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Abstract
Retroviral integrase enzymes have a nonspecific endonuclease activity that is stimulated by certain
compounds, suggesting that integrase could be manipulated to damage viral DNA. To identify
integrase stimulator (IS) compounds as potential antiviral agents, we have developed a
nonradioactive assay that is suitable for high-throughput screening. The assay uses a 49-mer
oligonucleotide that is 5'-labeled with a fluorophore, 3'-tagged with a quencher, and designed to form
a hairpin that mimics radioactive double-stranded substrates in gel-based nicking assays. Reactions
in 384-well plates are analyzed on a real-time PCR machine after a single heat denaturation and
subsequent cooling to a point between the melting temperatures of unnicked substrate and nicked
products (no cycling is required). Under these conditions, unnicked DNA reforms the hairpin and
quenches fluorescence, whereas completely nicked DNA yields a large signal. The assay was linear
with time, stimulator concentration, and amount of integrase, and 20% concentrations of the solvent
used for many chemical libraries did not interfere with the assay. The assay had an excellent Z'-factor,
and it reliably detected known IS compounds. This assay, which is adaptable to other nonspecific
nucleases, will be useful for identifying additional IS compounds to develop the novel antiviral
strategy of stimulating integrase to destroy retroviral DNA.
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Introduction
Although several drugs are available for human immunodeficiency virus type 1 (HIV-1)
infection, the problem of resistance makes it imperative that new agents and strategies be
developed. One key target for new antiretrovirals is the integrase enzyme [1], which is present
in all infectious retrovirus particles and must be functional for initial virus transmission,
continued virus replication, and subsequent development of the acquired immunodeficiency
syndrome (AIDS) [2]. Integrase has long been an attractive antiviral target because human
cells do not depend on any closely related protein, and the approval of the first integrase
inhibitor for clinical use in 2007 validates this enzyme as a fruitful target for drug development
[3].

Integrase is a multifunctional enzyme that catalyzes at least two endonuclease reactions that
are necessary for virus replication: (i) site-specific nicking to prepare the ends of viral DNA
for integration, and (ii) nonspecific insertion of the trimmed viral DNA into cellular DNA
[1]. However, integrase also exhibits a nonspecific endonuclease activity that can nick any
DNA sequence [4], and this potentially deleterious activity is dramatically stimulated by certain
compounds [5]. For example, increasing concentrations of 1,2-ethanediol (ED) stimulate
HIV-1 integrase to nick a nonspecific double-stranded oligonucleotide at almost every internal
site, with only sites near the DNA ends being spared (Fig. 1A). Although certain sites are
preferentially nicked, as is also true for the classic nonspecific nuclease DNase I [4,6], it is
remarkable that the 4 sites most frequently chosen by HIV-1 integrase on this particular DNA
substrate (the 8, 11, 15, and 17 positions in the autoradiogram in Fig. 1A) follow 3' to C, T, G,
and A nucleotides, respectively (as seen in the schematic beneath the autoradiogram in Fig.
1A). This nonspecific nicking activity is exhibited by several retroviral integrases, and under
certain conditions, integrase is stimulated to nick more than 50% of nonspecific DNA substrates
[5].

The above facts suggest a novel antiviral strategy in which the nonspecific nicking activity of
integrase would be stimulated to damage viral DNA before integration occurs and abort the
infection before it becomes established [1,2]. Moreover, any collateral damage to cellular DNA
would be limited to cells that had just been entered by HIV, which would also block productive
infection and be predicted to have clinical benefit. This idea already has experimental support,
including the demonstration that viral DNA in HIV-1 preintegration complexes is susceptible
to nucleases [7,8] and the strong antiviral effect that was documented when bacterial
nonspecific nucleases were packaged into retroviruses [9,10,11,12]. Further efforts to realize
this antiviral strategy will require identification of a potent and relatively nontoxic integrase
stimulator (IS) for preclinical testing. To facilitate the identification of such compounds, we
have developed a nonradioactive assay that can be used for high-throughput screening (HTS)
of libraries of drug-like chemicals to identify IS compounds that induce integrase to nick DNA
nonspecifically. This new assay can also be used to study any nonspecific endonuclease.

