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Integration of the Saccharomyces cerevisiae retrotransposon Tyl requires the element-encoded integrase (IN)
protein, which is a component of cytoplasmic virus-like particles (VLPs). Using purified recombinant Tyl IN
and an oligonucleotide integration assay based on Tyl long terminal repeat sequences, we have compared IN
activity on substrates having either wild-type or altered donor ends. IN showed a marked preference for
blunt-end substrates terminating in an A:T pair over substrates ending in a G:C pair or a 3 dideoxyadenosine.
VLP activity on representative substrates also showed preference for donor strands which have an adenosine
terminus. Staggered-end substrates showed little activity when nucleotides were removed from the end of the
wild-type donor strand, but removal of one nucleotide from the complementary strand did not significantly
diminish activity. Removal of additional nucleotides from the complementary strand reduced activity to
minimal detection levels. These results suggest that the sequence specificity of Tyl IN is not stringent in vitro.
The absence of Tyl IN-mediated 3 dinucleotide cleavage, a characteristic of retroviral integrases, was dem-
onstrated by using selected substrates. In addition to the forward reaction, both recombinant IN and VLP-
associated IN carry out the reverse disintegration reaction with long terminal repeat-based dumbbell sub-
strates. Disintegration activity exhibits sequence preferences similar to those observed for the forward
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reaction.

The Saccharomyces cerevisiae genome contains approxi-
mately 25 copies of a transposable element, Ty1, which displays
structural and functional similarities to retroviruses (for re-
views of Ty elements, see references 2 and 19). Tyl contains
two partially overlapping genes, TYAI and TYBI, which are
functionally equivalent to retroviral gag and pol, respectively
(11, 12, 31). TYAI encodes a structural nucleocapsid protein,
while TYBI gives rise to the catalytic proteins required for trans-
position: protease (PR), reverse transcriptase (RT)/RNase H
(RH), and integrase (IN). The nucleocapsid protein, catalytic
proteins, tRNAM! (8), and at least one mRNA copy of the
genomic element are assembled into cytoplasmic virus-like
particles (VLPs) (1, 20, 32). Reverse transcription takes place
in the VLPs, which appear to be absolutely required for the
transposition process. Although VLPs accumulate in the cyto-
plasm, it is likely that a protein-DNA complex returns to the
nucleus, where integration takes place.

Ty elements are flanked by two long terminal repeats (LTRs)
ending in the conserved inverted dinucleotide 5'TG. .. CA3’
(42). These terminal dinucleotides are absolutely required for
transpositional integration of Tyl in vivo (40). Although the
precise mechanism of Ty integration has not been elucidated,
analogous reactions mediated by Mu transposase (33) and
human immunodeficiency virus type 1 (HIV-1) IN (18) have
been shown to occur by a one-step transesterification. The
observation that Tyl transposition requires a 3’-OH (17) sup-
ports the hypothesis that Tyl IN uses a similar mechanism.

In vitro studies using purified VLPs as a source of IN have
yielded information regarding substrate preferences, optimal
biochemical conditions, and crucial IN domains (3, 4, 14, 16,
17). To examine characteristics of IN outside the context of
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VLPs, we purified recombinant Tyl IN to near homogeneity
(35) and demonstrated its activity in a Ty-adapted oligonucle-
otide assay frequently used to measure retroviral IN activity
(13, 27). Here, we extend our studies on Tyl IN to include
oligonucleotide substrates representing sequence or structural
alterations of the wild-type Tyl LTR ends. In addition, we
show that Tyl IN demonstrates a specific cleavage activity
similar to the disintegration reaction of retroviral integrases (7,
9, 10, 15, 25, 26, 30, 39, 43, 44). This activity, monitored by the
Tyl IN-mediated excision of the LTR arm from a three-armed
dumbbell substrate, exhibits substrate preferences that are sim-
ilar to those of the forward reaction.

MATERIALS AND METHODS

Plasmids and strains. The construction of the galactose-inducible expression
plasmid used for Tyl IN production has been previously described (35). Briefly,
the IN coding region of TYBI was amplified by PCR (36), and the product was
cloned into the yeast expression vector pPRDK249 (24). Sequences were added to
provide a Met initiator codon and an N-terminal hexahistidine tag. Recombinant
plasmids were introduced into S. cerevisiee RDKY 1293 (MATo ura3-52 trpl
leu2-A1 his3-A200 pep4::HIS3 prb1-A11.6R canI® GAL) by lithium acetate trans-
formation (22) to create the IN producer strain DG1377.

Purification of recombinant Tyl IN. A method for purification of Tyl IN using
nickel-nitrilotriacetate chromatography has been published elsewhere (35). This
method, with minor modifications, was used to purify IN for the experiments
reported here. Strain DG1377 was grown and expression was induced essentially
as described by Johnson and Kolodner (24). Following a 24-h induction, cells
were harvested by centrifugation and washed three times in 20 mM Tris-HCI (pH
7.5)-150 mM NaCl. All subsequent steps were carried out at 4 °C. Cells were
resuspended in 160 ml of buffer A (20 mM Tris-HCI [pH 7.5], 10% [vol/vol]
glycerol, 10 mM 2-mercaptoethanol, 120 mM NaCl, 10 mM NaHSO;, 2 mM
benzamidine, 0.5 mM phenylmethylsulfonyl fluoride, 4 wM pepstatin A, 2 uM
leupeptin). The cell suspension was transferred to a 320-ml polycarbonate cham-
ber of an automated bead beater (Biospec). An equal volume of glass beads was
added to the chamber, and cells were disrupted to approximately 70% lysis by 25
cycles (15 s on, 45 s off) glass bead blending. The suspension was centrifuged at
72,500 X g, and the pellet was washed once in buffer A, reextracted in buffer
A-1.2 M NaCl-20 mM Pefabloc protease inhibitor (Boehringer Mannheim), and
stirred overnight. The extract was centrifuged for 1 h at 105,000 X g, and the
supernatant fraction was saved. A saturated solution of (NH,),SO, was added to
a final concentration of 45% (vol/vol) at a rate of 5 ml/min with constant stirring,
allowed to stir for an additional 40 min, and centrifuged at 10,000 X g. The
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TABLE 1. Blunt-end substrates”

