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Abstract
An RNA kissing complex formed by the dimerization initiation site (DIS) plays a critical role in the
survival and infectivity of HIV virus. Two DIS kissing sequences, Mal and Lai, have been found in
most HIV-1 variants. Formation and stability of these RNA kissing complexes depend crucially on
cationic conditions, particularly Mg2+. Using optical tweezers, we investigated the mechanical
unfolding of single RNA molecules with either Mal-type (GUGCAC) or Lai-type (GCGCGC) kissing
complexes under various ionic conditions. The force required to disrupt the kissing interaction of the
two structures, the rip force, is sensitive to concentrations of KCl and MgCl2; addition of 3 mM
MgCl2 to 100 mM KCl changes the rip force of Mal from 21±4 pN to 46±3 pN. From the rip force
distribution, the kinetics of breaking the kissing interaction is calculated as a function of force and
cation concentration. The two kissing complexes have distinct unfolding transition states, as shown
by different values of ΔX‡, the distance from the folded structure to the unfolding transition state.
ΔX‡ of Mal is ~0.6 nm smaller than that of Lai suggesting that fewer kissing base pairs are broken
at the transition state of the former, consistent with observations that the Lai-type kissing complex
is more stable and requires significantly more force to unfold than the Mal-type. Importantly, neither
K+ nor Mg2+ significantly changes the position of the transition state along the reaction coordinate.
However, increasing concentrations of cations increase the kinetic barrier. We derived a cation
specific parameter, m, to describe how the height of the kinetic barrier depends on the concentration
of cations. Our results suggest that Mg2+ greatly slows down the unfolding of the kissing complex,
but has moderate effects on the formation kinetics of the structure.
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Introduction
The majority of retroviral particles contain two copies of their viral genomic RNAs.1; 2 In
human immunodeficiency virus 1 (HIV-1), dimerization of viral RNA greatly enhances
recombination during reverse transcription, contributing to the hypermutation in the viral
genome.3; 4 The crucial site to initiate such dimerization lies in the 5′-untranslated region
(UTR) of the viral RNA, known as the dimerization initiation site (DIS).3 The DIS of HIV-1
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is made up of a single hairpin with a loop containing a palindromic sequence.5; 6 DIS hairpins
from two viral RNAs can form a kissing complex by base pairing the loop nucleotides.7; 8
Once packaged into a single viral particle, this initial viral RNA dimer can evolve into a mature
dimer with multiple interactions between the two strands.1–3; 9 Formation of the initial dimer
is critical for viral survival, as evidenced by the fact that mutations in the loop sequence of the
DIS hairpin results in significant reduction in viral replication, RNA packaging, reverse
transcription and infectivity.1

The 9-nucleotide apical loop of the HIV-1 DIS hairpin contains a 6-nucleotide palindromic
sequence capable of forming tertiary kissing base pairs with its counterpart (Figure 1a). This
palindromic sequence is highly conserved.4 Out of a total of 64 possible combinations of
palindromic hexanucleotides, there are only two sequences commonly found in HIV-1 strains:
GUGCAC and GCGCGC. The former was first discovered in the Mal isolate and the latter in
the Lai isolate. The Mal DIS kissing sequence is conserved in clades A, C, F, G and H of the
M (major) group HIV-1 as well as in the O (outlying) group virus.10 The Lai DIS kissing
sequence is conserved in clades B and D of the M group virus. Conservation of the DIS kissing
sequence is surprising at first glance since classification of clades in the M group is solely
based on the sequence of the envelope (env) gene, which is distally located downstream of the
DIS hairpin. This observation reemphasizes the crucial role of the DIS kissing complex in the
dimerization of viral RNA. Since a single copy of the viral RNA is much less likely to be
packaged and to be infective, only dimerized RNAs can pass mutations to the next generation.
Consistent with this hypothesis, matching of the DIS kissing sequences, i.e. pairing Mal with
Mal or Lai with Lai, appears to be a major restriction for intersubtype recombination of viral
genomes.11

The two DIS kissing complexes are structurally similar. In all crystal structures 12–15 and recent
NMR solution structures,16; 17 the two hairpins in the kissing complexes are positioned so that
the A-form helices of the hairpin stems are in nearly perfect co-axial stacking. The palindromic
hexanucleotides from the two hairpin loops form a segment of a right-handed A-form helix.
Between the kissing base pairs and the hairpin stem, the six unpaired nucleotides can adopt
several conformations depending on the sequence and crystallographic/solution condition.
However, an early NMR structure showed that the Lai type kissing complex was bent and the
kissing base pairs were distorted from A-form geometry seen in the crystal structure.18 The
structural polymorphism could reflect the dynamics of DIS kissing complexes in solution.

