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Summary
The human immunodeficiency virus type 1 (HIV-1) nucleocapsid protein (NC) is an essential protein
for retroviral replication. Among its numerous functions, NC is a nucleic acid (NA) chaperone protein
that catalyzes NA rearrangements leading to the formation of thermodynamically more stable
conformations. In vitro, NC chaperone activity is typically assayed under conditions of low or no
Mg2+, even though reverse transcription requires the presence of divalent cations. Here, the
chaperone activity of HIV-1 NC was studied as a function of varying Na+ and Mg2+ concentrations
by investigating the annealing of complementary DNA and RNA hairpins derived from the trans-
activation response domain of the HIV genome. This reaction mimics the annealing step of the minus-
strand transfer process in reverse transcription. Gel-shift annealing and sedimentation assays were
used to monitor the annealing kinetics and aggregation activity of NC, respectively. In the absence
of protein, a limited ability of Na+ and Mg2+ cations to facilitate hairpin annealing was observed,
whereas NC stimulated the annealing 103- to 105-fold. The major effect of either NC or the cations
is on the rate of bimolecular association of the hairpins. This effect is especially strong under
conditions wherein NC induces NA aggregation. Titration with NC and NC/Mg2+ competition
studies showed that the annealing kinetics depends only on the level of NA saturation with NC. NC
competes with Mg2+ or Na+ for sequence non-specific NA binding similar to a simple trivalent cation.
Upon saturation, NC induces attraction between NA molecules corresponding to ∼0.3 kcal/mol/
nucleotide, in agreement with an electrostatic mechanism of NC-induced NA aggregation. These
data provide insights into the variable effects of NC's chaperone activity observed during in vitro
studies of divalent metal-dependent reverse transcription reactions, and suggest the feasibility of NC-
facilitated proviral DNA synthesis within the mature capsid core.
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Introduction
Human immunodeficiency virus type 1 (HIV-1) nucleocapsid protein (NC) is a highly cationic
55-amino acid protein derived upon proteolysis of the Gag and Gag-Pol polyprotein precursors
1-3. Like most other retroviral NC proteins, HIV-1 NC, or the NC domain of Gag, is known
to play a role in packaging viral RNA 4; 5 or non-viral RNA 6-8, virus assembly 9-12, viral
RNA dimerization 13; 14 and maturation 15; 16, tRNA primer annealing to the viral RNA
template 14; 17-20, reverse transcription 21 and integration 22-24. Many of these functions of
NC are a result of its so called general nucleic acid (NA) chaperone activity 21; 25-27. This
property of HIV NC relies on its ability to bind to a diverse array of NA sequences with
comparable affinity 27-33, allowing it to chaperone a wide variety of NA annealing and
remodeling reactions leading to structures with maximal stability.

In vitro studies have shown that optimal NA chaperone activity requires saturated protein
binding corresponding to 1 NC molecule per 6±1 nucleotides (nt) 29; 30; 32-36. Upon
saturation with NC, NA secondary structures are moderately destabilized 37-46. Wild-type
(WT) HIV-1 NC also possesses potent NA aggregating activity 25; 27; 47-49. Whereas the
duplex destabilizing activity of NC has been mapped to its zinc finger domains 39; 50-53, the
ability to aggregate NA is largely due to NC's highly cationic N-terminal domain 33; 41; 48;
49; 54. Recently, the fast kinetics of NC dissociation from both single-stranded (ss) and double-
stranded (ds) NA was shown to be another key characteristic of HIV-1 NC's chaperone activity
54; 55.

The effect of NC on the kinetics of annealing complementary NA 18; 27; 29; 34; 36; 50;
56-58 and on various steps of reverse transcription 21; 50; 59-64 has been extensively studied
in vitro. In all these studies, although stimulation by NC was detected, the magnitude of this
effect varied. For example, in studies focusing on annealing of complementary
oligonucleotides, the overall rate enhancement measured in the presence of WT HIV-1 NC
ranged from 10- to 105-fold 18; 29; 34; 36; 58. One explanation of the variable effect of NC
is the wide variety of substrates used in these studies. In a systematic study of NC's chaperone
function, the rate of annealing of complementary NA of lower initial stability was shown to
be stimulated much less by NC than for substrates with high initial stability 65. In addition, if
the starting structures are too stable, NC's relatively moderate destabilizing activity is unable
to facilitate duplex unwinding and annealing 18; 37; 38; 66. A major factor in NC's ability to
stimulate the annealing of highly structured substrates has been attributed to its ability to
aggregate NA molecules upon saturated binding 18; 58. In contrast, sub-saturating levels of
NC are sufficient for NA destabilization activity, but generally lead to much weaker stimulation
of annealing 37; 38; 40; 58. These results are consistent with studies using [NC(12-55)], which
lacks the cationic N-terminal “aggregation domain” 44; 52; 67. In general, this truncated NC
variant only stimulates annealing by ∼10- to 100-fold.

