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Yeast retrotransposons 
Suzanne B. Sandmeyer 

Universi ty of California, Irvine, California, USA 

In the decade since Ty elements were discovered, advocates have argued 
they could be used as a genetic entr6e to elusive host-type functions 
required by retroviruses. However, the advent of the polymerase chain 
reaction, coupled with a boom in funding for human immunodeficiency 
virus research have moved retroviral research apace, raising questions 
as to whether novel contributions would be realized. The past year, 
with the implication of the cell cycle and specific host proteins, such 
as the debranching enzyme and transcription initiation factors, in Ty 
retrotransposition has provided a positive answer and raised new questions. 

Current Opinion in Genetics and Development 1992, 2:705-711 

Introduction 

This review will focus on the recent biochemical charac- 
terization of the Tyl and Ty3 life cycles and on the host 
functions, other than those required for Ty gene expres- 
sion, that are involved in retrotransposition. Two super- 
families of retrovirus-like elements have been character- 
ized: the copia-like family, including the Tyl, -2 and -4 
elements of Saccharomyces cerevisiae, and the gypsy-rtke 
family, including Ty3 of S. cerevisiae [1] and Tfl and -2 
of Schizosaccharomycespombe [2]. An additional mem- 
ber of the copia-like class, Ty5, has been identified in the 
sequence of chromosome HI (J Boeke and D Voytas, per- 
sonal communication) [3]. These elements share many 
fundamental properties, but also differ in potentially in- 
formative ways. Ty elements are 5-6 kb in length and are 
composed of an internal domain flanked by long termi- 
nal repeats (LTRs) of several hundred base-pairs. They 
are transcribed into an almost full-length transcript that 
is equivalent to the retrovirus genome. The organization, 
coding domains, and primary protein products of these 
elements and of a mammalian C-type retrovirus, Moloney 
murine leukemia virus (MoMLV) are summarized in 
Fig. 1 [1,2,4..,5..,6--8]. Both the proteins and the order 
in which they are encoded differ between the superfam- 
ilies. All these elements differ from retroviruses in that 
they have no obligatory extracellular phase and do not 
appear to encode an envelope protein. 

Particle composit ion and structure 

Retroviruses are composed of a nucleoprotein complex 
(npc) that is enveloped as the virus buds from the host 
cell (reviewed in [6,7]). The MoMLV npc sediments 

at 160S [9]. The retrovirus npc is composed of high 
amounts of matrix (MA), capsid (CA) and nucleocapsid 
(NC) structural proteins, low amounts of protease (PR), 
reverse transcriptase (RT) and integrase (IN) catalytic 
proteins, and may have additional virus-specific proteins. 
In the originating cell, the npc also contains retroviral ge- 
nomic RNA together with some cellular RNAs. After entry 
into the target cell, genomdc RNA is reverse transcribed 
into a fuU-length DNA copy that is subsequently recom- 
bined into the host genome in an IN-dependent reaction. 

Retrovirus-like elements encode the components of an 
intracellular virus-like particle (VLP), which is functionally 
and structurally analogous to the retrovirus npc. In order 
to study the function of specific elements and the VLPs 
they encode, both Tyl and Ty3 have been expressed 
under regulation of the GALl-10 upstream activating se- 
quence [10,11]. Cells transformed with these constructs, 
and induced on galactose, form VLPs containing Ty RNA, 
DNA and protein, and undergo retrotransposition. Tyl 
and Ty3 VLPs sediment over a broad range, averaging 
about 175S and 156S, respectively [5,12,13]. Heterolo- 
gous proteins have been targeted to the Tyl VLP by 
fusion to the TYA-encoded structural proteins of Tyl. 
The chimeric particles which form when these constructs 
are expressed have been used as immunogens [14]. Fu- 
sions of a LINE-like element putative RT-coding domain 
in place of the TYB RT-coding domain have been used 
to demonstrate RT activity from these elements [15"]. A 
nuclease fusion within the TYB-encoded domain, when 
expressed together with active Tyl, has been demon- 
strated to have a dominant negative phenotype that may 
have antiviral applications [ 16-]. 

