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Summary
Binding of the next complementary dNTP by the binary complex containing HIV-1 reverse
transcriptase (RT) and primer-template induces conformational changes that have been implicated
in catalytic function of RT. We have used DNase I footprinting, gel electrophoretic mobility shift,
and exonuclease protection assays to characterize the interactions between HIV-1 RT and chain-
terminated primer-template in the absence and presence of various ligands. Distinguishable stable
complexes were formed in the presence of foscarnet (an analogue of pyrophosphate), the dNTP
complementary to the first (+1) templating nucleotide or the dNTP complementary to the second
(+2) templating nucleotide. The position of HIV-1 RT on the primer-template in each of these
complexes is different. RT is located upstream in the foscarnet complex, relative to the +1 complex,
and downstream in the +2 complex. These results suggest that HIV-1 RT can translocate along the
primer-template in the absence of phosphodiester bond formation. The ability to form a specific
foscarnet complex might explain the inhibitory properties of this compound. The ability to recognize
the second templating nucleotide has implications for nucleotide misincorporation.
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Introduction
Conformational changes are well established during catalytic activity by DNA and RNA
polymerases.1,2 A rate-limiting conformational change after binding of the complementary
incoming dNTP but before phosphodiester bond formation has been proposed on the basis of
kinetics experiments.3-8 Further evidence for a large conformational change has been provided
by numerous experiments showing that a stable complex is formed between polymerase and
primer-template (P/T) upon binding of dNTP that dissociates very slowly in the absence of
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phosphodiester bond formation.9-16 The occurrence of a major structural rearrangement
during catalysis is further supported by comparison of crystal structures of ternary complexes
containing a replicative DNA polymerase, chain-terminated P/T, and the incoming dNTP, with
binary complexes consisting of only the enzyme and the nucleic acid substrate.17-23 The
polymerase molecule resembles a right hand with a DNA-binding cleft surrounded by
subdomains designated as “fingers”, “thumb” and “palm”.24 Upon binding dNTP,
rearrangements occur at multiple positions in the enzyme. The largest movements occur in the
fingers domain, which rotate through 20° to 60° so that the new base pair is partially enclosed
and the complex is converted from an “open” structure to a “closed” one.25 The conformational
change has been proposed to contribute to fidelity of dNTP selection, correct positioning of
the amino acid side chains responsible for catalysis, and maintenance of processive DNA
synthesis.1 The relationship of the open-to-closed transformation to the general catalytic
mechanism for DNA synthesis is uncertain since some X- and Y-family (nonreplicative)
polymerases do not undergo this transformation upon binding dNTP 26,27 and the
transformation that occurs in DNA polymerase β is not strictly coupled with catalysis.28-30

The replication enzyme for HIV-1, reverse transcriptase (RT), forms a stable complex with
chain-terminated P/T and the next complementary dNTP.11-14, 31 Comparison of crystal
structures of ternary complexes 20,32 with those of binary complexes 33,34 show an open-to-
closed transformation. Electrophoretic mobility shift experiments with the pyrophosphate
(PPi) product analogue, phosphonoformate (foscarnet), show that a stable complex can also
be formed with this compound,35-37 suggesting that the enzyme can adopt a closed
conformation in the presence of either dNTP substrate or PPi product. Crystal structures of
polymerase•P/T•PPi complexes have recently been reported for T7 RNA polymerase,38 the
Y-family DNA polymerase Dpo4,39 and the X-family DNA polymerase pol-λ.40

The HIV-1 RT•P/T•dNTP ternary complex contains RT in the post-translocational position
with the incoming dNTP in position to form a new phosphodiester bond 20,32 and crystal
structures of the HIV-1 RT•P/T binary complex also contain RT in the post-translocational
position 33,34 indicating that the presence of the incoming dNTP is not required for the enzyme
to occupy the post-translocational position. Sarafianos et al.41 obtained crystal structures of
RT bound to 3′-azido-3′-deoxythymidine (AZT)-terminated P/T in either the pre- or post-
translocational positions by covalently crosslinking RT to the P/T. The pre-translocation
structure contained a displaced peptide loop containing the YMDD motif leading these authors
to propose a spring-loaded translocational mechanism in which the pre-translocational binary
complex is a short-lived intermediate in DNA synthesis and the post-translocational structure
is favored under conditions of active nucleotide incorporation. Götte et al.37,42,43 determined
the position of HIV-1 RT on the P/T using chemical cleavage procedures, which showed that
RT could occupy either the pre- or post-translocational position but was shifted to the post-
translocational position in response to addition of the next complementary dNTP and to the
pre-translocational position in the presence of foscarnet. In the absence of ligand, the
distribution of RT between these two sites was influenced by the incubation temperature and
the primer-template sequence.