NC has also been demonstrated to stimulate in vitro strand transfer reactions that mimic both
the annealing and subsequent reverse transcriptase (RT) extension steps. These more complex
reactions are monitored by observing the RT extension products on a gel. Interestingly, the
effects of NC on stimulation of the complete strand transfer reaction is generally much less
(∼2- to 3-fold) than the effect observed in simple annealing assays 50; 63; 64; 68-70. A common
feature of these assays is the presence of 6-10 mM Mg2+ used in order to optimize RT activity.
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A recent study has shown that much lower Mg2+ is sufficient to support RT activity 71, and is
more relevant to in vivo conditions in most cell types. We hypothesize that the presence of high
Mg2+ concentrations in these strand transfer reactions leads to sub-saturating levels of NC
binding, thereby leading to minimal effects of NC on the overall strand transfer process. This
hypothesis is qualitatively supported by the recent observation that higher Mg2+ suppresses
the effect of NC on in vitro strand transfer reactions 70.

In this work, we test this hypothesis by performing a systematic study of the effect of Na+ and
Mg2+ ions on NC-stimulated annealing of complementary RNA and DNA hairpins derived
from the trans-activation response (TAR) element of the HIV genome. Gel-shift assays were
used to monitor the kinetics of hairpin annealing over a broad range of NC concentrations,
including conditions resulting in NA aggregation. A simple sedimentation assay was used to
monitor fractional NA aggregation induced by NC. Taken together, these data help to explain
the variable effects of NC's chaperone activity in stimulation of Mg2+-dependent strand transfer
reactions, and emphasize the importance of NA saturation with NC for optimal chaperone
function in vitro.

Results and Discussion
The TAR RNA and DNA substrates used in this work are shown in Figure 1. Both full-length
and truncated mini-TAR substrates (Fig 1, boxed) were studied. The two-step annealing
process can be described by the following reaction:

(1)

The first bimolecular step leads to the formation of RD*, characterized by the forward
association rate constant k1, and the intermediate dissociation rate k-1. RD* is subsequently
converted into the fully annealed RNA/DNA duplex, RD, via the second monomolecular step,
which is characterized by the strand exchange rate k2 and reverse rate k-2.

Under the majority of solution conditions studied in this work, the TAR RNA/DNA annealing
kinetics is bi-exponential. The percent of molecules annealed as a function of time, P(t), can
be described as:

(2)

Here the fast and the slow rates of annealing, kf and ks, correspond to the rate of formation of
RD* and RD, respectively, while f is the probability of intermediate formation and P∞ is the
final equilibrium percent of RNA annealed. The following equations describe the relationship
between these kinetic parameters (eq. (2)) and the elementary rates of the two-step process (eq.
(1)) 72:

(3)

where
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(4)

Here, Kd* and Kd are the equilibrium dissociation constants of RD* and RD, respectively.
Experimentally, both fast and slow rates are observed when they are sufficiently different from
each other, i.e. kf » ks, and when the partially annealed complex has an intermediate stability,
i.e. 0.1 < f < 0.9. If RD* is very stable or very unstable, then only the fast or the slow rate can
be determined, respectively. According to eqs. (3) and (4), the fitted parameters kf, ks, and f
can be used to estimate the elementary rates of the two-step annealing process as:

(5)

Hairpin annealing kinetics in the absence of NC
To understand the effects of monovalent and divalent cations on the nucleic acid chaperone
activity of HIV-1 NC, we first examined the annealing kinetics of mini-TAR and full-length
TAR hairpins (Figure 1) as a function of Na+ and Mg2+ concentration in the absence of NC.
As shown in Figure 2 (a and b), Na+ ions facilitate hairpin annealing, with annealing of the
shorter hairpins (Figure 2, panels (a) and (c)) stimulated at much lower salt than the longer
TAR substrates (Figure 2, panels (b) and (d)). Mg2+ also facilitates hairpin annealing, however,
∼10 to 100-fold lower Mg2+ is sufficient to achieve the same effect as with Na+ (Figure 2 (c
and d)).

Dependence of intermediate association rate on Na+ and Mg2+—To quantitatively
determine the effect of cations on the annealing kinetics, we fit the annealing time courses in
Figure 2 to expression (2) with P∞=100% (i.e., the annealing of either mini-TAR or TAR is
irreversible in the absence of NC) to obtain ks, kf and f. The dissociation constant of the
intermediate and the elementary reaction rates of the two-step annealing reaction were obtained
using eqs. (5), and plotted in Figure 3 as a function of Na+ and Mg2+ concentration. As shown
in Figure 3(a), the bimolecular association rate, k1, is ∼10-fold faster for the shorter hairpins
with both Na+ and Mg2+. The fact that this difference between mini and full-length TAR
hairpins does not disappear in higher salt suggests that the difference is not due to the stronger
electrostatic repulsion between the longer molecules. Shubsda et al. also observed slower
association of longer hairpins, and attributed this difference to the larger entropy loss upon
complex formation 73.

