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The long terminal repeats (LTRs) that flank the retroviral DNA genome play a distinct role in the
integration process by acting as specific substrates for the integrase (IN). The role of LTR sequences in
providing substrate recognition and specificity to integration reactions was investigated for INs from human
immunodeficiency virus type 1 (HIV-1), Moloney murine leukemia virus (M-MuLV), human T-cell leukemia
virus type 1 (HTLV-1), and human T-cell leukemia virus type 2 (HTLV-2). Overall, these INs required specific
LTR sequences for optimal catalysis of 3'-processing reactions, as opposed to strand transfer and disintegra-
tion reactions. It is of particular note that in strand transfer reactions the sites of integration were similar
among the four INs. In the 3'-processing reaction, sequence specificity for each IN was traced to the three
nucleotides proximal to the conserved CA. Reactions catalyzed by M-MuLV IN were additionally influenced by
upstream regions. The nucleotide requirements for optimal catalysis differed for each IN. HIV-1 IN showed a
broad range of substrate specificities, while HTLV-1 IN and HTLV-2 IN had more defined sequence require-
ments. M-MuLV IN exhibited greater activity with the heterologous LTR substrates than with its own wild-type
substrate. This finding was further substantiated by the high levels of activity catalyzed by the IN on modified
M-MuLV LTRs. This work suggests that unlike the other INs examined, M-MuLV IN has evolved with an

IN-LTR interaction that is suboptimal.

Retroviral replication requires the integration of a double-
stranded DNA copy of the viral single-stranded RNA genome
into a chromosome of the host cell (3, 17, 44). The viral DNA
genome contains two long terminal repeat (LTR) sequences
that flank the DNA. The virus-encoded protein integrase (IN)
catalyzes the integration process (9, 16) for which the LTRs
serve as specific substrates. Integration proceeds through two
enzymatic steps (Fig. 1A). First, IN removes nucleotides at the
3’ ends of the LTR termini to generate recessed ends with the
adenine of the conserved CA exposed (9, 16, 18, 34, 37, 49).
This endonucleolytic cleavage, termed 3’ processing, occurs in
the cytoplasm (34) and is catalyzed by IN through a single
nucleophilic attack (11, 46). The 3'-processed DNA interme-
diate and IN subsequently move to the host chromatin in the
nucleus. In the second step of integration, strand transfer, IN
joins the two recessed viral DNA ends to the host DNA
through a one-step transesterification reaction (11, 24). This
concerted integration into the target DNA introduces a gap at
the site of insertion on each target strand. Repair of these gaps
results in duplication of the target sequences flanking the pro-
viral DNA. The gap repair is thought to be directed by host
enzymes, although the exact mechanism has not been resolved.
Although integration is considered to be random, preferences
for certain sites or regions in the target DNA have been ob-
served (13, 20, 23, 29, 30, 33, 38, 45). In vitro, IN also catalyzes
the reverse of the integration process, disintegration, on a
substrate that mimics the integration intermediate (7).

Among retroviruses, the LTRs bear little homology to one
another, except for the presence of the completely conserved
dinucleotide CA near the 3’ end of the LTR termini (43).
Mutagenesis of the CA sequence blocks cleavage and strand
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transfer; however, replacement of only the C or the A allows
some level of activity (18, 22, 23, 36, 46). In addition to the
conserved CA, the importance of the terminal L'TR sequences
has been shown for several INs. The requirement for specific
LTR sequences for integration has been defined essentially by
gross deletion and site-directed mutagenesis for avian sarco-
ma-leukosis virus (17), human immunodeficiency virus type 1
(HIV-1), (4, 22, 23, 36, 46, 50), and Moloney murine leukemia
virus (M-MuLV) (5, 8, 25, 32, 34). The terminal 6 to 9 bp of the
viral LTR are sufficient for integration activity, suggesting that
the major determinants of LTR recognition and catalysis lie in
this region. IN, through cooperative interaction, binds nonspe-
cifically to the LTR as a high-order oligomer at a density of 10
monomers per 21-bp LTR (28). Sequence-specific recognition
is not responsible for driving the binding of the LTR and IN
(19, 22, 28, 35, 42, 48). Therefore, sequence specificity of the
reaction may occur during catalysis, by alignment of the IN-
substrate complex in a geometry favorable for precise cleavage
and strand transfer. The terminal sequences thus play an im-
portant role in promoting catalysis of integration by presenting
the LTR as the precise substrate. The nucleotide determinants
in the LTR that confer substrate recognition and specificity on
the reaction have not been well defined.

Based on the assumption that retroviral INs recognize and
bind their LTRs by similar mechanisms that involve cognate
recognition domains, a comparative approach was taken to
identify nucleotides that may be involved in providing speci-
ficity to reactions catalyzed by HIV-1, human T-cell leukemia
virus type 1 (HTLV-1), HTLV-2, and M-MuLV INs. A more
pronounced requirement for specific nucleotide sequences was
observed in 3'-processing reactions than in strand transfer and
disintegration reactions. Therefore, further efforts were di-
rected to defining nucleotides responsible for conferring sub-
strate specificity during the 3'-processing reaction. Based on
the levels of 3’ processing exhibited by the four INs on heter-
ologous wild-type (WT) LTR sequences, substrates were de-
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signed to obtain a gain of function (increase in 3’-processing
activity) for a particular IN. Results showed specific nucleotide
requirements in the LTR for recognition leading to catalysis by
HTLV-1 and HTLV-2 INs, while the HIV-1 IN had a compar-
atively relaxed LTR sequence requirement. For the M-MuLV
IN, the M-MuLV WT LTR was a suboptimal substrate, as
specific substitutions generated a much preferred LTR sub-
strate for 3’ processing.

MATERIALS AND METHODS

Materials. Oligonucleotides were purchased from Ana-gen Technologies (Fa-
bian Way, Calif.). Crude [y-**P]JATP was bought from Dupont-NEN (Boston,
Mass.). Enzymes were purchased from Gibco Bethesda Research Laboratories
(Gaithersburg, Md.) and New England Biolabs (Beverly, Mass.). DNA grade
Sephadex G-50 was obtained from Pharmacia (Piscataway, N.J.). All chemicals
were purchased from Sigma Chemical Co. (St. Louis, Mo.).

