific DNA sequences to inhibit DNA protein
interaction. This makes TFOs useful tools to engineer gene
expression in vivo and a candidate for universal gene targeting
drugs [10].

Due to their importance in biology [7], drug designing,
and nanotechnology [10] it is important to understand the
thermodynamic stability of a triplex. When heated, a stable
triplex melts to three single strands at a critical temperature.
Depending on the experimental conditions, the melting can
be either a one-step (triplex directly melts to single strands)
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process or a two-step (duplex and a single strand at low
temperature and three strands at a higher temperature) process
[11-15]. When the solution condition is such that no HO bond
can form but WC bonds are stable, then also an inter-three-
strand stable bound state can form. A similar dynamic state
where one single strand oscillates between the other two has
been reported earlier [16]. However, the direct monitoring of
different kinds of base pairing can be difficult experimentally.
Our aim is to better understand the stability of triplex by
separately monitoring WC and HO base pairing.

During duplex DNA replication in vivo, the DNA is opened
up by the class of enzymes called helicases which apply
mechanical force at a constant pH/temperature. It has been
shown in model systems that a DNA opens up abruptly
when the unzipping force is increased beyond a critical value
[17-19]. Like the duplex-DNA helicases, molecules have
been detected which unwind triplex-DNA structures [20,21].
Helicases exert forces ~ pN. Through single molecule force
spectroscopy (SMFS) techniques, it is now possible to gen-
erate such a small force. Manipulation of a DNA by these
techniques provides important information about elastic prop-
erties of single and double-stranded DNA [22]. They also
reveal structural properties in the form of many phases of
dsDNA, e.g., S (overstretched), P (Pauling), SC (super-coiled)
in addition to A, B, and Z DNA [22]. Although there are
many studies which explore mechanical unwinding of duplex
DNA, there are too few for the triplex unwinding case [23].
The aim of this communication is to first understand the role
of different interactions in the melting of a triplex and then
explore its mechanical stability.

Here, we introduce a simple coarse-grained model of
triplex DNA which incorporates both the WC and HO types
of interactions in its description. We use Langevin equation
of motion to study the equilibrium properties of the triplex.
First we study the zero force thermal melting and compare our
results with available experiments. We show that the model is
rich enough to reproduce the qualitative features of one-step
and two-step melting as seen in Refs. [11-14]. We also report
the phase diagram of the thermal melting of a triplex. Then,
we study the triplex unzipping under the applied mechanical
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force. Through force-temperature phase diagram, we provide
evidence of the enhanced mechanical stability of triplex in
comparison to duplex under unzipping force.

II. MODELS AND METHODS

To model duplex and triplex DNA in three-dimension, we
use a coarse-grained approach by retaining only the essential
features of DNA, e.g., native base-pairing, and ignore other
microscopic details of nucleotides, Coulomb interaction, etc.
Nucleotides are taken as beads, and the covalent bonds which
form the backbone are modeled by harmonic springs. For our
models described below, € and a are the energy and length
scales, respectively.

A. Isolated duplex

To model duplex-DNA in our study, we use almost the
same model of Refs. [24,25], with only minor modifications.
The total number of beads, N = 64, is always a multiple of
2, and the first [strand-1, Poly(A)] and the second [strand-2,
Poly(T)] strand each consists of n = N/2 beads. The Hamil-
tonian of the system is given by

N-—1
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H=Y 2220, —n)
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where r; ; is the distance between the ith bead and the jth
bead, Kyong is the spring constant and ry is the equilibrium
distance between two adjacent beads along a strand. The
first term in Eq. (1) provides chain connectivity and the sec-
ond term is the familiar Lennard-Jones (LJ) potential. The
first term in LJ provides excluded volume interactions among
the beads. We set B; ; = 1 for all the bead-pairs except for
the pairs at the same covalent bond for which B; ; = 0. The
attractive second term in LJ corresponds to the WC hydrogen-
bonding interaction. We set A; ; = 1 when i and j correspond
to a native base-pair and A; ; = 0 otherwise.

To study unzipping of the isolated duplex, we apply
a constant force between the end monomers of the two
strands. Numerically, we implement this by adding an energy
—g.X32,33 to the Hamiltonian Eq. (1), where g, is the magni-
tude of the force and X3; 33 is the absolute distance between
the beads 32 and 33 along the x axis.For both melting and
unzipping studies, the starting monomers are anchored at the
ro distance apart.

