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A B S T R A C T

Human immunodeficiency virus (HIV) integrase is an important antiretroviral drug target. However, growing 
resistance towards integrase strand transfer inhibitors will need new drugs with distinct mechanisms of action. 
Highly efficient integrase activity assays are key tools for drug screening campaigns and the development of 
therapies addressing these resistance challenges. The affinity of the integrase for viral long terminal repeats LTR 
is well-understood. As such, integrase strand transfer activity assays commonly use a short DNA species 
mimicking LTR sequences. In contrast, the target site preference of the HIV integrase is far less understood. Here 
we examined the performance of different DNA target sequences and identified a new hairpin-whiptail structure 
that vastly improved the performance of a qPCR-based integrase activity assay and was also compatible with an 
isothermal fluorescent protein stability assay. Maximal strand transfer reaction yield could be achieved within 5 
min. The hairpin-whiptail target DNA yielded an excellent Z’ score of 0.758 with the qPCR-based integrase 
activity assay making it suitable for screening compound libraries and determination of IC50 as demonstrated 
with elvitegravir. While the hairpin-whiptail target DNA was specifically designed for the qPCR integrase activity 
assay, it could easily be adapted to improve the performance of other integrase assays.

1. Introduction

Human immunodeficiency virus (HIV)-1 targets the CD4+ T-cells and 
causes acquired immunodeficiency syndrome (AIDS) [1]. The HIV-1 
integrase (IN) is an essential viral replication protein and a validated 
drug target [2–4]. Current antiretroviral therapy (ART) includes the IN 
strand transfer inhibitors (INSTI), raltegravir (RAL), elvitegravir (EVG), 
dolutegravir, bictegravir and cabotegravir [2,3]. However, drug resis
tance and cross-resistance due to the similar mechanism of action and 
structures of INSTI are on the rise [5–8]. As such, alternative mecha
nisms of action and chemical structures are needed [9] along with high- 
throughput screening assays capable of assessing new compounds.

The HIV-1 IN consists of an N-terminal domain (residues 1–50) that 
is involved in zinc binding and multimerization [10], a catalytic core 
domain (CCD) (residues 50–212) [11,12] and a C-terminal DNA-binding 
domain (residues 212–288) [13]. The IN removes a GT dinucleotide 
from each 3′ end (i.e. 3′-processing) of the viral DNA long terminal re
peats (LTR) and inserts the processed DNA into the host genome (i.e. 
strand transfer). These essential functions require protein dimerisation, 
tetramerisation, and DNA binding [14]. The IN integrates the double- 
stranded LTR into double-stranded DNA [14] with some preference for 
palindromic sequences [15–19] and accessible chromatin sites [20]. 

Interestingly, the common core architecture of HIV-1 IN can organise in 
different ways leading to the formation of tetrameric, dodecameric as 
well as other unusual oligomeric intasome species. Despite their heter
ogenous nature, all the multimeric species of HIV-1 intasomes exhibit 
similar integration activity in vitro [21]. Of note, disintegration re
actions, where an integrated sequence is separated into the LTR and 
target DNA can also occur [22].

IN activity assays can take anywhere between 1 h to 18 h to run 
[23–27] and the reactions require a metal ion that can be Mg2+

[24,25,27], Mn2+ [26,28], or a combination of both [23]. The IN metal 
ion preference depends on the reaction conditions [29]. Mg2+-depen
dent IN activity is more sensitive to the viral DNA sequence [18]. IN 
tethered with GFP (IN-GFP) [30] and mCherry (IN-mCherry) have 
recently been used to develop a suite of user-friendly assays including a 
fluorescent protein-based stability assay (FP-Basta) and a qPCR-based 
integrase activity assay [31]. The latter could be performed in ~2 h 
and was validated for inhibitor screening with EDTA. It is based on a 
double-stranded DNA target (T1) that enables the detection of ~50 % 
integration events in either the top or bottom strand downstream of the 
primer binding sites. Thus, only ~25 % of integration events are 
detectable with each set of primers (Fig. 1A-B).

