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Transposable Elements and Genome
Organization: A Comprehensive Survey of
Retrotransposons Revealed by the Complete
Saccharomyces cerevisiae Genome Sequence

Jin M. Kim,* Swathi Vanguri,? Jef D. Boeke,®> Abram Gabriel,?
and Daniel F. Voytas**

IDepartment of Zoology and Genetics, lowa State University, Ames, lowa 50011 USA; ?Department
of Molecular Biology and Biochemistry, Rutgers University, Piscataway, New Jersey 08855 USA,;
3Department of Molecular Biology and Genetics, Johns Hopkins University School of Medicine,

Baltimore, Maryland 21205 USA

We conducted a genome-wide survey of Saccharomyces cerevisiae retrotransposons and identified a total of 33!
insertions, including 217 Tyl, 34 Ty2, 41 Ty3, 32 Ty4, and 7 Ty5 elements. Eighty-five percent of insertions
were solo long terminal repeats (LTRs) or LTR fragments. Overall, retrotransposon sequences constitute >377
kb or 3.1% of the genome. Independent evolution of retrotransposon sequences was evidenced by the
identification of a single-base pair insertion/deletion that distinguishes the highly similar Tyl and Ty2 LTRs and
the identification of a distinct Tyl subfamily (Tyl"). Whereas Tyl, Ty2, and Ty5 LTRs displayed a broad range
of sequence diversity (typically ranging from 70%-99% identity), Ty3 and Ty4 LTRs were highly similar within
each element family (most sharing >96% nucleotide identity). Therefore, Ty3 and Ty4 may be more recent
additions to the S. cerevisiae genome and perhaps entered through horizontal transfer or past polyploidization
events. Distribution of Ty elements is distinctly nonrandom: 90% of Tyl, 82% of Ty2, 95% of Ty3, and 88%
of Ty4 insertions were found within 750 bases of tRNA genes or other genes transcribed by RNA polymerase
Ill. tRNA genes are the principle determinant of retrotransposon distribution, and there is, on average, 1.2
insertions per tRNA gene. Evidence for recombination was found near many Ty elements, particularly those
not associated with tRNA gene targets. For these insertions, 5'- and 3'-flanking sequences were often duplicated
and rearranged among multiple chromosomes, indicating that recombination between retrotransposons can
influence genome organization. S. cerevisiae offers the first opportunity to view organizational and evolutionary
trends among retrotransposons at the genome level, and we hope our compiled data will serve as a starting
point for further investigation and for comparison to other, more complex genomes.

The retrotransposons are ubiquitous components of
eukaryotic genomes and have played an important
role in shaping the genetic material. Like the retro-
viruses, retrotransposons replicate through reverse
transcription of an mRNA intermediate (Boeke and
Sandmeyer 1991). The cDNA product that results
from reverse transcription integrates into new sites
in the genome and can influence genome evolution
by generating mutations in coding or transcrip-
tional control sequences. Over time, reiterative
rounds of replication can also lead to significant ge-
nome expansion. For example, the human LINE1
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retrotransposons make up [117% of the human ge-
nome (Smit et al. 1995), and in total, retrotrans-
posons comprise >50% of the genome of maize
(SanMiguel et al. 1996). The sheer bulk of retrotrans-
poson sequences likely has important consequences
for chromosome replication, recombination, and
pairing.

A pervasive group of retrotransposons are those
flanked by long terminal repeats (LTRs). These LTR-
retrotransposons encode proteins with homology to
the Gag and Pol proteins of retroviruses (Boeke and
Sandmeyer 1991). Two distinct groups of LTR-
retrotransposons are found throughout eukaryotes,
which are distinguished by the organization of their
pol genes and similarities among their encoded re-
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verse transcriptases (Xiong and Eickbush 1990).
These groups are referred to as the Tyl-copia ele-
ments and the Ty3-gypsy elements. The genomes of
most organisms harbor multiple distinct Tyl-copia
and Ty3-gypsy retrotransposons. A given retrotrans-
poson family can vary substantially in copy number
among individuals or isolates, which probably re-
flects episodes of element amplification and extinc-
tion over the course of genome evolution.

The yeast Saccharomyces cerevisiae is an impor-
tant model organism used to address questions in
LTR-retrotransposon biology (Boeke and Sandmeyer
1991). S. cerevisiae has five distinct retrotransposon
families, designated Ty1-Ty5 (Fig. 1). Ty1, Ty2, Ty4,
and Ty5 are Tyl-copia group elements, whereas Ty3
is the sole representative of the Ty3-gypsy retro-
transposons. The study of Ty elements has provided
insight into the manner in which retrotransposons
can influence genome organization. For example,
Ty elements have been well-documented as causal
agents of mutation and as mediators of genome re-
arrangement through recombination (Boeke and
Sandmeyer 1991). In addition, the paucity of in-
trons in S. cerevisiae genes has been ascribed to the
presence of Ty elements; cDNA generated through
aberrant reverse transcription of cellular mMRNAs can

Ty1 POL1

GAG? _[PR IN RT RH
delta delta
Ty2 POL2
v GAG2 [PR N RT RH
[ =,
delta deita
Ty3 POL3
GAG3 [ PR RT __RH IN ]
&g
]
sigma sigma
Ty4 POL4
GAG4_| PR IN RT RH_]
RB
E! =
tau tau
TySp GAG-POL
[ RB PR IN RT RH]
omega omega
—

1kb

Figure 1 Genomic organization of the S. cerevisiae
Ty elements. Open boxes with arrowheads depict
LTRs, which are labeled with their Greek letter desig-
nation. Boxes between LTRs denote open reading
frames, and they are offset to indicate that they are
separated by a +1 frameshift. Conserved coding do-
mains within each open reading frame are as follows:
(RB) RNA binding; (PR) protease; (IN) integrase; (RT)
reverse transcriptase; (RH) RNase H.

recombine with genomic homologs resulting in in-
tron loss (Fink 1987; Derr and Strathern 1993).

Mutations, rearrangements, and cDNA recom-
bination, however, are rather rare consequences of
Ty element replication. Experiments have shown
that Ty1, Ty3, and Ty5 integrate into specific chro-
mosomal sites. The preferred targets for Tyl and es-
sentially the only targets for Ty3 are regions up-
stream of RNA polymerase 11l (Pol Ill) transcription
(Chalker and Sandmeyer 1992; Devine and Boeke
1996). It is thought that integration is directed to
these sites through interactions between the retro-
transposon integration complex and a component
of the Pol 11l transcription apparatus. Ty5 prefers to
integrate near telomeres, and its integration com-
plex recognizes a component of telomeric chroma-
tin (Zou and Voytas 1997).

