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Summary

To preserve genome integrity, eukaryotic cells use small RNA-directed
mechanisms to repress transposable elements (TEs). Paradoxically, in order to
silence TEs, precursors of the small RNAs must be transcribed from TEs.
However, it is still poorly understood how these precursors are transcribed from
TEs under silenced conditions. In the otherwise transcriptionally silent germline
micronucleus (MIC) of Tefrahymena, a burst of non-coding RNA (ncRNA)
transcription occurs during meiosis. The transcripts are processed into small
RNAs that serve to identify TE-related sequences for elimination. The Mediator
complex (Med) has an evolutionarily conserved role for transcription by bridging
gene-specific transcription factors and RNA polymerase Il. Here, we report that
three Med-associated factors, Emit1, Emit2, and Rib1, are required for the
biogenesis of small ncRNAs. Med localizes to the MIC only during meiosis and
both Med localization and MIC ncRNA transcription require Emit1 and Emit2. In
the MIC, Med occupies TE-rich pericentromeric and telomeric regions in a Rib1-
dependent manner. Rib1 is dispensable for ncRNA transcription but is required
for the accumulation of double-stranded ncRNAs. Nuclear and sub-nuclear
Localization of the three Med-associated proteins is interdependent. Hence,
Emit1 and Emit2 act coordinately to import Med into the MIC, and Rib1 recruits
Med to specific chromosomal locations to quantitatively or qualitatively promote
the biogenesis of functional ncRNA. Our results underscore that the
transcription machinery can be regulated by a set of specialized Med-
associated proteins to temporally transcribe TE-related sequences from a silent
genome for small RNA biogenesis and genome defense.

Introduction
Transposable elements (TEs) are mobile DNA species that make up substantial
fractions of almost all eukaryotic genomes. The transpositions of TEs can
induce insertions, deletions, inversions, and translocations, thereby disrupting
gene and regulatory sequences [1-3]. Thus, the transposition of TEs in the
germline can lead to hereditary diseases, germ cell death, and sterility [4, 5].

In order to preserve genome integrity, eukaryotic cells use small ncRNA-
directed mechanisms to repress TE mobility [3]: transcripts produced from
active or degenerate TEs are processed into small ncRNAs, which associate
with Argonaute/Piwi family proteins and repress TE activity through
transcriptional and/or post-transcriptional mechanism(s) [6]. Therefore,
transcription at TE-containing loci is the first step in all small ncRNA-directed
TE repression pathways. Studies from protists to humans indicate that RNA
polymerase Il (Pol Il), or its specialized form in plants (Pol 1V), is required for
the transcription of TE-derived small ncRNA precursors [7, 8]. The precursor
RNA can be transcribed from a single DNA strand under the control of specific
transcription factors via the canonical mechanism [9, 10] or bidirectionally via
an as-yet not fully understood mechanism [11, 12].

Tetrahymena thermophila and other ciliated protozoa have evolved an



ultimate method of combating TEs, that is, by eliminating them from the somatic
genome [13]. This unique feature makes Tefrahymena a good model organism
for investigating the production of TE-targeting small ncRNAs. Tetrahymena
carries two morphologically and functionally distinct nuclei within a single cell.
The large polyploid somatic macronucleus (MAC) is transcriptionally active and
determines the phenotype, whereas the diploid germline micronucleus (MIC) is
transcriptionally inactive and serves as a vault for the genome that is passed to
progeny MACs and MICs during conjugation, the sexual reproduction process
(Figure 1). The MIC genome contains approximately 12,000 internal eliminated
sequences (IESs) that are removed from the MAC during conjugation via
programmed DNA elimination. IESs occupy about one third of the germline
genome and the vast majority are TE-related sequences. Some |ESs are
suggested to be structural and/or regulatory elements, such as centromeres,
that are needed for the canonical condensation and division cycle to maintain
MIC genome integrity [13-15]. Thus, DNA elimination removes sequences that
are potentially harmful and/or dispensable for the function of MAC.

IES elimination in Tetrahymena is guided by small ncRNAs [16, 17]. The
transcription of small RNA precursors occurs concomitantly with meiotic
recombination and is the only detectable transcriptional activity of the MIC [18].
Transcription takes place preferentially from so-called Type-A IESs, which are
enriched in pericentromeric and telomeric regions. The clustered arrangement
of these |IESs and the use of the resultant small ncRNAs in targeting TEs
resemble the properties of piRNA clusters found in animals [15, 19].
Transcription of both DNA strands by Pol || produces complementary transcripts,
which form double-stranded RNA (dsRNA) molecules [20-23]. The dsRNAs are
cleaved into 28-30 nt scan RNAs (scnRNAs) by a dicer-like protein, Dcl1 [24-
26]. scnRNAs are exported from the MIC and form a complex with Twi1, a
Tetrahymena Piwi protein, which eventually transports the scnRNAs to the new
MAC, where they guide heterochromatinization and IES elimination [27, 28].

Although the scnRNA-guided IES elimination pathway has been elucidated,
the molecular mechanism regulating scnRNA precursor transcription remains
unknown. Major outstanding questions related to MIC transcription are (1) how
does it take place in the normally repressive heterochromatic environment of
the MIC? (2) how is it limited to the pericentromeric and telomeric regions? Here,
we report three Med-associated proteins that localize to the transcribed MIC
during conjugation and are required for scnRNA biogenesis.

Results

Emit1, Emit2, and Rib1 are required for DNA elimination

Previous studies have shown that most of the genes involved in scnRNA
biogenesis are exclusively expressed during conjugation [16, 24, 29, 30].
Hence, we systematically knocked out conjugation-specific genes and found
that deletion of three, TTHERM 00039000, TTHERM 01055420, and
TTHERM_00474920, caused the arrest of exconjugant cells at stages where



cells have two MICs and two MACs (Figure 2A), the phenotype characteristic
of mutants defective in scnRNA biogenesis. We named these genes EMITT,
EMITZ2 (Enables Micronucleus Transcription), and R/IB1 (Ripe Banana, owing
to the inhomogeneous spotty localization of Rib1 protein in the elongated MIC).

No conserved domain was detected in Emit1, the protein encoded by
EMIT1. Emit2 has low sequence similarity to the alpha catalytic subunit of DNA
polymerase lll, but the significance of this is unclear. Rib1 contains nine tandem
repeats of the “NQ[M/IINQN[P/Q]” motif (Figure 2B). Additionally, this N/Q-rich
low complexity region was identified as an intrinsically disordered region and
contains a prion-like domain (Figure S2). Similar N/Q-rich tandem repeats are
also present in the Med15-related proteins of several lepidopterans. Since Rib1
interacts with the Med complex (see below), this motif may be involved in
regulating transcription.

