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ABSTRACT YEAST tRNAs AND tRNA GENES

A survey of tRNA genes and retroelements (Ty) |n the _ Number and genomic distribution of yeast tRNA genes

genome of the yeast Saccharomyces cerevisiaé IS pyring the course of the yeast sequencing project we relied on

presented. Aspects of genomic organization and computer-aided pattern searches using compilations of known

evolution of these genetic entities and their interplay are yeast tRNAs and tRNA genes<® Kleine and Feldmann

discussed. Attention is also given to the relationship unpublished data), which were sufficient to identify all genes for

between tRNA gene multiplicity and codon selection in tRNA species the structures of which had been solved

yeast and the role of Ty elements. experimentally and, additionally, to detect genes for novel tRNA
species by homology. Performing a whole-genome analysis of

INTRODUCTION S.cerevisiaestrain aS288C by this approach we were able to

identify the 274 intact nuclear encoded tRNA genes and an
The yeastSaccharomyces cerevisidae the first eukaryotic additional tRNA(Asp) gene on chromosome XIV interrupted by
organism for which the entire genomic sequence has beanTyl element near its-Bnd (1). An analysis based on the
determined 1,2). This information not only represents ancomputer-aided program Pol3scan identified 274 (intact) tRNA
essential ‘navigational aid’ for studies of other eukaryotigenes {1), whereas application of previous tools tailored for
genomes, it will serve as a standard for genome comparisoidentifying tRNA genes, such as tRNAscag)( FAStRNA (13)
throughout 8). A wealth of data is available for some 6000 operand tRNAscan-SE 1), did not detect some tRNA genes
reading frames (ORFs}) Detailed information has also been exhibiting peculiar features. Our compilation of nuclear yeast
obtained on other genetic entities, such as the genes for tfRINA genes and further detailed information are accessible at the
various RNA species and yeast retrotransposons, the Ty elemeM#PS Web site (http://www.mips.biochem.mpg.de/yeast/ ).

The unique position @&.cerevisia@as a model eukaryote owes A catalogue of the 24 yeast mitochondrial tRNA genes is also
much to its intrinsic advantages as an experimental system.plesented at http:/mww.mips.biochem.mpg.defyeast/ . Only 14 of
nearly goes without saying that yeast has served, for example tlas corresponding tRNA products have been sequenced. Nineteen of
a model organism and convenient source of material in tithe mitochondrial tRNA genes could be identified by the tRNA
analysis of eukaryotic tRNAs and tRNA genes (for a review sescanning programs; prediction of the remaining five tRNA genes
5) and as a useful system for understanding interactions betwegas not accomplished due to the fact that in many cases
retroelements and their ho§).( mitochondrial tRNA structures deviate from the general clover-leaf

At a first sight the (repetitious) genetic entities specifyingstructure and that the genetic code in yeast mitochondria deviates
tRNAs and Ty elements seem to have little in common. Howeverpm the universal code (see for exanigie For example, the gene
recent work has clearly established that tRNA genes and tRNAm tRNAT™, which reads the codon UGA in yeast mitochondria,
influence several key steps in transpositidB)( The close was erraneously predicted by tRNAscan-SE to be a fiR¢g&ne.
association of the majority of Ty elements with tRNA geSgs (  The locations of the nuclear tRNA genes on single chromosomes
and interactions between Ty elements and tRNAs also reflect thee shown in Figurel (for details see http://Amw.mips.
intricate ways in which these transposable elements and their hbgichem.mpg.de/yeast/ ). The tRNA genes are found scattered
must have co-evolved{9). throughout the whole genome as single transcriptional units with

