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Abstract
In vitro reaction conditions using HIV reverse transcriptase (RT) and nucleocapsid protein (NC) that
allowed efficient synthesis of single-stranded DNA products over a thousand nucleotides in length
from genomic HIV RNA were characterized. Consistent with previous reports, the reactions required
high concentrations of NC and RT. Long products were produced as a result of frequent strand transfer
between RNA templates, averaging at least one transfer per 300 nucleotides synthesized. No change
in RT processivity was observed in the reactions in the presence versus absence of NC. Synthesis of
long products required formation of a high molecular mass aggregate between NC and nucleic acids.
The aggregate formed rapidly and pelleted with low speed centrifugation. The aggregate was
accessible to RT as pre-formed aggregates synthesized long products when RT was added. NC finger
mutants lacking either finger one or two or with the finger positions switched were all effective in
promoting long products. This suggests that the aggregation/condensation but not helix-destabilizing
activity of NC was required. We propose that these high molecular mass aggregates promote
synthesis of long reverse transcription products in vitro by concentrating nucleic acids, RT enzyme
and NC to close proximity, thereby mimicking the role of the capsid environment within the host
cell.
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Introduction
Human immunodeficiency virus (HIV-1), like all retroviruses, undergoes reverse transcription
during its replication cycle. This involves copying of its single-stranded RNA genome into
double-stranded DNA that later gets integrated into the host chromosome. Although some viral
particles may initiate reverse transcription before entering cells,1–5 the process generally
begins when the viral particle enters the cytoplasm of the host cell and occurs exclusively in
the host cytoplasm. Although HIV cores are disrupted shortly after virus-cell fusion,6 reverse
transcription occurs within a confined environment in capsid-like structures derived from the
virion core permeable to dNTPs.7,8 Reverse transcription intermediates and products identical
to those made in infected cells can be synthesized in the purified virions. This requires
application of mild detergents to permeabilize the envelope and addition of
deoxyribonucleoside triphosphates and a divalent cation as the metal cofactor (referred to as
endogenous reverse transcription or ERT).9–14 This process can even occur in the absence of
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added detergent (referred to as natural endogenous reverse transcription or NERT).15–17
However, the yield of completed products in ERT and NERT reactions is extremely low. It
can be concluded that the virion environment is not sufficient to allow efficient replication or
that certain cellular components or structural alterations are essential for efficient replication.

Reverse transcription can also be carried out in vitro in totally reconstituted reactions including
only a primed RNA template and purified reverse transcriptase (RT). Several effects of the
viral nucleocapsid protein (NC) have been demonstrated using in vitro or cell culture based
approaches including: increasing the processivity (average number of nt added to the primer
in a single binding event between primer-template and enzyme) of RT18,19, enhancing binding
of the host tRNA primer to the viral primer binding site (as part of the Gag precursor protein),
20–23 promoting dimerization between the two genomes in the viral capsid22,24,60 and
stimulating strong-stop minus and plus strand transfer and viral recombination in general.25–
33 In fact, all the reactions and steps required to produce complete double-stranded DNA
appear to reside in RT and viral NC enhances many of these reactions. It has also been suggested
that other viral proteins (Tat, for example) may play a role, but are probably not major
constituents of the replication complex.34 Also, both RTand NC are highly stable in vitro.
Therefore, given enough time, one would predict the production of completely processed
double-stranded DNA from genomic RNA in in vitro systems. However, this is not observed
and even fully synthesized single-stranded DNAs (minus strand) are not generated from
genome length RNA. Most products are only a few hundred and at most a few thousand nt in
length when templates of several thousand bases are used,35 indicating that these reactions are
even less efficient than NERT or ERT reactions.

In the presence of specific amounts of NC and high RT concentrations an increase in reverse
transcription efficiency in in vitro reactions can be observed. Results showed that at greater
than or equal to 50% saturation of NC binding sites (one NC coats approximately 7 nt36–38),
there is up to a 90% decrease in total DNA synthesis, as measured by incorporation of dNTPs.
39 However, the cDNA products made are almost exclusively full-length, although in this case
an RNA template of only 874 bases was used.

A series of reports have demonstrated that under the right conditions NC can stimulate the
rapid formation of large aggregate complexes that contain NC, RT, and RNA.40–43 The
complexes are functional as isolated complexes can synthesize DNA in the presence of dNTPs,
use tRNA to prime viral RNA synthesis, and catalyze minus strand strong-stop strand transfer.
40

As part of a longstanding effort in our laboratory to produce an in vitro system that more closely
mimics cellular replication, we describe here conditions that produced DNA products up to 4
kb from genomic RNA of HIV at relatively high efficiency. These reactions included high
concentrations of RT and enough NC to completely coat all the nucleic acids in the reaction.
Synthesis occurred in large rapidly formed aggregates similar to those described above and
product formation required strand transfer. The characterization of this system is described. In
addition to enhancing our understanding of the replication process, an in vitro system that
mimics cellular replication could potentially be used to screen reverse transcription inhibitors.

Results
Optimization of reaction conditions for the synthesis of long DNA products in vitro

The general approach used for reverse transcription assays is depicted in Figure 1(a). Reaction
conditions were optimized first for the synthesis of a 1538 nt DNA product in vitro. This was
done by performing the reverse transcription assay with different concentrations of NC (Figure
1(b)) and also with different concentrations of HIV-RT (data not shown). The template to
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primer ratio was 4:1 in these reactions (see Materials and Methods). In the absence of NC,
primer extension resulted in synthesis of smaller DNAs but no full-length products. A small
amount of fully extended products were observed with 0.5 and 1 μM NC and full-length
products were substantially increased when 2, 4, 6, or 8 μM NC was used. There was also a
large decrease in smaller products at these NC concentrations and a decrease in total primer
extension relative to reactions without NC (as indicated above each lane in Figure 1(b)). The
level of extension with NC varied to some extent depending on the RNA preparation used and
was typically between 50–80% with 4 μM NC and 4:1 template: primer. The decrease in primer
extension with NC should be accompanied by a corresponding increase in unextended primer,
but this is not usually seen because a large but variable portion of the small primers diffuse out
of the alkaline agarose gel during electrophoresis and processing. The unextended primers were
evident on denaturing polyacrylamide gels although large products cannot be resolved on these
gels (see Figure 8, −trap+ NC lane). Note that in all presented experiments, the level of primer
extension was calculated relative to the control reaction in the absence of NC, which was set
to 100%. Since some of the smaller extension products diffuse from the gels the actual level
of extended primers would be underestimated by this approach, especially for reactions without
NC where there were more small products. Although this would have some effect on the
quantitative accuracy of the results, it did not impact any of the important conclusions.

In addition to NC concentration, other reaction conditions were also tested (data not shown).
Increasing the [RT] beyond 80 nM did not significantly affect synthesis while a clear reduction
in full-length products was observed below this level. Reactions worked best using synthesis
conditions that were optimal for HIV-RT (6 mM MgCl2, 100 μM dNTPs, pH 8). Reactions
were not very sensitive to salt concentrations, showing little difference at 10 versus 80 mM
KCl. Concentrations of MgCl2 between 2 and 10 mM produced essentially the same results
while a clear reduction in long products was observed with 1 or 0.5 mM MgCl2. This probably
resulted from a slower rate of incorporation as these conditions are sub-optimal for RT
polymerization. Experiments where NC was added 5 or 10 min after initiating primer extension
with RT looked essentially like the no NC controls, indicating that prior incubation with NC
was required for long products to form. This was likely due to the requirement of complex
formation for long products (see below).

