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ABSTRACT: RNA hairpins are ubiquitous structural elements in biological RNAs, where they have the potential to regulate
RNA folding and interactions with other molecules. There are established methods for predicting the thermodynamic stability of
an RNA hairpin, but there are still relatively few detailed examinations of the kinetics of folding. Nonetheless, several recent
studies indicate that hairpin folding does not proceed via a simple two-state model. Here, we monitor fluorescence from hairpins
constructed as molecular beacons in ensemble, fluorescence correlation spectroscopy, and stopped-flow experiments to describe
the folding of RNA hairpins with long (15 nucleotide) loops. Our results show that folding of these hairpins occurs through more
than two states and that the mechanism of folding includes a fast intermediate phase observed on the tens of microseconds time
scale and a slow phase, attributed to formation of the native folded hairpin loop and stem, observed on the milliseconds time
scale. The composition of the RNA loop determines the time scale of intermediate and native folded states. Hairpins with a
polyuracil loop sequence exhibit slower relaxation of the intermediate state and faster relaxation of the native folded state when
compared to that of hairpins with cytosine or adenine in the loop. We hypothesize this composition dependence could be
attributed to nucleobase stacking in cytosine and adenine containing regions of the loop, which would be absent in hairpins
containing polyuracil loops. Such base stacking could destabilize the intermediate folds, thereby speeding the relaxation of the
intermediate relative to similar sized hairpins with no base stacking in the loop. Likewise, the lower intermediate stability could

prolong the relaxation of the native folded state.

Hairpins are secondary structure elements in RNA

molecules, formed by the nucleic acid folding on itself
to make a loop ending with a double helical region (stem).
RNA hairpins serve a great variety of functions either as
independent structural elements or as participants in tertiary
interactions. Once a hairpin has been formed, the ensemble of
possible secondary structures is constrained, so a hairpin can
serve as a selector between alternative RNA folds. Therefore, it
is important to understand dynamic as well as equilibrium
properties of RNA hairpins. On the mechanistic level, this
means knowing the nature of the folded, unfolded, and partially
folded states as well as the free energy barriers that separate
these states. There are many challenges to describing these

states, which are dependent on the sequence and length of the
loop, the stability of the stem, and alternative structures of the
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RNA, and, consequently, the folding free energy landscape of
an RNA hairpin has been described as rugged.z_6
Traditionally, thermodynamics of RNA hairpins is under-
stood in terms of a reductionist model.”® The stability of the
stem is predicted according to the nearest-neighbor interaction
model while the loop contributes a destabilizing free energy (an
empirical factor for loops shorter than 10 nucleotides, with the
notable exception of ultrastable tetraloops). The assumptions
associated with this model are that (i) there are no interactions
between the loop and the stem, (ii) the nearest neighbor model
is accurate, and (iii) sequence specific effects and interactions
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within the loop can be neglected. Despite these assumptions,
the model is a successful predictor of thermodynamic stability
of many RNA hairpins.

Kinetics of RNA and analogous DNA hairpin folding has, in
the past, been interpreted using a two-state model,”"* folded <
unfolded, which can be understood in simple terms if the initial
encounter of the 5’ and 3’ termini of the RNA strand is
followed by a rapid zippering to form the stem. In the case of
RNA hairpins, several theoretical studies'' ™" have challenged
the two-state model, suggesting that alternative secondary
structures can be important as intermediates even in rather
short RNA hairpins. Theoretical developments were further
spurred by observation of two or more relaxation phases in
several nucleic acid hairpins after a temperature jump near the
melting temperature.”>'® In the case of DNA hairpins,
evidence for multiple states and intermediates in the folding
mechanism has been obtained from recent investigations using
fluorescence correlation spectroscopy,'”™>* stopped-flow ki-
netics,”> and stopped-flow kinetics combined with temperature
jump.24

Base stacking is present in single strands of both DNA and
RNA.*® Different sequences have different stacking propen-
sities, with polyuracil showing no stacking interactions and both
polyadenine and polycytosine having stacking interactions with
large enthalpies. When these nucleotides are present in the loop
of a potential hairpin, the effect of their stacking properties on
hairpin folding is not clear. Experimental data suggest that, at
least in a short tetraloop with a two base pair stem, stackin
interactions can be responsible for folding intermediates.
While the role of base stacking in the loop on the kinetics of
larger DNA hairpins has been investigated previously,”*~*° to
our knowledge, a theory that explicitly accounts for single-
stranded base stacking in hairpin folding has not yet been
achieved.

To further investigate the effect of loop sequence on RNA
folding kinetics, we studied the thermodynamic stability and
folding kinetics of three RNA hairpins with identical four base
pair stems but different 15 nucleotide loop sequences. The
three loop sequences investigated consisted of polyuracil,
polypyridine with alternating uracil and cytosine repeats, and
the same polypyrimidine sequence with one of the cytosines
replaced with adenine. These sequences are thought to vary in
their propensity for base stacking in the loop region and their
ability to form non-native base pairing contacts. In particular,
the latter two sequences are believed to exhibit a propensity for
base stacking in the loop due to the presence of cytosine and
cytosine—adenine containing repeats, whereas the polyuracil
loop should have no propensity for base stacking. Additionally,
the hairpin with the adenine substitution in the loop exhibits a
more diverse ensemble of secondary structures compared to
that of the two polyuracil and polypyrimidine containing
hairpins (see Supporting Information Figures S1 and S2).
Hence, the role of these factors on the hairpin folding kinetics
can be explored.

