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Site-directed mutagenesis of recombinant Rous sarcoma virus (RSV) integrase (IN) allowed us to gain
insights into the protein-protein and protein-DNA interactions involved in reconstituted IN-viral DNA com-
plexes capable of efficient concerted DNA integration (termed full-site). At 4 nM IN, wild-type (wt) RSV IN
incorporates �30% of the input donor into full-site integration products after 10 min of incubation at 37°C,
which is equivalent to isolated retrovirus preintegration complexes for full-site integration activity. DNase I
protection analysis demonstrated that wt IN was able to protect the viral DNA ends, mapping �20 bp from the
end. We had previously mapped the replication capabilities of several RSV IN mutants (A48P and P115S)
which appeared to affect viral DNA integration in vivo. Surprisingly, recombinant RSV A48P IN retained wt IN
properties even though the virus carrying this mutation had significantly reduced integrated viral DNA in
comparison to wt viral DNA in virus-infected cells. Recombinant RSV P115S IN also displayed all of the
properties of wt RSV IN. Upon heating of dimeric P115S IN in solution at 57°C, it became apparent that the
mutation in the catalytic core of RSV IN exhibited the same thermolabile properties for 3� OH processing and
strand transfer (half-site and full-site integration) activities consistent with the observed temperature-sensitive
defect for integration in vivo. The average half-life for inactivation of the three activities were similar, ranging
from 1.6 to 1.9 min independent of the IN concentrations in the assay mixtures. Wt IN was stable under the
same heat treatment. DNase I protection analysis of several conservative and nonconservative substitutions at
W233 (a highly conserved residue of the retrovirus C-terminal domain) suggests that this region is involved in
protein-DNA interactions at the viral DNA attachment site. Our data suggest that the use of recombinant RSV
IN to investigate efficient full-site integration in vitro with reference to integration in vivo is promising.

Retroviruses have the capability of inserting their DNA ge-
nome into the host DNA by the virus-encoded integrase (IN).
IN from different retrovirus species possess three similar struc-
tural domains even though their amino acid sequences are
significantly different (Fig. 1) (3, 13). The N-terminal domain
(�50 residues) contains a zinc binding region (6), promotes IN
multimerization (46), and is necessary to catalyze 3� OH pro-
cessing and strand transfer. The 3� OH processing activity is
responsible for removal of dinucleotides from the catalytic
strands on the blunt-ended viral DNA genome. The central or
catalytic core domain (�180 residues) contains a conserved
triad of amino acids comprising the D,D(35)E motif (28) that
is involved in coordinating divalent metal ions for enzymatic
activities (2, 13). The core is also involved in target binding for
strand transfer (1, 21, 27). The C-terminal domain (�50 resi-
dues) binds to the viral DNA at �7 to 9 bp from the long
terminal repeat (LTR) ends (18, 26, 30), binds to DNA in a
nonspecific fashion (3), and also appears to be involved in
multimerization of IN (25, 30). The reported subunit structure
for purified virion IN from avian myeloblastosis virus (AMV)
is a dimer (20, 32), while several retrovirus recombinant INs
purified from bacteria are observed as monomers, dimers, and
tetramers (12, 13, 14, 25).

Models describing potential interactions of IN at the viral
DNA ends for concerted integration into the host DNA have

been proposed (13, 44). The models are based on several
approaches, including complementation of IN mutants (6, 17),
crystallographic studies of individual or paired domains of IN
(5, 8, 10, 42, 44), cross-linking studies of IN with DNA sub-
strates (18, 19, 22, 26), and protection of viral DNA ends by IN
in preintegration complexes (PICs) (4, 7, 9, 33, 43) and in
reconstituted nucleoprotein complexes with purified AMV IN
with viral DNA substrates (40). The collective theme suggests
that IN forms multimers at the viral DNA ends for concerted
integration of the two ends into a target, here termed full-site
integration.

Attempts to compare the mutant retrovirus IN enzymatic
activities in vitro to the observed replication and integration
capabilities in vivo of retroviruses carrying the same mutations
in the IN gene have been difficult for several reasons. First,
recombinant wild-type (wt) and mutant IN have either failed to
catalyze full-site integration or have done so in a nonefficient
manner, thus offering significant insights into only the 3� OH
processing and half-site integration reactions (3, 16, 35). Half-
site integration is defined as insertion of one viral DNA end
into a target substrate. Second, even though mutations intro-
duced into IN within the context of the viral genome were
defective for integration (class I mutants) (16), others pro-
duced pleiotropic effects on the replication of retroviruses,
indirectly affecting DNA integration in vivo (class II mutants)
(3, 16).

In order to map the functions associated with the different
domains in Rous sarcoma virus (RSV) (Prague A strain) IN
for full-site integration, we introduced single amino acid mu-
tations into recombinant IN. RSV IN would be an appropriate
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candidate for site-directed mutagenesis, since wt recombinant
RSV IN has a specific activity for full-site integration similar to
that of AMV IN purified from virions (11, 31, 41). The repli-
cation capabilities of several RSV IN virus mutants which had
appeared to specifically affect viral DNA integration in vivo
(Fig. 1) (36, 37) have been mapped; other mutants did not
affect integration (23, 24). Here, we correlate in vitro activities
of recombinant RSV IN mutants for full-site integration to
several RSV PrA IN mutants (A48P and P115S) that possess
significant integration defects in vivo. The RSV A48P IN mu-
tation would apparently map in a disordered linker region
between the N-terminal and the central catalytic domains, as
shown with human immunodeficiency virus type 1 (HIV-1) IN
(13, 42). A significant integration defect observed with RSV
containing the A48P IN mutation in vivo (37) could not be
correlated with a defect for full-site integration or other activ-
ities by recombinant A48P IN in vitro, suggesting a possible
undiscovered pleiotropic effect for integration with RSV A48P
IN in vivo. The RSV P115S IN mutation is located in the turn
region between �1 and �4 (Fig. 1) that is in a structurally
equivalent region of HIV-1 IN (5) possessing a similar muta-
tion (P109S) (15, 38). Recombinant HIV-1 P109S IN possesses
no 3� OH processing and strand transfer activities, which is
consistent with the inability of the HIV-1 virus containing this
mutation to integrate its genome into host DNA. However, in
this report, recombinant RSV P115S IN possesses the same
full-site integration activity as the wt RSV IN. Furthermore, a