Energetics of kissing base pairs and especially their salt dependence are significantly different
from those of secondary structures.19; 20 The Lai DIS kissing complex is formed by six G•C
base pairs whereas that of Mal contains four G•C and two A•U base pairs. Based on GC
percentage of the kissing base pairs, one would predict that the Lai type kissing complex is
more stable than the Mal. However, stabilities of the two structures depend differently on
Mg2+ ion.19–22 In the absence of divalent cations (with ~300 mM KCl), the Lai kissing complex
is significantly more stable than Mal. However, in the presence of 5 mM Mg2+, both kissing
complexes show similar Kd in the nM range.21 Consistently, the crystal structure of the Mal
kissing complex reveals a bound Mg2+ ion unseen in the structure of the Lai kissing complex;
this was hypothesized to contribute to the difference in cation dependence.12

Mg2+ effects on non-catalytic RNA structures are commonly examined by thermal melting or
calorimetry.23 However, Mg2+ ions catalyze hydrolysis of RNA at elevated temperatures, and
the two HIV DIS kissing complexes are very stable structures that require nearly boiling
temperature to be disrupted in high concentrations of Mg2+.20 Moreover, these techniques are
best at studying thermodynamic effects of Mg2+ on RNA stability; it is usually difficult and
costly to study kinetics of folding. Optical tweezers provides a practical way to apply force to
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a single RNA molecule and monitor its structural change in real time. Here, we used this new
technique to probe the dissociation of the DIS kissing complexes.

Results
Experimental design

Previously we investigated the mechanical unfolding of a minimal kissing complex containing
only two kissing base pairs derived from Maloney Murine Leukemia Virus (MMLV).24 Here
we followed the same experimental design to study the HIV DIS kissing complexes, in which
an intramolecular DIS kissing complex is flanked by two double-stranded DNA/RNA (dsDNA/
RNA) handles (Figure 1b). The two handles are chemically modified at their ends allowing
the RNA and handles to be tethered between a pair of micron-size beads through affinity
interactions.25 The long DNA/RNA handles (1.2 and 1.3 kb, respectively) separate the two
beads by almost 1 μm to minimize the surface effect of the beads on the kissing structure.24–
32 The entire system is assembled in a flow chamber, in which one bead is held by a force-
measuring laser trap and the other bead is on the tip of a nano-manipulator driven micropipette
(Figure S1).33

Each DIS kissing complex consists of two hairpins linked with 60 uracil nucleotides (Figure
1b). The single-stranded linker is designed so that the kissing complex can be pulled and relaxed
multiple times. Each hairpin has an 18 base pair stem and a 9-nucleotide loop, either Mal or
Lai type. The stems have the native sequences, except that a few G•U mismatches were
engineered into different positions of each stem (Figure S2) to prevent alternative folding. The
two hairpins are predicted to have similar stabilities by Mfold.34

Pulling/relaxation patterns of kissing complexes in low ionic strength
In a pulling experiment, a single RNA molecule is repeatedly stretched and relaxed as the force
and extension of the molecule are recorded as a function of time.24–32 dsDNA/RNA handles
display worm-like-chain non-linear elasticity similar to dsDNA.35; 36 As the handles are
extended, force increases monotonically with extension (Figure 2). Single-step unfolding of
secondary and tertiary structures is indicated by “rips” in the force-extension curves, displaying
a negative slope distinct from the stretching of the handles. When force is relaxed, extension
of the handles decreases smoothly, however refolding of the RNA single strand is shown by
“zips”, characterized also by a negative slope, in the force-extension curve that abruptly shorten
the extension. The negative slope of rips and zips reflects movement of the trapped bead in the
laser trap as extension of the molecule changes during unfolding/refolding; the magnitude of
this slope corresponds to the spring constant of the trap.37 We defined the unfolding/rip force
as the force where rupture of the structure starts, and the zip force as the force where refolding
begins. In unfolding, ΔX, the change in the end-to-end distance of the molecule at the rip force,
reflects the number of single-stranded nucleotides released from folded structures. In refolding,
ΔX is defined as the decrease in the extension of the molecule at the zip force.

We repeatedly pulled and relaxed single molecules of the Mal-type kissing complex between
0.5 pN and 30 pN at a fixed rate of ~5 pN/s in 100 mM KCl pH 8.0 at 22 °C. Unfolding force-
extension curves show either three, two or one rips (Figure 2 a–c). 12% of unfolding trajectories
show three-step unfolding, each with ΔX of ~15 nm; 15% have 2 rips, the first rip bigger than
the second one; the remainder of unfolding events show a single, big rip. Noticeably, the rip
force of the first transition is about 10 pN in the three-step unfolding, between 15 and 20 pN
in the two-step unfolding, and mostly over 20 pN in the single-step unfolding (Figure 3). All
refolding trajectories display two zips that mainly occur between 10 and 18 pN.
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Similar mechanical unfolding/refolding patterns were observed in the MMLV kissing complex,
albeit transitions occur at different forces.24 Using a series of mutant molecules and
nanomanipulation methods, we proved that in the MMLV kissing complex, the first unfolding
step is always disruption of the kissing interaction (“unkiss”); and that when the unkiss occur
at forces higher than the transition forces of the hairpins, breaking of the kiss becomes rate-
limiting (Figure S3). On refolding of the MMLV kissing complex, the two hairpins fold first,
followed by formation of the kiss at lower force. Hierarchical mechanical unfolding and
refolding was also observed in an adenine riboswitch which contains a kissing complex.38

