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Integrase (IN) strand transfer inhibitors (INSTIs) have been developed to inhibit the ability of HIV-1 integrase to irreversibly
link the reverse-transcribed viral DNA to the host genome. INSTIs have proven their high efficiency in inhibiting viral replica-
tion in vitro and in patients. However, first-generation INSTIs have only a modest genetic barrier to resistance, allowing the vi-
rus to escape these powerful drugs through several resistance pathways. Second-generation INSTISs, such as dolutegravir (DTG,
S/GSK1349572), have been reported to have a higher resistance barrier, and no novel drug resistance mutation has yet been de-
scribed for this drug. Therefore, we performed in vitro selection experiments with DTG using viruses of subtypes B, C, and A/G
and showed that the most common mutation to emerge was R263K. Further analysis by site-directed mutagenesis showed that
R263K does confer low-level resistance to DTG and decreased integration in cell culture without altering reverse transcription.
Biochemical cell-free assays performed with purified IN enzyme containing R263K confirmed the absence of major resistance
against DTG and showed a slight decrease in 3’ processing and strand transfer activities compared to the wild type. Structural

modeling suggested and in vitro IN-DNA binding assays show that the R263K mutation affects IN-DNA interactions.

he high mutation rate of HIV-1 reverse transcriptase (RT)

allows the virus to escape pressure through adaptive muta-
tions that include drug resistance mutations that limit the effec-
tiveness of antiretroviral drugs (5, 31, 66, 69, 70). The use of mul-
tiple drugs in combination can hamper this process by restraining
viral replication, limiting the emergence of resistant strains. The
addition of integrase inhibitors to the arsenal of drugs against
HIV-1isimportant since these inhibitors are active against viruses
resistant to other drug classes (16, 49, 63).

The HIV-1 integrase enzyme catalyzes two reactions. The first
is 3" processing, which consists of cleavage of a dinucleotide at
both 3" ends of the reverse-transcribed linear viral DNA and re-
sults in the exposure of reactive hydroxyl groups. The second step
termed “strand transfer” is carried out through a nucleophilic
attack by exposed 3’ hydroxyl groups on host genomic DNA (26,
47). Even though 3’ processing may be a suitable therapeutic tar-
get, the integrase inhibitors developed so far are integrase strand
transfer inhibitors (INSTIs) that preferentially inhibit strand
transfer while only modestly affecting 3" processing (18, 24, 26).
Raltegravir (RAL) was the first INSTI to be approved for therapy
in 2007 (64) and is safe and efficient in both treatment-naive and
treatment-experienced subjects (11, 17, 23, 35, 49, 62, 63). Elvite-
gravir (EVG) is another INSTI currently in advanced clinical trials
(10, 12, 77).

Although first-generation INSTIs strongly inhibit HIV-1 rep-
lication, they possess only a modest genetic barrier to resistance.
Three main resistance pathways have been identified for RAL,
involving initial mutations of the N155, Q148, and Y143 residues
within IN (11). Both N155 and Q148 confer cross-resistance to
EVG (19, 41, 47, 67), while Y143 has been reported to be specific
for RAL (44). Numerous secondary mutations confer low levels of
resistance against both drugs (reviewed in reference 47). Second-
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generation INSTIs have been developed, which possess a more
robust resistance profile than RAL and EVG (3, 21, 27, 33, 67).
These include MK-2048 (3, 4, 20, 67) and dolutegravir (DTG) (3,
20, 33, 45, 46, 61, 67).

Selection studies have shown that MK-2048 can selecta G118R
resistance mutation (3), and during similar studies with DTG,
changes were observed at positions E92, L101, T124, S153, and
G193 (33, 57, 59). However, fold changes (FC) in susceptibility
were moderate (FC, <2.5) for all of these substitutions; the sub-
stitutions at the well-characterized polymorphic positions L101
and T124 did not increase DTG or RAL FC (33, 68). Although no
major resistance mutation against DTG has been identified to
date, thus far the accumulation of multiple mutations is required
to result in an FC of >10, confirming that second-generation
INSTIs possess a higher genetic barrier for resistance than their
first-generation counterparts (20, 33).

To further investigate this subject, we performed in vitro selec-
tions with DTG using viruses of subtypes B, C, and recombinant
A/G. The most common mutation selected was R263K, and intro-
duction of R263K into HIV-1 pNL4-3 by site-directed mutagen-
esis revealed low-level resistance to DTG. In addition, R263K di-
minished both viral fitness and integration without affecting
reverse transcription. Cell-free assays indicated that R263K had
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minimal effect on DTG susceptibility but decreased integrase 3’
processing and strand transfer activities. Molecular modeling sug-
gests that R263K can trigger structural and catalytic changes
within IN that explain its selection by DTG. The use of an IN-DNA
binding assay confirmed that R263K partially impairs IN-DNA
binding. This is the first characterization of a drug resistance mu-
tation consistently selected in both B and non-B subtype viruses
passaged with DTG. This is also the first report of selection with
DTG in primary human cells.

