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The diketo acids are potent inhibitors of human immunodeficiency virus (HIV) integrase (IN). Muta-
tions in IN, T66I, S153Y, and M154I, as well as T66I-S153Y and T66I-M154I double mutations, confer
resistance to diketo acids (D. J. Hazuda et al., Science 287:646-650, 2000). The effects of these IN
mutations on viral replication, enzymatic activity, and susceptibility to other HIV inhibitors are reported
herein. By immunofluorescence assay and real-time PCR, all mutant viruses demonstrated a modest delay
in viral spread compared to that of reference HIV. These viruses also showed a statistically significant
defect in integration without defects in reverse transcription. Recombinant IN containing S153Y, T66I,
and M154I-T66I mutations had an approximately twofold decrease in both disintegration and 3�-end-
processing–strand transfer activities in vitro. In contrast, IN containing M154I demonstrated a greater
than twofold increase in specific activity in both reactions. All mutant HIVs were resistant to L-chicoric
acid, a dicaffeoyltartaric acid IN inhibitor, both in tissue culture and in biochemical assays, yet remained
susceptible to the reverse transcriptase inhibitors zidovudine and nevirapine. Thus, IN mutations con-
ferring resistance to the diketo acids can yield integration defects, attenuated catalysis in vitro, and
cross-resistance to L-chicoric acid.

After reverse transcription of the viral RNA to a double-
stranded cDNA, the human immunodeficiency virus (HIV)
integrase (IN) catalyzes the covalent incorporation of the
cDNA into the host chromosome (reviewed in reference
13). Integration occurs in several steps: first, IN catalyzes
3�-end processing, in which the terminal 2 nucleotides (nt)
from each 3� end of the viral long terminal repeats (LTRs)
are removed, exposing a CpA dinucleotide, which is abso-
lutely conserved (19, 25). Next, IN catalyzes strand transfer,
a concerted cleavage-ligation reaction in which the free hy-
droxyl at each 3� end of the LTR undergoes nucleophilic
attack on both strands of the host chromosome. Finally, the
resulting gaps in the DNA are repaired, a step likely medi-
ated by host DNA double-stranded break repair enzymes
(16, 17, 68). This yields the fully integrated provirus flanked
by 5-bp direct repeats (63, 64).

The IN protein of HIV is composed of 288 amino acids and
is divided into three separate functional domains (20). The
catalytic core domain spans amino acids 50 to 212 and contains
the catalytic triad Asp 64, Asp 116, and Glu 152 (21). This triad
coordinates a divalent metal ion; either magnesium or manga-
nese is required for catalytic activity and is absolutely con-
served among INs from retroviruses and retrotransposons (38).
The N-terminal domain is believed to be involved in protein
multimerization (40) and stabilization of protein folding and
contains a His-His-Cys-Cys zinc finger-like motif, which coor-
dinates zinc (6, 7). The C-terminal domain of IN has nonspe-

cific DNA binding activity; thus, it is thought to play a role in
binding to host DNA (23).

IN is the only viral protein necessary to carry out the inte-
gration reaction (15, 33, 54). Moreover, the enzymatic activity
of recombinant IN can be studied in vitro using oligonucleo-
tide substrates that mimic the viral LTR ends, IN, and a diva-
lent metal cation (Mg2� or Mn2�) (10, 54). In addition to the
3�-end-processing and strand transfer reactions, recombinant
IN can also catalyze the reversal of the integration reaction,
termed disintegration. In disintegration, IN is able to correctly
resolve into its respective parts an oligonucleotide resembling
viral DNA joined to host DNA (12). While the full-length IN
protein is required for the 3�-end processing and strand trans-
fer reactions (60), the catalytic core domain of IN is sufficient
for disintegration (7). Whether the disintegration reaction oc-
curs in vivo is unknown.

Integration is absolutely required for stable and produc-
tive infection by HIV (39). Furthermore, there is no mam-
malian homologue for IN (41), and the gene is highly con-
served among HIV type 1 (HIV-1) clinical isolates (9). Thus,
it is an attractive target for anti-HIV therapeutics. Though
several IN inhibitors have been described to date (reviewed
in references 46 and 50), only two IN inhibitors are in
clinical trials, one of which is a derivative of the diketo acid
family of molecules. The diketo acids are selective inhibitors
of the strand transfer reaction (30). The most potent of the
originally described diketo acids, L-731,988, is reported to
inhibit HIV replication by 50% (the 50% effective concen-
tration [EC50]) at 1 to 2 �M in tissue culture (30). It also
inhibits strand transfer, with a 50% inhibitory concentration
(IC50) of 0.1 �M in the presence of recombinant IN, but has
little to no effect on 3�-end processing or disintegration
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(IC50 � 6 or 20 �M, respectively) (30). Furthermore, several
clinical isolates of HIV-1 with up to 15% amino acid diver-
gence from reference IN were susceptible to L-731,988 (47).
In order to confirm the site of action of the diketo acids,
inhibitor-resistant HIVs were raised to two compounds,
L-731,988 and L-708,906, and resistance was mapped to mu-
tations within the IN gene (30). Several mutations were
reported, T66I, S153Y, and M154I, as well as double muta-
tions T66I-M154I and S153Y-T66I. Although their resis-
tance phenotype has been described, the effect of these
mutations on protein activity and viral replication has not
been extensively studied.

L-Chicoric acid (L-CA) is a dicaffeoyltartaric acid, which
inhibits HIV replication in tissue culture (EC50 � 0.2 to 1
�M) and integration in vitro (IC50 � 200 to 400 nM [53]). A
glycine-140-to-serine point mutation within HIV IN confers
complete resistance to L-CA in tissue culture (37), and re-
combinant IN containing this mutation is resistant in vitro
(35). This point mutation also confers cross-resistance to
L-731,988, both in tissue culture and in vitro (35). Computer
modeling of L-CA into the crystal structure of the catalytic
core of IN has identified a putative binding pocket involving
amino acids D64, C65, T66, H67, E92, D116, N117, Q148,
E152, K156, and K159 (53, 56). Based on the location of
resistance mutations for the diketo acids, as well as cross-
resistance data for IN containing the G140S mutation, it is
hypothesized that the diketo acids and L-CA may bind to a
similar site on IN.

To test this hypothesis, the replication kinetics of HIV con-
taining single and double mutations conferring diketo acid
resistance were determined. Furthermore, the site of any rep-
lication defects was identified using SYBR Green-I real-time
PCR, which is a highly quantitative measure of HIV replication
and can identify the site of a replication defect (35, 61). IN
proteins containing each mutation were also evaluated for
enzymatic activity in the disintegration and 3�-end-processing–
strand transfer reactions. Each mutant HIV and protein were
evaluated for cross-resistance to L-CA. Finally, the susceptibil-
ities of each mutant HIV to the reverse transcriptase (RT)
inhibitors zidovudine (ZDV) and nevirapine (NVP) were de-
termined. Elucidating the effect that diketo acid resistance
mutations have on HIV replication, on IN activity, and on the
susceptibility to other classes of IN inhibitors may aid in our
understanding of the mechanism of resistance to the diketo
acids as well as to other classes of IN inhibitors. Such an
understanding may aid the design of more potent, clinically
useful IN inhibitors.