Reverse transcription was then performed using a longer RNA on which fully extended primers
produced products of approximately 4 kb. Various experiments were performed to characterize
these reactions and to optimize reaction conditions. Figure 2 shows a time-course experiment,
where the reactions were carried out in the presence of 8 μM NC and stopped at time points
of 0.5, 1, 2, and 3 h. Fully extended products were only observed after 2 h in the presence of
NC, although there was a substantial decrease in total primer extension (27% extension relative
to no NC). Increasing the amount of template in these reactions modestly increased the level
of primer extension but the effect was less dramatic than with the smaller template (see Figure
7). Unlike reactions with the 1.9 kb template (Figure 1(b)), fully extended products made up
just a small fraction of the total products at the end of the reactions. Reactions with the longer
template were also less reproducible as not all preparations of the RNA yielded long products.
Due to the long time period required to synthesize 4 kb products it was possible that the lower
level of full length products resulted from a loss of RT activity during the reaction. However,
addition of more RT after 1 h did not change the profile (data not shown). Attempts to synthesize
even longer products were made using a 7 kb HIV-derived RNA. Inhibition of primer extension
by NC was observed in these reactions but no full-length products were made (data not shown).

Synthesis of long DNA products involves strand transfer
One possible mechanism for producing long DNA products is copy-choice type strand transfer,
which is used by retroviruses for recombination. This mechanism does not occur efficiently
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on DNA templates.44 Therefore a strand transfer mechanism that produces long DNAs with
RT and NC should not function efficiently on a DNA template. Experiments were performed
to test whether the above conditions could also stimulate synthesis on a DNA template.
Asymmetrical PCR was used to produce a 1.5 kb DNA template that was homologous to the
1.9 kb RNA over the region where primer extension occurred. Increasing concentrations of
NC (0, 0.5, 1, 2, 4, 6, and 8 μM) and 80 nM RT were included in the reactions, which were
stopped after 75 min (Figure 3). Many of the products produced on the DNA were nearly full
length even in the absence of NC, although full-length (1538 nucleotides) products were not
observed. The average length of extension products in the absence of NC was clearly greater
than was observed with RNA (see Figure 1 (b)). The greater efficiency was probably due to
the DNA not being susceptible to RNase H activity. This activity can cause the nascent DNA
and RNA template to dissociate, making extension more difficult on RNA. The major effect
of NC was to inhibit extension as the level of extended products clearly decreased at high NC
concentrations. No increase in longer products was observed with the DNA template. The
average length of extended products actually showed some decrease in the presence of 4, 6,
and 8 μM NC. Overall the results show that the mechanism responsible for producing long
products with RNA template does not function on DNA, making strand transfer a likely
possibility.

To directly test the possibility that long products result from strand transfer, a time-course assay
that simulated strand transfer events occurring during minus strand synthesis was performed.
Donor RNA (1394 bases long), the template on which DNA synthesis initiated and threefold
excess acceptor RNA (1518 bases long, see Materials and Methods), the template to which
DNAs initiating on the donor can potentially transfer, were mixed in reactions. DNA synthesis
was initiated from a 5′ end-labeled DNA primer that was designed to bind only to the 3′ end
of the donor RNA (see Figure 4(a)). Strand transfer can occur at any point after primer extension
occurs on the donor, since the donor and acceptor are homologous over this region. The
acceptor contains 144 additional bases at the 5′ end and products transferring to and
subsequently extended on the acceptor will be 1538 nt as compared to 1394 for extension on
the donor. Shown in Figure 4(b) is an autoradiogram of a strand transfer time-course assay in
the presence of 4 μM NC. A reaction with just donor template is also shown to mark the position
of products made on the donor (far right lane). Transfer products, migrating slightly higher
than full-length donor-directed products, were observed in the reactions by 45 min and
increased up till 60 min. In reactions with acceptor, no products consistent with full-length
donor-directed products were observed at any time point. This suggests that transfer to the
acceptor occurs before the end of the donor is reached (internal strand transfer). A time-course
reaction in which excess acceptor was replaced by excess donor showed essentially the same
time-frame for appearance of full-length products as shown in Figure 4(b) (data not shown).

Determination of the rate of strand transfer
To determine the rate of strand transfer during the synthesis of long DNA products, an acceptor
template with several mutations was made. The acceptor in this case lacked the 20 base primer
binding site present on the 3′ end of the donor RNA and contained 5 nt changes, the first being
268 nt from the 3′ end and the other four spaced at 250 nt intervals (see Figure 5). Donor RNA
was prehybridized to the primer at a 1:1 ratio. Fourfold excess acceptor RNA (16 nM acceptor,
4 nM donor) was added in reactions with 4 μM NC and 80 nM RT. Long DNA products were
isolated, amplified by PCR, and cloned and sequenced as described in Materials and Methods.
Transfer between each of the mutations could be easily monitored because the products would
contain the bases from the donor until transfer to the acceptor took place, at which point a base
change to one of the mutated bases would occur in the sequence. Therefore, there were five
regions within the donor where transfers could be detected (Figure 5). The actual cross-over
could have occurred anywhere in the 250 base region (268 for the first region) that preceded
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the mutation. Of the eight total clones sequenced, six transferred before the first mutation
(numbers 1–4 and 7 and 8), while one transferred between the first and second (number 6) and
the other between the fourth and fifth (number 5). Several clones also showed jumps back to
a donor after jumping to an acceptor. Jumps to the donor should be limited because of the four-
fold excess of acceptor in the reactions; however, the effective concentration of the acceptor
and donor may be slightly different than the actual concentration ratio of 4:1. It is also
reasonable to assume if jumping back to the donor occurred that jumps to other acceptors were
also frequent, though these cannot be detected. Since the initial jump in six of the eight clones
occurred before the first mutation, which was 268 nucleotides from the 3′ end of the acceptor,
the transfer rate was clearly high with an average rate of at least one jump per 300 nucleotides
synthesized. It is not possible to estimate the exact rate from this experiment because the jumps
could have occurred anywhere within the 268 nt region and more mutations would be required
for an accurate determination. The possibility of the results being skewed by a transfer
“hotspot” in the first region seem unlikely, since the tendency to jump back to the donor
suggests that the rate of transfer was high throughout the template. Overall the experiment
showed that most long products are synthesized as a result of several strand transfer events.

Long DNA products in vitro are synthesized in a high molecular mass aggregate that forms
rapidly in the presence of NC and contains NC, RT, primer, and RNA

Stable HIV-1 nucleocapsid complexes can be generated in vitro when NC protein is added to
RNA.40,42,43 The complexes were large and could be pelleted by slow speed centrifugation
and were found to be competent for DNA synthesis.40 To test for the formation of aggregates
in the reactions that produce long DNAs, the assay was performed using the 1.9 kb RNA as
template in the presence or absence of NC. After 1 h the material was centrifuged for 1 min at
12,000g in a microfuge. The pellet and supernatant fractions were then run on a 1% alkaline
agarose gel. The pellet fraction of the reactions with NC had the full-length DNA while the
supernatant fraction showed no products (see Figure 6, 1 h reactions). All products in reactions
without NC were shorter and contained mostly in the supernatant. The results suggest that high
molecular mass aggregates are formed during synthesis of long DNA products.