Cloning of HTLV-1 IN. The full-length HTLV-1c}; genome was a gift from
Lee Ratner (Washington University, St. Louis, Mo.) (31). The IN coding region
from HTLV-1g was PCR amplified by using Vent DNA polymerase and prim-
ers P17438-0194 (5 AAGCTTCATATGGTCCTGCAGCTCTCTCCTGCA)
and P20283-0294 (5" CTCGAGCCCATGGTGTTGG), which introduced Ndel
and Xhol restriction sites (underlined) at the 5" and 3’ ends, respectively. The
PCR-amplified HTLV-1 IN gene was cloned into the Ndel-Xhol sites in pET22B
(Novagen, Madison, Wis.). Cloning into the Xhol site adds an additional 18
nucleotides, encoding six histidines, to the 3’ end of the open reading frame.
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FIG. 1. (A) Schematic representation of the enzymatic activities catalyzed by
the retroviral IN in vitro. Step 1, 3" processing; 2, strand transfer; 3, disintegra-
tion. 3'-Processing substrates were prepared by hybridizing the 3?P-labeled E
strand (20 nucleotides) with the complementary A strand (19) to generate a
20-bp blunt DNA fragment. 3'-Processing activity is readily observed by a re-
duction in size of the labeled E strand (20 nucleotides) by 2 nucleotides, thereby
generating an 18-nucleotide recessed product (21-nucleotide substrate and 19-
nucleotide product in the case of HIV-1). Strand transfer substrates are prepared
by hybridizing the *?P-labeled F strand (18 nucleotides) with the A strand. The
substrate is identical to the 3'-processing substrate, except for the absence of two
terminal nucleotides proximal to the CA dinucleotide. Strand transfer activity
generates products both larger and smaller than the substrate, since integration
occurs at random sites along the phosphate backbone of the target substrate
DNA. The disintegration substrate represents a hypothetical strand transfer
intermediate. The substrate is prepared by hybridizing the 3?P-labeled C strand
(16-nucleotide) with the A (20-nucleotide), B (32-nucleotide), and D (30-nucle-
otide) strands. Disintegration reaction results in joining of the 3'-OH end of the
C strand to the B strand, resulting in formation of the 30-nucleotide product. (B
to E) 3'-Processing activities of the INs on WT native and heterologous LTR
substrates. WT U5 LTR substrates from HIV-1 (B), HTLV-1 (C), HTLV-2 (D),
and M-MuLV (E) were examined for 3'-processing activity with HIV-1 IN (lanes
2), HTLV-1IN (lanes 3), HTLV-2 IN (lanes 4), M-MuLV IN and (lanes 5). Lane
1 in each panel represents the substrate with no protein. (F) Nucleotide se-
quences of the WT LTR substrates used in the assays.

Protein purification. The INs from HIV-1, HTLV-1, HTLV-2, and M-MuLV
used in this study were purified as hexahistidine-tagged fusion proteins. The
presence of the histidine tag does not interfere with WT HIV-1 IN activity, as
shown previously by Bushman et al. (6). Purified HIV-1 IN was a gift from
Robert Craigie (Laboratory of Molecular Biology, National Institute of Diabetes
and Digestive and Kidney Diseases, Bethesda, Md.). HTLV-1, HTLV-2, and
M-MuLV INs were expressed in Escherichia coli BL21(DE3) cells and purified
by using nickel nitrilotriacetate agarose (Qiagen, Chatsworth, Calif.) as described
previously (2, 14). HTLV-1 IN was characterized prior to this study (1). Two
separate purifications of HTLV-1 IN were performed which yielded proteins
with similar specific activities and nearly 95% homogeneity. HTLV-1 IN exhib-
ited solubility, stability, and reaction characteristics similar to those of the
HTLV-2 IN (2). 3'-Processing and strand transfer activities catalyzed by the
protein were optimal at 6.6 mM NaCl and inhibited at concentrations of above
100 mM. Disintegration activity was optimal at 6.6 mM NaCl and was inhibited
at a concentration of 250 mM NaCl or greater. HTLV-1 IN catalyzed 3'-pro-
cessing, strand transfer, and disintegration reactions optimally with 7.5 mM
Mg?* or Mn?* as the divalent cation.
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Oligonucleotide substrates. Oligonucleotide sequences corresponding to the
WT U5 LTR regions of the HIV-1 (37), HTLV-1 (31), HTLV-2 (26), and
M-MuLV (39) genomes were used as substrates in the assays (Fig. 1F). Oligo-
nucleotides were purified on 20% denaturing polyacrylamide gels, labeled at the
5" end with [y->2P]ATP and T4 polynucleotide kinase, and hybridized to com-
plementary oligonucleotide strands as previously described (14). Unincorporated
radioactivity was removed from substrate preparations by using G-50 spin col-
umns.

