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Elucidating the mechanism of folding of polynucleotides depends
on accurate estimates of free energy surfaces and a quantitative
description of the kinetics of structure formation. Here, the kinetics
of hairpin formation in single-stranded DNA are measured after a
laser temperature jump. The kinetics are modeled as configura-
tional diffusion on a free energy surface obtained from a statistical
mechanical description of equilibrium melting profiles. The effec-
tive diffusion coefficient is found to be strongly temperature-
dependent in the nucleation step as a result of formation of
misfolded loops that do not lead to subsequent zipping. This
simple system exhibits many of the features predicted from the-
oretical studies of protein folding, including a funnel-like energy
surface with many folding pathways, trapping in misfolded con-
formations, and non-Arrhenius folding rates.

airpin loops are ubiquitous in single-stranded DNA and
RNA. Knowing the time scales and mechanism of forma-
tion of these loops is an essential first step toward understanding
the folding problem. Although the stability of hairpin loops and
the kinetics of hairpin formation have been a subject of intense
investigation for over 30 years (1-5), our understanding of the
kinetics is limited. In particular, there is no simple physical
model that describes in a consistent way both the thermodynam-
ics and kinetics of hairpin formation. With the exception of some
early work on the helix-to-coil transition, in which the kinetics
were described in terms of a statistical mechanical kinetic
“zipper” model (6, 7), the kinetics of hairpin-to-coil transition
have been described more recently in terms of a two-state system
with Arrhenius temperature dependence for the rates of hairpin
formation and unwinding (5, 8). The equilibrium dynamics of
hairpins, obtained from fluctuation correlation spectroscopy
measurements of hairpins labeled with fluorescent donor and
acceptor pairs (8, 9), have revealed a number of kinetic features
that are not easily explained within the framework of a simple
two-state analysis. First, the data of Libchaber and coworkers
show that the rate coefficient corresponding to the closing of
hairpins has a non-Arrhenius temperature dependence (8).
Second, they report a puzzling result in which the apparent
activation energy for forming hairpins with poly(dA) loops
increases as the loop size increases. Third, Klenerman and
coworkers report stretched exponential kinetics at temperatures
well below the melting temperature (9). These observations
suggest a failure of the simplest two-state analysis and require a
modification of even the more rigorous kinetic “zipper” model
in the form in which it was applied to helix—coil kinetics (6).
Here we present a model for the dynamics of hairpins that is
consistent with many of the apparently anomalous kinetic ob-
servations. The dynamics are described as configurational dif-
fusion along a free energy profile that we calculate from a
statistical mechanical “zipper” model that describes the equi-
librium melting profiles. The model we use to describe the
dynamics is a continuous description of the discrete kinetic
“zipper” model but with one important difference. We assume
that the polynucleotide chain can be transiently trapped in
“non-native” loops with mismatched stems, which do not lead to
subsequent zipping of the stem. The assumption that non-native
loops before the nucleation step can act as traps in the folding

www.pnas.org/cgi/doi/10.1073/pnas.131477798

free energy surface is sufficient to explain the non-Arrhenius
temperature dependence for the closing rates as well as the
nonexponential nature of the kinetics at low temperatures.

The analysis presented in this paper is motivated by theoretical
and computational studies of protein folding in which the search
for the low energy structure has been described as configura-
tional diffusion on an underlying free energy landscape (10-13).
These studies have shown that the diffusion coefficient along an
effective one-dimensional reaction coordinate depends on the
local roughness of the energy surface, which arises from local
minima corresponding to misfolded conformations. Here, we
apply these theoretical ideas on a short DNA hairpin. The
unwinding of the hairpin is initiated by a laser temperature jump
(T-jump), and the kinetics are monitored by measuring the
change in the fluorescence of 2-aminopurine (2AP), a fluores-
cent analog of the adenine base, which is substituted at various
sites along the stem of the hairpin (Fig. 1). Our measurements
and analysis show that folding of a hairpin occurs on an energy
surface that has a “funnel-like” bias toward the native state,
much like the energy surfaces predicted in the protein folding
studies. The difference is that for proteins, the roughness of the
energy surface increases as the protein approaches the native
state, whereas for DNA hairpins, the energy surface is rough at
the edges, in the initial stages before nucleation when the
possibility of misfolds is the greatest, and essentially smooth and
downhill when the chain folds into a correct nucleating loop. This
simple system exhibits a number of features proposed in the
context of folding kinetics of proteins: multiple pathways, mis-
folded traps early in the folding process, a transition “state” that
corresponds to an ensemble of conformations, and non-
Arrhenius folding rates.

