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Abstract

Continued advances in the high throughput detection of post-transcriptional RNA modifications
have enabled large scale, mechanistic studies into the importance of RNA modifications in
regulating the structure, function, and stability of coding and noncoding RNAs. While
modifications themselves have a major role in influencing the fate of an RNA, recent evidence
from bacteria suggests that RNA modification enzymes can possess non-catalytic functions that
nevertheless contribute to RNA functionality. This dissertation aims to expand this idea to
eukaryotic RNA modification enzymes, with a focus on uncovering the catalytic-independent
functions of the fission yeast RNA methyltransferases Bmc1 and Trm1. Bmcl1 is a homolog of
the human methyl phosphate capping enzyme (MePCE), which has been well studied for its role
in catalyzing the addition of a 5" y-monomethyl phosphate cap on select RNA Polymerase 111
transcripts such as the 7SK snRNA. In answer to the long-standing question as to the function of
an MePCE homolog in fission yeast, an organism with no known 7SK, this work revealed that
Bmcl assumes a non-catalytic role in the fission yeast telomerase enzyme by promoting
holoenzyme assembly and telomerase RNA stability. Further analysis demonstrated that Bmc1
also interacts with the U6 snRNA to direct 2'-O-methylation and influence formation of a U6-
containing snRNP, and that neither of these activities requires Bmc1 catalytic activity. Finally,
this work shows that the fission yeast tRNA methyltransferase Trm1 promotes tRNA
functionality and structural stability even in the absence of catalysis, suggesting its function as a
tRNA chaperone. Collectively, these studies provide evidence supporting the multi-faceted
nature of eukaryotic RNA modification enzymes and underscores their importance in many
fundamental biological processes including splicing, protein translation, and maintaining genome

integrity.
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Chapter 1: Evolutionarily conserved RNA binding proteins
promote noncoding RNA processing and post-transcriptional
modifications
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1.1 Noncoding RNA processing and modification is carried out by RNA binding proteins

Following transcription, RNAs, particularly noncoding RNAs, undergo an extensive
maturation process that can involve 5’ capping, 3’ end processing or trimming, and critically, the
addition of chemical modifications. The past decade has seen a tremendous surge in our
collective understanding of the breadth and importance of these post-transcriptional RNA
modifications, brought about in large part by the combination of classic RNA biochemistry and
high throughput sequencing (1). While the molecular and chemical mechanisms of each
processing step vary greatly depending on the nature of the reaction, a unifying facet is the
involvement of RNA binding proteins. Over 1000 RNA binding proteins have been identified
and validated in humans alone (2), and the number has only continued to climb with recent
proteome-wide studies (3).

RNA binding proteins have been traditionally classified by their mode of RNA binding
through well-studied, structured domains. Common domains discussed here include the RNA
recognition motif (RRM), which contains two alpha helices and a four-stranded beta sheet, the
latter of which interacts with single-stranded RNA (4); the extended RNA recognition motif
(xRRM), which differs from the RRM in the presence of an a3 and a3x helix lying across the
beta sheet (5); and the La motif, which contains a helix-turn-helix fold involved in uridylate
binding (6) (Figure 1). More recently, the RNA-binding proteome has expanded to include so-
called non-canonical RNA binding proteins, which lack structured RNA binding domains (3).
Curiously, many of these non-canonical RNA binding proteins are metabolic enzymes, with
RNA binding often serving to modulate enzymatic activity (7). Still, the ever-expanding list of
RNA binding proteins begins to hint at the importance of protein-RNA interactions as a function

of their prevalence within the proteome.



hLa La Motif and RRM1 hLARP7 xRRM

Figure 1: RNA binding domains in human La and La-related proteins

A) Ribbon representation of the La Motif (magenta) and RNA recognition motif 1 (RRM]1, cyan)
of human La (PDB 2VOO (8)).

B) Ribbon representation of the extended RNA recognition motif (xRRM) of human LARP7
(PDB 6D12 (9)). a3 helix is indicated in orange and a3x helix is indicated in red.

With the limited number of known RNA binding domains and the sequence and
structural diversity of RNA substrates, RNA binding proteins can achieve substrate specificity
through the use of tandem RNA binding domains within a single protein or several RNA binding
proteins that coordinate a single RNA (10). A well-studied example of the former is the
eukaryotic La protein (discussed in detail below), which uses its tandem La motif and RRM to
form a binding pocket for the 3’ uridylate trailer found in RNA Polymerase III transcripts,

including pre-tRNA (6). Telomerase RNA from the fission yeast Schizosaccharomyces pombe

(discussed in detail below) illustrates the latter, with its 3" uridylate trailer bound by the Lsm2-8



complex and an internal pseudoknot bound by the xXRRM of the La-related protein Pof8 (11-15).
Importantly, the involvement of multiple RNA binding domains or RNA binding proteins is also
a key determinant for the precise positioning of target RNA bases for post-transcriptional
modification.

Post-transcriptional RNA modifications, which are as numerous as they are chemically
diverse, occur on coding and noncoding RNAs. To date, more than 170 RNA modifications have
been described (16), ranging from chemically simple methylations to the addition of more
complex functional groups that require several enzymatic steps for their synthesis (17). RNA
modification enzymes often recognize specific sequence or structural motifs on their targets.
Well-studied examples of this are the mammalian pseudouridine synthase Pus7, which
recognizes a UGUAG motif (the underlined uridine being the target of modification) (18), and
the yeast pseudouridine synthase Pus1, which recognizes the target uracil at the 5’ end of a
bulged stem loop (19). That these elements can be found in mRNA and tRNA provides an
explanation as to how a single modification enzyme can target a diverse array of RNA substrates.
In contrast, select RNA modification enzymes only possess catalytic activity and instead rely on
RNA-binding protein cofactors to recognize and bind their targets. tRNA and mRNA acetylation
is carried out by the acetyltransferase Kre33/Nat10 (nomenclature refers to the yeast and human
homologs, respectively) and the non-catalytic cofactor Tanl/THUMPD1, which serves as an
adaptor for RNA binding (20). Similarly, m’G modification on tRNA is catalyzed by the
methyltransferase METTL1 and the RNA binding protein WDR4, which acts as a scaffold for
METTLI1 and the T-arm of the tRNA (21). As RNA binding proteins, including RNA chaperones
and RNA modification enzymes, cooperate to ensure RNA structure and functionality, the

following sections will explore the mechanistic basis of several post-transcriptional modification



enzymes, with a focus on the interplay between RNA modifications, RNA binding proteins, and
noncoding RNA function. Of particular interest is the emerging idea that there are many proteins
that do not fit neatly into a single category and instead possess modification and RNA chaperone

activities.

1.2 Post-transcriptional modifications influence tRNA stability by promoting base-pairing
and tertiary interactions

tRNAs are among the most highly modified RNA species, with an average of 13 post-
transcriptional modifications on nuclear-encoded tRNAs (22) (Figure 2). A number of studies
have focused on modifications in the anticodon stem-loop (ASL), which primarily affect
translational fidelity by maintaining the correct open reading frame and influencing codon-
anticodon base-pairing (for review, see (23)), although modifications outside the ASL
(henceforth referred to as body modifications) have similarly important functions in influencing
tRNA structure. The importance of body modifications can also be inferred from the numerous
human diseases characterized by mutations to tRNA modification enzymes (for review, see
(24)). Well-studied examples include mutations to the tRNA methyltransferase Trmt1 or the
pseudouridine synthase Pus3 that result in intellectual disabilities, as well as the decreased
expression of the mitochondrial tRNA methyltransferase Trmt61b associated with Alzheimer’s
disease (25-28).

Structure of the tRNA D-loop is influenced by the presence of dihydrouridine, which
promotes the formation of a hairpin with a stable stem and flexible loop (29). Analogous to D-
loop modifications, modification of T-loop nucleotides has also been linked to tRNA stability.

The formation of pseudouridine (V) at position 55 results in increased base-stacking ability,



thereby promoting tRNA stabilization (30—34). Another well-characterized T-loop modification
is m' A58, which is catalyzed by the Trm6-Trm61 complex in budding yeast and is required for
stability of tRNA; Met“AV. Importantly, the growth defect observed for Trm6 mutants grown at
elevated temperatures can be suppressed by overexpression of tRNA; Met“AY or the RNA
chaperone La, suggesting the lack of modification may result in tRNA misfolding and
degradation (discussed in more detail below) (35).

Studies have shown that stability of the juncture between the D-stem and the anticodon
stem (also known as the hinge region) is influenced by the presence of m?,G26. Dimethylation of
(326 is critical in maintaining the correct balance between hinge flexibility and rigidity by
adjusting the angle of the D-stem (36). tRNAs lacking G26 dimethylation show structural
rearrangement of the tRNA core due to a lack of base-stacking and the resulting loss of tertiary
interactions (37). Further support linking G26 dimethylation to hinge region stability comes from
chemical probing experiments demonstrating differences in sensitivity between G26-modified
and unmodified tRNA SerV%4, particularly in the A-U rich anticodon stem and nucleotides in the
hinge region (38). In vivo, deletion of the S. pombe G26 dimethyltransferase Trm1 resulted in
impaired function of a suppressor tRNA mutant derived from tRNA SerV6A. Since suppressor
tRNA constructs contain destabilizing mutations that lead to tRNA misfolding, it was suggested
that Trm1-catalyzed modification promotes tRNA function by reinforcing the native fold (38,

39).
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Figure 2: Post-transcriptional tRNA modifications affect secondary and tertiary
interactions to promote tRNA folding

A) Schematic of eukaryotic and bacterial tRNA modifications discussed and the respective
enzymes responsible for each modification. Modified nucleotides are indicated in red.

B) Three-dimensional tRNA structure highlighting tertiary base pairs and interaction sites of
tRNA chaperones. The different tRNA arms are color-coded with the acceptor stem in light
green, the D arm in cyan, the anticodon arm in blue, the variable arm in purple, and the T arm in
light blue (structure 4TRA from (40)), visualized in PyMOL. Critical tertiary interactions
involving modified nucleotides connecting different tRNA arms are highlighted in red: m?,G26-
A44 (hinge region), G22-m’G46, G18-¥55, and G19-C56. The tertiary interaction of m>U54 and
m'A58 in the T-loop is depicted in blue. La (orange) binds the 3’ polyuridylate-containing trailer.
TrmA and TruB (pink) both interact with the T arm causing the disruption of tertiary base pairs
to the D arm. This figure has previously been published in (41).

1.2.1 Functional links between tRNA modification and quality control pathways

Another indication that post-transcriptional modifications are important structural
determinants for tRNA function comes from extensive findings that hypomodified tRNAs are
targeted for decay. The nuclear surveillance pathway, best characterized in budding yeast,
involves the targeting and degradation of aberrant precursor transcripts, including pre-tRNA (42,
43). Nuclear surveillance is largely mediated by the TRAMP complex (Trf4/Air2/Mtr4), which
consists of the poly(A) polymerase Trf4 or the closely related Trf5, the zinc knuckle protein Air2
or its homolog Airl, and the RNA helicase Mtr4 (43). TRAMP facilitates recognition and

polyadenylation of aberrant tRNAs, followed by 3’25’ exoribonucleolytic degradation by the



nuclear exosome (43-45). Initial studies on the structure of tRNA; Met®AV demonstrated that the
loss of m! A58 modification results in increased susceptibility to nuclear surveillance due to
weakened tertiary structure relative to its fully modified counterpart (35). Hypomodified pre-
tRNA; Met““V was also found to be polyadenylated by the noncanonical poly(A) polymerase
Trt4 prior to decay (46). Exosome-mediated decay occurs at an early point in tRNA biogenesis,
as polyadenylated substrates still possess a 5’ leader and 3’ trailer. While the mechanism by
which hypomodified tRNAs are recognized by TRAMP still remains unclear, the disrupted
interaction between nucleotides 54 and 58 resulting from a lack of m'A modification may lead to
an alternate structure recognized as aberrant by the nuclear surveillance machinery (47).
Building on the idea that structurally defective pre-tRNAs are targeted for decay by the nuclear
surveillance machinery, additional studies in fission yeast revealed that the RNA chaperone La
binds to the 3’ end of pre-tRNAs to protect against degradation by the exosome nuclease Rrp6
(48).

The budding yeast rapid tRNA decay (RTD) pathway relies on a different set of
exoribonucleases to target structurally unstable mature tRNAs in the cytoplasm. Deletion of
Trm8 or Trm82, which form a complex that catalyzes m’G46 modification, in combination with
the deletion of any one of seven nonessential body modification enzymes results in a
temperature-sensitive growth defect accompanied by the rapid deacylation and decay of tRNA
Val*AC (49). Similar rapid degradation of tRNA Ser“CA'V6A was observed in strains lacking
Trm44 and Tanl, which are responsible for Um44 and ac*C12, respectively (49). RTD involves
the exoribonucleases Ratl and Xrnl, which degrade mature tRNA from the 5’ end, enabling
degradation of aminoacylated and deacylated tRNAs (50). The RTD pathway primarily acts on

substrates with weakened acceptor and T-stems, which increases accessibility to the 5" end. It is



therefore likely that hypomodified tRNAs are targeted by the RTD pathway because the lack of
modifications including m’G46, Um44, and ac*C12 weaken tertiary interactions, thereby
increasing accessibility of the acceptor stem for the degradation machinery (50, 51).

The wealth of studies characterizing tRNA quality control pathways suggest a tendency
for hypomodified tRNAs to be highly susceptible to decay although it is not necessarily the loss
of modification that results in targeting for decay, but rather the structural instability occurring in
the absence of modification. The exact mechanism by which aberrant pre-tRNAs are targeted by
the nuclear surveillance pathway remains under debate, but several groups have posited that the
alternate structures assumed by hypomodified pre-tRNAs lead to slower maturation,
aminoacylation, and assembly into ribonucleoprotein (RNP) complexes, resulting in exposure of
the 3’ end to polyadenylation and decay (52—54). There is a more straightforward explanation for
RTD targeting, where a lack of key modifications destabilizes the acceptor stem to make it more
accessible to 5’23’ exoribonucleases (49—51). Recognition and elimination of hypomodified
tRNAs by quality control pathways is of great import since hypomodified tRNAs—but not
truncated or improperly end-processed tRNAs—may still be accommodated by the ribosome and
therefore able to participate in translation, where their compromised stability can lead to

deleterious effects such as impaired translation of certain codons (55).

1.3 Small nuclear RNAs are 3’ processed and post-transcriptionally modified prior to
spliceosome assembly

Another class of noncoding RNAs that undergo a complex processing and modification
pathway are the uridylate-rich small nuclear RNAs (snRNAs) that assemble into the

spliceosome: U1, U2, U4, U5, and U6. snRNAs are transcribed by RNA Polymerase IT (RNAP



II), except for U6, which is an RNA Polymerase III (RNAP III) transcript. U6 ends in the
characteristic polyuridylate trailer resulting from RNAP III transcription termination and as such,
the 3’ polyuridylate trailer of U6 is recognized by the uridylate-binding La protein, which
provides protection from exosome-mediated decay or 3’ processing (56). The 3’ end of U6 is
subsequently processed into a 2', 3'-cyclic phosphate in humans and fission yeast (57, 58) or a
terminal 3’ phosphate in budding yeast (59). 3’ end processing of U6 serves a dual purpose by
providing protection from further exoribonucleolytic processing or decay and decreasing the
affinity for U6 by the La protein, thus enabling the handoff of end-matured U6 to the uridylate-
binding Lsm2-8 complex (59-61).

Subsequent snRNA processing steps include the installation of post-transcriptional
modifications which, much like tRNA, have roles ranging from promoting snRNA stability to
modulating their function with respect to splicing. The trimethylguanosine (TMG) cap structure
found on RNAP II-transcribed snRNAs—synthesized by hypermethylation of the RNAP II-
associated m’G cap by the evolutionarily conserved methyltransferase Tgs1—is required for
proper spliceosome assembly and nuclear localization of U1 (62, 63) (Figure 3). U6 instead
acquires a y-monomethyl phosphate cap on its 5’ end, catalyzed by the methyl phosphate capping
enzyme MePCE/BCDIN3/Bin3 (64-67) (Figure 3). The function of the y-monomethyl phosphate
cap on U6 is comparatively understudied relative to the TMG cap, with depletion or deletion of
the human and fission yeast MePCE homologs having no effect on steady state levels of U6 (64,

68).
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Figure 3: Schematic of 5’ cap structures derived from 5’ triphosphorylated RNA
transcripts

The m’G cap found on RNAP IlI-transcribed messenger RNAs (mRNA) is further methylated to
a trimethylguanosine cap (TMGQG) by the methyltransferase Tgs1 for RNAP Il-transcribed
snRNAs. Select RNAP III transcripts, including the U6 and 7SK snRNAs are monomethylated
on the y phosphate by the methyl phosphate capping enzyme MePCE/BCDIN3. Figure adapted
from (69).

As the catalytic core of the spliceosome (70), much effort has been put into
understanding how post-transcriptional modification of U6 shapes spliceosome function. The
finding that human U6 contains an m°®A at position 43 (Figure 4), located in the conserved
ACAGAGA sequence that base-pairs with the 5’ splice site suggested the importance of m°A in
modulating splicing (71). U6 methylation by the methyltransferase METTL16 is highly
conserved among eukaryotes (72, 73) although a homolog is notably absent in budding yeast.

Mechanistic studies in S. pombe and Arabidopsis thaliana revealed that mSA promotes
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cooperation between U5 and U6 for 5’ splice site recognition by enhancing base pairing between
U6 and 5’ splice sites that weakly interact with U5 (74, 75). Since the fourth position of the 5’
splice site, which is positioned to interact with m°A, is enriched for adenosine, m°A has been
demonstrated to enhance base-pairing between U6 and the 5’ splice site (74). Conversely, the
fourth position of the 5" splice site in budding yeast contains an invariant uridine, resulting in
Watson-Crick base-pairing between U6 and the 5' splice site (75).

Several other post-transcriptional modifications on snRNAs are carried out by the
coordination of modification enzymes and small nucleolar RNAs (snoRNAs) that base pair with
a target RNA to guide modifications at specific sites. snoRNAs are classified into two groups
based on sequence and structure motifs and the modifications they guide. Box C/D snoRNAs,
which guide 2'-O-methylation of ribosomal RNA (rRNA) and snRNA, share a kink-turn
structure and a C box (RUGAUGA) and D box (CUGA) motif (76). Box H/ACA snoRNAs are
responsible for directing pseudouridylation on rRNA and snRNA and consist of two hairpins
followed by a single-stranded box H (ANANNA) and ACA motif (77). Conserved U6 2'-O-
methylating box C/D snoRNAs have been described in humans, fission yeast, and Xenopus
oocytes (78—80). Since 2'-O-methylations tend to cluster in the region of U6 that base-pairs with
U4, disruption of these modifications can manifest as splicing defects (80) (Figure 4). Similarly,
snoRNA-guided pseudouridylation of U2 also influences splicing efficiency by promoting
spliceosome assembly (63) and altering the structure of the U2 branch site recognition region,
which base-pairs with the pre-mRNA branch site (81). Together, these data suggest that post-
transcriptional modifications of snRNAs ultimately shape splicing by modulating base-pairing

between snRNAs and pre-mRNA, as well as between different snRNAs within the spliceosome.
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Figure 4: Sites of post-transcriptional modifications in human and S. pombe U6 snRNA
CH3O0pppG= y-monomethyl phosphate cap; W= pseudouridine; m®A=methyladenosine; Am,

Gm, Cm= 2'-O-methylation; m>G= methylguanosine; U>p= 2',3'-cyclic phosphate. ISL= internal
stem loop. The conserved ACAGAGA sequence that base-pairs with the 5’ splice site is
underlined. Figure adapted from (74).
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1.4 Divergent RNA processing pathways across evolution: a case study of telomerase RNA

While there are species-specific nuances to processing and post-transcriptional
modifications for tRNA and snRNA, many of the processing pathways and modifications
themselves are conserved across evolution. In sharp contrast to this idea, the telomerase RNA,
which acts as a template for repeat addition to the ends of linear eukaryotic chromosomes, has
puzzled biologists for decades as each newly discovered telomerase RNA seemingly breaks prior
established rules. In general, telomerase RNA contains a template region for the reverse
transcriptase, a pseudoknot for telomerase RNP assembly, and a stem terminus element that
stimulates catalytic activity of the enzyme (82). But beyond such broad conservation in
organization, telomerase RNA from different species varies greatly in size, structure, constituent
RBP partners, and most notably, processing and maturation.

The telomerase RNA was first characterized in the unicellular ciliate Tetrahymena
thermophila as a component of cell-free extracts capable of adding tandem DNA repeats onto
DNA primers without an existing template (83, 84). The T. thermophila TER RNA is relatively
short at only 159 nucleotides, and is transcribed by RNAP III (84). Transcription by RNAP III is
a common feature of all ciliate telomerase RNA (85) and more recently, was also found to be the
case for plant (86, 87) and insect telomerase RNA (88). Telomerase RNA in vertebrates and
yeast is much longer (450 nucleotides in humans and over 1000 nucleotides in budding and
fission yeast) and is transcribed by RNAP II; consistent with this, vertebrate and yeast
telomerase RNAs possess a 5' TMG cap like RNAP IlI-transcribed snRNAs (89-94). It remains
unclear whether transcription by RNAP II or RNAP III produced the ancestral telomerase RNA,

although the presence of an RNAP Il-transcribed telomerase RNA in Trypanosomes, an early-
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branching eukaryote (95), suggests that the evolution of ciliate telomerase RNA from an RNAP
[I-transcribed ancestor was accompanied by compaction and the switch to RNAP 111
transcription (96). Even more divergent, the telomerase RNA from the fungus Ustilago maydis is
processed from the 3' untranslated region (UTR) of an unannotated protein-coding gene and
contains a 5" monophosphate cap (97).

3" processing of human telomerase RNA (hTR) involves competition between exosome-
mediated degradation and poly(A)-specific ribonuclease- (PARN) mediated maturation. A 3’
extended hTR precursor can either be recognized by the nuclear exosome targeting complex
(NEXT) and the cap-binding complex A (CBCA) and subsequently degraded by the exosome, or
polyadenylated and processed by PARN into the mature 3’ end (98, 99). hTR also contains an
H/ACA motif and although it is bound by the snoRNA-binding proteins NHP2, NOP10, GARI1,
and the pseudouridine synthase Dyskerin (100), there is no evidence for h'TR acting as a guide
RNA to direct pseudouridylation of another target. Rather, Dyskerin uses a catalytic-independent
function to bind to the H/ACA box, leading to a conformational change that promotes trimming
of the hTR precursor by the exosome, followed by PARN-mediated processing to yield the
mature 3" end (100). In the absence of H/ACA RNP assembly on hTR, the hTR precursor folds
into a triple helix that acts as a substrate for exosome-mediated degradation instead of trimming.
Taken together, this suggests a model whereby hTR accumulation is limited by H/ACA RNP
assembly, which tilts the balance between degradation and 3’ processing (100).

While the fission yeast telomerase RNA, TERI, is also transcribed by RNAP 11 (92, 93),
it undergoes very different processing and maturation steps. The mature 3’ end of TER1 is
produced by an incomplete splicing reaction where the intron is removed and the 5 splice site is

released before exon ligation, thus becoming the new 3’ end of the transcript (101). Elements
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within the TERI1 intron, including a strong branch point and a long distance between the branch
point and 3’ splice site, promote a slow transition from the first step of splicing to the second,
favoring spliceosome-mediated cleavage rather than a complete splicing reaction. This is
achieved largely through full complementarity of the TER1 branch site to the U2 branch site
recognition region, which promotes the first transesterification reaction, and a weak
polypyrimidine tract that binds U2AF with lower affinity, thereby inhibiting the second
transesterification reaction (102). TER1 contains an Sm binding sequence at the spliceosomal
cleavage site (94) and recruitment of the Sm complex, which has been well characterized in
binding RNAP II-transcribed snRNA (103), promotes splicing and addition of the TMG cap
(94). The Sm complex is then replaced by the Lsm2-8 complex, which binds the uridylate-rich
sequence at the mature 3’ end of TERI, protects TER1 from exoribonucleolytic degradation and
promotes the interaction between TER1 and the reverse transcriptase Trtl (94). The switch from
Sm to Lsm binding correlates with distinct, non-overlapping substrates: TER1 precursors are
exclusively bound by Sm, while mature TERI1 is only bound by Lsm2-8 (94). The complexity of
TER1 maturation, coupled with the sequential assembly of protein complexes on TER1,
represents another example of the striking diversification of telomerase RNA among eukaryotic

species.

1.5 The RNA chaperones La and LARP7 guide processing and post-transcriptional
modification of structured, uridylate-containing noncoding RNAs

Among the many processing steps to yield mature, functional eukaryotic tRNAs,
snRNAs, and telomerase RNA, a conserved feature is the involvement of La and La-related

proteins (LARPs). La and LARPs have been studied for their roles in the metabolism of coding
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and noncoding RNAs and for their roles as RNA chaperones (104—-106), a class of proteins that
resolve misfolds without external energy input (107, 108). La and LARPs are characterized by

the tandem arrangement of the eponymous La motif and an RNA recognition motif (106).

1.5.1 The La protein promotes pre-tRNA processing through 3’ end protection and RNA
chaperone activity

Genuine La associates with nascent RNAP III transcripts, including pre-tRNA, through
the ubiquitous 3’ polyuridylate-containing trailer (109—111). Numerous structural studies led to
insights into the polyuridylate binding mode of La and how it contributes to pre-tRNA binding
and maturation. The three terminal uridylates are sequestered in a basic- and aromatic-rich cleft
between the La motif and RRM1, with the exposed face of the RRM1 B-sheet available for
making additional RNA contacts (Figure 5) (8, 112). In agreement with this additional proposed
binding site on the face of the RRM1 -sheet, it was found that La has a higher affinity for pre-
tRNA than end-processed pre-tRNA or a dissociated polyuridylate-containing pre-tRNA trailer,
which can be attributed to the additive effects upon pre-tRNA engagement with the polyuridylate
binding site and the RRM1 B-sheet binding site (113). The importance of the RRM1 in pre-tRNA
binding in vitro and in vivo has led to a model suggesting that polyuridylate binding by the La
motif contributes to binding specificity by directing La to RNAP III transcripts, while the RRM1
further increases pre-tRNA binding affinity through contacts to the pre-tRNA body (113—-115).

Consistent with the engagement of different pre-tRNA elements—the polyuridylate
trailer and pre-tRNA body—the two separate RNA binding surfaces on the La protein mediate
distinct activities in pre-tRNA processing. Mutation of conserved aromatic residues in basic

patches in the RRM1 (named RNP1 and RNP2, Figure 5), which project from the -sheet of

17



RRM1, had no effect on uridylate binding or 3" end protection, but were required for tRNA
functionality in a tRNA-mediated suppression assay that relies on correctly folded tRNAs for
activity (48). This tRNA folding activity was further mapped to include basic residues in loop-3
of the RRM1 (Figure 5), with mutations to loop-3 impairing tRNA-mediated suppression activity
and RNA folding in an in vitro cis-splicing assay (113). Like other tested RNA chaperones, La is
capable of annealing and dissociating RNA duplexes (104, 116), and mutants incapable of strand
annealing and dissociation were also inactive in tRNA-mediated suppression, suggesting that La
promotes tRNA functionality, at least in part, by using its RNA chaperone activity to assist pre-

tRNA folding (104).
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Figure 5: Regions in the RNA recognition motif (RRM1) of the La protein play a role in
La’s RNA chaperone activity

A) Schematic of the human and fission yeast La proteins. NRE= nuclear retention element,
SBM-= short basic motif, NLS= nuclear localization sequence.

B) Multiple sequence alignment of the conserved RNP1 and RNP2 sequences in the RRM1 of
the human and fission yeast La proteins (113).

C) Ribbon representation of the high-resolution structure of the La motif and RRM1 of the
human La protein in complex with a polyuridylate RNA oligomer (orange) (structure 2VOO
from (8), visualized in PyMOL). a-helices are pictured in cyan, -sheets in pink. Regions
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important for RNA chaperone activity are highlighted: RNP1 and RNP2 (blue) and loop-3
(green). This figure has previously been published in (41).

A long-outstanding question concerning the La protein and other tRNA chaperones
revolves around the mechanism of substrate selection, and whether tRNA chaperones
preferentially bind misfolded over natively folded substrates to assist their folding. La and the
bacterial modification enzymes TruB and TrmA, which also function as tRNA chaperones,
indiscriminately bind folded and misfolded tRNAs, suggesting a general mechanism regarding
substrate selection by tRNA chaperones (38, 117, 118). Both studies proposed that chaperones
are recruited to tRNA by features relating to their processing state rather than fold. For La,
recognition of the polyuridylate-containing trailer on nascent pre-tRNAs enables binding and
subsequent chaperone activity. The time between La binding to the pre-tRNA trailer and
dissociation following trailer cleavage allows tRNAs to acquire the proper fold through a
combination of La-mediated RNA chaperone activity and stabilizing post-transcriptional
modifications (Figure 6) (38). Similarly, TruB preferentially binds and modifies unmodified
tRNA, which corresponds to a relative early step in tRNA biogenesis and exhibits similar
binding affinity for folded and misfolded substrates (117, 119). TrmA also exhibits preferences
relating to processing state by binding TruB-modified tRNAs with higher affinity than
unmodified tRNAs (119). Together, data from these tRNA chaperones suggest a general model
wherein tRNA chaperones can sample all tRNA at a certain point in the maturation pathway.
Under conditions where RNA chaperone levels are limiting relative to pre-tRNA substrates (as
has been hypothesized for La (48)), this suggests that binding of all tRNAs (misfolded or not) by
chaperones may limit chaperone folding efficiency, in which a pool of misfolded tRNAs might
not have access to chaperone activity as a result of competition with folded substrates (38). It is

not yet known whether this is a common mechanism of all tRNA chaperones, and it is therefore
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anticipated that additional structural studies on the binding mechanisms of other known and

speculated tRNA chaperones will provide a more comprehensive picture.
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Figure 6: La (Slal) and the tRNA methyltransferase Trm1 cooperate to promote tRNA
folding, accumulation, and functionality in fission yeast

Slal is represented by the amino-terminal domain of the human La protein (structure 2VOO
from (8)). A combination of La-mediated tRNA chaperone activity and Trm1 modification
ensures proper folding such that pre-tRNAs accumulate and undergo aminoacylation (top), while
misfolded pre-tRNAs are often degraded by the nuclear surveillance machinery in the absence of
La and Trm1 (bottom). Some misfolded or unmodified pre-tRNAs may escape nuclear
surveillance and are exported to the cytoplasm, where they may get aminoacylated and function
in translation (bottom). This figure has previously been published in (41).