Upon increasing [Na+] from 20 to 1000 mM or [Mg2+] from 0.2 to 150 mM, k1 increases from
103 to 104 M-1.s-1 for mini-TAR and from 102 to 103 M-1.s-1 for full-length TAR hairpins. A
further increase in the salt concentration does not lead to faster annealing. Consistent with these
observations, the rates measured here are significantly slower than the typical association rates
of unstructured complementary nucleic acid molecules, which are typically 105-106 M-1.s-1

under similar salt conditions 72; 74-76. As shown previously, k1 is stimulated by temperature
for mini-TAR 58, suggesting that k1 involves melting some part of the initial hairpin secondary
structure to provide enough base pairing interactions to nucleate stable intermediate formation.
Mutational analysis of mini-TAR 58 and full-length TAR RNA/DNA 77 shows that in the
absence of NC, annealing proceeds through the formation of an extended loop-loop
intermediate (see Figure 1, lower left).
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As shown in Figure 3(a) the salt dependence of k1 is similar for mini-TAR and TAR hairpins.
In general, the salt dependence of the rate or equilibrium constant of a process may be
characterized by the following equation 78:

(6)

Here, k is the rate, M is the cation concentration, and s corresponds to the number of cations
associating (if s > 0) or dissociating (if s < 0) from the system during the process. For the
association process characterized by rate k1, the values of s were calculated from the slope of
a plot of k1 vs [Na+] or [Mg2+] for both TAR hairpins. For mini-TAR, s = 0.4 ± 0.1 (Na+) and
s = 0.6 ± 0.1 (Mg2+), whereas for full-length TAR, s = 0.6 ± 0.1 (Na+) and s = 0.5 ± 0.1
(Mg2+). These values are similar to the expected [Na+] dependence for association rates of
short complementary oligonucleotides 75. These results are also consistent with a single
molecule FRET study, wherein a similar s value was measured by studying the [Mg2+]-
dependence of the docking rate of the hairpin ribozyme 79.

Dependence of intermediate dissociation rate on Na+ and Mg2+—The dissociation
rate, k-1, of the extended 17-bp kissing complex (Figure 1, left) is similar for the mini-TAR
and full-length TAR hairpins, and is only weakly dependent on Na+ and Mg2+ concentration
(Figure 3(c)). This result is consistent with the formation of a similar intermediate for both
short and long DNA/RNA hairpins. Indeed, the average value of k-1 ∼ 0.03 min-1 is consistent
with the expected dissociation rate of a 17-bp duplex at 37 °C 72 and with the fact that in a
transition state for nucleic acid strand dissociation, the two strands are still close together with
most of the cations still associated 80.

Dependence of the intermediate dissociation constant on Na+ and Mg2+—The
extended kissing complex dissociation constant, Kd*, decreases (i.e., the complex stability
increases) with increasing Na+ or Mg2+ concentration (Figure 3(b)). The stabilizing effects of
Na+ and Mg2+ are comparable, however, ∼100- to 1000-fold higher [Na+] are required relative
to [Mg2+]. The bimolecular complex stability (and the annealing kinetics in general (see Figure
2, panels (c) and (d)) saturates at [Mg2+] ≥ 3 mM for the mini-TAR hairpins and at [Mg2+] ≥
100 mM for the full-length TAR hairpins. For both the short and long hairpins, ≥ 1000 mM
Na+ is required to achieved maximal stability. The stability of the extended kissing complex
between the shorter mini-TAR hairpins is ∼10- to 50-fold higher than that of the longer full-
length TAR hairpins under all salt concentrations.

Both monovalent and divalent cations are likely to stabilize the reaction intermediate by
facilitating its association rate 72; 75; 81. Based on the [Na+] dependence, an s value of -0.3
± 0.06 was calculated for both the mini-TAR or full-length TAR complexes, further supporting
the similar nature of the annealing intermediates. The Kd*-dependence on Mg2+ is stronger
than for Na+, with s = -0.8 ± 0.1 for both the mini-TAR and full-length TAR hairpins (see
Figure 3(b)). This suggests that up to one additional Mg2+ associates with the extended kissing
complexes upon intermediate formation. It is possible that this effect is associated with stronger
stabilization of inter-helical stacking by Mg2+, as observed in the crystal structure of a hairpin
kissing complex 82. Between two and three Mg2+ cations were also shown to associate with
the stacked kissing complex of hairpin constructs based on the RNA I/RNA II system 83; 84.
We hypothesize that the relatively strong Mg2+ dependence of complex stability is associated
with specific Mg2+ binding, since non-specific binding is expected to have a very weak (s ∼
-0.1) Mg2+ dependence 80; 81; 85; 86. Similar results were reported for stabilization of the
kissing complex formed by HIV-1 dimerization initiation signal (DIS) hairpins in the presence
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of either ∼1 mM Mg2+ or ∼2 M Na+ 87. However, in contrast to our results and in agreement
with data for polymeric DNA 72; 88, a stronger dependence of kissing complex stability on
Na+ than Mg2+ was observed 87. The latter may be related to efficient co-axial stacking of the
two hairpin duplexes in the kissing complex, making it more similar to polymeric DNA.

The observed 10- to 50-fold higher stability of the intermediate complex formed by the shorter
hairpins appears to be non-electrostatic in origin, since it does not disappear at higher salt. This
stability difference is almost entirely due to a faster association rate for the shorter hairpins
because the dissociation rate is < 2-fold slower than for full-length TAR (see Figure 3(c)).
Therefore, the higher stability of the mini-TAR complex is likely due to a lower cost associated
with the reduction in conformational freedom upon kissing complex formation 89.