In the present report we extend the characterization of stable complexes containing RT, P/T
and the next complementary dNTP (+1 complex) or foscarnet (foscarnet complex). In addition,
we show that a stable complex can be formed with dNTP complementary to the +2 position
on the template (+2 complex). The +1 complex contains RT in the post-translocation position,
as expected. In the foscarnet complex, the enzyme occupies the pre-translocation position and,
in the +2 complex, RT is hypertranslocated and occupies a position downstream from that
occupied in the +1 complex.
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Results
Effects of the +1 complementary dNTP on deoxyribonuclease I (DNase I) protection and
stable complex formation by HIV-1 RT

To probe the interactions between HIV-1 RT and chain-terminated P/T, a DNase I protection
assay was employed (Figure 1(a)). [32P]-ddAMP-terminated L32 primer annealed to WL50
template was incubated in the absence or presence of HIV-1 RT and the indicated
concentrations of dTTP, the dNTP complementary to the next nucleotide position on the
template, followed by limited digestion with DNase I. Addition of HIV-1 RT, in the absence
of dTTP, caused protection from DNase I digestion of a large portion of the primer out to about
position −25, except for positions −17, −19 and −20. (The 3′-terminus of the primer and the
complementary base on the template are designated as position −1; the first unpaired base on
the template is +1.) In the presence of increasing concentrations of dTTP the protection pattern
changed. The addition of dTTP induced protection at positions −17 and −20, and
hypersensitivity at position −18; while position −19 remained unprotected. Figure 1(b) shows
dTTP-dependent induction of stable dead-end complex (DEC) formation using the same chain-
terminated P/T. Increasing dTTP concentrations induced stable DEC formation by a larger
portion of the P/T, which could be observed as an increase in labeled DNA in the slower
migrating position in the electrophoretic mobility shift assay (EMSA). Figure 1(c) shows
quantification of the data presented in Figure 1(a) and 1(b).

DNase I protection assays were also used to probe the interactions between RT and the template
strand (Figure 1(d)). The addition of dTTP was associated with an increase in overall protection
of a large portion of the template with the exception of position −22, which became
hypersensitive to DNase 1. A quantitative comparison of the dTTP dependence of template
hypersensitive site formation, protection at position −7 and DEC formation is shown in Figure
1(e) and a comparison of apparent Kds (Kd,apps) for various dTTP-dependent phenomena is
shown in Figure 1(f). The dTTP concentrations needed for 50% induction of DEC (1.3 μM),
dTTP-induced protection of primer position −20 (0.68 μM) and template position −7 (1.3
μM), and for dTTP-induced DNase I hypersensitivity at primer position −18 (0.60 μM) and at
template position −22 (0.6 μM) were similar, suggesting that the changes in DNase I protection
and hypersensitivity induced by the addition of dTTP and DEC formation are related
phenomena.

Effects of non-complementary dNTPs on DNase I protection and stable complex formation
by HIV-1 RT

To determine whether the nucleotide-induced changes were dependent on base-pairing with
the next nucleotide on the template, DNase I protection (Figure 2(a)) and DEC formation by
HIV-1 RT (Figure 2(b)) were studied in the presence of increasing concentrations of each of
the non-complementary dNTPs. Only dTTP induced hypersensitivity at position −18 (indicated
by the black arrow) suggesting that the −18 hypersensitive site was specific for the
complementary dNTP. The protection pattern was similar in the absence of added dNTP or
after addition of either dATP or dCTP; however, addition of dGTP induced hypersensitivity
to DNase I cleavage of position −17 (indicated by the white arrow), which differed by one base
from the position seen with dTTP. In addition, a small amount of stable complex formation
was observed by EMSA analysis when high concentrations of dGTP were added (Figure 2(b)).
Since the second templating base was dC, we surmised that the effect of dGTP might be caused
by an ability of HIV-1 RT to recognize the +2 position of the template and that the addition of
the dNTP complementary to this position could induce formation of a stable complex (+2
complex). To determine whether the effect of dGTP was due to its ability to base pair with the
+2 position of the template, the DNase I footprints and EMSA experiments were repeated using
a P/T with the +2 position on the template changed from C to T. With this P/T there was no
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change in the DNase I footprint by addition of dGTP or dCTP; however, addition of dATP
caused hypersensitivity at position −17 (Figure 2(c)) and DEC formation (Figure 2(d)). When
the +2 position in the template was changed to G, increasing concentrations of dCTP but not
of the other noncomplementary dNTPs induced hypersensitivity at position −17 (Figure 2(e))
and DEC formation (Figure 2(f)). These results indicate that HIV-1 RT can recognize the +2
position in the template and the addition of the dNTP complementary to the +2 templating
nucleotide can induce formation of a +2 complex. The position of the hypersensitive site in
the DNase I protection assays suggests that HIV-1 RT in the +2 complex is primarily located
one base downstream compared to its position in the +1 complex.

Effects of foscarnet on DNase I protection and stable complex formation by HIV-1 RT
Figure 3(a) shows that increasing concentrations of foscarnet induced protection at positions
−17 and −18 and concomitant increase in DNase I cleavage at positions −19 and −20 (indicated
by arrows). The position of the hypersensitive sites in the presence of foscarnet was similar to
the predominant species in the absence of foscarnet. Foscarnet also induced formation of stable
complex as detected by EMSA (Figure 3(b)) and the foscarnet concentrations needed for
changes in the DNase I protection pattern and DEC formation were approximately the same
(Kd,app about 50 μM). Figure 3(c) shows a comparison of DNase I protection and
hypersensitivity patterns induced by +1 dNTP (dTTP), +2 dNTP (dGTP), and foscarnet on P/
T with label in the primer strand. It is clear that each ligand induced a distinguishable pattern
of hypersensitive sites: dTTP at positions −18 and −19, dGTP at position −17, and foscarnet
at positions −19 and −20. These results suggest that the relative position of HIV-1 RT is
different in each complex. In the +2 complex the enzyme is situated downstream relative to
the +1 complex by approximately one base, and in the foscarnet complex it is situated upstream
of the +1 complex. The figure also shows that the binary complex has DNase I hypersensitive
sites primarily at positions −19 and −20, little or no hypersensitivity to cleavage at position
−18, and partial protection at position −17. This result suggests the presence of a mixture of
binary complexes at different positions on the P/T with the majority of the HIV-1 RT molecules
occupying positions similar to those in the foscarnet complex, a minority of the enzyme
molecules in the position of the +2 complex, and little, if any, in the position of the +1 complex.