positive correlation was observed between the temperature-
sensitive defect for integration with the RSV P115S IN mutant
in vivo (36) and the thermolabile 3� OH processing, half-site,
and full-site integration activities of recombinant P115S IN in
vitro. Wt RSV IN is stable under the same heating conditions
at 57°C. Substitutions into the highly conserved W233 of re-
combinant RSV IN suggest that the C-terminal region is in-
volved in multimerization of IN at the LTR terminal attach-
ment (att) sites, as defined by DNase I footprint protection
studies (40).

MATERIALS AND METHODS

Linear DNA donors. A linear 4.5-kbp DNA donor was constructed containing
both the avian retrovirus 330-bp wt U3 and wt U5 LTRs (40). An NdeI site was
produced at the circle junction of the U3 and U5 ends in the donor plasmid by
site-directed mutagenesis. NdeI digestion produces a linear 4.5-kbp donor con-
taining 3� OH recessed ends analogous to processed viral DNA ends in PIC. In
the gain-of-function DNA donor, the fifth and sixth nucleotides were modified to
deoxyadenosine at each terminus (40, 41, 47).

Labeling of donors. The recessed ends on the 4.5-kbp linear donors were 5�
end labeled with [�-32P]ATP and polynucleotide kinase. The specific activities
were �2,000 cpm (Cenerkov)/ng of DNA. For DNase I footprint analysis, the 5�
end-labeled 4.5-kbp donors were digested with either NheI or XhoI to produce
3.6-kbp single-end labeled LTR donors (Fig. 2) (40). The fragments were iso-
lated by agarose gel electrophoresis, electroeluted, and concentrated by a Cen-
tricon YM-30 filtering device. For 3� OH processing activity, several of the 3� OH
recessed 4.5-kbp LTR DNA donors were filled in with [32P]dTTP and unlabeled
dATP by using Escherichia coli DNA polymerase (Klenow fragment) at 7°C,
which results in the labeling of the penultimate T nucleotide (39).

FIG. 1. Structural schematic of RSV IN. (Top) RSV IN (286 amino acids) is divided into three functional domains identified as the N-terminal,
catalytic core, and C-terminal regions (13). A hinge region between the core and C-terminal domain is marked as a star (44). (Middle) The highly
conserved HH-CC zinc-binding residues and a triad of amino acids comprising the D,D(35)E motif are identified within the box representing IN.
The open circles above the box are conserved residues between RSV and HIV-1 IN. The residues marked below the box (D7N, etc.) are residues
of RSV IN that have been examined at the genetic level (23, 24, 36, 37), except W233. Residue S282 of RSV IN is phosphorylated. (Bottom)
Secondary structural alignments of RSV and HIV-1 residues from amino acids 97 to 146 are shown with permission from Elsevier (5). The blocked
sea green-labeled amino acids are identical, and the orange ones are similar. The mutation in RSV IN (P115S) corresponds to the HIV-1 P109S
mutation (15, 38).
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Full-site integration and 3� OH processing assays. Assembly of macromolec-
ular complexes capable of producing higher quantities of full-site integration
products than half-site integration products at low IN concentrations (�20 nM)
was described previously (40). Briefly, IN was assembled with either 3.6- or
4.5-kbp donors (10 ng) in the presence of 330 mM NaCl, 10 mM MgCl2, 1 mM
dithiothreitol, 8% polyethylene glycol (6,000 Da), 20 mM HEPES (pH 7.5) on ice
for 30 min as indicated. This assembly time, to apparent equilibrium, is sufficient
for maximum production of stable complexes capable of either half-site or
full-site integration (40) (data not shown). The standard volume was 20 �l or
multiples thereof. The concentrations of wt or mutant RSV IN for assembly with
donors were varied as indicated. After assembly, the integration reactions were
initiated by the addition of supercoiled pGEM-3 (50 ng) as target (2.8 kbp) and
immediately incubated at 37°C for 10 min. The integration reactions were
stopped by addition of sodium dodecyl sulfate and proteinase K followed by
phenol extraction. The reaction products were subjected to agarose gel electro-
phoresis, and the amounts of donor incorporated into the target were deter-
mined with a phosphorimager apparatus (40). For 3� OH processing activities,
the assay buffer described above for strand transfer was used unless indicated
otherwise. The release of labeled dinucleotides from the filled-in 4.5-kbp donors
by IN was measured as acid-soluble counts (39).

DNase I footprinting. Double end-labeled 4.5-kbp DNA donors were digested
with either NheI or XhoI (Fig. 2) to isolate 3.6-kbp single end-labeled U3 or U5
donors, respectively, on agarose gels for DNase I footprinting and strand transfer
(40). For DNase I footprint analysis, RSV IN and the single end-labeled donors
were assembled on ice or at 14°C, as indicated. An aliquot was removed from the
mixture for measuring integration activity just prior to the addition of DNase I
(final concentration, 750 ng/ml). The nucleoprotein complexes in the assembly
mixture were further incubated with DNase I for 90 s at 14°C. The DNase I
reactions were stopped by the addition of phenol, and the DNA products were
subjected to denaturing 10% polyacrylamide gel electrophoresis. The dried gels
were analyzed by a phosphorimager and exposure to X-ray films.