Here we examined the performance of different DNA target 
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sequences and identified a new hairpin structure that vastly improved 
the performance of a qPCR-based integrase activity assay and was also 
compatible with the isothermal FB-Basta.

2. Methods

2.1. Integrase activity assay

A 2.5 μL mixture of Target DNA and LTR [31] (0.8 μM each, pre- 
processed or unprocessed as indicated) was combined with either 2.5 
μL of 4× IN reaction buffer IR (HEPES pH 7.5 (0.1 M), MgCl2 (20 mM), 
MnCl2 (20 mM) and 2-mercaptoethanol (8 mM)) and 1 μL Milli-Q water, 
or 2.5 μL of 4× buffer IH (HEPES pH 7.5 (0.1 M), 2-mercaptoethanol (8 
mM)) and 1 μL of MnCl2 (1 mM). A 1.5 μL volume of EVG, DMSO or 
Milli-Q water was then added to this mixture followed by 2.5 μL of 
RNAse-treated (0.0055 Kunitz RNAse A, 1 h, 25 ◦C) protein solution 
(either IN-mCherry [31] or GFP, 4 μM in buffer IS (25 mM HEPES pH 
7.5, glycerol (10 % v/v final) and 2 mM 2-mercaptoethanol)) in a PCR 
tube. IN reactions were incubated at 37 ◦C for 1 h, heat inactivated at 
90 ◦C for 10 min and held at 4 ◦C in a Kyratec SC200 SuperCycler 
thermal cycler. In a hard-shell 96-well PCR plate, 10 μL of a 2× SYBR® 
green qpCR mix (either BioRad iTaq™ Universal SYBR® Green Super
mix or Bioline SensiFAST SYBR® No-ROX) and 5 μL of the appropriate 2 
μM primer mix (e.g. 2 μM forward primer and 2 μM reverse primer) was 
combined with 5 μL of a 200-fold diluted IN reaction. The plate was then 
sealed using plate sealing film, and integration events were amplified 
using a 40 cycle 2-step qPCR protocol in a Bio-Rad C1000 Touch 

Thermal Cycler with the CFX96 Touch Real-Time PCR Detection System 
[31]. SYBR green fluorescence was monitored and amplification results 
were imported into LinRegPCR version 2020.2 for baseline correction, 
quality control and individual PCR efficiencies. Fold change was 
calculated using individual PCR efficiencies and Cq values.

2.2. Isothermal FP-Basta

A 6.25 μL volume of an IN-mCherry and GFP protein mixture (4 μM 
of each protein in buffer IS) was combined with 6.25 μL of 4× buffer IH, 
2.5 μL MnCl2 (1 mM), and either 3.75 μL DMSO or EVG (0.667 mM in 
DMSO). Then, either 6.25 μL Milli-Q water, LTR (0.8 μM), or a mixture 
of LTR and target 3 (0.8 μM each) was added to the mixture and left for 
10 min at room temperature to equilibrate. Following this, reactions 
were incubated at either room temperature or 54.9 ◦C for a further 10 
min. Samples were then transferred to ice for 10 min, centrifuged for 20 
min at 34,840 rcf, and 20 μL of the supernatant was diluted to a final 
volume of 50 μL with buffer IH (HEPES pH 7.5 (25 mM), 2-mercaptoe
thanol (2 mM)) in a black 96-well plate. The fluorescence was 
measured and the fluorescence of IN-mCherry was normalised based on 
the fluorescence of the internal GFP reference. The residual IN-mCherry 
fluorescence was transformed as a percentage of the room temperature 
control.

2.3. Statistical analysis

The Z’ factor was used to assess the quality of the assay for compound 

Fig. 1. A) qPCR-based IN activity assay principle. The LTR is processed and inserted into double-stranded target DNA T1. Integration events are detectable by qPCR if 
they do not occur within the T1 primer binding site half of the top or bottom strands. B) Sequence details of the T1 top (T1t) and bottom (T1b) strands. The 
underlined sequences indicate two half sites with inverted dyad symmetry of the Escherichia coli bioO sequence.