Materials and methods
Reagents

Triton X-100, EDTA, dimethylsulfoxide (DMSO), 1,2-ethandediol, and DNase I were obtained
from Sigma Life Science (St. Louis, MO), and Tris and glycerol were from Fisher Scientific
(Fair Lawn, NJ). Percentage concentrations of liquid reagents refer to the volume of reagent
relative to total volume of solution. Oligodeoxynucleotides (hereafter referred to as
oligonucleotides) were purchased from Integrated DNA Technologies, Inc. (Coralville, IA),
and melting temperatures were estimated with the formula in the Stratagene (La Jolla, CA)
QuikChange Site-Directed Mutagenesis Kit: Tm (in °C) = 81.5 + 0.41(%GC) − 675/N − %
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mismatches, where %GC is the percentage of G plus C bases, N is the number of bases in the
hybrid, and % mismatches was set to zero.

Integrase
The integrase coding region of HIV-1 was cloned into plasmid pQE-30 (Qiagen, Inc.,
Chatsworth, CA) and the integrase protein was expressed in Escherichia coli M15[pREP4]
(Qiagen) and purified by metal affinity chromatography under native conditions, as described
previously [13,14], except that the dialysate contained 33 mM Tris-HCl (pH 7.6), 667 mM
NaCl, 0.7 mM dithioerythritol, 0.07 mM EDTA, 0.07% Triton X-100, and only 10% glycerol
(to limit the amount of glycerol delivered to reactions). Purified protein was diluted to a stock
concentration of 4 pmol/µl and stored at −70°C .

Radioactive assay for DNA nicking
Relevant oligonucleotides were gel-purified, then gel-purified again after 5' labeling with 32P
[13]. Markers for gel analysis were produced by treatment of the same oligonucleotides with
snake venom phosphodiesterase [15]. For reactions in Figs. 1A and 1C, double-stranded
substrates were prepared by annealing the labeled oligonucleotide with 2-fold unlabeled
complementary oligonucleotide [5]. Integrase assays were conducted for 90 min at 37°C in
10-µl reactions that contained 5 pmol of double-stranded DNA (0.2 pmol radiolabeled), 25
mM Tris-HCl (pH 8.0), 10 mM dithiothreitol (DTT), 10 mM MnCl2, and 1 µl of integrase or
protein storage buffer, sometimes supplemented with 10% to 40% 1,2-ethanediol
(corresponding to 1.8 to 7.2 M). Reactions were halted by adding loading buffer and heating
at 95°C for 5 min, then analyzed on 20% polyacrylamide-7 M urea denaturing gels [5]. Results
were quantified from gels in which reaction lanes were separated by empty lanes, and the
percentage of nicked substrate was calculated as phosphorimager units for all bands migrating
faster than substrate divided by units for the entire lane, with corrections for control reactions
that lacked integrase.

Fluorescence assay for DNA nicking
The dual-tagged 49-mer oligonucleotide (Fig. 2) was dissolved in 10 mM Tris-HCl (pH 8.0)
and 1 mM EDTA, quantified by spectrophotometry at 260 nm using the extinction coefficient
provided by the company, and stored at −70°C. Reactions were assembled in microcentrifuge
tubes for time-course studies or directly in 384-well plates, either on ice or using a cooling
block if done robotically by an Eppendorf epMotion 5070 Workstation (Mississauga, ONT,
Canada). Conditions were identical to the radioactive assay, and reactions were initiated by
addition of divalent metal cation and then processed as in Table 1. Fluorescence of completed
reactions was measured on an Applied Biosystems (Foster City, CA) 7900HT Real-Time PCR
System in the Absolute Quantitation mode for fluorescein (FAM) with the passive reference
set to None using the conditions in Table 1.

