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Abstract 

R etro viral integration is mediated by viral integrase (IN), which synapses two viral long terminal repeat DNA ends and produces a series of 
nucleoprotein comple x es kno wn as intasomes. While str uct ural st udies of mat ure intasomes ha v e illuminated k e y aspects of their architec- 
ture and provided insights into the integration reaction, the sequence of e v ents driving IN oligomerization and engagement of the viral DNA 

pairing remains unclear. Here, using complementary biochemical and bioph y sical approaches, including ensemble and single-molecule Förster 
resonance energy transfer, we reveal that integration progresses through a k e y transient intermediate that leads to the mature intasome. We 
demonstrate that Rous sarcoma virus intasome assembly pathway proceeds through a tetrameric intermediate where two IN dimers engage a 
single DNA end. This complex subsequently oligomerizes to form mature, functional octameric intasome in which two DNA ends are juxtaposed 
f or concerted integration. T hese findings pro vide mechanistic insights into the stepwise pathw a y of retro viral integration and define a previously 
uncharacterized intermediate critical for intasome maturation, and possibly a drug target for clinically relevant retroviruses. 
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ntroduction 

etrovirus integrase (IN) possesses a unique ability to insert
he ends of linear viral DNA in a concerted fashion into the
ost genome, a step required for virus replication. Despite ad-
ances in our understanding of integration from structural
tudies, there is a substantial gap in deciphering the assembly
echanisms associated with these IN/viral DNA complexes,
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here termed intasomes. IN from Rous sarcoma virus (RSV),
Human immunodeficiency virus type 1 (HIV-1), and related
retroviruses share a conserved three-domain architecture com-
posed of a catalytic core domain (CCD) that is flanked by
amino (NTD) and carboxy-terminal domains (CTDs) [ 1 –3 ].
The NTD adopts a three-helix bundle and contains the con-
served HHCC motif that coordinates a Zn 

2 + ion [ 4 , 5 ]. The
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Figure 1. RSV intasome assembly showing the terminal IN –DNA complexes produced in vitro . ( A ) The wild-type (WT) full-length RSV IN (1 –286 aa) or 
the IN (1 –278), having an 8-aa truncation in the C-terminal tail region binds to viral LTR DNA ends, resulting in the assembly of a stable octameric CSC. 
( B ). IN (1 –269), having a truncation of complete 17-aa tail region, and certain missense IN mutants produce a tetrameric CSC intasome only. ( C ) STC can 
be assembled in vitro using a branched STC substrate mimicking viral DNA co v alently joined to target DNA. All of RSV INs produce octameric STC 

intasome. Multimeric forms of IN are not shown in these schematics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Differential assembly of RSV intasomes. Octameric and 
tetrameric intasomes are e x clusiv ely end-products formed with IN (1 –278 
aa) or IN (1 –269 aa). 
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CCD is the most conserved domain among retroviruses and
contains the active site comprising the DDE (Asp-Asp-Glu)
motif which is responsible for catalytic activity [ 6 , 7 ]. The
CTD, which adopts an SH3-like fold, is the least conserved
domain [ 8 ]. The CTD is proposed to be the primary factor
driving formation of different oligomeric forms of nucleopro-
tein complexes observed with different retroviral INs [ 9 , 10 ].
The structure of the flexible C-terminal tail region, which ex-
tends beyond the CTD, has not been fully resolved. The 17-aa
tail region (270 –286 aa) in RSV IN has a key role in defining
intasome architecture [ 11 –13 ]. 

During integration, IN binds both ends of linear viral DNA
(generated by reverse-transcription) and removes two nu-
cleotides from the 3 

′ -termini of catalytic strand producing
cleaved synaptic complex (CSC). IN within the CSC intasome
binds host DNA to form the strand transfer complex (STC)
and mediates the nicking of host DNA and joining of viral
DNA to host DNA. In this study, intasome specifically refers to
the complex formed with IN and viral DNA. In general, most
intasome assemblies observed in vitro suggest DNA-mediated
tetramerization of the predominant IN species observed in
solution although the precise oligomeric states vary across
retroviruses. Intasomes are composed of IN multimers rang-
ing from four subunits for prototype foamy virus [ 14 ], human
T-cell leukemia virus [ 15 ], and simian T-lymphotropic virus
type 1 [ 16 ] to 8 for alpha-retrovirus RSV [ 17 , 18 ] and beta-
retrovirus mouse mammary tumor virus [ 19 , 20 ]. Lentiviral
intasomes display greater variability, containing between 4
and 16 IN subunits [ 21 –24 ]. Thus, intasomes exhibit consider-
able structural diversity despite conserved catalytic function. 

Available intasome structures represent end-products of
the integration pathway; the CSC formed with IN and viral
long terminal repeat (LTR) DNA and the STC formed with
a branched DNA substrate mimicking viral LTR DNA cova-
lently joined to the target DNA. We previously showed that
the C-terminal tail region of RSV IN plays a critical role in de-
termining the CSC intasome architecture (Figs 1 and 2 ). RSV
IN (1 –269), lacking the tail region, predominantly forms the 
tetrameric intasome (Figs 1 B and 2 ), whereas full-length RSV 

IN (1 –286) forms the octameric intasome [ 11 ]. IN (1 –278) 
was the most efficient in producing octameric intasomes as 
end-products [ 12 ] (Figs 1 A and 2 ). Interestingly, truncations 
within the C-terminal tail region (270 –286 aa) did not sig- 
nificantly affect the 3 

′ -processing [ 12 ], strand transfer activ- 
ities, and their ability to produce STC in presence of a tar- 
get DNA (Fig 1 C and Supplementary Fig. S1 ). Strand trans- 
fer and 3 

′ -processing activity is typically measured at 37 

◦C,
while the intasome assembly is carried out at 18 

◦C to prevent 
catalysis. 