MATERIALS AND METHODS

Inhibitors. L-731,988 and L-CA (see structures below) were generously pro-
vided by Manfred G. Reinecke (Texas Christian University, Fort Worth). Both
compounds were �99% pure by nuclear magnetic resonance spectroscopy. Ly-
ophilized L-731,988 was reconstituted to a final 5 mM concentration in H2O;
lyophilized L-CA was reconstituted to a concentration of 2 mM in 20% ethanol.
ZDV (Sigma) was reconstituted to a final 1 mM concentration in H2O. NVP was
a generous gift from William M. Mitchell (Vanderbilt University) and was pre-
pared as described by Essey et al. (26). The structures of L-CA, L-731,988, and
5-CITEP [1-(5-chloroindol-3-yl)-3-hydroxy-3-(2H-tetrazol-5-yl)-propenone] are
as follows:

Generation of mutant IN genes. A pCRScript plasmid containing the IN gene
from HIVNL4-3 (accession no. M19921) was cloned and used for mutagenesis via
the QuikChange XL site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s protocol. Plus- and minus-strand primers were designed to in-
troduce each single mutation (underlined) as follows: T66I�, 5�-GCCCAGGA
ATATGGCAGCTAGATTGTATACATTTAGAAGG-3�, nt 4399 to 4438;
T66I�, 5�-CCTTCTAAATGTATACAATCTAGCTGCCATATTCCTGGGC-
3�, nt 4438 to 4399; S153Y�, 5�-CCCCAAAGTCAAGGAGTAATAGAATAT
ATGAATAAAGAATTAAAG-3�, nt 4662 to 4706; S153Y�, 5�-CTTTAATTC
TTTATTCATATATTCTATTACTCCTTGACTTTGGGG-3�, nt 4706 to 4662;
M154I�, 5�-CCCCAAAGTCAAGGAGTAATAGAATCTATTAATAAAGAA
TTAAAG-3�, nt 4662 to 4706; M154I�, 5�-CTTTAATTCTTTATTAATAGAT
TCTATTACTCCTTGACTTTGGGG-3�, nt 4706 to 4662; C280S�, 5�-GGCA
GGTGATGATTCCGTGGCAAGTAGACAGG-3�, nt 5049 to 5081; and
C280S�, 5�-CCTGTCTACTTGCCACGGAATCATCACCTGCC-3�, nt 5081 to
5049. The entire plasmid was then amplified using the thermostable, proofread-
ing polymerase PfuTurbo (Stratagene). Following amplification, PCR products
were digested using DpnI (New England Biolabs) for 2 h at 37°C, and approx-
imately 5 �l was transformed into DH5� competent cells. Sequencing of the
resulting plasmids confirmed the presence of each mutation and the absence of
additional mutations.

Generation of mutant HIV. IN genes generated by PCR site-directed mu-
tagenesis were amplified using Pfu polymerase (Stratagene) and primers that
allow the IN gene to be inserted into HIVNL4-3 containing XbaI and SacII
engineered restriction enzyme sites (37). This results in replacement of the
HIVNL4-3 IN gene by mutant IN (35, 37, 47, 48).

Viruses and cell culture. H9 cells, a CD4�, human T-lymphoblastoid cell line;
MT-2 cells, a human T-lymphotropic virus type 1-transformed cell line; and
CEM-SS cells, a T-lymphoblastoid cell line, were obtained from the AIDS
Research and Reference Reagent Program. Cells were cultured at 37°C in RPMI
1640 containing 25 mM HEPES and supplemented with 11.5% fetal bovine
serum (Gemini Biosciences) and 2 mM L-glutamine. Infectious molecular clones
were transfected by electroporation into H9 cells. Cultures were cleared of cells
via low-speed centrifugation followed by filtration through 0.45-�m-pore-size
cellulose acetate filters when the cells became 100% HIV antigen positive by
immunofluorescence assay (IFA) (52). The virus stocks were stored at �80°C for
use in replication studies.

Quantification of viruses. HIV was quantified by RT activity from virions in
culture supernatant as described previously (45, 52). Briefly, 750 �l of culture
supernatant was cleared of cells by low-speed centrifugation and precipitated
overnight using 30% polyethylene glycol. Virions were lysed, and the RT activity
was determined by quantifying [3H]dTTP incorporation into a poly(rA)-
oligo(dT) template.
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Viral spread. Infection and spread were monitored by IFA for expression of
HIV antigens as described previously (52). Equal amounts of virus as determined
by RT activity were inoculated onto CEM-SS or H9 cells, and at various times
beginning 24 h postinoculation, cells were fixed in acetone-methanol (1:1) and
labeled with anti-HIV immune globulin followed by fluorescein-conjugated goat
anti-human immunoglobulin G, as previously described (52).

Replication by real-time PCR. In triplicate infections, equal amounts of each
virus as determined by RT activity were inoculated onto H9 cells. At 4, 8, 12, 24,
48, and 72 h postinoculation, 106 cells were lysed by addition of 50 �l each of
solution A (100 mM KCl, 10 mM Tris-HCl [pH 8.3], 2.5 mM MgCl2) and solution
B (10 mM Tris-HCl [pH 8.3], 2.5 mM MgCl2, 1% Tween 20, 1% NP-40, and 20
�g of proteinase K) as described previously (34, 49, 61). The samples were
incubated at 60°C for 1 h and heat inactivated at 95°C for 15 min. DNA from
each sample was amplified by SYBR Green-I PCR as previously described (35,
49, 61). Primers used were AA55 and M667, which amplify minus-strand strong-
stop DNA (69); M661 and M667, which amplify products of complete cDNA
synthesis (69); and MH535 and MH536, which amplify two-LTR-circle DNA, the
products of failed integration (8). Primers and PCR conditions used were pre-
viously published (61). The products were quantified based on an average stan-
dard curve ranging from 20 to 20,000 infected-cell equivalents of H9 cells chron-
ically infected with HIV-1LAI, a laboratory-adapted HIV strain obtained from
the National Institutes of Health AIDS Research and Reference Reagents pro-
gram. To quantify integrated HIV DNA, a modification of a nested Alu PCR first
described by O’Doherty et al. was performed (43). DNA from each standard and
each cell lysate sample was amplified first with Alu (5�-GCCTCCCAAAGTGC
TGGGATTACAG-3�) (8) and M661 (69) primers. PCR conditions were as
follows: initial denaturation at 94°C for 2 min, followed by 20 cycles of 94°C for
30 s, 63.8°C for 30 s, and 72°C for 1 min 15 s. The resulting PCR product was
diluted in an equal volume of H9 cell lysate (106 cells/ml), and 2 �l of the diluted
PCR product was amplified in the presence of SYBR Green-I with the AA55 and
M667 primers as previously described (35, 49, 61).

