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Abstract: The genomic RNA of the retrotransposon Ty1 is packaged as a dimer into virus-like particles.
The 5’ terminus of Tyl RNA harbors cis-acting sequences required for translation initiation, packaging
and initiation of reverse transcription (TIPIRT). To identify RNA motifs involved in dimerization and
packaging, a structural model of the TIPIRT domain in vitro was developed from single-nucleotide
resolution RNA structural data. In general agreement with previous models, the first 326 nucleotides of
Tyl RNA form a pseudoknot with a 7-bp stem (S1), a 1-nucleotide interhelical loop and an 8-bp stem
(52) that delineate two long, structured loops. Nucleotide substitutions that disrupt either pseudoknot
stem greatly reduced helper-Tyl-mediated retrotransposition of a mini-Ty1, but only mutations in
S2 destabilized mini-Ty1l RNA in cis and helper-Ty1l RNA in trans. Nested in different loops of the
pseudoknot are two hairpins with complementary 7-nucleotide motifs at their apices. Nucleotide
substitutions in either motif also reduced retrotransposition and destabilized mini- and helper-Ty1
RNA. Compensatory mutations that restore base-pairing in the S2 stem or between the hairpins rescued
retrotransposition and RNA stability in cis and trans. These data inform a model whereby a Tyl RNA
kissing complex with two intermolecular kissing-loop interactions initiates dimerization and packaging.

Keywords: long terminal repeat-retrotransposon; Tyl; Saccharomyces cerevisiae; RNA secondary
structure; RNA packaging; RNA kissing complex; pseudoknot; kissing loop; SHAPE analysis

1. Introduction

Long terminal repeat (LTR)-retrotransposons and related families of endogenous retroviruses
are mobile genetic elements that are widespread in eukaryotic genomes. These elements encode the
enzymatic machinery to reverse transcribe RNA and integrate the resulting cDNA into the host genome.
They mobilize their own RNA, that of non-autonomous mobile elements, and, more rarely, “hitchhiker”
transcripts including coding and non-coding RNAs. The genomic incorporation of cDNA derived
from cellular RNAs results in the duplication or replacement of cellular genes and the formation
of novel chimeric genes and regulatory non-coding genes, insertional mutations and chromosomal
rearrangements [1—4]. In Saccharomyces cerevisiae, for example, it has been argued that most protein coding
genes have been replaced with cDNA copies lacking introns through the activity of retrotransposons [5-7].
In addition, chimeric cDNAs are incorporated at telomere ends in the absence of telomerase, leading to
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gross chromosomal rearrangements [8]. Because of the mutagenic and regulatory potential of cDNAs
derived from cellular transcripts, the factors that govern the specificity of RNA selection for reverse
transcription are of great interest, yet little is known about the principles that govern recognition of RNAs
for packaging into virus-like particles (VLPs), the site of reverse transcription. This question is addressed
here by investigating the determinants of Tyl RNA packaging. Ty1 is the most active LTR-retrotransposon
family in S. cerevisiae [9]. The positive-strand genomic Tyl RNA initiates in the 5’ LTR and terminates
in the 3’ LTR. Ty1 RNA is translated into p49-Gag and p199-Gag-Pol precursor proteins. These proteins
assemble into an immature VLP, with p49-Gag binding to Tyl RNA as a dimer to encapsidate the RNA
genome [10]. Inside the VLP, p49-Gag is processed to form p45-Gag, resulting in VLP maturation, which
in turn results in stabilization of the Tyl RNA dimer. The p199-Gag-Pol precursor is processed into
p45-Gag, protease (PR), integrase (IN) and reverse transcriptase (RT). Tyl RNA functions as a template
for synthesis of cDNA that is transported to the nucleus and integrated into the genome.

A domain of Tyl RNA consisting of the 53-nucleotide 5 UTR and 327 nucleotides of the
GAG coding region are required in cis for translation initiation, packaging and the initiation of
reverse transcription (TIPIRT domain; Figure 1) [11]. Mutational analysis has identified several
RNA motifs within the TIPIRT domain that play a role in reverse transcription. These regions
include the primer-binding site (PBS; nucleotides 95-104), which is complementary to the 3’ end
of tRNA;Met, The tRNA;M¢t is selectively packaged into Tyl VLPs and serves as the primer for
initiation of reverse transcription [12,13]. Three adjacent 6- or 7-nucleotide regions of TIPIRT, known as
Box 0 (nucleotides 110-116), Box 1 (nucleotides 144-149) and Box 2.1 (nucleotides 162-168) [14,15], are
complementary to sequences within the T or D hairpins of tRNA;Met. Analyses of mutations in both Ty1
RNA and ’cRNAiMEt have established a role for an extended interaction between tRNAiMet and the PBS,
Box 0 and Box 1 regions of Tyl RNA in the initiation of reverse transcription [15,16]. Overlapping Box
2.1is a 14-nucleotide motif known as CYC5 (nucleotides 155-168), which is perfectly complementary
to a sequence in the 3’ UTR known as CYC3. CYC5:CYC3 complementarity promotes efficient reverse
transcription in vitro and retrotransposition in vivo [17,18]. In addition, intramolecular pairing of
nucleotides 1-7 to nucleotides 264-270 promotes efficient reverse transcription [19,20].
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Figure 1. Schematic of the Ty1 element DNA, the Tyl RNA 5’ TIPIRT domain and in vitro transcripts
analyzed by SHAPE chemistry. Tyl retrotransposon DNA consists of two 334 bp long terminal
repeats (LTRs; represented by tripartite rectangles) composed of U3 (unique to the 3’ end of the RNA),
R (repeated at the 5’ and 3’ ends of the RNA) and U5 (unique to the 5’ end of Tyl RNA). LTRs flank a
central coding region (black bar). The GAG and POL ORFs are denoted by rectangles above the element.
Below the DNA, the 5’ leader of Tyl RNA from nucleotide 1 (the beginning of “R”) to nucleotide
448 (in the GAG ORF), which includes the TIPIRT domain (nucleotides 1-380), is represented below
the Ty1 element DNA. Vertical white rectangles denote sequences that are essential for initiation of
reverse transcription (1/7 and 264/270 pseudoknot S1 stem; 95/104-PBS; 110/116-Box 0; 144 /149-Box 1;
155/168-CYCS5, including Box 2.1). The horizontal white rectangle spanning nucleotide 237-380 denotes
a region required for Tyl RNA packaging. The schematic at the bottom represents the in vitro transcript
(nucleotides 1-513, plus an FTL tag indicated by the striped box) that was analyzed by SHAPE. Grey
shading (nucleotide 2-448), region for which SHAPE reactivities were obtained.
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A secondary structure model of the 5’ terminus of Tyl RNA within VLPs was derived from SHAPE
(selective hydroxyl-acylation analyzed by primer extension) data [21]. In this model, nucleotides 1-325
form a long-range pseudoknot in virio. The pseudoknot core consists of two 7 bp stems with a
1-nucleotide interhelical connector, and long structured loops that bridge the stems. The model
supports many aspects of earlier structural models that were based on secondary structure prediction
and mutational analyses [16,19], including pairing of the tRNA;M¢t to the PBS, Box 0 and Box 1 regions
of TIPIRT and circularization of Tyl RNA via the CYC5:CYC3 interaction. Moreover, the functionally
defined pairing of nucleotides 1-7 to nucleotides 264-270 forms the S1 stem of the pseudoknot. All of
the RNA motifs that are known to be required for reverse transcription are in S1 or its multibranched
loop (L1), suggesting that this domain may be functionally as well as structurally distinct from S2 and
its loop (L3). Using nucleotide substitutions and compensatory mutations, it was shown that the 52
stem is required for retrotransposition, but, an S2 stem-destabilizing mutation, U260C, had no effect
on reverse transcription [20].

In contrast with cis-acting sequences required for reverse transcription, Tyl RNA sequences
that are necessary for dimerization and packaging within VLPs have not been precisely defined [22].
An internally deleted mini-Ty1l RNA containing the 380-nucleotide TIPIRT domain and 357 nucleotides
of the 3’ terminus of Tyl RNA including the 3’ polypurine tract and 3’ LTR, was shown to be
sufficient for retrotransposition when GAG and POL proteins were expressed in trans from a helper-Ty1
element [11]. Deletion of nucleotides 237-380 abolished retrotransposition and co-purification of
mini-Ty1l RNA with VLPs, suggesting that cis-acting sequences required for Tyl RNA packaging reside
in this domain. This region includes one strand of the S1 stem as well as the 52 stem and its structured
loop [21]. However, mutations that destabilize S1 pairing, or the U260C mutation in the S2 stem did
not diminish Tyl RNA packaging [20].

RNA elements required for encapsidation of retroviral RNA within virions, known as 1 (psi)
sites, are at least 100 nucleotides long, contain multiple stem-loop structures and are in the 5’ UTR,
sometimes extending into GAG. RNA elements that facilitate dimerization are located near those
that promote RNA encapsidation, and dimerization and packaging are tightly coupled processes,
both facilitated by the nucleocapsid activity of Gag [23,24]. Prior to recruitment into assembling
virions, dimerization of retroviral genomes is initiated by an intermolecular “kissing loop” interaction
between single-stranded loop sequences of stem-loops in the RNA. Subsequently the interaction
extends into palindromic sequences in the stems to form stable dimers. Purzycka et al. [21] identified
three palindromic sequences (PAL1-PAL3) in the 5’ terminus of Tyl RNA that were less reactive in
virio than ex virio. Based on analogy with retroviral dimerization sites, the authors proposed that PAL
sequences are sites where the nucleic acid chaperone activity of Gag could promote a transition from
intramolecular pairing to intermolecular pairing [25]. However, potential kissing loop sequences that
initiate dimerization of Tyl RNA have not been identified.

In this work, we present a SHAPE-directed structural model of the 5 TIPIRT domain of Tyl
RNA in vitro. The model corroborates previously proposed models of the 5’ terminus of Tyl RNA in
virio and in vitro [20,21]. We overlay nucleotide conservation of Saccharomyces Tyl and Ty2 element
sequences onto the secondary structure model to identify conserved secondary structures with
potential roles in packaging. The biological significance of structural elements was investigated
by introducing mutations into mini-Tyl RNA and measuring helper-Tyl-mediated retrotransposition
in vivo. We confirmed the requirement for both stems of the pseuodoknot in retrotransposition [20],
and found that separating the stems by four nucleotides has no effect on retrotransposition, raising
the possibility that the stems play roles in non-overlapping functions. In addition, complementary
7-nucleotide motifs at the apices of two stem-loops, SL1a and SL3a, were shown to be required for
efficient retrotransposition. Unlike S1 stem mutations [20], nucleotides substitutions in the S2 stem
subject Tyl RNA to rapid degradation in cis and in trans. Also, SL1a and SL3a loop substitutions
result in slow and fast degradation, respectively, in cis and in frans. Trans-complementation of the
helper-Ty1l RNA instability by compensatory mutations in the mini-Ty1l RNA SL1a and SL3a apical
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motifs suggests that these motifs form intermolecular duplexes. Based on these data, we propose that
intermolecular pairing between the apical motifs of these stem-loops, one of which has been implicated
in dimerization [21], and the other of which may be dependent on the S2 stem for its stability, forms a
Tyl RNA kissing complex that initiates dimerization of Tyl RNA for packaging into VLPs.

2. Materials and Methods

2.1. In Vitro Transcription and RNA Purification

The DNA template for invitro transcription was generated by PCR with primers
PJ502 (5'-CCTAATACGACTCACTATAGGGGAGGAGAACTTCTAGTATATTCTG-3') and PJ745
(5'-ATGAGCTCCCAGATTCGTCAGAATTATCAGTAAATGTATTACCTGACTCAGG-3') and plasmid
pGTylhis3AI-[A1] [26] as a template. The reaction yielded a DNA fragment with the T7 promoter,
513 bp corresponding to nucleotide 1-513 of Ty1-H3 RNA and 27 bp complementary to the Cy5-FTL
primer. The PCR product was gel-purified using a Gel Extraction kit (Qiagen, Germantown, MD, USA).
In vitro transcription reactions were performed using ~150 ng of the purified DNA template in a 20 pL
MEGAscript T7 transcription kit (Invitrogen, Carlsbad, CA, USA) reaction, which was incubated at
37 °C for 4 h. The RNA was purified using the MEGAclear kit (Invitrogen). RNA was stored at —80 °C.

