
Altered Strand Transfer Activity of a Multi-drug-resistant Human
Immunodeficiency Virus Type 1 Reverse Transcriptase Mutant
with a Dipeptide Fingers Domain Insertion

Laura A. Nguyen2, Waaqo Daddacha1, Sean Rigby3, Robert A. Bambara3, and Baek Kim1

1Department of Microbiology and Immunology, University of Rochester Medical Center,
Rochester, NY USA
2Department of Pathology and Laboratory Medicine, University of Rochester Medical Center,
Rochester, NY USA
3Department of Biochemistry and Biophysics, University of Rochester Medical Center, Rochester,
NY USA

Abstract
Prolonged highly active anti-retroviral therapy (HAART) with multiple nucleoside reverse
transcriptase inhibitors (NRTI) for the treatment of human immunodeficiency virus type 1
(HIV-1) infected patients can induce the development of an HIV-1 RT harboring a dipeptide
insertion at the RT fingers domain with a background thymidine analog mutation (TAM). This
mutation renders viral resistance to multiple NRTIs. We investigated the effect of the dipeptide
fingers domain insertion mutation on strand transfer activity using two clinical RT variants
isolated during pre- and post-treatment of an infected patient, termed pre-drug RT without the
dipeptide insertion and post-drug RT with the Ser-Gly insertion mutation, respectively. First, the
post-drug RT displayed elevated strand transfer activity, compared to the pre-drug RT, with two
different RNA templates. Second, the post-drug RT exhibited less RNA template degradation than
the pre-drug RT, but higher polymerization-dependent RNase H activity. Third, the post-drug RT
had a faster association rate for template binding (kon) and lower equilibrium binding constant KD
to template, leading to the tighter template binding affinity than the pre-drug RT. The koff rates for
pre-drug RT and post-drug RTs were similar. Finally, the removal of the dipeptide insertion from
the post-drug RT abolished the elevated strand transfer activity and RNase H activity in addition
to the loss of AZT resistance. These biochemical data suggests that the dipeptide insertion
mutation elevates strand transfer activity by increasing the interaction of the RT with RNA donor
template, promoting cleavage that generates more invasion site for the acceptor template during
DNA synthesis.
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There are currently more than 17 anti-HIV-1 drugs clinically approved for the treatment of
HIV-1 infected patients 1. These anti-HIV drugs belong to six different classes, which
include the most widely used anti-HIV-1 inhibitors targeting HIV-1 reverse transcriptase
(RT), nucleoside and non-nucleoside RT inhibitors, NRTIs and NNRTIs, respectively 1.
Even with the advent of combination drug therapy, highly active anti-retroviral therapy
(HAART), the emergence of HIV-1 drug resistant mutations remains an issue due to the
high capability of HIV-1 to mutate and escape drug efficacy1; 2; 3.

The low-fidelity, error-prone nature of HIV-1 replication provides the virus with numerous
genomic mutations, which are mixed by frequent recombination events between the two
single stranded HIV-1 RNA genomes during reverse transcription 2; 3; 4; 5; 6; 7. This leads to
the enhancement of the ability of HIV-1 to accumulate viral mutations rendering resistance
to the applied anti-HIV-1 agents 5; 8; 9. Therefore, recombination may allow the virus to
efficiently combine individual pre-existing drug resistant mutations encoded in separate
viral genomes for the generation of an HIV-1 variant that is multidrug resistant5; 9; 10; 11.
Adding to these problems, HAART selects a particular RT population harboring multiple
genomic mutations, which yields simultaneous cross-resistance to similar types of HIV-1
drugs used, leaving fewer choices for further anti-viral treatment 12; 13.

A particular group of clinical HIV-1 RT variants, which causes viral resistance to multiple
NRTIs, contains RT mutations with peptide insertions at the β3–β4 fingers domain of HIV-1
RT along with background thymidine analog mutation (TAM)8; 14; 15; 21. The T69S
substitution mutation generally appears in combination with an inserted dipeptide, typically
Ser and Gly, between position 69 and 70, respectively16; 17; 18; 19; 20; 21. Several biochemical
studies have shown that dipeptide insertion mutation along with background thymidine
analog mutation (TAM) are capable of unblocking primers21; 22; 23; 24; 25. Furthermore, it
has been shown that retroviral recombination under anti-viral drug selective pressure can
generate viral progeny with enhanced or dual resistant mutations10; 11; 26. The impact of the
RT dipeptide insertion on other biochemical activities, such as strand transfer activity of
HIV-1 RT remains to be explored.

In this study, we characterized the biochemical recombination capability of two clinical RT
variants previously isolated from a single HIV-1 patient before and after HAART, termed
pre-drug and post-drug RTs: the post-drug RT is a dipeptide insertion RT containing a Ser-
Gly insertion mutation at positions 69 and 70 of the fingers domain along with a T215Y
TAM. Our study reveals that the post drug-RT has elevated strand transfer activity and
altered interaction with templates, compared to the pre-drug RT. More importantly, the
removal of the dipeptide insertion mutation from post-drug RT simultaneously inactivates
the elevated strand transfer activity and azidothymidine (AZT) resistance, supporting a
mechanistic link between strand transfer and multiple drug resistance of the dipeptide
insertion RT containing T215Y.