Integration and disintegration assays. Results of titration experiments gave
the protein concentration (0.43 wM HIV-1 IN and HTLV-1 IN, 0.33 pM
HTLV-2 IN, and 0.93 uM M-MuLV IN) that yielded maximal activity for each
IN with its WT blunt and recessed LTR substrate, as well as with disintegration
substrates. This protein concentration was used throughout the study. All 3'-
processing, strand transfer, and disintegration assays were performed with 15-pl
reaction volumes containing the appropriate concentration of IN and 1 pmol of
a labeled LTR substrate under the designated buffer conditions. Reactions were
incubated at 37°C for 60 min. Integration and disintegration assays for HIV-1,
HTLV-1, and HTLV-2 INs contained 25 mM morpholinepropanesulfonic acid
(MOPS) (pH 7.2), 10 mM B-mercaptoethanol, 0.75 mM 3-[(3-cholamidopropyl)-
dimethyl-ammonio]-1-propanesulfonate (CHAPS), 7.5 mM MnCl,, and 10%
glycerol. Strand transfer assays for M-MuLV IN contained 20 mM piperazine-
1,4-bis(2-ethanesulfonic acid) (PIPES) (pH 6.2), 10 mM dithiothreitol, 10 mM
KCl, 20 mM MnCl,, and 20% glycerol. 3’-Processing reaction conditions for
M-MuLV IN were identical to those for strand transfer, except for the inclusion
of 10% ethylene glycol. M-MuLV IN disintegration reaction mixtures contained
20 mM PIPES (pH 6.4), 10 mM dithiothreitol, 10 mM CHAPS, 25 mM MnCl,,
and 0.05% Nonidet P-40. Reactions were stopped by a 30-min incubation with 25
ug of proteinase K in the presence of 25 mM EDTA and 0.01% sodium dodecyl
sulfate at 37°C, followed by the addition of 10 pl of loading dye (95% formamide,
20 mM EDTA, 0.05% bromophenol blue, 0.5% xylene cyanol). Reaction prod-
ucts were separated on 20% polyacrylamide denaturing gels, subjected to auto-
radiography, and quantitated with a Hoefer GS-300 scanning densitometer and
a GS-370 electrophoresis data system. Percent activity was calculated by dividing
the sum of the products (3" processed and strand transfer) by the sum of the
substrate and products and multiplying by 100. Percent activity was calculated
from a minimum of three trials for each experiment.

RESULTS

Substrate specificity during IN-catalyzed reactions. The ter-
minal 6 to 9 bases of the viral LTRs are sufficient for substrate
recognition for 3’ processing and strand transfer by retroviral
INs (4, 5, 8, 22, 25, 36, 50). The specific nucleotide determi-
nants within this LTR region that confer sequence specificity
during catalysis by IN have not been well defined. It was of
interest, therefore, to initially investigate the specificity re-
quirements during catalysis of each of the enzymatic activities
of IN. Highly purified HIV-1, HTLV-1, HTLV-2, and M-MuLV
INs were thus examined for 3'-processing (Fig. 1), strand trans-
fer (Fig. 2), and disintegration (Fig. 3) activities on their own
LTRs and with heterologous LTR substrates.

Substrate specificity for the 3'-processing reaction was in-
vestigated by using WT blunt-end US LTR substrates. Each IN
was examined for the ability to catalyze reactions with its own
WT LTR and the WT LTRs of the other three INs (Fig. 1F).
Figure 1B shows the 3'-processing activities of all four INs with
the HIV-1 WT LTR. Among the four INs, HIV-1 IN was the
most efficient in catalyzing 3’ processing on the HIV-1 WT
LTR (Fig. 1B, lane 2). The HTLV-1 and M-MuLV INs cata-
lyzed approximately one-fourth of the activity of HIV-1 IN on
the HIV-1 WT LTR substrate (Fig. 1B, lanes 3 and 5). The
HTLV-2 IN activity level was slightly higher than those of the
HTLV-1 and M-MuLV INs (Fig. 1B, lane 4). With the
HTLV-1 WT LTR (Fig. 1C), HTLV-2 IN exhibited the highest
levels of 3'-processing activity (20%; Fig. 1C, lane 4), while the
percentages of product conversion for HIV-1 IN (Fig. 1C, lane
2) and HTLV-1 IN (Fig. 1C, lane 3) were 5 and 10%, respec-
tively. In contrast, the level of 3’ processing was less than 1%
for M-MuLV IN (Fig. 1C, lane 5). HTLV-2 IN showed the
greatest preference for the HTLV-2 WT LTR substrate (Fig.
1D, lane 4), and the other three INs supported comparatively
lower activity levels (Fig. 1D). A comparison of the 3’-process-
ing activities displayed by the four INs with the M-MuLV WT
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LTR (Fig. 1E) showed HIV-1 IN to be the most efficient (Fig.
1E, lane 2). Low but similar levels of activity (5%) were noted
for M-MuLV IN (Fig. 1E lane 5), HTLV-1 IN (Fig. 1E, lane 3),
and HTLV-2 IN (Fig. 1E, lane 4) with the M-MuLV WT LTR.
Thus, for any LTR substrate, the different INs displayed a
range of 3’-processing levels, indicating the influence of LTR
sequences on substrate specificity. HIV-1 IN catalyzed the
highest level of activity with the HIV-1 LTR and the least with
the HTLV-1 LTR. In contrast to previous reports (22, 36, 46),
our assays clearly indicated 3’-processing activity of HIV-1 IN
on HTLV-1 and M-MuLV LTR substrates. This may reflect
differences in assay conditions. HTLV-1 IN efficiently pro-
cessed its own LTR but exhibited much lower levels with the
other three LTRs. HTLV-2 IN recognized the WT LTRs from
HIV-1, HTLV-1, and HTLV-2 but not the M-MuLV WT LTR.
In contrast to the other INs, M-MuLV IN had the least activity
in reactions with its own WT LTR, while efficiently processing
the HTLV-2 and HIV-1 LTRs. This suggests that the
M-MuLV WT LTR is not an optimal substrate for its IN.

To investigate LTR substrate specificity in the strand trans-
fer reaction, the HIV-1, HTLV-1, HTLV-2, and M-MuLV INs
were examined by using recessed WT LTR substrates (Fig.
2E). With the HIV-1 WT LTR, all four INs showed similar
levels (26 to 35%) of strand transfer activity (Fig. 2A, compare
lanes 2 to 5). This agrees with a previous study showing strand
transfer of mini-HIV-1 and mini-HIV-2 substrates by cytoplas-
mic extracts from M-MuLV-infected cells (47). The HTLV-1
and HTLV-2 INs exhibited high activity levels (55 and 45%,
respectively) with the HTLV-1 WT recessed substrate (Fig. 2B,
lanes 3 and 4), while HIV-1 IN and M-MuLV IN activity levels
were twofold lower (20 to 22%; Fig. 2B, lanes 2 and 5). Nearly
equal levels of strand transfer activity were noted with the
HIV-1, HTLV-1, and HTLV-2 INs on the recessed HTLV-2
WT LTR (Fig. 2C, lanes 2 to 4). The levels of strand transfer
activity were minimal, however, for M-MuLV IN with this LTR
(Fig. 2C, lane 5). Finally, analysis of the M-MuLV WT LTR
(Fig. 3D) clearly showed that the HIV-1, HTLV-1, and
HTLV-2 INs catalyzed higher levels of strand transfer (15 to
20%) than the M-MuLV IN (5%). In contrast to 3’ processing,
all four INs showed less variability in the levels of product
generated for a particular LTR substrate. Thus, strand transfer
activity showed less dependence on specific sequences in the
LTR. Interestingly, the panel of four INs produced similar
patterns of strand transfer products for a given LTR sequence.
These patterns suggest that recognition of the target DNA
sequence was similar among these INs when the target DNA
sequence was the LTR itself.