Materials and Methods

Materials. DNA oligomer strands and the 2AP-substituted ana-
logs were purchased from Oligos Etc. (Wilsonville, OR) and
were HPLC purified. The buffer used in all experiments was 100
mM NaCL, 10 mM sodium phosphate, 0.1 mM EDTA, pH 7.5.
The strand concentrations were ~80 uM, sufficiently dilute to
prevent bimolecular association.

Optical Melting Profiles. Optical melting curves were obtained by
measuring changes in absorbance at 266 and 330 nm (where 2AP
absorbs). Absorbance curves were acquired by using a Hewlett—
Packard 8452 diode array single-beam spectrophotometer. Melt-
ing profiles were also obtained by measuring the static fluores-
cence spectra of 2AP between 320 and 450 nm after excitation
at 307 nm. The fluorescence spectra at each temperature were
acquired by using a Fluoromax-2 spectrofluorometer (Jobin
Yvon-Spex, Edison, NJ).
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Fig. 1. The hairpin sequence used in this study and its melting profiles. 2AP
was substituted for A at the sites indicated on the hairpin. H1: substitution at
site 1 only; H2: substitution at site 2 only, etc. HO is the hairpin with no
substitution; (black): melting profile of HO from absorbance at 266 nm;
(green): melting profile of H1 from absorbance at 266 nm; (red): melting
profile of H1 from absorbance at 330 nm (where 2AP absorbs); (blue): melting
profile of H1 from fluorescence of 2AP. The symbols are the data; the corre-
sponding lines through the absorbance data are fits to a statistical mechanical
"zipper'’ model; the line through the fluorescence data is a two-state van't
Hoff fit. All melting profiles have been normalized by subtracting the Upper
and Lower baselines determined from a fit to the raw data.

Laser T-Jump Spectrometer. The laser T-jump apparatus consists of
a Q-switched Nd/YAG laser (Continuum Surelite 11, full width
at half-maximum ~6 ns, 600 mJ/pulse at 1.06 um) that is used
to pump a 2 m long Raman cell consisting of high-pressure
methane gas, to yield 60-80 mJ/pulse at 1.54 um. The infrared
pulse is focused down to ~1 mm full width at half-maximum on
a quartz sample cell with 1-mm path length and is absorbed by
the aqueous sample to yield a T-jump of ~7-10°C. The probe
source is a Xe/Hg 200-W lamp with a 307-nm interference filter
to excite the 2AP fluorescence. The fluorescence emission
intensities are detected by a photomultiplier tube (Hamamatsu
R928, Middlesex, NJ) in a direction perpendicular to the incident
light. The preamplifier is a 5-MHz current-to-voltage converter
(Hamamatsu C1053-51). The voltages are digitized by a 500-
MHz transient digitizer (Hewlett—Packard 54825A).

Analysis of Kinetics Measurements. The observed Kinetics at each
temperature were fit to the functional form [/(0", Ty) — I(=,
Ty lexp(—k(Ty)t) + I(=, Ty), where I(»,Ty) is the equilibrium
intensity of 2AP fluorescence at the final temperature T}, and
1(0*,Ty) is the intensity immediately after the laser pulse. /(0*,7})
differs from the prelaser baseline intensity /(0~, 7;) at the initial
temperature 7; because of the intrinsic change in 2AP fluores-
cence with temperature (Fig. 2). Ty was determined from the
ratio 1(e,T7)/I(0~,T;) calibrated on a fluorescence melting pro-
file for each hairpin. The intensity /(0",7) was determined by
measuring the intrinsic temperature dependence of 2AP fluo-
rescence incorporated in a three-nucleotide reference sample.

