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Although gene expression begins with transcription, there are a variety of 

mechanisms that cells use to control and tune expression post-transcriptionally. Many 

post-transcriptional regulatory functions including translational regulation, transcript 

surveillance, intracellular RNA localization, and RNA decay occur in organelles known 

as RNA granules. RNA granules, such as processing (P)-bodies, are cytoplasmic 

accumulations of translationally repressed mRNA and associated proteins that are 

ubiquitous among eukaryotes. Much of what is known about RNA granule biology has 

been observed through genetic and cytological experimentation and very few 

biochemical enrichments of these structures have been reported. In this work I present 

an affinity enrichment strategy for Dhh1, a conserved core component of P-bodies, 

from the budding yeast Saccharomyces cerevisiae. We identify proteins co-enriching 

with Dhh1 using tandem mass spectrometry and show that many known RNA granule 

proteins are enriched by this approach. We go on to compare the association of 
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proteins with the complex across two environmental conditions to examine the effect 

of stress induction on RNA granule assemblies. We find that metabolic enzymes and 

molecular chaperones are typically more abundant in the stress-induced P-body 

complex and demonstrate that one chaperone, YDJ1, is involved in the stress-induced 

aggregation of several P-body proteins into cytoplasmic foci. We also identify RNA co-

enriching with Dhh1 and detect several classes of catalytic RNA as well as a strong 

enrichment for the mRNA encoding the P-body protein PAT1. Finally, I present and 

discuss the characterization of a yeast strain that exhibits sensitivity to the drug 

puromycin. The puromycin-sensitive strain incorporates the drug into nascent proteins 

in vivo and I discuss how this is a unique and useful approach for the detection of 

protein biosynthesis. The techniques developed and employed in this dissertation 

provide novel perspectives on post-transcriptional regulatory processes and enable 

further investigations into how these regulatory programs are executed within the cell. 
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Chapter 1: Background & Introduction 

Defining the regulatory mechanisms involved in gene expression is a 

fundamental objective of modern biology. Recently, the ability to measure total RNA 

abundance coupled with techniques developed to interrogate vast networks of protein-

DNA interactions have led to a detailed understanding of transcriptional control. 

However, transcriptional regulation is only the first of many steps needed to express 

functional proteins at the correct levels. Transcript maturation, localization, and decay 

all play critical parts in determining the time, place, and amount of protein produced. 

Recent work in a variety of organisms has underscored the importance of post-

transcriptional regulation in an array of biological processes, including response to 

nutrient deprivation in yeast1,2, metabolic diseases in mammals3, developmental 

processes in worms4, and the control of one of the most frequently altered genes in 

cancer (p53)5. Post-transcriptional regulatory processes are central to the appropriate 

and optimal expression of gene products. While steady state transcript levels are 

commonly reported measurements of gene expression, they are not always well 

correlated with protein expression levels6,7. Therefore, a more complete understanding 

of gene expression necessitates more detailed knowledge of how transcripts are 

regulated post-transcriptionally. 

Protein-RNA interactions are a key component of many of many post-

transcriptional regulatory processes. The collection of proteins associated with a 

particular mRNA at a given time is known as the messenger ribonucleoprotein (mRNP) 
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complex and includes proteins that associate with transcripts generally (e.g. the mRNA 

cap binding protein, eIF4E8) as well as sequence-specific RNA binding proteins (e.g. 

the Puf family proteins9). These proteins work in concert to shepherd a transcript 

through its life cycle, dictating where and when it will be translated and at which point 

it will be degraded10. Therefore, elucidating the combinatorial array of protein-mRNA 

interactions is central to gaining insight into post-transcriptional regulation. 

Cytoplasmic RNA Granules 

Association between mRNPs and cytoplasmic RNA granules represents one 

mechanism through which cells can regulate the post-transcriptional fate of mRNA. 

RNA granules are aggregates of translationally silenced mRNA and accompanying 

proteins that appear as cytoplasmic foci11,12. These structures have been associated 

with many post-transcriptional regulatory processes including mRNA localization13, 

aberrant mRNA surveillance14, and mRNA decay15,16. Transcripts associated with RNA 

granules can be maintained in the translationally silent state indefinitely, primed to 

return to translation when and where it is beneficial to the cell, or can be targeted for 

degradation. In this way accumulation of mRNP within RNA granules is a way for cells 

to rationalize transcript content and modify gene expression programs post-

transcriptionally. 

While RNA granules are found throughout eukaryotic lineages, germ-line cells 

and neurons are examples of two cell types that contain specialized RNA granules that 

are employed for specific functions unique to these cells. Germ cells contain mRNP 
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aggregates known as germ cell granules (GCG), comprised of maternal mRNA required 

for germ cell specification during early embryogenesis. Once an embryo reaches an 

appropriate developmental stage, the translational repression is released and 

incorporated mRNAs are expressed11,12. Neurons contain mRNP aggregates, neuronal 

granules (NG), which are transported from the soma to distal sites of translation where 

exogenous stimuli can lead to swift adaptations in localized protein synthesis via de-

repression of these transcripts. This mechanism is important for various aspects of 

neuronal physiology including guidance of growing neuronal processes as well fine-

tuning cellular aspects of learning and memory at synapses13. 

RNA granules such as processing (P)-bodies (PB) and stress granules (SG) are 

common among all eukaryotes examined and therefore represent a more general class. 

SG and PB are both dynamic aggregates of non-translating mRNAs that are rapidly 

induced by stress to form cytoplasmic foci11,17. They are distinguished primarily based 

on their protein components, with SGs containing components of the translation 

initiation machinery and PBs containing RNA decay factors11,18,19,20. However, there are 

a number of proteins that PB and SG share in common, and it has been reported that 

these granules can interact and exchange components in vivo21. In the following 

sections I will review what is currently known about PB and SG complexes, with 

special focus on granule composition and dynamics. 

PBs are the most thoroughly characterized RNA granule in yeast, beginning in 

2003 with the discovery of cytoplasmic foci containing decapping factors and the 5’-3’ 

exonuclease20. PB have been shown to be dynamic, stress-induced aggregates of 
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translationally silenced mRNA along with various RNA degradation factors19 [Table 1.1]. 

In yeast, mRNA decay is initiated by deadenylation of the transcript by the 

Ccr4p/Pop2p/Not1-5p complex22. The subsequent decapping step is inhibited by the 

poly(A) binding protein (Pab1p) and decapping only begins when the poly(A) tail is 

shorter than 12 nucleotides, the minimum length for Pab1p binding23. Removal of the 5’ 

cap is achieved by the decapping complex including the catalytic Dcp2p and 

associated decapping enhancers such as Dcp1p, Edc3p, Dhh1p, and Pat1p/Lsm1-7p16. 

Finally transcripts are terminally degraded primarily by the cytoplasmic 5’-3’ 

exonuclease Kem1p24. All of these proteins have been shown to co-localize to PB foci 

in vivo.  PBs have also been found to contain proteins associated with transcript-

specific RNA decay processes, such as nonsense mediated decay (NMD) in yeast14 

and the RNA-induced silencing complex (RISC)25 in metazoans.  

Certain translation initiation factors localize to PB including Pab1p, the cap-

binding protein (eIF4E), and a scaffold protein (eIF4G) that mediates the interaction of 

the cap with Pab1p. These components accumulate within PB especially during stress 

conditions26. This co-localization may reflect associations between PB and SG 

aggregates in vivo as SG typically consist of these, and other, translation initiation 

factors along with various ribosomal subunits27. 

 PBs also contain various proteins involved in retrotransposition. PB proteins 

have been shown to be involved in the assembly of Ty retrotransposon virus-like 

particles28,29,30, promotion of transposition31, and may be involved in the post-

transcriptional shift from a translation substrate to genomic RNA for the Ty3 transcript32.   
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Table 1.1 RNA granule proteins in S. cerevisiae 
 
 Protein / Complex Function 

P-
bo

dy
 C

or
e 

Ccr4 / Pop2 / Not1-5 Cytoplasmic de-adenylase complex 

Dcp2 / Dcp1 Decapping enzyme complex 

Kem1 (Xrn1) 5’-3’ Exonuclease 

Edc3 Decapping activator 

Dhh1 DExD/H-box helicase; decapping activator & 
translational repressor 

Pat1 Decapping activator & translational repressor 

Lsm1-7 Heteroheptameric Sm-like complex involved in 
decapping 

Scd6 Repressor of translation initiation 

St
re

ss
 G

ra
nu

le
 

Pab1 Poly(A) binding protein 

Cdc33 mRNA cap binding protein (eIF4E) 

TIF4631 / TIF4632 Translation initiation factor eIF4G 

Rpg1 / Prt1 / Nip1 Translation initiation factor eIF3 (subunits a, b & c) 

Pbp1 Component of glucose deprivation induced stress 
granules 

Pbp4 Pbp1 binding protein 

Pub1 Poly(A)+ RNA binding protein 

Lsm12 Protein of unknown function, may have a role in RNA 
processing 

P-
bo

dy
 

As
so

ci
at

ed
 Nam7 / Upf3 / Ebs1 Nonsense mediated decay 

YGR109W-A Retrotransposon TYA Gag 

Dcs1 / Dcs2 Cap scavenger 

Pby1 Putative tubulin tyrosine ligase 

Smy2 COPII vesicle formation 
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In what are likely similar interactions between PB and transposons, PB are also 

associated with a number of viruses33,34 and are altered during viral infection35,36. 

Because retrotransposons and retroviruses are entities that rely heavily on post-

transcriptional regulatory processes for their life cycles, their interaction with and 

regulation by PB emphasize the central role of these granules in cellular post-

transcriptional regulatory processes. 

RNA Granules Are Stress Induced and Highly Dynamic 

An important characteristic of PB to emerge from their investigation in yeast is 

that PBs typically exist in balance with translation. Generally, perturbations that prevent 

translation – such as drugs, mutations or stress – lead to an increase in the size and 

number of PB foci17. The inverse is also true; for example cycloheximide treatment, 

which prevents ribosomal translocation and traps RNAs with translating ribosomes, 

leads to a decrease in the size and number of PB foci17. Furthermore, as cells are 

released from stress, PB are reduced in a manner dependent on functional translation 

initiation26. Some PB components can mediate both translational silencing and PB 

induction. Over-expression of the decapping enhancers Dhh1p and Pat1p represses 

translation and stimulates PB formation, whereas deletion of either of these factors has 

the inverse effect23. The identification of this relationship has led to the development of 

a model in which mRNA association with PB and other RNA granules is involved with 

the regulation of translational activity particularly in response to environmental 

perturbations. 
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PB are induced to aggregate rapidly by a variety of cellular stresses including 

glucose depletion from the media, osmotic stress, UV irradiation37, acidic stress38, DNA 

damage39, and entry into stationary phase17. These foci can disaggregate just as rapidly 

once the stress is relieved40. PB are also regulated by cell cycle processes and are 

involved in yeast mating41 and recent work from our own lab has demonstrated that 

PBs are unidirectionally transferred from the mother cell to the daughter during the cell 

cycle [Garmendia Torres and Dudley, personal communication].  

The accumulation of PB proteins into cytoplasmic foci does not appear to be a 

random aggregation process but rather a direct result of various cell signaling 

cascades. For example, while salt stress induces PB aggregation in yeast, deletion of 

the gene encoding the Hog1 MAP kinase, the effector kinase of the osmotic shock 

signal transduction pathway, prevents the accumulation of PB foci even in the 

presence of high salt17. PB protein accumulation can also be induced by the cAMP-

dependant protein kinase (PKA)42. The catalytic subunits of PKA localize to PB under 

some, but not all stress conditions43. Finally, the kinases Pkh1/2 and Pkc1, which are 

involved in regulating cellular growth in response to nutrient availability, have been 

shown to stimulate PB accumulation and affect mRNA decay under specific stress 

conditions44. Taken together, these results show that while PBs aggregate following a 

variety of stresses, PB accumulation is a controlled physiological response to specific 

environmental states. Because these environmental conditions also typically alter other 

aspects of gene expression, such as transcription, it is reasonable to speculate that 

PBs may also play a role in that gene expression response. 
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PBs are very dynamic entities. Fluorescence recovery after photobleaching 

(FRAP) experiments have been used to interrogate the real-time dynamics of specific 

PB components. One set of FRAP experiments demonstrated that in a human cell line 

Dcp1 fluorescence returns to steady-state levels within one minute of photobleaching, 

indicating a high rate of protein exchange between PB and the cytoplasm. In contrast, 

the fluorescence of another PB component, Dcp2 does not recover from FRAP, 

indicating that Dcp2 is stably associated with PB45. In addition PBs interact with the 

cytoskeleton leading to dynamic intracellular localization. Microtubule disruption by 

treatment with benomyl or temperature sensitive mutations leads to the accumulation 

of PB components46. In mammalian cells, the microtubule motor proteins kinesin and 

dynein are involved in PB and SG dynamics47. Myosins also associate with PB48 and 

are necessary for PB formation49. These experiments highlight the dynamic nature of 

PBs in vivo, both at the level of protein components shuttling in and out of PB as well 

as PB transport within the cell. 

Functional Implications of RNA Granule Aggregation  

The molecular interactions underlying induced PB assembly have been 

identified in yeast. For example, RNA is critical for assembly and when they are treated 

with ribonuclease, PB foci are greatly reduced17. Furthermore, the PB components 

Edc3p and Lsm4p contain self-aggregation domains that are critical for the assembly 

of PB foci50. Destruction of the interaction domains in these two proteins completely 

inhibits the formation of microscopically detectable PB without significantly affecting 

either mRNA decay or translational silencing. Intriguingly, metazoan cells also display 
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functional mRNA decay, NMD, and RNA-mediated gene silencing in the absence of 

visible PB51.  

Despite thorough characterization, the functional relevance of the induced 

aggregation of mRNP into PB remains an unresolved question. While the protein 

components of PB primarily consist of cellular RNA decay machinery, there is no direct 

evidence demonstrating enzymatic activity of these proteins within PB16 or of changes 

in mRNA decay when PB foci are depleted50,51. In addition, the constituent mRNAs are 

not necessarily destined for degradation as transcripts can be released back to 

translation following sequestration in PB40,52. There are indications that sequestration of 

mRNAs into RNA granule compartments may be a requirement for cell viability and 

long term survival53,42. Finally, it has not been demonstrated whether the PB complex 

exists ubiquitously, even when not induced to aggregate by stress, but at levels below 

the microscopic detection limit. Therefore, the nature of sub-microscopic PB must be 

examined in relation to the induced complexes in order to discern the functional 

implications of aggregation. 

The fundamental question of how granules are selective for specific mRNPs 

remains unclear. For example, mammalian cells under stress sequester transcripts 

such as GAPDH, β-actin, c-MYC, Igf-II, and H19 into SG54, while the stress-induced 

transcripts for Hsp9054 and Hsp7055 are excluded from SG and are directed toward 

translating polyribosomes. How these various transcripts are differentiated in the 

cytoplasm remains a crucial question. One likely explanation could be that this 

specificity is mediated by the interaction of trans-acting factors with cis-elements 
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within mRNA. For example, the RISC is a component of both metazoan SG and PB 

and the interaction of specific non-coding RNAs with their cognate mRNA targets is 

one mechanism by which individual transcripts could be targeted to accumulate into 

RNA granules51. Another example is trans-acting AU-rich element (ARE) binding 

proteins that interact with AREs within the 3’ UTR of specific transcripts and are also 

located in mammalian SG and PB18,56. In yeast, the Rbp1p protein associates with the 3’ 

end of the mitochondrial porin transcript, localizes to PB and modulates transcript 

stability57. Finally, the yeast Puf3p, which specifically binds to nuclear transcripts of 

mitochondrial function9, is known to co-localize with PB proteins and this interaction is 

associated with regulation of the target transcripts58. Trans-acting RNA binding 

proteins likely mediate mRNP association with RNA granules, however it remains to be 

determined how these interactions are coordinated. 

While protein-RNA interactions are at least partially responsible for the 

partitioning of transcripts to RNA granules, there are various classes of RNA granules 

within a single cell at any given time. Both PB and SG are composed of proteins that 

are unique to each granule, although there are several proteins that can exist in either. 

The core PB component Dhh1p has been shown to co-localize with both Edc3p, a core 

PB protein, and Pab1p, a canonical SG protein, following stress induction59. PB and 

SG can also physically interact within the cell and constituent mRNAs can transition 

between the granules60,21. Determining how mRNP complexes are partitioned between 

different RNA granules is an important step in understanding how the cell determines 

which transcripts are to be degraded, which are to be translated and which are to be 

stored for later translation. 
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Technologies for Global Analysis of Post-transcriptional Regulation  

The study of post-transcriptional regulatory processes has only recently begun 

to leverage the power of global methods analogous to those that have been applied so 

effectively in the study of transcription, such as ChIP-Seq and RNA expression analysis. 

Recently high-throughput technologies such as polysome profiling61, ribosome affinity 

purification62, and ribosome footprinting63 have enabled unprecedented insights into 

translational activity including processes such as ribosome initiation, elongation rates 

and pausing sites64. These approaches all rely on ribosome association with a 

transcript as a readout for translational activity. While ribosome association is clearly a 

very useful proxy, it does not always correlate well with the active translation of 

substrate mRNA. For example, transcripts may contain structural elements that allow 

ribosome binding but prevent active translation of the full transcript such as upstream 

open reading frames or iron response element hairpins in the 5’ UTR. Furthermore, 

SGs have been shown to contain both non-translating mRNA and ribosomal subunits. 

The ability to globally measure the protein products of translation would be a powerful 

complementary approach to these ribosome-based assays and would provide an 

additional perspective onto translational activity. 

While a variety of techniques exist to assay translational activity, there are 

currently no approaches to globally access non-translating pools of mRNA within the 

cell. Given their central role in post-transcriptional regulation, as well as the balance 

that exists between translational activity and RNA granule accumulation, RNA granules 

are good candidates for compartments in which one might gain access to non-
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translating mRNA. While it is possible to visualize RNA granules, these investigations 

give little insight into their functional relevance in post-transcriptional gene regulation.  

