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ABSTRACT
Ubiquitin-like proteins (UBLs) control various cellular processes such as protein
degradation, DNA repair, autophagy, transcription, RNA splicing, and immune
responses. Hub1 is one such UBLs that have been reported to regulate pre-mRNA
splicing. However, the function and the mechanism of Hub1 in intron-rich eukaryotes
has not been studied yet. We aimed to understand the role of Hub1 in RNA splicing
in an intron-rich unicellular eukaryote Schizosaccharomyces pombe, and a
multicellular eukaryote, Caenorhabditis elegans. This study demonstrates a
conserved genome-wide role of Hub1 in pre-mRNA splicing in S. pombe. Hub1 alters
the protein composition of the spliceosome selectively. It promotes splicing of pre-
mRNAs that are synthesized faster. It is likely that rapidly synthesizing transcripts
require Hub1 to couple transcription with splicing. We identified a functionally
conserved Hub1 surface centered at two positively charged residues critical for
splicing in S. pombe. We also show that Hub1 directly binds to the Kreb’s cycle
enzyme, Fum1, through another surface. This Hub1 surface also regulates pre-
mRNA splicing. Additionally, our study showed the potential role of Hub1 in trans-
splicing in the multicellular C. elegans. In summary, Hub1 employs multiple surfaces
to facilitate binding of specific factors for its function in pre-mRNA splicing. My
findings are highly relevant not only for regulatory and tissue-specific gene

expression, but also for understanding new mechanisms of alternative splicing.
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Synopsis

Function and mechanism of the unconventional ubiquitin-like
protein Hub1

Introduction

The genetic information present in DNA is transcribed into precursor-messenger
RNA, which is translated into protein (Poetsch and Yoshida, 2018). During
transcription, pre-mRNA undergoes several processing steps such as 5’-capping,
splicing, and 3’ polyadenylation. Most eukaryotic genes are interrupted by introns
and exons. RNA splicing is a process in which introns are precisely excised out to
generate mature mRNA (Maniatis and Reed, 2002). This process is catalyzed by the
spliceosome, a large ribonucleoprotein (RNP) complex consisting of five snRNPs
and numerous proteins. Multiple RNA and protein networks serve to align the
reactive groups of the pre-mRNA for catalysis in a highly regulated and dynamic
manner. Some exons are spliced constitutively, that is, exons are part of every
mRNA generated from a given pre-mRNA. Whereas, many exons are alternatively
spliced to generate multiple mRNAs from a single pre-mRNA (Will and Luhrmann,
2011). In addition to the core components of the spliceosome, regulatory factors in
association with RNA binding proteins (RBP) direct spliceosomes on to pre-mRNAs
to perform alternative splicing (Ast, 2004). Regulators like RNP modifying enzymes
(ATPases, helicases), RNA binding proteins (RBP), and ubiquitin-like proteins
(UBLs) are thereby required for optimal splicing.

Ubiquitin and UBLs proteins contain a globular B-grasp fold and flexible C-terminal
tail. They are synthesized as inactive precursors and processed by UBL-specific
proteases after conserved di-glycine (GG) motif (Taherbhoy et al., 2012). UBLs
control various cellular processes such as protein degradation, DNA repair,
chromatin remodeling, cell cycle regulation, endocytosis, and kinase signaling
pathways (Turcu et al., 2009). Four UBLs, Ubiquitin, SUMO, Hub1, and Sde2 have
been reported to regulate pre-mRNA splicing (Chinnarat and Mishra, 2018). The
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ubiquitin-like protein Sde2 is synthesized as a precursor of an N-terminal ubiquitin
fold, (Sde2yg), an invariant GG-KGG motif, and a C-terminal domain Sde2-C.
Processed Sde2 generates active “Sde2-C, which is then incorporated into the
spliceosome and promotes the splicing of selected introns from a subset of pre-
mRNAs (Thakran et al., 2018).

The ubiquitin-like protein Hub1 binds Snu66, a component of the U4/U6.U5 tri-
snRNP complex, and promotes alternative splicing of SRC71 and PRP5 genes in S.
cerevisiae. Hub1 also interacts with the DEAD-box helicase Prp5, a regulator of pre-
spliceosome assembly, and stimulates its ATPase activity to enhance splicing by
relaxing spliceosome’s fidelity. Higher levels of Hub1 cause missplicing by allowing
usage of suboptimal splicesites (SSs) and branch-point sequence (BPS)
(Karaduman et al., 2017). In contrast to S. cerevisiae, where Hub1 is not essential
for viability, Hub1 is essential for viability in S. pombe and human cells. A plausible
reason for this difference could be higher prevalence of splicing and intron diversity
in higher eukaryotes where Hub1 likely affects splicing of several pre-mRNAs
(Dittmar et al., 2002; Wilkinson et al., 2004; Yashiroda and Tanaka, 2004; Mishra et
al., 2011; Ammon et al., 2014). Though the role of Hub1 in pre-mRNA splicing has
been studied by RNAi-mediated knockdown approaches in human cell lines, the
protein’s surfaces relevant for its splicing function has not been elucidated in higher
eukaryotes (Ammon et al., 2014; Oka et al., 2014). In addition, the mechanism of

Hub1 in intron-rich eukaryotes has not been studied.

The HIND (Hub1 Interacting Domain) elements are located in the homologs of RNA
splicing factor Snu66/SART1 in most eukaryotes. In plants, HIND is not observed in
Snu66 homolog, the absence in Snu66 might be compensated by its presence in
another splicing factor Prp38 (Mishra et al., 2011). Interestingly, in certain
organisms, including C. elegans, HINDs are observed in homologs of both Snu66
and Prp38. At present, implications of more than one splicing factor associating with
Hub1 are not clear. It has been shown that HUB1 knockdown worms did not show
any splicing defects (Benedetti et al., 2006). Also, Hub1’s splicing function is not

studied in multi-cellular eukaryotes.
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Further, human Hub1 promotes the Fanconi anemia (FA) pathway for repair of DNA
interstrand crosslinks (ICLS) by stabilizing FA pathway component FANCI (Oka et
al., 2015). This function is proposed to be independent of Hub1’s splicing function. In
the nematode Caenorhabiditis elegans, Hub1 (referred to as UBL-5) is reported to
play a role in mitochondrial unfolded-protein response (UPRmt) (Benedetti et al.,
2006). These observations possibly indicate that the function of the Hub1 may not be

confined to splicing.

Objectives

Therefore, in our current study, we aimed to study the following

I.  To understand the role of Hub1 in RNA splicing in an intron-rich organism.
II.  To understand the other functions of Hub1.

lll.  The role of Hub1 in a multi-cellular eukaryote, C. elegans.

Results

I. The ubiquitin-like protein Hub1 is a conserved regulator of pre-mRNA splicing and
alternative splicing. In Saccharomyces cerevisiae, Hub1 binds to the spliceosomal
protein Snu66 through its Asp-22 surface (surface 1), and to the DEAD-box helicase
Prp5 through its His-63 surface (surface IlI). Hub1 is not essential for viability in S.
cerevisiae (Dittmar et al.,, 2002), but the protein becomes essential in
Schizosaccharomyces pombe, possibly because Hub1 is required for splicing of a
larger number of introns. By using microarray and RT-PCR, we show that Hub1 is
crucial for pre-mRNA splicing in S. pombe. The protein specifically modulates the
spliceosome. It possibly facililates assembly of acitivated spliceosome by removing a
specific set of essential splicing factors. Strikingly, however, mutations in both
surfaces resulted in only mild growth and splicing defects, thereby suggesting that

Hub1 might work in pre-mRNA splicing thorugh other unidentified surface(s).

By using approaches of NMR, mutagenesis, and complementation of a hubi-

knockout S. pombe strain, we have identified a new Hub1 surface, surface lIl,
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containing Arg-9 and Arg-41 residues (referred to as hub1-R941). This surface is
functionally conserved in all eukaryotes and alteration of this surface resulted in
temperature sensitive growth and splicing defects in S. pombe. Further,
SPCPB16A4.06C, a Schizosaccharomyces specific gene, was identified as a high-
copy suppressor of the temperature sensitive hub1 surface Ill mutant. We further
show that Hub1 promotes splicing of the transcripts that are synthesized faster. It is
likely that rapidly synthesizing transcripts require Hub1 to couple transcription with
splicing. Altogether, this part of my study revealed that, despite its small globular size
of only 73 amino acids (~8.4 kDa), Hub1 employs multiple surfaces for its function in
pre-mRNA splicing. These surfaces facilitate binding of specific (known and certain

unknown) factors.

II. The ubiquitin-like protein Hub1 functions in pre-mRNA splicing by binding non-
covalently to the spliceosomal proteins Snu66 and Prp5. We have found that
Schizosaccharomyces pombe Hub1 also binds to a mitochondrial enzyme of the
citric acid cycle, fumarase (Fum1). The enzyme binds to a conserved surface of
Hub1 centred at a solvent-exposed tryptophan residue. This surface is absent in S.
cerevisiae Hub1; however, an introduction of tryptophan at analogous position
restores its affinity with Fum1. Hub1-Fum1 complex precipitates in vitro indicating
mutually inhibitory activities of the two partners. In support of potential inhibitory
activities, elevated levels of both Fum1 and fum1ASS (cytosolic fumarase) are more
toxic in hub1-W47G mutant cells compared to the wild-type S. pombe cells. hub1i-
W47G mutant cells show genetic interaction with splicing factor mutants and also
exhibit inefficient excision of introns from selected pre-mRNAs. fumiA mutant also
shows genetic interaction with certain splicing factor mutants. Higher levels of
fum1ASS is more toxic in splicing factor mutants, compared to the wild-type cells.
Thus, Fum1 protein which is not imported to mitochondria could regulate pre-mRNA
splicing through Hub1. Since fumarase is frequently mutated in multiple diseases in
humans, phenotypes of some of the mutants may be due to their influence on Hub1-

dependent pre-mRNA splicing.
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[ll. The ubiquitin-like protein Hub1 is a conserved member of the UBL family but
functions distinctly from ubiquitin. The protein modifies spliceosomes non-covalently
by binding to HIND (Hub1 INteraction Domain) containing pre-mRNA splicing factor
Snu66 and promotes alternative splicing. However, the splicing function of Hub1
remains unexplored in multicellular eukaryotes. Hub1 has been reported to play a
role in mitochondrial unfolded protein response (UPRmt) in Caenorhabditis elegans
and worms depleted of HUB1 did not show any defects in pre-mRNA splicing. In the
present study, we show that C. elegans Hub1 rescues S. pombe hub1A lethality. It
also complements S. pombe Hub1 splicing function. We further show that C. elegans
Hub1 interacts with HIND-containing splicing factors Snu66 and Prp38. The mode of
Hub1 interaction through salt bridge formation with Snu66 is conserved in C.
elegans. Hub1 also associates with the components of spliceosome. It is further
shown that HUB1 knockout worms were lethal at Larval 3 stage, which suggests an
essential role of HUB1 in development. HUB1 transcript levels are stage-specific and
at L3-L4 stage levels are higher than other stages of C. elegans life cycle. By using
splicing-sensitive microarray, we show that HUB1 knockout led to accumulation of
outron-containing transcripts. These results suggest that Hub1 might play role in

RNA trans-splicing.

Conclusion

This study demonstrates a conserved genome-wide role of Hub1 in pre-mRNA
splicing in S. pombe. Hub1 alters the protein composition of the spliceosome
selectively. It promotes splicing of pre-mRNAs that are synthesized faster. It is likely
that rapidly synthesizing transcripts require Hub1 to couple transcription with
splicing. We identified a functionally conserved Hub1 surface centered at two
positively charged residues critical for splicing in S. pombe. We also show that Hub1
directly binds to the Kreb’s cycle enzyme, Fum1, through another surface. This Hub1
surface also regulates pre-mRNA splicing. This Hub1 surface may promote
associations with other factors, part from Fum1i, to perform its splicing function.
Additionally, our study showed the potential role of Hub1 in trans-splicing in the

multicellular, C. elegans.
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In summary, Hub1 employs multiple surfaces to facilitate binding of specific factors

for its function in pre-mRNA splicing. My findings are highly relevant not only for

regulatory and tissue-specific gene expression, but also for understanding new

mechanisms of alternative splicing.
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Chapter 1

Introduction

1.1 Transcription and pre-mRNA processing

Eukaryotes transcribe their genomes by three highly related nuclear RNA
polymerases |, Il, and Ill. The transcription of protein-coding genes into mRNA is
carried out by RNA polymerase Il (RNAP II). During this process, pre-mRNA has to
undergo several processing steps, such as 5’-capping, splicing, and polyadenylation.
The mature RNA can be exported from the nucleus to the cytoplasm for translation

into proteins.

The general transcription initiation factors TFIIA, -B, -D, -E, -F, and -H assemble on
the core promoter with RNAP Il to initiate transcription. Transcription initiation begins
with TFIID recognizing and binding tightly to the TATA box elements. TFIID-TATA-
box guides remaining general initiation factors and RNAP |l to form the pre-initiation
complex or PIC. Further, PIC complex is completed by the joining of TFIIH and TFIIE
complexes (Bentley, 1999). Chromatin remodeling enzymes provide the accessibility
and open the densely packed chromatin to allow productive transcription. Among
these enzymes, acetyl- or methyltransferases are crucial to post-translationally
modify nucleosomal histones for subsequent reorganization of chromatin structure
(Ho and Crabtree, 2010). DNA methylation and histone modifications remodel
chromatin structures. Upon histone acetylation (histone 3 at K9 and K14, histone 4 at
K16) and methylation (histone 3 at K4), RNAP Il exits from its promoter to start

productive mRNA synthesis.

The largest subunit of RNAP Il contains a unique domain at its C-terminus, termed
as the carboxy-terminal domain (CTD). In humans, the CTD contains 52
heptapeptide repeats of Tyr-Ser-Pro-Thr-Ser-Pro-Ser residues. These residues act
as a regulatory interaction platform for various mRNA processing factors, thereby
couple transcription to subsequent mRNA maturation (Hirose and Manley, 2000).
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CTD promotes each step of pre-mRNA processing events. RNAP |l containing
unmodified CTD is referred to as RNAP IlA, and with hyperphosphorylated CTD is
referred as RNAP 110. The phosphorylation of CTD is a prerequisite for the transition
of RNAP Il for preinitiation complex to stable elongation complex. While RNAP Il is
mostly phosphorylated at serine S5 during transcrption initiation, during elongation
phase the serine S2 is predominantly phosphorylated. In case of paused or
terminating RNA pol Il complexes, serine S7 is found to be phosphorylated
(Dahmus, 1996). Upon RNA synthesis, the 5- capping enzyme complex (CEC)
directly and selectively binds to the nascent chain and the CTD S5 phosphorylation
mark. This association guides transfer of 7-methylguanosine (m7G) cap to the
emerging 5’ end of the newly synthesized transcript (Anderson and Parker, 1998).
The coupling among the capping and transcription machinery ensures that nascent
pre-mRNA is protected from degradation (Hirose and Manley, 2000; Maniatis and
Reed, 2002). The serine S2 phosphorylated RNAP |l CTD recruits auxiliary splicing
factors like ASF/SF2 or SC35, which promote pre-mRNA splicing (Millhouse and
Manley, 2005). Pre-mRNA splicing (detailed in section 1.2) is coupled to transcription
elongation through interaction between the splicing machinery and the transcription
elongation factor, TAT-SF1. Another transcription elongation factor, TFIIS associates
with high molecular mass complex containing RNAP |l and several splicing factors.
The SR protein family of splicing factors binds to specific exon sequences, known as
splicing enhancers and helps to recruit splicing machinery to the 5’ splice site (SS),
and 3’ splice site (SS). SR proteins couple pre-mRNA splicing with transcription
(Maniatis and Reed, 2002). Different promoters recruit SR protein family members,
which in turn promotes alternative splicing (Cramer et al., 1999). After splicing
reactions are completed, the nascent transcripts undergo polyadenylation co-
transcriptionally. Most protein-coding genes contain polyadenylation elements [polyA
signals (PAS)] followed by U- or GU-rich downstream sequence elements (DSEs) at
their 3’ region. These signals are required for both 3’-end cleavage and
polyadenylation of pre-mRNA (Proudfoot, 2011). Most of the human genes possess
more than one poly (A) site, thereby generates transcript isoforms with alternative 3’
ends through alternative polyadenylation. Cleavage and polyadenylation specificity

factor (CPSF) and cleavage stimulating factor (CSTF) are two-multi-peptide



complexes that recognize the PAS and DSEs respectively to promote cleavage and
polyadenylation. Polyadenylate polymerase (PAP) in association with polyadenylated
binding factor (PAB2) adds polyadenosine tail to free 3’ end of the mRNA (Elkon et
al., 2013). Coupling between transcription and different pre-mRNA processing steps

is prerequisite for optimal gene expression (Maniatis and Reed, 2002).

1.2 RNA Splicing

Most eukaryotic genes are interrupted by introns which are precisely excised out by
a process called RNA splicing. Some exons are spliced constitutively, that is exons
are part of every mRNA generated from a given pre-mRNA. Whereas, many exons
are alternatively spliced to generate multiple mRNAs from a single pre-mRNA
species (Will and Luhrmann, 2011). Alternative splicing is prevalent in higher
eukaryotes, and it increases the complexity of the organism (Nilsen and Graveley,
2010). In the human genome splicing is essential as almost all the genes contain
introns. The average human transcript contains around 8.8 short exons (120
nucleotides) and long introns with average size of more than 5400 nucleotides
(Sakharkar et al., 2004). In contrast, in Saccharomyces cerevisiae (S. cerevisiae)
only three percent of genes carry introns, of which only six genes with two introns
(Barrass and Beggs, 2003). Although the fission yeast Schizosaccharomyces pombe
(S. pombe) genome with 43% of intron-containing genes, but both yeasts contain
short introns which average length around 40-75 nucleotides (Ast, 2004). Despite
the difference in splicing prevalences between lower eukaryotes S. cerevisiae and
humans but basic biochemistry of pre-mRNA splicing is conserved (Nilsen, 2003).
This process carried out by a large multi-megadalton ribonucleoprotein complex
known as spliceosome via two transesterification reactions (Moore et al., 1993).

Schematics of RNA splicing is depicted in the (Figure. 1.1).
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Figure 1.1: RNA splicing

Schematic of intron excision and two adjacent exons ligation. The steps shown are the
assembly of small nuclear ribonucleoprotein complexes (snRNPs), active spliceosome and
formation of mature transcript and intron lariat (adapted from Dvinge et al., 2016).

1.3 Components of the spliceosome

The mechanistic similarities between pre-mRNA splicing and autocatalytic excision
of group Il introns led to the hypothesis that pre-mRNA splicing reaction may be RNA
mediated catalysis (Weiner, 1993; Wise, 1993). Spliceosome consists of five
spliceosomal small nuclear RNAs (U1, U2, U4, U5, and U6 snRNAs), their
respective ribonucleoproteins snBNPs and associated non-snRNP protein

complexes (Nilsen, 1994). All non-U6 snRNAs are transcribed by RNA polymerase |l



and exported to the cytoplasm for maturation (Urlaub et al., 2001). In contrast, U6
snBNA is transcribed by RNA polymerase Ill and matures within the nucleus
(Karijolich and Yu, 2010).

During spliceosome assembly, the 5’ SS is initially recognized via base pairing with
U1 snRNA. In metazoans, U1 snRNA/5’ SS interactions are stabilized by U1-70 K,
U1-C and serine-arginine (SR) protein family (Will and Luhrmann, 2006). SR proteins
are general metazoan splicing factors containing essentially an arginine/ serine-rich
(RS) domain, which helps in stabilizing U6/5’ SS and U5/5’ SS base pairing (Shen
and Green, 2007). The U5 protein 220k / Prp8 association with 5° SS, 3’ SS,
branchpoint sequence (BPS), and PPT (Grainger and Beggs, 2005) helps in aiding
first and second step of splicing (Will and Luhrmann 2011). In metazoans, branch
point adenosine is initially recognized by auxiliary splicing factor SF1/BBP in co-
ordination with heterodimer U2AF. U2AF subunits, U2AF65 and U2AF35 help in
recruiting U2 snBRNP to BPS upstream of 3’ SS. The stable association with BPS is
supported by twelve U2 snRNP proteins including A”, B”, SF3a and SF3b complex
to form a prespliceosomal complex A (Will and Luhrmann, 2011). U5 snRNP
consists of eight U5 proteins, DEAD-box helicase hPrp28, the GTPase Snuili4,
DExD/H-box protein hBrr2, and the multi-domain protein Prp8. The complementary
domains in U4 and U6 snRNAs help in RNA base-pairing to form U4/U6-snRNP
complex proteins (hPrp3, hPrp4, hPrp31, CypH, and 15.5 K) (Schneider et al., 2002).
The U5 snRNP is pre-assembled and associates with U4/U6 snRNPs to generate
U4/U6.U5 tri-snBRNP complex, it undergoes conformational and structural
rearrangements to form the catalytic core complex of the spliceosome (Gottschalk et
al., 1999; Wahl et al., 2009).

In addition to the snRNP complexes, the spliceosome contains non-snRNA
containing RNPs. The major non-snRNP is PRP19/ CDC5L or Nineteen complex
(NTC) in S. cerevisiae. It associates with the spliceosome during precatalytic
complex B formation (Ajuh et al., 2000). PRP19/ CDC5L complex consists of at least
seven proteins; hPRP19 (Prp19), CDC5L (Cef1), PRL1 (Prp46) and SPF27 (Snt309)
are conserved, the subunits human AD002, CTNNBL1 (B-catenin-like 1) and HSP73
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are not found in yeast. Immunodepletion and complementation experiments show
that the Prp19 complex is essential for the first catalytic step of splicing (Makarova,
2004). Prp19, a member of U-box and WD-repeat family of E3 ubiquitin ligase, is an
essential factor required for activation and stabilization of spliceosome (Vander Kooi
et al., 2010). Prp19 complex promotes K63-linked ubiquitination of Prp3 (U4 snRNP
component) and increases affinity to interact with Prp8 (U5 snRNP component).
Thereby facilitates stable assembly of U4/U6.U5 snRNP complex. Prp3 is reversibly
deubiquitinated by Usp4 and its substrate targeting factor Sart3 to promote ejection
of U4 proteins from the spliceosome during maturation of its active site. This
reversible modification pathway is required for efficient pre-mRNA splicing (Song et
al., 2010). PRP19/CDC5L complex stays with the spliceosome till the splicing
reaction is completed and disassociates from the post-spliceosomal complex with

the release of lariat intermediate.

In addition to PRP19/CDC5L complex, a large number of splicing factors transiently
associate with the spliceosome to mediate rearrangements during splicing (Wahl et
al., 2009). During this reaction, a large number of RNA-RNA and RNA-protein
interaction networks undergo rearrangements that are mediated by co-ordinated
action of various enzymes. U4/U6-U5 tri-snRNP requires unwinding of U4/U6 duplex
snRNA for the spliceosome activation, which requires RNA helicase Brr2, Prp8, and
GTPase subunit Snu114 (U5 components of tri snRNP) (Hacker et al., 2008). Other
helicases such as Sub2 and Prp5 helps in recognition of BPS by U2 snRNP during
the formation of pre-spliceosome (Chang et al., 2013). Another group of non-snRNP
proteins is serine/arginine rich-SR proteins and hnRNP (heterogeneous nuclear
ribonucleoproteins). Both the family of proteins are central regulators of alternative
splicing. SR proteins are a large family of RNA binding proteins with RS domain
(arginine/serine-rich domain). Numerous studies indicate that multiple SR proteins
bind to exonic splicing enhancers (ESEs) to promote splice-site selection. It also
promotes exon inclusion and exon skipping depending on the interacting sequences
on pre-mRNA (Zhou and Fu, 2013). hnRNPs contain K-homology (KH) domains
accompanied by the more divergent functional domains such as RGG boxes,

glycine-, acidic-, proline-, rich domains. Different hnRNPs bound to distinct pre-



mRNA sequences can enhance or repress the spliceosome assembly (Krecic and
Swanson, 1999).

1.4 Assembly of the spliceosome

Spliceosome assembly occurs by the sequential binding of spliceosomal snRNPs
and several other splicing factors (Staley and Woolford, 2009). The exon/intron
architecture of the gene determines the usage of the splicesites via spliceosome
across exon or intron. Majority of splice site recognition in higher eukaryotes occurs
across the exon, whereas in lower eukaryotes recognition occurs across the intron
(Berget, 1995). In the event of introns less than 200-250 nucleotides, spliceosome

assembles across the introns (Figure. 1.2) (Fox-Walsh et al., 2005).

In the case of cross-intron assembly, U1 snRNP interact with 5° SS and non-snRNP
factors, SF1 and U2AF bind to BPS and polypyrimidine tract (PPT) respectively. (i.e.,
the E complex). In later steps of assembly, U2 snRNP stably associates with BPS
forming pre-spliceosome (i.e., the A complex). U4/U6.U5 tri-snRNP associates with
the pre-mRNA to generate pre-catalytic B complex. Major RNA-RNA and RNA-
protein rearrangements lead to disassociation of U1 and U4 snRNPs to form
activated spliceosome (i.e., the B®*' complex). Further catalytic activation by DEAH-
box helicase Prp2, generates B* complex which carries out first transesterification
reaction, it yields C complex which undergoes additional rearrangements to perform
second transesterification reaction. The spliceosome then disassociates, and with
additional remodeling, releases snRNPs for further rounds of splicing (Will and
Luhrmann, 2011).
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Figure 1.2: Assembly and disassembly of the spliceosome

The snRNPs (indicated by circles) recognize the intronic sequences and mediate
spliceosome assembly. Various spliceosomal complexes such as DExH/D-box RNA
ATPases/helicases Prp5, Sub2/UAP56, Prp28, Brr2, Prp2, Prp16, Prp22, and Prp43, or the
GTPase Snu114, act to facilitate the conformational changes during spliceosome formation.
(adapted from Will and Luhrmann, 2011).

