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ABSTRACT

HIV-1 nucleocapsid protein (NC) is a nucleic acid
chaperone, which is required for highly specific and
efficient reverse transcription. Here, we demon-
strate that local structure of acceptor RNA at
a potential nucleation site, rather than overall
thermodynamic stability, is a critical determinant
for the minus-strand transfer step (annealing of
acceptor RNA to (2) strong-stop DNA followed
by reverse transcriptase (RT)-catalyzed DNA
extension). In our system, destabilization of a
stem-loop structure at the 50 end of the transactiva-
tion response element (TAR) in a 70-nt RNA
acceptor (RNA 70) appears to be the major nuclea-
tion pathway. Using a mutational approach, we
show that when the acceptor has a weak local
structure, NC has little or no effect. In this case,
the efficiencies of both annealing and strand
transfer reactions are similar. However, when NC
is required to destabilize local structure in acceptor
RNA, the efficiency of annealing is significantly
higher than that of strand transfer. Consistent with
this result, we find that Mg21 (required for RT
activity) inhibits NC-catalyzed annealing. This
suggests that Mg21 competes with NC for binding
to the nucleic acid substrates. Collectively, our
findings provide new insights into the mechanism
of NC-dependent and -independent minus-strand
transfer.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) nucleo-
capsid protein (NC) is a small, basic, nucleic-acid-binding
protein having two zinc fingers connected by a short, basic

amino acid linker. Each finger contains the invariant
CCHC metal-ion-binding motif (1–3). NC binds non-
specifically to the phosphodiester backbone of nucleic
acids (3), but also exhibits sequence-specific binding
at sites with runs of Gs or T/UGs (4–10). In addition,
NC is a nucleic acid chaperone and is able to catalyze
nucleic acid conformational rearrangements that lead to
formation of the most thermodynamically stable struc-
tures (11) (reviewed in 1–3,12). The chaperone function
has two independent activities (3): aggregation of nucleic
acids, localized primarily to the N-terminal basic residues
(13–16); and weak destabilization of duplex molecules,
associated with the zinc fingers (16–32).

The nucleic acid chaperone activity of NC is required
for efficient and highly specific DNA synthesis. Indeed,
NC plays an important role in almost every step in
reverse transcription including the minus-strand (2,3,33)
and plus-strand (9,34–38) transfer events that are manda-
tory for synthesis of full-length minus- and plus-strand
DNAs and formation of the long-terminal repeats
present at the ends of proviral DNA. In minus-strand
transfer, the initial DNA product of reverse transcription,
known as (�) strong-stop DNA [(�) SSDNA], is
translocated to the 30 end of the viral genome (acceptor
RNA) in a reaction mediated by base pairing of the
complementary repeat (R) regions at the 30 ends of the
DNA and RNA molecules (3,39).

For HIV-1, R consists of 97 nucleotides (nt). The first
59 nt in acceptor RNA and (�) SSDNA form highly
stable, complementary stem-loop structures, which are
referred to as transactivation response elements (TAR)
RNA and TAR DNA, respectively. NC stimulates HIV-1
minus-strand transfer (3 and references therein)
by transiently destabilizing the TAR structures
(16,19,23–26,40–42). Destabilization of these structures
promotes annealing of TAR RNA to TAR DNA
(17,20,32,41,43–48) and inhibits a competing self-priming
reaction at the 30 end of (�) SSDNA (3).
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Loop–loop interactions have been shown to be
critical for dimerization and packaging of retroviral
RNA (49–51) as well as for the formation of kissing
complexes containing TAR RNA (52–55). Indeed, nuclea-
tion of the NC-catalyzed annealing step in minus-strand
transfer was proposed to occur through interaction
between the apical loops of TAR RNA and TAR DNA
(56,57). However, an alternative proposal suggested that
nucleation proceeds through destabilization of the 30 and
50 stem termini (48). Based on single-molecule FRET
experiments (58) and a detailed kinetic study of
NC-promoted annealing of mini-TAR constructs (32), it
was also proposed that multiple pathways might be
involved. More recent studies with full-length TAR
suggest that a zipper mechanism involving the lower
stems and bulges is the major nucleation pathway for
TAR annealing in the presence of NC (59) (Vo, M.-N.,
Rouzina, I. and Musier-Forsyth, K., in preparation).

The structure and thermostability of the nucleic acid
intermediates are major determinants for NC-facilitated
minus-strand transfer. A number of studies have empha-
sized the importance of maintaining the bulges in the
TAR DNA structure of (�) SSDNA (24–26,59–61)
as well as the critical role of acceptor RNA structure
(28,32,62–74). Interestingly, minus-strand transfer is more
sensitive to the thermostability of acceptor RNA than to
the stability and structure of (�) SSDNA (19,28). These
findings are consistent with NC’s weak destabilizing
activity (see above) and led to the conclusion that
efficient minus-strand transfer requires a delicate thermo-
dynamic balance between the structures of (�) SSDNA
and acceptor RNA and the stability of the annealed
RNA–DNA hybrid (28).

In the present study, we have elucidated the paradoxical
activity of two acceptor RNAs (RNA 70 and RNA 50) in
minus-strand transfer: Despite the fact that RNA 70 has a
higher predicted overall free energy of folding (�G) than
RNA 50, more transfer product is synthesized with the
RNA 70 acceptor than with RNA 50 in assays with the
same (�) SSDNA (28). Based on extensive mutational
analysis, we demonstrate for the first time that the local
structure of acceptor RNA at potential nucleation sites,
rather than overall thermodynamic stability, is a crucial
determinant for NC chaperone activity during the minus-
strand transfer step of reverse transcription.

