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Abstract
The reverse transcriptase of human immunodeficiency virus (HIV) catalyzes a series of reactions to
convert the single-stranded RNA genome of HIV into double-stranded DNA for host-cell integration.
This task requires the multifunctional reverse transcriptase to discriminate a variety of nucleic-acid
substrates such that active sites of the enzyme are correctly positioned to support one of three catalytic
functions: RNA-directed DNA synthesis, DNA-directed DNA synthesis and DNA-directed RNA
hydrolysis. However, the mechanism by which substrates regulate reverse transcriptase activities
remains unclear. Here, we report distinct orientational dynamics of reverse transcriptase observed
on different substrates using a single-molecule assay. The enzyme adopted opposite binding
orientations on duplexes containing DNA or RNA primers, directing its DNA synthesis or RNA
hydrolysis activity, respectively. On duplexes containing the HIV polypurine tracts, unique RNA
primers for the plus-strand DNA synthesis, the enzyme can bind in both orientations and rapidly
switch between the two states. The switching kinetics were regulated by cognate nucleotides and
non-nucleoside reverse transcriptase inhibitors, a major class of anti-HIV drugs. These results
indicate that the enzymatic activities of reverse transcriptase are determined by its binding orientation
on substrates.

Virtually all RNA- and DNA-processing enzymes exhibit selectivity for backbone
compositions or base sequences of their nucleic-acid substrates. This substrate selectivity is
especially critical for the HIV-1 reverse transcriptase (RT), which binds and discriminates a
variety of nucleic-acid duplexes for distinct catalytic functions1,2. RT is a heterodimer
consisting of a p51 and a p66 subunit, the latter of which contains catalytically active DNA
polymerase and RNase H domains3,4, catalyzing a complex, multi-step reaction to convert the
single-stranded RNA genome into double-stranded DNA1,2. First, RT uses the viral RNA
genome as a template and a host-cell tRNA as a primer to synthesize a minus-strand DNA,
producing an RNA/DNA hybrid5–7. This duplex becomes the substrate of the RNase H domain
of RT, which cleaves the RNA strand at numerous points, leaving behind short RNA stretches
hybridized to the nascent DNA8–10. Among these RNAs, two specific purine-rich sequences,
known as the polypurine tracts (PPTs), serve as unique primers to initiate the plus-strand DNA
synthesis11–13, thereby creating the double-stranded DNA viral genome. Specific RNase H
cleavage then removes the PPT primers and exposes the integration sequence to facilitate
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insertion of the viral DNA into the host chromosome14. Inappropriate initiation of the plus-
strand DNA synthesis at other RNA stretches prevents integration2,15. RT must therefore obey
a primer-selection rule: (1) DNA primers readily engage the polymerase activity of RT; (2)
generic RNA primers are not efficiently extended by RT but readily engage the RNase H
activity of RT when annealed with DNA; (3) the PPT RNA can direct both the DNA polymerase
activity and a site-specific RNase H activity of RT. The mechanism by which RT discriminates
among these substrates and executes the appropriate catalytic function is, however, poorly
understood. While RNase H cleavage analysis suggest the presence of different interaction
modes of RT with substrates16,17, crystal structures to date have revealed only one enzyme
binding orientation4,18–22.

Single-molecule assay for enzyme-substrate interactions
To better understand how RT interactions with substrates, we designed a single-molecule assay
to measure the enzyme orientation relative to its substrate using Förster resonance energy
transfer (FRET)23,24, a method well suited for probing dynamic protein-nucleic acid
interactions25–27. Static FRET measurements have also been used previously to characterize
the pre-and post-translocation states of RT on a DNA duplex28. Because RT accommodates
19–22 base pairs of nucleic-acid duplex within its primer-template binding cleft19,22,29 (Fig.
1a), we constructed several duplex substrates with different backbone compositions and base
sequences, each consisting of a 50 nucleotide (nt) oligonucleotide mimicking the template and
a complementary 19–21 nt oligonucleotide emulating the primer (Fig. 1b and Supplementary
Fig. 1). A Cy5 fluorophore was specifically attached to one of the single-stranded overhang
regions on the template to serve as the FRET acceptor. We refer to the labelling schemes with
Cy5 near the 5′ and 3′ ends of the primer as the 5* or 3* labels, respectively.

