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ARTICLE INFO ABSTRACT

Keywords: Human immunodeficiency virus (HIV) infects CD4+ T-cells, causing acquired immunodeficiency syndrome.
HIV-1 » Despite advances in antiretroviral therapy, drug resistance remains a critical issue. HIV integrase is a key
Integrase activity therapeutic target. Resistance to integrase strand transfer inhibitors requires development of new drugs with
gfl?erry distinct mechanisms. Integrases tethered with GFP (IN-GFP) and mCherry (IN-mCherry) were evaluated for the
DNA binding development of a comprehensive suite of user-friendly assays. A new fluorescent protein-based stability assay
gPCR (FP-Basta) effectively assessed protein thermal stability, revealing aggregation midpoints of 45.0 °C for IN-GFP
and 45.4 °C for IN-mCherry. FP-Basta showed that IN-mCherry was stabilized by a target DNA and viral LTR,
confirming protein-DNA interactions. A new qPCR-based integrase activity assay demonstrated robust detection
of strand transfer activity, with a ~21,500-fold sensitivity over background. Manganese ions were essential,
enhancing integrase activity 56-fold compared to magnesium ions, while Zn?* impaired functionality. The
integrase activity assay can distinguish 3'-processing and strand transfer activities and was validated for inhibitor
screening. The combination of FP-Basta and qPCR-based integrase activity assay provides a comprehensive, cost-
effective platform for evaluating IN function and inhibitor efficacy. These tools, leveraging GFP- and mCherry-

tagged IN, offer potential for future high-throughput applications in HIV drug discovery and the development of

Thermal stability assay

therapies addressing resistance challenges.

1. Introduction

Human immunodeficiency virus (HIV) targets the CD4" T-cells of the
human immune system and as a result, causes immunodeficiency (AIDS)
in infected individuals. Globally, an estimated 37.7 million [30.2-45.1
million] people were living with HIV/AIDS at the end of 2020 and in
that year alone, 680,000 [480,000-1.0 million] deaths were attributed
to HIV/AIDS and its associated conditions [1]. However, the number of
AIDS-related deaths globally has decreased by 47 % between 2010 and
2020 and the number of yearly new infections has decreased by 31 % —
thanks to a positive increase in antiretroviral therapy (ART) coverage
from 25 % to 73 % globally [2].

The HIV integrase (IN) is an essential protein involved in viral
replication making it an ideal drug target [3-5]. The HIV IN is a 32 kDa
protein comprising 288 amino acid residues. It can be divided into 3
domains: an N-terminal domain (residues 1-50) that is involved in zinc
binding and multimerization [6]; a catalytic core domain (CCD) (resi-
dues 50-212) that contains the active site of the IN protein — two
divalent magnesium or manganese ions coordinated to Asp64, Asp116,
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and Glul52 residues [7,8]; and a C-terminal domain (residues 212-288)
that binds DNA non-specifically [9]. The IN is essential to multiple
stages of the HIV-1 viral lifecycle and performs essential catalytic steps.
These include 3-processing where IN removes a GT dinucleotide from
both 3’ ends of the viral DNA long terminal repeats (LTR), and strand
transfer where IN inserts the processed DNA into the host genome.
Additional key properties of IN include dimerisation, tetramerisation,
and DNA binding [10].

Targeting the essential function IN plays in strand transfer has been a
very successful approach, demonstrated by the successful development
of the IN strand transfer inhibitors (INSTI), raltegravir, elvitegravir,
dolutegravir, bictegravir and cabotegravir, and their introduction into
the general ART treatment regime for HIV-1 [3,4]. However, the efficacy
of INSTI is increasingly undermined by drug resistance and cross-
resistance due to their similar structures and mechanisms of inhibi-
tion, which has increasingly been observed in vitro and in patients
during treatment [11]. As such, the development of IN-targeting drugs
with new mechanisms of action or structures may reduce occurrence of
drug resistance during HIV-1 treatment and cross-resistance [12]. For
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this, new high-throughput drug screening assays capable of exploring
novel modes of IN inhibition are needed.

GFP and mCherry tagged IN have previously been expressed in
bacteria for protein production [13] and in eukaryotic cells for the
evaluation of gene therapy and protein transduction [14]. Tethering
GFP or mCherry to IN allows simple and effective monitoring of the
protein’s fate during expression, purification and assay development.
However, GFP and mCherry are large fluorescent proteins that may
sterically affect IN activity. Of note, mCherry has previously been re-
ported to increase protein solubility [15]. The wild-type IN protein is
notoriously difficult to produce due to its inherently low solubility [16].
Furthermore, even small changes in the IN amino acid sequence can
result in significant differences in solubility, activity and structure
[17,18]. As such, IN fusion proteins should be characterised carefully to
ensure their activities are unaffected. Here we compared the stability,
nucleic acid binding and enzymatic activities, of C-terminal GFP- and
mCherry-tagged IN for the development and evaluation of a suite of new
user-friendly assays with potential for high-throughput applications.

