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ABSTRACT 

 

 

Mitochondrial deficiencies influence variable penetrance of nuclear Nab3 granule accumulation 

By Katherine Marie Hutchinson 

 

 Yeast regularly withstand changes in their environment and they must adapt their genome 

in order to survive.  From their genome, yeast generate different types of RNA which they use to 

regulate protein expression.  A critical step in generating these RNAs is transcription termination, 

which is performed through two different mechanisms in yeast depending on the type of RNA 

transcribed.  For protein coding messenger RNA, yeast employ transcription termination through 

a set of factors brought in by the cleavage/ polyadenylation complex.  In the case of non-coding 

RNAs such as small nuclear RNA, small nucleolar RNA and cryptic unstable transcripts, 

transcription termination is performed by the Nrd1-Nab3-Sen1 transcription termination complex 

(NNS), which this thesis focuses on.  The choice of transcription termination mechanism is a 

highly specific and regulated process.  RNA polymerase II, which is the enzyme that transcribes 

the DNA into RNA, contains a C-terminal domain (CTD) on its largest subunit which different 

termination complex components interact with.  Early in transcription, the CTD is heavily 

phosphorylated at serine 5 of a seven amino acid repeat.  This in turn allows Nrd1 to preferentially 

bind to activate transcription termination.  As Pol II progresses down the template, the 

phosphorylation is removed from serine 5 and serine 2 becomes the predominant form of 

phosphorylation.  This event signals for the binding of cleavage/ polyadenylation factors to deploy 

polyadenylation-coupled transcription termination. 

 This thesis focuses primarily on one of the three NNS subunits, nuclear polyadenylated 

RNA-binding protein 3 (Nab3).  Nab3 is a hnRNP-like protein that contains an aspartate/glutamate 

rich near its N-terminus, an RNA recognition motif and a proline/glutamine rich, prion-like domain 

at its C-terminus.  The C-terminus is essential for viability, for proper transcription termination, 

for the ability to form amyloid filaments in vitro and to assemble a membraneless subcellular 

compartment in vivo known as the Nrd1-Nab3 granule (NNG).  The work in this thesis establishes 

that the assembly and accumulation of the Nrd1-Nab3 granule displays variable penetrance across 

various yeast strains.  Once this variation was discovered and established, this work aimed to 

explain the cause for variation. 

 Interestingly, this thesis reports that mitochondrial function and respiratory capacity are 

key contributors to the variance seen for Nrd1-Nab3 granule accumulation.  The data herein 

demonstrate that NNG accumulation is sensitive to oxidative phosphorylation under carbon 

restricted conditions and can be reduced by the addition of extracellular ATP, suggesting an ATP-

dependent mode of disassembly.  Additionally, a serine-arginine protein kinase implicated in the 

disassembly of other subcellular compartments is shown to be important for Nrd1-Nab3 granule 

disassembly through mitochondrial function.  This work deepens our understanding of the cause 

for Nrd1-Nab3 granule accumulation variation as well as our understanding of key factors in 

granule biogenesis.  
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Chapter 1.0: Transcription termination and RNA-binding proteins 

1.1 An introduction to eukaryotic transcription 

All cells contain a set of instructions known as deoxyribonucleic acid (DNA) that is transcribed 

into messenger ribonucleic acid (mRNA) and translated into a functional protein product.  The 

processes of transcription and translation are an integral concept in biology and together, form the 

foundational central dogma1.  Eukaryotic transcription occurs in the nucleus of the cell, separate 

from the cytoplasmic site of translation, and can be performed by one of three RNA polymerases2.  

RNA polymerase I (Pol I) transcribes ribosomal RNA (rRNA), RNA polymerase II (Pol II) 

transcribes mRNA and non-coding RNA (ncRNA), and RNA polymerase III (Pol III) transcribes 

transfer RNA (tRNA) as well as rRNA2.   

The process of RNA polymerase II transcription is a cycle and involves three stages: initiation, 

elongation and termination3.  Typically, transcription initiation occurs at the transcription start site 

(TSS), which is a defined position on the 5’ end of the gene4.  Approximately 50 base pairs (bp) 

upstream and 50bp downstream of the TSS is a region defined as the core promoter of the gene.  

The core promoter serves as a binding platform for the transcription machinery, which is made up 

of Pol II and its associated transcription factors4.  After the transcription machinery is bound, the 

elongation process begins.  During the initial stages of elongation, Pol II is highly regulated 

through Pol II pausing in which Pol II can accumulate at high levels at a specific template position 

and particularly near the TSS5.  Release of Pol II from the paused state is mediated by transcription 

elongation factors and, upon release, Pol II resumes active elongation5.  Elongation rates vary 

between and within genes and are subject to tight regulation5.  This level of regulation is important 

in controlling co-transcriptional events such as splicing and termination5.   
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As transcription elongation proceeds, pre-mRNA is generated by Pol II.  The pre-mRNA 

emerges from the exit channel of Pol II where the cleavage-polyadenylation complex (CPA) binds 

to the poly(A) site (PAS) and processes the 3’ end of the pre-mRNA to generate mRNA2. Two 

models currently exist for transcription termination2.  One model proposes that Pol II senses its 

movement over a functional PAS and induces a conformational change within the Pol II active 

site.  This conformational change leads to Pol II pausing and then release of Pol II from the DNA2.  

The so-called torpedo model proposes a mechanism in which a nuclear 5’-3’ exonuclease is 

recruited to the 5’ end exposed by transcript cleavage at the PAS and begins degrading the 

transcript by translocating down the RNA.  When the nuclease reaches Pol II, this acts as a 

molecular signal to release Pol II from the DNA2.  These models are not mutually exclusive. 

 

1.1.1 Classes of RNA transcripts 

Different classes of RNA exist in all cells.  The focus of this thesis will be on eukaryotic 

organisms, specifically, the budding yeast Saccharomyces cerevisiae.  In yeast, RNA can be 

broken down into protein coding and non-coding types.  Coding RNA consists of messenger RNA 

(mRNA), which ultimately is translated into functional protein3.  A wide variety of non-coding 

RNA is found including ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA 

(snRNA), small nucleolar RNA (snoRNA) and cryptic unstable transcripts (CUTs)3.  In yeast, Pol 

II is responsible for transcribing mRNA as well as snRNAs, snoRNAs and CUTs3.  Each of these 

transcripts serve important functions, even those that are non-coding. 

Messenger RNA is made by transcribing DNA into pre-mRNA and then pre-mRNA is 

processed into mature mRNA.  mRNA is important to the cell as it is the class of RNA that is 
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exported from the nucleus to the cytoplasm to be translated by the ribosome into functional protein.  

Therefore, protein expression is regulated at multiple levels, including the transcriptional level6.   

Like mRNA, snRNA and snoRNA are transcribed by Pol II7.  snoRNAs are housed in the 

nucleolus and are responsible for rRNA processing and modification of rRNA, snRNA and 

mRNA7.  Together with proteins, they form ribonucleoprotein complexes that are highly 

conserved7.  Like snoRNA, snRNAs are phylogenetically conserved.  When pre-mRNA is 

transcribed, it contains non-coding sequences known as introns and these introns have to be 

removed in order to create mature mRNA8.  Introns are removed from mRNA by a 

ribonucleoprotein complex known as the spliceosome, which contains five essential snRNAs: U1, 

U2, U3, U4, U5, and U68.  These non-coding RNAs are critically important to the cell. 

 

1.1.2 Transcription termination in Saccharomyces cerevisiae 

In 1988, David Botstein and Gerald Fink speculated that yeast could potentially serve as a 

model organism for scientific research due to advancements in recombinant DNA technology and 

biochemical and genetic methodologies9, 10.  Today, yeasts are used to study a variety of topics, 

including transcription termination.  Each stage of transcription is highly regulated to control gene 

expression, including the end stage of termination11.  Termination is specifically regulated by 

transcription termination factors that interact with RNA processing and degradation enzymes to 

control the fate of the RNA11.   

In the budding yeast, Saccharomyces cerevisiae, transcription termination can occur via 

two mechanisms depending on the type of RNA being transcribed3.  As previously noted, Pol II 

transcribes mRNA and non-coding RNA.  The termination mechanism deployed by the cell is 

specific for each type of RNA11, 12.  Specifically, when the cell selects the termination mechanism 
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designed to produce mRNA, a transcript that is further processed and exported to the cytoplasm 

for translation is produced (Fig. 1-1)11.  In contrast, when the cell uses the termination mechanism 

designated for non-coding RNA, a different type of transcript is produced with a different, often 

nuclear, destination and it can be cleaved in a controlled manner or degraded to completion11.  

 

1.1.3 Messenger RNA transcription termination in Saccharomyces cerevisiae 

When mRNA is transcribed by Pol II, termination is carried out by protein complexes 

known as cleavage polyadenylation factor (CPF), cleavage factor IA (CFIA) and cleavage factor 

IB (CFIB)3, 11-13.  While the exact mechanism of termination remains elusive, it is known that the 

CPA machinery is coupled to the termination process3.  Many of the components of the CPA have 

designated roles in coordinating the transcription termination process.  For example, several 

factors recognize and process signals in the 3’-untranslated region (UTR) of the newly synthesized 

RNA11.   

An important determinant for which type of transcription termination mechanism is 

deployed by the cell is the phosphorylation status of the C-terminal domain (CTD) of Pol II (Fig. 

1-2)3, 11.  The CTD of the largest subunit of Pol II in Saccharomyces cerevisiae consists of a 26 

repeat of a heptapeptide (Y1S2P3T4S5P6S7)3, 14, 15.  Within the first few hundred nucleotides of the 

promoter, serine 5 of the heptapeptide repeats on the CTD of the large subunit of Pol II is 

phosphorylated (Ser(P)5)3, 14, 16.  This phosphorylation event is important as Nrd1 contains a C-

terminal interaction domain (CID) that recognizes and binds to the Ser(P)5 CTD of Pol II, thus 

ensuring that transcription is terminated using the NNS, the non-coding RNA termination 

machinery3.  As transcription progresses, two phosphatases, Ssu72 and Rtr1, dephosphorylate 

serine 53.  Consequently, further downstream of the promoter, serine 2 of the CTD becomes the 
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predominant form of CTD phosphorylation (Ser(P)2) which is important for recognition by the 

CPA machinery to employ coding transcription termination3, 14, 16.  The CPA machinery is 

composed of a distinct set of proteins that terminate the transcription of mRNAs.  One is Pcf11, 

which recognizes and preferentially binds to phosphorylated serine 211, 17.  This recognition and 

binding event, along with other coordinated events, leads to the cleavage of the nascent RNA at 

the poly(A) site11.  Following cleavage, adenosine nucleotides are added to the 3’ end of the RNA, 

forming the 3’ poly(A) tail11.  This poly(A) tail is then bound by a poly(A)-binding protein, an 

event thought to protect the RNA from 3’ end degradation as well as promote its nuclear export to 

the cytoplasm11.  Once exported, the mRNA is translated by the ribosome into a functional protein 

product. 

The differential phosphorylation of serine 2 and 5 contained within CTD is important for 

recognition and binding of RNA processing factors and the selection of a termination mechanism14, 

16.  Additionally, other amino acids contained within the CTD undergo modifications that are 

important for transcription termination.  These include phosphorylation at serine 7, threonine 4 

and tyrosine 13, 16.  Phosphorylation at serine 7 has been shown to be important for proper snRNA 

gene expression18 while phosphorylation at threonine 4 has been implicated in histone mRNA 3’ 

end processing19.  Phosphorylation at tyrosine 1 stimulates the binding of an elongation factor and 

impairs the recruitment of termination factors3, 20.  Taken together, modifications of amino acids 

contained within the CTD of Pol II are important for gene expression and transcription termination. 

 

1.1.4 Non-coding transcription termination in Saccharomyces cerevisiae 

As previously mentioned, Pol II transcribes both coding and non-coding RNA.  Serine 5 

of the CTD is phosphorylated within the first few hundred nucleotides of the promoter and this is 
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a key signal for the non-coding transcription termination mechanism3, 14, 16, 21.  Non-coding 

transcription termination in Saccharomyces cerevisiae is carried out by a transcription termination 

complex known as the Nrd1-Nab3-Sen1 (NNS) complex2, 3, 11, 14, 16, 17, 21-26.  Nrd1 contains a C-

terminal interaction domain (CID) that binds to the C-terminus of Pol II when Ser(P)5 is present3, 

14, 21.  This binding event, coupled with Nrd1 and Nab3’s abilities to recognize and bind nucleotide 

sequences in the emerging RNA and function as a heterodimer to recruit Sen1, coordinate 

transcription termination by NNS3, 21.  It is important to note that NNS transcription termination 

can serve as a fail-safe termination mechanism when coding transcription termination ceases to 

operate, whereby the NNS machinery rescues polymerases that fail to terminate at the poly(A) 

signal14, 27.   

Non-coding transcription termination is tightly coupled to RNA processing by the 

Trf4/Trf5, Air1/Air2, and Mtr4 (TRAMP) complex and the nuclear exosome3, 14, 21.  The type of 

processing performed by the TRAMP complex and nuclear exosome is dependent upon the class 

of non-coding RNA transcribed.  In the context of snoRNAs, they are transcribed by Pol II and 3’-

end oligoadenylated by the TRAMP complex3.  These short oligoadenylate tails which are distinct 

from longer and more durable polyA tails added to mRNAs, target snoRNA to the exosome where 

it is matured by trimming the 3’ end3.  This contrasts with the protective poly(A) tail added to 

mRNA.3  Pol II is also known to transcribe several CUTs that are terminated by NNS and degraded 

by the nuclear exosome14, 21.  It is important to note that Nrd1 interacts with the nuclear exosome 

in both scenarios to process nascent ncRNA into protected stable transcripts (snoRNA) or to 

degrade the nascent RNA completely (CUTs) 14.  All these interactions by the NNS, TRAMP and 

the nuclear exosome are important for the regulation of the production, processing and/ or 

degradation of ncRNAs. 
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1.2 Components of the Nrd1-Nab3-Sen1 (NNS) transcription termination complex 

Non-coding RNAs transcribed by Pol II are terminated by the Nrd1-Nab3-Sen1 transcription 

termination complex2, 3, 11, 14, 16, 17, 21-26.  This transcription termination complex is comprised of 

three proteins: Nrd1, Nab3 and Sen1.  Nrd1 and Nab3 are both RNA-binding proteins (RBP) and 

contain an RNA recognition motif (RRM)3, 21, 24-26.  These RRMs allow Nrd1 and Nab3 to bind the 

nascent RNA emerging from Pol II to induce transcription termination3, 21, 23, 24.  When newly 

synthesized RNA emerges from Pol II, Nrd1 and Nab3 recognize small consensus sequences in 

the RNA and initiate termination21, 23.  Nrd1 also preferentially interacts with the Ser(P)5 state of 

the CTD of Pol II to coordinate termination3, 14, 16, 21, 23, 24.   

 

1.2.1 Nrd1: a hnRNP-like protein 

Nrd1 was identified in a screen for proteins involved in the function of transcription 

termination3.  This screen identified trans-acting factors that were termed nuclear pre-mRNA 

downregulation (NRD) proteins3.  Nrd1 resembles splicing-related mammalian proteins in that it 

contains a homologous CTD-interacting motif that preferentially binds to the Ser(P)5 version of 

the CTD of Pol II to engage termination3, 14, 16, 21, 23, 24.  Additionally, Nrd1 is considered 

heterogenous ribonucleoprotein (hnRNP)-like because it binds RNA through an RNA recognition 

motif homologous to that seen in hnRNPs3, 21, 24.  These features make Nrd1 like the mammalian 

proteins SCAF4 and SCAF8, which bind the CTD of mammalian Pol II and are detected at early, 

alternative poly(A) sites3, 25, 28.  

Nrd1 functions as a heterodimer with Nab3 (described in the next section)21, 24.  For 

efficient NNS termination, the frequent short RNA sequences in the early transcript must be 
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recognized by Nrd1 and Nab314.  Nrd1’s RRM binds the loose consensus sequence GUAA/G3, 14, 

21, 24.  Nrd1’s binding is enhanced when both Nrd1 and Nab3 are bound to nascent RNA3, 21, 24.  

Both proteins are important for the termination of non-coding RNAs such as snoRNAs, but have 

also been shown to bind several coding RNA genes3.  Taken together, Nrd1 and Nab3 function in 

many different aspects of transcription termination and impact the regulation of numerous types 

of RNA transcripts. 

 

1.2.2 Nab3: another hnRNP-like protein 

Nab3 stands for nuclear polyadenylated RNA-binding protein 3 as it was identified in a 

biochemical screen along with several other RNA-binding proteins isolated from nuclei3.  Like 

Nrd1, Nab3 is an hnRNP-like protein with a recognizable RRM21, 24.  Nab3’s RRM recognizes the 

sequence UCUU on nascent RNA but, as seen for Nrd1, it has flexibility in what exact sequence 

it will bind and binding tightens when bound in the heterodimeric state3, 14, 21, 24.  This contributes 

to the sequence specificity of the two RNA-binding proteins and their ability to tightly regulate 

and control transcription termination and processing of ncRNA. 

 In addition to its RRM, Nab3 has a Nrd1 interacting domain (NID) that allows it to 

dimerize with Nrd1, and a domain that allows it to interact with the helicase, Sen13.  Alongside 

Nab3’s RRM and NID, Nab3 also contains unique sequences on its N- and C-terminus.  Nab3’s 

N-terminus is enriched with aspartic acid and glutamic acid residues3, 21.  This segment’s function 

is unknown, and it can be removed without impacting viability3, 21.  The C-terminus is heavily 

biased towards the amino acids proline and glutamine (Fig. 1-3)3, 21.  This domain is important for 

cell viability, proper transcription termination function, and for Nab3’s ability to assemble into 

amyloid filaments in vitro and a granule in vivo (to be discussed below)3, 24, 26, 29.  Together, these 



 9 

three proteins work to coordinate transcription termination of non-coding RNAs in Saccharomyces 

cerevisiae. 