Oligonucleotide Sequence Description Activity
1 ACAATTATCTCAACATTCACCCATTTCTCA Wild-type U5 end
2 TGTTAATAGAGTTGTAAGTGGGTAAAGAGT +++
3 GT Terminal dinucleotides changed strands (flipped)
4 CA +++
5 AC Terminal dinucleotides reversed
6 TG -
7 AG Terminal dinucleotides flipped and reversed
8 TC -
9 AA -1C—A
10 TT -1G—-T ++
11 e GCA —-3T—>G
12 CGT —-3A—-C +++
13 GTTTG —8——12 transversion; T—>G, C—A +++
14 CAAAC
15 TT 2 T’s added
16 A 2 A’s added ++
17 Last 5 bases changed, to all A’s and T’s +
18
19 Last 5 bases changed, to all G’s and C’s -
20
21 Transversion of last 5 bases; T—=G, C—>A -
22
1 A Terminal A-A mismatch ++
23 A
5 C Terminal C-C mismatch -
8 C

¢ Sequences are presented from 5’ to 3'; the first oligonucleotide of each pair represents the positive strand, and the second oligonucleotide represents the negative
strand. Only those sequences different from the wild-type sequence are shown; all others are represented by a dash. Activity was estimated as described in Materials

and Methods. These substrates are shown in Fig. 1.

resulting pellet was resuspended in buffer B (20 mM NaPO, [pH 7.5], 10%
glycerol, 0.5 M NaCl) and batch bound overnight to 12 ml of nickel-nitrilotri-
acetate resin (InVitrogen). Following two rinses with buffer B, the resin was
poured into a C16/20 column (Pharmacia), washed extensively with buffer B
containing 60 mM imidazole, and eluted with buffer B containing 240 mM
imidazole. Peak fractions were concentrated, and the buffer was exchanged by
Centricon 30 filtration (Amicon). The fractions were stored in buffer C (20 mM
Tris-HCI [pH 7.5], 1 mM dithiothreitol, 0.1 mM EDTA, 5% [vol/vol] glycerol,
300 mM KCI) at—70 °C. Tyl VLPs were isolated from strain GRY458 (21) by
using established methods (16).

Oligonucleotide integration assay. The oligonucleotide integration assay
widely used to assay retroviral IN activity (5, 6, 7, 10, 13, 22a, 26, 27, 27a, 27b, 29,
37, 39, 41, 44, 45) was used in our studies to assess the activity of Tyl IN on
substrates representing the wild-type Tyl-H3 U5 LTR as well as sequence or
structural variants (see Tables 1 and 2 for sequences). Oligonucleotides were
synthesized by using an Applied Biosystems 380B or 394 DNA synthesizer and
purified by electrophoresis through a 16% polyacrylamide-7 M urea gel. T4
polynucleotide kinase (U.S. Biochemicals) was used to 5’ end label 200 ng of
donor oligonucleotide with [y-*P]ATP (6,000 Ci/mmol; 1 Ci = 37 GBq; Amer-
sham) prior to annealing with a complementary oligonucleotide. Following ad-
dition of threefold-excess complementary oligonucleotide, the reaction mixture
was heated to 85 °C and allowed to cool slowly to room temperature overnight.
The unincorporated label and unannealed single strands were removed by a
Sephadex G-25 spin column (Boehringer Mannheim). Specific activity of these
substrates was approximately 2 X 10% cpm/pg of DNA.

Standard assay conditions consisted of reaction in 20 ul of a mixture contain-
ing 10 mM Tris-HCI (pH 7.4), 3 mM MnCl,, 0.1 mM dithiothreitol, 50 mM KClI,
0.8% (vol/vol) glycerol, 5% (wt/vol) polyethylene glycol 8000, 3.3 wl of purified
Tyl IN, and 1.5 pmol of labeled double-strand substrate (see Tables 1 and 2 for

substrate sequences) followed by incubation for 1 h at 30 °C. The reaction
products were boiled in sequencing gel loading buffer for 3 min and visualized by
autoradiography after electrophoresis through a 20% polyacrylamide-8 M urea
gel. An estimate of the efficiency of each substrate relative to the wild type
(oligonucleotide pair 1+2) is given as follows: +++, comparable to wild type in
band intensities, although certain bands may be absent; ++, band intensities
reduced but easily visible; +, band intensities greatly reduced; +/—, minimal
band intensities; —, no activity observed. These estimations were made because
of variable band intensities within a given reaction. Buffer C was substituted for
IN in control reactions.

Assay for 3 dinucleotide cleavage. Oligonucleotides were labeled as described
to a specific activity of approximately 5 X 107 cpm. Reaction conditions for Tyl
IN are as described above except that incubation at 30 °C was terminated after
20 min. Assay buffer for HIV-1 IN consisted of 20 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES; pH 7.5), 10 mM MnCl,, 1 mM dithio-
threitol, 0.05% (vol/vol) Nonidet P-40, 2 pl of purified HIV-1 IN at a concen-
tration of 45 mg/ml (generously provided by P. Clark, E. Barsov, and S. Hughes),
and 1.5 pmol of labeled double-strand substrate in a final reaction volume of 20
wl. HIV-1 IN reaction mixtures were incubated at 37 °C for 20 min. Reaction
products were resolved by electrophoresis and visualized by autoradiography as
described above.