2. Methods
2.1. Expression of GFP- and mCherry-tagged integrase

IN-GFP and IN-mCherry vectors (pAC284 and pAC299 respectively)
were created by Dr. Alanna Sorenson [13] and used in this project. IN-
GFP and IN-mCherry proteins were expressed using similar methods to
those previously described for IN-GFP [13]. Briefly, competent cells
(E. coli KRX or E. coli BL21(DE3) RIPL) were transformed with either
PAC284 or pAC299 and grown on LB agar plates containing glucose (1
% w/v) and appropriate antibiotics (KRX: ampicillin (100 pg/mL); BL21
(DE3) RIPL: ampicillin (100 pg/mL) and chloramphenicol (50 pg/mL))
overnight at 37 °C. A LB culture (5 mL) supplemented with suitable
antibiotics was then inoculated with a single colony and incubated
overnight at 37 °C with shaking at 250 rpm. Dependent on the bacterial
strain used, this overnight culture was added to either TB medium (100
mL) containing ampicillin (100 pg/mL) for KRX, or autoinduction me-
dium (100 mL) supplemented with ampicillin (100 pg/mL) and chlor-
amphenicol (50 pg/mL) for BL21(DE3) RIPL, to give a final ODgg of
~0.125. Cultures were incubated at 37 °C and shaken at 250 rpm until
an ODggg of 1 was reached. Rhamnose (20 %) was added to a final
concentration of 0.1 % w/v if the KRX strain was used, and the cultures
were then incubated at 16 °C and 250 rpm for 48-72 h. Once the ODgqo
reached between 10 and 15 and had ceased increasing, the culture was
centrifuged for 30 min at 3838 rcf and the supernatants were discarded.
The resulting cell pellets were snap frozen with liquid nitrogen and
stored at —80 °C. After completion of protein expression, a 5 pL aliquot
of ODgpo-normalised bacterial culture was combined with 5 pL of PBS on
a glass slide, dried at 37 °C, and covered with a further 10 pL of PBS and
a coverslip. Slides were imaged using fluorescence microscopy at 400 x
magnification, with the FITC filter used for GFP fluorescence and the
Texas Red filter used for mCherry fluorescence.

2.2. Purification of GFP- and mCherry-tagged integrase

Lysis and purification were performed as previously described [13].
In brief, the bacterial pellet was thawed on ice and resuspended in 7.5
mL of lysis buffer per gram of cell pellet. The cell suspension was then
passed through a French pressure cell at 12000 psi for cell lysis and
clarified for 30 min at 40,000 rcf at 4 °C. The supernatant was passed
twice through a 1 mL bed volume of pre-equilibrated Profinity™ IMAC
Ni-IDA resin (Bio-Rad), the resin was washed three times with 5 mL lysis
buffer (Na,HPO4 (0.045 M), NaH,PO4 (0.005 M), NaCl (0.3 M), imid-
azole (0.01 M), 2-mercaptoethanol (2 mM) and glycerol (10 % v/v
final)), and the protein was eluted in 4-5 fractions (1.5 mL each) with
elution buffer (lysis buffer with imidazole (0.2 M)). Each fraction was
then combined with an equal volume of saturated ammonium sulphate
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(kept at 25 °C), mixed gently at 4 °C overnight, and centrifuged at 57590
rcf for 30 min. The supernatants were removed, and the pellets were
snap frozen and stored at —80 °C. The purification yield was estimated
using fluorescence measurement, and the protein concentration was
measured using a Bradford assay. SDS-PAGE was used to analyse
composition and purity of protein samples. Samples were not heat-
treated for direct fluorescence capture (GFP-Basta).

2.3. Fluorescent protein-based stability assay

A GFP-Basta was performed as previously described [19] and was
adapted for mCherry-tagged proteins. This technique will therefore be
referred to as a FP-Basta. Samples (15 pL) of pre-centrifuged IN-GFP, IN-
mCherry and GFP (35-50 pM each) were combined and diluted in
phosphate buffer (NaaHPO4 (0.045 M), NaH2PO4 (0.005 M), 2-mercap-
toethanol (2 mM) and glycerol (10 % v/v final)) to a final volume of 225
pL. Aliquots (22.5 pL) of this mixture were taken and incubated for 10
min at nine different temperatures: 25.0 °C, 35.0 °C, 36.7 °C, 39.8 °C,
44.2 °C, 50.2 °C, 54.9 °C, 58 °C and 60.0 °C. These samples were then
cooled on ice for 10 min and centrifuged for 20 min at 34840 rcf and
4 °C. Subsequently, either 7.5 pL aliquots of the supernatant were ana-
lysed using SDS-PAGE, and ImageJ was used to quantify the band in-
tensity for each protein, or 3 pL aliquots of the supernatant were added
to 47 pL of buffer IS (HEPES pH 7.5 (25 mM), glycerol (10 % v/v final)
and 2-mercaptoethanol (2 mM)) in a black 96-well plate, and fluores-
cence was measured. Measurements were normalised to the fluores-
cence of the 25 °C sample. Aggregation midpoint temperatures were
determined with GraphPad Prism version 9.3.1 using a Boltzmann
sigmoidal fit.

