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ABSTRACT

Saccharomyces cerevisiae and Saccharomyces paradoxus lack the conserved RNA interference pathway and utilize a novel form
of copy number control (CNC) to inhibit Ty1 retrotransposition. Although noncoding transcripts have been implicated in CNC,
here we present evidence that a truncated form of the Gag capsid protein (p22) or its processed form (p18) is necessary and suffi-
cient for CNC and likely encoded by Ty1 internal transcripts. Coexpression of p22/p18 and Ty1 decreases mobility more than
30,000-fold. p22/p18 cofractionates with Ty1 virus-like particles (VLPs) and affects VLP yield, protein composition, and mor-
phology. Although p22/p18 and Gag colocalize in the cytoplasm, p22/p18 disrupts sites used for VLP assembly. Glutathione S-
transferase (GST) affinity pulldowns also suggest that p18 and Gag interact. Therefore, this intrinsic Gag-like restriction factor
confers CNC by interfering with VLP assembly and function and expands the strategies used to limit retroelement propagation.

IMPORTANCE

Retrotransposons dominate the chromosomal landscape in many eukaryotes, can cause mutations by insertion or genome rear-
rangement, and are evolutionarily related to retroviruses such as HIV. Thus, understanding factors that limit transposition and
retroviral replication is fundamentally important. The present work describes a retrotransposon-encoded restriction protein
derived from the capsid gene of the yeast Ty1 element that disrupts virus-like particle assembly in a dose-dependent manner.
This form of copy number control acts as a molecular rheostat, allowing high levels of retrotransposition when few Ty1 elements
are present and inhibiting transposition as copy number increases. Thus, yeast and Ty1 have coevolved a form of copy number
control that is beneficial to both “host and parasite.” To our knowledge, this is the first Gag-like retrotransposon restriction fac-
tor described in the literature and expands the ways in which restriction proteins modulate retroelement replication.

Retrovirus-like retrotransposons and their long terminal repeat
(LTR) derivatives inhabit the genomes of many organisms,

including the budding yeast Saccharomyces cerevisiae and its clos-
est relative, Saccharomyces paradoxus. The Ty1 family is active and
related to the LTR retrotransposons Ty2 to Ty5 in budding yeast
(1). Variations in Ty1 copy number can be attributed to the rela-
tive rates of transposition, loss by LTR-LTR recombination, or
additional types of genome rearrangements, all of which can im-
pact fitness (2–5). Ty1 resembles retroviruses in genome organi-
zation and replication (1). These elements consist of two overlap-
ping open reading frames (ORFs), GAG and POL, which are
flanked by LTRs. Ty1 genomic RNA is translated or packaged as a
dimer into virus-like particles (VLPs). The primary translation
products are Gag (p49) and Gag-Pol (p199) precursors, the latter
resulting from a �1 ribosomal frameshift during translation. Ma-
ture Gag (p45) is the major structural component of VLPs. POL
encodes the enzymes required for proteolytic processing of Gag
and Gag-Pol (protease [PR]), cDNA integration (integrase [IN]),
and reverse transcription (reverse transcriptase [RT]). Ty1 and
Ty3 VLPs assemble within cytoplasmic foci, termed retrosomes or
T bodies, which contain Ty proteins and RNA (6–9). Once VLPs
undergo maturation via the action of PR, Ty1 genomic RNA is
reverse transcribed to form a linear cDNA. A protein/DNA com-
plex minimally containing Ty1 cDNA and IN is imported into the
nucleus, where integration usually occurs near genes transcribed
by RNA polymerase III.

S. cerevisiae and S. paradoxus laboratory strains and natural
isolates contain fewer than 40 copies of Ty1 per haploid genome,

and several strains contain few if any elements (5, 10–14). Al-
though budding yeast genomes characterized to date tend to have
low Ty1 copy numbers, fertile S. cerevisiae strains containing more
than 100 Ty1 insertions have been created artificially by numerous
rounds of induction of a multicopy plasmid containing an active
Ty1 element (Ty1H3) fused to the GAL1 promoter (pGTy1) (15,
16). Host cofactor and restriction genes involved in modulating
Ty1 retrotransposition are diverse and encompass different steps
in the replication cycle, ranging from transcription to integration
site preference (17–21). For example, SPT3 is required for tran-
scription of full-length Ty1 mRNA (22) and encodes a component
of the SAGA chromatin-remodeling complex (23), and XRN1 is
an important Ty1 cofactor implicated in transcription (24, 25)
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and assembly of functional VLPs (7, 8) and encodes a 5=-3= exo-
nuclease required for mRNA turnover (26).

Transposon-derived regulatory factors are critically important
for keeping transposition at a low level. Forms of RNA interfer-
ence (RNAi) affect the level or utilization of transposon mRNA,
and the source of the interfering RNAs can be the transposons
themselves (27). A unique form of copy number control (CNC)
minimizes Ty1 transposition in S. cerevisiae and S. paradoxus (28)
in the absence of dicer and argonaute genes that comprise a func-
tional RNAi pathway in a distantly related species, Saccharomyces
castellii (29, 30). Ty1 CNC is defined by a copy number-dependent
decrease in Ty1 retrotransposition and is especially robust in a
“Ty1-less” strain of S. paradoxus (28) that may have lost Ty1 ele-
ments by LTR-LTR recombination (13). Ty1 CNC acts posttrans-
lationally and in trans, can be overcome by pGTy1 expression, and
is characterized by lower levels of mature IN and reverse tran-
scripts (28, 31, 32). Reduced levels of endogenous Ty1 IN, PR,
cDNA, and VLPs are also present in S. cerevisiae (33–35), which
displays CNC (28). These results suggest that Ty1 produces a
titratable factor that inhibits transposition in a copy number-de-
pendent manner.

Ty1 antisense (Ty1AS) RNAs have been implicated in silencing
Ty1 expression by alterations in chromatin function (24) or when
RNAi is reconstituted in S. cerevisiae (30). We reported evidence
suggesting that Ty1AS RNAs interfere with Ty1 transposition
posttranslationally (31). Inhibition occurs in a copy number-de-
pendent manner, and the antisense transcripts map to a region
within GAG that confers CNC (28). Deleting the common 3= end
of the antisense transcripts abolishes CNC and decreases the level
of Ty1AS RNAs. However, ectopic expression of individual anti-
sense transcripts does not restore CNC, suggesting that either
multiple antisense transcripts or additional factors are required
(24, 31). Also, nuclease protection and structural probing analyses
suggest that although Ty1AS RNAs specifically associate with
VLPs from CNC� strains, these transcripts are not packaged into
VLPs and do not interact with Ty1 mRNA (32).

Here, further characterization of the minimal Ty1 sequence
that confers CNC has led to the discovery of p22, an N-terminally
truncated form of Gag that is likely encoded by an internally ini-
tiated Ty1 mRNA. Importantly, p22 is both necessary and suffi-
cient for CNC. Coexpression of p22 and Ty1 interferes with as-
sembly of functional VLPs, which is conceptually similar to the
inhibition displayed by Gag-like restriction factors derived from
endogenous retroviruses in mammals (36, 37).

MATERIALS AND METHODS
Genetic techniques, media, and strain construction. Strains are listed in
Table 1. Strains repopulated with Ty1 elements were obtained following
pGTy1 induction as described previously (28). Standard yeast genetic and
microbiological procedures were used in this work (38).

Plasmids. All nucleotide information used here corresponds to the
Ty1H3 sequence (39) (GenBank M18706.1). pGPOL� derivatives of pGTy1
were generated by digestion with BglII and ligation. pBJM78, pBJM79, and
pBDG1595 were constructed by overlap PCR using flanking primers
(Ty335F, 5=-TGGTAGCGCCTGTGCTTCGGTTAC-3=; TyRP1, 5=-CATTG
ATAGTCAATAGCACTAGACC-3=) and overlapping primers (DELC1071b,
5=-GGTATCAGATTCATTTTTTCAATACTTTTGGAAAGAATTTT
C-3=; DELC1071c, 5=-GTATTGAAAAAATGAATCTGATACCCAAGAG
GCAAACGAC-3=; ADDA1303b, 5=-GAACAGTTCATGCGACTGTCAT
ATTTAGATGTCGATGACGTG-3=; ADDA1303c, 5=-CTAAATATGACA
GTCGCATGAACTGTTCTTAGATATCCATGC-3=; B-AUG1Ala-R, 5=-

AAAGAATTTTCGCGATATCCGTATAATCAACG-3=; C-AUG1Ala-F,
5=-GGATATCGCGAAAATTCTTTCCAAAAGTATTG-3=; B-AUG2Ala-R, 5=-
TATCAGATTGCGCTTTTTCAATACTTTTGG-3=; C-AUG2Ala-F, 5=-TGAA
AAAGCGCAATCTGATACCCAAGAGGC-3=), and Ty1H3 as the template. Fi-
nalPCRproductsweresubclonedintopGPOL�usingBstXIandBglIIrestriction
sites. Plasmid pBDG1534 was generated from plasmid pBDG606 (pGTy1his3-
AI/Cen-URA3) (18) by replacing the URA3 marker for TRP1. Briefly, TRP1 was
amplified from BY4742 with primers containing flanking URA3 sequence
(20718uratrpfwd, 5=-ATGTCGAAAGCTACATATAAGGAACGTGCTGCTA
CTCATCAATTCGGTCGAAAAAAGAAA-3=; 20916uratrprev, 5=-AGCTTTT
TCTTTCCAATTTTTTTTTTTTCGTCATTATAATATGCTTGCTTTTCA
AAAGGC-3=), and the PCR product was cotransformed into yeast with
pBDG606 linearized within URA3 with ApaI. Transformants were selected
on synthetic complete medium with Trp (SC-Trp medium), and plasmids
were verified phenotypically and by restriction mapping. Plasmid pBDG1565
was created by PCR amplifying the Ty1 GAG coding sequence (nucleotides
[nt] 1038 to 1613; EcoRIstartF, 5=-CATGTTTCGAATTCATGAAAATTCTT
TCCAAAAGTATTG-3=; Xho1stopR, 5=-CATGTTTCCTCGAGTTAGTAA
GTTTCTGGCCTAAGATGAAG-3=) using Ty1H3 as a template and cloning
into pYES2 (Life Technologies, Carlsbad, CA) using EcoRI and XhoI. Plasmid
pBDG1568 was made in a similar manner as pBDG1565, except that an initial
PCR step was performed to insert V5 coding sequence (underlined) in frame
between Ty1 GAG nt 1442 and 1443 (V51442b, 5=-CGTAGAATCGAGACC
GAGGAGAGGGTTAGGGATAGGCTTACCTATAACTTTGGGTTTGG
T-3=; V51442c, 5=-GGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCG
ATTCTACGGCTCGGAATCCTCAAAAA-3=). For plasmid pBDG1571, GAG
coding sequence cloned into pYES2 ended at nt 1496 (1496XhoI, 5=-CATGTTT
CCTCGAGTTAGTGAGCCCTGGCTGTTTCG-3=). The GAG*PR mutation
was created by mutating the Gag-PR cleavage site (RAHNVS) to AAGSAA (40)
using overlapping primers (Gag*PRb, 5=-AGCCGCTGCTGGATCCGCTGCT
ACATCTAATAACTCTCCCAGC-3=; Gag*PRc, 5=-GATGTAGCAGCGGATC
CAGCAGCGGCTGTTTTCGATTTCGAAT-3=). To construct the GAL1-pro-
moted glutathione S-transferase (GST)–p18 protein fusion, the coding region for
p18 (1038 to 1496) was amplified with XbaI and HindIII primer sets (1038XbaI,
5=-CTAGTCTAGACATGAAAATTCTTTCCAAAAGTATTG-3=; 1496XbaI,
5=-CCCAAGCTTTTAGTGAGCCCTGGCTGTTTTCG-3=). The PCR frag-
mentwasclonedintopEG(KT)(41),yieldingpBDG1576.Allplasmidsgenerated
byPCRcloningwereverifiedbyDNAsequencing.PhusionDNApolymerase,T4
DNA ligase, and restriction enzymes were obtained from New England BioLabs
(Ipswich, MA).