Tfl has been overexpressed from the S. pombefop pro- 
moter and shown to transpose [17.']. The Tfl element 
contains a single, continuous open reading frame (ORF) 

Abbreviations 
CA--capsid; IN--integrase; LTR--Iong terminal repeat; MA--matrix; MoMLV--Moloney murine leukemia virus; NC--nucleocapsid; 

,nlam--nucleoprotein complex; ORF~open reading frame; pbs--primer-binding site; pol--polymerase; ppt--polypurine tract; 
PR--protease; RSV--Rous sarcoma virus; RT--reverse transcriptase; IRNA--transfer RNA; VI.P--virus-like particle. 
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Fig. 1. Schematic representation of Tyl, -2, -4 and Ty3 (l Kirchner and SB Sandmeyer, unpublished data) [1], Tfl [2], and Moloney murine 
leukemia virus (MoMLV) [6-8]. (a) RNA (in kb), (b) DNA (in kb), (c) open reading frames (ORFs) (in codons) and (d) proteins (mass in kD). 
The RNA is indicated as a wavy line and is marked R,U5 and U3,R to indicate the redundant 5' and 3' regions derived from the long 
terminal repeats (LTRs). Where known, the minus-strand primer-binding site is indicated on the DNA as pbs. The polypurine tract (ppt) 
also indicated on the DNA, is the plus-strand priming site in retroviruses. In the integrated form, the U3 (shaded), R (black) and U5 (open) 
regions of the LTRs are indicated. Identified proteins are indicated within the ORFs: in Ty3, a protein predicted from the coding regions 
known to be occupied by other proteins is indicated by the question mark; in Tfl, the putative CA-encoding region is indicated by 
the question mark. In MoMLV, the spliced region of the mRNA encoding the envelop protein is indicated above the genomic RNA (a). 
Abbreviations include: CA, capsid; PR, protease; IN, integrase; RT, reverse transcriptase; NC, nucleocapsid; MA, matrix. 

and has no obx4ous splice sites, suggesting either that 
there are mechanisms, in addition to splicing and riboso- 
mal read-through, for maintaining high ratios of structural 

to catalytic proteins, or that this requirement can be cir- 
cumvented altogether. In addition, Tfl apparently lacks a 
conventional primer-binding site (pbs). The potential for 



learning about alternative pathways of particle assembly 
and initiation of replication argue that studies of  Tfl will 
be of interest. 

The structural proteins of  the npc and VLP are not highly 
conserved and, in some cases, are defined solely by 
functional criteria. The major structural and catalytic com- 
ponents of Tyl and Ty3 VLPs have now been identified 
(Table 1). The Ty3 VLP has structural species analogous 
to retroviral CA and NC [5"];  for Tyl, a CA component  
has been identified [18,19], but the characteristic NC mo- 
tif Cys-X2-Cys-X4-His-X4-Cys (X represents any amino 
acid) is not observed. PR, RT and IN proteins have re- 
cently been identified for Tyl [4,.,20] and Ty3 [5",21] 
(see Table 1). As previously shown for Tyl [22], Ty3- 
encoded PR is responsible for producing these proteins 
from a polyprotein precursor (J Kirchner and SB Sand- 
meyer, unpublished data). Proteases from Tyl, -2 and 
-3, copia, intracistemal type-A elements and Rous sar- 
coma virus (RSV) have the protease active site sequence 
Asp-Ser-Gly, whereas most retrovirus proteases have the 
related active site consensus Asp-Thr-Gly [23]. Determi- 
nation of the amino-termini of  the Ty3 NC, PR, RT and 
IN species has shown that Ty3 PR cleaves with hydropho- 
bic residues at positions P3, P2 and P2' (J Kirchner and 
SB Sandmeyer, unpublished data). (P1 and PI '  flank the 
scissile bond on the amino- and carboxy-terminal sides, 
respectively.) Thus, it cleaves within a hydrophobic con- 
text as does retroviral PR [24], but hydrophobicity may 
be less important at P1 and PI ' .  To test whether this 
difference in context could be related to distinct active 
site sequences, the Ty3 PR active-site serine was con- 
verted to threonine. This change had only a modest 
effect on processing in vivo, and no measurable effect 
on transposition by a qualitative assay, showing that the 
active site difference does not distinguish these proteases 
functionally. 

