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ABSTRACT

Proteins bind and control mRNAs, directing their localization, translation, and stability.
Members of the PUF family of RNA-binding proteins control multiple mRNAs in a single cell,
and play key roles in development, stem cell maintenance and memory formation. Here we
demonstrate the conservation of PUF regulatory networks by bioinformatic analysis. We
identified the mMRNA targets of two Saccharomyces cerevisiae PUF proteins, Puf3p and Puf5p,
and two Neurospora crassa PUF proteins, PUF3 and PUF5, by UV-crosslinking-affinity
purification and high-throughput sequencing (HITS-CLIP). Taken together these data allowed
us to elucidate a rewiring of a nulcear-endcoded circuit of mitochondrial related mMRNAs.

S. cerevisiae Puf5p associates with ~1,000 RNAs, suggesting that it is a broad spectrum
regulator. The binding sites recognized by both Puf5 proteins are diverse, with variable spacer
lengths between two specific sequences. S. cerevisiae Puf3p binds a group of RNAs
significantly enriched for nuclear encoded RNAs that code for mitochondrial proteins. Many of
these orthologous RNAs are bound by N. crassa PUF5. This constitutes a switch, from Puf3p to
Puf5, regulation, when comparing S. cerevisiae and N. crassa PUF regulatory networks. Crystal
structures of S. cerevisiae Puf5p-RNA complexes reveal that the protein scaffold presents an
exceptionally flat and extended interaction surface relative to other PUF proteins. A single PUF
protein repeat is sufficient to induce broadening of specificity. Changes in protein architecture,
such as alterations in curvature, may have led to evolution of mRNA regulatory networks which

we observe.
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Chapter 1

An Introduction to RNA-protein interactions
in Ascomycota fungi



RNA is pervasive

Every aspect of an RNA'’s life is regulated. The role of RNA was historically thought of
as simply transmitting information from DNA into protein. Our modern understanding is that
this molecule is far more complex both in terms of its functional diversity and the numerous
regulatory steps to which all RNAs are subject (Figure 1). RNA plays key roles in an array of

functions including: gene expression, catalysis, structure, and regulation.

RNA types

Messenger RNAs (mRNAs) encode information required for protein biosynthesis.
MRNAs generally consist of three regions: a protein coding open reading frame (ORF), 5’
untranslated region (UTR), and a 3 UTR. Three-letter condons define the identity and order of
amino acids which form the polypeptide chain and the UTRs contain regulatory signals.
Synthesis of mMRNAs from the DNA template occurs in the nucleus in Eukaryotes where the
MRNAs are spliced, 5° 7-methylguanosine capped, and polyadenylated. Some of these steps
occur co-transcriptionally while other processing events occur upon transcriptional termination,
but all steps are regulated (Figure 1). Upon maturation, mMRNAs are exported out of the nucleus,
often localized to subcellular compartments, and then translated. Again, each of these steps is
regulated (Figure 1).

Non-codng RNAs are a more recently identified group of RNAs that do not encode
proteins. The synthesis and processing of these RNAs is highly regulated, an in-depth discussion
of which is beyond the scope of this work. Non-coding RNAs include transfer, ribosomal, small
nuclear, small nucleolar, ribozyme, and long noncoding RNAs. In addition, a subclass of “small

RNASs” include: micro, pi, piwi, and small interfering RNAs. This diverse group of RNAs play a



critical role in cellular functions. For example, ribosomal RNAs provide a structural scaffold for

the ribosome, ribozymes function as catalysts, and micro RNAs contribute to gene silencing.

RNA regulators

RNA-binding proteins are defined by the structural motifs they use to recognize and bind
RNA. 1 will discuss some of the most prominent classes below and schematics of example
proteins are shown in Figure 2.

RNA recognition motif (RRM). RRMs are the most abundant RNA binding protein motifs
found in all domains of life (Cléry et al., 2008; Daubner et al., 2013; Lunde et al., 2007). About
2% of human proteins contain RRM domains (Maris et al., 2005). RRMs domains are
characterized by a conserved fold consisting of four antiparallel beta-strands with two helices
packed against the sheet (Lunde et al., 2007; Maris et al., 2005). This structure forms a platform
where aromatic residues typically recognize RNA by stacking interactions or insertion
intercalation between two sugar rings (Maris et al., 2005). Variations to this basic structure also
exist, contributing to the vast number of RNA sequences and shapes recognized by these proteins
(Daubner et al., 2013).

hnRNP K-homology (KH) domain. KH domains are characterized by a core, paof
strands, forming a -sheet flanked by either C-terminal, type | (Eukaryotes), or N-terminal, type
IT (Prokaryotes), a and B strands (Lunde et al., 2007; Trabucchi et al., 2009; Valverde et al.,
2008). A GxxG loop links the two core a-helices and interacts with the nucleic acid backbone of
either RNA or ssDNA (Duncan et al., 1994). This loop directs the nucleic acids towards a
hydrophobic groove where base-specific contacts are made. Most KH domains bind short (4

bases) A/C rich sequences, but they have also been shown to bind G-rich sequences (Trabucchi



et al., 2009). KH domains are often repeated, up to 15, and are connected by flexible linkers that
allow proteins to recognize longer sequences (Nicastro et al., 2015).

Zinc fingers. Classically thought of as DNA binding transcription factors, two classes--
C,H; and CCCH--can also bind RNA (Carballo et al., 1998; Hall, 2005; Lunde et al., 2007;
Picard and Wegnez, 1979). The modular zinc fingers are typically about 30 amino acids and are
named for the arrangement of residues that coordinate zinc ions. The polypeptide chains fold
into a BPa structure that recognizes DNA, RNA, or proteins (Hall, 2005). Multiple zinc fingers
are often found within a single protein.

PUF proteins. Pumilio and FBF (PUF) proteins will be discussed in depth below as they

are the focus of this work.

Structure of PUF proteins

Pumilio homology domain. PUF stands for Pumilo and EBF the two founding members
this family of RNA binding proteins (Zamore et al., 1997; Zhang et al., 1997). The
distinguishing feature of PUF proteins is the Pumilio homology domain. The Pumilio homology
domain consists of eight ~36 amino acid repeats arranged into 3 alpha helixes flanked by half
repeasts. The alpha helixes are stacked next to each other into crescent shape (Miller and Olivas,
2011) (Figure 3A). The remaining residues typically do not have recognizable domains, though
they often contain glutamine-rich regions which may promote protein aggregation (Salazar et al.,
2010). The concave surface of the Pumilio homology domain makes base-specific contacts with
RNA and the opposite convex side can make protein-protein contacts (Campbell et al., 2012;

Miller and Olivas, 2011) (Figure 3A).



Recognition of RNA. The inner concave surface of PUF proteins has a net positive
charge, but does not make contact with negatively charged phosphates of the RNA (Wang et al.,
2001). Instead, three amino acid side chains at conserved positions (tripartite recognition motifs,
or TRMs) make contact with a single RNA base through edge-on and stacking interactions
(Wang et al., 2001; Wickens et al., 2002). These residues are conserved in PUF proteins and can
be altered to recognize predicted RNA bases (Wang et al., 2013). This one-base one-repeat
seems to be a general rule for all PUF proteins examined structurally (Miller and Olivas, 2011)
(Figure 3B). RNA is bound in the low nanomolar range and is preferred to DNA. For example,
Homo sapiens Pumilio binds RNA > 2500-fold more tightly than DNA (Wang et al., 2002).

PUF protein RNA recognition is based in the composition of tripartite recognition
motifs, but often this does not completely explain the diversity of binding elements (Miller and
Olivas, 2011). In particular, tripartite recognition motifs do not explain how C. elegans PUF-11
is able to bind two length binding elements. In addition to TRMs, S. cerevisiae Puf4dp and C.
elegans FBF are flattened and twisted (Miller et al., 2008; Wang et al., 2009).

Structural elements allow PUF proteins to “base flip” and flex. PUF proteins typically
contain 8 repeats and therefore bind sequences 8nt in length. These binding elements can
sometimes be longer for some PUF proteins. Longer binding elements are accommodated by
“base flipping” with only one-repeat contacting one-base (Figure 3C). Two examples of this are
Saccharomyces cerevisiae Puf4p and Caenorhabditis elegans FBF (Miller et al., 2008; Wang et
al., 2009) (Figure 3C). Base flipping has been explained by the “two handed” model of binding.
In this model one “hand” (repeats 8, 7, 6) binds the 5> UGU and the second “hand” (repeats 1, 2,
and 3) binds the 3° AUA sequence (Valley et al., 2012). This allows one of the intervening bases

to “flip” away from the protein, but each repeat only makes one contact .



C. elegans PUF-11 is an example of a PUF protein with 8 repeats that can bind to 9 and
10nt binding elements with similar affinity (Koh et al., 2009). It was postulated that C. elegans
PUF-11 flexed in middle of the Pumilio homology domain combined with base flipping allowed
the protein to accommodate either 9 or 10nt RNAs and maintain a one-base one-repeat

recognition (Koh et al., 2009).

Function of PUF proteins

PUF proteins typically repress mRNA translation by stimulation of decay or inhibition of
translation factors. PUF proteins accomplish this not directly, but through the recruitment of
other protein partners. This process is context dependent and differs based on the composition of
the protein complexes. Through mRNA regulation PUF proteins play key roles in
gametogenesis/gamete maturation, embryogenesis, cell differentiation, and neural development
and function (Miller and Olivas, 2011). Because of these biological roles a likely ancestral role
for PUF proteins as stem cell maintenance and self-renewal has been hypothesized (Wickens et
al., 2002).

Transcriptional regulators. S. cerevisiae Puf5p binds Pop2p to recruit the Ccrdp-Pop2p-
Not deadenylase complex which deadenylates mMRNAs leading to reduced translation and decay
(Goldstrohm et al., 2006; Goldstrohm and Wickens, 2008). This appears to be a conserved
mechanism in worms and humans (Goldstrohm et al., 2006; Quenault et al., 2011). Additional
deadenylation independent mechanisms of repression have also been observed where PUF
proteins likely interact with translation initiation proteins directly (Chagnovich and Lehmann,
2001; Goldstrohm et al., 2007; Hook et al., 2007). PUF proteins have also been show to

stimulate decapping which stimulates rapid decay (Olivas and Parker, 2000). PUF proteins can



also promote repression through interactions with Argonaute possibly through the inhibition of
the translation factor, eEF1A (Friend et al., 2012). Thus, PUF proteins repress translation
through a variety of mechanisms depending on what protein partners are recruited by PUF.

Translational activator. PUF proteins, have in some cases, been shown to activate
translation (Archer et al., 2009; Kaye et al., 2009; Piqué et al., 2008; Suh et al., 2009). Possible
mechanisms of this activation include enhanced polyadenylation, and stabilization of CPEB
independent of polyadenylation (Piqué et al., 2008; Quenault et al., 2011).

PUF proteins are versatile regulators of mMRNAs. PUF proteins can play different roles in
MRNA regulation depending on PUF-protein partners. Which protein partners are recruited is
directed by mRNA sequence elements and the subcellular context. These varied partners allow

PUF proteins to enhance translation in some cases while repressing RNASs in other situations.

Yeast PUF proteins

There are six PUF proteins in S. cerevisiae (Pufl-Puf6) and an additional protein with
Pumilio repeats, nop9 (Dong et al., 2011). S. cerevisiae PUF proteins have been extensively
studied including: structural determination, identification of RNA targets, and functional
analyses have been performed (Miller and Olivas, 2011).

Structure. The Pumilio homology domain of S. cerevisiae Puf3p and Puf4p have been
determined by X-Ray Crystallography (Miller et al., 2008; Zhu et al., 2009). S. cerevisiae Puf3p
represents the likely ancestral PUF with orthologs found in C. elegans, Drosophila
melanogaster, and H. sapiens (Wickens et al., 2002). The most distinguishing structural feature
of S. cerevisiae Puf3p, compared to its orthologs, is an additional cytosine-binding pocket

flanking the repeat 8 (Zhu et al., 2009). The cytosine-binding pocket recognizes a cytosine at the



5’ end of the “core” binding element. This feature of S. cerevisiae Puf3p is important for in vitro
binding and in vivo regulation (Zhu et al., 2009).