Two-State Arrhenius Description. The equilibrium constant is de-
fined as K.q = kc/k,, where k. is the rate coefficient for the step
corresponding to the closing of hairpins, and k, is the rate
coefficient for the opening (unwinding) step. K.q was deter-
mined from the equilibrium melting profiles at 266 nm. The
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measured relaxation rate k, = k. + k, = ke (1 + Keg)/Keq. In an
earlier study of conformational relaxation in proteins, the pref-
actor in an Arrhenius description of the rates was found to
depend on both the solvent friction (proportional to the solvent
viscosity) and internal friction of the protein (14, 15). Here we
ignore any contributions from internal friction and assume that
the prefactor scales inversely with the solvent viscosity i

(Ty) E, (1 1

Configurational Diffusion Model. The time-dependent evolution of
the probability distribution on a free energy profile versus an
effective reaction coordinate is calculated by using the method
of Bicout and Szabo (16, 17). The characteristic relaxation rate
is obtained from

1/k, = J(n(t) = n())/(n(0") — n(=))dt, [2]

where n(t) is the center of mass of the probability distribution as
a function of time. n(¢) att = 0* is assumed a 8-function at 6; =
0. The characteristic closing rate k. is calculated by using the
double integral expression (18, 19):

1 or — !
k. = f de’f de}exp[BGglze)sG(o»]_ -
1
0 0

Here B = 1/(RT), 6, is the fraction of intact base pairs and is
defined as the effective reaction coordinate, G(6y) is the free
energy along this reaction coordinate and is calculated from a
statistical mechanical equilibrium “zipper” model, and D(6;) is
the corresponding diffusion coefficient. The details of the
“zipper” model and the calculation of G(6;) are available at
www.uic.edu/~ansari/zipper_model.pdf.
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Fig. 2.  Kinetics of unwinding/hairpin formation. The fluorescence of 2AP
substituted at site 1 (hairpin H1) is monitored as a function of time following
alaser temperature jump from 29 to 37°C. The characteristic relaxation rate k.
obtained from a single exponential fit to the data is 1/(10.5 us) at 37°C. The
amplitude of the fluorescence extrapolated to zero time is smaller than the
prelaser fluorescence as a result of a rapid decrease in the quantum yield of
2AP on change in temperature.
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Results and Discussion

The thermodynamics and kinetics of a short DNA hairpin,
formed from the self-complementary oligonucleotide sequence
5'-GGATAA(T4)TTATCC-3’, have been investigated in detail
in this study. The hairpin has six base pairs in the stem and four
thymine bases in the loop. 2AP, a fluorescent analog of the
adenine base, was substituted at four different positions along
the stem of the hairpin (Fig. 1). The fluorescence of 2AP
decreases by about a factor of 2 when the base is hydrogen-
bonded and stacked compared with the single-stranded state and
provides both a local and a global probe for hairpin melting
(20-22). Equilibrium melting profiles that monitor the average
fraction of broken bonds (absorbance at 266 nm) as well as the
fraction of broken bonds at the 2A P substituted site (absorbance
at 330 nm) were monitored (Fig. 1). The melting profiles from
these two sets of measurements overlap for each of the four
2AP-substituted analogs, indicating an all-or-none melting pro-
cess. The melting profiles obtained from changes in the fluo-
rescence of 2AP are, however, shifted to lower temperatures,
suggesting a premelted state in which the bases are mobile while
maintaining a time-averaged helical structure (21).

Kinetics of Hairpin Formation. To study the kinetics of hairpin
formation, we initiated the unwinding of an intact hairpin by
using ~6-ns laser T-jumps of ~10°C. The characteristic time
constant for attaining equilibrium after a T-jump perturbation is
~10 us at 37°C (Fig. 2). The measured relaxation rates show a
weak temperature dependence for all three hairpin analogs
whose kinetics were measured with 2AP substitution at sites 1,
2, and 3, respectively (Fig. 3). Assuming a two-state system with
Arrhenius temperature dependence for the hairpin closing and
opening rates yields a negative activation energy for the hairpin
closing step (E, ~—11 kcal mol~! averaged over the three
hairpins). Negative activation energies have been observed for
dimer formation in self-complementary oligonucleotides (6) and
in B-hairpin and a-helical formation in polypeptides (23, 24).
Negative activation energy implies that the transition “state”
along the effective reaction coordinate has a lower enthalpy than
the random coil state, and that the free energy barrier arises
from a significant loss of entropy.

Negative activation energies observed in our T-jump mea-
surements as well as in earlier T-jump measurements on the
helix—coil transition (6), at temperatures near the melting tem-
peratures T,,, are in apparent contradiction with the positive
activation energies of =5 kcal mol~! reported by Libchaber and
coworkers for similar hairpins (8). The activation energies in
their measurements are obtained from Arrhenius fits to data
primarily at temperatures lower than 7,, (8). In the following
discussion, we will show that this difference can be explained if
we include kinetic trapping, from misfolding of loops, in the
description of the dynamics.