We previously reported that mature octameric intasome for- 
mation with IN (1 –278) and IN (1 –286) was preceded by a 
tetrameric complex [ 12 ]. We hypothesize that there are key 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
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ntermediates in the intasome assembly pathway with distinct
N multimers and viral DNA, which subsequently results in
he binding of target DNA and integration. We proposed that
SV tetrameric intasome may be a transient precursor to the
ature octameric intasome. In this study, we further establish

he steps associated with formation of tetrameric intasome
recursor and its conversion to mature octameric intasome.
ur results show that the precursor tetrameric intasome con-

ists of two IN dimers bound to a single DNA molecule, which
ubsequently oligomerizes to yield the functional mature oc-
americ intasome. These findings provide mechanistic insight
nto the stepwise assembly of retroviral intasomes and iden-
ify a previously uncharacterized intermediate that is critical
or integration. 

aterials and methods 

SV IN expression and purification 

SV IN constructs were expressed in Esc heric hia coli
L21(DE3)pLysS (Agilent Technologies) and purified to near-
omogeneity ( Supplementary Fig. S2 ). The WT Prague A
N subunit, 286 aa in length, designated IN (1 –286) was
loned in Nde I- Bam HI site of pET11a. Site-directed mutage-
esis was carried out to generate truncations of C-terminal
ail region and active site mutants (D64K, D121A). The DNA
equences of all IN constructs were confirmed by sequenc-
ng. For this study, RSV IN (1 –278 aa) is simply referred
o as RSV IN. The bacterial cells transformed with various
xpression IN constructs were grown in Terrific broth me-
ia at 37 

◦C to an A 600 nm 

of 1.5 prior to induction with
.4 mM isopropyl-thio- β-D-galactopyranoside. Cells were
arvested by centrifugation following 3 h of induction at
7 

◦C. IN was extracted by sonication in high-salt buffer (50
M HEPES, 1 M NaCl, 1 mM TCEP, pH 7.5) and puri-
ed by two-step ion-exchange chromatography. The extracts
ere diluted to 500 mM NaCl and loaded on a 5 ml Hi-
rap SP HP column (Cytiva Life Sciences), and bound pro-
ein eluted in a linear gradient of 0 –1 M NaCl [50 mM
EPES, 10 mg MgSO 4 , 1 mM ethylenediaminetetraacetic

cid (EDTA), 1 mM TCEP pH 7.5]. Top IN fractions iden-
ified by sodium dodecyl sulfate (SDS) –polyacrylamide gel
lectrophoresis were loaded on a 5 ml EconoFit Macro-Prep
igh S Column (Bio-Rad) and eluted with linear gradient of
 –1.7 M NaCl (50 mM HEPES, 10 mg MgSO 4 , 5% glyc-
rol, 1 mM EDTA, 1 mM TCEP, pH 7.5). Purified IN frac-
ions were pooled and concentrated to 20 –30 mg/ml us-
ng Amicon Ultra-15 centrifugal filters (30K MWCO). INs
ere predominantly dimeric in solution ( Supplementary Fig.
3 ). The protein concentrations were reported as monomeric
orms. 

iral DNA substrates and concerted integration 

ssay 

he concerted integration assays were performed using 3 

′ -
H recessed oligonucleotide viral DNA substrates and RSV

N as described previously [ 11 , 12 ]. Double-stranded 3 

′ -OH
ecessed substrates containing RSV gain-of-function(G) U3
ere generated by annealing oligonucleotides synthesized by

ntegrated DNA Technologies. The DNA substrates were re-
essed by two nucleotides on the catalytic strand and desig-
ated with “R.” The oligonucleotide length denotes the non-
catalytic strand. The sequences were as follows: 18R GU3
(5 

′ -A TT GCA T AA GA C A A C A-3 

′ and 5 

′ -AAT GTT GTC
TTA TGC AAT-3 

′ ), 20R GU3 (5 

′ -GTA TTG CAT AAG ACA
ACA-3 

′ and 5 

′ - AAT GTT GTC TTA TGC AAT AC-3 

′ ). In
select experiments, the 18-nt non-transferred strand was la-
beled with Cy3 at 5 

′ end. The blunt-ended substrate (18B) was
generated by annealing (5 

′ -ATT GCA TAA GA C A A C ATT-3 

′

and 5 

′ -AAT GTT GTC TTA TGC AAT-3 

′ ). The bold under-
lined nucleotide on the catalytic strand differed between the
GU3 and WT U3 sequence. The typical assay contained IN
and 18R GU3 at 2 and 1 μM concentration, respectively, in
20 mM HEPES, pH 7.5, 125 mM NaCl, 10 mM MgCl 2 , 5
mM dithiothreitol (DTT), and 10% (v/v) dimethyl sulfoxide
(DMSO) in a total volume of 50 μl. After initial preincuba-
tion of the IN/DNA mixture at 14 

◦C for 15 min, the super-
coiled target DNA (300 ng pUC19) was added, and strand
transfer was carried out at 37 

◦C for 30 min. Reactions were
stopped with EDTA to a final concentration of 25 mM, and
samples were deproteinized with 0.5% SDS, 1 mg/ml pro-
teinase K for 1 h at 37 

◦C. The strand transfer products were
resolved on a 1.3% agarose gels, stained with SYBR Gold (In-
vitrogen), and analyzed using a Typhoon 9500 Laser Scanner
(GE Healthcare). 