The complete nucleotide sequence of the S. cer-
evisiae genome offers the first opportunity to com-
prehensively evaluate the role of retrotransposons
in genome organization. In addition, evolutionary
trends among all insertions of a given retrotranspo-
son family can be comprehensively assessed for the
first time. The ubiquity of retrotransposons among
eukaryotes indicates that they are highly efficient
genomic parasites. It is very likely that the organi-
zation and diversity of the S. cerevisiae elements will
provide a general framework for understanding how
these elements have adapted to life in chromo-
somes.

RESULTS

A Comprehensive Survey of S. cerevisiae
Retrotransposons

As a basis from which to conduct studies on retro-
transposon evolution and the role of retrotrans-
posons in genome organization, we cataloged all in-
sertions for each of the five S. cerevisiae retrotrans-
poson families. This end was accomplished by
screening the entire genome sequence with Tyl-
Ty5 LTR sequences. The query sequences used in the
searches were 5’ LTRs from previously characterized,
and, in the case of Tyl and Ty3, transpositionally
competent, elements. On the basis of our selection
criteria (see Methods), a total of 331 insertions was
identified. These insertions typically share >70%
nucleotide identity to the query sequences. Most
insertions (85%) are either LTR fragments or solo
LTRs and are referred to by their standard Greek
letter designation (8 for Tyl and Ty2; o for Ty3 and
7 for Ty4; see Fig. 1). To maintain consistency with
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this nomenclature, solo Ty5 LTRs were designated
as o elements. Full-length retrotransposons with
their two flanking LTRs were considered single in-
sertions, as were LTRs segmented by another ele-
ment. Each insertion was assigned a name to reflect
its genomic location and orientation relative to the
chromosome sequence (see Methods). A summary
of our findings is presented in Table 1. A compre-
hensive table with information for each of the 331
Ty insertions is available at our website (http://
www.public.iastate.edu/Cvoytas/).

Tyl and Ty2

Tyl and Ty2 elements are closely related and show
a high degree of sequence similarity. They are dis-
tinguished primarily by their GAG sequences
(40.9% amino acid sequence identity) and a hyper-
variable region in POL corresponding to the car-
boxyl terminus of integrase. The remainder of POL
shares [(®0% amino acid identity. No sequence dif-
ferences have been previously reported to distin-
guish Tyl and Ty2 LTRs. We identified a total of 251

Ty1l/Ty2 insertions with our query sequence, the 5’
LTR of the well-studied Ty1l-H3 element (Table 1).
Of these, 45 were full-length elements, including 32
Tyl and 13 Ty2 insertions.

Sequence diversity and relationships among the
Tyl and Ty2 insertions were evaluated by alignment
of all full-size LTRs and construction of a neighbor-
joining tree (Fig. 2). Both LTRs from full-length el-
ements were included in the alignments, and de-
generate LTRs with <70% nucleotide identity to the
query sequence were excluded. The final data set
used for tree construction consisted of 180 LTRs rep-
resenting 130 Tyl and Ty2 insertions (72% of the
total). The LTR sequences separated into seven clus-
ters (Fig. 2). LTRs from full-length Ty2 elements fell
exclusively into clusters 3 and 4. The significance of
this topology was assessed by construction of a sec-
ond tree with only LTR sequences from full-length
elements (data not shown). The separation of Tyl
and Ty2 elements was supported among 99% of 500
bootstrap replicates of this smaller data set (Fig. 2).
Analysis of the LTR sequence alignments revealed a
single-base deletion common to all full-length Ty2
elements. This deletion corresponds to base 284 of

the query Ty1l-H3 LTR. We have
designated all solo LTRs with
this deletion as Ty2 LTRs. Using
this LTR marker for classification

. - and the more obvious coding se-
Table 1. Distribution of Ty Elements by Chromosome quence differences among full-
Number of insertions® Total Ty It_angth elements, we have identi-
insertions on | fied a total of 217 Tyl and 34

Chr. no. Tyl Ty2 Ty3 Ty4  Ty5 chromosome | Ty2 insertions (Table 1).
Six of the LTR sequence clus-
' 6 (1) 1 1 0 0 8 ters on the tree contained LTRs
I 13 (2) 2(1) 1 2 0 18 from full-length elements. These
i 11 2(1) 0 1 2(1) 16 LTRs typically shared >85%

v 20 (5) 33 6 2 0 31 S .

Vv 18 (2) 5 4 3 5 32 nucleotide identity t_o the query
Vi 8 1(1) 0 1 0 10 LTR. Two clusters with Tyl ele-
VII 25 (3) 2(2) 6(1) 4 1 38 ments are more closely related to
VI 14 (1) 1 3 3(1) 1 22 the Ty2 elements (clusters 2 and
IX 5 1 2 1 0 9 5). This separation was sup-
X 14 (2) 4 1 3(1) O 22 ported among all 500 bootstrap
Xl 11 1 1 0 1 14 replicates conducted with the
Xl 18 (4) 3(2) 4 1 0 26 second data set containing only
Xl 15 (4) 2 0 3 0 20 LTRs from full-length elements
XIV 5(2) 1(1) 4 3 0 13 (Fig. 2; data not shown). A num-
% ig 83 g @ 2 g 1 8 % ber of degenerate solq LTRs were
found loosely associated with
Genome clusters 6 and 7 and are identi-
total 217(32) 34(13) 41(2) 32(3) 7(1) 331 fied by their longer branch
8Insertions include full-length elements, solo LTRs, and LTR fragments. Numbers of lengths. In addltlor.]’ there is a
full-length elements are shown in parentheses. separate cluster of highly degen-
erate LTRs associated with clus-
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ters 2-4 (cluster 1). These elements typically share
from 70% to 80% identity to the reference LTR. No
Tyl element that perfectly matches the reference
Ty1l-H3 element is found in the complete genome
sequence. This is not surprising because (1) the com-
plete yeast genome was assembled from several re-
lated but not identical strains, and (2) Ty1-H3 was
isolated as a transposition event in yet another yeast
strain (JB84A, a derivative of YNN209; Boeke et al.
1985). Finally, the fact that Tyl-H3 has 6 differ-
ences between its 5’ and 3’ LTR sequences makes it
likely that it is a recombinant element formed, pre-
sumably by template switching (Boeke et al. 1986),
from two different parental elements (Boeke et al.
1988).