We have compiled a catalogue of yeast tRNA genes and Tiye exception of four co-transcribed tRNEASP ‘pairs’ (16).
elements and data pertinent to their abundance and genonius finding and the actual number of tRNA genes agrees well
distribution. This information has been used to revisit interestingith earlier experimental datd®). In contrast, tRNA genes in
aspects, such as the relationship between tRNA gene multiplicB8chizosaccharomyces pombay be organized in clustersd.
and codon selection in yeast and the significance of Ty elemenihe average occurrence in the total genome is one tRNA gene in
Finally, we will address questions as to the evolution of these geneti6 kb, but, as expected, tRNA gene density varies for the single
entities. chromosomes (Fid.).
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Figure 1. Location of tRNA genes and Ty elements on yeast chromosomes. The two open bars for each chromosome represent the Yatsio@r{cipiemver)
strands respectively. The tRNA genes are identified by the one letter code of the amino acid accepted by the correspo(aintatiRNB). Ty1-Ty4 represent
the different classes of retroelements. Transcription of the genetic entities shown on the upper strand is from ksibse stiotivn on the lower strand are transcribed
from right to left. The numbers of tRNA genes for each chromosome are specified (average kb per tRNA gene in brackets).

tRNA families, tRNA gene redundancy and tRNA gene copies of this family. Though no suppressor tRNA genes are present
variants in aS288C, we have included information on the provenance of

. . h genes in suppressor strains in the two listings at
By several criteria the 274 yeast tRNA genes can be considerag ) L .

as active genes and grouped into 42 families (Tgédistinct it o/ {\ANVW.gupsglochenll:mp?Hde/ yeaf{st/ ' a‘t"’pt'”?i_ data from the
codon specificity. The two isoacceptors for methionine argera ure_o. ) an consuiting the most recent genetic naa. (
assigned to distinct families, as the initiator tRY¢A and the Ir_1terest|ngly, W.e.d'd not detect any tRNA gene the_ product of
elongator tRNAE are clearly distinguished both by primary WhICh would e)(efgllf_)lt the_ unusual structur_al fegtures typically found
structure and function (cf.1). In the majority of cases the single in the tRNAS inserting §e|enocyste|ne in other eukaryotes
copies of a family share identical sequences within the tRNACL22)- Furthermore, in strainS288C no genes were detected for
structural part. Some families, however, comprise gene copif¥ee (variant) tRNAs the primary structures of Wh'ﬁthave been
with slightly variant sequences giving rise to alternate base pafigPorted in the literature: tRN#®Y, tRNASerland tRNAMMP Two

in stems or alternate nucleotides at single sites of the tRNA@XPlanations are offered: (i) these tRNAs are encoded by additional
Likewise, variations of the intron sequences can be observeddgnes which may be present in other yeast strains; (ii) these (and
different members of a family. Altogether, sequence variant®aybe other) variant tRNA structures are generated by RNA
(including intron variants) exist in 11 tRNA gene families. Theediting. The first possibility is supported by the fact that ‘soluble’
tRNASegene sequences represent special cases: in two of thBNA from different strains had served as starting material in
the first C is missing in the anticodon loop (normally readingpurifying specific tRNAs for sequencing. Moreover, there were
5'-CTGCTAA-3). If this ‘loss’ is not simply due to sequencing humerous indications from tRNA profiles in different yeast strains
errors, the resulting tRNA should be a real variant that has onfincluding haploid and diploid strains of different mating types) that
6 nt in its anticodon loop. Genes for nonsense or missentiee number and location of certain isoacceptors was variable. The
suppressor tRNAs may be included into their ‘parent’ familiessecond assumption is difficult to prove at present. To our knowledge
because they result from particular mutations in individual genediting of nuclear RNA in yeast has not been reported thus far.