MATERIALS AND METHODS

Cells and antiviral compounds. TZM-bl and PM1 cells were obtained
through the NIH AIDS Research and Reference Reagent Program (see
Acknowledgments for details). The 293T cell line was obtained from the
American Type Culture Collection (CRL-11268). Cells were subcultured
every 3 to 4 days in Dulbecco’s minimal essential medium (DMEM) for
TZM-bl and 293T cells or RPMI medium for PM1 cells supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/ml penicillin
and 50 pg/ml streptomycin and maintained at 37°C and 5%
CO,.Umbilical cord blood mononuclear cells (CBMCs) were isolated by
Ficoll-Hypaque (GE Healthcare) gradient centrifugation from blood ob-
tained through the Department of Obstetrics, Jewish General Hospital,
Montréal, Canada. CBMCs were cultured as previously described (75).

Merck & Co., Inc., Gilead Sciences, and GSK kindly provided RAL and
MK-2048, EVG, and DTG, respectively. Compounds were solubilized in
dimethyl sulfoxide.

Serial passage experiments. Selections were performed as previously
described (3, 51). Briefly, CBMCs infected with the specified viruses were
serially passaged in the presence of increasing concentrations of DTG.
Mutations were identified by sequencing the IN region of the pol gene
according to the procedure described previously (6). Viral strains 5331,
5326, 12197, 6399, and 4742 are primary isolates.

Generation of replication-competent genetically homogeneous
HIV-1. pNL4-3y(ra63K) Was created by site-directed mutagenesis of the
wild-type pNL4-3 obtained through the NIH AIDS Research and Refer-
ence Reagent Program with the following primers: sense (5'-GTAGTGC
CAAGAAAAAAAGCAAAGATCATCAGGG-3') and antisense (5'-CCC
TGATGATCTTTGCTTTTTTTCTTGGCACTAC-3"). The presence of
the mutation was confirmed by sequencing. To produce genetically ho-
mogenous HIV-1, 16 ug of plasmid coding for pNL4-3 or pNL4-
31N(Ra63K) Was transfected into 293T cells using Lipofectamine 2000 as
recommended by the manufacturer (Invitrogen). Fresh medium was
added 6 h after transfection. After 48 h, culture supernatants were
harvested, centrifuged, and passed through a 0.45-um filter to remove
cellular debris, treated with Benzonase (EMD) to degrade the transfected
plasmids, and stored at —80°C for future use. Levels of p24 in culture
fluids were measured by enzyme-linked immunosorbent assay (ELISA)
(PerkinElmer). Virion-associated RT activity was measured as previously
described (75).

Replication capacity in TZM-bl cells. Relative replication of the re-
combinant wild-type and mutant viruses was evaluated using a noncom-
petitive short-term infectivity assay with TZM-bl cells as previously de-
scribed (58, 75). Briefly, 20,000 cells per well were seeded into 96-well
culture plates (Corning). After 24 h, cells were infected with the indicated
amount of virus normalized by p24. Luciferase activity was measured at 48
h postinfection using the luciferase assay system (Promega) and a Micro-
Beta2 luminometer (PerkinElmer).

qPCR for reverse transcripts and integrated viral DNA. A quantita-
tive PCR (qPCR) for reverse transcripts and integrated DNA in PM1
T-cell lines was performed as previously described (3), with minor mod-
ifications. Briefly, cellular DNA was extracted with a DNeasy blood and
tissue kit (Qiagen). PCR was performed with Platinum qPCR SuperMix-
UDG (Invitrogen) on a Corbett Rotor-Gene 6000 thermocycler (Cor-
bett). The samples were normalized for their 3-globin DNA contents. The
cycling conditions were 50°C for 2 min, 95°C for 2 min, and 50 repeats of
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95°C for 10 s, 60°C for 10 s, and 72°C for 30 s. For the quantification of
reverse transcripts, reactions were performed in the presence of 65 ng of
DNA template. Integrated DNA was quantified as previously described
(3) in a two-step PCR. Late reverse transcripts, Alu-LTR (where LTR
stands for long terminal repeat), and B-globin primers and probes have
been described previously (3).

Protein expression and purification. Escherichia coli strain XL10-
Gold ultracompetent cells, Tet™ A(mcrA)183 A(mcrCB-hsdSMR-mrr)173
endAl supE44 thi-1 recAl gyrA96 relAl lac Hte [F' proAB lac[iZAM15
Tnl0 (Tet") Amy Cam] (Stratagene), were used for plasmid production
while BL21(DE3) Gold cells, F~ ompT hsdSg(ry~ my~) dem gal A(DE3)
(Stratagene), were used for protein expression. Luria-Bertani (LB) broth
(Multicell) prepared in Milli-Q water and supplemented with 100 ug/ml
ampicillin was used for all bacterial growth. Expression and purification
of integrase recombinant proteins were performed as previously de-
scribed for His-tagged integrase (2) with some modifications. Fractions
containing purified integrase as judged by SDS-PAGE were dialyzed into
storage buffer (20 mM HEPES, 1 M NaCl, ] mM EDTA, 5 mM dithiothre-
itol [DTT], 10% glycerol [pH 7.5]), aliquoted, and stored at —80°C. Pro-
tein aliquots could be kept for several months at —80°C without loss of
activity.

Protein concentration and identity. Protein concentrations were
measured using an extinction coefficient of 50,420 M~ ! cm ™!, which was
calculated using ProtParam (71) and verified using the Bio-Rad protein
assay with bovine serum albumin (BSA; Sigma) as a standard. The BSA
concentration was determined by readings at an optical density at 280 nm
(OD,g,) using its published extinction coefficient (48).