To enable high-sensitivity detection of folding events, the
hairpins were labeled with a fluorophore on the 3’ end and a
quencher on the 5’ end. This detection scheme (a “molecular
beacon”) is very sensitive’’ and has been used to study folding
of DNA hairpins.'”'??******7 We employed steady-state
absorption and fluorescence spectroscopy to elucidate equili-
brium properties of the labeled RNA hairpins and fluorescence
correlation spectroscopy (FCS) and stopped-flow kinetics to
study folding dynamics.
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FCS is a technique that allows measurement of relaxation
rates of chemical reactions at equilibrium.>* When reactants are
characterized by different molecular brightness, it is possible to
analyze the fluorescence autocorrelation function and obtain
rate constants from its decay. In the hairpins studied here, there
are several conformational changes that are accompanied by
quenching and may be reflected in the correlation functions.
According to the labeling scheme used, formation of a partially
or fully folded stem brings the dye and the quencher in close
proximity, resulting in nearly complete quenching of the dye.
However, conformations of the hairpin with a frayed stem may
not all be quenched to the same extent and hence separation of
the ends without complete disruption of the stem may also be
detected as an isomerization process. In addition, fluorescence
may be quenched as a result of random encounter of the dye
with the quencher or a nucleobase, and this process can be
affected by non-native secondary structure formation. In the
following sections, we refer to all mentioned transitions among
dark and bright conformations as isomerization and develop
molecular interpretation of the observed transitions through-
out.

Since FCS experiments are carried out in solution, diffusion
of the molecules is always reflected in the autocorrelation curve
as a competing relaxation process. Therefore, from the practical
point of view, it can be hard to reliably measure both relaxation
rates, especially when they happen on the same time scale.
Two-beam flow FCS> was designed to alleviate this problem
by introducing a second probe beam and aligning the two
observation regions with the sample flow. The width of the
cross-correlation peak calculated from the two beams serves as
an independent measure of the diffusion coeflicient and hence
relaxation due to isomerization can be measured more reliably.
Because of the limitations of our FCS experiment, we can
measure relaxation times between 1 and ~250 us; we refer to
processes that happen in this time window as the fast phase.
Slower isomerization is reflected in FCS data indirectly
(through a change in the apparent number of fluorescent
molecules in the optical probe region), and we call this the slow
phase. This slow phase can be directly monitored by stopped
flow. This same strategy was employed previously to monitor
similar fast and slow phase isomerization reactions in DNA
hairpins.****

We first show that thermodynamic parameters of RNA
hairpin folding are somewhat probe-dependent, which suggests
possible deviations from a strictly two-state mechanism. Next,
we describe results of FCS experiments that also indicate a
more complex folding scheme and, in addition, show that
folding dynamics is influenced by the nucleobase sequence in
the loop. For a small population of molecules, we observe
isomerization on the submillisecond time scale. Stopped-flow
measurements reveal the slow phase of the reactions on time
scales >500 us. Our results emphasize again that RNA hairpin
folding is not two-state and provide a new interpretation of the
intermediates.

B METHODS

Experiments were carried out in 2.5 mM sodium-cacodylate
buffer (pH 7.4) containing 250 M EDTA and varying KCl
concentration (0—500 mM). All solutions were filtered through
0.45 pm Nalgene nitrocellulose filter units to remove any
contaminating proteins.

RNA Hairpins and Control Samples. We designed three
RNA hairpins that have identical stems but different loop
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sequences. These sequences are given as follows, with the stem
portion underlined: (i) polyU loop hairpin (hpU) $’-CGGUU-
UUUUUUUUUUUUUUGCCG-3/, (ii) polypyrimidine loop
hairpin (hpPy) §’-CGGUUUCCCUCCCUCCUUUGCCG-3/,
and (iii) polypyrimidine loop hairpin with a single adenine
(hpPyA) S’-CGGUUUCCCUCCCACCUUUGCCG-3'. Note
the stems consist of three Watson—Crick base pairs and one
wobble GU pair. In order to enable high-sensitivity detection of
hairpin closing, all three RNA constructs are labeled with a
fluorophore (S-TAMRA) on the 3’ end and a quencher
(dabeyl) on the S’ end. We call these constructs hpU-QF,
hpPy-QF, and hpPyA-QF, respectively. Quenching of TAMRA
by dabcyl is very efficient (99%) but is not understood at the
molecular level; the contribution of FRET is negligible with
spectral overlap being only 0.15.*'

Control sequences for the experiments include: polyU loop
hairpin without the quencher on the 5’ end (hpU-F), single-
stranded (not a hairpin) RNA consisting of 23 uracils labeled
with both dabcyl and TAMRA (ssU-QF), and single-stranded
DNA with the sequence S-TTTTTTTTTTTTTTTTTTT-
TTTG-3' labeled with TAMRA on the 3’ end (ssTGdna-F). All
nucleic acid samples used in this study were purchased from
IBA GmbH, Germany.

