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ABSTRACT
On the basis of our analysis of detailed measurements of the
dependence of the overstretching transition of double-stranded
DNA (dsDNA) on temperature, pH, and ionic strength, we have
demonstrated that a model of force-induced melting accurately
describes the thermodynamics of DNA overstretching. Measure-
ments of this transition allow us to determine the stability of dsDNA
and obtain information similar to that obtained in thermal melting
studies. This single-molecule technique has the advantage that it
can be used to measure DNA stability at any temperature. We
discuss the use of this technique to study the nucleic acid
chaperone activity of the HIV-1 nucleocapsid protein.

1. Introduction
When single-molecule manipulation techniques were first
developed, one of the earliest problems to be investigated
was the determination of the mechanical properties of a
double-stranded DNA (dsDNA) molecule as it is stretched
to its B-form contour length.1 However, it was only
recently that high-resolution measurements of DNA stretch-
ing were made at the forces required to stretch DNA
beyond its contour length.2,3 These force-extension ex-
periments provided the first accurate measurements of
the elasticity of single DNA molecules at high forces.

The surprising result of these experiments was the
observation of a structural transition, referred to as the

overstretching transition, as the DNA molecule is stretched
to even higher forces. At forces of ∼65 pN, a plateau is
observed, and very little additional force is required to
stretch dsDNA to extensions over 1.7 times the B-form
contour length. A typical experimental force-extension
curve for dsDNA is shown in Figure 1. The solid line on
the left is a fit of the stretching data to the extensible
wormlike chain (WLC) model for the elasticity of dsDNA.4

This curve shows that a much greater force would be
required to stretch the DNA beyond the B-form contour
length if it remained in its helical form. The solid line on
the right is data from the stretching of single-stranded
DNA (ssDNA).2

Figure 1 suggests that the structural transition that
occurs as dsDNA is stretched is a transition from dsDNA
to ssDNA, breaking the base pairs holding the two strands
together. However, it has been shown that the two DNA
strands do not separate at the end of the overstretching
transition.5,6 This observation suggests that the base pairs
do not break during the transition. Thus, it was proposed
that during the overstretching transition the helical form
of DNA is unwound but the base pairs are unbroken. This
proposed double-stranded form of DNA, denoted S-DNA,3

inspired several theoretical predictions of its structure;7-9

however, these studies were unable to reproduce the
experimental data.

In an attempt to resolve this issue, we carried out
theoretical and experimental studies that lead to a new
model describing the overstretching transition of dsDNA
as a force-induced melting transition.10,11 Detailed mea-
surements of the dependence of this transition on tem-
perature, pH, and ionic strength are consistent with a
force-induced melting model to describe the thermody-
namics of DNA overstretching. Measurements of this
transition allow the determination of the free energy of
the helix-coil transition of dsDNA under a variety of
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FIGURE 1. Typical DNA stretching curve in high-salt (250 mM NaCl)
buffer (4). Lines representing the WLC model (eq 1) for the elasticity
of dsDNA with Pds ) 50 nm and Kds ) 1200 pN (left) and the
measured elasticity of ssDNA2 (right) are also shown. The DNA
stretching curve appears to be a transition from dsDNA to ssDNA.
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solution conditions. The information that is obtained in
these single molecule studies is similar to that obtained
in thermal melting studies, but the force-induced melting
technique has several advantages, foremost of which is
the ability to measure DNA stability isothermally at any
temperature.

The capability to carry out melting studies at physi-
ological temperatures is particularly important for mea-
suring the effect of DNA binding proteins on DNA stability,
since these effects often depend strongly on temperature,
and many proteins melt at the temperatures required for
thermal melting studies. In addition, proteins that cause
DNA to aggregate at high concentrations make thermal
melting studies difficult, but do not affect single-molecule
force-induced melting studies. Here we describe the use
of this new biophysical technique to study the effect of
the nucleic acid chaperone protein HIV-1 nucleocapsid
protein (NC) on DNA stability. We then use these results
to derive a model for the nucleic acid chaperone activity
of this protein, which is essential for HIV replication.