In EMIT1, EMIT2, and RIB1 knockout strains (emit1A, emit2A, and rib1A),
vegetative propagation and conjugation were normal, except that the
pachytene-like stage IV was extended in emit2A (Figure S1). We next analyzed
DNA elimination by fluorescence in situ hybridization (FISH) using a probe
complementary to the repetitive REP2 IESs [31]. In the progeny of wild-type
(WT) cells, REP2 IESs were retained only in the new MIC at 32 h after the
induction of conjugation. In contrast, in the mutants, REP2 IESs were present
in both of the new MIC and new MAC at the same time point (Figure 2C). This
result indicates that EMIT1, EMIT2, and RIB1 are required to complete DNA
elimination. Consequently, none of the knockout mating pairs produced viable
sexual progeny (Table S1).

Emit1, Emit2, and Rib1 are required for scnRNA biogenesis
IES elimination requires scnRNAs that are processed from long dsRNAs by
Dcl1 in the MIC [24, 25]. In contrast to the WT, we could not detect scnRNAs in
the emit1A, emit2A, and rib1A strains (Figure 2D). Therefore, we tested whether
dsRNA was formed in the first place. dsRNA was probed with an antibody that
recognizes dsRNAs longer than 40 bp. Although we detected dsRNAs in the
meiotic prophase MIC of WT cells, they were undetectable in all three mutants
(Figure 2E). In contrast, dsRNA hyperaccumulation occurred in dc/1A control
cells, as previously reported [24, 25], probably because dsRNAs are not
processed to scnRNAs in the absence of Dcl1. These results indicate that the
production of dsRNA precursors of scnRNAs requires EMIT1, EMITZ2, and RIB1.
dsRNAs are believed to be formed by the convergent transcription of both
DNA strainds of IESs [20, 22]. Thus, transcription of the MIC genome was
examined by northern blotting using RNA probes complementary to the sense
and antisense strand of a well-characterized |IES, the M-element (Figure 2F, i).
As previously reported [25], both sense and antisense RNA probes detected
RNAs of heterogeneous lengths in total RNA from WT cells (Figure 2F, ii and
iif). In contrast, such RNAs were not detected in total RNA from emit1A and
emit2A cells, suggesting that Emit1 and Emit2 are required for ncRNA



transcription (at least for the M-element) in the MIC. In the WT cells, dsRNAs
are quickly processed by Dcl1 to scnRNAs [23], therefore ncRNAs detected by
northern blot (which detects both ssRNA and dsRNA) are dramatically
increased in dcl1A [32]. In contrast, although ncRNAs in rib1A were not
processed to scnRNAs, the level of ncRNAs was comparable to the WT, but
much lower than in dcl/1A cells (Figure 2F and Figure S3B). Because scnRNA
was not detected in rib7A cells, these results suggest that RIB71 deletion does
not completely prevent ncRNA transcription in the MIC but instead inhibits the
formation of functional scnRNA precursors by either attenuating ncRNA
transcription, destabilizing the transcripts, and/or disrupting the annealing of
complementary transcripts.

Emit1, Emit2, and Rib1 interact with Med subunits

In order to understand how Emit1, Emit2, and Rib1 regulate MIC transcription,
we first investigated their interactors by immunoprecipitation and mass
spectrometry analysis. For this, strains expressing C-terminally hemagglutinin
(HA)-tagged Emit1, Emit2, or Rib1 from the endogenous promoter were
generated. Consistent with EMIT1, EMIT2, and RIB1 mRNA expression
patterns, HA-tagged Emit1, Emit2, and Rib1 were detected only during
conjugation (Figure 3A). Hence, the HA-tagged proteins were
immunoprecipitated during meiotic prophase (Figure S3C) and co-purified
proteins were identified by mass spectrometry. A total of 108, 29, and 101
proteins were identified as interacting partners of Emit1, Emit2, and Rib1,
respectively (Table S2). Furthermore, Emit1, Emit2, and Rib1 co-
immunoprecipitated and shared 22 interactors, suggesting that they probably
act in a complex in vivo (Figure 3B).

The 22 interactors in common included eight of the 14 putative
Tetrahymena Med components (Figure 3B) [33]. In addition, another common
interactor (encoded by TTHERM_00918460) had amino acid sequence
similarity to Schizosaccharomyces pombe Med10 (26% identity), and was
therefore named Med10L (Med10-like). Since there is only one copy of each
Med subunit coding gene in the Tetrahymena genome [33], the nine Med
subunits that interacting with Emit1, Emit2, and Rib1 are most likely genuine
Med components. These results suggest that Emit1, Emit2, and Rib1 regulate
transcription through Med. Consistent with this hypothesis, three Pol Il subunits
also co-immunoprecipitated with Emit1 (Figure 3B).

Given the essential role of Med in regulating Pol Il transcription in other
eukaryotes, we next asked whether mRNA transcription in the MAC is affected
by deletion of EMIT1, EMIT2, or RIB1. Reverse transcription (RT)-PCR analysis
showed that knocking out of any of these three genes does not inhibit
expression of the two others or of any other conjugation-specific gene tested
(Figure S3D). Therefore, Emit1, Emit2, and Rib1 are unlikely required for basal
mRNA transcription of the somatic genome. Based on above results, we
conclude that Emit1, Emit2, and Rib1 are conjugation-specific Med-associated



proteins that mainly, if not exclusively, regulate MIC transcription.

Emit1, Emit2, and Rib1 colocalize with Pol Il and Med in the meiotic MIC
To investigate the spatial relationships between Med-associated proteins and
the transcriptional machinery, we first determined Pol Il and Med localization in
WT cells. Pol Il localization was determined by immunostaining with an antibody
against Rpb3, a Tefrahymena Pol Il subunit [34], and Med localization was
determined with immunostaining for HA-tagged Med31, a conserved Med
subunit [33]. Rpb3 and Med31 were constitutively localized in the MAC (Figure
4A). They were also localized in the elongated meiotic prophase MIC where
centromeres and telomeres are clustered at opposite ends [35]. Rpb3 and
Med31 were particularly abundant in the centromere-proximal half and the
telomeric tip (Figures 4B and 4C), where Type-A |IESs are also concentrated
[15] (Figure 4B, yellow). By late prophase (stage 1V), Rpb3 and Med31 had
disappeared from the pericentromeric region but remained at the telomeric tip.
At all stages examined, the Rpb3 and Med31 localization patterns were
indistinguishable (Figure 4C and Figure S4). A similar localization pattern was
observed for dsRNAs, suggesting that they are formed concomitantly with
transcription (Figures 4B and 4C).