Absorption Measurements. Absorption spectra were
recorded on a Shimadzu UV-1800 spectrophotometer equipped
with a thermoelectrically temperature-controlled cell holder.
Melting experiments were performed on a Gilford 260
spectrophotometer equipped with a 2527 Gilford thermoprog-
rammer. Sample solutions contained 3 M RNA in buffer. All
samples were heated at 90 °C and cooled to the starting
temperature of the melt to eliminate air bubbles. The samples
were then heated at the rate of 1 °C/min while monitoring
absorbance at either 260 or 554 nm. All temperature unfolding
experiments were analyzed in terms of a two-state model with
independent linear baselines for both states.

Fluorescence Measurements. Measurements of excita-
tion spectra and fluorescence melts were carried out on an
SLM-8100 spectrofluorometer equipped with a water bath for
sample temperature control. Sample solutions contained 50 nM
RNA in buffer and varying amounts of KCl. Excitation spectra
were recorded by monitoring fluorescence at 610 nm (4 nm
excitation bandwidth, 16 nm emission bandwidth), whereas
melting curves were obtained by excitation at 555 nm and
observation at S85 nm (4 nm excitation and emission
bandwidths). All measurements were performed with polarizers
set at the magic angle to avoid polarization-dependent effects.

Stopped-Flow Measurements. Stopped-flow measure-
ments were used to observe the slow phase isomerization of the
hairpins after a mixing time of 450 us. Measurements were
carried out using an Applied Photophysics SX-20 instrument
(Surrey, United Kingdom). Sample solutions containing 70 nM
RNA hairpins in buffer were mixed with buffer solutions
containing varying concentrations of KCl in a S yL mixing cell.
Folding reactions were monitored by observing the quenching
of the TAMRA dye after the mixing time. The dye fluorescence
was excited at 547 nm (2 nm bandwidth) and observed through
a 570 nm high pass filter. Control samples consisting of
TAMRA-labeled RNA hairpins with no quencher, and blank
buffer solutions were also measured for comparison.

Dual-Beam FCS. Dual-beam FCS was used to measure the
fast phase isomerization of the hairpins on the 1—500 ys time
window. The instrument for dual-beam FCS (described in
detail elsewhere'®?%**) was modified for TAMRA excitation
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and observation. A 532 nm laser (Edmund Optics, NJ) was
used for excitation, while the emission path was modified with a
532 nm dichroic beam splitter (Zeiss, Germany) and HQSSOLP
emission filter (Chroma Technology, VT). Raw photon records
from both channels were stored on a personal computer
interfaced with a FLEX card (http://correlator.com, FLEX01-
12D). An in-house C program was used to calculate auto- and
cross-correlation functions with the desired number of points
and time resolution. The fitting range of the autocorrelation
curves was constrained to the time delay exceeding 1 us
because of the strong presence of afterpulsing for shorter time
lags.

All FCS measurements were carried out in cleaned glass
capillaries coated with poly(vinyl alcohol) as described
previously.®® Sample solutions contained 50 nM RNA in buffer
and KCl. The samples were injected into the capillaries from
glass vials treated with Sigmacote (Sigma, MO). This capillary
and sample vial treatment ensures reproducible and constant
count rates throughout the measurement.

Data Analysis. A calibration experiment with a control
sample (ssTGdna-F) allowed us to estimate separation between
the beams. Solutions of 10 nM ssTGdna-F in 20 mM KCl
buffer were studied with and without flow. The experiment in
the absence of flow measured the diffusion time of the DNA
molecules by fitting the decay of the autocorrelation curve to eq
1

-1
1 1—f+fe”® T
gA,A(T) — _#(1 + _)

Nya 1—f p (1)
where N, 5 is the apparent number of molecules in the beam,
7p is the diffusion time of the molecules, and f and 7,, are the
amplitude and the relaxation time of the triplet state,
respectively. The obtained diffusion time was then used to
analyze the cross-correlation obtained in the presence of flow.

The fitting equation

1+ =

™

2
-1 (1 — i) r?
(T) - L 1+ i e N
gA,B N Xp

A,B >

@)

has three free parameters: N,p, the number of molecules as
determined by cross-correlation; 7y, the flow time (the amount
of time it takes on average for a molecule to travel between the
beams); and r, the separation between the beams relative to the
size of the beam. The last parameter is a property of the system
and, once determined, was fixed for the rest of the
measurements. For the majority of the experiments reported
here, r = 15, which was sufficient to prevent cross-talk between
the two beams. In addition, the triplet state parameters
obtained in this experiment were fixed in subsequent data
analysis.

FCS data from other control and hairpin samples were
collected at different KCI concentrations. One FCS experiment
consists of auto- and cross-correlation functions averaged over
ten 1 min measurements. Such data set is analyzed globally so
that the autocorrelation (g, ,) and the cross-correlation (g, )
are fit simultaneously. This procedure makes full use of
diffusion information that is contained in both auto- and cross-
correlations. The data were fit to a model with a triplet state
and an isomerization reaction

DOI: 10.1021/bi5014276
Biochemistry 2015, 54, 1886—1896


http://correlator.com
http://dx.doi.org/10.1021/bi5014276

Biochemistry

1 1—-B+Be

gA,A(T) = @ 1—-B
2
_ -7/, -1 (ri)
x%(Hg] ol V)
1-f Th 1+ =
3)
1 1—B+Be o)
gA,B(T) = E,B—l "R [1 + g)
T 2 2
(-5)
exp| — T
’ @)

where B and 7, are the amplitude and the relaxation time of
the isomerization process (parameters f, 7, and r are fixed in
this fit). All parameter values reported in this article are
averaged over 5—7 FCS experiments, and the errors are
standard deviations of the mean. All fitting parameters are

tabulated in Supporting Information Tables S1—SS5.