NC is known to form precipitates at high concentrations so the high molecular mass pellet
fractions could be a result of NC precipitation rather than a discrete high molecular mass
functional aggregate. In order to determine whether the aggregates were functional and
promoted synthesis of long DNA, the reactions were centrifuged early (2 and 10 min) after the
start of reverse transcription and pellet and supernatant fractions were incubated for 58 and 50
min, respectively, at 37 °C. In these experiments the pellet was resuspended in the original
reaction buffer containing divalent cation and dNTPs but no additional RT. The addition of
dNTPs and divalent cation was required for efficient synthesis in the pellet fractions, indicating
that substantial quantities of these components do not pellet with the aggregates. In each case,
the pellet fractions of the reactions with NC had the larger products and the supernatant
fractions showed just a small amount of DNA products. Addition of RT, dNTPs, or divalent
cation to the supernatants did not improve synthesis. The low DNA synthesis in the supernatant
can be explained by the low level of template in this fraction (see below). The results show
that aggregates are formed early in the reactions and that long DNA products are formed in the
aggregate fraction after extended incubation with RT. This suggests that aggregates play an
important role in long DNA synthesis in vitro. Activity analysis indicated that most of the RT
remained in the supernatant even after 1 h of reverse transcription (Figure 6(a)). This could
explain the smaller amount of full-length products in the 2 and 10 versus 1 h pellet fractions.
To determine if functional aggregates could form in the absence of RT and if exogenously
added RT could access the aggregate, reactions were pre-incubated with 4 μM NC as described
in Materials and Methods but for 10 min instead of 5. The material was then centrifuged for 1
min at 12,000g. The pellet was resuspended in reaction buffer containing dNTPs and divalent
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cation then RT was added and incubation was continued for 1 h. Full-length products similar
to those observed in the 1 h pellet in Figure 6 were observed (data not shown). This indicated
that RT was able to access preformed aggregates but was not required to form functional
aggregates.

The constituents of the pellet fraction for the 1.9 kb template were analyzed using different
levels of template RNA. The amount of fully extended products and total primer extension
were increased in the presence of excess template (Figure 7). In the experiment shown, at 1:1
template:primer (4 nM each) only a small amount of full-length product was observed and only
20% of the primer extension level of reaction without NC was observed. The amount of primer
extension and full-length products both increased with 34, 41, 51 and 70% of −NC reactions
observed with 2:1, 3:1, 4:1 and 8:1 template:primer, respectively. This showed that the apparent
inhibition of primer extension in the presence of NC can be partially overcome by adding more
template. At a 1:1 concentration of primer: template (4 nM each), most of the primer and RT
was in the supernatant (Figure 7) and increasing the template concentration pulled down more
primer and slightly more RT into the pellet. In contrast to RT and primer, most of the template
was in the pellet fraction at all template concentrations. Analysis of the pellet constituents in
the NC titration assay shown in Figure 1(b) (see indicated numbers above lanes) showed that
long product synthesis correlated with the presence of primer and template in the pellet fraction,
which occurred at NC concentrations ≥ 2 μM.

Processivity of RT has no role in the synthesis of long DNA products in vitro
NC has been shown to have a modest effect on the processivity of RT.18,19 This is generally
attributed to melting by NC of some secondary structures in the template. Above we showed
that strand transfer plays a major role in producing long products, however, an increase in
processivity could also have contributed. To test this, the 1.9 kb RNA template was used and
the reverse transcription assay was carried out in the absence or presence of poly(rA)-oligo
(dT) trap. The trap sequesters enzyme molecules that dissociate from the substrate thereby
limiting synthesis to a single binding event between the enzyme and the substrate.45 To test
the effectiveness of the trap, it was added to the reaction before the enzyme and incubation
was continued for 1 h. A low level of small extension products were observed in reactions
without NC while no products were observed with NC, indicating that the trap sequestered RT
over the entire reaction (Figure 8, lanes marked as C). Assays performed in the absence of NC
with trap showed products up to about 800 nt in length. Several dilutions of these reactions
(lanes shown as −NC, +trap) are shown to make it easier to compare them to the reactions with
NC (lane+NC, +trap). Due to the inhibition by NC of primer extension (described above),
several reactions were combined for the sample shown in lane +NC, +trap (see Materials and
Methods). No notable increase in the average length of products was evident in the reactions
with NC. This indicates that there was no significant increase in processivity in the presence
of NC and this was not a factor in production of the long DNA synthesis products.

NC finger mutants lacking either finger 1 or 2 or switching their positions also stimulate the
synthesis of long DNA products in vitro

HIV NC has two non-identical zinc fingers, an N and a C-terminal finger, denoted 1 and 2,
respectively. Three NC mutants, 1.1 NC, 2.2 NC and 2.1 NC were used. In mutant 1.1, finger
1 replaces finger 2 giving the protein two copies of finger 1. In 2.2, finger 2 replaces finger 1
giving this protein two copies of finger 2 and 2.1 NC is a finger switch mutant in which the
positions of the zinc fingers are switched. It was previously reported that the N and C-terminal
zinc fingers of NC are not biologically equivalent.46–48 Previous work from several
laboratories has shown that the two fingers possess different functional activities with finger
1 being more important for helix-destabilizing activity than finger 2.47,48 Results showed that
1.1 and 2.1 retained helix-destabilizing activity while this activity was significantly reduced
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in 2.2. In contrast, all the mutants were able to stimulate the annealing of non-structured
complements, suggesting that they retained “aggregating/condensing” activity that is required
to bring nucleic acids into close proximity.47,49 To determine if the finger mutants could
stimulate the production of long DNAs, an NC titration was performed as described for wild-
type NC using the 1.9 kb RNA as template, and the DNA products were run on a 1% alkaline
agarose gel (Figure 9). All three NC finger mutants increased the proportion of full-length
DNA products similar to wild-type NC. These results are consistent with data from the previous
report using the 874 nt template.39 Since results with 2.2 were similar to those with wild-type,
this suggests that the full helix destabilizing activity of NC is not required for the synthesis of
long DNAs in vitro.

Discussion
Here in vitro reverse transcription reactions capable of efficiently producing single-stranded
DNA up to 4 kb from genomic RNA of HIV were characterized. The reactions required large
amounts of RT (at least 80 nM) and NC (Figures 1(b) and 2). Long products were synthesized
in large aggregates that could be pelleted by slow speed centrifugation (Figure 6). The
aggregates were functional and synthesized long DNAs when supplemented with dNTPs and
Mg2+. They were consistent with previously reported NC aggregates that were able to carry
out reverse transcription (see Introduction), but were not examined for the ability to produce
long DNAs.