2. Force-Induced Melting Model for DNA
Overstretching
In the force-induced melting model of DNA overstretch-
ing, DNA melts as the molecule is pulled through the
overstretching transition. However, it is always thermo-
dynamically favorable for the molecule to maintain a
significant number of domain boundaries, even when a
substantial fraction of the DNA base pairs is melted. In
our model, it is these domain boundaries, which consist
of short, helical base-paired sections distributed through-
out the molecule, that hold the strands together at the
end of the overstretching transition.12,13 This implies that
the majority of the DNA base pairs melt within internal
domains rather than from the free ends, a conclusion that
is in accordance with the one-dimensional nature of the
DNA melting transition and with its sequence heterogene-
ity. These two factors are known to result in a large
number of equilibrium boundaries within DNA through-
out its thermal melting transition.14,15

A schematic illustration of the proposed structure of
overstretched DNA is shown in Figure 2. The force-
induced melting model consists of two stages. The first is
an equilibrium melting transition in which domains of
melted DNA are formed as the DNA is stretched. In high
salt, this transition occurs over a force range of a few pN
at about 65 pN under standard conditions, as shown in
Figure 1. The second stage consists of nonequilibrium
melting, in which the domain boundaries are removed
and the two DNA strands separate in an irreversible
process. This transition occurs over a wide range of forces
from 68 pN to >150 pN. As expected for a nonequilibrium
transition,16 the observed stretching forces are rate-
dependent.5 This description applies only to DNA that is
allowed to rotate as it is stretched. Significantly different
DNA stretching curves are obtained when the DNA is
torsionally constrained.17,18 In fact, untwisting the DNA has
been shown to lead to melting at very low forces.19

This two-stage melting model is consistent with early
observations that complete strand separation does not
occur in thermal melting experiments until the DNA is
heated to temperatures much greater than the midpoint
of the melting transition.20 The model also provides an
elegant explanation for the hysteresis observed in condi-
tions under which strand recombination is inhibited (low
salt, high pH, and high temperature).12,13 An example of
this hysteresis is shown in Figure 3A. As the DNA molecule
is stretched, most of the base pairs are broken. When the
molecule is relaxed, the base pairs have to reanneal to
form the correct sequence. Since under these conditions
they do not reanneal on the time scale of the stretching
experiment, a lower force is required when relaxing the
DNA compared to its original stretching curve. Although
we observed significant hysteresis upon relaxation of
single DNA molecules under most conditions, the original
stretching curve was usually recovered upon repeated
stretching (data not shown). However, many of the DNA
molecules that were stretched broke when overstretched
or exhibited an increase in contour length upon subse-
quent stretching. This is presumably due to the presence
of single-stranded breaks (nicks) in the backbone of the
DNA molecule.

FIGURE 2. Schematic diagram of force-induced melting model for
DNA overstretching. (A) When DNA is stretched at forces less than
Foverstretch, the bases remain paired and the helical form is maintained.
(B) During the overstretching transition, domains of melted DNA are
separated by helical sections. (C) At the end of the transition, short,
helical domain boundaries hold the largely melted strands together.
(D) Under conditions that inhibit reannealing, when the molecule is
relaxed to the same extension shown in B, the observed force is
predicted to be less than Foverstretch. (E) A section of DNA may melt
irreversibly during overstretching if the DNA backbone contains two
nicks. (F) When a section is irreversibly melted during overstretching,
subsequent stretches will reveal an increased contour length. An
example of this is illustrated in Figure 3A.
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Figure 3A illustrates the consequences of the presence
of nicks in the DNA molecule. When this particular
molecule was stretched only partially through the over-
stretching transition, we observed significant hysteresis
during the relaxation cycle. (This happens even when the
DNA is not nicked.) When the same molecule was
stretched again, its contour length had increased, and its
elasticity had changed, indicating that a small section of
one DNA strand had melted irreversibly. A model of how
this is likely to occur is given in Figure 2E,F. This is strong
evidence that melting of small sections of DNA occurs
during the overstretching transition, at least for nicked
DNA. Figure 3B illustrates the consequences of stretching
a single DNA molecule to forces greater than the over-
stretching force. Here, a molecule is stretched to 120 pN,
a large enough force to remove boundaries between
melted domains. Nicks present in this strand allowed a
long section of ssDNA to be melted away at these forces,
as indicated by the long contour length observed in the
second stretch.

