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The nucleocapsid protein (NC) of HIV type 1 is a nucleic acid
chaperone that facilitates the rearrangement of nucleic acids into
conformations containing the maximum number of complemen-
tary base pairs. We use an optical tweezers instrument to stretch
single DNA molecules from the helix to coil state at room temper-
ature in the presence of NC and a mutant form (SSHS NC) that lacks
the two zinc finger structures present in NC. Although both NC and
SSHS NC facilitate annealing of complementary strands through
electrostatic attraction, only NC destabilizes the helical form of
DNA and reduces the cooperativity of the helix-coil transition. In
particular, we find that the helix-coil transition free energy at room
temperature is significantly reduced in the presence of NC. Thus,
upon NC binding, it is likely that thermodynamic fluctuations cause
continuous melting and reannealing of base pairs so that DNA
strands are able to rapidly sample configurations to find the lowest
energy state. The reduced cooperativity allows these fluctuations
to occur in the middle of complex double-stranded structures. The
reduced stability and cooperativity, coupled with the electrostatic
attraction generated by the high charge density of NC, is respon-
sible for the nucleic acid chaperone activity of this protein.

The nucleocapsid protein (NC) of HIV type 1 (HIV-1) is a
small, highly basic nucleic acid binding protein that contains

only 55 amino acids and two zinc finger motifs. NC possesses
nucleic acid chaperone activity, by which it facilitates the rear-
rangement of nucleic acid molecules into conformations that
contain the maximum number of complementary base pairs. To
achieve such rearrangements, the base pairs of nucleic acid
structures that are normally very stable must be broken, while
other complementary structures must be formed (1, 2). Al-
though it seems likely that NC acts by destabilizing the base pairs
of nucleic acid structures, this destabilization does not explain
the enhanced annealing of complementary structures observed
in the presence of NC. Thus, although the chaperone activity of
NC is of crucial importance in the life cycle of the retrovirus, the
mechanism by which it achieves this unusual activity is not well
understood. Here we directly measure the destabilization of
nucleic acid base pairing by NC and explain the origin of the
enhanced annealing of complementary structures in the pres-
ence of this small protein.

Wild-type NC (hereafter referred to as NC) contains two zinc
finger motifs of the form CCHC. This highly conserved sequence
is found either once or twice in all retroviral NCs (except those
of the spumavirus class) (3, 4) and strongly affects the nucleic
acid binding specificity of NC (5). In addition, two high-
resolution NMR structures of NC bound to viral RNA stem-loop
sequences indicate that the zinc fingers interact specifically with
several purine bases in the loop (6, 7). Although the zinc fingers
are known to be required for viral replication (8–13), their
specific role in nucleic acid chaperone activity is less clear. In a
recent study, Levin and coworkers (14) found that a mutant form
of NC, in which both CCHC motifs had been changed to SSHS

(SSHS NC), was significantly less active in facilitating minus
strand transfer and in blocking nonspecific self-priming reactions
than wild-type NC (14).

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-induced helix-coil
transition of single l-DNA molecules. We find that the helix-coil
transition free energy is significantly reduced in the presence of
NC, while the transition free energy is increased in the presence
of SSHS NC. We also show that only wild-type NC alters the
cooperativity of the helix-coil transition, a property that is
consistent with effective rearrangement of large nucleic acid
structures.

Materials and Methods
The dual-beam optical tweezers instrument used in this study
consists of two counter propagating 150-mW, 850-nm diode
lasers (SDL, San Jose, CA) focused to a small spot inside a liquid
flow cell with 1.0 NA Nikon water-immersion microscope ob-
jectives. One 4.4-mm diameter streptavidin-coated polystyrene
bead (Bangs Laboratories, Fisher, IN) was held in the optical
trap formed by the laser beams, as shown in Fig. 1. Another
streptavidin-coated bead was held on the end of a glass micropi-
pette. To obtain force-extension measurements, a single DNA
molecule that had been labeled on each end of the same strand
with biotin was captured between the two beads (15). The DNA
molecule then was stretched by moving the pipette and measur-
ing the resulting force on the bead in the trap, as described (15,
16). The tethering buffer used in this study was 10 mM Hepes
with 245 mM NaCl and 5 mM NaOH, pH 7.5. For experiments
in lower ionic strength, the amount of added NaCl was reduced.

