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LTR-containing retrotransposons reverse transcribe their RNA genomes, and the resulting cDNAs are integrated into
the genome by the element-encoded integrase protein. The yeast LTR retrotransposon Tyl preferentially integrates
into a target window upstream of tDNAs (tRNA genes) in the yeast genome. We investigated the nature of these
insertions and the target window on a genomic scale by analyzing several hundred de novo insertions upstream of
tDNAs in two different multicopy gene families. The pattern of insertion upstream of tDNAs was nonrandom and
periodic, with peaks separated by ~80 bp. Insertions were not distributed equally throughout the genome, as certain
tDNAs within a given family received higher frequencies of upstream Tyl insertions than others. We showed that the
presence and relative position of additional tDNAs and LTRs surrounding the target tDNA dramatically influenced

the frequency of insertion events upstream of that target.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to GenBank under accession no. AY426826.]

Tyl is an LTR retrotransposon in Saccharomyces cerevisiae that
integrates specifically into the host genome and generates target-
site duplications. Previous work has shown that the Ty1’s inte-
grase protein specifically integrates Tyl cDNA into ~700 bp “win-
dows” upstream of genes transcribed by RNA polymerase III (pol
1II), which includes all tDNAs and some snRNA genes, such as the
U6 gene (Ji et al. 1993; Devine and Boeke 1996; Bolton and Boeke
2003). This observation was made initially by analyzing de novo
insertion events on a single chromosome, chromosome III (Ji et
al. 1993). By subsequently placing prospective target genes on
plasmids, diverse genes transcribed by RNA pol III were shown to
be efficient targets, and targeting depended on transcriptional
competence of the pol III gene (Devine and Boeke 1996).

The targeting of Ty1 insertion events to regions upstream of
tDNAs has been interpreted as an evolutionary mechanism to
protect the yeast cell from insertion events into genes (Boeke and
Devine 1998), and recent work has shown that intergenic regions
upstream of tDNAs in yeast are larger than other intergenic re-
gions of the yeast genome (Bolton and Boeke 2003). Retrotrans-
poson targeting to regions upstream of tDNAs has evolved in
parallel several times in different systems. The mechanism has
apparently evolved at least twice in S. cerevisiae, once for Tyl, a
member of the copia family of LTR retroelements, and once for
Ty3, a distantly related gypsy family member (Voytas and Boeke
2002; Sandmeyer 2003). In Dictyostelium discoideum, an organism
that, like S. cerevisiae, has a densely packed genome, the non-LTR
retrotransposon TRES-A integrates upstream of pol III genes as
well, close to the position of pol III preinitiation factor TFIIIB
complex (Winckler et al. 2002). Therefore, despite distinct
mechanisms for reverse transcription and integration of the ret-
rotransposons in different hosts, the host-retrotransposon rela-
tionship has converged on a similar strategy. Even if retrotrans-
poson insertion per se is not harmful to the cell, the position of
insertion events can have significant repercussions on genomic
structure and profound effects on the expression level of nearby
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genes (Winston et al. 1984; Roeder et al. 1985; Natsoulis et al.
1989; Kinsey and Sandmeyer 1991; Bolton and Boeke 2003), ne-
cessitating the careful regulation of integration specificity.

The completion of the yeast genome sequence allowed a
study of the distribution and position of existing retroelements
in the yeast genome. This analysis showed the correlation be-
tween the endogenous Tyl-Ty4 element families and pol III
genes (90% correlation for Ty1); TyS elements, in contrast, were
found near sites of silent chromatin (Kim et al. 1998). Ty1, Ty2,
and Ty4 elements were found in regions upstream of tDNAs,
whereas Ty3 insertions were always found within a few bases of
RNA pol III transcription start sites (TSSs). That study also re-
vealed some disparity in the distribution of genomic Ty ele-
ments, in that there was a higher density of retrotransposon DNA
on the smaller chromosomes, I, III, and VI, whereas the larger
ones, VII, XV, and IV, had a lower density of retrotransposon
sequence, with some areas, such as a 434-kb region on the left
arm of chromosome IV, completely devoid of Ty sequences. In-
terestingly, only 66% of genomic tDNAs were associated with
retrotransposon sequence (Kim et al. 1998), leaving open the
possibility that not all tDNAs were equally good targets.

Important aspects of the Ty3 and TyS5 targeting mechanisms
have been elucidated, and in both cases, the target specificity is
mediated by interactions between the transposon integrase pro-
tein and a host protein present at the target site. Ty3 integration
always occurs within 1-2 bases from the TSS, and Ty3 integrase
protein has been shown to interact with subunits of both the
TFIIIC and TFIIIB protein complexes, preinitiation factors of RNA
pol IIT (Yieh et al. 2000, 2002; Aye et al. 2001). TyS integrase
mediates integration of the Ty5 transposon into silent chromatin
through an interaction with the Sir4 protein (Zou and Voytas
1997; Zhu et al. 1999, 2003; Xie et al. 2001). In contrast, no such
interactions have been observed with the Tyl integrase.

In this work, we characterize the targeting preferences of
Ty1 integration in more detail than previous studies by analyzing
several hundred de novo insertion events upstream of two tDNA
gene families, copies of which are spread throughout the ge-
nome. We use a robust PCR assay to amplify de novo insertion
events. Sequencing these PCR products allowed high-resolution
analysis of the positions of the new insertions. We show that,
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upstream of tDNAs in two different gene families, the patterns of
integration events are highly nonrandom, both globally and lo-
cally, even though the coding regions within each tDNA family
are identical. The pattern of insertion events upstream of the
tDNAs appears to be periodic, with peaks separated by ~80 bp. On
a genomic level, certain tDNAs within the identical gene families
are preferred targets for integration. We show that local genomic
features, including additional tDNAs and LTR sequences and
their relative positions have significant effects on the activity of
specific tDNA targets.

RESULTS

A New Physical Assay for Targeted Tyl Integration

Into the Yeast Genome

To study Ty1 targeted integration, we developed a simple PCR-
based assay. Using a primer complementary to the 3’ end of a
specific tDNA family and combining it with a primer comple-
mentary to the end of a marked Tyl, PCR is used to amplify
insertions from cell populations that have undergone transposi-
tion (Fig. 1). This method has been used to analyze genome-wide
Tyl insertions (Smith et al. 1995), but our method differs from
published methods in several ways that make it more robust and
versatile.

Previous analyses of insertions at specific targets relied on
the presence of high-copy plasmid targets (Devine and Boeke
1996), the use of Southern blotting of PCR products amplified
from insertions into genomic DNA (Scholes et al. 2001), or the
use of an end-labeled oligonucleotide (Smith et al. 1995; Lee et al.
1998, 2000; Griffith et al. 2003). The method described here is
easier, because it uses direct visualization of PCR products on an
ethidium bromide-stained agarose gel and does not require blot-
ting. To achieve this, we used a high-copy donor Ty1 construct,
pVIT41 (Smith et al. 1995; Lauermann et al. 1997), containing a
unique 15-bp oligonucleotide marker in the LTR called SSB after
the fact that it contains Sacl, Smal, and BamHI restriction sites
(Fig. 1). This sequence distinguishes the introduced donor Ty1-
SSB element from endogenous Ty1s, and is absent from the yeast
genome. The use of the SSB marker in combination with a target
gene-specific primer for PCR allowed specific amplification of
new, donor element-derived transposition events.

The general principle of the assay is shown in Figure 1. In-
sertions upstream of any tDNA can be amplified by using two
primers, one complementary to the SSB marker, and the other to
the target tDNA family of choice. The t°Y family was chosen
because SUF16, the Glycine tDNA on chromosome III, was pre-
viously shown to be an efficient target for Ty1 transposition (Ji et
al. 1993; Devine and Boeke 1996), and its t°"Y(GCC) family has
16 members, all with identical coding regions, but different
flanking sequences, making it a robust target for PCR. Similarly,
the t™ family was chosen for comparison because it contains 11
scattered identical tDNA copies. Transposition is induced in a
population of cells from which genomic DNA is prepared. The
resulting genomic DNA therefore contains a population of inser-
tions at different positions upstream of several different genomic
target tDNAs. When PCR is performed and the products are run
on a gel, the product lengths reflect the distance of the insertion
events from the tDNA and the banding pattern reflects the target
selection pattern. Therefore, analysis of populations of insertion
events by this method gives a simple visual representation of
target preferences and the integration window.

