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Replication of human immunodeficiency virus type 1 (HIV-1), like all organisms, involves synthesis of a
minus-strand and a plus-strand of nucleic acid. Currently available PCR methods cannot distinguish between
the two strands of nucleic acids. To carry out detailed analysis of HIV-1 reverse transcription from infected
cells, we have developed a novel strand-specific amplification (SSA) assay using single-stranded padlock
probes that are specifically hybridized to a target strand, ligated, and quantified for sensitive analysis of the
kinetics of HIV-1 reverse transcription in cells. Using SSA, we have determined for the first time the ex vivo
rates of HIV-1 minus-strand DNA synthesis in 293T and human primary CD4* T cells (~68 to 70 nucleotides/
min). We also determined the rates of minus-strand DNA transfer (~4 min), plus-strand DNA transfer (~26
min), and initiation of plus-strand DNA synthesis (~9 min) in 293T cells. Additionally, our results indicate
that plus-strand DNA synthesis is initiated at multiple sites and that several reverse transcriptase inhibitors
influence the kinetics of minus-strand DNA synthesis differently, providing insights into their mechanism of
inhibition. The SSA technology provides a novel approach to analyzing DNA replication processes and should
facilitate the development of new antiretroviral drugs that target specific steps in HIV-1 reverse transcription.

Retroviral reverse transcriptases (RTs) convert a single-
stranded viral RNA genome into a double-stranded DNA (4).
Among the crucial events in the process of reverse transcrip-
tion is initiation of minus-strand DNA synthesis to generate
minus-strand strong-stop DNA, selective degradation of
genomic RNA by RNase H, minus-strand DNA transfer, ini-
tiation of plus-strand DNA synthesis, formation of plus-strand
strong-stop DNA, plus-strand DNA transfer and additional
minus- and plus-strand DNA synthesis to complete the forma-
tion of viral DNA.

Several questions regarding the complex nature of human
immunodeficiency virus type 1 (HIV-1) reverse transcription in
cells remain unanswered; these questions include the efficiency
of DNA synthesis initiation and strand-transfer events, the
rates of RNA- and DNA-dependent DNA synthesis, and pref-
erential inhibition of minus- or plus-strand DNA synthesis by
RT inhibitors. Studies using purified RT and template (5, 7, 9,
12, 18) as well as endogenous reverse transcription reactions
using permeabilized virions (1, 19, 23) have provided insights
into these questions. Additionally, recent application of real-
time PCR technology (2, 24) has greatly facilitated the analysis
of reverse transcription in cell-based assays; however, like all
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PCR methods, the real-time PCR technique cannot distinguish
between the two DNA strands and a system for quantitative
strand-specific analysis of reverse transcription during the
course of viral infection has not been available.

We have now developed a novel strand-specific amplifica-
tion (SSA) assay for site-specific amplification and quantifica-
tion of each strand during HIV-1 reverse transcription and
used it to measure the relative abundance of HIV-1 reverse
transcription products generated at distinct steps over the time
course of viral infection. These studies have allowed us to
measure the kinetics of minus-strand DNA synthesis in 293T
cells as well as human primary CD4 ™" T cells, one of the target
cells of HIV-1 infection. We have also measured the kinetics of
plus-strand DNA synthesis and the efficiencies of minus- and
plus-strand DNA initiation and transfer in 293T cells. Finally,
we have used SSA to analyze the effects of RT inhibitors on
minus- and plus-strand DNA synthesis, which provide insights
into their mechanism of inhibition.

MATERIALS AND METHODS

Plasmids and mutagenesis. HIV-1-based retroviral vector pHDV-EGFP,
which expresses HIV-1 Gag-Pol and the enhanced green fluorescent protein
(EGFP) from the Nef open reading frame and does not expresses HIV-1 Env,
was kindly provided by Derya Unutmaz (Vanderbilt University Medical Center,
Nashville, TN) (22). pHCMV-G expresses vesicular stomatitis virus G envelope
(VSV-G) (26). Site-directed mutagenesis of the central polypurine tract (cPPT)
in pHDV-EGFP was performed using the QuikChange XL site-directed mu-
tagenesis kit (Stratagene, Inc.). The wild-type cPPT sequence (5'-AAAAGAA
AAGGGGGG-3') was modified by introducing six silent mutations (5'-AAGC
GCAAGGGCGGC-3'; the substitutions are underlined). A restriction fragment
(SbfI-Sall) containing the cPPT was subcloned into the pHDV-EGFP plasmid to
generate pHIV-GFP-cPPT™ and sequenced to confirm the presence of the
desired mutations and the absence of the undesired mutations.
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Preparation of virus particles. For most experiments, virus was prepared from
a 293T-based cell line HIV-GFP2, which contains an undetermined number of
integrated proviruses derived from pHDV-EGFP. To generate virus, HIV-GFP2
cells were plated at 2 X 10° cells per 100-mm-diameter dish and pretreated for
2 days before transfection with 1 pM 3’-azido-3’-deoxythymidine (AZT) for 10 h
to prevent possible reinfection of transfected cells with produced virus. Calcium
phosphate transfection (CalPhos transfection kit; Clontech) was performed using
4 pg of VSV-G-expressing plasmid (26). After 7 h, DNA-containing transfection
solution with 1 pM AZT was removed by washing cells once with AZT-free
medium, and fresh medium was then added to the cells. The virus was collected
17 h later and concentrated 10-fold by ultracentrifugation at 20,000 X g for 1 h.
After resuspension, the virus was treated with DNase I (30 units/ml, 10 mM final
concentration of MgCl,) for 1 h at room temperature, divided into 1-ml aliquots,
and frozen at —80°C.

For some experiments, virus was produced following transient transfection of
293T cells with pHDV-EGFP or pHIV-GFP-cPPT ™ and VSV-G-expressing plas-
mid, using the MBS mammalian transfection kit (Stratagene). The treatment of
virus produced from the transfected cells with DNase I (105 U/ml, 10 mM
MgCl,, 3 h at room temperature) resulted in very low background levels, indi-
cating little contamination with transfected DNA.

