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Article

Retroviruses and yeast retrotransposons use
overlapping sets of host genes

Becky Irwin,'* Michael Aye,’-** Pierre Baldi,"*> Nadejda Beliakova-Bethell,’

Henry Cheng,' Yimeng Dou,*? Willy Liou," and Suzanne Sandmeyer'>>

"Department of Biological Chemistry, 2School of Information and Computer Science, and 3Institute for Genomics and

Bioinformatics, UC Irvine, Irvine, California 92697, USA

A collection of 4457 Saccharomyces cerevisiee mutants deleted for nonessential genes was screened for mutants with
increased or decreased mobilization of the gypsylike retroelement Ty3. Of these, 64 exhibited increased and 66
decreased Ty3 transposition compared with the parental strain. Genes identified in this screen were grouped
according to function by using GOnet software developed as part of this study. Gene clusters were related to
chromatin and transcript elongation, translation and cytoplasmic RNA processing, vesicular trafficking, nuclear
transport, and DNA maintenance. Sixty-six of the mutants were tested for Ty3 proteins and cDNA. Ty3 ¢<DNA and
transposition were increased in mutants affected in nuclear pore biogenesis and in a subset of mutants lacking
proteins that interact physically or genetically with a replication clamp loader. Our results suggest that nuclear entry
is linked mechanistically to Ty3 cDNA synthesis but that host replication factors antagonize Ty3 replication. Some
of the factors we identified have been previously shown to affect Tyl transposition and others to affect retroviral
budding. Host factors, such as these, shared by distantly related Ty retroelements and retroviruses are novel

candidates for antiviral targets.

[Supplemental material is available online at www.genome.org.]

The Ty retrovirus-like elements of Saccharomyces cerevisiae (Aye et
al. 2001; Scholes et al. 2001; Garfinkel and Bailis 2002; Sand-
meyer et al. 2002; Voytas and Boeke 2002; Aye and Sandmeyer
2003; Griffith et al. 2003) and Tf retrovirus-like elements of
Schizosaccharomyces pombe (Levin 2002) have been studied in or-
der to identify host functions that affect the retrotransposon
lifecycle and, potentially, the retrovirus lifecycle. Host genes that
activate or suppress viral replication represent a source of novel
antiviral targets and therapeutics.

Ty elements are subject to host regulation at several levels.
Ty1 and Ty3 share replication requirements for initiator tRNAM®t,
the primer for reverse transcription (Keeney et al. 1995) and the
lariat debranching enzyme (Dbrl) (Chapman and Boeke 1991;
Karst et al. 2000). Pmr1, a Mg** transporter (Bolton et al. 2002),
and Lhpl, an RNA chaperone (Aye and Sandmeyer 2003), have
been implicated in Tyl and Ty3 replication, respectively. Al-
though the mechanism through which DNA maintenance genes
affect Ty1 transposition is not clear, disruption of several of these
genes is associated with increased amounts of Tyl cDNA. These
include genes encoding nucleotide excision repair components
Ssl2 and Rad3 (Lee et al. 2000); RAD52 epistasis group proteins
(including RADS50) (Rattray et al. 2000); and Rad27, the flap en-
donuclease (Sundararajan et al. 2003). The helicase Sgs1 acts to
depress integration of Tyl multimers (Bryk et al. 2001). Similar to
nondividing mammalian cells, the fungal nuclear membrane
does not break down during mitosis. Therefore the core particle
is presumed to be remodeled to allow a preintegration complex
to transit the nuclear pore. Tfl requires Sin3, a deacetylase, and
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the nucleoporin Nup124 for nuclear entry (Levin 2002). Chro-
matin-related proteins have also been shown to affect the inte-
gration pattern of Ty elements; these include the histone E2 en-
zyme, Rad6, and nucleosome assembly factor, CAF-I (Voytas and
Boeke 2002). In the case of the copialike element, TyS, Sir4 in-
teraction targets the preintegration complex to heterochromatic
regions (Xie et al. 2001). Ty3 targeting to tRNA gene polymerase
[ initiation sites in vitro requires transcription factors TFIIIB and
TFIIIC (Kirchner et al. 1995). Three high-throughput screens for
Ty host factors have recently reported a large number of genes,
including some of those mentioned above (Scholes et al. 2001;
Griffith et al. 2003; Aye et al. 2004). In spite of the many host
genes known to affect replication of Ty elements and Tf1, and the
several dozen proteins identified in retrovirus virions or affecting
retroviral replication (Goff 2001; Ott 2002; Pornillos et al. 2002;
Dvorin and Malim 2003; Freed 2004), those studies have not yet
shown overlap in the sets of host factors for anything other than
very basic functions.

We report here on the results of a screen of 4457 S. cerevisiae
knockout strains for mutants affected in transposition of Ty3.
One hundred thirty mutants were identified that had consistent
phenotypes in high- and low-copy Ty3-HIS3 transposition assays.
The classes of genes that we identified suggest that trafficking
functions are involved in retroelement activity as well as retro-
viral budding, that nuclear entry represents a control point for
Ty3 cDNA synthesis, that Ty3 cDNA may be down-regulated by
host replication functions, and that distantly related Ty elements
and retroviruses overlap in host factor requirements.

Results and Discussion

Transposition of a high-copy, galactose-inducible Ty3-HIS3
(PNB2142) was assayed in 4457 of 4847 strains of the S. cerevisiae
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haploid knockout collection (Invitrogen) (Winzeler et al. 1999).
The remaining strains (Supplemental Table 1) did not grow suf-
ficiently well to be reliably tested. Each deletion strain was trans-
formed with the high-copy Ty3-HIS3 plasmid, and duplicate in-
dependent transformant patches were assayed by two indepen-
dent observers. In this assay, an active Ty3 element tagged
downstream of POL3 with a copy of the HIS3 gene (Aye and
Sandmeyer 2003) is induced by growth in galactose as a carbon
source. Ty3-HIS3 RNA is reverse transcribed, and cDNA is trans-
posed through integration or recombination into chromosomal
DNA (Fig. 1A). Cells that have lost the plasmid but acquired a
chromosomal copy of Ty3-HIS3 are identified by sequential rep-
licaplating steps (Fig. 1B; Methods). Mutants identified in the

A Ty3 ESH B [oooooo
L
URA3 2p SD-UH
i § Induction a1
SG-UH
MYV
RNA g
a4 Reverse YPD
transcription
Ty3 ESIH SD+5FOA-H
cDNA
a Integration or
recombination
Ty3 €SIH
<= -

His* (5-FOA resistant)

up down
0168 up 064 up, up
= 84 down o 57 up, wt
84 84 @47 up, down
H 10 down, up

H 8 down, wt
m 66 down, down

Figure 1. Screen strategy. (A) Ty3 replication. The S. cerevisiae knock-
out mutant collection was screened for strains that are increased or de-
creased for Ty3-HIS3 transposition as described in the Methods. Ty3-HIS3
was expressed by galactose induction from a high-copy, URA3-marked
plasmid. Reverse transcription of the Ty3 RNA resulted in a cDNA that
transposes by integration or recombination into chromosomal DNA. (B)
Genetic assay of deletion mutant collection for transposition. Deletion
mutants transformed with the high-copy Ty3-HIS3 plasmid were patched
onto SD-Ura, -His medium (SD-UH), and replica plated as shown in the
diagram. Papillations on the final selective medium are indicative of colo-
nies derived from cells that have lost plasmids and undergone transpo-
sition. Two independent transformants were tested for each mutant. Mu-
tants were rescreened with Ty3-HIS3 expressed from a low-copy plasmid.
Up and down indicate patches of mutants with increased and decreased
frequencies of transposition. (C) Distribution of Ty3 transposition pheno-
types in knockout mutants using high- and low-copy Ty3-HIS3 assays.
Mutants were originally screened by using a high-copy Ty3-HIS3 element
(left). Mutants that displayed increased (up) and decreased (down) trans-
position relative to wild type were rescreened by using a low-copy plas-
mid (right). One hundred thirty mutants displayed consistent phenotypes
in high- and low-copy Ty3-HIS3 assays. Up to down, up to wild type,
down to up, and down to wild type refer to changes in transposition
phenotype between the two vector systems, with the high-copy vector
phenotype indicated first.

