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Potent Inhibitors of HIV-1 Integrase Display a Two-Step, Slow-Binding Inhibition
Mechanism Which Is Absent in a Drug-Resistant T661/M 1541 Mutant
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ABSTRACT: Two-metal binding HIV-1 integrase inhibitors (INIs) are potent inhibitors of HIV-1 in vitro
and in patients. We report here for the first time the kinetics of inhibition of integrase-catalyzed strand
transfer. First, the ICsy values for each of six structurally distinct INIs decreased when a preincubation
was included: S-1360 (1.3 uM vs 0.12 uM), L-731,988 (130 nM vs 9 nM), L-870,810 (130 nM vs 4 nM),
raltegravir (300 nM vs 9 nM), elvitegravir (90 nM vs 6 nM), and GSK364735 (90 nM vs 6 nM). When
reactions with these INIs were initiated with integrase, progress curve analyses indicated time-dependent
inhibition, which could be fitted to a two-step mechanism of binding. Overall fitted K; values matched the
ICsy values measured with a preincubation: S-1360 (0.17 uM), L-731,988 (34 nM), L-870,810 (2.4 nM),
raltegravir (10 nM), elvitegravir (4.0 nM), and GSK364735 (2.5 nM). To begin to understand the mechanism
for this slow onset of inhibition and its possible impact on drug resistance, studies of resistance mutations
were initiated. T66I/M 1541 exhibited little if any time-dependent inhibition by any of the six INIs, as
measured by differences in potency upon preincubation or by progress curve analysis. These data
demonstrate that slow binding is a signature of two-metal binding INIs, and that the second slow step is
required for full potency. We discuss a possible structural explanation of the second slow step of inhibition
and also the relationship between loss of time-dependent inhibition and drug resistance of this important

new class of HIV-1 antiretroviral drugs.

Integrase, an essential enzyme in the retroviral life cycle,
catalyzes two chemical reactions (3" processing and strand
transfer) that lead to the insertion of viral DNA into host
DNA. The validation of integrase as an HIV' chemothera-
peutic target has reached its highest level with the FDA
approval of the first integrase inhibitor (INI), raltegravir (/).
Over the past six years, at least five INIs have been tested
in HIV-infected individuals: S-1360 (2), L-870,810 (3),
raltegravir (4), elvitegravir (5), and GSK364735 (6). Four
of these exploratory drugs have yielded 2-log or greater
decreases in viral loads in phase Ila studies, reflecting a
profound clinical effect in blocking this viral enzyme.
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As impressive as the initial clinical data have been, it is
already evident that INIs will present the same weakness as
any antiretroviral, the emergence of resistant virus bearing
mutation(s) within the target gene. Both in vitro passage
studies (3, 7—9) and more importantly clinical data from
phase II/III studies (/0—12) have already highlighted key
mutations that result in loss of in vitro potency and in clinical
failure, respectively. We must understand the mechanism of
resistance at the clinical, cellular, and especially molecular
levels to best understand how to develop second-generation
INIs that will overcome resistant mutations selected for by
the initially approved drugs.

To best understand the molecular mechanisms of resis-
tance, the mechanism and kinetics of inhibition should ideally
first be well-described. Some of the key findings to date are
as follows. (i) Potent INIs fall into the general scaffold of
two-metal binders that bind the active site metals of
integrase (/3—15), presumably two magnesium ions (/6).
(i) INIs selectively inhibit the second chemical reaction
catalyzed by integrase (strand transfer) relative to the first
reaction (3’-processing) (16— 18). (iii) INIs potently bind only
when integrase is in its binary complex with donor or viral
DNA (19), possibly binding to a transient intermediate along
the integration pathway (20). (iv) Terminal bases of the viral
DNA play a role in both catalytic efficiency (27, 22) and
inhibitor binding (18, 23, 24). (v) A mechanism of resistance
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FIGURE 1: Chemical structures of INIs used in this study. Raltegravir
has also been termed MK-0518 in the literature, and elvitegravir
has been termed both JTK-303 and GS 9137.

for at least one particular INI is an increase in dissociation
rate as measured in a binding assay (25). (vi) A flexible loop
from residue 140 to 148 that plays a significant role in
catalysis (26) has been implicated in inhibitor binding
through molecular dynamic studies (27).