Results
A fluorescence assay for nonspecific DNA nicking

Our standard assay for nonspecific DNA nicking uses double-stranded 23-mer
oligonucleotides that are 5' 32P-labeled on one strand, and completed reactions are analyzed
by denaturing polyacrylamide gel electrophoresis and autoradiography [4]. For example (Fig.
1A, top), HIV-1 integrase nicks the labeled strand of this substrate (shown schematically
beneath the autoradiogram) to create shorter products that can be quantified by
phosphorimaging (Fig. 1A, bottom). However, radioactive gel-based assays are not appropriate
for high-throughput screening. Our initial attempts to convert this assay to a solution-based
system using double-stranded 23-mers in which one strand was 5'-labeled with a fluorophore
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(fluorescein, or FAM) and 3'-tagged with a quencher (Black Hole Quencher-1, or BHQ-1)
yielded high background fluorescence even without treatment by a nuclease, likely because
the rigidity of double-stranded oligonucleotides separated the 5' and 3' ends [16]. This problem,
and the possibility that nicks on the dual-tagged strand might be bridged by the complementary
strand, could not be overcome by post-reaction denaturation using alkali or formamide (which
caused precipitation or quenched the signal, respectively). However, further efforts led to the
successful nonspecific nicking assay depicted in Fig. 2.

We designed a 49-mer oligonucleotide that is 5'-labeled with a fluorophore (FAM, or F in Fig.
2), 3'-tagged with a quencher (BHQ-1, or Q), and can form a hairpin that resembles the 23-
base-pair substrate in the radioactive assay (the stem of the 49-mer is missing the final 3'
nucleotide to create a 5' overhang for radioactive labeling of a nontagged version). Nicking
anywhere in the sequence will unlink the F and Q groups (the upper pathway in Fig. 2, which
shows the anticipated prominent nick 17 nucleotides from the 5' end). Separation of the F and
Q groups (and unquenching of fluorescence) should occur upon heat denaturation at 95°C and
cooling to 65°C, which is above the predicted melting temperature (Tm) for the 17-mer
annealed to the 16 complementary nucleotides at the 3' end of the original substrate (Fig. 2).
In contrast, in the absence of nicking (the lower pathway in Fig. 2), the stem should reform
with zero-order kinetics after heating and subsequent cooling to 65°C, which is below the
predicted Tm for the 22 base pairs in the full stem.

The hairpin substrate in Fig. 2 has 3 theoretical advantages compared to linear substrates: (i)
the proximity of the F and Q groups should permit efficient quenching and low background
fluorescence, (ii) nicking on either side of the stem should be detected, and (iii) a pre-reaction
annealing step is unnecessary. The other key aspect of this new assay is the use of a real-time
PCR machine to process and read completed reactions without actually cycling. For this
purpose, the machine is programmed for a single denaturation and renaturation, followed by
a brief incubation at 65°C during which fluorescence is read 21 times in the absolute
quantitation mode. Data are exported as a Microsoft Excel file, and the final 10 reads for each
well are averaged. To minimize the use of reagents, all reactions are performed in 10-µl
volumes in a 384-well plate. The complete protocol is presented in Table 1.

Validation of the fluorescent nicking assay
Minimal fluorescence was measured when 0.5 to 15 pmol (50 to 1500 nM) of the F/Q-tagged
oligonucleotide was incubated in integrase reaction buffer (Fig. 3A), confirming that the
unnicked oligonucleotide is efficiently quenched. In contrast, the signal increased for all DNA
concentrations incubated in the same buffer plus an excess of the nonspecific nuclease DNase
I (Fig. 3A). The highest readings were ~65,000 fluorescence units, which approximates 216

(or 65,536) and is the theoretical maximum signal from a 16-bit analog-to-digital converter
and a charge-coupled device (CCD) detection camera that is saturated. Lower signal at the
highest DNA concentrations may be due to the inner filter effect as the fluorophore absorbs
some of the input light. A similar curve was obtained used a short, fluorescently-tagged, single-
stranded oligonucleotide that lacked a quencher group, confirming the linear response and
maximum signal for this system (not shown). We selected 500 nM DNA for subsequent
experiments because it is within the linear phase and can yield near-maximum fluorescence
(Fig. 3A), providing the largest window to detect stimulation. Although this early experiment
used a renaturation temperature of 63°C, similar results were obtained using a cooling
temperature of 70°C, which is important because it was reported that interaction of FAM and
BHQ-1 can raise the Tm of complementary oligonucleotides by 7°C [17]. Given that FAM
fluorescence can decrease 10% at 70°C compared to 63°C [18], we chose an intermediate
cooling temperature of 65°C for all experiments. Importantly for the goal of screening chemical
libraries, we also found that the presence of 20% dimethylsulfoxide (DMSO) did not unquench
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the fluorescence of unnicked substrate (Fig. 3B, the first two bars), nor mask the signal from
DNA nicked by exposure to DNase (Fig. 3B, the final two bars). Combined with the
demonstration that HIV-1 integrase tolerates even higher DMSO concentrations [19], these
results indicate that the solvent commonly present in chemical libraries will not interfere with
the use of this assay for high-throughput screening for integrase stimulators.

