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ABSTRACT. The integration of retroviral DNA by the viral integrase (IN) into the host genome occurs via
assembled preintegration complexes (PIC). We investigated this assembly process using purified IN and
viral DNA oligodeoxynucleotide (ODN) substrates (93 bp in length) that were labeled with donor (Cy3)
and acceptor fluorophores (Cy5). The fluorophores were attached t6 2HgpSoverhangs of the terminal
attachment (att) sites recognized by IN. Addition of IN to the assay mixture containing the fluorophore-
labeled ODN resulted in synaptic complex formation at°CAwith significant fluorescence resonance
energy transfer (FRET) occurring between the fluorophores in close juxtapositionfi&nmo 100 A).
Subsequent integration assays af @&vith the same ODNSEP-labeled) demonstrated a direct association

of a significant FRET signal with concerted insertion of the two ODNs into the circular DNA target, here
termed full-site integration. FRET measurememi&) show that IN binds to a particular set of @H
recessed substrates (type 1) generating synaptic complexes capable of full-site integration that, as shown
previously, exhibit IN mediated protection from DNasel digestion up- 29 bp from the ODN att ends.

In contrast, IN also formed complexes with nonspecific DNA ends and loss-of-function att end substrates
(type 11) that had significantly loweAF values and were not capable of full-site integration, and lacked

the DNasel protection properties. The type Il category may exemplify what is commonly understood as
“nonspecific” binding by IN to DNA ends. Two IN mutants that exhibited little or no integration activity
gave rise to the loweAF signals. Our FRET analysis provided the first direct physical evidence that IN
forms synaptic complexes with two DNA att sites in vitro, yielding a complex that exhibits properties
comparable to that of the PIC.

Integration of retroviral DNA by integrase (INjnto the of cellular DNA sequence&). The sizes of the duplications
host chromosome is an essential step in virus replication. (4—6 bp) are dependent upon the specific retrovirus species.
IN multimers are associated with both ends of the linear viral The distances between the recesse@R ends held together
cDNA in the PIC where several other viral and cellular by IN must be in the range 0#16—20 A prior to integration
proteins are also foundL{-6). For most retroviruses, two to allow these size duplication3)((Figure 1).
nucleotides are removed from botht8rminal blunt-ended Structural investigations have shown that IN possesses
DNA att sites by IN (3:OH processing), exposing the highly  three distinct domaing-13). The N-terminal domain¢50
conserved CA dinucleotide at the recessed ends. Taeds residues) is characterized by a zinc-stabilized hetlixn—
of the viral DNA undergo IN-mediated integration into  helix motif. The central domain<180 residues), also called
genomic DNA in a concerted fashion (termed concerted or the catalytic core, contains the D,D(35)E motif conserved
full-site integration). The integration process is completed among retroviral and retrotransposon INJ. This motif is
by cleavage of the unpaired dinucleotides from therids  essential for catalysis, and single mutations in the three D,D-
of viral DNA and host-mediated repair of the gaps between (35)E residues impair enzymatic functions. The core domain
the viral and genomic DNA, resulting in a short duplication is also involved in binding to the viral DNA att site and
target DNA sequences. The C-terminal domaib( resi-

T This work was supported in part by National Institutes of Health dues) of IN possesses nonspecific DNA binding properties
Grants CA16312 and Al31334, . and is involved in stabilizing INDNA complexes. The
878g_olé’g;?r?Scloé{;e;;’?_%C;%%C_e;rrl]oéfllfj Egrg‘i%islj_ee%u?hone' (314) 977'central_ and C-terminal domains are also involved in the

# Institute for Molecular Virology. formation of dimers and tetramerd5). Even though the

f/[_\)te)gg\t/?;(taigtngf Eﬂﬁ‘fher”;iﬁiéy ant_d Molecullar Bi?'lc,’\ng' t at structures of t_he three dqmains havc_a beer_1 determined
attachment site; ds, dohgle-strsr:gelgnDcl\?R];psg(es?r'lgle’-gt]r:gcrj?jjeb?\lA; IndIVIdl.Ja”y or '.“ two domain pairs, their spatial arrangg-
wt, wild type; ODN. oligodeoxynucleotide; NS, nonspecific; FRET, ments in synaptic complexes composed of full-length IN with
fluorescence resonance energy transfer; DNasel, deoxyribonuclease 1At DNA substrates are unknown.