Results
Characteristics of an NRTI-resistant HIV-1 RT isolate with a dipeptide insertion in the
fingers domain

We obtained two HIV-1 RT clinical clones (through a collaboration with Dr. Jaap
Goudsmit), which were previously isolated from a single patient before and after prolonged
treatments with multiple NRTIs, termed pre-drug RT and post-drug RT in this study,
respectively. The RT genes were sequenced completely. A portion of the polymerase
domain sequence alignment is shown in Fig. 1A. The pre-drug RT does not harbor any
previously known RT mutations rendering viral resistance to currently available NRTIs and
NNRTIs, and has 97% sequence similarity to the RT of the common laboratory NL4-3
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strain. In contrast, the post-drug RT clone contains a series of RT mutations throughout the
fingers, palm and thumb domains of HIV-1 RT, including a Ser-Gly (SG) insertion between
residues 69 and 70 of the fingers domain and a T215Y TAM mutation. Amino acid
substitution mutation differences in the post-drug RT compared to the NL4-3 WT and pre-
drug RT showed mutations at I329V, T377R, K431T, and I435V in the connection domain
and R461K, P468S, L469I, and K512Q in the RNase H domain. The genome sequence
variations among NL4-3 RT, pre-drug RT and post-drug RT are summarized in
Supplementary figure 1 characterizing all three RT domains. While several additional
mutations were identified in the post-drug RT, compared to the pre-drug RT, none of these
mutations are known to confer RT drug resistance. Specific amino acid differences in the
polymerase domain are shown in Figure 1A, which show common mutations that generally
accompanies the SG insertion at the fingers domain, which includes the T69S and T215Y
TAM known to render viral resistance to multiple NRTIs 8; 16; 23. The T215Y mutation is
persistently found in the Zidovudine (AZT) resistant RT populations and have shown to
enhance primer unblocking in the presence of a dipeptide insertion18; 21; 25.

Next, we confirmed the effect of the SG dipeptide insertion of the post-drug RT on the
biochemical AZT resistance using the AZTTP inhibition assay. For this test, we additionally
constructed an SG-deletion mutant form of the post-drug RT (Post-Drug ∆SG RT). We then
determined how to set the three proteins to equal polymerase activity using a primer
extension reaction with a 5’ end 32P-labeled 23-mer primer annealed to a 38-mer DNA
template, carried out at 250 μM dNTPs (Supplementary figure 2). As shown in
Supplementary figure 2, all three RT proteins displayed a similar level of primer extension
reaction in 5 min reactions as estimated by the percentage of the 38 nt long full length
product (“F”).

Next, we repeated the same experiment as the control experiment with a longer incubation
time (30 min), which generated the complete extension of the primer to the full length
product in the absence (Fig. 1B: “(−) AZTTP”) and presence of 25 mM AZTTP (Fig. 1B:
“(+) AZTTP”). In this reaction, the template sequence harbors a single TTP incorporation
site, which is also the AZTTP incorporation site (“A” site in Fig. 1B). AZTTP incorporation
by RT at this site terminates the primer extension. However, RT proteins carrying AZT
resistance will remove the incorporated AZTMP by pyrophosphorolysis excision (or
AZTMP unblocking) and continue the primer extension, generating the full length product.
As shown in Fig. 1B, upon the addition of AZTTP to the reaction, the post-drug RT was
able to extend past the AZTTP incorporation site (“A” site) and continue primer extension,
generating a significant amount of the full length product. In contrast, pre-drug RT was
unable to overcome the primer block by AZTTP beyond the “A” site as evident from little
generation of the full lengths extension product (“F” in Fig. 1B). This is consistent with
previous findings, in which RT with dipeptide insertion and T215Y enhanced primer
unblocking 21; 22; 23; 25. Significantly, when the dipeptide insertion was removed from post-
drug RT, the primer unblocking activity diminished to levels similar to the pre-drug RT.
This is consistent with previous findings in which RTs with the dipeptide insertion and a
background T215Y TAM greatly renders AZT resistance by enhanced primer
unblocking 22; 23. TAM T215Y mutation has been known to aid in positioning the ATP
pyrophosphate donor during AZT mediated excision 25. However, T215Y mutation alone
has greatly diminish primer unblocking abilities due to its inability to synthesize beyond the
AZTTP incorporation site upon removal of the SG insertion.

Strand transfer activity of Pre-drug and Post-drug HIV-1 RT proteins
The structures of HIV-1 RT binary (RT-T/P) and ternary (RT-T/P-dNTP) polymerization
complexes showed that the fingers domain of HIV-1 RT, where the dipeptide insertion was
found, directly interacts with the template 16; 27; 28. In addition, the stable interaction of
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HIV-1 RT with template, which is essential for efficient RNA template cleavage by the
RNase H activity of RT, plays a key role in the template switching (recombination) activity
of HIV-1 RT between two homologous RNA strands 4; 29; 30; 31. Thus, we hypothesized that
the SG dipeptide insertion found in the fingers domain affects the strand transfer activity of
HIV-1 RT. To test hypothesis, we examined strand transfer activity of the pre-drug RT and
post-drug RT.

Figure 2 is a diagram depicting the strand transfer system used in our previous study 29; 30.
In this system, a 5’ 32P-labeled 20 nt DNA primer is annealed to an 80 nt “donor” non-viral
RNA sequence template 26. The acceptor RNA strand is 119 nt and contains a 64 nt
homology region shared with the donor template to allow internal strand transfer events. In
addition, the acceptor template has a 19 nt insert (INT. Seq.) near its 5’ end that is not
homologous with the donor, and then an identical 16 nt sequence also found at the 5’ end of
the donor. The primer 3′ terminus has a 3 nt mismatch with the acceptor RNA to prevent
extension of any primers that equilibrate to the acceptor before performing some synthesis
on the donor. This system was designed to monitor template switches only between the 64 nt
homology regions of donor and acceptor templates, generating a 119 nt long transfer
product. This is because any strand transfer from the 5’ end 16 nt region of the donor
template beyond the 64 nt homology region will jump to the 16 nt complementary region of
the acceptor, generating the same smaller size (80 nt) final extension product as the product
of full length extension only on the donor 26. Thus, the strand transfer efficiency can be
measured by quantifying the 119 nt long internal transfer product as a percentage of all
products of primer extension.

