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Single amino acid deletions in the B3-f4 hairpin loop of
human immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT) have been identified in heavily treated patients.
The deletion of Asp-67 together with mutations T69G and K70R
(A67 complex) are usually associated with thymidine analog
resistance mutations (TAMs) (e.g. M41L, T215Y, etc.) while the
deletion of Thr-69 (A69) is rarely found in isolates containing
TAMs. Here, we show that the complex A67/T69G/K70R
enhances ATP-dependent phosphorolytic activity on primers
terminated with 3’-azido-3’-deoxythymidine (AZT) or 2,3’ -di-
dehydro-2’',3'-dideoxythymidine (d4T) both in the presence or
absence of TAMs (i.e. M41L/T215Y), while A69 (or the complex
S68G/A69/K70G) antagonize the effects of TAMs in ATP-medi-
ated excision. These effects are consistent with AZT susceptibility
data obtained with recombinant HIV-1 bearing the relevant RTs.
Molecular dynamics studies based on models of wild-type HIV-1
RT and mutant A69, A67/T69G/K70R, and D67N/K70R RTs
support a relevant role for Lys/Arg-70 in the excision reaction.
In A69 RT, the side chain of Lys-70 locates away from the puta-
tive pyrophosphate binding site. Therefore, its participation in
interactions required for the excision reaction is unlikely. Our
theoretical studies also suggest a role for Lys-219 in thymidine
analog excision/discrimination. However, pre-steady-state
kinetics revealed only minor differences in selectivity of AZT-
triphosphate versus dTTP between deletion-containing RTs
and their homologous enzymes having the K219E mutation.
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K219E reduced both ATP- and pyrophosphate-mediated exci-
sion of primers terminated with thymidine analogues, only
when introduced in RTs bearing A69 or S68G/A69/K70G, pro-
viding further biochemical evidence that explains the lack of
association of A69 and TAMs in HIV-1 isolates.

The human immunodeficiency virus type 1 (HIV-1) reverse
transcriptase (RT) is a heterodimeric enzyme that converts the
single-stranded viral genomic RNA into double-stranded DNA,
which is integrated into the host genome (1, 2). HIV-1 RT is
composed of subunits of 560 and 440 residues, designated as
p66 and p51, respectively. Both subunits have identical amino
acid sequence, but p51 lacks residues 441-560 of p66, because
they are removed by the HIV-1 protease during virus matura-
tion. The DNA polymerase active site resides within the palm
subdomain of p66, which contains the essential catalytic aspar-
tic acid residues 110, 185, and 186. HIV-1 RT is a major target
for chemotherapeutic intervention in the control of AIDS.
Drugs targeting this viral enzyme include nucleoside/nucleo-
tide RT inhibitors (NRTIs)® and nonnucleoside RT inhibitors
(NNRTIs) (3,4). NRTIs (e.g. zidovudine, lamivudine, stavudine,
etc.) have to be converted to their triphosphate derivatives to be
incorporated into the nascent DNA by the viral RT. Because
NRTIs lack a 3'-OH group their incorporation results in chain
termination.

There are two major mechanisms of HIV resistance to NRTIs
(reviewed in Refs. 1, 5). One of them is based on nucleotide
selectivity, and is exemplified by lamivudine-resistance muta-
tions M184V and M184I, and by the Q151M complex (A62V/
V751/F77L/F116Y/Q151M) that confers resistance to multiple
NRTIs (6, 7). These amino acid substitutions affect residues of
the dNTP binding site of the RT (8), while reducing the
enzyme’s ability to incorporate the triphosphorylated NRTIs.
The second mechanism involves enhanced excision of the

3 The abbreviations used are: NRTIs, nucleoside RT inhibitors; PP, pyrophos-
phate; TAM, thymidine analogue resistance mutation; AZT, 3'-azido-3'-
deoxythymidine; d4T, 2',3’-didehydro-2’,3'-dideoxythymidine; 3TC,
B-L-(—)-2",3’-dideoxy-3’'-thiacytidine; TP, triphosphate; dsDNA, double-
stranded DNA; MP, monophosphate.
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chain-terminating NRTI from the 3’-end of the blocked
primer, using ATP as pyrophosphate (PP,;) donor (9). Unblock-
ing the primer allows RT to continue DNA synthesis. Available
data indicate that thymidine analogues (i.e. zidovudine or sta-
vudine) and tenofovir are the best substrates of the reaction
(9-13). Mutations commonly associated with excision-medi-
ated resistance are M41L, D67N, K70R, L210W, T215F/Y, and
K219E/Q (14 -18). These mutations are usually known as thy-
midine analog resistance mutations (TAMs) and emerge after
long-term therapy with B3-p-(+)-3’-azido-3’-deoxythymidine
(AZT, zidovudine) and/or B-p-(+)-2',3’-didehydro-2',3’-dide-
oxythymidine (d4T, stavudine). The accumulation of three or
more TAMs confers resistance to all clinically approved RT
inhibitors.

Insertions of one or two amino acids, as well as single amino
acid deletions in the $3-B4 hairpin loop (residues 64 —72), are
frequently found in heavily mutated multidrug-resistant HIV-1
isolates from patients that do not respond to the available ther-
apies (19, 20). The prevalence of 83-B4 hairpin loop deletions
has been estimated to be less than 0.2% among patients failing
antiretroviral treatment including NRTIs (21, 22). These dele-
tions may appear together with mutations of the Q151M com-
plex or with TAMs. The deletion of RT codon 69 (encoding for
Thr-69) has been observed in combination with one or more
mutations of the Q151M complex in viral isolates resistant to
multiple NRTIs (21, 23). The 69 deletion (A69) alone confers
AZT hypersusceptibility and resistance to B-L-(—)-2',3'-dide-
oxy-3'-thiacytidine (3TC, lamivudine) in phenotypic assays
(23). Biochemical studies have shown that in the absence of
TAMs, A69 decreases ATP-mediated excision of primers ter-
minated with AZT as well as the catalytic efficiency of incorpo-
ration of 3TC triphosphate (3TCTP) relative to dCTP by the
HIV-1 RT (24).

