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Mutations within the TYB gene of Tyl encoding integrase (IN) as well as alterations in its substrate, a linear
DNA molecule, were examined for their effects on in vitro IN activity, using a recently developed physical assay.
Five different codon-insertion mutations, two frameshift mutations, and one missense mutation, previously
identified as transposition-deficient mutations, were tested. Virus-like particles, the source of IN, from two
different protease mutants and a reverse transcriptase mutant exhibited near-normal to normal IN activity.
Two frameshift mutations mapping within the phylogenetically variable C-terminal domain of IN resulted in
significant in vitro IN activity. In contrast, three mutations within the amino-terminal conserved domain of IN
completely abolished IN activity. When the substrate termini were mutated, we found that substrates with as
few as 4 bp of Tyl termini were capable of efficiently generating integration products. Surprisingly, certain
substrates that lacked obvious similarity to Tyl termini were also readily integrated into both linear and
circular targets, whereas others were not used as substrates at all. Termini rich in adenosine residues were
among the more active substrates; however, certain substrates lacking terminal adenosine residues can form
small quantities of integration products, including complete integration reactions.

The retrotransposon Tyl of the yeast Saccharomyces cerevi-
siae reinvades the genome of its host by a process similar to the
retroviral life cycle (6). Tyl resembles retroviral proviruses in
its long terminal repeat (LTR) structure and in the presence of
short target site duplications. Tyl mRNA is packaged into
virus-like particles (VLPs) formed by the Tyl-encoded gene
products TYA, the functional analog of retroviral Gag protein,
and TYA/TYB, analogous to the retroviral Gag/Pol polypro-
tein (26, 33). The Tyl protease (PR) processes TYA/TYB to
release PR, integrase (IN), and reverse transcriptase (RT)
which are embedded within the TYA/TYB polyprotein (27).
The RT domain generates a double-stranded (ds) cDNA copy
of Tyl RNA, and then the IN protein inserts this cDNA into
the host genome. The process of retrovirus and retrotranspo-
son integration has been studied by using in vitro reactions
which are dependent on three macromolecular components:
(i) target DNA; (ii) dsDNA with specific terminal sequences,
termed substrate DNA; and (iii) IN, either purified or supplied
as a nucleoprotein complex (7, 11, 12, 16, 18, 24, 35).

When retrotransposon IN and retroviral IN sequence align-
ments are examined, an N-terminal conserved domain and a
C-terminal variable domain are observed (29, 30). Mutations
within the conserved N-terminal half of IN inactivate both
retroviral infectivity (20, 37) and Tyl transposition (10, 21).
Two features that distinguish retrotransposon Tyl IN from
retroviral IN are (i) the apparent lack of 3’ processing activity
(it is predicted from the sequence that the ends of the Tyl
dsDNA copy terminate with the conserved 5'TG. . .CA3' short
inverted repeat, suggesting a lack of end processing [22]) and
(ii) a large C-terminal domain. Thus, the activities shared by
retroviral and retrotransposon INs, i.e., DNA substrate end
recognition and the DNA joining reactions, are proposed to
map to the N-terminal region of IN that contains two amino
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acid sequence motifs that are highly conserved phylogeneti-
cally. On the basis of results of recent functional studies of
retroviral integration and the reverse (disintegration) reac-
tions, the conserved N terminus of IN has been further
subdivided into an N-terminal zinc finger-like domain and a
central catalytic core domain (13, 15, 23, 32, 39). In vitro assays
for 3’ processing, strand transfer, and disintegration have been
used to examine the activities of various retroviral IN muta-
tions within these motifs. A highly conserved zinc-binding
motif at the N terminus of IN (13, 15, 23), consisting of two
histidine residues followed by two cysteine residues, designated
HHCC, may be involved in substrate recognition (15, 32, 39).
The other highly conserved motif, characterized by two invari-
ant aspartate (D) residues and a glutamate (E) residue,
referred to as the D, D(35)E region (30), was also mu-
tagenized, and the invariant residues were essential for in vitro
integration and disintegration activities (23, 31, 39).

We describe in the accompanying paper a very sensitive and
quantitative physical assay for Ty1 in vitro integration whereby
we are able to identify both single-end insertions and complete
insertions of one DNA substrate into target DNA (9). Briefly,
VLPs, the source of native Tyl IN, are incubated with a
radiolabeled substrate bearing Tyl termini and either linear or
circular target DNA. Integration products are radioactive and
after agarose gel electrophoresis have a slower mobility than
either substrate or target DNAs. We have characterized sev-
eral different products formed with these target DNAs. The
L1/L2 product represents substrate joined to linear target
which is composed of a predominant product of single-end
joining and a less abundant product of complete insertions.
When circular target DNA is supplied, three products, C1,
formed from the coordinated insertion of two substrates; C2.1,
formed by a complete insertion into the circular target DNA;
and C2.2, a single-end joining of substrate to the circular target
DNA, are then observed (9). Although it is possible that one or
more cellular factors copurifying with the VLPs contribute to
this activity, we have shown that product formation is com-
pletely dependent on Tyl IN.

Transposition in vivo can be easily assayed by using pGTyl
plasmids consisting of the regulated yeast GALI promoter
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FIG. 1. Model for VLP maturation. A hypothetical model for the sequence of events leading to mature DNA-containing Tyl VLPs and
transposition is shown. There is no direct evidence for a discrete population of each of these VLPs during a normal transposition event. However,
mutations within each functional domain of TYB lead to an accumulation of the indicated type of VLP. Mutations in PR block processing, and
pre-VLPs accumulate; mutations in RT block reverse transcription, and RNA-containing VLPs accumulate; and mutations within IN block
integration, and DNA-containing VLPs accumulate. The arrowheads represent N-termini of TYA and TYA/TYB; long arrows, unprocessed TYA;
long arrows with attachments, unprocessed TYA/TYB; short arrows with bar, processed TYA; filled-in squares, PR dimer; ovals, IN dimer;
rectangles, RT dimer; wavy lines, Tyl RNA (two copies); open box, Tyl cDNA; boxed triangles, LTRs; double lines, target DNA.

fused to a functional Tyl element (Tyl-H3) (5). The GALI
sequences are not transcribed; thus, the transcripts from the
pGTyl plasmids are identical in structure to those from native
chromosomal Tyl elements. Upon galactose induction, not
only is transposition easily assayed, but also large quantities of
VLPs can be isolated from yeast extracts, providing a reliable
source of IN.

