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Research

Local features determine Ty3 targeting frequency
at RNA polymerase Ill transcription start sites

Kurt Patterson,’ Farbod Shavarebi,' Christophe Magnan,? Ivan Chang,’ Xiaojie Qi,’
Pierre Baldi,? Virginia Bilanchone,' and Suzanne B. Sandmeyer’

7Department of Biological Chemistry, School of Medicine, University of California, Irvine, Irvine, California 92697, USA;
2School of Information and Computer Sciences, University of California, Irvine, Irvine, California 92697, USA

Retroelement integration into host genomes affects chromosome structure and function. A goal of a considerable number of
investigations is to elucidate features influencing insertion site selection. The Saccharomyces cerevisiae Ty3 retrotransposon
inserts proximal to the transcription start sites (TSS) of genes transcribed by RNA polymerase IIl (RNAP3). In this study,
differential patterns of insertion were profiled genome-wide using a random barcode-tagged Ty3. Saturation transposition
showed that tRNA genes (tDNAs) are targeted at widely different frequencies even within isoacceptor families. Ectopic ex-
pression of Ty3 integrase (IN) showed that it localized to targets independent of other Ty3 proteins and cDNA. IN, RNAP3,
and transcription factor Brfl were enriched at tDNA targets with high frequencies of transposition. To examine potential ef-
fects of cis-acting DNA features on transposition, targeting was tested on high-copy plasmids with restricted amounts of 5
flanking sequence plus tDNA. Relative activity of targets was reconstituted in these constructions. Weighting of genomic
insertions according to frequency identified an A/T-rich sequence followed by C as the dominant site of strand transfer.
This site liesimmediately adjacent to the adenines previously implicated in the RNAP3 TSS motif (CAA). In silico DNA struc-
tural analysis upstream of this motif showed that targets with elevated DNA curvature coincide with reduced integration. We
propose that integration mediated by the Ty3 intasome complex (IN and cDNA) is subject to inputs from a combination of
host factor occupancy and insertion site architecture, and that this results in the wide range of Ty3 targeting frequencies.

[Supplemental material is available for this article.]

Nearly all organisms contain Long Terminal Repeat (LTR) and
non-LTR retroelements that replicate via reverse transcription of
their genomic RNA into a complementary DNA (cDNA) and inte-
grate into the genomes of host cells. The presence of these
elements affects regulatory sequences as well as epigenetic modu-
lation (Sultana et al. 2017; Gilbert and Feschotte 2018; Klein and
O’Neill 2018). The genomic distribution of retrotransposons and
retroviruses is not random (Kvaratskhelia et al. 2014; Sandmeyer
et al. 2015; Lesbats et al. 2016; Sultana et al. 2017). Because sites
of integration can be key determinants in pathogenesis or unto-
ward effects of viral vectors, there remains great motivation to un-
derstand the basis of retroelement integration site selection
(Thomas et al. 2003; Kotterman et al. 2015; Kiiry et al. 2018).

One of the earliest examples of retroelement insertion specif-
icity was the eponymous Ty3 element of the Ty3/Gypsy LTR retro-
transposon class of Saccharomyces cerevisiae (Hansen et al. 1988;
Sandmeyer et al. 2015; Sultana et al. 2017). Ty3 insertion occurs
at the narrowly defined, nucleosome-free transcription start sites
(TSS) of genes transcribed by RNA polymerase III (RNAP3), includ-
ing 275 tDNAs, SNR6 (U6 RNA), and 5S RNA (RDNS) genes (Qi et al.
2012). Insertion patterns similar to that of the Ty3 element have
also been described in other yeasts (Dujon et al. 2004; Casaregola
and Barth 2013; Guo et al. 2015; Magnan et al. 2016) and
Dictyostelium (WincKler et al. 2005).

The Ty3 life cycle and genome organization are similar to
those of simple retroviruses such as Moloney murine leukemia vi-
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rus (MoMLV) (Sandmeyer et al. 2015). Ty3 expression is induced in
haploid mating cells. Polyprotein Gag3 structural and Gag3-Pol3
catalytic protein precursors together with RNA assemble into
virus-like particles (VLPs), thereby triggering proteolytic matura-
tion of Ty3 polyproteins into Gag3 structural proteins capsid
(CA) and nucleocapsid (NC), as well as Gag3-Pol3 catalytic pro-
teins protease (PR), reverse transcriptase (RT), and integrase (IN).
Based on retroviral models, the Ty3 intasome, a multimer of IN
in association with the cDNA ends and potentially other proteins,
enters the nucleus. Ectopically expressed Ty3 IN can mediate local-
ization of itself and fused heterologous protein domains to the nu-
cleus (Lin et al. 2001) and is required for cDNA processing and
strand transfer (Kirchner and Sandmeyer 1996).

Investigations in vivo and in vitro showed that Ty3 integra-
tion is dependent on intact promoter elements of tDNAs, implicat-
ing transcription factors in targeting (Chalker and Sandmeyer
1992, 1993; Kirchner et al. 1995). Transcription of tDNAs by
RNAP3 is mediated by general transcription factors TFIIIC and
TFIIIB. TFIIIC associates with internal promoter elements, A- and
B-boxes, and directs sequence-independent binding of transcrip-
tion initiation factor TFIIIB upstream of the TSS (Kassavetis et al.
1990). In vivo genetic evidence and in vitro pulldowns indicated
that IN makes direct contact with TFIIIC (Aye et al. 2001).
Nevertheless, in vitro Brfl and SptlS (also known as Tbp or
Tbp1) components of TFIIIB are sufficient for targeting and strand
transfer mediated by recombinant IN (Qi and Sandmeyer 2012),
implicating these proteins as key IN-interacting partners and po-
tential determinants in insertion site selection. A previous in
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Local features affecting Ty3 insertion frequency