 

1.2.3 Sen1: a helicase protein 

Sen1 encodes a 240 kDa superfamily I helicase/ATPase, homologous to the human 

senataxin protein and it is the third part of the yeast nuclear Nrd1-Nab3-Sen1 transcription 

termination complex3, 12, 27, 30.  Sen1 was originally discovered in a screen exploring heat-sensitive 

mutations that affected tRNA splicing endonuclease activity3, 12, 30.  The C-terminal domain of the 

protein contains the helicase domain, nuclear localization sequence (NLS) and an interaction 

domain for a phosphatase that is a CPF subunit (Glc7)3, 12, 14.  The N-terminal domain interacts 

with Pol II and endonucleases and is dispensable for viability12, 14.  Sen1 is essential for cell 

viability and is required for the expression, maturation and termination of numerous types of non-

coding RNAs27.  Sen1 regulates non-coding gene expression by preventing elongation through the 

activation of premature termination (termination via NNS mechanism) and degrading CUTs in 

coordination with the TRAMP complex and nuclear exosome12, 21.  Mutations in the Sen1 helicase 

domain result in defects in transcript processing and termination, such as transcriptional 

readthrough, ultimately leading to a genome-wide change in Pol II’s profile12, 14. 

In addition to acting in non-coding RNA transcription termination, Sen1 has been shown 

to be involved in the termination of some coding RNAs12, 27.  Specifically, Sen1 has been shown 

to be cross-linked to the ends of mRNA transcripts, suggesting that it is involved in mRNA end 

formation via the cleavage/ polyadenylation process12.  Sen1 is also known to act as a fail-safe 

termination mechanism for coding RNAs in which it binds newly synthesized mRNA when polyA-

coupled termination is read through14, 27.  Additionally, Sen1 plays roles in RNA Pol II’s 
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distribution on RNA as well as by resolving R-loops (RNA:DNA hybrid) that naturally form 

during transcription12, 14, 27.    

 

1.3 An introduction to RNA-binding proteins  

RNA-binding proteins (RBP) bind RNA through one or more RNA-binding domains 

(RBD)31.  When RBPs bind RNA, the fate of the RNA is changed and this is important for the 

regulation of gene expression within a cell31.  RBPs come together and participate in the formation 

of ribonucleoprotein (RNP) complexes which play multiple roles involved in regulating gene 

expression31.   

 

1.3.1 Domains found in RNA-binding proteins 

RNA-binding proteins contain a conserved motif that enables the binding of RNA31, 32.  It 

is important to note that RBPs can bind a specific sequence in the RNA or bind to a structural 

motif formed by the RNA31, 32.  RBPs contain structural domains such as the RNA recognition 

motif (RRM), heterogeneous nuclear ribonucleoprotein K (hnRNP K) homology domain (KH), 

and/or DEAD box helicase domain31.  RRMs are conserved motifs and are important domains in 

RBPs where they may be present in multiple copies33.  For example, some RBPs, such as Pab1 

and Nop4 in yeast, contain multiple RRMs34, 35.  Pab1 contains four tandem copies of its RRM, 

while Nop4 contains four individual RRMs, contributing to these proteins’ ability to bind and 

regulate RNA fate34, 35.  hnRNP K domains are evolutionarily conserved domains that modulate 

binding of short ribonucleotide sequences36.  They are also often present in multiple copies per 

protein36.  RNA-binding proteins rely on their structural domains to target, bind and regulate RNA 

expression, transcription and metabolism.   
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1.3.2 Biological roles of RNA-binding proteins 

RNA-binding proteins have a broad range of functions ranging from RNA biology to 

cellular metabolism32, 37.  When an RNA is synthesized by Pol II, RBPs immediately bind the RNA 

and form RNP complexes that in turn, regulate the fate of the RNA37.  In the context of ncRNA, 

RBPs function to terminate and process ncRNA and assemble ncRNA into RNP complexes37.  For 

mRNA, RBPs are essential in termination and processing of mRNA as well as its export to the 

cytoplasm for translation into functional protein37.  RBPs also assist in the production and 

degradation of RNA, thus playing critical roles in regulating RNA expression37. 

Widely studied functions of RBPs include transcription termination, RNA transport, 

degradation of RNA, and post-transcriptional gene regulation32, 37.  However, only 60% of RBPs 

found in yeast have functions related to RNA biology or contain structural motifs predicted to 

enable RNA binding32.  Other proteins studied have emerged as RBPs but have other 

classifications such as glycolytic enzymes32, 37.  One study found that over half of the RBPs 

identified in a microarray analysis were previously identified enzymes, many of them functioning 

in metabolism37.  This exemplifies how diverse RBP function can be and suggests a more complex 

network of RBP functions ranging from gene regulation to metabolism32, 37.  In order to perform 

these diverse roles, RBPs vary their RNA-binding modes and their RNA-binding specificities32.   

 

1.4 An introduction to prions and prion-like proteins 

A prion is a type of infectious protein particle that arises from a modified isoform of a 

protein and lacks nucleic acid38-42.  Prion proteins often assemble into organized amyloid filaments 

with a cross β-sheet structure and become self-propagating infectious agents38-41, 43.  For example, 
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in mammals there is a single prion-forming protein (PrP) that is responsible for causing 

prionopathies38, 39, 41, 42, 44.  Prionopathies are infectious neurodegenerative diseases, that are able 

to spontaneously transmit from one individual to another44.  Human prionopathies include 

Creutzfeldt–Jakob disease (CJD), fatal familial insomnia (FFI), Gerstmann–Sträussler–Scheinker 

syndrome (GSS), and kuru38, 39, 41.  PrP becomes a prion protein in mammals when a portion of its 

⍺-helical and coil structure is turned into a β-sheet (PrPSc)38, 41, 44.  When these modified isoforms 

arise, the physiochemical properties of the protein are altered and this leads to changes in the 

protein’s biological function38.  For example, PrP is soluble in non-denaturing detergents and 

digested by proteases, whereas the prion protein is insoluble and partially resistant to proteases38.  

Prions are classified as such not solely based on their misfolded state, but on their transmissibility 

as well38, 39, 41.  This is an important distinguishing feature of prions because many diseases involve 

misfolded proteins39.  The diseases caused by the prion-forming protein are currently incurable 

and deadly39.  

In contrast to the single mammalian prion, there are several human proteins that are 

considered prion-like39, 44.  They are classified as prion-like due to their compositional similarity 

(Q/N-rich domains) to prion proteins as well as their ability to aggregate and propagate 

pathology40, 44.  However, they are prion-like due the non-infectious disease state they induce 

compared to the infectious disease state induced by prion proteins44.  These diseases are 

neurodegenerative in nature and include Alzheimer disease, Parkinson disease, frontotemporal 

dementia, and amyotrophic lateral sclerosis (ALS) to name a few39-41, 44.  For example, the human 

RNA-binding protein FUS contains a Q-rich domain and has been found in cytoplasmic aggregates 

which have been implicated in ALS40.  Thus, both prion and prion-like proteins exist in mammals. 
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1.4.1 Yeast prions and prion-like proteins 

Numerous naturally occurring prion proteins have been found in Saccharomyces cerevisiae 

and have helped inform our understanding of mammalian prion proteins39, 40, 43, 44.  The majority 

of these prion proteins contain prion-forming domains that are enriched in the amino acids 

glutamine and asparagine (Q/N)39, 40, 45.  It is important to note there are numerous other amyloid- 

and prion-forming proteins in yeast that are not enriched in Q/N, and thus Q/N enrichment is not 

a requirement for amyloid formation or prion activity39.  Several proteins in both mammals and 

yeast contain domains with high compositional similarity to a prion and these protein domains are 

termed prion-like domains (PrLD)39, 42.  A yeast prion is defined by its cytoplasmic/nuclear 

inheritance to progeny whereas a prion-like protein in yeast does not necessarily display 

inheritability42.  A handful of mammalian PrLD proteins, which have similarities to yeast PrLD 

proteins, are implicated in various neurodegenerative diseases in humans such as Alzheimer 

disease and Parkinson disease39-41, thus making yeast PrLD proteins an insightful tool for better 

understanding human neurodegenerative diseases. 

At least 10 known prions have been identified in S. cerevisiae40. The prion form of the 

Sup35 [PSI+] and Ure2 [URE3] proteins were the first prions discovered in yeast through a genetic 

screen to uncover non-chromosomal genetic elements with non-Mendelian genetic inheritance39, 

40, 42-44.  These two yeast prion proteins share common sequence characteristics that have enabled 

identification of additional prions in yeast39, 43.  These characteristics include an N-terminal prion-

forming domain (PFD) and a C-terminal functional domain39, 43.  The PFDs of both proteins are 

Q/N-rich and intrinsically disordered39, 40, 43, meaning the domain does not take on a stable 

secondary structure.  Additionally, charged and highly hydrophobic residues relative to the yeast 

proteome are underrepresented in PFDs39, 43.  Interestingly, the PFD can be appended to other 
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proteins and support prion formation in this non-native context39, 40.  Additionally, the primary 

sequence of the PFD can be scrambled and still support prion formation39, 40.  This indicates that 

the amino acid composition and not the primary sequence is responsible for prion activity39, 40.  In 

order to be considered a prion, a protein must be able to form prion aggregates, recruit additional 

soluble protein and convert it to the prion form and be fragmented to generate new independently 

segregating aggregates during cell division39, 45. 

Prions often alter the protein’s normal cellular function, thus leading to downstream effects 

and cellular changes overall40.  For example, Sup35 is part of the translation termination 

complex40.  When [PSI+] forms, there is a reduction in translation termination efficiency and an 

increase in nonsense-codon read-through as well as programmed frameshifting40, 43, 44.  This results 

in changes in RNA stability as well as altered functionality of the encoded polypeptides43. The 

[URE3] prion results in upregulation of poor nitrogen source usage, even when rich sources are 

present40, 43.  Thus, formation of prions results in cellular changes overall43.  

 

1.4.2 Yeast as a model for human neurodegenerative diseases 

While there is only one known prion in humans, yeast contain several39, 40.  Thus, yeast 

prions have been leveraged to design and develop algorithms that aim to predict prion and prion-

like proteins39.  Numerous algorithms have been developed and each has a distinctive set of 

parameters used to predict prions39.  Alberti et al. developed a robust prediction algorithm39 which 

employed modeling as well as prion-like activity assays39, 43.  Alberti et al. bioinformatically 

scanned the yeast genome for proteins with prion-like features and identified 100 yeast proteins 

that contained the greatest compositional similarity to known yeast PFDs39, 43.  They then subjected 
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these candidates to genetic, cell biological, and biochemical assays to determine their prion-

forming capacity39, 43.  Their conclusion was that at least 24 yeast proteins contain PFD43. 

S. cerevisiae is a useful model organism for studying human neurodegenerative diseases 

because, like mammals, S. cerevisiae contains prions and prion-like proteins40.  Furthermore, 

human diseases have successfully been modeled in S. cerevisiae.  For example, the human prion-

like, RNA-binding protein, FUS, forms cytoplasmic aggregates in human cells and these 

aggregates are implicated in ALS40.  FUS’s cytoplasmic aggregation has been recapitulated in S. 

cerevisiae in an induced proteinopathy40.  Additionally, the use of S. cerevisiae to predict PrLDs 

in human proteins has proved useful for studying human neurodegenerative diseases.  For example, 

the human proteins hnRNPA2B1 and hnRNPA1 are two proteins that contain PrLDs40.  Familial 

mutations in these domains are associated with neurodegeneration through amyloid formation40.  

Furthermore, the ability to predict PrLD in human proteins has helped identify human proteins 

involved in neurodegenerative diseases40.  For example, HNRPDL is a human protein that contains 

a PrLD and is linked to the development of limb-girdle muscular dystrophy40.  Additionally, at 

least nine other neurodegenerative diseases have pathogenic proteins with disease-linked poly-Q 

expansions40.  Thus, S. cerevisiae is useful for numerous reasons when studying human disease. 

 

1.5 Nab3: a prion-like protein  

As previously stated, Nab3 is part of the essential NNS transcription termination complex 

found in S. cerevisiae3.  Its protein structure contains a non-essential, aspartate/glutamate rich N-

terminus, an RNA recognition motif (RRM) and an essential, proline/glutamine rich prion-like 

domain (Fig. 1-3) as determined by Alberti et al.21, 24, 29, 43.  Nab3 also contains a Nrd1 interaction 

domain (NID) that allows it to heterodimerize with Nrd1 to perform transcription termination 
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functions3. Nab3’s RRM is important for cell growth and enables Nab3 to bind RNA that contains 

the sequence UCUU21.  The C-terminus of Nab3 scores highly as a prion-like domain via the 

Alberti et al. algorithm partly due to its polyglutamine repeats and was shown to be important for 

proper transcription termination21, 24, 43.  Additionally, the C-terminus of Nab3 is sufficient to 

induce the assembly of recombinant fusion proteins into higher order multimers, suggesting that 

multimers of Nab3 are important for proper transcription termination and transcript processing/ 

degradation25. The recombinant domain can form amyloid filaments in vitro, similar to those seen 

for human prion-like proteins that form filaments in certain neurodegenerative diseases26, 43.  The 

biochemical and biophysical characteristics of these filaments are typical of low complexity 

regions of other RNA-binding proteins that are resistant to dissociation by anionic detergent and 

form β-sheet rich structures26.  Additionally, the prion-like domains from other yeast prions, such 

as Sup35, can be exchanged with Nab3’s and still support viability and transcription termination46.  

In addition to in vitro polymerization, Nab3 also displays in vivo prion-like characteristics.  Upon 

glucose starvation (discussed below), Nab3 re-localizes from pan-nuclear to a condensed nuclear 

granule29.  Furthermore, Nab3’s PrLD is required for its recruitment to the nuclear granule 

structure29. 

 

1.6 Glucose deprivation 

Glucose is a key nutrient and signaling molecule in yeast47.  Depletion of glucose is known 

to regulate gene expression through pathways that lead to repression and de-repression of specific 

genes at the transcriptional level as well as at the translational level47.  Glucose starvation also 

results in the induction of subcellular compartments, such as P-bodies and stress granules, known 

to regulate protein expression in S. cerevisiae47, 48.  P-bodies and stress granules are 
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ribonucleoprotein (RNP) structures formed in both mammalian and yeast cells from RNA-binding 

proteins and RNA48-50.  These structures form in the cytoplasm in response to a variety of cues 

including exposure to stress, such as glucose deprivation, or specific developmental transitions 

and can be thought of as a mechanism aimed to regulate mRNA translation and degradation in 

response to changing cellular environments48, 49.  Stress granules are viewed as “storage depots” 

and hold proteins and translationally repressed mRNA until conditions are suitable to resume 

translation of said mRNA48-50.  In contrast, P-bodies house machinery used to degrade mRNA48, 

50.  These structures are dynamic and change with the cellular environment48.   

Stress granules form by a self-assembly process that involves RNA-binding proteins with 

prion-like domains48.  Intriguingly, ~30% of prion-forming domains reside in RNA-binding 

proteins, suggesting an importance of prion-like mechanisms in the transport, translation and 

metabolism of mRNA45.  The PrLD of these RNA-binding proteins enable the protein to adopt 

various physical states such as a liquid droplet, a hydrogel or amyloid filament45.  These varying 

states contribute to the overall function or dysfunction of the protein within the cell.  For example, 

the structures formed by prion-like proteins in neurodegenerative diseases are not readily 

reversible and result in a disease state of the cell. In contrast, structures like P-bodies or stress 

granules are dynamic and allow for normal biological function and regulation of mRNA and 

protein expression.  It is important to note that while prion-like proteins are often implicated in 

neurodegenerative disease states, they also serve normal biological functions within the cell45. 

 

1.6.1 Transcriptome and proteome changes in response to glucose deprivation 

Microorganisms, such as yeast, experience nutrient limitations in their natural 

environments51.  One type of nutrient limitation they can experience is glucose deprivation51.  As 
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previously mentioned, glucose is a key signaling molecule for mammalian and yeast cells47.  Thus, 

it is not surprising that the transcriptome and proteome change in response to glucose levels.  A 

genome-wide study performed in yeast demonstrated that the change from glucose-replete to 

glucose-deplete conditions involves the integration of numerous major signaling and regulatory 

pathways51, 52.  These specific experiments showed that glucose depletion leads to the transcription 

of cytochrome genes, TCA/glyoxylate cycle genes and carbohydrate storage genes51, 52.  

Furthermore, this work demonstrated that glucose depletion also leads to the repression of genes 

involved in protein synthesis which includes ribosomal proteins, tRNA synthetases as well as 

translation initiation, elongation and translation factors51, 52.   

 Since then, many other studies have been performed and revealed that there is an increase 

in the transcription of genes related to high-affinity glucose uptake, the tricarboxylic acid cycle, 

and oxidative phosphorylation compared to glucose-replete conditions53, 54.  Additionally, the 

location of histone acetylation on genes shows a shift from growth-promoting genes to 

gluconeogenic and fat metabolism genes55.  Gene analysis identified specific gene motifs in 

upstream sequences that may be recognized by transcription factors, such as Nab3 and Nrd1, which 

are involved in controlling gene expression during glucose starvation53.  It is important to note that 

other nutritional situations, such as ethanol as the sole carbon source or amino acid starvation, 

cause distinct changes to the transcriptome53. 

 Studies have also looked at the transcriptome in response to the re-addition of glucose to 

glucose-depleted cells.  These studies reveal that the cellular response to the re-addition of glucose 

is fast, with metabolic changes occurring within seconds followed by transcriptome changes within 

minutes of glucose re-addition51, 56.  Approximately one-third of genes were significantly and 

differentially expressed upon the re-addition of glucose51, 57.  These included genes involved in 
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growth, carbon catabolite repression, and ribosomal biogenesis51, 57.  These findings demonstrate 

the important and significant transcriptional reprogramming in response to the re-addition of 

glucose and the cellular changes moving the cell towards a state of active growth51. 