Some aspects of two-metal binding INI inhibition are not
currently well defined, including the kinetics of inhibition.
To the best of our knowledge, there has been no report to
date that has examined the progress curves of strand transfer
inhibition of this important new class of HIV chemotherapy.
As has been highlighted in a recent review (28), it is critical
to understand the kinetics of inhibition and in particular
dissociation rates of potent drugs and drug candidates, as
the residence time of an inhibitor on its target can consider-
ably impact biological activity in vivo. Recent work has
examined the kinetics of binding of one particular INI using
a radiolabeled binding assay (24, 25) and has demonstrated
that this INI is slow-binding. Using a scintillation proximity
assay (SPA) that monitors the covalent insertion of target
DNA into donor DNA, and a diverse collection of two-metal-
binding scaffolds (Figure 1), we have complemented the
finding described above by demonstrating that these inhibi-
tors as a general class display a two-step, time-dependent
inhibition (TDI) of integrase-catalyzed strand transfer.
Furthermore, the drug-resistant double mutant T66I/M 1541
(29) did not display TDI, suggesting that these mutations
alter the conformational sampling of integrase after initial
inhibitor binding.

EXPERIMENTAL PROCEDURES

Reagents. Oligonucleotides used to make donor DNA were
purchased from Invitrogen (Carlsbad, CA). Radiolabeled
target DNA and streptavidin-coated scintillation proximity
beads were purchased from GE Healthcare UK Limited
(Buckinghamshire, U.K.).

Purification of HIV-1 Integrase. Full-length recombinant
HIV-1integrase was isolated from Escherichia coli BL21(DE3)
carrying plasmid pT7-IN with the sequence of full-length
HIV-1 integrase (30). Cells were thawed and lysed in buffer
consisting of 50 mM Tris-HCI and 5 mM fS-mercaptoethanol
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(pH 7.5) by being passed through an APV continuous-flow
pressure cell at 10000 psi. After the lysate was centrifuged
(SLA-1500 rotor, 14K rpm, 15 min), the pellet was resus-
pended in lysis buffer with a Polytron and centrifuged (SLA-
1500 rotor, 10K rpm, 10 min). This wash was repeated on
the resulting pellet. The twice-washed pellet was suspended
in extraction buffer [S0 mM Na-HEPES, 1 M MgCl,, 50
UM ZnCl,, and 1 mM S-ME (pH 7.0)] and left on ice for
1 h before centrifugation. All mutant integrase proteins were
prepared by introducing the specific mutation into the wild-
type sequence. These mutant proteins were expressed and
purified using the same protocol as for the wild-type enzyme.
Final protein concentrations ranged from 0.5 to 3 mg/mL,
with purities ranging from 65 to 92%. In each preparation,
background nuclease activity was tested for and not observed.
DNA binding titrations of the wild-type preparation indicated
that approximately 1% was capable of binding the donor
DNA used in the strand transfer assay.

In Vitro Strand Transfer Assay. The strand transfer
scintillation proximity assay (SPA) was previously described
(31). Recombinant integrase was first bound to biotinylated
unprocessed donor DNA oligonucleotide (attached to stepta-
vidin beads). In separate reactions in which 3’-processing
was assessed in a fluorescence polarization assay (using the
unprocessed donor DNA with a fluorescein at the 3’-end) at
37 °C under the same conditions for the same length of time
of the binary formation incubation, the fluorescence polariza-
tion signal decreased from 236 to 124 mP, an amount that
represented 83% 3’-processing. Subsequent to binary com-
plex formation and 3’-processing, strand transfer reactions
were initiated. When the binary complex and inhibitor were
preincubated, strand transfer was initiated with target DNA
substrate. Reactions were quenched with a 3:1 volume
addition of 25 mM MOPS (pH 6.5), 50 mM EDTA, 0.5 M
NaCl, and 0.1% salmon sperm DNA. In this study, the
standard assay buffer consisted of 25 mM Na-MOPS, 23
mM NaCl, and 10 mM MgCl, (pH 6.5). For pH optimum
study, the following buffers were used: EPPS (pH 5.0—6.0),
MOPS (pH 6.5—7.5), and HEPES (pH 7.5—9.0). The active
wild-type integrase concentration was approximately 4 nM,
and the target [’H]DNA concentration was 6 nM. The E138K
protein had 67% of the WT activity in the strand transfer
assay and was used at the same relative amount as WT for
all studies. The T661/M 1541 double mutant had only 18%
activity and was used at 4 times the amount of WT enzyme
(the binary complex with donor DNA was formed under the
same conditions as WT, taken up in '/; of the final volume
after the wash, and then used at the same dilution with the
reaction mixture). All preincubations and single-time point
determinations of ICsy values were as previously described
(31). Time courses of inhibition were performed in 96-well
plates which were thermostated at 37 °C. To minimize
evaporation of the assay volume, a plate cover was used with
a moist paper towel sandwiched between it and a prewarmed
heat block on top of the cover, and the standard assay volume
was increased to 30 uL, with all concentrations being the
same. Individual wells were used for individual time points.
For single-time point ICsy determinations, time courses were
measured to determine the time point that produced maximal
signal yet still was in a linear part of the reaction.