A combination of four primer pairs was used in the PCR
analysis of integration events. In the case of both tDNA families,
primers complementary to the extreme 3’ end of the tDNA
worked best in the PCR. The Tyl SSB marker is in the U3 region
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Figure 1 The PCR assay for targeted integration upstream of tDNAs in
S. cerevisiae. The pVIT41 donor plasmid (Lauermann et al. 1997) contains
a unique oligonucleotide-binding site referred to as SSB. LTRs are shown
as triangles, with the wide part of the triangle representing the U3 region.
After induction on galactose medium to express the Ty1, the Ty1 tran-
script is translated, reverse transcribed, and the resulting cDNA is inte-
grated into the yeast genome in either orientation. Insertion events are
detected by using a primer complementary to the SSB in the Ty1 element
in combination with a tDNA-specific primer. PCR products labeled with
an asterisk (*) are >6 kb long and are not generated by the PCR conditions
used in these experiments.

of the LTR. By using two complementary primers, containing
either strand of the 15-mer SSB marker sequence, Ty1 insertions
occurring in both orientations could be amplified. The asym-
metrical placement of the SSB oligo-binding site in the LTR re-
sults in a 278-base difference in size of the PCR products gener-
ated from amplification of insertions in one orientation (orien-
tation 1) compared with the other (orientation 2) (Fig. 1).

The Pattern of PCR Products Suggests Periodic Insertion

Insertions in both orientations were amplified from genomic
DNA prepared from a population of galactose-induced yeast cells
using combinations of the SSB-containing primers and tDNA
primers (Fig. 2A). Using the t°% primers, the products show a
clear ladder pattern, indicating periodicity of insertion. The
bands appear separated by ~80 bp, consistent with previous ob-
servations that insertions upstream of a plasmid-borne copy of
SUF16, a Glycine tDNA, were also periodic, with peaks separated
by 80 = 10 bp (S.E. Devine and J.D. Boeke, unpubl.). The ob-
served banding pattern only occurred when Tyl expression was
induced with galactose (Fig. 2A, lane 1) and not when grown on
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Figure 2 The insertion pattern upstream of the t“ and t™" gene families is periodic and depends on the expression of the marked Ty1 element and
the Ty1 integrase protein. Four primer pairs were used to identify Ty1 insertions upstream of tY and t™" genes in both orientations. (4) PCR products
from each primer combination resulting from galactose induction with the pVIT41 Ty1 donor plasmid, without induction or without the plasmid. (B)
The periodic insertion pattern depends on the presence of wild-type Ty1 integrase and does not require the homologous recombination pathway.
Inductions were completed in a Arad52 strain. The pNB19 plasmid containing a mutation in the catalytic site of integrase (—) or pVIT41 (WT) were used

as the source of Ty1.

glucose or in the absence of the Tyl plasmid (lanes 2 and 3). To
test the generality of the pattern, we also analyzed insertions
upstream of genomic t"™ genes. The pattern is similar for inser-
tions upstream of t°Y and t™ in the genome (Fig. 2A, cf. lane 1
with lane 4) although the bands for t™ were less distinctly
spaced.

Analysis of insertions using the Tyl SSB primer that gener-
ates the shorter PCR product (orientation 2) shows that the pat-
tern of insertions is similar to that seen with the orientation 1
Tyl primer (Fig. 2A, cf. lanes 1 and 7), except that, as expected,
the bands are smaller by 278 bp, due to the asymmetrical posi-
tion of the SSB marker in the LTR. However, the orientation 2
primer shows a higher background of nonspecific amplification
products (Fig. 24, lanes 8,9,11,12). These bands represent ampli-
fication from endogenous elements, and running the gel longer
shows that these bands are different sizes from the bands in the
experimental lane. The orientation 2 PCRs also show the same
periodicity of insertion seen using the orientation 1 primer,
meaning that the pattern and approximate frequency of inser-
tions is the same in both orientations, consistent with our earlier
studies (Natsoulis et al. 1989; Ji et al. 1993; Devine and Boeke
1996; Bolton and Boeke 2003). Because the PCR amplifies part of
the LTR and the tDNA, the minimum expected size of the PCR
product (generated if the insertion occurred into the TSS) is 404
bp for orientation 1 and 126 bp for orientation 2. The minimum
observed PCR product size, however, is 80-90 bp larger than this
(Fig. 2A, lanes 1,4,7,10), indicating that insertion at the right
edge of the integration window is 80-90 bases upstream of the
TSS, as expected from previous studies (Ji et al. 1993; Devine and
Boeke 1996; Bolton and Boeke 2003). We performed the same
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assays in the presence of catalytic mutants in integrase (IN),
which showed that the observed PCR products depend on func-
tional IN (Fig. 2B). As expected, the background bands generated
by use of the orientation 2 primer were not dependent on inte-
grase, as they represent amplification of endogenous elements.
Integrase mutant experiments were performed in a Arad52 strain
to show that the resulting pattern is due to integrase-mediated
insertion events, and not by insertion via the homologous re-
combination pathway (Fig. 2B). Secondly, deletion of RAD52 re-
duces reversion of the plasmid-borne integrase mutant to wild
type by preventing recombination with genomic Tyl elements.

Sequence Analysis Reveals Unequal Genomic
Distribution of Insertions

We cloned and sequenced hundreds of PCR products from inser-
tion events in two different strains to confirm and study the fine
structure of the PCR products. This analysis allowed us to deter-
mine both the genomic distribution of insertions and to plot
their distribution pattern upstream of the tDNAs.

Although it has been known for some time that de novo Ty1
insertion events occur upstream of genes transcribed by RNA pol
111, it is unknown whether new insertion events prefer specific
pol III genes. In Saccharomyces cerevisiae, tDNAs are spread
throughout the genome and are not clustered in repeat regions as
they are in some other organisms. Our analysis allows for a de-
tailed comparison of target preferences within multicopy gene
families and revealed distinct genomic preferences. Within both
the t5% and t™" gene families, the majority of insertion events
occurred upstream of only a few tDNAs, whereas the others re-
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ceived strikingly fewer insertion events (Fig. 3A,B). A total of 77%
of the insertions upstream of t°% genes occurred upstream of
only 25% of the family’s members, and 53% of all t™" upstream
insertions occurred at 25% of the t™" genes.

Sequence Analysis Confirms Periodicity of Insertion

Upstream of the tDNA

The agarose gel-banding pattern (Fig. 2) shows that the compos-
ite pattern of a population of insertions is periodic upstream of
tDNAs. When each insertion event is analyzed independently
and all of the insertion positions are plotted versus the distance
upstream of the tDNA start site, a similar periodic pattern
emerges (Fig. 4A). There are discrete peaks around 85, 170, 265,
and 335 bases upstream of the tDNA (Fig. 4A). PCR products were
generated from insertion events in two different strains, JB1217
(GRF167 background, n =651 insertion events) and BY4741
(5288C background n = 185; Table 1), in which tDNA surround-
ing regions are largely identical (one exception will be noted).
The insertion pattern in each strain was very similar (see Supple-
mental data). Figure 4A shows a composite of insertions up-
stream of 35 different tDNAs with disparate upstream sequences.
In addition to amplifying insertions upstream of the 16 copies of
tSY, the t°Y primer also amplified eight insertions upstream of
four different t*® genes and one insertion upstream of a t¢Y
isoacceptor variant, SUFS (Table 1). Similarly, the t™ primer am-
plified eight insertions upstream of three different t°* genes in
addition to insertions upstream of the 11 t™ genes. All inser-
tions within 650 bases upstream of the tDNA are included in
Figure 4A. Each peak represents insertions into a single nucleo-
tide position, and multiple insertions into the same nucleotide
position are from different PCR reactions. A total of 108 inde-
pendent PCR reactions were performed, and 12 or 24 products
were cloned and sequenced from each reaction. To ensure against
overestimating integration events into identical nucleotide posi-
tions by counting PCR siblings, insertions into the same nucleo-

tide position were only counted if they were from independent
PCR reactions (see Methods for details).

Using the yeast genome sequence (http://www.yeastgenome.
org/), we can compare the endogenous positions of tDNA-
proximal LTRs to the de novo insertion pattern. Using the tDNA
database created by Bolton (http://www.bs.jhmi.edu/MBG/
boekelab/Supplements/Supplements.html), we plotted the posi-
tions of LTRs (Ty1, Ty2, and Ty4) relative to the mature processed
5" end of the tDNA target (Fig. 4B). There are 274 tDNAs and 395
LTRs in the yeast genome (Bolton and Boeke 2003). A total of
207/395 (52%) of LTRs are within 650 bases from a tDNA. Inter-
estingly, when the composite of all existing LTR positions is ex-
amined, it looks surprisingly similar to the composite insertion
pattern of de novo insertions. The peaks around —85 and —170
appear to be generally favorable positions for insertions upstream
of tDNAs.