AV, v myelblastoss VI RSV, Rous sacoma s HEPES.  Several models describing the arrangement of il
threitol; LTR, long terminal repeats; Cy3 and Cy5, cyanine maleimide DNA complexes alone or with cellular DNA have been
dyes. proposed on the basis of biochemical and structural ap-
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U5 att 5 containing the fluorophore-labeled ODN and IN by quantify-
|:*F|32?; e @ N ing the energy transfer occurring between the fluorophores
+ A f in close juxtapositioni8, 19).
U3 att Fﬁfrgpohrme We ?nvestigated the assem_bly properties of—IB_\I_\IA
synaptic complexes at 12C using FRET. We positively
l 1. Addition of IN correlated significant fluorescence signaF) changes with
2. Assembly at 14°C US att full-site integration activity at 37C and protection of the
Donor ~20 bp region of active att site sequences by IN from DNasel
FRET I:a, Acceptor digestion at 14°C (20, 21). The fluorescence intensity
Signal R Ua ot Parallel changes allowed us to identify two types of HONA
> Fashion complexes, one rising from active att DNA substrates and

the other from non-active att site DNA substrates. For
example, a single-nucleotide change in active wt U3 att
sequences at position 7 (C to A) prevented full-site integra-

3. Addition of Circular Anti-Parallel tion activity and DNasel protection by INeP) as well as a
DNA target Fashion significant FRET signal. Our FRET analysis provides the
first direct evidence that IN associates with two att site DNA
2.8 kbp ) S . .
substrates, forming complexes in vitro whose integration
4 ;"’g’_‘/ﬂé’a"m" capacity is comparable to that of the PIC.
Full-Site
I 1 s/ T ] EXPERIMENTAL PROCEDURES

3.05 kb, e . .
P Purification of RSV IN and Its MutantRecombinant wt

rr
|:O Half-Site RSV IN and several IN mutants (D121A and W233A) were
purified to near homogeneit®®). Fractions from the final
FIGURE 1: Schematic for assembly and FRET analyses ofdl purification step were divided into aliquots and storee @0
DNA synaptic complexes that are capable of full-site integration. °C. IN dilution buffer was 50 mM HEPES-NaOH (pH 7.5),
The U5 and U3 att ODN's are labeled with donor (blue) and acceptor 3 mM DTT, 1 mM EDTA, 10 mM MgC}, 10% glycerol,
(red) fluorophores, respectively. IN is depicted as a dimer. In steps gnd 0.8 M NaCl. Protein concentrations were determined

1 and 2, assembly of the synaptic complexes occurs atCl4 :
allowing the assessment of the synaptic complex formation without by absorbance at 280 nm, where 1 OD unit corresponds to

strand transfer activity. The U5 and U3 att sites are modeled in @ concentration of 0.54 mg/ml28). Molar concentrations
either a parallel 12, 16, 17) or an antiparallel 13) fashion. The were calculated as IN dimers (64/mL is equal to 1000
number of IN subunits is unknown, and a tetramer is only shown nM).

for illustrative purposes. In steps 3 and 4, the assembled synaptic . . . . .
complexes are also subjected to strand transfer analysis 4€ 37 OligonucleotidesTo provide structurefunction relation-

by the addition of supercoiled DNA. Two integration products are Ships between substrates for full-site integration activities
produced. The full-site products are produced when two individual with fluorophore-labeled substrates using FRET, we designed

donor substrates are inserted into the target DNA in a concertedg series of ODNs that could be used for both experimental
.faSh'%”f pré’d‘;]‘:'”%\tlhe linear 3|-1 kb F(’erd“Ct' Tlhe rl‘a'.f's'tehprOdUCt approaches (Figure 2). Dual PAGE-purified unlabeled syn-
is produced when IN inserts only one donor molecule into the target. thetic ODNs (91 and 93 bases) with U3 and U5 LTR att

proaches (Figure 1)1@, 13, 16, 17). In one model, the U5  sequences and nonspecific (NS) sequences of pGEM origin
and U3 att DNA sites are in a parallel configuration (Figure Wwere purchased from Qiagen. The U5 and U3 LTR sequences
1) and are held together by a tetramer or an octamer of IN. were Schmidt-Ruppin strain A. The gain of function (“G”)
Each viral DNA end interacts with an active site and the U3 substrates (Figure 2, sequences ¢ and d) with an A
C-terminal domain donated by the same IN dimer, while the mutated at position 6 on the catalytic strand increased its
entire synaptic complex is held together by interactions strand transfer activities over those of wt U3 and wt @6)(
between IN subunits in trans. In another model, the viral The loss-of-function (“L") U3 substrate contamha C to A
DNA ends are held together in an antiparallel fashion (Figure mutation at position 7 on the catalytic strand (Figure 2,
1) with the active site and C-terminal domains supplied in Sequences-46). The 5 end fluorescently labeled (Cy3 or
trans to each DNA end by the two IN dimers. With both Cy5) ODNs (93 bases, dual HPLC purified) were purchased
models, the 30H recessed U5 and U3 att site ends must from Integrated DNA Technologies, Inc. (Figure 2). The
be within~16—20 A for insertion of the viral ends into the ~ degree of fluorophore labeling of DNA was determined on
target DNA. Using only purified IN and viral DNA sub- the basis of the ratio of attached fluorophore to DNA
strates, we investigated the process through which synapticconcentration. The ratios were0.8 for all ODNs used in
complexes assemble in a way which would not rely upon this study.

full-site integration activity. To achieve this, we took For strand transfer assays, single-stranded ODNs (93-base
advantage of the distance requirementd§ A) of U5 and noncatalytic strand) were' ®nd-labeled with }-32P]ATP