2.4. Isothermal FP-Basta

An isothermal FP-Basta was performed as described by Moreau et al.
[19]. IN-mCherry and GFP (10 pM each final concentration) were
combined with either the LTR or T1 (10 pM final) in buffer IR (HEPES
pH 7.5 (25 mM), MgCl, (5 mM), MnCl, (5 mM) and 2-mercaptoethanol
(2 mM)) and left at RT for 10 min to equilibrate. Half of the sample was
then heated to 54.9 °C for 10 min, while the other half of the sample was
left at RT as a control. All samples were then cooled rapidly on ice for 10
min, centrifuged for 20 min at 34840 rcf, and a 3 pL aliquot of each
supernatant was added to 47 pL of buffer IS (HEPES pH 7.5 (25 mM),
glycerol (10 % v/v) and 2-mercaptoethanol (2 mM)) in a black 96-well
plate. Fluorescence was measured and normalised to the fluorescence of
the sample kept at room temperature.

2.5. Differential scanning fluorimetry of a GFP-tagged protein

DSF-GTP reactions were performed on IN-GFP as described by
Moreau et al. [20]. A sample of IN-GFP (20 pL, 20 pM) was transferred to
a hard-shell 96-well PCR plate and sealed using plate sealing film. A melt
curve was performed from 25 °C to 90 °C, with 0.5 °C increments every
30 s in a Bio-Rad C1000 Touch Thermal Cycler with the CFX96 Touch
Real-Time PCR Detection System. GFP fluorescence was detected using
the FAM channel, and the output data were analysed in GraphPad Prism
version 9.3.1.

2.6. Electrophoretic mobility shift assay of fluorescent proteins

An electrophoretic mobility shift assay of a GFP-tagged protein (GFP-
EMSA) [21] was utilised for both IN-GFP and IN-mCherry, and therefore
will be referred to as a FP-EMSA. For non-specific DNA binding, T1 top
strand and T1 bottom strand (see ESI Table 1) were annealed to form T1
(see ESI Table 2) by heating to 95 °C for 5 min and slowly cooling in
buffer OA (Tris-HCI pH 8 (20 mM) and NaCl (150 mM)). LTR binding
was assessed using the pre-processed LTR top strand and LTR bottom
strand (see ESI Table 1) annealed as above. RNAse-treated (0.0055
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Kunitz RNAse A, 1 h, 25 °C) protein suspensions (4 pL, 25 pM) were then
combined with 1 pL of MgCly solution (100 mM) and 1 pL of either T1 or
PLTR DNA (7.5 pM). This mixture was then made up to a final volume of
10 pL with phosphate buffer and left at room temperature for 10 min,
before 1 % agarose gel electrophoresis at 80 V for 40 min. Using a G:BOX
Chemi XRQ, GFP fluorescence was imaged using blue light and the 525
filter, and mCherry fluorescence was captured using green light and the
605 M filter. The gel was stained with a 3X GelRed solution for 40 min,
followed by transillumination with mid-wave UV light (302 nm) and the
UVO06 filter to visualise DNA bands.

2.7. Standard strand transfer IN activity assay

T1 (1.25 pL, 0.8 pM), LTR (1.25 pL, 0.8 pM) (see ESI Table 1), and 2X
buffer IR (5 pL) were combined and added to an RNAse-treated (0.0055
Kunitz RNAse A, 1 h, 25 °C) protein solution (2.5 pL, 4 pM) on ice.
Reactions were started in a Kyratec SC200 SuperCycler thermal cycler at
37 °C for 1 h followed by 90 °C for 10 min and held at 4 °C.

Alternatively, a mixture of T1 and LTR in nuclease free water (2.5 L,
0.8 pM each) was combined with either 2.5 pL of 4X buffer IR and 1 pL
Milli-Q water, or 2.5 pL of 4X HEPES buffer (HEPES pH 7.5 (0.1 M), 2-
mercaptoethanol (8 mM)) and 1 pL MnCl, solution (1 mM). A sample
(1.5 pL) of a compound, for example EDTA or DMSO, or Milli-Q water
was then added to this mixture. This 7.5 pL mixture was then added to a
sample of RNAse-treated (0.0055 Kunitz RNAse A, 1 h, 25 °C) protein
solution (either IN-mCherry or GFP, 2.5 pL, 4 pM in buffer IS) in a PCR
tube. 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.

2.8. gPCR

A 5 pL aliquot of 200-fold diluted reaction mixture was then com-
bined with 10 pL of a 2X SYBR® green qpCR mix (either BioRad iTaq™
Universal SYBR® Green Supermix or Bioline SensiFAST SYBR® No-
ROX) and 5 pL of appropriate primer mix (e.g. 2 pM T1 forward
primer and 2 pM T1 reverse primer) in a hard-shell 96-well PCR plate
and sealed using plate sealing film. Integration events were then
detected by qPCR (see ESI Table 3) in a Bio-Rad C1000 Touch Thermal
Cycler with the CFX96 Touch Real-Time PCR Detection System. qPCR
RFU data were imported into LinRegPCR version 2020.2 for baseline
correction, quality analysis, and to determine individual PCR
efficiencies.