To assess how HIV-1 integrase nicks the hairpin DNA, an untagged version of the 49-mer was
5'-labeled with 32P and tested with integrase in the presence of increasing concentrations of
1,2-ethanediol (Fig. 1B). The hairpin substrate was compared to two linear substrates that
mimic its stem and were 5'-radiolabeled either on the 23-mer strand (Fig. 1A) or the
complementary 22-mer strand (Fig. 1C). The sequences of all 3 substrates and the positions of
radiolabels are shown schematically in the middle of Fig. 1 beneath the gels. The autoradiogram
at the top of Fig. 1B shows that integrase created many nicks along the 49-mer. Remarkably,
the preferred nicks at positions 8, 11, 15, and 17 precisely matched those made on the labeled
23-mer strand (Fig. 1A). Additional prominent nicks in the 49-mer were noted at positions 33,
34, 35, 38, 41, and 45 near the top of the gel in Fig. 1B (sizes were confirmed by longer runs
on other gels). These nicks correspond precisely to the preferred nicks at the 6, 7, 8, 11, 14,
and 18 positions on the 22-mer strand (Fig. 1C; that these are the same positions in best seen
schematically in the middle of Fig. 1). Thus, nicking of the 49-mer hairpin faithfully reflects
how integrase nicks both strands of the linear substrates.

Fig. 1B also shows that few nicks were created near the loop in the middle of the 49-mer, as
indicated by the lack of prominent bands between positions 17 and 33. That all of the
preferential nicks in the 49-mer are within 17 nucleotides of one of the ends (best seen in the
middle of Fig. 1B) strongly supports the rationale of the fluorescence assay, because it indicates
that the nick at the 17-mer position (the example used in Fig. 2) gives an upper limit of melting
temperatures for nicked DNA, i.e., few molecules nicked by integrase should reanneal at 65°
C.

The autoradiograms in Fig. 1 also show that integrase was stimulated to nick each of the
radiolabeled substrates by increasing amounts of 1,2-ethanediol, confirming that ED is an IS
compound even with the 10-fold increased concentrations of substrate DNA (compared to prior
reports [4,5]) that were used in Fig. 1 to match conditions in the fluorescence assay. The small
amount of nicking in the absence of ED is due to baseline nicking by integrase plus any
stimulation by the 1% glycerol (another IS compound [13]) provided by the integrase storage
buffer. Quantitation of two different experiments indicated that the 49-mer was nicked to
approximately twice the extent of either linear substrate (the graphs at the bottom of Fig. 1),
consistent with the idea that Fig. 1B monitors nicking of either side of the hairpin. Thus, as
predicted, the 49-mer in the fluorescence assay has the potential to reveal greater nicking than
linear substrates in the radioactive assay. The fluorescence assay also detected stimulation by
increasing amounts of glycerol (data not shown), and other experiments confirmed that an
active-site mutant of HIV-1 integrase was inactive in this assay (not shown).