U3 DNA ends held together by IN in synaptic complexes using T4 polynucleotide kinase (Figure 2). The radioactive
capable of full-site integration. The placement of Cy3 and ODNs were hybridized with equimolar unlabeled 91-base
Cy5 fluorophores separately at the ends of the att DNA complementary catalytic strands. The mixtures were heated
substrates would allow energy transfer between the fluoro- to 90°C for 5 min followed by annealing with slow cooling
phores held together by IN in synaptic complexes (Figure to room temperature (90 min). The completeness of DNA
1). By FRET measurements, we investigate these interactionshybridization was checked by electrophoresis of DNA on
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Strand Transfer Substrates NaCl, 10% DMSO, 10 mM MgGl 1 mM DTT, and 8%
a)wt U3 Be GTATTGCATAAGACTACA polyethylene glycol (6000 Da). Reaction mixtures containing
3-evriee.. CATAACGTATTCTGATGTAT-"P various amounts of RSV IN and 15 ng of ds ODN (2.5 nM)
b)wtU3-CyS  P-5-........ GTATTGCATAAGACTACA per 100 uL were preincubated at 14C for 30 min to
B CATAACGTATTCTGATGTAT-Cy5 assemble synaptic complexes. To initiate strand transfer, 5
) GU3 5, GTATTGCATAAGACAACA ug of supercoiled pGEMS3 target DNA of 2.86 kb (1:10
s CATAACGTATTCTGTTGTAT-*P ODN:target molar ratio) was added to the mixture followed
d)G U3-Cys  GTATTGCATAAGACAACA by immediate incubation at 3TC for 30 min. The reactions
S CATAACGTATTCTGTTGTAT-Cy5 were stopped by addition of proteinase K, EDTA, and SDS.
The DNA products were subjected to electrophoresis on 1.5%
Q) wt Us 5, ATGAAGCAGAAGGCTTCA agarose gels. The full-site products produced with the ODN
Forr TACTTCGTCTTCCGAAGTAT-*P were 3.05 kb in length as determined by comparison to a 1
HWLUS-Cy3  2P-5-........ ATGAAGCAGAAGGCTTCA kb linear DNA ladder (Promega). An Amersham Biosciences
KATe TACTTCGTCTTCCGAAGTAT-Cy3 Phosphorimager was used to determine the quantities of each

product. The presented data represent triplet measurements

Paired Fluorophore Substrates . .
with error bar analysis.

ODN]“""S F'“°r:’v't°k:j’fc“°5°em°' I Fl“‘;‘t":j‘s"fg d3°“°‘ ot Steady-State Fluorescence Measuremer@guimolar
2 GU3-C35 wtus.czg Type amounts of 30H recessed ODN substrates labeled with
3 wt US-Cy5 wt US-Cy3 donor (Cy3) and acceptor (Cy5) fluorophores were mixed
4 L U-Ly5 il S in the optimal strand transfer reaction mixture on ice. The
5 L U3-Cy5 L U3-Cy3 samples were equilibrated at 1€ prior to the addition of
: LU3'§§5C"‘5““‘ snded LU3'§§3Cbl3um ended | Typell IN for analysis. All fluorescence measurements were per-
3 NS_C;S,yblumended N&C;&yblumended formed on either an Amino-Bowman (Spectronic Instru-

Ficure 2: ODN used for strand transfer and FRET studies. At the ments, ROCheSFer' NY) Series 2 or a Fluoro.max-3 (Jobin
top are some of the DNA substrates-@aused for strand transfer Y VON, Inc., Edsion, NJ) spectrofluorometer with a temper-
activities. The wt U3 (a and b), wt U5 (e and ), and G U3 (c and ature-regulated cell holder. The band-pass was 4 nm each
d) mutants are shown witP?P at the 5end without and with  for excitation and emission monochromator. The samples
attached fluorophores, respectively. The G U3 att DNA had an A \yere excited at 550 nmi for Cy3), and fluorescence

(bold) instead ba T atposition 6 on the catalytic strand. With the .
fluorophore present, the complementary catalytic strand was labeled€MiSSion spectra were collected from 640 to 720 N