We also show that in our reconstituted system,
NC-mediated annealing is more efficient than strand
transfer (i.e. annealing plus reverse transcriptase
(RT)-catalyzed elongation of minus-strand DNA). Since
RT activity (but not annealing) requires Mg2þ (75),
it seemed likely that the lower values for strand transfer
might be due to the presence of a high concentration of
Mg2þ in strand transfer reactions. In fact, experiments
presented below strongly suggest that Mg2þ competes
with NC for binding to the negatively charged phospho-
diester backbone in (�) SSDNA and acceptor RNA.
Finally, we present data indicating that for our system,
destabilization of a secondary structure formed by the
50 TAR RNA sequence and to a lesser extent, loop–loop
interactions between TAR RNA and TAR DNA con-
tribute to efficient minus-strand transfer.

MATERIALS AND METHODS

Materials

T4 polynucleotide kinase and proteinase K were obtained
from Ambion Inc. (Austin, TX, USA). [g-32P]ATP
(3000Ci/mmol) was purchased from GE Health
Sciences. HIV-1 RT was obtained from Worthington.
HIV-1 NC was a generous gift from Dr Robert Gorelick
(SAIC Frederick, Inc., NCI-Frederick, Frederick, MD).

Methods

(�) SSDNAs. The (2) SSDNAs were synthetic DNA
oligonucleotides, obtained from either Integrated DNA
Technologies or Lofstrand. The 50-nt (2) SSDNA (DNA
50) is oligo JL526 (Table 1; Figure 2B). The DNA 50
compensatory mutant (JL 722) has two base changes
(C17,18T) (Table 1). (2) SSDNAs were 50-end labeled
using T4 polynucleotide kinase and [g-32P]-ATP
(3000Ci/mmol), as described previously (76).

RNA preparation. Synthesis of RNA 50 and RNA 70 has
been described (28). All RNA 50 and RNA 70 mutant
acceptor RNAs used in this study were produced by
in vitro transcription of a set of DNA templates containing
the appropriate positive-and negative-strand sequences,
respectively, as listed in Table 1: JL614 and JL615, RNA
50C49U; JL616 and JL617, RNA 50G46U; JL620 and
JL621, RNA 50G48U; JL596 and JL597, RNA 70U28C;
JL610 and JL611, RNA 70U28,30C; JL612 and
JL613, RNA 70U30C; and JL707 and JL708, RNA
70G53,54A. In vitro transcription was performed using
the T7-MEGAshortscript kit (Ambion Inc.), according to
instructions supplied by the manufacturer. RNA products
were separated from unincorporated ribonucleoside
triphosphates by polyacrylamide gel electrophoresis
(PAGE) in a 10% denaturing gel, followed by excision
of the desired band from the gel and further purification
with a Microcon YM-10 or YM-30 column (Millipore).

In vitro minus-strand transfer assay. The minus-strand
transfer assay was performed as described previously (28)
in the absence or presence of HIV-1 NC, at concentrations
specified in the legends to the figures. Reaction mixtures
contained 32P-labeled (–) SSDNA and acceptor RNA at a
1:1 ratio, each at a final concentration of 10 nM. RT was
also present at a final concentration of 10 nM.
After incubation at 378C for the indicated times, reactions
were terminated by addition of EDTA to a final
concentration of 50mM and proteinase K to a final
concentration of 0.5mg/ml, followed by heating at 658C for
15min. Eight microliter of formamide loading buffer
(U. S. Biochemical Corp.) was then added to the mixture,
and after heating at 958C for 3min, a 4 ml aliquot
was removed and subjected to denaturing PAGE in
either a 6 or 8% gel. DNA products were visualized and
quantified using a PhosphorImager (GE Health Care) and
ImageQuant software, as described previously (40). The
percentage of strand transfer product was calculated by
dividing the amount of transfer product by the total
amount of transfer product plus remaining (2) SSDNA,
multiplied by 100. For time-course assays, reaction
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mixtures were scaled up and 10 ml aliquots were removed
at the indicated times. The data for strand transfer and
annealing (see below) represent the average of results
obtained in at least three independent experiments.

Annealing assay. 32P-labeled DNA 50 (WT or mutant)
(0.2 pmol, final concentration 10 nM) was incubated at
378C with 0.2 pmol (final concentration 10 nM) of
acceptor RNA 70 (WT or mutants) in a final volume of
20 ml. Reactions were carried out in the absence or
presence of NC in buffer containing 50mM Tris-HCl
(pH 8.0) and 75mM KCl. The reaction mixture was
scaled up as needed and 10 ml aliquots were removed at
the indicated times. The labeled DNA–RNA hybrid
was separated from unannealed DNA 50 by PAGE in a
6% native polyacrylamide gel (acrylamide:bis-acrylamide,
19:1) (20). The amounts of unannealed and annealed
DNAs were determined by PhosphorImager analysis.
To calculate the percentage of annealed DNA, the amount
of annealed DNA was divided by the total amount of
annealed plus unannealed DNA, multiplied by 100.

RESULTS

Secondary structures and minus-strand transfer activity
of acceptor RNAs 70 and 50

In a previous study of NC chaperone activity and
minus-strand transfer (28), a series of acceptor RNAs
truncated in U3, the 30 region of R, and TAR,

were assayed with (�) SSDNAs having comparable
truncations in complementary sequences, except that a
portion of U5 rather than U3 was deleted. In general, in
assays with the same DNA, acceptor RNAs with low
predicted free energies of folding had more strand transfer
activity than more highly structured acceptors. However,
we found one striking exception when two acceptor
RNAs, RNA 70 and RNA 50, were assayed with the
DNA 50 (�) SSDNA (see below). To determine whether
this finding could lead to new insights regarding the
mechanism of nucleic acid chaperone activity in minus-
strand transfer, we used the model system illustrated in
Figure 1. The figure shows annealing of RNA 70 (A) or
RNA 50 (B) to DNA 50 as well as the 20-nt U3 RNA
sequence, which serves as the template for RT-catalyzed
extension of DNA 50 to a 70-nt product.

