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Abstract
HIV is a retrovirus that infects CD4+ T lymphocytes in human beings and causes immunodeficiency. In the recent
years, various therapies have been developed against HIV, including targeting the HIV specific protein, integrase,
responsible for integration of HIV cDNA into host DNA. Although, integrase is specific to HIV, it has functional and
structural similarity with RAG1, one of the partner proteins associated with V(D)J recombination, a process by which
immune diversity is generated in humans. Currently, there are three HIV integrase inhibitors: Elvitegravir, Dolutegravir,
and Raltegravir, in the market which have been approved by the FDA (USA). All three drugs are used in anti-retroviral
therapy (ART). Previously, we showed that amongst the HIV inhibitors, Elvitegravir could significantly decrease B cell
maturation in vivo and inhibit the physiological activities of RAGs in vitro, unlike Raltegravir. In the present study, we
address the effect of second-generation integrase inhibitor, Dolutegravir on RAG activities. Binding and nicking studies
showed that, Dolutegravir could decrease the binding efficiency of RAG1 domains and cleavage on DNA substrates,
but not as considerably as Elvitegravir. Thus, we show that although the integrase inhibitors such as Elvitegravir show
an affinity towards RAG1, the newer molecules may have lesser side-effects.

Introduction
Acquired immune-deficiency syndrome (AIDS) is the

consequence of a period of infection of the human
immunodeficiency virus (HIV). The virus specifically
targets human CD4+ T cells leading to an immunocom-
promised state, as a result of which the patient succumbs
to various infections1. Multiple therapies have been
developed for combating HIV infection, of which inte-
grase inhibitors are the newest entries. HIV integrase
allows insertion of viral DNA into host DNA by catalysing
the 3′ processing and strand transfer2,3.
It has been observed that Recombination activating

gene 1 (RAG1) and HIV integrase share structural and
functional similarities (Fig. 1a–c)4,5. RAG1 protein is a
part of the RAG complex (RAG1 and RAG2) and is the
catalytic partner. The huge amount of antibodies and the
variations seen in T-cell receptor (TCR) are a result of

V(D)J recombination. Fragments of genomic DNA are cut
and joined during the process of V(D)J recombination and
RAG complex is the crucial endonuclease responsible for
the event. The recombination of DNA assures develop-
ment of the B and T cells, as well as diversity in both
antibodies and TCR. Absence of either RAG1 or RAG2
renders the process incomplete and thus, halts the
development of B and T cells. Furthermore, any mutation
in RAG1 or its partner protein Recombination activating
gene 2 (RAG2) leads to an immunocompromised state
resulting in a shorter life-expectancy6,7.
Integrase is an essential HIV protein, required for the

integration of HIV cDNA into the host genome. It per-
forms 3′ processing of the cDNA following which two
reactive 3′ OH are generated8,9. These hydroxyl groups
carry out a nucleophilic reaction on the host genome
resulting in a strand transfer reaction9. RAGs, specifically
RAG1, carry out the cleavage at the 5′ end of the hepta-
mer of the RSS via transesterification reaction10,11. This
transesterification reaction is common to both RAGs and
the HIV integrase12. These two proteins also harbour a
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common DDE motif which forms the vital catalytic motif
utilising Mg2+ as a cofactor in the reaction12.
Recent years have seen substantial development of HIV

integrase inhibitors, specifically inhibitors which target
the integrase-viral DNA complex. These inhibitors are
termed as integrase strand transfer inhibitors (INSTIs),
5CITEP and p10 were the initial integrase inhibitors to be
developed but these showed an inhibition of RAGs phy-
siological properties in vitro5,13–15. 5CITEP was dis-
continued since it was being rapidly cleared from the body
by glucuronidation16. Raltegravir (commercially known as
Isentress®) was the first HIV integrase inhibitor to be
approved by the US FDA, which was later followed by the
approval of Elvitegravir (Fig. 1e)17,18. Both these com-
pounds act by binding to the integrase-viral DNA com-
plex, thus inhibiting the strand transfer reaction but not
the 3′-processing reaction19. Elvitegravir and Raltegravir,
were studied previously and it was shown that Elvitegravir
impeded RAG activity in vitro as well as in vivo20. Mice
fed with Elvitegravir showed a decrease in maturation of B
cells20. A significant abrogation of RAG1 activity in vitro
and in vivo was observed for Elvitegravir, on the other
hand Raltegravir caused limited abrogation of RAG1
activity in vitro20. There are also reports of high rate of

Non-Hodgkin’s lymphoma in patients undergoing treat-
ment with integrase inhibitors as well as early onset of
autoimmune diseases21,22.
In 2013, another inhibitor named Dolutegravir (DTG)

was introduced in the market after US FDA approval, as a
second-generation integrase inhibitor (Fig. 1d). It is
derived from S/GSK 1265744 and is a nitrogen containing
polycyclic compound23–25. The compound was recom-
mended at the same dosage as Elvitegravir and has already
been formulated in various combinations. Multiple clin-
ical trials (VIKIING 3, VIKING 4 and SPRING 2) have
reported that both Raltegravir and Dolutegravir are
similar in their safety profiles, but generation of drug
resistance is lower for Dolutegravir26–29. Also, that the
inhibitor Dolutegravir was not inferior compared to the
previously two FDA approved inhibitors27. Reports sug-
gest that Dolutegravir is an effective anti-retroviral drug
for both treatment-naïve and treatment-experienced
patients, due to its high virologic suppression, toler-
ability and once daily regime25. Besides, Dolutegravir
shows high efficacy toward viral clones resistant to Ral-
tegravir and Elvitegravir3. It has been shown that patients
can generate cross-resistance to both Raltegravir and
Elvitegravir, but not Dolutegravir30.