Analysis of Tyl and Ty2 Coding Sequences:
The Identification of a Ty! Subfamily

The precise coordinates for GAG and POL were de-
termined for each full-length Tyl and Ty2 element
(data available at http://www.public.iastate.edu/
Ovoytas/). For 7 of the 45 full-length elements (4
Tyl and 3 Ty2 elements), the translations revealed
changes that would likely render these elements
nonfunctional. As shown in Figure 3, YARCTy1-1,
YGRCTy2-1, YLRWTy1-4, and YNLCTy2-1 all con-
tain frameshift mutations caused by the addition of
1 or 2 bases within a run of the same base (2 As to 3
As, 6 Asto 7 As, 7 Asto 9 As, and 5 Ts to 6 Ts,
respectively). YDRCTy1-3 and YLRCTy2-2 have 425-
and 516-base deletions in the carboxy-terminal por-
tion of POL, and YHLCTy1-1 has a duplication of
114 bases of GAG. Each of these rearrangements has
a direct repeat at the site of deletion or duplication,
consistent with reverse transcriptase slippage and
realignment at a distant template location or micro-
homology-dependent recombination events (Xu
and Boeke 1987).

The derived GAG amino acid sequences for all
45 elements (with the duplicated region of
YHLCTy1-1 eliminated), and the POL amino acid
sequences for 43 elements (the 2 elements with de-
letions were eliminated) were aligned, and the con-
sensus sequences were determined. For both Tyl
and Ty2, POL is more highly conserved than GAG
(Table 2). Furthermore, Ty2 elements were more
alike than Tyl elements with 95.6% versus 86.1%
invariant amino acids. The majority of the intrafam-
ily amino acid sequence differences occur in GAG,
and this is particularly true for the Tyl elements,

468 # GENOME RESEARCH

Wild Type
B L
Frameshifts
Az —_— A3
YARCTyt-1 [———x— =
Stop codon
(TCA—> TAA) Ag —> A7
YGRCTy2-1 ] X——— =]
A7 — A9
YLRWTy1-4 [}————— 7 - ]
Ts —>Te
YNLCTy2-1 [] —
]
tion 4793\ ;216
YDRCTy1-3 [~ s |

{4776) GCACAAAAACAAACCTACCCGAGC
GCACAAACACAAAACCTCTTCCGA YDRCTy1-3
ATGTGATGACAAAACCTCTTCCGA (5232)

4373 4889
YLRCTy2 2 ]——— =
(4355) ACTAGAAATAGATGAAGATGAA
ACTAGAAATAARRTGAAGAGAAA YLRCTy2-2
TAAGTCTACAAATGARGAGARA (4902)
Duplication

AE § Between bases 512 and 626
(AC) {/ (AC)
YHLCTy1-1 i ]

Figure 3 Mutations in full-length Tyl and Ty2 ele-
ments. Open boxes with arrowheads depict LTRs (not
drawn to scale), and lines depict the GAG and POL
reading frames (drawn to scale). For the deletion mu-
tants, sequences and numbers in parentheses below
each element correspond to the full length sequences
of Tyl (YBRWTy1-2) or Ty2 (YCLWTy2-1), which sand-
wich the sequence present in the deleted element; un-
derlines mark the extent of sequence duplication at the
deletion break points, and arrowheads correspond to
the precise position of the breaks. For the duplication
mutant, stippled boxes indicate the duplicated se-
quences, which are flanked by the dinucleotide AC.

where the overall percentage of invariant amino ac-
ids for GAG was only 73.9%. Phylogenetic analysis
of Tyl GAG nucleotide sequences revealed three el-
ements that are largely responsible for this hetero-
geneity (YNLCTy1-1, YBLWTy1-1, YMLWTy1-3)
(Fig. 4); POL sequences did not vary substantially
among these elements. If these three elements are
excluded from comparisons, the percentage of in-
variant amino acids among all remaining GAG se-
quences rises to 94.1%, similar to that observed for
GAG sequences among Ty2 elements (93.4%; Table
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Table 2. Percent Identical Amino Acid Residues for Tyl and Ty2

Total

(31 elements)
(326 + 1194)/

(441 + 1324)

=86.1%

Total coding
information
=91.4%

Tyl Tyl without Tyl’ Ty2
GAG 326/441 = 73.9% 415/441 = 94.1%
(32 elements) (29 elements)
POL 1194/1324 = 90.2% 1199/1324 = 90.6%

(28 elements)
(415 + 1199)/
(441 + 1324)

181/443 = 40.9%
(45 elements)
932/1351 = 69.0%
(43 elements)
1113/1794

=62.0%

410/439 = 93.4%
(13 elements)
1292/1342 = 96.3%
(12 elements)
(410 + 1292)/
(439 + 1342)
=95.6%

Amino acid sequences for multiple elements were aligned (the number of sequences analyzed is given in parenthesis). Percentages
reflect the number of identical residues divided by the total residues.

2). The GAG sequences of the divergent elements
appear to have evolved independently under func-
tional constraints. The nucleotide changes observed
do not disrupt the integrity of GAG, and in com-
parisons with the reference element Ty1-H3, there
is a bias for synonymous over nonsynonymous sub-
stitutions (e.g., Ks/Ka = 1.825 for YBLWTy1-1). We

YLRWTY2-1

YGRCTy2-1

YNLCTy2-1

YDRCTy2-1

YGRWTy2-2

YFLWTY2-1

100 YCLWTYZ -1
r YDRWTy2-3
YBLWTY2-1
YDRWTy2-2
100 YORWTY2-2
YLRCTy2-2
YORCTy2-1

YBLWTyl-1
100, YMLWTy1-3
YNLCTy1-1

YARCTYL-1
YPRCTY1-2
YJRWTY1-2 5 )
YGRWTY1-1
YNLWTy1-2

YIRWTY1-1

YLRWTy1-3

YMLWTY1-2

YPLWTyl-1

YDRWTy1-5

YLRCTy1-2

YERCTyl-1

YLRWTy1-4

YDRCTY1-3

YPCRTY1-4

YOLWTy1-1

YGRCTy1-2

YDRCTY1-1

YDRCTyl-2

YDRWTY1-4

YGRCTy1-3

YPRWTy1-3

YORWTYL-2

YBRWTY1-2

YLRCTyl-1

YERCTY1-2

YMLWTy1-4

YMLWTY1-1

YHLCTyl-1

Figure 4 Neighbor-joining tree of GAG nucleotide

sequences from Tyl and Ty2. Bootstrap values (1000
replicates) are provided for major branches.

have designated these three elements as members of
a distinct Tyl subfamily, which we call Ty1'.