Optimization of reaction parameters and performance of the assay
Our standard 10-µl radioactive assays are incubated for 90 minutes and use 0.5 pmol (50 nM)
substrate DNA with 4 pmol (400 nM) of viral enzyme. To optimize reaction parameters for
the nonradioactive assay using 500 nM DNA, we first performed time course experiments. In
reactions containing integrase with 20% ED, fluorescence increased linearly for 3 hours (Fig.
4A); in particular, 90 minutes was in the linear phase of the reaction. We next performed 90-
minute reactions and found that 10% to 40% ED stimulated nicking in a dose-dependent
manner, with 20% ED in the linear region of the dose response (Fig. 4B). We also found that
with 20% ED, the signal increased over time for a range of integrase concentrations and that
the signal increased with the amount of integrase (Fig. 4C). In fact, the slopes of the regression
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lines for the data in Fig. 4C (not shown) increased linearly with the concentration of integrase
(R2 = 0.998). Thus, 4 pmol (400 nM) of integrase is in the linear portion of the enzyme response.
Additionally, 20% ED stimulated nicking at all concentrations of integrase tested in triplicate
90-minute reactions (Fig. 4D; as in the radioactive assay, nicking by integrase in the absence
of ED is due to baseline nicking plus any effect from glycerol in the protein buffer). Although
the amount of stimulation by ED tended to increase at higher integrase concentrations, so did
the amount of unstimulated nicking (Fig. 4D). In particular, 4 pmol of integrase nicely balances
the needs of minimizing baseline nicking and having the potential to readily reveal stimulation.
Similar results to those shown in Figs. 4A to 4D were obtained with at least two preparations
of integrase.

Using the optimized conditions (500 nM DNA, 90 minutes incubation, 4 pmol integrase), 3
sets of replicate reactions were performed with (i) integrase plus DMSO as negative controls
for baseline nicking (Fig. 5A), (ii) integrase plus ED as an example of a known stimulator (Fig.
5B), or (iii) DNase I as positive controls for maximum nicking (Fig. 5C). The coefficients of
variation (calculated as the standard deviation [SD] divided by the mean) were ≤ 15% for each
condition. The dynamic range (the difference between the means of the positive and negative
controls) was ~53,000; the signal-to-background (the ratio of the means of the positive to
negative controls) was 5.2; and the signal-to-noise (the ratio of the dynamic range to the SD
of the negative controls) was 36 [20]. Moreover, none of the negative controls (Fig. 5A), but
19 of 20 reactions with ED (Fig. 5B, all but reaction 26), yielded higher fluorescence than the
mean + 3 SD for the negative controls. Thus, the assay detected stimulation of integrase-
mediated nicking by a known IS compound with a sensitivity of 95%. A subsequent experiment
using a robotic workstation similarly identified ED as a stimulator 39 of 40 times (not shown).
We also calculated the Z'-factor, which is a function of the dynamic range of an assay and the
variation (i.e., the SD) of the controls; values greater than 0.5 are considered optimal for high-
throughput screening assays [20]. Importantly, the Z'-factor from the data in Fig. 5 was
excellent at 0.75 (range of 0.74 to 0.83 in similar experiments), and it averaged 0.68 in
experiments done robotically.

To investigate the mechanism of stimulation by 1,2-ethanediol, we performed kinetic studies
by varying the concentration of the F/Q-tagged DNA substrate. The results from 3 independent
experiments (Fig. 6) show that ED increased the Vmax of integrase from 22,300 ± 2,600 units/
time (mean ± SD) with water as the control to 37,300 ± 2,200 units/time in the presence of
20% ED (p < 0.02 by the paired t-test). In contrast, ED did not significantly affect the Km of
integrase in these experiments (182 ± 48 nM DNA for the water control vs. 204 ± 75 nM DNA
for 20% ED). Thus, ED acts as an integrase stimulator by speeding up catalysis. Importantly,
20% DMSO did not significantly affect the Vmax (23,000 ± 2,800 units/time) or Km (138 ± 56
nM DNA), validating it as an appropriate negative control for use in high-throughput screening.
The data from Fig. 6 also show that the optimized DNA concentration of 500 nM DNA (Fig.
3A) exceeds the Km by approximately 3-fold, further validating the final reaction conditions.