The positive control psJCU488 (see ESI Table 1) was serially diluted
and amplified using the qPCR conditions (see ESI Table 3). The log of
template DNA concentration was plotted against the Cq value to deter-
mine the slope. Primer efficiency was calculated using Eq. (1) below:

Percentage efficiency = (107/5°°° — 1) x 100 €))
3. Results

3.1. Protein expression and purification

IN-GFP and IN-mCherry expression was trialled in BL21(DE3) RIPL
and KRX E. coli. IN-GFP could be expressed in both strains, however IN-
mCherry appeared to affect bacterial growth in BL21(DE3) RIPL and its
expression was unsuccessful. The solubility of these proteins was
compared by fluorescence microscopy (ESI Fig. 1). A proportion of IN-
GFP and IN-mCherry was expected to be insoluble and aggregated, as
the wild-type IN sequence had been reported to have low solubility [16].
Inclusion bodies were clearly visible for IN-GFP and IN-mCherry, con-
firming that a large fraction of both proteins was aggregating. Slightly
fewer inclusion bodies were visible in the IN-mCherry-expressing bac-
teria. It is unclear whether this is due to differential expression in these
E. coli strains or whether IN-mCherry is indeed more soluble than IN-GFP
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(ESI Fig. 1). Proteins were purified using a previously described cell lysis
and nickel affinity chromatography workflow [13] (ESI Fig. 2). The
purification of GFP and mCherry was straightforward. In contrast, IN-
GFP and IN-mCherry (ESI Fig. 2A-B) purifications and quality control
(ESI Fig. 2C) were problematic compounded by proteolysis of the IN and
mCherry [22]. Overall, most of the fluorescent proteins were lost during
the nickel affinity purification step, with final yields of only approxi-
mately 1 % for IN-GFP and IN-mCherry (see ESI Fig. 2D and extended
text 1).

3.2. Protein thermal stability

DSF [23-26] has previously been used to characterise the thermal
stability of IN. Transition midpoint temperature (Ty,) values of 48.1 °C
and 51.5 °C were reported in different buffer systems [27,28]. However,
due to protein contaminations in both IN-GFP and IN-mCherry samples,
the dye-based DSF method was not an option. DSF-GTP [13,20] mea-
sures changes in the fluorescence of GFP tethered to a protein of interest
to determine its Tp,. This eliminates the need for pure protein samples,
and avoids interferences with the solvatochromic dyes used in conven-
tional DSF. DSF-GTP with IN-GFP yielded a T, value of 45.0 °C
(Fig. 1A), however the IN peak was small as previously noted by Sor-
enson and Schaeffer [13]. Moreover, T, values could not be determined
for IN-mCherry likely due to the mCherry fluorescence properties [29].
The GFP-Basta [19] was chosen as an alternative method and adapted
for mCherry fluorescence (recoined FP-Basta). Samples were heated in a
25-60 °C temperature gradient to determine the transition midpoint of
aggregation (Tagg) values of IN-GFP and IN-mCherry. GFP fluorescence
was unaffected in this temperature range (Fig. 1B). Using FP-Basta, near
identical T,gg values of 45.0 °C (95 % CI: 43.05 °C to 47.36 °C) and
45.4°C (95 % CI: 43.23 °C to 48.25 °C) were obtained for IN-GFP and IN-
mCherry respectively. Overall, the Ty, and T,g values were similar.
However, our Ty, value (IN-GFP in phosphate buffer) was slightly lower
than the previously reported values in HEPES [27] or MOPS [28]
buffers.

3.3. RNA and DNA binding

The IN binds RNA [5] which may impact the DNA binding of IN-GFP
and IN-mCherry. RNA contamination was examined by FP-EMSA [21]
(Fig. 2) and observed as a fluorescent smear, particularly in untreated
IN-mCherry samples. RNAse A treated samples decreased the RNA smear
and the mobility of IN-GFP and IN-mCherry protein suggesting the
occurrence of significant protein-RNA interactions. RNA binding of IN-
mCherry was further examined using a FP-Basta [19]. A significant
decrease in T,gg from 52.8 °C to 46.2 °C was observed after RNAse A
digestion (Fig. 2B) in buffer IS. Consequentially, IN-GFP and IN-mCherry
samples were systematically treated with RNAse A to eliminate possible
interference with DNA binding.