S. cerevisiae Pufdp is capable of binding a 9nt binding element by “flipping” a base away
from the concave surface of the protein, as discussed above (Miller et al., 2008) (Figure 3C).

RNA targets. Many of the targets for the conical (Puflp-Puf5p) proteins were defined by
RIP-chip (Gerber et al., 2004). Each protein binds a unique set of RNAs which are functionally
related. For example, S. cerevisiae Puf3p binds nuclear-encoded RNAs that code for
mitochondrial proteins, and Puf5p associates with RNAs that code for chromatin related proteins.
The number of targets ranged from 40 RNAs for Puflp to 224 RNAs for Puf5p. Many of the
MRNA targets contained PUF binding elements in their 3’'UTRs. For targets of S. cerevisiae
Puf3p, the binding element was 8nt with an additional cytosine at the -2 position of the binding
element. Puf4p and Puf5p targets were enriched for 9 and 10nt binding elements, respectively.
The binding elements contained the conical 5> UGUA bases followed by an A/U rich stretch then
ended with UA.

Functional analysis. S. cerevisiae Puf3p localizes many of its target mRNAs to the
mitochondria and interacts with the Arp2/3 complex which contributes to the motility and
biogenesis of the mitochondria (Eliyahu et al., 2010; Garcia-Rodriguez et al., 2007; Saint-
Georges et al., 2008). Mutants, null or overexpression, have growth phenotypes on glycerol and
increased sensitivity to oxidative stress which further implicate S. cerevisiae Puf3p in
mitochondrial function (Eliyahu et al., 2010; Saint-Georges et al., 2008). In a carbon source
dependent way, S. cerevisiae Puf3p has been shown to repress targets through decay (Miller et

al., 2014; Rowe et al., 2014). In summary, S. cerevisiae Puf3p is a likely translational repressor



of nuclear-encoded mitochondria mRNAs, which contributes to the cell’s response to oxidative
stress and various carbon sources (Miller et al., 2014; Rowe et al., 2014).

The prototypical translational repressor S. cerevisiae Puf5p, Mpt5, plays a role in a
diverse set of cellular functions including: cell wall integrity, chronological lifespan, chromatin
modification, mating type switching, and spindle pole body architecture (Chen and Kurjan, 1997;
Kaeberlein and Guarente, 2002; Kennedy et al., 1997; Stewart et al., 2007; Tadauchi et al., 2001,
Traven et al., 2010). These diverse functions mirror the diversity of mRNA targets (Gerber et

al., 2004).

Ascomycota fungi

The sac fungi are characterized by an ascus which contains ascosopores. The
ascomycetes are a monophyletic group, derived from one common ancestor (Figure 4). The
Phylum is relevant to humans because it includes the yeast that make beer, wine, cheese, and the
most common human fungal pathogen. Additionally, the group includes species that are used in
some industrial processes. The group contains the scientifically important containing a number
of model organisms including “yeast”, S. cerevisiae, Saccharomyces pombe, and Neurospora
crassa (Figure 4).

Pezizomycotina is the largest subphylum, and includes the filamentous fungi (Spatafora
et al., 2006). The group contains most fungi with ascocarps (fruiting bodies). Two well known
species include Neurospora crassa and Aspergillus nidulans (Figure 4).

Saccharomycotina reproduce asexually by budding (Eriksson and Winka, 1997). The

budding, or true yeasts, include: S. cerevisiae, baker’s yeast, Candia albicans, the most common
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human fungal pathogen, and Pezizomycotina and Saccharomycotina, which shared a common
ancestor after Taphrinomycotina split from the group (James et al., 2006) (Figure 4).
Taphrinomycotina include the fission yeast, Schizosaccharomycetes pombe (Eriksson
and Winka, 1997). This group is thought to be basal to the other groups (James et al., 2006)
(Figure 4).
There is a wealth of functional information and sequenced genomes making the group

one of the best phyla for comparative genomic studies.

Evolution of regulation

The focus of this dissertation was on the evolution of RNA control networks, but there
are very few examples on this topic with supporting biochemical data (Beadell and Haag, 2015).
In light of this, I will discuss the evolution of transcriptional regulation which will likely have
many parallels.

The regulation of subcellular localization and concentration of proteins is vital to cellular
life and is accomplished through many processes, including transcriptional and RNA control.
Ever since the discovery of gene regulation, it was hypothesized to be a source of phenotypic
variation. There is clear evidence of changes in non-coding sequences resulting in dramatic
rewiring of transcriptional networks (Li and Johnson, 2010; Tautz, 2000).

Networks can be rewired either by the creation or destruction of DNA binding elements
or by changing the binding specificity of the transcriptional regulator. Three general modes of
changes observed in transcriptional network evolution result in new circuits (Li and Johnson,
2010). First, binding elements arise in new targets, but the transcription factor binding

specificity is maintained (Borneman et al., 2007; Gasch et al., 2004; Tanay et al., 2005). Second,
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the targets of the circuit are the same, but the transcription factor which is regulating them is
different (Tsong et al., 2006). Recruitment of a new transcription factor to an existing circuit.
Third, additional protein partners may recruit transcription factors to existing circuits allowing
the old circuit to come under the control of a new (Tuch et al., 2008).

Genetic drift likely contributes to rewiring some transcriptional regulation. There are
many ways to regulate a network to achieve a desired outcome, but because of the frequency of

rewiring it seems likely some of this evolution is adaptive (Li and Johnson, 2010).

Summary
In this dissertation | have examined the evolution of PUF circuits in Phylum Ascomycota
by defining PUF-RNA targets and predicting PUF binding elements. In addition, we have shown

that S. cerevisiae Puf5p can bind a large and diverse collection of RNAs.
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FIGURE LEGENDS

Figure 1. RNA regulation by RNA-binding proteins. RNA-binding proteins regulate each

step of MRNA processing. The boxes represent processing steps in the life of an mRNA.

Figure 2. Domain structure of example RNA-binding proteins. Schematics of RNA-binding
proteins domain structure. Representative examples of RNA-binding proteins. Each domain is
represented by color and shape (see key). PTB, polypyrimidine-tract binding; PABP, poly(A)-
binding protein; U2AF, U2 auxiliary factor; SF1, splicing factor-1; TFIIA Transcription factor

IA; TTP, tristetraprolin. The figure was adapted from (Lunde et al., 2007).

Figure 3. Pumilio homology domain structure. (A) Cartoon of S. cerevisiae Puf3p structure in
complex with binding element B from cox17 (Zhu et al., 2009). Repeats 8-1 from top to bottom
(R8-R1) are shown in blue. The RNA is shown in green and red along the concave surface. (B)
Schematic of S. cerevisiae Puf3p TRM interactions (Valley et al., 2012). RNA is on the right
and the TRMs are on the right. (C) Schematic of S. cerevisiae Puf4p TRM interactions (Valley

etal., 2012).

Figure 4. Phylogenetic tree of Phylum Ascomycota. The branches for each Subphylum are

colored; Saccharomycotina-red, Pezizomycotina-orange, Taphrinomycotina-blue.
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Figure 3
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Figure 4
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RNA regulatory networks established
through curvature of a PUF protein scaffold
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ABSTRACT

Proteins bind and control mRNAs, directing their localization, translation, and stability.
Members of the PUF family of RNA-binding proteins control multiple mRNAs in a single cell,
and play key roles in development, stem cell maintenance and memory formation. Here we
identified the mRNA targets of a S. cerevisiae PUF protein, Puf5p, by UV-crosslinking-affinity
purification and high-throughput sequencing (HITS-CLIP). Puf5p associates with ~1,000 RNAs,
suggesting that it is a broad spectrum regulator. The binding sites recognized by Puf5p are
diverse, with variable spacer lengths between two specific sequences. Each length of site
correlates with a distinct biological function. Crystal structures of Puf5p-RNA complexes reveal
that the protein scaffold presents an exceptionally flat and extended interaction surface relative to
other PUF proteins. In complexes with RNAs of different lengths, the protein is unchanged.
Rather, the RNAs adopt conformations that maintain atomic contacts with the protein that are
similar to those in other RNA-PUF protein complexes. A single PUF protein repeat is sufficient
to induce broadening of specificity. Changes in protein architecture, such as alterations in

curvature, may lead to evolution of mMRNA regulatory networks.
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INTRODUCTION

RNA-binding proteins control an mRNA’s life, including its translation, movement, and
destruction. These events underlie diverse biological processes, ranging from early development
to memory formation. Regulatory proteins bind simultaneously to short RNA sequences,
typically in 3" untranslated regions (3"UTRs), and to protein effectors that determine the RNA’s
fate. The RNA binding specificities of the proteins determine which mRNAs are controlled,

while effectors determine the outcomes.

RNA regulatory networks, in which a single RNA binding protein controls multiple
mRNAs, are widespread®. For example, Cytoplasmic Polyadenylation Element Binding protein,
an RNA recognition motif-containing protein, binds to and regulates many mRNAs that
participate in the regulation of embryonic cell cycles?, while Nova co-regulates multiple mMRNAs
with roles in alternative polyadenylation and splicing®. As a result, RNA-binding proteins
integrate post-transcriptional controls, as DNA-binding proteins coordinate transcriptional
regulation. To understand RNA regulatory circuits in molecular terms, we need to know which

mMRNAs are controlled, how they are recognized, and how the networks change during evolution.

PUF proteins are exemplary mRNA regulators*®. They bind to the 3'UTRs of many
MRNAs and do so through single-stranded RNA binding elements. For example, Puf3p of yeast
binds nuclear-encoded mMRNAs with roles in mitochondria®. Similarly, PUF proteins in C.
elegans, Drosophila and humans control an overlapping battery of mRNAs with established
roles in stem cells’. The RNA-binding specificities of most PUF proteins are defined in part by
three amino acids (tripartite recognition motifs, or TRMSs) in each of eight tandemly reiterated

PUF repeats®. TRMs, annotated as XY-Z, recognize specific bases through edge-on (residues X
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and Y) and stacking interactions (residue Z)°. Specificity also can be achieved through the
requirement for a base that does not contact the protein, but is solvent-exposed®®. RNA-
immunoprecipitation and microarray (“RIP-Chip”) studies suggested that Saccharomyces
cerevisiae Puf5p binds ~200 mRNAs that contain 10 nt long binding elements®. Genetic analysis
has implicated PufSp in multiple cellular functions, including lifespan®®, cell wall integrity*,
chromatin structure’®, and mating type switching?, consistent with the view that it participates in

the control of diverse groups of mMRNAs.

In this work, we used UV-crosslinking and high-throughput sequencing to define ~1000
high-confidence RNA targets of Puf5p in vivo. These targets possess unexpected diversity of
binding element lengths, with the same RNA sequence features at the two ends but varying
numbers of nucleotides in between. The lengths of sites correlate with the biological functions of
the targets. The crystal structures of Puf5p — RNA complexes revealed that the RNAs assume
altered conformations to accommodate a fixed protein architecture. The plasticity in binding
element length is driven by the flattened curvature of the PUF protein scaffold. The findings
suggest ways in which alterations in protein curvature result in new specificities and enable the

evolution of new RNA networks.
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RESULTS

Identification of Puf5p RNA targets

Using in vivo UV crosslinking and high-throughput sequencing (HITS-CLIP*), we
identified more than 1,000 mRNAs to which Puf5p binds in S. cerevisiae, representing 16% of
the yeast transcriptome (Fig. 1a). Cells containing Puf5p fused to a tandem affinity purification
(TAP) tag were irradiated during mid-log phase (Fig. 1a i). After lysis and mild RNase treatment
(Fig. 1a ii), Puf5p was stringently purified through tandem affinity steps (Fig. 1a iii) and SDS
PAGE electrophoresis. The purification of cross-linked complexes was effective, as evidenced
by Western blotting (Fig. 1b). Complexes whose RNA components had been *2P-end-labeled
exhibited heterogenous, slower mobilities than Puf5p alone (Fig. 1c). To identify RNAs bound to
Puf5p, adaptors were ligated, the protein digested, and the RNAs converted to cDNAs that were
analyzed by high throughput sequencing (Fig. 1a iv). The adaptors contained random bar-codes,
so that PCR duplication events could be discarded.