We did a series of experiments to test whether the Mal-type kissing complex follows the same
unfolding/folding pathways and to rule out the possibility that the first transition is unfolding
of one hairpin. First, we pulled individual hairpins. Transition forces and ΔX of individual
hairpins are consistent with those of the second and third transitions in the three-step unfolding
as well as the second transition in the two-step unfolding (data not shown). Second, values of
ΔX of all observed transitions are consistent with our hypothesis and the structural model. As
transitions occur at various forces, we modeled the force-ΔX relationship for unfolding and
refolding using a worm-like-chain model (Figure S4).35 Figure 3 shows the force-extension
relationship of the unfolding transitions: disruption of the kissing interaction or “unkiss” only
(red curve); double-transition or breaking of kissing and one of the hairpins together (blue
curve); and unfolding of the entire RNA into a single strand in a single step (green curve).
Values of experimentally observed first transitions (dots, colored according to type of the
transition) fit reasonably well with our model. Third, Figure 3 also shows a wide distribution
of the first unfolding forces (7–30 pN) indicating that the rate constant of breaking the kissing
interaction is relatively force insensitive. In contrast, both hairpins unfold and refold within a
5 pN force range. Most importantly, in all observed traces, hairpins were always unfolded
before the force reached 20 pN confirming that the high rip forces represent the breaking of
the kiss. Fourth, we did a “force-jump” experiment 28 in which force is rapidly raised from 1
pN to above 25 pN and kept constant (Figure S5). Hairpins are unstable at such forces and their
lifetimes are estimated to be much less than 1 millisecond. Yet the entire structure was intact
for seconds followed by a single-step unfolding that increased the extension by ~60 nm. Once
unfolded, the RNA remained as a single strand for up to 5 minutes. Only when force is
subsequently lowered below 18 pN, does refolding and unfolding of hairpins start to appear
(Figure S6). Therefore, as in the MMLV kissing complex, at forces higher than the transition
forces of the hairpins, the kissing interaction protects the hairpins from unfolding and the unkiss
becomes the rate-limiting first step in unfolding. We thus conclude that the Mal-type kissing
complex unfolds by a single pathway, despite different force-extension patterns.

We interpret the two zips in the refolding trajectories as the refolding of the hairpins (Figure
2 a–c). Kissing is likely to occur at low force at which ΔX is too small to be visible in the force-
extension curve. To probe the kissing interaction, we lowered the force to different values and
pulled again. As shown in Figure 2d, when the lowest force was kept above 2 pN, the unfolding
trajectories show only two rips corresponding to the unfolding of the hairpins, indicating that
no kissing complex was formed. This experiment further confirms that disruption of kissing
is the first step of unfolding and that kissing only forms after the folding of the hairpins. When
force was decreased to between 0.5 pN and 2 pN, we observed two sets of the unfolding curves:
disruption of the kissing interaction and of the hairpins (Figure 2 a–c), and unfolding of only
the hairpins (Figure 2d). As expected, the fraction of the former set of trajectories increases
when the lowest force approaches zero. Clearly, the kissing occurs between 0.5 pN and 2 pN
at an unloading rate of ~5 pN/s.

We also studied mechanical unfolding of the Lai-type kissing complex under the same
condition. Since Lai and Mal types of kissing complexes are almost identical except for two
nucleotides in each of the hairpin loops, their unfolding and refolding pathways are similar.
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All force-extension curves of Lai shows a single big rip with ΔX of >55 nm on unfolding and
two zips on refolding. Its rip forces distributed mainly between 30 pN and 40 pN (Figure 4).
At such high forces, we would also expect the Mal kissing complex be unfolded into single
strand in a single step (Figure 3). The rip forces of Lai are significantly higher than those of
Mal under the same condition, which is consistent with results from thermal melting
experiments under similar ionic conditions.19; 20; 39 Notably, the rip force distribution of Mal
is about twice as wide as that of Lai (Figure 4) showing that unfolding kinetics of the Mal
kissing is less force dependent. We also tested the kissing forces of Lai by lowering force to
different values. The kissing forces of Lai range from 1 pN to 3 pN.

Ionic effects on the rip forces of kissing complexes
Thermal stability of kissing complexes are critically dependent on the ionic strength and type
of ions.19; 20; 39 We further examined the mechanical stability of the Mal and Lai kissing
interactions in various concentrations of KCl and MgCl2. As discussed above, we treated the
first unfolding transitions as the disruption of the kiss.

When KCl concentration is increased from 100 mM to 1 M, rip forces of both types of kissing
complexes increase (Figure 4). The mean rip force of Mal is ~20 pN in 100 mM KCl and ~40
pN in 1 M KCl. As comparison, the mean rip force of Lai raises from ~35 pN in 100 mM KCl
to ~48 pN in 1 M KCl. Increase of the rip forces also changes the patterns of the unfolding
force-extension curves. At and above 300 mM KCl, nearly all curves of Mal display a single
big rip similar to the one shown in Fig. 2c. In bulk experiments, Mg2+ is more effective than
monovalent cations in raising the thermal stability of kissing complexes. Here, we saw a similar
effect on the mechanical stability. Adding merely 3 mM MgCl2 to a solution containing 100
mM KCl raises the mean rip force of the Mal kissing complex by ~25 pN (Figure 2e); and 1
mM MgCl2 changes the average rip force of Lai by over 10 pN (Figure 5). Previous bulk
experiments,19–21 which covered a wider concentration range of Mg2+, show that 3 mM is
slightly below the Kd of Mg2+ for both kissing complexes. These studies also show that
differences in the thermal stability between Mal and Lai decreases as [Mg2+] increases.
Although working in low Mg2+ concentrations, we observed a similar trend as differences in
the rip force of the two kissing structures became narrower at high salt concentrations (Figure
5).