IN binds a specific sequence within the viral DNA LTR region and the
host DNA non-specifically [8,10]. A DNA target (T1) with no commonly
known IN binding sites and a pre-processed viral LTR DNA (pLTR) were
designed (see ESI Table 2) and examined with IN-mCherry using FP-
Basta. Approximately 20 % of the fluorescent protein remained solu-
ble at 54.9 °C. Thus, isothermal FP-Basta was performed at 54.9 °C
(Fig. 2C). The formation of IN-DNA complex was expected to stabilise
IN, increasing the fraction of folded protein. IN-mCherry was signifi-
cantly stabilized in the presence of T1 and pLTR (Fig. 2C). FP-EMSA
confirmed IN-GFP and IN-mCherry binding to T1 and the LTR. A
discrete protein band shift and a smeared DNA band shift was observed
for both IN-GFP and IN-mCherry in the presence of T1, indicating the
formation of a protein-DNA complex (see ESI Fig. 4A). Relative to the
DNA control, the intensity of the T1 DNA band decreased to ~50 % in
the presence of IN-GFP and ~ 30 % in the presence of IN-mCherry,
further supporting this IN-DNA interaction. No clear band shifts were
observed with LTR, however the intensity of the LTR band decreased to
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Fig. 1. Thermal stability of IN-GFP and IN-mCherry. A) DSF-GTP melt curve (normalised relative to the maximum measurement) for IN-GFP (CFX96 Touch Real-
Time PCR set on the FAM channel). A Tp, value of 45.0 °C was obtained for IN-GFP. B) T,g, values for IN-GFP and IN-mCherry were determined using FP-Basta (cf
representative SDS-PAGE gel for IN-GFP and IN-mCherry in ESI Fig. 3). IN-GFP, IN-mCherry and GFP were combined, heated 10 min in a temperature gradient
(25-60 °C), cooled 10 min, and centrifuged to remove aggregated protein. Buffer: phosphate buffer without RNAse treatment. Fluorescence was captured (GFP: blue
light and 525 filter. mCherry: green light and 605 M filter). Band intensities were quantified (ImageJ) and normalised relative to 25 °C standards. Boltzmann
sigmoidal regression was fitted for determination of T,z values. Error bars represent SD (n = 4). RFU: relative fluorescence units. Fgoq: fraction of folded protein.
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Fig. 2. Comparison of IN-GFP and IN-mCherry interactions with RNA and DNA. A) RNA present in IN-GFP and IN-mCherry samples before and after digestion with
RNAse A (0.0055 Kunitz, 1 h, RT) was analysed via agarose gel electrophoresis (80 V, 40 min) in phosphate buffer. B) Thermal stability of RNA-contaminated IN-
mCherry before and after digestion with RNAse A (0.0055 Kunitz, RT, 1 h). IN-mCherry was mixed with GFP and diluted in buffer IR (final protein concentrations =
10 pM each). Samples were heated in a temperature gradient (35-50 °C, 10 min), cooled on ice (10 min), and centrifuged (20 min). Fluorescence in the supernatant
was measured in a black 96-well plate and normalised. Results were fitted with Boltzmann sigmoidal regression to determine T,z values of 52.8 °C and 46.2 °C,
before and after RNAse A digestion respectively. C) Isothermal FP-Basta reactions containing both IN-mCherry and GFP were performed with pLTR (7.5 pM) or T1

(7.5 pM) or buffer OA (54.9 °C, 10 min). Fluorescence of supernatant was measured as for B. Error bars represent SD (n = 2).

~65 % with IN-GFP and ~40 % with IN-mCherry (see ESI Fig. 4B),
indicative of transient protein-DNA interactions.

3.4. gPCR-based strand transfer IN activity assay

We evaluated the suitability of our T1 and LTR design for the
development of a user-friendly IN activity assay. Briefly, a pLTR or un-
processed LTR (uLTR) and T1 (see ESI Table 2) are combined with IN-
GFP or IN-mCherry in the presence of 5 mM MnCl; and 5 mM MgCl,
for 1 h. Integration products are then quantified by qPCR (Fig. 3A). Due
to the non-site-specific nature of IN activity, LTRs can be randomly
incorporated into either the top or bottom T1 strand. As such, two
different primer sets are needed to capture these integration events. A
universal LTR primer is used with either the T1 forward or reverse
primer (see ESI Table 1) for qPCR amplification of bottom strand inte-
gration events or top strand integration events respectively. Of note,
only integration events that occur downstream of the T1 primer binding
site can be detected (see ESI Tables 4-5 for all detectable integration
products).

An integration positive qPCR control template (see ESI Table 1) was

evaluated with two different qPCR premixes. Both premixes amplified
the positive control with comparable primer efficiencies of 101.22 %
and 98.99 % (see ESI Fig. 5A). Individual PCR amplification efficiency
(see ESI Fig. 5B) was confirmed with LinRegPCR. Overall, amplification
efficiency values were within the acceptable range [30], and the qPCR
protocol did not require further optimisation. However, the BioRad
iTaq™ Universal SYBR® Green Supermix was more variable and aban-
doned (see ESI Fig. 5B).

The activity of IN-GFP and IN-mCherry was compared with reactions
containing pLTR and T1. Comparable levels of integration products were
detected (Fig. 3B). Control heat-treated IN-GFP and IN-mCherry, as well
as GFP and mCherry samples yielded low background control levels of
integration activity. Untreated IN-GFP and IN-mCherry results (n = 4)
were compared to pooled negative controls (n = 12) confirming that the
fusion proteins were similarly active (Fig. 3C). IN activity was then
examined with uLTR (see ESI Table 2) to assess 3-processing activity.
IN-mCherry reactions performed with pLTR and uLTR yielded only
slightly different mean Cq values of 23.7 + 1.4 and 24.3 + 0.9 respec-
tively, suggesting that a 1-hour reaction at 37 °C was sufficient for the
rate-limiting 3'-processing step and overall integration product yields to
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Fig. 3. A) Principle of the qPCR-based integrase activity assay. The viral LTR is processed and inserted into T1 DNA via IN strand transfer activity. Integration events
are detected by qPCR. B) IN activity of IN-GFP and IN-mCherry. Negative background control reactions include GFP and mCherry, and heat-denatured (95 °C) IN-GFP
or IN-mCherry. Cq values were obtained from amplification curves with a threshold set at 100 RFU (n = 2). A Cq value of 40 was assigned when no amplification was
observed. C) Pooled Cq values for all active IN-GFP and IN-mCherry reactions (n = 4) and all negative background controls (n = 12). A Mann-Whitney test revealed a
significant difference (p = 0.0005). D) IN activity with pLTR and uLTR. Reactions were run with T1 (37 °C for 1 h), followed by heat inactivation (90 °C for 10 min).
IN reaction dilutions (1/200) were amplified (40-cycle qPCR protocol). Error bars represent SD (n = 3).

begin to plateau with the uLTR (Fig. 3D).