2.2. Selective 2'-Hydroxyl Acylation Analyzed by Primer Extension

A 10 picomole sample of the in vitro transcribed RNA was brought to a total volume of 12 pL by
addition of 0.5x TE. The RNA was heated at 95 °C for 2 min and cooled on ice for 2 min. Following
addition of 6 uL 3.3 x RNA Folding Buffer (1x: 100 mM HEPES [pH 8.0], 20 mM MgCl,, 100 mM KCL),
the reaction was split into two samples of equal volume. RNA was renatured by incubation at 37 °C for
20 min. To one sample, 1 uL N-methylisotoic anhydride (NMIA) in DMSO was added, and to the other,
1 uL. DMSO was added (control). Reactions were incubated at 37 °C for 45 min. The NMIA-modified
RNA and control RNA samples were ethanol-precipitated by adding 90 uL H,O, NaCl to 44 mM,
glycogen to 44 nug/uL and EDTA to 44 uM. After adding 3.5x volumes of ethanol, the RNA was
precipitated at —80 °C for 30 min. The RNA was pelleted at 4 °C, and washed with 70% ethanol. Pellet
was dried in a Savant SpeedVac concentrator and resuspended in 10 uL of 0.5x TE buffer (1x: 10 mM
Tris-HCl [pH 8], 1 mM EDTA). The Cy5-FTL primer (5'-ATAATTCTGACGAATCTGGGAGCTCAT-3)
was annealed to the 3’ end of each RNA at 65 °C for 15 min, and then 35 °C for 15 min. RNA was
reverse transcribed by first adding Superscript III First-Strand Synthesis buffer (Invitrogen), 5 mM
DTT, 40U of RNAseOUT (Invitrogen), and 500 uM dNTPs to the reaction, followed by incubation
at 52 °C for 1 min. Superscript III Reverse Transcriptase (200 units; Invitrogen) was added, and the
reaction was incubated at 52 °C for 15 min. RNA was hydrolyzed by addition of NaOH to 180 mM,
followed by heating to 95 °C for 5 min. Reactions were neutralized by addition of an amount of HCI
equivalent to the NaOH added. The remaining nucleic acid was precipitated using sodium acetate
at a final concentration of 75 mM, MgCl, at 25 mM, and 3.3 x volumes of ethanol followed by cold
centrifugation. The resulting pellet was washed with 70% ethanol and dried in a Savant SpeedVac
concentrator. The pellet was resuspended in 40 puL Sample Loading Solution (Beckman Coulter,
Indianapolis, IN, USA), and 1.1 pL of the 600-bp Beckman Coulter sequencing ladder was added.
Sequencing ladder reactions were performed in the same way as the control reaction above, with
addition of 2 pL of one 5 mM dideoxyNTP (ddNTP). Two different ddNTP reactions were run for
each sample, using a different ddNTP for each. Primer extension products were resolved by capillary
electrophoresis using a Beckman Coulter CEQ8000 Genetic Analysis System.

Experimental datasets from three technical replicates were individually corrected for signal
variation, and peak intensities were integrated using MatLab (MathWorks, Inc., Natick, MA, USA)
and ShapeFinder [27]. Reactivities were normalized by dividing the peak intensities by the average
of the 10% most reactive peaks excluding outliers, which were determined by boxplot analysis as
those peaks showing reactivity greater than 1.5x the interquartile range. The standard deviation
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(SD) of the normalized reactivities of each nucleotide position was calculated across datasets, and
reactivities with SD > 0.7 were also excluded. Normalized reactivities of overlapping nucleotides
from the three RNA species were averaged to obtain a composite dataset spanning nucleotides 1 to
615 of the Tyl RNA. Composite reactivity data was used to determine a pseudo-free energy change
restraint added to the nearest-neighbor thermodynamic parameters [28,29]. Structure prediction was
performed using ShapeKnots [30]. Collapsed diagrams were generated using XRNA (http://RNA.
ucsc.edu/RNAcenter/xRNA /xRNA html). Diagrams were edited using Adobe Illustrator. The raw
SHAPE data is available in SNRNASM format as supplemental data in this manuscript (Table S1) [31].

2.3. Conservation of Sequences in the Tyl RNA 5" Terminus

Clustal X [32] was used to align sequences corresponding to nucleotides 1 to 615 of the transcript
of 31 genomic Tyl elements and 15 Ty2 elements in S. cerevisiae strain S288C (www.yeastgenome.org),
35 Tyl and 17 Ty2 sequences from other strains of S. cerevisine (www.ncbi.nlm.nih.gov/genome?
term=txid4932[orgn]), and four Ty1-like elements from other Saccharomyces species, including one
element from Saccharomyces weihenstephen (accession number gb | ABPO01001678.11); one element
from Saccharomyces mikatae (gb| AACH01000084.11); one element from Saccharomyces paradoxus
(gb | AABY01000078.11); and one element from Saccharomyces kluyveri (gb|AF492702.11). Each
nucleotide position was assigned to one of three categories based on whether the nucleotide was
conserved in all 102 Ty elements and if not, whether the nucleotide was conserved in the 66 Tyl
elements of S. cerevisiae.

2.4. Plasmids

The helper-Ty1 plasmid, pEIB, was a kind gift of Leslie Derr and Jeffrey Strathern. Itis a 2 p-based,
TRP1-marked plasmid harboring the GALI promoter fused to nucleotides 241-5561 of Ty1-H3 DNA [33].
This region of Ty1-H3 includes the R and U5 regions of the 5 LTR and GAG and POL ORFs, but
lacks the plus-strand polypurine tract (PPT1) and the 3’ LTR. The Ty1-H3 sequence in pEIB also
harbors mutations (T335C, T338A, A339T, G340C, C341A, C344A, T347C) that disrupt annealing of the
tRNA;Met primer but preserve the amino-acid sequence of GAG.

The mini-Ty1lhis3AI plasmid, p]JC994, is a 2 p-based, URA3-marked plasmid that was constructed
by deleting the Hpal-SnaBI fragment of pGTy1lhis3AI-[A1] (nucleotides 818-5463 of Ty1-H3 DNA) [26].
Mutations were introduced into plasmid pJC994 using the QuikChange Lightning Site-Directed
Mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) and the standard protocol. Plasmid
DNA was purified and Tyl sequences were confirmed by DNA sequencing. The sequence of primers
used for site-directed mutagenesis is available upon request.

Plasmid pGAL1:GAGNT:GFP is a CEN-based LEU2-marked plasmid consisting of vector pRS415
carrying an Apal-Eagl fragment containing the GALI promoter, the 575 bp Xhol-Hpal fragment of
Ty1-H3 (nucleotides 241-815), a 7-nucleotide linker including a BamHI site, and the GFP(565T) ORF
and ADH1 terminator from plasmid pFA6-GFP(S65T)-HIS3MX [34]. Mutations in Ty1-H3 sequence
were introduced into pGAL1:GAGNT:GFP by PCR-amplification of Tyl sequences from derivatives of
pJC994 containing various mutations in mini-Ty1, digestion with Xhol-BamH]1, and substitution of the
resulting fragment for the Xhol-BamHI fragment of pGAL1:GAGNT:GFP.

2.5. Quantitative Transposition Frequency Assay

Plasmids pEIB and pJC994 or its mutagenized derivatives were co-transformed into strain JC5839
(MATa his3A1 ura3A0 leu2 AO met15A0 trpl::hisG spt3A::kanMX), a derivative of strain BY4741 [35].
Single colony isolates of each strain grown in SC-Ura-Trp 2% glucose broth at 30 °C for 2 days
were pelleted and resuspended in 5 volumes of SC-Ura-Trp 2% galactose, 2% raffinose broth. Each
culture was divided into seven 1-mL cultures, which were grown at 20 °C. After 48 h, 1 mL of YEPD
broth was added to each culture, which was incubated at 20 °C for 18 h. A 1 pL aliquot of each
culture was removed, and dilutions were plated onto YEPD agar to determine the total number of


http://RNA.ucsc.edu/RNAcenter/xRNA/xRNA.html
http://RNA.ucsc.edu/RNAcenter/xRNA/xRNA.html
www.yeastgenome.org
www.ncbi.nlm.nih.gov/genome?term=txid4932[orgn]
www.ncbi.nlm.nih.gov/genome?term=txid4932[orgn]

Viruses 2017, 9, 93 6 of 23

colony forming units. Aliquots of the remaining culture were plated onto SC-His 2% glucose agar.
The retrotransposition frequency for each culture is the number of His* prototrophs divided by the
total number of colony forming units in the same volume of culture. The median retrotransposition
frequency among the seven biological replicates was determined, and the 95% confidence interval
was calculated.

2.6. Northern Analysis

Single colony isolates of each strain were grown in SC-Ura-Trp 2% glucose broth at 30 °C. Cells
were pelleted, washed in water, and resuspended in SC-Ura-Trp 2% galactose 2% raffinose broth at an
ODgp of 0.05 and grown for 20-24 h at 20 °C to an ODgq of 0.4. Cells were pelleted and washed in
water, and cell pellets were frozen at —80 °C. RNA was extracted from cell pellets thawed on ice for
30 min using the MasterPure (Epicentre, Madison, WI, USA) kit. A 10 ug sample of total RNA and an
equal volume of Ambion NorthernMax glyoxal loading buffer (Thermo Fisher Scientific, MA, USA)
was incubated for 30 min at 50 °C. Samples were fractionated on a 1% agarose gel in 10 mM NaPOy,
pH 6.5 at 100 V for 2.5 h. RNA was transferred to a Hybond-XL (GE Healthcare, Troy, NY, USA)
membrane using alkaline transfer conditions for 3 h, and then crosslinked to the membrane using
a Spectrolinker (Spectronics Corporation, Westbury, NY, USA) set to “optimal”. In vitro transcribed
RNA probes were synthesized using SP6 or T7 polymerase in conjunction with 3?P-rCTP. Antisense Ty1
RNA (nucleotides 815-2173) transcribed from plasmid pGEM-TyA1 [36] was used to specifically detect
helper-Ty1l RNA, sense-strand HIS3 transcript from plasmid pGEM-HIS3 [36] detected mini-Ty1his3AI
RNA, and an antisense 185 rRNA transcript from plasmid pBDG512 [37] detected 185 rRNA. Probes
were incubated sequentially in NorthernMax hybridization buffer (Ambion). After washing, blots
were exposed to phosphor screens and scanned using a Typhoon phosphorimager (GE Healthcare).
Images were quantitated using ImageQuant software (GE Healthcare) by normalizing to the 185 rRNA
signal. Blots were stripped in boiling 0.1% SDS, rinsed and stored in 5x SSC before reprobing.

2.7. GFP Activity

Plasmid pGAL1:GAGNt:GFP, derivatives bearing nucleotide substitutions and vector pRS415
were transformed into the spt3A::kanMX derivative of strain BY4741 [35]. Two transformants of each
plasmid were grown in SC-Leu 2% glucose overnight at 30 °C. Cells were spun down, and pellets
resuspended in an equal volume of SC-Leu 2% raffinose 2% sucrose. A 1:20 dilution in SC-Leu 2%
raffinose 2% sucrose broth was grown overnight at 20 °C. Cultures were diluted to an ODgg of 0.2 and
grown for 3 h at 20 °C. Galactose (2% final) was added and cultures were incubated for 2.5 h at 20 °C.
A 1 mL aliquot of each culture was spun down at 1000x g for 10 min. The medium was aspirated
and cell pellets were resuspended in 500 pL sterile water. The geometric mean of the GFP activity in
10,000 cells was quantified by flow cytometry using a FACSCalibur (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA), and the average of the geometric mean of GFP activity in the two biological
replicates of each strain was determined.