NC clearly increased the proportion of full-length DNA products (Figures 1(b) and 2). This
effect of NC is consistent with data from a previous report using a smaller (874 nt) template,
39 and was observed only at high NC concentrations, i.e. 2–8 μM for the 1.9 kb RNA. At these
concentrations there is enough NC to completely coat all the nucleic acids in the reaction at
approximately one NC per 7 nt. This is typically observed in the HIV virion with the
ribonucleoprotein complex consisting of the dimeric RNA genome in association with 2000
to 3000 molecules of NC protein.50 However, it was not clear from our results that templates
were completely coated or that this was necessarily required for long products to form. In fact
the high MgCl2 concentration (6 mM) used would tend to decrease NC binding and it is unlikely
that full saturation was achieved under standard reaction conditions.51 Lowering the
concentration to levels presumably more consistent with the free Mg2+ in cells (1 mM or
less52) resulted in less long products, probably due to slowing the polymerization or strand
transfer rate, and did not improve the amount of total primer extended even though NC binding
would be greater under these conditions (data not shown). Even with 6 mM Mg2+, with 4 μM
NC nearly all the template was found in aggregates whether 4 nM or 32 nM template was used
(Figure 7, 1:1 and 8:1 template:primer). At the 32 nM concentration the nucleotide:NC ratio
is about 15:1, so even if 100% of the NC was bound to RNA only about 50% coating would
have been achieved. Therefore complete coating of the RNA is not required for aggregate
formation. The results also suggest that long product formation is more dependent on the
amount of template and primer in aggregates than the extent of RNA coating. This was evident
from Figure 7, where increasing the [RNA] template at a fixed [NC], which would decrease
coating under the conditions used, increased the proportion of primers in the aggregate and
substantially increased full-length products.

Inhibition of total DNA synthesis was also observed with high NC concentrations, again
consistent with the previous report.39 In our experiments this inhibition was less dramatic and
could be partly overcome by the addition of excess template when the 1.9 kb template was
used. Part of the inhibition clearly resulted from a partitioning of the primer and template
(Figure 7). At low template concentrations (1:1 and 2:1 template:primer) about half of the
primer fractionated with the supernatant while over 80% of the template was in the pellet. This
is consistent with longer nucleic acids being aggregated more efficiently by NC than very

Anthony and DeStefano Page 7

J Mol Biol. Author manuscript; available in PMC 2008 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



shorter oligonucleotides.42 Since essentially all the primer is extended in reactions without
NC (Figures 1(b), 7 and 8)), then presumably it is all bound to the template after hybridization.
Therefore the partitioning observed in the presence of NC must involve a portion of the primer
dissociating from the template. This could be caused by NC’s helix-destabilizing activity,
however, NC mutant 2.2 in which this activity is strongly reduced behaved essentially like
wild-type in the reactions (Figure 9). Another possibility is that displacement from the template
is proportional to the level of NC coating, with less primer displacement occurring as coating
decreases. This would be consistent with more primer partitioning with the aggregate fraction
when the level of template was increased in the reactions (Figure 7), and also with too much
NC inhibiting extension (Figure 1(b), 6 and 8 μM NC). Other experiments also showed that
using a 50 rather than 20 nt primer did modestly improve primer utilization (data not shown).
This could result from the longer primer being more difficult to displace and more easily
aggregated by NC. The interplay between the amount of NC, RT, and primer-template appears
quite complex, with too little NC likely resulting in poor aggregate formation and too much
decreasing primer extension. We are currently continuing work to understand how aggregate
formation leads to primer segregation and inhibition of extension.

Although NC clearly enhanced the production of longer products with the 4 kb template, a
lower proportion of fully extended products was observed (Figure 2 and data not shown), while
attempts to synthesize even longer products (7 kb) failed. The 4 kb template is essentially a
longer version of the 1.9 kb template that extends further toward the 3′ end of the HIV genome.
The reason for the apparent decrease in efficiency with the longer templates was not clear but
could have resulted from several factors. First, the efficiency of synthesizing full-length RNA
transcripts in vitro decreases with increasing size.53 Therefore for the 4 and 7 kb transcripts a
larger proportion of the RNA likely consists of incompletely synthesized strands lacking the
primer binding site. Although formaldehyde gel analysis indicated that much of the 4 kb
preparations consisted of long RNAs, this technique cannot resolve small differences in RNA
length so it was unclear if the large RNAs were all completely synthesized. How this would
affect the reaction is unclear. Also, these reactions required long incubation times (2–3 h to
observed fully extended products) and the activities of RT and NC may have been decreasing,
although adding additional RT to the reactions after 1.5 h did not affect product production.
Finally, there may simply be a limit to the size of the products that can be efficiently produced
in the aggregates.

Synthesis of long DNA products in vitro did not seem to require NC’s full helix destabilizing
activity as a mutant NC with very low activity (NC 2.2, Figure 9) was as effective as wild-type
in the assays. This suggests that the aggregation/condensation activity of NC may be more
pivotal for synthesis of long DNA products in vitro. This activity is likely responsible for the
large aggregates observed in reactions with NC. Although we do not have definitive evidence
showing that long products can only be synthesized in aggregates, that conclusion would be
consistent with the results. Aggregated complexes isolated just 2 min into the reactions were
capable of long DNA synthesis and long products were only associated with material in the
reactions that pelleted with slow speed centrifugation (Figure 6).

One possible explanation for the large products made in aggregates is that RNA molecules
would be in close proximity to each other, thereby allowing strand transfers to occur more
easily. This could further be facilitated by the high local concentrations of NC and RT in the
complexes. Tanchou et al.40 have shown that strand transfer occurs within HIV-1
nucleoprotein complexes in vitro. Further, time-course experiments using donor and acceptor
RNAs showed that the long DNA products resulted from internal strand transfer events (Figure
4), and other experiments showed that a change in processivity was not a factor (Figure 8).
With respect to the latter, it is important to note that the assays were conducted with poly(rA)-
oligo(dT) trap and it is not clear how this may have affected synthesis of long DNAs in
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aggregates. It is possible that some factor required for long DNA production was altered by
the trap and therefore enhanced processivity cannot be completely ruled out. However, overall
the results are more supportive of a strand transfer mechanism.

This is further supported by the high rate of strand transfer determined using the assay with
mutated acceptor template (Figure 5). A rate of at least one transfer per 300 nt was calculated.
This rate was a rough approximation for reasons stated in Results. With respect to the
recombination rates estimated in cell infections the rates in the in vitro system were comparable
to rates calculated in macrophages (about 30 recombinations over the approximately 9000 base
genome or one per 300 bases) but considerably higher than those in T cells (about 1 in 1000).
Rates in vitro may be greater because each aggregate probably contains several hundred or
more templates (based on the aggregates centrifuging in the microfuge in less than 1 min)
where viruses only have two genome copies.