The final IN-mediated reaction examined for substrate spec-
ificity was disintegration using WT Y substrates (Fig. 3E).
Three of the INs, HIV-1 IN, HTLV-1 IN, and M-MuLV IN,
catalyzed identical levels of disintegration activity with each of
the four disintegration substrates (Fig. 3A, B, and D). HTLV-2
IN generated slightly lower levels of disintegration products
with HTLV-2 and M-MuLV Y substrates (Fig. 3C, lanes 6 and
8). In contrast to the marked changes in the levels of 3'-
processing activity observed in Fig. 1, there was minimal vari-
ation in disintegration activity levels among the INs. These
results further support previous findings that IN does not rely
on the LTR sequence in the Y substrate for substrate recog-
nition (10, 40, 41). The sequence flexibility of IN for recogni-
tion and catalysis of heterologous disintegration substrates
indicates structure-based rather than sequence-based recogni-
tion of the Y substrates by IN (10). In addition to the flexibility
in sequence requirements, reaction conditions also appear to
be less stringent for the disintegration reaction (2, 14). Based
on our observation that 3" processing is more sequence depen-
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dent than strand transfer and disintegration, we predict that
IN-LTR interactions in the preintegration complex involve
specific interactions during the 3'-processing step and that
these specific sequences may contribute only minimally toward
directing strand transfer.

Nucleotide requirements for recognition of the M-MuLV U5
LTR by HIV-1, HTLV-1, HTLV-2, and M-MuLV INs. Based on
the greatly reduced levels of 3’ processing of the M-MuLV WT
LTR by HTLV-1 and HTLV-2 INs (Fig. 1E), we hypothesized
that specific nucleotide substitutions in the M-MuLV LTR
could create a substrate more efficiently cleaved by HTLV-1
and HTLV-2 INs. A comparison of HIV-1, HTLV-1, and
HTLV-2 WT LTR sequences shows one to three adenines
immediately 5’ to the CA, in positions 5, 6, and 7 (Fig. 1F). In
the M-MuLV LTR, these positions are occupied by thymines.
Since it had been established that the 6 to 9 bases preceding
the CA are sufficient to serve as an LTR substrate for IN
enzymatic activity (4, 5, 8, 22, 25, 36, 50), we speculated that
changes within the first three bases next to the conserved CA
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FIG. 2. Strand transfer activities of INs on native and heterologous recessed
LTR substrates. HIV-1 (A), HTLV-1 (B), HTLV-2 (C), and M-MuLV (D) LTR
substrates were examined for strand transfer activity with HIV-1 IN (lanes 2),
HTLV-1 IN (lanes 3), HTLV-2 IN (lanes 4), and M-MuLV IN (lanes 5). Lane 1
in each panel represents the substrate with no protein. (C) Shorter exposure than
that of the other panels. (F) Nucleotide sequences of the LTR substrates used in
the assays.

in the M-MuLV substrate would generate a substrate that
would be processed by the HTLV-1 and HTLV-2 INs but
would produce a loss of activity for M-MuLV IN. Therefore, a
substitution that conferred activity would be a determinant in
substrate specificity. Modified M-MuLV LTRs were therefore
designed with adenines substituted for thymines at positions 5
and 7, as well as individually at positions 5, 6, and 7 (Fig. 4F).

Replacement of thymine with adenine at positions 5 and 7
created a substrate (M-MuLV 5,7T—A) with substantially in-
creased levels of 3’ processing by the HIV-1, HTLV-1, and
HTLV-2 INs (Fig. 4B, lanes 2 to 4) compared with the M-
MuLV WT LTR (Fig. 4A, lanes 2 to 4). Remarkably, an
11-fold increase in the M-MuLV IN activity level was noted
with the M-MuLV 5,7T—A LTR (Fig. 4A, lane 5) compared
with the M-MuLV WT LTR (Fig. 4B, lane 5). Efficient catal-
ysis of the substrate by M-MuLV IN was also shown by the
increased amounts of strand transfer products (Fig. 4B, lane
5). The M-MuLV 5,7T—A LTR substrate was therefore fa-
vored over the M-MuLV WT LTR by all four INs.

To examine the specific positional requirement for the ad-
enines, modified M-MuLV LTRs were synthesized with indi-
vidual adenine substitutions at positions 5 (M-MuLV 5T—A),
6 (M-MuLV 6T—A), and 7 (M-MuLV 7T—A) (Fig. 4F). The
M-MuLV 5T—A substitution resulted in 3’-processing levels
among the four enzymes similar to that observed for the M-
MuLV 5,7T—A LTR substrate (compare Fig. 4B and C). In
the case of the M-MuLV 6T—A LTR, the HIV-1, HTLV-1,
and HTLV-2 INs maintained the same levels of activity as
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observed with the M-MuLV WT LTR (Fig. 4A and D, com-
pare lanes 2 to 4). Strikingly, M-MuLV IN catalyzed eightfold
higher activity on this substrate than on its WT substrate (Fig.
4A and D, compare lanes 5). The final thymine-to-adenine