Viral isolates lacking the RT codon 67 (Asp-67) showed high
level resistance to AZT in phenotypic assays, although their
decreased susceptibility could be attributed to the simultane-
ous presence of TAMs (25). In the absence of TAMs, the com-
bination of the 67 deletion (A67) and T69G confers low-level
resistance to d4T, 3T C and abacavir but retains susceptibility to
AZT and didanosine (21, 25, 26). Recombinant HIV-1 RTs with
complex mutational patterns including A67 (e.g. M41L/A67/
T69G/K70R/L741/K103N/T215Y/K219Q) showed high-level
excision activity on primers terminated with AZT, d4T or teno-
fovir, particularly in the presence of PP, (27). However, the con-
tribution of excision and nucleotide discrimination mecha-
nisms to resistance mediated by A67 has not been studied in
detail.

In this work, a genotypic analysis of HIV-1 pol sequences of
isolates from treated patients shows that there are two major
mutational complexes associated with single amino acid dele-
tions at codons 67 or 69 in the $3-B4 hairpin loop of the RT.
The A67 complex (ie. A67/T69G/K70R) is usually found
together with TAMs, while these mutations are rare when A69
is present, as for example, in the case of the S68G/A69/K70G
complex. In previous studies we showed the selection of this
mutational complex in a heavily treated patient, infected with
drug-resistant HIV-1 bearing mutations A62V, V75I, F77L,
F116Y, and Q151M in the RT (23).
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Now, we have analyzed the contribution to NRTT excision of
such mutational complexes in the presence or absence of
TAMs, as well as their role in discriminating against AZT
triphosphate (AZTTP). Crystallographic data (8, 28) and
molecular dynamics studies (24) suggested an interaction
between loops 33-84 and B11a-B12, including Lys-219. In the
crystal structure of HIV-1 RT complexed with dsDNA and
dNTP (8), the side chain of Lys-219 interacts with the side chain
of Asp-67, but this interaction is predicted to be lost in the
presence of A69 (24), suggesting a role for this residue in NRTI
excision/incorporation. Recombinant RTs bearing K219E
showed altered nucleotide selectivity in the presence of any of
both deletion complexes, but decreased ATP-mediated exci-
sion only when A69 was present.

MATERIALS AND METHODS

Reverse Transcriptases—Wild-type (WT) HIV-1,;, 5 and
HIV-1411;0 RTs, and mutant derivatives A69 (HIV-1,;,_5 RT
lacking Thr-69) and M41L/T215Y (in an HIV-1g;,, RT back-
ground) were obtained as previously described, using modified
versions of plasmid p66RTB (24, 29). Other mutants were
obtained by using the QuikChange site-directed mutagenesis
kit (Stratagene), following the manufacturer’s instructions.
Template and primers used in the mutagenesis reaction are
given in the supplemental Table S1. Mutant RTs A67/T69G/
K70R/K219E and S68G/A69/K70G/K219E were obtained by
introducing the substitution K219E, in previously generated
plasmids containing A67/T69G/K70R and S68G/A69/K70G,
respectively. The A67 mutant was obtained by reverting to WT
sequence the mutations found at positions 69 and 70 in A67/
T69G/K70R. All constructs were verified by restriction enzyme
analysis and nucleotide sequencing (Macrogen Inc., Seoul,
South Korea).

Recombinant heterodimeric RTs were expressed and puri-
fied as previously described (30, 31). RT p66 subunits carrying a
His, tag at their C terminus were co-expressed with HIV-1
protease in Escherichia coli XL1 Blue to obtain p66/p51 het-
erodimers, which were later purified by ionic exchange fol-
lowed by affinity chromatography. Enzymes were quantified by
active site titration (31, 32), before biochemical studies.

Nucleotides and Template/Primers—Stock solutions (100
mM) of ANTPs and rNTPs were obtained from GE Healthcare.
AZTTP and d4T triphosphate (d4TTP) were obtained from
Trilink BioTechnologies (San Diego, CA) and Sierra Biore-
search (Tucson, AZ), respectively. Before use, nucleoside-TPs
were treated with inorganic pyrophosphatase to remove traces
of PP, (13). DNA oligonucleotides 21P (3'-CCTATGTATAC-
CAATTTCATA-5'),31T (3'-TATGAAATTGGTATACATA-
GGATTTTTTTTT-5'), 25PGA (3'-GGACGTTCTTACATA-
TCGGGATGGT-5'), and D38 (3'-ACCATCCCGATATGTA-
AGAACGTCCATTCTTTCCTGGG-5') were obtained from
Invitrogen. Oligonucleotides 21P and 25PGA were labeled at
their 5" termini with [y-**P]JATP (Perkin Elmer) and T4 poly-
nucleotide kinase (New England Biolabs) in 70 mm Tris-HCI
(pH 7.5) buffer, containing 10 mm MgCl, and 5 mum dithiothre-
itol. Annealing of template/primers 31T/21P and D38/25PGA
was carried out as described (33, 34).
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Pre-steady-state Kinetic Assays— Transient kinetic parame-
ters for nucleotide incorporation were determined with a rapid
quench instrument (model QFM-400, Bio-Logic Science
Instruments, Claix, France) with reaction times ranging from
10 ms to 6 s (35). For the incorporation of dTTP, reactions were
performed at 37 °C by mixing 16 ul of a solution containing 100
nM (active sites) of the corresponding RT and 200 nm of the
template/primer 31T/21P in RT buffer (50 mm Tris-HCI, pH
8.0; 50 mm KCl) with 16 ul of RT buffer containing variable
amounts of dNTP in 25 mm MgCl,. Reactions involving
AZTTP were conducted under the same conditions with excess
concentrations of enzyme (200 nM) over the template/primer
duplex (100 nm). All reactions were stopped with 0.3 M EDTA
(final concentration). Aliquots of the reaction products were
mixed with equal amounts of a solution containing 10 mm
EDTA in 90% (v/v) formamide containing 3 mg/ml of xylene
cyanol FF and 3 mg/ml of bromophenol blue. Products were
analyzed by sequencing gel electrophoresis (20% (w/v) poly-
acrylamide/8 M urea in Tris borate-EDTA buffer) and quanti-
fied by phosphorimaging with a BAS 1500 scanner (Fuji), using
the program Tina version 2.09 (Raytest Isotopenmessgerate
Gmbh, Staubenhardt, Germany). The formation of product [P]
over time was fitted with burst Equation 1,

[P]=AX[1 — exp(—kKops X )] + kes X t (Eq. 1)

where A is the amplitude of the burst, k_, is the apparent
kinetic constant of formation of the phosphodiester bond, and
k. is the enzyme turnover rate (i.e. the kinetic constant of the
steady-state linear phase). The dependence of k. on ANTP

obs

concentration is described by the hyperbolic Equation 2,

kops = Kool X [ANTP1/(K4 + [ANTPI) (Eq.2)

where K, and k&, are the equilibrium and the catalytic rate
constants of the dNTP for RT, respectively. K, and k,, were
determined from curve fitting using Sigma Plot.