Integration Pattern Upstream of Two Different tDNA
Families and Specific tDNA Copies Is Also Periodic

The data can be examined individually to show insertion pat-
terns upstream of each tDNA family, and further to show inser-
tions upstream of individual tDNAs. When insertions upstream
of t°Y and t™" genes are plotted separately and their patterns are
compared, both exhibit the periodic integration pattern observed
in the composite, but some differences emerge (Fig. 5A,B). Both
data sets share the peaks around —170, —265, and — 335, but the
peak around 85 bases upstream of the tDNA is prominent when
insertions occur upstream of the t“Y genes, whereas it is almost
nonexistent in the t™ data. Comparison of the number of in-
sertions between —65 and — 127 upstream of each tDNA family
using x? analysis shows a statistically significant difference be-
tween number of insertion events in this area upstream of tY
compared with t"™ (Table 2) (P = 1.8 x 10~ '*). Analysis of the
number of insertion events surrounding each of the other promi-
nent peaks shows no statistically significant differences between
the number of insertions into each of these regions (Table 2).
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Figure 3 Number of insertions upstream of each member of the t© and t™" gene families. (A) Number of insertions upstream of each of the 16
genomic t° genes. All tY genes assayed had GCC as their anticodon. Roman numerals represent chromosome on which the copy exists; arabic
numerals after the comma represent the copy number in cases where more than one t“Y exists on the same chromosome. For example, tY IV, 1,
represents the first (5'-most on the Watson strand) of the two copies of t” on chromosome IV. The name for this gene in the Saccharomyces genome

database (http://www.yeastgenome.org/) is tG(GCC)D1. (B) Number of insertions upstream of each of the 11 genomic

t™ genes. All t™" assayed had

AGU as their anticodon and were named by the same conventions described for t°Y.
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within the limits of the periodic pattern,
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Figure 4 Distribution of de novo Ty1 insertions and endogenous Ty retrotransposon sequences
upstream of tDNA targets in the yeast genome. (A) Composite diagram of all sequenced de novo
insertion events within 650 bases upstream of the TSS of 35 different genomic tDNAs (n = 803).
Each line represents insertion events into a single base position. The frequency of insertion events
into a position is shown vs. the distance upstream of the tDNA target. Insertions begin 65 bases
upstream of the tDNA, shown at the far right, and distance increases leftward across the x-axis. Ty1
insertions amplified using the orientation 1 primer are shown above the x-axis; those amplified with
the orientation 2 primer are shown below the line. (B) Position of endogenous Ty1, Ty2, and Ty4
LTRs in the yeast genome upstream of the mature 5’ processed end of the tDNA target.

Thus, whereas the positions of the peaks of integration events are
strikingly similar upstream of t" and t"™ genes, the distribution
of insertion events among the peaks may vary. In addition, the
insertions upstream of t©! genes are closer to the tDNA itself (Fig.
5C). Seven percent of insertions upstream of t™ genes (26/392)
(Fig. 5C) occur >650 bp upstream of the tDNA TSS, compared
with only 2% of the insertions upstream of t°Y TSS (7/427)
(Tables 1, 2). Eighty-eight percent (377/427) of insertions up-
stream of t%Y genes are within 350 bases from the tDNA, whereas
only 70% (275/392) of insertions upstream of t"" fall within this
region. Comparison of the number of insertions within 650 bases
and 350 bases from the tDNA between the two tDNA families
using a x” test reveals a statistically significant difference between
the populations (P =0.0004 and P=1.1 x 10 ' for insertions
within 650 and 350 bases, respectively). Although it could be
argued that this difference is caused by differential amplification
of long PCR products in the t™" and t°% PCRs, it may also rep-
resent true target preferences. Analysis of endogenous LTRs up-
stream of these two gene families shows that 67% (14/21) ge-
nomic LTRs upstream of t“!Y genes are within 650 bases from the
tDNA, whereas only 53% (10/19) of endogenous LTRs upstream
of t™" genes are within 650 bases, although these differences are
not statistically significant (x* test, P = 0.37).

We plotted the insertions upstream of specific tDNA targets
to determine whether the periodic insertion pattern was observ-
able upstream of individual tDNAs and to rule out the possibility
that the periodic pattern was generated by insertions upstream of
only the few preferred target tDNAs. Analysis of integration
events upstream of each of the preferred targets, as well as a
composite of insertions upstream of the cold targets (15 or less
insertions) shows that a similar periodic pattern is observable
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100 tDNAs. Such shifts result in the broadness
of the peaks in the composite (Figs. 4A,
5A,B). The presence of surrounding ele-
ments also affects the distribution of inser-
tion events. For example, the peaks up-
stream of t™1X,2 are further upstream than
most of the peaks upstream of the other t™*
genes, possibly because insertions are actu-
ally being targeted to the aspartic acid tDNA
that lies 1.4 kb upstream of this gene. This
analysis also shows specific insertion
hotspots upstream of each tDNA. For ex-
ample, there are 10 insertions at position
—79 upstream of the t°Y on chromosome II (t°" II), each from
an independent PCR reaction. Similarly, nine insertions at posi-
tion — 244 occur upstream of t°%¥ XVI, 1. These preferences may
be based on local sequence differences.

The fact that the same areas of insertion are used for Tyl
insertion upstream of each tDNA suggests that Tyl-targeted in-
tegration could be guided by a specific physical structure gener-
ated by RNA pol III transcription. Within these constraints, the
distribution of insertions to each of the peaks may vary depend-
ing on local effectors, such as neighboring genes and specific
sequences.

Features That Correlate With Target Preference
The unequal genomic distribution of integration events within a
tDNA family with identical coding regions was striking, and to

Table 1. Summary of PCR Product Sequences

Insertions

Strain Strain  within 650 Total

BY4741 JB1217 bases insertions
tSY (16 genes) 94 333 420 427
t™" (11 genes) 82 310 366 392
Subtotal (27 genes) 176 643 786 819
Other® (8 genes) 9 8 17 17
Total (35 genes) 185 651 803 836

“Eight insertions upstream of three different t°*, eight insertions up-
stream of four t*'* and one insertion upstream of SUFS (t©Y
isoacceptor).
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Figure 5 Distribution of de novo insertions within 650 bases upstream of the TSSs of t“Y and t™" gene families and individual preferred tDNAs. (4)
Insertions upstream of the t©¥ family. (B) Insertions upstream of the t™" family. (C) Insertions upstream of individual tDNAs that received more than 15
insertion events. (Bottom, left) Composite of insertions upstream of all tDNA targets that received 15 or less insertion events. Insertions are plotted as
described in the legend to Figure 4. Gray bars highlight the 36 bases (18 bases on each side) around each integration peak (-85, —170, —265, and

—335).

understand the basis for these preferences, we examined possible
features that may correlate with target strength. We found no
correlation between targeting frequency and chromosome size or
distance from telomere or centromere. Certain tDNAs have been

associated with the chromatin remodeling RSC complex (Ng et
al. 2002), although we found no correlation between tDNA target
strength and physical association with RSC subunits (http://
web.wi.mit.edu/young/RSC). Similarly, we did not find a corre-
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Table 2. Quantitative Analysis of Insertion Events Occurring Into Specific Areas Upstream of t°Y vs. t™" Genes

Bases upstream of tDNA

Within Within
—65to —127 —128 to 217 —218 to —300 —301 to —370 350 bases 650 bases
tY (427 total) 138 128 67 48 377 420
t'™hr (392 total) 40 140 59 48 275 366
X test p-value? 1.7 x 1074 0.08 0.79 0.21 1.2 x 102 0.0004
Significant difference
between tY and t™" yes no no no yes yes

Frequency of integration into each region upstream of t© was compared to that of integration upstream of t"™". See Methods for details.

lation between target strength and distance from pro-ARS se-
quences (MCM and ORC-binding sites) (http://www.
sciencemag.org/cgi/content/full/294/5550/2357/DC1), associ-
ated with LTR-containing intergenic regions that neighbor
tDNAs (Wyrick et al. 2001). To address the possibility that tDNA
expression level correlates with targeting ability, we note that the
family of t°Y (GCC) genes contains several suppressor alleles
known to be expressed by virtue of their ability to suppress non-
sense mutations. SUF16, SUF17, and SUF20 are all t°%Y (GCC)
members that exhibit equal levels of nonsense suppression (Men-
denhall et al. 1987), suggesting that they have similar expression
levels. The t°Y (GCC) genes defined by these suppressor alleles
do not correlate with levels of Tyl integration. SUF16 is a good
target, whereas SUF17 and SUF20 are not (Fig. 3A). This suggests
that expression level may not be a major determinant of target
integration frequency.

We then examined the genetic structure of each tDNA tar-
get, searching for neighboring elements that the most effective
targets have in common. We organized the target in order of
frequency for transposition integration and included informa-
tion about neighboring genetic structures using the data set com-
piled by Bolton and Boeke (2003) and the Voytas lab (http://
www.public.iastate.edu/~voytas/; Table 3). This analysis allows a
visual comparison of the elements surrounding a target and
shows that the tDNAs in the hottest target group shared several
features. The two best targets both had an LTR within 1 kb down-
stream of the target tDNA (denoted by orange boxes; in these
two cases, distance from both the 5’ and 3’ end of the tDNA to
the 5" end of the LTR are shown). No other tDNA targets shared
this characteristic. In addition, two of the high-frequency
targets have a tDNA as a relatively close neighboring gene with
little intervening Ty sequence. Complete absence of an up-
stream LTR (green boxes) correlates with low target strength. Of
the 12 tDNAs with 30 or more insertions, all had at least one
upstream LTR, whereas of the 14 tDNAs with 15 or less integra-
tion events, eight had no upstream LTR. This represents a statis-
tically significant difference by x* comparison with a P-value
of <0.002.