Free Energy Profiles. To calculate the free energy profiles, we first
define an effective one-dimensional reaction coordinate, defined
as the fraction of intact base pairs 6;. A statistical mechanical
equilibrium “zipper” model, in which all microstates of the
hairpin with contiguous base pairs are included, is used to
calculate the free energy corresponding to a given value of 6;.
The equilibrium model is based on the one-dimensional Ising
model that allows for only two states for each base pair, broken
or intact (25). Nearest-neighbor sequence dependence in the
stacking interactions is included for each base pair, with param-
eters taken from the work of Benight and coworkers (4, 26). In
our calculation, the statistical weight of the loop for each
microstate in the ensemble depends on the size of the loop and
is expressed in terms of a persistence length characterizing the
flexibility of the single-stranded chain. In addition, stacking
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Fig.3. Arrhenius plots of the relaxation rates (k;) and closing rates (k). (a—c)
The relaxation rates k, versus inverse temperature for hairpins with 2AP
substitution at (a) site 1 (H1), (b) site 2 (H2), and (c) site 3 (H3), respectively. The
circles are the measured relaxation rates. Red curves: fit to a two-state model
with Arrhenius temperature dependence. The prefactors for the rate of
hairpin formation (Eq. 1) are ko = 1.2 X 10°s7',0.4 X 10°s~1,0.8 X 10°s~" (at
To = 25°C), and the apparent activation energies are £, = —16.2 kcal mol~',
—7.3 kcal mol~1, —9.5 kcal mol~" for the hairpins H1, H2, and H3, respectively.
Blue curves: fit to the diffusion model. The fitting parameters are Dy = 2.1 X
105571, 1.9 X 10°s7 ', and 2.9 X 105 s~ (at Ty = 25°) for H1, H2, and H3,
respectively, and AE = 0.98 kcal mol~". (d) Hairpin closing rates k. calculated
from the diffusion model (Eq. 3) for H1 (continuous line), H2 (dashed line), and
H3 (dash-dot-dot line).

interactions among the bases in the loop and between the loop
and the stem, and which themselves are found to exhibit a strong
dependence on loop size, are also included in the loop free
energy.® This model describes very well the equilibrium melting
profiles of hairpins with varying loop sizes and yields a value of
~1.4 nm for the persistence length of single-stranded poly(dT)
chains in 100 mM NaCl (S.V.K,, Y.S., A. S. Benight & A.A,,
unpublished work; available at www.uic.edu/~ansari/
zipper-model.pdf).

Three important results from this analysis are summarized in
Fig. 4. The first result is that the free energy barrier along this
reaction coordinate corresponds to 6y = 1/6 for the hairpin used
in this study, which has six base pairs in the stem (Fig. 4a). For
another hairpin with seven base pairs in the stem, the free energy
barrier is located at 6; = 1/7 (data not shown). Therefore, we
postulate that the transition “state” in a two-state description of
the kinetics consists of looped conformations, with one base pair
closing the loop. The second result is that the height of the free
energy barrier (=~2.8 kcal mol™!) is independent of the location
of 2AP substitution (Fig. 4b), despite the fact that the melting
temperature of the hairpin is lowered by 5-10°C as a result of
2AP substitution. This result is a strong indication that the

5Shen, Y., Kuznetsov, S. V. & Ansari, A. (2001) Biophys. J. 80, 481a.
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Fig.4. The free energy landscape for hairpin formation. (a) The free energy
profiles for the hairpin with no 2AP substitution are plotted versus the fraction
of intact base pairs (6)), at three temperatures: 25°C (continuous line), 40°C
(dashed line), and 55°C (dash-dot-dot line). The free energy profiles G(6) are
calculated from the statistical weights of the ensemble of microstates with a
given value of 6, by using a statistical mechanical ““zipper’” model (details of
the model and calculations are available on www.uic.edu/~ansari/
zipper_model. pdf). The discrete values of the free energies (at 6, =0, 1/6, 1/3,
', 2/3,5/6, and 1) are interpolated on a finer grid by using a cubic spline to
get the semicontinuous profile. Diffusive dynamics on the free energy profile
generated at each temperature yielded the characteristic rates for attaining
equilibrium that are compared with the observed rates in Fig. 3 a-c. (b) The
height of the free energy barrier at 25°C is plotted versus the location of the
2AP substitution.

transition “state” is an ensemble of looped conformations with
varying loop sizes and not a specific sized loop, and that there are
multiple paths to the “native” hairpin state. The third result is
that we can estimate the enthalpy of the transition “state”
ensemble, relative to the random coil, by extrapolating the height
of the free energy barrier to 7 = 0K. This calculation yields a
value of —11 * 2.3 kcal mol~! for each of the 2AP analogs, in
remarkable agreement with the apparent activation energies
observed in our kinetics measurements, thus lending further
support to our identification of the transition “state.”