Ty3, Ty4, and Ty5

In contrast with Tyl and Ty2, very few full-length
elements are present for the remaining three retro-
transposon families (Table 1). There are 2 full-length
Ty3 elements and 39 Ty3 solo LTRs or LTR frag-
ments. For Ty4, there are 3 full-length elements and
29 solo LTRs. Comparisons of LTR sequences re-
vealed considerably less sequence heterogeneity
among members of the Ty3 and Ty4 families. For
example, of the 28 full-size LTRs of Ty3 (represent-
ing 63% of the total insertions), 21 shared >98%
nucleotide sequence identity with the reference
LTR; the most divergent LTR was 85% identical. The
lack of sequence diversity was also evident among
the 19 full-size LTRs of Ty4 (59% of the total inser-
tions). In this case, 17 of the LTRs shared >96% se-
quence identity with the reference LTR. Two LTRs,
YCRC+t1 and YPRCt3, were considerably more diver-
gent and were 73% and 75% identical to the query
sequence, respectively.

With only seven insertions, the Ty5 elements
are the least abundant S. cerevisiae retrotransposon
family. Only one insertion on chromosome 11l has
internal coding sequence, and this element con-
tains a deletion and numerous mutations that ren-
der it transpositionally inactive (Voytas and Boeke
1992). The Ty5 LTR sequences share from 80% to
95% identity to the reference LTR. A more complete
description of the Ty5 elements in S288C can be
found in Zou et al. (1996b).

Chromosomal Distribution of Ty Elements

In total, retrotransposon sequences make up 377 kb
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or 3.1% of the 12.1 Mb genome (excluding rDNA,
Table 3). Chr Il has the highest proportion of ret-
rotransposon sequences (4.3%) and chr XII the low-
est (0.63%). The overall density of insertions per
kilobase of DNA varies less than fourfold among the
different chromosomes. In general, the density is
higher for the smaller chromosomes. For example,
the three smallest chromosomes (I, 111, and VI) have
an average of one insertion per 25.2 kb. This is in
contrast to the three largest chromosomes (VII, XV,
and 1V), which have an average of one insertion per
39.4 kb. There are several large blocks of genomic
sequence that completely lack Ty or LTR insertions,
including a 434-kb region on the left arm of chr IV
and a 416-kb region on chromosome XIV. Also, be-
cause the rDNA repeats were not sequenced, the
number of Ty elements in this region could not be
ascertained.

A Target Bias for Ty Insertions

Tyl and Ty3 preferentially integrate near tRNA
genes or other genes transcribed by RNA Pol 111

(Chalker and Sandmeyer 1992; Devine and Boeke
1996). This target site preference is likely mediated
by interactions between the integration complex
and some factor associated with sites of Pol Il tran-
scription. Targeted integration by Ty3 is precise, and
typically occurs within 2 bases of the start of Pol IlI
transcription (Chalker and Sandmeyer 1992). Tyl,
on the other hand, has a more regional target pref-
erence, and inserts within an [ kb window up-
stream of target genes (Devine and Boeke 1996).
How strongly is target bias reflected in the ge-
nomic organization of endogenous Ty elements? To
address this question, the location of all Ty inser-
tions was determined relative to the complete set of
tRNA genes encoded by S. cerevisiae (data available
at http://www.public.iastate.edu/Cvoytas/). Inser-
tions were considered tRNA-associated if they were
located within 750 bases of a tRNA gene, excluding
intervening retrotransposon sequences. For each of
the exceptions, [2 kb of flanking sequence was
scanned for the presence of other genes known to be
transcribed by RNA Pol Il (class Il genes). Three
insertions were identified within 750 bases of such

Table 3. Chromosomal Organization of Ty Elements

Total Ty Total Ty Percent of Ty  Insertion Insertion

Chr. size  insertions  sequences sequences density Total tRNA density

Chr. no. (kb)? on chr.P (kb) on chr. (/kb) gene no. (/tRNA)°
I 230 8 7.9 3.4 28.8 4 2.0
Il 813 18 21.9 2.7 45.2 14 1.3
1] 315 16 13.4 4.3 19.7 10 1.4
v 1,522 31 54.2 3.6 49.1 28 11
\ 575 32 20.3 3.5 18.0 20 15
\ 270 10 8.3 3.1 27.0 10 1.0
Vil 1,091 38 43.9 4.0 28.7 36 1.0
VI 563 22 17.3 3.1 25.6 11 1.9
IX 440 9 7.7 1.8 48.9 10 0.9
X 745 22 22.8 3.1 33.9 24 0.9
Xl 666 14 4.2 0.63 47.6 16 0.8
X 1,078 26 40.5 3.8 41.5 21 1.2
X 924 20 28.3 3.1 46.2 21 1.0
\% 784 13 20.5 2.6 60.3 14 0.9
XV 1,091 27 30.2 2.8 40.4 20 14
XVI 948 25 35.6 3.8 37.9 17 15
Average 753 21 23.6 3.1 37.4 17 1.2

Genome

total 12,055 331 377.0 N.A. N.A. 274 N.A.

8excluding unsequenced repeat sequences (e.g., rDNA).

°Ty5 insertions are not included in the calculation.

PInsertions include full-length elements, solo LTRs, and LTR fragments (values from Table 1).
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genes: A Ty4 insertion near RPR1 (RNase P RNA), a
Tyl insertion near SNR6 (U6 snRNA), and a Tyl in-
sertion near RNA9 (5S rRNA).

