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Understanding how viral components collaborate to convert the human immunodeficiency virus type 1
genome from single-stranded RNA into double-stranded DNA is critical to the understanding of viral repli-
cation. Not only must the correct reactions be carried out, but unwanted side reactions must be avoided. After
minus-strand strong stop DNA (2sssDNA) synthesis, degradation of the RNA template by the RNase H
domain of reverse transcriptase (RT) produces single-stranded DNA that has the potential to self-prime at the
imperfectly base-paired TAR hairpin, making continued DNA synthesis impossible. Although nucleocapsid
protein (NC) interferes with 2sssDNA self-priming in reverse transcription reactions in vitro, NC alone did
not prevent self-priming of a synthetic 2sssDNA oligomer. NC did not influence DNA bending and therefore
cannot inhibit self-priming at hairpins by directly blocking hairpin formation. Using DNA oligomers as a
model for genomic RNA fragments, we found that a 17-base DNA fragment annealed to the 3* end of the
2sssDNA prevented self-priming in the presence of NC. This implies that to avoid self-priming, an RNA-DNA
hybrid that is more thermodynamically stable than the hairpin must remain within the hairpin region. This
suggests that NC prevents self-priming by generating or stabilizing a thermodynamically favored RNA-DNA
heteroduplex instead of the kinetically favored TAR hairpin. In support of this idea, sequence changes that
increased base pairing in the DNA TAR hairpin resulted in an increase in self-priming in vitro. We present a
model describing the role of NC-dependent inhibition of self-priming in first-strand transfer.

Human immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT) synthesizes minus-strand strong stop DNA
(2sssDNA) by extending tRNA3

Lys bound at the primer bind-
ing site (PBS) in the RNA genome (8, 15, 37). To synthesize
2sssDNA, RT copies the U5 and R regions; the R region
contains two large hairpins known as the poly(A) hairpin and
the TAR hairpin (9). When this RNA is copied into DNA,
hairpins that correspond to the TAR and poly(A) hairpins of
the RNA can form in the nascent 2sssDNA; the formation of
these hairpins depends on the digestion of the template RNA
(17). The RNase H activity of RT cleaves the RNA portion of
the RNA-DNA heteroduplex during polymerization, and there
is additional RNase H cleavage after 2sssDNA synthesis is
complete (8, 12, 18, 27, 33). Although it is possible for either
the nascent TAR and poly(A) DNA to form hairpins that
could self-prime, such self-priming events are not detected
when the HIV-1 genome is copied into DNA in infected cells.
Because the TAR DNA hairpin forms at the end of R, the
likelihood of self-priming is higher for TAR than for the
poly(A) hairpin. Instead of self-priming, the 39 end of the
nascent DNA is efficiently transferred to the R sequence on
the 39 end of the template RNA, where synthesis continues.
This event is known as the first-strand transfer. Nucleocapsid
protein (NC) has been shown to prevent synthesis of self-

primed products and promote strand transfer in vitro (17, 23,
26, 30). However, NC does not require a strand transfer ac-
ceptor to prevent self-priming. NC can inhibit self-priming of
2sssDNA in reverse transcription reactions in vitro in the
absence of an acceptor (17; this report). Therefore, the an-
nealing of a strand transfer acceptor cannot be the only mech-
anism that prevents self-priming. One possibility is that NC
interferes with the formation of hairpins by preventing bending
of the hairpin DNA (24, 40). However, we present evidence
that this is not the mechanism that prevents self-priming. In-
stead, using DNA oligomers as a model for genomic RNA
fragments, we show that NC requires complementary oligonu-
cleotides to prevent self-priming. In in vitro transcription re-
actions, NC must therefore inhibit self-priming by maintaining
RNA-DNA duplexes within TAR that are sufficient to prevent
hairpin formation. In experiments performed in vitro in the
absence of NC, digestion of the RNA in the RNA-DNA duplex
results in loss of the RNA from the heteroduplex and leads to
self-priming at the TAR hairpin. However, NC promotes the
retention of an RNA-DNA hybrid that inhibits self-priming.
For NC to successfully prevent self-priming, the stability of the
residual RNA-DNA hybrid must be greater than the stability
of the TAR hairpin. Therefore, the template must be subjected
to only a limited amount of RNase H digestion. This implies
that the extent of RNase H digestion of the RNA genome
during reverse transcription directly influences whether or not
self-priming occurs at the TAR hairpin. If the RNA genome
was extensively digested by RNase H, the stability of the re-
maining RNA-DNA hybrids would be less than that of the
TAR hairpin, and NC would promote hairpin formation in-
stead of RNA-DNA annealing. In addition to affecting the
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annealing of nucleic acids, NC may protect the RNA-DNA
hybrid from RNase H digestion (10, 22, 23, 34; this report),
which could affect the digestion of genomic RNA after
2sssDNA synthesis.