The finding that the 2.2, 1.1 and 2.1 NC finger mutants were effective in the assays is not
inconsistent with strand transfer, as all the mutants were able to stimulate transfer in assays
with different regions of the HIV genome.54 In those experiments stimulation was dependent
on the particular genome region used and 2.2 was somewhat less effective with highly
structured regions, a finding consistent with this mutant being highly defective in catalyzing
transfer on substrates with the highly structured TAR genome region.48

In vitro reverse transcription reactions have been critical in understanding the process of reverse
transcription. Despite this reactions that authentically mimic the cellular process with respect
to producing long DNA products have not been described. Here we show that long products
can be efficiently produced under the right conditions in NC-induced aggregates. In the virion,
NC and RTare condensed within the virus core and present at millimolar concentrations.55
Limitations in protein and nucleic acid solubility make it impossible to reproduce these
concentrations in the test tube. However, aggregates with high concentrations of NC, RT and
RNA can clearly form in vitro. The fact that they can efficiently produce long DNA products
suggests that the condensing effect of the virion environment may be a key for efficient reverse
transcription, and cellular factors may not be required. Still, the system described here had
limitations and we were unable to efficiently produce genome-length products. In this regard
the system resembled ERT and NERT reactions, which, although synthesizing some full-length
minus sense DNAs, produce mostly uncompleted products (see Introduction). It remains to be
determined whether the inability to produce genome length products in vitro was due to
technical limitations associated with making and maintaining long RNAs in vitro, structural
differences between the aggregates and cellular complexes, or the absence in the system of
cellular or other viral components. Still, the aggregate systems appear to more closely represent
what is presumably occurring during cellular reverse transcription, and future analysis should
lead to a better understanding of how replication occurs during viral infection.

As a final note, it may also be possible to use these types of systems to improve the synthesis
of cDNA from RNA. This would depend on the source of the RNA. For example it probably
would not be particularly useful for producing cDNAs from pooled cellular mRNA. Because
such a pool would have several different mRNAs with unique sequences, a mechanism
dependent on homologous strand transfer would be unlikely to improve synthesis, especially
for those mRNAs not present at high concentrations. However, for those cases where a single
RNA species is being used (for example the RNA genome from a particular virus), a strand
transfer mechanism could allow efficient synthesis of longer RNA segments. This could
abrogate the need for cloning long genomes by combining smaller segments.
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Materials and Methods
Materials

Plasmid pBKBH10S was obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH, from Dr John Rossi. This plasmid contains an 8.9
kb SstI fragment (nt 222–9154 of the RNA genome) from HIV-1 BH10 inserted into the SstI
site. The fragment has all HIV-1 gene coding regions but does not contain the HIV-1 LTR.
56 PCR primers and primers used to prime templates in reverse transcription assays were
obtained from Integrated DNA Technologies, Inc. The HIV-RT clone was a generous gift from
Dr Samuel H. Wilson (National Institute of Environmental Health Sciences, Research Triangle
Park, NC). HIV-RT was purified as described.57 The protein was purified to homogeneity and
the purity of the protein was evaluated using Coomassie Blue staining of 10% (w/v) SDS-
PAGE gels.58 The subunits p51 and p66 of RT were in a 1:1 ratio (data not shown). Aliquots
of HIV RT were stored frozen at −80 °C and fresh aliquots were used for each experiment.
The HIV NC clone was a generous gift from Dr Charles McHenry (University of Colorado).
NC was purified to apparent homogeneity (as judged from Coomassie Blue staining of 17.5%
SDS-PAGE gels58 according to the protocol described).36 Quantification was by absorbance
at 280 nm using a molar extinction coefficient of 8350 cm−1 M−1.36 Aliquots of NC were stored
frozen at −80 °C, and fresh aliquots were used for each experiment. NC finger mutants 1.1,
2.2 and 2.1 were a gift from Dr Robert Gorelick (SAIC, Frederick, MD). These proteins were
expressed and purified as described,59 and quantified by amino acid analysis on a Beckman
Systems 6300 amino acid analyzer (Beckman Coulter, Inc., Full-erton, CA). Taq polymerase
was from Eppendorf. T7 RNA polymerase, SP6 RNA polymerase, DNase I-RNase-free, and
RNase-DNase-free were from Roche Diagnostics. RNase inhibitor was from Promega. T4
polynucleotide kinase and restriction enzymes EcoRI and HincII were obtained from New
England Biolabs. Proteinase K was obtained from Eastman Kodak Co. Radiolabeled
compounds were obtained from Amersham. Sephadex G-25 spin columns were from Amika
Corp. RNA cleanup kit was from Qiagen and Mini-prep kits were from Qiagen. GeneTailor
site-directed mutagenesis kit, Topo TA cloning kit and high fidelity Platinum Taq DNA
polymerase were obtained from Invitrogen. All other chemicals were from Sigma or Fisher
Scientific.

Site-directed mutagenesis of acceptor RNA templates for strand transfer rate determination
experiments (see Figure 5)

The mutant primers listed in Table 1 were used to introduce approximately equally spaced
mutations into the region from position 1 to 1518 (genome bases 222–1739 based on HXB-2
numbering of genomic RNA) of the HIV insert in pBKBH10S plasmid. The mutations
correspond to positions 250, 500, 750, 1000 and 1250 from the 5′ end of the HIV insert (see
Figure 5). The primers carrying each mutation were extended during temperature cycling by
high fidelity Platimum Taq DNA polymerase obtained from Invitrogen (as per manufacturer’s
protocol). After temperature cycling, the product with the desired mutation was transformed
into MAX Efficiency® DH5™-T1R One Shot® chemically competent cells. Mini preps were
obtained using Qiagen mini-prep kits. Sequencing was done using primer 5′-
GTTCTAGGTGATATGGCCTGATG-3′ to check for mutation incorporation at positions 250
and 500, primer 5′-GACCAACAAGGTTTCTGTCATC-3′ to check for mutation
incorporation at positions 750 and 1000 and primer 5′-TCTGGCTGTGTGCCCTTCTTTG-3′
to check for mutation incorporation at position 1250.
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PCR amplification of DNA substrates for donor RNA (for time-course reactions (Figure 4))
and for acceptor RNA (for strand transfer rate determination (mutated acceptor) and time-
course (non-mutated version))

Two PCR primers, 5′-GATTTAGGTGACACTATAGGAATTAGATCGATGGGAAAA-3′
and 5′-CTGAAGCTCTCTTCTGGTGG-3′ were designed to yield donor RNA to be used in
strand transfer time-course reactions (see below) and amplified DNA from position 145 to
1538 on the HIV insert of pBKBH10S (genome bases 366–1759 based on HXB-2 numbering
of genomic RNA). Also, two PCR primers, 5′-
GATTTAGGTGACACTATAGAGCTCTCTCGACGCAGGACT-3′ and 5′-
GGCTGTTGGCTCTGGTCTGC-3′ were designed to yield RNA templates to be used as
acceptor RNA for the strand transfer reactions (strand transfer time-course and determining
rate of transfer) and amplified DNA from position 1 to 1518 (genome bases 222–1739) of
pBKBH10S. Two versions of the acceptor were used, with one having the five mutations
introduced by site-directed mutagenesis (see above). The acceptor RNA lacks the primer
binding site present on the above donor. An SP6 promoter sequence was included on one primer
in each primer pair to allow transcription of the DNA by SP6 RNA polymerase. PCR reactions
were performed with Taq polymerase according to the enzyme manufacturer’s protocol using
the provided buffer. One hundred pmol of each primer was used. Reactions included 30 cycles
of denaturation, annealing and extension at temperatures of 94 °C for 1 min, 50 °C for 1 min
and 72 °C for 2 min, respectively, followed by one cycle of extension at 72 °C for 5 min. The
PCR products were run on a 1% (w/v) agarose gel, extracted into a dialysis tube and purified
as described,58 and used to prepare RNA as described below.