Sequence Analysis of Integrase-Catalyzed Strand Transfer
SPA Products. To confirm that the observed SPA signal
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correlated with covalent insertion of donor into target DNA,
donor and target dsSDNA oligos were synthesized with PCR
primer sites (underlined). Note that the donor and target
sequences for these substrates were repeated twice (total of
three copies of the sequence) to allow for a more robust PCR
signal. Biotinylated donor dsDNA was formed by annealing
oligos 5-biotin-GCA TGG CAG GAA AGA CCT ATG
ACC ATG ATT ACC CTT TTA GTC AGT GTG GAA
AAT CTC TAG ATT ACC CTT TTA GTC AGT GTG
GAA AAT CTC TAG CA-3" and 5-ACT GCT AGA GAT
TTT CCA CAC TGA CTA AAA GGG TAA TCT AGA
GAT TTT CCA CAC TGA CTA AAA GGG TAA TCA
TGG TCA TAG GTC TTT CCT G-3'. Unlabeled DNA and
H-labeled target dSDNA were made by annealing oligos 5’-
GAC TCG AGA TTA TGG CGG TGA CCA AGG GCT
AAT TCA TGA CCA AGG GCT AAT TCA TGA CCA
AGG GCT AAT TCA C-3” and 5-AAA AAA AAG TGA
ATT AGC CCT TGG TCA TGA ATT AGC CCT TGG
TCA TGA ATT AGC CCT TGG TCA CCG CCA TAA
TCT CGA GTC-3’ and filling in the 3’-end with either
unlabeled dTTP or [*'H]dTTP with the Klenow fragment of
DNA polymerase.

Reactions with *H-labeled target DNA were conducted as
described above, at pH 6.5 in MOPS buffer. Similar SPA
signals were observed with these reactions using the longer
donor and target DNA oligos. Reactions using unlabeled
target DNA were conducted under the same conditions but
were subjected to PCR amplification and sequencing after
quenching.

The two primers corresponding to viral DNA (CAG-
GAAAGACCTATGACCATGATT, primer A) and target
DNA (GACTCGAGATTATGGCGG, primer B) were used
to amplify the ligation products of the two DNA substrates.
A control sample was also prepared; it contained only the
two substrates, but no enzyme. The reaction mixtures for
PCR contained 25 uL of HotStarTaq Plus Master Mix
solution (Qiagen, Valencia, CA), each primer at 0.3 uM, and
5 ng of template DNA. An initial hot-start PCR step of 96
°C for 15 min was followed by 35 cycles of amplification
(95 °C for 20 s, 55 °C for 30 s, and 72 °C for 45 s) and a
final elongation step at 72 °C for 3 min. PCR products were
subcloned into pCR2.1 vector (Invitrogen, Carlsbad, CA) and
then transformed into competent E. coli by the TOPO TA
cloning method (Invitrogen). Two hundred clones were
picked for sequence analysis. The plasmid DNAs were
purified from cultured bacteria with the QIAprep Spin Kit
(Qiagen). DNA sequences of the cloned inserts were
determined using vector-specific sequencing primers. PCR
products were not detected for the control reaction. Sequenc-
ing of plasmid DNA was performed with the BigDye
Terminator cycle sequencing kit and a Genetic Analyzer 3100
(both from Applied Biosystems, Foster City, CA). The
sequences were compiled and analyzed with Sequencher
(Gene Codes Corp, Ann Arbor, MI).