The absolute extension of the molecule was estimated by
measuring the distance between the centers of the two beads by
using an image captured with a charge-coupled device camera
(Edmund Industrial Optics, Barrington, NJ). The change in
position of the pipette was measured by using a feedback-
compensated piezoelectric translation stage that is accurate to 5
nm (Melles Griot, Irvine, CA). The position measurement was
converted to a measurement of the molecular extension by
correcting for the trap stiffness, which was 62 6 3 pNymm. For
the measurements reported here, the pipette was moved in
100-nm steps, and after each step the force was measured 100
times and averaged, thus averaging out contributions of thermal
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motion to the force measurement. Each step took '0.5 s. At
forces below 70 pN, the force-extension curves did not change
significantly when the pulling rate was varied by changing the
step size from 10 nm to 500 nm.

HIV-1 NC used in these experiments was prepared as de-
scribed (17). All preparations were reconstituted with two molar
equivalents of zinc. The preparation of SSHS mutant NC also has
been described (14). After capturing a single DNA molecule in
the tethering buffer, the molecule was stretched to verify that the
usual force-extension curve was obtained. To measure the effect
of the protein on this transition, a buffer solution with a reduced
NaCl concentration containing a fixed amount of NC was added
to the experimental cell until the buffer surrounding the cap-
tured DNA molecule was completely exchanged.

Results
The results of a typical experiment, in which l-DNA is stretched
in 100 mM ionic strength buffer at pH 7.5, are shown in Fig. 2.
The force (F) vs. extension per base pair (b) curve begins to rise
as the DNA helix is extended to near its normal B-form contour
length of 0.34 nmybp. At about 65 pN, a sharp overstretching
transition occurs, where very little additional force is required to
stretch the DNA molecule to 1.7 times its contour length. The
DNA then is relaxed back to its initial structure (Fig. 2, open
symbols). The relaxation curve resembles the stretch curve under
these conditions, except for the region between b 5 0.34 nmybp
and b 5 0.42 nmybp, where the data show some hysteresis (i.e.,
the stretch and relax curves to do not match exactly in this
region).

It has been suggested that the overstretching transition rep-
resents a structural change to a new form of double-stranded
DNA, referred to as S-DNA (18, 19). However, we recently have
shown that the overstretching force and thermal melting point of
DNA exhibit similar trends as a function of pH, and that a model
of the overstretching transition as force-induced melting (20, 21)
accurately describes the dependence of the overstretching force
on pH (16). In addition, our measurements of the temperature
dependence of the overstretching transition force are well de-
scribed by the force-induced melting model (15). Based on this
work we were able to derive values for the entropy of DNA
melting as well as the change in heat capacity of DNA upon
melting that were in very good agreement with calorimetric
measurements. Thus, this technique allows us to study the DNA
helix-coil transition at very high resolution and at room tem-
perature. The latter capability is particularly useful for studying
protein-nucleic acid interactions, because temperature effects on
protein structure are minimal at room temperature and do not

complicate the analysis. We also are able to isolate the effects
of protein-DNA interactions from interactions between DNA
molecules.

We have used this technique to determine the effect of NC on
the force versus extension curve of l-DNA. When the DNA was
stretched in the presence of NC, the cooperativity of the
overstretching transition decreased significantly, as shown in Fig.
3. Cooperativity is a measure of the preference of the system for
all helix or all coil states. In a highly cooperative system, as
represented by the helix-coil transition in the absence of NC (Fig.
2), intermediate states between the helix and coil are difficult to
achieve. Thus '65 pN of force are required to initiate the
helix-coil transition, and the width of the transition is only '3
pN. At low ionic strength in the presence of NC, much lower
force is required to initiate the transition and its width increases
to a maximum value of '40 pN (Fig. 3). This increase in width
is due to a decrease in cooperativity or an increase in the number
of intermediate states that can be achieved by the system. As the
experiments described below demonstrate, these changes are
caused by NC binding rather than to low salt.