We next compared the localization of HA-tagged Emit1, Emit2, and Rib1
with that of Rpb3. All three colocalized with Rpb3 in the meiotic MIC (Figure 4C
and Figure S5). Emit1 was also detected in the MAC, although the biological
significance of this finding is unclear. Importantly, the localization of Rpb3,
Med31, Emit1, Emit2, and Rib1 was maintained after pre-fixation detergent
treatment (Figure 5 and Figure S5), which removes nucleoplasmic proteins
from the nucleus [36]. This result indicates that these factors are tightly bound
to chromatin.

Emit1, Emit2, and Rib1 are required for the proper Pol Il and Med
localization in the MIC
The failure of emit1A, emit2A, and rib1A cells to produce functional ncRNA
(Figure 2E), and the colocalization of Emit1, Emit2, and Rib1 with Pol Il and
Med in the meiotic MIC prompted us to ask whether Pol || and Med localization
in the MIC is dependent on Emit1, Emit2, and Rib1. In the absence of Emit1,
Emit2 or Rib1 alone, Rpb3 was present in the MIC but became dispersed along
the elongated nucleus throughout meiotic prophase (Figure 5A, upper panel).
The MIC localization of Rpb3 was resistant to the pre-fixation detergent
treatment in both WT and the mutants (Figure 5A, lower panel). Hence, Rpb3
binds to chromatin independently of Emit1, Emit2, and Rib1. Taken together,
these results indicate that all three proteins are required for the subnuclear
localization of Pol Il in the MIC, but not for its chromatin association.

Next, to investigate whether Med localization is dependent on the three
proteins, the Med31-HA construct was introduced into emit1A, emit2A, and
rib1A cells. In emit1A and emit2A cells, Med31 was undetectable in the MIC,



although normal levels of Med31 were detected in the MAC (Figure 5B, upper
panel). In contrast to its preferential centromere-proximal/telomeric location in
the WT MIC, Med31 was present throughout the ribTA MIC. Pre-fixation
detergent treatment had no effect on Med31's association with chromatin in
rib1A cells (Figure 5B, lower panel). Thus, Emit1 and Emit2 are needed for Med
localization to the MIC, whereas Rib1 mediates Med localization to specific
regions of MIC chromosomes. The presence of Med in rib7A and its absence
in emit1A and emit2A cells, may explain the presence or absence, respectively,
of MIC transcription in these mutants (Figure 2F).

Since Med and Pol Il are homogeneously distributed along the MIC in the
absence of RIB1, we investigated whether the redistribution of these proteins
causes ectopic transcription. We investigated the expression of Type-B IESs
(IES737 and IES4092) and the TPB6 gene, which are not usually transcribed
in the meiotic MIC in WT cells [19, 37]. RT-PCR analysis did not detect
transcripts from any of the tested loci during meiotic prophase in rib71A cells
(Figure S3E). Therefore, the ubiquitous distribution of Med and Pol |l throughout
the MIC in the absence of RIB71 does not result in a global ectopic transcription
in the MIC. Thus, other factor(s) must function to restrict scnRNA production to
specific chromosomal regions even when the transcriptional machinery is
mislocalized in the absence of Rib1.

Localization of Emit1, Emit2, and Rib1 is interdependent

As Emit1, Emit2, and Rib1 interact with one another (Figure 3B), we next
analyzed whether their localization is interdependent. For this, HA-tagged
Emit1, Emit2, and Rib1 were expressed individually in emit1A, emit2A, and
rib1A strains and then localized by immunostaining with an anti-HA antibody
(Figure 6). In the emit1A mutant, Emit2 was distributed uniformly throughout the
MIC, but Rib1 localization was only moderately affected (Figure 6A). In the
emit2A mutant, Emit1 was not detected in the MIC (Figures 6B). Curiously, in
the absence of Emit2, Rib1 accumulated at the MIC periphery, especially near
to the centromeric and telomeric termini (Figures 6B, 6C and Figure S6),
suggesting that the centromeric/telomeric localization of Rib1 is independent of
interaction with chromosomes. Interestingly, the localization pattern of Rib1 in
emit2A resembles that of a-tubulin in the MIC [38]. Therefore, Rib1 may be
transported to MIC termini through microtubules or other components of the
cytoskeleton and then loaded onto chromatin in an Emit2-dependent manner.
In the rib1A mutant, both Emit1 and Emit2 were distributed uniformly throughout
the MIC (Figure 6D).

The interdependency of Emit1, Emit2, and Rib1 localization and the
requirement for these proteins in the correct localization of Med and Pol Il are
summarized in Table 1. Because Emit2 is essential for transferring Emit1 and
Med to the MIC and Rib1 to the MIC chromatin, the emit2A phenotype can be
explained by the absence of Emit1, Rib1 and/or Med from MIC chromosomes.
Once Emit2 and Rib1 are in the MIC, Rib1 can localize to pericentromeric and



subtelomeric regions without Emit1, whereas Emit1, Emit2, Med, and Pol I
require Rib1 for proper subnuclear localization. Therefore, Rib1 has the ability
to localize to the “scnRNA producing regions,” where it recruits the other factors.

Discussion

Specialized factors promote unconventional ncRNA transcription by the
Med complex in the MIC

This study identified three conjugation-specific Med-associated proteins that
are essential for the biogenesis of functional ncRNAs in the meiotic prophase
MIC. Two of these, Emit1 and Emit2, are essential for transporting Med into the
MIC: Emit1 requires Emit2 to localize to the MIC, but not vice versa (Figures
5B, 6A, and 6B). Interestingly, a MIC-specific importin, Ima5 [39], was identified
as an Emit2 interaction partner (Figure 3B and Table S2). Thus, Emit2 may
serve as an adaptor protein between Ima5 and Emit1 to import Med
components into the MIC. Moreover, Dcl1 was identified as the most prevalent
protein that co-immunoprecipitated with Emit2, suggesting an additional
function for Emit2 in either importing Dcl1 into the MIC or linking the
transcription and processing of transcripts into scnRNAs.

In contrast to the MIC-limited Emit2 localization, Emit1 is localized in both
the MIC and the MAC during meiotic prophase. However, Emit1 is unlikely
needed for mRNA production from the MAC (Figure S3D), suggesting that, if
Emit1 has any role in the MAC, then it would likely be in ncRNA production.
This possibility is supported by the fact that an ectopically introduced IES can
be transcribed in the MAC [20]. Based on Emit1’s role in mediating the
subnuclear localization of Pol Il and Emit2 in the MIC (Figures 5A and 6A), its
role in maintaining the MIC localization of Med (Figure 5B), and its interaction
with Pol Il subunits (Figure 3B), we speculate that Emit1 couples Med to the
other components for initiating and/or regulating ncRNA transcription.