first round of screening as having increased or decreased Ty3
transposition were rescreened in a less dense plating format.
Based on mutants identified in these tests, a subset of 62 of the
4457 strains were retested for transposition phenotypes. Two
hundred fifty-two mutants were identified as increased or de-
creased in high-copy transposition (Supplemental Table 2A). The
assay is semiquantitative in this format; mutants with scores dif-
fering by one unit were estimated to be roughly twofold different
from wild type in transposition frequency based on a spot dilu-
tion assay of representative mutants (data not shown). Of the 252
mutants, 24 represented 12 pairs of neighboring ORF deletion
mutants, raising the possibility that deletion of neighboring cod-
ing sequence was responsible for a small subset of phenotypes
(Supplemental Table 2B). In order to identify mutants in which
the phenotype was independent of the high-copy Ty3-HIS3 vec-
tor, mutants identified in the original screen were transformed
with low-copy Ty3-HIS3 plasmid pNB2155 and reassayed for
transposition.

A total of 130 mutants that were affected consistently in
both high- and low-copy Ty3-HIS3 transposition assays were
identified (Table 1). Of the original 12 closely-spaced ORF pairs,
six pairs remained after the low-copy screen. One of these pairs
(MRC1) was merged by the time of the rescreen. Of the 130 mu-
tants, 64 were increased in frequency and 66 were decreased in
frequency compared with wild type (Fig. 1C). Mutants with de-
creased transposition in the high-copy screen retested more con-
sistently in the low-copy screen than did mutants with increased
transposition.

Sixty-six mutants were examined for Ty3 Gag3 proteins, IN
and cDNA. The original screen was performed with a high-copy
plasmid because Ty3 proteins expressed from a low-copy plasmid
are at the limit of immunoblot detection in the knockout BY4741
strain background. Therefore, strains for Ty3 protein and cDNA
analysis were transformed with pDLC201, a high-copy plasmid
similar to that carrying the Ty3-HIS3 used for the original screen,
but not interrupted with HIS3 (see Methods). Duplicate indepen-
dent transformants were induced to express Ty3 for 24 h. At the
end of that time, cells were harvested and extracts were examined
by immunoblot analysis for Ty3 proteins, using anti-CA, and
anti-IN. PGK was monitored as a protein loading control. South-
ern blot analysis was performed to quantify cDNA relative to the
Ty3 plasmid. Results of these assays are summarized qualitatively
in Figure 2. Data are available in Supplemental Figure 1, A
through N, and Supplemental Table 3.

GOnet analysis of strains affected for transposition

A computational approach was taken in order to identify pat-
terns in the collection of mutants implicated in Ty3 transposi-
tion. A Web interface (GOnet) (see Methods) was developed to
relate the 130 genes affecting high- and low-copy Ty3-HIS3 trans-
position to interacting genes identified in two-hybrid, affinity
purification, and synthetic lethal assays by using publicly avail-
able information (e.g., GRID) (Allen et al. 2002; Damelin and
Silver 2002; Breitkreutz et al. 2003; Bowers et al. 2004). GOnet
was used to cluster genes identified in the screen and interacting
genes according to GO terms (function, process, component),
facilitating identification of genes representing components of
the same complex or with common functions (Table 1; Supple-
mental Table 3). Interactions of genes were displayed by using
Cytoscape (version 2.0) http://www.cytoscape.org/; Shannon et
al. 2003). Groups of genes affecting chromatin modification and
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Table 1.

Distribution of functions of genes that affect Ty3 mobilization

Type

Deletion reduced transposition

Deletion enhanced transposition

Cell wall, membrane
Chromatin modification and transcription

DNA maintenance

Nuclear transport
RNA processing
Translation
Mitochondrial related
Cytoskeletal
Secretion/vesicular
trafficking/vacuolar

Stress/chaperone/modification
Metabolic

Tyl

Other

Unknown

FUR4, PKR1, FTR1,* FET3?
EAF7, IES6, CTK2, BAS1, SIN4,°< SSN3

RAD24

KAP120, ASM4/NUP59

DBP3,° DEG1, DHH1, KEM1, DBR1<

ASC1, GCN20, RPL6A®

TCM62, SOD2, FLX1, ATP2, ATP1S,

SLAT, ARPS, BUBT

VAM?7, ATG17,° VPH1,© VPS27, VPS28, VPS36,
VPS25, SNF8/VPS22, VPS20, SNF7/VPS32,
RIM20, BRO1,° VPS4, MNT4, FABT, VPS9,©
PEP7, CLCT, RIM13,° VPSS1

CPR7, RUBT, BLM3

DEP1,© SPO22, ARV1

YALO27W, YDL118W, YDR067C,
YDR493W/FMP36, YFRO12W, YGLO57C,
YJR120W, YNL224C, YOLO83W, YPL225W,

LDB7, ECM29, TIR3

HTL1, ADA2, SGF73, RSCI1, BRE2, BDF1, MBP1, NGGT,
GAL80,* CKB2, NCE4, SWDT1®

ELG1,% MRCI1, RAD6, HPRS, SGS1,% CSM3, EST3,
CLN2, CLB2, BRET, RRM3¢

NPL3, SAC3, NUP133,° NUP84,“ NUP120, NUP100

POP2¢

SROY, RPS24b*

MRS1, FMP21

BEM2, BUD13, SRV2

VAC8,% SEC22,© APL2, YEA4, YTA7, ATG2, VPS24

RTT101,4 TPS2,© HMF1

FCY22, LAGI,

RTT103,4 RTT109¢

BART

YILO9OW, YLLO44W,* YBLO94C, YBR284W,P YHR177W,
YLLO30C, YLR235C, YBR277C, YDR290W=b-<

YMR158W-B

#Change in transcript levels (Ideker et al. 2001) or low fitness (Giaever et al. 2002) in galactose carbon source.

PAye et al. screen (Aye et al. 2004).

“Ty1: Griffith et al. screen (Griffith et al. 2003).
9Ty1: Scholes et al. screen (Scholes et al. 2001).
“ORF overlaps RTT103.

remodeling, mRNA export, translation and RNA processing, late
endosome trafficking, and DNA maintenance emerged. Cellular
complexes with involvement of multiple components included
the ESCRT trafficking complexes (Fig. 3A), the nuclear pore (Fig.
3B), the P-body complex, DNA maintenance proteins (Fig. 3C),
and DNA replication and repair clamp loading complexes (Fig.
3D). As indicated throughout Figure 3, there was overlap among
the genes identified in the Ty3 screen and two high-throughput
Ty1 screens (Scholes et al. 2001; Griffith et al. 2003).

BLASTP batch (Altschul et al. 1997) (http://www.ncbi.
nlm.nih.gov/Education/BLASTinfo/guide.html) searching of the
130 Ty3-related ORFs against human protein sequences in Gen-
Bank (automated in GOnet) showed that 87 have homologs scor-
ing with P-values less than e °* (Supplemental Table 4). Fifty-
two of these have P-values less than e 2°. Thus, a high propor-
tion of the genes identified in the Ty3 transposition screen have
meaningful homologs in the human genome.