Ionic effects on the disruption of kissing interactions are more pronounced than on the
unfolding/refolding of the hairpins. Addition of 3 mM MgCl2 increases the unfolding and
refolding forces of the hairpins by ~3 pN, but raises the unkiss force by ~25 pN (compare
Figure 2 a-d with 2e). We recently found that adding either 10 mM MgCl2 or 1 M NaCl to
RNA hairpins, such as TAR, changes the transition forces by less than 5 pN.40 Also, the ionic
effect on the formation of the kissing complex from the two hairpins is also comparatively
small. The two hairpins appear to kiss at forces between 2 and 3 pN in a solution containing
100 mM KCl and 3 mM MgCl2. As a result of different ionic effects on unfolding and refolding
kinetics, hysteresis between unfolding and refolding force-extension curves increases with
ionic strength (Figure 2).

The force-dependent rip size in high salt concentrations roughly fits the worm-like-chain
prediction (Figure 3 black dots), although force-ΔX relations in 3 mM Mg2+ (magenta dots)
appear to be slightly different from predicted values. Ionic strength and type of ions affect
mechanical properties of nucleic acids, such as persistence length and contour length.41–46 The
worm-like-chain model we use does not incorporate such effects since these parameters,
especially at high forces, are not available for RNA. We also assumed that the kissing complex
is a rigid body that does not change in extension when pulled. However, the kissing complexes
may deform under tension. The ends of the dsDNA/RNA handles may also fray at high forces,
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increasing the apparent rip size. Prediction of ΔX-F relationship will be improved by
incorporating these factors.

Force-dependent kinetics of breaking the kissing interactions
The distribution of rip forces reflects the force-dependent unfolding kinetics of a structure.
Previously, Evans and Ritchie derived a formula to extrapolate unfolding kinetics from
distributions of rip forces:47

(1)

in which N(F,r) is the fraction of folded molecule at force F and loading rate r; k0 is a factor
reflecting both the rate constant at zero force and instrumental factors; ΔX‡ is the distance from
the folded state to the transition state; kB the Boltzmann constant; and T the temperature in
kelvin. The linear region of ln[r ln[1/N(F,r)]] vs. F is usually 10% to 90% of ln[r ln[1/N
(F,r)]].25; 37; 48; 49 Assuming that disruption of the kissing complex is a single-step process,
we fitted the force distribution of breaking the kissing complexes shown in Figure 4 and 5 at
each ionic condition to Eq. 1 (Figure 6 and S7). Values of ΔX‡ and lnk0 (Table 1 and 2) were
then used to obtain kF,unkiss, the unfolding rate constant at a given force F, using the following
equation:

(2)

Using this method, we calculated force-dependent unfolding rates of the two kissing complexes
under various ionic conditions (a and b in both Figure 7 and 8). It is obvious from these plots
that increase of both KCl and MgCl2 change ΔX‡ only slightly, but significantly decrease the
value of lnk0. Moreover, ΔX‡ of each structure has similar value in either KCl or MgCl2 (Table
1 and 2). Hence, the distance from the folded state to the transition state is not much affected
by the type or concentration of cations. However, decrease in the y-axis intercept lnk0 shows
that the unfolding kinetics is slowed by increasing concentration of cations.

The ln k vs F plots show clearly, but indirectly, the effect of salt. Based on these analyses, we
further explored how the unfolding rate depends on the concentration of cations. We estimated
rate constants of unfolding kissing complexes as a function of [KCl] or [MgCl2] at different
forces (c and d in both Figure 7 and 8). It is well known that the logarithm of Keq of RNA
folding is usually a linear function of logarithm of cation concentration,50; 51 however, salt
effects on kinetics are scarce in the literature. We used the following empirical equations to
describe the salt dependence of unkiss rate:

(3)

(4)

As shown in panels c and d in Figure 7 and 8, Eq. 3 and 4 fit reasonably well the measured
data.

The unkiss rate constant can be further characterized as a function of both force and salt
concentrations. It is relatively straightforward in the case of KCl because ΔX‡ and mKCl are

Li and Tinoco Page 6

J Mol Biol. Author manuscript; available in PMC 2010 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



constant in the experimental concentration range of KCl. KCl affects only k0 in Eq. 2 but not
ΔX‡. Therefore, we can rewrite Eq. 2 as:

(5)

in which lnk′0 is y-axis intercept when kF is rate constant extrapolated to zero force and zero
salt. If we choose ΔX‡ of 1.1 nm and mKCl of −2.0 for Mal, lnk0 is −2.2. lnk0 for Lai is −2.1
with ΔX‡ of 1.85 nm and mKCl of −2.3. We can add another term to the right side of Eq. 5 to
account for the effect of MgCl2.

(6)

When titration of Mg2+ is done in the presence of a fixed concentration of KCl, Eq. 6 can be
simplified as

(7)

Eq. 7 describes Mg2+ dependent unkiss kinietcs reasonably well (Figure 8 c and d) with a caveat
that mMgCl2 may be force dependent. ΔX‡ for each kissing structure is nearly constant (Figure
8 a and b). Values of mMgCl2, measured in a solution of 100 mM KCl, may not be applied to
other ionic conditions because competition between monovalent and divalent metal ions in
binding to nucleic acids is thermodynamically complicated.50; 52

Discussion
Errors of ΔX‡

Mechanical pulling experiments are non-linear processes and their error propagation has not
been well documented. In a typical experiment, all observations under one condition are pooled
together to generate a force distribution (Figures 4 and 5), from which kinetic parameters are
extracted (Figure 6). The error bars shown in the Figure 6 and standard deviations in the Tables
1 and 2 reflect the goodness of fitting force distributions to Eq. 1. The real experimental errors
are likely to be larger.

