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Abstract
Raltegravir is an FDA approved inhibitor directed against human immunodeficiency virus type 1
(HIV-1) integrase (IN). In this study, we investigated the mechanisms associated with multiple
strand transfer inhibitors capable of inhibiting concerted integration by HIV-1 IN. The results
show raltegravir, elvitegravir, MK-2048, RDS 1997, and RDS 2197 all appear to encompass a
common inhibitory mechanism by modifying IN-viral DNA interactions. These structurally
different inhibitors bind to and inactivate the synaptic complex, an intermediate in the concerted
integration pathway in vitro. The inhibitors physically trap the synaptic complex thereby prevent
target DNA binding and thus concerted integration. The efficiency of a particular inhibitor to trap
the synaptic complex observed on native agarose gels correlated with its potency for inhibiting the
concerted integration reaction, defined by IC50 values for each inhibitor. At low nM
concentrations (<50 nM), raltegravir displayed a time-dependent inhibition of concerted
integration, a property associated with slow-binding inhibitors. Studies of raltegravir resistant IN
mutants N155H and Q148H without inhibitors demonstrated that their capacity to assembly the
synaptic complex and promote concerted integration were similar to their reported virus
replication capacities. The concerted integration activity of Q148H showed a higher cross-
resistance to raltegravir than observed with N155H providing evidence as to why Q148H pathway
with secondary mutations is the predominant pathway upon prolong treatment. Notably, MK-2048
is equally potent against wild type IN and raltegravir resistant IN mutant N155H suggesting this
inhibitor may bind similarly within their drug-binding pockets.

Integration of the linear HIV-1 cDNA into the host genome results in a permanent reservoir
for the provirus. Integration is a multistep process mediated by viral integrase (IN). In the
first step, within the cytoplasmic preintegration complex (PIC), IN processes a dinucleotide
at the 3′-end of viral long terminal repeat (LTR) termini. After nuclear transport of the PIC,
IN mediates the covalent joining of the 3′-OH recessed ends into cellular DNA by a
concerted integration mechanism. Raltegravir (RAL) is the first FDA approved inhibitor that
targets HIV-1 IN by inhibiting the strand transfer or joining reaction at low nM
concentrations (1).

RAL alone or in combination with other inhibitors targeting reverse transcriptase
(nucleoside and non-nucleoside analogs) and protease have been successfully used in
patients (2,3). RAL has been effective in patients where previous antiretroviral treatments
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have failed (3) and in drug naïve patients (4). Treatment with RAL also results in the
emergence of resistant viruses containing mutations in IN. The development of RAL
resistance mutations in IN does not result from any natural polymorphism found in RAL
naïve patients (5). In most patients, mutations in IN responsible for RAL failure are
represented in two independent genetic pathways; N155H and Q148H/R/K accounting for a
severe loss (10–25 fold) in susceptibility to RAL with additional secondary mutations (6). A
third pathway having a Y143R/C mutation has been observed in a smaller patient population
(6). Studies indicate these three pathways are independent and non-overlapping (7,8). In the
patients enrolled for elvitegravir (EVG) studies, T66I, E92Q, Q148R and N155H mutations
are primary contributors to EVG resistance (9–11). The resistant mutants are stable and
persist even after the withdrawal of the drug (12).

In earlier studies, we showed that a strand transfer inhibitor (STI) binds to the synaptic
complex (SC) which blocks target binding, thus preventing the formation of the strand
transfer complex (STC) and concerted integration (13)(Figure 1A). The STC is the terminal
nucleoprotein complex in the concerted integration pathway in vitro (14). SC contains two
LTR ends held together non-covalently by IN and is the intermediate in the concerted
integration pathway (13). SC possesses biochemical properties similar to the PIC in vivo
(13,15,16). The LTR DNA blunt-ends are slowly processed by IN within SC and upon
binding to supercoiled target DNA, concerted integration occurs (13,14,17,18). Concerted
integration requires an IN tetramer at the viral DNA ends (14,19,20). Inhibitor bound SC is
termed “trapped SC” and is not competent to bind target DNA (Figure 1A). Inhibitors do not
inhibit either the assembly of the SC (13) nor significantly modify the length of ~32 bp
DNaseI protective footprint observed on U3 and U5 ends in SC without inhibitor (15).
However, L-870,810, a naphthyridine carboxamide inhibitor (21) modifies the location of
the 5′-DNA ends in SC (15). The energy transfer between the two LTR ends (5′-end labeled
with Cy3 and Cy5) within SC formed in presence of L-870,810 was significantly decreased
in comparison to SC formed in the absence of the inhibitor thus, providing a structural
explanation for the inability of target DNA to bind trapped SC (15).

The effects of strand transfer inhibitors (STIs) on the integration of HIV-1 DNA in vivo
have established: 1) the concentration to effectively inhibit HIV-1 replication is in the low
nM concentration (~20–40 nM); 2) the copies of integrated DNA are significantly decreased
in comparison to wt infection; and 3) the number of 2-LTR circles in the nucleus increases
multifolds suggesting that some or most of the PICs are imported into the nucleus upon
treatment of virus-infected cells with inhibitors. The cytoplasmic PIC is non-functional in
HIV-1 infected cells grown in the presence of a diketo acid inhibitor (22).