Mutants potentially affected in expression of GALI-10
UAS-regulated Ty3

The native Ty3 promoter is strongly induced by mating phero-
mones (Sandmeyer et al. 2002). In order to control Ty3 expres-
sion in growing strains, we used the GALI-10 UAS. Because all
strains were required to grow on galactose as a carbon source in
order to be scored, it seemed likely that strains deficient for ga-
lactose induction would represent only a small fraction of the
mutants identified. In order to test this notion, the 390 mutants
that grew too poorly to be reliably tested (Supplemental Table 1)
were inspected for representation of genes expected to have ab-
errant galactose-mediated expression of Ty3-HIS3. Ideker et al.
(2001) identified 118 S. cerevisiae genes, transcripts of which sig-
nificantly changed in amounts during growth on galactose as a
carbon source. Of the genes identified as significantly different in
expression based on a statistical maximum likelihood model and

likelihood ratio test, ones deleted in mutants that were not tested
in our study because of slow growth, included those for GAL?7,
GAL10, HIS4, HIS1, CEM1, KAP123, RPL1B, RPL11B, ADE3, HISS,
URA1, CATS, and RPL21B. Comparison of the set of 252 deletion
mutants identified in the high-copy Ty3-HIS3 screen to the 118
genes identified by Ideker et al. (2001) showed that only GAL2,
RPL14A, YLLO44W, RPS24B, and GALS80 genes were represented.
Of these, only deletions of YLLO44W, RPS24B, and GAL80, which
caused increased transposition, tested consistently in high- and
low-copy Ty3 assays (Table 1). GALSO encodes a negative regula-
tor of galactose metabolism.

Many nonessential genes that are important for growth on
galactose as a carbon source are not induced (Giaever et al. 2002).
Of the 390 strains that grew too slowly to be assayed in our
screen, 14 were identified in a genomewide functional genomic
assay to be attenuated for growth in galactose (deletion mutants
representing GAL7, GAL10, GAL3, YLR202C, IRA2, YOR305W,
GAL4, RIP1, CBP2, YHR116W, MRPS16, COX10, GAL4, and
PET494) (Giaever et al. 2002). Comparison of the 252 genes iden-
tified in the high-copy Ty3-HIS3 assay showed that six (GAL2,
YMLO90W, GEF1, YDR290W, FTR1, and FET3) had fitness scores
>20, indicating significant deficiencies. Of these, only three
(YDR290W, FTR1, and FET3) were retained in the final set of 130
Ty3 mutants that affect transposition in both high- and low-copy
assays (Table 1). In summary, of the genes reported in Table 1, six
(YLLO44W, RPS24B, GAL80, YDR290W, FTR1, and FET3) have
been demonstrated to either be regulated by growth on galactose
or be required for competitive growth in galactose.

Chromatin- and transcription-related proteins

Deletions resulting in decreased transposition included those for
genes that encode members of the Nu4A HAT complex (EAF7),
INO80 remodeling complex (IES6 and ARPS), and mediator com-
plex (SIN4). Deletions resulting in increased transposition in-
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cluded genes encoding members of the SAGA HAT complex
(ADA2, SGF73, and NGG1) (Sterner and Berger 2000; Orphanides
and Reinberg 2002), RSC remodeling complex (RSC1 and HTL1),
COMPASS histone methyltransferase (BREZ2), and a bromodo-
main protein (BDFI). Preliminary experiments suggested that
several of these did not grossly affect Ty3 protein expression
(data not shown). However, because Ty3 expression relied upon
the GAL1 UAS, additional experiments will be required to deter-
mine if effects of these mutations are Ty3 specific. This class of
proteins could affect initiation, or elongation or targeting of in-
tegration late in the lifecycle.

Transposition of Ty3 increased in three mutants with dele-
tions of genes encoding mRNA elongation and transport factors
(SAC3, NPL3, and NUP133) (Fig. 2; Table 1). SAC3 encodes a
member of the TREX complex involved in coupling transcription
elongation to mRNA export (Fischer et al. 2002; Jimeno et al.
2002; Strasser et al. 2002). Deletion of THP2, which encodes an-
other member of the TREX complex, caused elevated transposi-
tion of Ty3-HIS3 expressed from the high-copy plasmid, but not
the low-copy plasmid (Supplemental Table 2). TREX acts down-
stream of the promoter and does not affect initiation from the
GAL1 promoter (Chavez et al. 2000). However, disruption of
SAC3 and THP2 makes the transcribed region hyper-
recombinogenic (Chavez et al. 2000; Gallardo et al. 2003). Elon-
gation is linked to mRNA export through a network of proteins
such that disruption of export can also interfere with elongation.
NPL3 encodes another component of the mRNA export machin-
ery that is associated with the transcription apparatus (Lei et al.
2001), and NUP133 encodes a nucleoporin required for wild-type
mRNA export (Doye et al. 1994). We hypothesize that defects in
those functions could activate recombination between the tran-
scribed region of the Ty3-HIS3 plasmid and chromosomal Ty3
sequences, potentially resulting in elevated frequency of His*
cells in NPL3, SAC3, and NUP133 deletion mutants. Consistent
with disruption of transcription elongation, cells deleted for
NPL3 and SAC3 were decreased for Ty3 Gag3 and its derivatives as
well as IN (Fig. 2; Supplemental Fig. 1A). However, surprisingly,
the ratio of cDNA to plasmid, as well as the amount of cDNA, was
increased in one of two NPL3 deletion mutant transformants, in
both SAC3 deletion mutant transformants, and in both NUP133
deletion mutant transformants (Supplemental Fig. 1A,B). The
phenotypes of these mutants and some other mutants suggested
that Ty3 protein levels per se are not limiting and in some cases
even vary inversely with cDNA levels or cDNA to plasmid ratios.
Thus, either increased recombination of the plasmid-borne Ty3,
stimulated by disruption of elongation and followed by chromo-
somal recombination, or increased recombination or integration
of Ty3 c¢cDNA due to increased amounts of cDNA could have
caused the transposition phenotype. SAC3 and NUP133 encode

components of the nuclear pore. Those deletion mutants exhib-
ited greater elevation of cDNA. The phenotype of those mutants
could also be related to disruption of the nuclear pore (see be-
low).

Strains with deletions of THP2 and NUP133 were isolated in
the Griffith et al. (2003) Tyl screen, and NUP133 deletion in-
creased Tyl cDNA levels. However, both were decreased for Tyl
transposition. Ty1 transposition depends upon multiple elonga-
tor components (Griffith et al. 2003). The qualitative difference
in effects of this deletion on Ty3 and Ty1 transposition could be
partially reconciled if, in the case of Ty1, disruption of elongation
did not activate recombination of the transcribed region.

Translation and mRNA turnover

Genes encoding translation initiation and cytoplasmic mRNA
processing proteins were identified in the Ty3 screen. Deletion of
genes for rRNA processing proteins (DEG1, DBP3), a translation
initiation factor (ASC1), and a regulator of translation initiation
(GCNZ20) decreased transposition without a similar effect on Ty3
protein or cDNA levels (Fig. 2; Supplemental Fig. 1C). Thus, it is
not clear how these genes would affect Ty3 transposition if they
act directly. Deletion of the gene encoding a ribosomal protein
(RPL6A) decreased accumulation of Ty3 proteins and cDNA and
decreased transposition. Double-stranded killer RNA of S. cerevi-
siae and positive-strand animal viruses are sensitive to deletions
of redundant ribosomal protein genes (Ohtake and Wickner
1995; Kushner et al. 2003). Such deletions disrupt ribosome mor-
phogenesis and can affect translation initiation efficiency. In ad-
dition, although tRNA gene-associated Ty3 LTRs do not appear
to colocalize with 5S genes (Lin et al. 2001), at least some Ty3 and
Tyl targets (5S and tRNA genes) are likely to be located in the
nucleolus (Bertrand et al. 1998; Thompson et al. 2003). If nucleo-
lar structure were disrupted in a subset of these mutants, it could
reduce transposition. Deletion mutants of several translation-
related genes, including RPL6A and DBP3, were also identified as
mutants with decreased frequency of Tyl transposition (Griffith
et al. 2003).