Discussion
Retroviral integrase catalyzes the insertion of viral DNA into cellular DNA, which is required
for retroviral replication and pathogenesis. Thus, many HTS assays for inhibitors of purified
integrase have been described [21,22,23,24,25,26,27,28,29,30]. However, the discovery that
integrase also has a nonspecific endonuclease activity that can be stimulated to achieve high
levels of DNA nicking immediately suggested that integrase has the potential to damage viral
DNA [4]. Thus, integrase possesses an activity that could be targeted for an antiviral strategy
not involving inhibition, as previously suggested by others [2]. At least 4 chemicals have been
identified as stimulators of integrase-mediated nonspecific nicking: glycerol; 1,2-ethanediol;
1,2-propanediol; and 1,3-propanediol [4,5]. These agents dramatically stimulate integrase to
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nick DNA, albeit only at high concentrations. Although these compounds participate in
integrase-catalyzed alcoholysis as the attacking nucleophilic molecule that joins to DNA at the
site of nicking, this characteristic would not be required for all stimulators given that integrase
can use water as the nucleophile for nonspecific hydrolysis [4]. Thus, the limiting factor in
developing this novel antiviral strategy is identification of potent integrase stimulators. The
recent report of successful screening for stimulators of another enzyme, glucokinase [31],
provides strong support for this idea.

To facilitate identification of IS compounds, a reliable HTS assay is needed. Although a
nonradioactive assay for nonspecific nicking by DNase I has been described [32], that assay
used a DNA substrate that was 5'-digoxigenin-labeled and 3'-biotin-tagged, required enzyme-
linked antibodies to develop the signal, and measured nicking as decreased digoxigenin
remaining bound to wells. It would be preferable to have a solution-based assay that does not
require a solid support or multiple post-reaction processing steps and measures nicking as
increased signal. Others have used DNA substrates tagged with both a fluorophore and a
quencher so that nicking separates the tags and increases the fluorescence signal. Variations
of this idea have been described for nonspecific nicking of single-stranded DNA [33], site-
specific nicking of both strands of double-stranded DNA by restriction endonucleases [34,
35,36], or specific nicking at the ends of viral DNA by integrase [24,30]. However, these reports
are not directly adaptable to nonspecific nicking of double-stranded DNA that might occur far
from the fluorescent and quencher groups. We therefore developed the assay shown in Fig. 2.

The first key aspect of this new assay was the use of a 49-mer oligonucleotide that can fold
back on itself to form a hairpin that mimics the duplex substrates in radioactive gel-based assays
for nonspecific nicking. Indeed, integrase nicked a radiolabeled version of this substrate with
the identical site-preferences it exhibited on both strands of the linear substrate (Fig. 1). The
F/Q-tagged version of this DNA (Fig. 2) is reminiscent of molecular beacons used as
hybridization probes for real-time PCR analyses [37]. However, the stem in typical beacons is
much shorter, and the signal in those systems does not result from nicking the dual-tagged
probe but from disrupting the stem-loop structure as annealing occurs to the accumulating
amplified sequence. In fact, the second key aspect of this new assay is the use of a real-time
PCR machine, but not for amplification of DNA. Rather, the thermal cycler is used to process
completed reactions by controlling a single heat denaturation and subsequent renaturation, then
measuring the fluorescence of each well at a relatively high temperature. Selection of a
renaturation setting between the melting temperatures of the unnicked substrate and potential
nicked products was critical for this purpose, and the use of a PCR machine to evaluate reactions
distinguishes this assay from others that used hairpin substrates but assessed DNA nicking
close to the fluorescent and quencher tags at temperatures ≤ 37°C [30,35,36].

This assay also facilitated kinetic analyses. Although various estimates of kinetic parameters
for HIV-1 integrase under diverse reaction conditions have been described, the Km of 182 nM
and Vmax of 1.9 nM/min from this assay under nonstimulating conditions (Fig. 6, using a
conversion factor of 65,000 fluorescence units = 500 nM DNA for the Vmax) are similar to the
apparent Km of 145 nM and Vmax of 0.7 nM/min reported with an assay that used fluorescence
resonance energy transfer to assess nicking of viral DNA [38].