To interpret the changes observed in the stretching curves in
the presence of NC, it is important to know the amount of NC
bound per DNA nucleotide. Because there are no other DNA
molecules to compete for binding to NC, the amount of NC
bound to the l-DNA molecule is determined by the ionic
strength of the solution and the concentration of NC (22). The
ratio of l-DNA nucleotides to bound NC molecules (ntyNC
ratio) in these experiments can be calculated based on the
reported binding constant of NC to the SL3 DNA hairpin as a
function of NaCl concentration (5). The NaCl dependence of the
binding constant is given by

Kobs 5
K1M

@Na 1 #N , [1]

Fig. 1. Schematic drawing (not to scale) of an optical tweezers experiment
in which a single DNA molecule is stretched between two 4.4-mm diameter
polystyrene beads. One bead is held on the end of a glass micropipette by
suction, while another bead is held in an optical trap.

Fig. 2. Typical room temperature force (F) as a function of extension per base
pair (b) curve for a single dsDNA molecule in 10 mM Hepes, pH 7.5, 100 mM
[Na1] (ionic strength). The data obtained while stretching (Œ) and relaxing the
l-DNA (h) are very similar except for the region between b 5 0.34 nmybp and
b 5 0.42 nmybp, which shows some hysteresis. The solid line on the left is the
theoretical curve for an extensible wormlike chain (43) (dsDNA) with a per-
sistence length of 50 nm, a contour length of 0.34 nmybp, and an elastic
stretch modulus of 1,000 pN. The solid line on the right is the curve for an
extensible freely jointed chain (36) (ssDNA) with a persistence length of 0.75
nm, a contour length of 0.56 nmybp, and an elastic stretch modulus of 800 pN
(19). The thick solid line connecting the stretching data is the result of a fit to
the Bragg-Zimm melting model by using the curves for dsDNA and ssDNA with
s 5 1023.
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where K1M and N are the binding constant at 1 M NaCl and the
effective charge of NC, respectively. The values have been fit to
the binding constant measurements. The fraction u of NC bound
to the DNA is given by (22)

u 5 Kobs[NC](1 2 Nu)N . [2]

The ntyNC ratio is 1yu. Here we solve this equation as a function
of ionic strength by using K1M 5 0.7 3 104 M21 and n 5 3.27,
as determined for the binding of NC to the SL3 DNA hairpin (5)
and an NC concentration of 7 nM used in our study. The values
obtained are only approximate because the effective charge of
NC is not well defined experimentally, and data for the binding
of NC to polymeric DNA such as the l-DNA used in these
studies are not available. The parameters from binding mea-
surements of NC to homopolymeric fluorescent RNA, poly(«A)
(23), yield similar results for the calculation of u by using Eq. 2.

With an NC concentration of 7 nM at 150 mM ionic strength,
the ntyNC ratio is '50. Thus, under these conditions there was
very little binding to the single DNA molecule (Fig. 3, filled
triangles), and, as expected, the force-extension curve resembled
that shown in Fig. 2. At 75 mM ionic strength, we observed a
change in the cooperativity of the transition, indicated by an
increase in the slope of the overstretching transition (Fig. 3, open
triangles). At this ionic strength the ntyNC ratio is estimated to
be '13. In 50 mM ionic strength, the slope of the overstretching
transition was further increased (Fig. 3, filled squares), and the
calculated ntyNC ratio is '8, which is similar to the ratio
required for optimal nucleic acid chaperone activity (2). Finally,
at 25 mM ionic strength very little additional change in slope is
observed (Fig. 3, open squares), suggesting that the effect of NC
on the overstretching transition saturates at this ionic strength.
The effects we observe on the cooperativity of the helix-coil
transition upon NC binding may, in part, be due to changes in
helix geometry or local base stacking interactions. However, the
fact that NC induces strand separation at much lower forces
indicates that the protein facilitates destabilization of double-
stranded DNA (dsDNA) rather than just changing the helix
geometry.