Translation factors and mRNA deadenylation and decap-
ping factors and nucleases compete for access to cytoplasmic
RNAs. Three strains with deletions of genes related to RNA dead-
enylation, decapping, and degradation (POP2, DHH1, KEMI)
were affected in Ty3 transposition (Table 1). Strains deleted for
POP2 and DHH1 had reduced levels of Ty3 protein and Ty3 plas-
mid (Fig. 2; Supplemental Fig. 1D). Disruption of the cytosolic
Ccr4/NOT deadenylation 3'-5" exonuclease complex (Decker and
Parker 2002) by deletion of POP2 increased the ratio of cDNA to
plasmid and transposition. Deletion of CCR4 also increased high-
copy Ty3-HIS3 transposition (Supplemental Table 2). Deletion of

Figure 2. Summary of gene functions, Ty3 intermediate phenotypes, and transposition phenotypes for 66 mutants. Based on GO functions, a subset

of 66 genes identified in the current Ty3 screen representing nine categories from Table 1: stress/chaperone, cytoskeletal, vesicular/vacuolar, RNA
processing, unknown, translation, Ty1 transposition repressors, nuclear transport, and DNA maintenance were chosen for analysis of transposition
intermediates (Fun). Transposition frequencies (Tpn) are indicated only as increased (red) or decreased (green). Gag3 was monitored by Western blot
analysis, described in the Methods, of two independent transformants induced for expression of wild-type Ty3 for 24 h. Analysis used anti-CA and anti-IN
(not shown in this figure). Gag3 species were considered increased (red, 4 or 5), decreased (green, 1 or 2) or the same as wild type (black, 3) on the
same gel using PGK as a loading control (Supplemental Fig. 1). This analysis is qualitative rather than quantitative. Ty3 cDNA was monitored and
quantified by Southern blot analysis, as described in the Methods, using a probe to the internal domain of Ty3 (Supplemental Fig. 1). The amount of
Ty3 cDNA is expressed as the ratio of Ty3 cDNA to Ty3 plasmid in the same blot. The wild-type ratio was 0.57 + 0.31. The cDNA/plasmid ratio (cDNA)
was rated greater than wild type if the average ratio of two transformants was greater than wild type plus one standard deviation (red) and less than
wild type if the average of two transformants was less than wild type minus one standard deviation (green). In three cases (VAM7, YOLO83W, and SRO9)
the measurement from one transformant was used because the second transformant did not show presence of the plasmid (Supplemental Fig. 1). Panels
were sorted in Excel to show relationships of function, Gag3 protein, cDNA, and transposition frequency. Sorting priority is indicated in labels A-E. Genes
are colored according to function as indicated in the legend in functional groups corresponding to those in Table 1.
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DHH1 and KEM1, which encode a protein that couples dead-
enylation with decapping and the 5’ to 3’ cytoplasmic exonucle-
ase, respectively, decreased transposition. Both of these factors
localize to the P body decapping and degradation complex
(Sheth and Parker 2003). Amounts of Ty3 Gag3, CA, and IN were
slightly decreased in the DHH1 deletion mutant. However, in the
case of the KEM1 deletion, levels of Gag3 proteins were not de-
creased (Fig. 2; Supplemental Fig. 1D). Although Gag3 processing
in the case of one KEM1 deletion transformant was decreased
dramatically, this result was not observed with three other trans-
formants (data not shown). Amounts of IN were also decreased in
the KEM1 mutant (Supplemental Fig. 1D), which would be con-
sistent with disrupted protein processing. These experiments in-
dicated that at least one RNA species involved in Ty3 transposi-
tion is likely to be sensitive to disruption of cytoplasmic process-
ing as transposition decreased in both the DHHI1 and KEM1
deletion mutants. However, since the ratio of cDNA to plasmid
was not dramatically affected compared with wild type, it is not
clear whether the effect of disruption of RNA processing on trans-
position is direct. Deletions of POP2 and two related genes, LSM1
and PAT1, which encode components of the decapping complex,
decreased Ty1 transposition (Griffith et al. 2003). Genes related
to RNA export and processing could act by affecting the equilib-
rium between messenger and genomic populations of RNAs.

Intracellular trafficking

One of the largest classes of mutants identified in the Ty3 screen
were those defective in vesicular trafficking and vacuolar inher-
itance (Fig. 2; Table 1; Supplemental Tables 2, 3; Supplemental
Fig. 1E-H). In the endosomal pathway, cargoes from the cell sur-
face and from the Golgi are trafficked through vesicular budding
and fusion (Katzmann et al. 2002; Horak 2003; Bonifacino and
Glick 2004; Burri and Lithgow 2004). Ultimately, in a process
that requires ESCRT complexes I, II, and III, these molecular car-
goes bud from the limiting membrane into the lumen of the
MVB. The MVB subsequently fuses with the vacuole. A number
of trafficking genes, including genes encoding a clathrin coat
component (CLCI); RAB5S GTPase homolog guanine nucleotide
exchange factor (VP$9); homolog of the mammalian fusion fa-
cilitator EEA1 for Golgi to vacuole/lysosome trafficking (PEP7/
VAC1); ESCRT cargo adapter (VPS27/HRS1); ESCRT-I subunit
(VPS28); ESCRT-II subunits (VPS22, VPS25, VPS36); ESCRT-III
subunits (VPS20, VPS24 and SNF7/VPS32); the AAA ATPase that
recycles ESCRT complexes (VPS4); homologous factors that in-
teract with Snf7 and Vps4 ESCRT components (BRO1/AIP1 and
RIM20) (Gavin et al. 2002; Odorizzi et al. 2003; Bowers et al.
2004); the vacuolar Qc SNARE (VAM?); and the regulator of au-
tophagy (ATG17) were all required for wild-type levels of trans-
position (Table 1). These genes have interrelated functions, and a
number encode interacting proteins. Pep7/Vacl is required for
vesicular traffic to the vacuole, vacuolar inheritance (Weisman
and Wickner 1992), and vacuolar acidic pH (Preston et al. 1992).
It interacts with the RABS homolog Vps21, Secl homolog Vps45,

and t-SNARE Pep12, and this complex is required for Golgi to
endosome sorting (Burd et al. 1997; Webb et al. 1997; Tall et al.
1999). A mutant deleted for VPS9, which encodes a ubiquitylated
guanine nucleotide exchange factor for one member of this com-
plex, Vps21 (Hama et al. 1999), also showed decreased Ty3 trans-
position frequency (Table 1). Proteins are targeted to the endo-
somal pathway through interactions of a subset of proteins with
specific phosphoinositides. Deletion of FAB1, which encodes the
kinase that phosphorylates PtdIns(3)P to produce PtdIns(3,5)P2,
also reduced Ty3 transposition. This activity is required for
MVB formation (Odorizzi et al. 1998). Application of GOnet
showed interactions among subsets of these genes. For example,
genes encoding members of the three ESCRT complexes and as-
sociated proteins (Babst et al. 2002a,b; Katzmann et al. 2002;
Odorizzi et al. 2003; von Schwedler et al. 2003; Bowers et al.
2004;) constituted a cluster of interacting genes in our screen
(Fig. 3A).