Although the presence of an upstream LTR is shared by most
of the strong targets, neither its distance from the tDNA nor its
orientation relative to the tDNA is a good indicator of target
strength (Table 3). The percent identity of the LTR to a query
LTR from an active Ty (Ty1-H3 5’ LTR, Ty3-1 5" LTR, and
Ty4-2 LTR) also does not correlate with target strength (Table 3).
That is, even though an LTR is likely to be present upstream
of a strong tDNA target, it does not have to be a young or intact
LTR. This is true for ¢ LTRs (derived from Ty3), 8 LTRs (derived
from Tyl and Ty2), and v LTRs (from Ty4). In addition, the
presence of a ¢ element upstream of the tDNA does not cor-
relate with target preference. Moreover, full-length Ty elements
(yellow boxes) are not present upstream of the most preferred
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targets with 57 or more insertions, although their presence is not
significantly correlated with low-targeting efficiency. Finally, ex-
amination of the presence, position, and expression level of pol
II genes neighboring the tDNA targets also showed that their
position, status for viability (whether they are essential genes or
not), and expression level do not correlate with strength of target
(data not shown, based on data compiled by Bolton and Boeke
2003).

Genomic Features Surrounding a Preferred Target

Our analysis showed that the tDNA target preferred above all
others was t°Y on chromosome II, tS¥II (tG(GCC)B), from
JB1217, which received 152 upstream insertions. We sought to
determine what special characteristic, or combination of charac-
teristics, this gene had that made it such an attractive target for
Tyl integration. The area surrounding t“YII is crowded with
known genetic elements (Fig. 6A). Most striking is the proximity
of the downstream t"¢ gene. The t°% and t"'° are transcribed con-
vergently, with only 52 bases of sequence between the mature 3’
ends that largely consists of As and Ts, which form the termina-
tion sequences for pol III transcription. In addition, there are two
Tyl LTRs (delta, 8) downstream of this tDNA and an upstream
Ty3 LTR (sigma, o). The sequence of this region from strain
JB1217 differs slightly from the reference S. cerevisiae sequence
(see below) and was deposited to GenBank (accession no.
AY426826). In contrast, the coldest t°' target, one of the two t&¥
genes on chromosome IV, t°%¥ IV, one [called tG(GCC)D1 at
http://www.yeastgenome.org/ and hereafter referred to as t° IV
for simplicity] has no known elements nearby (Fig. 6A) and is
within a region devoid of endogenous retrotransposon copies
(Kim et al. 1998). The closest feature is a pol II gene, UGA4, 649
bp downstream.

tSYII in BY4741 contains the upstream o and downstream
t"e and 8, but lacks the second downstream & element. The
spacing between these elements was a few bases different in the
two strains. For example, there were 71 bases between the two
tDNAs in BY4741, whereas there were 52 in JB1217 (JB1217 tS¥1I
sequence is available from GenBank and BY4741 sequence avail-
able from SGD [http://www.yeastgenome.org]). The number of
insertion events upstream of t“VII locus in BY4741 was fewer
than those in JB1217, although the total number of sequences
analyzed from BY4741 was far fewer. The possibility therefore
exists that the target preference-conferring element is related to
the JB1217 strain’s sequence or configuration of features.

To determine the stimulatory features of the hot target,
we placed various elements from the tSVII region from JB1217
at several positions around t°"IV in BY4741, and assayed
transposition frequency upstream of the cold locus (Fig. 6B)
in an experimental attempt to convert the cold target to a hotter
one.
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Table 3.

Ty1 Target Preference

tDNA Targets and Surrounding Full-Length Ty Elements, LTR, and tDNAs, Grouped and Listed in Order of

TARGET tDNA ERMACENTY DERUCNGED NEIGHBORING tDNAS
FL Ty LTRs
No. of de segment rcent . ) . | Distance from Ty
Name® novo |\ L"‘T"F‘& type | 1ength’ g idp:ntlty to u:s'fr‘:wf@of Orerianion | target tDNA to| Sequence
ugﬁtrealm“rﬂ No. (bp) standcal‘;d standfl;d {DNA {DNA neighboring | between
insertions LTR® LTR® tDNA tDNAs
o] 152 e 1 c 341 1-340  97.7 15 same 71 bpdown®™”  none
1 § 305 1334 675 -380 (309)° same
™ 112 1 5 328 1-334 794 154 same
1 5 233 1-236 686 -475 (402)" opposite
o] 64 1 5 332 1-334 829 -13 same’
t™I1Xx,2 60 2 5 334 1-334 826 584 same 1.4 kb up 18,10
o 344 1-340 924 1014
i1, 2 58 2 T 370 1-371 965 148 same
§ 332 1-334 875 665
t9XVI, 1 57 1 5 330 1-333 713 96 opposite
YT 40 2 5 332 1334 875 242 same
5 299 31328 67 584
™ 39 1 5 79 1-79 82.3 122 opposite
1 § 332 1-334 86 886
5 332 1-334 86 6471
1 5 307 1-334 75 7404
"™V a5 2 § 317 1-334 827 87 same 3.4 kbup 11,18
t 370 1-371 965 2813
5l 1 35 1 c 322 1-100 88.7 47 same
1% 35 1 5 280  45-334 806 332 opposite
%V, 1 30 1 &5 333 1-334 84.1 176 opposite
51, 2 15 0
tXIV, 2 15 1 T a7 1-371  97.8 842 opposite 7.4 kb up Sem—
4 5 332 1334 936 1268 ".'M
5 332 1-334 934 6895
oy 14 2 5 61 1-56 66.1 121 opposite
5 323 1-334 946 182
t™XIV, 1 14 0
XV, 1 11 3 ¢ 342 1340 846 15 opposite 1.7kbup 28,10
5 198 13192 73.9 415
5 328 1-334 796 1170
t™XxV, 2 11 2 s 339 1-340  86.3 15 same
5 278 1-282 74 568
t*¥X, 2 7 1 & 160 42294 66.8 153 same
[ 3 0
Y%V, 2 2 0
%Y1y, 2 2 1 c 76 1-87 78.7 17 same 11.8 kb up
5 334 1-334 97 190 1FL Ty1, 1
2 5 334 1-334 94.9 5349 FLTy2,1
5 332 1-333 954 5707 partial 6
5 332 1-333 954 11330
"1, 1 2 1 5 332 1334 854 a3 opposite
57X 2 0
4 & 332 1-334 85.7 202 opposite
5 332 1-334 86 5784
XV, 2 2 0
9y, 1 1 0
T4 1 0

Ty1 LTR present downstream of target tDNA
Full-length Ty element upstream of target tDNA: Highlighted LTRs are part of the transposon

No solo LTR present upstream of the target tDNA

(continued)

Genome Research 1239

www.genome.org



Bachman et al.

Features That Define Hot Targets

We added features that surround the t“YII in JB1217 to t“YIV in
BY4741 at similar relative positions to see whether any of these
additions would confer an increased targeting frequency to the
cold t“M1V target (Fig. 6B). Because downstream LTRs and neigh-
boring tDNAs were features correlated with target strength on the
basis of the analysis of genomic preferences, we inserted the t"°,
a single LTR, or back-to-back LTRs at several positions relative to
the t°Y. The ¢ element was not added because both preferred and
nonpreferred genomic targets harbored o elements upstream
(Table 3). We inserted the t"® with 60 bases of upstream and 46
bases of downstream flanking sequence at three discrete posi-
tions as follows: 60 bases upstream of t“»IV, 25 bases down-
stream of t°IV (resembling its position downstream of tSVII),
and 299 bases downstream, the position of the LTR downstream
of t°VII. The first Ty1 LTR (8) downstream of t“™II (which has an
only 68% identity to a query Tyl LTR [Tyl-H3 5’ LTR; http://
www.public.iastate.edu/~voytas/]) was also inserted into both of
the downstream positions. Insertions of each feature were made
in both orientations (Fig. 6B). Because t°VII in JB1217 has two &
LTRs downstream, we also created a strain with these two back-
to-back 8 LTRs (the second & element has 87% identity to Ty1-H3
5" LTR) inserted at the 299 bases downstream position to test
whether LTR effects might be additive. Lastly, we created strains
with both the downstream t"® and LTRs (Fig. 6B).

