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Abstract
The Lys65 residue, in the fingers domain of HIV reverse transcriptase (RT), interacts in a
sequence independent fashion with the incoming dNTP. Previously, we showed that a 5 amino
acid deletion spanning Lys65 and a K65A substitution both enhanced the fidelity of dNTP
insertion. We hypothesized that the Lys65 residue enhances dNTP misinsertion via interactions
with the γ-phosphate of the incoming dNTP. We now examine this hypothesis in pre-steady state
kinetic studies using wild type HIV-1 RT and two substitution mutants: K65A and K65R. The
K65R mutation did not greatly increase misinsertion fidelity, but the K65A mutation led to higher
incorporation fidelity. For a misinsertion to become a permanent error, it needs to be accompanied
by the extension of the mispaired terminus thus formed. Both mutants, and the wild-type enzyme,
discriminated against the mismatched primer at the catalytic step (kpol). Additionally, K65A and
K65R mutants displayed a further decrease in mismatch extension efficiency, primarily at the level
of dNTP binding. We employed hydroxyl radical footprinting to determine the position of the RT
on the primer-template. The wild-type and Lys65 substituted enzymes occupied the same position
at the primer terminus; the presence of a mismatched primer terminus caused all three enzymes to
be displaced to a −2 position relative to the primer 3’ end. In the context of an efficiently extended
mismatched terminus, the presence of the next complementary nucleotide overcame the
displacement, resulting in a complex resembling the matched terminus. The results are consistent
with the observed reduction in kpol in mispaired primer extension being due to the position of the
enzyme at a mismatched terminus. Our work shows the influence of stabilizing interactions of
Lys65 with the incoming dNTP in affecting two different aspects of polymerase fidelity.
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Introduction
HIV-1 reverse transcriptase (RT) is required for replication of the HIV genome. HIV-1 RT
shares its overall architecture with all other DNA polymerases; it resembles a right hand in
shape, with fingers, palm and thumb subdomains 1. Although the polymerase has several
features in common with high fidelity, replicative DNA polymerases (e.g., a sterically
constrained active site, movement of the fingers domain following dNTP binding, and a lack
of dependence on Watson-Crick hydrogen bonds for dNTP incorporation), it has a lower
fidelity of DNA replication 2,3. This error-proneness is one of the major factors in the high
level of sequence diversity observed within viral populations, from which drug- and
immune-escape variants emerge swiftly.

A crucial event during viral DNA synthesis, at which the errors are introduced, involves the
selection of correct dNTP for insertion at the growing viral DNA terminus. The incoming
dNTP in the polymerization reaction is stabilized via direct interactions with RT residues in
the dNTP binding site; hydrogen bonds are formed between Lys65 and the γ-phosphate of
the incoming residue, Arg72 and the α and β-phosphate, and Gln151 with the sugar 3’-OH 4.
These interactions are sequence independent; they do not require that the incoming dNTP be
complementary to the template base. Following dNTP binding, the RT undergoes a
conformational change, which is the rate-limiting step in catalysis 4–7. The rate-limiting
step is further reduced in dNTP misinsertion or mismatch extension; this discrimination is
hypothesized to be due to constraints imposed by the shape and flexibility of the dNTP
binding pocket8–12. The RT dNTP binding pocket is sterically constrained by residues that
interact directly with the dNTP, and by the template base, the primer 3’ terminus, the
divalent cation co-factors and by stacking interactions between Arg72 and the incoming
dNTP 4,9. The primer and template strand are themselves constrained by interactions with
the RT. Polymerase fidelity is thus influenced by changes in either residues directly
interacting with the incoming dNTP or altering the steric constraint of the dNTP binding
pocket (reviewed in reference 13.)

The fingers subdomain of RT contains a small structural element, the β3-β4 loop, which
projects into the dNTP-binding site of the enzyme. The loop contains several residues that
are important in drug resistance and replication fidelity, including the lysine 65 residue that,
as previously mentioned, forms a hydrogen bond with the incoming dNTP. We, and others,
have previously demonstrated that deletion of the entire β3- β4 loop, or a K65A substitution
14,15, leads to an increased fidelity through an increase in dNTP selection stringency. The
increase in stringency was hypothesized to occur because in the wild-type enzyme, a
hydrogen bond between the K65 residue and the γ-phosphate of the incoming dNTP
stabilizes the dNTP in the enzyme active site. In the absence of this interaction, the dNTP
stabilization is reliant on other interactions, which are more sequence specific, leading to
higher fidelity 14. In the present work, we have examined this hypothesis via the use of pre-
steady state kinetics. Our results revealed that correct dNTP insertion was enhanced over
incorrect for the K65A mutant via a decreased incorporation efficiency for the incorrect
dNTP.