Examination of the pattern of Gag3, p27, and CA and IN
proteins produced in 20 trafficking mutants showed that most
mutants were not affected in protein expression (Fig. 2; Supple-
mental Fig. 1F-H; Supplemental Table 3). Nonetheless, several
mutants had distinctive phenotypes. The most striking pheno-
type was that of the mutant deleted for PEP7/VAC1. Deletion of
PEP7/VAC1 decreased transposition and increased amounts of
Ty3 Gag3 and IN. This increase was not associated with a com-
parable increase in cDNA. However, out of the 20 trafficking
mutants decreased for transposition that were examined by
Southern analysis, seven had ratios of cDNA to plasmid that were
more than one standard deviation below wild type. These results
suggest that the effect of trafficking disruption occurs relatively
late in the Ty3 lifecycle.

Vesicular trafficking proteins and membranes are important
for replication of many different types of viruses. Moloney mu-
rine leukemia virus genomic RNA, together with Gag and Gag-
Pol, is trafficked through the endosomal system to the plasma
membrane (Basyuk et al. 2003), and Type-D retroviruses, which
assemble at perinuclear sites, use endosomal trafficking to direct
intracellular core particles to the cell surface for release (Sfakianos
and Hunter 2003). In addition, ESCRT functions identified in the
Ty3 search are required for late stages of retroviral budding and
for intracellular virion formation in some cell types (Kikonyogo
et al. 2001; Gottwein et al. 2003; Strack et al. 2003; von Schwedler
et al. 2003; Freed 2004). If trafficking proteins required for wild-
type levels of Ty3 transposition act directly, we hypothesize that
they could (1) promote delivery of excess Ty3 protein to the
vacuole and prevent Ty3 expression from overwhelming normal
cellular functions, (2) provide a cellular microenvironment that
promotes VLP maturation—either assembly or uncoating, or (3)
traffic Ty3 intermediates within the cell (Fig. 4A). The absence of
a consistent phenotype throughout the set of trafficking mutants
suggests that more than one process may be affected. Thus, the
PEP7/VAC1 deletion mutant could be defective for degradation
of Ty3 proteins, and the subset of mutants with modestly re-

Figure 3. Clusters of interacting proteins implicated in Ty transposition. ORFs encoding proteins that affected transposition were entered into GOnet,
and interacting protein pairs as determined by all methods (synthetic lethal, two hybrid, and affinity purification) were downloaded for display in
Cytoscape. To illustrate clusters of interacting proteins in this figure, only relatively small subsets of genes were queried for interaction networks. (A)
Eleven ESCRT-related protein genes (SNF8, VPS36, VPS28, VPS25, VPS20, SNF7, VPS24, VPS4, BRO1, RIM13 and RIM20); ESCRT complex genes are
encircled. (B) Nuclear transport genes; Nup84 subcomplex component genes are encircled (Table 1). (C) DNA maintenance genes (Table 1). (D) ELGT
and RAD24, homologs of clamp loader subunit Rfc1. Red indicates those identified in the current Ty3 screen; blue, those identified in the Griffith et al.
(2003) Ty1 screen; yellow, those identified in the Scholes et al. (2001) Ty1 screen; purple, those identified in the Griffith et al. screen and the Ty3 screen;

and orange, those identified in the Scholes et al. screen and the Ty3 screen.
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Figure 4. Hypothetical roles of gene function clusters in the Ty3 life-
cycle. Genes identified in this screen for Ty3 mutants are shown. (A)
Galactose-induced Ty3-HIS3 transposition depends upon trafficking func-
tions. Ty3 VLPs form perinuclear clusters. Accumulation of VLPs in clusters
is postulated to be directly or indirectly dependent upon an intact endo-
somal trafficking system. Disruption of this localization could interfere
with nuclear delivery or uncoating. In this illustration MVBs are shown
with associated ESCRT complexes, which mediate intralumenal vesicle
budding, but ESCRT complexes could function separately from those
specialized vesicles in facilitating Ty3 VLP formation or delivery. N indi-
cates nucleus; ER, endoplasmic reticulum; G, Golgi; SV, secretory vesicle;
E, endosome; MVB, multivesicular body; and V, vacuole. See text for
details. (B) Ty3 transposition depends upon Rad24 function but is dis-
rupted by proteins associated with the lagging strand clamp-loader, Eig1.
Ty3 preintegration complexes entering the nucleus are postulated to
distribute between disassembly by replication clamp-mediated activity
and integration facilitated by repair. This competition is postulated to be
influenced by the relative activity of Elg1 replication clamp-loading and
Rad24 checkpoint and repair clamp loading activities.

duced cDNAs could be affected for some later stage of the life-
cycle, such as nuclear delivery. Deletion of RIM20 produced the
lowest cDNA/plasmid ratio of any mutant. Rim20 acts together
with a subset of ESCRT proteins in activation of the Rim101 pH
adaptation transcription factor, which is unrelated to MVB for-
mation (Xu et al. 2004). However, Ty3 transposition was de-
creased by deletion of VPS27 and VPS4 which does not affect
Rim101 activation. Therefore it seems unlikely that the effect of
ESCRT complex disruption on Ty3 transposition is via disruption
of the Rim101 pathway.

The screen for disruption mutants affecting Ty3 also iden-
tified BRO1, RIM13, and VPS51/67 mutants as decreased in trans-
position (Aye et al. 2004). The majority of the vesicular traffick-

ing genes identified in our study were not recovered in the large-
scale Tyl screens. However, Scholes et al. (2001) reported a
modest increase in Tyl transposition frequency in a VACS dis-
ruption mutant, and Griffith et al. (2003) described decreases in
transposition in ATG17, SEC22, and VPS9 deletion strains. The
relative absence of overlap in this category of genes could indi-
cate that Tyl and Ty3 are different with respect to the function of
this pathway or that technical differences among the screens
resulted in differential recovery of this class of mutants.

Nuclear pore functions

Because the fungal nuclear envelope does not break down during
metaphase, as does mammalian nuclear envelope, the nuclear
pore is likely to be intimately involved in Ty nuclear entry. Con-
sistent with this, our analysis uncovered a number of genes re-
lated to nuclear transport and nucleoporins (Fig. 2; Table 1;
Supplemental Tables 2, 3). The nuclear pore in yeast is comprised
of ~30 proteins, including FG and non-FG nucleoporins and
membrane proteins (Macara 2001). Vertebrate nuclear pores have
been shown to transport colloidal gold particles of 26 (Dworetzky
et al. 1988) to 39 nm in diameter (Pante and Kann 2002) coated
with karyophilic proteins. It is highly likely that the 40- to 50-nm
size of the Ty3 VLP exceeds the transport capacity of yeast
nuclear pore. Thus, Ty3 VLPs are probably reconfigured or un-
coated prior to nuclear entry, as is also presumed for retroviral
core particles in nondividing cells (Greene and Peterlin 2002;
Dvorin and Malim 2003). Although a NLS required for Ty3 trans-
position was identified in the carboxyl-terminal domain of IN
(Lin et al. 2001), Ty3 Gag3 expressed alone forms perinuclear
clusters (M. Zhang, N. Beliakova-Bethell, and S.B. Sandmeyer,
unpubl.), indicating that some direct interaction between Gag3
and the nuclear pore might also occur. One possibility is that Ty3
nuclear entry occurs in two stages, with contact mediated by
Gag3 and entry by IN. In the case of Tf1, another gypsylike ele-
ment, the Gag-like protein contains a nuclear localization signal
and requires the FG nucleoporin Nup124 for nuclear entry (Dang
and Levin 2000).

Genes for mRNA export proteins (SAC3 and NPL3), a nuclear
karyopherin (KAP120), FG nucleoporins (NUP159, NUP59/ASM4,
and NUP100), and non-FG Nup84 subcomplex members (NUP84,
NUP133, and NUP120) (Siniossoglou et al. 2000; Allen et al. 2002)
were identified in the Ty3 screen (Fig. 2; Table 1; Supplemental
Tables 2, 3).

