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ABSTRACT Integration of the Saccharomyces cerevisiae
retrotransposon Tyl into the genome requires Tyl integrase
(IN). Apparent functions of Tyl IN are target-site determina-
tion, cleavage, and joining of donor strands. To further study
the mechanism of Tyl integration, an IN expression plasmid
has been constructed for use in yeast. The recombinant IN
coding sequence differs from mature Tyl IN associated with
Tyl virus-like particles only in that it has several additional
N-terminal amino acid codons. Inclusion of a polyhistidine tag
facilitates purification of recombinant IN by metal chelate
chromatography. Recombinant Tyl IN is active in an in vitro
assay with short double-stranded oligonucleotide substrates
and has biochemical properties similar to those observed with
Tyl virus-like particles. The full-length Tyl IN produced in
yeast should be useful for further biochemical, genetic, and
structural analyses of Tyl integration and for comparative
analyses with retroviral IN proteins.

Tyl is a retrotransposon found in Saccharomyces cerevisiae.
The Tyl life cycle resembles that of retroviruses in many
respects, except that Tyl transposition is not infectious (1, 2).
The functional and structural organization ofthe Tyl genome
is also similar to that of retroviruses. Tyl elements contain
two long terminal repeats (LTRs) flanking a central coding
region. There are two partially overlapping open reading
frames, TYAI and TYBI, which are analogous to the retro-
viral gag and pol genes, respectively. TYAJ encodes nucle-
ocapsid proteins that assemble as Tyl virus-like particles
(VLPs). TYBI encodes the following catalytic proteins: pro-
tease, integrase (IN), and reverse transcriptase/RNase H
required for protein maturation, integration, and replication,
respectively.
During the Tyl transposition process, intracellular VLPs

mature and collect in the cytoplasm (3-5). The maturation of
Tyl proteins is dependent on proteolytic processing of the
TYA1 (gag) and TYA1-TYB1 (gag-pol) precursor proteins
by Tyl protease in the maturing VLP (6, 7). The copurifica-
tion of Tyl VLPs, Tyl proteins and nucleic acids (4), a
tRNAMet required for priming reverse transcription (8), a
reverse transcriptase activity capable of synthesizing Tyl
DNA (4, 5), and an IN activity that catalyzes Tyl integration
events in vitro (9, 10) strongly suggests that the Tyl VLP is
an essential transposition intermediate.
Here we describe the expression, partial purification, and

initial biochemical characterization of recombinant Tyl IN.
We have synthesized the IN coding region by polymerase
chain reaction (PCR) and cloned this segment into a yeast
expression vector. Sequences encoding an initiator Met, a
polyhistidine tag, and an enterokinase cleavage site have
been added to the coding sequence to facilitate expression
and purification of Tyl IN. Recombinant Tyl IN is active in
an in vitro assay with short double-stranded oligonucleotide

substrates. The recombinant and Tyl VLP-associated IN
proteins show similar biochemical properties.

MATERIALS AND METHODS
Plasmids and Strains. The galactose-inducible expression

vector pRDK249 and strain RDKY1293 (11) were kindly
provided by R. Kolodner (Harvard Medical School, Boston).
The IN coding region was amplified from the transposition-
competent element Tyl-H3HIS3 (12). Strain DG1377 is a
transformant of strain RDKY1293 (MATa ura3-52 trpl
leu2-Al his3-A200 pep4::HIS3 prbl-A1.6R CANIR GAL),
containing the Tyl IN expression plasmid pGTyl-IN.