M-MulLV
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FIG. 3. Disintegration activities of INs on heterologous Y substrates. The
HIV-1 (A), HTLV-1 (B), HTLV-2 (C), and M-MuLV (D) INs were examined
for disintegration activity with HIV-1 (lanes 2), HTLV-1 (lanes 4), HTLV-2
(lanes 6), and M-MuLV (lanes 8) Y substrates. Lanes 1, 3, 5, and 7 (indicated by
a minus sign) in each panel represent the substrate with no protein. (F) Sche-
matic representation of the Y substrate and nucleotide sequences of the consti-
tutive strands for the four Y substrates. Sequences in the A and B strands that
correspond to the U5 LTR arms are highlighted. nt, nucleotides.

substitution at position 7 (M-MuLV 7T—A) resulted in low
activity for HIV-1 IN and barely detectable levels of activity for
the HTLV-1 and HTLV-2 INs (Fig. 4E, lanes 2 to 4). The
M-MuLV IN showed about 20% activity on this substrate,
indicating that the substitution was still favored over the WT
sequence (Fig. 4E, lane 5). Overall, the single-base thymine-
to-adenine substitution at position 5 in the M-MuLV WT LTR
clearly generated a more competent substrate for the HTLV-1
and HTLV-2 INs, indicating its importance in 3’ processing for
these enzymes. In M-MuLV IN, all of the substitutions, in
particular, M-MuLV 5T—A, generated significantly higher
levels of 3’ processing than observed for the M-MuLV WT
substrate. This suggests that the M-MuLV WT LTR sequence
has not evolved as an optimal substrate for M-MuLV IN. In
contrast to the wide variation in activity observed for these INs,
HIV-1 IN showed little variation in its 3’-processing activity
levels.

Nucleotide requirements for recognition of the HTLV-2 U5
LTR. Based on the previous results, we further hypothesized
that if the adenine at position 5 is crucial for substrate recog-
nition by the HTLV INs, then replacement of this adenine with
a thymine in the HTLV-2 WT LTR would result in loss of
3'-processing activity for the HTLV-1 and HTLV-2 INs, while
the HIV-1 and M-MuLV INs would retain activity. Therefore,
modified HTLV-2 LTRs were designed with substitutions con-
verse to those introduced in the M-MuLV LTR. Specifically,
the adenines at positions 5 and 7 in the WT HTLV-2 LTR
were changed to thymines (Fig. SE). Again, each of the mod-
ified substrates was screened for 3'-processing activity with
each of the four INs (Fig. 5).
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-
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12345 12345
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IN> Eg3353 T
EE=
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F.
M-MuLV WT 5 ' GTCAGCGGGGGTCTTTCATT

3 'CAGTCGCCCCCAGAAAGTAA

M-MuLV 5,7T-+A 5'GTCAGCGGGGGTCATACATT

3 'CAGTCGCCCCCAGTATGTAA

M-MuLV S5T-A 5'GTCAGCGGGGGTCTTACATT

3 'CAGTCGCCCCCAGAATGTAA

M-MuLV 6T-A 5'GTCAGCGGGGGTCTATCATT

3 'CAGTCGCCCCCAGATAGTAA

M-MuLV 7TT=A 5'GTCAGCGGGGGTCATTCATT

3 ' CAGTCGCCCCCAGTAAGTAA
[ |
Nucleotide No. 7 1,

In a comparison of IN activity levels on the HTLV-2 WT
LTR (Fig. 5A) and HTLV-2 5,7A—T, HIV-1 IN retained
similar amounts of activity with both substrates (Fig. SA and B,
lane 2), while the HTLV-1 and HTLV-2 INs showed a marked
decrease in 3'-processing activity levels with HTLV-2 5,7A—T
(Fig. 5B, lanes 3 and 4). Catalysis of the HTLV-2 5,7A—T
substrate by M-MuLV IN produced higher levels of 3'-pro-
cessing and strand transfer products (Fig. 5B, lane 5) than
observed for the HTLV-2 WT LTR (Fig. 5A, lane 5). The
individual substitution at position 5 (HTLV-2 SA—T LTR)
dramatically decreased 3’-processing levels of the HTLV-1 and
HTLV-2 INs (Fig. 5C, lanes 3 and 4) compared to those ob-
served with the HTLV-2 WT LTR (Fig. 5A, lanes 3 and 4). The
3’-processing levels of the four INs noted with the HTLV-2
SA—T LTR (Fig. 5C) were comparable to those observed for
the M-MuLV 7T—A LTR (Fig. 4E). Both of these substrates
have an adenine at position 7 and a thymine at position 5 (Fig.
5E and 4F). However, a comparison of the M-MuLV IN strand

s
.

" . o

123;: 123;2 123;5
o R By 1= -
1533 533 £233
EEE§ EEE§ EEE

FIG. 4. 3'-processing activities of INs on WT and modified M-MuLV LTR
substrates. WT M-MuLV (A), M-MuLV 5,7T—A (B), M-MuLV 5T—A (C),
M-MuLV 6T—A (D), and M-MuLV 7T—A (E) LTR substrates were used in
assays with HIV-1 IN (lanes 2), HTLV-1 IN (lanes 3), HTLV-2 IN (lanes 4), and
M-MuLV IN (lanes 5). Lane 1 in each panel represents the substrate with no
protein. (F) Nucleotide sequences of the WT and modified M-MuLV U5 LTR
substrates used in the assays. Base substitutions are in boldface.

transfer activities of these two modified LTRs showed more
product with the M-MuLV 7T—A LTR (Fig. 4E, lane 5). The
final substrate examined in this series, the HTLV-2 7A—T
LTR (Fig. 5D), resulted in a loss of activity only for HIV-1 IN
(Fig. 5D, lane 2). The HTLV-2 7A—T LTR supported activity
levels similar to those of the HTLV-2 WT substrate for
HTLV-1 IN and HTLV-2 IN (compare Fig. 5A and D, lanes 3
and 4), while higher activity was observed for the M-MuLV IN
(Fig. 5D, lane 5). The HTLV-2 and M-MuLV INs showed high
levels of activity with the HTLV-2 7A—T LTR (Fig. 5D, lanes
4 and 5) and the M-MuLV 5T—A LTR (Fig. 4C, lanes 4 and
5), both of which have an adenine at position 5 and a thymine
at position 7. These combined results support the role of nu-
cleotides at positions 5 and 7 in conferring sequence-specific
recognition of LTR substrates for the HTLV-1, HTLV-2, and
M-MuLV INs.