Insertion of an incorrect dNTP is only one aspect of enzyme fidelity. In order for a
misinserted dNTP to become part of a DNA chain, the polymerase must be able to add a
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dNTP to the 3’-OH of the newly misinserted dNMP, extending the nascent DNA strand.
HIV reverse transcriptase is very efficient at extending a DNA strand from a mismatched
terminus in comparison to other DNA polymerases and reverse transcriptases including, for
example, a replicative DNA polymerase 16 and other retroviral reverse transcriptases 17.
However, even HIV RT is less efficient at extending a mismatched terminus than a fully
matched terminus. Interestingly, the discrimination against a mismatched terminus appears
to occur through a reduction in dNTP incorporation efficiency, rather than through a reduced
efficiency in binding the primer-template with a mismatched terminus 18. In this report, we
have used pre-steady state kinetics to investigate the role played by the Lys65 residue in
mismatch extension fidelity. Our results show that both substitutions (Arg and Ala) at Lys65
led to decreased efficiency of mismatch extension, primarily through a decreased affinity for
the incoming dNTP. Site specific hydroxyl radical footprinting of HIV-1 RT complexes with
matched and mismatched template primers revealed that with a mismatched terminus the
wild-type and mutant RTs are displaced to a −2 position with respect to the templating base,
which is consistent with the observed reduction in kpol in mispair extension.

Results
In order to examine the role of lysine 65 on replication fidelity, we employed recombinant,
purified HIV-1 RT with either a K65R or K65A substitution, and compared them to the
wild-type enzyme in fidelity assays. First, single-dNTP extension assays, in which a 32P 5’-
labeled primer annealed to an unlabeled template oligonucleotide was extended in the
presence of a single dNTP, were used to assess the effect of Lys65 substitutions on RT
fidelity. Qualitative experiments showed, as previously demonstrated, that the K65A
substitution resulted in an RT that was far less efficient at dNTP misinsertion than the wild-
type enzyme (Figure 1), particularly in the misinsertion of dCMP and dTMP opposite a
template thymine. In order to investigate the role that the K65 residue plays in this
discrimination, pre-steady state single dNTP incorporation assays were performed.

Pre-steady state kinetics can be used to determine both the dNTP binding affinity (Kd) and
the rate of catalysis (kpol), which, in HIV-1 RT, is limited by the conformational change
required to align the incoming dNTP with the primer terminus. Nucleotide discrimination is
due to changes in either, or both, Kd or kpol for incorrect dNTP incorporation, relative to that
of correct dNTP. Selcectivity and fidelity of nucleotide insertion were assessed, as described
in the legend to Table 1. Overall, the K65A mutation caused an increase in misinsertion
fidelity of between 2 and 4-fold compared to the wild-type enzyme. Utilizing a template
purine, a greater fold-reduction in catalytic efficiency (kpol/Kd) was observed for
misinsertion of the pyrimidine nucleotides (dCMP and TMP) by K65A, as compared to
misinsertion of dGMP (Table 1). Selection against the pyrimidine nucleotides was mostly at
the level of dNTP binding; the effect of the K65A substitution was to increase the Kd of the
incorrect dNTP (for dCTP, the Kd was increased 166-fold for wild type and 515-fold in
K65A compared to the correct dNTP), with only a minor effect on kpol relative to the wild-
type (Table 1).

For utilization of dGTP, the K65A substitution caused a greater fold change in kpol
compared to wild-type. The fold change in kpol from correct dNTP insertion for WT was 67-
fold and for K65A, it was 132-fold whilst the Kd fold change from correct dNTP was similar
for the two enzymes (83-fold and 104-fold for wild-type and K65A respectively, see Table
1).

The K65R substitution had a less defined effect on misinsertion fidelity. The substitution did
not alter affinity of the RT for the correct dNTP, and either had no effect (dGTP, dTTP) or
increased affinity (dCTP) for incorrect dNTPs. The kpol was reduced compared to wild-type

Garforth et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2011 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for both correct (approximately 2-fold) and incorrect (3 to 9-fold) dNTP incorporation, with
a resultant modest effect on fidelity (defined by [(kpol/Kd)Correct + (kpol/Kd)incorrect]/(kpol/
Kd)Incorrect). However, in absolute terms, the K65R RT is considerably less efficient at
misinsertion compared to the wild-type enzyme (WT(kpol/Kd)Incorrect / K65R(kpol/Kd)Incorrect
= 2.5 to 3.6-fold), largely due to the reduction in kpol (Table 1).