B RESULTS

The RNA sequences investigated in this study were designed to
determine if loop composition had any effect on hairpin
folding. These 1S5 nucleotide loops are longer than most
naturally occurring RNA hairpin loops, which could be
advantageous for detection of sequence dependence. As with
all RNA strands, these sequences are capable of forming
alternative structures, which we enumerated in connectivity files
of possible secondary structures and visualized using the
UNAfold package.34 The first of these hairpins, hpU, was
shown to form few non-native basepairs, as did hpPy (Figure
Sla). The last construct, hpPyA, has many more alternative
structures (Figure S1b). The potential for the presence of an
ensemble of states must be considered in the interpretation of
our data, although the stability of many of the possible folds is
very low and they are not expected to be highly populated.
Equilibrium Thermodynamics. The first question we
shall address is how the sequence of the loop affects stability of
the designed hairpins. The standard way to determine
equilibrium thermodynamic parameters of a hairpin is to
perform a thermal melting experiment while monitoring the
transition to the unfolded structure by measuring absorbance at
260 nm. Since these hairpins are labeled, TAMRA fluorescence
can also report on stem melting. Finally, it is known®" that the
absorption spectrum of TAMRA is affected by proximity to the
quencher, so its absorbance also reports on the transition.
The temperature dependence of TAMRA absorption in the
context of hpU-QF is shown in Figure 1, where the changes
observed in the spectra are very similar to what was previously
reported for molecular beacons.>" The presence of an isosbestic
point (509 nm) indicates that there are two populations of
RNA structures in solution in this temperature range. There is
no change in the shape of the excitation spectrum of the hairpin
for a wide range of salt concentrations (0—500 mM KCl) at 45
°C, whereas the fluorescence intensity changes more than 10-
fold (Figure S2). The melting temperature of the hairpin varies
between 25 and 60 °C across this range (Figure S4) so that the
hairpin is unfolded at 0 mM and folded at 500 mM KCL
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Absorption, A.U.
Fluorescence

0.0

500
Wavelength, nm

Figure 1. Absorption and excitation properties of 2 yuM hpU-QF in 0
mM KCl buffer (2.5 mM sodium cacodylate, pH 7.4, 250 uM EDTA).
Four absorption spectra of the hairpin for 10, 20, 30, and 40 °C are
shown (lines). The excitation spectrum recorded at 40 °C is shown in
black circles.

Therefore, we conclude that the excitation spectrum of the
hairpin is not affected by its folding state.

Thermal denaturation profiles of hpU-QF depend on the
monitored probe. The results of the melting experiments are
summarized in Table 1, and examples of raw data are presented
in Figure S3. The trends are identical for all three hairpins: the
melting temperature depends on the spectroscopic signal used
to monitor melting, whereas the enthalpy of transition remains
unaffected (within error). The difference between T,, (A,4)
and T,, (Asq,) is small (approximately 2 °C) but nevertheless
exceeds experimental error in all cases, whereas the melting
temperature determined by fluorescence is substantially (S °C)
lower. The dependence of the melting temperature on the
spectroscopic signal used to monitor the unfolding transition
suggests that hairpin unfolding is not a two-state process. Since
the melting temperature determined by TAMRA fluorescence
and 554 nm absorption is different, these experiments are likely
reporting on two different events or different states of the RNA.
The absorbance spectra (Figure 1) show that two states are
present during the unfolding process, but other state(s) with
different spectral properties may also be present. Similar results
were obtained by Xu et al.** by monitoring absorption and
fluorescence of 2-aminopurine in the stem of a hairpin, and
structural conclusions were drawn based on the known
properties of the probe. Unfortunately, there is insufficient
information about spectral properties of the dabcyl-TAMRA
complex, so we are unable to provide structural interpretation
of our results.

The three hairpins have similar melting temperatures and
enthalpies, as reported by the same spectroscopic probe (Table
1). This result was further tested by melting experiments with
fluorescence detection at several salt concentrations. In all
cases, the difference in the melting temperature among the
three hairpins was not significant (Figure S4). While stacking in
the loop is known to lower the melting temperature,””** we did
not observe this effect in the hairpins studied.

Kinetic Measurements by FCS and Stopped Flow.
Analysis of hairpin folding by two-beam flow FCS provides
access to submillisecond isomerization rates at equilibrium. An
example of data from the two-beam experiment is shown in
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Table 1. Thermodynamic Parameters of Hairpin Folding in a Buffer with 100 mM KCI*

Ty °C AH, keal/mol
hairpin Ay Aggy fluor. Ay Aggy fluor.
hpU-QF 8.6 +14 55.4 +04 49.9 +0.5 —453 +73 —42.8 +23 -433 +23
—-14 —0.4 —0.6 -85 =25 2.4
hpPy-QF 56.3 +0.8 55.0 +0.3 50.9 +0.6 —44.9 +S.1 —42.0 +2.2 —41.2 +2.1
-0.8 -0.3 —0.6 —5.8 -1.6 -22
hpPyA-QF 56.1 +1.0 54.4 +0.4 494 +0.6 —37.8 +4.6 —-37.9 +1.7 —38.2 +1.9
-1.0 —-04 -0.5 =52 -1.8 -19

“Absorbance (260 and 554 nm) and fluorescence experiments were used to monitor the transition.

unfolding curves to a two-state model with linear baselines.

