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Abstract

Stretched exponential kinetics have been observed in the conformational fluctuation of a DNA hairpin-loop under
equilibrium conditions. In this paper, we employ a simple multiple-pathway two-state jump model to calculate single-
molecule proximity ratio distributions. The simulation can reasonably reproduce the experimental single-molecule data
of the conformational fluctuations in water, indicating that static disorder is dominant. In contrast, there exists sig-
nificant discrepancy between the two-state simulation and experiment in buffer (2.5 mM Tris-HCI, 250 pM EDTA, 100
mM NaCl), suggesting that both static and dynamic disorder may contribute to the non-exponential kinetics. © 2001

Elsevier Science B.V. All rights reserved.

1. Introduction

The hairpin-loop is a secondary structural motif
frequently observed in both DNA and RNA where
there is self-complementarity in the sequence.
DNA hairpin-loops are involved in various bio-
logical functions, including gene expression and
regulation [1]. Hairpin forming sequences have
been found near the promoter region [2], enhancer
binding site [3], receptor binding site [1] and in the
origins of DNA replication [4]. Hairpin structure
also exists in ligand-DNA aptamer complexes,
which target cofactors, amino acids, peptides and
proteins [5]. In addition, hairpin-loops were pro-
posed as antisense drugs [6] and serve as DNA
biosensors (e.g., molecular beacons) [7,8].
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DNA hairpin structures fluctuate between dif-
ferent conformations and are generally classified
as open or closed as shown in Fig. 1. Although the
stability and thermodynamics of DNA hairpins
have been investigated in detail [9], our under-
standing of the kinetics of loop-to-coil transitions
remains very limited [10,11]. Recently, Bonnet
et al. [12] examined the kinetics of conformational
fluctuations in DNA hairpin-loops using a com-
bination of fluorescence quenching and fluores-
cence correlation spectroscopy (FCS). A simple
model of an all-or-none transition between open
and closed states was supported by their experi-
mental data. This model describes the open-to-
closed transition as involving collision of the two
arms of a hairpin, followed by the nucleation and
the propagation of a base-paired region, whereas
closed-to-open transition requires an energy fluc-
tuation sufficiently large to unzip all the base pairs
[12]. Statistical mechanical models have been
proposed to describe the free energy cost of loop
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Fig. 1. Schematic of the donor and acceptor labelled DNA
hairpin-loop. The DNA sequence is 5-GGGTT(A),
AACCCC'-3" with carboxytetramethylrhodamine (TMR) at-
tached via a 6 carbon amino linker to the 3’ end C' (modified
cytosine), and Indodicarbocyanine (Cy5) attached via a 3 car-
bon amino linker at its 5’ end. Five bases at the two ends are
complementary to each other. DNA sample was purchased
from Operon (Alameda, CA). The molecule is designed to
fluctuate between open and closed states in solution at ambient
temperature.

formation [13,14]. Ansari et al. [14] found the free
energy cost of loop formation differs from that
expected from entropy alone, and the free energy
surface deviates from a strict all-or-none two-state
transition.

Single-molecule spectroscopy has emerged as a
powerful tool to explore the static and dynamic
properties of biomolecules [15-20]. In this case, by
attaching donor and acceptor fluorophores to a
biological molecule, single-molecule FRET pro-
vides a method to probe conformational hetero-
geneity [16,21]. In a previous paper, we have
observed submillisecond, non-exponential kinetics

Table 1

for DNA hairpin-loop conformational fluctua-
tions using fluorescence resonance energy transfer
fluctuation spectroscopy (FRETfs) [22] under
equilibrium conditions. We apply the kinetic pa-
rameters derived therein to a multiple-pathway
two-state jump model. Based on this model, single-
molecule proximity ratio distribution may be
simulated and comparison can be made with ex-
perimental results.