Time course for analyzing reverse transcription products in 293T cells. To
study the kinetics of HIV-1 reverse transcription, a time course of infection with
HIV-1 HDV-EGFP virus was performed. For infection, 2 X 10° or 6 X 10° 293T
cells were plated per 100-mm- or 60-mm-diameter dish, respectively, the day
before infection. A virus preparation concentrated 10-fold by centrifugation was
diluted 20-fold in Dulbecco’s modified Eagle’s medium. Two or 0.66 ml of
diluted virus solution was used to infect 293T target cells plated on a 100-mm- or
60-mm-diameter dish, respectively. After infection for 30 min, the virus was
removed, cells were washed twice with phosphate-buffered saline to remove any
residual virus, and fresh medium was added to the plate. At the end of each time
point, cells were washed twice with phosphate-buffered saline, resuspended in 2
ml of phosphate-buffered saline, pelleted, and frozen until DNA isolation. In a
typical time-course experiment, one plate of cells was collected at either 30-min
or 1-h intervals for up to 6 h postinfection. Total cellular DNA was isolated using
the QiaAmp DNA blood kit (QIAGEN) and resuspended in 250 to 400 pl of
water. Real-time PCR or SSA analysis was performed four times for each
primer-probe set using 4 ul of this extracted DNA.

To monitor the efficiency of infection, the percentage of GFP-expressing cells
was measured 48 h postinfection using flow cytometry (FACscan and Cell-Quest
Software; Bectin Dickinson). In most experiments, 10 to 30% of the infected cells
expressed GFP (multiplicity of infection < 1).

To analyze the effects of RT inhibitors on reverse transcription, 293T cells
were pretreated with the inhibitors for 24 h and maintained in the presence of
the drugs during and after the infection. The following concentrations of inhib-
itors were used: efavirenz (EFV), 9 nM; 2',3'-dideoxyinosine (ddI), 50 wM;
3’-deoxy-2',3'-didehydrothymidine (d4T), 4 uM; AZT, 1 uM. For each inhibitor,
infection efficiencies were reduced 97 to 99% relative to a minus-inhibitor con-
trol infection, as determined by flow cytometry 36 h after infection.

Time course for analyzing reverse transcription products in primary CD4* T
cells. Activated CD4™" T cells were purified from human peripheral blood mono-
nuclear cells using the CD4 positive isolation kit (Dynal Biotech) according to
the manufacturer’s instructions. Cells were infected with HDV-EGFP virus by
spinoculation as previously described; briefly, the cells were incubated for 2 h at
1,200 X g at 10°C, followed by incubation at 37°C for 1 h (16). The cells were then
washed four times to remove residual virus and placed back at 37°C. The cell
samples for each time point during a time course were collected and processed
as described above for 293T cells.

Oligonucleotides. All padlock probes, primers, and dual-labeled probes were
synthesized by Integrated DNA Technologies, Inc. Padlock probes containing a
5" phosphate group were chemically synthesized by standard phosphoramidite
chemistry and purified by polyacrylamide gel electrophoresis by the manufac-
turer. All of the probes used in this study were 83-mers containing the following
common spacer region of 49 bases: 5'-TTGCGACTCGTCATGTCTGAACTC
TAGTGATCTTAGTGTCAGGATAGCT-3'. The target arms were directed
against various minus- and plus-strand sites in pHDV-EGFP.

Amplification of ligated probes was performed using RCA-23 (5'-ACTAGA
GTTCAGACATGACGAGT-3') as the forward primer and REV-21 (5'-GAT
CTTAGTGTCAGGATAGCT-3') as the reverse primer. These primers were
chemically synthesized with a 5" OH. Dual-labeled probes used for real-time
quantitative PCR were end-labeled with 5’ 6-carboxyfluoescein (FAM) and 3’
6-carboxytetramethylrhodamine (TAMRA).

SSA assay. During the first step of SSA, a padlock probe was hybridized to a
denatured target DNA and circularized by treatment with thermostable Tag
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DNA ligase (New England Biolabs). The 10-ul reaction mix contained 1X Tagq
DNA ligase buffer, 10° molecules of padlock probe, 12 units of Tag DNA ligase,
and 4 pl of total cellular DNA extracted from infected cells as described above.
After an initial incubation at 95°C for 5 min to denature the target DNA, ligation
was performed during 20 cycles of denaturing at 95°C for 1 min and probe
annealing and ligation at 50°C for 4 min, followed by a final incubation at 50°C
for 10 min. Negative control reaction mixtures were prepared as described above
except that either target DNA or Tag DNA ligase was omitted. For each of the
12 padlock probes, the ligation reaction mixtures were performed using serial
dilutions of linearized pHDV-EGFP DNA and 25 ng of uninfected 293T cell
DNA to generate a standard curve to calculate the copy numbers of target DNA
samples.

Detection of ligated padlock probe products was monitored by first subjecting
dilutions of the ligation reaction mixture to a modified RCA method using two
primers, followed by quantitative real-time PCR using dual-labeled probes. Li-
gation reaction mixtures were diluted to 100 wl with water, and 5-ul aliquots were
added to a reaction mixture (25 pl, final volume) containing 20 mM Tris-HCl
(pH 8.8), 10 mM KCI, 10 mM (NH,),SO,, 2 mM MgSO,, 0.1% Triton X-100,
200 pM concentrations of deoxynucleoside triphosphates, 500 nM (each)
RCA-23 (forward) and REV-21 (reverse) primers, 100 nM dual-labeled probe, 1
unit of Platinum 7aqg DNA polymerase (Invitrogen), and 2.4 units of Bst DNA
polymerase (large fragment; New England Biolabs). An initial incubation was
performed at 63°C for 8 min for the two-primer RCA reaction, followed by 2 min
of incubation at 94°C, which effectively denatured Bst DNA polymerase while
simultaneously activating Platinum 7ag DNA polymerase. Samples were then
subjected to 40 cycles of PCR (94°C for 15 s and 60 to 63°C for 1 min).
Fluorescence data were collected during the extension step using an ABI PRISM
7700 Sequence Detection System. Copy numbers of target DNA were calculated
using the ABI PRISM 7700 Sequence Detection System software based on
standard curves generated with serial dilutions of pHDV-EGFP in the ligation
reaction mixtures.