Rib1 directs the ncRNA transcription machinery to the pericentromeric
and telomeric regions of MIC chromosomes

The homogeneous distribution of Med and Pol Il in the rib1A MIC suggests that
Rib1 is likely to be a MIC transcriptional regulator that functions by recruiting
the transcriptional machinery to the TE-rich pericentromeric and telomeric
regions. The Rib1-dependent subnuclear localization of Med and Pol |l may
also be important to avoid the steric hindrance of meiotic recombination by the
transcriptional machinery. Indeed, the distribution of y-H2AX (a marker for DNA
double-strand breaks) suggests that meiotic recombination occurs in the
centromere-distal part of the nucleus [40].

All three Med-associated proteins, together with Med and Pol I, are quickly
lost from the pericentromeric regions of the meiotic MIC as meiosis progresses.
The observation of several Rib1 fragments in the immunoprecipitation product
(Figure S3C) suggests that this process may be regulated by the degradation
of Rib1. Notably, some peptidase homologs were highly enriched in Rib1



immunoprecipitation product (Figure 3B and Table S2). Thus, these proteins
may regulate Rib1 turnover, and hence spatiotemporal transcriptional activity
within the MIC.

Growing evidence has shown that protein phase separation drives the
formation of the membraneless organelle (e.g., nucleolus and processing
bodies), which concentrates a specific group of macromolecules for specific
biological functions [41]. Interestingly, the phase-separation driven in part by
intrinsically disordered regions (IDRs) of Med components at some clustered
enhancers (called superenhancer) can concentrate transcription apparatus at
those sites to regulate gene expressions [42]. Because prion-like IDRs also
function as drivers of phase separation [43], the compartment of the
transcriptional machinery at the TE-rich regions and the present of N and/or Q
rich prion-like IDRs in Rib1, as well as in Med22 and Med31 (Figure S2),
implicating that the biased accumulation of the transcriptional machinery in the
MIC may be mediated by phase separation.

Unlike Emit1 and Emit2, Rib1 is not required for activating MIC transcription.
Because the ncRNAs in the WT cells form dsRNAs and quickly processed to
scnRNAs by dcl1 [23]. The comparable steady-state levels of ncRNAs in WT
and rib1A cells (Figure 2F) suggests that ncRNA transcription is reduced in
rib1A and/or, ncRNA is destabilized by some degradation pathways in the
absence of RIB1. Nonetheless, ncRNAs accumulated in rib1A are not
processed to scnRNAs. It is possible that the level of ncRNA in rib1A might be
too low to form enough amount of dsRNAs for Dcl1 processing. Alternatively,
Rib1 may be essential for the formation of dsRNA. The formation of dsSRNA may
rely on an RNA-dependent RNA polymerase (RdRP). There is one identifiable
RdRP encoding gene (RDRT1) in the Tetrahymena genome [44]. However,
localization analysis of Rdr1 shows that it is present only in the cytoplasm of
both vegetatively growing cells and conjugating cells (http://www.suprdb.org, ID:
SUPRO000375). Therefore, RARP is unlikely to be involved in the biogenesis of
the double-stranded scnRNA precursors, although we cannot exclude the
possibility that some unknown RdRP, which we could not identify in the fully
sequenced genome, is involved in this process. Instead, Rib1 may be required
for efficiently annealing complementary transcripts. Alternatively, it may be
essential for bi-directional transcription of the MIC genome or necessary for
efficiently annealing complementary transcripts. Although our analysis of
NcRNA transcripts suggested that they are derived from both strands of an IES
(Figure 2F), investigation of unique |IES sequences at the single-cell level is
necessary to explicitly determine the strand specificity of ncRNA transcripts in
rib1A cells and thus the role of Rib1.

The Med complex has a conserved role in genome defense

The usage of developmental stage-specific Med-associated proteins to regulate
transcription in this early branching eukaryote is reminiscent of the requirement
for specialized Med and Med-associated proteins in cell differentiation in flies
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and mice [45-47]. Thus, transcriptional regulation via altering Med composition
or its association partners might be an ancient mechanism.

An intriguing observation was that ncRNA transcription occurs in the
normally transcriptionally inactive MIC, which is wrapped by heterochromatic
histone marks (e.g. H3K23 me3 and H3K27 me3) and lacks euchromatic marks
(e.g. H3K4 me3) [40, 48]. Studies in Drosophila suggested that the Rhino
heterochromatin-binding protein and Deadlock, its partner protein, recruit
Moonshiner, a basal transcription factor ||A paralog, for transcription initiation at
heterochromatic piRNA clusters [11, 49, 50]. Moreover, Med is reported to be
not only involved in producing mRNAs but also required for transcribing
ncRNAs that are needed for heterochromatin formation and TE repression in
both Arabidopsis and fission yeast [51, 52]. In this context, it would be
interesting to test whether Emit1, Emit2, or Rib1 associates with
heterochromatin marks and recruits Med and other factors to promote
transcription in these regions. We believe that further investigation into Emit1,
Emit2, Rib1, and their interacting proteins will provide insight into the
mechanism of Med regulation in non-canonical ncRNA transcription and
genome defense.
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Figure legends

Figure 1. Tetrahymena reproductive cycles.

Tetrahymena cells possess two functionally distinct nuclei: the transcriptionally

silent micronucleus (MIC), which functions as the germline; and the

transcriptionally active macronucleus (MAC) representing the soma. The MAC
is polyploid but each single genome is only about two thirds of the size of the

MIC genome owing to the elimination of adverse sequences (mostly

transposons) from the soma.

(A) During vegetative propagation, the two nuclei divide asynchronously.

(B) Starving cells may enter a sexual reproductive cycle, in which two cells of
opposite mating types conjugate.

(C) The MICs of conjugating cells undergo simultaneous meioses. Meiotic
prophase is characterized by the extreme elongation of MICs. Prophase
substages |-IV are classified according to the degree of nuclear elongation.
During prophase, the otherwise genetically silent MIC transcribes ncRNA
(green underline), which carries information about which parts of the
genome will be eliminated from the progeny MAC precursor.

(D) After meiosis, one of the four haploid nuclei survives and then doubles by
mitosis. One of the resulting nuclei, the "sperm" nucleus enters the partner
cell and fertilizes the stationary "egg" nucleus. Such reciprocal fertilization
provides both cells with a diploid zygotic nucleus, which divides into the
precursors of progeny MICs and MACs.