3. Results

3.1. Secondary Structure Model of Tyl RNA TIPIRT Domain

The goal of this study was to identify RNA secondary structures and motifs within the Tyl
TIPIRT domain that are involved in RNA dimerization and packaging into VLPs. To begin, a secondary
structure model of the Tyl RNA leader sequences was developed using average SHAPE reactivities and
the ShapeKnots algorithm [30]. SHAPE analysis involves treating a folded RNA with an electrophilic
agent that forms 2'-O-ester adducts with reactive nucleotides in RNA. The SHAPE reactivity of each
nucleotide is inversely correlated to the contribution of that nucleotide to base-pairing or tertiary
interactions. Adduct formation on each nucleotide is measured as the degree of impediment to primer
extension by reverse transcriptase. The ShapeKnots algorithm [30] combines a pseudoknot discovery
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algorithm with one that reconciles experimental SHAPE reactivities with traditional free energy rules
to obtain a structure that is maximally compatible with the experimental data.

An in vitro transcript corresponding to nucleotides 1-513 of Ty1-H3 RNA, which encompasses the
Ty1 TIPIRT domain, plus a 27-nucleotide tag was subject to SHAPE analysis (Figure 1). The transcript
was folded in 100 mM KCI and 6.7 mM MgCl, and then treated with N-methylisotoic anhydride
(NMIA), which forms 2'-O-ester adducts with reactive nucleotides. The reaction was performed
under conditions that promote the formation of a single adduct per RNA molecule. The reactivity of
individual nucleotides was determined by reverse transcriptase-mediated primer extension analysis
of the transcript that was treated with NMIA or, as a control, untreated. Extension reactions were
performed using a fluorescently labeled primer hybridized to the 27-nucleotide tag at the 3’ end of
the transcript. The products of primer extension reactions were resolved by capillary electrophoresis.
Nucleotides modified by 2'-O-adducts were detected as stops to primer extension, resulting in a peak.
The reactivity of each nucleotide was determined by integrating individual peaks from NMIA-treated
samples. Three independent repetitions were performed and the average SHAPE reactivity at each
nucleotide was determined. The average SHAPE reactivities were used to restrain computational
predictions of secondary structure models by the ShapeKnots algorithm.

A model of the secondary structure of the Tyl RNA TIPIRT domain annotated by the average
SHAPE reactivity of each nucleotide position is shown in Figure 2. A prominent feature of the model
is a pseudoknot formed by long-range interactions of sequences spanning the first 326 nucleotides of
Ty1 RNA, which is within the functionally defined 380-nucleotide TIPIRT domain. This pseudoknot is
similar to those predicted previously in the 5 terminus of in vitro transcribed Tyl RNA and in Tyl
RNA isolated from VLPs, although earlier modeling did not make use of a pseudoknot discovery
algorithm [20,21]. The pseudoknot core consists of the 7-bp S1 pairing (Figure 2, blue shading) and the
8-bp S2 pairing (Figure 2, green shading) connected by a 1-nucleotide interhelical loop (L2) (Figure 2,
yellow shading). The S1 stem of the pseudoknot, formed by pairing of the seven 5'-terminal nucleotides
of Tyl RNA to nucleotides 264-270, has an established function during retrotransposition [19,20].
Nucleotides 255-262 interact with nucleotides 319-326 of Tyl RNA to form the S2 pairing of the
pseudoknot (Figure 2, green shading). The S2 stem contains an additional base-pair (C255-G326) that
was not predicted in earlier models [20,21].

All but one of the nucleotides within the pseudoknot core had low reactivity with NMIA, including
the unpaired L2 nucleotide, suggesting that the pseudoknot is a thermodynamically stable tertiary
interaction within the Tyl RNA. This conclusion is supported by the fact that other RNA structure
prediction algorithms that do not employ SHAPE data, such as pknotsRG and IPknot [38,39], also
predict a pseudoknot with identical S1 and S2 stems and L2 nucleotide in the 5’ leader of Tyl RNA
(Figures S1 and S2).

The multibranched L1 loop (8/254) of the pseudoknot, formed by stem S1, contains three nested
stem-loops (SL1a-SL1c). The first stem-loop (13/32; SL1a) has a single bulged nucleotide and short loop
(Figure 2, pink shading). PAL1 and PAL2 sequences, which were proposed to interact intermolecularly
in the dimeric RNA of VLPs [25], are contained in the SL1a hairpin. The second stem-loop (39/204;
SL1b) is an extended domain containing two nested stem-loops. SL1b contains the sequences that pair
with tRNA;Met and with 3’ terminal sequences of Tyl RNA (Figure 2, black outlines) in the model of
Tyl gRNA in virio [21]. The third (206/248; SL1c) is a stem-loop with a bulge loop and an internal
loop. L1 sequences include the entire 5 UTR (1/53) of Tyl RNA and the AUG codon of GAG (Figure 2,
highlighted in grey).

The L3 loop of the pseudoknot (271/318) is formed by the S2 pairing and composed almost entirely
of the low reactivity SL3a stem-loop (272/318) (Figure 2, purple shading), which has two small internal
loops. S2 and L3 are within a region of Tyl RNA that is necessary for packaging into VLPs (238/380) [11].
Beyond the pseudoknot, the 3’ terminal region of the Ty1 in vitro transcript harbors three stem-loops,
SL4, SL5 and SL6. SL6 contains PAL3 (423/428), a putative site of Tyl RNA dimerization in VLPs [21].
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SHAPE reactivity

Figure 2. SHAPE reactivities and secondary structure model of the 5’ leader of Tyl RNA. Nucleotides
are colored according to their SHAPE reactivities, which are indicated on the color bar at the bottom
left. Regions of low reactivity have a high probability of being constrained within secondary or tertiary
structure. The AUG nucleotides shaded in grey comprise the start codon of GAG. The pseudoknot core
contains stem S1 (blue shading), loop L2 (nucleotide 263, yellow shading), and stem S2 (green shading).
Pseudoknot loops L1 (nucleotides 9-254) and L3 (nucleotides 271-318) are not shaded. The SL1a hairpin
(pink shading) and SL3a hairpin (purple shading) are indicated.

Regions of the structural model that differ from previous SHAPE analysis-derived structural
models of Tyl RNA in virio [21] and the 5 terminus of Tyl RNA in vitro [20] include: (a) the presence
of the 255C-326G base-pair in the S2 pseudoknot stem, as noted above; (b) extension of the SL1a stem
by two base-pairs by inclusion of a 1-nucleotide bulge in our model; (c) the presence of a large loop
at the apex of stem-loop SL1c in our model, compared to a bulge-stem-loop structure at the apex of
SL1c in previous models; (d) extension of the SL3a stem-loop by two base-pairs by inclusion of a
1-nucleotide bulge in our model; and (e) the presence of SL4, which is not present in previous models.
As expected, no evidence of interactions seen in virio between motifs in SL1b and tRNA;M¢t or between
CYC5 and CYC3 was observed because neither tRNA;M¢t nor CYC3 are present in our system.
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The location of hairpin SL3a within an essential packaging domain prompted us to look for features
that could function in the formation of a Tyl RNA kissing complex. We noticed that the ACAGAAU
(293/299) sequence in the SL3a loop is perfectly complementary to an AUUCUGU (19/25) motif in the
loop and two apical base-pairs of the SL1a stem (G-U and U-A). The tertiary structure of the pseudoknot
might allow these complementary motifs to pair intramolecularly. However, 4 of the 7 nucleotides
(296/299) in the SL3a loop are highly reactive in SHAPE analysis of RNA in vitro (Figure 2) [20]; therefore,
it is unlikely that the SL1a and SL3a muotifs are base-paired in vitro. The loop of SL3a is also highly reactive
in virio [21], suggesting that the SL1a and SL.3a motifs are also not base-paired in VLPs. Another intriguing
possibility is that the complementary apical motifs of SL1a and SL3a base-pair intermolecularly to form
a symmetrical Tyl RNA kissing complex with two kissing loops (Figure 3). In vitro, where the TIPIRT
domain RNA is monomeric in the absence of Gag [17,40], and in VLPs, where the Tyl RNA is a mature
dimer [10,21], the motif in SL.3a is mostly reactive, arguing against base-pairing of the complementary
SL1a-SL3a motifs in these RNA forms. Nonetheless, pairing between the SL1a and SL3a apical motifs on
different Tyl RNA molecules could form a transient symmetrical kissing complex that initiates packaging
of Tyl RNA into VLPs, and then is converted to a stable dimer linkage within the mature VLP.

Figure 3. Model of a symmetrical Tyl RNA kissing complex containing two Tyl RNA pseudoknots

interacting via two 7-base-pair intermolecular RNA duplexes formed between apical motifs in
stem-loop SL1a (pink arc) and SL3a (orange arc). The pseudoknot stems are shaded in blue.

3.2. Conservation of Tyl RNA TIPIRT Domain

We compared the conservation of nucleotides within the Tyl RNA 5’ terminus to the secondary
structure model to ascertain whether there are conserved structural features that could function in cis
in retrotransposition. Because most S. cerevisiae Tyl elements are mobile or recently mobile [41], and
therefore have a high degree of sequence identity [42,43], we also compared their sequences to that of
Ty2 elements, a closely related family of LTR-retrotransposons in S. cerevisiae. The 5’ terminal sequence
of 66 Tyl elements and 32 Ty2 elements from a variety of laboratory, industrial and natural S. cerevisiae
strain genomes [44], as well as four Tyl elements from other Saccharomyces species were aligned. Each
nucleotide position was assigned to one of three categories based on the degree of conservation at
that position: (1) conserved in all 102 Saccharomyces Tyl and Ty2 elements (Figure 4, red coloring);
(2) conserved in all 66 S. cerevisiae Ty1 elements (Figure 4, purple coloring); or (3) variable among the
S. cerevisiae Ty1 elements analyzed (Figure 4, grey coloring).

The alignment indicates that nucleotides in the pseudoknot core are very highly conserved.
S1 nucleotides are invariant in all Saccharomyces Tyl and Ty2 elements. S2 nucleotides, including C255
and G326, whose pairing is predicted uniquely in the structural model presented here, are invariant,
with the exception of three nucleotides at the base of S2. Two of these nucleotides (C262 and C320) are
substituted in a few Ty2 elements, while the third nucleotide, G319, is a U nucleotide in four of the
66 emphsS. cerevisiae Tyl elements, but is otherwise conserved. Similarly, the L2 nucleotide C263 is
substituted by an A nucleotide in three S. cerevisiae Tyl elements. Thus, every residue of the pseudoknot
core is invariant or has limited variation, in agreement with the conclusion of Huang et al. [20].
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The entire 326-nucleotide pseudoknot domain has a high degree of conservation overall. Sequences
that are very highly conserved among S. cerevisiae Tyl elements include those that bind tRNA;Met
(PBS, Box 0 and Box 1; Figure 4, black outlines) and those within sequence regions that are predicted to be
base-paired, including the SL1a stem, regions of the SL1b stem such as the pairing between nucleotides
3945 and 198-204 and the SL1c stem. While most regions that are predicted to be single stranded have
low nucleotide conservation, nucleotides 8-12, nucleotides 34-38, nucleotides 63-69, and the SL3a loop
are conserved. The SL1a loop is conserved in S. cerevisiae Ty1 elements but not in Ty2 elements. Within
the 53-nucleotide 5 UTR, 34 nucleotides (64%) are invariant amongst all 102 Saccharomyces Ty1 and Ty2
elements analyzed, while 44 nucleotides (83%) are conserved among 66 S. cerevisiae Tyl elements.
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Figure 4. Relative evolutionary conservation of each nucleotide overlayed on the secondary structure
model of the 5’ leader of Tyl RNA. The color of each RNA base indicates its degree among conservation
among 102 Tyl and Ty2 elements from the genus Saccharomyces. Categories of conservation are as
follows: red, 100% conserved among 102 Tyl and Ty2 elements in the genus Saccharomyces; purple, 100%
conserved in 66 Saccharomyces cerevisiae Tyl elements; grey, not 100% conserved in either set.