Strand transfer reactions were carried out as described in Experimental Procedures. In
making a comparison between RTs, it was important to perform the assay at equivalent
polymerization activity and to compare samples at equivalent times. This is because transfer
efficiency measured in vitro rises with both RT concentration and time. First, the total DNA
polymerase activity of pre-drug and post-drug RTs was normalized by quantitation of the
amount of the 80 nt fully extended product in the time-course reactions only with the donor
template (Fig. 2A). Next, identical donor extension reactions were repeated, but in the
presence of the acceptor template with the two RT proteins displaying similar RT activity.
As shown in Fig. 2B at the 30 min time point, the post-drug RT yielded more strand transfer
products (“TP”) than the pre-drug RT. Strand transfer efficiencies of these two RT proteins
were determined as previously described and compared at 15 and 30 min time points.
Percent of transfer products were calculated using the equation [TP/(TP+F)] 31, in which TP
is the amount of transfer product and F is the amount of full-length extension product only
on the donor template. Indeed, as shown in Fig. 2C, the post-drug RT at 30 min showed two-
fold higher transfer efficiency than pre-drug RT. These results indicate that the post-drug RT
containing the SG dipeptide insertion along with T215Y is more effective at executing a
template switch during reverse transcription than pre-drug RT.

Is enhanced strand transfer a direct result of the dipeptide insertion?
Since the post-drug RT that we employed in this study contains the T215Y TAM and
dipeptide insertion, we tested whether the enhanced strand transfer efficiency observed in
post-drug RT (Fig. 3) derives from the dipeptide insertion. For this test, we removed the SG
between positions 69 and 70 from the post-drug RT, leaving other RT mutations, including
T215Y, unchanged. Using the same template as in Fig. 2, first the activities of all three RTs,
pre-drug RT, post-drug RT and post-drug ∆SG RT, were normalized in an extension
reaction in Supplementary figure 3 and quantified in Fig. 3A. Then, at comparable
polymerase activities of the three RT proteins, strand transfer efficiencies of the three RT
proteins were measured as described above in Fig. 2. Figure 3B and 3C show the strand
transfer assay results: indeed, the post-drug RT produced the higher percentage of transfer

Nguyen et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2013 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



products at 15 and 30 min than pre-drug RT, confirming the data in Fig. 2. Importantly,
post-drug ∆SG RT showed reduced strand transfer efficiency, compared to the post-drug
RT, and has similar strand transfer efficiency with pre-drug RT. To further validate our
results with a more biologically relevant form of RT, we utilized a heterodimer pre-drug RT
and post-drug RT for the strand transfer assay. Supplementary figure 4 shows quantified
data of a time course primer extension assay use for normalizing RT activity. The purpose
was to normalize the heterodimer pre-drug RT and post-drug RT activity used in the strand
transfer assay. Supplementary figure 5 shows that heterodimer post-drug RT contains higher
strand transfer activity than the heterodimer pre-drug RT even when less RT activity was
placed into the reaction. The results above support the conclusion that the SG dipeptide
insertion is mainly responsible for the elevated strand transfer activity of post-drug RT.
Other post-drug RT specific mutations including T215Y (Fig. 1) do not significantly
contribute to the elevated strand transfer efficiency.

Confirmation of the elevated strand transfer efficiency of post-drug RT using another
strand transfer system

To ensure that the enhanced strand transfer efficiencies that we measured for post-drug RT
were not biased because of the specific sequence template employed, we used another strand
transfer system previously described 31: this system employs a 184 nt donor template and a
227 nt acceptor RNA encoding a portion of the HIV Pol gene as described in the diagram at
the top of Fig. 4 31; 32. In this system the internal transfer during the donor template
replication generates a (227 nt) long product while the donor extension without transfer
generates a short product (184 nt). First, RT activities were normalized and quantified in
Fig. 4A to ensure that similar amounts of RT activity were placed into each strand transfer
reaction. The transfer assay was then performed with both donor and acceptor RNA
templates. As shown in Fig. 4B, post-drug RT showed the highest strand transfer efficiency
at 30 min. These results confirmed that post-drug xcvRT containing SG has higher strand
transfer activity than pre-drug RT and post-drug ∆SG RT using a second template system.

Processivity of the Pre-drug and Post-drug RT
Low processivity has been shown to contribute to elevating strand transfer efficiency 33.
Although previous study has shown that HIV-1 RT containing the T69S, SG insertion, and
K79R did show a slight decrease in processivity compared to WT HIV-1 RT, our base
substitution mutations are slightly different from previous work and needs to confirm 21.
This will deduce whether processivity plays a mechanistic role in the enhanced stand
transfer observe for the post-drug RT. The processivity assay was carried out utilizing the
184 nt donor RNA substrate in the presence of a poly (rA)- oligo (dT) trap. Equal pre-drug
RT and post-drug RT activity was normalized through a primer extension assay in the
absence of the poly (rA)- oligo (dT) trap (Supplementary figure 6 lanes 1 and 5 respectively)
using the substrate described in materials and methods. In the presence of the trap, RT will
only be able to undergo one round of primer extension. Once the RT dissociates, it will bind
to the excess trap and no longer be able to reinitiate primer extension. 1000-fold excess of
trap was added to the reaction mix before the addition of RT to produce a trap control shown
in lane 3 and lane 7 (Supplementary figure 6). Processivity of the pre-drug RT and post-drug
RT is shown in (Supplementary figure 6) lane 4 and 8 respectively. Substrate was pre-
incubated with RT before the initiation of the reaction with dNTP, MgCl2, and trap. Pre-
drug RT and post-drug RT exhibit similar processivity since both were able to extend the
primers to full lenth products. Lower processivity is not the mechanism for the enhanced
strand transfer seen in post-drug RT.
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Donor Template Degradation During Primer Extension
During proviral DNA synthesis, HIV-1 RT degrades the RNA template during and after
DNA synthesis 4; 34. The RNA template degradation is an essential step for the transfer of
the first strong stop DNA from the 5’ end of the viral genome to the 3’ end of the genome
because the first strong stop DNA must be freed from the RNA template to execute the
strand transfer 4; 35. The degradation of donor RNA template is catalyzed by two different
types of RNase H activity of RT 31; 34; 36; 37: RT exhibits RNase H activity while it is
polymerizing, which is called polymerization-dependent RNase H activity, and RT also
binds in a 5’ orientation to segments of RNA annealed to DNA where it can cleave the
RNA, which is called polymerization-independent RNase H activity34; 38. Thus, to measure
the essential determinant of strand transfer efficiency, donor RNA degradation executed by
both RNase H DNA polymerization dependent and independent processes were analyzed.