Upon aligning the sequence reads to the yeast genome, we found the majority of peaks
were within 3'UTRs of mRNAs and that the set of target mRNAs were distinct from, but
overlapped, those of other yeast PUF proteins. We obtained 16,300,145 and 11,100,468 reads
from two biological replicates. Of these, 616,401 and 491,532 (6% and 7%) mapped to unique
locations in the S. cerevisiae genome, after filtering by quality score and removing PCR
duplicates (Fig. 1a v; Supplementary Fig. 1a). The functional enrichment of targets detected was
only minimally affected by changing the filtering methods we used (Supplementary Fig. 1b). A
total of 1,439 peaks was identified, representing a total of 1,190 RNAs (Supplementary Data Set

1). Of these, 1,043 (86%) mapped to MRNAs. The remaining 14% mapped to non-coding RNAs,
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including snoRNA, snRNA, ncRNA, and tRNAs (Supplementary Fig. 2). Of the peaks in
MRNASs, most resided in 3'UTRs (68%), but a fraction mapped to ORFs (28%) or 5"UTRs (4%)
(Fig. 1d, see Supplementary Data Set 1 for complete gene list). Approximately 6% of Puf5p
targets were shared with Puf4p (as deduced from RIP-Chip experiments®) and 27% with Puf3p
(from CLIP studies®) (Supplementary Fig. 3). The 1,043 Puf5p targets represent 16% of yeast
mRNAs, a five-fold increase relative to the 206 targets detected in earlier RIP-Chip studies®
(Supplementary Fig. 3a) (see Discussion). We conclude that Puf5p is a broad regulator of a

distinct set of mMRNASs in S. cerevisiae.

Puf5p binding elements range in length from 8 to 12 nt

We developed stringent criteria to select a set of 1,043 high-confidence targets that we
used to identify RNA sequence elements bound by Puf5p. We first defined significant peaks as
an enrichment of independent reads in a specific genic region (modFDR <0.01)%
(Supplementary Fig. 1a). To identify high-confidence targets, we required that a peak contain 1-
nt or 2-nt deletions in multiple reads (a strong indicator that these RNAs had been cross-linked to
Puf5p'’) and a minimum of 10 reads per peak. In addition, these criteria had to be satisfied in
both biological replicates (Supplementary Fig. 1a). Normalized peak heights at specific loci were
reproducible between the biological replicates (Pearson correlation coefficient 0.90) (Fig. 1e).
Previous studies validated several putative targets of Puf5p by showing they were regulated by
that protein in vivo'™*°. Among the best characterized are SMX2 and HO mRNAs?*#, which are
used here as examples (Fig. 2a). With both mMRNAs, peaks lay over the previously characterized
binding elements in their 3’"UTRs (Fig. 2a). (For additional examples, see Supplementary Fig.

5a-c.)
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We identified five classes of Puf5p binding elements ranging from 8-12 nucleotides, each
comprising a 5 -UGUA tetranucleotide sequence and a 3"UA with a variable length spacer
region in between (Fig. 2b). We performed an unbiased search of the complete set of high-
confidence targets for over-represented sequences in peaks using MEME?*. The position weight
matrix we obtained consists of a 5"UGUA tetranucleotide sequence followed by a degenerate 3
end (Fig. 2b). However, we could de-convolute the complete set of 5"UGUA-containing
sequences into five classes of binding elements, ranging in length from 8 to 12 nts beginning at
the 5"UGUA, each with a 3"terminal UA sequence (Fig. 2b). 71% of the 1,043 targets, and 66%
of the total number of peaks (1,439), contained at least one Puf5p binding element. Peaks
without enriched sequences may reflect contacts that were less sequence-specific or mediated by
interactions between Puf5p and RNA-bound factors. The sequences between UGUA and UA
display little difference compared to the background nucleotide frequencies surrounding the sites
(Supplementary Fig. 4), though adenosine was modestly enriched 1 or 2 nts upstream of the
3terminal UA in 9 and 10 nt elements (Supplementary Fig. 4a), and guanosines were uncommon
(Supplementary Fig. 4c).

The breadth of binding element lengths associated with Puf5p is unusual among PUF
proteins (Fig. 2c). For example, three other PUF proteins — human PUM2, S. cerevisiae Puf4p®
and C. elegans FBF-2 — show a single dominant length of site in vivo, measured either by CLIP
methods?®® or inferred from RIP-Chip* (Fig. 2c). Essentially the same behavior was observed for
each protein in vitro®. To examine the sequence preferences of Puf5p in vitro, the purified
protein was incubated with an RNA library in which 20 consecutive nucleotides had been
randomized, generating a theoretical complexity of 4° RNA sequences”. Bound RNAs were

eluted, and the process repeated five times. The RNAs were analyzed by high-throughput
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sequencing. In this method, termed SEQRS, the number of reads obtained is a proxy for affinities
measured in vitro®®. Re-analysis of data obtained with Puf5p? revealed that the number of reads
for each site length yielded a pattern similar to that seen in HITS-CLIP, in that 9-nt and 10-nt
sites were the most abundant (Fig. 2¢). 11-nt and 12-nt sites were less prevalent in SEQRS than

in vivo.

Site length correlates with biological function

The majority of the sites bound by Puf5p consist of individual elements, in which only a
single site of unambiguous length is present in the CLIP peak (Fig 3a and Supp Table 1). Gene
Ontology (GO) analysis of the Puf5p targets suggests that each binding element length found in
MRNAs correlates with a distinct biological role (Fig. 3b). Surprisingly, when we analyzed
mMRNAs with different binding site lengths separately, RNAs with 8-nt binding elements were
overrepresented for mitochondrion organization (p-value 9.5e-4); 9-nt sites for ribosome
biogenesis (p-value 3.6e-14); and 10-nt sites for regulation of gene expression (p value 2.9 e-6),
11-nt sites for translation (p-value 3.6e-3) (Fig. 3b). 12 nt sites did not correlate with a specific
GO term.

The 8-nt Puf5p elements lie in a subset of MRNAs that also were bound to Puf3p in PAR-
CLIP experiments™. Puf3p associated with ~1,000 nuclear-encoded mRNAs with mitochondrial
functions’®. Even if the criteria selecting high-confidence Puf5p targets are relaxed — not
filtering for gapped reads, for example — a very similar enrichment emerges (Supplementary Fig.
1b). Similarly, 22% of the 9 nt Puf5Sp elements lie in mMRNAs that bind Puf4p and are enriched
for genes with ribosome assembly and nucleolar functions. We suggest that the restricted

specificities of Puf3p and Puf4p for 8 and 9 nt sites, respectively, underlie the correlations
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between Puf5p length of binding sites and their biological functions. In particular, we suggest
that the broadened specificity of PufSp enabled its recruitment to pre-existing RNA regulatory

circuits in the S. cerevisiae lineage (see Discussion).

Alternate RNA conformations adapt Puf5p binding elements to a fixed protein scaffold

To understand how Puf5p accommodates a wide range of target site lengths, we
determined crystal structures of the PufSp RNA-binding domain bound to RNAs of 9-12
nucleotides (Fig. 4, Supplementary Table 2), including the recognition sequences in SMX2 (9-nt,
2.35 A resolution), MFA2 (10-nt, 2.15 A resolution), AAT2 (11-nt, 2.5 A resolution), and AMN1
(12-nt, 2.8 A resolution) mRNAs (sites of 8 nts did not crystallize). Each RNA corresponded to a
high-confidence 3"UTR binding element in HITS-CLIP (Fig. 2a and Supplementary Fig. 5). The
RNAs bound with affinities that corresponded to our structural observations, in that higher
affinity RNA binding sites correlated with more RNA bases specifically recognized and/or larger
numbers of protein:RNA contacts (Fig. 4, Supplementary Fig. 6, Supplementary Table 3).

Despite the varying lengths and sequences of the RNA binding sites, the overall
conformation of Puf5p was unchanged in the four crystal structures (rmsd < 0.7 A over all Ca
atoms or <1.1 A over all protein atoms). The protein scaffold comprises eight o-helical repeats
flanked by a short N-terminal sequence and a C-terminal helix (R8") (Fig. 4a). The C-terminal
repeats 5-8 bound the 5" UGUA RNA sequence, while repeats 1 and 2 bound the UA 3" element
(Fig. 4a, b). Repeats 3 and 4 lie opposite the variable central regions of the RNAs (Fig. 4c-f).
While the overall architecture of Puf5p resembles that of other PUF proteins, Puf5p’s repeats are
more irregular in length and structure than seen in human PUM1 and S. cerevisiae Puf3p and

Pufdp (Supplementary Fig. 7a). For example, repeats 7 and 8 in Puf5p are unusually long (64
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and 72 residues versus 36 in a typical repeat) with extended o2 and o3 helices and inter-helix
loops. The positions of the o3 helices relative to the al and o2 helices are also more varied in
Puf5p than Puf3p or Puf4p (Supplementary Fig. 7a).

Since the curvature of the Puf5Sp scaffold is fixed, RNAs of different lengths adopt
different conformations, as described below. Recognition of the 5UGUA and 3"UA elements
by repeats 5-8 and 1-2, respectively, are identical in all structures. Differences in RNA
conformation and recognition are found opposite the central repeats 3 and 4.

“5-parallel:” 9 nt site. Puf5p binds to the 9-nt SMX2 RNA site by recognizing all but the
central fifth base (Fig. 4c). Bases 1-4 and 6-9 are each recognized by a PUF repeat
(Supplementary Fig. 5a). However, the fifth base, C5, lies in an atypical conformation, in which
the plane of the base is parallel to the axis of the protein, within van der Waals bonding distance
of the side chain of Cys 381 in repeat 5 (Fig. 4c). The ribose rings of C5 and U6 adopt C2"-endo
conformations to accommodate positioning base C5.

“8-flipped:” 10 nt site. Puf5p binds the 10-nt MFA2 site similarly to the 9-nt SMX2 site,
but an additional base is accommodated by turning the 8" base away from the RNA-binding
surface opposite repeat 3 (Fig. 4d). The positions for all but the 8" base overlap with the 9 nt
SMX2 RNA, and the protein:RNA recognition pattern is similar, though the 7" base is a uracil in
MFA2 and an adenine in SMX2 (Fig. 4b, Supplementary Fig. 5a).

“5-stacked:” 11 nt site. Puf5p appears to recognize only the 5-UGUA conserved
element and two additional 3" bases of the 11-nt ATT2 site (Fig. 4e, Supplementary Fig. 5b),
consistent with weaker binding of Puf5p to this site than 9- or 10-nt sites (12- or 2-fold weaker
binding, respectively, Supplementary Table 3). A 2.5 A crystal structure of Puf5p:ATT2 reveals

electron density for bases 1-5 and for two 3" bases bound to Puf5p repeats 1 and 2. In contrast to
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the parallel orientation of base 5 in 9- and 10-nt sites, base A5 of ATT2 stacks directly with base
A4 and forms a van der Waals contact with the side chain of Cys381 in Puf5p repeat 5 (Fig. 4e).
We will refer to this conformation as 5-stacked. Using the consensus sequences as a guide, we
modeled the 3" bases as the conserved U10 and All bases and did not model bases 6-9.
However, alternate conformations of the RNA are possible, including a conformation similar to
that of the 12-nt AMNL site.