In this report, we have examined the early events on how STIs interact with IN using SC as
a model for the PIC. We investigated the effectiveness of RAL, MK-2048, EVG, RDS 1997,
and RDS 2197 on physically trapping and inactivating SC. Trapping of SC appears to be a
universal inhibitory mechanism for these structurally distinct compounds. The efficiency of
an inhibitor to initiate the trapping of SC at low nM concentrations (10–20 nM) was directly
proportional to its potency in inhibiting concerted integration in vitro, similar to in vivo
results (1,11). Inhibition of concerted integration at a given low nM concentration (<50 nM)
of RAL was time-dependent. We established that MK-2048 is equally active against IN
possessing the RAL resistant N155H mutation in comparison to wt IN. HIV-1 containing the
N155H mutation has a similar replication capacity (~70%) of wild type (wt) HIV-1
(7,23,24). With N155H IN, the assembly of SC and concerted integration were delayed
relative to wt IN suggesting a possible biochemical mechanism why IN is partially defective
in HIV-1 possessing this mutation.
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EXPERIMENTAL PROCEDURES
DNA Substrates

Single-ended U5 (1.6 kb) and U3 (2.4 kb) DNA containing natural HIV-1 blunt ends were
obtained by NcoI digestion of ScaI linearized Mini-HIV pU3U5 (17,25). ScaI linearized and
dephosphorylated DNA was labeled with γ-32P[ATP] and digested with NcoI. The 5′-end of
the non-transferred DNA strand is labeled. Fragments containing single U5 and U3 ends
were purified from agarose gels by Qiaquick Gel Extraction kit (Qiagen).

Purification of IN
wt HIV-1 (pNYstrain) IN was expressed in Escherichia coli BL21(DE3) (Stratagene) and
purified to near homogeneity (26,27). IN mutants N155H and Q148H were constructed in
the pNY clone, expressed, and purified similar to wt IN. From sequence analysis, IN does
not contain any natural polymorphism for RAL or EVG resistance as observed in IN
inhibitor-naïve patients (5).

HIV-1 IN Inhibitors
RAL and MK-2048 were generously supplied by Merck Research Laboratories. MK-2048 is
effective against the resistant variants produced using RAL (28,29). EVG (30), RDS 1997
(31) and RDS 2197 (32) were kind gifts of Dr. Yves Pommier and Christophe Marchand
(National Cancer Institute). Their chemical structures are shown in Figure 1B. Each
inhibitor was dissolved in 100% dimethyl sulfoxide (DMSO) and stocks (10 mM) were
stored at ′70°C in small aliquots. A fresh aliquot was used in each experiment after making
appropriate dilutions in DMSO. The quantity of DMSO was kept constant at 1% (v/v) in the
reaction mixture.

Concerted Integration Assay
The assays with or without inhibitors were performed as described (27,33). HIV-1 IN was
pre-assembled with 5′-end (γ-32P) labeled U5 or U3 DNA in 20 mM HEPES pH 7.0, 100
mM NaCl, 5 mM dithiothreitol, 10 mM MgCl2, 25 μM ZnCl2, and 10% poly (ethylene
glycol) 6000 at 14°C for 15 min. IN and donor concentrations were described for each
experiment. Inhibitor and supercoiled target DNA (pBSK2 Zeo) were added and samples
incubated at 37°C, typically for 2 h. The reactions were stopped with EDTA at a final
concentration of 25 mM. An aliquot of the reaction products was subjected to 0.7% native
agarose electrophoresis at 4°C to determine the effect of inhibitors on SC. The remaining
samples were deproteinized with sodium dodecyl sulfate (0.5%) and proteinase K (1 mg/ml)
at 37°C for 30 min. Deproteinized samples were subjected to electrophoresis on a 0.7%
agarose gel to determine the quantities of concerted or full-site (FS), donor-donor (D-D),
and circular half-site (CHS) products (Figure 1A). The IC50 values of STIs to inhibit the
formation of these DNA products were determined (13).

DNaseI Footprint Analysis of IN-DNA Complexes Formed in the Presence of RAL
HIV-1 SC and higher order synaptic complex (H-SC) were formed with 5′-32P end-labeled
1.6 kb U5 DNA or 2.4 kb U3 DNA (3nM) and 60 nM of wt IN under standard integration
assay conditions in presence of RAL (750 nM) at 37°C for 2 h. DNaseI treatment of the
complexes and their isolation were performed as described previously (15).
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RESULTS
A Uniform Mechanism for Physical Trapping of HIV-1 SC by Different Structural Classes of
STIs