In previous works, we arbitrarily set the threshold for the number of observations as 100,
expecting a 10% standard deviation of ΔX‡.24; 25; 28 Such estimation is consistent with our
simulations, which include 0.1 pN force fluctuation (data not shown). Following this logic, we
expect that errors of ΔX‡ in this study are also about 10%. Hence, we conclude that values of
ΔX‡ for breaking each of the two kissing complexes are within the error range (Tables 1 and
2) and therefore, ΔX‡ of each kissing structure appears not to be affected by cation
concentrations.

Experimental limitations
At the highest measured concentrations of MgCl2 (3 mM for Mal and 1 mM for Lai), ΔX‡

appears to become slightly larger than at lower concentrations. Under such ionic conditions,
both kissing complexes were largely unfolded at >40 pN with some observations even over 50
pN (Figure 5). The RNA molecules showed significantly higher tendency to break their
tethering from the beads at >50 pN than at <50 pN. This is likely because the interactions
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between digoxigenin and anti-digoxigenin antibody, by which the molecule is attached to the
trapped bead, start to dissociate at about 50 pN. Hence, rip forces over 50 pN were under-
observed and the apparent force distributions under these two ionic conditions were smaller
than the true ones. The smaller force distributions in turn resulted in larger value of ΔX‡. We
also pulled both complexes at higher concentrations of MgCl2 (up to 10 mM). The molecules
broke from beads too often to obtain reliable force distributions. However, it is evident that
the kissing complexes become even more stable at these conditions. Many pulling curves
showed no rupture at all up to 60 pN; and when a single-step unfolding transition was visible,
the rips occurred mostly over 50 pN.

The tendency that tethers broke often at high forces may also affect values of mMgCl2.
mMgCl2 shows a decreasing trend as force increases. Because unkiss forces increase rapidly
with divalent cations, we have less data in MgCl2 than in KCl, and therefore the uncertainty
of mMgCl2 is larger than that of mKCl. On the other hand, the kissing tends to break at higher
forces in higher concentration of MgCl2; under-sampling of high rip forces may also skew the
values of mMgCl2.

Mechanical strength of kissing complexes
We previously studied a minimal kissing complex with only two G•C base pairs.24 Here, we
investigated two DIS kissing complexes, both with six kissing base pairs but different
sequences. All three kissing complexes show different unfolding forces. Distributions of the
unfolding forces, and consequently, values of ΔX‡, are also distinct for each structure (0.65 nm
for two base pairs; 1.2 nm for 4 G•C, 2 A•U; and 1.8 nm for 6 G•C). As ΔX‡ describes force-
dependent kinetics,37; 47 kinetics of mechanical unfolding of kissing structures clearly depends
both on the number and sequence of tertiary base pairs.

All three kissing complexes have smaller unkiss ΔX‡ than hairpins (~5 nm). Their unkiss force
distributions are significantly broader than those of hairpins. Their unkiss rate constants are
less force dependent than those of hairpins. Such difference in mechanical unfolding of kissing
complexes and hairpins likely results from how force is applied to the structure. The three
kissing complexes are pulled from opposite ends (Figure 1b). The direction of applied force
approximately overlaps the axis of the kissing helix such that all kissing base pairs are under
tension and that more than one base pairs are broken at the transition state. In contrast, when
a hairpin is “unzipped”, the ripping fork progresses from the bottom of the helix, breaking one
base pair at a time (Figure S8). The difference in how force is applied affects the value of
ΔX‡, rupture force distribution and force-dependent unfolding kinetics. A somewhat similar
case is mechanical unwinding of double-stranded DNA. A long DNA, such as 48 kbp lambda
DNA, “melts” at ~65 pN when force is applied to the 5′- and 3′-ends that are on different ends
of the DNA.36 When force is applied to 5′- and 3′-ends of the same end of the DNA, the two
strands are separated at ~15 pN.53 The direction effect is characteristic of mechanical
unfolding, distinct from thermal and chemical denaturation.

Physical meaning of ΔX‡

The distance to the transition state, ΔX‡, characterizes the position of the transition state along
the reaction coordinate;23 it reveals whether the transition state is similar to reactant or to
product. In simple reactions, like single-step unfolding of a hairpin, ΔX‡ can be used to interpret
the number of base pairs unfolded at the transition state.37 ΔX‡ of 0.65 nm for breaking the
minimal kissing with two base pairs suggests that at the transition state, the end-to-end distance
of the molecule has been extended more than two base pairs.24 Therefore, both kissing base
pairs must be disrupted at the transition state. This interpretation is also reasonable to account
for the wide rip force distribution and the rip forces as high as 30 pN, which a single base pair
is unlikely to withstand. Both Mal and Lai kissing complexes have 6 tertiary base pairs, and
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their ΔX‡
unkiss are about 1.2 nm and 1.8 nm, respectively. The unfolding transition state of Mal

is closer to the folded state than that of Lai (Figure 9a) and fewer base pairs (certainly less than
6) are broken at the transition state of Mal. Details of the kissing structures at the unfolding
transition state are still unclear, given so many possible configurations. If breaking two base
pairs yields ΔX‡ of 0.65 nm, Mal and Lai kissing complexes may have 3–4 and 5–6 base pairs
broken at their mechanical unfolding transition states, respectively. It is safe to conclude that
ΔX‡

unkiss and thereby the position of the unfolding transition state along the reaction coordinate
depend on both the number and sequence of kissing base pairs.