Preparation of RNA substrates
Five different RNAs were used in the experiments, with two being derived directly from
plasmid DNA and three from PCR products. RNAs of approximately 1.9 and 4 kb were made
by first digesting pBKBH10S with restriction enzymes HincII and EcoRI, respectively. The
digests were then extracted with phenol:chloroform:isoamyl alcohol (25:24:1, by vol.) and
precipitated with ethanol. Run-off transcription (performed according to the enzyme
manufacturer’s protocol) was then conducted using 5 μg of the digest plasmid and T7 RNA
polymerase enzyme to generate 1.9 and 4 kb RNAs. Run-off transcription was also performed
using ~5 μg of purified PCR DNAs described above and SP6 RNA polymerase to generate a
1.4 (donor RNA for time-course experiments (Figure 4)) and 1.5 kb acceptor RNA with (for
strand transfer rate determinations (Figure 5)) or without (for time-course (Figure 4))
mutations. All transcription reactions were treated with 2 μl of ten units/μl of DNase I-RNase-
free enzyme for 15 min to digest the template DNA. The RNA was purified using a Qiagen
RNA cleanup kit. The amount of recovered RNA was determined spectrophotometrically from
optical density. The RNA preparations were checked by formaldehyde-agarose gel
electrophoresis. Most of the observed products ran at a position consistent with the expected
size of full-length RNA transcript although some faster migrating small products were also
observed. These may have resulted from incomplete transcription or a low level of breakdown.

Preparation of 1.5 kb single-stranded DNA by asymmetric PCR
Two PCR primers, 5′-GATTTAGGTGACACTATAGAGCTCTCTCGACGCAGGACT-3′
and 5′-CTGAAGCTCTCTTCTGGTGG-3′ were used at 100 pmol and 1 pmol, respectively,
in PCR reactions performed with Taq polymerase and 0.1 μg of plasmid pBKBH10S according
to the enzyme manufacturer’s protocol using the provided buffer. Reactions included 50 cycles
of denaturation, annealing and extension at temperatures of 94 °C for 1 min, 50 °C for 1 min
and 72 °C for 2 min, respectively followed by one cycle of extension at 72 °C for 5 min. The
PCR product, which is single-stranded plus-strand DNA, was run on a 1% agarose gel,
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extracted by dialysis and purified as described.58 The amount of recovered DNA was
determined spectrophotometrically from optical density.

RNA-DNA hybridization
DNA primers that bound specifically to the RNA templates: 5′-
CTGAAGCTCTCTTCTGGTGG-3′ to the 1.9 kb and 1.4 kb templates and 5′-
GCTTGATTCCCGCCCACCAA-3′ to the 4 kb template were 32P-labeled at the 5′-end with
T4 polynucleotide kinase according to the manufacturer’s protocol. Each of the RNA templates
was hybridized to the complementary labeled primer by mixing primer:transcript at a ~1:1 ratio
in 50 mM Tris-HCl (pH 8.0), 1 mM dithiothreitol, 80 mM KCl. The mixture was heated to 70
°C for 5 min and then slowly cooled to room temperature.

Reverse transcription reactions with or without NC
RNA template-DNA primer hybrids (4 nM final concentration of RNA) were pre-incubated
for 5 min along with additional template RNA (12 nM) in the presence or absence of NC (4
μM) in 21 μl of buffer (see below) at 37 °C. The reactions were initiated by addition of 4 μl of
HIV-RT (80 nM final in reactions). The following reagents at the indicated final concentrations
were also included in the reaction mixtures: 50 mM Tris-HCl (pH 8.0), 1 mM dithiothreitol,
80 mM KCl, 6 mM MgCl2, 100 μM dNTPs, 5 mM AMP (pH 7.0), 25 μM ZnCl2 and 0.2 units/
μl RNase inhibitor. Reactions were allowed to incubate for 75 min. In some reactions the
amounts of excess template, RT, or NC were varied as indicated. The reactions were stopped
by adding 2 μl of a solution containing 200 mM EDTA (pH 8.0) and 5 ng of RNase-DNase-
free enzyme and allowed to digest for 20 min at 37 °C. Nine μl of proteinase K at 2 mg/ml in
1.25% (w/v) SDS, 15 mM EDTA (pH 8.0), 10 mM Tris-HCl (pH 8.0) was then added to the
above mixture, which was placed at 65 °C for 1 h. Finally 7 μl of 6× alkaline dye (300 mM
NaOH, 6 mM EDTA, 15% (v/v) glycerol, 0.15% (w/v) bromophenol blue) was added to the
mixture and the samples were resolved on 1% alkaline agarose gel containing 50 mM NaOH
and 1 mM EDTA (pH 8). Similar reactions were conducted during the analysis of mutant NC
proteins (1.1, 2.2 and 2.1). Time-course experiments with the 4 kb RNA template were done
in the presence of 8 μM NC and reactions were stopped at time points −0.5, 1, 2 and 3 h. For
all experiments extended DNA products were observed using a Bio-Rad Molecular Imager
FX. The amount of product formed was quantified by phosphor-imager analysis. The amount
of total primer extension without NC was taken as 100% extension and the percentage of
extension at different NC concentrations was calculated as percentage of the primer extension
without NC.

Strand transfer time-course reaction
The 1.4 kb RNA template, hybridized to DNA primer as described above (4 nM final
concentration of RNA in reaction) were pre-incubated for 5 min along with non-mutated 1.5
kb acceptor RNA (12 nM) in the presence of NC (4 μM) in 21 μl of buffer (as in reverse
transcription experiment) at 37 °C. The reactions were initiated by addition of 4 μl of HIV-RT
(80 nM final in reactions) and stopped as described above at time points 2, 5, 10, 15, 30, 45,
60 and 75 min and samples were resolved on 1% alkaline agarose gel containing 50 mM NaOH
and 1 mM EDTA (pH 8).