A naphthyridine carboxamide inhibitor (L-870,810) at low nM concentrations was capable
of trapping HIV-1 SC which prevented target DNA binding and thus its subsequent
conversion to STC (13). We determined here that trapping of SC by IN inhibitors is a
universal phenomenon and is a predictor for potency of a compound to inhibit concerted
integration in vitro. We investigated various STIs (RAL, MK-2048, EVG, RDS 1997 and
RDS 2197) for their ability to trap SC and H-SC. H-SC possesses physical properties
observed with SC and is a nucleoprotein complex that contains multimeric forms of SC on
native agarose gels (13,15). Upon increasing concentrations, RAL, MK-2048, and EVG
efficiently trapped SC and H-SC thus blocking the formation of STC (Figure 2A, 2B, and
2C, respectively). In all cases, the STC disappeared in a proportional manner with increasing
concentrations of inhibitors in comparison to the control reactions without inhibitors (Figure
2, lanes 3 or 4, marked zero at top). With these three inhibitors, trapped SC and H-SC were
first detected at ≥10 nM and their quantities increased with increasing inhibitor
concentrations. Generally, trapped SC is detected prior to and in larger quantities relative to
trapped H-SC. Once the maximum quantities of trapped SC and H-SC were produced with
each inhibitor at a specific inhibitor concentration, this quantity remained essentially stable.
With RDS 1997, a higher concentration of ≥50 nM was required to detect both trapped
complexes (Figure 2D). RDS 1997 is a bifunctional quinolinonyl diketo acid derivative
which inhibits strand transfer as well as 3′-processing activity of HIV-1 IN (31). With RDS
2197 (32), a mono-quinone inhibitor that preferentially prevents strand transfer, higher
amounts of inhibitor (≥250 nM) were required to detect trapped SC and H-SC (data not
shown). In summary, physical trapping of SC appears to be a universal property of
structurally different IN inhibitors to prevent target DNA binding. This “trapping” property
possibly explains why some or all PIC remains intact upon nuclear transport allowing for the
efficient formation of 2-LTR circles in virus-infected cells treated with STIs (22,34–37).

Even though a majority of IN-DNA nucleoprotein complexes formed in solution enter the
native agarose gel as discrete complexes, some smearing of the complexes is evident
throughout and at the top of the gel due to non-specific IN-IN and IN-DNA interactions
(Figure 2)(13,14,17). With all four inhibitors at higher nM concentrations (≥100 nM), a
majority of the labeled DNA is associated with trapped SC and H-SC. A similar result was
evident in the presence of L-870,810 (13). These results suggest that these non-specific
interactions were disrupted in the presence of inhibitors possibly due to a slight modification
of the surface charge on IN and to the disappearance of the STC at higher inhibitor
concentrations.

Deproteinization of the HIV-1 nucleoprotein complexes was necessary to determine the IC50
values (Table 1) for inhibition of concerted or FS, D-D, and CHS integration reactions
(Figure 3). The CHS product is produced by the insertion of a single LTR end into
supercoiled DNA (Figure 1A) (26,38). EVG was the most potent inhibitor of concerted
integration with the lowest IC50 value (8.5 ± 1.3 nM) followed by RAL, MK-2048, RDS
1997, and RDS 2197 in the order of increasing IC50 values (Table 1). The same order for
IC50 values were obtained for inhibition of D-D and CHS products. It is noteworthy that the
IC50 values for inhibiting the D-D reaction were as low as observed for concerted
integration while the values for inhibition of the CHS reaction were 4 to 15-fold higher
(13,39). These results suggest a direct correlation between the IC50 value for a particular STI
to inhibit concerted or FS products (Table 1) and its ability to trap the SC or H-SC (Figure
2).
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RAL does not Change Overall Binding Properties of IN Multimers onto the LTR Ends
Within the PIC, IN is responsible for the ~200 bp extended protective footprint at the U5
and U3 LTR ends which are independently processed by IN (40). In vitro, IN multimerizes
independently on U5 and U3 ends before the assembly of SC and differentially binds the
terminal ~32 bp at the U5 and U3 ends, deduced from the DNaseI digestion pattern (15).
Similar size protection patterns are observed in FS and CHS products containing U5 or U3
ends (15). In addition, SC and H-SC produced in presence of L-870,810 (750 nM) possess
the ~32 bp protective footprint at the U5 end. We determined whether RAL altered the ~32
bp DNaseI protective footprint on U5 and U3 ends. SC and H-SC were formed with IN (60
nM) and 5′-end labeled 1.6 kb U5 blunt-ended DNA (3 nM) in presence of RAL (750 nM)
for 2 h at 37°C. An extended incubation time facilitates the accumulation of trapped SC and
H-SC (Figure 2). The terminal ~32 bp from the U5 end in both complexes were protected
from DNaseI digestion (Figure 4A, lanes 3 and 4, respectively). Enhanced DNaseI
digestions immediately upstream of nucleotide 32-G suggested that RAL does not alter the
overall binding length of IN to these terminal nucleotides as shown with U5 DNA in the
absence of inhibitor (Figure 4C, lanes 7 and 8) (15). SC and H-SC formed with a 2.4 kb U3
blunt-ended DNA in presence of RAL also displayed a ~32 bp protective footprint (Figure
4B, lane 3 and 4) with a few regions of protection between ~40 and 60 bp from the LTR end
(shown with small rectangles in Figure 4B). A similar IN protection pattern was observed in
FS and CHS products formed with U3 DNA (15). No enhanced DNaseI cleavages were
observed at the outside boundary around ~32 bp on U3 (Figure 4B, lane 3 and 4) as shown
previously without a inhibitor (15). A notable difference is that the DNaseI major
enhancements at 9-G and 6-A observed with U3 without inhibitor (15) were absent in the
presence of RAL (Figure 4B, lane 3 and 4). Instead, several minor enhanced cleavages were
identified near nucleotides 9-G and 10-G. In summary, RAL does not affect the assembly of
IN or overall multimeric structure of IN with either U5 or U3 LTR ends in SC and H-SC.