Dependence of the strand exchange rate on Na+ and Mg2+—Figure 3(d) shows the
Na+ and Mg2+ dependence on the strand-exchange rate, k2. Although slightly more pronounced
than for k-1, the salt dependence of k2 is still very weak, and the rate is reduced in high salt
with s = -0.25 ± 0.1. The average value of k2 over the salt range studied for both TAR systems
is ∼0.01 min-1, which is about 3-fold slower than k-1. This suggests that the first step of the
formation of RD* is in pre-equilibrium to the subsequent strand-exchange step. Surprisingly,
the strand-exchange rate for the longer hairpins is practically indistinguishable within
experimental accuracy from that of the shorter hairpins. This result suggests that the strand
exchange is rate-limited not by opening of the base pairs along the hairpin stem, but by a
conformational change, most likely involving cooperative melting of a large fragment of one
or both hairpin stems. This hypothesis is in agreement with the fact that the strand exchange
rate for four-way junction migration is much faster than the k2 measured here 90-93.

NC effect on the kinetics of mini-TAR and full-length TAR DNA/RNA annealing
Effect of NC concentration on mini-TAR and full-length TAR RNA/DNA annealing
in low salt—Presented in Figure 4 are typical annealing time courses for mini-TAR (a) and
full-length TAR (b) hairpins in 20 mM NaCl. Under these low salt conditions, all NC added
is expected to be bound to NA. These time courses were fit to equation (2) to obtain kf, ks and
f, as well as the elementary rates according to eqs. (5). The reaction rates, k1, k-1 and k2, as well
as Kd*, are presented in Figure 6 as a function of fractional saturation of NA with NC, ΘNC
(see below). While the two-step mechanism of annealing persists as the NA become saturated
with NC, the annealing pathway changes, as described previously for both mini-TAR and TAR
58; 77.

The annealing kinetics was also examined under varying NC/Mg2+ solution conditions.
Presented in Figure 5 are the annealing time courses of mini-TAR and full-length TAR hairpins
measured with two different titration procedures. In the top two panels (mini-TAR (a) and TAR
(b)), Mg2+ concentration was held constant at 1 mM and NC was varied from 2 to 20 μM. As
expected, in both cases the annealing of the hairpins was more effectively facilitated by higher
NC concentration. The bottom two panels (mini-TAR (c) and TAR (d)) present the results of
a study wherein NC concentration was held constant at 5 μM and Mg2+ was varied from 0.5
to 5 mM. Increasing Mg2+ slows down the annealing kinetics, with a more dramatic effect on
the TAR hairpins. We hypothesize that Mg2+ competes with NC for binding to the NA
substrates, thereby decreasing the catalytic effect of NC on hairpin annealing. Thus, the
dissociation constant of NC,  (Mg), increases with increasing [Mg2+] and the
concentrations of NC that result in similar fractional NC binding, ΘNC ∼ [NC]/  ([Mg]),
should lead to the same reaction kinetics. In the absence of Mg2+, under the low salt conditions
used here, ΘNC is determined simply by the amount of added NC:
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(7)

Here, saturated binding (i.e., ΘNC =1) was assumed to be achieved at a value of 1 NC per 6 ±
1 nt 29; 33-36; 94.

Comparison of NC's effect on the elementary rates of hairpin annealing with and
without Mg2+—In Figure 6 the elementary reaction rates (k1, k-1, k2) and Kd* for mini-TAR
and TAR are presented as a function of ΘNC. The reaction rates were determined based on the
data shown in Figures 4 and 5. For experiments performed under low salt solution ([Mg2+]
=0.2 mM, [Na]=20 mM), ΘNC was determined according to eq. (7). For Mg2+/NC competition
assays, ΘNC was estimated for each set of NC and Mg2+ concentrations assuming non-specific
electrostatic binding of NC and Mg2+ (see equations (A1)-(A2) in Supplementary Material).
The data from three independent series of experiments are plotted in the graphs shown in Figure
6. A similar dependence of all rates on ΘNC is observed, supporting the hypothesis that
nonspecific electrostatic NC/Mg2+ competition controls NC's binding and annealing kinetics.

Effect of NC on intermediate association rate—The effect of NC on k1 is very strong
(Figure 6(a)). In all three sets of experiments, the major change in k1 occurs within the range
of 0.2 < ΘNC < 0.5 and 0.5 < ΘNC < 1 for mini-TAR and TAR RNA/DNA, respectively. In
addition, the effect of NC saturation on k1 for the longer TAR hairpins is significantly greater
than for the shorter mini-TAR hairpins. In particular, k1 for the mini-TAR hairpins increases
from ∼102 M-1.s-1 in the absence of NC to ∼105 M-1.s-1 at saturated NC, while this variation
of k1 is between ∼10 M-1.s-1 and ∼4 × 105 M-1.s-1 for the TAR hairpins. While ∼1 M Na+ or
∼10 mM Mg2+ is required for maximal k1 facilitation in the absence of NC (Figure 3 (a)), only
∼1 μM NC is sufficient in the absence of Mg2+. In the case of Mg2+ or Na+, k1 facilitation is
a result of better screening of NA charge by these cations. However, k1 also involves pre-
melting of the upper stem of the hairpins, which is probably slightly inhibited by Mg2+ and
Na+. As a result, these cations only facilitate k1 by a factor of ∼10 (Figure 3(a)).

In contrast, saturating NC induces ∼102 and ∼103 –fold enhancement of k1 for mini-TAR and
TAR, respectively (Figure 6(a)). This effect is most likely the result of two NC properties.
First, while Mg2+ and Na+ are only capable of screening NA-NA repulsion, NC additionally
induces NA-NA attraction (i.e. aggregation), thereby efficiently facilitating the diffusional
search for the complementary sequences. Second, while Mg2+ and Na+ stabilize NA duplexes,
thereby slowing down melting of parts of hairpin structures that are in pre-equilibrium to
intermediate complex formation, NC destabilizes NA duplexes, thus facilitating intermediate
formation.