Surface-immobilized substrates were immersed in a solution containing RT molecules labelled
with a FRET donor dye Cy3 either at the RNase H domain (H-labelled) or at the fingers domain
(F-labelled) of the p66 subunit (Fig. 1a). The two dye-labelling sites were located on opposite
poles of the enzyme and separated by ~8 nm. An E478Q mutation was introduced to the RNase
H domain to abolish its RNA cleavage activity so as to prevent the RT-induced degradation of
nucleic-acid substrates during observation30. Experiments were conducted with this RNase
H-inactive variant unless otherwise mentioned. Neither dye attachment nor surface
immobilization significantly altered the polymerase activity of RT (Supplementary Fig. 2).

Fluorescence of individual duplex substrates on the slide was monitored using total-internal-
reflection fluorescence (TIRF) microscopy with alternating laser excitations25 at 532 nm and
635 nm (Fig. 1c). The 532 nm light excites the FRET donor Cy3 without significantly exciting
the acceptor Cy5, allowing us to detect the FRET between the Cy3-labelled RT and the Cy5-
labeled substrate. The 635 nm light directly excites the Cy5 dye, providing a means to probe
the presence of the nucleic-acid substrate and FRET acceptor independent of RT binding.
Freely diffusing RT was observed to bind and dissociate from the substrates in real time. Each
binding event caused an increase in the total fluorescence signal collected from both Cy3 and
Cy5 channels under the 532 nm excitation without affecting the signal obtained under the 635
nm excitation (Fig. 1d). The observed FRET value allowed the enzyme orientation of each
binding event to be determined.

RT binds to DNA and RNA primers in opposite orientations
We first examined the binding orientation of RT on a 19 nt DNA primer hybridized to a 50 nt
DNA template. When H-labelled RT was added to the 5*-labelled substrates, binding events
consistently yielded high FRET values (centred at ~0.94) (Fig. 2a), indicating an overwhelming
tendency for the enzyme to bind with its RNase H domain close to the 5′ terminus of the primer.
Conversely, predominantly low FRET values (~ 0.14) were observed when H-labelled RT
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bound to an isogenic 3*-labelled substrate (Fig 2b). Furthermore, F-labelled RT primarily
bound to the 3*-labelled substrate with high FRET values (~ 0.90, Fig. 2c), indicating that the
DNA polymerase domain was located near the 3′ end of the primer. As a control, when both
Cy3 and Cy5 were placed on the substrates, either near the same end of or flanking the duplex
region, no significant change in FRET was observed upon RT addition, suggesting that RT
does not cause a sizable change in the photo-physical properties of the dyes or the end-to-end
distance of the duplex (Supplementary Fig. 3). Taken together, these results indicate that RT
binds to the DNA-DNA primer-template complex with its polymerase active site between the
fingers and palm domains close to the 3′ end of the primer and RNase H domain near the 5′
end - an orientation that matches the polymerization-competent binding mode observed in RT-
substrate co-crystal structures19–22. A virtually identical binding orientation was observed for
RT on a 19 nt DNA primer annealed to a 50 nt RNA template (Supplementary Fig. 4). The
same binding orientation was also observed for the RNase H active RT (without the E478Q
mutation) on the DNA-DNA primer-template complex (Supplementary Fig. 5)

Next, we examined binding to an RNA primer annealed to a DNA template. The primer and
template sequences were identical to those used above. Again, RT predominately adopted a
single binding configuration, but now with a drastically different orientation: H-labelled RT
bound to the 5*-labelled substrates with low FRET values (~ 0.27, Fig. 2d) but to the 3*-
labelled substrates with primarily high FRET values (~ 0.95, Fig.2e); F-labelled RT bound to
5*-labelled substrate with high FRET values (~ 0.88, Fig.2f). These results unambiguously
define a binding orientation on the RNA primer that is opposite to that on the DNA primer,
with the DNA polymerase domain adjacent to the 5′ terminus of the primer and the RNase H
domain close to the 3′ end. The same binding orientation was also found for the RNase H active
RT (Supplementary Fig. 5). This orientation clearly cannot support primer extension activity,
but directly explains the primary RNase H-cleavage mode observed previously on similar
substrates, in which the cleavage site is 18 nucleotide from the 5′ terminus of the RNA17. The
two opposite binding orientations on DNA and RNA primers were also observed on primers
encoding an alternate sequence (supplementary Fig. 6).