DNase I protection experiments were repeated with P/Ts in which the L32 primer was extended
by one nucleotide and terminated with ddTMP, 2′,3′-didehydro-3′-deoxythymidine-5′-
monophosphate (d4TMP), or AZTMP (Figure 4) to evaluate complex formation in a different
P/T sequence context and with different terminal structures. With the ddTMP-terminated P/T
(Figure 4, left panel), RT alone protected a large portion of the primer, with the exception of
primer position −18 (solid arrow). With foscarnet, hypersensitivity was observed at primer
position −19 (dashed arrow), while in the presence of the +1 dNTP (dGTP), primer position
−18 was hypersensitive. These results suggest that, in L33-ddTMP P/T binary complex, RT
favored the +1 position in contrast to the results with the L32-ddAMP P/T. Also, in contrast
to the ddAMP-terminated P/T, +2 dNTP (dATP) did not induce hypersensitive site formation
in the downstream position. For the L33-d4TMP P/T (Figure 4, middle panel), the pattern of
protection and hypersensitivity was similar to that of the ddTMP-terminated P/T, with the
binary complex favoring the +1 position. However, with the AZTMP-terminated P/T (Figure
4, right panel), the binary complex favored the −1 position, with a strong hypersensitive site
at position −19. In summary, the complexes formed between HIV-1 RT and a chain-terminated
P/T depended not only on the availability of different binding ligands, but also on the P/T
sequence and the nature of the chain-terminator present at the 3'-end of the primer.

Exonuclease mapping of the upstream border of HIV-1 RT bound to chain-terminated P/T
The positions of RT in each of the complexes was further investigated by exonuclease mapping
of the barriers to nuclease digestion created by RT bound to P/T in the absence or presence of

Meyer et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2007 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



foscarnet, +1 dNTP or +2 dNTP. To preserve the integrity of the 3'-terminus of the primer,
digestion was performed with 5′-specific exonucleases. For upstream mapping, we used
lambda exonuclease, which prefers 5'-phosphorylated ends of double-stranded DNA.44 The
L32 primer was 5'-phosphorylated, annealed with WL50 template and chain-terminated/3′-
labeled by incorporation of [32P]ddAMP. The P/T was incubated in the absence or presence
of HIV-1 RT and the indicated ligand, followed by addition of lambda exonuclease (Figure
5a). In the absence of HIV-1 RT, the majority of the radioactivity was detected in limit digestion
products of 10-12 nucleotides. This was also true in the presence of RT alone or in the presence
of RT and either dATP or dCTP (non-complementary to both the +1 and +2 positions on the
template). In the presence of dGTP, dTTP or foscarnet, distinct barriers to digestion were
observed that differed for each of the ligands (see quantitative results, Figure 5b). Mapping of
barriers to digestion from the 5′ end of the 3′-labeled primer for these three complexes is
illustrated in Figure 5c. With dTTP or foscarnet, limit digestion products were almost
completely absent, indicating that digestion stopped at the barriers in all or nearly all of the
molecules. A major barrier was observed at −29, for dTTP complex, and at −30, for foscarnet
complex. This suggests that ternary complexes with these ligands remained stable during the
incubation period and that exonuclease was only rarely able to penetrate past the barriers. With
dGTP, the barriers were also observed as a cluster of bands corresponding to barriers at
positions −26 to −28, but limit digestion products were also observed suggesting that the dGTP
complex was less stable. These results suggest that, in agreement with the results of the DNase
I protection assays, foscarnet, +1 and +2 dNTPs induced formation of distinct complexes in
which the upstream border of the RT molecule was situated in different positions relative to
the P/T. RT was primarily located one base upstream in the foscarnet complex and one or more
bases downstream in the +2 complex relative to its position in the +1 complex.

Exonuclease mapping of the downstream border of HIV-1 RT bound to chain-terminated P/
T