An approximately 10-fold slower association rate of the longer TAR hairpins relative to the
mini-TAR hairpins was observed at ΘNC ≤ 0.5. This difference may be attributed to a larger
entropy loss upon intermediate complex formation between longer hairpins under non-
aggregating solution conditions. However, at ΘNC ∼0.8, k1 for TAR becomes larger and
saturates at a value of ΘNC ∼ 1, which is ∼5-fold higher than for mini-TAR (Figure 6(a)). This
difference is most likely due to more facile pre-melting of the critical region involved in
intermediate complex nucleation in TAR compared to mini-TAR hairpins and is consistent
with the conclusion that mini-TAR and full-length TAR hairpins anneal via different pathways
when saturated with NC77.

Effect of NC on the intermediate dissociation rate—Interestingly, k-1 is much less
sensitive to variations in ΘNC than k1 (Figure 6(c)). Moreover, the k-1 values for mini-TAR
and full-length TAR are almost indistinguishable within the accuracy of the measurements.
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The average k-1 value over all measurements in the presence of NC (k-1 = 0.12 ± 0.05 min-1)
is 3-fold higher than the value determined in the absence of NC (k-1 = 0.04 ± 0.01 min-1)
(compare Figures 3(c) and 6(c)). The k-1 values obtained from assays performed in the absence
of Mg2+ (Figure 6(c), circles) are slightly higher than values measured with Mg2+ (Figure 6
(c), squares) but do not show significant variation with ΘNC. In contrast, the k-1 values obtained
from assays performed with TAR in the presence of 1 mM Mg2+ (Figure 6(c), squares) increase
by ∼4-fold over the range of ΘNC values examined, while assays performed at 5 μM NC and
titrated with up to 100 mM Mg2+ (Figure 6(c), triangles) increase ∼5-fold. This is consistent
with the observation that higher Mg2+ results in slower duplex dissociation (see Figure 3(c)).
The facilitating effect of NC on k-1, expected based on NC's duplex destabilizing ability 18;
58, may be obscured by a change in the annealing pathway from a kissing loop intermediate
to a zipper intermediate at high NC 58; 77.

NC's effect on the intermediate dissociation constant—The ΘNC -dependence on
Kd* (Figure 6(b)) displays the opposite trend of k1 (Figure 6(a) and 6(b)). Kd* values vary
between ∼3 × 10-6 M and 2 × 10-8 M for the mini-TAR hairpins, while the variation for the
full-length hairpin is much larger, i.e., between ∼10-4 M and ∼3 × 10-9 M. As observed in the
absence of NC, at low ΘNC the Kd* values measured for TAR hairpins are ∼10-fold higher
than for mini-TAR. However, at ΘNC ≥ 0.8, the stability of the TAR intermediate equals that
of the mini-TAR hairpins, and at saturating NC, the stability of the TAR intermediate exceeds
that of the mini-TAR hairpins (see Figure 6(b)). This likely reflects the fact that full-length
TAR and mini-TAR hairpins anneal via different pathways at saturating NC 58; 77.

NC's effect on the strand exchange rate—The k2 values display the largest scatter and
show only a weak growth trend with increasing NC saturation, ΘNC (Figure 6(d)). The k2 values
at low NC saturation vary between the assays, and decrease with Mg2+, in accord with the data
presented in Figure 3(d).

Importantly, the k2 values for mini-TAR and full-length TAR RNA/DNA annealing are similar,
just as in the absence of NC. Also, the fact that the strand exchange rate does not depend on
the stem length, suggests that the rate-limiting step of strand exchange involves a
conformational change preceding bp zippering through the stem. On average, the measured
k2 value is ∼2- to 3-fold lower than k-1. This result is in accord with the fact that formation of
the reaction intermediate is in pre-equilibrium to strand exchange at all NC concentrations.
The average k2 in the presence of NC (0.03 ± 0.01 min-1) is ∼3-fold faster than in the absence
of NC (compare Figure 3(d) and 6(d)).

Mini-TAR and TAR aggregation by NC—NC induces nucleic acid aggregation, and NA
saturation with NC is required for maximal aggregation activity 18; 27; 29; 34; 47-49; 58. The
latter is a major component of the nucleic acid chaperone activity of NC 58; 77; 95, and
facilitates efficient reverse transcription of long DNA products in vitro 96; 97.