 

1.6.2 Nrd1-Nab3 transcript binding changes in response to glucose deprivation  

Under glucose replete conditions, Nrd1 and Nab3 are known to bind to specific sequences 

in nascent non-coding RNA (snoRNAs, snRNAs and CUTs) during transcription termination by 

Pol II2, 3, 11, 14, 16, 17, 21-26.  These transcripts are then processed or degraded by the TRAMP and 

nuclear exosome complexes respectively2, 3, 11, 14, 16, 17, 21-26.  While Nrd1 and Nab3 bind to the 

expected terminator sequences downstream of the snoRNA, Nrd1 also binds to the upstream region 

of some snoRNAs and plays a role in mRNA 3’ end formation for some protein-coding genes23.  

Nrd1 and Nab3 are also shown to bind to transcripts transcribed by RNA Pol III23.  Thus, under 

glucose-replete conditions, Nrd1 and Nab3 are involved in the termination of numerous types of 

RNA transcripts. 

Studies performed by Jamonnak et al. revealed that Nrd1 and Nab3 binding to transcripts 

changes during glucose depletion23.  Specifically, there is a substantial upstream shift in the 

binding of Nrd1 to snoRNA, approximately 100 nucleotides upstream relative to the position Nrd1 

binds in glucose-replete conditions23.  Interestingly, all these Nrd1 binding sites are within the 

mature snoRNA23.  Jamonnak et al. proposed that this change in Nrd1, which correlates with Nrd1 

and Nab3’s condensation into a nuclear granule, indicates a change in function for NNS during 

glucose starvation23, 29, 58.  They further proposed that this change could be indicative of earlier 

termination directed by an altered Nrd1-Nab3 binding specificity or could be attributed to Nrd1-

Nab3 mediated degradation of mature snoRNA in the absence of glucose23.  However, studies have 



 20 

yet to elucidate the function of the Nrd1-Nab3 granule or the precise mechanisms which govern 

its assembly and dissolution. 

 

1.7 Research focus 

It is well established that proteins reorganize in response to physiological stimuli to form 

subcellular compartments.  For example, RNA-binding proteins, such as Pub1 and Nab3, 

reorganize to form cytoplasmic stress granules and nuclear granules in yeast respectively29, 59.  

While much is known about the function and the mechanisms which govern stress granule 

assembly and dissolution, little is known about the Nab3 nuclear granule.  Prior to this thesis, 

foundational work was done that provided insight into Nab3’s ability to reorganize in response to 

glucose deprivation and the features of Nab3 that are required for its reorganization. 

First, it was discovered that a stretch of glutamines and the final 18 amino acids found in the 

C-terminus of Nab3 could assemble into a tetrameric form like the human hnRNP-C protein25.  

Subsequent experiments demonstrated that purified, prion-like last 134 amino acids of Nab3’s C-

terminus can assemble into amyloid filaments and a hydrogel in vitro.24,26  Additionally, Nab3 and 

its binding partner, Nrd1, condense into a nuclear speckle in response to glucose deprivation in 

vivo and the Nab3 prion-like domain is required for its assembly into a nuclear granule29, 58.  These 

findings supported other work at the time that showed RNA binding proteins with low complexity 

domains could form subcellular compartments in which RNA metabolism takes place26.   

These findings led to the questions of: 1) what functional purpose this rearrangement 

serves for the cell, as well as 2) what mechanism(s) underlies granule assembly and dissolution 

persist.  This thesis addresses the latter question.  I document an inability of cells to use non-

fermentable carbon sources which leads to a glucose starvation-dependent growth deficit that 



 21 

correlates with a high granule forming phenotype.  This suggested that Nab3 granule accumulation 

is related to mitochondrial function and respiration.  I expand upon this hypothesis by 

demonstrating that defects in mitochondrial function result in higher levels of Nab3 granule 

accumulation.  Furthermore, I show that a yeast strain known to be heterogeneous for 

mitochondrial function can be placed under selective pressure to enrich for a homogenous 

population that shows improved mitochondrial function and a reduction in Nab3 granule 

accumulation.  I further support the respiration hypothesis by demonstrating that addition of 

extracellular ATP is sufficient to reduce Nab3 granule accumulation in a high accumulating yeast 

strain.  Lastly, I explore the effects of a serine-arginine protein kinase implicated in yeast stress 

granule disassembly.  I document that the deletion of this kinase results in an inability to use non-

fermentable carbon sources and leads to an increase in Nab3 granule accumulation.  This work 

provides the first foundational documentation of cellular drivers of Nab3 granule accumulation 

and supports a model in which there is a dynamic equilibrium between granule accumulation and 

disassembly that is driven by intracellular ATP levels.  

An additional piece of work found in this thesis is the development a new computational tool 

developed to rapidly quantify the distribution of fluorescent proteins in large numbers of cells.  

Specifically, I used this tool to analyze and quantify Nab3 granule formation upon the removal of 

glucose in confocal images of live yeast cells.  Use of this algorithm allowed us to characterize 

granule accumulation across strains of S. cerevisiae and established that granule accumulation is 

a phenotype with variable penetrance.   
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1.8 Figures 

Fig. 1-1 

A 

 

B 

 
 

 

 

Fig. 1-1 Modes of transcription termination in S. cerevisiae  

(A) When messenger RNA (mRNA) is transcribed by the cell, transcription is terminated by 

proteins brought in the by cleavage/ polyadenylation complex. 

(B) When noncoding RNA (ncRNA) is transcribed by the cell, transcription is terminated by the 

Nrd1-Nab3-Sen1 (NNS) transcription termination complex. 
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Fig.1-2 

 
Fig. 1-2 Nrd1-Nab3 mediated transcription termination  

Pol II binds DNA and begins to transcribe RNA.  Serine 5 of Pol II’s CTD is phosphorylated 

(Ser(P)5) within the first few hundred nucleotides of the promoter (yellow highlighted region on 

CTD).  Ser(P)5 is important for coordinating non-coding transcription termination, which is 

carried out by a complex known as Nrd1-Nab3-Sen1 (NNS), as Nrd1 contains a C-terminal 

interaction domain (CID, gray box) that allows Nrd1 to bind to the C-terminus of Pol II when 

Ser(P)5 is present.  Nrd1 and Nab3 function as a heterodimer during transcription termination and 

each contain a RRM that recognizes and binds the nascent RNA (dark blue boxes).  These binding 

events are all important to the coordination of non-coding transcription termination. 
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Fig. 1-3 

 

Fig. 1-3 Protein domains of Nab3 protein 

Nab3 contains a non-essential, aspartate/ glutamate rich N-terminus (green), an RNA recognition 

motif (blue) and an essential, proline/ glutamine rich prion-like domain (orange). 
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CHAPTER 2.0: Variable penetrance of Nab3 granule accumulation quantified by a 

new tool for high-throughput single-cell granule analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

K. Hutchinson was responsible for Fig. 2-1, 2-6, 2-7, S2-1 and contributed to Fig. 2-8.  

Additionally, all microscopy that contributed to the generation of the computational tool was 

completed by K. Hutchinson. 

 

Hunn, Jeremy C et al. “Variable penetrance of Nab3 granule accumulation quantified by a new 

tool for high-throughput single-cell granule analysis.” Current genetics, 10.1007/s00294-022-

01234-2. 17 Mar. 2022, doi:10.1007/s00294-022-01234-2 

 

*These findings were published in Current Genetics on March 17, 2022. Supplemental 

information can be found online at: https://pubmed.ncbi.nlm.nih.gov/35301575/  

https://pubmed.ncbi.nlm.nih.gov/35301575/
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2.1 Abstract 

Reorganization of cellular proteins into subcellular compartments, such as the concentration of 

RNA-binding proteins into cytoplasmic stress granules and P-bodies, is a well-recognized, widely 

studied physiological process currently under intense investigation.  One example of this is the 

induction of the yeast Nab3 transcription termination factor to rearrange from its pan-

nucleoplasmic distribution to a granule at the nuclear periphery in response to nutrient limitation.  

Recent work in many cell types has shown that protein condensation in the nucleus is functionally 

important for transcription initiation, RNA processing, and termination.  However, little is known 

about how subnuclear compartments form.  Here we have quantitatively analyzed this dynamic 

process in living yeast using a high-throughput computational tool and fluorescence microscopy.  

This analysis revealed that Nab3 granule accumulation varies in penetrance across yeast strains.  

A concentrated single granule is formed from at least a quarter of the nuclear Nab3 drawn from 

the rest of the nucleus.  Levels of granule accumulation were inversely correlated with a growth 

defect in the absence of glucose.  Importantly, the basis for some of the variation in penetrance 

was attributable to a defect in mitochondrial function.  This publicly available computational tool 

provides a rigorous, reproducible, and unbiased examination of Nab3 granule accumulation that 

should be widely applicable to a variety of fluorescent images.  Thousands of live cells can be 

readily examined enabling rigorous statistical verification of significance.  With it, we describe a 

new feature of inducible subnuclear compartment formation for RNA-binding transcription factors 

and an important determinant of granule biogenesis.  

 

 

Keywords: Nab3, granule, penetrance, low complexity domain  
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2.2 Introduction 

The reorganization of proteins to form subcellular compartments in response to physiological 

stimuli has provided novel insight into cellular structure and the mechanisms by which cells 

compartmentalize their biochemical and molecular events.  RNA-binding proteins, such as Pub1, 

which is found in yeast stress granules59, have been examined for their ability to dramatically 

reorganize in cells.  Proteins in this class often harbor a low complexity domain (LCD) important 

for self-assembly and localization to subcellular granules60, 61.  LCDs typically lack stable 

secondary structural elements due to their intrinsic disorder; however, the domain can become 

structured and highly organized by assembling via phase separation.  This process has been studied 

by a variety of methods, fluorescence microscopy being one well-established approach62.   

The essential Saccharomyces cerevisiae RNA-binding transcription factors, Nab3 and Nrd1, 

together with Sen1, serve a critical function in terminating transcription by RNA polymerase II3.  

This so-called NNS complex is involved in biogenesis of snRNAs, snoRNAs, and other small non-

coding RNAs, as well as in regulating gene expression through mechanisms of attenuation63-67.  

NNS functions through a set of interactions with RNA and RNA polymerase II culminating with 

the displacement of the nascent transcript from the elongation complex by the Sen1 helicase 

subunit 3.  Nab3 and Nrd1 harbor conserved, hnRNP-like, RNA recognition motifs68, 69.  During 

glucose restriction, the abundance and identity of cellular RNA undergoes a dramatic change in 

concert with Nab3 and Nrd1’s association with a new set of RNAs and a change in their positions 

on previously bound transcripts23, 70, 71.  Intriguingly, this transcriptomic reprogramming is 

accompanied by Nab3 and Nrd1’s migration from a distribution that is broadly nucleoplasmic, to 

one that is a tightly focused nuclear punctum or granule29, 58.  The functional consequence of this 

rearrangement is unclear, although the inducible accumulation of the Nab3 granule resembles the 



 28 

formation of cytoplasmic ribonucleoprotein structures such as the stress granule, which also 

aggregates in response to glucose restriction.  

The cellular signaling pathway involved in the formation of the Nab3-Nrd1 granule is 

unknown, however, Nab3 and Nrd1 each possess the potential to spontaneously self-assemble25, 

26, 29 due to their glutamine-rich LCDs43.  These two, and other yeast proteins with low complexity 

domains, can self-assemble and form aggregates in living cells.  Nab3’s LCD (27% glutamine, 

20% proline over 225 residues) is required for its ability to polymerize and has been extensively 

characterized both in vitro and in vivo.  The purified recombinant domain and full length Nab3 

protein assemble into amyloid filaments and gels with a characteristic cross- structure, as 

assessed by negative stain electron microscopy, thioflavin dye-binding, circular dichroism, fiber 

diffraction, and semi-denaturing gel electrophoresis21, 25, 26, 29, 46.  Hence, the Nab3 LCD has several 

features of the many RNA-binding proteins that form subcellular compartments by phase 

separation.  Through genetic analysis, it is evident that Nab3 also multimerizes in vivo72.  The 

incorporation of Nab3 into a granule in response to glucose restriction is dependent on its LCD, as 

well as the domain’s high glutamine content.  Nab3’s RNA recognition motif is also necessary for 

this re-localization29.  Some, but not all, heterologous LCDs from other proteins can substitute for 

the Nab3 domain in terms of sustaining viability.  The resulting chimeric proteins assemble into 

granules, suggesting that the main function of the domain is to support self-assembly46.  The Nab3-

granule in live cells is sensitive to treatment with the aliphatic alcohol 1,6 hexanediol, which is 

consistent with, although does not alone prove, a phase separation basis for granule 

accumulation29.  Granule formation is reversible and Nab3 rapidly redistributes to the nucleoplasm 

following glucose refeeding29.  Cytoplasmic compartments similar to the Nab3 granule, such as 

stress granules, are disassembled by chaperone ATPases such as Hsp104 in yeast73.  Thus, 
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respiration and the efficient generation of ATP plays an important part in the steady state 

accumulation of stress granules.  The machineries that assemble or dissociate the Nab3 granule are 

not known.  

Analysis of Nab3 granule formation and disassembly would benefit from a quantitative 

understanding of the specifics of the protein’s distribution between the nucleoplasm and granule 

compartments, as well as how widespread the phenomenon is.  To this end, we have developed a 

computational tool that enables the rapid quantification of the distribution of fluorescent proteins 

in cells.  We characterize the granule accumulation process and show for the first time that the 

granule accumulation phenotype displays variable penetrance across S. cerevisiae strains.  

Furthermore, we document a glucose starvation-dependent growth deficit, and the inability to use 

non-fermentable carbon sources, both of which correlate with the granule forming phenotype, 

strongly suggesting that Nab3 granule accumulation is related to mitochondrial function and 

respiration.  This computational tool enabled us to measure several features of protein re-

localization in a large numbers of organisms.  The approach is versatile in that parameters can be 

set for a diversity of applications which allows the tracking of varied fluorescent proteins through 

subcellular compartments in a variety of cell types.  Indeed, we have used it here to score the well-

known capacity of IMP dehydrogenase to polymerize into structures known as rods and rings in 

immunofluorescent images of fixed human cells.  
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2.3 Materials and methods 

Plasmid Construction 

The plasmid pRS315-NRD1 was generated by PCR amplification of NRD1 from genomic 

DNA targeting the region 600 bp upstream and 500 bp downstream of the NRD1 open reading 

frame using oligonucleotides 5’-ATATAAGCTTCTACTGCGCACGTATAGCGC-3’ and 5’-

ATATCTCGAGAATATGCCGGAAACGTCCAC-3’.  The PCR product and pRS315 plasmid 

were cut with HindIII and XhoI restriction enzymes and ligated.  The pRS315-HA-NRD1 plasmid 

was generated by inserting two tandem HA tags after the start codon of the NRD1 ORF in pRS315-

NRD1 by PCR mutagenesis using the oligonucleotides 5’-

TATCCGTATGATGTTCCGGATTATGCATATCCGTATGATGTTCCGGATTATGCACAGC

AGGACGACGATTTTCA-3’ and 5’-CATTATGGGATGTTTAGTATGTTTGTTGC-3’. 

 

Yeast Strain Construction 

Yeast strains used in this paper are presented in Table 1.  DY4580 was generated using 

high efficiency lithium acetate transformation74 to transform DY4543 with a PCR product 

encoding HTB2 tagged with mCherry and marked with HIS3 that was amplified from genomic 

DNA of yeast strain YOL890 (gift from Dr. S Wente) using 5’-GCAGCTGAACCAGCTTTACC-

3’ and 5’-GCTTTCAGTCGAAAACAGC–3’. Transformants were isolated by growth on SC his- 

media and verified by PCR. 

DY4724 was generated by transforming DY1620 with pRS315-HA-NRD1. Transformants 

were selected on SC leu- ura- media. A single transformant was then struck onto 5-fluroorotic acid 

to cure DY4724 of pAC3314-NRD1, resulting in DY4736. DY4736 was used to generate DY4746 

using the pop-in/pop-out method of allele replacement75 to integrate GFP onto NAB3 as an N-
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terminal tag in its native chromosomal location. DY4756 resulted from transformation of DY4746 

with a yomCherry-tagged HTB2 PCR product generated from pFA6a-link-yomCherry-kan76 using 

5’-GGTGACGGTGCTGGTTTA-3’ and 5’-TCGATGAATTCGAGCTCG-3’. 

DY4771 was generated from YSC1059 (Horizon Discovery LLC) by allele replacement 

using pop-in/pop-out to integrate GFP in frame with NAB3 in its native chromosomal location.  

DY4772 resulted from homologous recombination using a PCR product of mCherry-tagged HTB2 

into DY4771, as described above for the generation of DY4580. 

To replace chromosomal NRD1 in a strain that had only plasmid-borne NRD1, a Cas9 guide 

sequence was designed to target the NAT1 cassette disrupting the chromosomal NRD1 locus of 

DY4826.  A Cas9-expressing plasmid that also generates the needed guide RNA, was made by 

inserting the guide DNA oligonucleotides into pCAS77 by PCR using 5’-

CGGATGGGGTTCACCCTCTGGTTTTAGAGCTAGAAATAGC-3’ and 5’-

AAAGTCCCATTCGCCA-3’.  Donor NRD1 DNA was generated by PCR from pRS316-NRD1 

using 5’-CTACTGCGCACGTATAGCGC-3’ and 5’-AATATGCCGGAAACGTCCAC-3’.  The 

pCAS plasmid and donor DNA were transformed into DY4826 and selected with G418.  