Site-directed mutagenesis, expression, and purification of RSV IN. Standard
oligonucleotide site-directed mutagenesis of RSV PrA IN was performed by
several methods described by different manufacturers. The entire IN gene in
each mutant DNA clone was sequenced to verify the DNA constructs. The RSV
IN residues that were mutated are A48P, P115S, W233F, W233E, and W233A,
with the last residue specifying the mutation. Wt and mutant RSV IN were
expressed in E. coli BL21(DE3) pLysS cells (Novagen Corporation) (32). The
cultures were induced with 0.4 mM isopropyl-�-D-thiogalactopyranoside (IPTG)
at an optical density at 600 nm (OD600) of �1.6 and allowed to grow for an
additional 3.5 h. Generally, 400-ml cultures yielding �5 g (wet weight) of cells
were sufficient for purification. Cells were harvested by centrifugation and stored
at 	70°C prior to use.

The lysis, sonication, and washing steps with a 0.1 M NaCl buffer followed by

a 1 M NaCl extraction step of the pelleted IN-DNA complex, as well as the
column chromatography buffers, were similar to those previously described for
larger-scale purification of wt RSV IN (32). Briefly, 25 ml of lysis buffer was
added to 5 g of cells on ice with gentle shaking for 30 min. After a light
sonication, the homogenized materials were subjected to high-speed centrifuga-
tion, and the pellets were suspended with 18 ml of a 0.1 M NaCl buffer. After a
series of low-salt (0.1 M NaCl) washes and centrifugation steps, IN was extracted
from the pellet with 3.5 ml of a 1 M NaCl buffer per gram (wet weight) of
bacteria. The high-salt extract contained the majority of IN at a reasonable purity
of �60 to 70%. The extracts were applied to a Pharmacia SP-Sepharose HiTrap
column (5 ml) for further purification and removal of nucleic acids (32). The
major nucleic acid peak preceded the elution of IN at 0.85 M NaCl. The protein
peak (OD280) representing the majority of IN was loaded onto a second SP-
Sepharose column, which usually resulted in preparations with 
90% purity.
Heparin affinity HP HiTrap columns (5 ml) were used to purify IN to near
homogeneity. RSV IN eluted from heparin-Sepharose columns at 0.75 M NaCl.
The standard chromatography buffers used for both columns were identical to
that previously described (50 mM HEPES-NaOH [pH 7.5], 1 mM dithiothreitol,
1 mM EDTA, and 10 mM MgSO4) (32) except that 10% glycerol was present in
the heparin-Sepharose procedure. Fractions were divided into aliquots and fro-
zen at 	70°C for storage. There were no apparent differences in the column
elution profiles between wt and the different RSV mutant INs. Protein concen-
trations were determined by the absorbance at 280 nm, where one OD unit
corresponds to a concentration of 1.87 mg/ml (32). Concentrations were calcu-
lated as IN dimers (64 �g/ml is equal to 1,000 nM).

Heat inactivation analysis of wt and mutant RSV IN. RSV wt and mutant
(P115S) IN preparations were diluted to a final concentration of 800 nM by using
the above-described heparin-Sepharose column buffer containing 1 M NaCl on
ice. The diluted IN mixtures (20 �l) were then subjected to heat inactivation at
57°C (Fig. 2) for various times, as indicated. Prior to heating, an aliquot (2 �l) of
diluted IN was transferred to a tube containing 198 �l of full-site integration
reaction buffer with donor stored on ice. IN was allowed to assemble onto the
donor for 30 min. After assembly, aliquots were then taken both for strand
transfer analysis at 37°C for 10 min and for DNase I footprint analysis at 14°C for
90 s. After continued heating of diluted IN at 57°C, the above procedures were
applied to each aliquot taken at specific time intervals. For heat inactivation
studies that measured strand transfer activities only, the gain-of-function double-
ended LTR donor was used. For combined strand transfer and DNase I foot-
printing studies, gain-of-function single-end LTR donors (either U3 or U5 ends)
were used. IN was assembled at 4, 6, 8, 10, and 12 nM in the assembly tube with
donor present. The filled-in gain-of-function double-ended LTR donor was used
for the heat inactivation studies analyzing the 3� OH processing activity of IN.

Calculations for determining the t1/2. To define the half-life (t1/2) of the
heat-labile P115S IN, we used the exponential decay equation N � Noe	�t to find
the decay constant � of each independent full-site and half-site integration
reaction. No is defined as the number of molecules at the beginning, when the IN
activity is at its maximum, generating the highest amount of full- and half-site
products. N is the number of molecules at a given time t (in our case, the amount
of full-site or half-site product generated at a given time). Once the decay
constant is found, we inserted that value in the half-life equation t1/2 � (ln 2)/�
as the �. To confirm this calculation, another method to obtain the half-life of
P115S IN was to plot the number of molecules versus time on a semilog graph.
We took the common log of the number of molecules at time t (in our case, the
percentage of full- or half-site products) and plotted it on the log side of the
graph versus time (t). The times required for 50% of the P115S IN to be
inactivated, or the t1/2, were determined. Both methods produced similar results.

RESULTS

Molecular insights into avian retrovirus full-site integration
by site-directed mutagenesis of IN. Several recombinant RSV
INs containing mutations that had previously appeared to spe-
cifically affect integration in vivo were purified and studied
(Fig. 1) (36, 37). In addition to measurement of strand transfer
(full- and half-site) (Fig. 2) and 3� OH processing activities,
examination of whether these mutations (A48P and P115S)
and others at the C terminus of IN affected the ability of
recombinant IN to assembly onto and to protect �20 bp at the
viral LTR termini encompassing the att site was conducted
(40).