Assay for disintegration. The assay for disintegration monitored the specific
cleavage of a portion of an oligonucleotide representing an LTR sequence, or
variants, annealed in a dumbbell formation to mimic the structure of a half-site
integration event (9, 15, 43, 44) (see Table 3 for sequences). When the molecule
was annealed correctly, two Mspl sites were formed that could be used to check
for folding in the three-armed conformation. The substrates were labeled as
described above except that nonradioactive rTATP was added to the labeling
reaction mixture to a final concentration of 26 uM and no additional oligonu-
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TABLE 2. Staggered-end substrates”
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Oligonucleotide Sequence Description (strand) Activity
1 ACAATTATCTCAACATTCACCCATTTCTCA Wild-type U5 end +++
2 TGTTAATAGAGTTGTAAGTGGGTAAAGAGT
24 ACAATTATCTCAACATTCACCCATTTCTC —1 base (+) -
2 TGTTAATAGAGTTGTAAGTGGGTAAAGAGT
25 ACAATTATCTCAACATTCACCCATTTCT —2 bases (+) +
2 TGTTAATAGAGTTGTAAGTGGGTAAAGAGT
26 ACAATTATCTCAACATTCACCCATTTC —3 bases (+) -
2 TGTTAATAGAGTTGTAAGTGGGTAAAGAGT
27 ACAATTATCTCAACATTCACCCATTT —4 bases (+) +
2 TGTTAATAGAGTTGTAAGTGGGTAAAGAGT
1 ACAATTATCTCAACATTCACCCATTTCTCA
28 TGTTAATAGAGTTGTAAGTGGGTAAAGAG —1 base (—) +++
1 ACAATTATCTCAACATTCACCCATTTCTCA
29 TGTTAATAGAGTTGTAAGTGGGTAAAGA —2 bases (—) +/=
1 ACAATTATCTCAACATTCACCCATTTCTCA
30 TGTTAATAGAGTTGTAAGTGGGTAAAG —3 bases (—) +
1 ACAATTATCCTCAACATTCACCCATTTCTCA
31 TGTTAATAGAGTTGTAAGTGGGTAAA —4 bases (—) +/-
Additional bases beyond
wild-type ends
ACAATTATCTCAACATTCACCCATTTCTCA
16 TGTTAATAGAGTTGTAAGTGGGTAAAGAGTAA 2 extra A’s (—) +++
15 ACAATTATCTCAACATTCACCCATTTCTCATT 2 extra T’s (+) +++
2 TGTTAATAGAGTTGTAAGTGGGTAAAGAGT
24 ACAATTATCTCAACATTCACCCATTTCTC —1 base (+)
16 TGTTAATAGAGTTGTAAGTGGGTAAAGAGTAA +2 bases (—) -
32 ACAATTATCTCAACATTCACCCATTTCTCAT +1 base (+) +++
2 TGTTAATAGAGTTGTAAGTGGGTAAAGAGT

“ Sequences are presented as in Table 1. These substrates are shown in Fig. 3. Activity was estimated as described in Materials and Methods.

cleotides were added before annealing. Unincorporated label was removed as
described above. The specific activity of these substrates was approximately 6.6 X
10° cpm/pg of DNA, and 1.1 pmol was used for each reaction. Otherwise, the
assay conditions were identical to those listed for the oligonucleotide integration
reaction.

Construction of a substrate with a 3 -terminal dideoxyadenosine. Radioac-
tively labeled oligonucleotide 24 was annealed with oligonucleotide 2 (Table 2)

as previously described, resulting in a one-base recess in the donor strand. With
the complementary strand used as a template, the recessed end was filled in with
either dATP or ddATP by T7 DNA polymerase. Identical polymerization reac-
tions were performed with oligonucleotide pair 1+2 (Table 1) to ensure that
steps required for the construction of the substrate did not subsequently alter IN
activity. Unincorporated nucleotides were removed by a Sephadex G-25 spin
column (Boehringer Mannheim).

TABLE 3. Disintegration substrates”

Corresponding forward

Oligonucleotide Sequence Description Activity substrate
LTR LTR
1 1
D1 TGTTGG TTT CCAACAtarget Wild-type U3 +++ NA
D2 TGAGAA TTT TTCTGAtarget Wild-type U5 +++ 1+2
D3 AGAGAA TTT TTCTGHtarget US last base flipped +++ 3+4
D4 TTTTTA TTT TAAAAA-target US all A’s and T’s +++ 17+18
D5 GTAGAA TTT TTCTAGtarget US reversed end - 5+6
D6 TTAGAA TTT TTCTAA-target —1C—A, -1G—>T +++ 9+10
D7 TGCGAA TTT TTCGGAtarget —3T—-G, —3A—-C +++ 11+12

“ Complementary sequences comprising the LTR arms of the substrates are designated by brackets. The three non-LTR thymine residues are included to form the
hairpin structure. Target sequences are the same as shown in Fig. 6. Activity was estimated as described in Materials and Methods. NA, not applicable.
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FIG. 1. IN activity with blunt-end substrates that contain different sequences. The first lane of each pair shows the reaction with the designated substrate in which
buffer C was substituted for IN. Sequences of the substrates used are listed in Table 1. Donor strand (top; positive), complementary strand (bottom; negative), and
orientation are designated for oligonucleotide pair 142 in Table 1. Oligonucleotide pairs 1+23 and 5+8 were assayed in a parallel experiment. Oligonucleotide pair

1+2 was included to normalize activity (34).