(E) IESs within progeny MAC precursors (outlined in red) are eliminated, while
the old MAC is degraded.

(F) Upon feeding, four progeny cells are formed, each containing one MAC and
one MIC.

Figure 2. Emit1, Emit2, and Rib1 are required for scnRNA production and

IES elimination.

(A) The percentage of sexual progeny cells in the different development stages
at 32 h after induction of conjugation. Stage 1, 2 MACs/2 MICs, conjugating
partners are still connected, the old MAC remains; stage 2, 2 MACs/2 MICs,
conjugating partners have separated, the old MAC remains; Stage 3, 2
MACs/2 MICs, the old MAC is degraded; stage 4: 2 MACs/1 MIC. Only the
wild type (WT) proceeds to stage 4 prior to feeding. Developmental profiles
of WT and knockout mutants during conjugation can be found in Figure S1.
To generate the histogram, at least 100 cells were counted for each
genotype. Error bars represent the standard deviation from three
independent experiments.

(B) Rib1 has an N/Q-rich region (84—142 aa) with nine imperfect tandem
repeats of the “NQ[M/IINQN[P/Q]” motif. The same region was also
identified as an intrinsically disordered region and contains a prion-like
domain. (see also Figure S2). The y-axis is information content in bits.
Hydrophilic, neutral, or hydrophobic residues were colored in blue, green,
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or black, respectively.

(C) DNA FISH analysis of REP2 |IESs in emit1A (Panels i—iii) and WT cells
(Panel iv). The old parental MAC and new MICs are indicated by red and
white arrowheads, respectively. The developing MAC is indicated by white
circle. Stages shown in panels i—-iv correspond to those shown in (A)
(DNA-FISH results for emit2A and rib7A are identical to that of emit71A, and
are thus not shown). Knockout mutants with DNA elimination defects were
unable to produce viable sexual progeny (Table S1).

(D) scnRNA production in WT, emit1A, emit2A, and rib1A cells. Numbers
indicate the number of hours after induction of conjugation.

(E) dsRNA immunostaining in WT, emit1A, emit2A, rib1A, and dcl1A cells.

(F) Northern blotting analysis of MIC genome transcription. Panel i: Schematic
diagram of the M-element locus. Flanking MAC-destined sequences are
shown by the black horizontal line. IES regions that are eliminated in the
progeny MAC are shown by the black cylinder. The positions and directions
of T7 and T3 promoters used for in vitro transcription of the RNA probes for
the sense (+) and antisense (-) strands are indicated by arrows. Panels ii,
iii: Northern blotting analysis of ncRNAs produced from the MIC using RNA
probes complementary to the (+) and (-) strand of the M-element. The time
after induction of conjugation is indicated. Separated lanes in panels ii and
iii are cropped from the same exposure of the same blot (uncropped images
are shown in Figure S3A). Panel iv: The membrane from panel iii was
reprobed with a DNA probe complementary to the exon region of a
conjugation-specific gene, PDD1, which served as the conjugation and
loading control.

Figure 3. Emit1, Emit2, and Rib1 interact with Pol Il and Med subunits.

(A) Panel i EMIT1, EMIT2, and RIB1 are specifically expressed during
conjugation. The x-axis indicates different stages of Tetrahymena life cycle:
Vegetative growth (G), starvation, and conjugation. Numbers indicate the
time after induction of conjugation. The y-axis indicates MRNA expression
in arbitrary units (AU) (values lower than 100 AU indicate no expression).
Panels ii—iv: Western blot analyses of HA-tagged Emit1, Emit2, and Rib1
indicate that they are conjugation-specific proteins. Twi1 is a marker for
conjugating cells. Alpha-tubulin (Tub) is the loading control.

(B) Panel i: Venn diagram of Emit1, Emit2, and Rib1 interacting proteins, as
identified by immunoprecipitation-coupled mass spectrometry (IP-MS)
protein interactions are indicated by arrows between bait and prey proteins.
For more details, see Table S2.

Figure 4. Emit1, Emit2, and Rib1 colocalize with Pol Il and Med in the
meiotic MIC.
(A) Co-immunostaining of HA-tagged Med31 and Rpb3 at different stages of



13

Tetrahymena life cycle (see also Figure S4).

(B) Left: Schematic view of chromosomal organization in the elongated MIC at
meiotic prophase, showing the centromeres (C) and telomeres (T) clustered
at opposite ends. Right: Localization of REP2 IESs (yellow), Pol |l subunit
Rpb3 (red), Cnal centromeric protein (green, marks the centromeric tip),
and dsRNA (magenta) in the WT MIC at early (stage Ill) to mid (stage V)
prophase. The presumable centromeric and telomeric tip of MICs in the
right panels are also labeled C and T, respectively.

(C) Colocalization of HA-tagged Med31, Emit1, Emit2, and Rib1 with Rpb3 (Pol
II) in meiotic prophase MICs (see also Figures S4 and S5).

Figure 5. Deletion of EMIT1, EMIT2, and RIB1 disrupts the Pol Il and Med

localization in the MIC.

(A) The Pol Il subunit Rpb3 is abundant in the centromere-proximal half of the
stage Il MIC and in the telomere tip of the stage IV MIC in the WT, but is
homogenously distributed in the mutants.

(B) Deletion of EMIT1 and EMITZ2 prevents the Med31 incorporation into the
MIC, and RIB1 deletion disrupts the specific localization of Med31 in the
MIC.

Figure 6. Interdependent localization of Emit1, Emit2, and Rib1 in the

meiotic MIC.

(A) Localization of Emit2 and Rib1 in emit1A.

(B) Localization of Emit1 and Rib1 in emit2A.

(C) Co-immunostaining of Rib1 and a MIC-specific nucleoporin, MicNup98A, in
WT and emit2A cells (see also Figure S6). A line profile of fluorescence
intensity along the white dash line shows Rib1 localization to the MIC
periphery in emit2A.