Construction ofPlasmid pGTyl-IN. The IN coding region of
Tyl-H3HIS3 was amplified by PCR (13) using the high-
fidelity thermostable DNA polymerase Vent according to the
supplier's specifications (New England Biolabs) and cloned
into the GALJO-based expression plasmid pRDK249. The 5'
amplification primer contained the following sequences: a
Xho I cleavage site, six adenosine residues upstream of the
initiator ATG and the Ser codon TCT downstream of the
ATG, a hexahistidine tag (CATCAC)3 (14), the coding se-
quence for the enterokinase cleavage site NNNK (GAC-
GACGACGACAAA) (15), and the coding sequence for the
N-terminal 14 amino acids of Tyl IN NVHYSESTRKYPYP
[AATGTCCATACAAGTGAAAGTACACGCAAATATC-
CTTATCCT; the 5' end of this sequence starts at position
2041 of Tyl-H3 (16)]. The 3' amplification primer consisted
of a HindIII site, an ochre stop codon, and the coding
sequence for the putative C-terminal 6 amino acids ofTyl IN
AILHIR (TGCAATCAGGTGAATTCG; the 5' end of the
complementary strand starts at position 3945 ofTyl-H3). The
N termini of Tyl IN and reverse transcriptase/RNase H was
determined by protein microsequencing and will be reported
elsewhere. After 20 cycles of amplification, the Tyl IN
coding region and plasmid pRDK249 were digested with Xho
I and HindIl, gel-purified, and cloned using standard pro-
cedures (17). Recombinant plasmids were introduced into
yeast by lithium acetate transformation (18).

Cell Growth. Strain DG1377 was grown and protein ex-
pression was induced with galactose essentially as described
by Johnson and Kolodner (11). Cells were harvested by
centrifugation and washed once with 20 mM Tris'HCl, pH
7.5/150 mM NaCl. The final cell pellet was resuspended in
-10 ml of washing buffer, frozen in a dry ice-ethanol bath,
and stored at -70°C.

Purification of Recombinant Tyl IN and Tyl VLPs. Cells
were thawed, pelleted, and vigorously resuspended in twice
their storage volume with buffer A [20 mM Tris-HCl, pH
7.5/10%o (vol/vol) glycerol/10 mM 2-mercaptoethanol/150
mM NaCl/10 mM NaHSO3/2 mM benzamidine/1 mM phe-
nylmethylsulfonyl fluoride/4 ,uM pepstatin A/2 ,uM leupep-

Abbreviations: IN, integrase; VLP, virus-like particle; LTR, long
terminal repeat; Ni-NTA, nickel nitrilotriacetate; HIV, human im-
munodeficiency virus.
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tin]. The cell suspension was transferred to Corex (Corning)
glass tubes and acid-washed glass beads (425-600 Am in
diameter) were added at a ratio of 1:1.3, beads to cell
suspension. Cells were lysed by shaking on a Vortex mixer
for 15 min, in 1-min bursts, at 0-40C. The suspension was
centrifuged for 1 h at 72,500 x g at 40C. The pellet was
reextracted with buffer A/1 M NaCl and stirred for 2 h at 40C.
The resulting lysate was centrifuged for 1 h at 105,000 x g at
40C. The supernatant liquid (90 ml) was dialyzed against 2
liters of buffer B (20 mM sodium phosphate, pH 7.5/10%
glycerol)/0.8 M NaCl, followed by one change against 2 liters
of buffer B/0.65 M NaCl and one change against 2 liters of
buffer B/0.5 M NaCl. The dialyzed fraction was batch-bound
to 5 ml of nickel nitrilotriacetate (Ni-NTA) resin [Invitrogen
or Qiagen (Chatsworth, CA)] with rocking at 4TC overnight.
The Ni-NTA resin was washed using buffer B/0.5 M NaCl
until the A2s0 was <0.01. The Ni-NTA resin was then washed
with buffer B/0.5 M NaCl/60 mM imidazole until the A280
was <0.01, followed by two washes with buffer B/0.5 M
NaCl without imidazole. The washed Ni-NTA resin was
poured into a C10/10 column (Pharmacia). Recombinant Tyl
IN was eluted in buffer B/0.5M NaCl with 80 mM imidazole.
Peak fractions were concentrated and the buffer was ex-
changed by Centricon 30 filtration (Amicon). The fractions
were stored in buffer C (20 mM Tris HCl, pH 7.5/10 mM
dithiothreitol/1 mM EDTA/10%o glycerol/300 mM KCl) at
-70°C. Tyl VLPs were isolated from strain GRY458 (6) by
using established methods (9).