A model for the Tyl-VLP maturation pathway is depicted in
Fig. 1. TYA and TYA/TYB precursor proteins presumably
self-assemble with Tyl RNA to form an unprocessed pre-VLP
(1, 14, 36, 42). Upon proteolytic processing, RNA-containing
VLPs mature to DNA-containing VLPs after reverse transcrip-
tion of the Tyl RNA. In this report, we compared IN activity
of wild-type VLPs and those VLPs derived from mutated
pGTyl plasmids in order to examine the effects of alterations
to the virion environment. VLPs derived from five different
Tyl IN mutants as well as VLPs with PR and RT defects were
assayed. All mutations studied inactivated transposition in vivo
(25, 34). Most of them were generated by insertion of oligo-
nucleotides semirandomly throughout a pGTy1 plasmid. These
mutations result in alterations of a single domain of the
TYA/TYB polyprotein (34). Two of the IN mutations within
the N-terminal conserved domain, pGM66 and pGM119, were
previously shown to be inactive in an in vitro integration assay
which recovered complete insertions genetically (21). The
pGM66 mutation was also shown to be inactive by using a
physical in vitro integration assay developed for Tyl (9). All
TYB mutations referred to in this paper are summarized in
Table 3.

The terminal 335 nucleotides of each end of the Tyl chro-
mosomal element and the dsDNA copy compose an intact
LTR. The Tyl terminal inverted repeats consist of only two
nucleotides, TG. .CA, as opposed to the more extensive in-
verted repeats found in retroviruses (for a review, see refer-
ence 3). Therefore, it might be expected that only a small
number of terminal bases would be required for Tyl integra-
tion. Indeed, we previously showed that substrates with 12-bp
Tyl termini were sufficient for integration in vitro (22). Thus,
we have begun an investigation of the sequence requirements
of the substrate termini by using both the physical and the
genetic assays described in the accompanying paper (9). Initial
studies using various substrates with non-Tyl ends showed
surprisingly high levels of IN activity; however, this assay does
not readily distinguish single-end insertions from complete
insertions. In an effort to define the terminal sequences that
are required for efficient insertion of a DNA substrate, we have

developed a new strategy for readily generating large amounts
of substrate DNAs with blunt-ended termini of any desired
sequence.

MATERIALS AND METHODS

Yeast strains and plasmids. The S. cerevisiae strains and the
transformants used in this study are listed in Tables 1 and 2.
For rapid induction in the presence of galactose, YHS8 haploid
strains (which bear the #7plAl deletion that also removes the
upstream activating sequences of GAL3 that are required for
rapid galactose induction [2]) were mated with strain YH82,
which is GAL3". The media used in this work, SC—ura
glucose, SC—ura galactose, SD, SGAL, and YPD, have been
described elsewhere (38). Plasmids used to make substrates for
IN reactions are pLB343 and pLBS (see Fig. 2); plasmids used
as target DNAs are pLB523 and pJEF2276 (see reference 9 for
descriptions).

VLP isolation and characterization. Yeast cells bearing
wild-type pGTy plasmid and RT™ and IN™ mutants (Table 3)
were harvested after 24 h of galactose induction; VLPs were
prepared from a 20 to 70% linear sucrose gradient as previ-
ously described (10). Gradient fractions (1.2 ml) were analyzed
for RT activity (26) and IN protein as previously described
(10). Briefly, pools of pairs of gradient fractions were analyzed
by immunoblot analysis with anti-IN monoclonal antibody
8B11 (21); the IN-containing fractions were identified and 5-pl
aliquots were used directly as the source of IN activity (9).

Yeast cells bearing pGTyl plasmids with PR™ mutations
(Table 3) and the companion wild-type plasmid in isogenic
strains were prepared by three different methods. PR™ mutant
VLPs were inactive when purified as described above. There-
fore, PR™ mutant VLPs were harvested from the 30/70 inter-
face of a 20%/30%/70% sucrose step gradient as previously
described (21). The three fractions with the greatest RT
activities were diluted threefold with buffer B-EDTA (10 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES]-

TABLE 1. Yeast strains used in this study

Strain Genotype Reference
YHS8 MATa ura3-167 his3A200 leu2Al trpl Al 41
GRF167 MATo ura3-167 his3A200 5
YHS82 MATa ura3-52 lys2-801 his4-539 trp1A63 leu2Al 41
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TABLE 2. Transformants used in this study
Strain Host Plasmid Description (reference)
JB224 GRF167 pJEF724 Wild-type unmarked pGTyl (5)
LTB185 GRF167 X YH82 pJEF724 Wild-type unmarked pGTyl (5)
LTB191 GRF167 X YHS82 pJEF1266 PR mutant unmarked pGTyl (34)
LTBI151 YH8 X YH82 pJEF1562 Wild-type lacO-marked pGTyl (34)
LTB167 YH8 X YH82 pGM100 IN mutant lacO-marked pGTyl (34)
LTB169 YHS8 X YH82 pGM119 IN mutant lacO-marked pGTy1l (34)
LTB171 YHS8 X YH82 pGMo66 IN mutant lacO-marked pGTyl (34)
LTB175 YHS8 X YH82 pGM129 IN mutant lacO-marked pGTyl (34)
LTB177 YH8 X YH82 pGM95 IN mutant lacO-marked pGTy1l (34)
LTB111 YH8 X YH82 pX3 Wild-type TRPI-marked pGTyl (41)
LTB120 YH8 X YH82 pAG149 RT mutant TRPI-marked pGTyl (25)
LTB114 YHS8 X YH82 pGM315 IN mutant (pGM66) TRPI-marked pGTyl (34)
LTB128 YH8 X YH82 pGM313 PR mutant (pGM17) TRPI-marked pGTyl (34)

KOH [pH 7.8], 15 mM KCl, 3 mM dithiothreitol) to reduce the
sucrose concentration and then pelleted at 80,000 X g for 1 h
at 4°C. Pellets were resuspended in 100 pl of TE (10 mM
Tris-HCI [pH 7.4], 1 mM EDTA); 2 ul was used as the source
of IN. In an effort to obtain more-purified preparations from
strains bearing pGM17 and the wild-type pGTyl plasmids,
PR~ VLPs were isolated from two sequential sucrose gradients
as previously described (21); 2 pl of pelleted and resuspended
VLPs was used as the source of IN.