A few biochemical enrichments of RNA granules have been reported. In 2004 

Kanai et al. identified a number of proteins involved in neuronal RNA transport in 

biochemical association with a kinesin motor protein65. In another study, proteins co-

immunoprecipitating with Dcp1 were identified by mass spectrometry. These included 

many known components of RNA granules, such as Edc3, p54/rck, and Hedls, but did 

not capture several other core components, most notably Dcp256. The high stringency 

TAP system has also been used to identify proteins co-precipitating with Dhh166 and 

Pat167. Recently work by Mitchell et al. identified transcripts associated with TAP-

tagged P-body proteins including Dhh1, Pat1, Lsm1, and Sbp168. However, none of 

these approaches demonstrated the specific enrichment of RNA granule proteins along 

with specific RNAs. Two papers by Kato et al. come the closest to this goal when they 

demonstrated the enrichment of RNA granule proteins through selective precipitation 

with biotinylated isoxazole (b-isox) compound69,70. The authors show that the presence 

of domains of low-complexity within RNA granule proteins is both necessary and 

sufficient to stimulate precipitation of these proteins when cell lysates are treated with 

the drug. The authors also characterize the RNA that co-precipitates using this 

approach and identify features common to RNA granule substrates, for example long 3’ 

UTR with binding sites for known RNA granule proteins. While RNA granule proteins 

and associated RNAs are enriched by precipitation with b-isox, this approach is not a 

direct probe for RNA granule proteins per se as it depends on the presence of low-
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complexity regions within RNA granule proteins for enrichment. Therefore it has the 

potential to capture other proteins with similar structural or sequence elements that are 

not strictly components of cellular RNA granules.  

One of the most crucial and unaddressed questions surrounding the study of 

mRNP aggregates is that there has been no comprehensive analysis of constituent 

RNAs. Enumerating the protein and mRNA components of PB in yeast, and elucidating 

whether and how their composition changes in response to different stimuli are critical 

tasks for understanding the functional implications of RNA granule induction. 

Furthermore, the signals responsible for the induction of specific mRNP aggregates 

and how they are partitioned into PB, SG, or other RNA granules within the cell are 

currently unclear. Finally, the flux of mRNPs through PB, SG and polysomes remains to 

be conclusively demonstrated and likely will not be until both the components and 

underlying regulatory mechanisms have been identified. 

The yeast Saccharomyces cerevisiae has been an extremely potent model 

organism for studying eukaryotic cell biology. S cerevisiae has a relatively small 

genome and is fairly simple to manipulate genetically using the tools accessible by 

homologous recombination. It is also easy to generate the large amount of starting 

material required for biochemical analysis by growth in large batch culture. Because 

RNA granule structures are largely conserved across eukaryotic lineages, it is logical to 

pursue enrichment of RNA granules from yeast as a means to understand their 

composition and dynamics. 
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 In this thesis I will present the work I have accomplished to address these 

questions and challenges. First, I will describe our approach to enriching RNA granules 

from yeast cells as well as the analysis of co-enriching proteins and RNA using 

systems-level technologies and analyses. Using this approach we identify previously 

unrecognized aspects of RNA granule biology in yeast. I will then describe work done 

to enable the development of protein-centric translational assays in yeast using the 

small molecule puromycin as a probe for translational activity. Finally I will discuss the 

implications of this work in the broader context of gaining a better understanding of 

post-transcriptional regulatory processes, not only in yeast but also across eukaryotes 

and why these questions might be especially critical for elucidating neurodegenerative 

pathologies. 
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Abstract 

 Cytoplasmic RNA granules are dynamic aggregates of non-translating RNA that 

are conserved across eukaryotic lineages. Given their central role in an array of post-

transcriptional regulatory processes, there has been considerable interest in 

developing a better understanding of how these granules accumulate and which RNAs 

are targeted to these structures. With a few exceptions, most of what is known 

regarding RNA granule biology has been observed by genetic or cytological analyses. 

In this work we develop a method to enrich RNA granule complexes from yeast cells 

by immunoprecipiatation of the RNA granule protein Dhh1-GFP and demonstrate the 

specificity and integrity of these complexes by proteomic analyses. Despite their 

dynamic nature, we enrich the majority of the core processing body (PB) complex and 

show using quantitative mass spectrometry that these proteins reflect primarily in vivo 

interactions. We also examine the association of identified proteins under two different 

environmental conditions to examine the effect of stress induction on RNA granule 

assemblies. We detect an increased association of a number of metabolic enzymes 

and protein chaperones in the stress induced complex and go on to demonstrate that 

one of these chaperones, Ydj1p, is crucial for the induction of large cytoplasmic 

aggregates under stress conditions. Finally, we measure RNA associated with Dhh1-

GFP and identify mitochondrially encoded catalytic RNAs as a class that is robustly 

enriched. In addition, we find that the mRNA for the core P-body component Pat1 is 

strongly and reproducibly enriched across all of our samples and we observe a small 

phenotypic benefit to the expression of the Pat1 mRNA that is not attributable to the 
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expression of the Pat1 protein. This work demonstrates the utility of global analysis of 

RNA granule complexes as we identify new components and reinforce previous 

functional associations.  

Introduction 

Post-transcriptional regulation of gene expression is critical to a variety of 

biological processes of interest1,2,3,4,5. Although there are many mechanisms by which 

expression is regulated post-transcriptionally, the association of transcripts with 

cytoplasmic RNA granules has emerged as a ubiquitous process central to the control 

of transcripts within the cell6,7. There are a variety of RNA granules, typically 

distinguished based on their associated proteins. For example, processing bodies (PB) 

are comprised of RNA decay enzymes and decay co-factors8,9, whereas stress 

granules (SG) contain a variety of translation factors and ribosomal subunits10,11,12. RNA 

granules appear to be a location within the cell where non-translating mRNA 

accumulates13. Overexpression of the PB proteins Pat114 and Dhh115,16 is known to 

both repress translational activity and induce the accumulation of PB proteins into 

cytoplasmic foci17,18. Thus, a balance exists between translational activity and RNA 

granule accumulation. As translation is repressed (e.g. in response to stress), RNA 

granule proteins increasingly accumulate into large cytoplasmic aggregates containing 

translationally quiescent mRNP. Due to this relationship, there is considerable interest 

in defining the processes through which RNA granules accumulate and regulate the 

fates of constituent mRNPs.  
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Much of what is known about RNA granules is based on genetic and cytological 

observations of RNA granule proteins. However, several biochemical enrichments of 

RNA granules have been described, including the enrichment of neuronal RNA 

transport granules by affinity enrichment of a kinesin motor protein19, 

immunoprecipitation of the core PB protein Dcp120, and enrichment of RNA granule 

proteins using the high stringency TAP system21,22. Recently work by Mitchell et al. 

identified transcripts associated with TAP-tagged PB proteins including Dhh1, Pat1, 

Lsm1, and Sbp123. Finally, employing a remarkably different approach, Kato et al. 

precipitated both RNA granule proteins and RNA by treating cell lysates with the small 

molecule biotinylated isoxazole and characterized the protein requirements for this 

association24. To date there has not been a method described to specifically enrich 

RNA granule complexes that explores both the protein and RNA constituents. 

Here, we describe a method developed to specifically enrich RNA granule 

proteins from yeast lysate based on their physical association with the known PB 

component, Dhh1. The identity of the co-precipitating proteins, determined by tandem 

mass spectrometry, supports the specific enrichment of RNA granules. We use this 

approach to compare RNA granules isolated from yeast cells in both uninduced and 

stress induced conditions. By comparing the conditional enrichments of constituent 

proteins, we identify proteins within the complex that are involved in the aggregation 

into large cytoplasmic foci and confirm this effect experimentally. We also identify co-

enriched RNA transcripts. We reproducibly identify several classes of catalytic RNAs 

encoded by the mitochondrial genome that had not previously been shown to 
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physically interact with PB. Finally, we identify a phenotypic benefit of Pat1 RNA that is 

separable from the Pat1 protein, which suggests a potential functional role for this 

transcript. 

Methods 

Yeast strains, PB induction & fast filtering  

 Yeast strains used in this study [Table 2.1] are isogenic to FY425. Plasmids 

indicated are from the molecular barcoded yeast ORF (MoBY) plasmid library 

(ThermoScientific)26. All media and manipulation of yeast was performed as described27. 

For immunoprecipitation experiments, strains harboring a Dhh1-GFP fusion protein 

were used. Overnight cultures were diluted into 200 ml fresh medium and grown to OD 

2.0. Additional media was then added to dilute the cultures to OD 0.2 in 2 L YPD. 

These cultures were grown for approximately 3 doublings to O.D. 1.0, at which point 

the cells were collected by filtration (Millipore Nitocellulose Membrane Filter Type: 

0.65µm DAWP #DAWP09025), re-suspended from the filter into 50 ml conical tubes 

containing 20 ml of the same growth medium, and pelleted for 3 minutes at 3000 x g. 

Cell pellets were then frozen in liquid nitrogen (+Glu, YPD samples, PB uninduced), or 

rinsed in YEP medium lacking glucose, pelleted again and resuspended into 2 L of YEP 

for induction. Induction was allowed to proceed for 30 minutes, at which point cells 

were filtered, and cell pellets were frozen as above (-Glu, YEP samples, PB induced). 

For SILAC cultures, synthetic complete (SC) media lacking lysine and arginine amino 

acids was used. To this media, we added heavy labeled arginine (13C6-15N4) and lysine 

(13C6-15N2). The BY4741 strain was grown in SCD (2% glucose) media to a   
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Table 2.1 S. cerevisiae strains used in this study. 
Strain Genotype Reference 
YAD1 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 25 
YAD49 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 28 
YAD50 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 EDC3-GFP::HIS3MX6 28 
YAD52 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 LSM1-GFP::HIS3MX6 28 
YAD53 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 PAT1-GFP::HIS3MX6 28 
GC01 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ydj1∆::kanMX   This study 
GC02 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 

hsp104∆::kanMX 
This study 

GC03 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ssa1∆::kanMX This study 
GC04 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ssa2∆::kanMX This study 
GC05 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 hsp82∆::kanMX This study 
GC06 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 hsc82∆::kanMX This study 
GC07 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 LSM1-GFP::HIS3MX6 ydj1∆::kanMX This study 
GC08 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 EDC3-GFP::HIS3MX6 ydj1∆::kanMX This study 
GC09 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ydj1∆::kanMX + 

MoBY-YDJ1 
This study 

GC10 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ydj1∆::kanMX  + 
MoBY-SIS1 

This study 

GC11 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ydj1∆::kanMX + 
MoBY-HSP104 

This study 

GC12 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ydj1∆::kanMX  + 
MoBY-SSA1 

This study 

GC13 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ydj1∆::kanMX  + 
MoBY-SSA2 

This study 

GC14 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ydj1∆::kanMX + 
MoBY-HSP82 

This study 

GC15 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 DHH1-GFP::HIS3MX6 ydj1∆::kanMX + 
MoBY-HSC82 

This study 

DV100 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 pat1∆::URA3-GFP::HIS3MX6   This study 
DV110 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 PAT1-STOP-GFP::HIS3MX6 This study 
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density of OD 1. This culture was then diluted 1:500 to OD ~ 0.002 into SCD containing 

the heavy amino acids. These cultures were allowed to grow for a total of 9 doublings, 

to OD ~1.2, at which point the cells were filtered, pelleted and frozen as above. 

For assessment of PB induction in other strains, cells were grown to mid-log 

phase (OD ~ 0.7) and pelleted by centrifugation 5 minutes at 3000 x g. Cell pellets were 

washed in YEP media lacking glucose and resuspended in YEP. Cells were induced in 

YEP media for 30 minutes. Induced cells were fixed in 3.7% formaldehyde in PBS for 2 

minutes at room temperature, followed by a 10-minute incubation in PBS on ice. 

Microscopy 

 The induction of PB proteins was checked prior to lysis by fixing a small aliquot 

of both the uninduced and the induced 2 L culture and examining aggregation status of 

Dhh1-GFP by microscopy. In addition, a small amount of the cell pellet from the 

uninduced condition was fixed and examined for induction to verify that the collection 

of cells had not induced PB aggregates. Fixed cells were imaged using a DeltaVision 

deconvolution imaging system (Applied Precision, Issaquah, WA) outfitted with an 

Olympus IX-71 wide field microscope. Cells were imaged with a PlanApo 60x oil 

objective (N.A. 1.42) using differential interference contrast (DIC) bright field illumination 

and a 250W xenon LED transillumination light source. For GFP fluorescence imaging a 

polychroic beam splitter was used along with excitation 490/20 and emission 528/38 

bandpass filters. A set of up to 30, 0.2 micron z-sections were captured for each image, 

deconvolved, and exported as tiff files. Tiff files were imported into ImageJ to generate 

image stacks and image levels were adjusted to be identical across all images and z-

stack projections were made 
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Cryolysis and anti-GFP IP 

Cell pellets stored at -80º C were released into a pre-cooled Retsch PM-100 

planetary ball mill grinding jar. Grinding was performed at 600 rpm in 2-minute cycles 

with rotation reversal at 1 minute. Jars were re-chilled in liquid nitrogen between 

grinding cycles. Samples were ground until >90% lysis was achieved, as assessed by 

microscopic examination, which typically occurred after 5 to 10 cycles of grinding. Cell 

powder was then collected and returned to -80º C for storage. 

 Cell powder was resuspended in 1.5 volumes cold buffer consisting of 30 mM 

K-Hepes (pH 7.4), 150 mM KCl, 2 mM MgCl2, 0.1% Tw20, 0.2% NP-40, 1 mM DTT, 

1/100 dilution of protease inhibitor (Sigma) and 1/1000 dilution RNase-In (Ambion / 

Millipore). The resuspended powder was then briefly pre-cleared by centrifugation 5 

minutes at 3000 x g and 4º C. The supernatant from this spin was then added to 

protein G beads that had previously been cross-linked with Roche anti-GFP. 

Crosslinking was performed using 20 mM dimethyl pimelimidate. Lysate and antibody-

linked beads were incubated for 30 minutes at 4º C with constant rotation. The beads 

were then collected by magnetic separation and washed twice with IP buffer. The 

beads were then divided for elution of protein and RNA: 88% of the beads were used 

to elute protein and 12% were used to elute RNA. For elution of protein, a solution of 

0.1% SDS in 30 mM Hepes (pH 7.4) was added to the bead pellet and incubated for 10 

minutes at 60º C. The beads were then pelleted again, and the supernant was 

collected as the IP fraction. For elution of RNA beads were resuspended in 200 µl TES 

(10 mM Tris (pH 7.5), 1 mM EDTA, 0.5% SDS) and an equal volume of acid phenol was 

added. Phenol:chloroform extraction was performed and the extracted aqueous phase 
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was precipitated with cold ethanol. Washed ethanol pellets were resuspended in 30 µl 

TE and stored at -80º C. 

For I-DIRT immunoprecipitations, cell powder from heavy BY and light 

Dhh1-GFP were resuspended and pre-cleared as described above. Protein 

concentration of the suspended lysates was quantitated using the BCA protein 

assay (Pierce) and lysates were mixed in a 1:1 ratio based on protein 

concentration. The immunoprecipitation was performed as described above, 

although no RNA was eluted from these preparations. 

Proteomics 

 A small amount of protein eluted from beads was measured by western blot 

(Clontech monoclonal anti-GFP JL-8, Cat# 632381) to demonstrate immuno-

enrichment and silver stain gel (Pierce Silver Stain for Mass Spectrometry, Cat# 24600) 

to test for IP-specific bands. IP fractions were reduced, alkylated, and trypsinized in 

solution using an established SDS/Urea-based denaturing protocol29. Tryptic 

digestions were acidified and desalted by UltraMicroSpin Vydac C18 silica column 

(Nest Group, Inc) following manufacture’s specifications. Digested and cleaned 

samples were submitted to the University of Washington School of Pharmacy Mass 

Spectrometry Facility for tandem mass spectrometry analysis by LTQ-Velos or LTQ-

Orbitrap. 

Tandem mass spectra were converted to universal mzXML file format and 

searched against a database consisting of translation of all known yeast open reading 

frames (SGD), know contaminant proteins, and a decoy library prepared by 

randomization of the library using a perl script available from the Matrix Science 
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website (http://www.matrixscience.com/help/decoy_help.html). Searches were 

performed using X!Tandem30 with the following parameters: tolerable tryptic termini = 

1; identifications based on b- and y-ions; parent mass tolerance = 3.00; fixed 

modifications include carboxyamidomethylation of cysteine (57.02); variable 

modifications include oxidation of methionine (15.99). Tandem mass spectra peptide 

assignments were validated by PeptideProphet31 and protein assignments validated by 

Protein Prophet32, available in the current TPP distribution 

(http://tools.proteomecenter.org/wiki/index.php?title=Software:TPP). Protein 

probabilities yielding a 0.05 FPR threshold were applied to the resulting protein lists 

and lists were filtered to exclude proteins identified in any experiment with fewer than 

two unique peptides. Only proteins identified in at least two independent IP samples 

were considered in the final filtered list. Gene ontology (GO) category enrichments for 

detected proteins were assessed using the YeastMine toolset available from the SGD 

website (http://yeastmine.yeastgenome.org/yeastmine/). All reported p-values have 

been corrected for multiple hypothesis testing using Benjamini Hochberg. 

 For spectral count quantitation experiments, paired –Glu and +Glu samples 

were analyzed using the same mass spectrometer on the same day and two technical 

replicate injections were performed of each sample to assess reproducibility of spectral 

count numbers. Tandem mass spectral counts for each protein were normalized using 

the APEX program33,34 (version 1.1.0) available from the JCVI website 

(http://pfgrc.jcvi.org/index.php/bioinformatics/apex.html). Briefly, estimated 

observability scores for the yeast proteome were downloaded and input into the 

program along with the prot.xml files output by the TPP. APEX normalization was then 
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performed for all proteins lower than the 0.05 FPR threshold. The APEX-normalized 

value for each protein within a sample was further normalized to the normalized value 

for Dhh1 in that sample.  

The mass spectrometry data from the I-DIRT IP samples were analyzed using a 

similar approach as described above with the following important differences. 

Database searches were performed including the following variable modifications: 

SILAC heavy arginine: 13C6-15N4 (10.01), and SILAC heavy lysine: 13C6-15N2 (8.01). 