1.5.2 LARP7 associates with diverse RNA Polymerase III transcripts
Like La, LARP7’s nuclear localization and tandemly arranged La motif and RRM1
contribute to its propensity to interact with nascent RNAP III transcripts including the U6 and

7SK snRNA and telomerase RNA. Early LARP7 studies focused on the telomerase-associated
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protein p65 in Tetrahymena. p65, which contains a divergent La motif, an RRM, and a C-
terminal xXRRM, interacts with the telomerase RNA TER, is required for TER accumulation, and
forms a stable component of the telomerase RNP (120, 121). p65 engages TER through the La
motif binding the 3’ polyuridylate trail of the RNAP Ill-transcribed TER, enabling protection
from exoribonucleolytic degradation, and the xRRM binding to stem IV to promote its
interaction with the reverse transcriptase TERT (122).

More recent work identified a LARP7 homolog in fission yeast, Pof8, that also functions
in telomere maintenance (11-13). The putative Pof8 La motif lacks the conserved uridylate
binding residues of LARP7 homologs, arguing against a role in uridylate binding and 3" end
protection—a role that is most likely fulfilled by the Lsm2-8 complex (11). Beyond binding to
and stabilizing the telomerase RNA TER1, Pof8 also has a role in promoting formation of the
telomerase holoenzyme (11). Similar to p65, the xXRRM is a major determinant for Pof8-
mediated telomere biogenesis, with shorter telomeres, reduced TERI1 levels, and a reduced
interaction between Pof8 and TER1 in xRRM mutants (12, 13). Further, the xRRM of Pof8
recognizes correctly folded over misfolded TER1 to promote functional telomerase complex
assembly in a manner similar to p65 promoting TER folding and assembly with TERT (14). As
other fungal Pof8 homologs also possess an xRRM sharing homology with the CTD of LARP7
and p63, it is anticipated that Pof8 may have a conserved role in telomere maintenance beyond
fission yeast (12, 13, 123).

To date, there has been no evidence that human LARP7 interacts with hTR or the
telomerase holoenzyme. Instead, human LARP7 has been well-characterized for its role in the
transcriptional regulatory 7SK snRNP. LARP7 uses its La motif and RRM1 to bind the 3’

polyuridylate trail of the RNAP IlI-transcribed 7SK snRNA and its xXRRM to bind stem loop 4
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(SL4) of 7SK (9). Functionally, 7SK acts as a scaffold for LARP7, the 5" methyltransferase
MePCE, and hexamethylene bisacetamide-inducible protein (HEXIM1/2), which in turn bind
and sequester positive transcription elongation factor b (P-TEFb) (124—-126). When bound to the
7SK snRNP, P-TEFb is unable to phosphorylate the C-terminal domain of the largest subunit of
RNAP II, thereby preventing the transition into productive transcription elongation (125, 127,
128). Recent high resolution structures of the 7SK snRNP revealed two distinct conformations of
the RNA: a linear 7SK that sequesters P-TEFb and a circular 7SK that leads to P-TEFb release
(129). 7SK equilibrium is dynamic, with conformational switching between the two states further
regulated in response to cell state. Quiescent cells, which display decreased transcription relative
to proliferating cells, are characterized by a greater proportion of 7SK transcripts in the linear, P-
TEFb-bound state (130). LARP7 has been proposed to act as an RNA chaperone by promoting
conformational switching to the circular state, and as an RNP chaperone by inducing a
conformational change in MePCE that results in occlusion of the methyltransferase active site
and subsequent catalytic inhibition (129).

Although the U6 snRNA has long been thought to only be part of La’s repertoire of RNA
targets, studies in humans and mice revealed that LARP7 is also involved in the U6 biogenesis
pathway (131, 132). Like La, LARP7 interacts with the 3’ polyuridylate trailer of U6 through the
La motif and RRM1 but rather than only providing 3’ end protection, LARP7 also promotes 2'-
O-methylation at several positions within U6 (131, 132). Mechanistically, LARP7 facilitates the
base-pairing interaction between U6 and 2'-O-methylation guide snoRNAs, the latter of which
interacts with LARP7 through the xRRM, providing another example of the importance and
versatility of the xRRM in noncoding RNA biogenesis and processing (131). Deletion of LARP7

leads to decreased 2'-O-methylation of U6 and consequent changes in alternative splicing—
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including intron retention and exon skipping—that were exacerbated upon heat stress in human
cells (131) and in male germ cells in mice (132). While La and LARP7 have mostly non-
overlapping targets, their shared propensity for uridylate trailers, RRM-mediated binding of
structured RNA, and RNA chaperone activity underscores how nuclear La-related proteins
participate in the processing of RNAP IlI-transcribed non-coding RNAs through the tandem

arrangement of shared and distinct RNA binding domains.

1.6 RNA modification enzymes have moonlighting functions as RNA chaperones

Unlike the La protein, tRNA modification enzymes often are not end-binding proteins
and as such, would not be expected to offer protection from exoribonucleolytic degradation.
Nevertheless, the increase in tRNA degradation observed in yeast and bacteria lacking particular
modification enzymes suggests that these enzymes impart structural stability on their substrates,
either through the modification itself or an alternate, catalytic-independent function. Initial clues
that modification enzymes may have functions beyond their enzymatic activity came from early
findings that catalytically inactive mutants of the bacterial tRNA modifying enzymes TruB and
TrmA rescue growth defects in the respective bacterial knockout strains (133, 134). A
catalytically inactive mutant of Trm2, the eukaryotic homolog of TrmA, partially rescues the
temperature-sensitive growth defect caused by a mutant allele of tRNA Ser“S4, suggesting a
conserved function in promoting tRNA folding via tRNA chaperone activity (135).

Similar models for RNA modification enzymes acting as RNA chaperones have come
from the study of rRNA modification enzymes (136, 137). Depletion of the budding yeast rRNA
methyltransferase Dim1 inhibited pre-rRNA cleavage although replacement of the modifiable

adenines (A1779 and A1780) with unmodifiable guanosines resulted in normal pre-rRNA
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processing (138). Similar findings have been reported for RIuD, a bacterial pseudouridine
synthase responsible for modifying 3 nucleotides in helix 69 in 23S rRNA. Disruption of the
RIuD gene resulted in a growth defect that could be rescued by expression of a catalytically
inactive RluD mutant suggesting that RluD may fold helix 69 independent of modifying it (139,

140).

1.6.1 tRNA modification enzymes can act as tRNA chaperones

Evidence that tRNA modification enzymes also function as genuine RNA chaperones has
very recently come to the forefront. Pseudouridine synthases typically use a base-flipping
mechanism to access their target nucleotides for modification. Since these enzymes rely on local
structural rearrangement, it is tempting to speculate that these enzymes might also act as tRNA
chaperones to assist with tRNA folding. For the bacterial pseudouridine synthase TruB, insertion
of the histidine imidazole group (H43) into the T-loop forces the target base (U55) to flip out to
avoid steric clashes with side chains carboxy-terminal to the inserted histidine. Due to the
resulting disrupted tertiary interactions between the T- and D-loops (Figure 2B), the bases of
nucleotides 56 and 57 also flip out together with US55, positioning all three bases in the active site
of the enzyme (141). It has thus been hypothesized that TruB’s ability to disrupt tertiary structure
may allow it to act as a tRNA chaperone by giving misfolded substrates another chance to form
correct tertiary interactions (141). While the catalytic mechanisms differ between pseudouridine
synthases and methyltransferases, bacterial and eukaryotic tRNA methyltransferases also use
base-flipping to access target nucleotides. tRNA methylation by the bacterial methyltransferase
TrmA, which is responsible for m°U54 modification, requires rearrangement and refolding of the

T-arm to position U54 in the active site of the enzyme (118).
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The extensive findings that tRNA modification enzymes often refold their substrates, as
well as studies suggesting a fitness advantage conferred by catalytically inactive mutants
converge upon a model wherein tRNA modification enzymes have dual functions in catalysis
and tRNA folding. Several elegant studies have expanded upon so-called classical RNA
chaperones, characterizing prokaryotic tRNA modification enzymes as a novel class of tRNA-
specific chaperones. Alternate functions of TruB were explored, revealing that a catalytically
inactive TruB mutant is capable of folding tRNA in vitro (117). In vitro folding activity
correlated with the degree of growth rescue in co-culture competition assays; consequently,
amino acid substitutions abolishing tRNA binding led to decreased folding activity and bacterial
fitness, supporting the idea that binding and chaperone activity, rather than solely modification,
are crucial for fitness (117). Rapid-kinetic stopped-flow experiments using tRNA fluorescently
labeled at nucleotide 57 revealed that following TruB binding, the tRNA elbow region is quickly
and repeatedly unfolded and refolded before pseudouridylation, thereby revealing the molecular
mechanism of TruB’s tRNA chaperone activity (117, 141). It has been suggested that TruB’s
slow catalytic rate may have evolved as a mechanism to allow for multiple rounds of unfolding
and refolding by TruB to assist tRNA folding into native, functional conformations (117, 142).
Underscoring the potential evolutionary conservation of dual function tRNA modification
enzymes, many of the residues identified by structural and biochemical studies that are required
for tRNA binding (117, 143) are conserved among TruB homologs (Figure 7A).

Additional studies on tRNA methyltransferases raised the possibility that tRNA
modification enzymes functioning as tRNA chaperones may be more prevalent than previously
thought. Expanding on initial studies demonstrating that the methyltransferase TrmA is essential

for viability but its catalytic activity is not (133), phenylalanine and histidine residues (F106 and
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H125) were identified as critical for tRNA binding (118). Much like TruB, wild type and
catalytically inactive TrmA possess in vitro folding activity, with substitutions of H125 and F106
showing reduced to no folding activity, respectively. The implication that an aromatic residue, in
particular, is required for tRNA binding and by extension, tRNA chaperone activity, is supported
by the high degree of conservation of F106 as an aromatic residue among bacterial and
eukaryotic TrmA homologs (Figure 7B). Integrating previous structural data on TrmA, the
authors proposed a model in which F106 and H125 act as wedges to disrupt tertiary interactions
in the elbow region through steric clashes with G18 at the interface of the D and T arms, thereby
providing tRNA with a second chance at forming correct tertiary interactions (Figure 2B) (118,
144). These studies provided a foundation upon which to continue exploring catalytic-
independent activities of RNA modification enzymes and signals a paradigm shift regarding the

role of these enzymes in tRNA maturation.
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S.cerevisiae TGKKASKRKLRKVSKYKMABGGTLDPLASGVLVIGIGAGTKKLANYLSGTVKVYESEALF 110
H.sapiens E-meeea TKRKKQTLKIGHGGTLDSAARGVLVVGIGSGTKMLTSMLSG-SKRYTAIGEL 155
E.coli RIYNANRAGHETGALDPLATGMLPICLGEATKFSQYLLDS-DKRYRVIARL 82
S.pombe NDRNRRRRKSNRLPDIKIGHGGTLDPLASGVLVVGLGTGTKQLSSLLSC-MKTYRATALF 149
) s M krxkx ox okrx ook Wk *, * * :
S.cerevisiae GVSTTSGDVEGEILSQNSVKHLNFDDLKTVEEKFVGQLKQTPPIYAAI [KMDGKPLHEYAR 170
H.sapiens GKATDTLDSTGRVTEEKPYDKITQEDIEGILQKFTGNIMQVPPLYSALKKDGQRLSTLMK 215
E.coli GQRTDTSDADGQIVEERPVT-FSAEQLAAALDTFRGDIEQIPSMYSAIKYQGKKLYEYAR 141
S.pombe GCSTDTYDSAGKIIKIAVHI-PTKEEILSGLDAFRGDISQLPPLYSALHIQGKRLYEYAR 208
X ® 3k ket A . o333 g & Med % X phIRNg] g R :
S.cerevisiae EGKPLPR}\IEPRQVTIYDLKVFSDSLKRDHDYPLLRPTTEEh ——————— VDTVKNLNANM 223
H.sapiens RGEVVE-AKPARPVTVYSISLQKFQP--~-PFFTLDVECGGGFYIRSLVSDIGKELSSCA 270
E.coli QGIEVPREARPITV--YELLF---IRHEGNELE-LEIHC TYIRTIIDDLGEKLGCGA 195
S.pombe EGIPLPESIKARSMHCEELILKDFIPKEEHTYTDPDEFASKEAI-E--SEELLRPIEGGA 265
S | : P I
S.cerevisiae FKNYKKGAT-=~ILLRENTT===m==m 11D} SKPTLEQLTE======~ EASRDE-~-~~-NG 415
S.pombe ANTFKRGAT-~--ILMRDSAT E 316
E.coli HKIFR-IDYLTTL. SNQAVVSLL ~KLD-DEWRQEAEALRDAL-R---~AQNL 148
H.sapiens CLYFHEGGYWRELTVRTNSQGHTMAIITFHPQKLSQEELHVQKEIVKEFFIRGPGAACGL 276

Figure 7: Select tRNA-binding residues are conserved among TruB and TrmA homologs
A) Sequence alignment and ribbon representation of the high-resolution structure of the bacterial
pseudouridine synthase TruB in complex with a T stem-loop RNA (orange) (structure 1IK8W
from (141)), visualized in PyMOL. a-helices are pictured in cyan, B-sheets in pink.
Experimentally identified tRNA binding regions (117, 141) are indicated in blue.

B) Sequence alignment and ribbon representation of the high-resolution structure of the bacterial
methyltransferase TrmA in complex with a T stem-loop RNA (orange) (structure 3BT7 from
(144)), visualized in PyMOL. a-helices are pictured in cyan, -sheets in pink. Experimentally
identified tRNA binding regions (118) are indicated in blue. This figure has previously been
published in (41).

1.7 Scope of thesis

While it has long been appreciated that RNA modifications have a variety of roles
ranging from promoting RNA structure and stability to modulating interactions with RNA
binding proteins, more recent evidence suggests that certain RNA modification enzymes may
also possess catalytic-independent functions. Despite the newfound appreciation for these so-

called “moonlighting” enzymes, studies characterizing these modification-independent functions

have largely been limited to bacterial tRNA modifying enzymes, raising the question of how
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extensive this phenomenon might be. The primary aim of this work was to uncouple catalysis
from catalytic-independent activities to determine if eukaryotic RNA modification enzymes
also possess alternate activities that do not rely on catalysis.

Dissertation summary:

1. The human methyl phosphate capping enzyme (MePCE) has been well studied for its role in
5" capping select RNAP III transcripts such as the 7SK RNA (64). It is therefore puzzling that
there is an MePCE homolog in fission yeast, an organism with no known 7SK. To interrogate the
function of the fission yeast MePCE homolog Bmcl, I characterized its RNA interactome. This
work revealed that Bmc1 is a component of the fission yeast telomerase holoenzyme and
assumes a non-catalytic role in promoting holoenzyme assembly and telomerase RNA
stability (Chapter 2). Further, I demonstrated that Bmc1 interacts with the RNA binding protein
LARP7 in the telomerase holoenzyme, much in the same manner as the human Bmc1 and
LARP7 homologs interact in the 7SK snRNP, thereby providing a novel link between two very
distinct RNPs.

2. Although a y-monomethyl phosphate cap has been found on the 5’ end of the U6 snRNA in
humans and fission yeast (65, 67), the role of MePCE/Bmc1 in U6 biogenesis and stability has
not been studied. This work demonstrated that Bmcl1 is important for directing internal 2'-
O-methylations in U6 that promote spliceosome assembly to fine-tune splicing, particularly
at elevated temperatures (Chapter 3). Much like the role of Bmcl in telomerase, catalytic
activity is not critical for this function. This work therefore provides additional evidence
supporting the idea of catalytic-independent functions for eukaryotic RNA modification

enzymes.
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3. While previous work has linked the tRNA methyltransferase Trm1 to the La protein for its
role in promoting pre-tRNA stability (38, 145), these studies solely focused on the contribution
of Trm1-catalyzed methylation to tRNA structure and function. This work identified and
mutated residues critical for catalytic activity to show that Trm1 influences pre-tRNA
processing through a combination of methylation and catalytic-independent tRNA
chaperone activity (Chapter 4). This is the first comprehensive characterization of a eukaryotic
tRNA modification enzyme that also functions as a tRNA chaperone and as such, suggests that
tRNA chaperone activity may be an evolutionarily conserved feature of RNA modification
enzymes.

Using the fission yeast RNA methyltransferases Bmc1 and Trm1 as proof-of-principle
concepts, this work provides evidence supporting newly described non-catalytic roles for

eukaryotic RNA modification enzymes.
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2.1 Abstract

The telomerase holoenzyme is critical for maintaining eukaryotic genome integrity. In
addition to a reverse transcriptase and an RNA template, telomerase contains additional proteins
that protect the telomerase RNA and promote holoenzyme assembly. Here we report that the
methyl phosphate capping enzyme (MePCE) Bmc1/Bin3 is a stable component of the S. pombe
telomerase holoenzyme. Bmc1 associates with the telomerase holoenzyme and U6 snRNA
through an interaction with the recently described LARP7 family member Pof8, and we
demonstrate that these two factors are evolutionarily linked in fungi. Our data suggest that the
association of Bmc1 with telomerase is independent of its methyltransferase activity, but rather
that Bmc1 functions in telomerase holoenzyme assembly by promoting TER1 accumulation and
Pof8 recruitment to TER 1. Taken together, this work yields new insight into the composition,
assembly, and regulation of the telomerase holoenzyme in fission yeast as well as the breadth of

its evolutionary conservation.

2.2 Introduction

To ensure complete DNA replication, the termini of eukaryotic chromosomes contain
tandem repeats, or telomeres, that can be continually extended as the ends of linear chromosomes
are lost through DNA replication(146). Telomeres serve as protection from DNA degradation,
end-to-end fusions, chromosomal rearrangements, and chromosome loss (146, 147). With very
few exceptions, eukaryotes extend telomeric DNA sequences through the telomerase
holoenzyme, a complex containing the telomerase reverse transcriptase (Trtl in the fission yeast
Schizosaccharomyces pombe), an RNA template (TER1 in S. pombe), and accessory proteins
that promote complex assembly and tethering to telomeric DNA (92, 93, 146-148). While the

reverse transcriptase/RNA template core of telomerase is generally well-conserved among
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eukaryotes, major differences exist, including in the sequence and structure of the RNA template.
In contrast to ciliate telomerase RNAs, which are small RNA Polymerase I1I transcripts (84),
yeast and metazoan telomerase RNAs are longer and transcribed by RNA Polymerase II as
precursors(89, 149). These precursors then undergo an extensive maturation process to yield the
mature form that integrates into the telomerase holoenzyme (89, 92, 93, 149).

In S. pombe, the mature form of TER1 is generated from an intron-containing precursor
through a spliceosome-catalyzed reaction involving release of the 5 exon prior to exon ligation
(101). TER1 maturation then proceeds with the sequential binding of the Sm and Lsm
complexes. Sm proteins, well-characterized for their role in splicing, bind TER1 immediately
upstream the 5’ splice site and promote 3’ maturation and the addition of a 5’ trimethylguanosine
(TMG) cap by the methyltransferase Tgs1 (94). The Sm complex is then replaced by the Lsm2-8
complex, which serves to protect the mature 3’ end of TER1 from exoribonucleolytic
degradation and promotes the interaction between TER1 and Trtl in the active telomerase
holoenzyme. The switch from the Sm to Lsm complexes correlates with distinct, non-
overlapping substrates: TER1 precursors are exclusively bound by the Sm complex, while the
mature form of TER1, ending in a polyuridylate stretch upstream the spliceosomal cleavage site,
is only bound by the Lsm2-8 complex (94).

More recently, a role has been proposed for Pof8, a La-related protein 7 (LARP7)
homolog, in telomerase assembly and telomere maintenance in S. pombe. Ciliate LARP7 family
proteins, including p65 from Tetrahymena thermophila, have previously been characterized for
their functions in telomerase assembly (120). Binding of p65 to stem IV of the T. thermophila
telomerase RNA TER results in a conformational change to the RNA and subsequent binding of

the reverse transcriptase TERT, suggesting a p65-dependent hierarchical assembly of the
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telomerase holoenzyme (150). Pof8 is hypothesized to function similarly in S. pombe, with Pof8
binding to TER1 promoting recruitment of the Lsm2-8 complex and enhancing the interaction
between TER1 and Trtl. Accordingly, Pof8 deletion strains possess shorter telomeres indicative
of a defect in telomerase function (11-13). Pof8 also functions in telomerase RNA quality
control through recognition of the correctly folded pseudoknot region and subsequent
recruitment of the Lsm2-8 complex to protect the 3’ end from degradation (14). Telomerase-
related functions in LARP7 family proteins, particularly Pof8, map to a conserved C-terminal
domain characteristic of LARP7 family members, the extended RNA recognition motif
(xRRM)(122, 151). The Pof8 xRRM is a major determinant for Pof8-mediated telomerase
activity, contributing to TER1 binding and complex assembly (12, 15). As other fungal Pof8
homologs also possess an XRRM, it is anticipated that Pof8 may have a conserved role in
telomere maintenance beyond fission yeast (12, 123).

Conversely, LARP7 homologs in higher eukaryotes are best characterized in the
transcriptional regulatory 7SK snRNP, which includes the RNA polymerase III transcribed 7SK
snRNA, the methyl phosphate capping enzyme (MePCE), and hexamethylene bisacetamide-
inducible protein (HEXIM1/2). The 7SK snRNP inhibits transcription by sequestering positive
transcription elongation factor (P-TEFb) and preventing it from phosphorylating the C-terminal
domain of the largest subunit of RNA Polymerase II, which is associated with the transition into
productive transcription elongation (125, 127, 128). The La module and xRRM of LARP7 bind
7SK through its polyuridylate trailer and the 3’ hairpin, respectively, and promote MePCE
recruitment to the complex (9, 152). In addition to adding a y-monomethyl phosphate cap (i.e.
CHs-pppN) to 7SK snRNA as a means of protecting it from 5’ exoribonucleolytic degradation,

MePCE remains stably bound to 7SK snRNA to stabilize the complex (152). MePCE, a homolog
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of the Drosophila melanogaster Bin3/BCDIN3 protein, also catalyzes the addition of this
atypical cap structure to U6 snRNA (64). Bin3/MePCE homologs are present in many
eukaryotes, but to date little has been studied outside of humans and Drosophila (153). More
recent work has identified BCIND3D, a related Bin3 family protein overexpressed in breast
cancer cells, as the enzyme responsible for methylating the 5" monophosphate of histidine
transfer RNA and pre-miR-145 (154, 155). Despite the many insights into the role of
Bin3/MePCE in RNA processing in higher eukaryotes, the function of the S. pombe Bin3
homolog has yet to be determined.

In this work, we have explored the RNA targets of the S. pombe Bin3 homolog
(henceforth referred to as Bmc1; Bin3/MePCE1) in an effort to uncover its function. In addition
to an expected association of Bmc1 with U6 snRNA, we present data showing that Bmcl1 is a
stable component of the S. pombe telomerase RNP. Our results also provide evidence for an
evolutionarily conserved interaction between Bmcl and LARP7 homologs. Importantly, we
show that the Bmc1-Pof8 interaction is required for the recruitment of Bmc1 to both U6 snRNA
and the active telomerase holoenzyme. Additionally, we provide data that Bmc1 does not
catalyze the addition of a y-monomethyl phosphate cap on TER1, suggesting a catalytic
independent function. Rather, we present evidence that Bmc1 functions in concert with Pof8 to
promote telomerase assembly and TER1 accumulation. Taken together, our results identify
Bmcl1 as a component of the S. pombe telomerase holoenzyme, thus adding a new layer of

complexity to telomerase assembly and telomere maintenance.
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2.3 Results
2.3.1 S. pombe Bmcl interacts with U6 snRNA and the telomerase RNA TER1

While Bmc1/MePCE is conserved in many eukaryotes, its presence in the fission yeast S.
pombe, an organism lacking 7SK snRNA (153, 156), is not well understood. Unlike the longer
Bmc1/MePCE homologs from higher eukaryotes, S. pombe Bmc1 only contains a conserved
methyltransferase/SAM-binding domain (Supplementary Figure 1A). Alignment of the
methyltransferase domain of S. pombe Bmcl to that of H. sapiens MePCE and D. melanogaster
Bin3 reveals that previously identified residues critical for SAM and SAH binding and
nucleotide binding (157) are highly conserved in S. pombe (Supplementary Figure 1B, C).

We first sought to determine the RNA substrates of S. pombe Bmc1 to better understand
its role in the processing of fission yeast non-coding RNA(s). Following integration of a protein
A (PrA) tag into the Bmc1 genomic locus, we performed RNA immunoprecipitation coupled to
sequencing (RIP-Seq), followed by validation of potential candidate substrates with northern
blotting and semi-quantitative RT-PCR (Figure 1, Supplementary Data 1). Consistent with
previous reports of MePCE interacting with U6 snRNA (64), U6 emerged as one of the most
highly enriched Bmc1-interacting RNA transcripts in our Seq dataset (Figure 1A, Supplementary
Data 1). S. pombe U6 is an unusual transcript in that it is transcribed by RNA Polymerase I1I yet
contains an mRNA-type intron removed by the spliceosome (158, 159). Alignment of RIP-Seq
reads to the S. pombe genome suggested that Bmc1 interacts exclusively with the spliced form of
U6. We confirmed this with northern blotting, demonstrating robust immunoprecipitation of
mature U6 and no immunoprecipitation of the intron-containing precursor (Figure 1B).

Chromatin immunoprecipitation studies suggest that 7SK and U6 snRNA may be co-
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transcriptionally modified by the human MePCE homolog (160), however our data are consistent

with a model wherein S. pombe Bmc1 interacts with U6 post-splicing.
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Figure 1: Bmcl interacts with U6 snRNA and the telomerase RNA TER1

A) Enrichment of Bmc1 PrA immunoprecipitated transcripts compared to an untagged control
(biological replicates = 3). Axes represent log2 of fold change (FC) and negative log of false
discovery rate (FDR) (Benjamini-Hochberg adjusted p-value <0.05).

B) Northern blot analysis of the mature and intron-containing U6 from total RNA and PrA
immunoprecipitates from untagged (wild type, wt) and PrA-tagged Bmc1 strains.

C) Northern blot of the telomerase RNA TERI1, U6, and U5 from total RNA and PrA
immunoprecipitates from untagged and PrA-tagged Bmcl1 strains, and semi-quantitative RT-PCR
analysis of TER1. Source data are provided as a Source Data file.
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Surprisingly, the S. pombe telomerase RNA TER1 was the most highly enriched hit in the
Bmc1 immunoprecipitates (Figure 1A, C). Given the previously established link between the
human Bmc1 homolog MePCE and human LARP7, (125) as well as the established link between
the S. pombe LARP7 homolog Pof8 and the telomerase holoenzyme (11-13), we considered the
possibility that Bmc1 may also be part of the telomerase holoenzyme through an evolutionarily

conserved interaction with LARP7 family members.

2.3.2 Bmcl interacts with the mature form of TER1

Since TERI1 processing and maturation involves a spliceosome-catalyzed reaction (101),
we next set out to determine the processing state of Bmc1-associated TER1 by sequencing the 5
and 3’ ends through circularized rapid amplification of cDNA ends (cCRACE) (Figure 2A). We
also performed cRACE on TER1 immunoprecipitated by Pof8, the telomerase reverse
transcriptase Trtl, and Lsm3, all known components of the mature TER 1-containing active
telomerase holoenzyme (11-13, 92-94). All sequenced candidates had a discrete 5’ end
consistent with the reported 5’ end (92, 93) and a similar distribution of 3’ ends ending
immediately upstream the 5' splice site (101), suggesting that Bmc1 interacts with the full-
length, 3" end-matured TER1 associated with the active telomerase holoenzyme. The
heterogeneity observed at the 3’ end of all candidates is likely the result of exoribonucleolytic
nibbling prior to binding of the Lsm2-8 complex (94). To investigate this further, we subjected
TER1 RNA immunoprecipitated by Bmc1, Trtl, Pof8 and Lsm3 to RNase H cleavage to
generate shorter 5’ and 3’ fragments and compared fragment size by northern blot (Figure 2B).

The sizes of the 5" and 3" ends of TER1 were similar across immunoprecipitates, further
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substantiating that Bmc1 binds the mature form of TER1, rather than the intron-containing
precursor.

