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Multiple Routes to Characterize the Folding of a Small DNA Hairpin**

Guillem Portella and Modesto Orozco*

Understanding the folding and unfolding of nucleic acids is a
requisite for explaining the biological action of these mole-
cules. Despite recent efforts," the folding of nucleic acids is
still poorly understood, and many phenomenological, kinetic,
and molecular mechanisms have been suggested, including
early models assuming a zipper molecular mechanism."!
Later, the two-state model became prevalent,[”] whilst
recent ultrafast experiments suggested a more complex
multiple-state scenario.” ¥ In the last few years, a variety of
complex and flexible kinetic models have been developed
that can fit almost any experimental behavior.”!*'*! Unfortu-
nately, such models are often difficult to interpret in
structural-atomistic terms and do not always clarify impor-
tant aspects, such as the existence of single or multiple folding
pathways or the nature of the unfolded form and intermedi-
ates. In other words, we are still far from reaching a general
accepted molecular mechanism for such processes.

The lack of direct microscopic experimental information
has fueled the use of molecular dynamics (MD) as a tool to
uncover structural and dynamical details at atomic level. Most
of the published simulations have used indirect approaches to
overcome the sampling problem, such as the use of multiple
short (ns-range) trajectoriesl!®!” or replica-exchange MD
(REMD),['*2 osing therefore the temporal information of
the folding process. Herein we study in atomistic detail the
folding landscape of a short DNA hairpin on a real timescale.
MD simulations (for all details, see the Supporting Informa-
tion) were performed for the short oligo d(GCGAAGC),
which forms in solution a hairpin with two canonical d(G-C)
and a three-loop d(GAA) with one non-canonical d(G-A),?!
and that is expected to fold in the sub-ps scale.'>!*!
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A key prerequisite in MD-based studies of folding/
unfolding is the ability of the force field to recognize the
folded form in native conditions. To check this requirement,
we performed three sets of REMD simulations (190, 185, and
120 ns), starting from extended conformations, using 22
temperatures ranging from 300 K to 370 K (aggregate time
10 ps; see Supporting Information, Figures S1-S3, for addi-
tional results). Trajectories at 300 K indeed sample a large
range of states corresponding to unfolded, partially folded,
and native conformations, the later being the most populated
state at this temperature (Supporting Information, Figure S2),
confirming the goodness of the force field. To gain time-
dependent information of the folding process, we performed
twenty independent MD simulations for at least 1 ps at 300 K,
starting in all cases from a fully extended structure. Proper
folding to the native hairpin occurred in 12 of the 20
simulations, whilst the remaining 8 trajectories were trapped
in stable-compact but non-native conformations and do not
reach native minima in one microsecond (Figure 1). Exten-
sion of five of the non-productive trajectories to 4 ps led to
folded structures in two cases, suggesting that all the
trajectories will converge in the experimental structure, but
that this process can in some cases be very slow.

After merging the populations collected during all
unbiased trajectories with the REMD data at 300 K (more
than 30 us of simulation time; see Figure 2), we used the
number of stacking bases and hydrogen bonds as collective
variables that characterize the state of the hairpin, identifying
three regions of low free energy: 1) the native form (with 6-8
hydrogen bonds and around four stacked bases), 2) a partially
folded state characterized by two hydrogen bonds and two
stacked bases, and 3) the fully unfolded form with no native
hydrogen bonds and a variable number of stacked bases. The
landscape has a distinctive point corresponding to structures
characterized by good stacking and correct hydrogen bonding
in the loop and the first base of the stem (Figure 2). Reaching
this position from a quasi-extended conformation implies a
dramatic loss of intramolecular DNA entropy. Crossing this
point is crucial for native folding, but also trajectories arriving
there can also fail to adopt the native conformation (see
below). Clustering of the structures generated at 300 K
reveals 10 major states with population similar or greater
than 1%, but a very significant portion of the unfolded
ensemble (around 50%) cannot be annotated to any large
cluster. Therefore, our simulations strongly argue against a
two-state model consisting of a fully flexible unfolded state
and one native structure, and to similar reductionist
approaches describing folding/unfolding by a very limited
number of states.

Analysis of the 14 successful trajectories shows that
folding happens over a broad range of times, from 0.1 ps to
1.95 pus and in some cases more than 4 ps (we named this
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Figure 1. a) Root-mean-square deviations (RMSDs) with respect to the
native state for our 20 initial trajectories. The folded state is found at
RMSDs with values lower than 0.2 nm. The vertical scale for trajec-
tory 1 applies to all other trajectories. b) Extended molecular dynamics
simulations for trajectory 10 and 18 (2 ps), 3, 7, and 20 (4 ps).
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Figure 2. Free-energy maps as function of the number N, of inter-
base hydrogen bonds and number Ng; of stacked base pairs extracted
from cumulated 31 ps free molecular dynamics (MD) and replica-
exchange MD trajectories (495 ns). Representative clusters obtained
from RMSD clustering of the combined trajectories are located on the
top of the free energy surface, with the associated population referred
to the folded conformation.
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apparent folding time). The real folding time, defined as that
elapsed during a transition from an unfolded conformation
that starts forming the loop to a stable native structure, is in
the range from 5 to 265 ns, with a typical folding time of about
160 ns (see Supporting Information, Methods and Figures S4—
S6 for a discussion). The distribution of apparent folding
times does not follow an exponential decay, thus indicating
the presence of more than one folding mechanism (see
Supporting Information, Figure S5 and Methods). One of
these mechanisms leads to the fast folding trajectories and can
be explained following a downhill-like or direct folding®
mechanism with three well-defined milestones (see example
in Figure 3): 1) nucleation and closure of the loop with the
formation of the G-A pair, 2) fast formation of the first G-C
pairing in the stem, and finally 3) formation of the second G-C
pairing (see also the Supporting Information, Figures S4,S7).
The very fast formation of the loop-closing base pair after
loop nucleation agrees very well with the experimental
observation by Bevilacqua and co-workers that the loop and
loop-closing base pair are formed in a highly cooperative
manner.” The formation of the second G-C base pair is the
slower step in the fast routes, which is largely due the
tendency of the last guanosine to visit the syn conformation,
something that is more likely in the 5'G form owing to the
possibility of intramolecular 5OH—N; hydrogen bonds. The
impact of a guanosine syn«—anti equilibrium in folding was
already anticipated by Zacharias and co-workers™ using
REMD simulation in related systems, supporting the general-
ity of present findings.