To identify which features were most important in discriminating between DNA and RNA
primers and directing RT orientation, we designed a series of 19 nt chimeric primers containing
different compositions of RNA and DNA nucleotides denoted by xR:yD (i.e. x RNA nt at the
5′-end and y DNA nt at the 3′-end). These chimeras were annealed to a 50 nt DNA template
and incubated with H-labelled RT (Fig. 3a and supplementary Fig. 7). Whereas pure DNA and
RNA primers bound to RT predominantly in a single orientation, most chimeric primers
supported both high and low FRET orientations (supplementary Fig. 7). The free energy
difference (ΔG) between the two states was most sensitive to the sugar composition of the 4 –
5 nucleotides located at each end of the 19 nt primer (Fig. 3b), suggesting that the interactions
between RT and nucleic acid at opposite ends of the primer-template binding cleft were most
important in determining the binding orientation. This observation is consistent with the crystal
structures, which show RT-substrate contacts primarily clustered in two regions near the DNA
polymerase and RNase H active sites19,22. Remarkably, a single nucleotide provided the
strongest determinant of binding orientation: changing the sugar content of the 5th nucleotide
from the primer 5′ terminus alone caused a nearly 2 kBT change in ΔG (Fig. 3b). This position
makes specific contacts with RT residues T473 and Q475 located within the RNase H primer
grip19,22. These residues are conserved among RNases H found in viruses, bacteria and
human22,31,32. Alanine substitution of these two residues in HIV-1 RT reduces the DNA
synthesis rate and inhibits virus infectivity33. Overall, the backbone composition of
nucleotides at the 5′ end of the primer played a greater role in determining enzyme binding
orientation than those at the 3′ end (Fig. 3b). To further test this notion, we constructed a new
chimeric primer 9D:10R (i.e. 5′-proximal DNA, 3′-proximal RNA), which has the same DNA
to RNA ratio as the 10R:9D primer but with different 5′ end backbone composition. As
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expected, the 9D:10R and 10R:9D primers supported opposite binding orientations of RT that
closely resembled the orientational distributions of RT bound to pure DNA and RNA primers,
respectively (Fig. 3a).

Enzyme binding orientation determines the enzymatic activity of RT
The observation that RT bound to the DNA and RNA primers with opposite orientations
suggests an interesting hypothesis: that primer extension activity is determined by the binding
orientation of the enzyme. To test this model, we probed the DNA polymerase activity of RT
on the DNA (19D) and RNA (19R) primers as well as the chimeric primers 9D:10R and 10R:
9D, each annealed to a 50 nt DNA template (supplementary Fig. 8 and Fig. 4a). Remarkably,
RT was capable of extending the 3′ end of both 19D and 9D:10R rapidly, with a rate comparable
to previously reported steady-state extension rates of DNA primers34,35, even though the 9D:
10R primer contained a ribonucleotide sugar backbone at its 3′ terminus. Polymerase activity
was strongly inhibited for both 19R and 10R:9D. Furthermore, the rate of primer extension
correlated with the fraction of time that the RT enzyme bound in the polymerase-component
orientation (Fig. 4b). These results indicate that the binding orientation is the strongest
determinant of the primer-extension activity, whereas the content of the sugar-phosphate
backbone contacting the DNA polymerase active site is less important for synthesis activity.
Our results also suggest a surprising allosteric effect where contacts between the 5′ end of the
primer and the RNase H primer grip regulate the DNA polymerase activity by determining the
orientation of the enzyme on the substrate.

Dynamic binding orientations of RT on PPT substrates
While RNA primers do not generally support initiation of DNA synthesis by RT, two copies
of 15 nt RNA purine sequences, referred to as the PPTs, uniquely serve as primers for plus-
strand DNA synthesis2,11–13,15. During infection, RT cleaves precisely at the 3′ terminus of
the PPT, allowing DNA synthesis to be initiated at this position. The enzyme then removes the
PPT primer by cleaving at its junction with and the nascent DNA2,15. How RT interacts with
the PPT to support both DNA polymerase and RNase H activities remains a mystery. To address
this question, we constructed three oligonucleotides encoding the PPT sequence to mimic
different stages in plus-strand DNA synthesis. To simulate a PPT sequence that has not yet
been cleaved at its 3′ terminus, we introduced a 2 nt RNA extension, creating the PPT:r2 RNA.
Similarly, the PPT:d2 chimera (containing a 2 nt DNA extension) was used to emulate a plus-
strand primer from which DNA synthesis has already started. These primers were annealed to
a 50 nt DNA template and assayed for RT binding (Figs. 5a–c). The FRET distribution of RT
bound to the PPT:r2 primer-template complex was quantitatively similar to that observed in
the case of a non-specific RNA primer (compare Fig. 5a with Fig. 2d), suggesting that RT was
predominantly bound in a cleavage orientation. In contrast, on the PPT and PPT:d2 substrates,
RT spent a substantial portion of time in the high FRET, polymerization-competent orientation
(Figs. 5b, c). These data suggest that the priming activity of the PPT for plus-strand DNA
synthesis originates from its unique ability among RNA sequences to direct RT binding in a
polymerase-competent orientation.

