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Hotter Is Not Faster for a Melting RNA Hairpin
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We investigate the denaturation dynamics of nucleic acids through extensive molecular dynamics
simulations of a coarse-grained RNA hairpin model. In apparent contradiction to Arrhenius’ law, our
findings reveal that the denaturation time of RNA hairpins is a nonmonotonous function of temperature for
molecules longer than few persistence lengths, with an optimal temperature above the melting point, 7',, at
which denaturation occurs fastest. This anomaly arises from the existence of two distinct pathways:
“unidirectional” unzipping, progressing from one end to the other and favored near T',,, and “bidirectional”
denaturation, where competing unzipping events initiate from both ends at higher temperatures. The two
regimes manifest distinct scaling laws for the melting time vs length, L, and are separated by a crossover

temperature T, with (T, —

T,,) ~ L' The results highlight the significant role of the helical structure in

the out-of-equilibrium dynamics of RNA and DNA denaturation and unveil multiple surprises in a decades-

old problem.

DOI: 10.1103/PhysRevLett.134.098401

Nucleic acids are self-interacting polymers that can form
complex structures and assume important functional roles
in transcriptional, translational, and regulatory processes in
cells [1-4]. When subject to a change in the solvent
temperature or tension, a DNA or RNA molecule goes
through a structural (coil-helix) phase transition that has
been of interest since the discovery of the iconic double
helix form [5-14]. Recent advances in designed self-
assembly of nucleic acids (DNA origami, DNA Ilattices)
[15] and DNA-coated nanoparticles [16,17] have revived
this interest.

While the equilibrium theory of the coil-helix transition
is well established, the folding and melting dynamics of
nucleic acids is still subject to active research with
interesting twists and turns. For example, the textbook,
“zipperlike” folding of an RNA hairpin (a nucleic acid with
a palindromic sequence) upon sudden quench progresses
with a rate that changes in time, despite the common
wisdom [18,19]. In fact, the folding time depends on the
polymer length as 7~ L%, with a nontrivial dynamical
exponent a; =~ 1.6 [20]. Simulations suggest that, under-
lying this scaling law is an out-of-equilibrium process that
is governed by the interplay between the relaxation time of
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single-stranded (denatured) segments and that of the rota-
tional degrees of freedom of the duplex, imposed by the
helical geometry [21-23].

The role of the helix structure during denaturation
(melting) can be even more dramatic, as exemplified by
circular DNAs (e.g., plasmids) placed in hot water [24,25].
With the winding number of the complementary strands a
topological invariant, the high-temperature equilibrium
state of a plasmid features a complex coexistence of
denaturation bubbles and supercoiled duplexes [26-28].
Consequently, the associated phase transition is much
softer than that of a linear chain [29].

For an RNA hairpin with no such topological constraints,
one might expect the melting dynamics to simply mirror the
folding process in a time-reversed manner. This, too,
appears not to be true: the time required for two intertwined
chains to thermally disentangle is reported in several
studies to follow the scaling law z,, ~ L% with 2.6 < a,, <
3.3 [30-35], that is, denaturation is much slower.

In this Letter, we resort to extensive molecular dynamics
simulations of a coarse-grained RNA hairpin model that is
subjected to a sudden temperature jump in order to
elucidate the consequences of the helicity of the bound
state on the denaturation process. Our study spans more
than a decade in the reduced final bath temperature,
0=(r-r,)/T, €[0.01,0.2], and in the chain length,
40 < L <640 (measured in number of base pairs). The
data unveil a new surprise: for chains longer than a few
persistence lengths, we find that the mean denaturation time
is a nonmonotonous function of temperature! As a result,
there exists an optimal solvent temperature (that depends
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FIG. 1. Schematic representation of the two distinct denaturation
pathways favored below (Type Y) and above (Type X) a length-
dependent crossover temperature 7', (> T,,), revealed by molecu-
lar dynamics simulations of a coarse-grained RNA hairpin model.

on the length of the molecule) for which denaturation is
fastest. Upon further investigation, we traced the origin of
this anomaly to the presence of distinct melting pathways
preferred above and below a certain crossover temperature,
T, (Fig. 1). Atrelatively low temperatures (7, < T < T),
the dominant melting pathway is the unidirectional “unzip-
ping” of the duplex. For higher temperatures (T > T,),
denaturation progresses from both ends, resulting in a
twist-induced tug of war.