Following assessment of peptide and protein identifications by PeptideProphet and 

Protein Prophet, quantitative SILAC ratios for proteins were determined using XPRESS 

software35. Precursor ion elution profiles of heavy vs. light peptides were determined 

with a mass tolerance of 0.05 (>5s) and the area under the curve (AUC) was used to 

determine a SILAC ratio for each peptide. 

Microarray 

Acid phenol extracted, ethanol precipitated RNA was prepared from input and 

bead fractions. 5 µg input RNA and 200 ng IP RNA were fragmented and hybridized to 

a custom Agilent microarray per manufacturer’s directions. The array was 

subsequently washed and incubated with the S9.6 antibody (ATCC clone hb-8730) and 

Cy3 labeled anti-mouse antibody as described36. Following the final antibody wash, 

slides were dried by brief low speed (600 rpm) centrifugation and immediately scanned 

and feature extraction was performed using an Agilent G2565CA Microarray Scanner 

and control software. The antibody approach produced background signal that was 

not well estimated by the feature background. To remove this background, signal from 

array features that do not hybridize to any yeast transcripts was measured and 
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subtracted. Background subtracted signal was log transformed, pairs of Input and IP 

arrays were normalized by cyclic loess implemented in the limma Bioconductor 

package37, and transcript replicate probes were averaged. Finally, we applied a 

threshold to remove transcripts that exhibited low abundance and high variability or 

that were saturated on the total RNA array.   

Growth Assays 

For liquid growth assays, strains were grown overnight and diluted into fresh YPD 

the following day. Cells were grown for 2-3 doublings at which point cells were 

counted and cells were resuspended in either YPD media or YPD media containing 

0.18 µg/ml cycloheximide at a cell concentration of 3,333 cells/ml. 150 µl of these cell 

suspensions, corresponding to 500 cells, was added to each well of a tissue culture 

treated, flat bottomed, 96-well plate. There were at least five biological replicates 

performed for each mutant and Pat-STOP strain background. Plates were sealed with 

sterile, gas-permeable, optical adhesive sealing film for microplates and incubated in a 

Sunrise 96-well optical plate reader (Tecan Austria GmbH, Austria) controlled by the 

Tecan Magellan v6.55 software. Cells were grown at 30º C with continuous shaking. 

Prior to reading, the plate was subjected to 15 seconds of high intensity shaking, and 

the OD600 was read using the Tecan accuracy method. Growth was measured for 4-5 

days or until the OD of the wells exhibiting growth had plateaued.  

The amount of time in lag phase was estimated for each well by calculating the 

timepoint at which each well surpassed 25% of the OD in the media-specific blank well. 

For each strain, the amount of time in lag for YPD was subtracted from the amount of 
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time in lag for the YPD media containing cycloheximide to generate a relative lag time 

for each replicate. 

Results 

Enrichment Strategy 

We used an immunoprecipitation (IP) strategy to enrich RNA granule 

components from yeast cell lysate. The enrichment protocol was designed to minimize 

the experimental impacts on the dynamic nature RNA granule aggregates. We used 

GFP as an affinity tag in order to assess the induction state of granules in vivo prior to 

IP38. Cells were collected from culture using rapid filtration instead of centrifugation 

because in early tests we determined that pelleting cells by centrifugation slightly 

induced aggregation of a PB protein in an otherwise uninduced culture, while filtration 

minimized this effect [data not shown]. Cell pellets were frozen in liquid nitrogen and 

remained frozen throughout lysis by cryolysing cells in a planetary ball mill39. Finally, 

immunoprecipitations were performed rapidly using high affinity anti-GFP antibodies 

pre-conjugated to magnetic beads. 

Employing this approach, we enriched GFP tagged Dhh1 and Edc3, two core 

components of PB, from cells that were induced to form PB foci by 30 minutes of 

glucose starvation [FIG 2.1A]. Western blot confirmed the depletion of GFP from the 

unbound fractions and enrichment in the IP fractions for both proteins [FIG 2.1B], and 

silver stains of the IP fractions revealed an intense band of the appropriate size for 

each bait protein along with many other IP-specific bands not detectable in a negative 
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control IP from a lysate containing no GFP [FIG 2.1C]. To identify the proteins co-

precipitating with each bait protein, the IP fractions were trypsinized and subjected to 

tandem mass spectrometry. While both proteins co-immunoprecipitated with several 

known RNA granule proteins, the Dhh1-GFP complex enriched more of the core PB 

proteins. Several components of the Lsm1-7 heptamer were not identified in the Edc3-

GFP complex, and while Dhh1p, Pat1p, and Xrn1p were identified in the Edc3-GFP 

complex, they were all detected more abundantly in the Dhh1-GFP complex [FIG 2.1D]. 

For example, using total independent spectra as a proxy for protein abundance within 

the preparation, eight of the top ten proteins identified by the Dhh1-GFP IP are known 

RNA granule components whereas the top ten most abundant proteins in the Edc3-

GFP IP contain only three known RNA granule proteins. Because the Dhh1-GFP IP 

enriched more of the core PB components, we restricted our analyses of RNA granule 

enrichments to the Dhh1-GFP complex. 

Proteomic Analysis Of Dhh1-GFP Complex 

Five Dhh1-GFP IP samples were analyzed, including two preparations from cells 

in which PB were not induced (+Glu) and three preparations from cells in which PB 

were induced to form foci by removal of glucose from the growth media for 30 minutes 

prior to harvesting (-Glu). Co-precipitating proteins were identified by tandem mass 

spectrometry followed by database searching and analysis of matched spectra using 

the Trans-Proteomic Pipeline (TPP). The list of proteins was filtered further to only 

include proteins identified in any experiment with more than two unique peptides and 

proteins identified in at least two replicate experimental preparations. This filtering 
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yielded a list of 332 proteins reproducibly enriched by our Dhh1-GFP IP. To compare 

the proteins enriched from the uninduced and PB induced conditions, +Glu and -Glu 

samples were paired and run on the mass spectrometer on the same day with two 

replicate injections per sample. Tandem mass spectral counts were normalized using 

the APEX program and we further normalized the APEX score for each protein to the 

APEX score for Dhh1p in each IP. Normalized spectral counts for each pair of samples 

was then used to generate a ratio of abundance in the –Glu sample relative to the +Glu 

sample. Of the 332 proteins in our list, 71 proteins were consistently more abundant in 

the +Glu condition, 71 proteins were consistently more abundant in the –Glu condition, 

101 proteins had contradicting ratios indicating higher abundance in the opposite 

condition for each replicate, and the remaining 80 proteins were only identified in one 

of our two replicate spectral counting experiments [FIG 2.2B].  

The enriched proteins show statistically significant gene ontology (GO) category 

enrichment (p < 1x10-8) for ribosomal proteins, proteins involved in translation, and 

RNP granule proteins including components of both cytoplasmic processing bodies 

and cytoplasmic stress granules [FIG 2.2A]. Many of the core PB components are 

identified in the Dhh1 complex including the Xrn1p exonuclease, members of the 

decapping complex including Dcp2p, Dcp1p and Edc3p, as well as the translational 

repressor and decapping activator Pat1p along with the Lsm1-7p heptamer. 

Importantly Lsm8p, which forms a nuclear complex with the Lsm2-7 proteins, was not 

detected in any of our experiments indicating the preferential enrichment of the 

cytoplasmic Lsm complex. Several core components of PB were not identified in any 
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of our experiments. Except for Cdc39p, none of the Ccr4/Pop2/Not1-5 deadenylation 

complex is identified and the core component Scd6p is also absent. In addition to the 

core components, several PB accessory proteins are identified, including Edc1p, 

Sbp1p, and proteins involved in nonsense mediated decay Nam7p, Dbp2p, and Ebs1p. 

There are also a several stress granule components identified including Pab1p, 

Lsm12p, Pbp1p, Pbp4p and a number of translation factors that are known to co-

localize with stress granule foci in vivo. The association of ribosomal subunits with the 

Dhh1-GFP complex is consistent with previous results showing that ribosomal subunits 

co-purify with Dhh1 by stringent TAP purification21, Dhh1 co-sediments with 

polyribosomes on sucrose density gradients40, PB are observed in close proximity to 

ribosomes in vivo41, and Dhh1 co-localizes with stress granules, which contain small 

ribosomal subunits and other translation factors, in vivo42. The number and abundance 

of RNA granule proteins identified indicates that IP of Dhh1-GFP enriches RNA granule 

proteins. Intriguingly, when we compared the normalized spectral counts for the 22 

RNA granule proteins identified in both of the spectral count replicates, only 2 proteins, 

Pbp1p and Lsm5p, were reproducibly more abundant in the –Glu sample, whereas 13 

proteins, including many of the core PB proteins, were reproducibly more abundant in 

the +Glu samples [FIG 2.2B]. This result supports the hypothesis that the core PB 

proteins form a complex in vivo even when they are not detectable as foci 

microscopically. 

In order to assess the specificity of the purification, we performed two SILAC 

based I-DIRT experiments in which cell lysate from Dhh1-GFP cells induced to form PB   
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Figure 2.1 Enrichment of yeast P-body proteins.  

(A) Induction of yeast P-body protein aggregates by 30 minutes of glucose starvation. 
Scale bar = 10 µm. (B) Anti-GFP western blot of Dhh1-GFP and Edc3-GFP IP. Equivalent 
volumes of the input and the undbound fractions are loaded to demonstrate IP depletion of 
the GFP tagged protein. (C) Silver stain gel of IP fractions from Dhh1-GFP from P-body 
induced (YEP) and P-body uninduced (YPD) states and Edc3-GFP in the induced state. IP 
fractions from BY4741 strain are shown as a negative control. Gel lanes are labeled with 
bait proteins (red) and co-precipitating proteins (blue) identified by tandem mass 
spectrometry, appropriate molecular weight, and tandem mass spectral count abundance. 
(E) Overlap of proteins identified by Dhh1-GFP and Edc3-GFP IP. Numbers of total proteins 
identified in each category (i.e. unique to Dhh1, unique to Edc3, or common to both) are 
indicated in white boxes. Numbers of RNA granule proteins identified in each IP or in 
common between the two indicated by the text. 
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Figure 2.2 Proteomic analysis of Dhh1-GFP IP.  

(A) Gene ontology category enrichments from the proteins identified in the Dhh1-GFP IP 
filtered list. The x-axis is the Benjamini-Hochberg corrected P-value for the enrichment 
expressed on a -log scale. The axis has been truncated and, where indicated, p-values that 
are larger than the displayed axis are reported. (B) Conditional enrichment of protein 
classes showing the proportion of proteins reproducibly more abundant in normal glucose 
(blue), glucose depletion (red) or no agreement between replicates (grey). In each case, the 
dotted lines represent the relative proportions in each condition for all proteins. Total 
number of proteins measured in each category reported in square brackets.  
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Figure 2.3  I-DIRT results identify Dhh1-GFP IP.  

(A) Specificity of RNA granule proteins as demonstrated by I-DIRT data. The log-
transformed average ratio of light:heavy for all proteins identified in a sample plotted 
against the rank of the ratio. Known RNA granule proteins are colored in red. The dotted 
line corresponds to a 50:50 ratio of light:heavy peptides for given proteins. Two known 
RNA granule proteins that fall below this threshold - Dcp2p and Dcp1p - are marked with 
an asterisk. The remaining 11 proteins are all identified with predominantly light peptides. 
(B) Gene ontology enrichments for the 45 proteins reproducibly identified with 
predominantly light peptides in both I-DIRT replicate experiments. The x-axis is the 
Benjamini-Hochberg corrected P-value for the enrichment expressed on a -log scale.every 
sample tested. Such a result is consistent with a highly dynamic in vitro exchange 
occurring once the two lysates are mixed. This hypothesis is consistent with a 
result from mammalian cell culture, in which a Dcp1 homolog (Dcp1a) exhibits 
highly dynamic exchange with PB in vivo, recovering from a photobleach to 
equilibrium levels in under 1 minute43.  
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but grown in standard media was mixed 1:1 with lysate from cells not expressing any 

GFP and grown in isotopically heavy media, and immunoprecipiating proteins were 

identified by tandem mass spectrometry. Using this approach, proteins that are 

identified with a predominance of heavy labeled peptides must have interacted with 

Dhh1-GFP in vitro, either as a contaminant or as a dynamical in vitro interactor44. We 

found that 11 of the 13 core PB proteins measured in these experiments have a 

predominantly light I-DIRT ratio, indicating specific in vivo interaction, in at least one of 

our two replicate experiments [FIG 2.3A]. Two core proteins, Dcp1p and Dcp2p, have 

reproducibly high ratios of heavy labeled peptides. These two proteins are known core 

components of PB and each protein is identified by tens to hundreds of peptides in  

Thus, while we have taken many steps to limit the dynamic exchange between 

the Dhh1-GFP complex and the lysate, some proteins are still rapidly cycling into the 

complex in vitro. Because of this, we have elected not to use the I-DIRT data as an 

indication of non-specific interactions, as proteins with predominantly heavy I-DIRT 

ratios may simply highlight dynamic interactors. Instead, for proteins with light I-DIRT 

ratios, we interpret the abundance of light peptides as additional evidence that these 

proteins interact with Dhh1-GFP in vivo. There are 45 proteins in our list that have 

reproducibly light:heavy I-DIRT ratios. The top ontology enrichments for these proteins 

are for ribonucleoprotein granule components, glucose catabolism, and regulation of 

translation [FIG 2.3B].  

Metabolic Enzymes Enriched With Dhh1-GFP 
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Metabolic enzymes from a variety of biochemical pathways are reproducibly enriched 

in the Dhh1-GFP IP. The reproducibly light proteins in the Dhh1-GFP complex 

measured by the I-DIRT experiment are significantly enriched for proteins involved in 

the catabolism of glucose (8 proteins, p = 8.2x10-6) [FIG 2.3B], indicating that these 

proteins interact with Dhh1-GFP in vivo. 15 proteins identified in the IP overall are 

components of the glucose fermentation pathway, and none of these proteins are 

reproducibly more abundant in the uninduced sample while 4 proteins are reproducibly 

more abundant in the PB induced sample [FIG 2.2B]. In addition, of the 89 proteins 

annotated as being involved in small molecule metabolic processes, only 4 proteins are 

reproducibly more abundant in the uninduced condition whereas 26 proteins are 

reproducibly more abundant in the induced condition [FIG 2.2B]. This indicates that 

these enzymes are generally more associated with Dhh1 in the condition when PB are 

induced by glucose depletion. Other groups have reported that many enzymes have 

specific RNA binding capacity and reproducibly associate with the same transcripts45. 

In addition, Narayanaswamy et al.46 observed that many metabolic enzymes assemble 

into cytoplasmic foci when cells are limited for various nutrients. They also 

demonstrated that many enzymes can transition from insoluble to soluble fractions of 

the cell lysate upon readdition of nutrients. We found a significant overlap between the 

proteins in the Dhh1-GFP complex and both proteins that were observed to form 

cytoplasmic foci (p = 9.5x10-16) as well as proteins that reversibly transition between 

insoluble and soluble phases (p = 4.7x10-37). These results support a specific 

interaction between RNA granule complexes and enzymes of metabolism that have the 

capacity to reversibly assemble into cytoplasmic foci. 



 

 41 

Proteins With Low-Complexity Domains Enriched In Dhh1-GFP Complex 

Recent reports have identified low-complexity regions within RNA granule 

proteins and demonstrated the importance of these regions on RNA granule protein 

aggregation and retention of RNA24,47. We tested the proteins in the Dhh1-GFP 

complex for the presence low-complexity domains. We applied two orthogonal 

approaches to identify yeast proteins containing low-complexity regions. First, we 

searched the yeast proteome for low-complexity (LC) sequences using the SEG 

algorithm. We found 390 proteins that contain an LC region of at least 35 residues. 

Second, we used the set of putative prion proteins predicted by Alberti et al.48 who 

used a hidden-markov model approach to predict proteins containing putative 

prionogenic sequence. The authors identified 178 candidate proteins with potential 

prion domains and went on to validate many of the top 100 using various criteria 

commonly ascribed to prion proteins including ability to form foci in vivo, ability to form 

SDS-resistant aggregates, and ability to seed prion aggregation in vitro. The proteins 

within these lists are enriched for GO categories associated with RNP granules, among 

others. Importantly, these two lists share 72 proteins in common which is significant 

using a hypergeometric test (p=1x10-44) which indicates that both sets of proteins are 

identifying common features within the proteome, although searching utilizing distinct 

algorithmic approaches. 

Of the 390 yeast proteins that contain LC regions predicted by SEG, we identify 

43 that co-precipitate with Dhh1-GFP (p=8.98x10-8). Of the 178 proteins predicted to 

contain putative prion domains, 29 co-precipitate with Dhh1-GFP (p=6.26x10-9). In all, 
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56 of the proteins co-enriching with Dhh1-GFP contain predicted regions of low 

complexity by at least one of these two measures. 31 proteins in the disordered set are 

measured at least once in the I-DIRT experiments and 24 of these were measured with 

predominantly light peptides in at least one experimental replicate, which indicates that 

most of the predicted LC proteins interact with Dhh1-GFP in vivo. There is no strong 

condition specificity to the interaction of LC proteins as 14 of the 56 LC proteins are 

reproducibly more abundant in the +Glu samples, whereas 8 proteins are reproducibly 

more abundant in the -Glu samples [FIG 2.2B]. Of these 56 proteins, 27 are annotated 

as being components of a RNP complex (p=4.05x10-10) and 39 are annotated in nucleic 

acid metabolic processes (p=6.25x10-8). These results demonstrate that proteins 

containing LC regions are enriched within yeast RNA granules and therefore represent 

a common feature of RNA granule components across eukaryotes. 