Random mutagenesis and gap repair. The Ty1 CNC region was mu-
tagenized by amplification with Taq DNA polymerase (Thermo Fisher
Scientific, Waltham, MA) using PCR forward primer FP1 (5=-CTCCGTG
CGTCCTCGTCTTCACC-3=) and reverse primer RP1 (5=-CATTGATAG
TCAATAGCACTAGACC-3=). Gel-purified PCR product was cotrans-
formed into DG2196 along with a multicopy pGTy1 plasmid gapped with
XhoI and BstEII. Gap-repaired transformants were selected on SC-Ura
medium. Plasmids recovered from the CNC� strains were introduced
into DG2196 to verify loss of CNC and then subjected to DNA sequenc-
ing. Aligning mutant sequences with Ty1H3 using ClustalW2 identified
point mutations.

Ribo-seq analysis of chromosomal Ty1 elements. Samples were pre-
pared, and ribosome footprint profiling (Ribo-seq) was performed as pre-
viously described (42). Briefly, S. cerevisiae strain Sigma 1278b (YWG025;
MATa ura3 leu2 trp1 his3) was grown to an optical density at 600 nm
(OD600) of �1.0 to 1.1 at 30°C in yeast extract-peptone-dextrose (YEPD)
medium, spun down, and resuspended in prewarmed yeast-peptone-
adenine hemisulfate (YPA) (no glucose) medium. After 3 h in YPA me-
dium, cycloheximide was added to a final concentration of 0.1 mg/ml and
cells were harvested by centrifugation. Cells were lysed in 1� PLB {20 mM
HEPES-KOH, pH 7.4, 2 mM magnesium acetate [Mg(OAc)2], 100 mM
potassium acetate [KOAc], 1% Triton X-100, 0.1 mg/ml cycloheximide, 3
mM dithiothreitol [DTT]}, and libraries were prepared essentially as de-
scribed previously (43). Reads were mapped to Ty1H3 using the STAR
transcriptome sequencing (RNA-seq) alignment (44), allowing for zero
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mismatches. The Ty1 reads represent a composite of all Ty1 elements in
the genome, including partial elements such as solo LTRs. No attempts
were made to sort multiple mapping reads. The abundance of 5=-end
reads was displayed over Ty1 using custom scripts available upon request.
Libraries used for these analyses include NCBI GEO accession numbers
SRX264202 and SRX366898 (Sigma Ribo-seq).

Isolation of cDNA clones. An S. cerevisiae cDNA expression library
fused to the GAL1 promoter on a centromere-based URA3 vector (45) was
introduced into DG2196. Approximately 5,000 primary transformants
were replica plated to SC-Ura plus 2% galactose and incubated for 3 days
at 30°C. Colonies were then replica plated to SC-His-Ura, and Ty1HIS3
papillae were scored after incubation for 3 days at 30°C. Galactose induc-
tion was performed at a suboptimal temperature for transposition to sen-
sitize the screen, since induction at 22°C resulted in too many Ty1HIS3
papillae. Most transformants yielded about 5 Ty1HIS3 mobility events/
colony. Thirty-three transformants that had a lower level of Ty1 mobility
were retested. Plasmids from 7 transformants were recovered in Esche-
richia coli and sequenced from their 5= and 3= ends using GAL1- and
vector-specific primers. CCW12 (cell wall mannoprotein), MSS4 (phos-
phatidylinositol-4-phosphate 5-kinase), MRH1 (membrane protein),
RGD1 (GTPase-activating protein), TIR1 (cell wall mannoprotein), and

WHI5 (repressor of G1 transcription) were recovered as partial or com-
plete cDNA clones and were not studied further. One clone (pBDG1354)
contained Ty1 sequences from nt 1042 to 5889 and conferred a strong
trans-dominant negative inhibition of Ty1his3-AI mobility.

RNA isolation. Cultures were grown at 22°C for 24 h in SC or YEPD
medium. Total RNA was extracted using the MasterPure yeast RNA pu-
rification kit (Epicentre Biotechnologies, Madison, WI) according to the
manufacturer’s protocol with minor modifications; 400 �l RNA extrac-
tion reagent and 200 �l of protein precipitation reagent were used instead
of 300 �l and 160 �l, respectively. Poly(A)� RNA was isolated from �250
�g total RNA using the NucleoTrap mRNA purification kit (Clontech,
Mountain View, CA).

Northern blotting. RNA was resolved on a 1.2% agarose-formalde-
hyde gel at 120 V for 2 h and blotted onto Hybond-XL N membranes (GE
Healthcare, Little Chalfont, United Kingdom). Riboprobes were transcribed
in vitro from Ty1 GAG and ACT1 coding sequence using a MAXIscript kit
(Life Technologies) and uniformly labeled with [�-32P]UTP (3,000 Ci/mmol;
PerkinElmer, Waltham, MA). Hybridization and phosphorimage analysis
were carried out as previously described (19, 28).

5= RACE. Two hundred nanograms of poly(A)� RNA was used for
synthesis of the cDNA library using the SMARTer PCR cDNA amplifica-

TABLE 1 Yeast strains

Strain Genotype Plasmid(s) Reference or source

DG2196 MATa his3-�200hisG ura3 trp1 Ty1-less Ty1his3-AI(96) 28
DG2254 DG2196 pGAL/2�-URA3 28
DG2255 DG2196 pGTy1/2�-URA3 28
DG2411 DG2196 Empty/2�-URA3 28
DG2374 DG2196 pBDG1130 (pGPOL�/2�-URA3) This study
YAS73 DG2196 pBAS39 (pGPOL�-T399C) This study
YAS69 DG2196 pBAS38 (pGPOL�-T1108C) This study
YAS71 DG2196 pBAS35 (pGPOL�-A1123G) This study
YAS72 DG2196 pBAS36 (pGPOL�-A1296G) This study
YAS70 DG2196 pBAS34 (pGPOL�-�A1456) This study
YAS74 DG2196 pBAS43 (pGPOL�-�238-281) This study
YAS75 DG2196 pBAS44 (pGPOL�-�238-353) This study
JM321 DG2196 pBJM79 (pGPOL�-�C1071) This study
JM320 DG2196 pBJM78 (pGPOL�-�A1303) This study
DG2511 DG2196 plus 12 Ty1 This study
DG3856 DG2196 pBDG1595 (pGPOL�-GCG1GCG2) This study
DG2512 DG2196 plus 9 Ty1 This study
DG3798 DG2196 plus 7 Ty1-A1123G This study
DG1768 MAT� his3-�200hisG ura3 Ty1-less 28
DG2533 DG1768, Ty1–4253his3-AI 3
DG2634 DG1768, Ty1–4253his3-AI, plus 37 Ty1 31
YEM515 DG2634, spt3-�kanMX4 E. Matsuda
GRF167 MAT� ura3-167 his3-�200 15
DG789 GRF167, spt3-101 50
BY4742 MAT� his3-�1 leu2-�0 lys2-�0 ura3-�0 96
DG2247 BY4742, spt3-�kanMX4 31
MAC103 BY4742, xrn1/kem1-�kanMX4 7
DG3582 DG1768, trp1 This study
DG3753 DG3582 pGAL/Cen-URA3, pBDG1534 (pGTy1his3-AI/Cen-TRP1) This study
DG3751 DG3582 pBDG1354 (pGAL:1042-5889/Cen-URA3), pBDG1534 This study
DG3739 DG3582 pGAL-Yes2/2�-URA3, pBDG1534 This study
DG3774 DG3582 pBDG1565 (pGAL-Yes2:1038-1616), pBDG1534 This study
DG3784 DG3582 pBDG1565, empty/Cen-TRP1 This study
JM367 DG3582 pBDG1568 (pGAL-Yes2:1038-V5-1616), pBDG1534 This study
DG3791 DG3582 pBDG1571 (pGAL-Yes2:1038-1496), pBDG1534 This study
JM399 DG3582 pBJM90 (pGAL-Yes2:1038-1616Gag*PR), pBDG1534 This study
DG3808 BY4742 pEG(KT): pGAL:GST/2�-URA3 This study
DG3809 BY4742 pBDG1576 (pGAL:GST-1038-1496) This study
DG3810 DG3582 pBDG1576 This study
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tion kit (Clontech). This method is 5= cap independent, and the library
included cDNA from all poly(A)� transcripts. Ty1-specific cDNA was
amplified with the gene-specific primer GSP1_3389 (5=-GACATGGGAG
CAAGTAAAGGAAC-3=) and the universal primer mix from the supplier.
Rapid amplification of cDNA ends (RACE) products were resolved on a
1% agarose gel. Gel-purified DNA fragments were TA cloned into
pCR2.1-TOPO vector (Life Technologies). Plasmid DNA was subjected to
DNA sequencing using Ty1-specific sequencing primer (Ty1new2rev; 5=-
GAGAATCATTCTTCTCATCACTCG-3=).

qPCR. The number of Ty1A1123G transposition events in strain
DG3798 was estimated by quantitative PCR (qPCR). Strains DG2196
(Ty1his3-AI), DG2512 (Ty1his3-AI plus 9 additional Ty1 elements), and
DG2511 (Ty1his3-AI plus 12 additional Ty1 elements) were used as stan-
dards, based on results from Southern analysis (28; H. W. Ahn and D. J.
Garfinkel, unpublished results). Duplicate samples were subjected to
qPCR using IQ SYBR green Supermix (Bio-Rad Laboratories, Hercules,
CA) and two different primer pairs from Ty1 POL (4681F, 5=-GAAATTC
AATATGACATACTTGGC-3=; �4851R, 5=-GTTCATCCTGGTCTATA
TATAAAGA-3=; 3251F, 5=-GAGAAGTTGACCCCAACATATCTG-3=;
�3480R, 5=-TGTATGATTAGTCTCATTTTCAC-3=).