1.5 Alternative splicing

Alternative splicing is a process by which multiple isoforms are generated from a
single pre-mRNA (Soller, 2006). Initially, strength of 5 SS, BPS, and 3 SS
determines the efficiency of splicing. In S. cerevisiae, alternative splicing occurs
rarely. Whereas, in humans, around 95% of intron-containing transcripts undergo
alternative splicing (Pan et al., 2008). The occurrence of alternative splicing
correlates with the high degree degeneracy of splice sites found in metazoan

genome (Ast, 2004). Several types of alternative splicing (AS) events (schematics of
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alternative splicing events are depicted in the (Figure. 1.3)) involve exon skipping,
alternative 3’ SS selection, alternative 5’ SS selection, and intron retention (Keren et
al., 2010). In addition to strength of splice sites, cis-acting RNA sequence elements
can also govern the splice site usage. Splicing enhancer elements recruit SR
proteins such as SC35, ASF/SF2, and SRp20 to positively regulate the splicing
(Sheprad and Hertel, 2009). In contrast, hnRNPs bound to distinct pre-mRNA
sequences can repress or enhance the spliceosome assembly (Krecic and
Swanson, 1999). Another layer of regulation of alternative splicing is through post-
translational modification of SR proteins and hnRNPs in human cells. The arginine-
serine rich (RS) domain-containing SR protein ASF2/SF2 is phosphorylated by SR
protein kinases (SRPKs) and Clk/Sty kinases. Phosphorylation of ASF2/SF2 by
SRPKs at N-terminal part of RS domain is essential for its recruitment to the splicing
speckles. Whereas, phosphorylation of ASF2/SF2 by Clk/Sty kinases at C-terminal
part of RS domain is required for its release from speckles. Phosphorylation of
ASF2/SF2 is critical for its subcellular distribution (Ngo et al., 2005). Both brain and
testis of chimpanzee, mouse, and human tissues show large number of alternative
splicing events and a large number of splicing factor genes are differentially
expressed. Among the splicing factor genes, snRNPs and SRPKs are most highly
differentially expressed in a particular tissue (Grosso et al., 2008). As mostly splicing
occurs co-transcriptionally, strength of the promoters, RNA polymerase processivity,
pausing and post-translational histone modifications regulate alternative splicing
events (Kornblihtt et al., 2013; Luco et al., 2011). The transcription factor positioned
in the promoter of processing transcript associate with SR protein. This associated
transcription factor binds with the transcription initiation complex to promote loading
of SR proteins with the Pol Il moving complex, which inturn regulates alternative
splicing (Cramer et al., 1997). Mutations in cis-acting elements or trans-acting factors
leads to abberant splicing and abnormal protein production in many diseases. Hence
reagents regulating alternative splicing could be used as potential therapeutics
(Garcia-Blanco et al., 2004).
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Figure 1.3: Events of alternative splicing

Schematics of alternative splicing events. Light blue: constitutive exon sequence that always
forms part of mature mRNA; mid-blue or dark blue: an alternative sequence that can be
included or excluded in the mature mRNA. (adapted from Dvinge et al., 2016).

1.6 Ubiquitin and ubiquitin-like proteins

The origin of ubiquitin-like proteins (UBLs) begins from prokaryotic biosynthetic
pathways. Proteins involved in molybdopterin (MoaD) and thiamine biosynthesis
(ThiS) pathways are structural homologs of UBLs. MoaD and ThiS do not post-
translationally modify proteins or other macromolecules. These proteins are modified
transiently themselves carrying sulfur atoms at the C-termini, and promoting sulfur

transfer in their pathways (Taherbhoy et al., 2012).

Ubiquitin and UBLs contain a globular B-grasp fold and flexible C-terminal tail, are
synthesized as inactive precursors and are processed by UBL-specific proteases
after conserved di-glycine (GG) motif (Taherbhoy et al., 2012). Structure of UBLs are

shown below (Figure. 1.4). In the early 1980s, post-translational modification of
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proteins by ubiquitin targets for intracellular proteolysis. Later it was shown that
ubiquitination and its reversal, deubiquitination acts as a targeting signal to control
various cellular processes, such as protein degradation, chromatin remodeling,
immune system regulation, endocytosis/trafficking, DNA repair, and kinase signaling

pathways (Turcu et al., 2009).

Ubiquitination is catalyzed by the sequential action of three enzymes such as a
ubiquitin-activating enzyme, E1; a ubiquitin-conjugating enzyme, E2; and a ubiquitin
ligase, E3. The Ubiquitin-activating enzyme activates ubiquitin through an ATP-
dependent step forming a thiol-ester linkage between the C-terminus of ubiquitin and
the active cysteine of the E1. The activated ubiquitin is later transferred to active-site
cysteine of the ubiquitin-conjugating enzyme, which together with ubiquitin-ligase

transfers the ubiquitin to a lysine residue in the target protein (Turcu et al., 2009).

The UBL protein SUMO (small ubiquitin-related modifier) is conserved from yeast to
humans. Although human SUMO-1 protein is 18% identical to ubiquitin, both contain
a globular B-grasp fold. The conjugation of SUMO to protein substrates referred to
as SUMOylation requires an enzyme cascade similar to ubiquitin (Jentsch and
Pyrowolakis, 2000). SUMO (Smt3 in S. cerevisiae) is conjugated to the lysine
residues on the protein substrates through an enzyme cascade. It involves SUMO
E1 (AOS1/Uba2) and E2 Ubc9 in association with E3 ligases like PIAS or the
nucleoporin RanBP2 (Flotho and Melchior, 2013). SUMOylation can be reversed by
SUMO-specific proteases (SENP1-7 in humans) (Mukhopadhyay and Dasso, 2007).
SUMOylation of proteins helps in stabilization of protein substrates and localization
to subcellular complexes, which are implicated in various cellular pathways such as
transcription, chromatin remodeling, DNA repair, nucleo-cytoplasmic transport,

mitosis and stress response (Muller et al., 2001).

Another ubiquitin-like protein, Rub1 (NEDD8 in metazoans, Neural precursor cell
expressed, developmentally down-regulated 8), shows 53% identity with ubiquitin.
Processing of NEDD8 precursor is catalyzed by UCH-L3 and NEDP1, conjugation to
the protein substrates is catalyzed through E1 enzyme (ULA1 and UBA3), E2
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conjugating enzyme Ubc12 and Ube2F in co-ordination with several E3 ligases like
Rbx1, Dcn1. The targets of NEDD8 were cullin family of proteins (CUL4A in human
cells). Neddylation is critical for regulating cullin function (Rabut and Peter, 2008).
The covalent NEDD8 conjugation can be reversed by NEDDS8 isopeptidases in a
process known as deneddylation (Cope and Deshaies, 2003). The neddylation and
deneddylation of cullin-based ubiquitin ligases are essential for the activity and its
stability (Bosu and Kipreos, 2008).

Another ubiquitin-like protein of the ATG family, Atg8 and Atg12, play crucial roles in
the autophagy pathway. Unlike most UBLs, Atg12 is synthesized in a mature form
containing C-terminal glycine residue ready for activation by an E1 enzyme, Atg7.
The E2 enzyme, Atg10, transfers Atg12 to Atg5. The Atg5-Atg12 complex acts as
the E3 enzyme for the Atg8. Atg8 is unique among UBLs, and it is the only UBL gets
ligated to lipid PE (phosphatidylethanolamine). Atg8 ligation is catalyzed by E1
activating enzyme Atg7, E2 conjugating enzyme Atg3 in co-ordination with E3 Atg5-
Atg12 complex. Atg8 can be removed from PE by Atg4 (Taherbhoy et al., 2012).

ISG15 is another UBL, which conjugates to the proteins by a process known as
ISGylation, similar to ubiquitylation. The enzyme cascade for ISGylation consists of
UbelL1 (E1), UbcH8 (E2), and Herc5 or EFP as E3 ligases. However, the molecular
mechanism of its action remains unclear (Sgorbissa and Brancolini, 2012). In
interferon-stimulated human cells, ISG15 is highly induced and mediates ISGylation
of host and viral proteins. ISG15 is a component of the innate immune response,

which exhibits antiviral activity against several types of viruses (Durfee et al., 2010).
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Figure 1.4: Structure of UBLs

1WZ3

Structural comparison between ubiquitin-like proteins with their respective PDB codes. The
Atg8 C-terminus is represented by a broken line (not observed in the structure). (adapted
from Taherbhoy et al., 2012).

Table 1.1: Summary of UBLs

UBL Function Substrates Comments
Ub 26S proteasomal Short-lived proteins, Diversity in functions
degradation, chromatin | histones, signaling due to its ability to form
remodeling, immune proteins, membrane polyubiquitin chains
system regulation, proteins (ion using one of its seven
endocytosis/trafficking | channels and lysine residues or N-
receptors) terminus and also from
the recognition of
numerous distinct forms
of ubiquitin
SUMO | DNA repair, nuclear Ran GTPase- SUMO primarily has
transport, transcription | activating protein |, nuclear-related
activators and functions
repressors of
transcription
NEEDS8 | Activation of cullin E3 | Cullins Cullin E3s are the
Ub ligases largest class of ubiquitin
ligases that regulate cell
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cycle
Atg12 | Autophagy Atg5 Atg12-Atg5 act as ES for
Atg8 pathway
Atg8 | Autophagy PE Mammals have Atg8
(phosphatidylethano homologs
-lamine)

(adapted from Taherbhoy et al., 2012).

Table 1.2: The following list represents the details of the protein and the
methods used to obtain their structures.

UBL (PDB-ID) Name Method Organism

1JW9 MoaD X-diffraction E. coli

1ZUD ThiS X-diffraction E. coli

1UBQ Ubiquitin X-diffraction Homo sapiens
1Y8R SUMO X-diffraction Homo sapiens
1NDD NEDD8 X-diffraction Homo sapiens
2ZPN Atg8 X-diffraction S. cerevisiae

1WZ3 Atg12 X-diffraction Arabidopsis thaliana

1.7 Ubiquitin and ubiquitin-like proteins in pre-mRNA splicing

Ubiquitin and three other ubiquitin-like proteins such as SUMO, Sde2, and Hub1 are
implicated in pre-mRNA splicing. Ubiquitin binds both covalently and non-covalently
to the spliceosomal core Prp8 protein. These non-degradative associations imply its
role in splicing regulation. Further, Prp3 and Prp31 get ubiquitinated by Prp19 which
is essential for spliceosomal activation. Similar to ubiquitin, SUMOQylation of many
splicing factors, serine/arginine (SR) proteins and members of hnRNP family upon
stress response were observed. SUMO conjugation to spliceosomal proteins
strengthens the spliceosomal assembly and enhances splicing efficiency. Crosstalk
between SUMOylation and ubiquitination may also exist as Prp3 gets modified by
both SUMOylation and ubiquitination (Chanarat and Mishra, 2018).

Another ubiquitin-like protein Sde2 is synthesized as a precursor of an N-terminal

ubiquitin fold, Sde2yg.; an invariant GG_KGG motif; and a C-terminal domain, Sde2-
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C. Processed Sde2 generates active kgaSde2-C which is then incorporated into the
spliceosome and promotes splicing of selected introns from a subset of pre-mRNAs.
In S. pombe the Sde2 splicing functions have been attributed to its ability to recruit
Cactin/Cay1 to the spliceosome. S. pombe Sde2 mutants show defects in telomeric
silencing and genomic stability (Thakran et al., 2018). The ubiquitin-like protein Hub1

role is summarized in the section below.

Table 1.3: List of UBLs in pre-mRNA splicing

UBLs Mode of action Function

Ubiquitin | Covalent conjugation for proteasomal Assembly and disassembly of
degradation, protein-protein interactions | the spliceosome

and non-covalent binding for protein-
protein interactions

SUMO Covalent conjugation with splicing factor | Spliceosome assembly
to facilitate protein-protein interaction
with splicing factors containing SUMO
binding motifs

Hub1 Non-covalent binding for mediating Spliceosome assembly,
protein-protein interaction and activation, and splicing fidelity
stimulates ATPase activity of RNA
helicase Prp5

Sde2 Processed Sde?2 facilitates association | Spliceosome assembly and
with the spliceosome and spliceosome specificity
specific factors

(adapted from Chanarat and Mishra, 2018).

1.8 The Ubiquitin-like protein Hub1

Hub1 (also called UBL5) is a highly conserved member of the UBL family of proteins
in eukaryotes. But, different from UBLs, Hub1 interacts with substrates non-
covalently as it lacks any enzyme cascade and the UBLSs’ characteristic di-glycine
motif, both essential for covalent conjugation (Luders et al., 2003; Yashiroda and
Tanaka, 2004; Mishra et al., 2011). Hub1 associates with the spliceosomal protein
Snu66, a protein of the U4/U6.U5 small nuclear-ribonucleic particle (tri-snRNP) to
promote alternative splicing (Wilkinson et al., 2004; Mishra et al., 2011). Hub1 is not
essential for viability in S. cerevisiae (Dittmar et al., 2002). It is not required for
general splicing, but moderately affects the splicing of few transcripts. It also

functions in usage of non-canonical 5’ SS in splicing SRC1 and PRP5 transcripts,
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both the transcripts are alternatively spliced in S. cerevisiae (Mishra et al., 2011).
Hub1 interacts with the DEAD-box helicase Prp5, a regulator of pre-spliceosome
assembly, and stimulates its ATPase activity to enhance splicing and relaxing fidelity
of the spliceosome. High levels of Hub1 causes missplicing by tolerating suboptimal
SSs and BPS. Importantly, Prp5 itself is regulated through Hub1-dependent negative
feedback loop to have a check on missplicing (Karaduman et al., 2017). Since Hub1
is essential, temperature-sensitive hub1-1 (hub1/42S) cells with growth at 30°C and
restricted growth at 37°C were identified in S. pombe. The hubi-1 cells showed
genetic interaction with Snu66 and splicing defects at 37°C (Yashiroda and Tanaka,
2004). Other temperature-sensitive hub1-4 (hub1M70K) cells which grow at 30°C
and growth-restricted at 32°C were identified. Similar to hub1-1, hubi1-4 cells
showed defects in pre-mRNA splicing at the restrictive temperature (Wilkinson et al.,
2004).

In human cell lines, Hub1 is essential for viability, possibly because it affects splicing
of many intron-containing genes (Ammon et al., 2014). It is a part of the
spliceosomal complex B just before the activation but after incorporation of tri-snRNP
(Makarova et al., 2004). Hub1 interacts with coilin (core component of Cajal bodies),
colocalizes with Cajal bodies (CBs), a subnuclear domain where assembly and/or
modification of spliceosomal components occur (Sveda et al., 2013). Other than
snu66, Hub1 makes additional contacts with the SR-protein kinases Cdc2/Cdc28-like
kinases (Kantham et al., 2003). In this process, Hub1 exhibits splicing independent
function in stabilizing FANCI protein (Oka et al.,, 2015). As of now, Hub1-Snu66
interaction is well established and studied in molecular details in humans and S.
pombe (Mishra et al., 2011; Ammon et al., 2014). In human cell lines, hub1 mutant
with defective Snu66 binding complemented growth and splicing defects. Firstly,
complementation might occur due to overexpression of hub1 mutant from plasmid-
borne constructs. Secondly, Hub1 might interact with Snu66 through other surfaces,
and/or thirdly, Hub1 makes additional contacts with other proteins of the
spliceosome. Though the role of Hub1 in pre-mRNA splicing has been studied by
RNAi-mediated knockdown approaches in human cell lines, the protein’s surfaces

relevant for its splicing function has not been elucidated in higher eukaryotes
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(Ammon et al., 2014; Oka et al., 2014). In addition, the mechanism of Hub1 in intron-

rich eukaryotes has not been studied.

The HIND (Hub1 Interacting Domain) elements are located in the homologs of RNA
splicing factor Snu66/SART1 in most eukaryotes. In plants, HIND is not observed in
Snu66 homolog, the absence in Snu66 might be compensated by its presence in
another splicing factor Prp38 (Mishra et al., 2011). Interestingly, in certain
organisms, including C. elegans, HINDs are observed in homologs of both Snu66
and Prp38. At present, implications of more than one splicing factor associating with
Hub1 are not clear. It has been shown that HUB1 knockdown worms did not show
any splicing defects (Benedetti et al., 2006). Also, Hub1’s splicing function is not

studied in multi-cellular eukaryotes.

Further, human Hub1 promotes the Fanconi anemia (FA) pathway for repair of DNA
interstrand crosslinks (ICLS) by stabilizing FA pathway component FANCI (Oka et
al., 2015). This function is proposed to be independent of Hub1’s splicing function. In
the nematode Caenorhabiditis elegans, Hub1 (referred to as UBL-5) is reported to
play a role in mitochondrial unfolded-protein response (UPRmt) (Benedetti et al.,
2006). These observations possibly indicate that the function of the Hub1 may not be

confined to splicing.

Objectives
Therefore, in our current study, we aimed to study the following

I.  To understand the role of Hub1 in RNA splicing in an intron-rich organism.
II.  To understand the other functions of Hub1.

[ll.  The role of Hub1 in a multi-cellular eukaryote, C. elegans.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Chemicals and plastic wares

All chemicals used in the study were obtained from commercial sources. Which were
of either of analytical or molecular biology grades. Media components, fine
chemicals, and reagents were purchased from Sigma Aldrich, USA, HiMedia, India,
Merck. Ltd, USA, Difco, USA and Formedium, UK. All plastic wares used for yeast,
bacteriological and molecular biological works were procured from Abdo's lab tech,

India and Tarsons, India.

2.1.2 Molecular biology reagents

Enzymes (restriction enzymes, T4 DNA ligase, Alkaline phosphatase (CIP), Phusion
DNA polymerase, Pfu turbo, Taqg DNA polymerase, Vent DNA polymerase, and other
modifying enzymes, buffers, dNTPs, DNA and protein molecular weight markers
were purchased from New England Biolabs, Invitrogen, Sigma Aldrich, USA. Gel-
extraction and plasmid miniprep kits were obtained from Bioneer, Korea. RNA

isolation kits were obtained from Invitrogen, USA.

2.1.3 Antibodies and antibody-coupled beads

The antibodies anti-Myc (polyclonal), anti-FLAG M2 (clone M2), anti-haemagglutinin
(HA, clone HA-7), anti-HA (polyclonal),anti-rabbit-HRP and anti-mouse-HRP (raised
in Goat) were obtained from Sigma Aldrich. Antibody-coupled beads Anti-HA-rabbit
(H6908), anti-MYC (A7470) and anti-FLAG (A2220) were also from the same source.
Rabbit serum enriched with polyclonal antibody (MERCK), against bacterially purified

6xHis-Ce Hub1 was used.
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2.1.4 Media

All the media buffers and stock solutions were prepared using Millipore distilled

water and were sterilized as recommended, either by autoclaving at 15 psi pressures

at 121°C for 15 minutes or by using membrane filters (HiMedia, India) of pore size

0.22-0.45 (for heat-labile compounds)

Luria-Bertani (LB) medium: 10 g tryptone, 5 g yeast extract, and 10 g

sodium chloride dissolved in 1 liter of distilled water and autoclaved

Luria-Bertani (LB) Agar: 10 g tryptone, 5 g yeast extract and 10 g sodium
chloride in 0.5-liter water and 20 g agar dissolved in 0.5 liters of distilled
water and autoclaved separately and were mixed together to make LB
Agar. Desires antibiotics (ampicillin (100 pg/ml) or kanamycin (50 pg/ml)

were added as per requirements.

Yeast-extract (YES) medium: 5 g yeast extract, 2 g casamino acids, 30 g
glucose, 0.1 g adenine, 0.1 g uridine, 0.1g leucine, 0.1 g histidine and 20 g
agar per liter of medium. When selecting for the kan-MX4 marker using
G418/geneticin resistance (Sigma G-5013), G418 plates were made by
dissolving 200 pug/ml. For nat-NT2 cassette, Nat plates with 75 ug/ml and
for Hph-NT1, hygromycin plates with 100 pug/ml

Synthetic defined (SD) media: Per liter: 6.7 g yeast nitrogen base, 2 g
required supplement dropout mixtures for auxotrophies (e.g. leucine and
uracil), 20 g glucose, and for making plates 20 g agar was used.
Expression constructs under the nmt promoter were induced in the
absence of thiamine, and 5 pg/ml thiamine was used to repress the

promoter

Edinburg minimal medium (EMM) medium: Per liter: 3 g potassium
hydrogen phthalate, 2.2 g Na,HPO04, 5 g ammonium chloride, 2 g required

supplements mixture for auxotrophies are added as required, 20 g glucose,
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20 ml of 50x salt stock, 2 ml of 500x vitamins and minerals stock, and for
plates 20 g agar was used. Expression constructs under the nmt promoter
were induced in the absence of thiamine, and 5 pg/ml thiamine was used to

repress the promoter.

2.1.5 Buffers and stock solutions

Vi.

Vii.

viii.

Cell lysis buffer: 2 % Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-Cl
(pH-8.0), and 1mM EDTA.

10x Tris-EDTA (TE) buffer (pH 8.0): 10 mM Tris-HCI (pH 8.0), and 1TmM
EDTA

50x TAE: Per Liter: 242 g Tris base, 57.1 ml glacial acetic acid, and 100 ml
of 500 mM EDTA (pH 8.0). Autoclaved and stored at room temperature.

High Urea (HU) buffer: 8M urea, 5% SDS, 200 mM Tris pH 6.8, 1 mM
EDTA, with bromophenol blue, and 1.5% dithiothreitol (DTT) was added

before use.

30% Acrylamide mixture: 29% acrylamide and 1% methylbisacrylamide

Resolving Gel (12%): 1.25 ml 1.5 M Tris-HCL (pH 8.8), 50 ul 10% SDS, 2
ml 30% acrylamide solution, 50 ul 10% ammonium persulphate (APS), 5 pl
Tetramethylethylenediamine (TEMED), and 1.7 ml water.

Stacking Gel (4%): 0.5 ml 0.5 M Tris-HCI (pH 6.8), 20 ul 10% SDS, 0.26 ml
30% acrylamide solution, 40 ul 10% APS, 4 ul TEMED, and 1.2 ml water.

10x SDS buffer (pH 8.3): Per liter: 30 g Tris base, 144 g glycine, and 10 g
SDS
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Xi.

Xii.

Xiii.

Xiv.

XV.

XVi.

XVii.

XViii.

XiX.

20x MOPS buffer (pH 7.7): 50 mM MOPS, 50 mM Tris base, 0.1% SDS,
and 1 mM EDTA.

10x Semi-dry transfer buffer: Per liter: 29.3 g Glycine, 58.2 g Tris base, and
4 g SDS. For transfer 1x buffer with 5% methanol used.

10x Tris-Buffered Saline (TBS) buffer (pH 7.6): 24.2 g Tris base, and 80 g
NaCl per liter:

For washing, 1x TBS with 0.1% tween 20 was used.

IP Cell-lysis buffer: 150 mM Nacl, 5 mM Mgcl,, 50 mM Tris-Cl (pH-7.5), 5%-
10% glycerol, 1% Triton X-100, 1 mM PMSF, two phosphatase inhibitors
tablets per 50 ml buffer (Roche) and one protease inhibitors tablet per 50

ml buffer (Thermo Scientific).

IP Wash buffer 1: Cell lysis buffer with 1% Triton X-100 and 1 mM PMSF

IP Cell lysis buffer: 1% Triton X-100, 1 mM PMSF and without protease

inhibitor.

SORB (pH 8): 100 mM lithium acetate, 10 mM Tris-HCI (pH 8), 1 mM EDTA

(pH 8), 1 M sorbitol, filter sterilized and stored at room temperature.

40% PEG: 100 mM lithium acetate, 10 mM Tris-HCI (pH 8), 1 mM EDTA
(pH 8), 40% PEG, filter sterilized and stored at 4°C.

Salmon sperm DNA (10 mg/ml): It was denatured at 100°C for 10 minutes,
cooled on ice and stored at -20°C. For yeast competent cell preparation, 40
ul of denatured salmon sperm DNA was used per 50 ml of culture.

AES buffer composition: 50mM NaoAC (PH: 5.3), 10 mM EDTA, 1% SDS.
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XX.

XXi.

XXii.

XXiii.

XXiV.

XXV.

XXVi.

Lysis buffer for purification of GST-tagged proteins: 100 ml Phosphate
Buffered Saline, 5% Glycerol, 1 mM PMSF, 1 tablet of protease inhibitor
(Add Lysozyme - 1-4 mg/ml at the time of use)

High salt buffer: 500 mM NaCl, 50 mM Tris (pH - 7.5), 1 mM MgS0O4, 1 mM
EDTA, 1 mM PMSF

Elution buffer: 100 mM NaCl, 50 mM Tris (pH 8), 10 mM Gilutathione

10 mM Phosphate Buffered Saline (pH 7.4): 0.26 g KH2PO4, 2.17 g
Na2HPO4-7H20, 8.71 g NaCl, 0.201 g KCI, 800 mL dH20. Adjust pH to 7.4
and bring volume to 1 L with dH20.

Ni-NTA lysis buffer: 50 mM NaH2PO4, 300 mM NaCl, 10 mM Imidzole, 1
mM PMSF, 1 tablet of protease inhibitor (for 40 ml buffer), adjust PH to 8.0
using NaOH (Add lysozyme 4 mg/ml at the time of lysis)

Ni-NTA wash buffer: 50 mM NaH2PO4, 300 mM NaCl, 20 mM Imidzole, 1
mM PMSF, adjust PH to 8.0 using NaOH

Ni-NTA elution buffer: 50 mM NaH2P0O4, 300 mM NaCl, 250 mM Imidzole,
adjust PH to 8.0 using NaOH

2.1.6 S. pombe strains and plasmids

A complete list of strains and plasmids utilized in this study is given in Tables 2.1 and

2.2.