2. Two-state model

Table 1 shows results of the stretched expo-
nential fit and the mean relaxation time reported in
our previous paper [22]. The stretched exponential
of proximity ratio correlation function is defined
as follows:

G(1) = G(0) exp[— (%)q (1)
where 7 corresponds to the effective relaxation time
associated with the correlated motion, and f is a
stretch parameter that may be associated with the
heterogeneity of the system. The mean relaxation
time (t) can be related to t and f§ by

W= [ e |- (4 ]a=(5)ren @

where I'(f~") is a gamma function.

The stretched exponential in Eq. (1) is only a
phenomenological description of the kinetics and
it is not sufficient to determine a particular mech-
anism for the conformational fluctuation. Both
inhomogeneous kinetics (static disorder) and ho-
mogeneous kinetics (dynamic disorder) can lead to
such non-exponential time dependence [23]. Since
we observed well-separated sub-populations of

Stretched exponential fit (Eq. (1)) to the auto-correlation function of proximity ratio for the conformational fluctuations of DNA

hairpin-loop under three different conditions (Adopted from [22])

Conditions G(0) 7 (ms) p (t) (ms)
MiliQ water 0.086 0.27 0.44 0.70
2.5 mM TE and 100 mM NaCl 0.056 0.19 0.46 0.45
2.5 mM TE, 100 mM NacCl and 0.022 0.32 0.54 0.57

2 uM (T),,
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DNA conformation in water in single-molecule
measurement, we expect static disorder should
dominate in this case.

In order to relate the phenomenological pa-
rameters to single-molecule experimental obser-
vations, we consider a two-state conformational
fluctuation A(closed) = B(open) occurring in a
system with static disorder. In addition, we assume
that there is a large number of fluctuation path-
ways leading to the transformation of A to B and
vice versa [24-26]. For a given pathway, we also
assume that the two states can interconvert with
simple first-order kinetics, and that the rate con-
stant for jumping from closed state A to open state
B is &y, jumping from open state B to closed state
A is k, Each pathway is characterised by a single
relaxation rate constant, k = k; + k,. Finally, we
assume that the principle of detailed balance holds
and therefore the ratio of forward and backward
rates for each pathway is the equilibrium constant,
K [26].

To analyse the single-molecule proximity ratio
distribution, we first consider a simple one-path-
way model and then extend it to multiple-pathway.
A theoretical description of the one-pathway two-
state dynamics of single biomolecules in solution
was first given by Geva and Skinner [27]. Analytic
expressions for the Fourier transforms of the
probability densities for the amplitudes of the
stochastic two-state jump model were derived.
Subsequent work by Berezhkovskii et al. [28] has
derived an explicit expression for the probability
density of the amplitude. The equilibrium proba-
bilities of occupation for the two states are defined
as

ka ka ky ki
= k =7 = =7 (3)

\+hk k ki+hk k
Given the probability density that a molecule ini-
tially in state i spends a fraction x of time 7 in state
1 during the experimental measuring time 7 to be
P(x|T,i), when each single molecule measurement
lasts the same amount of time 7, the probability

density of time fraction x is given by

P|T) = pP(x|T, 1) + p2P(x|T, 2). (4)

D1

The explicit formula for p(x|T,i) was derived as
[28]

P(x|T,1) = 0(1 — x) exp(—pkT) + p2kT
pix
X {10()’) + mll(y)}
< exp{—[px+p(1—0kT}  (5)
and
P(x|T,2) = 6(x) exp(—p1kT) + p1kT

x {w) + p(;‘)f <y>}
x exp{—[pox + pi(1 - X)kT},  (6)

where

y = 2kT+/pip>x(1 — x). (7)

The delta functions are assumed to integrate to 1
when x is in the closed interval between 0 and 1.
The I,(y) are modified Bessel functions of order n
[29].