Next, the influence of the lysine 65 substitutions on mismatch extension was investigated by
comparing the extension of radiolabeled DNA primers with matched and mismatched 3’
termini, annealed to DNA templates, in reactions containing dATP (the next complementary
dNTP). Two different mismatched termini, A:G and G:T, were employed in these assays.
The G:T base-pair is more similar to a canonical base-pair than the purine-purine A:G
mismatch. Qualitatively, it was clear that both the conservative (K65R) and nonconservative
(K65A) substitutions greatly reduced the efficiency of mismatch primer extension from an
A:G mismatch (Figure 2), with K65A having a greater effect. Extension from the G:T
mismatch was similar to extension from the matched terminus, and no qualitative difference
could be seen between the three enzymes. Pre-steady state kinetic measurements were used
to quantify the differences in extension, and it was demonstrated that from the A:G
mismatch the K65R mutant did not alter kpol, and with the K65A mutant, the reduction in
kpol was modest (4.5-fold compared to wild-type). However, the influence of the
substitutions on the dNTP Kd was dramatic, leading to a decrease in affinity of 13-fold and
52-fold respectively for K65R and K65A (Table 2). From the more conservative G:T
mismatch K65R and K65A again showed a small reduction in kpol compared to the wild-
type enzyme. The nucleotide Kd was also increased for the K65A enzyme, but to a much
more modest extent (2.5-fold compared to wild-type).

In a comparison between matched (A:T, Table 1) and mismatched primer termini (A:G,
Table 2), it can be seen that the wild-type enzyme discriminates against the mismatched
primer terminus largely on the basis of a reduced kpol; however, with the K65R and K65A
substitutions the effect of increased Kd for dNTP (decreased affinity) becomes an
increasingly important factor in the discrimination.

Site-specific footprinting, in which hydroxyl radicals are generated at the RNase H active
site in the presence of Fe2+ 19, help identify the position of the reverse transcriptase on the
primer-template. Comparison of a ladder generated by thymidine-specific cleavage of the
template strand to the iron-dependent, RNase H directed cleavage of the template strand
demonstrated that the products corresponded to cleavage at the −17, −18 and −19 positions,
relative to the primer terminus (Fig. 3A and B). The specific position of the RT on the
mismatched primer-template was identified by comparison to cleavage reactions performed
under different conditions, such that the RT was locked into a particular position on the
primer-template (Figure 3A). The post-translocation position of the RT on the primer-
template was identified by Fe2+ directed footprinting on a primer blocked at the 3’-end with
a dideoxynucleotide in the presence of the next complementary dNTP (Fig. 3A, band labeled
“b”). The pre-translocation position (labeled “a” in Fig. 3A) was identified by footprinting in
the presence of phosphonoformic acid (PFA), a non-hydrolyzable pyrophosphate analogue
20. Footprinting was also carried out with a primer shortened by a single dNTP at the 3’ end,
both in the presence and absence of PFA. Using PFA, the pre-translocation complex on this
template-primer was determined to lead to a −19 cleavage product. Control reactions
demonstrated that the footprinting was dependent on the presence of both enzyme (Fig. 4)
and Fe2+ (Figure 3A), and that the presence of the dideoxynucleotide on the blocked primer
did not itself alter positioning compared to the deoxynucleotide terminated primer (result not
shown).
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Using primer-templates with the same sequence as those used in the pre-steady state kinetics
assays, the position of the RT was shifted when the primer terminus was mismatched
(Figures 3 and 4). It is clear that on a mismatched primer, the RT favored a position
equivalent to the pre-translocation position on a primer shortened by a single dNTP.
However, the positioning was not grossly altered in the K65A and K65R RT mutants
compared to the wild-type (Figure 4). Additionally, the shift in position was seen with both
the mismatched termini tested, A:G and G:T (Fig 4D), although with the A:G mismatch a
greater proportion of −19 complexes were observed.

Following binding of the next complementary nucleotide, the enzyme is in a post-
translocation complex. The ability of the wild-type and mutant RTs to enter the post-
translocation complex was measured on both matched and mismatched primer termini
(Figure 5), using primers in which the 3’ terminus is blocked with a dideoxynucleotide, and
in the presence of the next complementary nucleotide (dATP). Under these conditions, the
enzymes were found to occupy a predominantly −17 position on the matched termini. On
the G:T mismatched termini the wild type and K65R enzymes were also mostly in a −17
position; however, this effect was less pronounced with the K65A substitution. When the
template:primer contained the more extreme A:G mismatch, all three enzymes were present
at positions −19, −18 and −17 (Fig. 4D).