PBMC HIV Replication Cell Assay. HIV-1 Ba-L replica-
tion in PBMCs in a 7 day assay was quantitated by measuring
reverse transcriptase activity present in the supernatant, as
previously described (6).

Fitting of Enzyme Inhibition Data. Titration data were fit
to the equation y = Vi l/(IC5o + I), where y is the
normalized signal and / is the concentration of inhibitor, to
determine the apparent ICs, value for the inhibitor. Fitting
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of the progress curves was based on the methods developed
by Morrison and Walsh (32) for a two-step model of
inhibition:

E +I1=EI=EI*
where enzyme (E) and inhibitor (I) form an initial complex
(EI), which then isomerizes to a tighter complex (EI*). The

progress curve for each inhibitor concentration was fit (using
Grafit) to eq 1:

P=Vi+(V,— V)1 —e ™ /k+C (1)

where P is the signal from product, V; is the final, steady-
state velocity, V, is the initial velocity, k is the rate constant
associated with the transition from the initial to final velocity,
and C is the background signal at time zero. The rate constant
(k) and associated error were then plotted against the
concentration of inhibitor according to eq 2 to produce the
values for K;, ks, and k¢ (nomenclature from ref 32):

k= ke + ks[1/K; i/ (1 + A/K, + UK )] ()

i,initial
where Kijniia 1S the inhibition constant for the initial EI
complex, A is equal to the substrate concentration, K, is the
Michaelis constant for substrate A, and ks and k¢ represent
the individual rate constants for the forward and reverse steps
of the EI <> EI* transition, respectively. In the course of
this work, the concentration of A (target DNA) was fixed at
<K,. The values of V; obtained from the fits of the progress
curves were also plotted versus the concentration of inhibitor
according to eq 3 to yield Kjgn, the overall inhibition
constant:

V.=VA/[K(1 +1/K, ) TAl+B 3)

Jfinal

where V represents the velocity in the absence of inhibitor,
B represents the background (no integrase) rate, and the other
variables are as described above.

RESULTS

Characterization of HIV Integrase Strand Transfer SPA.
The binary complex of purified HIV integrase and biotiny-
lated donor DNA (which was bound to streptavidin beads)
was used to initiate the strand transfer reaction with radio-
labeled target DNA. For simplification of terminology, the
binary complex of integrase and donor DNA will be
subsequently termed integrase. It is noted that the oligo-
nucleotide DNA corresponding to the HIV-1 U5 LTR DNA
is termed donor DNA, while the DNA corresponding to the
random host DNA is termed target DNA. The increase in
the magnitude of the signal (i.e., enhanced chemilumines-
ence) resulted from the proximity of covalently attached
radiolabeled DNA to the SPA bead. This increase in signal
was time-, enzyme-, and metal ion-dependent (data not
shown). The target DNA showed saturation kinetics with a
K, value of 50 + 5 nM (Figure 2A). The pH optimum was
6.5 for both Vi, versus pH (Figure 2B) and V/K,, versus
pH (data not shown). Finally, to definitively demonstrate that
the observed SPA signal was due to integrase-catalyzed
insertion of donor into target, a nonradiolabeled version of
the reaction was conducted, and the products were amplified
by PCR using primers from both the donor and target
substrates. Without enzyme added, no products were ampli-
fied. However, with integrase, 23 different insertion products
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FIGURE 2: Characterization of strand transfer SPA. Strand transfer SPA is described in Experimental Procedures. RLU on y-axis is defined
as relative light unit. (A) Target substrate [’H]DNA displayed saturation kinetics. The target ['H]DNA concentration was varied between
2.5 and 700 nM; initial rates were determined, and the Michaelis—Menten equation was fitted to data. (B) The pH optimum of SPA was
6.5. Buffers and pH ranges are described in Experimental Procedures. (C) Arrows indicate where donor DNA inserted into target DNA, as

determined by sequencing of strand transfer SPA products.

were identified, dispersed throughout the target DNA (Figure
2C). This characterization confirmed that the assay monitored
the covalent insertion of donor into target DNA and that the
SPA was a viable approach for studying the kinetics of HIV
integrase.