Determining the rate of strand transfer during synthesis of long DNA products in vitro
The 1.9 kb RNA template (donor) was hybridized to DNA primer as described above (4 nM
final concentration of RNA in reaction) and pre-incubated for 5 min along with 1.5 kb mutated
acceptor RNA (16 nM) in the presence of NC (4 μM) in 21 μl of buffer (as in reverse
transcription experiment) at 37 °C. Assay conditions were as described above except that 50
μl reactions were performed. The reactions were initiated by addition of 8 μl of HIV-RT (80
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nM final in reactions) and stopped as described above after 75 min. Reactions were processed,
and then electrophoresed on 5% polyacrylamide denaturing gels. Full-length DNA products
were located by autoradiography, excised, and eluted overnight in a TE buffer (10 mM Tris-
HCL (pH 8.0), 1 mM EDTA). The eluate was separated from the gel by centrifugation and
subsequent filtration through a 0.45 micron disposable syringe filter. The DNAs were
recovered by precipitation in ethanol with 300 mM sodium acetate. The recovered DNA was
amplified by PCR. Approximately 0.2 fmol (as judged by counts per minute (cpm) of the
samples detected using a scintillation counter) of full-length DNA were amplified by PCR.
Primers, 5′-GATTTAGGTGACACTATAGAGCTCTCTCGACGCAGGACT-3′ and 5′-
CTGAAGCTCTCTTCTGGTGG-3′ were used to PCR amplify the strand transfer samples.
PCR reactions were performed with Taq polymerase according to the enzyme manufacturer’s
protocol using the provided buffer. Thirty-two pmol of each primer was used. Reactions
included 25 cycles of denaturation, annealing and extension at temperatures of 94 °C for 1 min,
50 °C for 1 min and 72 °C for 3 min, respectively, followed by one cycle of extension at 72 °
C for 5 min. The PCR products were run on a 1% agarose gel, extracted by dialysis and purified
as described.58 The purified PCR products were ligated into Topo vector (Invitrogen), which
was used to transform Top10_ Escherichia coli competent cells (as per manufacturer’s
protocol). Only white colonies were picked. Minipreps were prepared using a Qiagen miniprep
kit, and each clone was sequenced using three primers: M13 reverse primer, T7 promoter primer
and 5′-GACCAACAAGGTTTCTGTCATC-3′. Controls conducted to test for recombination
resulting from the PCR reactions showed a low level of PCR-derived recombination
(approximately one transfer per 1700 nt synthesized) that was insignificant in comparison to
the rate for strand transfer reactions (approximately one transfer per 300 nt synthesized (see
Results)) (data not shown).

Experiments testing aggregate formation
Reactions were set up and initiated similar to the reverse transcription experiment described
above except that the final reaction volume was 50 μl. As indicated in Figure 6, the reactions
were centrifuged for 1 min at 12,000g at the end of 2, 10 or 60 min after initiating with RT.
The pellet and the supernatant fractions from the 2 and 10 min samples were then subjected to
reverse transcription (58 and 50 min, respectively) after adding back the reverse transcription
buffer (minus RT) described above to the pellet fractions only. Pellet and supernatant fractions
from all reactions were stopped and treated with proteinase K and samples were resolved on
alkaline agarose gels as described above.

Experiments testing proportion of primer, template and RT in the aggregate
To test the proportion of primer in pellet, reactions were set up similar to the reverse
transcription experiment described above, i.e. RNA template was hybridized to DNA primer
(4 nM final concentration of RNA in reaction) pre-incubated for 5 min along with excess RNA
(8, 16 and 32 nM) in the presence of NC (4 μM) in 50 μl of buffer (as in reverse transcription
experiment) at 37 °C. The final reaction volume was 50 μl and RT was not added to initiate
the reaction. The reactions were centrifuged for 1 min at 12,000 g at the end of 10 min of pre-
incubation with NC. Pellet and supernatant fractions from all reactions were treated with
proteinase K and samples were resolved on 8% polyacrylamide gels. The radiolabeled primers
in each fraction were observed and quantified using a Bio-Rad Molecular Imager FX. To test
the proportion of RNA template in pellet, the RNA was labeled with [32P] CTP during
transcription and hybridized to DNA primer (4 nM final concentration of RNA in reaction)
and was pre-incubated for 5 min along with excess labeled RNA (8, 16 and 32 nM) in the
presence of NC (4 μM) in 50 μl of buffer (as in reverse transcription experiment) at 37 °C. As
in the above experiment, the final reaction volume was 50 μl and RT was not added to initiate
the reaction. The reactions were centrifuged for 1 min at 12,000g at the end of 10 min of pre-
incubation with NC. The amount of radiolabeled template in the pellet and supernatant fractions
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from all reactions was measured using a scintillation counter. To test the proportion of RT in
pellet, reactions were set up and initiated similar to the experiment testing aggregate formation
described above except that the DNA was not radiolabeled. The reactions were centrifuged for
1 min at 12,000 g at the end of 2, 10 or 60 min after initiating with RT. The pellet and the
supernatant fractions were separated and the reverse transcription buffer was added back to
the pellet fractions only. The amount of RT present in the pellet and supernatant fractions of
each reaction was determined by measuring incorporation of [3H]TTP on poly(rA)-oligo (dT).
Reactions (30 μl) included 33 mM Tris-HCl (pH 8), 50 mM KCl, 1.3 mM DTT, 3.3 mM
MgCl2, 0.11 mg/ml poly(rA)-oligo(dT20) (8:1 w:w), and 5 μM TTP (spec. act. approximately
10 Ci/mmol). The amount of RT added from samples was adjusted to keep the reactions in the
linear range. Incubations were for 20 min at 37 °C and samples were stopped with 1 μl of 250
mM EDTA (pH 8) then spotted on DE-81 filter disks (Whatman). Dried disks were washed
three times for approximately 10 min each with 0.5 M NaPO4 (pH 7) and once with 80%(v/v)
ethanol, then dried and counted in a scintillation counter.

Experiments testing processivity of HIV-RT
RNA template (1.9 kb)-DNA primer hybrids (4 nM final concentration of RNA) were pre-
incubated for 5 min at 37 °C with threefold excess (12 nM final concentration) RNA template
and 4 μM final concentration of NC in 17 μl of buffer containing 50 mM Tris-HCl (pH 8.0),
1 mM dithiothreitol, 80 mM KCl, 5 mM AMP (pH 7.0), 25 μM ZnCl2 and 0.2 units/μl RNase
inhibitor. Four μl of HIV-RT (80 nM final concentration in reactions) was then added and
further incubated for 3 min at 37 °C. Reactions were initiated by adding 4 μl of a supplement
containing MgCl2 and dNTPs in the above buffer such that the final concentrations were 6 mM
and 100 μM, respectively. In the reactions with trap, 5 μg of poly(rA)-oligo(dT)20 (8:1, w/w)
was included in the supplement to sequester RT molecules that dissociated from the substrate.
In control reactions to test the effectiveness of the trap (see Results), the trap mix was added
before adding the enzyme, incubated for 3 min at 37 °C and then the reactions were initiated
by adding enzyme. Reactions were allowed to incubate at 37 °C for 1 h. The reactions were
stopped and treated with proteinase K as described above. The samples were extracted with
phenol:chloroform:isoamyl alcohol (25:24:1, by vol.) and precipitated with ethanol. Due to the
inhibition by NC of primer extension (described above), ten reactions with NC in the presence
of trap were combined. The samples were resuspended in 5 μl of water and 5 μl of 2× formamide
dye (90% formamide, 10 mM EDTA (pH 8.0), 0.1% xylene cyanol, 0.1% bromphenol blue)
was added and the samples were resolved on a 5% denaturing polyacrylamide gel containing
7 M urea.