Fig. 1 Domain structure of RAG1 and HIV integrase and chemical structure of integrase inhibitors. a, b Human RAG1 is made of 1040 amino
acids. Core RAG1 (amino acids 389–1008) is used for in vitro experiments. Core RAG1 can be divided into three broad domains, namely nonamer
binding domain (NBD; amino acids 389–459), central domain (amino acids 528–760) and C-terminal domain (amino acids 760–979). The catalytically
active motif of RAG1 lies in the core region, with the D600 and D706 in the central domain and E962 in the C-terminal domain46,47. Using cryo-EM
microscopy the core region of RAG1 is further characterised into various modules containing NBD (nonamer binding domain), DDBD (DNA binding
and dimerisation domain), PreR, RNH, ZnC2, and ZnH2 followed by CTD46,47. c Human immunodeficiency virus integrase is a small protein consisting
of 288 amino acids. It has an N-terminal domain (NTD; amino acids 1–47), catalytic central domain (CCD) (amino acids 53–184) and C-terminal
domain (CTD; amino acids 208–270). The catalytically active motif is present in the central domain of HIV integrase and shares similarity with
RAG148,49. d, e Chemical structure of Dolutegravir (d)50 and Elvitegravir (e)51 used in the study.
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Based on the previous reports of effect of integrase
inhibitors on RAG1 functions and in turn V(D)J recom-
bination5,20, in the current study, we investigated the
effects of Dolutegravir using biochemical assays. Here we
report that unlike Elvitegravir, Dolutegravir has several
fold lower effect on RAG functions.

Results
Dolutegravir inhibits nicking activity of cRAGs, but only at
higher concentrations
During the process of V(D)J recombination, RAG1 and

RAG2, generally termed as RAG complex, bind to the
nonamer of 12 or 23 RSS and cleave at 5′ end of hep-
tamer sequence, resulting in a single-strand break (SSB)
or DNA nick. This nick can get converted as a DSB upon
hairpin opening by DNA PKcs-Artemis complex. The
DSBs are then repaired through Non-homologous end
joining.

A recent report has shown that Elvitegravir, an integrase
inhibitor, can inhibit RAG functions both in vitro and
in vivo, but not Raltegravir20. In the present study, we
have investigated the impact of second-generation inte-
grase inhibitor, Dolutegravir, on V(D)J recombinase and
its action. To do this, we overexpressed core RAG1/RAG2
in human kidney epithelial cells (HEK293T), and purified
the protein using affinity chromatography. Core RAG1/
RAG2 are the essential domains of both the proteins
which are shown to catalyse V(D)J recombination both
in vitro and inside the cells31. Purity was checked using
SDS-PAGE followed by silver staining (Fig. 2a) and
identity of the proteins were confirmed using western
blotting (Fig. 2b). Activity of the proteins were confirmed
based on RAG nicking assay, in which a radiolabelled 12
RSS DNA was cleaved by RAGs at the 5′ end of the
heptamer leading to the release of 17-nt fragment, which
was detected on a denaturing PAGE (not shown).