Table  1. The major structural and catalytic components of the Tyl 

and Ty3 virus-like particles, and the Moloney murine leukemia virus 

nucleocapsid. 

Tyl Ty3 MoMLV 

Matrix - - 15 

~12 - - 12 

Capsid 45-54 26 30 

Nucleocapsid - 9 10 

Protease 23 16 14 

if) - (11) - 

Reverse transcriptase 65 55 80 

Integrase 90 61/58 46 

Apparent molecular mass in kD of Tyl [1,4"%201, Ty3 [1,5"%21] and 

MoMLV [5",6-8]. For Tyl, a nucleocapsid is not observed. The if) 

indicates a protein predicted from the POL3 sequence based on 

the size of the protease and the amino-termini of the protease and 

reverse transcriptase (J Kirchner and S8 Sandmeyer, unpublished 

data). The'- '  indicates that a species has been neither identified nor 

deduced 
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Both the accumulation and the rate of transposition 
of Tyl elements appear to be limited. Most laboratory 
strains have no more than about 35 Tyl elements, sug- 
gesting either that this reflects the relative ratio of trans- 
position frequency to loss (presumably by recombina- 
tion between the LTRs) or that cells with more than 
this genomic copy number are less competitive. Boeke 
etal.  [25"] subjected a strain with about 25 Tyl elements 
to rounds of induced transposition until the number  of  
elements was approximately doubled. Although the cal- 
culated doubling time was slightly increased (data not 
reported) among these strains, there did not appear 
to be significant increases in parameters reflecting el- 
evated ectopic recombination. Wilke and Adams [26"] 
induced transposition in a strain with no endogenous 
Tyl elements to derive sets of strains differing in num- 
bers of Tyl elements per genome. These sets of strains 
were grown in mixed cultures, together with strains hav- 
ing no Tyl elements, by serial dilution for approximately 
100 generations. Two trends were observed: a decrease 
from seven to five in the average number of  elements and 
a decrease in the number of  distinct populations repre- 
sented. Together, the results from the two laboratories 
[25o,20] suggest that within a fairly wide range of repeats 
the negative effects of large numbers of Tyl elements are 
limited, but that specific insertions can have more readily 
measurable positive and negative effects. More technically 
problematic questions lie ahead: if one started with very 
low or very high numbers of Tyl elements per hap- 
loid genome and maintained cultures in a chemostat, 
would they approach some naturally observed limit? In 
strains with elevated frequencies of transposition, where 
Tys continued to accumulate to three- or fourfold the 
natural number, would ectopic recombination begin to 
show copy-number dependence, or would the number 
of Tys tolerated depend only on the cumulative effects 
of individual insertions? 

The natural number of elements reflects the rate of trans- 
position as well as the effect on fimess. Data suggest 
that there are posttranscriptional limits on transposi- 
tion. When a GALl-driven element is induced, the level of 
Tyl RNA increases 220- to 225-fold over the level in unin- 
duced cells, yet the frequency of transposition increases 
by a factor of at least 45-fold. Experiments by Curcio and 
Garfinkel [27"] have now shown that galactose induction 
of a single, competent Tyl element is accompanied by 
more efficient processing of Tyl proteins. Tyl RT, PR 
and IN mutants were induced and tested for transposi- 
tion in the presence and absence of endogenous Tyl 
expression. Complementation by endogenous expres- 
sion occurred for RT and some IN mutants, but not for 
the PR mutant tested. The authors [27"] interpreted these 
data to best support a model for PR acting in c~s on pro- 
tein associated with the encoding RNA. Diffusion of ma- 
ture RT and IN between VLPs does not seem plausible, 
so perhaps RT and IN, which are derived from the same 
polyprotein as PR, complement in t r a m  because they are 
required in lower amounts. In retroviruses, PR is dimer- 
ized in the particle and then activated [24]. Therefore a 
dominant negative phenotype is possible. This would al- 