To normalize for the amount of input DNA added to an SSA reaction, samples
were measured by conventional real-time PCR with a primer-probe set specific
for the cellular porphobilinogen deaminase (PBGD) gene (GenBank accession
number M95623) (27) as previously described (25). The forward primer was
5'-AGGGATTCACTCAGGCTCTTTCT-3', the reverse primer was 5'-GCAT
GTTCAAGCTCCTTGGTAA-3', and the probe was 5'-FAM-TCCGGCAGAT
TGGAGAGAAAAGCCTG-TAMRA-3'. Final copy numbers after PBGD nor-
malization and subtraction of 0-h copy numbers are expressed as percentages of
the 6-h copy number.

The kinetics of minus-strand DNA transfer and initiation of plus-strand DNA
synthesis at the polypurine tract (PPT) were determined by using probes 1, 2, and
7, which detect reverse transcription products derived from the long terminal
repeats (LTRs). During reverse transcription, the 3’ LTR is first synthesized
soon after minus-strand DNA transfer and the 5’ LTR is synthesized after
plus-strand DNA transfer. The kinetics of accumulation of LTR products over
the 6-h time course represents synthesis of both LTRs; analysis of the kinetics of
accumulation of LTR-specific probes suggested that most of the synthesis of the
3" LTR is completed within the first 3 h after infection. Therefore, the kinetics
of minus-strand DNA transfer and plus-strand DNA synthesis initiation at the
PPT were analyzed over a time course of 3 h instead of 6 h. Finally, the copy
numbers of the minus-strand DNA products detected by probe 4, which are
complementary to the central flap on the plus-strand DNA, were similar to those
detected with probe 1.

RESULTS

Strategy for SSA assay. SSA is based on the use of single-
stranded padlock probes, which specifically hybridize to a tar-
get strand at their 5" and 3’ ends (14) (Fig. 1A). After infection
with HIV-1, total cellular DNA (including nascent HIV-1
DNA) is isolated, denatured, and hybridized to a strand-spe-
cific padlock probe. The probe termini are ligated to form a
circularized probe that is amplified using cascade rolling-circle
amplification (RCA) (11, 21). The products of this reaction are
quantified by real-time PCR using dual-labeled TagMan
probes (6). Twelve padlock probes (Fig. 1B and 1C) were
designed to allow measurements of the kinetics of minus-
strand DNA transfer (probes 1 and 2), minus-strand DNA
synthesis (probes 3, 4, 5, and 6), plus-strand DNA synthesis
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FIG. 1. SSA method for analysis of minus- and plus-strand DNA
synthesis during HIV-1 reverse transcription. (A) Experimental strat-
egy for SSA analysis. First (upper left), a single-stranded oligonucle-
otide (padlock probe) is hybridized at the 5’ and 3’ ends to one strand
of a target nucleic acid (blue arrow). In this example, the padlock
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initiation at the PPT (probes 2 and 7) and cPPT (probes 5 and
11), plus-strand DNA transfer (probes 6 and 8), plus-strand
DNA synthesis (probes 8, 9, 11, and 12), and detection and
quantification of the central flap (probe 10).

Determination of the sensitivity and accuracy of the SSA
assay. To analyze the kinetics of HIV-1 reverse transcription,
we generated VSV-G-pseudotyped HDV-EGFP virions by
transfection with pHCMV-G of HIV-GFP2, a 293T-based cell
line containing proviral copies of HDV-EGFP. The accuracy
of quantitative real-time PCR assays is often compromised by
contamination with the plasmid DNA used during transfec-
tion. To avoid this source of contamination, we used producer
cells in which the viral DNA was stably integrated into the host
cell chromosomal DNA. Another potential source of DNA
contamination was reinfection of the viral producer cells, lead-
ing to reverse transcription and formation of viral DNA prod-
ucts after transfection with VSV-G-expressing plasmid. To
suppress this possible source of DNA contamination, we main-
tained the producer cells in the presence of AZT to suppress
reinfection of the producer cells.

The efficiency and background of SSA assay were deter-
mined for each of the 12 probes shown in Fig. 1B and 1C;
representative results obtained from SSA analysis using probe
9 are shown in Table 1. High copy numbers of HIV-1-specific
products (2 X 10° to 6 X 10°) were detected 6 h after infection
per SSA reaction, while the background copy numbers for 0 h
control were less than 0.1% (313 copies), providing a strong
signal-to-noise ratio. For some probes the background signals
were higher, but never exceeded 1% (data not shown).

To estimate reproducibility of the SSA assay, the kinetics of
accumulation of reverse transcription products detected with
specific probes was determined in four independent experi-