R.A. Bourquin et al.                                                                                                                                                                                                                            International Journal of Biological Macromolecules 318 (2025) 145195 

2 



library screening and is a measure of the separation between positive 
and negative controls based on standard deviation. The separation of 
results obtained using positive controls (IN-mCherry:c+) and negative 
controls (GFP:c-) is calculated using the Eq. (1) below to evaluate the 
assay’s ability to identify ‘hit’ compounds. 

Zʹ = 1 −
3σc+ + 3σc−

|μc+ − μc− |
(1) 

3. Results

3.1. DNA target preference

We have recently developed an innovative qPCR IN activity assay 
with a double-stranded DNA target T1 [31] that included the Escherichia 
coli biotin operator sequence (bioO) [32,33]. However, with T1, only 
~25 % of integration events are detectable by qPCR since integration 
events can only be detected on a single strand at a time and only when 
integration occurs downstream of the primer binding site (Fig. 2A). As 
T1 includes the 40 bp bioO consisting of two half sites with inverted dyad 
symmetry [32,33] (Fig. 1B), it offers the possibility for a single-stranded 
T1 to form a hairpin structure. We hypothesised that the short hairpin 
structure would be sufficient to act as an integration site. As a result, the 
detection of integration events would be doubled with only one strand of 

T1 (Fig. 2B).
Computer modelling was used to examine hairpin structures in the 

T1 top strand (T1t) and bottom strand (T1b) sequences. Clear hairpin 
structures were predicted using the RNAfold WebServer for both T1 
strands (Fig. 2C-D). In further support of this structural prediction, melt 
curve experiments were run for the T1b and double-stranded T1. A melt 
curve peak occurred at 66.5 ◦C for T1b, and 71.5 ◦C for double-stranded 
T1 (Fig. 2E), satisfying both expectations and confirming the formation 
of a stable hairpin structure.

Integration reactions were performed with different combinations of 
single and double-stranded LTR and target DNA. IN-mCherry success
fully integrated the double-stranded LTR into double-stranded T1, and 
little integration was observed with the single-stranded LTR (Fig. 2F-G). 
Surprisingly, ~15-fold more integration events were detected with the 
T1t hairpin and ~ 22-fold more with the T1b hairpin than with the 
double-stranded T1 suggesting that the IN has a strong preference for 
these hairpin structures.

The IN target preference was further investigated with three different 
single-stranded oligonucleotides (T2, T3 and T4). Structural modelling 
(Fig. 3A-C) indicated that T2 would not form any secondary structure at 
37 ◦C while T4 could form short hairpins structures and thus minimal 
integration was expected to occur with these targets. T3 was designed to 
include the palindromic 5’-GTTAC-3′ sequence that is preferred by IN 

Fig. 2. Detectable integration events in double-stranded T1 (A) and single-stranded hairpin T1 (B) using a single primer pair. Minimum free energy structures for the 
T1t top strand sequence (C) and T1b bottom strand sequence (D) were modelled (RNAfold WebServer). DNA parameters (Matthews model, 2004) were used to 
calculate energy parameters at 37 ◦C. Bases are coloured by base-pairing probability, with blue representing least probable pairings and red representing most 
probable pairings. E) Melt curves of hairpin T1 (red) and double-stranded T1 (blue). Comparison of amplified IN products with a primer binding to the top T1 strand 
(F) or a primer binding to bottom T1 strand (G). Reactions containing pre-processed LTR DNA species were run in buffer IR. Heat maps were generated for qPCR 
quantitation cycle (Cq) values obtained with indicated IN reaction combinations. Combinations that were not tested are crossed. ds: double-stranded. ss: single- 
stranded. Independent replicates were only performed for reactions with double-stranded LTR (n = 2).
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Fig. 3. DNA target preference of HIV IN. Predicted minimum free energy structures (RNAfold WebServer) for T1b (A), T2 (B), T3 (C), and T4 (D). DNA parameters 
(Matthews model, 2004) were used to calculate energy parameters at 37 ◦C. Structures are coloured by base-pairing probability, with blue representing least probable 
pairings and red representing most probably pairings. E) IN qPCR activity assay performed with pre-processed LTR and IN-mCherry (red) or GFP (blue) in buffer IR. 
GFP: green fluorescent protein. Cq: quantitation cycle. dsT1: double-stranded T1. T1b: T1 bottom strand.