Ty1his3-AI mobility. The frequency of Ty1his3-AI mobility was de-
termined as described previously (28, 46) with minor modifications. For
transposition assays involving strains containing pGPOL�, a single col-
ony from an SC-Ura medium plate incubated at 30°C was resuspended in
1 ml of water and 5 �l of cells was added to quadruplicate 1-ml cultures of
SC-Ura liquid medium. The cultures were grown for 3 days at 22°C,
washed, diluted, and spread onto SC-Ura and SC-His-Ura medium plates
to calculate Ty1 mobility. For mobility assays with strains repopulated
with Ty1 elements, a single colony from a YEPD plate incubated at 30°C
was diluted into 10 ml of water, and 1 �l of cell suspension was added to
quadruplicate 1-ml YEPD cultures. The cultures were incubated for 2 to 3
days at 22°C, washed, diluted, and then spread onto YEPD and SC-His
plates. Plates were incubated for 4 days at 30°C. For mobility assays in-
volving strains expressing pGTy1his3-AI and GAL1-p22 or related plas-
mids, a single colony was resuspended in 1 ml SC-Ura-Trp medium plus
2% raffinose, grown for 16 h at 30°C, and then diluted 25-fold into qua-
druplicate 1-ml cultures of SC-Ura-Trp medium plus 2% galactose. Cul-
tures were grown at 22°C for 2 days, washed, diluted, and spread onto
SC-Ura-Trp and SC-Ura-Trp-His medium plates. Qualitative Ty1his3-AI
mobility assays were performed as described previously (28, 46). For qual-
itative mobility assays involving strains containing pGPOL�, single colo-
nies patched onto SC-Ura medium plates were incubated at 22°C for 2
days. To detect Ty1HIS3 mobility events, cells were replica plated onto
SC-Ura-His medium plates and incubated at 30°C for 3 days. For strains
expressing pGTy1his3-AI and pGAL-p22 or related plasmids, single col-
onies patched onto SC-Ura-Trp medium plates were incubated for 2 days
at 30°C. The resulting patches were replica plated to plates of SC-Ura-Trp
medium plus 2% galactose followed by incubation at 22°C for 2 to 4 days.
To detect Ty1HIS3 mobility events, galactose-induced cells were replica
plated to SC-Ura-Trp-His medium plates followed by incubation for 3
days at 30°C.

p18 antiserum. Ty1 (1068 to 1496) was amplified with primers (1068NdeI,
5=-CATGTTCCATATGCAATCTGATACCCAAGAGGCAA-3=; 1496XhoI,
5=-CATGTTTCCTCGAGTTAGTGAGCCCTGGCTGTTTCG-3=) and
cloned into pET15bTEV vector (Novagen EMD, San Diego, CA). An
800-ml culture of E. coli BL21(DE3) cells containing the expression
plasmid in LB plus 100 �g/ml ampicillin (Sigma-Aldrich, St. Louis, MO)
was induced by 0.15 mM isopropyl-	-D-thiogalactopyranoside (IPTG)
(Sigma-Aldrich) at 37°C. When cells reached an OD600 of 0.6 to 0.8, the
temperature was reduced to 16°C, and the cells were incubated for an
additional 24 h. The cells were resuspended in 50 ml lysis buffer A (50 mM
phosphate buffer, pH 7.8, 1 M NaCl) and harvested by sonication. The
His-tagged Ty1 product was purified with Talon affinity resin (Clontech)
and eluted with 300 mM imidazole (Sigma-Aldrich). The elution product
was dialyzed against storage buffer (10% glycerol, 1 M NaCl, and 25 mM

Tris-HCl [pH 8.0]) overnight. A rabbit polyclonal antibody was raised
against the truncated Ty1 Gag protein by Bio-synthesis Inc. (Lewisville, TX).

Protein isolation and immunoblotting. To detect protein expression
from pGPOL� in the absence of galactose induction, 5 ml of SC-Ura
medium was inoculated with a single colony and grown at 22°C for 24 h.
For coexpression of independent pGAL expression plasmids, 1 ml of SC-
Ura-Trp medium plus 2% raffinose was inoculated with a single colony
and grown at overnight at 30°C. The overnight culture was diluted 25-fold
into SC-Ura-Trp medium plus 2% galactose and grown for 2 days at 22°C.
Five milliliters of culture was processed by trichloroacetic acid (TCA)
extraction as described previously (47), except that cells were broken by
vortexing in the presence of glass beads, and 10 �l of the supernatant was
separated by electrophoresis. For sucrose fractions, equal volumes of each
fraction were analyzed. For P40 and VLP samples, 5 �g of P40 was used to
detect p22/p18 and 10 �g of P40 was used for RT and IN. Samples were
separated on 10% (for RT and IN detection) or 15% (Gag p49/p45 and
p22/p18 detection) SDS-PAGE gels. For optimal detection of p22/p18,
proteins were transferred to a polyvinylidene difluoride (PVDF) mem-
brane at 100 V for 90 min. The membranes were blocked in 5% milk–Tris-
buffered saline–Tween (TBST) (500 mM NaCl, 20 mM Tris-HCl, 0.1%
Tween 20, pH 7.6) and then incubated with rabbit polyclonal antisera at
the following dilutions: anti-p18, 1:5,000 in 2.5% milk-TBST; anti-RT/B8,
1:5,000 in TBST; and anti-IN/B2, 1:2,500 in TBST (48). Immune com-
plexes were detected with enhanced chemiluminescence (ECL) reagent
(GE Healthcare, Little Chalfont, United Kingdom).

VLP isolation. VLP purification from DG3739, DG3774, and DG3784
(Table 1) and reverse transcriptase assays were performed as described
previously (49, 50) with the following modifications. Briefly, 40-ml cul-
tures (SC-Ura-Trp medium plus 2% raffinose) of strains used for VLP
analysis were grown overnight at 30°C with shaking. Each culture was
diluted 25-fold into 1 liter of SC-Ura-Trp medium plus 3% galactose and
grown at 21°C to an OD600 of 1 to 1.2. Cells were harvested by centrifu-
gation at 6,000 rpm and homogenized with acid-washed glass beads in
buffer B (15 mM KCl, 10 mM HEPES-KOH, pH 7, 5 mM EDTA) con-
taining protease inhibitor cocktail (0.125 mg/ml aprotinin, leupeptin, and
pepstatin A and 1.6 mg/ml phenylmethylsulfonyl fluoride [PMSF]). The
crude lysate was centrifuged at 10,000 rpm, and the supernatant was
loaded onto a step gradient of 20%, 30%, 45%, and 75% sucrose in buffer
B. The step gradient was centrifuged at 25,000 rpm in an SW28 rotor for 3
h. Four milliliters of the gradient at the junction of the 30% and the 45%
sucrose layers was withdrawn, diluted to 10% sucrose with buffer B, and
pelleted by centrifugation at 55,000 rpm in a Ti 70.1 rotor for 45 min. The
resulting crude VLP pellet (P40) was suspended in buffer B and centri-
fuged through a 20 to 60% continuous sucrose gradient in buffer B at
25,000 rpm in an SW41 rotor for 3 h. The entire gradient was dripped into
19 equal fractions using an ISCO Foxy Jr. fraction collector (Lincoln, NE).
All steps were carried out 4°C unless specified. Fractions were assayed for
Ty1 reverse transcriptase activity as described previously (34, 49), except
that 10-�l samples were incubated with exogenous reverse transcriptase
mix [50 mM Tris-HCl, pH 8, 10 mM MgCl2, 20 mM DTT, 15 �M dGTP,
10.7 �g poly(rC-dG)] and [�-32P]dGTP (3,000 Ci/mmol; PerkinElmer).

Electron microscopy. Three sucrose gradient fractions with the high-
est reverse transcriptase activity from DG3739 (fractions 5 to 7) and
DG3774 (fractions 4 to 6) were pooled, diluted with buffer B, and pelleted
as described above. The sample was allowed to bind for 15 min to Form-
var- and carbon-coated 400-mesh copper grids. Grids were stained with
2% ammonium molybdate, pH 6.5, for 10 s and visualized with a JEM-
1210 transmission electron microscope (JEOL USA Inc., Peabody, MA)
equipped with an XR41C bottom-mount charge-coupled device (CCD)
camera (Advanced Microscopy Techniques, Woburn, MA). Approxi-
mately 100 VLPs were analyzed to determine the percentage of closed
versus open particles. VLP diameter was measured with closed VLPs only
using ImageJ (51), and the two data sets were compared using an unpaired
t test.
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FISH/IF. Two-milliliter cultures of SC-Ura-Trp medium plus 3%
raffinose were inoculated with a single colony and grown for 16 h at 30°C.
The overnight cultures were diluted 10-fold into SC-Ura-Trp medium
plus 3% galactose and grown at 22°C for 24 to 30 h until an OD600 of 0.8
to 1.0 was reached. Formaldehyde was added directly to the culture at a
final concentration of 4% and allowed to fix for 1.75 h. Processing of the
cells for fluorescence in situ hybridization-indirect immunofluorescence
(FISH/IF) was performed as described previously (7). For Gag/p22-V5
colocalization experiments, primary antibodies were anti-VLP (rabbit
polyclonal, 1:2,000; a kind gift from Alan and Susan Kingsman) and
anti-V5 (Life Technologies; 1:4,000) and secondary antibodies used were
anti-rabbit-AF488 (Life Technologies; 1:200) and anti-mouse-AF594
(Life Technologies; 1:400). Image acquisition was carried out using a Zeiss
Axio Observer microscope equipped with an AxioCam HSm camera, and
images were analyzed with AxioVision v4.6 software (Carl Zeiss Micros-
copy, LLC, North America). Exposure times used to capture fluorescent
and 4=,6-diamidino-2-phenylindole (DAPI) images were kept consistent
throughout each experiment. Figures were constructed with Adobe Pho-
toshop software (Adobe Systems, San Jose, CA).