probe is shown as hybridizing to the minus-strand DNA adjacent to the
PPT. Second, the 5" and 3’ ends of the padlock probe are ligated to
form a covalently closed circular DNA (blue square). A primer (black
bar) is annealed to the circularized probe. Third, the circularized
probe is amplified using a RCA protocol. A second primer (open bar)
that anneals to the long single-stranded molecule generated through
RCA is added to the reaction to exponentially amplify the probe
sequences in a cascade reaction. Finally, the ligation junctions present
in the RCA reaction are quantified using a real-time PCR amplifica-
tion protocol (primers are shown as black arrows, and dual-labeled
probes are labeled with green and red circles). (B) Padlock probes
developed for SSA analysis of HIV-1 reverse transcription. A sche-
matic outline of HIV-1 reverse transcription is presented. Solid black
lines represent RNA, dashed black lines represent RNA degraded by
the RNase H activity of RT, and blue and red lines represent minus-
and plus-strand DNAs, respectively. Abbreviations: R, repeat region;
U5, unique 5’ region; PBS, primer-binding site; cPPT, central polypu-
rine tract; PPT, polypurine tract; U3, unique 3’ region; CTS, central
termination sequence. For simplicity, only one of the two copackaged
viral genomic RNAs is shown. The approximate locations of the liga-
tion sites for padlock probes are indicated with numbers from 1 to 12
in color-coded boxes that are used throughout the figures. Probes 1
through 6 specifically detect minus-strand DNA products, whereas
probes 7 through 12 specifically detect plus-strand DNA products. (C)
As an example, the partial sequence of padlock probe 1, the ligation
junction (slash), and the sequence of dual-labeled probe (underlined)
are shown. The locations of the FAM (green F) and TAMRA (red T)
fluorescent labels are indicated. A 49-base region that connects the
target arms (spacer) is common to all probes. Probe 1 binds to a region
that is located 56 nt 5" of PBS.
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TABLE 1. Time course for synthesis of HIV-1 plus-strand products detected by probe 9“
Time HIV-1 DNA PBGD copy PBGD normalization PBGD-adjusted HIV-1 PBGD-adjusted % of 6-h HIV-1
(h) copy no.” no.° factor? copy no.? copy no. (0 h) copy no/
0 313 313,385 1 313 0 0.00
0.5 1,145 211,683 0.6755 1,695 1,382 0.07
1 1,648 297,392 0.949 1,737 1,424 0.07
1.5 4,827 236,076 0.7533 6,408 6,095 0.30
2 38,443 304,567 0.9719 39,554 39,243 1.90
2.5 137,888 309,238 0.9868 139,732 139,424 6.75
3 331,356 204,398 0.6522 508,059 507,726 24.58
35 471,427 187,171 0.5973 789,263 789,007 38.19
4 1,017,892 262,514 0.8377 1,215,103 1,214,828 58.80
5 1,602,039 261,303 0.8338 1,921,371 1,921,039 92.99
6 2,199,462 333,590 1.0645 2,066,193 2,065,930 100.00

“ Table represents one of four sets of measurements performed for probe 9 samples.
> Copy numbers were calculated as described in Materials and Methods based on standard curves generated with known amounts of pHDV-EGFP in the presence

of 25 ng of uninfected 293T cell DNA.

¢ PBGD copy numbers were determined as described in Materials and Methods.

4 The PBGD normalization factors (column 4) were calculated by dividing the PBGD copy number at each time point by the PBGD copy number at the 0-h time
point. PBGD-adjusted HIV-1 copy numbers (column 5) were determined by dividing first the PBGD copy numbers (column 2) by the PBGD normalization factor

(column 4).

¢ Final HIV-1 copy numbers (column 6) were calculated by subtracting the 0-h value (313) from the PBGD-adjusted copy numbers (column 5).
/Values were calculated as percentages of the final copy numbers divided by the 6-h copy number (2,065,930) and placed in column 2 of Table 2.

ments. Representative results obtained for probe 9 are shown
in Table 2. For most experiments, the standard deviations were
less than 20% of the average.

To control for efficiency of total DNA recovery, the copy
numbers of the PBGD gene (27) were determined, which were
within threefold of each other in most experiments, and used
to normalize the levels of reverse transcription products. Anal-
ysis of reverse transcription products 6, 12, and 24 h postin-
fection indicated that the amount of viral DNA products
peaked at 6 h (data not shown). Therefore, the PBGD-nor-
malized copy numbers at 6 h postinfection were set to 100%,
and the copy numbers obtained at earlier time points were
expressed as a percentage of the 6-h copy numbers. To plot the
kinetics of accumulation of reverse transcription products on a
log scale, values less than 1% of the copy numbers obtained 6 h
postinfection were set to 1%.

For analysis and comparison of data obtained from indepen-
dent PCRs, the standard curves were generated by using the

TABLE 2. Summary of probe 9 copy numbers expressed as
percentages of copy numbers at 6 h postinfection

% of 6-h copy no. for expt. no.:

Time Avg. % of 6-h copy
(h) 1a 2 3 4 no. (=SD)®
0 0.00 0.00 0.00 0.00 1
0.5 0.07 0.02 0.24 —0.05 1
1 0.07 0.12 0.04 —0.03 1
1.5 0.30 0.17 0.27 0.04 1
2 1.90 2.55 2.78 2.44 242 = 0.37
2.5 6.75 7.59 9.94 10.31 8.64 = 1.76
3 24.58 19.73 12.60 19.94 19.19 = 4.92
35 38.19 41.35 31.49 27.75 34.66 = 6.17
4 58.80 68.97 53.01 71.16 62.93 + 8.59
5 92.99 110.08 96.72 90.86 97.66 = 8.63
6 100.00 100 100 100 100

“ Values were taken from last column of Table 1.

® Values represent averages of results from four experiments (columns 2 to 5)
and are expressed with standard deviations. Values less than 1 are set to 1 to
generate a log-scale graph.

padlock probes to detect serially diluted samples containing
known copy numbers of the target DNA and experimental
samples; representative standard curves obtained for probes 3
and 11 are shown in Fig. 2A. The correlation coefficients were
>(.99, indicating that the output signals were linear with re-
spect to input DNA. All 12 strand-specific padlock probes
reproducibly generated similar standard curves, indicating lin-
ear output signals. Note that the efficiency of amplification for
all probes was different, as demonstrated for probes 3 and 11.
For example, the observation that the signal for the known
sample containing 107 copies was detected at cycle 14 by probe
3 and cycle 12 by probe 11 indicated that binding to the target
sequence, efficiency of ligation, and/or efficiency of amplifica-
tion with probe 3 is less efficient than with probe 11. Never-
theless, because the copy numbers in target DNAs were esti-
mated from the standard curves, the efficiency of amplification
does not influence the quantitation of target DNA copies.