We will refer to these two pathways as “Y”
(T, <T<Ty) and “X” (T > T,). Interestingly, despite
the fact that a toy version of the Type-Y “unzipping”
process is a classic problem in undergraduate courses [36],
it appears not to have been observed in experiments on or
simulations of unconstrained nucleic acids so far, except for
very short chains (see, e.g., Ref. [37]). In fact, we show
below that such unidirectional thermal denaturation is the
preferred pathway only within a narrow temperature range
that diminishes as L~!. Below, we provide numerical
evidence from MD simulations that corroborates our
findings summarized above. Additionally, we argue that
these observations can be understood at a phenomenologi-
cal level as a consequence of the twist-mediated interaction
between the two ends of the duplex.

The coarse-grained MD model we used [22,23] encap-
sulates the physical ingredients essential for this study: a
helical ground state, unbreakable intrastrand and breakable
interstrand interactions, and an order of magnitude differ-
ence between the persistence lengths of the single-stranded
and duplex structures. In the model, each base is repre-
sented by a single bead in order to minimize the compu-
tation time and allow exploration of beginning-to-end
denaturation processes for structures with up to ~10°

bases. The denaturation dynamics was investigated by
considering an RNA hairpin embedded in three dimen-
sions, where the complementary bases on one end of the
duplex (head) are covalently bonded while those on other
end (tail) are free to dissociate. This model reproduces the
helix-coil transition in the appropriate temperature range,
yields reaction rates reasonably close to those measured for
small RNA hairpins, and exhibits a dynamical exponent
ay~1.6 consistent with experiments [22] (refer to
Supplemental Material [38], Sec. B, for further comparison
with experiments).

Using the in-house software developed in C++ for
efficient implementation in a Langevin bath, we collected
100 independent runs at each temperature and length for
sufficient statistics. For each sample, we calculated the
melting time 7, as the number of MD steps between the last
instance that the fraction of broken pairs reaches 10% and
the first instance it reaches 90% (some amount of discrep-
ancy is expected between the times measured in experi-
ments and in molecular dynamics simulations of coarse-
grained models, as detailed in the Supplemental
Material [38], Sec. B). This method yields the so-called
“transition-path time” for the denaturation process [8],
which is dictated by the nonequilibrium dynamics of
energy transfer from the nucleic acid to the environment,
leaving out the somewhat arbitrary nucleation time required
for the initiation of denaturation. Details of the coarse-
grained model and the MD simulations can be found in the
provided Supplemental Material [38], Sec. A, and on
GitHub [45].

Figure 2 shows the temperature dependence of the
measured melting times for RNA hairpins with different
lengths. The nonmonotonous behavior displayed by the
relatively longer structures [Fig. 2(b)] is our central
observation. Noting that the boiling point of water falls
within 8~ 0.05 —0.10 (depending on the nucleic acid
composition, which is ignored here), the data shown in
Fig. 2(b) imply that for a range of hairpin lengths there
exists an optimal solvent temperature at which denaturation
is fastest [46]. This calls for a deeper exploration, since one
naively expects—by the Arrhenius law—the pair-breaking
events to have a higher rate of occurrence at higher
temperatures, yielding consistently shorter melting times
with increasing thermal energy.

A valuable insight is gained by recognizing that the peak
of the coefficient of variation of melting times, defined as
the ratio of the standard deviation to the mean, aligns with
the region where non-Arrhenius behavior is observed along
each curve in Fig. 2(b). Upon closer inspection of the
individual trajectories by means of kymographs shown in
Fig. 2(a) (also see Fig. 2 in Supplemental Material [38]), we
found that the peak in coefficient of variation marks the
boundary between two regimes in which the denaturation
process is predominantly of type “X” or type “Y”’. The X-Y
crossover takes place at a temperature 7,, which is
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FIG. 2. (a) Representative kymographs for Type-Y and Type-X

pathways. Vertical axis is the locus—measured from the free
end—of bound (blue) and unbound (white) base pairs. (b) The
melting time as a function of temperature for different hairpin
lengths. The thickness of the shaded regions corresponds to the
standard deviation around the mean (solid lines) obtained from
100 replicas. (c) The crossover temperatures, 7', shown by “x”
are defined as the position of the maximum of the coefficient of
variation along each curve in (b). The dashed line is a fit with
(Ty—T,)/T, ~L™". Two representative snapshots of Type-X
and Type-Y denaturation, taken from the molecular dynamics
simulations, are also shown.

populated by a balanced mixture of the trajectories of each
type, resulting in a wide distribution of melting times. The
dependence of T, on the hairpin length [Fig. 2(c)] suggests
the scaling form (T —T,,)/T, ~L~" for which we
propose a phenomenological explanation below.

