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The nucleic acid chaperone activity of the human immunodeficiency virus
type-1 (HIV-1) nucleocapsid protein (NC) plays an important role in the
retroviral life cycle, in part, by facilitating numerous nucleic acid
rearrangements throughout the reverse transcription process. Recent
studies have identified duplex destabilization and nucleic acid aggregation
as the two major components of NC’s chaperone activity. In order to better
understand the contribution of the functional domains of NC to these two
activities, we used optical tweezers to stretch single lambda DNA molecules
through the helix-coil transition in the presence of wild-type or mutant HIV-
1 NC. Protein-induced duplex destabilization was measured directly as an
average decrease of the force-induced melting free energy, while NC’s
ability to facilitate strand annealing was determined by the amount of
hysteresis in the DNA stretch-relax cycle. By studying zinc-free variants of
full-length and truncated NC, the relative contributions of NC’s zinc fingers
and N-terminal basic domain to the two major components of chaperone
activity were elucidated. In addition, examination of NC variants contain-
ing mutations affecting one or both zinc finger motifs showed that effective
strand annealing activity is correlated with NC’s ability to rapidly bind and
dissociate from nucleic acids. NC variants with slow on/off rates are
inefficient in strand annealing, even though they may still be capable of high
affinity nucleic acid binding, duplex destabilization, and/or nucleic acid
aggregation. Taken together, these observations establish the rapid kinetics
of protein—nucleic acid interaction as another major component of NC’s
chaperone function.
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Introduction

assembly.” In the context of Gag, NC functions as a
nucleic acid binding domain, driving the self-

Human immunodeficiency virus type 1 (HIV-1)
nucleocapsid protein (NC) participates in almost
every step of the virus life cycle.' NC is only 55
amino acid residues (aa) long and is produced as a
result of proteolytic processing of the Gag
polyprotein,* which is the main player in virus

Abbreviations used: NC, nucleocapsid protein; aa,
amino acid; ss, single-stranded; ds, double-stranded;
HIV-1, human immunodeficiency virus type-1; FIM, force-
induced melting; WT, wild-type.

E-mail addresses of the corresponding authors:
rouzi002@umn.edu; mark@neu.edu

assembly of Gag on nucleic acids.®'® Mature NC
also functions as a nucleic acid chaperone, facilitat-
ing nucleic acid restructuringgl reactions that lead to
more stable conformations.>>"""* In the absence of
NC, these reactions are extremely slow because the
original and intermediate nucleic acid structures are
often very stable."*” Based on numerous strand-
exchange or annealing assays,'”'*'%2! it has been
suggested that the enhanced nucleic acid annea-
ling or aggregating ability of NC, combined with
its duplex destabilization activity, account for its
chaperone activity.”'*'°

HIV-1 NC possesses two CCHC-type zinc finger
motifs, which are flanked by largely unstructured

0022-2836/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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domains that contain multiple cationic residues
(Figure 1). Upon nucleic acid binding, the 11 aa N-
terminal domain of NC, which contains four basic
residues, forms a 3, helix.?> Removal of this domain
greatly reduces NC’s capability to induce nucleic
acid aggregation.”>* The cationic nature of NC
provides a major electrostatic contribution to its
nucleic acid binding free energy, as shown by the
strong salt dependence of NC-nucleic acid
interactions.”**” NC will bind to both double-
stranded (ds) and single-stranded (ss) nucleic
acids, however, the zinc fingers preferentially inter-
act with the latter. This interaction involves partial
stacking of the aromatic residues Phe16 and Trp37 in
the zinc finger domains with unpaired nucleic acid
bases.””*® Although NC binding destabilizes struc-
tured nucleic acids, > it generally does not
result in complete unwinding in the absence of a
complementary strand.14.31-33 Moreover, NC is a
relatively weak destabilizing agent, with little or no
effect on the stability of very stable nucleic
acids, 17/29:30,34

Single molecule DNA stretching, also referred to
as force-induced melting (FIM), provides valuable
information regarding the interaction between
nucleic acids and proteins or small molecules that
bind to ssDNA and dsDNA.** In these experiments,
a single N-DNA molecule is stretched to extensions
that are almost twice its B-form contour length,
resulting in a FIM transition. Extended regions of
dsDNA melt cooperatively, and the midpoint of the
melting transition, F,, is analogous to the DNA
melting temperature, T, obtained in thermal
melting studies, and is similarly affected by solution
conditions, such as pH, temperature, and ionic
strength.’*® DNA binding proteins and small
molecules that affect the thermal melting equili-
brium of dsDNA have been shown to affect the FIM
transition in a similar manner.””"**~** One advantage
of the FIM method is that DNA melting studies are
isothermal and can be performed over a wide range
of temperatures, thus avoiding protein denatura-
tion, and under solution conditions that allow the
protein-DNA complex to aggregate.