The simple protocol in Table 1 has many attributes that make this assay ideal for high-
throughput screening. In particular, each plate requires less than 10 minutes on a PCR machine,
and 20% concentrations of the solvent used for many chemical libraries did not interfere with
the assay (Fig. 3B and Fig. 6). The assay yielded low background in the absence of nicking
and high fluorescence after maximal nicking (Fig. 3A), and it was linear with respect to time
(Fig. 4A), stimulator concentration (Fig. 4B), and amount of integrase (Fig. 4C). Moreover,
stimulation of HIV-1 integrase-mediated nicking by known IS compounds was readily detected
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(e.g., Fig. 5B). The Z'-factor for the assay was also excellent, whether reactions were done
manually (Fig. 5) or were automated and done robotically (not shown). Finally, hits can be
rapidly recognized because the output is a customized bar graph (Table 1 and Fig. 5). Of course,
application of this assay to screening will require validation of any hits in secondary assays to
exclude artifacts, such as autofluorescence or compound-induced dissociation of the hairpin.
The current report, however, demonstrates that the goal of developing a nonradioactive plate-
based assay that reliably detects nonspecific nicking by HIV-1 integrase has been achieved.
Thus, this assay is now available for screening large collections of drug-like chemicals for
agents that induce integrase to damage DNA. Although the assay was designed to identify
stimulation of nicking, it can also detect inhibition of nicking. Thus, this fluorescence assay
should be useful for identifying stimulators or inhibitors of any nonspecific endonuclease.
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FIG. 1. Gel-based nonspecific nicking assay
(A) Autoradiogram of nicking assays. A nonspecific 23-mer was 5' labeled and annealed to a
complementary 22-mer, then incubated with protein buffer as a negative control (the second
lane) or HIV-1 integrase with 0, 10, 20, 30, or 40% 1,2-ethanediol (the final 5 lanes). The buffer
lane also contained 20% ED, and the first lane shows markers. Nucleotide sizes are indicated
at the left, and prominent products are highlighted at the right; no products were evident near
the bottom of the gel (not shown). The sequence of the 5' 32P-labeled substrate is depicted
beneath the gel, and prominent nicks in the labeled strand are indicated. Two similar
experiments were conducted and analyzed as in Materials and methods, and the graph at the
bottom shows the percentage of substrate that was nicked as a function of the ED concentration
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in reactions with integrase (data are mean ± standard error). (B) Similar to panel A but using
a 5' 32P-labeled 49-mer designed to form a hairpin as the substrate. (C) Similar to panel A but
with the 5' 32P label on the 22-mer strand. (R2 ≥ 0.96 for the regression line for each graph at
the bottom, not shown.)
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FIG. 2. Nonradioactive nonspecific nicking assay
A schematic of the solution-based assay is shown. The 49-mer oligonucleotide substrate at the
left, which has the sequence shown in Fig. 1B and was designed to form a hairpin, is 5'-labeled
with a fluorophore (F) and 3'-tagged with a quencher (Q); numbers refer to the lengths of
structural features in nucleotides, and the 5' overhang permits a nontagged version to be 32P-
radiolabeled for gel-based assays. The upper scheme shows that nicking on either side of the
hairpin (position 17 is used as an example) will separate the F and Q groups, especially after
heat-denaturation at 95°C and subsequent cooling to 65°C, which is above the melting
temperature (Tm) of potential base-paired sequences (the Tm for the 17-mer and its
complementary 16-mer was estimated as 59.8°C). In contrast, the lower scheme shows that
unnicked DNA should reanneal and quench because the Tm of the full stem (estimated as 73.2°
C) is higher than 65°C.
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FIG. 3. Validation of the fluorescence-based assay
(A) Effect of DNA concentration. Increasing concentrations of the F/Q-tagged oligonucleotide
depicted in Fig. 2 were incubated in integrase reaction buffer or in the same buffer plus 50 µg
DNase I, and reactions were conducted and analyzed as in Table 1 (except the cooling
temperature in this early experiment was 63°C). The means ± SD of duplicate reactions are
shown. (B) Effect of DMSO. 500 nM of the F/Q-tagged 49-mer was incubated in reaction
buffer without or with 20% DMSO (the first 2 bars, respectively) or in reaction buffer plus 1