vivo mapping study of Ty3 insertions showed a seemingly dispa-
rate usage of target genes with identical promoter elements.
However, the observed relative usage of target sites was not accu-
rately quantifiable because targeting frequency was determined
based on the number of sequencing reads rather than counts of in-
dependent insertion events at a given site (Qi et al. 2012). This ap-
parent difference in target usage was particularly interesting
because in yeast, RNAP3-transcribed genes are mostly occupied
by TFIIIB, TFIIIC, and RNAP3 (Harismendy et al. 2003; Roberts
et al. 2003; Moqtaderi and Struhl 2004). This study investigated
the apparent differences in usage of similar targets and the features
that might account for those differences. Ty3 transposition fre-
quency was quantified genome-wide using a random 8-nt “bar-
code” (8N)-tagging strategy (Chatterjee et al. 2014) to count
multiple independent events at a single position. Independent
events within tDNA isoacceptor families vary widely in frequency.
We investigated binding of Brfl, RNAP3 subunit Rpc34, and IN
and explored the structural properties of upstream sequences to
determine the association with transposition frequency. Using in-
sertion sites weighted for frequency of use, a nonpalindromic con-
sensus integration sequence was defined.

Results

Analysis of de novo Ty3 insertion frequency

Retroviruses and retrotransposons integrate at preferred sites
(Sultana et al. 2017). However, highly preferred sites are not readily
differentiated by counting standard high-throughput sequencing
reads because the number of reads at a site cannot distinguish
between amplification of individual events and multiple indepen-
dent events. Amplification bias could arise from clonal expansion
of cells with specific insertions (as would not occur in the case for
example of ChIP-seq) or could occur through PCR amplification as
occurs in standard production of sequencing libraries. Ty3 has the
strongest insertion site preference of known retrotransposons,
making it critical to distinguish independent events from clonal
amplification phenomena. To evaluate features that direct Ty3 in-
sertion, relative use of Ty3 integration sites was quantified using a
set of galactose-inducible Ty3 elements with a random 8N barcode
inserted into the U5 region of the LTR just upstream of the internal
domain (pGAL-Ty3-8N). After induction of transposition and al-
lowing time for integration to occur, chromosomal DNA was ex-
tracted, and Ty3-genome joints containing the unique barcodes
were preferentially amplified and subjected to [llumina sequenc-
ing. Genomic sequence at the integration joint with Ty3 sequence
was aligned to the S. cerevisiae reference sequence (Supplemental
Methods). Sequencing reads with unique barcodes mark indepen-
dent insertions at a given site and the 5-bp target site duplication
(TSD) generated at the ends of the integrated element can be de-
duced (Methods; Supplemental Fig. S1; Supplemental Table S1).
Each of three independent experiments produced between
45 and 85 x 10° paired-end reads of which ~57%-78% passed fil-
ters and were included in downstream analysis. This analysis of
8N barcodes identified 8401, 11,823, and 12,152 unique insertion
events in the three respective experiments. Insertions were nor-
malized based on the total number detected per experiment so
that experimental results could be compared for the three experi-
ments. Ty3 inserted at virtually all of the 272 unique RNAP3-tran-
scribed genes as well as the 5S rRNA gene array where only flanking
RDNS orphan genes can be uniquely mapped. Subsequent analysis
focused on insertions at tDNAs rather than all RNAP3 genes.

These patterns were highly reproducible between experiments
such that pairwise comparisons of experimental results correlated
with R? values from 0.94 to 0.96. Unique insertions within a 50-bp
region upstream of each tDNA were clustered for comparison of
tDNA targets (Supplemental Table S2). Normalized insertion clus-
ter counts for 267 tDNAs ranged from 2.75+0.079 at tE(UUC)P
to 112.46+£8.69 at CDC6S5 (Systematic name: tQ(CUG)M). The
vast majority of insertions were positioned upstream of tDNAs (en-
coding mature tRNA sequence) such that the 5-bp Ty3 TSD tDNA
proximal ends were typically within 20 bp of the 5’ end of tDNAs
(Fig. 1A,B; Supplemental Table S2). Based on thresholds of greater
or less than 1.5-fold of the mean use of all tDNA targets, tDNAs
were classified as hot (43), average (148), or cold (76). Insertion
cluster counts varied among individual tDNAs of different isoac-
ceptors as well as within the same isoacceptor family where they
share virtually identical coding sequences (Supplemental Fig.
$3). The glutamine (Q) and valine (V) tDNA families contained
some of the most extreme ranges of transposition frequency, dif-
fering within families by 10.6-fold and 6.0-fold, respectively
(Supplemental Table S3). Circos mapping (Krzywinski et al.
2009) of hot, average, and cold insertion clusters showed that
these clusters as well as the 42 endogenous Ty3 LTRs were localized
to RNAP3 sites throughout the genome (Fig. 1C).