Assembly of the RSV cleaved synaptic complex 

RSV CSC intasomes were assembled with IN and 18R GU3 in
the presence or absence of integrase strand transfer inhibitor
(INSTI) MK-2048 [ 11 ]. The intasomes were analyzed by size-
exclusion chromatography (SEC) using Superdex 200 Increase
(10/300) (Cytiva Life Sciences) at 4 

◦C. The intasome assem-
bly without INSTI was performed in 20 mM HEPES, pH 7.5,
150 mM NaCl, 50 mM MgSO 4 , 1 M non-detergent sulfo-
betaine (NDSB)-201, 10% DMSO, 10% glycerol, and 1 mM
tris(2-carboxyethyl)phosphine (TCEP). Intasomes were puri-
fied by SEC in 20 mM HEPES, pH 7.5, 150 mM NaCl, 50
mM MgSO 4 , 5% glycerol, and 1 mM TCEP. The assembly
reactions that contained INSTI MK-2048 were carried out in
20 mM HEPES, pH 7.5, 100 mM NaCl, 100 mM ammonium
sulfate, 1 M NDSB-201, 10% DMSO, 10% glycerol, 1 mM
TCEP. INSTI bound intasomes were purified by SEC in 20
mM HEPES, pH 7.5, 200 mM NaCl, 100 mM ammonium
sulfate, 5% glycerol, and 1 mM TCEP. Reaction mixture typ-
ically contained 45 μM IN (as monomers), and 15 μM 3 

′ -OH
recessed oligonucleotide, and where indicated 125 μM MK-
2048. MK-2048 was generously provided by Merck & Co.
The samples were incubated at 18 

◦C for 18 h unless otherwise
indicated. For time-course experiments, the half-time ( t 1/2 ) of
the tetramer-to-octamer conversion was determined by non-
linear fit using equation “Y = Y 0 + (Plateau- Y 0 ) (1-exp 

−Kx )”;
where Y 0 is the initial value, plateau is the Y value at 24 h, K
is the rate constant, expressed in reciprocal of X unit (time).
The half-time ( t 1/2 ) was computed as ln[2]/K. Individual data
points representing independent experiments ( n ≥ 3 per time
point) are shown as a scatter plot ( Supplementary Fig. S4 ). All
statistical analyses were carried out in Graph Pad Prism 10. 

For functional characterization of intasome oligomeriza-
tion, octameric and tetrameric intasomes were purified by SEC
from assembly reactions incubated for 24 and 1 h, respec-
tively, in absence of INSTI (Fig. 3 ). Equimolar concentrations
of two intasome fractions each were used for strand transfer
at 37 

◦C for 10 min with 300 ng target DNA (pUC19). The

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
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Figure 3. Transient RSV tetrameric CSC intasome is rapidly converted to octameric CSC intasome in absence of INSTI. ( A ) SEC profiles of a time course 
of CSC intasome assembly with RSV IN (1 –278) without INSTI. Tetrameric CSC intasomes are formed early and rapidly converted to octameric CSC 

intasomes. ( B ) Quantitation of relative percentage of intasomes. Dotted lines indicate non-linear fit ( t 1/2 = 0.96 ± 0.3 h). 
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reactions were deproteinized and analyzed on 1.3% agarose
gel ( Supplementary Fig. S5 ). 

Native mass spectrometry 

The purified IN and intasomes were analyzed by native mass
spectrometry (MS) to determine their mass and stoichiom-
etry ( Supplementary Fig. S6 ). The intasomes were assem-
bled and purified as described earlier in presence of MK-
2048 under conditions to maximize the production of oc-
tamer or tetrameric complex. Following purification by SEC
in buffer devoid of glycerol, intasome samples were buffer ex-
changed into 200 mM ammonium acetate using Micro Bio-
Spin 6 columns (Bio-Rad). For native MS analysis, sample
was loaded into a commercial borosilicate emitter (ES380,
Thermo Scientific, Hudson, NH, USA) using a gel loader tip
and was briefly centrifuged (2 –3 s) to move the fluid to tip
of the emitter. The emitter was then mounted onto the ESI
source of a Thermo Exactive Plus EMR Orbitrap mass spec-
trometer (Thermo Scientific, Waltham, MA, USA). MS data
were collected in the positive ion mode over a m/z range of
1000 –9000 with a source voltage of 0.9 –1.2 kV and capil-
lary temperature of 150 

◦C. Data were processed using Unidec
software. Native MS was carried out at WUChem Biomedical
Mass Spectrometry Facility located at Washington University
in St. Louis, MO. 