µg DNase I without or with 20% DMSO (the last 2 bars, respectively), and analyzed as in Table
1; the means ± SD of quadruplicate reactions are shown. Figs. A and B are representative of
at least two experiments for each condition.
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FIG. 4. Parameters of the fluorescence assay
Except as noted, all reactions were conducted and analyzed as in Materials and methods. (A)
Time course of integrase-mediated nicking. 500 nM of the F/Q-tagged 49-mer was incubated
with 4 pmol HIV-1 integrase and 20% ED in replicate microcentrifuge tubes, and at various
times individual reactions were heated at 65°C to inactivate integrase and then transferred to
a 384-well plate for analysis. (B) Dose-dependant stimulation by 1,2-ethanediol. 500 nM of
the F/Q-tagged 49-mer was incubated for 90 minutes with 4 pmol HIV-1 integrase and the
indicated concentrations of ED; the means ± SD of triplicate reactions are shown (R2 = 0.99
for the regression line, not shown). (C) Effect of integrase concentration. 500 nM of the F/Q-
tagged 49-mer was incubated with increasing amounts of HIV-1 integrase in the presence of
20% ED in microcentrifuge tubes, and at various times aliquots were removed, heated at 65°
C, then transferred to a 384-well plate for analysis. (D) Stimulation of varying integrase
concentrations by ED. 500 nM of the F/Q-tagged 49-mer was incubated for 90 minutes with
increasing amounts of HIV-1 integrase with or without 20% ED present; the means ± SD of
triplicate reactions are shown (R2 = 0.98 for each regression line, not shown; the p-values
comparing the bars were 0.04 for 1 pmol integrase, 0.08 for 2 pmol integrase, < 0.002 for 4 or
6 pmol integrase, and < 0.006 for 8 pmol integrase). The number of pmols indicated in Figs.
C and D is per 10-ul reaction.
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FIG. 5. Performance of the assay
Using the optimized conditions, 3 sets of 20 reactions were set up with: (A) 4 pmol integrase
plus 20% DMSO as negative controls for baseline nicking, (B) 4 pmol integrase plus 20% ED
as an example of a known integrase stimulator, and (C) 10 µg of DNase I as positive controls
for maximum nicking (one reaction from the third set is not shown and was excluded from
analysis because it had minimal fluorescence and apparently did not receive DNase). Reactions
were conducted and analyzed as in Table 1. The mean ± SD is shown for each set of reactions,
thick lines are drawn at each mean value, and the thin horizontal line indicates the mean + 3
SD for the negative controls.
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FIG. 6. Kinetic analysis
Reactions were set up and analyzed as in Materials and methods using optimized conditions
(90 minutes and 4 pmol integrase) but the amount of substrate DNA was varied. Three reaction
series (containing 20% ED, 20% DMSO, or extra water as a control) were compared. The
experiment was repeated on 3 separate days, and the means ± standard errors are shown. The
Vmax and Km data were calculated and the curves were fit using the OriginPro 8 program
(OriginLab Corporation, Northampton, MA).
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Table 1

Protocol for Processing the Plate-Based Assay for Nonspecific DNA Nicking

1. 10-µl reactions are set up in 384-well plates that are kept at 4°C.
2. Plates are sealed, briefly spun, then incubated at 37°C for 90 min.
3. Reactions are stopped by placing in a 65°C oven for 10 min to inactivate integrase.
4. Plates are spun again and placed on the queue for a real-time PCR systema.
5. The machine is programmed for a single denaturation at 95°C for 1 min and renaturation at
    65°C for 1 min, followed by 2 min 59 secb at 65°C during which fluorescence is read 21 times
    in the absolute quantitation mode (no cycling is performed).
6. The data are exported as a Microsoft Excel filec.
7. The data are copied and pasted into a pre-templated Excel filed that automatically averages the
    final 10 reads for each well, calculates the control data, and displays the results on bar graphs.

a
The protocol was developed using an Applied Biosystems 7900HT Real-Time PCR System.

b
When a data collection phase of precisely 3 min was tried, the machine started another pass across the plate and read one of the outer columns of wells

an extra time.

c
In the absolute quantitation mode with this system, each well generates 31 rows of data or information; thus, the output for a 384-well plate is an Excel

file with > 10,000 rows.

d
Available on request.
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