GST pulldown. One milliliter of SC-Ura medium plus 2% raffinose
was inoculated with a single colony at 30°C overnight and was then diluted
1:25 into 5 ml SC-Ura medium plus 2% galactose and grown for 2 days at
22°C. A 2.5-ml amount of galactose-induced cells was suspended in 150 �l
lysis buffer C (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 1
mM EDTA, 1 mM DTT, 0.1% Triton X-100, 1 mM PMSF, 1 �g/ml apro-
tinin, 0.5 �g/ml leupeptin, and 1 �g/ml pepstatin A) and homogenized
with the same volume of acid-washed glass beads. The crude lysate was
centrifuged at 10,000 rpm at 4°C for 10 min, and 500 �l supernatant

containing 300 �g of protein was gently mixed with 20 �l glutathione-
coated resin (GenScript, Piscataway, NJ) at 4°C for 2 h. The resin was
washed three times with 1 ml lysis buffer C and then suspended in 40 �l
SDS loading buffer. After boiling for 10 min, 5 to 8 �l per lane was loaded
onto a 12% SDS-polyacrylamide gel. Immunoblotting was performed as
described above, and membranes were incubated with mouse monoclo-
nal antibody anti-GST/B-14 (Santa Cruz Biotech) at 1:1,000 or anti-TY
tag (a kind gift from Stephen Hajduk) at 1:50,000 in TBST.

RESULTS
An internal Ty1 sense-strand RNA is required for CNC. The
CNC region of Ty1 spans the 5= untranslated region (UTR) and all
of GAG, and a multicopy pGTy1 expression plasmid confers CNC
in trans even when GAL1-promoted transcription is repressed (28,
31). To identify sequences necessary for CNC (Fig. 1A), a genetic
screen for CNC� mutations was performed in a Ty1-less S. para-
doxus strain repopulated with a single chromosomal Ty1 insertion
containing the selectable indicator gene his3-AI (46) (Table 1).
Ty1HIS3 insertions usually occur by retrotransposition following
splicing of the artificial intron. Since Ty1HIS3 cDNA can also
undergo homologous recombination with genomic Ty1 elements
or solo LTRs (52, 53), the term Ty1 “mobility” is used to describe
both types of insertion. Ty1 mobility was followed using a quali-
tative papillation assay for His� cells in a Ty1-less test strain con-
taining a chromosomal Ty1his3-AI element and an empty vector,
wild-type pGTy1 plasmid, or randomly mutagenized pGTy1.

FIG 1 An internal Ty1i transcript is involved in CNC. (A) Functional organization of the Ty1 CNC region, which covers GAG and the beginning of POL.
Locations of the GAL1 promoter (hatched rectangle), LTR (solid triangle), Ty1 transcripts (Fig. 4), candidate initiation codons present on Ty1i RNA, and CNC�

defective deletions and point mutations are noted. Ty1AS RNAs I, II, and III are shown with dotted lines. Ty1AS RNAs share a 3= end at nt 136 but have different
5= ends, nt 760 for II and 594 for III. The exact 5= end of Ty1AS RNA I has not been determined (31). (B) Total RNA from a Ty1-less strain with a single
chromosomal Ty1his3-AI element containing empty vector, wild-type (WT) pGPOL� (DG2374), or mutant plasmids T399C (YAS73), T1108C (YAS69),
A1123G (YAS71), A1296G (YAS72), and �A1456 (YAS70) was analyzed by Northern blotting to detect Ty1AS RNAs. Cells were grown in glucose, and Ty1
strand-specific (nt 238 to 1702) and ACT1 32P-labeled riboprobes were used. (C) Total RNA from the strains in panel B, plus two additional strains containing
mutant plasmids �238-281 (YAS74) and �238-353 (YAS75), was probed for Ty1i transcripts. Ty1his3-AI served as a loading control.
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Cells were grown under repressive conditions for GAL1 expres-
sion. To generate point mutations, the CNC region was amplified
using Taq DNA polymerase and PCR products were recombined
into pGTy1 in vivo by gap repair. Approximately 3,500 pGTy1
recombinants were screened for loss of Ty1 CNC, and recovered
plasmids were reintroduced to confirm the CNC� phenotype. Al-
though pGTy1 plasmids with one to four base changes in the CNC
region were identified, only plasmids carrying single mutations
(Fig. 1A and Table 2) were analyzed further.

To minimize the possibility that sequence changes outside the
gap-repaired region influence CNC and to facilitate molecular
analyses, most of POL was deleted from the mutant pGTy1 plas-
mids to generate plasmid pGPOL�. Quantitative Ty1his3-AI mo-
bility assays were performed with five mutants from the screen
(Table 2). Mutations T399C, �A1456, and A1296G conferred
moderate decreases in CNC compared with the CNC� control,
while T1108C and A1123G conferred low levels of CNC. Further-
more, the T1108C mutation affected CNC the most and was ob-
tained from four independent isolates, suggesting that T1108 is
part of an important sequence motif involved in CNC. Since
Ty1AS RNAs were reported to be necessary for CNC (31), North-
ern blotting was performed with total RNA from the five single
mutants. All of the mutants except T399C contained a level of
Ty1AS RNAs similar to that produced from a wild-type pGPOL�
plasmid, compared with the ACT1 loading control (Fig. 1B). Sur-
prisingly, four of the five CNC� mutations do not map in the
Ty1AS RNA transcription units and instead are located in an ad-
jacent segment of the CNC region (Fig. 1A), and all change GAG’s
coding potential (Table 2).

A 5=-truncated Ty1 sense RNA can be detected in wild-type

cells and is enriched in an spt3 mutant (22, 51). A similar obser-
vation was reported for an xrn1 mutant, where the RNA was
termed Ty1SL (Ty1 short-length RNA) (24). Therefore, the point
mutations identified in the screen could map in a shorter Ty1
sense RNA that initiates in GAG independently of normal Ty1
transcription, and this transcript could be involved in CNC. To
determine if a shorter Ty1 sense RNA was produced from the
pGPOL� plasmids, total RNA was subjected to Northern blotting
using a strand-specific 32P-labeled riboprobe from GAG. Cells
containing pGPOL� and mutant derivatives were used in the
Northern blotting since deleting POL results in the synthesis of
Ty1 transcripts that are clearly distinguishable from Ty1his3-AI
RNA. All point mutants except T399C made a shorter sense-
strand Ty1 RNA, termed Ty1 internal (Ty1i) RNA, whereas cells
containing an empty vector control lacked this transcript (Fig.
1C). Two additional mutants, �238-281 and �238-353, were de-
rived in the pGPOL� context and included in this analysis. Orig-
inally described in the work of Matsuda and Garfinkel (31),
pGTy1 plasmids with short deletions in the 5= LTR abolished
CNC. The loss of CNC was attributed to a decrease in the level of
the Ty1AS RNAs due to deletion of their 3= ends. However, the
lack of detectable Ty1i RNA in the �238-281 and �238-353 mu-
tants may now explain their CNC� phenotype. These results also
suggest that sequences near the 5= LTR, which contains the en-
hancer required for Ty1 transcription (5), may also be important
for synthesizing Ty1i RNA.

Chromosomal Ty1A1123G insertions fail to confer CNC.
The genetic screen identified several missense mutations in GAG
that weakened CNC and were present on both Ty1 mRNA and
the Ty1i transcript. To determine if CNC� mutations impacted

TABLE 2 Ty1his3-AI mobility

Group Strain Relevant genotype
Ty1his3-AI mobility,
10�6 (SD) Fold decreasea

A DG2254 Ty1-less Ty1his3-AI pGAL/2� 220 (69) 1
DG2374 pGPOL� 7 (1.8) 31
YAS73 pGPOL�-T399C (Gag: Ser36Pro) 24 (5.7) 9.2
YAS69 pGPOL�-T1108C (Gag: Leu272Pro) 100 (27) 2.2
YAS71 pGPOL�-A1123G (Gag: Tyr277Cys) 82 (11) 2.7
YAS72 pGPOL�-A1296G (Gag: Thr335Ala) 42 (3.4) 5.2
YAS70 pGPOL�-�A1456 31 (9.7) 7

B DG2196 Ty1-less Ty1his3-AI 120 (14) 1
DG2511 Plus 12 Ty1 3.6 (0.63) 33
DG3798 Plus 7 Ty1A1123G 570 (150) 4.81

C-1 DG2411 Ty1-less Ty1his3-AI empty/2� 140 (30) 1
DG2374 pGPOL� 2 (0.36) 74
JM321 pGPOL�-�C1071 61 (39) 2.3
JM320 pGPOL�-�A1303 58 (6.2) 2.4

C-2 JM321 pGPOL�-�C1071 65 (22) 2.1
DG3856 pGPOL�-GCG1GCG2 137 (23) 1

D DG3753 Ty1-less pGTy1his3-AI/Cen pGAL/Cen 21,000 (2,600) 1
DG3751 pGAL:1042-5889 37 (8.8) 570

E DG3739 Ty1-less pGTy1his3-AI/Cen pYES2/2� 60,000 (4,700) 1
DG3774 pYES2: 1038-1616 1.7 (0.57) 35,000
JM367 pYES2: 1038-V5-1616 2 (0.65) 32,000

a Fold changes represent decreases, except where indicated by an upward arrow.
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Gag function, full-length pGTy1 plasmids containing A1123G
(Tyr277Cys) or A1296G (Thr335Ala) mutations were compared
with wild-type pGTy1 for their ability to stimulate or trans-acti-
vate movement of a chromosomal Ty1his3-AI element (33). The
A1296G mutation likely affects both CNC and transposition, since
pGTy1A1296G expression did not stimulate Ty1 mobility. How-
ever, induction of pGTy1A1123G increased Ty1his3-AI mobility
in trans to levels similar to those observed with wild-type pGTy1,
suggesting that pGTy1A1123G encodes functional Gag and yet is
defective for CNC (data not shown). To determine if Ty1A1123G
conferred CNC in a natural chromosomal context (Fig. 2), a strain
with a single chromosomal Ty1his3-AI (Fig. 2A) was repopulated
with wild-type (Fig. 2B) or Ty1A1123G (Fig. 2C) elements. As
expected, Ty1 mobility decreased 33-fold in a strain repopulated
with 12 wild-type Ty1 elements compared with the starting strain
(Fig. 2B; Table 2). However, Ty1 mobility increased almost 5-fold
in a strain containing 7 copies of Ty1A1123G, indicating that
A1123G abolishes CNC without disrupting the function of Gag
(Fig. 2C; Table 2). The separation of function phenotype dis-
played by Ty1A1123G raised the possibility that an altered form of
Gag encoded by Ty1i RNA mediates CNC.

