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The genomic RNA of retroviruses and retrovirus-like transposons must be sequestered from the cellular
translational machinery so that it can be packaged into viral particles. Eukaryotic mRNA processing bodies (P
bodies) play a central role in segregating cellular mRNAs from the translational machinery for storage or
decay. In this work, we provide evidence that the RNA of the Saccharomyces cerevisiae Tyl retrotransposon is
packaged into virus-like particles (VLPs) in P bodies. Tyl RNA is translationally repressed, and Tyl Gag, the
capsid and RNA binding protein, accumulates in discrete cytoplasmic foci, a subset of which localize to P
bodies. Human APOBEC3G, a potent Tyl restriction factor that is packaged into Tyl VLPs via an interaction
with Gag, also localizes to P bodies. The association of APOBEC3G with P bodies does not require Tyl element
expression, suggesting that P-body localization of APOBEC3G and Tyl Gag precedes VLP assembly. Addi-
tionally, we report that two P-body-associated 5’ to 3’ mRNA decay pathways, deadenylation-dependent mRNA
decay (DDD) and nonsense-mediated decay (NMD), stimulate Tyl retrotransposition. The additive contribu-
tions of DDD and NMD explain the strong requirement for general 5’ to 3’ mRNA degradation factors Dcpl,
Dcp2, and Xrnl in Tyl retromobility. 5’ to 3’ decay factors act at a posttranslational step in retrotransposition,
and Tyl RNA packaging into VLPs is abolished in the absence of the 5’ to 3’ exonuclease Xrnl. Together, the
results suggest that VLPs assemble in P bodies and that 5’ to 3’ mRNA decay is essential for the packaging

of Tyl RNA in VLPs.

Exogenous retroviruses and endogenous long terminal re-
peat (LTR) retrotransposons have complex modes of replica-
tion involving reverse transcription of the genomic RNA in the
cytoplasm and integration of the cDNA into the host genome.
Consequently, the replication of these retroelements is modu-
lated by a multitude of host facilitators and defense factors,
some of which are conserved from Saccharomyces cerevisiae to
humans (3, 41, 42, 61). APOBEC3 proteins are mammalian
cytidine deaminases that mount a potent defense against
exogenous and endogenous retroelements (25). The human
genome encodes seven APOBEC3 proteins, including the pro-
totypical APOBEC3G (A3G), which blocks replication of
HIV-1 lacking the gene for the auxiliary factor Vif (77). A3G
is incorporated into HIV-1 virions through an RNA-dependent
interaction with the nucleocapsid domain of HIV-1 Gag (2, 13,
70, 82, 88). In the virion, A3G interferes with reverse transcrip-
tion, at least partly by deaminating dC residues in the minus
strand of HIV-1 cDNA, leading to cDNA degradation and to
dG-to-dA mutations in the plus strand of the integrated pro-
virus (44, 54, 58, 80, 89). A3G also restricts the replication of
endogenous retroelements in other species, including the LTR
retrotransposon Tyl in Saccharomyces cerevisiae (31, 34, 74).
A3G interacts with Tyl Gag in an RNA-dependent fashion, is
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incorporated into cytoplasmic Tyl virus-like particles (VLPs),
and blocks Tyl retrotransposition by a mechanism that is anal-
ogous to that of HIV-1 restriction (31, 74, 75).

In mammalian cells, A3G interacts with proteins involved in
mRNA translational repression and decay and is localized to
eukaryotic mRNA processing bodies (P bodies) and related
ribonucleoprotein (RNP) granules known as stress granules
(17,37, 84). P bodies are dynamic cytoplasmic RNP granules at
which components of the deadenylation-dependent mRNA de-
cay (DDD) pathway and the nonsense-mediated decay (NMD)
pathway are concentrated along with their mRNA substrates.
P-body-associated mRNA degradation in eukaryotes is initi-
ated by deadenylation of mRNA from the 3’ end by the Ccr4-
Pop2-Notl1-5 deadenylase complex, leading to translational re-
pression by Dhh1/Rck and Patl, removal of the 5" cap by the
essential Dcpl-Dep2 complex, and 5’ to 3" exonucleolytic deg-
radation by Xrnl (Keml). Other components of the DDD
pathway that are enriched in P bodies include the heptameric
activator of decapping, Lsm1-7, and Edc3, which promotes
P-body assembly (18, 35, 68, 78). Polyadenylated mRNAs can
also be targeted to P bodies via the NMD pathway (79), which
recognizes mRNAs containing premature stop codons. The
NMD pathway includes Upfl, Upf2, Upf3, Dcpl, Dcp2, and
Xrnl but not Dhh1 (20, 45, 65). Despite the association of 5’
to 3’ mRNA decay factors with P bodies, 5" to 3’ degradation
of mRNA by either DDD or NMD can occur cotranslationally,
and therefore degradation is not necessarily coupled to the
localization of mRNA in P bodies (47, 48).

Work by the Sandmeyer and Garfinkel labs has uncovered
distinct but significant roles for yeast P bodies in Ty3 and Tyl
VLP assembly, respectively (6, 14, 52). Ty3 Gag proteins,
RNA, and VLPs localize to P bodies, and this localization
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requires the nucleocapsid domain of Ty3 Gag, which is essen-
tial for Ty3 RNA packaging in VLPs (6, 52). The P-body-
associated proteins Xrnl, Dhhl, Patl, and Lsm1 are required
for efficient retrotransposition of Ty3 elements. Moreover, Ty3
Gag foci are increased in size in an xrn/A mutant and more
diffuse in a dhhlA mutant, as are P bodies (6, 51). Together,
these results provide compelling evidence for the assembly of
Ty3 VLPs in P bodies. Interestingly, however, previous studies
have suggested that this may not be the case with Tyl VLPs.
While Tyl Gag and RNA colocalized in cytoplasmic foci, they
were spatially distinct from P bodies (14, 57). However, for-
mation of Tyl Gag/RNA foci and retrotransposition were en-
hanced by the same P-body-associated proteins that are re-
quired for efficient Ty3 retrotransposition, including the 5’ to
3" exonuclease Xrnl and the DDD pathway components
Dhhl, Lsml, and Patl (8, 14, 43). In the xrnIA and dhhiA
mutants, Tyl RNA levels were not significantly altered, but the
levels of Tyl integrase, reverse transcriptase proteins, and
c¢cDNA were reduced, and the formation of VLP clusters as
visualized by electron microscopy (EM) was diminished. More-
over, the levels of Tyl antisense transcripts were increased to
variable degrees in these mutants (14). These findings, to-
gether with the intriguing observation that Tyl VLPs harbor a
mixture of capped and decapped Tyl RNA (16, 24), suggested
that DDD components function outside P bodies to promote a
posttranscriptional step in Tyl retrotransposition.

Tyl is a 5.9-kb element consisting of direct terminal repeats
flanking two overlapping open reading frames, gag (TYAI) and
pol (TYBI). Tyl elements are transcribed from the 5" LTR to
3" LTR by RNA polymerase II, forming a 5.7-kb terminally
redundant mRNA that is capped and polyadenylated. This
mRNA is the template for the translation of all Tyl proteins
and for reverse transcription of the full-length cDNA. The
following two primary translation products are synthesized,
with the latter resulting from a programmed ribosomal frame-
shift from gag to pol: p49-TyA (Gag) and p199-TyA-TyB (Gag-
Pol). A Tyl RNA dimer is encapsulated into cytoplasmic VLPs
consisting of Tyl Gag and Gag-Pol (36). Inside the VLP, Gag
and Gag-Pol are proteolytically processed into the following
four proteins that are required for retrotransposition: p45-TyA
(mature Gag), protease, integrase, and reverse transcriptase.
Subsequently, Tyl RNA is reverse transcribed into a linear,
double-stranded cDNA. The cDNA, in association with inte-
grase, is transported back to the nucleus, where integrase me-
diates nonhomologous insertion into chromosomal DNA.

The present study was undertaken to explore the role of
P-body-associated 5’ to 3" mRNA decay pathways in Tyl ret-
rotransposition and A3G-mediated restriction of Tyl. In con-
trast with the results from previous studies (14, 57), we report
that a significant fraction of Tyl Gag foci localize in P bodies.
Moreover, the retrotransposition restriction factor A3G local-
izes in P bodies independently of its interaction with Tyl RNA
or Gag. Since A3G is packaged into Tyl VLPs (31), our find-
ings suggest that the localization of Tyl Gag in P bodies is
functionally significant. Consistent with the P-body localization
of Tyl Gag, we demonstrate that Tyl RNA is translationally
repressed in high-molecular-weight RNP complexes. We con-
firm and extend previous results implicating the P-body-asso-
ciated DDD pathway in Tyl retrotransposition and demon-
strate that NMD also enhances Tyl retromobility and that
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Upfl is required for efficient restriction of Tyl retrotransposi-
tion by A3G. Furthermore, we find that the DDD and NMD
pathways play additive roles in enhancing Tyl retrotransposi-
tion, since single and double mutations that block both of these
pathways of 5’ to 3’ decay cause more severe retrotransposi-
tion defects than DDD- and NMD-specific mutations. In the
absence of 5’ to 3’ decay factors, Tyl cDNA levels, but not Tyl
Gag levels, are significantly reduced. In an xn/A mutant,
which lacks 5’ to 3" decay, packaging of Tyl RNA into VLPs is
abolished. Together, our results indicate that 5’ to 3’ mRNA
decay is essential for the assembly of Tyl Gag and RNA into
functional VLPs and suggest that P bodies are sites of RNA
and A3G packaging into VLPs.

MATERIALS AND METHODS

Strains. The Saccharomyces cerevisiae strains described below are derivatives
of strains BY4741 and BY4742. Genotypes of the strains used are listed in Table
1. Derivatives of strains BY4741 and BY4743 in which individual yeast open
reading frames (ORFs) are replaced by the kanMX marker gene (86) or fused at
the 3’ end terminus to the TAP tag (40) were obtained from Open Biosystems.
Derivatives of BY4741 harboring XRN1-GFP-HIS3, DCP2-GFP-HIS3, DHHI-
GFP-HIS3, and NVJI-GFP-HIS3 (50) were a generous gift from Roy Parker.