Our mapping efforts revealed a striking target
bias for endogenous Ty insertions: 90% of Ty1 (196/
217 insertions), 82% of Ty2 (28/34 insertions), 95%
of Ty3 (39/41 insertions), and 88% of Ty4 elements
(30/32 insertions) are associated with class 111 genes.
All but four elements were located in flanking up-
stream sequences. No other pattern of insertions
could be discerned relative to other chromosomal
features such as centromeres or telomeres. The dis-
tribution of tRNA genes, therefore, is the overriding
factor in determining the chromosomal distribution
of Tyl-Ty4 elements; 293 of the 324 insertions are
associated with tRNA genes. In total, 66% of the
tRNA genes have associated retrotransposon inser-
tions, and, although some tRNAs are particular
hotspots for integration, there is no apparent bias
for particular tRNA genes or gene families (data not
shown). The density of insertions per tRNA gene on
a per chromosome basis ranges from 0.9 to 2.0 with
an average of 1.2 (Table 3).

Unlike Tyl1-Ty4, Ty5 elements are not associ-
ated with class 11l genes. Rather, Ty5 preferentially
integrates near regions of silent chromatin at the
telomeres and the HM mating loci (Zou et al. 1996a).
The distribution of Ty5 elements in the genome is
consistent with this target preference, and details
regarding the genomic organization of Ty5 are pre-
sented elsewhere (Zou et al. 1996Db).

Ty Target Site Consensus Sequences

Most LTR retrotransposons generate 5-bp target site
duplications upon integration. A total of 118 Tyl-
Ty4 LTRs (36% of the total) were flanked by perfect
5-bp target duplications, as were all but 3 of the 50
full-length Ty elements (two of these had a deletion
in one LTR). These sequences were used to derive a
target site consensus sequence (Table 4). A slight
bias was found for A and T in the first and fifth
positions, respectively. A much stronger bias was
observed for an A or T in the internal three posi-
tions. Individual Ty families showed essentially the
same sequence bias, and there were no obvious dif-
ferences in target site consensus sequences between
targeted (i.e., tRNA gene associated) and nontar-
geted insertions (data not shown). Of the insertions
without target site duplications, most were partially
deleted LTRs. In addition, recombination may have
resulted in exchange of target site sequences be-
tween elements, or target duplications may have
been eroded over time by the accumulation of mu-

Table 4. Target Site Consensus Sequence

Position (%)
1 2 3 4 5

A 38 47 49 41 20
T 21 34 36 36 34
G 24 11 8 10 20
Cc 17 8 7 12 27

Consensus N A/T A/T A/IT N

(n) 118.

tations. None of the Ty5 LTRs had target site dupli-
cations, suggesting frequent recombination be-
tween these elements at the telomeres (Zou et al.
1996b).

Ty Elements and Genome Rearrangements

Some Ty elements mark sites of sequence duplica-
tion and rearrangement. This is particularly true for
elements not associated with class 11l genes, suggest-
ing that their location in the genome is the conse-
quence of rearrangements that have occurred sub-
sequent to integration. Many of these elements are
telomeric and have been duplicated on multiple
chromosomes. One such example is the subtelo-
meric insertions shared between chromosome | and
chromosome VIII (Fig. 5). A Tyl insertion is found
near the right telomere of chromosome I. This LTR
appears to be the product of an ancient reciprocal
translocation between two different insertions, be-
cause it has different 5’ and 3’ target site sequences
(Fig. 5A). At some point in the history of this ele-
ment, recombination between the LTRs resulted in
loss of internal coding sequences, leaving behind a
solo LTR (Fig. 5B). This element and its flanking
sequences were duplicated to the chromosome | left
telomere (Fig. 5C). The element on the right arm of
chromosome |, including an additional 25 kb of
chromosome | sequence, was also duplicated onto
the right arm of chromosome VIII (Fig. 5D). Subse-
quent to this event, an independent Tyl element
inserted on chromosome VIII, (12 kb telomere-
proximal to the solo Tyl LTR (Fig. 5E). The Ty1/Ty2
neighbor-joining tree supports the close relation-
ship among the duplicated solo LTRs (see arrow on
Fig. 2). The LTRs on chromosome | are most closely
related to each other and cluster with the solo LTR
on chromosome VIII.

Another example of a recombination event in-
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sequences, including the
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*
F. Present-day, chr ! b
sub-telomeric organization h’
of Ty1 elements on
chr yand chr Vil YALWdeltat YARCdelta8
chr Vil
a be <

YHRCdelta14  YHRCTy1-1

Figure 5 Proposed sequence of events leading to
present-day Tyl elements in the subtelomeric regions
of chromosomes | and VIII (I and VIII, respectively).
(Black arrowheads) Telomeres; (black circles) centro-
meres. Chromosome sequences left of the centromere
are depicted as thin lines. Chromosome sequences
right of the centromere are depicted as a narrow black
box for chromosome I, a narrow gray box for chromo-
some VIII, and a narrow white box for the chromosome
involved in a reciprocal exchange with chromosome I.
Open arrowheads labeled a, b, or ¢ indicate target-site
sequences.

volving Tyl elements is a tandem Tyl element
found on chromosome X (Fig. 6A). This locus con-
sists of two Tyl internal domains and three LTRs,
one of which abuts both coding regions. The se-
quences of the outer LTRs are identical and are
88.9% identical to the query sequence; the internal
LTR is 97.6% identical to the query LTR. Target site
duplications directly flank the outer LTRs. We hy-
pothesize that the outer LTRs and one of the inter-
nal domains are from a Ty1 insertion that occurred
at this site. The tandem element could have arisen
by recombination of a one-LTR circle with this pre-
existing element. One-LTR circles are frequently the
products of recombination between direct repeats of
full-length elements that give rise to solo LTRs. It is
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interesting to note that these elements are found
33.8 kb from the nearest known class Ill gene.

Four unusual pairs of Ty elements were ob-
served in the genome (Fig. 6B). In each case, two
elements were inserted very close together (10-523
bp apart) in opposite orientation. These inverted Ty
pairs are located on chromosomes IV, VII, and XVI.
Seven of the eight Ty elements involved contain
flanking target-site duplications, indicating they are
relatively recent transposition events; the eighth
contains a truncation at its 3’ end. Three of the in-
verted pairs consist of a Tyl element and a Ty2 el-
ement and the fourth consists of two closely related
Tyl elements. Presumably the latter has the highest
potential for genetic instability, and it will be inter-
esting to determine just how stable these rather
large intrachromosomal inverted repeats are in
yeast chromosomes.