Fig. 2 Inhibition of nicking activity of RAGs in presence of Dolutegravir. a Silver stained gel showing purified RAG1 and RAG2 from human cells.
GST-core RAG1 (~94 kDa) and GST-core RAG2 (~65 kDa) are indicated with arrowheads. b. Western blot showing GST-cRAGs. Anti-RAG1 and anti-
RAG2 antibodies were used for western blotting. c Sequence of DNA substrate containing 12RSS used for the study. d, e Effect of Dolutegravir on the
nicking activity of RAGs on DNA substrate containing 12 RSS. Increasing concentration of Dolutegravir (0.03, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mM) was
used for assessing the effect on RAG mediated cleavage on 12 RSS and the products were resolved on a 15% denaturing PAGE. 0.1 and 0.2 mM
Elvitegravir was used for comparison of inhibition (d). Bar graph representing effect of Dolutegravir on RAG-mediated nicking of 12RSS (n= 3).
Numbers for each bar corresponds to the lane numbers in the panel d. (P values ** 0.001, *** 0.0002, **** <0.0001). f Sequence and structure of
heteroduplex bubble substrate used for the study. g. Effect of Dolutegravir on RAG mediated cleavage on heteroduplex DNA. Impact of Dolutegravir
on cleavage by cRAG was tested by incubating increasing concentrations of inhibitor (0.1. 0.2, 0.3, 0.4 and 0.5 mM) followed by resolution on a
denaturing PAGE. h Bar graph representing inhibition of RAG cleavage of heteroduplex DNA by Dolutegravir (n= 3). Numbers for each bar
corresponds to the lane numbers in panel g.
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To investigate the impact of integrase inhibitor on
RAGs, radiolabelled double stranded DNA containing 12
RSS (Fig. 2c) was incubated with core-RAG1/RAG2
complex in presence of increasing concentrations (0.03,
0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mM) of Dolutegravir and
products were resolved on a denaturing PAGE (Fig. 2c–e).
Results revealed that addition of Dolutegravir lead to a
concentration dependent decrease in RAG nicking from
0.2 mM of the inhibitor onwards (Fig. 2d, e). However,
there was no effect on RAG induced nicking on RSS in
presence of lower concentrations of Dolutegravir (0.03,
0.05 and 0.1; Fig. 2d, e). A decrease in the efficiency of
RAG-mediated nicking in presence of higher concentra-
tions of Dolutegravir suggests that the inhibitor interfered
with either the binding of RAGs to RSS or the hydrolysis
of the phosphodiester bond. On the other hand, Elvite-
gravir, could significantly inhibit RAG induced nicking at
0.1 mM concentration, which was equivalent to the effect
when 0.5 mM of Dolutegravir was used (Fig. 2d, e), indi-
cating that inhibition of RAG functions due to Elvitegravir
was much more pronounced than Dolutegravir.
Apart from being a sequence specific nuclease, reports

have shown that RAGs can act as structure-specific
nuclease, which can cleave non-B forms of DNA leading
to chromosomal translocations seen in cancer32,33. Pre-
viously, we have shown that RAG complex can induce
nick at single–double-stranded DNA transition on a
heteroduplex DNA34. However, the ability of RAGs to
bind and cleave at the heteroduplex is not similar to that
of 12RSS substrate. Effect of Dolutegravir on RAG
mediated cleavage at heteroduplex bubble substrate con-
taining cytosine was evaluated. Results revealed inhibition
in RAG mediated nicking on heteroduplex DNA at a
concentration of 0.1 mM Dolutegravir onwards (Fig.
2f–h). These results suggest that similar to Elvitegravir,
Dolutegravir could also inhibit RAG mediated cleavage on
heteroduplex DNA.

Dolutegravir abrogates binding of RAG1 domains to 12RSS
substrate
Nonamer-binding domain of RAG1 is known to bind

with RSS35. Besides, ZFB present in central domain is also
shown to interact with DNA36. To investigate if Dolute-
gravir abrogates binding of various domains of RAG1 to
its physiological DNA substrate of recombination signal
sequence, we performed binding assays using radi-
olabelled DNA substrate containing 12RSS (Fig. 3a).
Reaction products were resolved on a native poly-
acrylamide gel to determine shift in the mobility of DNA
substrate band due to protein binding and impact of
Dolutegravir on DNA–protein interaction.
We performed titration of Dolutegravir along with two

domains of RAG1: the nonamer binding domain and
central domain. The nonamer binding domain harbours

the region of the protein that recognises and binds to the
nonamer sequence of the RSS. In contrast, the central
domain contains two of the amino acids involved in cat-
alysis. We observed that Dolutegravir exhibited moderate
inhibition of binding in a concentration dependent man-
ner when purified NBD of RAG1 was incubated with
12RSS (Fig. 3a–d). However, the efficiency of the inhibi-
tion was less than that observed when Elvitegravir was
used for the study (Fig. 3c, d). Further the inhibitory effect
was much less and restricted to the highest concentration
(0.5 mM) when Dolutegravir was tested for its effect on
binding of purified RAG1-CD with 12RSS (Fig. 3e–g).
Consistent to above observations, the inhibitory effect of
Elvitegravir was much higher, than Dolutegravir even in
this case (Fig. 3d, g).

Inhibition of binding at lower concentrations seen using
bio-layer interferometry
Results presented above suggest that inhibition of

12RSS nicking by Dolutegravir could be due to the
inability of RAG1 NBD to bind to the nonamer sequence
when the inhibitor is present. However, the detected level
of inhibition in electrophoretic mobility shift assay
(EMSA) studies may not explain the extent of inhibition
of nicking observed for 12RSS. To investigate the binding
efficiency in a quantitative manner, we performed bio-
layer interferometry (BLI), a biophysical assay at single
molecular level.
BLI utilises light refraction to test binding of two