Table 1.Yeast tRNA families and their genes

3As far as possible designations of the tRNA species follow those in the Iiteraturet
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sequences have been established, the mechanism of intron splicing
in yeast has been elucidated and the components involved in this
process have been characterized. Similarly, &hd 3-end
maturation and modification have been studied in great detail (for an

R i a e, e overview se€4). The present catalogue reveals that 57 (21%) of the
3 gg; R T nuclear yeast tRNA genes contain sequences specifying introns in
5[ A iI[ TCT[™=UCU  |AGA Four dmerc(Ag-Asp) senes the tRNA precursors; in contrast, none of the mitochondrial tRNA
RNA(Arg3) in aS288C genes contain an intron sequence. Surprisingly, introns are found in
6 | Argd 1| CCG[*CCG CGG i
7 {Am 10| GrrGuu AAU; AAC ‘_ only 10 of the nuclear tRNA gene families (Tabjebut any one
a2 IR SAL: A four divenc(higAsp) gonce member of a particular family carries an intron. Generally the introns
10 {Glai 7| TIG[*U0G CAA _ for a given tRNA species are identical or demonstrate very high
Glnla 2| TTG|*UUG CAA These variants to tRNA(GInl) .. . . .
have 3 alternate bases in AC sequence similarity. In a few cases, however, the introns are variable
T om TG l+eie CAG Es%ﬁalgm,cmlymm in length ¢ 1 nt) as well as in sequence (http://Mmww.mips.
(12 |63 1] TIC[™UUC__ [GAA e blochem.mpg.de/yeastj ). - . .
2 g;;‘ e ey It is still an unsolved question why introns are present in
‘lg_ggg 3 recee ey particular pre-tRNAs Z4). Even with a knowledge of the
17 [His2 7] GTG|GUG CAU.CAC complete catalogue of tRNA genes, no rules become obvious. As
SERLT ‘ s : = X Iy L
Rt s e T Frobabiy one variam gene | studied in certain suppressor tRNAs, some modification activities
20 [Laud 3®| TAG|UAG CUA: CUG? Variant infron sequences in appear to require intron-containing tRNAs as substrates. In
> one gene V . . . . . .
: UUA; UUG e particular, introns may be required to introduce anticodon first
21 |Leu3 10()| CAA|[™CAA uuG Variant introns in five gene . . . . .
copies base modifications during processing of particular pre-tRNAs
22 {Lend 7] TAA|NAA UUA, UUG i
35 TS 1T GAG [*GAG CUU. (CUCT) such that the mature tRNAs are capable of reading selected
24 [Lysl 1] CTT]CUy AAG Probably two variant genes codons. However, this requirement has been shown not to be
25 |Lys2 7| TIT 'UmUU AAA Variant intron in one gene . e pn . oy .
| copy universal and modifications to other positions in the tRNA
3 This ey s ooy TN oo sequence do not require precursor tRNAs as substrates, though
in other str: ifi 1
e TCIRYN ey T e many of the modifications normally occur at the level of
Phela 20)| GAA|GmAA uuU; UUC (RNA(PHela) has altomate precursors. On the other hand, the role of particular structural
— oo . bave vanaot mons features_of the introns for excision and I_|gat|on in th_e splicing
introns in 5 gene copies | process is well documente2if. An interesting observation was
30 {Pro2 2| AGG|prob. IGG CCU; CCC -
31 [Ser2 11| AGA[IGA Ucu, uee — that introns can be shuffled among homologous tRNA g&igs (
32 |Sen +O) GeTiracy AGU: AGC £ gopes yith variant AC loop Little information is available on how intervening sequences
33 [Sert 3| TGA|'UGA TCA i i
3 | Serd e s might affect the level of tRNA gene expression.
35 |Thrla 11| AGT|[IGU ACU; ACC
36 | Thr2 1j CGT[*CGU ACG
TR ol CeAlcor—Tvee Probably one yarant gore tRNA multiplicity and codon capacity in yeast
39 |Tyr 8()| GTA|GyA UAU; UAC Variant introns in 3 gene
0 |Vl 13| AAC|TAC GUU: GUC PR Earlier studies have shown that yeast, like other organisms,
Vi 8 i . . .
R A A ——aunaue Hariant RNA(YaIL) gene employs nuclear encoded isoacceptors for the majority of the
CAC GUG 20 amino acids, to meet the degeneracy of the genetic code. It

became evident that ‘wobbling’ in codon—anticodon interactions
allows a reduction in the number of tRNAs needed to account for
he entire decoding capacity of an organisi®) (and that

dine-tuning’ of codon-anticodon interactions are mediated by

For simplicity isoaccepting tRNA species that have not been sequenced earlier

were predicted from the gene sequences have been numbered arbitrarily. highly specific anticodon base modifications in particular tRNAs.