EC50. The susceptibility of each virus to IN or RT inhibitors was determined
in MT-2 cells as described previously (42, 49). Triplicate samples of L-CA,
L-731,988, ZDV, or NVP were serially diluted 128-fold in 96-well plates. For IN
inhibitors, equal RT activities of each virus were preincubated with each inhib-
itor for 1 h, and then MT-2 cells were added to each well. For RT inhibitors, cells
were preincubated for 1 h with drug prior to addition of each virus at equal RT
activities. Approximately 5 days later, when control infections showed HIV-
induced cytopathic effect, cells were transferred to poly-L-lysine-coated plates
and stained with Finter’s neutral red dye. Viable cells were quantified on a
microcolorimeter by A540. Percent viable cells were determined based on eight
uninfected-cell controls (100% viable) and eight replicates of cells plus HIV
(virus control, 0% viable). EC50s and 95% confidence intervals were determined
using CalcuSyn for Windows.

Generation of mutant IN proteins. Mutant IN genes were amplified with
oligonucleotide primers containing NdeI and HindIII restriction sites (37) and
then cloned into a pET-based protein expression vector (62). PCR conditions

were as follows: initial denaturation for 2 min at 94°C, followed by 25 cycles at
94°C for 30 s, 55°C for 30 s, and 72°C for 75 s. Recombinant IN proteins were
expressed in BL21 pLysS cells (Stratagene), as previously described (36). Cells
were lysed by sonication and ultracentrifugation. The lysate was dialyzed over-
night against buffer A (20 mM HEPES, 1 M NaCl, 0.1% NP-40, 10% glycerol,
and 5 mM �-mercaptoethanol). Five milliliters of each dialysate was purified via
its N-terminal six-His tag with Ni2� affinity column chromatography (36). Protein
purity was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and protein concentration was determined using the Coomassie
G-250 protein assay (Pierce). The purified protein was dialyzed against storage
buffer (20 mM HEPES [pH 7.5], 0.1 mM EDTA [pH 8.0], 0.3 M NaCl, 20%
glycerol, 10 mM dithiothreitol [DTT], and 0.3% 3-[(3-cholamidopropyl)-dimeth-
ylammonio]-1-propanesulfonate [CHAPS]), aliquoted, and stored at �80°C.

Enzymatic activity of mutant IN proteins. The specific activity of each IN
protein in 3�-end processing–strand transfer and disintegration assays was deter-
mined using in vitro assays as described previously (10, 11). The specific activities
of each protein were compared to those of reference IN from HIVNL4-3 as
described previously (35, 48). For the disintegration reaction, the self-annealing
“dumbbell” substrate dBY-1 (5�-TGCTAGTTCTAGCAGGCCCTTGGGCCG
GCGCTTGCGCC-3�) was used, whereas 3�-end processing–strand transfer re-
actions were performed with the complementary V1 and V2 primers (V1, 5�-A
TGTGGAAAATCTCTAGCAGT-3�; V2, 5�-ACTGCTAGAGATTTTCCACA
T-3�). V1 and dBY-1 substrates were 5� end labeled with 32P as previously
described (10). Briefly, increasing concentrations of IN (5 to 330 nM) in triplicate
reactions were incubated with 0.1 pmol of oligonucleotide substrate in a 20-�l
reaction mixture containing 20 mM HEPES (pH 7.5), 10 mM DTT, 0.05%
NP-40, 7.5% dimethyl sulfoxide, and 10 mM MnCl2. Following 1 h of incubation
at 37°C, reactions were stopped by addition of EDTA (pH 8.0) to a final
concentration of 18 mM and 7 �l of gel loading buffer. Products were separated
by 17% denaturing PAGE and quantified by phosphorimager analysis, and spe-
cific activities were determined using SigmaPlot 7.0 linear regression analysis
through the linear range of the activity curve.

IC50. The susceptibility of each mutant IN to L-CA or L-731,988 was deter-
mined essentially as previously described (36, 37, 49). Briefly, in triplicate, IN was
incubated with V1-V2 as described above in the presence of 0.3 to 10.0 �M
inhibitor. For L-CA, the IC50 was determined by quantifying percent conversion
of substrate to both 3�-end-processing and strand transfer products compared to
that for control enzyme reactions (no inhibitor) with CalcuSyn for Windows. For
L-731,988, only strand transfer products were quantified for IC50 analysis since
L-731,988 has no effect on 3�-end processing at concentrations used in these
studies (30).

RESULTS

HIVs containing the T66I and/or S153Y mutation within IN
are delayed for viral spread. Each mutant HIV was inoculated

FIG. 1. Replication kinetics of mutant HIV determined by IFA and with RT. Equal amounts of HIV as determined by RT activity were
inoculated onto H9 cells in triplicate reactions. (A) HIV antigen synthesis was monitored by IFA, and the percentage of HIV antigen-positive cells
was measured. (B) Viral supernatant from each culture was cleared of cells, and RT activity was measured from lysed virions by quantifying
[3H]dTTP incorporation into a poly(rA)-oligo(dT) template. Points are the means of triplicate infections. Error bars are 	1 standard deviation.
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onto H9 cells at equal RT activities and monitored for viral
spread by IFA and RT activity (Fig. 1). By IFA, all mutant
viruses except HIV containing the C280S mutation showed a
slight delay in viral spread at day 4 (Fig. 1A). In addition to the
slight delay at day 4, viruses containing the S153Y, T66I-
S153Y, and T66I-M154I mutations within IN were further
attenuated compared to HIVNL4-3 (Fig. 1A). The T66I-S153Y
double mutation conferred an approximately 1-day delay for
spread, while S153Y and T66I-M154I mutant viruses were
delayed by approximately 2 days (Fig. 1A). As a control, HIV
containing a C280S mutation within IN was inoculated onto
H9 cells (Fig. 1A). This virus showed no defect in spread,
consistent with previous reports (4). Results by RT paralleled
those seen by IFA (Fig. 1B). Similar results were obtained for
viruses inoculated onto CEM-SS cells (data not shown).

In order to ensure that spread of mutant HIV through cul-
ture was not due to reversion events, virions from each culture
were isolated and lysed, and the IN genes were amplified using
RT-PCR. In each case, IN genes retained the appropriate
mutations, with no additional mutations, indicating that the
viral spread phenotype observed was not due to reversion or
the acquisition of compensatory mutations within IN; however,
the T66I-S153Y virus did display, under some conditions, a
tendency to revert to S153Y (data not shown). Furthermore,
when viruses were reinoculated on cells they demonstrated
similar delays in replication (data not shown).