Table 2.1: S. pombe strains used in this study

Strain

Relevant genotype Reference

SP1

h- ade6-M216, leut, ura4-D18 Tanaka’s lab
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Strain | Relevant genotype Reference
SP9 PEM2 (E-MAP study) Mishra et al., 2011
SP10 | PEM2 hub1-142S::Nat-NT2 This study
SP13 | JY741 Ahub1::aur1iR pUR19-hub1+ | Yashiroda and Tanaka, 2004
SP20 | h+ JY741 Asde2:: Nat-NT2 Thakran et al., 2018
SP37 | PEM2 hub1-142S::Nat-NT2 prp19- This study
6HA::KanMX4
SP42 | h+ cdc5-6HA::KanMX4 This study (made by Prashant A.
Pandit)
SP44 | h+ prp19-6HA::KanMX4 This study (made by Prashant A.
Pandit)
SP75 | PEM2 hub1-142S::Nat-NT2 cdc5- This study
6HA::KanMX4
P2 PEM2 hub1H63L::Nat-NT2 This study
P3 PEM2 hub1D22A::Nat-NT2 This study
K2 PEM2 hub1D22A H63L::Nat-NT2 This study
P8 h+ prp19-6HA::KanMx4 mug161- This study
IMYC::HphNT1
P10 PEM2 hub1-142S::Nat-NT2 prp19- This study
6HA::KanMx4 mug161-
IMYC::HphNT1
P46 PEM2 hub1R9R41A::Nat-NT2 This study
P50 h- hub1W47G::Nat-NT2 This study
h+ Acwf18::KanMX4 BIONEER
h+ Aiss9::KanMX4 BIONEER
PN1 Wild-type This study (made by Nivedha
Balaji)
PN2 | hub1W47G::Nat-NT2 This study (made by Nivedha
Balaji)
PN3 | Acwf18::KanMX4 This study (made by Nivedha
Balaiji)
PN4 | Acwf18::KanMX4 hub1W47G::Nat- This study (made by Nivedha
NT2 Balaji)
PN5 | Wild-type This study (made by Nivedha
Balaiji)
PN6 | hub1W47G::Nat-NT2 This study (made by Nivedha

Balaji)
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Strain | Relevant genotype Reference

PN7 | Aiss9::KanMX4 This study (made by Nivedha
Balaiji)

PN8 | Aiss9::KanMX4 hub1W47G::Nat-NT2 | This study (made by Nivedha
Balaji)

PN9 | h- Afum1::Nat-NT2 This study (made by Nivedha
Balaiji)

PN23 | Wild-type This study (made by Nivedha
Balaji)

PN24 | Afum1::Nat-NT2 This study (made by Nivedha
Balaiji)

PN25 | Aiss9::KanMX4 This study (made by Nivedha
Balaiji)

PN26 | Afum1::Nat-NT2 Aiss9::KanMX4 This study (made by Nivedha
Balaji)

PN47 | Wild-type This study (made by Nivedha
Balaji)

PN48 | Afum1::Nat-NT2 This study (made by Nivedha
Balaji)

PN49 | Acwf18::KanMX4 This study (made by Nivedha
Balaji)

PN50 | Afum1::Nat-NT2 Acwf18::KanMX4 This study (made by Nivedha
Balaji)

(PN1, PN2, PN3, PN4), (PN5, PN6, PN7, PN8), (PN47, PN48, PN49, PN50), and
(PN23, PN24, PN25, PN26) are individual spores (tetratype(T)) from a single tetrad

separated into rows on solid media by microdissection.
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Table 2.2: S. cerevisiae strain used in this study

Strain

Relevant genotype

Reference

PJ69-7A

trp1-901 leu2-3,112 ura3-53 his3-200 gal4 gal80
GAL1::HIS3 GAL2- ADE2 met2::GAL7-lacZ

James et al., 1996

Table 2.3: Plasmid clones used in this study

Plasmid | Name Description Reference
No
D008 pPET28a 6xHIS— S. cerevisiae HUB1 in | This study
ScHUB1 pET28a
D025 pET28a 6xHIS-hub1 S. pombe hub1in This study
pET28a
D026 pGBUC1-hub1 S. pombe hub1in This study
pGBDUC1
D027 pGBUC1-hub1G47W S. pombe hub1-G47W | This study
in pGBDUC1
D029 pGBDUC1-snu66 S. pombe snu66 in This study
pGBDUC1
D030 pGADC1-fum1 S. pombe fum1in This study
pGADC1
D036 pPROEX-fum1 S. pombe fum1in This study
pROPEX
D121 pREP81x-Ce HUB1 C. elegans HUB1 in This study (made by
pREP81X Pallavi Sharma)
D122 pREP81x-Sp hub1 S. pombe hub1in This study
pREP81x
D123 pGBDUC1-Ce HUB1 C. elegans HUB1 in This study
pGBUCH (made by Pallavi
Sharma)
D127 pET28a-6xHIS-Ce C. elegans HUB1 in This study
HUB1 pET28a (made by Pallavi
Sharma)
D128 pGBDUC1-Ce C. elegans HIND (aa This study
SNU66(HIND) 1-80) in pGBUCH1 (made by Pallavi
Sharma)
D131 pGADC1-Ce HUB1 C. elegans HUB1 in This study
PGDACH (made by Pallavi
Sharma)
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Plasmid | Name Description Reference
No
D150 pGEX-5x-1-Ce C. elegans HIND (aa This study
Sharma)
D151 pGADC1-Ce C. elegans HIND (aa This study
SNU66(HIND) 1-80) in pGADC1 (made by Pallavi
Sharma)
D163 pGBDUC1-Ce C. elegans HUB1D22A | This study
HUB1D22A in pPGDAC1 (made by Pallavi
Sharma)
D169 pGEX-5x-1-Ce C. elegans HIND (aa This study
PRP38(HIND) 291-320) in pGEX-5x-1 | (made by Pallavi
Sharma)
D133 pET28a-hub1-DD S. pombe hub1 with This study
DD extensions at C-
terminus in pET28a
D172 pGADC1-Ce C. elegans HIND-R62A | This study
SNUG66(HINDR62A) in pPGADC1
D173 pREP81x-Ce C. elegans HUB1-142S | This study
HUB11425 in pPREP81X
D174 PREP81x-hub1142S S. pombe hub1-142S in | This study
pREP81x
D280 p49.26-3XFLAG- C. elegans HUBT1 in This study
CeHUB1 p49.26
D288 pPREP81x-hub1-DD S. pombe hub1-DD in | This study
pREP81x
D289 PREP81x-hub1-GG S. pombe hub1-GG in | This study
pREP81x
D299 pHub1-3MYC-hub1 S. pombe hub1 with This study
3MYC tag at N-
terminus in pREP81x
with hub1 promoter
D373 pFA6a.Nat-NT2-hub1 S. pombe hub1 This study

genomic DNA
including 500 bp
upstream of start
codon of the gene and
100bp downstream of
the stop codon of the
gene, followed by Nat-
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Plasmid | Name Description Reference
No
NT2 cassette and 101-
600bp downstream of
the stop codon of the
gene
D374 pFA6a.Nat-NT2- Similar to D373 This study
hub1H63L construct with H63L
mutation
D375 pFA6a.Nat-NT2- Similar to D373 This study
hub1D22A construct with D22A
mutation
D376 pFA6a.Nat-NT2- Similar to D373 This study
hub1D22A H63L construct with D22A
H63L mutation
D377 pFA6a.Nat-NT2- Similar to D373 This study
hub1R9A R41A construct with R9A
R41A mutation
D407 pHub1-Ce HUB1 C. elegans HUB1 in This study
pREP81x with HUB1
promoter
D413 PREP81x-3MYC- S. pombe hub1142S in | This study
hub1142S pREP81x with 3SMYC
tag at N-terminus
D415 pHub1-3MYC-hub1- S. pombe hub1- This study
RI9R41A R9R41A with 3BMYC
tag at N-terminus in
pREP81x with HUB1
promoter
D416 pHub1-3MYC-hub1- S. pombe hub1-W47G | This study
W47G with 3MYC tag at N-
terminus in pREP81x
with HUB1 promoter
D417 PREP81x-B3MYC-hub1 | S. pombe hub1 in This study
pREP81x with 3SMYC
tag at N-terminus
D420 PREP81x-BMYC-hub1- | S. pombe hub1-W47G | This study
W47G in pPREP81x with

3MYC tag at N-
terminus
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Plasmid
No

Name

Description

Reference

D476

pFA6a.Nat-NT2-
hub1W47G

Similar to D373
construct with W47G
mutation

This study

D477

PREP3x-fum1Ass

S. pombe fum1 lacking
N-terminal
mitochondrial
localization sequence
in pPREP3x

This study

D480

PREPA4x-fum1Ass-6HA

S. pombe fum1 lacking
N-terminal
mitochondrial
localization sequence
in pPREP4x with 6HA
tag at C-terminus

This study

D481

PREP4x-fum1-6HA

S. pombe fum1 in
pREP4x with 6HA tag
at C-terminus

This study

D482

PREP3x-fum1Ass-6HA

S. pombe fum1 lacking
N-terminal
mitochondrial
localization sequence
in pPREP3x with 6HA
tag at C-terminus

This study

D483

pREP3x-fum1-6HA

S. pombe fum1 in
pREP3x with 6HA tag
at C-terminus

This study

D489

pHub1-3MYC-hub1-
R9A

S. pombe hub1-R9A
with 3MYC tag at N-
terminus in pREP81x
with HUB1 promoter

This study

D490

pHub1-3MYC-hub1-
R40A

S. pombe hub1-R40A
with 3MYC tag at N-
terminus in pREP81x
with HUB1 promoter

This study

D491

pHub1-3MYC-hub1-
R41A

S. pombe hub1-R41A
with 3MYC tag at N-
terminus in pREP81x
with HUB1 promoter

This study

D492

pHub1-3MYC-hub1-
R9A R40A

S. pombe hub1-R9A
R40A with 3BMYC tag
at N-terminus in

This study
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Plasmid
No

Name

Description

Reference

pREP81x with HUB1
promoter

D493

pHub1-3MYC-hub1-
R40A R41A

S. pombe hub1-R40A
R41A with 3BMYC tag
at N-terminus in
pREP81x with HUB1
promoter

This study

D494

pHub1-3MYC-hub1-
R9A R40A R41A

S. pombe hub1-R9A
R40A R41A with
3MYC tag at N-
terminus in pREP81x
with HUB1 promoter

This study

D495

pHUB1-1XFLAG-
APEX2

1XFLAG-APEX2 tag at
N-terminus in
pREP81x with HUB1
promoter

This study

D496

pHUB1-1XFLAG-
APEX2-hub1

S. pombe hub1 with
1XFLAG-APEX2 tag at
N-terminus in
pREP81x with HUB1
promoter

This study

D497

pHUB1-1XFLAG-
APEX2-hub1-DD

S. pombe hub1-DD
with 1XFLAG-APEX2
tag at N-terminus in
pREP81x with HUB1
promoter

This study

D498

pHub1-Ce HUB1 R9A
K41A

C. elegans HUB1 R9A
K41A in pREP81x with
HUBT promoter

This study

D499

psod2-3MYC-gsod2

S. pombe sod2 with
3MYC tag at N-
terminus in pREP81x
with sod2 promoter
and terminator

This study

D500

pmug37-3MYC-gsod2

S. pombe sod2 with
3MYC tag at N-
terminus in pREP81x
with mug37 promoter
and sod2 terminator

This study

D501

pmug37-3MYC-gmug37

S. pombe mug37 with
3MYC tag at N-

This study
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Plasmid | Name Description Reference
No
terminus in pREP81x
with mug37 promoter
and terminator
D502 psod2-B3MYC-gmug37 | S. pombe mug37 with | This study
3MYC tag at N-
terminus in pREP81x
with sod2 promoter
and mug37 terminator
D503 pGADC1-hub1 S. pombe hub1in This study
pGADC1
D504 pPGADC1-hub1R9A S. pombe hub1R9A This study
R41A R41A in pREP81x
D505 pPREP1X-DR9 S. pombe This study
SPCPB16A4.06C
highy copy suppressor
clone
pPREP3X- S. pombe This study
SPCPB16A4.06C SPCPB16A4.06C in
PREP3X
pGBUC1- S. cerevisiae hub1- This study
ScHUB1G47W G47W in pGBDUC1
PREP3x-fum1 K379A S. pombe fum1 K379A | This study
N381A-6HA N381A in pREP3x
2.1.7 Primers

All primers used in this study are mentioned in table 2.3

Table 2.4: List of primers used in this study (F-forward primer; R-reverse

primer) (Int-intron; Ex-exon)

Number Name Sequence (5’-3)

SKM_PR 13 act1 F CCCCTAGAGCTGTATTCCC
SKM_PR 14 act1 R CAGTGGTACGACCAGAGG
SKM_PR 317 SPBC354.07c ExX5 R | GTGCCATAAACCACAGTCCTTC
SKM_PR 318 SPBC354.07c Ex4 F | GAGTTTCCTGAGCTATTCGTAAC
SKM_PR 495 rap1 Ex1 F AAAAACTTTGAACATATTAGGGG
SKM_PR 502 rap1 Ex3 R CTTATAATGTTGCCGCCAGG
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SKM_PR 635 plal Ex1 F GGCGTTACTCTTGAAGTCGC
SKM_PR 636 plal Ex2 R CGTAAAATTCTTGGGTAGGCC
SKM_PR 637 tcgl Ex2 F CGTCCTGTCCAAGAGCAACC
SKM_PR 638 tcg1 EX3 R ACTTGAAGGAGCTGTTGCGG
SKM_PR 1235 | gnd1 exon4 F CCGTACAACTTCCAGAGTTGACGAG
SKM_PR 1236 | gnd1 exon5R CAAATTCCTCAAGGGAGTGAGCACC
SKM_PR 1290 | MYC-F AGCTGTCGACCGAGATGGGTGAACA
AAAG
SKM_PR 1463 | mug161 Ex2 F CAAGCGTACAACTAGTGCGG
SKM_PR 1464 | mug161 Ex3 R AATGGACTCTGGCAAACCAGC
SKM_PR 1971 | sod2-R GAGAATGATTGATGTGACCACCG
SKM_PR 1972 | mug37-R CTTCAAAGTAGTAGAGGATGAC
SKM_PR 2280 | hri2 Ex2 F GCGGATGCTTTTAACTGCTTTG
SKM_PR 2281 | hri2 Ex3 R TCAAATACATTGGTGGGATCGG
SKM_PR 2282 | mms1 Ex1 F GCAACTCCCAAGAGATTACTTG
SKM_PR 2283 | mms1 Ex3 R GCGAAGTTCTATAGCATTGCTG
2.2 Methods

2.2.1 S. pombe strain maintenance

Strains were cultured to stationary phase (around 1.5 ODgoonm) in YEL media at 30°C
for 24 hours with shaking at 250 rpm, then mixed 1:3 with 50% (v/v) sterile glycerol
and immediately stored at -80°C. For experiments, strains were revived from glycerol
stocks on YES plates and maintained at standard growth conditions. The
transformed yeast strains were selected and maintained on SD medium with
supplements as per the requirement to keep the selective pressure on the plasmid.

Strains used in this study are listed in Table 2.1.

2.2.2 Yeast genomic DNA isolation
Strains were grown to saturation phase in 15 ml YEL media at 30°C for 16-18 hours

at 250 rpm. Cells were harvested by centrifugation at 3000 rpm for 5 min at room
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temperature and washed with distilled water. Cells were lysed by glass beads
method in the presence of 200 ul phenol: chloroform: isoamyl alcohol (PCI) by
vigorous vortexing for 30 secs and 30 secs on ice repeated 8 times. After vortexing,
cells were suspended in 200 ul of TE buffer (pH 8.0), vortexed for 30 seconds and
centrifuged at maximum speed for 5 min at room temperature. The aqueous layer
was transferred to a fresh tube with 0.7 ml of 100% ethanol, the tube was gently
mixed, stored at -20°C for 15- 20 min and centrifuged at maximum speed for 10 min
at 4°C, after discarding the supernatant, the pellet was dried at 37°C for 10-15 min
and dissolved in 100 ul TE buffer with 1 ul RNase A (20 mg/ml) and the tube was
incubated at 37°C for 1 hr, followed by addition of 1 ul proteinase k (100 pyg/ml) for 1
hr at 37°C. Then, 200 ul phenol: chloroform: isoamyl alcohol was added, vortexed for
1 min and 1 min on ice-repeated twice, centrifuged at 12000 rpm for 5 min and then
washed with 100 pl of chloroform twice. Then, 10 ul 4M ammonium acetate with 1 ml
100% ethanol was added to the tube and incubated at -20°C for 1 hr. Following
precipitation, centrifugation was performed at maximum speed for 10 min. The pellet
was washed with 1 ml 70% ethanol, dried in vacuum concentrator, resuspended in

50 ul TE buffer and stored at -20°C.

2.2.3 Preparation of S. pombe competent cells

Competent cells preparation was done following published protocols (Knop et
al.1999). Briefly, S. pombe cultures were grown in YEL media at 30°C with shaking
for 24 hours and then reinoculated in fresh YEL media to an ODgoonm around 0.1-0.2.
Then cells were allowed to grow till the ODegoonm 0.5-1.0. The cells were harvested by
centrifugation at 3000 rpm, for 5 min, room temperature then washed with sterile
water and once with 0.1X sterile SORB. After centrifugation, SORB was removed,
and then pellet was resuspended in 360 ul SORB and 40 pul denatured salmon sperm
DNA (10 mg/ml stock) per 50 ml culture. Aliquots were made, and competent cells

were stored at -80°C.

2.2.4 Transformation of S. pombe
The transformation of S. pombe strains was carried out by lithium acetate method
(Knop et al.1999). 10 ul of competent cells was mixed with 1 ul of plasmids in a
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sterile microcentrifuge tube and six-fold sterile 40% PEG was added. After vortexing,
cells were incubated at 30°C for 30 minutes. Heat shock was given at 42°C for 5 min

and cells were plated on selection plates and kept at 30°C for 4-5 days.

2.2.5 Complementation assays

To complement growth defect phenotypes of hubi-1 strain, competent cells were
transformed with respective plasmids and plated on selection plates. The plates
were incubated at 30°C till the growth of transformants was observed. After growth,
the transformants were resuspended in sterile water, and ODgponm Was measured.
The transformants were diluted at five-fold serial dilution in a microtiter plate, and
cells corresponding to ODgoonm Of 5 (~7.5x10 cells) were five-fold serial diluted and
spotted on plates with 5 ng/ml thiamine and without thiamine. Following spotting, the

plates were kept at 30°C and 37°C until growth was observed.

2.2.6 QuikChange site-directed mutagenesis

All point mutations on plasmids were created by QuikChange site-directed
mutagenesis (Agilent) using specific-primers and high fidelity Pfu DNA polymerase.
Both primers harbor the desired mutations flanked by unmodified nucleotide
sequences and anneal to the same sequence on opposite strands of the plasmid.
The PCR was carried for 18 cycles using 10-50 ng of the template with the annealing
at 55°C for 1 min and extension at 68°C for 2 min/kb of plasmid length. Then, the
PCR product was treated with 1ul Dpn1 at 37°C for 3 hours to digest the parent
template. Subsequently, 10 ul of PCR product was transformed in 100 ul of DH5a

competent cells and plated on selective antibiotic plate.

2.2.7 Protein isolation by trichloroacetic acid (TCA) precipitation

Cells were grown to log phase in selection media, and cells corresponding to
ODeoonm Of 1 were harvested by centrifugation at 13000 rpm for 30 sec. According to
a published protocol (Knop et al. 1999), the pellets were then resuspended in freshly
prepared mixture of 900 ul of 2N NaOH solution and 100 ul of B-mercaptoethanol
solution. Cells were vortexed and kept on ice for 10 min. Then 200 pl of 55%
trichloroacetic acid (TCA) was added and further vortexed and incubated on ice for
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10 min. TCA precipitation was followed by centrifugation at maximum speed for 15
min at 4°C. The supernatant was discarded, and again centrifugation was performed
for 2-3 min. Residual liquid was removed with vaccusip, and protein extraction was
done in 50 pl HU buffer with 1.5% DTT by heating at 65°C, 10 min, 1400 rpm. After
centrifuging it at 14,000 rpm, 1 min, room temperature; 10 ul of the isolated protein

lysates was used for immunoblot assays.

2.2.8 Western blot (WB) assays

For immunoblot assays, cells corresponding to ODeoonm Of 1 from exponentially
growing culture were harvested. Primary cultures were grown in synthetic defined
media till saturation at optimum conditions; then diluted to secondary culture in EMM
media (without thiamine) to induce protein expression from the thiamine-repressible
nmt81 promoter. Total proteins were isolated by TCA precipitation (Knop et al.
1999). 10 pl of the isolated proteins was loaded on SDS-PAGE and transferred on
PVDF membrane for two and half hour at 110 mA; blocked with 5% skimmed milk for
1 hour at room temperature. The membranes were then incubated with primary
antibody for 3 hours at room temperature with gentle shaking, followed by 30
minutes washing with 1x TBST buffer and incubation of HRP-conjugated secondary
antibody for 2 hours at room temperature. Blots were again washed for 30 min with
1x TBST buffer and visualized using chemiluminescence detection reagents from

Pierce.

2.2.9 Co-immunoprecipitation (Co-IP) assays
i. Cells harvesting: Cells were grown to log phase, ODgyonm around 0.6-0.8
and total cells corresponding to ODeoonm Of 50 were harvested by
centrifugation at 3000 rpm for 5 min at 4°C. After centrifugation supernatant
was discarded and pellets were resuspended in cell-lysis buffer with PMSF,
phosphatase and protease inhibitors, snap froze in liquid nitrogen and

stored at -80°C. The assay was described previously (Mishra et al. 2011).

ii. Cell-lysis: Total cell lysates were prepared by mechanical grinding of frozen

pellets with liquid nitrogen in the presence of cell-lysis buffer. The total cell
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suspension volume was 1 ml. Lysates were pre-cleared two times by

centrifugation at 10,000 x g for 10 min at 4°C

Immunoprecipitation (IP): After pre-clearing, the supernatant was
transferred to new micro-centrifuge tube and immunoprecipitation was
done using appropriate antibody tagged beads (15 ul/50 ODgoonm cells) for
3 hours at 4°C on slow speed rotator. After immunoprecipitation, unbound
proteins were washed away by centrifugation at 3000 rpm, 4°C for 2 min,
first with diluted lysis buffer; then three times with wash buffer 1 and finally
by wash buffer 2 (without triton X-100). The supernatant was discarded
thoroughly using vaccusip and both inputs (2%), as well as
immunoprecipitated proteins, were extracted by heating at 65°C for 10 min
in the presence of 25 ul HU buffer. After centrifuging it at 14,000 rpm, 5
min, room temperature; 10 ul of eluted proteins was loaded on NU-PAGE,
and co-immunoprecipitated proteins were analyzed by immunoblotting with

respective antibodies (The experiment was performed once only).

Co-immunoprecipitation (Co-IP) assays (Large Scale)

Cells harvesting: Cells were grown to log phase, ODgoonm around 0.8 and
total cells corresponding to ODeoonm Of 1600 were harvested by
centrifugation at 3000 rpm for 10 min at 4°C. After centrifugation,
supernatant was discarded and pellets were resuspended in cell-lysis
buffer with PMSF, phosphatase and protease inhibitors, snap froze in liquid
nitrogen and stored at -80°C. The assay was described previously (Mishra
etal. 2011).

Cell-lysis: Total cell lysates were prepared by mechanical grinding of frozen
pellets with liquid nitrogen in the presence of cell-lysis buffer. The total cell
suspension volume was 10 ml. Lysates were pre-cleared two times by

centrifugation at 10,000 x g for 10 min at 4°C.
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iii. Immunoprecipitation (IP): After pre-clearing, the supernatant was
transferred to a new 15 ml falcon tube and immunoprecipitation was done
using appropriate antibody tagged beads (200 pl) for 6 hours at 4°C on
slow speed rotator. After immunoprecipitation, unbound proteins were
washed away by centrifugation at 3000 rpm, 4°C for 2-3 min, first with
diluted lysis buffer; then three times with wash buffer 1 and finally by wash
buffer 2 (without triton X-100). The supernatant was discarded thoroughly
using vaccusip and both inputs (~2%), as well as immunoprecipitated
proteins, were extracted by heating at 65°C for 10 min in the presence of
25 pl HU buffer. After centrifuging it at 14,000 rpm, 5 min, room
temperature; 20 ul of eluted proteins was loaded on NU-PAGE, and co-
immunoprecipitated proteins were subjected for mass spectrometry. From
the identified proteins in mass spectrometry, we specifically selected all the
splicing factors and the table represents the number of unique peptides in

mass spectrometry for selected proteins.

2.2.10 Chromosomal tagging of splicing factors

Chromosomal tagging and gene deletion was done following published protocols
(Janke et al., 2004). Briefly, sequence encoding 6HA epitope tag with kan-MX4
cassette for resistance against G418 antibiotic was inserted chromosomally at the C-
terminus of selected splicing factors. The cassette was amplified using long primers
that contain sequences of homology to the genomic target location with a mixture of
Tag and vent polymerase. The PCR product was ethanol-precipitated and 10 pl of it
was transformed in S. pombe strains. After transformation, the strains were revived
for 16-18 hours on shaking followed by selection on YES-G418 plates. The

transformants were then screened by immunoblotting assays using anti-HA antibody.