“Triple-stacked:” 12 nt site. Puf5p binds to the longer 12-nt AMNL1 site with a distinct
RNA conformation. Unlike the conformations of the shorter length binding sites, bases A4, A5,
and C6 stack directly with each other opposite repeat 5. Residues in Repeat 5 (Cys381 and
Lys385) contact bases A5 and C6 (Fig. 4f). Puf5p repeat 4 does not interact with an RNA base
using its edge-interacting residues, but base U7 is bound to repeat 3 (Fig. 4f). Electron density
was observed for bases 1-7 and two 3" bases bound to Puf5p repeats 1 and 2. We modeled the 3"
bases as the conserved U1l and A12 bases, as we did for the 11-nt ATT2 site, and bases 8-10

were not included in the model.

Curvature as a determinant of specificity

The flatter RNA-binding surface of Puf5p contributes to its specificity by creating a more
extended RNA-binding surface. Puf5p possesses the least curved RNA-binding surface observed
among PUF proteins to date (Supplementary Fig. 7b) and binds to the longest RNA target
sequences identified thus far. Puf3p preferentially binds 8-nt sites and exhibits the greatest
curvature among the yeast PUFs (Supplementary Fig. 7b-d); this reflects the regular spacing of

RNA-binding helices, which matches the spacing of bases in an extended RNA chain®. Puf4p,
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which binds 9-nt binding sites, is intermediate in curvature, between Puf3p and Puf5p
(Supplementary Fig. 7b-c).

Extension of the Puf5p RNA-binding surface is produced by the structural arrangements
in repeats 4 and 5 and corresponds to the variability in Puf5p target sequence length relative to
other PUF proteins. The largest repeat-to-repeat angle in Puf5p is centered about repeat 5
(Supplementary Fig. 7e). Repeat 5 also lacks a large side chain capable of stacking with RNA
bases and lies opposite several of the atypical RNA conformations (5-parallel, 5-stacked, and
triple-stacked). The flatness combined with a protein surface lacking specificity allows “extra”
RNA nucleotides, needed to span the distance between repeats with base specificity, to assume
different conformations. These extra nucleotides may not contact the protein, but instead stack

with one another or lie parallel to the RNA-binding surface.

Evolution of binding specificity of PUF proteins across Ascomycota

To examine the evolution of the broad specificity of Puf5p, we probed the RNA binding
preferences of Puf5p proteins from representative species across Phylum Ascomycota. This
group includes the budding yeasts, filamentous fungi, and fission yeasts (Fig. 5a). We used the
yeast three-hybrid assay to measure the affinities of Puf5p orthologues from six different species
— S. cerevisiae, Saccharomyces bayanus, Eremothecium gossypii, Candida albicans, Neurospora
crassa, and Schizosaccharomyces pombe (Fig. 5a). These proteins were identified as orthologues
using SYNERGY, which relies on the species tree, sequence similarity and synteny®’. Their
binding preferences versus length of site were evaluated using a set of RNAs 8-12 nt in length,
conforming to the sequence UGUA(A),sUA using the yeast three-hybrid system®®. All the

RNAs thus maintained the 5"UGUA and 3"UA critical for S. cerevisiae Puf5p interaction and
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contained a single 3"UA element to define the target length unambiguously. In the three-hybrid
assay, the level of expression of a reporter gene (LacZ) is a proxy for the affinity of the
interaction®.

Puf5p proteins across Ascomycota exhibited broad binding specificities. Puf5 proteins
bound similarly to sites of 9, 10, 11 and 12 nts (Fig. 5b). The more restricted specificities of
Puf4p for 9 nt sites (Fig. 5¢), and Puf3p for 8 nt sites (Fig. 5d), also were conserved across the
entire Phylum, with the exception of S. pombe Puf3. This protein bound a broad range of site
lengths, unlike its orthologues in other species that showed preference for 8-nt sites.

The broadened specificity of S. pombe Puf3 appears to have arisen exclusively in the
fission yeast lineage, which enabled us to probe how that broadening arose during evolution. We
reasoned that the broadening was not due to the identity of the RNA-interacting TRMs, as the
residues are identical among all the Puf3p orthologues (with the exception of Repeat 3 in N.
crassa, with a GIn to Arg substitution). To identify the key regions of the proteins that confer
specificity, we prepared chimeras in which segments of the S. cerevisiae and S. pombe proteins
were exchanged (Fig. 6a). The specificity profile — broad or narrow — was conferred by PUF
Repeats 6-8. A chimeric protein possessing Repeats 6-8 from S. pombe exhibited broad
specificity, while a chimera with Repeats 6-8 of the S. cerevisiae protein had narrow specificity
(Fig. 6a,b). The protein sequences in Repeat 6 contain a divergent region among Puf3p
orthologues (Supplementary Fig. 8). Indeed, substitution of S. pombe Repeat 6 alone into an S.

cerevisiae scaffold was sufficient to confer the broad specificity profile (Fig. 6b).
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DISCUSSION

Puf5p is a broad regulator of RNAs in S. cerevisiae, binding to more than 1,000 RNA
targets, constituting ~16% of the transcriptome. 71% of these targets possess recognizable
binding elements beginning with a 5° UGU sequence, which range in length from 8 to 12
nucleotides. The variations in length are accommodated by conformational adaptations of the
RNA onto a fixed protein scaffold. The wide range of mRNA target site lengths is consistent
with prior studies that linked Puf5p to a spectrum of functions, including cell wall integrity™* and
chromatin structure™.

The biological functions of target mRNAs are correlated with the length of binding
elements they possess. How does this correlation arise? We propose that the correlation is
imposed by other RNA-binding proteins that recognize the same binding elements, and whose
specificity is much more restricted than Puf5p (Fig. 5b-d). For example, Puf3p binds 8-nt sites
that are largely in mRNAs with mitochondria-related functions, while Puf4dp binds 9-nt binding
elements in mRNAs with roles in ribosomal biogenesis and assembly®.

Two PUF proteins that bind the same site could do so sequentially, competitively or
cooperatively. Genetic studies demonstrate that Puf4p and Puf5p redundantly control the decay
rate of common targets®. In the absence of one of the proteins, the other is sufficient. However,
for other common targets, the actions of two PUF proteins may be sequential. For example,
MRPL8 mRNA is a target of both Puf5p and Puf3p, possesses a single binding element, and is
localized to the mitochondrial periphery in a Puf3p-dependent fashion®'. Puf5p could exchange
with Puf3p, facilitating repression (Puf5p) en route to localization to mitochondria (Puf3p).

While 71% of Puf5p targets possess discernible binding elements, 29% do not. RNAs

without binding elements may associate with Puf5p indirectly, perhaps through a protein to
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which it and Puf5p are bound. Cross-linking to RNAs without sites could also be driven by their
high concentrations in specific subcellular compartments (such as P-bodies), in which proteins
and RNAs are present at high concentrations, and low complexity, Q/N-rich regions present in
Puf3p, Puf4p, and Puf5p proteins that could facilitate aggregation®.

RNAs of different lengths adopt a broad range of conformations when bound to Puf5p.
The flatter, extended scaffold of Puf5p, combined with its specificity for 5" and 3" sequences,
imposes the requirement for these RNA conformational variations and permits recognition of 8-
12-nt length RNAs. The elegance of this arrangement is that very similar sets of atomic contacts
between amino acids and RNA bases are maintained in the different complexes, despite the
range of RNA lengths they possess. For example, 18 of the 21 edge-on contacts made between
Puf3p and its RNA target are also made in Puf5p bound to a 10-nt length site. In an analogous
manner, B-catenin maintains a fixed scaffold to recognize peptides from different ligands
(reviewed in *). Its central a-helical Armadillo (ARM) repeats interact with conserved sequence
elements in an extended peptide while N- and C-terminal ARM repeats bind elements unique to
that ligand. The changes in repeat-to-repeat arrangement at the junctions between the central
ARM repeats and N- or C-terminal repeats seem to mark the regions with different protein-
binding functions. In the same fashion, changes in curvature at specific repeat junctions in PUF
proteins correlate with specialization in RNA-binding specificity.

The fact that a single repeat can broaden or narrow specificity (Fig. 6) suggests that this
sort of change may be common in evolution (Fig. 6b). The sixth PUF repeat of Puf3p determines
whether that protein binds 8 nt sites (S. cerevisiae) or accommodates 8, 9 or 10 nt sites (S.
pombe). S. cerevisiae Repeat 6, which induces narrow specificity, contains additional residues

relative to the same region of the S. pombe protein, which, although not near the RNA-binding
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residues, may alter the structure with corresponding effects on specificity (Supplementary Fig.
7a and 8).

From an evolutionary perspective, the broadening of Puf5Sp’s specificity enabled new
regulatory inputs into existing RNA circuits. In this view, the ability of Puf5p to recognize a
wide array of target lengths arose after ancestral proteins (e.g., Puf3p) already regulated batteries
of RNAs with related functions and conserved lengths of sites. Recruitment of Puf5Sp to these
same targets, enabled by its flatter curvature, then provided new regulatory inputs and/or
redundancy into that same circuit. For example, Puf5p binds regulatory kinases®*, whose input
could be brought to bear on a pre-existing circuit. We suggest that curvature of the scaffold is
critical in defining the RNAs that are controlled. Acquisition of new RNA specificities by
alterations of the protein’s architecture suggests ways in which new RNA circuits are

established, expanded and contracted during evolution.
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DATA DEPOSITION

The Hlumina FASTQ sequence files have been deposited in the Gene Expression Omnibus
(Accession # xxx). The atomic coordinates and structure factors for the crystal structures of
Puf5p in complex with SMX2 (PDB IDs: ??? and ???), MFA2 (PDB ID: ???), AAT2 (PDB ID:
???), and AMN1 (PDB ID: ???) RNAs will be deposited in the Research Collaboratory for

Structural Bioinformatics (RCSB) Protein Data Bank prior to publication of the manuscript.
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METHODS

HITS-CLIP

CLIP methods were adapted from Wolf et al.**. Modifications from the published
protocols included disrupting the cells in the presence of liquid nitrogen, grinding with a mortar
and pestle, and using 400 ul calmodulin Sepharose beads (GE 17-0529-01) and IgG beads (Life
Technologies 11202D). Following isolation of RNA, methods published previously were used to
prepare libraries for high-throughput sequencing®, with the exception of the Illumina TruSeq
small RNA adaptor and PCR primer sequences. Detailed methods have been deposited in

Protocol Exchange.

Western Blot

50 ul 1gG beads were removed from CLIP samples then incubated in 30 ul LDS sample
buffer (Life Technologies NP0007). The whole reaction was run on a Novex 6% TBE gel then
transferred to PDVF membrane (Millipore IPVH00010). The membrane was probed with TAP
Tag Polyclonal Antibody (Pierce:CAB1001) primary antibody followed by goat anti mouse

secondary antibody (KPL:074-1506).

Informatic pipeline

Pre-processing. FASTQ files were uploaded to the Galaxy server®’ (cite) and groomed
(FASTQ Groomer)®. Adaptor sequences were then trimmed using Clip discarding sequences
that contained the 5’ adaptor or were too short after 3’ adaptor clipping. The data were then

filtered based on quality score using Filter FASTQ with a minimum length of 15 bases and a
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minimum quality score of 20. The 5" adaptor included a 3" random bar code that was used to
remove PCR duplicates by discarding any read with a perfect duplicate.