Expression of Ty1i RNA. Since multicopy Ty1 plasmids were
used as the source of trans-acting factors required for CNC, it was
important to determine if chromosomal elements also synthe-
sized Ty1i RNA and truncated forms of Gag (Fig. 3). To detect
Ty1i RNA in repopulated S. paradoxus as well as S. cerevisiae
strains, poly(A)� RNA was subjected to Northern blotting using a
32P-labeled riboprobe from GAG-POL (nt 1266 to 1601) (Fig. 3A).
Three S. paradoxus strains were analyzed: the Ty1-less strain (Fig.
3A, lane C), a derivative repopulated with 38 Ty1 elements (lane
1), and an isogenic spt3� mutant (lane 2). Five S. cerevisiae strains
were also analyzed: GRF167 (Fig. 3A, lane 3) and an isogenic spt3�

mutant (lane 4), BY4742 (lane 5), and isogenic spt3� (lane 6) and
xrn1� (lane 7) mutant derivatives. A discrete subgenomic Ty1
RNA of 4.9 kb was detected below the full-length transcript (5.7
kb) in all strains except repopulated S. paradoxus (Fig. 3A, lane 1).
The failure to detect a distinct transcript in this strain was unex-
pected but may result from 5= heterogeneity of the 4.9-kb tran-
script. The 4.9-kb Ty1 RNA comigrated with the truncated tran-
scripts detected in spt3� and xrn1� mutants. To determine the 5=
end of the 4.9-kb transcript in BY4742 and an isogenic spt3� mu-
tant, poly(A)� RNA was subjected to cap-independent 5= RACE
(Fig. 4). In both strains, the majority of the 5= ends from the 4.9-kb
transcript mapped to nucleotide 1000 of Ty1H3 (Fig. 4A). These
results indicate that the 4.9-kb RNA observed in the wild-type and
an spt3� mutant share the same 5= ends. However, 5=-RACE anal-
ysis of the wild-type repopulated S. paradoxus strain showed het-
erogeneous amplification products (Fig. 4B) rather than discrete
bands, supporting the results from Northern blotting (Fig. 3).
Although our results suggest that the 4.9-kb Ty1 RNA contains the
Ty1i transcript in S. cerevisiae, other truncated forms of Ty1 RNA
may be present (54, 55).

Ty1i RNA encodes Gag proteins p22 and p18. Two closely
spaced AUG codons are present 38 (AUG1) and 68 (AUG2) nu-
cleotides downstream of the transcription start site for Ty1i RNA,
and one or both may be utilized to initiate synthesis of a truncated
form of Gag (Fig. 1A). However, neither the predicted 22-kDa
(p22) Gag-like protein nor its processed product (p18), if p22 is
cleaved by Ty1 PR, has been reported to date, and a commonly
used VLP antiserum (56) failed to detect p22/p18 reproducibly
(data not shown). Therefore, we purified recombinant p18 and
generated a new antiserum to determine if Ty1i RNA is translated
to produce an N-terminally truncated form of Gag (Fig. 3B).
Whole-cell extracts from the strains described above (Fig. 3A)
were immunoblotted with p18 antiserum to detect endogenous
Gag and additional Gag-related proteins. As expected, normal lev-

FIG 2 Chromosomal Ty1A1123G insertions do not confer CNC. Ty1-less S.
paradoxus containing a single chromosomal Ty1his3-AI (A) was repopulated
with unmarked, wild-type (B), or A1123G (C) Ty1 elements. Genome repopu-
lation with 12 wild-type Ty1 elements resulted in an overall decrease in
Ty1his3-AI mobility, while repopulation with 7 CNC� mutant Ty1A1123G
elements resulted in an overall increase in Ty1his3-AI mobility. Also refer to
Table 2.

FIG 3 Detecting Ty1i RNA and p22/p18 from chromosomal Ty1 elements.
(A) Northern blotting of poly(A)� RNA from S. paradoxus and S. cerevisiae
(GRF167 and BY4742) wild-type and spt3� (DG789 and DG2247) and xrn1�
(MAC103) mutant strains. Ty1 32P-labeled riboprobe (nt 1266 to 1601) hy-
bridized with full-length Ty1 and Ty1i transcripts. (B) Total protein extracts
were immunoblotted with the p18 antiserum to detect full-length Gag p49/p45
and p22/p18. A Ty1-less S. paradoxus strain (DG1768) and cellular histidyl
tRNA synthetase (Hts1) served as negative (lane C) and loading controls, re-
spectively.
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els of Ty1 Gag p49/p45 were detected in wild-type strains (Fig. 3B,
lanes 1, 3, and 5) while reduced levels were observed in spt3�
(lanes 2, 4, and 6) mutants. Importantly, p22 was detected in the
spt3� mutants (lanes 2, 4, and 6), whereas p18 was detected only in
the wild-type strains (lanes 1, 3, and 5) and the xrn1� mutant
(lane 7). The increase in p18 observed in the xrn1� mutant likely
results from an increase in Ty1i RNA level, since Xrn1 is the major
5=-3= exonuclease involved in RNA decay. Taken together, not
only do our results suggest that Ty1i RNA encodes p22, but the
striking relationship between expression of full-length Ty1 mRNA,
and hence Ty1 PR, and detection of p22 versus p18 suggests that p22
is cleaved by Ty1 PR to form p18. Furthermore, processing of p22 to

p18 raises the possibility that p22 associates with VLPs to gain access
to PR. As expected, Gag proteins were not detected in the Ty1-less
strain (Fig. 3B, lane C).

Ribosome footprint profiling reveals an internal AUG as a
potential translation start for p22. To determine if the candidate
AUG1 or AUG2 translation start sites on Ty1i RNA (Fig. 1A) were
present in genomic sequencing analyses, we turned to ribosome
footprint profiling (Ribo-seq) (Fig. 5). In Ribo-seq, ribosomes in
the act of translating an mRNA are treated with RNase I, leaving a
�28-nt ribosome footprint, which is harvested for high-through-
put sequencing to provide a snapshot of the abundance and dis-
tribution of ribosomes on mRNAs (43). Yeast starved for glucose

FIG 4 The major 5= end of the 4.9-kb Ty1i RNA maps to nt 1000. (A) Cap-independent 5= RACE was performed with poly(A)� RNA from wild-type BY4742
and an isogenic spt3� mutant (DG2247). The number of 5= termini was plotted against the Ty1H3 sequence, and that and the distribution of the termini are on
the x and y axes, respectively. The tallest peak represents the total number of 5= ends captured at nt 1000 and is shown in parentheses. (B) 5=RACE cDNA libraries
from the wild-type and spt3� strains mentioned above and a repopulated S. paradoxus strain (DG2634) were amplified using a universal primer mix and a
Ty1-specific primer, GSP1_3389. The amplification reaction mixtures were separated by agarose gel electrophoresis to demonstrate the presence of cDNA
products corresponding to the 5= ends of the full-length (5.7-kb) Ty1 and the truncated (4.9-kb) Ty1i RNAs.

FIG 5 Whole-genome analysis of internal translation initiation sites. Ribosome footprint profiling (Ribo-seq) was performed to detect translation initiation at
internal AUG codons, two of which (AUG1 and AUG2 [Fig. 1]) are located immediately downstream of the Ty1i RNA transcription start site. Reads per million
(rpm) were placed on the Ty1H3 sequence, and the 5= ends of ribosome footprints aligned downstream of the Ty1i transcription start are shown. Ribo-seq reads
with 5= ends 12 to 13 nt upstream of AUG1 and AUG2 are highlighted in orange and green, respectively. The position �12 nt downstream of the 5= end
corresponds to the ribosomal P site. Because these libraries were prepared with poly(A) tailing, the exact 3= end of the footprint, and thus the footprint size at
AUG1, is ambiguous but within the range of 26 to 30 nt, inclusive.
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for 3 h accumulate as much as 10% of Ribo-seq reads at the start
codon of open reading frames (ORFs) (42), providing a sensitive
method for detecting initiation codons in vivo. We utilized a pub-
lished data set to analyze the Ribo-seq read distribution at the 5=
end of Ty1i RNA (57). The most abundant read in this region
corresponded to a ribosome footprint located on AUG1, which is
the first start codon downstream of the Ty1i transcription start site
(Fig. 4A). Also, the density of Ribo-seq reads increased down-
stream of AUG1, consistent with translation of the downstream
ORF under glucose starvation. Additional mutational analysis of
AUG1 and AUG2 will be required to verify the translation start
of p22.

p22/p18 encoded by Ty1i RNA is necessary for CNC. To es-
tablish that p22/p18, rather than the Ty1i transcript itself, is re-
sponsible for CNC, we analyzed frameshift mutations in the
pGPOL� construct (Fig. 6A) for alterations in Ty1his3-AI mobil-
ity (Fig. 6B; Table 2), Ty1i RNA levels (Fig. 6C), and protein levels
(Fig. 6D). Cells containing pGPOL� decreased the mobility of a
chromosomal Ty1his3-AI element up to 74-fold (Fig. 6B; Table 2)
compared to an empty vector control and produced Ty1i RNA
(Fig. 6C) and p22 (Fig. 6D). Two frameshift mutations were
placed downstream of AUG1 and AUG2 that introduce prema-
ture termination codons, �C1071 and �A1303. �A1303 was cre-
ated to eliminate the possibility that downstream in-frame AUGs
(AUG3 and AUG4, Fig. 6A) could be utilized to produce a trans-
dominant factor. Both frameshift mutations caused an increase in
Ty1his3-AI mobility to almost the same level as that obtained in a
strain lacking CNC (Fig. 6B; Table 2). Cells containing the mutant

plasmids produced Ty1i RNA (Fig. 6C) but not wild-type p22
(Fig. 6D). The residual level of CNC conferred by the plasmids
carrying the frameshift mutations may be caused by truncated
protein synthesized prior to encountering the mutations; how-
ever, immunoblotting using the p18 antiserum did not detect
these smaller proteins (Fig. 6A and D). To fully eliminate protein
production from AUG1 and AUG2, we replaced both initiation
codons with the alanine codon GCG in pGPOL�. In cells carrying
pGPOL�-GCG1GCG2, transposition frequency was fully re-
stored and about 2-fold higher than the �C1071 frameshift (Table
2). These results show that AUG1 and/or AUG2 is necessary for
CNC and reinforce the observation that �C1071 confers a very
low level of CNC. Taken together, our results identify p22 as a
trans-dominant negative inhibitor of Ty1 retrotransposition and
the intrinsic factor responsible for CNC.