708 Prokaryotes and lower eukaryotes 

low another testable model--namely,  that Tyl particle 
formation is rate-limiting for PR activation. 

Replication 

It has been presumed that reverse transcription of Ty ele- 
ments resembles that of retroviruses (reviewed in [6,7] ). 
Reverse transcription of the minus strand of retroviruses 
is primed from the 3' end of a specific transfer RNA 
(tRNA) annealed to the pbs, a short region of comple- 
mentarity 2 bp downstream of the U5-internal-domain 
junction (Fig. 1). This first intermediate is called the 
minus-strand strong stop. The retroviral plus-strand is 
primed from a short polypurine tract (ppt) just up- 
stream from the internal-domain-U3 junction. After re- 
verse transcription, two 'extra' nucleotides are removed 
by IN from each 3' end prior to integration. 

Tyl, -2 and -3 elements have an 8-10 bp region of com- 
plementarity to the 3'-terminal portion of tRNA Met at the 
U5-intemal-domain junction (reviewed in [1]). In Tyl 
and -2, the pbs is not separated from U5, whereas in 
Ty3, it is separated by 2 bp. At the internal-domain-U3 
junction, there is a ppt in Ty3 and Tfl, but this mo- 
tif is not as apparent in Tyl. Thus, there are variations 
among retrovirus-like elements in the regions compara- 
ble to those containing c/s-acting sequences required for 
replication and integration in retroviruses. Understand- 
ing this diversity will elucidate the roles of primers, extra 
nucleotides, and ppt in reverse transcription and integra- 
tion. 

Aspects of Tyl replication have been examined in sev- 
eral laboratories during the past year. Initiator tRNA Met 

has now been shown to be the Tyl minus-strand primer 
and to be physically associated with a strong-stop species 
[28.]. A strain was engineered in which the four endoge- 
nous initiator tRNA Met genes were replaced by a plasmid- 
borne initiator tRNA Met gene. This gene was mutagenized 
so that the sequence encoding the 3'-terminal region of 
the tRNA was no longer complementary to the pbs. Com- 
pensatory mutations were introduced to maintain the 
aminoacyt stem. The mutant strain was viable, but was 
blocked for Tyl replication. Transposition was restored, 
albeit at reduced levels, by introduction of compensatory 
changes in the Tyl pbs. The results of these experiments 
demonstrate that the primer is initiator tRNA Met and that 
its inclusion in the VLP is independent of complemen- 
tarity to the pbs. Neither Tyl RT nor host synthetase 
interacts with the aminoacyt stem of the primer tRNA in 
a sequence-specific manner. 

Mfiller et al. [29 o] have characterized Tyl replication in- 
termediates. The minus-strand DNA intermediates, which 
were expected based on a retrovirus model, were ob- 
served but the plus-strand DNA was represented by two 
strong-stop-like species and a 2.1 kb strand at the oppo- 
site end. The authors described the heteroduplex con- 
raining the minus strand and these plus-strand regions 
rather than fuMength linear duplex forms as the ma- 
jor species in their preparations. Eichinger and Boeke 

[20] previously described a VLP-associated, full-length 
Tyl duplex that was sensitive to restriction enzymes 
and which could act as an integration donor but this 
does not appear to be a major DNA species. It is tempting 
to speculate that Tyl replication is distinct from that of 
retroviruses in having a major heteroduplex intermediate 
- -  perhaps related to differences in plus-strand priming. 
It is probably more relevant, however, to point out that 
retrotransposon maturation and replication are ongoing 
in one population of cells and so more heterogeneity may 
be observed than in retroviruses, where infection sepa- 
rates unreplicated from replicated populations. 