Chaperones Enriched With Dhh1-GFP Involved In PB Induction 

 We identify 18 chaperone proteins in the Dhh1-GFP complex, including 7 

members of the Hsp70 family, 2 members of the Hsp40 family, one or both of the 

practically indistinguishable yeast Hsp90 proteins, and 3 members of the CCT/TRiC 

chaperonin complex. Seven of these proteins interact in vivo based on our I-DIRT 

results [FIG 2.3B]. Additionally, seven of the identified chaperones are reproducibly 

more abundant in the PB induced samples while only Cct8p is more abundant in the 

uninduced condition [FIG 2.2B]. Thus, chaperones are another class of proteins that 

are broadly more associated with the Dhh1-GFP complex under conditions of stress 

induction. 
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 The two Hsp40 class chaperones identified - Sis1p and Ydj1p - are both only 

associated with the Dhh1-GFP complex in the induced condition and are not detected 

in the complex from the uninduced samples. Given that both of these chaperones are 

involved in prion protein conformational changes49 - including the bona fide yeast prion 

proteins Sup35, Ure2, and Rnq1 - we tested whether they are involved in the stress-

induced aggregation of RNA granule proteins. While Sis1 is essential, and therefore 

deletion is lethal, we tested the aggregation of Dhh1-GFP, Lsm1-GFP, and Edc3-GFP 

in a ydj1∆ mutant strain background. The ydj1∆ mutant strongly prevented both Dhh1-

GFP and Lsm1-GFP from forming foci in both glucose depletion experiments as well as 

in a saturated culture [FIG 2.4A]. Edc3-GFP aggregation was also inhibited by the 

ydj1∆ mutant, though the effect was not as severe as on Dhh1-GFP and Lsm1-GFP. 

We also tested ssa1∆, ssa2∆, hsc82∆, hsp82∆, and hsp104∆ mutants on the stress 

induction of Dhh1-GFP foci and found that none of these mutants inhibited Dhh1-GFP 

accumulation into foci [FIG 2.4B]. Because Ydj1p is an abundant protein chaperone, 

we tested the expression of these proteins in the ydj1∆ background. We found that the 

ydj1∆ mutant reduced the actin-normalized levels of Dhh1-GFP, Lsm1-GFP and Edc3-

GFP approximately 4-5 fold relative to levels in wild type strains [FIG 2.4C]. The 

inhibition of Dhh1-GFP foci formation was complemented by reintroduction of a vector 

expressing YDJ1, but was not complemented by any of the other chaperones tested 

[FIG 2.5A]. The addition of a vector expressing SIS1 appeared to partially complement 

the ydj1∆, so we tested a vector in which SIS1 is placed under the control of a strong, 

constitutive promoter (TEF plasmid) as opposed to its native promoter (MoBY 

plasmids). When SIS1 is expressed under the strong promoter, it does appear to   
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Figure 2.4 Ydj1 is involved in the aggregation of PB proteins.  
(A) Microscopic images of Dhh1-GFP, Lsm1-GFP and Edc3-GFP strains in the presence of 
wild type YDJ1 or mutant (ydj1∆). Example images are shown following 30 minutes of 
glucose depletion and from a saturated overnight culture for each strain. Scale bar = 10µm. 
(B) Western blot analysis of Dhh1-GFP, Edc3-GFP and Lsm1-GFP expression in cells wild 
type for YDJ1 and in two biological replicate ydj1∆ mutant strains. Anti-GFP 
immunoreactivity was normalized to anti-actin loading controls and densitometry was 
performed to calculate relative expression of WT and mutant strains. (C) Microscopic 
images of Dhh1-GFP induction in wild type and mutant strains hsp104∆, two Hsp70 
mutants (ssa1∆ and ssa2∆), and two Hsp90 mutants (hsc82∆ and hsp82∆). Cells were 
induced to form foci by 30 minutes of glucose depletion. 
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Figure 2.5 Only YDJ1 fully complements the ydj1∆ mutant.  

(A) Microscopic images of Dhh1-GFP strains mutant for ydj1∆ containing the CEN plasmids 
indicated. MoBY plasmids contain the native promoter and the TEF plasmids are strong, 
constitutive promoters (*). All strains were induced to form foci by 30 minutes of glucose 
depletion. (B) Western blot analysis of Dhh1-GFP expression in strains mutant for ydj1∆ 
containing the CEN plasmids indicated. Anti-GFP signal was normalized to anti-actin signal 
from the same strain. 
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complement the ydj1∆ mutant. Intriguingly, the reduction of protein levels in the ydj1∆ 

background is not complemented by the addition of YDJ1 vector [FIG 2.5B], 

suggesting that the facilitation of protein aggregation and the effect on protein 

abundance are distinct functions of Ydj1p. Overexpression of YDJ1 or SIS1 in an 

otherwise wild type strain had no effect on the aggregation of either Lsm1-GFP or 

Dhh1-GFP [data not shown]. These results demonstrate that the chaperone YDJ1 is 

necessary for the accumulation of RNA granule components into cytoplasmic foci, 

though does not appear to affect all granule components to the same degree. This 

effect is specifically attributable to YDJ1 as mutations in several other chaperones do 

not affect foci formation and only YDJ1 can fully complement the mutant.  

Analysis of Co-enriched RNA 

RNA co-precipitating with Dhh1-GFP was identified using a custom Agilent DNA 

microarray consisting of 44k probes antisense to the S. cerevisiae transcriptome. The 

probes on the array are designed to hybridize to 10,283 different yeast transcripts 

including the 6,607 ORF transcripts annotated in the Saccharomyces Genome 

Database as well as 3,676 non-coding RNAs. There are three distinct probes designed 

to each transcript distributed across the array. We hybridized RNA eluted from the 

Dhh1-GFP IP directly to the array and detected RNA::DNA hybridizations using the 

S9.6 monoclonal antibody and an anti-mouse Cy3-labelled secondary antibody36. Total 

cellular RNA prepared from the lysate used as input to the IP was hybridized to 

separate arrays on the same slide. Transcripts were considered enriched by the IP if 

they lay above the 95% confidence interval from a linear regression between the 
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normalized and thresholded total RNA and IP RNA samples [FIG 2.6A]. Any transcripts 

that were enriched in more than one biological replicate IP, but not by an IP of GFP 

alone were considered significantly enriched for these analyses. This analysis resulted 

in the identification of 70 transcripts as enriched by the Dhh1-GFP IP. 

Of the 70 transcripts enriched by our Dhh1-GFP IP, 57 were found enriched at 

least once in the IP from the uninduced condition and 60 were found enriched at least 

once in the IP from the induced condition [FIG 2.6B]. 26 of the 70 enriched transcripts 

(37%) are mRNA that code for verified ORFs, including 4 ORFs encoded within 

mitochondrial group I introns, and 9 are transcripts for putatitve proteins of unknown 

function (13%). Of the remaining transcripts, 12 transcripts are dubious ORFs that are 

unlikely to code for a protein (17%), 13 are stable unannotated transcripts (SUTs) 

(19%), 3 are cryptic unstable transcripts (CUTs) (4%), 5 correspond to Ty long terminal 

repeats (LTR) (7%), and 2 are other noncoding transcripts (3%) [FIG 2.6C]. Notably, 25 

of the enriched transcripts (36%) are antisense to other transcripts in the genome and 

14 enriched transcripts (20%) overlap other annotated transcripts in the sense 

orientation. Furthermore, 18 of the enriched transcripts (26%) are either paralogous to 

other genes in the genome (10 transcripts) or are antisense to genes that have paralogs 

(8 transcripts). Although we enrich 45 transcripts in total with a structural relationship to 

some other gene in the genome - either antisense, overlapping, or paralogous 

transcripts - we only find a few examples where both members of the pair are enriched. 

YHR214W-A and it’s antisense transcript SUT1673 are enriched in multiple Dhh1-GFP 

complexes; YHR214W-A has a paralog YAR068W that is also enriched. Another   
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Figure 2.6 Microarray analyses of Dhh1-GFP IP samples.  

(A) Representative microarray data from a mock IP (GFP alone) as well as a Dhh1-GFP IP 
from uninduced (+glucose) and P-body induced (-glucose) conditions. The x-axis in each 
plot is the log-transformed, normalized array intensity for input (Total) RNA and the y-axis is 
the log-transformed, normalized array intensity for IP RNA. For each plot, the red line is a 
linear regression of the signal from total and the signal from IP and the blue lines 
correspond to the 95% confidence interval. Transcripts above the upper 95% confidence 
interval are considered enriched (and shaded black) while transcripts that do not reach this 
threshold are not enriched. Specific transcripts that are enriched and discussed in the text 
are highlighted and labeld (red= RPM1; brown= mitochondrial group I introns; purple= 
PAT1 and DCP2). (B) Overlap of transcripts enriched in each condition. The number of each 
transcripts unique to each category are indicated by the numbers outside of the circles 
while the number in common is presented in the white box. (C) The proportion of the 70 
transcripts representing each identified RNA class. 
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example of co-enrichment is NTS1-2 and SUT2110 which are both transcribed from 

the rDNA locus. SUT2110 is antisense to both NTS1-2 and ETS2-2 and overlaps the 

boundary between the two transcripts. Another example are the pair SUT881 and 

SUT1704 which are paralogs of each other and both are enriched across multiple 

preparations. Finally, there are three transcripts enriched which are encoded within 

subtelomeric Y-elements which are repetitive across the genome - YBL113C, 

YHR219W and YHR218W-A.  

There are only a few gene ontology categories enriched within the identified 

transcripts - including intron homing (p=3.92x10-6), and hydrogen ion transmembrane 

transport activity (p=4.92x10-3) - and the enriched ontologies all correspond to the 

same subset of transcripts emanating from the mitochondrially encoded Cox1 locus 

and the introns encoded there. When we considered transcripts that are preferentially 

enriched by the IP in a condition specific way, we found 13 transcripts associated with 

Dhh1-GFP only in the induced condition and 10 transcripts associated with Dhh1-GFP 

only in the uninduced condition [FIG 2.6B]. While there is no apparent similarity among 

the 13 transcripts enriched from the induced condition, 4 of the 10 transcripts specific 

to the uninduced condition correspond to Ty LTR transcripts and one other noncoding 

transcript, SUT1773, which is antisense to a Ty3 LTR. This suggests that the Ty LTR 

transcripts may be conditionally associated with Dhh1-GFP. It is important to note that 

these transcripts correspond to Ty LTRs that do not flank functional retroelements, but 

are LTRs that are abandoned single LTRs within the genome. Finally, we tested for a 

correlation between the enriched transcripts and the presence of their cognate proteins 
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within the mass spectrometry data. Of the 332 proteins we enrich by proteomic 

analysis, we only enrich 1-5 cognate mRNA. This result indicates that we are not 

broadly enriching both transcripts as well as their cognate protein. 

Mitochondrially Encoded Transcripts Enriched 

One of the strongest and most reproducibly enriched transcripts is RPM1, the 

mitochondrially encoded RNA component of mitochondrial RNase P. RPM1 is enriched 

in 4 out of 7 Dhh1-GFP IP tested but not enriched by IP of GFP alone. Importantly, in 

the four samples where we detect and enrichment of RPM1, we also detect enrichment 

of Rpm2p by proteomic analysis of the same IP. Rpm2p is the protein component of 

the mitochondrial RNase P and has previously been observed to interact with PB50, 

though this is the first description of the association of the RPM1 RNA with PB. Several 

other mitochondrially encoded transcripts are enriched in the Dhh1-GFP complex 

including Cox1 and several of the self-splicing group I introns encoded within the 

COX1 locus. The enrichment appears to be greater for the group I introns of Cox1 (AI3, 

AI4 and AI5-alpha) and less for the group II introns (AI1 and AI2). We designed qPCR 

assays to test the enrichment of the group I versus group II introns and confirmed that 

the group I introns are more abundant in the IP RNA than are the group II introns [FIG 

2.7]. In addition SCEI is a group I intron encoded within the mitochondrial 21S rRNA 

locus that is also enriched in the Dhh1-GFP IP. In contrast the group II introns encoded 

within the Cytochrome B locus are not enriched. We also identify Mss116p in our 

proteomics results. Mss116p is a DEAD-box helicase that has been demonstrated to 

assist in the in vivo splicing of mitochondrial group I and group II introns. These results 
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demonstrate that two different classes of mitochondrial RNA processing catalytic 

RNAs are associated with Dhh1-GFP. 

PAT1 mRNA Enriched in Dhh1-GFP Complex 

The most reproducibly enriched transcript we identify is the mRNA encoding the 

PB component Pat1p which is identified in every Dhh1-GFP complex tested but not 

enriched in the GFP alone negative control. The level of enrichment is also remarkably 

strong with Pat1 mRNA approximately 25-fold more abundant in the Dhh1-GFP IP RNA 

than in the total RNA. The enrichment of Pat1 RNA, and the relative level of enrichment, 

was confirmed by qPCR [FIG 2.7]. In addition, we confirmed by qPCR that the Pat1 

RNA enriched in the IP is polyadenylated, which suggests that the Pat1 detected is not 

simply a decay intermediate. Pat1 is not the only transcript coding for a PB component 

that is enriched as we also enrich the Dcp2 mRNA. However, in contrast to Pat1, Dcp2 

is only identified in the two IPs from the uninduced condition and the level of 

enrichment is not as strong with an average of 8-fold enrichment over the signal in total 

RNA. This could indicate conditional regulation of mRNA for PB protein transcripts or 

possibly translational regulation for assembly of the complex. Alternatively, the mRNA 

encoding Pat1 may serve an additional function within RNA granules that is distinct 

from its role coding for the Pat1 protein.  

To test the hypothesis that the Pat1 mRNA has a function in PB that is distinct 

from coding for the Pat1 protein, we generated strains in which two stop codons were 

engineered early in the coding region of the Pat1 transcript. We show that these strains 

do not express any detectable Pat1p by western blotting a Pat1-STOP-GFP strain.   
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Figure 2.7 Quantitative RT-PCR validation of transcript enrichment.  
Data is shown as average change in Ct (∆Ct) between the Total RNA and IP RNA. Data for 
ACT1 is shown as a negative control for enrichment. PAT1_internal is a primer set internal 
to the Pat1 transcript and Pat1_polyA is a primer set anchored at the polyA tail of Pat1. AI2, 
AI3 and AI4 are PCR reactions designed three exemplary introns encoded within the Cox1 
locus and the Spliced Cox1 is an intron-spanning PCR reaction that is specific to the 
spliced Cox1 mRNA. 

 
  

0


2


4


6


8


10


12

Av

er
ag

e 
∆C

t  
 (T

ot
al

-IP
)




 

 53 

 

Figure 2.8 Estimated lag phase for Pat1 strains in cycloheximide and YPD media 
Average relative lag phase calculated as lag time in cycloheximide media minus lag time in 
YPD media for each strain, averaged across genetic backgrounds. Two backgrounds are 
shown Lsm1-GFP (blue) and Pat1-GFP (red) across three different Pat1 genotypes - Pat1 
wild type, pat1∆, and Pat1-STOP. Error bars are +/- standard deviation. 
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Because we have engineered a destabilizing premature termination codon into the 

Pat1 RNA, we tested for the relative expression of Pat1-STOP and wild type Pat1 RNA 

by qPCR and found that the Pat1-STOP strains only express 12% of wild type levels of 

Pat1 [data not shown]. We then grew these strains on conditions for which the pat1∆ 

has reported sensitivity. For most phenotypes tested, there is no difference between 

the growth of pat1∆ strains and the Pat1-STOP strains. However, we did detect a 

phenotypic benefit to the Pat1-STOP strains compared to pat1∆ when grown on media 

containing cycloheximide [FIG 2.8]. The Pat1-STOP strains have a slightly shorter lag 

phase on cycloheximide media than do the pat1∆ strains in both genetic backgrounds 

tested (Pat1-STOP-GFP and Pat1-STOP in an Lsm1-GFP background). These 

differences, while reproducible, do not reach statistical significance for the Lsm1-GFP 

background, but are significantly different based on the nonparametric Mann Whitney 

U Test (p=0.0102). It is possible the phenotype is small due to the significantly lower 

amount of RNA expressed in these strains and that if the expression were artificially 

increased, one might see a larger phenotypic benefit to the presence of the noncoding 

Pat1 transcripts. We cannot completely rule out the possibility that the Pat1-STOP 

strains are producing small amounts of Pat1 protein that are undetectable by western 

blot, but these results suggest there is a phenotypic benefit to the Pat1 RNA that is not 

due to the expression of protein.  

Discussion 

 In this work we have demonstrated for the first time a specific enrichment of 

yeast PB complexes by developing and implementing an immunoprecipitation of the 
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core PB protein Dhh1-GFP. While we reproducibly identify the majority of the core 

proteins, a specific set of proteins largely absent from our results are the members of 

the Ccr4/Pop2/Not1-5 cytoplasmic deadenylation complex. One possible explanation 

for the absence of these proteins is that RNA deadenylation is required for RNA 

association with PB and is likely one of the earliest steps in the targeting of transcripts 

to the PB compartment51. It is also plausible that the interaction between the Dhh1p 

subcomplex and the deadenylase subcomplex is simply not high affinity enough to 

persist in our IP. With this exception in mind, we still identify a majority of the PB core 

as well as many RNA granule associated proteins. 

An important result from these experiments is that the core PB proteins are 

more abundantly associated with Dhh1-GFP in the condition in which PB are 

uninduced. This is counterintuitive as naively one might expect that the induction of 

large PB aggregates would result in the enrichment of many more PB proteins. There 

are several possible interpretations that could explain these observations. We cannot 

rule out potential technical limitations, such as the possibility that these differences are 

due to limited or altered accessibility of PB associated Dhh1-GFP in the stress induced 

condition. However, a biological interpretation of these results is that these differences 

reflect RNP re-arrangements in the stress condition. For example, it has been observed 

that under conditions of stress induction some cellular Dhh1p associates with PB 

proteins and some Dhh1p associates with stress granule proteins42. Supporting this 

interpretation is our observation that the stress granule associated proteins Pbp1, 

Cdc33 and Cdc48 are reproducibly more abundant within the Dhh1-GFP complex in 
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the stress induced condition. Whether biological or technical in origin, the undisputable 

fact that emerges is that the PB core proteins measured in our IP are together when 

they are not induced to form cytologically detectable foci. 