Mapping and defining peaks. The filtered reads were mapped to the S. cerevisiae genome
using Bowtie2* (bowtie2 -x /Scgenome -q filename.fastq -S filename.sam -55-N 1 -p 8). The
.sam files were used to create .bam and indexed .bam files using samtools for visualization of the
data in Artemis Genome browser. Peaks were defined using Pyicoteo™ (python pyicoclip
filename.sam -f filename.pk --region Sc.bed --stranded). The .bed file required for Pyicoteo was
downloaded from the Saccharomyces Genome Database (SGD)*. Next, the the duplicate peaks
were removed from the .pk file. Using the Pyicoteo defined summit, each peak was assigned to a
genomic feature using the features table from the SGD. Sequences 200 bases upstream of the
ORF and 300 bases downstream of the ORF were used as 5"UTRs and 3"UTRs, respectively and
then added to the SGD features table. The number of gapped reads for each peak was defined.
Kurtosis was calculated for each peak using the peak profile defined by Pyicoteo. 25 bases of
genomic sequence flanking each peak summit was retrieved to define binding elements in two
ways. MEME was used as an unbiased search and direct searches were used for known binding
elements.

Filtering peaks. The biological replicates were combined into one list based on: 1. Each peak
had a summit within 10 bases in both replicates, 2. Each peak contained a gapped read in both

replicates, and 3. Each peak had a height greater than 10 reads (third quartile) in both replicates.
Protein purification

The RNA-binding domain of yeast Puf5p (residues 201-600) was subcloned into the pSMX
vector with an N-terminal Hisg-SUMO tag*. E. coli cells BL21 Star (DE3) carrying the Puf5p

plasmid were grown in Terrific Broth media to ODggo = ~0.8 and then protein expression was
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induced with 0.4 mM IPTG for 20 hours at 18 °C. The cell pellet was resuspended in lysis buffer
containing 20 mM Tris, pH 8.0; 0.5 M NaCl; 20 mM imidazole; 5% (v/v) glycerol and 0.1%
(v/v) B-mercaptoethanol and sonicated on ice. The lysate was cleared by centrifugation and
loaded onto a Ni-chelating gravity column (Thermo Scientific). His-SUMO-tagged Puf5p was
eluted with a buffer containing 20 mM Tris, pH 8.0; 50 mM NaCl; 0.2 M imidazole and 1 mM
DTT. Ulpl protease was added to remove the Hiss-SUMO tag, and the protein solution was
loaded onto a Hi-Trap heparin column (GE Healthcare) and eluted with a gradient from 0-1 M
NaCl in buffer containing 20 mM Tris, pH 8.0, 1 mM DTT. The fractions containing Puf5p were
pooled and concentrated by Amicon filters and loaded onto a Superdex 200 16/60 column
equilibrated in 20 mM HEPES, pH 7.4; 0.15 M NaCl and 2 mM DTT. The Puf5p peak fractions

were pooled and concentrated in column buffer for crystallization and RNA-binding assays.

Protein-RNA crystallization

RNAs were purchased from Thermo Scientific. Puf5p (4 mg/ml) was mixed with each of the four
different RNAs at a protein:RNA molar ratio of 1:1.2 and incubated on ice for 1 hour. Crystals
were obtained at 20 °C by hanging drop vapor diffusion, mixing 1 pl Puf5p-RNA complex with
1 pl reservoir solution of 15-20% (w/v) PEG 3350 and 0.1 M citrate Bis-Tris propane (CBTP),
pH 7.6. Microseeding was performed to grow larger single crystals. Crystals were cryo-protected
in crystallization solution supplemented with 15% (v/v) glycerol and flash frozen in liquid
nitrogen. For phasing, a Puf5p:SMX RNA complex crystal was soaked in 17.5% (w/v) PEG

3350, 0.5 M KI, 0.1 M CBTP, and 15% (v/v) glycerol for 5 minutes and then flash frozen.

X-ray data collection
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X-ray data for structures of the 9-nt, 10-nt and 12-nt RNA complexes were collected at the SER-
CAT beamline at the Advanced Photon Source, Argonne National Laboratory. Data for the 11-nt
RNA complex and the iodide-soaked crystal were collected at the NIEHS in-house facility
equipped with a Rigaku 007HF rotating anode generator and a Saturn 92 charge-coupled device

(CCD) area detector system. All data were processed using HKL2000*.
Structure determination

The crystal structure of a Puf5p:SMX2 RNA complex (space group P2;2,2) was determined by
combining molecular replacement (MR) with iodide-single-wavelength anomalous diffraction
(SAD)) phasing. The Phenix software suite was used throughout the process of structure
determination®®. The anomalous signal of the SAD data extended only to 5.0 A, and MR or SAD
alone failed to solve the structure. A truncated Puf4p structure (PDB: 3BX2) containing repeats
4-8 (residues 684-887) was used as the MR search model. Following MR, AutoSol identified
eight iodide sites with FOM of 0.33. Running AutoBuild after MR-SAD phasing produced a
model with Rsee = 44%. The model was further improved to Ree = 38% by using the EMBL-
Hamburg Auto-Rickshaw web server**. Electron density for the 9-nt RNA was clearly visible.
Iterative cycles of manual model building in Coot* and refinement with Phenix led to the final

model with Rgee = 28% (Supplementary Table 2).

Crystals of the 10-nt, 11-nt and 12-nt RNA complexes and some crystals of the 9-nt SMX2 RNA
complex belonged to space group P6,22, although all crystals were grown in the same conditions
as the P2;2;2 SMX2 crystals. These structures were determined by MR using the Puf5p
coordinates from the initial Puf5p:SMX2 structure as the search model. Data and refinement

statistics are shown in Supplementary Table 2. All models show good geometry according to
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MolProbity*: 95-98% of the residues are in favored regions of the Ramachandran plot, and there

are no outliers.
Electrophoretic mobility shift assays

RNA oligonucleotides were radiolabeled using *P-y-ATP and T4 polynucleotide kinase (New
England Biolabs) following manufacturer instructions. Serially-diluted PufSp was mixed with
100 pM labeled RNA in buffer containing 10 mM HEPES, pH 7.4; 50 mM NaCl; 1 mM EDTA;
0.1 mg/ml BSA; 0.01% (v/v) Tween 20 and 0.1 mg/ml yeast tRNA. After overnight incubation at
4 °C, 4 pl loading dye (15% v/v Ficoll 400 and 0.01% bromophenol blue) was added to each 20-
pl reaction prior to gel loading. 10% Novex TBE gels (Invitrogen) were run at 100 V at 4 °C for
30 minutes to resolve the samples. The gels were dried and exposed to storage phosphor screens.
The screens were scanned using a Molecular Dynamics Typhoon phosphorimaging system (GE
Healthcare). The band intensities were analyzed with ImageQuant. Ky values were calculated
with GraphPad Prism by fitting the data assuming one-site specific binding and a Hill coefficient
of 1. ~93% of PufSp was active, as determined using the method described in reference®’. The

reported Ky values were not adjusted.
Yeast three-hybrid.assays

Each orthologous PUF RNA-binding domain was cloned into activation domain—protein
fusion plasmid, pGADT7?. Oligonucleotides representing each RNA sequence were ordered
from IDT and cloned into the Hybrid RNA plasmid, p3HR2%. All experiments were conducted
in the Saccharomyces cerevisiae strain YBZ-1 (MATa, ura3-52, leu2-3, -112, his3-200, trpl-1,
ade2, LYS2::(LexAop)-HIS3, URAS3::(lexAop)-lacZ, and LexA-MS2 MS2 coat (N55K)).

Strains were Lithium Acetate transformed with appropriate combinations of plasmids and plated
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on synthetic dextrose media lacking uracil and leucine. Single colonies were selected and
allowed to grow to stationary phase, then diluted and grown for about 4 hours. Optical densityseo
(OD) for each culture was measured then 50 pl of culture was added to 50 pl of Beta-Glo
(Promgea E4720) then incubated for 1 hr in the dark. Luminescence was measured by
microplate reader (BioTech Synergy 4). Raw luminescence was normalized to ODggo, and each

biological replicate (n=3) was then averaged and standard deviation was calculated.
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FIGURE LEGENDS

Figure 1. Puf5p HITS-CLIP. a. Summary of HITS-CLIP protocol. (i). S. cerevisiae cells were
isolated and UV irradiated (254 nm wavelength). (ii) Cell lysate was subjected to gentle RNase
A digestion and then (iii) TAP-tagged Puf5p was affinity purified sequentially with calmodulin
and IgG resins. (iv) RNA adaptors were ligated to RNA fragments. (v) Libraries were PCR
amplified and high-throughput sequenced. b. Western blot of WT and epitope-tagged Puf5p. c.
Autoradiogram of 3?P-labelled RNA crosslinked to Puf5p. Complexes migrate higher than
protein alone. d. Pie chart of Puf5p CLIP peaks found in mRNA regions. e. Reproducibility of
peaks from each biological replicate. Normalized log, reads/peak for the two experiments are

plotted.

Figure 2. Puf5p binding element exhibits flexibility. a. Puf5p interaction peaks map to
previously characterized Puf5p binding sites. Orange and green lines represent reads mapped for
each replicate. SMX2 has a peak over the 9 nt binding element. HO has a broad peak over two
binding elements: a 9 nt lower affinity site and a 8/10 nt higher affinity site. b. Binding elements
identified in high-confidence Puf5p target mMRNAs. The MEME-derived logo is shown on the
left, which was deconvoluted into 5 binding elements of 8-12 nts in length. c. Distribution of
binding element lengths for 4 PUF proteins representing 3 species. Results from CLIP (red),
SEQRS® (light blue), RIP-Chip®’ (green), and PAR-CLIP* (dark blue) experiments are
compared, where available, and shown as enrichment relative to the predominant length for each
protein, which is set to 1. The consensus RNA sequence element for each protein is shown,

where N is A, C, G or U.
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Figure 3. Binding element lengths correlate with biological functions. a. Network
representation of Puf5Sp mRNA targets visualized in Cytoscape 3.0.1*. Binding elements were
defined as UGUNxUA within 25 bp of the peak summit. Large red hubs indicate the length of
the binding element. Each node (small circle or square) represents one HITS-CLIP peak in an
MRNA. Green square nodes represent mRNAs containing an individual binding element of
either 8, 9, 10, 11 or 12 nts; nodes with only one binding element (edge) are placed at the outer
periphery of the diagram. Green square nodes with two lines indicate that the HITS-CLIP peak
contained two non-overlapping binding elements. Most binding elements were unambiguously of
a single length. In a minority of elements, two different lengths of binding elements co-reside in
a single sequence. Circles represent these mRNAs with “overlapping” binding elements: for
example, “8-10” means a single site of the sequence UGUNNNUAUA, which possesses both 8
and 10 nt elements depending on the 3"UA used, and either sequence may be used in vivo, and
“8-10, 9-11” means that two distinct overlapping sites are present under the peak. The key to the
right is a color code for each combination of overlapping binding element lengths (nt). The
numbers of mMRNAs containing overlapping binding elements are provided in Supplementary
Table 1. b. Gene Ontology term enrichment for mMRNAs belonging to each length of binding
element using SGD YeastMine®. GO terms that are significantly overrepresented in the gene
list are bolded for each binding element length. Numbers of genes in the most enriched GO

terms are in parentheses.

Figure 4. Crystal structures of Puf5p in complex with representative 9-12 nt target
MRNAs. a. Crystal structure of Puf5p in complex with 10-nt MFA2 RNA. Puf5p is shown as a
ribbon diagram with PUM repeats colored alternately blue and red. Two disordered loops are

indicated with dotted lines. RNA interacting residues and MFA2 RNA are shown as stick models
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with atoms colored by element (carbon, grey; nitrogen, blue; oxygen, red; sulfur, yellow;
phosphorus, orange). b. Schematic diagram of interactions between Puf5p repeats (rectangles)
and MFA2 RNA bases (ovals). Hydrogen bonds are indicated by dotted lines and van der Waals
contacts are indicated by >>>>. c-f. Interactions between repeats 3-5 of Puf5p and 9-nt SMX2
RNA (c), 10-nt MFA2 RNA (d), 11-nt AAT2 RNA (e) or 12-nt AMN1 RNA (f). Hydrogen bonds
are indicated with dotted lines. Discontinuous F,-F. electron density (contoured at 3c) following

base A5 in the 11-nt AAT2 RNA is shown in panel e.