MATERIALS AND METHODS

Wild-type HIV-1 RT (p66/51) was expressed in Escherichia coli and purified as
described previously (5). HIV-1 NC (p7 Zn21 holoenzyme) was generously
provided by Robert Gorelick, Louis Henderson, and Larry Arthur (SAIC Fred-
erick, Frederick, Md.). NC was reconstituted from lyophilized powder in 13 RT
binding buffer (50 mM Tris-Cl, [pH 8.0], 80 mM KCl, 1 mM dithiothreitol, 100
mM bovine serum albumin) at a concentration of 30 mM and stored in 4-ml
aliquots in 150-ml tubes at 280°C. Fresh aliquots of NC were thawed immedi-
ately prior to use. Oligonucleotides were purchased from Life Technologies
(Rockville, Md.). HIV-1 sequences were subcloned from the pNL4-3 clone (3;
GenBank accession no. AF033819) into the LITMUS 28 plasmid (New England
Biolabs, Beverly, Mass.) and sequenced. The R-PBS template RNA was synthe-
sized according to the instructions contained in the Ambion Megashortscript kit
(Ambion, Austin, Tex.). In brief, an oligomer containing a T7 promoter modified
so that it contained the correct sequence for the 59 end of the R region (59-TT
ACGCCAAGCTACGTAATACGACTCACTATAGGTCTCTCTGGTTAGA
CCAGATCTGAGCCTGGGA-39) and a second oligomer containing the PBS
sequence (59-AGTCCCTGTTCGGGCGCCA-39) were used to generate a PCR
fragment from the pNL4-3 sequence cloned into LITMUS. The PCR fragment
was used as the template for RNA synthesis. RNA was purified by electrophore-
sis on a 5% denaturing gel, visualized using SYBR Green (Molecular Probes,
Eugene, Oreg.), excised, and eluted using an RNaid kit from Bio 101 (Vista,
Calif.). RNA was quantitated by both UV spectrophotometry and Ribogreen
fluorescence as measured by a Storm 860 PhosphorImager (Molecular Dynam-
ics, Sunnyvale, Calif.). Oligomers were 32P labeled using [g-32P]ATP (Amersham
Pharmacia, Piscataway, N.J.) and T4 polynucleotide kinase (New England Bio-
labs).

RT/NC assays. PBS-R template RNA, either wild type or mutant, was mixed
with fivefold molar excess [32P]PBS (59-AGTCCCTGTTCGGGCGCCA-39), in-
cubated at 65°C, and allowed to cool to 23°C over 30 min. A 20-fold molar excess
of RT was added to the annealed template-primer and allowed to bind for 5 min
at 37°C. Increasing amounts of NC were added to aliquots of the template-
primer-RT reaction and incubated at 37°C for 7 min. Synthesis was initiated with
the addition of RT start solution containing deoxynucleoside triphosphates (80
mM, final concentration) and MgCl2 (6 mM, final concentration). Reactions were
stopped at the indicated times by the addition of an equal volume of a 90%
formamide stop solution containing 1% sodium dodecyl sulfate (SDS), 4 mg of
plasmid DNA/ml, bromophenol blue, and xylene cyanol. Reactions were heated
to 95°C for 4 min, fractionated by electrophoresis on a denaturing acrylamide gel
containing 0.05% SDS, dried under vacuum, and exposed to a PhosphorImager
screen (Molecular Dynamics).

Circularization assays. 32P-labeled circularization substrate (59-GCGAATTC
TTTTTTTTTTTTTTTTTTTTGAAGACATAGTCCCTGTTCGGGCGCCAC-
39) was mixed in 13 ligase buffer (New England Biolabs) with increasing con-
centrations of NC. The bridge primer (59-AAGAATTCGCGTGGCGCCCG-39)
was incubated with NC in a separate reaction. After 20 min at 37°C, the NC-
oligomer reactions were mixed and incubated at 37°C for 8 min. T4 DNA ligase
(New England Biolabs) was added in 50-fold molar excess, and the reactions
were incubated at 22°C for 30 min. Ligase was inactivated by heating to 65°C, and
the reactions were placed on ice. Then 0.3 U of exonuclease VII (Exo VII;
Gibco/BRL, Rockville, Md.) was added, and the mixture was incubated for 2 h
at 37°C. Reactions were stopped by the addition of an equal volume of form-
amide loading dye containing 0.1% SDS and fractionated by electrophoresis on
a 12% denaturing acrylamide gel. The gels were dried under vacuum and ex-
posed to a PhosphorImager screen.