Candidates for the reinsertion of NRD1 in place of NAT1 were screened for the loss of 

nourseothricin sensitivity, and the correct strain was chosen after sequence-confirmation of a PCR 

product from genomic DNA.  The isolate was screened for the loss of both pCAS and pRS315-

HA-NRD1 yielding strain DY4834.  DY4826, was constructed from DY4746 by C-terminal 

tagging of HTB2 with mCherry using Schizosaccharomyces pombe HIS5 as a downstream 

auxotrophic marker in the recombination cassette, as described previously29. 

DY4772 was grown in YPD containing 20 g/mL ethidium bromide for 24 h at 30°C as 

described78.  Cells were plated on YPD and colonies were replica plated onto YPEG to test for loss 
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of respiratory function.  Two independent colonies were selected for further analysis (DY4849 and 

DY4850).  The COX3 sequence in mitochondrial DNA was analyzed by PCR using 5’-

GGTAATATGAATATGGTATATTTAGC-3’ and  5’-

GTTACAGTAGCACCAGAAGATAATAAG-3’.  Control primers for NAB3 were 5’-

GTGTAACCCTGAATTGTTGAAGAG-3’ and 5’- CAGAGGAAACAAATGAAGAGGTGCG -

3’.  

 

Yeast Growth Assays 

Yeast strains were grown to saturation at 30oC in the appropriate selection media. For solid 

medium growth assays, saturated cultures were diluted with sterile water to a concentration of 107 

cells/ml, serially diluted 10-fold, and five spots of 10 ml of each dilution were applied to the 

appropriate solid media and grown at 30oC. 

For liquid growth assays, cultures were inoculated and grown to saturation at 30oC.  Cultures 

were reseeded and grown to mid-log phase in glucose-containing media.  Cells were washed three 

times into media without glucose (starvation media) and incubated at 30oC for 2 hours.  At the 

conclusion of the 2hr starvation period, an aliquot of cells (“refed”) were resuspended in glucose-

containing medium, optical densities (600 nm) were measured, and cultures diluted to a final OD600 

of 0.05.  The remainder of the cells were maintained in starvation media and diluted to OD600 of 

0.05.  Three 100µl biological replicates were plated in triplicate in a 96-well plate and placed onto 

a BioTek Epoch 2 plate reader at 30oC.  Optical densities were measured every 20 minutes until 

growth plateaued. 

 

Confocal Microscopy and Image Analysis 



 33 

Cells containing GFP-tagged Nab3 and fluorescently tagged histone H2B, were grown to log 

phase in the appropriate, glucose-containing, selection media.  Cells were split and washed three 

times into the appropriate media without glucose (starvation media) or with glucose, incubated at 

30oC for 2 hours and placed onto single cavity microscope slides containing 1.5% agar pads in the 

appropriate media.  Z-stacks of both bright field and fluorescence were obtained at room 

temperature on a Leica SP8 point scanning confocal microscope using the HyD (GaAsp) and PMT-

transmitted light detectors, an HC PL APO 63X, 1.40 numerical aperture oil immersion lens at a 

working distance 0.14mm. The microscope settings used are as follows: 488nm line from an argon 

laser and 594 helium neon laser, pinhole 1 AU, image capture format 1024x1024, scan speed 400 

Hz, pixel dwell time 1.2µs.  Eight-bit images were acquired using the Leica Application Suite X 

3.0.2.16120 (Leica) and converted to .png files.  Images presented in figures are displayed as 

maximum intensity projections.  Color channels were split using FIJI79 and quantified using the 

MATLAB software80.  Nuclear mask intensity thresholds were set at 17 relative fluorescence units 

(rfu) and had to be 40 pixels in size.  The fluorescence intensity of pixels with GFP-Nab3 were 

averaged individually for each mask after excluding the 10 highest value pixels.  Preliminary 

manual measurements showed that the granules were often 10 pixels or less and this exclusion was 

done to prevent skewing of the average with bright pixels that would be present in potential 

granules.  The standard deviation () of pixels in the mask were calculated and pixels with 

intensities >3 (“3” pixels) over the mean were identified.  (The threshold of +3 worked well 

for both Nab3 and IMPDH2, but this value may need to be adjusted for accurate detection of 

granules in other systems where the relationship between the concentrations of the soluble and 

condensed species differ.)  The size of clusters, in terms of the number of adjacent 3 pixels, was 

scored for each nuclear mask.  The full MATLAB script is freely available through GitHub.  
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Jurkat cell culture 

Jurkat E6-1 cells were obtained from ATCC and grown in RPMI (Gibco) supplemented with 10% 

fetal bovine serum, penicillin, and streptomycin in the presence of 5% CO2.  Cells were maintained 

in T-75 flasks, passaged when 70% confluent, and routinely tested for mycoplasma 

contamination (Lonza).  Cells were plated in 12-well plates at a concentration of 10,000 cells/mL.  

Mycophenolic Acid (MPA; Sigma) dissolved in 0.1M NaOH was administered to cells at a final 

concentration of 10M.  Cells not destined for MPA treatment received an equal volume of the 

drug vehicle.  Cells were treated for two hours, washed twice with phosphate buffered saline (PBS) 

supplemented with 10M MPA (treated cells) or an equal volume of vehicle (0.1M NaOH) and 

resuspended in 167L PBS with appropriate supplement before dispensing to glass coverslips pre-

treated with poly-L-lysine (Sigma; P4707) for 1 hr at 22 °C.  Cells were fixed with 4% (v/v) 

paraformaldehyde (Electron Microscopy Sciences; 15710) in PBS for 15 min followed by washing 

with PBS twice for 5 min.  Cells were permeabilized with 0.1% Triton X-100 in PBS and incubated 

for one hour with 1% BSA (USBiological) in PBS and incubated overnight with rabbit anti-

IMPDH2 antiserum 81 diluted 1:10,000.  After 16 hrs, coverslips were washed with PBS four times 

for 5 min each and incubated for one hour with goat anti-rabbit AlexaFluor 488 (Invitrogen) 

secondary antibody diluted 500-fold.  Coverslips were washed with PBS twice for 5 min each 

followed by staining with Hoechst 33342 (Invitrogen) for four minutes before mounting on glass 

slides with a mounting mixture of 1, 4-phenylenediamine (Sigma) and Mowiol 4-88 (Sigma).  

Cured slides were imaged on a Biotek Lionheart FX using the “DAPI” and “GFP” filter cubes in 

addition to its brightfield capability.  The three channels were merged in FIJI to generate a 

composite image. 

2.4 Results 
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2.4.1 Rationale 

The scope of this report is twofold: It provides new information regarding the accumulation of 

a nuclear granule composed of RNA-binding proteins as well as presenting a computational tool 

that quantifies this phenomenon which should prove widely applicable. 

In the absence of glucose, there is a dramatic movement of the transcription termination factors 

Nab3 and Nrd1 from a pan-nuclear distribution to tight nuclear granules29, 58.  During our 

investigation of this process, we noted that the extent to which cells displayed Nab3 granules in 

the population varied (“high”, “medium”, and “low”) with distinct strains having different, but 

consistent, levels of granule accumulation in the absence of glucose (Fig. 2-1).  To rigorously 

quantify this, we sought to develop an automated and unbiased method to score Nab3-containing 

granules in thousands of cells from multiple biological replicates. 

Three yeast strains were each engineered to contain two fluorescent fusion proteins: a red 

fluorescent protein fused to histone H2B to mark the nucleus, and Nab3 tagged with green 

fluorescent protein (GFP) (Table 2-1).  Both fusion genes reside at their natural chromosomal loci 

with expression driven by their native promoters.  We used two common strains of S. cerevisiae.  

One is a standard laboratory strain, BY4741, that is a derivative of S288C82.  Another is W303 

(Horizon Discovery, LLC).  A third is a variant of W303 engineered to contain NRD1 on a plasmid 

covering a chromosomal deletion of the gene.  Cells in exponential growth were washed and 

incubated for 2 hr at 30°C in media lacking glucose, applied to an agarose pad, and examined using 

a Leica SP8 confocal microscope.  The microscope-native .lif file format was converted to a 

MATLAB readable file (in this case, a .png file) and analyzed by a script written for MATLAB 

(available through GitHub at https://github.com/Kelley-Lab-Computational-Biology/Granule) 

that scores the fluorescence intensity of the pixels in the digitized image. 

https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FKelley-Lab-Computational-Biology%2FGranule&data=04%7C01%7Cdreines%40emory.edu%7C445470e1fc5f4d0fcd0508d968c58d50%7Ce004fb9cb0a4424fbcd0322606d5df38%7C0%7C0%7C637656019951916096%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=toYus5UxCAJcq6rwa1xTET%2FfToq8j5Adf%2F6wDudfBys%3D&reserved=0
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Detection and selection of granules in fluorescent images pose several challenges.  

Heterogeneity of protein levels from one cell to another can make a simple threshold approach for 

selection fail to select granules in low-expression cells or incorrectly select regions of high-

expression in cells that are not actually granules.  Additionally, noise in the fluorescence intensity 

within a cell can lead to individual pixels being bright enough to be considered a granule while 

being considerably smaller than verified granules.  We developed a computational tool in 

MATLAB to address these issues using two primary strategies.  First, threshold levels were 

determined on a cell-by-cell basis to account for heterogeneity of expression by using histogram 

analysis of individual cells.  The cutoff value for the cell is then set to the mean value of the 

fluorescence in the nucleus plus 3 times the standard deviation.  Second, we incorporated a step 

that allows the user to select a minimum size that a bright object must reach to be considered a 

granule. 

The workflow for image processing is shown in Fig. 2-2.  Nuclei were identified using both 

fluorescent-histone H2B intensity and size criteria.  These values identified nuclei without falsely 

identifying non-nuclei.  The objects that met these criteria were considered nuclear masks within 

which the distribution of GFP-Nab3 was studied.  The average fluorescent intensity of GFP-Nab3 

was calculated for the pixels defined by this nuclear mask.  Pixels with intensities >3 standard 

deviations over the mean (“3” pixels) were identified.  The features of granules as defined by 

clusters of adjacent 3 pixels were analyzed for each nuclear mask. 

 

2.4.2 Quantification of the dramatic rearrangement of GFP-Nab3 in yeast nuclei 

A primary consideration in the quantification of these granules is the size of objects that can 

be considered a granule.  Allowing any single pixel of sufficient intensity to be counted may 
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identify noise as a granule.  However, requiring an object to be particularly large to be scored as a 

granule may miss actual granules.  To address this, we examined granule accumulation across a 

range of size cutoffs.  As a first step, we examined a strain whose population displayed a very high 

level of cells with granules under starvation conditions (Fig. 2-1, “high”).  To choose how large 

an object would be considered a granule, we plotted the percent of nuclei containing pixel clusters 

versus minimum granule size (Fig. 2-3A).  In other words, the graph displays the fraction of cells 

defined as containing a granule for each minimum size of a potential granule.  Glucose-fed cells 

do not contain granules and rarely, if ever, contain more than three contiguous 3 pixels.  In 

contrast, the vast majority of glucose-starved cells contained clusters of three or more such intense 

pixels.  Almost half of the starved cells contained very large clusters (>8 pixels) of GFP-Nab3 

fluorescence.  

From this analysis, we chose to define a Nab3 granule as a cluster of >4 adjacent 3 pixels, 

guided by the finding that the maximal difference between glucose-depleted and glucose-fed 

cultures, in terms of the percent of cells harboring clusters of 3 pixels, was observed at >3 pixels 

(Fig. 2-3B).   

 

2.4.3 The computational tool enables a detailed analysis of fluorescent protein distribution 

Most cells appeared to display a single peripherally located granule in the nucleus, however, 

some cells with multiple granules were occasionally observed.  To quantify the distribution of 

granules in an individual cell, a mid-logarithmic culture of cells from the high granule 

accumulating strain was washed free of glucose. One half was reseeded into glucose-free medium 

and the other half was inoculated into glucose-containing medium.  This was repeated for six 

separate cultures each of which was started from a single independent colony.  Granule 
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accumulation was scored from confocal micrographs for an average of ~1200 cells per culture.  

The number of cells that contained 1, 2, or 3 granules per nucleus was averaged for each culture 

and plotted (Fig. 2-4A).  This analysis showed conclusively that nuclei typically contained only a 

single granule and rarely (5.8+5.3%) contained a second granule.  Thus, the granule most often 

appears as a solo subcellular compartment as opposed to multiple compartments within the nucleus 

such as seen for nuclear speckles which characterize sites of mammalian SR proteins83. 

To gain a better understanding of the distribution of GFP-Nab3 across a population, we plotted 

the fluorescence intensity of 100,000 randomly chosen nuclear pixels from a single field of cells 

from glucose-replete and glucose-depleted cultures.  As seen in the violin plot of Fig. 2-4B, the 

median fluorescence intensity was 76 rfu for glucose-fed cells with a very broad spread of 

intensities.  Glucose-depletion dropped the median substantially (36 rfu), as most nuclear pixels 

had relatively low fluorescent values, while a small number of pixels that represent the granules, 

concentrated GFP-Nab3.  The data is a quantitative reflection of the dramatic rearrangement that 

GFP-Nab3 undergoes in which it condenses to a small nuclear volume during glucose starvation 

at the expense of the broad, nucleus-wide distribution, seen under vegetative growth conditions. 

We also analyzed GFP-Nab3 distribution in specific glucose-fed and glucose-starved cells to 

emphasize the changing distribution of the protein in individual nuclei as a consequence of glucose 

restriction (Fig. 2-5).  Six randomly chosen nuclei of equal size were analyzed and plotted for both 

glucose-fed and glucose-depleted cells.  This analysis again showed that starvation induces the 

Nab3 protein to leave the majority of the volume of the nucleus and become a compact locus 

represented by a cluster of high intensity pixels (Fig. 2-5, orange).  It also emphasizes that the 

distribution of pan-nuclear GFP-Nab3 in vegetatively growing cells is evenly distributed, and 

rarely appears greater than the cutoff of three standard deviations, confirming the stringency of 
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this threshold.  In contrast, the fraction of GFP-Nab3 that migrates to a granule upon starvation 

varied from 25-44%.  When a similar analysis was carried out for all nuclei in an entire field, an 

average of 26% (+14% standard deviation, n=1121 cells) of GFP-Nab3 ends up in the granule after 

glucose restriction, while only 1% (+2%, n=1264 cells) of the protein finds itself in the brightest 

pixels in glucose fed cells.  

 

2.4.4 Measurement of strain-to-strain differences in GFP-Nab3 granule accumulation 

Having characterized this quantification tool, we used it to revisit the variation in granule 

accumulation between strains (Fig. 2-1).  Defining the granule as four or more contiguous 3 

pixels, we scored the penetrance of granule accumulation in the strains displayed in Fig. 2-1.  

Cultures of logarithmically growing cells from each strain were washed and incubated in glucose-

free medium for 2 hrs at 30°C.  The “high” granule forming strain showed a penetrance of 79.2% 

(+13.4%) of the cells with a GFP-Nab3 granule (Fig. 2-6).  The strain designated as “medium” 

possessed granules in 52.4% (+17.7%) of its cells.  The “low” strain had 3.1% (+1.6%) of its cells 

accumulating granules.  These granule accumulation levels were all statistically significantly 

different from each other when strains were compared pairwise (p<0.0001 each).  The latter two 

were engineered identically to contain the two fluorescently tagged proteins (GFP-Nab3 and 

mCherry-histone H2B) in the strains BY4741 (medium) or W303 (low), respectively.  The high 

granule accumulating strain, which was under study for other purposes, was derived from W303, 

and contained the sole NRD1 gene on a plasmid covering its deleted chromosomal copy.  (A similar 

granule-accumulating phenotype was observed when the sole NRD1 gene was situated in the 

chromosome (Supplemental Figure S2-1)). Note that the starved low granule-accumulating strain 

still contained significantly more granules than even the high granule strain when the latter had 
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access to glucose (Fig. 2-6, p<0.0003). Thus, it appears that granules are seen widely but the 

abundance level can vary. 

The distinct extents of granule accumulation for each strain was a reproducible property of 

individual colonies isolated from each (a biological replicate was a liquid culture derived from an 

independent colony for a given strain) and was observed when cultures were restarted from 

glycerol stocks.  Knowing Nab3 granule accumulation is glucose starvation-dependent, we tested 

the growth of each under prolonged starvation conditions to begin to understand the molecular 

basis for strain differences.   

 

2.4.5 The granule accumulation phenotype correlates with growth and respiration defects 

Prior work showed that when glucose-starved cells were refed, the granules rapidly dissolve 

and cell division resumes29.  The different extent of granule accumulation between strains led us 

to consider if they might display distinct phenotypes.  Cells were glucose-starved and tested for 

how rapidly they restart growing after seeding them into fresh glucose-containing medium.  All 

three types of granule-accumulating strains were able to resume growth when resupplied with 

glucose (Fig. 2-7, “+ glucose).  Interestingly, yeast are known to be able to grow after prolonged 

glucose starvation by using internal reserves through micro-lipophagy and autophagy84.  When the 

three strains were tested for growth during prolonged starvation, it was clear that the low granule-

accumulating strain was the most robust and entered logarithmic growth after almost 20 hrs (Fig. 

2-7).  The medium granule-accumulating strain emerged into logarithmic growth after ~35hrs and 

the high granule-accumulating strain could not grow in the absence of added glucose.  Hence, there 

is an inverse correlation between growth in the absence of glucose and granule accumulation.   
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Survival in the absence of glucose has been reported to require respiration84.  Based on this, 

we tested the strains’ respiratory function using glycerol/ethanol as a carbon source (Fig. 2-8A).  

Consistent with the growth patterns in the absence of glucose (Fig 2-7), the high granule-

accumulating strain was unable to grow compared to the low strain, while the medium strain 

showed an intermediate growth capability (Fig. 2-8A, upper right panel). 