We have now confirmed the original observations and
show the data in Figure 2, for ease in following the
experiments presented below. The predicted overall
thermodynamic stability of RNA 70 (�G, 222.9 kcal/
mol) is significantly higher than the predicted stability of
RNA 50 (�G, 214.9 kcal/mol) (Figure 2A) (77,78). Yet
when these RNAs were each assayed with DNA 50
(Figure 2B), RNA 70 exhibited a much higher level of
strand transfer activity than RNA 50 (Figure 2C). In
addition, NC had very little effect on RNA 70 activity
(Figure 2C).

In an attempt to understand this result, we note that the
DNA–RNA hybrid formed by RNA 70 has 50 bases
complementary to DNA 50 and is therefore more stable

Table 1. Oligonucleotides used in this study

Name

Templates for RNA transcription
JL614 50-TAA TAC GAC TCA CTA TAG GCT GCT TTT TGC CTG TAC TGG GTC TCT CTG GTT AGA CCA GAT CTG AGT C
JL615 50-GAC TCA GAT CTG GTC TAA CCA GAG AGA CCC AGT ACA GGC AAA AAG CAG CCT ATA GTG AGT CGT

ATT A
JL616 50-TAA TAC GAC TCA CTA TAG GCT GCT TTT TGC CTG TAC TGG GTC TCT CTG GTT AGA CCA GAT CTT AGC C
JL617 50-GGC TAA GAT CTG GTC TAA CCA GAG AGA CCC AGT ACA GGC AAA AAG CAG CCT ATA GTG AGT

CGT ATT A
JL620 50-TAA TAC GAC TCA CTA TAG GCT GCT TTT TGC CTG TAC TGG GTC TCT CTG GTT AGA CCA GAT CTG ATC C
JL621 50-GGA TCA GAT CTG GTC TAA CCA GAG AGA CCC AGT ACA GGC AAA AAG CAG CCT ATA GTG AGT

CGT ATT A
JL596 50-TAA TAC GAC TCA CTA TAG GCT GCT TTT TGC CTG TAC TGG GTC TCC CTG GTT AGA CCA GAT CTG AGC

CTG GGA GCT CTC TGG CTA ACT
JL597 50-AGT TAG CCA GAG AGC TCC CAG GCT CAG ATC TGG TCT AAC CAG GGA GAC CCA GTA CAG GCA AAA

AGC AGC CTA TAG TGA GTC GTA TTA
JL610 50-TAA TAC GAC TCA CTA TAG GCT GCT TTT TGC CTG TAC TGG GTC TCC CCG GTT AGA CCA GAT CTG AGC

CTG GGA GCT CTC TGG CTA ACT
JL611 50-AGT TAG CCA GAG AGC TCC CAG GCT CAG ATC TGG TCT AAC CGG GGA GAC CCA GTA CAG GCA AAA

AGC AGC CTA TAG TGA GTC GTA TTA
JL612 50-TAA TAC GAC TCA CTA TAG GCT GCT TTT TGC CTG TAC TGG GTC TCT CCG GTT AGA CCA GAT CTG AGC

CTG GGA GCT CTC TGG CTA ACT
JL613 50-AGT TAG CCA GAG AGC TCC CAG GCT CAG ATC TGG TCT AAC CGG AGA GAC CCA GTA CAG GCA AAA

AGC AGC CTA TAG TGA GTC GTA TTA
JL707 50-TAA TAC GAC TCA CTA TAG GCT GCT TTT TGC CTG TAC TGG GTC TCT CTG GTT AGA CCA GAT CTG AGC

CTG AAA GCT CTC TGG CTA ACT
JL708 50-AGT TAG CCA GAG AGC TTT CAG GCT CAG ATC TGG TCT AAC CAG AGA GAC CCA GTA CAG GCA AAA

AGC AGC CTA TAG TGA GTC GTA TTA

(�) SSDNA sequences
JL526 50-AGT TAG CCA GAG AGC TCC CAG GCT CAG ATC TGG TCT AAC CAG AGA GAC CC
JL722 50-AGT TAG CCA GAG AGC TTT CAG GCT CAG ATC TGG TCT AAC CAG AGA GAC CC
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than the RNA 50–DNA hybrid, which has only 30
complementary bases (Figure 1). In addition, RNA 70 and
RNA 50 are folded differently, since RNA 70 has almost
the entire TAR stem loop (nine bases from the 30 end are
missing), while RNA 50 has only the 50 half of the TAR
structure. Consequently, the local structures formed by
their 50 sequences (Figure 2A, boxed residues) also differ.
Examination of the DNA 50 structure (Figure 2B)

shows that there is an 11-nt single-stranded region at the
30 end. This region is likely to be the nucleation site for
the annealing reaction, since it has no secondary structure
that might interfere with annealing to the complementary
bases at the 50 ends of the TAR sequence in each acceptor
RNA (Figure 2A). The predicted thermostabilities of the
RNA 70 and RNA 50 local structures (Figure 2A, boxed
residues) are very similar (77,79). However, destabilizing
the respective structures to allow initial formation of
the RNA–DNA hybrid has different consequences for
each RNA: With opening of the local structure in RNA
70, the full complement of 11 bases becomes available for
annealing to the 11-nt sequence in DNA 50. In contrast,
only seven bases become available with destabilization

(–) SSDNA
(DNA 50)

50 nt

20 nt

70 nt

Acceptor RNA
(RNA 70)

20 nt

U3

U3

30 nt

“TAR”

“TAR”

*

*

A

B
(–) SSDNA

(DNA 50)
Acceptor RNA

(RNA 50)