with 32P on its 5 end prior to annealing. Numbering was from the for Cy5 is~668 nm) using semimicro quartz cell (volume
blunt end of the substrates. The catalytic and noncatalytic strandsof 200 uL). Other att site and non-att site ODN substrates
were 91 and 93 nu(_:leotides in Iength, reSpeCtiVely. At the bottom were handled in a similar manner. All Spectra and emission
?ggiﬁgelin;)‘tﬁggg pa g;{t’é’f?ﬂgrﬁlgcgiﬁo(rgzngads%?%Lzla%ﬁéaef?ntensity values were corrected for buffer and instrument.
were taken from the pGEM-3 vector (positions +ZH1) as The presented data represent triplet measurements with error
nonspecific DNA. The fluorophore pairs were separated into type bar analysis.
I_and type Il relative to t_heir fluorescence intensity signal (on the Analysis of Dono+Target Recombinant€Construction
right under category) (Figure 5). and radioactive labeling of the 474 bp DNA substrates
. containing an internal SupF gene, a genetic selection marker,
2% SeaPlaque agarose gels. ODNs were hybridiz&€5%), with 3'-OH recessed wt U3 and wt U5 ends were described
and no further purification was required for strand transfer (25—27). Digestion of 474 bp DNA with a unique internal
or fluorescence assays. Tfil site produced 243 bp single-ended U3 and 231 bp U5
For fluorescence studies, ds fluorophore-modified ODNs att DNA ODN substrates. A similar 474 bp DNA substrate
were generated by hybridization of fluorophorel&eled  containing G U3 with wt U5 ends was also used. The correct
93-base noncatalytic DNA strands with nonlabeled 91-base sjze full-site DNA integration products were isolated, ligated,
catalytic strands (Figure 2, bottom). The donor fluorophore and transformed into MC1061/P3 cel®8( 29). Colonies
Cy3 was generally attached to the wt U5 93-base ODN, while were screened for plasmids that were analyzed by size,
the acceptor Cy5 was attached to either wt U3 or G U3. restriction enzyme digestions (Bglll, EcoRI, and BamHI),
Other combinations of fluorophore attachments to thenbls and DNA sequencing for donetarget junction. Sequencing
of DNA are described in the text. Fluorophore-labeled ODNs analysis of full-site integration products that were produced
(93 bases) were also hybridized to 91-base ODNs that werepy three independent reactions was performed.
labeled with3?P at their 5 ends (Figure 2, sequences b, d,
and f) to determine if the fluorophore labeling affected strand RESULTS
transfer activity. Blunt-ended DNA and mutant DNA sub-  Optimized Solution Conditions for Assembly of Synaptic
strates for FRET and strand transfer were produced in aComplexes and Full-Site IntegratioStrand transfer assays
similar manner. were performed to confirm solution condition24) and
Integration AssaysConditions for assembling nucleopro- concentrations of different reaction components to maximize
tein complexes capable of producing more full-site integra- full-site integration. For these studies, we used the G U3
tion products over half-site integration products were pre- substrate (Figure 2, sequence c). Protein titration experiments
viously established2d). Full-site integration is the concerted established that the optimum molar ratio of IN to G U3 was
insertion of two ODNs into a target, while half-site integra- approximately 6:1 (Figures 1S and 2S of the Supporting
tion is the insertion of one ODN into a target (Figure 1). Information). The optimum assembly time for synaptic
Optimal conditions were 20 mM HEPES (pH 7.8), 250 mM complex formation was-10 min at 14°C (Figure 3).
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Ficure 3: Kinetics of assembly of nucleoprotein complexes for
paired G U3-Cy5 and U5-Cy3 ODNs with IN.32P-labeled ODNs

(1.25 nM each) containing fluorophores (Figure 2, sequences d and

f) were mixed and assembled with 18 nM IN at %@ for 30 min.
Target DNA was added followed by strand transfer at°@7for

30 min. The products were analyzed as described in Experimental

Procedures. The solid line represents the best fit with a single-
exponential growth equation.

The standard strand transfer assay contained 2.5 nM ODN

and 13 nM IN. We anticipated for our FRET studies that
higher ODN concentrations were necessary to effectively

assess resonance energy transfer between acceptor and donor

fluorophores attached to the &nd of the ODN. Therefore,

we tested a wide range of concentrations of IN and ODN
from the above concentrations up to 20 nM ODN and 104
nM IN. The same percentages of full-site and half-site
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Ficure 4: Sensitized fluorescence emission spectra (FRET) of the
acceptor fluorophore (G U3Cy5) mixed with an equimolar amount

products were obtained which suggests the concentrationspf the donor fluorophore (wt USCys3) titrated with IN. (A) Each

of components did not affect product formation (data not
shown). Therefore, ODN and IN at these higher concentra-
tions were used to facilitate FRET measurements.
Sequencing of ODN DonefTarget Junctions Produced
by RSV INWe and others have established that the avian
IN has the capacity to produce the correct 6 bp host site
duplications upon full-site integration with high fidelit2(,
25, 27—-30). To investigate the fidelity of the host site
duplications under our new conditions with RSV IN, we
tested whether two slightly larger ODNs240 bp) contain-
ing either wt U3 and wt U5 ends or G U3 and wt U5 ends
produced the correct integration products. Plasmid DNA from

fluorophore-labeled ODN (6.25 nM each) (Figure 2, pair 2) was
mixed and assembled at P& with IN at 0, 22, 43, 65, and 87
nM. The excitation wavelength was 550 nrh,(= 550 nm for
Cy3) with a 4 nmband-pass for each excitation and emission
monochromator. Spectra presented in the figure were taken 10 min
after addition of IN with buffer corrected. Emission maxima were
observed at around 668 niixf, = 668 nm for Cy5). (B) The data
showed the effect of IN concentration{87 nM) on the kinetics

of assembly of wt U5Cy3 mixed with G U3-Cy5 at 668 nm
(AF = Foiigo+in — Foiigo) Was due to excitation of USCy3 at 550

nm plotted with time. Each set of data was then fitted with the
single-exponential growth equatiohF = AF.{1 — exp(=k?t)],
whereAFnaxis the maximum fluorescence intensity change at that
IN concentration andk is the rate constant.

individual colonies was isolated and sequenced (Table 1Sphore-labeled ODNs that were also labeled i on the

of the Supporting Information). All of the sequenced DNA
clones exhibited the correct host site duplications with a high
fidelity upon full-site integration.