Retrogenes 

Retroviruses have been demonstrated to package and re- 
verse transcribe RNAs, and to mediate the integration of 
cDNAs derived from both cellular and retroviral sources 
(reviewed in [30]). An antisense HIS3 gene marked with 
a synthetic sense intron (previously described by Curcio 
and Garfinkel [31]) has now been used to determine 
whether similar phenomena are mediated by retrotrans- 
posons [32"]. Expression of the HIS3 construct is 'acti- 
vated' flit is transcribed (in antisense), the intron (sense) 
spliced, the processed transcript reverse transcribed, and 
the cDNA recombine(]. In cells expressing endogenous 
Tyl and the antisense HIS3 transcripts, processed HIS3 
sequences were implicated in gene conversion of the 
source, disrupted HIS3, and were found in association 
with integrated Tyl sequences. Because these recombi- 
nation events were dependent on expression of Tyl in 
the cells and involved HIS3 sequences from which the 
intron was removed, these recombining HIS3 sequences 
constitute retrogenes. This system can be used to inves- 
tigate the mechanisms responsible for the generation of 
cellular cDNAs and access to these cDNAs of cellular and 
retroid recombination systems. 

Integration and the cell cycle 

Retroviruses do not ef[icienfly replicate and integrate in 
cells arrested in the G O phase (reviewed in [6] ). If retro- 
transposition is similarly constrained by the cell-cycle, 
then yeast mutants with known cell-cycle defects can 
be used to identify points of regulation. Transcription (V 
Bilanchone and SB Sandmeyer, unpublished data) (re- 
viewed in [1]) and transposition (P Kinsey and SB Sand- 
meyer, unpublished data) of wild-type Ty3 elements are 
induced by treatment of haploid cells with pheromones 
from cells of the opposite mating type, a treatment which 
also arrests cells in G 1 of the cell cycle. However, trans- 
position was shown by a PCR assay not to occur dur- 
ing exposure to at-factor, when cells are in G 1, but rather 
subsequently to this phase (T Menees and SB Sandmeyer, 
unpublished data). In contrast, galactose induction of Tyl 
transcription during pheromone arrest did not result 
in transposition as measured by a genetic assay, appar- 
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enfly because of modification and instability of the VLP 
[33]. Thus, Tyl and Ty3 retrotransposition pathways are 
both sensitive to a-factor-mediated cell-cycle arrest, and 
the mechanisms of these responses differ. 

Host genes implicated in retrotransposition 

Host proteins may directly influence the integration of 
retroviruses and retrotransposons. Mutants with a dis- 
rupted copy of DBR1, the yeast gene for the 2'-5'  phos- 
phodiesterase that hydrolyzes the branch point linkage 
of intron lariats, are reduced about ninefold for Tyl 
transposition [34]. Because there is no known 2'-5'  
linkage in retroviral replication intermediates, this find- 
ing is both intriguing and unanticipated. DBR1 disruption 
is not lethal and does not appear to affect the function 
of spliced transcripts. The effect of DBR1 mutations has 
been speculated either to be direct, on release of a co- 
valently linked primer from the DNA, or to be indirect. 
Loss of lariat debranching activity could indirecdy affect 
retrotransposition if debranching were essential for the 
production of some required gene product or if the 
disruption of spliceosome function caused by loss of de- 
branching activity physically interfered with VLP function. 
Given the differences between Tyl c/s-acting sequences, 
Tyl-encoded products, and possibly reverse transcription 
intermediates, as compared with those of retroviruses, 
whether a role will be found for mammalian debranching 
enzyme in retroviral replication or integration is a matter 
of some speculation. 