2.2.11 Chromosomal mutagenesis of hub1 gene
Chromosomal mutagenesis was done following published protocols (Janke et al.,
2004). A plasmid was made which contained a Notl insert comprising of the S.

pombe hub1 genomic DNA including 500 bp upstream of start codon of the gene and
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100bp downstream of the stop codon of the gene, followed by Nat-NT2 cassette and
101-600bp downstream of the stop codon of the gene. The plasmid was
mutagenized by site-directed mutagenesis to obtain versions of hub1 mutants. The
Notl digested inserts from these plasmids were purified and transformed in S.
pombe strains. The revival in YEL media was done for not more than 8-12 hrs. The
revived cells were plated on YES-Nat plates. The chromosomal mutations were
screened by growth phenotypes and sequencing of genomic PCR fragments

covering the mutated regions.

2.2.12 Splicing-sensitive microarray

S. pombe splicing-sensitive microarray design, experimental procedure, and data
analysis were reported earlier (Inada and Pleiss, 2010) and the experiment was
carried out in the laboratory of Jeffrey A. Pleiss at Cornell University. Briefly, total
RNA was isolated from logarithmically growing cultures of wild-type and hub1-1
strains grown at 30°C and 37°C for 15 min by hot acid phenol method.
Subsequently, total RNA was converted to cDNA using reverse transcriptase (RT)
and random nine-mer primers. cDNAs from both strains were labeled with Cy3 and
Cy5 dyes. Mixtures of Cy3-labeled wild-type sample and Cy5-labeled hub1-1 sample
and from dye-swapped samples were hybridized to the splicing-sensitive microarrays
having introns-, exons- and junctions- specific probes for nearly all intron-containing
genes of S. pombe. The relative abundance of transcripts was compared between

the wild-type and hub1-1 strains.

2.2.13 RNA isolation and RT-PCR

i Cells harvesting: RNA isolation and cDNA synthesis were done as
described previously (Inada and Pleiss 2010). Briefly, cells
corresponding to ODeoonm Of 5.0 in the logarithmically growing phase
were harvested at 30°C (untreated control) or after 15 minutes of heat
shock at 37°C by filtration and pellets were stored at -80°C after snap
freezing with liquid nitrogen.

ii. RNA isolation: Total RNA was isolated by the hot acid phenol method

using 15 ml phase-lock gel heavy tubes. Briefly, pellets were
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resuspended in acid phenol: chloroform and AES buffer by vortexing.
Then the pellets were transferred to 65°C water bath for 7-10 min and
vortexed thoroughly once every minute. After lysis, cells were incubated
on ice for 5 min, and entire organic and aqueous phase was transferred
to pre-spun 15 ml phase-lock gel tubes. The tubes were centrifuged at
3000 x g at 4°C for 5 min. Then, PCl was added to the gel tubes, and
again centrifugation was done. Subsequently, chloroform was added to
the supernatant, and after centrifugation, the aqueous phase was
transferred into a new 15 ml conical tube with isopropanol and 3 M
sodium acetate. The conical tubes were vortexed thoroughly and 2 ml
isopropanol slurry was centrifuged at maximum speed for 20 min at
4°C. After centrifugation, the supernatant was discarded, and RNA
pellets were washed two times with 70% ethanol. The RNA pellets were
dried in a vacuum concentrator and finally resuspended in nuclease-
free water. It was followed by DNase | treatment for 15 min at room
temperature and Zymo-Spin Il column was used for clean-up of RNA.
Total RNA was quantified with a spectrophotometer by measurement at
0D260/280nm (Nanodrop).

cDNA synthesis and RT-PCR: cDNA synthesis from 3 pg total RNA was
done using RT and random-hexamer primer at 42°C for 16 hours
followed by RT-PCR using target-specific primers and products were
analyzed by agarose gel electrophoresis. Primers used in RT-PCR

assays of splicing targets are listed in table 2.3.

2.2.14 APEX labeling in S. pombe

ii.

Cells harvesting: Cells corresponding to ODggonm Of 50 were harvested,
washed with water and 1.2 M sorbitol solution. The cell pellet was
dissolved in 1 ml of 1.2 M sorbitol solution, followed by addition of 2.5
mM biotin-phenol (BP). It was mixed on a roller for 30 min-1 hr at room
temperature.

In vivo biotin labeling: Added 1 mM H»O, for 30 sec-1 min to initiate

biotin-labeling, quickly spun at 4000 rpm for 1.5-2 min and aspirated off
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the solution. Washed 3 times with 1 ml quenching solution (5 mM
Trolox, 10 mM sodium azide and 10 mM sodium ascorbate in 1.2 M
sorbitol dissolved in H,O) and finally washed the pellet with 1.2 M
sorbitol.

Protein extraction: Cells were lysed by the addition of 27 mM NaoH, 1%
(v/iv) 2-mercaptoethanol and incubated on ice for 10 min. Added
trichloroacetic acid (20% wi/v), incubated on ice for 10 min and spin
down at 4°C. The protein pellet was washed with 0.5-1 ml ice-cold
acetone once, added 500-700 pl lysis buffer (25 mM Tris pH 7.4, 150
mM NaCl, 2% SDS) containing complete protease inhibitor EDTA free
and denatured by heating at 75°C for 15 min.

Biotinylated protein enrichment: For streptavidin pulldown, sample were
dialyzed in dialysis buffer (25 mM Tris pH 7.4, 150 mM NaCl, 0.2%
SDS) using a 3.5K MWCO dialysis tubing for 3 hrs at room temperature.
5 mg of protein sample was incubated with 200 ul Streptavidin-coated
magnetic bead for 2 hr at room temperature, followed by 10-times
washing with wash buffer (25 mM Tris pH 7.4, 150 mM NaCl, 0.3%
SDS), 2-times wash with 2 M urea/50 mM Tris pH 7.4 and final wash
with wash buffer. Biotinylated proteins were eluted by incubating the
beads with 30 ul 2X SDS sample loading buffer (4% (w/v) SDS, 0.2%
(w/v) bromophenol blue, 20% (v/v) glycerol, 100 mM Tris pH6.8, 10%
(v/v) 2-mercaptoethanol) and heating at 75°C for 15 min. 15 ul of

samples was subjected to mass spectrometry.

2.2.15 High-copy suppressor screen

For high-copy suppressor screen, hub1 surface Ill mutant competent cells were
freshly prepared, and cells were transformed with a high-copy pREP1 vector-based
S. pombe cDNA library. The transformants were on plated on Emm-Leu plates,
incubated at 30°C for 6 hours. Further cells were shifted to 37°C till the growth of
transformants appeared. Further plasmids were shuttled out from the transformants

which grew at 37°C . The identity of the clones was established by DNA sequencing.
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2.2.16 Yeast two-hybrid screen

For yeast two-hybrid screening of whole cDNA libraries, potential binding factors
were expressed as Gal4 activation domain fusion proteins (AD-fusion), whereas the
bait protein carries Gal4 DNA binding domain. In case of physical interaction
between the two fusion proteins reporter gene expression (HIS3 and ADE2) was
induced which allows growth on selection medium (SC-Ura-Leu-His: 3.5% yeast
nitrogen base, 2% glucose and 0.2% amino acid mix). Here, Hub1 served as the BD-
fusion bait protein for screening with S. pombe cDNA library. Two-hybrid yeast strain
PJ69-7A was co-transformed with pGBDU-Hub1 construct and S. pombe cDNA
library to identify interactors of Hub1. Transformants monitored for interaction on SC-
Ura-Leu-His/Ade plates. Positives clones were further retransformed, and interaction

is validated by analysis growth on SC-Ura-Leu-His/Ade plates.

2.2.17 Purification of recombinant proteins from E. coli

E. coli BL21(DE3) cell pre-cultures were inoculated in 50 ml antibiotic-containing LB
media and cultured at 37°C overnight. For recombinant protein purification, these
cultures served as inoculants for larger volumes starting at ODgoonm at 0.2. E. coli
cells reached ODggonm at 0.4-0.5 were induced with 1 mM IPTG for 3-5 h at RT.

l. In the case of GST-fusion proteins, the pelleted cells (6000xg, 10 min, 4°C) were
resuspended in 40 ml of lysis buffer (with 1 mM PMSF, 200 ul Protease inhibitor
cocktail solution, 0.1 pl/ml Nuclease) and enzymatic cell wall digestion by lysozyme
on ice for 30 min. Followed by sonication (10-15 Amplitude, 10 secs on sonication
&10 secs on cooling), lysates were centrifuged at 5000 rpm for 10 min at 4°C.
Cleared supernatants were loaded onto ethanol-free glutathione agarose beads
(Qiagen) and incubated for 60 min on ice with continuous shaking. It is transferred to
the column (10 ml capacity) and subsequently, columns were washed 3-4 times with
10 ml of lysis buffer, 2 times with 10 ml of high salt buffer (with 300 mM NaCl), once
with 10 ml of detergent buffer (with 1% TX-100) and finally with 10 ml of PBS.
Finally, affinity matrix-bound proteins were eluted with 500 pl of GST elution buffer.
Total 6 such fractions were eluted, which were analyzed by protein concentration

measurements and SDS PAGE, to ensure successful and efficient purification. The
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eluted was dialyzed against PBS (0.1 mM DTT + 0.2 mM PMSF) for 2-3 hrs at 4°C
and later shifted to glycerol-containing PBS buffer for 16 hrs (0.1 mM DTT + 0.2 mM
PMSF + 10% glycerol) prior to freezing in liquid N2 and storage at -80° C.

Il. Similarly, 6xHis-tagged fusion proteins were purified from E. coli lysates after
induction, expression, and harvest. Here cell lysates were resuspended Ni-NTA lysis
buffer (with 1 mM PMSF, 200 pl Protease inhibitor cocktail solution, 0.1 upl/ml
Nuclease) before lysis via lysozyme digestion and sonication (see above). After
centrifugation cleared lysates were incubated with Ni-NTA agarose columns
(Qiagen) and incubated for 1 hr at 4°C. Followed by 4 times washing with 10 ml of
wash buffer, once with 10 ml of wash buffer containing 1% TX-100 and final wash
with 10 ml of wash buffer. Finally, affinity matrix-bound proteins were eluted with 500
ul of Ni-NTA elution buffer. Total 6 such fractions were eluted, which were analyzed
by protein concentration measurements and SDS PAGE, to ensure successful and
efficient purification. The eluted was dialyzed against PBS (0.1 mM DTT + 0.2 mM
PMSF) for 2-3 hrs at 4°C and later shifted to glycerol-containing PBS buffer for 16
hrs (0.1 mM DTT + 0.2 mM PMSF + 10% glycerol) prior to freezing in liquid N> and
storage at -80° C.

[ll. Similarly, in the case of insoluble 6xHis-tagged fusion proteins, denaturing
conditions were applied for its purification from E. coli lysates after induction,
expression, and harvest. Here cell lysates were resuspended Ni-NTA lysis buffer
before lysis via lysozyme digestion and sonication (see above). After centrifugation,
pellet fractions were washed with 1xPBS and resuspended in high urea buffer (8M
urea + 1XPBS) for 2-3 hrs at 37°C. After centrifugation cleared lysates were
incubated with Ni-NTA agarose columns (Qiagen) and incubated for 1 hr at 4°C.
Followed by 4-5 times washing with 10 ml of wash buffer (20 mM imidazole, 8M urea
in 1xPBS), Finally, affinity matrix-bound proteins were eluted with 500 pl of Ni-NTA
elution buffer with 8M urea. Total 6 such fractions were eluted. The eluted was
dialyzed against 1x PBS with 4M urea for 1 hr at 4°C, shifted to 1x PBS with 2M urea
for 1 hr at 4°C and later shifted to glycerol-containing PBS buffer for 16 hrs (0.1 mM
DTT + 0.2 mM PMSF + 10% glycerol). Dialysed samples were analyzed by protein
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concentration measurements and SDS PAGE, to ensure successful and efficient

purification prior to freezing in liquid No and storage at -80°C.

2.2.18 GST pull-down assay

In case of GST pull-down assay, bacterial purified recombinant GST and GST-
Snu66(HIND) proteins were individually mixed with 6xHis-hub1-DD and 6xHis-hub1-
GG proteins. The mixture was incubated for 2 hr at 4°C on slow speed rotator.
Around 50 ul of pre-washed glutathione agarose beads were added to each tube
separately and incubated for 1 hr at 4°C on slow speed rotator. After binding with
beads, unbound soluble fraction was washed away by centrifugation at 3000 rpm,
4°C for 2-3 min. Later, beads were washed three times with wash buffer 1 (1X PBS
with 15% glycerol, 0.5% triton X-100) and finally with wash buffer 2 (without triton X-
100). The supernatant was discarded thoroughly using vaccusip, both inputs (~10%)
as well as pull-down proteins were extracted by heating at 65°C for 10 min in the
presence of 30 ul HU buffer. After centrifuging it at 14,000 rpm, 5 min, room
temperature; 20 ul of eluted proteins was loaded on NU-PAGE, and pull-down
proteins were analyzed by staining the NU-PAGE gel. The experiment was
performed once only.

Note: In case of C. elegans Hub1-Snu66 interaction, the bacterial purified
recombinant GST and GST-Ce Snu66(HIND) proteins were were individually mixed
with 6xHis-Ce Hub1 protein (The experiment was performed twice). The experiment

was performed similar to 2.2.18.

2.2.19 Co-immunoprecipitation (Co-IP) assays using worm lysates

Worms from plates were washed thrice with M9 buffer, transferred to 1.5 ml MCT,
supernatant discarded and cell pellets were dissolved in 0.4 ml C. elegans HEPES
lysis buffer per plate of worms (PMSF, protease inhibitor, phosphatase inhibitor).
Further froze in liquid nitrogen and stored -80°C and lysates were transferred to steel
Dounce homogenizer on ice, stroked 30-40 times. Further lysates were subjected to
homogenization using mortar and pestle. Around 0.2 ml of lysis buffer (volume of
1.5X lysis buffer with protease inhibitors) to each gram of adult/ embryo beads. The

worm lysate was centrifuged for 10 mts at 5000 rpm at 4°C. Protein concentration
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was estimated using Bradford reagent. The experiment was as in 2.2.9 (HEPES

buffer with 0.5% triton x-100) was used in washing steps.

2.2.20 C. elegans strains maintenance

All strains were maintained at 20°C, as described previously (Brenner, 1974). The E.
coli strain OP50 was used for seeding the C. elegans plates. The Bristol N2 strain
was used as the wild-type (WT) control strain. The strains were maintained for long
term in liquid nitrogen by using freezing media as mentioned in wormbook. The
synchronization of strains was performed using sodium hypochlorite treatment after
growing the worms till adult stage. Also, to get rid of bacterial and fungal

contamination sodium hypochlorite treatment was used.

2.2.21 C. elegans RNA isolation

Worms were grown on OP50 containing plates for mixed stage population of worms.
The worms were harvested by washing with M9 buffer in a microcentrifuge tube.
Centrifuging at 14,000 rpm pelleted the worms down. The worms were washed 2-3
times to get rid of OP50. For stage, specific RNA isolation worm population were first
synchronized by bleaching the worms and then the worms are collected at different
time points to collect L1, L2, L3, L4, and adult worms. The RNA isolation performed
similar to 2.2.13.

2.2.22 C. elegans splicing-sensitive microarray

The microarray hybridization and scanning were performed at the Agilent certified
microarray facility of genotypic technology, Bengaluru, India. The samples for gene
expression were labeled using Agilent Quick-Amp labeling Kit (p/n5190-0442).
500ng each of total RNA were reverse transcribed at 40°C using oligo dT primer
tagged to a T7 polymerase promoter and converted to double stranded cDNA.
Synthesized double stranded cDNA were used as template for cRNA generation.
cRNA was generated by in vitro transcription and the dye Cy3 CTP (Agilent) was
incorporated during this step. The cDNA synthesis and in vitro transcription steps
were carried out at 40°C. Labeled cRNA was cleaned up using Qiagen RNeasy

columns (Qiagen, Cat No: 74106) and quality assessed for yields and specific

43



activity using the Nanodrop ND- 2000. 600ng of labeled cRNA sample were
fragmented at 60°C and hybridized on to an Agilent gene expression Microarray
8X60K. Fragmentation of labeled cRNA and hybridization were done using the gene
expression hybridization kit (Agilent Technologies, In situ Hybridization kit, Part
Number 5190-0404). Hybridization was carried out in Agilent’s surehyb chambers at
65°C for 16 hours. The hybridized slides were washed using Agilent gene expression
wash buffers (Agilent Technologies, Part Number 5188-5327) and scanned using the
Agilent microarray scanner (Agilent Technologies, Part Number G2600D).
Microarray Data Analysis

Feature extracted raw data was analyzed using Agilent genespring GX software.
Normalization of the data was performed in genespring GX using the 75th percentile
shift method [Percentile shift normalization is a global normalization, where the
locations of all the spot intensities in an array are adjusted. This normalization takes
each column in an experiment independently, and computes the n™ percentile of the
expression values for this array, across all spots where n has a range from 0-100
and n=75 is the median. It subtracts this value from the expression value of each
entity] and fold change values were obtained by comparing mutant samples with
respect to specific wild-type samples. significant genes up regulated fold> 1
(logbase?2) and down regulated <-1 (logbase2) in the mutant samples with respect to
wild-type samples were identified. Statistical student T-test p-value among the

replicates was calculated based on volcano Plot Algorithm.
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Chapter 3

The role of ubiquitin-like protein Hub1 in RNA splicing in
Schizosaccharomyces pombe

Abstract

The ubiquitin-like protein Hub1 is a conserved regulator of pre-mRNA splicing and
alternative splicing. In Saccharomyces cerevisiae, Hub1 binds to the spliceosomal
protein Snu66 through its Asp-22 surface (surface 1), and to the DEAD-box helicase
Prp5 through its His-63 surface (surface IlI). Hub1 is not essential for viability in S.
cerevisiae, but the protein becomes essential in Schizosaccharomyces pombe,
possibly because Hub1 is required for splicing of a larger number of introns. By using
microarray and RT-PCR, we show that Hub1 is crucial for pre-mRNA splicing in S.
pombe. The protein specifically modulates the spliceosome. It possibly facililates
assembly of acitivated spliceosome by removing a specific set of essential splicing
factors. Strikingly, however, mutations in both surfaces resulted in only mild growth
and splicing defects, thereby suggesting that Hub1 might work in pre-mRNA splicing

thorugh other unidentified surface(s).

By using approaches of NMR, mutagenesis, and complementation of a hubi-
knockout S. pombe strain, we have identified a new Hub1 surface, surface lIl,
containing Arg-9 and Arg-41 residues (referred to as hub1-R941). This surface is
functionally conserved in all eukaryotes and alteration of this surface resulted in
temperature sensitive growth and splicing defects in S. pombe. Further,
SPCPB16A4.06C, a Schizosaccharomyces specific gene, was identified as a high-
copy suppressor of the temperature sensitive hub1 surface Ill mutant. We further
show that Hub1 promotes splicing of the transcripts that are synthesized faster. It
possibly facilitates coupling of transcription with splicing. Altogether, this part of my
study revealed that, despite its small globular size of only 73 amino acids (~8.4 kDa),
Hub1 employs multiple surfaces for its function in pre-mRNA splicing. These

surfaces facilitate binding of specific (known and certain unknown) factors. My
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findings are highly relevant not only for regulatory and tissue-specific gene

expression, but also for understanding new mechanisms of alternative splicing.

3.1 Introduction

The proteins of the ubiquitin family (also called ubiquitin-like proteins or UBLs) are
central regulators of various cellular processes (Hochstrasser, 2000). Ubiquitin and
UBLs contain a globular B-grasp fold and a flexible C-terminal tail. They are
synthesized as inactive precursors and processed by UBL-specific proteases after a
conserved di-glycine (GG) motif. These proteins get conjugated mostly to proteins
through an enzymatic cascade involving activation, conjugation and ligase enzymes
(Taherbhoy et al., 2012; Nakai et al., 2008).

Introduction on Hub1 (detailed in section 1.8). In S. cerevisiae, two independent
surfaces of Hub1 are reported for its function in alternative splicing. Through its Asp-
22 surface, it binds to splicing factors Snu66 and/or Prp38, and through its His-63
surface, it interacts and activates the RNA helicase Prp5. Contributions of these
surfaces have not been elucidated in intron-rich or multicellular organisms, though
the role of Hub1 in pre-mRNA splicing have been studied by RNAi-mediated
knockdown approaches in human cells (Ammon et al., 2014; Oka et al., 2014). The
surfaces relevant for its splicing function has not been elucidated. In our study, we
show that Hub1 is required for pre-mRNA splicing in S. pombe. However, mutations
in both surfaces reported previously resulted in only mild growth and splicing defects.
We have identified a new Hub1 surface (surface Ill / Hub1-R941 surface). This
surface is functionally conserved in eukaryotes. Alteration of this surface results in
severe growth and splicing defects in S. pombe. A Schizosaccharomyces specific
gene was identified as a high-copy suppressor of hubi1 surface Ill mutant
temperature sensitivity. These results suggest that the Hub1 contains multiple

surfaces to facilitate the binding of certain other proteins for its splicing function.
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3.2 Results

3.2.1 Hub1 is required for pre-mRNA splicing in S. pombe

To understand Hub1 role in pre-mRNA splicing, my thesis guide Shravan Kumar
Mishra performed genome-wide splicing-sensitive microarrays for the hub1-1 mutant
in collaboration with Jeffrey A. Pleiss at Cornell University. For each intron-
containing gene, a minimum of three probes were used; the intronic probes detected
pre-mRNA, exon-exon junction probes detected mature mRNA, and exonic probes
detected total mMRNAs (Inada and Pleiss 2010). Total RNA isolated from wild-type
(WT) and the hubi1-1 strain was converted into cDNA using random nine-mer
primers. The cDNAs were labeled with Cy3, Cy5, and dye-swapped and hybridized
on splicing-sensitive microarrays. After hybridization, the relative abundance of the
transcripts was quantified and compared in both the strains. The heat map of
microarrays illustrates the logs ratio of transcripts in the hub1-1 strain as compared to
the wild-type strain (Figure 3.1A). The splicing of many genes was affected in the
hubi-1 strain as evident by the enhanced accumulation of intron-containing
transcripts and a corresponding decrease in mature transcript level in comparison to
wild-type cells at 37°C (Figure 3.1A). | confirmed the Hub1-dependent splicing
defects for the selected targets using RT-PCR assays. For RT-PCR experiments, we
isolated total RNA from logarithmically growing wild-type and hub1-1 cells grown at
30°C and 37°C. The selected targets showed accumulation of intron-containing
transcripts in hub1-1 cells at 37°C (Figure 3.1B). The above results indicate that

Hub1 is critical for pre-mRNA splicing in S. pombe.
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Figure 3.1: Hub1 is required for pre-mRNA splicing in S. pombe

A. Analysis of total RNA from S. pombe WT (SP9) and hub1-1 strain (SP10) using
splicing-sensitive microarray. Microarray heat-map shows the log, hub1-1/WT ratio of
signals for total transcripts (T), intron-containing transcripts (P), and spliced
transcripts (M). 37°C temperature shift was performed for 15 minutes to monitor early
splicing defects. The experiment was repeated with the two dyes swapped. Here,
light green color represents accumulation; black denotes no change and yellow
shows reduction of signal for the transcripts (Data is from Shravan Kumar Mishra).

B. Semi-quantitative RT-PCR shows accumulation of intron-containing transcripts for
rap1, spbc354.07c, and plai. 37°C temperature shift was performed for 15 minutes
to monitor early splicing defects. Total RNAs were converted into cDNAs using
random hexamer primers and reverse transcriptase from S. pombe WT and hub1-1
strains. Following cDNA synthesis, we carried out RT-PCR assays for the selected
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targets, which showed an accumulation of pre-mRNA in microarrays. The amplified
products were visualized on agarose gel electrophoresis. The block diagrams (not
drawn to the scale) represents exons and introns. Primers are depicted with arrows
on exons. PCR bands from the genomic DNA corresponds to pre-mRNA.

3.2.2 Hub1 selectively alters the composition of the spliceosome

In S. pombe, Hub1 is essential for pre-mRNA splicing, but the molecular mechanism
remains elusive. To address this, | immunoprecipitated spliceosomal components in
wild-type and hub1-1 cells with 6HA tagged versions of core-splicing factors Cdc5/
Prp19. The immunoprecipitated complex with anti-HA beads was purified and
subjected to mass spectrometry analysis. We found that some of the splicing factors
seem to be elevated, and one factor with a diminished level in the spliceosome of the
hub1-1 cells as compared to wild-type cells (Figure 3.2A). The factors elevated in the
spliceosome include RNA helicase Prp11 (ortholog of Prp5 in S. cerevisiae), Prp24
(RNA binding protein, a part of tri-snRNP complex), Prp1 (a part of tri-snRNP
complex), and Cwf16 (complexed with cdc5 protein). On the other hand, Mug161
(post-mRNA release spliceosomal complex) levels was diminished in the
spliceosome in hub1-1 cells as compared to wild-type cells. To verify this result, |
performed immunoprecipitation of epitope-tagged Mug161 protein from these strains
and confirmed reduced co-immunoprecipitation of Mug161 from hub-1 mutant
(Figure 3.2B). However, mug161 pre-mRNA is a splicing target of Hub1 in our
splicing-sensitive microarray. This could result in lesser amount of protein being
generated in hub1-1 cells, due to which a lower level of Mug161 might be present in
the spliceosome in hub1-1 cells. Further, a similar set of experiments need to be
performed to verify the enriched splicing factors in the spliceosome from hubi-1
mutant. Nonetheless, most of the components of the spliceosome remained
unaltered in both experiments. (The number of unique peptides of spliceosomal
proteins identified in mass spectrometry is listed in Table 3.1.) Thus, we infer that

Hub1 selectively modulates the composition of the spliceosome.
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The number of unique peptides

IP: Cdc5-6HA IP: Prp19-6HA
Protein WT hub1-1 | hub1- WT hub1-1 | hub1-
1IWT 1IWT
Cdc5 72 76 1.05 69 69 1
Prp19 28 28 1 26 24 0.92
Prp11 12 61 5.08 16 58 3.62
Prp24 4 25 6.25 2 26 13
Prp1 3 23 7.66 5 28 56
Cwf16 3 6 2 4 10 2.5

[ Mugtet [ 22 [ 1 [o5 [ 1 [ 9 [ 05 |

B Input IP: HA
l 2 I 2 |

Chrom. Tagged strain 2 T 2

Wild-type :Prp19-6HA, Mug161-9MYC T 3 3Z %

hub1-1  :Prp19-6HA, Mug161-9MYC = 2 £ 2
Prp19-6HA
(WB: anti-HA)
Mug161

(WB: anti-MYC)

Figure 3.2: Hub1 modifies the spliceosome

A. Cdch5-6HA complexes were immunoprecipitated using anti-HA antibody beads from
S. pombe lysates wild-type (SP42) and hubi1-1 strains (SP75). Prp19-6HA
complexes were immunoprecipitated using anti-HA antibody beads from S. pombe
lysates wild-type (SP44) and hub1-1 strains (SP37). Co-IP proteins were analyzed by
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mass spectrometry. The table shows number of unique peptides in mass
spectrometry for an identified protein. Splicing factors which are overrepresented in
the spliceosome in hubi-1 cells are highlighted with orange color, and
underrepresented factor is highlighted with blue color.