Assay for IN Activity. We modified the oligonucleotide
integration assay to detect Tyl IN activity (19, 20). Comple-
mentary oligonucleotides representing the terminal 30 nt of
either U3 or U5 of the Tyl H3 LTR were used as model
substrates for the integration assay. A heterologous (non-
LTR) sequence oligonucleotide was used as a control for
substrate specificity (Fig. 1). T4 polynucleotide kinase (New
England Biolabs) was used to label the 5' end of one of the
oligonucleotides with [y-32P]ATP (5000 Ci/mmol; 1 Ci = 37
GBq; Amersham) prior to annealing. The 5' end chosen for
labeling represented sequences that are internal to the end of
the LTR in native Tyl elements. Standard assay conditions
consisted of 10mM Tris HCl (pH 7.4), 1 mM MnCl2, 0.1 mM
dithiothreitol, 50 mM KCl, 1.6% glycerol, 5% (wt/vol) PEG
(Mr = 8000), 150 ng ofTyl IN or 2.4 ,g ofTyl VLPs, and 0.2
pmol of labeled double-stranded substrate in a 20-,ul reaction
volume. After a 1-h incubation at 30°C, the reaction was
stopped by incubating with proteinase K (Boehringer Mann-
heim) for 15 min at 37°C. The reaction products were boiled
in sequencing-gel loading buffer and visualized by autorad-
iography after electrophoresis through a 20% polyacryl-
amide/8 M urea gel.
Immunoblot Analysis. Protein samples were examined for

recombinant Tyl IN by immunoblot analysis using anti-
TYB1 antiserum B2 as described (6). Cross-reactivity was
detected using the ECL detection system (Amersham). Pro-
tein concentrations were determined by the dye-binding
technique of Bradford (21), using commercially available
reagents (Bio-Rad). Coelectrophoresis of protein markers
(Bio-Rad) was performed to provide molecular mass stan-
dards.

RESULTS
Expression and Purification of Recombinant Tyl IN. Like

retroviral IN proteins, mature Tyl IN is produced from the
190-kDa TYA1 (gag)-TYB1 (pol) precursor by Tyl protease-
mediated cleavage (6). We used the DNA sequence from the
transpositionally competent retrotransposon Tyl H3 corre-
sponding to the N-terminal and C-terminal residues ofmature
Tyl IN protein to synthesize a full-length IN segment by
PCR. Several codons were added to the N terminus of the

A Ty1U3
OH- AACCTTATCTTTAGTTGATAGTAGATGA* g
OH- TTGGAATAGAAATCAACTATCATCTACT-OH g

Tyl U5

*ACAATTATCTCAACATTCACCCATTTC 1E-OH
HO-TGTTAATAGAGTTGTAAGTGGGTAAAGAU-OH

Random Sequence Oligonucleotlde
*CAGAATGTGACTGTGTGAAAGTATCGGTGC-OH

HO-GTCTTACACTGACACACTTTCATAGCCACG-OH

B

C

U3 R U5

o) +Tyl-IN

0*
FIG. 1. (A) Sequence ofthe 30-bp oligonucleotides corresponding

to the U3 and US segments of the Tyl H3 LTR that were used in the
integration assay and of the non-LTR oligonucleotide used as a
substrate control. The position of the U3 and U5 oligonucleotides
within the LTR is indicated by the hatched boxes. The Tyl H3
sequence is taken from Boeke et a!. (16). The conserved terminal
dinucleotides are indicated by the darkened boxes. The position of
the 5' 32p label is indicated by asterisks. (B) Position of the U3 and
US oligonucleotides in a complete 338-bp Tyl LTR. U3, unique 3'
sequence; U5, unique 5' sequence; R, repeated sequence. (C)
Diagram of the formation of Tyl-IN-catalyzed products from oligo-
nucleotides shown in A. The unlabeled 5' ends are represented by
circles; the 32P-labeled 5' ends are represented by asterisks. Two
types of labeled product are expected when Tyl IN proteins are
incubated with substrates labeled at the appropriate 5' end with 32p
and separated by gel electrophoresis. Labeled products larger than
the original 30 nt substrate represent the joining of a donor to a
recipient strand. Labeled products shorter than the original 30 nt
substrate represent the unjoined portion of the target strand.