Large ΔX‡ also means that more kissing base pairs are broken at the transition state of Lai than
of Mal, suggesting a higher kinetic barrier to unfold Lai. Rip forces and unfolding mechanical
work are higher for Lai than for Mal. Consistently, values of k0 for breaking Lai are smaller
than those for Mal (Tables 1 and 2) suggesting that at the same force, the kinetic barrier of
unfolding Lai kissing complex is higher (Figure 9a).

Interestingly, when proteins are mechanically unfolded by atomic force microscopy, the
unfolding ΔX‡ is significantly smaller than those for breaking the kissing interactions.54 It
remains a question whether this difference results from different perturbation methods with
very different loading rates (atomic force methods typically use loading rates one or two orders
of magnitude higher than optical tweezers), or it truly reflects the different mechanical
properties of proteins and RNA.

Physical meaning of m
To our surprise, K+ and Mg2+ do not affect ΔX‡

unkiss much but significantly decrease the
lnk0 in Eq. 2. Therefore, the metal ions do not change the position of the unfolding transition
state along the reaction coordinate but effectively raise the kinetic barrier relative to the folded
state (Figure 9b). From a different viewpoint, the folded state is greatly stabilized by cations
such that the kinetic barrier from the folded state to the transition state is raised. As evident in
Eq. 5, m is particularly useful to describe how much the kinetic barrier is increased with ionic
concentration.

It is tempting to think that m equals the number of bound ions changed at the transition state.
However, such oversimplified explanation may not hold ground. In the KCl titration,
concentrations of K+ and Cl− are both varied; rigorous treatment of such case is complex and
sometimes controversial.51 In the MgCl2 titration, as total concentration of Cl− is dominated
by that of KCl, mMgCl2 is closely related to the Mg2+ released at the unfolding transition state
of kissing. Significantly, mKCl and mMgCl2 for unfolding both kissing complexes are negative,
consistent with observations that DNA/RNA helix→coil transitions are associated with metal
ion release 41; 55 and that cations stabilize the kissing structures thermodynamically.19–22 It is
also clear that Mg2+ is more effective than K+ in stabilizing the two kissing complexes.

Both Mal and Lai kissing complexes release about 2 K+ ions at their unfolding transition states
(Figure 7 c and d). Since less base pairs are broken at the transition state of Mal, mKCl/
ΔX‡

unkiss for Mal is higher than that for Lai suggesting that more K+ ions are associated with
the Mal type kissing base pairs broken at its transition state. Values of mMgCl2 of the two kissing
complexes are within the error range (Figure 8 c and d). The physical meaning of m/
ΔX‡

unkiss remains unclear.

Differences in the mean rip forces of the two kissing complexes become smaller at high
concentration of Mg2+ (Figure 5). Similarly, as concentration of Mg2+ increases, differences
in the thermal stability of the two kissing complexes becomes narrow.19–21 Our results suggest
that the Mg2+ effect on the unfolding kinetics, reflected by mMgCl2, plays at least a partial role
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in the convergence of the thermal stabilities of the two kissing complexes at high Mg2+

concentrations.

Fast dissociation of cations
If a ligand binds tightly to a receptor, we expect to distinguish the ligand-bound and ligand-
free species by two distinct populations of rip forces. In contrast, as the ionic strength increases,
the rip force distribution gradually moves towards high force (Figure 4 and 5). Such moving
distribution, analogous to moving peaks in chromatography and ultracentrifugation,56 indicates
that the structure exchanges multiple metal ions rapidly with the solution. Loosely bound
Mg2+ also play a critical role in stabilizing the RNA tertiary structures, as demonstrated by a
recent study on an RNA pseudoknot.57

Unkiss kinetics at zero force
It is tempting to estimate zero-force unfolding kinetics from mechanical unfolding
measurements. In bulk studies, equilibrium dissociation constants for the DIS kissing
complexes are a few nM or higher 19; 20 and association rate constants for kissing complexes
are often about 106 M−1s−1.58; 59 Hence, the dissociation rate constants should be in the range
of 10−3 s−1. Mechanical unfolding rates extrapolated to zero force appear to overshoot (Figure
S9). The difference in zero force unfolding rates measured by different methods reflects
different mechanisms underlying thermal, chemical and mechanical denaturation. Also, the
bulk experiments measured dimer dissociation, but in our experiment, an intramolecular
kissing complex is unfolded.