Discussion
The Lys65 residue has been implicated in misinsertion fidelity 14,15,21. Using a forward
mutation assay, in which substitution, deletion and insertion mutations were measured, the
K65R mutation was found to increase RT fidelity by 8-fold through a decrease in all three
types of error 21. Steady state experiments suggested that the increased fidelity in RT with
Lys65 substitutions was due to a reduced binding of incorrectly base-paired dNTPs in the
active site; in the absence of the interaction between Lys65 and the incoming dNTP,
polymerization is dependent on Watson-Crick hydrogen bonds between the incoming and
templating bases 14. In addition to the role that Lys65 plays in the binding of the incoming
dNTP, it also has a role in maintaining the dNTP and residues around the active site in the
correct conformation for efficient catalysis 22.

Discrimination against misinsertion of pyrimidine dNTPs (with a pyrimidine template base)
by K65A RT is due to a decrease in kpol and increased Kd; the decrease in dNTP binding
affinity is the largest factor. However, reduced misinsertion of dGMP with a template
thymidine is predominantly through a reduction in kpol. The loss of the interaction between
Lys65 and the γ-phosphate of the incoming dNTP in the K65A substituted RT will result in
a greater dependency on other interactions in the dNTP-binding pocket to stabilize binding
of the incoming nucleotide. With a template pyrimidine, it may be expected that an
incoming purine will be more able to form these interactions with the RT, even in the
absence of complementary Watson-Crick hydrogen bond formation, than an incoming
pyrimidine. Thus, stable binding of the incorrect dNTP in the active site would be less
dependent on the hydrogen bond between the γ-phosphate of the incoming dNTP and Lys65,
and the K65A substitution has less effect on Kd. However the change in kpol caused by the
K65A substitution suggests that after binding dGTP, the rate of the conformational change
preceding the chemistry step is reduced, possibly due to the improper alignment of the
incorrect dNTP with the template base.

As expected, the K65R substitution has no, or little, effect on the binding of either a correct
or incorrect dNTP; one of the guanidinium nitrogens of the Arg65 residue is positioned to
coordinate the incoming dNTP similarly to Lys65 in the wild type. The K65R mutation has
a significant effect on kpol for misinsertion. The recently solved ternary structure of K65R

Garforth et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2011 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RT in complex with template-primer and an incoming dATP suggests that the K65R
substitution locks the Arg72 side-chain into a particular orientation via a stacking
interaction, and it was hypothesized that the structural constraint imposed by the K65R/
Arg72 interaction could be involved in the higher fidelity of the K65R mutation 22. The
Arg72 side chain is extremely important in catalysis, interacting with the incoming dNTP
through stacking interactions with the base, and hydrogen bond formation with the α-
phosphate 4. In the context of misinsertion, the Arg72, with less freedom of movement due
to the K65R substitution, may be less able to coordinate the dNTP for optimal catalysis,
hence reducing the kpol. Similarly, K65R results in resistance to dideoxynucleotide
inhibitors 23, and this has been shown to be due to a reduction in kpol 24,25; the K65R
mutation also allows binding of dNDPs by RT, but the wild-type residue is required for
incorporation 26.

In order for a misincorporated dNTP to be “fixed” within a nascent DNA strand, the
polymerase has to be capable of extending the mismatched primer terminus that results from
such a misinsertion 16. In addition to the frequency of misinsertion, the efficiency of
mismatch primer extension is an important aspect of DNA replication fidelity. Both the
K65A and K65R mutations lead to a decrease in mismatch extension efficiency compared to
the wild-type enzyme. The difference in fidelity caused by the substitutions is almost
entirely at the level of dNTP binding; on the purine-purine mismatched terminus, the K65R
and K65A substitutions increase the dNTP Kd, compared to the wild-type, approximately
13-fold and 52-fold respectively. However, when extension of matched and mismatched
primer termini are compared, it is clear that the wild-type enzyme discriminates against the
mismatched primer on the basis of kpol rather than Kd. The reduction in kpol in the wild-type
enzyme on a mismatched primer has been previously reported, and it was suggested that,
depending on sequence context, this reflects a change in the limiting step of catalysis 18.
Mismatch extension may be limited by the rate of the chemical step, rather than the
preceding conformational change as is the case for the wild-type enzyme at a matched
primer terminus 5,27.