For mapping from the downstream side of RT on the P/T, the single-strand specific 5′
exonuclease RecJf was used.45 The WL65 template was 3'-labeled with [32P]ddAMP and
annealed with L32 primer followed by chain-termination of the primer with unlabeled ddAMP.
The P/T was incubated in the absence or presence of HIV-1 RT and the indicated ligand
followed by digestion with RecJf (Figure 6a). Digestion products were observed in the presence
or absence of various ligands. Similar patterns of digestion products were observed with RT
alone, and with noncomplementary nucleotides, dATP or dCTP, which was also the pattern
seen in the absence of RT. Unique patterns of RecJf digestion products were observed with RT
and P/T when dGTP, dTTP or foscarnet was added (quantitative data are shown in Figure 6b).
Mapping of barriers to digestion from the 5′ end of the 3′-labeled template for these three
complexes is illustrated in Figure 6c. With dTTP (+1 dNTP), two major products of 41 and 42
nucleotides in length were observed corresponding to barriers to RecJf digestion at positions
+8 and +9 relative to the end of the primer. With foscarnet, major digestion products
corresponded to barriers at +7 and +8, and with dGTP (+2 dNTP) there was a distinct, albeit
weak, product corresponding to a barrier at position +10 relative to the end of the primer. The
fact that exonuclease mapping from both the upstream and downstream sides of the complex
and the DNase I hypersensitive sites showed similar displacement in comparison between the
complexes suggests that both borders of the bound RT, as well as a site internal to the complex,
had repositioned in response to binding the different ligands, which would be consistent with
a lateral displacement of the enzyme without substantial change in the extent of its contact with
the P/T.
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Discussion
Our results show that at least three stable complexes can be formed by HIV-1 RT on a chain-
terminated P/T. Each of the three is resistant to dissociation in the presence of heparin and can
be detected by EMSA, DNase I footprinting and by the appearance of barriers to 5′ exonuclease
digestion on the primer and template strands. These complexes are formed in the presence of
different ligands, and RT occupies a different position relative to the primer terminus in each
complex. The first complex (+1 complex) is consistent with the “closed” structure described
by other investigators20,42 containing the +1 dNTP that stabilizes RT in the post-
translocational position on the P/T. The second (foscarnet complex) contains a product
analogue bound to RT in the pretranslocation position on the P/T and is consistent with previous
demonstrations of a stable RT•P/T•foscarnet complex by EMSA35,36 and by chemical
footprinting.37 This complex may be analogous to product PPi complexes observed by
crystallography for T7 RNA polymerase,38 Sulfolobus solfataricus translesion DNA
polymerase IV (Dpo4),39 and human DNA polymerase λ.40 In each of these structures, the
polymerase is captured in the pre-translocation position. With T7 RNA polymerase, the PPi
complex is in a closed configuration. The other two enzymes do not undergo an open-to-closed
transition during catalysis and the relationship between ligand binding and catalytically
significant conformational changes is unclear. Foscarnet inhibition of DNA synthesis by HIV-1
RT may be mediated by formation of a stable complex with the enzyme bound in a position
that is unable to accept the dNTP substrate.

The third complex we have observed is formed upon incubation with dNTP complementary
to the +2 position on the template. RT is located downstream from its position in the +1 complex
as shown from the position of the DNase I hypersensitive site and barriers to exonuclease
digestion. Specificity for the +2 dNTP was shown by replacing the +2 position on the template
with different nucleotides and observing that only the dNTP complementary to the +2 position
formed a heparin-resistant complex detected by EMSA and a DNase I hypersensitive site
consistent with a hypertranslocated position for RT. Barriers to exonuclease digestion of the
+2 complex were heterogeneous, with digestion frequently proceeding to barriers more than
one nucleotide beyond the exonuclease stop sites observed with the +1 complex (Figures 5).
This may suggest that RT in the presence of +2 dNTP occupies various downstream positions
on the P/T or that the position of RT is disturbed during incubation with exonuclease – i.e.
lambda exonuclease or RecJf might push the bound RT one or two nucleotides beyond the site
of initial encounter. The fact that the position of the DNase I hypersensitive site in the +2
complex does not show this heterogeneity argues for the latter explanation.

The +2 complex has precedent with a crystal structure of a Dpo4•P/T•ddGTP complex reported
by Ling et al.26, which contains two adjacent template bases in the active site, leaving a gap
between the primer terminus and the bound +2 nucleotide. Dpo4 is quite different from RT in
structure and function and may have special properties related to its role in DNA repair and
lesion bypass; however, the replication polymerase, E. coli DNA polymerase (Klenow
fragment), has also been shown to specifically recognize the +2 dNTP. Ramanathan et al.46
showed that Klenow fragment +1 complex formation was enhanced by the addition of +2 dNTP
in the absence nucleotide incorporation due to the depletion of Mg2+. Our experiments show
that HIV-1 RT can bind +2 dNTP and reposition in the absence of +1 dNTP. We did not
determine whether this could also happen in the presence of +1 dNTP. Taken together, these
results indicate that dissimilar polymerases have the ability to occupy a hypertranslocated
position to accommodate +2 nucleotide binding in the absence of phosphodiester bond
formation.

Transient stabilization of polymerase•P/T complexes by dNTP complementary to the +2
position on the template has been previously proposed by Bebenek et al.47 to explain the high
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frequency of −1 frame-shift mutagenesis that is observed for HIV-1 RT. These authors
proposed that transient P/T structures are formed in which the primer is misaligned placing the
primer terminus just upstream from the +2 position on the template. Incorporation of one or
more nucleotides could occur before the correct alignment was restored resulting in synthesis
of a DNA strand containing a one-base deletion. This model is supported by the observation
that ”hot spots” for frame-shift mutagenesis often follow short homopolymeric runs in the
template that could stabilize the transient misaligned structure by allowing an extrahelical
nucleotide to find the position that could be most readily accommodated on the enzyme
structure.47 Even though high concentrations of +2 dNTP were required to obtain detectable
levels of +2 complex in our experiments, lower levels of +2 complexes that might be present
at physiological dNTP concentrations could have significant implications. A rate of one single-
base frameshift mutation per 4,300 nucleotides polymerized has been reported for HIV-1 RT,
48 corresponding to less than 0.03% of normal nucleotide incorporation events. The +2
complex might account for as much as 0.03% of the population of RT•P/T complexes present
at physiological concentrations of dNTPs and could contribute to the high level of frameshift
mutagenesis.