We tested whether strand transfer activity differences between the pre-drug and post-drug
RTs were a consequence of differences in RNase H activities. More specifically, we
postulated that the post-drug RT degrades the donor template more than the pre-drug RT. To
examine the donor template degradation profile comparing these two RT proteins during the
strand transfer reaction, we employed the 5’ 32P end labeled donor 80 nt RNA template
instead of the 20-mer primer to monitor the donor RNA degradation during the strand
transfer assay. The total RT polymerization activity of the two RT proteins used in this
reaction was the same as used for the transfer reaction in Fig. 3. Since the reactions included
dNTPs, the template degradation should have been catalyzed by both DNA polymerization-
dependent and independent RNase H activities of RT. As shown in Fig. 5, post-drug RT had
less template degradation through the initial three time points, but showed no difference in
template degradation through the last two time points when compared to pre-drug RT. The
same experiment was repeated with the post-drug ∆SG RT and results showed no major
differences in template degradation than the pre-drug and the post-drug RT. This shows that
the elevated strand transfer events seen with the post-drug RT do not appear to be a
consequence of the overall donor template degradation, which is catalyzed by both
polymerization-dependent and -independent RNase H activities.

Assessing the Individual Polymerization-dependent and Polymerization independent
RNase H activities of the pre-drug and post- drug RT proteins

Since the donor template degradation described in Fig. 5 was catalyzed by both
polymerization-dependent and -independent RNase H activities of RT, we examined the
polymerization dependent RNase H activities of the pre-drug, post-drug and post-drug ∆SG
RT. For this assay, a 32 nt long DNA primer was annealed to a 5’ end 32P-labeled 38 nt long
RNA template, and this RNA/DNA hybrid substrate (see diagram at Fig. 6) was incubated
separately with the three RT proteins showing an equal RNA-dependent DNA polymerase
activity in the absence of dNTPs. As shown in Fig. 6, the post-drug RT showed faster
degradation of the 38 nt full lengths RNA substrate than the pre-drug and post-drug ∆SG
RT. In this polymerization-dependent RNase H assay, RT molecules, which are engaged in
DNA synthesis, execute the two sequential cleavage events: 1) 1° cleavage of the donor
RNA template, generating the 25 nt long products, and 2) 2° cleavage for further
degradation of the 1° cleavage product, generating the 13 nt long products 31. Indeed, as
shown in the quantified time-course degradation profile Fig. 6B, the post-drug RT protein
displayed faster accumulation of both 1° and 2° cleavage products. These data suggest that
the post-drug-RT polymerization- dependent RNase H activity is faster, which can
contribute to its higher strand transfer activity compared to the pre-drug RT and the post-
drug ∆SG RT. Importantly, the lower RNase H activity of the post-drug ∆SG RT suggests
that the dipeptide insertion is responsible for not only the elevated strand transfer activity,
but also enhanced polymerization-dependent RNase H activity of the post-drug RT. Next,
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we examined the polymerization-independent RNase H activities of the pre-drug, post-drug
and post-drug ∆SG RT as described in Experimental Procedures (Supplementary figure 7).
Interestingly, we found the post-drug RT actually has reduced polymerization-independent
RNase H activity, compared to the pre-drug RT and post-drug ∆SG RT. This suggests that
the delayed donor template degradation by the post-drug RT (Fig. 5) could be due to its
reduced polymerization-independent RNase H activity, and also the polymerization-
independent RNase H activity is not the mechanism involved in the elevated strand transfer
efficiency of the post-drug RT.

Determining the template/ primer binding affinity (KD), on-rate (kon) and off-rate (koff) of the
pre-drug RT, post-drug RT, and post-drug ∆SG RT

To complete the mechanistic investigation of the elevation of strand transfer activity of the
post-drug RT, we determined the KD value of HIV-1 RT. This parameter numerically
represents steady state equilibrium events between the rate of RT initial binding to T/P (kon)
and the rate of RT release from the T/P (koff). Since the fingers domain of HIV-1 RT
harboring the dipeptide insertion directly interacts with the template, we reasoned that the
higher strand transfer activity and elevated polymerization-dependent RNase H activity of
the post-drug RT may result from altered binding affinity of the RT to template/primer
complex (T/P). It is possible that the increased T/P binding affinity of the post-drug RT may
be due to either faster initial T/P binding rate or slower releasing rate from T/P.

First, we measured the binding affinity (KD) of the pre-drug RT and post-drug RT proteins
to the T/P (19 nt primer annealed to 184 nt RNA template) using a double filter binding blot
assay, which uses both protein and nucleic acid binding filters (refs: see experimental
procedures), and the percents of bound DNA vs. concentrations of RT were plotted on a
sigmoidal binding curve 39. As summarized and shown in Table 1, the post-drug RT
displayed a lower KD (equilibrium binding constant) value than pre-drug RT and post-drug
∆SG RT (Pre-drug RT KD= 5.9 × 10−7 M Post-drug RT KD= 7.8 × 10−8 M Post-drug ∆SG
RT KD= 1.7 × 10−7 M). From these data we conclude that the post-drug RT has 7 times
higher binding affinity to the T/P than the pre-drug RT and 3 times higher than post-drug
∆SG RT. Second, we measured the koff of the RTs using the RT-off rate assay previously
reported 33. Using a primer extension assay with the addition of greater than 1000-fold
molar excess of the poly(rA) – oligo(dT) trap, we determined the amount of RT bound to
template based on primer extension. Since RT dissociation from the substrate is slower than
dNTP incorporation, the amount of primer extension was representative of RT bound to
substrate 33; 40. The trap was incubated at increasing time points with RT pre-bound to the
T/P (2 nM). In this system, RT molecules that dissociated from the T/P will be captured by
the poly(rA)-oligo(dT) trap (8000 nM) and are no longer able to extend the primer in the
presence of dNTP and MgCl2. Therefore, this experiment measured a single round of primer
extension. Table 1 is a summary of our koff data extrapolated from the exponential decay
curve base on the equation Y=e−koff(t), where Y=relative rate of incorporation and t=time 33.
From these exponential decay equations we calculated the koff of all three RTs to be (Pre-
drug RT koff = 6.1 × 10−4 s−1 Post-drug RT koff = 3.1 × 10−4 s−1 Post-drug ∆SG RT koff =
2.6 × 10−4 s−1). Basically, the koff rate difference between the two RT proteins was only two
fold. Finally, using the KD values and the koff rates, which were experimentally measured,
we are able to calculate the on-rate (kon) of the RTs using the equation KD= koff/kon. The
calculated Kon values of the three RT proteins were roughly (Pre-drug Kon = 1.9 × 104