3.3. Requirement for Pseudoknot Stems S1 and S2 in Retrotransposition

To identify the role of Tyl RNA secondary structures in retrotransposition, we used an established
helper-Tyl/mini-Ty1 assay in which two defective but complementing Ty1 elements are co-expressed,
each from a plasmid-based GAL1 promoter (Figure 5) [11]. The helper-Ty1 element encodes functional
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Gag and Gag-Pol proteins, and its RNA is packaged in VLPs but cannot be used in reverse transcription
because it harbors silent substitutions in the PBS and lacks the 3’ polypurine tract and LTR [11].
The mini-Tylhis3AI element has an internal deletion of most of the GAG ORF and the entire POL ORF;
nonetheless, 5 leader sequences corresponding to nucleotides 1-575 of Tyl RNA as well as the last
357 nucleotides of Ty1, including the 3 polypurine tract and LTR, are retained. Together, these regions
are sufficient for mini-Ty1 RNA to be used as a template for retrotransposition when Ty1 proteins are
supplied in trans. Mini-Ty1lhis3Al also carries the his3AI retrotransposition indicator gene, which allows
cells harboring transposed reverse transcripts to be detected as His* prototrophs [45]. The plasmids
were expressed in an spt3A strain, which lacks expression of endogenous Tyl RNA. The median
retrotransposition frequency in the strain co-expressing the mini-Ty1his3AI with wild-type sequences
and the helper-Ty1 was 1.82 x 107°. The frequency of His* prototrophs in the absence of helper-Ty1
was 1.8% of that in its presence. This background of His* prototrophs may be due to a low frequency of
recombination events that introduces full-length genomic Ty1 sequences into the mini-Ty1his3AI plasmid.

g8g

pol

EERE jus R g
Ty1 DNA
g L — 5o |
[GAL ] i i[5 [ RIS [CALTIRIERx
mini-Ty1his3Al Transeription helper Ty1 ~[Transc;npl\c»r'u
BEE 0 Y0 Y0 Y2 VeV e Ve Ve Ve Ve
Splicing E Translation

®

(Gag Gag
5

IPackaging and reverse transcription

Y

Tyrcona ([l HIS3 fusRIH

llnlegralion into host genome

u3|rR HIS3 jus|r His+

Figure 5. Assay for helper-mediated retrotransposition of mini-Ty1his3AIl. A complete Ty1 element is
shown at the top for reference. The mini-Ty1his3AI element and helper-Tyl element are each expressed
from the GAL1 promoter (labeled rectangle), which is fused to the transcription start site of Ty1-H3 at
the first nucleotide of the R domain in the 5 LTR. GALI:mini-Ty1his3AI is carried on a URA3-based
plasmid and GALI:helper-Ty1 is contained on a TRPI-based plasmid (not illustrated). The elements are
co-expressed in an spt3A strain lacking endogenous Ty1 element transcription. The internally deleted
mini-Ty1his3AI element contains 5’ sequences corresponding to nucleotides 1-575 of Tyl RNA, as well as
the last 357 nucleotides of Ty1, including the 3 polypurine tract (not illustrated) and 3’ LTR. The his3AI
retrotransposition indicator gene, consisting of the HIS3 marker gene interrupted by an antisense intron
(boxed arrowhead), is inserted in the mini-Tyl between the 5 leader and 3’ LTR. The direction of
mini-Ty1his3AI transcription from the GAL1 promoter (denoted by the arrow atop the GALI rectangle) is
opposite to the direction of his3AI transcription (denoted by an arrow atop the HIS3 rectangle), so the
intron is only be spliced from the Ty1his3AI transcript. The helper-Ty1 element carries functional GAG and
POL ORFs, but the polypurine tract and 3’ LTR are deleted. In addition, silent nucleotide substitutions in
the PBS (denoted by a white rectangle marked with an “X”) block the binding of tRNA;M¢t. Splicing is
illustrated by removal of the boxed arrowhead representing the intron from the rectangle that denotes
the HIS3 gene. Gag and Gag-Pol proteins translated from the helper-Tyl RNA form VLPs that package
the spliced mini-Ty1HIS3 RNA, which is reverse transcribed to form Ty1HIS3 cDNA. Integration of the
¢DNA into the host genome allows the cell to be detected as a His* prototroph.



Viruses 2017, 9, 93 12 of 23

Mutations were introduced into structural elements of the TIPIRT domain of the mini-Ty1his3AI
plasmid. All mutations and compensatory mutations introduced into GAG maintained an open
reading frame but not necessarily the amino acid sequence of the truncated Gag product. An UC264AG
substitution that disrupts S1 complementarity in mini-Ty1his3AI RNA reduced helper-Tyl mediated
retrotransposition to 4% of that of the mini-Tylhis3AI with wild-type sequence (Figure 6, M1).
A compensatory mutation that reestablishes S1 complementarity restored retrotransposition to
levels equivalent to the wild-type mini-Ty1lhis3AI (Figure 6, CM1). Similar results were obtained
with the identical substitutions in a previous study [20]; therefore, these findings validate the
helper-Tyl/mini-Ty1 assay and confirm the role of the S1 pairing in retrotransposition [11,19].
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Figure 6. Retrotransposition of mini-Ty1his3AI elements with mutations in the Ty1 pseudoknot core. The
schematic (top left) shows the secondary structure of the Ty1 pseudoknot core and portions of the L1 and L3
loops. Blue shading, stem S1; yellow shading, loop L2; green shading, stem S2; pink shading, SL1a hairpin,
a segment of the L1 loop; orange shading, SL3a hairpin, a portion of the L3 loop. Dotted lines represent
bases in loops L1 and L3 that are not shown. Labeled, boxed schematics show the nucleotide substitutions
or additions in each mutant mini-Ty1his3AI element analyzed. Black letters represent wild-type nucleotides;
red letters represent nucleotide substitutions or additions; and green letters represent compensatory
substitutions that restore base-pairing with nucleotide substitutions. The percentage below each box is
the median frequency of helper-mediated retrotransposition of the mini-Ty1his3AI bearing the indicated
mutation divided by the median helper-mediated retrotransposition frequency of the mini-Ty1his3AI
element with wild-type Ty1-H3 sequence, +/ — the 95% confidence interval.

We analyzed the requirement for pseudoknot stem S2 by introducing double and triple nucleotide
substitutions that disrupt 52 complementarity. These mutations reduced retrotransposition to 2-12%
of that of the wild-type mini-Ty1his3AI (Figure 6, M4, M5 and M6). Even the single C320U substitution,
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which is predicted to change a G-C base-pair to a G-U base-pair, reduced retrotransposition to 6% of
wild-type activity (Figure 6, M7). Reestablishing 52 complementarity in the mutants harboring
double and triple nucleotide substitutions by introduction of compensatory mutations restored
retrotransposition up to 31-57% of the wild-type mini-Tylhis3AI (Figure 6, CM4, CM5 and CM6).
Compensatory mutations may not fully reconstitute the activity of the wild-type mini-Tylhis3AI
because the base composition of 52 or ensemble folding of mini-Ty1his3AI RNA is altered. Together,
these data suggest that the S2 stem of the pseudoknot is as critical for retrotransposition as the S1 stem.

Many pseudoknots have 0 to 1-nucleotide interhelical loops that promote a stable pseudoknot
conformation in which individual stems stack coaxially [46]. It has been suggested that S1 and S2 of
the TIPIRT domain pseudoknot stack coaxially [20,21], even though the unreactive L2 nucleotide can be
substituted without major effects on pseudoknot structure or function [20]. To determine the consequences
of disrupting the potential for coaxial stacking of the pseudoknot stems, we increased the length of L2
from one to four nucleotides by addition of a GCG triplet (Figure 6, M3). This mutation had no effect on
retrotransposition of mini-Ty1his3AI. We also confirmed that the C236G substitution of the L2 nucleotide
reduced retrotransposition only modestly (50%) (Figure 6, M2). In summary, our data demonstrate that
neither the length nor composition of L2 is a major determinant of pseudoknot conformation; therefore,
coaxial stacking of S1 and S2 is not likely to be necessary for pseudoknot function.

3.4. Requirement for Complementary Motifs in SL1a and SL3a Hairpins in Retrotransposition

The SL3a hairpin (272/318) is in a region of the TIPIRT domain that contains essential Tyl RNA
packaging sequences [11]. The ACAGAAU (293/299) motif in the loop of SL3a is complementary to the
AUUCUGU motif (19/25) encompassing the 3-nucleotide loop and first two base-pairs of the SL1a stem
(Figure 7). Except for 1 nucleotide (G296) in SL3a, both sequences are invariant in S. cerevisiae Ty1 elements.
Therefore, we hypothesized that intermolecular “kissing loop” interactions between the complementary
sequences in SL1a and SL3a (Figure 3) could initiate dimerization of Tyl RNA. To determine whether
these complementary motifs are individually required for retrotransposition, we substituted UCUCUAA
for ACAGAAU (293/299) in the SL3a loop, which reduced helper-Tyl-mediated mini-Tylhis3AI
retrotransposition to 7% of wild-type activity (Figure 7, M13). Substitution of UUAGAGA for AUUCUGU
(19/25) in SL1a reduced retrotransposition to 8% (Figure 7, M9). Both the AUUCUGU19UUAGAGA
mutant and wild-type RNA have an A-U and G-U base-pair at the apex of the SL1a stem; thus, the
retrotransposition defect of the AUUCUGU19UUAGAGA mutant is probably not due to disruption of
the SL1a stem. Instead our findings indicate that complementary motifs in SL1a and SL3a are required
in cis in Ty1 retrotransposition.

To determine whether reestablishing complementarity between apical sequences of the SL1a and
SL3a hairpins restores retrotransposition, both AUUCUGU19UUAGAGA and ACAGAAU293UCUCUAA
were introduced into a single mini-Ty1his3AI element. This double mutant transposed at 15% of the
frequency of the wild-type mini-Ty1his3AI and about 2-fold more often than either single mutant (Figure 7,
CM9/13). Partial restoration of retrotransposition rather than an additive decrease in retrotransposition
in the SL1a-SL3a double mutant suggests that base-pairing between complementary apical sequences of
SL1a and SL3a promotes retrotransposition. Restoration of retrotransposition is not as strong as that seen
with other compensatory mutations in stem S1 or S2 of the pseudoknot, but such a difference is expected
if the SL1a-SL3a interaction is intermolecular, as opposed to the intramolecular interactions that form
stem S1 and S2. This is because a mini-Ty1 RNA bearing both SL1a and SL3a mutations would only be
able to form a kissing complex with another mutant mini-Ty1 RNA and not with the wild-type helper-Ty1
RNA, and therefore the pool of kissing complexes that could be packaged into VLPs would be reduced.
However, these data alone cannot differentiate between an intramolecular or intermolecular interaction
between of the SL3a loop and complementary sequences in the SL1a stem-loop.
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Figure 7. Retrotransposition of mini-Tylhis3AI elements with mutations in stem-loops SL1a and
SL3a. The schematic (top) shows the secondary structure of the Tyl pseudoknot core and loops L1,
L2 and L3, with the SL1a hairpin (pink shading) and SL3a hairpin (purple shading) highlighted.
A second schematic (second from top, left) shows the proposed kissing loop interaction between
the seven apical nucleotides of hairpin SL1a (pink shading) and seven apical sequences of the SL3a
hairpin. Labeled, boxed schematics show the nucleotide substitutions or additions in each mutant
mini-Tylhis3AI element analyzed. Black letters indicate wild-type sequence; red letters indicated
nucleotide substitutions or additions; and green letters indicate compensatory substitutions that are
predicted to restore base-pairing with nucleotide substitutions. The percentage below each box is the
median frequency of helper-mediated retrotransposition of each mini-Ty1his3AI bearing the indicated
mutation divided by the median helper-mediated retrotransposition frequency of the mini-Ty1his3AI
element with wild-type Ty1-H3 sequence, +/— the 95% confidence interval.