recombinant IN protein coding sequence to enhance expres-
sion and simplify purification. To optimize translation initi-
ation in yeast (22), several adenosine residues were placed
upstream of the initiator Met codon, and the Ser codon TCT
was placed immediately downstream of the Met codon. Six
His codons were added to facilitate purification by nickel
chelate chromatography. An enterokinase cleavage site was
included on the C-terminal side of the polyhistidine tag to
provide the option of removing the upstream sequences not
present in mature Tyl IN.

Production ofrecombinant Tyl IN was initially determined
by immunoblot analysis using B2 antiserum, which cross-
reacts with Tyl IN (6) (Fig. 2). Very little Tyl IN protein was
detected (Fig. 2, lane 1) when strain DG1377 was grown in the
repressing carbon source glucose (4, 23). When induced with
galactose, strain DG1377 produced a recombinant Tyl IN
(Fig. 2, lane 2) close to the predicted molecular mass of the
Tyl VLP-associated IN (lane 3).
We took advantage of two properties of the recombinant

Tyl IN in the protein purification. (i) The solubility of
unpurified Tyl IN resembles that of recombinant retroviral
IN proteins, which are usually insoluble in NaCl concentra-
tions lower than 0.3-0.5 M (24-26). Therefore, when yeast
cells were disrupted in low salt, most of the recombinant Tyl
IN was present in the pellet after centrifugation (Fig. 3). This
pellet was resuspended in 1 M NaCl, stirred, and recentri-
fuged. The high salt treatment solubilized at least half of the
recombinant Tyl IN and centrifugation removed additional
cellular debris. (ii) Recombinant IN was purified by nickel
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FIG. 2. Induction of recombinant Tyl IN. Immunoblots were
prepared from total protein extracted from strain DG1377 grown in
synthetic complete medium with either glucose (lane 1, 10 Atg of
protein) orgalactose (lane 2, 10 MIg ofprotein). Also shown is IN from
purified Tyl VLPs (lane 3). Proteins were separated on an SDS/10%o
polyacrylamide gel, electroblotted onto an Immobilon membrane,
and incubated with anti-TYB1 antiserum B2, which cross-reacts with
mature Tyl IN from VLPs (6). Immune complexes were detected
using enhanced chemiluminescence.

chelate chromatography. Recombinant Tyl IN was eluted
from the Ni-NTA column as a sharp peak in 80 mM imidaz-
ole. Approximately 70% of the protein in this peak migrated
at a position consistent with the molecular mass expected for
recombinant Tyl IN. This method yielded 3.5 pg of IN per
g (wet weight) of cells. Based on densitometric scanning of
the stained gel, we estimate 170-fold purification from the 1
M NaCl extract to the peak fraction eluted from the Ni-NTA
column. Immunoblot analysis of column fractions showed
that the majority ofthe protein reacting with the B2 antiserum
migrated as a discrete band and that this band corresponded
to the major protein observed by Coomassie blue staining.