FIG. 2. Strategy used for heat inactivation of RSV IN in solution.
(Left) RSV IN (paired open circles) was diluted to 800 nM in a 1 M
NaCl buffer prior to heating at 57°C. (Right) At various times after
heating, IN was placed in assembly buffer with 32P-labeled donor
DNA. IN was allowed to assemble onto the att sites of a 3.6-kbp LTR
donor (or 4.5-kbp donor) prior to the addition of target (darkened
circles) and strand transfer. The full- and half-site products obtained
with the 3.6-kbp LTR donors were resolved by agarose gel electro-
phoresis.
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For quantitative measurements, our standard time for strand
transfer was 10 min at 37°C. The production of full-site inte-
gration products with wt RSV IN at 4, 6, 8, and 10 nM was
linear at each concentration for approximately 20 min (data
not shown). After 40 min of incubation at 37°C, the maximum
amount of donor incorporated into full-site products at these
concentrations of IN was approximately 50%. The efficiency of
the full-site integration reactions catalyzed by these assembled
RSV IN nucleoprotein complexes is equivalent to those ob-
served with purified cytoplasmic PIC from virus-infected cells
(7, 9, 43).

A significant defect for integration in vivo does not correlate
with a defect for full-site integration in vitro. Earlier mutagen-
esis studies with RSV PrA IN suggested that modifying residue
A48 to P resulted in a significant defect for integration in vivo
(36). Viral DNA synthesis and viral polymerase (pol) proteins
appeared to be normal upon infection by the virus possessing
the A48P mutation. Virus replication displayed a delayed
growth phenotype, and integration into the host chromosome
was decreased �80% in comparison to integrated wt viral
DNA. We introduced this mutation (A48P) into the recombi-
nant RSV IN clone. Under standard assay conditions for half-
and full-site integration, RSV A48P IN activity was very similar
to wt RSV IN activity (Fig. 3). The 3� OH processing activity of
A48P IN was also similar to wt IN activity (data not shown).
The results show that even though this mutation affected viral
DNA integration in vivo, the mutation did not affect the en-
zymatic activities of recombinant mutant IN in vitro. This ob-
servation suggests that the A48P IN mutation produced an
unknown pleiotropic effect in the RSV replication cycle that
indirectly affects integration in vivo and would be a class II
mutant (16).

A temperature-sensitive RSV IN mutant for replication in
vivo correlates with IN thermolabile integration activities in
vitro. The introduction of a mutation into RSV IN (P115S)
produced a virus that was temperature-sensitive for replication
with a specific defect for integration in vivo (37). To determine
whether the mutation introduced into recombinant RSV IN

produced a thermolabile protein, a series of preliminary heat-
inactivation experiments with IN in solution were performed to
determine the optimum temperature for subsequent heat in-
activation experiments with both wt and mutant RSV IN (data
not shown). The strategies for investigating the thermolabile
properties of RSV P115S and wt IN as control are illustrated in
Fig. 2. Previous studies have demonstrated that recombinant
RSV wt IN is a dimer in solution at 800 nM (32). Sedimenta-
tion analysis of P115S IN (initial concentrations of IN layered
onto the gradients were between 1,000 and 3,000 nM) on 5 to
15% glycerol gradients containing the 1 M NaCl dilution buffer
used in the heat inactivation experiments showed that it also
sediments as a dimer (data not shown).

Both wt and P115S IN were diluted in the heat inactivation
buffer to 800 nM prior to heating at 57°C for various lengths of
time. At the indicated times, aliquots were removed and placed
into reaction mixtures containing DNA donor substrate on ice.
IN was allowed to assemble onto the donor to investigate
whether the P115S mutation affected the assembly properties
observed with wt IN as well as its strand transfer activities. The
ability of wt RSV IN to assemble onto the donor att site and to
perform strand transfer activities was stable upon heating of IN
in solution at 57°C for 15 min (Fig. 4A and 4B, left) while
P115S IN was thermolabile during the same time (Fig. 4A and
4B, right).

Determining the inactivation rates for half- and full-site
integration. The strategy of heating IN in solution at 57°C
prior to strand transfer analysis allowed us to assess the quan-
tity of active IN dimers remaining after various times of heat
inactivation (Fig. 2). After assembly of IN onto recessed LTR
donor substrates, the time required to inactivate 50% (t1/2) of
IN molecules necessary for each strand transfer activity was
determined. The quantity of each strand transfer product pro-
duced is determined by the initial concentration of IN in the
reaction mixture, i.e., at high IN concentrations, the produc-
tion of half-site products is favored over that of full-site prod-
ucts (Fig. 3) (40).

Without heating, the specific activities of RSV P115S IN
(Fig. 4A and 4B, right [zero time]) for both full- and half-site
integration were similar to those observed for wt RSV IN (Fig.
4A and 4B [zero time]). With heating of IN in solution, the
decay rate for half-site integration activity of P115S IN was
calculated to have an average t1/2 of 1.9 min for six indepen-
dent experiments at several different IN concentrations (Fig. 4
and 5), as summarized in Table 1. For determining the t1/2

values (Fig. 4B, see the inset semilog plot), half-site activity was
taken as 100% at zero time. Inactivation of P115S IN in solu-
tion is immediate, as is evident by the decrease in half-site
integration activities with time. Wt RSV IN activities (half- and
full-site) were essentially stable upon identical heating and
assay conditions (Fig. 4A and B, left) (data not shown).

With heating of IN in solution, there were two observed
phases of full-site integration activity with P115S IN at 8 nM,
presumably because IN is in excess at this concentration in the
reaction mixture prior to heating (see Fig. 3). First, there was
always a slight increase in full-site integration activity prior to
a plateau and stable phase for activity (Fig. 4B and 5A). The
decay phase results in a decrease of full-site integration activity
that is calculated to have an average t1/2 of 1.7 min, similar to
that of half-site integration (Fig. 4B) (Table 1). To calculate

FIG. 3. Stand transfer analysis of wt and mutant A48P IN. wt RSV
(circles) and A48P (triangles) IN at the indicated concentrations were
assayed for strand transfer activity as described in Materials and Meth-
ods. Solid and open symbols indicate full-site and half-site products,
respectively. The percentage of donor incorporated into each product
was determined by using a phosphorimager.
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the t1/2 for full-site integration, 100% activity was assigned as
the highest value at or just prior to the decay phase (Fig. 4B,
see inset) (Table 1). These above results suggest that RSV
P115S IN is a class I mutant (16).