RESULTS

IN activity with blunt-end substrates. Tyl IN substrate pref-
erences were determined in an oligonucleotide integration as-
say. This assay monitors the insertion of a radioactively labeled
strand of a short DNA duplex into either strand of a separate
but identical duplex. Activity is defined as the formation of
products longer than the original substrate as visualized by
autoradiography. In this assay, the putative donor strand is
designated the positive strand, while the complementary strand
is designated as the negative strand. Although the negative
strand may also theoretically act as a donor, it is unlabeled;
consequently, long products formed in this manner would not
be detected. Purified recombinant Tyl IN and VLP-associated
IN gave identical sequence-specific products with both wild-
type U3 and US oligonucleotide substrates in this assay (35)
(see below). However, VLPs catalyzed the formation of less
product than did purified Tyl IN, presumably because there
are fewer active IN molecules in VLPs.

The oligonucleotide integration assay showed that recombi-
nant Tyl IN formed strand-joining products with several non-
wild-type substrates containing sequence changes at the 3’ end
of the positive strand (Fig. 1; Table 1). For example, a trans-
version of the terminal 2 bp with the reciprocal strand (oligo-
nucleotide pair 3+4) produced a substrate that was approxi-
mately as effective as the wild-type sequence. Other terminal
sequence changes that resulted in usable substrates included
the addition of two base pairs (T:A pairs) to the wild-type
sequence (oligonucleotide pair 15+16), conversion of the last
five bases to all A’s and T’s (oligonucleotide pair 17+18), and
a terminal A-A mismatch (oligonucleotide pair 1+23). All of
these substrates contained a terminal A or T on the positive
strand. In contrast, none of the oligonucleotides containing a
terminal G or C were effective IN substrates (oligonucleotide

pairs 5+6, 7+8, 19+20, 21+22, and 5+8). Two substrates with
terminal mismatches, A-A (oligonucleotide pair 1+23) and
C-C (oligonucleotide pair 5+8), were included to determine
whether stronger G:C pairing bonds inhibited strand joining. If
these bonds precluded utilization of a G:C terminus, then a
C-C mismatch should have been as effective as an A-A mis-
match substrate. However, the A-A mismatch showed nearly
the wild-type level of strand joining, while the C-C mismatch
showed no product. This result suggests that terminal base
pairing is not a determining factor in substrate suitability.

We also tested two oligonucleotide pairs containing single
subterminal mutations (Fig. 1; Table 1, oligonucleotide pairs
9+10 and 11+12) and found little, if any, effect on activity.
This finding is in contrast to the results of Sharon et al. (40),
who have shown that a Tyl element containing the alteration
represented by oligonucleotide pair 9+10 is incapable of trans-
positional integration in vivo. The most drastic internal muta-
tion involved a transversion in which all wild-type T’s were
converted to G’s, all wild-type C’s were converted to A’s, and
vice versa at positions —8 to —12 (oligonucleotide pair
13+14). This internal change did not diminish activity, but the
integration banding pattern was different from that obtained
with wild-type oligonucleotides or with oligonucleotides con-
taining terminal sequence changes. The transversion may have
resulted in altered target site preferences. A similar effect has
also been observed with HIV-1 IN (22a, 41).

We tested three oligonucleotides containing multiple se-
quence variations within the terminal 5 bp (Fig. 1; Table 1,
oligonucleotide pairs 17+18, 19+20, and 21+22). Two of these
involved indiscriminately changing the last 5 bp to either all
A:T pairs (oligonucleotide pair 17+18) or all G:C pairs (oli-
gonucleotide pair 19+20). Activity was observed with terminal
A:T pairs but at greatly reduced levels compared with either
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1+2 5+6 1+23 5+8
Substrate  Wild type A—A c-C
US LTR CG end mismatched mismatched
wes [ - 0 T ]

FIG. 2. VLP-associated IN activity with blunt-end substrates containing ei-
ther a wild-type end (oligonucleotide pair 1+2) or variant ends C:G (oligonu-
cleotide pair 5+6), A-A mismatch (oligonucleotide pair 1+23), and C-C mis-
match (oligonucleotide pair 5+8). Refer to Table 1 for sequences of these
substrates. The first lane of each pair shows the reaction in which buffer was
substituted for Tyl VLPs; the second lane contains 1.5 ul of Tyl VLPs. The
major product band obtained with wild-type and A-A mismatched substrates
corresponds to the major product in Fig. 1, wild-type U5 LTR (oligonucleotide
pair 1+2) (34).

the wild-type sequence or single subterminal mutations, sug-
gesting that optimal activity requires multiple internal wild-
type sequences. We have not yet determined whether there is
a subterminal position more crucial than —1 or —3 which,
when mutated, might reduce the level of activity to that ob-
served with oligonucleotide pair 17+18. No activity was ob-
served with terminal G:C pairs (oligonucleotide pair 19+20) or
with terminal transversion (oligonucleotide pair 21+22); how-
ever, both of these oligonucleotides ended in a G:C or C:G
pair, respectively, which was an ineffective substrate in simpler
contexts.

To determine if the bias against C:G-ended substrates is a
characteristic of recombinant Tyl IN but not of Tyl VLPs, we
used VLPs as a source of IN in an assay with U5 oligonucle-
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otides having the wild-type A:T end (Fig. 2, oligonucleotide
pair 1+2) or variant ends, including a C:G end (oligonucleo-
tide pair 5+6), an A-A mismatch (oligonucleotide pair 1+23),
or a C-C mismatch (oligonucleotide pair 5+8). As with recom-
binant Tyl IN, product was observed only with the wild-type
substrate and the A-A mismatch.