O

Recombination with

a circular Tyt ><

chr X

YJRWTy1-1 YJRWTy1-2

1
YJRWdeltal1

YJRWdeltat2 YJRWdelta13

f——a- 88.3% 88.3% --g—]
- 100%  ———————

B
e e == e =

chr IV cater YDRWTy2-3 CGTCT  AGTTA YDRCTy1-3 aGTia
P

chr iV Garaaa YDRWTy2-2 graaa ataec YDRCTY1-2 aveGe
523bp

chr Vil Tatar YGRWTy2-2 none aAATc YGRCTy1-3 aaatc
10 bp

chr XVI caaar YPRWTy1-3 caaar caaaa YPRCTy1-4 caaaa
288 bp
C YJLWdelta2
| (Ty1) YJLCdelta3 |
YJILWTyd-1 (Ty2)

— i
Figure 6 Adjacent Ty insertions. (A) We propose that
a circular Tyl element, a product of LTR-LTR recombi-
nation, recombined with an insertion on chromosome
X (chr X) to generate two tandem elements. Open
triangles indicate duplicated target-site sequences. Per-
centages reflect nucleotide sequence identity between
LTRs. (B) Convergently arranged Tyl and Ty2 ele-
ments. Chromosome location and target-site se-
quences are shown. The numbers indicate the base

pairs between elements. (C) An example of a com-
pound insertion on chromosome X (see also Table 5).
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Another type of potential genetic instability is
presented by compound insertions—retrotrans-
posons that have inserted within other retrotrans-
posons (Fig. 6C). Such insertions may be particu-
larly unstable if members of the same family are
involved because of sequence homology. In support
of this, only 2 of the 16 compound insertions in the
genome include members of the same retrotranspo-
son family (Table 5). Also, 7 of the 16 compound
insertions contain 1 full-length element, and none
contains more than 1 full-length insertion, suggest-
ing that such structures are lost through recombi-
nation. A particularly striking observation is that 10
of the 16 compound insertions involve Tyl and Ty2
elements, and for 9 of these 10, the Ty2 element is
inserted within a Tyl. This bias may result if Ty2
target preference is modulated or influenced by Tyl
sequences. Alternatively, Tyl and Ty2 compound
insertions may be stabilized if recombination is sup-
pressed. In support of this hypothesis, we uncov-
ered no indication of recombination between Tyl
and Ty2 elements from analyses of full-length ele-
ment sequences (data not shown). Tyl and Ty2
share sufficient sequence identity to serve as effec-
tive recombination substrates, so it will be interest-
ing to determine if in fact they are recombination-
ally isolated. Such mechanisms would likely influ-
ence independent evolution and retrotransposon
speciation.

DISCUSSION
Retrotransposon Diversity and Evolution

The S. cerevisiae genome contains representatives of
the two major lineages of eukaryotic LTR retrotrans-
posons, including four Tyl-copia group elements
(Tyl, Ty2, Ty4, and Ty5) and one Ty3-gypsy retro-
transposon (Ty3). The relative success of these ele-
ment families in colonizing the S. cerevisiae genome
varies dramatically. Copy numbers range from 271
Tyl elements to 7 Ty5 insertions (all of which are
nonfunctional). S. cerevisiae retrotransposon popu-
lations, therefore, are dynamic; some element fami-
lies amplify and proliferate, whereas others become
extinct and are gradually eroded away by muta-
tions. This latter phenomenon may explain the lack
of evidence in the genome sequence for non-LTR-
retrotransposons or any of the classes of transpos-
able elements that replicate through DNA interme-
diates.

Replication by reverse transcription is highly er-
ror prone, and retrotransposons are thought to
evolve at rates far greater than cellular genes (Gab-
riel et al. 1996). Recombination, which is particu-
larly robust in S. cerevisiae, can homogenize se-
quences and work against rapid evolution and ret-
rotransposon speciation. We found abundant
examples of recombination among Tyl elements,

such as LTRs of full-length ele-
ments that share more sequence

Table 5. Compound Insertions

identity to other insertions than
to their companion LTR and the

Chr. Internal element(s)

External element(s)

absence of target site duplica-

Orientation? . . .
tions for many insertions. The

YBLW32 (Ty2)
YCLW33 (Ty2)

YBLWS1 (Ty1)
YCLW32 (Ty1)

\Y% YDRW57 (Ty2) YDRW36 (Ty1)

\Y YDRCTy1-1 YDRCo1

\Y YDRWTy2-1 YDRC313 (Ty1)

\Y% YDRW326 (Ty1) YDRCo6

v YELWS2 (Ty2) YELWS1 (Ty1)

v YERCT2 YERW313 (Ty1)

v YERCTy1-1 YERW318 (Ty2)

v YERCTy1-2 YERCo4 (Ty3)

Vi YFLWTy2-1 YFLWS2 (Ty1)

X YILC33 (Ty2) YILW32 (Ty1)
YILWTy4-1

X YILCS5 (Ty2) YILC34 (Tyl)

XV YORCTy2-1 YORW12

XVI YPLWS35 (Ty2) YPLW32 (Ty1)
YPLWTy1-1

XVI YPLC39 (Ty1) YPLWS38 (Ty1)

lack of congruence in topologies
of trees constructed with LTR
and coding sequences further in-
dicates the prevalence of recom-
bination. Nonetheless, some Tyl
elements have begun to evolve
in new directions, as evidenced
by our identification of a unique
Tyl subfamily (Tyl’). Elements
within this subfamily have a bias
for synonymous over nonsyn-
onymous substitutions within
their GAG coding sequences, in-
dicating that they have evolved
T under functional constraints.
This observation suggests that
recombination, although an im-

e e el Bl B I

-~

3(T) Tandem; (1) inverted.

portant homogenizing force, is
not so rampant that it prevents
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the formation and persistence of new element fami-
lies.

In many ways, the Ty2 elements can be viewed
as another, more distantly related, Tyl subfamily.
Tyl and Ty2 share virtually identical LTRs and
[P0% amino acid identity between their POL genes.
Although there is sufficient sequence homology be-
tween Tyl and Ty2 elements to allow for recombi-
nation, such events appear to be rare. For example,
in our alignments of LTR sequences, we identified a
single-base deletion that distinguishes Ty2 from Tyl
LTRs. The persistence of this marker suggests recom-
bination between Tyl and Ty2 is uncommon. Fur-
thermore, the vast majority of both compound ele-
ments and convergently organized elements in-
clude a Tyl and Ty2 insertion, suggesting that these
inherently unstable structures can persist because
they are made up of elements from two different
families. Suppression of recombination between
Tyl and Ty2 elements could be tested experimen-
tally to determine whether it isolates these two ele-
ment families.