b(i) indicates the presence of intron sequences. Particular wobble rules for third position codon—anticodon
®Nomenclature for modified bases is as in Steinisérgl (10). An asterisk  pairing proposed foS.cerevisiadead to the prediction df46
indicates that this base has been deduced from the DNA sequence but that furtt@ifferent tRNAs 6) The set of 42 tRNA families with distinct
information on whether this is a modified or unmodified base is lacking becausgzodon specificities now established for yeast is in good agreement
the corresponding tRNA has not been sequenced. with this prediction.

dExactin vivo codon recognitions have been determined experimentally in As can be seen from the currently available information
only a few cases. We largely follow the conventions proposed in Guthrie an . . . . e
Abelson (5). Question marks refer to the codons discussed in the text. dsummarlzed in Tabld, 57 qf the .6.1 amino aC|d-speC|fy|ng
evariants giving fise to suppressor tRNAS are not listed here. podons can be correlated with individual tRNAs. No particular
Sequences and references for the tRNAs and tDNAs sequenced previousf oacceptors have been found for four codons: GCG (Ala); CGA
Arg); CUG (Leu); CCG (Pro). Although these codons are very
rare in yeast, they are present to a ‘normal’ extent in protein
coding genes with low codon adaptation index (CAIl) values (see
below). Thus we have to assume that these triplets are decoded by
the available isoacceptors. tRN22, which probably has a
modified U at the first anticodon position, should be capable of
Intervening sequences in eukaryotic tRNA genes were firseading the codons GCA and GCG. For CGA (Arg) there are two
described for yeast tRNX (23). With the availability of further  alternatives: either tRN#92 (anticodon ICG) is able to read
sequences, rules for the location of introns within the codintiree codons or, less likely, tRKA4 (containing a C or modified

can be found at http://www.mips.biochem.mpg.de/yeast/

Introns and processing of precursor tRNAs
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Figure 2. Codon usage in highly and lowly expressed yeast genes. The tRNAs reading particular codons are identified by thecsidglefi¢ttercognate amino acids
accepted by them; suffix numbers are used to distinguish isoacceptors (cf. Table 1). Red bars, average of 263 highjerspressed bars, average of 264 lowly
expressed genes.

C at the first anticodon position) is able to decode CGA in additiolRNA gene redundancy and codon selection in yeast
to CGG. tRNA®U1 (unmodified U at the first anticodon position)
is exceptional in that it has been shown to read all six synonomao
leucine codons(?). tRNAP™L contains an unknown modified U ©
at the first anticodon position, which should be able to base p
with either A or G.