The viral DNA copy numbers obtained using SSA were
compared to the copy numbers obtained using an early RT
primer probe set (R-US) and standard quantitative real-time
PCR (Table 3). The results showed that the copy numbers
obtained using SSA were similar to those obtained using quan-
titative real-time PCR, except for the 0-h time point, because
the background copy numbers using SSA were generally be-
tween 100 to 1,000 copies; thus, the SSA method does not have
the sensitivity to accurately detect copy numbers below 1,000,
but in samples containing higher copy numbers, the values
obtained with SSA are comparable to those obtained with
standard quantitative real-time PCR.

Rate of minus-strand DNA synthesis in 293T and primary
human CD4™ T cells. To determine the rate of minus-strand
DNA synthesis, we performed SSA analysis with probes 3 and
6; representative experiments are shown in Fig. 2B using293T
cells (left panel) and activated human primary CD4" T cells
(right panel). The accumulation of reverse transcription prod-
ucts detected with each probe was expressed as a percentage of
the copy number of products that accumulated at the 6-h time
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TABLE 3. Comparison of real-time PCR and SSA analysis of time
course for synthesis of early HIV-1 products®

PCR SSA
Time % of 6-h % of 6-h
© O - ‘0 -
(b) Copy no.? copy no< Copy no. copy no.
0 465 0.03 14 1
1 73,386 5.86 123,816 6.57
2 463,205 36.96 867,267 46.02
3 645,744 51.52 1,596,262 84.69
4 842,297 67.20 1,434,647 76.12
5 1,422,299 113.48 1,955,951 103.78
6 1,253,384 100 1,884,744 100

“ Early HIV-1 products were measured with an R-U5 primer-probe set for
real-time PCR analysis and padlock probe 1 (detecting minus-strand products)
for SSA analysis.

? Copy numbers are averages of 2 to 4 sets of measurements performed using
a standard curve and normalized to PBGD copy numbers (data not shown).

¢ The percentage of the 6-h copy number was calculated as the average copy
number for each time point divided by the 6-h copy number.

4 Note that the copy numbers for the 0-h time point are not comparable
because the SSA method does not have the sensitivity to detect copy numbers
below 1,000.

point. The distance between the curves representing the kinet-
ics of accumulation of the products provided an estimate of the
average time required for RT to copy the template between
two probes. The average distance between the linear portions
of the curves was determined by measuring the distance when
the amounts of products accumulated were 5, 10, 20, and 30%.

The representative experiments displayed in Fig. 2B showed
that the time required for minus-strand DNA synthesis to be
extended from probe 3 to probe 6 (7,031 nt) was approximately
105 min for 293T cells and 104 min for human primary CD4*
T cells, providing overall rates of DNA synthesis of 67 and 68
nucleotides (nt)/min, respectively. In 293T cells, the average
rate of minus-strand DNA synthesis for five independent ex-
periments, using probes 3 and 6 was 68 = 17 nt/min, requiring
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TABLE 4. Kinetics of HIV-1 minus-strand DNA synthesis”

293T cells Primary CD4" T cells

Time course®
Time (min) Rate‘ (nt/min) Time (min) Rate (nt/min)

1 105 67 104 68
2 109 65 96 73
3 95 74 104 68
4 157 45
5 77 91
Mean = SD 109 = 30 68 =17 101 =5 70 =3

“ Minus-strand synthesis is measured as the progression of reverse transcrip-
tion between probe sites 3 and 6 (see Fig. 1B), a distance of 7,031 nt.

® Time course 1 for each cell type is shown in Fig. 2A; the other time courses
for each cell type are independent experiments performed under identical con-
ditions.

¢ Rates for minus-strand DNA synthesis were calculated as described for
Fig. 2A.

an average of 109 = 30 min (Table 4). In activated primary
CD4™" T cells, the average rate of minus-strand DNA synthesis
for three independent experiments was 70 nt/min = 3 min,
requiring an average of 101 min = 5 min. Thus, the rates of
minus-strand DNA synthesis were very similar in 293T cells
and activated primary CD4™" T cells.

Kinetics of minus- and plus-strand DNA transfer. The ki-
netics of product accumulation detected by probes 1 and 2 and
probes 6 and 8 were compared after infection of 293T cells to
estimate the average time required for minus- and plus-strand
DNA transfer, respectively. On average, ~11 min was required
for extension of minus-strand DNA synthesis from probe 1 in
US to probe 2 in U3 (Fig. 2C, left panel). At a rate of DNA
synthesis of ~68 nt/min, approximately ~7 min was required
for copying the 490 nt between probes 1 and 2. Since extension
of minus-strand DNA synthesis from probe 1 to probe 2 re-