DNA substrates for in vitro assays. The following DNA substrates
were used for strand transfer assays: donor LTR DNA sense (A), *5AmM
C12-ACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3" (where
*5AmMCI12 refers to a reactive amino group attached to the 5 end of the
oligonucleotide using a 12 carbon linker), and antisense (B), 5'-ACTGC
TAGAGATTTTCCACACTGACTAAAAG-3'; target DNA sense (C), 5'-
TGACCAAGGGCTAATTCACT-3Bio, and antisense (D), 5'-AGTGAAT
TAGCCCTTGGTCA-3Bio. For 3’ processing assay, primer B was used
together with the LTR-3’-sense oligonucleotide (E) *5AmMC12-ACCCT
TTTAGTCAGTGTGGAAAATCTCTAGCAGT-BioTEG. The following
pairs of oligonucleotides were used for DNA binding assays: LTR-D1,
5'-CTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3', and LTR-D2,
5'-RhoR-XN/ACTGCTAGAGATTTTCCACACTGACTAAAAG-3". To
make functional duplexes, equimolar amounts of sense and antisense
primers were mixed in a microcentrifuge tube and annealed by heating for
10 min at 95°C and slow cooling to room temperature over a period of 4 h.

Strand transfer activity. Strand transfer reactions with the wild-type
and R263K integrase proteins were carried out using a microtiter plate
assay as published (2, 29), with the major difference being the choice of
time resolved fluorescence (TRF) over fluorescence for signal detection.
Donor DNA LTR oligonucleotide duplex A/B diluted to 100 nM in
phosphate-buffered saline (PBS) (pH 7.4) (Bioshop) was covalently
linked to Costar DNA-Bind 96-well plates (Corning) by incubation at
room temperature for 4 h; negative-control wells lacked any DNA duplex.
The plates were blocked with 0.5% BSA in blocking buffer for 18 h. Before
use, the plates were washed twice with each of PBS (pH 7.4) and assay
buffer (50 mM morpholinepropanesulfonic acid [MOPS; pH 6.8], 50
pg/ml BSA, 50 mM NaCl, 0.15% 3-[(3-cholamidopropyl)-dimethyl-
ammonio]-1-propanesulfonate [CHAPS], 30 mM MnCl,-MgCl,). Puri-
fied integrase proteins, diluted in assay buffer supplemented with 5 mM
DTT, were added followed by a 1.5-h incubation at 37°C for the 3’ pro-
cessing reaction. Then INSTIs were added or not added, followed by an
additional 1-h incubation at 37°C in the presence of the biotinylated target
DNA duplex C/D for the strand transfer reaction to occur. Following the
strand transfer reaction, the plates were washed three times with wash
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Tween 20, 2 mg/ml
BSA). The plates were then incubated with Eu-labeled streptavidin
(PerkinElmer) diluted to 0.025 pg/ml in wash buffer in the presence of 50
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TABLE 1 Serial passage experiments with CBMCs infected with subtype B, A/G, and C HIV-1 viruses in the presence of increasing concentrations of

DTG
Week 20 Week 37
DTG DTG
Baseline concentration concentration
Subtype  Virus polymorphisms  (uM) Acquired mutations (uM) Acquired mutations
B 5331 172v 0.05 R263K
BK-132 M1541, V2011 0.05 R263K W243G/W  0.05 R263K E138E/K
5326 V721,1203 M 0.05 R263K/R S153Y R166K/R 0.05 S153Y
PNL4.3 172V, 1113V, 0.05 R263K M501/M, 0.05 R263K M501,
L1234V V1511 V1511
12197 RALTI 1203 M 0.01 R263K D288E 0.025 R263K D288E
WT for (week 34) (week 34)
INI
AG 6399 V721, T125A, 0.025 GI118R E69E/K 0.05 G118R
V2011
96USSN20 V721, T125A, 0.1 R263K 0.1 R263K H51H/Y
V2011
C 4742 V721, Q95P, 0.05 GI118R 0.05 GI118R H51Y
T125A,
V2011, 1203
M
96USNG31 V721, T125A, 0.01 S153S/T 0.025 H51Y,
V2011 GI193E/G

4 Baseline polymorphisms and acquired substitutions are indicated.

uM DTPA (Sigma). After additional washes with the same buffer, Wallac
enhancement solution was added (PerkinElmer). The low pH of the en-
hancement solution caused the charging of conjugated Eu to yield Eu3*
ions. The TRF of Eu?* in the Wallac enhancement solution was measured
on a FLUOstar Optima multilabel plate reader (BMG Labtech) in TRF
mode with excitation and emission slits of 355 nm and 612 nm, respec-
tively.

3’ processing activity. The determination of 3’ processing activity of
purified recombinant integrase proteins by microtiter plate assay was also
performed. Briefly, 3'-biotinylated DNA duplex E/B was covalently linked
to Costar DNA-Bind plates under similar conditions as for strand trans-
fer. Purified IN was added, and after 2 h of incubation, 3’-biotinylated
ends cleaved by the enzyme were washed away and the remaining signal
measured as described for the strand transfer assay.