We examined T1 top strand and bottom strand integration products.
Top and bottom strand qPCR data were similar (see ESI Fig. 6A). The
amplified PCR product bands were further compared to the T1 by PAGE
(see ESI Fig. 6B—C). IN-GFP and IN-mCherry integration reactions pro-

duce similar bands, while no band is visible in GFP and mCherry control:
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possible integration events (see ESI Tables 4-5) with Oligo Calculator
version 3.27 [31]. Extensive Ty, analyses confirmed that T1 was not
amplified in the IN reactions (see ESI Figs. 6-7 and extended text 2).
Comparatively, one additional integration event can occur in the T1
bottom strand. As such, the T1 forward primer was chosen for further
qPCR assay evaluation.

Further reactions were performed to evaluate the limits of the assay.

" B
25+ o7 o | -
T e ° ° 9 ¢ | 3 °
(o} ° o | o
o . | | “ e
©
o +
o A |
® o ’ g 1
354 é 1 L g
. o .11 |
40 L) ] l L) L) L) L L) L) Ll L) 1
> > >
28 080 Q-i\"; g'é’g.é’ ot oY ot o AT Y
PO P S

DNA concentration (pM)

Fig. 4. Impact of protein and DNA concentration on IN activity assay. A) Varying protein concentrations with LTR and T1 at 0.2 pM each (n = 2). B) Varying LTR and
T1 concentrations with protein at 1 pM (n = 2, except for 0.2 pM and 0.1 pM reactions n = 3). uLTR (solid symbol) and pLTR (open symbol) were systematically
compared with IN-mCherry (red) or GFP control (blue) in buffer IR. Reactions were run at 37 °C for 1 h and inactivated at 90 °C for 10 min. All reactions were diluted

(1/200) before qPCR. Error bars represent SD.
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We first examined the impact of IN reaction dilutions and primer con-
centrations on qPCR. The data revealed that these parameters are rela-
tively flexible and can be easily adapted (see ESI Fig. 8A-B and extended
text 3). The IN reaction conditions such as protein and DNA concen-
trations were then examined. Initially, the activity of IN-mCherry
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increased rapidly until its concentration reached ~0.5 pM with both
LTR species after which it started to plateau (Fig. 4A). However, at IN-
mCherry concentrations <0.5 pM the difference in product yield was
most significant between pLTR and uLTR reactions, consistent with the
rate-limiting 3'-processing step [32]. In contrast, no significant change
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Fig. 5. IN-mCherry strand transfer activity screening with increasing concentrations of DMSO (A) and NaCl (B) in standard reactions conditions (buffer IR).
Increasing concentrations of MgCl, (C), MnCl, (D), MgCl, and MnCl, (E) were compared. F) Zn(CH3CO,), was assessed in standard reactions conditions (i.e. in the
presence of 5 mM MnCl, and 5 mM MgCl,). A-F) pLTR and T1 were used for all reactions. All reactions were run at 37 °C for 1 h and inactivated at 90 °C for 10 min.
All reactions were diluted (1/200) before qPCR. IN-mCherry (red) and GFP control (blue). Error bars represent SD.
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in background Cq values was observed with increasing GFP concentra-
tions. When varying LTR and T1 concentrations were examined, no
major impact was observed except for the lowest and highest concen-
trations. For these extreme conditions a significant reduction in activity
was observed (Fig. 4B). Interestingly, Cq values progressively changed
in the negative background GFP controls with increasing LTR and T1
concentrations possibly indicative of a small amount of DNA contami-
nants in the DNA stocks (Fig. 4B). Lastly, the temperature dependence of
IN-mCherry activity was investigated (see ESI Fig. 9). The IN-mCherry
activity was relatively stable (25-50 °C) with a somewhat expected
maximal activity at 37.3 °C. Some minimal activity was observed at 4 °C
indicating that reactions should be stored on ice to prevent IN activity
during reaction setup.

3.5. Compound and metal ion screening

We examined the effect of common additives on IN-mCherry activity.
Compounds are generally dissolved in DMSO for use in inhibitor
screening campaigns. As such, increasing DMSO concentrations were
examined in IN-mCherry reactions (Fig. 5A). A slight increase in IN
activity was observed at the highest DMSO concentration which could
be due to more efficient gPCR amplification, as DMSO is commonly used
for PCR improvement [33,34]. IN is more soluble in higher salt condi-
tions, however increasing NaCl can also reduce protein-DNA in-
teractions [35]. As NaCl concentration increased, a slight decrease in
integration products was observed (Fig. 5B), however, given error
margins, no clear trend could be identified. The negative control back-
ground Cq values were mostly unaffected.