In vitro integration assay. IN assays were performed as
previously described (9). The standard radiolabeled DNA
substrate (936 bp) was prepared from plasmid pLB343 (Fig. 2).
For later studies that required altered substrate ends, a PCR
strategy was developed (see “PCR-generated substrates” be-
low). Target DNA pJEF2276 was digested with Xbal for
experiments using a linear target. The reaction mixtures con-
tained 10 mM KCl, 10 mM Tris-HCI (pH 8.0), 15 mM MgCl,,
1 mM dithiothreitol, 5% polyethylene glycol 8000, 5 ng of
radiolabeled substrate (5 X 10° molecules?, and 100 or 200 ng
of linear or circular target DNA (3 X 10'° molecules or 6 X
10'°, respectively) giving molar ratios of 1:6 or 1:12, respec-
tively; 5-pl volumes of VLP preparations are added last to the
reaction mixture to give a total reaction volume of 20 ul.
Reaction conditions were slightly modified in the experiment
used to assay PR™ VLPs; 2 pl of either wild-type or PR™
pelleted VLPs was added to a reaction mixture that contained
10 mM MgCl,, 10 mM Tris-HCI (pH 7.4), 10 mM KCl, 0.1 mM

TABLE 3. Mutations studied®

Domain and Type of mutation 1 genome
PR
pJEF1266  4-codon insertion 1703
pGM17 5-codon insertion 1873
IN
pGMI100  5-codon insertion 2164 (aa 43)
pGM119 5-codon insertion 2600 (aa 189)
pGM66 4-codon insertion 2724 (aa 229)
pGM129 Frameshift insertion 3280 (aa 415)
pGM95 Frameshift insertion 3796 (aa 587)
RT, pAG149 Missense mutation (FVDD—FVDE) 4578

“ All mutations are described in further detail in references 10 and 34, except
AG149 (25).

» The genome position refers to the Ty1-H3 sequence (4). The positions of the
mutations in the IN protein sequence relative to the experimentally derived N
terminus (8, 35) are given in parentheses. aa, amino acid.

dithiothreitol, and 5% polyethylene glycol 8000, giving a final
reaction mixture volume of 20 pl.

Alterations to the substrate ends by restriction digest. Six
different substrate preparations were prepared from pLB343

A.

Fold BstEll Styl Fokl
Ty1 substrate 936 b Puull
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FIG. 2. IN substrates. (A) The structure of the wild-type DNA
substrate derived from pLB343 by Fokl digestion of the 2,636-bp
Pvull-Scal fragment is shown. Only restriction enzyme sites used to
obtain the various substrates analyzed in Fig. 7 are shown. Shaded
boxes designate the 12-bp Tyl termini. (B) Linear DNA fragments
bearing internal regions corresponding to Tyl termini were obtained
by PCR with primers JB411 and JB412 as shown. The blunt-ended
DNA substrate with 4 bp of Tyl termini was obtained by BbslI digest of
the PCR products and a subsequent fill-in reaction with deoxynucleo-
side triphosphates and PolIK. Shaded boxes designate 4 bp of Tyl
termini or regions of the substrate which were altered by changes to
the PCR primers as described in Materials and Methods.
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TABLE 4. Sequences of oligonucleotides used in this study

Oligonucleotide” Sequence?

Right end
JB411 (US) 5'-CACAGAAGACCATGAGGGGGTCTGACGCTCAGTG
JB421 (T) 5'-CACAGAAGACCAAAAAGGGGTCTGACGCTCAGTG
JB422 (A) 5'-CACAGAAGACCATAAAGGGGTCTGACGCTCAGTG
JB481 (U3) 5'-CACAGAAGACCATGTTGGGGTCTGACGCTCAGTG

Left end
JB412 (U3) 5'-ACACGAAGACTGTGTTGTCCTCGTGATACGCC
JB423 (T) 5'-ACACGAAGACTCAAAAGACCTCGTGATACGCC
JB424 (A) 5'-ACACGAAGACTCTAAAGACCTCGTGATACGCC

“ The symbols in parentheses correspond to the substrate terminus types in
Fi%. 8; U3, AACApy; US, CTCAGy; T, TTTToy; A, TTTAH.
Sequences representing the 5’ termini of complete substrates are in boldface
type. Bbsl sites are underlined.

by using various restriction enzyme combinations as indicated
(see Fig. 7). For substrate lengths of 936, 690, and 201 bp, a
2,326-bp Pvull-Scal fragment was isolated as described else-
where (9) and digested with Fokl. For all substrates, the ends
were radiolabeled with [a-**P]dATP, dCTP, dGTP, and dTTP
and DNA polymerase I Klenow large fragment (PolIK). The
fragments were separated on a 0.9% agarose gel, and bands
were cut from the gel, electroeluted, and ethanol precipitated.
The fragments were resuspended to give equimolar prepara-
tions.

PCR-generated substrates. Synthetic DNA oligonucleotides
that incorporate the Bbsl restriction site and four nucleotides
derived from native Tyl termini (or variations of this region)
were designed to hybridize to pLB5 or pUC19. Following PCR
amplification with Tag polymerase (Cetus) and under the
standard conditions recommended by the manufacturer, a
1,227-bp fragment containing two BbsI sites and Tyl termini
flanking the bla gene is generated. Upon Bbsl digestion the
Tyl termini are exposed and can be radiolabeled as described
for the 936-bp substrate (9), yielding a 1,208-bp blunt-ended
substrate (Fig. 2). The sequences of the wild-type oligonucle-
otides used are as follows (Bbsl sites are underlined, and Tyl
termini are in boldface type): JB411, 5'-CACAGAAGAC
CATGAGGGGGTCTGACGCTCAGTG; JB412, 5'-ACAC
GAAGACTGTGTTGTCCTCGTGATACGCC. All oligonu-
cleotides used for generation of substrates are shown in Table
4.