Enthalpy was calculated from fitting the

Figure 2, where autocorrelation functions obtained with hpU-
QF samples are plotted for several salt concentrations (0, 20,

0.2
C
R
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L@
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o
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510
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Figure 2. Autocorrelation functions (upper panel) measured from
flowing 40 nM hpU-QF solution at different KCI concentrations are
plotted in circles (blue, 0 mM; red, 20 mM; green, 100 mM; black, S00
mM KCl) with corresponding cross-correlations shown in the lower
panel. The dashed curves are autocorrelation decays due to diffusion
and flow only.

100, and 500 mM) and the corresponding cross-correlation
functions are shown in the lower panel on the same time scale.
Global analysis of auto- and cross-correlations extracts the
contribution of diffusion and flow to the autocorrelation
functions; these contributions were calculated and plotted as
dashed lines in Figure 2. In the absence of other processes, the
calculated and measured autocorrelations should be identical,
but for these hairpins, there are clear differences. We propose
that the experimental data includes contributions from triplet
state formation of the fluorophore (~4 us) and hairpin
isomerization (20—200 us).

Several features of the hpU-QF hairpin can be deduced by
close inspection of the correlation data. The amplitude of the
cross-correlation (Figure 2, lower panel) is higher for higher
salt concentrations, indicating that the number of fluorescent
molecules in the optical probe region is reduced. The results of
control experiments discussed in the next section give us
confidence that the hairpin molecules are still present in
solution but are undetectable since they are quenched. These
molecules must be characterized by a slow isomerization rate:
they adopt conformations that do not relax on the submilli-
second time scale of the FCS experiment. Therefore, we
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observe, although indirectly, a slow phase in hairpin isomer-
ization. At the same time, we directly measure a fast
isomerization reaction through the decay of the autocorrela-
tions on the 20—200 ps time scale (Figure 2, upper panel).

The slow phase evident in the FCS data can be observed
directly using stopped-flow mixing, in which RNA hairpins in
solutions of low ionic strength are mixed with solutions
containing different concentrations of KCI to induce folding.
Figure 3 shows the stopped flow mixing data for hpU-QF
(Figure 3a), hpPyA-QF (Figure 3b), and hpPy-QF (Figure 3c)
RNA hairpins. Mixing with KCI induced formation of the
folded native RNA hairpins, which could be monitored by
observing the quenching of the TAMRA dye as a function of
time. Control samples containing only the blank buffer are also
shown for comparison. A slow reaction phase >1 ms is clearly
evident for all RNA hairpin samples at the lower KCI
concentrations. The relaxation time decreases with increasing
salt concentration such that the slow phase is no longer evident
for the hpU-QF hairpin for KCI concentrations above 50 mM.
However, for the hpPy-QF and hpPyA-QF hairpins, slow
folding can be observed for KCl concentrations up to 100 mM.
Due to the limitations of our FCS and stopped-flow
experiments, there is a time window between ~250 and 500
us that is inaccessible to both experiments. For hpU-QF
isomerization in KCI above 50 mM and hpPy-QF and hpPyA-
QF in KCl above 100 mM, it appears that the slow phase of the
reaction occurs within this inaccessible time window.

Our FCS and stopped-flow kinetics observations are
sufficient to show that folding in these RNA hairpins is not a
two-state process. Rather, there is a small population of
molecules that undergo fast isomerization on a submillisecond
time scale, whereas, at the same time, there is a substantial
population of molecules with slower dynamics on time scales
>1 ms. Hence, at least three states are necessary to describe the
data.

Hairpin Kinetics in the Presence of KCl for Different
Loop Sequences. A more quantitative analysis of FCS and
stopped-flow data from several RNA hairpins collected at
several KCl concentrations reveals the effect of loop
composition on hairpin folding. We begin with a discussion
of the FCS data. As evidenced by the reduction in the number
of molecules with salt concentration probed by FCS (Figure
4a), the slow phase is present in all hairpins, regardless of the
loop composition; molecular brightness is similar in all cases
(Figure 4b). However, parameters of the fast phase (observed
directly in the autocorrelation functions) are different. While
the hpU-QF displays a fast decay with a maximum of 200 ys at
10 mM KCl (Figure 4d), the decay rates for hpPy-QF and
hpPyA-QF are more rapid. The loop sequences of hpPy and
hpPyA contain clusters of uracils and cytosines, in contrast to
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Figure 3. Stopped-flow kinetics data for 70 nM (a) hpU-QF, (b)
hpPyA-QF, and (c) hpPy-QF RNA hairpins after mixing to form
solutions containing final concentrations of 0 (red), S (blue), 10
(cyan), 25 (violet), SO (gold), 100 (navy), and 500 (brown) mM KCl.
The pink curves show the background fluorescence of the blank buffer
solution.

that for hpU, which has only uracils. Uracils have little or no
propensity to stack, whereas cystosine and adenosine prefer
stacked arrangements. hpPy-QF and hpPyA-QF have com-
parable isomerization rates that are faster than hpU-QF. Since
hpPy and hpPyA rates are so similar, we suggest the alternative
base-pairing schemes predicted for these structures may not
serve a prominent role in the folding kinetics of these hairpins.
Instead, we are left with the loop composition as the main
contributing element for rapid isomerization.