Comparison of Ty3 insertion frequency with Brfl, RNAP3,
and IN localization

RNAP3-transcribed genes are mostly occupied by TFIIIB, TFIIIC,
and RNAP3 in vivo (Harismendy et al. 2003; Roberts et al. 2003;
Moqtaderi and Struhl 2004). In vitro experiments have further
shown that components of TFIIIB are essential for Ty3 integration
(Qi et al. 2012). We directly tested the extent of correspondence of
TFIIIB and RNAP3 complexes at tDNAs with Ty3 targeting frequen-
cy. TFIIIB and RNAP3 were localized by ChIP, and their relative as-
sociation with tDNAs was expressed as fold enrichment (FE) using
MACS2 (Methods; Supplemental Methods; Zhang et al. 2008; Feng
et al. 2012). ChIP was performed using Brfl and RNAP3 subunit
Rpc34 fused at the amino terminal end to a triple FLAG tag
(N-FLAG) expressed from their native genomic context in an exact
replacement of the wild-type genes except for addition of the tag
and a single LoxP site. Recombinant IN mediates strand transfer
in vitro in the presence of a recombinant fusion of Brfl and
Spt15 (Qi and Sandmeyer 2012). IN contains nuclear localization
signals sufficient for nuclear entry of itself together with heterolo-
gous fusion domains (Lin et al. 2001; Sandmeyer et al. 2015). We
expressed triple-FLAG-tagged ectopic Ty3 IN using an estradiol-in-
ducible expression system (Supplemental Methods) in the absence
of Ty3 cDNA and other Ty3 proteins to determine whether IN is ca-
pable of independent association with targets, and if so, how this
association relates to targeting frequency.

Analysis showed that Brf1 and Rpc34 were enriched surround-
ing insertion sites (Pearson correlation coefficient over a 100-bp
window surrounding the peak positions, r=0.86) (Fig. 2A,B;
Supplemental Fig. S2A,B; Supplemental Table S4). Consistent with
known functions, Brfl and Rpc34 occupancy was offset upstream
and downstream, respectively, from the tDNA 5’ end (Fig. 2A,B).
IN also mapped to tDNAs, but with a broader distribution than
that of Brfl or Rpc34. Control untagged strains [BY4741 and
BY4741 +empty plasmid (pKP3915)] showed no significant enrich-
ment of Brfl, Rpc34, or IN at tDNAs.

A small subset of tDNAs did not exhibit occupancy with
our test proteins and therefore warranted closer inspection.
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Figure 1.

f Ty3 LTR
ﬁ Ty3 Ins Freq

Genome-wide Ty3 insertion mapping using barcode-tagged elements. (A) Ty3 insertion sites are plotted with aligned mature tRNA-coding

sequence (tDNA)=0th bp and insertion site defined as the tDNA proximal end of the 5-bp TSD. Each dot represents the normalized unique barcodes
of insertions starting at the strand transfer site proximal to the tDNA per 10,000 hits: (red) hot; (black) average; (blue) cold. Note that classification
into hot, average, and cold was based on subsequently aggregating insertions per a 50-bp upstream window of the tDNA. (B) Insertions from A are binned
across a 50-bp window upstream of the tDNA (colored as in A). (C) Circos tracks display chromosomes, tDNAs, Ty3 LTRs, and Ty3 insertion frequency:

(outside to inside) colored as in A; (Ty3 LTRs) peach.

tD(GUC)N was previously found to be occupied by TFIIIC subunit
Tfc1 (Harismendy et al. 2003), but not occupied by the RNAP3 fac-
tor Brfl in that study or the current study, or by Ty3 IN in the cur-
rent study. Examination of the sequence containing tD(GUC)N
showed that a Tyl insertion (YNLWTy1-2) occurred within the
gene, thereby effectively removing the A-box promoter element.
tD(GUC)N sustained few insertions (0.67 £0.352) (Supplemental
TablesS3, S5, S6). Thelikely failure of TFIIIB to bind to the disrupted
promoter of tD(GUC)N in our study and that of Harismendy
et al. (2003) was consistent with the deficiency in transposition.
The persistence of a strain that appears unlikely to express
tD(GUC)N can be explained by the existence of four additional
tD(GUC) genes. These tDNAs—tD(GUC)B, tD(GUC)D, tD(GUC)J2,
and tD(GUQC)J3—occur immediately downstream from
tR(UCU) tDNAs—tR(UCU)B, tR(UCU)D, tR(UCU)]1, and tR(UCU)J2,
respectively. Previous in vivo and in vitro evidence suggests
that these tDNAs are expressed as dimeric transcripts (Kjellin-
Straby et al. 1984; Engelke et al. 1985; Hottinger-Werlen et al.
1985). In each case, the upstream tR(UCU) gene showed a far great-
er number of insertions than the downstream tD(GUC) gene, and
insertions at the tD(GUC) gene could not be specifically assigned.

Brfl, Rpc34, and IN were enriched as expected at these dimeric
sites. However, mapping had insufficient resolution to distinguish
individual members of the pairs. Because only the tR(UCU) genes
sustained substantial insertions, Brfl, Rpc34, and IN most likely
predominantly bound at the upstream gene. All four tD(GUC)
genes were excluded from further analysis of features differentiat-
ing hot and cold Ty3 targets (Supplemental Table S6). Four extend-
ed, enriched regions spanning positions 0 to +500 were observed in
ChIP-seq of Brfl, Rpc34, and IN (Fig. 2A). Closer examination of
these regions showed that the first base positions of tDNAs tK
(UUU)G2 and tL(GAG)G were only 372 bp apart, and the first
base positions of tDNAs tI(AAU)B and tG(GCC)B were only 204
bp apart. In these cases the pair members could be distinguished
and led to an extended ChIP-seq pattern (Fig. 2A). Hot targets
bound more Brfl, Rpc34, and IN (FE in the order Brfl >Rpc34>
IN) (Fig. 2A, upper panel) than all other tDNAs (P-values=1.25 x
107°,2.56 x 107°, and 4.43 x 107, respectively). However, cold tar-
gets averaged lower occupancy and were not as significantly differ-
ent from other targets (P-values=6.1 x 1073, 5.8x1072, and 1.3 x
1072, respectively). On average the FE peaks of Brf1 and IN were dis-
placed upstream of the tDNA relative to the peak of Rpc34 (Fig. 2B).
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Figure 2. Basal transcription factors, RNAP3, and IN at Ty3 targets. (A) ChIP-seq analysis of N-FLAG-tagged Brf1, Rpc34, and IN. Heatmaps showing
normalized fold enrichment (FE) for RNAP3-transcribed genes relative to flanking sequence; rows ordered according to Ty3 transposition frequency top
to bottom, high to low, as indicated by the colored bar. Position 0 refers to the nucleotide encoding the 5’ end of the mature tRNA. Above the heatmaps
is an expanded view of FE for Brf1, Rpc34, and IN for hot and cold genes compared to untagged Brf1 and Rpc34 strains and empty vector strain for IN with
standard deviation represented in lower intensity. (B) Peak analysis averaged for all tDNAs and traced over a 1-kb surrounding window. Lightened haze
around each line indicates standard deviation. WT refers to the untagged parent strain of N-FLAG Brfl and N-FLAG Rpc34; WT+empty vector
(pKP3915) control for N-FLAG IN (WT + pKP4010). The dotted vertical line represents the average Ty3 insertion site position. (C) ROC analysis comparing
hot versus all other tDNA, hot versus cold, and cold versus all other tDNAs. Legends for each plot show the AUC with 99% confidence intervals (Cl). As a
positive control for each plot, Ty3 insertion frequency (used to define hot and cold) is included to show perfect association between phenotype classifier
and FE predictors (black line).