3. pH Dependence of DNA Overstretching
The hysteresis observed under conditions that inhibit
strand recombination and the irreversible melting de-
scribed in Figure 3 qualitatively support the model of DNA
overstretching as force-induced melting. Additional evi-
dence in favor of this model comes from its ability to
quantitatively predict the dependence of the overstretch-
ing transition on changes in solution conditions.11 The first
prediction to be made by the model is that any solution
conditions that destabilize DNA and, therefore, lower its
melting temperature must also lower the overstretching
force, which we define as the force required to stretch the
molecule halfway through the overstretching transition.
Since the melting temperature of DNA decreases dramati-
cally at both low and high pH, we measured the over-
stretching force at both extremes of pH.12 As shown in
Figure 4, in both cases, we found that the overstretching
force decreased.

In the force-induced melting model, the overstretching
force is related to the melting temperature by the one-
dimensional analogue of the Clausius-Clapeyron equa-
tion

where δFoverstretch is the change in overstretching force, δTm

is the change in melting temperature at high or low pH,
∆b is the change in length of the DNA upon conversion
from dsDNA to ssDNA, and ∆S is the change in entropy
of the DNA upon melting. Assuming ∆S is independent
of pH and temperature, the only fitting parameter is ∆S,
for which we obtain a value of 9.5 cal/mol‚K‚bp. The
measured overstretching force and that predicted by eq
1 using this value for ∆S are shown in Figure 4. Although
the dependence of ∆S on pH is unknown, our data clearly
show that the dependence of the overstretching force on
pH is dominated by the change in melting temperature
with pH. In addition, the value that we obtain for the

FIGURE 3. Hysteresis seen in DNA overstretching is consistent with
force-induced melting. (A) A single dsDNA molecule that has been
tethered and stretched to 0.46 nm/bp (arrow) in 250 mM buffer (b)
displays partial ssDNA character during the relaxation curve (O)
and subsequent stretch (2). This is due to irreversible melting, as
described in Figure 2E,F. (B) Multiple stretches to high extensions
produce partially ssDNA. A dsDNA molecule that has been tethered
in 250 mM buffer and stretched to near the maximum force
achievable with this instrument (b) displays large hysteresis and
partial ssDNA character during relaxation (O). Second (2) and third
(1) stretches increase ssDNA character (from ref 23)

FIGURE 4. Measured (9) and predicted (0) overstretching force
as a function of solution pH at 500 mM ionic strength. Predictions
are made from measurements of DNA thermal melting using eq 1
and ∆S ) 9.5 cal/mol‚K‚bp. By assumption, theory and experiment
are the same at pH 6.5. The measured and predicted points are not
vertically aligned because of corrections due to the change in pH
with temperature of the buffers used for thermal and force-induced
melting measurements (from ref 12).

δFoverstretch ) δTm(∆S/∆b) (1)
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change in entropy of DNA upon melting is in good
agreement with room-temperature calorimetry measure-
ments.21

4. Temperature Dependence of DNA
Overstretching
In addition to the prediction that solution conditions that
change the melting temperature of DNA will correspond-
ingly change the overstretching force, the force-induced
melting model also predicts that the overstretching force
will decrease with increasing temperature. The first mea-
surements of the temperature dependence of the over-
stretching force were made using atomic force microscopy
(AFM).5 These studies showed that the overstretching force
decreased significantly at high temperature. However, the
measurements were not accurate enough to determine the
change in entropy of DNA upon melting. Using an optical
tweezers instrument, we were able to measure accurately
the dependence of the overstretching transition on tem-
perature.13 The results are shown as symbols in Figure 5,
along with the data previously measured by AFM.

Predictions of the temperature dependence of Foverstretch

can be calculated directly from the force-extension curves
of dsDNA and ssDNA shown in Figure 1. To do this, we
assume that the total transition free energy can be written
as the sum of a temperature-dependent melting free
energy ∆G(T) and a force-dependent stretching free energy
∆Φ(F). The overstretching transition occurs when the total
transition free energy is zero. Thus, at the melting tem-
perature, ∆G(T) ) 0, so no force is required to melt the
DNA. As the temperature is decreased, ∆G(T) is positive,
so a force must be applied to the DNA to lower ∆Φ(F)
until the total transition free energy is zero.