FIG. 2. Determination of the kinetics of minus-strand DNA synthesis, minus- and plus-strand DNA transfer, and initiation of plus-strand DNA
synthesis using SSA analysis. (A) Standard curves for padlock probes 3 and 11 used in SSA analysis. Serial dilutions of pHDV-EGFP ranging from
4 X 10 to 1 X 107 in the presence of 25 ng of uninfected 293T cell DNA were subjected to SSA analysis to establish standard curves for padlock
probes 3 (left panel) and 11 (right panel). Copy numbers of target DNA (red circles) were calculated using the ABI PRISM 7700 Sequence
Detection System software based on the standard curve (black circles). (B) Rate of minus-strand DNA synthesis in 293T and human primary CD4*
T cells. SSA analysis of HIV-1 reverse transcription using minus-strand specific padlock probes 3 and 6 is shown for time-course experiments
performed with 293T cells (left panel) and human primary CD4" T cells (right panel). HDV-EGFP virus was used to infect 293T or human primary
CD4™" T cells and total cellular DNA was isolated from the infected cells at 30- or 60-min intervals for 6 h after infection. The accumulation of
minus-strand DNA products detected with probes 3 and 6 was determined at each time point (see map above graph). The copy numbers of the
products at 6 h after infection are set to 100%, and the products at earlier time points are presented as percentages of the copy numbers at the
6-h time point. To determine the rate at which reverse transcription proceeded from one probe to the next, the average distance between the curves
(red arrows) generated for probes 3 and 6 was determined when the amounts of products accumulated were 5, 10, 20, and 30% of that at the 6-h
time point. The time required for reverse transcription to proceed from probe 3 to probe 6 was approximately 105 and 104 min for 293T and human
primary CD4" T cell time courses, respectively; since the distance between probes 3 and 6 is 7,031 nt, the rate of DNA synthesis was 67 and 68
nt/min for the 293T and human primary CD4" T cell time courses, respectively. (C) Determination of the rates of minus- and plus-strand DNA
transfer using SSA analysis in 293T cells. The kinetics of minus-strand DNA transfer (left graph) was determined by the same technique used for
minus-strand DNA synthesis except that the accumulation of products detected by probes 1 and 2 (see map above the left graph) was determined
over a 3-h time course. The average time required for reverse transcription to proceed from probe 1 to probe 2 (~11 min) was determined as
described above. The distance between probes 1 and 2 is 490 nt (see map above the left graph). The kinetics of plus-strand DNA transfer (right
graph) was determined by measuring the accumulation of products detected with probes 6 and 8 (~28 min) over a 6-h time course. (D) Deter-
mination of the kinetics of plus-strand initiation at the PPT and cPPT in 293T cells. Initiation of plus-strand DNA synthesis at the PPT (left graph)
was determined by the same technique used for minus-strand DNA synthesis except that the accumulation of products detected with probes 2 and
7 (see map above graph) were compared over a 3-h time course. Similarly, the kinetics of initiation of plus-strand DNA synthesis at the cPPT (right
graph) was determined by analyzing the accumulation of products detected by probes 5 and 11 (see map above graph) over a 6-h time course. The
average times indicated on each graph represent the delay in initiation of plus-strand DNA synthesis after minus-strand DNA synthesis has
extended past the PPT (~12 min) and cPPT (~31 min).
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quired ~11 min, a delay of ~4 min (~11 min to ~7 min) was
associated with minus-strand DNA transfer.

Similarly, we determined the kinetics of plus-strand DNA
transfer after infection of 293T cells by analyzing the accumu-
lation of products detected by probes 6 and 8, which are lo-
cated 3" of the primer-binding site (PBS) and are specific for
the minus and plus strand, respectively (Fig. 2C, right panel).
On average, ~28 min was required for reverse transcription to
proceed from probe 6 to probe 8. Since ~100 nt of DNA
synthesis occurred during progression of reverse transcription
from probe 6 to probe 8, requiring approximately 2 min for
synthesis, a longer delay of ~26 min (~28 min to ~2 min) was
associated with plus-strand DNA transfer.

Kinetics of plus-strand DNA synthesis initiation. The kinet-
ics of initiation of plus-strand DNA synthesis at the PPT after
infection of 293T cells were determined by analyzing the ac-
cumulation of products detected by probes 2 and 7, which are
located 3’ of the PPT and are specific for the minus- and
plus-strand, respectively (Fig. 2D, left panel). On average, ~12
min was needed for progression of reverse transcription from
probe 2 to probe 7. Approximately 3 min (~68 nt/min) was
required to incorporate ~200 nt during progression of reverse
transcription from probe 2 to probe 7. Thus, a delay of ~9 min
(~12 min to ~3 min) was associated with initiation of plus-
strand DNA synthesis at the PPT.

Similarly, the kinetics of plus-strand DNA synthesis initia-
tion at the cPPT was determined by analyzing the accumula-
tion of products detected by probes 5 and 11 (Fig. 2D, right
panel). An average of ~31 min was required for progression of
reverse transcription from probe 5 to probe 11, whereas DNA
synthesis (~200 nt) required ~3 min (~68 nt/min). Thus, a
longer delay of ~28 min was associated with initiation of plus-
strand DNA synthesis at the cPPT in comparison to the PPT.

Plus-strand DNA synthesis is initiated at multiple sites. To
determine the rate of plus-strand DNA synthesis in 293T cells, we
compared the kinetics of accumulation of products detected by
plus-strand-specific probes 8, 9, 11, and 12 (Fig. 3A). The prod-
ucts detected by probes 11 and 12 accumulated with faster kinet-
ics than products detected by probes 8 and 9, indicating that
plus-strand DNA synthesis initiation at the cPPT and subsequent
plus-strand DNA synthesis through probe 11 and 12 sites oc-
curred ~30 min before minus-strand DNA synthesis reached the
PBS to allow plus-strand DNA transfer and synthesis of products
detected by probes 8 and 9. Probes 8 and 9 are 5" of the cPPT and
are separated by 4,060 nt, whereas probes 11 and 12 are 3’ of the
central termination signal (CTS) and are separated by 2,759 nt.
Despite the long distances separating these probes, the products
detected by probes 8 and 9 accumulated with very similar kinetics,
as did those of probes 11 and 12, implying either a very fast rate
of plus-strand DNA synthesis or the presence of multiple sites for
DNA synthesis initiation.