M−1s−1 Post-drug RT Kon = 3.5 × 105 M−1s−1 Post-drug ∆SG RT Kon = 1.5 × 105 M−1s−1)
(Table 1). These kon values data imply that the post-drug RT is able to associate with its T/P
substrate 18 times faster than the pre-drug RT and 8 times faster than the post-drug ∆SG RT.
Mechanistically this may contribute to the tight binding affinity of the T/P.
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Discussion
Inter-strand homologous recombination of HIV-1 occurs mainly during minus strand
proviral DNA synthesis. Recombination enhances viral diversity and facilitates HIV-1
escape from antiviral selective pressures including HAART 5; 9; 41. The dipeptide fingers
domain insertion are positioned at the end of the HIV-1 RT fingers domain and in the cleft
where the primer-template hybrid binds, but far from the polymerase active site 27; 42.
Interestingly, although they are located outside of the polymerase active site, these
mutations are associated with viral resistance to multiple NRTIs such as AZT, which bind to
the polymerase active site 8; 17.

HIV-1 RT interactions with the double stranded region of the template annealed to the
primer were extensively studied 43. However, RT interactions with the single stranded
portion of the template are less well understood. Moreover, the structure of the tertiary
complex of HIV-1 RT and a template with extended single stranded portion is not available.
Positioning of the single stranded part of the template at the cleft near the tip of the fingers
domain has been predicted but not proven.

Significantly, the fingers domain of HIV-1 RT undergoes a large conformational change
during T/P binding (RT-T/P binary complex formation) 27, and it is highly likely that the
β3–β4 loop at the tip of the fingers domain is structurally dynamic during DNA synthesis.
The β3–β4 loop is likely the section of the replicating RT molecule that first contacts RNA
template secondary structures. It has been shown that stable local structures of the RNA
template mechanistically induce RT pausing 44. Pausing during synthesis in turn facilitates
the RNA template degradation by RNase H activity of RT, which is an essential step for
strand transfer 29; 30. Thus we hypothesized that the dipeptide insertion in HIV-1 RT, which
lies at the tip of the fingers domain, may alter the RT-RNA template interaction and thus
strand transfer efficiency of HIV-1 RT.

The biochemical data in this report demonstrate that the SG insertion RT at the β3–β4 loop
has altered RNA binding kinetics of HIV-1 RT, which also is likely to relate to the
enhancement of the strand transfer activity. More importantly, the post-drug RT displayed a
faster initial binding rate (kon) than the pre-drug RT, leading to 7X time higher template
binding affinity (KD) than the pre-drug RT and 3X higher than the post-drug ∆SG RT. Thus,
these biochemical data supports the idea that the SG fingers domain insertion elevates the
transfer activity presumably by enhanced interaction to the RNA templates.

Enhanced binding of post-drug RT to the T/P could be also related to a mechanism
previously proposed for AZT resistant mutations found at the connection domain of HIV-1
RT: the connection mutations stabilize the RT-template complex yielding more time for the
bound RT molecule to remove the incorporated AZTMP at the 3’ end of the primer 45.
Similarly, the dipeptide insertion mutations may also confer AZT resistance by enhancing
the binding affinity, which lengthens the time span for HIV-1 RT to remain bound to the 3’
end of the primer for pyrophosphorolysis of AZTMP. We also envision that the increased
frequency of binding events of post-drug RTs to the T/P can increase the degradation
capability of the RNA template by the RT polymerization-dependent and –independent
RNase H activity, which in turn would enhance the strand transfer activity. Importantly, our
data demonstrate the removal of the dipeptide insertion from the mutant concomitantly
induces loss of both the AZTMP pyrophosphorolysis and elevated strand transfer. This
supports the idea that AZT resistance and elevated strand transfer share a common
mechanism, which is the enhanced interaction with the RNA template.

It is well established that the efficient RNA template degradation by RNase H increases the
strand transfer of RT 29; 30; 36; 37; 42; 46. As shown in Fig. 6B, the pre-drug RT showed a
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higher polymerization-dependent RNase H activity and a faster binding rate (kon) to the
template (Table 1), compared to pre-drug RT. These two biochemical alterations by the
dipeptide insertion can mechanistically contribute to the enhanced strand transfer efficiency
of the post-drug RT: the post-drug RT creates 1° cleavage of the donor template more
efficiently, followed by faster 2° cleavage of the donor template, compared to the pre-drug
RT. These elevated 1° and 2° cleavages during DNA synthesis will generate more gaps,
which serve as evasion sites for the acceptor RNA template during the template switch, and
ultimately increase the strand transfer activity. Importantly, the fast binding rate (kon) of the
post-drug RT can facilitate the 2° cleavage of the donor template, which likely requires the
rebinding of RT after the 1° cleavage. Importantly, the overall delayed template degradation
of the post-drug RT (Fig. 5) is the result of both polymerization-dependent and independent
RNase H activities. As shown in Supplementary figure 7, the post-drug RT actually has
reduced polymerization-independent RNase H activity, compared to the pre-drug RT. Thus,
these two sets of data suggest that the polymerization-independent RNase H activity, which
could be responsible for the delayed template degradation, is not mechanistically involved in
the elevated strand transfer activity of the post-drug RT. Instead, the polymerization-
dependent RNase H activity, which creates the invasion sites for the acceptor during DNA
synthesis, is more likely the mechanistic reason for the elevated strand transfer activity of
the post-drug RT.