5′

5′

Figure 1. Schematic diagram illustrating the strand transfer system
used for this study. (A) RNA 70. The diagram shows annealing of the
50 complementary bases in the RNA 70 acceptor and the (�) SSDNA,
DNA 50, which is labeled at its 50 end with 32P. The 20 nt sequence
from U3 serves as the template for RT-catalyzed DNA extension.
(B) RNA 50. The only difference between (A) and (B) is that the RNA
50 acceptor contains only 30 nt complementary to DNA 50. With both
acceptors, the final product is a 70-nt labeled DNA (dashed lines at the
bottom of the figure). For RNA 70, the ‘TAR’ sequence is 50 nt; 9 nt at
the 30 end of full-length TAR are missing (28). RNA 50 ‘TAR’ consists
of the 50 half of TAR (28). White rectangles, DNA 50; gray rectangles,
acceptor RNA. The stars denote the 32P label. The diagram is not
drawn to scale.
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Figure 2. Influence of acceptor RNA secondary structure on minus-strand transfer. (A) Secondary structures of RNA 70 and RNA 50 acceptor
RNAs, based on mFold analysis and extensive RNase mapping studies (28). The 20-nt U3 sequences are indicated. (Note that mFold predicts that
two bases from U3, C19 and U20, are part of the stem-loop structure at the 50 end of RNA 70). The predicted �G values are shown beneath the
structures. The potential nucleation site at the 50 end of each RNA is boxed. The arrows point to residues in RNA 70 and RNA 50 (gray shading)
that were mutated. (B) Secondary structure of DNA 50, based on mFold analysis and enzymatic mapping studies (28). The predicted �G value is
shown on the right. The arrows indicate residues C17 and C18 (gray shading) that were mutated. Note the 11-nt single-stranded sequence at the
30 end of the DNA. (C) NC-mediated minus-strand transfer. DNA 50 and RNA 70 or RNA 50 were present in reactions at a 1:1 ratio of (�)
SSDNA to acceptor RNA, each with a final concentration of 10 nM. These nucleic acid concentrations were used in all of the experiments described
below. Incubation was for 60min in the absence or presence of HIV-1 NC (0.88 nt/NC), as described under the Materials and Methods section, and
was followed by PAGE and PhosphorImager analysis. The bar graph shows the percentage (%) of minus-strand transfer product synthesized in each
reaction. Plus NC, closed bars; minus NC, open bars.
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of the RNA 50 local structure. The remaining 4 nt are base
paired and melting this additional stem could reduce the
nucleation efficiency. This situation would account for the
fact that the RNA 50 reaction is NC dependent, whereas
the RNA 70 reaction is not (Figure 2C).
These considerations lead us to propose that the local

structure of acceptor RNA at the nucleation site rather
than overall thermodynamic stability of the entire
structure is ultimately responsible for the efficiency of
NC nucleic acid chaperone activity.

Effect of mutations of RNA 50 local structure on
minus-strand transfer

To test this hypothesis, our strategy was to make
mutations that either stabilize or destabilize the local
structure of the acceptor RNAs and then to measure the
effect of the mutations on minus-strand transfer. The
mutations we chose were ones that retain the original
RNA 50 fold (Figure 2A), thereby allowing a direct
comparison of mutant and wild-type activities. Figure 3A
illustrates these changes and also gives the predicted
overall �G values for each mutant. The RNA 50 structure
was destabilized in two ways: (i) by creating a mismatch
(G46U); and (ii) by changing a G-C bp to a G-U wobble
pair (C49U). We also made a more stable mutant of
RNA 50 by changing the G-G mismatch to a G-U wobble

pair (G48U). Since the RNA 50 mutants have the same
fold as the wild-type (WT) RNA (data not shown), an
increase or decrease in predicted �G values can be
attributed to increased or decreased thermostability
induced by the changes in local structure. Thus, mutants
RNA 50G46U and RNA 50C49U (destabilizing muta-
tions) have lower predicted �G values than WT RNA,
while RNA 50G48U (stabilizing mutation) has a higher
predicted �G value than WT (Figure 3A). Note that we
did not make mutations in the upper stem containing the
last 4 bases (nt 28–31) that are annealed to the 11 base
sequence in DNA 50, since mFOLD analysis (77,78)
revealed that most of the potential mutations in this
region would result in structures that differed from RNA
50 in their overall fold.

To evaluate the behavior of the three mutated RNAs,
we assayed RNA 50 and each of the RNA 50 mutants
for strand transfer activity with DNA 50 (Figure 3B), as a
function of increasing concentrations of HIV-1 NC
(Figure 3B and C). [Note that the lane numbers for the
gel (Figure 3B) are given below the individual bars in
the bar graph (Figure 3C).] In contrast to RNA 70
(Figure 2C; also, see below), RNA 50 strand transfer
activity was stimulated by NC in a dose-dependent
manner (Figure 3B and C). At the highest concentration
of NC (0.88nt/NC [1.2 mM]), stimulation was 3.5-fold
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(compare lanes 1 and 5). Both of the destabilizing
mutants, RNA 50G46U and RNA 50C49U, showed
significantly increased transfer activity in the absence of
NC (lanes 6 and 11, respectively), but addition of
increasing concentrations of NC resulted in only negligible
stimulation of this activity (lanes 6–10 and lanes 11–15). In
reactions with the stable mutant, RNA 50G48U, strand
transfer activity in the absence of NC was reduced by
2.5-fold compared with that of RNA 50 (compare lane
1 with lane 16). However, NC stimulated the strand
transfer activity of this mutant by 5-fold at the highest NC
concentration (compare lanes 16 and 20).

Effect of mutations of RNA 70 local structure
on minus-strand transfer

To further investigate whether local structure is a key
determinant of NC chaperone activity, we also made
three stabilizing mutations in RNA 70 (Figure 2A). It was
of interest to determine the effect of these mutations
on minus-strand transfer efficiency and in particular,
to see whether mutant reactions would become dependent
on NC concentration. Here too, our strategy was to
test only mutants that have the WT RNA 70-fold. Two
point mutations were constructed by changing two G-U
wobble pairs to G-C base pairs (bp) (RNA 70U28C or
RNA 70U30C). We also made a double mutant by
changing both U28 and U30 to C (RNA 70U28,30C),
thereby creating two new G-C bp to give a total of
four. As expected, the RNA 70 mutants, which have

increased stability of local structure, also have higher
predicted overall �G values than WT (Figure 4, see inserts
in each panel).
The time course of minus-strand transfer with acceptor