gjdies in the early 1980s pointed to a strong correlation between
e abundance of yeast tRNAs and the occurrence of the
ﬁspective codons in protein genes: genes which were known to
e strongly expressed were found to be more biased than genes
with a lower level of expressior2§,34). These findings have
been confirmed in a comprehensive study investigating the
Correlation of tRNA abundance with gene copy number correlation of tRNA gene redundancy and translational selection
o o in yeast by using a sample of 1756 distinct protein coding
Exact quantifications of all individual components of the tRNAsequences: a significantly stronger co-adaptation between codon
population are not available. An estimate of the cellular conteghojce and tRNA gene copy number was observed in highly
of 21 of 24 sequenced tRNAs dates back to 198Pgnd does expressed genes1).
notinclude any one of the rare tRNAs. In arecent study PercudanBy an analysis employing the CAB%,36) we arrived at a
etal.(11) found that the gene copy number for individual tRNAsjmilar conclusion. In brief, we have determined amino acid
species correlates well with the previously measured intracellulgpmposition, number of individual codons and CAI for each
content of the 21 tRNA species. This, together with the findingrotein in the total set. From this the average occurrence of codons
that there is a close link between tRNA gene redundancy and # 263 entries with the highest CAI values (>0.5, group I) and the
overall amino acid composition of yeast proteins, indicates thahme number of entries with the lowest CAI values (<0.09, group
intracellular levels of tRNAs in normally growing yeast cells arq)) respectively were calculated. Codon preferences in group |
mainly determined by gene copy numbt)( . genes were found to be extremely biased, whereas codon usage ir
HOWeVer, variations in tRNA .ConFent n .yeaSt at d|ﬁerenfgr0up I genes was near'y even'y distributed (E;gtab'es at
growth rates has not been studied in detail, as has been def®:/www.mips.biochem.mpg.delyeast/ ). In keeping with the
recently for example ischerichia col{29). Only for particular ~ general tendency of yeast to avoid G/C codons with either G or C
yeast tRNAs, such as the serine isoacceptors, have the relajfygneir second or third positions, these latter codons are virtually
abundances been found to vary in cells growing at different ratggsent from group | protein genes, while they are used to a similar
(30). Recenin vitro studies have suggested that both TFIlIB7Gextent as their synonomous codons in group Il genes. All group |
and TFIIIC play arole in coordinating the level of polymerase llyenes are known to be highly expressed, whereas low expression
transcription with cell growth rat&(). _levels have not been confirmed for all of the group Il genes. Despite
It should also be noted that variations in copy number of maj@his uncertainty, it remains conclusive that the rare codons are more
tRNA genes have been observed in different yeast strains Ryt ess ‘reserved’ for particular yeast proteins. Obviously, these

appear to be tolerated. Functional analysis of the five repeatgggons are decoded by tRNAs which are represented by only one
methionine initiator tRNA gene8¥) or the eight tRNA" genes o 3 low number of gene copies (Table

(33) have shown that knockout of up to two or five of the copies
of these genes respectively is not growth limiting. These finding@
suggest that more intricate mechanisms must exist which allg

the tRNA content to be adapted by regulating expression of the
single tRNA gene copies. However, the problem of hovwVith analysis of the complete genome gene redundancy in yeast
expression of individual tRNA genes is regulatedivois still  has been established as a general phenomenon for the proteir
unsolved, because of the redundancy of tRNA genes. encoding gened(37). In most cases the duplicated sequences are