Preincubation Studies of TDI of Recombinant Integrase.
The inhibition potencies of six INIs (Figure 1) were first
determined in assays which were initiated with the integrase
at a single time point of 10 min. These potencies were all
relatively weaker than antiviral potencies that were measured
in a multiday replication assay (Table 1). One potential
explanation for such a discrepancy is time-dependent inhibi-
tion, where the potency of the inhibitor increases over time.
This possibility was tested at the enzyme level by including

a preincubation of INI with integrase for 60 min at 37 °C.
The six inhibitors showed an 11—33-fold increase in potency,
with the average increase being 20-fold (Table 1). The
potencies with preincubation were much closer to the
antiviral potencies measured in cells (except for that of
L-731,988), suggesting that these values were more relevant
and that there was a slow step in the inhibition of integrase.

The data presented above were generated with a binary
complex formed between integrase and unprocessed donor
DNA substrate followed by 3’-processing prior to initiation
of the strand transfer reaction (see Experimental Procedures).
When the binary complex was formed with a fully processed
donor DNA (i.e., the two 3’-terminal nucleotides absent in
the synthesized oligo), potencies with and without preincu-
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Table 1: Biochemical Potencies of INIs in the Strand Transfer SPA with and without Preincubation, Relative to Antiviral Potencies”

SPA (blunt-end donor?) ICs, (nM)

SPA (processed donor”) ICsy (nM)

no preincubation preincubation TDI ratio no preincubation preincubation TDI ratio antiviral ECsy (nM) for the 7 day replication

S-1360 1300 (100) 120 (40) 11 1800 (100)
L-731,988 130 (60) 9 (4) 14 160 (20)
L-870,810 130 (50) 4(2) 32 190 (30)
elvitegravir 90 (20) 6(3) 15 110 (40)
raltegravir 300 (100) 9(4) 33 250 (50)
GSK364735 90 (40) 6 (3) 15 130 (40)

200 (30) 9 820 (200)
20 (5) 8 3900 (600)
3(3) 24 3(1)

6 (2) 18 2.1(0.7)
9(3) 28 2.4 (0.6)
7(3) 18 1.9 (0.5)

“ Values are average (standard deviation) of multiple determinations, using recombinant integrase in a strand transfer SPA (N > 3) and antiviral assay
(N > 3) as described in Experimental Procedures. * Indicates which donor DNA substrate was used to form the integrase—donor DNA complex.

bation were the same within experimental error (Table 1).
These data demonstrate that the slow onset of inhibition does
not require the catalytic event of 3’-processing to activate a
particular conformation of enzyme.

Kinetic Studies of TDI of Integrase. To characterize the
slow onset of inhibition in Kinetic studies, strand transfer
reactions with INIs were initiated with enzyme and quenched
at multiple time points. Figure 3A shows progress curves of
the reaction with varying L-870,810 concentrations. Com-
pared to the uninhibited control, progress curves with
L-870,810 display classic time-dependent behavior, with
increasing inhibition observed as greater reaction times.
Figure 3B shows a replot of the observed first-order rate
constant (corresponding to the onset of the slow phase of
inhibition) versus inhibitor concentration, which displayed
saturation kinetics. From this replot, initial K;, ks, and kg
values could be determined (Table 2) for the classical two-
step binding mechanism described by Morrison and Walsh
(32):

i,initial kS
E+I==—EI=EI*
ke

In addition, the steady-state inhibited rate was plotted versus
inhibitor concentration (Figure 3C) to yield the steady-state
or final K; for inhibitor. Note that the effect of inhibitor on
the steady-state rate reached a maximal effect and a minor
rate of approximately 3% of the control rate remained. For
these analyses, this rate was deemed a background rate.

These experiments were repeated for each of the other
INIs. For each inhibitor, the same slow onset of inhibition
was observed in the progress curves (data not shown). Table
2 displays the initial and final K; values and the on and off
rates for each of the inhibitors. As would be expected from
this model, the final K; values (Table 2) matched closely the
ICsy values determined when preincubation was included
(Table 1).