Thermal stability and mechanical unfolding
Several thermodynamic studies show that stability of both DIS kissing complexes depends on
[Mg2+].19–21 The equilibrium constant of an unfolding reaction can be expressed as the ratio
of the unfolding rate to the folding rate. We were not able to quantify the folding free energy
because in our experiments, formation of the kissing interaction was not directly observed.
However, by changing the lowest force in pulling experiments, we can find forces that perturb
the kissing (Figure 2d). 3 mM Mg2+ only changes the kissing force of Mal by 1–2 pN, as
compared to >20 pN difference in rip force. The difference is likely because formation of the
kissing interaction involves intramolecular diffusion, whose rate is not as sensitive to
electrostatic forces as the unfolding rate. Hence, Mg2+ has larger effect on unkiss than kissing
under mechanical tension.

Conclusion
Previous studies established that the Mal and Lai kissing complexes have different thermal
stabilities and Mg2+ differentially affects such stabilities.19–21 Here we demonstrated that
rupture forces of the Lai kissing complex are much higher than those of Mal. This observation
indicates that the rate of unfolding the Lai kissing is much slower than that of Mal at the same
force. Moreover, we have found that cations, particularly Mg2+, decrease the unfolding rate of
the two kissing complexes. The cation effect is specific both to the type of cation and to the
sequence of kissing base pairs. Furthermore, we have shown that neither K+ nor Mg2+

significantly changes the position of the transition state along the reaction coordinate. Instead,
cations increase the kinetic barrier. A cation specific parameter, m, is used to describe
empirically how the height of the kinetic barrier depends on the concentration of cations. Also,
our results suggest that Mg2+ greatly slows down the unfolding of the kissing complex, but
has moderate effects on the formation kinetics of the structure.

During translation and viral RNA replication, RNA structures are mechanically disrupted and
their counterions are displaced as molecular machines like helicases and ribosomes translocate
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along the RNA.60; 61 Mg2+ ions play two opposite roles: they stabilize RNA structures but also
enhance NTPase activity of the molecular machines. Metal ions can affect pause, rate, and
direction of translocation by the motors 62. Salt-dependent unfolding kinetics is crucial to
functions of RNA-based molecular motors and our study is a step towards such understanding.

Materials and Methods
Preparation of RNA

Mal and Lai sequences were cloned between Sma I site in pUC57 vector by Genscript
(Piscatway, NJ). Sequences flanking the insert (1.3 kb upstream and 1.2 kb downstream) were
used as handles. Preparation of the molecule shown in Figure 1 was described in detail
previously.24; 25; 28 Briefly, a transcription template, including a T7 promoter, handles and the
kissing structure, is generated by PCR from the plasmids. Then an RNA about 2.6 kb were
transcribed in vitro by T7 RNA polymerase. Two dsDNA handles were also made by PCR.
The DNA handle upstream of the kissing structure was biotinylated at the 3′-end and the
downstream DNA handle contained a digoxigenin group at the 5′-terminus. The annealed
molecule can be attached to a pair of beads coated with streptavidin and anti-digoxigenin
antibody, respectively (Figure 1).

Optical tweezers
Dual-beam optical tweezers were used to study the folding of the kissing complexes.33 The
antidigoxigenin-coated bead was held by a force-measuring optical trap in a flow chamber.
The streptavidin-coated bead was mounted on the tip of a micropipette by suction. The
extension of the molecule was changed by moving a piezoelectric flexure stage, on which the
micropipette was mounted (Figure S1). Force is measured by the spring constant of the trap
and distance of the trapped bead from the center of the trap. Change in the extension of the
molecule was measured by relative movements of the trapped bead and the piezoelectric flexure
stage. Force and extension of the molecule were recorded at a rate of 100 Hz.

Folding experiments
All unfolding/refolding experiments were done at 22±1 °C. Various concentrations of
MgCl2 were added to a solution containing 10 mM HEPES pH 8.0 and 100 mM KCl. In titration
of KCl, all solutions had 10 mM HEPES pH 8.0.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental design. (a) Mal and Lai types of DIS kissing complexes from HIV-1. The two
hairpins are shown in black and grey. Loop sequences are shown in italic letters. (b) A pair of
kissing hairpins linked by 60 Us are tethered between two micron-size beads via two dsDNA/
RNA handles (a total of ~2.5 kb). An optical trap device was used to manipulate the beads to
apply forces in the direction shown by arrows. See Figure S1 and S2 for more detail. The
drawing is not to scale.
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Figure 2.
Force-extension curves of unfolding the Mal type kissing complex. Single RNA molecules
were pulled and relaxed at a rate of ~5 pN/s in 100 mM KCl (a–d) or with an additional 3 mM
MgCl2 (e). (d) shows an experiment in which force was lowered only to 3 pN to prevent the
formation of kissing interaction by the two folded hairpins.
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Figure 3.
Force-ΔX relationships of the first transitions in mechanical unfolding of Mal are computed
using a worm-like-chain model for RNA (solid curves, see Figure S4 for detail). Experimental
values of first rips in three-step (red), two-step (blue) and one-step unfolding (green) collected
in 100 mM KCl are plotted as dots. The entire RNA always unfolds in a single step in either
1 M KCl (black or 100 mM KCl with 3 mM MgCl2 (magenta).
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Figure 4.
Effect of KCl on distribution of first rip (unkiss) forces in unfolding Mal and Lai types of
kissing complexes. Each distribution was split into 20 bins.
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Figure 5.
Effect of MgCl2 on distribution of first rip (unkiss) forces in unfolding Mal and Lai types of
kissing complexes. All unfoldings were studied in 100 mM KCl and various concentrations of
MgCl2. Each distribution was split into 20 bins.
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Figure 6.
Kinetic parameters for unfolding the Mal kissing complex were obtained by fitting the
distribution of rip forces (Figure 4) to Eq. 1. See Table 1 for values.