The K65R mutation has previously been demonstrated to result in an 8-fold increase in base
substitution fidelity using a forward mutation assay 21. A high proportion of the
substitutions observed in that assay occurred at homopolymeric runs, hypothesized to be due
to increased pausing of the reverse transcriptase at homopolymeric sequences. The
proportion of errors made by the wild type enzyme at homopolymeric runs was higher than
that of the K65R. This dynamic effect of sequence context on the misinsertion event cannot
easily be analyzed by pre-steady state kinetics.

K65R reduces sensitivity of HIV to tenofovir and ddNTPs, but is rarely selected as a result
of drug treatment. Several studies have shown that patient-derived or recombinant virus
containing the K65R mutation has a lower replicative capacity than wild-type in cell culture
(from ~20% to 60% that of wild type) 28–30, but conflicting results have also been reported,
showing that the K65R mutation does not grossly impact viral replicative capacity in cell
culture, in either single- or multiple cycles of infection 23,25. The K65R mutation results in
a decrease in kpol for the correct, natural dNTPs28, but this does not seem to be sufficient to
explain the lack of selection in vivo. It has been suggested that a biased reduction in
efficiency in dNTP incorporation, particularly affecting purine utilization 28, or a reduction
in processivity at low dNTP concentrations 30, reduces the viral fitness. However, the
results presented here suggest other possibilities for a reduction in fitness. Although K65R
results in an increase in misinsertion fidelity, there is an additional decrease in mismatch
extension from some termini, which is due to a 10-fold increase in dNTP Kd compared to the
wild-type. Thus, following a misinsertion, the K65R substituted RT is less capable of
extending the nascent strand than the wild-type enzyme, presumably reducing the overall
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replication efficiency and therefore viral fitness. This effect is clearly influenced by the
particular base-pair at the mismatched terminus; by comparison, at a G:T mismatch the
affinity of the K65R substituted RT for the next nucleotide was increased.

The wild-type RT does not discriminate against a mispaired primer terminus through
decreased primer-template binding, but rather through incorporation of the incoming dNTPs.
However, mutant RTs that have non-aromatic substitutions of residues that directly interact
with the primer-template (Trp24 and Phe61) do reduce mismatched primer-template binding
and additionally reduce the rate with which a mismatched terminus is extended 31,32. V148I
and Q151N substitutions in reverse transcriptase also increase mismatch extension fidelity,
producing mismatch extension efficiencies that approach the misinsertion efficiency 33; in
contrast, the wild-type enzyme is 1–2 orders of magnitude more efficient in primer
misextension than dNTP misinsertion 18. The Arg72 residue, which like Lys65 is involved
in dNTP binding, has also been implicated in both misinsertion and mismatch extension
fidelity by playing a role in stabilizing the binding of incorrect dNTPs in the RT active site
34. The Y115W substitution also reduces dNTP binding affinity and decreases primer
mismatch extension, although this effect can be somewhat mitigated by the presence of a
primer-grip substitution, M230I 35. In RTs containing V75I, a secondary mutation
associated with mutations conferring resistance to both ddNTPs and NNRTIs, there is an
increase in incorporation fidelity and, to a greater degree, a decrease in efficiency of
mismatch extension. The mechanism through which V75I acts is less clear, as the residue
does not interact directly with the incoming dNTP, but does interact with the template
overhang 36.

Site-specific Fe2+-dependent hydroxyl radical generation at the RNase H active site has been
used to identify the position of RT on a primer-template 19, and has been used to
demonstrate that positioning is altered by a mismatched primer terminus37. The Fe2+

induced cleavage pattern that we observe here is somewhat different to that reported
previously 37, in which only two cleavage products corresponding to 17 and 18 dNTPs from
the primer terminus were reported using a matched primer-terminus. The precise positioning
of the RNase H site relative to the primer terminus is likely sequence-dependent; several
cleavage products have been reported using this assay on other primer-templates 38. More
intriguingly, although the previous report with the wild-type enzyme and a mismatched
primer demonstrated a difference in positioning compared to the matched primer, the
difference was in the opposite direction from what we observe here 37; the results in this
report demonstrate that on a mismatched primer the RT can occupy a position corresponding
to a pre-translocation complex on a primer shortened by 1 nucleotide at the 3’ end (Fig. 3),
whereas in the previous report a mismatched primer terminus increased the proportion of the
RT in a post-translocation complex. This may be due to differences in the sequences of the
primer-templates utilized, or differences in the primer length; as the double-stranded primer-
template in the previous report was only 18 dNTPs in length, that may have prevented the
RT from sliding to an upstream position corresponding to that observed here.