Mass photometry 

The SEC-purified fractions containing tetrameric and oc-
tameric fractions were analyzed by a TwoMP instrument
(Refeyn Inc) as described [ 25 ]. Briefly, the purified complexes
were diluted in 20 mM HEPES, 100 mM NaCl, 200 mM am-
monium sulfate, 1 mM TCEP, pH 7.5 and immediately ap-
plied on a clean slide for light scattering measurements at a fi-
nal concentration of 5 nM. Molecular weight standards were
resuspended in matching buffer and used to calibrate and con-
vert the particle-image contrast due to scattered light into MW
units. Standards included β-amylase (three species of 56, 112,
and 224 kDa, respectively) and thyroglobulin (single species
of 667 kDa). 
Steady-state fluorescence (bulk-FRET) 

RSV IN intasomes were assembled as described earlier us- 
ing viral LTR DNA internally labeled at position 9 with Cy3 

(iCy3-18R GU3; 5 

′ -AAT GTT GTC /iCy3/TTA TGC AAT-3 

′ ) 
or Cy5 and (iCy5-18R GU3; 5 

′ -AAT GTT GTC/iCy5/TTA 

TGC AAT-3 

′ ) on the non-transferred strand and annealed 

with complementary transferred strand (5 

′ -A TT GCA T AA 

GA C AA C A-3 

′ ). Equimolar quantities (7.5 μM each) of iCy3 

18R-GU3 (donor)- and iCy5 18R-GU3 (acceptor)-labeled an- 
nealed 18R GU3 were used in the assembly mixture. Label- 
ing at position 9 was not expected to affect IN binding or 
intasome assembly, as determined from the IN –DNA interac- 
tions in cryo-EM structures [ 18 , 26 ]. The distance between 9th 

nucleotide on two DNA ends within the CSC intasome is 39 

Å , which is appropriate for Förster resonance energy transfer 
(FRET) analysis [ 18 , 26 ]. The complexes were assembled un- 
der conditions suitable to allow purification of tetrameric as 
well as octameric intasomes from the same sample. Intasome 
assembly and concerted integration was not affected by inter- 
nal fluorophore labeling of viral LTR DNA. Octameric and 

tetrameric intasomes, purified by SEC, were analyzed using a 
Fluoromax-3 (Jobin Yvon, Inc., Edison, NJ) spectrofluorome- 
ter at 14 

◦C with a temperature-regulated cell holder. The sam- 
ples were excited with 550 nm (donor excitation), and emis- 
sion spectra were collected from 555 to 720 nm for quench- 
ing of Cy3 (peak at 565 nm) and sensitized emission of Cy5 

(peak at 668 nm). All spectra were corrected for buffer and 

instrument. 

Single-molecule FRET 

The SEC purified fractions containing tetrameric or octameric 
fractions were analyzed by single-molecule FRET (smFRET)- 
TIRFm (total internal reflection fluorescence microscopy). The 
complexes were assembled with equimolar ratio of iCy3 18R- 
GU3 (donor)- and iCy5 18R-GU3 (acceptor)-labeled 18R 

GU3 (7.5 μM each) with RSV IN (45 μM). The tetrameric 
and octameric intasomes were purified using SEC and immedi- 
ately analyzed by smFRET. Intasome complexes were loaded 

onto pre-cleaned coverslip-chambers. The complexes were 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
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llowed to settle down passively. Excess molecules were
ashed off using binding buffer (20 mM HEPES, pH 7.5,
00 mM NaCl, 100 mM ammonium sulfate, and 1 mM
CEP). Single molecule TIRF imaging was performed in

he same buffer supplemented with oxygen scavenging sys-
em and Trolox using an inverted, objective based total-
nternal-reflection fluorescence microscope (TIR-FM; IX71
lympus). Samples were excited with a 532nm laser or
37nm laser to excite the donor or the acceptor, respectively.
onor fluorescence (green traces) and energy-transferred

cceptor traces (red) were collected at the rate of 100
s frame time using an EM-CCD (iXon Ultra DU-897U-
S0). The data analysis was carried out as described earlier

 27 ]. 
To analyze the freely diffusing intasomes in solution, sm-

RET data were collected on an EI-FLEX bench-top micro-
cope (Exciting Instruments Ltd, Sheffield, UK) as described
 28 ] with minor modifications. The intasomes were assembled
sing equimolar iCy3 and iCy5 18R GU3 with or without IN-
TI MK-2048 and purified by SEC as earlier. Before measure-
ent on EI-FLEX, respective SEC buffers were photo irradi-

ted using 100W LED bulb for 3 days in cold room (4 

◦C).
uffers were supplemented with 1 mM TCEP and 0.1 mg/ml
hoto-irradiated bovine serum albumin for intasome dilutions
ust before the measurement. Octamer and tetramer intasome
ere diluted to 10 pM on ice. A 100 μl sample droplet was
laced onto a no.1 thickness coverslip and excited with al-
ernating 520 nm (0.22 mW) and 638 nm (0.15 mW) lasers,
espectively. Lasers were sequentially turned ON for 45 μs
or each measurement and separated by a dark period of 5
s for a total of 30 min of acquisition at room temperature