Nucleotide requirements for recognition of the HTLV-1 U5
LTR. Substitutions in the M-MuLV and HTLV-2 LTRs sug-
gested a specific requirement for adenine at position 5 by
HTLV-2 IN and, to some extent, by HTLV-1 IN. To further
investigate this requirement, base pair substitutions in the
HTLV-1 WT LTR were examined. Specifically, adenine-to-
thymine substitutions at positions 5 and 7 in the HTLV-1 WT
U5 LTR were tested (HTLV-1 5,7A—T, Fig. 6C). Based on
earlier results, these modifications were predicted to decrease
3’-processing activity by the HTLV-1 and HTLV-2 INs, as well
as confer substrate recognition by M-MuLV IN. Activity levels
of the four INs on the HTLV-1 5,7A—T LTR (Fig. 6B) are
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LTR-> HTLV-I WT HTLV-II 5,7A->T HTLV-II 5A->T HTLV-1I 7A->T
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E. FIG. 5. 3'-processing activities of INs on WT and modified HTLV-2 LTRs.
WT HTLV-2 (A), HTLV-2 57JA—T (B), HTLV-2 5A—T (C), and HTLV-2
7A—T (D) LTR substrates were used in assays with HIV-1IN (lanes 2), HTLV-1
HTLV-II WT 5 ' TCCCGGGGAAGACAAACAAG IN (lanes 3), HTLV-2 IN (lanes 4), and M-MuLV IN (lanes 5). Lane 1 in each
3 ' AGGGCCCCTTCTGTTTGTTC panel represents the substrate with no protein. (E) Nucleotide sequences of the
WT and modified HTLV-2 U5 LTR substrates used in the assays. Base substi-
HTLV-II 5,7A4T 5'TCCCGGGGAAGACTATCAAG tutions are in boldface.
3 'AGGGCCCCTTCTGATAGTTC
= 4 AAGACAAT G . . . . .
BELYSEL g'igggggggTTngTTAg%];C scribed previously, changing the thymines in the M-MuLV
LTR to adenines created substrates that could be recognized
HTLV-II 74T 5' TCCCGGGGAAGACTAACAAG by the HTLV-1 and HTLV-2 INs. Significantly, these substi-

3 ' AGGGCCCCTTCTGATTGTTC
[ |

Nucleotide No. 75 1

shown in comparison with those on the HTLV-1 WT LTR
(Fig. 6A). HIV-1 IN displayed a significant gain in activity with
the HTLV-1 5,7A—T LTR over the HTLV-1 WT LTR, with
production of both 3’-processed and strand transfer products
(Fig. 6B, lane 2). As expected, only basal 3'-processed product
levels were observed for HTLV-1 IN and HTLV-2 IN with the
modified LTR compared with the WT LTR (compare Fig. 6A
and B, lanes 3 and 4). 3’ processing was confirmed only by the
low, but nearly identical, levels of strand transfer products
observed for both INs (Fig. 6B, lanes 3 and 4). Significantly,
M-MuLV IN recognized the modified HTLV-1 substrate, as
shown by the presence of strand transfer products (Fig. 6B,
lane 5). Overall, the substitutions in the HTLV-1 LTR created
a substrate recognized in a manner similar to those of the
HIV-1 and M-MuLV WT LTRs.

Purine substitutions identify specific base requirements for
the INs. Examination of purine-pyrimidine content at positions
5 to 7 revealed that among the HIV-1, HTLV-1, and HTLV-2
WT LTRs, two of three positions are purines; in the M-MuLV
WT LTR, all three are pyrimidines. In the experiments de-

tutions also increased the level of strand transfer activity for
the M-MuLV IN. It was therefore of interest to determine
whether the conferred recognition was sequence dependent or
whether any purine at positions 5 and 7 could mediate catal-
ysis. Thus, substitutions were made to examine whether gua-
nine at these positions would also confer substrate recognition
on the HTLV-1 and HTLV-2 INs for 3’ processing, as ob-
served for the adenine substitution (M-MuLV 5T—A; Fig.
4C).

Two M-MuLV LTRs were designed with individual thym-
ine-to-guanine substitutions at positions 5 (M-MuLV 5T—QG)
and 7 (M-MuLV 7T—G) (Fig. 7C). HIV-1 IN was active on
both modified substrates, with a slight preference for the
5T—G modification (compare Fig. 7A and B, lanes 2). Inter-
estingly, a previous report did not find activity with a similar
substitution (46). Neither of the modified M-MuLV substrates
was catalyzed by the HTLV-1 and HTLV-2 INs (Fig. 7A and B,
lanes 3 and 4). M-MuLV IN had fourfold higher activity on the
M-MuLV 5T—G LTR (Fig. 7A, lane 5) and twofold higher
integration activity on the M-MuLV 7T—G LTR (Fig. 7B, lane
5) than on the M-MuLV WT LTR. Again, increased levels of
strand transfer were observed for M-MuLV IN with these
modified substrates. Similar purine substitutions (adenine to
guanine) in the HTLV-2 WT LTR also created substrates
recognized by HIV-1 and M-MuLV INs but not by either of
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A, B.
LTR-> HTLV-IWT HTLV-I 5,7A>T
Integration
products
Substrate——
Cleavage -
Product
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C.
HTLV-I WT 5 ' AGAGAAATTTAGTACACAGT

3'TCTCTTTAAATCATGTGTCA

HTLV-I 5,7A=T 5'AGAGAAATTTAGTTCTCAGT

3'TCTCTTTAAATCAAGAGTCA
(| |
Nucleotide No. 75 I

FIG. 6. 3’-Processing activities of INs on WT and modified HTLV-1 LTRs.
WT HTLV-1 (A) and HTLV-1 5,7A—T (B) LTR substrates were used in assays
with HIV-1 IN (lanes 2), HTLV-1 IN (lanes 3), HTLV-2 IN (lanes 4), and
M-MuLV IN (lanes 5). Lane 1 in each panel represents the substrate with no
protein. (C) Nucleotide sequences of the WT and modified HTLV-1 U5 LTR
substrates used in the assays. Base substitutions are in boldface.

the HTLV INs (data not shown). These results further confirm
the specific requirement of the position 5 adenine for activity
of the HTLV-1 and HTLV-2 INs. If either guanine or adenine
substitutions had equally conferred activity on the substrate, it
would have been inferred that the structure and size of this
position(s) were more important than the chemistry inherent
to the base. In effect, it would have provided a simple readout
of the protein-DNA interactions based on a simple purine-
pyrimidine sequence code. This, however, was not the case,
indicating that the nucleotides contributed to the LTR se-
quence recognition via their specific functional group moieties.