 The enrichment of proteins containing low-complexity regions is yet another 

example of the similarity between yeast RNA granules and RNA granules found in 

higher eukaryotes. Previous results identified the importance of proteins containing LC 

sequences in the induction of PB foci. For example, double deletion of Edc3 and the 

Q/N rich region of Lsm4 was shown to prohibit the formation of PB in vivo52 and, more 

generally, the role of Q/N rich domains within proteins in establishing the localization of 

PB has been demonstrated53. The abundance of proteins containing LC domains is 

further evidence that these features comprise an organizational principle for RNA 

granule complexes that could allow for rapid state changes in response to 

environmental perturbations. Similarly, the conditional enrichment of metabolic 

enzymes within these RNA granule complexes could reflect a common response to 

environmental stress in which energetically expensive processes are sequestered 

along with RNA granule associated aggregates. As the reversibility of these metabolic 

enzyme aggregates have been demonstrated46, one interpretation could be that they 

act as storage depots for proteins during stress. This model is highly similar to the 

model in which PB are involved in the long-term storage of particular transcripts during 

stressful conditions and the results presented here suggest that these processes may 

be physically associated within the cell. 
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The involvement of Ydj1p in the aggregation of PB proteins is an important 

result. While Ydj1p is known to be involved in stress responses and protein folding54,55, 

this is the first demonstration of its necessity for the formation of RNA granule 

aggregates. Other chaperone proteins have been shown to affect PB aggregation, 

including the Cct3p chaperonin56 as well as observations that Hsp90 inhibitors prevent 

PB and stress granule aggregation in mammalian cell culture57. A potentially interesting 

aspect of Ydj1p association with RNA granule aggregation is the fact that Ydj1 is 

involved in the conformational changes of prion proteins49. Ydj1p is primarily involved 

in the disaggregation of yeast prions whereas Sis1p tends to stimulate more 

aggregation of prions. Given the abundance of low complexity and putative 

prionogenic sequences within RNA granule associated proteins, it is plausible that 

Ydj1p interacts with these proteins and stimulates their aggregation in an analogous 

way to its interaction known prions, even though the effect on aggregation is opposite. 

These interactions will need to be explored in more physical detail to identify the exact 

mechanisms through which Ydj1p promotes the aggregation of PB proteins in vivo. 

Because the Dhh1-GFP IP reproducibly and specifically enriches PB and RNA 

granule proteins, we can confidently explore the reproducibly enriched RNAs as 

transcripts that associate with the Dhh1-GFP complex. We cannot conclude with 

certainty that these transcripts represent translationally repressed PB associated 

transcripts, because we cannot rule out the possibility that the enriched transcripts co-

enrich with the ribosomal subunits. However, given that 50% of the transcripts 

detected in the IP are non-protein coding transcripts, it is highly unlikely that we are 
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specifically enriching translating mRNAs by association with ribosomal subunits. The 

prevalence of noncoding transcripts enriched with the Dhh1-GFP complex is an 

interesting result, although it is difficult to explain. There does not appear to be co-

enrichment of structurally associated transcripts - i.e. sense-antisense pairs are not co-

enriched - as would be expected for RNA interference mechanisms58. However, the 

enrichment of LTR sequences, Y' elements and RNA antisense to other transcripts is 

similar to the general classes of RNA associated with ectopically expressed dicer in S. 

cerevisiae59. The observation that 25% of the enriched transcripts are members of 

known paralog groups could be an indication that these transcripts are the result of a 

transcriptional paralog interference60. Finally, as Dhh1 is an RNA helicase it is formally 

possible that the transcripts enriched by association with Dhh1 do so through some 

unidentified common structural elements. 

 These results are the first report of an association between Rpm1 RNA and 

Dhh1, although the Rpm2p component of mitochondrial RNase P has previously been 

shown to interact both physically and genetically with a number of PB proteins50. These 

results suggest the possibility that either Rpm1r, transcribed in the mitochondrion, is 

exported and interacts with Dhh1 RNA granules in the cytoplasm, or that Dhh1 RNA 

granules are localized within the mitochondrion. A recent report demonstrated that 

human RNase P localizes to RNA granules within the mitochondrion, and this 

localization was shown to be important for the processing of RNase P substrates61. 

However a separate study of a large yeast mitochondrial RNA processing complex 

containing RNase P did not detect any of the abundant RNA processing proteins we 
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identified in our Dhh1-GFP IP except for Rpm2p62. The yeast RPM1 transcript is itself 

processed and only a portion of the primary transcript is involved in RNase P activity63 

and Rpm2p has been shown to be involved in the maturation of Rpm1r in vivo62,64. It is 

possible that association with yeast PB facilitates or otherwise regulates the Rpm2p-

mediated maturation of the Rpm1r primary transcript or the assembly of Rpm1r and 

Rpm2p into the RNase P complex. 

 The presence of other mitochondrial transcripts within the Dhh1-GFP IP is 

further indication that Dhh1 RNA granules are associated with mitochondrial RNA 

processing. The specific enrichment of the both the COX1 mRNA as well as self-

splicing introns contained within the COX1 locus along with the Mss116p helicase that 

is required for efficient in vivo splicing suggests a role in mitochondrial splicing activity 

as opposed to RNA decay, a function typically attributed to the Suv3p helicase65,66. The 

PB genes DHH1 and LSM6 have previously been implicated in the splicing of 

mitochondrial introns as respiratory deficient mutants in these genes are rescued by 

removal of the group II introns from the mitochondrial genome67. Dhh1-GFP appears to 

enrich predominantly mitochondrial group I introns, including both AI3 and AI4 from the 

COX1 gene and SCEI from the 21s rRNA locus, and group II introns are not enriched to 

the same degree. This could be reflect structural differences between the two classes - 

group II introns form lariats when spliced whereas group I introns are spliced linearly68 - 

and suggests that Dhh1 could be involved in the folding of these introns, which is 

critical for the splicing activity in vivo69. Finally, the self-splicing group I and II introns 

also have the ability to act as mobile elements within the mitochondrial genome. 
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Because Ty retrotransposons, mobile elements of the nuclear genome, are known to 

localize to PB for assembly of the virus-like particles that are necessary for the 

transposition activity70, it is possible that the association between mitochondrial introns 

and PB is relevant to the mobility of these elements in vivo. 

 Finally we conclude that the Pat1 mRNA is closely associated with the Dhh1-

GFP complex. While the Pat1 mRNA is not the only transcript for a PB protein that is 

enriched, the level and reproducibility of enrichment is unmatched by any other 

enriched RNA. Given these results, we explored the possibility that the Pat1 mRNA 

could possess a functional role within the cell in addition to, and distinguishable from 

coding for the Pat1 protein. We identified a small, but significant phenotypic benefit to 

the expression of Pat1 RNA in the form of a reproducible reduction in the length of lag 

phase for cells grown in cycloheximide media. While we cannot rule out the possibility 

that some undetectably small amount of Pat1 protein produced in these strains is the 

cause of this phenotypic benefit, the benefit observed in the Pat1-STOP strains 

suggests a functional role for the Pat1 mRNA distinct from coding for the Pat1 protein. 

These results, in combination with the robust co-enrichment of Pat1 mRNA with Dhh1-

GFP, suggests a model in which the Pat1 transcript is bifunctional as both coding for 

the Pat1 protein and as a functional noncoding RNA. This model, while not common, is 

also not unprecedented; for example the steroid receptor RNA activator (SRA) has 

numerous functions as a noncoding RNA and is also recognized to encode a protein 

(SRAP) with its own and overlapping functions71,72. These relationships should be 

explored in more detail to establish which explanation best fits these results. 
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 Finally, this experimental approach can be used for further explorations into 

yeast RNA granule composition. For example, testing whether one can detect stress-

specific compositional changes in the protein and RNA components of these granules 

when different cell stresses are applied. Alternatively, utilizing combinations of other 

PB bait proteins could assist in the identification of specific sets of proteins or RNA 

that are associated with these granules. Ultimately, the uninduced state may be a more 

interesting condition in which to probe the functions of these complexes as stress 

induction appears to increase the numbers and abundance of non-RNA granule 

proteins including protein chaperones and metabolic enzymes. The uninduced 

conditions by contrast present an opportunity for probing the normal (i.e. non-stress 

responsive) functions of these complexes in the post-transcriptional regulation of RNA. 
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Abstract 

Puromycin is an aminonucleoside antibiotic with structural similarity to aminoacyl tRNA. 

This structure allows the drug to bind the ribosomal A-site and incorporate into 

nascent polypeptides causing chain termination, ribosomal subunit dissociation, and 

widespread translational arrest at high concentrations. In contrast, at sufficiently low 

concentrations, puromycin incorporates primarily at the C-terminus of proteins. While a 

number of techniques utilize puromycin incorporation as a tool for probing translational 

activity in vivo, these methods cannot be applied in yeasts that are insensitive to 

puromycin. Here, we describe a mutant strain of the yeast Saccharomyces cerevisiae 

that is sensitive to puromycin and characterize the cellular response to the drug. 

Puromycin inhibits the growth of yeast cells mutant for erg6∆, pdr1∆, and pdr3∆ (EPP) 

on both solid and liquid media. Puromycin also induces the aggregation of the 

cytoplasmic processing body component Edc3 in the mutant strain. We establish that 

puromycin is rapidly incorporated into yeast proteins and test the effects of puromycin 

on translation in vivo. This work establishes the EPP strain as a valuable tool for 

implementing puromycin-based assays in yeast, which will enable new avenues of 

inquiry into protein production and maturation. 

Introduction 

Recent work in a variety of organisms has underscored the importance of post-

transcriptional regulation in many biological processes1,2,3,4,5.  The ability to identify and 

characterize the subset of transcripts actively translated at a given time is central to 
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understanding post-transcriptional regulation. Techniques such as ribosome 

footprinting6, polyribosome profiling7, and ribosome affinity purification8 have been 

used to differentiate translating from non-translating RNAs and gain unprecedented 

insight into translational control. While robust and powerful, a common limitation to 

these approaches is their focus on ribosome-associated mRNA without direct 

measurement of the protein products of translation. In contrast, approaches that label 

translational products directly by feeding cells isotopically labeled or chemically 

derivatized amino acids9,10 require special media conditions, expensive or radioactive 

amino acids, and labeling times that preclude their application to the study of global 

translational dynamics. For example, while posttranscriptional events such as P-body 

induction or tRNA sequestration to the nucleus can occur within minutes11,12, intrinsic 

metabolic labeling of proteins in vivo (e.g. stable isotopic labeling by amino acids in cell 

culture, SILAC) can take several hours to be detected following a pulse13, presumably 

due to the time necessary for the isotopic amino acid to be taken up by the cell and 

incorporated into aminoacylated tRNA pools. 

 The aminonucleoside puromycin has been used as a tool for studying translation 

in vitro for many years14. Puromycin has characteristics of both amino acids and 

nucleic acids and is structurally similar to aminoacylated tRNA. This structure allows 

puromycin to bind the A-site of actively translating ribosomes15, where it becomes a 

substrate for ribosomal peptidyl transferase activity and is incorporated into nascent 

polypeptide chains. Puromycin incorporation is a chain terminating event, leading to 

ribosomal subunit dissociation and, at high levels, general translational arrest16. Global 
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translational arrest is the mechanism by which puromycin inhibits cell growth, however 

at sublethal concentrations the drug is preferentially incorporated at the C-terminus of 

nascent proteins17. This property makes puromycin useful for the study of translation 

and protein dynamics, both in vitro and in vivo. Recently several techniques have 

exploited this property of puromycin including mRNA display18,19, the generation of 

fluorescently labeled proteins for protein interaction arrays20, proteomic measurements 

of translation state by purification and mass spectrometric identification of ex vivo 

puromycinylated proteins (PUNCH-P)21, and the global detection of translation in vivo 

through the visualization of puromycin labeled proteins by immunocytochemistry 

(SUnSET)22. In a recent paper, Liu et al. demonstrated the ability to both visualize 

protein translation in vivo and enrich puromycin-incorporated proteins using an alkyne 

analog of puromycin and subsequent copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) “click” chemistry23. Puromycin-based assays take advantage of the fact that 

the drug is non-radioactive, relatively inexpensive, and rapidly incorporated. Protein 

labeling with puromycin can also be accomplished without the use of amino acid 

auxotrophies or limiting media conditions, permitting a wider range of experimental 

designs. However, because yeasts and Gram negative bacteria exhibit little or no 

uptake of the drug and are generally insensitive to its effects on growth24,25,26, these 

recent technologies are inaccessible to researchers studying these organisms. 

Here we report a strain of Saccharomyces cerevisiae that is sensitive to puromycin 

at the level of growth on both liquid and solid media. We also characterize a common 

cellular response to puromycin treatment, the induction of cytoplasmic processing 
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bodies (P-bodies). Finally, we demonstrate the utility of puromycin as a probe for 

translation by showing that yeast proteins rapidly incorporate puromycin in vivo. 

Materials and methods 

Yeast strains and media  

All S. cerevisiae strains used in this study [Table 3.1] are in the isogenic FY strain 

background27.  Unless noted, standard media and methods were used for growth and 

genetic manipulation of yeast28.  

Puromycin (FW 544.43, A.G. Scientific, Inc., Product Number: P-1033) was 

prepared by dissolving the puromycin dihydrochloride powder in sterile water to a 

concentration of 50 mM and added to growth media to achieve the final concentrations 

listed. Puromycin was added to YPD agar plates prior to pouring. 

O-propargyl-puromycin (OP-puromycin) was custom synthesized (Medchem 

Source LLP, Federal Way, WA) following the synthesis scheme established by Liu et 

al.23. OP-puromycin was dissolved in dimethyl sulfoxide (DMSO) to a working 

concentration of 150 mM and subsequently diluted to achieve the final concentrations 

listed. 

Antibodies 

The 12D10 monoclonal antibody against puromycin-incorporated proteins and 

peptides (gift from Philippe Pierre, now commercially available, Millipore, MABE343) 

was used at a 1:5000 dilution for western blot analyses. Mouse anti-HA antibody clone 

12CA5 (Santa Cruz Biotechnology, sc-57592) was used at a 1:100 dilution and the   
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Table 3.1 S. cerevisiae strains used in this study. 
Strain Genotype Reference 
YAD1 MATa his3∆1 leu2∆0 met15∆0 ura3∆0  
YAD241 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 erg6∆::LEU2 pdr1∆::natMX  

pdr3∆::hphMX 
29 

YAD337 MATa his3∆1 met15∆0 ura3∆0 erg6∆::LEU2 pdr3∆::Hyg 
pdr1∆::KanMX4 

This study 

YAD336 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 pdr1∆::KanMX4 30 
YAD521 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 pdr3∆::KanMX4 30 
YAD522 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg6∆::KanMX4 30 
YAD267 MATa met15∆0 ura3∆0 erg6∆::Leu pdr1∆::Nat EDC3-

GFP::HIS3MX6 
This study 

YAD269 MATa met15∆0 ura3∆0 erg6∆::Leu pdr3∆::Hyg EDC3-
GFP::HIS3MX6 

This study 

YAD271 MATa met15∆0 ura3∆0 pdr1∆::Nat pdr3∆::Hyg EDC3-
GFP::HIS3MX6 

This study 

YAD50 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 EDC3-GFP::HIS3MX6 31 
YAD273 MATα met15∆0 ura3∆0 erg6∆::Leu pdr3∆::Hyg pdr1∆::Nat EDC3-

GFP::His3MX6 
This study 

YAD517 MATa his3∆1 met15∆0 ura3∆0 erg6∆::Leu pdr3∆::Hyg 
pdr1∆::KanMX4 pGal1:3xHA-ADE17::NatNT2  

This study 

YAD518 MATa his3∆1 met15∆0 ura3∆0 erg6∆::Leu pdr3∆::Hyg 
pdr1∆::KanMX4 pGal1:3xHA-HSP104::NatNT2  

This study 

YAD519 MATa his3∆1 met15∆0 ura3∆0 erg6∆::Leu pdr3∆::Hyg 
pdr1∆::KanMX4 pGal1:3xHA-NEW1::NatNT2  

This study 
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pan-actin antibody mAbGEa (Novus Biologicals, NB100-74340) at a 1:1000 dilution 

was used for loading control. All antibodies were detected using the goat anti-mouse 

IRDye 800CW (LiCor, 926-32210) at a 1:10000 dilution and detected using a LiCor 

Odyssey Infrared Imaging System. 

Growth assays 

Strains were grown overnight in liquid YPD and normalized by cell count to the 

lowest cell concentration. Eight 5-fold serial dilutions were prepared and 5 µl of each 

dilution was plated onto YPD agar plates with or without puromycin. Plates were 

incubated at 30º C and imaged on an Epson Perfection 2480 Photo scanner at 300 dpi 

resolution every 24 hours for 2 days. Two replicate assays were performed. 

For liquid growth assays, strains were grown overnight and counted the following 

day. Cells were diluted in YPD and 5x103 cells (in 135 µl total volume) were added to 

each well of a tissue culture treated, flat bottomed, 96-well plate. Then, 15 µl of a 10x 

working drug stock was added to each well to achieve the final drug concentration. 

Each strain and drug concentration pair was assayed in triplicate for every experiment. 

Plates were sealed with sterile, gas-permeable, optical adhesive sealing film for 

microplates and incubated in a Sunrise 96-well optical plate reader (Tecan Austria 

GmbH, Austria) controlled by the Tecan Magellan v6.55 software. Cells were grown at 

30º C with continuous shaking. Prior to reading, the plate was subjected to 15 seconds 

of high intensity shaking, and the OD600 was read using the Tecan accuracy method. 

Growth was measured for 2-3 days or until the OD of the wells exhibiting growth had 

plateaued. For puromycin spike-in assays, cells and 96-well plates were prepared as 
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above and grown to log phase (OD600 ~ 0.4) at which point the Tecan was stopped, the 

plate was removed, and 15 µl of a 10x working drug stock was added to each well. The 

plates were then re-sealed and returned to the Tecan for continued growth monitoring. 

Growth rates were calculated from liquid growth assays by applying a linear fit in 

90-minute sliding windows to the log-transformed OD600 values. Once the growth rates 

in the sliding windows had been estimated, the maximum growth rate achieved was 

reported for each dose and strain combination. For comparisons across strain 

backgrounds, the maximum growth rate for each strain at each drug concentration was 

normalized to its maximum growth rate in YPD. For analysis of the puromycin spike-in 

experiments, growth rates following the puromycin spike-in were normalized to growth 

rates in YPD and the maximum decrease in the relative rate for each dose is reported. 

The number of minutes required to achieve a 25% reduction in growth rate at various 

doses was also calculated using the normalized growth rate parameter. 