On the substrates that support both DNA polymerase and RNase H competent orientations,
including the PPT, PPT:d2 and chimeric RNA:DNA primers, RT exhibited spontaneous
transitions between these two orientations and flipping transitions were observed with different
labelling schemes (Fig. 5d and supplementary Fig. 9). The flipping transition did not appear
to require the binding of multiple enzymes, as the flipping kinetics were independent of the
RT concentration. The observation of flipping transitions within a single binding event is
surprising considering the extensive network of contacts between the RT and its
substrates19,22.
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Cognate nucleotide and non-nucleoside RT inhibitor regulate the binding
orientation of RT

To explore the flipping mechanism, we investigated the effect of small molecules, including
dNTP and non-nucleoside RT inhibitors (NNRTIs), on the equilibrium and rate constants of
the flipping transitions using the PPT:d2 primer or a modified primer containing a chain
terminating di-deoxyribonucleotide (PPT:dd2). Addition of dTTP, the next cognate nucleotide
for primer extension, stabilized the high FRET, polymerase-competent orientation of RT (Figs.
5d, e). The stabilization magnitude increased with dTTP concentration over a physiologically
relevant range (Fig. 5e). Kinetically, addition of 1 mM of dTTP decreased the rate constant of
flipping from the high FRET to the low FRET orientation, khigh-low, by 20 fold without
substantially affecting the reverse rate klow-high (Supplementary Fig. 10). In contrast, addition
of a mismatched nucleotide (dCTP) did not induce a similar effect (Supplementary Fig. 11).

NNRTIs are clinically approved anti-HIV drugs36 that bind to a hydrophobic pocket4 near the
polymerase active site of RT to inhibit DNA synthesis allosterically37. We examined one such
NNRTI, Nevirapine, for its effects on the orientational dynamics of RT. Nevirapine appeared
to have an opposite effect as compared to cognate dNTP. Addition of Nevirapine significantly
destabilized the high-FRET, polymerase-competent orientation (Figs. 5d, f): the presence of
the drug caused a 3.5 fold increase in the flipping rate from the high to the low FRET orientation,
khigh-low, but without significantly altering the reverse rate klow-high (Supplementary Fig. 10).
A similar effect was observed for a separate NNRTI, Efavirenz. These results provide a
structural basis for the previously observed specific inhibition of the PPT-initiated plus-strand
DNA synthesis by NNRTIs, which occurs at a 40 fold lower concentration of NNRTI than that
required for the inhibition of minus-strand DNA synthesis38.

Discussion
We have developed a single-molecule FRET assay to monitor the interactions between HIV
RT and its nucleic-acid substrates in real time. These experiments directly revealed two
opposite orientations with which the RT enzyme binds to DNA and RNA primers. The primary
determinant of the enzyme orientation is the sugar backbone composition of the 4 – 5
nucleotides at each end of the primer, located within the polymerase and RNase H primer grip
regions of the RT binding cleft. The primer-extension activity of RT is quantitatively correlated
with the enzyme orientation, providing a structural basis for the primer-selection rule of RT.