21 

◦C). Fluorescence emission photons from freely diffusing
olecules were collected using an Olympus 60 × (1.2 N.A.)
ater-immersion objective, focused onto a 20 μm pinhole. Af-

er passing through the pinhole, the photons were split us-
ng a 640 nm long-pass filter, cleaned up using 572 and 680
m band-pass filters, and focused onto respective avalanche
hotodiodes. The photon arrival times, and respective detec-
or were saved in HDF5 data format for offline analysis. Sev-
ral measurements were recorded with freshly diluted sam-
les for each intasome populations. The data were analyzed
n Anaconda environment (2.6.6) with Jupyter notebooks, us-
ng FRETBursts Python package 0.7.1 [ 29 ]. FRET values of
ingle-molecule bursts of photon emissions were exported in
xcel sheets then plotted as FRET histograms in GraphPad
rism 10. 

topped-flow analysis of IN –DNA interactions 

o monitor the initial interactions between IN and DNA lead-
ng to the assembly of CSC, we performed stop flow exper-
ments to monitor the IN –DNA (iCy3-18R GU3) dynamics
sing an Applied Photophysics SX20 (UK) instrument in re-
ction buffer containing 20 mM HEPES, pH 7.5, 125 mM
aCl, 10 mM MgCl 2 , 10% DMSO (v/v), and 5 mM DTT.
he change in photoisomerization-induced fluorescence en-
ancement of Cy3 was measured upon binding to IN. 100
M iCy3-18RGU3 DNA and varying amount of RSV IN
20 –300 nM) were rapidly mixed and monitored by excit-
ng the samples at 530 nm, and emission was measured us-
ng a 555 nm cut-off filter. Protein and DNA concentrations
enoted here are pre-mixing conditions, which are reduced
to half after mixing the DNA and IN to provide final post-
mixing concentrations. The protein-induced fluorescence en-
hancement was monitored as IN binding enhanced the Cy3
fluorescence signal and fitted using a single exponential equa-
tion and the rate of change was plotted as a function of
IN concentration ( Supplementary Fig. S7 ). The association
constant ( k ON 

) and dissociation rate constant ( k OFF ) were
determined to be 5.6 × 10 

8 M 

−1 s −1 and 8.86 s −1 , respec-
tively, by fitting the data to a linear equation. As expected,
IN binds tightly to viral DNA with a dissociation constant
of ∼15.8 nM. 

Results 

Characterization of a novel assembly intermediate 

in the RSV integration pathway 

Intasome structures from several retroviruses have revealed
the architecture of their end-products in the concerted integra-
tion pathway. However, the pathways leading to formation of
mature intasomes from IN and DNA are not well understood.
Therefore, in this study, we investigated the assembly path-
way using RSV IN and viral DNA, in the absence/presence of
INSTI MK-2048, as a function of time. MK-2048, like other
INSTIs is a strand transfer inhibitor which prevents the tar-
get DNA binding to IN-viral DNA complexes thus preventing
integration [ 30 , 31 ]. In absence of viral DNA, IN remains pre-
dominantly dimeric ( Supplementary Fig. S3 ). 

In absence of INSTI, a tetrameric intasome is formed first
and gradually converted into mature octameric intasomes
(Fig. 3 and Supplementary Fig. S4 A). The t 1/2 for the tetramer
to octamer transition is 0.96 ± 0.3 h. In the presence of MK-
2048 during assembly, the tetrameric intasome accumulates
rapidly with peak yield between 30 min and 1 h and sub-
sequently decreases with time with concomitant increase in
octameric intasome assembly (Fig. 4 and Supplementary Fig.
S4 B). The t 1/2 for the tetramer to octamer transition is 2.94
± 0.5 h. Notably, INSTI was not included during intasome
purification by SEC irrespective of presence or absence of IN-
STI during the intasome assembly. The purified octameric and
tetrameric intasomes assembled for 24 and 1 h respectively
were used directly at equimolar concentration to assess their
ability for strand transfer. ( Supplementary Fig. S5 ). The re-
sults showed higher concerted products with octameric in-
tasomes confirming that it is primed to binding target DNA
and concerted integration. Intasome assembly with the blunt
DNA substrate (18B) show similar kinetics though the over-
all yield of intasome is much lower compared to pre-processed
substrates ( Supplementary Fig. S8 ). The length of viral DNA
substrate used in intasome assembly was empirically deter-
mined. 18R yielded most robust yield and stable complexes
suitable for structure determination [ 18 ]. Intasome produced
with longer ( ≥ 20R) viral DNA substrates had lower solubil-
ity and yield (data not shown). As expected, the IN catalytic
mutants D64K and D121A defective for strand transfer [ 32 ]
( Supplementary Fig. S3 D) did not produce either tetrameric
intermediate or mature octameric intasomes ( Supplementary
Fig. S9 ). These data confirm earlier reports using HIV-1 IN
[ 31 ] and RSV IN [ 11 ] that INSTI is not required for the assem-
bly of intasomes. Rather, INSTI such as MK-2048 traps and
stabilizes the intasomes in solution resulting in their higher
yield. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
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Figure 4. RSV tetrameric CSC intasome is an assembly intermediate for the mature octameric CSC intasome in vitro . ( A ) SEC profiles for a time course 
of CSC intasome assembly with RSV IN (1 –278) in presence of INSTI MK-2048 at 18 ◦C. Selected assembly time points are shown for clarity. Tetrameric 
CSC intasomes are formed early in the assembly pathway that are gradually converted to octameric CSC intasomes. ( B ) R elativ e percentage yield of 
intasome is plotted at all assembly time points. Dotted lines indicate non-linear fit ( t 1/2 = 2.94 ± 0.5 h). 