Microscopy and image analysis 

For microscopic evaluation of Edc3-GFP aggregation following puromycin 

treatment, cells were grown to log phase (OD600 ~ 0.8) and incubated with puromycin or 

vehicle for 30 minutes or 120 minutes. Following puromycin treatment, cells were fixed 

in 3.7% formaldehyde in PBS for 2 minutes at room temperature, followed by a 10-

minute incubation in PBS on ice. Fixed cells were imaged using a DeltaVision 

deconvolution imaging system (Applied Precision, Issaquah, WA) outfitted with an 

Olympus IX-71 wide field microscope. Cells were imaged with a PlanApo 60x oil 

objective (N.A. 1.42) using differential interference contrast (DIC) bright field illumination 



 

 75 

and a 250W xenon LED transillumination light source. For GFP fluorescence imaging a 

polychroic beam splitter was used along with excitation 490/20 and emission 528/38 

bandpass filters. A set of up to 30, 0.2 micron z-sections were captured for each image, 

deconvolved, and exported as tiff files. Tiff files were imported into ImageJ to generate 

image stacks and image levels were adjusted to be identical across all images. Tiff 

stacks were then batch analyzed by the Cell3 MATLAB program for segmentation of 

the bright field and GFP images32. We implemented the local comparison and selection 

(LOC-CS) algorithm within Cell3 for fluorescent segmenation33. The LOC-CS 

parameters were r=5 and alpha=0.6. For bright field segmentation, the minimum was 

set to 120 pixels, the maximum to 2040 pixels, and any item smaller than 40 pixels or 

larger than 3000 pixels was excluded34. Statistical significance was determined using 

the Mann Whitney Rank-Sum U test implemented in the R statistical computing 

language. 

Puromycin Incorporation, HA-protein induction, and Western Blot Analysis 

To test the in vivo incorporation of puromycin into yeast proteins, overnight cultures 

were diluted to an OD600 of 0.2 and allowed to grow to log phase (OD600 ~ 0.8). 

Puromycin was added directly to the culture at the concentrations indicated and 

allowed to grow for the amount of time indicated, at which time cells were rapidly 

pelleted (5min at 3000g), and cell pellets were frozen in liquid nitrogen and stored at -

80ºC for further analysis. Lysates were prepared by alkaline lysis35 and volumes 

corresponding to equivalent cell numbers were used for western blot analysis with the 
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anti-puromycin antibody and Coomassie stain (Imperial Stain, Thermo Pierce) loading 

control. 

For galactose induction of the HA-tagged constructs, overnight cultures in SC 

medium with 2% raffinose were diluted to an OD600 of ~0.2 into a fresh aliquot of the 

same medium.  The culture was grown to log phase (OD600 ~ 0.7) and galactose was 

added to a final concentration of 2%. After 15 minutes of galactose induction, 0 mM-2 

mM puromycin was added to the cultures. The cultures were allowed to grow in 

galactose and puromycin for an additional 15 to 30 minutes before collection and 

analysis as above. The induced proteins were visualized by anti-HA western blot. 

CuAAC Click Reaction & Mass Spectrometry 

To test OP-puromycin-peptide fragmentation by tandem mass spectrometry (MS), a 

synthetic peptide was ordered with the sequence NH2-ISHVSTGGGASLELLEG[K(N3)]-

COOH containing an azide-modified lysine terminal residue (Thermo Fisher Scientific). 

This peptide was resuspended in PBS (pH 7.4) and mixed with OP-puromycin at a 

molar ratio of 1:2 peptide:OP-puromycin, 250 µM CuSO4, 1.25 mM Tris(3-

hydroxyropyltiazolmethyl)amine (THPTA) ligand (gift from M.G. Finn, Scripps), 5 mM 

aminioguanidine, and 5 mM ascorbic acid.  The mixture was incubated at 30 ºC for 1 

hour. The reaction was then desalted on C18 resin, evaporated on a speedvac and 

resuspended in 5% acetonitrile and 0.1% formic acid to prepare for mass 

spectrometry. 

The experiments were carried out on the LTQ ion trap MS of an LTQ-FT MS 

instrument (Thermo Scientific, San Jose, CA) the front end of which, including the ion 
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source, was replaced by a homebuilt electrodynamic ion funnel36,37. Samples were 

dissolved into a solution mixture of H2O/MeOH (1:1 v:v). A direct infusion with 2kV of 

spray voltage was used for ionization. A sample flow rate of 3 µl/min flow rate was 

applied and an atmospheric pressure ionization (API) inlet capillary temperature of 

300 °C was used.  Collision induced dissociation was used for the structural 

identification. Normalized collision energies of 20% for OP-puromycin at 495 m/z, 24% 

for Pgk1 azido peptide at 1781 m/z, 35% for the CuAAC product at 1135 m/z, and 

20% or 27% for the CuAAC product at 755 m/z were used. To mitigate the effect of 

instantaneous signal fluctuations, the analyzed data were produced from mass spectra 

averaged over one minute. 

Results and discussion 

Identification and characterization of a puromycin-sensitive S. cerevisiae strain 

Despite the fact that puromycin is able to disassemble yeast ribosomes in vitro38,39, 

the commonly used laboratory strain of S. cerevisiae is insensitive to the antibiotic 

effects of puromycin24,25.  To identify a strain with the potential to incorporate 

puromycin into proteins in vivo, we first set out to identify strains that were sensitive to 

the antibiotic properties of the drug. Yeast strains harboring mutations in the genes 

encoding the Pdr1p and Pdr3p pleiotropic drug resistance transcription factors and the 

Erg6p methyltransferase involved in the biosynthesis of the sterol component of yeast 

membranes (ergosterol) have previously been shown to sensitize strains to a variety of 

drugs29. To test whether an erg6∆, pdr1∆, pdr3∆ triple mutant (EPP) could sensitize 
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yeast to puromycin, we compared the growth of the EPP strain to wild type cells on 

YPD agar plates supplemented with puromycin at a range of concentrations (Figure 

3.1A). While puromycin concentrations as high as 1 mM had no effect on the growth of 

wild-type cells, puromycin at concentrations of 40 µM slowed the growth of the EPP 

strain, with complete growth inhibition at 200 µM. Puromycin showed a similar effect 

on EPP growth in liquid culture, although the drug concentrations required were higher 

than those required on solid media (Figure 3.1B). Thus, the triple mutant EPP strain is 

sensitive to puromycin, although less sensitive by an order of magnitude than 

metazoan cell culture systems that typically use between 2 µM and 20 µM 

puromycin40,41,42. 

To characterize the contribution of the individual mutations on the sensitivity of 

the EPP triple mutant, we examined the puromycin sensitivity of strains harboring each 

single and all combinations of double erg6∆, pdr1∆, and pdr3∆ mutations. With the 

exception of a modest effect on an erg6∆ mutant on solid medium, there were no 

measurable effects of puromycin on the growth of any of the single mutants on solid or 

liquid media. All double mutant strains showed some level of sensitivity to puromycin in 

liquid culture (Figure 3.1C), with the pdr1∆ pdr3∆ mutant being the most sensitive of 

the panel. However, none of the strains were as sensitive to puromycin as the triple 

mutant. Thus, the strong sensitivity of the EPP strain requires the deletion of all three 

genes.   
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Figure 3.1 Characterization of a puromycin-sensitive yeast strain.  
(A) Growth of 5-fold serial dilutions of wild-type (BY4741), EPP (erg6∆ pdr1∆ pdr3∆) triple 
deletion mutant, and single deletion mutants cells spotted on YPD agar containing 0 µM, 
40 µM, 200 µM and 1000µM puromycin. (B) Growth curves for BY4741 (blue) and the EPP 
triple mutant (red) in liquid media containing 0 µM (solid), 200 µM (dash), and 1000 µM (dot) 
puromycin. Curves are the average of 6 biological replicates. Growth curves were measure 
using a Tecan Sunrise plate reader sampling OD600 at 15 min intervals at a constant 
temperature of 30ºC. (C) Average maximum growth rate (maximum change in 
log(OD)/minute) calculated for each strain grown at each concentration of puromycin, 
normalized to average maximum growth rate for each strain in YPD without puromycin. 
Error bars +/- SEM. Wild type (blue, solid line), EPP (red, solid line), erg6∆ (magenta, dash 
line), pdr1∆ (light blue, dash line), pdr3∆ (purple, dash line), pdr1∆ pdr3∆ (orange, dotted 
line), erg6∆ pdr1∆ (green, dotted line), and erg6∆ pdr3∆ (pink, dotted line). 
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Figure 3.2 Characterization of puromycin spike-in kinetics.  
(A) Minimum pre-saturation average growth rate following puromycin spike-in at several 
doses normalized to growth rate prior to puromycin addition. (B) Length of time to reduce 
growth rate to 25% of rate in YPD by spike-in of puromycin. 
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 Studies using puromycin as a probe for of translational dynamics would be likely to 

pulse the drug into the growth medium at a specific stage of growth or following an 

environmental perturbation. To assess the response of the EPP strain to a puromycin  

pulse, we added puromycin to cultures of logarithmically growing EPP cells and 

measured the subsequent effects on growth. While the addition of puromycin to EPP 

cells in mid-log phase growth strongly inhibited their growth, higher doses of the drug 

were required to achieve similar levels of growth inhibition compared to continuous 

culture with the drug (Figure 3.2A). The concentration of puromycin applied also 

affected the rate of growth inhibition; 2 mM puromycin slowed cells to 75% of their 

maximal growth rate after 105 minutes, while 1 mM puromycin took 120 minutes and 

0.5 mM took 225 minutes to slow to the same degree (Figure 3.2B). These data provide 

an initial framework for dose selection with the EPP strain. 

Puromycin exposure induces aggregation of the P-body protein Edc3-GFP 

Processing bodies (P-bodies) are cytoplasmic RNP complexes that are 

conserved across eukaryotes and are composed of RNA decay enzymes, translational 

repressors and non-translating mRNPs43. P-bodies are sensitive to environmental 

perturbations and typically increase in size and number when cells are exposed to 

conditions that inhibit translation11. Puromycin treatment is known to induce the 

aggregation of P-body proteins into cytoplasmic foci in metazoan systems16,44,45, a 

response that likely coincides with ribosomal subunit dissociation and translational 

arrest. To test whether puromycin exposure could also induce P-bodies in yeast, we 

introduced a florescent P-body reporter (the P-body component Edc3p fused to GFP)   
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Figure 3.3 Exposure to puromycin induces Edc3-GFP accumulation into cytoplasmic foci.  
(A) Images of Edc3-GFP in wild-type and EPP cells grown in 0 mM or 2 mM puromycin for 
30 min and 120 min. Scale bar = 10 µm. (B) Edc3-GFP foci volume (in voxels) in wild type 
and EPP cells after 30 min and 120 min of exposure to a range of concentrations from 0 
mM to 5 mM puromycin. The conditions in which a statistically significant difference in 
Edc3-GFP foci volume relative to 0 mM puromycin treatment are marked (*; p < 2.2x10-16). 
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into the EPP strain background. Puromycin was added to cells growing in log phase, 

and cells were fixed and imaged following 30 minutes and 120 minutes of drug 

exposure.  While no change was observed in the localization of Edc3-GFP in the wild-

type strain background, in the EPP strain Edc3-GFP accumulated in distinct 

cytoplasmic foci (P-bodies) after 120 minutes of exposure to 2 mM puromycin (Figure 

3.3A). To provide a more objective assessment of Edc3 aggregation, we used 

automated image analysis to measure P-body volume (Materials and Methods). In the 

wild-type strain background we observed no significant (p < 0.01) increases in P-body 

volume at any of the doses tested. However, after 2 hours of incubation with 

puromycin, all EPP mutants treated with concentrations of drug below 5 mM showed 

significant increases in the volume of  Edc3-GFP foci (p < 2.2x10-16) (Figure 3.3B). 

Interestingly, at 5 mM puromycin there is no increase in Edc3-GFP accumulation, 

perhaps representing extreme toxicity of a high dose. These results demonstrate that 

upon sensitization to the drug via the introduction of the EPP deletion mutations, the 

effects of puromycin on yeast cellular physiology are similar to those that have been 

observed in other eukaryotes.  

Puromycin is rapidly incorporated into proteins in the sensitized strain 

To test whether puromycin could be incorporated into yeast proteins in vivo, 

thereby enabling a number of puromycin based techniques, we used the anti-

puromycin monoclonal antibody 12D1022, which has been used to detect puromycin 

incorporation into human proteins by western blot and flow cytometry. We observed a 

dose- and time-dependent increase in 12D10 immunoreactivity in yeast lysates 
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prepared from EPP strains exposed to puromycin for 30 and 120 minutes (Figure 3A), 

with the highest levels detected in lysates from cells treated for 120 minutes with 2 mM 

puromycin. We also observed low levels of 12D10 immunoreactivity in wild-type cells 

treated with puromycin (Figure 3.4A), suggesting that wild- type cells are at least 

minimally permeable to the drug. To assess how rapidly puromycin is detectable in 

yeast proteins, we prepared yeast lysates of the EPP strain harvested at different times 

following the addition of puromycin. Here we observed puromycin immunoreactivity by 

western blot with the 12D10 antibody as early as 5-10 minutes after the drug was 

administered (Figure 3.4B). Taken together, these results demonstrate that that 

puromycin is rapidly taken up by the mutant strain, available to ribosomes in vivo, and 

able to be incorporated into nascent proteins in yeast.  

To examine the incorporation of puromycin into individual proteins in vivo, we 

constructed an EPP strain in which ADE17 is N-terminally 3xHA tagged and expressed 

under the transcriptional control of the GAL1 promoter. The GAL1 promoter is tightly 

repressed in the presence of glucose, highly expressed in the presence of galactose, 

and in the presence of neutral carbon sources, such as raffinose, poised to rapidly 

initiate transcription upon addition of galactose46. To facilitate the detection of 

puromycin incorporation into newly synthesized proteins, the EPP strain containing the 

galactose-inducible 3xHA-ADE17 was grown in raffinose, its transcription was induced 

by the addition of galactose for 15 minutes, and different concentrations of puromycin 

were added to label proteins synthesized after this timepoint. The results show that 

while steady state levels of protein do not change (Figure 3.5, Actin, lanes 1-6), there is 
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a galactose-dependent induction of the 3xHA-ADE17 protein (Figure 3.5, 3xHA-ADE17, 

lanes 1 and 2). As described above (Figure 3.4), we observed drug-dependent 

puromycin immunoreactivity in total proteins (Figure 3.5, anti-puromycin, lanes 1-2 

versus lanes 3-5) that appeared to decrease at the highest concentration of puromycin 

(Figure 3.5, anti-puromycin, lane 6).  These results support the hypothesis that 

puromycin inhibits translation in vivo in a dose-dependent manner and provide further 

evidence that 5 mM puromycin represents an extreme dose with distinct physiological 

and translational responses. Finally, in the presence of various concentrations of 

puromycin, we were able to detect a nascent molecules of a specific protein, 3xHA-

ADE17 (Figure 3.5, 3xHA-ADE17, lanes 3-6), although at a significantly reduced level 

relative to the no-drug control (Figure 3.5, 3xHA-ADE17, lane 2).  

In addition to dose dependent effects of puromycin treatment, we also examined 

time-dependent translational kinetics using three galactose inducible N-terminally 

3xHA-tagged proteins of increasing length: Ade17p (592 amino acids), Hsp104p (908 

amino acids) and New1p (1196 amino acids). Cells were collected in a time course 

following puromycin or vehicle addition. In cultures not treated with puromycin, anti-HA 

immunoreactivity increases starting at 15 minutes of growth in galactose (Figure 3.6). 

The larger proteins exhibited reduced signal compared with HA-Ade17p, which 

presumably reflects the extra time involved in translating the additional 300-600 

residues per protein and also the decreased efficiency for western blot transfer of large 

proteins47. When the same strains were treated with puromycin, the production of HA 

signal was reduced for all three proteins relative to the untreated cells (Figure 3.6). This   
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Figure 3.4 Puromycin is rapidly incorporated into proteins in the EPP strain.  
(A) Anti-puromycin (12D10) western blot of lysates from wild type and EPP strains following 
30 min and 120 min of exposure to puromycin and a Coomassie stain demonstrating 
loading equivalency. (B) Time-course of the EPP strain grown in 250 µM and 750 µM 
puromycin and a Coomassie stain demonstrating loading equivalency. 
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Figure 3.5 Dose-response effect of puromycin treatment on protein translation in vivo.  
Anti-HA (12CA5) and anti-puromycin (12D10) western blots of a galactose-induced 3xHA-
Ade17p strain grown in 0mM-2mM puromycin for 15 minutes. No galactose induction was 
present for the sample marked –Gal, while the other samples were grown in 2% galacotse 
for 15 minutes prior to puromycin addition. Anti-actin is shown to demonstrate loading 
equivalency. 
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Figure 3.6 Time course of translation in the presence and absence of puromycin 
Time course of strains expressing galactose-induced N-terminally 3xHA-tagged ORFs 
grown in 0 µM or 250 µM puromycin. The ORFs tested are 3xHA-Ade17p (592 amino 
acids); 3xHA-Hsp104p (908 amino acids); 3xHA-New1p (1196 amino acids). Anti-actin is 
shown to demonstrate loading equivalency. 
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signifies that proteins of a range of sizes are affected by puromycin incorporation and 

there does not appear to be a drastic bias toward longer or shorter proteins for 

puromycin incorporation.  

Puromycin analogs, such as O-propargyl-puromycin (OP-puromycin), enable more 

sophisticated inquiries into translational activity including visualization of translational 

activity and capture of nascent proteins. We tested whether the EPP mutant strain is 

also able to incorporate OP-puromycin. Growing the EPP strain in 500µM OP-

puromycin was sufficient to inhibit the expression of HA-Ade17p and incorporate into 

proteins, generating 12D10 immunoreactivity (Figure 3.7). While the anti-puromycin  

immunoreactivity of the OP-puromycin treated lysates was reduced compared to the 

cells treated with an equal dose of puromycin, inhibition of the production of the HA-

tagged ORF is equivalent. This suggests there may be different sensitivities of the 

12D10 antibody to puromycin and OP-puromycin labeled proteins. 

We also tested the effects of OP-puromycin on peptide fragmentation by collision-

induced dissociation (CID) in an ion trap mass spectrometer (MS). To do so OP-

puromycin was conjugated to a synthetic peptide with an azido-lysine terminal residue 

using CuAAC chemistry. However, the puromycin orientation with respect to the 

peptide is not as would be expected for in vivo incorporated puromycin peptides, 

through a peptide linkage, but rather conjugated to the terminal lysine side chain 

(Figure 3.8A and 3.8B). Subjecting OP-puromycin to CID, the base peak of the tandem 

mass spectrum corresponds to loss of the dimethyl-aminopurine ring (Figure 3.8C). 