Figure 5. Binding element preference across Phylum Ascomycota. a. Phylogeny of
Ascomycota fungi. Each subphylum is indicated: budding yeast-yellow, filamentous fungi —
green, and the fission yeast — blue. Species used for RNA-binding studies below are highlighted.
b-d RNA binding element length preferences for Puf5p, Puf4p, and Puf3p orthologues. RNA
binding was assayed using the yeast three—hybrid system®. RNAs tested were 8 (UGUAAAUA),
9 (UGUAAAAUA), 10 (UGUAAAAAUA), 11 (UGUAAAAAAUA), or 12
(UGUAAAAAAAUA) nts in length. Raw luminescence values per cell for each biological
replicate (n=3) were averaged then normalized to controls where the 5"UGU sequence was

mutated to ACA. Error bars represent standard deviation.

Figure 6. Evolution of Puf3p broadened RNA specificity. a. Schematic representations of
chimeras tested in b. PUM repeats are represented by circles: S. cerevisiae, blue; S. pombe,
green. b. Broadened S. pombe Puf3 specificity is linked to Repeat 6. RNA binding element
length preferences for the chimeric proteins were assayed using the yeast 3-hybrid system with 8,
9 or 10 nt RNAs as in Figure 5. Raw luminescence values per cell for each biological replicate
(n=3) were averaged then normalized to an acaAAAUA mutant negative control, which

depresses binding more than 100-fold™. Error bars represent standard deviation.
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Supplementary Figure 1. HITS-CLIP data analysis pipeline. a. Flow chart of the data
analysis. b. GO analysis of target RNA list using various criteria for filtering peaks using SGD

YeastMine™.

Supplementary Figure 2. Puf5p binds predominantly mRNAs. Distribution of Puf5p HITS-

CLIP peaks in RNA types. Numbers of peaks in each category are indicated.

Supplementary Figure 3. Overlap of Puf5p HITS-CLIP targets with Puf3p and Puf4dp
targets. a. mRNA overlap between Puf5p HITS-CLIP and RIP-Chip®. b. mRNA overlap
between Puf5p HITS-CLIP and Puf4p RIP-Chip®. c. mRNA overlap between Puf5p HITS-CLIP

and Puf3p PAR-CLIP™. Numbers of mRNASs in each subset are indicated.

Supplementary Figure 4. Nucleotide composition of PufSp binding elements. a. Enrichment
for A’s (blue), or U’s (red) at the 3" terminus of each length binding element. b. The frequency
of each nucleotide flanking CLIP-defined peaks: A’s (green), U’s (red), C’s (blue), and G’s
(orange). c. Positional analysis of intervening nucleotides (excluding the fixed 5-UGUA

tetranucleotide sequence and the 3"UA sequences) for each length binding element.

Supplementary Figure 5. Crystal structures of Puf5p in complex with 9-nt SMX2, 11-nt
AAT2, and 12-nt AMN1 RNAs. HITS-CLIP peaks (a), ribbon drawings (b), and schematic

diagrams of protein:RNA interactions (c) are shown.

Supplementary Figure 6. Electrophoretic mobility shift assay (EMSA) of Puf5p.
Representative EMSA of Pufp5 with SMX2 binding element (UGUACUAUA) RNA (top) and
data analysis (bottom) are shown. All binding assays were performed in triplicate and the mean

Kq and standard error of the mean are reported in Supplementary Table 2.
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Supplementary Figure 7. Structural differences in yeast PUF proteins Puf3p, Puf4p, and
Puf5p. a. Superposition of PUM repeats in Puf3p, Pufdp, and Puf5p. Ca traces of the eight
repeats from each protein are superimposed with human PUM1 repeat 1 (blue). Divergent
structures following helix o2 are colored teal (R6), yellow (R7), and orange (R8) for all proteins
and green (R3) for Puf5p. b-d. Superposition of RNA-binding helices in Puf3p (yellow), Puf4p
(green) and Puf5Sp (red). Repeats 5-8 of each structure were aligned in the superposition. Ca
traces are shown in b, and the a2 helices only are shown as cylinders in ¢ and d. Dotted lines
connecting the Co atoms of base-stacking residues are shown, and £R1-2-3 is indicated (d). e.
Repeat-to-repeat angles in Puf3p, Pufdp and Puf5p. The angles formed by lines between the Ca
atoms of stacking residues in sets of three successive repeats for Puf3p, Puf4p and Puf5p are

plotted.

Supplementary Figure 8. Sequence analysis of Puf3p Repeat 6. a. Sequence alignment of
Puf3p Repeat 6 from Ascomycota based on a MUSCLE multiple sequence aligment®. Positions
of a helices in the crystal structure of S. cerevisiae Puf3p are indicated above the sequence
alignment. Magenta highlighted residues represent the RNA-binding motif in S. cerevisiae
Repeat 6 that is conserved in all species shown. The blue box indicates the additional residues at
the interface of a helices 2 and 3 in Repeat 6. b. Ribbon drawing of the crystal structure of S.
cerevisiae Puf3p in complex with a COX17 binding element. RNA-binding motif residues of

Repeat 6 are colored magenta and the additional loop residues are colored blue.

Supplementary Table 1 — Number of peaks containing binding elements. Left columns
show the numbers of peaks posses only one binding element. The middle and right columns
contain the number of peaks that posses non-overlapping or overlapping binding elements,

respectively.
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Supplementary Table 2. Data collection and refinement statistics.

Supplementary Table 3. Puf5p Electrophoretic Mobility Shift Assays (EMSAs). EMSAs
were performed in triplicate and the mean Ky + standard error of the mean are reported as well as

Kq’s relative to binding to the 9 nt SMX2 RNA, which was set to Ky=1.

Supplementary Data Set 1. List of Puf5p target RNAs. Columns indicate properties of each

peak or gene information contained in the header. Each row represents a peak.

Supplementary Data Set 2. Cytoscape network file.
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Figure 2
Wilinski et al.
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Chapter 3

Rewiring a fungal RNA regulatory network
through the evolution of binding elements
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ABSTRACT

Proteins bind and control mRNAs to, direct their localization, translation, and stability. PUF
RNA-bining proteins control circuits of mRNAs, and play key roles in development, stem cell
maintenance, and memory formation. Here we look at the conservation of a collection of PUF-
RNA circuits. Through a combiniation of bioinformatic analysises and in vivo assays,

we demonstrate conservation of three circuits in budding yeast and elucidate a rewiring of a

nulcear-endcoded circuit of mitochondrial related mRNAs.
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INTRODUCTION

Organisms devote a substantial fraction of their genomes to the regulation of protein
expression. The regulatory sequences often found in the untranslated regions of the genome
allow for the coordinated timing, subcelluar localization, and abundance of proteins. These
processes are tightly regulated through many mechanisms including transcriptional and RNA
control. The evolution of protein control is an import source of phenotypic variations between
species. Homeobox transcription factors, hox genes, are a dramatic example of how changes in
protein abundance or localization of proteins leads to phenotypic variation (Pick and Heffer,
2012). Hox proteins specify anterior-posterior segment identity in the embryo and are largely
functionally conserved in metazoan, but changes over time in their expression and targets
contribute to the vast array of body plans observed in nature (Mallo and Alonso, 2013; Pick and
Heffer, 2012).

To understand the molecular events that underlie the evolution of protein regulation, we
investigated a RNA-PUF protein network in a large collection of fungal species. PUF proteins
are sequence specific RNA binding proteins which typically repress translation of target RNAs
(Wickens et al., 2002). They have been found in all Eukaryotes and play roles the maintenance
of stem cells and memory formation (Dubnau et al., 2003; Kershner and Kimble, 2010). Many
of the RNA targets for the canonical Saccharomyces cerevisiae PUF proteins have been
identified by RIP-chip (Gerber et al., 2004). These data show that each PUF protein binds a
group of RNAs, or circuit, that are enriched for a molecular function. For example, of the 220
RNAs in the Puf3p circuit 131 of them encode proteins that contribute to mitochondrial

biogenesis. In addition, previous work demonstrated the conservation of putative PUF binding
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elements in some functional groups such as mitochondrion for Puf3p binding elements (Gasch et
al., 2004; Jiang et al., 2010; Jiang et al., 2012). To the best of our knowledge PUF proteins from
other fungal species have not been examined biochemically.

We considered species from three subphylum of Phylum Ascomycoata:
Saccharomycotina (budding yeast), Pezizomycotina (filamentous fungi), and Taphrinomycotina
(fission yeast) (Sugiyama et al., 2006) (Figure 1A). The phylum represents at least 400 million
years of evolution, and provides a wealth of genomic sequences and functional information
(Taylor and Berbee, 2006).

Two general mechanisms may be responsible for the evolution of RNA-protein networks.
In the first, RNA binding elements may change over time allowing for the regulation of new
proteins. Alternatively, the RNA binding protein may evolve new sequence specificity to select
new targets. Both of these mechanisms have been observed in transcription factor evolution (Li
and Johnson, 2010). Intermediate states also likely exist to allow the transition from the
ancestral state to the derived state.

We define putative RNA-PUF protein circuits across Ascomycota fungi, define targets

and binding preferences for 3 PUF proteins, and elucidate a rewired RNA-PUF circuit.
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RESULTS

Binding element conservation

To probe the conservation of an RNA-protein network, we identified putative PUF
protein binding elements in 3’UTRs of orthologous RNAs in Ascomycota fungi (Figure 1A).
We generated position weight matrixes (PWM) of 8, 9, and10nt in length to model PUF binding
elements, which were based upon previous work (Figure 1B) (Gerber et al., 2004). Each PWM
model was used as parameters for the log likelihood function to determine the probability of each
k-mer being a binding element. For each binding element length, the highest log-likelihood score
for each gene was retained then all orthologous genes were clustered and visualized by heat map
(Figure 1C-1E).

We observed two modes of binding element conservation. First, we observed
conservation of binding elements in clusters of orthologous genes across all budding yeast,
which likely represents functional conservation (same function—same genes). For example,
there is strong conservation of the putative 8nt binding elements in a cluster of genes in all
budding yeast, which is depicted by a bright yellow cluster (Figure 1C). This cluster was
significantly enriched for nuclear-encoded genes annotated as mitochondrion organization (e-
value 1.2 E-178). We will refer to this cluster of genes below as the “mitochondrial cluster”.

Second, we observed dynamic clusters of functional conservation where gene identity
sometimes changed, yet the functional conservation was maintained (same function—different
genes). This mode of conservation is exemplified by the 9nt and 10nt putative binding elements
(Figure 1C-1D). For the 9nt putative binding elements, two clusters are significantly enriched

for ribosomal biogenesis (p-value 1.0 E-35 and 5.4E-8), and exhibit different patterns of putative
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binding element conservation (Figure 1D). For the top highlighted cluster, the highest likelihood
values (bright yellow) are from the Candida clade, and for the lower highlighted cluster, the
highest likelihood values are found in the Saccharomyces clade (Figure 1D). Likewise,
putativelOnt binding element conservation resolves into two clusters, and both are enriched for
chromatin related genes (Figure 1E). Most other clusters for each of the binding element lengths
did not have obvious patterns of conversation or enriched gene ontology terms (See
Supplementary Table 1 for a complete list of GO enrichments for each cluster.) One exception
to this, is the top highlighted cluster of putative 9nt binding elements, which was enriched for
cytoplasmic translation (p-value 1.3E-33) in addition to ribosome biogenesis (Figure 1D). This
suggests PUF-RNA regulation is tied to the broad function of a network rather than specific
genes.