The three trajectories (Tr1, Tr10, and Tr18) with very long
apparent folding times (z,,, > 800 ns) share some interesting
similarities: all of them adopt the correct loop structure in
around 100 ns and in less than 200 ns the stem is partially
formed (see Figure 3). However, the flip of 5'G to the syn
region precludes the formation of the last canonical d(G-C)
pair in the stem, and as a consequence, non-canonical G(syn)—
G(anti) hydrogen bonds are formed. This leads to the
extrusion of one of both cytosines, evolving then into a very
stable compact structure with strong extra-helical stacking
and almost no intra-strand hydrogen bonds (see example in
Figure 3¢). Such a conformation is maintained (from 0.5 to
1 us) until it reopens into a variety of extended conformations
that finally close the loop and fall into the native basin,
following similar pathways than the fast-folding trajectories.
Clearly, de-trapping the hairpin misfolded conformations is
the rate-limiting step in these trajectories.

We failed to obtain native folding in 6 of the 20
trajectories, and for 3 of them (Ti3, Tr7, and Tr20) even
after 4 ps of MD simulation. In all cases, except Tr7, correct
loop nucleation took place, but the terminal guanosine was
locked in the syn conformation. In two cases (Tr14 and Tr18),
we found compact pseudo hairpins with an incorrect loop
definition d(GCGAAGC) instead of the correct form, d-
(GCGAAGQC), whilst in the others the oligo remains trapped
very soon in a compact structure. Caution is necessary in the
interpretation of the fluorescence data extracted from experi-
ments of hairpin folding,"” as many of the non-native
structures detected in our simulations have a large degree
of stacking and compactness, providing similar macroscopic
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Figure 3. Time-evolution (white-black scale) of the hairpin conformation on
the free-energy map (color scale, obtained from all our free MD simulations)
describing the number of native base pairs (NBPs) and base stacking for three
trajectories. Nys= native stacking number, Ng=stacking number. a) folding
trajectory 18, b) non-folding trajectory 12. c,d) Clear cases of de-trapping and
folding for trajectory 1. Data in (c) refers to total contacts. €) RMSD from the
native structure (blue: loop, red: first base at stem, black: whole hairpin) and
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the folding velocity in slow routes (that is, Arrhenius
behavior), and on the other it will favor anti<syn
transitions in the extended form, thus increasing the
possibility to reach abortive routes and decreasing then
the relative number of fast routes (anti-Arrhenius
behavior). The global dependence of folding with
temperature will be then the result of a subtle equilib-
rium between opposite effects.

Our atomistic simulations support the kinetic par-
titioning mechanism proposed by Thirumalai (KPM),?]
where folding is understood as a competition between
different folding pathways, some that are very quickly
attracted by the native basin and others which are
initially attracted by abortive basins. Our results suggest
that attraction to abortive basins can appear not only
from the extended conformation, but also from struc-
tures displaying a well-nucleated loop or even the first
base pair of the stem. Minuscule atomistic details,
mostly unpredictable in the absence of atomistic
simulations, decide the evolution of the trajectory
towards native or abortive basins. Our simulations
suggest that experimental folding times are in reality
the average of at least two distinct distributions of
apparent folding times, corresponding to ultra-fast and
slow de-trapping and folding events. Our results indi-
cate that hairpin folding is a process of an extreme
complexity even for the simplest models. Thus, very
intricate folding landscapes are expected for larger

selected structures sampled along the trajectory.

descriptors similar to those of the native state. Based on the
behavior of Trl, Tr10, and Tr18, we can expect that compact
abortive conformation will evolve to fully open structures,
which can then converge into the native form in the multi-
microsecond timescale; that is, two to three orders of
magnitude slower than the direct folding detected in some
of the trajectories.

The wrong conformation around the glycosidic bond (x)
of 5guanosine is a common finding in all of the abortive
trajectories, but syn«anti transitions at 5'G are present in the
beginning of all trajectories (Supporting Information, Figur-
es S8,59). We found that fast x-conformational changes are
irrelevant for folding, unless the molecule is collapsed when
guanosine is in the syn conformation: intramolecular contacts
hinder the syn—anti conformational shift in collapsed form,
and anti conformation is required for Watson-Crick G-C
pairing, supporting previous claims on the importance of
guanosine syn—anti equilibrium in hairpin folding.*”! In fact,
correct and fast folding is obtained in 8 of 10 trajectories that
failed to fold in 1 ps when they were relaunched using a flat-
well restraint to keep y in the anti region, or when the
terminal 5'-CH,OH was substituted by a methyl group (see
the Supporting Information for details). This complex behav-
ior enlightened by our simulations contributes to the debate
on the temperature dependence on the folding velocity.®!!
An increase in the temperature should have two opposite
effects: on one hand, it will favor de-trapping, increasing then
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systems, raising doubts on the suitability of reductionist
kinetic mechanisms models, and encouraging the use of
flexible physical techniques such as atomistic MD,
which can open new scenarios of research for new-
generation biophysical techniques.
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