RNA 70 and the three mutants was measured with DNA
50 (Figure 2B) in the presence or absence of NC
(Figure 4). Examination of the end point value showed
that strand transfer activity was very efficient with RNA
70 (Figures 2C and 4A). In fact, �70% of the (�) SSDNA
was converted to the transfer product at 60min.
Moreover, the extent of the reaction was independent of
NC concentration (Figure 4A). However, a change of a
single G-U wobble pair to a G-C bp at positions U28 or
U30 (RNA 70U28C (Figure 4B) and RNA 70U30C
(Figure 4C), respectively) resulted in a reduced level of
activity. In the absence of NC, synthesis of the transfer
product at 60min was decreased by 3.4 (U28C)- and 2.4
(U30C)-fold compared with the end point value for RNA
70 (compare Figure 4B and C with Figure 4A).
Interestingly, in both cases, NC enhanced strand transfer
(by 2- and 1.5-fold, respectively, with 0.88 nt/NC [1.4 mM])
(Figure 4B and C). With the double mutant, strand
transfer activity was reduced to almost background
level in the absence of NC (Figure 4D). In this case,
where four G-C bp need to be destabilized, NC had a
relatively strong stimulatory effect, producing a 4.6-fold
enhancement of the end point value with 0.88 nt/NC
(Figure 4D). Despite NC stimulation of strand transfer
with mutant RNA 70 acceptors, in each case the highest
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Figure 4. Kinetics of minus-strand transfer with RNA 70 and RNA 70 mutants. Reaction mixtures containing 32P-labeled DNA 50 and acceptor
RNA 70 (A), RNA 70U28C (B), RNA 70U30C (C) and RNA 70U28,30C (D), were incubated from 1 to 60min without NC or with two different
NC concentrations (3.5 nt/NC [0.3 mM] and 0.88 nt/NC [1.4 mM]). The percentage (%) of transfer product synthesized was plotted against time of
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level of activity at 60min was still lower than that
observed with WT RNA.
The rates of minus-strand transfer in the absence or

presence of NC were also determined in reactions with
each of the RNA 70 acceptors (Table 2A). With WT RNA
70, the rates were essentially the same regardless of
whether NC was present (Table 2A, line 1). The rates
for the two RNA 70 point mutants were dramatically
reduced in the absence of NC, compared with RNA 70:
8-fold for RNA 70U28C and 7-fold for RNA 70U30C
(Table 2A, first column, compare line 1 with lines 2 and 3).
However, a modest stimulation of the rates (2.6 (U28C)-
and 3 (U30C)-fold) was observed with increasing
concentrations of NC (Table 2A, lines 2 and 3). The rate
of minus-strand transfer with the double mutant was
reduced to almost background level in the absence of
NC (Table 2A, first column, compare lines 1 and 4).
With addition of NC, there appeared to be no detectable
enhancement of the initial rate (Table 2A, line 4). This
could be due to the comparatively stable stem loop in
the mutant structure, which NC initially might have
had difficulty melting. Interestingly, when we compared
the data for the early experimental time points, we
found that at the highest NC concentration, the ratio of
the values with and without NC increased significantly
over a 10-min time interval (2.1 at 1min; 3.3 at 3min;
�5 at 5min; and �6 at 10min) (Figure 4D). This stimula-
tion of strand transfer was higher than that observed
with the single mutants (constant ratios �3 or 4 over
10min).
Collectively, the data presented in Figures 3 and 4

strongly support our hypothesis that local structure at
the nucleation site determines the efficiency of NC

chaperone activity during minus-strand transfer. Thus,
stabilizing mutations reduce strand transfer activity
and increase NC dependence. Moreover, the larger the
number of bp in the duplex that must be destabilized, the
greater the effect of NC. In contrast, destabilizing
mutations increase activity and are not greatly affected
by addition of NC.

Mutation of residues in the apical loop of RNA 70
and the effect on minus-strand transfer

It was also of interest to determine whether changes in the
loop residues of RNA 70 would affect strand transfer.
Although RNA 70 does not have the complete 30 stem
sequence of TAR, mFold analysis (data not shown)
indicated that the TAR loop structure is retained
(Figure 2A). We made a loop mutant by changing G53
and G54 to two A residues (see highlighted residues and
arrows in Figure 2A), thereby replacing two G-C bp
normally formed between bases in the RNA and DNA
loops with two A-C mismatches. This mutation did not
have a significant effect on the overall folding of the RNA
(data not shown) and mFold analysis (77,78) showed that
the predicted �G value for the mutant (�23.4 kcal/mol)
is very close to the predicted �G value for RNA 70
(�22.9 kcal/mol; Figure 2A).

Interestingly, like WT RNA 70, both the rate and extent
of strand transfer observed with the loop mutant were not
influenced by the addition of NC (Table 2A, lines 1 and 5;
compare Figure 5A with Figure 4A). In reactions
containing DNA 50, the rate of strand transfer with the
loop mutant was the same as that with WT RNA
(Table 2A, compare lines 1 and 5). Nevertheless, the end
point value of the mutant reaction was reduced by almost

Table 2A. Rates of strand transfer (kobs values)
a

RNA Rates of strand transfer (min�1)

Minus NC 3.5 nt/NC 0.88 nt/NC

RNA 70 0.14� 0.010 0.15� 0.012 0.19� 0.011
RNA 70U28C 0.017� 0.0020 0.028� 0.0018 0.045� 0.0018
RNA 70U30C 0.020� 0.0013 0.040� 0.0026 0.058� 0.0023
RNA 70U28, 30C 0.030� 0.0033 0.029� 0.0022b 0.029� 0.0022b

RNA 70G53, 54A 0.15� 0.011 0.17� 0.012 0.19� 0.010
RNA 70G53, 54A-comp 0.079� 0.0039 0.10� 0.0024 0.13� 0.0039

aRates were determined by fitting the data to a single exponential equation.
bExamination of the early experimental points (up to 10min) shows NC stimulation of strand transfer beginning at 1min and increasing with time
(see text).