The FIM technique may also reveal insights into
the kinetics of protein-DNA interactions.*?~#247 This
is accomplished by measuring the pulling rate
dependence of stretching curves, or by comparison
of the force-extension profiles during DNA stretch-
ing and relaxation cycles in the absence and
presence of protein. Analysis of the hysteresis, that
is, the lack of an exact match between the stretch/
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Figure 1. Amino acid sequence of HIV-1 NC (NL4-3
isolate). The zinc coordinating Cys and His residues are
circled. ZF1 and ZF2 designate the two zinc finger motifs.

relax curves, reflects the ability of the strands to re-
anneal. Therefore, performing stretch/relax cycles
in the absence and presence of a DNA binding
protein provides a quantitative measure of the
protein’s effect on nucleic acid strand annealing
activity. In particular, when the DNA stretching and
relaxation curves match, ssDNA created by stretch-
ing is able to anneal and form dsDNA on the time
scale of relaxation, which is approximately 300 bp /s
at a typical pulling (and relaxation) rate of 100 nm/s.
This is the case in the absence of protein in high salt
or in the presence of wild-type (WT) HIV-1 NC.
However, when proteins bind to ssDNA but
dissociate slowly from ssDNA on the time scale of
the relaxation, annealing of the strands is slow, and
this is reflected in large hysteresis observed during
relaxation. This is the case in the presence of some of
the zinc finger mutants studied here.

Here we employ single-molecule DNA stretching
to probe NC’s nucleic acid annealing, aggregation,
and destabilization activities separately by examin-
ing mutants that are designed to be defective in one
of these activities. Because the nucleic acid aggregat-
ing ability of NC is associated primarily with its
cationic N-terminal tail,”**® while its duplex-
destabilizing ability resides within the two zinc
fingers,**” we examined NC variants with changes
to each of these regions. Thus, an N-terminal
truncation mutant lacking the first ten aa (NC(11-
55)), is expected to have diminished nucleic acid
aggregating capabilities, while still maintaining
duplex destabilizing activity, as previously
shown.?>”! In contrast, mutations that affect the
zinc finger domains are expected to impact destabi-
lization more than aggregation.

Surprisingly, our data show that DNA melted by
force anneals efficiently even in the presence of high
concentrations of NC variants known to be deficient
in nucleic acid aggregation activity. We hypothesize
that this effect is due to rapid protein dissociation
from ssDNA. In addition, some NC proteins with
mutations in the zinc finger domains, which should
retain nucleic acid aggregation capabilities, strongly
inhibit nucleic acid annealing, most likely due to
slow protein dissociation. These results demonstrate
that efficient nucleic acid annealing, an essential
component of NC'’s chaperone activity, requires
both nucleic acid aggregation and rapid nucleic acid
binding and dissociation.

Results

Wild-type HIV-1 NC

Equilibrium binding constant and effect on duplex
stability

The binding of saturating concentrations (30 nM
or greater) of WT HIV-1 NC has a profound effect on
both DNA stretching and relaxation curves (Figure
2(a) and (b)). The slope of the FIM transition
increases dramatically, such that the transition
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Figure 2. (a) Schematic illustration of the method used
to determine AF, the force transition width. Stretching
curves for \-DNA in the absence of protein (black curve,
open circle), in the presence of 20 nM NCp7 (wild-type)
protein (green curve, filled circle), and for ssDNA with NC
bound on it (green curve, filled triangle), all in FIM buffer
(see Materials and Methods) and at room temperature. For
ssDNA with NC bound, data are from Williams et al.,*
and were taken with 10 nM NCp7 in 25 mM NaCl, 10 mM
Hepes (pH 7.5). Theoretical stretching curves for dsDNA
(black curve, open square) and ssDNA (black curve, open
triangleg, fit to standard polymer models, in the absence of
protein * are also shown. (b) DNA stretching (continuous
lines) and relaxing (broken lines) curves in the absence
and presence of WT HIV-1 NC. All measurements were
performed in 50 mM Na* and protein concentrations are
indicated.