To examine the role of the SL3a bulged stem in retrotransposition, we introduced double mutations
near the base and the loop of the SL3a stem. Nucleotides C324 and A325, and the bases with which they
are predicted to pair (275/276) are invariant among Ty1 and Ty2 elements; however, disruption of this
pairing caused only a minor decrease in retrotransposition (Figure 7, M11). Similarly, a two-nucleotide
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substitution of CA for GG (301/302) near the SL3a loop also resulted in a minor retrotransposition
defect (Figure 7, M10). In contrast, substitution of six nucleotides within the bulged stem of SL3a
strongly decreased retrotransposition (Figure 7, M12).

Sequences that comprise the SL1a stem-loop are mostly conserved, particularly in S. cerevisiae Tyl
elements, despite the fact that this region is non-coding. A 7-nucleotide substitution that completely
disrupts pairing in the S1 stem strongly reduced retrotransposition (Figure 7, M8). Mini-Ty1his3AI RNA
with a two-nucleotide substitution in the SL1a stem could not be co-transformed with helper-Ty1 into
the same yeast strain, even though several transformation strategies were attempted. In summary, major
nucleotide substitutions in the stems of SL1a and SL3a hairpins strongly decreased retrotransposition, but
it remains to be determined whether the secondary structure of the stems is the critical feature required.

3.5. Role for the S2 Stem and SL1a-SL3a Kissing Loops in Tyl RNA Stability

Because the S2 stem and SL3a hairpin overlap with a region required for Tyl RNA packaging,
mutations in the S2 stem and SL3a loop, as well as apical mutations in the SL1a hairpin hypothesized
to interact with SL3a, might inhibit retrotransposition by blocking packaging of Tyl RNA. To explore
this possibility, we first determined whether mutations in stem S2 and hairpins SL1a and SL3a affect
RNA stability. The level of transcript from wild-type and mutant pGALI:mini-Ty1his3AI elements was
monitored by northern analysis using a probe specific to his3AI. Helper-Tyl RNA was also quantitated
using a probe in the Tyl POL region; a discrete band of ~5.5 kb was detected despite the absence of
the termination signal in the 3’ LTR. Strains were induced by growth in galactose for 24 h at 20 °C to
mimic the conditions used in the retrotransposition assay. Levels of mini-Ty1lhis3AI RNA in the presence
and absence of helper-Tyl RNA were equivalent (Figure 8A, compare WT lanes plus (+) and minus (—)
helper-Ty1), demonstrating that packaging of mini-Ty1his3AI RNA is not required for stability. The level
of mini-Ty1lhis3AI RNA with a UC264AG mutation in pseudoknot stem S1 was decreased about 2-fold
(Figure 8A, M1). This result is consistent with previous analyses of this and other stem S1 mutations
in a full-length pGAL1:Ty1lhis3AI element in the absence of helper-Ty1 [20]. Thus, disruption of stem
S1 minimally affects Tyl RNA stability. In contrast, mini-Ty1his3AI RNA bearing the AUG321GCU
mutation in stem S2 was undetectable (Figure 8A, M5). Surprisingly, helper-Tyl RNA was also absent,
indicating that expressing mini-Ty1his3AI RNA with the AUG321GCU mutation destabilizes helper-Ty1l
RNA in trans. Mini-Ty1his3AI RNA with double compensatory mutations AUG321GCU/CAU258AGC
was also present at very low levels, but the level of helper-Ty1 RNA in this strain was completely restored
(Figure 8A, CM5). These findings support the idea that base-pairing of stem S2 is necessary for mini-Ty1l
RNA and helper-Tyl RNA stability. Instability of the AUG321GCU/CAU258AGC mini-Ty1 RNA was
unexpected, because this compensatory mutant transposes at 47% of the frequency of the wild-type
mini-Ty1his3AI. A possible explanation for this inconsistency is that two temporally or structurally
distinct pools of the AUG321GCU/CAU258AGC mutant exist, one that is successfully packaged into
VLPs and is used in retrotransposition, and another that is degraded.

To explore this possibility, we used a second, more sensitive approach to measure mini-Ty1l RNA
levels, this time in the absence of helper-Ty1l. The Tyl sequences from each pGALI:mini-Tylhis3AI
plasmid was subcloned into an expression plasmid, creating an in-frame fusion of the 5 UTR and first
522 nucleotides of GAG to the GFP ORF (Gagnt:GFP). The pGALI:mini-Ty1(Gagnr:GFP) plasmids
were introduced into the spt3A strain, and expression was induced for 2.5 h in galactose at 20 °C.
The mean GFP activity in 10,000 cells bearing a plasmid with wild-type or mutant Tyl sequences was
measured by flow cytometry to monitor the presence of Tyl RNA after a brief galactose-induction
(Figure 8B). The GFP activities in isolates with plasmid pGALI:mini-Ty1(Gagnr:GFP) containing the
UC264AG mutation or the UC264AG/GA6UC compensatory mutation in stem S1 were comparable
to that of the plasmid with wild-type Tyl sequence (Figure 8B, compare M1 and CM1 to WT),
supporting the idea that mutations in pseudoknot stem S1 minimally destabilize Tyl RNA [20].
A single nucleotide substitution at the base of stem S2, which changes a GC pair to a GU pair
and decreases retrotransposition to 6% of wild-type also had no significant effect on GFP levels
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(Figure 8B, M7). However, two triple mutations that disrupt pseudoknot stem 52, AUG321GCU and
AUG324GCU, yielded GFP activities that were not detectable above the background fluorescence
in a strain without GFP (Figure 8B, compare M4 and M5 to empty vector). These results mirror
those seen for the AUG321GCU mutant (M5) in northern analysis and imply that disrupting stem S2
substantially destabilizes Tyl RNA. In contrast, GagnT:GFP levels were restored to 100% or more of
wild-type levels in strains carrying the double compensatory mutants, AUG321GCU/CAU258AGC or
AUG324GCU/CAU255AGC in stem S2 (Figure 8B, CM4 and CM5). The AUG324GCU/CAU255AGC
mutant RNA may be unstable when assayed by northern analysis (Figure 8A, CM5), but able to
express Gagnr:GFP because of a temporal lag between synthesis and degradation of the RNA,
which is sufficient to allow AUG324GCU/CAU255AGC mutant RNA to be packaged and used
for retrotransposition. Alternatively, it is possible that co-expression of helper-Ty1 is necessary for
instability of the AUG321GCU/CAU258AGC mutant. Overall, these data suggest that disruption of
the S2 stem results in rapid degradation of the mini-Tyl RNA and promotes degradation of helper-Tyl
RNA in trans.

A >
& RS
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“ﬁ —— B mini-Ty1his3A1 RNA
% of WT+helper-Ty1: 100 123 08 45 4 3 100
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Figure 8. Levels of mini-Ty1his3AI RNA bearing different mutations and helper-Tyl RNA. (A) Northern
blot analysis of strains carrying the pGALI:mini-Tylhis3Al plasmid harboring wild-type Tyl
sequences (WT) or mutant Tyl sequences and the pGALI:helper-Tyl induced for 24 hours in
galactose-containing medium. The presence or absence of the pGALI:helper-Tyl plasmid is indicated
by + and - symbols, respectively, above the blot. Labels for mutations correspond to those in Figures 6
and 7; (B) Measurement of the median GFP activity in 10,000 cells of two different transformants of
each pGAL1:GAGNT:GFP plasmid containing wild type Tyl TIPIRT domain sequences or derivatives
with mutations named as in Figures 6 and 7. Strains were induced in galactose-containing medium for
2.5 h. Error bars are the standard deviation of the median GFP activity in each of two transformants.
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Northern blot analysis also revealed that levels of the mini-Ty1his3AI RNA and the helper-Tyl
RNA were reduced ten-fold or more in mutants carrying the AUUCUGU19UUAGAGA substitutions
at the apex of hairpin SL1a or the ACAGAAU293UCUCUAA substitutions in the SL3a loop
of mini-Tyl RNA (Figure 8A, M9 and M13). Moreover, levels of both the mini-Tylhis3AI and
helper-Ty1l RNA were rescued in the compensatory mutant with restored SL1a/SL3a complementarity
(Figure 8A, CM9/13). The ACAGAAU293UCUCUAA substitutions in SL3a also resulted in very
low GFP activity in the GagnT:GFP assay; however, the AUUCUGU19UUAGAGA mutation in
SL1a resulted in nearly wild-type levels of GFP activity (Figure 8B, M9 and M13). Interestingly,
a 7-nucleotide substitution that disrupts the stem of hairpin SL1a also yielded Gagnr:GFP activity
that was similar to that of the wild-type plasmid (Figure 8B, M8). The Gagnt:GFP activity of the
AUUCUGU19UUAGAGA /ACAGAAU293UCUCUAA compensatory mutant is also similar to that of
wild-type, suggesting that instability of the ACAGAAU293UCUCUAA mutation in SL3a is rescued
by the compensatory mutation in SL1a (Figure 8B, CM9/13). Together, these findings suggest that
the apices of SL1a and SL3a hairpins interact via 7 nucleotides of complementarity, and that lack of
complementarity destabilizes Tyl RNA in cis and in trans. Comparison of the northern and GFP assay
results suggest that RNA with mutations in SL1a may be degraded more slowly than those in the
SL3a loop or only degraded in the presence of the helper-Tyl. Overall, these data suggest that the S2
stem and kissing loop interactions between SL1a and SL3a may promote an intermolecular interaction
between Tyl RNAs, and that a symmetrical kissing complex with two SL1a-SL3a duplexes may be
optimal for Tyl RNA stability, particularly in the presence of Gag protein.