In summary, the multiple drug resistant post-drug RT displayed altered biochemical
behaviors including elevated strand transfer activity, increased polymerization-dependent
RNase H activity and tighter binding affinity to the T/P substrate. We believe that with these
simultaneous mechanistic changes made by the dipeptide insertion RT, a follow-up
virological experiment to test the actual impact of the post-drug RT mutations on the
recombination efficiency of the viruses should be conducted in the future.

Materials and Methods
HIV-1 RT proteins

Two HIV-1 RT clinical clones were kindly provided from Dr. Jaap Goudsmit (Amstredam
Medical Center, Netherland) named pre-drug RT and post-drug RT. These RT genes were
cloned into an E. coli overexpression plasmid (pHis) and encode a protein with a fused 6-
histidine tag at its N-terminal end used for protein purification of homodimer RTs. The
clones were transformed into BL-21 competent E. coli for protein expression and purified
through a nickel column (Novagen). Protein purification methods were done accordingly
base on reference 31. The post-drug RT with the ΔSG dipeptide insert was generated using a
Quikchange mutagenesis kit (Stratagene) with the post-drug RT clones as template. The
primers designed to introduce the SG dipeptide deletion were (Deleted SG-Forward
GAAGAAAAGCAGTAGCGCTTGGAGAAAATTAGTAGATTTC) (Deleted SG-Reverse
GAAATCTACTAATTTTCTCCAAGCGCTACTGCTTTTCTTC). The Post-Drug ∆SG RT
clone was sequenced and all protein purification methods were the same as above.
Heterodimer HIV-1 RT was prepared by cloning the pre-drug or post-drug RT p66 subunit
into a pet28a expression plasmid containing a Kanamycin selection marker. The p51 subunit
derived from HIV-1 RT HXB2 strain was cloned into a pCDF plasmid containing a
Spectinomycin antibiotic selection marker and a fused 6-histidine tag at its N-terminal. The
clones were transformed into BL-21 competent E. coli for protein expression selecting for
both antibiotics marker and purified through a nickel column (Novagen).

Generation of RNA Templates
RNA templates were generated as described previously 29; 30. Briefly, PCR product was
generated using primers PCIS5 and PCIS6 and the pD0 plasmid as a template. The PCR
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product was then purified by agarose gel electrophoresis and Qiaquick gel extraction kit
(Qiagen). T7 RNA polymerase Megashortscript kit (Ambion) was implemented for
synthesis of Donor 80 nucleotide (nt) RNA using the purified PCR product as a template and
the primer PCIS 14 (TGGTAAACATTCTTGAGTGC). The 119 nt acceptor RNA template
were generated from T7 RNA polymerase Megashortscript kit (Ambion) using the
previously described plasmid pAM2 30. The 184 nt donor and 227 nt acceptor substrate
encodes a portion of the HIV-1 Pol gene sequence and were generated as previously
described 31; 32.

AZTTP Terminated Primer Unblocking
A 5’ end-labeled 20 nt primer was annealed to a 38 nt DNA template that had only one
dATP downstream of the primer 3’ terminus where a dTTP or AZTTP could be incorporated
(Figure 1B, shown by arrow). Primer extension by pre-drug or post-drug RT was performed
in the absence or presence of 25 uM AZTTP. Synthesis reactions in absence of AZTTP were
carried out at 37° C for 5 minutes. In presence of AZTTP, reactions were incubated at 37° C
for 30 min with all dGTP and dCTP (100 μM). Then 100 μM dTTP and 3.2 mM ATP was
added and the reaction incubated for an additional 30 min at 37° C. All reactions were
terminated with addition of 40 mM EDTA, 99% formamide 22.

Strand Transfer Assay
DNA primer 20 nt (0.64 nM) with the 5’ terminus 32P-radiolabeled was annealed to donor
RNA 80 nt template (4 nM) in RT reaction buffer (50 mM Tris pH 8, 50 mM KCl, 1 mM
DTT, 1 mM EDTA) at 95° C for 5 minutes, and slowly cooled to room temperature. RT was
incubated with the substrate for 3 minutes before the reaction was started with the addition
of MgCl2 (6 mM), dNTP (50 μM) and acceptor RNA 119 nt template (8 nM). All reactions
were done in a 37.5 μL master mix volume at 37°C. Reactions were terminated at various
time points by transferring an aliquot of 6.25 μL from the master mix volume into 6.25 μL
40 mM EDTA, 99% formamide. The second substrate used for this study was a 19 nt 5’ 32P
radiolabeled DNA primer annealed to a 184 nt RNA template. The acceptor template was a
227 nt RNA template. Both the 184 nt donor and 227 nt acceptor RNA template encode a
portion of the HIV-1 Pol gene. The exact experimental conditions were applied towards this
set of substrate as described above. Reaction products were resolved in a 10%
polyacrylamide-urea denaturing gel and scanned on a PhosphoImager (BioRad). Percent
transfer was calculated [(Transfer product/ 1st time point extension + Transfer product) ×
100%] based on saturation volume quantifed by Quantity One software. Background
saturation volume was subtracted toward all quantifications 31; 26. The primer extension
assay methodology was performed exactly as the strand transfer assay described above with
the exception that initiation of the reaction did not include the acceptor RNA.