Our conclusion regarding the nature of the transition state for
hairpins differs from the conclusions reached by Crothers and
coworkers in their analysis of the kinetics of dimer formation (6).
Their results indicated that the stable nucleus for dimer forma-
tion consists of at least two to three base pairs before the
downhill “zipping” of the rest of the chain. The results obtained
from the analysis of dimer formation are not directly applicable
to hairpins for the following very important reason. In dimer
formation, the first base pair formed is not stabilized by stacking
interactions and can easily dissociate. In hairpins, however, there
are substantial stabilizing interactions between the bases in the
loop and in the stem (27, 28), and it is very likely that the first
base pair formed is already relatively stable. Short DNA frag-
ments have been reported to form stable hairpin structures
containing only two base pairs in the stem (29).

Configurational Diffusion. If the reaction coordinate thus defined
is appropriate and the free energy profiles are accurate, solving
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the diffusion equation along this coordinate should describe the
observed kinetics. This approach was used to calculate the
folding rates of model proteins represented on three-
dimensional lattices (12, 13) and the folding rates of real proteins
at ambient temperature (30). Predicting the temperature depen-
dence of the measured rates requires knowledge of the free
energy profile at each temperature and a model describing the
temperature dependence and coordinate dependence of the
effective diffusion coefficient. Here, we assume that in the
nucleation step corresponding to the formation of the ensemble
of looped conformations, the diffusion is impeded by the for-
mation of “non-native” loops that have mismatched stems (Fig.
5). The energy of these misfolded loops is roughly the same as
the energy of “native” loops; however, they serve as local traps
that do not lead to subsequent zipping of the stem. These traps
resultin a “rough” energy landscape from 6; = 0 to 6; ~ 1/6, with
a corresponding decrease of the effective diffusion coefficient.
When the correct loop is formed, the likelihood of misfolded
structures in the zipping process, and hence the roughness,
diminishes. We define two effective diffusion coefficients cor-
responding to the two steps, nucleation and zipping, as follows:

T n(To) AE\?
o= ) S]] o<

[4a]

T\ (n(T
D(n, T) = DO(ﬁ)(?@?) 1/6<6,<1,  [4b]

where Dy is a characteristic diffusion coefficient at T, (=25°C),
n(7T) is the temperature-dependent viscosity of the solvent, and
AE is the magnitude of the roughness in the nucleation step (12,
13, 19). The relaxation rates are readily calculated by solving the
diffusion equation on the free energy profiles (16, 17).

The fitting parameters in the diffusion model are Dy and AE.
We assume AE is the same for all hairpins. The best-fit param-
eters yield Dg = 2.1 X 10° s71, 1.9 X 10° s71, 2.9 X 10° s~ ! for
the hairpins with 2AP substituted as sites 1, 2, and 3, respectively,
and AE = 0.98 kcal mol~L. The value of AE is within a factor of
3 of the free energy cost of loop formation, consistent with the
idea that the roughness arises from misfolded loops. The diffu-
sion model describes remarkably well the temperature depen-
dence of the measured relaxation rates with fewer parameters
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than for a two-state Arrhenius description (Fig. 3). The tem-
perature dependence of the rates has two contributions in this
model: one that comes from the temperature dependence of the
free energy surface and another from the temperature depen-
dence of the diffusion coefficient. The closing rates are found to
exhibit a non-Arrhenius temperature dependence (Fig. 3d),
consistent with the observations of Libchaber and coworkers (8).
The non-Arrhenius temperature dependence is explained as
follows: the closing rates are small at low temperatures as a result
of getting stuck in the misfolded traps and are again small at high
temperatures as a result of the uphill climb in free energy.