These kinetic data were generated using the binary
complex that was formed with integrase and unprocessed
donor DNA followed by 3’-processing, prior to initiation of
the particular kinetic study. We observed the same slow-
binding kinetics with these INIs when the binary complex
was made with integrase and fully processed donor DNA.
For example, when S1360 was used as an INI, the rate
constants (ks = 0.39 min~', and k¢ = 0.032 min~") and KX;
values (Kj initiar = 2050 nM, and K s = 290 nM) were 1.2-
to <3.1-fold of the values in Table 2. Therefore, as
mentioned above, the time-dependent inhibition was not
dependent on a particular conformation of integrase induced
by its catalysis of 3’-processing.
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FIGURE 3: Slow onset of strand transfer inhibition of wild-type
integrase by L-870,810. (A) Progress curves in which the L.-870,810
concentration was varied as indicated compared to the control
reaction without inhibitor. Reactions described in Experimental
Procedures with the indicated inhibitor concentrations, 6 nM target
[PH]DNA, and initiated with wild-type integrase at 37 °C. Equation
1 was fitted to each progress curve. (B) Replot of data in which
the first-order rate constant determined from the progress curve was
plotted vs L-870,810 concentration. (C) Replot of data in which
the steady-state velocity determined from the progress curve was
plotted vs L-870,810 concentration.

Effects of Mutations on TDI of Integrase. In an attempt to
understand the structural basis for the slow onset of inhibi-
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Table 2: Kinetic Parameters for Slow Onset Inhibition of HIV Integrase
Kijnitial (W) K ginar (W) ks (min™") (kon) ke (min~") (kogr)

S1360 1700 (1300) 170 (30) 0.83 (0.15) <0.1
L-731,988 222 (76) 34 (13) 0.65 (0.05) 0.11 (0.04)
1L-870,810 115(23)  2.4(0.5) 0.94 (0.05) 0.19 (0.04)
elvitegravir 230 (150) 4(1) 1.1 (0.2) 0.5 (0.1)
raltegravir 200 (100) 10 (3) 1.0 (0.1) 0.15 (0.09)
GSK364735 280 (440)  2.5(0.4) 1.0 (0.4) 0.3 (0.1)

“ Values (standard error) are from fits of equations to progress curve
data from the strand transfer SPA as described in Experimental
Procedures.

tion, we have begun to examine resistance mutations. First,
as a control for the lack of effect on TDI, we tested E138K,
which had little effect on inhibitor binding and on integrase
activity. This mutation has been observed as a secondary
mutation linked to mutations at Q148 (9, 33). The relative
lack of an effect at the viral replication level (33, 34) was
confirmed at the purified protein level as the E138K
recombinant protein had 67% of WT integrase strand transfer
activity. When E138K was used in titrations and kinetic
studies, TDI was observed. Each of the six INIs was more
potent with preincubation included (Table 3), and curvature
relative to control was observed when two INIs, L-870,810
and S1360, were examined kinetically (data not shown). For
five of the six INIs, the TDI ratios for the E138K enzyme
were similar or the same as the wild-type ratios, and there
was a minimal effect on potency of inhibition (i.e., little or
no resistance). However, for 1.-731,988, the TDI ratio
decreased 7-fold (from 14- to 2-fold), which closely matched
the 6-fold decrease in potency observed with this mutation.
This suggested that for this INI and mutation, resistance may
be due to the partial loss of time-dependent inhibition.

The T66I/M 1541 resistance double mutant was identified
from a passage study with L-731,988 (29). It was chosen on
the basis of a molecular dynamics simulation study (27),
which suggested these mutations concomitantly affected the
conformation of the flexible loop from residue 140 to 148
and the binding of an early two-metal binder 5-CITEP. As
in a recent report (35), this double mutation significantly
decreased activity (18% of that of WT integrase). When
inhibitors were titrated with and without preincubation, two
findings were notable (Table 3). First, effects on potency
comparing wild-type to mutant integrase were observed that
were consistent with fold resistance values in the literature
for the double mutant itself (or using T66I as a comparator
mutant virus). Second, and of greater interest, very small if
any changes were observed in compound potencies with
preincubation. The largest increase in potency was a 3-fold
increase observed with raltagravir; all other increases were
<2-fold. None of the statistical comparisons between 1Cs
values determined with and without preincubation were
significantly different [p values ranging from 0.09 to 0.43
(Table 3)]. Furthermore, when progress curves were collected
using L-870,810 (Figure 4A), raltegravir, or L-731,988 (data
not shown), no evidence of curvature relative to control was
observed. The K| value calculated from the linear rate versus
L-870,810 concentration relationship (Figure 4B) was 21 £
8 nM, which was the same as the ICs, value with preincu-
bation derived from a single-time point titration (Table 3).
Thus, there was no evidence of TDI with T66I/M1541
integrase.