In the circularization control assays, 15 fmol of an oligomer representing the
upstream sequence of the circularization substrate (59-CGGGCGCCAC-39) and
1 fmol of the 32P-labeled oligomer representing the downstream sequence of the
circularization substrate (59-[32P]GCGAATTCTT-39) were mixed in 13 ligase
buffer and incubated with increasing concentrations of NC. In a separate reac-
tion, 7.5 fmol of the bridge primer (59-AAGAATTCGCGTGGCGCCCG-39), to
which the upstream and downstream oligomers could anneal to form a ligatable
nick, was coated with NC. After a 20-min incubation at 37°C, the oligomer-NC
mixtures were combined and incubation was continued at 37°C for 8 min. T4
DNA ligase (New England Biolabs) was added in 50-fold molar excess and
incubated at 22°C for 30 min. The reactions were stopped by the addition of an
equal volume of formamide loading dye containing 0.1% SDS and fractionated
by electrophoresis on a 20% denaturing acrylamide gel. The gels were dried
under vacuum and exposed to a PhosphorImager screen.

Self-priming assays. Fifteen femtomoles of 32P-labeled 100-nucleotide (nt)
DNA complementary to bases 1 to 100 of pNL4-3 (GenBank accession no.
AF033819), containing either wild-type or mutant TAR sequences, was mixed
with 70-fold excess of the indicated blocking primers in 13 RT binding buffer.
The mixtures were heated to 65°C for 10 min and allowed to cool slowly to 22°C.
A 20-fold molar excess of RT was added and incubated at 37°C for 5 min. NC was

added to the template-primer-RT mix, at a one- to fourfold coating level (as-
suming 7 nt/NC as onefold) as indicated, and allowed to incubate for 10 min
before the addition of RT start solution containing MgCl2 and deoxynucleoside
triphosphates. The reactions were incubated at 37°C for 40 min and stopped by
the addition of an equal volume of formamide loading dye containing 0.1% SDS.
Electrophoresis was performed on a 6% denaturing acrylamide gel. The gels
were dried under vacuum and exposed to a PhosphorImager screen.

RESULTS

NC inhibits the synthesis of self-primed products. A syn-
thetic RNA encompassing the U5-R region of the HIV-1 ge-
nome from the PBS through TAR was synthesized and desig-
nated PBS-R RNA. Complete reverse transcription of PBS-R
RNA starting from a 19-base DNA primer annealed at the
PBS produced a 200-base-long DNA product. A representative
reverse transcription experiment is shown in Fig. 1A. Products
larger than 200 bases were the result of self-primed synthesis
(lanes 2 to 8). NC was added in increasing concentrations in
lanes 3 to 8. In calculating the relative amounts of NC and
nucleic acid, we have assumed that each NC covers 7 nt (39).
Actual NC coating levels of DNA and RNA varied during the
course of the reactions because the amounts and sizes of DNA
and RNA varied as RT synthesized DNA and degraded RNA.

The addition of NC had significant effects on the synthesis of
DNA by HIV-1 RT. Increasing amounts of NC resulted in a
corresponding decrease in the amount of the self-primed prod-
ucts (Fig. 1A, lanes 3 to 8). A fourfold excess of NC (lane 7)
virtually eliminated self-priming in these assays. The amount of
self-primed product was quantitated using a PhosphorImager
(Fig. 1B). As NC levels increased from zero (lane 2) to a
twofold excess (lane 6), the amount of full-length product
increased to more than twice its initial level (Fig. 1B). In
reactions containing less than twice the amount of NC required
to coat the RNA (lanes 2 to 5), two separate mechanisms
increased the amount of 200-base product produced. First, the
200-base DNA, once made, was less likely to be extended
because self-priming was inhibited by NC. Second, there was a
slight (less than 1.4-fold) increase in the total synthesis of
products 200 bases and longer (Fig. 1C). The increase in the
amount of large products could have been caused by NC as-
sisting RT through secondary structure, or it could have been
the result of increased levels of primer-template annealing
facilitated by NC, or both.