Previous work demonstrated S. cerevisiae Puf3p targets are significantly enriched for
nuclear-encoded mitochondrial RNAs containing 8nt binding elements (Gerber et al., 2004). In
addition, S. cerevisiae Puf4p and Pufbp targets are significantly enriched for RNAs related to
ribosome biogenesis and chromatin, respectively (Gerber et al.,, 2004). These observations

suggest that our bioinformatic analyses are elucidating biologically relevant principles.

Filamentous mitochondrial RNAs contain conserved putative binding elements
Conspicuously absent from our bioinformatic results are clusters of putative binding
elements in either the filamentous fungi or fission yeast (Figure 1C-1E). One possible
explanation for this is that we over-sampled the budding yeast in our clustering analysis. To
address this directly, we re-clustered the data after removing the budding yeast. Interestingly,

filamentous fungi and fission yeast still lacked significantly conserved clusters (Figure S1). An
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alternative and more attractive explanation for the lack of enriched clusters could be that the
binding elements in functionally related genes have completely diverged from budding yeast.

To probe the divergence of binding elements in filamentous fungi, we focused on the
mitochondrial cluster because it was the most prominent cluster from our putative binding
element analysis. Most orthologous genes from budding yeast in the mitochondrial cluster
contain an 8nt binding element while very few putative 8nt binding elements are present in the
same genes from filamentous fungi (Figure 2A). However, when we probed the 3’UTRs of
genes in the mitochondrial cluster directly for 9nt and 10nt putative PUF binding elements, we
found 35% (80/228) of Aspergillus nidulans and 52% (119/228) of Neurospora crassa
orthologous genes contain either a 9nt or 10nt PUF binding element (Figure 2B). No other
cluster exhibited such large percentage of putative binding elements (data not shown). When we
refined our list to consider only genes that had orthologs in all three species (S. cerevisiae, A.
nidulans, and N. crassa), 81% (p-value 1.6 E-26, hypergeometric distribution test) of A. nidulans
and 80% (p-value 2.2E-46, hypergeometric distribution test) of N. crassa genes contained
putative binding elements (Figure 2C). Importantly, these results were supported by an
unbiased sequence pattern search (Bailey and Elkan, 1994). This search identified 9 and 10 nt
binding elements in A. nidulans and N. crassa genes from the mitochondrial cluster (Figure 2D).
Thus, the putative PUF binding element conservation in the mitochondrial cluster appears to

extend to filamentous fungi, through the use of different length PUF binding elements.

Putative binding elements are evolving (Transition from Puf3 to Puf5 control-PUF

handoff)
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We wondered why the two filamentous fungi motifs were different lengths (Figure 2D).
To address this, we performed a phylogenetic analysis of Ascomycota PUF proteins and found
that A. nidulans has a single puf4 gene no puf5, while N. crassa has one puf5 gene and no puf4
(each also have one puf3) (Figure 2E). This suggests that the difference we observe in putative
binding element length is due to the identity of the PUF protein, since S. cerevisiae Puf4p binds a
9nt binding element and S. cerevisiae Puf5p binds a 9 or 10nt binding elements (Figure 2D).
Alternatively, the PUF specificity may have evolved to accept different length binding elements.

To test the binding element length preference of the filamentous PUF proteins, we
assayed the proteins in the yeast three-hybrid assay against a battery of RNAs ranging in length
from 8-10nt. A. nidulans PUF4 bound the best to the shorter 9nt binding element and N. crassa
PUF5 bound 9nt and 10nt long binding elements similarly (Figure 2F).

We conclude that A. nidulans and N. crassa putative binding elements in orthologous
mitochondrial RNAs have evolved from 8nt to 9nt or 10nt constituting a switch and are likely

bound by A. nidulans PUF4 and N. crassa PUF5.

Identification of PUF RNA targets

Based on our bioinformatic analyses and yeast three-hybrid results, we hypothesized that
mitochondrial genes are bound by N. crassa PUF5, not N. crassa PUF3, which would represent
rewiring of the RNA-PUF regulatory circuit. To test this, we determined the in vivo targets and
binding preference of S. cerevisiae Puf3p, N. crassa PUF3, and N. crassa PUF5 by UV
crosslinking and high-throughput sequencing (HITS-CLIP) (Licatalosi et al.,, 2008). We
obtained data from three biological replicates for each endogenously tagged protein (Figure 3A).

Table S2 is a summary of the sequencing depth and mapping statistics. The HITS-CLIP data
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were very reproducible between biological replicates (Pearson’s r values: S. cerevisiae Puf3p >
0.77, N. crassa PUF3 > 0.99, and N crassa PUF5 > 0.67) (Figure 3A and Table S2). We
identified 503, 670, and 1044 CLIP peaks for S. cerevisiae Puf3p, N. crassa PUF3, and N. crassa
PUF5, respectively.

The peaks, predominately found in the 3’'UTRs of mRNAs, represent 465, 803, and 686
genes for ScPUF3, NcPUF3, and NcPUF5, respectively (Figure S1). Figure 3B shows
representative CLIP peaks for each protein. cox17, a characterized S. cerevisiae Puf3p target and
predicted N. crassa PUF5 target, is bound by both S. cerevisiae Puf3p and N. crassa PUF5, but
not N. crassa PUF3 (Figure 3B). In both cases, there are two peaks centered over binding
elements. The two binding elements for S. cerevisiae Puf3 are 8nt and 9/10nt for N. crassa
PUF5. An example of a N. crassa PUF3 target is the light induced gene albino-2 (al-2) which
has an 8nt binding element under the peak (Figure 3B).

To assess whether targets were co-shared between S. cerevisiae Puf3p and N. crassa
PUFs, we determined the overlapping genes for all three proteins (Figure 3C). The overlap
between S. cerevisiae Puf3p and N. crassa PUF5 was more significant (6.1E-41, hypergeometric
distribution test) than the overlap between S. cerevisiae Puf3p and N. crassa PUF3 (5.0E-3,
hypergeometric distribution test) (Figure 3C). We conclude that S. cerevisiae Puf3p and N.
crassa PUF5 proteins bind a more similar group of RNAs than the two orthologous Puf3

proteins.

in vivo PUF binding elements
To determine the sequence each PUF protein binds, we searched for enriched sequences

within each HITS-CLIP peak (Bailey and Elkan, 1994). S. cerevisiae Puf3p peaks were enriched
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for an 8nt binding element comprised of a 5> UGU and a 3° AUA (Figure 4A). In addition to the
core PUF binding element, ~50% of the sequences for S. cerevisiae Puf3 contain a cytosine at
the minus 2 position (Figure 4A). The enriched sequence for S. cerevisiae Puf5p is longer and
more degenerate (Figure 4B) (Wilinski et al., 2015). The 5’ end contains the canonical UGUA,
but the 3’ end is a mix of uridines and adenines (Figure 4B). We have previously shown the
degeneracy in the 3’ end of the S. cerevisiae Puf5p element is due to the offset UA’s of various
length binding element lengths (Wilinski et al., 2015).

The binding preferences of the two N. crassa PUFs were strikingly similarity to their
orthologous S. cerevisiae PUF proteins (Figure 4C-4D). N. crassa PUF3 peaks were enriched
for an 8nt binding element, but lacked the -2C enrichment (Figure 4C). The N. crassa PUF5
enriched sequence element had a prominent UGUA at the 5’ end and a degenerate 3’ end (Figure
4D), which agrees well with our bioinformatic predictions (Figure 4D and 2D). To see if the
conservation of binding element preference extends outside of fungi, we examined par-CLIP
data for the orthologous human Puf3 protein, PUM2 (Hafner et al., 2010). Indeed, human PUM2
peaks were also enriched for 8nt binding elements (Figure 4E). We conclude that the in vivo

binding preferences of orthologous PUF proteins are highly conserved.

Mitochondrial target RNASs

To determine the functional enrichment for each protein’s targets, we performed Gene
Ontology analyses on the targets of the each PUF protein. As expected, there was a strong
enrichment for nuclear-encoded mitochondrial genes for S. cerevisiae Puf3p targets (p-value 2E-
110) (Figure 5A). To our surprise, N. crassa PUF3 and PUF5 targets were enriched for nuclear-

encoded mitochondrial genes (p-value Puf3 1E-5, Puf5 1E-25), albeit to different degrees (Figure
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5A). Our Gene Ontology analysis did not suggest another strong candidate function for the
regulation of N. crassa PUF3 targets.

This mitochondrial enrichment for both N. crassa PUF proteins led us to more closely
examine the overlap between each PUF protein for genes in the mitochondrial cluster. Of the
genes in the mitochondrial cluster, 77% (188/244), 14% (34/244), and 59% (143/244) are S.
cerevisiae Puf3p, N. crassa PUF3 and N. crassa PUF5 targets, respectively. The overlap
between N. crassa PUF3 and PUF5 is 88% (30/34). We suspect this overlap represents a hand-
off from one N. crassa PUF protein to another PUF protein of the conserved PUF regulated

mitochondrial genes.
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DISCUSSION

We identified a conserved PUF regulatory network structure consisting of: circuits that
retain chromatin and ribosomal functional conservation, but have changed the identity of genes;
and a circuit of mitochondrial biogenesis genes that have retained coordinated RNA control

across at least 400 million years of evolution (Taylor and Berbee, 2006).

PUF proteins retain binding preference

A striking feature of all PUF regulated circuits is the conservation of broad functional
enrichment. Unlike some transcription factor networks we do not observe great differences in
binding element preference between orthologous PUF proteins across species (Li and Johnson,
2010; Villar et al., 2014; Wohlbach et al., 2009). Puf3 is an extreme example of binding element
preference conservation. Every Puf3 ortholog studied to date, from yeast to humans, bind a very
similar 8nt binding element (Figure 4A, C, E) (Gerber et al., 2006; Hafner et al., 2010). An
exception of to this rule is the additional base at the -2 position in S. cerevisiae Puf3 preferred
binding elements (Gerber et al., 2004; Zhu et al., 2009). It will be interesting to see in the future
if RNA binding protein binding element preference is more fixed than rapidly evolving

mammalian transcription factor preference (Villar et al., 2014).

A molecular rewiring
A significant number of binding elements in the 3’UTRs of genes in the mitochondrial
cluster are conserved in all the budding yeast and filamentous fungi species we examined. We

favor the model where Puf3 was the ancestral regulator of mitochondrial genes (Figure 6A).
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Based on parsimony neither model, Puf3 or Puf4/5 ancestral regulation, can be ruled out as both
require two changes (see numbered grey circles Figure 6A-B).

The alternative Puf4/5 ancestral model presents more caveats in terms of the timing of
divergence (Figure 6B). First, the switch from Puf4/5 to Puf3 likely occurred at the root of
budding yeast because we observe complete penetrance of 8nt putative binding elements (Figure
2A). Second, the switch from Puf4 to Puf5 in N. crassa happened (or vice versa for Puf5 to Puf4
in A. nidulans) before the loss of Puf4 and after the split between the N. crassa and A. nidulians
lineages (Figure 6B). On the other hand, the divergence from Puf3 to Puf4/5 regulation in the
filamentous linage could have occurred before or after the split between A. nidulans and N.
crassa and would not require the switch to occur before the loss of Puf4/5 paralogs (Figure 6A).
Therefore, we reason that the simpler Puf3 ancestral regulator model is more likely.

The switch from Puf3 to Puf4/5 regulation occurred through the lengthening of binding
elements. The nearly complete overlap between mitochondrial cluster target genes we observe
for N. crassa PUF3 and PUF5 likely represents a transitional state of the circuit.

There are two ways the circuit could evolve to accommodate the modern regulation.
First, the 8nt binding element is followed by an additional UA dinucleotide allowing both Puf3
and Puf5 to bind the same site. Second, an additional binding element could emerge to
accommodate both PUFs on one RNA. The overlap between N. crassa Puf3 and Puf5
mitochondrail cluster targets may present a place to trace the change from 8nt to 9/10nt binding

elements and resolve whether binding elements lengthened or new ones evolved.