. Hub1 co-immunoprecipitates (Co-IP) splicing factor Mug161 protein in vivo. Lysates
from S. pombe prp19-6HA, mug161-9MYC chromosomally tagged genes in wild-
type (P8) and hub1-1 cells (P10) were immunoprecipitated using anti-HA antibody
beads. The Co-IP of Mug161-9MYC was analyzed by western blotting (WB) using
anti-MYC antibody. The level of Mug161 is diminished in both input and Co-IP
samples from hub1-1 mutant.

IP: Cdc5-6HA IP: Prp19-6HA
Protein WT | hub1-1| hub1-1/WT | WT | hub1-1 | hub1-1/WT
Spp42 179 178 0.99 180 | 165 0.91
Brr2 130 135 1.03 118 | 123 1.04
Cwif10 78 86 1.1 81 77 0.95
Cwf11 86 83 0.96 84 77 0.91
Cdch 72 76 1.05 69 69 1
Prp22 64 74 1.15 59 70 1.18
Prp16 42 67 1.59 21 43 2.04
Cwf3 68 64 0.94 65 63 0.96
Cwf4 65 63 0.96 54 56 1.03
Prp10 41 61 1.48 46 65 1.41
Prp11 12 61 5.08 16 58 3.62
Prp12 31 59 1.90 46 55 1.19
Prp17 43 48 1.11 44 41 0.93
Cwf22 40 45 1.125 42 44 1.04
Cwf19 52 45 0.86 50 41 0.82
Cdc28 36 43 1.19 48 54 1.12
Dbp2 32 39 1.21 27 24 0.88
Prp5 34 37 1.08 34 35 1.02
Prp39 28 36 1.28 32 36 1.12
Prp40 26 35 1.34 25 35 1.4
Prp45 33 33 1 37 40 1.08
Prp19 28 28 1 26 24 0.92
Sap145 17 28 1.6 24 31 1.29
Cwif25 14 28 2 22 33 1.5
Usp107 24 27 1.12 24 32 1.33
Cwif2 28 26 0.92 27 23 0.85
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IP: Cdc5-6HA IP: Prp19-6HA
Protein WT | hub1-1| hub1-1/WT | WT | hub1-1 | hub1-1/WT
Prp2 17 26 1.52 15 26 1.73
Sap61 19 26 1.36 22 29 1.31
Syf2 26 25 0.96 26 24 0.92
Srp2 22 25 1.13 17 20 1.17
Prp43 28 25 0.89 17 16 0.94
Prp24 4 25 6.25 2 26 13
Sap114 13 24 1.84 18 23 1.27
Cwf5 28 23 0.82 27 28 1.03
Tcg1 20 31 1.55 21 30 1.42
Cwf21 15 23 1.53 20 15 0.75
Prp1 3 23 7.66 5 28 5.6
Cwf17 25 22 0.88 24 24 1
Dbp3 22 22 1 nd nd nd
Cwf15 18 21 1.16 22 18 0.81
Cwif7 20 20 1 23 13 0.56
Leat 18 19 1.05 13 13 1
Bpb1 12 19 1.58 9 16 1.77
Cay1 15 19 1.26 9 8 0.88
Cwf26 9 19 2.11 15 14 0.93
SPAC20H4.09 19 17 0.89 20 19 0.95
Tif412 11 17 1.54 9 13 1.44
Cwf12 12 16 1.33 9 11 1.22
Bis1 16 16 1 17 18 1.05
Cbf5 19 16 0.84 22 18 0.81
Cwf24 11 16 1.45 20 19 0.95
Dbp9 15 14 0.93 25 20 0.8
Saf4 12 13 1.08 18 9 0.5
Slu7 12 13 1.08 12 8 0.66
Has1 13 13 1 23 18 0.78
Nrl1 8 13 1.62 7 8 1.14
Mug161 22 11 0.5 18 9 0.5
Smd2 8 10 1.25 7 8 1.14
U2af-23 11 10 0.90 6 12 2
Srp1 10 9 0.9 7 5 0.71
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IP: Cdc5-6HA IP: Prp19-6HA
Protein WT | hub1-1| hub1-1/WT | WT | hub1-1 | hub1-1/WT
Usp109 7 9 1.28 8 9 1.12
Sap62 4 9 2.25 12 8 0.66
Ntr2 12 9 0.75 1 nd nd
Usp106 3 9 3 7 8 1.14
Smb1 8 8 1 8 9 1.12
Cwf18 9 8 0.88 7 6 0.85
Cwi14 9 8 0.88 9 9 1
Exo2 22 8 0.36 27 5 0.18
Sapi14 7 8 1.14 5 8 1.6
Smg1 8 7 0.87 6 7 1.16
Mtr4 8 7 0.87 4 7 1.75
Msl1 (Ru2B) 6 6 1 7 7 1
Smf1 5 6 1.2 6 4 0.66
Usp108 5 6 1.2 6 7 1.16
Rns1 5 6 1.2 5 4 0.8
Usp102 8 6 0.75 8 10 1.25
Usp101 5 6 1.2 7 6 0.85
Cwf16 3 6 2 4 10 2.5
Prp31 nd 6 6 nd 6 6
Prp3 nd 6 6 nd 11 11
Smd1 4 5 1.25 5 4 0.8
Sde2 6 5 0.83 7 7 1
Sap49 4 5 1.25 3 3 1
Cwf28 5 5 1 10 9 0.9
Smd3 6 4 0.66 6 5 0.83
Sme1 5 4 0.8 5 3 0.6
SPAC32A11.02¢c 15 4 0.26 15 4 0.26
Cwf29 3 4 1.33 3 4 1.33
Ini1 3 4 1.33 2 2 1
Lsm8 3 4 1.33 nd nd nd
Cwif23 nd 4 4 nd nd nd
Snu66 nd 4 4 nd 2 2
Gar1 3 3 1 4 3 0.75
Nhp2 4 3 0.75 4 3 0.75
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IP: Cdc5-6HA IP: Prp19-6HA
Protein WT | hub1-1| hub1-1/WT | WT | hub1-1 | hub1-1/WT
Nop10 3 3 1 3 2 0.66
Lsm7 3 3 1 1 2 2
Usp103 1 2 2 2 1 0.5
Lsm2 3 2 0.66 1 2 2
SPAC29A4.06¢c 3 2 0.66 2 5 2.5
Lsm3 2 2 1 nd 1 1
Rbm8 nd 2 2 nd 1 1
Lsm5 2 2 1 nd nd nd
Ubp10 nd 2 2 nd 2 2
Snu13 1 1 1 1 1 1
Lsm4 1 1 1 nd 2 2
Ctnnbl1 4 1 0.25 1 2 2
Cwif20 nd 1 1 nd nd nd
Hub1 1 nd nd 1 nd nd

Table 3.1: Hub1 selectively modifies the spliceosome. The number of unique peptides in
mass spectrometry for an identified protein. Cdc5-6HA and Prp19-6HA complexes were
immunoprecipitated using anti-HA antibody from wild-type and hub1-1 strains cell lysates.
Co-IP proteins were subjected and analyzed by mass spectrometry. Nd, not detected.

3.2.3 Hub1 surfaces | and Il are not critical for growth and splicing in S. pombe
In S. cerevisiae, two independent surfaces of Hub1 were reported for its function in
splicing. Depicted Hub1 protein alignment in different eukaryotes, showed that D22
and H63 residues are conserved (Figure 3.3A). Through its Asp-22 surface |, it binds
to splicing factors Snu66 and/or Prp38, and through its His-63 surface ll, it interacts
and activates the RNA helicase Prp5. To understand the mechanism of Hub1 in pre-
mRNA splicing in S. pombe, we generated chromosomal mutants hub1-D22A
(surface 1), hub1-H63L (surface Il), and hub1-D22A H63L (surface |, II). | compared
the growth phenotype of hub1 surface mutants with wild-type cells. The hub1-D22A
(surface 1) and hub1-D22A H63L (surface |, Il) surface mutants showed moderate
growth defects compared to wild-type cells, but hub1-H63L (surface Il) mutant grew
similar to the wild-type strain (Figure 3.3B). Similar to our observation, hub1 surface |

mutant deficient in binding to Snu66 were viable (Mishra et al., 2011). | further
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monitored splicing defects in hub1 surface mutants using RT-PCR assays for the
selected targets that showed an accumulation of pre-mRNA in the microarray. hub1
surface mutants showed mild accumulation of intron-containing transcripts
(compared to the wild-type cells) for the selected pre-mRNA at non-permissive
temperature 37°C (Figure 3.3C). Similar to these findings, expression of hub1
surface | mutant construct in human cells complemented the splicing defects in RNAI
mediated Hub1 deficient cells (Ammon et al., 2014). These results clearly showed
that, as also reported previously (Mishra et al., 2011), Hub1-Snu66 interaction
through surface | is not essential for growth and splicing. Further, we infer from our
study that the Hub1 surface | and surface Il might not be critical in S. pombe and

likely also in other eukaryotes.
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Figure 3.3: hub1 surface mutants are not critical for splicing in S. pombe

A. Multiple sequence alignment of Hub1 protein from different eukaryotes. The red
arrow shows the position of the Aspartate residue D22 and Histidine residue H63.
The alignment was visualized with JalView. (Waterhouse et al., 2009).

B. Growth phenotypes of wild-type (SP9), hub1-D22A (surface 1) (P2), hub1-H63L
(surface Il) (P3), and hub1-D22A H63L (surface I+ll) (K2) mutants were five-fold
serial diluted on rich media. Plates were incubated at 30°C and 37°C for 3-4 days.

C. Semi-quantitative RT-PCR assay of strains in (A) shows splicing of transcripts for
gnd1 and tcg1. cDNA prepared from total RNA isolated from wild-type and hubt
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surface mutant strains. The experiment is similar to Figure 3.1B. The red box shows
the accumulation of intron-containing transcript.
(Note: Figure 3.3B, C are cropped from Figure 3.5D, E respectively).

3.2.4 The functional C-terminus surface is essential for Hub1 activity

As the hub1 surface mutants did not show any growth and splicing defects, we
speculated that Hub1 might have unknown surfaces in intron-rich S. pombe.
Previously, it has been shown that hub1 mutants with charged C-terminal extensions
were unable to support growth in S. pombe hub1A cells (Mishra et al., 2011);
however, the molecular details are lacking. To identify new surfaces relevant for
growth and splicing, | performed complementation assays in S. pombe hub1A strain
with the expression of hub1 C-terminal variants hub1-GG and hub1-DD extensions.
As reported previously (Mishra et al., 2011) S. pombe hub1A lethality was
complemented with hub7-GG mutant expression; by contrast, the expression of the
hub1-DD mutant was unable to rescue the lethality (Figure 3.4A), indicating that a
free C-terminus of Hub1 is essential for its function. Similarly, in hub1-1 strain, the
expression of hub1-GG variant resulted in functional Hub1, but hub1-DD variants led
to non-functional Hub1. The expression of hub1-DD variant also showed dominant-
negative phenotype at 30°C (Figure 3.4B). | performed RT-PCR experiments in
hub1-1 strain with hub1 variants to assess the efficiency of pre-mRNA splicing for
the selected targets from the splicing-sensitive microarray. The expression of the
hub1-DD variant led to accumulation of intron-containing transcript at 37°C for the
selected targets, but the expression of the hub1-GG variant did not lead to
accumulation of intron containing trasncripts (Figure 3.4C). To understand the
molecular details of hub1 variants, we performed GST pull-down experiments using
recombinantly purified 6xHis-hub1-GG, 6xHis-hub1-DD variants, and GST-Snu66
(HIND). GST-Snu66 were able to pull-down both the variants of hub1 (Figure 3.4D).
Thus, it indicates that Hub1 binding to Snu66 is not essential for its function, which
further testifies our observation that hubi surface | mutant does not show any

considerable growth and splicing defects.

To understand whether any structural rearrangements on hubt variant led to the

expression of non-functional Hub1, we performed circular dichroism (CD) and 3D
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NMR experiments (in collaboration with Ranabir Das at NCBS, Bangalore). CD
spectra overlay was almost identical for both the hub1 variants, which implies that
there were no major changes in secondary structure of the mutant protein (Figure
3.4E). We then performed 3D NMR experiments which revealed that hub1-DD
extensions might form a salt bridge with R9 and R41 residues on itself (data are not
shown). Thus, we speculate that non-functionality of the hub1-DD variant may be

due to a hinderance of R9 R41 residues.
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Figure 3.4: A free C-terminus is critical for Hub1’s splicing function

A. Complementation assay of S. pombe hub1A, using the expression of hub1 variants.
hub1-GG variant lead to functional Hub1, by contrast, hub1-DD gave rise to non-
functional Hub1. For complementation in S. pombe, a URA4-bearing plasmid
expressing wild-type S. pombe Hub1 was shuffled-out from the hub1A strain by
counter-selection with 5-FOA. Five-fold serial diluted cells were spotted on control or
FOA-containing plates. Plasmids were expressed from the weak nmt81 promoter.
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B. Complementation assay of S. pombe hub1-1 cells using the expression of hubt
variants. hub1-GG variant leads to functional Hub1, by contrast, hub1-DD gave rise
to non-functional Hub1. Five-fold serial diluted cells were spotted on selective media
at 30°C and 37°C for 3-4 days. hub1-DD construct shows dominant-negative
phenotype at the permissive temperature 30°C.

C. Semi-quantitative RT-PCR assay of strains in (B) was performed. hub1-DD variant
shows splicing defects for gnd1, mug161, and tcg1 transcripts. cDNA prepared from
total RNA isolated from the hub1-1 strain. The experiment is similar to Figure 3.1B.

D. GST—pull-down assays were carried using GSH beads. Bacterially purified equimolar
concentrations of 6xHis-hub1-GG, 6xHis-hub1-DD were mixed with GST, GST-
Snu66 (only the HIND part of Shu66 was used). hub1 variants were not defective in
binding to Snu66(HIND), GST was used as a negative control. Inputs represent one-
tenth amount of total proteins used. The red box shows GST-HIND interaction with
hub1-DD and hub1-GG proteins. GST and GST-Snu66(HIND) were purified
according to standard GST-tag affinity purification, whereas, 6xHis-hub1-GG and
6xHis-hub1-DD were purified according to standard His-tag affinity purification as
described in the methods section (2.2.17). The experiment was performed once only.

E. The far-UV circular dichroism spectra for hub1-GG and hub1-DD variants. (Obtained
in collaboration with Ranabir Das at NCBS, Bangalore). 6xHis-hub1-GG and 6xHis-
hub1-DD were purified according to standard His-tag affinity purification as described
in methods section (2.2.17). Far UV CD measurements were carried out on Jasco J-
815 spectropolarimeter. 10 pM protein  concentration was used for CD
measurements in 0.1 cm path length cuvette. Buffer scans were subtracted from
protein’s scans. The samples were mixed properly before every measurement.

3.2.5 Hub1 possesses a novel surface lll critical for growth and splicing

To understand the importance of R9 and R41 residues on Hub1 surface, | performed
complementation assay in S. pombe hubl1A cells expressing various hubi1-R
mutants. The expression of all single R-A mutants, but not the double or triple
mutants, hub1-R9A R41A and hub1-R9A R40A R41A, lead to functional Hub1
(Figure 3.5A). Both hub1-R9A R41A and hub1-R9A R40A R41A mutants are unlikely
to be structural mutants of the protein, as the protein level remained unaltered
(Figure 3.5B). We compared Hub1 protein alignment in different eukaryotes, which
showed that R9 and R41 residues are conserved (although the R41 residue in S.
pombe is replaced by K41 in other organisms), but the R40 residue of S. pombe
Hub1 is not conserved (in other eukaryotes it is replaced either by asparagine or
glutamic acid) (Figure 3.5C). Henceforth, | generated hub1-R9A R41A chromosomal
mutant and performed growth phenotype and splicing assays. The newly identified

hub1-R9A R41A mutant showed growth defects similar to the hub1-1 strain at non-
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permissive temperature 37°C (Figure 3.5D). But unlike the hub1-1 mutant which is
likely a structural mutant (since its protein level is strongly diminished at all
temperatures), hub1-941 is not a structural mutant (its protein level is not altered). It
implies that Hub1 might mediate its critical functions through R9 and R41 residues. |
further monitored splicing defects in hub1-941 strain using RT-PCR assays for the
selected targets which had earlier showed accumulation of pre-mRNA in hubi1-1
strain. The hub71-R9A R41A mutant also showed accumulation of intron-containing
transcripts for the selected pre-mRNA at non-permissive temperature 37°C (Figure
3.5E). Hence, from our growth and splicing assays, we speculate that Hub1 might

form an essential novel surface Il with R9 and R41 residues (Figure 3.5F).
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Figure 3.5: Hub1-R9 R41 residues are critical for growth and splicing function

A.

Complementation assay of S. pombe hub1A (SP13) by hub1 variants. hub1-R9A,
hub1-R40A, hub1-R41A, hub1-R9A R40A, hub1-R9A R41A, hub1-R40A R41A, and
hub1-R9A R40A R41A variants. The expression of hub1-R9A R41A and hub1-R9A
R40A R41A variants gave rise to weakly functional Hub1, and other variants lead to
functional Hub1. The experiment is similar to Figure 3.4A. WT, hub1 mutants were
expressed from the Hub1 endogenous promoter.

The transformants was as above (A), S. pombe, a URA4-bearing plasmid expressing
wild-type S. pombe Hub1 was shuffled-out from the hub1A strain by counter-
selection with 5-FOA and the level of hub1 variants were monitored at non-
permissive temperature 37°C by western blotting (WB) using anti-MYC antibody.
Multiple sequence alignment of Hub1 protein from different eukaryotes. The red
arrow shows the position of the arginine residue R9 and the arginine or lysine
residues at R41/K41.The alignment was visualized with JalView. (Waterhouse et al.,
2009).

Growth phenotypes of wild-type, hub1-D22A (surface 1), hub1-H63L (surface Il),
hub1-D22A HG63L (surface I+1l), hub1-R9A R41A (surface lll) (P46) and hub1-1
mutant (SP10). The experiment is similar to Figure 3.3B. The red box shows the
hub1-R9A R41A (surface lll) temperature sensitivity.

Semi-quantitative RT-PCR assay of strains as in (D) shows splicing of transcripts for
gnd1 and tcg1. The experiment is similar to Figure 3.1B. The red arrow indicates the
accumulation of intron-containing transcript in hub1-R9A R41A (surface lll) mutant.
Structure of Hub1-Snu66 (HIND) complex (PDB ID 3PLV; modified). Hub1-HIND
interaction residues are marked in blue (surface 1), Hub1-Prp5 interacting residue is
marked in yellow (surface Il), and the newly identified residues are in red (surface Ill).
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3.2.6 hub1 surface lll is different from the HIND binding surface

Hub1 interacts with the spliceosomal protein component Snu66 (tri-snRNP complex)
in yeast and humans (Mishra et al., 2011; Ammon et al., 2014). To understand
whether hub1 surface Ill mutant alters HIND-binding surface, we performed a yeast
two-hybrid assay. In this assay, | fused Snu66-HIND to the Gal4 binding domain
(BD), Hub1, and hub1 surface Ill mutant to the Gal4 activation domain (AD). The
yeast cells co-transformed with Hub1/ hub1 Ill mutant and Snu66 constructs were
viable on histidine lacking plates, which indicates the interaction between the Hub1
and hubt surface Il mutant with Snu66-HIND (Figure 3.6). Thus, the growth and
splicing defects in hub1 surface Ill mutant (Figure 3.5D, E) might be due to loss of

interaction with certain other factors.

BD
AD Empty Snu66 Empty Snu66

A0 00000
Hiot [ OEOK X X )
aa® ©O 0000

-ura-leu -ura-leu-his

Figure 3.6: hub1 surface lll mutant interacts with Snu66-HIND

In yeast two-hybrid assay pGBDU1-Snu66-HIND, pGADC1-Hub1, and pGADC1-
hub1 surface lll mutant constructs were co-transformed, and transformants were
monitored for interaction on SC-Ura-Leu-His plates. In the case of physical
interaction between the two fusion proteins reporter gene expression (HIS3) was
induced, which allowed growth on the selection medium for 3-4 days.

3.2.7 Screen to identify Hub1 interactors

To screen for putative interactors of Hub1, we employed conventional methods such
as yeast two-hybrid assay and immunoprecipitation experiments. Neither of the
experiments led to a positive new interactor. It is possible that Hub1 might interact
with its binding partners only transiently or antibody recognition of the complex is
hindered. Therefore, | performed proximity-dependent biotin labeling using the

engineered ascorbate peroxidase (APEX2) method coupled to mass spectrometry.
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This method enables proteomic mapping of subcellular compartments and further to
identify dynamic protein complexes. | fused APEX2 to the N-terminus of Hub1, which
was expected to covalently tags protein substrates in close vicinity of Hub1 with
biotin-phenol (BP) when hydrogen peroxide is added to the cells (Hwang et al.,
2016). We then expressed APEX2-Hub1 and APEX2-hub1-DD constructs in S.
pombe cells treated with biotin-phenol in the presence of hydrogen peroxide to
stimulate biotinylation of substrates. Biotinylated proteins were affinity purified using
streptavidin beads, and eluted samples were subjected to mass spectrometry. List of
proteins identified from the APEX2 screen is shown in Appendix Table 1. From the
proximity-dependent labeling, ideally, we would expect Hub1-specific peptides. As
we were unable to identify biotin-labelled peptides specific to Hub1 itself, suggesting

this experimental approach might not have worked well.

| then carried out a high-copy suppressor screen to identify suppressors of
temperature sensitivity of hub1-941 mutant using a S. pombe cDNA library. For this
purpose the hub1 surface Il mutant was transformed with a high-copy pREP1
vector-based S. pombe cDNA library and plated at 37°C on selective media. Further,
11 plasmids were shuttled out from the transformants which grew at 37°C . Out of 11
plasmids, a Hub1 clone and another clone (DR9) was reproducibly identified as the
suppressor of hubi surface lll mutant (Figure 3.7B). DR9 is a hybrid clone of
SPCPB16A4.06C (Schizosaccharomyces specific protein) and Tcg1 (single-stranded
telomeric binding protein). As Tcg1 sequence lacks 1% 76 nucleotides and in-frame
translation start codon, this was unlikely to be the suppressor. We then subcloned
SPCPB16A4.06C ORF region into the expression vector, pREP3x. hub1 surface lll
mutant transformed with SPCPB16A4.06C ORF rescued the growth defect at 37°C
(Figure 3.7C). This dosage rescue could be either due to increased level of protein
or BRNA. Further tests needs to be carried out to establish the mechanism of

SPCPB16A4.06C as a high-copy suppressor of hub1 surface //l mutant.
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Figure 3.7: High-copy suppressor of hub1 surface lll mutant

A. Schematics depicting APEX2 labeling protein substrates with biotin-tag (adapted
from Hwang et al., 2016). APEX2—Hub1 was expected to biotinylate proteins in
close proximity to Hub1. APEX2—Hub1 construct was transformed in S. pombe
hub1A strain (URA4-bearing plasmid expressing wild-type S. pombe Hub1 was
shuffled-out from the hub1A strain by counter-selection with 5-FOA). APEX2-hub1-
DD construct was transformed in wild-type S. pombe strain.

B. Schematic overview of the high-copy suppressor screen for hub1 surface Ill mutant.
High-copy cDNA library from S. pombe was used in the screen.

C. hubt lll mutant cells transformed with Empty vector, Hub1 clone (expressed from the
Hub1 endogenous promoter), multi-copy suppressor pREP1-DR9 and pREP3X-
SPCPB16A4.06C clones under thiamine repressible promoter. Hub1, DR9, and
SPCPB16A4.06C clones rescued the lethality at 37°C . Transformed cells were five-
fold serial diluted on selective media. Plates were incubated at 30°C and 37°C for 3-4
days (pPREP3X-SPCPB16A4.06C clone was made by Arundathi).