Chain Terminator Excision Assays—RT-catalyzed DNA res-
cue reactions were performed with template/primer D38/
25PGA as described (24, 36). Briefly, the DNA duplex contain-
ing the phosphorylated primer (30 nm) and the corresponding
RT were preincubated at 37 °C for 10 min in 20 ul of 50 mm
Hepes buffer (pH 7.0) containing 15 mm NaCl, 15 mM magne-
sium acetate, 130 mm potassium acetate, 1 mm dithiothreitol,
and 5% (w/v) polyethylene glycol 6000. Reactions were initiated
by adding 20 ul of preincubation buffer containing 50 um
AZTTP or d4TTP, depending on the assay. After incubating
the samples at 37 °C for 30 min, the rescue reactions were car-
ried out by adding 40 pl to a mixture of all ANTPs, and the
corresponding PP; donor, in the buffer indicated above. PP,
donors used were sodium PP; (at 200 um), ATP (at 3.2 mm) or
GTP (at 9.6 mm). In these assays, all ANTPs except dATP were
supplied at a final concentration of 100 uM. Because the next
complementary dNTP (dATP in our assay conditions) has an
inhibitory effect on the reaction, time course experiments of
the unblocking and extension reactions were carried out with 1
uM dATP. Active RT concentrations in these assays were in the
range of 24 to 72 nm. Rescue reactions were incubated for up to
150 min, and aliquots of 4 ul were removed at appropriate times
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and added to 12 ul of EDTA/formamide stop solution. Prod-
ucts were then resolved on denaturing polyacrylamide-urea
gels and primer rescue was quantified by phosphorimaging.

Homology Modeling and Molecular Dynamics—Structural
models of mutant RTs A67/T69G/K70R and D67N/K70R were
constructed by standard homology modeling techniques (24).
Molecular dynamics simulations, based on the model, were
performed as previously described for the WT HIV-1 RT (34).
The system included the DNA polymerase domain (residues
1-389) of the 66 kDa subunit of the RT, a 15/12-mer DNA/
DNA template/primer and residues 3—82 of the 51-kDa sub-
unit of the RT. Two Mg>" ions and the incoming dANTP were
also included in the system. The total simulation length was
around 10 ns, and the analysis of trajectories was performed as
described (34).

HIV Drug Susceptibility Tests—Resistance to RT inhibitors
was determined with a drug susceptibility assay involving the
generation of recombinant HIV-1 variants after co-transfecting
MT-4 cells with a PCR product containing the RT coding
sequence DNA and an RT-deleted HXB2-D clone previously
linearized with BstEII (37). The MT-4 cells and the deleted
HXB2-D clone were obtained from the AIDS Reagent Program
(Medical Research Council). RT inhibitors and ritonavir were
obtained from the NIH AIDS Research and Reference Reagent
Program. After virus propagation and titration, HIV-1 drug
susceptibility data were obtained in MT-4 cells as previously
described (29).

RESULTS

Mutations Associated with Deletions in the 33-B4 Hairpin
Loop of the RT—The prevalence of deletions in the RT fingers
subdomain has been estimated to be less than 0.2% in HIV-
infected patients, treated with nucleoside inhibitors (21, 22).
After searching the Stanford HIV Drug Resistance database, we
identified 68 RT sequences containing three-nucleotide dele-
tions in the 3-B4 hairpin loop. Amino acid sequence align-
ments of the region comprising RT residues 41-220 showed
that about one-third of the sequences lacked Asp-67 (or any
other acidic residue at positions 64 —72) (supplemental Fig. S1).
Most of them shared a consensus sequence KKKSGRWR (A67/
T69G/K70R) for positions 64 —72 at the tip of the 83- 34 hairpin
loop. On the other hand, sixty percent of the deletion-contain-
ing RTs contained Asp-67, and had a consensus sequence
KKKDGKWR (S68G/A69) at positions 64-72. TAMs were
commonly found in the sequences lacking Asp-67. Thus, 69.6%
of these sequences contained M41L and 87% contained T215Y.
Mutations of the Q151M complex were rarely identified in RT's
lacking Asp-67, but K219E or K219Q were found in 22 out of
the 23 sequences analyzed. In contrast, 40% of the RT's with the
consensus sequence KKKDGKWR (S68G/A69) contained
Q151M, while TAMs were rarely observed in this group of
sequences.

Effects of A67 and A69 on the Excision Activity of WT and
Mutant RTs—The ability of RTs to rescue AZT monophos-
phate (AZTMP)- and d4T monophosphate (d4TMP)-termi-
nated primers was assessed by using the template/primer
shown in Fig. 1A. These experiments were carried out in two
steps. First, the enzyme and the template/primer were incu-
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FIGURE 1.Rescue DNA polymerization reactions catalyzed by WT and mutant RTs and initiated from primers terminated with AZTMP or d4TMP. Assays
were carried out with the heteropolymeric template/primer D38/25PGA whose sequence is given in panel A. Time courses of AZTMP (B) and d4TMP (C) excision
reactions carried out in the presence of 3.2 mm ATP (left) or 200 um PP, (right). All dNTPs were supplied at 100 um, except for dATP, whose concentration was 1
uM to avoid inhibition of the excision reaction due to the formation of a dead-end complex. Template/primer concentration was 30 nm. RTs were used at 72
nm and 24 nm concentrations (active sites), in rescue reactions carried out in the presence of ATP or PP;, respectively. Represented values were obtained
from at least three independent experiments. Rescue rates (k. values) are given in the supplemental Table S2.