RESULTS

Pre-VLPs: effect of a mutation within PR. Pre-VLPs are
unprocessed and contain Tyl RNA; a mutation within PR
inhibits maturation of VLPs, resulting in accumulation of
pre-VLPs (1, 36, 42). It is unknown whether mature and
precursor polyproteins are significantly different in structure or
function; however, PR defects result in complete inhibition of
transposition in vivo (34, 42). When RT is embedded within
the TYA/TYB polyprotein, PR™ mutant VLPs exhibit high
levels of RT activity using exogenous primer and templates;
however, no dsDNA is found in these VLPs. One explanation
for the lack of RT activity in vivo may be the physical constraint
imposed by a PR™ mutant, since processing untethers the
enzymatic activities from the polyprotein providing the mobil-
ity to perform various functions. Alternatively, processing may
enable RT to properly recognize or assemble a tRNA primer-
template complex.

Previous studies of RT activity in PR™ mutants indicate that
precursor polyproteins have enzymatic activity in vitro (42).

MoL. CELL. BioL.
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FIG. 3. Tyl pre-VLPs have IN activity. Pre-VLPs were prepared by
the sucrose step gradient method (21) from two PR mutant strains,
LTB191 harboring plasmid pJEF1266, and LTB128 harboring a deriv-
ative of pGM17 (Table 2). The wild-type strain LTB185 harbors the
pGTy1 plasmid pJEF724 (5). (A) In vitro IN activity of PR-VLPs. In
vitro IN activity was determined under conditions optimized for
pelleted VLPs as described in Materials and Methods. Three radioac-
tive products, L1, L2, and L3, as well as the radioactive substrate (S)
are detected by autoradiography of a dried agarose gel in the wild-type
(WT) and pJEF1266 (1266) lanes. A small amount of the L1/L2
product is detected in the pGM17 (17) lane. Note that radioactive
breakdown products are more abundant in the 17 lane; variable
amounts of endogenous nuclease activity (seen as a smear below the S
band) are detected in VLP preparations. We have also included a long
exposure of the pPGM17 lane to more clearly demonstrate the presence
of product present. (B) Immunoblot analysis of PR~ VLPs. By
immunoblot analysis, both processed IN (lane WT) and unprocessed
TYA/TYB form of IN (lanes 1266 and 17) are detected. VLPs from the
1266 PR™ mutant were processed for immunoblot analysis after
trichloroacetic acid precipitation. Unprocessed TYA/TYB and non-
specific degradation products are detected (1). An aliquot of the same
VLP preparation was processed for immunoblot analysis after trichlo-
roacetic acid precipitation from an in vitro integration assay (2).

Thus, we have examined transposition-deficient PR~ mutant-
derived pre-VLPs for IN activity. The TYA/TYB polyprotein
of VLP preparations from two PR~ mutants, pGM17 and
pJEF1266 (Table 3), exhibited IN activity; the pJEF1266
mutation is more active than the pGM17 mutation in this
preparation (Fig. 3A). By immunoblot analysis of PR~ mutant
pre-VLPs with anti-IN, the majority of IN protein detected is
in the unprocessed TYA/TYB polyprotein form (Fig. 3B).
Although some faster-migrating bands are observed, they are
most likely the result of nonspecific proteolysis occurring
during VLP purification, since these species do not comigrate
with the processing intermediates observed for wild-type VLPs
in vivo. Furthermore, their mobilities and abundance are not
reproducible from preparation to preparation. We did not
observe any significant alteration to the PR~ VLP protein
pattern after an in vitro IN reaction as assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and subsequent immunoblot analysis with anti-IN (Fig.
3B).

Another preparation of mutant pre-VLPs derived from the
pGM17 mutant and the companion wild-type pGTy plasmid
were purified from two sucrose gradients in an effort to reduce
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FIG. 4. Effects of salt concentration on in vitro IN activity of
pre-VLPs. Numbers designate the concentration of KCl added to in
vitro IN reaction mixtures. Equivalent amounts of immunoreactive IN
protein were supplied to the in vitro IN assay under conditions
established for pelleted VLPs. L1/L2 product is designated. Low
quantities of L3 are observed except when 300 mM KCIl was supplied
in the reaction mixture. This product was not reproducibly detected at
high levels in high salt. Wild-type (WT) VLPs, strain LTB111; PR
MUTANT, strain LTB128. These VLPs represent preparations inde-
pendent from those used for Fig. 3.

the nuclease activity that copurifies with the VLPs in these
strains. Reduced amounts of RT activity and protein relative to
those of the wild-type preparation were recovered, indicating
that the PR™ VLPs are unstable.

However, upon reducing the wild-type VLP protein input to
match that of the PR™ VLPs, the IN activity was similar to that
observed for wild-type VLPs (Fig. 4). High concentrations of
salt had an inhibitory effect on IN activity from both prepara-
tions, although the PR™ mutant VLPs were somewhat more
sensitive (Fig. 4, compare the 150 mM KCl lanes). Thus, the
virion environment provided by pre-VLPs can support the IN
activity of the TYA/TYB polyprotein. We can only isolate
active pre-VLPs from gradients which have been centrifuged
for short periods. When PR™ VLPs were isolated with longer
centrifugation times and a 20 to 70% linear sucrose gradient,
higher levels of breakdown products are observed by immuno-
blot analysis, and IN activity is not detected (data not shown).

Protease action does not appear to be required to form an
IN capable of functioning in our in vitro reaction. Although it
is formally possible that wild-type PR could be provided in
trans from chromosomal Tyl elements, we think this cannot
explain our results because these assays are done under
conditions in which the quantity of reaction products is linearly
related to the amount of input VLPs (data not shown). Thus,
we conclude that precursor TYB protein is active for in vitro
integration.