3.2.8 Hub1 surface lll is functionally conserved in eukaryotes
An important question was whether Hub1 surface lll is conserved in eukaryotes as
that of Hub1. | compared Hub1 protein alignment from different eukaryotes, which
showed that R9 and R41 residues are conserved (R41 residues in S. pombe, is
replaced by K41 in other organisms) (Figure 3.5C). | monitored the expression of C.
elegans Hub1 in S. pombe hub1A strain. The expression of C. elegans Hub1
complemented lethality in S. pombe hub1A strain (Figure 3.8), implying that its
function is conserved across the organisms. | then complemented with C. elegans
hub1-R9A K41A to understand the importance of identified Hub1 surface Ill. The
expression of C. elegans hub1-R9A K41A was unable to complement S. pombe
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hub1A cells lethality at non-permissive temperature 37°C (Figure 3.8). It implies that
R9 K41 residues which are part of the Hub1 surface Il are essential for its function.
Thus, we infer that Hub1 surface lll is a crucial and functionally conserved surface of

Hub1 molecule.

S. pombe hub1A (HUBT+ ura+) expressing:

o5-FOA
30°C

Figure 3.8: Hub1 surface lll is functionally conserved in eukaryotes

Complementation assay of S. pombe hub1A by C. elegans Hub1 and its hub1-R9A
K41A variant. C. elegans hub1-R9A K41A variant was unable to complement, but C.
elegans Hub1 complemented S. pombe hub1A lethality. The experiment is similar to
Figure 3.4A. C. elegans Hub1 constructs were expressed from the S. pombe HUB1
endogenous promoter.

3.2.9 Hub1 promotes splicing of transcripts which are synthesized faster

To understand whether Hub1-dependent transcripts show any specific feature with
respect to the strengths of their splicing signals, lengths, and other features, we
performed bioinformatic analysis in collaboration of Arashdeep Singh from the
laboratory of Dr. Kuljeet Sandhu in our department. The Hub1-dependent intron-
containing genes showed no obvious characteristic features, except with their rates
of RNA synthesis. We found positive correlation between synthesis time and splicing
defects in hub1-1 strain (Figure 3.9A). The synthesis time was derived from a recent
study on RNA metabolism in S. pombe genome (Eser et al., 2016). Intron-containing
genes that are synthesized faster tend to correlate better with Hub1’s splicing
targets. To validate whether Hub1 promotes splicing of the transcripts that are
synthesized faster, we chose two transcripts sod2 (synthesized faster-1.82 minutes)
and mug37 (synthesized slower-90 minutes) for further analysis. Genomic clones of

sod2 and mug37 with own promoter and terminator were transformed in S. pombe
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wild-type and hub1-1 strains to monitor the splicing defects. In addition, the genomic
clone of sod2 with mug37 promoter and the genomic clone of mug37 with sod2
promoter were transformed to monitor the splicing defects. To monitor the splicing
defects, RT-PCR experiments were carried out for the sod2 and mug37 targets. The
mug37 transcript showed accumulation of intron-containing transcripts in both wild-
type and hub1-1 cells (Figure 3.9B). Whereas, sod2 transcript showed accumulation
of intron-containing transcripts only in hub1-1 cells (Figure 3.9C), indicating that
Hub1 specifically promoted splicing of sod2 transcripts which are synthesized faster.
In addition, upon monitoring splicing defects for the promoter-swapped sod2
transcripts with mug37 promoter, accumulation of intron-containing transcript were
observed in both wild-type and hubi7-1 cells (Figure 3.9D). Whereas promoter
swapped mug37 transcripts with sod2 promoter showed accumulation of intron-
containing transcripts only in hub1-1 cells (Figure 3.9E). Altogether, above
observations showed that sod2 transcript (synthesized faster) showed accumulation
of intron-containing transcripts only in hubi-1 cells. Additionally, the slowly
synthesized transcript, when replaced with the promoter of the gene which is
transcribed faster, now showed preferential accumulation of transcript in hub1-1
cells. Thus, indicating that the Hub1 specifically promotes splicing of transcripts

which are synthesized faster.
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Figure 3.9: Hub1 promotes splicing of transcripts which are synthesized faster

A. Correlation graph depicting the positive correlation between synthesis time and
splicing defects in hub1-1 strain (SP10) (Data is from Arashdeep Singh).

B. Semi-quantitative RT-PCR shows accumulation of intron-containing transcripts for
mug37. Genomic clone of mug37 with own promoter and terminator were
transformed in S. pombe Wild-type and hub1-1 strains. The experiment is similar to
Figure 3.1B. Primers are specific for mug37 to monitor accumulation of intron-
containing transcripts. Mug37 transcript time of synthesis was reported to be 90
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minutes (Eser et al., 2016); splicing defect (log2 hub1-1/Wild-type ratio of intron-
containing signals from our microarray) was -0.88 neagtive. The red arrow indicates
the accumulation of intron-containing transcript.

. The experiment was as in (B). Semi-quantitative RT-PCR shows accumulation of
intron-containing transcripts for sod2 in hub1-1 strain. Genomic clone of sod2 with
own promoter and terminator were transformed in S. pombe Wild-type and hub1-1
strains. Sod2 transcript time of synthesis was reported to be 1.82 minutes (Eser et
al., 2016); splicing defect (log2 hub1-1/Wild-type ratio of intron-containing signals
from our microarray) was 2.4 positive. The red arrow indicates the accumulation of
intron-containing transcript.

. The experiment was as in (B). Semi-quantitative RT-PCR shows accumulation of
intron-containing transcripts for sod2. Genomic clone of sod2 with mug37 promoter
and its terminator were transformed in S. pombe Wild-type and hubi-1 strains.
Primers are specific for sod2 to monitor accumulation of intron-containing transcripts.
The red arrow indicates the accumulation of intron-containing transcript.

. The experiment was as in (B). Semi-quantitative RT-PCR shows accumulation of
intron-containing transcripts for mug37 in hub1-1 strain. Genomic clone of mug37
with sod2 promoter and its terminator were transformed in S. pombe Wild-type and
hub1-1 strains. Primers are specific for mug37 to monitor accumulation of intron-
containing transcripts. (Note: Figure B, C, D, E were cropped from different gel
images and the experiment was performed once only). The red arrow indicates the
accumulation of intron-containing transcript. Primers are depicted with black arrows
on MYC-F and exon specific-R in Figure 3.9B,C,D and E. Here, green color
represents genomic clone of sod2 with own promoter and terminator and orange
represents genomic clone of mug37 with own promoter and terminator.
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3.3 Discussion

UBLs (Ubiquitin-like proteins) covalently conjugate with the protein substrates and
post-translationally modify them for various cellular functions (Taherbhoy et al.,
2012). Though structurally similar to UBLs, Hub1 functions differently from ubiquitin
and other ubiquitin-like proteins through non-covalent interactions with protein
substrates (McNally et al., 2003; Ramelot et al., 2003; Luders et al., 2004; Wilkinson
et al., 2004; Yashiroda and Tanaka, 2004; Mishra et al., 2011). In the current study,
we show that Hub1 specifically modulates the composition of the spliceosome and
promotes pre-mRNA splicing in S. pombe. We identified a novel surface of Hub1,
surface Ill, and perturbations on this surface causes splicing and growth defects.
Further, SPCPB16A4.06C (Schizosaccharomyces specific protein) was identified as

a high-copy suppressor of hub1 surface Il mutant.

Hub1 is required for pre-mRNA splicing

In S. cerevisiae, Hub1 modulates the spliceosome to process the transcripts with
non-canonical splice sites to promote alternative splicing (Mishra et al., 2011). As
non-canonical SSs are recognized poorly and hinder spliceosomal assembly, Hub1
might potentiate the correct incorporation and spliceosomal assembly to facilitate
splicing. It regulates the splice site selection in association with Prp5: low levels of
Hub1 is sufficient for splicing of optimal introns, whereas high levels of Hub1 not only
activate the spliceosome but also influences splicing accuracy (Karaduman et al.,
2017). In S. cerevisiae, Hub1 is upregulated in cadmium stress condition to promote
stress-induced splicing of introns with non-canonical SSs (Chanarat and Svasti,
2019). Similarly, in perennial ryegrass, Hub1 is induced by drought, and
overexpression of Hub1 confers resistance to drought (Patel et al., 2015). Whereas,
in S. pombe a subset of targets are shown to depend on Hub1 for pre-mRNA splicing
(Wilkinson et al., 2004; Mishra et al., 2011). In relatively intron-rich S. pombe Hub1
may act as a spicing modulator to regulate the splicing of certain intron-containing
pre-mRNAs. In human cell lines, a large number of pre-mRNAs depend on Hub1 for
optimal and correct splicing of its introns. Hub1 sensitive introns did not show any
obvious sequence similarity (Ammon et al., 2014). In this study by using splicing-

sensitive microarray, we show that splicing of a large number genes was affected in
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hub1-1 strain at 37°C . Hub1 functions as intron-specific splicing factor and is a
unique regulator of spliceosome due to following reasons; (i) it is essential for
viability (Wilkinson et al., 2004; Yashiroda and Tanaka, 2004), (i) expressed at
relatively lower level compared to other splicing factors (Karaduman et al., 2017). (iii)
required for splicing of large subset of genes, (iv) transiently associated with
components of the spliceosome (Wilkinson et al., 2004). Being a unique regulator of
the spliceosome, it will be interesting to answer the following; (i) to mechanistically
identify how the levels of Hub1 is increased with respect to different stress
conditions, (ii) does the increased levels of Hub1 modulate splicing of intron-
containing transcripts differently, (iii) does Hub1 sensitive introns show any obvious

characteristic features.

Hub1 modifies the composition of the spliceosome

In S. cerevisiae, it has been shown that Hub1 influences the spliceosome assembly.
In wild-type extracts, pre-spliceosomal H- and A- complexes were fastly converted
into completely assembled spliceosome (B, B®, and C). In contrast, in the hub1A
extract, splicing complex formation with the suboptimal substrate was inhibited at
pre-spliceosomal H-complex stage. In case of optimal splicing substrates Hub1 was
specifically present in B-complex; whereas in case of suboptimal substrates Hub1
was present in E-, A-, and B- complexes (Karaduman et al., 2017). Spliceosomal
purifications using Snu66 from wild-type and hub1A cells did not show any major
changes in the components of proteins in the yeast spliceosomal complex B.
However, certain proteins of U1 and U2 snRNPs were enriched in hub1A cells
(Mishra et al., 2011). Spliceosomal proteins play critical role in the recognition and
pairing of splice sites, and aid in the dynamics of the RNA-RNA, RNA-protein, and
protein-protein interaction networks of the spliceosome. These rearrangements
ensure proper position of pre-mRNA for catalysis. The composition of the
spliceosome is highly dynamic with interchange of proteins during splicing reactions.
In yeast around 35 proteins dissociate and 12 other proteins are recruited during the
transition from the pre catalytic B complex to the activated B®*' complex. The
dissociated proteins include all U1 and U4/U6 associated proteins. During the

transition from B®' to C complex, the composition of the spliceosome alters to less
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extent. In yeast only 2 proteins are disassociated and nine proteins are recruited to
the spliceosome (Will and Luhrmann, 2011). Similarly, from the spliceosomal
purifications we show that Hub1 modulates the composition of the spliceosome. In
contrast to the canonical regulators of alternative splicing (e.g. SR proteins) that
directly bind to cis-regulatory elements on pre-mRNAs, Hub1 modulates the
spliceosome rather than binding to RNA substrates. The Mug161 (post-mRNA
release spliceosomal complex) level was diminished in the spliceosome in hub1-1
cells as compared to wild-type cells. As mug161 transcripts depend on Hub1 for
splicing, overall the level of protein is lowered, thereby lesser amount of Mug161 is
recruited to the spliceosome in hub1-1 cells. In our study, we observed that in hub1-
1 cells, few components of the spliceosome such as Prp11 (U2 snRNP component
associated with A-complex), Prp24 (RNA-binding protein, a U6 associated
component), Prp1(U5 snRNP component part of B-complex), and Cwf16 (recruited
to the B complex) show enhanced recruitment to the spliceosome. Prp1 (ortholog
of Prp6 in S. cerevisiae) is part of B complex but not part of B> complex, is released
during the activation of the spliceosome. Prp11 (ortholog of Prp5 in S. cerevisiae), is
required for prespliceosome formation, facilitates stable association between U2
snRNP to the branch site. Prp11 is present in B complex but not in B®*' complex, is
released during the activation of the spliceosome similar to Prp1. Cwf16 (ortholog of
Yju2 in S. cerevisiae) is recruited to the B®*' complex and is shown to promote first
splicing step. Transition from the B complex to the B**' complex involves unwinding
of 24 base pairs between U4 and U6 snRNAs. Prp24 is essential for reannealing
these snRNAs. The process of unwinding and renenealing of SnRNAs are essential
for new rounds of splicing (Fabrizio et al., 2009). Hub1 promotes eviction of splicing
factors such as Prp11, Prp24, Prp1, and Cwf16 from the spliceosome. Hub1 might
dynamically associate with the components of spliceosome at different stages of
splicing cycle to regulate splicing. In the absence of Hub1, it might be possible that
splicesome stalls from proceeding further and thereby certain splicing factors
accumulate in the spliceosome. This might also be possible because Hub1 binds to
the spliceosome for dynamic rearrangements of the spliceosome, thereby helping in

release of few factors for stable spliceosomal assembly. However, further
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experiments need to be carried out to establish definite role of Hub1 in releasing

these splicing factors from the spliceosome to modulate splicing.

Hub1 uses a novel R941 surface lll for its splicing function

A recent report on the molecular mechanism of Hub1 shows that Hub1 binds to Prp5
in S. cerevisiae, which in turn helps in assembly of the spliceosomes on pre-mRNA
with non-canonical 5’ SS (Karaduman et al., 2017). In our study, we show that hub1
mutants defective in binding to Snu66 showed only mild splicing defects for the
selected targets and growth defects. Whereas, hub1 mutants defective in binding to
Prp5 did not show any splicing defects for the selected targets and growth defects.
This partial growth and splicing defects might be due to: (i) Hub1 interaction with
Snu66 and Prp5 might affect only a subset of Hub1 dependent targets for their
splicing. Deciphering such subset of targets will help us in better understanding the
mode of Hub1 functioning in the cell. (ii) It is possible that Snu66 and Prp5
interaction with Hub1 might not be completely hindered in hub1 mutants. (iii)
Additionally, it is possible that Snu66 and Prp5 might interact through other surfaces
of Hub1 in the spliceosome. These observations strengthen the hypothesis that in
intron-rich S. pombe Hub1 might have additional contacts with other proteins for pre-
mRNA splicing. hub1 mutants with charged extensions at C-terminus failed to
complement S. pombe hub1A lethality, although it could efficiently recruit Snu66-
HIND protein (Mishra et al., 2011). We showed that hub71-GG and hub1-DD mutants
bound to spliceosomal protein Snu66, but hub71-DD mutant failed to complement
growth and splicing defects in hub1-1 cells. From the 3D NMR analysis, we
speculated that in hub1-DD mutant, DD extensions might form salt-bridge with
R9R41 residues on Hub1. Hub1-R9 resides in linking region between sheets 132,
Hub1-R41 positioned in linking region between helix a1 and sheet 3 and C-
terminus of Hub1 is positioned between R9 and R41 residues. Therefore, we
speculated that R9 and R41, along with C-terminus of the Hub1, might contribute to
a new crucial surface lll. The identified hub1-R9A R41A surface Ill mutant shows
growth and splicing defects at 37°C . It is also reported that human Hub1 makes
additional contacts with SR-protein kinases Cdc2/Cdc28-like kinases (Kantham et

al., 2003). It is likely that Hub1 makes additional contacts with other splicing proteins
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through the newly identified R941 surface lll, as hindering these residues led to non-
functional Hub1 at 37°C .

Snu66 and Rpb10 (RNA polymerase subunit) were identified as suppressors of
hub1-1 temperature sensitivity (Yashiroda and Tanaka, 2004). As the hub1-1 allele is
a structural mutant, its rescue could also occur due to stabilization of the protein by
above proteins. Our new hub1-R9A R41A mutation did not alter its protein structure
as the protein level remains unaltered. We further identified SPCPB16A4.06C (a
Schizosaccharomyces specific gene) as a high copy suppressor of hub1-R9A R41A
mutant temperature sensitivity. At this juncture, further experiments need to be
carried out to establish role of Schizosaccharomyces specific gene in suppressing
hub1-R9A R41A temperature sensitivity. It is possible that Hub1 contains multiple
surfaces to facilitate binding with certain other proteins. Such interactions act like
regulatory switches to dynamically modulate complex spliceosome machinery.
Identifying these interactors would decipher the molecular mechanism of Hub1 in

pre-mRNA splicing.

Hub1 promotes splicing of the transcripts that are synthesized faster

In mouse, embryonic stem cells (ESCs) the rate of RNA polymerase Il (RNAPII)
elongation has a crucial role in the regulation of alternative splicing (AS) (Maslon et
al., 2019). Slow elongation rate affects gene expression and AS, consistent with the
coupling of transcription with splicing. It is possible that the slow elongation rate
cannot sustain the elevated levels of mRNA production at early stages of
development. Optimal transcriptional elongation rates are required for proper gene
expression and to regulate AS during development (Maslon et al., 2019). In yeast to
humans, the pre-mRNA splicing occurs mostly through co-transcriptional splicing, in
which transcription and splicing are coupled. Spt5 a membrane of core transcription
elongation machinery in S. cerevisiae is required for pre-mRNA splicing. Spt5
promotes co-transcriptional splicing by strengthening the association between U5
snRNPs with the spliceosome complexes as they assemble on the nascent transcript
(Maudlin et al., 2019). It has been shown that some of the core components of

transcription elongation complex associate with the splicing factors (Moore et al.,
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2006; Li et al., 2016). In our study, we showed by using bio-informatic analysis that
Hub1 dependent targets showed positive correlation with respect to their synthesis
time and splicing defects. We further showed that Hub1 promotes the splicing of the
transcripts that are synthesized faster. It is possible that transcripts which are
synthesized faster depend on factors like Hub1 to couple transcription with splicing.
In the absence of factors like Hub1 faster-synthesized transcripts might undergo
post-transcriptional splicing, thereby leading to missplicing. Also, it might be that
factors like Hub1 may help in assembly of the spliceosome in the introns which are
difficult for recognition by the spliceosome. We cannot rule out the possibility that
Hub1 might also associate with transcription machinery in bridging transcription with
splicing. It will be exciting to uncover how Hub1 recognizes the transcripts that are

synthesized faster.

3.4 Conclusion

This is a first study of the conserved role of Hub1 in pre-mRNA splicing in
intron-rich organism S. pombe at a genome-wide level. This splicing regulator
selectively alters the protein composition of the spliceosome and preferentially
promotes splicing of pre-mRNAs that are synthesized faster. Unlike its surface | and
Il, which have milder role in splicing in S. pombe, a novel surface Ill was discovered
to be critical for its splicing function in S. pombe. This surface centred at two
positively charged residues is functionally conserved in eukaryotes. It is likely that
evolutionary pressure conserved the structure of Hub1 with its surfaces which forms

multiple networks to fine tune gene expression.
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Chapter 4

The Kreb’s cycle enzyme fumarase regulates pre-mRNA splicing
through the ubiquitin-like protein Hub1

Abstract

The ubiquitin-like protein Hub1 functions in pre-mRNA splicing by binding
non-covalently to the spliceosomal proteins Snu66 and Prp5. We have found that
Schizosaccharomyces pombe Hub1 also binds to a mitochondrial enzyme of the
citric acid cycle, fumarase (Fum1). The enzyme binds to a conserved surface of
Hub1 centred at a solvent-exposed tryptophan residue. This surface is absent in S.
cerevisiae Hub1; however, an introduction of tryptophan at analogous position
restores its affinity with Fum1. Hub1-Fum1 complex precipitates in vitro indicating
mutually inhibitory activities of the two partners. In support of potential inhibitory
activities, elevated levels of both Fum1 and fum1ASS (cytosolic fumarase) are more
toxic in hub1-W47G mutant cells compared to the wild-type S. pombe cells. hub1i-
W47G mutant cells show genetic interaction with splicing factor mutants and also
exhibit inefficient excision of introns from selected pre-mRNAs. fumi1A mutant also
shows genetic interaction with certain splicing factor mutants. Higher levels of
fum1ASS is more toxic in splicing factor mutants, compared to the wild-type cells.
Thus, Fum1 protein which is not imported to mitochondria could regulate pre-mRNA
splicing through Hub1. Since fumarase is frequently mutated in multiple diseases in
humans, phenotypes of some of the mutants may be due to their influence on Hub1-

dependent pre-mRNA splicing.

4.1 Introduction

Introduction on Hub1 (detailed in section 1.8). In S. cerevisiae, Hub1-HIND complex
promotes alternative splicing of SRC1/HEH1 (Mishra et al., 2011). High levels of
Hub1 in association with Prp5 promote excision of introns with suboptimal 5’ SSs, 3’

SSs, branch point sequences and also combinations of these sequences
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(Karaduman et al., 2017). The excessive use of suboptimal SSs by Hub1 modified
spliceosomes makes splicing process error-prone (Karaduman et al., 2017;
Chanarat and Mishra, 2018). Hub1 activity, therefore, should be kept under check to
avoid unwanted splicing or missplicing. Overexpression of Hub1 activates
missplicing across several cryptic introns in S. cerevisiae, including one in the
upstream sequence of PRP5. This cryptic intron is cut to reduce levels of functional
Prp5 upon Hub1 overexpression (Karaduman et al., 2017; Chanarat and Mishra,
2018). In other eukaryotes, missplicing could be minimized by similar Hub1-
dependent negative feedback control of Prp5, or inhibitory molecules could control
Hub1 activity by direct binding. Hub1 is also reported to form SDS-resistant adducts
with many unknown proteins suggesting its role in multiple processes in the cell
(Luders et al., 2003).

In a yeast two-hybrid screen, we found fumarase as an interactor of Hub1 in S.
pombe. The enzyme fumarase (classll, fumarate hydratase in higher eukaryotes) is
a component of the tricarboxylic acid cycle (TCA), which is conserved across
organisms from bacteria to humans with respect to its sequence, structure, and
enzymatic activity (Singer et al., 2017). The fumarase is targeted between two
compartments of the eukaryotic cell. In mitochondria, the enzyme catalyzes the
reversible conversion of fumaric acid to L-malic acid and in the cytosol/nucleus as
part of the DNA damage response (DDR) (Yogev et al., 2010). The bacterial
fumarase (Bacillus subtilis, Fum-bc) is induced upon DNA damage and participates
in DDR (Singer et al., 2017). In S. cerevisiae, cytosolic fumarase physically interacts
with Sae2, which is involved in meiotic and mitotic double-strand breaks (Leshets et
al., 2018; Baroni et al., 2004). In cytosolic fumarase depleted cells, protein level of
Sae2 is reduced, possibly because fumarase regulates its abundance (Leshets et
al., 2018). Human fumarase functions as a tumor suppressor and mutations in
fumarase gene are associated with hereditary leiomyomatosis and renal cell cancer
(HLRCC) syndrome. Many studies indicate that in the absence of fumarase enzyme,
increased fumarate concentration inhibits prolyl hydroxylase enzymes (PHD 1, 2,
and 3). Thereby fumarate activates hypoxia-inducible transcription factor (HIF) to

promote angiogenesis and glucose metabolism which are essential for
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tumorigenesis (Isaacs et al., 2005; Pollard et al., 2005; Selak et al., 2005; Hanahan
and Weinberg, 2011). Although, studies in the past showed physical interaction of
cytosolic fumarase to Sae2 involved in DDR, but other functions of cytosolic
fumarase remained obscure. Here we report that Hub1 interacts with Fum1 through
conserved solvent-exposed tryptophan (W47) surface. The Hub1-Fumi1 complex
precipitates in vitro. Enhanced cytosolic fumarase is inhibitory for the cell growth and
more toxic in hub1-W47G mutant cells as compared to the wild-type S. pombe cells.
hub1-W47G mutant cells show genetic interaction with splicing factor mutants and
display inefficient excision of introns from a selected subset of pre-mRNAs. fum1iA
mutant also shows genetic interaction with splicing factor mutants. The elevated
levels of fum1ASS is more toxic in splicing factor mutants compared to the wild-type

cells. Thus, cytosolic Fum1 possibly regulates pre-mRNA splicing through Hub1.

4.2 Results

4.2.1 S. pombe Hub1 and Fumarase interaction

To study other functions of S. pombe Hub1, my thesis supervisor Shravan Kumar
Mishra carried out an unbiased approach to identify novel interacting partners of
Hub1. In this screen Hub1 BD-fusion was used as a bait, and S. pombe cDNA
libraries were expressed as AD-fusion for screening. Six potential candidate clones
were identified from the screen. Positive clones were revalidated its growth on (-His)
plates after FOA shuffle (Fig 4.1A). Further, DNA sequencing of six independent
positive AD-constructs revealed the identity of Hub1’s Y2H interactor as fumarase. In
order to identify how the interaction is mediated, protein sequence alignment of Hub1
orthologs was compared (Fig 4.1B). From Hub1 alignment, we identified a unique
solvent-exposed tryptophan at 47" position containing hydrophobic patch which is
replaced by glycine residue in S. cerevisiae (Fig 4.1B). To understand the mode of
Hub1-Fum1 interaction, Y2H assay was performed using identified fumarase
candidate with S. cerevisiae HUB1, S. cerevisiae hub1-G47W mutant, S. pombe
HUB1, and S. pombe hub1-W47G mutant. Hub1 clones with W at 47" position was
able to interact with Fum1, whereas Hub1 clones with G at 47" position was unable
to interact (Fig 4.1C). This finding indicates that Hub1-Fum1 interaction is mediated

through the tryptophan-47 surface.
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Figure 4.1: Hub1-Fum1 interaction by yeast two-hybrid assay

A. Confirmation of Hub1-Fum1 interaction. In a yeast two-hybrid assay pGBDU1-Hub1
and pGADC1-Fum1 constructs (identified in the cDNA library screen) were co-
transformed, transformants were five-fold serial diluted on control and selective
plates. The experiment is similar to Figure 3.6. (Note: Figure 4.1A cropped from
Figure 4.1C).
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B. Protein sequence alignment of Hub1 orthologs. Identical amino acids are shaded
black and fumarase binding tryptophan surface site highlighted with red color box.