As shown in Fig. 5A and Table 1, similar inactivation rates of
IN in solution for both the half- and full-site integration activ-
ities were obtained with separate independent experiments at
8 nM with P115S IN. In each of these experiments, wt RSV IN
was heat inactivated and assayed at the same concentrations as
mutant IN. In contrast to mutant P115S IN, wt RSV IN re-
mained heat stable in the 15 min for full-site integration, as
shown in Fig. 4 (data not shown). Similar t1/2 values were also
obtained for both strand transfer activities with P115S IN at
either 6 or 12 nM in the reaction mixtures (Fig. 5B) (Table 1),
with wt RSV IN being stable at these concentrations also. The

results showed that similar inactivation rates were obtained for
both half- and full-site reactions at various IN concentrations
in the assembly mixtures.

Calculations for defining the number of IN subunits at the
viral DNA ends. With P115S IN at 4 nM prior to heating, the
initial amounts of products for full- and half-site integration
activities were �30 and �8%, respectively (Fig. 5B, inset). As
previously shown (Fig. 3), excess IN in the reaction mixture
results in a subsequent decrease in full-site activity relative to
half-site activity (40). With P115S IN at 12 nM in the reaction
mixtures, both the half- and full-site integration activities prior
to heating were similar, at �20% each (Fig. 5B). The apparent
reason for an increase in full-site integration activity at 12 nM
upon heating of IN in solution was the proportional decrease
in the number of active IN molecules in solution. A smaller

FIG. 4. Heat inactivation of RSV wt and P115S IN. (A) Purified wt (left) and P115S (right) were diluted to 800 nM prior to heat inactivation
at 57°C. At the indicated times, aliquots of IN were taken from the heated samples and added to assay mixtures containing gain-of-function
double-ended LTR donor on ice. After 30 min, the assembled IN-DNA complexes were assayed for strand transfer at 37°C, and the products were
analyzed by agarose gel electrophoresis. For both IN, the final concentrations in the assay mixtures were 8 nM. The half- and full-site products
as well as the input donor are indicated on the left of each gel. Lanes Neg and 0 represent input donor sample without IN and analysis of IN without
heating, respectively. (B) (Left) The percentage of DNA products from wt IN shown in panel A (circles) were determined with a phosphorimager
along with results for another independent experiment for wt IN (triangles). (Right) The percentage of donor incorporated for both DNA products
(circles) with P115S IN shown in panel A. The inset defines a semilog plot of the data for determining the t1/2 (see Materials and Methods).
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increase in full-site activity was also observed upon heating
with the reactions at 8 nM (Fig. 4B and 5A) but was nearly
negligible at either 6 (Fig. 5B) or 4 nM (Fig. 5B, inset). This
decrease in active IN molecules upon heating is tabulated in
Table 2 as a function of time and protein concentrations in the
reaction mixture. Using the last time point for maximum full-
site integration activity at all of the IN concentrations studied
(Fig. 4 and 5) and the determined t1/2 value of 1.7 min (Table
1), the percentages of active IN molecules in solution at a
specific time were determined in Table 2. The calculated num-

ber of remaining active IN dimers per donor end was in the
range from 5 to 9. This calculation excludes the binding of IN
at donor molecules for half-site integration as well as the
potential nonspecific binding of IN internally on the donor.
The results suggest that the actual number of subunits at each
donor end required for full-site integration is unknown.

Heat inactivation of RSV P115S IN results in loss of 3� OH
processing activity and binding to the viral att site for full-site
integration. To further define the defect with RSV P115S IN,
we performed a 3� OH processing reaction. The 3� OH re-

FIG. 5. Heat inactivation of RSV P115S IN in solution. (A) In three independent analyses, P115S IN (800 nM) was subjected to heat
inactivation for various times at 57°C prior to being assayed for strand transfer activities at 8 nM. The corresponding solid (full-site) and open
(half-site) symbols represent individual paired experiments. (B) As described for panel A, P115S IN was subjected to heat inactivation and assayed
at 6 nM (triangles) and 12 nM (circles); solid and open symbols represent full- and half-site products, respectively. The inset depicts an analysis
at 4 nM IN. See Table 1 for a summary of the data.
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cessed gain-of-function 4.5-kbp donor ends were converted
into blunt-end donors by a fill-in reaction (39). As shown in
Fig. 6A, we determined that the specific activities for the 3�
OH processing activities of wt and P115S IN at various con-
centrations were the same. Employing a similar procedure
used for strand transfer heat inactivation studies (Fig. 2), we
demonstrated that the t1/2 for 3� OH processing of RSV P115S
IN was 1.6 min (average of results of three independent ex-
periments), while wt IN activity was essentially heat stable
under the same conditions (Fig. 6B). The inactivation curve for
3� OH processing by P115S IN at 20 nM is similar to the curve
observed for strand transfer at 12 nM (Fig. 5B); i.e., the en-
zyme is in excess prior to heating with the subsequent loss of
active IN molecules after heating.

We investigated whether the physical binding of wt and
P115S IN to the att site was disrupted upon heating. A similar
protocol for heat inactivation of IN was developed for our
DNase I protection studies, except that the 3.6-kbp single-
ended gain-of-function U3 donor was used as substrate (Fig.
2). DNase I protection studies using wt RSV IN showed that
IN was able to protect the viral donor ends which mapped �20
bp from the viral DNA end with efficient and stable full-site
integration activity (Fig. 7). In contrast, although P115S IN at

8 nM possessed initial efficient full-site integration activity as
well as the �20-bp DNase I protection pattern, subsequent
heating at 57°C simultaneously inactivated both the full-site
integration activity and the DNase I protection (data not
shown).