The parameter ∆Φ(F) can be calculated directly from
the theoretical stretching curves shown in Figure 1 using
the relation

where bss(F) and bds(F) are the lengths of ssDNA and
dsDNA, respectively. Since this can be calculated directly

from stretching experiments and ∆G(T) + ∆Φ(F) ) 0 at
Foverstretch, measurement of the force-extension curves of
ssDNA and dsDNA provides a direct measurement of the
stability of dsDNA (∆G(T)) at any temperature. Figure 6A
shows the values of ∆Φ(F) calculated from the theoretical
stretching curves shown in Figure 1. ∆G(T) is then
calculated from the measured Foverstretch at various tem-
peratures using the relation ∆G(T) + ∆Φ(Foverstretch) ) 0.
∆G(T) and is then fit to the relation13

where the fitting parameters are ∆S(Tm), the change in
entropy of DNA upon melting at the melting temperature,
and ∆Cp, the change in heat capacity of DNA upon
melting. The resulting curve for ∆G(T) using eq 3 and
∆S(Tm ) 99 °C) ) 24.7 ( 1 cal/mol‚K‚bp and ∆Cp ) 60 (
10 cal/mol‚K‚bp is shown in Figure 6B. This curve is then
used to calculate Foverstretch at any temperature using the
relation ∆G(T) + ∆Φ(Foverstretch) ) 0, and the resulting
predictions for Foverstretch are shown as solid lines in Figure
5. The fit is very good, and the resulting values for ∆S(Tm)
and ∆Cp are in excellent agreement with calorimetric
measurements of these parameters.13

The results from the temperature and pH dependence
of DNA overstretching support the model of DNA over-
stretching as a force-induced melting transition. The
analysis described here demonstrates that force-induced
melting experiments are a powerful technique for mea-
suring thermodynamic parameters describing the stability
of DNA over a wide range of temperature and solution

FIGURE 5. Measured overstretching force as a function of
temperature using optical tweezers ([) in 500 mM NaCl and AFM
(0) in 150 mM NaCl. The solid lines are fits to the data using the
appropriate melting temperature for the ionic strength used. The
Tm is given by b in 500 mM NaCl and by O in 150 mM NaCl (from
ref 13).

∆Φ(F) ) -∫0

F
[bss(F') - bds(F')]dF (2)

FIGURE 6. (A) Calculated difference in the stretching free energy
between dsDNA and ssDNA as a function of applied force. (B)
Melting free energy of dsDNA as a function of temperature
calculated from the force-induced melting theory (from ref 13).

∆G(T) = ∆S(Tm)(Tm - T) -
∆Cp

2

(T - Tm)2

Tm
(3)
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conditions. In addition to the properties normally mea-
sured in a DNA melting experiment, these experiments
also show changes in the elasticity of DNA, which can be
used to determine the nature of the interactions between
DNA and its environment, including various binding
ligands that may affect its stability.22

5. Ionic Strength Dependence of the DNA
Overstretching Transition
We recently measured the dependence of the DNA
overstretching transition on solution ionic strength in
order to gain more information about the structure of
overstretched DNA.23 We find that the observed depen-
dence of the overstretching force is consistent with the
predictions of polyelectrolyte theory and the model pre-
sented in Figure 2. Under these conditions, the salt-
dependent part of the helix-coil transition free energy is
given by24

where ê is the dimensionless linear charge density, with
ê ) lB/h and lB ) e2/εkBT. Here, h is the length per unit
charge, ε is the dielectric constant of water, lB is the
Bjerrum length, and I is the solution ionic strength. From
these relations, we find that the variation of the over-
stretching force with ionic strength is given by11

where

is the ratio of the difference in length per unit charge and
the change in length per base pair when DNA is over-
stretched. If the distance between the DNA strands is less
than the Debye screening length, rDH ) (4πlBI)-(1/2), then
the two strands are equivalent to a single strand with twice
the charge density, so ν ) 0.5. If the average distance
between strands is greater than the Debye screening
length, then ν ) 1.7. If one strand is stretched while the
other is relaxed, then we have ν ) 1.2.11 Thus, fits of our
data to eq 5 allow us to determine the state of the two
strands during the overstretching transition. The solid line
in Figure 7 is a linear fit to the measured overstretching
force as a function of log(I), which gives a value of ν )
0.49 from eq 5. Therefore, our data support the idea that
both DNA strands are stretched and remain very close to
each other during the overstretching transition. Thus, we
have developed a model that describes the structure and
thermodynamics of overstretched DNA that is consistent
with all available data on the dependence of DNA over-
stretching on solution conditions and temperature.