To determine whether additional sites of plus-strand DNA
synthesis initiation contribute to the accumulation of plus-
strand DNA products, we generated a cPPT™ mutant by in-
troducing four purine-to-pyrimidine substitutions within the
cPPT sequence. The mutations in the cPPT did not significantly
influence its ability to complete a single cycle of replication as
determined by analysis of GFP expression in infected cells (data
not shown). We observed that after infection with the cPPT™
mutant, the products detected with probe 12 accumulated with
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FIG. 3. SSA analysis of plus-strand DNA synthesis. (A) The ki-
netics of plus-strand DNA synthesis after infection with wild-type
HDV-EGFP were determined by comparing the accumulation of
products detected with probes 8, 9, 11, and 12 (see map above
graph). Products detected with probes 11 and 12 accumulated with
faster kinetics than products detected with probes 8 and 9. (B) The
kinetics of plus-strand DNA synthesis after infection with the
cPPT™ mutant of HDV-EGFP were determined by comparing ac-
cumulation of products detected with probes 8, 9, 11, and 12 (see
map above graph in panel A). Products detected with probe 12
accumulated with faster kinetics than those detected with probes 8§,
9, and 11. (C) Efficiency of reverse transcription of wild-type HDV-
EGFP (blue bars) or the cPPT™ mutant of HDV-EGFP (red bars).
The copy numbers of reverse transcription products detected with
probe 1 at 6 h were set to a value of 1 (average value, 2 X 10°to 6 X
10° copies), and the copy numbers of products detected with various
minus- and plus-strand probes (see Fig. 1B for location) are ex-
pressed relative to that of probe 1.

faster kinetics than the products detected with probe 11 (Fig.
3B), indicating that plus-strand DNA synthesis was initiated at
one or more sites between probes 11 and 12. Plus-strand DNA
synthesis initiation at the cPPT was abrogated by the mutations
in the cPPT because probe 11 products accumulated with ki-
netics similar to those for probe 8 and 9 rather than with the
faster kinetics observed when the cPPT was wild type (Fig. 3A).
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TABLE 5. Inhibition of HIV-1 replication with antiviral drugs

Drug Drug concn % Inhibition”
AZT 1 M 98.44 = 1.16
ddl 50 puM 97.46 = 0.92
d4T 4 M 98.97 = 0.18
EFV 9nM 99.37 = 0.05

“ The percentage of inhibition was calculated as 100% minus the percentage of
cells in drug-treated samples that were positive for GFP expression, relative to
the percentage of GFP-positive cells in the control infections in the absence of
antiviral drugs. The percentage of GFP-positive cells was monitored by flow
cytometry 36 h after infection. The results are shown as a means * standard
deviations from two independent experiments.
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A comparison of the copy numbers of viral DNA products
accumulated 6 h postinfection indicated similar copy numbers
for most of the products (within twofold), indicating that after
minus-strand DNA synthesis was initiated, the process of re-
verse transcription was efficient (Fig. 3C).

In contrast to most of the reverse transcription products, the
product detected with probe 10 accumulated to a two- to three-
fold-higher copy number level than the product detected by
probe 1. Probe 10 was designed to detect the central flap (Fig.
1B), and two copies of probe 10 product were expected to be
generated during reverse transcription; one copy would result
from initiation at the cPPT and a second copy would result
from plus-strand strong-stop DNA transfer followed by exten-
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FIG. 4. SSA analysis of the effect of RT inhibitors on minus- and plus-strand DNA synthesis. (A) Effects of RT inhibitors on minus-strand DNA
synthesis. The accumulation of products detected with probes 3 (right graph; see map above graph) and 6 (left graph) are compared over a 6-h
time period in the absence of drugs (no drug) or presence of ddI, EFV, d4T, or AZT at concentrations that reduce viral titers by 95 to 99% (see
Materials and Methods). (B) Effects of RT inhibitors on plus-strand DNA synthesis. The accumulation of products detected with probes 8 and 9
(left graphs) and 11 and 12 (right graphs; see map above graph) are compared over a 6-h time period in the absence (no drug) or presence of RT
inhibitors. The results in panels A and B are expressed as percentages of the products accumulated at the 6-h time point in the absence of drugs.
Symbol definitions are shown only for probe 3 but are the same for all probes.
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sion of plus-strand DNA synthesis, leading to displacement of
the synthesized DNA initiating at the cPPT. The detection of
two to three copies of the products detected with probe 10 in
comparison to the plus-strand DNA products detected with
probes 9 and 11, which flank the central flap, indicated that the
SSA analysis was able to quantitatively distinguish between
one and two copies of reverse transcription products. As pre-
dicted, mutation of the cPPT (Fig. 3C) resulted in a lower copy
number of products detected by probe 10 in comparison to the
wild type, indicating that the central flap was no longer formed.

Effects of RT inhibitors on minus- and plus-strand DNA
synthesis. To determine whether inhibitors of HIV-1 RT dis-
play differential effects during minus- and plus-strand DNA
synthesis, we performed time course experiments in the pres-
ence of the nucleoside RT inhibitors ddI, d4T, and AZT and
the nonnucleoside RT inhibitor EFV at concentrations that
inhibited viral replication by 97 to 99% (Table 5 and Fig. 4).
The inhibition of viral replication was monitored by perform-
ing fluorescence-activated cell sorter analysis to determine the
percentage of infected cells that expressed GFP. The RT in-
hibitors had a minimal effect on the early minus-strand DNA
products detected by probe 3 (Fig. 4A, right panel); in contrast,
the late minus-strand DNA products detected by probe 6 ac-
cumulated to variable levels (Fig. 4A, left panel). In the pres-
ence of AZT and d4T, the probe 6 products accumulated to
approximately 5% of the control levels; in comparison, the
probe 6 products accumulated to approximately 15 and 55% of
the control in the presence of EFV and ddlI, respectively. Thus,
minus-strand DNA synthesis was substantially inhibited by
AZT and d4T, moderately inhibited by EFV, and minimally
inhibited by ddI.