Ectopic expression of p22/p18 is sufficient to inhibit Ty1
movement. To determine if p22/p18 reduces Ty1 transposition, a
cDNA expression library (45) was screened for clones that inhib-
ited Ty1his3-AI mobility, and p22/p18 was ectopically expressed
from the GAL1 promoter. One clone was obtained from the
GAL1-driven cDNA library that contained Ty1 sequences 1042 to
5889 and inhibited chromosomal Ty1his3-AI mobility. The 5= end
of the cDNA included AUG2 and 26 additional nucleotides up-
stream but did not contain AUG1. The 3= end terminated in the R
region (3= LTR) of Ty1 RNA, which is similar to the 3= ends
mapped previously (15, 55). Therefore, an almost-full-length
4.9-kb Ty1i transcript from a chromosomal element was likely
captured as this cDNA clone and contains coding sequence for

FIG 6 p22 is necessary for CNC. (A) Ty1 sequence present on pGPOL� illustrating the Ty1i RNA transcription start site (nt 1000), location of in-frame AUGs,
and frameshift mutations (�C1071 and �A1303, black circles). Proteins encoded by wild-type (WT) or mutant plasmids are shown (wild-type sequence, solid;
nonsense sequence, dashed) based on predicted usage of AUG1 by Ribo-seq (Fig. 5). �C1071 and �A1303 are predicted to synthesize truncated p22 peptides of
11 and 89 residues, respectively, before encountering the frameshift mutation. (B) An S. paradoxus strain with a single chromosomal Ty1his3-AI carrying an
empty vector (DG2411), pGPOL� (DG2374), or the mutant plasmids �C1071 (JM321) and �A1303 (JM320) was assessed for Ty1 mobility using a qualitative
assay. Cell patches grown on SC-Ura medium at 22°C were replica plated to SC-Ura-His medium to select for cells that contain at least one Ty1HIS3 insertion.
The number of His� papillae that grew on SC-Ura-His medium is a readout for Ty1 mobility. Also refer to Table 2. (C) Total RNA from the strains described
above was subjected to Northern blotting to detect Ty1his3-AI and Ty1i transcripts as described for Fig. 1. The band labeled with an asterisk is a pervasive
transcript approximately 4.5 kb in length and contains both Ty1 and non-Ty1 sequences from the pGPOL�. The “r” represents compression bands formed by
two main species of rRNA in yeast, the 26S (3.8-kb) and 18S (2-kb) rRNAs. (D) Total cell extracts were analyzed for the presence of p22/p18 as described in the
legend to Fig. 3.
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p22, as well as the POL coding sequence for PR, IN, and RT. When
the cDNA clone and pGTy1his3-AI were coexpressed, Ty1 mobil-
ity decreased 570-fold compared with a control strain expressing
only pGTy1his3-AI (Table 2). These results support the idea that a
truncated Gag protein likely utilizing AUG2 inhibits Ty1 mobility,
although initiation from AUG2 occurs less frequently than that
from AUG1 based on ribosome profiling in the Sigma 1278b strain
(Fig. 5).

The following segments of GAG sequence starting with AUG1
were fused to the GAL1 promoter on a multicopy expression plas-
mid and analyzed for trans-dominance (Table 2) or protein ex-
pression (Fig. 7 and data not shown) in the Ty1-less S. paradoxus
strain: p22, p22 containing an internal V5 epitope, p18, and
p22Gag*PR containing a previously characterized mutation that
disrupts Gag-PR cleavage by PR (40). Ty1his3-AI mobility de-
creased more than 32,000-fold in cells coexpressing pGTy1his3-AI
and p22 or p22-V5 compared with the control strain expressing
pGTy1his3-AI (Table 2). Both p22 and p18 are present, again sug-
gesting that some p22 is incorporated into VLPs and cleaved by
Ty1 PR (Fig. 7). Coexpression of p18 and pGTy1his3-AI re-
duced Ty1 mobility to levels similar to those observed with p22
(Fig. 7). GAL1-promoted expression of p22 or p18 also inhib-
ited pGTy1his3-AI mobility in S. cerevisiae strains BY4742 and
GRF167 (data not shown).

To determine if p22 alone inhibited Ty1 mobility, we coex-
pressed p22Gag*PR and pGTy1his3-AI (Fig. 7) in the Ty1-less S.

paradoxus strain. Results from qualitative mobility assays indi-
cated that p22Gag*PR retained most if not all of its inhibitory func-
tion compared with wild-type p22 or p18 and the empty vector
control, even though processing of p22 to p18 was blocked (Fig.
7). The level of p22Gag*PR when expressed from the GAL1 pro-
moter was also comparable to that obtained with p22, p18, or
full-length Gag. Together, these results show that p22 and p18 are
potent trans-dominant inhibitors of Ty1 transposition.

p22/p18 cofractionates with VLPs and alters Ty1 proteins.
One possibility to account for the dramatic decrease in Ty1 mo-
bility is that p22 associates with assembling VLPs in the cell, lead-
ing to abnormal VLP function. Therefore, crude VLP prepara-
tions from Ty1-less strains expressing pGTy1his3-AI alone (Fig.
8A), p22 and pGTy1his3-AI (Fig. 8B), or p22 alone (Fig. 8C) were
separated by centrifugation through 20 to 60% continuous su-
crose gradients. Fractions were assayed for reverse transcriptase
activity using an exogenous primer/template and immunoblotted
for Gag, IN, RT, and p22/p18 (Fig. 8A and B) or p22/p18 alone
(Fig. 8C). As expected, a peak of reverse transcriptase activity co-
incided with the highest concentrations of mature Gag, RT, and
IN proteins in the strain expressing just pGTy1his3-AI (Fig. 8A).
When pGTy1his3-AI and p22 were coexpressed, Gag and p22/p18
displayed a similar fractionation pattern across the gradient (Fig.
8B). p18 appeared to be the predominant form present in crude
VLP preparations, which is likely due to processing by Ty1 PR in
VLPs. To further investigate if the cofractionation of Gag and
p22/p18 resulted from an association between VLPs and p22,
rather than comigration of a protein complex containing p22 that
had a density similar to that of VLPs, an identical fractionation
was performed in a strain expressing only GAL1-promoted p22.
When expressed alone, p22 was detected near the top of the gra-
dient (Fig. 8C) and, therefore, had a different fractionation profile
than that observed when pGTy1his3-AI and p22 were coexpressed
(Fig. 8B). Furthermore, we detected p18 in the CNC� VLPs (data
not shown) used for structural probing of packaged Ty1 RNA
(32). These results support an interaction between Ty1 VLPs and
p22/p18.

Comparing the strain expressing pGTy1his3-AI (Fig. 8A) with
one expressing pGTy1his3-AI and p22 (Fig. 8B), several differ-
ences in the fractionation patterns, protein composition and dis-
tribution, and reverse transcriptase activity were evident. First,
cells expressing only pGTy1his3-AI yielded a higher concentration
of Gag, IN, RT, and reverse transcriptase-catalyzed incorporation
of [�-32P]dGTP in the peak fractions. Second, cells coexpressing
pGTy1his3-AI and p22 showed a broader distribution of Ty1 pro-
teins and reverse transcriptase activity. Third, the VLPs formed in
the presence of p22 had a lower level of [�-32P]dGTP incorpora-
tion throughout the gradient. Fourth, Ty1 protein processing or
stability was altered when pGTy1his3-AI and p22 were coex-
pressed. There was an accumulation of the PR-IN precursor
(p91), and there was much less mature IN (p71), which is similar
to results obtained previously (31). Ty1 RT (p63) now appeared as
a doublet with an additional higher-molecular-weight protein
that reacted with the RT antibody (Fig. 8B, denoted by an aster-
isk). Fifth, Ty1 Gag appeared to undergo more proteolysis overall
when p22 was present, as evidenced by multiple lower-molecular-
weight Gag-related proteins, which cofractionated with full-
length Gag. These unusual Ty1 proteins may result from aberrant
processing by Ty1 PR, from cleavage by a cellular protease, or
from differences in posttranslational modification of Ty1 proteins

FIG 7 Cleavage of p22 to p18 does not disturb trans-dominant inhibition of
Ty1 mobility. A mutant Gag-PR cleavage site, AAGSAA (Gag*PR) (40), was
inserted into p22, replacing the normal Gag-PR cleavage site, RAHNVS. A
Ty1-less strain containing pGTy1his3-AI and an empty vector (DG3739; lane
1), GAL1-p22 (DG3774; lane 2), GAL1-p18 (DG3791; lane 3), or GAL1-
p22Gag*PR (JM399; lane 4) was analyzed for Ty1his3-AI mobility using a qual-
itative assay. Cell patches from a single colony were induced for pGTy1 expres-
sion by replica plating from SC-Ura-Trp medium to SC-Ura-Trp medium plus
2% galactose for 2 days at 22°C. To detect Ty1his3-AI mobility, galactose-
induced cells were replica plated to SC-Ura-His medium. Below is an immu-
noblot assay using total cell extracts from the same strains and the p18 antise-
rum to detect Gag-p49/p45 and p22/p18.
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brought about by a VLP-p22 interaction. Therefore, the mecha-
nism of CNC involves differences in the physical and biochemical
properties of VLPs assembled in the presence of p22.