The amplitudes of the fast isomerization component,
reflecting the fraction of molecules in the sample undergoing
fast isomerization, are small for all salt concentrations and never
exceed 20% (Figure 4c). This result is in contrast to DNA
hairpin  studies where large amplitudes were measured,”
suggesting that the RNA hairpins studied here have a greater
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preference for their native conformations compared to that of
the DNA hairpins studied previously.

Whereas the intermediate isomerization reactions probed by
FCS reveal faster kinetics for the RNA hairpins with cytosine
and adenine in the loop, the stopped-flow kinetics data reveals
the opposite trend for the slow isomerization. As shown in
Figure S, the relaxation time for hpU-QF is below 2 ms in §
mM KCl and falls below the mixing time for KCI
concentrations above 25 mM. By contrast, both hpPy-QF
and hpPyA-QF show relaxation times above or near 2 ms up to
100 mM KCl (see Supporting Information Table S6). Hence,
the isomerization reaction probed by the stopped-flow
experiment occurs much slower for the hairpins containing
cytosine and adenine in the loop.

Results of Control Experiments and Mechanisms of
Quenching. FCS experiments with the control DNA construct
(ssTGdna-F) confirm that quenching is not simply a
consequence of the increased salt concentration, since both
the number of molecules and the brightness are constant
(Figure 6a,b). Just as expected, ssTGdna-F does not exhibit
meaningful isomerization times; instead, all data can be well-
described by the model with the fast relaxing (~4 us) triplet
state only.

The results obtained with the single-stranded doubly labeled
RNA (ssU-QF) reveal the contribution of random encounters
between TAMRA and dabcyl to quenching of fluorescence.
This process is fast (it is not observed directly in either auto- or
cross-correlations, data not shown) and hence does not
influence the apparent number of molecules (Figure 6a).
Brightness per molecule, however, is reduced (Figure 6b),
indicating that quenching takes place and is more efficient at
higher salt concentration. We conclude that quenching by
random encounter is too fast (1 us or faster) to be observed in
our FCS experiment and hence it does not contribute to
isomerization phases observed with the RNA hairpins.

The RNA hairpin without the quencher (hpU-F) exhibits a
fast isomerization phase but shows no presence of a slow phase.
As shown in Figure 6a, the number of molecules for hpU-F is
constant for all KCI concentrations. Therefore, the slow phase
observed in doubly labeled hairpins must be due to dabcyl-
dependent quenching. The brightness per molecule of hpU-F
remains nearly constant (Figure 6b), showing that closing of
the hairpin has little effect on TAMRA fluorescence in the
absence of the quencher. However, we observed a fast phase in
the autocorrelations of hpU-F. We interpret this reaction as
dynamics of the RNA chain, which results in TAMRA
quenching by guanines. Notably, parameters of the fast
isomerization reaction are different for hpU-F and hpU-QF
(Figure 6¢,d). It should be remembered that populations of
observed molecules are very different in these two cases, and
quenching by dabcyl certainly dominates detectable isomer-
ization reactions. In all doubly labeled hairpins, autocorrelations
decay much faster at high salt concentrations, an effect that is
not observed with hpU-F.

The absolute values of molecular brightness are different for
all four constructs shown in Figure 6b. One likely cause is
quenching of the fluorophore by nucleotides, either through
stacking or by collision. Guanosine in particular is known to
quench fluorophores when they stack with it, such as in the
ssTGdna-F construct. The ssU-QF RNA has no guanosines,
and its molecular brightness is greatest, consistent with an
absence of stacking by uridines. The observation that brightness
in the hairpin is reproducibly higher in the presence of
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quencher (hpU-QF and hpU-F) seems somewhat anomalous;
however, once the hairpin is folded, TAMRA fluorescence is
fully quenched only in hpU-QF.

B DISCUSSION

This investigation into the stability and folding dynamics for
three RNA hairpins as a function of KCI concentration provides
new information on the parameters that control folding. An
important result of our studies is that folding in these hairpins is
not a two-state process when viewed from the perspective of
5'=3" end contact formation. The first piece of evidence that
supports this conclusion comes from the fact that the melting
temperature depends on the spectroscopic signal that is used to
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monitor unfolding. The results of FCS experiments lend further
support to this interpretation. In all hairpins, we observe a
dramatic reduction in the apparent number of molecules for
increasing salt concentration. We attribute this loss to
isomerization of the hairpins that is too slow to be observed
by FCS directly, but it was observed in subsequent stopped-
flow experiments. Therefore, there are two kinetic steps and at
least three states in hairpin folding.

These results are in general agreement with earlier FCS
studies by the same method'”*° that found three populations in
analogous DNA hairpins; one population was characterized by
a slow isomerization time not directly accessible by FCS. This
slow isomerization reaction was subsequently observed directly
by stopped flow.”® In a more recent FCS study, both the fast
and slow isomerization reactions were observed in the same
experiment using a new FCS technique termed diffusion-
decelerated FCS.**> While the results presented here are
qualitatively very similar, the RNA hairpins display a broader
range of relaxation times and smaller amplitudes for the faster
isomerization.