RNA regulons
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We observe two modes of conservation of putative regulatory circuits. The modes of
conservation are unified by the fact that both include the maintenance of RNA regulons. Keene
(2007) proposed that RNA binding proteins bind circuits of RNAs that are functionally related,
termed regulons. Theses regulons may be co-regulated by RNA binding proteins to maintain
stoichiometric concentrations of multi-protein complexes or multi-component processes. Our
survey of the fungal PUF network suggests that certain regulons have retained PUF regulation.
Despite long evolutionary distance and examples of displacement of specific genes, particular
regulons appear to be under conserved PUF control. The molecular specifics have diverged in
the case of the mitochondrial cluster genes with a derived Puf4/5 regulatory state, but the PUF

regulon is maintained.
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MATERIALS AND METHODS

Bioinformatics

Ascomycota fungi were chosen based on previously determined orthology (Wapinski et
al., 2007). 300 bases downstream of the translation termination codon were obtained from
organism specific databases listed in Table S3. Each 3’UTR sequence was probed for putative
binding elements using a custom perl script. The PWMs used to determine the log likelihood
scores were generated based on RIP Chip (Gerber et al., 2004). Genes were filtered (> 50%
species representation) then k-means (k=13) clustered. Clustering was visualized using Java
Treeveiw (Saldanha, 2004). Gene ontology enrichments were generated using DAVID and
Benjamini corrected p-values are reported (Balakrishnan et al., 2012; Dennis et al., 2003).

Unbiased motif analysis was done with MEME (Bailey and Elkan, 1994).

Yeast three-hybrid

The RNA-binding domains of A. nidulans PUF4 and N. crassa PUF5 were cloned into
activation domain-protein fusion plasmid, pPGADT7 (Koh and Wickens, 2014). Sequences for
the RNA were cloned into the Hybrid RNA plasmid, p3HR2 (Koh and Wickens, 2014). S.
cerevisiae strain YBZ-1 1 (MATa, ura3-52, leu2-3, -112, his3-200, trpl-1, ade2,
LYS2::(LexAop)-HIS3, URAS3:(lexAop)-lacZ, and LexA-MS2 MS2 coat (N55K)) was
transformed using standard lithium Acetate procedures. Luminescence was assayed following
the manufactures instructions by micorpalte reader (BioTech Synergy 4). Raw luminescence
was normalized to ODggo, and each biological replicate (n=3) was averaged and standard

deviation was calculated.
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HITS-CLIP

S. cerevisiae HITS-CLIP was preformed essentially as in (Wilinski et al., 2015). One
modification was a supplemental treatment of the immunoprecipitated material with RNase R
following overnight 3° DNA adaptor ligation was preformed.

N. crassa strains harboring a chromosomally integrated C-terminal FLAG tag at each
PUF loci were generated by the Selker Lab as described (Honda and Selker, 2009). Strains were
inoculated from freezer stocks and grown on slants (VM agar supplemented with L-Histidine)
for 5 days at 25 °C. Conidia from slants were used to inoculate liquid cultures (VM liquid
supplemented with L-Histidine). Mycelia were harvested after 2 days of growth shaking at 30
°C in a thin layer onto filter paper, UV-crosslinked for 7 min on each side, then frozen in liquid
nitrogen. After cell disruption with mortar and pastel, lysate was cleared, and RNase A treated
as above and immunoprecipitated with anti-FLAG M2 Magnetic Beads (Sigma) equilibrated
according to the manufacturer’s protocol. The S. cerevisiae protocol was then followed

beginning with the final 1gG bead washing step.
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FIGURE LEGENDS

Figure 1. Conservation of putative PUF binding elements in Asycomocota fungi. (A)
Phylogenetic tree of selected Ascomycota Fungi. The tree was constructed using NCBI
Taxonomy Browser. Colored branches represent each subphylum, Hemi (Budding yeast) Pink,
asdf (Filamentous fungi) orange, and Schozoascomycoata (Fission yeast) blue. (B)
Representation of 8, 9, 10nt PWM models used to paramertize the log-likelihood function.
Height of base represents probability of a base at each position in the binding element. (C-E)
Log likelihood scores for putative PUF binding elements in 3’UTRs for species in A. Yellow is
a high and blue is a low likelihood score. Log-likelihood scores for orthologous 3’UTRs are
plotted in rows and each column represents a species. Clustering was done independently for
each heat map. Species phylogenic tree is on top of each heat map. (C) Putative 8 nt binding
elements from 4425 genes. (D) Putative 9nt binding elements from 4898 genes. (E) Putative

10nt binding elements from 4423 genes.

Figure 2. Evolution of PUF-mitochondrial RNA network. (A) Zoomed-in of mitochondrial
cluster from Figure 1C. 8nt log-likelihood values from budding yeast and filamentous fungi
3’UTRs. (B) 9nt and 10nt log-likelihood values for 3’UTRs of mitochondrial cluster genes for
filamentous fungi. (C) Overlap of genes containing putative binding element for three species.
(D) MEME derived PWMs of enriched sequences found in 3’UTRs of mitochondrial cluster
genes. (E) Phylogenetic tree of parlogous Puf4-Puf5 proteins. Puf5s have a blue background

and Puf4s have a green background. The two filamentous PUFs are highlighted with orange
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boxes. (F) Relative luminescence values as a proxy for binding affinity for each PUF protein

assayed by yeast-three hybrid.

Figure 3. HITS-CLIP data. (A) Reproducibility of biological replicates. Height of CLIP peaks
were log transformed and then plotted on each axis. Data colored based on the precipitated
protein (S. cerevisiae Puf3p: blue, N. crassa PUF3: red, and N. crassa PUF5: brown) (B)
Example peaks for each protein. Targets shown: YLLO0O9C (cox17), NCUO0058 (al-2),
NCUO02530 (cox17). Y-axis is the number of stacked sequencing reads, peak height. On x-axis
blue bars are ORFs and the grey bars are the UTRs. The sequence is the likely binding element.
(C) Overlapping CLIP targets for each protein. Only genes with orthologs in S. cerevisiae and

N. crassa are included.

Figure 4. In vivo binding elements of PUF proteins. MEME derived PWMs from CLIP data.
(A) S. cerevisiae Puf3p. (B) Previously defined S. cerevisiae Puf5p (Wilinski et al., 2015). (C) N.
crassa PUF3. (D) N. crassa PUF5. (D) The previously defined Par-CLIP of H. sapiens Puf3

ortholog, PUM2, defined by PhyloGibbs (Hafner et al., 2010; Siddharthan et al., 2005).

Figure 5. Connect bioinfromatics and in vivo. (A) Gene Ontology (GO) enrichment of S.
cerevisiae Puf3p, N. crassa PUF3 and N. crassa PUF5 CLIP targets. (B) Overlapping CLIP
targets in mitochondrial cluster. Only genes with orthologs in S. cerevisiae and N. crassa were

considered.
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Figure 6. Alternative models of mitochondrial cluster circuit evolution. Grey circles
represent relevant protein loss or circuit re-wiring. Blue “mito” bars represent genes in mito
cluster. (A) Puf3 ancestral model. (B) Puf4 ancestral model. A Puf5 ancestral model would

have the same features as the Puf5, thus it is not shown for simplicity.

Supplementary Figure 1. Putative binding elements in filamentous fungi and fission yeast.
Log-likelihood scores for putative PUF binding elements in 3’UTRs for species filamentous
fungi and fission yeast. Yellow is a high and blue is a low likelihood score. Log-likelihood
scores for orthologous 3’UTRs are plotted in rows and each column represents a species.
Clustering was done independently for each heat map. Species phylogenic tree is on top of each
heat map. (A) Putative 8 nt binding elements from 4409 genes. (B) Putative 9nt binding

elements from 4392 genes. (C) Putative 10nt binding elements from 4423 genes.

Supplementary Figure 2. Distribution of peaks in RNAs. mRNA regions where peaks are

found for S. cerevisiae Puf3p, N. crassa PUF4 and N. crassa PUF5.

Supplementary Table 1. Gene Ontology enrichments for each binding element cluster.

Supplementary Table 2. Summary of high throughput sequencing reads.

Supplementary Table 3. 3’UTR sequence sources.
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Figure 21
Wilinski et al.
A B
8nt 9nt 10nt
Budding Filamentous Filamentous
|1|.||\_{|I|‘r—§+—.lr_| 1
] = = Key
= = log likelinood
B =— -5 5
=——— = =
g = Nodata
= ==
— = — _—— =——
ortholgous genes ortholgous genes
C D N
S. cerevisiae £ 1 c G AL A S. cerevisiae
82 od S0 == u é |
A. nidulans 5 £ JG A AL A C. albicans
0 8 = u é !
£ 44 .
" = JGU Ag 6 U A. nidulans
N
N. crassa
Predicted binding elements in mitochondral cluster Ny
% 14
b 86 Qﬁ& N. crassa
"211234567 8910




90

Figure 3
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Figure 4
Figure 23
Wilinski et al.
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Supp Figure 1
Figure 27
Wilinski et al.
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Supp Table 1
Wilinski et al.
8 nt putative binding element 9 nt putative binding element
Cluster# [GO term p-value Cluster # |GO term p-value
0|none 0|single-organism process 0.000581
1|none 1 |transmembrane transport 1.46E-15
2|none 2|none
3|none 3|none
4|none 4|cytoplasmic translation 1.32E-33
5|none ribosomal small subunit biogenesis 5.48E-08
6 |vesicle-mediated transport 5.63E-05 5|viral life cycle 9.73E-42
Golgi vesicle fransport 0.025405 symbiosis, encompassing mutualism 9.73E-42
7|none transposition, RNA-mediated 2.23E-34
8[none transposition 3.45E-33
9 |mitochondrion organization 1.19E-178 6|none
mitochondrial translation 1.22E-102 7 |meiotic cell cycle 0.001215
10 |none sporulation 0.008913
11 [cytoplasmic translation 1.22E-12 8|regulation of pheromone-dependent 0.008338
12 |none regulation of signal transduction 0.008338
9|none
10 |none
11 |ribosome biogenesis 1.10E-35
ribonucleoprotein complex biogenesis 1.08E-32
rRNA processing 7.17E-24
12 |none
10 nt putative binding element
Cluster# [GO term p-value
0|chromatin modification 1.84E-11
chromatin organization 3.85E-10
1|none
2|none
3|none
4|chromosome organization 6.94E-04
chromatin organization 1.12E-03
5|none
6|none
7 |cytoplasmic translation 2.28E-06
anion transport 3.61E-04
nitrogen compound transport 3.98E-04
positive regulation of Rho GTPase
8 |activity 2.58E-03
9|none
10 |mitochondrial translation 2.95E-05
11 |none
12 |none
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Supp Table 2
Wilinski et al.
Reads after dup Reads after | Mapped
Internal ID | Sample ID | Raw Reads removal % remaining clipping (unique) | % mapped |Notes
DW115 ScPuf3 A | 19,151,614 7,735,761 40 6,723,006 5,260,964 78
DW116 ScPuf3B | 14,524,322 5,782,164 40 3,161,397 1,709,752 54
DW125 ScPuf3C | 7,626,399 3,099,312 41 1,557,163 634,971 4
DW100_102 | NcPuf3 A | 1,179,860 456,082 39 402,543 354,391 88 *
DW111 Nc Puf3B | 14,899,440 11,974,763 80 7,856,464 5,162,488 66
DwW112 Nc Puf3 C | 12,072,745 9,770,367 81 5,285,092 2,843,762 54
DW101_103 | NcPuf5 A | 1,355,794 1,096,425 81 983,281 877,507 89 *
DW113 Nc Puf5B | 18,748,631 14,990,087 80 12,394,324 | 10,541,429 85
DW114 NcPuf5 C | 11,393,103 9,959,443 87 5,274,058 2,918,173 55

* samples were sequenced on MiSeq
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