Importance of upstream sequences for IN 3’-processing ac-
tivity. Two hybrid substrates were synthesized to determine
whether sequences upstream from LTR position 7 influenced
substrate specificity: (i) 5" HTLV-2-3" M-MuLV, a substrate
with the terminal 7 bp from M-MuLV and the remaining 13
from HTLV-2, and (ii) 5" M-MuLV-3" HTLV-2, a substrate
with the terminal 7 bp from HTLV-2 and the remaining 13
from M-MuLV (Fig. 7F). With the 5" HTLV-2-3' M-MuLV
hybrid LTR, activity levels displayed by the HIV-1, HTLV-1,

J. VIROL.

and HTLV-2 INs (Fig. 7D, lanes 2 to 4) were comparable to
their activity levels on the M-MuLV WT LTR (Fig. 4A, lanes
2 to 4). The M-MuLV IN catalyzed 12-fold higher activity with
this hybrid LTR than that with its WT LTR (compare Fig. 4A
and 7D, lanes 5). The 3’-processing activity levels of all four
INs on the 5" M-MuLV-3" HTLV-2 hybrid were comparable
to those on the HTLV-2 WT LTR (compare Fig. 1D and 7E).
As observed with the HTLV-2 WT LTR, HTLV-2 IN exhibited
the greatest activity with the 5 M-MuLV-3" HTLV-2 hybrid
(Fig. 7E, lane 4). These results suggest that in the case of
M-MuLV, the upstream HTLV-2 sequences contributed to
substrate recognition. This is consistent with earlier reports
signifying the importance of upstream sequences for catalysis
by M-MuLV IN (15). For HIV-1, HTLV-1, and HTLV-2 INs,
however, the sequences upstream from position 7 had little
effect on LTR recognition.

DISCUSSION

In our comparisons of IN-catalyzed 3’ processing, strand
transfer, and disintegration reactions, 3’ processing had the
greatest requirement for specific LTR sequences. Therefore,
the 3’-processing reaction served as our central focus to iden-
tify nucleotides within the viral LTR that determine substrate
specificity for retroviral INs. Based on the levels of 3’-process-
ing activity catalyzed by the HIV-1, HTLV-1, HTLV-2, and
M-MuLV INs with their own and heterologous LTRs, the
M-MuLV WT LTR was chosen as a suitable substrate for
probing the substrate specificity determinants. This selection
was based primarily on the low levels of activity catalyzed by
the HTLV-1 and HTLV-2 INs on this LTR. In addition, se-
quence composition at positions 5 to 7 proximal to the con-
served CA was distinctly different between the HTLV and
M-MuLV LTRs. Based on these observations, we hypothe-
sized that the substrate specificity determinants would be con-
tained within the terminal 7 bp of the U5 LTR, since 6 to 9 bp
of the LTR termini are sufficient for integration (5, 8, 22, 23,
25, 32, 50). The M-MuLV LTR was modified at positions 5 to
7 and assayed for a gain of function for the HTLV-1 and
HTLV-2 INs with the hypothesis that we could engineer the
M-MuLV substrate to be recognized as HTLV-1 and HTLV-2
substrates and vice versa. Mutational analyses, based on a
gain-of-function approach, allowed us to identify specific nu-
cleotides that converted nonfunctional heterologous LTRs
into functional substrates for 3’ processing for a particular IN.
These prediction-based analyses suggest that the role of the
terminal nucleotides, specifically, those at positions 5, 6, and 7,
was to confer substrate specificity during 3’ processing. Pref-
erences for the nucleotide bases and their positions differed for
each IN. Further, comparison of IN activities on the modified
LTRs with adenine and guanine substitutions at these posi-
tions indicated that the specificity conferred by the nucleotide
was associated with its individual chemical properties rather
than the gross structure.

A summary of the activities of the four INs is presented in
Table 1. The INs catalyzed higher levels of strand transfer
activity on precleaved LTR substrates, compared with 3’ pro-
cessing. With reference to 3' processing, several observations
were made concerning specific nucleotide requirements.
HTLV-2 IN exhibited a more defined specificity, preferring a
combination of adenine at position 5 and thymine or adenine
at position 7 in its LTR. HTLV-1 maintained an overall low
activity profile, although the adenine at LTR position 5 was
important. M-MuLV IN exhibited a preference for A or G
over T at position 5 in its LTR. Adenine and thymine substi-
tutions in the M-MuLV WT and HTLV-2 WT LTRs were in
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F.