At a matched primer terminus, the RT was found predominantly in a −17 position,
corresponding to the post-translocation complex. The presence of either the A:G or G:T
mismatch caused a shift in this position, such that between 30 and 40% of the cleavage
occurred at the −19 position, corresponding to a −2 pre-translocation complex. There was
little difference in the extent of this shift between the A:G and G:T mismatches; the change
in position on the template:primer did not reflect the difference in efficiency of extension
from the two mismatched termini. However, utilizing a dideoxynucleotide blocked primer,
and in the presence of the next complementary nucleotide, the RT was found predominantly
in the post-translocation complex (−17 cleavage product) with both matched primer termini,
and with the G:T mismatch (Fig 5). However, with an A:G mismatch, the RT was still found

Garforth et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2011 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



distributed between the −19 and −17 positions. This suggests that the deformation of the
DNA structure induced by the A:G mismatch is sufficient to prevent the RT from sliding
into the position that it would occupy when a nucleotide is bound in the active site. In
contrast, with a less drastic mismatch, in the presence of the next complementary nucleotide,
the RT can occupy a similar position to that at a matched terminus.

The overall pattern of cleavage is similar for the wild-type and Lys65 substituted RTs,
suggesting that the observed change in positioning of the RT plays a role in discrimination
between matched and mismatched termini for all three of the RTs analyzed. The additional
increase in mismatch extension fidelity displayed by RT with Lys65 substitutions is not due
to any further change in position relative to the template-primer. This would suggest that the
change in position correlates with the reduced kpol that all three enzymes display on a
mismatched primer. As shown in the model depicted in Fig. 6, the mismatched primer
termini may reduce occupancy by the RT at the primer terminus. With the RT in the −2 pre-
translocation position, the incoming dNTP cannot be bound, which would result in a non-
productive complex, and a reduction in the measured kpol.

Materials and Methods
RT expression and purification

Plasmids encoding RT with substitutions at position 65 were a kind gift of Professor
Parniak. The constructs contained the HIV-1 RT and protease sequences; following
induction of expression, RT was cleaved to the p66 and p51 subunits by the coexpressed
protease, so the mutation was contained in both subunits. Expression and purification were
essentially as described14. Briefly, the RT was expressed in DH5α F’LacIq (codonplus), and
the RT heterodimers were purified via an N-terminal hexahistidine tag. Following initial
purification with a Ni2+-Sepharose column, the enzyme was desalted and purified through
two ion exchange chromatography steps; the flow-through from a DEAE column was
collected and applied to a Mono-S column, and eluted with a NaCl gradient. All purification
steps were carried out at room temperature using an Äkta Explorer (Amersham
Biosciences). All preparations were found to be free of nucleases.

Oligonucleotide preparation and purification
Oligonucleotides (sequences shown in Fig. 2) were synthesized by Integrated DNA
Technologies (Coralville, Iowa, USA), and purified on a 10% denaturing acrylamide gel.
For blocked primers, oligonucleotide (15 µM) was incubated at 37°C for 30 minutes in a
reaction containing 1 mM dideoxynucleotide, 0.2 mg/ml BSA, 1×TdT buffer (as supplied by
the manufacturer) and 20 units Terminal deoxynucleotidyl transferase (TdT; USB Corp,
Ohio, USA) in 100µl. Enzyme was heat inactivated, and the oligonucleotides were phenol/
chloroform extracted, ethanol precipitated and purified by size exclusion on a p30 Micro
Bio-Spin column (Biorad). For the pre-steady state kinetic analysis, DNA oligonucleotides
were synthesized on an Applied Biosystems 380A DNA synthesizer (DNA synthesis
facility, Yale University) and purified using denaturing polyacrylamide gel electrophoresis
(20% acrylamide, 8 M urea). Primer strands of the DNA/DNA duplex was 5'-radiolabeled
with T4 polynucleotide kinase (New England Biolabs) as previously described1. The DNA/
DNA duplex was formed by annealing a 1:1.4 molar ratio of primer to template at 90°C for
5 min, 50°C for 10 min, and 0°C for 10 min. The duplex mixtures were then analyzed by
nondenaturing polyacrylamide gel electrophoresis (15%) to ensure complete annealing. The
concentrations of oligonucleotides were determined by UV absorbance at 260 nm using
calculated extinction coefficients.
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Qualitative single dNTP insertion assays
5’ 32P end-labeled primer was annealed to the template oligonucleotide. The enzyme and
primer-template were incubated at 37°C for 10 minutes in a reaction mix containing 10 nM
RT, 100 nM primer-template 50 mM Tris-HCl, pH 8.0, 50 mM KCl, 6 mM MgCl2, 1 mM
DTT, 0.1 mg/ml ultrapure BSA (Ambion) and one dNTP, at a concentration specified in the
figure legend. The reaction products were separated on a denaturing 10% polyacrylamide
sequencing gel, and exposed to a phosphoimager screen.