Strains JC3212, JC3787, and JC3807 have been described previously (64, 72).
Primers used in strain construction are provided in Table S1 in the supplemental
material. The IsmlA:kanMX, patlA:kanMX, edc2A:kanMX, sbplA:kanMX,
upf3A:kanMX, and ccr4A:kanMX alleles were introduced into strain JC3212 by
PCR-mediated gene disruption. A PCR product containing each allele was synthe-
sized with primer pair PJ50 and PJ51, PJ47 and PJ48, PJ304 and PJ305, PJ322 and
PJ323, PJ414 and PJ415, or PJ278 and PJ279 and genomic DNA from the
Ism1AzkanMX, patlA:kanMX, edc2A::kanMX, sbplA:kanMX, upf3A::kanMX, or
ccrdAzkanMX derivative of BY4741. The xrmlA::kanMX strains JC4759 and JC4762
are derivatives of strains JC3212 and JC3807, respectively, made by one-step gene
disruption with a PCR product generated with primers PJ56 and PJ57 and genomic
DNA from the xmlA:kanMX derivative of BY4741. The upflA:URA3
ccrdAzkanMX strain JC5033 was made by introducing the upfIA::URA3 disruption
cassette from plasmid pPL65 (55) into strain JC4964. Strain JC4960 is a spore of a
cross between the upflA::kanMX derivative of BY4741 and JC3787. Strain JC5030
is a upfIA:URA3 derivative of JC3807 made by gene disruption with the
upflA::URA3 cassette from plasmid pPL65. Strain JC4963 is a spore of a cross
between the edc3A::kanMX derivatives of strains BY4741 and JC3787.

Strains JC4742 and JC4746 were constructed by introducing a dhh1A:METIS
PCR product generated with primers PJ210 and PJ211 and plasmid pRS401 into
strains JC3212 and JC3807, respectively. The stel2A:METIS strains JC5060,
JC5063, and JC5066 were constructed by PCR-mediated gene disruption of
strain JC3212, the DHHI-GFP-HIS3 derivative of BY4741, and the DCP2-GFP-
HIS3 derivative of BY4741, respectively. The stel2A::MET15 PCR product was
generated with primers PJ144 and PJ145 and plasmid template pRS401. The
strains JC5298, JC5302, and JC5304 were constructed by introducing a
spt3A::kanMX allele into the strain JC3212, the DCP2-GFP-HIS3 derivative of
BY4741, and the DHHI-GFP-HIS3 derivative of BY4741, respectively, by PCR-
mediated gene disruption. The spt3A::kanMX allele was generated by PCR with
primers SPT3F and SPT3R and genomic DNA from the spt3A::kanMX derivative
of BY4741.

The dcp2::DAmP allele in strain JC4928 contains the LEU2 marker inserted
into the 3’ untranslated region (UTR) of DCP2, which results in reduced ex-
pression of DCP2 (73). The strain was constructed by first generating a diploid
strain by mating strain JC3807 to strain JC3787. A PCR product synthesized
using primers PJ359 and PJ360 and plasmid pRS405 as a template was intro-
duced into the diploid strain to generate a dcp2:DAmP/DCP2 diploid strain.
Tetrads were dissected to obtain the spore JC4928.

Strains JC5053 and JC5057 are dcplA::kanMX isolates harboring plasmids
pRP783 (DCPI) and pRP896 (dcpl-34) (83), respectively. The strains were
constructed by crossing a trp1::hisG derivative of strain JC3212 with a trp1::hisG
derivative of JC3787. One copy of DCPI was deleted in the resulting diploid by
a one-step gene disruption that used two overlapping PCR products. One prod-
uct was generated with primers PJ284 and DNTG1, and the second was gener-
ated with primers kanC and PJ334. Genomic DNA of the DCPI/dcplA::kanMX
derivative of BY4743 was used as a template in both PCRs. The resulting
heterozygous dcplA::kanMX/DCPI strain was subsequently transformed with
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TABLE 1. Yeast strains used in this study

J. VIROL.

Strain Genotype Reference or source
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 86
JC3212 MATa his3AI leu2A0 met15A0 ura3A0 Tylhis3AI[A1]-3114 72
JC3607 MATo his3AT leu2A0 lys2A0 ura3A0 Tyl-GFP-3566 tec1A::URA3 72
JC3688 MATo his3AT leu2A0 lys2A0 ura3A0 Tyl-GFP-3566 fus3A::URA3 72
JC3787 MATa his3AI leu2A0 lys2A0 ura3A0 Tylhis3AI[AI1-3114 64
JC3807 MATa his3AI leu2A0 met15A0 ura3A0 Tylhis3AI[A1]-3114 Tyl-GFP-3566 72
JC3903 MATa his3AI leu2A0 lys2A0 ura3A0 Tylhis3AI[AIT-3114 fus3A::kanMX 72
JC4684 Ism1A::kanMX derivative of JC3212 This study
JC4704 MATa his3A1 leu2A0 ura3A0 Tylhis3AI[A1]-3114 tecIA::kanMX 72
JC4742 dhh1A::METIS5 derivative of JC3212 This study
JC4746 dhh1A::METI15 derivative of JC3807 This study
JC4750 patlA::kanMX derivative of JC3212 This study
JC4759 xrmlA:kanMX derivative of JC3212 This study
JC4762 xrnlA::kanMX derivative of JC3807 This study
JC4928 his3AI leu2A0 ura3A0 Tylhis3AI[AI1-3114 TyI-GFP-3566 dcp2-DAmP-LEU2 This study
JC4960 MATa his3A1 leu2A0 lys2A0 ura3A0 Tylhis3AI[AT1-3114 upfl1A::kanMX This study
JC4963 MATo his3AI leu2A0 lys2A0 ura3A0 Tylhis3AI[AI1-3114 edc3A::kanMX This study
JC4964 ccrdAz:kanMX derivative of JC3212 This study
JC4965 edc2A::kanMX derivative of JC3212 This study
JC4969 sbplA::kanMX derivative of JC3212 This study
JC5015 upf3A::kanMX derivative of JC3212 This study
JC5030 upfIA::URA3 derivative of JC3807 This study
JC5033 upflA::URA3 derivative of JC4964 This study
JC5053 his3AI leu2A0 lys2A0 ura3A0 trp1:hisG Tylhis3AI[A1]-3114 dcplA::kanMX [pCEN-DCPI] This study
JC5057 his3AI leu2A0 ura3A0 trp1:hisG Tylhis3AI[AI1-3114 dcplA::kanMX [pCEN-dcpl-34] This study
JC5060 stel2A::METI5 derivative of JC3212 This study
JC5063 MATa his3A1 leu2A0 met15A0 ura3A0 stel2A::MET15 DCP2-GFP-HIS3 This study
JC5066 MATa his3A1 leu2A0 met15A0 ura3A0 stel2A::MET15 DHHI-GFP-HIS3 This study
JC5298 spt3A::kanMX derivative of JC3212 This study
JC5302 MATa his3A1 leu2A0 met15SA0 ura3A0 spt3A:MET15 DCP2-GFP-HIS3 This study
JC5304 MATa his3A1 leu2A0 met15A0 ura3A0 spt3A:MET15 DHHI-GFP-HIS3 This study
JC5405 MATa his3AI leu2 A0 met15A0 ura3A0 upflA::kanMX DCP2-GFP-HIS3 This study

plasmids pRP783 and pRP896, a generous gift from Roy Parker. Individual
transformants were sporulated, and G418"/Trp™ haploid spores were obtained by
tetrad dissection.

Plasmid construction. The plasmid pJC860 (pGAL1-A3G-RFP) is a LEU2-
marked, CEN-based yeast plasmid containing an ORF encoding red fluorescent
protein (RFP) fused to the A3G ORF under the control of the GALI promoter.
The RFP ORF was amplified by PCR with primers PJ68 and PJ61 and the
template plasmid pNB2265, kindly provided by Suzanne Sandmeyer (6). The
A3G ORF was amplified with primers PJ69 and PJ70 and the template pcDNA-
APOBEC3G, kindly provided by Bryan Cullen (31). The A3G and RFP ORFs
were fused by overlap extension PCR and amplified using primers PJ70 and
PJ61. The PCR product was digested with HindIII and Xbal and cloned into
pJC837 (71) digested with HindIII and Xbal.

The plasmid pJC858 (pLTR-Gag-RFP) is a URA3-marked, 2pm-based yeast
plasmid that contains an in-frame fusion of the RFP ORF to nucleotide 1203 of
the Tyl-H3 TYAI OREF driven by a Tyl LTR promoter. The TYAl ORF was
amplified by PCR with primers PJ64 and PJ63 and the template plasmid
pGTylhis3AI[Al] (71). The RFP ORF was amplified by PCR using primers PJ62
and PJ60 and the template plasmid pNB2265. The T7YAI and RFP ORFs were
fused by overlap extension PCR with primers PJ64 and PJ60. The PCR product
was digested with Xhol and BamHI and cloned into plasmid pBJC116 digested
with Xhol and BgIII. Plasmid BJC116 consists of a Yep24 vector harboring the
Xbal-Xhol fragment of pNF4000 (69), which contains the 5’ end of the 5 LTR
of Ty1-588.

Microscopy. Fluorescence microscopy was performed by using a Zeiss Axios-
kop (Carl Zeiss Inc.). Images were captured with an ORCA-ER digital camera
(Hamamatsu) and Openlab software (Improvision). All images were obtained at
a magnification of X1,000 with a Zeiss Plan-Apochromat 100x/1.40 oil differ-
ential interference contrast (DIC) objective. Fluors were detected with the fol-
lowing exciter/emitter filter sets: 345/425, Hoechst 33342 dye; 480/535, green
fluorescent protein (GFP); 560/645, RFP. Images were colored and merged in
Adobe Photoshop 8.0.