Time-Dependent Inhibition of Concerted Integration at Low nM Concentrations of RAL
STIs appear to follow a two-step binding mode wherein an inhibitor binds to IN within
complexes that contain a single DNA end with lower affinity and is subsequently converted
to a higher affinity complex upon isomerization of the IN-DNA complex (41,42). In order to
characterize the inhibition profile for concerted or FS integration at a constant inhibitor
concentration, a time-dependent assay was performed (Figure 5A). IN-DNA complexes
were produced with IN (20 nM) and U5 blunt-ended DNA (0.5 nM) in presence of
supercoiled DNA and varying concentrations of RAL. Samples were taken before, at, and
after the maximum formation of SC at ~30 min (Figure 6A) (13,27). Inhibition of FS and
CHS products at each inhibitor concentration was plotted against time (Figure 5). With time,
the rate of inhibition increased the most for inhibition of FS products at the lower inhibitor
concentrations (Figure 5A). For example, at 25 nM similar to the IC50 value of RAL (Table
1), inhibition of FS products was ~3-fold higher at 120 min when compared to inhibition at
30 min, suggesting time-dependent inhibition. Similar inhibitory profiles were most readily
discernable at ≤50 nM of RAL and less at higher concentrations. In contrast, the inhibition
of CHS products was near maximum for each specific inhibitor concentration after 30 min
and did not increase significantly over a longer reaction time (Figure 5B). In summary, the
different inhibition kinetics between FS and CHS products suggest distinct structural
differences in IN-single DNA complexes that produce the CHS products and the SC that
produces the FS products. The continuous increase in inhibition of FS product with time
resembles a hallmark feature of slow-binding inhibitors (43) indicating that RAL possibly
acts as a slow binding inhibitor (41).
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IN with the N155H Mutation Possesses Slower Assembly Properties for SC and Concerted
Integration Kinetics than wt IN

N155H is a primary mutation in IN that arises in patients undergoing RAL and EVG therapy
(7,10). HIV-1 carrying the N155H mutation in IN, replicates at ~70% efficiency relative to
wt virus (7,23,24). We compared the assembly properties of SC using wt and N155H IN
(Figure 6). With wt IN, SC and H-SC reached near maximum quantities at ~30 min (Figures
6A, 6C)(13) whereupon both species gradually disappear by ~60 min as they are converted
gradually to STC (Figure 6A, lane 5 to 11). In contrast, N155H displayed overall slower
assembly kinetics for SC and H-SC (Figures 6B and 6D). In multiple experiments, the
N155H nucleoprotein complexes were generally delayed showing a maximum combined
quantity for these two complexes between ~45 to 90 min (Figure 6D). Thus, the initial stage
of STC formation by N155H (Figure 6D) was also delayed compared to wt IN (Figure 6B).
In addition with N155H, the total conversion of SC and H-SC to STC (Figure 6D) was
slower in comparison to wt IN (Figure 6C). In confirmation, the formation of FS products
with N155H also followed similar delayed kinetics relative to wt IN (Figure 6E). The results
suggest that the N155H mutation affects the ability of IN to properly assemble SC in a
timely fashion and thus affect concerted integration which is at ~70% of wt levels.

IN with a Q148H Mutation Possesses Markedly Reduced Concerted Integration Activity
The second predominant pathway leading to the development of drug-resistance in RAL
therapy involves residue Q148. In vivo, HIV-1 with the Q148H mutation possesses ~30%
infectivity and ~15% replication capacity of wt virus (24). The overall catalytic activity for
strand transfer with recombinant IN with the Q148H mutation using LTR oligonucleotides
as substrates was also ~30% of wt IN, after normalization of decreased 3′-processing activity
(24). Lastly, residue Q148 interacts with the terminal 5°C on the non-processed end via a
hydrogen bond and is important for efficient strand transfer activity (44). The concerted
integration assay employing the natural blunt-ended U5 substrate takes in account the ability
of IN to assemble SC, promote 3′-OH processing of two LTR ends, and produce FS
products. In multiple experiments, formation of FS products by Q148H was delayed and
reduced to ~30% level relative to wt IN upon incubation up to 3 h at 37°C (Supporting
Information Figure S1). In contrast, the quantity of CHS products produced by Q148H was
~60 to 70% of wt IN level suggesting that this single 3′-OH processing step necessary for
strand transfer was not severely affected under our assay conditions. In summary, the
Q148H substitution decreased the ability of IN to promote concerted integration.

Formation of Trapped SC Produced by N155H and Q148H in the Presence of MK-2048,
RAL, or EVG

We determined the resistance profile of N155H and Q148H against a spectrum of inhibitors
including MK-2048, RAL, and EVG by studying their effect on forming trapped SC (Figure
7) and concerted integration activity (Figure 8). All three inhibitors were able to trap SC and
H-SC formed with N155H (Figure 7A) and Q148H (Figure 7B) to varying degrees after
incubation for 3 h at 37°C. With increasing concentrations of inhibitors, the quantity of
trapped SC and H-SC increased with a simultaneous decrease of STC formation, similar to
the pattern observed with wt IN (Figure 2). A similar pattern was observed with N155H and
Q148H using RDS 1997 and RDS 2197 (data not shown). Even though Q148H had
significantly lower concerted integration activity than wt IN, the same trend of trapping SC
by STIs appears to also occur (Figure 7B). In summary, similar qualitative patterns for
trapping of SC by STIs with wt, N155H, and Q148H IN were observed.
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Quantitative Analysis for Inhibition of Concerted Integration with N155H and Q148H
We quantitatively determined the interactions of MK-2048, RAL, and EVG with N155H
and Q148H (Figure 8). In vivo, MK-2048 had an excellent antiviral activity (IC95 of 41 nM
in 50% normal human serum) and possessed a higher genetic barrier than RAL (29).
MK-2048 had a similar IC50 value for N155H (42 ± 3 nM) as wt IN (42 ± 5 nM) for
inhibition of FS products (Table 1)(Figure 8A). The IC50 values for inhibition of FS
products with N155H were 68 ± 15 nM and 87 ± 7.5 nM for RAL and EVG, respectively
(Table 1). The N155H substitution provides greater resistance to EVG (10-fold) than RAL
(3-fold) in comparison to wt IN (Table 1), as reported earlier (29,45). The relative resistant
profile of these inhibitors along with RDS 1997 and RDS 2197 against N155H as compared
to wt IN were illustrated in Figure 8C. In summary, MK-2048 is equally effective against wt
IN and N155H for inhibition of concerted integration.