4. Discussion

This study reveals the conservation of sequence motifs and structural elements within the
long-range pseudoknot in the TIPIRT domain of Tyl RNA and describes novel functions for elements
within the pseudoknot. We show that the pseudoknot stems can be separated by four nucleotides
with no effect on retrotransposition and that mutations that disrupt pseudoknot stem S2 give rise to
RNA instability phenotypes that are distinct from phenotypes that result from S1 mutations [19,20]. A
major new finding of this work is that mutations that disrupt the S2 stem of the RNA pseudoknot or
complementarity between apical sequences of a hairpin in pseudoknot loop L1 (SL1a) and a hairpin that
comprises most of pseudoknot loop L3 (SL3a) not only inhibit retrotransposition but also destabilize
mini-Tyl RNA in cis and helper-Tyl RNA in trans. Moreover, compensatory mutations that restore
pairing in stem 52 or complementarity between SL1a and SL3a apices alleviate Tyl RNA degradation in
cis and in trans and suppress the retrotransposition defect of single mutants. Based on these findings, we
propose a model in which two intermolecular interactions between complementary apical sequences
in SL1a and SL3a form a symmetrical kissing complex (Figure 3), and that this kissing complex initiates
Tyl RNA dimerization and packaging. Furthermore, we propose that formation of only a single
intermolecular SL1a-SL3a kissing loop targets both interacting RNAs for degradation. This model
explains the phenotypes of apical SL1a and SL3a hairpin mutants and mutants with substitutions
in the pseudoknot S1 and S2 stems as follows. When the mini-Tyl with wild-type sequences is
expressed, both homogeneous kissing complexes containing two mini-Ty1 or two helper-Ty1 RNAs and
heterogenous kissing complexes with one mini-Tyl RNA and one helper-Ty1l RNA are expected to form,
since helper-Tyl RNA has wild-type SL1a and SL3a sequences and can be packaged into VLPs [11].
We propose that mini-Ty1l mutants with nucleotide substitutions in complementary sequences of
either SL1a or SL3a would not be able to form homogeneous mini-Ty1l RNA kissing complexes, and
heterogeneous mini-Ty1/helper-Ty1l RNA kissing complexes would have only a single kissing loop,
thereby targeting both RNAs for degradation. In the mini-Ty1l RNA with restored complementarity
between SL1a and SL3a hairpins, both types of homogeneous kissing complexes could form, but
heterogeneous mini-Ty1/helper-Tyl RNA complexes could not form, even with a single kissing
loop, and therefore we propose that neither mini-Tyl nor helper-Tyl RNA would be targeted for
degradation. The fact that only homogeneous mini-Tyl RNA kissing complexes would result in
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retrotransposition events could explain why the compensatory SL1a-SL3a mutant retrotransposes at a
much lower frequency than the wild-type mini-Ty1, which can form both homogeneous mini-Ty1 RNA
and heterogeneous mini-Ty1/helper-Ty1l RNA kissing complexes that lead to retrotransposition. In the
case of the S2 stem, nucleotide substitutions that disrupt base-pairing may block formation of the SL3a
stem-loop, as SL3a encompasses all but one nucleotide of the L3 loop between S1 and S2. Indeed, the
SL3a hairpin is not present in a 1482 nt in vitro Ty1 transcript that lacks a pseudoknot [21]. One possible
interpretation of these data is that the S2 stem is required for SL3a to form. In contrast, the SL1a
stem-loop is predicted to form in the absence of a pseudoknot [21]. Therefore, it is possible that
mini-Ty1l RNA with mutations that disrupt 52 do not form homogenous mini-Ty1 kissing complexes
but instead form heterogeneous mini-Ty1/helper-Tyl RNA complexes with one kissing loop, targeting
both RNAs for degradation. Compensatory mutations that restore complementarity in the S2 stem
would allow both SL1a and SL3a hairpins to form, allowing both heterogeneous and homogeneous
complexes with two kissing loops to form. Although steady-state levels of RNA from a compensatory
mutant in S2 are low, the RNA is stable long enough to express wild-type GFP levels in the GagnT:GFP
assay, and, more importantly, the corresponding element is transpositionally active, indicating that
at least some mini-Ty1l RNA survives packaging and functions as a template for retrotransposition.
Finally, mutations in the S1 stem would not cause degradation of mini-Tyl RNA despite the fact that
the pseudoknot cannot form because neither the SL1a hairpin nor the SL3a hairpin depends on S1
stem formation [21]. Thus, S1 stem mutants could interact heterogeneously and homogeneously with
two kissing loops, but retrotransposition would be blocked by a failure of reverse transcription to
occur [20,21].

Notably, the complementary 7-nucleotide motifs in SL1a and SL3a are completely conserved
within S. cerevisiae Ty1 except for one nucleotide (G296) in the SL3a loop; however, nucleotides 19-25
in SL1a are not conserved in Ty2 elements. Thus, if our model for the initial dimerization of Tyl RNA
is correct, the divergence between Tyl and Ty2 RNA sequences in SL1a and SL3a could impede the
packaging of Tyl and Ty2 RNAs together in the same VLP where template switching during reverse
transcription could create chimeric elements. Therefore, failure to form Ty1/Ty2 RNA dimers could
explain how these elements are maintained as distinct families.

It is important to note that the data presented do not include physical evidence that the SL1a
and SL3a hairpins interact intermolecularly. Nonetheless, we have shown that substitutions in the
SL1a or SL3a apical motifs of mini-Ty1 destabilize helper-Ty1 in trans, and importantly, introduction of
the corresponding co-varying substitutions in the mini-Tyl RNA SL3a or SL1a motifs, respectively,
complement the RNA instability defect of helper-Tyl RNA in trans. Trans-complementation of the
helper-Ty1 defect provides direct genetic evidence of an intermolecular interaction that has not been
observed in monomeric Tyl RNA or in dimeric packaged Tyl RNA, suggesting that this essential
interaction could occur within the transient Tyl RNA kissing complex. Formally, it is also possible
that intramolecular pairing between complementary SL1a and SL3a motifs enhances kissing complex
formation, perhaps by promoting an RNA tertiary structure that is necessary for an intermolecular
interaction between unidentified regions of the Tyl TIPIRT domain. Although beyond the scope of
this study, many aspects of the model we have proposed might be tested using the in vitro RNA
dimerization assay of Cristofari et al. [17], as the RNAs bearing SL1a and SL3a mutations may be stable
in vitro.

Retroviral RNAs typically form dimers that are packaged into nascent virions via one or two
kissing loop interactions; the resulting kissing complex is converted to a stable dimer during proteolytic
maturation of the viral particle [47]. Consistent with retroviral RNAs, Tyl elements bearing a mutation
that blocks proteolytic processing of Gag form dimers, but they are less stable than those formed in
wild-type VLPs [10]. These findings suggest that the Tyl RNA dimer also exists in two forms: an initial
kissing complex that is recognized for packaging by the immature Gag protein and a mature dimer
that is stabilized during proteolytic maturation of the VLP. Based on these findings, we suggest that
two RNA duplexes formed between the complementary 7-nucleotide motifs in SL1a and SL3a result in
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formation of the initial kissing complex that undergoes a structural transition to the mature form of the
Tyl RNA dimer, which may no longer contain SL1a-SL3a duplexes. Purzyka et al. [25] have proposed
that the dimer within VLPs contains interactions between the self-complementary PAL1 and PAL2
sequences within the SL1a stem, as well as a second interaction between PAL3 sequences, which are
downstream of the pseudoknot in an area not strictly required for packaging. A possible mechanism
that might explain the structural transition between SL1a-SL3a duplexes in the kissing complex and
PAL1 and PAL2 duplexes in the mature dimer is that the melting of the first two base-pairs of the SL1a
stem by SL1a-SL3a duplex formation could destabilize pairing in the rest of the SL1a stem. Melting
of the SL1a stem would expose four of the six PAL1 and PAL2 nucleotides on each strand for duplex
formation, and these partial PAL1 and PAL2 duplexes could then be extended by melting the remaining
two base-pairs that are interacting with SL3a sequences.

Is Gag involved in the formation of the Tyl kissing complex in vivo? Our data suggest that
packaging of Tyl RNA is not required for its stability, since the truncated Gag protein encoded
by mini-Tyl cannot form VLPs [48], yet mini-Tyl RNA expressed in the absence of Gag from
endogenous or helper-Tyl elements is as stable as in its presence. This conclusion contrasts with
that of Checkley et al. [49], who showed that Gag supplied in trans enhances the stability of a Tyl
RNA containing a premature stop codon adjacent to the start codon, rendering it untranslatable.
It seems likely that our differing conclusions stem from the use of different Tyl RNAs (mini-Ty1
versus untranslatable Tyl RNA). In our system, it is possible that mini-Ty1 RNA molecules interact
intermolecularly via two SL1a-SL3a duplexes in the absence of Gag, and this could stabilize the RNA.
This would explain why mutations in the SL3a loop and S2 stem are unstable in the absence of Gag
(Figure 8B). Notably, retroviral dimer initiation sites interact in vitro in the absence of Gag, and it
has been argued that kissing interactions of retroviral RNA precede packaging [47,50]. However,
dimerization of mini-Tyl RNA in vitro is not detected in the absence of Gag or a C-terminal fragment
of Gag harboring the nucleocapsid domain [17,40]. These findings are consistent with an alternative
model in which kissing complex formation in vivo requires Gag binding. In this model, mini-Ty1 RNA
would be stable either when kissing complexes do not form in the absence of Gag or when symmetrical
kissing complexes form in the presence of Gag, but not when asymmetrical kissing complexes with
one SL1a-SL3a duplex form. Notably, many of the mutants analyzed in the pseudoknot core and
SL1a stem-loop are in Tyl RNA sequences that are bound by Gag or the nucleocapsid domain [21,40],
suggesting that altered binding of Gag to asymmetrical kissing complexes could be a contributing
factor in the degradation of Tyl RNA in cis and in trans.

Several lines of evidence confirm the conclusion that the Tyl pseudoknot forms both in vitro in
truncated Tyl RNA leader sequences and in vivo in mini- and full-length Tyl RNA and is biologically
relevant [20,21]. First, the pseudoknot is predicted by several RNA structure prediction algorithms,
even in the absence of constraints imposed by SHAPE reactivities, suggesting it is thermodynamically
stable. Second, the core of the pseudoknot is almost completely unreactive, which suggests that both
stems of the pseudoknot are base-paired within the same molecule of RNA. Third, both pseudoknot
stems are required for efficient retrotransposition of Tyl RNA in vivo [20]. While the findings suggest
that the pseudoknot forms in vivo, they do not rule out the possibility that the individual stems form
at different times and act at different steps in retrotransposition. For example, the L1 loop and S1
stem of the pseudoknot include all the 5" sequences known to be required for initiation of reverse
transcription [19,20], while the S2 stem and L3 loop coincide with an essential packaging region [11].
While the SL1a stem within the L1 loop has also been proposed to play a role in packaging, this
stem-loop likely forms in the absence of the SL1 stem or pseudoknot [21]. In contrast, stem-loop SL3a
does not form in the absence of the pseudoknot [21], and our data clearly suggest that the S2 pairing,
like the SL3a kissing motif, is required for Tyl RNA stability (Figure 8). A role for the individual
pseudoknot stems in demarcating and stabilizing two separate structural domains is appealing because
of the overlap between structurally and functionally defined domains that has been revealed in this
and previous studies [11,19-21]. Formation of the pseudoknot versus formation of only the S1 stem
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or the S2 stem are not mutually exclusive possibilities, and there may be switching between one
conformation that is stabilized by the pseudoknot, and others that contain only the S1 stem and
the L1 loop, or only the S2 stem and the L3 loop. The idea that formation of the TIPIRT domain
pseudoknot is regulated at different points in retrotransposition is attractive because the length and
base composition of the 1-nucleotide interhelical L2 loop can be altered without substantial effects
on retrotransposition. One interpretation of this finding is that the L2 nucleotide allows for a flexible
pseudoknot conformation in vivo, and therefore that the tertiary architecture of the TIPIRT domain
could change at different stages in the retrotransposition cycle. The ability of the TIPIRT domain to
adopt multiple conformations is likely to be important, given the breadth of functions that the TIPIRT
domain plays in retrotransposition.

The secondary structure model of the TIPIRT domain predicts that much of the 53-nucleotide
5" UTR of Tyl RNA is sequestered by base-pairing, including the pseudoknot S1 stem. The
SHAPE-directed structural model described here as well as earlier models revealed significant
secondary structure within the 5’ UTR that is potentially inhibitory to ribosomal scanning, including
the base-pairing of nucleotides 1 to 7, stem-loop SL1a, base-pairing of nucleotides 39 to 45, and
sequestration of the AUG codon in an helix of seven base-pairs and a 1 x 1 internal loop. Moreover,
the 5 UTR and sequences that base-pair to portions of it are very highly conserved in Ty1 elements,
especially in regions with secondary structure. The predicted thermodynamic stability of the Tyl RNA
pseudoknot suggest that its formation results in folding of the 5 terminus into a compact tertiary
structure that would render it inaccessible for translation initiation and perhaps even 5'-3" degradation.
The presence of significant secondary structure is unusual in 5 UTRs of S. cerevisiae genes [51].
Hence, translation of Tyl RNA, a requisite step in retrotransposition, is not likely to be favored by
formation of the pseudoknot. Regulation of the TIPIRT domain structure may play some role in several
peculiarities of Tyl RNA metabolism and function, including the unusually long half-life [52] and the
sensitivity of Tyl RNA translation to loss of translation initiation factor elF4G1 and 40S rRNA subunit
proteins [53-55]. Pseudoknots frequently play regulatory roles in gene expression; thus, regulation of
the formation of the TIPIRT domain pseudoknot may be a critical factor governing the partitioning of
Tyl RNA between its different functions in translation, packaging and reverse transcription.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/9/5/93/s1,
Figure S1: Secondary structure of Tyl RNA 5’ leader by pknotsRG, Figure S2: Secondary structure of Tyl RNA 5/
leader by IPknot, Table S1: raw SHAPE data in SNRNASM format.