Table 2B. Rates of annealing (kobs values)
a

RNA Rates of annealing (min�1)

Minus NC 3.5 nt/NC 0.88 nt/NC

RNA 70 0.15� 0.023 0.22� 0.045 0.50� 0.12
RNA 70U28C 0.015� 0.012 0.072� 0.0084 0.17� 0.0093
RNA 70U28, 30C 0.030� 0.018 0.054� 0.0054 0.10� 0.0089
RNA 70G53, 54A 0.061� 0.011 0.17� 0.022 0.34� 0.051

aRates were determined by fitting the data to a single exponential equation.
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3-fold (compare Figure 5A with Figure 4A), presumably
due to the two mismatches in the final product. The data
on the extent of strand transfer indicate that interaction of
residues in the apical TAR loops in acceptor RNA and
(�) SSDNA contribute to the stability of the transfer
product. However, the lack of an effect on the rate
suggests that the TAR loop is not the critical nucleation
site in this system.

When the assay was performed with the loop mutant
and a DNA 50 compensatory mutant, DNA 50C17,18T
(see highlighted bases and arrows in Figure 2B), the rate
was not significantly changed (Table 2A, compare lines
5 and 6). Moreover, the extent of strand transfer showed
only a modest increase (�1.4-fold) compared with the
value obtained with WT DNA 50 (compare Figure 5B
with A). This shows that creation of two A-T bp in place
of the A-C mismatches had only a small effect on
increasing the stability of the final product.

Effect of local structure stability on annealing of acceptor
RNA to (2) SSDNA

To gain a further understanding of the mechanism
of NC chaperone activity during minus-strand transfer,
it is important to know how changes in local structure
affect the kinetics of annealing. The annealing reaction
leads to formation of an RNA-DNA hybrid containing
complementary R sequences in acceptor RNA and

(-) SSDNA (3). In this study, the experiments were
performed with WT RNA 70 and RNA 70 mutants
(Figure 6). The results are expressed as the percentage of
32P-labeled DNA 50 annealed in the reaction.
Figure 6A shows the kinetics of annealing with WT

RNA 70. In contrast to the results obtained for strand
transfer (Figure 4A), NC had a small stimulatory effect on
annealing. Thus, the rate was increased by 3-fold with the
highest concentration of NC (Table 2B, line 1), although
the extent of annealing at 30min was only minimally
increased relative to the minus NC value. When the loop
mutant was assayed (Figure 6B), NC significantly
stimulated the rate of annealing, i.e. by 3-fold with
3.5 nt/NC (0.3 mM) and by almost 6-fold with 0.88 nt/
NC (1.4 mM) (Table 2B, line 4). The end point values were
1.4- to 2-fold higher than the value for the minus NC
control (Figure 6B). Thus, the annealing data for the loop
mutant also differ from the strand transfer results with
respect to an NC effect (Figure 5A). However, despite the
stimulatory effect of NC, both the rate and extent of
annealing of the loop mutant were lower than the
corresponding WT values (Table 2B, compare lines 1
and 4; Figure 6A and B), most likely as a result of the two
mismatches. In other experiments, we found that in
reactions with the loop mutant and the DNA 50
compensatory mutant, the rate and extent of annealing
were similar to the values obtained with WT DNA 50
(data not shown).
The annealing kinetics were also analyzed with the

50 stem-loop mutants: RNA 70U28C and the double
mutant RNA 70U28,30C. In the case of the single
mutant, the rate of annealing was lower than that of
WT, both in the absence and presence of NC (10-fold,
minus NC; �3-fold, plus NC) (Table 2B, compare lines
1 and 2). As might be expected for a more stable mutant,
NC stimulated the rate of annealing to DNA 50: by 5-fold
(3.5 nt/NC, 0.3 mM) and 11-fold (0.88 nt/NC,1.4 mM).
In accord with our observations on the rates of
annealing, the end point values were also lower than
the WT values (5-fold, minus NC; �1.4-fold, plus
3.5 nt/NC). Surprisingly, with 0.88 nt/NC, the extent
of annealing was virtually the same as that of WT
(compare Figure 6A and C).
With the double mutant, annealing was extremely

inefficient in the absence of NC and both the rate and
extent of annealing were barely detectable (Figure 6D). In
the presence of NC, there was a modest increase in the rate
of annealing, but the actual values at each NC concentra-
tion were �5-fold lower than those measured for WT
RNA (Table 2B, compare lines 1 and 3). Interestingly,
the extent of annealing was approximately the same as
that achieved by the single mutant at the highest NC
concentration and here too, the value was very close to
that of WT (compare Figure 6A with D).
Taken together, the data in Figure 6 and Table 2B show

that for the WT and the mutants, there was a stimulatory
effect of NC on annealing. This was true to a lesser extent,
even for RNA 70 and the loop mutant, which did not
exhibit such an effect in the strand transfer reactions
(Figures 4 and 5). In addition, in the case of the stem-loop
mutants whose local structures are significantly more
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Figure 5. Kinetics of minus-strand transfer with an RNA 70 TAR loop
mutant. Reaction mixtures containing the acceptor RNA 70 loop
mutant and 32P-labeled DNA 50 (A) or 32P-labeled DNA 50C17,18T
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incubation. The symbols are described in Figure 4 legend.
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stable than that of WT RNA 70 (Figure 4), annealing was
more efficient than strand transfer under our experimental
conditions.