For a multiple pathway process, the distribu-
tion of kinetic rates is required to derive the
probability density distribution. Provided that a
fluctuation process occurs over a distribution of
parallel activation energy barriers, a kinetic rate k
can be associated with each pathway across the
energy barrier. The distribution of activation en-
ergy barriers p(E) can be equivalently described by
the distribution of kinetic rates p(k). These two
distributions are related by [24]

o) = | ~new ()|t 8)

where E denotes the activation energy, 7T is the
absolute temperature, / is the Plank constant, and
kg 1s the Boltzmann constant. If we assume that
the complex kinetics are due to static disorder
[25,26], the correlation function can be used to
derive the distribution of kinetic rates [24,25]

exp | — Y = OO,o(k) exp(—kz) dk. 9)
ROl

For f=1/2, this distribution can be expressed
analytically [24,25,30],

p(k) :#Ek”2 exp(—ﬁ). (10)
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Fig. 2. The distributions of kinetic rates assuming static dis-
order in the activation energy barrier for the conformational
fluctuations of DNA hairpin-loop under different conditions.
Solid line: sample in water; dotted line: sample in 2.5 mM TE
buffer with 100 mM NaCl; dashed line: sample in 2.5 mM TE
buffer with 100 mM NaCl and 2 uM complementary strand

(T)s-

The distribution of rates can also be obtained
numerically when f # 1/2 [24,30],

p(k) = /0OC %exp [ kx — (f)ﬁcos(ﬂn)}
x sin [(%‘)ﬁsm(ﬁn)} dx. (11)

The distributions of fluctuation rates under three
different experimental conditions are shown in Fig.
2 based on the parameters (t and f§) listed in Table 1.

The sum over all possible pathways character-
ised by rate constant k gives the total probability
density distribution of state 1, P(x)

Prosa(x) = / " P k)p(k) dk, (12)

where P(x, k) is the probability density distribution
of state 1 with kinetic rate & (which can be calcu-
lated using Eqs. (3)—(7)) and p(k) is the probability
density of k (which can be derived from Eq. (10) or
an).

3. Results and discussion

Eq. (12) was used to simulate the probability
density distributions of the time fraction spent in

the open state for hairpin molecules in pure water
(Fig. 3A) and in buffer (2.5 mM Tris-HCI, 250 uM
EDTA, 100 mM NaCl) (Fig. 3B). The simplest
approximation for this open—closed transition is
that there is no acceptor fluorescence in the open
state, and no donor fluorescence in the closed
state. The ratio of fluorescence intensity of two
states can be approximated as 2 based on bulk
fluorescence spectra (data not shown). Using these
approximations the probability density distribu-
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Fig. 3. Comparison of simulated and experimental proximity
ratio distributions based on a two-state jump model. Panel (A)
and (B) show results in MiliQ water and in 2.5 mM TE buffer
with 100 mM NacCl, respectively. In panel A, all the simulations
assume p; = 0.3, By =0, P, = 1. Dark grey: simulation using
mean fluctuation rate; line hatched: simulation using f = 0.5,
7= 0.3 ms; light grey: experimental data. In panel (B), all the
simulations assume p; = 0.25, P, = 0. Dark grey: simulation
using mean fluctuation rate; line hatched: simulation using
p=0.5 t=02ms, Py =1; cross-hatched: simulation using
p=0.51=0.2ms, P, =0.5; light grey: experimental data.
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tions of time fraction x can be easily transformed
to the proximity ratio density distributions ac-
cording to P, = x/(2 — x). For convenience, we use
Eq. (10) in the numerical integration of Eq. (12) as
the  parameters are close to 1/2. Simulation re-
sults are shown in Fig. 3. Experimental single-
molecule results are also given for comparison.

In pure water, the theoretical results give rea-
sonable agreement with experiment. Distributed
kinetic rates gave better fit to the experimental
data than the mean rate. The major difference is in
the sharp density peaks observed at both ends (0
and 1) of the proximity ratio in the simulation,
these features being much broader for the experi-
mental case. This broadening of the proximity
ratio distribution may be simply due to photon
shot noise [26]. This is supported by calculation of
the standard deviation in proximity ratio based on
a random distribution of both donor and acceptor
signal, giving a standard deviation of 0.09 when
the proximity ratio is either 0.1 or 0.9 [26]. An-
other contribution to the broadening may be that
both open and closed states are actually present as
an ensemble of slightly different sub-states with
different proximity ratios.