6. Measuring the Effect of DNA Binding
Proteins on DNA Stability: Nucleic Acid
Chaperone Activity of HIV-1 Nucleocapsid
Protein
6.1 HIV-1 Nucleocapsid Protein (NC). Now that we have
developed a model to describe the force-induced melting
transition of dsDNA, we can use it to study the effect of
DNA binding proteins on the stability and cooperativity
of DNA melting. This will allow us to determine the effect
of these binding proteins on both dsDNA and ssDNA and
to elucidate the mechanism of interaction between the
proteins and DNA in order to develop a more sophisti-
cated understanding of how these proteins operate in
biological systems.

The use of single-molecule force measurement tech-
niques to study DNA-protein interactions has been
reviewed.25 However, the first application of the force-
induced DNA melting model to the study of a DNA
binding protein has been our recent work on the effect
of HIV-1 nucleocapsid protein on DNA overstretching. The
nucleocapsid protein of human immunodeficiency virus
type 1 (HIV-1) is a small, highly basic nucleic acid binding
protein that contains only 55 amino acids and two zinc
finger motifs of the form CX2C X4H X4C or CCHC. NC
possesses nucleic acid chaperone activity, by which it
facilitates the rearrangement of nucleic acid molecules
into their lowest energy conformations. To achieve such
rearrangements, the base pairs of nucleic acid structures
that are normally very stable must be broken, and other
complementary structures must be formed.26,27 Although
it seems likely that NC acts by destabilizing the base pairs
of nucleic acid structures, this does not explain the
enhanced annealing of complementary structures ob-
served in the presence of NC. Thus, although the chap-
erone activity of NC is of crucial importance in the life
cycle of the retrovirus,28,29 the mechanism by which it
achieves this activity is not well-understood.

6.2. Effect of Wild-Type NC on DNA Overstretching.
To investigate the capability of NC to alter the base pairing
of nucleic acid structures, we used an optical tweezers
instrument to measure the effect of NC on the force-

∆Gel ) kBT( 1
êss

- 1
êds

) ln( I
I0

) (4)

∂foverstretch

∂ ln(I)
)

kBT

lB
ν (5)

ν )
hss - hds

bss - bds
(6)

FIGURE 7. Measured overstretching force as a function of ionic
strength. The error in force measurement is less than 2 pN.23 The
solid line is a linear fit to the data, which yields a value of ν ) 0.49
from eq 5 (from ref 23).
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induced melting transition of single λ-DNA molecules. The
results of DNA stretching experiments with NC are shown
in Figure 8. Here, we stretched single DNA molecules in
buffer of varying ionic strength, from which we estimated
the binding of the positively charged NC protein to DNA.30

The resulting stretching curves are shown as a function
of the calculated number of bound nucleotides for each
NC molecule (nt:NC) on the basis of the previously
measured salt dependence of NC binding to DNA.31 The
results show a significant change in the slope of the
overstretching transition as the amount of bound NC
increases. This effect appears to saturate at a nt:NC ratio
of 8, the ratio required to observe maximal nucleic acid
chaperone activity.26 Thus, the observed effect of NC on
the overstretching transition is likely to be the same effect
responsible for the chaperone activity.

To understand the effect of NC on DNA force-induced
melting, we can fit our data using the standard description
of DNA melting, which is the Zimm-Bragg model of the
helix-coil transition.32 To do this, we calculate the shape
of the transition from the force-extension curves for
dsDNA and ssDNA (Figure 1). The stretching curve for
ssDNA is altered by NC, which binds preferentially to
ssDNA (Figure 9, thick solid line). ssDNA appears to be
much stiffer with NC bound.