C. Yeast two-hybrid interaction studies of identified Fum1 with various HUB1 orthologs.
BD-fusions of Hub1 and hub1 mutants from S. cerevisiae and S. pombe were co-
transformed with AD-Fum1. The transformants were five-fold serial diluted on control
and selective plates. The experiment is similar to Figure 3.6 (Data is from Shravan
Kumar Mishra).

4.2.2 Hub1-Fum1 in vitro interaction

To check if Hub1 binds Fum1 directly, Shravan Kumar Mishra performed in vitro
interaction assay. Equimolar concentrations of purified Hub1-W47 and Hub1-G47
were mixed with Fum1 separately and incubated on ice for 30 minutes. The protein
mixture was separated into soluble and pellet fractions by centrifuging at 15000xg. A
fraction of Hub1-W47-Fum1 mixture co-precipitated and thus both the proteins were
seen also in the pellet fraction (Fig 4.2A). In contrast, Hub1-G47-Fum1 mixture did
not co-precipitate and thus Hub1 was completely in the soluble fraction and lesser
amount of Fum1 was seen in the pellet (Fig 4.2A). Addition of HIND elements (Hub1
INteracting Domain) to the Hubi1-Fumi1 mixture possibly titrated Hub1 from
complexing with Fum1, thereby preventing co-precipitation and fractionation of both
the proteins into pellet (Fig 4.2A). We further added a disaccharide trehalose to the
Hub1-Fum1 protein mixture and subjected to fractionation. Similar to the effect after
HIND addition, trehalose inhibited Hub1-Fum1 co-precipitation (Fig 4.2B). From
these findings, we infer that Hub1-Fum1 binds directly and co-precipitates through

the conserved tryptophan-47 surface.
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Figure 4.2: Hub1-Fum1 in vitro interaction

A. Hub1 interacts with Fum1 in vitro. Equimolar concentration of bacterially purified S.
pombe Hub1-W47 and S. cerevisiae Hub1-G47 were mixed with S. pombe Fum1
separately. The mixture was incubated on ice, then separated into soluble and pellet
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fractions and samples were loaded on SDS-PAGE. After electrophoresis, the
proteins were detected by staining the gels with coomassie brilliant blue. Hub1-Fum1
interaction co-precipitates and addition of HIND element inhibits Hub1-Fum1 co-
precipitation (Data is from Shravan Kumar Mishra). The proteins were purified
according to standard His-tag affinity purification as described in the methods section
(2.2.17). 1, 2 represent 1X, 2X molar concentrations of the proteins.

B. Trehalose inhibits Hub1-Fum1 interaction, the experiment was as in (A) (Data is from
Shravan Kumar Mishra). The central lane represents molecular weight markers of the
protein. The first lane in the total fraction and the first lane in the pellet fraction
represent Fum1 protein alone.

4.2.3 Fumarase overexpression inhibits S. pombe growth

Hub1 shows dual localization both to the nucleus and cytosol, whereas Fum1 under
normal conditions it is localized to mitochondria and cytosol. Fum1 is also
translocated from the cytosol to the nucleus upon DNA damage induction. In Yeast
and human cells, Fum1 levels were increased in response to DNA damaging agents
(Yogev et al.,, 2010). To understand the physiological relevance of Hub1-Fum1
interaction, we overexpressed both Fumi1 and fum1ASS (lacking the N-terminal
mitochondrial signal sequence (MTS)) in wild-type S. pombe cells. Higher levels of
both Fum1 and fum1ASS inhibited cell growth (Figure 4.3A). From this we
conjecture that it is the cytosolic form that is causing growth defects. To understand
whether Fum1 toxicity is associated with its enzymatic activity, we overexpressed
both Fum1 and enzyme inactive fumarase mutant (fum1 K379A, N381A) in S.
pombe Afum1 cells. As before, both wild-type fumarase and fumarase mutant
lacking enzymatic activity showed similar toxicity (Figure 4.3B). To assess the
enzymatic activity, Fum1 and fum1 K379A, N381A transformed cells were lysed and
cell lysates were subjected to fumarase activity assay. In this assay conversion of
malate to fumarate leads to an increase in the absorbance at 240.m. The cells
transformed with Fum1 showed increase in absorbance with time at 240,,, whereas
fum1 K379A, N381A transformed cells did not show any increase in absorbance
(Figure 4.3C). Thus, our findings suggest that higher levels of cytosolic Fum1
inhibited cell growth and the associated toxicity is independent of its enzymatic
activity. To understand the role of Hub1 in Fum1-induced toxicity, | induced higher
levels of Fum1 in wild-type and hub1-W47G mutant cells. The high levels of

fumarase led to more toxicity in hub1-W47G mutant cells compared to wild-type cells
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(Figure 4.3D). It is possible that in hub1-W47G mutant cells, the Hub1 is unable to

titrate the Fum1 aggregates and thereby it does not lower the toxicity. It cannot be

ruled out that cellular toxicity is additive: because of independent effects of hub1-

W47G mutant and higher level of cytosolic Fum1.
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Figure 4.3: Higher levels of Fum1 inhibits cell growth

A. S. pombe wild-type cells transformed with Fum1-6HA, fum1ASS-6HA constructs
were expressed from the strong thiamine-repressible nmt3 promoter. Five-fold serial
dilution spotting was done on indicated agar plates. Plates were incubated at 30°C
and 37°C for 3-4 days.

B. S. pombe Afumi cells transformed with Fum1-6HA, fum1K379A N381A-6HA
constructs were expressed from thiamine repressible nmt3 promoter. The experiment
is similar to Figure 4.3A (Data is from Shravan Kumar Mishra).

C. The experiment was as in (B), the cell lysates were subjected to fumarase activity
assay (Data is from Shravan Kumar Mishra).

D. S. pombe wild-type (SP1), hub1-W47G cells (P50) transformed with Fum1-6HA,
fum1ASS-6HA constructs were expressed from thiamine repressible nmt3 promoter.
The experiment is similar to Figure 4.3A.

4.2.4 hub1-W47 surface is required for pre-mRNA splicing

Hub1 is required for pre-mRNA splicing (Wilkinson et al., 2004; Mishra et al., 2011;
Ammon et al., 2014). It contains a unique solvent-exposed tryptophan surface at 47"
position, which is required for its interaction with fumarase and to promote
association with cellular proteins. To understand the function of Hub1-W47 surface,
we performed genetic interaction assays with splicing factor mutants. This assay was
performed by a colleague Nivedha Balaji. We also treated S. pombe cells with
formamide, as it is known to reduce splicing efficiency (Manchado et al., 2017). For

this assay, we generated double mutant strain of hub1-W47G and Acwf18
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(complexed with Cdc5 protein) in S. pombe. Acwif18 hub1-W47G double mutant cells
show slight growth defect compared to single mutants at 30°C (Figure 4.4A). Acwf18
hub1-W47G double mutant cells treated with formamide showed severe growth
defect compared to single mutants indicating negative genetic interaction (Figure
4.4A). Similarly, we generated double mutant strain of hub1-W47G and Aiss9 (iss9 is
predicted to function as intron-specific pre-mRNA splicing regulator). Aiss9 hub1-
W47G double mutant also showed moderate growth defect compared to single
mutants at 30°C and in the presence of formamide, indicating negative genetic
interaction (Figure 4.4B). As these results provided evidence for splicing function of
Hub1-W47 surface, we attempted to understand its splicing function. The total RNA
was isolated from logarithmically growing wild-type and hub1-W47G cells. RNAs
were converted into cDNAs using random hexamer primers and reverse
transcriptase. Following cDNA synthesis, we carried out RT-PCR assays for the
selected targets, which showed an accumulation of pre-mRNA in microarrays. The
amplified products were visualized on agarose gel electrophoresis. The selected
targets showed accumulation of intron-containing transcripts in hub1-W47G cells at

37°C (Figure 4.4C), indicating that Hub1-W47 surface promotes pre-mRNA splicing.
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Figure 4.4: Hub1-W47 surface promotes RNA splicing

A. Acwf18 hub1-W47G (PN4) double mutant shows synthetic growth defect in the
presence of 1.5% and 2% formamide compared to Acwf18 strain (PN3). The
experiment is similar to Figure 4.3A (the experiment was peformed by Nivedha
Balaji).

B. Aiss9 hubi1-W47G (PN8) double mutant shows synthetic growth defect in the
presence of 2% formamide compared to Aiss9 strain (PN7). The experiment is
similar to Figure 4.3A (the experiment was peformed by Nivedha Balaji).

C. Semi-quantitative RT-PCR shows accumulation of intron-containing transcripts for
hri2 and mms1. cDNA was prepared from total RNA isolated from S. pombe wild-type
(PN1), hub1-W47G (PN2), Acwf18 (PN3) and Acwf18 hub1-W47G (PN4) strains.
The experiment is similar to Figure 3.1B.
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4.2.5 S. pombe Afum1 mutant shows genetic interaction with splicing factors
Overexpression of Hub1 is known to activate missplicing across several cryptic
introns in S. cerevisiae, including one in the upstream sequence of PRP5. This
cryptic intron is cut to reduce levels of functional Prp5 upon Hub1 overexpression
(Karaduman et al., 2017). In other eukaryotes, missplicing could be minimized either
by similar Hub1-dependent negative feedback controls of Prp5, or by inhibitory
molecules could control Hub1 activity by direct binding. We speculated that fumarase
might regulate splicing function through Hub1 as the hub1-W47G mutant showed
genetic interactions with splicing factors. To understand the role of Fum1 in splicing,
we generated Acwf18 Afumi1 and Aiss9 Afum1i double mutants to monitor the
genetic interaction. This assay was performed by colleague Nivedha Balaji. In
presence of formamide, Acwf18 Afumi double mutant cells showed improved
growth compared to Acwf18 single mutant indicating positive genetic interaction
(Figure 4.5A). In presence of formamide Aiss9 Afum1 double mutant cells showed
growth defect compared to single mutants indicating negative genetic interaction
(Figure 4.5B). To further understand the role of Fum1 in regulating splicing function,
we induced high levels of fum1ASS with pREP4X-nmt based promoter in various
splicing factor mutants. Higher levels of fum1ASS led to more toxicity compared to
wild-type cells (Figure 4.5C). Thus, our data suggest that Fum1 might regulate
splicing function through Hub1.
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Figure 4.5: Afum1 mutant shows genetic interaction with splicing factor mutants

A. Acwf18 Afum1 (PN50) double mutant grows better than Acwf18 (PN49) mutant cells
in the presence of 1.5% and 2% formamide. The experiment is similar to Figure 4.3A
(the experiment was peformed along with Nivedha Balaji).

B. Aiss9 Afum1 (PN26) double mutant shows synthetic growth defect in the presence
of 1%, 1.5%, and 2% formamide compared to Aiss9 strain (PN25). The experiment
is similar to Figure 4.3A (the experiment was peformed along with Nivedha Balaji).

C. Higher levels of fum1ASS were more toxic in splicing factor mutant cells compared to
the wild-type cells. The experiment is similar to Figure 4.3A (the experiment was
peformed along with Nivedha Balaji).

4.3 Discussion

Hub1 function is mostly involved in pre-mRNA splicing. Previous work on the
ubiquitin-like protein Hub1 was mainly focused on intron-poor organism, S.
cerevisiae (Luders et al., 2003; Mishra et al., 2011). This is the first study in intron-
rich S. pombe, addressing the role of mitochondrial enzyme, fumarase in regulating
the splicing function through Hub1. We show that Hub1 binds to Fum1 and this
interaction is mediated through its tryptophan-47 surface. The purified Hub1-Fum1
mixture co-precipitates in vitro. hub1-W47G mutant shows shows accumulation of
intron-containing transcripts. fumi1A mutant showed genetic interaction with certain
splicing factor mutants. Overexpression of fumarase lacking mitochondrial targeting
signal (fum1ASS) showed higher toxicity in mutants of various splicing factors
compared to wild-type cells. Thus, our data suggest that Fum1 might regulate

splicing function through Hub1.

Hub1-Fum1 interaction

Hub1 protein is conserved from yeast to humans. In S. pombe, Hub1 and Snu66 are
essential, although the mutants deficient in Hub1-Snu66 interaction are viable. This
finding, along with detection of significant cytosolic pools of Hub1 and the levels of
Hub1 is more abundant in cells than snu66, indicating that Hub1 function may not be
just restricted to splicing. The S. cerevisiae Ahub1 Asnu66 double mutant is
temperature-sensitive but not the corresponding single mutant. This non-epistatic
behavior suggests the separate functions and further points other functions of Hub1

in addition to splicing (Mishra et al., 2011). In C. elegans, Hub1 is shown to play a
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role in mitochondrial unfolded protein response (UPRm). The present study also
shows that Hub1 binds to mitochondrial enzyme Fum1 in S. pombe. Here HUB1 is
essential for viability and required for pre-mRNA splicing, whereas FUM1 is not
essential. Fum1 is implicated in various functions such as TCA metabolic cycle, DNA
double-strand breaks, homologous recombination (HR) repair pathway and also

functions as a tumor suppressor metabolite.

From protein sequence alignment of Hub1 orthologs, we observed a unique solvent-
exposed tryptophan at 47™ position containing hydrophobic patch which is replaced
by glycine residue in S. cerevisiae. Using Y2H assay, we show that Hub1 clones with
W at 47" position associates with Fum1, whereas Hub1 clones with G at 47"
position was unable to bind. Indicating that Hub1-Fum1 interaction is mediated

through tryptophan surface.

Porcine fumarase (96% sequence homology to a human enzyme) leads to fibril
aggregation and catalytic inactivation in presence of H.O, and OH’, as it gets
modified both in secondary and tertiary protein structure (Barteri et al., 2007). This
clearly indicates that Fum1 has an intrinsic tendency to form aggregates when
stimulated. Corroborating the above findings, we show that Hub1-Fum1 co-
precipitates. Further HIND elements titrate Hub1 from complexing with Fum1 and
prevent aggregation of Hub1-Fum1 complex. Trehalose, a naturally occurring
disaccharide, is known to act as a chemical chaperone to stabilize protein structure,
thereby decreases misfolding and protein aggregation (Singer et al.,, 1998).
Trehalose also inhibits aggregation of Hub1-Fumi complex. Hub1 protein is
conserved from S. cerevisiae to humans. It possesses a unique solvent-exposed
tryptophan at 47™ position containing hydrophobic patch which is replaced by
diglycine residues in S. cerevisiae. Using yeast two-hybrid assays and in vitro
interaction assays, we show that Hub1-W47 surface mediates its interaction with

Fumi.

In S. cerevisiae, Hub1 is not essential for its viability (Dittmar et al., 2002). It

moderately affects the splicing of a few transcripts only. In contrast, Hub1 is
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essential for viability in S. pombe where it affects the splicing of several pre-mRNAs
(Mishra et al., 2011). Hub1 might associate with multiple binding partners in intron-
rich organisms to perform its splicing function. Other than binding with Fum1, Hub1-

W47 surface may promote such associations to perform its splicing function.

Hub1-W47 surface promotes its interaction with Fum1

The fumarate hydration reaction is the seventh step of the tricarboxylic acid (TCA)
cycle, and this biochemical pathway is responsible for synthesis of ATP in aerobic
respiration (Mescam et al., 2011). Fumarase enzyme catalyzes the reversible
conversion of fumaric acid to L-malic acid in mitochondria. Fum1 in the cytosol
functions in DNA damage response (DDR), and is translocated from the cytosol to
the nucleus upon DNA damage induction (Yogev et al., 2010). In S. cerevisiae,
cytosolic fumarase physically interacts with Sae2, which is involved in meiotic and
mitotic double-strand breaks (Leshets et al., 2018; Baroni et al., 2004). In cytosolic
fumarase depleted cells, protein level of Sae2 is reduced, possibly fumarase
regulates the abundance of Sae2 (Leshets et al.,, 2018). Human and yeast cells
show increased level of fumarase (2-2.3 fold) after 24 hours of exposure to
hydroxyurea (HU) indicating that fumarase levels being regulated by DNA damage.
We show that in S. pombe cells, higher levels of Fum1 and fum1ASS (lacking
mitochondrial signal sequence at the N-terminus) are toxic. Fumarase
overexpression induced toxicity is not due its enzymatic activity, but might be due to
presence of physical aggregates in the cell. The higher levels of Fum1, fum1ASS
inhibits cell growth severely in hub1-W47G mutant cells than wild-type cells. In case
of wild-type cells, it is possible that Hub1 co-aggregates with Fum1 and clears the
toxic aggregates. In contrast, in hub1-W47G cells, Hub1 unable to co-aggregate with
Fum1, thereby accumulates pronounced toxicity. Elevated toxicity in hub1-W47G
cells might also be attributed collectively to independent functions of hub1-W47G
mutant and high level of Fum1. The toxicity associated with Fum1 was more severe
compared to cytosolic fraction of fumarase (fum1ASS), which might be due to dual

compartmentalization and different functions of Fum1.
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Hub1-W47 surface promotes splicing

In yeast and human cell cultures, Hub1 promotes pre-mRNA splicing (Karaduman et
al., 2017). Hub1 shows synthetic sickness with various splicing factor mutants
(Mishra et al., 2017). In our study, both Acwf18 hub1-W47G and Aiss9 hub1-W47G
double mutants treated with formamide showed negative genetic interaction. This
provides further evidence of Hub1-W47 surface functioning in pre-mRNA splicing.
The hub1-W47G mutant showed an accumulation of intron-containing transcripts
from a selected subset of pre-mRNAs. hub1-W47G mutant showing splicing defects
might be due to its abolished interaction with Fum1. fum1A mutant showed genetic
interaction with splicing factor mutants. In the presence of formamide, Acwf18 Afum1
double mutant cells showed better growth compared to Acwf18 single mutant
indicating positive genetic interaction. In this case, Hub1 protein in the absence of
fumarase might improve the splicing, and thereby double mutant might show better
growth. Aiss9 Afum1 double mutant cells in the presence of formamide showed
growth defect compared to single mutants indicating negative genetic interaction.
The higher levels of fum1ASS led to more toxicity in splicing mutants compared to
wild-type cells. hub1-1 cells were synthetically sick with deletion mutants of multiple
splicing factors (Thakran et al., 2018). It is possible that elevated levels of cytosolic
Fum1 show dominant-negative phenotype by titrating Hub1 levels in the cells
thereby shows growth sickness with deletion mutants of multiple splicing factors.
Fum1 may regulate splicing function through Hub1. Further experiments need to be
carried out to establish Fum1 role in regulating splicing through Hub1. Many splicing
factors contain intrinsically disordered regions (IDRs) and low amino acid complexity.
These regions can undergo liquid-liquid phase separation, to form membrane-less
organelles that can regulate alternative splicing (Zlotorynski, 2017). From our study,
we speculate that Hub1 also binds with other splicing factors and undergo similar
phase separation to regulate splicing. Hub1-W47 surface might promote association
with Fum1 and various other factors, which further helps to regulate its splicing

function.
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4.4 Conclusion

We demonstrated that the Kreb’s cycle enzyme, fumarase regulates pre-mRNA
splicing through ubiquitin-like protein, Hub1. This is the first study to show that Hub1
directly binds to Fum1 through its W47 surface. The purified Hub1-Fum1 mixture co-
precipitates in vitro. Hub1-W47 surface might promote association with various other
cellular proteins, however, the functional relevance needs to be addressed. Hub1-
W47 surface promotes efficient excision of introns from certain pre-mRNAs. Thus,
Fum1 might regulate the pre-mRNA splicing through Hub1. Since fumarase is
frequently mutated in multiple diseases in humans, phenotypes of some of the

mutants may be due to loss of Hub1-dependent pre-mRNA splicing.
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Chapter 5

The ubiquitin-like protein Hub1 required for trans-splicing in
Caenorhabiditis elegans

This chapter contains work performed in collaboration with Dr. Kavita babu

(Associate professor IISc, Banglore).

K. Kiran Kumar performed all the experiments. Pallavi Sharma (Dr. Kavita babu Lab)
made all the C. elegans constructs. Pallavi Sharma and Nagesh Kadam helped in
designing the probes for microarray analysis. They provided HUB1 knockout worms
for splicing-sensitive microarray experiment. Shravan Kumar Mishra and Kavita
Babu supervised the experiments, helped with experimental design and data

interpretation.

Abstract:

The ubiquitin-like protein Hub1 is a conserved member of the UBL family but
functions distinctly from ubiquitin. The protein modifies spliceosomes non-covalently
by binding to HIND (Hub1 INteraction Domain) containing pre-mRNA splicing factor
Snu66 and promotes alternative splicing. However, the splicing function of Hub1
remains unexplored in multicellular eukaryotes. Hub1 has been reported to play a
role in mitochondrial unfolded protein response (UPRmt) in Caenorhabditis elegans
and worms depleted of HUB1 did not show any defects in pre-mRNA splicing. In the
present study, we show that C. elegans Hub1 rescues S. pombe hub1A lethality. It
also complements S. pombe Hub1 splicing function. We further show that C. elegans
Hub1 interacts with HIND-containing splicing factors Snu66 and Prp38. The mode of
Hub1 interaction through salt bridge formation with Snu66 is conserved in C.
elegans. Hub1 also associates with the components of spliceosome. It is further
shown that HUB1 knockout worms were lethal at Larval 3 stage, which suggests an
essential role of HUB1 in development. HUB1 transcript levels are stage-specific and
at L3-L4 stage levels are higher than other stages of C. elegans life cycle. By using

splicing-sensitive microarray, we show that HUB1 knockout led to accumulation of
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outron-containing transcripts. These results suggest that Hub1 might play role in

RNA trans-splicing.

5.1 Introduction

Most eukaryotic genes are interrupted by introns which are precisely excised out by
a process called RNA splicing. In this process, non-coding sequences (introns) are
removed, and the coding sequences (exons) are ligated together. Whereas, some
exons are constitutively spliced, and many are alternatively spliced to generate
multiple mRNAs from a single pre-mRNA (Will and Luhrmann, 2011). In C. elegans,
around 25% of genes are reported to have alternative splicing events. In contrast,
more than 90% of genes undergo alternative splicing (AS) in humans. The average
size of an intron in C. elegans is around 65 bases, whereas, in humans, the average
size of the intron is around 1334 bases. Larger intron size has been correlated with

alternative splicing in several organisms (Soler et al., 2013).

In C. elegans, around 70% of genes undergo trans-splicing (Allen et al., 2011).
Trans-splicing reaction is closely related to cis-splicing; in this process, splice leader
(SL) RNA replaces the 5’ end of a transcript by spliceosomal splicing. The pre-
mRNA undergoing trans-splicing contains 3’ splice site, but lack 5’ splice site.
However, spliced leader RNAs (SL RNA) which are similar to small nuclear RNAs
(snBNAs) provide the 5’ splice site (Thomas Blumenthal, worm book). In trans-
splicing reaction, the 22-nucleotide (nt) SL is donated by a 100-nt SL snRNP (small
nuclear ribonucleoprotein) to a pre-mRNA with an outron (the intron-like region
between 5’ cap and trans-splice site). SL RNAs exists as snRNPs. They have a
discrete secondary structure similar to snRNA. They are bound to the sm proteins
and have a trimethylguanosine (TMG) cap similar to U snRBNAs. In the SL snRNPs
the 5’ss is base-paired to the upstream part of SL sequence identical to U1-5’ss
base pairing (Blumenthal 2005). In C. elegans many genes are transcribed as
polycistronic units (operons). In polycistronic units, from single promoter several
genes are transcribed. The polycistronic pre-mRNAs are separated into individual
cistrons with the help of 3’ end formation and trans-splicing (Allen et al., 2011).

Trans-splicing occurs in several lower eukaryotes, such as trypanosomatids,
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nematodes, trematodes, and euglena (Agabian, 1990; Rajkovic et al., 1990; Tessier
et al.,, 1991). In nematodes, SL RNA interacts with Sm antigens as well specific
proteins to form spliced leader ribonucleoprotein particles (SL RNP). SLRNP
together with other factors including U2, U4/U6, and U5 snRNPs involve in trans-
splicing (Maroney et al., 1990; Denker et al., 1996). The outron at the 5’ end of the
pre-mRNA undergoes trans-splicing (Conard et al.,, 1995; Conrad et al., 1993;
Conrad et al.,, 1991). Therefore, the presence of outron distinguishes the genes
which undergo trans-splicing from the genes which do not. It is very difficult to isolate
outron-containing pre-mRNAs as trans-splicing is very efficient (Conrad et al., 1993).
C. elegans uses two types of SL RNP (SL1 and SL2) for trans-splicing. More than
50% of C. elegans pre-mRNAs are subjected to SL1 trans-splicing, and about 30%
are not trans-spliced. The remaining genes are subjected to SL2 trans-splicing. SL2
trans-spliced genes are downstream genes in polycistronic units that are similar to
bacterial operons. The poly-cistronic pre-mRNA is co-transcriptionally processed by
cleavage and polyadenylation at the 3’ end of each gene. This event is coupled with
SL2 trans-splicing event that occurs only 100 nt further downstream. SR (ser/arg)
proteins are a family of related phosphoproteins plays various roles in both
constitutive and regulated pre-mRNA splicing. (Valcarcel and Green, 1996). SR
proteins contain two major domains, an N-terminal region containing one or two RNA
recognition motif(s) (RRM) and a C-terminal region rich in RS dipeptides (Caceres
and Krainer, 1993; Zuo and Manley, 1993). In nematode Ascaris lumbricoides, SR
proteins participate in both cis-splicing and trans-splicing events (Sanford and
Bruzik, 1999).