Other mechanisms must also be considered to
explain the present-day diversity of S. cerevisiae ret-
rotransposons. Among these are horizontal gene ex-
change between species and episodes of polyploidi-
zation. The latter is particularly attractive in light of
the recent evidence that S. cerevisiae has undergone
polyploidization during its evolutionary history
(Wolfe and Shields 1997). In such a scenario, Tyl,
Tyl’, and Ty2 elements would have evolved inde-
pendently under functional constraints in separate
species. There is some support for this, in that spe-
cies such as Saccharomyces norbensis have Ty2 but no
Tyl elements (Fink et al. 1986). Since polyploidiza-
tion, the retrotransposons would have maintained
their identity, although rare exchanges through re-
combination may be responsible for the present-day
similarities in Tyl and Ty2 LTR and coding se-
quences.

The range of nucleotide sequence diversity ob-
served among elements within a given Ty family
offers additional support for horizontal transfer or
the acquisition of retrotransposons through poly-
ploidization. With the exception of LTRs from full-
length elements, the majority of Tyl LTR sequences
are highly divergent and many have been fractured
by deletion. In fact, we set an arbitrary cutoff in our
sequence searches to avoid including many small
and highly divergent Tyl LTRs. Ty5 sequences are
similarly heterogeneous, and this family is extinct
in S. cerevisiae because no full-length Ty5 elements
are present. The range of sequence diversity among
Tyl and Ty5 insertions suggests that these two fami-
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lies have long been present in the S. cerevisiae ge-
nome. In contrast, Ty3 and Ty4 LTRs are much
more conserved, and there is a paucity of highly
divergent or deleted LTRs. This conservation sug-
gests that Ty3 and Ty4 may be relatively recent ad-
ditions to the genome. An alternative possibility,
which cannot be excluded, is that Ty3 and Ty4 ele-
ments are more recombinogenic, and that frequent
episodes of gene conversion have contributed
heavily to their homogenization.

Ty Target Bias

The vast majority (293/324 or 90.4%) of all Ty1-Ty4
elements are associated with tRNA genes (290/324)
or other class Il genes (3/324). The 750-base win-
dow adjacent to tRNA genes in which 90% of the
elements are located accounts for only (2% of the
yeast genome. Element distribution, therefore, is
clearly nonrandom. Tyl and Ty3 preferentially in-
tegrate near class Il genes, likely because of inter-
actions between their integration complexes and
the Pol 11l transcription machinery (Chalker and
Sandmeyer 1992; Devine and Boeke 1996). Al-
though Ty4 has not been shown experimentally to
integrate near tRNA genes, 30/32 insertions are
within 750 bases upstream of tRNA genes, suggest-
ing that these elements utilize a similar targeting
mechanism. At least one member of each of the 20
tRNA gene families has associated Ty insertions, al-
though not every tRNA gene has served as a target.
In addition, some tRNA genes are integration
hotspots. Highly preferred tRNA gene targets have
also been observed for de novo Tyl transposition
events (Ji et al. 1993). This observation suggests that
features other than the Pol Il transcription machin-
ery (e.g., chromatin) may play a role in target pref-
erence. It should be noted that all endogenous Ty5
insertions are considered exceptions to class Il gene
targeting. These elements map to the telomeres or
the HM loci, in agreement with experimental obser-
vations indicating a preference to integrate into re-
gions of telomeric chromatin (Zou et al. 1996a,b;
Zou and Voytas 1997). Upstream regions of tRNA
genes and the telomeres are typically devoid of cod-
ing information, and targeted transposition may
have evolved to prevent deleterious mutations. Tar-
geting, therefore, could be viewed as a mechanism
that allows retrotransposons to persist in the ge-
nome.

We looked for other patterns in the distribution
of Ty element insertions to determine whether ad-
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ditional factors influence target choice. Small chro-
mosomes were found to have a slightly higher in-
sertion density, and it has been argued that small
chromosomes collect extra sequences to maximize
their stability during replication and segregation
(Bussey et al. 1995). No other obvious trends were
observed (e.g., correlations with centromeres or
telomeres), suggesting that targeting to class 11l
genes is the primary determinant of retrotransposon
distribution.

Increasingly, retrotransposons that engage in
target site selection are being identified in other or-
ganisms. For example, two retrotransposons are as-
sociated with tRNA genes in Dictyostelium dis-
coideum (Marschalek et al. 1989, 1990). In Drosophila
melanogaster, the HeT-A and TART elements trans-
pose to chromosome ends and serve as telomeres
(Biessmann et al. 1990; Levis et al. 1993), and telo-
meric retrotransposons have also been observed in
the blue-green alga Chlorella (Higashiyama et al.
1997). Recognition of specific DNA sequences di-
rects integration of the R1 and R2 elements of in-
sects and the TRAS1 and SART1 elements of Bombyx
mori to the rDNA and telomeres, respectively (Jakub-
czak et al. 1991; Okazaki et al. 1995; Takahashi
et al. 1997). As the genome projects progress, it will
be possible to evaluate other genomes for pat-
terns suggestive of transposable element target
bias and thereby ascertain how widespread tar-
geting mechanisms are utilized by transposable ele-
ments.

Only a small percentage of the Tyl-Ty4 inser-
tions were considered nontargeted on the basis of
our rather strict requirement for location within 750
bases of the nearest class 111 gene. Notably, there are
two nontargeted Ty3 insertions, one Il kb from a
tRNA gene on chr XV, and another >5 kb from the
nearest known class Ill gene on chromosome V.
Ty3 has a strong preference to integrate within 2
bases of the start of class Ill gene transcription. Al-
though no obvious Pol Il promoter sequence ele-
ments flank the chromosome 1V insertion, this ele-
ment and other Tyl-Ty4 targeting exceptions may
mark yet uncharacterized class Il genes. It is inter-
esting to note that several Tyl targeting exceptions
are associated with subtelomeric regions, and one
element is associated with the HMR-E silencer that
assembles telomeric chromatin. This distribution is
similar to that observed for Ty5, suggesting that
there may be some common features of these targets
or shared mechanisms by which they are recog-
nized. The telomeric location for some Tyl inser-
tions, however, likely reflects episodes of past re-
combination (see below). Such recombination

events may have masked features at their original
integration sites.