Effect ofMg21 on annealing

The apparent increased efficiency of the annealing
reaction with the 50 stem-loop mutants compared with
their activity in strand transfer was unexpected. We
wondered whether the absence of RT, dNTPs, and
7mM MgCl2 in the annealing reaction mixtures was
responsible for this result. Addition of RT or dNTPs,
either singly or in combination, to annealing reactions
with RNA 70, RNA 70G53,54A, or RNA 70U28,30
did not change the level of annealing (data not shown).
In contrast, when increasing concentrations of Mg2þ were
added, there was an effect on RNA–DNA hybrid
formation (Figure 7).
With RNA 70, addition of 7mM Mg2þ in the absence

of NC (Figure 7, lane 2), NC without Mg2þ (lane 3) and
NC plus Mg2þ (lanes 4–8), resulted in succeeding small,
but reproducible increases in the efficiency of annealing
compared with that of the minus NC reaction (lane 1).
Interestingly, the stimulation observed with NC and Mg2þ

was independent of the actual Mg2þ concentration (lanes
4–8). A similar pattern was observed with the RNA 70
loop mutant, except that the absolute values were reduced
as a consequence of the mutation (lanes 9–16). In contrast,
the double stem mutant (lanes 17–24) behaved quite

differently from the other two RNA 70 acceptor RNAs.
In this case, annealing activity was extremely low in the
absence of NC and Mg2þ (lane 17) as well as in the
presence of 7mM Mg2þ without NC (lane 18). NC
markedly stimulated annealing in the absence of Mg2þ

(lane 19; Figure 6D), but as increasing concentrations of
Mg2þ were added together with NC (lanes 20–24), there
was a corresponding decrease in the amount of annealed
product formed. At 7mM Mg2þ, the reduction was
�3-fold (lane 24).

Viewed collectively, these results demonstrate that when
annealing was only moderately stimulated by NC (RNA
70 and RNA 70 loop mutant), Mg2þ was able to increase
the efficiency of the reaction without loss of the NC effect.
However, when the annealing reaction was strongly
dependent on NC concentration (RNA 70U28,U30C),
Mg2þ inhibited the chaperone activity of NC. The
implications of these findings are discussed below.

DISCUSSION

The goal of the present study was to provide new insights
into the mechanism of HIV-1 NC nucleic acid chaperone
activity in the minus-strand transfer step of reverse
transcription. Our approach was to use a reconstituted
system with model substrates described in an earlier report
(28), since their structures are not overly complex
and are therefore especially suitable for mutagenic

RNA 70U28C

RNA 70G53,54AA RNA 70

C

B

D RNA 70U28,30C

Figure 6. Annealing of RNA 70 and mutants to DNA 50. 32P-labeled DNA 50 was incubated with RNA 70 (A), RNA 70G53,54A
(B), RNA 70U28C (C) and RNA 70U28,30C (D) from 0.5 to 30min at 378C without NC or with two different NC concentrations
(3.5 nt/NC [0.3 mM] and 0.88 nt/NC [1.4 mM]). The percentage (%) of DNA 50 annealed was plotted against time of incubation. Symbols are the
same as those given in Figure 4 legend.
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analysis (Figure 2). We initially focused on the question of
whether efficient strand transfer is determined by the
overall thermodynamic stability and structure of acceptor
RNA or more directly, by local structure at the nucleation
site. In assays with RNA 70 and RNA 50, we found that
the higher strand transfer activity exhibited by RNA 70 is
correlated with the local stem-loop structure at the 50 end
of the TAR sequence, which contains 11 bases comple-
mentary to an 11-nt single-stranded region in DNA 50
(Figure 2), and not with RNA 70’s predicted overall
thermodynamic stability, which is actually considerably
higher than that of RNA 50 (Figure 2A) (28).

In further support of our ideas, the data clearly
demonstrated that stabilizing mutations in the relevant
local structure dramatically reduce the rate and extent
of strand transfer and increase dependence on NC
(Figures 3 and 4), whereas destabilizing mutations lead
to a marked increase in strand transfer efficiency and loss
of the NC requirement (Figure 3). These results indicate
that local structure at the nucleation site is a critical
determinant for NC chaperone activity in minus-strand
transfer. This conclusion is consistent with other studies
demonstrating the importance of local structure in NC-
promoted annealing of tRNALys

3 to the primer-binding site
in an HIV-1 RNA transcript (27), RT-catalyzed extension
reactions with TAR RNA mutants (61), and HIV-1
recombination in vivo (69,73). Taken together with our
findings, it would seem that the mechanism we have
identified using a reconstituted system may also be
relevant to the reverse transcription pathway utilized
during the course of HIV-1 replication in infected cells.

We considered the possibility that formation of a
kissing loop between the complementary TAR RNA and
TAR DNA apical loops might also contribute to efficient
annealing and strand transfer in our system. Previous
efforts to address this question in other TAR-based
systems led to diverse results. In two studies, mutational
analysis showed that nucleation via loop–loop interactions
facilitates efficient NC chaperone activity in minus-strand

transfer (56) and annealing (57), whereas in other work,
destabilization of the central double-stranded segment of
the TAR stems was reported to be the major pathway
for annealing, with only a minor role for a kissing-loop
complex (48). Evidence has also been presented suggesting
that multiple pathways may be involved in NC-dependent
nucleation of annealing (32,58), although more recent
studies with NC and full-length TAR favor a zipper
mechanism involving the lower stems and bulges (59)
(Vo,M.-N., Rouzina,I. and Musier-Forsyth,K., in
preparation.)
Here we report that the major effect of mutating two

of the three contiguous G residues (G53,G54) in the RNA
70 apical loop to A (Figure 2A) is an almost 3-fold
reduction in the extent of strand transfer (Figures 4A
and 5A). This is presumably due to the two mismatches
that are created by the mutation, which results in a less
stable product. A substantial effect was also observed
when all three Gs were changed to A (56). Like WT RNA
70, the activity of our loop mutant is independent of NC
(Figure 5A), in all likelihood because the RNA fold is
unchanged by the mutation (data not shown). Making the
compensatory changes in DNA 50 yields only a small
improvement in the extent of strand transfer, so that the
overall efficiency remains lower than that achieved with
the WT substrates (Figure 5A and B). This finding implies
that the loop–loop interaction must involve more than one
G-C bp, since substitution of two A-T bp is not sufficient
for optimal activity. Conservation of Gs in the apical loop
of TAR RNA may be related to NC’s preference for
binding to unpaired Gs (3 and references therein) and to
the unusual stability of a kissing complex, even with only
two G-C bp (80,81).
It is of interest that mutations in the RNA 70 local