IN activity with staggered-end substrates. Deletion of nucle-
otides from the wild-type U5 substrate generally reduced or
abolished substrate utilization (Fig. 3; Table 2). The exception
is that a deletion of the terminal T on the negative bottom
strand (5’ end), causing an unpaired A on the donor positive
top strand, showed activity at approximately wild-type levels.
Progressive deletion of the four 3’ nucleotides on the positive
strand yielded alternating terminal C:G or A:T pairs with ad-
ditional 5’ unpaired bases on the negative strand (oligonucle-
otide pairs 24+2, 25+2, 26+2, and 27+2). Of these substrates,
those in which the terminal paired bases are T:A (oligonucle-
otide pairs 25+2 and 27+2) show detectable levels of activity,
while those in which the terminal paired bases are C:G (oli-
gonucleotide pairs 24+2 and 26+2) did not. However, the
level of IN activity did not strictly follow the progression of
deletion of terminal nucleotides. For example, deletion of one
nucleotide (oligonucleotide pair 24+2) from the positive
strand completely abolished strand joining, but deletion of two
bases (oligonucleotide pair 25+2) allowed low levels of prod-
uct formation. Likewise, deletion of three bases (oligonucleo-
tide pair 26+2) yielded no product, but deletion of four bases
(oligonucleotide pair 27+2) showed a minimally detectable
level of product. In contrast, substrates having 5’ deletions
from the negative strand (oligonucleotide pairs 1+28, 1+29,
1+30, and 1+31) did not follow a sequence-related trend. As
mentioned above, an overhanging, unpaired 3’ adenosine (oli-
gonucleotide pair 1+28) yielded substantial product even
though the terminal paired bases were C:G. Additional dele-

1+2 24+2 25+2 26+2 27+2 1428 1+28 1+30 1+31
Substrate Wild type —1base —2bases —3bases —4bases —1base -2bases -3bases —4bases
USLTR {+) strand (+) strand (+) strand (+) strand (-) strand (-) strand (-) strand (-) strand
IN [ I i | v | R | R | RS | U | R | D
i% i x -
1+2 1+16 15+2 24 +16 32+2
Substrate Wild type 2 extra A’s 2extraTs —1base(+) 1extraT
US LTR (—) strand {+)strand +2bases(—) (+) strand
N r — — [ — + — PO P

FIG. 3. IN activity with substrates that contain staggered ends. The first lane of each pair shows the reaction with the designated substrate in which buffer C was
substituted for IN. Sequences of the substrates used are listed in Table 2. Donor strand (top; positive), complementary strand (bottom; negative), and orientation are
designated for oligonucleotide pair 1+2 in Table 2. The top row shows the wild-type blunt-end substrate (oligonucleotide pair 1+2) followed by substrates having up
to four bases deleted from either the positive [(+)] or negative [(—)] strand. The bottom row shows substrates which represent extra bases added to the wild-type U5

end and were assayed in a separate but parallel experiment.
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tions (oligonucleotide pairs 1+29, 1+30, and 1+31) showed
drastic reductions in activity, regardless of the terminal paired
sequence. This result suggests that although an unpaired base
can serve as a donor (oligonucleotide pair 1+23), deletion of
more than one base from the negative strand severely inhibits
activity.

If the wild-type end was preserved but nucleotides were
added to either strand (oligonucleotide pairs 1+16, 15+2, and
32+2), product formation was comparable to that observed
with the blunt-end wild-type substrate. However, the addition
of two extra adenosines on the complementary strand could
not compensate for the deletion of the terminal adenosine on
the donor strand (oligonucleotide pair 24+16).

Comparison of substrates with 3 deoxyadenosine or dide-
oxyadenosine. The absence of strict sequence specificity gave
rise to the possibility that at least some of the product observed
could have resulted from a contaminating activity. Although
the precise mechanism of Ty IN-mediated strand joining is not
known, similar joining reactions mediated by HIV-1 IN (18) or
Mu transposase (33) proceed by a one-step transesterification.
Since transesterification requires a 3'-OH, a substrate lacking
this terminus should be unable to integrate. Eichinger and
Boeke (17) have shown that a similar substrate does not un-
dergo transposition when VLPs are used as a source of IN.
However, a terminal dideoxyadenosine should not affect inter-
nal sequences if an endonuclease gives rise to a 3’-OH, which
could then be available for subsequent ligation or strand trans-
fer by IN. To test this hypothesis, we constructed donor sub-
strates that ended in either a 3'-OH or a 3’-H by adding either
dATP or ddATP, respectively, to oligonucleotide pair 24+2
with T7 DNA polymerase, using the complementary oligonu-
cleotide as a template (Fig. 4A). The results of this experiment
are shown in Fig. 4B. Controls consisted of oligonucleotide
pair 142, which should have been unaffected by treatment with
either dATP or ddATP, since this substrate had no unpaired
nucleotide. All substrates having a 3'-OH end showed similar
levels of product formation, but no product was observed when
the substrate contained a terminal 3'-H. Figure 4C shows the
substrates separated through a 20% sequencing gel to monitor
conversion from a 29-mer to a 30-mer by addition of the final
nucleotide. Although conversion was incomplete with ddATP,
approximately 60% of the substrate was shifted to the higher-
molecular-weight species. Given the level of product observed
with all other substrates in this experiment, a level of 60%
efficiency is well above the threshold of detection. The com-
plete absence of activity with the terminal dideoxyadenosine
substrate indicated that a terminal 3'-H was not a usable donor
and that no other usable ends arising by other mechanisms
were available. Donzella et al. (15) have shown that Moloney
murine leukemia virus IN also does not carry out an end-
joining reaction when a terminal dideoxyadenosine is incorpo-
rated into the splice site of a Y substrate.