Figure 5. Potential assembly pathw a y s of RSV intasome. Proximal and 
distal IN protomers are shown in blue and orange, respectively. 
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Pathway choice for oligomerization routes through 

a single DNA-bound tetrameric intasome 

intermediate 

In the RSV integration pathway, DNA binding drives forma-
tion of the tetrameric intasome which then matures into the
octameric form. Cryo-EM studies of the octameric RSV inta-
some revealed two DNA ends bound to opposing IN dimers
[ 18 ]. We have established that a DNA-bound tetrameric inta-
some is a precursor to the mature octamer. The structure of
tetrameric intasome precursor is not available and the mech-
anistic details of how it is assembled in the presence of DNA
remains poorly understood. To parse this mechanism further,
we started out with two possible pathways for the assembly
of the RSV intasome (Fig. 5 ). 

In the first pathway, two DNA -bound IN dimers (that
form the proximal subunits in the final octamer) oligomer-
ize to form an IN tetramer complex. In this scenario, both
DNA fragments are sequestered, and the subsequent steps in-
volve engagement of the distal IN dimers leading to forma-
tion of the octameric intasome. The second pathway posits
an intermediate where one DNA-bound IN dimer oligomer-
izes with a distal IN molecule generating a tetramer contain-
ing a single DNA which then rearranges to produce mature
octameric intasome (Fig. 5 ). The key difference in the sec-
ond pathway is that the two DNA fragments encounter each
other only within the context of the octamer. We observed that
DNA binding to RSV IN is rapid in stopped flow experiments
( Supplementary Fig. S7 ). In these experiments, a Cy3 labeled 

DNA was used and the change in Cy3 fluorescence upon bind- 
ing to IN was monitored. The rate of DNA binding is much 

faster than the oligomerization observed in time course ex- 
periments (Figs 3 and 4 ). Therefore, with respect to pathway 
choice, initial IN –DNA interactions occur rapidly. 

To experimentally distinguish between two pathway 
choices towards formation of the terminal octameric inta- 
some, we used FRET to test the binding of two fluorescently 
labeled LTR DNAs with either Cy3 or Cy5. Equal quantities 
of both labeled DNAs were mixed with IN to assemble the in- 
tasomes and both the tetrameric and octameric intasome were 
separated by SEC (Fig. 6 A). Assembly of two DNA fragments 
within the fractions containing tetramer and/or the octamer 
intasomes should give rise to a high FRET signal. 

The efficiency of separation of the two species was further 
confirmed using mass photometry. The octameric intasome 
fraction displayed a predominant ∼270 kDa peak that cor- 
responds to the octamer along with smaller ∼60 and ∼130 

kDa peaks that correspond to the dimeric and tetrameric 
species, respectively (Fig. 6 B and C). The tetrameric intasome 
fraction displayed two major species that correspond to the 
∼60 kDa dimer and ∼130 kDa tetramer, respectively, along 
with a very minor species for the octamer. Native MS of 
tetrameric intasome displayed a measured mass of 134.2 kDa 
consistent with IN tetramer bound to a single DNA substrate 
( Supplementary Fig. S6 B). Octameric intasome displayed a 
mass of 262.4 kDa ( Supplementary Fig. S6 C) consistent with 

a complex comprising four IN dimers and two molecules of 
18R DNA as observed in the cryo-EM structure [ 18 ]. 

The tetrameric and octameric intasome fractions carrying 
the labeled DNA were subsequently analyzed for changes 
in Cy5 fluorescence signal by exciting the Cy3 donor. Fluo- 
rescence emission scanning of both samples after excitation 

of the Cy3 shows a robust increase in the Cy5 signal for 
the octameric complex compared to the tetrameric complex 

(Fig. 6 D). This suggests that two DNA molecules in the oc- 
tameric complex are bound and aligned as observed in the cry- 
oEM structure [ 18 ] and positioned to generate robust FRET.
In contrast, the lack of a FRET-induced Cy5 signal for the 
tetrameric sample suggests that this complex is composed of 
one DNA-bound IN dimer and a dimer of the proximal sub- 
units not bound to DNA (pathway II; Fig. 5 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
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Figure 6. Characterization of transient tetrameric and mature octameric intasomes assembled with RSV IN.( A ) The SEC purification profile of CSC 

intasomes assembled with IN 1 –278 and C y3/C y5 labeled 18R GU3 LTR DNA in presence of INSTI MK-2048. The top fractions of octameric and 
tetrameric intasome were analyzed by mass-photometer (B and C, respectively) and bulk FRET (D). ( B , C ) Octameric and tetrameric fractions showed 
molar mass predominantly of ∼270 and ∼130 kDa, respectively. Dimeric IN ( ∼60 kDa) was also observed probably due to complex dissociation during 
analysis. ( D ) Bulk-FRET of octameric and tetrameric intasomes. Normalized FRET profiles show that FRET was observed predominantly in octameric 
intasomes only. 