Delayed replication of mutant HIV is due to an integration
defect. In order to determine the site of each replication defect
that resulted in delayed viral spread, each mutant HIV was
inoculated in triplicate onto H9 cells and HIV replication was
monitored by SYBR Green-I quantitative, real-time PCR, as
previously described (35, 49, 61). At 4, 8, 12, 24, 48, and 72 h
postinoculation, cells were lysed for real-time PCR analysis to
detect minus-strand strong-stop DNA (Fig. 2A), completely
synthesized HIV cDNA (Fig. 2B), or two-LTR-circle DNA (a
measure of failed integration [8, 30] [Fig. 2C and D]). Products
were then quantified as infected-cell equivalents based on a
standard curve of cell lysates from 20 to 20,000 H9 cells chron-
ically infected with HIVLAI. Standards were linear (r2 � 0.999,
0.999, and 0.997) (insets of Fig. 2A, B, and C, respectively).
Representative data are shown for HIVNL4-3 and HIV contain-
ing either M154I or T66I-M154I mutations (Fig. 2). Data for
all mutant viruses are summarized in Tables 1 and 2. Since the
amount of PCR product reached a plateau between 24 and
48 h postinoculation, the first round of replication was com-
pleted for each virus by approximately 24 h postinoculation
(Fig. 2) (61). Over the first 24 h, equal amounts of minus-
strand strong-stop DNA (AA55-M667 product) were present
for each virus, indicating that (i) equal amounts of input virus
were used to infect each culture, (ii) viral entry was not affected
by the IN mutation(s), and (iii) early steps in reverse transcrip-
tion were also unaffected (Fig. 2A). Similarly, there were no
significant differences in the amount of HIV cDNA, indicating
that reverse transcription was unaffected by the IN mutation(s)
(Fig. 2B). As summarized in Table 1, when minus-strand
strong-stop DNA was normalized to cDNA for each virus, no
statistically significant difference was seen in the ratio of mi-
nus-strand strong-stop DNA to cDNA at 24 h postinoculation
for any virus, further confirming that reverse transcription was
unaffected by mutations within the IN gene.

In contrast to levels of minus-strand strong-stop DNA and
cDNA at 24 h postinoculation, levels of two-LTR-circle DNA
were increased for all mutant viruses (Fig. 2C and Table 2)
except for the C280S mutation. Furthermore, all viruses except
for that containing M154I and C280S mutations showed sta-
tistically significant increases in the ratio of two-LTR-circle
DNA to cDNA (Fig. 2D and Table 2). This failure of integra-
tion led to decreased spread, resulting in lower levels of minus-
strand strong-stop DNA (Fig. 2A) and cDNA (Fig. 2B) at
times after 24 h. Thus, although the level of two-LTR-circle
DNA was roughly equivalent for all viruses at 48 h, the ratio of
two-LTR-circle DNA to cDNA was increased for mutants after
24 h (Fig. 2D).

To confirm that an increase in the ratio of two-LTR-circle
DNA to cDNA is a result of decreased integration, the levels
of integrated cDNA were directly quantified for each virus
(Fig. 3 and Table 2). Because of the frequency of Alu se-
quences in the human genome, integrated HIV can be ampli-
fied using primers and oligonucleotides that hybridize to Alu
sequences and within gag (Fig. 3A) (8, 43). Cell lysates from
each time point were first amplified with Alu and M661 prim-
ers. The resulting product was subjected to SYBR Green-I
real-time PCR with AA55 and M667 primers. Infected-cell
equivalents of integrated DNA were calculated based on a
standard curve (Fig. 3B, inset). In contrast to levels of minus-
strand strong-stop DNA and cDNA at 24 h postinoculation,
levels of integrated viral DNA were decreased for all mutant
viruses (Fig. 3B and Table 2), except for HIV containing the
C280S mutation (Table 2). Furthermore, all viruses except for
that containing C280S showed statistically significant decreases
in the ratio of integrated viral DNA to cDNA (Table 2). Thus,
in general, the viruses with the greatest defects in integration
as measured by increased ratio of two-LTR-circle DNA to
cDNA also demonstrated the lowest amounts of integrated
viral cDNA (Table 2). Therefore, an increase in the ratio of
two-LTR-circle DNA to cDNA correlates with a decrease in
integrated HIV cDNA. These data demonstrate that real-time
PCR results correlate with IFA and RT results in that viruses
most delayed for viral spread also had the highest incidence of
failed integration and thus the fewest integrated proviruses at
24 h (Fig. 1 and Table 2).

Mutations within IN affect the catalytic activity of recombi-
nant IN in vitro. Recombinant IN proteins containing each of
the mutations were generated as previously described (37, 48).
Each purified recombinant IN was analyzed by SDS-PAGE
and stained with Coomassie blue (Fig. 4). Each protein was
greater than 90% pure, and all mutant IN proteins migrated
similarly to IN from HIVNL4-3. Proteins containing the M154I
single or double mutations were obtained in concentrations
higher than those of reference IN but similar to those of
protein containing the C280S mutation. Previous studies re-
ported that the C280S mutation confers increased protein sol-
ubility (4). Despite several attempts, IN containing the T66I-
S153Y double mutation was unable to be expressed and
purified. Previous studies had reported that IN containing this
double mutation was severely attenuated for catalytic activity
(30). Thus, we hypothesize that this protein is either insoluble
or misfolded.

The specific activities in the disintegration and 3�-end-pro-
cessing–strand transfer reactions for each mutant IN protein

5838 LEE AND ROBINSON J. VIROL.



were determined. Schematic representations of the dBY-1
dumbbell substrate and disintegration reaction (Fig. 5A) as
well as the V1-V2 substrate and 3�-end-processing–strand
transfer reactions (Fig. 5D) are shown. Figure 5 shows repre-
sentative results for reference IN and IN containing T66I-
M154I. Compared to reference IN, IN containing T66I-M154I
was attenuated in the disintegration reaction at all enzyme
concentrations tested (Fig. 5B and C). Furthermore, 3�-end-
processing–strand transfer products were decreased for the
double mutant compared to reference IN, even though the
protein concentration range used was higher for IN containing
T66I-M154I mutations (Fig. 5E and F). Representative en-
zyme activity plots used to calculate the specific activity of each
protein are shown in Fig. 6 for IN containing T66I-M154I and
M154I compared to reference IN in the disintegration (Fig.
6A) and 3�-end-processing–strand transfer (Fig. 6B) reactions.

FIG. 2. Replication kinetics of mutant HIV determined by real-time PCR. Equal amounts of HIVNL4-3 (solid circles), NL4-3IN:M154I (open
inverted triangles), and NL4-3IN:T66I-M154I (solid squares) were inoculated onto H9 cells in triplicate reactions. Next, 106 cells were lysed and
real-time PCR was performed at each time point. (A) Infected-cell equivalents of minus-strand strong-stop DNA (AA55-M667) with standard
curve (inset); (B) completely synthesized HIV cDNA (M661-M667) with standard curve (inset); (C) two-LTR-circle DNA (MH535-MH536) with
standard curve (inset); (D) mean ratio of two-LTR-circle DNA to cDNA. Each point is the mean of triplicate infections, and error bars are 	1
standard deviation. The number of replicates for each standard curve is indicated in each insert.