If mitochondrial oxidative phosphorylation is related to granule accumulation, then 

compromising respiration in the low granule-accumulating strain should lead to a higher level of 

granule accumulation.  To test this, the low strain was treated with ethidium bromide, an agent 

known to efficiently deplete mitochondria of their circular genome rendering the strain oxidative 

phosphorylation-defective, a phenotype referred to as “petite”85-87.  Two independent isolates were 

obtained and neither could grow using glycerol/ethanol as a carbon source (Fig. 2-8A, lower right 

panel).  The strains were put through the glucose starvation regimen and granules were quantified.  

Both were able to accumulate granules to a level statistically significantly above the untreated 

parent (low) strain (Fig. 2-8B).  The loss of mitochondrial DNA was confirmed for COX3 

sequences for the two ethidium bromide-generated strains.  This was also seen for the high granule-

accumulating strain discussed above.  We conclude that ethidium bromide treatment indeed 

generated respiration defective petite cells and that the high granule-accumulating strain was a 

spontaneous petite variant that was isolated serendipitously.  Interestingly, the medium granule-

accumulating strain which appears respiration defective based on its growth patterns, contained 

this particular mitochondrial DNA (Fig. 2-8C, COX3), suggesting its respiratory defect is distinct 

(and milder, Figs. 2-7 and 2-8A) from that seen for the high strain. 

 

2.4.6 Quantification of filament formation by IMP dehydrogenase in cultured human cells 
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It seemed likely that the computational tool used here to score nuclear granules could be more 

generally applied to tracking protein rearrangements.  We turned to a very different protein 

assembly process in an unrelated cell type.  IMP dehydrogenase (IMPDH) is an enzyme involved 

in GTP metabolism that is highly conserved88.  The protein detects substrate and product levels in 

cells and when nucleotide synthesis is needed, it redistributes from its normal pan-cytoplasmic 

location to structures called rods and rings which are filaments of octamers of the enzyme81, 89.  

Most, if not all cells, can be induced to assemble IMPDH after treatment with the drug 

mycophenolic acid, which inhibits the enzyme, leaving cells depleted for guanine nucleotides89.   

Micrographs of human cells cultured from a T-cell leukemia (Jurkat) treated with 

mycophenolic acid or vehicle and stained by indirect immunofluorescence with an anti-IMPDH2 

polyclonal antibody were examined with a BioTek Lionheart widefield microscope (Fig. 2-9A).  

Nuclear DNA was counterstained with Hoechst 33342.  Micrographs were examined with the 

computational tool as described above for yeast GFP-Nab3 fluorescence using the parameters 

described above.  Here, the Hoechst-fluorescence channel was used to define a nuclear mask.  

Clusters of contiguous 3 pixels in images labeled with anti-IMPDH2 fluorescence were scored 

in cells that were mycophenolic acid treated or untreated.  As has been observed for a variety of 

cell types89, some rods pre-exist in the undrugged state (Fig. 2-9A, left) and mycophenolic acid 

treatment strongly induces the extensive assembly of additional rods, noted here for Jurkat cells 

for the first time (Fig. 2-9A, right).  

In examining a new protein in a different context, we again evaluated the appropriate size 

cutoff to score a granule.  An application of the MATLAB script to these images showed that 

approximately half of the control cells display polymers of IMPDH2 that are >5 adjacent 3 pixels 

in size (Fig. 2-9B, left, no drug).  In contrast, just over half of the drug-treated cells showed 3 
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pixel collections of 28 or more, consistent with the very large, micron-length filaments of IMPDH2 

found in mycophenolate-treated cells (Fig. 9B, left, +drug)89.  The maximal difference between 

the percent of treated cells with rods and the percent of untreated cells with rods was seen at 19 

pixels (Fig. 2-9B, arrow, ~80% vs ~20%, Fig. 2-9B, inset).  The clear difference between the size 

of GFP-Nab3 granules (above) and the large rods formed from IMPDH2, emphasize the versatility 

of this tool in its ability to set the extent of the area that defines a target compartment.  

 

2.5 Discussion 

Here we establish the first documentation of significant differences in yeast strains’ abilities to 

assemble a well-defined nuclear granule composed of an essential RNA-binding protein, while 

concurrently presenting a widely applicable computational tool that quantifies this phenomenon. 

We observed significant differences in yeast strains’ abilities to assemble a well-defined 

nuclear granule composed of the essential RNA-binding protein, Nab3.  The observed variation is 

a stable feature of each strain, revealing differences in penetrance.  The poor ability of the higher 

granule accumulating strains to grow in the absence of glucose suggested they had compromised 

mitochondria.  Deliberately damaging oxidative phosphorylation by depleting low granule 

accumulating cells of their mitochondrial DNA by treating them with ethidium bromide, was 

consistent with this hypothesis.  The resulting strains lacked at least one region of mitochondrial 

DNA, failed to grow using glycerol/ethanol as a carbon source, and accumulated a significant 

number of granules over the untreated parental strain.  These features paralleled those of the 

naturally occurring high granule accumulating strain we initially found.  This led us to conclude 

that the high granule accumulating strain was a spontaneously arising petite that was 

serendipitously isolated.  Its parental strain possessed COX3 mitochondrial DNA sequences, could 
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use glycerol/ethanol as a carbon source, and showed a low level of Nab3 granules.  The medium 

granule-accumulating strain, did not lose COX3 sequences, was partially competent to grow in the 

absence of glucose and in the use of glycerol/ethanol, and displayed an intermediate level of 

granules, leading us to conclude it had a distinct basis for its level of granule accumulation which 

could still be mitochondrially based.  Indeed, the S288C lineage from which it is derived is known 

to have a Ty1 insertion in HAP1, a mitochondrial biogenesis regulator, that renders the Hap1 

protein hypomorphic and alters mitochondrial function90, 91.  In any case, the detailed 

quantification made possible using this computational tool allowed us to dissect these aspects of 

granule formation.  A complete understanding of its molecular basis will require further analysis.   

Aside from quantifying the fraction of cells with a granule, the program allowed us to quantify 

a number of other attributes of granules, including the fraction of nuclear protein destined for the 

granule, the distribution of the number of granules per nucleus, the size of the granule, and the 

magnitude of the striking nuclear reorganization of the protein.  It enables rapid, rigorous statistical 

analysis and is unbiased, thus it is preferable to manual scoring methods.  Additionally, the process 

is largely automated and high-throughput, yielding information from a large number of cells; in 

essence, allowing statistically rigorous determinations from large data sets.  The tool is most useful 

in analyzing a change in distribution of a protein from a homogeneous soluble state to a specific 

structure and vice versa, thus the approach is applicable to other structures that form by any 

mechanism (e.g., phase-separation or subunit polymerization).  We demonstrated the tool’s 

versatility by effectively identifying the aggregation of IMPDH2 into the prominent rod structures 

seen in many cell types.  This vastly different application demonstrates how easily the settings can 

be recalibrated to score a variety of fluorescent compartments, thus widening the future utility of 

our tool. 
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In sum, by exploiting a computational tool capable of analyzing large populations of cells or 

organisms, we revealed variation in a phenotype that is currently under intense investigation, 

namely the aggregation of RNA-binding proteins into subcellular compartments in response to 

physiological challenges.  This led us to discover the involvement of mitochondria and oxidative 

phosphorylation in granule biology.  
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2.7 Figures & Tables 

Table 2-1 S. cerevisiae strains used in this paper  
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Fig. 2-1 Fluorescence microscopy of GFP-Nab3 (green) granule formation in three yeast 

strains   

Three different strains of yeast cells (DY4756, ‘high’; DY4580, ‘medium’; DY4772 ‘low’) were 

grown to mid-log phase, washed free of growth media, and resuspended in fresh media with or 

without glucose as described in Materials and Methods.  Nuclei were labeled with histone H2B 

tagged with mCherry.  Nab3 was tagged with GFP.   
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Figure 2-2 

 

Fig. 2-2 Workflow 

(A)The steps employed to process digital micrographs are shown in flow chart form.  The 

individual steps are described in the text.   

(B)Images from the workflow for the MATLAB script showing steps in image processing.   
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Fig. 2-3 Measurement of the distribution of nuclear GFP-Nab3 in glucose-fed and glucose-

starved conditions for a high penetrance granule forming strain   

(A)Clustering of 3s pixels in yeast nuclei before and after glucose starvation.  Fluorescent images 

of glucose-starved DY4756 were analyzed by a MATLAB script to score pixel intensity of GFP-

Nab3 in a nuclear mask defined by H2B-mCherry.  The number of adjacent pixels whose 

intensities were greater than or equal to three standard deviations (3s) above the mean pixel 

intensity in that mask, were quantified.  The percent of cells (Y-axis) bearing a given number of 

3s pixel clusters (X-axis) was analyzed for six biological repeats (n=6; different cultures on 

different days) and the mean and standard deviations were calculated.  The Y-axis value for zero 

adjacent >3s pixels was set at 100%. 

(B)Difference between glucose-fed and glucose-starved cells in terms of their GFP-Nab3 

distribution as a function of granule size.  The “% of cells” values (Y-axis in part A) at each pixel 

cluster size (X-axis in part A) in glucose-fed cells from part A were subtracted from their Y-axis 
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value at that pixel cluster size for the cognate glucose-starved cells.  This difference was then 

plotted for each pixel cluster size.  
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Fig. 2-4 Quantification of granules per cell and distribution of pixel intensities for glucose-

fed or glucose-restricted cells 

(A)Granules per cell.  Yeast strain DY4756 was grown in the presence or absence of glucose as 

described in Materials and Methods.  The number of granules of >4 pixels with >3s intensities 

above the mean was calculated for each nucleus in cells from each of six biological replicates 

(n=6).  Averages and standard deviations were plotted.   
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(B)Distribution of pixel intensities for populations of fed or starved cells.  All values for GFP-

Nab3 pixel intensities from a single field each of strain DY4756 grown in the presence or absence 

of glucose were collected.  From these datasets, 100,000 pixels were randomly selected from each 

sample in MATLAB using the datasample function (without replacement).  The datasets were then 

imported into RStudio and violin plots were created using the ggplot2 package, scaled by area.   
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Fig. 2-5 Scoring the distribution of GFP-Nab3 into granules in specific nuclei 

Six nuclear masks consisting of 100 pixels were arbitrarily selected from images of strain DY4756 

grown in the presence and absence of glucose.  GFP-Nab3 pixel intensities for each mask were 

plotted in separate histograms.  The pixels that exceed the m+3s threshold are highlighted in 

orange.  The percentage shown in each histogram is calculated by: 
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Fig. 2-6 Different extents of granule formation in three distinct yeast strains 

The three yeast strains shown in Fig. 2-1 (DY4756, DY4580, DY4772; high, medium, and low, 

respectively) were glucose-starved and analyzed by fluorescent microscopy.  DY4756 was also 

grown in the presence of glucose as a positive control. Fields of cells from biological replicates 

(the indicated n values) were grown on different days.  The average and standard deviation of the 

percent of cells containing GFP-Nab3 granules (>4 adjacent 3s pixels) were calculated for each 

strain and plotted on a bar graph.  Fields contained an average of 895 cells each. 
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Fig. 2-7 Growth in the absence of glucose varies with the granule accumulation phenotype. 

Strains DY4756 (high, green), DY4580 (medium, red), DY4772 (low, blue), were washed free of 

glucose and incubated at 30°C for 2hrs before reseeding at OD600 = 0.1 in fresh glucose-

containing, or glucose free media.  Cells were grown in 96-well plates at 30°C in a BioTek plate 

reader and light scattering (600 nm) recorded at intervals.  Averages and standard deviations from 

three technical replicates of each biological triplicate, were plotted. 
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Fig. 2-8 Granule formation and mitochondrial function. 

 (A)Growth on glycerol/ethanol as a carbon source.  Cultures of strains DY4756 (high), DY4580 

(medium), DY4772 (low), DY4849 (ethidium bromide-1), and DY4850 (ethidium bromide-2) 

were grown to saturation and diluted with sterile water to a concentration of 107 cells/ml. They 

were diluted serially 10-fold and spots of 10 ml of each dilution were applied to SC-glucose or 

SC-glycerol/ethanol, as indicated and incubated at 30°C. 

 (B)Nab3 granule content for ethidium bromide petite strains.  Strains DY4772, DY4849 

(ethidium treated-1), and DY4850 (ethidium treated-2) were glucose-starved and the population 
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was analyzed by fluorescence microscopy for Nab3 granules.  The fraction of cells containing 

granules was calculated using the computational tool for the indicated number of biological 

replicates.   

(C)Nuclear and mitochondrial chromosome detection for yeast strains.  DNA was prepared from 

the strains DY4756 (high), DY4580 (medium), DY4772 (low), DY4849 (ethidium bromide-1), 

and DY4850 (ethidium bromide-2) and subjected to PCR using primers that detect nuclear gene 

NAB3 and mitochondrial gene COX3 and samples run on an agarose gel and stained with ethidium 

bromide.   
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Fig. 2-9 Quantification of drug-induced “rod and ring” formation by IMP dehydrogenase in 

human Jurkat cells 

(A)Anti-IMPDH2 immunofluorescence.  Cultured Jurkat cells were treated with mycophenolic 

acid (right) or vehicle (left) and processed for immunofluorescence using an anti-IMPDH2 

antibody.  Nuclei were counterstained with Hoechst dye.  Micrographs at 20x magnification are 

shown in panel A.   

(B)Quantification of drug-induced formation of IMPDH2 filaments.  Four fields with an average 

of 179 (vehicle) or 426 (drug treated) Jurkat cells, were stained with anti-IMPDH2 and processed 
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using the MATLAB script and Hoescht fluorescence as a nuclear mask.  The mean fraction of 

nuclei from these fields containing 0-59 adjacent 3s pixels was calculated for drug- or vehicle-

treated Jurkat cells, as indicated, and plotted (left panel).  Error bars represent standard deviations.  

The difference between drug-treated and control cells was calculated for each number of 

contiguous 3s pixels and plotted (center).  The peak value (19 pixels) is indicated by the arrow.  

The average fraction of cells possessing 19 contiguous 3s pixels (+standard deviation) was 

extracted from the graph on the left for drug-treated and control cells and is presented as a bar 

graph on the far right.   
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Fig. S2-1 The difference between chromosomal and episomal NRD1 does not account for the 

magnitude of granule formation  

Using cas9 editing, the strain DY4826 (“plasmid NRD1”) had the NAT1::nrd1 disruption cassette 

replaced by NRD1 donor sequences to restore the endogenous gene in its native location.  The 

strain was then screened for loss of the NRD1-containing plasmid yielding DY4834 

(“chromosomal NRD1”).  Both strains were glucose-starved and imaged for GFP-Nab3 granule 

formation.  Strains were also grown at the indicated temperatures to test thermosensitivity.  Both 
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thermosensitivity and granule formation are comparable regardless of whether NRD1 is episomal 

or chromosomal.   
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CHAPTER 3.0: Nab3 nuclear granule accumulation is driven by respiratory capacity 
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Hutchinson, Katherine et al. “Nab3 nuclear granule accumulation is driven by respiratory 

capacity”. bioRxiv, 10.1101/2022.05.23.492460. 24 May. 2022, doi: 10.1101/2022.05.23.492460 

 

 

*These findings were posted to the bioRxiv preprint server on May 24th, 2022. Supplemental 
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https://www.biorxiv.org/content/10.1101/2022.05.23.492460v1.full.pdf+html
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3.1 Abstract 

Numerous biological processes involve proteins capable of transiently assembling into 

subcellular compartments necessary for cellular functions.  One process is the RNA polymerase II 

transcription cycle which involves initiation, elongation, co-transcriptional modification of 

nascent RNA, and termination.  The essential yeast transcription termination factor Nab3 is 

required for termination of small non-coding RNAs and accumulates into a compact nuclear 

granule upon glucose removal.  Nab3 nuclear granule accumulation varies in penetrance across 

yeast strains and a higher Nab3 granule accumulation phenotype is associated with petite strains, 

suggesting a possible ATP-dependent mechanism for granule disassembly.  Here, we demonstrate 

the uncoupling of mitochondrial oxidative phosphorylation by drug treatment or deletions of 

nuclear-encoded ATP synthase subunit genes, were sufficient to increase Nab3 granule 

accumulation and led to an inability to proliferate during prolonged glucose deprivation, which 

requires respiration.  Additionally, by enriching for respiration competent cells from a petite-prone 

strain, we generated a low granule-accumulating strain from a relatively high one, providing 

another link between respiratory competency and Nab3 granules.  Consistent with the resulting 

idea that ATP is involved in granule accumulation, the addition of extracellular ATP to semi-

permeabilized cells was sufficient to reduce Nab3 granule accumulation.  Deleting the SKY1 gene, 

which encodes a kinase that phosphorylates nuclear SR repeat-containing proteins and is involved 

in efficient stress granule disassembly, also resulted in increased granule accumulation.  This 

observation implicates Sky1 in Nab3 granule biogenesis.  Taken together, these findings suggest 

there is normally an equilibrium between termination factor granule assembly and disassembly 

mediated by ATP-requiring nuclear machinery. 

Keywords: Nab3, granule, yeast, mitochondria, low complexity domain   
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3.2 Introduction 

The RNA polymerase II transcription cycle involves RNA-binding proteins that can 

condense into nuclear foci to perform their functions29, 92-96.  Proteins capable of self-assembly 

often contain a low complexity domain (LCD), a domain lacking stable secondary structure, that 

becomes structured and organized when assembling into a subcellular compartment.  The LCD is 

often necessary for assembly and localization into a subcellular compartment. 