Donor degradation Assay
The same donor RNA 80 nt template (50 nM) used for the strand transfer assay was 5’ end
radiolabeled with 32P and annealed with the unlabeled 20 nt DNA primer (100 nM) in RT
reaction buffer by heating at 95°C for 5 min and slowly cooled to room temperature. All
reactions were carried out with the same procedures as in the strand transfer assay, except
the initiation of the reaction was with MgCl2 (6 mM) and dNTPs (5 μM).

RNase H Assay
To measure polymerization-dependent RNase H activity, an RNA template of 38 nt (8 nM)
was 5’ 32P radiolabeled and annealed to a 32 nt DNA primer (32 nM). To measure
polymerization-independent RNase H activity, an RNA template of 38 nt (8 nM) was 5’ 32P
radiolabeled and annealed to a 53 nt DNA primer (32 nM). Both polymerization-dependent

Nguyen et al. Page 10

J Mol Biol. Author manuscript; available in PMC 2013 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and – independent RNase H activity reaction conditions and time points were the same as in
the strand transfer assay except the initiation of the reaction was done with just MgCl2 (6
mM). The products were fractionated on a 14% polyacrylamide-urea denaturing gel and
analyzed with the same equipment and methods described previously 31.

Processivity Assay
A 19 nt 5’ 32P radiolabeled DNA primer was annealed a 184 nt RNA template previously
described in the strand transfer experiment as the HIV Pol template at a 2:1 (8nM: 4nM final
concentration) ratios, respectively. RT with equal activity was pre-bound to the substrate for
3 minutes at 37°C in RT reaction buffer (50 mM Tris pH 8, 50 mM KCl, 1 mM DTT, 1 mM
EDTA). The reaction was initiated with the addition of MgCl2 (6 mM), dNTP (25 μM), and
1000-fold excess of poly(rA) – oligo(dT) trap (IDT) (annealed at a 1:2 ratio respectively)
over substrate concentration. The final reaction mixture volume was 12.5 μL. The primer
extension assay was incubated for 5 minutes at 37°C before quenching with 12.5 μL 40 mM
EDTA, 99% formamide. The products were fractionated on a 10% polyacrylamide-urea
denaturing gel 33.

koff Measurements (Dissociation Rate Constant)
The 19 nt 5’ 32P radiolabeled DNA primer was annealed with the 184 nt RNA template at a
2:1 ratio. RT was prebound to the template in the presence of a 1000-fold excess of poly(rA)
– oligo(dT) from (IDT) were annealed at a 1:2 ratio respectively and incubated at increasing
time points with the reaction mixture before the addition of MgCl2 (6 mM) and dNTP (50
μM). RT that fell off the labeled substrate will bind to the poly(rA) – oligo(dT) trap. RT that
remains bound to the labeled substrate after the addition of MgCl2 and dNTP was
quantitated by primer extension. The final reaction mixture volume was 12.5 μL containing
50 mM Tris pH 8, 50 mM KCl, 1 mM DTT, and 1 mM EDTA. Reaction products were
resolved on a 10 % polyacrylamide-urea denaturing gel and scanned with a BioRad
PhosphorImager. The relative incorporation values were calculated with the equation:
relative incorporation = [(extended product/1st time point extension at 10 sec) × 100%].
Saturation volumes used in the above equation to determine relative incorporation were
obtained by analysis of scanned gel images using Quantity One software. All values were
normalized with subtracted background values. The dissociation rate was calculated based
on an exponential decay graph in which total a relative incorporation versus time curve was
fitted to an exponential decay equation, Y=e−koff(t) 33.