To assay integration upstream of the modified t“VIV loci, we
modified the PCR assay to amplify insertions upstream of this
specific tDNA target by using a primer complementary to unique
sequence downstream of tSVIV in place of the primer common to
all tDNASYs, We combined this primer with the orientation 1
Tyl primer, to avoid the background bands generated by the
orientation 2 primer. This increased the size of the smallest ex-
pected PCR product by 71 bases, to ~560, taking into account the
80-90 base region upstream of the tDNA TSS that does not re-
ceive insertions. The PCR-banding pattern of insertions upstream
of unmodified tSVIV using the starting strain (BY4741) was vis-
ible, athough faint, and showed the same periodic pattern seen
when all 16 t°Y genes were assayed simultaneously (Fig, 6C,
lanes 1,2). Because this PCR was in the linear range of the reac-
tion for all samples, the bands were not brightly visible in the
BY4741 samples, but the brightness of these PCR bands increased
with either increased cycle number or increased input genomic
DNA (data not shown). Three independent transformants from
each strain were induced for transposition on galactose in the
presence of the GalTy plasmid (pVIT41), and the genomic DNAs
were assayed for insertions (two transformants are shown in Fig.
6C). The brightness of the PCR bands represents the level of
insertion occurring upstream of t°*IV in each strain with added
features. Because the same PCR primer pair was used to amplify
insertions upstream of t°“IV in every strain, the length of the
smallest PCR product changed depending on the length of se-
quence added at the position 25 bases downstream of t“IV. To
ensure equal loading of genomic DNA into each PCR, and to aid
in quantitation of the PCR products, PCR of the actin gene was
also performed (Fig. 6C).

The PCR results show that the addition of various elements
around the tSVIV affects the frequency of insertion at this locus
(Fig. 6B,C). Using a U-test (Mann-Whitney test) comparing the
amount of PCR product amplified from insertions upstream of
the element-free wild-type t°VIV (BY4741) with each of the other
strains, we found significant differences between frequency of
integration events upstream of t“»IV and several of our con-
structed configurations. Most interestingly, addition of the t"¢in
the same orientation as the t“IV confers a significant increase in
integration frequency upstream of t°¥IV (YNB471, YNB462,
YNB479, YNB491, YNB493, and YNB495). This phenomenon is
observed when the t"¢ is placed either upstream or downstream
of t™V. Placing the t"¢ in the opposite orientation is signifi-
cantly stimulatory only when it is inserted 299 bases downstream
of tSYIV (YNB481).

Addition of an LTR to the t"IV target also significantly
stimulated targeted integration. The LTR was stimulatory when
inserted 299 bases downstream of t“IV in either orientation, but
not when placed closer to the tDNA. Although significant, the
LTR’s effect was not as stimulatory as that of the t"°. Addition of
the two back-to-back LTRs downstream of t°YIV (YNB483,
YNB489, YNB495) did not have a consistent effect on target fre-
quency compared with the presence of the single downstream
LTR. The two back-to-back LTRs are different from one another in
sequence. The first LTR has only 68% identity to the query Ty1-
H3 LTR (see http://www.public.iastate.edu/~voytas/), and lacks
most of the characteristic protein-binding sites in LTR sequences.
It does not contain binding sites for the known LTR transcription
regulators, Gerl in the UAS (Turkel et al. 1997; Dudley et al.
1999), Gen4 (Morillon et al. 2002), or Mot3 (Grishin et al. 1998;
Madison et al. 1998). Neither of the two TATA boxes is present in
the sequence (Liao et al. 1987; Coney and Roeder 1988; Dudley et
al. 1999). The second of the two LTRs, however, is 87% identical
to the query & element and contains the Gcrl site, both TATA
boxes, and a consensus Gend4-binding site, Gen4® (Morillon et al.
2002). The second LTR was present either 630 (YNB483) or 811
(YNB489 and YNB495) bases downstream of t“IV in our studies.
Because the effect of adding the second, high-quality LTR down-
stream of the first LTR was not consistent, we are not able to draw
a strong conclusion about its effect, although it can be confi-
dently stated that the presence of multiple LTRs does not have an
additive effect on integration frequency.

Addition of the LTR to strains in which the downstream t"®
was present resulted in a further stimulation of integration only
when the two tDNAs were in tandem orientation (YNB491,
YNB493, YNB495). A U-test comparing the frequency of insertion
in the strain with only a tandem t"¢ added (YNB462) to those
with both the tandem t''® and the & element(s) (YNB491,
YNB493, YNB495) showed that in each case the addition of the
LTR conferred a statistically significant increase on integration
frequency (P < 0.01). Contrastingly, in no case did the addition of
the LTR to the convergent tDNAs (YNB485, YNB487, YNB89)
result in a significant increase in integration frequency compared
with the convergent tDNAs alone (YNB458). Finally, we also
tested the effect of placing a pol II gene, URA3, either 15 or 60

Table 3. Continued

*tDNAs were named as described in the legend to Figure 3.
®An empty box represents absence of the feature.
‘Data from Voytas lab homepage http://www.public.iastate.edu/~voytas/

dQuery for &: Ty1-H3 5’ LTR (334 bp), for o: Ty3-1 5’ LTR (340 bp) and for 7 Ty4-2 (371 bp)
€The LTR is downstream of the target tDNA. Negative number is the distance from the 5’ end of the tDNA to the 5’ end of the LTR; number in
parentheses is the distance from the 3’ end of the tDNA to the 5" end of the LTR.

The LTR overlaps the tDNA according to SGD.
9(Down): downstream, (up): upstream.
"This distance is 52 bases in JB1217.
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A GENOMIC TARGETS tDNA
tGly

tlle Ty1 LTR (§)

tGly Il from JB1217 (GRF167)

tGly |V from BY4741 (S288C)

B GENOMIC CONFIGURATIONS STRAIN PCR PRODUCT (ug)
PCR Primer {YNB) . 2|0 -1IO fj:;l BIEI llI}G 1EIG 1-‘10 EEIEO
» | il ] BY4741
TTEE 471
B EE B 472
I T 462
I T 458
RS 3 473
L 474
[ [ 479
481
475
477
483
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493
495
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::::@:ﬂﬁ:—lﬁ 489
tGly e Ty1 LTR Tyl LTR
C BY |YNB | : : : : : : | : : : : | : : :
4741 471 472} 462 ; 458 | 473 : 474} 479 ; 481 : 475 477 : 483 | 491 ; 493 ; 495 : 485 ; 487 489 :

kb
4—

05—

Lane 1 3 5 7 ] 11 13 15 17 19 21 23 25 27 29 31 33 35

Figure 6 Comparison of features around a hot and cold t°" target and effects on integration frequency. (A) Schematic of features surrounding the
most preferred tY target, tYIl (tG(GCC)B) from |JB1217 and the least preferred target, t“¥IV (tG(GCC)D1) from BY4741. (B) Various features were
added into several positions around t°YIV. The t" with 60 bases of upstream sequence and 46 bases of downstream sequence was amplified from JB1217
tSYIl and inserted 60 bases upstream, 25 bases downstream, or 299 bases downstream of BY4741 tYIV. The LTR downstream of t°VIl (68% identity
to a query Ty1 LTR [http://www.public.iastate.edu/~voytas/], Tyl H3 5’ LTR) was inserted in both orientations either 299 or 25 bases downstream of
tY. Back-to-back LTRs (the first LTR is 68% identical and the second 87% identical to the reference LTR) were added at position 299. The LTR insertions
were combined with insertion of t". When the 180 bases containing the t'"® were added 25 bases downstream of t©Y, the LTR shifts downstream by 180
bases, to 479 bases downstream of the t“YIV. The same PCR primer was used to amplify insertions upstream of t“ in every strain, and its distance from
teYIV shifts depending on the length of sequences inserted at the position 25 bases downstream of t“YIV. Histogram showing amounts of PCR product
generated from PCR of insertions upstream of tYIV in each strain after normalization to actin is shown at right. Histogram represents the mean of either
eight or nine independent trials per strain (quantitation described in Methods section). Error bars, SEM. An asterisk (*) to the right of the bar indicates
a statistically significant difference (P = 0.01 by the Mann-Whitney U-test) in PCR product compared with the amount generated in the BY4741 strain.
(O Gels showing the products generated using the PCR assay of insertions upstream of t°¥IV. Two different transformants from every strain are shown.
PCR of the actin gene was performed to control for amount of input genomic DNA.
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bases upstream of the t°% and found that doing so had no sig-
nificant effect on target integration frequency (data not shown).

Examination of the sizes of the PCR products shows that,
surprisingly, in cases in which there were two tDNAs near one
another, Tyl elements did not insert between them (Fig. 6C). For
example, the smallest PCR products from Ty1 insertion events in
strains YNB471, YNB462, YNB491, YNB493, and YNB495 were all
the same size, ~660 bases, corresponding to insertion events up-
stream of only the 5’ tDNA gene, regardless of whether it was t°%
or t"°, Moreover, t" may be a more attractive target than t" for
Tyl integration, suggested by the comparison of insertion fre-
quencies in YNB471 and YNB462. Both YNB471 and YNB462 had
tSY and t"° in tandem at similar distances apart (107 bases in
YNB471 and 85 bases in YNB462), but more insertions occurred
upstream of the t" in YNB471 than upstream of the t°Y in
YNB462. Although the tDNA configurations in these strains are
not identical, this observation raises the possibility that certain
tDNA families could be more attractive targets for integration
than others.