This reflects what is known concerning the mass spectrometric fragmentation of   
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Figure 3.7 OP-puromycin incorporation and effects on translation 
Anti-puromycin (12D10) western blot of cells grown in either 0.5mM OP-puromycin, 
puromycin or DMSO and anti-HA (12CA5) western blot of 3xHA-Ade17p expression in each 
condition. 
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Figure 3-S3 
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Figure 3.8 Mass spectrometric analysis of OP-puromycin and OP-puromycin-peptide 
adducts.  

(A) Structures of the peptide CuAAC scheme. In our experiments R corresponds to the 
synthetic peptide ISHVVSTGGGASLELLEG with the terminal azido-lysine shown. The 
expected masses of m1 and p1 from OP-puromycin are 162m/z and 333m/z respectively 
whereas the expected masses of m1 and p1 from the CuAAC product are 162m/z and 
2108m/z respectively. (B) Hypothetical in vivo ribosome mediated puromycinylation. 
Tandem mass spectra of (C) OP-Puromycin, (D) ISHVVSTGGGASLELLEG-Kazide, (E) and the 
CuAAC product, OP-puromycin conjugated peptide in +2 charge states, p1 (+1) 
corresponds to the singly charged fragment ion and p1 (+2) corresponds to the doubly 
charged fragment ion.  
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puromycin and related compounds, where a common fragment ion forms due to loss 

of the purine ring from the sugar48. Tandem MS of the pre-conjugated synthetic peptide 

resulted in observation of the b- and y-series fragment ions common to peptides 

subjected to CID, and which correspond well to the consensus fragmentation pattern 

reported in the PeptideAtlas for the native peptide (Figure 3.8D). When we subjected 

the product of the peptide-OP-puromycin conjugation to CID, the base peak in the 

tandem mass spectra corresponded to loss of dimethylaminopurine (Figure 3.8E) with 

no detectable b- and y- fragment ions. These data indicate that the loss of the purine 

ring from a puromycin-peptide represents cleavage of the most labile bond producing 

a tandem mass spectrum devoid of peptide backbone fragment ions. This suggests 

that efficient identification of puromycin labeled proteins and peptides of unknown 

sequence by mass spectrometry will require either enrichment by puromycin capture or 

the development of MS3 based tandem MS approaches popular in the 

phosphoproteomic field for similar reasons; i.e. facile loss of phosphate during CID 

resulting in few detectable b- or y-ions. In such an MS3 based strategy after MS2 

detection of the loss of dimethylaminopurine would trigger MS2 on the subsequent 

base peak.  

This work demonstrates in vivo puromycin sensitivity in S. cerevisiae. The increase 

in sensitivity is attributable to an increase in cell permeability by disruption of the multi-

drug efflux system and sterol synthesis. Both the physiological effect of P-body 

induction and the increase in puromycin immunoreactivity indicate that puromycin is 

acting in vivo in a similar manner to its actions in other systems. Because puromycin 
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incorporation acts as a label of translational activity, the characterization of the EPP 

strain enables yeast researchers to utilize the tools of puromycin-based assays 

including visualizing the location of protein translation across conditions or cell states, 

the ability to capture puromycin labeled proteins and peptides for proteomic analysis, 

and the assessment of co-translational versus post-translational protein modifications. 

Furthermore, development of these and other puromycin-based assays will be 

facilitated by the many advantages of the yeast model. Yeast researchers have been 

on the forefront of developing and implementing assays to explore translation, and the 

ability to incorporate puromycin in vivo enables the development of new and 

complementary techniques to enrich the understanding post-transcriptional regulatory 

mechanisms. 
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Chapter 4: Perspectives & Future Directions 

 

 The work presented in this dissertation provides new techniques and novel 

perspectives to the field of post-transcriptional research. Within this work, I have 

characterized yeast strains sensitive to puromycin and demonstrated the utility of this 

approach for the examination of protein biosynthesis in vivo. This enables the 

implementation of the array of puromycin-based assays of translational activity in yeast. 

For example, O-propargyl-puromycin has been used to visualize intracellular sites of 

translational activity1 and a similar assay could be used to investigate the hypothesis 

that P-body localization to the bud site prior to bud emergence is involved in the 

localized translation of bud-specific proteins [Garmendia Torres and Dudley, personal 

communication]. Recent work has demonstrated the utility of ribosome mediated 

protein puromycinylation for the purposes of measuring the translatome by tandem 

mass spectrometry in human cells2. Implementation of an analogous approach in yeast 

would facilitate the further development of these technologies. For example, the 

authors needed to label proteins ex vivo, but utilization of OP-puromycin in yeast could 

enable the labeling and capture of in vivo puromycinylated proteins. In addition, the 

authors made no report of puromycin incorporation sites within the proteins identified, 

likely due to the inability to measure peptide backbone fragmentation in puromycin-

incorporated peptides. The development of methods to measure puromycin 

incorporation on the peptide level could be accomplished more easily by utilizing the 
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relatively simple yeast proteome. Ribosome mediated puromycin labeling of proteins in 

vivo could also enable more precise investigation of protein modifications that occur 

co-translationally versus those that occur post-translationally. N-terminal acylation of 

proteins affects a variety of important expression characteristics including intracellular 

localization, protein interactions, and stability3 and the modification is known to occur 

both co- and post-translationally4. Using puromycin incorporation to label nascent 

proteins could be a useful tool for dissecting the relative contributions, timing, and 

significance of these and other protein modifications. Finally, puromycin labeling could 

be useful for exploring protein quality control as other groups have shown that 

puromycin labeled proteins are targeted to ubiquitinylated aggregate structures within 

human cells5. The development of these and other technologies will be facilitated by 

the ability to work in the yeast model system because of its relative simplicity and 

because of the many complementary techniques and data sources already available. 

 This work also demonstrates the first specific enrichment of an RNA granule 

complex measuring both protein and RNA constituents. Because RNA granules are 

highly dynamic non-membrane bound organelles in vivo, it was important to consider 

approaches to stabilize the complex in vitro for enrichment by immunoprecipitation. 

However, by implementing a number of experimental strategies specifically designed 

to minimize dynamic exchange during the purification process, we were able to 

demonstrate reproducible and specific enrichment of RNA granules from the yeast 

lysate. The ability to enrich these structures allows for the interrogation of protein and 

RNA constituents as well as the exploration of in vivo compositional dynamics. 
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 A striking difference between the stress induced and the uninduced complexes 

we measured was the increase in abundance of many metabolic enzymes in the stress 

induced condition. This result suggests that yeast RNA granules associate with 

metabolic enzymes primarily in response to cell stress. Intriguingly, many metabolic 

enzymes have been observed to form reversible cytoplasmic foci upon nutrient 

deprivation6. These foci were observed to persist for up to a week in continuous culture 

of cells in stationary phase and also rapidly disassembled in response to nutrient re-

addition7. Therefore, these foci are most likely not due to a buildup of protein 

degradation substrates, but rather represent a potential mechanism for cellular protein 

storage in conditions where these metabolic pathways are of limited utility. These 

assemblies can maintain the constituent proteins - presumably in inactive states - until 

they are needed again by the cell. A similar logic may underlie the accumulation of 

RNA granule proteins and translationally quiescent mRNAs during stress. Because 

translation is one of the most energetically expensive processes within the cell8, it is 

deleterious for cells to unnecessarily produce proteins when they are not necessary to 

the survival of the cell. For example the overexpression of ectopic mRNA in cells 

unable to form P-body aggregates leads to an increase in ectopic RNA translation, 

increased sensitivity to various stress conditions, and a decrease in cellular viability 

relative to wild type cells9. Also, in response to various stresses yeast are known to 

rapidly and reversibly accumulate tRNA in the nucleus, potentially as a mechanism to 

sequester a critical substrate in protein biosynthesis and impede translation for the 

duration of the stress10,11. In addition, the formation of RNA granule foci is important for 

the long-term survival of cells in stationary phase12. The accumulation of metabolic 
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enzymes along with RNA granule complexes suggests a common cellular mechanism 

to sequester energetically expensive biological processes not essential to survival 

during exposure to specific stressors. Further experiments should explore interactions 

between these structures and aim to identify common regulatory mechanisms and 

organizational principles. 

 Finally, it is becoming increasingly clear the central role these RNA granule 

aggregates have in neurodegenerative processes. Many genes for RNA granule 

components have been genetically associated with neurodegenerative pathologies - 

including the genes TDP-43, FUS, SMN1, FMR1, and ATXN2. The clustering of 

mutations in genes whose protein product localizes to RNA granules suggests that 

RNA granule processes may be associated with these pathologies. Recent reviews 

have explored these potential associations to great lengths13-15. It appears that 

motorneurons may be especially susceptible to RNA granule associated pathologies as 

many of these gene products are associated with motorneuronopathies including 

amyotrophic lateral sclerosis (TDP-43, ATXN2) and spinal muscular atrophy (SMN1). In 

addition to the localization of many of these disease-associated proteins with RNA 

granule structures, there are other RNA granule associated functions that are perturbed 

in these disease processes. We observe an association between yeast RNA granules 

and proteins containing domains of low complexity as well as chaperones, and 

demonstrate that the Hsp40 chaperone Ydj1p is involved in the aggregation of P-body 

proteins. These results highlight the role of protein folding and aggregation in RNA 

granule accumulation; protein mis-folding and aggregation are phenotypes common to 

many neurological pathologies16-18. We, and others, have shown that RNA granules are 
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associated with intracellular transport mechanisms including cytoskeleton-dependent 

transport; defects in protein and organelle intracellular trafficking have been reported in 

several neurodegenerative disease models19-21. Finally, we demonstrate a close 

association with metabolic pathways by demonstrating the condition-specific 

association between metabolic enzymes and RNA granules as well as association 

between critical mitochondrial RNA processing factors and P-bodies; defects in energy 

homeostasis have also been associated with neurodegenerative phenotypes22. These 

common functions suggest that mi-regulation of post-transcriptional processes in or 

associated with RNA granules may be broadly associated with neurological 

pathologies. For this reason, it is critical to continue to study the specific mis-

regulation of post-transcriptional processes that occur within degenerating neurons 

and associated tissues. A more complete understanding of the basic mechanics 

underlying post-transcriptional regulatory processes including how and why RNA 

granule proteins aggregate, how transcripts are targeted to or excluded from RNA 

granule aggregates, and how cells regulate which transcripts are translated at a given 

time and place will add to our understanding of how mis-regulation of these processes 

can lead to disease. Finally, as demonstrated in this work, yeast represents a powerful 

model for interrogating post-transcriptional regulatory processes and the approaches 

presented here should allow for further investigations into the role of post-

transcriptional regulatory dynamics associated with RNA granules in the future. 
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Abstract 

Polyglutamine repeat expansion in the androgen receptor is responsible for the 

motor neuron degeneration in X-linked spinal and bulbar muscular atrophy (SBMA; 

Kennedy's disease). This mutation, like the other polyglutamine repeat expansions, has 

proven to be toxic itself by a gain-of-function effect; however, a growing body of 

evidence indicates that loss of androgen receptor normal function simultaneously 

contributes to SBMA disease pathology, and, conversely, that normal androgen 

receptor signaling mediates important trophic effects upon motor neurons. This review 

considers the trophic requirements of motor neurons, focusing upon the role of known 

neurotrophic factors in motor neuron disease natural history, and the interactions of 

androgen receptor signaling pathways with motor neuron disease pathogenesis and 

progression. A thorough understanding of androgen receptor signaling in motor 

neurons should provide important inroads toward the development of effective 

treatments for a variety of devastating motor neuron diseases. 

Introduction 

The androgen receptor (AR) is a nuclear hormone receptor of approximately 110 kd 

that is responsible for the biological actions of androgens, including testosterone and 

its metabolite dihydrotestosterone (DHT). Androgens regulate a wide range of 

developmental and physiologic processes including the growth of muscle and bone, 

spermatogenesis, and the development of secondary sexual characteristics [1]. The AR 

mediates these effects primarily by influencing the expression of androgen responsive 
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genes. The AR affects transcription in a ligand-dependent manner by nuclear trans-

location, dimerization, DNA binding, and association with various co-activators/co-

repressors and other components of the transcriptional machinery [2]. The functional 

domains of the AR – an N-terminal transcriptional activation domain, a DNA-binding 

domain (DBD) and a C-terminal ligand-binding domain (Fig. 1) – reflect these processes 

involved in androgen signaling. Both gain-of-function and loss-of-function mutations 

have been identified in the AR, and these alterations respectively give rise to distinct 

pathologies. These conditions include the various forms of androgen insensitivity 

syndromes (AIS): ranging from testicular feminization (Tfm) and partial androgen 

insensitivity syndrome (PAIS) to male infertility, prostate cancer (CaP), breast cancer 

susceptibility, and X-linked spinal and bulbar muscular atrophy (SBMA), which is also 

known as Kennedy’s disease [3]. SBMA is of particular interest because it exhibits 

characteristics of both loss-of-function and gain-of-function mutations in the AR.  

SBMA is a heritable, adult onset disease that causes preferential degeneration of 

lower motor neurons leading to weakness and atrophy of bulbar, facial, and limb 

muscles [4,5]. It is clinically similar to amyotrophic lateral sclerosis (ALS), another form 

of motor neuron disease (MND). The main clinical distinction between the two diseases 

is that ALS involves degeneration of both upper and lower motor neurons, whereas the 

affected cell type in SBMA is lower motor neurons. Another interesting difference is 

that Onuf’s nucleus, an androgen-sensitive spinal cord motor neuron nucleus, is 

spared in ALS, although it degenerates in SBMA [6,7]. Degeneration of sensory 

neurons of the dorsal root ganglia is also a typical sign associated with SBMA, often 

preceding the onset of motor dysfunction [8,9]. In addition to the neurological 	
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Appendix Figure 1 Schematic illustration of the androgen receptor.  
The location of the androgen receptor locus on the long arm of the X chromosome at q12 
(gray bar) and an expanded map of the androgen receptor gene, depicting the relative sizes 
and distribution of its eight exons, are shown. The colors of the exons reflect the different 
functional domains of the translated protein that are encoded by the various exons, 
including the amino-terminal domain (NTD; blue), the DNA-binding domain (DBD; red) and 
the ligand-binding domain (LBD; yellow). An illustration of the final protein product is shown 
below, highlighting these functional domains, along with the short hinge region (H). 
Representative disease-causing mutations have been identified and mapped onto the 
protein, including mutations that cause androgen insensitivity syndrome (AIS; *), mutations 
that are associated with prostate cancer (CaP; #), and the polyglutamine tract that is 
expanded in SBMA (Q).  
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phenotype, SBMA patients display some of the characteristic signs of androgen 

insensitivity syndromes including testicular atrophy, decreased fertility, gynecomastia, 

and elevated androgen levels [10,11]. This mild androgen insensitivity, along with the 

X-linked pattern of inheritance, caused the AR to be considered as a candidate gene 

for SBMA. This association was further supported by linkage mapping of the SBMA 

gene to a locus on the X chromosome that includes the AR gene [12]. Ultimately, the 

work to identify the gene responsible for SBMA led to the discovery of a novel 

mutation, the expansion of a trinucleotide CAG repeat, in the first exon of the AR gene 

[13]. This CAG repeat encodes a stretch of glutamine residues within the N-terminal 

transcriptional activation domain of the AR. Unaffected individuals have a 

polyglutamine repeat size that ranges between 5 and 35 glutamines, while 

symptomatic individuals always have a polyglutamine stretch of at least 37 glutamines 

[13]. This absolute association indicates that the polyglutamine expansion in the AR is 

the source of the pathology in SBMA. SBMA is a member of a family of nine 

dominantly inherited neurodegenerative diseases caused by polyglutamine (polyQ) 

repeat expansions in specific proteins. Other polyQ diseases include Hungtington’s 

disease (HD), dentatorubral-pallidoluysian atrophy, and six forms of spinocerebellar 

ataxia. Interestingly, though each of the polyQ diseases has a CAG repeat expansion in 

a different gene, and each disease seems to specifically affect different subsets of 

neuronal populations, SBMA is the only polyQ repeat expansion disease known to 

cause selective degeneration of motor neurons [14]. This observation implies that there 

is something unique about AR biology that is important for motor neuron function.  

Studies of other polyQ expansion diseases, as well as research specifically 
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investigating SBMA, indicate that the pathology associated with polyQ-expanded 

proteins is due to a toxic gain of function of the mutant protein [14–16]. The polyQ 

expansion of the AR in SBMA, like all polyQ repeat expansion diseases, is a dominantly 

inherited mutation; numerous lines of investigation, including ascertainment of 

homozygous females with CAG repeat expansions [17] and androgen ablation 

experiments in SBMA transgenic mouse models [18], have shown that SBMA disease 

pathogenesis requires AR activation by ligand binding. Heterozygous female carriers 

are thus spared the neurodegenerative SBMA phenotype due to a significantly reduced 

concentration of available ligands for the AR. Although considerable work in the polyQ 

research field has emphasized the polyQ protein misfolding gain-of-function toxicity as 

the principal mechanism for molecular pathology, gain-of-function and loss-of-function 

are not mutually exclusive explanations for the etiology of the disease. Indeed, 

numerous studies have implicated loss of polyQ protein normal function in the 

pathogenesis of each disease [19–25]. In the case of SBMA, one of the primary 

indicators of a loss of normal AR function is the mild androgen insensitivity phenotype 

that is seen in affected patients. This insensitivity reflects the fact that polyQ-expanded 

AR is not competent to fully stimulate androgen-dependent physiologic pathways or to 

fully maintain male secondary sexual characteristics. Consequently, in a motor neuron-

like cell culture model of SBMA, cells transfected with polyQ-expanded AR differ-

entially express genes in response to androgens when compared with cells expressing 

a non-pathologic form of AR [26], confirming that polyQ-expanded AR is not 

functionally interchangeable with unexpanded AR. In a highly representative SBMA 

transgenic mouse model, the authors’ lab has further demonstrated that endogenous 
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mouse AR partially compensates for, and thus retards, motor neuron loss, as SBMA 

mice develop a more severe motor neuron phenotype when the endogenous AR is 

absent [18]. These observations indicate that normal AR might be playing a role in 

supporting motor neurons and protecting them from degeneration. Hence, polyQ-

expanded AR is dysfunctional in this protective capacity, an effect that agonizes the 

process of motor neuron degeneration in SBMA. This article examines the evidence 

supporting the idea that normal AR has a protective, trophic role in motor neuron 

biology, first by examining the trophic requirements of motor neurons in general, and 

then by delineating the trophic properties of the AR in the central nervous system.  