A cocrystal structure of human DNA polymerase λ containing misaligned P/T with an
extrahelical base has recently been reported.40 A similarly misaligned P/T structure has also
been proposed for prokaryotic and eukaryotic transcription complexes to explain
misincorporation that is dependent on the NTP complementary to the +2 nucleotide on the
template.49,50 In the case of the transcription complexes, it appears that the P/T realigns after
the misincorporation but before further elongation and the resulting mismatched primer
terminus is efficiently extended leading to a single base substitution rather than a frame-shift
mutation. The ability of RT to accommodate an extrahelical nucleotide is unknown. In our
experiments, both the upstream barrier to exonuclease and the hypersensitive site for DNase I
cleavage are shifted forward in the presence of the +2 dNTP, suggesting that the complex does
not contain an extrahelical nucleotide downstream from the DNase I hypersensitive cleavage
site. Our results would be more consistent with a structure like that observed with Dpo4 in
which two adjacent template bases occupy the polymerase active site.26 We used the P/Ts
shown in Figure 2, but with the ddAMP replaced with dAMP, to test for dNTP specificity in
misincorporation assays (data not shown). These experiments failed to show an influence of
the +2 template nucleotide on the specificity of dNTP misincorporation arguing against a
significant role for the +2 complex in misincorporation in our experiments. However, the
studies of Bebenek et al.,47 suggest that sequence context is crucial, and the +2 complex may
only lead to frame-shift mutagenesis when preceded by specific sequence contexts such as
homopolymeric runs that can stabilize a transient structure containing an extrahelical
nucleotide.

Most DNase I footprints previously reported for retroviral or retrotransposon RTs 51-54 were
performed in the presence of saturating dNTP concentrations and gave patterns similar to those
seen for the +1 complex in our experiments; however, Lavigne et al.55 observed hypersensitive
sites at the same positions in the presence or absence of the +1 dNTP for most of the P/Ts they
tested. In one out of seven P/Ts, appearance of the hypersensitive site was induced by addition
of +1 dNTP suggesting that the enzyme usually occupies the +1 or post-translocational position
even in the absence of the +1 dNTP. Marchand et al.37 reached a similar conclusion using
chemical footprinting methods to determine the position of RT in the binary complex. The P/
T used in most of our experiments appears to be one of those rare sequences that favor RT
binding in the pre-translocation position since the enzyme shifted forward in the direction of
DNA synthesis upon binding +1 dNTP or +2 dNTP, but did not change position when the
foscarnet complex was formed (Figures 1(a) and 3(a)). By contrast, the P/T used for the
experiment in Figure 4 favored RT binding in the post-translocation position since formation
of foscarnet complex shifted the enzyme backward and formation of +1 complex did not change

Meyer et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2007 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the position of the hypersensitive site. In addition to sequence context, the position of RT in
the binary complex depends on the structure of the chain-terminating residue as shown in
Figure 4. The P/T sequence used in that experiment favored the binding of RT in the post-
translocational position when terminated with ddTMP or d4TMP but shifted toward the pre-
translocation position when terminated with AZTMP. The finding that AZTMP at the primer
terminus disfavors occupation of the post-translocation position by RT is consistent with
previous reports that +1 dNTP binding is inhibited when the primer terminus is occupied by
AZTMP.14,42,56-58 Our present results suggest that DNase I hypersensitive site formation,
protection from DNase I cleavage, and formation of stable complex by EMSA reflect the same
underlying phenomenon, which may correspond to the switch from “open” to “closed”
complex configuration and the “locking” of RT to P/T at a specific position determined by
ligand binding.

Our results and those of Marchand et al.37,42 show that RT can occupy multiple positions on
the P/T and that movement between these positions does not depend on nucleotide
incorporation. Sarafianos et al.41 reported the crystal structure of a binary complex with RT
in the pre-translocation position in which the YMDD loop was displaced from its expected
position. They suggested that this displaced loop could act as a loaded springboard that could
provide part of the energy needed to drive translocation of RT to the post-translocation position.
These observations support a “power-stroke” mechanism for translocation by comparison with
a similar mechanism proposed for translocation by myosin.59 A power-stroke mechanism has
also been proposed for translocation of T7 RNA polymerase based on comparison of crystal
structures of a pretranslocation complex containing product PPi, a post-translocated product
complex lacking PPi, and two post-translocation complexes containing the nonhydrolyzable
substrate analogue α, β-methylene ATP.38,60-62 An alternative mechanism for translocation
has been proposed based on experiments with T7 RNA polymerase 63-65 and HIV-1 RT.37,
42,43 In this mechanism (named the Brownian ratchet mechanism66), binary complexes are
heterogeneous and can rapidly shift between occupancy of different sites on the P/T. Forward
movement of the polymerase is due to binding of the incoming NTP or dNTP, which captures
the enzyme in the forward position and allows phosphodiester bond synthesis to occur. Current
experimental approaches do not conclusively distinguish between these two mechanisms. The
initial translocation event might be masked by rapid repositioning of the enzyme to produce a
more stable structure, which could occur too quickly to be detected by available experimental
techniques. Nonetheless, we can conclude that repositioning between the +1, +2 and −1
positions is possible in the absence of nucleotide incorporation and that formation and release
of PPi would not be necessary to explain translocation.