molecules. DNA oligomer for 12RSS was added on to a
probe using Streptavidin-biotin chemistry. The probe was
dipped in solution containing either central or nonamer
binding domain of RAG1, with or without Dolutegravir. If
Dolutegravir binds to the protein, then there is decrease in
binding of the protein to the DNA substrate, which in
turn results in a decrease in the interference signal. We
incubated, NBD or CD with increasing concentrations of
Dolutegravir from 3.125 µM, 6.25 µM, 12.5 µM, 25 µM,
50 µM and 100 µM. The bound 12RSS DNA substrate was
then dipped into solution containing protein with or
without Dolutegravir. In the presence of Dolutegravir,
binding of protein to 12RSS will be hindered and thus, an
increase in the Kd of the protein-12RSS binding is
expected. Lower Kd values indicate higher affinity of
binding. Consistent to EMSA results, we observed ele-
vated binding constant in the presence of Dolutegravir
(4.6 nM) for RAG1 central domain (Fig. 4b), compare to
RAG1 CD alone (1.5 nM). In contrast to the central
domain, for the nonamer binding domain, we saw a two-
fold increase in the binding constant. In the absence of
Dolutegravir the Kd observed was 4.6 nM, whereas along
with 100 µM Dolutegravir, it was 9.3 nM. (Fig. 4a). Since
the sensitivity of the technique is higher than EMSA,
these results reveal that Dolutegravir can bind to the
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Fig. 4 Biolayer-interferometry for measuring bi-molecular interactions. a, b Biolayer interferometry for RAG1 central domain (RAG1-CD) (b) and
RAG1 nonamer binding domain (RAG1-NBD) (a). Purified CD or NBD was incubated with increasing concentrations of Dolutegravir (3.125, 6.25, 12.5,
25, 50 and 100 µM) and was evaluated using BLI. BLI analysis showed that RAG1-CD and NBD bound with a Kd of 1.5 nM and 4.6 nM, respectively to
biotinylated 12 RSS. But in the presence of Dolutegravir a marginal increase in the binding constant was observed; Kd 4.6 nM for RAG1-CD and Kd
9.3 nM for RAG1-NBD.

Fig. 3 Evaluation of Dolutegravir-mediated inhibition of RAG1 binding on 12RSS. a Sequence of 12RSS containing DNA substrate used for the
study. b SDS-PAGE profile for purified 6X His-tagged RAG1 nonamer binding domain (~11 kDa), marked with an arrowhead. c, d Effect of Dolutegravir
on binding of RAG1-nonamer binding domain to 12RSS substrate was also assessed by incubating increasing concentration of the inhibitor (0.1, 0.3
and 0.5 mM). Products were visualised on a native PAGE and signals were detected (c). Bar graph represents quantification based on three
independent repeats showing impact of Dolutegravir on NBD binding to RSS (d). Numbers for each bar corresponds to the lane numbers in the
panel. (P values * 0.01 ** 0.001). e SDS-PAGE profile for purified RAG1 central domain. The central domain along with MBP tag is ~68 kDa. Protein is
seen below 75 kDa marker and is marked with an arrowhead. f, g Increasing concentrations of Dolutegravir (0.1, 0.3 and 0.5 mM) was incubated with
RAG1-central domain, prior to its incubation with 12RSS. Equivalent DMSO concentration was used as vehicle control in the experiment (f). Bar graph
representing quantification based on three independent repeats for the same is also shown (n= 3). Numbers for each bar corresponds to the lane
numbers in the panel g. (****P values <0.0001).

Nilavar et al. Cell Death Discovery            (2020) 6:50 Page 5 of 8

Official journal of the Cell Death Differentiation Association



central domain, which can explain the significant decrease
observed in the nicking of 12RSS. These results further
confirm that Dolutegravir can interfere with binding of
RAG1 to 12RSS, however the observed effect is moderate
when compared to Elvitegravir.

Discussion
HIV integrase and RAG1 have shown to have structural

and functional similarity5,20 (Fig. 1). It was hypothesised
that integrase inhibitors could hinder RAG activity in vivo
due to their similarity. In one of the previous studies, it
was shown that Elvitegravir indeed inhibited V(D)J
recombination20. Approximately 70% of mice treated with
Elvitegravir showed decrease in maturation of B cells,
suggesting inhibition of V(D)J recombination20.
In the present study we have examined the second-

generation integrase inhibitor, Dolutegravir for its impact
on RAG functions, the key enzyme complex associated
with V(D)J recombination. Our results suggest that unlike
Elvitegravir, impact of Dolutegravir on RAG activity was
significantly less. We observed that binding to RAG1
domains by Dolutegravir was significantly less than Elvi-
tegravir. Besides, effect on RAG induced cleavage at RSS
was also less for Dolutegravir compared to Elvitegravir. In
a previous study another integrase inhibitor, Raltegravir
did not show much effect on RAG physiological activity20.
Our results reveal that Dolutegravir inhibited RAG

binding and nicking only at high concentrations unlike
Elvitegravir. EMSA studies in conjunction with Biolayer
interferometry results reveal that Dolutegravir could
interfere binding of both central domain and nonamer
binding domain of RAG1 to 12RSS, thus explaining the
observed decrease in RAG induced nicking of 12RSS
substrate, but this inhibition was comparatively lower
than that seen alongside Elvitegravir.
In summary, the current study along with previous

reports20, reveal that among the three integrase inhibitors,
Elvitegravir shows robust inhibition on RAG functions by
inhibiting nicking and binding to its physiological sub-
strate and thus, V(D)J recombination while, Dolutegravir
affects the functions only at a moderate level. Importantly,
among the three inhibitors, Raltegravir was the least toxic
to V(D)J recombination and RAG1 activity20. Considering
that Dolutegravir is a second-generation inhibitor, the
observed impact on RAG functions and thus potentially
on the immune system is unexpected. Nevertheless, the
observed effects are not too surprising considering the
similarity between RAG1 and integrase domains.
Regardless, the promising finding is that the nonspecific
effect on immune system by Dolutegravir could be several
fold lower than Elvitegravir in patients, when one extra-
polates our observations. This is indeed propitious and
underlines the importance of need for new generation
integrase inhibitors. In any case the use of current

integrase inhibitors needs to be well-thought-out con-
sidering their potential effects on the patient immune
repertoire and, appropriate diet and medical interventions
need to be used along with these inhibitors.