Although the effects we observe on the cooperativity of the
helix-coil transition in the presence of NC are amplified at low
ionic strength, we can achieve the same effects shown here in

physiological salt by increasing the concentration of NC. For
example, when the NC concentration is increased to 15 nM, we
observe the same change in the slope of the overstretching
transition at 100 mM ionic strength as we observed with a 7 nM
concentration of NC in 75 mM ionic strength solution (data not
shown). This finding is consistent with the binding calculations
above. However, changing the salt concentration allows us to
explore a much wider range of binding.

In the range of 50- to 150-mM ionic strength, all of the
force-extension curves in the presence of NC matched at exten-
sions less than the B-form contour length of dsDNA (0.34
nmybp). There was no indication of NC or DNA aggregation
under these conditions. However, as the ionic strength was
lowered to 25 mM, a small force was required to stretch dsDNA
even at extensions well below the contour length of the molecule
(Fig. 3). This finding suggests that additional binding of posi-
tively charged NC at low ionic strength induces DNA aggrega-
tion, consistent with previous studies showing that high concen-
trations of NC cause RNA to aggregate (24, 25).

In the absence of a DNA binding protein, forces greater than
140 pN are required to completely separate two DNA strands by
stretching (26). At ionic strength $50 mM, after a stretchyrelax
cycle where we stretched the DNA to 80 pN in the presence of
NC, subsequent stretches always retraced the initial stretch
curve. Although there was much greater hysteresis than without
NC, the strands always reannealed when relaxed (data not
shown). Thus, complete separation of the two DNA strands to
obtain single-stranded DNA (ssDNA) was never achieved at
ionic strength $50 mM. However, when we stretched dsDNA to
only 80 pN in the presence of NC at 25 mM ionic strength, the
relaxation curve resembled that of ssDNA (Fig. 4). When the
DNA strand was stretched again in the presence of NC at 25 mM
ionic strength, we obtained the same curve as the relaxation
curve (Fig. 4 and data not shown). Taken together, these curves
appear to represent the stretching and relaxation of ssDNA with
NC bound and suggest that under low salt conditions in the
presence of NC complete separation of the two DNA strands is
achieved. This observation is in contrast to the stretching and
relaxation curves obtained under the same conditions in the

Fig. 3. DNA stretching curves in 10 mM Hepes, pH 7.5, containing 7 nM NC
and 150 mM (Œ), 75 mM (‚), 50 mM (■), and 25 mM [Na1] (h). b is the extension
of the DNA molecule per base pair.

Fig. 4. NC binding decreases the effective length of ssDNA. The data shown
(■) are for l-DNA relaxed in 10 mM Hepes, pH 7.5, 25 mM [Na1], following a
stretch of dsDNA to 80 pN in the presence of 7 nM NC. The solid line is a fit to
the data of Smith et al. (19) in which ssDNA was stretched in 150 mM NaCl. b
is the extension of the DNA molecule per base pair. (Inset) The stretch (h) and
relaxation (Œ) curve for dsDNA in 25 mM ionic strength without NC.
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absence of NC, which resemble each other with a small amount
of hysteresis due to nonuniform reannealing (Fig. 4 Inset). These
data strongly support the notion that NC binding destabilizes
dsDNA rather than just inducing a change in the helix geometry
or base-stacking interactions. We also note that a higher force is
necessary to extend the NC-bound ssDNA compared with
normal ssDNA (Fig. 4). Therefore, NC binding reduces the
ssDNA contour length and significantly alters its stretching
behavior.