RNA-containing VLPs: effect of a mutation within RT. VLPs
derived from Tyl elements with mutations within RT or
lacking RT altogether contain some Tyl RNA (14, 42). We
have studied a mutation converting the second D of the highly
conserved Y/FXDD box of Tyl RT (Table 3), the putative
active site, from FVDD to FVDE, which eliminates transpo-

Tyl IN VITRO INTEGRATION: EFFECTS OF MUTATIONS 5735

A. anti-IN

VLPs WT RT VLPs WT WT IN RT
EDTA + = < L%

B « in vitro integration

. ° L1/L2

Product

936
Substrate

FIG. 5. RNA-containing VLPs have IN activity. VLPs from the
RT™ mutant, strain LTB120 harboring pAG149, and wild-type strain
LTB111 harboring pX3 were harvested from a 20 to 70% linear
sucrose gradient as described in Materials and Methods. (A) Immu-
noblot analysis of RT~ VLPs. From immunoblot analysis of pooled
gradient fractions, the IN-containing fractions were identified and used
directly for in vitro IN assays. Mature IN accumulates in both VLP
preparations. (B) In vitro IN activity of RT~ VLPs. A total of 5 pl from
the pooled fraction shown in panel A was assayed directly for IN
activity. Equivalent amounts of L1/L2 product from wild-type and RT~
VLPs are obtained. Only low amounts of L3 are formed in this
experiment. IN™ designates VLPs isolated from LTB114 harboring
pGM66, an IN mutant. These VLPs were previously shown to be
inactive in this assay (9) and the genetic assay (21) (see also Fig. 6C).
EDTA was included at 50 mM where indicated (+).

sition in vivo (25); however, RT~ mutant VLPs have quantities
of IN comparable to those of wild-type VLPs (Fig. SA). When
in vitro IN activity was assayed, the amount of L1/L2 product
is comparable to that of wild-type VLPs (Fig. 5B). Since the
majority (~80%) of these events represent single-end inser-
tions, we have only assessed the ability of IN within RNA-
containing VLPs to mediate single-end insertions and not
directly assessed the ability of these VLPs to mediate complete
insertions; we have not carried out the two-dimensional anal-
ysis described in the accompanying paper (9).
DNA-containing VLPs: effects of mutations within IN. Five
linker-insertion mutations were previously mapped to the IN
domain, and their positions relative to each other are shown in
Fig. 6A and Table 3 (10, 34). The pGM 100 mutation is nearest
the N terminus, located 43 residues from the putative PR
cleavage site. Immunoblot analysis of IN in this mutant shows
amounts of processed IN varying from very low amounts to
near-wild-type levels in VLP preparations (Fig. 6B). In one
experiment, VLP IN protein was reduced ~20-fold; however,
RT activity was reduced only 3-fold (data not shown). Thus,
this mutation has pleiotropic effects on VLP processing and
stability. Levels of mature IN detected in homogenates from
pGM100 are also variable (10). In contrast, the levels of
mature IN comparable to that of the wild type are routinely
recovered from pGM119 and pGM66 mutant VLP prepara-
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FIG. 6. Analysis of IN™ DNA-containing Tyl VLPs. (A) Con-
served regions within Tyl IN. The pGTyl plasmid structure and the
functional organization of Tyl are shown. The Tyl IN domain is
flanked by PR on the left and RT on the right. Thus, two proteolytic
processing events must occur to accumulate mature IN protein, p90,
consisting of a highly conserved N-terminal half and a variable
C-terminal half of unknown function. An enlargement of the IN
domain demonstrates the position of two highly conserved motifs, a
zinc-binding site and the D, D(35)E motif, designated by shaded boxes.
Positions of the five linker-insertion mutants (100, 119, 66, 129, and 95)
relative to each other are shown. fs, frameshift mutation. (B) Immu-
noblot analysis of IN™ VLPs. IN™ mutant VLPs were isolated from a
20 to 70% linear sucrose gradient as described in Materials and
Methods from five strains, LTB167, LTB169, LTB171, LTB175, and
LTB177, harboring pGM100, pGM119, pGM66, pGM129, and
pGM95, respectively. IN-containing fractions were determined by
immunoblot analysis of pairs of pooled gradient fractions. An immu
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tions; these levels are within twofold of wild-type levels (9, 10).
The mutations in pGM129 and pGM9S5 are frameshifts result-
ing in the production of truncated IN proteins (Fig. 6B) with
apparent masses determined by SDS-PAGE of 52 and 74 kDa,
respectively. Because wild-type IN protein has an apparent
mass of 80 kDa in this gel system, the pGM129 mutation and
the pGM95 mutation generate IN proteins 28 and 6 kDa
smaller, respectively.

We tested VLPs with these various IN mutations for IN
activity (Fig. 6C). The three codon-insertion mutations within
the conserved N-terminal domain abolished IN activity. Since
the pGM100 VLPs were most variable in terms of IN protein
recovery and processing, three different pGM100 VLP prepa-
rations were examined for IN activity in vitro. IN activity was
not detected in any preparation; therefore, we conclude that
this mutation also inactivates IN. The pGM100 mutation
inserts five codons within the N-terminal zinc-binding motif,
the pGM119 mutation changes the highly conserved motif D,
D(35)E spacing to D, D(40)E, and pGM66 maps near the
C-terminal end of the D, D(35)E domain. Remarkably, the two
frameshift mutations that resulted in truncated IN proteins
retain very significant levels of in vitro IN activity. Comparison
of the levels of L1/L2 and L3 products made by the various
mutants suggests that the more severe frameshift mutant,
pGM129, selectively affects L1/L2 formation. Because L1/L2
consists of substrate joined to target and L3 consists of two
substrates joined together, this observation is consistent with a
role for the C terminus of IN in target DNA recognition.