Enzymatically Active Recombinant Tyl IN. To detect re-
combinant Tyl IN activity, we tested column fractions for
the ability to mediate strand joining using model substrates
corresponding to the first 30 nt of the U3 segment of the Tyl
H3 LTR (Fig. 1 A and B). Although this assay (Fig. 1C) does
not duplicate the complete integration reaction, it has become
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widely accepted as an indicator for IN activity from a variety
of retroviruses (19, 20, 26-31).
IN activity was detected using purified Tyl VLPs (Fig. 4)

or the column fractions containing recombinant Tyl IN as
determined by the oligonucleotide integration assay using the
Tyl U3 oligonucleotide (Fig. 1). The unreacted substrate
produced the darkest band (Fig. 4) with bands representing
products >30 nt above the unreacted substrate and with
bands representing <30 nt below the unreacted substrate.
Although the quantity ofreaction products obtained with Tyl
VLPs was less than that observed with recombinant Tyl IN,
their banding patterns were identical and reproducible. We
did not detect any prominent bands that were 2 nt shorter
than the starting substrate (also refer to Figs. 5 and 6). In
collateral experiments, recombinant Tyl IN catalyzed the
insertion of a complete linear Tyl LTR into a heterologous
plasmid target. Southern blot hybridization analysis sug-
gested that this product contained one end of the LTR
inserted into the plasmid (data not shown), much like the
products observed in the oligonucleotide integration assay.
We have not detected concerted integration of both ends of
a Tyl LTR substrate using recombinant Tyl IN (data not
shown). A low level of two-ended integration activity has
been observed with recombinant human immunodeficiency
virus (HIV) IN produced in insect cells (30).
Requirements for Integration of Oligonucleotide Substrates.

We assessed two parameters of the oligonucleotide integra-
tion assay using recombinant Tyl IN and Tyl VLPs. These
included the metal cofactor requirement and choice of oli-
gonucleotide substrates. As previously noted, retroviral IN-
mediated reactions show a preference for Mn2+ over Mg2+
and an absolute requirement for a divalent cation (19, 27, 28,
30-33). Therefore, we compared the efficiency of the Tyl-
IN-catalyzed reaction with these cations (Fig. 5). A concen-
tration of 1 mM Mn2+ (Fig. 5, lanes 1-6) or 1 mM Mg2+ (Fig.
5, lanes 7-12) was used in each reaction mixture and recom-
binant IN (fraction 17; see Fig. 3) was added in increasing
amounts (Fig. 5, lanes 1 and 7 contain no IN; lanes 3-6 and
lanes 9-12 contain increasing amounts of IN). A constant
amount ofTyl VLPs was also assayed with Mn2+ (Fig. 5, lane
2) and Mg2+ (Fig. 5, lane 8). Mn2+ at 1 mM stimulated the
reaction -2.5-fold more than 1 mM Mg2+ as determined by
densitometric scans of the reaction products >30 nt. The
number ofproducts <30 nt was also increased in the presence
ofMn2+ compared to that observed with Mg2+. However, the
integration pattern is essentially identical whether Mn2+ or
Mg2+ is used in reactions containing recombinant Tyl IN or
VLPs. There is also an absolute requirement for a cofactor in
the reaction, since either omitting the cation or substituting
EDTA for the divalent cation resulted in complete inhibition
(data not shown).

Ni-NTA
N

NP VLP 17 18 19 20

31- _

FIG. 3. Purification of recombinant Tyl IN from strain DG1377.
Lanes: lysed cells, crude protein extracts; 1 M NaCl extract, salt
extract of the lysed cellular pellet; Ni-NTA 17-20, fractions 17-20
eluted from a Ni-NTA metal-chelate column with 80 mM imidazole
that have recombinant Tyl IN protein and activity. Numbers on the
left represent molecular mass estimates in kDa. (A) Coomassie
blue-stained SDS/10%o polyacrylamide gel containing protein ex-
tracts from strain DG1377 expressing pGTyl-IN. (B) Immunoblot
analysis of the gel shown in A using antibodies to Tyl IN protein, as
described in Fig. 2.