Experimental Procedures
Expression and purification of poly-histidine tagged HIV-1 RT

Wild-type HIV-1 RT (derived from the BH10 clone of HIV-1)67 was expressed in JM109
Escherichia coli from an expression vector for wild-type HIV-1 RT containing an N-terminal
polyhistidine tag (pHispKRT) and purified to apparent homogeneity by metal affinity
chromatography through His-Bind Resin (Novagen) as previously described.68 The specific
RNA-dependent DNA polymerase activity of the purified homodimeric enzyme was 20,000
U/mg, where 1U is the amount of enzyme needed for incorporation of 1.0 nmol [3H]-dTMP
in 10 min at 37°C using poly(rA)/oligo(dT) as substrate.69

Preparation of 3′-32P-labeled oligonucleotides
To prepare 3′-32P-labeled L32-ddA/WL50 P/T, 16 pmoles L32 primer (5'-
CTACTAGTTTTCTCCATCTAGACGATACCAGA-3') was annealed with excess WL50
template (5'-
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GAGTGCTGAGGTCTTCATTCTGGTATCGTCTAGATGGAGAAAACTAGTAG-3') or
templates WL50-35T or WL50-35G that differed from WL50 by a single nucleotide
substitution 35 bases from the 3′ end (see Figure 2) and incubated with 50 μCi (10 pmoles)
[α-32P]ddATP and 20 pmoles HIV-1 RT in 300 μl RB buffer (40 mM Na Hepes, pH 7.5, 20
mM MgCl2, 60 mM KCl,1 mM DTT, 2.5 % glycerol, 80 μg/ml BSA) for 30 min at 37°C. To
prepare 3′-labeled L33-dT-analogue terminated P/T, L32 primer annealed to excess WL50
template was labeled and terminated by incubation with 50 μCi (10 pmoles) [α-32P]dATP, 40
μM ddTTP, d4TTP or AZTTP and 20 pmoles HIV-1 RT in 300 μl RB buffer for 30 minutes
at 37°C. For lambda exonuclease mapping experiments the 5'-end of the L32 primer was
phosphorylated by T4 polynucleotide kinase (New England Biolabs) and unlabeled ATP prior
to annealing with template and adding the 3′ label. Labeled P/Ts were phenol/chloroform and
chloroform extracted and ethanol precipitated and resuspended in DNA buffer (10 mM Na
Hepes pH 7.4 and 60 mM KCl).

To prepare 3′-32P-labeled template, 16 pmoles WL50 template was incubated with 20 U
terminal deoxynucleotidyl transferase (New England Biolabs) and 20 pmoles [α-32P]ddATP
in 50 μl NEB buffer 4 (50 mM K acetate, 20 mM Tris-acetate pH 7.9, 10 mM Mg acetate, 1
mM dithiothreitol) containing 0.25 mM CoCl2 at 37°C for 2 h. The reaction was stopped by
heating at 90°C for 10 min, extracted with phenol/chloroform and chloroform, precipitated
with ethanol, resuspended in DNA buffer, and annealed with unlabeled L32 primer. The primer
was subsequently terminated with ddAMP by adding RT and unlabeled ddATP. For
experiments with exonuclease RecJf, the template WL65 (5′-
GCCTGACCATGTACAGAGTGCTGATCTCCTCATTCTGGTATCGTCTAGATGGAG
AA AACTAGTAG-3′) was 3'-labeled with [32P]ddAMP as above prior to annealing with
unlabeled L32 primer and termination with RT and unlabeled ddAMP. [α-32P]dATP was
purchased from PerkinElmer Life Sciences. [α-32P]ddATP and unlabeled NTPs and dNTPs
were from Amersham (currently, GE Healthcare). Unlabeled dNTPs were also obtained from
Pan Vera Corp. (currently, a part of Invitrogen Corp.) d4TTP was kindly provided by Dr.
Raymond F. Schinazi. Selected DNase I footprint analyses with +2 dNTP were repeated with
highly purified dNTPs purchased from the alternative sources to test for the possibility that
low level contamination of nucleotide stocks might influence the results. No differences
dependent on the source of dNTPs were observed. Oligodeoxyribonucleotides were prepared
by the DNA core laboratory at the University of Miami, or purchased from Sigma-Genosys.

DNase I protection assay
Five fmoles of labeled P/T was incubated with 200 fmoles RT and the indicated amounts of
dNTP in 10 μl RB buffer for 15 min at 37°C. After incubation on ice for 5 min, 0.03 U DNase
I (USB corp.), in RB buffer, was added and the samples were incubated at room temperature
for 3 min. The DNase I digestion was stopped by heating at 90°C for 3 minutes followed by
addition of 13 μl loading buffer (16 M urea, 180 mM Tris-HCl, 60 mM taurine, 1 mM EDTA,
0.25% [w/v] bromphenol blue and 0.25% [w/v] xylene cyanol). The samples were reheated
for 4 min at 90°C and separated by electrophoresis through a 20% denaturing (8M urea)
polyacrylamide gel, at 2000 V for 3-4 h in TTE buffer (90 mM Tris-HCl, 30 mM taurine, 0.5
mM EDTA). The gels were dried and the radioactivity visualized by exposure on X-ray film
and quantified by phosphorimaging. The radioactivity in the band of interest (either protected
or enhanced) was first normalized to the radioactivity in the band at position −28 (outside of
the protected region) to correct for differences in the amount of DNase 1 used and/or the amount
of the sample loaded. The percent of dNTP-induced protection was calculated as 100 − (100
× Bn/B0) where Bn is the radioactivity in the protected band at the dNTP concentration = n and
Bo is the radioactivity in the band in the absence of dNTP. The resulting values were plotted
against dNTP concentration and fitted to a one-ligand binding curve, using SigmaPlot 4.0, to
determine the Kd,app for the dNTP-induced protection. To calculate the percent dNTP-induced
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hypersensitivity, the radioactivity detected in the hypersensitive band in the absence of dNTP
was deducted from the radioactivity detected in the presence of various dNTP concentrations
and the percent hypersensitivity was determined relative to the maximal amount of
radioactivity detected at any dNTP concentration. The data were plotted against dNTP
concentration and fitted to a one-ligand binding curve to determine Kd,app for the dNTP-induced
hypersensitivity.