Nab3 is an essential RNA-binding, transcription termination factor that is part of the Nrd1-

Nab3-Sen1 RNA polymerase II termination complex in Saccharomyces cerevisiae3.  This 

termination complex is responsible for the biogenesis of snoRNAs, snRNAs, and other small non-

coding RNAs such as cryptic unstable transcripts (CUTs), and serves to regulate gene expression 

through attenuation3, 63-65, 97, 98.  Nab3 contains a well-characterized LCD that is necessary for its 

self-assembly into amyloid in vitro and its accumulation, with its dimerization partner Nrd1, into 

a nuclear granule in vivo24, 29, 58, 62, 99.  The Nab3 nuclear granule shares features with cytoplasmic 

stress granules; both are composed of RNA-binding proteins with LCDs that can self-assemble, 

and both accumulate during glucose restriction and dissolve upon refeeding29, 49, 100.  

While the mechanisms responsible for the disassembly of the Nab3 nuclear granule are 

unknown, cytoplasmic stress granules can be disassembled by chaperone ATPases or DEAD-box 

helicases in an ATP-dependent manner73, 101, as well as by the addition of extracellular ATP to 

permeabilized cells73.  Taken together, sufficient respiratory capacity and proficient production of 

ATP are necessary for the disassembly of stress granules and by extension, may play a role in 

Nab3 granule disassembly as well.  

The kinase Sky1 is also involved in efficient stress granule disassembly102.  Sky1 is the only 

known conserved serine-arginine protein kinase (SRPK) expressed in Saccharomyces cerevisiae 
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and has been shown to target RNA-binding proteins, aid in the disassembly of stress granules, 

localize to the nucleus and cytoplasm, and display a genetic interaction with Nab3, thus making it 

of interest as a potential protein candidate implicated in Nab3 granule disassembly102-105. 

We previously developed a computational tool that facilitated the robust quantification of Nab3 

granule accumulation across various commonly used laboratory strains of yeast and determined 

that they displayed a wide variation in the levels of granules106.  We considered the possibility that 

the variation was due, in part, to differences in respiratory capacity across strains as determined 

by their relative abilities to grow using ethanol/glycerol as a carbon source, a commonly used 

method to test respiratory function in yeast.  In particular, this was seen in an isolate that was a so-

called petite strain, a common type of mutant whose mitochondrial genome is partially or 

completely missing.  Another strain with an elevated level of granules was an S288C-based 

laboratory strain that is known to display mitochondrial genomic instability107.   

Here, to dissect the mechanism of Nab3 granule formation and disassembly, and explicitly test 

the notion that defects in respiratory capacity contribute to a high Nab3 granule accumulation 

phenotype, we incapacitated oxidative phosphorylation in a respiratory competent, low granule-

accumulating strain through drug treatment or deletion of nuclear-encoded ATP synthase genes.  

Similarly, we exploited a strain with a relatively high frequency of generating petite mutants to 

enrich for respiratory competence and tracked changes in Nab3 granule accumulation associated 

therewith.  We also reveal that deletion of the gene encoding the conserved serine-arginine protein 

kinase, SKY1, leads to an increase in Nab3 granule accumulation.  Taken together, these data 

suggest a model in which Nab3 and Nrd1, presumably in concert with other factors, self-assemble 

into a nuclear compartment important for their function, and that ATP production supports normal 
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levels of granule disassembly providing a mechanism to maintain an equilibrium between soluble 

and granule-associated transcription termination factors.  
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3.3 Materials and methods 

Yeast Strain Construction 

Yeast strains used in this paper are presented in Table 3-1.  DY4730 was generated using high 

efficiency lithium acetate transformation108 to transform DY4580 with a PCR product encoding 

SKY1::kanMX4 amplified from plasmid pFA6a-KanMX4109 using primers 5’-

ACACCCCCTTTTGAGGTTGAAGAGATAGAGTAAAGAAGAAGTGTAGACATTAATGC

GTACGCTGCAGGTCGAC-3’ and 5’-

GAGGTTAAACAGAAAAAAAAGTAAAAGGCAAGGGCAAAATAAAGGTATAAAGGTA

ATCATCGACTGAATTCGAGCTCG-3’.  Transformants were isolated by growth on G418 and 

verified by PCR. 

DY4851 was generated by lithium acetate transformation of DY4772 with a PCR product 

encoding ATP1::kanMX4 amplified from plasmid pFA6a-KanMX4109 using primers 5’-

CGCGAACCATTAGTATAACAGATTGATCGTTCAGCTCTCATACGTACGCTGCAGGTC

GAC-3’ and 5’-

GAGTCAGTGCTAAGAATGGAATAAACTAGAGGCTATTGTGGTCGACTGAATTCGAG

CTCG.  Transformants were isolated by growth on G418 and verified by PCR. 

DY4856 was made as described above for DY4851.  DY4772 was transformed with a PCR 

product encoding ATP3::kanMX4 that was amplified using primers 5’-

TACGCGAGGAACCCGGACCGCAATAACGATTAAAGAAGGCCCCGTACGCTGCAGGT

CGAC-3’ and 5’-

TGTTCTACAAAAACAACGTCAAATAAAGAGGCAATGCAGGGTCGACTGAATTCGAG

CTCG-3’. 
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DY4863 was generated by lithium acetate transformation of DY4772 with a PCR product 

encoding SKY1::kanMX4 that was amplified from genomic DNA of DY4730 using primer pair 5’-

GTCGGGAACCGAAGCCATTG-3’ and 5’-GCAAAGTCAGCTTCCACATC-3’. 

 

Confocal Microscopy and Image Analysis 

Confocal microscopy and image analysis was performed as described106.  Briefly, strains 

containing GFP-tagged Nab3 and fluorescently tagged histone H2B, were grown to mid-

logarithmic phase, split, and washed three times into the appropriate media with or without glucose 

and grown at 30oC for 2 hrs.  After 2 hrs, cells were pelleted and placed onto single cavity 

microscope slides containing 1.5% agar pads in the appropriate media.  Z-stacks were captured 

and images were processed using FIJI79 and quantified using the MATLAB software80 as 

described106.  At minimum, five independent biological replicates were used for each condition 

and passed tests for normality.  An unpaired t test with Welch’s correction was used to test for 

statistical significance.   

For FCCP treatment, cells were grown to mid-logarithmic phase, split, and washed three times 

into the appropriate media with or without glucose and grown at 30oC for 2 hours.  After 2 hrs, 

cells were treated with 20 µM FCCP for 30 min.  Cells were imaged as described above.  For ATP 

treatment, cells were grown as described above for 2 hrs in the absence of glucose and treated with 

0.5% DMSO for 30 minutes with or without 200 mM ATP.  Cells were prepared and imaged as 

described above. 

 

Yeast Growth Assays 
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Yeast strains were grown to saturation at 30oC in the appropriate selection media and serially 

diluted for solid medium growth assays as described106.  Liquid growth assays were performed as 

described106.  Briefly, cultures were inoculated and grown to saturation at 30oC in the appropriate 

selection media.  A fresh culture was inoculated using the saturated culture and grown to mid-

logarithmic phase in the appropriate glucose-containing selection media.  The culture was split 

and washed three times into the appropriate media without glucose (starvation media) or with 

glucose and incubated at 30oC for 2 hours.  Optical densities (600 nm) were measured, and cultures 

were diluted into the appropriate media to a final value of 0.05.  Three 100 µL biological replicates 

were plated in triplicate in a 96-well plate and placed onto a BioTek Synergy H1 microplate reader 

at 30oC.  Optical densities were recorded every 20 minutes until growth plateaued. 

 

Yeast Growth Assays: Selection for respiration competency  

Solid medium growth assays were performed in tandem with liquid medium growth assays.  

First, yeast strains were grown to saturation at 30oC in the appropriate selection media.  A fresh 

culture was inoculated using the saturated culture and grown to mid-logarithmic phase in the 

indicated, glucose-containing selection media.  An aliquot of culture was taken, serially diluted 

10-fold, and five spots of 10 µL of each dilution were applied to the appropriate solid media.  Plates 

were grown at 30oC.  An additional aliquot was taken, placed onto an agar pad, and imaged for 

Nab3 granule accumulation.  Images were processed and analyzed as described above.  The 

remaining culture was split, pelleted, and washed three times into the appropriate glucose-depleted 

media and incubated at 30oC for 2 hrs.  An aliquot was taken, placed on an agar pad, and imaged 

for Nab3 granule accumulation.  Images were processed and analyzed as described above. 
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For growth assays in a plate reader, optical densities were measured at 600 nm and cultures 

were diluted into the appropriate glucose-depleted media to a final optical density of 0.08.  Three 

100 µL biological replicates were plated in triplicate in a 96-well plate and placed onto a BioTek 

Synergy H1 microplate reader at 30oC.  Optical densities were recorded every 20 min. Aliquots 

were taken at mid-logarithmic growth and serially diluted onto solid medium (YPD or YPEG) or 

placed on an agar pad and imaged for Nab3 granule accumulation.  Images were processed and 

analyzed as described above. 

 

Whole Genome Sequencing Analysis 

Genomic DNA for yeast strains DY4736 and DY4746 was prepared for processing at the 

Emory Integrated Genomics Core.  A library for each strain was constructed and 150 bp paired 

end reads were generated on a NovaSeq 6000 S4 300 cycle flow cell to achieve 50-fold coverage.  

The resulting FASTQ files were uploaded to UseGalaxy.org and were mapped to the W303 RefSeq 

LYZE00000000110 using the sequence alignment program Minimap2111.  The resulting mappings 

were visualized with the NCBI Genome Workbench, version 3.7.1 (Fig. S3-1). 

 

3.4 Results 

3.4.1 Mitochondrial manipulations in a low granule accumulating yeast strain increase 

granule accumulation 

Prior development of a computational tool enabled quantification of Nab3 granules which 

showed that accumulation of the granules in response to glucose restriction varied between yeast 

strains106.  One W303-based strain was an isolate that was extremely effective at forming Nab3 

granules with ~80% [‘high'106] of cells displaying granules.  Its inability to grow when 
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glycerol/ethanol was a carbon source suggested it was defective in respiration in contrast to its 

parental strain or a W303 strain (“low”) from a repository.  This was further confirmed here by 

whole genome sequencing which revealed the high granule-forming isolate had lost a substantial 

portion of its mitochondrial genome rendering it an authentic - petite, while the parental strain 

presented an intact genome (Fig. S3-1).  Hunn et al. also observed that a low granule forming 

strain (~3%) treated with ethidium bromide to induce mitochondrial DNA loss, resulted in a 

significant increase in the fraction of cells containing granules106.  Since ethidium bromide 

treatment is a crude tool with which to manipulate mitochondrial function, and is known to result 

in heterogenous effects such as an elevated frequency of nuclear DNA mutations112, we tested the 

role of oxidative phosphorylation on granule accumulation with a set of more specific 

interventions.  First, we treated a low granule accumulating strain with the mitochondrial inhibitor, 

carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) which is an ionophore that 

uncouples respiration from ATP synthesis by disrupting the proton gradient113.  FCCP treatment 

led to a statistically significant increase in Nab3 granule accumulation in DY4772, which is an 

otherwise low granule accumulating strain (Figs. 3-1A and S3-2).  These data strongly suggest that 

oxidative phosphorylation deficiencies cause an increase in Nab3 granule accumulation.   

Turning to a genetic approach, we independently deleted ATP1 and ATP3 in the low 

accumulating strain; these are both nuclear genes encoding subunits of the F1-ATPase.  Either 

deletion resulted in the inability of the strain to grow on ethanol/ glycerol as a carbon source (Fig. 

S3-3A) and an inability to grow upon prolonged glucose restriction (Fig. 3-1B), confirming that 

they were defective in respiration.  Both strains also showed a clear increase in Nab3 granule 

accumulation upon glucose restriction (Fig. 3-1A).  Taken together, these results corroborate the 
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notion that the loss of respiratory capacity leads to an increase in the extent of Nab3 granule 

accumulation.  

 

3.4.2 Enrichment for a respiratory competent cell population results in a reduction of 

Nab3 granule accumulation 

We previously discovered that the population of a commonly used laboratory strain, 

S288C, accumulated an intermediate amount of Nab3 granules (~50% of cells, “medium”) 

compared to the two strains with a low (~3%) and a high (~80%) penetrance of this 

phenotype106.  This Nab3 granule accumulating phenotype correlated with an intermediate 

growth phenotype on ethanol/glycerol and an intermediate ability to grow during prolonged 

glucose deprivation, compared to the low and high accumulating strains106.  The S288C lineage 

is known to contain mitochondrial defects and to display a high level of mitochondrial genome 

instability90, 91, 114.  These preexisting allelic differences in the S288C background contribute to a 

high frequency of spontaneous generation of petites with partial mitochondrial genomes (- 

cells)107.  Such cultures are mixed, containing cells with both intact and deleted mitochondrial 

DNA, a condition known as heteroplasmy.  Since respiration is necessary for growth during 

prolonged glucose starvation 84, we subjected this S288C-derived, intermediate Nab3 granule-

accumulating strain to prolonged glucose starvation to enrich for a respiratory competent cell 

population in which petite derivatives could not survive.  Cells were cultured with glucose or for 

an extended period (~45 hrs) of glucose deprivation, sampled at mid-logarithmic phase, and 

tested for their ability to grow on glycerol/ethanol (Fig. 3-2A).  The cells from the intermediate 

S288C-based strain that emerged from prolonged glucose deprivation showed improved growth 

on glycerol (Fig. 3-2A, right bottom panel) as compared to the non-selected population grown in 
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glucose medium and spotted to glycerol (Fig. 3-2A right top panel).  Cells from both culture 

conditions, as well as those given the standard 2hr glucose starvation, were imaged and Nab3 

granules were quantified.  The relatively high level of granule accumulation observed for the 2hr 

starved culture was completely reversed in the prolonged starvation culture (Figs. 3-2B and 3-

2C), as predicted if prolonged starvation’s selective pressure for respiratory competence reverses 

granule accumulation.  In exploiting this “natural” variation in respiratory function found in a 

single culture, we obtained independent evidence again supporting the concept that Nab3 granule 

accumulation is driven by a loss of respiratory competence of the cell.  This observation 

underscores the finding that heterogeneity in cell populations influences granule biology and 

likely other processes that are sensitive to mitochondrial function such as energy output. 

 

3.4.3 Nab3 granule accumulation is lost upon addition of extracellular ATP 

Stress granule assembly, remodeling, and disassembly are modulated by ATP and ATP is 

implicated in the solubilization of aggregated cellular proteins115-118.  ATP levels drop rapidly 

when cells are deprived of glucose and this drop can lead to protein aggregation47, 116, 119, 120.  We 

exploited the finding that ATP added to permeabilized cells can reduce the accumulation of 

cytoplasmic stress granules73.  Upon the addition of extracellular ATP in the presence of DMSO, 

the fraction of cells with a Nab3 granule were statistically significantly reduced (Figs. 3-3A and 

3-3B), suggesting that ATP levels modulate Nab3 granule disassembly in a similar manner to stress 

granules. 

 

3.4.4 SKY1 knockout results in mitochondrial defects and increased Nab3 granule 

accumulation 
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Sky1 is the sole conserved serine-arginine protein kinase (SRPK) expressed in S. cerevisiae.  

Sky1 phosphorylates RNA-binding proteins, aids in the disassembly of stress granules, localizes 

to both the nucleus and cytoplasm, and displays a genetic interaction with Nab3102-105.  We deleted 

SKY1 in the medium granule accumulating strain and found it led to a statistically significant 

increase in Nab3 granule accumulation (Fig. 3-4A).  Deleting SKY1 in our low granule 

accumulating strain also increased the fraction of cells with Nab3 granules (Fig. 3-1A).  Taken 

together, these data implicate Sky1 in Nab3 granule biology. 

Since respiration defects lead to an increase in granule accumulation (Figs. 3-1, 3-2, 3-3), we 

tested if these strains also had a respiration defect.  Both Sky1 deletion strains displayed impaired 

respiration compared to their parental strains (Figs. 3-4B, S3-3) with the S288C-based strain 

suffering a severe, and perhaps complete, inability to grow on glycerol/ethanol.  Regardless of 

strain background, the loss of SKY1 clearly resulted in a mitochondrial defect.  In a further test of 

respiratory competence, prolonged growth in the absence of glucose was completely impaired 

when the S288C strain’s SKY1 gene was deleted, effectively converting the growth pattern of a 

lower granule-accumulating strain into the growth pattern of a petite strain that accumulates high 

levels of granules (Fig. 3-4C).  Thus, the Sky1 role in Nab3 granule biology appears to be mediated 

by its mitochondrial function. 

 

3.5 Discussion 

Here we provide multiple lines of evidence that strongly implicate mitochondria and 

respiration in the biogenesis of Nab3 granules.  This establishes the first documentation for the 

underlying regulatory mechanism of Nab3 granules, which resemble stress granules.  Nab3 and 

Nrd1 are, to our knowledge, the only transcription termination factors for which conditional 
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assembly into a granule has been reported.  Whether the granule is a complex ribonucleoprotein 

structure that is an active termination factor, or simply an aggregate formed from the Nab3 and 

Nrd1 proteins that both harbor prion-like domains, remains to be elucidated.   

The relationship between Nab3 granules and respiration can be understood through a model 

(Fig. 3-5) in which there is normally an equilibrium between pan-nuclear (soluble) Nab3 and 

granule-associated Nab3 due to the action of an ATP-requiring granule dissociation machinery.  In 

the presence of glucose (Fig. 3-5, condition 1), Nab3 generally localizes throughout the nucleus 

when ATP generation using glycolysis is unencumbered and Nab3 condensation is checked by 

disassembly-ATPases.  If respiration is compromised (Fig. 3-5, condition 2), the removal of 

glucose leads to reduced ATP levels, the disassembly machinery cannot keep Nab3 soluble, and it 

accumulates into a nuclear granule.  In periods of prolonged glucose deprivation (Fig. 3-5, 

condition 3), cells capable of respiration generate ATP and proliferate, resulting in the disassembly 

of the Nab3 granule and a return to a pan-nuclear distribution.  Note that a small but statistically 

significant subset of cells display granules even when cells are fully respiration competent (Fig. 3-

1, leftmost two bars), contributing to the idea that there is a constant equilibrium that shifts toward 

assembly when ATP levels become limiting106. 