takes place over a much broader force range than for
DNA in the absence of protein (45 pN versus 3. EN,
respectively). As discussed in previous work,*”>* an
equilibrium binding constant can be obtained by
measuring the slope of the linear region of the force
transition width, AF, as a function of protein concen-
tration, ¢ (see equation (1) in Materials and Meth-
ods). The method of obtaining AF is schematically
illustrated in Figure 2(a). Using this method, a DNA
association constant of 1.22(£0.24)x10° M ! was
measured in 50 mM Na* (Table 1), in gzood agree-
ment with bulk solution measurements.”*>~

NC binding results in a significant decrease in the
force required to stretch N-DNA.*"***" The free
energy of dsDNA melting may be calculated from
the area under a DNA stretch-relax cycle in which
the dsDNA is stretched through its melting transi-
tion and released as ssDNA.***** The DNA
melting free energy, AGmen in the presence of
saturating concentrations of NC is 0.4 kcal/mol bp

Table 1. Binding parameters of WT and mutant HIV-1 NC

AFg@ d(AF)/dc® KE

NC protein (pPN) (pPN/nM) (10° MY
No protein 3.67+0.16 - -

wt NC 447+19 5.02+0.97 1.22+0.24
NC(11-55) 41.7+2.0 0.45+0.10 0.12+0.01
1-1 51.0+2.2 3.25+0.06 0.69+0.03
2-1 30.0+1.3 0.77+0.06 0.32+0.05
CCHH-CCHC 29.7+14 2.40+0.06 0.92+0.05
CCCC-CCHC 8.1+0.34 0.15+0.06 0.33+0.13

All data are based on the results shown in Figure 7 and are re-
ported as averages+standard error for at least three experiments.

# AF, is the maximum change in transition width observed in
the presence of saturating protein concentrations.

b d(AF)/dc is the slope of the linear portion of the curves
shown in Figure 7.

¢ K, is the apparent binding constant as determined from
equation (1).

(a previously reported value of 0.8 kcal/mol bp was
obtained at lower NC concentration),” which is
about 1 kcal/mol bp smaller than in the absence of
protein (Table 2). Thus, although NC significantly
destabilizes the DNA duplex, it is unable to melt it
completely.

Non-equilibrium features of DNA stretching

In the presence of HIV-1 NC, the DNA relaxation
curves are quite regular, and very similar in shape to
the stretching curves (Figure 2(b)). The extent of
hysteresis observed in the stretch-relax curves
depends on the amount of NC bound. As shown
in Figure 2(b), at low NC concentrations, the
hysteresis is significantly larger than that observed
in the absence of protein. The hysteresis is once
again reduced upon reaching saturating levels of

Table 2. Parameters describing DNA melting

Conc” AGmeltb 6Gnetc AGh steresisd
NC protein (mM) (kcal/mol bp) (kcal/mol bp) (kcal)]mol bp)
No protein 1.51+0.08 - 0.22+0.06
wt NC 20 0.44+0.05 1.1 0.22+0.06
NC(11-55) 100 1.22+0.50 0.3 0.25+0.06
1-1 20 0.67+0.10 0.84 0.24+0.10
2-1 100 0.58+0.14 0.93 0.48+0.09
CCHH-CCHC 7 0.83+0.10 0.68 0.67+0.03
CCCC-CCHC 100 0.85+0.16 0.66 0.37+0.10
NC+EDTA® 5 1.65+0.05 -0.14 0.62+0.04
SSHS-SSHS 10 1.75+0.16 —0.24 0.42+0.10

2 All measurements were performed at concentrations close to
saturation. Data are reported as averages+standard error for at
least three experiments.

P AGpert is the melting free energy per base-pair obtained from
the area between dsDNA and ssDNA stretching curves.

€ 8Gnet is the net duplex destabilization, i.e. AGpele (N0 protein) —
AGmeit (With protein).

d AGhysteresis is the area between stretching and relaxing curves.
It represents the free energy per base-pair lost during the stretch-
relax cycle.

¢ NC+EDTA was obtained by adding 1 mM EDTA in the FIM
buffer (see Materials and Methods). Control experiments using
the same buffer did not show any effect of EDTA on DNA stretch-
relax curves.
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NC (=10 nM). Our interpretation of these observa-
tions is that at sub-saturating binding, NC does not
induce strand attraction, and instead makes the
strands bulkier and less mobile due to hydrody-
namic friction, thus slowing down their annealing.
This conclusion is in accord with the fact that
multivalent cation-induced nucleic acid attraction
requires saturating amounts of bound cations.”