Gel electrophoresis
Alkaline agarose gels (1%) containing 50 mM NaOH and 1 mM EDTA (pH 8), 1% native
agarose gels in Tris-Borate-EDTA buffer and denaturing 5% polyacrylamide gels (19:1)
(acrylamide:bisacrylamide), containing 7 M urea were prepared and subjected to
electrophoresis as described.58
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Figure 1.
(a) and (b) Reverse transcription assay with different concentrations of wild-type NC shows
that NC stimulates long product formation. (a) Schematic representation of the reverse
transcription assay. Genomic RNA used as template for the reverse transcription assay was
derived from pBKBH10S plasmid by run-off transcription. The RNA was hybridized to a
radiolabeled DNA primer and the assay carried out by adding RT. The DNA products obtained
were run on a 1% alkaline agarose gel. The template lengths were 1857 (1.9 kb) and 4007 (4
kb) nt and fully extended DNA products were 1538 and 4007 nt for the short and long templates,
respectively. (b) Shown is an autoradiogram of an assay with 1.9 kb RNA using different NC
concentrations (as indicated) or in the absence of NC (0 μM) performed as indicated in
Materials and Methods. The percentage of primer extension (% Extension) in reactions with
NC with respect to primer extension in reactions without NC (set to 100%) is indicated. The
percent primer and template in the pellet fraction is also indicated above each lane (see
Materials and Methods and Figures 6 and 7 and accompanying description). Size markers (ML,
in nt) are shown on the left and full-length products are indicated on the right (1538) along
with the primer location. Lane C, control reaction without RT. The experiment was repeated
with similar results.
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Figure 2.
Reverse transcription assay using 4 kb genomic RNA segment as template shows that 4 kb
products can be made in the reactions. Shown is an autoradiogram of a time-course assay using
4 kb genomic RNA template. The reactions were carried out in the presence of 8 μM NC for
time points 0.5, 1, 2 and 3 h. The reaction without NC was carried out for 3 h. The position of
the full-length products is indicated (4007) along with the primer location. ML denotes lane
with molecular mass marker (in nt). Other markings are as indicated in Figure 1(b). A repeat
experiment yielded similar results.
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Figure 3.
Reverse transcription assay using DNA template shows that NC does not stimulate long product
production on DNA. Shown is an autoradiogram of an assay using 1.5 kb DNA as template in
the presence of increasing concentrations of NC (0, 0.5, 1, 2, 4, 6 and 8 μM) and 80 nM RT.
C denotes the lane with reaction carried out without RT. ML denotes lane with molecular mass
marker (in nt). Other markings are as in Figure 1(b). A repeat experiment yielded similar results.
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Figure 4.
(a) and (b). Time-course strand transfer assay shows that strand transfer is involved in the
synthesis of long DNA products. (a) A schematic diagram of the strand transfer assay is shown.
The RNA (continuous lines) without the dimer signal was used as the donor and was hybridized
to a 20 nt 5′ 32P-labeled DNA (broken lines) primer. A longer RNA without the binding site
for the donor primer was used as acceptor. Full extension on the donor produced a 1394 nt
DNA while transfer and subsequent extension on the acceptor produced a 1538 nt product. The
region of homology (homologous transfer zone) between the donor and acceptor is boxed. (b)
An autoradiogram of a strand transfer experiment. The reactions were carried out in the
presence of 4 μM NC for time points 2, 5, 10, 15, 30, 45, 60 and 75 min as shown from left to
right. In the last lane (*), the reaction was carried out by adding excess donor RNA to the
reaction instead of acceptor RNA and this reaction was carried out for 75 min. The positions
of full-length DNA products from the donor (1394) or transfer products (1538) are indicated.
Other markings are as in Figure 1(b). A repeat experiment yielded similar results.
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Figure 5.
Analysis of transfer products in reactions with mutated acceptor template indicates that transfer
occurs frequently during synthesis of long products. The Figure denotes the composition of
the DNA products in reactions with the 1.9 kb donor and an acceptor template that was mutated
at five positions (as indicated by asterisks) so that cross-over regions could be determined. The
acceptor did not contain the primer binding site so all reactions initiated on the donor. Eight
full-length clones were sequenced and are numbered 1–8 at the left (see Materials and
Methods). Labels A or D below each mutated base position indicate whether that base was
derived from the donor (D) or acceptor (A) for a given clone. Since all DNA extension started
on the donor, the first A that appears on the clone indicates that a cross-over occurred
somewhere in the preceding region. These positions are in bold type for each clone. In some
cases products switched back to the donor after transferring to the acceptor. The depiction of
strand transfer (dotted line) in the schematic at the top of the Figure illustrates a jump before
the first mutation which occurred in six of the eight clones.
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Figure 6.
Reverse transcription assay demonstrating that high molecular mass aggregates promote
synthesis of long DNA in vitro. (a) The 1.9 kb RNA was used as template. Lanes with reactions
with NC (4 μM) are denoted as + and those without NC as −. U denotes lanes with uncentrifuged
control reactions. 2 min, 10 min and 1 h denote the time at which reactions were centrifuged
after the start of reverse transcription. Pellet (P) and supernatant (S) fractions were obtained
after centrifuging reactions for 1 min at 12,000 centrifuge. The pellet and supernatant fractions
obtained after centrifugation at 2 and 10 min were further subjected to reverse transcription as
described in Materials and Methods. The percentage of RT in the pellet at 2 min, 10 min and
1 h of reverse transcription are indicated. Other markings were as in Figure 1(b). The
experiment was repeated twice and yielded similar results.
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Figure 7.
Reverse transcription assay with increasing concentrations of template shows that template,
primer, and RT migrate with different fractions depending on the template concentration.
Shown is an autoradiogram of an assay using 1.9 kb RNA as template with no excess template
(1:1 template:primer) and with increasing concentrations of template (2, 3, 4, and 8
template:primer). Lanes with – indicate reactions without NC and those with +, with NC (4
μM). The percentages of RT activity, primer and template in the pellet at different
concentrations of template are indicated and were determined as described in Materials and
Methods (not calculated for 3:1 template: primer). Other markings are as in Figure 1(b). A
repeat experiment yielded similar results.
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Figure 8.
Reverse transcription assay indicates that enhanced processivity of RT plays no role in the
synthesis of long DNA products in vitro. Shown is an autoradiogram of a trap assay using the
1.9 kb RNA segment of HIV as template. Control reactions (C) were performed in the presence
(+) or absence (−) of 4 μM NC to test the effectiveness of the trap (see Materials and Methods).
Reactions without trap were also performed with or without NC as indicated. In reactions with
poly(rA)-oligo (dT) trap, RT was pre-incubated with the primer-template in the presence or
absence of NC, and synthesis was initiated by the addition of divalent cation and dNTPs along
with trap. The trap sequesters RT molecules that dissociate from the primer-template limiting
extension to a single binding event. The trap reactions without NC were serially diluted 1:2
from right to left with the far right lane corresponding to a single reaction and the far left 1/16th
of a reaction. The trap reaction with NC is ten reactions combined after extraction and
precipitation, then loaded in a single lane. The samples were run on a 5% polyacrylamide gel.
All markings are as in Figure 1(b). A repeat experiment yielded similar results.
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Figure 9.
Reverse transcription assay with increasing concentrations of NC finger mutants showing that
mutants with low helix-destabilizing activity can still promote long product formation. Shown
are autoradiograms of assays with 1.9 kb RNA template with increasing concentrations (left
to right, 0, 0.5, 1, 2, 4, 6, 8 μM) of NC finger mutants 2.2, 1.1 and 2.1 (as indicated). Other
markings are as in Figure 1(b). See Results for description of NC mutants. A repeat experiment
yielded similar results.
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