Materials and methods
Enzymes, chemicals, and reagents
Chemicals and reagents used in the study were pur-

chased from Sigma Chemical Co. (USA), and SRL (India).
DNA-modifying enzymes were obtained from New Eng-
land Biolabs (USA). Radioisotope-labelled nucleotides
were from BRIT (India). Elvitegravir (GS-9137) was pur-
chased from Selleck Chemicals (Houston, TX, USA).
Dolutegravir was purchased from Shanghai Sun-shine
Chemical Technology Co. Ltd (China).

Plasmids
GST tagged human core RAGs expression constructs

were gifted by Dr. Michael Lieber, USA. Plasmid con-
struct pRS3, encoding central domain of RAG1 (amino
acids 528–760) was kind gift from Dr. Karla
Rodgers, USA.

Cell lines and culture
For expression of core RAG1 and core RAG2, human

embryonic kidney cell line expressing Simian virus 40
large T antigen (HEK-293T) was used. DMEM (HiMedia)
with high glucose and L-glutamine along with 10%
Foetal bovine serum and 1X concentration of
penicillin–streptomycin was used for culturing. E. coli
BL21 (DE3) cells were grown in Luria Bertini broth
(HiMedia).

Oligomeric DNA
Oligomers used for the study were, AKN1, 5′-GAT

CAGCTGATAG-CTACCACAGTGCTACAGACTGGA
ACAAAAACCCTGCT-3′; AKN2, 5′-TAGCAGGGTT
TTT-GTTCCAGTCTGTAGCACTGTGGTAGCTATCA
GCTGAT-3′; AKN 46, 5′-GACCTGAGGG-CGAGCCC
CCCCCGAGTAACTTAACAG-3′; and AKN 20, 5′-CT
GTTAAGTTACTCGC-CCCCCGCTCGCCCTCAGGTC-
3′. AKN1 and AKN2 are complementary oligomers
designed to represent 12 RSS, whereas AKN46 and AKN20
are designed to represent heteroduplex C6 bubble follow-
ing annealing of respective oligomers.
Oligomers were synthesised from Sigma-Aldrich, India

and biotinylated oligomers were purchased from Inte-
grated DNA Technologies, USA. Oligomers were purified
using denaturing PAGE as described before25,37 and dis-
solved in Tris-EDTA buffer and stored at −20 °C until use.

5′ end labelling of oligomers
T4 polynucleotide kinase (NEB) was used to end label

oligomers using γ-32P ATP in T4 PNK buffer (NEB) as
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described before38. Reaction was incubated for 1 h at
37 °C and then stopped using 10mM Tris-1 mM EDTA
buffer. Labelled substrates were purified using Sephadex
G-25 column and then stored at −20 °C until use.
Annealing of complementary oligomers was done by
boiling oligomers for 10minutes in the presence of
100mM NaCl and 1mM EDTA, in 1:5 ratio (labelled:
unlabelled)37,38.

Expression and purification of RAGs
The mammalian expression constructs harbouring core

RAG1 (cRAG1, amino acids 384–1040) and core RAG2
(cRAG2, amino acids 1–383) each fused at its N-terminus
to the glutathione S-transferase tag was used for expres-
sion39. The protein was purified as described pre-
viously40,34 Briefly, HEK293T cells were transfected with
RAG constructs at 70% confluency. After 48 h cells were
harvested and processed for purification of GST-RAG1
and GST-RAG2 proteins (Fig. 2a, b).
The central and nonamer binding domain of RAG1

were expressed in Escherichia coli BL21 (DE3) cells as
described earlier20,34,41. In short, BL21 (DE3) cells were
chemically transformed with specific plasmids for RAG1
central domain (pRS3) and nonamer-binding domain
(pDR1). Single colony was amplified and the culture was
allowed to grow until OD600 reached 0.8 following which
IPTG (1 mM) induction was performed for 16 h at 16 °C.
The cells were harvested and protein was isolated using
affinity chromatography. For RAG1 central domain,
amylose column was used as it possessed MBP tag, where
as for RAG1 nonamer binding domain, Ni-NTA column
was used due to His tag (Fig. 3b, e).