We first address the counterintuitive increase in the
average melting time with temperature, observed in the
crossover region. A plausible scenario is that Type-X and
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FIG. 3. The melting time vs the hairpin length. The vertical axis

corresponds to the melting time scaled by the reduced temper-
ature for data collapse, as suggested by the phenomenological
arguments in the text. The slopes 2 and 2.8 denote the scaling
exponents for Type-Y and Type-X melting, respectively. The raw
data before temperature scaling are shown in the insets.

Type-Y dynamics are governed by different dynamical
exponents, ax?, with aX > al,. As a result, the crossover
Y — X upon a temperature increase lands the system on a
scaling law, 7,,(L), with a steeper slope. Consequently, for
sufficiently large L, the crossover is accompanied by an
increase in the melting time despite the rising temperature.
To verify this hypothesis, we collected trajectories of Type
X and Type Y at different temperatures and calculated the
mean melting times separately for each regime. Scaling the
time data with the temperature-dependent factor 8~ (more
below) yields data collapse, as shown in Fig. 3. The steeper
slope of & ~ 2.8 for Type-X melting compared to a}, ~ 2.0
for Type Y is in agreement with the scenario proposed
above. We argue below that the physical basis for these
exponents is the rotational relaxation of the system in
response to pair-breaking events.

In order to investigate the low-temperature behavior
where the denaturation process is predominantly of Type Y,
consider a hairpin structure in a particular instant during the
melting process, with ¢, bound base pairs forming the
duplex and # disassociated bases on each denatured tail, so
that L = ¢, + ¢. With the assumption that the duplex
region and denatured tails contribute through the pair-
binding potential and configurational entropy, respectively,
the free energy can be expressed (in the spirit of the Poland-
Scheraga model [47]) as

F(¢) = —e(L—¢)—k,T In (;’;) (1)
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where ¢ and a are phenomenological constants that
determine the melting temperature [kgT,, = ¢€/In(a)]
and c is a critical exponent. Then, the entropic torsion k =
—dF/d¢ at the y junction is approximately constant up to a
correction of O(1/£). The response to this torsion is the
rotation of either side of the y junction, which we consider
as the rate-limiting process. Comparing the rotation angle
of the duplex and the denatured tails in the lab frame (refer
to Supplemental Material [38], Sec. D), we observed that
the duplex’s speedometer-cable-like rotation dominates the
response except for a relatively brief initial period. We can
then describe the dynamics of the y-junction as an over-
damped motion with a fixed force and a varying friction
coefficient as

¢, dt

k=-n(t),)—— I =no(L - f)—t“G’ (2)

where the friction coefficient for the rotational motion is
proportional to the duplex length, 7, is a constant, and the

last proportionality (k o< @) follows from Eq. (1).
Integration yields the melting time
7, ~L?/0 (3)

for Type-Y denaturation, in agreement with the data collapse
in Fig. 3. Early UV absorption experiments on buffers
comprising 10*~10° bps long bacterial DNAs [48] have
reported denaturation times compatible with the scaling
exponent «,, = 2 in Eq. (3). It has been proposed [49] that,
this exponent arises from the existence of a friction-limited
mechanism for twist diffusion with a drag coefficient propor-
tional to mass, similar to our analytical approach here (refer to
Supplemental Material [38], Sec. B).

Type-X denaturation, characterized by two competing y
junctions, becomes dominant on the high-temperature side
of the crossover boundary in Fig. 2(c). The duplex is now
rotationally constrained, as it experiences opposing torques
at both ends, and therefore cannot mediate the removal of
twist from the denatured regions. As a result, the comple-
mentary denatured strands are required to rotate around
each other, leading to significantly longer melting times. To
understand this regime, we adopt a phenomenological
approach proposed by Baiesi et al. [31], where the rotation
of the denatured segments is again described by an over-
damped motion governed by dF/ds ~n(£)ds/dt. Here,
ds = £7d¢ is the infinitesimal tangential displacement of
the denatured strands upon rotation by an angle d¢, v is a
modified Flory exponent associated with the distance
between the denatured strands and the axis of rotation,
and 5(£) ~ ¢ is the friction coefficient in the Rouse regime.
Substituting, we get

dF _ f—zd_FN f1+5@

ds  d¢ dt “)
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FIG. 4. The distance between the centers of mass of denatured
complementary segments as a function of segment length, with
data for the head (red) and the tail (blue) of the hairpin shown
separately. Darker shades correspond to data from longer hairpin
models. The dashed lines are added as a guide to the eye.

or, with dF/d¢ approximately constant as before,
_d¢
fl+2l/ i t. 5
;= cons (5)

Observing that, in the absence of duplex rotation, the length
of the denatured tails is proportional to the total unwinding
angle, ¢, Eq. (5) can be integrated to yield

X L2+217 . (6)

To test this hypothesis, we conducted a numerical inves-
tigation of the distance between complementary denatured
strands along Type-X trajectories. The data shown in Fig. 4
is consistent with o = 0.4, in very good agreement with
Eq. (6) and % = 2.8 obtained from the data collapse in
Fig. 3. Notably, the divergence of o from the Flory
exponent v = 0.59 reveals that the denatured segments
remain out of equilibrium during melting.