p22/p18 changes VLP morphology. Since p22/p18 affected
the fractionation of Ty1 VLPs and appearance of Ty1 proteins

(Fig. 8), we examined the size and morphology of VLPs assembled
in the presence or absence of p22 by electron microscopy (Fig. 9).
Equivalent sucrose gradient fractions with the highest level of [�-
32P]dGTP incorporation (Fig. 8) were pooled, diluted, and con-
centrated by ultracentrifugation prior to staining with 2% ammo-

FIG 8 Cofractionation of p22/p18 with Ty1 VLPs. Crude VLP pellets (P40) prepared from galactose-induced Ty1-less strains expressing pGTy1his3-AI alone (A)
(DG3739), pGTy1his3-AI and p22 (B) (DG3774), or p22 alone (C) (DG3784) were fractionated through a 20 to 60% continuous sucrose gradient. VLP pellets
(P40) and equal volumes from collected fractions were analyzed by immunoblotting with p18 antiserum and IN and RT antisera. Ty1 proteins are labeled,
brackets indicate known Ty1 processing intermediates, and the asterisk indicates aberrant Ty1 proteins (estimated sizes, 65 and 90 kDa). Reverse transcriptase
activity was detected using an exogenous poly(rC)-oligo(dG) template and [�-32P]dGTP.
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nium molybdate. Ty1 VLPs formed in the absence of p22 (Fig. 9A)
were mostly intact with an average diameter of 37.4 
 2.7 nm, and
only 13% of wild-type VLPs appeared malformed. In contrast,
almost half of Ty1 VLPs formed in the presence of p22 (Fig. 9B)
appeared open or incomplete, suggesting that these VLPs either
are not formed properly or are less stable during sample prepara-
tion. The diameter of intact VLPs assembled in the presence of p22
was 39.2 
 3.1 nm. Although the difference in diameters of the
two batches of VLPs is statistically significant (P � 0.0005), fur-
ther analyses will be required to determine if this difference is
functionally relevant.

p22-V5 disrupts pGTy1-induced retrosomes and colocalizes
with Gag. Since p22 altered the fractionation pattern and mor-
phology of VLPs and the processing or stability of Ty1 proteins, we
examined whether p22 influenced the appearance of retrosomes,
which are sites for VLP assembly. Ty1-less strains expressing
p22-V5 and pGTy1his3-AI alone or together were subjected to
indirect immunofluorescence (IF) and fluorescence in situ hy-
bridization (FISH) to visualize retrosomes (Fig. 10). VLP or V5
antibodies were used to detect Ty1 proteins, and a GAG-digoxige-
nin (DIG) probe was used to detect full-length Ty1 mRNA. The
internal V5 tag in p22-V5 did not disrupt trans-dominance (Table
2), and retrosome analysis of cells expressing untagged p22 was
identical to that from strains expressing p22-V5. Three types of
staining were observed: (i) large, distinct foci that costained for
Ty1 mRNA and Gag were defined as retrosomes (R); (ii) nondis-
tinct, punctate staining for both Ty1 mRNA and Gag was termed
“puncta” (P); and (iii) lack of staining for Ty1 mRNA, Gag, or
both was designated “none.” In cells containing puncta, colocal-
ization between Ty1 mRNA and Gag could not be confidently de-
termined in the majority of cells. In a control strain expressing
pGTy1his3-AI alone, retrosomes were observed in 61% of cells, while
only 7% of cells showed a punctate localization of Ty1 mRNA and
Gag proteins (Fig. 10A). When p22-V5 and pGTy1his3-AI were co-
expressed, the percentage of cells containing normal retrosomes de-
creased to 18% while Ty1 puncta were observed in 31% of cells. Thus,

p22-V5 disrupts Ty1 retrosomes in a large fraction of cells. In addi-
tion, cells were analyzed for Ty1 Gag and p22-V5 colocalization using
VLP and V5 antibodies, respectively (Fig. 10C and D). As expected, a
similar percentage of cells exhibited retrosomes (61%) (Fig. 10A) and
Gag foci in the absence of p22-V5 (62%) (Fig. 10C). In the presence of
p22-V5, a comparable fraction of cells displaying Gag foci (28%) and
puncta (42%) was observed (Fig. 10D) compared to the staining ob-
served using FISH/IF analysis (Fig. 10B). Interestingly, we detected
colocalization of p22-V5 and Gag in almost 70% of Gag foci (Fig.
10D, inset). p22-V5 colocalized with endogenous retrosomes in S.
cerevisiae, suggesting the possibility that p22 can associate with
VLP preassembly intermediates (J. A. Mitchell and D. J. Garfinkel,
unpublished results).

GST pulldowns support an interaction between Gag and p18.
To provide additional evidence for an interaction between p22/
p18 and Gag, a fusion protein consisting of p18 tagged at its N
terminus with glutathione S-transferase (41) was expressed from
the GAL1 promoter in BY4742 or a Ty1-less strain (Fig. 11). Free
glutathione S-transferase was expressed alone as a negative con-
trol. Protein extracts were immunoblotted using antisera specific
for GST, Gag p49/p45, or Hts1 prior to mixing with the glutathi-
one-coated resin (input) or released from the GST complexes
bound to resin after several washes with lysis buffer (pulldown).
Fusions between GST and full-length Gag were insoluble under a
variety of conditions and, therefore, could not be analyzed further.
The GST-p18 fusion protein was soluble under the conditions
used for the pulldown; however, partial degradation of GST-p18
resulted in free GST protein. GST-p18 formed a complex contain-
ing Gag p45 and p49 encoded by the genomic Ty1 elements in
BY4742, whereas GST expressed alone did not. Ty1 Gag-p18 com-
plexes were also not detected in the Ty1-less strain. Hts1 was used
to control for nonspecific trapping of cellular proteins in the Ty1
complexes and, as expected, was detected only in the input sam-
ples. Together, these results suggest that p18 and Gag interact.

DISCUSSION

Here, we characterize a restriction factor derived from Ty1 GAG
that confers CNC by perturbing VLP assembly and function. This
unique form of transposon CNC (28) may have evolved after an
ancestral S. cerevisiae/paradoxus lineage lost the evolutionarily
conserved RNAi pathway used to silence Ty1 expression (29, 30).
Noncoding antisense transcripts from Ty1 have been implicated
in repressing transcription (24), RNAi in budding yeast (30),
and CNC (31). The identification of mutations that abrogated
both CNC and Ty1AS RNA expression implicated Ty1AS RNAs in
CNC. Additionally, the association of Ty1AS RNAs with VLPs
further supported models of AS RNA-based CNC. Here, we show
that additional mutations in the CNC region of Ty1 fail to confer
CNC and yet do not perturb Ty1AS RNA expression. One GAG
mutation in particular abolished CNC but did not affect transpo-
sition or AS RNA production. The behavior of this separation of
function mutation suggested that a Ty1 protein might contribute
to CNC. Evaluation of these mutants, along with those previously
reported, helped reveal p22, a Gag-like restriction factor encoded
by a 5=-truncated sense RNA (Ty1i) that likely forms the basis of
CNC. The role of Ty1AS RNAs in Ty1 CNC, if any, remains to be
determined.

We detect differences in the transcripts encoding the p22 re-
striction factor and how these transcripts are utilized for protein
synthesis. In S. cerevisiae, a 4.9-kb Ty1i RNA is detected in wild-

FIG 9 Electron microscopy of Ty1 VLPs assembled in the presence of p22/
p18. VLP pellets were collected from sucrose gradient fractions with peak
reverse transcriptase activity from experiments similar to those shown in Fig.
8. VLPs from pGTy1his3-AI alone (A) (DG3739) or pGTy1his3-AI and p22 (B)
(DG3774) were stained with 2% ammonium molybdate and examined by
transmission electron microscopy. Approximately 100 VLPs were analyzed for
closed versus open particles, and representative images are shown. The diam-
eter (d) was measured with closed VLPs only.
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type strains both in our work and in previous studies when
poly(A)� RNA is subjected to Northern blotting (22, 54) but is
rarely detected in numerous studies when total RNA is analyzed
(7, 8, 18, 58–60). Perhaps, the level of RNA degradation observed
with the abundant 5.7-kb Ty1 genomic RNA obscures the 4.9-kb
Ty1i transcript when total RNA is analyzed by Northern blotting,
because we can detect a shorter Ty1i transcript produced from a
pGPOL� plasmid with total RNA from S. paradoxus. Alterna-
tively, it has been reported that only 15% of Ty1 mRNA transcripts
are polyadenylated (9). Hence, it is possible that Ty1i RNA is read-
ily detected by Northern blotting of poly(A)� RNA because the
majority of Ty1i transcripts are polyadenylated, whereas the ma-
jority of Ty1 mRNA is not. However, in an isogenic repopulated S.
paradoxus strain, a discrete Ty1i transcript is not detected from
chromosomal Ty1 elements even when poly(A)� RNA is analyzed
by Northern blotting or cap-independent 5= RACE. Ty1i RNA is
present in both species when full-length Ty1 transcription is al-
tered by deleting the Spt3 subunit of SAGA and related complexes
(22, 23). Spt3 helps modulate the recruitment of the TATA-bind-
ing protein to the TATA box of SAGA-dependent promoters

FIG 11 GST-p18 interacts with endogenous Ty1 Gag. Protein extracts (Input)
from BY4742 induced for expression of GST (DG3808) or GST-p18 (DG3809)
were incubated with glutathione-coated resin. Bound proteins were analyzed
by immunoblotting to detect Gag, GST-p18, and p18/Ty1 Gag complexes
(Pull-down) after extensive washing with lysis buffer. A Ty1-less strain ex-
pressing GST-p18 (DG3810) and the presence of Hts1 served as negative con-
trols. Gag was detected with TY tag monoclonal antibody, which recognizes
p49/p45 but not p22/p18 due to the location of the epitope. GST proteins and
Hts1 were detected with GST and Hts1 antibodies, respectively.