To quantitatively test the hypothesis that NC-induced NA self-attraction is correlated with
ΘNC, and to determine the strength of this attraction, we systematically studied the dependence
of fractional NA aggregation, fa, on ΘNC for mini-TAR and TAR. The conditions of the
sedimentation assay were chosen to closely mimic our standard annealing assays. Presented
in Figure 7(a) are the results of an NC titration in the presence of 20 mM NaCl and no Mg2+.
The fraction of RNA aggregated, fa, is plotted as a function of ΘNC determined according to
eq. (7). Interestingly, the aggregated fraction of NA approximately equals the fractional NC
binding (compare the symbols (data points) and the line in Figure 7(a)), i.e., fa ≈ ΘNC. These
data are consistent with a 1:6 NC:nt binding at saturation, since aggregation is essentially
complete, i.e., fa ≈ 1 at ΘNC ≥1 (Figure 7(a)). It is important to note that the straight line is
meant to be a guide to the eye, rather than a strict relationship. Although the sedimentation
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assay used here is not as accurate in quantifying the low fractional aggregation regime, the hint
of the steeper dependence of fa on ΘNC can be noticed around ΘNC ∼ 0.6, in agreement with
the notion that a critical amount of NC saturation is required for aggregation. Mini-TAR and
TAR hairpins display similar aggregation behavior (Figure 7 (a) and (b)). However, a shorter
15-nt oligonucleotide under the same solution conditions remained un-aggregated at all
concentrations of NC tested (data not shown), in accord with the expectation that the specific
level of NA saturation with NC leading to aggregation depends on the oligonucleotide length
and concentration. The electrostatic mechanism of multivalent cation-induced NA aggregation
leading to such behavior is discussed in the Supplementary Material. This aggregation
mechanism also suggests different saturation requirements for aggregation with cationic
proteins possessing different charge distributions.

Mini-TAR and TAR aggregation in mixed NC/Mg2+ solutions—The fractional NA
aggregation was also monitored as a function of ΘNC under conditions of mixed NC/Mg2+/
Na+. In one experiment, Mg2+ concentration was fixed at 5 mM and NC was titrated in the
range of 1-30 μM. In another set of experiments, NC was fixed at 5 μM and either Mg2+(in the
range of 0.5-10 mM) or Na+ (in the range of 100 to 1000 mM) was varied. As discussed in
more detail in the Supplementary Material, this data suggests that the non-electrostatic
component of binding free energy of NC to NA is ∼ -5 kcal/mol.

Mini-TAR and full-length TAR aggregation data are plotted as fa vs ΘNC for all of the
experiments performed either with or without Mg2+ or Na+ (Figure 7(b)). All fa (ΘNC)
dependencies follow approximately the relationship fa ≈ ΘNC. This result suggests that the
fractional RNA aggregation in all of these assays is an approximate measure of the fractional
NC binding. Also, these data support the conclusion that the electrostatic competition between
NC and Mg2+ or Na+ cations according to equations (A2)-(A3) indeed governs both NC binding
and NC-induced NA aggregation.

Conclusions
We previously showed that in the absence of NC, the mini-TAR 58 and full-length TAR 77
hairpins anneal via an extended kissing loop intermediate that involves 17 intermolecular base
pairs (see Figure 1, lower left). Here, we demonstrate that k1 is significantly facilitated by either
Na+ or Mg2+ cations, although ∼100-fold higher Na+ is required to produce the same effect.
Saturated NC binding enhances k1 by 100-fold for mini-TAR and by 104-fold for full-length
TAR hairpins, far exceeding the maximal effect of Na+ and Mg2+ cations (Figure 6(a)). We
show that this NC effect on k1 is related to its ability to aggregate nucleic acids (Figure 7). In
addition, in contrast to Na+ and Mg2+ cations, which reduce k-1 and k2 rates by a few fold
(Figure 3 (c) and (d)), NC moderately facilitates these rates due to its ability to destabilize NA
duplexes 32; 37; 38; 40; 41; 44; 46; 53; 55. However, the full effect of NC on k2 in our study
is partially masked by the fact that increasing NC also leads to a switch in the annealing pathway
from kissing to zipper nucleation77.

We also show that the effect of Na+ and Mg2+ cations on the chaperone activity of NC is a
result of non-specific electrostatic competition for binding to NA. The kinetics is similar under
solution conditions that lead to equivalent levels of NC binding to NA (Figure 6). NC behaves
effectively as a trivalent cation, with an additional non-electrostatic binding free energy of
∼5 kcal/mol of protein, as is discussed in the Supplementary Material 99-101. This result
provides additional support for the hypothesis that NC promotes NA aggregation via a similar
electrostatic mechanism as other multivalent cations 102.

Since NA aggregation 47-49 is a sequence non-specific property of NC, we expect these
conclusions to hold for the majority of NA sequences. This is consistent with NC's role in
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facilitating multiple random strand transfer events during reverse transcription in vivo 26; 60;
62; 103; 104. It is also in agreement with the observation that formation of long reverse
transcription products in vitro is facilitated under conditions of NC-induced RNA aggregation
96;97. Based on the estimated NC concentration within the capsid core (∼10 mM), NC and
viral RNA are expected to be in an aggregated state and it is likely that at least the early stages
of reverse transcription occur within this closely packed nucleoprotein complex. It remains an
open question whether in vivo reverse transcription happens entirely within the RNA/NC
aggregate. The traditional view is that the mature HIV-1 capsid disintegrates, i.e., uncoats,
prior to the beginning of reverse transcription103. However, uncoating is expected to dissolve
the RNA/NC aggregate since the equilibrium solution conditions within the cytoplasm
correspond to relatively high Mg2+ (i.e., low mM) compared to low NC concentration (i.e., <
nM). Under these conditions, strand transfer events would not be strongly promoted. On the
other hand, if the capsid remains largely intact during reverse transcription and permeable to
small ions and nucleotides, but not to the proteins (NC, RT, IN, etc), then the mM concentration
of NC present is expected to promote reverse transcription under aggregating conditions. The
latter scenario is favored by a recent report showing that the decrease in capsid stability induced
either by capsid protein mutations 105; 106 or by the restriction factor Trim5α 107-109, leads
to a strong inhibition of reverse transcription. Therefore, the solution conditions that promote
the formation of RNA/NC aggregates studied in this work may be relevant for in vivo reverse
transcription.