Detection of Tyl IN-mediated 3 dinucleotide cleavage. A
specific endonucleolytic activity resulting in the removal of the
3’-terminal dinucleotide of the donor strand has been observed
with retroviral integrases (5-7, 13, 18, 22, 22a, 27a, 27b, 29, 39,
41, 45). Sequence analysis of Tyl-target junctions indicates
that the conserved TG...CA inverted repeat which delimits
the Tyl element is preserved after integration (3, 4, 16, 17). In
addition, there are no extra nucleotides present between the
conserved dinucleotides at the U3 and US borders and the
priming sites for Tyl minus- and plus-strand reverse transcrip-
tion (2, 19). These results suggest that Tyl IN does not carry
out a dinucleotide cleavage step prior to integration. However,
since interpretation of the results in this study relies on the
integrity of the terminal sequence prior to strand transfer, it
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30/30 + DNA polymerase + dATP 29/30 + DNA polymerase + dATP
CA C A-oH
AEITITIITIIIINANNENNXY AITIITITTYTNCNNRNNN Y
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30/30 + DNA polymerase + ddATP 29/30 + DNA polymerase + ddATP
CA CA-H
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29—

FIG. 4. IN activity with U5 substrates that contain either dATP or ddATP at
the 3’ donor end. (A) Diagram of the substrates. Oligonucleotide 30/30 repre-
sents wild-type U5 end (oligonucleotide pair 1+2) in which a 30-mer is annealed
to a complementary 30-mer. Oligonucleotide 29/30 represents the U5 end with
the terminal adenosine residue deleted from the positive strand (oligonucleotide
pair 24+2; Fig. 2 and Table 2). (B) IN activity with the substrates shown in panel
A. The first lane of each pair represents the reaction in which buffer C was
substituted for IN. (C) Substrates 1 to 4 were loaded at reduced counts per
minute to determine the efficiency of filling in the terminal nucleotide with either
dATP or ddATP and with DNA polymerase I (refer to Materials and Methods).

was necessary to ascertain whether Tyl IN exhibits a functional
3’ trimming activity in vitro in the presence of retrovirus-like
substrates in which two nucleotides 3’ of the U5 CA end are
present.

The experiment was designed to determine whether incuba-
tion of a labeled oligonucleotide substrate with recombinant
Tyl IN gives rise to a specific product two bases shorter than
the starting substrate (Fig. 5). The substrates, diagrammed in
Fig. 5A, were labeled at the 5" end of the donor strand with
32P. Oligonucleotide pairs 25+2 (Fig. 5B, lane 3) and 1416
(lane 7) and HIV-1 precleaved (lane 11), which were two
nucleotides shorter than the experimental substrate, were also
included. The shorter substrates were incubated under the
same conditions as the experimental substrate, but without IN,
and served as markers for the dinucleotide cleavage product.
When the Tyl wild-type substrate (oligonucleotide pair 25+2)
was incubated without IN (lane 1) or with Tyl IN (lane 2),
negligible dinucleotide cleavage was observed. These results
show that Tyl IN does not remove a dinucleotide from the
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Oligonucleotide Ty1 Substrates
Pair
142 ACAATTATCYCAACATTCACCCATTTCTCA U5 blunt end
TGTTAATAGAGTTGTAAGTGGGTAAAGAGT
2542 * U5, -2 bases, donor strand
GT
. T
15 +16 U5, +2 bases, both strands
AA
1416 * = U5, wild type donor, +2 bases
AA
HIV-1 Substrates
*TTTTAGTCAGTGTGGAAAATCTCTAGCAGT HIV-1 US wild type
AAAATCAGTCACACCTTTTAGAGATAGTCA
* HIV-1 U5 pre-cleaved (-2 donor strand)
CA
B
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HIV-1 Us HIV-1 U5
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FIG. 5. Assay for IN-mediated 3’-terminal dinucleotide cleavage of Tyl and
HIV-1 oligonucleotide substrates. (A) Diagram of Tyl and HIV-1 substrates.
Oligonucleotide pair numbers correspond to those in Tables 1 and 2. Electro-
phoretic mobility of cleavage products was monitored by comparison of un-
treated oligonucleotides that were two nucleotides shorter (oligonucleotide pairs
25+2 and 1+16 and HIV-1 precleaved) than the test substrates with substrates
that were full length (oligonucleotide pair 1+2 and HIV-1 wild type) or two
nucleotides longer than the wild type (oligonucleotide pair 15+16). (B) Dinu-
cleotide cleavage activity in the absence (lanes 1, 3, 4, 7, 8, and 11) or presence
of Tyl IN (lanes 2, 5, and 9) or HIV-1 IN (lanes 6 and 10). Numbers to the left
of each set of substrates indicate sizes in nucleotides. Size markers, in nucleotides
(lanes 3, 7, and 11), were run alongside each of the dinucleotide cleavage
reactions.

wild-type U5 end (compare lanes 1, 2, and 3). When a sub-
strate with an additional dinucleotide pair (TT:AA) 3’ of the
wild-type Tyl positive terminus (oligonucleotide pair 15+16),
which is the same as the terminal dinucleotide pair of Moloney
murine leukemia virus, was incubated without IN (lane 4), with
Tyl IN (lane 5), or with HIV-1 IN (lane 6), negligible dinu-
cleotide cleavage was also observed. Our results indicate that
neither Tyl IN nor HIV-1 IN produces a significant dinucle-
otide cleavage product with this substrate, which, if present,
would be expected to migrate with the marker oligonucleotide
(lane 7). When wild-type HIV-1 U5 substrate was incubated
without IN (lane 8), with Tyl IN (lane 9), or with HIV-1 IN
(lane 10), dinucleotide cleavage was not observed with Tyl IN
but was observed with HIV-1 IN (compare lanes 8, 9, 10, and
11). Strand transfer products were observed with Tyl IN (lanes
2,5, and 9) and with HIV-1 IN (lane 10) after longer autora-
diography (34). Taken together, our results indicate that Tyl
IN carries out strand transfer without dinucleotide cleavage
and strongly suggest that the terminal sequences of the Tyl
substrates used in this study are those directly involved in
strand transfer.