bated in the presence of the inhibitor to generate a terminated
26-nucleotide primer. Then, unblocking and extension reac-
tions were carried out by adding a mixture of ANTPs and a PP,
donor (ATP or PP;). A mutant RT lacking Asp-67 and having
the B3-B4 hairpin loop consensus sequence KKKSGRWR (i.e.
mutant A67/T69G/K70R) showed relatively high ATP-depen-
dent phosphorolytic activity on primers terminated with
AZTMP (Fig. 1B). In contrast, WT (NL4-3) RT and mutant
RTs A67, A69, and S68G/A69/K70G showed almost negligible
activity. Similar results were obtained with primers terminated
with d4TMP, although the efficiency of the reaction was
reduced (Fig. 1C).

After incubating for 30 min under our assay conditions and
in the presence of ATP, A67/T69G/K70R RT rescued 60% of
the AZTMP-terminated primer, but less than 20% of the primer
blocked with d4TMP (Fig. 1). A double mutant containing the
deletion of codon 67 and K70R also showed detectable ATP-
mediated excision activity on both types of hybrids, but its cat-
alytic efficiency was reduced >2-fold in comparison with the
A67/T69G/K70R RT (data not shown). In the presence of 200
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M PP, all RT's were able to unblock and extend primers blocked
with AZTMP or d4TMP, although efficiencies were lower for
mutant RTs A67 and S68G/A69/K70G (rescue rates are given in
the supplemental Table S2). Both mutants containing A69 pro-
duced a small but significant reduction of the ATP-mediated
excision activity in comparison with the WT enzyme.

The effects of A67 and A69 on the ATP-dependent phospho-
rolytic activity were also tested in the presence of TAMs M41L
and T215Y. The introduction of the A67 complex of mutations
(A67/T69G/K70R) produced a 2-fold increase in the ATP-me-
diated excision activity on AZTMP- and d4TMP-terminated
primers (Fig. 2). On the other hand, the A69 complex (i.e. S68G/
A69/K70G) had an antagonistic effect on the ATP-mediated
excision activity of M41L/T215Y RT. These effects were also
observed with AZTMP-terminated primers in the presence of
PP, although differences were less pronounced (Fig. 2A4). In
contrast, all tested enzymes showed similar rescue efficiencies
on d4TMP-terminated primers in the presence of PP, (Fig. 2B).
These results were consistent with phenotypic susceptibility
data showing that mutations S68G/A69/K70G resensitize
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HIV-1 to AZT, while A67/T69G/K70R produced a slight
increase in AZT resistance (Fig. 3). The effects of the dele-
tions in the viral susceptibility to d4T were relatively small
due to inhibition of the excision reaction by the relatively
high ANTP levels found in MT-4 cells used in phenotypic
assays (38).

Structural Models for Ternary Complexes of Mutant RTs,
Double-stranded DNA and dTTP—Structural models for
mutant RTs A67/T69G/K70R and D67N/K70R were obtained
by homology modeling based on the 1IRTD coordinates (8), and
refined by molecular dynamics. Simulations were followed over
the 10-ns trajectory. The root-mean-square deviations (rmsd)
corresponding to the backbone C_ atoms of the modeled ter-
nary complexes remained below 2.3 A during all the simulation
time when compared with the crystal structure of the ternary
complex containing the WT RT (supplemental Fig. S2A4). At the
end of the simulation, interactions at the catalytic site of the
ternary complexes were similar to those observed in the crystal
structure. In both models, mutations did not affect critical
interactions required for maintaining the catalytic attack dis-
tance between the 3'-OH of the primer and the « phosphorous,
and needed for the catalytic competence of the polymerase
(supplemental Fig. S2B).

JOURNAL OF BIOLOGICAL CHEMISTRY 20619

2102 'S Arenigad uo ‘dyIND3 10N VIDOT0Ig OYLD e 610 dgl'mmm woly papeojumod


http://www.jbc.org/cgi/content/full/M111.226100/DC1
http://www.jbc.org/cgi/content/full/M111.226100/DC1
http://www.jbc.org/cgi/content/full/M111.226100/DC1
http://www.jbc.org/

HIV-1 RT Deletions and Thymidine Analogue Resistance

FIGURE 4. Comparison of the structural models of mutant and WT HIV-1
RTs, complexed with dsDNA and an incoming dNTP. A, crystal structure of
the ternary complex of HIV-1 RT (ribbon diagrams), dsDNA (sphere model
showing the template in magenta and the primer in light pink) and dTTP (red
spheres). A side view of the complex showing the dNTP binding site and the
location of Lys-70, Thr-215, and Lys-219 is shown on the right. B-E, views of
the surface of the molecular models of mutant RTs A67/T69G/K70R (B), D67N/
K70R (C), and A69 (D) and the WT enzyme (E), showing the location of 33-34
hairpin loop residues 64-72 (yellow) and residues 215-227 (green). The
dsDNA and the incoming dNTP (partially hidden by the color structures) are
shown in magenta and red, respectively. Stick representations are use to indi-
cate the location of the incoming dNTP and the side chains at positions 70,
215, and 219 (numbering as in the WT HIV-1 RT). All RTs (66-kDa subunits)
were previously aligned and superimposed using PyMol, and are presented in
the same orientation as the structure shown in panel A (right).