Materials and Methods
Protein and nucleic acid preparation

The NC protein used in this work was prepared by solid-phase synthesis as previously described
110, and its purity was estimated to be >95% by SDS-polyacrylamide gel electrophoresis. The
concentration of NC was determined by measuring its absorbance at 280 nm and using ε280 =
6050 mol-1 cm-1.

All DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville,
IA). Mini-TAR RNA (27 nt) was obtained from Dharmacon RNA Technologies (Lafayette,
CO). Full-length TAR RNA (59 nt) was generated by in vitro transcription.

The concentrations of the RNA and DNA oligonucleotides were determined by measuring their
absorbances at 260 nm. The following extinction coefficients were used: mini-TAR RNA (27-
mer), 2.82 × 105 M-1 cm-1; mini-TAR DNA (32-mer), 3.06 × 105 M-1 cm-1; TAR RNA (59-
mer), 5.34 × 105 M-1 cm-1; TAR DNA (59-mer), 5.65 × 105 M-1 cm-1.

Prior to use, all oligonucleotides were refolded in 25 mM Hepes, pH 7.5 and 100 mM NaCl at
a concentration 100× that used in the annealing reactions. This was accomplished by incubation
at 80 °C for two min and cooling to 60 °C for two min followed by addition of MgCl2 to a final
concentration of 10 mM and placement on ice.

Annealing assays
For annealing assays, refolded 32P-labeled RNA (mini-TAR RNA or full-length TAR RNA)
was combined with unlabeled complementary DNA in a solution containing 20 mM HEPES
(pH 7.5), 20 mM NaCl and 0.2 mM MgCl2, at 37 °C, except when otherwise indicated.

In the absence of NC, studies of the Na+ and Mg2+-dependence of annealing were performed
with 15 nM RNA and 500 nM complementary DNA in the presence of various concentrations
of NaCl or MgCl2, as indicated in the figure legends. Reactions were initiated by adding DNA
to RNA, followed by incubation in the reaction buffer for the indicated time. Reactions were
quenched by placing solutions on ice followed by addition of glycerol to 5% final volume.
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Samples were analyzed on 15% or 12% SDS polyacrylamide gels for mini-TAR and full-length
TAR annealing, respectively.

Studies of the NC concentration-dependence of annealing were performed by mixing 15 nM
RNA and 150 nM complementary DNA. Reactions were initiated by adding NC to final
concentrations indicated in the figure legends, followed by incubation in the reaction buffer
for the indicated time. In these experiments, the only Mg2+ in the final reaction buffer was the
amount present due to the RNA and DNA refolding procedure described above (∼0.2 mM
final). Studies of the Mg2+-dependence of annealing in the presence of NC were performed by
incubating 15 nM RNA with 90 nM DNA in the presence of various [Mg2+], as indicated in
the figure legends, prior to the addition of 5 μM NC. Annealing reactions were quenched at
the indicated times by incubation with 1% (w/v) SDS on ice for 5 min. Samples were subjected
to phenol/chloroform-extraction (2×), followed by addition of glycerol to 5% final volume and
analyzed on SDS-polyacrylamide gels as described above. All gels were visualized using a
Bio-Rad Molecular Imager FX and quantified with Bio-Rad Quantity One Software.

The NC concentration-dependence of annealing in the presence of 1 mM Mg2+ was carried
out with 15 nM RNA and 90 nM DNA in the presence of four different concentrations of NC
(2 μM, 5 μM, 10 μM and 20 μM). All of these NC concentrations correspond to nt:NC ratio
<1, i.e. to the large excess of NC, required for NC/NA binding due to high [Mg2+]. The
annealing reactions were performed and analyzed as described above.

Sedimentation/aggregation assays
Refolded 32P-labeled mini-TAR or full-length TAR RNA (15 nM) was combined with
complementary DNA oligonucleotides (100 nM mini-TAR DNA or 45 nM full-length TAR
DNA) in a solution containing 20 mM Hepes (pH 7.5), 20 mM NaCl and 0.2 mM MgCl2. NC
was added to final concentrations of 0.1, 0.2, 0.5, 1.0, or 2.0 μM, and reactions (40 μL) were
incubated at 37 °C for 30 min. For NC/Mg2+ or NC/Na+ competition assays, 0-20 mM Mg2+

or 0-1000 mM Na+ were titrated in the presence of 5.0 μM NC. Assays were also performed
in the presence of a fixed concentration of 5 mM Mg2+ and varying concentrations of NC (0
to 30 uM). At the end of the incubation period, solutions were centrifuged at 12,000 rpm in a
microcentrifuge for 20 min. Supernatant (5 μL) was collected and analyzed by scintillation
counting. The fraction of radioactivity remaining in the supernatant relative to the RNA-only
sample (set to 1) was plotted as a function of fractional NC binding, ΘNC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
TAR  

trans-activation response element

NC  
nucleocapsid protein

bp  
base pair

NA  
nucleic acid (s)

nt  
nucleotide (s)

ss  
single-stranded

ds  
double-stranded

HIV-1  
human immunodeficiency virus type 1
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WT  
wild-type