Further TER1 processing in S. pombe involves the addition of a 5’ trimethylguanosine
(TMG) cap by Tgs1 (94). Since Bmc1 homologs are normally associated with the formation of a
v-monomethyl phosphate cap, and to further understand when Bmc1 interacts with TER1 with
respect to TER1 processing, we examined the cap structure of Bmc1-associated TER1 by
immunoprecipitating RNA associated with Bmc1 and subsequently re-immunoprecipitating this
RNA with an anti-TMG antibody. The specificity of the anti-TMG antibody was confirmed by
showing that it effectively enriched the TMG cap-containing U5 snRNA over the TMG cap-
lacking U6 snRNA or an unrelated tRNA (Figure 2C). While Bmc1-associated U6 snRNA was
not immunoprecipitated by the anti-TMG antibody, in agreement with data demonstrating the
presence of a y-monomethyl phosphate cap on U6 in S. pombe (65), Bmc1-associated TER1
RNA was effectively enriched by anti-TMG immunoprecipitation (Figure 2D). These data are
consistent with previous work demonstrating a TMG cap on TER1 in S. pombe, and also with
Bmcl1 associating with TER1 following spliceosomeal cleavage and 5' TMG capping, similar to
what has been posited for Pof8 (11). This suggests that Bmc1 interacts with the primary cohort
of TMG capped TERI1 transcripts, and that TER1 is not a substrate for Bmc1-catalyzed y-

monomethyl phosphate capping.
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Figure 2: Bmcl interacts with the same TERI1 species as well-established components of the

telomerase holoenzyme

A) The 5" and 3’ ends of Bmc1-, Trtl-, Pof8-, and Lsm3-associated TER1 were identified by
cRACE. The results of 10 independent clones per immunoprecipitation are shown below a
schematic of the architecture of TER1.
B) RNase H northern blots of RNase H-generated 5’ and 3’ ends of TER1 immunoprecipitated by
various telomerase components. The same blot was stripped and reprobed for U6.

C-D) Northern blot of a-TMG flow through (FT) and immunoprecipitated (IP) transcripts from
total RNA (C) and Bmcl-associated RNA (D). Source data are provided as a Source Data file.
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2.3.3 Bmcl interacts with components of the mature telomerase holoenzyme

Since our results indicate that Bmc1 interacts with the mature form of TER1, we set out
to confirm the presence of Bmcl in the S. pombe telomerase holoenzyme. We
immunoprecipitated Bmc1 and identified interacting proteins through mass spectrometry,
followed by validation using co-immunoprecipitation (Figure 3). We identified Pof8, the Lsm2-8
complex, and Trtl in Bmc1 immunoprecipitates, all of which make up the catalytically active
core telomerase holoenzyme (11-13, 94, 148, 161, 162) (Supplementary Data 2). We also
detected the RNase P and RNase MRP subunit Pop100 in Bmc1 immunoprecipitations. Popl,
Pop6, and Pop7, subunits of RNase P and RNase MRP in budding yeast, have recently been
identified as components of the budding yeast telomerase complex (163—165), suggesting that
the involvement of RNase P and RNase MRP subunits in telomere maintenance is evolutionarily
conserved. The finding that Bmc1 interacts with core components of the telomerase
holoenzyme, and not the TMG capping enzyme Tgs1, suggests Bmc1 does indeed associate with
the active telomerase holoenzyme rather than a precursor. The involvement of Bmcl in the
telomerase holoenzyme was further substantiated by gene ontology analysis to determine
overrepresented biological processes and cellular components among the top 50 Bmcl
interactors. Telomerase holoenzyme complex assembly and telomere maintenance via telomerase
emerged as the top overrepresented biological processes (Figure 3A). Similarly, overrepresented
cellular components include the Lsm2-8 complex, the telomerase holoenzyme, and spliceosomal
snRNPs (Supplementary Table 1). We also repeated immunoprecipitations in the presence of
benzonase to determine if these interactions are direct or mediated through a nucleic acid
intermediate. With the exception of Pof8, certain members of the Lsm2-8 complex, and an

uncharacterized protein (SPCC18B5.09c, recently identified as the telomerase component
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Thel(166)), interactions between Bmc1 and other components of the telomerase holoenzyme
were lost, suggestive of an interaction mediated by TER1 (Supplementary Data 2).

We validated the interactions between Bmc1 and Pof8, as well as Bmc1 and Trtl,
through co-immunoprecipitation (Figures 3B, 3C, Supplementary Figure 2). We also performed
co-immunoprecipitations with benzonase, demonstrating that the interaction between Bmc1 and
Pof8 persists with benzonase treatment, while the Bmc1-Trt] interaction is lost (Figures 3B and
3C). To confirm that the Bmc1-Trtl interaction is mediated by TER1, we repeated co-
immunoprecipitations in a TER1 knockout strain. The direct interaction between Bmc1 and Pof8
remained intact in the absence of TER1, while the Bmc1-Trtl interaction was completely lost,
indicative of Bmc1 assembly in the telomerase holoenzyme nucleated, in large part, by the
telomerase RNA itself. The RNA-dependence of the interaction between Bmc1 and Trtl is
reminiscent both of the budding yeast telomerase RNA TLCI1, which acts as a scaffold for
telomerase holoenzyme assembly (167), as well as the MePCE/Bin3-containing 7SK snRNP
(168). The finding that Bmc1 and Pof8 interact directly is in agreement with previous reports
demonstrating a protein-protein interaction between MePCE and LARP7 in the context of the
vertebrate 7SK snRNP (160, 168), suggesting the direct interaction may be evolutionarily

conserved.
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Figure 3: Bmcl interacts with components of the mature telomerase holoenzyme

A) Gene ontology analysis (biological process) of top 50 Bmc1 protein interactors.

B-C) Examination and nucleic acid-dependence of interactions between Bmc1 and Pof8 (B) and
Bmcl1 and Trtl (C) by co-immunoprecipitation and western blotting. Blots were re-probed for
beta actin as a loading control. Source data are provided as a Source Data file.

42



2.3.4 Bmcl is recruited to the active telomerase holoenzyme through the LARP7 family
protein Pof8

We then tested whether Bmc1 was recruited to the telomerase holoenzyme through its
interaction with Pof8, much like the human LARP7 homolog promotes MePCE recruitment to
7SK snRNA (152). Immunoprecipitation of Bmcl1 in the context of a pof8A strain resulted in a
complete loss of TER1 binding, providing evidence that the interaction between Bmc1 and TER1
is dependent on an interaction between Bmc1 and Pof8 (Figure 4A,B). Unexpectedly, the
interaction between Bmc1 and U6 was also lost in the pofSA strain. Recent findings indicate that
mammalian LARP7 binds U6 to guide post-transcriptional modification (131, 132), so it is
tempting to speculate that Pof8 may also mediate Bmc1 binding to U6 in fission yeast. To
address this, we immunoprecipitated Pof8 alongside Bmc1 and other components of the
telomerase holoenzyme and looked for U6 enrichment. We observed slight enrichment of U6 in
Pof8-myc immunoprecipitates relative to immunoprecipitation using an untagged strain or the
Trt1-myc tagged strain (Figure 4C). We did not see enrichment for the intron-containing
precursor, suggesting that like Bmc1, Pof8 interacts with the spliced form of U6. The slight
enrichment of U6 with Pof8 immunoprecipitation, compared to the more robust
immunoprecipitation seen with Bmc1 and Lsm3, suggests that Pof8 may transiently bind U6,
perhaps serving to load Bmc1 on U6. Since LARP7 binding has been reported to disrupt the
catalytic activity of MePCE (160), a transient Pof8-U6 interaction may be consistent with U6
receiving a y-monomethyl phosphate cap, compared to TER1, where stable Pof8 binding may
prevent Bmcl1 catalytic activity.

To further investigate how the presence of Bmc1 in the TER1-containing telomerase

holoenzyme is reliant on Pof8, we fractionated lysates from a wild type and a pofSA strain on a
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glycerol gradient and analyzed the sedimentation patterns of Bmc1, Pof8, and TER1
(Supplementary Figure 3). We found that Bmc1 and Pof8 co-sedimented with TER1 in higher
molecular weight fractions in a wild type strain. In contrast, Bmc1 was depleted from higher
molecular weight fractions containing TER1 in the absence of Pof8. We also noted a slight shift
in TER1 towards lighter fractions in the Pof8 deletion strain, which could be due to a lighter-
migrating telomerase holoenzyme lacking Bmc1 and Pof8. These data are also consistent with
Bmcl stably associating with the telomerase holoenzyme in a manner that is dependent on Pof8.
Knowing that Bmc1 interacts with TER1 and components of the telomerase holoenzyme,
we next set out to confirm whether Bmc1 is part of the catalytically active telomerase
holoenzyme. We performed a previously described in vitro telomerase assay that relies on the
presence of the TER1- and Trtl-containing telomerase holoenzyme to extend an oligonucleotide
resembling telomeric DNA (11) (Figure 4D). Bmcl immunoprecipitates extended the
oligonucleotide in a similar manner previously demonstrated for Pof8 ((11) and see Figure 5D),
as well as showed the same loss of activity upon RNase A treatment, supporting the idea that
Bmcl, much like Pof8, is a component of the active telomerase holoenzyme (Figure 4D).
Consistent with previous results(11, 14), we also observed a loss of activity for Bmcl
immunoprecipitated from a pof8A strain, which can largely be attributed to the loss of functional,
correctly assembled telomerase occurring in the absence of Pof8. Since Trtl is only recruited to
the telomerase holoenzyme following Pof8 and Lsm2-8 binding, coupled with the idea that the
assay relies on the presence of a reverse transcriptase, these results are consistent with a model in
which Bmecl is recruited to TER1 through its interaction with Pof8 and remains bound through

subsequent holoenzyme assembly and the catalytic cycle (Figure 4E).
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To further investigate the link between Bmc1 and Pof8 in telomerase holoenzyme
assembly, we tested whether overexpression of Bmc1 could rescue the short telomere phenotype
of a pof8A strain (11-13). Consistent with a model in which Bmc1 requires Pof8 for its assembly
into the active telomerase holoenzyme, Bmc1 overexpression in a pofSA strain was insufficient
to rescue telomere shortening, as measured by Southern blot, as well chromosome fusions
occurring after telomeres reach a critically short length previously associated with the pofSA

strain (11) (Supplementary Figure 4).
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Figure 4: Bmcl is recruited to the active telomerase holoenzyme by Pof8 (legend on next
page)

A) Northern blot and semi-quantitative RT-PCR of TER1 and U6 in PrA immunoprecipitates for
an untagged wild type (wt), PrA-tagged (Bmcl PrA), and PrA-tagged Pof8 knockout strain
(Bmcl PrA APof8). Bmcl PrA was detected in input and immunoprecipitated samples by
western blots probing for PrA (bottom panel). Possible cleavage products are indicated with an
asterisk.

B) qRT-PCR of TERI and U6 in Bmc1 PrA immunoprecipitates from a wild type and pofSA
strain normalized to input RNA. Relative TER1 and U6 IP was calculated by comparing percent
immunoprecipitation of TER1 or U6 to immunoprecipitation from an untagged strain (mean +
standard error, two-tailed unpaired ¢ test * at p <0.05, ** at p <0.01, *** at p <0.001, and ****
at p<0.0001) (n=3 biological replicates).

C) Northern blot of mature and intron-containing U6 in PrA- and myc-tagged
immunoprecipitated RNA.

D) Telomerase assay of PrA-tagged Bmc1 in a wild type and pofSA strain. A 3*P-labeled 100-
mer oligonucleotide was used as a loading control. Telomerase extension products were
compared to a terminal transferase ladder, with +1 and +4 extension products indicated. Western
blot probing for PrA following PrA immunoprecipitation is shown in the panel below.

E) Proposed model of the fission yeast telomerase holoenzyme. TER1 structure and binding
locations are based on models constructed by Hu and colleagues (14) and Mennie and colleagues
(12). Source data are provided as a Source Data file.

2.3.5 Bmcl promotes TER1 accumulation and Pof8 recruitment to telomerase

We then interrogated the functional role of Bmcl in telomerase by creating a bmcl
knockout strain where we replaced the bmcl open reading frame with a phleomycin resistance
cassette which was confirmed by PCR and sequencing, as well as qRT-PCR to confirm a lack of
bmcl mRNA (Supplementary Figure 5A, B). To address conflicting reports in the literature as to
the nature of bmc1’s essentiality in S. pombe(169, 170), we back-crossed our bmcl deletion
strain with a wild type strain. Sporulation and tetrad dissections yielded viable haploid colonies
possessing phleomycin resistance (Supplementary Figure 5C), confirming that bmc! is not
essential and enabling us to conduct further mechanistic studies.

Consistent with its strong dependence on Pof8 for recruitment to telomerase, bmcl
deletion appears to decrease steady-state TER1 levels, much like a pof8 deletion strain, with no

reduction in U6 abundance (Figure 5A). Importantly, re-introduction of plasmid expressed Bmc1
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to bmclA cells was sufficient to restore wild type levels of TER1 (Supplementary Figure 5D). To
understand the mechanism by which Bmc1 appears to promote TER1 accumulation, we
combined our bmcIA strain with deletion of 77p6, an exoribonuclease component of the nuclear
exosome that has been previously implicated in TER1 degradation (11, 13, 14, 171, 172). We
observed a restoration of TER1 levels in the bmcIA rrp6A strain (Figure 5A), similar to what has
been observed for pofSA, where rrp6 deletion rescues decreased TER1 levels(13). From this, we
hypothesize that Bmc1 promotes TER1 accumulation by preventing 3’ decay by the exosome to
maintain steady state TER1 levels.

In line with decreased TERI1 levels, bmcl deletion resulted in shorter telomere length
compared to a wild type strain, which became more evident when genomic DNA was digested
with Apal to yield shorter telomere fragments (Figure 5B). We continued passaging strains to
get to the point of crisis (>100 generations), where telomeres are lost and cells either die or
circularize their chromosomes, leading to a loss of an observable telomere signal by Southern
blot (173). As expected, a strain lacking TER1 showed a complete loss of telomeric DNA,
whereas deletion of pof8 and bmc1 only resulted in shorter telomeres, suggesting that while the
two proteins are important for telomere maintenance, they are not strictly required like TER1
(Supplementary Figure 6).

To better understand how Bmc1 affects telomere length and TER1 accumulation, we
examined how the Pof8-TER1 interaction changes upon bmc! deletion. Somewhat surprisingly,
considering that Bmc1 completely relies on Pof8 for recruitment to telomerase, we found that
bmcl deletion also impaired Pof8 binding to TER1 (Figure 5C), much like the cooperative
binding of Pof8 and Lsm2-8 to TER1 (14). Similarly, we observed decreased telomerase activity

immunoprecipitated by Pof8 in the bmcIA strain, with normalization of the intensity of the
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extension bands to TER1 levels revealing that the compromised activity cannot only be
attributed to the loss of TER1 following bmc deletion (Figure 5D, E). Conversely,
normalization of telomere extension activity to the amount of TER1 immunoprecipitated by Pof8
revealed that although less Pof8-containing telomerase complexes form in the absence of Bmcl,
the ones that do form are not defective (Figure 5D, F). Thus it appears that not only does Bmcl
affect TER1 accumulation but also contributes to Pof8 association with TER1, suggesting a

further role for Bmc1 in ensuring holoenzyme functionality.
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Figure 5: Bmc1 promotes TER1 accumulation and Pof8 recruitment to telomerase

A) Quantitation of TER1 and U6 in total RNA by qRT-PCR, normalized to act/ mRNA. P-
values over bars represent comparison to a wild type strain (mean + standard error, unpaired ¢
test * at p <0.05, ** at p <0.01, *** at p <0.001, and **** at p<0.0001) (n=3 biological
replicates).

B) Southern blot comparing telomere length in following 3 restreaks on rich media (one
restreak= 20-25 generations). Genomic DNA was digested with EcoRI (left) or Apal (right) to
yield different sized telomere restriction fragments.
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C) gRT-PCR of TERI in Pof8 myc immunoprecipitates from a wild type and bmcIA strain
normalized to input RNA. Relative TER1 IP was calculated by comparing percent
immunoprecipitation of TER1 to immunoprecipitation from an untagged strain (mean + standard
error, unpaired ¢ test * at p <0.05, ** at p <0.01, *** at p <0.001, and **** at p<0.0001) (n=3
biological replicates). P-values over each bar represent results of a two-tailed unpaired t-test with
Pof8 myc.

D) Telomerase assay of myc-tagged Pof8 in a wild type and bmcIA strain. A 3?P-labeled 100-
mer oligonucleotide was used as a loading control. Telomerase extension products were
compared to a terminal transferase ladder, with +1 and +4 extension products indicated. Western
blot probing for myc following myc immunoprecipitation is shown in the panel below.

E-F) Relative telomerase extension activity for myc-tagged Pof8 immunoprecipitates in a wild
type and bmcIA strain. The intensity of the +4 extension product was normalized to a
precipitation loading control, then further normalized to TER1 expression (E) or the amount of
TER1 immunoprecipitated with Pof8 (F). P-values over each bar represent results of a two-tailed
unpaired t-test with Pof8 myc (n=4 biological replicates, mean + standard error). Source data are
provided as a Source Data file.

2.3.6 Pof8-like proteins are associated with Bin3/Bmc1-like proteins in diverse fungal
lineages

The interaction between Bmc1 and Pof8, coupled with the conservation of such an
interaction in other examined eukaryotes, led us to wonder at the extent of this interaction on a
phylogenetic scale. While Bin3/Bmc1/MePCE (referred to in this section as Bin3 for ease of
identifying fungal homologs) and LARP7/Pof8 family members are ubiquitous in higher
eukaryotes, their absence or presence is more varied in fungal lineages. We queried hundreds of
representative fungal species for the presence of Bin3- and Pof8-like proteins and identified
many species with a) both a Bin3 and Pof8 homolog, b) only a Bin3 homolog, or ¢) neither a
Bin3 nor a Pof8 homolog (Figure 6, Supplementary Figure 7). Conversely, only four out of 472
examined species contained a Pof8-like protein but no Bin3-like protein, and in these species the
Pof8 homolog was noted to have a shortened N-terminal domain that would lack the La module
observed in other LARP7 family members, raising the possibility that members of this rare

cohort may not be bona-fide LARP7 family members, at least as these are currently appreciated

50



(123). Based on the observed distribution, it seems likely that both genes were present in a fungi
common ancestor, but Pof8 or both Bin3 and Pof8 were lost in certain lineages. Examination of
the distribution of Bin3- and LARP7-family members in basal eukaryotic lineages reveals a
similar pattern: Bin3 can be present without LARP7, but there are no instances where a LARP7-
family member exists in a lineage lacking a Bin3 homolog (Supplementary Table 2). Similarly,
LARP7-family proteins are represented in Alveolates, Stramenopiles, Amoebozoa, Fungi, and
Metazoans, while Bin3-family proteins are present in all eukaryotic lineages. Since the presence
of Pof8/LARP7 is very highly linked to the presence of a Bin3/Bmc1 homolog, these data
suggest that the function of LARP7 family members may be more intimately associated with the

function of Bin3/Bmc1/MePCE than has been previously appreciated.
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Figure 6: Phylogenic distribution of Bmc1/Bin3 and Pof8 in fungi

Consensus cladogram describing the phylogenic relationships of 472 species representative of
fungi phylum and classes and highlighting (using a color code) the distribution of Bin3 and Pof8
in these species. The cladogram is a consensus tree of 5328 distinct protein coding gene trees
resulting from a genome-wide, against all, protein comparison (see Materials and Methods).
Only posterior probabilities inferior to 1 are shown. The Bin3 and Pof8 distribution is
recapitulated in Supplemental Data 3 with corresponding protein sequences. A cartoon
presenting structural domains of Pof8 is presented. Pof8 La module and RRM1 are only inferred
from secondary structure predictions and are represented by La* and RRM1* in the
corresponding cartoon. In four species (colored in orange in the cladogram) only an N-terminal
truncated version of Pof8 (Pof8*) that cannot accommodate the La module is present. Full
cladogram with species names and statistical supports of the different nodes is presented in

Supplementary Figure 7.
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2.4 Discussion

In this study, we have identified Bmc1 as a component of the S. pombe telomerase
holoenzyme. In addition to showing an interaction between Bmc1 and U6 snRNA, we
demonstrate that Bmc1 interacts with the telomerase RNA TER1 and components of the active
telomerase holoenzyme in a manner that is dependent on the presence of the LARP7 family
protein Pof8. Together, our results indicating that Bmc1 interacts with the mature, spliced form
of TER1 and that Bmc1 immunoprecipitates possess telomerase activity in vitro strongly suggest
that Bmc1 is a constitutive component of the telomerase holoenzyme containing Trt1, Pof3,
Lsm2-8, and Estl scaffolded on TER1 (Figure 4E). Our results are in agreement with recent
findings from the Baumann lab reporting the presence of Bmc1/Bin3 in the telomerase
holoenzyme (166). The idea of Pof8 and Bmc1 scaffolded on TER1 is reminiscent of LARP7
and MePCE in the 7SK snRNP, with Pof8/LARP7 recruiting Bmc1/MePCE to the RNA
substrate. Similar to our data showing Pof8 recruiting Bmc1 to TER1 and the telomerase
holoenzyme, LARP7 has also been demonstrated to recruit MePCE to the 7SK snRNP in human
cells (152). Thus, the protein-protein interaction and subsequent recruitment to RNA substrates
by LARP7 appears evolutionarily conserved in fission yeast and higher eukaryotes. We also
present data demonstrating that the presence of Pof8-like proteins is nearly universally correlated
with the presence of Bin3-like proteins in fungi, suggesting that the Bmc1-Pof8 interaction is
highly conserved and more prevalent than previously anticipated. Since Pof8 is required to load
Bmcl1 onto the telomerase RNA and U6 snRNA in fission yeast, this phylogenetic distribution
raises the question of whether Bin3/Bmc1 homologs in fungi lacking a LARP7 homolog have

evolved a mechanism to bind RNA targets in a Pof8/LARP7 independent fashion.
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Since TER1 undergoes several processing steps before assembly into the telomerase
holoenzyme, we were able to assess TER1 processing state to determine when Bmcl interacts
with TER1 with respect to the timing of TER1 maturation. We show that Bmc1-associated TER1
has a mature 3’ end, indicative of spliceosome-catalyzed end processing, and a 5" TMG cap. This
is consistent with previously reported data on the timing of Pof8 binding; since our data indicates
that the interaction between Bmc1 and TER1 is dependent on Pof8, the most parsimonious
explanation is that Pof8, and thus Bmcl1, bind TER1 following 3" maturation and TMG capping,
preceding the binding of the Lsm2-8 complex (11). We show that the interaction between Bmcl
and TER1 is dependent on Pof8, leading to the conclusion that Bmc1 interacts with TER1 at the
same stage as Pof8, resulting in the hierarchical assembly of the active telomerase holoenzyme.

The finding that Bmc1-associated TER1 is immunoprecipitated by a TMG antibody
argues against a catalytic role for Bmc1 in TER1 processing. Our data, coupled with previous
work characterizing the cap structure on the mature TER1 bound to Trtl (92, 93), supports the
idea that Bmc1 has a capping-independent function in the telomerase holoenzyme. LARP7
binding to MePCE in the 7SK snRNP inhibits its capping activity; MePCE, in turn, promotes the
interaction between 7SK and LARP7, thereby stabilizing the complex (160). In the S. pombe
telomerase holoenzyme and U6 snRNP, we can hypothesize that Pof8 may also inhibit the
methyltransferase activity of Bmc1 by binding to and occluding the active site. This is consistent
with our results suggesting a transient interaction between Pof8 and U6 that may function to load
Bmc1 on U6. In such a model, an interaction between Bmc1 and Pof8 is necessary to recruit
Bmcl1 to U6 and following dissociation of Pof8, the catalytic site of Bmc1 would become
available to cap U6. It is curious to note that bmcl deletion has no effect on U6 levels (Figure

5A), although such a finding is consistent with what has been observed for human U6 upon
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MePCE depletion (64). Since the lack of an MePCE-catalyzed cap on human 7SK is associated
with an increase in exoribonucleolytic degradation(64), this therefore raises the question as to the
function of the y-monomethyl phosphate cap on U6, if not to protect the 5" end from
exoribonucleolytic degradation.

Additionally, our work identifying Bmcl as a telomerase-associated protein brings to
mind work identifying a box H/ACA motif at the 3’ end of vertebrate telomerase RNA (174).
Box H/ACA RNAs form an RNP complex with Dyskerin/Cbf5, Nop10, Nhp2, and Garl to guide
noncoding RNA pseudouridylation (175, 176). Although Dyskerin is a pseudouridine synthase,
to date no evidence has pointed to a modification function for Dyskerin in the context of
telomerase RNA. Rather, the Dyskerin-containing H/ACA complex has a structural role in
telomerase biogenesis, with binding of the H/ACA RNP to telomerase RNA leading to a
conformational change in the RNA that promotes 3’ processing and maturation over exosome-
mediated decay (100). This is reminiscent of the apparent catalytic independent role we observed
for Bmc1 in fission yeast telomerase, although our data point towards Bmc1 having a role
promoting Pof8 binding to TER1, perhaps also through Bmc1-mediated conformational changes
in TER1. The decreased TER1 levels observed upon bmcl deletion (Figure 5A) can likely be
attributed to the decreased interaction between Pof8 and TERI1 in the absence of Bmc1. We
therefore propose a model in which the direct interaction between Bmc1 and Pof8 both recruits
Bmcl to the telomerase holoenzyme, as well as promotes Pof8 binding to TER1. This in turn
promotes Lsm2-8 binding to the exposed 3’ end of TER1, which protects TER1 from exosome-
mediated degradation (11, 13, 14). The resulting TER 1-containing RNP then recruits Trtl,

forming a stable complex capable of extending telomeres.
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Another facet of this work builds on the idea that components of the telomerase
holoenzyme are more conserved than previously appreciated. In addition to the ubiquitous
telomerase reverse transcriptase, previous work has identified LARP7 family proteins in both
ciliates and yeast (11-13, 120), arguing a level of evolutionary conservation. We now also
provide evidence indicating the presence of RNase P and RNase MRP subunits in fission yeast,
much like the RNase P and RNase MRP subunits found in the budding yeast telomerase complex
(163—165). The presence of RNase P and RNase MRP subunits in two divergent yeast species
supports the importance of these factors in the function of a breadth of telomerase holoenzymes.

Our results indicating that Bmcl1 is part of the telomerase holoenzyme were quite
unexpected, as Bmc1 has been well-characterized in higher eukaryotes for its role in the
processing, maturation, and protection of RNA Polymerase III transcripts (64, 160). An
intriguing idea involves polymerase switching through telomerase RNA evolution. Ciliate
telomerase RNA is transcribed by RNA Polymerase III and subsequently binds the LARP7
homolog p65 through the terminal polyuridylate stretch common to RNA Polymerase 111
transcripts (120, 122). Since MePCE and LARP?7 also associate with RNA Polymerase III
transcripts, it is possible that the Pof8-bound RNA Polymerase II transcribed TER1, and the S.
pombe telomerase RNP as a whole, represent an intermediate step in the evolution of telomerase
RNA between ciliates and the RNA Polymerase II transcribed telomerase RNA of higher
eukaryotes. Future work should investigate the presence of Bmc1/MePCE homologs in the
telomerase holoenzymes of other species, particularly in ciliates, which possess both an RNA
Polymerase III transcribed telomerase RNA and a LARP7 homolog. Such findings will continue
to develop emerging ideas regarding conservation in telomerase RNA processing and the

composition of telomerase RNPs.
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2.5 Methods

Strains, constructs, and growth media

Strains were grown in yeast extract with supplements (YES) or Edinburgh Minimal Media
(EMM), as indicated. Tag integration and knockouts were generated with a previously described
PCR-based strategy and verified by PCR and western blotting (177) (primer sequences in
Supplementary Table 3). Protein A-tagged strains were generated according to (178). The bmcIA
strain was constructed by replacing the bmcl open reading frame with the phleomycin resistance
cassette and flanking primers containing 750 nucleotides of homology to the bmcl genomic
locus. Correct genotypes were selected on YES plates with the corresponding antibiotic (200
pg/mL G418, Sigma; 100 pg/mL Nourseothricin, GoldBio; 100 pg/mL phleomycin, Invivogen).
Other strains were created by mating and antibiotic selection. A list of strains is provided in
Supplementary Table 4.

Native protein extract and immunoprecipitation

S. pombe cells were grown in YES at 32°C to mid-log phase, harvested, and subject to cryogenic
disruption using a mortar and pestle. Cell powder was lysed in 50 mM NaCl, 20 mM Hepes pH
7.4, 55 mM KOAc, 0.5% Triton X, 0.1% Tween-20, 0.2 mM PMSF, 1:100 Protease Inhibitor
Cocktail (Thermo, 78430), and 0.004 U/uL RNase inhibitor (Invitrogen, AM2694). For Protein
A-tagged strains, immunoprecipitation was carried out with Rabbit IgG-conjugated (MP-
Biomedicals, SKU 085594) Dynabeads (Invitrogen, 14301) as described (38). Myc-tagged
proteins were immunoprecipitated with Protein G Dynabeads (Invitrogen, 10003D) coated with
anti-myc antibody (Cell Signaling, 2276S). Beads were washed 4 times with 400 uL lysis buffer.

For RNA immunoprecipitations, bound RNA was isolated by treatment of beads with 0.1% SDS
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and 0.2 mg/mL Proteinase K (Sigma, P2308) at 37°C for 30 minutes, followed by extraction
with phenol: chloroform:isoamyl alcohol (25:24:1) and ethanol precipitation.