RAG nicking of oligomeric DNA
RAG nicking buffer (containing 25mMMOPS (pH 7.0),

30 mM KCl, 30 mM potassium glutamate and 5mM
MgCl2) was added to reaction containing labelled oligo-
meric DNA and purified cRAGs, along with DMSO dis-
solved Dolutegravir or Elvitegravir20,34,31. The reaction
was incubated for 1 h at 37 °C and then stopped using
formamide dye. Reaction was resolved on a 15% dena-
turing PAGE containing 7M urea and 1X TBE buffer.
Gels were dried and imaging was done using Phosphor-
Imager FLA9000, Fuji, Japan.

Electrophoretic mobility shift assay
End labelled annealed oligomers were incubated with

RAGs in buffer containing 10mM Tris-HCl (pH 8.0),
5 mM MgCl2, 2 mM DTT, 6% glycerol and 100mM
NaCl42. Reactions were incubated for 30min at room
temperature for RAG1-CD and 20minutes at room
temperature for RAG1-NBD along with DMSO dissolved
Dolutegravir or Elvitegravir, and then loaded onto 5%

native PAGE with 1X TBE buffer20,40,31. Gels were dried
and imaged using PhosphorImager FLA9000, Fuji, Japan.

Biolayer interferometry
High Precision Streptavidin Biosensor (SAX) sensors

(Forte Bio, USA) were employed for studying the binding
of RAG1 domains with or without Dolutegravir (analytes)
to biotin tagged proteins (ligand) immobilised onto the
(SSA) sensors as described previously20,43–45 using the
Forte Bio OCTET Red 96 instrument. Before use, all the
SAX sensor tips were hydrated in buffer (1X PBS) for
10min. Biotinylated AKN1 oligomer was used as immo-
bilised ligand to bind to SAX sensors, with the help of
Streptavidin-Biotin chemistry. Protein, either nonamer
binding domain or central domain of RAG1 was used
along with increasing concentration of dolutegravir
(3.125, 6.25, 12.5, 25, 50 and 100 µM) as analyte. Pro-
gramme used: baseline in assay buffer (60 s) followed by
association (400 s) of protein with or without inhibitor,
followed by dissociation (400 s) in assay buffer, finally
regeneration in 2M NaCl. EMSA buffer was used as assay
buffer in the experiment. Reference sensor without
immobilised ligand was subjected to the same procedure
as the sample sensors, and then used for subtraction of
the background signals during analysis. Dissociation
constant was calculated using 1:1 global fit analysis.

Statistical analysis
Statistical analysis was done using one-way ANOVA or

by using Student’s t test by comparing multiple conditions
with control sample set using GraphPad Prism.

Acknowledgements
We thank Mridula Nambiar, Dipayan Ghosh and other members of SCR
laboratory for critical reading and comments on the manuscript. This work was
supported by grants from DBT-COE (BT/PR13458/COE/34/33/2015), DBT Glue-
Grant (BT/PR23078/MED/29/1253/2017), IISc-DBT partnership programme
[DBT/BF/PR/INS/2011-12/IISc] to S.C.R.; N.M.N. and A.M.P. are supported by
Senior Research Fellowship (SRF) from IISc.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 29 October 2019 Revised: 26 March 2020 Accepted: 22 April 2020

References
1. Naif, H. M. Pathogenesis of HIV infection. Infect. Dis. Rep. 5, e6 (2013).
2. Simon, V., Ho, D. D. & Abdool Karim, Q. HIV/AIDS epidemiology, pathogenesis,

prevention, and treatment. Lancet 368, 489–504 (2006).
3. Anstett, K., Brenner, B., Mesplede, T. & Wainberg, M. A. HIV drug resistance

against strand transfer integrase inhibitors. Retrovirology 14, 36 (2017).

Nilavar et al. Cell Death Discovery            (2020) 6:50 Page 7 of 8

Official journal of the Cell Death Differentiation Association



4. Fugmann, S. D., Villey, I. J., Ptaszek, L. M. & Schatz, D. G. Identification of two
catalytic residues in RAG1 that define a single active site within the RAG1/
RAG2 protein complex. Mol. Cell 5, 97–107 (2000).

5. Melek, M. et al. Effect of HIV integrase inhibitors on the RAG1/2 recombinase.
Proc. Natl Acad. Sci. USA 99, 134–137 (2002).

6. Mombaerts, P. et al. RAG-1-deficient mice have no mature B and T lym-
phocytes. Cell 68, 869–877 (1992).

7. Schuetz, C. et al. An immunodeficiency disease with RAG mutations and
granulomas. N. Engl. J. Med. 358, 2030–2038 (2008).

8. Asante-Appiah, E. & Skalka, A. M. Molecular mechanisms in retrovirus DNA
integration. Antivir. Res. 36, 139–156 (1997).

9. Engelman, A., Mizuuchi, K. & Craigie, R. HIV-1 DNA integration: mechanism of
viral DNA cleavage and DNA strand transfer. Cell 67, 1211–1221 (1991).

10. Schatz, D. G. & Swanson, P. C. V(D)J recombination: mechanisms of initiation.
Annu. Rev. Genet. 45, 167–202 (2011).

11. Spanopoulou, E. et al. The homeodomain region of Rag-1 reveals the parallel
mechanisms of bacterial and V(D)J recombination. Cell 87, 263–276 (1996).