Genomic Examples of Adjacent tDNA Target Pairs

We examined the genomic sequence to determine whether
tDNAs separated by the distances assayed in this work showed
evidence of previously having suffered Ty insertion events. Ex-
amination of tDNA genomic data showed that 50 of 274 tDNAs
have a tDNA as their immediate non-Ty gene neighbor, and most
of these have Ty sequence(s) interposed (Table 4). On the basis of
our experiments, of the 25 pairs, four are spaced too closely to
receive Tyl integration events between them (11 bases). Exami-
nation of the remaining 21 tDNA pairs showed that 17 (81%) are
associated with Ty sequence with each pair receiving >1 integra-
tion event, compared with the genomic average of 66% of tDNAs
with associated Ty sequence (Kim et al. 1998). When the Ty se-

quence was subtracted from the distance between tDNA pairs, at
least 50% of the cases showed a distance between 200 and 700
bases, providing bioinformatic support that this could be the
preferred separation for inviting a Ty insertion event. On the
basis of analyses of genomic correlations presented in Table 3 and
the comparisons of integration frequencies around a tDNA with
different surrounding features (Fig. 6), we predict that tandem
tDNAs separated by >100 bases or any tDNA pair separated by
>300 bases would be likely to receive a high number of integra-
tion events. A total of four of 21 tDNA pairs competent for re-
ceiving integration events lacks intervening Ty sequences and
our findings could be extended to these examples by comparing
the upstream integration frequency of those copies to other fam-
ily members. For example, two tDNAs on chromosome VII, t*
VI, 2 and t“** VII are transcribed convergently and separated by
292 bases with no intervening Ty sequence. This pair is similar to
the configuration of YNB481, and would be expected to be a
preferred target compared with other t'¥* and t“°" genes in the
genome.

DISCUSSION

A general model for transposition integration features a physical
interaction between the transposon’s integrase protein and a
host protein that guides the integration event into its target site.
As a result of these specific interactions, most transposition in-
tegration events are limited to a few discrete positions in their
host’s genome, where the host protein generally resides. The
strict positioning of Ty3’s integration at the start site of pol III
transcription by virtue of its interaction with TFIIIB and TFIIIC
exemplifies this model (Yieh et al. 2000, 2002; Aye et al. 2001).
Similarly, Dictyostelium discoideum’s non-LTR retrotransposon
TRES-A integrates specifically at position 48 (= 3) bases upstream

Table 4. The Genomic Configuration of tDNAs With tDNA Neighbors

Transcriptional Ty seq Total distance Distance de novo
tDNA pair® orientation between tDNAs between tDNAs w/o Ty seq insertions®
tA9 X, 2 tAP X, 3 Same None 11 11 ND*
tAP Il tA 1l Same None 11 11 ND
P IV A9 IV Same None 11 11 ND
tAP X, 2 tA9 X, 1 Same None 11 11 ND
tA9 X, 1 tYr X, 1 Same 23 1042 376 ND
tv2 X, 1 t"P XIIl Same 25, 1FLTy4 6785 400 ND
ts v, 2 tHisy, 2 Same 15, 1¢ 1140 481 ND
ten v, 1 e v Same 3% 1146 489 ND
(| t'e 1l Opposite, convergent None 71 71 152
tY= Vi, 2 t-eu Vil Opposite, convergent None 292 292 ND
t= 1l et Opposite, convergent 15,17 1293 602 ND
t'P X s X Opposite, convergent None 893 893 ND
e tev ] Opposite, convergent None 1268 1268 ND
tAsn XIV, 2 tPre XIV Opposite, divergent 185,17 682 196 ND
vy, 2 ey, 2 Opposite, divergent 10, 1FLTyl, 1 FLTy2 11777 256 2
tAn XIV, 1 oY XIV Opposite, divergent 10,17, 1FLTyl 6477 264 ND
te" Vil t>er VI Opposite, divergent 3% 1214 529 ND
tAa X tAP X, 1 Opposite, divergent 13,10,1FLTy4 7348 648 ND
tThrx, 2 tAP X, 1 Opposite, divergent 15,10 1374 698 60
tAm XV, 1 toY XV, 1 Opposite, divergent 25,10 1650 785 11
t™rXIv, 2 t"e X1V, 2 Opposite, divergent 17, 1FLTy2 7350 1021 15
te to0 1l Opposite, divergent 28,17 2089 1334 ND
e te Opposite, divergent 43, 1FLTy2 8326 1584 ND
EAY t:V, 1 Opposite, divergent 33 3169 2195 ND
ey, 1 tr v Opposite, divergent 18517 3436 3282 36

“tDNAs named as described in the legend to Figure 3.
bSeveral members of these tDNA pairs are from the t°Y and t™" gene families. The number of de novo insertions upstream of each of these as

determined in this work is listed.
“(ND) Not determined.
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of the TSS of tDNAs, very close to the boundary of the TFIIIB
complex, and is likely guided by an interaction with TFIIIB (Beck
et al. 2002). In contrast, Tyl has a large (700-800 bp) target
region. This lack of specificity suggests that Tyl’s integration
target site selection mechanism may be either more complex or
significantly different from the canonical model. This work
presents a high-resolution study of integrase-mediated genomic
Ty1 integration events and reveals several novel features of Tyl
integration specificity. We have examined the positions of 836
de novo-targeted Tyl integration events upstream of two yeast
tDNA families. The results show a nonrandom distribution of
insertion events, both throughout the genome and upstream of
specific tDNAs. On a genomic level, within a tDNA gene family,
most of the Tyl insertion events occur upstream of only a few
tDNA copies. Upstream of the tDNAs, the insertions are also non-
randomly distributed, and occur in a periodic pattern, with peaks
separated by ~80 bases.

Tyl Insertion Upstream of tDNAs in the Yeast Genome
Is Periodic

The pattern of insertions within the target window upstream of
two families of tDNAs in the yeast genome by PCR shows ~80 bp
periodicity with all insertions >64 bases upstream of the tDNA
TSS. The dominant peaks of de novo insertions at —85 and
—170, and the weaker peaks at —265 and — 335 relative to the
tDNA TSS are also seen in the profile of endogenous element
positions as well as upstream of individual tDNA targets and,
therefore, likely represent generally favorable positions for inser-
tion upstream of the tDNA. The periodic insertion pattern is also
observed when the PCR assay is performed on a single target (Fig.
6C), confirming that the banding pattern is not an artefact of
assaying insertions upstream of an entire family of insertions.
The distribution of insertions between the peaks varies upstream
of different tDNAs or tDNA families, possibly based on local se-
quence or neighboring genes.

The relatively clean periodicity supports the idea that dif-
ferent tDNA loci may have similar general structural characteris-
tics or constraints. Integration peaks observed at —85 and —170,
and to a lesser degree, at —265 and — 335 could be created by a
configuration directly or indirectly specified by the pol III tran-
scription complex. No insertion events were observed closer to
the start of tDNA transcription than 64 bases upstream, although
the boundary of the TFIIIB complex footprint has been mapped
to 42 bases upstream of the tDNA TSS (White 1998). Structural
constraints may also be responsible for the absence of insertions
between —42 and —64. A pol III configuration may prohibit
integration in this region, or another protein factor, perhaps in-
tegrase itself, could bind in this region and block integration.

The periodic insertion pattern of Tyl is intriguing. tDNAs
exhibit several potent genomic activities, for example, nucleo-
some repositioning (Morse et al. 1992), boundary element func-
tion (Donze et al. 1999), pol II transcriptional repression (Hull et
al. 1994), and DNA replication pausing (Deshpande and Newlon
1996). It is therefore possible that the tDNA upstream region has
specific structural features, such as a specific configuration of
histones and other proteins, that mediate these activities. The
RSC chromatin remodeling complex, whose subunits are all es-
sential, binds to the regions upstream of tDNAs and it is possible
that this complex could be regulating the chromatin structure of
this region (Ng et al. 2002). A structural model for retroelement
integration is not unprecedented. HIV integration is constrained
by target structure—integration is stimulated by DNA incorpora-
tion into a nucleosome and insertions occur with a 10-base pe-
riodicity on the basis of the position of the DNA relative to the
histone octamer (Pryciak and Varmus 1992; Pryciak et al. 1992;

Pruss et al. 1994a,b). In a structural model for Tyl integration,
the configuration of bound factors provides the constraints on
the target region, allowing insertions only into permissive posi-
tions, resulting in the periodic insertion pattern observed.