In summary, prior to heating, the specific activities of P115S
IN for 3� OH processing and half- and full-site strand transfer
activities were similar to those of wt IN. Heating of P115S IN
in solution at 57°C disrupts all of these above properties, sug-
gesting that a common function is altered for these activities.

Is the C-terminal domain of IN important for protein-DNA
interactions at the viral att site for full-site integration? The
C-terminal region of IN has been implicated to be essential for
binding to nucleotides located 7 to 9 bp from the viral DNA
ends (18, 19, 30) as well as to be important for multimerization

FIG. 6. Heat inactivation of wt RSV and P115S IN in solution for
3� OH processing activity. (A) Filled-in gain-of-function double end-
labeled 4.5-kbp LTR donor was assembled with either wt or P115S at
various IN concentrations under strand transfer conditions, except that
the NaCl concentration was 300 mM. After assembly for 30 min on ice,
the assay mixtures were placed at 37°C for 15 min. Acid-soluble counts
were determined (y axis) as the percentage of dinucleotides released
from the input DNA substrate. Negligible acid-soluble counts were
observed with a filled-in non-LTR DNA substrate (data not shown).
(B) wt and P115S IN were diluted to 2,000 nM in buffer and heated at
57°C for the indicated times. Aliquots were taken from the heated
samples and allowed to assemble on the blunt-ended substrate for 30
min prior to 3� OH processing for 15 min at 37°C. The final IN
concentration in the assay mixtures was 20 nM. The percentage of
dinucleotides released is indicated on the left.

TABLE 1. Heat inactivation of thermolabile RSV IN (P115S)

IN concn
(nM)

Experiment
no.a

t1/2 (min)b

Full-site Half-site

6 1 1.6 1.8

8 1 1.2 2.1
2 1.7 1.6
3 2.3 2.5
4 1.7 1.8

12 1 1.5 1.8

Averagec 1.7 1.9

a Experiment number for the indicated specific concentration of IN.
b IN was heated inactivated at 57°C in solution, and the time (min) to decrease

production of each product by 50% was determined by the formula t1/2 � (ln2)/�
where � is derived from N � N0e	�t. See Materials and Methods.

c Average of results of the six experiments.

TABLE 2. Calculation defining the minimal number of RSV P115S
IN dimers required for maximum full-site integration activitya

Initial IN
concn
(nM)

Time of maximum
activity prior to

inactivation (min)

% Active
IN leftb

Calculated
IN left
(nM)

IN dimers
per viral

endc

4 1 67 2.7 7.2
6 3 29 1.8 4.8
8d 3 29 2.4 6.4

12 3 29 3.5 9.3

a The maximum full-site integration activity was determined from Fig. 4 and 5.
It was defined as the last time point showing maximum full-site activity. The
average t1/2 for full-site integration was 1.7 min, as defined in Table 1.

b The formula used to calculate the % active IN left (N) as a function of time
is N � N0e	�t.

c Calculated number of IN dimers per viral DNA end at maximum full-site
integration activity at the chosen time of 1 or 3 min. For illustration, at 3 nM IN,
the calculated number of IN dimers per end is 8 (4.5-kbp double-ended LTR
substrate).

d Average of four experiments.
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(25, 30). Residue W233 in RSV IN is highly conserved among
retroviruses, including W235 in the structurally similar C-ter-
minal region (residues 220 to 270) in HIV-1 IN (8, 16, 29, 44).
This conserved residue in HIV-1 IN has been suggested to be
involved in multimerization of IN and/or protein-DNA inter-
actions, as shown by MuA transposase-mediated PCR foot-
printing with purified HIV-1 PIC derived from cells whose
infecting virions contained either wt or mutant W235E IN (9).
We produced a series of recombinant RSV PrA IN mutants
(W233F, W233E, and W233A) that paralleled the same series
of HIV-1 W235 IN mutants studied both in vivo and in vitro (9,
16). Each RSV W233 mutant was investigated for full-site
strand transfer, 3� OH processing, and the physical association
of IN at the viral att site by DNase footprinting (40).

The conservative structural mutation of W233F in RSV IN
resulted in wt activities for all three functional assays. Titration
of wt and W233F IN between 2 and 10 nM IN produced similar
DNase protection patterns mapping �20 bp from the viral
ends (Fig. 7). In simultaneously performed assays, full- and
half-site integration activities for wt and W233F at 4 nM (Fig.
7, lanes 3 and 8) were �15 and �4%, respectively (data not
shown). The assembled nucleoprotein complexes with either
wt or W233F IN at 8 nM were stable for at least 240 min at
14°C, as shown by DNase protection analysis (data not shown)
and integration activity (�23 and �11% full- and half-site
integration activities for each IN, respectively). Similar stabil-
ities were observed with reconstituted AMV IN-viral DNA (3.6
kbp) complexes (40). Both RSV wt and W233F IN possess
similar 3� OH processing activities at 140 mM (Fig. 8B) or at
300 mM NaCl (data not shown). The in vitro data obtained

with RSV W233F IN is consistent with the observation that the
W235F mutation in HIV-1 IN does not affect virus replication
(16).