TABLE 1. Effect of IN mutations on HIV reverse transcription
24 h postinoculation

HIVNL4–3 clone
AA55-M667/cDNA

Ratioa Pc

NL4-3 1.20b

T66I 1.44 0.377
S153Y 1.56 0.386
M154I 0.75 0.130
T66I-M154I 1.72 0.382
T66I-S153Y 1.22 0.950
C280S 0.96 0.448

a Minus-strand strong-stop DNA was quantified by the AA55-M667 primer
pair, and completely synthesized HIV cDNA was determined using the M661-
M667 primer pair. The average ratio was calculated from triplicate infections.

b Value is the average of nine replicates.
c Statistical significance was determined for the ratio of minus-strand strong-

stop DNA to cDNA between the indicated mutant virus and HIVNL4-3. The P
value was calculated using Student’s two-tailed t test assuming equal variances.
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Similar to IN containing T66I-M154I, proteins containing
C280S, T66I, and S153Y single mutations were attenuated for
enzymatic activity with an approximately 1.5- to 2-fold reduc-
tion in disintegration specific activity compared with that of
reference IN and a two- to threefold decrease in 3�-end-
processing–strand transfer activities (Table 3). The IN protein
which contained M154I showed a 1.5- to 2-fold increase in
specific activity compared to reference IN in both disintegra-
tion and 3�-end processing–strand transfer (Table 3). No stud-
ies to date have described the effects of an M154I change on IN
enzymatic activity. However, we hypothesize that the protein
may have increased solubility, given that IN containing this
mutation was purified at concentrations similar to those of IN
containing C280S (Fig. 4), a mutation that increased IN solu-
bility (4).

Results from disintegration specific activity parallel that
from 3�-end processing–strand transfer. Specifically, mutations

conferring decreased activity in one reaction conferred atten-
uation in the other reaction, and mutations leading to in-
creased in vitro activity yielded increased activity in both re-
actions. Moreover, the level of attenuation for each mutant IN
was analogous in disintegration and 3�-end-processing–strand
transfer assays. Thus, inhibitor resistance mutations within IN
can result in proteins with increased or decreased enzymatic
activities.

The decreased specific activity of IN containing the C280S
mutation was unexpected given previous reports which dem-
onstrated that 3�-end-processing–strand transfer activity was
equivalent to or even better than that of reference IN at a 100
nM protein concentration (4). To reconcile this seeming dis-
crepancy, all mutant IN proteins were evaluated for activity at
a 100 nM concentration in both disintegration (Fig. 7A) and
3�-end processing–strand transfer (Fig. 7B). This concentration
was two- to threefold higher than the highest concentrations

FIG. 3. HIV containing T66I-S153Y is defective for integration. Integrated HIV cDNA was amplified from cellular lysates of triplicate
infections with Alu and M661 primers followed by real-time PCR with the AA55 and M667 primers. (A) Nested PCR. In the first round of
amplification, Alu primers bind to human Alu sequences and M661 binds within HIV gag. Twenty cycles of PCR in primer excess results in linear
amplification of integrated HIV. The PCR products are of differing sizes dependent upon how close to Alu a virus integrates (Nn). In the second
round, performed under real-time conditions, internal primers that amplify HIV DNA, AA55 and M667, generate products of a single size, 140
bp, which can be detected using SYBR Green I. (B) Infected-cell equivalents of integrated HIV DNA from HIVNL4-3 (closed circles) and
NL4-3IN:T66I-S153Y (open circles) with standard curve (inset). Each point in panel B is the mean of triplicate infections. The Alu amplification to
generate the standard curve was performed three separate times; n is the number of AA55-M667 replicates, and dashed lines are 95% confidence
intervals. Error bars are 	1 standard deviation.

TABLE 2. Effect of IN mutations on HIV integration 24 h postinoculation

HIVNL4-3 clone
Two-LTR-circle Integrated/total

cDNA ratioa SD Pb cDNA Ratioa SD Pb

NL4-3 0.818 0.426 0.219 0.042
T661 1.438 0.750 
0.05 0.076 0.052 
0.05
S153Y 2.007 1.086 
0.005 0.047 0.019 
0.005
M154I 1.026 0.709 0.409 0.131 0.003 
0.05
T66I-M1541 3.071 0.828 
0.00001 0.056 0.030 
0.005
T66I-S153Y 3.153 1.225 
0.00001 0.084 0.069 
0.05
C280S 1.142 0.449 0.107 0.207 0.070 0.40

a Each value is the average of triplicate infections.
b Statistical significance was determined for the ratio of integrated DNA or two-LTR-circle DNA to cDNA between the indicated mutant virus and HIVNL4-3. P was

calculated using Student’s two-tailed t test assuming equal variances.
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used to determine the specific activities of each protein. At 100
nM, all mutant INs displayed 90 to 100% activity in disinte-
gration compared to reference IN (Fig. 7A). Similarly, IN
containing M154I or C280S mutations had slightly increased
activity compared to that of reference IN in 3�-end processing–
strand transfer (Fig. 7B), consistent with previous reports (4).
However, IN containing S153Y, T66I, or T66I-M154I demon-
strated only 40 to 60% of reference 3�-end-processing–strand
transfer activity (Fig. 7B).

Resistance to L-731,988 confers cross-resistance to L-CA in
vitro. Previous studies have shown that resistance to L-CA can

confer cross-resistance to other IN inhibitors (35, 36). Given
that mutations within IN were shown to confer resistance to
the diketo acid class of IN inhibitors (30), we evaluated
whether these mutations conferred cross-resistance to L-CA.
We first determined the IC50 of both L-731,988 and L-CA
against each IN protein (Fig. 8 and Table 4). Since L-731,988
predominantly inhibits strand transfer (30), the IC50 of
L-731,988 was determined by quantifying strand transfer prod-
ucts. Representative data and their analyses are shown for IN
containing M154-T66I mutations compared to reference IN
(Fig. 8). The data were quantified, and the percent inhibition
at each inhibitor concentration was plotted (Fig. 8C and F). As
previously reported (30), resistant proteins were less suscepti-
ble to L-731,988, with resistance ranging from approximately
2-fold (M154I-IN and S153Y-IN) to greater than 30-fold
(M154I-T66I) (Table 4) compared to that of IN from
HIVNL4-3. In contrast, L-731,988 failed to inhibit 3�-end pro-
cessing by any protein (Fig. 8A or B). These data are consistent
with the reported mechanism of action of the diketo acids as
competitive inhibitors of strand transfer. Moreover, the resis-
tance phenotypes are consistent with those reported by Ha-
zuda et al., in which the point mutations conferred 2-fold
(S153Y), 5-fold (T66I), 6-fold (M154I), and 15-fold (T66I-
M154I) resistance in assays of in vitro strand transfer in which
IN is preassembled onto immobilized DNA substrate (30).