The accumulation of plus-strand DNA products detected by
probes 8 and 9 (Fig. 4B, left panels) was inhibited to a similar
extent compared to the probe 6 products (Fig. 4A, left panel),
whereas the accumulation of products detected with probes 11
and 12 (Fig. 4B, right panels) was inhibited to a similar extent
compared to the probe 3 products (Fig. 4A, right panel). This
suggested a parallel between the accumulation of plus-strand
DNA products and complementary minus-strand DNA prod-
ucts, which was most clearly evident for probes 6 and 8; for
example, AZT and d4T inhibited the accumulation of probe 6
products to 5% of the control and a similar level of inhibition
of probe 8 products was observed. Similarly, the accumulation
of products detected by probes 11 and 12 was only modestly
inhibited in the presence of RT inhibitors and was similar to
the accumulation of probe 3 products (Fig. 4A); because a
greater percentage of minus-strand DNA products were likely
extended past the probe 11 and 12 binding sites, initiation at
the cPPT or other internal sites may have resulted in higher
levels of accumulation of probe 11 and 12 products than probe
8 and 9 products.

These results showed that AZT and d4T inhibited minus-
strand DNA synthesis by 95% at drug concentrations that
inhibited viral replication by 98% (approximately 20-fold). The
observation that most of the inhibition of viral replication
could be accounted for by the inhibition of minus-strand DNA
synthesis suggests the intriguing possibility that AZT and d4T
inhibited reverse transcription primarily during minus-strand
DNA synthesis. However, inhibition of plus-strand DNA syn-
thesis by AZT and d4T cannot be excluded. ddI and EFV
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inhibited minus-strand DNA synthesis by 45% and 85%, re-
spectively, at drug concentrations that inhibited viral replica-
tion by >95%, implying that these RT inhibitors also impaired
plus-strand DNA synthesis. Inhibition of plus-strand DNA syn-
thesis could not be observed in these studies because it is
initiated at multiple sites and reduction in plus-strand products is
not cumulative, as is the case for minus-strand DNA synthesis.

DISCUSSION

The novel SSA assay described here should be applicable to
a wide range of molecular studies in which quantification of
specific strands of nucleic acids is desirable, including replica-
tion of other viruses (hepadnaviruses, adenoviruses, herpesvi-
ruses, etc.) and leading- and lagging-strand synthesis in organ-
isms with double-stranded genomes. The SSA assay now
further advances the quantitative PCR technology that has
been applied to the measurements of HIV-1 viral load (3, 17),
integrated DNA copies (2), and reverse transcription kinetics
(2, 8, 24) by providing a tool for analyzing the strand-specific
aspects of viral replication.

To our knowledge, these studies have provided the first
measurements of several key steps during HIV-1 replication in
cells, including the rate of minus-strand DNA synthesis (~68
to 70 nt/min). Previous measurements based on in vitro assays
using either purified HIV-1 RTs (5, 7, 9, 12, 18) or endogenous
reactions using components from permeabilized virions (1, 19,
23) varied greatly from 30 to 5,000 nt/min, presumably because
the rates of DNA synthesis can be influenced by the assay
conditions. The kinetics of HIV-1 replication probably also
depend on intracellular conditions (15) and may exhibit cell-
specific differences. Interestingly, the rates we obtained here
for 293T cells and activated human primary CD4™" T cells were
very similar, suggesting that intracellular conditions such as
deoxynucleoside triphosphate concentration are similar in
these two cell types. However, we noted a delay in the kinetics
for both probes 3 and 6 in human primary CD4" T cells,
suggesting a possible delay in viral entry and early postentry
steps, such as uncoating, delay in initiation of minus-strand
DNA synthesis, or a delay in minus-strand DNA transfer (Fig.
2A). The SSA assay can also be used to determine the effects
of specific mutations in viral proteins (RT, NC, Vif, Vpr, Nef,
etc.) as well as cis-acting elements (PBS, PPT, cPPT, CTS, etc.)
on the kinetics of various steps in HIV-1 replication.

The mechanism(s) that might contribute to the regional
differences in the rate of minus-strand DNA synthesis are not
known but could involve template RNA structures or greater
availability of nucleocapsid protein later in replication, leading
to more efficient denaturation of template structures, thereby
increasing the rate of reverse transcription. The observation
that plus-strand DNA transfer (~26 min) is much slower than
minus-strand DNA transfer (~4 min) suggests that tRNA
primer removal might be a slow and rate-limiting step. The
observation that plus-strand initiation at the cPPT (~28 min)
was much slower than at the PPT (~8 min) suggests that
differences in sequences surrounding the two identical PPTs
can influence the kinetics with which these plus-strand initia-
tion sites are utilized.

Analysis of the cPPT ™ mutant of HIV-1 and the similar kinetics
with which plus-strand products separated by long distances ac-
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cumulated has provided strong evidence for multiple sites of plus-
strand DNA synthesis initiation during replication in cells, as
previously reported (10, 13). It is unclear at this time how many
additional sites are used to initiate plus-strand DNA synthesis
during HIV-1 replication, whether they represent specific se-
quences or RNA fragments that remain randomly associated with
the minus-strand DNA, and how they avoid being displaced by
DNA synthesis initiated at upstream sites.

Our observation that probe 10 products specifically detected
two- to threefold-higher copy numbers of the central flap se-
quence, which has been implicated in the nuclear transport of
HIV-1 preintegration complexes (20, 28), indicates that the SSA
assay can provide a quantitative method for the detection of the
central flap and could be used to analyze the efficiency of dis-
placement synthesis in other regions of the HIV-1 genome.

In these studies, the inhibition of viral replication by AZT,
d4T, and ddI was similar (97 to 99%), representing inhibition
of minus- and plus-strand DNA synthesis. For AZT and d4T,
most of the inhibition of viral replication could be attributed to
the observed 95% inhibition of minus-strand DNA synthesis.
However, ddI treatment resulted in 55% inhibition of minus-
strand DNA synthesis, suggesting that ddI also inhibited viral
replication during plus-strand DNA synthesis.

In summary, the SSA method should provide a widely ap-
plicable technology for strand-specific analysis of nucleic acids.
The SSA assay described here can be used to address a variety
of questions about the process of HIV-1 replication, elucidate
the mechanism of action of antiretroviral agents, and facilitate
development of novel antiviral agents that interfere with spe-
cific steps in HIV-1 reverse transcription.
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