Electrophoretic mobility shift assay for detection of DEC
Five nM [32P]ddAMP-terminated P/T was incubated with 200 nM RT and various amounts of
dNTP or foscarnet (Sigma-Aldrich), as indicated in the figure legends, in 10 μl RB buffer for
15 min at 37°C. After incubation on ice for 5 min, 3 μl heparin/loading dye (0.03 U heparin/
μl, 30% [v/v] sucrose, 0.25% [w/v] bromphenol blue and 0.25% [w/v] xylene cyanol]) in RB
buffer was added to dissociate binary complexes. The samples were separated by
electrophoresis through an 8% native polyacrylamide gel at 200 V for 1 h at 4°C using Tris-
taurine buffer (90 mM Tris, 30 mM taurine). The radioactivity was visualized by exposure on
X-ray film and quantified through phosphorimaging. The percentage of band-shifted DNA,
after deduction of complex formed in the absence of dNTP, was plotted against the dNTP
concentration, and the Kd,app for DEC was obtained by fitting the data to a one-ligand binding
curve.

Exonuclease protection mapping
For upstream mapping of the borders of the stable complexes, 5 nM 3'-[32P] ddAMP-
terminated, 5'-phosphorylated L32 primer annealed to excess WL50 template was incubated
with 200 nM HIV-1 RT and dNTP, foscarnet or no ligand as indicated in the figures, in 10 μl
RB buffer for 15 min at 37°C, followed by incubation at 4°C for 5 min. After addition of 1.2
U lambda exonuclease (USB Corp.), the samples were incubated at 37°C for 8 min followed
by heat-inactivation at 90°C for 5 min. For downstream mapping of the borders of the stable
complexes, 5 nM 3'-[32P]ddAMP-labeled WL65 template annealed to excess ddAMP-
terminated L32 primer was incubated with 12.5 nM WT HIV-1 RT and ligand (0.8 mM dNTP,
3.2 mM foscarnet, or no ligand) in 10 μl RB buffer for 15 min at 37°C, followed by incubation
at 4°C for 5 min. Ten units of RecJf (New England Biolabs) were added and the samples were
incubated at 37°C for 10 min followed by heat-inactivation at 90°C for 5 min. For both upstream
and downstream mapping, 12 μl loading buffer were added and the products were separated
by electrophoresis through a denaturing 20% polyacrylamide gel.
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Figure 1. Effects of the next complementary dNTP on DNase I protection and stable complex
formation by HIV-1 RT
(a) DNase I footprinting on the 3′-labeled primer strand. Five nM 3'-[32P]ddAMP-terminated
L32 primer annealed to WL50 template was incubated in the absence or presence of 200 nM
HIV-1 RT and the indicated concentrations of dTTP followed by 3 min exposure to DNase I.
Products were separated by electrophoresis through a 20% denaturing polyacrylamide gel.
Numbers to the left of the lanes indicate the positions of the bands. The 3'-terminal nucleotide
on the primer is defined as position −1 in this and subsequent figures. The arrow indicates the
position of the hypersensitive site induced by dTTP binding formed by cleavage between
position −18 and −19 on the primer. A partial sequence of the P/T is shown. The +1 base on
the template is bold and underlined. AH indicates ddA. (b) EMSA detection of stable complex
formation. Labeled P/T was incubated with HIV-1 RT as described in (a) in the absence of
dTTP or with the indicated concentrations of dTTP. Incubation at 37°C was followed by
addition of heparin/loading dye and separation of DEC from free P/T by electrophoresis
through an 8% non-denaturing polyacrylamide gel. (c) Quantitative comparison of primer
DNase 1 footprinting and stable complex data as a function of dTTP concentration. The
radioactivity in bands at −20 (protected) and −18 (hypersensitive) in (a) and DEC formation
in (b) were quantified by phosphorimaging, plotted versus dTTP concentration, and fitted to
single-ligand binding curves (solid lines). (d) DNase I footprinting on the 3′-labeled template
strand. DNase I footprinting was performed as in (a) but with 3'-[32P]ddAMP-labeled WL50
template annealed with unlabeled ddAMP-terminated L32 primer. The arrow indicates the
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position of the hypersensitive site induced by dTTP binding formed by cleavage between
position −21 and −22 on the template. A partial sequence of the P/T is shown. The +1 base on
the template is bold and underlined. AH indicates ddA. (e) Quantitative comparison of template
DNase 1 footprinting and stable complex data. The radioactivity in the bands at −7 (protected)
and −22 (hypersensitive) in (d) were quantified by phosphorimaging, plotted versus dTTP
concentration, and fitted to single-ligand binding curves (solid lines). DEC formation with
labeled template is also shown. (f) Kd,app's calculated from data from experiments such as those
in (c) and (e). The mean and range are shown for at least two experiments for each value.
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Figure 2. Effects of noncomplementary dNTPs on DNase I footprints and stable complex formation
by HIV-1 RT
(a), (c), (e) Five nM 3'-[32P] ddAMP-terminated L32 primer annealed to the indicated template
was incubated in the absence or presence of HIV-1 RT and the indicated concentrations of
dATP, dCTP, dGTP or dTTP followed by exposure to DNase I and electrophoresis performed
as in Figure 1(a). Band positions are indicated as in Figure 1. The black and white arrows
indicate the hypersensitive sites observed for +1 and +2 complexes, respectively. (b), (d), (f)
EMSA detection of stable complex formation. Labeled P/Ts were incubated with HIV-1 RT
as in (a),(c), and (e), and the concentrations of dNTPs indicated at the bottom of each panel
followed by separation of P/T and DEC as described in Figure 1(b). A partial sequence of each
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P/T is shown in panels (b), (d) and (f) with the +1 and +2 template nucleotides shown in bold.
The +1 nucleotide is underlined. AH indicates ddA .
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Figure 3. Effects of foscarnet on DNase I protection and stable complex formation by HIV-1 RT
(a) DNase I footprinting as a function of added foscarnet. Labeled 3′-[32P]ddAMP-L32/WL50
P/T was incubated in the absence or presence of HIV-1 RT and the indicated concentrations
of foscarnet (fosc) followed by exposure to DNase I and electrophoresis performed as in Figure
1(a). Band positions relative to the primer terminus are shown on the left. The arrows indicate
the hypersensitive sites induced by foscarnet. (b) EMSA detection of stable complex formation
as a function of foscarnet concentration. Labeled P/T was incubated with HIV-1 RT and the
indicated concentrations of foscarnet followed by separation of P/T and DEC as described in
the legend to Figure 1(b). (c) Comparison of DNase I footprints with 3′-labeled primer with
800 μM dGTP, 800 μM dTTP or 3.2 mM foscarnet. Labeled P/T was incubated in the absence
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or presence of HIV-1 RT with the indicated ligand followed by exposure to DNase I and
electrophoresis performed as in Figure 1(a). Arrows indicate hypersensitive sites induced by
foscarnet (dashed), dTTP (solid black), or dGTP (white).