(D) Emit1 and Emit2 localization in rib1A cells.
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Table
Table 1. MIC localization of the investigated proteins in emit1A, emit2A,
and rib1A cells

Protein WT emit1A emit2A rib1A
Emit1 Enriched in - Not present Uniform
pericentromer
ic and
telomeric
regions
Emit2 Same as Uniform - Uniform
above
Rib1 Same as Same as WT At the periphery -
above
Mediator Same as Not present Not present Uniform
complex above
(Med31)
RNA Same as Uniform Uniform Uniform
polymerase |l above

(Rpb3)
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STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed
to and will be fulfilled by the Lead Contact, Miao Tian (tian.miao@univie.ac.at).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tetrahymena strains and culture conditions

WT Tetrahymena thermophila B2086 (mating type 1) and CU428 (mating type
VIl) were obtained from the Tetrahymena Stock Center at Cornell University.
Other Tetrahymena strains used in this work are listed in the Key Resources
Table. Tetrahymena cells were grown in modified Neff medium (0.25% proteose
peptone, 0.25% yeast extract, 0.5% glucose, 33.3 uM FeCl3) at 30°C without
shaking [53]. To make cells competent for mating, they were starved at a
concentration of ~3x10° cells/mL in 10 mM Tris-HCI (pH7.5) at 30°C for at least
16 h. Conjugation was induced by mixing equal amounts of cells of different
mating types. To induce the expression of mCherry-tagged MicNup98A, 0.5
pug/mL of CdCl> was added to the cells during starvation. CdCl> was removed
by washing cells with 10 mM Tris-HCI (pH7.5) before induction of conjugation.

METHOD DETAILS

Generation of somatic gene knockout strains

Plasmid constructs used for creating the somatic gene knockout strains were
generated as previously described [54, 55]. Sequences of all primers used are
listed in Table S3. Briefly, to generate the plasmid construct for deleting EMIT1
from the somatic genome, the 5 and 3’ flanking regions of EMIT1 were
amplified from genomic DNA by PCR using primer pairs
EMIT1_5UTRf2904_Not1/EMIT1_5UTRr3731_N4 and
EMIT1_3UTR_f6283_N4/EMIT1_3UTR_r7101_Not1, respectively. Q5 High-
Fidelity DNA Polymerase (New England Biolabs, Beverly, MA, USA) was used
for PCR. Due to the presence of overlapping sequences, the EMIT1 flanking
sequences and the neo4 cassette [56] released from pNeo4_Smal [55] by Smal
digestion were cloned into the Notl site of pBluescript SK(-) via Gibson
assembly method [57], using a NEBuilder HiFi DNA Assembly Cloning Kit (New
England Biolabs, Beverly, MA, USA). The EMIT2 knockout construct containing
the neo4 cassette was also generated in this way. The RIB1 and EMIT2
knockout constructs containing the chx cassette [55] were generated in a
similar way. The only difference was that the gene-specific flanking sequences
were fused with the chx cassette released by Smal digestion of pChx_Smal. To
generate the DNA fragment for deleting RIB71 (using the neo4 cassette), the 5’
and 3’ flanking regions of RIB1 were amplified by PCR using primer pairs
RIB1KO 5'FW/RIB1KO 5'RV and RIB1KO 3'FW/RIB1KO 3'RV, respectively.
Also, the neo4 cassette was released from pNeo4 by Smal digestion. Due to
the presence of overlapping sequences, these three fragments were
assembled via overlapping PCR, using the primer pair RIB1KO 5'FW/ RIB1KO
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3'RV.

Before the transformation, plasmid constructs for knocking out EMIT1
(using the neo4 cassette), EMIT2 (using the neo4 or chx cassette), and RIB1
(using the chx cassette) were linearized by Notl digestion. The linearized
plasmid constructs or the DNA fragment assembled via overlapping PCR were
introduced into starved B2086 and CU428 cells via biolistic transformation, and
transformants were selected with increasing paromomycin or cycloheximide
(Sigma-Aldrich, St Louis, MO, USA) concentration [58] until all MAC loci were
replaced via phenotypic assortment [59]. Somatic gene knockout was
confirmed by RT-PCR (Figure S3D). Viability testing of sexual progeny was
done as previously described [16].

Bioinformatics analyses and visualization

Tandem amino acid repeats in Rib1 and other proteins were detected by using
XSTREAM algorithm [60]. Motif logos were generated by analyzing the aligned
tandem repeats using WebLogo [61]. Rib1 sequence features were illustrated
by using IBS [62]. Prion-like domains and intrinsically disordered regions in
Rib1, Med22, and Med31 were predicted by using PLAAC [63] and
PONDER®VLS2 [64], respectively. EMIT1, EMIT2, and RIB1 expression data
were retrieved from TetraF GD database (http:/tfgd.ihb.ac.cn/) [65].

Generation of epitope-tagged strains

Plasmid constructs used for creating strains that express C-terminally HA-
tagged Emit2, Rib1, or Med31 from the endogenous promoter were generated
as previously described [55]. In brief, to add a codon-optimized HA tag-coding
sequence to the C terminus of the EMIT2 somatic ORF, and a neo4 or a chx
cassette into its 3’ flanking sequence, a DNA fragment was amplified from the
C-terminus of its ORF using the primer pair
EMIT2_CDSf2617_Not1/EMIT2_CDSr3434_HA. Also, two adjacent DNA
fragments were amplified from the 3’ flanking region using the primer pairs
EMIT2_3UTRf3435 HA/EMIT2_3UTRr3874_N4, and
EMIT2_3UTRf3869_N4/EMIT2_3UTRr4659 Not1, respectively. Due to the
presence of overlapping sequences, the above three DNA fragments from the
EMITZ locus, together with a neo4 cassette (prepared as described above)
were fused and cloned into the Notl site of pBluescript SK(-) using Gibson
assembly. Plasmid constructs used for making strains expressing C-terminally
HA-tagged Rib1 and Med31 using the chx cassette were also generated in this
way. For transformation, these constructs were linearized by Notl digestion and
introduced into starved WT cells or knockout mutants via biolistic transformation
as described above.

Plasmid constructs used for creating strains expressing C-terminally HA or
GFP-tagged Emit1 and Rib1 from the endogenous promoter were generated
as previously described, with slight modifications [54]. In brief, for EMIT1, DNA
fragments were amplified from the ORF and the 3’ flanking region using the
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primer pairs EMIT1_CDSf5599 Sac1Gib/EMIT1_CDSr6234 BamH1Gib and
EMIT1_3UTRf6283_Xho1Gib/EMIT1_3UTRr7101_Kpn1Gib, respectively. Due
to the presence of overlapping sequences, they were fused with an HA-tag
coding sequence containing DNA fragment released from pHA-neo4 using
BamHI and Xhol double digestion and cloned into the Sacl and Kpnl sites of
pBluescript SK(+) using Gibson assembly. The construct used for C-terminal
GFP tagging of the RIB1 gene was generated in a similar way. The major
difference was that the RIB1 ORF sequence and 3’ flanking sequence were
fused with an EGFP coding sequence containing a DNA fragment released from
pEGFP-neo4 using BamHI and Xhol double digestion. To generate the plasmid
construct for creating strain expressing N-terminally mCherry-tagged
MicNup98A, the GFP coding sequence of pBNMB1-EGFP [66] was first
replaced with the mCherry coding sequence cloned from pmCherry-neo4.
Meanwhile, DNA fragments were amplified from the 5’ flanking sequence and
the N-terminus ORF of MICNUP98A (TTHERM_01080600) using primer pairs
1MicNup98A/2MicNup98A and 3MicNup98A/4MicNup98A, respectively.
Subsequently, the &’ flanking sequence and the N-terminus ORF sequence
were cloned into the Sacl-Sall sites and BamHI-Kpnl sites of the modified
pBNMB1-EGFP plasmid, respectively, using Gibson assembly. For
transformation, all three constructs were linearized by Sacl and Kpnl double
digestion and introduced into starved WT cells or knockout mutants via biolistic
transformation as described above.