Finally, we address our central observation in Fig. 2:
what causes the switch between the two melting behaviors
as the bath temperature is changed? The short answer is,
the speedometer-cable rotation of the duplex induced by
the denaturation of one end (typically the tail, due to the
entropic advantage) suppresses denaturation on the oppo-
site end, but it can do so only if the temperature is
sufficiently low. To support and quantify this claim, we
performed further MD simulations of a duplex structure
rotating in the opposite sense of the helix at different
angular velocities and temperatures (Fig. 5). Defining the
melting point at 50% denaturation ratio (as is typical for
finite chains), we observed a shift in the melting temper-
ature, T;,(w), upon increasing the rotation speed, w, that
conforms to
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FIG. 5. Melting curves for an 80 bps long hairpin model with

the covalently bonded end (head) rotated in the opposite sense of
the helix. The inset shows the dependence of the melting
temperature (defined by the horizontal dashed line at 50%
denaturation) on the rotation speed, measured in units of 107°
radians per MD time step.

Ty(w) =T, + a’, (7)

with § = 0.5 and a > 0 (Fig. 5 inset). Note that, a naive
guess based on a Taylor expansion for small @ would be
& =1, since we expect T(w) — T, to be an odd function,
implying a higher thermal energy to denature upon rotation
when the nucleic acid is overwound (@ > 0, the present
scenario) and vice versa when it is underwound (w < 0).
The behavior described by Eq. (7) is, therefore, quite
intriguing and will be the focus of future research. A
partially bound state, similar to the intermediate temper-
ature regime in Fig. 5, has been observed also for a polymer
tethered from one end to an impenetrable, rotating rod [50].

It follows that two different melting scenarios emerge
upon considering a hypothetical Type-Y trajectory for a
given length and solvent temperature, 7', and requiring that
T3, (@) in Eq. (7) remains above T along the trajectory, as a
consistency condition. Since w is dictated by the speed of
the y junction, which in turn depends on the temperature
through Eq. (2), Type-Y denaturation dynamics turn out to
be stable only in a finite temperature range.

In order to work out the X-Y crossover boundary, we
substitute dZ/dt « w in Eq. (2) and observe that the
consistency condition above is strictest during the initial
stages of denaturation, when w is smallest and ~0/L [51].
Consequently, the crossover temperature, T, is found by
setting 7', = T, (w) and substituting @ ~ 6/L in Eq. (7) as
follows:

T,-T,\%
T>< - Tm & w(Tva)5 ~ <%) ’ (8)

which yields

T, —T, ~L%19 9)

With 6 = 0.5, as measured from the data in Fig. 5, we find
T, ~1/L, in agreement with the crossover boundary
reported in Fig. 2.

In summary, we have demonstrated through molecular
dynamics simulations and phenomenological arguments
that the thermal denaturation of an RNA hairpin occurs
either through unidirectional unzipping progressing from
one end to the other or through simultaneous unzipping of
both ends, depending on the molecule size and temperature.
We argued that the communication between the ends
mediated by duplex rotation explains the molecule’s
selection between these two pathways and reproduces
the observed crossover boundary. Additionally, we pro-
posed a phenomenological framework for the dynamical
scaling properties of the two denaturation regimes.

Our findings reveal an unexpected twist in a decades-old
problem, with predictions that should be testable using
current experimental capabilities (refer to Supplemental
Material [38], Sec. B). While our numerical results are for
the RNA hairpin structure with distinct boundary condi-
tions at the two ends (Fig. 1), the theoretical arguments
presented above suggest that a DNA duplex with free
boundary conditions at both ends should display a similar
qualitative behavior. Note that DNA molecules longer than
a few kbps, where other mechanisms for twist diffusion
appear to recover a,, = 2, fall outside the scope of the
present analysis and offer an interesting future direction.
Finally, our observations may prove valuable in the
optimization of future nanotechnological applications
involving RNA and DNA self assembly.
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