Biochemistry, Vol. 48, No. 7, 2009 1649

DMSO
control

3nM
9nM
27nM

RLUs

81nM
243 nM
729 nM

time (min)
B. T T | T T

0 200 400 600 800
[L-870810] (NM)

FIGURE 4: L-870,810 inhibition of T66I/M 1541 integrase is not time-
dependent. (A) Progress curves in which the L-870,810 concentra-
tion was increased as indicated compared to the control reaction
without inhibitor. Reactions are described in Experimental Proce-
dures with the indicated inhibition concentrations, 6 nM target
[PHIDNA, and initiation with T66I/M1541 integrase at 37 °C.
Equation 1 did not successfully fit any progress curve, whereas a
linear equation did fit. (B) Replot of data in which linear velocity
was plotted vs L-870,810 concentration.

DISCUSSION

The potent inhibitors of HIV integrase that bind to the
binary complex of enzyme and viral DNA all exhibited a
slow onset of inhibition that could be modeled by a two-
step process. Whereas the potencies of these molecules have
been described at the level of half-maximal inhibitory
concentrations (ICsy values) in cellular antiviral and recom-
binant enzyme assays, kinetic analyses and slow-binding
inhibition of integrase-catalyzed strand transfer by two-metal
binding inhibitors are novel disclosures. This relatively slow
process was observed in preincubation and in kinetic studies,
and the overall potency as determined by both methods was
approximately the same. Furthermore, strand transfer studies
with preintegration complexes isolated from virally infected
cells also demonstrated that these inhibitors are more potent
if a preincubation step is included (M. Xie, M. R. Under-
wood, and E. P. Garvey, unpublished data). Additionally, a
recent report (24) described two-step slow-binding kinetics
for the binding of one particular INI to the integrase—donor
DNA binary complex. Models for two-step kinetics have
been described by Morrison and Walsh (32) and propose
that the inhibitor binds the target in an initial complex,
followed by a slow step to a tighter complex that occurs on
a relatively slow time scale (often minutes to hours). This
slow inhibition by INIs was not a function of their overall
potency as the same kinetics were observed with the five
low nanomolar inhibitors as with S1360 which is ap-
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proximately 100 times weaker. Thus, this two-step, slow-
binding inhibition appears to be a signature of two-metal
binding INIs.

Copeland and colleagues (28) recently reviewed drugs or
drug candidates that display a slow onset of inhibition and,
in particular, focused on the slow dissociation of such
molecules from their molecular targets. They emphasized
that slow dissociation or long residence times of inhibitor
bound to target potentially lead to prolonged pharmacological
effects in vivo. It is not known at this time if the dissociation
rates measured in these kinetic studies specifically contribute
to the highly significant efficacy demonstrated with INIs in
clinical studies. However, it is clear that this class of
antiretroviral does show one of the highest levels of viral
load suppression in HIV-infected patients, and that the overall
slow-binding second step described in this study increased
potency on average approximately 20-fold.

Slow inhibition that fits the two-step model sometimes
results from a conformational change that leads to tighter
interaction(s). Given the proposed binding of INIs to the
active site metal ions of integrase and the hypothesis that
the flexible loop from residue 140 to 148 plays a role in
catalysis and inhibitor binding (26, 27), this slow step may
reflect a rearrangement of this stretch of peptide that
strengthens interactions of enzyme and inhibitor. For many
enzymes, slow inhibition kinetics have been postulated or
proven to be caused by movement of flexible loops or
flaps (36—39). Furthermore, several resistance mutations to
integrase inhibitors are located at the ends of this loop, and
these mutations may selectively affect the rate constants for
the slow step compared to the initial binding constant. In
addition, mutations distant from the loop in primary sequence
may also affect the movement of the loop. A molecular
dynamics simulation (27) suggested that the double mutation
T661/M 1541 may have such effects, increasing the flexibility
of the 140—148 loop and also yielding different binding
modes for a two-metal binding inhibitor.