Integration Assays of Fluorophore-Labeled ODNe
possibility that Cy3 and Cy5 fluorophores attached to the
ODN at their att site ends would inhibit strand transfer
activities existed. We use G U3 and G Yay5 (Figure 2,

sequences ¢ and d, respectively) as well as wt U5 and wt

complementary strand (Figure 2, sequences d and f). Strand
transfer analysis showed a typical assembly process and yield
of full-site and half-site products for G U3Cy5 and U5-
Cy3 (Figure 3). The results suggest that the fluorophores
attached to the'=ends of ODNs containing att sites do not
interfere with assembly of synaptic complexes by IN capable
of full-site integration.

Steady-State Fluorescence Studig@®. investigate as-

U5—Cy3 (Figure 2, sequences e and f, respectively) to test sembly of IN-DNA synaptic complexes at 14, we mixed

this possibility. With both sets of ODNs, the full-site
integration activity with the fluorophore-modified ODN were
reproducibly higher than that with the corresponding ODN
without the fluorophore (Figure 3S of the Supporting
Information). Half-site integration activities were also simi-
larly increased (data not shown). The significantly higher

equimolar quantities (6.25 nM each) of G UBy5 (accep-

tor) and wt U5-Cy3 (donor) (Figure 2, pair 2) in the
presence of varying IN concentrations (Figure 4A). The
increasing observed fluorescence emission intensity spectra
of the acceptor fluorophore with increasing concentrations
of IN strongly suggest that IN is capable of forming synaptic

strand transfer activities observed with the G U3 substratescomplexes wherein the excited donor fluorophore is transfer-

over wt U5 have been observed previousl, (25). To test
the interactions of G U3Cy5 and wt U5-Cy3 for full-site
integration, we mixed equimolar quantities of both fluoro-