Non-Arrhenius temperature dependence for the folding step
has been observed in lattice model simulations of protein folding
(12, 13) and in experimental measurements of protein refolding
(31, 32). This behavior is partially explained in terms of the
unusual temperature dependence of the hydrophobic interac-
tion, resulting in a large change in heat capacity on folding (31,
32). Scalley and Baker have deconvoluted the intrinsic temper-
ature dependence of the folding reaction from the indirect
effects of temperature on protein stability (33). Their results
show that the effective diffusion coefficient in the preexponen-
tial of a simple transition-state theory expression is indeed
strongly temperature dependent. Because of the narrow tem-
perature range over which protein folding kinetics were mea-
sured, it is not possible from their analysis to distinguish between
a simple Arrhenius temperature dependence for the diffusion
coefficient or a super-Arrhenius dependence, as suggested in Eq.
4a. However, both theory (19) and numerical solutions (17) of
diffusion in a one-dimensional potential show that relaxation
dynamics in a rough potential are identical to dynamics in a
smooth potential if the effective diffusion coefficient is rescaled
as in Eq. 4a.

We can now reconcile the difference in the apparent activation
energies between our measurements and those of Libchaber and
coworkers. The roughness in the free energy surface and the
probability of getting stuck in misfolded traps are expected to
increase at temperatures well below 7,,,. Therefore, the apparent
activation energies for the closing step obtained by Goddard et
al. (8) are more likely dominated by the temperature depen-
dence of the preexponential, which is proportional to the diffu-
sion coefficient and measures the roughness of the free energy
surface, and not by the enthalpy of the transition state. For the
T-jump experiments presented here, the temperatures are close
to T,,, and the roughness arising from misfolded loops is
expected to be smaller. Therefore, apparent activation energies
obtained from T-jump measurements reflect more accurately
the enthalpy of the transition state.

Our model also provides a qualitative explanation for the
intriguing result of Goddard et al. that the apparent activation
energy for forming hairpins with poly(dA) loops increases as the
length of the loop increases, a result that is counter to what one
would expect from simple polymer theories describing loop
closure for loops of a few persistence lengths. Poly(dA) chains
have an increased propensity to stack, or “mis-stack’” when the
chain length increases. In our model, the oligonucleotides with
long poly(dA) chains are expected to have a higher probability
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of misfolding before the correct nucleation, and the roughness in
the free energy surface is expected to increase as the intervening
chain length increases. Therefore, kinetic measurements below
T,,» would yield the result that the apparent activation energy
increases with increasing loop length. Another set of equilibrium
fluctuation measurements on hairpins with 30 poly(dA) bases in
the loop reveal stretched exponential kinetics for hairpin for-
mation (9). These experiments lend strong support to the
hypothesis that at temperatures well below the melting temper-
atures, the dynamics of the hairpins are dominated by configu-
rational diffusion among misfolded traps.

Finally, the configurational diffusion model described in this
paper makes certain assumptions about the temperature and
coordinate dependence of the diffusion coefficient. An impor-
tant extension of this work would be to model the kinetics by
solving the rate equations for a general discretized version that
includes all possible microstates of the system. In previous
applications of the kinetic “zipper” model to duplex formation,
the possibility of mispairing, especially in the early stages of the
nucleation, were not included explicitly (6). To apply the more
general discrete model, including the possibility of trapping,
would require enumerating all mispaired microstates in the
ensemble.

Conclusions

We have shown that configurational diffusion on a free energy
profile obtained from an equilibrium statistical mechanical
model describes very well the kinetics of hairpin formation and
explains a number of features that are not consistent with a
simple two-state analysis with Arrhenius temperature depen-
dencies. The main result from this work is that misfolded loops
early in the nucleation step are responsible for decreasing the
effective diffusion coefficient. This model naturally leads to
non-Arrhenius temperature dependence for the hairpin forma-
tion step and also provides an explanation for the nonexponen-
tial nature of the kinetics at temperatures well below the melting
temperatures for the hairpins. Our results and analysis highlight
the need for models that elucidate the statistical nature of the
folding process not only for proteins but also for polynucleotides.
With few exceptions (34-36), the folding kinetics of RNA
molecules have traditionally been described in terms of chemical
kinetic schemes connecting sequential intermediates along some
unique folding “pathway” (37-39). We have shown that even a
simple system, a hairpin, folds via multiple paths and has the
propensity to get stuck in misfolded conformations.
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