We therefore tested whether the various INIs exhibited
time-dependent inhibition of T66I/M1541. First, the INIs
displayed the expected loss of potency against this mutation
which was derived from resistance passage studies. For
example, L-731,988, which was used in passage studies that
isolated this double mutant (29), had an 11-fold decrease in
potency compared to that of the wild-type enzyme; this
compares well with the published 15-fold decrease in potency
(29). Second, of greater interest, there was no TDI with any
of the INIs in either preincubation or kinetic studies. Thus,
these two mutations have eliminated the slow step in
inhibition by these two-metal binders. Coupled with the
observations cited above, a working hypothesis can be made
to guide future experiments. INI binds to the active site
magnesium ions of integrase in an initial complex that has
a binding K; in the low hundreds in nanomolar. For wild-
type integrase, this binding triggers a conformational change
in the neighboring 140—148 loop that leads to additional
interaction(s) and a final Kj in the low single-digit nanomolar
range. For T661/M154I, this conformational change either
does not occur or occurs incompletely.

An alternative molecular model for the slow step in INI
binding or inhibition has been proposed on the basis of the
effects that changes to the terminal 3’-adenosine of the
processed donor DNA have on the kinetics of binding of
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one particular INI (24). The composite on rate (of a two-
step model) increased with changes to the terminal adenosine
(for example, removal of parts of the adenosine or changes
to the base). The authors hypothesized that the terminal
adenosine may exist in two conformations (“open” and
“closed”) and that the interconversion between these dictates
the kinetics of INI binding. Although the kinetics described
in the binding assay (24) are similar to the kinetics reported
here, there are differences. One difference is that whereas a
two-step model best fit the binding data collected at 20 °C,
a single-step model fitted the binding data measured at 37
°C, which could be attributed to the second step becoming
too fast to measure at the higher temperature (24). This is in
contrast to our study that was conducted at 37 °C and where
the data were best fit to the two-step inhibition model. Thus,
whereas it is tempting to view these two descriptions of INI
slow-binding kinetics as measuring the same molecular
events, it is possible that they are different, and hence, the
molecular mechanism could be different. If they are measur-
ing the same events, it is formally possible that the two
hypotheses are both correct: The T66I and M 1541 mutations
may alter the conformation of the terminal adenosine through
effects on the conformation of the loop. Obviously, further
experiments are required to develop and differentiate these
hypotheses.

Is the elimination of TDI the mechanism of resistance for
this particular double mutant? For three of the INIs, it does
appear to be the molecular mechanism. The fold resistances
for S1360, L-731,988, and elvitegravir closely match the
potency gained by TDI (as measured by the ratio of ICs
values with and without preincubation). However, for the
other three INIs (raltegravir, GSK364735, and L-870,810),
even though TDI is absent, overall potency was retained, as
the mutations also affected the initial potency of binding.
These two groups of INIs may reflect different chemical
scaffolds, insofar as both S1360 and L-731,988 are diketo
acid-like and both GSK364735 and L-870,810 are naphthy-
ridine-like. Thus, at least with this particular resistance
mutant, there is a complicated interplay among scaffold,
resistance, and TDI.

As mentioned, this slow onset of inhibition is a novel
finding, and one can ask how these data correlate with
previous descriptions of potency determined at single time
points. L-870,810 represents the most complete literature
description of inhibition of the compounds used in this study
(3). Its inhibition of the strand transfer reaction measured at
a single time point of 30 min had an ICsy value of 15 nM
when 5 nM target DNA was used (3). The stated conditions
of the assay were that inhibitor was added to binary complex
and then target DNA was “added immediately”. Therefore,
this approximates a reaction initiated by enzyme. When the
30 min point in the curves shown in Figure 3A are plotted
against L.-870,810 concentration, the approximate 1Cs is 20
nM (in near agreement with the 15 nM value). Furthermore,
in the same reference, in a binding assay using a radiolabeled
INI that presumably allows an inhibitor time to reach
equilibrium with the binary complex, L-870,810 had a K;
value of 3 nM. This is essentially the same as the K s,y value
of 2.3 nM in this study using the analyses of time courses.
Finally, in a reference from a different laboratory (40), the
state potency of [-870,810 was 1 nM when it was first
preincubated with the binary complex for 30 min at room
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