Li and Tinoco Page 20

J Mol Biol. Author manuscript; available in PMC 2010 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Effect of KCl on unfolding kinetics of kissing complexes. (a and b) Force-unfolding rate
constants at each [KCl] are calculated using Eq. 2 and parameters in Table 1. Force range of
each curve represents ~80% of the rip force distribution. In c and d, unfolding rate vs. [KCl]
at four different forces were calculated using parameters in Table 1 and Eq. 3. Error bars
represents 95% level of confidence. Solid lines are fit using Eq. 3. Parameters are summarized
in Table 2.
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Figure 8.
Effect of MgCl2 on unfolding kinetics of kissing complexes. (a and b) Force dependence of
unfolding rate constant at various [MgCl2]. (c and d) Effect of MgCl2 at four different forces.
Solid lines are fit using Eq. 4. Parameters are summarized in Table 2.
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Figure 9.
Unfolding transition state of the two kissing complexes. (a) An illustration of different
unfolding transition states of Mal and Lai types kissing complexes. (b) Effect of Mg2+ on the
height of kinetic barrier of Mal at 50 pN was calculated using parameters in Table 2. For better
comparison, folding energies of the kissing complex under all ionic conditions were arbitrarily
set as the same.

Li and Tinoco Page 23

J Mol Biol. Author manuscript; available in PMC 2010 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Tinoco Page 24
Ta

bl
e 

1

K
in

et
ic

 p
ar

am
et

er
s o

f u
nf

ol
di

ng
 k

is
si

ng
 c

om
pl

ex
es

 in
 v

ar
io

us
 c

on
ce

nt
ra

tio
ns

 o
f K

C
l.

M
al

L
ai

[K
C

l] 
(m

M
)Δ

X‡  (n
m

)
k 0

n$
ΔX

‡  (n
m

)
k 0

n$
10

0
1.

14
±0

.0
4(

2.
0±

0.
8)

×1
0−

3
17

41
.9

1±
0.

08
(1

.2
±0

.8
)×

10
−7

11
0

30
0

1.
12

±0
.0

3
(4

±2
)×

10
−4

13
61

.8
0±

0.
02

(3
.4

±0
.7

)×
10

−8
18

6
50

0
1.

02
±0

.0
2

(3
±1

)×
10

−4
14

11
.9

0±
0.

06
(3

±1
)×

10
−9

26
9

70
0

1.
25

±0
.0

4(
2.

0±
0.

8)
×1

0−
5
14

51
.9

8±
0.

06
(6

±1
)×

10
−1

0
23

9
10

00
1.

15
±0

.0
4(

1.
5±

0.
6)

×1
0−

5
15

11
.7

2±
0.

08
(4

±2
)×

10
−9

12
8

$ n 
is

 th
e 

nu
m

be
r o

f c
ol

le
ct

ed
 tr

ac
es

.

* V
al

ue
s a

nd
 st

an
da

rd
 d

ev
ia

tio
ns

 in
 th

e 
ta

bl
e 

ar
e 

ob
ta

in
ed

 b
y 

fit
tin

g 
fo

rc
e 

di
st

rib
ut

io
ns

 sh
ow

n 
in

 F
ig

ur
e 

4 
to

 E
q.

 1
.

J Mol Biol. Author manuscript; available in PMC 2010 March 13.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Tinoco Page 25
Ta

bl
e 

2

K
in

et
ic

 p
ar

am
et

er
s o

f u
nf

ol
di

ng
 k

is
si

ng
 c

om
pl

ex
es

 in
 v

ar
io

us
 c

on
ce

nt
ra

tio
ns

 o
f M

gC
l 2

.
M

al
L

ai
[M

gC
l2

] (
m

M
)Δ

X‡  (n
m

)
k 0

n$
ΔX

‡  (n
m

)
k 0

n$
0.

1
1.

07
±0

.0
5(

5±
3)

×1
0−

4
12

61
.8

0±
0.

05
(8

±5
)×

10
−8

11
9

0.
5

1.
12

±0
.0

2(
6±

2)
×1

0−
5
19

41
.8

1±
0.

05
(7

±3
)×

10
−9

14
0

1
1.

20
±0

.0
3(

8±
2)

×1
0−

6
24

82
.2

6±
0.

07
(8

±5
)×

10
−1

2
17

1
3

1.
47

±0
.0

3(
9±

2)
×1

0−
8

93
$ n 

is
 th

e 
nu

m
be

r o
f c

ol
le

ct
ed

 tr
ac

es
.

* V
al

ue
s a

nd
 st

an
da

rd
 d

ev
ia

tio
ns

 in
 th

e 
ta

bl
e 

ar
e 

ob
ta

in
ed

 b
y 

fit
tin

g 
fo

rc
e 

di
st

rib
ut

io
ns

 sh
ow

n 
in

 F
ig

ur
e 

5 
to

 E
q.

 1
. 1

00
 m

M
 K

C
l i

s p
re

se
nt

 in
 a

ll 
ex

pe
rim

en
ts

.

J Mol Biol. Author manuscript; available in PMC 2010 March 13.