Zinc-free NC

To examine the role of the zinc fingers in duplex
destabilization and strand re-annealing, DNA
stretching studies were carried out with two zinc-
free forms of NC. SSHS-SSHS NC is a variant in
which all cysteine residues have been substituted
with serine. Although this Var1ant was previously
analyzed by DNA stretching,* this earlier work
focused on the protein’s inability to destabilize
DNA, and did not quantitatively examine its overall
effects on nucleic acid stability. A second Z11‘1C -free
variant was obtained by EDTA-treatment.'® Here,
we will use these proteins to quantify and dissect the
binding component responsible for cationic stabili-
zation of nucleic acids from the overall destabilizing
effect of WT NC.

The DNA stretching curves obtained with zinc-
free NC proteins are presented in Figure 3. In both
cases, the shape of the curves differed significantly
from the curves obtained with WT NC (Figure 2(b)),
and was similar to the curves obtained in the
absence of protein, except for a small difference in
the initial stretching force, which is likely due to
nucleic acid attraction induced by the presence of
the cationic NC protein. Based on this and previous
analyses,*** we conclude that the zinc fingers are
responsible for NC’s duplex-destabilizing activity.

The melting force, F,,, was 1-6 pN higher in the
presence of SSHS-SSHS NC or NC+ EDTA relative
to free DNA (Figure 3), and similar to that measured
for N-DNA in high salt.*® Assuming that both the ds
and ss DNA elasticity are the same in the presence of
mutant NC as in the absence of protein (a reasonable
assumption given the negligible change in shape of
the melting transition), the free energy of dsDNA
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Figure 3. DNA stretching (continuous lines) and
relaxing (broken lines) curves in the absence and presence
of zinc-free variants of HIV-1 NC. All measurements were
performed in 50 mM Na* and proteins used and their
concentrations are indicated.
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Figure 4. DNA stretching (continuous lines) and
relaxing (broken lines) curves in the absence and presence
of spermidine in 50 mM Na™ (a) and polylysine in 6.2 mM

Na* (b).

melting per base-pair is calculated to be 1.75 kcal/
mol bp and 1.65 kcal/mol bp for 10 nM SSHS-SSHS
NC and 5 nM NC+ EDTA, respectively (Table 2).
These values are slightly higher than that observed
for N-DNA in the absence of protein (Table 2). The
average stabilization of DNA, —0G,, by the two
forms of zinc-free NC is ~0.2 kcal/mol bp (Table 2).
If we assume that this electrostatic stabilization is of
similar magnitude for WT NC, and given that the
net destabilization of duplex DNA due to WT NC is
1.1 kcal/mol bp (6Gpet, Table 2), the overall
contribution of NC’s zinc fingers to DNA destabi-
lization is given by: 6G“F=6G"-6G"= 1.1-(-0.2)=
1.3 kcal/mol bp.

The DNA stretch-relax curves in the presence of
SSHS-SSHS NC display modest levels of hysteresis,
suggesting that SSHS-SSHS NC is fairly effective at
promoting strand annealing. In addition, the con-
tour length of dsDNA in subsequent stretches of the
same DNA molecule does not change (data not
shown). This is an indication that, similar to WT NC,
SSHS-SSHS NC is a “fast” protein that rapidly
dissociates from ssDNA and readily rebinds dsDNA
upon relaxation. The NC+EDTA curves show
greater hysteresis, but about half of the relaxation
curve exactly matches the stretching curve. This
suggests that much of the NC+EDTA rapidly
dissociates from ssDNA, but that some portions
remain bound and inhibit re-annealing.

Comparison with simple multivalent cations

Figure 4 shows typical DNA stretch-relax curves
obtained in the presence of a small trivalent
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polyamine, spermidine (a), and in the presence of
poly-D-lysine (b). The primary interaction between
these simple multivalent cations and nucleic acids is
electrostatic, and these cations are known to main-
tain their hydration shell and remain highly mobile
when bound to nucleic acids.”® Due to the higher
phosphate charge density, binding is slightly stron-
ger to dsDNA relative to ssDNA,” > resulting in
slight stabilization of duplexes. This is consistent
with the observed increase in the F, (Figure 4). With
the exception of the overall increase in F,,, the shape
of the stretching curve remains unchanged relative
to that observed in the absence of ligand. The duplex
stabilization induced by these cations is similar to
what was observed in the presence of zinc-free NC.
In addition, the DNA relaxation curves show
negligible hysteresis in the DNA melting plateau
region. There is some hysteresis at extensions less
than 0.34 nm/bp, but this is due to DNA condensa-
tion and aggregation, and does not reflect any
inhibition of re-annealing. Due to interference from
this aggregation effect, we did not perform a full
titration of the cations to saturating concentrations.
However, all of the data obtained are consistent with
the hypothesis that DNA strand annealing in the
presence of these simple cations is extremely fast,
which suggests that these ligands are capable of
very fast ds and ss DNA binding and dissociation,
and that they effectively promote strand annealing
by inducing attraction between DNA strands. Here
“extremely fast” means faster than the time required
for stretching and relaxation. While we cannot
determine precisely how fast this is, the absence of
hysteresis in our relaxation curves means that the
base-pairs anneal faster than 10* bp/s. In the
absence of protein the re-annealing rate from the
helix/coil boundary is ~107 bp/s. This gives the
possible range of annealing rates in our experiments.