tained, respectively. When only hot and cold phenotype groups
were compared, ROC analysis for Brfl, IN, and Rpc34 produced

We further applied Receiver Operator Characteristic (ROC)
(Berry et al. 2006; Roth et al. 2011) to assess how well FE predicted

hot or cold classification. An area under the curve (AUC) with 99%
confidence intervals (CI) showed that FE of Brfl, IN, and Rpc34
had significant predictive power for classification of hot Ty3 tar-
gets (Fig. 2C). Equivalent binding of factors would have provided
an AUC value of 0.5 for each protein for hot versus cold and all oth-
er tDNAs. However, when target sites were classified as either “hot”
or “all other tDNAs,” AUC values of 0.66, 0.64, and 0.59 were ob-
tained for Brfl, IN, and Rpc34, respectively, and similarly for
“cold” versus “all other tDNAs,” of 0.65, 0.66, and 0.61, were ob-

AUC values of 0.73, 0.72, and 0.65, respectively. Overall then,
hot and cold targets were better predicted by Brfl and IN than
by the RNAP3 subunit Rpc34.

Local DNA sequences confer Ty3 targeting frequency bias

Although this is the first Ty study in which a barcoding strategy rig-
orously distinguished independent events, previous studies of
both Tyl and Ty3 (Ji et al. 1993; Bachman et al. 2004; Qi et al.
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Figure 3. Ty3 insertion frequency into high-copy-number target plasmids. (A) Diagram of tDNA target
assay. Measurement of insertion frequency of Ty3 into tDNA hot and cold target plasmids by qPCR
described in Methods. (B) Frequency of insertion (%) into tDNA target plasmids. Biological replicates N
=4-6. (C) Diagram of hot tQ(CUG)M and cold tQ(UUG)B target tDNAs and sequence swaps.
(D) Sequence upstream of tDNA mature coding region influences Ty3 insertion frequency. Measurement
of insertion frequency into hot and cold tDNA targets with and without sequence swaps described in C.
Insertion frequency expressed as arbitrary units (AU) normalized to native tDNA targets. Biological repli-
cates N=10-12. The diamond ({)) indicates a data point (14,124) excluded from the box plot. (E) Tran-
scription levels from tDNA target plasmids. Box plots show transcription from tQM and tQB (left), or tQMt
target plasmids with 25 or 75 bp of upstream sequence from tQBt (middle) and vice versa (right). White
boxes represent transcription from genomic SUP61, an intron containing tRNA where nascent pre-
tRNA was measured as a proxy for transcription. Values expressed as normalized arbitrary units (AU).

2012) inferred preferential use of targets by relying on data sets
from individual loci or high-throughput sequencing lacking bar-
coding quantitation (Cheung et al. 2018). Given the clearly differ-
ing behavior of similar targets, we sought to delimit the region that
confers the characteristic targeting property. Individual tDNAs
(mature tRNA-coding sequence) plus 120 bp of upstream flanking
sequence were subcloned into yeast shuttle vectors to create target
plasmids (Methods). Briefly, cells were transformed with target
plasmid and donor plasmids carrying an inducible Ty3 (Fig. 3A).
After a 24-h induction of Ty3 expression, genomic DNA was

tively). In the converse experiment,
when 25 bp of upstream sequence from
hot target tQM was swapped into the
cold tQB, target frequency was elevated
by approximately twofold (ptQB25M) (P
=0.291). A swap of 75 bp of upstream
sequence from tQM into the cold target
increased transposition by ~23-fold
(ptQB75M) (P=1.44 x 10~%) (Fig. 3D).
These results argue that the immedi-
ate upstream region of tDNA is a sig-
nificant contributor to the differential
observed within tDNA families that
have common promoter elements. To further examine the nature
of this contribution, the region spanning the upstream and tDNA
of either hot or cold gene targets was analyzed using MEME Suite
(Bailey et al. 2009). Analysis readily identified the highly con-
served internal A- and B-box promoter element motifs and, with
the exception of a bias for R=G in the A-box promoter element po-
sition 8, hot and cold genes were essentially indistinguishable
(Supplemental Fig. S3A). For example, tQ and tY families, which
showed roughly five- to 10-fold differences in Ty3 insertion fre-
quency across members (Supplemental Fig. S3B), exhibited
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relatively little intra-family difference in overall sequence, includ-
ing within the A-box sequences where both families encoded
G in position 8 of the A-box promoter element (Supplemental
Fig. S3C).