S
o

T  

t  

o  

i  

g  

i  

t  

p  

C  

t  

D  

f  

a  

i  

t  

i  

s  

i  

v  

r  

i  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/54/6/gkag270/8550793 by guest on 01 April 2026
ingle-molecule FRET confirms the 

ne-DNA-bound tetrameric intasome intermediate 

he ensemble FRET studies suggests that the transient
etrameric IN –DNA complex intermediate is likely engaged to
nly one DNA molecule. However, the lack of FRET-induced
ncrease in Cy5 fluorescence could also be explained by the en-
agement of two DNA molecules in the tetramer but bound
n an orientation that is not conducive for FRET. To rule out
his possibility, we used smFRET to directly visualize the com-
lexes and individually quantitate the co-localization of the
y3 and Cy5 fluorescence signals. The tetrameric and oc-

americ intasomes that were formed with Cy3/Cy5-labeled
NA in presence of INSTI MK-2048 and separated by SEC

ractionation were passively coated onto cover slips and im-
ged using smFRET-TIRFm. We observed dynamic smFRET
n only the octameric intasome fractions showing distinct
ransitions from high to low FRET states (Fig. 7 A). The major-
ty of intasome particles containing Cy3 and Cy5 labeled DNA
howed FRET (Fig. 7 B). In contrast, the majority of tetrameric
ntasome particles had either Cy3 or Cy5 labeled DNA indi-
idually and hence no FRET was observed (Fig. 7 B). These
esults point to pathway II being the most plausible pathway
n RSV intasome assembly. These are the first of kind single
molecule studies of retroviral intasome assembly systems that
characterize the intermediate IN –DNA complexes. 

To further quantitate these DNA binding events, we per-
formed smFRET measurements using an EI-FLEX single
molecule fluorescence spectrometer which utilizes alternating-
laser excitation [ 33 ] to specifically sort molecules contain-
ing both donor and acceptor fluorophores. SEC purified oc-
tameric and tetrameric intasomes were diluted to 10 pM and
FRET measured in-solution. The SEC purified intasomes re-
main stable during the measurement as evident by their re-
chromatography ( Supplementary Fig. S10 ). Lower yield of
tetrameric intasome (in absence of INSTI) and its tendency to
rapidly convert to mature octameric intasome did not allow
us to determine its stability. 

The octameric intasome had significantly higher counts
showing high FRET efficiency (Fig. 8 A) compared to the
tetrameric intasome (Fig. 8 B). These data confirm that oc-
tameric intasome has two DNA ends sequestered, while
tetrameric complex has just one DNA end, thus making path-
way II (Fig. 5 ) as the predominant route for intasome assem-
bly. Similar results were obtained when the intasomes were
assembled in presence of INSTI MK-2048 (Fig. 8 C and D).
Tetrameric intasome formed with RSV IN (1 –269) did not

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
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Figure 7. Visualization of intasome comple x es b y smFRE T. ( A ) Traces of smFRE T of the oct americ int asome showing dynamic FRET; the fluorescence 
intensity from donor (Cy3) is shown in green and acceptor (Cy5) in red while the FRET signal is shown in blue. ON/OFF smFRET due to release/recapture 
of DNA molecules. ( B ) Snapshot of the single intasome particles in TIRF. The donor only and acceptor only spots are shown in green and red, 
respectiv ely. T he spots labeled with blue arro w contain both the donor and acceptor and sho w FRET. Please note that not all such particles are labeled. 

Figure 8. Confocal sm-FRET analysis of RSV intasomes using EI-FLEX. SEC purified intasomes were analyzed (10 pM) by EI-FLEX and number of counts 
sho wing FRET w as plotted. T he intasomes w ere assembled using equimolar concentration of iCy3 and iCy5 labeled 18RGU3 DNA. The fluorophores are 
indicated in red and blue. ( A ) Octameric intasome without drug. ( B ) Tetrameric intasome without drug. ( C ) Octameric intasome formed in the presence 
of INSTI MK-2048. ( D ) Tetrameric intasome in the presence of INSTI MK-2048. INSTI MK-2048 is shown in green. The FRET was observed 
predominantly in octameric intasomes only. 
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isplay FRET in a similar experiment (data not shown). It re-
nforces the conclusion that INSTI do not affect the intasome
ssembly, rather trap the intasomes in an inactive state thus
reventing target DNA binding [ 31 , 34 , 35 ]. 

iscussion 

nderstanding the assembly mechanisms of retrovirus inta-
omes by IN multimers is necessary to elucidate the path-
ays for viral DNA integration. The structure of different

etrovirus intasomes has revealed remarkable architectural di-
ersities besides conserved structural features and catalytic
echanisms. Generally, most intasome assemblies observed in

itro suggest DNA-mediated tetramerization of the predom-
nant IN species in solution. It has been difficult to obtain
omogeneous intasome populations with HIV-1 or HIV-2 IN
rimarily due to their poor solubility and tendency to form
olymeric intasome complexes instead of homogeneous uni-
orm species of complexes produced by RSV IN under our
ptimized solution conditions (Fig. 2 ). Here, we provide evi-
ence that assembly of the mature RSV octameric intasome in
itro occurs via a precursor tetrameric intermediate (Fig. 1 ).
he ability of RSV IN to assemble the catalytically active
ctameric intasome from its tetrameric precursor is unique
mong studied retroviral systems. Whether a transient inter-
ediate en route to mature HIV-1 intasome exists is unknown

nd difficult to study due to heterogeneous intasome assembly
 22 , 24 ]. 