The divalent metal ion preference (i.e. Mg2+ or Mn2+) of IN is
dependent on reaction conditions [36]. As such our standard IN-
mCherry reactions were set up with 5 mM Mg2?" and 5 mM Mn?".
Here, we examined the IN activity with Mg?" only, Mn®" only, or a
combination of Mg and Mn?". IN activity was severely impacted in the
presence of Mg2+ alone (Fig. 5C) which was further compounded by an
increase in the negative control background products. In contrast,
Integrase activity rose very quickly with increasing concentrations of
Mn?" with an obvious plateau reached at 5 mM followed by a downward
trend at higher concentrations (Fig. 5D). IN was 54-fold more active in
the presence of 5 mM Mn?* than with 5 mM Mg?*. A slightly higher IN
activity was achieved with our standard 5 mM Mg?* and Mn?* condi-
tions (Fig. 5E). However, higher concentrations of these metal ions were
detrimental and increased background products. The data indicate that
in our conditions, Mg?" is not essential.

Zn?* has previously been reported to be required for IN tetrameri-
zation, and to increase MgZ-dependent IN activity [37]. However, Zn>*
has also been shown to cause aggregation of IN [13]. The IN activity
reaction was supplemented with a low concentration of Zn>" to deter-
mine whether Zn?* could improve IN activity in the presence of MgZ*
and Mn2t However, addition of Zn2t (50 pM) resulted in a substantial
inhibition of IN activity (Fig. 5F).

Increasing concentrations of EDTA were tested as an inhibitor in IN-
mCherry reactions containing 5 mM Mn?" and 5 mM Mg It should be
noted that PCR efficiency was not affected even at the highest EDTA
concentration used (e.g. maximum EDTA concentration in the qPCR is
40 pM). As EDTA concentration increased, IN activity decreased (Fig. 6).
The IN activity was completely abolished when EDTA was in excess
relative to the combined divalent metal ion concentration.

3.6. Inter-assay reproducibility

The reproducibility of the IN assay was assessed by pooling and
comparing Cq values from independent reactions using different IN-
mCherry and GFP protein samples (Fig. 7). For this, reactions contain-
ing 1 pM of IN-mCherry or GFP, 0.2 pM T1 and 0.2 pM pLTR in buffer IR
were selected. Overall, Cq values were normally distributed with mean
Cq values of 23.21 =+ 2.491 for IN-mCherry reactions and 35.37 + 2.797
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Fig. 6. Inhibition of IN-mCherry strand transfer activity. Reactions with pLTR,
T1 and buffer IR and increasing EDTA were performed (37 °C, 1 h) followed by
heat inactivation (90 °C, 10 min) in standard conditions. Reaction mixtures
were then diluted and amplified using our standard qPCR protocol. GraphPad
Prism 9.2.0 was used to fit IN-mCherry data (red) with sigmoidal regression,
while GFP data (blue) was fitted with simple linear regression. Error bars
represent SD (n = 2).
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Fig. 7. Collation of Cq values from independent IN-mCherry and GFP strand
transfer reactions. IN-mCherry and their associated GFP control reactions are
shown in the same colour. All reactions included 1 pM protein, 0.2 yM pLTR
DNA and 0.2 pM T1 in buffer IR. Statistical analysis in GraphPad Prism 9.2.0
was performed, utilising a D’Agostino and Pearson normality test (ns) followed
by an unpaired t-test (p < 0.0001). Error bars represent SD (n = 20).

for GFP. It is likely that varying protein aggregation in IN-mCherry and
GFP samples is causing the dispersion of Cq values (Fig. 7). To avoid this,
comparable reactions should be performed simultaneously with the
same reagents. Overall, the IN-mCherry activity assay is robust yielding
reliable data with a satisfactory level of separation even when
comparing independent repeats performed with different protein and
DNA samples, buffers, and reagents.



R.A. Bourquin et al.

4. Discussion

4.1. IN-GFP and IN-mCherry are versatile tools for FP-EMSA and FP-
Basta

Wild-type IN has low solubility, making it difficult to produce and
purify [16]. Despite higher yields of soluble IN-mCherry, the final yields
of IN-mCherry and IN-GFP were both very low. Neither IN-mCherry nor
IN-GFP were binding effectively to the nickel affinity resin. The struc-
ture of IN-mCherry was modelled using AlphaFold Colab [38] (see ESI
Fig. 10) and suggested that shielding of the Hise tag within the fusion
protein was unlikely. RNA and DNA contaminants bound to IN [5] are
more likely hindering nickel resin binding. Higher salt conditions could
be trialled for future purifications to minimise interactions between
DNA or RNA and IN. While low yields were not ideal, the purified IN-
mCherry and IN-GFP proteins were correctly folded and functional.
Our Ty, and T,gg values were lower than previously reported literature
values [27,28]. Differences were attributed to buffer differences and
ramp speed [39]. Interestingly, stable oligomeric fluorescent IN bands
were observed in SDS gels (see ESI Fig. 3). Gel filtration may be used to
separate oligomeric IN to investigate their impact on thermal stability
and activity. The FP-EMSA and FP-Basta clearly showed that IN-GFP and
IN-mCherry interacted with DNA. Moreover, the DNA binding activity of
IN-GFP and IN-mCherry was comparable. Overall, FP-EMSA and FP-
Basta have potential to be used as secondary assays to assess the
various functions and properties of these fluorescent IN in the presence
of other proteins. For example, the FP-Basta could be very advantageous
for confirmation of direct protein binding by an inhibitor in crude
samples.