The differential occupancy of Brfl and RNAP3 subunit Rpc34,
albeit modest, between hot and cold targets suggested that target-
ing has parallels with transcription. However, earlier in vitro exper-
iments suggested that RNAP3 competes with the integration
complex (Connolly and Sandmeyer 1997). To attempt to directly
address the relationship between transcription and integration in
vivo, hot and cold plasmid tDNA targets were modified by insert-
ing a unique primer binding site just upstream of the terminator
sequence to enable measurement of plasmid-specific pre-tRNA
levels via qPCR (Methods; Supplemental Methods). Assuming
this tail is processed as an early step in maturation, the level of
pre-tRNA detected would reflect newly made transcripts.
However, consistent differences were not observed between hot
and cold tDNA pairs with respect to this reporter for transcription-
al activity (Fig. 3E).

Ty3 strand transfer occurs at the site of RNAP3 initiation
and is consistent with the retrovirus central YR rule

The mechanisms underlying upstream sequence effects on Ty3
targeting motivated closer examination of the region immediately
upstream of the tDNA to identify potential sequence motifs
associated with either hot or cold Ty3 targets. Retroviral and LTR
retrotransposon IN proteins are members of the D, D (X3s), E
superfamily of polyesterases and share a conserved core domain.
The intasome contains multimeric retroviral IN proteins in com-
plex with cDNA (Engelman and Cherepanov 2014; Ballandras-
Colas et al. 2016). IN introduces a strand transfer of cDNA ends
to host sequence staggered across the helix by 4-6 bp, thereby gen-
erating, after repair of the two gaps, the characteristic TSD. Recent
structural analysis of the retroviral intasome has highlighted a
structural role for a flexible YR (pyrimidine/purine) dinucleotide
in enabling IN active site target access (Hare et al. 2010;
Maertens et al. 2010; Serrao et al. 2014). To determine characteris-
tic features of the Ty3 insertion site, our analysis focused specifi-
cally on the 11-bp window containing the Ty3 S5-bp TSD
(positions 0-4) plus 3 bp of flanking sequence on each side. The
tRNAs are synthesized with 10-12 nt of 5’ precursor sequence
that is trimmed during maturation, but because of the similarity
of tRNA isoacceptor sequences, the TSS for specific loci are not
well defined. The majority of Ty3 insertions position the tDNA
proximal end of the TSD within 20 bp upstream of the mature
tRNA-coding sequence and therefore presumably close to the TSS
(Fig. 1B; Supplemental Table S3). After excluding 36 tDNAs that
have preexisting Ty3 insertions, a total of 236 tDNA insertion
site sequences were analyzed. Target sequences aligned to the
TSD on the non-tRNA template strand were weighted by transpo-
sition frequency and analyzed with WebLogo (Crooks et al. 2004).
In all sequences, C and A were overrepresented at positions 4 and
6, respectively, and G was depleted throughout (Fig. 4A). Cold tar-
gets were additionally enriched for T/A at nucleotide positions 0-3.

To assess the potential role of flexible dinucleotides in Ty3 in-
tegration, dinucleotide analysis of the 11-bp window surrounding
and including Ty3 insertion sites was also performed (Fig. 4B). The
11-bp window representing hot sites showed peaks of the flexible
YR dinucleotide in bins -2, 1, and 5. In contrast to hot targets, cold
targets showed only a strong YR peak at dinucleotide bin 4. Hot
and cold targets differed with respect to the relatively inflexible

RR dinucleotide, with hot target peaks at —2 and 2 and cold targets
showing a gradient from high upstream to a low point at bin 4.

The context of Ty3 insertion sites is unique because of its dual
roles as a target of Ty3 transposition as well as a “target” for tran-
scription initiation. Previous studies of tDNA transcription
showed that the preferred start site is at “A” centered at approxi-
mately position —13 upstream of the mature tRNA-coding se-
quence (Giuliodori et al. 2003; Yukawa et al. 2011). A common
motif “TCAACA” spanning the TSS on the nontemplate strand
was found in 31 genes studied by in vitro analysis where the first
“A” is the most common initiating base (Yukawa et al. 2011). To
obtain an unbiased candidate motif, we used MEME Suite (Bailey
et al. 2009) and searched for 6-bp motifs within a 23-bp window
directly upstream of mature tRNA-coding sequences. The strongest
motif was ttCAan (Fig. 4C), which overlapped the previously iden-
tified TSS, “TCAACA” (Giuliodori et al. 2003; Yukawa et al. 2011).
The MEME-predicted ttCAan motif also resembles the sequence
contained in the 11-bp window when examining TSDs of all
targets (Fig. 4A, left), specifically nucleotide positions 2-7. This un-
derscores the likelihood that universal YR bias at the tDNA proxi-
mal end of the Ty3 TSD is coincident with the TSS (Kassavetis et al.
2001; Grove et al. 2002). This would position the Ty3 TSD YR dinu-
cleotide within the transcription initiation DNA open complex
(Kassavetis et al. 2001, 2003). Although relative nucleotide fre-
quencies at the “CAA” positions between the two WebLogo anal-
yses display clear differences (Fig. 4A versus Fig. 4C), we note that
in Figure 4A, the MEME motif was weighted by the total number of
Ty3 insertions at each tDNA target, whereas in Figure 4C the tDNA
MEME motif WebLogo was not weighted.