In buffer, a significant discrepancy was found
between all-or-none two-state model and experi-
ment, indicating either another process is affecting
the experimental distribution or more complicated
fluctuation dynamics are present. The key differ-
ence is the complete absence of the population
density for high proximity ratio. This is unex-
pected as the theoretical FRET efficiency from
TMR-Cy5 pair in the completely closed state
should be close to 100%. One possibility is that
when the molecule forms rigid hairpin structure,
the donor and acceptor are brought so close that
fluorescence quenching in both donor and accep-
tor could occur [31]. However, no significant dif-
ference in the fluorescence intensity of samples in
water and in buffer is observed when the acceptor
is directly excited. Photobleaching can also be ru-
led out, as we see no change in correlation time
when the excitation laser power is increased by a
factor of 3. In fact, the hairpin structure may be
quite loose (melting temperature of the hairpin-
loop is about 12°C in 100 mM NaCl, whereas the
experiment was performed at 18°C) and the aver-

age distance between donor and acceptor exceeds
that expected from the fully closed state. For in-
stance, if the closed state has a proximity ratio of
0.5 (equal donor and acceptor fluorescence), the
proximity ratio distribution will be squeezed to
{0,0.5} according to P, = x/(3 — x). This result is
closer to, but still not an accurate description of
the experimental data (see Fig. 3B).

There are two possible mechanisms for the de-
viation from two-state modelling. For transitions
in which intermediate states are significantly pop-
ulated, the conformational distribution will be
broadened. The thermodynamics of open-to-
closed transition of the hairpin-loop shows that in
buffer/NaCl the transition is much less co-opera-
tive than that in water (unpublished results). An-
other possibility is that dynamic disorder of the
fluctuation of DNA hairpin-loop in buffer/NaCl is
significant. The dynamic distribution of the fluc-
tuation rates may be substantially averaged out in
our single-molecule measurement (0.5 ms time
resolution), resulting in a broadened proximity
ratio distribution and no sub-population can be
resolved. In principle, experiments on individual
immobilised DNA molecule can resolve both the
static disorder and dynamic disorder, and this will
be subject of our future study.

Since the two-state jump model can provide a
reasonable description of the single molecule
measurement of fluctuation of DNA hairpin-loop
in water, a compact state must exist with a sizeable
barrier connecting to the more open, random
coiled state. On this evidence alone, it is impossible
to tell if this closed state corresponds to a hairpin
structure with some base pairs intact, or it is
merely a collapsed structure (similar to molten
globule in protein), where donor and acceptor are
quite close (for example, 3 nm in distance should
correspond to 97% FRET efficiency).

In our hairpin-loop design, hydrophobic inter-
action among bases in the oligonucleotide chain, in
particular A-A stacking interaction is expected to
contribute significantly in the enthalpy of confor-
mational fluctuations. Goddard et al. [32] have
estimated the enthalpy of destacking a single A—A
pair to be ~2 kJ/mol. For poly(A) single-stranded
DNA, we expect the effective roughness of the
energy landscape to be around 6 kJ/mol (3 A-A
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pairs), this will substantially reduce the effective
intrachain diffusion coefficient. If the chain closing
process starts from different stacked conforma-
tions in the loop or the first base pair forms at
different position of the stem region of the hairpin,
static disorder will be observed; on the other hand,
if the stacked conformations interconvert quickly
and the chain diffusion rate decreases as the col-
lapse proceeds [33], then the non-exponential ki-
netics can be attributed to dynamic disorder. The
discussions above only focus on the two-state
model. More complicate models, (for example, a
three-state model, i.e. a compact collapsed state
separating the random coil state and the intact
hairpin), are possible but beyond the limited scope
of this study. We expect that further experiments
and more accurate statistical mechanical models
[14] may help to understand this issue.
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