A subset of nucleoporins (Nup159, Nup42, and Nup82) are
asymmetrically located on the cytoplasmic face of the nuclear
pore, and two additional porins (Nup116 and Nup100) have a
distribution biased toward the cytoplasmic side (Rout et al.
2000). In our disruption screen for Ty3 mutants, NUP159 and
NUP116 were associated with increased and decreased Ty3 trans-
position, respectively (Aye et al. 2004), and in this screen, a mu-
tant for NUP100 was identified with increased transposition. If
they act directly, FG nucleoporins Nup159 and Nup100 might
simply impede progress of the Ty3 preintegration complex
through the pore channel. Deletion of KAP120, which encodes a
karyopherin implicated in a late stage of 60S ribosomal subunit
export (Stage-Zimmermann et al. 2000), and ASM4/NUPS59,
which encodes a nucleoporin symmetrically located on the
nuclear and cytoplasmic faces of the pore (Rout et al. 2000; Allen
et al. 2001), decreased transposition of Ty3 without dramatically
decreasing cDNA/plasmid ratios, suggesting that the effects are
late in the Ty3 lifecycle (Fig. 2; Supplemental Fig. 1).
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The Nup84 complex (Nup84, Nup85, Nup120, Nupl4s,
Nup133, Seh1, and Sec 13) comprises a non-FG substructure of
the pore and plays an important role in nuclear biogenesis (Sin-
iossoglou et al. 2000; Allen et al. 2002). Deletion of NUP133 or
NUP120 causes clustering of nuclear pores (Doye et al. 1994; Ait-
chison et al. 1995; Siniossoglou et al. 2000). Deletion of each of
three genes, NUP84, NUP133, and NUP120, resulted in elevated
transposition frequencies and cDNA/plasmid ratios (Fig. 2; Fig.
3B; Supplemental Fig. 1A,B). Deletion of NUP84 caused the most
dramatic increase in cDNA of any mutant studied. The simplest
interpretation of these results is that Ty3 nuclear entry is en-
hanced either by disruption of the nuclear pore structure or by
physical clustering of pores. Disruption of nuclear pore structure
in these mutants might lead to relaxation of the pore structure
and increased nuclear access for Ty3 intermediates. Ty3 VLPs
accumulate in clusters (Hansen et al. 1992; data not shown). An
alternative possibility is that association of Ty3 clusters with
nuclear pore clusters has a synergistic effect on nuclear entry. The
increase in Ty3 cDNA levels in these mutants is intriguing. If it is
the case that these nuclear pore mutants have elevated Ty3
nuclear entry, it indicates that nuclear localization positively af-
fects cDNA synthesis and may even constitute an important as-
pect of reverse transcription. It is possible that either the process
of nuclear entry itself, for example, if it is linked to uncoating, or
the nuclear environment rich in dNTPs promotes cDNA synthe-
sis. In the case of Tyl, both NUP84 and NUP133 deletions de-
creased transposition; nonetheless, the NUP133 deletion mutant
had elevated levels of cDNA (Griffith et al. 2003).

DNA maintenance functions

DNA maintenance proteins represented a major class of Ty3-
related factors (Figs. 2, 3C; Table 1; Supplemental Tables 2, 3).
Underscoring the significance of the DNA maintenance class of
mutants is the prior implication of these genes in stability and
integration of retrovirus and Tyl cDNA. Processivity of replica-
tion and repair polymerases is enhanced by a sliding clamp
mechanism (Maga and Hubscher 2003; Majka and Burgers 2004).
The Rfc1-5 complex loads the replication processivity clamp
Pol30/PCNA. This clamp also provides a platform for repair- and
replication-related factors. GOnet analysis of the genes identified
in our screen highlighted a cluster of clamp-related genes (Fig.
3D), including two Rfcl-related proteins, Rad24 (hRad17) and
Elgl. Rad24, in addition to its checkpoint function, substitutes
for Rfcl in the repair clamp loading complex. Deletion of RAD24
decreased Ty3 transposition, indicating that Rad24 plays a posi-
tive role in transposition, either through the checkpoint (for ex-
ample by extending a cell cycle period with high nucleotides and
blocking cellular replication activity) or more directly through
DNA repair processes, perhaps subsequent to integration.
Deletions of genes for nine DNA maintenance-related pro-
teins, including (ELGI1/RTT110) (Bellaoui et al. 2003; Ben-Aroya
et al. 2003; Kanellis et al. 2003), MRC1 (Osborn and Elledge
2003), RAD6 (Hoege et al. 2002; Giannattasio et al. 2005), HPRS,
SGS1 (Fabre et al. 2003), CSM3 (Mayer et al. 2004), EST3 (Hughes
et al. 2000), BRE1 (Hwang et al. 2003; Giannattasio et al. 2005),
and RRM3 (Schmidt et al. 2002) increased transposition. Dele-
tions of ELG1/RTT110, HPRS, SGS1, CSM3, and EST3 increased
Ty3 protein, and deletions of ELG1, MRC1, EST3, and RRM3 cor-
related with particularly high cDNA and elevated cDNA:plasmid
ratios. Among these genes, ELGI/RTT110 is particularly interest-
ing as it encodes the homolog of Rfc1 and Rad24 that is proposed

to replace Rfcl in the clamp loader for lagging strand replication
(Bellaoui et al. 2003; Ben-Aroya et al. 2003; Kanellis et al. 2003).
It was also identified in the Scholes et al. (2001) screen. Many of
these gene products interact physically or genetically with Elg1
(Fig. 3D), and HprS, Sgs1, and Rrm3 have related replication he-
licase activities (Schmidt and Kolodner 2004).

Deletion of EST3, a component of telomerase, elevated Ty3
transposition. Disruption of functions that triggered the telo-
mere checkpoint correlated strongly with enhanced Tyl trans-
position (Scholes et al. 2003). Strains with deletions of RTT107,
RTT103, and RTT109, which were identified in our high-copy
screen as having increased Ty3 transposition frequency, were
among the mutants increased in Ty1 transposition identified in
the Scholes et al. (2001) screen, in which mutants in DNA main-
tenance factors were highly represented. The RTT107 deletion
mutant phenotype was specific for high-copy transposition
(Supplemental Table 2). Rtt103 is part of an exonuclease complex
that enhances RNA polymerase II transcription termination
downstream of poly(A) sites (Kim et al. 2004). The RTT103 dele-
tion mutant had reduced levels of Ty3 protein and so might act
similarly to NPL3 or SAC3 deletions. As reported for the effect of
RTT109 disruption on Tyl, RTT109 deletion elevated Ty3 cDNA
(Fig. 2; Supplemental Fig. 1I). Rtt109 is nuclear and has an RNA
expression pattern similar to that of CIn2 (Sundin et al. 2004),
but its function is not known. The mechanism through which
DNA maintenance functions affect Tyl cDNA is not completely
understood but, given the common proteins and similar pheno-
types, is likely to operate in the case of Ty3 as well. Increased
cDNA production regulated by checkpoint activation (Scholes et
al. 2003) and increased cDNA stability (Rattray et al. 2000) have
been proposed as possible mechanisms in the case of rad50. In
support of the former model, RAD24 deletion mutants are de-
creased for transposition, and RAD24 disruption attenuates the
increased transposition of rad50 mutants (Scholes et al. 2003).
However, other results suggest that direct interaction of cellular
DNA maintenance proteins with incoming cDNAs do occur. For
example, disruption of SGSI increased multimerization of the
Tyl genome, indicating that cellular helicases might interact
with Ty cDNA and antagonize its recombination. In retrovirus-
infected cells, nonhomologous end joining factors circularize ex-
trachromosomal cDNA (Li et al. 2001). Both checkpoint ATR and
Ku repair proteins have been implicated in the retrovirus inte-
gration reaction (Daniel et al. 1999, 2003). Retroviral preintegra-
tion complex cDNA is not internally protected by IN (Miller et al.
1997) and contains gaps and displaced single-stranded regions
(Yoder and Bushman 2000). Thus, nascent cDNA is a potential
target for single-stranded binding proteins and associated repli-
cation and repair proteins. The fact that multiple genes for Pol30/
PCNA-interacting proteins were identified as mutants with in-
creased transposition in our screen and in a Ty1 screen (Scholes
et al. 2001) suggests that replication-related activities could dis-
rupt completion of reverse transcription and integration of the
nascent cDNA, perhaps by active displacement of Ty proteins.
This might destabilize the cDNA as proposed by Garfinkel and
colleagues for RadS52 epistasis group and other repair-
recombination factors (Rattray et al. 2000). Replication-based de-
stabilization of the preintegration complex might be antago-
nized by the Rad24 replication checkpoint, consistent with the
proposal of Scholes et al. (2003). In summary, we propose that
completion of cDNA synthesis is a key control point, and that
replication and integration-promoting repair proteins compete
for access to the nascent cDNA (Fig. 4B).
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Individual genes