We next investigated the relationship of the Ty3 insertion site
to RNAP3 TSS. Comparison of Ty3 insertion sites in this study to
the tDNA TSS determined in the previous study (Yukawa et al.
2011) showed that 25 hotspots for independent Ty3 insertions de-
tected by random barcoding were within 1 nt of the dominant TSS
identified for 29 tDNAs (Fig. 4D). To test whether the discovered
MEME Suite motif was a reliable TSS predictor for tDNAs, we mea-
sured the distance between the strongest TSS of the 29 tDNAs re-
ported by Yukawa et al. (2011) and the MEME-predicted motif
upstream of the same tDNAs (Fig. 4D). These distances were mea-
sured between the first “C” nucleotide in both motifs, that is,
ttCAan in MEME and TCAACA in Yukawa et al. (2011). At 20 of
29 tDNAs, MEME motifs overlapped with empirical motifs exactly
at the “C” position (bp difference of 0), and an additional two
tDNAs were within 2 bp of a perfect overlap (Fig. 4D). MEME-dis-
covered motifs were therefore deemed as a suitable TSS predictor
upstream of tDNAs, and the distances of the Ty3 TSD to these pre-
dicted TSS motifs were calculated to determine whether Ty3 inser-
tion density around the TSS region of hot, average, and cold tDNAs
displayed any marked differences (Fig. 4D). These distances were
measured from the fifth position of the TSD to the aforementioned
“C” nucleotide of the predicted TSS (position 3 in 6-bp TSS motif).
Mean differences for hot, average, and cold tDNAs were 0.46 bp,
—0.82 bp, and —1.41 bp, respectively, underscoring the proximity
of tDNA proximal Ty3 strand transfer sites to the TSS and further
suggesting that Ty3 insertions at or upstream of the TSS “A” might
be favored more strongly than insertions downstream from this
base.

DNA curvature corresponds to low-frequency targets

Transposable element (TE) insertion sites that contain nucleotide
sequences that are flexible can facilitate TE integration (Repanas
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pirically determined TSS upstream of tDNAs. From top to bottom: distance between MEME-predicted TSS and TSS of 29 tDNAs empirically determined by
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are denoted by white lines on each violin plot.

etal. 2007; Maertens et al. 2010; Voigt et al. 2016). In the DNA elas-
tic rod model, DNA bendability is determined by local sequence
contribution to predicted flexibility of the DNA helix, whereas cur-
vature is determined over a longer sequence and is associated with
spacing of A-rich tracks that collectively result in a convex surface
(Trifonov and Sussman 1980; Munteanu et al. 1998; Nov Klaiman
et al. 2009; Bansal et al. 2014). Curvature and bendability were es-
timated upstream of all tDNAs from position —130 to +30relative to

position 1 of the mature tRNA-coding sequence using the bend.it
tool (Fig. 5A; Vlahovicek et al. 2003). DNA curvature within the
—26 to —1 region averaged 2.22°/10.5 bp turn less at all hot targets
compared to cold (P=6.8 x 1077). Bendability was not found to be
significantly correlated with transposition (Supplemental Fig. $4).
Pearson correlation analysis did, however, show a significant nega-
tive relationship between DNA curvature and Ty3 insertion (r=
—0.30, P-value=3.0x 107%) (Fig. 5B). This prediction is consistent
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with the enrichment of RR dinucleotides across the upstream flank-
ing and TSD sequences of cold tDNA targets.

Curvature analysis of upstream sequences in specific hot and
cold plasmid targets showed a similar pattern. Hot target ptQM
had less DNA curvature than cold target ptQB. Swapping hot/
cold upstream sequences in the ptQ plasmid targets that dramati-
cally changed insertion frequency (Fig. 3C,D) also influenced cur-
vature (Fig. 5C,D). These results suggest that increasing curvature
antagonizes integration in the TSS context. To the extent that
curvature is responsible for modulating targeting, it might also in-
fluence the stability of the nucleosome directly upstream of the
tDNA and therefore the ability of such nucleosomes to destabilize
TFIIIB binding, therefore indirectly but significantly affecting
targeting.

Discussion

The barcode labeling of the Ty3 yeast retrotransposon enabled us
to show that despite exquisite specificity for highly similar gene
targets, the frequency of insertions varies over a broad range to-
gether with the presence of Brfl, RNAP3 subunit Rpc34, and IN.
In specific test cases, we found that immediate upstream sequence
composition showed differences between hot and cold genes in
dinucleotide composition and DNA curvature.

In our study, we did not directly evaluate a role for nucleo-
some occupancy. However, because TFIIIB and nucleosomes do
not co-occupy the sequence upstream of the tDNA TSS, the effect
of nucleosomes competing with TFIIIB or the effect of curvature
could have been reflected in the TFIIIB occupancy at target genes.

Comparisons between nucleosome maps based on previous stud-
ies (Nagarajavel et al. 2013; Cole et al. 2014) and our studies of
Brfl and integrase or integration frequency were not possible ow-
ing to differences in culture conditions.

We also did not evaluate a role for nuclear localization in tar-
geting. In S. cerevisiae, nuclear localization of tDNAs varies among
genes and is also dependent on transcriptional activity across the
cell cycle (Mavrich et al. 2008; Duan et al. 2010; Brogaard et al.
2012; Kumar and Bhargava 2013). In the case of yeast Ty1, which
targets the tDNA proximal upstream nucleosome rather than the
TSS (Baller et al. 2012), disruption of the nuclear pore is associated
with increased targeting to chromosomal ends relative to tDNAs
(Manhas et al. 2018). Recent work from the Engelman laboratory
shows that CPSF6 bound to CA essentially acts to shield chromatin
at the nuclear periphery from HIV-1 integration so that intasome
activity is distributed throughout the nucleus (Achuthan et al.
2018; Engelman and Singh 2018).

Intasome and target site selection

Our previous studies showed that IN is necessary and sufficient for
nuclear localization in vivo (Lin et al. 2001), and in vitro recombi-
nant IN is sufficient for position-specific integration into targets
bound by a recombinant fusion of Brfl and Sptl5 (Qi and
Sandmeyer 2012). In this study, we showed that ectopic IN ex-
pressed in the absence of other Ty3 components, localizes to
tDNA targets.