Microplate-based assay for IN-DNA binding. An IN-DNA binding
assay was established by modifying a previously described procedure (76).
Briefly, various concentrations of IN in PBS (pH 7.4) were loaded into
Nunc FluoroNunc microplate wells (200 wl per well) and the plate was
incubated at room temperature for 2 h. Unbound proteins were removed
by three washes in 200 ul PBS per well (pH 7.4). The plate was then
blocked with 200 ul PBS/well containing 2% BSA (wt/vol) for 2 h and
washed three times in PBS. A 5'-rhodamine-labeled LTR duplex (20 nM)
was then added in 100 ul of binding buffer (20 mM MOPS [pH 7.2], 20
mM NaCl, 5 mM DTT, 7.5 mM MgCl,), and the plate was incubated at
room temperature for 1 h. The plate was then washed three times in PBS.
After removal of the final wash by inversion, 100 ul PBS was added to each
well, and fluorescence was measured in a FLUOstar Optima plate reader
(BMG Labtech) at excitation and emission wavelengths of 544 and 590
nm, respectively. All measurements were performed in duplicate, and
experiments were repeated at least twice.

Data processing. All cell-free experiments, except when otherwise in-
dicated, were the result of at least 3 sets of experiments, performed in
triplicate to yield 9 independent values. To determine the kinetic param-
eters for target-dependent strand transfer activity, the results of at least 4
sets of triplicate results (1 = 12) were fit to a Michaelis-Menten algorithm
using GraphPad Prism 4.0 software. Fifty percent inhibitory concentra-
tions (IC,,s) were calculated on the basis of 9 independent experiments
performed with wild-type B and INy, ¢ enzymes by using the sigmoid
dose-response function of the same software. Values of strand transfer
activity in the absence of drug for each experiment were determined ar-
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bitrarily as 100%. The extent of resistance for individual inhibitors was
measured by using an unpaired Student’s ¢ test with Welch’s correction.
Mean IC,s were expressed together with the standard error of the mean
(SEM).

Homology modeling. Homology models of full-length HIV-1 IN in-
tasome and strand transfer complex (STC) were created based on the
available partial crystal structures of HIV-1 integrase (8, 25, 40, 72) and
the published intasome (26) and STC (39) of the prototype foamy virus
(PFV) using the I-TASSER three-dimensional (3D) protein prediction
server (56). Model quality was assessed based on root mean square devi-
ation (RMSD) of the global homology structure from the PFV lead tem-
plates and available HIV-1 IN using the RCSB PDB Protein Comparison
Tool (55). PYMOL (http://pymol.org/, The PYMOL Molecular Graphics
System, version 1.3; Schrodinger, LLC) was used for structural visualiza-
tion and image processing.

RESULTS

Isolation of R263K mutant viruses with DTG. During previous
serial passage experiments with DTG, substitutions were observed
at T124A, S153F/Y, and L1011 from the HIV-1 lab strain IIIB and
E92Q and GI93E from the HIV-1 lab strain NL432; both lab
strains are subtype B virus (33, 57, 59). To extend these observa-
tions, we performed serial passage experiments with DTG using
healthy donor primary human CBMCs infected with various sub-
type B, C, and A/G viruses (Table 1). After 20 weeks, the R263K
mutation was observed in all five subtype B (5/5) selections and
one of two subtype A/G selections. Of note, only a fraction of the
5326 viral population carried this substitution. During the selec-
tions, neither L1011 nor T124A appeared. However, the S153Y
substitution was observed in combination with R263K for one
subtype B virus and S153T was partially detected in one subtype C
virus. Importantly, the only subtype B or A/G virus that did not
bear the R263K mutation carried the G118R mutation, which we
previously characterized as a resistance mutation to MK-2048,
another second-generation INSTI (3). The same mutation
(G118R) was observed in one subtype C virus. The R263K muta-
tion was detected alone or in combination with other substitu-
tions that varied among virus strains (Table 1). R263K emerged
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TABLE 2 Effects of the R263K mutation on IC,, and 95% confidence
intervals for DTG in TZM-bl cells

DTG
90% confidence
Backbone Genotype ICs, (nM) intervals (nM) FC
pNL4-3 wt? 3.273 1.178 to 9.095
Nk 36.69 17.49 to 76.98 11.2
@ wt, wild type.

early in culture in both subtype B and A/G viruses. In addition,
R263K was the most frequent mutation at weeks 34 and 37, ob-
servable in 4/6 subtype B and A/G viruses. At the same time,
G118R was present in one subtype C virus and one subtype A/G
virus. Various secondary mutations accumulated with R263K and
G118R, in particular H51Y, a secondary mutation previously
associated with EVG resistance (32, 60). For one subtype B
virus, 5326, the initial R263K mutation was lost, and a single
substitution S153Y was detected at week 37. Together, these
results identified R263K as a common mutation that emerges
in the presence of DTG and prompted us to further investigate
this substitution.

R263K confers resistance against DTG in vitro. To study the
R263K substitution in the context of a homogeneous genetic
background, this mutation was introduced by site-directed
mutagenesis into pNL4-3 proviral DNA. The resulting pNL4-
31n(ra63K) Virus and its wild-type counterpart, pNL4-3, were pro-
duced by transfecting proviral DNA into 293T cells. The activity of
DTG was tested in TZM-bl cells against pNL4-3 and pNL4-
3in(raesk) (Table 2). Dose-response studies to determine ICs,s
showed that DTG inhibited wild-type pNL4-3 with an ICs, of
3.273 nM (with a 90% confidence interval of 1.178 to 9.095 nM).
The calculated IC;, was 36.69 nM (17.49 to 76.98 nM) for pNL4-
3in(r263K)- These values were statistically different according to the
extra sum-of-squares F test (P < 0.02). This corresponds to an
11.2-fold decrease in DTG susceptibility in the presence of the
R263K mutation.