In contrast to the conservative amino acid substitution at
W233, the substitution of either E or A into W233 produced
significantly more defective proteins for strand transfer (Table
3), DNase protection (Fig. 8A, lanes 6 to 10), or 3� OH pro-
cessing (Fig. 8B). The 3� OH processing activity assay (Fig. 8B)
was performed at 140 mM NaCl (39) because W233E is inhib-
ited �50% in the presence of 300 mM NaCl relative to 140
mM (data not shown). Decreasing the NaCl concentration to
140 mM in the strand transfer assay for W233E increased its

FIG. 7. DNase I footprint protection analysis with purified RSV wt
and W233F IN. Titration of wt and W233F IN (indicated above the
lanes) for strand transfer activities using the gain-of-function single-
ended U5 LTR donor under standard conditions was performed. The
percentages of input donor incorporated into the full- and half-site
products were determined with a phosphorimager (see text for data).
Separate aliquots of each strand transfer reaction at different IN con-
centrations were subjected to DNase I protection analysis. Lanes 1 to
4, wt IN; lanes 7 to 10, W233F IN; lanes Neg., DNA without DNase I
treatment; lanes G/A and G/T, G/A and G/T chemical markers. The
concentrations in the lanes are as follows: lanes 1 to 5, wt IN at 10, 6,
4, 2, and 0 (Cont) nM, respectively; lanes 6 to 10, 0 (Cont), 2, 4, 6, and
10 nM W233F IN, respectively.

FIG. 8. DNase I footprint protection and 3� OH processing analy-
ses of wt, W233F, W233E, and W233A IN. (A) The assay conditions
were as described for Fig. 7. IN bearing the amino acid indicated above
pairs of lanes was examined at 5 and 10 nM (left and right lanes of each
pair, respectively). Lanes G/A and C/T, G/A and G/T chemicals mark-
ers; lane Neg., DNA without DNase I treatment; lane 1, no IN (Cont.),
lanes 2 and 3, wt IN; lanes 4 and 5, 6 and 7, 8 and 9, W233F, W233E,
and W233A IN, respectively; lane 10 (Cont.), repeat of lane 1. (B) The
same proteins examined for panel A were analyzed for 3� OH process-
ing activities as described for Fig. 6, except that the assay was at 140
mM NaCl without PEG present. The assays were performed at 37°C
for 10 min. Shown are results for wt IN (wt), W233F IN (Phe), W233E
IN (Glu), and W233A IN (Ala). The concentrations used with each IN
are indicated at the bottom.
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activity by �30% compared to that at 330 mM NaCl, as shown
in Table 3. However, essentially all of the products were half-
site integration reactions (data not shown) at the lower salt
concentrations, as shown previously for wt RSV or AMV IN
dependency on higher NaCl concentrations for full-site inte-
gration (32, 39). Additional protein titration experiments with
either W233E or W233A up to 25 nM IN did not result in any
significant increases in strand transfer activities or specific
DNase protection at the viral termini (Fig. 8) (data not shown).

The results suggest that the conservative aromatic substitu-
tion of F at W233 in RSV IN results in wt full-site integration
activity and multimerization functions necessary for protection
of �20 bp at the viral att site. Substitution of either E or A in
position RSV W233 was detrimental for these functions, sim-
ilar to what was observed with HIV-1 IN in the context of the
PIC (9, 16), suggesting that this residue plays a critical role in
protein-protein and protein-DNA interactions that occur at
the viral att site.

DISCUSSION

The reconstitution of recombinant wt RSV IN-LTR donor
complexes capable of efficient full-site integration activity has
permitted us to begin examining the potential roles of individ-
ual amino acids and domains in full-site integration. The en-
zymatic activities of recombinant IN containing the A48P mu-
tation possess wt IN activities even though the virus carrying
this mutation was defective for integration in vivo (36). The
P115S mutation in IN produced a protein that possesses ther-
molabile properties for 3� OH processing and strand transfer
activities consistent with the observation that this same muta-
tion in RSV produces a temperature-sensitive defect for inte-
gration in vivo (37). The results of conservative and noncon-
servative mutations introduced into W233 located in the
C-terminal region of IN suggest that this domain is important
for protein-DNA interactions at the viral att site.

Surprisingly, recombinant A48P IN possesses wt IN activi-
ties (Fig. 3), because this same mutation, when introduced into
the context of the RSV genome, produced an apparent severe
defect at the integration level without affecting either the pro-
cessing or levels of pol and viral structural proteins and the

quantity of viral DNA synthesized (36). We will need to rein-
vestigate what other possible defects in the replication cycle
are produced by the A48P mutation. As previously observed
with other retrovirus systems (3, 16), it is clear that mutations
introduced into IN must be examined at multiple levels to have
a better understanding of how these mutations affect the rep-
lication cycle of the virus.

The thermolabile properties of RSV P115S IN are consistent
with the temperature-sensitive replication properties of the
virus containing this same mutation in IN (37). To our knowl-
edge, this is the first thermolabile IN identified that specifically
affected viral DNA integration at the nonpermissive tempera-
ture in vivo. Without heating, RSV P115S IN at 4 nM in the
reaction mixture produced the maximum amount of full-site
integration products (�30% of donor incorporated into full-
site products in 10 min) under our assay conditions (Fig. 5B,
see inset). As shown previously (40), the production of half-site
products in relationship to full-site products is significantly
affected by the initial concentration of IN in the reaction mix-
tures (Fig. 3). Without heating, P115S IN between 6 nM and 12
nM was in excess for producing the maximum number of com-
plexes capable of full-site integration events (�30%) (Fig. 4
and 5). Upon heating, a stable phase of full-site integration
activity was observed that was consistent with IN being in
excess for this reaction. During the stable phase, the ratio of
full-site products to half-site products produced also increased
with time of heating, supporting the idea that the initial con-
centration of IN dictates what products are produced (Fig. 3),
i.e., that at low protein concentrations (Fig. 5B, inset), full-site
integration is favored over half-site integration (40). In the
decay phase for full-site integration, the inactivation rate was
similar to that observed for half-site integration (Table 1) as
well as that for the 3� OH processing reaction. Since the inac-
tivation rates were similar, the number of subunits required
per viral att site for enzymatic activities may also be similar.
Assuming that a dimer is required for 3� OH processing and
half-site integration, the results would suggest that the syn-
apsed complexes required for full-site integration may be a
dimer of dimers, or a tetramer (13, 19, 42, 44). In addition, the
results suggest that the defect associated with P115S IN serves
a common function needed for all three enzymatic activities.