RNA analyses
Total RNA was extracted from 5 mL samples of conjugating WT or mutant cells
(~3x%10° cells/mL) using an RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA).
To generate cDNA for RT-PCR, 5 yg RNA was first treated with RNase-free
DNase | (Thermo Fisher Scientific, Waltham, MA, USA) to remove genomic
DNA. This preparation was used for cDNA synthesis: the first-strand cDNA was
synthesized using random hexamers (Integrated DNA Technologies, Leuven,
Belgium) and a RevertAid H Minus Reverse Transcriptase kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer's instructions, but
with RiboLock RNase Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA)
added. OneTaq DNA Polymerase (New England Biolabs, Beverly, MA, USA)
was used to amplify DNA fragments from cDNA. Sequences of primers used
for amplifying cDNA fragments of EMIT1, EMIT2, RIB1, DCL1, TWI1, SPO11
[67], PARS11 [58], TPB6, IES737 and IES4092 were listed in Table S3. Some
of them are the same as previously described [37, 58]. To examine scnRNA
production, 10 ug total RNA was separated by 12% polyacrylamide-urea gel
electrophoresis, as previously described [25]. RNA was stained with ethidium
bromide.

To generate RNA probes complementary to the sense and antisense
strands of the MIC M-element for northern blotting, an 1154 bp DNA fragment
was amplified from this region by overlapping PCR using primers T7-NB-
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Melement_F, M_altOGIES_R121066, M_altOGIES_F121041, and T3-NB-
Melement_R. During PCR, T7 and T3 promoter sequences were fused to the 5’
and 3’ termini of the M-element, respectively. The DNA fragment was then used
as the template for in vitro transcription using either T7 or T3 RNA polymerase
(New England Biolabs, Beverly, MA, USA) according to the manufacturer’s
instructions. During in vitro transcription, 3?P-ATP (6000 Ci/mM; Hartmann
Analytic, Braunschweig, Germany) was incorporated; unincorporated 3?P-ATP
was removed by passing the reaction mixture through an RNase-free Sephadex
G-50 Quick Spin Column (Roche, Indianapolis, IN, USA). The template DNA
was then removed using RNase-Free DNase | (Thermo Fisher Scientific,
Waltham, MA, USA).

Before northern blotting, 15 pg total RNA isolated from Tefrahymena cells
was denatured and separated by electrophoresis on a 1% agarose gel
containing 6.66% formaldehyde. RNA electrophoresis was performed in 1x
MOPS buffer (containing 20 mM 4-morpholinepropanesulfonic acid, 2 mM
sodium chloride, and 1 mM ethylenediaminetetraacetic acid, pH7.0). After
hydrolysis with 50 mM sodium hydroxide, the gel was neutralized with 200 mM
sodium acetate solution (pH4.0) and RNA was blotted onto a Hybond-N+ nylon
membrane (GE Healthcare, Piscataway, NJ, USA) in 20x SSC buffer (3 M
sodium chloride and 0.3 M sodium citrate). After UV-crosslinking the RNA to the
membrane, the radiolabeled RNA probe was denatured and hybridized to the
RNA at 68°C in ULTRAhyb Ultrasensitive Hybridization Buffer (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer's instructions.
The signal was detected using a storage phosphor screen (Imaging Screen K,
Bio-Rad, Hercules, CA, USA) and scanned with a Typhoon 9200 image
analyzer (GE Healthcare, Piscataway, NJ, USA).

To generate the PDD1 DNA probe, a 302 bp DNA fragment (991-1292 bp
of the PDD1 ORF) was PCR amplified from the last exon of the PDD1 gene
using the primer pair PDD1_NB_Exon_F2514/PDD1_NB_Exon_R2815 and
radiolabeled by random priming with 32P-dATP, random hexamers, and a
Klenow Fragment (exo-) kit (Thermo Fisher Scientific, Waltham, MA, USA).
After denaturing, the DNA probe was hybridized to RNA on the membrane at
42°C in ULTRAhyb. The signal was detected as described above.

Western blotting and cytological staining

For western blotting, crude proteins were extracted from 1.5 mL cells by
trichloroacetic acid precipitation, separated by SDS-PAGE and analyzed by
western blotting using the indicated antibodies: HA-tagged proteins, mouse
anti-HA monoclonal antibody (1:1000 dilution; clone HA-7; Sigma-Aldrich, St
Louis, MO, USA); alpha-tubulin, mouse anti-tubulin-a Ab-2 monoclonal
antibody (1:5000 dilution; Clone DM1A,; Lab Vision, Fremont, CA, USA); Twi1,
rabbit anti-Twi1p polyclonal antibody (1: 5000 dilution) [68]. HRP-conjugated
anti-mouse IgG secondary antibody (1:5000 dilution; Bio-Rad, Hercules, CA,
USA) or HRP-conjugated anti-rabbit IgG secondary antibody (1:5000 dilution;
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Cell Signaling Technology, Danvers, MA, USA) was used for detection.