We determined the structures of the RSV octameric inta-
ome (four IN dimers and two viral DNA molecules) [ 18 ] and
TC formed with a branched DNA substrate [ 26 ] by single
article cryo-EM. These structures as well as other retroviral

ntasome structures show that the two DNA ends are synapsed
y opposing IN proximal subunits providing the catalytic ac-
ives sites and with their NTD ends swapped across the DNA-
inding interface. The tetrameric intasome by virtue of being a
ransient precursor to mature octameric intasome has been re-
ractory to structural studies by cryo-EM. Hence, in this study,
e utilized various in-solution approaches to define the RSV

ntasome assembly pathway (Fig. 5 ). 
Our data support pathway II to be the predominant route

or assembly of mature octameric intasome. We provide sev-
ral lines of evidence to show that tetrameric intermediate
ontains IN tetramer bound to single viral DNA including
ime dependent conversion tetramer to octamer, native MS,
ulk FRET and sm-FRET. A FRET signal is only observed for
he octameric intasomes suggesting that two DNA molecules
re bound with their fluorophore labeled ends juxtaposed
n proximity. The smFRET data further confirm that tran-
ient tetrameric intasomes contain only one DNA molecule.
herefore, no FRET signal is observed. Native MS provides
dditional line of evidence to determine the stoichiometry
f intasomes. Our proposed model suggests that two of the
etrameric complexes undergo rearrangement to produce ma-
ure a octameric intasome. A significant rearrangement is
eeded to synapse two tetrameric complexes in a pathway
eading to formation of mature octameric intasomes as it re-
uires multiple cross subunits interactions between two prox-
mal IN subunits and two DNA ends [ 18 , 26 ]. Adding INSTI

K-2048 during the intasome assembly enabled us to moni-
or the progress of mature octameric intasome assembly from
ts precursor. Formation of tetramer seems to be faster than
its conversion to mature octameric intasome. Within 30 min,
the tetramer yield was maximum while its conversion to oc-
tamer was much slower process with gradual increase in its
yield up to ∼18 h (Fig. 4 ). INSTI allows the accumulation of
trapped intasomes. INSTI binding to the tetrameric intasome
slowed its conversion to mature octameric intasome as evi-
dent from t 1/2 of 2.94 ± 0.5 h compared to 0.96 ± 0.3 h in
absence of INSTI. INSTI binding to intasome delays and in-
hibit the formation of STC [ 3 , 34 ]. In the absence of INSTI
the conversion of tetrameric to octameric intasome is faster;
however, the yield was lower presumably due to their lower
stability. Similar kinetics are observed for intasome assem-
bly using blunt -DNA substrate; however, the yield of com-
plexes was minimal ( Supplementary Fig. S8 ). It is well re-
ported in literature that strand transfer using blunt-ended sub-
strate is delayed due to additional step of 3 

′ -processing re-
quired [ 12 , 36 , 37 ]. In our studies, intasome assembly was
carried out at 18 

◦C to prevent catalysis. RSV IN active site
mutations (D64K or D121A) abolished the assembly of both
the tetrameric intermediate and mature octameric intasome
complexes ( Supplementary Fig. S9 ). Consistent with their in-
ability to assemble intasomes, these mutants were defective
for concerted integration as well ( Supplementary Fig. S3 D).
The tetrameric complex in pathway II is ideally suited to pro-
duce circular half-site products in vitro in which only one
end of viral DNA integrates into the target DNA. RSV IN
(49 –286), which lacks the NTD and hence unable to pro-
vide DNA-binding interface to synapse opposing IN –DNA
complex to produce CSC. However, it is still able to carry
out single-ended integration event producing circular half site
products [ 38 ]. This model also explains higher yield of cir-
cular half-site products at early time points in concerted in-
tegration assays [ 39 ]. On the other hand, concerted integra-
tion requires insertion of two viral DNA ends into target
DNA [ 36 , 40 ]. Sequential joining of two viral DNA ends to
yield the concerted integration products was noted in HIV-1
integration pathway in vitro [ 41 ]. Purified mature RSV oc-
tameric intasome was better primed to produce concerted
products in presence of a supercoiled target DNA compared
to tetrameric intasome (Supplementary Fig. S5). Under identi-
cal assembly conditions without DNA in solution, the RSV IN
remains dimeric ( Supplementary Fig. S3 ) suggesting that the
tetramer formed in pathway II is assembled only after initial
IN dimer-DNA assembly rather DNA binding to a tetrameric
IN. Whether the tetrameric intermediate exists in vivo is un-
known. Due to very low quantities of pre-integration com-
plexes (PICs) in infected cells, it has been technically not fea-
sible to determine oligomeric state or structure of PICs. Time-
dependent assays [ 42 ] have shown that processing occurs
in cytosol before IN –DNA complex encounters cellular host
DNA for strand transfer. Hence the CSC intasomes mentioned
in this study mimics the IN-processed DNA complexes in
cytosol. 

In conclusion, in this study, we characterized a novel in-
termediate in the retroviral integration pathway. These find-
ings establish a stepwise assembly model in which the RSV
octameric intasome is formed through single-DNA-bound
tetramers in vitro . Further studies are needed to ascertain
whether an analogous pathway is present in HIV-1 and simi-
lar retroviruses. The approaches and assays described in this
study may be useful in for dissecting intasome assembly path-
ways and screening for IN inhibitors. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag270#supplementary-data
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