Mutations, which occur in at least one protein likely to 
be involved in the turnover of proteins related to DNA 
metabolism, affect the frequency and distribution of Tyl 
t.mnsposition events. Tyl integrations into CAN/[35] and 
into a tRNA gene, SUP4 [36], are elevated in RAD6 mu- 
tants. In addition, Tyl insertions appear to be distributed 
over an increased number of positions in rad6 strains. 
RAD6 encodes a ubiquitin conjugase that can ubiquiti- 
nate H2A, H2B and H3 histories in vitro, and mutants 
are affected in multiple aspects of DNA metabolism. 
These results suggest that Tyl insertion patterns reflect 
some aspect of chromatin structure. 

Ty3 presents a case in which target-site selection is 
likely to depend on specific transcription factors as- 
sociated with the target site. The 5S, tRNA and U6 
genes, transcribed by polymerase (pol) III (reviewed in 
[37]), are targets for Ty3 insertion [38"'], whereas genes 
transcribed by pol I and pol II are not (D Chalker and 
SB Sandmeyer, unpublished data). Ty3 has been shown 
to integrate into the region of pol I11 transcription ini- 
tiation [38"'], just downstream of the region bound 
by transcription factor 1lIB [39]. Interestingly, a retroid 
element from Dictyostelium discoideum, DRE1, inserts 
upstream of the comparable region for DicOagstelium 
tRNA genes [40,41]. Experiments were conducted in 
order to determine whether transcription per  se was lim- 
Ring for integration. Disruption of  the internal tRNA gene 
promoter elements, box A or box B, eliminated target ac- 

tivity, showing that promoter activity is essential for Ty3 
integration. However, a tRNA gene in which pyrimidines 
replaced purines on the non-transcribed strand at the re- 
gion of initiation was not transcribed at the same rate as 
the wild-type gene, but worked equivalently for transposi- 
tion. Thus, transcription itself does not appear to be rate 
limiting for transposition. 

Because tRNA and 5S genes do not have conserved 
sequences in the region where Ty3 inserts, the Ty3 in- 
tegration complex is unlikely to interact with DNA in 
a sequence-specific manner in the target region. How- 
ever, whether the integration complex requires liB, or 
competes with it for the factor that mediates IIIB bind- 
ing, 11IC, cannot be deduced from these data. The U6 
gene is distinct from tRNA and 5S genes in that it has a 
conserved upstream TATA sequence [42]. Deletion of the 
TATA element shifts the Ty3 insertion site, together with 
the transcription initiation site, to a position downstream 
(D Chalker and SB Sandmeyer, unpublished data). The 
most simple interpretation of this result is that the U6 
TATA element fixes the position of transcription initia- 
tion at U6, and that when it is not present, the positions 
of one or more transcription factors shift. A corollary of 
this thesis is that the U6 gene is occupied by factors when 
integration occurs and that these factors position the in- 
tegration complex. 

There is also evidence that Tyl integrates preferentially 
into the 5' flanking regions of pol II-transcribed genes, 
and that Tyl, -2 and -4 elements naturally occur with 
more than random frequency in the vicinity of tRNA 
genes [1]. The 10 tRNA genes located on chromosome 
I11 are within 500 bp of delta or Ty elements [3]. 

Conclusion 

Biochemical characterization of Tyl and Ty3 VLPs has 
progressed. In general, these findings support the notion 
that the mechanics of retrotransposon replication and 
integration are fundamentally similar to those of retro- 
viruses. For the first time, forays have been made into 
the problem of how these elements affect the growth 
of host strains and acquisition of retrogenes, the un- 
derstanding of which may shed light on the genome 
redundancy observed in many eukaryotes. Finally, DNA- 
associated proteins have long been speculated to affect 
the distribution of retrovirus integration sites; there are 
now candidate proteins which foster related processes in 
yeast. The progress in these areas will stimulate develop- 
ment of new antiviral therapies and raises the possibility 
of site-specific retroviral vectors. 
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