5'HTLV-II/3'M-MuLV 5'TCCCGGGGAAGACTTTCATA
3 AGGGCCCCTTCTCARAGTAR

5'M-MULV/3'HTLV-II 5'GTCAGCGGGGGTCAAACAAG
3 'CAGTCGCCCCCAGTTTGTTC

FIG. 7. 3’-Processing activities of INs on modified M-MuLV and HTLV-2-
M-MuLV hybrid LTRs. M-MuLV 5T—G (A), M-MuLV 7T—G (B), 5' HTLV-
2-3' M-MuLV (D), and 5" M-MuLV-3' HTLV-2 (E) LTR substrates were used
in assays with HIV-1 IN (lanes 2), HTLV-1 IN (lanes 3), HTLV-2 IN (lanes 4),
and M-MuLV IN (lanes 5). Lane 1 in each panel represents the substrate with no
protein. (C and F) Nucleotide sequences of the modified M-MuLV LTRs and
HTLV-2-M-MuLV hybrid LTRs, respectively. Base substitutions in the modified
M-MuLV substrates and the M-MuLV sequences in the hybrid substrates are in
boldface.

agreement with the requirement for adenine at position 5 and
thymine at position 7 for the M-MuLV IN. In addition, the
hybrid substrates indicated that certain upstream positions
may also be involved in the LTR recognition by M-MuLV IN.
Overall, the LTR substitution studies suggested that the M-
MuLV WT LTR is not an optimal substrate for its IN. This
observation is likely to have evolutionary significance (27).
Therefore, contrary to its poor profile, as shown by the low
activity on its own WT LTR, the M-MuLV IN efficiently pro-
cessed alternate LTR substrates. It could be argued that the
suboptimal WT LTR sequence is responsible for the protein’s
apparent low activity. Among the four INs, HIV-1 IN displayed
the broadest range of substrate specificities. HIV-1 IN effi-
ciently utilized the HIV-1, HTLV-2, and M-MuLV WT LTRs
as substrates for 3’ processing and tolerated most substitutions
in these substrates. Contrary to our observations, previous
reports of HIV-1 IN have not shown activity with the M-MuLV
and HTLV-1 LTRs (22, 36, 46). This may reflect differences in
the IN assay conditions or purification schemes. Previous stud-
ies examining nucleotide requirements in the subterminal LTR
regions have shown a decrease or loss of IN activity with
nucleotide substitution, specifically, at positions 5 through 8
(22, 32, 46, 50). Mutations in the HIV-1 U3 LTR, at positions
6 to 8, significantly decrease 3’ processing in vitro, as well as
lower reverse transcriptase activity and delay progeny forma-
tion in vivo (32). Similar deletion and substitution studies with
cell cultures using M-MuLV highlight the requirement of nu-
cleotides corresponding to positions 5 through 8 for reverse
transcriptase activity, progeny formation, and viability of the
virus (25). We have further explored these nucleotide require-
ments by using a gain-of-function approach and defined their
role as providing substrate specificity to IN during 3" process-
ing.

Close examination of the strand transfer reaction showed
that each of the four INs produced the same pattern of strand
transfer products when a given LTR sequence was used as the
target DNA. Further, single or double base pair substitutions
in the WT LTRs significantly changed the preferred sites of
integration. Although retroviral integration into a target se-
quence is not sequence specific, our results indicate that pref-
erences for certain sites or regions exist, an observation con-
sistent with earlier reports (4, 12, 13, 23, 29, 30). A preference
for A-T-rich regions in the target DNA has been shown for
integration catalyzed by avian myeloblastosis virus (12, 21) and
M-MuLV (29) INs. Target site selection has been shown to be
a function of the target sequence and is independent of the
viral LTR that undergoes 3’ processing (23). Results from our
comparative analysis are in agreement with this report. Over-
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TABLE 1. Summary of activities of HIV-1, HTLV-1, HTLV-2, and
M-MuLV INs on WT and modified LTR substrates

Activity” of:
LTR HIV-l  HTLV-1 HTLV-2 M-MuLV
IN IN IN IN

WT blunt LTRs

HIV-1 ++++ + ++ +

HTLV-1 + ++ 4 +

HTLV-2 ++ ++ ++ ++

M-MuLV ++ + + +
WT cleaved LTRs

HIV-1 FH++ +++

HTLV-1 +++ - ++++ o+t

HTLV-2 +++ ++ +++ ND

M-MuLV ++ ++ o+ +
M-MuLV 5T—A +++ +++  F++ *
M-MuLV 6T—A + * + ++++
M-MuLV 7T—A + + + ++
M-MuLV 5,7T—A 4+ 4+ o+t 4+
HTLV-2 5A—T + + + +
HTLV-2 7TA—>T * + ++ ++++
HTLV-2 5,7A—T + + + +++
HTLV-1 5,7A—T 4+ o ++ T
M-MuLV 5T—-G ++ + + +++
M-MuLV 7T-G + + + F4+++
5" HTLV-2-3' M-MuLV  + * + *
5" M-MuLV-3' HTLV-2 + ++ + +

@+, <5%; +,51t010%; ++, 11 to 20%; +++, 21 to 35%; ++++, 36 to 50%;
*, >50%; ND, no detectable activity.

all, it may suggest that the domain for recognition of the target
(host DNA) during strand transfer is conserved among retro-
viral INs. Further, the INs catalyzed higher levels of strand
transfer activity with precleaved substrates than with 3’ pro-
cessing with the blunt substrates (Table 1).

In summary, each of the retroviral INs exhibited unique
substrate specificity traits. The comparative study presented
here indicates that the nucleotides in the LTR termini present
some structural complementarity, in terms of hydrogen bond-
ing groups, to the LTR-binding sites in the IN. As with other
sequence-specific DNA-binding proteins, recognition and
binding by IN at specific LTR sequences may involve the in-
teraction of a matrix of hydrogen bond donors and acceptors in
the DNA grooves with the sterically complementary hydrogen
bond acceptors and donors in the protein’s binding site. These
specific interactions may be further coupled with nonspecific
interactions along the upstream regions of the LTR with IN.
Since single base pair substitutions in the LTRs modulated IN
activity at significant levels, it can be speculated that only a
limited region in the LTR is involved in specific interactions
with IN. Substitutions involving the critical nucleotides may
therefore create disturbances in the hydrogen bond interac-
tions reflected by low IN activity. However, nucleotide substi-
tutions in the LTR that do not result in significant mispairing
with the protein hydrogen bonding groups may maintain suf-
ficient interactions with IN to mediate moderate levels of in-
tegration activity. Now that the critical nucleotide positions in
the viral LTR that confer substrate specificity have been iden-
tified, the specific amino acids in the IN can be defined.

J. VIROL.
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