Precedent for this model can be found from yeast stress granules, which are dispersed by the 

ATP-dependent dissociation activity of the Hsp104 chaperone ATPase73.  Other ATP-dependent 

mechanisms that regulate protein condensation and stress granule abundance have been identified 

including DEAD box ATPases121 and AAA ATPases122.  Alternatively, high concentrations of 

ATP may act as a hydrotrope in which it is not hydrolyzed but acts as an amphiphile to directly 

solubilize phase separated protein condensates115.  In either case, it follows that treatments, 

challenges, or genetic variations that compromise ATP production limit the dissociation ability of 
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this machinery and lead to granule accumulation because they cannot be efficiently dissolved.  The 

extent to which cells in the population accumulate granules would be a function of the severity of 

the loss in energy generation.  As would be expected, abrupt reversibility of Nab3 granules 

becomes obvious when cells are refed glucose29. 

Variation in the extent to which different strains spawn daughter cells that have a partial or 

complete absence of the mitochondrial genome (- or 0 petites), and as a result, manifest a reduced 

respiratory capacity, yields strain to strain differences in granule count.  For some genetic 

polymorphisms, such as that seen for mitochondrial DNA polymerase gamma MIP1, it is easy to 

grasp how a sequence variant can increase the frequency of mitochondrial genome loss91.  Indeed, 

variants in the sequence of the conserved MIP1 human ortholog are linked to mitochondrial 

disease123, 124.  For others, such as the experimentally generated sky1 mutation reported here, the 

mechanistic relationship between the gene product’s function and loss of respiratory capacity 

needs to be studied further. 

A high throughput screen of a collection of yeast gene deletion strains showed the SKY1 

deletion has reduced ability to grow on ethanol as a carbon source, implicating Sky1 in 

mitochondrial function125.  Our findings confirm and extend the relationship between Sky1 and 

mitochondria and suggests its role in influencing the assembly state of both cytoplasmic stress 

granules102 and nuclear Nab3 granules could be in providing ATP for the dissociation machinery 

of each compartment.  This explanation is supported by a genetic interaction between SKY1 and 

HSP104102.  Interestingly, a global genetic interaction survey also picked up a NAB3-SKY1 

synthetic genetic effect which deserves more investigation103.  Alternatively, the Sky1 kinase could 

act more directly in each compartment, perhaps by phosphorylating a granule component, as it is 

known to shuttle between the nucleus and cytoplasm104.  Mutation of enzymes involved in 
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biosynthesis of the adenine ring or phosphorylation of the nucleotide to the triphosphate level, also 

modify the ATP energy charge of cells in a manner that can lead to protein aggregation in yeast116. 

This report extends to a nuclear transcription termination complex known to undergo regulated 

compaction, the principles of compartment assembly observed for stress granules.  These findings 

provide important clues to guide the elucidation of the mechanism of assembly and disassembly 

of this essential complex and the consequence of its compartmentalization on RNA metabolism. 
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3.7 Figures & Tables 

Table 3-1 S. cerevisiae strains used in this paper 
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Fig. 3-1 Mitochondrial manipulations in a low granule accumulating yeast strain 

(A) Four yeast strains (DY4772, control; DY4851, ∆atp1; DY4856, ∆atp3; DY4863, ∆sky1) were 

grown to mid-logarithmic phase, washed into starvation media, starved for 2 hours, imaged, and 

analyzed.  Additionally, DY4772 was treated with 20µM FCCP, a mitochondrial inhibitor, for 30 

minutes prior to imaging and analysis.  Averages and standard deviations are plotted, and p-values 

are presented. [n values for the bar graph (left to right) were, 5, 10, 6, 6, 9, 6, respectively.] 

(B)Yeast strains [DY4772 (control, solid blue circle); DY4851 (∆atp1, open square); DY4856 

(∆atp3, solid black circle)] were grown to mid-logarithmic phase, washed into glucose-containing 

media or starvation media for 2 hours at 30oC before reseeding at OD600= 0.08 in appropriate 

media.  Cell growth OD600 was monitored at 30oC in a microplate reader.  Averages and standard 

deviations from three technical replicates of each biological triplicate, were plotted.  
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Fig. 3-2 Improved respiration capacity results in a decrease in Nab3 granule accumulation 

(A) Low and medium Nab3 granule accumulating yeast strains (DY4772 and DY4580 

respectively) were grown to mid-logarithmic phase in glucose, aliquots were serially diluted, and 

plated onto glucose (YPD) or glycerol (YPEG) solid medium (1).  The remaining cells were 

washed into starvation media for 2 hours at 30oC before reseeding at OD600= 0.08.  Cells were 

grown to mid-logarithmic phase in prolonged glucose deprivation, aliquots were serially diluted, 

and plated onto solid YPD or YPEG media (2).  

(B) Medium Nab3 granule accumulating yeast strain DY4580  was grown to mid-logarithmic 

phase, washed into starvation media, starved for 2 hrs., imaged and analyzed. At the conclusion of 

the 2hr. starvation, cells were reseeded at OD600=0.08 and grown to mid-logarithmic phase 

(~45hrs.) in the absence of glucose for prolonged glucose deprivation, imaged and analyzed.  
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Representative fields of cells were imaged from independent biological replicates grown on 

different days. 

(C)Medium Nab3 accumulating yeast strain DY4580 was grown to mid-logarithmic phase, washed 

into media with (+glucose) or without glucose, incubated for 2 hours at 30oC (2 hrs. no glucose), 

imaged, and analyzed.  At the conclusion of the 2-hour starvation, cells were reseeded at OD600= 

0.08 and grown to mid-logarithmic phase (~45hrs) in the absence of glucose for prolonged glucose 

deprivation.  An aliquot was imaged and analyzed. Averages and standard deviations are plotted, 

and p-values are presented. [n values for the bar graph (left to right) were, 6, 29, 5, respectively.  

ns, not significant] 
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Fig. 3-3 Nab3 granule levels are reduced by the addition of extracellular ATP  

(A) High Nab3 granule accumulating yeast strain DY4756 was grown to mid-logarithmic phase, 

washed into starvation media, starved for 2 hrs., treated with either 0.5% DMSO alone (control) 

or 0.5% DMSO and 200mM ATP, image and analyzed.  Representative fields of cells were imaged 

from independent biological replicates grown on different days.  

(B)Yeast strain DY4756 (‘high’) was glucose-starved for 2 hours at 30oC and treated with either 

0.5% DMSO alone (control) or 0.5% DMSO and 200 mM ATP for 30 min prior to analysis by 

fluorescent microscopy.  Fields of cells were imaged from independent biological replicates grown 

on different days.  The average and standard deviation of the percent of yeast cells containing 

GFP-Nab3 granules were calculated for each condition and plotted. [n values for the bar graph 

(left to right) were 7 and 8, respectively.] 
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Fig. 3-4 Sky1 knockout results in mitochondrial deficiency and increased Nab3 granule 

accumulation 

(A)Yeast strains DY4580 (medium), DY4730 (medium + ∆sky1) and DY4756 (high) were 

glucose-starved for 2 hrs at 30oC and analyzed by fluorescent microscopy.  Fields of cells were 

imaged from independent biological replicates grown on different days.  The average and standard 

deviation of the percent of yeast cells containing GFP-Nab3 granules were calculated for each 

condition and plotted.  [n values for the bar graph (left to right) were 28, 6, 10, respectively.] 

(B)Yeast strains DY4580 (medium) and DY4730 (medium + ∆sky1) were grown to saturation and 

diluted with sterile water to a concentration of 107 cells/mL. Cells were serially diluted 10-fold 

and 10 µL spots of each dilution were spotted on SC-glucose or SC-glycerol/ethanol as indicated 

and incubated at 30°C. 
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(C)Three different yeast strains (DY4580 (medium, solid red circle); DY4730 (∆sky1, open black 

square), DY4756 (high, solid green circle) were grown to mid-logarithmic phase, washed into 

glucose-containing media or starvation media for 2 hrs at 30oC and reseeded at OD600= 0.08 in 

appropriate media.  Growth of cells was monitored at 30oC in a microplate reader by measuring 

OD600 (600 nm).  Averages and standard deviations from three technical replicates of each 

biological triplicate, were plotted. 
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Fig. 3-5 Equilibrium between pan-nuclear Nab3 and its assembly into a nuclear granule: a 

working model for Nab3 granule disassembly and accumulation. 

There is an equilibrium between pan-nuclear and granule-associated Nab3.  In the presence of 

glucose (condition 1), Nab3 generally localizes throughout the nucleus when ATP generation using 

glycolysis is unencumbered and Nab3 condensation is reversed.  If respiration is compromised 

(“X”, condition 2), the removal of glucose reduces ATP levels, the disassembly machinery cannot 

keep Nab3 soluble, and the protein accumulates into a nuclear granule.  In periods of prolonged 

glucose deprivation (condition 3), cells capable of respiration can generate ATP and proliferate, 

resulting in the disassembly of the Nab3 granule and a return to a pan-nuclear distribution. 
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Fig. S3-1 A high granule accumulating yeast strain is - 

Whole genome sequencing analysis reveals that the high granule accumulating yeast strain 

DY4746 (parent to DY4756) is - as it possesses only a small portion of its mitochondrial genome 

compared to its parental strain (DY4736).  Sequencing reads in the lower two panels of the NCBI 

viewer are piled in horizontal lines with gray representing identities to the reference sequence and 

mismatches shown in red.  All but ~15 kbp of mitochondrial DNA are lost from this petite strain. 
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Fig. S2 Confocal microscopy of a glucose starved low granule accumulating strain treated 

with and without the electron transport uncoupler, FCCP. 

Yeast strain DY4772, which is low Nab3 granule accumulating, was grown to mid-logarithmic 

phase, washed into starvation media, starved for 2 hrs, treated with mock or 20µM FCCP for 30 

min, imaged, and analyzed. 
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Fig. S3-3 Deletions of nuclear encoded genes result in a mitochondrial defect. 

(A)Yeast strains DY4772 (control), DY4851 (atp1) and DY4856 (atp3) were grown to 

saturation and diluted with sterile water to a concentration of 107 cells/mL.  Cells were serially 

diluted 10-fold and 10µl of each dilution were spotted onto SC-glucose or SC-glycerol/ethanol as 

indicated and incubated at 30°C. 

(B)Yeast strains DY4772 (control) and DY4863 (low ∆sky1) were grown to saturation and diluted 

with sterile water to a concentration of 107 cells/mL.  Cells were serially diluted 10-fold and 

spotted on SC-glucose or SC-glycerol/ethanol as indicated and incubated at 30°C. 
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Chapter 4.0: Discussion and Future Directions 

4.1 Summary 

 The goal of this thesis was to explore the underlying mechanism(s) that drives Nab3 

nuclear granule accumulation, thus expanding upon the lab’s prior research on the fundamentals 

of gene expression with a focus on the NNS transcription termination complex.  The work 

presented in this thesis provides foundational evidence for oxidative phosphorylation and 

mitochondrial function as a driving factor of Nab3 granule accumulation using a natural genetic 

variant.  This is a new finding in the context of NNG research; however, it is in agreeance with 

well-established research for other inducible subcellular compartments such as stress granules.  

This work also presents the development of a computational tool that enables rapid and robust 

quantification of Nab3 granule accumulation across yeast strains.  The key findings in this thesis 

are as follows: 

(1) Nab3 granule accumulation varies in penetrance across yeast strains (Chapter 2.0). 

(2) The variation in penetrance is, in part, due to mitochondrial/ respiratory deficiencies 

(Chapters 2.0 & 3.0). 

(3) Cells with intact mitochondria and a robust respiratory capacity have low Nab3 granule 

accumulation, can grow on ethanol/ glycerol as a carbon source and are able to grow and 

proliferate during extended glucose deprivation. Further, the opposite holds true for cells 

with mitochondrial deficiencies and impaired respiratory capacity (Chapters 2.0 & 3.0). 

(4) The addition of extracellular ATP is sufficient to drive down Nab3 granule accumulation, 

further supporting oxidative phosphorylation (OXPHOS) function as an important driver 

of Nab3 granule accumulation (Chapter 3.0). 
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(5) Sky1 is a serine-arginine kinase implicated in splicing and yeast stress granule disassembly 

and influences Nab3 granule accumulation through its impact on mitochondrial function 

(Chapter 3.0). 

 

4.2 The importance of a computational tool to quantify Nab3 granule accumulation in 

various yeast strains 

 Prior to this thesis, foundational work was done that paved the way for the Nab3 

investigation presented in this thesis.  First, it was discovered that mutations in the Nab3 protein 

led to transcription termination defects and that a removal of only three amino acids from Nab3’s 

C-terminus resulted in compromised Nab3 transcription termination function21.  This 

fundamental finding led to further work that demonstrated that this region of Nab3, specifically a 

stretch of glutamines and the final 18 amino acids found in this region, was able to assemble into 

a tetrameric form like the human hnRNP-C protein25.  Additional experiments showed that the 

last 134 amino acids of Nab3’s C-terminus is of low-complexity nature and can assemble into a 

hydrogel in vitro24.  These findings set the stage for work that would further investigate Nab3’s 

ability to polymerize on target transcripts. 

 Work done by Darby et al. showed that Nrd1 and Nab3 condensed into a novel nuclear 

speckle in response to glucose deprivation in vivo58.  This led to work demonstrating that Nab3’s 

C-terminus was predicted to be prion-like based upon its sequence bias and that this region was 

able to form amyloid filaments in vitro26.  It was also found that Nab3’s prion-like, C-terminal 

domain is required for Nab3’s assembly into a nuclear granule upon glucose deprivation29.  These 

findings supported other work at the time that showed RNA binding proteins with low complexity 

domains could form subcellular compartments in which RNA metabolism takes place26.   
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It is well-established that the formation of subcellular compartments in response to cell 

stress is important for RNA metabolism48, 49.  Thus, given the expansive work done on Nab3’s 

ability to assemble into amyloid filaments in vitro and a subcellular nuclear granule in vivo, we 

pursued granule formation to gain a better understanding of the function of the Nab3 granule as 

well as the mechanisms that govern its assembly and dissociation.  Prior to this thesis work, Nab3 

granule accumulation was manually quantified.  Manual quantification is time consuming and can 

be subjective.  Thus, our lab sought to create a computational tool to enable the rapid and robust 

quantification of Nab3 granule accumulation.  We accomplished this goal by acquiring numerous 

confocal microscopy images, utilizing these images to build a tool in MATLAB and manually 

counting to compare manual human and our computational tool’s quantification.  The algorithm 

is publicly accessible, only requiring access to MATLAB, and it can be adjusted to meet specific 

needs.  The advent of computer-based quantification enabled us to build more robust datasets that 

included more independent replicates and quantification of thousands of live cells.  The objective 

calling of granules, and the resulting statistical tests that could be applied, led to our finding that 

there was substantial strain to strain variation in granule penetrance.  The development of this tool 

will continue to aid in Nab3 granule research as well as research on other subcellular compartments 

such as nuclear speckles or the mammalian structures known as rods and rings.    

 

4.3 The importance of mitochondrial function on Nab3 granule accumulation 

With the development of the computational tool, we analyzed three different yeast strains and 

quantified each strain for Nab3 granule formation106.  We discovered that Nab3 granule 

accumulation varies in penetrance across yeast strains and exploited this phenomenon to gain 

insight into the mechanistic basis for variation.106  The inability to grow during extended glucose 
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deprivation positively correlated with the high Nab3 granule accumulation phenotype.106  Weber 

et al. noted that respiration is crucial for survival and energy maintenance upon glucose 

deprivation.  Taken together these results suggested that respiration is important for Nab3 granule 

accumulation, providing a possible linkage between metabolism and this nuclear granule.  Indeed, 

the low, medium, and high granule accumulating strains display a continuum of oxidative 

phosphorylation function consistent with this idea. 

Through a series of mitochondrial manipulations, I demonstrated that damage to mitochondrial 

function and effective oxidative phosphorylation result in a high Nab3 granule accumulation 

phenotype, thus strengthening the argument that respiration impacts Nab3 granule accumulation.  

We developed a working model in which there is a natural equilibrium between pan nuclear and 

granule associated Nab3 (Chapter 3, Fig. 3-5).  When ATP is perturbed by a disturbance in 

mitochondrial function, the equilibrium is shifted in the direction of granule based Nab3.  This 

model was tested by adding extracellular ATP to permeabilized cells rich in Nab3 granules.  

Providing ATP in this manner substantially decreased Nab3 granule accumulation.   

 This work contributes to a broader understanding of the factors that influence protein 

rearrangement in response to changes in environmental conditions.  The results of this work and 

impacts are discussed in the sections below.

4.4 Future directions for this research project 

4.4.1 Breaking down the composition of the Nab3 granule 

 Darby et al. first documented the rearrangement of Nrd1 and Nab3 upon glucose starvation 

into a structure they termed a “perinuclear speckle”58.  Our lab has since confirmed this finding 

and documented the colocalization of Nrd1 and Nab3 to a nuclear granule upon glucose starvation.  

It is not surprising to note the colocalization of Nrd1 and Nab3 considering the two are known to 
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function as a heterodimer during transcription termination2, 3, 11, 14, 16, 17, 21-26.  However, an 

outstanding question that remains is what the functional purpose of this protein rearrangement is.  

I suggest the rearrangement of Nrd1 and Nab3 to a granule in response to glucose deprivation is 

related to its activity as a termination factor. Structures like the Nrd1-Nab3 granule, such as P-

bodies and stress granules, are known to form in yeast in response to glucose deprivation47, 48.  