Concerted integration catalyzed by Q148H was found to be resistant to all of the inhibitors
to various degrees (Figure 8B). The IC50 values to inhibit the formation of FS products were
determined (Table 1). Expectedly, Q148H had high resistance to RAL (16-fold) and EVG
(20-fold) as compared to wt IN (Figure 8C). MK-2048 was modestly active against Q148H
with only a 2-fold higher IC50 value for inhibition of FS products.

DISCUSSION
STIs appear to be “interfacial inhibitors” that stably associate with an intermediate IN-DNA
complex in the integration pathway (46). Interfacial inhibitors bind at the interface of two
(or more) macromolecules in a multimeric complex which is undergoing a conformational
change, thus blocking their biological function (47). In the concerted integration pathway,
we identified SC as a transient intermediate (13) which upon binding supercoiled DNA
produces the STC (14). L-870,810 inhibited the conversion of SC into STC resulting in the
accumulation of inactivated or physically trapped SC (13,16). From this study, we conclude
that trapping of SC with STIs possessing diverse structures may be a universal phenomenon
with wt IN and at least with several raltegravir resistant IN mutants. We also observed a
direct correlation in the ability of an inhibitor to trap SC in a concentration dependent
manner with the potency of the inhibitor to prevent concerted integration. The potency order
for STIs to prevent concerted integration was EVG > RAL > MK-2048 > RDS 1997 > RDS
2197 (Table 1).

STIs do not affect the assembly of SC, rather they alter the structure of SC rendering it
inactive and unable to bind target DNA (13,15,16). The major DNA binding and
multimerization properties of IN on U5 ends in the presence of RAL were not altered
(Figure 4A) relative to its absence (Figure 4C) (15). SC and H-SC displayed a ~32 bp
DNaseI protective footprint with RAL present including the DNaseI enhanced cleavages at
~32 nucleotides from the 5′-end of the non-transferred DNA strand (Figure 4A). The length
of the ~32 bp protected region in these same complexes formed with U3 LTR ends (Figure
4B) was also similar to the footprint pattern observed without inhibitors (15). But, major
enhanced cleavages with U3 at nucleotides 6-A and 9-G observed in absence of inhibitor
(15) were changed in presence of RAL with minor enhancements at 9-G and 10-G (Figure
4B). RAL inhibits the formation of integration products using U3 substrate with similar
potency as observed with U5 (data not shown). These structural results with SC are
consistent with the observation that RAL and other STIs do not disturb the cytoplasmic PIC
and its nuclear transport which results in an increased formation of the 2-LTR circle junction
DNA in the nucleus.

What are the structural changes induced by inhibitors between the DNA ends in SC
responsible for disturbing target binding? The fluorescence resonance energy transfer
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efficiency between the 5′-Cy3 and Cy5 labeled U5 ends in HIV-1 SC was significantly
decreased (85%) within trapped SC (15). The calculated distance between the 5′-ends of the
non-transferred strand increased from 46 ± 3 Å in SC formed without inhibitor to 77 ± 6 Å
in the SC formed in presence of L-870,810. Crystal structure data of prototype foamy virus
IN-DNA complex bound to RAL also showed that overall binding of IN to DNA is not
affected, however, the reactive 3′-OH group was moved more than 6 Å away from the active
site by RAL (20). These two studies and the altered internal DNaseI footprints in U5 and U3
in the presence of L-870,810 and RAL, respectively, suggest changes in IN-DNA
interactions produced by inhibitors renders the IN-DNA complex inactive for integration.

Mutations at N155 and Q148 constitute two major pathways contributing resistance to IN
inhibitors. We investigated the biochemical properties of these two mutants relative to SC
assembly and their functional capabilities in the concerted integration assay. IN with the
N155H mutation possessed ~70% capacity of wt IN for both SC assembly (Figure 6B and
6D) and concerted integration activity (Figure 6E) although, the kinetics of N155H for these
events was slower (Figures 6). IN derived from HXB2-IIIB strain containing N155H
substitution also possessed nearly two third of concerted integration activity compared to its
wt counterpart (39). These data are consistent with ~70% replication capacity of HIV-1
containing this mutation compared to wt HIV-1 (7, 23, 24). In other studies with his-tag IN
containing the N155H mutation, the catalytic activities using oligonucleotide DNA
substrates demonstrated were ~5 to 35% relative to wt IN (45, 48, 49) suggesting, the
presence of the tag or purification conditions affected the observed activities. An in-silico
study of N155H and Q148H/R/K demonstrated that the structure of flexible loop (residues
140–148) in catalytic domain is conserved suggesting IN would be catalytically active (50).
Comprehensive in vitro mutagenesis and computational studies of the flexible loop in HIV-1
IN accounted for most of the observed phenotypes of N155H and Q148H/R/K mutations in
these RAL resistant viruses (51, 52). In our study, IN containing the Q148H mutation
possessed nearly 30% activity for concerted integration relative to wt IN although it
produced nearly 60–70% of CHS product compared to wt IN (Supporting Information,
Figure S1). These data suggest the 3′-OH processing by IN having Q148H mutation was not
severely affected under these assay conditions. The decreased yield of concerted integration
products might be simply due to inefficient assembly of SC. We noted that formation of SC
(data not shown) and STC (Figure 7B, lane 3 and 4) were delayed and inefficient relative to
wt IN. In summary, the assembly properties for SC of IN containing N155H and Q148H
mutations in vitro correlates with their replication capacities in vivo (7, 23, 24). Our results
also demonstrated that IN carrying these RAL resistant mutations are functional in forming
trapped SC at different capacities in vitro (Figure 7) as presumably observed in the PIC in
vivo.