Independent transformants of plasmid pGAL1-A3G-RFP were grown in syn-
thetic complete medium lacking leucine and containing 2% glucose (SC-LEU

2% glucose broth) overnight at 30°C, diluted 1:50 into SC-LEU 2% galactose
broth, and grown at 20°C to late log phase (optical density at 600 nm [ODg,] of
0.8 to 1.1). Independent transformants of plasmid pLTR-Gag-RFP were grown
in SC-URA 2% glucose broth overnight at 30°C, diluted 1:100 into SC-URA 2%
glucose broth, and grown at 20°C to late log phase. Hoechst 33342 dye was added
to 1 ml of cells to a final concentration of 50 pg/ml, and the cells were incubated
at 20°C for 10 min. The cells were collected by centrifugation at 1,000 rpm,
washed three times in 1 ml distilled water (dH,O), and suspended in 100 pl
dH,0. A 1-pl aliquot was spotted on a glass slide and visualized by fluorescence
microscopy.

To assess the colocalization of GFP and RFP foci, the following criteria were
used: (i) cells were selected for analysis if the Hoechst dye appeared concen-
trated in the nucleus and did not spread throughout the cell; (ii) characteristically
bright GFP and RFP spots, above the background, were counted; and (iii) foci
were categorized as overlapping when RFP and GFP foci produced yellow in the
digitally merged image, separate when RFP and GFP foci were separated by the
radius of one focus or a greater length, and adjacent when RFP and GFP foci
were separated by less than the approximate radius of one focus in the digitally
merged image.

Affinity purification of P-body proteins. Derivatives of BY4741 harboring
XRNI-TAP, PATI-TAP, LSMI-TAP, or TDH3-TAP, or strain JC3212, which
lacks a TAP tag, were transformed with pGAL1-A3G-3xHA plasmid DNA (31).
Independent transformants were grown in SC-URA 2% sucrose/2% raffinose
broth at 20°C to mid-log phase, when galactose was added to a 2% final con-
centration; the cultures were then grown at 20°C for 6 h. The cells were washed
once in lysis/binding buffer (20 mM HEPES-NaOH at pH 7.8, 150 mM NaCl, 5
mM MgCl,, 1 mM EDTA, 5% glycerol, 0.05% NP-40, 1 mM dithiothreitol
[DTT]), and total cell extract was prepared by glass bead cell disruption in
lysis/binding buffer plus the Complete Mini, EDTA-free protease inhibitor cock-
tail (Roche). IgG-Sepharose 6 Fast Flow (GE Healthcare) cross-linked by incu-
bation with 20 mM dimethyl pimelimidate (Pierce) in 0.2 M Na-borate, pH 9.0,
and quenched by incubation in 0.2 M ethanolamine, pH 8.0, was bound to cell
lysates. Following incubation, the IgG-Sepharose was washed consecutively in 60,
40, and 40 volumes of TEV cleavage buffer (10 mM Tris-Cl at pH 8.0, 150 mM
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NaCl, 0.1% NP-40, 0.5 mM EDTA, 1 mM DTT) at 4°C. Tobacco etch virus
protease (AcTEV; Invitrogen) was added to the settled IgG-Sepharose in a
100-wl volume, and the samples were incubated at 20°C for 6 h. An equal amount
of supernatant was mixed with 4X sodium dodecyl sulfate (SDS) loading buffer,
and the proteins were separated by polyacrylamide gel electrophoresis (PAGE)
on 4 to 20% acrylamide gels. The proteins were analyzed by Western blotting
with anti-HA monoclonal antibody or anti-calmodulin binding protein (CBP)
polyclonal antibodies (Santa Cruz).

Polysome analysis. Strains JC3212 and JC4742 were grown in yeast extract-
peptone-dextrose (YPD) broth at 30°C to saturation, then diluted 1:100 into
fresh YPD broth, and grown at 20°C to mid-log phase. Cells were harvested by
centrifugation at 4°C and washed once with cold polysome lysis buffer (20 mM
Tris-HCI at pH 8, 140 mM KCl, 5 mM MgCl,, 0.5 mM DTT, 1% Triton X-100,
1 mg/ml heparin). Cell extract was prepared from 12 to 15 ODg, units of cells
by glass bead lysis in 500 wl polysome lysis buffer with or without 7.5 mM EDTA
plus the Complete Mini, EDTA-free protease inhibitor cocktail (Roche) and 200
units/ml RNasin (Promega). The cell extract was centrifuged at 4,000 rpm for 5
min, then transferred to a fresh tube, and centrifuged at 10,000 rpm for 5 min.
Cell extract at 18 4,4, units was applied to 5% to 45% (wt/vol) sucrose gradients
in polysome lysis buffer without Triton X-100 and with or without 7.5 mM
EDTA. Sucrose gradients were formed using a BioComp gradient station (model
153; BioComp Instruments) set at an angle of 81.5° and a speed of 21 rpm for
84 s. The gradients were centrifuged at 39,000 rpm for 2.5 h at 4°C using an SW41
rotor. Twenty-four 450-ul fractions were collected into 1 ml of 8 M guanidine-
HCI using the BioComp gradient station set at 0.5 mm/min and 3.10 mm per
fraction. RNA was precipitated from each of the even-numbered fractions by the
addition of an equal volume of 100% ethanol. RNA samples were subjected to
Northern analysis as described previously using a *?P-labeled Ty1 riboprobe (71)
and an ACT1 riboprobe. The template for the synthesis of the ACT! riboprobe
was a PCR fragment generated with primers PJ355 and PJ356 and yeast genomic
template DNA. Tyl mRNA and ACTI mRNA bands were quantified by phos-
phorimage analysis.

Transposition frequency assays. To measure the transposition of Tylhis3AI[Al]-
3114, single-colony isolates of JC3212 and congenic derivatives were grown in YPD
broth at 30°C to saturation. The cells were diluted 1:1,000 into fresh YPD broth and
grown at 20°C for 3 days. A dilution of each culture was plated on YPD agar, and
aliquots were plated on SC-HIS 2% glucose agar; plates were then incubated at 30°C
for 3 days. The frequency of Tylhis3AI retrotransposition is the number of His™
prototrophs divided by the total number of CFU plated. The average frequency and
standard error for each genotype tested were calculated using 4 to 9 cultures.

Independent colonies of BY4741 and congenic derivatives carrying plasmid
pBJC838 (pGTylhis3AI[AI]-LEU2-CEN [81]) were grown in SC-LEU 2% glu-
cose broth at 30°C to saturation. The cells were diluted 1:100 into SC-LEU 2%
galactose/2% sucrose/2% raffinose broth and grown at 20°C for 3 days. A dilution
of each culture was spread on SC-LEU 2% glucose agar, aliquots were plated on
SC-LEU-HIS 2% glucose agar, and plates were incubated at 30°C for 3 days. The
frequency of pGTylhis3AI retrotransposition is the number of His™ Leu™ col-
onies divided by the total number of Leu™ cells plated. The average frequency
and standard error for each transformed strain were calculated using 3 or 4
cultures.

Strain BY4741 and congenic derivatives carrying pBJC838 were subsequently
transformed with either pGAL1-A3G-3xHA or the pYES2 vector. Three inde-
pendent colonies of each strain were grown in SC-LEU-URA 2% glucose broth
at 30°C to saturation. The cells were diluted 1:100 into SC-LEU-URA 2%
galactose/2% sucrose/2% raffinose broth and grown at 20°C for 3 days. A dilution
of each culture was spread on SC-LEU-URA 2% glucose agar, aliquots were
plated on SC-LEU-URA-HIS 2% glucose agar, and plates were incubated at
30°C for 3 days. The frequency of pGTylhis3AI retrotransposition is the number
of His™ Leu™ Ura™ colonies divided by the total number Leu™ Ura™ cells plated.
The median retrotransposition frequency was calculated using 6 to 13 indepen-
dent cultures per strain. The ratio of the median pGTylhis3AI frequency in the
strain harboring pGAL1-A3G-3xHA to that in the strain harboring the vector
yielded the fold inhibition by APOBEC3G. One-sided hypothesis tests of
whether APOBEC3G inhibition was significantly reduced in mutant strains were
performed by conducting nonparametric bootstrap analyses (32) under the null
hypothesis that the fold inhibition in each mutant is the same as that in the
wild-type strain. For each test, the pGTylhis3AI transposition frequency data
were resampled 10,000 times, and the ratios of median fold inhibition were
recalculated. One-sided P values were obtained as the number of bootstrap
samples with a ratio of the median fold inhibition statistic greater than 1. To
account for the increased expectation of finding a significant result when per-
forming multiple tests, false discovery rate (FDR) corrections were applied post
hoc (7).
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Tyl cDNA levels. Independent colonies of strain JC3212 and congenic deriv-
atives were grown to saturation at 20°C. Total genomic DNA was digested with
SphI and subjected to Southern blot analysis with a 32P-labeled TYBI riboprobe
as described previously (71).

Northern analysis. Total RNA was prepared from cells grown to mid-log
phase at 20°C, as described previously (60). Plasmids pPGEM-TYA1 and pGEM-
HIS3, the DNA templates for riboprobe synthesis to detect Tyl mRNA and
Tylhis3AI mRNA, respectively, have been described previously (29). Plasmid
pDG512, a gift from David Garfinkel, was used as a template to synthesize a
riboprobe to detect 18S ribosomal DNA (rDNA). Plasmid pJC940, which con-
tains the Xhol-BgllI fragment of Tyl-H3 (nucleotides 238 to 1702) cloned into
the pSP70 vector (Promega), was used as a DNA template for the synthesis of a
riboprobe to detect TylAS RNA. Bands were quantified by phosphorimaging.

Gag-GFP activity assay. Strain JC3807 and derivatives, which harbor the
Tyl-GFP-3566 (GAG-GFP) element (72), and strain JC3212 and derivatives,
which lack TyI-GFP-3566, were grown in YPD broth at 30°C overnight. The
strains were diluted to an ODg, of 0.1 in YPD and grown at 20°C for 3 h. The
cells were diluted 1:10 into dH,O. The geometric mean of the GFP activity in
10,000 cells of each strain was measured by flow cytometry using a FACSCalibur
(Becton Dickinson). The difference between the mean GFP activity in each strain
containing 7yI-GFP-3556 and the mean GFP activity in the isogenic strain
lacking TyI-GFP-3556 was calculated to correct for differences in autofluores-
cence arising from differences in cell size.