RNA preparation and Northern blotting

Total RNA was isolated from 1% of native protein extracts by incubation with 0.5% SDS, 0.2
mg/mL proteinase K (Sigma, P2308), 20 mM Tris HCI pH 7.4, and 10 mM EDTA pH 8.0 for 15
minutes at 50°C, followed by phenol: chloroform extraction and ethanol precipitation. Northern
blot analysis was performed as described using 8% TBE-urea polyacrylamide gels (179). Briefly,
electrophoresed RNA was transferred to positively charged nylon membranes (Perkin Elmer,
NEF988001) with the iBlot 2 system (Thermo, IB21001) and probed with 3P y-ATP-labeled
DNA probes (probe sequences provided in Supplementary Table 5). For RNase H digestion,
RNA was incubated with 25 pmol RNase H probe (provided in Supplementary Table 5) for 5
minutes at 65°C and slow cooled to 37°C, followed by digestion with 5 U RNase H (NEB,
M02975) for 30 minutes at 37°C. The reaction was stopped with the addition of 25 uM EDTA
pH 8.0 and phenol: chloroform extraction and ethanol precipitation. TMG-capped RNAs were
isolated from RNase H-treated immunoprecipitates with Protein G Dynabeads coated with an a-
TMG antibody (Sigma, MABE302), according to (180).

gRT-PCR and semi-quantitative RT-PCR

1 ng Turbo DNase-treated RNA was reverse transcribed with the iScript cDNA synthesis kit
(BioRad, 1708890), treated with 0.5 uLL RNase cocktail (Invitrogen, AM2286), and diluted 1:10.
cDNA was quantified using the SensiFAST SYBR No-Rox kit (Bioline, BIO-98005) and 1 uM
of each primer (primer sequences provided in Supplementary Table 5). qPCR settings were as
follows: 95°C for 10 minutes and 40 cycles consisting of 10 seconds at 95°C, 20 seconds at

60°C, and 20 seconds at 72°C, followed by melting curve analysis. TER1 and U6 levels were
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normalized to act] mRNA levels and the average wild type Ct value, and subsequently subject to
unpaired two-tailed student’s #-tests and, where applicable, one-way ANOVA followed by a
Tukey posthoc test with a set to 0.05 (Supplementary Data 4).

For semi-quantitative RT-PCR, DNase-treated RNA, 10 nmol dNTP mix, and 10 pmol gene-
specific reverse primers (Supplementary Table 5) were heated to 65°C and slow-cooled to 37°C
before reverse transcription with 5 U AMV-RT (NEB, M0277L) at 42°C for 1 hour. cDNA was
amplified with Taq Polymerase (NEB, MO273L) using standard protocols and the following
cycling conditions: 5 minute initial denaturation at 94°C, 22 (TER1) or 17 (U6) cycles of 30
seconds at 94°C, 30 seconds at 57°C, and 1 minute at 72°C, and a final 10 minute extension at
72°C.

RIP Seq

Libraries were constructed from immunoprecipitated RNA samples by the RNomics Platform at
the Université de Sherbrooke in Sherbrooke, Quebec. RNA quality was assessed with a
Bioanalyzer small RNA chip (Agilent, 5067-1548). Libraries were constructed with the
NEBNext Ultra II Directional Kit (NEB, E7760S) and amplified with 10 PCR cycles. cDNA
libraries were sequenced on an [llumina NextSeq 500 with 2 runs per sample, each for 50-bp
single-end reads. Following fastp processing (Version 0.20.1), reads from the first sequencing
run were aligned to the fission yeast genome (ASM294v2) with Bowtie 2 (181, 182) and counted
with featurecounts (183) using the EF2 build of the ENSEMBL fission yeast genome.
Differential expression analysis was performed using edgeR, with reads filtered to include
transcripts with at least 1 count per million (CPM) in each sample and libraries were normalized
by Trimmed Mean of M-values (TMM)(184, 185).

Circularized Rapid Amplification of cDNA Ends (cRACE)

59



Immunoprecipitated RNA was treated with 2 U TURBO DNase (Invitrogen, AM2239) and
dephosphorylated with 1 U calf intestinal alkaline phosphatase (NEB, M0290), followed by
decapping and circularization with RNA 5’ Pyrophosphohydrolase (NEB, M0356S) and T4 RNA
Ligase 1 (NEB, M0204S). TER1 was amplified from circularized RNA with the OneStep RT-
PCR Kit (Qiagen, 210210) (primer sequences in Supplementary Table 5). cRACE products were
cloned into the pPGEM-T vector (Promega, A1360) and sequenced by the TCAG DNA
Sequencing Facility at the Hospital for Sick Children in Toronto.

Mass spectrometry and GO analysis

Half of the native protein extract was pre-treated with 0.625 U/uL. Benzonase (Millipore, E1014)
at 37°C for 30 minutes. The reaction was stopped with 5 mM EDTA pH 8.0 and Protein A
immunoprecipitation was performed in the same manner as for RNA immunoprecipitations.
After washes with lysis buffer, beads were washed with 0.1 M NH4OAc and 0.1 mM MgCl, and
eluted with 0.5 M NH4OH for 20 minutes at room temperature. Eluates were lyophilized and
subject to in-solution tryptic digestion. LC-MS/MS analysis was performed by the IRCM
Proteomics Discovery Platform on a Q Exactive HF.

Raw data was processed and analyzed using the MaxQuant software package 1.5.1.2 (186) and
the fission yeast UP000002485 reference proteome (24/11/2019). Settings used for MaxQuant
analysis were as reported (187). Proteins present in immunoprecipitations from both biological
replicates and absent from control immunoprecipitations were considered genuine Bmcl
interacting partners and ranked by peak intensity. Proteins that showed a complete loss of
spectral counts upon benzonase addition were considered nucleic acid-dependent interactions.
PANTHER overrepresentation tests (GO Ontology database released 2019-12-09) were

conducted on the top 50 Bmcl interacting partners. Fisher’s exact tests with False Discovery
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Rate (FDR) correction were performed using the GO biological process complete and GO
cellular component complete data sets.

Co-immunoprecipitation and western blotting

S. pombe cells were grown in YES at 32°C to mid-log phase, harvested, and subject to cryogenic
disruption using a mortar and pestle. Cell power was lysed in Co-IP lysis buffer (10 mM Tris
HCl pH 7.5, 150 mM NaCl, 0.5% NP40, 1:100 Protease Inhibitor Cocktail).
Immunoprecipitations were carried out as described and proteins were eluted by resuspending
beads in 2X SDS loading buffer (100 mM Tris HCI pH 6.8, 4% SDS, 20% glycerol, 0.2%
bromophenol blue) and boiling at 95°C for 5 minutes. Western blot analyses were performed
using monoclonal anti-myc (Cell Signaling, 2276S) at 1:5000 and monoclonal anti-beta actin
(abcam, ab8226) at 1:2500 for primary antibodies and HRP-conjugated anti-mouse (Cell
Signaling, 7076) at 1:5000 for secondary antibodies. Protein A-tagged proteins were detected
with HRP-conjugated polyclonal anti-Protein A (Invitrogen, PA1-26853) at 1:5000.

Glycerol gradient sedimentation

Native protein extracts were separated on a 10 mL 20-50% glycerol gradient (20 mM HEPES pH
7.6, 1 mM MgOAc, 1 mM DTT, 300 mM KOACc) and spun in an SW41 rotor for 20 hours at
30,000 rpm according to (188). Individual fractions were divided in 2 for protein extraction by
TCA precipitation and RNA extraction with phenol: chloroform.

Telomerase activity assay

The telomerase activity assay was performed as described (11). Briefly, bead slurries (see
immunoprecipitation) were incubated at 30°C for 90 minutes in a 10 uL reaction containing 50
mM Tris HCI pH 8.0, I mM MgOAc, 5% glycerol, 1 mM spermidine, ]| mM DTT, 100 mM

KOAc, 0.2 mM dATP, dCTP, and dTTP, 5 uM telomerase assay primer (Supplementary Table
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5), and 0.3 uM 3000 Ci/mmol [a-3?P] dGTP (Perkin Elmer, BLU512H250UC). The reaction was
stopped with the addition of 0.5% SDS, 10 mM EDTA pH 8.0, 20 mM Tris HCI pH 7.5, 2 ng/uL
Proteinase K (Sigma), and 1000 cpm [y-*P] ATP-labeled 100-mer oligonucleotide and
incubation at 42°C for 15 minutes, followed by phenol: chloroform extraction and ethanol
precipitation. RNase A-treated samples were pre-incubated with 20 ng RNase A (Invitrogen,
AM?2271) at 30°C for 10 minutes. Extension products were separated on a 10% urea-TBE
polyacrylamide sequencing gel at 60 W for 90 minutes, dried and exposed to a PhosphorScreen,
and imaged with a Typhoon imager.

Genomic DNA extraction, southern blotting, and chromosome fusion PCR

Genomic DNA was extracted from logarithmically growing cells according to (12). For southern
blotting, 15 ug genomic DNA was digested overnight with EcoRI or Apal and separated on a 1%
agarose gel, transferred to positively charged nylon membranes (Perkin Elmer, NEF988001) by
capillary transfer in 10X SSC, and probed with a 3?P y-ATP-labeled telomere probe (probe
sequence provided in Supplementary Table 5). The chromosome fusion PCR was adapted from
(11). Briefly, 50 uL PCR reactions contained 1 uL genomic DNA, 0.4 uM forward and reverse
primers (sequences provided in Supplementary Table 5), 200 uM dNTPs, 1X Taq ThermoPol
Buffer (NEB), and 1.25 U Taq Polymerase (NEB, M0273). The 7rt/ gene was amplified as a
loading control in an identical PCR reaction containing the corresponding primers. The PCR
reaction consisted of an initial denaturation at 95°C for 5 minutes, followed by 32 cycles of 95°C
for 15 seconds, 55°C for 30 seconds, and 68°C for 3 minutes, with a final extension at 68°C for

10 minutes.
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Structure prediction

The structure of S. pombe Bmc1 was predicted using Phyre2 (189) and aligned with the co-
crystal structure of the H. sapiens MePCE methyltransferase domain bound to 7SK snRNA and
SAH (6DCB (157)) in PyMol (190). Primary sequences were aligned with the Clustal Omega
Multiple Sequence Alignment tool (191).

Phylogenetic tree construction and search for Bin3-like and Pof8-like sequences

Protein sequences (GeneCatalogs) of 472 fungal species were downloaded from the JGI website

(https://mycocosm.jgi.doe.gov/) in fasta format. 5614520 proteins were downloaded and merged

into a single multifasta file. A blast (Blastp) against all proteins was performed using diamond
blastp (192) with a minimum e-value of 1e-5 and outfmt 6 (for tabular output). In order to
identify homologous proteins, proteins were clustered together if they shared at least 50%
similarity over 70% of coverage using SiLiX (193). When a cluster contained two or more
paralogous genes derived from duplications, the species was removed from the cluster. Finally,
only clusters with a minimum of 100 species were retained for further analysis. Following these
cleaning steps, we obtained 5328 clusters containing one gene per species. Proteins sequences of
each cluster were aligned using MAFFT (v7.271) with default parameters

(https://mafft.cbrc.jp/alignment/server/). Multiple alignments were cleaned using trimA 1

(v1.4.rev22 build [2015-05-21]) with -st 0.01 option. Fastree (version 2.1.10 SSE3) with default
parameters were used to build phylogenetic trees (194). The consensus fungi tree was obtained
using ASTRAL (astral.5.6.3) software with default parameters (195). To detect the presence of
genes coding for Bin3-like and Pof8-like proteins, blast searches (blastp and tbalstn) were
performed on each studied fungus genome, using initially either the full-length S. pombe

Bin3/Bmcl protein sequence or the S. pombe Pof8 xXRRM conserved motif. This procedure was
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repeated in each fungal clade using clade-specific Bin3-like and Pof8-like sequences detected by
the initial search using S. pombe sequences. Finally, new blast searches were performed all over
again, this time using Bin3-like or Pof8-like “probes” made of a collection of sequences
representing the diversity of these two proteins in fungi.

Statistics and reproducibility

For gqPCR analyses, two-tailed unpaired student's t-tests were performed and, where applicable,
one-way ANOVA followed by a Tukey posthoc test with a set to 0.05. RIP-Seq, RNA TP
coupled to qPCR, and total RNA qPCR experiments were performed in biological triplicate, IP
mass spectrometry, IP western blots, RNA IP coupled to northern blots, glycerol gradient
analysis, and telomere southern blots were repeated in biological duplicate, and telomerase
assays were repeated in biological quadruplicate.

Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (196) partner repository with the dataset identifier PXD023356 and
10.6019/PXD023356. RNA Seq data have been deposited in NCBI’s Sequence Read Archive
(SRA) database under BioProject number PRINA776661. Source data, supplementary datasets,
and supplementary tables can be accessed online: https://www.nature.com/articles/s41467-022-

28985-3.
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Figure S1: Bmcl is the S. pombe methyl phosphate capping enzyme (MePCE) homolog
A) Schematic of the domain architecture of Bmc1 homologs from S. pombe, H. sapiens, and D.
melanogaster.

B) Clustal alignment of the methyltransferase/SAM-binding domains of S. pombe Bmcl, H.
sapiens MePCE, and D. melanogaster Bin3. Predicted SAM-binding residues are indicated in
red and nucleotide-binding residues are in blue.

C) Phyre2 (189) structure prediction of S. pombe Bmc1 bound to a 5’ terminal guanosine
(orange) and SAH (green). Predicted SAM-binding residues are in red and nucleotide-binding
residues are in blue.
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Figure S2: Reciprocal co-immunoprecipitations validate an interaction between Bmc1 and
Pof8

The interaction between Bmc1 and Pof8 was confirmed by a-myc co-immunoprecipitation.
Source data are provided as a Source Data file.
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Figure S3: Glycerol gradient sedimentation of Bmc1, Pof8, and TERI1 in a wild type and
POf8A strain

Western blot and semi-quantitative RT-PCR of Bmc1 PrA, Pof8 myc, and TER1 in gradient
fractions. Source data are provided as a Source Data file.
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Figure S4: Bmcl1 overexpression fails to rescue pofSA-dependent telomere defects

A) Southern blot comparing telomere length from wild type and pof8A strains following 2 re-
streaks on minimal media (1 re-streak= 20-25 generations) overexpressing an empty vector
(pRep4x) or Bmcl. Genomic DNA was digested with EcoRI.
B) Chromosome fusion PCR (top). The Trtl gene was amplified from genomic DNA as a
loading control (bottom). Template DNA from the same genomic DNA as (A). Source data are

provided as a Source Data file.
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Relative TERY expression (TER 1iact1)

Figure S5: Validation of a Bmc1 knockout strain confirms its viability

A) Schematic of Bmc1 knockout (top) and PCR validation of the resultant strain using the
indicated primers.

B) qRT-PCR of bmcl mRNA normalized to act/ mRNA for wild type and bmcIA strains
(mean= standard error, two-tailed unpaired t-test * at p<<0.05) (n= 3 biological replicates). P-
values over each bar represent results of a two-tailed unpaired t-test with a wild type strain.

C) Backcrossing of bmcIA and a wild type strain, followed by tetrad dissection, confirms
viability of the bmcIA strain on rich media. Tetrads from the same spore are arranged in
columns. Resulting haploid colonies possessing phleomycin resistance are circled in red and
colonies that did not grow after tetrad dissection are circled in black.

D) qRT-PCR of TER1 normalized to act/ mRNA for wild type and bmcIA strains transformed
with an empty vector (pRep3x) or Bmcl (mean+ standard error, two-tailed unpaired t-test * at
p<0.05, ** at p<0.01) (n= 3 biological replicates). P-values over each bar represent results of a
two-tailed unpaired t-test with a wild type strain. Source data are provided as a Source Data file.
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Figure S6: Bmc1 and Pof8 are not strictly required for telomere maintenance

Southern blot comparing Apal-digested genomic DNA isolated after 5 re-streaks on rich media.
A lack of signal with a telomeric probe represents survivors that have lost telomeric DNA and
circularized their chromosomes (TERIA). Source data are provided as a Source Data file.
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Figure S7: Phylogenic distribution of Bmc1/Bin3 and Pof8 in fungi

Complete consensus cladogram describing the phylogenic relationships of 472 species
representative of fungi phylum and classes and highlighting (using a color code) the distribution
of Bin3 and Pof8 in these species. Only posterior probabilities inferior to 1 are shown.
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3.1 Abstract

Splicing requires the tight coordination of dynamic spliceosomal RNAs and proteins. U6 is the
only spliceosomal RNA transcribed by RNA Polymerase III and undergoes an extensive
maturation process. In humans and fission yeast, this includes addition of a 5' y-monomethyl
phosphate cap by members of the Bin3/MePCE family. Previously, we have shown that the
Bin3/MePCE homolog Bmc1 is recruited to the S. pombe telomerase holoenzyme by the LARP7
family protein Pof8, where it acts in a catalytic-independent manner to protect the telomerase
RNA and facilitate holoenzyme assembly. Here, we show that Bmc1 and Pof8 also interact in a
U6-containing snRNP. We demonstrate that Bmc1 and Pof8 promote 2'-O-methylation of U6
and identify and characterize a non-canonical snoRNA that guides this methylation. Further, we
show that fission yeast strains deleted of Bmc1 or Pof8 show altered U6 snRNP assembly
patterns, supporting a more general role for these factors in guiding noncoding RNP assembly
beyond the telomerase RNP. These results are thus consistent with a novel role for

Bmc1/MePCE family members in stimulating U6 post-transcriptional modifications.

3.2 Introduction

Pre-mRNA splicing, comprised of intron excision and subsequent exon ligation, relies on
dynamic RNA-RNA and RNA-protein interactions in the spliceosome (reviewed in (197)). The
spliceosome contains upwards of 100 proteins (198) and 5 uridylate-rich small nuclear RNAs
(snRNAs): U1, U2, U4, U5, and U6. The U6 snRNA, which forms part of the catalytic core of
the spliceosome (70), undergoes several conformational changes during pre-spliceosome
assembly and splicing catalysis, which enables its interaction with other spliceosomal RNAs and

the switch between a catalytically active and inactive state (199). As such, U6 biogenesis and
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maturation is complex and tightly regulated to ensure correct functioning in the spliceosome
(reviewed in (200)).

In addition to being the most highly conserved of the snRNAs, U6 is also the only
snRNA transcribed by RNA Polymerase III (RNAP III) (201). Transcription of U6 by RNAP III
is associated with the addition of a 5' y-monomethyl phosphate cap catalyzed by enzymes of the
Bin3/MePCE (methyl phosphate capping enzyme) family (64, 67, 153) and a 3' uridylate tail. U6
contains a 5’ stem loop critical for 5° capping (202), as well as an internal stem loop (ISL) that
forms during splicing catalysis. The ISL is mutually exclusive with U4/U6 base pairing that
occurs in pre-spliceosome snRNPs (203). U6 also contains 2'-O-methylated, pseudouridylated,
and m6A-modified nucleotides, with pseudouridines largely present towards the 5' end and 2'-O-
methylations tending to cluster in the ISL (65, 204). Moreover, U6 maturation in the fission yeast
Schizosaccharomyces pombe involves the splicing of an mRNA-type intron, thought to arise
from reverse splicing, as the intron is located near the catalytic nucleotides of U6 (158, 159,
205-207). Most information about the timing of U6 processing events has come from elegant
studies in budding yeast (reviewed in (200)). However, since budding yeast U6 lacks 2'-O-
methylations and a Bmc1 homolog (68, 123), several questions remain as to the timing and
importance of post-transcriptional modifications with respect to other U6 processing steps in
organisms like fission yeast and humans.

In addition to 5' y-monomethyl phosphate capping enzymes, several other proteins have
been linked to U6 processing. These include the La protein, which associates with nascent U6
transcripts through the 3' uridylate tail (56), and the Lsm2-8 complex, which binds end-matured
U6 and remains stably associated through spliceosome assembly (60, 61, 208). Recent work

revealed that mammalian LARP7, a La-Related Protein (LARP) previously linked to MePCE in
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the context of the 7SK snRNP (124), is also involved in post-transcriptional processing of U6.
LARP7 promotes 2'-O-methylation of U6 by the methyltransferase fibrillarin, which in turn
contributes to splicing fidelity at elevated temperatures in humans and in male germ cells in mice
(131, 132). Conversely, ciliate and fission yeast LARP7 homologs have been well studied for
their roles in telomerase biogenesis (11-15, 120). We and others have reported that the S. pombe
LARP7 protein Pof8 associates with the Bin3/MePCE homolog Bmcl in the telomerase
holoenzyme, that this interaction is important for optimal telomerase activity, and that the link
between these proteins is evolutionarily conserved across diverse fungal species (68, 123, 209).
Thus, while much has been learned about MePCE/Bmc1 function in the 7SK snRNP and
telomerase, its precise role in U6 biogenesis and function remains unknown.

In this work, we set out to examine the role of Bmc1 in U6 biogenesis and spliceosome
function. We have identified a new RNP containing the U6 snRNA and the telomerase
components Bmcl, Pof8, and Thcl, and show that this complex is required for wild type levels
of 2'-O-methylation in the U6 ISL and U6 snRNP assembly. We also show that while Bmc1’s 5'
capping catalytic activity is not required for its function in promoting 2'-O-methylation of U6, an
intact Pof8-Lsm2-8 interaction is. Finally, we show that Bmc1 deletion influences the splicing of
some introns under wild-type and heat-shock conditions, consistent with previous work linking
human LARP?7 to splicing robustness, and that efficient splicing upon heat shock is largely
dictated by intronic features including 5' splice site sequences. Together, these data point towards
an intricate network of post-transcriptional processing events that are critical for normal U6
maturation, and provide the first direct evidence for a function of the Bin3/MePCE family in

promoting U6 snRNP assembly.
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3.3 Results

3.3.1 Bmcl1 forms a U6-containing complex with the telomerase proteins Pof8 and Thcl
Our previous work characterizing Bmc1 as a component of the telomerase holoenzyme
also revealed interactions between Bmc1 and various other noncoding RNAs, including the U6
snRNA (Figure S1A) (68). We therefore tested whether Bmc1 has a role in the biogenesis,
stability, or function of these transcripts, and if this function is linked to the Bmc1-interacting
telomerase components Pof8 and Thcl. Having already demonstrated that Pof8 is required to
recruit Bmcl to the telomerase RNA TER1 (68), we determined the protein binding requirements
for U6. In contrast to what has been reported for TER1, for which reduced binding to Pof8
persists in the absence of Bmc1 (68, 209), we found that all three proteins are necessary for an
interaction with U6 (Figure 1A, S1B). Our results indicating an interaction between Pof8 and U6
are also consistent with previous work identifying mammalian LARP7 as a U6-interacting
protein (131, 132), suggesting that LARP7 family members have conserved functions related to
U6, in addition to the established evolutionary conservation of LARP7 in telomerase (11-13).
As an additional means to confirm U6 snRNP formation, we fractionated native cell
extracts on glycerol gradients and compared protein and RNA sedimentation in wild type and
knockout yeast strains (Figure 1B, S1C). A substantial fraction of Bmc1 and Pof8 co-migrated
with U6, and importantly, co-migration of Pof8 with U6 was impaired upon deletion of Bmc1
(Figure 1B), as well as co-migration of Bmc1 with U6 upon deletion of Pof8 (Figure S1C). We
propose that Bmc1, Pof8, and Thcl associate with U6 simultaneously, with all three proteins
required to be present to initiate formation of the Bmc1-containing U6 snRNP. Together, these

data point towards the existence of a new U6-containing complex that also shares components
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with the telomerase holoenzyme, providing a new and surprising link between two seemingly

disparate fission yeast noncoding RNA pathways.
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Figure 1: Bmcl1, Pof8, and Thcl promote 2'-O-methylation of U6

A) gqRT-PCR of U6 and sno530 in Bmc1 PrA immunoprecipitates, normalized to
immunoprecipitation from an untagged strain (mean+ standard error, two-tailed unpaired ¢ test,
*p<0.05, **p<0.01) (n= 3 biological replicates).

B) Glycerol gradient sedimentation of myc-tagged Pof8, U4, and U6, and U3 from wild type
(Pof8 myc) and bmcIA strains. U4 and U6 signals were normalized to U3 for calculating relative
migration in the gradient.

C) Quantification of relative 2'-O-methylation-induced reverse transcriptase stops at A64,
compared to a wild type strain (mean=+ standard error, two-tailed paired ¢ test, *p<0.05,
*p<0.01, *** p<0.001) (n= 3 biological replicates).

D) 2'-O-methylation primer extension of U6 at high (1.5 mM) and limiting (0.1 mM) dANTP
concentrations. 2'-O-methylated sites are indicated.
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3.3.2 Bmcl, Pof8, and Thcl promote 2'-O-methylation of U6

To gain further insight into the role of the Bmc1-containing U6 snRNP, we examined our
Bmcl1 RIP-Seq dataset (68), which revealed an interaction between Bmc1 and snoZ30, which
guides 2'-O-methylation of U6 at position 41 (80) (Figure S1A, S2A, B). Further supporting the
idea that U6 complex formation is contingent on the presence of all three proteins, we observed a
loss of sn0Z30 binding to Bmc1 upon knockout of any member of the complex (Figure S2A).
The observed interaction between Bmc1 and snoZ30, coupled with the well-characterized
function of mammalian LARP7 in facilitating snoRNA-guided 2'-O-methylation of U6 by the
methyltransferase fibrillarin (131, 132) provided initial clues as to the function of this new U6-
containing snRNP. To determine if Bmcl, Pof8, and Thcl influence 2'-O-methylation, we
mapped U6 2'-O-methylation sites by performing primer extensions at low dNTP concentrations
(80). Although snoZ30 is the sole annotated U6-modifying snoRNA in fission yeast (80), several
other 2'-O-methylated sites have been identified in U6, including A64 (65). Deletion of Bmcl,
Pof8, and Thcl resulted in no observable changes in 2'-O-methylation at the snoZ30-modified
A41, but we did detect a reproducible decrease in modification at several other sites, most
notably A64 (Figure 1C, D, Figure S3).

Initial attempts at identification of the U6 A64-methylating snoRNA using box C/D
snoRNA consensus sequences and base pairing rules (210) yielded no other obvious snoRNA
candidates, so we instead turned to our Bmc1 RIP-Seq dataset in the hope we might identify
novel snoRNAs (Figure S1A). The uncharacterized fission yeast noncoding RNA,
SPNCRNA.530 (henceforth referred to as sno530), contains a D box, a putative C box one
nucleotide different from the C box consensus motif, and a region with 12 nucleotides of

complementarity with U6, with a single non-Watson Crick base pair (Figure S2C). It is also
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noteworthy that the predicted secondary structure of sno530 does not position the C and D boxes
flanking a hairpin, as is common for canonical box C/D snoRNAs (Figure S2C). We validated
the interaction between Bmc1 and sno530 by RNP immunoprecipitation/qPCR and showed that
much like snoZ30 and U6, this interaction is dependent on the presence of the assembled Bmcl-
Pof8-Thcl complex (Figure 1A). Deletion of snoZ30 and sno530 resulted in a loss of 2'-O-
methylation at A41 and A64, respectively, suggesting that sno530 is indeed the A64 U6-
modifying snoRNA (Figure 1C, D, Figure S3). We obtained similar results using a
complementary method that exploits the tendency for 2'-O-methylations to block RNase H
cleavage following the annealing of a chimeric DNA-2'-O-methylated RNA oligo targeting the
suspected 2'-O-methylated site (211, 212) (Figure S4A). This also served to provide evidence for
2'-O-methylation at C57, suggesting that it, too, is another site in U6 whose modification is
similarly guided by Bmc1 and Pof8 (Figure S4B). While our knockout studies unambiguously
identify sno530 as the A64 U6-modifying snoRNA, the unusual sequence and architecture of
sno530 relative to snoZ30 is more reminiscent of the divergent box C'/D' motifs that stimulate
rRNA 2'-O-methylation by providing additional regions of complementarity surrounding the

methylated site (213, 214).

3.3.3 Bmcl, Pof8, and Thel are involved in U6 snRNP assembly

We then wondered how disruption of the Bmc1-containing U6 snRNP might impact
spliceosome assembly. We observed small differences in U6 sedimentation in glycerol gradients,
with a less abundant, lighter sedimenting U6-containing fraction appearing in addition to co-
sedimentation with U4 (compare U6 and U4 in lanes 3-6 in Figure 1B and S1C), suggesting a

U6-containing complex without U4. Consistent with this, we note that the migration of Pof8,
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Bmcl, and Thel does not fully overlap with U4/U6 in the gradient, but is rather shifted towards
lighter fractions, arguing against the complete inclusion of the Bmc1-Pof8-Thcl complex in the
U4/U6 di-snRNP (Figure 1B, S1C). As the lighter sedimenting U6 species is not evident in
Bmcl and Pof8 KO strains (compare U6 and U4 in lanes 3-6 in Figure 1B and S1C relative to
Bmcl1 and Pof8 KO strains), we hypothesized that Bmc1, Pof8, and Thcl interact with U6 before
the U4/U6 di-snRNP.

To obtain clearer resolution of distinct U6-containing complexes, we ran cell extracts on
native gels and analyzed spliceosomal RNAs by northern blotting. We observed a single,
prominent band for all spliceosomal RNAs except U6, which migrated as 2 distinct complexes
(Figure 2A). We could assign the higher molecular weight complex, which comigrates with U4
but not U2 or U5, as the U4/U6 di-snRNP. The U4/U6 di-snRNP, as well as other spliceosomal
snRNPs and the non-spliceosomal U3 snRNP, showed no change in relative intensity or
migration upon deletion of Bmc1, Pof8, Thcl, or sno530. However, we did observe a significant
and reproducible decrease in the intensity of the lower molecular weight U6-containing snRNP
upon deletion of Bmc1, Pof8, and Thcl (Figure 2A, B), consistent with this band representing
the Bmc1-containing U6 snRNP. The persistence of this complex upon loss of sno530 suggests
that complex formation is not reliant on the ability to modify U6 at A64. Although U6 and
sno530 are associated with Bmc1 (Figure 1A), sno530 is therefore not required for the stability
of the U6 snRNP observed in native gels.