Rapid Quench Experiments
Rapid chemical quench experiments with a KinTek Instruments Model RQF-3 rapid-
quench-flow apparatus were performed as previously described 5,39. Single-turnover pre-
steady state kinetic experiments were used to examine incorporation of the next dNTP into a
DNA/DNA duplex at 37°C. These are conducted under conditions in which enzyme is in
excess over radiolabeled oligonucleotide to allow one to examine chemical catalysis during
a single enzyme turnover40. Values for Kd and kpol were determined for incorporation of
correct and incorrect dNTPs on a matched DNA/DNA primer/template and for incorporation
of correct dNTPs on a DNA/DNA primer/template with a mismatched primer 3'-end. The
reactions were carried out by rapidly mixing a solution containing the preincubated complex
of 250 nM HIV-1 RT (active site concentration) and 5'-end labeled 50 nM DNA/DNA
duplex with a solution of 10 mM Mg2+ and varying concentrations of dNTP in the presence
of 50 mM Tris-HCl and 50 mM NaCl at pH 7.8. For dNTP misinsertion experiments, the
correct dNTP (dATP) ranged from 100 nM to 50 µM and incorrect dNTPs (dCTP, dGTP,
and dTTP) ranged from 100 µM to 10 mM. For mismatched extension experiments, the
correct dNTP (dATP) ranged from 5 µM to 1.5 mM. Polymerization was quenched with 0.3
M EDTA at specific time intervals. For dNTP misinsertion experiments, the time points
ranged from 0.01 to 2 sec for correct dNTP and from 0.5 sec to 30 min for incorrect dNTPs.
For mismatched extension experiments, time points ranged from 0.01 sec to 120 min. All
concentrations refer to the final concentration after mixing. In the cases where long reaction
times were required, manual quench experiments were performed by mixing the two
solutions (RT preincubated with primer/template and dNTP with MgCl2) were mixed and
incubated at 37°C, and at regular time intervals, 5 µl of the reaction solution was removed
and quenched with EDTA. Products were analyzed by sequencing gel analysis (20%
polyacrylamide gel, 8M urea, 1× TBE running buffer) and quantitated using a Bio-Rad
Molecular Imager FX (Bio-Rad Laboratories, Inc., Hercules, CA).

Data Analysis
Data was fit by nonlinear regression using the program KaleidaGraph (Synergy Software,
Reading, PA). Single-turnover incorporation experiments were fit to a single-exponential
equation: [product] = A[1 − exp(−kobsdt)], where A is the amplitude of product formation
and kobsd is the observed rate at a specific substrate concentration. The dissociation constant
(Kd) of the substrate (dNTP) binding to the complex of RT and primer/template during
dNMP incorporation was calculated by fitting observed rate constants at different
concentrations of dNTP to the hyperbolic equation kobsd = kpol[dNTP]/(Kd + [dNTP]),
where kpol is the maximum first-order rate constant for dNMP incorporation, [dNTP] is the
corresponding concentration of dNTP, and Kd is the equilibrium dissociation constant for
the productive interaction of dNTP with the RT and primer/template complex.