Acknowledgments: We thank Christine E. Hajdin and Kevin M. Weeks, University of North Carolina, Chapel Hill,
for sharing the ShapeKnots prediction software before publication, Chetna Gopinath and Lauren Neulander-Davis
for their assistance with collecting SHAPE data, and Sheila Lutz for plasmid construction and for helpful comments
on the manuscript. DNA sequencing was performed by the Wadsworth Center Applied Genomics Technology
Core and flow cytometry was performed in the Wadsworth Center Immunology Core. The work was supported
by funds from NIH grant R01-GM52072 to M.].C.; NIH grants R21-MH087336, R01-HL111527, R01-HG008133 and
R01-GM101237 to A.L.; and NIH R01-GM076485 to D.H.M.

Author Contributions: ER.G, A.L. and M.J.C. conceived and designed the experiments; E.R.G. and J.H.D.
performed the experiments; ER.G.,J H.D,, J.R., AL, S.B.,, DHM. and MJ.C. analyzed the data; J.R., A.L.,S.B. and
D.H.M. contributed analysis tools; E.R.G. and M.].C. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Tan, S.; Cardoso-Moreira, M.; Shi, W.; Zhang, D.; Huang, J.; Mao, Y;; Jia, H.; Zhang, Y.; Chen, C.; Shao, Y.; et al.
LTR-mediated retroposition as a mechanism of RNA-based duplication in metazoans. Genome Res. 2016, 26,
1663-1675. [CrossRef] [PubMed]

2. Kalyana-Sundaram, S.; Kumar-Sinha, C.; Shankar, S.; Robinson, D.R.; Wu, Y.-M.; Cao, X.; Asangani, L.A,;
Kothari, V.; Prensner, J.R.; Lonigro, R.J.; et al. Expressed pseudogenes in the transcriptional landscape of
human cancers. Cell 2012, 149, 1622-1634. [CrossRef] [PubMed]


www.mdpi.com/1999-4915/9/5/93/s1
http://dx.doi.org/10.1101/gr.204925.116
http://www.ncbi.nlm.nih.gov/pubmed/27934698
http://dx.doi.org/10.1016/j.cell.2012.04.041
http://www.ncbi.nlm.nih.gov/pubmed/22726445

Viruses 2017, 9, 93 21 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Khurana, E.; Lam, H.Y.K.; Cheng, C.; Carriero, N.; Cayting, P.; Gerstein, M.B. Segmental duplications in the
human genome reveal details of pseudogene formation. Nucleic Acids Res. 2010, 38, 6997-7007. [CrossRef]
[PubMed]

Fu, B.; Chen, M.; Zou, M.; Long, M.; He, S. The rapid generation of chimerical genes expanding protein
diversity in zebrafish. BMC Genom. 2010, 11, 657. [CrossRef] [PubMed]

Fink, G.R. Pseudogenes in yeast? Cell 1987, 49, 5-6. [CrossRef]

Maxwell, P.H.; Curcio, M.]. Retrosequence formation restructures the yeast genome. Genes Dev. 2007, 21,
3308-3318. [CrossRef] [PubMed]

Aravind, L.; Watanabe, H.; Lipman, D.J.; Koonin, E.V. Lineage-specific loss and divergence of functionally
linked genes in eukaryotes. Proc. Natl. Acad. Sci. USA 2000, 97, 11319-11324. [CrossRef] [PubMed]
Maxwell, PH.; Curcio, M.J. Incorporation of y'-Ty1 cDNA destabilizes telomeres in Saccharomyces cerevisiae
telomerase mutants. Genetics 2008, 179, 2313-2317. [CrossRef] [PubMed]

Curcio, M.J,; Lutz, S.; Lesage, P. The Tyl LTR-retrotransposon of budding yeast, Saccharomyces cerevisiae.
Microbiol. Spectrum. 2014, 3, 1-35. [CrossRef] [PubMed]

Feng, Y.X.; Moore, S.P.; Garfinkel, D.].; Rein, A. The genomic RNA in Tyl virus-like particles is dimeric.
J. Viirol. 2000, 74, 10819-10821. [CrossRef] [PubMed]

Xu, H.; Boeke, ].D. Localization of sequences required in cis for yeast Tyl element transposition near the long
terminal repeats: Analysis of mini-Ty1 elements. Mol. Cell. Biol. 1990, 10, 2695-2702. [CrossRef] [PubMed]
Chapman, K.B.; Bystrom, A.S.; Boeke, J.D. Initiator methionine tRNA is essential for Tyl transposition in
yeast. Proc. Natl. Acad. Sci. USA 1992, 89, 3236-3240. [CrossRef] [PubMed]

Keeney, ].B.; Chapman, K.B.; Lauermann, V.; Voytas, D.F; Astrom, S.U.; von Pawel-Rammingen, U.;
Bystrom, A.; Boeke, J.D. Multiple molecular determinants for retrotransposition in a primer tRNA.
Mol. Cell. Biol. 1995, 15, 217-226. [CrossRef] [PubMed]

Wilhelm, M.; Wilhelm, EX.; Keith, G.; Agoutin, B.; Heyman, T. Yeast Ty1 retrotransposon: The minus-strand
primer binding site and a cis-acting domain of the Tyl RNA are both important for packaging of primer
tRNA inside virus-like particles. Nucleic Acids Res. 1994, 22, 4560-4565. [CrossRef] [PubMed]

Friant, S.; Heyman, T.; Wilhelm, M.L.; Wilhelm, EX. Extended interactions between the primer tRNAi(met)
and genomic RNA of the yeast Tyl retrotransposon. Nucleic Acids Res. 1996, 24, 441-449. [CrossRef]
[PubMed]

Friant, S.; Heyman, T.; Bystrom, A.S.; Wilhelm, M.; Wilhelm, FEX. Interactions between Tyl retrotransposon
RNA and the T and D regions of the tRNA (imet) primer are required for initiation of reverse transcription
in vivo. Mol. Cell. Biol. 1998, 18, 799-806. [CrossRef] [PubMed]

Cristofari, G.; Ficheux, D.; Darlix, J.L. The gag-like protein of the yeast Ty1 retrotransposon contains a nucleic
acid chaperone domain analogous to retroviral nucleocapsid proteins. J. Biol. Chem. 2000, 275, 19210-19217.
[CrossRef] [PubMed]

Cristofari, G.; Bampi, C.; Wilhelm, M.; Wilhelm, EX.; Darlix, J.L. A 53/ long-range interaction in Tyl RNA
controls its reverse transcription and retrotransposition. EMBO J. 2002, 21, 4368-4379. [CrossRef] [PubMed]
Bolton, E.C.; Coombes, C.; Eby, Y.; Cardell, M.; Boeke, J.D. Identification and characterization of critical
cis-acting sequences within the yeast Ty1 retrotransposon. RNA 2005, 11, 308-322. [CrossRef] [PubMed]
Huang, Q.; Purzycka, K.J.; Lusvarghi, S.; Li, D.; Legrice, S.F.; Boeke, ].D. Retrotransposon Tyl RNA contains
a 5'-terminal long-range pseudoknot required for efficient reverse transcription. RNA 2013, 19, 320-332.
[CrossRef] [PubMed]

Purzycka, K.J.; Legiewicz, M.; Matsuda, E.; Eizentstat, L.D.; Lusvarghi, S.; Saha, A.; Grice, S.F.; Garfinkel, D.J.
Exploring Ty1 retrotransposon RNA structure within virus-like particles. Nucleic Acids Res. 2013, 41, 463-473.
[CrossRef] [PubMed]

Pachulska-Wieczorek, K.; Le Grice, S.F,; Purzycka, K.J. Determinants of genomic RNA encapsidation in
the Saccharomyces cerevisiae long terminal repeat retrotransposons Tyl and ty3. Viruses 2016, 8. [CrossRef]
[PubMed]

Lu, K;; Heng, X.; Summers, M.F. Structural determinants and mechanism of HIV-1 genome packaging.
J. Mol. Biol. 2011, 410, 609-633. [CrossRef] [PubMed]

Rein, A; Datta, S.A.; Jones, C.P.; Musier-Forsyth, K. Diverse interactions of retroviral gag proteins with
RNAs. Trends Biochem. Sci. 2011, 36, 373-380. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/nar/gkq587
http://www.ncbi.nlm.nih.gov/pubmed/20615899
http://dx.doi.org/10.1186/1471-2164-11-657
http://www.ncbi.nlm.nih.gov/pubmed/21106061
http://dx.doi.org/10.1016/0092-8674(87)90746-X
http://dx.doi.org/10.1101/gad.1604707
http://www.ncbi.nlm.nih.gov/pubmed/18079177
http://dx.doi.org/10.1073/pnas.200346997
http://www.ncbi.nlm.nih.gov/pubmed/11016957
http://dx.doi.org/10.1534/genetics.108.089052
http://www.ncbi.nlm.nih.gov/pubmed/18660531
http://dx.doi.org/10.1128/microbiolspec.MDNA3-0053-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104690
http://dx.doi.org/10.1128/JVI.74.22.10819-10821.2000
http://www.ncbi.nlm.nih.gov/pubmed/11044130
http://dx.doi.org/10.1128/MCB.10.6.2695
http://www.ncbi.nlm.nih.gov/pubmed/2160583
http://dx.doi.org/10.1073/pnas.89.8.3236
http://www.ncbi.nlm.nih.gov/pubmed/1314382
http://dx.doi.org/10.1128/MCB.15.1.217
http://www.ncbi.nlm.nih.gov/pubmed/7528326
http://dx.doi.org/10.1093/nar/22.22.4560
http://www.ncbi.nlm.nih.gov/pubmed/7527135
http://dx.doi.org/10.1093/nar/24.3.441
http://www.ncbi.nlm.nih.gov/pubmed/8602356
http://dx.doi.org/10.1128/MCB.18.2.799
http://www.ncbi.nlm.nih.gov/pubmed/9447976
http://dx.doi.org/10.1074/jbc.M001371200
http://www.ncbi.nlm.nih.gov/pubmed/10766747
http://dx.doi.org/10.1093/emboj/cdf436
http://www.ncbi.nlm.nih.gov/pubmed/12169639
http://dx.doi.org/10.1261/rna.7860605
http://www.ncbi.nlm.nih.gov/pubmed/15661848
http://dx.doi.org/10.1261/rna.035535.112
http://www.ncbi.nlm.nih.gov/pubmed/23329695
http://dx.doi.org/10.1093/nar/gks983
http://www.ncbi.nlm.nih.gov/pubmed/23093595
http://dx.doi.org/10.3390/v8070193
http://www.ncbi.nlm.nih.gov/pubmed/27428991
http://dx.doi.org/10.1016/j.jmb.2011.04.029
http://www.ncbi.nlm.nih.gov/pubmed/21762803
http://dx.doi.org/10.1016/j.tibs.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21550256

Viruses 2017, 9, 93 22 of 23

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Purzycka, K.J.; Garfinkel, D.J.; Boeke, J.D.; Le Grice, S.F. Influence of RNA structural elements on Tyl
retrotransposition. Mob. Genet. Elements 2013, 3. [CrossRef] [PubMed]

Scholes, D.T.; Banerjee, M.; Bowen, B.; Curcio, M.]. Multiple regulators of Tyl transposition in Saccharomyces
cerevisiae have conserved roles in genome maintenance. Genetics 2001, 159, 1449-1465. [PubMed]

Vasa, S.M.; Guex, N.; Wilkinson, K.A.; Weeks, KM.; Giddings, M.C. Shapefinder: A software system
for high-throughput quantitative analysis of nucleic acid reactivity information resolved by capillary
electrophoresis. RNA 2008, 14, 1979-1990. [CrossRef] [PubMed]