What is the nature of the fast and slow isomerization phases
in the RNA hairpins studied here, and why do the relaxation
times for the hpPy-QF and hpPyA-QF hairpins appear to be
faster in the FCS measurements and slower in the stopped-flow
measurements compared to hpU-QF hairpins? While it is hard
to draw conclusions about these processes based solely on the
behavior of attached fluorescent dye and quencher groups, we
have shown that these processes are dabcyl-dependent and
hence must correspond to RNA chain dynamics that brings the
dye and the quencher in direct contact. The fact there are no
discernible differences in the behavior of hpPy-QF and hpPyA-
QF suggests the presence of alternative intermediate states,

DOI: 10.1021/bi5014276
Biochemistry 2015, 54, 1886—1896


http://dx.doi.org/10.1021/bi5014276

Biochemistry

Number of Molecules

0.3

1 )|
?/ /I———{—/ [\ /}“_:
73

7 T

100

10
[KCI], mM

Isomerization amplitude

Molecular Brightness

.
3x10% b
-
2x104
1x10% o~
N \-.———o_o—h.\.'__‘
\,—“‘._ o . O )
0'—7—/‘ T T
0 100

100

10
[KCI], mM

Figure 6. Comparison of the hairpin (hpU-QF) to the control samples: (a) number of molecules normalized by the average fluorescence, (b)
brightness per molecule, (c) amplitude of the fast isomerization, and (d) time constant of the fast isomerization (@, hpU-QF; O, hpU-F; W, ssU-QF;

O, ssTGdna-F).

such as those presented in Figures S1 and S2,** likely do not
play a prominent role in the folding mechanism under the
reaction conditions considered here. However, both sequences
are thought to undergo base stacking in the loop region.
Therefore, we hypothesize that base stacking in the loop of
hpPy-QF and hpPyA-QF hairpins may be the dominant factor
behind the observed differences.

The effect of stacking on DNA hairpin folding was
investigated previously by Shen et al.*® using laser-induced
temperature jump and by Goddard et al.>” and Wallace et al.*’
using FCS. These studies focused on short-stem DNA hairpins
with large polyA loops in which base stacking was thought to be
present. More recently, Mosayebi et al. examined similar DNA
sequences using a coarse-grained molecular modeling approach
to investigate stacking in the loop and its effect on the kinetics
of loop closing.30 In general, these studies considered the
hairpin folding reaction as a two-state process and found
stacking in the loop slows the loop closing kinetics relative to
loop sequences with reduced propensity for stacking.

For the present study, we suggest the fast isomerization
phases for all hairpins observed in our FCS experiments
correspond to the reversible formation of a quenched or
partially quenched intermediate state with a folded loop and a
partially or incorrectly base-paired stem. The observed
relaxation times, therefore, depend on the rates of folding
and unfolding of the loop and formation and disruption of the
base pairs in the stem. The time scale for these processes
(~20—200 ps) is consistent with previous studies of DNA
hairpins in which laser-induced temperature jump,”**¢ FCS,'°
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and related techniques were used to observe relaxation times
attributed to the formation of stable DNA hairpin loops.

The rate of the fast isomerization reaction is enhanced by the
presence of cytosine and adenine in the loop. Relaxation times
for hpU-QF ranged from ~100 to 200 us, whereas faster
relaxation times of ~20—70 us were observed for hpPy-QF and
hpPyA-QF. To further investigate this fast isomerization
process of our RNA hairpins, we estimate the respective
contributions from the forward and reverse reactions to the
overall relaxation rate. The overall RNA folding reaction is
represented by the reaction scheme

kK
U=I=N
ke, ko,

(Scheme 1)

Here, U represents RNA molecules in the unfolded state, I is
a folded intermediate, and N is the native folded RNA. The
reaction U = I is the fast isomerization reaction observed in
our FCS experiments. The forward direction of this reaction
represents loop closure and formation of the intermediate base
pairs, and the reverse direction represents dissociation of the
intermediate base pairs and loop opening. The relaxation time
of the fast isomerization, 7, is related to the forward and
reverse rate constants, k; and k_j;, by the equation

1
— =k +k,

iso

©)

Also, the equilibrium constant for the intermediate reaction is
given by K., = k;/k_;. The contributions of the forward and
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reverse reactions to T, are thus obtained from K and 7.
Assuming the intermediate state is nonfluorescent, we can

estimate K, from the correlation amplitude using

B
K. =
4 1-B

(6)