These are RNP structures, like the Nrd1-Nab3 granule, that have been investigated in depth and 

for which some functions are known.  P-bodies form in response to glucose deprivation to 

concentrate and house cellular machinery used to degrade mRNA that is no longer needed by the 

cell48, 50.  Stress granules assemble and function as “storage depots” to hold proteins and mRNA 

until conditions are suitable to resume the translation of mRNA48, 50.   

 Identifying other components of the Nrd1-Nab3 granule will be a key future direction to 

begin to understand the functional role of this subcellular structure.  One method that can be used 

to identify proteins in the Nrd1-Nab3 granule is a proximity labeling assay known as APEX2.  This 

assay works by fusing an engineered ascorbate peroxidase biotinylating enzyme to the Nab3 

protein 126-130.  When cell-permeable substrates are added, proteins in proximity (<20 nm) to Nab3 

become biotinylated and used as an affinity handle.  The purified biotinylated proteins can be 

detected via mass spectrometry126-131.  Alternatively, granules can be directly purified and the 

protein contents by mass spectrometry.132, 133.  Once candidate proteins are identified via mass 

spectrometry, fluorescent versions of these proteins can be made and integrated into yeast strains 

in order to visualize and confirm the colocalization of the candidate protein and Nab3134.  A third 

possible approach would be to , use immunofluorescence to identify candidate proteins for 

colocalization with the Nab3 granule134.   
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There is the possibility that the granule only contains the Nrd1 and Nab3 proteins or that 

the granule simply serves as a compartment for misfolded proteins targeted for degradation.  

Protein misfolding can occur for a variety of reasons including stress-induced denaturation, 

mutations, or lack of assembly partners135.  The cellular quality control machinery sorts misfolded 

proteins based on their ubiquitination state and solubility, and misfolded proteins are sorted into a 

specific compartment where they are then degraded135, 136.  This sorting machinery resides in both 

the cytoplasm and the nucleus and sorts misfolded proteins into cytosolic juxtanuclear deposits 

(JUNQ) and intranuclear quality control compartments (INQ) respectively136.  Btn2 is an INQ-

specific aggregase that directs protein deposition into nuclear INQs, thus Btn2 is a good candidate 

to investigate as a potential component of the NNG 136.  If Btn2 is confirmed as a component, it is 

possible that the NNG is an INQ or a similar compartment of sorts. 

 Another key granule component yet to be explored is its RNA content.  Jamonnak et al. 

established that the binding targets of Nrd1 and Nab3 change during glucose deprivation23.  

Specifically, there is an approximate 100 nucleotide upstream shift in the binding of Nrd1 to 

snoRNA and this shift places Nrd1 binding within the mature snoRNA23.  They propose that this 

change could be indicative of earlier termination directed by an altered Nrd1-Nab3 binding 

specificity or could be attributed to Nrd1-Nab3 binding after snoRNA maturation that may lead to 

degradation23.  Thus, the Nrd1-Nab3 granule could serve to (1) concentrate factors involved in 

transcription termination or (2) concentrate factors involved in the degradation of mature snoRNA.  

One way to identify the RNA components of the granule would be to perform high throughput 

RNA sequencing on the contents contained within purified material132, 133, 137.  Additionally, one 

could perform fluorescence in situ hybridization (FISH) to identify RNA contained within the 
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NNG132.  Both methods have successfully been used to identify RNA contained within stress 

granules132. 

In addition to the functions mentioned above, there is also the possibility that the granule 

is a type of “storage depot”, akin to a stress granule.  For example, upon glucose starvation, stress 

granules form and contain the eukaryotic initiation factor (eIF)4E and eIF4G proteins as well as 

the poly(A) binding protein, Pab149.  These proteins are important for translation and are held in 

the stress granule until conditions favorable for translation lead to the dissolution of the stress 

granule and translation factors release49.  Thus, future experiments should aim to identify the types 

(snRNA, snoRNA, CUTs, mRNA) and states (pre, mature, degraded) of RNA found within the 

Nrd1-Nab3 granule in order to better understand the granule’s function. 

   Another possibility is that the granule functions as a site for transcriptional attenuation of 

a specific subset of transcripts vital to survival during glucose deprivation.  van Nues et al. used a 

method known as kinetic CRAC (cross-linking and analysis of cDNAs) to determine roles for 

Nab3 in gene expression during stress71.  Their work, along with others, revealed that the binding 

of Nab3 to transcripts changes throughout the time course of glucose deprivation (glucose-replete 

to 18mins glucose-depleted)71, 138.  In the presence of glucose, Nab3 is bound to transcripts such 

as NRD1 and IMD2, genes that Nrd1 and Nab3 are known to regulate during normal growth 

conditions3, 71.  However, after 4 minutes of glucose deprivation, Nab3 shifts to transcripts such as 

ATP171.  The binding and attenuation of ATP1 is intriguing now knowing what we know about the 

importance of mitochondrial function and Nab3 granule accumulation.  The fact that Nab3 binds 

and attenuates ATP1 in the first 4 minutes of glucose deprivation but is no longer bound by 18 

minutes of glucose deprivation suggests that the granule serves to concentrate the termination of 

specific transcripts important for cell survival during starvation.  Specific transcripts could be 
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attenuated until the cell senses more favorable growth conditions.  Once the cell has transitioned 

to respiration and survival, genes, such as ATP1, are no longer attenuated and the full transcript is 

transcribed and translated into important machinery needed for respiration and survival during 

prolonged glucose deprivation (Fig. 4-1).  Therefore, future experiments should focus on Nab3 

binding to RNA transcripts while monitoring (1) ATP levels, (2) cellular transition from 

fermentation to respiration in response to glucose deprivation and (3) Nab3 granule accumulation 

and dissociation. 

  

4.4.2 Identifying key players in assembly and disassembly of the Nab3 granule. 

While identifying protein and RNA components of the Nrd1-Nab3 granule will help to 

elucidate the function of the granule, it may or may not aid in identifying key players in assembly 

and disassembly of the granule.  Thus, another important future direction for this work is to design 

experiments aimed at discovering key players in assembly and disassembly.  Looking at work done 

on other RNP granule structure assembly and disassembly may prove helpful in guiding the design 

of these experiments.  For example, in the absence of ATP hydrolysis or substrate release, DEAD-

box proteins remain stably bound to RNA and this serves as a template for recruitment of other 

proteins to the RNA121.  This initial complex can further trigger the formation of larger RNP 

granules that then assemble into larger biomolecular condensates that appear as a membraneless 

subcellular compartment121.  One specific example of this is Sub2, a component of a yeast protein 

complex important for nuclear mRNA export121.  When Sub2 inhibits mRNA release from the site 

of transcription, it leads to the formation of nuclear RNP granules121.  Keeping in mind that ATP 

levels are known to plumet at the onset of glucose deprivation, and that Nrd1-Nab3 granule 

accumulation is affected by ATP levels, one can imagine a scenario for Nrd1-Nab3 granule 
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assembly where Nrd1 and Nab3 remain bound to RNA and serve as a template for the recruitment 

of other proteins to assemble into the membraneless subcellular compartment that is the Nrd1-

Nab3 granule.  

In addition to protein-RNA serving as templates for granule formation, there are other 

players that regulate granule formation such as the DEAD-box protein, eukaryotic translation 

initiation factor 4A (eIF4A)121.  eIF4A was shown to regulate the formation of stress granules that 

form through the condensation of untranslated mRNPs121.  eIF4A does so by counteracting RNA-

RNA multimerization through ATP-dependent RNA-binding, thus inhibiting RNA condensation 

and stress granule formation.  Thus, in the context of Nrd1-Nab3 granule accumulation, one can 

hypothesize that if ATP levels are low and DEAD-box proteins are unable to counteract Nrd1-

Nab3-RNA multimerization, Nrd1-Nab3 granules accumulate.  Thus DEAD-box proteins or 

DEAD-box-like-proteins could be important in the regulation of Nrd1-Nab3 granule assembly.  

In the context of disassembly, stress granules may provide insight into factors that drive 

Nrd1-Nab3 granule disassembly.  Stress granule disassembly is known to be modulated by the 

ATP hydrolase activity of Hsp104 disaggregase as well as cellular ATP levels73.  The ATP 

hydrolase activity of Hsp104 is the critical ATP-consuming step that determines stress granule 

compartment abundance and size73.  Thus, since Nrd1-Nab3 granule accumulation is reduced by 

the addition of extracellular ATP, it is probable that an ATPase is also involved in the disassembly 

of the Nrd1-Nab3 granule.  Additionally, the serine-arginine protein kinase, Sky1, has been 

implicated in efficient stress granule disassembly102, 104.  Work presented in this thesis 

demonstrated the relationship between Sky1 and Nrd1-Nab3 granules by showing that a Sky1 

deletion resulted in increased Nrd1-Nab3 granule accumulation.  We suggest Sky1 is involved in 

efficient Nrd1-Nab3 granule disassembly by maintaining ATP levels through its influence on 
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mitochondrial function.  We, along with others125, show that a gene deletion of SKY1 results in a 

reduced ability to grow on ethanol as a carbon source as well as an inability to grow and proliferate 

during extended glucose deprivation.  These data suggest that a gene deletion of SKY1 results in 

reduced respiratory capacity. 

Thus, while Sky1 may not be directly involved in Nrd1-Nab3 granule disassembly, it does 

impart an influence on it like stress granule disassembly.  Alternatively, Sky1 could act directly 

on Nrd1-Nab3 granules and stress granules by phosphorylating a granule component as Sky1 is 

known to shuttle between the cytoplasm and nucleus104.  Regardless of how Sky1 influences Nrd1-

Nab3 granule disassembly, it is an example of how (1) stress granules can serve as a paradigm for 

Nrd1-Nab3 granules and should be used to design future experiments and (2) other key players 

may have an influential direct or indirect impact on Nrd1-Nab3 granule disassembly.  

 

4.4.3 Discovering other factors that influence Nab3 granule accumulation 

The work presented in this thesis identified respiration and mitochondrial function as an 

important factor in determining Nab3 granule accumulation; however, it is important to think about 

other cellular aspects that may influence granule accumulation.  Yeast regularly experience 

fluctuations in nutrient availability, temperature, osmolarity and acidity of their environment and 

they reprogram their gene expression to ensure survival through this ever-changing 

environment139.  While it is well-established that glucose starvation induces Nrd1-Nab3 granule 

accumulation and causes a change in Nrd1-Nab3 binding to transcripts23, 29, 58, 71, it is important to 

explore other environmental conditions such as heat shock or changes in osmolarity to see if these 

changes also cause Nrd1-Nab3 granule accumulation and/ or alter the contents of the NNG. 
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For example, stress granules form in yeast due to a variety of cellular stresses such as 

glucose deprivation and heat shock.  When stress granules form in response to glucose deprivation, 

they contain the eukaryotic initiation factor (eIF)4E and eIF4G proteins as well as the poly(A) 

binding protein, Pab149.  However, when stress granules form in response to heat shock, they 

contain 40S ribosomal subunits and eIF3 factors, which are lacking from those formed during 

glucose deprivation49.  Additionally, it has been shown that mutations that affect stress granule 

assembly during glucose starvation have little effect on their assembly under heat shock 

conditions49.  These findings demonstrate how different environmental conditions can influence 

granule formation as well as the contents within them.  Thus, it would be worth exploring how 

different environmental conditions influence NNG assembly and dissociation as well as the 

contents found within the NNG. 

 Research aimed at understanding how Nrd1 and Nab3 binding to RNA changes in response 

to different environmental fluctuations reveals that Nab3 binding profiles can include many genes 

involved in the heat-shock and oxidative stress responses71.  Additionally, another set of 

experiments systematically identified Nrd1 and Nab3 in insoluble protein fractions in response to 

heat shock140.  Using stress granules as a paradigm, I would predict that NNG formation is induced 

in response to heat shock; however, the contents of the granule may vary between NNG’s formed 

during glucose starvation and those formed during heat shock.  This prediction alludes to the idea 

that NNG formation serves as a compartment to concentrate transcription termination of a specific 

set of transcripts and while NNG formation would still occur under both conditions, the cellular 

drivers of formation and dissociation as well as the granule’s contents would differ due to the 

inducing of different stress responses.  In a glucose-deprived state, NNG formation is triggered by 

a drop in ATP levels and is dissociated when ATP levels rise again due to a switch in fermentation 
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to respiration.  The contents of the granule may contain attenuated transcripts of ATP1, an 

important subunit vital to proper oxidative phosphorylation and respiration.  However, upon heat 

shock, NNG formation may be triggered by a cellular signaling response to temperature change 

and the contents of the NNG may differ to contain heat shock protein gene transcripts instead of 

transcripts such as ATP1.  Thus, investigating NNG formation and its contents under different 

environmental challenges would prove useful in demonstrating both the function of the NNG as 

well as the dynamic state of the compartment. 

 

4.5 Implications of mitochondrial function in neurodegenerative diseases 

Mitochondrial dysfunction is implicated in neurodegenerative diseases such as Alzheimer 

disease, Parkinson’s disease, ALS and Huntington’s disease141.  This is because mitochondria are 

regulators of cell death, a key feature of neurodegeneration141.  During aging, there is an increased 

risk of neurodegeneration due, in part, to oxidative stress that leads to the production of reactive 

oxygen species141 and an accumulation of mutations in mitochondria.  In Alzheimer’s disease, 

Parkinson’s, ALS and Huntington’s disease, there is strong evidence that mitochondrial 

dysfunction occurs early and acts as a key contributor throughout the progression of the disease141.  

Additionally, many disease-specific proteins interact with mitochondria and mutations in certain 

proteins can lead to mitochondrial dysfunction141. 

Yeast are an excellent model organism to use for studying mitochondrial function and 

diseases.  More specifically, in the context of our research, the NNS complex is an important topic 

of study as it is helping to elucidate how players in transcription termination can impact 

mitochondrial function.  For example, it has been shown that deletions in genes involved in cell 

cycle regulation and mitochondrial maintenance in combination with nrd1 mutants leads to 
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synthetic lethality or slow-growing phenotypes58.  Interestingly, these synthetic interactions 

correlated with defects in cell size and mitochondrial content in the nrd1 mutants, suggesting that 

NRD1 could help to regulate mitochondrial content and inheritance as well as mitochondria 

morphology and the stability of mitochondrial DNA58.   

Another example is Sen1, which is an ATP-dependent 5’ to 3’ RNA/DNA and DNA 

helicase that is part of the essential Nrd1-Nab3-Sen1 transcription termination complex2, 3, 11, 12, 14, 

16, 17, 21-26.  Sen1 plays a role in genome stability through its helicase activity which is responsible 

for preventing RNA:DNA hybrids that can form from R-loops during transcription12.  Recent 

studies revealed that an N-terminal truncation of Sen1 causes a slow growth phenotype, loss of 

mitochondrial DNA, oxidative stress, and downregulation of genes that are required for 

mitochondrial biogenesis12.  More specifically, data show that SEN1 mutations results in a 

significant downregulation of genes that are required for mitochondrial biogenesis and function12. 

Because the yeast Sen1 protein has such strong similarity to the human ortholog, senataxin, it has 

been proposed as a model to study disorders that occur in humans due to mutations in senataxin12.  

Mutations in the human SETX gene, which encodes senataxin, is associated with progressive 

neurodegenerative diseases such as ataxia with oculomotor apraxia type 2 (AOA2) and 

amyotrophic lateral sclerosis type 4 (ALS4)12.  Thus, the loss of mitochondrial DNA, oxidative 

stress and downregulation of genes required for mitochondrial biogenesis as a result of mutations 

in Sen1 may provide a link between mitochondrial dysfunction and neurodegenerative disease. 

 

4.6 Final remarks 

This body of work established that Nrd1-Nab3 granule formation varies in penetrance 

across yeast strains and that this variation is influenced, in part, by mitochondrial function and 
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respiratory capacity.  This work identified that ATP homeostasis is an important factor in Nrd1-

Nab3 granule disassembly and suggests that some of the machinery involved in Nrd1-Nab3 

granule disassembly requires ATP. The serine-arginine protein kinase, Sky1, was discovered to 

influence Nrd1-Nab3 granule disassembly and, based on the findings of the importance of 

respiration, led to strong evidence that this is through its role in mitochondrial function.  From this 

work, logical next steps have been established that will aim to identify both protein and RNA 

components of the granule to further understand the functional role of Nrd1-Nab3 granule 

formation as well as offering avenues to explore other stress response pathways that have the 

potential to trigger Nab3 granule assembly and accumulation.  These proposed next steps will 

broaden our understanding of the function and regulation of Nab3 granule assembly and 

accumulation and will help to broaden and deepen our understanding of other inducible, 

subcellular compartments found across eukaryotes.  
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4.7 Figures 

Fig.4-1 

 

 

Fig. 4-1 A working model for Nrd1-Nab3 granule function  

(A) In the presence of glucose, Nrd1 and Nab3 perform transcription termination of non-coding 

RNA such as snRNA, snoRNA and CUTs.  

(B)Upon the removal of glucose, there is a decrease in cellular ATP levels which results in Nrd1-

Nab3 granule accumulation.  During this time, the granule serves as a concentrated spot for Nrd1-

Nab3 transcription attenuation of specific genes such as ATP1, which encodes for a mitochondrial 

subunit important for oxidative phosphorylation and cellular respiration. 

(C)There are two possible outcomes after Nrd1-Nab3 granule accumulation: (C1) glucose is 

replenished and thus leads to an increase in cellular ATP levels using glycolysis.  Cells utilize 

NNS to terminate the transcription of snRNAs, snoRNAs and CUTs, or (C2) cells remain in a 
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glucose deplete environment and are forced to use their mitochondria to perform respiration to 

increase cellular ATP levels.  Cells utilize NNS to terminate the transcription of genes such as 

ACA1, which is important for determining carbon source utilization in yeast.  The use of glycolysis 

or respiration dictates the types of transcripts terminated by the Nrd1-Nab3-Sen1 transcription 

termination complex. 
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