Resistance to L-731,988 having been confirmed, the suscep-
tibility of each mutant protein to L-CA was determined. The

FIG. 4. SDS-PAGE analysis of recombinant HIV IN. Recombinant
IN was transformed into BL21 pLysS cells, induced with 0.3 mM IPTG
(isopropyl-�-D-thiogalactopyranoside) for 4 h, and purified over a Ni2�

affinity column. Lanes: M, markers; 1, IN from HIVNL4-3; 2 to 6, IN
containing mutation(s) T66I (lane 2), S153Y (lane 3), M154I (lane 4),
T66I-M154I (lane 5), and C280S (lane 6). An approximately 32-kDa
band corresponding to purified IN was recovered for each protein
(arrow). Numbers at left are molecular masses in kilodaltons.

FIG. 5. Enzymatic activities of recombinant IN proteins. Increasing amounts of recombinant IN were incubated in the presence of oligonu-
cleotide substrates for 1 h at 37°C in triplicate reactions. Products were separated by denaturing PAGE. (A) dBY-1 dumbbell disintegration
substrate is comprised of viral DNA and target DNA components which, upon addition of IN, are resolved into their respective parts; (B and C)
representative gels from disintegration assays are shown for reference IN (B) and IN containing T66I-M154I (C); (D) V1-V2, the 21-mer
corresponding to the viral LTR, undergoes 3�-end processing and strand transfer in the presence of IN; (E) reference IN; (F) IN containing
T66I-M154I. Numbers at the top of each lane indicate nanomolar enzyme concentrations. S, substrate control; *, substrate; 3, disintegration
product; �23, 3�-end processing product; S.T.P., strand transfer products.
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double mutation T66I-M154I conferred a fivefold increase in
IC50 of L-CA for 3�-end processing and strand transfer (Fig. 8D
and E and Table 4). The difference is most evident at high
concentrations of inhibitor, particularly for the 3�-end-process-
ing reaction (Fig. 8D and E). IN containing single point mu-
tations showed cross-resistance to L-CA, with an approximately
twofold decrease in susceptibility (IC50 � 382 and 391 nM,
respectively) for IN containing S153Y and T66I (Table 4). In
contrast, the M154I mutation did not appear to confer resis-
tance in enzymatic assays compared to reference IN (237 ver-
sus 206 nM, respectively; 1.2-fold). Thus, in summary, most
mutations that confer resistance to the diketo acid IN inhibi-
tors confer cross-resistance to L-CA, a dicaffeoyltartaric acid
IN inhibitor.

Diketo acid-resistant HIV is cross-resistant to L-CA. Since it
was determined that IN proteins can be cross-resistant, the
susceptibilities of viruses containing mutations for resistance to
L-CA and L-731,988 were determined. With the exception of
the virus containing the S153Y mutation, these point muta-
tions and double mutations conferred complete cross-resis-
tance in antiviral assays (Table 5). HIVNL4-3 containing a
G140S mutation in IN, which confers complete resistance to
L-CA (EC50 of �62.5 �M [36]), yielded an EC50 for L-731,988

of �15 �M compared to reference HIVNL4-3 (EC50 � 1 �M)
(Table 5). Similarly, mutations that confer resistance to
L-731,988 conferred complete resistance to L-CA (EC50 of
�13.25 �M) (Table 5). Although the EC50 of L-CA against
NL4-3IN:S153Y is also �13.25 �M, these data are somewhat
misleading. L-CA did confer 30% protection at some concen-
trations around 3 �M. However, protection declined and thus
an EC50 could not be calculated (data not shown). Thus, virus
containing S153Y was not completely resistant to L-CA; these
results parallel the susceptibility of NL4-3IN:S153Y to L-731,988.
Overall, these data suggest that mutations that confer resis-
tance to one inhibitor confer cross-resistance to the other.

IN inhibitor-resistant HIV remains susceptible to RT inhib-
itors. Once an anti-HIV drug is used clinically, the presence of
HIV resistant to the agent occurs (58, 67). Thus, we evaluated
the susceptibility of each IN inhibitor-resistant virus to two RT
inhibitors with distinct mechanisms of action: ZDV, a nucleo-
side analog RT inhibitor, and NVP, a nonnucleoside RT in-
hibitor. All viruses remained susceptible to both inhibitors
(Table 6). Indeed, some viruses even appeared to have slightly
increased susceptibility to RT inhibitors, similar to results ob-
tained by others (18, 26, 35). Although there was a trend

FIG. 6. Specific activities of recombinant IN proteins. Panels show linear regression analysis of representative enzyme activity assays used to
determine specific activity (picomoles of product per hour per picomole of IN). Solid circles, reference IN; open triangles, INM154I; open squares,
INT66I-M154I. (A) Disintegration; (B) 3�-end-processing–strand transfer assays. Points are the means of triplicate reactions, and error bars are 	1
standard deviation.

TABLE 3. Specific activities (picomoles of product per picomole of
IN per hour) of mutant IN proteins

IN Disintegration r2
3�-end

processing–strand
transfer

r2

Reference 0.10 0.97 0.07 0.99
C280S 0.05 0.95 0.02 0.99
T66I 0.06 0.91 0.03 0.91
S153Y 0.04 0.92 0.02 0.93
M154I 0.23 0.98 0.11 0.97
T66I-M154I 0.06 0.99 0.03 0.99
T66I-S153Y NDa ND ND ND

a ND, not determined.

TABLE 4. Susceptibilities of IN proteins to L-731,988 and L-CA

IN protein

L-CA L-731,988

IC50
(nM)a

Fold
change

IC50
(nM)b

Fold
change

Reference 206 346
G140S 385 1.9 3,009 9
M154I 237 1.2 618 1.8
S153Y 384 1.9 657 1.9
T66I 391 1.9 1,533 4.4
M154I-T66I 1,014 5.0 16,000 46
S153Y-T66I NDc ND

a IC50 in the end-processing–strand transfer reaction.
b IC50 in the strand transfer reaction.
c ND, not determined.
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toward increased susceptibilities of IN inhibitor-resistant HIV
to RT inhibitors, i.e., T66I, M154I, T66I-M154I, and T66I-
S153Y, only some achieved statistical significance. These in-
cluded ZDV against M154I, T66I-M154I, and T66I-S153Y and
NVP against T66I and S153Y. However, the C280S mutation
yielded a statistically significant decrease in susceptibility to
ZDV (Table 6).

DISCUSSION

The effects of mutations at various conserved amino acids
within the IN gene have been the subject of several previous
studies (9, 21, 24, 57, 59). In addition to mutations leading to
defects in the in vitro integration reaction and delays in viral
replication in tissue culture, mutations within IN can have
pleiotropic effects on the life cycle. These include effects on
reverse transcription, nuclear localization, proteolytic process-
ing, and virion morphology (1, 22, 55, 57). In the studies pre-
sented here, viruses containing mutations within IN, with the
exception of HIV containing C280S, showed at least a slight
delay in spread by IFA (Fig. 1). Viruses containing double
mutations were more severely delayed than those containing
T66I or M154I single mutations (Fig. 1). Results obtained by
IFA and RT complemented real-time PCR results. When rep-
lication was evaluated using SYBR Green-I real-time PCR, the
delay in viral spread was due to a defect in integration. Each
inhibitor-resistant virus conferred a statistically significant de-

fect at integration as measured by the decreased ratio of inte-
grated viral DNA to cDNA. Furthermore, except for M154I,
each inhibitor-resistant virus displayed a statistically significant
increase in the ratio of two-LTR-circle DNA to HIV cDNA;
the M154I virus was least defective for integration as measured
by the ratio of integrated DNA to cDNA. In contrast, no
defects in viral entry or reverse transcription were observed for
any mutant. As defects were seen as early as the first round of
infection, the delay in replication cannot be attributed to de-
fects in packaging or budding. Thus, each inhibitor resistance
mutation conferred a defect in integration with no effect on
other steps of the viral life cycle.