ring resonance energy to the acceptor fluorophore. The
fluorescence intensity in the wavelength region from 640 to
720 nm increased approximately 4-fold (maximum at 668
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nm) with a saturating concentration of IN of 87 nM. The site products produced with other viral donors show that the
increase in the sensitized emission of Gt{3y5 at 668 nm yield of the U3-target-U5 product is~36% @5, 34). With
(Figure 4B,AF) due to excitation of U5Cy3 at 550 nm our FRET measurements, only the interactions between U5
shows the formation of synaptic complexes with time at Cy3 (donor) and U3Cy5 (acceptor) are measured in
different IN concentrations. In the absence of IN, there was synaptic complexes. Therefore, approximately one-third of
no fluorescence intensity change upon mixing the donor andthe synaptic complexes are producing energy transfer upon
acceptor ODN together. The nature of the assembly kineticsexcitation of the donor fluorophore to the acceptor fluoro-
monitored by resonance energy transfer was similar to the phore with any of the pair of ODN substrates. The denor
nature of the assembly kinetics observed for full-site integra- donor and accepteracceptor fluorophore ODNs paired by
tion activity (Figure 3). The fluorescence intensity signals IN which are~10 and~54% @5, 34), respectively, do not
observed with the ODN synaptic complexes were stable for provide a transfer energy fluorescence signal.
at least 40 min at 14C; similar stability was observed for We also determined that the observadr values of
synaptic complexes with 3.6 kb DNA2Q). The results different assembled INODN synaptic complexes were
suggest IN holds two att ends together in synaptic complexesstable with time and upon centrifugation of the samples.
capable of mediating full-site integration. Samples were prepared as described in the legend of Figure
To further establish that energy transfer occurred between4, where varying concentrations of IN were assembled with
the donor ODN (U5-Cy3) and the acceptor ODN (G U3 either U5-Cy3 and G U3-Cy5 or NS donor and its acceptor
Cyb5) upon addition of IN, a series of additional control assays ODN. The samples were assembled at°CAfor 15 min,
were performed. In the presence of both fluorophore and theAF was determined. These samples (4@0each)
substrates, different amounts of IN were added as describedvere then subjected to centrifugation at°Cifor 15 min at
in the legend of Figure 4. In one experiment, the donor was 800Qy. Aliquots were carefully taken from the top of the
excited (550 nm), while in another, the acceptor was excited tubes and then again subjected to FRET measurement. The
(648 nm). The emission fluorescence intensities were moni- total elapsed time between the initial FRET readings and
tored in the regions of 560720 and 655720 nm, respec- the final readings was 40 min. ThieF was stable with all
tively. No fluorescence intensity changes were observed uponfour IN concentrations that were tested with eithert5/3
addition of IN when the acceptor fluorophore was excited and G U3-Cy5 synaptic complexes or HNNS DNA
(data not shown). However, during the excitation of the donor complexes (data not shown). The results suggest that the IN
fluorophore, intensity changes occurred. The fluorescence ODN synaptic complexes were stable and did not form large
emission intensity of the acceptor molecule (G-£3/5) insoluble structures in solution.
increased in the 648720 nm region (Figure 4A) at the cost Specificity of Synaptic Complex FormatioiN appears
of the donor molecule (U5Cy3) in the 566-640 nm region, to bind to closed DNA and DNA ends in a nonspecific
indicating resonance energy transfer occurring because ofmanner as demonstrated by nitrocellulose filter binding
their interactions while forming synaptic complexes. Quench- assays and other approaches, although specific contacts of
ing of the donor fluorophore occurred in the broad low- IN residues with att site sequences are observed by BNA
wavelength region in comparison to the sensitized emission protein cross-linking studie§ (26, 31). With AMV and RSV
of the acceptor fluorophore. The sensitized emission intensity IN, the enzyme forms specific complexes at the ends of G
was measured\F at 668 nm) instead of quenching because U3 and wt U3 DNA substrates, producing-&20 bp DNasel
the former gave a 4-fold stronger signal. protective footprint at the att sites but not with L U3, wt U5
The assembly of INODN synaptic complexes capable DNA, and nonspecific DNA end20—22). We wanted to
of full-site integration activity required the presence of PEG determine by FRET whether RSV IN could differentiate
and 10% DMSO24). We determined whether the presence between active att ends, mutant att ends, and nonspecific
of these cosolvents also affected the assembly of the synaptiends (Figure 2, bottom).
complexes as measured by FRET. A series of FRET Eight pairs of ODNs labeled with donor and acceptor
experiments were performed in the absence and presence ofluorophores were analyzed to investigate the specificity
these reagents using IN with G B&y5 and U5-Cy3 associated with synaptic complex formation. Figure 5 shows
(Figure 2, pair 2). With both PEG and DMSO present as the maximum fluorescence intensity increase for different
normal (Figure 4), the maximumF value was set to 100%. combinations of paired ODNs (Figure 2, pairs-8) with
Without PEG but with DMSO, the FRET signaAF) was different concentrations of IN. In addition, we plotted the
1% of the maximum (data not shown). With PEG but without maximum change in resonance fluorescence intensity for the
DMSO, the AF was 32% of the maximum. The results different pair sets of ODNs versus the ratio of IN dimer to
suggest that both cosolvents contribute to assembly of theDNA (Figure 4S of the Supporting Information). From these
synaptic complexes by IN to varying degrees. The addition data, there appears to be two types (I and Il) of ODNs for
of Mg?" was not necessary to obtain the normal enhancedformation of complexes. For example, in type |, pairs3L
AF upon assembly (data not shown). Similar effects were possess full-site integration activities, a fact which compares
previously observed with the PEG and DMSO for full-site favorably with the observed increaseAf (Figure 5).
integration using~500 bp DNA substrates and AMV IN With paired ODNs observed in type Il, none of the
(24). nucleoprotein complexes were capable of promoting full-
The %?P-labeled U5-Cy3 and G U3-Cy5 fluorophore- site integration (Figure 5, Figure 6). The type Il group
labeled ODN (Figure 2, sequences d and f, respectively) gavecontained the L U3 att site ODN (Figure 2, pairs 5 and 6)
rise to full-site products (Figure 3) that result from the and the NS ODN (Figure 2, pairs 7 and 8). L U3 att DNA
formation of U3-target-U3, U5—target-U3, and U5- was shown to minimally promote half-site and full-site
target-U5 reactions. Restriction enzyme digestions of full- integration (data not shown). In addition, the type Il blunt-
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3 The type Il group contains fluorophore-labeled L-t3
ype 1l group p
21) Us-Us U3 and NS DNA substrates in d-@H recessed form as
Dg Sﬁua'ué"r’ well as in a blunt-ended form. In both cases, the blunt-ended
2.5 |04 LUs-Us Typel forms produced a less intense FRET signal than tHeks
B5) LUB-LL f ' recessed forms (Figure 5). Similar recessed and blunt-ended
H6) LU3-LU3 Blunt data were obtained with the type | substrates wt-U%
o || SDINSNS and G U3-U5 (data not shown). In a series of protein
W 8) NS-NS Blunt

titration experiments, thAF decreases observed with blunt-

E { ended substrates were30% relative to the recessed
§1.5 ] T substrates. The results suggest that IN has a higher affinity
L] for 3-OH recessed ends than for blunt endy (
S Typell RSV IN Mutants Exhibit Mutually Correlag Assembly

1 — Properties and Integration Capacitie¥/e wanted to deter-

mine if several previously characterized RSV IN mutants
were capable of forming synaptic complexes similar to wt
05 1 recombinant RSV IN. We tested several concentrations of
wt and mutant IN in assembling synaptic complexes (Figure
7). Recombinant RSV IN mutant D121E (catalytic core
ol | | region) (4) and W233A (C-terminal region)2() are
2MIN  43nMIN  65nMIN 87 nM IN catalytically inactive for strand transfer activities using G