As NC levels were increased from two- to eightfold above
the amount required to coat the RNA and primer, however,
there was a decline in the amount of the full-length (200-base
DNA) product produced (Fig. 1A, lanes 6 to 8; quantitated in
Fig. 1B and C). High NC coating levels resulted in lower levels
of polymerization. Very high levels of NC resulted in a marked
decrease in extension by RT (data not shown). This is in agree-
ment with published reports that NC can protect the substrate
from RT binding, as well as from enzymatic digestion or mod-
ification (22, 33, 34) (see below).

The major self-primed product did not migrate on a dena-
turing gel to the position corresponding to the expected size of
343 nt. Instead, the major product migrated as though it had an
apparent size of 275 nt. We believe that the high level of
secondary structure within the newly synthesized DNA pre-
vented the completion of the self-primed product. To test this
possibility, the sequence of the 200-base RNA used in Fig. 1A
was changed so that base pairing within the poly(A) hairpin
was disrupted. The TAR hairpin was still formed, as evidenced
by the strong pause seen at 143 bases at the foot of TAR.
These sequence changes that disrupted the poly(A) hairpin
permitted the synthesis of the full-length 343-base self-primed
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product (Fig. 2). These data imply that 2sssDNA folds into a
structure similar to that proposed for viral RNA.

Does NC binding influence DNA bending? Clearly, NC is
able to prevent self-priming from the TAR hairpin. How is this
accomplished? NC can promote the annealing of thermody-
namically stable structures (36). This would suggest that the
addition of NC to an oligomer capable of forming a stable
hairpin should actually promote hairpin formation. One pos-
sibility is that NC could unfold single-stranded DNA and hold

it in a linear form, in a manner similar to the adenovirus DNA
binding protein (40). This would also be consistent with reports
that NC can unfold secondary structures in RNA and DNA,
leading to increased RT polymerization rates through regions
containing secondary structure (19, 38). To test this possibility,
two substrates were created. The first was a linear substrate
constructed of three synthetic DNA oligonucleotides, two of
which were 10 bases long and were designed to anneal to a
20-base oligonucleotide, creating a double-stranded DNA with

FIG. 1. NC inhibits formation of self-primed products during reverse transcription. (A) A 59 32P-labeled 19-base DNA containing the PBS sequence was annealed
to RNA containing the genomic HIV-1 R-PBS sequence. RT and either no NC (lane 2) or increasing amounts of NC (lanes 3 to 8) were subsequently allowed to bind.
Theoretical coating levels of NC/primer-template were as follows: lane 2, none; lane 3, 0.25-fold; lane 4, 0.50-fold; lane 5, 1.0-fold; lane 6, 2.0-fold; lane 7, 4-fold; lane
8, 8-fold. Reverse transcription was initiated, allowed to proceed for 60 min at 37°C, quenched, and visualized on a 6% denaturing polyacrylamide gel. The positions
of the 200-base full-length 2sssDNA and self-primed products are indicated at the right. Positions of DNA size markers (in bases) are shown in lane 1. (B) Quantitation
of full-length and self-primed product. The amount of full-length 200-base product and self-primed product in panel A was quantitated using a PhosphorImager and
plotted as a function of NC coating level, where 1 NC/7 bases is a onefold coating level. (C) Sum of full-length and self-primed products in panel A, quantitated using
a PhosphorImager and graphed as a function of initial NC coating level.
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a nick that could be sealed by T4 DNA ligase. The second
substrate contained a 56-base oligonucleotide designed such
that its ends annealed to the same 20-base DNA used to make
the first substrate. The 56-base oligonucleotide and the 20-base
oligonucleotide were annealed to form a circular substrate with
the same ligatable nick present in the linear substrate. In this
assay, the ability of ligase to form the circular product de-
pended on the ability of both ends of the linear 56-base DNA
to anneal to the same 20-base DNA, forming a circle. If NC
binding produced a rigid linear DNA structure, formation of a
ligatable circle would be inhibited relative to the ligation of the
linear substrate with an identical nick. DNA components of
both linear and circular substrates were first coated with NC
and then mixed together and allowed to anneal. Increasing
amounts of NC were added to the substrates, and the amount
of circularized substrate was quantitated and compared with
the amount of ligation obtained using linear substrate. To
ensure that the ligation product was a circle, the completed
ligation reactions were digested with Exo VII, which can digest
single-stranded DNA from both 59 and 39 exposed ends. The
only ligated product resistant to Exo VII was the circular 56-