Trophic requirements of motor neurons  

The neuronal requirements for trophic factor support are well established and have 

been investigated for over 50 years. Nerve growth factor (NGF) was the first target-

derived neuronal growth factor identified. Since its discovery in 1951, a whole family of 

similar trophic factors, called neurotrophins, have been recognized [27–29]. 

Neurotrophins are small peptide growth hormones that promote neuronal 

differentiation, synaptic plasticity, regeneration, and survival [27–29]. The family 

includes molecules such as neurotrophin-3 (NT-3), brain-derived neurotrophic factor 

(BDNF), ciliary neurotrophic factor (CNTF), and glial cell line-derived neurotrophic factor 

(GDNF) [27–29]. Neurotrophin signals are transduced in a variety of ways, but most 

involve the activation of receptor tyrosine kinases. NGF, BDNF, and NT-3 involve 

signaling through the Trk receptors (ie, TrkA, TrkB, and TrkC) and also through the 

p75
NTR 

(neurotrophin receptor). GDNF signals through the RET family of receptor 
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tyrosine kinases and CNTF signals through a receptor that is structurally very similar to 

the IL-6 receptor.  

Of all of these neurotrophic factors, GDNF, BDNF, and CNTF display the greatest 

growth promotion and neuroprotective effects on motor neuron populations. GDNF is 

produced by glial cells of the CNS; is a very potent neuroprotective agent; and exerts 

its effects on both astrocytes and motor neurons. Mutations in murine GDNF are 

associated with a loss of 20%–30% of motor neurons [30], whereas GDNF over-

expression prevents the developmental programmed cell death of motor neurons [31] 

and axotomy-induced motor neuron cell death [32]. Muscle from patients who have 

SBMA and ALS demonstrates decreased expression of GDNF [33]. BDNF is target-

derived and retrogradely transported by motor neurons from muscle [34,35]. BDNF can 

also protect motor neurons from axotomy-induced cell death [36–38], as well as 

prevent toxic neuronal nitric oxide synthase production [39] and glutamate 

excitotoxicity [40,41]. Despite these protective effects, BDNF has shown little promise 

in the treatment of several MNDs, including ALS [42], though it did ameliorate the 

disease phenotype in the Wobbler mouse [43]. CNTF is a peptide growth factor that is 

produced predominantly by glial cells postnatally, but, unlike the other neurotrophins, 

does not contain a signal sequence, indicating that it is not normally secreted [44]. This 

has led some to hypothesize that CNTF release occurs in response to nerve injury [28]. 

Despite some conflicting reports [45,46], CNTF appears to rescue axotomized neurons 

from cell death [47]. In addition, both homozygous null CNTF mice [48] and mice 

deficient in the CNTFa receptor [49] develop motor neuron loss. 

Beyond these classical neurotrophic factors, there are several other growth factors 
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that display motor neuron specific trophism, including vascular endothelial growth 

factor (VEGF) and insulin-like growth factor 1 (IGF-1). VEGF is a cytokine that is 

typically associated with angiogenesis and can support motor neurons by increasing 

local blood supply, but also exhibits many direct neuroprotective effects on motor 

neurons [50–52]. VEGF is able to promote the survival of motor neurons in vitro [53], 

and increase neurogenesis after axotomy [54]. Decreased VEGF levels have been 

correlated with various forms of MND including ALS, both in patients [55] and in mouse 

models, including the authors’ transgenic mouse model of SBMA [56]. Intriguingly, 

deletion of a hypoxia-responsive element within the promoter of VEGF leads to the 

degeneration of motor neurons [57] and a correlation between VEGF promoter 

haplotypes and ALS has been observed [58]. In addition, VEGF treatment has been 

beneficial in a variety of models of MND [50–52,59].  

IGF-1 is a peptide hormone produced by oligodendrocytes, Schwann cells, and 

muscle [60–62]. IGF-1 is a very potent trophic factor for motor neurons; it increases 

motor neuron survival both in vitro [63] and in an in vivo axotomy model [64]. IGF-1 

also promotes motor neuron axonal sprouting, regeneration, and muscle innervation in 

vitro [65]. Targeting of IGF-1 to motor neurons slows the typical force decline seen in 

aging muscle [66]. Because IGF-1 is trophic for both motor neurons and muscle, there 

has been considerable interest in its potential protective capacity in various forms of 

MND. Most notably, viral delivery of IGF-1 dramatically slowed the progression of ALS 

in the SOD1 transgenic mouse model [67]. Additionally, the beneficial effects of IGF-1 

in the Wobbler mouse model of MND are potentiated by glycosaminoglycans [68], and 

the neuroprotective effects of IGF-1 and GDNF act additively in the SOD1 mouse 
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model of ALS [69]. IGF-1 can decrease the toxicity associated with polyQ-expanded 

AR in vitro by stimulating the Akt phosphoylation of the AR, thereby preventing ligand 

binding and receptor activation [70]. These trophic factors play an important role in 

protecting motor neurons from many of the cytotoxic insults that lead to motor neuron 

cell death.  

Trophic effects of the AR  

The trophic effects of androgens on reproductive organs are well established. AR 

signaling is essential for the normal development of male sexual features, including 

sexual organ development as well as the formation and maintenance of secondary 

sexual characteristics, including increased body hair and muscle mass [1]. Beyond 

sexual development, androgen signaling has been associated with neoplastic prostate 

growth [71,72] and male breast carcinoma [73], which demonstrates the strong 

trophism of androgens. Hormonal castration, the prevention of androgen signaling, and 

silencing prostate AR expression have all been demonstrated to retard cancerous 

growth of the prostate [74,75]. In this context, the trophic effects of androgens have 

been causally linked with the ability of the AR to stimulate VEGF expression, thereby 

increasing angiogenesis. However, androgens, as well as other sex hormones, have 

also demonstrated trophic actions in non-reproductive tissues. Immunohistochemical 

investigation has confirmed the presence of the AR in a wide variety of human fetal 

extra-genital tissues including the thymus, bronchial epithelium, cardiac valves and 

surrounding muscle, and in the spinal cord [76]. The presence of the AR in these early 

tissues suggests that androgen signaling might not simply affect sexual differentiation, 
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but may be a broader signal for early growth and development of these tissues.  

It is clear that AR expression in the spinal cord occurs as early as the first trimester 

and that high expression of AR within the spinal cord continues into adulthood. In a 

classic paper in 1977, Sar and Stumpf [77] demonstrated that androgen receptor 

expression is especially high in the ventral spinal cord. Therefore, it is reasonable to 

predict that AR signaling is important to the development and maintenance of this 

tissue, including especially spinal cord motor neurons. Studies of cell culture and 

animal models of spinal cord development have provided clues to the functions of 

androgens in such cell types. AR-expressing motor neuron-like cells in vitro exhibit 

changes in morphology in response to androgen treatment, including developing larger 

cell bodies and broader fields of neurite processes [78]. Further exploration of these 

effects indicates that this increased neurite outgrowth might be due to androgen-

dependent up-regulation of neuritin, a protein previously demonstrated to be important 

for neurite elongation [79]. Another indication of the function of androgens in 

developing spinal cord motor neurons comes from careful investigation of the spinal 

nucleus of the bulbocavernosus (SNB), a sexually dimorphic nucleus of androgen-

sensitive motor neurons in rodents that is analogous to Onuf’s nucleus in humans. 

Androgen signaling has been demonstrated to influence soma size and dendrite length 

in SNB motor neurons [80]. These effects are linked to the expression of both BDNF 

and its receptor TrkB [81]. Furthermore, androgens and CNTF interact early in 

postnatal development to increase SNB motor neuron number [82]. These in vivo data 

confirm the in vitro observation that androgen signaling plays a crucial role in motor 

neuron development, especially with regard to the establishment of neurites (in vitro) 
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and dendrites (in vivo). However, remaining questions are: to what degree does the AR 

maintain this trophic influence in adult motor neurons, and how might androgen 

signaling protect adult motor neurons from degeneration?  

Trophism of adult neurons is frequently inferred from the ability of a trophic factor to 

protect neurons from a variety of insults. The AR has demonstrated a wide variety of 

neuroprotective effects. AR signaling protects many cells (including neuroblastoma 

cells [83], primary cerebellar granule cells [84] and striatal cells in vivo [85]) against 

oxidative stress-induced cell death. This protection may result from an AR-specific 

increase in catalase activity [83,84]. Another example of AR neuroprotection comes 

from an experiment in which the excitotoxin kainate was noted to kill more 

hippocampal neurons in gonadectomized male rats versus sham-operated controls; 

this cell death was then reversed by supplementation of the gonadectomized rats with 

DHT [86]. Androgens have even been shown to protect neurons from the toxic effects 

of the beta-amyloid peptide (Ab1-42), believed to be a causative agent in Alzheimer’s 

disease pathogenesis [87]. Both androgens and estrogen can protect neurons from Ab 

toxicity by increasing the levels of the chaperone protein Hsp70, which is thought to 

prevent Ab aggregate formation [88]. Additionally, androgens may protect against Ab 

toxicity through a receptor-dependent activation of the MAPK/ERK signaling pathway 

in neurons, leading to downstream activation of Rsk and inactivation of Bad, a pro-

apoptotic Bcl-2 family member [89].  

Importantly, in the spinal cord, signaling through the AR can elicit specific motor 

neuron protection, both in vitro and in vivo. AR expressing motor neuron-like MN-1 

cells not only exhibit larger somas and broader neurite arbors in response to 
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androgens, but they are also protected from serum deprivation-induced cell death 

[26,78]. This seems to be a common function of AR signaling in neurons, as androgens 

promote the survival of human primary neurons in low serum conditions in a receptor-

dependent fashion [90]. Evidence from in vivo motor neuron injury models indicates 

that AR signaling protects motor neurons from axotomy-induced death. Androgens 

interact with BDNF in the SNB to promote motor neuron survival and maintenance of 

the SNB dendritic arbor post-axotomy [80]. Furthermore, androgens are particularly 

trophic in a hamster facial motor neuron axotomy model, promoting survival of 

axotomized neurons and increasing the rate of functional recovery [91–93]. AR 

signaling is clearly involved in protecting adult neurons, including motor neurons, from 

toxicity, injury and death. 

How might androgen signaling be promoting neuronal survival? Since the AR 

functions primarily as a transcription factor, it is logical to predict that this protective 

effect might be tied to the ability of the AR to induce the expression of genes that are 

involved in promoting motor neuron survival (Fig. 2). Indeed, AR mediated up-

regulation of neuritin expression is directly responsible for neurite elongation in motor 

neuron-like cultures, as neuritin silencing by siRNA abolishes the trophic response to 

androgens [79]. Similarly, inhibition of neurotrophin and CNTF signaling prevents the 

sparing of SNB motor neurons normally observed after administration of androgens to 

neonatal rats [94]. Trophic factor signaling is thus an important aspect of AR trophism 

and might function downstream of androgen signaling.  

Several trophic factors that are important for motor neuron biology have been 

associated with AR signaling. AR activation stimulates the production of VEGF mRNA   



 

 118 

 

 
Appendix Figure 2 Proposed mechanisms for androgen receptor (AR) protection of motor 
neurons.  

This figure summarizes three mechanisms by which AR may exert its trophic effects on 
motor neurons. (A) In the classical model of androgen receptor signaling, AR binds ligand, 
releasing it from its molecular chaperone and allowing it to undergo nuclear translocation to 
form homodimers. AR then associates with transcriptional co-regulators at androgen-
responsive genes to promote their transcription. (B) In this non-genomic pathway of 
androgen receptor action, AR signaling does not involve direct interaction with genomic 
elements. Rather, ligand-bound AR interacts with second messenger signaling cascades, 
such as ERK/MAPK and PI3K/Akt, to influence the molecular status of the cell. This 
mechanism has not been validated yet in motor neurons. (C) Lastly, in the membrane-
associated model for androgen receptor signaling, the authors postulate the interaction of 
androgens with putative novel membrane-associated ARs that would signal through 
second messenger signaling cascades.  
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in prostate cancer cells [74]; and in vivo siRNA silencing of AR has been demonstrated 

to slow neoplastic prostate growth and repress VEGF expression [75]. AR stimulation 

of VEGF signaling increases BDNF levels and ultimately neurogenesis in the brains of 

adult songbirds [95], which demonstrates the possible multi-potency of AR-stimulated 

VEGF expression. Transgenic mice carrying a polyQ-expanded AR express less VEGF, 

and this reduction has been implicated in the pathology of SBMA [56]. In another 

mouse model of SBMA, polyQ-expanded AR is associated with decreased GDNF and 

IGF-1 expression [96]. Researchers have identified androgen response elements in the 

upstream promoter of the IGF-1 gene [97], and testosterone has been observed to 

stimulate IGF-1 transcription in prostate [98]. Interestingly, IGF-1 can facilitate AR 

signaling by de-repressing Foxo1 [99] or by stabilization of beta-catenin, an AR co-

activator [100]. The authors’ group, in collaboration with workers at the National 

Institutes of Health, has recently identified a mechanism through which IGF-1 prevents 

the deleterious effects of polyQ-expanded AR by stimulating Akt-mediated AR 

phosphorylation which blocks ligand binding and receptor activation [70]. These results 

indicate that while IGF-1 and AR signaling in motor neurons are intertwined, it is 

possible that AR stimulation of IGF-1 expression is a protective mechanism for motor 

neurons. CNTF is another important trophic factor that has been demonstrated to be 

androgen-responsive. Expression of the CNTF receptor alpha subunit is regulated by 

the AR in both spinal cord and muscle [101,102]. Furthermore, CNTF receptor knock-

out mice do not exhibit the sexual dimorphism normally present in the SNB [103]; and 

SNB motor neuron death in androgen-insensitive rats can be prevented by CNTF 

administration [104]. These results, together with the previously noted observation that 
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blocking CNTF signaling prevents the AR-mediated rescue of early SNB motor 

neurons, indicate that AR-mediated expression of the CNTF receptor is necessary for 

the sexually dimorphic sparing of SNB motor neurons in rodents. These data support a 

model in which AR-mediated expression of trophic factor signaling genes is a 

mechanism by which androgens convey their neuroprotection.  

A complication of this interpretation comes from recent observations that AR 

signaling might not be restricted to direct genomic interaction and the subsequent 

regulation of transcription through binding of androgen response elements in the 

promoters of target genes (See Fig. 2). Indeed, it has been reported that the androgen 

antagonists flutamide and cyproterone acetate both exhibit agonist effects, including 

hippocampal neuroprotection, in an AR-dependent manner [105]. These antagonists 

have been shown to block AR DNA binding and disrupt AR co-regulator associations, 

respectively, ultimately preventing the transcriptional effects of the AR [106]. This 

suggests that either these compounds are not true anti-androgens or, more likely, that 

signaling through the AR is not limited to influencing transcription. Indeed, the AR, like 

many hormone receptors [107], can rapidly signal through ERK/MAPK and the 

PI3K/Akt pathways without direct genomic interaction [89,108–110]. These interactions 

could promote cell survival, however, rapid signaling of the AR through these second 

messenger pathways has not been directly observed in motor neurons. In addition, 

Gatson and colleagues [111] recently described the discovery of a novel membrane-

associated androgen receptor action in a glial cell model. This membrane-associated 

receptor, triggered by a cell-impermeable BSA-conjugated DHT, was shown to have 

the opposite effect upon MAPK and Akt signaling pathways that had been elicited by 
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non-BSA-conjugated DHT treatment. This group then further characterized their 

system in primary astrocyte cultures, and demonstrated that signaling through this 

potentially novel androgen pathway actually promotes astrocyte cell death [112]. These 

data indicate that despite years of research, there may be numerous aspects of AR 

signaling that are not fully understood.  

Summary  

Motor neurons are acutely dependent upon trophic factor support, as a variety of 

MND have responded very positively to trophic factor intervention. However, as most 

of these molecules are peptide hormones, there is the intrinsic problem of delivery 

across the blood-brain-barrier to the CNS. Many delivery paradigms have been 

employed with varying success – from systemic administration and use of motor 

neuron retrograde transport mechanisms, to viral and cellular delivery of specific 

trophic factors [113,114]. The cumulative data presented here suggest that these 

trophic signaling pathways might be prone to manipulation in other ways, including via 

signaling through the AR. Further supporting the involvement of AR in MND is evidence 

that AR signaling is perturbed not only in SBMA, but also in ALS. The incidence of ALS 

is strongly sexually dimorphic, with male predominance [115], and recently, Militello 

and colleagues [116] documented decreased serum levels of free testosterone in ALS 

patients. Completing the picture of how normal AR signaling promotes motor neuron 

health may be informative not only for SBMA, but also for other MND, including 

especially ALS.  

The trophic effects of androgen signaling have been enumerated, but many 
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questions still remain. One question is whether the beneficial effects of AR signaling in 

motor neurons occur by androgen acting directly upon the AR in the motor neurons 

themselves, or whether AR signaling in supporting cells, such as glia or muscle, might 

be promoting motor neuron health. As IGF-1 is produced by glial cells and muscle 

fibers, and IGF-1 expression is responsive to AR signaling, it is tempting to speculate 

that muscle production of IGF-1 drives AR-dependent trophic actions in a paracrine 

fashion to support motor neurons. There may also be a set of trophic autocrine 

signaling loops that are stimulated by AR activation. Future studies should test the 

ability of other steroid hormones to promote the protection of motor neurons. Finally, 

the relative contributions of the genomic and novel non-genomic signaling mechanisms 

of the AR on the neuroprotective functions of androgens on motor neurons needs to be 

resolved. Ultimately, there is a very compelling case that androgen signaling is protec-

tive in motor neurons. An understanding of AR biology in motor neurons will likely be 

required to fully appreciate the etiology of SBMA and other MND, and thereby devise 

effective treatments for these devastating disorders.  
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