4.2. A robust and user-friendly strand transfer IN assay

The new qPCR IN assay enables sensitive detection of DNA integra-
tion products from the strand transfer activity of IN-mCherry and IN-
GFP. Under the standard assay conditions, a significant number of
integration events could be detected (i.e. ~21,500 times more than the
background) highlighting the utility of the assay. Examination of
amplified integration products revealed several discrete DNA bands (see
ESI Fig. 6B-C). IN-GFP and IN-mCherry both seemed to prefer certain
sites for integration within the T1. IN has previously been shown to have
some target sequence preference [40-42]. The simplicity of our assay
offers opportunities to explore other DNA sequences and secondary
structures for inclusion in this new assay.

High NaCl concentrations improve the stability and solubility of IN
but impair its binding to DNA [35]. Several IN activity assays include
low concentrations of NaCl, possibly improving IN solubility [28,43,44].
NaCl concentrations up to 40 mM had no substantial impact on IN-
mCherry activity suggesting that high concentrations of NaCl could be
incorporated into concentrated IN-mCherry stocks for improved stabil-
ity in long-term storage conditions. Formation of insoluble aggregates
may impact the IN-mCherry-catalysed integration reactions, possibly
reducing the level of agreement between independent reactions per-
formed at different times (Fig. 7). A mutant IN with better solubility [16]
may be an option to limit these issues. Furthermore, storing IN-mCherry
in single-use aliquots to reduce freeze-thaw cycles, along with a high salt
storage buffer, may improve inter-assay reproducibility.

IN activity assays generally require an IN concentration 2- to 10-fold
higher than DNA [28,43-45]. The 3'-processing and strand transfer ac-
tivities increased with IN-mCherry concentration up to a 20-fold excess
of protein over DNA (Fig. 4A). However, assay conditions were adequate
at a 5-fold excess of IN-mCherry. DNA concentration had minimal
impact on product yields, and background noise was reduced by
lowering LTR concentration. IN activity assays are generally performed
at 37 °C [28,43-45]. While our reactions at 37 °C were optimal, room
temperature was also effective. Overall, reaction conditions appeared to
be flexible, indicating that reagent concentrations and temperature can
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be adapted to suit the application of the in vitro assay.

4.3. Mn?" is essential for the IN activity assay

IN activity assays have been performed with Mg?* [28,43,44], Mn%*
[45,46], or a combination of both [47]. Preference of metal ion by IN
depends on the reaction conditions [36]. While Mg?" is more biologi-
cally relevant due to its high physiological concentration, Mg?*-
dependent IN activity is more sensitive to the viral DNA sequence [32].
In contrast, Mn?*-dependent IN activity is more tolerant of sequence
variation [32]. In our assay conditions, the IN activity was highly
dependent on Mn?" (Fig. 5D). Of note, 5 mM Mn?* yielded 56-fold more
IN activity than 5 mM Mg?*. As Zn?* in combination with Mg?* pro-
motes IN self-association [37], we hypothesised that it could increase IN
activity. However, our results showed that 50 pM Zn?* decreased IN-
mCherry activity 79-fold in the presence of Mg?* and Mn* (Fig. 5F).
It is possible that IN-mCherry may have associated with Zn?* during
protein expression, and further addition of Zn®** may have triggered
protein aggregation. Notably, the Zn%" concentration in our experiment
were 50-fold higher in molar excess over IN representing a clear limi-
tation. While Zn?"-induced protein aggregation has been observed with
IN-GFP previously [13], drawing conclusions from our single experi-
ment would be premature. Overall, Zn?" did not appear to contribute to
IN activity, and Mn?" was clearly the preferred co-factor in our assay
conditions.

4.4. Conclusions and perspective

IN assays generally require a minimum incubation time of 1 h, and
up to 18 h [28,43-45,47]. The qPCR IN activity assay can be performed
in ~2 h with a minimal number of steps or special requirements
compared with other assays [28,43-45,47] (see ESI Table 6) and was
validated for inhibitor screening with EDTA. Full inhibition of IN-
mCherry could be achieved with a clear ‘yes or no’ result. The qPCR
IN activity assay has potential applications for structure-activity rela-
tionship studies and to distinguish whether a compound inhibits 3-
processing or strand transfer activity. IN-mCherry and IN-GFP are fully
functional with no major differences in their activity and can be used
interchangeably in our assays. The FP-Basta could be applied to examine
direct ligand binding to IN. Of note, EDTA or classic INSTI do not affect
the thermal stability of IN [28] as they chelate Mg?* or Mn®" ions. As
such, experimental compounds such as noncatalytic site integrase in-
hibitors [28,48] could be trialled to further validate the FP-Basta.
Overall, the FP-Basta and qPCR IN activity assay leveraging our fluo-
rescent IN offer a comprehensive suite of user-friendly assays capable of
interrogating all IN functions with potential to fast track HIV drug dis-
covery. Finally, the simplicity and low-cost of these new assays should
facilitate their adoption and translation into a high-throughput
screening platform.
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