Although no definitive clusters of cytoskeletal or chaperone
genes emerged in our screen, there were individual mutants of
potential interest (Supplemental Tables 2, 3). A strain deleted for
SLA1, which encodes a component of the polarisome required for
polarization of actin filaments along which vesicular, mRNA, and
organelle trafficking occurs (Pruyne and Bretscher 2000), was
among the mutants most severely decreased for transposition.
Ty3 protein and cDNA levels were not grossly different from
those in wild-type strains (Fig. 2; Supplemental Fig. 1K).

Deletion of genes for a prolyl isomerase (CPR7) (Duina et al.
1996), a ubiquitin-like protein (RUB1); a cullin found conjugated
to Rubl (RTT101) (Laplaza et al. 2004); and a subunit of the
nuclear proteasome (BLM3) (Fehlker et al. 2003) decreased Ty3
transposition (Fig. 3; Table 1; Supplemental Fig. 1L; Supplemen-
tal Tables 2, 3). Similar to retroviruses, Ty3 contains a domain
with a high percentage of proline residues. The potential role of
Cpr7 in transposition is of interest because cyclophilin A, which
is also a prolyl isomerase, enhances replication of HIV (Towers et
al. 2003). Deletion of GIM3, which encodes one of the six pre-
foldin subunits (Cowan and Lewis 2002), decreased transposition
in the case of the high-copy, but not the low-copy, Ty3 (Supple-
mental Table 2). Prefoldins deliver actin and tubulin to the TRiC
complex for folding and assembly. The Hunter laboratory has
implicated TRiC in perinuclear assembly of Type-D retroviruses
(Hong et al. 2001). We speculate that prefoldins could act as
chaperones for Ty3 assembly or uncoating. TRiC components are
essential, and so TRiC involvement in Ty3 assemby was not ad-
dressed by our screen. Deletion of PFD1, which encodes another
of the prefoldin subunits, decreased Ty1 transposition (Griffith et
al. 2003), suggesting that these proteins have a general role in
retrotransposition.

Genes of unknown function

Twenty genes of unknown function were identified in our Ty3
screen (Table 1; Supplemental Tables 2, 3). Eleven mutants rep-
resenting genes that appeared to be required for transposition or
that were strongly acting were chosen for Ty3 protein and cDNA
analysis (Fig. 2; Supplemental Fig. 1M,N). Of these, the mutant
deleted for Y/JR120W showed reduced Ty3 transposition and
amounts of Ty3 Gag3 and IN, but wild-type ratios of cDNA to
plasmid. The mutant deleted for YDL118W was also decreased for
transposition, but displayed increased ratios of Ty3 cDNA to plas-
mid. The mutant deleted for YILO9OW displayed both increased
transposition and Ty3 cDNA.

Relationship of deletion mutations to Ty3 transposition

We observed differences in Ty3 intermediates between wild type
and some, but not all, mutants. This was also the case in the
other Ty3 screen and in the two Ty1 screens that monitored Tyl
cDNA. There are several potential explanations. First, there were
differences in growth conditions used for sampling in genetic
screens and biochemical assays (solid vs. liquid medium and
colonies vs. early stationary phase liquid cultures). Second, Ty3
proteins were highly expressed. The current screen was initially
performed with a high-copy plasmid because in the BY4741
background, it is difficult to detect Ty3 proteins and cDNA ex-
pressed from a low-copy plasmid, making it impossible to ana-
lyze mutants expressing the low-copy plasmid biochemically.
Ty3 protein might not be limiting for transposition in the high-

copy system. In contrast cDNA/plasmid ratios correlated with
transposition in a number of mutants, particularly those with
increased transposition, suggesting that cDNA might be the lim-
iting intermediate under conditions of the high-copy screen.

What proportion of gene functions identified directly affect
Ty3 transposition remains to be determined. This screen was per-
formed in the haploid background because that is the context in
which native Ty3 transposition is initiated during mating. De-
spite the power of knockout collection screens, a concern, par-
ticularly when using the haploid background, is the occurrence
of suppressor mutations, which may attenuate or even cause spe-
cific phenotypes. Mutants of interest must be reconstructed or
complemented with the gene of interest in order to rigorously
demonstrate linkage to the Ty3 phenotype. We find it encourag-
ing that GOnet analysis identified clusters of genes encoding
proteins with related functions, as would be expected from bona
fide effects of specific deletion mutations.

Comparison of Ty screens

Consideration of mutants recovered in the present screen and
those in other screens for Ty3, Tyl, and retrovirus host factors
suggests that the profile of genes identified is specific to the
screening system, that many genes affect the retroelement life-
cycle, and that we have not yet even identified all the genes that
affect Ty transposition in S. cerevisiae. For example, a low-copy
wild-type screen for Ty3 mutants using a random disruption mu-
tant library based on a different S. cerevisiae strain and a position-
specific target (Aye et al. 2004) recovered 50 mutants, almost all
of which were decreased for transposition and showed only a few
genes in common with the screen reported here. There was also
no overlap between the two genomewide screens for Ty1 trans-
position mutants (Scholes et al. 2001; Griffith et al. 2003). How-
ever, each of these screens had unique technical features. The
screen by Scholes et al. (2001) used a chromosomal Ty1 element
under its native promoter, marked with his3AI to screen a hap-
loid disruption library. The screen by Griffith et al. (2003) used a
low-copy Ty1 under the GALI promoter and marked with HIS3 to
screen the knockout collection in a different genetic background.
In the former Tyl screen, only mutants with increased transpo-
sition were described. In the latter screen, all but two of the 101
mutants exhibited decreased transposition. Overall, it seems
likely that the search for genes affecting Ty3 transposition is not
yet saturated.