Effects on tDNA Targeting by Presence and Position of
Additional tDNAs and LTRs

Analysis of the genomic distribution of Tyl integration events
showed that within the two gene families assayed, specific tDNA
copies were preferred as targets, despite identical coding se-
quences. Several general trends emerged from analyzing features
surrounding the targets. Target preferences were defined by local
rather than global genomic features. For example, the target’s
immediate genomic neighbors had a larger effect on target fre-
quency than their proximity to telomeres or centromeres. High-
est frequency targets shared the presence of a downstream Tyl
LTR and a relatively close tDNA neighbor, and poor targets had
no LTRs nearby. Direct experimentation confirmed that a target’s
surrounding features can affect the likelihood with which it is
used for Ty1 integration. We implanted the features surrounding
the strongest tDNA target, t“'Y II around one of the weakest tar-
gets, t°YIV, to determine which surrounding features could
stimulate Ty1 integration frequency.

The greatest effects on frequency were seen when a second
tDNA was added in the same orientation as the original tV. At
all three positions tested, addition of the tandem t"¢ resulted in
a significantly higher frequency of insertion than a single t°V,
and stimulation was much greater when the tandem tDNAs were
>100 bases apart. Similarly, although adding the t"¢ opposite to
tSY had no significant effect in most positions, placing it ~300
bases downstream of t° did elevate integration frequency. The
elevated integration is thus not a simple consequence of a higher
local concentration of pol III factors. Rather, the configuration of
the pol III complexes relative to one another rather critically
affects targeting frequency, with intergenic distances of =300
bases optimal. Surprisingly, the bases downstream of the tDNA
can have a great impact on integration events upstream of the
tDNA.

Similarly, placement of a single degenerate LTR in either
orientation 299 bases downstream of the tDNA significantly in-
creased the frequency with which the t“"Y was used as a target for
Tyl integration. When present 25 bases downstream of the
tDNA, it had no effect on frequency, showing that LTR presence
alone is insufficient to increase target frequency, and that con-
text and position of the LTR relative to the tDNA is important.
The optimal distance between the tDNA and downstream LTR
was again ~300 bases. Solo LTRs have long been known to affect
transcription from adjacent promoters (Roeder et al. 1980; Win-
ston et al. 1984), and our results show that LTRs can affect a
region >400 bases away, upstream of the tDNA.

LTRs contain promoter sequences for transcription of Tyl
elements such as Gerl (Turkel et al. 1997; Dudley et al. 1999) and
Gcn4 (Morillon et al. 2002). LTRs are repressed by a chromatin
structure at least partially maintained by Iswl and Isw2 (Kent et
al. 2001) and which requires activity of chromatin remodeling
complexes such as SAGA for relief (for review, see Winston and
Carlson 1992). Interestingly, the LTRs downstream of the best
tDNA target was of low homology (68%) to a reference Ty1l-H3
LTR, and lacked any binding sites known to regulate Tyl tran-
scription. The addition of a second LTR with 87% identity to the
standard Ty1 & sequence, which contained binding sites for Gerl,
GendP, and both TATA elements did not have a consistently
positive effect on transposition integration frequency. These re-
sults suggest that the LTR’s binding sites may not control target
frequency, rather in this instance, the lack of the known factors
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may positively affect the target structure, making it more per-
missive to Tyl integration. Interestingly, when we exam-
ined the LTR downstream of the second best Ty1 target, t™II,
we found that its sequence was also quite divergent from the
standard Ty1-H3 LTR (Table 3), and similarly lacked the binding
sites listed above.

The result of simultaneous insertion of the second down-
stream tDNA and the LTR is revealing. When combined with two
tandem tDNAs, presence of the LTR 299 bases downstream of the
second tDNA stimulated integration, but stimulation was not
observed when the tDNAs were in opposite orientation relative
to one another. The oppositely oriented second tDNA therefore
abolishes the LTR’s effect on the upstream tDNA. Thus, two tan-
dem tDNAs may have a harmonious configuration receptive to
downstream influences, whereas the oppositely oriented tDNAs
do not.

The integration pattern upstream of the single tDNA target
in each of the strains with manipulated target structure is the
same as that upstream of a multicopy gene family of tDNAs (Figs.
2, 6C). The structural constraints that limit Tyl integration
events to specific positions upstream of the tDNA still operate in
the configurations generated, demonstrating that features affect-
ing insertion frequency are distinct from those that affect inte-
gration position.

Taken together, our data suggest a model in which the tDNA
or the act of pol III transcription generates a specific phys-
ical configuration of proteins several hundred bases upstream.
The Tyl preintegration complex is recruited to the upstream
region and integrates within the constraints of the physical
structure present, resulting in a periodic integration pattern.
The physical structure is subject to effects from the surrounding
genomic elements, some stimulatory, some inhibitory. In
this study, an intergenic distance of 300 bases was the optimal
positioning of the structural elements for stabilization of the
tDNA upstream region. If present 300 bases downstream,
both single LTRs and an additional tDNA in either orientation
provided a positive effect on integration frequency, help-
ing generate or stabilize the configuration upstream of the
tDNA. The presence of tDNAs in the same orientation had
a positive effect on transposition integration frequency even
when separated by only 85 bases, possibly because each stimu-
lated directional formation of the upstream structure, and
these effects were additive. When the tDNAs were arranged in
this configuration, insertions did not occur between them,
suggesting that their combined effects created only one upstream
region permissive for integration. Within 300 bp, a second
tDNA did not have a positive effect on the tDNA upstream region
if the two tDNAs were oriented opposite one another, possibly
because the formation of the upstream regions were competing
(as in YNB472) or occurring on opposite ends of the tDNA
block (as in YNB458). The need for the increased intergenic dis-
tance could suggest a requirement for physical flexibility, alle-
viation of potential steric hindrance, or simply more room for
pol III transcription termination for the positive upstream effects
to occur.

Finally, the second best tDNA target was on chromo-
some III, which lacks a close tDNA neighbor, although it does
have a downstream LTR. This tDNA is unusual in that it imme-
diately abuts and defines the boundary of the tightly silenced
HMR locus (Donze et al. 1999). HMR lies upstream of the t™", and
thus the inserting Tyl elements actually jump into the adjacent
silent chromatin. It is possible that the presence of the special-
ized silenced chromatin structure adjacent to the t™, or the
boundary between the tDNA structure and the silent chromatin
represents a preferred substrate for Tyl integration. Notably, ear-
lier studies (Bryk et al. 1997; Smith and Boeke 1997) indicate that

tThr
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Tyl insertion into another silent locus, the rDNA, occurs quite
frequently.

METHODS

Yeast Strains, Plasmids, and Medium

A Arad52 strain (YEB102: MATa his3A200 leu2Al1 ura3-167
rad52A::natMX4 GAL*) was made by replacing RADS52 with
natMX (Goldstein and McCusker 1999) by homologous recom-
bination. JB1217 (BY8217) MATa his3A200 leu2A1 met15A0
trp1A63 ura3-167 RDN1::MET1S5 is a derivative of GRF167 and
was made by selecting for spontaneous loss of URA3 in the IDNA
repeat in JS306 (Smith et al. 1999). BY4741 MATa leu2A0
met15A0 ura3A0 his3A1 was made as described previously (Brach-
mann et al. 1998), and is derived from S288C.

Strains with targeting elements around the cold t°" target,
tSY IV (tG(GCC)D1), were made using a two-step homologous
recombination strategy. The first step consisted of inserting URA3
either 60 bases upstream, 25 bases downstream, or 299 bases
downstream of the target tDNA in BY4741. To do this, URA3 was
PCR amplified from pRS416 using primers with 60 bp homology
to the target site (for insertion via homologous recombination),
and the resulting PCR product was transformed into BY4741.
Integrants were selected for on SC-ura plates and checked by
colony PCR.

The final strains were made by replacing URA3 with three
possible elements from the region surrounding the tSWII
(tG(GCC)B) hot tDNA. First, a 1.3-kb fragment containing the
tSY hotspot on chromosome IT was PCR amplified from genomic
DNA from JB1217 and cloned into the PCR 2.1 TA cloning vector
(Invitrogen) per the manufacturer’s instructions. The JB1217
GRF167 strain contained two 8 LTRs downstream of the t''® gene,
whereas S288C only contained one; both of these were included
in the hotspot fragment. The resulting TA plasmid was used as
the template for PCR of sections of the hotspot. Three separate
sections were amplified—the t"'® gene, the first downstream & LTR
alone and the second downstream § LTRs together. The t"¢ frag-
ment amplified and included 60 bases of upstream sequence and
46 bases of downstream sequence and was amplified with prim-
ers containing 60 bases of sequence homologous to the position
of insertion (flanking URA3). No flanking sequence from the
hotspot was amplified around the single or double 8 LTRs, and
these were also amplified using primers with 60 bases of sequence
homology to the target position (flanking URA3). PCR products
were transformed into the Ura+ strains and URA3 gene replace-
ments were selected on 5-FOA plates. Correct integrants were
confirmed by colony PCR.