The Ty3/Gypsy family found in plants and fungi includes
Ty3-like and Chromoviridae retroelements that differ in the IN
domain (Malik and Eickbush 1999). The
latter class targets insertion into hetero-
chromatin by interaction between the
IN chromo domain and histone marks,

b H3K9me2 and H3K9me3 (Gao et al.
e Cold 2008). S. cerevisiae lacks H3K9 methyla-

tion (Grunstein and Gasser 2013) and
perhaps as a consequence, the carboxyl-
terminal portion of the IN protein differs
between the two groups of elements.
Retrovirus insertion preferences are
more widely distributed than those of
the Ty elements. Similar to the Chro-
moviridae, insertion bias has been ex-

Ty3 Insertion

tensively linked to interactions with
epigenetic features. For example, MLV
IN interacts with bromodomain BET pro-
teins, BRD2, BRD3, and BRD4 associated
with promoter regions (Lewinski et al.
2006; Felice et al. 2009; De Rijck et al.
2013; Aiyer et al. 2014). HIV IN inter-
acts with LEDGF/p75, which in turn
associates with H3K36-methylated nu-
cleosomes (Cherepanov et al. 2003; Pra-
deepa et al. 2012; Eidahl et al. 2013).
Structural studies of the prototype foamy
virus (PFV) strand transfer complex (STC)
L showed that the bias for nucleosomal
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Figure 5. Role of curvature in target site determination. (A) Plot of curvature as determined by bend.it
analysis (Vlahovicek et al. 2003) of 100 bp upstream of tDNA for hot (tQM) and cold (tQB) targets.
(B) Linear regression of curvature versus insertion frequency. (C,D) Plots of curvature of hot and cold
plasmid targets and swapped sequences as described in legend of Figure 3C.

2 010 DNA reflects contributions from IN con-
tacts with histones as well as the presence
of flexible YR dinucleotides within the
TSD (Maertens et al. 2010; Serrao et al.
2014; Maskell et al. 2015).
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Roles of DNA sequence and conformation in Ty3 targeting

Swapping upstream regions of 25-75 bp between hot tQM and
cold tQB targets significantly affected insertion frequency. This
observation focused our attention on the context of strand trans-
fer and flanking DNA. Examination of the Ty3 5-bp TSD consen-
sus showed that it has a nonpalindromic YR enrichment at a
position corresponding or proximal to the TSS CA of transcrip-
tion initiation. The pattern of symmetric T/A enrichment outside
of the TSD seen in retroviruses (Serrao et al. 2014) is not observed
for Ty3. This is likely because our analysis oriented the insertions
relative to the tDNA. Previous work from our laboratory indicated
that Ty3 displays insertion bias that can only occur if the target is
asymmetric (Aye et al. 2001). Recent studies from the Bangham
laboratory showed that flanking T/A palindromic sequences are
likely a feature of a population-based retroviral integration site
consensus rather than actual individual insertion sites (Kirk
et al. 2016). Ty3 appears to have adapted to target a sequence
evolved for enhanced flexibility for transcription initiation. Our
dinucleotide analysis showed that flexible YR dinucleotides iden-
tified at the strand transfer site also coincide with the RNAP3
TSS. If retrovirus TSD are similarly examined as individual events
rather than composites of all events on both strands, a strong
bias for the nonpalindromic sequence 5-T(N1/2)[C(NO/1)T|
(W1/2)C]JCW-3/, in which square brackets represent the start
and end of the TSD, W denotes A or T, and | represents the
axis of symmetry, emerges at the TSD-genome junction (Kirk
et al. 2016). The Ty3 TSD-genome junction we found at all tar-
gets is consistent with this nonpalindromic consensus (ANW
[NNNWC]C/AA).

The precision of Ty3 integration allows additional specula-
tion about the nature of the DNA distortion that occurs at the
TSD. TFIIIB maps between —40 and —5 bp relative to the tDNA
TSS (Kassavetis et al. 1989). The TFIIIB intermediate complex com-
posed of Sptl5 and Brfl binds largely through Sptl5 contacts,
causing widening of the narrow groove of the DNA and introduc-
ing a sharp bend in the helix at this position (Juo et al. 2003).
TFIIIB binding also specifically facilitates opening of the transcrip-
tion bubble roughly in the TSS region -9 to +11, a function that
can be substituted by synthetic single-stranded regions to compen-
sate for Bdpl deletion mutants (Kassavetis et al. 1999, 2003;
Kassavetis and Geiduschek 2006). Recent cryo-EM modeling of
transcribing RNAP3 (Hoffmann et al. 2015) combined with cross-
linking studies of RNAP3 complexes (Wu et al. 2012; Male et al.
2015) show that the opening in the initiation complex bends
the DNA centered at the TSS. Our analysis shows that Ty3 insertion
frequency corresponds to the position of this bend, and that cold
targets displayed substantially more DNA stiffness or curvature in
regions upstream of the TSS (Fig. 5; Supplemental Fig. S4).
Together these observations suggest that tDNA structure evolved
to allow opening at the TSS by transcription intiation (Fig. 6A)
and that structure has been hijacked by the Ty3 intasome to facil-
itate integration at a position that minimizes disruption to the
host genome (Fig. 6B).

tDNA targeting by retrotransposons has evolved indepen-
dently several times in eukaryotic cells with relatively compact ge-
nomes. In the case of Ty3 tDNA targeting, not only do insertions
avoid disruption of upstream promoter elements, but the ends of
the Ty3 element even mimic the RNAP3 TSS itself. Dissection of
the nonpalindromic Ty3 TSD consensus in this work is consistent
with the new view that retrovirus insertion sites are nonpalin-
dromic. Altogether these findings also underscore the preservation