The minimal number of IN dimers per donor end to achieve
the �30% donor incorporation into full-site products was cal-
culated and was defined to be in the range between 5 and 9
(Table 2). This somewhat high number can be due to IN
binding DNA nonspecifically; IN also has the capacity to form
extended multimers on viral DNA substrates at higher protein
concentrations (3, 40). The results suggest that it is not possible
by this experimental approach to accurately measure the num-
ber of IN dimers per donor end that is necessary and sufficient
for full-site integration.

The results show that prior to heating, the mutation in RSV
P115S IN does not affect the ability of IN to bind onto the att
site for either 3� OH processing or strand transfer, nor does it
interfere with the ability of IN to interact with the target
substrate for strand transfer or producing a DNase I protection
pattern at the viral att site. The RSV P115S IN mutation maps
near a region on HIV-1 IN (residue S119 in �-helix 2) (Fig. 1,
bottom) that was shown to be involved in target site selection
(1, 21, 27). The results also suggest that without heating, the

TABLE 3. Comparison of full and half-site integration activities for
wt RSV IN and RSV IN with mutations at position W233a

IN variant Concn (nM) Full-site
activity

Half-site
activity

wt 5 16.7 2.7
10 11.0 5.4

W233F 5 16.0 5.3
10 9.8 6.5

W233E 5 1.9 0.2
10 1.8 0.2

W233A 5 0 0
10 0 0

a The values for activity represent the percentage of donor incorporated into
target DNA for full and half-site integration products produced under standard
reaction conditions. The DNase I footprints associated with these activities are
shown in Fig. 8A.
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substitution of S at P115 of RSV IN does not disrupt near
secondary structural features, including D121 within the active
site (Fig. 1). In contrast, the P109S mutation in HIV-1 IN (Fig.
1) renders the recombinant protein inactive in vitro, and the
same mutation in the context of the virus produces an integra-
tion-defective class I mutant in vivo (15, 16, 38). The structural
defect(s) that are produced upon heating of RSV P115S IN in
solution, causing loss of enzymatic activities, are unknown.

The C-terminal domain of IN appears to have multiple func-
tions at the in vitro levels for various enzymatic activities,
including binding to the viral DNA at �7 to 9 bp from the viral
ends (18, 19, 26), involvement with the core domain to produce
tetramers in solution (25), and promotion of oligomerization
of IN (30). Structure-based sequence alignment of the C-ter-
minal domains of RSV and HIV-1 IN confirmed their similar-
ities (44). Mutational analysis of highly conserved residue
W235 to F in HIV-1 IN permitted wt virus replication (16).
W235E prevented protection of the viral DNA ends by IN in
isolated PIC, and these PIC were not capable of full-site inte-
gration activity (class I mutant) (9, 16). W235A prevented virus
replication (16). Mutagenesis of recombinant RSV IN at the
analogous W233 produced somewhat parallel results. Conver-
sion of W233 to the conservative F residue with RSV IN did
not alter either its ability to produce the �20-bp DNase I
footprint (Fig. 7 and 8A, lanes 2 to 5) or its 3� OH processing
activity (Fig. 8B). Interestingly, the W233E mutation abolished
the ability of IN to produce the �20-bp DNase I footprint (Fig.
8A, lanes 6 and 7), inhibited its ability to promote the 3� OH
processing reaction (Fig. 8B), and even more severely inhibited
its strand transfer activities (Table 3). The W233A mutation in
RSV IN rendered it inactive (Fig. 8) (Table 3). In summary,
the results suggest that W233 in RSV IN plays a critical role in
functions necessary for multimerization of IN, as demon-
strated by the DNase I footprint analysis and strand transfer
data, but is not necessarily as critical for 3� OH processing.
Besides the potential multimerization effect, the W233E mu-
tation in RSV IN may have also affected its ability to bind to
the 3� OH recessed ends in a productive manner, as suggested
by results obtained with HIV-1 PIC containing the same par-
allel mutation in IN (9). Multiple effects are surely possible,
because the C-terminal domain has both cis and trans capabil-
ities for strand transfer (13). With RSV IN, modification of
S262 to P in the C-terminal domain prevents virus replication,
while other mutations at S262 and S282 were nonlethal (Fig. 1)
(24). We have not yet examined the effect of the above muta-
tions in W233 on the replication of RSV.

Various complementation experiments using recombinant
HIV-1 and murine leukemia virus IN demonstrated that IN
functions as a multimer (17, 19, 22, 45). A study of other
mutations introduced into various domains of recombinant
RSV IN suggested that there are notable differences in 3� OH
processing and half-site integration activities between RSV IN
mutations (34) and their HIV-1 IN analogs, as shown by other
labs (16, 35). In this report, the recombinant RSV P115S IN
expressed wt activities prior to heating, while the correspond-
ing mutation in recombinant HIV-1 IN (P109S) (Fig. 1) ren-
dered it inactive (15, 38). The fact that mutations introduced
into monomers of recombinant IN, as well as the assembly of
active IN, require a dimer structure for half-site or possibly
higher-order multimers for full-site integration complicates

simple interpretations of introduced mutations. The capabili-
ties of some recombinant retrovirus IN monomers to assemble
active dimers in solution may be either nonexistent or ineffi-
cient, possibly preventing proper protein-protein interactions.
Therefore, even though this present report suggests that a
better understanding of full-site integration can be achieved by
using recombinant IN, caution must be extended as to how
these mutations may be simply affecting protein-protein inter-
actions in solution prior to the pivotal interactions of IN at the
LTR att sites.
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