B. Triplex

We adapt the isolated duplex model to introduce a model
for a triplex. The total number of beads, N(= 96), is always a
multiple of 3, and the first [strand-1, Poly(T)], second [strand-
2, Poly(A)], and third strand [strand-3, Poly(T)] each consists
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FIG. 1. (a) The bead-spring description of triplex DNA used in
this study. The starting monomers of each of the strands are an-
chored at the vertices of an equilateral triangle. Solid and dashed
black lines represent Watson-Crick and Hoogsteen bonds, respec-
tively. Unzipping force is applied at the end monomers. The force
is applied in the X-Y plane in such a manner that the two pairs of
strands (strand-1, strand-2) and (strand-2, strand-3) always feel the
same magnitude of unzipping force. (b) Representative snapshots ob-
tained from our simulations showing TRIPLEX (at T ~ 312K, g =
0, ey = 1), three single strands (TSS, at 7 ~ 390K, g=0,ey =
0.6), bubble-bound state (BBS, T ~ 335K, g =0, ey = 0.6), and
duplex + single-strand (DSS, T =~ 312K, g ~ 56pN, ¢y = 0.6). The
color convention is of panel (a).

of n = N/3 beads. The Hamiltonian of the system is given by
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where r; ; is the distance between the ith bead and the jth
bead. The first term in Eq. (2) provides chain connectiv-
ity (bonded interaction) and the second term is the familiar
Lennard-Jones (LJ) potential (nonbonded interaction). The
first term in LJ provides excluded volume interactions among
beads. We set B; ; = 1 for all the bead-pairs except for the
pairs at the same covalent bond for which B; ; = 0. A; ; cor-
respond to both WC (e = 1) and HO (gg) type interaction
strengths between the ith and the jth beads. As the strand-1
and strand-3 are Poly(T) and the strand-2 is a Poly(A) (Fig. 1),
strand-2 can form native base-pairs with both strand-1 and
strand-3. Once a bead of strand-2 has formed WC-bond with
its native pair on, say, strand-1, it cannot form WC bond
with its other native pair on strand-3; however, it can form
HO-bond with its strand-3 native pair, if allowed. To incorpo-
rate this numerically, we chose a common Hydrogen bonding
distance r, = 1.5a. If the distance between any two native
base-pairs is < r,, we say that they are Hydrogen-bonded.
This criteria for base-pairing also applies to the isolated du-
plex model. For a system with N = 96, 16th (T), 49th (A),
and 80th (T) beads, for example, are native base pairs (Fig. 1).
To incorporate both WC and HO interactions during simu-
lation, we implement the strategy shown in Table I. We set
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TABLE I. Algorithm: The native base-pairing interactions are
tuned at each Langevin step.

Base-pair distance Interaction strengths

16,49 < Te & ra9.80 > I
16,49 > Te & 4980 < I
16,49 < Te & T4980 < I
& ri6.49 < r49.80

1649 < Te & T4980 < T
& 16,49 > 49,80

16,49 > Te & ra9.80 > I

Atgao = 1 & Ay g0 = €n
Ajga0 = e & Ago g0 =1
Atgao = 1 & Ay g0 = €n

Ajga0 = en & Ago g0 =1

A9 =1 & Ago g0 = 1

A; j = 0 for all the bead-pairs that are not native. Following
this strategy, we reset A; ; at each Langevin time step. To
study the force-induced unzipping transition in a triplex, a
constant unzipping force of magnitude g, is the applied at
the end monomers between strand-1 (32nd bead) and strand-2
(33rd bead) along the y axis and between strand-2 (33rd bead)
and strand-3 (96th bead) along the x axis. The resultant force
protocol is shown in Fig. 1. As there is no direct attractive
interaction between strand-1 and strand-3 by construction,
we chose not to apply any unzipping force between those
strands. We implement this numerically by adding the en-
ergies —g.Y3233 and —g,X33.96 to the Hamiltonian Eq. (2)
where Y3, 33 is the absolute distance between beads 32 and
33 along the y axis and where X33 9¢ is the absolute distance
between beads 33 and 96 along the x axis. We chose this force
protocol to compare triplex unzipping results to the isolated
duplex unzipping results. For all the simulations with triplex,
the starting monomers of the three strands are anchored at the
vertices of an equilateral triangle of side length ry. Note that,
as a result of this force protocol, the maximum end-to-end
distance between strand-1, strand-2 and strand-2, strand-3
pairs could be Y12 max = Y23,max = sin(37 /4)/ sin(;r /8)L and
between strand-1, strand-3 could be Y3 m. = V2L where
L= (n—-— Dry.