enomic organization of yeast tRNA genes and evolutionary
pects
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confined to the coding region of these genes and do not extend it different types of mechanism by which duplications have
the intergenic regions. Often the corresponding gene produdieen generated: (i) co-evolution of larger chromosomal segments
share high similarity in terms of amino acid sequence or sometimesntaining both protein encoding and tRNA genes; (ii) insertion
are even identical and, therefore, may be functionally related. of ‘duplicated’ tRNA gene copies at singular sites in other
Thirty seven of the 42 yeast tRNAmilies are represented by chromosomes, a process which might have become operative
multiple gene copies scattered throughout the genome. Alignmeratier speciation.
of the gene sequences encoding the isoaccepting tRNAsCloser inspection of the seven largest CHRS revealed that they are
(http:/Avww.mips.biochem.mpg.de/yeast/ ) reveals that the singt®mposed of (short) ‘units’ each one containing one or two
copies share a particular feature with the protein encoding genésmologous protein encoding genes adjacent to a tRNA gene
in the majority of cases little if any homology is seen in the flankingexamples are illustrated at http:/Avww.mips.biochem.mpg.de/
regions between different members of a family nor is it seeyeast/). This might suggest that such units were assembled prior to
between members from different gene families. At most some Iluplication of the entire blocks. One could even envisage the
or so base pairs are conserved within the immediate upstreq@essibility that such units have contributed to duplications
and/or downstream regions of different members of a tRNA geribroughout evolution. Most strikingly, there is one example
family. There are a few exceptions in which more extendegupporting such a regime. Chromosome XIV carries two copies of
similarities in the flanking regions are seen (e.g. for the twéhe tRNA'®2 gene in conjunction with two highly conserved protein
tRNA!el genes and for two gene copies of tRN#& on  encoding genes, residing in two inverted 4.2 kb segments (positions
chromosomes XII and XIII respectively), suggesting that dispe/569831-574066 and 598156-602399 respectively) separated by
sion of these gene copies by duplication events has occurred odfykb of non-repetitious sequence  (http:/Aww.mips.biochem.
recently. mpg.defyeast/ ). This duplication, in evolutionary terms, must have
In terms of basal tRNA gene transcription, which is governe@ccurred only recently, as these segments share 99% sequence
by internal promoter sequencés,39), sequence divergence in identity. Since a large part of chromosome XIV, including one of the
the flanking regions is not so surprising. However, considerinRNA"®? gene copies, is duplicated on chromosome4, (we
the fact that transcription factor TFIIB binds to sequenceghecked whether the neighbourhood adjacent to this tRNA gene on
preceding the structural part of tRNA genes, ‘fine-tuning’ ofchromosome IX has similarity to the 4.2 kb region on chromosome
tRNA gene expression should depend on the character of thed¥. This was not the case, suggesting that this tiRRigene copy
sequences (see for exampid. has been amplified independently.
While maintenance of tRNA gene multiplicity is easily
explained by interlocus gene conversiéh)( questions as to the YEAST RETROTRANSPOSONS
mechanism underlying establishment of tRNA gene multiplicity
remain largely unsolved. A process mediated by reverdelasses of Ty elements

transcription seems plausible: the preservation of introns does Rgje genome of yeast stramS288C contains 51 ‘canonical
obviate this hypothesis, as splicing is a late step in tRNA maturatiQByotransposons falling into the four distinct classes Tyl-Ty4
and precurors to tRNAs may be considered as substrates {@pje2). The Ty5 element identified on chromosome il and the

retrotranscription ¥3). Other dispersal mechanisms, such ageyen Ty5 remnants found@$288C have to be considered copies
retrotransposon-mediated events, have been proposed to be '”VOlHSdIonger capable of transposition. In contrast, transposition-

in tRNA gene amplification42), but our present knowledge of the competent Ty5 elements have been four.aradoxug46,47).
organization of yeast tRNA genes renders this possibility unlikely. atogether the Ty elements occupy some 300 kb of genomic
Sequence comparisons of the entire chromosomes revealed da8uence inS.cerevisiae equivalent to 2.4% of the genome.
occurrence of so-called cluster homology regions (CHRS) in whicRqditionally, 268 ‘solo’ elements (i.e. LTRs of the various Ty
homologous genes are arranged in the same order, with the safR@nents) or remnants thereof have been identifieniS2B8C,
relative transcriptional orientation on two or more chromosomegarking former transposition/excision events. As seen from
(1,43). Wolfe and Shields4¢) defined 55 such blocks and glignments of their DNA and protein sequences (http:/Avww,
suggested a convincing model that explains the extendefips biochem.mpg.delyeast/ ), the Ty4 elements share considerable
homologies seen in todays yeast by (allo- or auto-)tetraploidizatijaquence identity, whereas the Ty1 and the Ag)3lements appear
between two ancient strains $icerevisiadollowed by reciprocal o fall into two subclasses each. Five of the 33 Ty1 copies appear to
translocations and 85% deletions of duplicated genes. be non-intact elements (TabR). In seven of the Tyl copies
We reported earlierl] that the largest CHRs share a number ofjeviations from the consensus sequences were encountered, whick
tRNA gene ‘pairs’, both in the same relative location and orientatiofmay result from sequencing errors. The same is true for one of the
The observed patterns imply that these particular tRNA genes haygee Ty4 copies. If the sequences are corrected for these
been duplicated together with neighbouring protein coding genegmbiguities, translation would result in correct TYA/TYB proteins.
Supposing that tRNA genes are an evolutionarily old aquisition and
considering the fact that the flanking regions of these tRNA 9eN€anomic organization and transposition activity of
pairs have completely diverged, our finding agrees well with thf'etroelements
notion that the CHRs were generated by ancient gene duplications.
However, considering the fact that a large variety of duplicated gefarly data already pointed to a close association between Ty
copies, protein coding as well as tRNA genes, are found scatterddments and tRNA genesAi9(50). These notions were
throughout many locations in the yeast genome, one has dabstantiated by an analysis of a large variety of tRNA gene loci
postulate additional mechanisms of gene amplification anshowing that the 'Hlanking regions of tRNA genes were the
dispersion. Particularly for the tRNA genes, the majority of whiclpreferred target sites for Ty transpositid,$0-53). In several
(232/274) are located outside CHRs, one would have to invokses complex patterns of Ty elements and remnants thereof were
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Table 2.Retrotransposons in the yeast genome reside in ‘pre-existing’ sites, while the rest have been targeted to
‘virgin' sites (the majority of these representing tRNA gene