When recombinant IN containing each mutation was evalu-
ated for in vitro catalytic activities, results for IN containing the
S153Y and T66I mutations complemented data on HIV con-
taining these mutations. T66I and T66I-M154I conferred an
approximately twofold decrease in specific activity compared
to reference IN, confirming that the T66I mutation attenuates
catalytic activity (Table 3). A two-domain crystal of HIV-1 IN
demonstrates that a phosphate ion is coordinated by the side
chains of T66, H67, and K159, approximately 7 Å from the
active site of IN (66); thus, these residues are hypothesized to
be involved in binding of viral DNA. Indeed, photo-cross-
linking studies have implicated K159 in binding viral DNA
(32). Furthermore, data from molecular dynamics simulations
with the IN inhibitor 5-CITEP and the catalytic core domain of
IN containing the T66I-M154I double mutation indicate that
the T66I mutation disrupts the hydrogen bonding interactions
observed for reference IN (2). For reference IN, over the

FIG. 7. Activities of recombinant IN proteins at 100 nM. A 100 nM concentration of each recombinant IN was incubated in the presence of:
dBY-1 (A) or V1-V2 (B) substrates for 1 h at 37°C in triplicate reactions. Products were separated by denaturing PAGE. Lanes: 1, INC280S; 2,
INT66I-M154I; 3, INM154I; 4, INS153Y; 5, INT66I; 6, reference IN. S, substrate control; *, substrate;3, disintegration product; �23, 3�-end-processing
product; S.T.P., strand transfer products.

TABLE 5. Mutations within IN render HIVNL4-3 resistant to L-CA
and L-731,988

IN protein

L-CA L-731,988

EC50
(�M)a

Fold
change

EC50
(�M)a

Fold
change

Reference 0.400 1.9
G140S �62.5 �150 �15 �8
M154I �13.125 �33 7.3 4
S153Y �13.125b �33 1.7 0c

T661 �13.125 �33 21 11
M154I-T66I �13.125 �33 �31 �16
S153Y-T66I �12.5 �30 �15 �8

a The EC50 was determined against each clone using a cell viability-based assay
(42).

b Achieved no greater than 30% protection.
c This mutation was previously reported to confer resistance to another diketo

acid, L-708,906, but not to L-731,988 (30).

TABLE 6. Susceptibilities of IN inhibitor-resistant HIV to
RT inhibitors

Virus
EC50 (nM)a

ZDV NVP

NL4-3 39 (31–50) 83 (68–101)
C280S 110 (93–130) 90 (64–127)
T66I 28 (21–36) 53 (48–67)
S153Y 33 (27–41) 125 (121–130)
M154I 19 (15–24) 62 (46–83)
T66I-M154I 10 (6–17) 58 (48–71)
T66I-S153Y 14 (12–17) 106 (98–114)

a The EC50 was determined against each clone using a cell viability-based assay
(42). Numbers are the means of triplicate infections; the ranges are the 95%
confidence intervals.
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course of this simulation, T66 transiently interacted first with
I73, N155, and H67 and next with K159. In contrast, in the
context of the T66I-M154I double mutation, I66 interacted
only with I73 throughout the course of the study (2). In addi-
tion to I66 preventing normal hydrogen bonding interactions,
in the context of the double mutation T66I-M154I, the side
chain of catalytic core residue E152 is oriented toward D64
and D116, whereas it is oriented away in reference IN. The

hydrogen bonding interactions of E152 are also altered (2).
Therefore, based on crystal structure and molecular dynamics
data, in combination with viral and enzymatic data presented
here, we hypothesize that both proteins are attenuated for
catalytic activity due to (i) disrupted interaction of the viral
DNA ends with the catalytic site of IN and (ii) altered orien-
tation of active-site residues.

Similarly, recombinant IN containing S153Y was attenuated

FIG. 8. IN containing T66I-M154I mutations is resistant to L-731,988 and L-CA. Recombinant IN protein was incubated for 1 h at 37°C in
triplicate reactions in the presence of oligonucleotide substrate and an 0.03 to 10.0 �M concentration of either L-731,988 or L-CA. Representative
results used to determine each IC50 (Table 4) are shown. (A and B) 3�-end processing–strand transfer for IN from HIVNL4-3 (A) or INT66I-M154I
(B) in the presence of L-731,988. (C) Quantification of data from triplicate experiments shown in panels A and B. Inset shows semilog plots used
to derive IC50s. (D and E) 3�-end processing–strand transfer for reference IN (D) or INT66I-M154I (E) in the presence of L-CA. (F) Quantification
of data from triplicate experiments shown in panels D and E. Inset shows semilog plots used to derive IC50s. �, 25 �M L-CA; �, 25 �M L-tartaric
acid; E, substrate with enzyme; S, substrate only. Products were resolved by denaturing PAGE and quantified by phosphorimager analysis. *,
substrate; 3, �2 products; S.T.P., strand transfer products. Numbers above the lanes are the concentrations (micromolar) of each inhibitor.
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in vitro in agreement with viral kinetic data. Furthermore,
given that IN containing the double mutation T66I-S153Y was
not expressed and purified despite several attempts, we hy-
pothesize that the S153Y mutation may decrease protein sol-
ubility or may render the protein susceptible to misfolding.
Our data indicating that IN containing S153Y is attenuated for
catalytic activity are consistent with previous studies in which
recombinant INs containing T66I-S153Y mutations were re-
ported to have only 5% enzymatic activity compared to refer-
ence IN (30).

In contrast to data on the T66I and S153Y mutations, IN
containing M154I demonstrated increased specific activity in
vitro. By IFA, only a slight delay in viral replication was de-
tected, and by real-time PCR, a statistically significant defect in
integration was observed. However, recombinant M154I IN
was almost three times more active in disintegration and al-
most twofold more active in 3�-end-processing–strand transfer
reactions than was reference IN (Table 3). This increased
specific activity may be due to increased protein solubility,
based on similarities between IN containing M154I and IN
containing the C280S mutation. Recombinant IN containing
the M154I substitution was purified at concentrations similar
to those of C280S and at concentrations two- to threefold
higher than that obtained for reference IN (Fig. 4 and data not
shown). Furthermore, 100 nM IN containing the M154I or
C280S mutation had 3�-end-processing–strand transfer activity
equivalent to or slightly better than that of reference IN (Fig.
7). The IN with the double mutation T66I-M154I had specific
activities in both disintegration and 3�-end-processing assays
similar to those obtained for T66I alone (Fig. 5 and 6 and
Table 3).