« RNAP3 ) Brit S@aA Ty3 Integrase Complex
= Rpc34 & spt1s Ty3 cDNA
¢ HostDNA Bdp1 g TSSITSD

Figure 6. Modeled comparison of RNAP3 TSS and Ty3 integration TSD.
(A) RNAP3 complex is recruited by the TFIlIB complex containing Brf1,
Spt15, and Bdp1 that binds ~20-40 bases upstream of the tDNA.
RNAP3 subunit Rpc34 is positioned near the active site of the TSS and tran-
scription bubble (Wu et al. 2012). (B) Suggested model of Ty3 integration
into target DNA at or near the TSS. Ty3 integration complex is recruited to
target sites via interactions with Brf1. Ty3 cDNA integration may require
bending of the host DNA into the integrase complex active site to facilitate
strand transfer with Ty3 cDNA ends. Model suggests that flexibility of this
region contributes to integration, whereas stiffness corresponding to cur-
vature does not.

of common target features of retrotransposition and the transcrip-
tion open complex.

Methods

Strains and plasmids

The reference yeast strain BY4741 and its derivatives are described
in Supplemental Table S1. Cells were cultured at 30°C (unless oth-
erwise indicated) in medium as described in Supplemental
Methods. Plasmids and primers used are listed in Supplemental
Table S1. Manipulation of strains and plasmids used standard tech-
niques. The construction of pGAL-Ty3-8N plasmid library, p-estra-
diol-inducible Ty3 IN plasmid pKP4010, and FLAG-tagged Brfl
and Rpc34 is described in Supplemental Methods. The transposi-
tion efficiency of the pGAL-Ty3-8N for a mixture of 800 isolates
compared to the Ty3 lacking the barcode was 88% + 10%. Thus,
the efficiency of the tagged element was generally comparable to
wild type.

Retro-seq

In three independent experiments, the pGAL-Ty3-8N library
was transformed into S. cerevisiae strain BY4741. Approximately
15,000-17,000 transformants were pooled together and mixed
vigorously for each replicate. Transformant pools were induced
for Ty3 expression and plated on 5-FOA medium to select for cells
that had lost the donor plasmid. Colonies were combined for
gDNA isolation and sequencing library preparation. After sequenc-
ing, reads were mapped to the sacCer3 S. cerevisiae genome
(Supplemental Methods) using Bowtie (Langmead et al. 2009).
Scripts developed for cataloging unique Ty3 integration event
are described in Supplemental Code.zip.
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Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was performed as de-
scribed elsewhere (Kuras and Struhl 1999; Boukaba et al. 2004;
Zentner et al. 2013; Zentner and Henikoff 2013a,b; Kasinathan
et al. 2014). Briefly, cells were grown as described above for trans-
position frequency sequencing, except without 5-FOA selection.
Chromatin was harvested from cultures and FLAG-tagged Brfl,
Rpc34, or IN was immunoprecipitated with Anti-FLAG M2
Magnetic Beads (MilliporeSigma M8823). Eluted DNA was pre-
pared for DNA sequencing or used directly for ChIP-qPCR
(Supplemental Methods).

DNA sequencing library preparation

Preparation of DNA sequencing libraries for Illumina sequencing
was adapted from the Illumina Multiplex Sample Preparation
Guide. Additional details for sequencing library preparations and
data analysis are provided in Supplemental Methods.

Ty3 plasmid transposition assay

The pGal-Ty3-8N plasmid and target tDNA plasmid were cotrans-
formed into BY4741. Transformed cells were induced for Ty3 ex-
pression for 24 h at 23°C. Plasmid DNA was extracted (GeneJET
Plasmid Miniprep kit; Thermo Fisher Scientific) and assayed for
transposition by qPCR (Supplemental Methods).

Transcription assay from plasmid-borne tDNAs

BY4741 cultures with both Ty3 expression plasmid and various
modified tDNA plasmids (Supplemental Table S1) were grown as
plasmid transposition experiments except that cells were induced
for Ty3 expression for ~12 h of SG induction (ODggo 0of ~1.0);
Extracted RNA (YeaStar RNA isolation kit; Zymo Research) was
DNase I-treated (Thermo Fisher Scientific), and purified (RNA
Clean and Concentrator kit; Zymo Research). cDNA was made
(iScript Reverse Transcription Supermix; Bio-Rad Laboratories)
and were used for qPCR as described (Supplemental Methods).

Quantitative PCR

All qPCR experiments were performed using the CFX96 C1000
Touch (Bio-Rad). Data analysis for qPCR experiments is described
in Supplemental Methods and primers are described
(Supplemental Table S1).

Data analysis

Figures were prepared as follows: All box plots, scatter plots, bar
graphs, violin plots, and protein occupancy graphs were made us-
ing ggplot2 (Wickham 2016); heatmaps were made with gplot
(https://cran.r-project.org/web/packages/gplots/gplots.pdf) and
lattice (Sarkar 2008); pROC was used for ROC analysis (Robin
et al. 2011), and ade4 for tri-plots (Dray and Dufour 2007). The
Circos diagram was made with Circos software (Krzywinski et al.
2009). DNA curvature and bendability were measured using the
bend.it tool (Vlahovicek et al. 2003) along with custom scripts
for batch analysis (Supplemental Code). The bend.it tool was
also applied to determine curvature on the A-phased template
DNA described in Pasi et al. (2016). Unless otherwise noted, com-
puter software generated in house for analysis was made in Perl
(https://www.perl.org/).

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE97894.
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