In spite of the differences among the Ty screens, it is clear
that there are a significant number of common host factors for
Tyl and Ty3. We observed effects of 2.9% of nonessential ORF
deletions tested. These were evenly divided between mutants
with increased and decreased transposition. That is likely to have
played a role in our recovery of subsets of genes identified in each
of the Ty1 screens. Out of the 29 disruption mutants recovered in
the Scholes et al. (2001) screen, there were six genes in common
with the current Ty3 screen (VACS, RTT103, SGS1, RTT109,
RRM3, and ELG1/RTT110). Of the 101 mutants recovered in the
Tyl screen by Griffith et al. (2003), 13 (DBP3, NUP84, DBRI,
VPH1, NUP133, POP2, DEP1, SEC22, VPS9, ATG17, RPL6A, TPS2,
and SIN4) were recovered in our screen. Overall of the 130 genes
identified in the two Tyl screens, we identified a total of 19
(15%) (Table 1). An additional seven genes were in common
between our high-copy Ty3 screen and one of the two Tyl
screens, but did not affect transposition of the low-copy Ty3
(Supplemental Table 2).
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Conclusions

Clusters of genes encoding RNA processing proteins, vesicular
processing complexes, nuclear pore components, and DNA
maintenance factors were identified in our search for mutations
that affect Ty3 retrotransposition. Analysis of Ty3 Gag3, CA, and
IN proteins suggested that under the conditions of our assay, Ty3
proteins were not limiting for transposition. Deletion of one
gene encoding a protein required for Golgi to endosome traffick-
ing increased Ty3 protein levels and decreased transposition. Al-
though deletion of one nucleoporin gene appeared to act late
and block transposition, disruption of the Nup84 subcomplex
required for nuclear pore biogenesis increased Ty3 cDNA and
transposition. These results suggest that nuclear entry acts to
regulate Ty3 cDNA levels, either directly through facilitating the
replication process or indirectly by providing access to the
nuclear environment. Deletion of the gene encoding one homo-
log of the Rfc1 clamp loader involved in repair, Rad24, decreased
transposition, but deletion of the gene for another, Elg1, and the
genes for a number of interacting proteins increased transposi-
tion and cDNA. We hypothesize that cellular replication antago-
nizes completion of Ty3 reverse transcription. Many of the genes
we identified have mammalian homologs, and a significant sub-
set have been shown to affect transposition of the distantly re-
lated Tyl retroelement or retroviruses. Such genes provide a
novel source of antiviral target candidates.

Methods

Strains and culture conditions

Media and standard techniques for S. cerevisiae were as previously
described (Burke et al. 2000). The collection of nonessential de-
letion mutants in the BY4741 background (MATa his3A1 leu2A0
met15A0 ura3A0) was purchased from Research Genetics (Invit-
rogen Inc.). Colonies were suspended in liquid YPD and trans-
formed by using a high-throughput modification of the Lazy-
bones technique (Burke et al. 2000). Transformed cells were
grown under noninducing conditions on SD -Ura -His to select
for the plasmid and the tagged Ty3 element, respectively, or un-
der inducing conditions on SG -Ura -His.

Plasmid constructions

Construction of a high-copy, URA3-marked plasmid, pNB2142,
which carries a GALI-10,,¢-regulated, HIS3-marked Ty3 element
(Ty3-HIS3) derived from a HIS3AI-marked element (Sadeghi et al.
2001) has been described (Aye et al. 2004). In order to make a
low-copy, Ty3-HIS3 expression plasmid, the GAL1-10,,5 and Ty3
in pNB2142 was amplified by PCR and cloned between the
HindlIII and Not1 sites of the low-copy, URA3 plasmid pRS316.
This plasmid was designated as pNB2155.

Transposition assays

A total of 4847 knockout mutants were transformed with
pNB2142, and two independent transformants for each strain
were patched onto SD -Ura -His medium. Because of poor growth,
390 strains could not be assayed (Supplemental Table 1). After 1
d at room temperature, cells were replica plated to SG -Ura -His to
induce transposition and, after 2 d, to YPD to allow plasmid loss.
After 3 d on YPD, cells were replica plated to SD -His supple-
mented with SFOA (2 mg/mL) in order to select for His* cells that
had acquired a genomic Ty3-HIS3 and lost the URA3-marked
plasmid, and after 1 d, to SD -His. Ty3 transposition is propor-
tional to the frequency of His* papillations. Papillation density

was evaluated by two independent observers. The independent
transformants were repatched and retested. Mutants that dis-
played consistent changes from wild type in the high-copy Ty3-
HIS3 assay (252) were transformed with the low-copy Ty3-HIS3
plasmid pNB215S5, and two independent transformants of each
deletion strain were retested as described above.

Immunoblot analysis

BY4741 cells and deletion mutants containing pDLC201
(pEGTy3-1) were grown under non-inducing (SR-ura) conditions
to early log phase and then were grown under inducing condi-
tions (SG-ura) for 24 h at 26°C. Whole-cell extracts (WCEs) were
prepared from 10 mL cultures by vortexing with glass beads in
denaturing buffer (9 M urea, 5 mM EDTA as previously described;
Continental Labs). WCEs were fractionated by electrophoresis in
a SDS-10% polyacrylamide gel. Proteins were transferred to Im-
mobilon-P (Millipore) and were incubated with rabbit polyclonal
anti-Ty3 CA or anti-Ty3 IN antibodies diluted 1:20,000 and 1:
2000, respectively (Menees and Sandmeyer 1994). Rabbit IgG was
visualized by using ECL+Plus (Amersham) according to manufac-
turer’s instructions. The blot used to probe for IN was also used to
probe for phosphoglycerate kinase (PGK) using anti-PGK IgG
(Molecular Probes).

Southern blot analysis

BY4741 cells were grown as described above for immunoblot
analysis. Cells were suspended in extraction buffer (10 mM Tris-
HCl at pH 8.0, 1 mM EDTA, 100 mM NacCl, 2% Triton X-100, 1%
SDS) and vortexed vigorously with glass beads in the presence of
phenol:chloroform. Nucleic acid was precipitated from the aque-
ous phase with ethanol, redissolved, and digested with RNase
(Hoffman and Winston 1987). RNA-free DNA (0.5 pg) was di-
gested with EcoRl, fractionated by electrophoresis in a 0.8% aga-
rose gel, transferred to Duralon UV membrane (Stratagene), and
immobilized by UV cross-linking in Stratalinker 1800 (Strata-
gene). Hybridization was performed with a *?P-labeled, internal
BgllIl fragment of Ty3, which hybridizes with the full-length 5.4-
kbp Ty3 cDNA, as well as Ty3 donor plasmid and chromosomal
Ty3 elements. The filters were washed and exposed to a phos-
phorimager screen, and hybridization signals were quantitated
by using Quantity One software (BioRad). The ratio of cDNA to
plasmid signal was used to evaluate the level of cDNA.

GOnet

In order to expedite functional analysis of the genes identified in
our screen, a database with a Web interface was developed that
integrates genomic, proteomic, and interaction information
across several existing sources, including the SGD (http://
www.yeastgenome.org/; ftp://ftp.yeastgenome.org/yeast/, March
2004) (Issel-Tarver et al. 2002), the Gene Ontology Consortium
(http://www.geneontology.org/), and the Yeast GRID (General
Repository for Interaction Datasets) available through http://
biodata.mshri.on.ca/yeast_grid (Breitkreutz et al. 2003). A suite
of Perl scripts (http://www.perl.org/) was used to parse the ORF
information files, extract useful information, and link each ORF
with the corresponding GO information. Interaction informa-
tion downloaded from GRID was symmetrized to mirror the Web
version of GRID and to allow greater flexibility in identification
of potential interactions. The Web interface to the database was
developed by using JavaScript and PHP (http://www.php.net/), a
scripting language suited for Web development with a built-in
interface for MySQL. GOnet allows users to rapidly cluster genes
according to interaction and GO hierarchy information and, in
so doing, to identify functions, processes, or components of
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greatest interest and significance. Output genes can be batch
searched by using BLASTP and the NCBI BLAST server (http://
www.ncbi.nlm.nih.gov/BLAST/) to identify homologs in other
species, or saved and formatted in a spreadsheet or as interaction
files for visualization by using Cytoscape (http://
www.cytoscape.org/) (Shannon et al. 2003). A detailed descrip-
tion of GOnet and instructions for use are available in the
Supplemental data and at the UCI Institute for Genomics and
Bioinformatics Web site (http://contactS.ics.uci.edu/gonet/
sgdindex.html).
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