To investigate the role of the zinc fingers in NC’s nucleic acid
chaperone activity, we also carried out DNA stretching mea-
surements by using SSHS NC. Representative force-extension
curves for DNA in the presence of this mutant form of NC are
shown in Fig. 5. Even at the lowest ionic strength used here (25
mM), SSHS NC did not affect the cooperativity of the over-
stretching transition. In addition, SSHS NC increased the over-
stretching force in low ionic strength. In 50 mM ionic strength,
the overstretching force without NC is 60 pN. When SSHS NC
is added to the solution, the transition force increases to 68 pN,
while its cooperativity is unchanged (Fig. 5, filled triangles). As
the ionic strength is lowered to 25 mM, a small force is required
to stretch the DNA to its B-form contour length in the presence
of SSHS NC (Fig. 5, open squares), indicating that enough

protein has bound to dsDNA to cause aggregation. In this case,
the force required to separate aggregated sections of DNA is
constant at about 2–3 pN. This force is consistent with that
required to stretch single DNA molecules that have been con-
densed with multivalent cations such as cobalt hexamine (Co-
Hex31) and spermidine (Spd31) (27–29). It also has been shown
that a mutant of NC without zinc fingers was able to induce dense
compact aggregates of ssDNA (24). However, even when enough
SSHS NC has bound to cause this condensation, the overstretch-
ing force is still 68 pN and the cooperativity remains constant.
This finding indicates that SSHS NC binds preferentially to
dsDNA, most likely due to the higher charge density of dsDNA
compared with ssDNA. This conclusion is supported by the fact
that very little hysteresis is observed in the presence of SSHS NC
(data not shown), indicating that the double-stranded form of
DNA is strongly favored in this case. In contrast, in the presence
of NC there is significant hysteresis (Figs. 3 and 4), indicating
stabilization of the single-stranded form of DNA by NC.

Discussion
In this study, we use an optical tweezers instrument to measure
the effect of NC on the helix-coil transition of single DNA
molecules at room temperature. We show that NC binding alters
the cooperativity of the transition, whereas the SSHS mutant
form of NC, which lacks the zinc fingers structures, does not have
this effect. Furthermore, whereas NC destabilizes the double-
stranded form of DNA, the SSHS mutant stabilizes the double
helix.

These results can be quantified by fitting the force-extension
behavior to the standard Bragg–Zimm model for a helix-coil
transition (Table 1) (20, 30). Theoretical force-extension curves
for dsDNA (left solid line) and ssDNA (right solid line) are
shown in Fig. 2. We use these curves to predict the shape of the
overstretching transition. In this model, the fraction of base pairs
in the helical state is given by

Q 5
1
2

1
s 2 1

2@~s 2 1!2 1 4ss#1/2 , [3]

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

s 5 exp SDGtotal 2 DG~F!

kBT D . [4]

The free energy of the helix-coil transition as a function of force
DG(F) is obtained from the theoretical force-extension curves
(20), where

Fig. 5. Binding of SSHS NC to DNA increases the overstretching force and
does not affect the cooperativity of the overstretching transition. The stretch-
ing curves for l-DNA in 10 mM Hepes, pH 7.5, in the presence of 7 nM SSHS NC
are shown for 50 mM (Œ) and 25 mM (h) [Na1]. For comparison, we also show
the data for stretching DNA in 50 mM ionic strength without NC (‚). b is the
extension of the DNA molecule per base pair.

Table 1. Free energy (DGtotal) and cooperativity (s) of the helix-coil transition of a single
l-DNA molecule as a function of ionic strength in the absence of protein and in the presence
of 7 nM SSHS NC or wild-type (wt) NC

Ionic strength,
mM

No NC SSHS NC wt NC

DGtotal, kcalymolzbp DGtotal, kcalymolzbp DGtotal, kcalymolzbp s

150 1.5 6 0.1 1.5 6 0.1 1.5 6 0.1 0.001
100 1.5 6 0.1 1.4 6 0.1 1.4 6 0.1 0.001
75 1.4 6 0.1 1.4 6 0.1 1.2 6 0.3 0.05
50 1.3 6 0.1 1.6 6 0.1 0.6 6 0.2 0.13
25 1.2 6 0.1 1.6 6 0.2 0.6 6 0.1 0.25

Cooperativity results are shown only for wt NC, because this value remains essentially constant at 0.001 in the
absence of NC or with SSHS NC. Reported error is calculated as the root mean square of the error due to
reproducibility of the force measurement for at least three stretches and estimated error due to interpolation of
ssDNA curves.