Disintegration activity. Several retroviral integrases catalyze
a reverse integration reaction (7, 9, 10, 15, 25, 26, 30, 39, 43, 44)
termed disintegration. We found that purified recombinant
Tyl IN and VLP-associated IN also carried out disintegration
(Fig. 6 and 7). The substrate used for this reaction was a
three-armed dumbbell (43) modified such that one arm repre-
sented the terminal 6 bp of Tyl LTR and the remainder of the

Tyl INTEGRATION SUBSTRATES 4689

A
T T
T
U3 LTR Sequence
{15-mer)
.
T c cocvc 6. \NG CvC GG T
(C T T
77 6 G GG C C G G crC
Mspl Mspl
(28-mer) (17-mer)
B - = = =
= = = =R
T a w9 © 9
7] 23 A O -~ N ™
$ = £ 3dzzzz
Q.
N > - SRR =
Q.
28 —r > -
Q.
17 e >
Q
15 > . - - --
1 2 3 4 567 8

FIG. 6. Disintegration activity of Tyl IN. (A) Diagram of the Tyl U3-based
disintegration dumbbell substrate. (B) Polyacrylamide gel (20% [wt/vol]) show-
ing susceptibility of the substrate in panel A to MspI digestion (lanes 1 and 2) and
cleavage product of the LTR arm with either VLP-associated IN (lane 4) or 0.5,
1.0, 2.0, and 3.3 pl of purified IN (lanes 5 to 8, respectively). Numbers and
structures to the left indicate predicted size and structure of the unreacted
substrate and disintegration products. No-protein (NP) control is shown in lane 3.

molecule consisted of nucleotides representing target se-
quences (Fig. 6A). We monitored correct annealing by the
formation of two Mspl sites in the target portion of the sub-
strate (Fig. 6). Disintegration activity was indicated by specific
cleavage of the LTR arm from the substrate, giving rise to a
discrete 15-base product. These results show that the substrate
could be completely digested by Mspl, indicating proper an-

Substrate D1 D2 D3 D4 Ds D6 D7
INT - e T T T T - T + !
> - - i el - g

FIG. 7. Disintegration activity of U3 wild type with that of U5 wild type or
substrates representing selected U5 variants. The arrow designates the cleavage
product. The sequences of the US wild-type substrate and variants are listed in
Table 3. Only the LTR arm sequence was varied in these substrates.
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nealing and that a discrete product of the expected size re-
sulted from incubating the substrate either with VLPs or with
purified recombinant IN. Furthermore, the amount of product
increases with increasing IN concentrations.

Substrate specificity of disintegration. To determine wheth-
er the disintegration activity of recombinant Tyl IN displays a
substrate preference similar to that of the oligonucleotide in-
tegration reactions, we assayed several disintegration sub-
strates in which the LTR arm represented either the wild-type
US sequence or sequence variations corresponding to some of
the variant integration substrates. These substrates are shown
in Table 3, where the target is identical in sequence to the
non-LTR arms in Fig. 6A. The results of this experiment (Fig.
7) are that the disintegration activity of Tyl IN exhibits se-
quence preferences similar to those of the forward reaction.
All molecules in which an adenosine (oligonucleotides D1, D2,
D4, D6, and D7) or thymidine (oligonucleotide D3) is the
incorporating LTR nucleotide showed levels of disintegration
similar to that of the wild-type US substrate, but a substrate
having a cytidine in the incorporating position (oligonucleotide
D5) was not susceptible to disintegration. However, unlike the
case for the forward reaction, the levels of activity were nearly
equal among all effective substrates. This result is in contrast to
that reported by Vincent et al. (43) for HIV-1 IN. Using a
splicing-disintegration assay, they have shown that a CA—TC
substitution in the LTR arm is a viable, albeit less efficient,
disintegration substrate. Although we show a short exposure of
the autoradiograph in Fig. 7 to illustrate the minimal quanti-
tative differences in product formation, we observed no prod-
uct with substrate D5 after longer exposures (34).