Fig. 4. IN-mCherry activity dependence on DNA concentration. A) Concentrations of both the T3 and pre-processed LTR were altered together. B) The concentration 
of T3 was decreased while the LTR was kept constant. C) The concentration of LTR was decreased and T3 was kept constant. All reactions were performed at 37 ◦C for 
1 h in buffer IR, followed by heat inactivation at 90 ◦C for 10 min. Following this, reaction mixtures were diluted 200-fold and a 40-cycle qPCR protocol was used to 
amplify integrated products. Error bars represent standard deviation (n = 2). GFP: green fluorescent protein. Cq: quantitation cycle. pLTR: pre-processed LTR.

R.A. Bourquin et al.                                                                                                                                                                                                                            International Journal of Biological Macromolecules 318 (2025) 145195 

4 



in vivo [15,16] within its hairpin structure (11 bp), followed by a 3′ 
single-stranded primer binding sequence.

Surprisingly, above background integration products were obtained 
with all three targets. In fact, T2 and T4 yielded integration products 
ranging between the benchmark double-stranded T1 and T1b (Fig. 3E). 
Of note, structural modelling was performed with the temperature 
parameter set at 37 ◦C corresponding to the IN reaction temperature. 
However, as the IN reactions were assembled on ice, it is possible that 
double-stranded structures may form that are sufficiently stable during 
the initial warming phase to reach 37 ◦C and this could have contributed 
to the production of substantial numbers of integration products. Other 
factors such as buffer conditions, additives, pH and the presence of Mn2+

and Mg2+ ions as well as the concentration of DNA could also possibly 
affect secondary structure formation. Nevertheless, T3 was clearly 
preferred by IN-mCherry, yielding ~38-fold more detectable integration 
products compared to the benchmark T1b in identical conditions.

We examined the DNA concentration dependence of IN-mCherry for 
T3 and LTR (Fig. 4) in buffer IR containing 5 mM Mn2+ and 5 mM Mg2+

to allow for direct comparison with the benchmark T1 data [31]. When 
the concentrations of T3 and the LTR were increased simultaneously, IN 
activity increased and plateaued rapidly while the background increased 
later with high DNA concentrations (Fig. 4A). A no-protein control was 
included for T3 and LTR (both at 0.2 μM and 3.2 μM) yielding the same 
background activity as seen with GFP. Next, the concentration of either 
T3 or LTR was examined. Here, the IN activity peaked at 0.025 μM of T3 
(Fig. 4B) and was minimally affected by the LTR concentration (Fig. 4C). 
No clear trend was evident upon examination of the background Cq 
values suggesting that background is compounded by the simultaneous 
increase of LTR and T3 concentrations.

Finally, a time course of IN activity with T3 and the pre-processed 
LTR revealed that maximum integration product formation is achieved 
within 5 min at 37 ◦C. In fact, integration products decreased over time 
(Fig. 5) while background increased slightly over 60 min. IN has pre
viously been shown to perform a disintegration reaction, where an 

integrated sequence is separated into the LTR and target DNA [22]. It is 
possible, therefore, that, in the time-course experiment, rapid initial 
integration was followed by disintegration. Alternatively, the LTR may 
be integrated into already-integrated products, disrupting primer bind
ing sites and decreasing amplification of integrated product. A time 
course experiment with shorter time intervals would be required to 
investigate this further. Unfortunately, this was impractical with the 
current hardware and high-throughput assay protocol. Overall, the data 
indicate that a fast yet practical reaction time around 5–10 min is suf
ficient to yield robust results with the short hairpin-whiptail structure of 
T3.