For both isolated duplex and triplex, we set the spring
constant and equilibrium bond length to Kyong = 200€ /a® and
ro = 1.12a, respectively, and obtain the time evolution by
solving the Langevin equation given by

d’r dr Foar
mdtz_ é‘dt—i- ct+ 1T
for each bead using the sixth order Gear algorithm with a time
step Ar = 0.0257 where T = \/ma?/e, m is the mass of each
bead. ¢ = 0.4m/t is the friction coefficient. . = —VH is
the conservative force, and I' is random force with zero mean.
This is related to the friction coefficient by the fluctuation-
dissipation relation (I';(1)I";(t")) = 2¢T.8; j6(t —t'), where
T, is a reduced temperature, §; ; is the Kronecker § function
and §(¢ — t') is the Dirac § function.

Following Ref. [25], we convert our model reduced tem-
perature and force to their real units by choosing € =
2.306 kcal/mol and a = 1 A. The temperature in K is given
by T = 363 + 389 x (T, — 0.23) and the force in pN is given
by g = 160 x g,. It is to be noted that even though the lin-
ear scale used here to convert the reduced temperatures to
real temperatures produces experimentally reasonable melting

‘ | 40 ‘ ‘80
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FIG. 2. Zero force melting and forced unzipping of an isolated
duplex. (a) Fraction of intact base pairs vs temperature plot with
the corresponding specific heat shown in the inset. (b) Separation
between the end monomers of the two strands vs unzipping force
plot with the corresponding fluctuation in extension shown in the
inset. Lines through the data points are guide for the eye.

temperatures, this simple scaling is not valid for all 7, values
[25] and could be used in the T, range considered here to get
a qualitative measure of the actual temperature.

The response due to force is given by the distance (Y)
between the end monomers of any two strands and the fluc-
tuation in Y is quantified by its variance, x. The specific heat
(C) and x are defined as

2 2
C= w and x = (Y?) — (Y)?, 3)

*

where E is the total energy and the brackets represent averag-
ing over simulation time.

II1. RESULTS

A. Thermal melting and forced unzipping of duplex

To do a comparative study of thermodynamic properties
between a triplex and a duplex DNA, first we study thermal
melting and force unzipping of an isolated duplex with the
interaction Hamiltonian Eq. (1). From hereupon, we represent
the fraction of bound native pairs by BP. Corresponding ther-
mal melting and forced unzipping results are shown in Fig. 2.
For both duplex and triplex, we identify the temperature at
which the specific heat peaks as the critical temperature and
the force at which y peaks as the critical force. With this con-
vention, the isolated duplex melts at 7, = 363K at zero force
and unzips at g &~ 41 pN at T = 304 K. x versus force plots
for other temperatures are shown in Supplemental Material
Fig. S1 [26] and the critical force versus temperature phase
diagram is shown in Fig. 4 below.

B. Thermal melting of triplex

To study thermal melting, we take a triplex DNA of length
N/3 = 32. Since the relative HO interaction is variable with
respect to the WC strength, we vary ¢y in between O to 1,
keeping the WC interaction fixed (i.e., ewc = 1). The average
number of intact base-pair fraction (BP), average end-to-end
distance (Y) and the corresponding specific heat (C) at dif-
ferent temperatures are shown in Fig. 3 for three different
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FIG. 3. Zero force melting of a triplex DNA for different e5. Panels (a—c) show the variation of fraction of bound base-pairs (BP) as a
function of temperature. Here, WC-12 represents WC bonds between strand-1 and strand-2 and WC-23 represents WC bonds between strand-2
and strand-3. HO represents HO bonds. End-to-end distances are shown in panels (d—f). Panels (g—i) show the specific heat (C) as a function
of temperature for different 5. Panels (j, k) are same as panels (b, e) but for nonequilibrated case for e = 0.6. (I) Comparative plot of UV
absorption and 2 — (WC-12 + WC-23 4+ HO) vs temperature. Lines through the data points are guides for the eye.
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FIG. 4. (a) Zero force melting phase diagram. Here, Ty is the
temperature above which no HO-bonds remain intact and above Tyc
all the WC-bonds break. (b) Force vs temperature phase diagram
for ey = 0.6. The filled blue triangles (gy) and red diamonds (gg)
separate the triplex bound state phase and the bubble-bound state
(BBS) from the single-strand + duplex phase, respectively. The
filled maroon circles (gr) act as the phase boundary between the
single-strand + duplex phase and the phase where all three strands
are completely separated from each other. The maroon stars (gip)
represent the critical unzipping forces for an isolated duplex.