Characterization of R263K in cell-based assays. To analyze
how R263K impacts viral infectivity, we performed TZM-bl infec-
tion assays with increasing amounts of wild-type pNL4-3 and
PNL4-3 5 (ra63x) Viruses (Fig. 1A). For both viruses, the measured
luciferase activity from TZM-bl cells was directly proportional to
the amount of virus, measured in ng of p24. These experiments
indicated that R263K slightly decreases viral infectivity, as shown
by the reduction in luciferase activity induced by pNL4-3 (263K
compared to wild-type pNL4-3. Best-fit linear regressions were
created for each virus to determine the slope as an estimate of
infectivity (Fig. 1B). This analysis shows that R263K decreases
viral infectiousness by approximately 20%.

Since integrase has been found to regulate RT activity (14, 50,
52,74), we investigated whether the R263K mutation had an effect
on reverse transcription. DNA reverse transcripts from pNL4-3
and pNL4-3,r263K) Were quantified in PM1 cells by gPCR at 7 h
and 24 h after infection (Fig. 1C). Both viruses produced similar
amounts of reverse transcripts, suggesting that R263K did not
affect RT activity. To test the role of integration in decreased in-
fectivity observed with the R263K mutation, we quantified viral
integration (Alu-LTR) by qPCR (Fig. 1D), as described previously
(3). These experiments showed that the pNL4-3rp63x) Virus was
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less efficient at integrating its genome into cellular DNA than the
wild-type virus. Since our results indicate that reverse transcrip-
tion is not affected by the R263K substitution, we conclude that IN
carrying this mutation is less active than the wild-type enzyme.

Expression and purification of INg, ;. We next carried out a
biochemical characterization of IN carrying the R263K mutation.
Although arginine (R) and lysine (K) are hydrophilic, basic, and
positively charged at neutral pH, with only small differences in
their biochemical properties, substitution from R to K leads to a
change from a guanidinium to an amine side chain. To investigate
the effect of this change on the biochemical properties of HIV-1
integrase, the R263K mutation was introduced by site-directed
mutagenesis into the coding sequence of the subtype B integrase
carrying the solubility mutations F185H and C280S. These latter
substitutions have been previously shown to increase solubility of
recombinant integrase without changing its activity in vitro (2, 4).
Both the wild-type and R263K enzymes were expressed fused to a
hexahistidine tag and purified simultaneously, as previously de-
scribed (2, 4). The purity of the recombinant enzymes was shown
to be better than 90% as measured by gel analysis, and their iden-
tity was confirmed by Western blotting (not shown).

Strand transfer and 3'-processing activities of IN,¢5x. Since
cell-based experiments suggest a defect in the activity of integrase
carrying the R263K substitution, we analyzed the biochemical
properties of the wild-type and variant (INy,43x) enzymes in cell-
free assays. We measured both 3’-processing and strand transfer
activities of the INy,¢;x protein and compared the results to those
obtained with wild-type IN protein (Fig. 2). Both assays were per-
formed in microtiter plates in the absence of drug inhibitors. First,
the optimal protein concentration for the strand transfer assay was
determined by using increasing amounts of wild-type and IN,45x
recombinant proteins (Fig. 2A). Wild-type IN showed a maximal
strand transfer activity at 300 nM, whereas IN,4, reached a max-
imum at 150 nM. INp,¢;x strand transfer activity was lower than
the wild type at all protein concentrations.

Similar experiments were also performed in the presence of
increasing concentrations of target DNA (Fig. 2B), and saturation
curves were generated for each enzyme to determine maximal
activity. The results indicate that INp,¢;x has a lower maximal
strand transfer activity than does wild-type IN (17,679 = 503 rel-
ative fluorescence units [RFU]/hr for the wild type compared to
14,166 = 321 RFU/hr for INy,4;x), corresponding to a 20% de-
crease in activity. Calculated apparent maximum activities (V)
and Michaelis-Menten constants (K,,,) are summarized in Fig. 2C
and D, respectively. The K|, was 1.40 nM for the wild type and 2.66
nM for INy,45k, confirming the inhibitory effect of the R263K
mutation on the integration process.

The strand transfer assay measures both integration steps, i.e.,
3’ processing and strand transfer of the processed donor DNA to
target DNA. To discriminate between the two reactions, we mea-
sured 3’-processing activity using the purified recombinant wild-
type and INp,¢;x proteins in separate assays. First, 3'-processing
activity was measured over time (Fig. 3A). 3'-processing activity
increased with time, reaching linear progression between 90 and
160 min. Next, we performed similar experiments in the presence
of increasing concentrations of integrase proteins (Fig. 3B). Cal-
culated V,,,, values after 2 h were 17,414 = 277 and 14,489 *=
1,158 RFU for wild-type and INy,;x enzymes, respectively. The
same assay was also performed with increasing concentrations of
donor LTR DNA (Fig. 3C). The V,,,,, values for the wild type and

max

jviasm.org 2699


http://jvi.asm.org

Quashie et al.