[Chromsme Tyl

B . s s flanking regions). These data clearly demonstrate the high
L A2 (1) - 1 transpositional capacity of Ty1.

BLY, BR3 (2) 3
[} caa CM |2 . . .
v DRI DR2YY. DRG. DRl SRS 9 Ty expression and codon usage in Ty open reading frames

DR4, DR5, DR6 6) |
v ERL ER2P (2) 2 Recent work has established that tRNA genes and tRNAs influence
i GRI, GR2, GR¥2 (3) I:;lel)a R oM L several key steps in transposition (for an overview)ségke many
VIl W) ’ HQD) P retroviruses, elements Tyl-Ty4 employ translational frameshifting
X T oM I and rare tRNAs to regulate expression of thag (TYA) and pol
< : Lal: . (TYB) gene products. Specific tRNAs are also needed as primers for
XI LR1, L2, LR3, LR1,LR2% (2) 6 reverse transcription. In Ty1, Ty2 and Ty3 the primer binding site is
X ;[“L“lb“\im veT) r complementary to 13 nt of the acceptor stem of the initiator

MR2b () tRNAMet 3 feature shared by most of the members of thedyid/
;‘(;V N EL(;)V Q) g ;?ORZ = i group of retrotransposons. An exception to this rule appears to be the
XVi PL, PRI, PROAPR (&) | =) 5 Ty4 element, which has a primer binding site complementary to
— = —L _ 18 nt of the acceptor stem of tRRA
in ‘oldsite 15 1 T 31 Codon usage in Ty expression is similar to that of the average
e t‘j“v) — e 2 of all yeast proteins (http://www.mips.biochem.mpg.de/yeast/ ),
solo elements 268 which means that the Ty elements fall into the category of
= intermediately expressed genes. However, for some codons there

are substantial deviations from the average codon preference in
Nomenclature of the Ty elements is as in the sequence annotations by yeast genes. This might suggest that codon usage in the Ty
MIPS (1) (e.g. ML1 s the first element on the left arm of chromosome  elements is not fully adapted to that of their host. We have also

XIIl); number of elements on a given chromosome are in brackets. noticed in an analysis using inding windows (Feldmann
aSequence ambiguities compared with consensus; probably sequencing unpublished data) that the average G+C content of particular
prrors. portions of genes encoding the TYB proteins considerably differ

bNon-intact element. A
ilnsert of 114 bp corresponding to 38 amino acids (cloning artefact?). from the average G+C content of host genes. As in highly

Tyl BL, Tyl DR2, Tyl MR1 and Tyl NL2 belong to a second expressed yeast genes, there is a tendency in one or other elemer
subtype of Tyl elements having a variant TYA protein sequence. to avoid particular G/C-rich codons with aGor G.