values of ey. After an equilibration time of 2 x 108At, con-
figurations were sampled on an interval of At for a duration
of 4 x 108At. We represent WC bonds between strand-1
and strand-2 as WC-12, etc. and Hogsteen bonds as HO.
When the condition is such that HO = 0 and either WC-12 =
1&WC-23 ~ 0 or WC-12 =~ 0&WC-23 & 1, the system stays
in the Duplex+Single-Strand (DSS) state. However, when
HO =~ 0 and both WC-12 and WC-23 are close to 0.5, we
say the system is in the bubble-bound state (BBS) [27]. The
advantage of our model is that one can compute the fraction
of WC base pairs and the HO base pairs separately which is
difficult to monitor experimentally.

For ey = 0, there is no HO bonding contribution and the
system is dominated by the WC base-pairing only [Fig. 3(a)].
At high temperatures, T > 363 K, all bound base pairs break
and the system attains the molten state consisting of three
single strands. This one step melting is reflected in the specific
heat plot [Fig. 3(g)], which shows a single peak at 7, ~ 363 K.
At very low temperatures, the WC bonds are quite stable
against thermal knocks. As a result, we see an oscillating
region in temperature where total WC bonds do not partition
equally between WC-12 and WC-23. However, none of WC-
12 and WC-23 is close to zero separately. Existence of this
oscillating region is more evident from Supplemental Material
Fig. S2 [26], where we show data for 10 independent runs.
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Data from a longer time simulation run presented in Supple-
mental Material Fig. S3 [26] also indicate the existence of
the oscillatory region. This unequal partitioning at very low
temperatures gives rise to the possibility of a DSS to BBS
transition. However, absence of any low temperature peak in
the corresponding specific heat plot in Fig. 3(g) makes any
such transition unlikely. From the symmetry of our model,
i.e., the strand-2 is equally likely to form WC base pairs with
either one of the other two strands, one expects an equal
partitioning of the time-averaged WC bonds in the infinite
time limit. Given the finite duration of time averaging used
in our simulations, we attribute this apparent discrepancy of
un-equal partitioning to the limited simulation time. An in-
crease in temperature admits larger thermal fluctuations and in
the intermediate temperatures (< 7;.) the WC bonds partition
almost equally. To clarify the state of the triplex DNA, we plot
ene-to-end distances in Fig. 3(d). Comparing Figs. 3(a) and
3(d) we see that for the temperature region where the frac-
tion of intact base pairs follow WC-12 ~ WC-23, end-to-end
distances also follow Yj» & Y23 < Yi2.max and Y13 < Y13 max
where Y; ; max is the maximum possible end-to-end distance
between strand-i and strand-j. This indicates that the state
of the triplex DNA is BBS rather than DSS, as illustrated
by the representative simulation snapshots in Fig. 1(b). For
convenience, we classify the state of the triplex DNA in the
whole oscillatory region for this ¢y = 0 case as BBS, which
means BBS is possible up to 7.

The ey = 0.6 case is also quite interesting. Fig. 3(b), to-
gether with Fig. 3(e), indicate that at very low temperatures
(T < 328 K), an H-bonded triplex bound state with no bub-
bles forms, where the intact base pairs are either WC bonded
or Hoogsteen bonded. In the temperature range 328 K < 7' <
T., one can see the absence of HO bonds and the system stays
in the bubble-bound state. The specific heat plot for this case
shows two peaks. The first peak corresponds to the transition
from the triplex bound state to the bubble-bound state, and the
second peak is the signature of the duplex melting [Fig. 3(h)].