12. van Gent, D. C., Mizuuchi, K. & Gellert, M. Similarities between initiation of V(D)J
recombination and retroviral integration. Science 271, 1592–1594 (1996).

13. Goldgur, Y. et al. Structure of the HIV-1 integrase catalytic domain complexed
with an inhibitor: a platform for antiviral drug design. Proc. Natl Acad. Sci. USA
96, 13040–13043 (1999).

14. Hazuda, D. J. et al. Inhibitors of strand transfer that prevent integration and
inhibit HIV-1 replication in cells. Science 287, 646–650 (2000).

15. Grobler, J. A. et al. Diketo acid inhibitor mechanism and HIV-1 integrase:
implications for metal binding in the active site of phosphotransferase
enzymes. Proc. Natl Acad. Sci. USA 99, 6661–6666 (2002).

16. Rosemond, M. J., St John-Williams, L., Yamaguchi, T., Fujishita, T. & Walsh, J. S.
Enzymology of a carbonyl reduction clearance pathway for the HIV integrase
inhibitor, S-1360: role of human liver cytosolic aldo-keto reductases. Chem. Biol.
Interact. 147, 129–139 (2004).

17. Marchand, C. et al. Metal-dependent inhibition of HIV-1 integrase by beta-
diketo acids and resistance of the soluble double-mutant (F185K/C280S). Mol.
Pharmacol. 64, 600–609 (2003).

18. Serrao, E., Odde, S., Ramkumar, K. & Neamati, N. Raltegravir, elvitegravir, and
metoogravir: the birth of “me-too” HIV-1 integrase inhibitors. Retrovirology 6,
25 (2009).

19. Mouscadet, J. F. & Tchertanov, L. Raltegravir: molecular basis of its mechanism
of action. Eur. J. Med. Res. 14, 5–16 (2009).

20. Nishana, M., Nilavar, N. M., Kumari, R., Pandey, M. & Raghavan, S. C. HIV inte-
grase inhibitor, Elvitegravir, impairs RAG functions and inhibits V(D)J recom-
bination. Cell Death Dis. 8, e2852 (2017).

21. Beck-Engeser, G. B., Eilat, D., Harrer, T., Jack, H. M. & Wabl, M. Early onset of
autoimmune disease by the retroviral integrase inhibitor raltegravir. Proc. Natl
Acad. Sci. USA 106, 20865–20870 (2009).

22. Huhn, G. D. et al. Early development of non-hodgkin lymphoma following
initiation of newer class antiretroviral therapy among HIV-infected patients—
implications for immune reconstitution. AIDS Res. Ther. 7, 44 (2010).

23. Karmon, S. L. & Markowitz, M. Next-generation integrase inhibitors: where to
after raltegravir? Drugs 73, 213–228 (2013).

24. Ballantyne, A. D. & Perry, C. M. Dolutegravir: first global approval. Drugs 73,
1627–1637 (2013).

25. Kandel, C. E. & Walmsley, S. L. Dolutegravir—a review of the pharmacology,
efficacy, and safety in the treatment of HIV. Drug Des. Dev. Ther. 9, 3547–3555
(2015).

26. Saladini, F. et al. Prevalence of HIV-1 integrase mutations related to resistance
to dolutegravir in raltegravir naive and pretreated patients. Clin. Microbiol.
Infect. 18, E428–E430 (2012).

27. Raffi, F. et al. Once-daily dolutegravir versus raltegravir in antiretroviral-naive
adults with HIV-1 infection: 48 week results from the randomised, double-
blind, non-inferiority SPRING-2 study. Lancet 381, 735–743 (2013).

28. Castagna, A. et al. Dolutegravir in antiretroviral-experienced patients with
raltegravir- and/or elvitegravir-resistant HIV-1: 24-week results of the phase III
VIKING-3 study. J. Infect. Dis. 210, 354–362 (2014).

29. Akil, B. et al. Dolutegravir versus placebo in subjects harbouring HIV-1 with
integrase inhibitor resistance associated substitutions: 48-week results from
VIKING-4, a randomized study. Antivir. Ther. 20, 343–348 (2015).

30. Wainberg, M. A., Han, Y. S. & Mesplede, T. Might dolutegravir be part of a
functional cure for HIV? Can. J. Microbiol. 62, 375–382 (2016).

31. Nambiar, M. & Raghavan, S. C. Mechanism of fragility at BCL2 gene minor
breakpoint cluster region during t(14;18) chromosomal translocation. J. Biol.
Chem. 287, 8688–8701 (2012).

32. Raghavan, S. C., Swanson, P. C., Wu, X., Hsieh, C. L. & Lieber, M. R. A non-B-DNA
structure at the Bcl-2 major breakpoint region is cleaved by the RAG complex.
Nature 428, 88–93 (2004).

33. Raghavan, S. C. & Lieber, M. R. Chromosomal translocations and non-B DNA
structures in the human genome. Cell Cycle 3, 762–768 (2004).