N-terminal truncation mutant

We next stretched single DNA molecules in the
presence of NC(11-55), a deletion mutant that lacks
the first ten residues. It is well-established that the
N-terminal cationic domain is a major factor in
NC’s nucleic acid binding and aggregation
activity.”® Indeed, much higher concentrations
of NC(11-55) relative to WT NC are required to
produce significant changes to the DNA stretching
curves (Figure 5). The measured binding affinity of
K,=0.12(x0.01)x10®* M ' in 50 mM NaCl, is ~ten
times lower than that of WT NC (Table 1). This
measurement agrees well with bulk solution mea-
surements of NC(11-55),>” NC(12-55),***° and NC
(12-53)%° binding to various nucleic acid substrates.

At saturating protein concentrations (>100 nM),
the shape of the DNA stretching curve resembles
that of WT NC. The saturated force transition width
is also similar to WT NC (~40 pN), but is reached at
~20-fold higher protein concentrations, i.e. 200 nM.
The F., however, is ~10 pN higher than that
observed in the presence of saturating concentra-
tions of WT NC. Therefore, at saturation, NC(11-55)
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Figure 5. DNA stretching (continuous lines) and
relaxing (broken lines) curves obtained in the absence
and presence of NC(11-55) (a) and EDTA-treated zinc-free
NC(11-55) (b).

destabilizes the DNA duplex by only ~ 0.3 kcal/mol
bp, as compared to ~1.1 kcal/mol bp for WT NC
(Table 2).

Most notably, the DNA relaxation curves in the
presence of NC(11-55) do not retain the same shape
as the stretching curves. However, the total amount
of hysteresis, AGpysteresis ~0.25 kcal/mol bp (Table
2), is similar to that observed in the absence of
protein or in the presence of WT NC. The overall
shape of the hysteresis with NC(11-55) is similar to
that observed in the presence of low concentrations
of WT NC. Because it is only at high protein
concentrations that WT NC’s strand annealing is
enhanced due to nucleic acid aggregation, this result
is consistent with a role of the N-terminal domain in
NC’s aggregation capability. In repeated stretch-
relax cycles of the same DNA molecule, the dsDNA
contour length is highly reproducible (data not
shown), suggesting that NC(11-55) can rapidly
dissociate from ssDNA and rebind dsDNA in a
manner that does not interfere with strand re-
annealing. Taken together, these findings suggest
that NC(11-55) lacks electrostatic strand attraction
capabilities, but does not prevent DNA re-annealing
in single molecule stretching experiments, where the
two strands are held in close proximity. In contrast,
NC(11-55) is not efficient at nucleic acid aggregation
or strand annealing in bulk solution studies, where
electrostatic strand attraction is required.** >

The stretching and relaxation curves in the
presence of zinc-free NC(11-55) generated by treat-
ment with EDTA are very similar to those obtained
in the absence of protein (Figure 5(b)). This shows
that both duplex destabilizing and strand annealing
activities of NC are suppressed by simultaneously
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eliminating the N-terminal cationic domain and the
zinc finger structures.

HIV-1 NC zinc finger mutants

All NC zinc finger mutants used here retain their
cationic and aromatic residues. Thus, the effect of
these mutations on nucleic acid aggregation should
be minimal. In the 1-1 mutant, the first zinc finger is
duplicated, whereas in 2-1 NC, the two native zinc
fingers are interchanged. We also tested two
mutants with a non-native N-terminal zinc finger,
CCHH-CCHC NC and CCCC-CCHC NC. Although
previous stretching studies were performed with
these variants,**" a more extensive analysis is reported
here, wherein we quantify the effect of these
mutations on NC’s duplex destabilization activity
and melting force transition width. In addition, the
effects of these mutations on the protein-DNA
interaction kinetics are examined for the first time.