A 200,000+ C 150+
—e— pNL4-3 <
150000 B PNLA-3ea Z8_ l Il pNL4-3
= - 95 1001 [ PNL4-3,ymosak)
o2 >co
2= 100,000 IED
E 1=
€8x 50
50,000+ 3L+
x 2
0 T T Q-
0 10 20 30 7h 24h
p24 (ng)
B D 1501
<
5
£5 1001 =
2N 0 2
oL < © 100
K o] - O
= o &
s 2 )
(=
28 50 E& |
ke 94 501
cn £2
@
0 O-

)
L}

PHL4-3 PNL4-Sinrasak) pNL4-3 PNL4-3y(r263K)

FIG 1 The R263K mutation specifically decreases HIV-1 integration. (A and B) The R263K mutation in the IN region decreases HIV-1 pNL4-3 infectivity. (A)
Relative luciferase units (RLU) produced by TZM-bl cells 48 h after infection with wild-type and IN(R263K) pNL4-3 viruses. Viral stocks were quantified by p24
ELISA and diluted as indicated. Infections were performed in triplicate for each viral dilution. Results for each triplicate are represented as means = standard
deviations (SD). The calculated linear regressions are shown as solid lines and the 95% confidence intervals as dotted lines. The results presented are represen-
tative of three independent experiments. (B) Infectivity of wild-type and R263K mutant viruses represented by the means = SD of the calculated slopes for three
independent TZM-bl infectivity assays (P < 0.01, f test), normalized against the wild-type slope, arbitrarily set at 100%. (C) The R263K mutation does not affect
HIV-1 pNL4-3 reverse transcript production. Reverse transcription products were measured by qPCR at 7 h and 24 h after infection of PM1 cells with wild-type
and R263K mutant viruses. Infections were performed in duplicate with two different viral stocks for each virus for a total of 4 independent infections for each
time point and each virus. gPCRs were performed in duplicate for each sample. Results were normalized for B-globin gene expression and expressed relative to
the normalized signal measured for the wild-type virus at 7 h postinfection, arbitrarily fixed at 100% for each set of infections. Results from noninfected cells (NI)
are indicated. Means *+ SD are shown. (D) HIV-1 pNL4-3 integration is diminished in the presence of the R263K mutation. Integrated DNA was quantified by
qPCR in PM1 cells infected with wild-type and R263K pNL4-3 viruses for 72 h. Infections were performed twice in duplicate with two separate viral stocks, for
atotal of 8 independent infections for each virus. qPCRs were performed in duplicate for each sample. Results were normalized for 3-globin gene expression and

expressed relative to the signal detected for wild-type virus, arbitrarily set at 100% for each set of infections. Means * SD are shown.

INRoesk Were 9,535 = 946 and 7,404 * 863 RFU, respectively.
Calculated V,,, values are summarized in Fig. 3D. Together, these
results show that integrase 3'-processing and strand transfer ac-
tivities were decreased by approximately 20% when the R263K
mutation was present.

Effects of the R263K mutation on susceptibility to INSTIs in
vitro. Next, we measured the effects of DTG, EVG, RAL, and MK-
2048 on wild-type and INy, 43 enzymes in vitro (Table 3). Strand
transfer assays were performed with the wild-type and mutant IN,
in the presence of increasing concentrations of each of these drugs,
and the resulting strand transfer activity was measured. Dose-
response curves were calculated to determine IC5,s. DTG inhib-
ited wild-type and R263K IN with an IC,, 0f 3.49 nM and 3.74 nM,
respectively. The 95% confidence interval for IN,¢;x was wider
than that for the wild-type enzyme, with a higher limit that was
twice that of wild-type integrase. Our results indicate that R263K
confers marginal resistance to EVG (1.8-fold change) with the
same trend observed in the 95% confidence interval for the variant
enzyme as observed for DTG. In addition, our results show that
R263K slightly increases integrase susceptibility to RAL and MK-
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2048. None of the drugs tested showed any significant inhibition
of 3" processing (not shown), as previously reported (18).

In silico studies of R263K mutant integrase. The crystal struc-
tures of integrase from the PFV bound to DNA (26, 40) and DTG
(27) have recently been elucidated. Other studies demonstrated
that the structure of the HIV-1 IN may be analogous to that of PFV
(9,27, 34). Accordingly, we used Protein Data Bank (PDB) iden-
tification numbers 3L2R (26), 3S3M (27), and 30S0 (39) as start-
ing points for structural refinement of wild-type and R263K inta-
somes, drug-bound intasome, and STC, respectively. Modeled
HIV-1 integrase structures showed good global agreement with
their template structures and with each other (Fig. 4A). When
integrase intasome and STC models were overlaid with the DNA
ligands of their respective templates, R263 in wild-type integrase
was within 4 A of the viral LTR fragment in both the intasome (not
shown) and STC (Fig. 4A). The R263K mutation brings the R262
and K263 residues closer to the viral LTR mimic (Fig. 4B), possibly
affecting LTR binding. The short length of the LTR template pre-
vented proper analysis of these differences in integrase-DNA in-
teractions, but it is possible that this basic rich region, which has
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FIG 2 Strand transfer activity of purified recombinant wild-type (IN) and R263K (INp,4;x) integrases. (A) Strand transfer activity expressed in relative
fluorescent units (RFU) in the presence of 3 nM target DNA and variable concentrations of purified recombinant protein. (B) Strand transfer activity (RFU) in
the presence of 300 nM purified recombinant protein and variable concentrations of target DNA. (C) Calculated maximum strand transfer activities for wild-type
IN and INg, 5k with variable protein or target DNA concentration. The maximum activities in the presence of increasing concentrations of proteins (A Protein)
were calculated by excluding the higher concentration (1,200 nM). (D) Calculated Michaelis-Menten constant (K,,) for purified IN and INp, 4.