Ficure 5: Relative synaptic complex formation of various paired U3_(d‘i‘t_a not shown)_. wt RSV IN was capable of producing
fluorophore substrates with different IN concentrations. The & Significant FRET signal with G U3Cy5 and wt U5-Cy3,

maximum increase in sensitized emission intensitf)( of the while both mutants were only capable of producing a FRET
acceptor Cy5 fluorophore at 668 nm due to excitation of the donor signal equivalent to the signal obtained with NS ODN and
Cy3 fluorophore at 550 nm is plotted against different combinations \\t RSV IN. The FRET data obtained from these two RSV

of fluorophore-labeled ODNs (see insert), also shown in the same .
order as in Figure 2. The increases in resonance energy transfellN mutants suggest these mutations prevent RSV IN from

after 10 min were plotted a&F. Titrations of equimolar fluoro-  holding the two att sites sufficiently close in space to promote
phore-labeled donor and acceptor ODNs (6.25 nM each) with IN full-site integration. The results further suggest that both
were performed as indicated at the bottom. The paired ODNs wereregions of IN are necessary for proper synaptic complex
categorized as type | or type Il relative to their change in maximum formation
fluorescence intensity. '

ended ODNs were less effective in producing a significant DISCUSSION

signal than the same ODNs containirigC8H recessed ends The structure of the PIC upon integration of the viral DNA
(Figure 5). In summary, FRET was able to distinguish genome into the host chromosome is not well defined. The
assembled complexes (pairs-3) that are capable of full-  ends of the viral genome must be withinl8 A of each
site integration from complexes (pairs-8) not capable of  other for IN to insert the DNA ends in a concerted fashion
strand transfer activity. into the DNA target to produce the appropriate host site

Besides the type | group of paired ODNs (Figure 2, pairs duplications. We labeled theé Bnds of recessed ODN with
1—-3) capable of full-site integration, it contains a pair of Cy3 and Cy5 fluorophores to gain insight into the assembly
ODNSs (Figure 2, pair 4) that comprised L U3 with wt U5. process of synaptic complexes capable of full-site integration.
As shown in Figure 5, the L U3L U3 ODN (pair 5) was in FRET analysis provides the first direct physical evidence
the type Il category. Apparently, wt U5 was able to cooperate that IN is capable of holding together the U5 and U3 att
with L U3 to promote synaptic complex formation in the DNA ends in trans, assembling synaptic complexes that exist
absence of significant strand transfer activities or DNasel prior to and independent of full-site catalysis.
footprint protection at the L U3 att site (Figure &2 26). The attachment of the Cy3 and Cy5 fluorophores to the
The results suggest that at least with L1t U5, assembly 5’ ends of the two base overhangs at the att sites (Figure 2)
of synaptic complexes may be independent of catalysis. Transdoes not hinder either half-site or full-site integration
interactions of att sites by IN for full-site integration have reactions (Figure 3S of the Supporting Information). The 5
previously been observed in vitr@2—34) and in vivo @, 2 bp overhangs interact with residues in the catalytic core
35, 36). (13, 16), and these interactions apparently assistVital

To further distinguish type | from type Il ODNs using DNA complexes in forming a stable “strand transfer”
FRET analysis, we attached Cy5 (acceptor) at the noncata-configuration 82, 37—39). Our FRET studies also suggest
lytic 5 end of G U3 DNA, thereby producing another that RSV IN preferentially recognizes substrates possessing
negative background control (Figure 1). The normatU5 recessed '3OH ends over blunt-ended substrate ends in
Cy3 ODN containing the attached fluorophore at the att site @ssembling strand transfer complexes (Figures 5 and 6). The
was used as the donor fluorophore. We did not observe aresults support the possibility that IN requires a specific
FRET signal with a magnitude higher than that of the signal synaptic complex configuration for integration activity.
obtained from the NS ODN (data not shown), demonstrating In the in vivo context of the PIC, only two DNA ends are
that the donor and acceptor fluorophores must both be available for binding to IN. In vivo§, 40, 41) and in vitro
attached at the att sites and in close juxtaposition (fralb studies 20, 25, 30, 34) suggest that only the first-12
to 100 A) to produce a significant FRET signal. terminal nucleotides are critical for synaptic complex forma-
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FIGURE 6: Positive correlation observed between synaptic complex formation using FRET with full-site integration and DNasel footprint
protection.AFmax at 668 nm was plotted for different pairs (Figure 2, pairs6) (bottom of graph) of ODNs with 65 nM IN (from Figure

5). The relative degrees of full-site integration activities and DNasel footprints obtained with linear 4 kb att DNA sub2@rag% 25)

were shown at the bottom of each ODN pair. The relative full-site integration activities were set to equal 100% fetJ5 (W& U3—U5

as 75%, wt U5-U5 as 50%, and L U3U5 as<3%). A plus sign means a positive footprint was obtained, whereas a minus sign means
no detectable footprint. Tops of bars (insets, e.g., pairS)Jictorially show the formation of synaptic complexes where two att ends are
held together by IN.