Finally, when the HO interaction strength is same as the
WC interaction strength (¢ = 1), HO bonding is possible up
to T; [Fig. 3(c), 3(f) and 3(i)]. Here, the triplex melts directly
into the three single strands. The specific heat plot for this case
shows a single peak.

Although most of our results are in qualitative agree-
ment with the calorimetry and UV absorbance results of
Refs. [13,15], they differ in the following aspect. When
HO interaction strength is intermediate, say ey = 0.6, for
340K < T < T, we get an equilibrium configuration of the
system where it stays in the bubble-bound state (Fig. 3), while
the results in Refs. [13,15] suggest that the corresponding
state is made off duplex plus a single strand (DSS). One of
the reason this conclusion was made because of the observa-
tion that Triplex to TSS transition temperature was the same
as the melting temperature of an isolated duplex, which we
also observed in our simulations. To understand this apparent
discrepancy, we plot again the fraction of H-bonds and end-
to-end distance as a function of temperature in Figs. 3(j) and
3(k), respectively, but this time we have given less time to
the system for its equilibration. It is to be noted that DNA
melting experiments utilize hyperchromicity of bare nucleic
acid bases at wavelength & = 260 nm [1]. When the nucleic

acids in the strands are Hydrogen bonded, they absorb less
UV light. Accordingly, the absorbance curves obtained from
experiments have correspondence with 1 — (WC) (duplex)
and 2 — (WC-12 + WC-23 + HO) (triplex) obtained from
the simulations. There is not much difference between the
curves for the equilibration time ~10°A¢ and ~108 At shown
in Fig. 3(1) and they resemble the UV absorption spectra of
Refs. [13,15]. It is clear that for the nonequilibrated case, the
system is closer to the DSS state compared to the equilibrated
system. Thus, it could be tricky to differentiate between BBS
and DSS using UV absorption spectroscopy only. Even when
differentiation between BBS and DSS is possible, our results
suggest that equilibration time could be an issue. Detection
of the thermodynamic BBS in calorimetry experiments may
require very slow heating rate and large equilibration time. It
is also to be noted here that a different sequence of triplex was
used in the study of Ref. [13].

By varying ey from zero to one and locating the triplex to
bubble-bound state transition points and the duplex melting
point (see Supplemental Material Fig. S4 [26]), we construct
a phase diagram for zero force thermal melting which is
shown in Fig. 4(a). Due to large equilibration time at very
low temperatures, reliable results are hard to obtain. For this,
we avoid temperatures <289 K. As ey increases, the phase
boundaries gradually converge. Although the low-temperature
critical point depends on ¢y, the high-temperature critical
point is practically independent of e4. This result is consis-
tent with the ph-dependence of the critical points studied in
Ref. [13]. However, for our set up triplex and an isolated
duplex melt at the same temperature. This is unlike the results
suggested in Refs. [3—-6] where the triplex melts at a higher
temperature. For ey = 0.9, we found the second peak is very
hard to detect. To be consistent with the rest of the gy cases
considered here, we have taken the position of the second peak
as T..

C. Forced unzipping of triplex

To study the unzipping transition, we consider a triplex of
length 32 and keep ey constant (= 0.6). We apply a force
at the end monomers of the single strands in such a way
that the same magnitude of the force is experienced between
strand-1 & strand-2 and strand-2 & strand-3. The manner
in which the unzipping force is applied is shown in Fig. 1.
We plot the average distance between the end monomers (Y')
of any two pairs of chains as a function of force in Fig. 5
for two different temperatures. After an equilibration time of
1 x 108 At, configurations were sampled on an interval of At
for a duration of 2 x 103A¢. At zero force, it is evident from
Fig. 4(a) that for T < 331 K and 331 K < T < T, triplex
bound state and bubble-bound state, respectively, are the sta-
ble states. Although no direct H-bonding is allowed between
strand-1 and strand-3, they can bind indirectly through HO
and WC bonding which is mediated by strand-2. The HO
bonding being weaker than the WC bonding in this case,
strand-1 gets separated from strand-3 first when the unzipping
force is increased. However, as long as the force is not strong
enough to break all the WC bonds, the duplex state remains
stable and the strand-2 can bind with any of the other two
strands. We also calculate the fluctuation in end-monomer
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FIG. 5. (a, b) Force-Extension plots for triplex DNA for different
temperatures at ¢y = 0.6. Here Y, represents extension between
chain-1 and chain-2, etc. Panels (c, d) show the corresponding
fluctuation (x) curves of the extension [Eq. (3)]. In panels (c, d),
corresponding data for an isolated duplex is also shown (filled orange
diamonds). Lines through the data points are guide for the eye.