RT  
reverse transcriptase
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Figure 1.
Multiple pathways of TAR RNA/DNA annealing. Predicted secondary structures of full-length
and mini-TAR RNA (black) and DNA (gray) hairpins are shown at the top. Sequences are
derived from the HIV-1 NL4-3 isolate, and secondary structures were predicted by m-fold
analysis 111. The mini-TAR constructs are derived from the top part of each hairpin (dotted
box). In the absence of NC, mini-TAR and full-length TAR RNA/DNA annealing involve
initial formation of an extended loop-loop kissing interaction (middle, left) followed by strand
exchange to form the fully annealed duplex (bottom). In the presence of saturating amounts of
NC, full-length TAR RNA/DNA annealing involves nucleation through the 3′/ 5′ termini
resulting in formation of a “zipper” intermediate (middle, right) prior to conversion to the fully
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annealed product58,77. Typical gels used to measure the TAR RNA/DNA annealing reaction
time course in the absence (top) and presence (bottom) of saturating amounts of NC are also
shown. The gel lanes are labeled with the reaction time in minutes. The bands corresponding
to the bound and the free RNA are labeled B and F, respectively.
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Figure 2.
Na+ and Mg2+ dependence of mini-TAR and full-length TAR RNA RNA/DNA annealing in
the absence of NC. Percent mini-TAR (a) and (c) or full-length TAR (b) and (d) RNA (15 nM)
annealed to complementary DNA (300 nM) as a function of time at 37 °C in the presence of
various concentrations of NaCl and MgCl2, as indicated on each curve. Lines represent two
exponential fits of the data to equation (2), with the equilibrium percent annealed fixed at 100%.
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Figure 3.
Dependence of the intermediate dissociation constant and elementary rates of mini-TAR or
full-length TAR RNA/DNA annealing on Na+ and Mg2+ in the absence of NC. (a) Intermediate
association rate k1, (b) dissociation constant Kd*, (c) dissociation rate k-1, and (d) strand
exchange rate k2 as a function of Na+ and Mg2+ concentration. The elementary reaction rates
are obtained based on the data shown in Figure 2. Gray and black lines represent mini-TAR
and full-length TAR RNA/DNA annealing, respectively.
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Figure 4.
NC concentration-dependence of mini-TAR and full-length TAR RNA/DNA annealing in low
salt. Percent mini-TAR (a) or full-length TAR (b) RNA (15 nM) annealed to 150 nM
complementary DNA as a function of time in the presence of various concentrations of NC in
20 mM NaCl and 0.2 mM MgCl2. Numbers indicate the fractional NC binding, ΘNC, as defined
according to eq. (2). Lines represent two-exponential fits of the data.
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Figure 5.
Mg2+ dependence of NC-facilitated mini-TAR and full-length TAR RNA/DNA annealing.
Percent mini-TAR (a) or full-length TAR (b) RNA (15 nM) annealed to complementary DNA
(90 nM) as a function of time with 1 mM MgCl2 in the presence of various concentrations of
NC, as indicated on each curve. Percent mini-TAR (c) or full-length TAR (d) RNA (15 nM)
annealed to 90 nM complementary DNA as a function of time with 5 μM NC in the presence
of various concentrations of MgCl2, as indicated on curve. Lines represent two-exponential
fits of the data.
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Figure 6.
Elementary rate analyses of mini-TAR (gray lines and symbols) and full-length TAR (black
lines and symbols) RNA/DNA annealing as a function of fractional NC binding, ΘNC. The
elementary reaction rates, k1 (a), Kd* (b), k-1 (c) and k2 (d), were determined using the equations
(3) and (4) based on three independent sets of experiments: titration of NC with no MgCl2
(Figure 3), titration of NC with 1 mM MgCl2 (Figure 4(a) and (b)), and titration of MgCl2 with
5 μM NC (Figure 4(c) and (d)). ΘNC was estimated using equation (2) for the assays with no
MgCl2. For the assays performed in the presence of Mg2+, ΘNC was estimated for each set of
NC and MgCl2 concentrations assuming non-specific electrostatic binding of NC and MgCl2
to nucleic acid using equations (A1)-(A3) in the Supplementary Material. Symbols represent
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data obtained from titration of NC with no MgCl2 (circles), with 1 mM MgCl2 (squares) and
from titration of MgCl2 with 5 μM NC (triangles). Open symbols represent mini-TAR and fill
symbols represent full-length TAR annealing. Lines are guides for the eye.
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Figure 7.
Dependence of fraction of mini-TAR and full-length TAR RNA aggregated, fa, on fractional
NC binding, ΘNC. (a) Experimental fa values obtained in sedimentation experiments performed
in the absence of Mg2+. ΘNC was calculated according to eq. (7). RNA aggregation for either
mini-TAR (circles) or full-length TAR (squares) saturates upon NA saturation with NC, i.e. at
ΘNC ≥1. (b) Plot of the fa versus ΘNC values from panel (a) (triangles), along with the results
of additional sedimentation experiments: NC titration in the presence of 5 mM Mg2+ (circles),
as well as Mg2+ (squares) or Na+ (diamonds) titration in the presence of 5 μM NC. In panel
(b), open symbols correspond to mini-TAR and closed symbols correspond to full-length TAR
substrates. The straight line in both panels corresponds to fa = ΘNC.
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