The N155H substitution provided varying degrees of cross-resistance to different STIs. The
IC50 value for EVG with the N155H mutant to inhibit concerted integration was nearly 10-
fold higher than wt IN (Figure 8C) similar to earlier studies using DNA oligonucleotides
substrates (29, 45). An interesting observation was the susceptibility of N155H to MK-2048
and RDS 2197. MK-2048 had similar potency against wt IN and N155H with a low IC50
value of 42 nM for inhibiting concerted integration (Table 1). A plausible explanation for
the effectiveness of MK-2048 could be the observed lower dissociation rate from IN-DNA
complexes (53). The dissociation half-life of RAL with an N155H IN-DNA complex was
nearly 0.7 h as compared to 7.3 h with wt IN-DNA complex. MK-2048 had a dissociation
half-life of nearly 4 h and 32 h with N155H IN and wt IN, respectively (53). The relative
longer half-life of MK-2048 in IN-DNA complexes could be a plausible reason for enhanced
potency for inhibiting IN with the N155H mutation. Similar susceptibility (1.3 fold) of IN
with the N155H mutation to RDS 2197 compared to wt IN to inhibit concerted integration
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was evident (Figure 8C)(Table 1). Further studies are necessary to fully understand the
interactions of various STIs with resistant IN mutants that arise during drug therapies.

Scintillation proximity assays (SPA) have shown that STIs bind to IN-DNA complexes in a
two-step binding mode and the inhibition of strand transfer is time-dependent (41,42).
Kinetic experiments with wt IN showed a time-dependent inhibition of concerted integration
at a constant concentration of RAL (Figure 5A). At either 20 or 25 nM RAL, inhibition
increased nearly ~3-fold from 30 min to 120 min. The initial 30 min point was used because
assembly of SC is maximum at ~30 min with wt IN without inhibitor (Figure 6A, 6C) and
slow 3′-OH processing is constantly occurring in SC with time (13,15). Modeling and other
studies of a STI bound to a IN-DNA complex revealed that a STI binding site become fully
available only after the removal of 3′-GT nucleotides on the catalytic strand (34). Another
study revealed that the terminal 3′-GT occupies the active site in closed conformation and
the active site is left open immediately after 3′-processing and is accessible for binding STI
(20,42). Soaking of prototype foamy virus IN-DNA crystals containing 3′-OH recessed ends
with RAL and EVG clearly demonstrated that these inhibitors occupied the active site of an
IN tetramer resulting in the displacement of the 3′-OH recessed end (20).

During the suggested conformational change associated with 3′-OH processing in SC
(16,46), RAL binds to complexes with higher affinity resulting in the potent inhibition of
concerted integration with increasing time (Figure 5A). In contrast, the above mentioned
conformational changes may be different in IN-DNA complexes producing CHS products
(Figure 5B). Initially using a U5 blunt-ended substrate, the IC50 values for all of the STIs to
inhibit the insertion of a single DNA recessed end into supercoiled DNA is ~4 to 15-fold
higher than observed with inhibition of concerted integration (Table 1). A single blunt-ended
DNA molecule juxtaposed with a single 3′-OH recessed molecule within SC is sufficient for
effective inhibition for L-870,810 with an IC50 value of ~60 nM while with two blunt-ended
DNA molecules in SC, it is ~32 nM (39). These results suggest a possible cooperativity may
exist between the IN subunits to bind STIs in SC which would be necessary for efficient
inhibition of concerted integration (Figure 1).

This study suggests a correlation exists between the physical trapping of SC with the
potency for inhibiting concerted integration using wt IN as well as N155H and Q148H. All
of the STIs, irrespective of their chemical structures, bind to SC resulting in the
accumulation of trapped SC. As suggested (53), a possible desired quality in second
generation STIs may be a lower dissociation rate of a inhibitor from IN within the PIC. This
enhanced association may more effectively block integration of wt HIV-1 as well as HIV-1
containing STI resistant IN mutants. In addition, inhibitors targeting regions of IN involved
in binding cellular co-factors including the lens epithelium-derived growth factor (54,55)
and IN oligomerization (56) may be worth pursuing to combat drug resistance in the
treatment of HIV/AIDS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HIV-1 human immunodeficiency virus