Western blot analyses. Strain JC3212 and congenic derivatives were grown at
20°C to mid-log phase. Total cell lysates were separated on 10% SDS-PAGE
gels, and proteins were transferred to polyvinylidene difluoride (PVDF) mem-
branes. The membranes were incubated with affinity-purified anti-Gag polyclonal
antibody in phosphate-buffered saline (PBS) plus 0.05% Tween 20 and 1%
nonfat milk. Subsequently, the membrane was incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibodies and SuperSignal West Pico
chemiluminescent substrate (Pierce), and then the blots were exposed to film.
The films were photographed with a FluorChem 8900 (Alpha Innotech), and the
intensity of the bands was quantified with AlphaEase FC (Alpha Innotech). The
PVDF membranes were stripped of antibody in 50 mM Tris-HCI (pH 7), 2%
SDS, and 50 mM DTT at 70°C for 30 min. The membrane was incubated with
antitubulin polyclonal antibody (Chemicon International) as a loading control,
and the protein band was visualized as described above. A series of 2-fold
dilutions of whole-cell extracts were analyzed by SDS-PAGE to quantitate Tyl
Gag levels relative to antitubulin levels. The band intensities produced from
samples in the linear range of each dilution series were used to calculate Gag
levels relative to antitubulin levels. The average results and standard errors were
calculated using three or four samples of each strain analyzed on two Western
blots.

Benzonase protection assay. Strain JC3212 and congenic derivatives were
grown at 20°C to mid-log phase. Cells were harvested by centrifugation at 4°C
and washed once with cold dH,O. Cell extract was prepared from 15 ODy, units
by glass bead lysis in 350 wl extraction buffer (10 mM Tris-HCI at pH 7.5, 100
mM KCI, 10 mM EDTA) plus Complete Mini, EDTA-free protease inhibitor
cocktail and 57 units/ml RNasin. All steps were conducted at 0 to 4°C unless
otherwise indicated. The cell extract was centrifuged at 1,000 rpm for 5 min, then
transferred to a fresh tube, and centrifuged at 10,000 rpm for 1 min. Three
65.75-pl aliquots of whole-cell extract were added to 7.5 pl of 10X Benzonase
buffer (100 mM Tris-HCl at pH 7.5, 100 mM MgCl,, 500 mM NaCl), 0.25 pl in
vitro-synthesized Tyl control transcript (5 to 10 ng), and 1.5 pl Benzonase or
dH20. The Tyl in vitro transcript was synthesized using pGEM-TYALI as a
template and T7 polymerase. Samples with and without Benzonase were trans-
ferred to a 24°C water bath for 6 min. A third set of samples lacking Benzonase
were kept at 0°C. Addition of 5 ul of 0.5 M EDTA and 500 pul RNA isolation
buffer (10 mM Tris-HCI at pH 7.5, 10 mM EDTA, 2% SDS) stopped the
reaction. RNA was phenol-chloroform extracted, ethanol precipitated, and re-
suspended in dH,O. An aliquot of RNA (20 pg) from the control samples or the
equivalent volume from Benzonase-treated samples was denatured with an equal
volume of glyoxal, separated by agarose gel electrophoresis, and transferred to
Hybond-XL (GE Healthcare). A 3?P-labeled Tyl riboprobe was synthesized
using T7 polymerase. DNA templates for riboprobe synthesis were generated by
PCR amplification with primers PJ357 and PJ358 and plasmid pPGEM-TYALI as
a template.

RESULTS

Human A3G and Tyl Gag localize to P bodies in yeast. The
A3G protein localizes to P bodies in human peripheral blood
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FIG. 1. Human A3G and Tyl Gag localize to P bodies. Individual yeast cells treated with Hoechst dye (Hoechst) to visualize cell nuclei were
located by differential interference contrast (DIC) microscopy and fluorescence microscopy. Scale bar, 3 wm. Fluorescent images were merged
using Adobe Photoshop. (A) Yeast strains harboring DCP2-GFP or DHHI-GFP and plasmid pGAL1-A3G-RFP were grown in galactose-
containing broth, and live cells were visualized to determine the subcellular locations of P bodies and A3G-RFP and their joint subcellular location
(Merge). The pie graph shows the percentage of A3G-RFP foci that colocalize with Dcp2-GFP foci or were adjacent to Dcp2-GFP foci (see
Materials and Methods for complete description of quantitation). “N” represents the total number of A3G-RFP foci examined for colocalization
with Dcp2-GFP. (B) Live cells harboring the chromosomal 7y1-GFP-3566 element and the pGAL1-A3G-RFP plasmid were grown in the presence
of galactose to determine the subcellular locations of Gag-GFP and A3G-RFP. (C) Live cells harboring DCP2-GFP or DHHI-GFP and plasmid
pLTR-GAG-RFP were visualized to determine the subcellular locations of P bodies and Tyl Gag-RFP and their joint subcellular location. The
pie graph shows the percentage of Gag-RFP foci that colocalize or are adjacent to Dcp2-GFP foci. “N” represents the number of Gag-RFP foci
examined for colocalization with Dcp2-GFP. (D) The subcellular locations of Gag-RFP and A3G-RFP were visualized in live cells harboring
NVJI-GFP and plasmid pGAL1-A3G-RFP or pLTR-Gag-RFP. NVJI encodes a nuclear-vacuolar junction protein.

cells and cell lines (37, 84). To determine whether A3G local-
izes to P bodies when expressed in yeast cells, the ORF en-
coding RFP was fused to the 3’ end of the A3G ORF, which is
driven from the inducible GALI promoter on a centromere-
based plasmid (pGAL1-A3G-RFP). The A3G-RFP protein
was expressed in strains harboring a genomic copy of either
DCP2-GFP or DHHI-GFP (50). A3G-RFP localized in cyto-
plasmic foci in most cells, with a range of 0 to 4 foci per cell and
an average of 0.9 focus per cell (Fig. 1A). (Cells that lack A3G
foci may have lost the pGAL1-A3G-RFP plasmid, and there-

fore, the average number of foci per cell could be an under-
estimate.) In contrast, RFP expressed from the GALI pro-
moter on a high-copy-number yeast plasmid does not form foci
(6). Moreover, we found that 66% of A3G-RFP foci colocal-
ized with P bodies, based on complete or partial overlap with
Dcp2-GFP foci. An additional 29% of A3G-RFP foci were
directly adjacent to a Dcp2-GFP focus, but no region of over-
lap was detected in the merged imaged. Similar extents of
overlap and adjacency were also observed when Dhh1-GFP
was used to visualize P bodies (Fig. 1A) (quantification not
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FIG. 2. Human A3G copurifies with core P-body proteins in yeast.
Yeast strains expressing C-terminal fusions of the TAP tag to Xrnl,
Patl, Lsm1, or Tdh3 or expressing no TAP-tagged protein (None) and
coexpressing A3G-3XHA were analyzed. TAP-tagged proteins and
copurifying proteins were released from IgG-Sepharose by cleavage
with TEV protease. (Top) Western blot reacted with anti-HA antibody
(a-HA), which detects A3G-3XHA present in purified TAP-tagged
protein complexes. (Bottom) Western blot reacted with anti-CBP an-
tibodies (a-CBP), which detect the TAP-tagged protein in purified
protein complexes. IB, immunoblot.

shown). The A3G foci did not overlap with the foci of the
control fusion protein Nvj1-GFP (Fig. 1D). These data suggest
that the A3G protein is closely associated with or contained in
P bodies in yeast cells.

To determine whether the colocalization of A3G with P
bodies was due to the formation of specific complexes contain-
ing A3G and P-body constituents, we expressed A3G with a
C-terminal 3X hemagglutinin (3XHA) epitope tag in yeast
strains containing an allele of XRNI, LSM1, or PATI in which
the ORF was fused to the tandem affinity purification (TAP)
tag (40). TAP-tagged proteins and biochemically associated
complexes were purified from cell lysates by binding to IgG-
Sepharose, and complexes were released with TEV protease.
Western blot analysis of protein complexes demonstrated that
A3G-3xHA copurified with Xrnl-TAP, Lsm1-TAP and Patl-
TAP (Fig. 2). However, all of these proteins can bind RNA,
and therefore the interaction of A3G with Xrnl, Lsm1 and
Patl could occur via nonspecific RNA-mediated bridging. To
address the specificity of the interactions, we asked whether
A3G copurifies with another RNA binding protein, Tdh3,
which is not associated with P bodies. Only a very low level of
A3G-3XHA copurified with Tdh3, supporting the idea that the
presence of A3G in specific complexes with Xrnl, Lsm1, and
Patl underlies its colocalization with P bodies.

Because A3G interacts with Tyl Gag in VLPs and potently
inhibits retrotransposition (31), we asked whether Tyl Gag
also colocalizes with A3G in P bodies. To assess A3G colocal-
ization with Gag, we expressed the pGAL1-A3G-RFP plasmid
in a yeast strain that carries GFP fused to the 3’ end of the
GAG OREF in a single chromosomal copy of Tyl (Tyl-GFP-
3566) (72). Consistent with previous results obtained using
other methodologies (14, 57), we found that Gag-GFP ex-
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pressed from a chromosomal Tyl element was distributed in
multiple cytoplasmic foci. Moreover, a significant proportion
of Gag-GFP foci overlapped with A3G-RFP foci (Fig. 1B). To
determine whether Gag localizes in P bodies, we constructed a
GAG-RFP fusion gene driven from the LTR promoter on a
high-copy-number plasmid (pLTR-GAG-RFP). Like Gag-
GFP, Gag-RFP localized in multiple discrete cytoplasmic foci
(Fig. 1C). Moreover, when pLTR-GAG-RFP was expressed in
the strain harboring the chromosomal Tyl-GFP-3566 element,
nearly complete colocalization of Gag-GFP and Gag-RFP was
observed (see Fig. S1 in the supplemental material). When
pLTR-GAG-RFP was expressed in a strain harboring DCP2-
GFP, approximately 15% of Gag-RFP foci overlapped with
Dcp2-GFP foci, while another 17% of Gag-RFP foci were
directly adjacent to Dcp2-GFP foci (Fig. 1C). Comparable
results were obtained when Gag-RFP colocalization with
Dhh1-GFP was evaluated (Fig. 1C). The percentage of Gag-
RFP foci that overlapped with Dcp2-GFP foci was not as high
as the percentage of A3G foci that overlapped with Dcp2-GFP
foci, and the average of 3.9 Gag-RFP foci per cell was sub-
stantially higher than the average of 0.9 A3G-RFP focus per
cell. In summary, we observed a striking localization of A3G in
P bodies, and a fraction of Tyl Gag foci overlapped with P
bodies and with A3G foci.