To understand when Bmc1 interacts with U6 with respect to spliceosome formation, we
extracted Bmc1 immunoprecipitated RNPs under native conditions and ran total and Bmc1-
associated RNA on native gels. Bmc1-bound U6 did not co-migrate with the U4/U6 di-snRNP

(Figure 2C), suggesting that Bmc1 interacts with U6 outside of the U4/U6 di-snRNP, in line with
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the Bmc1/Pof8/Thcl-associated mono U6 snRNP band (2A, B). Based on these results, we
hypothesize that the Bmc1-containing U6 complex, which promotes 5' capping and 2'-O-
methylation, forms upstream of the U4/U6 di-snRNP.

Native fission yeast cell extracts do not form detectable amounts of the U4/U6.US5 tri-
snRNP (215, 216), so we focused our further efforts on examining U4/U6 base pairing by
performing a solution hybridization assay on cold phenol-extracted total RNA to maintain U4/U6
base pairing (Figure 2D). This differs from native spliceosomal snRNP gels (Figure 2A) in that it
only assesses RNA-RNA interactions, without changes in mobility due to protein binding. We
detected minor defects in U4/U6 assembly upon Bmc1, Pof8, or Thcl deletion, as measured by
the increase in “free” U4 relative to U4 complexed in the di-snRNP, although the increase in the
fraction of free U4 did not reach statistical significance (Figure 2D, E). Consistent with the
increase in free U4 in the knockout strains, glycerol gradients revealed an increase in lighter
sedimenting U4 in the knockout strains (Figure 1B, S1B, compare lanes 1-3 in wild type versus
knockouts). Although U6 is in excess over U4, the increase of free U4 in the knockouts suggests
that the absence of Bmcl, Pof8, and Thcl may result in a non-functional, alternate pathway for
U4 that does not involve U4/U6 di-snRNP formation. The lack of U4/U6 pairing defects upon
the loss of sno530 further suggests that it is largely the Bmc1-Pof8-Thcl protein complex
dictating U4/U6 pairing, not the single A64 2'-O-methylation. Still, UV melt analysis of the U6-
interacting region of U4 and the U6 internal stem loop (ISL), with or without 2'-O-methylation
of A64, revealed a slight increase in U4-U6 duplex stability with 2'-O-methylation, consistent
with previous findings reporting on the stabilizing properties of 2'-O-methylation on RNA

duplex formation (217-219) (Figure 2F).
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Subsequent steps in spliceosome formation involve unwinding of the U6 ISL and forming
base pairing between U4 and U6, both of which are promoted by the U4/U6 di-snRNP assembly
factor Prp24 (220, 221). We generated an endogenously tagged Prp24 strain and assessed the
interaction between Prp24 and U4 and U6. Pof8 and Bmc1 deletion resulted in a decreased
interaction between Prp24 and U4 and U6, suggesting that Bmc1 and Pof8 promote the
association of U4 and U6 with Prp24, which in turn may promote the formation of the U4/U6 di-
snRNP (Figure 2G, H). In sum, our results are consistent with the existence of a
Bmc1/Pof8/Thcl-containing U6 snRNP, with Bmc1/Pof8/Thcl dissociating from U6 during

establishment of the U4/U6 di-snRNP.
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Figure 2: Bmcl1, Pof8, and Thcl promote U4/U6 di-snRNP assembly

A) Native northern blot analysis of spliceosomal and non-spliceosomal (U3) snRNPs from native
yeast cell extracts.

B) Quantification of U6-containing snRNPs from wild type and knockout yeast cell extracts
(mean= standard error, two-tailed unpaired ¢ test, **p<0.01) (n= 4 biological replicates).

C) Native northern blot analysis of total and Bmc1-immunoprecipitated U6.

D) Solution hybridization of U4/U6 pairing in wild type and knockout yeast strains using
radiolabeled probes targeting the 5’ end of U4 and 3’ end of U6.
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E) Quantification of U4/U6 pairing from solution hybridization assay, expressed as the fraction
of non-duplexed U4 and U6 (“free RNA”) (mean+ standard error) (n= 3 biological replicates).
F) Tm values from UV melt curve analysis of U4/U6 pairing with unmodified and A64-2'-O-
methylated U6 oligos (mean+ standard error, two-tailed unpaired ¢ test, **p<0.01) (n= 6
technical replicates).
G) Northern and western blot analysis of U4, U6, and myc-tagged Prp24 from total cell extracts
and myc-immunoprecipitates.
H) Quantification of Prp24-immunoprecipitated U4 and U6, relative to Prp24 myc (mean+
standard error, two-tailed unpaired ¢ test, *p<0.05) (n= 4 biological replicates).
3.3.4 Bmcl1 5’ capping catalytic activity is not required for promoting 2’-O-methylation of
U6

With previous studies indicating that Bmc1 5 y-phosphate methyltransferase catalytic
activity is dispensable for telomerase activity (209), we assayed a combination of previously
described and newly constructed putative Bmc1 catalytic mutants for the ability to promote U6
2'-O-methylation. We mutated residues that are both highly conserved between Bmc1 and
human MePCE, and well-positioned in structure predictions to interact with the
methyltransferase byproduct SAH (Figure 3A). HA-tagged Bmc1 mutants were transformed into
a Bmc1 knockout yeast strain and profiled for U6 2'-O-methylation as above (Figure 3B, C).
While the Bmc1 mutants were more lowly expressed than wild type Bmc1, some mutants still
promoted 2'-O-methylation to a greater extent than the empty vector (Figure 3C). Further,
normalization of relative 2'-O-methylation levels to Bmc1 expression confirmed a statistically
significant increase in 2’'-O-methylation for all Bmc1 mutants compared to the empty vector
(Figure 3D). This suggests that, as in telomerase, Bmc1 5’ y-phosphate methyltransferase
catalytic activity is not critical for its function in U6 2’'-O-methylation.

For further characterization of Bmcl catalytic mutants, we chose the Bmc1l L153A

V155A mutant, which showed the highest expression across biological replicates. As measured
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by co-immunoprecipitation, L153A V155A still interacted with Pof8, suggesting that catalytic
activity is also not required for complex formation (Figure 3E). Further, L153A V155A
interacted with U6, indicating that 5’ y-phosphate methyltransferase catalytic activity is not

required for U6 binding (Figure 3E).
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Figure 3: Bmcl catalytic activity is not a requirement for 2’'-O-methylation of U6

A) AlphaFold (222) structure prediction of Bmc1 aligned to the SAH-bound (yellow) catalytic
domain of MePCE (PDB 6DCB) (157) with mutations indicated in red. Inset: side chain
interactions with SAH.

B) U6 2'-O-methylation primer extension in bmcIA cells transformed with the indicated plasmid.
2'-O-methylated sites are indicated. Western blots for Bmc1-HA expression and b-actin are
indicated below.

C) Quantification of relative 2'-O-methylation-induced reverse transcriptase stops at A64,
compared to wild type Bmc1-HA (mean+ standard error, two-tailed paired ¢ test, *p<0.05,
**p<(0.01) (n= 4 biological replicates).

D) Quantification of relative 2'-O-methylation-induced reverse transcriptase stops at A64,
compared to wild type Bmc1-HA, normalized to average Bmc1-HA expression relative to b-
actin (mean= standard error, two-tailed paired ¢ test, *p<0.05, **p<0.01) (n= 4 biological
replicates).

E) Western blot and northern blot analysis of co-immunoprecipitation of HA-tagged Bmc1, myc-
tagged Pof8 and U6.
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3.3.5 The xRRM and Pof8-Lsm2-8 interaction are important determinants for U6 2'-O-
methylation

As an established member of the LARP7 family of proteins, the protein-interacting and
RNA binding domains of Pof8 have been well-characterized in the context of the telomerase
RNP (11-15). Pof8 contains a divergent La motif that lacks the conserved uridylate-binding
residues typically seen in LARP7 proteins (11), so its interaction with the telomerase RNA TER1
is mediated by the RRM1, xRRM, and the N-terminal region that makes direct protein-protein
contacts to Lsm2-8, which in turn binds the uridylate-rich 3’ end of TER1 (11-14). As mutations
to these regions have been shown to impair Pof8 binding to TER1 and telomere length
homeostasis, we looked at the impact of these same mutations on U6 2'-O-methylation (Figure
4A). In contrast to what has been observed for TER1, where both RRMs are important for
binding, only mutations to the xRRM and the Lsm2-8 binding region caused a significant
reduction in 2'-O-methylation at A64 (Figure 4B, C).

To further understand the molecular basis for the drop in 2'-O-methylation, we
immunoprecipitated Bmc1 in a Pof8 knockout strain re-expressing the Pof8 mutants (Figure 4D,
E). Bmcl1 co-immunoprecipitated all Pof8 mutants, suggesting that the 2'-O-methylation defect is
not due to complete disruption of the Bmc1-Pof8 interaction (Figure 4D). The Bmc1-U6
interaction, which is dependent on the presence of Pof8 (Figure 1A), was almost completely lost
in the Lsm2-8-binding mutant (A2-10), suggesting that its 2'-O-methylation defect may be due to
a loss in U6 association with the Bmc1-Pof8-Thcl complex (Figure 4D, E). Surprisingly, we
detected no loss in U6 binding with the xRRM mutant, indicating that while U6 still interacts
with the Bmc1-Pof8-Thcl snRNP in the context of the xRRM mutant, the XRRM may have

another function in facilitating U6 2'-O-methylation (Figure 4D, E), potentially through the
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binding of the snoRNA, as has been suggested for human LARP7 (131). Alternatively, as the
xRRM in the ciliate LARP7 protein p65 has been suggested to possess RNA chaperone activity
to remodel the ciliate telomerase RNA (122, 151), it is tempting to speculate that similar xRRM-

mediated RNA chaperone activity may play a role in correctly positioning U6 for 2'-O-

methylation.
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Figure 4: The xXRRM and Lsm2-8-binding surface are important in Pof8-mediated 2'-O-
methylation of U6

A) Schematic of Pof8 domains and mutants used in this study. N= N-terminal domain, LaM= La
motif, RRM1= RNA Recognition Motif 1, xRRM= extended RNA Recognition Motif.

B) U6 2'-O-methylation primer extension in pofSA cells transformed with the indicated plasmid.
2'-O-methylated sites are indicated. Western blots for Pof8-HA expression and b-actin are
indicated below.

C) Quantification of relative 2'-O-methylation-induced reverse transcriptase stops at A64,
compared to wild type Pof8-HA (mean+ standard error, two-tailed paired ¢ test, *p<0.05,
*#p<0.01) (n= 3 biological replicates).

D) Northern and western blot analysis of U6, PrA-tagged Bmc1, and HA-tagged Pof8 from total
cell extracts and PrA-immunoprecipitates. *Bmc1 PrA cleavage products, **An additional band
cross-reacting with the antibody, arrows indicate Pof8 HA.

E) Quantification of Bmc1-immunoprecipitated U6, relative to the Pof8-HA-expressing strain
(mean= standard error, two-tailed paired ¢ test, *p<0.05, *p<0.01, ****p<0.0001) (n=3
biological replicates).
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3.3.6 Bmcl1 deletion has a minor effect on intron retention

Having observed Bmc1-dependent defects in U6 2'-O-methylation and U6 snRNP
assembly, we tested the effects of Bmc1 deletion on pre-mRNA splicing. To that end, we
performed short-read, paired-end sequencing on RNA extracted from wild type and Bmcl1
knockout yeast strains and quantified intron retention as a proxy for splicing (223, 224). We also
measured intron retention in wild type and knockout cells heat shocked for 15 minutes at 42°C,
which has been shown to impact splicing in fission yeast (225). We observed significant
increases in intron retention following heat shock, similar to what has been reported in
mammalian cells (226) (Figure S5A, B). Although we observed slight increases in intron
retention in Bmc1 knockout cells compared to wild type cells, very few of these splicing events
at 32°C passed our significance cut-off, and no splicing events at 42°C were statistically
significant (Figure S5C, D), although this may be due to greater sample to sample variability
across our triplicate replicates for this data set (Figure S6). Still, as mean intron retention values
indeed showed an increase upon Bmcl1 deletion (Figure 5A), we chose several representative
intron retention events to validate with semi-quantitative RT-PCR (one of which, intron 1 of
pudl, displayed a statistically significant increase upon Bmc1 deletion at 32°C in our RNA Seq
dataset). We observed an increase in intron retention following heat shock, and confirmed their
further impaired splicing in the context of the Bmc1 deletion (Figure 5B, S7). Conversely, a
ribosomal protein gene, which have been reported to be efficiently spliced relative to non-
ribosomal protein genes in budding yeast (227, 228), and did not show heat shock or Bmcl1
associated changes in our RNA-Seq data set, was confirmed to have no changes in intron
retention in response to heat shock or Bmc1 deletion (Figure 5B, S7). We note that these

validated Bmc-1 affected introns have higher than average intron retention rates in normal cells
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and as such, may not be representative of the average splicing event. Together, these data
indicate that Bmc1 does not have a major effect on pre-mRNA splicing, but that Bmcl1 likely
contributes to splicing robustness, similar to what has been described for mammalian LARP7
deletion in human cells (131, 132).

We also examined other factors that could contribute to heat shock-sensitive splicing
defects. We compared intronic features between heat shock-sensitive introns, classified as
introns exhibiting a greater than 2-fold increase in intron retention upon heat shock and a false
discovery rate less than 0.05, and remaining introns (heat shock insensitive) (Figure SC-E, SSA,
B). In line with previous data indicating that intron retention in fission yeast can arise from a
weak 5' splice site (229), we noted that heat shock-sensitive introns have a weaker 5' splice site
score in the context of a wild type and bmcIA strain, with no significant differences in 3' splice
site scores (Figure 5C,D). Additionally, heat shock-sensitive introns displayed lower minimum
free energy, indicative of a link between intron structure and splicing changes in response to heat

shock (Figure SE).
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Figure 5: Bmc1 deletion leads to minor splicing defects

A) Average intron retention from 3 biological replicates for wild type and bmcIA strains grown
at 32°C or heat shocked at 42°C (two-tailed unpaired t-test with Welch’s correlation, * p<0.05).
B) Semi-quantitative RT-PCR in wild type and bmcIA strains grown at 32°C or heat shocked at
42°C for intron 1 of pudl, intron 2 of borl, intron 3 of alp41, and intron 1 of rpl1603 (mean+
standard error, two-tailed unpaired ¢ test, *p<0.05, **p<0.01) (n= 3 biological replicates).

C-E) Comparison of 5’ splice site scores (C), 3’ splice site scores (D), and intron minimum free
energy (kcal/mol) (E) for heat shock-sensitive and insensitive introns in wild type and bmclA
cells. Heat shock-sensitive introns were classified as introns that exhibited a greater than 2-fold
increase in intron retention following heat shock and a false discovery rate less than 0.05.
Remaining introns are classified as heat shock insensitive. Only introns with greater than 4 reads
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supporting splicing in all biological replicates were included (two-tailed unpaired t-test with
Welch’s correlation, **p<0.01, ****p<(0.0001).

3.4 Discussion
Conserved functions for LARP7 family proteins in splicing and U6 2'-O-methylation

This work represents the first report of an MePCE homolog with a role in splicing and
spliceosome assembly, beyond 5" methyl phosphate cap addition of U6. In our efforts to
investigate functions for Bmc1 beyond telomerase, we revealed an unanticipated overlap
between components of the yeast telomerase holoenzyme and a U6-containing snRNP. While it
is surprising that Bmc1, Pof8, Thcl, and Lsm2-8 interact with 2 very distinct non-coding RNAs
produced by different polymerases, both RNAs possess uridylate-rich sequences recognized by
Lsm2-8 and highly structured regions, including stem loops in U6 and pseudoknots in
telomerase, that act as scaffolds to recruit other RNP components. These common features may
provide an explanation as to why these divergent RNAs share a common set of protein binding
partners. Such RNP plasticity is not unique to fission yeast telomerase and U6, but may represent
a shared feature of LARP7 and MePCE family proteins. Mammalian LARP7 and MePCE are
particularly well-studied for their roles in capping and stabilizing the 7SK snRNP (64, 124—-126),
transcriptional control through DDX21 (212), directing U6 modification (131, 132), and snRNP
assembly through the SMN complex (230). Thus, continuing to study the RNA interactome of
MePCE and LARP7 homologs across species will likely yield additional insight into how these
proteins associate with and influence various classes of non-coding RNAs. It is also possible that
Bmcl, Pof8, and Thcl interactions with U6 are mediated entirely by direct interactions with

Lsm2-8, which in turn directly contacts U6, much like Prp24 interacts with U6 by directly
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binding Lsm2-8 (231). Future structural and biochemical studies will lend insight into the
protein-protein and protein-RNA interactions that cooperate to form the U6 snRNP.

Several fungal species, including S. cerevisiae, lack both a LARP7 and MePCE homolog
(68, 123). As deletion or depletion of LARP7/Pof8 or MePCE/Bmc1 does not influence U6
stability in species where this has been investigated (64, 68, 131, 132, 209), the function of
LARP7 and MePCE family members in U6 biogenesis and function has remained unclear. This
work expands our understanding of the evolutionary conservation of LARP7 family members,
with shared or unique functions relating to the telomerase, U6, and 7SK RNAs, depending on the
species under investigation (Figure 6A). Further links can be drawn between the functional
consequences of LARP7- and Pof8-mediated promotion of U6 2’'-O-methylation. LARP7 or Pof8
deletion and the subsequent decrease in 2'-O-methylation of U6 results in no functional
consequences under standard physiological conditions, but becomes important for maintaining
splicing fidelity under heat stress, in the case of human LARP7, and male germ cells in mice
(131, 132). As the loss of A64 modification alone results in no changes to U6 snRNP assembly,
compared to the changes observed upon Bmc1, Pof8, and Thcl deletion, we anticipate that it is
either a combination of the loss of several 2'-O-methylations or the loss of the Bmc1-Pof8-Thcl
U6 snRNP that leads to increased intron retention at elevated temperatures upon Bmc1 deletion
(Figure 3). Future studies aimed at teasing apart this mechanism in mammalian and yeast cells
will provide additional insight into the intertwining role of RNA modifications and RNP

biogenesis complexes in spliceosome assembly.
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Figure 6: Evolutionary convergence and divergence of Bmc1/MePCE and Pof8/LARP7 in
noncoding RNA processing
A) Summary of Bmc1/MePCE and Pof8/LARP7/p65 functions in the 7SK snRNP, telomerase
holoenzyme, and U6 snRNP. LaM= La motif, RRM1=RNA Recognition Motif 1, xRRM=
extended RNA Recognition Motif, NTD= N-terminal domain (Lsm2-8-interacting region),
MID= MePCE-Interacting Domain. The existence and composition of a U6 snRNP in 7.
thermophila is currently unknown.
B) Schematic of the U6 biogenesis pathway in fission yeast. NTC= NineTeen Complex.
Another question that emerges from this study concerns the minor splicing defects
observed in Bmc1 knockout cells at elevated temperatures. Previous studies on mammalian
LARP7 proposed that LARP7-guided 2'-O-methylation of U6 is not an important factor for
splicing as a whole, but rather contributes to splicing robustness (131, 132). Although recent
reports indicate that alternative splicing in fission yeast may be more widespread than previously
thought (225, 232, 233), splicing complexity in fission yeast is still less than that observed in
mammalian cells, which may explain why we do not observe any drastic splicing changes upon
Bmcl1 deletion. It remains to be determined whether Bmc1 affects other aspects of splicing that
have not been tested here, such as splicing efficiency and fidelity, or whether Bmc1-associated

defects in splicing might be greater under different stresses. In addition, Bmc1 promotes 2'-O-

methylation in the internal stem loop of U6, which does not base pair with the 5' or 3' splice site.
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Thus, modulation of ISL modifications might not be expected to manifest as a robust splicing
defect. This is in contrast to what has been reported for the loss of m®A in S. pombe U6, where
affected introns are enriched for an adenosine at the fourth position of the intron, which directly

base pairs with the m°A (74).

Emerging importance of the xXRRM in RNA folding and function

Fission yeast, possessing a LARP7 homolog that functions in telomerase like its ciliate
counterpart (11-15, 68, 209), and U6 2'-O-methylation in an analogous manner to its
mammalian homologs, may represent an evolutionary intermediate bridging RNA binding
proteins between ciliates and mammals. The 7SK snRNA, which has only been found in animals
(156) likely arose independently from the more widely distributed LARP7 and MePCE,
suggesting the need for continued studies into 7SK-independent functions for LARP7 and
MePCE. Of note, the conservation of the xRRM between fungal, mammalian, and ciliate LARP7
proteins, rather than the La motif (11-13, 68, 123) may provide a reason explaining the diverse
RNA substrates bound by LARP7 homologs, compared to the more well-conserved classes of
RNA binding partners of other LARPs across species (123). xRRM-mediated binding to
structured stem loops like the telomerase RNA pseudoknot (14), SL4 of 7SK (234), and U6-
modifying snoRNAs (131) may be a better determinant than 3’ terminal uridylate stretches for
predicting LARP7 binding. The importance of the xXRRM in the biogenesis and stability of
telomerase RNA, 7SK, and U6 may be linked to its RNA chaperone activity, which has been
proposed to have a role in promoting RNA folding (122, 151). Our finding that mutation of the
xRRM of Pof8 impairs 2’'-O-methylation of U6 without disrupting U6 binding (Figure 5D) may

provide further evidence that the xRRM has functions beyond U6 binding and raises additional
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questions as to the mechanism by which RNA chaperones can coordinate snoRNA and target
RNA binding to carry out efficient 2'-O-methylation. Importantly, xRRM chaperone activity is
not limited to LARP7 family proteins, as the RRM2/xRRM of the human La protein has also

been shown to promote RNA folding (104, 235, 236).

New insights into U6 biogenesis in fission yeast

This work also sheds light on the timing of U6 biogenesis steps in fission yeast (Figure
6B). We have previously shown that Lsm2-8 interacts with both mature and intron-containing
U6, suggesting that intron removal occurs after 3" end processing and the switch from La to
Lsm2-8 (60, 68). Conversely, Bmc1 and Pof8 interact solely with the spliced form of U6 (68).
This, coupled with our finding that the Lsm2-8-interacting region of Pof8 is required for the
Bmc1-U6 interaction (Figure 5D, E), indicates that Lsm2-8 binding occurs prior to splicing and
recruitment of the Bmc1-Pof8-Thcl complex. Our data indicating that Bmc1 co-purifies with
U6-modifying snoRNAs (Figure 1 and Figure S2) suggests that U6 then undergoes 5’ capping by
Bmcl1 and 2'-O-methylation, prior to Bmc1-Pof8-Thcl dissociation from U6 and U4/U6 di-
snRNP assembly mediated by Prp24. Since deletion of Bmc1 or Pof8 results in decreased
association of Prp24 with U4 and U6 (Figure 2), the Bmc1-Pof8-Thcl complex may play a role
in the handoff to Prp24. This role may be mediated by xRRM-linked chaperone activity that
remodels U6 to better position it to interact with Prp24 and U4. Our finding of a new U6
biogenesis complex thus adds another layer of regulation to spliceosome assembly. Still, it
remains unknown whether Bmc1, Pof8, and Thcl only interact with U6 during its biogenesis, or
re-associate with U6 when it is reassembled into the U4/U6 di-snRNP for subsequent rounds of

splicing catalysis. Notably, our finding of a mono-U6 snRNP containing Bmc1 and Pof8 that
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promotes internal modifications of U6 is consistent with earlier reports of the human m°A
methyltransferase METTL16 present in a mono-U6 snRNP with MePCE and LARP7 (72). Since
mammalian U6 also undergoes 5’ methyl phosphate capping by MePCE and LARP7-mediated
2'-O-methylation, it will be interesting to examine the interplay between MePCE, LARP7, and
METTLI16, and how these factors may function in promoting the formation of the U4/U6 di-
snRNP in higher systems.

Taken together, this work adds to the growing body of literature on the catalytic-
independent functions of RNA modification enzymes (reviewed in (41)). While this raises
questions as to the precise function of Bmcl catalytic activity on the 5’ end of U6, in vitro
binding assays showed that catalytic activity of the human MePCE promotes 7SK retention
following catalysis (157). It remains to be found if this extends to other MePCE/Bmcl targets
like U6, and how U6 snRNP assembly may be regulated in species lacking MePCE/Bmc1 and

LARP7 homologs.

3.5 Materials and Methods

Yeast strains and growth

Strains were grown at 32°C in yeast extract with supplements (YES) or Edinburgh Minimal
Media (EMM), as indicated. Tag integration and knockouts were generated as described in (68)
(primer sequences provided in supplementary table 1). A list of yeast strains is provided in

supplementary table 2.

Native protein extracts and immunoprecipitation
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Native protein extractions and immunoprecipitations were carried out as described in (68).
Protein A-tagged strains were immunoprecipitated with Rabbit IgG-conjugated (MP-
Biomedicals, SKU 085594) Dynabeads (Invitrogen, 14301) (38) and myc- and HA-tagged
proteins were immunoprecipitated with Protein A/G beads (GeneBio, 22202B-1) coated with
anti-myc antibody (Cell signaling, 2276S) at a dilution of 1:250 or anti-HA antibody (Cell
signaling, 3724S) at a dilution of 1:50. Total RNA was isolated from cell extracts with 0.5%
SDS, 0.2 mg/mL Proteinase K (Sigma, P2308), 20 mM Tris HC1 pH 7.5, and 10 mM EDTA pH
8.0 for 15 minutes at 50°C, followed by phenol: chloroform: isoamyl (25:24:1) extraction and
ethanol precipitation. Immunoprecipitated RNA was isolated by incubating beads in 0.1% SDS
and 0.2 mg/mL Proteinase K for 30 minutes at 37°C, followed by phenol: chloroform: isoamyl
alcohol extraction. For native northern blots, input RNA was extracted in the same manner as
immunoprecipitated RNA. Relative immunoprecipitation efficiency was calculated by dividing
the IP signal by the input signal. Western blots were performed using anti-myc (Cell signaling,
2276S) at 1:5000, anti-beta actin (Abcam, ab8226) at 1:1250, HRP-conjugated anti-mouse (Cell
signaling, 7076) at 1:5000, anti-HA (Cell signaling, 3724S) at 1:1000, HRP-conjugated anti-
rabbit (Cell signaling, 7074S) at 1:5000, or HRP-conjugated polyclonal anti-Protein A

(Invitrogen, PA1-26853) at 1:5000.

RNA preparation, northern blotting, 2’-O-methylation detection, and solution hybridization

Total RNA was extracted with hot phenol, separated on 10% TBE-urea polyacrylamide gels, and
transferred to positively charged nylon membranes (Perkin Elmer, NEF988001) as per (179). For
native RNA extraction to detect U4/U6 duplexes, RNA was extracted with cold phenol, as per

(237). Solution hybridization was performed as per (238) and resolved on 9% TBE gels. Probe
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sequences for *’P y-ATP-labeled DNA probes for northern blotting are provided in
supplementary table 3. Primer extensions to detect 2'-O-methylation were performed based on
protocols from (80). Briefly, 5 ug RNA was incubated for 5 minutes at 85°C in a 10 pL reaction
containing **P y-ATP-labeled probe, 50 mM Tris HCI pH 7.4, 60 mM NaCl, then transferred to
55°C for 20 minutes to allow the probe to anneal. Reverse transcription was carried out with 1.5
mM (high concentration) or 0.1 mM (limiting concentration) dNTP mix and 2.5 U AMV-RT
(NEB, M0277S) and 1 hour incubation at 42°C. cDNA products were separated on 8% TBE-urea
sequencing gels, dried, and exposed to Phosphor screens overnight. Relative 2'-O-methylation
was calculated by determining the ratio of each RT stop relative to the total signal in each lane
(all RT stops and full length U6). 2'-O-methylations were also detected by RNase H (NEB,
MO0297S) digestion of 2 pug with 25 pmol chimeric RNA-DNA probes, as per (211). Probe

sequences targeting C57 and A64 2'-O-methylations are provided in supplementary table 3.

gRT-PCR and semi-quantitative RT-PCR

1 ng TURBO DNase-treated RNA was reverse transcribed with the iScript cDNA reverse
transcription kit (Biorad, 1708890) or 5 U AMV-RT (NEB, M0277S) and gene-specific reverse
primers. qRT-PCR was performed with the SensiFAST SYBR No-Rox kit (Bioline, BIO-98005)
and 1 uM of each primer, with settings outlined in (68). For semi-quantitative RT-PCR, cDNA
was amplified with Taq polymerase (NEB, MO273L) using the following cycling conditions: 5
min initial denaturation at 94°C, 26 (pudl, alp41) or 27 (rpl1603, bor1) cycles of 30 s at 94°C, 30
s at 50°C, and 1 minute at 72°C, and a final 5 minute extension at 72°C. cDNA was resolved on

10% TBE gels.
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Native yeast extract preparation, native snRNP gels. and glycerol gradient sedimentation

Pellets from 1 L yeast cultures were resuspended to 1 g/mL in AGK400 buffer (10 mM HEPES
KOH pH 7.9, 400 mM KCI, 1.5 mM MgCl,, 0.5 mM DTT, 1 mM PMSF, and protease inhibitor
cocktail (Sigma, P8215)), frozen in liquid nitrogen, and ground to fine powder with a mortar and
pestle. Powder was thawed on ice and spun in a JA 25.50 rotor (Beckman) for 16 minutes at
15,000 rpm and the supernatant was subsequently spun in a 70.1 Ti rotor (Beckman) for 45
minutes at 50,000 rpm to pellet ribosomes and heavy molecular weight complexes. Supernatants
were flash frozen and stored at -80°C. For native snRNP gels, glycerol with xylene cyanol and
bromophenol blue was added to 30 ug cell extract (final glycerol concentration= 10%) and
fractionated on 4% 19:1 acrylamide: bis-acrylamide native gels (15 cm x 18 cm) for 220 minutes
at 240 V and 4 degrees, then transferred to nylon membranes for northern blotting. For glycerol
gradients, cell extracts from 1.0 g frozen cell powder were layered on an 11 mL 10-30% glycerol
gradient (50 mM Tris HCI pH 7.4, 25 mM NaCl, 5 mM MgCl>) and spun in an SW41Ti rotor
(Beckman) for 20 hours at 30,900 rpm. Fractions were collected starting from the top of the
gradient and RNA and proteins were extracted with phenol: chloroform: isoamyl alcohol

(25:24:1) and TCA precipitation, respectively.