. . ...Interactions between retroelements and the host
encountered, representing the footsteps of multiple transposition

and excision events at certain ‘hotspots’ of transposition. Whila strict balance is needed between level of transposition to maintain
Tyl, Ty2 and Ty4 integrate in a region-specific manner, Ty population of transposition-competent elements and the amount of
integration occurs in a distance-specific manner, 16-19 bkgtivity that can be tolerated by the organism. Obviously, in yeast
upstream of tRNA gene§({,54). Experimental proof for tRNA such a compromise has been reached by a mechanism that direct:
gene regions in yeadi) or upstream sequences of polymeraséntegration of the elements to target sites which are least hazardous
[l transcribed genes in gener8) @s the preferred target sites for for the yeast cell, i.e. the upstream flanking regions of tRNA genes.
Tyl transposition has been provided. Ty3 is invariably targeteéd/hole-genome analysis reveals that these regions are normally
1-4 bp from the initiation site of polymerase Il transcriptief)(  extended and devoid of protein coding genes. While the target site
Our analysis revealed that 26% (71/274) of the tRNA genes aspecificities in transposition of all types of Ty elements have been
found closely associated with one single element, while 34% of tlobearly established by sequence analysis and experimentation,
tRNA genes (92/274) are located in ‘hotspots of transposition’ imechanisms that dictate integration specificity are less well
which up to 10 elements accumulated in complex patterns. While athderstood. In this regard the best studied example is that of Ty3, for
Ty4 and Ty3 elements are located in the upstream flanking regionéich target preference has been shown to be dependent upon
of tRNA genes, eight of the full-length Tyl and Ty2 elements arfinctional promoter elements within the polymerase |l transcribed
located outside tRNA flanking regions. One of these elemenggene £6,5859). Recent findings point to the possibility that
became integrated next to a 5S RNA gene and another disrupts@noelement integration is generally also affected by chromatin
open reading frame (YJL181w) on chromosomé&h¢ distribution  structure and by interactions (‘tethering’) between the integrase and
of Ty elements in the genome afS288C appears not to be chromatin-associated proteins (for a review sge The
completely random, in that half (27/51) are located less than 100 Eaccharomyce$y5 retrotransposon family was found to exhibit a
from centromeres or telomeres. Transpositional activity of thtarget preference different from that of the other Ty elements: Ty5
different classes of the Ty elements should be reflected in the numkenget specificity seems attributable to interactions between
of de novointegration sites. No such sites are found for Ty4, inransposition intermediates and constituents of silent chromatin, as
accordance with the observation that this element reveals very lintegrated elements are largely found adjacent to transcriptional
transcriptional activity and hence little propensity for transpositiosilencers or type X telomeric repeat§,{ 7).
(57). De novointegration next to a tRNA gene occurred for one of The strong target selection for integration of Ty elements raises
the two Ty3 elements. The majority of the Ty2 elements (11/13) atke question whether there is more to this preference than physical
maintained in ‘old’ sites; in only three cases has integratioimteractions. Given the fact that upstream flanking regions are
occurred at ‘new’ sites. For Ty1 about half (18/33) of the elemenisvolved in modulating tRNA gene expression, the problem has
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been addressing whether Ty elements or their relics couBundesminister fir Forschung und Technologie. Work on bio-
participate in this type of modulation. It has been sh@@nthat  informatics for this project was supported by the European
pre-tRNA levels were moderately increased when the target geBemmission, the Max-Planck-Gesellschaft, the Forschungszentrum
was associated with a Ty3@element. We have shown that thefir Umwelt und Gesundheit and the Yeast Industry Platform. J.H.
transcriptional activity of several tRNA genes was dependent amas supported by a grant from the European Community
the type of Tyl element associated with thé-63). We could  (BIO4-CT95-0080). We would like to thank H.W.Mewes for
further demonstraté&; Krieg and Feldmann, unpublished data)discussions and K.Kleine for initial work on the compilation of yeast
that the tRNA transcription complex acts as a boundary itRNA genes.
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