DISCUSSION

We have determined whether oligonucleotides representing
sequence or structural variations of Tyl LTR could serve as
substrates for purified recombinant IN in an oligonucleotide
integration assay. Blunt-end oligonucleotide pairs contained
either sequence alterations of the conserved terminal two
nucleotides or the terminal five nucleotides, subterminal se-
quence variations, or terminal 1-bp mismatches (Table 1). Of
these substrates, IN showed a marked preference for se-
quences having a terminal A:T pair. When the sequence vari-
ation was confined to the terminal dinucleotide, a thymine
terminus on the donor strand was as effective as the wild-type
adenine terminus. No IN activity was observed with any of the
substrates having a G:C terminus. These results indicate that
Tyl IN utilizes oligonucleotide pairs having A:T ends on either
strand and is unable to use any substrate that ends in a G:C
pair. This sequence stringency does not appear to be related to
simple base pairing, since a terminal A-A mismatch was an
efficient substrate whereas a terminal C-C mismatch was not.
These results differ somewhat from those reported by Braiter-
man and Boeke (4). In an assay designed to monitor two-ended
integration of a molecule containing 12 bp of Tyl LTR se-
quence on each end, or sequence variants thereof, and VLPs as
a source of Tyl IN, several altered molecules, including certain
substrates with G:C termini, are effective donor substrates.
Conversely, not all substrates with A:T termini are competent
in the VLP/two-ended donor assay. An analysis of effective and
ineffective substrates supports the conclusion that the number
of adenosine residues within the last 4 bp of each terminus is
positively correlated with integration activity. Although we
have not tested oligonucleotide substrates representing se-
quences identical to the termini tested or analyzed by Braiter-
man and Boeke (4), our observation that adenosine residues
are crucial for substrate efficiency is consistent with their re-
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sults. Whether an oligonucleotide substrate having a terminal
G:C pair could be rendered more effective by the concomitant
alteration of the two adjacent subterminal nucleotides to aden-
osine residues, which represents the only effective G:C termi-
nal substrate reported by Braiterman and Boeke (4), is not
known. However, substrates having G:C terminal preceded by
a single A:T pair, regardless of the strand orientation, are
ineffective substrates in both studies.

A comparison of Ty data with those derived from retroviral
IN studies is not straightforward, since retroviral IN does not
carry out strand joining of blunt-end substrates. However, the
3’ dinucleotide cleavage of retroviral LTR substrates gives rise
to a 3’ adenosine as the incorporating nucleotide. Studies with
IN from different retroviruses have indicated that replacing the
—3 A:T pair with a C:G pair severely impairs or abolishes
strand-joining activity (6, 13, 29, 39, 41) as well as 3’ cleavage.
Leavitt et al. (29) have shown that the reduction in strand
joining is not a direct result of impaired strand cleavage by
using a 3’ recessed substrate containing a terminal G:C pair
with two unpaired negative strand nucleotides. This substrate
does not exhibit IN-mediated strand joining.

It is not yet known why Tyl IN and retroviral IN proteins are
unable to use oligonucleotide substrates with G:C ends. Re-
sults with oligonucleotide pair 5+6, in which the pyrimidine
cytosine is in the terminal donor position, along with those for
oligonucleotide pair 7+8, having the purine guanine in this
position, suggest that the gross structure of the terminal nu-
cleotide probably does not account for this difference. Further-
more, reduced activity obtained with multiple sequence
changes indicates that some effect is contributed by subtermi-
nal positions. A similar subterminal position effect has been
reported for several prokaryotic transposases (23, 28, 38, 46).

Although certain mutations in the blunt-end substrates re-
tain wild-type levels of strand-joining efficiency, removal of
nucleotides to produce a staggered-end substrate generally
reduces Tyl IN activity. However, this reduction appears to be
related more to the removal of crucial nucleotides than to the
introduction of a recessed or overhanging end, since the addi-
tion of nucleotides to either strand of a wild-type substrate
does not limit strand joining. The ability of Tyl IN to utilize
staggered-end substrates has allowed us to determine whether
Tyl IN reacts with 3'-recessed as well as blunt-end LTR sub-
strates derived from a variety of retroviruses, including avian
sarcoma virus, HIV-1, Moloney murine leukemia virus, and
feline immunodeficiency virus. All of these substrates yielded
strand-joining products when incubated with Tyl IN in the
assay conditions normally used for Tyl substrates (34). How-
ever, all of the 3'-recessed retroviral substrates end in the
permissive CA dinucleotide, while the blunt-end substrates
end in either a permissive TT or GT dinucleotide.

The absence of strand-joining products with a substrate lack-
ing a 3'-OH supports and extends the observation of Eichinger
and Boeke (17) that a substrate with a dideoxyadenosine ter-
minus is not competent for transposition when VLPs are used
as a source of IN. Together, these results support the idea that
Tyl integration also proceeds by a transesterification process
similar to that reported for HIV-1 IN (18). The results pre-
sented here, along with our previously reported observation
that purified recombinant Tyl IN produces strand-joining pat-
terns that, although sequence specific, are identical to those
obtained with purified Tyl VLPs (35) (Fig. 2), minimize the
likelihood that the observed products arise from contaminating
activities.

Tyl IN carries out a disintegration reaction yielding prod-
ucts similar to those obtained with retroviral IN proteins with
the three-armed substrate. However, unlike HIV-1 IN, which
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shows relaxed substrate stringency for disintegration compared
with the forward reaction, Tyl IN exhibits similar substrate
sequence requirements for both the joining reaction and the
disintegration reaction. This specificity is illustrated by the
inability of Tyl IN to cleave the LTR arm of substrate D5
(Table 3; Fig. 7) in which a C is in the incorporating position.
Vincent et al. (43) and Chow and Brown (9) have shown that
an analogous substitution in a Y disintegration substrate was
cleaved by HIV-1 IN, although at reduced efficiency. Bushman
and Wang (7) suggested that for HIV-1 IN, disintegration
activity and 3’ dinucleotide cleavage activity may be related. A
similar relationship between the two activities is not supported
for Tyl IN, since Tyl IN does not catalyze a 3’ dinucleotide
cleavage (Fig. 5).

In summary, the results reported here, obtained by using
oligonucleotide substrates for Tyl IN, differ somewhat from
those obtained in a different joining assay (4) as well as data
obtained from in vivo transposition with aberrant substrates
(40). These differences may represent, at least in part, differ-
ences in the integration assays used. The oligonucleotide assay
probably represents the simplest form of IN-mediated strand
transfer, while a two-ended assay may have additional se-
quence requirements or conditions. Furthermore, Tyl trans-
position in vivo may rely on host cell factors to provide sub-
strate specificity and structural stringency.
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