1-1 mutant

The DNA stretch-relax curves in the presence of
1-1 NC are similar to those obtained with WT NC
(Figure 6(a)). The association constant of 1-1 NC to
ssDNA is 0.69(x0.03)x10® M !, which is less than
twofold weaker than WT NC. The saturated force
transition width is ~51 pN, and the net duplex
destabilization is ~ 0.8 kcal/mol bp (Tables 1 and 2).
These values reflect somewhat weaker preferential
binding of the mutant to ssDNA, which should lead
to less duplex destabilization activity. The relaxation
curves in the presence of 1-1 NC are similar in shape
to the relaxation curves with WT NC. The hysteresis
is very small and decreases at higher protein
concentrations. At the end of each stretch-relax
cycle, the protein readily dissociates from ssDNA
and rebinds to the annealed dsDNA. These features
suggest that 1-1 NC is as efficient in promoting DNA
strand annealing as the WT protein, and is only a
slightly weaker duplex destabilizer.

2-1 mutant

The 2-1 mutant has a reduced binding constant
relative to WT NC, with K,=0.32(£0.05)x10® M !
(Table 1). Its effect on the DNA melting transition
width saturates at a relatively small value, with
AFg,: ~30 pN (Figure 7 and Table 1). The estimated
duplex destabilization induced by 2-1 NC, AGpet
~0.93 kcal/mol is significant, but smaller than that
induced by WT NC (Table 2). However, this
protein produces DNA melting hysteresis that is
twice that observed in the absence of protein or in
the presence of WT NC or the 1-1 mutant (Figure
6(c) and Table 2). In contrast to WT NC, the
amount of hysteresis increases with 2-1 NC
concentration. Moreover, in some cases, subsequent
stretches of the same molecule showed a longer
apparent dsDNA contour length, suggesting that
the relaxed DNA retains partial single-stranded
character (Figure 6(c)). These observations suggest
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Figure 6. DNA stretching (continuous lines) and
relaxing (broken lines) curves in the absence and presence
of zinc finger mutants: 1-1 NC (a); CCHH-CCHC NC (b);
2-1 NC (c); CCCC-CCHC NC (d). Protein concentrations
are indicated.

that, while the 2-1 mutant is a good duplex
destabilizer, it is relatively slow to dissociate from
ssDNA, and therefore interferes significantly with
DNA strand annealing.

CCHH-CCHC mutant

The CCHH-CCHC NC mutant has a ssDNA
association constant that is only slightly smaller
than that of WT NC, K,=0.92(+0.05)x10® M !
(Table 1), in good agreement with other binding
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Figure 7. Titration curves for WT and mutant HIV-1
NC binding to single \-DNA molecules: (a) WT NC (@) and
(11-55)NC (0J); (b) 1-1 NC (A) and 2-1 NC (A); (c) CCHH-
CCHC NC (®) and CCCC-CCHC NC (<). The lines
represent the linear fits in the low concentration region.

studies.”” The effect of saturating CCHH-CCHC NC
on the DNA melting transition width is reduced
(~30 pN, Figure 7), which suggests that this mutant
has weaker duplex destabilization activity than WT
NC. Consistent with this conclusion, the net duplex
destabilization measured for this variant is AG,i
~0.7 kcal/mol, which is significantly lower than
that observed in the presence of WT NC. The DNA
relaxation curves are quite regular and similar in
shape to the stretching curves. However, this
mutant produces significantly more hysteresis than
WT NC, by about a factor of 3, which is even greater
than that produced by 2-1 NC (Figure 6(b)). In
addition, the apparent dsDNA contour length
appears significantly shorter than that observed in
the absence of protein, and varies greatly between
stretch-relax cycles of the same molecule, suggesting
a slow off rate. Thus, although its binding affinity to
DNA is comparable to that of WT NC, this mutant is
defective in both duplex destabilization and strand
annealing.

CCCC-CCHC mutant

The CCCC-CCHC NC mutant binds to ssDNA
with ~fourfold lower affinity than WT NC, with
K,=0.33(x0.13)x10® M ! (Table 1). Its effect on the
shape of the DNA stretching curves is minor even
at saturation, with AF,; ~8 pN (Table 1). The
DNA melting transition remains flat and its
midpoint is slightly increased compared to that
observed in the absence of protein (Figure 6(d)),
suggesting no duplex destabilizing activity for this
mutant. Also, DNA stretch-relax cycles with
CCCC-CCHC NC are characterized by modest
hysteresis, with AGpysteresis ~0.4 kcal/mol bp
(Table 2). The shapes of the DNA extension and
relaxation curves are also quite similar. These
features are very similar to those obtained with
the zinc-free NC, and suggest that this mutant has
the properties of a cationic ligand, which efficiently
promotes strand annealing, but which may have
severe defects in chaperone activity due to its
inability to destabilize duplex structures.