In the Zimm-Bragg model, the fraction of base pairs
in the helical state is given by

where s is the equilibrium constant for conversion of a
base pair from single-stranded to double-stranded form,
given by

where σ is the cooperativity parameter. The free energy
of the helix-coil transition as a function of force ∆Φ(F) is
obtained from force-extension curves10 of Figures 1 and
9 by using eq 2. ∆Gtotal is obtained by directly calculating
the area between the experimental stretching curves for
dsDNA and ssDNA and represents the stability of DNA in
the absence of force. The DNA extension as a function of

force is then given by

By fitting these relations to our experimental force-
extension curves, we obtain an estimate of σ, which
increases as the transition cooperativity decreases. Rep-
resentative results of our fits are shown in Figure 9.

An examination of the area between the respective
curves for dsDNA and ssDNA with and without NC reveals
that the free energy of the helix-coil transition decreases
significantly in the presence of NC. Under the conditions
that generate the most binding of NC (25 mM Na+), we
find that ∆Gtotal ≈ 2kBT, where T is 300 K. When NC is
added, the free energy reduces to ∼1 kBT, and the
cooperativity parameter increases from σ ) 0.001 to σ )
0.25.

These results help to explain the nucleic acid chaper-
one activity of NC. The fraction of melted base pairs (1 -
Θ) at room temperature can be obtained from eq 7.
Without NC in 25 mM Na+, ∆Gtotal ) 2kBT and σ ) 0.001,
so the fraction of melted base pairs is only 2 × 10-4. Thus,
two double-stranded structures that contain complemen-
tary base pairs and that would form a lower energy state
if annealed have a very low probability of annealing
without the aid of a nucleic acid chaperone because of
this significant barrier to separation of the original base
pairs. In contrast, when NC is added in a 25 mM Na+

solution (nt:NC ) 5:1), ∆Gtotal ) 1kBT and σ ) 0.25, so the
fraction of melted base pairs increases to 0.2. This
indicates that, in the presence of NC, a double-stranded
nucleic acid structure will always have about 20% of its
base pairs melted. This provides an elegant explanation
for the nucleic acid chaperone activity of NC. NC signifi-
cantly destabilizes two nucleic acid structures that are
normally very stable such that at any given time there exist
melted domains with dissociated base pairs. When these

FIGURE 8. DNA overstretching with increasing amounts of NC
bound or as the nucleotide to NC ratio (nt:NC) decreases from 50:1
(2) to 15:1 (2) to 8:1 (9) and, finally, to 5:1 (0) (from ref 22).

Θ ) 1
2

+ s - 1

2[(s - 1)2 + 4sσ]1/2
(7)

s ) exp(∆Gtotal + ∆Φ(F)

kBT ) (8)

FIGURE 9. Representative fits of the data to the Bragg-Zimm melting
model. The solid line on the left represents the elasticity of dsDNA
according to the wormlike chain model.4 The thin solid line on the
right is stretching data for ssDNA in 150 mM ionic strength without
NC.2 The data for stretching dsDNA in the presence of NC at 150
mM ionic strength is shown (9) along with the fit to the melting
model, indicated as a line between these data points. The thick solid
line is our data from stretching ssDNA at 25 mM ionic strength in
the presence of NC. The data for stretching dsDNA in 50 mM ionic
strength with NC is also shown (2), as well as a fit to that data,
indicated as a line between the data points (from ref 22).

b(F) ) Θ(F)bds(F) + (1 - Θ(F))bss(F) (9)
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strands come into contact, they are able to rapidly sample
various base-paired configurations until eventually the one
with the lowest energy is found. Thus, NC facilitates the
rearrangement of nucleic acid by lowering the energy
barrier to creation of melted domains.

In addition to explaining the ability of NC to lower the
barrier to melting nucleic acid secondary structure, these
studies also shed light on another aspect of the chaperone
activity of NC. We have shown that two complementary
structures can anneal to form a lower energy structure
by sampling different base paired structures. Normally,
these double-stranded structures exhibit electrostatic
repulsion. However, in the presence of highly positively
charged ions, nucleic acids exhibit an attraction for one
another. This is the basis of DNA condensation.33 Since
NC is a highly positively charged protein, it also induces
condensation or aggregation of nucleic acids.34 This is
most likely the basis of NC’s ability to induce rapid
renaturation of nucleic acids. It is known that amounts
of multivalent cations that are sufficient to cause DNA
condensation increase the efficiency of renaturation of
melted DNA.35 We observe evidence of DNA aggregation
forces in our stretching curves (Figure 8). When the nt:
NC ratio is five, a finite force is required to stretch dsDNA
to extensions less than the B-form contour length (0.34
nm). Thus, if we were not stretching the molecule, this
attractive force would cause it to collapse. This suggests
that there are two important aspects to the nucleic acid
chaperone activity of NC. First, it induces an attraction
between DNA molecules as a result of its high charge.
Second, it significantly destabilizes the secondary structure
of nucleic acids such that at any given time, a significant
fraction of the base pairs are melted. Our DNA stretching
curves allow us to observe both of these effects.