base DNA, which migrated on a sequencing gel at an apparent
size of 70 nt (data not shown). As can be seen in Fig. 3, both
the linear and circular substrates were ligated with the same
efficiency by T4 DNA ligase in the presence of NC. Although
increasing levels of NC were able to interfere with T4 DNA
ligase, presumably by blocking access to the nick, the degree of
inhibition was the same for both substrates. This shows that
NC does not affect the ability of the 56-base DNA to form a
circle and implies that NC does not prevent self-priming by
preventing TAR DNA from forming a hairpin. These results
also show that NC can protect DNA from modification by
ligase. Substantial (i.e., 60 to 70%) protection of the ends of
the DNA was obtained at only a one- to twofold NC coating
level (in these experiments, twofold is 1 NC/3.5 bp). These
results are similar to those reported by Lapadat-Tapolsky et al.
(22), who showed that interior of the DNA is completely pro-
tected from restriction enzyme digestion by twofold excess NC
(1 NC/ 4 bp).

NC requires an annealed oligomer to block TAR self-prim-
ing. Since NC does not directly inhibit the formation of DNA
hairpins, it must block the self-priming of the TAR hairpin by
another mechanism. We noticed that in reactions in vitro
where 2sssDNA was synthesized by copying an RNA tem-
plate, NC blocked self-priming. However, for NC to inhibit
self-priming in reactions containing synthetic 2sssDNA in the
absence of RNA, it was necessary to include an oligonucleotide
complementary to the sequence that forms the hairpin. This
indicated that both NC and an oligomer (either DNA or RNA)
were required to block self-priming. Either NC alone or an
oligomer alone was not capable of blocking self-priming of
DNA hairpin. To demonstrate this, a 32P-labeled synthetic
100-nt 2sssDNA oligomer, consisting of the entire TAR se-
quence plus part of the poly(A) hairpin, was synthesized. This
oligomer could self-prime by forming a hairpin involving the
TAR sequence and be extended by RT to produce a product of
143 nt (Fig. 4A). A 70-fold excess of unlabeled DNA oligomers
of increasing length was included in the experiments shown in
Fig. 4A, lanes 2 to 15. The unlabeled DNA oligomers were
intended to mimic the RNA fragments remaining after RNase

FIG. 3. NC does not inhibit circularization of DNA. The effects of NC on the
formation of a linear and circular ligation product were compared. The 59 end of
the circularization substrate (F) and the 59 end of the downstream 10-base DNA
of the linear substrate (E) were 32P labeled as described in Materials and
Methods. Both DNA substrates, which contained the same ligatable nick, were
incubated with increasing concentrations of NC. The reactions were incubated
with ligase and fractionated by electrophoresis, and the ligated products were
quantitated using a PhosphorImager as described in Materials and Methods.

FIG. 2. Destabilizing the poly(A) hairpin sequence allows completion of
self-primed products. The sequence of the poly(A) RNA hairpin was changed so
that base pairing between the arms of the hairpin was disrupted. 59 32P-labeled
PBS DNA was annealed to the RNA, start solution and RT were added, and the
mixture was incubated for 60 min at 37°C, as for Fig. 1A. The reaction was loaded
in lane 1, and DNA markers were loaded in lane 2. Sizes of the markers are
indicated in bases.
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H digestion of the template. They either had no complemen-
tarity to the 100-base DNA (lanes 2 and 3, M13 primer) or
could base pair with sequences at the 39 end of TAR (Fig. 4B).
The length of the complementary segment was either 21, 17,

13, 9, or 6 nt, as indicated in Fig. 4B. In the absence of a
complementary oligonucleotide (Fig. 4A, lanes 2 and 3), the
addition of NC caused a slight reduction in the formation of
143-base self-primed product, which is most likely due to in-
hibition of polymerization, similar to what was seen in Fig. 1A.
Likewise, in lanes 10 to 15, the inclusion of short complemen-
tary oligonucleotides also had little or no effect on the ability to
self-prime, either in the presence or in the absence of NC. In
lanes 4 to 7, however, the self-priming of the 100-base DNA
was significantly reduced by the addition of oligomer and NC.
In the absence of NC, self-priming at the TAR hairpin resulted
in the formation of significant amounts of self-primed product
(lanes 4 and 6), even in the presence of a 70-fold excess of
competing unlabeled oligomer. In the presence of NC, how-
ever (lanes 5 and 7), the annealing of either the 17- or the
21-base DNA blocked self-priming. This implies that annealing
of the 17- or 21-base DNA produced structures that were
thermodynamically more stable than the hairpin, whereas the
oligomers 13 bases and smaller did not. In this case, NC was
acting to promote annealing, not simply protecting the an-
nealed structure from RNase H, because the DNA oligomers
are not susceptible to RNase H.