FIG. 4. DNA strand-joining activ-
ity using the oligonucleotide integra-
tion assay with a 32P-labeled U3 oli-
gonucleotide as described in Fig. 1.
Lanes: NP, no protein added to the
reaction mixture; VLP, IN activity
present in Tyl VLPs; Ni-NTA 17-20,
recombinant Tyl IN protein in frac-
tions 17-20 from the column de-
scribed in Fig. 3. Shorter autoradio-
graphic exposures did not reveal any
prominent- bands that were 2 nt
smaller than the unreacted substrate
(data not shown).
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FIG. 5. Metal cofactor requirements of Tyl IN. Integration
assays were performed with either 1 mM MnCl2 or 1 mM MgCl2.
Lanes: 1 and 7, no protein; 2 and 8, 2.4 pg of Tyl VLPs. The
remaining lanes are a titration of recombinant Tyl IN as follows.
Lanes: 3 and 9, 22 ng; 4 andlO, 45 ng; 5 and 11, 89 ng; 6 and 12, 147
ng. Shorter exposures did not reveal any prominent bands that were
2 nt smaller than the untreated substrate (data not shown).

Studies of recombinant HIV-1 IN activity in vitro have
shown that the U5 end of the LTR is usually more active in
assays of LTR cleavage and strand joining than the U3 end
(26, 28, 30, 31). However, Vink et al. (27) have found that U3
and U5 oligonucleotides are equally active in the integration
assay with recombinant HIV-1 IN. To characterize the
substrate requirements of Tyl IN by using the oligonucleo-
tide integration assay, we determined whether there was a
preference for the U3 or U5 end of the Tyl LTR (Fig. 6A).
When Tyl U3 and U5 oligonucleotides ofidentical length and
specific activity were used in separate integration assays with
either Tyl VLPs (Fig. 6A, lanes 2 and 5) or recombinant Tyl
IN (fraction 17; Fig. 6A, lanes 3 and 6), the level of U3 and
U5 reactivity was similar and dependent on IN (Fig. 6A, lanes
1 and 4). The recombinant Tyl IN activity was also specific
for Tyl-H3 oligonucleotide substrates (Fig. 6B). In parallel
reactions, recombinant Tyl IN (fraction 18; see Fig. 3)
incubated with U5 yielded the expected product consisting of
discrete bands suggestive ofbase-specific strandjoining (Fig.
6B, lanes 1 and 2). In contrast, the random non-LTR se-

quence oligonucleotide (Fig. 1A) shows a diffuse band that
migrates more slowly than the unreacted substrate (Fig. 6B,
lanes 3 and 4). Although this band may represent a minimal
level of strandjoining, it does not appear to be identical to the
specific integration products observed with LTR oligonucle-
otides.

DISCUSSION

Integration of the retroviral-like retrotransposon Tyl re-
quires the IN protein. This protein is apparently needed for
target site selection, nicking, and strand joining of Tyl
cDNA. To better understand the role of Tyl IN in these and
possibly other events in the Tyl transposition cycle, we
expressed the protein in yeast independently ofthe VLP (Fig.

FIG. 6. Relative activities of 32P-labeled oligonucleotides corre-
sponding to U3, U5, and a random sequence oligonucleotide (Fig.
1A). (A) U3 and U5 oligonucleotides were labeled to the same
specific activity. Lanes: 1 and 4, no protein added; 2 and 5,
recombinant Tyl IN; 3 and 6, Tyl VLPs. Shorter exposures did not
reveal any prominent bands that were smaller than the unreacted
substrate (data not shown). (B) Relative activities of recombinant
Tyl IN for 32P-labeled U5 and a random sequence oligonucleotide.
Lanes: 1 and 3, no protein added; 2 and 4, recombinant Tyl IN.

2), developed a procedure to partially purify soluble IN (Fig.
3), showed that the recombinant protein was enzymatically
active (Fig. 4), and have started to characterize the properties
of this protein (Figs. 5 and 6).
The recombinant Tyl IN protein coding sequence contains

an initiator Met and 12 additional amino acid codons that are
not present in the mature Tyl IN coding sequence. However,
the recombinant and VLP-associated IN proteins produced a
similar pattern of reaction products in the oligonucleotide
integration assay (Figs. 4-6). This result suggests that the
additional codons do not dramatically alter target-site selec-
tivity or recognition ofthe U3 and U5 donors (Fig. 6). Similar
results have been obtained with recombinant HIV-1 IN
containing a hexahistidine tag on either the N terminus or C
terminus ofthe protein (31). In addition, the similarities in the
reaction patterns between recombinant and Tyl VLP IN
suggest that Tyl IN is the only retrotransposon protein
required for insertion of model LTR sequences into target
DNA in vitro. It remains possible that the recombinant IN is
less active or deficient in concerted integration reaction of
two LTR ends into a target because of the additional N-ter-
minal amino acids. Additional host factors may also facilitate
Tyl integration in vivo, but these factors may have dissoci-
ated from the recombinant IN during purification.