Substrate specificity: effects of altered substrate termini. A
distinguishing feature of retroviral and retrotransposon LTR
termini is the conserved dinucleotide CA at each 3’ end. To
investigate the sequence requirements for Tyl LTR termini,
we also used the physical assay to detect in vitro IN activity.
Initially, the termini were modified by use of various restriction
enzymes to generate mutant substrate ends and later by the use
of PCR to generate substrates with mutated end sequences.
Various restriction enzyme digests of the donor substrate
plasmid pLB343 generated either one or two ends lacking
normal Tyl termini (Fig. 7). Relative IN activity was obtained
for each mutant substrate. Many substrates lacking Tyl termi-
nal sequence were used with an efficiency similar to that of the
parental substrate bearing 12 bp of Tyl terminal sequences at
each end. Three trends were observed: (i) one terminal
adenosine appears to be sufficient for recognition and efficient
joining by IN (Fig. 7, substrate 924-U5); (ii) a fragment lacking
adenosine termini, but with two internal adenosine residues
near the ends, can also function as a substrate for IN; and (iii)
two fragments lacking adenosine termini and with only one
internal adenosine near an end did not function as an efficient
substrate for IN. These results suggested two possibilities. (i)
Tyl IN either processes the termini of the substrate DNA to
expose a terminal adenosine, or (ii) Tyl IN will join other
terminal substrate nucleotides to target DNA. Since this assay
system detects mostly single-end joinings of substrate to the
target DNA, it was not possible to define from this experiment

noblot of the pooled fraction with the greatest quantity of IN from
each mutant is shown (the pGM100 lane is exposed 10 times longer).
Two frameshift mutations, pPGM129 and pGM95, resulted in truncated
TYA/TYB (ATYA/TYB) and IN (AIN). Processing intermediates
were also detected. (C) In vitro IN activity of IN™ VLPs. A 5-ul aliquot
from each pooled gradient fraction shown in panel B was assayed
directly for IN activity. The L1/L2 product is designated and was
quantitated with a PhosphorImager (Molecular Dynamics). The pres-
ence of 50 mM EDTA is designated (+).
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Substrate Description Left end Right end Relative

length IN activity

936 bp U3+UsS TGTTGGAATAGA _ _ _ACCCAATTCTCA 10
wildtype ACAACCTTATCT TGGGTTAACAGT

GTCACCTGTCCA

_ _ _ACCCAATTCTCA 06
CAGTGGACAGGT

924 bp Us+ TTGGGTTAACAGT

Bst Ell
U3+ TGTTGGAATAGA _ _ _TCCGGATCCAAG 2.3
924 bp Sty | ACAACCTTATCT AGGCCTAGGT~C
586 bp FOKI+ TGICIGCTCCCG _ _ _ACTTGGTTGAGT 1.35
Scal ACAGACGAGGGC TGAACCAACTCA
912 bp Bst Ell+ GTCACCTGTCCA _ _ _TCCGGATCCAAG 0.7
Sty | CAGTGGACAGGT AGGCCTAGGTTC
680 bp FOKI CICATGCATAAA GACGGGCTTGTC  «0.025
GAGTACGTATTT = T TCTGCCCGAACAG
201 bp FOKI + AACATGCATAAA CTGTCGTGCCAG  <0.05
Pvu ll TTGTACGTATTT = T TGACAGCACGGTC
1204 bp Bbs| TGTTGTCCTCGT GTCTGGGGCTCA 0.7

AACACAGGAGCA — ~— T CAGACCCCGAGT

FIG. 7. IN activity with altered substrates. Radiolabeled substrates
with various end sequences were prepared as described in Materials
and Methods and used for in vitro IN reactions. The substrate length,
description of the ends, and the sequences at both ends are listed. The
shaded bases designate the 12 terminal Tyl sequences at each end of
the wild-type substrate as well as those bases within the altered
substrates that match those in the wild-type sequence. In vitro inte-
gration reactions were carried out under standard reaction conditions;
5 pl of VLPs prepared from strain JB224 harboring pJEF724, using a
20 to 70% linear sucrose gradient, was supplied to the reaction
mixture. Only the amount of L1/L2 product formed was quantitated as
described above. The IN activity of the various substrates is relative to
the IN activity of the 936-bp wild-type substrate.

which base or substrate end participated in the strand ex-
change. Furthermore, in the above experiment, terminal se-
quences, internal sequences, and fragment length were all
varying, making it difficult to draw firm conclusions. A new
strategy that would allow detection of products by both the
physical assay and by genetic selection to recover complete
insertions was developed; thus, we could investigate the se-
quence requirements at both ends of the substrate that allow
efficient coordinated insertion of one substrate as well as the
detailed structure of the products. Importantly, these sub-
strates would differ from each other only in the sequences of
the four terminal base pairs at each end.

DNA substrates were generated such that the termini could
be radiolabeled and the terminal sequences could be readily
specified by the investigator (see Fig. 8 for strategy, Table 4 for
oligonucleotides used as primers, and Materials and Methods
for experimental detail). When such a DNA bearing 4 bp of
Tyl termini was supplied as a substrate to the in vitro
integration reaction mixture, the amount of L1/L2 product
formed was similar to that observed by using the standard
936-bp substrate (Fig. 7). Therefore, we used this strategy to
generate substrates with various end sequences (Fig. 8A). Both
linear target DNA and circular target DNA were used to
detect IN activity, and percentages of radioactive substrate
converted to the various products are shown (Fig. 8B). The
absence of the U3 sequences dramatically reduced the amount
of L1/L2, C1, and C2 products formed. Surprisingly, the T/T
substrate (3’ terminal sequence TTTTsy) which lacks 3’
terminal adenosine residues could function as a substrate for
IN, although at a relatively low efficiency. The A/A substrate
(3’ terminal sequence TTTAyy) differing from the T/T sub-
strate only in the presence of a single 3’ adenosine at each end
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A.