The oligomer 171Tail (171T) was included in the experi-
ments in Fig. 4A as a control. This oligomer is identical to the
17-base DNA except for the addition of seven T residues at the
39 end. The 39 tail will not anneal to the template. This oligo-
nucleotide was used to test the possibility that the decrease in
production of self-primed products observed for the reactions
containing NC was due, at least in part, to an increase in
extendable 39 ends created by annealing perfectly complemen-
tary competitor oligomers to the TAR hairpin. In addition to
interfering with hairpin formation, the short, fully annealed
oligomers created an additional site for RT to bind. The pres-
ence of the unannealed 39 tail in 171T should have interfered
with the ability of RT to bind and extend the 39 end of this
oligomer. However, the results obtained with the 171T oligo-
nucleotide were indistinguishable from those seen with the
17-base DNA. This demonstrated that increasing in the
amount of extendable substrate did not influence the ability of
NC to inhibit self-priming at the TAR hairpin.

Improvements in base pairing within the TAR hairpin pre-
vent NC from blocking TAR self-priming. If there is a compe-
tition between the formation of the TAR hairpin and oli-
gomers annealing to TAR that is affected by NC, then changes
to either the length of the oligomers or the extent of base
pairing in TAR should change whether NC can block self-
priming. It is clear from Fig. 4A that changing the length of the
oligomer annealed to TAR determines whether or not NC can
block self-priming. To test the possibility that stabilizing the
TAR hairpin could promote self-priming, we constructed a
second hairpin based on the TAR sequence but with an in-
crease in base pairing between the arms of the hairpin. Se-
quence changes (Fig. 4B) were introduced on the 59 arm of the
TAR hairpin so that the competitor oligomers used in the
experiments shown in Fig. 4A could be used in the self-priming
assays with increased TAR base pairing. The mutant TAR
sequence contained three changes, eliminating a single-nucle-
otide bubble at base 4 by the addition of a complementary base
at position 55, and eliminating the mismatches between bases
7 to 52 and 10 to 49 by making changes at positions 49 and 52
(Fig. 4B). These three changes abolished the ability of NC to
block the formation of the hairpin, even in the presence of the
complementary 21-base DNA (Fig. 5). This shows that the
ability of NC to block self-priming at the TAR hairpin depends
on the fact that the hairpin is imperfect.

FIG. 4. NC blocks self-priming by promoting the annealing of complemen-
tary oligomers that are more stable than the hairpin. (A) A synthetic oligonu-
cleotide comprising the 39 100 bases of the 2sssDNA was end labeled, heated,
and slowly cooled in the presence of either a 21-nt M13 DNA primer (lanes 2 and
3) or DNA competitor of decreasing length, complementary to the 39 end of the
2sssDNA (lanes 4 to 15; see panel B). The length of each oligonucleotide is
indicated at the top, and the site of annealing to the hairpin is shown in panel B.
171T has the same sequence as 17, with the addition of a 7-nt unannealed tail
at the 39 end (see text). Each reaction was performed both in the presence and
in the absence of enough NC to coat the primer-template at 7 bases/NC, as
indicated at the top. Positions of migration of the 100-nt 2sssDNA and the
143-nt self-primed product are shown at left. Lane 1 contains unmodified, la-
beled 100-base DNA. (B) The 2sssDNA sequence which folds into a structure
resembling the TAR hairpin. The lengths and sites of annealing of the compet-
itor DNA oligomers discussed above are shown at the left. The sequence of the
competitor DNA oligomer used to block self-priming is identical to the genomic
RNA sequence. The sites of modifications of the hairpin discussed in the text are
indicated by arrows at the right.
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DISCUSSION