Oligo sequences used to generate the yeast strains are pre-
sented in Supplemental data (Table 1).

pVIT41 was constructed as described (Lauermann et al.
1997). The catalytic integrase mutant plasmid pNB19 was con-
structed by removing the Xhol-HindlIl fragment from pVIT41
(Lauermann et al. 1997) and replacing it with the Xhol-HindIII
fragment from pGM119 (Eichinger and Boeke 1988; Monokian et
al. 1994).

Medium was prepared by standard methods as described
(Burke et al. 2000).

Transposition Induction

Haploid yeast were transformed with pVIT41 and plated on SC-
Ura medium. Colonies were picked and patched on SC-Ura, four
patches to a plate. These were grown at 30°C until the patch was
thick (overnight to 2 d). The quarter-plate sized patches were
replica plated to SC-Ura galactose plates and SC-Ura glucose
plates in parallel and incubated for 2 d at 22°C to induce trans-
position. The patch was scraped and grown in 10 mL YPD over-
night at 30°C. The next day, genomic DNA was prepared.

Genomic DNA Prep

Genomic DNA was prepared from 10 mL of overnight YPD cul-
ture using the teeny prep method as described (Boeke et al. 1985).
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Genomic DNA preps were treated with 20 pg of RNase A and
incubated at 37°C for 30 min. Residual protein was removed by
extraction with phenol/chloroform and once with chloroform.
DNA was precipitated and resuspended in 100 pL of water or 0.01
M Tris-HCI (pH 8.0).

PCRs for Tyl Targeted Integration

The PCR conditions were optimized for detection of transposon
insertions upstream of two general classes of tDNA, t" and t™,
as well as upstream of a specific t°Y gene copy, tG(GCC)D1.
Primer names and sequences are listed in Table 5 and optimal
PCR conditions are listed in Table 6.

The concentration of genomic DNA purified by the method
above was determined by analysis of A,g,. A total of 150 ng of
DNA was used per PCR reaction. Primers were used at 0.5 pM
final concentration. The 25-pL PCR reactions were performed in
a Perkin-Elmer 9600 PCR machine with MicroAmp tubes (Perkin
Elmer Applied Biosystems). In all PCR reactions, Amplitaq DNA
polymerase (1.25 U/reaction; Perkin Elmer), MgCl, [2 mM, ex-
cept for tG(GCC)D1 PCRs, in which 1.8 mM was used] dNTP (2
M each), and PCR reaction buffer (1 X, Perkin Elmer) were used.
The conditions of the PCR reactions were as follows: initial de-
naturation: 5 min at 95°C; cycles: 1 min at 95°C, 1 min at the
empirically determined optimal annealing temperature (see
Table 6), 1 min at 72°C; final extension: 5 min at 72°C. PCR
conditions were optimized for annealing temperature, cycle
number, Mg?* concentration, and tDNA primer position. PCR
reactions were also optimized for genomic DNA concentration to
ensure that the PCR reactions would be in the linear range of the
reaction. PCR products were run on 1X TTE 1.5% agarose gels
with 0.5 ng/mL ethidium bromide.

TA Cloning and Sequencing

For the extensive sequencing analysis of the PCR products, two
different strains were used. JB1217, derived from GRF167, and
BY4741, derived from S288C, were transformed with pVIT41 in
parallel. Transposition was induced, DNA isolated, and PCR per-
formed as described above. A total of 19 independent PCR reac-
tions were completed, with each primer pair on DNA prepared
from galactose-induced JB1217, and eight independent reactions
with each pair completed using strain BY4741, resulting in a total
of 108 independent PCR reactions. PCR products from each re-
action were ligated independently into the PCR Topo 2.1 vector
(Invitrogen) per the manufacturer’s instructions (108 indepen-
dent ligations), and 1pL of resulting ligation reaction was trans-
formed into DHS« bacteria (108 independent transformations).
Either 12 or 24 white colonies were picked from each transfor-
mation (from each independent PCR reaction), arrayed into 96
well plates of LB, 10% glycerol, and 25 pg/mL Ampicillin, and
allowed to grow statically at 37°C for 12 h. Plates were sent to
Agencourt Bioscience Corporation for sequencing, using the T7
primer.

Table 5. Oligo Names and Sequences for PCR Assays

Primer Orientation

target (see Fig. 2) Name Sequence 5'-3’

Ty1 SSB 1 JB2930 AGAGCTCCCGGGATCCTCTACTAAC
2 JB3361 GAGGATCCCGGGAGCTCTGATAGTTG

ey JB2821 TGCGCAAGCCCGGAATCG

t'hr JB3084 TGCTTCCAATCGGATTTGAACC

toY v JB6071 GTCATTCACAATAAACACTGG

Actin Forward JB4307 TCGGTATGGGTCAAAAAGACTCC

Actin Reverse JB4312 TCTGGGGCTCTGAATCTTTCG

Table 6. Optimized PCR Conditions

Annealing Cycle
Primer 1 Primer 2 temp number
Ty1:)B2930 t°Y: |B2821 60 30
Ty1:)B2930 t™": JB3084 54 30
Ty1:)B2930 tG(GCC)D1: |B6071 61 30
Ty1:)B3361 t°Y: |B2821 60 30
Ty1:)B3361 t™r: JB3084 60 32
Actin: |B4307 Actin: |B4312 54 20

Data Analysis

Integration Position Determination

Sequences were analyzed using Sequencher 4.1 (Gene Codes
Corp.). Vector sequences were removed, and the Tyl LTR was
identified by multiple sequence alignment. Sequences adjacent
to the LTR were compared with the Saccharomyces cerevisiae ge-
nome database (http://www.yeastgenome.org/) using a BLAST
search to determine the identity of the tDNA target. Sequences
were included in the data set only if the LTR sequence was at a
new position relative to genomic LTR positions, to ensure the
presence of a de novo LTR.

Each independent PCR reaction generated between 12 and
24 sequences, and multiple insertions into the same nucleotide
position upstream of the same tDNA from the same PCR reaction
were removed from the data set because of the possibility that
they represented PCR siblings rather than independent insertion
events. Therefore, peaks with a height greater than 1 in each of
the single tDNA plots in Figure 5C actually represent individual
insertion events from independent PCR reactions. That is, the
height of each line in these plots represents the number of PCR
pools in which that event occurred at least once. If the same
insertion event was observed more than once in the same pool, it
was counted only once.

Distance upstream of the tDNA was determined by subtract-
ing the length of the tDNA from this fragment. The most likely
position of the tDNA transcription start site (TSS) was determined
by G. Kassavetis (see Supplemental material) following the gen-
eral guidelines defined by Fruscoloni et al. (1995). The distance
between the mature processed 5’ end and the TSS was always
9-12 bases. The distance of the insertion from the 5’ end was
adjusted to reflect this difference. The data were also adjusted to
take into account the 5-bp duplication generated by Ty1 integra-
tion.

Quantitation and Statistical Analysis

The x? test was used to compare the frequency of insertions into
different positions between insertions upstream of t“% and in-
sertions upstream of t™r (Table 2). The test is used to compare
counted frequencies where each sample is independent of the
others and there are >20 samples (Freund and Perles 2003). The
null hypothesis was that the relative frequency was the same
between the two samples. The x> value was calculated using a
contingency table (on the basis of expected values if expected
frequencies in both samples were the same) and it corresponded
to a probability (P-value) that the two frequencies are different
with one degree of freedom (Freund and Perles 2003). Statistically
significant differences were reported if the P-value was <0.05
(<5% chance of the two samples being the same)

For PCR upstream of tG(GCC)D1 (Fig. 6), three independent
transformants from each of the YNB strains were induced for
transposition, and DNA was isolated from each transformant.
PCR reactions were completed three times on the samples, result-
ing in nine data points per strain. In the case of PCR failures,
eight data points were used. The actin PCR was also conducted
three times on each of the three transformants. Gels were ana-
lyzed using Quantity One software (Bio-Rad). The intensity of the
bands between 400 and 1200 bp was summed, and the amount of
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PCR product was determined by comparison to molecular weight
standards. A PCR fragment was also amplified from the actin
gene to ensure that equal amounts of genomic DNA were loaded
into each reaction. Relative amounts of genomic DNA was deter-
mined by the ratio of actin products, and the amount of PCR
product from each tG(GCC)D1 PCR was normalized to the rela-
tive amounts of genomic DNA.

The U-test (Mann-Whitney test) was used to compare the
difference between the amount of normalized PCR product am-
plified from insertions upstream of the control locus, t“*1V in
BY4741, with the experimental one. The U-test is a rank-sum test
used to compare two independent sets of nonparametric data
(data that are not normally distributed) when the distribution of
the two samples being compared is the same (Freund and Perles
2003). The amount of PCR products in each sample (n = either
eight or nine values per sample) was ranked, their ranks com-
pared, generating a Z-score that corresponds to a probability (P-
value) for the number of samples being compared (Freund and
Perles 2003). A statistically significant difference was reported if
probability of the ranks being the same between the two samples
was =<1% (P =< 0.01).
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