Substrate Oligonucleotide  Left end-U3 Right end-US
pairs

TGTT CTCA

U3/us  JB412/JB411 R CAGT
T/US  JB423/JB411 AAAA oo cTca
TTTT “GAGT

B424/JB411 TAAA L oo o CTCA

A/US ! ATTT GAGT
T/T JB423/JB421 AAAA_ _ L Lo - JITT
TTTT AAAA

A/A JB424/JB422 TAAA_ _ _ - _ - — TTTA
ATTT AAAT

u3/T JB412/JB421 TCTT_ e o = = TTTT
ACAA AAAA

U3/A JB412/JB422 TGTT_ L oo m o= TITA
ACAA AAAT

® | 1/L2 Product
m C2 Product
B C1 Product

IN activity (% incorporation)

U3/UST/US A/US T/T A/A U3/T U3/A
Substrate

FIG. 8. In vitro integration activity with matched substrates differ-
ing only at their termini. (A) Oligonucleotide pairs that generate the
PCR substrates. The various substrate designations, the oligonucleo-
tide pairs that are used for PCR, and the structures of termini
following BbsI digestion and fill-in reactions are shown. The left end of
the substrate designates the U3 terminus, and the right end designates
the U5 terminus. (B) In vitro integration activity with linear and
circular target DNA. Radiolabeled substrates were prepared as de-
scribed in Materials and Methods, supplied to a standard in vitro
integration reaction with 5 pl of VLPs prepared from strain JB224
bearing pJEF724, and then isolated on a 20 to 70% sucrose gradient as
previously described. When the target DNA was linear, the percentage
of radiolabeled substrate converted to L1/L2 product was then deter-
mined. When the target DNA was circular, the percentage of each
radiolabeled substrate converted to the C1 product and C2 product
was then determined. These products are described and characterized
in the accompanying paper (9).

generates products at higher efficiencies. However, the amount
of A/A substrate converted to product is only half that
obtained with the wild-type U3/U5 substrate. The substrates
with a U3 end but lacking a US end dramatically increase the
amount of integration products, suggesting that U5 actually is
inhibitory. The U3 end is apparently preferred as a substrate by
IN.

A potential criticism of the experiments with T termini is
that untemplated A’s could have been added to the 3’ end
during the filling-in reaction (17) and that it was these mole-
cules which might have undergone joining. We repeated the
experiment using the T/T substrates, generated in the presence
or absence of dATP, and observed the same low-level joining
activity in both preparations (data not shown). Moreover, we
showed that terminal T residues in the substrate can be directly
joined to the target in a complete integration reaction (see
below).
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—_—
TSD b/a TSD
WT (U3/U5) ends
clone no. -zm
c CTCGC|TGTT- = —CTCA|CTCGC s
58 GGGTG|TGTT- - -CTCA|GGGTGyagq
Mutant ends-correct
substrate  clone no. 1y lrGTT. L TTTTICTTT Thep
uarr 626 GTAAT|[TGTT- - -TTTT|GTAAT30
Mutant ends-aberrant
substrate  clone no.
U3 629 ATAACTG|TGTT- - -TGTGIATAACTG 50,
u3U3 8-20 TAAAG|TGTT- - -ATAC[TAAAG3g
TIUS 2:2 CAAAC|AAAA- - -CAGA|CAAACS,

FIG. 9. Structures of junctions made by substrates with wild-type
and mutant termini. In vitro integration into pLB523 target was carried
out as described in the accompanying paper (9). The junction se-
quences of several wild-type (WT) and mutant substrate complete
integration events are summarized; only the top strand is shown for
simplicity. The subscript indicates the position of the insertion in the
target plasmid. For the mutant substrates, the type of mutant substrate
used is indicated (substrate nomenclature is as in Fig. 8). TSD, target
site duplication. The inserted DNA in the first four recombinants
corresponds precisely to the predicted structure of the substrates used.
In the last three (aberrant) recombinants, the left junctions are normal
in structure but the right junctions are not.

Complete integration reactions, using substrates with mu-
tant ends. Most of the products observed with the physical
assay represent single-end joinings, but the substrates de-
scribed in the above section can also be used to investigate the
essential components of substrate termini for complete inser-
tions. Because the mutant termini flanked an active B-lacta-
mase gene, we could use the above molecules as substrates
together with a chloramphenicol-resistant target plasmid in a
biological assay for complete integration. As described in the
legend to Fig. 10 of the accompanying publication (9), the
recombinant products can be selected by combined chloram-
phenicol and carbenicillin selection. There is a background of
doubly drug-resistant colonies that makes quantitative compar-
ison of the efficiencies of wild-type and mutant termini difficult
with this system. However, we were able to recover insertions
from the wild type and three of the mutant substrates. We have
cloned and sequenced seven complete insertion events from a
variety of these substrates (Fig. 9). The two wild-type sub-
strates and two of the U3/T mutant substrates gave rise to
integrations that precisely resemble a normal in vivo integra-
tion event (except of course, that the two mutant insertions end
in four T residues rather than with a normal U5 terminus).
These insertions end precisely at the predicted substrate
termini and are flanked by 5-bp target site duplications. No
extra bases are present at the junctions nor is there any
evidence for processing of terminal dinucleotides by Tyl IN. In
addition, three insertions that differed from an in vivo integra-
tion in one or more ways were cloned. All three of these had
target site duplications, although one of them (number 6-29)
has a 7-bp duplication. All three aberrant events contained
normal junctions at the (arbitrarily defined) left end (two of
these left end junctions were U3 ends and one was a T end) but
had aberrant structures at their right ends. In number 6-29,
derived from a U3/T substrate, the right end junction sequence
indicated that during the preparation of the substrate, the
restriction enzyme BbsI had failed to cleave off the last few
base pairs of the PCR product; apparently IN joined the
PCR-generated 3’ end to target DNA. In number 8-20, derived
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from a U3/U3 substrate, the last 123 bp of the right terminus
were missing from the final product. In number 2-2, derived
from a T/US substrate, the last 8 bp of the right terminus were
missing.

DISCUSSION

By using a new in vitro Tyl integration assay (9), we have
assayed both mutant VLPs and mutant IN substrates to
examine their effects on integration. The products formed in
this assay system are predominantly the result of single-end
joining of substrate DNA to target DNA; thus, we have
examined here primarily IN activity and, to a lesser extent, the
requirements for the coordinated insertion of both ends of one
substrate.