Remarkably, the enzyme can bind to the special PPT RNA sequence, which directs the
transition from minus-strand to plus-strand synthesis, in both orientations. Furthermore, the
enzyme can flip spontaneously between the two states despite the extensive contact between
RT and its nucleic-acid substrates. The flipping kinetics were altered by both cognate
nucleotides and non-nucleoside RT inhibitors, but the two types of small molecules had
opposite effects. While the addition of cognate nucleotides caused a drastic decrease in the
flipping rate from the polymerase-competent to the RNase H-competent orientation, the
NNRTI substantially increased the same rate constant. NNRTIs and dNTPs have been shown
to have opposite effects on the structural dynamics of the fingers and thumb subdomains20:
while dNTPs bring these regions closer together to form a tighter clamp on the nucleic-acid
substrate, NNRTIs cause further separation of the two sub-domains. Our data thus suggest a
potential pathway for the flipping transition that requires relaxation of the “grip” formed by
the fingers and thumb sub-domains around the nucleic-acid substrate. This spontaneous
structural reorganization of the RT-substrate complex potentially allows the enzyme to rapidly
explore multiple binding orientations that support distinct functions, thereby increasing
replication efficacy.
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METHODS SUMMARY
For single-molecule measurements of RT interactions with nucleic acids, the dye-labelled
nucleic-acid substrates were immobilized on the PEG-coated fused quartz slides via a biotin-
streptavidin linkage. Binding of the dye-labelled RT molecules in solution to the immobilized
substrates was monitored using the TIRF imaging geometry with alternating 532 nm and 635
nm excitations25. FRET histograms were constructed from binding events of hundreds of
molecules. To calculate the free energy difference between high and low FRET states, these
histograms were fit to a double Gaussian function and the ΔG value was determined from the
ratio between the areas under the two Gaussian peaks. Within each binding event, high FRET
and low FRET sub-states were identified, and the lifetimes of the binding events and the sub-
states were recorded. These lifetimes were combined with a simple kinetic model to derive the
rate constants of transition between the sub-states as well as the rate of dissociation from each
sub-state.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Single-molecule FRET assay for probing the orientational dynamics of RT
a, The structure of HIV-1 RT bound to a DNA-DNA substrate21. Labelling sites for Cy3 on
RT are highlighted by green stars. b, Nucleic-acid substrates consisted of a 19–21 nt primer
strand annealed to a 50 nt template strand containing an Cy5 label (red star). Cy5 was either 3
nt from the 5′ end (circle) or 4–6 nt from the 3′ end (arrow) of the primer. c, Single-molecule
detection of Cy3 (green star or sphere) labelled RT binding to and dissociating from the surface-
immobilized nucleic-acid substrates labelled with Cy5 (red star or sphere). The stars and
spheres indicated dyes that do or do not emit fluorescence, respectively. d, FRET analysis for
RT binding to a single primer-template complex: The upper panel shows the fluorescence time
traces from Cy3 (green) and Cy5 (red) under 532 nm excitation and that from Cy5 (pink) under
635 nm excitation. The FRET value is calculated over the duration of the binding events
(middle panel, yellow shaded regions) and a FRET distribution histogram is created for the
binding events (lower panel).
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Figure 2. FRET distributions of RT bound to nucleic-acid substrates reveal distinct RT binding
orientations on RNA and DNA primers
a, RT with Cy3 (green star) attached in the H-labelling scheme was allowed to bind substrates
consisting of DNA primer and template (black arrow), with Cy5 (red star) attached in the 5*-
labelling scheme. b, H-labelled RT bound to 3*-labelled DNA duplex substrates. c, F-labelled
RT bound to 3*-labelled DNA duplex substrates. d, H-labelled RT bound to 5*-labelled hybrid
duplex substrates consisting of a RNA primer (orange arrow) and a DNA template (black
arrow). e, H-labelled RT bound to 3*-labelled hybrid duplex substrates. f, F-labelled RT bound
to 5*-labelled hybrid duplex substrates. The RT binding orientations consistent with the FRET
distributions are depicted.
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Figure 3. Binding orientation of RT on chimeric substrates
a, Selected FRET distributions of H-labelled RT bound to 5*-labelled substrates containing
various 19 nt chimeric RNA:DNA primers hybridized to a DNA template. FRET distributions
of other xR:yD substrates are shown in supplementary Fig. 7. b, The free energy difference
ΔG between the high and low FRET orientations is plotted as a function of RNA content for
both xR:yD (red) and 9D:10R (blue) chimeras. The error bars are the standard error of the mean
(N = 3).
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Figure 4. The DNA polymerase activity of RT correlates with its binding orientation on substrates
a, Primer extension activity of RT assayed on four selected primers (19D, 19R, 9D:10R and
10R:9D) annealed to a DNA template. The fraction of primers which had been extended by
more than one bases is plotted as a function of time for the four primers (coloured circles). The
data were fit to a single-exponential decay (grey lines) to deduce the primer extension rate
constants. b, Rate constants of primer extension (red) correlate with the fractional of time the
RT bound in the high FRET orientation conducive to polymerization (blue).
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Figure 5. Dynamic binding orientations of RT on PPT substrates
a-c, FRET histograms of H-labelled RT bound to substrates containing 5*-labelled PPT:r2,
PPT or PPT:d2 primers annealed to DNA templates. The PPT sequence is highlighted in violet
letters and the 2 nt RNA and DNA extensions are coloured in orange and black, respectively.
The DNA template is shown as a black arrow. d, FRET time traces of RT bound to PPT, PPT:d2,
and PPT:dd2 substrates showed spontaneous flipping transitions between the two binding
orientations. e, FRET histograms of RT bound to PPT:dd2 substrates in the presence of 0, 10
μM, and 1 mM dTTP. f, FRET histograms of RT bound to PPT:d2 substrates in the presence
of 0, 10, and 100 μM Nevirapine.
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