UV melt curves

UV melt curves were recorded on a Cary BIO 100 spectrometer with a 6 x 6 temperature-
controlled cell holder. 2 pLL 10 mM U4 and modified or unmodified U6 RNA oligos in 96 uL
buffer (10 mM KH>PO4 pH 7.0 and 200 mM KCI) was heated and cooled from 50°C to 65°C at a
rate of 2°C per minute without collecting data, then re-heated and cooled while monitoring

absorbance at 260 nm at 1°C intervals. Absorbance at 260 nm at each temperature point was
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normalized to absorbance at 50°C and absorbance curves were fitted with an equation for one
site specific binding with a Hill slope to determine T, values. RNA sequences are provided in

supplementary table 3.

RNA Seq and intron retention analysis

DNase-treated RNA was rRNA-depleted (Qiagen, 334215) and stranded libraries were prepared
by Genome Québec. cDNA libraries were sequenced on a NovaSeq6000 with 150 bp paired-end
reads. Reads were aligned to the fission yeast genome (ASM294v2) with Bowtie2 (181). Intron
retention was quantified using IRFinder (version 2.0.1), as per (223). Any introns flagged as
having a low sequencing depth or fewer than 4 reads to support splicing were not considered for
statistical analysis. Differential intron retention was calculated using DESeq?2 (239). Sequence
extraction for S. pombe introns was carried out using BEDTools v2.3.0 (240) and sequences are
provided in dataset S1. 5’ splice sites (3 bases in the exon and 6 bases in the intron) and 3’ splice
sites (20 bases in the intron and 3 bases in the exon) were scored with MaxEntScan using a
maximum entropy model (241). Intron free energy of the thermodynamic ensemble (kcal/mol)

was calculated using RNAfold v2.5.1 (242).

Data availability

The data supporting the findings of this study are available from the corresponding author upon
reasonable request. RNA Seq data have been deposited in NCBI’s Sequence Read Archive
(SRA) database under BioProject number PRINA918556. Supplementary tables are available at

https://www.biorxiv.org/content/10.1101/2023.01.27.525755v2
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Figure S1: Bmcl, Pof8, and Thcl cooperate to bind U6 and U6-associated noncoding RNAs
A) Enrichment of Bmc1 PrA-associated transcripts compared to an untagged control (n= 3
biological replicates). Axes represent log2 of fold change (FC) and negative log of false
discovery rate (FD) (Benjamini-Hochberg adjusted P value <0.05). Data taken from (68).

B) qRT-PCR of U6 in Pof8 myc and Thcl myc immunoprecipitates, normalized to
immunoprecipitation from an untagged strain (mean+ standard error, two-tailed unpaired t test,
*#p<0.01, ***p<0.001 ) (n= 3 biological replicates).

C) Glycerol gradient sedimentation of PrA-tagged Bmc1, U4, U6, and U3 from wild type (Bmcl
PrA) and pof8A strains. Cleavage products are indicated with an asterisk. U4 and U6 signals
were normalized to U3 for calculating relative migration in the gradient.
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Figure S2: snoZ30 and sno530 are Bmcl-interacting, U6-modifying snoRNAs
A) Northern blot analysis of snoZ30 in total RNA and PrA immunoprecipitates from an untagged

strain (wild type) and wild type and knockout PrA-tagged strains.
B) Secondary structure prediction (243) of snoZ30. C and D boxes are indicated in blue and U6-

binding site is indicated in red.
C) Secondary structure prediction (243) of sno530. C and D boxes are indicated in blue and U6-

binding site is indicated in red. Inset: U6-interacting region, highlighting Watson Crick and non-
Watson Crick base pairs with U6 (black). A64 is indicated in blue.
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Figure S3: Bmcl, Pof8, and Thcl influence 2'-O-methylation of U6

Quantification of relative 2'-O-methylation-induced reverse transcriptase stops, compared to a
wild type strain, for C57 (A), C56 (B), C55 (C), and A41 (D) (mean+ standard error, two-tailed
paired t test, *p<0.05, **p<0.01, *** p<0.001) (n= 3 biological replicates).
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Figure S4: RNase H cleavage validates 2'-O-methylation of U6 at A64 and C57

A) Schematic of RNase H cleavage assay to detect 2’'-O-methylations (211, 212).

B-C) Northern blot analysis and quantification of 2'-O-methylation at A64 (B) and C57 (C).
Relative modification is expressed as a fraction of the cleaved band relative to total U6 (mean=+
standard error, two-tailed paired t test, *p<0.05, **p<0.01) (n= 3 biological replicates).
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Figure S5: Heat shock and Bmc1 deletion lead to changes in intron retention.

A-B) Changes in intron retention in wild type (A) and bmcIA (B) strains grown at 32°C or heat
shocked for 15 minutes at 42°C (n=3 biological replicates). Axes represent log2 of fold change
(FC) and negative log2 of false discovery rate (FD) (Benjamini-Hochberg adjusted P value
<0.05).

C-D) Changes in intron retention in wild type and bmcIA strains grown at 32°C (A) or heat
shocked for 15 minutes at 42°C (B) (n=3 biological replicates). Axes represent log2 of fold

change (FC) and negative log2 of false discovery rate (FDR) (Benjamini-Hochberg adjusted P
value <0.05).
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4.1 Abstract

tRNAs undergo an extensive maturation process involving post-transcriptional
modifications often associated with tRNA structural stability and promoting the native fold.
Impaired post-transcriptional modification has been linked to human disease, likely through
defects in translation, mitochondrial function, and increased susceptibility to degradation by
various tRNA decay pathways. More recently, evidence has emerged that bacterial tRNA
modification enzymes can act as tRNA chaperones to guide tRNA folding in a manner
independent from catalytic activity. Here, we provide evidence that the fission yeast tRNA
methyltransferase Trm1, which dimethylates nuclear- and mitochondrial-encoded tRNAs at G26,
can also promote tRNA functionality in the absence of catalysis. We show that wild type and
catalytic-dead Trm1 are active in an in vivo tRNA-mediated suppression assay and possess in
vitro RNA folding activity, suggesting an alternate function as a tRNA chaperone. Further, we
demonstrate crosstalk between Trm1 and the RNA chaperone La, with La binding to the 3’ end
and body of nascent pre-tRNA inhibiting tRNA dimethylation in vivo and in vitro. Collectively,
these results support the hypothesis for multi-functional tRNA modification enzymes that

combine catalytic and non-catalytic activities to shape tRNA structure and function.

4.2 Introduction

Owing to their critical role in translation, tRNAs are subject to numerous processing and
quality control steps to ensure their structural stability and functionality. In eukaryotes, this
involves removal of a 5’ leader and 3’ trailer sequence; where applicable, removal of an intron;
CCA addition and aminoacylation of the mature 3’ end; as well as the acquisition of post-

transcriptional modifications (reviewed in (41, 244)). While most post-transcriptional
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modifications are non-essential, especially in yeast, the combination of modifications on a given
tRNA is an important determinant for structural stability and functionality. Modifications to the
anticodon loop affect translational fidelity by maintaining the correct open reading frame and
influencing codon-anticodon base-pairing, whereas modifications to the tRNA body primarily
affect structure and folding (245). Importantly, studies have found that pre-tRNAs lacking
certain post-transcriptional modifications are prone to misfolding and subsequently targeted for
decay by the nuclear surveillance machinery (46, 47), while hypomodified mature tRNAs are
degraded in the cytoplasm by the rapid tRNA decay pathway (49).

Links between pre-tRNA structure and escape from decay are especially relevant in the
context of the function of the eukaryotic RNA chaperone La. The La protein interacts with the 3’
uridylate trailer of RNA Polymerase III transcripts, including nascent pre-tRNAs, through a
binding pocket formed by the eponymous La motif and RNA recognition motif 1 (RRM1) (8,
109, 110, 112). As such, a major role of the La protein is to protect the 3" end of pre-tRNAs from
exoribonucleolytic degradation and direct the order of pre-tRNA end processing (reviewed in
(106)). La binding to the 3’ trailer results in 5’ leader processing by RNase P followed by 3’
trailer cleavage, the latter of which enables La dissociation and recycling onto a new pre-tRNA
substrate (113, 246). 3’ end binding by La is particularly important for structurally defective pre-
tRNAs, which rely on La for protection from decay by the nuclear exosome (48). However, 3’
end protection alone is insufficient to rescue increasingly defective pre-tRNAs from nuclear
surveillance, necessitating a second activity mapping to the canonical RNA binding surface of
the RRM1 (48, 113). Further insight into this alternate activity revealed that the RRM1 interacts
with the pre-tRNA body, where it can act as an RNA chaperone to assist pre-tRNA folding (38,

104, 113). Coupling of La’s two distinct binding modes—3' uridylate binding and contacts to the
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tRNA body—enables high-affinity engagement of pre-tRNAs, resulting in their stabilization and
proper folding (113).

As tRNAs can also achieve their native, functional conformation through post-
transcriptional modifications, the La protein has been proposed to function redundantly with
tRNA modification enzymes. In agreement with this, deletion of La is synthetically lethal with
the deletion of several tRNA modification enzymes in budding and fission yeast grown at
elevated temperatures, where tRNA misfolding can occur (38, 145). Rescue of synthetic lethality
by wild type La, but not RRM1 mutants defective for RNA chaperone activity, further supports
the idea that La and tRNA modification enzymes have roles in promoting correct tRNA folding
(38). Among the modification enzymes that function redundantly with La, N2, N2-dimethylation
at G26 by the tRNA methyltransferase Trm1 (247), has been demonstrated to stabilize pre-tRNA
in vitro and in vivo (38, 39). G26 dimethylation has been linked to structural stability at the
junction between the anticodon and variable arm, or hinge region; accordingly, the absence of
Trm1 in fission yeast is associated with charging defects for certain tRNA species, implying a
role in promoting correct folding (38). But while studies on the structure stabilizing effect of
Trm1-catalyzed methylation have largely been limited to pre-tRNAs in the nucleus, a
mitochondrial Trm1 isoform containing an N-terminal mitochondrial targeting sequence has also
been described, leading to the modification of select G26-containing mitochondrial-encoded
tRNAs (27, 248). The human mitochondrial isoform, which has been linked to promoting protein
synthesis, cellular proliferation, and redox homeostasis through modification of mt-tRNA IleVAY,
mt-tRNA AlaVSC, and mt-tRNA ArgU¢C, arises from alternative splice isoforms that include or

exclude the mitochondrial targeting sequence (27). In contrast, budding yeast Trm1 isoforms
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arise from alternate transcription start sites that yield proteins differing in the presence of the
mitochondrial targeting sequence (248).

The structural and functional importance of post-transcriptional modifications on both
nuclear- and mitochondrial-encoded tRNAs has been well-established (reviewed in (249)), but
recent evidence points to the idea that post-transcriptional modification enzymes may have
alternate functions related to tRNA folding (41). Notably, the bacterial tRNA pseudouridine
synthase TruB and methyltransferase TrmA promote tRNA folding even in the absence of
catalysis, leading to their characterization as tRNA chaperones (117, 118). Although a
catalytically inactive mutant of the eukaryotic TrmA homolog Trm?2 can rescue a growth defect
associated with a mutant allele of tRNA Ser“CA, suggesting that the dual function of tRNA
modification enzymes is evolutionarily conserved (135), to date there has been no mechanistic
insight into how eukaryotic tRNA modification enzymes promote tRNA folding independent
from catalytic activity.

Here, we use the tRNA methyltransferase Trm1 from Schizosaccharomyces pombe to
examine how catalytic and catalytic-independent activities shape eukaryotic pre-tRNA
maturation and processing. We demonstrate that mutation of a key catalytic residue results in a
complete loss of dimethylation on nuclear- and mitochondrial-encoded tRNAs in vitro and in
vivo, yet still promotes pre-tRNA maturation and function in a tRNA-mediated suppression
assay. We also uncover the timing of Trm1-mediated dimethylation with respect to other pre-
tRNA processing activities and unexpectedly show that the S. pombe La protein Slal opposes
tRNA modification by Trm1. Finally, we provide evidence that both wild-type and catalytically
inactive Trm1 are functional in an RNA folding assay in vitro, suggesting that it also acts as a

tRNA chaperone. These data are thus consistent with the idea that tRNA modification enzymes
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have retained modification and folding activities throughout evolution and use a combination of

these activities to ensure proper tRNA structure and function.

4.3 Results

4.3.1 Alternate transcriptional start sites yield nuclear- and mitochondrially-targeted Trm1
in S. pombe

As in Trm1 from budding yeast, fission yeast Trm1 can exist as a nuclear- or
mitochondrial-targeted isoform produced from alternate transcription start sites (Figure 1A).
Two alternate transcription start sites have been mapped for fission yeast Trm1: one producing a
~250 nucleotide 5" UTR ahead of the first ATG (this isoform will henceforth be referred to as
M1, for beginning at the first methionine), and a second with a ~10 nucleotide 5'"UTR ahead of a
downstream ATG (M24, beginning at the 24" amino acid) (Figure 1A) (250). While both
isoforms have been shown to target mitochondrially-encoded tRNAs in budding yeast, the N-
terminal extension in the longer isoform enhances the efficiency of mitochondrial targeting,
resulting in a predominantly mitochondrial-localized protein compared to the nuclear-localized
shorter isoform (248). Quantification of the relative abundance of both transcripts in wild type
cells grown in rich media revealed that the nuclear-targeted transcript is approximately four
times as abundant as the mitochondrially-targeted transcript at steady state levels (Figure 1B).
Consistent with the idea that modifications to the tRNA body do not dramatically alter bulk
translation, pulse labeling revealed no defects in mitochondrial or cytoplasmic translation upon

Trm1 deletion (Figure S1).
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Figure 1: S. pombe Trm1 modifies nuclear- and mitochondrial-encoded tRNAs at G26

A) Schematic of alternate transcription start sites giving rise to nuclear- and mitochondrial-
targeted Trm1 isoforms.

B) qRT-PCR of trm! mRNA isoforms normalized to act/ mRNA (mean+ standard error, two-
tailed unpaired t-test * at p<0.05) (n= 5 biological replicates).

C) AlphaFold (222) structure prediction of Trm1 aligned to SAH-bound Trm1 from Pyrococcus
horikoshii (PDB 2EJU) (251). Inset: Hydrogen bonding between SAH (yellow) and D201 (red).
D) PHA26 northern blot of nuclear- and mitochondrial-encoded tRNA. Northern blots were
stripped and re-probed for U5 as a loading control. Relative modification index represents the
TUC signal divided by the PHA26 signal and normalized to a wild type strain (mean+SEM, n= 3
biological replicates). Left: schematic depicting binding sites of the PHA26 and TUC probes
(red). G26 is represented by a blue circle.

E) Western blot of Trm1 and B-actin in a frm A strain transformed with the indicated plasmids.

114



4.3.2 D201 is a key catalytic residue for N2, N2-dimethylation of nuclear- and
mitochondrially-encoded tRNAs

To investigate potential modification-independent functions of Trm1, we aligned an
AlphaFold (222) prediction of S. pombe Trm1 to the structure of an archaeal Trm1 homolog
bound to SAH (252), mutated an aspartic acid in the conserved catalytic site to alanine (D201A)
(Figure 1C) and monitored Trm1-catalyzed modification of nuclear- and mitochondrially-
encoded tRNAs with a northern blotting assay, positive hybridization in the absence of
modification at G26 (PHA26) (39, 253). This assay uses a probe complementary to the region
overlapping G26, such that dimethylation at G26 impairs probe hybridization, resulting in a
decrease in signal intensity. An additional probe targeting the TUC loop, which is free of
modifications that interfere with probe hybridization, serves as an internal normalization for
tRNA abundance (Figure 1D). The D201 A mutant showed a comparable decrease in
modification as trmIA cells transformed with an empty vector, in the context of the nuclear- and
mitochondrially-targeted isoforms, despite similar levels of protein accumulation as the wild type
isoforms (Figure 1D, E). Moreover, these northern blots demonstrate subcellular targeting of the
Trm1 isoforms: M24 Trm1 robustly modifies nuclear- and mitochondrial-encoded tRNAs,
consistent with its proposed localization to the nucleus and mitochondria, while M1 Trm1 only
modifies mitochondrially-encoded tRNAs, suggesting that it is solely present in the mitochondria
(Figure 1D). These results also confirmed the previously demonstrated substrate specificity of
Trm1, where G26-containing tRNAs exhibit different levels of Trm1-catalyzed modification
(39). Certain nuclear-encoded tRNAs, including tRNA SerV%4 and tRNA Leu*AS are robustly

modified by endogenous Trm1 (Figure 1D, “wild type”) and overexpressed M24 Trm1, while the
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PHAZ26 probe anneals to the G26-containing tRNA Phe®* in a manner that remains unchanged
based on the presence of Trm1, consistent with a lack of modification.

To rule out defects in tRNA binding contributing to a lack of modification by D201A, we
purified recombinant wild type and D201A M24 Trm1 and measured in vitro binding affinity to
pre-tRNA SerV94 using electrophoretic mobility shift assays (EMSA). Wild type and D201A
exhibited comparable binding affinity, suggesting that disruption of the putative catalytic site
does not impair tRNA binding (Figure 2A, B). We also set up in vitro methylation reactions with
pre-tRNA SerV6A, recombinant Trm1, and SAM, and measured modification efficiency by
primer extension, as dimethylation on the Watson-Crick face is sufficient to cause a reverse
transcriptase (RT) stop (38, 254). The lack of modification by D201A in vitro (Figure 2C),
evident by the lack of RT stop, and by PHA26 northern blotting in vivo (Figure 1D) confirm that
D201A is indeed catalytically inactive, thus enabling further studies into potential catalytic-

independent functions of Trml.
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Figure 2: D201A supports in vitro tRNA binding, but not methylation

A) EMSAs of Trm1 M24 and M24 D201A with radiolabeled pre-tRNA SerVo4,

B) Binding curves of A) (mean+tSEM, n= 3 technical replicates).

C) Primer extension of in vitro methylated tRNA SerV4. The sequences flanking G26 are
indicated.

4.3.3 Trm1 promotes tRNA-mediated suppression through catalytic and catalytic-
independent activities

The tRNA-mediated suppression assay has been used to test various aspects of pre-tRNA
processing including 3’ processing, pre-tRNA folding, and modification (reviewed in (179,

255)). The assay relies on a mutation to the anticodon of tRNA SerV¢A

, allowing stop codon
readthrough of a nonsense mutation in the AIR carboxylase gene which, when fully functional,
prevents the accumulation of a red metabolic intermediate (255, 256). The G35C mutation that
enables nonsense decoding also impairs anticodon-intron base pairing in the suppressor pre-

tRNA, resulting in a misfold that increases susceptibility of the pre-tRNA to exosome-mediated

decay (48). Suppressor pre-tRNA misfolding can be rescued by overexpression of pre-tRNA
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processing factors, thus enabling identification and insight into the mode of action of pre-tRNA
binding proteins, including the RNA chaperone La (48, 113). We and others have previously
demonstrated that Trml1 is active in promoting tRNA-mediated suppression (38, 39), although
this could be due to a stabilizing effect from the modification, a separate pre-tRNA processing
activity that functions independently from modification, or a combination of these.

Wild type and catalytically inactive nuclear-targeted Trm1 promote suppression of the
tRNA SerV* allele in a slal null background, suggesting that modification is not strictly
required for suppression activity (Figure 3A). Still, the addition of the U47:6C mutation to the
suppressor tRNA, which is associated with further misfolding and a reliance on the RNA
chaperone activity of La (104, 257), resulted in partial suppression by wild type Trm1 but not
D201A (Figure S2A). This is suggestive of two distinct activities for Trm1: its established
methyltransferase activity, which has been previously shown to stabilize tRNA structure (38),
and a modification-independent activity that is dependent on tRNA binding. tRNA binding alone

is sufficient for suppression activity in the context of the tRNA SerVcA

allele, whereas binding
and modification are required for the more defective suppressor tRNA allele.

It has also been reported that deletion of the RNA Polymerase III repressor Maf1 causes
anti-suppression, which is counter-intuitive with the increase in tRNA transcription observed
upon Mafl deletion (39). However, the anti-suppression phenotype can be explained by
hypomodification of the suppressor tRNA by Trml, as Trm1—and presumably other pre-tRNA
binding proteins— become limiting with the resultant increase in the pre-tRNA pool (39).
Complete and near-complete suppression of tRNA SerV“A is achieved by wild type and

catalytically inactive Trm1, respectively, in the mafIA strain (Figure 3A). In the model whereby

Trm1 becomes limiting in the absence of Mafl, suppression by D201A suggests that it is not
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only the Trm1-catalyzed modification that becomes limiting, but also tRNA binding by Trm1,
further supporting the notion of a catalytic-independent function for Trm1.

To decipher the mechanism by which Trm1 promotes tRNA-mediated suppression, we
quantified the abundance of the suppressor tRNA at the precursor and mature level (Figure 3B,
S2B-D). Probes against the tRNA SerV“A intron were used to detect the precursor, which
migrates as 2 distinct bands in the absence of the yeast La protein Slal, representing the leader-
containing, trailer-processed and leader- and trailer-processed species, while a probe overlapping
the exon junctions was used to detect the mature suppressor tRNA. We did not observe an
increase in mature suppressor tRNA levels upon expression of wild type or catalytically inactive
Trml, suggesting that suppression by Trml1 is not the result of increased suppressor tRNA levels,
as has previously been reported for suppression observed upon suppressor tRNA gene
duplication (Figure 3B, S2D) (257). Similarly, tRNA-mediated suppression of tRNA SerV“A by
human or S. pombe La is largely due to 3’ trailer binding and protection of the suppressor pre-
tRNA from exosome-mediated decay, which is characterized by the stabilization of a 3’ trailer-
containing suppressor pre-tRNA species relative to an empty vector (48, 113). We can rule out
suppression due to 3’ end protection by Trm1, as evident by the lack of stabilization of the 3’
trailer-containing species relative to the empty vector (Figure 3B, pre-tRNA SerV“* and
endogenous pre-tRNA LysCUY, compare to intensity of the nascent pre-tRNA in Figure 4C with
hLa). It is worth noting that stabilization of the 5’ and 3" processed pre-tRNA species occurs
upon overexpression of D201A, which supports the idea that in the absence of catalysis, Trm1
remains bound to and stabilizes the pre-tRNA (Figure 3B, top panel).

We also performed the PHA26 assay to investigate the role of Trm1 modification in

tRNA-mediated suppression (Figure 3B, third panel) The suppressor tRNA-containing strain
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possesses endogenous Trml1, so the lack of complete modification (represented by a decrease in
signal intensity with the PHA26 probe) of the suppressor tRNA with an empty vector agrees with
previous reports that Trm1 is normally the limiting factor in tRNA modification (39). The
suppressor tRNA only becomes fully modified upon wild type Trm1 overexpression, with
overexpression of D201A resulting in comparable modification levels to an empty vector (Figure
3B). The PHA26 assay also provides information on the timing of Trm1 modification with
respect to pre-tRNA processing activities. We observed no change in PHA signal intensity upon
Trm1 expression in the trailer-processed, leader-containing pre-tRNA (Figure 3B, top band in
top panel), suggesting that it is not a substrate for modification, but noted a decrease in signal
intensity for the leader- and trailer-processed pre-tRNA and mature tRNA, supporting a
previously proposed model that Trm1 modification occurs after Slal binding and 3’ end

processing (38) (Figure 3C-E).
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Figure 3: Trm1 promotes tRNA-mediated suppression independent of catalytic activity
A) tRNA-mediated suppression with wild type and catalytically inactive Trm1 in a sla/A and
slalA mafIA background.

B) Northern blot of tRNA SerV“A processing intermediates and G26 modification status and 3’
end protection of pre-tRNA Lys¢UY.

C-E) Quantification of relative modification at G26, relative to the sla/A strain expressing an
empty vector. Relative modification was calculated by normalizing the PHA26 signal
(overlapping G26) to probes targeting the intron-containing precursor (C and D) and mature
suppressor (E).

4.3.4 Trm1 competes with the RNA chaperone La for pre-tRNA binding
While previous reports indicate that tRNAs become hypomodified at G26 upon Mafl
deletion (39), we did not observe any modification differences with and without endogenous

Mafl (Figure 3C-E). Since those previous measurements were performed in a s/la/+ strain and
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our data are from a slalA strain, we examined the relationship between Slal and Trm1-
dependent modification. Strikingly, we detected an increase in G26 modification upon Slal
deletion for leucine and serine tRNAs, suggesting a possible competition between Slal and Trml
for pre-tRNA binding (Figure 4A). As the La protein has been reported to make multiple
contacts to pre-tRNAs—engagement of the uridylate trailer and pre-tRNA body (48, 113, 258)—
we took advantage of previously characterized mutants of the human La protein (hLa) to map
competition to La’s various domains and RNA binding modes (Figure 4B). We measured tRNA-
mediated suppression activity, steady-state precursor and mature tRNA levels, and G26
modification status for the suppressor tRNA SerV“ in a slalA strain transformed with wild type
or mutant hLa (Figure 4B, C). As has been previously reported, mutations to uridylate-binding
residues in the La motif (Q20A Y24 A D33I) led to decreased suppression activity. In contrast,
mutations to the RRM1, which result in impaired RNA chaperone activity but unchanged
uridylate binding (113), exhibited no defects in the tRNA-mediated suppression assay, in
agreement with the idea that tRNA SerV“A predominantly requires 3’ end protection, but not
RNA chaperone activity, for complete suppression (48) (Figure 4B). This is evident from
stabilization of the top suppressor tRNA band on the northern blots, corresponding to the
nascent, 5’ leader- and 3’ trailer-containing pre-tRNA species, for wild type and RRM1 hLa
mutants (Figure 4C).

Like overexpressed Trm1 (Figure 3B), endogenous Trm1 displays the same modification
preferences for modifying end-processed pre-tRNA (Figure 4C). Further, we observed a decrease
in G26 modification of the suppressor tRNA in strains transformed with wild type hLa and the
RRM1 mutant Y114A F155A, which displays decreased RNA chaperone activity but no pre-

tRNA binding defects (48), a complete rescue of modification similar to the empty vector by the
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uridylate-binding mutant, and partial rescue by the RRM1 loop-3 R142A R143A K148A K151A
mutant, which is defective in both RNA chaperone activity and pre-tRNA binding (104, 113)
(Figure 4C). These results suggest that competition between La and Trm1 is linked to La’s pre-
tRNA affinity, with mutations that disrupt uridylate or tRNA body binding, which contribute
additively to pre-tRNA affinity (113), leading to increased modification at G26. Notably, these
results also reveal that the apparent hLa-dependent increases in mature suppressor tRNA levels,
which has been used as an indicator of the degree of tRNA-mediated suppression activity, can
arise from a combination of changes in mature tRNA levels and differences in G26 modification.
Changes in mature suppressor tRNA levels in the presence or absence of wild type or mutant hLa
are less pronounced when using a probe that does not overlap with G26 (Figure 4C, compare
relative mature tRNA SerV“? to apparent relative mature tRNA SerY“*). Thus, mature suppressor
tRNA levels are not the sole determinant that can be used to predict or assign meaning to tRNA-
mediated suppression activity, providing additional evidence for the hypothesis that an increase
in specific tRNA activity due to modification or folding is linked to tRNA-mediated suppression
activity.

To determine whether La binding to pre-tRNA acts as a shield to prevent Trm1 binding
and modification of nuclear-encoded pre-tRNAs, we pre-incubated pre-tRNA with and without
recombinant hLa and set up an in vitro methylation time course to examine changes in G26
dimethylation. We observed decreased methylation in the presence of hlLa, particularly at earlier
time points in the reaction (Figure 4D, E), consistent with our in vivo data demonstrating that La
inhibits Trm1 modification. As the methylation reaction occurs in the absence of any cellular
factors that promote tRNA processing, including other modification enzymes and end-processing

endo and exoribonucleases, this is suggestive of La itself acting as a barrier to Trm1-mediated
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methylation, rather than decreasing dimethylation indirectly, through its roles in facilitating pre-

tRNA processing.
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Figure 4: La and Trm1 influence pre-tRNA end-processing and G26 dimethylation

A) PHA26 northern blots of nuclear-encoded tRNA in wild type, mafIA, slalA, and slalA mafIA
cells. Northern blots were stripped and reprobed for U5 as a loading control. Relative
modification index represents the TUC signal divided by the PHA26 signal and normalized to a
wild type strain (mean=SEM, n= 3 biological replicates)

B) Schematic of human La (hLa) domains with indicated mutations and tRNA-mediated
suppression of wild type and mutant hLa constructs in a sla/A background

C) Northern blot of tRNA SerV“A processing intermediates, G26 modification status, and tRNA
Lys®YVend protection.