25 ODN complexes, in contrast to'-®H recessed att ends,
HRSVIN () which produce integration-competent type | ODN complexes.
WRSVINDI2IA The type Il category may constitute what is commonly
DRSV INW233A understood as nonspecific binding of IN to DNA ends, thus
explaining the background FRET signals with these ODNSs.
Simple binding of IN (type Il complexes) to att blunt ends
may allow for 3-OH processing. Our results suggest IN has
a higher affinity and a more stable configuration with 3
OH recessed ends (Figure 6). This more stable configuration
of IN may be a required for the generation of an integration-
competent synaptic complex. Previous studies show that IN
does not stably associate with the G U3 blunt-ended att site,
and does not generate the0 bp DNasel footprint observed
2m 43 65 with the 3-OH recessed G U3 substra®0). Since the 3
FiGure 7: RSV IN mutants lack the ability to form integration- QH processing of the blunt-ended DNA in the PIC is

rc};nﬂmggéiqtéyggpcti;scgnm dpﬁ’t(ejér'g‘;ggogzl?g&?;azbeéﬁr %Dwzrf'z‘r’temporal and occurs within several hours of infection of the
mixed and assembled at F€, and the emission intensity was ~ CellS, the association of IN with the-®H recessed viral -
recorded at 668 nm before and after addition of IN (see Figure €nds probably assists in the formation of stable PIC both in

4B). wt RSV and RSV IN mutants (D121A and W233A) were vivo and in vitro (I, 2, 46, 47).

assayed at 22, 43, and 65 nM IN. The maximum increases in .
sensi);ized emission intensitieAR) at 668 nm were plotted for the In the context of the PIC, it appears that IN-bourel3
different proteins indicated in the inserted box. recessed U5 and U3 termini must associate in trans, forming
synaptic complexes capable of full-site integration; this
tion and full-site integration. However, IN binds to DNA mechanism bears analogy to other related DNA recombina-
ends in a nonspecific fashion in vitro and possesses multipletion systemsg). In vitro, IN bound to wt att 30H recessed
DNA binding sites 7, 42—44). Our FRET measurements ends possesses the ability to interact with other wt or
have allowed us to gain further insight into the DNA binding modified att sites in a way that promotes full-site integration
properties of IN. How does IN distinguish between att and (26, 33, 34). FRET analysis also supports the idea that IN
non-att site sequences at the ends of DNA to allow b6th 3 acts in trans when bound to wt U5 and G U3 or other
OH processing and strand transfer? DNA binding to blunt substrate combinations for assembly (Figure 6). Of particular
ends and subsequent@H processing studies have sug- interest is the ability of RSV IN to effectively promote the
gested that IN may preferentially interact with att sequences assembly of wt U5 (type I) with L U3 (type Il), thus together
in a minor groove configuration4f). Our FRET studies  producing a type | synaptic complex. Other experiments
suggest that IN binding to nonspecific ends, L U3 att ends, using either U3 or G U3 substrates with L U3 produced
and blunt ends produces integration-incompetent typeH IN  similar FRET data (data not shown). The results suggest that

20

o

AF at 668 nm
o

05

0.0
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although L U3 itself essentially lacks strand transfer activities 4.
(22, 26), it is rescued by wt att site substrates, assembling
type | integration-competent synaptic complexes, although
with significantly lower integration activity. Possibly, at least
with L U3, assembly of type | complexes with other wt att
ODN substrates suggests that assembly can be independent

of catalysis.

There is a positive correlation among the assembly of type
I complexes with U3-U5 and G U3-U5 fluorophore
combinations with full-site integration activities and DNasel
protection of~20 bp of att sequences at the ends of U3 and
G U3 att substrates (Figure 620—22). Previous studies
demonstrate that although wt U5 is competent for full-site
integration, no DNasel footprints were observed up-20
bp (20, 22), suggesting that IN may bind differently to the
U3 and U5 ends for full-site integration. Our FRET data
clearly demonstrate that wt U5 promotes assembly of type |
synaptic complexes as well as assisting the assembly of L
U3 in an in trans fashion (Figures 5 and 6).

What properties are associated with integration-competent
IN—DNA complexes that are capable of full-site integration
in vitro? These complexes demonstrate a significant FRET 11.
signal (AF for type | substrates), in contrast to nonspecific
type Il substrates that give rise to only a background signal
(Figure 5); they exhibit full-site integration activity (Figure
3), show a high fidelity for host site duplications, and give
rise to protection £20 bp) from DNasel at the att ends
(Figure 6) Q). The stability and activities of the assembled
synaptic complexes with ODN are similar to that observed
with integration-competent synaptic complexes using 3.6 kb
linear DNA substrates containing the same att site sequences
(20). Precise distance measurements by time-resolved lumi-
nescence resonance energy transfer (LREAG) (using
appropriately labeled lanthanide donors and organic-based
acceptors should permit better insights into the topology of
the att DNA substrates within competent synaptic complexes ;¢
(Figure 1).
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