distances () and plot them in Fig. 5 as a function of force
for two temperatures. At 7 < 331 K, the fluctuation plots in
Fig. 5(c) show two peaks. The first peak corresponds to the
transition from triplex bound state to duplex + single-strand
(DSS) state while the second peak represents the transition to
the three completely separated single strands state. Note here
that for DSS, Y3 ~ Y13 max and either Y, ~ 0&Y,; ~ Y23 max
or Yo3 ~ 0&Y1, & Y2 max Which are markedly different from
the Y values for BBS found in the zero force thermal melting
case in Fig. 3. Representative simulation snapshots of BBS
and DSS are shown in Fig. 1(b). Above T, > T > 331 K
also, there are two peaks [Fig. 5(d)]. But, here, the first peak
corresponds to the transition from the bubble-bound state to
the duplex + single-strand state. One important feature of the
unzipping plots can be seen if we compare the duplex unzip-
ping force in the presence of a third strand with the unzipping
force of an isolated duplex. It turns out that the duplex unzip-
ping force in the presence of a third strand is always greater
than the unzipping force of an isolated duplex (peaks in x
for the isolated duplex appear at smaller forces compared to
the corresponding peaks for the triplex in Fig. 5). To illustrate
this observation further, we plot the force-extension curves for
different ey values at T = 304 K in Fig. 6. For ¢y = 1, the
first peak appears at the same force where an isolated duplex
unzips, but the position of the second peak, where the triplex
unzips to three single strands, is significantly higher than the
first peak. Although the critical point at lower force depends
on ¢y, the transition at higher force is independent of ej.
These results indicate that the observed enhanced mechanical
stability of the triplex is not due to the HO-interaction, but
due to the presence of the third strand. Note that, when the
stable state of the triplex is the duplex + single-strand state,
strand-2 can form the duplex with either of the other two
strands exclusively. This fact is more clearly demonstrated by
the Supplemental Material Figs. S5— S8 [26]. We also note
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FIG. 6. Same as described in the caption of Fig. 5 but at T =
304 Kand atey =0and 1.

that the appearance of x peaks at g = 0 for ey = 0 in Fig. 6(c)
points toward a transition between BBS to DSS with g =0
serving as the transition point.

For ey = 0.6, we compute the critical unzipping force vs
temperature phase diagram [Fig. 4(b)]. By convention, we
take the positions of the peaks in the x;3 vs g plots as the
transition points. The complete set of y;3 curves for different
temperatures are shown in Supplemental Material Fig. S3
[26]. For comparison, we also superimpose the phase diagram
of an isolated duplex in Fig. 4(b). As the zero force melt-
ing temperature is approached, the numerical data become
increasingly unreliable due to fluctuations. To be safe, we
avoid temperatures 7 > 351 K for our mechanical unzipping
studies.

IV. CONCLUSION

By introducing a simple coarse-grained model which in-
corporates both the Watson-Crick and Hoogsteen base-pairing
simultaneously, melting and unzipping of triplex DNA have
been studied. Here, we have shown that the model is rich
enough to capture the qualitative features of the one-step and
the two-step experimental triplex-melting results. By directly
monitoring the fraction of intact Watson-Crick and Hoogsteen
bonds separately, we showed that for a range of parameter val-
ues, a stable inter-three-strand bubble-bound state can form.
A Hoogsteen interaction strength versus critical temperature
phase diagram is also obtained. We also study the mechanical
unzipping of a triplex by applying constant unzipping force.
The simple model system proposed here clearly demonstrates
that the triplex can be mechanically more stable than the iso-
lated duplex. The melting temperature phase diagram exhibits
that the bubble-bound state can be stabilized in presence of
Hoogsteen interaction. Although there are experimental stud-
ies concerning the rupture of a triplex are available [28,29],
it is unknown to us whether a triplex unzipping study exists.
Thus, at this stage, our simulations warrant further experimen-
tal investigations preferably using SMFS devices.
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