3.2. qPCR IN activity assay performance with unprocessed LTR and T3

A Z’ factor [34] was determined with IN-mCherry activity as the 
positive control and GFP as the negative (background activity) control 
(Fig. 6A). Here, optimised reaction conditions included 1 μM IN- 
mCherry, 0.2 μM of unprocessed LTR, and 0.2 μM of T3 DNA in buffer 
IH with 100 μM Mn2+. Reactions were incubated at 37 ◦C for 1 h, diluted 
200-fold and amplified by qPCR. For both IN-mCherry and GFP samples, 
47 integrase reactions were performed using the same protein stock 
solutions. The mean Cq value for IN-mCherry = 17.37 ± 0.733, while 
the GFP negative control mean Cq value = 35.41 ± 0.739. The resulting 
Z’ factor = 0.758 indicates that there is a large separation between 
positive and negative controls, and as such, the assay is very well suited 
to high-throughput screening [34].

The qPCR IN activity assay was further evaluated with EVG (Fig. 6B). 
The mechanism of inhibition of EVG involves simultaneous binding to 
the active site of IN and possibly chelation of Mn2+ or Mg2+ [35,36]. As 
expected, the IN activity decreased with increasing concentrations of 
EVG. The Cq values were transformed using a primer efficiency of 1.998 
(determined by LinRegPCR) and expressed as a percentage of the control 
IN activity (without EVG). An IC50 of 31 nM was determined (Fig. 6C) 
which is similar to values reported by commercial assays. We attempted 
to leverage on IN-mCherry’s FP-Basta applications to gain further 
macromolecular interaction data. An isothermal FP-Basta was trialled 
with 100 μM EVG using the same conditions as in the IN activity assay 
(Fig. 6D). In the absence of EVG, the thermal stability of IN-mCherry 
increased most in the presence of LTR and T3. In the presence of EVG 
only slight changes in IN-mCherry thermal stability are evident, sug
gesting a very small net change in the sum of stabilising and destabil
ising interactions. Of note, another classic INSTI, RAL, also does not 
affect the thermal stability of IN [24].

4. Discussion

4.1. HIV-1 IN shows a clear target DNA preference for hairpin structures

Theoretically, the number of detectable integration events should 
have doubled with the single-stranded T1 compared with double- 
stranded T1, however, ~20-fold more integration products were 
detected. Our structural modelling and data confirmed a hairpin struc
ture for single-stranded T1. Hairpin structures have previously been 
shown to increase integration [37] as they may resemble cruciform 
structures that can form during initiation of DNA replication and tran
scription [38]. IN has also been shown to preferentially integrate into 
transcriptionally active regions [20]. Our data provide support to these 
observations and a user-friendly approach to investigate the importance 
of secondary structure and sequences for IN activity.

As a result, T3 was designed to incorporate a palindromic sequence 
preferred by IN [16,39] into a hairpin structure, followed by a single- 
stranded primer binding site to the 3′ end, theoretically allowing for 
detection of all integration events. IN-mCherry showed a strong pref
erence for T3, yielding a further 39-fold increase in integration products 
relative to the single-stranded T1. The increased activity and preference 
of the IN for T3, resulted in a maximum integration product yield 

Fig. 5. Strand transfer reaction time course. Reactions were performed in 
buffer IR with pre-processed LTR and T3 at 37 ◦C for the indicated times fol
lowed by heat inactivation at 90 ◦C for 10 min. Reactions were diluted 200-fold 
and a 40-cycle qPCR protocol was run. No protein control (blue). IN-mCherry 
(red). Error bars represent standard deviation (n = 2). Cq: quantitation cycle.
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reached within 5 min reaction time. In contrast, IN assays generally 
require a minimum reaction time of 1 h, and up to 18 h [23–27]. The 
comparatively short reaction time with T3 is clearly advantageous for 
high-throughput screening.

4.2. The T3 is suitable for IN inhibitor screening

Following optimisation with the unprocessed LTR and T3 for full IN 
activity assessment, reaction conditions resulted in an integration 
product yield >265,000-fold above background. This is a vast 
improvement when compared to results obtained with the double- 
stranded T1 [31]. A Z’ factor [34] of approximately 0.758 was deter
mined indicating that the assay is perfectly suited to compound 
screening. This score places our T3 qPCR IN activity assay in line with 
two other widely used IN assays. The TR-FRET assay for 3′-processing 
and strand transfer inhibitor screening [26] have Z’ scores of 0.6 to 
>0.8. Additionally, while not directly comparable to 3′-processing and 
strand transfer inhibitor screening platforms, the AlphaScreen assay, 
widely used for integrase-LEDGF/p75 inhibitor screening, reported a Z’ 
factor of 0.84 [40].