6124 u www.pnas.orgycgiydoiy10.1073ypnas.101033198 Williams et al.



DG~F! 5 E
0

F

@bss~F9! 2 bds~F9!#dF9. [5]

bss(F) and bds(F) describe the theoretical force-extension curves
of ssDNA and dsDNA, respectively. DGtotal is obtained by
directly calculating the area between the experimental stretching
curves for dsDNA and ssDNA. The DNA extension as a function
of force then is given by

b~F! 5 Q~F!bds~F! 1 @1 2 Q~F!#bss~F!. [6]

By fitting these relations to our experimental force-extension
curves, we obtain both s and an estimate of the cooperativity
parameter s. The value of this parameter increases as the
transition cooperativity decreases. The average number of bases
that must be simultaneously melted to nucleate a melted domain
within a double-stranded structure is approximately s21/2 (31).

Fig. 6 shows representative fits to the model at 50 and 150 mM
ionic strength in the presence of NC (filled triangles and filled
squares, respectively). The values of s obtained from our fits, as
well as the helix-coil transition free energies DGtotal in the
absence of NC and in the presence of wild-type or SSHS NC are
given in Table 1. The model gives a very good fit to the data. The
transition free energy at ionic strength #50 mM with wild-type
NC is half the free energy of the transition without NC. These
data are consistent with the preferential binding of NC to ssDNA
(32). At room temperature, the helix-coil transition free energy
in 50 mM ionic strength is reduced from 1.3 kcalymol bp, or '2
kBT, to 0.6 kcalymol bp, or '1 kBT. Under these conditions, we
estimated that the bound ntyNC ratio is '8. Thus, at this critical
binding density, thermal fluctuations are sufficient to melt single
base pairs, allowing a DNA molecule to rapidly sample various
base-paired configurations at room temperature.

For wild-type NC, the cooperativity parameter increases from
s 5 0.001 to s 5 0.25 as ionic strength is lowered from 150 mM
to 25 mM (Table 1). This difference represents an apparent
change in the average number of base pairs required to initiate
a melted domain within a double-stranded nucleic acid structure
from 32 to 2, which most likely results from a decrease in the
entropy of ssDNA due to the binding of NC. A decrease in the
entropy of the helix-coil transition should increase the free
energy of the transition, given by DG 5 DH 2 TDS. However,
because NC binds preferentially to ssDNA, DH also is expected
to decrease. Therefore, the total transition free energy decreases
in the presence of NC (Table 1). The change in cooperativity may
allow complementary strands to sample states that differ by only
a few base pairs. The cooperativity parameter did not change
significantly in the presence of SSHS NC and remained similar
to its value of s 5 0.001 in the absence of NC.

The striking difference between our results for NC and SSHS
NC offers insights into the role of zinc fingers in the nucleic acid
chaperone activity of NC, as well as revealing details about the
mechanism by which NC interacts with nucleic acids. It has been
shown that NC facilitates annealing of tRNALys,3 to the primer
binding site (PBS) of the HIV-1 genomic RNA (33–35). Simi-
larly, SSHS NC also facilitates tRNA annealing (M. R. S.
Hargittai, A. Mangla, R.G., and K.M.-F., unpublished work). In
addition, previous studies with NC zinc finger mutants have
concluded that the zinc fingers are relatively unimportant for
genomic placement of tRNALys,3 in vivo (37) and for tRNA
primer annealing in vitro (33, 38).

In vitro experiments measuring the effect of SSHS NC on
annealing in plus- and minus-strand transfer also have been
reported (14). Elimination of the zinc finger structure by the
SSHS mutation showed no effect on the rates of annealing of the
complementary 18-nt PBS sequences in plus-strand transfer. In
contrast, annealing of the complementary repeat (R) region in
minus-strand transfer is much less effective with SSHS NC than
with wild-type NC (14). In this reaction, two strands that are both
predicted to contain at least 22 intramolecular base pairs within
the highly structured complementary TAR stem loops present in
the R regions are annealed, resulting in a thermodynamically
more stable RNA-DNA hybrid structure (1). Thus, the zinc
finger structures apparently are needed to unfold highly struc-
tured RNA and DNA intermediates formed before minus-strand
transfer, but are not absolutely required for some of the chap-
erone activities of NC, such as annealing of the tRNA primer and
annealing in plus-strand transfer.