The localization of a fraction of Gag to P bodies could result
from the formation of specific complexes between Gag and
core P-body proteins. To explore this idea, expression of Gag
was induced from a pGTyl plasmid in strains expressing Xrn1-
TAP, Lsm1-TAP, or Patl-TAP (40). TAP-tagged proteins
were successfully purified from cell lysates, but there was no
detectable copurification of Tyl Gag (data not shown). It re-
mains possible that Gag interacts specifically with another
component of P bodies aside from the three tested above.
However, these results suggest that Tyl Gag and A3G localize
in P bodies by distinct mechanisms.

Localization of A3G to P bodies occurs independently of Ty
retrotransposon expression. The results given above raise the
possibility that A3G localizes in P bodies independently of Tyl
expression. To address this possibility, pGAL1-A3G-RFP was
expressed in spt3A and stel2A derivatives of strains harboring
the DCP2-GFP or DHHI-GFP allele. Spt3 and Stel2 are tran-
scription factors that are required for expression of Tyl ele-
ments (21, 23, 85). The A3G-RFP protein accumulated in
cytoplasmic foci in spt3A and stel2A strains and colocalized
with both Dcp2-GFP and Dhh1-GFP (Fig. 3). Control exper-
iments in which pLTR-Gag-RFP was expressed in the spt3A or
stel2A strain confirmed that Tyl Gag-RFP foci are not ob-
served in these mutants (see Fig. S2 in the supplemental ma-
terial) (data not shown). Together, these results indicate that
A3G localizes to P bodies in the absence of Tyl RNA expres-
sion. In fact, there is likely to be very little expression of any
retrotransposon in an spt3A mutant, since Ty2 expression is
also abolished in this mutant, and the expression of Ty3, Ty4,
and defective Ty5 elements is very low or repressed (9, 49, 85).
Therefore, our data suggest that A3G associates with P bodies
through its interactions with host proteins or RNAs that are
not encoded by retroelements. The independent localization of
A3G and Tyl Gag in P bodies suggests that P bodies are sites
of A3G interaction with Gag during VLP assembly.
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FIG. 3. Human A3G localizes to P bodies independently of Tyl expression. Individual live yeast cells were treated with Hoechst dye and
visualized by differential interference contrast (DIC) and fluorescence microscopies. Scale bar, 3 wm. The localization of human A3G-RFP foci
and P bodies in strains lacking Tyl expression was visualized by inducing expression of plasmid pGAL1-A3G-RFP in an spt3A strain harboring
DCP2-GFP or DHHI-GFP (top) and an stel2A strain harboring DCP2-GFP or DHHI-GFP (bottom).

Tyl RNA is sequestered from translation in high-molecular-
weight nonpolysomal complexes. The presence of Tyl Gag and
the Gag-binding protein A3G in P bodies raises the possibility
that some fraction of Tyl RNA is also present in P bodies and
therefore sequestered from translation. To determine whether
there is a pool of translationally repressed Tyl RNA, we
detected Tyl RNA across a polysome profile. Cell lysates were
fractionated on 5 to 45% sucrose gradients in the absence and
presence of 7.5 mM EDTA. Fractionation of lysates in the
absence of EDTA allows actively translated mRNAs associ-
ated with polysomes to be separated from untranslated
mRNPs, which typically sediment near the top of the density
gradient. Fractionation of lysates in the presence of EDTA
results in the dissociation of ribosomes to ribosomal subunits;
therefore, Tyl RNA on polysomes can be separated from Tyl
RNA in VLPs or other high-molecular-weight nonpolysomal
RNPs that are stable in the presence of EDTA (33). Following
fractionation on sucrose gradients, total RNA was extracted
from even-numbered fractions of the gradients. Northern blot
analysis was performed to detect Tyl RNA and, as a control,
the ACTI mRNA (Fig. 4A). In the absence of EDTA, both Tyl
mRNA and the actively translated ACTI mRNA comigrated
with polysomes in fractions 16 to 24 (Fig. 4B). As expected,
addition of EDTA to the sucrose gradient resulted in the
dissociation of polysomes and a concomitant shift in ACT1
mRNA from heavy fractions of the sucrose gradient to frac-
tions 4 to 8. Tyl RNA, on the other hand, remained in high-
molecular-weight RNPs in fractions 8 to 22. While Tyl RNPs
shifted modestly from fractions 16 to 24 in the absence of
EDTA to fractions 8 to 22 in the presence of EDTA, 40S and
60S ribosomal subunits also shifted toward the top of the
gradient, and the positions of Tyl mRNPs relative to 40S and
60S subunits were not substantially altered by the addition of

EDTA. The absence of Tyl RNA that cosediments with ACT7
mRNA in the free mRNP/40S region of the gradient when
polysomes are dissociated indicates that little if any Tyl RNA
is actively translated on polysomes. Instead, Tyl RNA is lo-
cated in high-molecular-weight RNPs that are resistant to dis-
sociation by EDTA and therefore distinct from polysomes. A
fraction of these large RNPs could be Tyl VLPs. However, Tyl
RNA comprises up to 1% of total RNA (29), and yet, VLPs are
barely detectable (22, 38, 63). Therefore, packaging of Tyl
RNA within VLPs cannot fully explain the strong translational
repression of Tyl RNA in high-molecular-weight RNPs. The
sequestration of Tyl RNA from translation is consistent with
the localization of Tyl Gag and the restriction factor A3G in P
bodies.

The P-body protein Dhhl1 is a general repressor of transla-
tion that is required for efficient retrotransposition of Tyl and
Ty3 (6, 14, 19, 51). Therefore, we examined the possibility that
Dhh1 is required for the translational repression of Tyl RNA.
When a dhhIA mutant strain was analyzed, sedimentation of
Tyl RNA in sucrose gradients in the presence and absence of
EDTA was very similar to its sedimentation in the analysis
of the wild-type strain (see Fig. S3 in the supplemental mate-
rial). Therefore, Dhh1 plays no apparent role in the repression
of Tyl RNA translation.

A functional 5’ to 3’ mRNA decay pathway is required for
efficient Tyl retrotransposition. Four 5’ to 3’ mRNA decay
proteins that are associated with P bodies—Xrn1, Dhh1, Lsm1,
and Patl—have been shown to promote Tyl retrotransposition
(8, 14). Both the DDD pathway, which includes Ccr4, Dhhl,
Patl, and Lsm1-Lsm7, and the NMD pathway, which includes
Upfl, Upf2, and Upf3, target mRNAs for decapping by the
Dcp1-Dcep2 complex and 5' to 3" degradation by Xrnl. To gain
insight into the relative importance of P-body-associated
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FIG. 4. Tyl mRNA resides in high-molecular-weight nonpolysomal
RNPs. (A) Northern blot analysis of Tyl mRNA (Tyl) and ACTI
RNA (ACTI), the latter as a control for the sedimentation of an
actively transcribed mRNA, in even-numbered fractions obtained by
fractionation of cell lysates from wild-type strain JC3212 on 5% to 45%
sucrose gradients lacking EDTA (top three panels) or containing 7.5
mM EDTA (bottom three panels). The positions of nontranslating
mRNPs, 40S and 60S ribosomal subunits, and polysomes were deter-
mined by gel electrophoresis of RNA from each fraction on an agarose
gel stained with ethidium bromide (EtBr). (B) The percentage of Tyl
or ACTI mRNA in each fraction as a percentage of the total amount
in every fraction assayed is indicated on the y axis. The positions of
nontranslating mRNPs, the 40S and 60S ribosomal subunits, and the
polysomes are indicated above the graph. Error bars indicate the
standard errors of the average results obtained using three biological
replicates with and without EDTA for the Tyl RNA and using two
biological replicates for the ACTI RNA.

DDD, NMD, and general 5’ to 3’ mRNA decay factors in Tyl
retrotransposition, we deleted the genes encoding these factors
in a strain containing a single chromosomal Tylhis3AI ele-
ment. The his3AI retrotransposition indicator gene allows cells
in which the Tylhis3A4I element retrotransposes to be detected
as His™ prototrophs in a quantitative assay (28). In agreement
with previous reports (8, 14), Tylhis3AI retrotransposition was
dramatically reduced in the x7n/A mutant to 0.5% of the ret-
rotransposition level in a wild-type strain (Table 2). DCPI and
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DCP2 are essential genes, so we constructed a dcplA strain
carrying a plasmid-borne copy of the strong loss-of-function
allele dcpl-34 (83) and a second strain carrying a hypomorphic
DAmP allele of DCP2 (73). The strains with hypermorphic
mutations in DCPI or DCP2 each had a substantial reduction
in the retrotransposition frequency to <9% of that in the
corresponding wild-type strain (Table 2). Given that Dcpl and
Dcp2 are required to remove the 5’ cap from mRNA so that
degradation by Xrnl can occur, these findings suggest that
exonucleolytic degradation of RNA by Xrnl is necessary for
Tyl retrotransposition.