As a representative example, we consider the FCS data for
the three RNA hairpin samples in 20 mM KCl. Under these
conditions, our FCS analysis of the fast isomerization reaction
reveals 7;,, = 136, 47.4, and 47.8 us and B = 0.152, 0.073, and
0.074 for hpU-QF, hpPy-QF, and hpPyA-QF, respectively (see
Tables S4 and S5). From eq 6, we obtain K., = 0.18 for hpU-
QF and K, = 0.079 for hpPy-QF and hpPyA-QF. Therefore,
for hpU-QF, k; = 1.1 X 10* s7' and k_, = 6.2 X 10 s™". For
hpPy-QF and hpPyA-QF, k; = 1.5 X 10* s™' and k_; = 1.9 X
10* s7%. The closing rates (k) are similar for all three hairpins,
whereas the opening rates (k_;) are much faster for hpPy-QF
and hpPyA-QF than that for hpU-QF. This difference in
opening rates is the dominant factor influencing the observed
changes in relaxation time with sequence in our study. Similar
calculations lead to qualitatively similar conclusions for samples
with KCI concentrations between 10 and 100 mM. The
presence of cytosine and adenine in the hpPy-QF and hpPyA-
QF hairpin loops enhances the formation rate of the
intermediate state to a small extent and the intermediate
opening rate to a much larger extent. The larger opening rates
suggest the intermediate states of the hpPy-QF and hpPyA-QF
hairpins are less stable than those of the hpU-QF hairpins. We
hypothesize that because the hpPy-QF and hpPyA-QF loops
may have a greater propensity for base stacking, this base
stacking may exert a sort of tension on the base pairs of the
hpPy-QF and hpPyA-QF intermediate states, thus destabilizing
the intermediates and increasing their opening rate.

We attribute the slow isomerization phases observed in our
stopped-flow experiments to the formation of the natively
folded hairpins (state N in Scheme 1) with the correctly base-
paired stems. Similar prolonged relaxation times for analogous
DNA hairpins folding into their native conformations have
been observed previousl_?r using such techniques as single
molecule fluorescence,>”*® optical trapping,*”*° stopped
flow,”>***! and FCS.**

For the RNA hairpins studied here, there is a dramatic
difference in the slow isomerization rates for hairpins hpPy-QF
amd hpPyA-QF compared to that for hairpin hpU-QF, such
that the former hairpins exhibit greatly prolonged relaxation
times compared to the latter. Furthermore, there is an
interesting inverse relationship between the relaxation times
of the fast and slow isomerization phases wherein faster
relaxation of the intermediate coincides with slower relaxation
of the native hairpin structure and vise versa. To interpret these
observations, we suggest formation of the intermediate states
observed in our FCS experiments may enhance folding of the
native structure because these intermediates occupy regions of
the folding free energy landscape near transition states between
unfolded conformations (state U) and native folded con-
formations (state N). This idea is consistent with the fact that
the intermediate (state I) must correspond to a state in which
the dye and quencher are in close proximity with terminal base
pairs at or near their native contacts. Accordingly, the stability
of these intermediates may be important in governing the rate
at which the native structure can form. When the intermediate
state is more stable, the RNA structure is held in a position
close to the transition state for a longer time, increasing the

1894

probability that all the native base-pair contacts will form before
the intermediate base pairs can dissociate. Intermediates with
lower stability are more likely to denature to unfolded state U
before the native contacts can form. As we have suggested
previously, the hpPy-QF and hpPyA-QF hairpins exhibit lower
stability of their intermediates, leading to shorter intermediate
lifetimes for these hairpins. These shorter intermediate
lifetimes, in turn, may prolong the formation of the native
hairpin. In the case of hpU-QF hairpins, the intermediate is
more stable, which could explain why relaxation of the native
hairpin occurs more rapidly.

The above interpretation is consistent with statistical
mechanics modeling of different RNA hairpin structures
reported by Zhang et al.'">'* While this modeling does not
specifically address base stacking, it underscores the important
role of reaction intermediates in the kinetics of RNA hairpin
formation. According to this modeling, reaction intermediates
can enhance or slow the rate of folding, depending on whether
they contain incorrect, off-path base pairings or native, on-path
base pairings. When the intermediates contain on-path base
pairings, as we suggest is the case for our RNA hairpins, the
more stable the intermediates, the more the folding rate is
enhanced, consistent with the observations reported here. The
main factors investigated in this modeling regarding their effects
on intermediate stability include the temperature of the
solution relative to the melting temperature of the hairpin
and the salt concentration. The present study suggests the
propensity for base stacking in single-stranded regions may be
an additional factor that should be addressed in future
modeling of RNA folding kinetics.

What is particularly interesting about these RNA hairpin
experiments is that the differences in stacking propensity of
these pyrimidine loop sequences might at first seem
inconsequential. Since all loops contain a preponderance of
uridines that do not stack with other bases, they might be
expected to dominate the behavior of the hairpins. Clearly,
however, the presence of the interspersed cytosines alters the
loop properties. While a more dramatic demonstration of the
contribution of stacking to hairpin folding may certainly be
seen in a comparison of hpU and hpA molecules (analogous to
the DNA hairpins®’ ~>°), our RNA sequences represent typical
polypyrimidine tracts observed in gene regulation sites. Their
different properties could be important for interactions with
other RNAs and with proteins.

With the realization that folding in nucleic acid hairpins is
not a two-state process comes the need for a broader range of
experimental techniques and probes that monitor folding. One
problem that arises from this fact is structural interpretation of
the results. We observe a change in the rate of fast
isomerization as a function of salt, but we do not know if we
are monitoring the same process at all salt concentrations. It is
possible that multiple isomerization events change their rates
and move in or out of the FCS time window. FCS experiments
are also limited in the kinds of probes that are used to elucidate
structure, and they usually require two probes for measuring
proximity. With the labeling scheme used here, end contacts are
detected, but events in the loop and loop—stem interactions
remain largely unnoticed. Certainly, the RNA hairpin folding
problem will benefit from concerted application of different
probes and techniques. These data are important for
predictions of co-transcriptional RNA folding, where folding
kinetics can determine the functional structure of the RNA.
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