Fe2+-dependent RNase H site footprinting
Reactions, containing 40 nM enzyme, 50 mM Tris-HCl, pH 8.0, 50 mM KCl, 5 mM DTT, 1
mM MgCl2, 0.1 mg/ml ultrapure BSA and 2.5 nM primer-template (5’-32P labeled template
strand annealed to a 2-fold molar excess of unlabeled primer strand) were incubated for 5
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minutes at 37°C. Phosphonoformic acid (PFA, Foscarnet) (1 mM) or dATP (1 mM) were
added as indicated, and incubated for a further 5 minutes, before cleavage was initiated by
addition of 33 µM Fe(NH4)2(SO4)2. The cleavage reaction was allowed to proceed for 2
minutes, and was terminated by the addition of 5 volumes of stop mix (95% formamide, 15
mM EDTA, 0.2 mg/ml bromophenol blue). Cleavage reactions were separated on a
denaturing 15% polyacrylamide sequencing gel. Product size was determined by comparison
to 5’ end labeled template cleaved to generate thymidine specific and single-nucleotide
ladders. The thymidine specific ladder was generated by mixing 25 fmol of 5’ 32P end-
labeled template oligonucleotide with an equal volume (20 µl) of 1 mM KMnO4 in 3M
tetraethylammonium chloride 1, and incubating for 10 minutes at room temperature.
Following ethanol precipitation, the modified nucleotides were cleaved by treatment with
10% piperidine at 90°C for 30 minutes, ethanol precipitated, and resuspended in formamide
stop mix (as above). The single nucleotide ladder was generated using the Fenton reaction;
50 fmol of endlabeled oligonucleotide was incubated at room temperature for 2.5 minutes in
a reaction containing 1 mM ascorbate, 0.03% H2O2, and 10 µM Fe(II)-EDTA, as
described1.
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Figure 1.
Single dNTP incorporation by wild-type and K65A reverse transcriptases. 5’-end labeled
primer, annealed to the template strand, was incubated with reverse transcriptase for 10
minutes in the presence of either the correct dNTP (dATP, 5, 25, 100, 500, 2500 nM) or
incorrect dNTP (2.5, 10, 50, 250, 1000 µM).
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Figure 2.
Extension from a mismatched terminus by wild-type, K65R and K65A reverse
transcriptases. 5’-end labeled primer with either a matched or non-complementary 3’ dNTP,
was annealed to the template strand, and extended with reverse transcriptase. A. extension
from a template:primer strand terminated with an A:G mismatch or an A:T base-pair. B.
extension from G:T and G:C terminated template :primer. The 10-minute extension
reactions were performed with dATP at 5, 25, 100, 500, 2500 nM for the matched terminus
and G:T mismatch, and 2.5, 10, 50, 250, 1000 µM at the mismatched A:G terminus. The
sequence of the template:primer utilized in these experiments is shown; the nucleotides that
are changed are shown as an X (template nucleotide A or G) and a Y (primer nucleotide, C,
G or T).
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Figure 3.
Position of RT on primer-template with matched or mismatched primer terminus by iron
footprinting of the RNase H site on the radiolabeled template strand. A. Wild-type RT was
incubated with different primer-templates, containing primer termini with the specified
terminal base-pairs. 1 mM PFA or 1 mM dATP was added as indicated; in reactions
containing dATP, the primer was terminated with a dideoxynucleotide. Cleavage was
initiated by addition of 33 µM Fe(NH4)2(SO4)2. Products due to cleavage of RT primer-
template pre-translocation and post-translocation complexes are identified by arrows and
lettered a and b respectively. Cleavage products from a template-primer shortened by a
single nucleotide at the 3’-end (primer −1, sequence shown in B) are shown in the presence
and absence of PFA. The band representing a pre-translocation complex on this
template:primer is indicated by an arrow and the label c. Control reactions C1 and C2
contained matched and mismatched primer termini, but Fe(NH4)2(SO4)2 was not added. The
size of the cleavage products was determined by comparison to a ladder generated by
thymidine-specific and nonspecific hydroxyl radical cleavage of the radiolabeled template
strand (labeled T and OH respectively). The relative positions of the thymidines and the
RNase H directed cleavage events are indicated in B. Likewise, the position of the cleavage
products utilizing the primer −1 sequence are indicated. * on the primer-template sequence
indicates the position of the radiolabeled 5’ terminus.
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Figure 4.
RNase H directed hydroxyl radical footprinting of wildtype and K65 substituted enzymes on
matched and mismatched printer-templates. A. Representative gel showing the positions of
Fe2+ dependent cleavage, relative to the primer 3’ end, with either matched (A:T, G:C) or
mismatched (A:G, G:T) template-primer terminal base-pair. Control reactions C1–C4
contained each template:primer in turn incubated in the absence of enzyme. B, C and D.
Graphical representation of position of wild-type and mutant RTs on template:primer with a
template A, template G, and mismatched terminus respectively. Percentage of cleavage
products is plotted against the position of the cleavage, which is relative to the 3’ terminus
of the primer. Results are from at least three independent reactions, error bars show SEM.
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Figure 5.
RNase H directed hydroxyl radical footprinting of wildtype and K65 substituted enzymes on
matched and mismatched printer-templates, in the presence of the next complementary
nucleotide (1 mM dATP). Primers were terminated with dideoxynucleotide. Reactions and
labeling as for Figure. 5.
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Figure 6.
Diagrammatic representation of reverse transcriptase on matched and mismatched primer
termini. Positions of cleavage relative to the 3’-termini of the primer are marked at the
RNase H active site. The P (polymerization) and N (dNTP binding) – sites of the
polymerase active site are indicated. With a matched primer terminus, the RT can be present
in either a pre- or posttranslocated complex; with a mismatched primer terminus, an
additional −2 pre-translocation complex was observed.
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