Self-priming of the DNA copied from the 59 end of the
HIV-1 RNA genome requires the formation of a TAR hairpin
in the newly synthesized 2sssDNA. Because NC impedes self-
priming of 2sssDNA in vitro, we considered the possibility
that NC directly interferes with hairpin formation by forcing
the DNA to adopt a rigid, linear structure, in a manner similar
to that of the adenovirus DNA binding protein (40), but we
found that this was not the case. There was other evidence to
support the idea that NC did not constrain the RNA in a rigid
linear structure. Although NC could block self-priming from
2sssDNA generated by RT copying an RNA template in vitro,
NC alone could not prevent the self-priming of synthetic
2sssDNA. NC by itself was not sufficient to block self-priming
of 2sssDNA; there was an additional component in the reac-
tions containing an RNA template that was necessary for NC
to inhibit self-priming. The additional component is a comple-
mentary oligonucleotide. Substituting DNA oligomers for the
RNase H-susceptible RNA in our model reactions, we found
that a 17-base DNA primer annealed to the 39 end of the TAR
hairpin was sufficient to block self-priming of 2sssDNA in the
presence of NC (Fig. 6). NC is a nucleic acid chaperone which
facilitates the formation of the most stable nucleic acid struc-
tures; under these circumstances, NC promotes the annealing
of a thermodynamically more stable 2sssDNA-blocking primer
duplex even in the presence of the kinetically favored hairpin
competitor (36). Formation of the hairpin in the 2sssDNA is
a first-order, unimolecular reaction, whereas the equilibrium
for the RNA-DNA duplex is dependent on the concentrations
of both the RNA and DNA, a second-order reaction. As a
result, in the absence of NC, the equilibrium of the RNA-DNA
exchange favors hairpin formation, in spite of the fact that the
hairpin is less thermodynamically stable. Essentially, displace-
ment of the more stably annealed RNA fragment in favor of
the less stable DNA hairpin formation is driven by the high
local concentration of complementary strands in the hairpin
DNA. NC may facilitate the aggregation of nucleic acids, which
could affect the local concentrations of the oligonucleotides
relative to the hairpin itself; this could reduce the kinetic ad-
vantage of hairpin formation (25, 32). It has been proposed
that NC destabilizes secondary structures in RNA and DNA,
which could facilitate the progression of RT through the ge-
nome (20, 36). However, more recent reports have demon-
strated that NC does not unwind secondary structures in RNA,
suggesting that NC binding has little or no effect on RNA
folding (7, 16). After RT extends the DNA hairpin, the hairpin
becomes increasingly stable due to the additional base pairing;
thus this process, once begun, is not readily reversible.

Combining our data with data from the literature, we can

propose a model describing how the polymerase and RNase H
activities of RT collaborate with NC and the TAR hairpin to
produce efficient, selective strand transfer (Fig. 6). During
DNA synthesis, RNase H cuts relatively infrequently, leaving
relatively large RNA oligomers (11, 33), one or more of which
may serve as blocking primers in the presence of NC. Fu and
Taylor showed that HIV-1 RT leaves a 14- to 18-base RNA
oligomer annealed to the end of a newly synthesized DNA
strand in the absence of NC (14). NC could protect the RNA
oligomers from being displaced by the formation of the hairpin
by the same mechanism we observed with the DNA blocking
primers (Fig. 6). NC may also block hairpin formation by
limiting the extent of RNase H digestion; it has been shown by
other investigators that NC can protect RNA from RNase A
(10, 28, 33). However, because RT generates genomic RNA
fragments of the correct size (14 to 18 nt) at the 39 end of the
2sssDNA even in the absence of NC (14), NC-mediated pro-
tection of the RNA may not be necessary.

Transfer of the completed 2sssDNA to the 39 R region
RNA is required for the continuation of reverse transcription.
This step must be performed without releasing the TAR hair-
pin sequence in a fashion that would allow self-priming. In this
context, it is important to remember that hairpin formation is
kinetically favored. The ability of NC to promote the thermo-
dynamically favored event means that as long as the comple-
mentarity between the 2sssDNA and the RNA acceptor is
greater than that of the 2sssDNA and the digested RNA,
transfer will occur (as illustrated in Fig. 6). Long regions of
complementarity are known to promote more efficient strand
transfer (4, 21). Since NC promotes the formation of the ther-
modynamically favored duplex, the extensive base pairing be-
tween the nascent DNA and the strand transfer acceptor is
favored over either the annealing of the digested RNA or
hairpin formation. Thus, targeted and efficient strand transfer
is accomplished.