In nematode C. elegans, Hub1 (referred to as UBL-5) is reported to play a role in
mitochondrial unfolded-protein response (UPRmt). Hub1 forms a complex with
transcription factor DVE-1 for activating UPRmt pathway (Haynes et al., 2007). In
this process, Hub1 increases the expression of mitochondrial chaperones HSP-60
and HSP-6 (Benedetti et al., 2006). Knockdown of HUB1 is reported to inhibit UPRmt
(Benedetti et al., 2006); however, the mechanism of its direct involvement in this
pathway is not completely clear. In the above study, worms depleted of HUB1 did not

show any defects in pre-mRNA splicing. Importantly, Hub1 and HINDs are
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conserved; thus, the complex is expected to play a role in RNA splicing. Recent
reports suggest that the observed effects of Hub1 in UPRmt in worms could be a
consequence of its expected role in pre-mRNA splicing (Bennett and Kaeberlein,
2014).

In most eukaryotes, HIND elements are located in the homologs of RNA splicing
factor Snu66/SART1. In plants, HIND is not observed in Shu66 homolog; its absence
is compensated by its presence in another splicing factor Prp38 (Mishra et al., 2011).
Interestingly, in certain organisms including C. elegans HINDs are observed in
homologs of both Snu66 and Prp38. At present, implications of more than one
splicing factor associating with Hub1 are not clear, but we postulate it to be linked to
the higher prevalence of trans-splicing in C. elegans (Blumenthal, 2005). Therefore,

the present study was aimed to investigate the role of Hub1 in trans-splicing.
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5.2 Results

5.2.1 C. elegans Hub1 rescues S. pombe hub1A lethality

In C. elegans, Hub1 splicing function has not been addressed. To understand the
function of C. elegans Hub1, | performed complementation assay in S. pombe
hub1A cells. The expression of C. elegans Hub1 rescued the lethality similar to S.
pombe Hub1 expression at 30°C and 37°C (Figure 5.1). It indicates that C. elegans
Hub1 able to functionally complement S. pombe hub1A lethality.

S. pombe hub1A (HUBT+ ura+) expressing:

Empty (RGN
Sp Hub1 [ & & @® O &
sphub1-1 [ ESK] L K
Ce Hub1 [ RO RG [ K B

Control 5-FOA 5-FOA
37°C 30°C 37°C

Figure 5.1: C. elegans Hub1 complements S. pombe hub1A mutant

In S. pombe hub1A cells, the expression of S. pombe Hub1 and C. elegans Hub1
rescues the lethality as see in plates with FOA. The experiment is similar to Figure
3.4A. However, S. pombe hub1-1 (temperature-sensitive mutant allele) were able to
rescue the lethality of hub1A cells partially at 30°C but not at non-permissive
temperatures 37°C. Transformants were five-fold serial diluted on selective media.
Plasmids were expressed from the weak nmt81 promoter. Figure 5.1A is part of
Pallavi’s thesis.

5.2.2 C. elegans Hub1 rescues S. pombe hub1-1 splicing defects

To understand whether C. elegans Hub1 is involved in splicing, | performed
complementation assay in S. pombe hub1-1 cells. hub1-1 (hub1-142S) cells grow at
30°C and become lethal at 37°C . The hub1-1 cells show splicing defects at 37°C
(Yashiroda and Tanaka, 2004). The expression of S. pombe Hub1 and C. elegans
Hub1 complemented the lethality of S. pombe hubi-1 cells at non-permissive
temperature 37°C (Figure 5.2A), which indicates that C. elegans Hub1 performs a

function similar to the wild-type protein. Further to monitor the splicing function, |
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performed RT-PCR assays. We isolated total RNA from hub1-1 cells expressing S.
pombe Hub1 and C. elegans Hub1 constructs. RNAs were converted into cDNAs
using random hexamer primers and reverse transcriptase. Following cDNA
synthesis, | carried out RT-PCR assays for selected targets, which showed an
accumulation of pre-mRNA in splicing-sensitive microarray (shown in chapter 3). The
amplified products were visualized on agarose gel electrophoresis. The expression
of C. elegans Hub1 rescued the accumulation of intron-containing transcripts like S.
pombe Hub1 expression in hub1-1 cells at 37°C (Figure 5.2B). We infer from the
above findings that Hub1 possesses conserved splicing function across the

eukaryotes.
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Figure 5.2: C. elegans Hub1 rescues S. pombe hub1A splicing defects

A. In S. pombe hubi-1 cells, the expression of S. pombe Hub1 and C. elegans Hub1
rescues the temperature-sensitive at 37°C. Plasmids were expressed from the weak
nmt81 promoter. The experiment is similar to Figure 3.4B.

B. Semi-quantitative RT-PCR shows rescue of accumulated intron-containing
transcripts for mug161 and gndi. Plasmids were expressed from the weak nmt81
promoter. The experiment is similar to Figure 3.4C. Figure 5.2B is part of Pallavi’s
thesis.

5.2.3 C. elegans Hub1-Snu66 interaction
In yeast and human cell lines, Hub1 binds to HIND containing pre-mRNA splicing
factor Snu66 to promote alternative splicing (Mishra et al., 2011; Ammon et al.,

2014). S. cerevisiae contains two HIND elements at the N-terminus of Snu66.
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Whereas in S. pombe and humans, a single HIND element is present at the N-
terminus. In plants and amoebozoa, Snu66 lacks HIND element. However, the
absence of HIND in Snu66 is counterbalanced by the presence of HIND in another
spliceosomal protein Prp38 at the C-terminus. In case of plasmodium, both Snu66
and Prp38 homologs contain HIND elements (Mishra et al., 2011). We observed two
putative HIND elements in C. elegans; at the N-terminus of Snu66 and the C-
terminus of Prp38 (Figure 5.3A). To verify whether C. elegans Hub1 binds to the
putative elements, we carried out yeast two-hybrid assay. In this assay, we fused C.
elegans Hub1 construct to the Gal4 binding domain (BD) and C. elegans Snu66-
HIND domain fused to the Gal4 activation domain (AD). The AD and BD-fused
constructs were transformed in S. cerevisiae cells, and selected cells were spotted
on histidine lacking plates (-His) to monitor the growth. The yeast cells transformed
with Hub1 and Snu66 constructs were viable on histidine lacking plates which
indicates the interaction (Figure 5.3B). It was reported that Hub1-Snu66 interaction is
through formation of salt bridge and hydrophobic interactions (Mishra et al., 2011).
To confirm whether the mode interaction is conserved. We replaced the salt bridge
forming residues on Hub1-D22 and Snu66-R62 with amino acid alanine (A) by quick-
change site-directed mutagenesis. Using the mutagenized clones yeast two-hybrid
assay was performed to test the interaction between the two proteins. We observed
that altering salt bridge forming residues on either Hub1 or Snu66 abolishes the
interaction between Hub1-Snu66 (Figure 5.3B). Thus, the mode of interaction seems
to be conserved. To further understand whether Hub1-Snu66 interact directly, we
purified Hub1 and HIND containing proteins from bacterial cells (clones were made
by Pallavi Sharma, Dr. Kavita lab at IISER, Mohali) and GST-pull down assay was
carried out. In this assay, equimolar concentrations of Hub1 and GST-HIND
containing proteins were mixed and incubated on roller at 4°C for 1 hr. GSH beads
were added to the mixture and incubated on roller at 4°C for 1 hr. Later, the mixture
was washed, and pull-down GSH fraction was eluted using HU-buffer and analyzed
on SDS-PAGE. GST-HIND were able to pull-down Hub1, which indicates a direct
interaction between C. elegans Hub1 and Snu66 (Figure 5.3C).
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Figure 5.3: C. elegans Hub1-Snu66 binding

A. HIND protein sequence alignment across the organisms.

B. Yeast two-hybrid interaction studies with the cells expressing C. elegans Hub1, hub1-
D22A mutants fused to Gal4 binding domain (BD) and with Snu66-HIND and Snu66-
HIND (R62A) mutant fused to activation domain (AD). The experiment is similar to
Figure 4.1A. Figure 5.3B is part of Pallavi’s thesis (clones were made by Pallavi
Sharma).

C. GST—pull-down assays were carried using GSH beads. Bacterially purified equimolar
concentrations of 6xHis-Hub1 were mixed with GST, GST-Snu66(HIND) proteins.
GST-Snu66(HIND) was able to pulldown Hub1, GST was used as a control. Input
represents the one-tenth amount of the total proteins. GST and GST-Snu66(HIND)
were purified according to standard GST-tag affinity purification, whereas, 6xHis-
Hub1 was purified according to His-tag affinity purification under denaturing
conditions as described in the methods section (2.2.17). The experiment was
performed twice. Figure 5.3C is part of Pallavi’s thesis (clones were made by Pallavi
Sharma).

5.2.4 C. elegans Hub1-Prp38 interaction

To verify whether C. elegans Hub1 binds to the putative HIND elements of Prp38, |
carried out yeast two-hybrid assay. | did not observe any interaction between Hub1
and Prp38-HIND element. | then carried out the GST pull-down assay. In this assay,
Hub1, GST, and GST-Prp38-HIND containing proteins were induced with IPTG in
bacterial cells. Lysates with soluble proteins were mixed and incubated on roller at
4°C for 1 hr. Further, GSH beads were added to the mixture and incubated on roller
at 4°C for 1 hr. Later, the mixture was washed, and pull-down GSH fraction was
eluted using HU-buffer and analyzed on SDS-PAGE. GST-Prp38 (HIND) containing
protein was able to pull down Hub1, whereas GST control could not pull down Hub1
(Figure 5.4A). | further verified the interaction with Hub1 specific antibody (Figure
5.4B). Thus, we infer that C. elegans Hub1 interacts with HIND-containing splicing
factors Prp38.
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Figure 5.4: Hub1-Prp38 complex

A. GST—pull-down assays were carried using GSH beads. Bacterial cells expressing
GST, GST-Prp38 (HIND), and 6xHis-Hub1 were induced with IPTG. The bacterial
soluble fraction containing GST-Prp38 (HIND) and 6xHis-Hub1 were mixed together
and GST-pull down assay performed. GST-Prp38 (HIND) was able to pulldown
Hub1, GST was used as a control. Input represents the one-tenth amount of the total
proteins. The experiment was performed twice (Note: Last lane represents protein
marker).

B. GST pull-down samples in the above experiment were loaded on SDS-PAGE. After

electrophoresis, the proteins were detected by immunoblot using C. elegans Hub1
antibody raised in rabbit.
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5.2.4 C. elegans Hub1 associates with splicing factors

The expression of C. elegans Hub1 rescued the accumulation of intron-containing
transcripts in S. pombe hub1-1 cells. To understand the molecular mechanism of
Hub1 in splicing, we immunoprecipitated Hub1 complex with anti-FLAG beads. C.
elegans cells expressing 3xFlag-Hub1 constructs were wused for the
immunoprecipitation experiments (the 3xFlag-Hub1 plasmid DNA was micro-injected
in C. elegans gonads). The immunoprecipitated complex was eluted and analyzed
by mass spectrometry. The lysates from wild type worms were used as a control.
The splicing factors enriched in Hub1 purified complexes are listed below (Table
5.1). Only a few splicing factors were co-purified with Hub1 protein; possibly Hub1
might interact with the components of the spliceosome transiently. Thus, we infer

that C. elegans Hub1 associates with some of the components of the spliceosome.

Gene symbol Annotation Intensity Intensity
(Wild-type) | (FLAG-Hub1)
Hub1/ ubl-5 Ubiquitin-like protein 5 Nd 5100000
hel-1 Spliceosome RNA helicase DDX39B 54000 930000
homolog
hrp-2 HNRNP A1 homolog 50000 700000
rsp-3 Probable splicing factor, 140000 650000
arginine/serine-rich 3
ddx-17 DEAD boX helicase homolog Nd 380000
rsp-2 Probable splicing factor, Nd 210000
arginine/serine-rich 2
prp-19 Pre-mRNA-processing factor 19 Nd 180000
rsp-1 Probable splicing factor, Nd 150000
arginine/serine-rich 1
Y46G5A.4 Putative U5 small nuclear Nd 140000
ribonucleoprotein 200 kDa helicase
prp-8 Pre-mRNA-splicing factor 8 homolog Nd 130000
rsp-6 Probable splicing factor, Nd 65000

arginine/serine-rich 6

eftu-2 Elongation Factor TU family Nd 57000
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Gene symbol Annotation Intensity Intensity
(Wild-type) | (FLAG-Hub1)

prp-1 Putative RNA-binding protein PRP-1 Nd 18000

hrpf-1 HnRNP F homolog Nd 17000

Table 5.1: C. elegans Hub1 interacts with splicing factors: A intensity of unique peptides
for the identified proteins in mass spectrometry. 3xFlag-Hub1 expressing C. elegans cells
were immunoprecipitated using anti-FLAG antibody, Co-IP proteins were subjected and
analyzed by mass spectrometry. Nd, not detected (the experiment was peformed along with
Pallavi Sharma).

5.2.5. HUB1 expression is crucial after larval stage 3

In C. elegans, HUB1 is essential for viability. HUB1 knockout worms do not survive
after the L3 stage; hence, HUB1 knock out strains was maintained in the
heterozygous condition. HUB1 knockout worms lethality was rescued with
expression of HUB1 gene (Figure 5.5B). We performed quantitative RT-PCR assays
to monitor the HUB1 transcript level at different stages in wild-type worms. We found
that the expression of HUB1 varies in stage specific manner and at developmental
L3 stage HUB1 transcript levels were higher than other stages of development

(Figure 5.5C). Thus, Hub1 is essential for the development of C. elegans.
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Figure 5.5: Hub1 expression in C. elegans

A. C. elegans life cycle consists of four larval stages L1, L2, L3, L4, and adult stage. In
the absence of food after the L1 stage they get transformed into dauer stage (Image
adapted from Byerly et al., 1976).

B. The Graph represents the rescue of lethality in HUB1 knockout worms. The
expression of genomic HUB1 in HUB1 knockout worms rescued the lethality. The
total number of adult’s worms surviving from a single parent worm is counted for WT,
ubl-5/+, ubl-5 and UBL-5 rescue (Data is obtained from Pallavi thesis).

C. The HUB1 expression in L1-L2, L2-L3, L3-L4, and L4-adult stages using real-
time PCR. L3-L4 shows the highest expression when compared to all other
stages (Data is obtained from Pallavi thesis).
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5.2.6 C. elegans HUB1 mutants show defects in trans-splicing

In yeast and humans, Hub1 plays a role in pre-mRNA splicing (Yashiroda and
Tanaka, 2004; Mishra et al., 2011; Ammon et al., 2014). In the nematode C. elegans,
Hub1 is implicated in unfolding protein response in mitochondria (UPR™) (Benedetti
et al., 2006), where it forms a complex with transcription factor DVE-1 (Haynes et al.,
2007). In the above study, RNAi mediated HUB1 knockdown worms did not show
any splicing defects (Benedetti et al., 2006). To understand the role of C. elegans
Hub1 in RNA splicing, we performed splicing sensitive microarray. In C. elegans
25% of genes are alternatively spliced, and 75% of genes undergo trans-splicing
(Ramani et al., 2011; Allen et al., 2011). As Hub1 binds to both Snu66 and Prp38
proteins in C. elegans, we speculated that Hub1 might play a role in both alternative-
splicing and trans-splicing. To study trans-splicing events, we customized splicing-
sensitive microarray. For this study, we chose neuronal genes which were reported
to be alternatively spliced. Out of this genes, we chose the genes which undergo
either SL1/ SL2 mediated trans-splicing. HUB1 knockout is lethal in C. elegans, as
the worms survive up to L3 stage only and are maintained in heterozygous state with
the help of a balancer chromosome. To perform splicing-sensitive microarray, for
each gene we designed a minimum of three probes; the outronic probes detected
pre-mRNA, trans-spliced junction probes (SL1) detected mature SL1-mRNA, and
trans-spliced junction probes (SL2) detected mature SL2-mRNA. The total RNA was
isolated from wild-type and HUB1 knock out worms at L3 stage. 500ng each of total
RNA was reverse transcribed at 40°C using oligo dT primer tagged to a T7
polymerase promoter and converted to double-stranded cDNA. Synthesized double-
stranded cDNA was used as a template for cRNA generation. cRNA was generated
by in vitro transcription, and the dye Cy3 CTP (Agilent) was incorporated during this
step. The cDNA synthesis and in vitro transcription steps were carried out at 40°C.
600ng of labeled cRNA sample was fragmented at 60°C and hybridized on to an
Agilent Gene Expression Microarray 8X60K. Microarray heat map represents fold
change values obtained by comparing mutant samples with respect to wild-type
samples (Figure 5.6). From splicing-sensitive microarray data, we found that HUB1
knockout worms showed accumulation of outron containing transcripts compared to

wild-type worms. We thus infer that Hub1 is required for trans-splicing in C. elegans.
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Figure 5.6. Hub1 is required for trans-splicing in C. elegans
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Analysis of total RNA from wild-type and HUB1 knockout worms using splicing-
sensitive microarray. Microarray heat-map shows the log, mutant samples with
respect to wild-type samples for outron-containing transcripts (O), SL1 trans-spliced
transcripts (J1), and SL1 trans-spliced transcripts (J2). Here, red color represents
accumulation; light blue denotes no change and dark blue shows reduction of signal
for the transcripts. The expanded view of particular transcripts that are affected in
HUBT1 knockout worms is shown. (The experiment was performed along with Pallavi
Sharma and Nagesh Kadam).
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5.3 Discussion

Here we show that C. elegans Hub1 splicing function is conserved and it interacts
with two HIND containing spliceosomal proteins Snu66 and Prp38. The mode of
interaction with the HIND element is conserved. The expression of C. elegans Hub1
complemented S. pombe hub1A lethality, and also rescued the accumulation of
intron-containing transcripts in S. pombe hub1-1 cells. We also show that C. elegans
Hub1 associates with the splicing factors in vivo. HUB1 knock out worms are lethal
as the worms do not survive after the L3 stage. We found that the expression of
HUB1 varies in stage-specific manner and at developmental L3 stage HUB1
transcript levels were higher than other stages of development. Thus, Hub1 is
essential for the development of worms. Splicing microarray with RNA from HUB1
knockout worms showed the accumulation of outron containing transcripts compared
to wild-type worms. We thus infer that Hub1 is required for trans-splicing in C.

elegans.

C .elegans Hub1 complements S. pombe hub1-1 cells lethality and splicing
defects

The Hub1 functions in pre-mRNA splicing through non-covalent interaction with the
protein substrates. In S. cerevisiae, Hub1 binds to Snu66, a protein of the U4/U6.U5
small nuclear-ribonucleic particle (tri-snBRNP) to promote alternative splicing. In
intron-poor S. cerevisiae, Hub1 is not essential for viability; probably its function is
restricted to promote alternative splicing of SRC1 pre-mRNA. Importantly, in S.
cerevisiae, Hub1 becomes essential if these cells are partially defective in certain
spliceosomal proteins like Prp8 (Mishra et al., 2011). In intron-rich S. pombe and
human cells, Hub1 is required for optimal splicing of a large number of pre-mRNAs.
In these cells Hub1 becomes essential for viability, most likely due to its splicing
functions (Wilkinson et al., 2004; Mishra et al., 2011; Ammon et al., 2014).

In nematode C. elegans, Hub1 (referred to as UBL-5) is reported to play a role in
mitochondrial unfolded-protein response (UPRmt), a stress signaling pathway that
senses increase in unfolded proteins in the mitochondria. Where, Hub1 forms
complex with transcriptional factor DVE-1 and signals to the nucleus for expression
of mitochondrial chaperones HSP-60 and HSP-6. It has been shown that HUB1
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knockdown worms did not show any splicing defects (Benedetti et al., 2006). We
show that the expression of C. elegans Hub1 expression compensates for the loss of
S. pombe Hub1 and performs the functions similar to the wild-type protein. Most
likely C. elegans Hub1 rescuing the S. pombe lethality could be due to its
compensatory splicing function. C. elegans Hub1 also rescues the accumulation of
intron-containing transcripts in S. pombe hub1-1 cells at 37°C , indicating that C.

elegans Hub1 splicing function remains conserved.

C .elegans Hub1-HIND complex
Hub1 binds to HIND (Hub1 Interaction Domain) region on Snu66 and/or Prp38. HIND

element is present on Snu66 in yeast and vertebrates, but in plants, another tri-
snRNP protein Prp38 contains the HIND element. In plasmodium, HIND elements
are present on both Snu66 and Prp38 (Mishra et al., 2011). Hub1 also binds to Prp5,
a DEAD-box helicase to promote alternative splicing (Karaduman et al., 2017). From
our yeast two-hybrid and pull-down assays, we show that Hub1 binds to both the
spliceosomal proteins Snu66 and Prp38 in C. elegans. The mode of interaction is
also conserved from yeast to vertebrates. Hub1 might have evolved to bind with

additional HIND contain proteins to perform wider functions in RNA-splicing.

C .elegans Hub1 associates with splicing factors

From yeast two-hybrid screens, it has been shown that C. elegans Hub1 interacts
with Npp-9, a nuclear pore complex protein, and Hsp-17, a heat shock protein
(Simonis et al., 2009). From this study, we show that C. elegans Hub1 associates
with splicing factors, of which notably with arginine/serine-rich Rsp family proteins
such as Rsp-1, Rsp-2, Rsp-3, and Rsp-6. Hub1 also associates other splicing factors
such as Hrpf-1 (HNRNP F homolog) and Hrp-2 (HhRNP A1 homolog). Trans-acting
splicing factors such as SR proteins bind with the regulatory sequences on pre-
mRNA for splicing control (Gontarek and Derse, 1996; Kanopka et al., 1996).
Heterogeneous nuclear proteins (hnRNP) A/B family members bind to regulatory
sequences on exons and inhibit splicing through preventing SR proteins from binding

to exons (Caputi et al., 1999; Zhu et al., 2001). Interestingly, in our study Hub1
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associated with both types of trans-acting splicing factors. Further studies need to be

carried out to understand the relevance of such interactions.

C .elegans Hub1 required for trans-splicing

In human cell lines, Hub1 has been shown to modulate the spliceosome and
facilitate alternative splicing. Additionally, it also is shown that Hub1 is required for
splicing of certain introns (Ammon et al., 2014). C. elegans HUB1 knock out worms
are lethal as the worms do not survive after the L3 stage. From splicing-sensitive
microarrays, we show that Hub1 is also required for alternative splicing in C. elegans
(This collaborative work includes as part of Pallavi Sharma thesis). Hub1 splicing

function seems to be evolutionarily conserved in different organisms.

In C. elegans, the 5’ ends of pre-mRNAs of many genes undergo trans-splicing with
either SL1 or SL2 two short leader RNAs and around 70% of genes undergo trans-
splicing events (Allen et al., 2011). In this process, SR recruits U2 snRNP to the
branch point of natural trans-splicing substrates (Sanford and Bruzik, 1999; Romfo et
al., 2001). In trans-splicing reaction, SL snRNPs and U4/U6.U5 snRNPs form tetra-
snBNP or separate SL snRNP, and the U4/U6.U5 snRNPs potentiates the
transspliceosome assembly. SR proteins also promote the entry of the U4/U6.U5
snBNP into the cis-spliceosome (Roscigno and Blanco, 1995). SR proteins appear
essential for the formation of complete, catalytically active trans spliceosome for
trans-splicing (Furuyama and Bruzik, 2002). From our splicing-sensitive microarray
assay, we show that Hub1 is required for trans-splicing. As Hub1 containing
complexes associated with SR proteins (Rsp-1, Rsp-2, Rsp-3, and Rsp-6), it is
possible that Hub1 together with SR proteins might facilitate the trans spliceosome

assembly and potentiates the trans-splicing reaction in C. elegans.

5.4 Conclusion

We demonstrated a possible role of Hub1 in trans-splicing in an intron-rich organism
C. elegans. We show that Hub1 associates with components of the spliceosome,
besides the HIND containing splicing factors, Snu66 and Prp38. Hub1 splicing

function is conserved in C. elegans. Hub1 is required for larval to adult development
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of the worms as the HUB1 knock out worms are lethal at L3 stage. In addition to its
role in alternative splicing (independent study by a colleague, Pallavi Sharma), we

found that Hub1 is required for trans-splicing in C. elegans.
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Appendix

Gene names

APEX2-hub1-DD
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gst2;gst1 nd 1 3 3
cct2 nd nd 3 3
SPAC1F5.02 nd nd 2 2
SPAC19G12.09 nd nd 2 2
rps10b nd nd 1 nd

Table 1: Hub1 specific biotinylated proteins. The number of unique peptides in mass
spectrometry for an identified protein. Biotinylated complexes were pulled-down by
streptavidin beads from cells expressing APEX2-Hub1, APEX2-hub1-DD constructs.
Biotinylated proteins were subjected and analyzed by mass spectrometry. nd, not detected.

Table 2: Collaborators and contributions

Collaborators and
contributions

Experiments performed

Displayed in section

Dr. Jeffrey A. Pleiss

Splicing-sensitive microarray

Chapter 3-Figure 3.1A

Dr. Ranabir Das

Circular dichroism (CD)

Chapter 3-Figure 3.4E

Dr. Kuljeet Sandhu | Bioinformatic analysis Chapter 3-Figure 3.9A
and Dr. Arashdeep

Singh

Dr. Kavita Babu and | Rescue of lethality in HUB1 Chapter 5-Figure 5.5B, C

Pallavi Sharma

knockout worms, quantitative

RT-PCR and splicing sensitive

microarray

& Figure 5.6
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