NMD has not previously been examined for a role in Tyl
retrotransposition, and we find that NMD is required to a large
extent. The frequency of Tylhis3AI retrotransposition in the
NMD-defective upfIA and upf3A mutants was <4% of that in
a wild-type strain. An equivalent retrotransposition defect was
also observed in a upf2A mutant (data not shown). The effect
of NMD factors is as strong as or stronger than that of DDD
factors. For example, in the DDD-defective dhh1A mutant, the
frequency of retrotransposition was reduced to 1.6% of that in
the wild-type strain. However, deletion of other DDD path-
way-specific genes, including LSM1, PATI, and CCR4, had a
more modest effect on retrotransposition, yielding frequencies
of 10%, 16%, and 20% of that in the wild-type strain, respec-
tively. To determine whether the DDD and NMD pathways
independently promote retrotransposition, we deleted both
the DDD-specific gene CCR4 and the NMD-specific gene
UPF1I in the Tylhis3AI strain. Retrotransposition in the upfIA
ccr4A double mutant was significantly lower than that in either
of the single mutants and comparable to that in the xrniA
mutant. This result indicates that Upfl and Ccr4 have additive
effects on retrotransposition and suggest that both DDD and
NMD contribute to the strong requirement for 5’ to 3" mRNA
degradation in Tyl retrotransposition.

In contrast to the core components of the DDD and NMD
pathways, conditional enhancers of decapping EDC2 or SBPI
(66, 76) play no apparent role in promoting retrotransposition.

TABLE 2. Frequency of Tylhis3AI retrotransposition in mRNA
decay mutants

Tylhis3AI Relative
Genotyne? retrotransposition Tylhis3A1
enotype frequency * SE transposition
(1077) frequency (%)
WT 4.55 = 0.67 100
xrnlA 0.025 = 0.005 0.5
dep2-DAmP 0.258 £ 0.045 5.7
dhhlA 0.071 = 0.001 1.6
upflA 0.114 = 0.033 2.5
upf3A 0.153 = 0.040 3.4
patlA 0.731 = 0.133 16
IsmIA 0.473 = 0.033 10
edc2A 3.93 = 1.03 86
edc3A 2.29 = 0.47 50
sbplA 4.74 £ 0.44 104
ccr4A 0.905 = 0.139 20
upfIA ccr4A <0.020 <0.4
dcplA DCP1-CEN 3.55 £ 0.66 100
deplA depl-34-CEN 0.316 = 0.051 8.9

“WT, wild type.
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TABLE 3. Frequency of pGTylhis3AI retrotransposition in
mRNA decay mutants
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TABLE 4. Inhibition of pGTylhis3AI retrotransposition by A3G in
mRNA decay mutants

pGTylhis3AI pGTylhis3AI Fold inhibition of
Genotype retrotransposition transposition Genotype pGTylhis3AI Relative A3G inhibition
P frequency = SE relative to P retrotransposition (P value)®
(1074 WT strain (%) by A3G“
WwT 1.60 = 0.16 100 WT 36.6 1.00
xrnlA 0.02 = 0.005 1.3 xrnlA 15.3 0.42 (0.11)
dhhIA 0.05 = 0.008 32 dhhIA 75.0 2.05 (0.94)
IsmI1A 29 +0.5 184 IsmI1A 359 0.98 (0.54)
upfIA 0.14 = 0.02 8.7 upfIA 59 0.16 (0.0015)¢

Moreover, deletion of EDC3, whose gene product provides a
scaffold for the decapping complex during P-body assembly
(30), caused only a 50% reduction in retrotransposition. Since
edc3A mutants have reduced levels of microscopically visible P
bodies, this result suggests that P-body assembly is not as
critical for retrotransposition as the 5’ to 3’ mRNA decay
functions that are concentrated in P bodies.

Upfl enhances A3G-mediated restriction of pGTyl retro-
transposition. To explore the mechanisms by which 5" to 3’
mRNA decay proteins promote retrotransposition, we exam-
ined the effect of xrn1A, dhhiA, IsmIA, and upfI A mutations on
retrotransposition of a GALIp:Tylhis3AI element on a cen-
tromere-based plasmid (pGTylhis3A4I) (Table 3). Expression
of Tylhis3AI from the GALI promoter increases not only the
total amount of Tyl RNA but also the efficiency of retrotrans-
position per Tyl transcript (27, 39). Retrotransposition of the
pGTylhis3AI element was not decreased in the IsmIA mutant,
but in an xmlIA, dhhIA or upfIA mutant, it was reduced to
1.3%, 3.2%, or 8.7% of the frequency in a wild-type strain. The
relative decrease in pGTylhis3AI retrotransposition in these
mutants compared to that in the wild-type strain was similar to
that of the chromosomal Tylhis3A4I element (Table 2). How-
ever, the actual frequency of pGTylhis3AI element retrotrans-
position in the xrnIA mutant is almost 1,000-fold higher than
that of a chromosomal Tylhis3AI element and is even higher
than the retrotransposition frequency of the chromosomal
Tylhis3AI element in a wild-type strain (Table 3). These re-
sults argue that Xrnl affects the efficiency of a step in retro-
transposition rather than performing an essential function.

Because the level of pGTylhis3AI retrotransposition in
xrmlA, dhhiA, IsmIA, and upfl A mutants is well above the limit
of detection of the retrotransposition assay, we were able to
determine whether these P-body proteins are required for
A3G-mediated restriction of Tyl retrotransposition. Coinduc-
tion of pGAL1-A3G and pGTylhis3AI resulted in a 36.6-fold
inhibition of Tylhis3AI retrotransposition in a wild-type strain
(Table 4). This level of A3G-mediated inhibition was altered
only slightly in the xrn 1A, dhhIA, or Ism1A mutant background.
However, A3G-mediated restriction was significantly reduced
in the upflIA mutant. Therefore, Upfl is required for the effi-
cient restriction activity of A3G.

Since A3G does not gain access to P bodies by interacting
with Tyl Gag or RNA (Fig. 3), we considered the possibility
that Upf1’s role in A3G-mediated restriction is to enhance the
localization of A3G to P bodies. To address this possibility,
pGALI1-A3G-RFP was expressed in a upfIA derivative of a
strain harboring the DCP2-GFP allele. A3G-RFP is localized

“ Ratio of the median pGTylhis3AI retrotransposition frequency in the strain
carrying an empty vector to that in the strain expressing pGAL1-A3G.

b Ratio of the fold inhibition in the deletion strain to the fold inhibition in the
wild-type strain. P values shown are for a one-sided test to determine whether
inhibition is reduced in the deletion strain.

¢ The P value was <0.01 after controlling for FDR.

in cytoplasmic foci that overlap with Dcp2-GFP foci in the
upfI A strain (see Fig. S4 in the supplemental material), and the
degree of overlap was comparable to that in the wild-type
strain (Fig. 1A). Moreover, Upfl is not required for partial
colocalization of Gag-RFP with Dcp2-GFP (see Fig. S4 in the
supplemental material). This suggests that Upfl is not neces-
sary for the association of A3G or Gag with P bodies, and
therefore, it might act at a later stage in the retrotransposition
process, such as VLP assembly or reverse transcription.
Posttranslational regulation of Tyl retrotransposition by
Xrnl, Dhhl, and Upfl. To investigate the role of 5’ to 3’
mRNA decay factors in retrotransposition, we first asked
whether the accumulation of Tyl cDNA was altered in decay
mutants, as suggested previously for the xmIA, IsmIA, and
dhhlA mutants (14). Levels of unintegrated Tyl cDNA were
measured using a standard Southern blot assay (Fig. 5A). Tyl
cDNA levels in the xrnlA, dhhIA, and dcpl-34 mutants were
reduced to =10% of the level in the wild-type strain, and the
level in the upfIA mutant was 24% of the wild-type level. By
comparison, cDNA levels were modestly reduced in the IsmIA,
patlA, and ccr4A mutants. No decrease in Tyl cDNA was
detected in the edc3A mutant, which had only a 2-fold decrease
in retrotransposition. Given that cDNA is an essential inter-
mediate in retrotransposition, these data, obtained in an assay
that does not rely on a genetically marked element, provide
independent confirmation that Xrnl, Dhhl, Dcpl, and Upfl
are activators of Tyl retrotransposition. Moreover, they sug-
gest that these mRNA decay factors promote a step in retro-
transposition prior to the integration of Tyl cDNA.
Northern blot analysis was performed to determine whether
Tyl or Tylhis3AI mRNA levels were altered by the deletion of
XRNI1, DHHI, and UPFI, since these mutants have strong
effects on the levels of Tyl retrotransposition and Tyl cDNA.
We also examined Tyl RNA levels in the IsmIA, patlA, and
ccr4A mutants for comparison, since their effects on retrotrans-
position and cDNA are relatively minor. A modest decrease in
total Tyl RNA was observed in all the mutants except for the
upfl A mutant (Fig. 5B). The amount of Tyl RNA ranged from
40% of the wild-type level in the xrnlA mutant to 80% of that
level in the dhhiIA and ccr4A mutants. In addition, a smaller
transcript running slightly below the full-length Tyl transcript
was observed in the xrnlA mutant. This shorter transcript has
been described in previous work (8, 14) and is similar in size to
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FIG. 5. 5’ to 3" mRNA decay factors facilitate Tyl retrotransposition posttranslationally. (A) Southern blot analysis of Sphl-digested genomic DNA
extracted from two independent isolates of strain JC3212 (wild type [WT]) and congenic mutant derivatives. The dcpIA strains complemented by a
plasmid bearing DCPI or dcpl-34 are also shown. The spt3A mutant is a negative control for Tyl cDNA. A schematic of a chromosomal Tyl element
indicating the locations of Sphl sites and sequences hybridizing to the probe is shown above the blot. The positions of molecular mass standards are
indicated to the left of the blot. The position of the 1.7-kb unintegrated Tyl cDNA fragment from the internal Sphl site in Tyl cDNA to the 3’ end of
the cDNA (cDNA) is indicated to the right of the blot. The positions of two Sphl fragments each containing the 3’ end of a genomic Tyl elements and
flanking genomic sequences (G1 and G2), which were used for normalization of Tyl cDNA levels, are also indicated. The ratios of the signal in the Tyl
c¢DNA band to the average signal in two genomic Tyl bands in each strain were averaged for each genotype to compute the relative Tyl cDNA level,
which is expressed as a percentage of the relative Tyl cDNA level in a wild-type strain. (B) Northern blot analysis of Ty1, Tylhis3A1, and TylAS RNA
in total yeast RNA prepared from strain JC3212 (wild type [wt]) or congenic derivatives, whose relevant genotypes are indicated. Tyl, Tylhis3AI, and
TylAS RNA levels relative to the level in a wild-type strain after normalizing to the signal for 18S rRNA are provided below each image of the blot.
(C) Histogram of the mean Gag-GFP activity in strain JC3807 (wt) and congenic mutant strains. Gag-GFP activity in the fus3A and tec/A mutants was
measured to control for elevated or diminished levels of Gag, respectively (72). A diagram of the Tyl-GFP-3566 element containing the gag-GFP fusion
is shown above the graph. The gray ball represents the centromere and indicates that Tyl-GFP-3566 is integrated into the chromosome. (D) Western
blot analysis of Tyl Gag levels. Total soluble yeast proteins from strain JC3212 or congenic mutant strains were separated by 10% SDS-PAGE,
transferred to a PVDF membrane, and reacted with anti-Gag antibody (top). The spt3A strain that does not express Tyl is a negative control. The
positions of unprocessed p49-Gag and proteolytically processed p45-Gag are indicated. The a-tubulin protein (tubulin) was detected as a loading control
(bottom). The average levels of p45-Gag and p49-Gag relative to a-tubulin were determined by serial dilution of independent samples from each strain
(data not shown), and these values are provided below the blot images.
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the 5'-end truncated Tyl transcript in the spt3A mutant (85).
The levels of RNA from the single Tylhis3AI element were
also modestly reduced in all of the mutants except upfIA. Since
the effects of all of these mutations on Tyl RNA and
Tylhis34AI RNA levels are small, and since no correlation be-
tween the severity of the retrotransposition defect and the
decrease in Tyl or Tylhis3AI RNA was seen, the data indi-
cated that Xrnl, Dhh1, and Upf1 affect a posttranscriptional
step in retrotransposition.