IN integrase

LTR long terminal repeat

PIC preintegration complex

SC synaptic complex

H-SC higher-order synaptic complex

STC strand transfer complex

RAL raltegravir

EVG elvitegravir

STI strand transfer inhibitor

FS full-site

CHS circular half-site

D-D donor-donor

PIC preintegration complex

wt wild-type
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Figure 1.
Schematic for assembly of the SC and the concerted integration reaction. (A) IN dimers
assemble onto HIV-1 LTR forming the SC where two LTR ends are non-covalently
juxtaposed by IN. The IN dimer bound at each LTR terminus form the active tetramer and is
drawn differently to reflect the conformational change associated with 3′-processing of the
LTR DNA ends. In the presence of supercoiled target DNA, SC is converted to the STC, the
terminal nucleoprotein complex in the concerted integration pathway. STIs prevent target
DNA binding to SC resulting in the accumulation of inactivated or trapped SC and thus
inhibition of STC formation. Deproteinization of the STC yields the concerted or FS
integration product. Other integration products formed in the reaction are CHS, D-D, and Y-
type products. (B) Structure of STIs. RDS 1997 is compound 8 in ref (31) and RDS 2197 is
compound 6i in ref (32).
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Figure 2.
Structurally diverse inhibitors inhibit HIV-1 concerted integration through a uniform
mechanism by physically trapping SC. IN (20 nM) was pre-assembled with 5′-32P end-
labeled 1.6 kb U5 blunt-ended DNA (0.5 nM) followed by the addition of target DNA in
presence of varying concentrations of STIs for 2 h at 37°C. The panels are: A. RAL; B.
MK-2048; C. EVG; and D. RDS 1997. Samples were subjected to 0.7% native agarose gel
electrophoresis at 4°C. Lane 1, marked M, contain 32P- labeled molecular weight markers
(kb ladder) in all the panels. Lane 2, marked C, is control reaction without IN. Lane 3 and 4,
marked 0, are with IN but without any inhibitors for production of STC except, in panel B
which has only lane 3 without inhibitor. The inhibitor concentrations are located on the top
of each gel. The trapped SC and H-SC formed in presence of inhibitors are marked on right.
With increasing concentrations of inhibitors, conversion of SC to STC is prevented resulting
in the accumulation of trapped SC and H-SC. In parallel, a decrease in amount of STC
formed with increasing inhibitor concentrations is also evident.
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Figure 3.
RAL and EVG inhibit concerted integration at low nM concentrations. (A) IN (40 nM) was
pre-assembled with 5′-32P end-labeled 1.6 kb U5 blunt-ended DNA substrate (1 nM) at 14°C
for 15 min. Upon addition of varying concentrations of inhibitors and supercoiled DNA (1.5
nM), samples were incubated for 2 h at 37°C. Reactions were stopped with EDTA,
deproteinized, and the strand transfer products were analyzed on 0.7% agarose gels.
Individual products are identified on the right. Lane 1, marked C, contains DNA only
without IN. Lanes 2 and 3 are control reactions without inhibitor. Increasing concentrations
of RAL were added in lanes 4–13 and EVG in lanes 15–24. Lane 14, marked M,
contain 32P- labeled molecular weight markers (kb ladder). (B) Inhibition of concerted or
FS, CHS, and D-D products by increasing concentrations of RAL. IN (20 nM) was pre-
assembled with 5′-32P end-labeled 1.6 kb U5 blunt-ended DNA substrate (0.5 nM) at 14°C
for 15 min. Upon addition of varying concentrations of RAL and supercoiled DNA (1.5
nM), samples were incubated for 2 h at 37°C and processed as mentioned in A. Inhibition of
each product (FS, D-D and CHS) was plotted against RAL concentration. The error bars
indicate the SD from at least four independent experiments. (C) Inhibition of integration
products with increasing concentrations of EVG. Experiments were done as described in
panel B. The error bars indicate the SD from at least four independent experiments. The
dotted horizontal line indicates 50% inhibition of FS product. The IC50 values for inhibition
of FS, D-D, and CHS integration products are summarized in Table 1.
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Figure 4.
RAL does not affect the IN multimeric structure at the LTR ends. (A) IN (60 nM) was pre-
assembled with 5′-32P end-labeled 1.6 kb U5 blunt-ended DNA (3 nM) for 15 min at 14°C.
RAL (750 nM) and supercoiled DNA (3 nM) were added and incubated for 2 h at 37°C.
Samples were treated with DNaseI and subjected to native agarose gel electrophoresis. DNA
was purified from the trapped SC and H-SC and subjected to denaturing polyacrylamide
15% (w/v) gel electrophoresis. Lane 1, input DNA; lanes 2 and 5, input DNA digested with
DNaseI for 2 min and 3 min, respectively; lanes 3 and 4, DNaseI treated SC and H-SC,
respectively; lanes 6 to 8, Maxam-Gilbert chemical sequence markers prepared from input
DNA. The nucleotide positions are marked on the right. The asterisk indicates enhanced
DNaseI digestion and the vertical bar represents the protected DNA region. (B) DNaseI
footprint analysis on 2.4 kb U3 blunt-ended DNA. The formation of trapped complexes,
DNaseI treatment and sample loading order were identical as described above in A.
Nucleotide positions on U3 LTR are on the right. Chemical sequence markers of U3 DNA
are in lanes 6 to 8. The vertical bar represents the DNaseI protected region and two minor
protected regions beyond 38 bp are marked by small rectangles on the left. (C) IN (80 nM)
was pre-assembled with 5′-32P end-labeled 1.6 kb U5 blunt-ended DNA (3 nM) for 15 min
at 14°C. Strand transfer was initiated by adding supercoiled DNA (3 nM) and incubating at
37°C for 2 h. Samples were treated with DNaseI, deproteinized and subjected to agarose gel
electrophoresis. DNA purified from FS and CHS products were subjected to denaturing
polyacrylamide 15% (w/v) gel electrophoresis. Lane 1, input DNA; lanes 2 to 4 Maxam-
Gilbert chemical sequence markers prepared from input DNA; lane 5 and 6 contain input
DNA digested with DNaseI for 3 min and 2 min, respectively; lanes 7 and 8, DNaseI treated
CHS and FS, respectively. The nucleotide positions are marked on the left. The asterisk
indicates enhanced DNaseI digestion and the vertical bar represents the protected DNA
region.