Studies of Tyl retrotransposition in yeast are a paradigm
for understanding the detailed steps of the retrotransposition
replication cycle. This work has demonstrated additional
similarities and differences between Tyl and retroviral inte-
gration. Recombinant retroviral IN-mediated reactions usu-
ally show a preference for Mn2+ over Mg2+ and an absolute
requirement for either cation. Our results indicate that Mn2+
also stimulates both recombinant Tyl IN and VLP-
associated IN activity more than does Mg2+ by -2.5-fold and
that either cation is required for IN activity (Fig. 5). Similar
integration patterns are also observed with either Mn2+ or
Mg2+. Furthermore, the moderate stimulation observed with
Mn2+ in our experiments is comparable to the results ob-
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tained with in vitro integration of endogenous Tyl DNA
carried out by VLPs (9).

In most studies using HIV-1 IN, the U5 end of the LTR is
more active than the U3 end in the oligonucleotide integration
assay (26, 28, 31). However, Vink et al. (27) find U3 and U5
oligonucleotides to be equally active in the integration assay
with recombinant HIV-1 IN. Our results also suggest that
Tyl IN utilizes either U3 and U5 substrates for integration
with equal efficiencies (Fig. 6). Sherman et al. (34) have
shown that the terminal dinucleotide of U5 is cleaved more
efficiently than that of U3 with purified HIV-1 IN. If Tyl IN
does not require this activity prior to strand joining, the
rate-limiting step that determines the suitability of the sub-
strates is bypassed. Although the U3 and U5 integration
patterns are different, the U3 and U5 integration patterns are
substrate-specific since the same patterns were observed
with Tyl VLPs or with recombinant IN. The oligonucleotide-
specific integration patterns observed with U3 and U5 sub-
strates may reflect target-site preferences.
Two major differences exist between retroviral and Tyl

integration. (i) Tyl integration apparently does not require
the removal ofsequences from the 3' ends ofthe linearcDNA
(10). Our demonstration of integration of flush-ended oligo-
nucleotide substrates by recombinant Tyl IN supports this
observation. We did not observe any products that can be
correlated to the specific 3' processing of the U3 (Fig. 4)- or
U5 (Fig. 6A)-labeled substrates. However, the substrates
used in our reactions do not contain any additional nucleo-
tides that could be processed without altering the essential
(10) highly conserved U3 and U5 terminal dinucleotide (Fig.
1A). Furthermore, adding nucleotides to the end of the U5
substrate so that it would more closely resemble the unproc-
essed retroviral U5 resulted in molecules that were poor
substrates for Tyl IN (data not shown). (ii) Tyl IN has an
extended C-terminal domain of unknown function that con-
tains almost half the coding sequence when compared to that
of retroviral IN proteins (J. Mack and D.J.G., unpublished
results). In retroviruses, the function ofthis IN domain is also
poorly understood, although it is required for retroviral IN
activity and can bind DNA nonspecifically (35-38).

Progress on Tyl integration will now depend upon a more
detailed understanding of the biochemical and structural
properties of Tyl IN. The expression and purification of
soluble enzymatically active Tyl IN described here should
greatly facilitate such an approach. Further purification and
characterization ofrecombinant Tyl IN will permit structural
studies as well as identify possible host cofactors required for
IN activity. Since we have chosen to express Tyl IN in yeast,
these hypothesized host factors may copurify with IN or may
be identified genetically.
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