Various alterations to the VLP protein components do not
inhibit IN activity in vitro. Unprocessed TYA/TYB polypro-
teins are isolated in the form of pre-VLPs which accumulate in
the yeast cytoplasm when mutations lie within the PR domain
of inducible pGALTYy1 plasmids. Near-wild-type levels of IN
activity are detected in some pre-VLP preparations, indicating
that the polyprotein is able to accomplish the substrate recog-
nition and strand-transfer reactions carried out by mature IN.
RNA-containing VLPs which accumulate when pGALTyl
plasmids bear RT mutations contain wild-type levels of both
mature IN protein and IN activity. IN molecules within these
RNA-containing VLPs are not associated with Tyl dsDNA
within the VLP. Therefore, association with and utilization of
an exogenous substrate by IN does not require reverse tran-
scription to have occurred within the VLP.

The amino terminus of Tyl IN is essential for joining
substrate to target. The Tyl IN protein is less well character-
ized than many retroviral IN proteins. Two PR cleavage events
are required to yield a mature IN protein of 71 kDa (8, 27, 35).
Thus, Tyl IN is much larger than retroviral IN proteins. In this
study, three different mutations within the conserved N-termi-
nal domain of native IN abolished IN activity in vitro. These
findings are consistent with recent studies of retroviral INs;
that is, the central core region of these proteins plays a key role
in strand transfer.

In contrast, VLPs harboring C-terminally truncated IN
proteins retained significant IN activity. This region of Tyl IN
is therefore not required for DNA joining or Tyl end recog-
nition reactions. A possible role for this domain of IN might be
in vivo target site selection. Recently, Tyl integration hot spots
were identified upstream of tRNA genes on chromosome III.
These same sequences do not function as hot spots in vitro (19,
28). We speculate that this IN domain, together with cellular
factors, plays a role in guiding these nonrandom in vivo
insertion events.

Terminal adenosines increase integration efficiency but are
not essential for IN activity. Previous experiments have sug-
gested that the LTR termini of linear viral DNAs are impor-
tant for efficient integration. In vitro integration studies which
used artificial substrates bearing 12 bp of Tyl termini provide
a sufficient number of bases for efficient integration; certain
alterations to the structure or sequence of these termini
apparently eliminated activity (22). In this study, the terminal
sequences of artificial Tyl substrates were altered and a
surprising number of substrates bearing little or no resem-
blance to native Tyl terminal sequence were found to serve as
substrates. Surprisingly, IN activity was detected in some cases
even when adenosine bases were absent from the 3’ ends of the
substrate. However, there were substrates which were com-
pletely unable to serve as substrates, so there is sequence
specificity for the substrate. A complicating factor in interpret-
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ing these experiments is that the physical assay used in this
study detects a large fraction of single-end insertions (80%)
and a small fraction of complete insertions.

A second conclusion from these studies of transposon
terminal sequence requirements was that U3-ended substrates
yield more recombinant product than U5-ended substrates. It
has been noted previously that the U3 end is more highly
conserved among Tyl elements than is the U5 end; 10 bp of U3
are identical to the U3 sequence of the distantly related
Drosophila copia element (3, 40). Also, we note that both U3
and a number of the termini of substrates that work well for
integration are rich in adenosine on the joining strand. The
correlation between the number of adenosines within the last
4 bp of each terminus and integration activity determined by
using the substrates in Fig. 7 is remarkably good (©* = 0.731),
suggesting that the number of adenosines in the joining strand
is an important determinant of how good the substrate will be.
However, it is possible that this association is artifactual, as it
is based on a small number of substrates that differ from each
other in a variety of ways.

A procedure was developed to efficiently generate a family
of closely related substrates with defined alterations to their
ends that also contained the bla gene. The physical assay
demonstrated that 4 or 5 bp of Tyl termini were sufficient to
yield near-wild-type levels of product. Surprisingly, substrates
with T sequences on one end were relatively good substrates,
and those with two T ends still showed some detectable
activity. However, replacement of the terminal T nucleotides
with A’s significantly increased its ability to act as a substrate.
These results were difficult to interpret because most of the
products were single-end joinings and we could not easily
determine whether one end was being preferentially joined.

Therefore, these substrates were also used in a minor
variation of the genetic assay described in the accompanying
paper (9), in which the substrate, which specifies carbenicillin
resistance, inserts into a chloramphenicol-resistant target plas-
mid. Although a high background of uninformative transfor-
mants was obtained, by screening we were able to identify
several insertion events. Of a total of 14 junctions analyzed, 11
were normal in structure and the other 3 had unusual substrate
termini. These aberrant junctions may have arisen by joining of
a structurally aberrant terminus in an otherwise normal inte-
gration reaction. Alternatively, two of the aberrant insertions
could be explained by precise deletions at the right substrate
terminus associated with the insertion event; we find this latter
possibility less likely because it is more complex. Furthermore,
all seven events analyzed had target site duplications, and six of
these were of the appropriate length. Of the 11 normal termini,
6 derived from U3 ends, 3 were from T ends, and 2 were from
U5 ends. The three aberrant ends derived from one each of a
U3, U5, and T terminus. We suspect that the aberrant termini
result from the complex, multistep method of substrate prep-
aration used (PCR, restriction enzyme cleavage, and filling in)
rather than an aberrant reaction by IN. From these observa-
tions, we conclude that Tyl IN can utilize substrate termini
that are very different from normal Ty1 termini in an otherwise
normal reaction. These data show that any one of the four
bases can act as the 3’ terminal nucleotide on the substrate for
the integration reaction. It is interesting to note that although
all of the substrates in Fig. 8 were tested for complete
integration, we recovered complete integrations for only some
of them, and most of the complete integration events were
derived from the U3/T substrate, which also gave the strongest
signal in the physical assay.

Although this assay yielded interesting data on the Tyl IN
joining reaction, there was a very high background of irrelevant
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transformants that made it impractical to apply the system
quantitatively or to recover large numbers of insertion clones.
Also, it appeared that the method used to generate these
substrates (PCR amplification followed by Bbsl cleavage)
sometimes generated products with inappropriate termini. We
have recently developed an improved method for generating
integration substrates and recovering the in vitro integration
products that circumvents these problems (19).
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