D) Primer extension of in vitro methylated tRNA Se over time

E) Quantification of in vitro methylation of tRNA SerVSA over time, calculated as the ratio of the
G26 RT stop to full length tRNA (mean+SEM, n= 4 independent replicates).
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4.3.5 Trml1 folds tRNA in vitro

As our data point towards Trm1 possessing a catalytic-independent function that
promotes tRNA functionality in vivo, we considered the possibility that Trm1 might function as a
tRNA chaperone, much like the bacterial tRNA modifying enzymes TruB and TrmA (117, 118).
We employed an in vitro FRET-based RNA annealing and dissociation assay that has been used
to characterize RNA chaperone activity for La and La Related Proteins (104, 105). This assay
uses complementary RNA oligos 5’ end labeled with Cy3 or Cy5, such that annealing of the
oligos will result in FRET between the two fluorophores, from which we can calculate the rate of
annealing (kunn), followed by the addition of an unlabeled competitor to assess strand dissociation
activity (ksp), which is accompanied by a decrease in FRET between the two fluorophores
(Figure 5A). In the absence of strand dissociation, as measured by an increase in FRET
following competitor addition, the rate constant calculated in the second phase is considered
kann2. Consistent with previous data (104, 105), strand annealing and strand dissociation were
enhanced by the addition of recombinant human La (Figure 5B, C). We also observed strand
annealing and dissociation for wild type and catalytically inactive Trm1, suggesting that they are
capable of folding RNA in vitro (Figure 5B, C). Our in vivo data demonstrating that Trm1 is
active in a tRNA-mediated suppression assay independent of catalysis, coupled with our in vitro
data supporting an RNA chaperone-like activity, point towards Trm1 acting as a tRNA

chaperone, similar to prokaryotic tRNA modification enzymes.
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Figure 5: Trm1 folds RNA in vitro

A) RNA strand annealing (phase 1) and dissociation (phase II), as indicated by changes in FRET
index (emission at 680 nm/emission at 590 nm) between the Cy3- and Cy5-labeled substrates.
Phase II was initiated with the addition of an unlabeled competitor RNA at t=180 seconds.
Representative traces are shown.

B-C) Strand annealing (B) and dissociation (C) rate constants calculated with RNA alone,
recombinant hLa, or wild type or catalytically inactive M24 Trm1 (mean= standard error, two-
tailed paired t-test * at p<0.05, ** at p<0.01, *** at p<0.001) (n= 7 independent replicates).

4.4 Discussion

In this work, we provide evidence of both catalytic and catalytic-independent roles for the
fission yeast tRNA methyltransferase Trm1. That these dual functions appear to be conserved
across prokaryotes and eukaryotes speaks to both the propensity for RNA to adopt misfolded or

alternate, non-functional conformations (107), and the importance of resolving tRNA misfolds to
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ensure optimal function in translation. While we have shown that wild type and catalytically
inactive Trm1 promotes the proper processing and folding of the SerV“A suppressor tRNA, it
remains to be found how Trm1 chaperones endogenous misfolded pre-tRNAs. We anticipate that
Trm1 uses its tRNA folding activity to guide pre-tRNA folding in the nucleus, while Trm1-
catalyzed dimethylation is particularly important for additional stabilization to resolve more
severe misfolds. This is especially evident when comparing tRNA-mediated suppression of
various suppressor tRNA mutants. The G35C suppressor tRNA mutation (SerY“*) only results in
a misfold at the pre-tRNA level, due to altered base-pairing with the intron which is later
removed and thus the mature suppressor tRNA possesses the same fold as endogenous tRNA
SerV0A, In contrast, adding the U47:6C mutation leads to a misfold that persists in the mature
tRNA in the cytoplasm, compounded by the fact that the degree of misfold in U47:C is also
greater than that of tRNA SerV“A. Therefore, while the catalytic-independent activity alone is
sufficient for Trm1 associated tRNA SerV“A stabilization and folding in the nucleus, tRNA
SerVCAU47:6C requires both Trm1-mediated pre-tRNA stabilization in the nucleus and the
Trm1-catalyzed modification that remains on the mature tRNA in the cytoplasm for suppression
activity (Figure 3, Figure S2).

The finding that the catalytically inactive D201 A mutant promotes tRNA-mediated
suppression in a sla A strain, but only partial suppression in a slalA mafIA strain provides
additional evidence supporting the importance of both catalytic and non-catalytic functions to
ensure proper tRNA structure and function (Figure 3). The increase in tRNA transcription
resulting from the deletion of the RNA Polymerase III repressor Mafl may in turn lead to an
increase in the persistence of defective pre-tRNAs as tRNA processing factors, including Trml1,

become limiting. Thus, the ability to benefit from Trm1’s modification and folding activity could
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be more effective at resolving misfolds. Alternately, since tRNA modification can lead to
product release from the enzyme, as has been demonstrated for the tRNA pseudouridine synthase
TruB (142, 259), the lack of catalysis observed with D201A might be expected to lead to pre-
tRNA retention by Trm1, thus compounding the effect of Trm1 becoming limited if it is unable
to effectively recycle onto new substrates. Another unexpected result concerns the nature of the
correlation between mature suppressor tRNA levels and the degree of tRNA-mediated
suppression activity, as has been posited to partially explain why the La protein promotes tRNA-
mediated suppression (48). We found that the apparent increase in mature suppressor tRNA
levels can at least partially be attributed to a decrease in modification at G26, supporting the idea
of exercising caution when designing northern blotting probes to avoid sites of bulky
modifications on the Watson-Crick face (253). Rather, our results point towards tRNA-mediated
suppression activity as a function of the combination of suppressor tRNA levels and specific
activity per suppressor tRNA molecule (Figure 3, Figure 4). For Trm1, which promotes tRNA-
mediated suppression in the absence of increasing mature tRNA levels, this may be due in part to
stabilization imparted by the modification, or Trm1-mediated tRNA folding leading to increased
stability or accommodation by the ribosome. We can also infer differences in the mechanism of
tRNA-mediated suppression for tRNA SerV“A by hLa and Trm1: hLa primarily acts by
stabilizing the 3’ end of the nascent suppressor pre-tRNA to protect it from degradation by the
nuclear surveillance pathway, while Trm1 appears to increase suppressor tRNA functionality
without affecting tRNA levels. Moreover, La and Trm1 act on different pre-tRNA species—La
targeting nascent, trailer-containing pre-tRNA and Trm1 modifying intron-containing, end-
processed pre-tRNA—suggesting that pre-tRNAs have multiple chances to fold correctly at

different stages in the pre-tRNA processing pathway.
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Additionally, while this work serves to reinforce the importance of La-mediated 3’ end
protection and tRNA chaperone activity for tRNA-mediated suppression, it also revealed a
surprising link between the La protein and Trm1 modification (Figure 4). Previously, Trm1 and
La were hypothesized to function redundantly in the tRNA biogenesis pathway (38, 145), with
La-mediated pre-tRNA stabilization thought to increase the window in which Trm1 could
modify pre-tRNAs in the nucleus (38). While it is indeed likely that Trm1 and La have redundant
functions — both promote pre-tRNA stability and folding— it is interesting that they oppose
each other with respect pre-tRNA occupancy, in that the interaction between La and pre-tRNA
prevents Trm1 from accessing and modifying pre-tRNAs, presumably through a shielding effect
(113, 258). It remains to be found whether a relationship between La and Trm1 exists in humans,
where La proteins harbor an additional RNA recognition motif (RRM2 or xXRRM) within a more
divergent C-terminal domain that has been implicated in La’s RNA chaperone activity (236, 260,
261). The extent to which the C-terminal domain influences tRNA binding in vivo remains
unknown, although its propensity for sequence-independent binding to structured, hairpin-
containing RNA (236, 262) may affect how La engages the pre-tRNA body. Further, exploring
how La may influence the installation of other modifications occurring at the pre-tRNA stage
will likely be an active area of future research.

Finally, our work identifying nuclear and mitochondrial functions for Trm1 in S. pombe
adds to the growing body of literature proposing coordination of the nuclear and mitochondrial
genomes through tRNA modifications (263). In budding and fission yeast, this may be achieved
by altering the balance of transcription of the nuclear- and mitochondrially-targeted Trm1
isoforms, which will in turn influence the degree of G26 dimethylation of nuclear- and

mitochondrially-encoded tRNAs. Still, how Trm1-catalyzed tRNA modifications may alter
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cytoplasmic and mitochondrial translation remains unknown. Although we showed that there are
no defects in bulk translation upon deletion of Trm1, we do not exclude the possibility that
dimethylation at G26 alters the dynamics of codon recognition, as has been described for
methylation of human mitochondrial Serine and Threonine tRNAs at position 32 by METTLS
(264). Additionally, studying the interplay between Trm1 and other nuclear-encoded enzymes
that similarly modify mitochondrial tRNAs will continue to inform our understanding of the
control and potential co-regulation of the nuclear and mitochondrial genomes.

Our work underscores the complexity of tRNA maturation in a model eukaryote by
highlighting the multi-functional nature of a tRNA modification enzyme. The data presented
here support the growing idea that tRNA modification enzymes can have roles beyond catalysis,
and that this holds true in prokaryotes and eukaryotes. The extent to which this applies to other
tRNA modification enzymes, and RNA modification enzymes more generally, will be an
exciting area of future research that will continue to inform our understanding of the mechanisms

underlying RNA fold and function.

4.5 Materials and Methods

Yeast strains and constructs

Standard laboratory techniques were used to culture S. pombe cells at 32°C. Tag integration and
knockouts were generated with a previously described PCR-based strategy and verified by PCR
and western blotting (177) (strains are provided in supplementary table 1). Plasmids were
introduced with lithium acetate and selected on minimal media lacking supplements (EMM-ura)
(265) (supplementary table 2). Mutations were introduced by site-directed mutagenesis and
verified by sequencing. tRNA-mediated suppression growth assays were performed as described

(179).
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RNA and protein extractions and northern and western blotting

S. pombe cells were grown at 32°C and harvested at mid-log phase. Total RNA was isolated with
hot acid phenol and northern analysis was performed as described using 15% TBE-urea
polyacrylamide gels (179). Band intensities were quantified with ImageQuant TL software. For
PHAZ26 northerns (39), relative modification index values represent the intensity of the TUC
signal divided by the intensity of the PHA26 signal and normalized to a wild type strain or empty
vector. For tRNA-mediated suppression northerns, blots were probed with the indicated *?P-
labeled probes and an equimolar amount of unlabeled competitor probe to prevent hybridization
of the labeled probe with the endogenous tRNA SerYSA (probe sequences are provided in
supplementary table 3). Total protein was extracted according to (179) and western blots were
probed with a custom anti-Trm1 antibody (gift from Dr. Richard Maraia, NIH) at 1:2000 and for

B-actin at 1:1250.

cDNA synthesis and gRT-PCR

1 ng Turbo DNase-treated RNA was reverse transcribed with the iScript cDNA synthesis kit
(BioRad, 1708890), treated with 0.5 uLL RNase cocktail (Invitrogen, AM2286), and diluted 1:10
before quantification using the SensiFAST SYBR No-Rox kit (Bioline, BIO-98005). qRT-PCR
was performed with 1 uM of each primer (a common reverse primer for both Trm1 isoforms and
isoform-specific forward primers, probes provided in supplementary table 3) with the following
qRT-PCR settings: 95°C for 10 minutes and 40 cycles consisting of 10 seconds at 95°C, 20

seconds at 60°C, and 20 seconds at 72°C. Trm1 levels were normalized to act/ mRNA and
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normalized M1 Trm1 signal was subtracted from normalized M24 Trm1 signal to calculate

relative M24 Trm1 levels.

Pulse labeling of mitochondrial protein synthesis

Pulse labeling was performed according to (266). Briefly, S. pombe cells were initially grown in
EMM-ura + 2% glucose, then inoculated into fresh EMM-ura with 0.1% glucose and 2%
galactose and grown at 32°C for 6 generations to a final ODeoo less than 1 x 107 cells/mL. Cell
pellets corresponding to ~2.5 x 107 cells were washed with 500 pL reaction buffer (40 mM
potassium phosphate pH 6.0, 2% galactose, 0.1% glucose), pelleted, resuspended in 500 uL
reaction buffer with 10 mg/mL cycloheximide, and incubated at room temperature for 15
minutes. Cycloheximide was omitted to evaluate cytoplasmic translation. 5 pL [*3S]-methionine
was directly added to the cell suspension, mixed thoroughly, and incubated for 30 minutes at
room temperature. Cells were pelleted and the pellet was resuspended in 75 pL solubilization
buffer (1.8 M NaOH, 1 M B-mercaptoethanol, 0.01 mM PMSF) and mixed. 500 puL water was
added and proteins were TCA-precipitated, followed by separation on a 17.5% SDS gel, transfer

to a nitrocellulose membrane, and exposed to a Phosphor screen overnight.

Recombinant protein purification and electrophoretic mobility shift assay (EMSA)

Recombinant His-tagged protein expression was induced in Escherichia coli with 1 mM IPTG at
16°C for 18 hours and purified over a Ni*>* column (His-TRAP, GE-Amersham), followed by a
second round of purification over a heparin column (Hi-TRAP, GE-Amersham). Proteins were
concentrated into 1X EMSA buffer (20 mM Tris HCI pH 7.6, 100 mM KCI, 0.2 mM EDTA pH

8.0, 1 mM DTT) and quantified by SDS-PAGE. EMSAs were performed as described (38).
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Briefly, 3000 cpm PAGE purified, T7-transcribed 3P a-ATP-labeled pre-tRNAs (sequences
provided in supplementary table 4) were heated to 95°C and slow-cooled to room temperature
before addition to a 20 uL reaction containing 1X EMSA buffer. Increasing amounts of
recombinant Trm1 were added to the reaction mix, followed by incubation at 32°C for 20
minutes. Reactions were cooled on ice for 2 minutes and complexes were resolved on 8% non-
denaturing polyacrylamide gels run at 4°C and 100V. The proportion of bound tRNA was
quantified with ImageQuant TL software and binding curves were fit to a non-linear specific

binding curve (Hill slope) with GraphPad Prism 6.0.

In vitro methylation and primer extension

5 uM T7-transcribed pre-tRNA SerV9A was methylated for 3 hours at 32°C in a 25 pL reaction
containing 100 mM Tris HCI pH 7.5, 0.1 mM EDTA pH 8.0, 10 mM MgCl,, 40 mM NH4Cl, 1
mM DTT, 100 mM SAM (NEB, B9003S), and 5 uM recombinant Trm1. For competition
between hLa and Trm1, 5 uM pre-tRNA SerV9A was pre-incubated alone or with 5 uM
recombinant hLa in a 50 pL reaction for 20 minutes at 32°C in methylation reaction buffer
without MgCl, and SAM. Reactions were snap chilled on ice to preserve complexes, followed by
the addition of recombinant Trm1, 2 mM MgCl,, and 100 mM SAM. Reactions were incubated
at 32°C and samples were removed at indicated time points and immediately purified by phenol:
chloroform: isoamyl alcohol (25:24:1) extraction. Primer extensions were performed with

SuperScript III (Invitrogen, 18080093) following standard methods.

FRET assays
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FRET assays were performed as described (104, 105). Briefly, unlabeled and Cy5- and Cy3-
labeled RNA substrates were synthesized by IDT (sequences provided in supplementary table 4)
and used at a final concentration of 25 nM. Where applicable, recombinant proteins were added
to 400 uL reactions at a final concentration of 100 nM immediately prior to taking
measurements. Fluorescence emission at 590 and 680 nm was recorded on a Cary Eclipse
fluorimeter with readings taken in half-second time-points over a period of 180 seconds. Strand
dissociation measurements were initiated immediately following strand annealing with the
addition of 1 uM unlabeled competitor RNA. Strand annealing and dissociation rate constants
were determined by calculating a FRET index (emission at 680 nm divided by emission at 590
nm) over time and normalizing values between 0 and 1. Curves were fitted to an equation for
one-phase association (strand annealing) or one-phase decay (strand dissociation) in Graphpad

Prism 6.0.

Data availability

Supplementary tables can be accessed at
https://www.biorxiv.org/content/10.1101/2023.04.12.536578v 1
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4.7 Supplementary information

(+) cycloheximide (-) cycloheximide
wild  trmi1a wild trmiA
type type

Cox1
Cox2
Cox3
Atp6
Rps3
Atp8, 9

Figure S1: Bulk cytoplasmic and mitochondrial translation are unaffected by Trm1
deletion

30-minute pulse-labeling of newly synthesized mitochondrial (+ cycloheximide) and total (-
cycloheximide) proteins in a wild type and trm IA strain. Mitochondrially synthesized proteins
are indicated.
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Figure S2: Trm1-dependent suppression activity is linked to the presence of Slal and Mafl
and the nature of the suppressor tRNA allele

A) tRNA-mediated suppression with wild type and catalytically inactive Trm1 in a sla/A and
slalA mafIA background with increasingly defective suppressor tRNA alleles.

B-D) Quantification of the abundance of suppressor tRNA processing intermediates relative to
Us.
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Chapter 5: New roles for RNA modification enzymes—
exploring the transcriptome beyond modifications

Portions of section 5.3 were previously published (Porat J, Kothe U, and Bayfield M.A.,
Revisiting tRNA chaperones: New players in an ancient game, RNA. 27: 543-559 (2021)).
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5.1 RNA modification enzymes use catalytic-independent activities to influence noncoding
RNA form and function

There exists an intricate network of RNA processing factors, including RNA binding
proteins and modification enzymes, that coordinate and compete to ultimately influence the fate
of diverse classes of noncoding RNAs. While the contribution of post-transcriptional
modifications to RNA structure and function has been explored in great detail (reviewed in (1)),
the idea of catalytic-independent functions for RNA modification enzymes has only very
recently begun to be investigated in mechanistic detail. Catalytic-independent activities can be
identified using catalytic-dead mutants that are still functional in another biological context or
uncovering new functions that do not rely on catalytic activity. A caveat to this is that it can be
difficult to completely uncouple catalysis from catalytic-independent functions, especially in
cases when it is the catalytic function that is required for viability, as is the case for many rRNA-
modifying enzymes (267). Nevertheless, the work presented in this dissertation aims to expand
upon the idea that catalysis is not the only important function of eukaryotic RNA modification
enzymes, much like what has been described for prokaryotic tRNA modification enzymes (117,

118) (Figure 1, Figure 2).
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Figure 1: pre-tRNAs benefit from post-transcriptional modifications and RNA chaperone
activity

Schematic of the various pathways a pre-tRNA can take during biogenesis. Pre-tRNAs can
misfold, leading to degradation or non-functionality; acquire stabilizing modifications
throughout the tRNA body; refold with the help of an RNA chaperone; or benefit from a
combination of modification and RNA chaperone activity through dual function modification
enzymes.
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Figure 2: The methyltransferase Bmc1 possesses catalytic (red arrow) and catalytic-
independent functions that influence noncoding RNA biogenesis in S. pombe
Alphafold (222) structure prediction of Bmc1 and schematics of its roles in 5’ capping the U6
snRNA, promoting U6 2’'-O-methylation, and U6 snRNP and telomerase holoenzyme assembly.
In this work, we demonstrated that the S. pombe RNA methyltransferases Bmc1 and
Trm1 possess catalytic-independent functions distinct from their well-characterized
methyltransferase activity. In addition to catalyzing the addition of a 5’ y-monomethyl
phosphate cap on the U6 snRNA (65), Bmc1 also interacts with the telomerase RNA TERI,
an RNAP II transcript possessing a 5" TMG cap installed independently of Bmcl, to protect it
from exoribonucleolytic degradation and promote its association with the telomerase
holoenzyme (Chapter 2, Figure 2 and Figure 5). In this situation, we can characterize Bmc1’s
functions in telomerase holoenzyme assembly and TER1 protection—both activities that do not
require synthesis of a 5’ y-monomethyl phosphate cap— as catalytic-independent functions.

We also used a predicted catalytic-dead mutant to show that 2'-O-methylation of U6 and

the interaction between Bmc1 and U6 do not require catalysis (Chapter 3, Figure 4).
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Importantly, the human methyl phosphate capping enzyme becomes catalytically inactive when
bound to LARP7 in the 7SK snRNP, resulting in a functional switch from 7SK 5’ capping to
7SK snRNP assembly and stability (129, 160). The conservation of both catalytic and catalytic-
independent activities for MePCE homologs across evolution hints at the importance of both
functions, despite occurring in the context of divergent RNPs. It becomes tempting to speculate
that catalytic-independent functions, which drive RNP formation and stability to an arguably
greater degree than a single cap methylation (160), may be the more critical function for MePCE
homologs functioning in the telomerase, U6, or 7SK RNP. In agreement with this, the disruption
of Bmcl1 5’ capping activity had no effects on telomerase biogenesis or U6 2'-O-methylation
(209) (Chapter 3), and the presence of the methyl donor SAM does not affect the ability of
human MePCE to promote 7SK snRNP assembly (160).

We also examined the catalytic and non-catalytic functions of the tRNA
methyltransferase Trm1, providing evidence that a eukaryotic tRNA modification enzyme
behaves similarly to its bacterial counterparts in moonlighting as a tRNA chaperone (Chapter 4).
This study, which used the tRNA-mediated suppression assay to monitor tRNA folding and
processing in vivo, revealed that a catalytic-dead Trm1 mutant supports proper pre-tRNA
processing and function (Chapter 4, Figure 3). We also uncovered an unexpected crosstalk
between Trm1 and the well-studied RNA chaperone La, with La binding to pre-tRNAs resulting
in decreased Trm1-catalyzed tRNA methylation (Chapter 4, Figure 4). While previous models of
pre-tRNA maturation proposed that La and Trm1 cooperate to ensure proper pre-tRNA
processing (38, 145), we instead suggest that their redundant functions in promoting pre-tRNA
folding may serve to increase the pool of pre-tRNAs that benefit from chaperone-induced

refolding. The La protein and the tRNA chaperone/modification enzyme TruB do not
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discriminate between folded and misfolded substrates, which limits the efficiency of resolving
misfolds (38, 117). In a situation where La becomes limiting with respect to the pre-tRNA pool,
the presence of another tRNA chaperone like Trm1 increases the chance that more pre-tRNAs
will assume a native, functional fold.

In sum, the data described here support an emerging model in which RNA modification
enzymes can possess alternate, non-catalytic functions. In line with this idea, evidence suggests
that snoRNAs, which base-pair with target RNA to guide pseudouridylation or 2’-O-methylation
(see Chapter 3 for an example), do not always have a role in carrying out post-transcriptional
modifications. Notably, the U3 snoRNA pairs with the 5" external transcribed spacer (5'ETS) of
the 35S pre-rRNA and nucleates snoRNP assembly to result in cleavage of the S'/ETS without
catalyzing any modification (268, 269). Upstream of U3 binding, the human m>C
methyltransferase NOP2/NSUNT interacts with box C/D snoRNAs to recruit U3 and U8 to the
S'ETS, with catalytic activity similarly dispensable for NOP2/NSUNI function in ribosome
biogenesis (270). snoRNAs have also been demonstrated to harbor catalytic-independent
functions in modulating alternative splicing, with base-pairing between the snoRNA and pre-
mRNA predicted to mask splice sites or recruit snoRNPs that compete with the Ul snRNP for
pre-mRNA binding (271-273). Further investigation into potential catalytic-independent
functions of other RNA modification enzymes will continue to inform our ideas on the

mechanisms and rules governing RNA structure, stability, and function.

5.1.1 Are RNA modifications always functional?
A major question that has emerged over the course of this dissertation concerns whether

RNA modifications themselves are functional, or simply a by-product allowing for modification
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enzyme dissociation. There are numerous examples where modifications have a clear impact on
RNA structure and function—within this work alone, we have demonstrated that 2'-O-
methylation of U6 influences U4/U6 duplex formation and G26 dimethylation of tRNAs
becomes especially important for increasingly defective suppressor tRNA alleles—but it
becomes more uncertain in the case of Bmc1/MePCE. Injection of in vitro y-monomethyl
phosphate-capped 7SK and U6 into Xenopus oocytes increased transcript stability relative to a 5’
triphosphate (274), although depletion of MePCE or deletion of Bmc1 had no effects on U6
stability in human and yeast cells, respectively (64, 68). To further complicate matters, a 5" y-
monomethyl phosphate increases the affinity of the methyltransferase domain of human MePCE
for the 5" end of the 7SK snRNA (157), suggesting a mechanism by which MePCE remains
bound to 7SK in the 7SK snRNP following catalysis. As it is unclear whether it is the cap
structure itself, or MePCE binding the 5" end of 7SK, that lends 7SK protection from
exoribonucleolytic digestion, further work must be conducted before a conclusion can be reached
as to the importance of the modification. Examining rescue of 7SK stability with catalytically
active and inactive MePCE in an MePCE knockdown should provide initial evidence on the
importance of the 5" methyl phosphate capping activity of MePCE, which will complement our
work demonstrating that catalysis is not required for U6 stability in yeast (Chapter 3).

MePCE is in atypical enzyme, in the sense that it has a higher affinity for its product than
its substrate (157). Most enzymes release the product following modification, as has been
demonstrated for tRNA modification enzymes including the dual pseudouridine synthase/tRNA
chaperone TruB (142, 259). In agreement with this, it has been hypothesized that the slow
catalytic rate of TruB may have evolved as a way of prolonging the window in which TruB can

interact with the tRNA to assist its folding prior to modification and subsequent product release
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(117, 142). Still, a complete lack of catalytic activity resulting in TruB remaining bound to the
tRNA would be detrimental to tRNA processing, both because bound TruB could prevent
interactions with other tRNA processing factors to cause a stall in processing and because this
would limit the amount of tRNAs that can benefit from TruB-mediated chaperone activity. La
displays similar binding preferences for substrates over products, as it displays high affinity
binding for pre-tRNAs due to additive effects from interactions with the 3’ uridylate-containing
trailer and the pre-tRNA body, but dissociates once the 3’ trailer is cleaved, leading to efficient
recycling onto new pre-tRNA substrates (113). One might then imagine a situation in which
modulating the kinetics of RNA modification or processing acts as a mechanism to regulate the
amount of time an RNA chaperone can associate with its substrates and the rate at which it can

be recycled onto new substrates.

5.2 Conserved RNA binding proteins assemble into diverse complexes across evolution

A major theme of this work is that evolutionarily conserved RNA binding proteins use
common domains and protein interaction partners to engage a wide range of substrates across
different species. Most notable are Bmc1/Bin3/MePCE and Pof8/LARP7, which are physically
associated with each other—and indeed appear to have co-evolved (Chapter 2)—and tend to bind
structured, uridylate-containing RNAs, although the identity of the RNA and RNP in which it is
found is variable among different organisms. While previous research suggested the importance
of the La motif as a conserved RNA binding domain shared by LARP7 homologs (reviewed in
(261)), a broader, more comprehensive examination of LARP7 homologs across eukaryotes
revealed that the C-terminal xXRRM is more highly conserved than the La motif (123). In

agreement with this, while only some LARP7 homologs use the La motif to bind their targets
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(human LARP7 and T thermophila p65 use the La motif and RRM1 to bind the 3’ uridylate
trailer of RNAP III transcripts (120, 124, 131, 132)), to date all examined LARP7 homologs use
the xRRM (9, 14, 122, 131, 132, 234). The ability of the xRRM to engage both single and
double-stranded RNA, with no reported sequence specificity, may provide an explanation as to
the diverse array of substrates reported for LARP7 homologs, from the RNAP Ill-transcribed
7SK and U6 snRNA to the RNAP II-transcribed fission yeast telomerase RNA (5).

While it is likely that Bmc1 interacts with both U6 and the telomerase RNA through its
interaction with Pof8—or through Lsm2-8, which directly binds the 3’ ends of U6 and
telomerase (60, 94) and interacts with Bmc1 (Chapter 2)— another possibility linking these two
very different RNA substrates is that both possess unexpected or non-canonical introns. The 3’
end of telomerase RNA is produced through an incomplete splicing reaction, whereby the 3’ end
of the 5’ exon becomes the mature 3’ end of the transcript (101). Conversely, U6 undergoes a
standard splicing reaction to excise the intron, although this is unusual in that RNAP 111
transcripts do not usually contain introns (158, 159, 205, 207). Other than Bmc1 influencing pre-
mRNA splicing by promoting 2'-O-methylation of U6 and U4/U6 di-snRNP assembly (Chapter
3), to date there are no known links between Bmc1/MePCE and introns. Still, it is curious that
there are only two known atypically spliced transcripts in S. pombe and Bmc1 interacts with
both. Whether there is some kind of crosstalk or interaction between Bmc1 and the spliceosome
remains unknown, but may represent an intriguing area of future research.

Such substrate diversity is not limited to LARP7 and MePCE family proteins, as several
recent studies revealed that tRNA- and rRNA-modifying enzymes also modify mRNA. The
exact function of various mRNA modifications is still under debate, but mRNA

pseudouridylation has been demonstrated to impact pre-mRNA splicing (275), stop codon
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readthrough (276), and mRNA decoding by the ribosome (277). While these findings were
initially surprising, considering the different structures, processing pathways, and subcellular
localization that can exist for tRNA, rRNA, and mRNA, additional work revealed that these
RNA modification enzymes do, in fact, recognize small structural motifs common to more than
one class of RNA. The human pseudouridine synthase Pus4 (the homolog of the bacterial tRNA
modification enzyme and tRNA chaperone TruB), initially characterized for tRNA modification
at position 55, also modifies mRNA through recognition of a hairpin structure consisting of a 5
base pair stem and 7 base pair loop that resembles the pseudouridine-containing TUC loop in
tRNA (18). Similarly, the yeast pseudouridine synthase Pus1, which also modifies tRNA and the
spliceosomal U2 and U6 snRNA (278-280), targets mRNA for pseudouridylation through a
bulged stem-loop structure similar to the stem-loop structures found in Pus1’s ncRNA targets
(19). The conservation of multi-substrate pseudouridine synthases across species, coupled with
their established tRNA chaperone activity and the propensity to target structured regions in
mRNA, leads to the exciting hypothesis that RNA modification enzymes may also act as mRNA
chaperones to influence their splicing or translation by refolding the structured regions situated
around modification sites. As we work to establish the idea that RNA modification enzymes
have alternate functions as RNA chaperones, it is hoped that additional research will be

conducted to extend this emerging phenomenon to mRNA-modifying enzymes.