Pandey et al. Page 18

Biochemistry. Author manuscript; available in PMC 2011 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Time-dependent inhibition of concerted integration at a constant RAL concentration. (A)
Kinetics for inhibition of concerted or FS integration products. IN-DNA complexes were
pre-assembled with IN (20 nM) and 5′-32P end-labeled 1.6 kb U5 blunt-ended DNA (0.5
nM) at 14°C for 15 min. A specific concentration of RAL was added along with supercoiled
DNA (1.5 nM) and the samples were incubated at 37°C for various times from 20 min to
120 min. The figure insert identifies each RAL concentration used. Deproteinized products
were subjected to 0.7% agarose gel electrophoresis. The quantities of FS and CHS products
were determined and the % inhibition was determined with reactions performed in parallel
without RAL. The average percentage of U5 DNA incorporated into the FS product without
inhibitor at 20, 30, 40, 50, 60, 90 and 120 min were 0.9, 2.3, 4.4, 6.5, 8.8, 15.2 and 18.3%,
respectively. The amount of U5 DNA incorporated into CHS products in absence of
inhibitor was 2.0, 3.4, 4.6, 5.5, 6.2, 7, and 6.3% at the corresponding times. The error bars
indicate SD for at least two independent experiments per inhibitor concentration. (B) The %
inhibition of CHS products was determined in parallel as described in panel A. The symbols
are the same as shown in the panel A insert.
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Figure 6.
N155H IN possesses slower assembly and concerted integration kinetics in comparison to
wt IN. In panel (A) wt IN (20 nM) and in panel (B) N155H IN (30 nM) were pre-assembled
with 5′-32P end-labeled 1.6 kb U5 blunt-ended DNA (0.5 nM) for 15 min at 14°C.
Supercoiled DNA (1.5 nM) was added to study the assembly kinetics of SC, H-SC, and STC
from 0 min to 180 min at 37°C. (C) Kinetics of formation of SC, H-SC, and STC with wt
IN. The percentage of input DNA incorporated into each nucleoprotein complex versus time
was plotted. (D) Kinetics of formation of SC, H-SC, and STC with N155H IN. (E) Aliquots
of the above experiments with wt and N155H IN were deproteinized and the quantities of FS
products were determined and plotted. The total quantities of FS products after 180 min
were 35% and 27%, respectively.
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Figure 7.
Structurally diverse STIs are able to trap SC and H-SC formed with N155H and Q148H IN.
N155H or Q148H IN (30 nM) were pre-assembled with 5′-32P end-labeled 1.6 kb U5 DNA
substrate (0.5 nM) at 14°C for 15 min. Inhibitor and a supercoiled DNA (1.5 nM) were
added and the integration reaction was allowed for 3 h at 37°C. Reactions were stopped with
25 mM EDTA and aliquots were subjected to native agarose gel electrophoresis. Panel A
and B shows the products obtained with N155H and Q148H IN, respectively. In both panels,
lane 1, marked M contains 32P- end-labeled molecular weight markers. Lane 2, marked C, is
control reaction without IN. Lane 3 and 4, marked 0, are with IN but without inhibitor for
production of STC. Lanes 5 to 10 contain increasing concentrations of MK-2048, lanes 11–
16 contain RAL and lanes 17–22 contain EVG. Trapped SC and H-SC are marked on right.
A decrease in formation of STC with increasing concentrations of inhibitor is evident.
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Figure 8.
Inhibition profile of concerted FS product obtained from N155H and Q148H IN with
various STIs. IN (30 nM) of each mutant were assembled with 5′-32P end-labeled 1.6 kb U5
DNA substrate (0.5 nM) at 14°C for 15 min. Inhibitor and supercoiled DNA (1.5 nM) were
added and the reaction was allowed for 3 h at 37°C. Reactions were stopped with 25 mM
EDTA and deproteinized with SDS (0.5%) and proteinase K (1 mg/ml). The percentages of
donor DNA incorporated into FS product with or without inhibitors were determined. (A)
Plot of inhibition of FS products obtained with N155H IN with increasing concentrations of
various STIs. (B) Plot of inhibition of FS products obtained with Q148H IN with increasing
concentrations of various STIs. In both panels A and B, the error bars indicate SD from at
least four independent experiments. The dotted horizontal line indicates 50% inhibition of
FS product. The IC50 value for integration products is summarized in Table 1. (C) Graphical
representation of cross-resistance for various inhibitors against N155H and Q148H. IC50
values for inhibiting the FS products obtained with N155H and Q148H IN by various
inhibitors were compared with the IC50 values obtained with wt IN (Table 1). Fold changes
in IC50 value for FS products obtained with N155H and Q148H IN relative to wt IN were
plotted.
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