The largest differences between the modeled structures of
A67/T69G/K70R and D67N/K70R RTs and the previously pub-
lished molecular models of A69 RT (24) and WT RT (34) were
observed at the B3-B4 hairpin loop (residues 64—-72) and
between B-strand 11a (residues 214—-217) and B-strand 12 (res-
idues 227-229) (Fig. 4). More specifically, the positions of the
side chains of Lys/Arg-70 and Lys-219 were largely affected by
deletions in the B3-B4 hairpin loop. During the last 3.5 ns of the
simulation, the distances between the { carbon of Arg-70 and
the y phosphorous of the ANTP remained stable and below 4.5
A in the models of A67/T69G/K70R and D67N/K70R RTs, and
these distances were compatible with the establishment of
hydrogen-bonding interactions between amido groups of

20620 JOURNAL OF BIOLOGICAL CHEMISTRY

Arg-70 and hydroxyl substituents of the y phosphate of the
incoming nucleotide (supplemental Fig. S3). However, in the
model of WT HIV-1 RT/dsDNA/dTTP (Fig. 4E), the distance
between the e-amino group of Lys-70 and hydroxyl substitu-
ents of the y phosphate of dTTP increased up to 4.2 A, while in
A69 RT, the distance was 13.7 A. The side chain of Lys-219 was
close to the y phosphate of dTTP in the modeled structures of
D67N/K70R, A69, and WT RTs (distances <3.5 A), but away
from the incoming dANTP in the A67/T69G/K70R RT (distance
>8 A). It should be noted that the salt bridge between the side
chains of Asp-67 and Lys-219, present in the crystal structure of
the ternary complex of HIV-1 RT, dsDNA and dTTP (supple-
mental Fig. S4) cannot be formed in the mutant RTs A67/
T69G/K70R and D67N/K70R because of the loss of the acidic
Asp residue.

Effects of the Amino Acid Substitution K219E on the Discrim-
ination between dTTP and AZTTP by Deletion-containing
RTs—Previous modeling studies carried out with the A69 RT
(24) together with evidence based on amino acid sequence anal-
ysis suggested that substituting Glu or Gln for Lys-219 could
have an effect on discrimination of AZTTP versus dTTP, or on
the excision of thymidine analogues from terminated primers.
The different conformations of B-strands 11a and 12 relative
to the B3-B4 hairpin loop in deletion-containing RT's also sup-
port these proposals (Fig. 4). Pre-steady-state kinetic analysis of
dTTP incorporation carried out with WT (NL4 —3) and mutant
RTs revealed minor differences between the WT enzyme and
the mutant A67/T69G/K70R. However, RTs carrying the dele-
tion at position 69 showed about 2-fold decreased catalytic effi-
ciency (k,,,1/K,;) of dTTP incorporation (Table 1). Introducing
K219E had no effect on dTTP incorporation when A69 was
present, but mutant A67/T69G/K70R/K219E showed higher
efficiency of dTTP and AZTTP incorporation than the parental
A67/T69G/K70R RT. These two enzymes showed over 2-fold
higher selectivity for AZTTP versus dTTP in comparison with
the WT RT and the A69-containing RTs. This was due to their
higher affinity (i.e. lower K,) for AZTTP. WT RT and the A69
derivatives showed K, values for AZTTP in the range of 18.9 -
42.4 M, higher than those previously reported for WT and A69
RTs (24). The introduction of K219E in RTs containing A69 or
S68G/A69/K70G led to a small reduction of the selectivity of
AZTTP versus dTTP.

Effects of K219E on the Excision Activity of Deletion-contain-
ing RTs—Rescue DNA polymerization assays using AZTMP-
and d4TMP-terminated primers revealed only minor differ-
ences between A67/T69G/K70R/K219E and A67/T69G/K70R
RTs in the presence of 3.2 mm ATP or 200 um PP; (Fig. 5).
However, in the presence of 200 um PP;, rescue efficiencies in
reactions catalyzed by mutant RTs A69/K219E and S68G/A69/
K70G/K219E were lower than those obtained with A69 and
S68G/A69/K70G RTs. These effects were observed with both
AZTMP- and d4TMP-terminated primers. However, in the
presence of 3.2 mm ATP, rescue efficiencies were very low and
the effects of K219E on the excision reaction were almost unde-
tectable. Previous studies carried out with a WT HIV-1 RT
showed that in the presence of high concentrations of GTP (i.e.
above 3 mm), NRTI excision rates were about 4-fold higher than
in the presence of 3.2 mMm ATP (39). Therefore, we tested
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TABLE 1

Pre-steady-state kinetic constants for the incorporation of dTTP and AZTTP into heteropolymeric template/primer by wild-type and mutant RTs

The template/primer 31T/21P was used as the substrate. Data shown are the mean values * S.D. Each of the assays was performed independently at least three times.
Inter-assay variability was below 20%. All determinations were carried out under single turnover conditions.

RT Nucleotide Kpol K, Kot/ Ky Selectivity”
s wa M—IS—I

WT (NL4-3) dTTP” 17.4 + 2.0 71+25 2.47 +=0.93 0.47 = 0.20
AZTTP 221*16 18.9 + 3.6 1.17 £ 0.24

A67/T69G/K70R dTTP 224 *14 132 =27 1.70 = 0.36 1.15 £ 0.32 (2.4)
AZTTP 8.6 0.3 44 +08 1.95 + 0.36

A67/T69G/K70R/K219E dTTP 199 £ 0.8 55+ 1.1 3.62 = 0.74 1.00 + 0.31 (2.1)
AZTTP 94 £ 0.4 2.6 = 0.6 3.61 = 0.80

A69 dTTP” 123 + 1.0 14.8 + 3.0 0.83 = 0.18 0.55 = 0.17 (1.2)
AZTTP 140 £ 1.1 30.6 = 6.2 0.46 = 0.10

A69/K219E dTTP 124+ 1.3 14.8 = 5.1 0.83 £0.29 0.28 = 0.13 (0.6)
AZTTP 9.8+ 1.0 424+ 11.9 0.23 = 0.07

S68G/A69/K70G dTTP 11.1 £ 05 103 + 1.4 1.08 + 0.15 0.42 = 0.11 (0.9)
AZTTP 164+ 1.6 354 %73 0.46 = 0.10

S68G/A69/K70G/K219E dTTP 10.8 £ 0.9 11.0 + 3.2 0.97 = 0.30 0.30 = 0.14:(0.6)
AZTTP 9.7+ 1.1 32.8 £11.0 0.29 = 0.10

“ The selectivity is the ratio of [k,/K,; (AZTTP)]/[k,/K, (ATTP)]. Resistance (shown between parentheses) was calculated as the selectivity value obtained with each mu-
tant enzyme divided by the selectivity obtained with the WT RT.
? Data were taken from Kisic et al. (24).
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FIGURE 5. Effects of amino acid substitution K219E on rescue DNA polymerization reactions catalyzed by RTs carrying deletions in the 33-34 hairpin
loop. Time courses of reactions initiated from primers terminated with AZTMP (A) and d4TMP (B), and carried out in the presence of 3.2 mm ATP (left) or 200 um
PP, (right). All dNTPs were supplied at 100 um, except for dATP, whose concentration was 1 uM. The concentration of the template/primer (D38/25PGA) was 30
nm. RTs were used at 72 and 24 nm concentrations (active sites), in rescue reactions carried out in the presence of ATP or PP, respectively. Represented values
were obtained from at least three independent experiments. Rescue rates (k. values) are given in the supplemental Table S2.