FIG 10 p22-V5 disrupts retrosomes and colocalizes with Gag. Ty1-less strains expressing pGTy1his3-AI alone (A and C) (DG3739) or pGTy1his3-AI and p22-V5
together (B and D) (JM367) were galactose induced and analyzed for Ty1 mRNA and Gag colocalization via FISH/IF (A and B). Pie charts depict cells examined
for the appearance of retrosomes (R), puncta (P), or no staining (None). Refer to the text for additional details. In a separate experiment, cells were analyzed for
Ty1 Gag and p22-V5 colocalization via IF using VLP and V5 antibodies, respectively (C and D). The experiment in panel D was additionally analyzed for the
percentage of Gag foci that colocalize with p22-V5 (yellow; f, total Gag foci analyzed). For both experiments, DNA was stained with DAPI and representative
images are shown (n, number of cells analyzed). DIC, differential interference contrast.
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(61–63) and, therefore, can specify transcriptional initiation.
However, the initiation site for Ty1i RNA within GAG predomi-
nates in an spt3� mutant, which is similar to the activation of
cryptic intragenic promoters observed in a variety of chromatin
and transcription-related mutants (64). Although our results are
consistent with the idea that transcription of Ty1i RNA responds
differently to the complexes containing Spt3, such as SAGA, in S.
cerevisiae versus S. paradoxus, detailed functional comparisons be-
tween Spt3/SAGA from these species will be required to resolve
this question.

Surprisingly, appreciable levels of p22/p18 are present in wild-
type S. paradoxus repopulated with Ty1H3 in the absence of de-
tectable 4.9-kb Ty1i RNA. This result raises the possibility that
full-length Ty1 and Ty1i transcripts may utilize an internal ribo-
some entry site (65) upstream of AUG1 or AUG2 to drive synthe-
sis of p22. Other mechanisms by which p22 could be translated
from full-length Ty1 mRNA are leaky scanning, where scanning
ribosomes sometimes initiate translation from an alternate AUG
codon (66–69) or translation reinitiation in which translation
starts at a downstream AUG after translation of an ORF situated
upstream (70, 71). Although leaky scanning and translation rein-
itiation remain possible mechanisms, both require closely spaced
AUGs. However, seven in-frame and seven out-of-frame AUGs
are present in the 745 bases between the Gag initiation codon (nt
293) and p22 AUG1 (nt 1038), making leaky scanning or transla-
tion reinitiation unlikely. Alternatively, exceptional forms of
translation initiation may not be required to synthesize p22 if
heterogeneous Ty1i transcripts that contain AUG1 or AUG2 in
the repopulated S. paradoxus strain remain translatable. In sup-
port of this view, we show that Ty1i RNA is a functional template
for translation of p22 in S. paradoxus and S. cerevisiae spt3� mu-
tants in the absence of full-length Ty1 mRNA. Although it is pos-
sible that there are two modes of p22 production in yeast (Ty1
mRNA and Ty1i RNA mediated), production of p22 from internal
Ty1 RNA products alone is an attractive idea.

Once synthesized, p22 profoundly inhibits retrotransposition
by altering VLP assembly and function. Earlier work as well as our
mutational analysis of the CNC region demonstrates that Ty1 pro-
duces a trans-dominant inhibitor, now identified as p22, that de-
creases Ty1his3-AI mobility 20- to �340-fold depending on the
relative expression of Ty1 and p22 (28, 31, 32, 72). However, when
a cDNA derived from Ty1i RNA or p22 and Ty1his3-AI are coex-
pressed from the GAL1 promoter in a Ty1-less strain, mobility
decreases 570- and 32,000-fold, respectively, indicating that p22 is
necessary and sufficient for inhibition. The extreme inhibitory
effect and broad dynamic range raise the possibility that the pro-
cess of retrotransposition is very sensitive to the level of p22, with
increasingly severe defects appearing as the level of p22 increases.
Conversely, the relative amount of Ty1 versus p22 expression can
likely saturate the inhibitor, as is evident from previous studies
utilizing GAL1-promoted Ty1 induction (15, 16, 33, 34). In fact,
Ty1 “transpositional dormancy,” which was described upon the
discovery of Ty1 retrotransposition (15, 34), may result from an
inhibitor that is saturated or overcome when Ty1 is induced via
the GAL1 promoter (73–75). The work presented here supports
this hypothesis and identifies p22 as the intrinsic inhibitor at least
partly responsible for Ty1 dormancy.

When crude VLPs from the Ty1-less strain expressing Ty1 and
p22 are analyzed by sucrose gradient sedimentation, both p22 and
its processed product p18 cofractionate with Ty1 VLPs. p22 does

not exhibit the same fractionation pattern in the absence of pGTy1
expression. Furthermore, analysis of a p22Gag*PR cleavage site mu-
tant shows that p22 as well as p18 effectively inhibits transposi-
tion, and cleavage of p22 does not play a major role in CNC. The
sucrose gradient fractions have also been assayed for reverse trans-
criptase activity and subjected to additional immunoblotting to
detect Gag, IN, RT, and p22/p18. Expression of p22 causes a mod-
erate decrease in the level of reverse transcriptase activity when
assayed using an exogenous primer/template; prevents the accu-
mulation of mature IN, a finding which reinforces previous work
(31, 32); and broadens the peak containing VLP proteins. In ad-
dition, an overall degradation of Gag and the presence of aberrant
RT proteins are indicative of proteolysis of the Gag-Pol precursor
by Ty1 PR, increased proteolysis by cellular enzymes, or possible
posttranslational modifications. Furthermore, the excessive pro-
teolysis of IN could explain the appearance of higher-molecular-
weight, RT antibody-reactive proteins and the absence of mature
IN. Our results suggest that p22 interacts with and inhibits VLP
functionality during assembly or in association with fully formed
VLPs and also is processed by Ty1 PR to form p18.

Since these results suggest that VLP structure may be altered by
p22, peak sucrose gradient fractions have been concentrated and
visualized by electron microscopy. Most of the VLPs (87%) iso-
lated from the control strain lacking p22/p18 are completely
spherical with similar curvatures; however, almost half (46%) of
the VLPs formed in the presence of p22/p18 are aberrant and have
an open or incomplete morphology. VLPs analyzed from CNC�

cells containing much less p22/p18 do not appear malformed, but
when extracts containing these VLPs are treated with the endonu-
clease Benzonase, less protection of packaged Ty1 mRNA is ob-
served (32). Our results suggest that VLP integrity is compro-
mised in the presence of higher levels of p22/p18 and that normal
assembly of functional VLPs is inhibited by an interaction be-
tween Gag and p22.

To further investigate if Gag and p22 interact, cells expressing
Ty1 and p22/p18 have been subjected to FISH/IF microscopy and
GST pulldown analysis. The number of cells with aberrant retro-
somes increases more than 3-fold when Ty1 and p22-V5 are co-
expressed, and 70% of Gag foci also stain for p22-V5. In addition,
GST pulldown analysis suggests that endogenous Gag can interact
with GST-p18. Although p22 engages Gag during active VLP as-
sembly, p22 may also interact with Gag in endogenous retro-
somes, which contain few if any VLPs (7). Ty1 GAG is necessary
for retrosome formation (7, 76), and certain Ty3 GAG mutations
alter retrosome appearance or location (77, 78). Interestingly, cel-
lular mutations that alter retrograde movement of Gag from the
endoplasmic reticulum (ER) destabilize Gag and abolish nucle-
ation of retrosomes (79). Whether p22 enters the ER remains to be
determined. Ty1 GAG mutations that confer a trans-dominant
negative phenotype (80–82) or affect VLP assembly (83) have
been isolated, and some of these mutations map in p22. A syn-
thetic peptide containing sequences within p22 also displays RNA
chaperone activity (84), which is required for specific RNA trans-
actions during the retroviral life cycle such as virion assembly,
RNA packaging, primer annealing, and reverse transcription (85).
Thus, p22 may inhibit multiple functions carried out by Gag.

Certain retroelement genes have undergone purifying selec-
tion in mammals, suggesting that these elements have been do-
mesticated or exapted by their host (86). To date, domesticated
GAG and POL genes either have evolved a new function used in
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normal cellular processes or have been incorporated into an in-
nate defense pathway used to inhibit retroviral propagation. The
prototypic Gag-like restriction factors Fv1 and enJS56A1 block
replication of murine leukemia virus (MLV) and Jaagsiekte sheep
retrovirus (JSRV), respectively, by interacting with viral proteins
during infection (87–89) and share features in common with CNC
of Ty1 by p22/p18. Fv1 is derived from the GAG gene of a member
of the HERV-L family of human and murine endogenous retro-
viruses (87, 90, 91). Fv1 inhibits progression of the MLV life cycle
following infection and reverse transcription but prior to integra-
tion. Although the infecting viral Gag protein as well as Fv1 deter-
mines the level of restriction, an ordered assembly of Gag is re-
quired for efficient Fv1 binding (88, 92). Our results suggest that
Ty1 Gag interacts with p22/p18; however, the polymerization
state of Gag and p22 required for maximum restriction of retro-
transposition remains an open question. In addition, p22/p18 af-
fects VLP assembly and function, whereas Fv1 inhibits a different
step in the replication cycle that occurs postinfection. Conceptu-
ally similar to MLV-Fv1 restriction, the sheep genome harbors
about 20 copies of endogenous (en) JSRVs and these sequences are
homologous with exogenous JSRV that can cause lung cancer.
Certain endogenous copies have evolved a trans-dominant Gag
protein, enJS56A, which like Ty1-p22 blocks replication at a
step soon after protein synthesis. The JSRV-enJS56A interac-
tion prevents Gag from entering into an endosome trafficking
pathway and results in aggregation and turnover by the protea-
some (89, 93).

The MLV-Fv1 and JSRV-enJS56A restriction systems contain
two components, raising the possibility of an arms race between
the infecting retrovirus and the domesticated chromosomal GAG
gene (94). In contrast, the many retrotransposition-competent
Ty1 elements inhabiting Saccharomyces genomes encode their
own inhibitor and, therefore, must balance mutations altering p22
potency with those affecting GAG fitness. Since Ty1 GAG or p22
coding regions have not been detected as an exapted gene capable
of inhibiting Ty1 movement, the graduated retrotransposition
rate provided by CNC may benefit Saccharomyces and Ty1, as
suggested by recent work relating increases in Ty1 copy number
with longer chronological life span (95). The Ty1-p22 interaction
appears to directly block assembly of functional VLPs in a dose-
dependent manner and to our knowledge represents a novel and
effective way to allow some but not rampant retroelement move-
ment. Further understanding of the molecular events underlying
Ty1 Gag-p22 interaction, including the characterization of CNC-
resistant mutants and the role that cellular genes have in modu-
lating p22 expression or function, should reveal additional simi-
larities and differences between Ty1 and retroviral restriction
factors.
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