KD Measurements (Equilibrium Dissociation Constant)
The double filter blot assay uses a nitrocellulose membrane that binds RT proteins and a
nucleic acid binding nylon membrane (Biodyne nylon membrane from VWR). The nylon
membrane was washed for 10 minutes with 0.1M EDTA and had three 10 minute washes in
1M NaCl, followed by a quick wash in 0.5M NaOH then dH20. The nitrocellulose
membrane was washed for 10 minutes with 0.4M KOH at room temperature and then
washed with dH2O. The membrane was then soaked in 1X dialysis buffer at 4°C for one
hour before being placed on top of the nylon membrane to create the double filter blot.
Using the same substrate as described in the koff experiment, the DNA primer of 19 nt was
5’ 32P radiolabeled and annealed to the 184 nt RNA template used in the strand transfer
assay mentioned above. The radiolabeled hot primers to non-radiolabeled cold primers were
mixed at 8 nM to 42 nM respectively during annealing to the RNA template. The
concentration of primer to template for annealing was 1:6 ratios respectively. The premixed
solutions had fixed template/primer (T/P) concentration containing increasing
concentrations of the RT proteins for each reaction. Each DNA binding reactions were
carried out at 37°C for 3 min before the reactions were terminated by being vacuumed
through the double membrane filters. The RT that is bound to the T/P will bind to the
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nitrocellulose membrane, while T/P substrates without bound proteins will pass the
nitrocellulose membrane and bind to the nylon membrane. The blot was wash with 100 μL
of 1x dialysis buffer. The reactions were carried out in the absence of MgCl2 and dNTP. The
blots were exposed with a phosphor screen for 20 min and quantify using a PhosphorImager
from (BioRad). The percent of RT proteins bound to DNA was quantified based on
saturation volume from (protein blot / protein blot + DNA blot) × 100%, all subject to
subtracted background values) by Quantity One software 47. The KD was extrapolated from
a sigmoidal curve.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. Sequence comparison of fingers domain dipeptide insertion HIV-1 RT variants during
NRTI therapy and their effects on AZTTP sensitivity
(A) The full lengths RT genes isolated from a same individual before (pre-drug RT) and
after NRTI treatment (post-drug RT) were sequenced and compared to WT RT of NL4-3.
Only the RT polymerase domain is shown. The shaded boxes are NRTI multiple drug
resistant mutations. The bold amino acids represent mutations that are different from NL4-3
sequence (B) AZTTP terminated primer unblocking. A 5’ end labeled 20 mer primer
annealed to 38 mer DNA template with only one dTTP/AZTTP incorporation site shown as
“*A” was extended by the post: post-drug RT, pre: pre-drug RT, and ASG: post-drug ASG
RT. In the absence of AZTTP the reaction was incubated at 37°C for 5 minutes. In presence
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of AZTTP, the reaction was incubated at 37°C for 30 minute with all dNTPs (100 μM)
except dTTP and dATP. An additional 100 μM dTTP and 3.2mM ATP were added to the
reaction and was incubated for an additional 30 min at 37°C and terminated.
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FIG. 2. Strand transfer efficiency of the pre-drug RT and post-drug RT proteins
(A) Diagram for the strand transfer assay substrates. Donor and acceptor RNAs are 80 nt
and 119 nt long respectively. Both templates share a 64 nt homology region for internal
strand transfer, with the acceptor template carrying 19 nt disrupted homology region (INT.
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seq). Primer extension shows similar amounts of pre-drug RT and post-drug RT activity
place into each transfer reactions. P= unextended primer DP= donor product fully extended
80 nt (B) Strand transfer efficiency of the pre-drug and post-drug RT variants. 32P 5’ end
labeled 20 nt DNA primer is annealed to the 80 nt donor RNA for primer extension with the
addition of the 119 nt acceptor RNA in this time course assay, with earlier time points
showing the RT primer extension activity placed into each reaction (.5, 1, 3, 15, & 30
minutes) P= unextended primer DP= donor product fully extended 80 nt TP= 119 nt transfer
product. C) Quantitative analysis of strand transfers efficiency of the pre-drug and post-drug
RT variants at the 15 and 30 min time points. The experiments were repeated at least in
triplicates with p-value <0.05 at 30 min time points
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FIG. 3. Strand transfer efficiency of the pre-drug, post-drug RT and post-drug ΔSG RT proteins
(A) The pre-drug RT, post-drug RT and post-drug ΔSG RT proteins activities from Fig. 3A
were quantified with primer extension assay using the same T/P substrate used in the strand
transfer reaction represented in Fig. 3B. The activity of all three RT proteins were
normalized and quantified at each time points for fully extended 80 nt donor product starting
at 0.5, 1, 3, 15, and 30 minutes. Percent of fully extended product was calculated by (F/F+P)
× 100. Error bars represents results in triplicates (B) Strand transfer efficiency of the pre-
drug RT, post-drug RT, and post-drug ASG RT. (C) Quantitative analysis of strand transfers
efficiency of the pre-drug RT and post-drug RT variants from Fig. 3C. Statistical analysis
using paired T-test resulted in a p-value <0.05 at 30 mins for the strand transfer efficiency
bar graph. P= Primers, F= Fully extended 80nt Donor, TP= Transfer products 119nt
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FIG. 4. Strand transfer efficiency of the pre-drug RT, post-drug RT and post-drug ΔSG RT
proteins using a HIV-1 pol derived sequence tempate
A) Diagram for the strand transfer assay substrates 31. Donor and acceptor RNAs are 184 nt
and 227 nt long respectively. Both templates share a 140 nt homology region for internal
strand transfer, with the donor template carrying 16 nt disrupted homology (slash box)
region to prevent end transfer. The 32P 5’ end labeled 20 nt DNA primer is annealed to the
donor RNA. Normalized activities of the pre-drug, post-drug RT and post-drug RT ΔSG
were established through 184 nt donor extension assay and quantified to ensure the same
amount of RT activities were used for each reactions. (B) Quantitative analysis of strand
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transfers efficiency at the 30 mintute time point of all three RT variants using this strand
transfer system. Strand transfer experiments were repeated at least in triplicates.
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FIG. 5. Donor template degradation of the pre-drug RT, post-drug RT, and post-drug ΔSGRT
(A) 32P labeled donor RNA 80 nt template was annealed to cold 20 nt DNA primers at a 1:2
ratio respectively. Pre-drug RT, post-drug RT, and post-drug ΔSG RT was pre-incubated
with the T/P complex for 3 min before the addition of 6 mM/dNTP 5 μM for initiating the
reaction. Reactions were quenched with EDTA in the following time course assay at (0.5, 1,
3, 15, 30 minutes). Donor T: 32P labeled donor RNA 80 nt template. The RT activities were
similar to Fig. 3.
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FIG. 6. RNase H assay consisted of 5’ 32P end labeled 38-mer RNA annealed to a 32-nt unlabeled
DNA primer
(A) The same amount of RT activities was used as in Fig. 3 for this assay. The reaction was
carried out in a time course assay (0.5, 1, 3, 15, 30 minutes) in the absence of dNTP and
quenched with the addition of EDTA. RNase H cleavages yielded a 24 nt primary cut
product and a 13 nt secondary cut product. (B) Quantification of RNase H 5’ 32P end labeled
38-mer RNA degradation from Fig. 6A shows percent of degraded RNA over time. Percent
degraded was calculated base on amount of (saturated volume from 1 □ + 2 □ cleavages)/
(saturated volume from 1 □ + 2 □ + Uncut) × 100
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Table 1

Determining the KDKoffKon of pre-drug RT and post-drug RT

KD
a Koff

b Kon
c

Pre-drug RT 5.9 × 10−7 M ± 0.0616 6.1 × 10−4s−1 ± 0.0105 1.9 × 104 M−1s−1

Post-drug RT 7.8 × 10−8 M ± 0.2761 3.1 × 10−4 ± 0.0167 3.5 × 105 M−1s−1

Post-drug ASG RT 1.7 × 10−7 M ± 0.2560 2.6 × 10−4 s−1 ± 0.0217 1.5 × 105 M−1s−1

a
DNA binding study summarized. The KD of each RT isolate was extrapolated from a sigmoid binding curve.

b
Koff was calculated from the exponential decay equation (Y=e−Koff(t)) where Y=relative rate of incorporation and t=time. Each data point

represents value from three independent experiments with standard error.

c
Quantification of the percent bound DNA of all three RT protein isolates. Kon rate of the three RTs were calculated using the equation KD =

Koff/Kon.
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