Since TylAS RNA expression is negatively correlated with
Tyl cDNA and retrotransposition levels (59), we also mea-
sured the level of Tyl1AS RNA in the mRNA decay mutants
(Fig. 5B). The levels of the two major class sizes of TylAS
RNA, which migrate between 0.5 and 1 kb, were substantially
increased in the xrn/A mutant and the spt3A control strain.
Modest increases in TylAS RNA of 1.8- to 3.5-fold were ob-
served in the dhhiA, IsmIA, patlA, ccr4A, and upfl1A mutants.
With the exception of the xrn/A mutant, which has very high
levels of TylAS RNA and very low levels of Tyl cDNA and
retrotransposition, the mRNA decay mutants did not have
increases in TylAS RNA that were correlated with the de-
creases in Tyl cDNA or retrotransposition levels. Thus, it is
not likely that elevated TylAS RNA is the sole cause of the
retrotransposition defect in the mRNA decay mutants.

Next, we asked whether reduced efficiencies of Tyl RNA
translation could explain the low levels of Tyl ¢cDNA and
retrotransposition in the xrmlA, dhhiIA, and upflA mutants.
Synthesis of a Gag-GFP fusion protein expressed from the
chromosomal reporter TyI-GFP-3566 was measured by flow
cytometry. The mean Gag-GFP activity in the xnIA and
dhh1A mutants was not significantly different than that in the
wild-type strain. In the upflIA mutant, there was a 1.8-fold
increase in Gag-GFP activity (Fig. 5C). Gag-GFP activity was
increased in the fus3A control strain and decreased in the tec/A
control strain, indicating that expression of the Tyl-GFP-3566
element is regulated appropriately. Therefore, the xrnlA,
dhhIA, and upfIA mutants do not have major defects in Tyl
Gag synthesis, although the translational efficiency of Tyl
RNA might be increased modestly in the upflIA mutant. To
confirm and extend these conclusions, quantitative Western
blot analyses were performed to detect unprocessed p49-Gag
and processed p45-Gag. In the wild-type strain, most of the
Gayg is present in the processed form (Fig. 5D). Small changes
in the ratio of p49-Gag to p45-Gag were occasionally observed
in some of the mutants, but these changes were not reproduc-
ible. The total amount of p49-Gag and p45-Gag relative to
a-tubulin was determined by Western blot analysis of serial
dilutions of total cell lysates. (The dilution series are not
shown, but the quantification is shown in Fig. 5D.) In upfiA
mutants, the total level of Tyl Gag was equivalent to that in a
wild-type strain. In the xrn/A and dhhlA mutants, the total
level of Gag was 68% and 61% of that in the wild-type strain,
respectively. Notably, these reductions in Gag protein were not
as severe as the reductions in the pat/A and IsmIA mutants,
both of which have relatively modest decreases in Tyl cDNA
synthesis and retrotransposition. Together, the results argue
that neither changes in Gag protein levels nor a defect in Gag
processing can explain the major defects in Tyl cDNA accu-
mulation in the xrnlA, dhhlA, and upfIA mutants.
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FIG. 6. Xrnl promotes Tyl mRNA packaging. Whole-cell extract
from each strain was supplemented with an in vitro synthesized Tyl
transcript and divided into three samples of equal volume. Samples
were incubated at 0°C or 24°C without Benzonase or at 24°C with
Benzonase for 6 min. (Top) Ethidium bromide-stained agarose gel of
total RNA prepared from each sample and denatured with glyoxal.
The genotype of each strain, temperature of extract incubation, and
addition (+) or deletion (—) of Benzonase are indicated below the
image. The positions of the 18S and 25S rRNA bands are indicated to
the left of the image. (Bottom) Northern blot analysis of the gel shown
in the top panel. The positions of the endogenous Tyl mRNA and the
in vitro Tyl transcript are indicated to the left of the image. The spt3A
strain, lacking a transcriptional activator of Tyl elements, serves as a
negative control for the position of the endogenous Tyl mRNA. The
signals from the Tyl mRNA bands were quantified by phosphorimage
analysis. The ratio of endogenous Tyl mRNA in the sample treated
with Benzonase to that in the untreated sample at 24°C is expressed as
a percentage. The average percentage of protected Tyl mRNA and the
standard error of the average percentage obtained using three biolog-
ical replicates (one of which is shown) are provided below the image.
NA, not applicable.

Xrnl is required for the packaging of Tyl RNA in VLPs. The
above-described results suggest that P-body proteins Xrnl,
Dhhl, and Upfl affect Tyl retrotransposition primarily at a
step between Tyl protein synthesis and the accumulation of
Tyl cDNA. Therefore, we examined the possibility that P-
body-associated mRNA decay proteins are involved in the
packaging of Tyl RNA in VLPs. Genomic RNA from the
Saccharomyces cerevisiae Ty3 and Schizosaccharomyces pombe
Tfl retrotransposons is partially protected from Benzonase
digestion by packaging in VLPs (53, 56). We used the Benzo-
nase protection assay to determine whether Xrnl, Dhh1, or Upfl
plays a role in the packaging of Tyl RNA in VLPs (Fig. 6). Cell
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lysates prepared from wild-type and mutant strains were incu-
bated with Benzonase at 24°C. To monitor endogenous nucle-
ase activity under these conditions, in vitro Tyl RNA was
added to the cell lysate before addition of Benzonase. To
monitor digestion by other nucleases present in the cell lysate,
we incubated the lysate at 0°C or 24°C in the absence of
Benzonase. RNA was extracted from each sample, and Tyl
RNA was detected by Northern blotting. No significant differ-
ence in the level of Tyl RNA or the in vitro Tyl transcript was
seen when lysates were incubated at 0° or 24°C in the absence
of Benzonase, indicating that cellular nucleases do not con-
tribute to Tyl RNA degradation at 24°C. In the wild-type
strain, the average amount of Tyl RNA remaining after Ben-
zonase digestion at 24°C was 23% (*3%) of the amount of Tyl
RNA in the control sample incubated at 24°C without Benzo-
nase. In contrast, rRNA (visualized on an ethidium-stained
agarose gel) and the Tyl in vitro transcript added to the wild-
type cell lysate (visualized by Northern blotting) were com-
pletely digested. This fraction of endogenous Tyl RNA pack-
aging in wild-type cells is only slightly lower than that reported
for Ty3 when transposition was induced by expression from the
GALI promoter (52). In the dhhlIA and upflIA mutants, the
amount of Tyl RNA that was protected from Benzonase was
modestly reduced to 17% and 15%, respectively, of that
present in the sample without Benzonase. In contrast, Tyl
RNA protection was abolished in the xrn/A mutant. Thus,
while a defective DDD pathway (dhhIA) or NMD pathway
(upf1A) reduces the level of Tyl RNA packaging, it is com-
pletely eliminated in the absence of 5’ to 3" mRNA degrada-
tion in the xrn/A mutant. Therefore, 5’ to 3’ mRNA decay
appears to be essential for Tyl packaging into VLPs.

DISCUSSION

Colocalization of Tyl Gag and the antiviral restriction fac-
tor A3G to P bodies. We show that Tyl Gag and the human
antiviral restriction factor A3G colocalize with P bodies and
that this colocalization is likely to have functional significance
for Tyl VLP formation and for A3G restriction of Tyl retro-
transposition. Several observations prompted us to determine
whether Tyl VLPs and A3G might be associated with cyto-
plasmic P bodies. First, A3G accumulates in P bodies in human
cell lines and peripheral blood cells (37, 84). Second, P bodies
are the probable sites of assembly or maturation of Ty3 VLPs
(6, 52). Third, P-body components Xrnl, Dhhl, Patl, and
Lsm1 promote retrotransposition of both Ty3 and Tyl ele-
ments (8, 14, 43). We found that 66% of A3G cytoplasmic foci
localized in P bodies and that another 29% were directly ad-
jacent to P bodies (Fig. 1A). Localization of A3G in P bodies
is further supported by an interaction between A3G and TAP-
tagged P-body proteins Xrnl, Patl, and Lsm1 (Fig. 2). A3G
and P-body constituents may interact indirectly by binding to
common RNA molecules. In fact, binding of A3G to tran-
scripts of endogenous retroelements has been suggested as a
possible explanation for A3G accumulation in P bodies in
mammalian cells (5); however, we found that A3G accumu-
lates in yeast P bodies in spt3A mutants, which have very low
levels of endogenous retroelement RNA (Fig. 3). Since A3G
localizes in P bodies independently of Tyl expression but in-
teracts with Tyl Gag in an RNA-dependent manner and is
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efficiently packaged into VLPs (31), we suggest that P bodies
are sites of Tyl RNA and A3G packaging into VLPs.