6.3 Effect of Deleting NC’s Zinc Finger Structures. The
zinc fingers are a key structural feature of NC.36 Although
the zinc fingers have long been known to be required for
retroviral replication,28,29,37 their specific role in nucleic
acid chaperone activity has been less clear. In a recent
study, Levin and co-workers found that a mutant form of
NC in which both CCHC motifs had been changed to
SSHS (SSHS NC) was significantly less active than wild-
type NC in facilitating the annealing step in minus-strand
transfer and in blocking nonspecific self-priming reac-
tions.38 In contrast, the zinc fingers are dispensable for
tRNA primer annealing39 and for plus-strand transfer.38

In an attempt to better understand the apparently
conflicting data surrounding the importance of the zinc
fingers for the nucleic acid chaperone activity of NC, we
performed force-induced melting experiments of single
molecules of λ-DNA in the presence of SSHS NC. In
striking contrast to the data observed for wild-type NC,
SSHS NC did not alter the cooperativity of the DNA
overstretching transition or lower the helix-coil transition
free energy.22 In fact, SSHS NC appears to stabilize dsDNA.
This, along with the finite DNA condensation force
observed at low extensions, suggests that SSHS NC binds
to DNA in a manner similar to multivalent cations and
polycations. These measurements suggested that poly-

lysine might act in a manner similar to SSHS NC. It was
recently demonstrated that poly-lysine facilitated tRNA
annealing.39

We have determined three important aspects of the
nucleic acid chaperone activity of HIV-1 NC. First, NC
facilitates annealing of complementary strands through
electrostatic attraction on the basis of its high positive
charge. Second, NC significantly destabilizes dsDNA as a
result of its preferential binding to ssDNA. Third, NC
greatly reduces the cooperativity of the helix-coil transition
of double-stranded DNA structures. SSHS NC has only the
first of these three properties. This indicates that the zinc
fingers of NC are responsible for the preferential binding
to ssDNA and for its capability to alter the helix-coil
transition. These two properties are essential for the
rearrangement of longer, more complex nucleic acid
structures by NC, such as those required for minus strand
transfer during retroviral DNA synthesis.

7. Conclusions
We have demonstrated that force-induced melting mea-
surements of single molecules of dsDNA can be used as
a sensitive probe to determine the stability of DNA under
a wide range of solvent conditions. The results of these
experiments complement those of thermal melting ex-
periments. In addition, these experiments avoid compli-
cations due to poorly understood thermal effects and
allow the measurement of DNA stability at any temper-
ature. From our measurements, we were able to derive
thermodynamic parameters that were in agreement with
calorimetric measurements. The hypothesis of force-
induced melting makes several qualitative and quantita-
tive predictions that are confirmed by the experiments
described here. The alternative hypothesis of a new form
of dsDNA termed S-DNA does not make such predictions
and is not needed to describe DNA overstretching.

This technique also allows us to measure the effect of
DNA binding proteins on the stability of dsDNA. We have
demonstrated its use in determining the effect of HIV-1
NC on DNA stability. We have used these results to
develop a model that describes the nucleic acid chaperone
activity of this protein. In the future, this technique could
also be used as a probe to determine if a particular protein
of unknown function exhibits nucleic acid chaperone
activity. As an obvious extension, there are several systems
that could be studied with the technique, such as single-
stranded DNA binding proteins and DNA-drug inter-
actions.

Recently, force-induced melting of single RNA hairpins
was demonstrated.40 The authors were able to determine
the free energy of melting of specific sequences of RNA.
The prospect of doing these same studies on specific RNA
and DNA sequences opens up many new possibilities for
using single molecule stretching for thermodynamic mea-
surements. In this case, one could measure sequence-
specific nucleic acid-protein interactions, such as the
interaction of DNA with transcription factors.
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