already been shown to be important for DNA binding and 3’ integrase subunits (Fig. 4C), causing steric clashes that translate to
processing (15, 38), has more DNA interactions than are obvious  the target DNA binding site and the active site periphery. A
from modeling. A more dramatic spatial and orientation shift of  close-up of one active site shows insignificant differences in the
R262 relative to its wild-type position was observed in the inner  relative positions of the D¢,D,,¢E, 5, catalytic residues between the
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FIG 3 3’-processing activity of purified recombinant wild-type (IN) and R263K (INy,45x) integrases. (A) Time-dependent 3’-processing activity expressed in
relative units of time-resolved fluorescence (RFU) in the presence of 100 nM protein and 10 nM viral LTR DNA mimic (P < 0.02, paired  test). (B) 3'-processing
activity (RFU) after 2 h of incubation with 10 nM target DNA and increasing concentrations of protein. (C) 3'-processing activity (RFU) after 2 h of incubation
with 400 nM protein and increasing concentrations of target DNA (LTR). (D) Calculated maximum 3’-processing activities for wild-type IN and INp, ¢ with
variable protein or target DNA concentrations.
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TABLE 3 Effects of the R263K mutation on IC, and 95% confidence intervals for various INSTIs in vitro

DTG RAL EVG MK-2048
95% confidence 95% confidence 95% confidence 95% confidence
Enzyme 1Cs, (nM) intervals (nM) IC;,, (nM) intervals (nM) ICs, (nM) intervals (nM) 1Cs, (nM) intervals (nM)
IN 3.485 2.672 to 4.546 10.38 7.407 to 14.54 1.239 0.4682 to 3.278 2.578 1.923 to 3.455
INpoesk 3.738 1.589 to 8.796 6.587 2.863 to 15.15 2.170 0.5246 to 8.977 1.472 0.5283 to 4.104

wild type and R263K (Fig. 4D), leading to the hypothesis that the
reduction in both integrase activities caused by this mutation may
be due to altered DNA substrate interactions. Preliminary docking
studies (not shown) indicated a slight variation in the binding
mode of DTG to the R263K IN, whereas the position of docked
DTG in wild-type subtype B IN was superimposable on the posi-
tion of DTG in the PFV IN-DTG cocrystal structure. The manner
in which the R263K mutation affects DTG binding is the subject of
ongoing work.

R263K impairs IN-DNA binding in vitro. To confirm our in
silico studies, we performed in vitro IN-DNA binding assays using
increasing concentrations of both wild-type IN and R263K IN
(Fig. 5). DNA binding was detected within a range of 62.5 to 2,000
nM purified IN. The results show that IN-DNA binding was sig-
nificantly reduced in experiments performed with R263K as op-
posed to wild-type IN. These experiments confirm that the R263K
mutation decreases IN-DNA binding under cell-free conditions.

DISCUSSION

To extend previous studies (33, 57, 59), we performed in vitro
selection experiments with DTG using viruses of several subtypes,

B, C, and A/G. The inclusion of non-B viruses in this study was
necessary since such variants represent more than 90% of the
HIV-1 pandemic (70). It is important to determine the role that
subtype-specific polymorphisms might play in the emergence of
DTG-resistance (69).

Our serial passage study did not lead to the isolation of highly
resistant viruses, in agreement with previous selection studies (33,
57, 59). Our results show that subtype A/G and C viruses are not
more likely to develop resistance to DTG than subtype B viruses.
Furthermore, we report the selection of several mutations with
DTG in vitro, with R263K being the most common after 20 weeks
of culture, i.e., 6/9 viruses. R263K was present in the selections
with all five subtype B (5/5) viruses and 1 of 2 A/G viruses (Table
1). At weeks 34 to 37, this mutation was detected in 3 of 4 B
subtypes and 1 of 2 A/G subtypes. R263K was absent in the sub-
type C selections, although not enough viruses may have been
tested. The partial R263K substitution identified at week 20 with
the subtype B 5326 virus was replaced by S153Y after 37 weeks
(Table 1). S153Y was previously documented during serial passage
experiments with DTG (33). Whether resistance or fitness ac-

FIG 4 In silico studies of the wild-type and R263K integrases. (A to D) Overlay of the wild-type and R263K integrases, intasome, and strand transfer complex
models with viral LTR DNA and target DNA. The tetrameric IN structure is composed of the inner and outer subunits. (B) Detailed view (8 A) of the overlay
showing proximity between residue 263 (R or K) in one of the outer subunits and the viral LTR. (C) Detailed view (12 A) showing the pronounced shift in
localization and orientation of residue R262 in the presence of the R263K mutation at the vicinity of the target DNA in one of the inner subunits. (D) Close-up
overlay showing the relative positions of the Dy, D, ¢E,5, core catalytic residues in the wild-type and R263K enzymes in the inner subunits.
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FIG 5 DNA binding activity of purified recombinant wild-type (IN) and R263K (INp,45x) integrases. DNA binding is expressed in relative fluorescence units
(RFU) in the presence of 20 nM viral LTR DNA mimic and increasing concentrations of IN protein.

counts for the change from R263K to S153Y is under investiga-
tion.