5.3 Modifications upon modifications: the regulation of post-transcriptional modifications
through circuits
As RNA modifications rarely occur in isolation—which is particularly true for tRNAs—

there has been an increase in interest in modification circuits, i.e. the preferential introduction of
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modifications in a certain order, and how modification circuits impact tRNA structural stability
(anticodon modification circuits reviewed in (281)). Yeast and bacterial tRNA body
modifications, particularly in the elbow region, are installed in a preferential order.
Pseudouridylation of nucleotide 55 typically occurs on nascent, unmodified tRNA and once
tRNA is modified, W55 promotes subsequent modifications, including methylation at nucleotide
54 (119, 282). Modification circuits have also been demonstrated for vertebrate tRNAs, with
TUC loop modifications installed early in tRNA biogenesis, followed by leader and trailer
processing, additional body and anticodon modifications, and intron removal (283, 284). Such
findings may reflect the structural changes arising from modification or potential tRNA
chaperone activity, with certain later-acting modification enzymes requiring specific
conformations that may be facilitated by earlier-acting modification enzymes at different points
in the tRNA maturation pathway. Sure enough, ¥55 modification by TruB on the bacterial tRNA
PheSAA was found to stabilize base-stacking interactions in the elbow region, thereby increasing
the affinity of tRNA for the methyltransferase TrmA, which modifies nucleotide 54 (119, 144).
While it is likely the modification is directly influencing tRNA structure to promote subsequent
modifications, it is also possible that TruB binding to the tRNA may be sufficient to induce
structural changes in the elbow region. It is therefore worth noting that the role of post-
transcriptional modifications in promoting the installation of other modifications may confound
the hypothesized non-catalytic functions of RNA modification enzymes.

Interestingly, the strength and dependence on modification circuits varies depending on
the tRNA, with yeast tRNA Phe®A4 showing greater perturbations in modification in Pus4 and
Trm2 knockout strains than total cellular tRNA, suggesting its increased sensitivity to

modification circuits (282). The order of installation of tRNA modifications also likely relies on
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subcellular localization of tRNA modification enzymes. Understanding how tRNA modification
enzymes act as tRNA chaperones may offer further insight into the mechanisms by which
specific tRNA conformations shape body modification circuits. As other classes of ncRNA,
including snRNA and rRNA, also possess multiple modifications on the same transcript, it
remains to be found whether the modifications are installed in a specified order. Further, as more
high-throughput modification mapping techniques continue to reveal the landscape of mRNA
modifications, mRNAs may yet emerge as another multi-modified RNA species with the

potential for regulation of modification installation.

5.4 Final thoughts (for now)

The work undertaken in this dissertation aims to provide a new framework in which to
view RNA modifications and the enzymes that catalyze them. While RNA modifications have
traditionally been studied for their role in modulating RNA structure and stability, we propose
that certain modifications may also have additional roles in regulating the interaction between
RNA modification enzymes and their substrates through differences in affinity for the modified
versus unmodified or processed versus unprocessed RNA. Still, this work is only in its infancy
and although we provide evidence for catalytic-independent functions for Bmc1 and Trm1 in
fission yeast, it remains to be found how widespread a phenomenon it is to have dual-function
RNA modification enzymes. This work is therefore intended as a guide to inform (and hopefully
inspire) future work exploring the complex natures of RNA modification enzymes and the

numerous ways they promote and influence RNA biogenesis, structure, and function.
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Abstract

La proteins have well-established roles in the maturation of RNA polymerase III transcripts,
including pre-tRNAs. In addition to protecting the 3’ end of pre-tRNAs from exoribonuclease
digestion, La proteins also promote the native fold of the pre-tRNA using RNA chaperone
activity. tRNA-mediated suppression in the fission yeast S. pombe has been an invaluable tool in
determining the mechanistic basis by which La proteins promote the maturation of defective pre-
tRNAs that benefit from RNA chaperone activity. More recently, tRNA-mediated suppression
has been adapted to test for RNA chaperone function in the La-related proteins and in the
promoting of tRNA function by tRNA modification enzymes. Thus tRNA-mediated suppression
can be a useful assay for the investigation of various proteins hypothesized to promote tRNA

folding through RNA chaperone related activities.

Introduction

The investigation of RNA chaperone activity is often performed in vitro, using methods
that rely on strand annealing, strand displacement or the promotion of folding of ribozymes
(285). In vivo methods to study RNA chaperone activity are less common, and moreover, the
availability of in vivo assays has been largely limited to prokaryotic systems (286, 287). In order
to expand the versatility of assays to better suit the study of RNA chaperones in eukaryotic
systems, a cell-based assay designed to test the ability of an RNA chaperone to remodel a
misfolded tRNA into a functional structure has been developed. tRNA-mediated suppression has
been used to characterize the chaperone activity of a number of eukaryotic proteins, including

the La protein.
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The La protein is a highly abundant eukaryotic RNA binding protein with functions in
RNA metabolism and gene expression. The La protein’s propensity to bind the 3’ polyuridylate
stretch of nascent RNA polymerase I1I transcripts has been extensively studied, most notably for
its role in protecting pre-tRNAs from exoribonucleolytic degradation (246). Further studies have
revealed that the La protein also harbors strand annealing and displacement activities mapping to
regions distinct from its polyuridylate binding sites, suggesting an additional function as an RNA
chaperone (48, 104, 235, 260). This RNA chaperone activity is hypothesized to aid IRES- and
uORF-mediated translation, as well as promote pre-tRNA processing and maturation by
resolving misfolds (38, 288). Accordingly, we have developed the tRNA-mediated suppression
assay to test tRNA-specific RNA chaperone activity. Using the fission yeast
Schizosaccharomyces pombe as a model eukaryotic system to evaluate tRNA maturation, this
assay is capable of measuring, in living cells, the ability of a suspected RNA chaperone to
remodel a misfolded suppressor tRNA and rescue it from degradation.

Suppressor tRNAs arise from mutations to the anticodon loop, enabling read-through of
stop codons and the subsequent incorporation of the newly cognate amino acid into the growing
polypeptide chain (255, 289). Originally characterized in bacteria and yeast, suppressor tRNAs
have recently been developed in mammalian cells (290). Like their wild type counterparts,
suppressor tRNAs rely on correct processing for functionality, and can benefit from RNA
chaperone activity to attain their native fold. We have made use of ade6-704, an S. pombe allele
with a nonsense mutation in the ade6 gene, to monitor processing and chaperone activities
relating to a suppressor tRNA. The ade6-704 allele encodes a truncated form of AIR
carboxylase, an enzyme that is part of the fission yeast adenine biosynthetic pathway. During

growth under limiting adenine conditions, yeast cells carrying the ade6-704 allele accumulate a
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red metabolic intermediate in the adenine biosynthetic pathway that oxidizes to form a red
pigment and pink/red colonies, however pigment accumulation can be suppressed with a
functional suppressor tRNA that allows for synthesis of the full length AIR carboxylase protein
and a consequent release of the block in the adenine biosynthetic pathway, resulting in the
growth of white yeast colonies (255, 291). A detailed summary of tRNA-mediated suppression
in S. pombe, including important considerations with respect to experimental interpretations and
how this method has been used to study a number of aspects of tRNA biogenesis has recently
been reviewed in (255).

We have designed various serine based UGA-suppressor tRNA alleles with base
substitutions that make the tRNA reliant on chaperone activity for functionality (48, 105, 292,
293). Of the 2 alleles, MSer G37:10, C47.6U (Figure 1A; integrated into the /eu/ locus in the La
null (s/al-) fission yeast strain ySH18) requires more extensive chaperone activity to suppress
pigment accumulation, while MSer G37:10 (found in the slal- yeast strain ySH9) is also capable
of moderate activity in the presence of a protein that binds to and protects the 3’ end of the tRNA
from exoribonucleolytic degradation (255). To inform differences in 3’ end protection and RNA
chaperone activity, we use a northern blotting assay that detects various pre-tRNA processing
intermediates. In S. pombe, polyuridylate binding proteins such as the La protein protect pre-
tRNAs from 3’ exoribonucleolytic nibbling (246). In the presence of a protein that binds to and
stabilizes the 3’ end, a northern blot detecting intron-containing pre-tRNA species shows 3 sharp,
well-defined bands corresponding to the nascent pre-tRNA, the leader-processed, and leader- and
trailer-processed species (294). Proteins that display RNA chaperone activity but not stable 3’
binding may suppress pigment accumulation, but the nascent tRNA and leader-processed tRNA

bands still run as a smear, similar to La null cells. We have previously used this system to
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demonstrate that the human La-related proteins 4, 6 and 7 promote tRNA-mediated suppression
in the absence of 3’ end protection, despite these proteins having no characterized role in the
expression of pre-tRNAs (105). Notably, these proteins also displayed activity in RNA
chaperone assays in vitro. Mutations to candidate RNA chaperones that test for loss of tRNA-
mediated suppression should be accompanied by Western blots (using an antibody for a common
protein tag engineered into all mutants) to ensure that loss of function is not due simply to loss of
candidate RNA chaperone protein expression. Recently, we have shown that this system can

also be used to test for the activity of a tRNA modification enzyme in S. pombe (38, 39).
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Figure 1: Schematic of the tRNA-mediated suppression assay

A) Suppressor alleles used for tRNA-mediated suppression. Lower case letters correspond to
nucleotides removed during processing. Red nucleotides are mutated relative to the parent tRNA
SerV0A, The anticodon mutation in the strain ySH9 results in a mismatch between the anticodon
and intron position G37:10 relative to the parent tRNA SerYSA that promotes its degradation and
inhibits tRNA-mediated suppression; ySH18 combined this mutation with C47:6U.

B) Schematic representation for tRNA-mediated suppression. Base substitutions in the mutated
suppressor pre-tRNA make it prone to misfold, resulting in a non-functional tRNA that is often
targeted for degradation. Without a suppressor tRNA, full-length AIR carboxylase is not
synthesized and S. pombe cells accumulate a red metabolic intermediate (top panel). RNA
chaperones, such as the La protein, can remodel the misfolded suppressor pre-tRNA and help it
attain its native fold, permitting correct charging. The mature suppressor tRNA is capable of
reading through the stop codon in the ade6-704 mRNA, resulting in synthesis of full-length AIR
carboxylase and suppression of pigment accumulation (bottom panel).
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tRNA-mediated suppression presents a supplemental or alternative method to
conventional in vitro RNA chaperone assays, as well as well-established in vivo assays using
prokaryotic systems. Here we present a detailed protocol describing the colorimetric in vivo
assay to measure chaperone activity, a northern blotting assay to distinguish RNA chaperone
function from other pre-tRNA stabilizing activities, and a western blot procedure to assess RNA
chaperone levels. Strategies for how other suppressor tRNAs could be adapted to this system in

S. pombe are also discussed.

2. Materials

2.1 tRNA-mediated suppression

1. Edinburgh minimal media lacking uracil (EMM-ura): 11.77 g/ EMM-dextrose base, 0.225
g/L each of adenine, histidine, leucine, and lysine. Autoclave the media (20 min sterilization) and
add sterile dextrose to a final concentration of 20 g/L.

2. EMM-ura plates with low adenine: EMM-ura media with 0.003 g/L adenine (for ade3

plates) or 0.01 g/L adenine (for ade10 plates) with 20 g/L yeast-grade agar. Autoclave the media
(20 min sterilization) and add sterile dextrose post-autoclaving to a final concentration of 20 g/L.
3. YES media (yeast extract with supplements): 5g/L yeast extract, 0.225 g/L each of the
following: adenine, leucine, histidine, uracil and lysine. Fill to 850 ml with ddH20, autoclave,
then add 150 ml filter sterilized 20% dextrose (final concentration dextrose 30g/L).

4. 10 mg/ml Salmon Sperm DNA.

5. 10X LiOAc (1M Lithium Acetate, autoclaved).

6. 10X TE (100 mM Tris-HCI pH 8.0/ 10 mM EDTA pH 8.0, autoclaved).

7. 50% PEG 3350 (autoclaved).
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8. TE-LiOAc (enough for 10 transformations): 100 pl 10X LiOAc, 100 ul 10X TE, 800 pl
sterile ddH20, on ice.

9. Polyethylene glycol (PEG)-LiOAC (enough for 10 transformations): 1 ml 10X LiOAc, 1 ml
10X TE, 8 ml sterile 50% PEG, on ice.

10. pRep4 vector.

2.2 Northern blot

All solutions used for RNA work should be prepared with nuclease-free water.

1. EMM-ura media (see item 1 section 2.1).

2. Acid-saturated phenol, pH 4.3 —4.5.

3. RNA extraction buffer A: 50 mM sodium acetate, pH 5.2, 10 mM EDTA, pH 8.0.

4. Buffer A-saturated acid phenol: Mix acid-saturated phenol and RNA extraction buffer A in a
1:1 ratio and nutate at room temperature for 20 min. Remove the aqueous layer and add 1
volume of RNA extraction buffer A to the phenol layer, followed by another 20 min nutation at
room temperature. Remove the aqueous layer and warm at 37°C.

5. Complete RNA extraction buffer A: RNA extraction buffer A with 1% SDS.

6. Phenol: chloroform: isoamyl alcohol (25:24:1 v/v/v).

7.3 M Sodium acetate, pH 5.2.

8. 20 mg/ml Glycogen.

9. 100% ethanol.

10. 70% ethanol.

11. 5X TBE: 54 g Tris base, 27.5 g boric acid and 20 m1 0.5 M EDTA (pH 8.0) in 1 L.
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12. Mini (i.e. mini-Novex or similar) 15% TBE Urea gels (1X TBE, 7 M urea, 15% acrylamide)
13. 2X Formamide loading dye: 80% deionized formamide, 10 mM EDTA, 0.06% bromophenol
blue, 0.06% xylene cyanol.

14. iBlot 2 Dry Blotting System.

15. iBlot 2 nitrocellulose transfer stacks.

16. GeneScreen Plus Hybridization Transfer Membrane.

17. DNA Transfer Lamp.

18. T4 PNK and 10X T4 PNK buffer.

19. Northern probes:

Lys CUU pre-tRNA (hybridizes to intron): SCTTCTGATACCATTCGTAAGAGTC3'’

Lys CUU 3’ Trailer: S AAATTAACCTCCCAAG3’

US: 5"CTGGTAAAAGGCAAGAAACAGATACG3’

20. [y-**P] ATP (3000 Ci/mmol EasyTide)

21. Hybridization oven

22. 20X SSC: 3M sodium chloride, 300 mM trisodium citrate.

23. Northern blot hybridization buffer: 6X SSC, 1% SDS, 2X Denhardt’s solution, 0.1 mg/ml
yeast RNA.

24. Northern blot wash buffer: 2X SSC, 0.1% SDS.

25. Northern blot stripping buffer: 0.1X SSC, 0.1% SDS.

26. Storage Phosphor Screen.

27. Typhoon Imaging System

28. ImageQuant TL.
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2.3 Western blot

1. NET-2 buffer (approximately 500 pl per sample): 50 mM Tris-HCI1 pH 7.5, 150 mM NaCl,
0.05% NP-40., | mM PMSF. Make fresh and keep on ice.

2. EMM-ura liquid media (see item 1, section 2.1).

3. Primary antibodies: Anti-6XHis, Anti-Rps6.

4. 100 mM PMSF (phenylmethylsulfonyl fluoride) in EtOH.

5. Acid washed glass beads 400-600 um, water rinsed and sterilized.

6. 2 ml screw cap tubes, VWR 16466-060 or similar.

7. Mini-Beadbeater-16, BioSpec or other glass bead-based homogenizer.

3. Methods:

Following transformation of candidate RNA chaperones into a strain containing a defective
suppressor tRNA (see Note 1), candidate colonies are grown on low-adenine media and
monitored for color change indicative of tRNA mediated suppression (Fig. 2A and B) (see Note
1). Different chaperone activities can then be confirmed through northern blotting-based assays
designed to test pre-tRNA 3’ end protection and monitor mature levels of suppressor tRNA (Fig.

20).

3.1 tRNA-mediated suppression

Candidate RNA chaperones are cloned into pRep4 (295) or other ura+ S. pombe expression

vectors (see Notes 2, 3, and 4) and transformed into S. pombe as described below.
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1. In order to transform pRep4-based candidate RNA chaperone plasmids into S. pombe, a pRep4
empty vector (negative control) and pRep4-hLa or pRep4-Slal (positive control) should be
included.

2. Streak ySH9, ySH18, or other suppressor-tRNA/ade6-704-containing strains on YES plates
and grow at 32°C until single colonies appear.

3. Pick a single colony with a sterile pipette tip and grow a 50 ml culture overnight in sterile YES
media at 32°C with shaking (see Note 5).

4. The next morning, dilute the overnight culture into (10 ml x the number of transformations to
be performed, i.e. 30 ml for three transformations) fresh YES media to a final ODgoo nm 0f 0.2
and let the culture grow to mid-log phase (ODsoo nm 0.6-1.0).

5. Pellet cells (3000 x g) for 2 minutes, wash with 10 ml of sterile water, and pellet cells again. 6.
Keep cells on ice from now on.

7. Resuspend the cell pellet in (100 pl x number of transformations. i.e. 300 pl for three
transformations) TE-LiOAC solution containing 0.5 mg/ml salmon sperm DNA.

8. To the cell suspension add 1 pg of plasmid and 700 pl ice cold, sterile PEG-LiOAc solution.

9. Vortex to mix and heat shock for 15 minutes at 42°C.

10. Pellet cells at 8000 x g for 1 minute at room temperature, aspirate the supernatant.

11. Resuspend the cell pellet in 200 pl sterile water.

12. Plate all cells on EMM-ura and grow at 32°C until colonies appear.

13. Pick single colonies from the transformation plate and grow the transformed suppressor
tRNA-containing strain to mid-log phase in EMM-ura at 32°C.

14. Using a micropipettor and sterile plastic tips, spot 3-4 1L yeast culture on EMM-ura plates

with low adenine and leave plates on bench until spots dry (see Note 6).
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15. Invert and incubate plates at 32°C until spots come up (approximately four days).
16. Incubate plates on bench for a few days at room temperature to enhance color change (see

Note 7).

3.2 Northern Blot to assess pre-tRNA stabilization

Northern blotting of pre-tRNA Lys CUU is performed to assess tRNA-mediated suppression
associated with 3’ end protection (48, 105). We have adapted the use of the iBlot semi-dry
transfer apparatus (Invitrogen) for transfers to positively charged nylon membranes as the very
rapid transfer generates very sharp bands for pre-tRNA species that differ in length by only a few

nucleotides.

1. To extract total RNA from the transformed suppressor tRNA-containing strain (see Note 8),
grow a culture to mid-log phase in 50 ml EMM-ura at 32°C.

2. Pellet cells, wash with an equal volume of sterile water, and pellet cells again.

3. Resuspend the cell pellet in 250 pl complete RNA extraction buffer A.

4.Add 750 pl warm buffer A-saturated acid phenol.

5. Vortex to mix and incubate at 65°C for 4 minutes, vortexing occasionally.

6. Centrifuge at maximum speed for 3 minutes and remove the aqueous layer to a new tube.
7. Add 250 pul complete RNA extraction buffer A to the phenol layer, vortex to mix.

8. Incubate at 65°C for 4 minutes, vortexing occasionally.

9. Centrifuge at maximum speed for 3 minutes.

10. Add the aqueous layer to the tube (see item 6, section 3.2).

11. Add an equal volume of phenol: chloroform: isoamyl alcohol and vortex to mix
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12. Centrifuge at maximum speed for 3 minutes and remove the aqueous layer to a new tube.
13. Add 2 pl 20 mg/ml glycogen, 1/10% volume 3M sodium acetate, pH 5.2, and 1 ml 100%
ethanol.

14. Incubate at -80°C for 1 hour.

15. Remove 100 pl of ethanol slurry and centrifuge at 4°C for 10 minutes at maximum speed.
16. Without disrupting the pellet, remove the ethanol and wash with 500 pl 70% ethanol.

17. Centrifuge at maximum speed for 5 minutes and remove the ethanol.

18. Air-dry the pellet for 10 minutes and resuspend in 10 pl nuclease-free water.

19. Quantitate RNA by spectrophotometer (1 pl).

20. Check for RNA integrity by adding 2X formamide loading dye to remaining 9 ul and running
RNA on a mini TBE-urea gel followed by ethidium bromide staining.

21. Using data from item 19, remove sufficient ethanol slurry so as to precipitate at least 10 pg
total RNA (see Note 9).

22. Wash pellet in 500 pl 70% ethanol and air dry pellet.

23. Pre-run a mini 15% TBE urea gel at 120 V and 4°C for 20 minutes.

24. While gel is running, resuspend RNA pellet from item 22 in 10 pl 2X formamide loading
dye.

25. Heat at 95°C for 10 minutes, followed by snap chilling for 2 minutes on ice.

26. Load the RNA on the pre-run 15% urea TBE gel and run at 120 V and 4°C until xylene
cyanol dye has run off the gel (see Note 10).

27. Transfer RNA to a Genescreen Plus nylon membrane using the PO program on the iBlot 2

Dry Blotting System (20 V for 1 min, 23 V for 4 min, 25 V for 2 min). To do this, open an iBlot2
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nitrocellulose transfer stack and replace the nitrocellulose membrane with a Genescreen Plus
membrane cut to the same size.

28. Once the transfer is complete, UV crosslink RNA to the membrane for 90 seconds on high
power with a DNA Transfer Lamp (see Note 11).

29. Incubate the membrane in roller bottle in the hybridization oven at 40°C with 20 ml Northern
blot hybridization buffer for 2 hours.

30. Label 50 pmol oligonucleotide probe in a 20 pl reaction containing 2 pul 10X T4 PNK buffer,
1 ul T4 PNK, and 2 ul [y-3?P] ATP.

31. Incubate the reaction at 37°C for 45 minutes, followed by 65°C for 20 minutes.

32. Heat 10 pl labeled Lys CUU pre-tRNA probe to 95°C for 10 minutes and add to the 20 ml
Northern blot hybridization buffer.

33. Incubate the membrane with constant rolling in the hybridization oven at 40°C overnight.
34. Wash the membrane with 30 mL Northern blot wash buffer at 50°C for 20 minutes.

35. Repeat washes twice more, for a total of 3 washes, with the final wash at room temperature.
36. Wrap the membrane with plastic wrap and expose to a Phosphorimager screen overnight.

37. Image with a Typhoon or similar imaging system and quantify band intensity with
ImageQuant software.

38. To strip the labeled probe from the membrane, wash with 30 ml Northern blot stripping

buffer at 70°C for 20 minutes. Repeat washes twice more, for a total of 3 washes (see Note 12).

3.3 Western blot testing for RNA chaperone abundance

1. Grow a 10 ml overnight culture of a single colony from the pRep4-based transformation (see

section 3.1) in 10 ml EMM-ura at 32°C.
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2. Dilute cells to an ODgoo nm 0f 0.2 in 50 ml fresh EMM-ura media in a sterile 250 ml
Erlenmeyer flask and grow at 32°C to mid-log phase (ODgoo nm of 0.6-1.0).

3. Pellet cells at 3000 x g and discard supernatant.

4. Resuspend cells in 1 ml sterile water and transfer to 2 ml screw cap tube.

5. Spin cells at 4°C at 3000 x g for 5 minutes and discard supernatant.

6. Resuspend cells in 100 pl cold NET-2 buffer and keep on ice. All steps should now be done
on ice or in a cold room.

7. Add approximately 100 pl glass beads to the cell suspension.

8. Lyse cells using bead-beater in cold room. Set to “homogenize” for 1 minute (See Note 13).
9. Add another 100 pl cold NET-2 buffer and sediment at full speed at 4°C in microfuge for 5
minutes.

10. Remove supernatant to fresh tube.

11. Add another 100 pl cold NET-2 buffer to beads/pellet and flick tube to mix beads with
minimal disruption to cell membrane pellet.

12. Allow beads to settle and combine supernatant with supernatant (see item 10, section 3.2).
13. Spin combined supernatants and spin at 4°C at full speed in microfuge for 15 minutes.

14. Remove supernatant to fresh tube.

15. Add glycerol to a final concentration of 10% and freeze in dry ice/ethanol bath.

16. Store lysates at -80°C.

17. Estimate lysate total protein concentration using SDS-PAGE/Coomassie staining or

colormetric assay (Bradford or BCA).
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18. Load equal amounts of lysate on SDS-PAGE and perform western blot for tagged RNA
chaperone candidate (anti His6X) and endogenous loading control (Rps6p) according to

manufacturer’s instructions.

pRep4 H. sapiens S. pombe S. cerevisiae D. melanogaster

pRep4 pRep4-hLa pRep4- pRep4- pRep4-
hLARP6-LM hLARP7-LM  Trm1

pRep4 pRep4-hLa pRep4- pRep4- pRep4-
hL_A_F_{P@-LM hLA_BP?-LM ) Trm1

Figure 2: Typical results for tRNA-mediated suppression

tRNA-mediated suppression is compatible with La proteins from different species cloned into
pRep4 (A), as well as non-La proteins, including the La modules of the human La-related
proteins 6 and 7 (105) and the S. pombe tRNA methyltransferase Trm1 (38) (B).

C) Northern blotting with an intron-detecting probe for tRNA Lys®VV helps differentiate and
correlate tRNA-mediated suppression with 3’ end protection as is demonstrated with human La.
Stripping and reprobing for the U5 snRNA can be done as a loading control.
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Notes:

1. The assay described in this method uses tRNA-SerV“* suppressor tRNA alleles with a UCA
anticodon to decode the ade6-704 allele, but other suppressor tRNAs could also be used, for
example to test tRNA-mediated suppression associated with tRNA modification enzymes that do
not modify suppressor- tRNA-SerVCA or its parent allele tRNA-SerV%A, Briefly, genes for
suppressor-tRNAs of interest can be cloned into the multi-cloning site of pJK148 ((296) and
available at ATCC). This can then be used as a template for site-directed mutagenesis of mutant
tRNA alleles predicted to cause tRNA misfolding and thus rescue by candidate RNA
chaperones. Suppressor tRNA alleles cloned into pJK148 can then be integrated into the S.
pombe chromosome by linearizing the plasmid with Ndel, which cuts in the middle of the leu/+
marker, and transformation of this linearized plasmid into a leu- strain of S. pombe. Other
suppressor tRNAs that have been previously characterized in fission yeast include the leucine
sup8e allele (297) which is also capable of decoding the stop codon in the ade6-704 allele, and
the serine sup3i allele (298), which must be used in conjunction with the ade7-413 allele (299).
2. pRep4 is advisable as expression of the RNA chaperone in the multi-cloning site is repressible
upon addition of thiamine to the growth media, and this can also take advantage of the use of
pRep4-hLa or pRep4-Slal as positive controls in the assay. The pRep4, pRep4-hLa, and pRep4-
Slal plasmids, as well as the suppressor tRNA and ade6-704 containing S. pombe strains ySH9
and ySH18, can be ordered from the Yeast Genetic Resource Center (Japan). tRNA-mediated
suppression as described herein will only work when using S. pombe with the ade6-704 allele. S.
pombe strains with the ade6-704 allele will appear dark red when grown with limited adenine.

3. It is advisable to include a tag in the cloning of the candidate RNA chaperone to check for

expression levels in S. pombe cells, especially when candidate RNA chaperone mutants will be
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tested for loss of tRNA-mediated suppression so as to confirm that a loss of activity is not simply
due to a loss of protein expression. We typically clone a 6XHis tag at the C-terminus (105).

4. When testing RNA chaperone activity of an S. pombe protein, it may be necessary to knock
out the endogenous copy to see differences in suppression activity between a strain transformed
with an empty vector and a strain transformed with the suspected RNA chaperone.

5. Use sterile technique and reagents when working with S. pombe. When dealing with liquid
cultures, don’t fill conicals or flasks more than halfway to allow for sufficient aeration during
growth. Overnight cultures may take up to three nights to grow.

6. Incubate plates overnight at 32 °C before spotting to keep plates free from moisture.

7. Growing yeast on plates containing 0.003 g/L adenine results in darker red or pink colonies,
compared to growth on plates containing 0.01 g/L adenine. Proteins with weaker chaperone
activity tend to display more noticeable color change on plates with 0.01 g/L adenine.

8. Any RNA extraction method can be used, however the hot phenol method typically gives the
best yield when working with S. pombe. For highly sensitive downstream applications (ex.
monitoring tRNA acylation), follow the phenol: chloroform: isoamyl alcohol step with a
chloroform/isoamyl alcohol wash.

9. 20 pg RNA may be required, especially when detecting pre-tRNA species.

10. We have had success differentiating pre-tRNA processing intermediates using either 8% or
15% TBE-urea polyacrylamide gels. Some optimization here may be required. For an 8% gel,
run the gel until the xylene cyanol has run approximately three-quarters the length of the gel.
11. Baking the blot dry in a vacuum oven at 80°C can increase the number of times the blot can

be reprobed.
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12. Reprobe the membrane with the Lys CUU 3’ trailer probe (incubate at 32°C) to confirm 3’
end binding activity, and the U5 probe (incubate at 46°C) as an internal control to verify even
loading.

13. Alternatively a vortex can be used, but typically gives lower yield.
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