Although global targeting patterns may be de-
termined by sites of Pol Ill transcription or telo-
meric chromatin, local sequence features also influ-
ence target site selection. We observed a strong bias
for A or T in the internal 3 bases of the 5-bp target
site for Ty1l-Ty4 insertions. Others have previously
observed a similar bias for in vivo and in vitro Tyl
transposition events (Ji et al. 1993; Rinckel and
Garfinkel 1996). Although none of the endogenous
Ty5 elements has target sequence duplications, ex-
amination of target sites from experimentally in-
duced transposition events identified essentially the
same sequence bias (Zou et al. 1996b). The internal
A, T bases may facilitate DNA bending, thereby al-
lowing access to the catalytic residues of integrase
(Pruss et al. 1994a,b).

Ty Elements and Genome Rearrangements

Ty elements may serve as substrates for recombina-
tion resulting in genome rearrangement. Many in-
sertions were found near sequences that have been
duplicated among multiple chromosomes, particu-
larly at the telomeres. We reconstructed a plausible
scenario for the history of telomeric Tyl insertions
on chromosomes | and VIII, on the basis of target-
site sequences, duplicated flanking DNAs, and se-
quence similarity between insertions. The recombi-
nation, duplication, and transposition events that
led to the present day chromosomal organization of
these elements speaks to the significance of trans-
position and recombination as forces for genome
change.

It is apparent from our survey of S. cerevisiae
retrotransposons that targeting mechanisms deter-
mine sites of Ty element integration. Thus targeting
can influence genome organization directly. Subse-
quent to integration, recombination between ele-
ments further restructures the genome. Although
our survey has provided insight into the ways ret-
rotransposons can influence genome organization,
comparative study with other yeast strains or re-
lated species will further offer insight into how
transposition and recombination have rearranged
chromosomes over time. Such comparative analyses
will also make it possible to more directly evaluate
factors that influence retrotransposon evolution.
We hope that our compilation of S. cerevisiae retro-
transposon sequences will serve as an important ref-
erence to address these and further questions in Ty
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element biology as well as the biology of other eu-
karyotic retrotransposons.

METHODS
Identification of Ty Insertions

Full chromosome sequences were obtained from the Saccha-
romyces Genome Database (http://genome-www.stan-
ford.edu/Saccharomyces/). Large chromosome sequences
were segmented and formatted for use with software from the
Genetics Computer Group (GCG) (Devereux et al. 1984). Each
chromosome or chromosome fragment was searched with the
following Ty1-Ty5 LTR query sequences: Tyl and Ty2, the 5’
LTR of Tyl-H3 (GenBank accession no. M18706); Ty3, the 5’
LTR of Ty3-1 (accession no. M34549); Ty4, a solo LTR from
pPFG26 (accession no. K01601); and Ty5, the Ty5-1 5’ LTR
(Voytas and Boeke 1992). Searches were conducted by use of
the GCG program Wordsearch with a wordsize of 12 and de-
fault settings for all other parameters. Ty elements were iden-
tified as those matches with quality scores of (170 and greater.
For Ty5, scores were considered as low as 50.

LTR alignments were viewed with the GCG program Seg-
ments and insertion boundaries were determined with the
GCG program Bestfit. In cases where Bestfit failed to align LTR
end sequences, adjustments of a few bases were made manu-
ally. The percent identities obtained with Bestfit were typi-
cally >70% for all except the more degenerate Ty5 insertions.
On the basis of the coordinates of LTRs for full-length Tys,
intervening sequences were extracted and the start and stop
codons in GAG and POL were identified. For Tyl and Ty2, the
beginning of POL was defined as the leucine present at the
GAG-POL frameshift site. Each nucleotide sequence was
translated, and both nucleotide and amino acid sequences
were aligned by use of the Pileup program.

We would like to note that this survey is comprehensive
in that the entire deposited genome sequence was searched.
However, because the genome sequence was not acquired sys-
tematically from a single strain, readers are cautioned that the
data here may not represent the situation in S288C. Also,
because of their inherent mobile nature, changes in element
position caused by transposition are predicted.

In concordance with the nomenclature established by
the Saccharomyces Genome Database to describe genome se-
quence features, each retrotransposon insertion was assigned
a specific name to reflect its genomic location and orientation
relative to the chromosome sequences. LTRs were prefixed
with a four letter code, beginning with Y (for yeast), followed
by a letter specifying chromosome location (A = chromosome
I, B = chromosome I, etc.), the letter L or R to indicate left or
right arm of the chromosome with respect to the centromere,
and finally the letter W or C to indicate 5’ - 3’ orientation on
the + or — strands, respectively. Immediately following the
four-letter prefix was the Greek designation specifying the
type of LTR (8 for Tyl and Ty2, ¢ for Ty3, 7 for Ty4, o for Ty5).
LTRs for each element family were numbered consecutively
from left to right along the chromosome (e.g., 81, 82, etc.), as
were full-length elements (e.g., Ty1-1, Ty1-2, etc.). Acomplete
table describing all Ty insertions is available from our website
(http://www.public.iastate.edu/Cvoytas/).

Evaluating Ty Target Bias

A list of tRNA genes encoded by the S. cerevisiae genome was
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obtained from http://biochimica.unipr.it/yeast/tRNA.html;
these genes had been identified by use of the program
Pol3scan (Pavesi et al. 1994). Distances were calculated be-
tween LTR boundaries and the nearest tRNA genes. Those
insertions within 750 bases, excluding intervening retrotrans-
poson sequences, were considered tRNA-associated. Inser-
tions without tRNA gene associations were examined indi-
vidually to determine whether they were flanked by previ-
ously identified genes transcribed by RNA Pol III.
Approximately 1 kb of flanking sequences on either side of
each insertion was used in BLAST searches of the complete
GenBank nucleotide database. Sequences of flanking ORFs
were excluded in these searches.

Phylogenetic Analysis

Full-size LTRs for each Ty family and GAG nucleotide se-
quences were aligned and compiled by use of the GCG pro-
gram Lineup (Devereux et al. 1984). Multiple sequence align-
ments were performed with the program Pileup. The GCG
programs Distances and Growtree were used to construct and
view a neighbor-joining tree from the aligned sequences. De-
fault parameters were accepted for all programs. For bootstrap
analyses, additional neighbor-joining trees were constructed
using the program MEGA (Kumar et al. 1993) or PAUP (Swof-
ford 1997). These trees used either the complete GAG data set,
or only LTR sequences from full-length elements.
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