For immunostaining, conventional cell fixation was performed as previously
described [69]. For pre-fixation detergent treatment, cells were first treated with
1% Triton X-100 containing 0.37% formaldehyde on ice for 25 minutes, then
formaldehyde was added to a final concentration of 3.7%. The cell suspension
was applied to a slide and air-dried. Slides were washed with 1x PBS and 1x
PBS containing 0.05% Triton X-100. HA-tagged proteins were detected with
mouse anti-HA monoclonal antibody (1:500 dilution) or rabbit anti-HA polyclonal
antibody (1:200 dilution; Sigma-Aldrich, St Louis, MO, USA). mCherry-tagged
MicNup98A was detected with rabbit anti-dsRed polyclonal antibody (1:100
dilution; Clontech Laboratories, Mountain View, CA, USA). Rpb3 was detected
with a custom rabbit anti- Tetrahymena Rpb3 polyclonal antibody (1:100 dilution)
[34]. Dmc1 and Rad51 were stained with mouse anti-Rad51/Dmc1 monoclonal
antibody (1:50 dilution; Lab Vision, Fremont, CA, USA). For immunostaining of
dsRNA, 3 mL of conjugating cells were harvested and resuspended in an equal
volume of 1x PBS. 900 pyL 1.5x PBS containing 2.5% Triton X-100 was then
added to the resuspended cells and gently mixed for exactly three seconds,
then 480 pL of 37% formaldehyde was added to the mixture to fix cells at room
temperature for 30 minutes. Fixed cells were pelleted and resuspended in 300
uL of a fixative solution containing 4% paraformaldehyde and 3.4% sucrose.
Fixed cells were spread onto a poly-L-lysine coated slide and dried.
Immunostaining of dsRNA was carried out using mouse anti-dsRNA
monoclonal antibody (1:1000 dilution; J2; SCICONS, Hungary), as previously
described [23]. Primary antibodies were detected with Cy3-conjugated goat
anti-rabbit IgG secondary antibody (1:1000 dilution; GE Healthcare, Piscataway,
NJ, USA) or FITC-conjugated goat anti-rabbit IgG secondary antibody (1:200
dilution; Sigma-Aldrich, St Louis, MO, USA) or Alexa Fluor 488-conjugated goat
anti-mouse |gG secondary antibody (1:1000 dilution; Thermo Fisher Scientific,
Waltham, MA, USA). After immunostaining, slides were mounted under a
coverslip in Vectashield anti-fading agent (Vector Laboratories, Burlingame, CA,
USA) supplemented with 0.5 mg/mL DAPI for inspection by fluorescence
microscopy.

For Cna1 and Rpb3 co-immunostaining, 5 mL of cells were harvested at
meiotic prophase and resuspended in 500 pyL Carnoy’s fixative (6:3:2 mixture
of methanol, chloroform, acetic acid), and then spread onto a slide as previously
described [69]. Rpb3 was detected with the rabbit anti-Rpb3 polyclonal antibody
(1:100 dilution) and Cy3-conjugated goat anti-rabbit IgG secondary antibody
(1:1000 dilution). Images of Rpb3 stained cells were taken and the coordinates
were recorded. Slides were washed with 1x PBS and 1x PBS containing 0.05%
Triton X-100. After drying, a custom rabbit anti-Tefrahymena Cna1 polyclonal
antibody (1:200 dilution; kindly provided by Harmit Malik) [70] was applied on
the slide and detected with FITC-conjugated goat anti-rabbit IgG secondary
antibody (1:200 dilution). Cells were located by their coordinates and their Cna1
signals were recorded. To detect REPZ2 |IESs by FISH, cells in meiotic prophase
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were fixed with Carnoy’s fixative and cells at a late stage of conjugation (32 h
after induction of meiosis) were fixed with the conventional fixation method as
described above. Fixed cells were spread onto slides and dried for at least three
days. REP2 FISH was performed as previously described [71]. For live-cell
imaging, Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA) was
added to the mating cells at a final concentration of 0.5 ug/mL to stain the nuclei.
Z-stack images taken from DAPI- and immuno-stained nuclei (except for cells
fixed using Carnoy’s fixative and live cells) were deconvolved, projected and
colored as previously described [72]. Fluorescence line profile analyses of Rib1,
DAPI, and MicNup98A were carried out using the Line Profile tool in AutoQuant
X3 software.

Immunoprecipitation and mass spectrometry

Immunoprecipitation (IP) of HA-tagged proteins from conjugating cells was
based on a published protocol [73]. Briefly, conjugating cells with both partners
expressing C-terminally HA-tagged Emit1, Emit2, or Rib1 were grown to ODs40
nm= 0.7 in 200 mL growth medium, washed with 10 mM Tris-HCI (pH7.5), and
starved in the same buffer. At 3 h after mixing, the pairing rate and progression
of conjugation were examined. IP was performed only if >80% of cells were
undergoing conjugation and their MICs were elongating. The equal amount of
WT strains were used for the control IP. Emit2 and control IPs were performed
with two and three biological replicates, respectively.

After IP, the protein samples were run into an SDS-PAGE gel for 2 cm and
then the Coomassie-Blue-Stained gel pieces were excised for tryptic digestion.
After reduction and alkylation of thiols using dithiothreitol and iodoacetamide
(Sigma-Aldrich, St Louis, MO, USA), the proteins were digested with trypsin
(Promega, Madison, WI, USA) and then the solutions with tryptic peptides were
desalted on custom-made C18 stagetips, as previously described [74, 75].
Tryptic peptides were separated on an Ultimate 3000 RSLC nano-flow
chromatography system and analyzed on a Q Exactive HF Orbitrap mass
spectrometer, equipped with a Proxeon nanospray source (all from Thermo
Fisher Scientific, Waltham, MA, USA). Raw data were processed with
MaxQuant software package [76] searching against a merged Tetrahymena
protein sequence database, which contains the latest Tetrahymena protein
database (Version 2014, http://ciliate.org) and an older version (Version 2008,
https://www.jcvi.org/) [77]. Tryptic digestion specificity was set to allowing two
missed cleavages. Results were filtered at a protein and peptide false discovery
rate of 1%. Search results were further processed with the Perseus software
package [78]. The detailed instrument settings for the mass spectrometry
analysis and proteomics raw data have been deposited to the
ProteomeXchange Consortium via the PRIDE [79] partner repository with the
dataset identifier PXD012372. A network diagram of the IP-MS data was
generated based on the high-confidence interactions using Cytoscape (version,
3.6.0) [80].
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QUANTIFICATION AND STATISTICAL ANALYSIS

The SAINTexpress algorithm (v3.6; parameter set to SAINTexpress-spc.exe —
L4) was used to identify high-confidence protein—protein interactions from mass
spectrometry data [81, 82]. In this analysis, protein interactions with a Bayesian
False Discovery Rate of < 0.05 were considered highly confident. The number
of cells used for testing the viability of sexual progeny and for evaluating the
progression of conjugation can be found in the table or figure legends.
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Supplemental Information

Table S1. Sexual progeny viability in WT and emit1A, emit2A, and rib1A cells.
Related to Figure 2.

Table S2. SAINT analysis of mass spectrometry data of immunoprecipitation
samples. Related to Figure 3.

Table S3. Oligonucleotides used in this study. Related to STAR Methods, Key
Resources Table.

(Table S2 and S3 are supplied as separated Excel files)
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