whether the effects of K219E on NRTI excision could be Susceptibility to Thymidine Analogues of Recombinant HIV-1—
detected in the presence of GTP. As shown in Fig. 6, unblocking Recombinant HIV-1 clones containing RTs bearing mutations
and extension efficiencies of AZTMP-terminated primers cat- A67/T69G/K70R, A69, or S68G/A69/K70G with or without
alyzed by A69 and S68G/A69/K70G RTs were significantly K219E were assayed to establish the level of resistance to thy-
reduced after replacing Glu for Lys-219. midine analogues in comparison with the WT (NL4-3) RT. As
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shown in Table 2, both A67/T69G/K70R and A67/T69G/K70R/
K219E conferred >8-fold increased AZT resistance and
showed reduced susceptibility to d4T compared with the WT
virus (1.5-fold increase of the IC;,). All HIV-1 variants that
contained RTs lacking Thr-69 were susceptible to AZT, d4T,
and foscarnet. AZT hypersusceptibility was observed for
recombinant HIV-1 bearing RT mutations A69, A69/K219E,
and S68G/A69/K70G. However, in the presence of 33-34 hair-

GTP
[ ]
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601

40t

Rescued primer (%)

0 20 40 60 80 100 120 140

Time (min)

W WT (NL4-3)
® 269 V S68G/A69/K70G
O AB9/K219E V' S68G/AB9/KT0G/K219E

A69 (M) S68G/A69/K70G (M)
Vs vs
AB9/K219E ([0) S68G/A69/K70G/K219E ()

Rescued primer (%)
s
Rescued primer (%)
N
=]

90 120 150 90 120 150

Time (min) Time (min)
FIGURE 6. Effect of amino acid substitution K219E on GTP-dependent
excision efficiencies with primers terminated with AZTMP. Rescue DNA
polymerization assays were carried out in the presence of 9.6 mm GTP. All
dNTPs were supplied at 100 um, except for dATP, whose concentration was 1
um. Template primer (D38/25PGA) and active RT concentrations in these
assays were 30 nm and 72 nwm, respectively. The lower panels show direct com-
parisons between rescue efficiencies of RTs with and without K219E, at
selected times. Represented values were obtained from at least three inde-
pendent experiments.

TABLE 2
Susceptibility of HIV-1 constructs to AZT, d4T, and Foscarnet

pin loop deletions, K219E had a relatively small effect on thy-
midine analog resistance as determined in phenotypic assays,
using recombinant HIV-1 variants.

DISCUSSION

A significant number of mutations conferring resistance to
NRTIs has been demonstrated to appear in the $3-84 hairpin
loop (residues 64—72) of HIV-1 RT (1, 5). Hydrogen bonds
between the side chains of Lys-65 and Arg-72 and the triphos-
phate moiety of the incoming dNTP are required for the stabi-
lization of the dNTP/Mg>" complex within the nucleotide
binding site of the RT (8). Amino acid sequences around the
B3-B4 region of the RT show remarkable variability, with A69/
A70 deletions appearing frequently in combination with the
Q151M complex (21, 23, 40, 41), and A67 in isolates containing
TAMs (22, 26, 40). We found that more than 90% of the HIV-1
pol sequences bearing a deletion at codon 67 contained addi-
tional mutations at neighboring residues (usually T69G and
K70R).

Our study demonstrates that $3-34 hairpin loop deletions
have distinct effects on thymidine analog excision, and there-
fore introduce functional constraints on the evolutionary path-
ways leading to multidrug resistance. Thus, A69 alone or asso-
ciated with S68G and K70G decrease ATP-mediated NRTI
excision on primers terminated with both AZT or d4T in dif-
ferent sequence contexts. This effect is consistent with the
reported AZT hypersusceptibility observed in phenotypic
assays with HIV-1 clones bearing A69/A70 deletions (23, 24,
41), as well as with the antagonistic effects of A69 and M41L/
T215Y found in our AZT susceptibility assays carried out with
recombinant HIV-1. Interestingly, by itself, the A67 complex
(i.e. A67/T69G/K70R) confers significant ATP-dependent
phosphorolytic activity on primers terminated with AZT, and
to a lesser extent with d4T. These results were consistent with
the >8-fold decreased susceptibility to AZT observed in phe-
notypic assays with HIV-1 containing the A67/T69G/K70R RT.

The deletion of codon 67 had a minor effect on excision, in
agreement with previous studies showing that neither A67
alone nor the combination A67/T69G confer significant levels
of AZT resistance in phenotypic assays (21, 25, 26). Only K70R
appears to have a modest effect on AZT resistance (2—4-fold
increase of the IC,, for the inhibitor) (42, 43). A study of the
clinical evolution of a patient infected with an HIV-1 isolate
bearing the 67 deletion has revealed its emergence after the
accumulation of several TAMs including K70R and the previ-

The IC,, values represent the mean = S.D. of at least three tests, with each one performed six times. The fold increase in IC, relative to the wild-type HXB2 virus control

carrying the RT sequence of NL4 -3 is shown in parenthesis.