Initially, R263K was identified as a secondary resistance muta-
tion for EVG, arising in the presence of the major resistance mu-
tation T661 (32) and has also been reported in patients treated
with RAL (6). Other selection studies with EVG did not show the
emergence of R263K (60). Most resistance mutations emerge
from within the catalytic core domain (amino acids [aa] 50 to
212). Of more than 33 amino acids involved in resistance to
INSTIs, only 2 (6%) are located in the C-terminal region of inte-
grase. Hence, R263K, which is also located in this region, is an
unusual mutation. We have shown that IN carrying R263K is less
active than wild-type IN, resulting in a decrease in infectiousness
(Fig. 1A and B), which correlates with a specific decrease in viral
DNA integration (Fig. 1C and D). These results agree with bio-
chemical studies that confirmed that IN, 45 is impaired in regard
to integration (Fig. 2). In fact, each infectivity in TZM-bl cells as
well as both 3’ processing and strand transfer activities with vari-
able DNA substrates were all reduced by approximately 20% if the
R263K mutation was present (Fig. 1 to 3). Although R263K was
shown in a previous study to be devoid of significant impact on
DNA binding on its own, the presence of three mutations, i.e.,
R262D/R263V/K264E, severely impaired the ability of integrase to
bind and cleave DNA (38). In contrast, our results show that DNA
binding is inhibited in the presence of the single R263K mutation.
This discrepancy may be due to the fact that previous workers
used only a minimal DNA binding region to test for DNA binding
(IN,10_570) (38). In addition, our data show that both 3'-
processing and strand transfer activities were impeded by the
R263K mutation (Fig. 2 and 3), highlighting the importance of the
R263 residue for integrase activity. In silico studies (Fig. 4) support
this observation, since R263K can mediate structural changes in
the HIV-1 IN intasome and strand transfer complex, ultimately
impacting on integrase catalytic activities. Indeed, structural
modeling of the HIV-1 intasome and strand transfer complex sug-
gests that R263K causes a deviation in the spatial positioning and
orientation of R262 in both the inner and outer subunits of IN. In
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the inner subunit, this deviation could possibly affect IN-target
interactions and hence strand transfer. The coordination of Mg?*
by Dg,D, 1,E| 5, does not appear to be significantly affected by the
R263K mutation.

Structural modeling might also shed light on experimental dif-
ferences between cell-based and biochemical cell-free assays. De-
spite its selection in cell culture with DTG (Table 1) and a modest
level of resistance to DTG in cell-based assays (Table 2), R263K
did not confer significant levels of resistance to DTG in cell-free
biochemical assays (Table 3). The difference between cell culture
and biochemical assays could be due to the regulation of biological
events that are not measured in vitro with purified recombinant
proteins. For example, the presence of cellular cofactors that are
important but nonessential for integrase activity in vitro and that
are not included in the strand transfer assay could play an impor-
tant role. Furthermore, the polypeptide 262-RRKAK-266 has re-
cently been identified as important for integrase nuclear import
(30). Whether interaction with cellular cofactors and nuclear lo-
calization contribute to susceptibility to INSTIs is unknown. We
previously identified another substitution, G118R, which also
translates into a decrease in integrase activity and confers resis-
tance to MK-2048 (3). In this regard, integrase activities with
other DTG-associated mutations (33) remain to be investigated.
Importantly, neither these mutations nor R263K confers major
resistance to DTG in cell culture or in vitro, confirming the po-
tency of this drug. Interestingly, it is possible that second-
generation INSTIs may favor the selection of R263K in subtype B
viruses whereas G118R may be favored in subtype C.

A number of secondary mutations, M50I, H51Y, E138K,
V1511, and D288E, were coselected with R263K in the various
cultures (Table 1). The absence of homogeneity in these secondary
mutations suggests that they do not result in a major resistance
pathway, although combination of these substitutions with
R263K by site-directed mutagenesis will be necessary to confirm
this point. M501 and D288E are natural polymorphisms detected
in clinical isolates (http://hivdb.stanford.edu/, Stanford Univer-
sity HIV drug resistance database). V1511 is a polymorphic sub-
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stitution that has been selected by several INSTIs, without having
significant effects on RAL and EVG susceptibility (28, 36, 42, 43).
H51Y is an E92Q-linked secondary mutation selected in the pres-
ence of EVG in vitro and in patients (43, 60). In addition to R263K,
our study shows that G118R was also occasionally selected with
DTG (Table 1). We have previously shown that G118R is selected
in vitro by MK-2048 and confers resistance to this INSTI (3). Here,
we also show that G118R emerged with subtype C and A/G viruses
selected with DTG. No subtype B virus displayed this mutation
over the course of the selection. Despite this, G118R was the sec-
ond most common substitution observed during in vitro selection
with DTG. From these studies and others (27), it appears that
G118R confers low-level resistance to both MK-2048 and DTG in
vitro. We have previously shown that E138K is a secondary muta-
tion that increases resistance to MK-2048 and partially restores
fitness to viruses carrying the G118R mutation (3). Although sus-
ceptibility to DTG is not affected by E138K alone, the double
mutation E138K/Q148K has been shown to decrease DTG effi-
ciency (FC = 19) (33). We have shown that E138K can also
emerge in the presence of the preexisting R263K mutation. The
role of these secondary mutations on viral fitness and resistance is
still under investigation.
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