Discussion

Here, single molecule \-DNA stretching studies
were used to characterize the thermodynamics and
kinetics of NC’s interaction with nucleic acids. All of
the measured parameters are averaged over the
48,500 bp length of polymeric \-DNA. Thus, here, we
gain insights into the properties of HIV-1 NC that
contribute to its sequence-non-specific nucleic acid
interactions rather than to sequence-specific binding
properties.

In accord with previous studies, reviewed by
Levin et al.,> we find that two major properties of NC
contribute to its chaperone function: (i) moderate
base-pair destabilization activity, and (ii) nucleic
acid strand annealing activity. In particular, we find
that polymeric duplex DNA remains quite stable in
the presence of saturating concentrations of NC,
with an average base-pair stability of ~0.4 kcal /mol
bp and a net duplex destabilization of 1.1 kcal/mol
bp in 50 mM Na®. In contrast to these results
obtained with long duplex DNA strands, short
nucleic acid helices are significantly destabilized by
NC.!#717,29,30,33,34,48,60.61 Thig effect is most likely
due to the fact that the destabilizing free energy of
helix boundaries has a much greater relative effect
on the stability of short helices compared to that of
long helices. NC’s moderate duplex destabilizing
ability is a key feature of its chaperone function
because it helps nucleic acids to escape kinetic
folding traps but does not destabilize the final
maximally base-paired state.

This study is consistent with previous wor
showing that, in general, mutations in NC’s zinc
finger structures result in significantly weaker NC-
induced duplex destabilization, even at saturated
protein binding, and illustrates the importance of
the specific conformation and relative positioning
of the two zinc fingers. Zinc-free NC produced

k20,21,49,50
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moderate duplex stabilization, similar to the
effects of multivalent cations. In all cases, the
stabilizing effects are the result of effective charge
screening of DNA phosphates by polycationic
species.57,59

The protein-DNA binding constants measured
here for WT and mutant NCs correspond to
sequence-non-specific binding to ssDNA. WT NC
demonstrated the strongest binding, while the NC
(11-55) mutant lacking the cationic N-terminal
domain bound ~tenfold more weakly than WT
NC. Thus, electrostatic interactions constitute a
major component of NC’s nucleic acid binding
activity. Of all the zinc finger variants examined,
the largest decreases in binding affinity were
observed for 2-1 NC and CCCC-CCHC NC (~four-
fold). This small variation in binding strength is
unlikely to be significant in vivo, as the NC
concentration in the virion (estimated to be
>1 mM) significantly exceeds the protein’s dissocia-
tion constant.

A major component of NC’s nucleic acid chaper-
one function is its ability to promote the bimolecular
association step of nucleic acid annealing reactions.
This activity was previously believed to be asso-
ciated exclusively with NC’s ability to promote
nucleic acid aggregation.” This study extends our
understanding of NC’s ability to promote strand
annealing by examining the amount of hysteresis
observed in the DNA stretch-relax cycles. Large
hysteresis reflects slower strand annealing, despite
the fact that the two DNA strands are held in close
proximity in these experiments. Thus, the amount of
hysteresis observed in the presence of different NC
variants is a quantitative measure of the protein’s
strand annealing ability. According to this study, the
amount of hysteresis (in terms of the average free
energy lost per base-pair in a stretch-relax cycle, see
Table 2) increases in the order: spermidine and
polylysine<WT NC<1-1<NC(11-55)<CCCC-
CCHC <SSHS-SSHS <2-1<NC+EDTA <CCHH-
CCHC. Note that while quantitative hysteresis
results for spermidine and polylysine are not
presented in Table 2, all of the stretching curves
showed negligible hysteresis in the presence of these
cations in the melting plateau region. For most of
these proteins, except for NC(11-55), 2-1 and CCHH-
CCHC, hysteresis decreased with increasing protein
concentration, indicating that strand annealing was
actively promoted only in the presence of saturating
concentrations of protein.