Tyl Gag formed multiple, discrete cytoplasmic foci in most
cells, but only 15% of these proteins overlapped with P bodies,
while another 17% were adjacent to P bodies (Fig. 1C). Gag
foci have been described in previous studies, including two that
reported the detection of Gag foci containing Tyl RNA (14,
57). In both of these reports, Tyl RNA/Gag foci were spatially
distinct from P bodies. Methodological differences between
our study and the previous ones could explain the discrepancy in
the results. In both previous studies, Tyl RNA/Gag foci were
detected in ~30% of cells by combined RNA fluorescent in situ
hybridization (FISH)/immunolocalization analyses. However, P
bodies could not be visualized in exponentially growing cells un-
less the cells were deprived of glucose, and this treatment resulted
in the disappearance of Tyl Gag/RNA foci. In our study, Gag foci
and P bodies were visualized in almost all exponentially growing
cells in the presence of glucose. Therefore, imaging of live cells
might be necessary to detect the ~15% of Gag foci that colocalize
with P bodies. A possible explanation for the small fraction of
Gag foci that overlap with P bodies could be that Gag is tran-
siently localized to P bodies. Gag may accumulate as foci within P
bodies and then redistribute into distinct compartments. Perhaps
this process is similar to the formation of yeast stress granules,
which are RNP complexes that can overlap or be distinct from P
bodies but are dependent on P-body formation (11, 12, 46).

Both Gag and Tyl RNA may be present in P bodies, based
on our demonstration that Tyl RNA is sequestered from trans-
lation (Fig. 4). Polysome analysis revealed that virtually all
detectable Tyl RNA in the cell is translationally repressed in
high-molecular-weight RNP complexes that cosediment with
polysomes but are resistant to dissociation by EDTA. It is
unlikely that all or most of these RNPs are VLPs, because
yeast cells have very high levels of Tyl RNA and barely de-
tectable levels of VLPs (22, 38, 63). Moreover, the results of
Benzonase protection assays indicated that only about one-
quarter of Tyl transcripts are packaged in VLPs (Fig. 6).
Perhaps Gag associates with Tyl RNA cotranslationally, lead-
ing to the formation of a translationally repressive Gag-RNA
complex that seeds the formation of a high-molecular-weight
complex. However, Tyl proteins fail to display a cis preference
for the RNA from which they are encoded, and VLPs package
heterogeneous genomes (10, 26). Thus, there is no evidence
that Tyl RNA needs to be translated in order to be associated
with Gag. Genomic HIV-1 RNA also lacks a cis preference for
binding the proteins that it encodes, and there is a random
distribution of HIV-1 virions containing RNA molecules from
different genomes (15, 67). The unspliced genomic RNA of
HIV-1 is transported to the cytoplasm by the RNA helicase
DDX3, whose yeast ortholog Ded1 is a P-body protein (4, 87).
This observation has led to the suggestion that unspliced
genomic HIV-1 RNA is exported from the nucleus directly to
P bodies (5). We propose that Tyl RNA is translationally
repressed by localization in P bodies soon after or concurrent
with nuclear export. It would be interesting to test this idea by
determining whether Dedlp is required for Tyl retrotranspo-
sition. Future studies could also address the nature of the
high-molecular-weight Tyl RNPs and their relationship to Gag
foci.
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5’ to 3’ mRNA decay plays a central role in Tyl retrotrans-
position at a posttranslational level. Our suggestion that Tyl
Gag localization to P bodies is important for retrotransposition
is supported by the observation that efficient retrotransposition
of a chromosomal Tyl element requires core components of P
bodies, including Dcpl-Dcp2, Xrnl, Dhhl, Lsml, Patl, and
Ccr4 (Table 2). NMD proteins, which accumulate in P bodies
when decapping is inhibited (79), are also necessary for effi-
cient retrotransposition. Furthermore, Xrnl, Dhh1, and Upfl
are required for retrotransposition of a pGTyl element (Table
3), whose expression overcomes transpositional dormancy and
copy number control by TylAS RNA (27, 39, 59). Therefore,
Xrnl, Dhh1, and Upfl may promote the efficiency of a step or
steps in retrotransposition, rather than block a negative regu-
lator of transposition such as TylAS RNA. The DDD and
NMD pathways contribute additively to retrotransposition,
since a mutant lacking both the DDD factor Ccr4 and the
NMD factor Upfl has a more severe retrotransposition defect
than either of the single mutants (Table 2). The observed
participation of both NMD and DDD in Tyl retrotransposi-
tion explains why the xrn7A mutation, which abolishes 5’ to 3’
mRNA decay, has a more severe phenotype than NMD- and
DDD-specific mutations. However, a mutation in EDC3, which
promotes P-body assembly (30, 78), only modestly inhibits ret-
rotransposition (Table 2), suggesting that the function of the 5’
to 3' mRNA decay pathways in P bodies is more important for
retrotransposition than for the structure of P bodies.

Analysis of Tyl gene expression in the 5’ to 3" decay mutants
strongly suggests that these factors act at a step after the
translation of Tyl Gag (Fig. 5). Several of the mutants had
modestly reduced levels of Gag, but there was no correlation
between the level of Gag and the severity of the retrotranspo-
sition phenotype. In addition, all of the 5’ to 3" decay mutants
tested had elevated levels of TylAS RNA, but a correlation
between the levels of TylAS RNA and the severity of the
retrotransposition defect was also lacking. These data do not
support a mechanism in which the accumulation of TylAS
RNA in 5’ to 3" decay mutants results in the retrotransposition
defect. The fact that retrotransposition of a GALI promoter-
driven Tylhis3AI element, whose expression overcomes the
transpositional dormancy associated with TylAS RNA (59), is
also dependent on Dhh1, Upfl, and Xrn1 (Table 3) also argues
against a causative role for TylAS RNA in the retrotranspo-
sition defect. However, it remains possible that TylAS RNA
has a unique inhibitory role in the xrn/A mutant, which has
very high levels of TylAS RNA and very low levels of Tyl
retrotransposition compared to those of DDD-defective and
NMD-defective mutants (Fig. 1B and Table 2). If increased
TylAS RNA explains the severe retrotransposition defect in
the xrnIA mutant, then the xrn/A mutant should have a phe-
notype similar to that of a strain producing high levels of
TylAS RNA. Both strains do have reduced levels of reverse
transcriptase and integrase (14, 59). However, the absence of
Tyl RNA packaging in the xrnlA mutant (Fig. 6) is not con-
sistent with the robust exogenous reverse transcriptase activity
that is observed in VLPs in a strain with high levels of Ty1AS
RNA (59). Therefore, we favor the idea that the severe retro-
transposition defect in the xrn/A mutant results directly from
the complete lack of 5’ to 3" mRNA decay rather than from a
unique inhibitory role of TylAS RNA.
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In addition to being required for Tyl retrotransposition, the
NMD protein Upfl is required for efficient A3G-mediated
restriction of Tyl retrotransposition (Table 4). Apparently,
A3G does not gain access to P bodies by interacting with
retroelement RNA (Fig. 3) or by interacting with Upfl (see
Fig. S4 in the supplemental material), which functions inde-
pendently of other NMD factors to shuttle targeted mRNAs
from the translational machinery to P bodies (79). Therefore,
Upfl may promote a later step in retrotransposition, such as
VLP assembly or RNA remodeling during reverse transcrip-
tion. In fact, we did observe a modest defect in Tyl RNA
packaging in the upfIA mutant (Fig. 6). Notably, the human
homolog of yeast Upfl is a component of the intracellular
HIV-1 RNP and plays a role in stabilization of HIV-1 RNA
(1). Perhaps Upfl can also associate with Tyl Gag-RNA com-
plexes in yeast, although Upfl is clearly not required for Tyl
RNA stability (Fig. 5B).

A model: passage of Tyl RNPs through P bodies is required
for retrotransposition. In light of the results presented here,
we propose that Tyl Gag and RNA are transiently targeted to
P bodies and that their association in P bodies results in the
formation of retrotransposition-competent VLPs. Tyl RNA
and Gag could be targeted to P bodies separately, since Tyl
proteins lack a cis preference for association with the RNA
from which they are translated. A transient association in P
bodies could serve to bring Tyl Gag together with the trans-
lationally repressed pool of Tyl RNA in the vicinity of 5’ to 3’
mRNA decay factors that are required for efficient retromo-
bility. Once VLPs are formed, they may be relocated in cyto-
plasmic foci that are distinct from P bodies. The assembly of
Tyl Gag RNPs within P bodies is supported by the indepen-
dent localization of the VLP component A3G to P bodies.
P-body-associated Tyl RNP assembly also provides an expla-
nation for the fact that Tyl RNA in VLPs is partially decapped
(16, 24) and therefore is likely to be a substrate of the core
P-body component Dcpl-Dcp2. The strongest evidence for
Tyl RNP assembly in P bodies is the observation that Tyl
RNA packaging into VLPs, as measured by protection from
Benzonase digestion (Fig. 6), is abolished in the xrn/A mutant,
which lacks 5’ to 3’ decay. The absence of Tyl RNA packaging
is correlated with a severe retrotransposition defect and a very
low level of cDNA. Collectively, our results suggest that 5’ to
3" mRNA decay may directly regulate the incorporation of Tyl
RNA into assembling VLPs. What is the role of mRNA decay
in retrotransposition? Perhaps 5’ to 3’ decay pathways are
necessary to degrade cellular mRNAs that could otherwise
compete with Tyl RNA for packaging into Tyl VLPs and
could therefore result in the formation of aberrant reverse
transcripts within VLPs (62).
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