Meyer et al. Page 21

J Mol Biol. Author manuscript; available in PMC 2007 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. DNase I protection on P/Ts terminated with dT analogues
Five nM L32 primer annealed to WL50 template was extended with [32P]-dATP, terminated
with the indicated dT-analogue and incubated in the absence or presence of 200 nM HIV-1 RT
and no ligand, 3.2 mM foscarnet or 200 μM of the indicated dNTP followed by exposure to
DNase I and electrophoresis performed as described in Figure 1(a). Band position relative to
the primer terminus is indicated to the left of the lanes. The arrows indicate hypersensitive sites
induced by foscarnet (dashed) or +1 dNTP (solid). A partial sequence of the P/T is shown
where the first downstream templating base is in bold and underlined. TH indicates the chain-
terminating dT-analogue residue in each of the primers (identified at the top of each panel).

Meyer et al. Page 22

J Mol Biol. Author manuscript; available in PMC 2007 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Lambda exonuclease mapping of the upstream borders of HIV-1 RT bound to P/T
(a) Five nM 5'-phosphorylated, 3'-[32P]ddAMP-labeled L32 primer annealed to WL50
template was incubated in the absence or presence of excess HIV-1 RT and the indicated ligand
followed by incubation with lambda exonuclease. Products were separated by electrophoresis
through a non-denaturing 20% polyacrylamide gel and the radioactivity visualized through
phosphorimaging. The numbers to the left of the lanes indicate the size of the digestion products
(in nucleotides). These values also correspond to positions relative to the primer terminus (e.g.,
10 indicates the product of digestion that stopped at the bond upstream of position −10, etc.)
Arrows on the right of (a) and at the bottom of panel (c) indicate the predominant stop site for
lambda exonuclease digestion in the foscarnet complex (red), +1 complex (green) or +2
complex (blue). (b) The radioactivity was quantified using phosphorimaging for digestion
products obtained in the presence of foscarnet (short dashes), dTTP (solid line) or dGTP (long
dashes) and plotted versus primer position. (c) Diagram showing map positions for
predominant barriers to digestion initiated at the phosphorylated 5′ end of the 3′-labeled primer
by lambda exonuclease (shown by the Pac-Man figure). Overlapping colored rectangles
represent expected exonuclease protected regions for each complex. The light blue line
corresponds to a weaker barrier at position −28 encountered by lambda exonuclease digestion
in the presence of dGTP. Nucleotide positions relative to the primer terminus are shown in the
scale at the top of the diagram.
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Figure 6. RecJf exonuclease mapping of the downstream borders of HIV-1 RT bound to chain-
terminated P/T
(a) Five nM 3'-[32P]ddAMP-labeled WL65 template annealed to unlabeled ddAMP-terminated
L32 primer was incubated in the absence or presence of 12.5 nM HIV-1 RT and the indicated
ligand (0.8 mM dNTP, 3.2 mM foscarnet or no ligand), followed by incubation with RecJf
exonuclease as described under Experimental Procedures and electrophoresis performed as in
Figure 5. Numbers on the left of the lanes indicate the size of the digestion products (in
nucleotides) and the numbers to the right of the lanes indicate the map positions of the
predominant downstream barriers to digestion (+1 is the first template base following the
primer terminus). The arrows in (a) and (c) indicate predominant barriers to RecJf exonuclease
digestion (color-coded as in Figure 5). (b) The radioactivity in the gel in (a) was quantified
using phosphorimaging for the products of digestion of complexes formed with foscarnet (short
dashes), dTTP (solid line) or dGTP (long dashes) and plotted versus distance from the primer
terminus. (c) Diagram showing map positions for predominant barriers to digestion initiated
at the 5′ end of the 3′-labeled template by RecJf exonuclease (shown by the Pac-Man figure).
Overlapping rectangles represent regions of the P/T protected from exonuclease digestion for
each complex. The dark and light red lines correspond to barriers (positions +7 and +8,
respectively) encountered by RecJf digestion in the presence of foscarnet. Nucleotide positions
relative to the primer terminus are shown in the scale at the bottom of the diagram.
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