The rapid kinetics of a protein-DNA interaction is
indicated by DNA extension curves that are highly
reproducible at various pulling rates and in repeated
cycles. These characteristics are indicative of an
equilibrium process, which in the presence of a
DNA binding protein implies its rapid adjustment to
changes in the DNA secondary structure. In general,
one would expect that highly charged molecules
such as WT NC, specific zinc finger mutants, and the
multivalent cations examined here, should be very
efficient at strand annealing due to induced electro-
static attraction. This is indeed the case for WT NC,

multivalent cations, and 1-1 NC. However, the rest
of the zinc finger mutants showed significant
hysteresis, suggesting that the zinc finger muta-
tions reduce NC’s strand annealing capabilities.
Based on these data, we conclude that nucleic acid
aggregation is necessary but not sufficient for
effective annealing activity. Rapid kinetics of
protein—nucleic acid interaction is also an impor-
tant component of chaperone function. Of all the
NC mutants studied here, only the 1-1 mutant
retains both annealing capabilities (aggregation and
rapid binding kinetics), along with effective duplex
destabilization activity. These results are in accord
with previous in vitro minus-strand transfer anneal-
ing assays.

Interestingly, the amount of hysteresis observed
with NC(11-55) was relatively small, while stretch-
ing and relaxation curves were reproducible and
pulling rate independent (Figure 5(a) and Table 2).
However, the shape of the stretching and relaxa-
tion curves remained quite different even at
saturated NC(11-55) binding, suggesting the
absence of protein-induced strand attraction, as
expected for this variant. We hypothesize that the
small amount of hysteresis observed is not due to
protein-promoted strand annealing, but is due to
this variant’s ability to rapidly adjust to the state of
DNA (i.e. ss versus ds) as the two strands anneal.

The two functions of NC as a nucleic acid
chaperone, its duplex destabilizing and nucleic
acid strand annealing activities, oppose each
other. Indeed, the first activity relies on the ability
of NC to bind preferentially to ss nucleic acids. In
contrast, strand annealing activity relies mainly on
the simple cationic properties of NC, leading to
delocalized nucleic acid binding. However, high
mobility of a nucleic acid binding protein is
incompatible with more specific primarily hydro-
phobic interactions that make single-stranded DNA
a preferred substrate for NC binding. This study
suggests that HIV-1 NC protein optimizes its
nucleic acid chaperone properties by compromising
both activities. Thus, it is a weak duplex destabi-
lizer and a cationic protein with less than optimal
(relative to small multivalent cations) strand
annealing ability.

In summary, we have shown here that, while
simple cationic attraction is an important compo-
nent of nucleic acid chaperone activity, an additional
requirement is the ability of the protein to rapidly
adjust to ss and ds DNA binding states. Thus, while
all of the zinc finger mutants examined retain the
same high charge density and should therefore
electrostatically facilitate strand annealing, the
specific changes in nucleic acid binding induced by
these mutations alter both duplex destabilization
and protein binding kinetics. In all cases, either the
protein’s strand annealing capability or its duplex
destabilization is compromised by mutation. Addi-
tional studies are needed to determine why NC’s
specific zinc finger structure is the optimum
structure to facilitate such rapid protein binding
kinetics.
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Materials and Methods

The optical tweezers instrument and data acquisition
were as described.*””" Biotinylated lambda DNA was
prepared and captured as described.”> The DNA was
labeled at the 3’-ends such that it would be free to
rotate when stretched. WT and mutant HIV-1 NC
proteins, were prepared as described.’”®®> Proteins
were stored at —80 °C in 10 pl aliquots at 10, 25 or
50 puM protein concentration in NC-storage buffer
(20 mM Hepes, 5 mM p-mercaptoethanol, 0.1 mM Tris
(2-carboxyethyl)phosphine hydrochloride, pH 7.5). The
buffer used for most of the FIM experiments (FIM
buffer) contained 50 mM Na* (10 mM Hepes, 45 mM
NaCl, 5 mM NaOH, pH 7.5). DNA stretch-relax cycles
with polylysine were also performed in 6.2 mM Na*
buffer (10 mM Hepes, 1.2 mM NaCl, 5 mM NaOH, pH
7.5). To obtain the zinc-free variants of WT and NC(11-
55), 1 mM EDTA was added to the FIM buffer and 1
uM NC or NC(11-55) was incubated in this buffer for at
least 10 min before use. Spermidine and polylysine were
purchased from Sigma and were dissolved in de-ionized
water before use.

The equilibrium binding constant was calculated using
the following equation:

1 8F() 1 d(SF())
T OFm ¢ OFg  dc

K, 1)

c—>0

where 8F(c)=AFNC-AF™ P™%" js the change in the
transition width due to the addition of NC at the
concentration ¢, 6F,; is OF at saturating protein binding,
and d(6F(c))/dc is the slope of 6F(c) versus c in the low
concentration (linear) region. The transition width was
determined as shown in Figure 2(a).
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