1C;,
RTs AZT d4aT Foscarnet
nm nm nm

WT (NL4-3) 54 *1.1 274.6 = 44.5 44637 + 10687
A67/T69G/K70R 47.0 £ 6.3 (8.7) 451.8 £ 60.3 (1.6) 119068 *+ 16753 (2.7)
A67/T69G/K70R/K219E 57.5 + 24.3 (10.6) 390.5 = 109.5 (1.4) 27772 * 4942 (0.6)
A69 2.5+ 0.7 (0.4) 231.8 = 103.9 (0.8) 31133 * 5428 (0.7)
A69/K219E 2.5 * 0.4 (0.4) 294.0 = 87.8 (1.1) 21260 = 1357 (0.5)
S68G/A69/K70G 3.7 = 1.1(0.7) 295.1 +83.7 (1.1) 33138 * 6976 (0.7)

S68G/A69/K70G/K219E

8.0 + 1.3 (1.5)

394.9 + 111.0 (1.4)

40265 * 8148 (0.9)
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ous selection of D67N (26). Our data support the functional
equivalence of the A67/T69G/K70R complex and the double
mutation D67N/K70R. Previously reported phenotypic data
showed that D67N/K70R confers 4.6-fold and 1.4-fold
increased resistance to AZT and d4T, respectively (44). These
values are similar to those found in our study for HIV-1 bearing
the A67/T69G/K70R RT. The equivalence is also consistent
with the remarkable ATP-mediated excision activity of both
mutant RTs on primers terminated with NRTIs (9; this work).
In addition, as reported for D67N/K70R (9), the A67/T69G/
K70R complex enhances the ATP-dependent phosphorolytic
activity of RTs bearing TAMs such as M41L and T215Y.

Homology modeling and molecular dynamics studies show
large differences in the conformation of the 33-34 hairpin loop
among the predicted structures of WT, A69, and A67/T69G/
K70R RTs, in complex with a dideoxyguanosine-terminated
primer-template (dsDNA) and dTTP. Major differences among
RTs affect the location and interactions involving the side
chains of Lys/Arg-70 and Lys-219. In the crystal structure of the
ternary complex of WT HIV-1 RT/dsDNA/dTTP (8), the two
lysine residues are located in the vicinity of the y phosphate of
the incoming dNTP, with the side chain of Lys-219 interacting
with the side chain of Asp-67. This interaction is lost in molec-
ular dynamics simulations obtained after introducing a 3'-OH
group at the blocked primer (34), while the eNH, group of Lys-
219 moves to interact with the y phosphate of dTTP. Based on
modeling studies, Boyer et al. (11) have proposed that during
the excision reaction, the y and 3 phosphates of the incoming
dNTP in the ternary complex would occupy positions similar to
those expected for the 8 and y phosphates of ATP in the exci-
sion reaction. The recently published structure of an AZT-re-
sistant RT (M41L/D67N/K70R/T215Y/K219Q) bound to
dsDNA and the product of the ATP-mediated excision of AZT
monophosphate from the 3'-end of the primer (i.e. AZT aden-
osine dinucleotide tetraphosphate, AZTppppA) (28) is consis-
tent with this hypothesis (supplemental Fig. S4). Although
Arg-70 may not be required for ATP binding if Tyr-215 is pres-
ent, hydrogen bonds between the side chains of residues 65, 70,
and 219 play a pivotal role in the stabilization of AZTppppA in
this structure and are likely to participate in the excision reac-
tion by placing the PP; moiety of ATP in the proper orientation
for nucleophilic attack.

Our modeling studies show that the large differences in the
conformation of the 83-B4 hairpin loop in WT and mutant RTs
do have a major impact on the position of Lys/Arg-70. Arg-70
seems to interact with the incoming dNTP in both A67/T69G/
K70R and D67N/K70R RTs, suggesting that it could also inter-
act with the B phosphate of ATP during the excision reaction.
In contrast, the side chain of Lys-70 in the A69 RT is located
away from the y phosphate of dTTP, suggesting the loss of its
putative function in PP; donor binding, and in agreement with
the lower excision activity of A69-containing RTs relative to the
WT enzyme.

The loss of interactions between the PP, donor and the
mutant RT could also explain the further reduced excision
activity of the A69/K219E and S68G/A69/K70G/K219E RTs,
observed in the presence of either PP; or GTP. Substituting Glu
for Lys-219 would result in the loss of potential hydrogen bonds
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and ionic interactions between the enzyme and the incoming
dNTP in all RTs, although the presence of a basic residue in its
vicinity (e.g. Lys/Arg-70) could mitigate these effects. This basic
environment would be lost in A69/K219E and S68G/A69/
K70G/K219E RTs. Interestingly, adding K219E to the A67/
T69G/K70R complex has no effect on excision, although it
increases the catalytic efficiency of the RT in dTTP and AZTTP
incorporation assays. The lower excision activity of A69/K219E
and S68G/A69/K70G/K219E RTs compared with A69 and
S68G/A69/K70G RTs does not increase HIV-1 susceptibility to
AZT in phenotypic assays. Substituting Glu for Lys-219 in RT's
bearing the 69 deletion contributes to AZT resistance by reduc-
ing AZTTP incorporation efficiency, and thereby antagonizing
its potential effects on excision that could lead to enhanced
AZT hypersusceptibility.

Taken together, our results are also consistent with clinical
data showing that HIV-1 develops TAMs by one of two distinct
pathways, defined as the TAM1 pathway (including mutations
M41L, L210W, and T215Y) or the TAM2 pathway (involving
mutations D67N, K70R, K219E/Q, and sometimes T215F) (45—
47). TAM2 clustering studies revealed that K219E and
K219Q are more likely to develop if there was previous selec-
tion of K70R (47). In this context, A67/T69G/K70R/K219E
emerges as a novel cluster of TAM2 mutations that confer
resistance to thymidine analogues through an excision-me-
diated mechanism.
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SUPPLEMENTARY TABLE S1
Templates and synthetic oligonucleotides used in site-directed mutagenesis reactions