Inhibitor resistance mutations can result in different pheno-
types. For example, the replicative fitness of HIV resistant to
RT and protease (PR) inhibitors is quite varied (14, 18, 31).
Multiple resistance mutations to nonnucleoside RT inhibitors
may confer little to no delay in viral spread (14) or RT release
(31) while some single point mutations within either RT render
HIV severely defective for spread and RT release (31). Fur-
thermore, the presence of some mutations within RT may help
compensate for defects conferred by other resistance muta-
tions (18, 31). A similar variety of phenotypes have been de-
scribed for HIVs resistant to PR inhibitors (18). Results ob-
tained here for IN inhibitor-resistant HIV and proteins
demonstrate defects similar to those described for resistance to
PR and RT inhibitors (14, 31). In particular, the viral spread
results obtained for IN inhibitor-resistant viruses are analo-
gous to those seen for some HIVs containing triple or even
quadruple mutations within RT (14). Nine of 11 HIVs dis-
played wild-type spread, as measured by peak p24 production,
while 2 of 11 had a 1-day delay for peak p24 production (14).
Despite similar kinetics of p24 release, in competition experi-
ments all resistant viruses demonstrated a lower replicative
capacity than that of the wild-type virus (14). In addition,
similar to the increased susceptibility of IN inhibitor-resistant
HIV to RT inhibitors described herein (Table 6), resistance to
one inhibitor can lead to increased susceptibility to different
inhibitors either of the same class (31) or of different classes
(18, 26, 35, 37).

Each diketo acid resistance mutation conferred cross-resis-
tance to L-CA in both in vitro and tissue culture assays (Fig. 8

and Tables 4 and 5). These data complement recent findings by
King et al. demonstrating that HIV or IN containing a G140S
mutation within IN was impaired for integration and was cross-
resistant to L-731,988 (35). G140S was isolated as a resistance
mutation to L-CA (37). Suballelic reconstruction of reference
HIV containing IN with the G140S substitution yielded HIV
that was completely resistant to L-CA in tissue culture (37).
HIV containing G140S also demonstrates resistance to L-CA
analogs in tissue culture (36). Recombinant IN containing this
substitution was impaired for catalysis and demonstrated eight-
fold resistance to L-CA and nearly fivefold resistance to
L-731,988 in the strand transfer reaction (35). Based on those
data on the G140S mutation, it was hypothesized that L-CA
and L-731,988 may share a similar binding pocket on IN (35).
The data reported in this study provide additional evidence
that L-CA and L-731,988 share a common binding pocket and
thus common resistance mutations. It should be noted that
previous work by Pluymers et al. had suggested that L-CA acts
principally at entry, rather than integration (44). The in vitro
cross-resistance data presented herein demonstrate that L-CA
resistance maps to IN.

L-CA and L-731,988 are both small molecules that contain
aromatic rings as well as carbonyl groups and at least one free
carboxylic acid moiety. L-CA requires one free carboxylic acid
for activity (37), while L-731,988 requires both its free carbox-
ylic acid and adjacent carbonyl groups (29), although data have
demonstrated that the active conformation for L-731,988 in
vivo is the enol and not the diketo state (65). No cocrystals of
either inhibitor with the catalytic core domain of IN have been
reported; however, L-CA has been modeled into the active site
of IN in several independent studies (51, 56). These computer
modeling studies identified amino acids on IN including D64,
C65, T66, H67, E92, D116, D117, Q148, E152, K156, and K159
(51, 56) as being involved in L-CA binding.

The data on cross-resistance between the diketo acids and
dicaffeoyltartaric acids are intriguing given the cocrystal stud-
ies published for the IN inhibitor 5-CITEP with the catalytic
core of IN (27). No computer modeling studies with L-731,988
have been published to date; however, given the structural
similarities between 5-CITEP and L-731,988 (56) (see struc-
tures above) and the similarity of binding by 5-CITEP and
L-CA into an inhibitor-binding pocket, it is reasonable to hy-
pothesize that all three may bind a similar pocket. Indeed,
mapping of resistance mutations at positions T66, S153, and
M154 and the data presented here support the interpretation
that L-731,988, like L-CA, interacts near T66 and E152 and
perhaps K156 and K159. Indeed, cocrystals of 5-CITEP and
HIV IN implicated amino acids T66, Q148, E152, N155, K156,
and K159, which match several amino acids identified in L-CA
computer modeling studies as well as amino acids important
for inhibitor cross-resistance. Additional computer modeling
studies on various cinnamoyl IN inhibitors also identified com-
mon amino acids involved in binding (5). Thus, the binding
pocket occupied by both L-CA and L-731,988 may in fact rep-
resent a common binding site for several classes of IN inhibi-
tors.

While the binding pockets for the two compounds may be
similar, the mechanism of resistance for IN containing the
G140S mutation may differ from that for T66I-M154I. Muta-
tions of G140A, G149A, or both G140A and G149A impair the
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mobility of a disordered loop spanning residues G140 to G149,
leading to impaired catalysis (28). The G140S may also impair
loop mobility, as evident by the mutant’s impaired viral inte-
gration and enzymatic activities (35). In contrast, by molecular
dynamics simulations, T66I-M154I conferred increased loop
flexibility compared to reference IN (2). Indeed, the flexibility
of the double mutant in the presence of 5-CITEP matched that
of reference IN alone and was substantially greater than that
observed for reference IN with inhibitor (2). Thus, while both
G140S and T66I-M154I resistance mutations affect the mobil-
ity of the same region and lead to resistance to both the
dicaffeoyltartaric acids and diketo acids, they may confer re-
sistance via two distinct mechanisms. The end product may be
the same, however, as impaired loop mobility resulting from a
G140 mutation could impair hydrogen bonding of E152 in a
manner similar to that hypothesized for T66I-M154I (2).

Though the identification of inhibitors of HIV IN has been
a subject of intense research, the lack of a full-length IN crystal
structure has hindered the identification and development of
clinically useful IN inhibitors. The data presented here identify
amino acids that may play an important role in inhibitor bind-
ing and evaluate the effects that mutations at these amino acid
residues have on HIV replication and susceptibility to inhibi-
tors of HIV replication. Elucidation of the exact interactions
between amino acids on IN and the functional groups of IN
inhibitors would facilitate the design of new, more potent IN
inhibitors. Such studies would certainly aid our understanding
of the requirements for inhibition of IN and for inhibitor
resistance. To date, resistance mutations result in impaired
HIV replication and integration. Perhaps most favorable to the
clinical use of IN inhibitors is the finding that IN inhibitor-
resistant HIVs remain susceptible to or may even have in-
creased susceptibility to other HIV inhibitors (Table 6). Such
results are similar to those already published for IN inhibitor-
resistant HIV (3, 35, 37) and for PR inhibitor-resistant HIV
(18). Thus, combination and/or sequential therapy including
drugs targeted against IN may prove a viable treatment option
in HIV infection.
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