Deigan, K.E.; Li, T.W.; Mathews, D.H.; Weeks, K.M. Accurate shape-directed RNA structure determination.
Proc. Natl. Acad. Sci. USA 2009, 106, 97-102. [CrossRef] [PubMed]

Mathews, D.H.; Disney, M.D.; Childs, J.L.; Schroeder, S.J.; Zuker, M.; Turner, D.H. Incorporating chemical
modification constraints into a dynamic programming algorithm for prediction of RNA secondary structure.
Proc. Natl. Acad. Sci. USA 2004, 101, 7287-7292. [CrossRef] [PubMed]

Hajdin, C.E.; Bellaousov, S.; Huggins, W.; Leonard, C.W.; Mathews, D.H.; Weeks, K.M. Accurate
shape-directed RNA secondary structure modeling, including pseudoknots. Proc. Natl. Acad. Sci. USA 2013,
110, 5498-5503. [CrossRef] [PubMed]

Rocca-Serra, P.; Bellaousov, S.; Birmingham, A.; Chen, C.; Cordero, P; Das, R.; Davis-Neulander, L.;
Duncan, C.D.S.; Halvorsen, M.; Knight, R.; et al. Sharing and archiving nucleic acid structure mapping data.
RNA 2011, 17, 1204-1212. [CrossRef] [PubMed]

Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.;
Wallace, LM.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23,
2947-2948. [CrossRef] [PubMed]

Boeke, ].D.; Eichinger, D.; Castrillon, D.; Fink, G.R. The Saccharomyces cerevisine genome contains functional
and nonfunctional copies of transposon Ty1. Mol. Cell. Biol. 1988, 8, 1432-1442. [CrossRef] [PubMed]
Wach, A.; Brachat, A.; Alberti-Segui, C.; Rebischung, C.; Philippsen, P. Heterologous HIS3 marker and GFP
reporter modules for PCR-targeting in Saccharomyces cerevisiae. Yeast 1997, 13, 1065-1075. [CrossRef]
Brachmann, C.B.; Davies, A.; Cost, G.J.; Caputo, E.; Li, J.; Hieter, P.; Boeke, ].D. Designer deletion strains
derived from Saccharomyces cerevisine S288c: A useful set of strains and plasmids for PCR-mediated gene
disruption and other applications. Yeast 1998, 14, 115-132. [CrossRef]

Curcio, M.J.; Hedge, AM.; Boeke, J.D.; Garfinkel, D.J. Ty RNA levels determine the spectrum of
retrotransposition events that activate gene expression in Saccharomyces cerevisiae. Mol. Gen. Genet. 1990, 220,
213-221. [CrossRef] [PubMed]

Lee, B.S.; Lichtenstein, C.P; Faiola, B.; Rinckel, L.A.; Wysock, W.; Curcio, M.J.; Garfinkel, D.J. Posttranslational
inhibition of Tyl retrotransposition by nucleotide excision repair/transcription factor TFIIH subunits SsI2p
and Rad3p. Genetics 1998, 148, 1743-1761. [PubMed]

Reeder, |.; Giegerich, R. Design, implementation and evaluation of a practical pseudoknot folding algorithm
based on thermodynamics. BMC Bioinform. 2004, 5. [CrossRef] [PubMed]

Sato, K.; Kato, Y.; Hamada, M.; Akutsu, T.; Asai, K. Ipknot: Fast and accurate prediction of RNA secondary
structures with pseudoknots using integer programming. Bioinformatics 2011, 27, i85-i93. [CrossRef]
[PubMed]

Nishida, Y.; Pachulska-Wieczorek, K.; Blaszczyk, L.; Saha, A.; Gumna, J.; Garfinkel, D.].; Purzycka, K.J. Tyl
retrovirus-like element gag contains overlapping restriction factor and nucleic acid chaperone functions.
Nucleic Acids Res. 2015, 43, 7414-7431. [CrossRef] [PubMed]

Curcio, M.J.; Garfinkel, D.J. Heterogeneous functional Tyl elements are abundant in the Saccharomyces
cerevisiae genome. Genetics 1994, 136, 1245-1259. [PubMed]

Kim, ].M.; Vanguri, S.; Boeke, ].D.; Gabriel, A.; Voytas, D.F. Transposable elements and genome organization:
A comprehensive survey of retrotransposons revealed by the complete Saccharomyces cerevisine genome
sequence. Genome Res. 1998, 8, 464-478. [PubMed]

Jordan, I.K.; McDonald, J.F. Evidence for the role of recombination in the regulatory evolution of
Saccharomyces cerevisiae Ty elements. J. Mol. Evol. 1998, 47, 14-20. [CrossRef] [PubMed]
Bleykasten-Grosshans, C.; Friedrich, A.; Schacherer, ]. Genome-wide analysis of intraspecific transposon
diversity in yeast. BMC Genom. 2013, 14. [CrossRef] [PubMed]

Curcio, M.].; Garfinkel, D.]. Single-step selection for Ty1 element retrotransposition. Proc. Natl. Acad. Sci. USA
1991, 88, 936-940. [CrossRef] [PubMed]


http://dx.doi.org/10.4161/mge.25060
http://www.ncbi.nlm.nih.gov/pubmed/23914314
http://www.ncbi.nlm.nih.gov/pubmed/11779788
http://dx.doi.org/10.1261/rna.1166808
http://www.ncbi.nlm.nih.gov/pubmed/18772246
http://dx.doi.org/10.1073/pnas.0806929106
http://www.ncbi.nlm.nih.gov/pubmed/19109441
http://dx.doi.org/10.1073/pnas.0401799101
http://www.ncbi.nlm.nih.gov/pubmed/15123812
http://dx.doi.org/10.1073/pnas.1219988110
http://www.ncbi.nlm.nih.gov/pubmed/23503844
http://dx.doi.org/10.1261/rna.2753211
http://www.ncbi.nlm.nih.gov/pubmed/21610212
http://dx.doi.org/10.1093/bioinformatics/btm404
http://www.ncbi.nlm.nih.gov/pubmed/17846036
http://dx.doi.org/10.1128/MCB.8.4.1432
http://www.ncbi.nlm.nih.gov/pubmed/2837641
http://dx.doi.org/10.1002/(SICI)1097-0061(19970915)13:11&lt;1065::AID-YEA159&gt;3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1097-0061(19980130)14:2&lt;115::AID-YEA204&gt;3.0.CO;2-2
http://dx.doi.org/10.1007/BF00260484
http://www.ncbi.nlm.nih.gov/pubmed/2157950
http://www.ncbi.nlm.nih.gov/pubmed/9560391
http://dx.doi.org/10.1186/1471-2105-5-104
http://www.ncbi.nlm.nih.gov/pubmed/15294028
http://dx.doi.org/10.1093/bioinformatics/btr215
http://www.ncbi.nlm.nih.gov/pubmed/21685106
http://dx.doi.org/10.1093/nar/gkv695
http://www.ncbi.nlm.nih.gov/pubmed/26160887
http://www.ncbi.nlm.nih.gov/pubmed/8013902
http://www.ncbi.nlm.nih.gov/pubmed/9582191
http://dx.doi.org/10.1007/PL00006358
http://www.ncbi.nlm.nih.gov/pubmed/9664692
http://dx.doi.org/10.1186/1471-2164-14-399
http://www.ncbi.nlm.nih.gov/pubmed/23768249
http://dx.doi.org/10.1073/pnas.88.3.936
http://www.ncbi.nlm.nih.gov/pubmed/1846969

Viruses 2017, 9, 93 23 of 23

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

Brierley, I.; Pennell, S.; Gilbert, R.J. Viral RNA pseudoknots: Versatile motifs in gene expression and
replication. Nat. Rev. Microbiol. 2007, 5, 598-610. [CrossRef] [PubMed]

Paillart, J.C.; Shehu-Xhilaga, M.; Marquet, R.; Mak, J. Dimerization of retroviral RNA genomes:
An inseparable pair. Nat. Rev. Microbiol. 2004, 2, 461-472. [CrossRef] [PubMed]

Roth, J.F. The yeast Ty virus-like particles. Yeast 2000, 16, 785-795. [CrossRef]

Checkley, M.A_; Mitchell, J.A.; Eizenstat, L.D.; Lockett, S.J.; Garfinkel, D.]. Tyl gag enhances the stability and
nuclear export of Tyl mRNA. Traffic 2013, 14, 57-69. [CrossRef] [PubMed]

Johnson, S.E,; Telesnitsky, A. Retroviral RNA dimerization and packaging: The what, how, when, where, and
why. PLoS Pathog. 2010, 6, €1001007. [CrossRef] [PubMed]

Ringner, M.; Krogh, M. Folding free energies of 5'-UTRs impact post-transcriptional regulation on a genomic
scale in yeast. PLoS Comput. Biol. 2005, 1, €72. [CrossRef] [PubMed]

Munchel, S.E.; Shultzaberger, R K.; Takizawa, N.; Weis, K. Dynamic profiling of mRNA turnover reveals
gene-specific and system-wide regulation of mRNA decay. Mol. Biol. Cell. 2011, 22, 2787-2795. [CrossRef]
[PubMed]

Malagon, F.; Jensen, TH. The T body, a new cytoplasmic RNA granule in Saccharomyces cerevisiae.
Mol. Cell. Biol. 2008, 28, 6022-6032. [CrossRef] [PubMed]

Suresh, S.; Ahn, HW.; Joshi, K.; Dakshinamurthy, A.; Kananganat, A.; Garfinkel, D.J.; Farabaugh, PJ.
Ribosomal protein and biogenesis factors affect multiple steps during movement of the Saccharomyces
cerevisiae Ty1 retrotransposon. Mob. DNA 2015, 6. [CrossRef] [PubMed]

Palumbo, R.J.; Fuchs, G.; Lutz, S.; Curcio, M.]. Paralog-specific functions of Rpl7a and Rpl7b mediated by
ribosomal protein or snoRNA dosage in Saccharomyces cerevisiae. G3 2017, 7, 591-606. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1038/nrmicro1704
http://www.ncbi.nlm.nih.gov/pubmed/17632571
http://dx.doi.org/10.1038/nrmicro903
http://www.ncbi.nlm.nih.gov/pubmed/15152202
http://dx.doi.org/10.1002/1097-0061(20000630)16:9&lt;785::AID-YEA550&gt;3.0.CO;2-L
http://dx.doi.org/10.1111/tra.12013
http://www.ncbi.nlm.nih.gov/pubmed/22998189
http://dx.doi.org/10.1371/journal.ppat.1001007
http://www.ncbi.nlm.nih.gov/pubmed/20949075
http://dx.doi.org/10.1371/journal.pcbi.0010072
http://www.ncbi.nlm.nih.gov/pubmed/16355254
http://dx.doi.org/10.1091/mbc.E11-01-0028
http://www.ncbi.nlm.nih.gov/pubmed/21680716
http://dx.doi.org/10.1128/MCB.00684-08
http://www.ncbi.nlm.nih.gov/pubmed/18678648
http://dx.doi.org/10.1186/s13100-015-0053-5
http://www.ncbi.nlm.nih.gov/pubmed/26664557
http://dx.doi.org/10.1534/g3.116.035931
http://www.ncbi.nlm.nih.gov/pubmed/28007835
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	In Vitro Transcription and RNA Purification 
	Selective 2'-Hydroxyl Acylation Analyzed by Primer Extension 
	Conservation of Sequences in the Ty1 RNA 5' Terminus 
	Plasmids 
	Quantitative Transposition Frequency Assay 
	Northern Analysis 
	GFP Activity 

	Results 
	Secondary Structure Model of Ty1 RNA TIPIRT Domain 
	Conservation of Ty1 RNA TIPIRT Domain 
	Requirement for Pseudoknot Stems S1 and S2 in Retrotransposition 
	Requirement for Complementary Motifs in SL1a and SL3a Hairpins in Retrotransposition 
	Role for the S2 Stem and SL1a-SL3a Kissing Loops in Ty1 RNA Stability 

	Discussion 