Insert in the p66RTB plasmid Obtained RTs Mutagenic primers *
WT (NL4-3) RT A67/T69G/K70R 5’ CCAGTATTTGCCATAAAGAAAAAAAGTGGTAGATGGAGAAAATTAGTA 3’
M41L/T215Y (BH10) RT MA41L/A67/T69G/K70R/T215Y | 3’ GGTCATAAACGGTATTTCTTTTTTTCACCATCTACCTCTTTTAATCAT 5’
A69 (NL4-3) RT S68G/A69/K70G 5’ GCCATAAAGAAAAAAGACGGTGGATGGAGAAAATTAGTAG 3’
M41L/T215Y (BH10) RT M41L/S68G/A69/K70G/T215Y | 3’ CGGTATTTCTTTTTTCTGCCTCCTACCTCTTTTAATCATC 5°
A67/T69G/K70R (NL4-3) RT | A67 5’ CCAGTATTTGCCATAAAGAAAAAAAGTACTAAATGGAGAAAATTAGTAG 3’
3’ GGTCATAAACGGTATTTCTTTTTTTCATGATTTACCTCTTTTAATCATC 5’
A69 (NL4-3) RT A69/K219E , ,
TSGR N R aaoaruiaE | 5, SITACGCammaTaomeu
S68G/A69/K70G (NL4-3) RT | S68G/A69/K70G/K219E B

* Underlined nucleotides correspond to mutations introduced in the RT coding region.
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SUPPLEMENTARY TABLE S2

Rescue rates of AZTMP- and d4TMP-terminated primers in reactions catalyzed by wild-type and mutant RTs *

AZTMP-teminated primers d4TMP-terminated primers
Kobs (min™) Kobs (min™)
RTs ATP PPi ATP PPi
Figure 1 | WT (NL4-3) 0.0124 £ 0.0003 | 0.285 £ 0.006 | 0.0048 £ 0.0010 | 0.275 £ 0.011
A67 0.0115+0.0007 | 0.119 £ 0.003 | 0.0039 = 0.0004 | 0.119 + 0.006
A69 <0.0035 0.368 £ 0.061 <0.003 0.101 £0.005
S68G/A69/K70G 0.0061 = 0.0005 | 0.128 + 0.006 <0.004 0.135+0.005
A67/T69G/K70R 0.0482 + 0.0011 | 0.327+£0.013 | 0.0123 £ 0.0008 | 0.172 £ 0.006
Figure 2 | WT (BH10) 0.0093 £ 0.0005 | 0.114 + 0.005 <0.0035 0.201 + 0.007
M41L/T215Y 0.0451 + 0.0032 | 0.084 +0.004 | 0.0148 +0.0011 | 0.159 £+ 0.009
M41L/S68G/A69/K70G/T215Y | 0.0088 £ 0.0006 | 0.078 + 0.004 | 0.0057 £+ 0.0006 | 0.194 + 0.006
M41L/A67/T69G/K70R/T215Y | 0.0823 £0.0019 | 0.233 £ 0.007 | 0.0229 £ 0.0020 | 0.298 + 0.009
Figure 5 | AG9/K219E ND 0.024 + 0.005 <0.003 0.050 + 0.002
S68G/A69/K70G/K219E <0.003 0.044 + 0.007 <0.003 0.053 +0.004
A67/T69G/K70R/K219E 0.0452 £ 0.0015 [ 0.316 £ 0.001 | 0.0127 £0.0013 | 0.197 £0.012

* Rescue rates (kobs values) were obtained after fitting the data to a single exponential decay, [P]= A x [1 — exp(—kqps X t)]. A linear regression was used to fit
the data when rescue efficiencies were low (k.ps values shown in italics). In those cases we assumed that the amount of active RT was identical to the template-
primer concentration used in the assay (i.e. 30 nM). ND stands for non-detectable rescue. Data shown are the mean values + standard deviation, obtained from
at least three independent experiments.
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Supplementary Figure S1. Amino acid sequence alignments of the polymerase domain (residues 41-220) of HIV-1 RTs containing one-amino-acid deletions in
the B3-B4 hairpin loop. Sequences were collected from Stanford HIV Drug Resistance Database (http:/hivdb.stanford.edu) and classified into three major groups
based on sequence conservation at the hairpin loop and accompanying drug resistance mutations. One-amino-acid deletions are represented by green dots. TAMs are
indicated in blue and mutations of the Q151M complex in red.
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Supplementary Figure S2. Conformational changes in the ternary complexes containing HIV-1 RTs A67/T69G/K70R and D67N/K70R occurring
along the simulation time. (A) Evolution of the rmsd of the Ca atoms of the 66-kDa subunit of the RT (residues 1-389) (red). (B) Evolution of the inter-
atomic distance between the 3" oxygen of the primer and the a phosphorous of the incoming dNTP (green) during molecular dynamics simulation.
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Supplementary Figure S3. Evolution of the inter-atomic distances between the { carbon of Arg70
and the y phosphorous of the incoming dNTP (red) and between the { nitrogen of Lys219 and the y
phosphorous of the incoming dNTP (green), in ternary complexes of HIV-1 RTs A67/T69G/K70R
(A) and D67N/K70R (B).
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WT RT:dsDNA:dTTP

B3-B4 loop: KKKDSTKWR (64-72)
B11a/12: TTPDKKHQKEPPF (215-227)

3KLE

AZTr RT:dsDNA:AppppZ
B3-B4 loop: KKKNSTRWR
B11a/12: YTPDQKHQKEPPF
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WT RT:dsDNA:AppppZ
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B11a/12: TTPDKKHQKEPPF

Supplementary Figure S4. Crystal structures of HIV-1 RT complexes showing the location of
residues 67, 70, 215 and 219 on the surface of the p66 subunit. (7op) Ternary complex of HIV-1 RT,
double-stranded (dsDNA) and dTTP (PDB file 1RTD). The arrow indicates the location of the salt
bridge between the side-chains of Asp67 and Lys219. (Middle) Complex of the AZT-resistant RT
(M41L/D67N/K70R/T215Y/K219Q), dsDNA and the dinucleotide tetraphosphate product of the ATP-
mediated excision of AZT (AppppZ). (Bottom) Complex of the WT RT, dsDNA and the dinucleotide
tetraphosphate product of the ATP-mediatend excision of AZT. Surface colors are: cyan (for p66),
magenta (for dSDNA), yellow (for 33-B4 hairpin loop residues in p66), green (for residues 215 to 227 of
the 66-kDa subunit) and red (for the incoming dTTP). Sticks are used to represent the AppppZ molecule.
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