NC promotes efficient minus-strand transfer, in part, due to its
ability to inhibit a self-priming reaction, which occurs due to
intramolecular TAR-dependent secondary structure formation
(39). This chaperone function of wild-type NC is in accordance
with its preference for binding ssDNA (Fig. 4). In contrast, SSHS
NC is unable to effectively block the TAR-induced self-priming
reaction (14), an observation that is consistent with our data
showing that this mutant form of NC stabilizes dsDNA (Fig. 5).

The data presented here help to explain the apparent paradox
surrounding the role of the zinc fingers in various chaperone
functions of NC. Our results support the conclusion that the zinc
fingers are indeed important for nucleic acid chaperone function
involving complex nucleic acid rearrangements. We have shown
that both NC and SSHS NC act as multivalent cations and cause
DNA aggregation or condensation. It is known that multivalent
cations at concentrations that are sufficient to cause DNA
condensation increase the efficiency of renaturation of melted
DNA (40). NC also has been shown to facilitate renaturation of
complementary DNA strands (1, 41). Thus, the electrostatic
attraction between the tRNA primer and the PBS-containing
RNA genome caused by the presence of NC or SSHS NC greatly
enhances the efficiency of annealing tRNA to the PBS. Because
tRNA annealing only requires the melting of the tertiary core

Fig. 6. 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 (43). The solid line on the right is stretching data for
ssDNA in 150 mM ionic strength without NC. The data for stretching dsDNA in
the presence of NC at 150 mM ionic strength is shown (■) 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 (generated after the initial
stretching and relaxation of dsDNA with NC) 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 (Œ), as well as a fit to that data, indicated as a line between
the data points. b is the extension of the DNA molecule per base pair.
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and 12 bp in the acceptor-TCC stem, the enhanced electrostatic
attraction of SSHS is sufficient to overcome the energy barrier
to melting the tRNA.

The fact that both SSHS and wild-type NC stimulate faster
minus-strand transfer than in the absence of either of these
proteins (14) indicates the importance of electrostatic attraction
in nucleic acid chaperone activity, regardless of the structures to
be annealed. However, wild-type NC is more efficient in the case
of minus-strand transfer due to its ability to destabilize complex
RNA and DNA structures, as indicated by the data shown in
Table 1. This finding is consistent with a recent NMR study that
demonstrated significant destabilization of the 18-nt minus-
strand PBS DNA hairpin by NC (42). In contrast, SSHS NC
stabilizes the double-stranded form of DNA (Fig. 5).

We have shown that NC also significantly reduces the coop-
erativity of the helix-coil transition. Although this property may
not be required for the annealing of relatively simple structures
such as short DNA or RNA hairpins, the reduction of the
cooperativity will be important for any rearrangement of com-
plex nucleic acid structures that requires the melting of base pairs
in the middle of a double-stranded structure. For example, if the
helix-coil transition in the presence of NC were completely
noncooperative (s 5 1), it would be just as easy to melt base pairs
in the middle of a DNA or RNA hairpin as it is to melt a base
pair on the end of the structure.

We have demonstrated three important aspects of the nucleic
acid chaperone activity of HIV-1 NC. First, NC facilitates

annealing of complementary strands through electrostatic at-
traction based on its high positive charge. Second, NC signifi-
cantly destabilizes dsDNA due to its preferential binding to
ssDNA. Third, NC greatly reduces the cooperativity of the
helix-coil transition of dsDNA structures. In contrast, SSHS NC
has only the first of these three properties, which 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 properties are essential for the rearrangement of complex
nucleic acid structures by NC, such as those required for
minus-strand transfer during retroviral DNA synthesis.
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