34. Naik, A. K., Lieber, M. R. & Raghavan, S. C. Cytosines, but not purines, determine
recombination activating gene (RAG)-induced breaks on heteroduplex DNA
structures: implications for genomic instability. J. Biol. Chem. 285, 7587–7597
(2010).

35. Yin, F. F. et al. Structure of the RAG1 nonamer binding domain with DNA
reveals a dimer that mediates DNA synapsis. Nat. Struct. Mol. Biol. 16, 499–508
(2009).

36. Peak, M. M., Arbuckle, J. L. & Rodgers, K. K. The central domain of core RAG1
preferentially recognizes single-stranded recombination signal sequence
heptamer. J. Biol. Chem. 278, 18235–18240 (2003).

37. Kumari, R., Nambiar, M., Shanbagh, S. & Raghavan, S. C. Detection of g-
quadruplex DNA using primer extension as a tool. PLoS ONE 10, e0119722
(2015).

38. Nambiar, M. & Raghavan, S. C. Chromosomal translocations among the
healthy human population: implications in oncogenesis. Cell Mol. Life Sci. 70,
1381–1392 (2013).

39. Raval, P., Kriatchko, A. N., Kumar, S. & Swanson, P. C. Evidence for Ku70/Ku80
association with full-length RAG1. Nucleic Acids Res. 36, 2060–2072 (2008).

40. Raghavan, S. C., Swanson, P. C., Ma, Y. & Lieber, M. R. Double-strand break
formation by the RAG complex at the bcl-2 major breakpoint region and at
other non-B DNA structures in vitro. Mol. Cell Biol. 25, 5904–5919 (2005).

41. Nishana, M. & Raghavan, S. C. A non-B DNA can replace heptamer of V(D)J
recombination when present along with a nonamer: implications in chro-
mosomal translocations and cancer. Biochem. J. 448, 115–125 (2012).

42. Arbuckle, J. L., Fauss, L. A., Simpson, R., Ptaszek, L. M. & Rodgers, K. K. Identi-
fication of two topologically independent domains in RAG1 and their role in
macromolecular interactions relevant to V(D)J recombination. J. Biol. Chem.
276, 37093–37101 (2001).

43. Pandey, M. et al. Identification and characterization of novel ligase I inhibitors.
Mol. Carcinog. 56, 550–566 (2017).

44. Vartak, S. V. et al. Novel BCL2 inhibitor, Disarib induces apoptosis by disruption
of BCL2-BAK interaction. Biochem. Pharmacol. 131, 16–28 (2017).

45. Sultana, A. & Lee, J. E. Measuring protein-protein and protein-nucleic Acid
interactions by biolayer interferometry. Curr. Protoc. Protein Sci. 79,
19.25.11–19.25.26 (2015).

46. Rodgers, K. K. Riches in RAGs: revealing the V(D)J recombinase through high-
resolution structures. Trends Biochem. Sci. 42, 72–84 (2017).

47. Kim, M. S., Lapkouski, M., Yang, W. & Gellert, M. Crystal structure of the V(D)J
recombinase RAG1-RAG2. Nature 518, 507–511 (2015).

48. Dyda, F. et al. Crystal structure of the catalytic domain of HIV-1 integrase:
similarity to other polynucleotidyl transferases. Science 266, 1981–1986
(1994).

49. Quashie, P. K., Han, Y. S., Hassounah, S., Mesplede, T. & Wainberg, M. A.
Structural studies of the HIV-1 integrase protein: compound screening and
characterization of a DNA-binding inhibitor. PLoS ONE 10, e0128310 (2015).

50. National Center for Biotechnology Information. PubChem Database.
Dolutegravir, CID=54726191, https://pubchem.ncbi.nlm.nih.gov/
compound/Dolutegravir (Accessed on 26 March 2020).

51. National Center for Biotechnology Information. PubChem Database. Elvi-
tegravir, CID=5277135, https://pubchem.ncbi.nlm.nih.gov/compound/
Elvitegravir (Accessed on 26 March 2020).

Nilavar et al. Cell Death Discovery            (2020) 6:50 Page 8 of 8

Official journal of the Cell Death Differentiation Association

https://pubchem.ncbi.nlm.nih.gov/compound/Dolutegravir
https://pubchem.ncbi.nlm.nih.gov/compound/Dolutegravir
https://pubchem.ncbi.nlm.nih.gov/compound/Elvitegravir
https://pubchem.ncbi.nlm.nih.gov/compound/Elvitegravir

	Biochemical activity of RAGs is impeded by Dolutegravir, an HIV integrase inhibitor
	Introduction
	Results
	Dolutegravir inhibits nicking activity of cRAGs, but only at higher concentrations
	Dolutegravir abrogates binding of RAG1 domains to 12RSS substrate
	Inhibition of binding at lower concentrations seen using bio-layer interferometry

	Discussion
	Materials and methods
	Enzymes, chemicals, and reagents
	Plasmids
	Cell lines and culture
	Oligomeric DNA
	5&#x02032; end labelling of oligomers
	Expression and purification of RAGs
	RAG nicking of oligomeric DNA
	Electrophoretic mobility shift assay
	Biolayer interferometry
	Statistical analysis

	Acknowledgements