The T3 was validated with EVG, an FDA-approved IN strand transfer 
inhibitor. Full IN inhibition was achieved with a clear ‘yes/no’ result 
supporting early screening applications with the qPCR IN activity assay. 
Furthermore, an IC50 of 31 nM was determined for EVG demonstrating 
the assay’s potential for secondary screening applications. Of note, a 
similar IC50 of 40 nM has been reported in the XPressBio HIV-1 Integrase 
Assay Kit documentation (XPressBio, 2022) (see ESI Table). The similar 
IC50 value despite the high concentration of IN-mCherry used in our 
assay supports the notion that EVG preferentially binds to LTR-bound 
IN. This is likely due to the INSTI mechanism of action, as inhibition 
is primarily mediated through chelation of Mg2+ or Mn2+ ions in the 
active site of IN bound to the viral DNA [41,42]. Interestingly, the 
isothermal FP-Basta data showed that the T3 stabilised the IN-mCherry, 
but EVG did not seem to impact this interaction. Of note, RAL also does 
not affect the thermal stability of IN [24], however, no data are available 
with DNA-bound IN. Experimental compounds such as non-catalytic site 
integrase inhibitors [43] could be trialled to further evaluate the T3 with 
isothermal FP-Basta applications. Here, IN inhibitors, such as BI 224436 
[43], may be good candidates for this. Overall, the use of T3 with the FP- 
Basta and qPCR IN activity assay should provide a comprehensive 

Fig. 6. A) qPCR IN activity assay screening performance with unprocessed LTR and T3. Statistical analyses (GraphPad Prism 9.2.0): D’Agostino and Pearson 
normality test (p < 0.0001) were performed followed by a Mann-Whitney test (p < 0.0001). All datapoints are shown. Z’ factor = 0.758. Error bars represent SD (n =
47). B) IN activity inhibition with EVG. Reactions with unprocessed LTR and T3 were performed at 37 ◦C for 1 h followed by heat inactivation at 90 ◦C for 10 min. 
Reaction mixtures were then diluted 200-fold and integrated product was amplified via a 40 cycle qPCR protocol. C) Cq values were transformed into percentage of 
activity relative to the control activity to determine the IC50 value. Control activity is defined as the amount of integration in a no EVG control. GraphPad Prism 9.2.0 
was used to fit data and determine the IC50 value of 31 nM. Error bars represent standard deviation (n = 2). D) FP-Basta of IN with and without EVG. FP-Basta was 
performed under the same reaction conditions as for the IN activity assay with and without 100 μM EVG. All assays performed in buffer IH. Error bars represent 
standard deviation (n = 2). EVG: elvitegravir.
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toolset to examine a compound’s interaction with IN and its potential as 
an inhibitor.

4.3. Conclusions and perspective

The hairpin-whiptail structure of the T3 vastly increased the per
formance of the qPCR IN activity assay. The T3 is perfectly suited for 
screening compound libraries and determination of IC50. It could be 
used to determine whether a compound inhibits 3′-processing or strand 
transfer activity through comparison of results obtained with the pro
cessed and unprocessed LTR sequences. Based on the excellent Z’ score, 
other applications can be envisaged, such as structure-activity rela
tionship studies. While the T3 was specifically designed for the qPCR IN 
activity assay, it could easily be adapted to improve the performance of 
other IN assays. Indeed, the short T3 hairpin was stable enough to be 
compatible with the isothermal FP-Basta conditions and as such would 
enable direct examination of compounds binding to a T3-bound IN. The 
next phase of assay development and validation should focus on further 
miniaturization and developing an automated workflow with adequate 
robotics for high-throughput screening applications.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2025.145195.
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