Although in some cases NC altered the degree of RT paus-
ing at secondary structures, NC had either a neutral or inhib-
itory effect on polymerization in our assays. Other investigators

FIG. 6. Blocking primer prevents self-priming of 2sssDNA and promotes
specific strand transfer. The 100-base 2sssDNA forms a hairpin similar to the
TAR RNA hairpin, which can self-prime and be extended by RT. NC promotes
the annealing of a blocking primer 17 bases or longer to the 39 end of the
2sssDNA, preventing self-priming. The blocking primer is released in the pres-
ence of NC only if it is displaced by an acceptor which has greater complemen-
tarity to the 2sssDNA. During reverse transcription, the blocking primer(s)
would be a fragment or fragments of the RNA genome that remained annealed
to the 2sssDNA after synthesis was complete.

FIG. 5. Oligomers cannot block self-priming of more stable mutant TAR
hairpin. A 99-base DNA containing the changes in the TAR hairpin sequence
indicated in Fig. 4B was subjected to the same conditions as for Fig. 4A. Sizes of
the 99-base starting material and the 143-base self-primed product are indicated
at the left.
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have also reported that NC either had no effect on or inhibited
polymerization by RT (29, 31, 33). High concentrations of NC
reduced the numbers of initiation events, and the amount of
full-length product formed after a given initiation event, in a
dose-dependent manner. However, lower levels of NC can
promote the annealing of the primer-template, increasing the
availability of the nucleic acid substrate and offsetting the in-
hibition of polymerization, as has been reported for primer
tRNA (2, 6, 13, 23). NC not only promotes annealing of prim-
er-template but also inhibits the formation of self-primed
products that would prevent completion of the full-length HIV
genome (17). An appropriate amount of NC can block self-
priming while only slightly inhibiting reverse transcription. As
shown in Fig. 1B, almost 90% of the self-primed products were
eliminated at a fourfold NC coating level, while the amount of
full-length product (200-base DNA) was reduced by only 15%.
An eightfold excess of NC over the amount needed to coat the
RNA virtually eliminated self-priming but allowed the synthe-
sis of 65% of the maximal amount of full-length DNA product.
In our assays we selected conditions where NC displayed the
ability to inhibit self-priming while still allowing high levels of
polymerization to occur.

Completion of the full-length DNA hairpin was dependent
on the DNA sequence. The wild-type HIV-1 DNA sequence
caused RT to pause, producing predominantly a 275-base self-
primed product instead of the expected 343-base product. The
pause may be caused by secondary structure within the self-
primed DNA template. This proposal was supported by the
finding that sequence changes within the poly(A) hairpin elim-
inated the pause, leading to the formation of the 343-base
product.

Introducing mutations that stabilized the structure of the
TAR hairpin resulted in the efficient production of self-primed
products that could not be inhibited by a 21-base blocking
primer and NC. The increased stability of the mutated hairpin
made hairpin formation the favored reaction both kinetically
and thermodynamically. Significantly, this indicates that a
more stable hairpin is likely to be detrimental to the virus,
presenting the possibility that in mutants in which the TAR
hairpin is more stable than the strand transfer intermediate,
NC may favor hairpin formation over RNA-DNA heterodu-
plex formation. Normally, this is not an issue; however, if
mutations are introduced into either the upstream or the
downstream R region (but not in both), this may diminish the
stability of the acceptor RNA-donor DNA duplex required for
strand transfer, interfering with the strand transfer reaction. In
support of this idea, at least some mutations that both increase
TAR stability and block viral replication if they are present
only in one TAR element have no discernible effect on HIV-1
replication when introduced into both the upstream and down-
stream TAR elements (Jared Clever, personal communica-
tion).

Although strand transfer is possible in vitro with unstruc-
tured complementary regions as short as 2 to 7 bases (1), the
ability to form the TAR hairpin would restrict the use of such
short regions as strand transfer acceptors at the end of R.
HIV-1 has relatively long R regions compared to other retro-
viruses (8, 35). Longer R regions promote more efficient strand
transfer (4, 21). Long R regions may be necessary for efficient
strand transfer in the presence of the TAR structure. In ret-
roviral genomes that have highly structured elements in the R
region, R is long. This is true for HIV-1 and for two viruses
with more complex structures in R, HIV-2 and human T-cell
leukemia virus type 1 (HTLV-1). In all three viral genomes, R
is longer than the structural element (TAR in HIV-1 and
HIV-2; Rex response element for HTLV-1). A long R region

would ensure that, in the strand transfer reaction, the strand
transfer intermediate is more stable than any structure that
would be created from 2sssDNA.
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