structure at the 50 end of TAR and in the apical loops
both affect the extent of strand transfer (Figures 4 and 5).
However, ‘only’ stabilizing mutations in the RNA
70 50 stem loop have striking effects on ‘both’ the rate
and extent of strand transfer and are NC dependent
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(Table 2A). Thus, it appears that destabilization of the
RNA 70 50 local structure is likely to be the
dominant nucleation pathway for minus-strand transfer
in the RNA 70 system.
Another issue that we address concerns a comparison

between annealing and strand transfer activities in the
presence or absence of NC. The RNA 70 acceptors that
we tested fall into two groups, i.e. having activity that is
either independent (group 1) or dependent (group 2) on
NC. With the RNAs in the first group (WT RNA 70
and the RNA 70 loop mutant), strand transfer is
unaffected by addition of NC (Figures 4A and 5A),
although NC slightly stimulates the extent of annealing
(Figure 6A and B). The lower minus NC values for
annealing compared with the corresponding values for
strand transfer might reflect the fact that during strand
transfer, RT-catalyzed elongation of the annealed DNA
drives the equilibrium towards formation of a more
thermodynamically stable product with a greater number
of base pairs than the number contained in the RNA–
DNA hybrid. When NC is present, the rate of annealing is
increased (Table 2B, lines 1 and 4) so that even in the
absence of RT, the end point values for annealing and
strand transfer are in close agreement. The RT effect
observed here is reminiscent of a somewhat similar
scenario that occurs during plus-strand transfer (3):
annealing of the complementary primer-binding site
sequences in (þ) SSDNA and minus-strand acceptor
DNA is ultimately favored over hybrid formation between
the 30 terminus of tRNA3

Lys and (þ) SSDNA, since RT
extends each strand of the DNA duplex to yield the more
stable double-stranded DNA transfer product (35).
RNA 70 acceptors with stabilizing changes in the 50

local stem-loop structure, e.g. RNA 70U28C and RNA
70U28,30C (group 2), show a clear dependence on NC for
efficient annealing and strand transfer (Figures 4 and 6)
and a striking reduction in the rates of these reactions
relative to the rates for WT RNA 70 (Table 2). In the
absence of NC, the annealing and strand transfer activities
of both the single and double mutants are quite low.
However, in reactions with NC, the annealing activities of
both mutants are greatly increased and reach a value of
almost 60% at the highest NC concentration (Figure 6C
and D), whereas the comparable values for strand transfer
are significantly lower (Figure 4B and D). These results
indicate that optimal experimental conditions for anneal-
ing and strand transfer may differ when activity is
dependent on NC’s chaperone function. We have reported
similar findings in studies with NC mutants having
changes in the CCHC motif (17,20).
To investigate this discrepancy between the efficiency of

annealing and strand transfer with structured RNA
acceptors, we tested annealing under strand transfer
conditions. We found that of the components present
specifically in strand transfer reactions, it is only Mg2þ

that inhibits NC chaperone activity during annealing
and in a dose-dependent manner (Figure 7C). This would
explain why a potential stabilizing effect of Mg2þ on the
nucleic acid substrates does not lead to greater stimulation
of strand transfer by NC, as might be expected. In fact,
since Mg2þ is present in vast excess over NC in our

reactions, the data strongly suggest that Mg2þ successfully
competes with NC for non-specific binding to the
phosphodiester backbone of the nucleic acid substrates
and partially displaces NC. Not surprisingly, since Mg2þ

does not have nucleic acid chaperone activity, we observe
that formation of the annealed RNA–DNA hybrid
becomes very inefficient in the presence of high Mg2þ

concentrations. This conclusion is consistent with a
similar observation made by Musier-Forsyth and col-
leagues (32) (Vo,M.-N., Rouzina, I. and Musier-
Forsyth,K., in preparation).

The Mg2þ concentration in virions and in infected
cells is not known. However, in some instances the
concentration in uninfected cells has been reported to be
much lower (�0.2–0.25mM) than the amounts typically
used in reverse transcription reactions in vitro (6–8mM)
(75 and references therein). If the intracellular Mg2þ

concentration in infected cells is also low, it would suggest
that RT-catalyzed extension can proceed at a lower Mg2þ

concentration in vivo than in vitro and that, under such
conditions, Mg2þ should not interfere with the efficiency
of NC-dependent annealing during HIV-1 infection.
Interestingly, in reactions containing 0.25mM Mg2þ and
NC, we find only an �8% reduction in annealing
(Figure 7C). In reactions with WT RNA 70 and the
loop mutant, which have a fairly minor requirement for
NC, annealing is stimulated by Mg2þ to a small, but
constant extent, over a wide range of Mg2þ concentrations
(Figure 7A and B). In this case, when the ionic strength is
increased, the increase in positive charge leads to greater
attraction between the nucleic acid strands and results in
more efficient annealing, in accord with studies on the
aggregation properties of NC (10,13,14,82).

In conclusion, we have demonstrated that the local
structure in acceptor RNA at the nucleation site is a
critical determinant for nucleation of annealing that
occurs during HIV-1 minus-strand transfer. Moreover,
destabilization of a short secondary structure at the 50 end
of the TAR sequence in RNA 70 appears to be the
dominant nucleation pathway. Our data also point to
different consequences for annealing versus strand transfer
when in vitro reactions are strongly or weakly dependent
on NC. Where NC has little or no effect, annealing and
strand transfer occur with similar efficiencies. However,
when NC-catalyzed destabilization of acceptor structure is
required, annealing appears to be more efficient than
strand transfer. We attribute this result to the presence of
a high Mg2þ concentration in reconstituted strand transfer
reactions, which leads to a competition between Mg2þ and
NC for binding to the negatively charged phosphate
groups in the nucleic acid strands. Taken together, these
findings contribute significantly to a greater understanding
of the mechanism of NC nucleic acid chaperone activity
during minus-strand transfer.
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